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ABSTRACT

ANODIC OXIDATION OF SILICON IN A MICROWAVE PLASMA DISK REACTOR

BY

Thaddeus Adam Roppel

The growth of SiO2 films on dc-biased Si substrates is

investigated in a microwave plasma disk reactor (MPDR). Oxygen

pressure in the reactor is varied in the range from 30 to 150 mTorr,

microwave input power to the discharge is varied in the range from 80

to 140 U (f - 2.45 GHz, TE211 cavity mode), and anodization voltage

is varied from 18 to 50 V. The oxide growth rate increases with

anodization voltage, and exhibits a peak at approximately 70 mTorr

oxygen pressure. The parabolic growth rate constant is found to be

in the range from 4.2x103 A2/min to 8.1x104 Az/min for the range of

parameters studied, which is comparable to the rates obtained in

conventional thermal oxidation at temperatures in excess of 1000 oC.

However, in the experiments reported here, the substrate temperature

is estimated to be less than 300 0C for all the conditions studied,

offering the possibility for substantial improvements in VLSI

integrated circuits processing. In addition, the oxidation

technology studied here is a vacuum process, and is therefore

compatible with many other vacuum processes already in use or being

developed for VLSI fabrication.



Thaddeus Adam Roppel

The electrical characteristics of the MPDR-grown oxide films are

studied by making high-frequency capacitance-voltage (C-V)

measurements and I-V measurements on aluminum-gate MOS test

capacitors. MOS C-V measurements on plasma oxide samples annealed in

forming gas (5% H 95% N
2’

of 1x1011 cm-2 and minimum mid-gap interface trap densities of about

10

2, 1 h) yield oxide fixed charge densities

2x10 cm-2eV-1. These values of Qf and Dit are comparable to state-

of-the-art thermal oxides.

A histogram of the dc breakdown fields measured on MPDR-grown

oxide samples after annealing in forming gas has a peak in the range

of 6 - 8 MV/cm, which is the same as typically measured for good

quality thermal oxides.

Oxidation in the MPDR is modeled using a high-field discrete

hopping model. This relatively simple model successfully predicts

qualitatively the dependence of oxide thickness, anodization current,

oxide voltage, and oxide electric field upon anodization voltage.

Furthermore, the model predicts ranges of values for these quantities

that are in good agreement with experimental results.
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Chapter One

Introduction

1.1 Statement of the Problem

The processing of silicon has taken on great technological

importance during the last several decades, owing to the nearly

exclusive use of single-crystal silicon wafers as substrates in

conventional integrated circuit fabrication.

One of the most important steps in integrated ‘circuit

fabrication is the formation of insulating films, which are used for

transistor gate dielectrics, device isolation (both lateral and

vertical), masking for diffusion and ion implantation, and

passivation. On silicon substrates, insulating layers are readily

formed by growing or depositing an amorphous layer of the native

oxide, silicon dioxide (8102). Silicon dioxide has high resistivity

14 16
(10 - 10 O-cm), good interface characteristics with the Si

crystal lattice, high dielectric strength (the breakdown field is



typically considerably greater than 106 MV/cm), and exhibits long

term stability and resistance to devitrification.

The conventional technology for formation of SiO2 films on Si

substrates has been thermal oxidation, in which silicon wafers are

selectively masked, if required, and then placed in an oxidation

furnace at temperatures in the range from 900 0C to 1200 0C in a dry

oxygen or steam ambient. SiO2 films grown in this way have excellent

properties for electronic device applications, due in large part to

the many refinements of the technology which have occurred since its

inception.

However, as integrated circuit devices become smaller (while,

simultaneously, total circuit areas and substrate wafer diameters

increase) there is considerable interest in developing fabrication

sequences which consist entirely of low temperature processes. One

reason for this is to reduce dopant impurity redistribution, which

occurs at high temperatures, and places lower limits on critical

dimensions of integrated circuit devices. Another high temperature

problem is wafer warpage, which becomes a concern when small critical

device dimensions are combined with large wafer diameters. A related

problem is the thermally activated formation of stacking faults,

discussed further in Section 2.5. Still another concern is lateral

oxidation, or bird's-beak formation, which is also discussed in

Section 2.5.

There are several low temperature oxidation technologies

available (these are also described in Chapter Two), but because of

the long-term dominance of thermal oxidation and the relatively

recent requirement for alternative technologies, none of these has

been refined enough to be considered as a substitute for thermal



oxidation in commercial integrated circuit fabrication. A likely

scenario for the near future is that one or more of the available low

temperature oxidation technologies will take up importance alongside

thermal oxidation, and each will have its own niche of applicability

in the overall fabrication sequence.

The study reported in this dissertation was undertaken to

investigate a particular nonthermal oxidation technology: anodic

oxidation in an oxygen microwave discharge. This study was intended

to further the general understanding of plasma anodic oxidation of

silicon, as well as to investigate the use of the recently developed

microwave plasma disk reactor (MPDR) as a research tool. (The MPDR

is described in Chapter Three.)

Specific goals for this study included observing the growth of

8102 films under well-defined experimental conditions, and

investigating the effects of varying experimental parameters such as

anodization voltage, discharge pressure, and microwave input power on

oxide formation in the MPDR. An additional goal was to measure those

characteristics of the oxide films which are important for electronic

device applications. The final goal was to further the understanding

of plasma oxidation kinetics by developing and testing a model of

oxide growth in the MPDR.

1.2 Overview of the Experimental Work Reported in this Dissertation

In order to meet the specific goals stated above, several types

of experiments were carried out. The bulk of the experimental work

involved a set of oxidation experiments conducted using the MPDR. In



the oxidation experiments, oxide films were grown on silicon

substrates under various conditions, and the oxide growth rate and

oxide uniformity were correlated with experimental conditions. These

experiments are reported in Chapter Four.

Also reported in Chapter Four are the results of two sets of

experiments conducted using plasma probes to characterize oxygen

discharges in the MPDR. A double Langmuir probe was employed in one

set, while in the other set a large-area gold-coated (gilded) silicon

probe was used.

Finally, characterization of the plasma-grown oxide films was

accomplished by fabricating metal-oxide-semiconductor (MOS) test

devices on the samples, and conducting standard tests to evaluate

the properties of the bulk oxide and the oxide-silicon interface.

The results of these tests are reported in Chapter Five.

1.3 Organization of this Dissertation

This dissertation is organized into seven chapters and one

appendix.

A background and literature review are provided in Chapter Two.

The emphasis is on plasma oxidation, but thermal oxidation,

fundamental silicon chemistry, oxide characterization, and modeling

are also discussed.

Chapter Three describes the MPDR and some of its applications,

as well as the other experimental apparatus used in the oxidation

studies. The experimental procedure for the oxidation experiments is



briefly described, although the bulk of this material is placed in

the Appendix.

In Chapter Four, the results of the oxidation experiments are

presented, as well as the results from two types of plasma probe

experiments.

Oxide characterization results are included in Chapter Five.

These include visual and microscopic observations of the oxide

samples, and capacitance-voltage and current-voltage measurements on

test devices fabricated on the plasma—grown oxides.

A model of plasma oxidation kinetics is investigated in Chapter

Six, and the results are compared with the experimental oxidation

data from Chapter Four.

Chapter Seven includes a summary, conclusions, and

recommendations for future work.

The Appendix includes details of the experimental work which are

not necessary for an appreciation of the results, but may be useful

to other investigators in this area.



Chapter Two

Background and Review of the Literature

2.1 Introduction

The material in this chapter is intended to provide an overview

of the topic of the oxidation of silicon, with emphasis given to

applications in integrated circuit fabrication. A brief review of

current silicon oxidation technology is provided in Section 2.2,

followed by a summary of some fundamental concepts concerning the

chemistry of silicon oxidation in Section 2.3. Characterization of

oxide films is discussed in Section 2.4, and notation related to the

silicon energy band structure and defect density is introduced.

In addition, metal-oxide-semiconductor (MOS) capacitance-volt-

age (C-V) measurements are discussed. In Section 2.5, especially

significant papers from the literature in the field of thermal oxida-

tion are reviewed. This section is included in the background for

two reasons. First, as the dominant oxidation technology in in-

tegrated circuit fabrication, thermal oxidation is the benchmark

6



against which any new form of oxidation must be compared. Secondly,

many of the concepts that arise from a consideration of thermal

oxidation are also important to plasma oxidation.

In Section 2.6 the literature in the field of plasma oxidation

of silicon is reviewed; this forms the core of the literature review,

for the topic of this dissertation.

In Section 2.7, several models from the literature on anodic

film formation are described; the emphasis is on providing a back-

ground for the modeling of plasma oxidation kinetics reported in

Chapter Six.

2.2 Overview of Current Oxidation Technology [1,2]

The methods available for forming oxide films on silicon sub-

strates include thermal oxidation, chemical vapor deposition (CVD),

high pressure oxidation, liquid electrolytic anodization, and plasma

anodization. The first two methods are widely used at present in

commercial integrated circuit fabrication. Requirements for the

quality of oxide films vary with the application, but in general it

is desirable to form films which are stoichiometric, not excessively

strained, and for which the interface with the underlying Si sub-

strate has a low defect concentration. Other important requirements

include freedom from mobile impurity contamination and low bulk

defect concentration. These requirements are dictated by device

design constraints (e.g., MOS field effect transistor (MOSFET)

threshold voltage uniformity and low junction leakage currents for



bipolar junction transistors (BJT's)), which become more severe as

devices are made smaller.

The most demanding application for oxidation is the formation of

MOSFET gate oxides. For this purpose, thermal oxidation in dry 02 is

currently the only commonly used technique. Gate oxides are grown at

1100-1200 0C, and thicknesses range from 1000 A to 100 A; the latter

value is state-of-the-art for VLSI processing. At the lower end of

this range, it is difficult to control the growth process to produce

uniformly thick oxide films. Techniques which have been investigated

as alternatives to dry oxidation for forming gate oxides include

rapid thermal oxidation (RTO) [3], in which the output of a high

intensity quartz lamp is directed at a substrate for a carefully

controlled duration, and laser-enhanced oxidation [4,5], in which a

substrate is oxidized by localized heating with a laser beam. For

non-gate oxides, thicker oxides layers are required and interface

properties are less crucial. In these cases, thermal oxidation in

steam is often used since the oxidation rate in steam is much greater

than in dry oxygen. For example, growth of a 1.0 pm oxide layer at

1100 oC requires 2.2 h in steam, compared with 40 h in dry 02.

Although thermal oxidation techniques are widely used in present

integrated circuit fabrication processes, there are several problems

associated with thermal oxidation which become increasingly limiting

as device dimensions are scaled down. One of these is the so-called

bird's beak effect [6], described as follows. In some applications,

it is necessary to oxidize a substrate only in selected areas.

Selective thermal oxidation is often conducted by depositing $13N4 on

a substrate as a mask layer, patterning the mask layer using plasma

etching or wet etching, and then thermally oxidizing through the



patterned mask. However, because the growing oxide partially con-

sumes the substrate, lateral oxidation occurs under the mask layer,

inducing strain and deforming the mask. The profile of the resulting

oxide which forms under the mask edges has the shape of a bird's head

and beak, with the beak pointing away from the mask opening. In VLSI

integrated circuits with linewidths of 1.0 pm or less, it is possible

for bird's beak formation to consume a significant fraction of the

usable area on a chip. Techniques have been developed to reduce

bird's beak formation during semi-recessed oxidation (SEMIROX) and

fully recessed oxidation (FULL ROX), which are used for lateral

device isolation, but these techniques require additional processing

complexity.

Another disadvantage associated with thermal oxidation is the

formation of oxidation-induced stacking faults in the silicon near

the oxide interface. Stacking faults are interruptions in the normal

sequence of lattice planes in the silicon crystal which can serve as

congregation sites for defect clusters. Stacking faults near the

surface of a silicon substrate result in serious device degradation

[2].

In addition, at the high temperatures used in thermal oxidation,

redistribution of the substrate dopant profile occurs, which compli-

cates the design of a fabrication process. Furthermore, any high

temperature process induces mechanical stress in a substrate wafer,

which can cause the wafer to warp. Both of these problems become

more pronounced as device dimensions become smaller.

Despite the problems previously described, thermal oxidation is

currently the mainstay in IC fabrication. However, formation of
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oxide layers by CVD is also an important part of IC technology.

Chemical vapor deposition of 8102 is possible from silane (SiHa) at

low temperatures (300-500 0C), or from tetraethylorthosilicate

(C2H50)481 at higher temperatures (500-850 0C). CVD results in

poorer interface properties than thermal oxidation, so it is not used

for gate oxides, but it offers several advantages. Because the oxide

is deposited, instead of grown, any material can be covered; this is

particularly useful for masking and passivation applications. In

addition,- the substrate is not consumed, and dopant impurity

redistribution is reduced compared with thermal oxidation.

Oxidation in high pressure oxygen or steam at reduced tempera-

ture (10 - 60 atm at 700 - 800 0C) has found some use in integrated

circuit fabrication, because the oxidation rate increases ap-

proximately proportionally to pressure in the usual range of

interest. For example, field oxides for integrated circuits (used to

vertically separate metal interconnecting lines from underlying

devices, thereby minimizing electric field interactions) are some-

times required to be more than one micrometer thick. Growth of the

field oxide is the longest single step in integrated circuit fabrica-

tion, and, in addition, thermal oxides thicker than about 1 pm tend

to crack and devitrify. High pressure steam oxidation has been used

to alleviate these problems. An additional advantage resulting from

the lower temperature is reduced impurity redistribution.

Liquid anodization is a room temperature process in which the

silicon substrate is made the anode of an electrolytic cell. An

oxide layer forms as current passes through the cell, carrying an

oxidizing species through the existing oxide to the reaction

interface. Interface properties can be made comparable to thermal
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oxides by annealing. However, a serious drawback is that mobile

ionic contamination is much higher in the best liquid anodic process

than in the best thermal process. Consequently, this process is not

presently used in conventional integrated circuit fabrication.

Plasma anodization is a low temperature, vacuum process. It is

similar in concept to liquid electrolytic anodization, but the liquid

electrolyte is replaced with ionized oxygen at low pressure.

Oxidation rates comparable to steam thermal oxidation can be obtained

with substrate temperatures below 600 oC. Plasma oxidation is not

now used in standard integrated circuit fabrication processes. It

has garnered considerable interest, however, as a VLSI oxidation

technique since it is a nonthermal process. Plasma oxidation of

silicon is the Central topic of this dissertation, and the relevant

literature is reviewed in Section 2.6.

For most oxidation techniques, some sort of annealing process is

usually used after oxidation to improve the oxide and interface

properties. The optimal choice of annealing time, temperature, and

ambient gases are determined empirically for each process, as the

underlying mechanisms are not well understood at present. The two

principal types of annealing in use are referred to as post-met-

allization and post-oxidation annealing. In post-metallization

annealing, an aluminum layer is evaporated on the oxide, and the

oxide is annealed at about 400 0C in an ambient containing hydrogen.

If the fabrication process does not call for aluminum evaporation

following oxidation, high temperature post-oxidation annealing can

be used, in which the oxide is exposed to hydrogen or an inert gas

for about 30 min at .900 -' 1000 oC. The quantitative effects of

annealing are discussed in Section 2.4.
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2.3 Oxidation of Silicon: Basic Processes

FUndamentally, the oxidation of crystalline silicon involves the

breaking of existing Si-Si bonds and the formation of 81-0 bonds.

The activation energy for breaking a 81-81 bond is 1.83 eV. The Si-O

bond is mainly covalent and therefore exhibits directionality. In

8102, the basic structural unit consists of a Si ion surrounded by

four 0 ions to form a regular tetrahedron. In this structure, the

81-0 bond length is 1.6 A and the 0-0 intranuclear distance is

2.27 A. The various phases of 8102 are formed as these tetrahedra

are joined by oxygen bridges. 8102 has a number of crystalline

phases, including quartz, and an amorphous (noncrystalline, or

vitreous, or glassy) phase. It is the amorphous phase which forms

during thermal oxidation, and X-ray diffraction studies have indi-

cated that this is the case for plasma oxidation as well [7]. A

number of defect types are known to occur in noncrystalline SiO2 [8].

The presence of water in the oxidation ambient leads to reduction of

the silicon by hydrogen, resulting in broken oxygen bridges and

trivalent silicon. The presence of interstitial oxygen or oxygen

ions is necessary for oxidation to progress, but it is a defect from

the standpoint of lattice order. Trivalent Si acts as an electron

donor in the oxide, giving up an electron to the conduction band, and

interstitial 0 acts as an acceptor. Other defects include the

presence of bridging oxygen vacancies, non-bridging oxygen, and

univalent anions (e.g., OH-) in the position of non-bridging oxygen.
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The reactions by which the oxidation of silicon is usually

described are

Si + 02 *4 $102

for oxidation in dry oxygen, and

Si + 2H20 ee SiO2 + 2H2

for oxidation in water vapor. However, there are numerous possible

intermediate reactions which must be considered in order to develop a

complete picture of the oxidation process [8,9]. For instance, as

proposed in [8], thermal oxidation could progress by the following

reactions:

l «4 +4 ' +
2‘02) (095102 (01 + h >510,

at the Si02-02 interface, and

- +
(201 + 4h ) + (si)Si «4 SiO

5102 2

at the 81-8102 interface. In these equations, Oi is interstitial

oxygen, h+ is a hole, and the subscripts outside the parentheses

indicate the phase. Other authors have suggested mechanisms for

plasma oxidation which involve electron-ion or electron-neutral

reactions at the oxide-plasma interface, leading to the formation of

charged species which diffuse to the reaction interface [IO-14]. For
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both thermal oxidation and plasma oxidation, there is evidence to

support the conclusion that Si does not migrate during oxide

formation [15,16].

The structure which results from thermally oxidizing a Si sub-

strate is speculated to consist of an interfacial region of single-

crystal silicon followed by a nonstoichiometric monolayer of Si02,

$1202, and Si

roughly 10 to 40 A deep, and this is followed by the remaining

20; this is followed by a strained region of SiO2

strain-free stoichiometric bulk SiO2 film [2].

2.4 Characterization of 5102 Films and Interfaces

2.4.1 Overview

The methods used to characterize silicon dioxide films on

silicon substrates can be divided into three broad categories: those

which quantify the electronic properties, those which quantify the

optical properties (e.g., refractive index and IR absorption

measurements), and those which are concerned with physical properties

of the system, such as strain, etch rate, and stoichiometry. In this

study, the electronic properties are given primary importance.

However, these categories are not independent of each other. For

example, stress in a silicon substrate arising from the growth of an

8102 film on the surface modifies the semiconductor band structure,

thereby affecting the conductivity, carrier mobility, and optical

properties of the system [17].
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One of the most important methods used to investigate the

electronic properties of oxide films is the measurement of the

electrical characteristics of metal-oxide-semiconductor (MOS)

capacitors formed on the films. This topic is discussed in 2.4.2.

The oxide property which is most influential in determining device

performance is the density of electrically active defects, or traps,

at the 81-5102 interface. The measurement of interface state density

on MOS devices is addressed in 2.4.3.

2.4.2 Electrical Characteristics of the MOS Capacitor Structure

After an oxide is formed on a semiconductor substrate, MOS

capacitors can be formed by coating the oxide with a metallic layer,

and then selectively removing the metal to leave contacts of the

desired geometry. These contacts are usually referred to as gates,

with reference to the PET, in which the gate is an MOS structure.

MOS capacitor measurements can be used to determine nearly all

of the properties of interest regarding the oxide layer and its

interfaces [2]. These include but are not limited to the following:

1. Oxide thickness

2. Oxide breakdown field

3. 81-8102 interface trap level density as a function of energy

in the bandgap

4. Oxide fixed charge density

5. Ionic drift and polarization effects in the oxide
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6. Surface band bending and depletion layer width in the silicon

as a function of gate bias

7. Dielectric constant of the oxide.

MOS capacitor test device measurements involve capacitance-voltage

(C-V) characterization or current-voltage (I-V) characterization,

possibly combined with optical and thermal excitation. The emphasis

in the current discussion is on room temperature C-V characterization

of MOS capacitors formed on the structure Al-SiOz-(n-Si), without

optical excitation. This corresponds to the structure and measuring

conditions for the test devices used in this work to characterize the

experimental plasma oxide samples. Characterization of the ex-

perimental plasma-grown oxides is discussed in Section 5.4. In the

present discussion, typical values for important parameters are given

based on the use of a thermally grown SiO2 dielectric layer because

of the large amount of data available from the literature for thermal

oxides, but the general results are applicable to capacitors formed

on either thermal or plasma-grown oxides.

Energy band diagrams for an ideal MOS capacitor subjected to

several possible test conditions are shown in Figure 2.1. These will

be discussed here with the aim of explaining qualitatively the

characteristics of a typical measured C-V curve. In Section 5.4, a

more extensive derivation of the MOS C-V characteristics is given.

In Figure 2.1(a), the MOS system is shown in equilibrium, and in

this case the system is characterized by a single Fermi energy. In
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Figure 2.1. Energy band diagrams (arrows pointing down indicate

positive values) and charge distribution for an MOS capacitor under

various test conditions. (a) Equilibrium (VG - 0). (b) Accumulation

(Vc > vFB)'
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the bulk n-type Si, the amount by which the Fermi energy is raised

above the intrinsic level by the doping is defined as the bulk poten-

tial,

¢B - (kBT/q) £n(ND/ni) .

where kB is the Boltzmann constant, T is the absolute temperature of

the system, q is the magnitude of the electronic charge, ND is the

number density of donor-type dopant impurity atoms in the silicon,

which is assumed here to be constant throughout the silicon, and n1

is the intrinsic carrier concentration in the silicon at temperature

T. If ND is much greater than ni, then in the intermediate range of

temperatures (including room temperature) for which nearly all the

donor impurity atoms are ionized, the electron concentration in the

bulk, n, is approximately equal to ND. The hole concentration in the

bulk is given by p - ni/ND under these conditions. The band bending

$8 at the Si surface is non-zero due to the metal-semiconductor work

function difference, ¢MS° If the metal is Al and the substrate is

n-type Si, then

 

N

D

-q¢s - q¢MS .. -O.55 eV + kBT In “1

[2.1]

With T - 300 OK and ND - 1015 cm'3, Equation 2.1 yields q¢MS

- -0.26 eV.

The application of an external bias voltage VG on the metal

relative to the substrate results in the non-equilibrium conditions
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shown in Figure 2.1(b)-(d). A positive bias on the metal, as shown

in (b), drives the Si surface into accumulation. In accumulation,

the electron (majority carrier) concentration is increased from its

equilibrium value at the Si surface, resulting in a highly conductive

layer near the surface capable of responding to an applied gate

signal with a time constant approaching the dielectric relaxation

time in the Si (roughly 10'12 s). The increased electron concentra—

tion at the surface is represented by an increase in $8 .

If a negative bias is applied to the metal as shown in

Figure 2.1(c) and (d), ¢S is reduced. The gate voltage required to

make $8 - 0 is called the flat-band voltage, denoted VFB'

As VG is made more negative, the depletion layer width

increases, and the Si surface is first driven into depletion and then

into inversion. The depletion layer width is given by

1

x _ [Zefilififil]?

d qND

[2.2]

where as is the permittivity of the silicon. In the depletion

regime, the density of mobile charge near the Si surface is very low,

and a space charge layer exists due to the presence of immobile

ionized impurities. When p8 - -¢B, the silicon surface is intrinsic

(i.e., since Efs - Ei’ then ns - ps - n1, where ns and p8 are the

surface electron and hole concentrations). The latter condition

defines the onset of weak inversion. The onset of strong inversion

is defined to occur when p8 - -2¢B. Under this condition, a layer of

inversion charge is generated near the surface in the silicon in
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which the minority carrier (hole) concentration ps is equal to the

majority carrier concentration in the bulk, which is many orders of

magnitude greater than ns. The value of VC required to achieve

strong inversion is called the threshold voltage, VT“

In practical C-V measurements, the capacitance of an MOS struc-

ture is measured as an externally applied gate voltage is varied.

Typical high- and low-frequency C-V curves for n-Si are shown in

Figure 2.2. In practice, such curves are generated by using a

capacitance bridge provided with the capability of adding a variable

dc gate bias to the ac measuring signal.

The general form of these curves is explained in the next

several paragraphs. In any bias regime, the total capacitance per

unit area C' is the series combination of the oxide capacitance C'o

and the silicon capacitance, Cé. (These quantities are written with

primes to indicate normalization with respect to gate area.) In

accumulation, the silicon capacitance is so large that it can be

neglected, and the total capacitance of the system is the oxide

capacitance,

C' -e /x
ox ox ox

[2-3]

where eox is the permittivity of the oxide, and xox is the oxide



22

C/C

Low Frequency 1

 
 

——-—- CEO

High Frequency

 

-_--‘

inv

Deep Depletion  -
_
_
_
4
_
_
_
_
_
_
_
_
_
_

P
e
o
fi
—
q

 

Figure 2.2 Typical high- and low-frequency capacitance-voltage (C-V)

curves for MOS capacitors on n-type silicon. The curves are the same

in accumulation-depletion, but are differentiated in inversion

by minority carrier response.
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layer thickness. According to Equation 2.3, the oxide thickness can

be determined directly from measurement of the capacitance in ac-

cumulation if the oxide permittivity is known.

At the flatband voltage, the silicon capacitance is eS/LD where

LD is the extrinsic Debye length, given by

[2.4]

In depletion, the silicon capacitance is due to the depletion

layer, so that

CS - es/xd.

[2.5]

In strong inversion the band bending is pinned by the formation

of a layer of inversion charge (holes), resulting in a maximum deple-

tion layer width

1

- 4ES¢B 3

dmax qND

 

X

[2.6]
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At measuring frequencies high enough to neglect minority carrier

response (greater than about 1000 Hz), the capacitance in inversion

is

 

[2.7]

At measuring frequencies low enough for minority carriers to respond

(less than about 10 Hz), the capacitance rises quickly to Cox because

C8 is shunted by the inversion layer charge. During a high frequency

measurement, if the gate bias in inversion is varied rapidly enough

so that the minority carriers cannot fully respond, the deep deple-

tion behavior shown in Figure 2.2 results.

