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PREFACE

The objectives of this work are to establish a model of the atomic
structure of the silicon-silicon dioxide interface using a direct
imaging technique of high-resolution electron microscopy (HREM), and
to determine the oxidation mechanism from the silicon-silicon dioxide
interface morphology. The thesis is organized into eight chapters.

Chapter 1 introduces the subject of the‘Si-SiO2 interface by
stressing the importance of the Si—SiO2 system in the fabrication of
electronic devices and by discussing the orientation and, therefore,
structure-related properties of the 51-5102 system. fn the second
chapter the structure of the SiO2 phases is described. This
description is followed in Chapter 3 by a review of the models of the
structure and chemistry of the Si-SiO2 interface obtained from

different techniques. Chapters 4 and 5 describe experimental

‘techniques and procedures used in this research. The results of the

experiments and their interpretations are described in Chapter 6.
Chapter 7 relates this model to those discussed in Chapter 3. Chapter
8 contains the conclusions of this thesis and suggestions for further

work .
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ATOMIC STRUCTURE OF THE SILICON/SILICON DIOXIDE INTERFACE
Jerzy Henryk Mazur
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
Department of aggerials Science
and Mineral Engineering
University of California
Berkeley, CA 94720
Abstract
The atomic structure of the‘Si—SiO2 interfaces obtained by
thermal oxidation of singular and vicinal surfaces of silicon in dry
02 at temperatures apove 960°C has been studied in cross-section by
high resolution electron microscopy (HREM). The interface between the
silicon substrate and amorphous S1'02 was very abrupt and flat over
the entire area observed. Detailed analysis of oxidized singular
(111) Si surfaces revealed the existence of steps one {111} inter-
planar &istance (0.314 nm) high. The width of the terraces between
positive and negative steps varied and was dependent upon defocus
which indicates that these steps probably did not extend through the
whole TEM specimen thickness (less than 20 nm). Dry oxidation of
vicinal (111) 3° [110] Si surfaces resulted in an interface which can

be described by atomically flat terraces about 6 nm wide with ledges

0.314 nm high, and all of the same sign. For less inclined vicinal

(111) 2° [112] Si surfaces ledges of both signs were observed. The

observations of the Si-Si0, interface structure resulting from

2
oxidation of exact (100) and (100) 2° [011] Si surfaces at the present

level of resolution can be interpreted in terms of (100) terraces



separated by ledges up to about one Si unit cell high, or alterna-
tively as small {111} facets protruding into the S1'02 (this could

suggest that the {100} Si-SiO2 interface is non-singular). These

4

observations suggest a terrace-ledge-kink model for the Si-SiO2

.interface structure and a ledge mechanism for high temperature oxida- Y
tion similar to that for evaporation.

The structure of the Si-SiO2 interface suggests a very abrupt Si
crystal to amorphous SiOZ‘transition but reduires the existence of

1+ 2+ .3t

Si atoms in incompietely oxidized states Si~ , Si® , Si (bonded to

1, 2, 3 oxygen atoms) at oxidized Si surfaces for all orientations, in

agreement with XPS results. Constructed atomistic models of the

1+:512+:Si3+ can vary depend-

‘interfaces suggest that ratios of the Si
ing on details of interface morphology for a given Si substrate orien-
tation, and thereforé might be affected by the oxidation kinetics. 1In
this modei, dangling bonds normal to (111) terraces are present on
singular and vicinal (111) surfaces. The dangling bonds on a (100)
substrate are located in a different "topological" environment corre-
sponding to models of Pbo and Pbl EPR centers.

It is suggested that further stﬁdies of silicon oxidation combing
ing HREM, XPS and EPR performed on the same speéimen coufd more

narrowly restrict the number of possible atomistic models of 51-5102 !

interfaces.
k%



1. INTRODUCTION

1.1 The Technological Importance of the 5145102 System

Therma]]yfgrown SiO2 films on silicon are theAsubject of
considerable interest because of their application in the production
of bipolar and metal-oxide-semiconductor (MOS) electronic devices
[1.1-1.10]. These SiO2 films are used to passivafe active device
regions and junctions, to insulate field regions and to provide isola-
tion between active components.r However, the most important applica-
tion of thermally-grown 5102 is as a gate dielectric in MOS devices.
Some of these functions of thermally-grown SiO2 on Si are schematic-
ally illustrated in Fig. 1.1, which shows two complementary MOS elec-
tronic devices. Thermally-grown oxides are also used during processing
as a barrier agaihst dopant diffusion.

" This variety of applications results from very good stability of
the thermally~grown S'iO2 on Si, its good adhesion to the Si substrate
and,veky good electronic properties: high breakdown voltage and low
density of electronic defecfs in the oxide and at the S$i-Si0, inter-

face. These electronic defects (mobile jonic charges, oxide trapped

charges, oxide fixéd charges, interface trapped charges and interface
states) are located in the bulk oxide or near the 51—5102 interface
as is shown in Fig. 1.2.

The oxide fixed charges and interface states are inherent to the
oxidation process and.cannot be eliminated by any known process.
Thése defects, located in the interface transition layer of Si0,

which is about 50 A thick (Fig. 1.2), and at the interface, e.g.
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Fig. 1.1. Some of the functions that thermal Si0y films perform in contemporary MOS devices:
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insulator (SOI) structures.
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Location of charges in a MOS structure: oxide fixed
charges and interface trapped charges and states are
inherent to the oxidation mechanismi whereas mobile ionic
charges (Na*, K* Li* and possibly H") and oxide fixed
charges can be avoided to a large extent by elimination
of contamination and radiation sources. Density of
charges in the Si surface layer is controlled by the Si
surface potential, while the mobility of 2D electron
(hole) gas in strong inversion depends on the surface

roughness.



oxide fixed charges and charges trapped on~thebinterfate traps
(states), influence thé operation of MOS electronic devices because
they can interact with the mobile charges in the inversion layer. The
density of the oxide fixed charges and interfacial states is smaller
for {100} than {111} Si substrates oxidized under the same conditions.
The nature of the oxide fixed charges is still not completely under-
~stood. Their origin_has been associated with the excess of Si in the
"nonstdichiométric“ region near the interface [1.11], or with posi-
tively charged oxygen vacancies [Sio3j in 5102 [1.12]. The posi-
tively charged vacancy model is supported by studies [1.13] which show -
that annealing at low oxygen parti;l pressure results in an increased
density of the oxide charges. |
Another type of electronic defect is interface traps. These are
electronic energy levels (dr states) located at the interface and they
are ffequent]y associated with incomplete bonding}structures, impuri-
ties and Various'bondnbreaking processes. These states can trap or
release electrons and holes from the Si surface layer depending upon
the Si surface potent{al (resulting in interface trapped charges as
shown in Fig. 1.2). The intrinsic states areAthose which are thought
to originate from structural defects inherent in the interface region
of SiOx between amorphous S1'02 and crystalline Si but not impurities.
They are dependent on orientation, heat treatment temperature and
atmosphere in a different way from oxide fixed charges. In particular,
interface‘trapped charge density can be greatly reduced by low temper-

ature (<500°C) hydrogen annealing. The density of these interface

-t
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states in the S1"--S1'02 interface region depends on the Si ‘surface
orientation. |