The C-V characteristics of practical MOS systems are modified

from those described above by the presence of charged defects and

mobile charge in the oxide-semiconductor system arising from four

sources [18], which are described in the following paragraphs.

(1) Electron and hole energy levels, variously called interface

states or traps, or fast states, exist in the Si bandgap at the Si-

8102 interface due mainly to the existence of mismatched bonds and

the interruption of the silicon lattice. The charge trapped in these

states is referred to as interface trapped charge, and is denoted

Qit' The energy levels associated with interface traps are dis-

tributed throughout the silicon energy gap and the energy density of

interface traps, Dit’ is characteristically minimum near the middle

of the gap. The value of Qit and the minimum value of D are highly
it

dependent upon oxide growth conditions and annealing. Typical values
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of bit for as-grown dry thermal oxides on (100)-oriented Si sub-

12 cm-2eV-1. Annealing by one of the

methods mentioned in Section 2.2 reduces Dit to about 1010 cm-zeV-1.

strates are on the order of 10

can be reduced from as-grown values of

2eV"1 after annealing.

For steam thermal oxides, Di

11 2

t

eV'1 to the order of 1010about 10 cm- cm-

Interface states are discussed further in Paragraph 2.4.3.

(2) Charge sites occur in the strained SiO2 region near the

interface due to the presence of excess silicon and oxygen (discussed

further in Section 2.3). These sites do not exchange charge with the

silicon, and are referred to as fixed charged, Of. The polarity of

the fixed charge is always found to be positive, and the magnitude of

Qf is dependent on growth conditions and annealing. The best values

obtained are on the order of qxlO10 C/cm2.

(3) In the bulk oxide, occasional defects give rise to hole and

electron traps. Charge trapped in these states is referred to as

oxide trapped charge, Because of the deep potential wells
Qot’

associated with these localized traps in the oxide, Q0t is usually

only significant when sources of energy are available which can

liberate charge carriers from these traps, such as during

ultraviolet irradiation or under high electric field conditions.

(4) The fourth type of oxide charge, designated pM, is due to

mobile ionic contamination. The most prevalent contaminant is Na+,

which is highly mobile in $102 and is easily incorporated from

processing chemicals, metal films, and human contact. Other possible

ionic contaminants include Li+ and K+. These contaminants are not

exchanged with the Si or the metal, and they can drift in the oxide

under the influence of an applied gate bias, potentially causing

inconsistent device behavior.
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The presence of oxide charge which is not exchanged with the Si

(Qf, Qot’ pM) causes a modification of the ideal C-V characteristics

which can be represented, for slowly varying gate bias, by a simple

translation of the C-V curve along the gate-bias axis. This shift,

denoted AV, is illustrated in Figure 2.3. The amount of the shift

may be calculated as follows [18]:

 

C I

OX OX

-qQ' x

Av - f - i {[o” (X/xox)(pot(X) + pM(X)) dx} .

[2.8]

In the expression above, pot is the volume density of oxide trapped

charge, and Qé is the oxide fixed charge density per unit gate area.

The presence of interface traps requires an additional correc-

tion to the C-V curve, which is the addition of a bias-dependent

capacitance, Cit’ calculated from Dit’ It can be shown that this

correction leads to a stretching out of the C-V curve along the gate—

bias axis. C-V curve stretchout is illustrated in Figure 2.3. A

more detailed discussion of D and C-V curve stretchout is provided

it

in Section 5.4.

2.4.3 Measurements of Interface Properties

A fundamental property of the Si-SiO2 system is the existence of

charged energy states at the interface. These states are sometimes

referred to as fast states, because they can exchange charge (capture

and emit holes and electrons) with the semiconductor, with time
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constants ranging from 10'8 to 10'1 s. Because of this rapid charge

exchange, these states act as traps for carriers near the silicon

surface, and thus they affect all of the important electronic

properties of devices. The electronic properties of an interface can

be characterized by the number density, time constants, and type

(acceptor or donor) of interface traps as a function of energy.

In a seminal paper on the properties of the MOS capacitor (which

was then referred to as the MOS diode), Terman [19] developed a

theoretical model for the MOS capacitor with interface states, and

described a method for extracting interface state density and time

constant data from high-frequency C-V measurements on MOS capacitors.

This method is described briefly here, and is presented in more

detail, with an example, in Chapter 5. First, on the basis of the

theoretical model, an ideal C-V curve is generated for the desired

substrate doping and oxide thickness. Then the measured high-fre-

quency C-V data are compared with the ideal curve. Bias-dependent

shift, or dispersion, observed in the measured curve is attributed to

interface states. By measuring the amount of dispersion present at a

given capacitance and relating the capacitance to the silicon surface

potential (which is related, in turn, to the position of the Fermi

level in the silicon bandgap), the total interface state density at

the energy corresponding to the position of the Fermi level can be

calculated. If this is done at each value of capacitance on the

Ineasured C-V curve, interface trap density can be plotted as a func-

tion of energy in the silicon bandgap. In addition, by measuring C-V

curves at frequencies ranging from very low (< 1 Hz) to very high

(>’10 MHz), information about interface trap time constants can be

deduced.
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Alternative methods for measuring Dit have been developed. For

example, in a method described by Berglund [20], capacitance is

measured as a function of voltage at a frequency so low that ideally

all interface traps respond to the measuring signal. Interface trap

stretchout of the C-V curve is still present, but an additional

capacitance, Cit’ due to interface traps is also measured at each

value of gate bias. The value of Cit can be computed from the

measured low-frequency capacitance if the oxide capacitance and the

silicon capacitance are known, and Dit can be computed from Cit'

Nicollian and Goetzberger [21] developed the theory and tech-

nique for extracting interface state properties from measurement of

the equivalent parallel conductance of an MOS capacitor as a function

of frequency. Although considerably more involved than capacitance

techniques, conductance techniques offer higher resolution and more

accuracy because in an M08 structure the conductance is entirely due

to interface traps, whereas interface trap capacitance must be ex-

tracted from a model involving the silicon capacitance and the oxide

capacitance.

2.5 Thermal Oxidation of Silicon

Thermal oxidation of silicon has been studied extensively for

more than twenty-five years, owing to the crucial role played by this

technology in the fabrication of integrated circuits and other

electronic devices.

Identifying the oxidants and the actual reactions which take

place during thermal oxidation of silicon has been the subject of a



30

considerable amount of investigation aimed at improving oxide quality

and rendering the oxidation process more compatible with other steps

in the IC fabrication sequence.

In general, thermal oxidation occurs as an oxidant species

enters the existing oxide layer and is transported by diffusion to

the Si surface, where an oxidation reaction occurs. Jorgensen [22]

found that the oxidation rate was affected by a dc electric field

applied to the oxidizing substrate. If the field was oriented to

attract negatively charged species to the silicon surface, the oxida-

tion rate increased. If the polarity was reversed, the oxidation

rate decreased, and with a field of sufficient magnitude, oxidation

ceased. Jorgensen concluded that a negative oxygen ion was the

principal oxidant species involved in thermal oxidation.

However, evidence for the role of molecular 02 or water vapor

as the diffusing species during thermal oxidation was provided by the

experiments of Deal [23] and Deal and Grove [24]. In these experi-

ments, the oxidation rate in 02 was proportional to the partial

pressure of 02, and in steam the oxidation rate was proportional to

the partial pressure of water vapor. Raleigh [25] proposed that the

Jorgensen results could be reconciled with those of Deal and Grove by

considering that in the presence of a sufficiently high electric

field, anodization occured at the Si-oxide interface and electrolysis

occured at the gas-oxide interface.

Tiller [26,9] considered the oxidation problem from a detailed

thermodynamic point of view. He concluded that (i) diffusion of

neutral oxygen through SiO2 could not be responsible for the observed

parabolic rate constant; the diffusion of ionized oxygen was a more

likely candidate. (ii) However, this diffusion was probably not
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totally rate-controlling, and a likely possibility was that the

observed parabolic growth characteristics arose as a consequence of

vacancy and interstital transport of 0- ions in the Si. (iii)

Processing alterations which would possibly lead to enhanced oxida-

tion rates included: applying a negative surface charge to the

SiOz/gas interface; producing dissociation in the gas phase so that

the surface saw 0 rather than 02, leading to a higher population of

0- in the oxide; and enhancing the available vacancy source strength

in the Si at the oxidizing interface by application of an electric

field prior to oxidation, so that excess vacancies would migrate to

the appropriate side of the substrate. Tiller noted that the

microwave plasma oxidation studies of Ligenza [27] (described in

Section 2.6) probably encompassed the first two of these processing

alterations.

The basis for much of the practical work in the area of thermal

oxidation of silicon is the model due to Deal and Grove, which was

published in 1965 [24]. Although this model and the underlying

theory are now understood to be incomplete, much of the data gener—

ated by Deal and Grove is still used in practice, and the relatively

simple expressions developed in the theory are useful over a wide

range of conditions encountered in practical applications. Because

of its technical importance and the fundamental insights into the

oxidation process which it offers, the Deal-Grove model for thermal

oxidation.is discussed here.

The Deal-Grove model is illustrated schematically in Figure 2.4.

.A. substrate is immersed in an oxidizing ambient, either 02 or steam,

at: a. temperature T. The substrate is assumed to have an initial

oxide layer of thickness xi at t-0. The flux of oxidant (assumed to
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Figure 2.4 Deal-Grove model for thermal oxidation of silicon. 0* is

the equilibrium gas concentration in the oxide, Co is the surface

oxidant concentration, and C1 is the oxidant concentration at the

interface. F1, F2, and F3 are the oxidant fluxes, which are equal in

steady state.
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be molecular 02 or H20) from the gas phase into the oxide, F1, is

driven by the departure of the surface concentration of oxidant, CO,

from its equilibrium value in the oxide, C*, such that

F -h(c*-C
1 0)

The quantity h is the gas-phase mass transfer coefficient, which has

units of velocity. The oxidant flux through the oxide layer obeys

Fick's laws. In steady state, this leads to

D (C0 - C1)

F -

2 x
ox

Here D is a diffusion coefficient, C1 is the oxidant concentration at

the Si-oxide interface, and xox is the oxide layer thickness. The

flux representing the oxidation reaction at the Si-oxide interface is

assumed to be proportional to Ci’ such that

where k3 is the chemical surface-reaction rate constant for the
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oxidation reaction. In steady state, F1 - F2 - F3, leading to a

differential equation for xox which is solved by

1

xox-%{[1+&%(t+r)]3 -1}

A

 

[2.9]

where

_1_ _L
A - 2D ( k + h )

s

*

B_zoc

N1

2
f - (xi + Axi)

B

and N1 is the number density of oxidant molecules incorporated into

the oxide (N1 - 2.2x1022 cm.3 for 02, 4.4x1022 cm-3 for H20).

Two important limiting cases arise from consideration of

Equation 2.9. For large values of the parameter ksxox/D’ the growth

is diffusion-limited. The value of B becomes large and Equation 2.9

is approximated by

OX

[2.10]

This so-called parabolic growth approximation generally applies for

growth of thick oxides in steam, and for long growth times. B is

referred to as the parabolic rate constant.
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The other limiting case occurs for small values of ksxox/D' The

growth in this case is limited by the oxidation reaction rate at the

81—8102 interface, and Equation 2.9 is approximated by

xox - E (t + r)

[2.11]

The growth rate in this case is constant, and B/A is called the

linear rate constant. This approximation is usually valid for thin

oxides and short growth times.

A large amount of data is available for thermal oxidation of

silicon, and the Deal-Grove model has been found to be valid for

oxide thicknesses above about 300 A, oxidant partial pressures of

1 atm or less, and temperatures above 800 0C. In most cases of

practical interest, the oxide growth occurs under conditions inter-

mediate to the limiting cases discussed above, and is therfore

described as linear-parabolic. Also, the data indicate the existence

of a behavioral regime not predicted by the Deal-Grove model. For

oxidation in dry 02, a rapid initial growth phase is observed before

the onset of the linear growth given by Equation 2.11. The linear

growth curve for dry thermal oxidation is always found to extrapolate

to 230 i 30 A at t - 0, independently of temperature.

Over the range of validity of the Deal-Grove model, B is

directly proportional to oxidant partial pressure, and A is independ-

ent of pressure. B increases exponentially with temperature. For

dry oxidation the activation energy is very nearly equal to that for

the diffusivity of Oi in fused silica, and for steam oxidation the

activation energy is close to that for the diffusivity of H20 in
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fused silica [2], which led Deal and Grove to conjecture that

molecular transport through the oxide was important for thermal

oxidation.

The linear rate constant for thermal oxidation is also dependent

upon the crystal orientation of the silicon surface. This effect is

due to the variation of available Si-Si bond density with surface

orientation, combined with the effects of steric hindrance

(limitations on bond formation due to the physical configuration of

the reactants and their geometrical relationship to each other). The

linear oxidation rate increases approximately in a ratio of 1:2:3 for

(100), (110), and (111) oriented silicon [1].

Table 2.1 lists the values of the linear and parabolic rate

constants for thermal oxidation under various conditions. The values

in this table are used for reference in the discussion of the plasma

oxidation literature in Section 2.6, and in the presentation of

original results in Chapter 4. In order to prevent confusion, it is

noted here that in the plasma oxidation literature the parabolic rate

constant for oxidation is often denoted by k, rather than B.
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Table 2,1. Rate constants for thermal oxidation under various

conditions.

Linear rate constant, Parabolic rate

B/A constant, B

2

I‘m/h m /h

[A/min] [AZ/min]

T (CC) 1000 1200 1000 1200

 

0 2 2
6.5x10‘2 1.0x10

 

1.Ox10‘ 4.5x10'

Dry 0

2 [1.1x101] [1.7x102] [1.7x1041 [7.5x1041

1.4x100 1.2x101 3.7x10'1 9.0x10'1

Steam

3
[2.3x102] [2.1x10 [6.2x105] [1.5x106]
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2.6 Plasma Oxidation of Silicon

2.6.1 Overview

The principal concerns of early studies in plasma oxidation were

related to feasibility. It was especially important to demonstrate

that suitable growth rates could be obtained at low temperatures with

reasonable plasma input power levels. Later reports are concerned to

a greater extent with oxide quality improvement, understanding plasma

oxidation kinetics, and processing of larger substrate areas.

The works reviewed below include studies of oxidation and

anodization of silicon in dc, rf, and microwave oxygen discharges.

It will be noted that the conclusions of various investigators are

not always in agreement. A partial explanation of this fact is that

the results are not always readily compared because of the variety of

experimental configurations employed, and the widely differing growth

conditions. However, an attempt is made in this review to extract

significant points of comparison and disagreement.

The literature is reviewed in approximate chronological order,

first for studies of oxide growth characteristics and then for

studies of oxide quality. A summary of the review is provided in

2.6.3.
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2.6.2 Review of the Literature

Many of the important features of the formation of oxide films

in a plasma were first observed by Miles and Smith in their study of

the oxidation of aluminum in a dc discharge [28]. However, the

earliest study of plasma oxidation of silicon was published in 1965

by Ligenza [27]. Ligenza hypothesized, based on the results of

Jorgensen [22], that negative oxygen ions were the important oxidant

species in plasma oxidation. Accordingly, the substrates were biased

at a positive potential. The plasma was sustained by a 300 W,

2.45 GHz source resulting in a plasma density of about

1013 electrons/cm3 and a neutral gas temperature less than 450 °C.

The substrates in these studies were 1.1 cm2 silicon wafers. Oxides

up to 6000 A thick were grown in one hour; this was comparable to the

rate attainable by steam thermal oxidation at 1100 °C. Parabolic

growth was observed for dc biases in the range of 30 to 90 V, with a

bias-dependent rate constant on the order of 10S A2/min. This large

growth rate was attributed to the diffusion-limited transport of

negative oxygen ions through the oxide, driven by the exceedingly

large concentration gradient of these plasma-generated ions across

the oxide.

In a similar set of experiments, Kraitchman [12] grew 2000 A

oxides in 5 min and 6000 A oxides in one hour. The oxidations were

conducted in a 600 W, 2.45 GHz oxygen discharge. Large growth rates

were obtained even on unbiased silicon samples. A parabolic rate

constant of 1.9x105 A2/min was reported for unbiased samples; the

rate constant increased to 3.6x105

5

for a constant 50 V bias, and

further to 5.5x10 for a constant 280 mA/cm2 bias (which required a



r
-
A
'
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final bias potential of about 300 V). However, the observed growth

was not strictly parabolic. In order to explain the growth data, a

constant rate of oxide removal due to sputtering was assumed. The

sputtering rate deduced from the growth curves increased with in-

creasing bias from 22 A/min to 35 A/min . The growth law arising

from the combination of sputtering and oxide formation predicted the

existence of a bias-dependent limiting thickness, which was greater

than 4000 A in every case. Kraitchman argued against the role of

negative oxygen ions that had been proposed by Jorgensen and Ligenza.

The rationale provided for this was that for zero or small positive

biases, the silicon substrate (anode) and the cathode, both immersed

in the microwave plasma, approximated an ideal double-probe system,

and therefore both would assume a negative potential with respect to

the plasma. Furthermore, practically all the negative ions would be

produced with only a few electron volts of thermal energy, which was

insufficient to overcome this sheath potential barrier. For larger

bias values in the range from 50 V to 300 V, Kraitchman considered

that ideal probe theory was no longer applicable, and postulated that

a large negative ion flux would indeed be drawn to the anode, with

the effect of imparting energy to the samples and promoting formation

of the as-yet undetermined mobile oxygen species that was principally

responsible for the oxidation.

It should be noted, however, that most subsequent investigations

have led to the conclusion that negatively charged oxygen ions do

play an important role in plasma oxidation.

Several investigators have studied oxidation in a dc discharge

[14,29,30]. In [14], Ligenza and Kuhn reported the growth of oxide

films up to 900 A thick in ten minutes on substrates maintained at
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225 0C. A constant current bias of 35 mA/cm2 was applied to these

samples, while the plasma was maintained by 400 W of dc power (4 A at

100 V). The anodization potential increased nearly linearly from 15

to 60 V above the plasma floating potential as the oxide thickness

increased; this was taken to indicate that the oxide grew linearly

over the ten minute period. The oxidation mechanism proposed was the

shallow implantation of O2 in the existing oxide, followed by conver—

sion to interstitial O- and subsequent transpbrt to the Si surface.

This involvement of O- is in agreement with Tiller's hypothesis [9]

for thermal oxidation. However, in a report of experiments designed

specifically to identify the oxidizing species in dc and microwave

plasma oxidation, Moruzzi, et a1. [13] concluded that ions of the

form 0; were the most likely candidates. In these experiments,

apparatus similar to that of Ligenza was used. Microwave input power

was varied between 100 and 200 W, and data was generated regarding

the variation of oxide growth rate with gas pressure, time, and

temperature. Over the entire range of conditions studied, the growth

was found to be parabolic, with a maximum parabolic rate constant of

2.7x10S A2/min achieved with 200 W microwave input power and 100 V

bias at 0.1 Torr. The substrate temperature under these conditions

was 525 0C. In order to identify the oxidizing ion species, experi-

ments were carried out in which the sample wafer was perforated with

a 100 pm aperature, allowing a sample of the charged particles arriv-

ing at the anode to pass into a second vacuum chamber containing a

mass spectrometer. Microwave discharges and dc glow discharges were

studied. In a microwave discharge the negative ions were found to be

predominantly 0', while in a dc discharge almost equal amounts of 0-,

0-

2, and 0; were observed. In order to further test the hypothesis
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that O- was the active species in microwave plasma oxidation, two

investigations were conducted. In the first, H2 was added to the

oxygen flow at a concentration of 1 percent. The effect of the

hydrogen was to dramatically reduce the 0. concentration in the

plasma through the scavenging reaction

0' + H2 4 H20 + e.

The oxidation rate was found to be very low for such mixtures, even

though the mean electron energy in the plasma was known to be nearly

equal to that for pure oxygen, lending support to the O- hypothesis.

In the second investigation, a small amount of N20 was added to the

oxygen. . This increased the negative ion concentration and changed

the ion species to 0; via the reactions

0' + N20 » NO' + NO

and

NO + 02 4 02 + NO.

Again, the oxidation rate was low, which led to the conclusion that

05 was not the ionic species responsible for oxidation. These

results were complicated by the observation that at a pressure of

1 Torr the oxidation rate was reduced to about one-third of its value

at 0.1 Torr, even though the 0' signal measured by the mass

spectrometer was nearly unchanged. The possible explanations given

for this included the existence of an excited neutral species in the

discharge with a rate of formation similar to that of 0-, which was
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actually responsible for the oxidation, or the occurrence of oxida-

tion due to electron attachment to absorbed oxygen, or some other

complex surface reaction.

Further evidence for the role of negative ions in plasma oxida-

tion was provided by the work reported in [29]. In these experi-

ments, negative oxygen ions were selectively prevented from reaching

the substrate by the application of an rf bias, and under this condi-

tion oxidation was observed to cease.

Ray and Reisman [31] and Ho and Sugano [7] separately reported

oxidation in 1 kW, low frequency RF plasmas. It is interesting to

compare and contrast their results, since unbiased samples were used

in [31] while constant current biasing was used in [7].

In [7], the frequency was 420 kHz and the pressure was 0.2 Torr.

Parabolic rate constants up to 1.5x106 Az/min were achieved when the

samples were located near the power input coil, where the plasma

density was measured to be about 1x1012cm'3. The highest growth

rates were achieved when the substrate temperature was maintained at

600 0C by an external heater. When a constant bias current density

of 30 mA/cm2 was applied, the resulting external bias potential

increased from near zero to over 200 V as the oxide grew: Higher

bias current densities resulted in higher oxidation rates. The

plasma density 20 cm from the power input coil was measured to be

1Gem-3. When the samples were mounted in this position, the5x10

oxidation rate was very low, even though the substrate temperature

was maintained at 600 oC. (The effect of plasma density on oxidation

rate was investigated in detail in [32].)

In [31], the source frequency was 3 MHz and the pressure was

varied from 2 to 60 mTorr. As previously mentioned only unbiased
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samples were studied. As in [7], oxidation was only observed when

the samples were close (2 cm) to the power input coils.

Interestingly, however, at a substrate temperature of 540 oC oxida-

tion rates equal to those reported in [7] were observed on these

unbiased samples, but only on the side of the samples facing away

from the plasma (the back side). Oxidation was observed on the front

side, but at a rate 4 to 5 times lower. On each side, the oxidation

appeared to occur in two stages. During the first stage the growth

was linear. During the second stage, which began at about 1500 A on

the back side, the growth was parabolic. Ho and Sugano obtained

similar results on samples biased with constant current, and con-

cluded that, in contrast to the constant-voltage results of Ligenza

and Kraitchman, the oxidation during the initial stage was not due

principally to oxidant diffusion, rather it was due to field-induced

ionic drift in the oxide. Observed deviations from linear growth

during the initial stage were attributed to oxide space charge

effects. For constant current bias, Ho and Sugano found that a

minimum oxide electric field was required for oxidation to proceed.

The value of this field was found to be about 1.5 MV/cm and was

slightly dependent upon the bias current density. Ray and Reisman

found no dependence of growth rate upon the crystal orientation of

the sample surface, in contrast to the case for thermal oxidation

(Section 2.5). This was construed to indicate that the growth

process was mass-transport limited, rather than interface reaction

rate limited. Ho and Sugano concluded, based upon 018 tracer experi-

ments, that oxidation occurred both at the plasma-oxide interface and

at the oxide-silicon interface, and suggested that the dominant

oxidation mechanism was the motion of Si and 0 ions and/or their
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vacancies across the oxide in opposite directions under the influence

of the oxide field.

In a later paper, Perriere et al. [16] presented results of

more 018 tracing experiments. Oxygen transport in growing oxide

films was studied in a 300 W, 300 MHz oxygen discharge. The samples

were biased with a constant current, and the sample temperature was

varied between 25 oC and 600 oC. The results of this study indicated

that oxygen order was preserved during the oxidation (i.e., the most

recently formed oxide was farthest from the Si-SiO2 interface), and

this was explained by short-range field-assisted migration of oxygen

ions via interstitialcy or vacancy mechanisms. It was specifically

noted in this report that the long-range migration of part of the

oxygen found by Ho and Sugano, as indicated by new oxide formation at

the silicon interface, was not observed. The authors also concluded

that only oxygen, not silicon, migrated during the oxidation.

The oxidation of unbiased samples at low pressure was studied by

Bardos, et al. [33,34]. In these experiments, low pressure oxidation

was successfully carried out in a magneto-active plasma. The plasma

was sustained by a 3 kW pulsed power source operating at 2.35 GHz,

which delivered 100 W average power. A static magnetic field near

electron-cyclotron resonance (ECR) was applied to the plasma in order

to increase the plasma density. The maximum plasma density attained

was 2x1013 electrons/cma. Oxide thickness and plasma density were

measured versus pressure for a fixed magnetic field strength and

oxidation time. The plasma density was nearly constant over the

pressure range studied, but the growth rate exhibited strong peaks at

3x10-“ Torr and at 0.3 Torr, with a maximum parabolic rate constant

of about 7x104 A2/min. Oxide thickness and plasma density were
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measured as the ratio of the electron-cyclotron frequency, wee, to

the source frequency, m, was varied in the range from 0.8 to 1.6 by

changing the magnetic field strength. The oxidation rate was found

to increase with plasma density in the range 2x1012 to 4x1012

electrons/cm3. An important result of these magneto-active plasma

experiments was the observation of the oxide damage produced by fast

electrons. In a subsequent paper [35], this was explored further,

and it was concluded that if electron energies in the plasma did not

exceed 30 eV, oxide defects and heating of the silicon during oxida-

tion could be avoided. Based on further experiments in the magneto-

active plasma environment, Musil, et a1. [36], concluded that a

minimum plasma density exists, below which oxidation ceases. This

was explained with reference to the plasma floating potential, which

was found to be large and negative for densities below about

5x1012 cm-3, but saturated at about -10 V for higher densities.

Oxidation was observed at densities greater than this saturation

point, but not below it. The conclusion was that in order for oxida-

tion to proceed, the plasma floating potential must be close to or

greater than the substrate potential.