For high gate fields resulting in the formation of an inversion
layer (e.g. a channel near the Si-SiO2 interface containing the bulk
minority charges as a dominant charge species) the surface mobility is
diminished by the scattering of carriers which results from the vari-
ation in surfacé potential associated with surface roughness [1.14-
1.20]. Lower mobility fesults in a slower oberation speed of
electronic devices.

The mobile charges are associated with contamination during
processing while oxide trapped charges are associated mainly with
exposure to different forms of radiations. Both types of charges can
be greatly reduced by prudent processihg practices.

The cetrimental effects of oxidation-induced electronic defects at
the Si-Sid2 interface and the interface morphology increase as the
lateral dimensions of the electronic devices are reduced (i.e., in
very large scale integration technology) from a few um to a few
hundreds of nm. This imposes vertical reduction of the oxide thick-
ness. Fof lateral device dimensions of 100 nm, for examplie, the
thickness of the gate oxides is expected to be about 4 nm [1.21].

Such dimensions require very strict control of the oxide thickness and

uniformity.
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2. THE STRUCTURE OF 5102

2.1 Phases of Silica

Unlike silicon (space group F d3m) which is observed in only the
diamond cubic form with lattice parameter a, = 5.4284, 5102 exists
in many structural forms (polymorphs). Obviously at a fixed tempera-
ture and pressure only one Sib2 polymorph can be thermodynamically
stable. The pressure-temperature phase diagram [2.1.1] shown in
Fig. 2.1.1 indicates stability ranges of different phases of silica,
while Table | gives their structural parameters and some other
physical properties. Co-existence of different polymorphs outside
their stability limits results from some particularly sluggish
polymorphic transformations [2;1.2]. The rate of these transforma-
tions can be inhibited by cértain impurity atoms acting as stabil-
izers. In addition, certain‘cations listed in Table II are known to
be catalysts for the formation of specific S1'02 phases. Silica has
crystalline as well as émorphous[vitreous'(g]ass) polymorphs. The
differences in the free energy of formation of different crystalline
and amorphous polymorphs are very small [2.1.3] over a large range of
temperatures (Fig. 2.1.2).

X-ray diffraction analysis of different polymorphs has determined

that the basic structural unit of Si0, consists of [5104] tetra-

2
hedra (shown in Fig. 2.1.3) of approximately the same size (Table I),
with 4:2 coordination (each Si has four O nearest neighbors while each
0 has two Si nearest neighbors) with the only excéption being the 6:3

coordination of stishovite. Silica can be thought of as a crystalline

-
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Material parameters of the various forms of SiO, (Z, coordination number. N-number of ;SiO | tetrahedra in the ring, T,.4 transisition temperature from one to another

Table I
phase. o density, dg; o bond length, do_g oxygen-oxygen distance, ¢ Si-O-Si bond sngle, o refractive index, «(0) electronic dielectric constant, E, energy gap, H, enthalpy
of formation). From I, 2, 3.4, 5. 6 and references therein.
Symmetry*/ Lattice . H,
Allotropic Space Occurresce z, Toes 2 Parametey c/a d5-0 do-o & n ¢ (0) E, (298°K)
Form Group' Frequescy™ (N) *C) (g/cm”) [EV) (A) (ev)  (keai/mole)
P321(L) 2 = 49138 -
a-quarne Pa IR Dex (@) «6) z 573 .68 ¢ = 5.4052 1.100 1.60ts 260t0 144" 1.849 2.40 9.0 7.7 ¢
(T = 25°C) 1.61 2.67
P62AL) .= 5038
g-quarz PS22R) Mex (o) «6) — 2.0 ¢ = 5460 1.084 163 2.60 44 ? 1.530 234 — - )
(T = 600°C) o
Pay2(L) s =49M )
a-cristobaiite P42(R) tetr (c) 4«9) <m0 233 c=6918 1.392 1.59? 258w 47 1.487 .21 - 171
(T = 28°C) (16010 263
1.61)
.= 11297 )
dcristobalite  Fd3m cub (¢} «6) - 2.2 (T = 300°C) - 158 283 <148°> 1473 17 — 216.417
739 3o a=7473
' (291 b= 12328
coesite (o 7/ o mon {r) 4«9 - .87 ¢ =1178 (1393) 1600 26010 120° 1.600 2.5 89 —
nateral) g =120 1.63 2671 (139
(T = 20°C)
(hex} (4-6-8-9) -
P42, %L) a =746
kentite P2, 2AR) O 4(5.7.8) - 125 c =861 1184 15Tt — - 1.519 231 - —
(T = 20°C) 1.6 {1.513) (2.29)
438
{4.28) s = 4179
stishovite Pay/mom tetr (v} 6 - (4.03 ¢ = 2.6649 0.638 1L.77? - - 1830 338 84 —
asrural) (T = 20°0)
-vitreous silice — emer (¢) 4 - 220 - - 1617 2637 <1M>  <1464> <2l4>  ~90 -
[eX- 1] (1.60)
melsnephiogite — cub (r) 4 — =208 a= 13402 - - - - 1.428 .03 — -
am
s=4Nn
fibeoms silica  — orth () . - e (DI - - - - _ - -
1.98 (T = 20°0)
s =507
silica Mlim - hex (1) 4 - — cw=? — - — - — — — —
(T = 20°0)
(x):
mei) 4y 213 {. - 516 i y
Sio, - b (r) s - Iy - — - — 195t 361t0 _
E=1 .? 2.4 (T = 20°C) 1.94 3.76
*hex: b - be, orth: tetr: cuix cubic, amer: amerphous.
**c: commes form, r: rare form,
L) (R) indicates ieft or right enanciomerph of SIO,.
References:
1. Landelr-Bérstein. Newe Serie, od. K.-H Heilwege, vol. 7, Springer-Veriag, Beviin/Heidelberg/New York 1978 . 255
2. S.T. Pastelides, W.A. Harrison, Phys. Rev. B. /5, 2667 (1976) ’
3. K Hibser, Phys. Stacs Setidi (a) 40, 487 (1976)
4. E. Gérlich, Ceramics Internationad 3, 3 (1982)
S. JANAF Thermachemical Tables, NSRDS-NBS 37, (1971)
6 FJ.Grenthaser, PJ. Grusthonsr, R.P. Vasquez. B.F. Lewia, J. Masarjiea, A. Madhukar, Phys. Rev. Let. 43, 1683 (1979)
*
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Table II. Effects of various cations in

catalysing silica.

Tonic radius
Cation a=(r.+r) Effects
Kt 1334 273A Tridymite-forming
Na*t 095 . 238 catalysts
Lt 0-60 200 o .
‘Ba?* 135 278 Cristobalite-forming
Calt 0-99 2:39 catalysts
Fe?* 0-76 216 ‘ .
Mgt 0-65 205 _ o
Bett 0-31 171 ’ -forming
APt 0-50 190 catalysts
™ 068 1-08 -

r. = cation radius.
r, = anion radius.
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XBL 858-3558

Fig. 2.1.3. Two [Si04] tetrahedra joined by a bridging oxygen atom.
"The distance between oxygen atoms in the same tetrahedra
is 0.261 nm and the Si-0 bond length is 0.160 nm; ¢§ indi-
cates the S5i-0-Si bridging angle; g is a free rotation
angle.



14

polymer consisting of [5104] tetrahedra playing the role of manomers.

"Polymerization" is accomplished through Si-0-Si "oxygen bridges"

in which an oxygen atom is common to two silica tetrahedra
(Fig. 2.1.3). The interconnected [5104].tetrahedra form a silica
network. Different polymorphs differ only by the distribution of the

bridging angles ¢ and the number N of silica tetrahedra in N membered

rings (see Table I). The network of polymorphs consists of 6 membered

rings in the case of quartz, tridymite and cristobalite, 5-7-8
membered rings in keatite, 4-6-8-9 membered rings in coesite, and
4-5-6-7-8 inAnoncrystalline amorphous 5102 [2.1.4-2.1.9].

Grunthaner et al. [2.1.8] also suggested the existence of 3 membered
rings in silica near the Si-SiO2 interface. The presence of such
multip]e-membered~rings results in the relatively open structure of
the SiO2 networks. Variation in distribution of the Si-0-Si
bridging angle ¢ between different S1'02 polymorphs is relatively
small. This is illustrated in Fig. 2.1.4 showing the comparison
between the distribution of § for vitreous SiO2 and cristobalite as
determined from x-ray diffraction experiments [2.1.10]. The above
examples suggest that variations between the 51'02 polymorphs are
conformational in nature, that is, significant changes in long range
order (LRQO) are associated with.a lTittle change in the energy
content. The changes in the LRO are associated with substantial
changes in the density of polymorphs (17 percent difference between
quartz and amorphous 5102). This is also seen by observing the

dependence of average refractive index on density (Fig. 2.1.5).
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Fig. 2.1.4. Comparison of the distribution of Si-0-Si bridging angles
in cristobalite (crystalline) and amorphous forms of
silica (from R.L. Mozzi, Sc.D. thesis, MIT, 1967).
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2.2 Models of Amorphous Si0,

~ The structure of noncrystalline SiO2 has been of considerable
interest because it relates to properties bf glass (vitreous) Sio2
and 3102 layers formed during thermal oxidation of single crystal
silicon. Investigations of the structufe of amorphous materials by
x;ray, electron, neutron diffraction and other techniques (for example
IR spectroscopy) have resulted in various structural models, differing
in the amount of disorder they permit. These modefs can be divided

into three broad groups by their degree of randomness.

The microcrystallite model, based upon connected microcrysta]]ites;

is attributed to Porai-Koshitz [2.2.1]. This model has been used for
interpretation of diffractfon results [2.2.2, 2.2.3, 2.2.4], IR results
[2.2.5], and electron microscopy investigation [2;2.6, 2.2.7, 2.2.8,
2.2.9]. According to this model, the broad diffraction peak is in

part due to the'émal] crystal size (about 20 A diameter) and'also due
to thelstru¢ture of crystalline boundaries. Intercrystalline coordina-
tion is important because of the relatively large ratio of surfacg to
intracrystalline [5104} tetrahedral units in such models.

The ordered Eegions ("crystallites") were reported to consist of
g-quartz, g-cristobalite or tridymite depending upon the study, due
possibly to the different methods of vitreous silica preparation.
Interestingly, despite the structural similarity between fused silica
and thermally-grown SiO2 films on silicon, different ;rysta]]ization
behavior was reported. Fused silica was always observed to crystal-
lize as cristobalite while thermally—groﬁn silica was observed to

crystallize as cristobalite, quartz or tridymite [2.2.10, 2.2.11].
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Revesz [2.2.12] suggested that the microcrystalline tridymite
structure of thermally-grown SiO2 on silicon results in the forma-
tion of ordered regions with large channe]s; The structure of the
channels was suggested by Revesz to be substrate-orientation dépendent
and would therefore influence oxygen species transport during thermal
oxidation of silicon. Existence of voids in tge silica was suggesfed
in the TEM work of Irene, et al. [2.1.12]. The suggested size of the
pores was 5.0 nm or less. However it has not been substantiated by

careful TEM experiments.

The continuous random network model (CRN) permits all possible

local arrangements of [5104] tetrahedra. It does not contain any
regular building blocks. The model was first proposed by Zacharisen
{2.2.13], and constructed by Evans and King [2.2,14] and Bell and Dean
[2.2.15] for 5102. Severai CRN models were also built for amorphous
tetrahedrally coordinated monatomic materials [2.2.16, 2.2.17, 2.2.18,
2.2.19] as well as for amorphous As [2.2.20]. The CRN model can be
easily extended in all directions, without introducing any dangling
bonds. Attempts to connect two_genera] mutually-orientated micro-
crystallites, or a network to a crystal face, withouf large bond

" distortion énd dangling bond generation have been, to a large éxtent,
-unsuccessful. Only a few special mutual arrangements of two cryétal-
lites could be easily connected to each other by a distorted layer.
Such grain boundary layers then have a significant regularity.