Work on unbiased samples in magneto-active plasmas was sum-

marized in [32], and additional results were presented. The depend-

ence of oxidation rate upon plasma density was found to be linear.

It was concluded that CW microwave sources are more suitable for

oxidation in a magneto-active plasma than are pulsed power sources,

because CW sources do not excite fast electrons at ECR.

Up to this point in the review, the reported characteristics of

oxide growth have been considered. In most of the oxidation experi-

Inents reviewed here, oxide quality also was investigated. Various
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techniques were used, the most common of which was C-V characteriza-

tion of MOS capacitors formed on the plasma-grown oxides.

Kraitchman [12] compared the properties of oxide films grown in

a microwave plasma with the properties of oxides formed by other low

temperature processes, and with the properties of thermal oxides.

The flatband voltage of MOS capacitors on the plasma oxides was equal

to that obtained on thermal oxides used for comparison, indicating

that the oxide fixed charge density was the same for each. The

plasma oxide capacitors were subjected to bias-temperature stressing

at 200 0C. The flat-band potential shifted in the negative direction

with the application of a negative bias, and shifted in the positive

direction with a positive bias. The polarities of these shifts were

opposite to those that would arise from the migration of mobile ions,

either positive or negative, in the oxide. Instead, these shifts

might have been due to charge injection during the stress cycle,

similar effects having been observed in anodic oxides and in some

thermal oxides. It was concluded that the plasma oxides were com-

paratively free of mobile ionic impurities. Other oxide properties

investigated included etching rate, refractive index, resistivity,

breakdown field, dielectric constant, and infrared absorption. In

the categories investigated, the plasma oxides were comparable to

thermal oxides of the time, and were comparable to or better than

pyrolytic (CVD) or anodic oxides. In this study, values of interface

trap density were not determined.

Ray and Reisman [31] reported a mid-gap Dit value of

12 2
3x10 cm- ev' for as-grown RF-plasma oxidese grown on unbiased

substrates. As previously noted in Section 2.4, present-day (1986)

thermal oxides have as-grown Dit values in the range of 1011 to
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12 l
10 cm-zeV- . After a postmetal anneal at 450 0C in forming gas (5

percent H2 and 95 percent N2), Dit for the plasma oxides was reduced

to 6x1010 cm'zev'l, and after a subsequent 20 min anneal at 1000 0C

in Ar, Dit was reduced further to 2x1010 cm-2ev'1. Present-day

10 cm'ZeV-1 afterthermal oxides have Dit values on the order of 10

annealing. The plasma oxides studied by Ray and Reisman had substan-

tially larger values of Dit than annealed thermal oxides unless they

were subjected to a high temperature anneal, thus partly negating the

advantages of low-temperature processing. As-grown plasma oxides

exhibited breakdown fields around 4 MV/cm. The breakdown field was

unaffected by the high temperature Ar anneal described above, however

a 15 min anneal at 1000 0C in dry 02 raised the breakdown field to

around 8 MV/cm. - The breakdown field for thermal oxides used for

comparison was 10 MV/cm. The refractive index and etch rate of the

plasma oxides were similar to those of thermal oxides. Calculations

of oxide stress, unique to the plasma oxidation literature reviewed

here, were made based upon the film thickness, the substrate thick-

ness, and measurements of the radius of curvature of the substrate.

These calculations yielded values of 1.5-1.6x109 dynes/cm2 for the

plasma oxides, compared with 3.1-3.4x109 dynes/cm2 for thermal

oxides. This difference in stress was explained as arising mainly

from the difference in growth temperatures (500 0C for the plasma

oxides, 1000 0C for the thermal oxides) and subsequent cooling to

room temperature. Microscopic examination of the silicon surface,

after etching the plasma-grown oxides, revealed that oxidation-in-

duced stacking faults were absent.

Ho and Sugano [7] measured mid-gap Dit values on the order of

12 2
‘10 cm- ev"1 for as-grown plasma oxide samples. These large values
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10 2 l
were significantly reduced to the order of 10 cm' ev' by a low-

temperature post-metal anneal. This value is substantially lower

than reported in [31]. and is unique in the literature in that a Dit

value comparable to thermal oxides was obtained for plasma oxides

that were subjected only to low temperature processing. The break-

down field of the plasma oxides was reported to be as high as

7x106 V/cm. The etching rate of these oxides was reported to be the

same as that measured by Kraitchman in [12]. The structure of the

plasma oxides was investigated by electron diffraction and by

electron spin resonance (ESR). The electron diffraction pattern

revealed that the oxide was amorphous. ESR indicated the presence of

a defect center within 100 A of the 81-8102 interface. The signal

corresponding to this defect center disappeared after a l h, 450 oC

anneal in forming gas, but reappeared after subsequent annealing

under the same conditions in argon. In order to explain this effect,

it was suggested that the defect centers were bleached by hydrogen

atoms that diffused to the interface. Impurity redistribution on

these samples was probed by forming Schottky diodes on both n-

(boron) and p-type (phosphorus) substrates after etching, and then

measuring the C-V characteristics. No redistribution of either boron

or phosphorus was measurable.

The characteristics of plasma oxides grown in a magneto-active

plasma were investigated in [32] and [35]. In [32], the oxides were

grown in a plasma excited at ECR by a CW source, thus fast electron

damage was avoided. The value of Of calculated from the flatband

voltage was 9.5x1011 cm-2, and the breakdown strength was 106 V/cm.

The data presented showed very little C-V curve hysteresis, indicat-

ing that the density of mobile ions in the oxide was low. Samples
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were also grown in plasmas with wee/w > 1. Oxidation was faster than

at ECR because the plasma density was greater. However, the electri-

cal properties were found to be very poor; this was attributed to

it exceeding 1013 cm-3fast electron damage. In [35], values of N

were reported for such samples, and breakdown fields were typically

less than 0.1 MV/cm.

Ligenza and Kuhn investigated the properties of oxides grown in

dc discharges [14]. The MOS characteristics of as-grown oxides were

dominated by fast interface traps, but after annealing in H2 for 6 h

11 2ev.1. The C-V charac-at 350 oC, Dit was reduced to 1 to 3x10 cm-

teristics showed no hysteresis. The bulk properties of these oxides,

even in the as-grown state, were claimed to be equal to those of the

best thermal oxides.

The bird's beak effect described in Section 2.2 was investigated

in [31] and [7], and was found to be completely absent on plasma-

grown masked oxides. In [31], 3800 A oxides were grown using 2000 A

of MgO as a mask. In [7], A1203 was used as the mask material. In

both cases, after the mask was removed, the oxide surface was ex-

amined by SEM. The absence of the bird's beak structure on plasma

oxides is explained in [7]: in the plasma anodization prbcess the

lateral oxide field strength is small compared with the vertical

oxide field strength, so that the lateral oxidation rate is much

smaller than the vertical oxidation rate.

Some variations on the basic plasma oxidation process have

recently been reported. For example, enhancement of the oxidation

rate and improved oxide quality have been demonstrated using calcia-

Eitabilized zirconia (CSZ) overlay films [37]. The observed effects

'were attributed to the ionic filtering action of the CSZ film, in
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conjuction with the protection from oxide surface damage and con-

tamination which it offered.

As another example, enhancement of the oxidation rate at very

low substrate temperature (50 0C) was observed upon the addition of a

small amount (0.5%) of F to an oxygen discharge [38]. This was

attributed to a catalytic reaction involving F at the interface,

leading to enhancement of the interfacial reaction rate by reduction

of the activation energy for Si-O bond formation.

As a final example, oxide formation has been demonstrated in

microwave stream transport system [11,39]. In this system, plasma is

formed in a reaction chamber and guided to the substrate surface by a

confining magnetic field. The substrate is not exposed directly to

the plasma, resulting in a cleaner processing environment. In these

studies, oxide thicknesses of 230 A were formed in l h, with

D 10 2eV-l.
t - 7x10 cm

i

Several workers have fabricated FET's using plasma-grown oxides

for gate dielectrics [40-42]. In the earlier work, a high tempera-

ture (1000 oC) annealing step was required to achieve acceptable

device performance. However, in the most recent work [42] (1986),

the maximum processing temperature was 850 0C which is generally

considered to be in the moderate range of processing temperatures.

2.6.3 Summary

The typical growth rate for $102 formed in an oxygen discharge

is roughly 1000 A/h. Oxides can be formed in dc, rf, or microwave
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discharges, but microwave discharges offer the highest plasma den-

sities, a property which is desirable for the formation of high

quality oxide films at low substrate temperatures.

Plasma oxidation most probably occurs to the drift and diffusion

of 0-, 0-, and possibly other energetic or activated negatively

charged and neutral species through the oxide to the reaction

interface. The growth data are often fit by curves representing

linear-parabolic kinetics, although there is no comprehensive model

for plasma oxidation, including oxide field and space charge effects,

upon which to base such a fit.

Except for one case, [7], interface state properties of low-

temperature plasma-grown oxide films are not as good as state-of-the-

art thermally grown oxides. However, plasma-grown oxides show the

absence of stacking faults as well as the the birds—beak effect,

result in negligible impurity redistribution, and can be formed at

high growth rates.

2.7 Modeling of Plasma Oxidation Kinetics

A number of authors have reported growth rate coefficients for

plasma oxidation of Si and GaAs based upon simple linear-parabolic

kinetics [27,31,12,l3,43]. Logarithmic growth was reported in [44]

for plasma anodization in a dc discharge. The effect of re-sputter-

ing the growing oxide at a constant rate was included in [12].

.However, in most reports, modeling was not the major concern and the

issue of growth kinetics was purposely over-simplified. However, a

few authors have specifically addressed modeling of anodic film

growth, and their work is reviewed below. In addition, Chapter Six
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includes a derivation of the high field discrete hopping model which

is discussed briefly here.

Cabrera and Mott [45] modeled anodic oxide film formation by

considering the forward and reverse currents that would flow due to

ionic hopping in the film in the presence of discrete energy barriers

(e.g., hopping between vacancies or interstitial sites), including

potentially rate-limiting barriers at the oxide interfaces. Based on

this model, Cabrera and Mott were able to predict qualitatively the

observed 'parabolic growth of oxides on some metals, and also the

initial linear growth stage often observed for thin oxide films.

Fromhold and Cook [46] derived an expression for the steady-

state current produced by a large, homogeneous electric field in the

presence of a concentration gradient, based on the discrete-hopping

model. However, at the time of this derivation (1966) there were

insufficient experimental data with which to compare the numerical

results of this development.

However, Fromhold and Kruger [47] (1973) showed that the growth

rates predicted by the formulation in [46] were, in many cases of

interest (e.g., in the presence of a large externally applied field),

orders of magnitude greater than those actually observed, and they

presented an improved model for anodic oxidation which included

retardation effects due to space charge in the oxide. Space charge

effects were included by numerically solving a discrete version of

the discrete hopping model simultaneously with Poisson's equation,

‘while imposing boundary values at both reaction interfaces and re-

quiring continuity of current throughout the oxide film. (This is

discussed in. more detail in Chapter Six.) Two important process-
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related parameters which were used in this model were the ion con-

centration at the oxide surface, and a transport coefficient, called

the migration coefficient, which incorporated the effects of ion

transport in the oxide by diffusion and an electric field. Families

of growth curves and space charge concentration profiles were com-

puted, and the results were compared with the homogeneous electric

field case. The major conclusions were that (i) the kinetic growth

curves were severely rate-limited by relatively moderate space charge

concentrations, (ii) space charge caused the growth kinetics to have

an increased limiting-thickness character, (iii) total space charge

in the anodic film increased with increasing current levels, and, for

a given current level, the space charge became more confined to the

interfaces as film thickness increased, and (iv) the growth could not

be described accurately by a linear relationship between the

logarithm of anodization current and any one of the following: thick-

ness, reciprocal thickness, or logarithm of the thickness. The

significance of the latter conclusion was to suggest that to fit

empirical data by curves representing these simple relationships (as

is often done in the literature) might result in obscuring a more

complicated underlying growth mechanism.

This work was extended by consideration of the special case of

anodization under conditions of high space charge in very large

electric fields applied to thick films [48]. The conclusion, based

on numerical computation, was that space charge retardation of growth

laecame more pronounced under these conditions. As a specific ex-

ample, for a 10,000 A film with an anodization voltage of 100 V, the

required growth time was lOOO'times longer with space charge effects

than in the homogeneous field case. An additional finding of this
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analysis was that film thickness grown in a given time varied ap-

proximately linearly with anodization voltage.

In [49], an analytical version of the space-charge modified

discrete-hopping model is used to fit data obtained for rf—plasma

anodized samples. Some additional experimental confirmation of the

numerical results reviewed above was presented in [50]. The par-

ticular system investigated was GaAs anodization in an oxygen plasma.

The ion flux in the oxide was modeled as described in [48]. The

electron current in the oxide was deduced by measuring simultaneously

the oxide thickness and the total bias current at a constant voltage,

and subtracting the indicated ion current (proportional to growth

rate) from the total current. A plot of electron current vs. mean

oxide field was generated, indicating the existence of two distinct

electric field regimes. For lower values of electric field, in this

case below about 4 MV/cm, electron current increased sharply with

field, and the current depended upon sample temperature. For higher

values of electric field, the current saturated, and was independent

of sample temperature. The behavior in the lower field regime was

attributed to an oxide limited conduction mechanism, whereas the

saturation effect was attributed to a plasma-limited charge supply.

The model-generated growth curves were fit to the experimental data

by adjusting the values assumed for the ion migration coefficient and

the ion surface concentration. Data were generated in the tempera-

ture range from 50 0C to 200 0C for film thicknesses up to 4000 A.

Values of migration coefficent were in the range 10.10 cm-2s.1 to

~13 -2 -1
cm s10 , considerably higher than typical diffusion coeffi-

cients, which indicated the effect of field-assisted transport. Ion

surface concentrations were on the order of 1018 cm3. The migration



56

coefficient decreased linearly with reciprocal temperature, and oxide

voltage was observed to increase linearly with film thickness for

constant current anodizations.

A numerical model based on the discrete hopping model, including

space charge, is investigated in Chapter Six, and the results are

compared with the experimental results from the plasma oxidation

experiments described in Chapter Three and Chapter Four, and with the

predictions of the Deal-Grove linear-parabolic model.



Chapter Three

Microwave Plasma Oxidation of Silicon: Experimental Method

3.1 Introduction

This chapter describes the experimental techniques and apparatus

which were used in an investigation of the oxidation of silicon in a

microwave oxygen discharge. In these experiments, the formation of

silicon dioxide layers on Si substrates was observed under a variety

of conditions, with the objectives of (a) investigating the

characteristics of oxide growth in a microwave plasma disk reactor

(MPDR), and (b) correlating the growth with the particular

experimental parameters selected for study. The MPDR is described in

Section 3.2. Additional apparatus is described briefly in Section

3.3. Section 3.4 addresses the selection of the experimental

pararameters and their ranges, and the experimental procedure is

discussed in Section 3.5.

57
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3.2 The Microwave Plasma Disk Reactor (MPDR)

The microwave plasma disk reactor concept was first described by

Asmussen, et al., in [51], and subsequently in [52-53]. It embodied

a significant modification of the coaxial discharge apparatus such as

that described in [54], whereby the cylindrical coaxial discharge

tube was truncated to the shape of a disk in order to confine the

plasma near the work surface. A principal advantage of the plasma

disk reactor in surface processing applications is that the plasma is

confined closely to the substrate being treated, so that large

surface areas can be processed while the total plasma volume required

to be generated is small. This feature is in marked contrast with

the microwave plasma oxidation studies of Ligenza [27] and Kraitchman

[12] discussed in Section 2.6. An advantage common to all microwave

discharge apparatus is that higher plasma density is achieved over a

wider range of pressure than for dc or rf discharges, and a wide

variety of neutral, excited, and ionized atoms and molecules are

produced. This can be attributed to the higher ionization

efficiencies characteristic of microwave discharges [55]. High

plasma density is usually desirable in materials processing

applications because this leads to a higher concentration of active

species at the work surface. Another important advantage of the MPDR

is that the microwave power applicator is a continuously tunable

resonant cavity structure, so that operation with nearly zero

reflected power is possible under a wide range of loads imposed by

the plasma and the substrate, and the reactor can operate at

lower pressures than other structures. In addition, the cavity can

be operated in a single transverse electric (TE) or transverse
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magnetic (TM) mode, which may have practical utility. For example,

operation in a TE mode, in which the microwave electric field is

parallel to the substrate surface, might reduce substrate surface

damage due to hot electrons from the plasma. Single mode operation

is a feature which has not been reported in previous investigations

of microwave plasma oxidation.

A principal objective of this research was to investigate the

results of applying the microwave plasma disk reactor concept to

surface processing of semiconductors. A description of the MPDR is

included in 3.2.1. Paragraph 3.2.2 covers the fundamental principles

of operation of the MPDR, and 3.3.3 briefly describes other

applications of the disk reactor concept. More information on the

MPDR and on some of its applications is available in [51-54] and

[56-62].

3.2.1 Description of the MPDR

A schematic cross-section of the MPDR in two different

configurations is shown in Figure 3.1. A detail view of the MPDR

baseplate used in the oxidation experiments is shown in Figure 3.2.

Referring to Figure 3.1, the outermost part of the reactor was a

microwave resonant cavity, formed by hollow brass cylinder (a),

baseplate (b), and movable sliding short (c). Inside the resonant

cavity was a plasma confinement region (d), bounded by quartz housing

(e), annular ring (f), baseplate (b), and perforated plate, or grid

(g). Microwave power was coupled to the cavity by adjustable probe

(h) which was connected to a power source by coaxial cable or
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flexible waveguide. Details of the gas supply system and sample

mounting are shown in Figure 3.2. Gas for the discharge was supplied

through radial channel (1), bored into the baseplate, which connected

with a circumferential channel (j) in the baseplate. Gas was

admitted from channel (j) to the discharge region through eight

symmetrically placed vertical holes (k) in annular ring (f). In most

experiments, a sample (1) was mounted in the discharge chamber,

insulated from the baseplate by a quartz plate (m), and masked by

another quartz plate (n). Alternatively, a sample could be mounted

below the baseplate on support (0).

The MPDR used in the plasma oxidation experiments was sealed for

operation at 2.45 GHz, and it was constructed in such a way that the

only materials exposed to the plasma were stainless steel and quartz.

The plasma confinement region used in the oxidation experiments was

10 cm in diameter and 1.5 cm high, however, the annular ring (f) is

replacable, which would allow quartz confinements of different

diameters to be accomodated in future experiments.

3.2.2 Principles of Operation

In the MPDR, application of microwave power to the resonant

cavity structure resulted in ignition of a discharge in the region

enclosed by the quartz housing and the baseplate. The discharge was

confined to this region, except for a low density tail extending a

short distance below the baseplate grid. Samples to be oxidized were

placed either in the discharge zone, or downstream, below the grid.

For a detailed derivation of the electromagnetic fields in an

empty cylindrical cavity, the reader is referred to [63]. Plots of
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the field patterns associated with the 30 lowest order empty

cylindrical cavity resonances are available in [64]. A tabulation of

the lower order resonant modes which can be generated at 2.45 GHz in

an empty cavity of the size used in the MPDR oxidation experiments is

available in [65]. Measurements utilizing a sweep oscillator /

cavity wavemeter setup confirmed the existence of these modes in the

particular MPDR used in the oxidation experiments, and also yielded

the cavity length and probe insertion data necessary to couple power

to these modes. The presence of a plasma in a cavity alters the

empty cavity fields and changes the tuning lengths; in practice these

tuning lengths were determined empirically for the conditions of

interest (i.e., see Figure A.3 in the Appendix).

In a microwave discharge, gas breakdown is initiated by

ionization of some gas molecules by stray free electrons which have

been accelerated by the electric field. Ionization of a gas is most

easily accomplished (i.e., requires minimum electric field strength)

at a particular combination of pressure and field oscillation

frequency which depends primarily upon the characteristic diffusion

length for electrons in the gas [55]. In a resonant cavity, local

maxima in the electric field strength result in breakdown at lower

input power levels than would otherwise be required.

In order to ignite a discharge in the MPDR, the cavity length

was adjusted by moving the sliding short (c in Figure 3.1) to

a previously determined optimum discharge ignition position (specific

values are provided in the Appendix), and the power input probe was

adjusted to optimally couple to the cavity electric field. In

practice, the probe position was determined by minimizing the
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reflected power level. Further detailed description of the discharge

ignition and tuning process may be found in [65].

An important parameter used in determining the efficiency of a

resonant cavity is the quality factor, Q, which is proportional to

the ratio of time-averaged stored energy in the cavity to the power

dissipated in the cavity. The cavity Q determines the maximum

electric field strength in the cavity at resonance, and thus the

minimum power at which a discharge can be ignited in a particular

gas. Once a plasma is established in a resonant cavity, it alters

the field distribution and reduces the cavity Q, since the plasma is

a lossy, conductive medium. Some specific data is provided in [51]

for an MPDR similar to the one used in the oxidation experiments

operating in the TE211 cavity mode. The effect of igniting a

discharge in the cavity was to shorten the electrical length of the

cavity, thus the real length had to be increased in order to maintain

matched operation.

3.2.3 Other Applications of the MPDR

General applications which have been investigated or proposed

for large-area plasma sources such as the MPDR include ion propulsion

for space vehicles [51], and industrial materials processing such as

ion beam milling, ion beam etching, and plasma assisted CVD, all of

which are of interest for IC processing [66,67]. Some specific

applications for which the MPDR has been investigated are described

here.

 



65

The performance of the MPDR as a general purpose ion source was

investigated in [52], [56], and [59]. The MPDR was found to

overcome problems encountered with other sources, such as low

efficiency, low current density, short cathode lifetime, discharge

A matching, and stability. In this application, an ion beam was

extracted from the microwave discharge generated in the MPDR by an

accelerating grid placed below the baseplate. In a related

investigation, a static magnetic field, produced by high strength

rare-earth magnets, was added to the MPDR ion source and improvements

in discharge breakdown, stability, and uniformity were observed

[57],[6l].

Another application investigated for the MPDR was its use as an

ion source for ion engine [51],[52],[59]. In an ion engine,

propulsion is generated by accelerating charged particles from an ion

source with an electric field. The charged species are ions of a

fuel gas, such as H2, generated in a dc, rf, or microwave discharge.

Potential advantages offered by the MPDR as the ion source in this

application include improvement of overall system efficiency, higher

ion beam densities, and longer engine life due to the absence of

metal electrodes in the discharge region.

A wide range of applications for the MPDR occurs in integrated

circuits processing, particularly for VLSI, where plasma processing

is becoming the rule rather than the exception. For example, an

investigation of plasma etching is being conducted using the MPDR

[68]. Etching of Al, Si, 810 and Si N is being considered. The
2’ 3 4

MPDR is expected to be used in 'this application to combine ion

milling and reactive ion beam etching to achieve highly anisotropic

etching rates, resulting in finer pattern definition. Also, it is
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anticipated that the MPDR can be used for plasma assisted CVD of

films such as Si and $102 with applications for solar cells,

microwave devices, and optical fibers, among others.

3.3 Additional Apparatus Used in the Oxidation Experiments

In addition to the MPDR, described in the previous section, the

plasma oxidation experiments reported in this work required the use

of a vacuum pumping station, a gas flow system, a microwave power

source and transmission system, and various measurement equipment.

This additional equipment and the method of its use was, for the

most part, of a fairly conventional nature. Therefore, details of

the experimental apparatus and drawings of each of the major systems

have been placed in the Appendix.

3.4 Experimental Parameters

This section offers a discussion of the experimental variables

investigated in the oxidation experiments. These variables included

microwave input power, cavity resonant mode, substrate bias, plasma

pressure, oxygen flow rate, substrate mounting configuration,

oxidation time, and substrate temperature. The range of study

selected for each parameter is explained, and general observations

are made regarding the effects of each parameter on oxide formation

in the MPDR. A summary of this discussion is provided in Table 3.1.



67

Iable_1‘1. Ranges of the parameters investigated in the MPDR

oxidation experiments.

Parameter

_____1nzes£iseted______

Microwave power

Cavity resonant

mode

Substrate bias:

anodization potential

anodization current

Oxygen pressure

Oxygen flow rate

Substrate mounting

Oxidation time

Substrate temperature

Range of

Values

80-140 W

TE211

18-50 V

10-150 mA/cm2

30-150 mTorr

5-100 sccm

inside discharge

zone

15 cm below

baseplate grid

18-105 min

zoo-300 °c

___§2aaeat§

typically 100 W

maintained constant

maximum at t-O,

monotonically

decaying

measured downstream

from plasma, constant

during growth

adjusted for desired

pressure

minimal surface

damage

streaks, lines on

oxide surface-

particle bombardment?

typically 60 min

estimated (see text)
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3.4.1 Microwave Input Power

In the literature, microwave plasma oxidation is reported in

discharges sustained at power levels ranging from about 100 W [11] to

7 kW [69]. As discussed in Section 3.2, one advantage of the MPDR is

the high plasma density achieved with relatively low input power.

Because of this, power levels on the lower end of this range were

sufficient to generate the high plasma densities needed for

oxidation. In the experiments reported here, the maximum power

investigated was 140 W, which was determined by the capabilities of

the power source used. Preliminary observations indicated that a

stable plasma could not be sustained at power levels much lower than

80 W for the pressure range of interest, so 80 W was the minimum

power investigated. Since the discharge volume was 118 cm3, the

range of power density was 0.68 W/cm3 to 1.19 W/cm3. In Table 3.2,

this range is compared with the values of power density for some

other plasma oxidation systems discussed in the literature. It might

be noted here that the plasma disk diameter (about 10 cm) was

considerably greater than the diameter of a sample used in the

oxidation experiments (1.27 cm), and as a consequence only a fraction

of the power input to the plasma was actually used to process the

sample.

3.4.2 Cavity Resonant Mode

The cavity mode was considered to be an important parameter

because of the possible relationship between plasma uniformity and
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Ieble__§‘2. A comparison of the values of power density in various

plasma oxidation experiments.