The amorphic model has characteristics common to both the

microcrystalline and the CRN models. The structure is built up from

well-defined elements of which the principal one is called an amorphon
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or vitron (the pentagonal dodecahedron). The constituent elements are
non-crystallographic. The model cannot be consiructed without
accommodatfng strain and developing defects. Four amorpha form the
basic tetrahedron subunit. Tetraﬁedra] stacking is noh-spacefi]]ing-
and Timits the number of tetrahedral subunits to less than 20. Such a
"microcrystal" can only be connected to any other one with the help of
the connecting layer, thus making this model intermediate between the
microcrystallite and CRN models. The first such model was proposed

for Si0, by Tilton {2.2.21].

2
At this point the CRN model appears to be the most probable one

for Si0, thermally grown on silicon, and is suggested in the present

2
study. Although crystalliitas have been observed in some reported
research they have resulted from the unintended introduction of a
cation catalyst during processing [2.2.22], and are. therefore, not

pertinent to this work.
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3. MODELS OF THE Si—SiO2 INTERFACE

Diffefent mode1§ of the 1nterf&ce structure have been broposed,
based mainly upon the ability of a particular technique to probe some
property of the interface. Some of the techniques used to study the
Si—5102 interface include x-ray photoelectron spectroscopy (XPS),
Rutherford back scattering (RBS) ion channeling spectroscopy, ellips-
. ometry, Auger electron spectroscopy, secondary ion-mass spectroscopy
(SIMS), electron paramagnetic resonance (EPR), surface mobility
measurements in the inversion layers, current-voltage measurements,
transhission electron microscopy, and low energy electron diffraction
(LEED) combined with oxide etching.

So far most of the experimental data have been obtained in studies
A using only one technique. Therefore many models of the Si-SiO2
interface stfucture could only be qualitatively compared. Some of the
'most commonly accepted models of the S1'-S1’O2 region, based on
interpketation of data obtained from some of these experiments, will

be discussed in the following sections.

3.1 Models of the S1'-S1'02 Interface Derived from XPS Studies.

" The x-ray photoemission technique [3.1.1] is particularly well
suited for the analysis of the structural chemistry of thin layer
fi1m§ grown or deposited onto a dissimilar substrate. Analysis of the
kinetic energy spectrum of the emitted photoelectrons gives chemical
'ipformétion through measurement of the peak positions. The intensity
of the peak is related to the number of probed atoms,‘the photoioniza-

tion cross-section for the atomic core level studied, the x-ray energy
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utilized, the'inelastic mean free path for the 6bserved electrons, the‘
x-ray flux, and instrumental factors. Only electrons which do not
undergo energy losses contribute to peak intensities, and therefore
attenuation of XPS signals can be treated as a simple exponential
function of the inelastic mean free.path (») and the layer thickness.
This tecﬁnique provides a means to monitor the uniformity of consecu-
tive layers when combined with etching techniques [3.1.2, 3.1.3,
3.1.4], and therefore is useful in the determination of the chemistry

and structure of. the Si-SiO2 interface.

2
interface suggested the existence of transition layers 1.5-2.0 nm

_Early interpretations of XPS (ESCA) studies of the Si-Si0

thick with stoichiometry changing from S5i0 close to the silicon,‘to

S1'02 in the rest of the film [3.1.4-3.1.10]. The width of the

transition layer in these studies was independent of uxidation pro-.
cessing conditions, oxidant, oxidizing ambient, oxide thicknessjdri
high temperature annealing, and was narrower for {100} than {llijgsi
substrates. In another study [3.1.11-3.1.12] a 0.2-0.3 nm ]aye;}df
$i0 was found at the Si-Si0, interface. This transition region}Was
considered to be a first monolayek of Si substrate in contact with
Si0, film. Grunthaner et al. [3.1.3, 3.1.4, 3.1.13] proposed thé

2

model shown in Fig. 3.1, with a stoichiométric Si0, amorphous film

2
extending up to the interface, and the transition from Si to 5102

occurring in a region 0.3-0.7 nm wide. This transition region

. . .
consisted of Si atoms in incompletely oxidized states Sil s Siz R

3+

Si (bonded to 1, 2, 3 oxygen atoms respectively) with the ratios



25

SiO,

46 &8 membered rings

— e — — c—— o— o o mt— — a—— — — —— —— — —— — m— — — -

strained SiO,

3,5,7 membered rings
Sji23¥

Si

XPS, Grunthaner et.al./1977-84/

Fig. 3.1. Schematic representation of the Si-Si0y transition layer
derived from XPS studies.
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varying for different Si surfaces [3.1.3, 3.1.4, 3.1.12, 3.1.13-
3.1.17]. There are considerable differences in the estimated ratios
of Si atoms in incompletely oxidized states present at the interface.

Grunthaner et al. [3.1.3] estimated that the ratio of sid*:sit gilt

: Si
was 2:3:2 respectively for (100) oxidized wafers; Bianconi et al.
[3.1.17] suggested the existence of incompletely oxidized Si states
without specifying the ratio; Hollinger et al. [3.1.18] estimated
approximately the same ratio.of incompletely oxidized states for {111}
and {100} oxidizéd Si surfaces, equal to 0.4:0.3:0.3. In other

1+ and sidt

studies Hecht et al. [3.1.15] concluded that the Si
were localized at the Si-SiO2 interface. The S1’3+ state extended into
first 20 A of the Si0,, and this was attributed to the existence of
two 513+ states, one localized at the interface and one due to Si-H
bondfng in the oxide. These authors found orientation dependence of

1+ .2+ 3+, 2t

the suboxide distribution, with greater Si~ :Si and Si” :Si° ratios

for oxidized {111} Si than for oxidized {100} Si. In addition they

1+ 2+ 3* States after post-

observed mofe Si® and Si® states and fewer Si
oxidation anneal. However they did not observe any changes in sub-

‘oxides distribution for dry or steam oxidation. The 1.0-4.0 nm wide
layer next td the interface consiéted of a strained SiOZ. A similar
conclusion was reached by Hollinger [3;1.16] from his XPS, UPS and

| Auger investigations of the interface. The topology of the network in

this layer near the Si-SiO2 interface was described as consisting of

3, 5, and 7 membered [3104] tetrahedra rings and was different from

states
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 that of bulk (further away from the silicon) SiO2 consisting of 4,

6, and 8 membered rings.

3.2 Models of the Si-SiO2 Interface Derived from RBS-Ion Channeling
Studies. N
Rutherford backscattering-ion channeling techniques can provide
information about the magnitude of the displacement of atoms from |

their lattice position near the surface [3.2.1, 3.2.2], as well as

- about the number of atoms displaced.

Recehtly both conventional (backscattering) and thin crystal
(transmission) scattering gebmetries wifh the grazing angle detector
arrangement were used to study the stoichiometry and the Si-5102
interface disorder [3.2.3-3.2.10]. The experiments involved a series
of thermally-grown oxides on differently-oriented Si substrates 0.4 to
7.0 nm thick in which changes in stoichiometry as a function of oxide
thickness could be monitored.

The plot of Si vs. oxygen areal densities for a range of oxide
thicknesses did not extrapolate to zero oxide coverage. The differ-
ence between the extrapolated (oxfde—covered) Si surface peak for zero
oxide coverage and the caiculated value for a bulk-like Si surface
structure was interpreted as an excess of Si atoms at the interface
which could amount to 1.6 to 2.1 monolayers depending on Si substrate
orientation. These results are summarized in Table III. This excess
of Si atoms at the interface was interpreted as conéisting of either
two monolayers of Si-in disregistry with the bulk (e.g. reconstructed

Si) or a thin region about 0.5 nm or less of nonstoichiometric oxide.



Table III. Comparison of Si surface peaks on clean and oxide covered surfaces. .

b 4

Substrate surface/ Bulk-like
Channeling direction Clean Si surfaceb OxideC surfaced aSie
and ion energy ' [monolayerd] [monolayer] [monolayer] [monolayer]
$i(001)/<001> 0.8 Mev  14.6 (2 x 1)[1] 13.3031 112 2.1
$i(011)/<011> 0.8 Mev 0.0l4] 6.7 2.3
Si(111)/<111> 1.0 Mev  12.0 (7 x 7){2] 11.605] 10.0 1.6
Si(111)/<001> 1.0 Mev 9.4 (7 x 7){2] g.205] 6.1 2.1

a) One monolayer corresponds to : Si(001) 6.8 x 1014cm'2; Si(011),
9.6 x 10M%emZ; si(111), 7.8 x 10M%cm2

b) Si surface peaks measured on clean reconstructed surfaces (source indicated
in parentheses) _. )
[1] L.C. Feldman, P.J. Silverman, 1. Stensgaard, Nucl. Instrum. Methods 168,
589 (1980)
[2] R.J. Culbertson, L.C. Feldman, P.J. Silverman, Phys. Rev. Lett. 45, 2043
(1980).

c) Si_surface peak extrapolated to zerb oxide coverage:
(3] T.E. Jackman, J.R. MacDonald, L.C. Feldman, P.J. Silverman, I.
Stensgaard, Surf. Sci. 100, 35 (1980) '
[4] L.C. Feldman, I. Stensgaard, P.J. Silverman, T.E. Jackman in Proc. Int.
Conference on “Physics of Si0, and Its Interfaces,* S.T. Pantelides, Ed.
Pergamon Press, Oxford (1978), p. 344.
{5] R. Haight, W.M. Gibson, T. Narusawa, L.C. Feldman, J. Vac. Science
Technol. 18, 1973 (1982).

d) The calculated value for bulk-like (unreconstructed) surface structure.

e) aSi, the difference between the extrapolated (oxide covered) surface peak and

" the calculated value.
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The schematic representation of this model of the S1’-S1‘O2 interface -
is shown in Fig. 3.2.

3.3 Models of the Si-Si0, Interface Derived on the Basis of EPR Studies.

The electron paramagnetic resonance (EPR) technique was used to

study‘the-ST:STOE‘Tﬁterraces obtained by thermal oxidation of {100}
{3.3.1-3.3.81, {111} [3.3.5-3.3.15] and {110} [3.3.8] Si surfaces.

This technique is sensitive to atoms or clusters of atoms with unpaired
electron spin or spins, which are characterized by the gyromagnetic
tensor g. The symmetry of this tensor depends upon the 1oéa1 crystal
environment of the electron spin. Interaction of the EPR center with
the external magnetic field as well as with the magnetic moments of
electron or nuclear spins in its neighborhood allows measurement of

the density of such defects, as well as determination of the gyro-
magnetic tensor symmetry. Characteristic EPR Pb centers were found

at the Si-Si0, interfaces by determination of ‘their density as a

2
function of decreasing oxide thickness upon using decremental etching
[3.3.4, 3.3.5]. These centers were found to be distinct from those of
bulk Si énq SiO2 and were found to be dependent on surface crystal-
lography. In the case of the (111) oxidized Si surface one EPR PbO
cénter was obgerved. This center had axial symmetry of the g tensor
with its axis along [111] direction normal to the oxidized surface and
it has been identified with the unbound orbital (dangling bond) -Si=
normal to the (111) interface plane [3.3.5, 3.3.6]. Two Py EPR

centers were found at the (100) Si-Si0, interfaces, one correspond-

2

ing to the P (*Si=) center on (100) Si and the other, the P

b bl
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'RBS, Feldman et.al./1978-82/

SiO,

1monolayer SiOy
1-2 monolayer distorted Si

Si

Fig. 3.2. Schematic representation of the Si-Si0p interface region
derived from RBS-ion channeling studies.
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center, tentatively associated with the -S1'-S1'O2 [3.3.5, 3.3.6]. In
the case of oxidized (110) Si surfaces only Pbo centers were found
at the interface. These investigations led to the models of Si-SiO2

interfaces shown in Fig. 3.3, which illustrates how these EPR centers

are related to the interface crystallography, and suggests that they
are associated with the advancing oxidation front [3.3.5-3.3.8].
These EPR centers have been found to correlate with the electronic
defects characteristic of the Si-SiO2 interface, namely interface
states. The ratio of Pb centers observed on {100} and {111}
oxidized Si surfaces was similar to the ratio of interface states and
approximately equal to 1:3 [3.3.6]. The density of Pb centers
fncreased in irradiated MOS structures in the same manner as density
of 1nterface states, further confirming the association of at least
some interfacial states with dangling bonds at the Si-SiOZAinterface
(+Si = EPR centers) [3.3.12, 3.3.15].

Recently, attempts have been made to estimate the distance between
the dangling bonds at the {111} Si-SiO2 interface [3.3.16, 3.3.17].
These first analyses of the data sugges ted distribution of the dangling
bonds with enhanced separation, about 4 nm from one another, on the
atomically flat {111} interface. This sepération of the dangling
bonds was tentativefy interpreted as a result of relaxation of the
strain at the Si-SiO2 boundary. However lack of dipolar broadening
of'the EPR absorption line, which formed the basis for these
conclusions, could alternatively be attributed to the existence of

- numerous steps laterally separated by distances in the range of 10 A.
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Fig. 3.3. The models of the Si-Si0, interface derived from EPR

observations (from Poindexter et al.