Input Excitation Plasma 3 Power 2

Ref; Eewe; (W) Egeguency (MHZ) Volume (cm 1 W cm

[11] 1.4x102 2.45 GHz 1.07x103 0.13

[12] 6.Ox1o2 2.45 GHz 1.9Ox101 31.6

[27] 3.0x102 2.45 GHz 3.93x1o1 7.54

[49] 1.2x104 1.0 MHz 1.96x1o3 6.11

[69] 4.5x103 0.5 MHz 5.03x103 0.89

[70] 1.5x102 2.45 GHz 9.54x102 0.16

This 8.0x101é 2.45 GHz 1.18x1o2 0.68-

work 1.5x10 1.19
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oxide uniformity, and because of the possibility of limiting

substrate surface damage by advantageously controlling the microwave

electric field direction.

In preliminary investigations, it was found that oxygen

discharges were readily sustained in the TE211, TEOll’ and TM011

cavity modes.

In the TE211 mode the plasma ignited easily, remained stable

over a wide range of power and pressure, and coupled well to the

source (the reflected power was small). At intermediate pressures

(80-150 mTorr), the TE211 mode discharge showed four well-defined,

symmetric lobes characteristic of the electric field pattern for this

mode. At lower pressures, the lobes became diffuse, the center of

the discharge region filled in, and the plasma appeared to be of

nearly uniform brightness.

In the TE011 mode, a discharge of more uniform appearance was

generated over the range of pressure studied. However, the minimum

reflected power was considerably higher than for the TE211 mode. In

this mode, significant heating of sample mounted in the MPDR

discharge region was observed prior to the ignition of a discharge.

In the TE011 mode, the electric field lines in the plane of the

sample are closed circles, and thus Joule heating could arise from

induced currents in the substrate. Using this mode, silicon samples

have been heated to more than 900 oC (cherry red) in just a few

minutes with an input power of 100 W. The substrate temperature was

dependent upon gas flow rate; at higher flow rates ( >100 seem) the

sample was cooled below incandescence. This heating effect might be

beneficial in some applications, but it was undesirable for these
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oxidation studies since thermal oxidation becomes significant at

substrate temperatures above about 800 oC.

The TM011 mode also produced a highly uniform discharge.

However, in the TM011 mode, the cavity length required for resonance

resulted in a separation between the sliding short finger stock and

the power input probe in the MPDR of only about 3 mm for optimal

coupling. An advantage of the short cavity length was the reduction

of wall losses and an increase in the maximum electric field strength

in the cavity. However, at higher power levels this mode was not

useful because spontaneous arcs formed between the probe and finger

stock which caused rapid metal erosion and plasma instabilities.

Based on these considerations, all of the oxidation experiments

reported in this work were conducted in the TE211 mode of the MPDR.

The ideal field patterns associated with this mode are shown in

Figure 3.3. Since the plasma is confined by the lines of magnetic

field, the TE211 discharge appears as four distinct lobes surrounding

a darker center. Some measurements of the azimuthal and

longtitudinal variation of electric field strength in a cylindrical

cavity similar to the one used in these experiments is available in

[51].

3.4.3 Substrate Bias

The substrate bias in an anodization experiment is typically

maintained either at a constant Current, with voltage as the

dependent quantity, or at a constant voltage with the current

dependent. The observed growth kinetics are different for these
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cases, as discussed further in [10]. Constant current anodization

was initially considered for the MPDR experiments. However, constant

bias current resulted in a steadily increasing substrate voltage,

which also appeared across the space between the substrate back

contact and the grounded baseplate grid (see Figure 3.2). This space

was filled with the discharge gas, and a dc arc was occasionally

observed to form in this space at bias voltages greater than 40 V,

the precise value depending upon the pressure. Once formed, this dc

discharge prevented accurate measurement of the substrate bias

voltage and current. In addition, it rapidly eroded the bias contact

and the bias wire, effectively destroying the sample if allowed to

persist. Therefore, constant current bias was not used; constant

voltage anodization was studied instead.

An additional concern related to biasing was possible sputtering

of the materials exposed to the plasma [7,10,12]. Sputtering could

lead to contamination of the growing oxide, and could cause the

growth process to be obscured by etching and deposition. In

preliminary experiments with silicon samples in the MPDR, depostion

of Si compounds was observed on the quartz housing at biases above

about 50 V. At higher potentials, sparks were observed near the

stainless steel walls of the enclosure. Therefore, the maximum

anodization potential studied in these experiments was 50 V.

Oxide formation has been observed on unbiased samples in

microwave plasmas [27,33], and there are no reports in the literature

indicating a specific value of negative bias at which oxidation is

observed to cease. However, preliminary experiments in the MPDR

indicated that oxides grown at bias voltages below about 20 V were

usually thinner than 500 A, the minimum thickness which could
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accurately be measured with the facilities available. Therefore,

substrate bias voltage was varied in the range of approximately 20 to

50 V.

3.4.4 Oxygen Plasma Pressure

Microwave plasma oxidation has been reported in the literature

in the pressure range extending from 5x10.5 Torr [36] to 1.5 Torr

[27]. Langmuir probe studies conducted in the MPDR by Dahimene [71]

indicated that below about 30 mTorr the MPDR plasma density decreased

rapidly with decreasing pressure. In addition, preliminary

investigations of oxygen plasmas in the empty MPDR showed that it was

difficult to sustain a stable, single-mode plasma below about

30 mTorr with the microwave power levels under consideration.

Therefore, the minimum pressure investigated was 30 mTorr. In the

excitation mode chosen for this work, the plasma was increasingly

constrained to the walls of the enclosure as the pressure increased,

and as a result the plasma density decreased in the central region of

the discharge. This was confirmed by Langmuir probe data (discussed

in Section 4.2) and it was consistent with the observed decrease in

luminesence of the plasma as the pressure increased. Based on probe

data and on visual observations of the discharge, 150 mTorr was

chosen as a convenient upper cutoff pressure which was well outside

the regime of large plasma density. It should be noted here,

however, that higher density, uniform discharges can be generated in

the MPDR at higher pressures if the input microwave power is

increased.
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3.4.5 Oxygen Flow Rate

The MPDR oxidation reactor was designed as a continuous flow

system. High purity (99.993%) oxygen was metered to the plasma

confinement region by an automatic flow control system, which could

be set to provide constant pressure, constant flow, or manual flow

control. Preliminary observations indicated that varying the flow at

a fixed pressure (by varying the pumping speed) did not significantly

affect the oxidation rate of a substrate over a wide range of flow

and pressure. It might be expected that flow rate would not be

important, to a first approximation, unless it became so low that the

discharge was starved of the primary oxidant species. The flow rate

at which this would occur was estimated by calculating the total ion

flux needed to form an SiO2 film at a specified rate. For the

highest growth rate observed in the MPDR, 2500 A in 1 h, this

calculation yielded a required average 02 molecular flux of

1.6x1022 cm'zs'l. For the substrate area used, 1.27 cm2, the flow

rate required to give this molecular flux was calculated to be

5.0x10-a sccm. The actual flow rates measured during the oxidation

experiments were in the range 5 to 100 sccm, so oxygen starvation was

not a concern.

The actual flow rate used in a particular experiment was a

function of the desired system pressure, the pumping speed of the

vacuum pump, and the overall flow conductance of the flow system.
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3.4.6 Sample Mounting Configuration

In the MPDR used in the oxidation experiments, provision was

made for mounting samples either inside the discharge zone or

outside, downstream from the discharge. Preliminary experiments

showed that oxidation occured in either configuration, but that the

oxide film quality on the downstream samples was poorer. The

downstream samples showed visual evidence of streaking and apparent

bombardment by large particulates (this is discussed further in

Chapter Five). Therefore, most of the work reported here involved

samples processed inside the discharge zone. However, during

preliminary experiments in the downstream mode, a previOusly

unreported phenomenon was observed. Under certain conditions, a

secondary discharge was observed to form directly over the sample

surface. The shape and intensity of this secondary discharge were

coupled to the power density and pressure of the primary discharge,

and also depended upon the substrate bias potential. The system

operated in a dual plasma mode with a downstream hybrid plasma

derived from the microwave disk plasma. The hybrid plasma was not

completely a microwave plasma, rather it was a hybrid of a microwave

plasma and a dc discharge since it contained species from both. This

observation was pursued further in [62].
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3.4.7 Anodization Time

Values of the parabolic rate constant for microwave plasma

oxidation reported in the literature range from 8 x 103 A2/min [13]

to 4 x 105 Az/min [27]. The corresponding range of oxide thicknesses

that would be grown in one hour is approximately 1000 A to 5000 A.

The minimum oxide thickness readily observed visually is about 500 A,

and the simple interferometry measurements available for analysis of

the results reported here became imprecise below this thickness as

well. Based in part upon the above data, an oxidation time of 1 h

was chosen for most of the oxidation experiments.

3.4.8 Substrate Temperature

There is experimental evidence that oxidation rate increases

with substrate temperature in several types of plasma reactors

[7,11,13]. The substrate temperature was not investigated as an

independent parameter in the oxidation experiments reported here.

However, the temperature of the quartz housing in the MPDR used for

the oxidation experiments was measured after several 1 h experiments,

and the maximum wall temperature was 125 oC. Temperature

measurements were made in a similar MPDR [71], and the temperature

measured in the discharge region at the position normally occupied by

a substrate was about 100 oC above that of the quartz housing. Based

on these measurements, it was .estimated that the substrate

temperatures in the oxidation experiments ranged from 200 0C to

300 °C.
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3.5 Oxidation Experiments: Experimental Procedure

Plasma oxide samples were prepared in the MPDR as anodization

voltage, oxygen pressure, and microwave power were independently

varied, and substrate bias current was recorded as a function of time

for each experiment. After each experiment, visual and microscope

observations were made, with special attention given to oxide color,

uniformity, and surface degradation.

Details of the experimental procedure including substrate

preparation, formation of a discharge, in-progress monitoring of the

experiments, and a list of samples are given in the Appendix.

However, for convenience a brief synopsis of the experimental

procedure is given here.

A typical experimental substrate was a 0.254 mm thick planar

n-type silicon slice, with dimensions 17.8 mm x 17.8 mm. A bias wire

was attached to the substrate, and this assembly was mounted in the

MPDR discharge chamber on a quartz plate so that the substrate was

insulated from the MPDR baseplate. A quartz mask was placed over the

substrate, which was provided with a 12.7 mm diameter circular hole

to expose the substrate to the plasma.

After mounting a sample, an oxygen discharge was ignited in the

MPDR, and the desired experimental conditions were maintained for the

duration of the experiment (usually 60 min). At the termination of

the experiment, the oxidized substrate was removed for observation

and characterization, as described in Chapter Five.



Chapter Four

Experimental Characterization of Oxide Growth

4.1 Introduction

In this chapter, results of an experimental investigation of the

growth of 8102 films in the microwave plasma disk reactor are

presented and discussed. In order to make the desired correlation

between plasma conditions and oxide growth, it was necessary to make

a set of measurements characterizing discharges in the reactor.

These measurements are reported first, in Section 4.2, since the

results are used in the following sections. In Section 4.3, data are

presented regarding the variation of oxide growth rate with

anodization potential, oxygen pressure, and microwave power. The

oxide voltage and oxide electric field are considered in Section 4.4.

A method is developed to calculate estimated upper and lower bounds

on the oxide field, and the variation of these quantities with

voltage, pressure, and power are investigated. The major conclusions

from this chapter are summarized in Section 4.5.

79
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4.2 Plasma Probe Measurements

One of the goals of this research was to correlate oxide growth

with plasma conditions. Important measurements included plasma

density, ne, and oxide surface potential, Vs. Plasma density is a

measure of the degree of ionization in a discharge, and is therefore

important in determining the availability of reactive species. For

constant voltage anodization, the oxide surface potential determines

the oxide electric field, which in turn affects transport processes

in the oxide. This is discussed further in Section 4.4.

A series of double Langmuir probe measurements, discussed in

4.2.1, provided data for calculating ne as a function of pressure and

microwave input power. The large-area gilded probe measurements

reported in 4.2.2 provided insight into the effects of a large area

substrate on the plasma characteristics, and allowed the oxide

surface potential and oxide electric field to be deduced for a sample

subjected to a given set of plasma conditions. These data were also

used in a model-based investigation of growth kinetics reported in

Chapter Six.

4.2.1 Double Langmuir Probe Measurements

The electron density, n and electron temperature, Te’ in a
at

discharge can be deduced from the dc I-V characteristics of a double

Langmuir probe immersed in the discharge [72,65]. A double Langmuir

probe consists of two electrodes mounted in a fixed relationship to

each other, connected by a variable voltage supply, with appropriate
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each other, connected by a variable voltage supply, with appropriate

instrumentation for measuring the probe current and differential

voltage when the probe is immersed in a plasma. Briefly described,

the principle of this measurement is that the variation of probe

current with probe voltage depends upon the difference between the

probe voltage and the plasma potential, which in turn is related to

ne and Te, as well as to the ion or neutral gas temperature. In a

double probe experiment, both probes are electrically isolated from

the plasma enclosure, so the measured I-V characteristic depends only

upon the plasma conditions, and not directly upon probe location with

respect to any conducting walls. Also, the measurement is a local

one in the sense that the probe field and current are confined to the

plasma region in the immediate vicinity of the probes. A general

discussion of plasma probe theory is available in [73].

A diagram of the experimental set-up for the double Langmuir

probe measurements reported here is provided in Figure 4.1. Also

shown in this Figure is a drawing of the double probe, with

dimensions. The probe used in these experiments consisted of two

tungsten wires encased in glass, except for the tips. The wires were

round in cross section, with a diameter of 0.25 mm. The wires were

spaced 3 mm apart, and the exposed tips were 3.56 mm long. The total

exposed surface area per probe was 2.8le2 cm2.

The double probe measurements were made in oxygen discharges

formed in an empty reactor (i.e., without a sample in place). The

double Langmuir probe I-V characteristics of a discharge in the MPDR

were measured, for a given combination of microwave power and plasma

pressure, by sweeping the probe voltage across its range (typically

-40 V to +40 V) while recording the probe current and voltage. In
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Figure 4.1. (a) Instrumentation used in the double Langmuir probe

measurements. A similar set-up was used for the gilded probe

measurements. (b) Details of the double Langmuir probe used in this

work.
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order to ensure that the plasma conditions did not vary during an I-V

sweep, the sweep generation and data logging functions were performed

as rapidly as possible. A curve tracer was used to generate a

ground-referenced 60 Hz bipolar sinusoidal voltage sweep while

providing a real-time display of the probe current-voltage

characteristics. High speed data logging was accomplished by use of

an A/D converter connected to the laboratory computer system. Probe

voltage and current were recorded during the duration of one complete

cycle of) the 60 Hz source. The data were numerically averaged to

eliminate hysteresis resulting from the probe capacitance, and

interpolation was used to compensate for the staggering of current

and voltage readings (with the instrumentation available, the current

and voltage could not be recorded simultaneously). The curve tracer

and the computer-related instrumentation were necessarily referenced

to earth-ground, so that in order to isolate the double probe from

the plasma confinement walls it was necessary to isolate the MPDR

cavity and baseplate from earth ground. For this purpose, the MPDR

external connections were temporarily modified for the probe

measurements as follows. A coaxial radial choke assembly designed

for 2.45 GHz was inserted between the microwave power input cable and

the cavity input probe, providing dc isolation from the outer

conductor of the coaxial cable. A short length of teflon tubing was

inserted in the stainless steel gas input line. Distilled cooling

water was supplied by gravity flow from a 10 gal plastic bottle and

drained into another plastic bottle. After these modifications were

made, there was a small residual conductivity to earth ground when a

discharge was present in the MPDR. This conductivity was evident as

an asymmetry with respect to the origin in the double probe I-V
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characteristics, and was probably due to charge transported by

flowing ionized gas to the grounded surfaces of the vacuum system.

However, the resulting leakage current (usually several uA) was less

than 1 percent of the typical probe saturation current, and thus was

considered negligible.

I-V measurements were made using the double Langmuir probe in

discharges at power and pressure levels corresponding to those

studied in the oxidation experiments, and some of the resulting I-V

curves are shown in Figures 4.2 and 4.3. The origin of the general

form of these curves is explained in [72]. A knee voltage and

current can be defined for each curve, and for voltages above the

knee voltage, the characteristic can be said to be saturated. The

true saturation Current is the positive ion current collected by the

probe at the lower potential. The current in the intermediate

voltage region is the sum of the electron and positive ion currents

to the probes, and for low voltages is mainly due to electrons. It

is generally assumed for the purposes of analysis that the total

positive ion current to the probes is unaffected by the applied probe

potential.

Figure 4.2 shows the effect on the. measured probe

characteristics of varying the plasma input power, and Figure 4.3

shows the effect of varying the plasma pressure. At any voltage in

the saturation region the probe current decreased monotonically with

increasing pressure in the range 40 to 150 mTorr, and increased with

increasing power in the range 80 to 110 W. Details of the data

reduction method used to get Te and ne from the I-V characteristic

are provided in [72], but, roughly speaking, Te increases with the

slope of the I-V characteristic between the saturation regions, and
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ne increases with saturation current. The data reduction method

described in [72] was implemented on a laboratory computer system.

Values of plasma density extracted from double Langmuir probe

measurements in the MPDR are plotted in Figure 4.4 as a function of

plasma pressure, with input power as a parameter. It is evident from

this Figure that ne decreased with increasing pressure over the

entire pressure range studied, for each value of microwave power.

Also, for each value of pressure above 40 mTorr, ne increased with

microwave power. The plasma density ranged from 4.6x1011 cm.3 at

80 w, 150 mTorr to 1.5x1o12 cm'3 at 110 w, 30 mTorr. During the

experiments, when the plasma pressure was reduced to about 45 mTorr

at 80 W, the plasma mode shifted from TE211 to an asymmetrical,

possibly hybrid mode, so the data point at 40 mTorr and 80 W is shown

only for the sake of completeness. Values of ne and Te calculated

from the double Langmuir probe I-V characteristics are listed in

Table 4.1. These data correspond well with the measurements of

Dahimene [71], which were made under similar conditions in a

different reactor.

The double Langmuir probe measures electron density, but of

particular interest for silicon oxidation is the density of negative

oxygen ions which can be generated in a discharge. According to

sabadil and Pfau [74], in an dc oxygen discharge under low current

extraction conditions the density of 0' ions has the same order of

magnitude as ne. Under this condition, charge neutrality would

require the positive ion density, np, to satisfy np z 2ne, which is

contrary to the usual assumption that up z ne. The case for a

microwave discharge might be considerably different, but this is a

topic which warrants further study.
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Ieele 4,1. Values of plasma electron density, ne, and electron

temperature, Te calculated from double Langmuir probe I-V

characteristics in a TE211 mode discharge in the MPDR.

 

         

Plasma

Pressure Microwave Power (W)

_LgTorr)

80 100 110

n T TH n T n T

e e e e e e

30 1.46 4.60

40 1.31 4.52 1.24 3.14 1.40 3.79

50 1.09 3.55 1.03 2.99 1.25 3.61

60 0.895 3.22 1.12 3.44 1.13 3.18

70 0.819 3.04 1.02 3.09 1.14 3.06

80 0.766 2.85 0.977 2.94 1.01 2.53

90 0.641 2.24 0.938 2.72

100 0.630 2.29 0.931 2.61 0.959 2.35

150 0.462 1.67 7.50 2.00 0.827 . 1.99

T The units of ne are 1012 cm-3.

ft The units of Te are 104 oK.
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4.2.2 Gilded Probe Measurements

The double Langmuir probe measurements discussed in 4.2.1 were

conducted in an MPDR discharge with no substrate installed, and

etherefore they did not accurately reflect the plasma conditions in

the presence of a substrate. In order to provide more insight into

the plasma characteristics and the plasma-substrate interactions with

a sample in place, a series of experiments was carried out along the

lines of the gilded-probe experiments described in [50]. A probe was

used that consisted of a silicon substrate, identical to those used

in the oxidation experiments (substrate dimensions are given in

Section 3.5), with a 400 A layer of gold evaporated onto the top

surface. The gold prevented oxidation of the silicon substrate, so

the probe I-V characteristics could be measured directly. I-V

characteristics were measured for discharges under a variety of

conditions in the MPDR using this large-area (1.27 cmz) gilded probe.

In order to determine the oxide surface potential during anodization,

these measurements were correlated with measurements of substrate

anodization current Ja taken during the oxidation experiments, as

described in detail in Section 4.4. The results of this correlation

are presented in Section 4.3.

Figure 4.5 shows the gold probe I-V characteristics of a TE211

mode discharge in the MPDR at 100 W microwave input power for several

pressures in the range 30 to 150 mTorr. Figure 4.6 shows the I—V

characteristics at 50 mTorr far 100 W, 120 W, and 140 W input power.

Only the positive voltage region of each characteristic is shown; in
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every case the magnitude of the current for negative voltage was

below the resolution of the instrumentation (about 2 pA). The upper

limit of each curve was the maximum potential which could be applied

before dc arcing was observed to occur in the plasma. The general

form of these characteristics is typical of large-area probes in that

they exhibit a very gradual transition from the regime dominated by

electron current to the saturation regime, i.e., there is not a well-

defined saturation knee. However, it is possible to identify a knee

voltage and a knee current by the method discussed in [72], and to

consider the saturation regime to be that for which V > V The
knee“

typical knee current for this probe is three orders of magnitude

greater than for the Langmuir probe discussed in 4.2.1 (although the

surface area area of the gilded probe exposed to the plasma is only

about 20 times that of the double Langmuir probe). It is noteworthy

that in Figure 4.5 the saturation current density for the large-area

probe exhibits a peak at 50 mTorr, a feature which was not evident in

the Langmuir probe measurements, indicating the qualitative

difference in discharge properties induced by the presence of a

substrate and the extraction of a relatively large current from the

discharge. The general features evident from Figure 4.6 are that the

knee current increases with power and that increasing the probe

voltage has the effect of amplifying the dependence of current upon

power. Table 4.2 lists the values of power and pressure studied in

the gilded probe experiments, and gives the maximum probe current and

voltage measured under each set of conditions. In Section 4.3, these

values are compared with the values of initial anodization current

measured in the oxidation experiments.
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Iable 4,2. Values of maximum probe voltage, meax’ and maximum probe

current density, meax’ measured in the gilded probe experiments.

Plasma

Pressure Microwave Power (W)

_LmTorrl

100 120 140

v'r J” v J v J
, pmax pmax pmax pmax pmax pmax

30 40.0 110

40 42.7 114

50 43.4 125 41.4 133 42.0 155

60 42.7 114

70 42.4 103

100 42.6 93

150 40.9 67

1 The units of V are volts.

pmax

1* The units of J are mA/cm2.
pmax
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From the measurements reported here, it can be deduced that the

oxide surface potential V8 for a sample undergoing anodic oxidation

can be a significant fraction of the anodization potential Va applied

to the substrate. For example, a typical set of anodization

conditions is anodization voltage Va - 30 V , anodization current

Ja - 50 mA/cmz, and input power P - 100 W. The data in Figure 4.5

indicate that for these values of current and power, Vs would range

from 22 V at 50 mTorr to 28 V at 150 mTorr; The extraction of VS

form the gilded probe data is described in more detail in Section 4.4

4.3 Results of the Oxidation Experiments

In this section, oxide growth in the MPDR in the TE211 mode is

correlated with the principal experimental parameters: substrate

bias, microwave power, and plasma pressure. In 4.3.1, some general

features of the oxide growth process are discussed. In subsequent

paragraphs, results are correlated with specific experimental

parameters. Some of the material in this section was reported in

[75].

4.3.1 General Features of the Oxidation Process

Anodic oxidation of silicon substrates in the MPDR was observed

to occur within the entire range of experimental parameter values

given in Table 3.1. While. there were significant effects on

oxidation rate and other growth-related processes as the experimental
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parameters were varied, there were some features common to most or

all of the samples studied. The anodization current was on the order

2 mA/cm2, from which it can be deduced that the ion currentof 10

efficiency (also called the Faraday efficiency) was very low. If the

anodization current were almost entirely ionic (n - l), as is

reported to be the case in liquid electrolytic anodization of Si and

some other materials, the oxidation rate corresponding to a constant

current of 102 mA/cm2 would be about 1350 A/s, which is far greater

than observed experimentally, and is also orders of magnitude greater

than the value of 2.78 A/s given as the reaction rate-limited thermal

oxidation rate in dry oxygen at 1200 oC (some values of thermal

oxidation rate constants are given in Table 2.1). This calculation

was based on the assumptions that O- was the oxidant species, all

ions were incorporated in the growing oxide film, and the SiO2

molecular density is 2.3x1022. An estimate of the ion current

efficiency for anodic oxidation in the MPDR based on experimental

data was given in [75], and resulted in values of n ranging from

3.4)(10.4 to 5.4x10-4. The low value of ion current efficiency had

several implications for interpreting the results of the oxidation

experiments. First, the oxidation rate could not be determined

directly from measurement of the anodization current, because the

variation of the ion current corresponding to the growth process was

masked by the electron current. Second, the observed behavior of the

anodization current was expected to be primarily determined by the

oxide electric field, perhaps through a standard insulator conduction

mechanism such as Frenkel-Poole emission or tunneling (for thin

oxides), although perhaps through other as-yet undetermined

processes. The latter is a distinct possibility since not much is



97

known about the properties of the oxide film during growth. Finally,

a variety of chemical reactions (e.g., electron attachment to

adsorbed molecular oxygen, or activation of various species) were

considered likely as a result of the large amount of energy

incorporated into the substrate-oxide system by the electrons.

The substrate anodization current was recorded as a function of

time for each sample. Figure 4.7 shows several anodization current

vs. time curves recorded for experiments conducted under various

conditions. (Each of these curves is drawn through approximately 60

data points. No attempt was made to smooth the curves for plotting:

the curves simply connect the data points. The random fluctuations

in the curves are mainly due to minor microwave power source

instabilities and oxygen pressure variations which occurred during

the experiments.) Inspection of these curves reveals some general

features which are typical of most of the samples studied. In most

cases, the anodization appears to have occured in two stages: a rapid

initial growth stage lasting several minutes, followed by a slower

growth stage lasting for the remainder of the experimental duration.