[3.3.8]).

a) Pboﬂa"d Pbl EPR centers at a (100) oxidized Si surface.
b) AP, center at a (111) oxidized surface.
c) PbO centers at a (110) oxidized surface.
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3.4 Models of the S1'--S1'02 Region Derived from Ellipsometry Experiments

The ellipsometry technique [3.4.1] has been used for determining
the oxide thickness and refractive indices of the oxide film and of a
possible transition layer at the Si—5102 interface. This technique
measures the state of polarization of linearly polarized 1ight after
reflection from the specimen [3.4.2—3.4.8]. In the ellipsometry expe-
riment two parameters, the change in relative phase.of the incident
and reflected beams a, ahd the arctangent of the amplitude ratio change
for incident and reflected beams ¥, are related to the ellipsometer
angle measurement. The value of these parameters is a function of the
thickness and the number of layers present, the indices of refraction
of the layers and the substrate itself, the.wavelength of 1ight ﬁsed
and the incidence angle of the beam upon the specimen [3.4.1]. The
data analysis assumes homogeneous layers described by the same index
of refraction terminating abruptly at the interfaces.

A simp]e model assuming one S1’02 layer of the same refractive
index was used in the first ellipsometric studies of the silicon oxide
on silicon [3.4.2-3.4.5]. Studies by Taft et al. [3.4.6] included in
the analysis both a and ¢ an effect of birefringence caused by strain
in the oxide. This effect was found fo have little influence on the
calculated refractive index for oxide thinner than 150 nm; however, it
had pronounced influence for increased oxide thicknesses.‘ These
authors found that introduction of a thin intermediate layer allowed
them to measure the thickness of the oxide layers over the range from
30.0-700.0 nm using the same refractive index for oxide, equal to

1.4626 + .001 at A = 546.1 nm.
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The choice of one homogeneous interlayer imposed limits on its
thickness depending upon the refractive index chosen (e.g., 0.6 nm if
n=2.1-3.00r1.0nm if n=1.7). The estimated excess of Si in the

15 2 or two extra

intermediate layer was given as 2 x 107~ atoms cm
layers of Si atoms in the transition region.
Similar conclusions have been obtained from spectroséopic
ellipsometry studies [3.4.7] of the Si—SiO2 interfaces formed on
{111}, {100} and {110} Si surfaces. A transition layer 0.7 £ 0.2 nm

wide with average stoichiometry S10y_ 449, Was found at the Si-Si0,

- interface. The analysis included determination of the obticél
resbonse function for the case of crystalline Si and 51'02 as well
as for the chemical or physical mixture of average composition
Six(SiOZ)l_x. The fit to the ellipsometric data was found to be.
better, especially for thicker oxides, when an intermediate layer
6.6 £ 0.9 A thick, consisting of a chemical mixture Six(SiOZ)l_x

was includéd in the 5i-Si0, model, although a physical mixture
(which could represent microroughness at the interface) could not be
definitely excluded. The refractive index of this jayer, 3.2 £ 0.5,
was comparéb]e to that estimated by Taft et al. [3.4.6].

The possible exblanation of the tranéition layers tonsisting of
physically mixed Si and SiO2 in the form of Si surface roughness was
suggested by Mazur et al. [3.4.8] on the basis of high resolution
eléctron miéroscopy determination of the 51-5102 structure which was

found to be rough on a scale corresponding to the interlayer thick-

ness. Estimates of the excess of Si atoms due to interface morphology
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in the interface region was of the order of 101 atoms cm 2.

Therefore although the transition between Si—SiOé was abrupt on an
atomic scale, it could be considered as a physical mixture or possibly
chemical mixture from the point of view of the optical response func-
tion. Preliminary work on the influence of surface roughness indi-
cates that the layer containing the roughness could be described by
the average refractive index of the surface and the film [3.4.9,
3.4.10]. The refractive index of the layer was found to be dependent
upon details'of‘the morpholdgy at the interface [3.4.9]. These results

support the suggestion made by Mazur et al. [3.4.8] concerning the

interface transition layer.

3.5 Auger Electron Spectroscopy Studies of the Si-SiO2 Interface'

| A considerable number of studies of the Si-SiO2 interface have

- been performed usihg Auger spectroscopy [3.5.1-3.5.10]. In these
'experihents sputtering was used to profile the oxide and Si—SiO2
‘region. The éafliest work [3.5.1, 3.5.2] suggested a model of the
Si—SiOz_interface described by a natura]vinterface roughness and
inclusions of Si in the oxide close to the interface. The width of
the transition layer for oxide grown at 1200°C in dry 0, on (100) Si
was estimated to be about 35 A thick. This model was inconsistent
with TEM obsérvations [3.5.10, 3.5.11], and was subsequently revised
to include advances in understanding of possible artifacts due to
nonuni form sputter profiling [3.5.5, 3.5.7-3.5.9]. The revised model

describés'interface morphology ‘as consisting of -long range (about

20 um period) undulations with an amplitude of about 1 nm. The
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transition SiOX layer was postulated to exist after identification
of an intermediate state of Si [3.5.7]. The model of the interface
does not provide any new information compared with those already

discussed.

3.6 The Structure of the Si-Si0, Interface as Determined from Low

Energy Electron Diffraction, and the Surface Charge Mobility at

High Inversion

Charge mobility in the high inversion mode of a MOSFET [3.6.1] is

an important parameter which determines the operational speed of these .

devices. High electric field between the metal gate and a substrate
confinés charges close to the 51-5102 interface. Under these circum-
stances, the charges flowing between the source and a drain (see Fig.
1.1.2) experience scattering due to the fluctuations of potential
resulting from the interface roughness [3.6.2-3.6.8].

The theory:of surface roughness scattéring at the Si-SiO2

interface [3.6.7] explicitly included surface roughness parameters:

correlation length (an average half period of undulation) and asperity fj

(an average amplitude). Using mobility data, Cheng and Sullivan
(3.6.2] estimated the surface roughness parameters: correlation
length L = 2.36 nm and asperity A = 0.35 nm. These parameters were
found to be similar to those obtained from direct experimental obser-
vation of Si-SiO2 interface cross-sections by transmission electron
microscopy [3.6.9, 3.6.10]. Due to the fact that the high resolution
TEM image is a projection of the potential along fhe e]ectron beam,

roughness parameters could be underestimated and morphology might be

»
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more complicated than that observed in the HREM image. This is sug-
gested in this work and earlier by Mazur et al. [3.6.10] for (100) Si
oxidized surfaces. More recent experiments involving direct correla-
tion of the roughness parametérs obtained from mobility measurements
and high reso]ution electron microscopy [3.6.11, 3.6.12] (performed on
the same specimens) seems to indicate that this is indeed the case.
The mobility of the charges in the inversion layers has been
correlated with the determination of surface roughness from spot-
profile analysis of low energy electron diffraction (SPA-LEED) com-
bined with etching of the oxide [3.6.13-3.6.16]. In these studies the
following conclusions have been reached: |

a) The steps at the Si-Si0, interface were randomly distributed.

2
The step-atom density was obtained from model calculations of the
measured spot broadening of LEED.

b) The roughness was found to decrease in the case of the low
oxidation rates observed for thick oxide and dry 02 atmosphere
as well as some nitrogen anneals.

c) Strong correlation was réported between Hall mobility and atomic
roughness at high inversion which was observed even at room
temperature,

d) Correlation between the atomic roughness and interface state
density was observed even after postmetalization-annealing.

e) Surface states weré preferentially associated with the creation of

dangling bonds at the kink or edge atoms, while oxide fixed charges

were associated with ionized atoms located at the steps or kinks.
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4. EXPERIMENTAL TECHNIQUES

'4.1 Transmission Electron Microscopy

The process of image formation in an electron micfoscope can be
considered as consisting of four stages.

In the first stage, an electron beam (described by a wave func—.
tion) is formed and focused on a specimen. In the second stage the
electron beam (a wave function of electrons) is modified by inter-
action with the crystal potential of the specimen and can be described
by the transmission function gq(x,y) at the exit face of the specimen.
These modifications can be described by the dynamicél theory of elec-
tron diffraction [4.1,4.2]. In the third stage, the electron beam
(wave) which exifs from tne specimen is further modified by passing
through the imaging system of the electron microscope. The modifica-
tions to the electron beam result from aberrations of the lenses and
instrumental instabilities and can be described by contrast transfer
theory [4.1-4.5]. in the fourth and final stage, the intensity of the
electron beam is registered in the electron image (micrograph).

Structure determination_from the eTectron micrograph corresponds
to retracing the stages 2, 3, 4 in the 6pposite direction and finding
the (crystal ) potential corresponding to the specimen structure.

4.2 TEM Image Formation

The imaging theory used to describe the operation of the '
‘microscope originated from the ideas of Abbe, published in 1873, and

is reviewed in many excellent texts on optics and transmission
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electron microscopy [4.1-4.6]. Figure 4.1A shows a geometric optics
ray diagram used to suggest the imaging process according to the Abbe
theory. The object déscribed by the transmission function Q(x,y) is
illuminated by a parallel beam of radiation, and imaged by a lens with
a focal length, f. All radiation scattered at a point A in the speci-
men plane is brought to focus at point A' in the image plane. The
image of the object is inverted and mégnified by a factor M (the ratio
of distances of the image;p]ane and the specimen plane from the
objective lens). The other interesting property of the sysfem is that
all radiation scattefedfthrough angle $ is brought to a focus at one -
point in the back-focal plane. This is equivalent to interference at
‘a point at infinity, aﬁq therefore the amplitude distribution corre-

sponds to that of the Fréunhofer diffraction pattern given by the

Fourier transform of Q(g) = F{g(r)} of the transmission function q(r),

where g= [u - (sinbx)[{; vV = (sinby)/i] and for small ¢ QOfrespOnding
to g = [u=p/r = x/fx,‘y‘= p/x = y/fa]. Alternatively, the image
formed in the image p]éne may be considered as an interfefehce pattern
of the radiation in thé back—focal plane. Because the image plane is
effectively at infinity, the amplitude distribution invthe image is
given by the Fourier transform of the wave amplitude in the back-focal
plane. Such a descriptjoﬁ allows us fo acéount for the imperfection
of the lens and its fihite aperture in reproducing the object trans-
mission function on the image plane by modifﬁcation of the amb]itude

and phase of the distribution in the back-focal plahe. These modifi-

cations have to be applied to each point on the back-focal plane.
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(A)ELECTRON MICROSCOPE - (B) IMAGE CALCULATION
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- REPRESENTATION] i
, P .. > @
. LI ]
o * oo b N
‘oo’ ® S
Scaled CAER
WAVE ?m:ctuvo' vihk) Ve L, °
PLANE RAY DIAGRAM AMPAL\:TUDE aeters ot .'o o
Model
Structure
Incident beam LB
Projected ®(xy) LI -
Potentjal e s Fa
- ‘L : :
1.Specimen plane qQixy! 4 Object » ) o e
Transmission| Q(x.y) S T
Function ’ .
Projected; ,
Objective Potential tr.y)
iens
Ditfraction
2.Back focal plane o . Qfuw)
Objective aperture | = - Qluv-Flaiy!l - {Amplitude | © 77
] Transter Function
oxp iix(uv)!
Objective
<-{ Aperture | A(uv)
Function
3. image plane A o Im . Im lixy)
Olllll’ll.ll $ixy): 7iQwvl — Amplitude (zy) Intensity =y

XBL 8312-4698A

Fig. 4.1. a) Schematic representation of the imaging process in the
electron microscope;
b) Mathematical description of the computer simulation of
the imaging process in the electron microscope.
(Courtesy of M.A. 0'Keefe)
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This corresponds to direct multiplication of Q(g), the Fourier trans-
formed transmission function Q(t)’ by the appropriate contrast’trans—
fer function T(g) accounting for the modifications due to the finite
objective lens aperture size, defocus, aberrations ahd instabilities
- of the electron-optical system.