For higher anodization potentials, in the range 40 to 50 V, a

saturation-like behavior was often observed during the initial few

minutes of anodization.

The second stage was usually distinguished by a relatively

smooth monotonic decay, in many cases nearly linear over the majority

of the experimental duration, and in this stage, the slopes of the

best linear approximations to the curves tended to become more

negative with increasing anodization potential.

Anodic film growth is often characterized by an initial

reaction-rate limited linear growth phase, followed by a growth phase
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in which the rate-limiting mechanism is the rate of oxidant transport

through the film. In many cases of interest, the transport-limited

growth results in nearly parabolic growth, characterized by a

"migration coefficient" [47]. The transition between reaction rate-

limited growth and transport-limited growth can only be determined by

detailed measurement of the growth kinetics. However, it seems

worthwhile to consider the possibility that such a transition

occurred at some time during the film growth for the samples in this

work. It might be that the observed two-stage behavior of the

anodization current was related to the existence of these two

distinct growth mechanisms, although further investigation would be

required to determine the validity of such a correlation.

Values of the parabolic oxidation rate constant, k, for the

samples grown in the MPDR were calculated from the final oxide

thickness, xox and the oxidation time, tox by using the expression

(2 2,)k- XOX‘X

t

OX

in which a value of 50 A was used for the initial oxide thickness,

x1. These calculations were performed for the purpose of comparing

oxidation rates in the MPDR with those reported in the literature for

other plasma oxidation methods and for thermal oxidation. The

calculated values of k for the samples prepared in the MPDR plasma

oxidation experiments ranged from 4.2x103 AZ/min to 8.1x104 Az/min.

Parabolic rate constants reported in the literature are summarized

and compared with those found in the MPDR oxidation experiments in

Table 4.3.
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Table 4,3. A comparison of values reported for the parabolic rate

 

Oxidatiog Cenditions

Ja-3O mA/cm2, P-lkW,

f-240kHz, p-0.2 Torr,

T -600 C.
S

Va-O, P-l4OW, f-2.45GHz,

p-8x10'5Torr, TS-64O c

Va-SOV, P-600W, f-2.45GHz,

p-lSO mTorr, Ts < 500C.

Va-lOOV, P-200W, f-2.45GHz,

p-lOOmTorr, 300 C<Ts<400 C

Ja-35 mA/cmz, Pz6OOW, f-dc,

p-70 mTorr, Ts-225 C.

Va-O, P-3OOW, f-2.45GHz,

p-0.5-l.5 Torr, Tsz300 C.

Va-O, P-lkW, f-3MHz, p-30

mTorr, Ts-54O C.

p-760 mTorr, Ts - 1000 C -

1200 C

constant, k, in the plasma oxidation (anodization) of silicon.

2

Seuzce k (A [min)

Ref. [71 1.4x106

Ref. [11] 1.7x103

Ref. [12] 1.3x106

3 4

Ref. [13] 7.8X10 - 3.4X10

4

Ref. [14] 2.5X10

4 5

Ref. [27] 6.4x10 - 4.9x10

4

Ref. [31] 3.3x10

Steam thermal 6.7x105 - 1.5x106

oxidation

(Ref. [1])

3 4

This work 4.2X10 - 8.1x10 20<Va<50V, leOOW,

f-2.4SGHz, 30<p<150 mTorr,

Ts<300 C.

 

Va - constant anodization potential'

Ja - constant anodization current

P - discharge input power

f - excitation frequency

Ts - substrate temperature

p - ambient 02 (or steam)

pressure
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4.3.2 Correlation with Anodization Potential

Figure 4.8 shows the observed dependence of oxide thickness upon

anodization potential, for l h oxidations at a fixed input power

level of 100 W, at pressures of 40, 70 and 100 mTorr. In this

Figure, the data points are fit by a straight line at each pressure,

and the slopes of the best fit lines increase with pressure. The

observed linear dependence is consistent with other reported results

[44,28]. The physical origin of the linear dependence is presently

unclear, however, it is successfully predicted by the high-field

discrete hopping model studied in Chapter Six (i.e., see Figure 6.3),

which also predicts an increase in the slope of the linear fit as the

concentration of oxidant ions at the oxide-plasma interface

increases.

Figure 4.9 shows oxide thickness plotted against initial

anodization current density. All of the samples prepared in the

oxidation experiments for which reliable measurements of final oxide

thickness could be obtained are represented in this Figure. A best

fit line is drawn through the data; this line has an intercept of

16 A at zero current. It is evident that while there is a general

tendency for oxide thickness to increase with initial anodization

current, the correlation is weak. A correlation between initial

anodization current and oxide thickness might be expected if the

initial current is taken to be indicative of the general condition of

the discharge, i.e., the degree of dissociation and energy of the

electrons and reactive species. However, the fact that the

correlation is weak is not unexpected since, as discussed earlier,
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Microwave power is 100 W.
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the measured anodization current is predominantly due to electrons,

and the current due to the oxidant ion flux was not separately

observed.

In Figure 4.10, the substrate anodization current curves are

compared for five samples prepared at 40 mTorr and 100 W with

anodization potentials ranging from 18 V to 50 V. From this Figure,

it can be seen that anodization current increased significantly with

anodization voltage. Also, the order of the curves is maintained

throughout the experimental duration (i.e., the curves do not cross).

The 18 V and 30 V curves appear to approach a zero—slope limit; this

behavior is similar to that observed for anodization under conditions

of relatively low surface concentration, such as in conventional

liquid anodization [2]. The 18 V, 30 V, and 35 V curves show clearly

an initial rapid decay stage. The 40 V curve shows an initial

plateau (0 min - 5 min) followed by a brief rapid decay stage (5 min

- 10 min). For the 50 V curve, a plateau is evident for

approximately the first 3 min, but a rapid decay stage is noticeably

absent. The form of the curves resulting from anodization at lower

voltages is similar to that predicted by the modeling results in

Chapter Six (i.e., see Figures 6.2(b), 6.4(b)), and may be considered

to arise from high-field transport of oxidant ions across the growing

oxide film in the presence of space-charge. It may be speculated

that the plateau which occured for the 40 V and 50 V curves was due

to a charge-supply limitation imposed by the plasma; this would be

consistent with the fact that the saturation voltages of the gilded-

probe plasma I-V characteristics, Vpmax’ (listed in Table 4.2) are

very close to 40 V.
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4.3.3 Correlation with Microwave Power

Most of the oxide samples studied were prepared with 100 W

microwave input power. However, two samples were prepared at higher

power levels. The resulting oxide thickness values are shown in

Table 4.4, and anodization current curves for these samples are shown

in Figure 4.11. Data for a sample prepared under the same conditions

at 100 W’ are shown for reference. For convenience, the samples are

referred to as A (140 W), g (120 W), and Q (100 W).

b 4 4. The effect of microwave input power on oxide thickness.

For each sample, tox- 60 min, 02 pressure - 50 mTorr, and V8 - 30 V.

gaggle # flicrowave Bower (W) Qxide Thickness (A)

31 (A) 140 1050

32 (5) 120 900

41 (Q) 100 1050

From Table 4.4, it can be seen that oxide thickness formed in

1 hour was not strongly correlated with microwave power in the range

studied. To the extent that the total bias current was indicative of

the relative growth rate, it can be surmised from the data in Figure

4.11 that the initial growth rate was an increasing function of

microwave power ( J(0) increased from 81.9 mA/cm2 for Q to 125 mA/cm2

for A), but that after a certain growth time had elapsed, the growth
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rate order was reversed, with the higher power samples exhibiting the

lower growth rate. This indicates that at higher power levels, the

initial oxidation rate was greater, as expected due to the increased

plasma density, but the oxidation rate subsequently decreased more

rapidly because the oxide formed more quickly.

The final bias current densities in Figure 4.11 were 15.5 mA/cm2

for A, 15.9 mA/cm2 for g, and 24.4 mA/cm2 for 9. After the end of

the 60 min oxidation period, oxides A and 5 were only slightly

thicker than oxide C but the electron current in A and 5 was about

half that in Q, in spite of the fact that g was in a higher power

plasma. This may be consistent with other evidence of highly

nonlinear electron conduction mechanisms in 8102, but this phenomenon

requires further investigation.

The reversal of the growth rate order during the anodization

could account for the lack of correlation between oxide thickness and

microwave power over the time interval studied, and leaves open the

possibility that the lack of correlation was an artifact of the

particular duration chosen for these experiments.

4.3.4 Correlation with Plasma Pressure and Plasma Density

In Figure 4.12, oxide thickness grown in 1 hour is shown as a

function of plasma pressure for anodization potentials of 30 V and

40 V. Several anodization current curves are plotted in Figure 4.13

for anodization potentials of 30 V and and 40 V. Figure 4.12 shows

that the oxide thickness is broadly peaked around 70 mTorr for each

value of substrate bias, while Figure 4.13 indicates a rather weak



109

 

   

  

2500-

P = 100 N Anodization

1 Voltage

tox =1“ 0 30 v

2000‘ El 40 V

’E

2

"é
£1500-

n

In

a:

I:

:1

.21000-

5

a:

.‘P.

x .

O

500-

(J "I I I I ‘1 I I Ii I mt I I I I T 1F’I 1* I

O- 50 100 150 200

Oxygen pressure. p (mTorr)

Figure 4.12. Oxide thickness grown in one hour as a function of

oxygen pressure, for Va - 30 V and Va - 40 V. Microwave power

- 100 W.



110

 

150-

"' P3100"

. 02 pressure
An°dlzat10n

as noted VOItage

fil
—-3ov

-"‘
‘--4ov   

A
n
o
d
i
z
o
t
i
o
n

c
u
r
r
e
n
t
.

J
o

(
m
A
/
s
q
.

c
m
)

  
 

0' '1I5' {3.0, '415r .BIO

Time (min)

Figure 4.13. Anodization current for several of the samples

represented in Figure 4.12. .



lll

dependence of anodization current upon plasma pressure. At 30 V, the

oxide thickness was 600 A at 30 mTorr, 1050 A at 50 mTorr, and 500 A

at 150 mTorr. At 40 V, the peak was more pronounced, with X0x

increasing from 1300 A at 40 mTorr to 1900 A at 70 mTorr, and

decreasing again to 1150 A at 150 mTorr. This pressure dependence

may be compared to Figure 4.14, which illustrates the pressure

dependence of the saturation current in the gold-probe experiments

(discussed in Section 4.2), and the pressure dependence of the values

of initial anodization current density for these same samples. A

similar pressure dependence is observed for each of these curves;

however, this pressure dependence is different than that determined

for the plasma density (Figure 4.4).

4.4 Oxide Surface Potential, Oxide Voltage, and Oxide Electric Field

The oxide electric field plays an important role in determining

transport processes in the oxide during anodic oxidation. Over a

wide range of typical experimental conditions, the effect of the

electric field on the transport of oxidant species can be comparable

to or greater than that of diffusion. For large fields, electric

field dependent space-charge limitations on ionic transport can be

important [48]. Furthermore, if the oxide field during growth is

greater than the breakdown field in the oxide (typically on the order

of 7 MV/cm), poor quality films will result. Also, electron

conduction in the oxide is governed by the oxide electric field, and

the flux of energetic electrons to the oxide-substrate interface may

be important in determining interfacial reaction rates, as well as
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the rates of production of certain types of defects in the bulk oxide

and at the interface.

The electric field, oxide voltage Vox’ oxide surface potential

Vs’ and anodization voltage Va are connected through the following

relationships:

OX a S

and

V8 is the potential at the substrate-oxide interface (the potential

drop in the Si substrate is considered to be negligible), and V8 is

the potential at the oxide-plasma interface.

The surface potential of a sample oxide film in an MPDR

oxidation experiment was determined as a function of time by

correlating the anodization current density recorded for the sample

with the gold-probe J-V characteristics measured in the same plasma

conditions (input power and oxygen pressure). The gold-probe

experiments are described in Section 4.2. It was assumed for this

purpose that the oxide surface potential which corresponded to a

given current during anodic oxidation was equal to the gold-probe

potential which yielded the same current during the probe

measurement. A graphical example of the determination of VB vs. t is

shown in Figure 4.15.



114

JPA Typical Cold-probe J°9 Typicai Anodization

J-V Characteristics Current Curve

 

   
   
 

 

 

Vox + Vs =- Va    
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Figure 4.15. '(a) Method of correlating gilded probe J-V

,characteristics with anodization current to obtain oxide surface

voltage, V.(t). Probe characteristics and anodization current are

measured at the same microwave power and oxygen pressure.

(b) Illustrative V.(t) rand V6x(t) curves resulting from the

correlation procedure shown in (a).
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The relationship of Vox to anodization potential, plasma

pressure, and microwave input power was investigated, and the results

are presented in Figures 4.16 - 4.18.

Figure 4.16 shows Vox as a function of time for samples prepared

at several values of V8 in the range 18 V to 46 V. The microwave

power and pressure were constant for the samples represented in this

figure. The data are somewhat erratic near t - 0; this reflects both

the rapid variations in initial stage anodization current which were

often observed during anodization, as well as the nature of the gold-

probe current-voltage characteristics in the high current (small t)

regime. The slope of the gold-probe characteristics in the high

current regime (near saturation) was small, so a small change in

current corresponded to a large change in surface potential.

Consequently, near t-O, small fluctuations in anodization current led

to large fluctuations in Vox'

In Figure 4.16 the oxide voltage is observed to increase with

time during each anodization, and during the last 30 min or so the

curves are clearly separated with Vox an increasing function of Va .

Some of the curves show negative values near t - 0. Computationally,

the negative values arise because the probe voltage was greater than

V8 for the recorded value of J. Physically this might be interpreted

as indicating the presence of a retarding field for negative ions and

electrons in the oxide arising in response to a large initial

diffusion current for these species. Another possible explanation is

that there was an offset voltage associated with the gold probe

immersed in the plasma, so that Vs was not exactly equal to Vp as

assumed. Possible origins of such an offset include plasma sheath
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potentials, and plasma-metal or metal-semiconductor contact

potentials, among others.

In Figure 4.17 the parameter is plasma pressure. After about

35 min, the order of the curves remains fixed, and the pressure

dependence exhibits a peak at 50 mTorr. This is the same pressure

dependence observed in Figure 4.14 for the initial anodization

current, the final maximum gold probe current, and the final oxide

thickness.

The effect of varying the microwave power is shown in Figure

4.18. The labels A, b, and Q in this figure refer to the same

samples as those in Table 4.4 and Figure 4.11. Initially the oxide

voltage is a decreasing function of power, but after about 45 min the

order of the curves is reversed. This is similar to the reversal of

the order of the anodization current curves in Figure 4.11.

The average oxide electric field on during oxidation was

determined from the ratio of oxide voltage drop to oxide thickness,

vox/x

in three different ways. These methods of estimation are described

ox’ Because xox(t) was not measured directly, on was estimated

below, and illustrative growth curves resulting from each method are

drawn in Figure 4.19.

11g_1;115251.__,],_L A constant growth rate was assumed for the entire

anodization, with x(t-O) - x0 and x(tf) - xf, where tf was the total

oxidation time and xf was the measured oxide thickness for the

sample. Thus the growth was described by

xox(t) - slt + x0 ,

with s1 - (xf-xo)/tf.
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Figure 4.19. Growth curves illustrating three methods of estimating

oxidation kinetics described in the text. Method 1: slow linear

growth. Method 2: parabolic growth. Method 3: fast linear initial

growth representing reaction- rate limited initial growth rate.
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Mg;hg§_2‘, A parabolic growth law was assumed, given by

2 2

xox(t) - kt + x0 ,

2 2
with k - (xf - xo)/tf.

ug3h9d_1‘ The growth rate was assumed to be linear and equal to

the initial slope for Method 2, k/2xo, for the time t1 required to

grow the total oxide thickness xf, and then to be zero for

t1 < t < tf. The growth equation was:

xox(t) - szt + x0 for 0 s t 5 t1

xox(t) - xf for t1 5 t s tf

with 32 - k/2xo and t1 - (xf-xo)/s2 .

If it is assumed that the growth was approximately linear-

parabolic in nature, then Method 1 provided an upper bound on on

during the entire oxidation process, and Method 3 provided an

underestimate for on for most of the growth period, but was

potentially the most accurate during the inital, presumably linear

growth stage. Method 2 would provide the most accurate estimate for

E during a diffusion-limited growth stage, where the expected
OX

growth would be parabolic.
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Estimates of Box were calculated using the values of oxide

voltage in Figures 4.16 - 4.18 and xox as given by Methods 1, 2, and

3 discussed above. The results are shown in Figures 4.20 - 4.22.

The graphs in Figure 4.20(a) are scaled so that all of the data can

be displayed. The irregular initial behavior exhibited by the curves

is a result of dividing the already erratic Vox data by small values

of xox' In addition, the large negative initial values of on shown

for some of the samples derive from negative initial values of Vox’

which were discussed earlier as possibly being due, at least in part,

to measurement inaccuracies. However, the sensitivity of the

computations to these inaccuracies is greatly reduced as the oxide

thickness increases and the anodization current decreases. It can be

noted that since each of the oxide growth models converges to the

measured value of final oxide thickness at t - 60 min, the estimates

shown in the Figures tend to become more accurate as time increases.

To allow the relationships among the curves to be more easily

recognized, the graphs in Figure 4.20(a) are reproduced in Figure

4.20(b), ommitting the first 10 min of data and using a different

scale. Similarly, in Figures 4.21 and 4.22, the first 10 min of each

curve is ommitted for clarity.

Figure 4.20(b) shows the effect of anodization voltage on the

oxide field. A significant observation is that with the exception of

the 18 V curve, the oxide field was almost constant for most of the

anodization, regardless of the model assumed for oxide growth. The

average oxide field for sample #22 (Va - 18 V) was notably lower than

for the other samples for the entire duration of the anodization.

The oxide thickness of 500 A determined for this sample was the

lowest among all the samples studied, and the anodization current
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the first ten minutes of the curves are not shown, and the graphs are

rescaled accordingly.
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pressure as a parameter. Method of estimating oxide growth is

indicated on each graph and described in the text. Microwave power

- 100 W, anodization voltage - 40 V.
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(shown in Figure 4.10) was distinctly lower than for the other

samples as well. At t - 60 min, Fox was 0.4 MV/cm for sample #22,

whereas for the other samples on ranged from 1.6 MV/cm to 2.2 MV/cm.

These values may be compared with the value of 1.5 MV/cm given in [7]

as an empirically determined minimum field required for oxidation.

Figure 4.21 shows the effect of pressure on the estimated oxide

field. Over most of the 60 min duration investigated there is a

tendency for the oxide field to increase as the pressure decreases

from 100 mTorr to 50 mTorr, however the most evident point regarding

this plot is that regardless of the method of estimation, after the

initial transient period on falls into a well-defined range of

values between 1 and 2 MV/cm. The final values of on increase with

decreasing pressure and range from 1.1 MV/cm to 1.6 MV/cm.

Figure 4.22 shows the effect of varying the microwave power.

The labels A, g, and g refer to the same samples as in Table 4.4 and

Figure 4.18. For the first few minutes of anodization, the oxide

field was observed to increase with microwave power for the samples

studied, however, this ordering was not maintained as the anodization

progressed. The final values of Box are 1.4 MV/cm (g), 1.7 MV/cm

(A), and 1.9 MV/cm (g).
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4.5 Summary of the Oxidation Results

Analysis of the growth of SiO2 films in the MPDR for l h

constant voltage anodizations provided the following results:

(1)

(2)

(3)

Oxidation occurred over the full range of each of the

parameters investigated (the parameters studied and the

range investigated for each parameter are listed in Table

3.1).

Oxide thickness increased approximately linearly with

anodization potential, and the slope of the linear

relationship increased with oxygen pressure.

The maximum oxide thickness occurred at a pressure of

70 mTorr. The variation of oxide thickness with pressure

was similar to that observed for the saturation current of

a large area gilded probe, but it was significantly

different than the variation of plasma density determined

from double Langmuir probe measurements. This is possibly

an indication that the microwave discharge properties are

significantly modified by supplying dc power to the

discharge (i.e., by extracting a non-negligible dc current

with the anodization or gilded-probe circuit).



(4)

(5)

(6)
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In the range investigated, varying the microwave power to

the plasma did not have much effect on the oxide thickness,

although it did affect the initial anodization current

density, the plasma density, and the oxide electric field.

The oxide surface potential decreased with time during

anodization, correspondingly the oxide voltage drOp

increased in magnitude.

The estimated electric field in the oxide was generally in

the range of l to 2 MV/cm for most of the conditions

studied.



Chapter Five

Analysis of the Plasma-Grown Oxide Samples

5.1 Introduction

This Chapter presents the results of experiments and

observations conducted to determine the quality of the plasma oxide

films grown in the MPDR. These included microscopic and visual

observations of the oxide films (Section 5.2), as well as

measurements on MOS test capacitors formed on the films (Section

5.3). The latter included C-V characterization as well as I-V

measurements. Interface trap density was extracted from the measured

C-V data, and the effects of two annealing techniques were

investigated. Dielectric strength and oxide leakage were also

investigated for the plasma-grown oxide samples.

A summary of the major results presented in this Chapter,

together with a comparison of the quality of MPDR-grown oxides and

present-day thermal oxides, is provided at the end of Section 5.3.

130
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5.2 Visual and Microscopic Observation of the Plasma-Grown Oxide

Films

5.2.1 Oxide Thickness and Uniformity

Following oxidation in the MPDR, a visual examination of each

sample was conducted to determine of the color of the oxide film, and

to permit assesment of the uniformity of the film based upon color

variations.

If a thin transparent film on a reflecting substrate is viewed

under white light at near-normal incidence, the film will appear to

have a certain color due to the destructive interference of light of

wavelength A, where

Here, A is the wavelength absent from the reflected light due to

destructive interference, d is the film thickness, n is the

refractive index of the film, and k is an integer order number.

This principle is commonly applied to the measurement of the

thickness of 8102 films on Si substrates. Because of the

subjectivity involved in color determination, it is necessary to have

reference to a standardized color chart in order for this method to

be accurate and repeatable. In addition, it is necessary to have an

independent method for determining the order number for the film
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thickness being measured, since in general each color is repeated in

each order.

The MPDR-grown oxide film thickness was customarily measured by

comparing the color, observed under perpendicular illumination with

fluorescent light, with a detailed color chart designed for these

conditions [76]. The order number was determined by rotating the

samples under white light from near-normal incidence to near-parallel

incidence and comparing the observed color sequence with that on the

chart. An additional indication of the order number was provided by

observing the sequence of colors displayed as the oxide thickness

decreased toward the edges of the samples.

Although the listings in the color chart referenced above were

separated by 200 to 300 A, the thickness resolution obtained was

better than this for the MPDR samples, because the samples could be

compared with each other to improve the resolution. For example,

twelve samples were determined to have colors which fell between the

adjacent listings of 1000 A and 1200 A on the chart, and among these,

four distinct colors could readily be observed and ordered by the

appearance of more or less of either of the two endpoint colors.

Therefore, the resolution in this thickness range was about 70 A

(about 7 percent). Similar resolution was obtained for the other

thickness ranges investigated. For several samples, oxide thickness

as a function of position on the sample surface was mapped using

optical interferometry (a description of this technique is provided

in [1]). The results were in close agreement with visual

observations. Interferometry offered better thickness resolution

than visual observation, but it was not used routinely on the MPDR
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samples because it is a destructive technique which requires that a

sample be selectively etched and then metalized before examination.

A typical MPDR-grown oxide sample had a circular central region

of uniform color comprising 95 percent or more of the oxidized area,

surrounded by a narrow ring or series of narrow rings of various

colors extending outward to the unoxidized region of the silicon

substrate. Each ring was typically 0.05 to 0.1 mm across, and the

sequence of colors observed generally indicated steadily decreasing

oxide thickness from the edge of the central region outward. As a

rule, oxide samples prepared at higher pressures had thinner and

fewer outer rings, and oxides prepared with higher anodization

voltages had a thicker outer ring structure. The total diameter of

the oxidized region on the substrate was usually several millimeters

less than the diameter of the opening in the quartz mask (12.7 mm)

used during the oxidation (see Section 3.5 and the Appendix for

details of the sample mounting and mask geometry).

5.2.2 Surface Degradation of the Oxide Films

Microscopic examination of the MPDR-grown oxide films was

conducted for the purpose of identifying various features, including

oxide surface blemishes, local nonuniformities (as indicated by color

variations), and pinholes.

The oxide samples were examined by optical microscopy with

magnifications ranging from 65x to 1500x, and resolution up to 1 pm.

Some sample oxide films were grown on substrates mounted outside the

discharge zone, downstream in the vacuum system. These samples
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showed considerably more evidence of surface damage than did samples

mounted in the discharge zone. In particular, on each of the

downstream samples there were very identifiable marks on the oxide

surface seemingly indicative of bombardment by large particulates (50

- 100 pm). The presence of such particulates indicates the existence

of an undesirable source of contamination in the version of the MPDR

used in these experiments, which must be identified and removed to

permit further investigation of the downstream mode of operation.

On several of the samples prepared inside the discharge zone,

filamentary nonuniformities, or streaks, were observed on the oxide.

These were apparently due to thickness variations, and they were more

often evident on thicker oxides (> 1200 A) than on thinner ones. A

typical streak was slightly thicker than the surrounding oxide (as

indicated by the color), and it was on the order of 10 pm wide and

several hundred micrometers long.

5.2.3 Observation of Pinholes

Pinholes through the oxide were observed on most of the plasma-

oxidized samples formed in the MPDR. The density of pinholes varied

from sample to sample, but typically there were 3 to 5 pinholes in a

microscope field of view 200 pm in diameter. The diameter of the

pinholes ranged from about 5 pm to 20 pm, with most on the smaller

end of this range. Prominent characteristics common to the pinholes

were that they appeared almost exactly round, and that there was a

small dark spot at the center of almost every one observed. Although

at least one early investigation of oxide physical features indicated
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a higher density of pinholes on plasma-grown oxides than on thermal

oxides [77], no explanation was given for this observation. There

are believed to be several possible causes of pinhole formation on

the MPDR oxides: (i) sputtering of the oxide during growth due to the

applied bias voltage, (ii) deposition in the form of particulates of

some material exposed to the discharge, masking the oxidation in

isolated spots, and (iii) the presence of particulate contamination

on the substrate surface prior to vacuum pumpdown in the MPDR. The

last two causes are considered the most likely, since sputtering of

an oxide film would (a) be expected to require a higher dc bias

(e.g., 100 to 200 V) than used in the oxidation experiments and (b)

be accompanied by substantial deposition« on the walls of the

discharge chamber (not observed).

As described in more detail in the Appendix, the substrate

surface preparation consisted of scrubbing with methanol and rinsing

with H20, but did not include other pre-oxidation cleaning steps

which are used in conventional thermal oxidation. These additional

steps include immersion in boiling TCE (a solvent), de-metal etch (an

HCl and H202solution) and de-grease etch (an NH40M and Mzozsolution).

(The principal reason for not including these steps was that in order

to be effective, they would have had to be implemented after the bias

wire was attached, which was considered impractical.) In addition,

after cleaning, the samples were exposed to unfiltered room air while

being mounted in the MPDR, leading to the likelihood of some surface

recontamination prior to system evacuation.

In view of considerations stated above, it is quite likely that

the pinholes were a result of surface contamination of the
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experimental substrates which occurred prior to initiation of

oxidation.

5.3. MOS Capacitor Measurements

5.3.1 Overview

MOS lcapacitors were formed on some of the plasma grown oxide

samples to permit the use of standard capacitance-voltage (C-V) and

current-voltage (I-V) techniques for interface and bulk oxide

characterization. Interface trap density and oxide uniformity for

the MPDR-grown oxides were investigated by the high-frequency C-V

technique introduced in Section 2.4. Oxide leakage resistance and

breakdown strength was investigated by I-V measurements. These

properties were compared with the reported properties of oxides

formed in other plasma reactors, and with the properties of thermally

grown oxides.

5.3.2 MOS Capacitor Device Preparation

MOS capacitors were formed on the MPDR-grown oxide samples by

evaporating aluminum on an entire oxide sample, and then selectively

removing the aluminum using contact photolithography and etching.

This process left an array of aluminum dots on-the sample surface.

Each dot defined the top contact (gate) for an MOS capacitor. The

back contact for each capacitor was provided by the stainless steel
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chuck upon which the sample was mounted for probing. The sample was

maintained in intimate contact with the chuck during testing by a

vacuum system. For the devices reported here, the gates were circles

200 pm in diameter on 250 pm centers. Thus the capacitor area was

3.l4x10'4 cm2. If a typical value of 3.9 is used for the relative

dielectric permittivity of the oxide, the following expression gives

the oxide capacitance in pF when the oxide thickness is expressed in

Angstroms:

4

x
ox

Values of xox for the samples studied ranged from 500 A to 2500 A,

resulting in expected oxide capacitances in the range 4.3 pF to

22 pF.

5.3.3 High-Frequency C-V: Experimental Method

A block diagram of the measurement apparatus used in the high-

frequency C-V analysis of the plasma oxide samples is shown in Figure

5.1. Substrates were vacuum-mounted on the stainless steel chuck of

a wafer test station. Contact to the gate of a capacitor to be

tested was made by manually positioning a tungsten probe on the gate

with the aid of a micromanipulator and a low power optical microscope

provided at the station. Capacitance was measured with a Boonton

Model 74C-S8 Bridge, which operated at a fixed frequency of 100 kHz.

This bridge provided four-digit precision for capacitance readings,
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and two digit precision for ac conductance readings. A dc bias

supply was built in to the bridge. Capacitance, conductance, and

gate bias voltage (VG) readings were recorded manually. Data points

were recorded at least ten seconds apart, ensuring sufficient time

for thermal equilibrium to apply during each measurement. In a

typical device analysis, VG was varied from +5 V to -20 V (potential

at the gate with respect to the back contact) and about 25 data

points were recorded, with most points allocated to the depletion

region, where capacitance varied rapidly with voltage. (A discussion

of MOS C-V characteristics is included in Section 2.4.)

5.3.4 Results of C-V Measurements on the Plasma-Grown Oxides

A considerable volume of data was accumulated in the C-V

measurements, and rather than presenting all the data here, an

attempt has been made to present enough to allow the reader to

appreciate the principal results, without redundancy.

Three MPDR-oxidized samples, #36, #38, and #39, were selected

for C-V characterization. These samples were selected primarily

because they appeared highly uniform and unblemished, except for the

presence of pinholes. They were all grown with Va - 30 V and 100 W

microwave power. Sample #36 was grown at 100 mTorr oxygen pressure,

sample #38 at 150 mTorr, and sample #39 at 70 mTorr. Approximately

one hundred capacitors were formed on each sample, with gate geometry

as previously specified. Each device on a particular sample was

uniquely identifiable within a cartesian coordinate system centered
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around an origin (device 0,0) which was chosen by virtue of being

easily recognized under the test-station microsc0pe.

Because of the existence of pinholes in the oxide films, most of

the devices tested encompassed surface regions where the gate metal

was in direct contact with the silicon substrate, forming an Al-Si

Schottky barrier diode structure (this structure is discussed in

detail in [78]). The effect on the C-V measurements when a Schottky

barrier diode is in parallel with an MOS test capacitor is considered

next. The metal-semiconductor contact is accompanied by a depletion

layer in the silicon of width xsb, where

 

26 1
s _ kT 3

sb [qND [$50 vG q ]]

[5.1]

having capacitance per unit area Csb’ where

is.
C - .
sb xSb

[5.2]

These expressions may be compared with similar expressions applying

to the MOS capacitor, for which the depletion layer width is given by

Zia i

"d ' Le, (“@112

[5.3]
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and the capacitance per unit area in depletion is

 

[5.4]

where Cd - es/xd, Cox - cox/x

in equilibrium (VG - 0) which is due to the metal-semiconductor work

, and p is the silicon band bending
ox 50

function difference and the presence of oxide charge, as discussed in

Section 2.4. For the capacitor,

V-V-V.

[5.5]

where Vox is the voltage drop across the oxide.

Equations 5.1 through 5.5 were used to compare the capacitance

of an M08 capacitor (xox - 1000 A) with that of a Schottky barrier

diode, both devices having ND - 2x1015 cm-3. The MOS capcitor was

assumed to have no oxide charge, and the threshold voltage was

computed to be -l.29 V. At VG - -l V the value of Cd was

1.3lx10'8 pF/cm2 and CSb was l.l7><10.8 pF/cmz. Since these values

were comparable, the relative contribution of the diode and the

capacitor to the total measured device capacitance, would depend upon

the relative areas of each. Using average values from the microscope

observations reported in the previous section, i.e., four pinholes

per device with diameter 10 pm, the total Schottky barrier diode area

would be approximately one percent of the total gate area.
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With this in mind, the C-V measurements made in depletion and

inversion were safely considered to be largely unaffected by the

oxide pinholes. However, the presence of pinholes prevented C-V

measurements in strong accumulation, since the device conductance

increased rapidly for VG > 0, rendering the capacitance readings

inaccurate. As a result, for most devices tested it was not possible

to determine the true value of Cox' In the data presented here,

values of C are shown for V > 0 only for devices for which it was
G

ascertained by I-V measurements that the device was not affected by

pinholes.

Figure 5.2 shows the results of 100 kHz C-V and ac conductance

(G-V) measurements on a device from each sample studied. The general

features of a typical C-V curve are discussed in Section 2.4 and are

illustrated in Figure 2.4. In the C-V curves shown in Figure 5.2,

with increasingly negative gate bias, the regions of accumulation,

depletion, and inversion are evident. An exception is that for the

representative device from sample #39, the inversion region could not

be investigated because the device exhibited breakdown-like

instability before VG reached the threshold voltage; however, it is

likely that this was Schottky-barrier reverse breakdown related to

the existence of oxide pinholes, as previously discussed.

From these C-V curves, values of oxide fixed charge, Qf, were

computed for the devices represented. It was assumed that oxide

trapped charge, Qot’ and mobile ionic charge, pM’ were negligible.

Equation 2.8 was used to compute Qf from the lateral translation, AV,

of the C-V curves, measured as the difference between the

experimentally determined flatband voltage, VFB’ and the ideal
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flatband voltage, VFB' The values of Qf thus determined are listed

in Table 5.1.

Table 5.1 Oxide fixed charge densities calculated from the

experimental C-V curves in Figure 5.2. For these samples, ND

- 2x1015 cm'3 and the ideal flatband voltage is VFB - -0.246 V.

-2
Sample xox(A) CFB(pF) VEB(V) QE(cm )

#36 11001 7.71 -6.84 1.29x1012

#38 917 8.87 -2.04 4.20x1011

#39 815T 9.70 -6.28 1.60x1012

TThese values were computed from C measured at VG-O instead of

in strong accumulation (VC 2 5 V), therefore the true values of

xox are several percent smaller than those given here.

The G-V data in Figure 5.2 can be compared qualitatively with,

for example, Figure 5.13 in [2] to verify the expected MOS

conductance behavior. However, in order to obtain quantitative

information from G-V data, a series of measurements must be made at

different frequencies, and this type of analysis was not carried out

for the samples studied here. However, it is shown in [78] that the

peak of the G-V curve increases with interface trap density at any

frequency. Comparing sample #38 with either sample #39 or sample

#36, it is evident that the C-V curve for sample #38 shows the least

amount of stretchout in depletion, indicating, as discussed in
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Section 2.4, that this sample has the lowest interface trap density,

and this is corroborated by comparison of the G-V curves.

Hysteresis in a C-V curve can be indicative of the presence of

mobile ionic contamination. As the gate bias is made increasingly

negative, for example, positive ions such as Na+ drift in the oxide

toward the gate, shifting the C-V curve by an amount which can be

calculated using Equation 2.8. If the gate bias is then swept back

to its starting value at a different rate than that by which it was

increased, hysteresis results. Figure 5.3 shows the results of a

hysteresis measurement on a device from sample #38. On this figure,

the data points represented by crosses were taken as VG was made more

negative, and the circles indicate the retrace data points. This

device was typical of all the devices studied from each sample in

that there was no evidence of hysteresis.

The effects of annealing were investigated on the plasma-grown

oxide samples, since it is well known that the values of Qf and Dit

for thermal oxides are substantially reduced by annealing. In

addition, most reports in the literature indicated that significant

improvement in the properties of plasma-grown oxides was obtained by

annealing (i.e., see Section 2.4). .

A commonly used post-metalization annealing treatment is a low

temperature (< 600 oC) anneal in forming gas (5% H 95% N2).
2’

Sample #38 was annealed in forming gas at 450 0C for l h. Figure 5.4

shows C-V curves measured for a typical as-grown device on this

sample, and for the same device after the forming gas anneal. Also

shown is the ideal C-V curve computed using x and ND for this
OX

sample. The forming gas anneal was evidently effective in reducing

Of. The post-anneal flatband voltage shift was determined to be
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-0.42 V for this sample, yielding Qf - 1.0x1011 cm'2. This may be

compared with the as-grown value of Qf, listed in Table 5.1 as

4.2x1011 cm-2. The hydrogen anneal also reduced Dit’ as discussed in

Section 5.3.5.

The devices on sample #38 were the only ones to receive a

hydrogen anneal. However, sample #36 received a nitrogen-only anneal

at 450 oC. The post-anneal C-V characteristics of all the devices

investigated on sample #36 suggested that the oxide dielectric

strength was degraded. The C-V characteristics were no longer

representative of an MOS sample; neither a flatband voltage nor a

threshold voltage could be identified. Instead, a plot of l/C2 vs

voltage yielded a straight line which indicative of Schottky diode

behavior. One possible explanation is that the N2 anneal, or related

sample handling, reduced the oxide dielectric strength so that at

relatively low oxide fields the oxide underwent breakdown,

effectively forming a metal-semiconductor contact under the gate.

5.3.5 Calculation of Dit from the C-V Data

The method by which interface trap density was extracted from

measured C-V data is described here in detail. This method, which

closely follows the technique described in [2], is applied by way of

example to a particular device on sample #38, referred to here, for

convenience, as device A. The pre-anneal, post-forming gas anneal,

and ideal C-V characteristics for device A are those shown ianigure

5.4.
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To begin with, a theoretical C-V curve is calculated for a

capacitor having the same values of xox and ND as the real device.

First, the silicon surface charge is computed:

QS - [£3] [:1] Small, - Us) F<US.UB).

[5.6]

where A1 is the intrinsic Debye length in the Si,

eskT

A - ’

i q2 ND

 

and UB - (q/kT)¢B, Us - (q/kT)¢s, where ¢B and p8 are defined in

Figure 2.2. Sgn is the signum function. The quantity F(Us’UB) is a

dimensionless electric field given by

N
I
H

M
I
H

[(UB-Us-l)+-§+':—s]

N

F(US,UB) - [3?]

[5.7]

where n1 is the intrinsic carrier concentration in the Si, and n8 and

p8 are the electron and hole concentrations at the silicon surface.

For n-type Si these can be computed from ns - niexp(Us), ps - ni/ns.

Next, the silicon surface capacitance is computed:

e sinh U - sinh U

s, B_s
Cs " ’Sgnws ' Us)[Ai] F(US,UB)
 

[5.8]
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The total device capacitance is computed as Cs in series with Cox:

_1_ _1_ ’1

C - [Cs(¢s) + Cox ] ’

[5.9]

where us is the silicon surface band-bending, p8 - (kT/q)(US-UB).

The ideal gate voltage is computed to be the sum of the oxide voltage

and the silicon band bending:

[5.10]

The appropriate choice for the independent variable in the

expressions above is the silicon band bending, us. For n-type Si in

accumulation, $8 is positive, and in depletion and inversion $5 is

negative. In order to generate a theoretical C-V curve using

Equations 5.7 - 5.10, a computer program was written which stepped p5

between user-specified limits. The limits were chosen initially by

trial and error, the criterion being that the domain of band-bending

values should be wide enough to generate the entire range of gate

voltage values of interest.

A key point in the extraction of interface trap density is that

interface traps do not affect the variation of Cs with us.

Therefore, the measured value of C will be the same as the ideal

value of C for the same band bending. However, the presence of

interface traps decreases the fraction of the gate voltage which

appears across the silicon space charge layer. For a given gate
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voltage, the band bending for the real sample must be deduced by

comparing the measured C-VG curve with the theoretical c-ps curve.

If this is done at each value of measured gate voltage, the resulting

es vs VG curve can be used to calculate Cit’ the interface trap

capacitance, according to the following expression :

Cit - Cox [ (dVG) - 1 1 - Cs(¢s)

[5.11]

In order to carry out the above comparison efficiently, a computer

program was written which read each measured C-V data point from a

file, and then iteratively selected the value of is which resulted in

a theoretical C equal to the measured value, and then recorded C, p5,

Cs’ and V in a new data file. This new data file could be used to

G

calculate Cit'

The final step was to calculate D from C . A derivation of
it it

the relationship between these quantities is given in [2]. For band

bendings that do not place the Fermi level within a few kT/q of the

band edges,

Cit(¢s) z qut(Es) , where

Es - Ei - EV + d5 + (kT/q)UB

[5.12]

The quantity Es measures the position of the Fermi energy relative to

the valence band edge at the silicon surface. For this n-type
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sample, as the gate bias is made more negative than required for

flat-bands, the band bending becomes more negative, the bands bend

increasingly upward at the silicon surface, and the relative position

of the Fermi energy is closer to the valence band edge, so ES

decreases. As discussed in [2], only the interface traps within a

few kT of the Fermi level affect the measured capacitance, so the

effect of varying the band-bending is to select out and measure those

interface traps near the Fermi level. The Fermi level "points" to

the interface traps being measured at a given gate bias. The energy

relative to the silicon valence band edge associated with this

"pointer" is given by Es'

Plots of Dit vs Es for device A as-grown and after annealing in

forming 'gas are shown in Figure 5.5. Several points are noteworthy

regarding this plot. In strong inversion, the band bending is pinned

at -2¢B, so the Fermi level is pinned at E1 - qu. Therefore, the

range of energies from the valence band edge to slightly below mid-

gap cannot be explored on an n-type device using the high-frequency

C-V technique. Also, as the device is driven into accumulation, the

capacitance and the band bending change very slowly with gate bias.

This leads to large inaccuracies in extracting D since Equation
it’

5.11 involves a derivative which must be calculated from a limited

number of data points, as well as a subtraction of two quantities

which are large and of comparable magnitude.

The bit curves in each case are roughly U-shaped, with the

minimum value obtaining when the Fermi level is near mid-gap. This

is characteristic of D1t plots reported in other work for both

thermally-grown oxides and plasma-grown oxides.
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Figure 5.5 Dit as a function of energy in the silicon bandgap

(0.0 eV - valence band edge, 1.1 eV - conduction band edge). (a) As-

grown. (b) After annealing in forming gas . Data points for these

plots were computed from the measured C-V data shown in Figure 5.4.
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The minimum value of Dit for the as-grown device A was

1.7x1011 cm-ZeV-l; this value occurred at E8 - 0.54 eV, just below

midgap (Es - 0.55 at midgap). After annealing in forming gas, the

10 2 1
minimum value of Dit was reduced to 1.8x10 cm- eV- , and the

minimum occurred at 0.65 eV. This reduction in Dit’ together with

the observed reduction in Of, indicates that the forming gas anneal

was effective in improving the interface properties of the sample

oxide.

5.3.6 I-V Measurements on the MOS Capacitors

Pre- and post-anneal breakdown field histograms were obtained

for devices on sample #38, and the results are shown in Figure 5.6.

The measured pre-anneal breakdown fields for 18 devices ranged from

1.03 MV/cm to 5.58 MV/cm, and averaged 2.58 MV/cm. The post-anneal

breakdown fields measured for 37 devices ranged from 1.18 MV/cm to

10.3 MV/cm, and averaged 6.26 MV/cm. In addition, the post-anneal

histogram is peaked in the range 6 - 8 MV/cm. The post-anneal

results obtained here are similar to those obtained on good quality

thermally grown oxides, indicating further the beneficial effect of

the forming gas anneal.

The dc currents through the oxides were measured as a function

of gate bias and results are shown in Figure 5.7. This data must be

interpreted in light of the oxide pinholes discussed earlier. In

pinhole regions, the gate metal is in intimate contact with the

underlying silicon. The resulting Schottky diode structure is in

reverse bias under capacitor test conditions (except in strong
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accumulation). The reverse current in a Schottky diode is dependent

upon the metal-semiconductor Schottky barrier height, and does not

actually saturate (as does the reverse current in a p-n junction

diode) because of the electric field dependence of the barrier height

[78].

Assuming, as discussed in Section 5.3.4, that the pinholes under

a typical capacitor gate comprise about one percent of the total gate

area, a diode leakage current density of about 10'3 A/cm2 would

account for the observed leakage currents. In fact, the reverse

characteristics of Schottky barrier diodes with barrier heights of

0.7 eV (which is approximately the barrier height of Al on Si)

increases from about 10-4 to 10.3 A/cm2 as the bias increases from -1

to -10 V [79]. Therefore, it is surmised that the values of leakage

current indicated in Figure 5.7 are due to oxide pinholes, rather

than the conductivity of the oxide. Further evidence for this was

provided by I-V measurements in the forward-bias regime, which

yielded typical forward bias diode-like characteristics.

5.3.7 Summary of MOS Capacitor Measurement Results

As-grown MOS capacitors on the plasma oxides exhibited fixed

charge densities in the range from 4x1011 to 1x1012 cm-2. Mid-gap

ll
interface densities of about 2x10 cm'zev"1 were measured. A

breakdown field histogram peaked between 1 and 2 MV/cm. After

0

annealing in 5% H2, 95% N at 450 C for l h, a substantial
2

improvement was observed in each property tested. The value of Qf

decreased to about 1x1011 cm'z, Dit decreased to the range of
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1010 cm'2eV'1, and the breakdown field histogram peak shifted upward

to approximately 7 MV/cm.

These properties are compared with the properties of thermally

grown oxides as follows. A 1986 study of thermal gate oxide

integrity [80] found a 50 percent failure rate at a field strength of

7.6x106 V/cm. This value is quite close to the histogram peak for

post-annealed MPDR-grown oxides shown in Figure 5.6. A 1972 study of

Dit for thermal oxides [81] found a minimu value of 2x1010 cm-zeV-l,

which is close to the minimum shown for the samples in this study as

10
illustrated in Figure 5.5. A minimum of about 10 cm'zeV'1 for D

it

is still considered state-of-the-art for thermal oxides.

Hamilton and Howard [82], in 1975, reported typical QF values of

11
0.9x10 'cm.2 for (100)-oriented thermally oxidized silicon.

Nicollian and Brews [2] reported in 1982 that a typical value of QF

was 1.3x1011 cm-2 for thermal gate oxides in a standard process used

for making n-channel MOSFET's. Again, this is quite close to the

results reported in this work for MPDR-grown oxides, QF z 1011 cm'z.

The one characteristic of the MPDR-grown oxides which was not

found to be as good as present-day thermal oxides was the leakage

current, but the leakage in the samples reported here is believed to

be due to pinholes in the oxide which most likely resulted from

surface contamination unrelated to the actual oxidation process.



Chapter Six

Modeling the Oxidation Kinetics

6.1 Introduction

In this chapter a model of oxidation kinetics is developed and

investigated, and the results are compared with qualitatively with

some of the results of the MPDR oxidation experiments reported in

Chapter Four. The goal of this modeling study is to gain insight

into oxidation kinetics in the MPDR, and in particular to develop a

greater understanding of the interrelationships among the growth

parameters, including anodization voltage and current, oxide voltage,

and oxide field.

The model developed in this chapter uses as a starting point the

high-field discrete hopping model, including space-charge, which is

described in detail in [48]. A brief discussion of the derivation of

the discrete hopping model is provided in Section 6.2. The

modifications and extensions which have been made to apply the

discrete hopping model to the particular case of anodic oxidation of

159
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Si in the MPDR are discussed in Section 6.3. Results of the modeling

and comparison with experiment are presented in Section 6.4.

6.2 The High-Field Discrete Hopping Model

The discrete hopping model for one dimensional motion of charged

particles through a thin film is illustrated schematically in Figure

6.1. The basis of this model is the idea that particles move through

the film by hopping between adjacent potential minima, or wells,

which are labeled xk in Figure 6.1. Particles enter the film at

x - 0 from an external medium, and the film grows as particles are

incorporated at the interface at x - xox' In order to leave a

potential well, a charged particle must surmount a barrier of height

(W i quka), where the minus sign applies to hopping in the

direction encouraged by the electric field (forward hopping), and the

plus sign aplies to reverse hopping. The quantity W is the energy

barrier between adjacent potential minima in the film in the absence

of an applied electric field, which is assumed to be a constant of

the material, 2 is the particle charge number (2 - -l for electrons

and singly charged negative ions), q is the magnitude of the

electronic charge, Ek is the electric field at position x in the
k

film, and 2a is the distance between adjacent potential minima. The
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APotenti al

PLASMA OXIDE

on SUBSTRATE (51)

 

   
 
  

Figure 6.1. Illustration of the discrete hopping model used to model

plasma anodic oxidation. The electric field in the oxide is not

constant because of the presence of oxide space charge, which is due

to the oxidant ion flux.
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expressions for forward, reverse, and total particle flux over

barrier k are written, according to Boltzmann statistical theory,

Ff - nk_1v exp[-(W-quka)/kBT]

[6.1]

Fr - nk_1v exp[-(W+quka)/kBT]

[6.2]

Fk - Ff ' Fr

[6.3]

Here, Ff is the number of particles per unit area per unit time which

cross from the potential well at xk_1 to xk in the positive x

direction (toward the substrate interface as defined in Figure 6.1),

and Ff is the corresponding flux in the negative x direction. The

quantity nk_1 is the number of particles per unit area in the k-lst

potential well, nk is the number per unit area in the kth potential

well, and v is the frequency with which the particles attempt to

cross the barrier. The Boltzmann constant is denoted by kB’ and T is

the absolute temperature of the film, which is assumed constant

throughout.

substituting Equations 6.1 and 6.2 into Equation 6.3 and

rearranging yields

Fk - u exp(-W/kBT)[nk-1exp[quka/kBT] - nkexp[-quka/kBT]]

[6.4]
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In [46] it is shown that by making the transformation

C(xk) - (nk_1+ nk)/4a

and the approximation

C(xki a) z C(xk) i a[Q§§¥1]x_xk

[6.5]

and by in addition requiring continuity of the current (steady state

assumption) the discrete Equation 6.4 can be extended into the

continuum, with the result that

F e (D/a) C(x) sinh(qu(x)a/kBT) ~ {a§§31] a cosh(qu(x)a/kBT)

[6.6]

where F is the steady state particle flux in any cross—sectional

plane of the film, D A hazy exp(-W/kT) is called the migration

coefficient, and C(x) is the number of particles per unit area at x.

Equation 6.6 can be simplified for the case of large oxide

fields [48] to

F - (D/2a) C(x) exp[qu(x)a/kBT]

[6.7]

In writing Equation 6.7, the concentration gradient term (« 8C(x)/8x)

in Equation 6.6 has been neglected, and the large-argument limit
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2sinh(qu(x)a/kBT) 4 exp(qu(x)a/kBT) has been applied. As discussed

further in [48], a sufficient condition for obtaining reasonably

accurate quantitative results is

Iqu(x)a/kBTI 2 2, for O < x < xox .

[6.8]

This constraint will be considered further in the next section.

Continuing with the derivation of the model, the electric field

in the film is related to the particle concentration by Poisson's

equation in differential form

a_zaflx).

8x 6

[6.9]

where e is the permittivity of the film. The surface concentration

of particles C(O) is assumed to be externally defined.

Combining Equations 6.9 and 6.7 leads, after some development

[48], to the following expressions valid when a constant voltage Va  



165

is maintained at x - xox:

V

F - [QDC(O)/2a] exp[ET§K—]

ox

[6.10]

where

V — V - V (total voltage across the film)

ox a s

E' - kBT/zqa (thermal fluctuation field)

, x x

an-l - [%][1+;9-3]1n[1+;?—"]

ox

(space charge parameter)

x' - 36%6) (space charge screening parameter)

_(zslge
A - (scaling parameter).

ekBT

and Vs, the oxide surface potential, is assumed to be externally

defined. In addition, an average electric field in the film may be

defined by

E - V /x .

ox ox ox

[6.11]
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6.3 Modifications and Extensions of the Basic Model for the Case of

Constant Voltage Anodic Oxidation of Silicon in the MPDR

6.3.1 Analytical

The model described by Equations 6.10 and 6.11 in Section 6.2

was modified and extended to apply to the specific experimental

system studied in this work, namely, constant voltage anodic

oxidation of Si in an MPDR oxygen discharge. Because the model only

requires that the charge, 2, of the migrating species be given, it

is equally valid for any oxygen ion which may be considered to be the

principal oxidant species.

At the maximum estimated substrate temperature for the

experimental work reported here (Tmax z 300 oC z 573 OK), the

criterion for quantitative accuracy (Equation 6.8) becomes

k T

E(x) > -—§- - 2‘8 MV/cm, O < x < x .

~ q|z|a |z| ox

[6.12]

Here, standard values have been used for kB and q. Following [48],

the value used for 2a was the lattice parameter of the anodic film.

For the particular case of SiO

3-1/

(NSiOZ) , where NSiO2 is the density of $102 molecules in an

22
amorphous oxide layer. A value of 2.3x10 cm.3 given in [l] was

2, this was calculated as 2a

used for NSiOZ’ resulting in a value for a of 1.8 A.
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In Chapter 4, it was shown that under many of the oxidation

conditions studied in the MPDR, 1.5 MV/cm < on< 2 MV/cm. Therefore,

Equation 6.12 would hold with |z| - 2, but not with |z| - 1. In view

of the above considerations, the model was initially applied with

z - -2, but after some experience was gained with the model, the case

for z - -l was investigated, and it was determined that the

qualitative results remained essentially unchanged.

At this point, it is convenient to rewrite Equation 6.10

and to include the notation previously developed for anodic

oxidation:

V

Ji/zq - F1 — [QDC(O)/2a] exp[E7fi:;]

[6.13]

where Ji is the ionic current in the oxide, and F1 is the ion flux.

In the case of anodic oxidation in an oxygen discharge, the

oxidant ion flux in the oxide may be modeled by Equation 6.13.

However, as discussed in Chapter Four, the total anodization current

is mainly due to electrons, and in the absence of experimental data

on xox(t) it is particularly important for the model to generate

curves of total current vs. time for comparison with the experimental

results. According to [50], the relatively large electron current in

the oxide during plasma anodization is due to the high velocities

achieved by electrons under the influence of the oxide field

(~107 cm/s), but the concentration of electrons in the oxide

10
(z10 cm'3) is much lower, in general, than that of the ions, so the
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electrons do not make a significant contribution to the space charge

in the oxide.

Therefore, for this model the electron contribution to space

charge was neglected and the electron current Je was computed by

making the linear approximation

[6.14]

where Je0 and ae were, in general, determined from experimental

data. In order to simplify this analysis, the value of Je0 was

chosen to be zero (implying a conduction mechanism that was mostly

ohmic in nature). The total anodization current in the oxide was

modeled as

J - J + J .
a e

[6.15]

An additional consideration in applying the model to oxidation

in the MPDR was that the oxide current should be related to the

plasma conditions through the measured gold-coated plasma probe

characteristics (discussed in Section 4.2). The plasma probe

characteristics for a specified set of plasma conditions (microwave
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input power and oxygen pressure) were approximated for use in the

model by a piecewise linear relationship

J_v[imnax] v<v

p p meax p pmax

J - J V a V

p pmax p pmax

[6.16]

where J was the probe current measured at probe voltage VP, and

P

J and V were the maximum values of these quantities measured
pmax pmax

under the specified conditions. (Values of J and V measured
pmax pmax

under various conditions in the MPDR are given in Table 4.2.) The

oxide surface potential was chosen to simultaneously satisfy Equation

6.15 and Equation 6.16 such that Jp - Ja.

At this point, the oxide growth rate can be incorporated into

the model. It was assumed that the oxide grows by incorporation of

the ions at the reaction interface (x - xox(t)), and that each ion

which is transported to the interface according to Equation 6.13 is

incorporated into the oxide. Thus

g_( Ji(t)

dtx

 ) -

ox N1

[6.17]

where Ni is the number of ions per unit volume required to form the

-x
oxide, i.e., Ni - NSiO2/2 for ions of the form 0 .

A constraint must be imposed upon the value of J1 calculated

from Equation 6.13, or else the growth rate given by Equation 6.17
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becomes unphysically large, particularly near the beginning of the

growth period, when xox is small. In the model this was accomplished

by using for the ion current a value of J' given by
i

Ji - J1 Ji 5 Ji(max)

Ji - J1(max) Ji > Ji(max)

[6.18]

(In what follows, the distinction between J1 and J; will not be made:

it will be understood that the modeled value of ion current is

*subject to the limit in Equation 6.18.) This limit on Ji may be

considered tantamount to a reaction-rate imposed limit at the

substrate-oxide interface. The typical maximum growth rate used in

the model was 200 A/min. For 0' ions, this corresponds to a maximum

15 -2 -l
m 3ion flux to the interface of 1.8x10 c and a maximum ion

current of 290 uA/cmz.

6.3.2 Implementation of the Model

An incremental form of the modified high-field discrete hopping

model (Equations 6.13 - 6.18) was implemented on a computer. The

oxide growth was modeled in increments of thickness Axox. Typically

Axox was chosen to be 50 A, since it was determined that under most

conditions the qualitative results were not changed by increasing the

resolution beyond this value. At each growth step, the model outputs

included oxidation time, t; oxide thickness, x ' ion current, Ji;
ox’
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electron current, Je; oxide surface potential, Vs; oxide voltage,

Vox; and oxide electric field, on. The value of current efficiency,

a, was also computed as the ratio Ji/Ja'

An order-of-magnitude default value for 08 was chosen in the

following manner: For each oxidation experiment conducted in the

MPDR for which the necessary data were available, a value of

conductivity was computed by

a " [Ja(tf)/on(tf)]

[6.19]

where Ja(tf) and on(tf) were the final values of anodization current

and oxide field for each experiment. The values of a for 29 samples

ranged from 2.96x10-9 (ft-cm)-1 to 2.84x10.8 (O-cm)-1, and averaged

1.08><10'8 (O-cm)-1. (These values are for the case when the oxide

is under growth conditions in the plasma, in the presence of a large

electric field and exposed to highly energetic electrons. The

conductivity of the MPDR oxides after the growth process and after

annealing is much lower). The default value of 0e used in the model

was initially chosen to be 1.0x10.8 (O-cm)-l, since this was'close to

the average value of a computed using Equation 6.19.

Default values for the model parameters C(0) and D, which could

not be easily estimated from the experimental data, were arrived at

by generating model outputs and iteratively adjusting to get order-

of-magnitude agreement between model and experiment. A starting

point was provided by the values listed in Table I and Table III of

[#8]. The default values of all parameters used in the model are

listed in Table 6.1



Table 6,1 Default parameter values used in the high-field discrete

hopping model for modeling oxidation kinetics in the MPDR.

MW ML—

cox Permittivity of the oxide 3.960

- 3.45x10'13F/cm2

T Substrate/oxide temperature 300 OC

2 charge of oxidant ions -1

2a hopping distance and lattice parameter 1.8 A

0e conductivity of the oxide for electrons 1.5)(10'8 ((l-cm)'l

rmax (dxox/dt)max - growth rate limit 200 A/s

x1 initial oxide thickness 50 A

C(O) surface concentration of oxidant ions 2x1015 cm.3

D migration coefficient for oxidant ions 1x10.9 cm2/s

meax maximum current from plasma 125 mA/cm2

meax oxide surface voltage when Ja - meax 42 V

V anodization potential 30 V
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6.4 Modeling Results and Comparison with Experiment

The model investigated here was a relatively simple one based on

the fundamental physical processes underlying anodic oxidation.

Therefore the comparisons between model results and experimental

results will principally be of a qualitative nature. These

comparisons will show the successes of the model as well as indicate

areas in which the present oversimplifications will benefit from

future refinement.

An experimental parameter which appears explicity in

Equation 6.13 is the anodization voltage, Va' A family of model

curves with Va as a parameter is shown in Figure 6.2. This figure

shows (a) the oxide thickness xox’ (b) the total current density Ja’

(c) the oxide voltage Vox’ and (d) the electric field on all modeled

as a function of time for a 60 min oxidation. The default values

listed in Table 6.1 were used for model parameters not otherwise

labeled on the figure.

As Va was increased from 10 V to 50 V, the final oxide thickness

generated by the model increased from 700 A to about 1700 A, and the

modeled values of Ja’ V and Box all increased with Va at each
ox’

point in time. The modeled Ja curves (Figure 6.2(b)) may be compared

with Figure 4.10. The initial nonlinear decay becomes more

pronounced with increasing Va in both experiment and model. However,

the initial saturation-like behavior observed in the experimental

curves for Va 2 40 V is not in evidence in the modeled curves. (This

is because the growth rate limit expressed in Equation 6.18 was not

reached by any of the curves shown in this figure.) The modeled Vox

curves may be compared with Figure 4.16, and the modeled on curves
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Figure 6.2 (a) Oxide thickness 'vs. time, and (b) anodization

current during oxide growth modeled by the high-field discrete

hopping model. The effect of varying Va is shown, all other model

parameters have the default values listed in Table 6.1.
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shown in Figure 6.2(d) may be compared with Figure 4.20. The initial

behavior of the experimental curves is dominated by experimental

uncertainty, which prevents meaningful comparison with the model

results during the initial growth period. Later, however, there is

qualitative agreement between model and experiment in each case. The

experimental oxide voltage curves have a form similar to the modeled

curves, and, for the last 30 min, they show the same dependence upon

Va“ The experimental oxide electric field curves are not as easily

distinguished in Figure 4.20 as are the model curves in Figure

6.2(d), but this is because the electric field in the later part of

the growth is not greatly dependent upon Va; this feature is evident

in both the experimental and modeled curves. In both cases, Box is

in the range of 1-3 MV/cm for most of the growth period.

The dependence of modeled oxide thickness after a 1 hour growth

period upon Va was investigated, and the results are shown in Figure

6.3, with C(O) as a parameter. This figure may be compared with

Figure 4.8. Figure 6.3 shows clearly that xox increases linearly

with V8 for each value of C(0), and that the slope of the linear

dependence increases with C(O). Figure 4.8 also indicates a linear

dependence for the experimental data, and shows that the slope

increases with pressure. It may be noted that (1) modeled xox

increases with C(O), while experimental xox exhibits a peak with

pressure, and (2) the zero-voltage intercept is always positive (the

intercept increases with C(0)) for the model, but not for the

experimental data.

In order to investigate C(O) further, a series of curves was

generated with C(O) as the independent parameter. These curves are

shown in Figure 6.4(a)-(d). Oxide thickness is evidently a strong
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function of C(O), increasing from about 300 A to 2300 A as C(O)

increased from 2x1014 cm"3 to 5x1015 cm.3 at V8 - 30 V.

It is notable that, as shown in Figure 6.4(b), increasing C(0)

caused Ja to decrease. Experimentally, it was found that significant

increases in total oxide thickness were always correlated with

increased total anodization current. It might be understood from

this that C(O) was not an independently controlled parameter in the

MPDR oxidation experiments. That is to say, a variation in C(O)

effected ‘by a change in, say, pressure is always accompanied by a

change in another parameter (oxide surface potential, for example)

which results in the observed increase in anodization current.

The effect of C(O) on Ja can be understood this way: as C(O)

increases, a reduced electric field suffices to drive the same ion

flux across the oxide. Thus, the same growth rate requires a smaller

total current Ja‘ This explanation is confirmed by Figure 6.4(d),

which shows that on decreases with increasing 0(0).

The effect of pressure was considered by replacing the default

values of meax and vpmax in Table 6.1 by experimental values

from Table 4.2 that corresponded to pressures in the range from 30 to

100 mTorr. The results are shown in Figure 6.5, and may be compared

with Figure 4.12 (30 V curve). Model and experiment both show a

peak, however, the model peak is at 50 mTorr, and it is considerably

less pronounced than the peak in the experimental data which occurs

at 70 mTorr. Comparison of these curves indicates the effect of

pressure is not represented solely by meax and meax'

As discussed in Section 2.4,- oxide growth rates in plasma

oxidation experiments reported in the literature are often specified

by parabolic rate constants, by analogy with the approximation for
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thermal oxidation given by Equation 2.10. Figure 6.6 shows a

comparison of modeled oxide growth curves with calculated parabolic

growth curves for V8 - 10 V, 30 V, and 50 V. The parabolic growth

curves were computed from x0: - kt + xi, where the value used for the

initial oxide thickness, xi, was 50 A and k was determined from the

final oxide thickness (at t - 60 min) generated by the model.

Evidently, in each case the initial growth rate predicted by the

model is slower than parabolic, but the growth becomes more parabolic

in form as Va increases. The curves for V8 - 10 V and V8 - 30 V

bothes show significant deviation from parabolic growth over most of

the growth period.

As discussed in Chapter Four, values of the ion current

efficiency, a, are in general reported to be very small for plasma

anodization. Figure 6.7 shows the modeled ion current efficiency, q,

as a function of time for several values of Va; under all conditions

investigated, a was less than 0.002. The modeled values may also be

compared with time-averaged values of a reported in [75] for some of

4

the MPDR samples, which ranged from 3.4x10' to 5.4x10'4.

 



Chapter Seven

Conclusions and Recommendations

7.1 Summary of the Major Results

7.1.1 Oxide Growth Rate and Plasma Properties

Anodic oxidation of silicon in a microwave plasma disk reactor

(MPDR) was studied. Oxidation occurred in oxygen microwave

discharges formed in the TE211 cavity resonant mode of excitation at

f - 2.45 GHz. The discharge confinement region was 118 cm3, and the

surface area of a typical oxide sample was 1.27 cm2. Substrate

temperature was estimated to be in the range 200 - 300 oC. Oxygen

pressure was in the range from 30 - 150 mTorr, microwave power was in

the range from 80 - 140 W, and anodization voltage was in the range

from 18 - 50 V.

Oxidation was observed to occur over the entire range of each

parameter investigated, although the rate of oxidation depended upon

the choice of experimental conditions. Observed parabolic rate
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3 < k < 8.1X10A A2/min, where k wasconstants were in the range 4.2x10

calculated from the measured value of oxide thickness, xox’ and the

oxidation time, t, as k - xix/t.

In the range of parameter values studied, the greatest variation

of oxidation rate was achieved by varying the anodization voltage,

Va“ Varying the oxygen pressure, p, influenced the oxidation rate

to a lesser extent, and varying the microwave power P to the plasma

had little effect on the oxidation rate. It should be emphasized

with regard to the latter observation that the range of power

investigated here was rather limited, and that since most plasma

properties (e.g., electron density and electron temperature) depend

in a highly non-linear manner upon power (or more accurately, power

density) it might be that by expanding the range of power explored,

more pronounced effects on oxide growth would be observed.

The thickness of oxide films formed in the MPDR during

1 h oxidation experiments were recorded, and the effects of varying

the oxidation conditions were studied. Oxide thickness increased

approximately linearly with anodization voltage. At 40 mTorr and

100 W, xox increased from 500 A at 18 V to 1500 A at 50 V. A similar

dependence was observed at other pressures. At the outset of this

study it was hypothesized that the principal effect of increasing the

anodization voltage would be to increase the oxide electric field,

thereby enhancing the migration of negative oxygen ions to the

Si-SiO2 reaction interface. However, the results of computing the

oxide surface potential and oxide electric field for many of the

samples (Chapter Four) indicated that the oxide electric field was

not very strongly dependent upon anodization voltage, unless Va was

less than a critical value (in the range 20 - 30 V for the conditions
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studied). Instead, increasing the anodization voltage caused the

oxide surface potential to increase, which in turn probably (a)

increased the surface concentration of negatively charged species

from the plasma, including electrons as well as oxidant ions, and (b)

supplied energy for surface reactions, such as electron attachment to

adsorbed oxygen, which are known to play an important role in plasma

oxidation kinetics.

The measured oxide thickness was maximum at an oxygen pressure

of about 70 mTorr. At 40 V and 100 W, xox at 70 mTorr was 1900 A,

about 50 percent greater than its value at 30 mTorr or 150 mTorr.

Pressure is expected to affect the oxidation process in two ways: (1)

plasma density varies with pressure, changing the concentration of

electrons and ions in the plasma and thereby changing the

concentration gradients across the oxide film, and (2) as the neutral

gas pressure varies, the mean free paths and collision rates in the

plasma and at the oxide surface are modified.

In order to further investigate the effect of plasma properties

on oxide growth in the MPDR, plasma density was measured as function

of oxygen pressure and microwave power using a double Langmuir probe.

Values of measured plasma density were on the order of 1012 cm'3,

ranging from 4x1011 cm'3 (80 w, 150 mTorr) to 1.5x1012 cm'3 (110 w,

30 mTorr). Plasma density was observed to decrease with increasing

pressure over the entire pressure range investigated; therefore, a

direct correlation between oxide thickness and plasma density (e.g.,

due to an increased surface concentration of active species) of the

unperturbed plasma was ruled out. However, another series of probe

experiments was carried out using a gold-coated silicon substrate.

The surface area of this probe was the same as that of the substrates
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used in the oxidation experiments, and about 20 times that of the

total exposed area of the double Langmuir probe. The typical current

drawn by the large area gold probe was on the order of 100 mA, three

orders of magnitude larger than that drawn by the double Langmuir

probe. The variation of plasma properties with pressure measured

using this probe was qualitatively different than that measured using

the double Langmuir probe. In particular, the probe saturation

current density exhibited a peak at around 50 mTorr, in a manner

similar to the oxide thickness. It was concluded from this that the

plasma properties in the MPDR are significantly modified by the

presence of a substrate undergoing anodization. It has not been

determined whether this modification is due mainly to the extraction

of anodization ~current, or to other factors such as modification of

the electric field distribution and/or the gas flow stream, or the

presence of an additional surface for electron-ion recombination.

The microwave input power to the plasma affected the measured

plasma properties, as well as the oxide surface potential, and the

oxide electric field. Plasma density increased (according to both

types of probe measurements) with microwave power. The effect on

oxide surface potential and electric field was more complicated, as

indicated in Figures 4.18 and 4.22. This is perhaps fundamental to

understanding the lack of observed correlation between microwave

input power and oxide thickness.

The oxide surface potential for a number of samples was deduced

by correlating probe measurements with recorded values of anodization

current. By assuming a parabolic growth law, xix - kt, as well as

related upper and lower bounds on xox(t), reasonable approximations

and bounds were computed for the oxide electric field during growth.
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The oxide field was found to be in the range 1 - 2 MV/cm under most

of the conditions studied. Exceptions to this occurred mainly during

the initial growth period, when the field was larger.

7.1.2 Oxide Characterization

Visual inspection of the samples revealed generally uniform

oxide thickness over a region comprising about 95 percent of the

sample area; this region was usually surrounded by a series of narrow

rings of decreasing thickness extending to the unoxidized substrate.

The total oxidized area was always slightly less than the opening in

the oxidation mask.

Pinholes were observed on most of the oxide samples. In

general, the pinholes were near-perfect circles about 10 pm in

diameter, and most had a dark spot in the center. A likely

explanation for the pinholes is that the substrate surfaces were

contaminated by adhesion of particulates before, or possibly during

installation in the MPDR. This might have been caused by atmospheric

dust, since the samples were not prepared in a clean-room

environment. It is also possible that an undetected source of

contamination existed inside the discharge chamber. This problem

will be addressed in future investigations.

Some oxide samples were grown on substrates mounted on a

pedestal outside the discharge enclosure, below the baseplate.

Although oxidation occurred in this configuration at rates similar to

those observed for samples mounted in the discharge zone, there was

visual evidence of bombardment by large particulates on these
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samples. Only a few samples were grown in this arrangement, and the

source of this contamination was not be identified. However, this is

considered to be a practical problem which can be solved, and it

should not deter future investigation of this mode of sample

preparation, which may offer significant advantages due to reduced

radiation and hot electron damage to the oxide film.

MOS C-V measurements on the plasma oxide samples yielded oxide

11
fixed charge densities, Qf, in the range of 4x10 cm"2 to

1x1012 cm.2 for as-grown films. On the as-grown sample with lowest

Qf, computation of interface state density from the C-V data yielded

a mid-gap minimum value of D t - 2x1011 cm'ZeV'l.
i

The effects of annealing were studied on these samples.

Devices which underwent a hydrogen (forming gas) anneal (5% H2,

95% N2, 1 h) showed marked improvement in both Qf and bit“ For the

sample referenced above, Qf was reduced to 1x1011 cm.2 and the

0 -2 -l
V .minimum value of bit was reduced to about 1.8x101 cm For

state-of-the art thermal oxides, a typical value for Qit plus Qf is

1.5x1011 cm.2 [83], about the same as is the case for the plasma

oxides reported here.

I-V measurements on the MOS capacitors were used to investigate

oxide leakage conduction and breakdown strength. Oxide leakage

current was found to be on the order of 10.3 A/cm2 prior to

annealing, and was reduced to the order of 10'5 A/cm2 by annealing in

forming gas. This post-anneal value is undesirably large, and

apparently resulted at least in part from oxide pinholes. Energy

will be devoted in future work toward achieving a reduction in this

quantity of several orders of magnitude.
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The dc breakdown fields measured for devices on as-grown

samples were clustered mostly in the range 1 - 2 Mv/cm. After

annealing in forming gas, the breakdown field cluster shifted

substantially upward to the range 6 - 8 MV/cm, which is about the

same as measured for good quality thermal oxides.

7.1.3 Modeling of the MPDR Oxidation Kinetics

Oxidation in the MPDR was modeled using a high-field discrete

hopping model. The model predicted qualitatively the dependence of

oxide thickness, anodization current, oxide voltage, and oxide

electric field upon anodization voltage. In addition, reasonable

quantitative results were obtained for the ranges of values covered

by each of these parameters.

A linear dependence of oxide thickness upon anodization was

predicted by the model, in agreement with the experimental results.

Investigation of the effects of the model parameters C(O), J
pmax

and vpmax on modeled oxide growth indicated that, while each was

correlated to some extent with oxygen pressure in the MPDR, the

experimentally observed effects of pressure could not be

satisfactorily accounted for by these parameters alone.

Modeled oxide growth curves were compared with calculated

parabolic growth curves at several different values of anodization

voltage. For each value of anodization voltage the oxide thickness

was somewhat lower than that predicted by parabolic growth for the

entire 60 min duration investigated, but the oxide growth was found
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to become more parabolic in nature with increasing anodization

voltage in the range from 10 to 50 V.

The ion current efficiency, n, predicted by the model was found

to be very low, ranging from about 6x10'4 to 2x10"3 for anodization

voltages in the range from 10 to 50 V. This range is in agreement

with the efficiencies deduced from experimental results and with

those reported in the literature.

7.2 Recommendations for Future Work

The following specific recommendations for continuation of

various aspects of this work are provided:

(i) An important contribution would be made by investigating

selective oxidation through various masks (photoresist, Al,

813N4, etc.) and fabricating FET's with MPDR-grown gate

oxides. It might be noted here that in VLSI processing for

gate oxides, the oxide growth rate is not the important

parameter. Rather, of primary interest is how much control

can be exerted over the growth of thin (100 A), uniform films.

(ii) The range of microwave power investigated should be extended

to at least 500 W, and perhaps more. This would allow the

regime of very high plasma density to be investigated, and

would also permit the investigation of lower pressure

discharges.
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(vii)
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The MPDR substrate holder should be redesigned to facilitate

monitoring and controlling the substrate temperature. The

design should provide for cooling as well as heating, since

the substrate temperature will increase as the input power is

increased.

Oxidation with the substrate mounted below the MPDR baseplate

could be investigated. There is a possibility for improved

oxide properties due to reduced radiation damage.

Oxidation of larger substrates should be investigated, and

detailed analysis of the resulting oxide uniformity should be

conducted. The growth of large area, uniform films is

particularly important in VLSI processing applications.

A significant experimental challenge would be to design an

MPDR oxidation reactor in which xox could be measured in situ

as a function of time. The MPDR cavity could be fitted with

optical entrance and exit ports (perhaps movable) to allow the

use of an ellipsometer.

It would be very helpful to develop a comprehensive model,

preferably by using a hybrid numerical-analytical approach,

for anodic oxide formation on Si. The basis for this work

might be found in [45-48,50,84].

Oxide electrical characterization could be extended by using

both low- and high- frequency C-V techniques, and by using
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conductance techniques [2] to measure interface state

properties. Other oxide properties reported in the literature

are measured by a variety of surface analysis techniques,

including scanning electron microscopy (SEM), ellipsometery,

electron-spin resonance (ESR), IR absorption, and X-ray

diffraction, to name a few.

Many interesting experiments can be 'devised or have been

suggested in the literature, which have to do with

investigating oxidation kinetics. Any of these could be

applied to oxidation experiments in the MPDR. Examples

include 180 tracer experiments [16], rf-biasing the substrate

to reduce the negative ion flux to the oxide [29], and the use

of thin overlay films on the oxide [37].
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APPENDIX

DETAILS OF THE EXPERIMENTAL APPARATUS AND PROCEDURES

A.1 Overview

This Appendix contains descriptions of the major equipment

systems used in the MPDR oxidation and plasma characterization

experiments (Section A.2), details of the experimental procedure

for the oxidation experiments (Section A.3), and a list of samples

(Table A.1).

A.2 Experimental Apparatus

This section describes the equipment, other than the MPDR, used

in the oxidation experiments, including the vacuum system, the gas

flow control system, the microwave power system, and the measurement

instrumentation. The MPDR assembly is discussed in Section 3.2.

A.2.1 Vacuum System

A diagram of the vacuum system and the gas flow system used in

the plasma oxidation experiments is provided in Figure A.1. The
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Figure A 1 Gas flow and vacuum systems used in the MPDR oxidation

and plasma characterization experiments.
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vacuum system was based on a Consolidated Vacuum Corporation Model

LCl-l4B pumping station, equipped with a 4-inch diffusion pump and a

400 liter/min mechanical pump. The mechanical pump was capable of

achieving a base pressure of 10 mTorr. The diffusion pump base

pressure was about 5x10.3 mTorr. For most of the experiments, only

the mechanical pump was used. This pump easily met the flow rate and

pressure requirements for the oxidation experiments. The range of

pressure was 30 mTorr to 150 mTorr, and the flow rates were less than

100 sccm.'

The rest of the vacuum system consisted of a 14 inch diameter,

14 inch tall pyrex cylinder mounted on the stainless steel baseplate

of the pumping station, a plexiglass support for the MPDR resting on

this cylinder, and the quartz housing and gas feedthrough ring

associated with the MPDR. Two low-current electrical feedthroughs

were provided to the vacuum system. These were used for biasing the

substrate in the oxidation experiments, and for making external

connections to a plasma probe in the probe experiments.

A.2.2 Gas Flow System

The purpose of the gas flow system in the oxidation experiments

was to control the flow rate of oxygen to the MPDR in order to

maintain a constant neutral gas pressure in the discharge chamber.

During the course of an experiment, flow adjustments were required

due to fluctuations in the pumping speed of the mechanical pump, and

due to the effects on the plasma of the varying dc electric field in
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the discharge chamber associated with the extraction of anodization

current.

A diagram of the oxygen flow system used in the oxidation

experiments is shown in Figure A.1. The 02 source pressure was

reduced to working levels by a Matheson Model 3803 two-stage

stainless steel regulator. Stainless steel tubing and flexible

stainless steel hose were used throughout the flow system to ensure

gas purity. The flow control system consisted of an MKS Instruments

Type 254 Pressure/Flow Ratio Controller, an MKS Type 251-100 Flow

Control Valve, and an MKS Type 256-100 Thermal Mass Flow Transducer.

The ouput of the flow controller could be further regulated by a

shut-off valve and a needle valve near the MPDR baseplate connection.

Flow rate corrected for 02 was read directly in sccm (standard cubic

centimeters per minute) from a digital display on the Type 254 front

panel. The maximum flow rate which could be controlled and displayed

by this system was 100 sccm. This flow rate resulted in a pressure

of 0.2 Torr (measured downstream from the discharge chamber) with the

vacuum system operating at maximum pumping speed. However, with all

gas input valves fully open, a much higher flow rate was realized;

the maximum flow rate resulted in a pressure of about 1 Torr. This

high flow rate was used to purge the flow system prior to igniting a

discharge, and it was maintained during the ignition process as well

since the optimal pressure for igniting an O2 discharge in this

system was found to be between 0.8 Torr and 1 Torr.
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A.2.3 Microwave Power System

A diagrams of the microwave power system used in the oxidation

experiments is shown in Figure A.2. The microwave power source

used for most of these experiments was the Raytheon Model PGMlOXl

2.45 GHz source. This source was capable of supplying 100 W

indefinitely, and up to 140 W for very short periods of time

(<1 min). For oxidation experiments conducted in higher power

discharges (up to 140 W) a Holaday Industries Model 2450 source was

used.

Output power from the source was directed into either a ferrite

isolator or a three-port air-cooled circulator. The purpose of each

device .was to protect the power source from high levels of reflected

power, which might occur during ignition of a discharge in the MPDR,

or in case a discharge was unexpectedly extinguished. From the

isolator or circulator, power flowed through directional couplers,

which allowed a calibrated fraction of both the forward power from

the source and the reflected power from the MPDR to be measured by

appropriately calibrated power meters. A flexible connection to the

movable MPDR power input probe was provided by a 1 m length of high-

power, low loss coaxial cable. The transition from flexible coaxial

cable to the MPDR power input probe was provided by an Andrews Type

2260B/E507C adaptor. The probe used in the oxidation experiments was

designed by J. Root and constructed by the Michigan State University

Division of Engineering Research Machine Shop Facility. Further

details of the probe assembly and cavity construction are available

in the references cited in Section 3.2.
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and plasma characterization experiments.
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In normal operation with a discharge ignited in the MPDR, the

reflected power level measured at the directional coupler could be

reduced to nearly zero. This did not mean, however, that the

incident power was being coupled entirely into the discharge, as

there were losses to the cavity walls and to the coaxial cable.

Heating of the coaxial cable to as much as 50 0C was observed when it

was carrying 100 W for l h. This heating resulted from the formation

of standing waves along the cable and the attendant power loss to the

conductors. In addition to losses in the coaxial cable, there were

wall losses in the cavity due to joule heating by surface currents,

which could amount to more than 15 percent of the total input power.

This is discussed further in Section 3.2.

A.2.4 Measurement Equipment

Various instrumentation was used to measure and record incident

and reflected microwave power, plasma pressure, bias voltage, and

bias current during an oxidation experiment. Data logging was

performed using the laboratory computer system: an IBM XT with a

DataTranslation 8-channel, 12-bit A/D converter supported by PCLab

software. Analog signals proportional to each of the measured

quantities were generated by instruments near the experimental set-

up, and then transmitted on individual 10 m long coaxial cables to

the A/D input board at the computer workstation.

An analog signal proportional to measured microwave power was

provided by the DVM or Recorder ouputs on the HP 431C microwave power

meters. Substrate bias (anodization) current was measured with a
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Hewlett-Packard Model 428B Clip-on dc Milliammeter. This instrument

provided a recorder output, but in order to increase the overall

resolution of the current measurements, the signal from the recorder

output was further amplified by a Keithly Model 610 Electrometer

before being transmitted to the A/D input board.

Anodization potential was measured by an electrometer in

parallel with the bias circuit, which buffered and attenuated this

voltage for input to the A/D board.

Plasma pressure was measured by an MKS Baratron Type 222A

capacitance manometer located in the vacuum system below the MPDR

baseplate. The manometer had a resolution of l mTorr in the range 1

to 10 Torr. The ouput signal from this pressure gauge was displayed

and amplified by the Type 254 Pressure/Flow Ratio Controller. The

amplified signal was suitable for input to the A/D board. (However,

this signal was not used in the experiments reported here

since the pressure was maintained at a constant value during each

experiment.)

Microwave leakage radiation was measured by a General Microwave

Model 481B portable Radiation Hazard Meter (RAHAM), with a resolution

of 20 pW/cmz. In normal operation, no measurable leakage was

detected beyond 2-3 cm from the cavity surface. The most common

problem resulting in power leakage was failure of the cavity-

sidewall to baseplate seal, and this was usually due to inadequate or

uneven tightening of the securing bolts.
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A.3 Description of a Typical Oxidation Experiment

A.3.l Overview

This section provides a detailed description of the oxidation

experiments conducted in the MPDR. Topics addressed include sample

preparation, sample mounting, start-up and instrument calibration,

in-progress monitoring of the experiments, and sample removal,

observatibn, and storage.

A.3.2 Categorization of Samples

Each sample prepared in the oxidation experiments was assigned

an identifying label and its history was documented by (i) a manual

notebook entry, (ii) a computer-generated listing of the key

experimental parameters produced during the oxidation by a BASIC

program ”OXDATLOG.BAS", and (iii) inclusion in a computerized

database, "OXDATA". Samples were labeled sequentially from OX-l

through OX-SO. A few experiments were aborted due to difficulties

with equipment, instrumentation, or the reactor itself, and in these

cases the substrates were labeled and stored in the same way as were

good samples, and the source of difficulty was included in the

documentation.

Several lists of samples are included in Table A.1(a)-(c). In

(a), the samples are listed chronologically, in order of fabrication.

In (b), the samples are listed in order of increasing bias voltage,
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then increasing pressure. In (c), the samples are listed in order of

increasing pressure, then bias, then sample number.

A.3.3 Substrate Preparation and Mounting

In the initial phase of this research, a variety of substrate

configurations were considered. The first few substrates processed,

labeled Ox-l through OX-3, were 2 in. diam. Si wafers. Subsequent

samples were square pieces of Si, derived from 2 in wafers by

scribing and breaking, and were either 19.1 mm x 19.1 mm (OX-4

through OX-lO), or 17.8 mm x 17.8 mm (OX-ll through OX-SO).

The 2 in Si wafers were manufactured by Monsanto Corporation,

and were supplied polished for electronics use on one side. Wafers

from this batch were routinely used for MOS device processing in the

Michigan State University Integrated Circuits Fabrication Laboratory.

The batch specifications provided by the manufacturer are listed

below:

Doping: uniform, n-type,

15 16
Dopant concentration: 10 to 10 cm'3,

Resistivity: 2 to 3 fl-cm,

Thickness: 11.5 to 12.5 mil (1 mil - 10'3 in),

Surface orientation: <100>.

The techniques described below for substrate preparation and

mounting were arrived at after several iterations of trial and error.

Although they were consistent with the successful preparation of
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Table A.1 List of samples fabricated in the MPDR oxidation

experiments, sorted (a) chronologically, in order of fabrication, (b)

in order of increasing voltage, then increasing pressure, and (c) in

order of increasing pressure, then increasing voltage.

The column headings are explained below:

 

COLUMN HEADING MEANING

OX sample number

TOX oxidation time (in minutes)

PWR microwave input power (W)

PRESS oxygen pressure

VB anodization (bias) voltage (V)

IBO anodization (bias) current at t-O

IB15 anodization (bias) current at t-lS min

IBF anodization (bias) current at end of run

DOXCL oxide thickness determined from color chart

COM comments

Notes regarding Table A.1:

(1) For samples l-ll, a number of different mounting arrangements

were experimented with. In addition, the techniques used for

measuring power, pressure, and bias current were not consistent.

Therefore, these samples were not used in any of the data discussed

in the body of this dissertation.

(2) For samples 18 and above, bias current was recorded as a function

of time; values were recorded approximately once per minute.
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Table A.1(a) List of Samples fabricated in the MPDR oxidation

experiments in chronological order.

0! T0! P88 PRES 98

i 60 90 150 50

2 60 90 100 50

3' 120 100 75 50

4 60 100 30 50

5 60 100 30 50

6 60 100 30 50

7 60 100 70 50

8 60 100 60 50

9 60 100 60 50

10 20 250 70 50

ii 0

12 105 100 60 50

13 60 100 70 50

14 60 100 70 50

15 60 100 70 35

16 60 100 70 25

17 60 100 100 50

18 60 100 150 27

19 60 100 50 36

20 60 100 50 30

21 60 100 40 40

22 60 100 40 18

23 60 100 40 30

24 60 100 40 46

25 60 100 40 50

26 60 100 40 35

27 60 100 150 30

28 60 100 100 30

29 60 100 30 30

30 60 140 50 40

31 60 140 50 30

32 60 120 50 30

33 30 100 50 50

36 64 100 100 30

37 52 100 100 30

38 60 100 150 30

39 60 100 70 30

40 60 100 40 30

41 60 100 50 30

42 60 100 40 40

43 00 100 50 40

44 60 100 50 40

45 36 100 70 40

46 18 100 70 40

47 60 100 70 40

48 60 100 100 40

49 60 100 150 40

50 60 100 70 50

 

180 1815 TSP

100
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127

152

127

64

152

152

38

152

175.0 60.0

160.0

155

125.0 50.0

100.0 35.0

165.0

65.0 47.5

91.0 66.0 52.0

100.0 62.5 34.6

150.0 91.2 37.2

52.5 27. 18.7

112.0 61.0 30.0

127.4 33.3

136.0 118.6 21.4

114.6 69.9 23.0

62.0 50.2 28.8

92.4 56.1 23.9

96.2 49.0 18.8

170.3

159.2 68.3 19.7

132.8 66.6 20.2

154.2 125.0 100.7

110.8 85.4 34.4

85 55 21

82 60 45

94 54 13

100 49 24

104 61 31

116 82 39

107 98 46

154 109 25

iii 94 56

155 109 102

144 110 35

128 101 41

89 89 87

151 149 82

DOXCL 808

 

0 2-in eaier on pyrex, no east

Too 2-in naier on pyrex, 112-in dial east opening

1200 2-in aaier, pyrex east, ll2-in opening

1000 3/4-in square Si, pyrex east

1500 3/4-in square, pyrex east

900

1500 Delon grid 5 ca, nith pyrex east

1500 belon grid 15 co nith pyrex east

1100 above grid, 3/4-in square Si on 2' pyrex, no east

1000 oyrex east

lost bias eire connection

2500 DUARTI HAS! USED iST TIRE, 19 PRO! HEATHKTT, PRESS DI RASIEVAC

2000

2000 FIRST SARPLE RDURTED ITTH EPOXY. SLIGHTLY DDD SHAPE.

1500 TEMP. DE QUARTZ DISH - 120 C USIIS RTD TRERRDCDUPLE.

1200

2000 LAST DE 0L8 STLICDI. LAST 0F HEATHKTT.

1200

1100 08-30 FDR T- 0 TD 20 111.

1000

1300

500

800

1200

1500 VD REDUCED TD 459 AT 43 fill.

900

700

1000 USED TDD-101 FIRST TIRE.

600

LDST DIAS ITRE.

1050 RDLADAV SDUREE

900

1050

1300

1000

1000

800

1050

1250

1250 I0 6008. 980008 LEAK, I88! SHIFTED.

i700

1200 I0 8008. 900008 LEAK.

1400 8108 I182 SHORTED.

1900

1700 IIFFUSIDI PUIP USED.

1150

2200
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Table A.l(b) List of Samples fabricated in the MPDR oxidation

experiments, in order of increasing anodization voltage, then

increasing pressure.

1 1

22

16

18

29

23

40

20

31

32

41

39

28

36

37

27

38

26

15

19
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60
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36

18

60
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p

100

100

100

100

100

100

100

140
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100

100

100

100

100

100
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8
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ID15 10F 00101. 12011

Iost Dias nire connection

52.5 27.0 10.7 500

100.0 35.0 1200

65.0 47.5 1200

96.2 49.0 10.0 600

112.0 61.0 30.0 000

100 49 24 000

100.0 62.5 34.6 1000

159.2 60.3 19.7 1050 HILADAY SOURCE

132.1 66.6 20.2 woo ‘

104 61 31 1050

94 54 13

92.4 56.1 23.9 1000 USED ISO-101 FIRST TIRE.

110.0 05.4 34.4 1300

05 55 21 1000

62.0 50.2 20.0 700

02 60 45 1000

114.6 69.9 23.0 900

125.0 50.0 1500 TEIIP. 10’- RUARTI DISII - 120 0 USM RTD TIIERIIOOOUPLE.

91.0 66.0 52.0 1100 90130 Fill T- 0 TO 20 RID.

150.0 91.2 37.2 1300

116 02 39 1250

170.3 LOST DIAS HIRE.

107 90 I6 1250 III GOOD. VAOIIII LEAK, RASU SUIFTED.

154 109 25 1700

111 94 56 1200 0 N00. VACIIDI LEAK.

155 109 102 1400 DIAS UIRE SIORTED.

144 110 35 1900

120 101 41 1700 DIFFUSIII P10? USED.

09 09 07 1150

127.4 33.3 1200

152 1000 374-in square 51, pyrex east

127 1500 3lI-in snare, pyrex east

. 64 900

136.0 110.6 21.4 1500 VD REDltED TO 450 AT 43 All.

154.2 125.0 100.7 1050

152 1500 belo- gril 15 to 0110 pyrex east

30 1100 above grid, 3/4-in snare Si on 2' pyrex, no east

175.0 60.0 2500 OUARTZ MS! USED IST III, IV FROII IIEATIKIT, PRESS on MAC

152 1500 Delo- grid 5 ca, nith pyrex east

152 1000 oyrex east

160.0 2000

155 2000 FIRST SAII'LE MED IITII EPDIY. SLIGHTLY DDD SHAPE.

151 149 02 2200

127 1200 2-in na4er, pyrex east, II2-io opening

102 700 2-in naier on pyrex, 112-in dial east opening

165.0 2000 LASI I! 110 SILIOOA. LAST 15' IEATIKIT.

100 0 Ho wafer on pyrex, no east
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List of Samples fabricated in the MPDR oxidation

experiments, in order of increasing pressure. then increa51ng

18F 00101. 8181

 

180 1815

96.2 49.0 18.8

152

127

64

52.5 27.0 18.7

112.0 61.0 30.0

100 I9 24

114.6 69.9 23.0

150.0 91.2 37.2

116 82 39

127.4 33.3

136.0 118.6 21.4

100.0 62.5 34.6

159.2 68.3 19.7

132.8 66.6 20.2

104 61 31

91.0 66.0 52.0

170.3

107 98 I6

154 109 25

154.2 125.0 100.7

152

38

175.0 60.0

100.0 35.0

94 54 13

125.0 50.0

155 109 102

111 94 56

III 110 35

152

160.0

155

151 149 82

152

127

85 55 21

92.4 56.1 23.9

110.8 85.4 34.4

128 101 41

165.0

102

65.0 47.5

62.0 50.2 28.8

82 60 I5

89 89 87

100

 

lost bias nire connection

600

1000 3/4-in square Si, pyrex east

1500 3I4-in more, pyrex not

900

500

000

000

900

1300

1250

1200

1500 VD REDUCED TO 4511 AT 43 RIR.

1000

1050 THROAT SOURCE

900

1050

1100 VDt30 F101 T- 0 TO 20 RID.

LOST SIAS SIRE.

1250 I) 0000. VACIRRI LEAR, RASR SRIFTED.

1700

1050

1500 belon grid 15 co nitb pyrex east

1100 above grid, 3I4-in owe Si on 2' pyrex, no east

2500 DUARTI RASR USED IST 111‘, IV F0101 KATRIT, PRESS on NRC

1200

1500 TEII’. 1F RUARTI DISH - 120 C USII RTD ME.

1400 DIAS IIRE MTED.

1200 no 0000. VACUUR LEM.

1900

1000 oyren past

2000

2000 FIRST SAII'LE MTED IITII EPOXY. SLIHITLY 000 M.

2200

1500 DeIon grid 5 co, nitb pyrex east

1200 2-in naier, pyrex east, 1/2-in opening

1000

1000 USED TSC-IOI FIRST III.

1300

1700 DIFFUSIII P10! USED.

2000 LAST I III SILICII. LAST N IEATIKIT.

700 Mo naIer m pyrex, 1I2-in “an east opening

1150

0 2-in nafer a pyroa, no east
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oxides in the MPDR, they were not necessarily optimum and therfore

they constitute an area for possible improvement in future

investigations. A wafer was prepared for use as a substrate by

attaching a bias wire to the unpolished (back) side. The bias wire

used was Belden 8065, 26 AWG, Heavy Armored Polythermaleze. This wire

was selected for its flexibility and small diameter, and for the

ability of the insulation to withstand heat. In order to attach the

bias wire, the wafer was supported, back side up, on a cleaned quartz

plate. The bias wire was cut to length and stripped on both ends,

then the end to be connected to the wafer was formed into a small

loop, and the wire was bent into position so that the loop rested

naturally on the wafer surface. The connection was secured by

applying silver epoxy (Epoxy Technology EPO-TEK 4156) to the contact

area. The epoxy was built up with two or three applications

separated by 3 h, and allowed to dry for 24 h. This technique

resulted in a mechanically strong connection which was able to

withstand the range of substrate temperatures developed in the

oxidation experiments (200-300 0C).

The only surface preparation performed on the polished (top)

surface of a substrate before mounting in the oxidation reactor was a

2 min rinse with deionized distilled water (DI), followed by drying

with compressed N2. The wafer was mounted in the MPDR as shown in

Figure 3.1 and Figure 3.2. The substrate was insulated from the

grounded baseplate grid by a l/h-in thick insulating plate of the

same shape as the substrate, but having a l/2-in diameter hole bored

vertically through the plate to allow passage of the substrate bias

wire. In all of the experiments except OX-l, an identical plate was

placed over the substrate to serve as an oxidation mask. For OX-l
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through OX-ll, plates made of pyrex were used, and for OX-12 through

OX-SO, plates made of quartz were used. When pyrex was used in the

oxygen discharges, heavy deposition was observed on the inside of the

discharge region enclosure after each experiment. This deposition

ceased when the pyrex was replaced by quartz.

Substrates were mounted in the center of the MPDR discharge

region, and for the sake of consistency, square substrates were

oriented in the discharge region with an edge perpendicular to the

MPDR power input probe.

Care was taken during substrate mounting to avoid contaminating

the substrate, the mask, or the interior of the discharge region by

contact with sodium—carrying substances. Contact to these pieces was

made only with cleaned teflon tweezers, and just prior to installing

the quartz housing, the substrate and the surrounding area were

sprayed with pressurized N2 in an attempt to remove larger dust

particles. However, since the substrate mounting was performed in

un-filtered room air, some degree of surface particulate

contamination was unavoidable. (This possibly led to the formation

of pinholes through the oxides, as discussed in Section 5.2.3.)

A.3.4 Start-up and Instrument Calibration

After mounting a substrate and installing the quartz discharge

housing, the discharge enclosure was evacuated. The base pressure of

about 10 mTorr was usually reached within 30 min. During this time,

the MPDR cavity shell was bolted into place on the baseplate, cooling

water flow to the baseplate was initiated, and the electronic
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instrumentation was warmed up and calibrated. To aid in calibration,

the data logging computer program provided continuous display of the

values actually being recognized on each channel by the computer, so

the instrument zero controls could be set to cancel any amplifier

offsets or digitizing errors (these were very small, in general).

Before each experiment, a trial run of the data logging system was

made, using a specially built potentiometer bank as a substitute for

the plasma. This potentiometer bank consisted of four 100 0, 25 W

potentiometers connected in series.

The measurement system was checked for zero accuracy and

linearity, and the gain was adjusted on each channel for maximum

resolution without overloading.

After the vacuum system reached base pressure, the oxygen supply

was initiated and the system was purged with the maximum available

flow rate of O2 (>>100 sccm) for at least 20 min. The pressure

measured during this purge was in the range from 800 to 1000 mTorr.

During the purge, the MPDR cavity length, LS, and the probe insertion

distance, LP’ (defined in Figure A.3) were adjusted to the values

which were determined empirically to provide easiest discharge

ignition (these values are listed in Figure A.3. The actual length

measured during adjustment was XS , defined in Figure A.3, and

related to L8 by Xs - Ls - 2.5 cm.).

A discharge was ignited by alternately increasing the incident

microwave power and making tuning adjustments of the cavity length

and input probe. A discharge would often ignite at about 80 W

incident power with 5 to 10 W reflected power. Discharge ignition

was sometimes encouraged by manually pulsing the microwave power

output to its maximum value several times, or by applying a Tesla
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CAVITY '*

MODE Ls (cm) L (cm)
p

TEZII 8.1 0.4

TIEon ; 0“ 3.2
l

TMon ' 6.6 -0.l

Discharge . 7.2 0.2

Ignition      
*

XS = LS - 2.5 cm

Figure A.3 The drawings show the definitions of the important

tuning dimensions, Ls’ Lp, and X5, in the MPDR. The table gives

the values of LS and Lp which were determined to yield optimal

coupling to an oxygen discharge in the MPDR without a substrate

installed, with 100 W microwave input power at lOO mTorr pressure.
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coil to the outside of the cavity shell. When a discharge ignited,

it was generally in the form of a single small lobe clinging to the

quartz housing, and in oxygen this lobe was deep red-violet in color.

The ignition of a discharge detuned the cavity, so that the measured

reflected power increased and was in the range of 40 to 60 W for 80 W

input power. In order to establish the desired discharge

characteristics, the 02 flow rate was reduced to the range of study

(10-100 sccm) while the cavity length was increased to establish

TE211- mode resonance and the incident power was increased to 100 W.

The cavity length which was determined experimentally to match the

TE211- mode resonance in an unloaded reactor (without a substrate)

was LS - 8.1 cm. This length varied slightly with cavity loading and

operating pressure. As the flow rate and pressure decreased, and the

cavity approached this resonance, four distinct lobes were

established in the discharge, one after another. A convenient

reference point for operation was established at 100 W and 100 mTorr.

A TE211'mOde discharge was established under these conditions, and

the entire system was allowed to thermally stabilize for about

5 min. During this time, a microwave radiation detector was used to

inspect for power leaks from the MPDR. Several areas were given

special attention. These included the cavity shell-to-baseplate

connection, the area around the input probe insertion, and the top of

the sliding short assembly (where the tuning mechanism was located).

During the reactor warm-up period, some outgassing was usually

noticable from the epoxy at the substrate-bias wire connection.

Visual evidence for this outgassing took the form of the deposition

of dark-colored material on the grid directly below the connection.

This deposition was removed after each experiment by polishing the
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grid with moistened 600-grit silicon carbide polishing paper, then

wiping with methanol followed by deionized distilled water.

A.3.5 In-Progress Monitoring of an Experiment

After a discharge was ignited in the MPDR, about 5 min was

allowed for thermal stabilization of all the components. Then data

logging was initiated and the substrate bias potential was switched

on. The bias potential, bias current, incident microwave power, and

reflected power, and time were recorded by a data logging program on

the laboratory computer. During the course of an experiment, several

aspects of the system required attention. First, it was necessary to

make occasional O2 flow rate adjustments in order to maintain the

desired operating pressure. This was particularly true just after

the bias was applied because application of the bias caused transient

pressure variations in the plasma. Second, it was necessary to make

several tuning adjustments during an experiment to optimally match

the cavity applicator to the continuously varying load conditions

imposed by the oxidizing substrate and the plasma. Finally, as this

was an experimental system, it was necessary to be alert to the

possibility of unexpected failures. The two types of failures which

were most common in the system studied were (i) interruption of the

bias circuit due to a failed substrate connection, and (ii)

extinguishing of the discharge due to a plasma instability at low

pressure or low input power levels.

For a successful run, when the desired oxidation time had

elapsed, the substrate bias was switched off, and the plasma was
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extinguished by reducing the input power to zero. The system was

allowed to cool for about 30 min, then the vacuum was vented and the

sample was removed.

After a visual and microscopic inspection to determine oxide

color and other general features of interest, the sample was

cataloged as described previously, and placed in a sterile plastic

petri dish for storage in a vacuum dessicator, pending further

analysis (i.e., C-V and I-V characterization).