The wave amplitude in the image plane is given by the Fourier

transform

p'(r) = F[Q(g)T(g)] = q(z)*t(:) ‘ , (4.1)

where q(r)*t(r) represents a convolution of the objéct transmission

function with a spread function t(r). The intensity registered on the

-~

recording medium is proportional to

I(r) = [u'(r)[° o (4.2)

4.3 The Relationship Between the High Resolution Image and the

Specimen Structure

In order to determine how the high resolution image relates to the
structure'of the specimen one néeds to know how the planar wave ampli-
tqde is modified by the specimen, or more precisely, by the potential
of the atoms in the specimen. The physical optics formulation [4.1,
4.3] assumes that the incident wave amp]itude wo(x,y) is modified by
the object trgnsmission function q(x,y) in such a way that the wave

amplitude at the exit face of the specimen is given by the equation
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p(x¥) = g (x>y) alx,y) = Q(r) (4.3)
For a sufficiently thin object, the transmission function represents

the change of phase of the electron wave during propagation through a

potential field of a specimen and is given by

q(r) = a(x,y) = exp{-iob(x,y)} (4.4)

where p(r) = 6(x,y) = j'ﬁ X,Y,z) dz is a projected potential of the

specimen, o = n/AE and E0 is the accelerating voltage. For
op(x,y) << 1, the so-called weak phase object approximation (equiv-

alent to the single scattering approximation [4.1]) is valid, with

q(xsy) = expl-icp(x,y)} =1 - iap(x,y) (4.5)

For - the wave function in the back focal plane this gives

Q(g) = [s(g) - iap(g)] T(q)
(4.6)
= [6(g) - i0(6(g)] A ¢p(g)expl-ix(g)}
and for the wave function in the image plane

() = [1 - dob(x)] * [c(r) * is(r)] (4.7)

Here c(r) and s(r).are the Fourier transforms of Aeff(g) cos X(g)

-~

and Aeff(g)sin X(g) respectively. (The function ﬁeff(g) represents

an effective aperture function, and will be discussed later.)
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Therefore registered intensity after neglecting second order terms in

op(r) is as follows

I(r) =1+ 2ap(r) * s(r) . (4.8)
where the second term represents convolution of a projected potential
with a smearing function s(r) corresponding to the contrast transfer .
function T(g)'= Aeff(g) sin X(g) in the back focal plane of the

objective lens. Therefore the image can be considered to be produced

by a system with the contrast transfer function

T(g) = Aeff(g) sin X(g) . (4.9)

The phase distortion function X(g) is given [4.2] by

X(g) = vrAfg2 + nCSA3g4/2 (4.10)

~

which takes into account changes of phase due to spherical aberration
and defocus of the lens. The function sin X(g) has an oscillating

character and fts value varies between -1 and +1. However it exhibits
broad passbands or contrast transfer intervals for‘spec{fic values of

focus given by [4.4]
o = -[Coa(8n + 3)/21H2 o (4.11)

This is illustrated by curves marked "a" in the Figs. 4.2-4.5,
calculated for defocus values +66.0, -66.0, -128.5 and 168.8 nm with

the last three values of defocus corresponding to n = 0,1,2 for
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Fig. 4.2. Plot of the (a) Ct(g), (b) E¢(g)Es(g), and (c) Et(g)Es(g)Ct(g)
functions for an electron microscope, JEOL 200 CX, with a
high resolution pole piece Cg = 1.2 mm and for V4 = 200 KV,

§ =5.0nm, a = 0.5 mrad, af = 66 nm.
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Fig. 4.3. Plot of the (a) Ct(g), (b) Et(g)Es(g), and (c) Et(g)Es(g)Ct(g)
, functions for an electron microscope, JEOL 200 CX, with a
high resolution pole piece Cg = 1.2 mm and for Vo = 200 kV,
§=5.0nm, a = 0.5 mad, af = -66.0 nm (n = 0).
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Plot of the (a) C¢(9), (b) E¢(g)Es(g), and (c) E¢(g)Es(g)Ct(g)
functions for an electrr~ microscope, JEOL 200 CX, with a
high resolution pole piece Cg = 1.2 mm and for V5 = 200 kv,

§ =5.0nm, a = 0.5 mrad, af = -128.5 nm (n = 1).
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Fig. 4.5. Plot of the (a) Ct(g), (b) Er(g)Es(g), and (c) E(g)Es(g)Ct(g)
functions for an electron microscope, JEOL 200 CX, with a
high resolution pole piece Cs = 1.2 mm and for Vo, = 200 kv,
§=5.0nm, a = 0.5 mrad, af = -168.8 nm (n = 2).
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Cg = 1.2 mm and 200 kV accelerating voltage (i = 0.0025 nm). The

width of the passbands, in particular the most important, that obtained
for n = 0, tHe so-called Scherzer focus [4.9], increases as the
(CS>.3)1/4 decreases. This is illustrated in Fig. 4.6 for different
values of parameters CS,A(kV) typical of modern microscopes. The
Scherzer focus is the optimal choice of focus needed for straignt-
forward image interpretation in terms of object structure. The first

zero of sin X(g) at Scherzer focus, given by

1/4,3/4

h = 0.66 C , (4.12).

dSc

defines point-to-point resolution of the electron microscope. The
effective aperture function Aeff(g) in equation (4.6) can be consid-
ered, in the absence of astigmatism for the case of partially coherent

illumination [4.4, 4.7, 4.8] as the product

~ ~

Aet(9) = Al9) Eql9) Eglg) o (4.13)

where A(g) is the physical aperture function, equal to 1 inside the
aperture (lgl = gmax) and zero otherwise. The function Et(g)‘is
called a temporal envelope and describes the effeét of temporal
instabilities in the accelerating voltage and objective lens current,

as well as the effect of energy distribution of electrons leaving the

filament. It is given [4.4, 4.7, 4.8] by

£, (g) = expi-nZe?r%q/2) , (4.14)

~
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where
1/2
2(V,)  aeb(1) o’(E) | |
) I E
) 0 0
and where 02(V6), 02(10) are variances in the statistically inde-

pendent fluctuations of the high voltage V0 and thé objective lens

current I0 respectively. The variance UZ(EO) of the electrons' energy
is related to the full width at half maximum height of the energy dis-
%

E) =

tribution of electrons leaving the filament and is equal to o o

AE2/2.345. The proportionality factor Cc corresponds to the chromatic -
aberration coefficient. The third function Es(g) is called a spatial
envelope function and describes the effect of finite illumination

aperture with semiangle a. For a disc-shaped source with a reasonably

sharp tail-off in intensity, this function can he expressed [4.8, 4.9,

4.4] as
ZJI P(g) | '
with
P(g) = Zna[csng3 - inszxg3 + afg] (4.17)

~

The effect of Et(g) and Es(g) is to dump a phase transfer function

~

Ct(g) = sin X(g). Curves marked "b" in Figs. 4.2-4.5 represent the

~

Et(g)ES(g) envelope product, while curves “"c" represent the influence

~ ~

of envelopes on phase function C,(g) and demonstrate a strong atten-

uation of all spatial frequencies especially in the regions of large
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slope in X(g) beyond the‘passbands. This attenuation is a consequence
of using a ;one of illumination from an incoherent source for the
specimen illumination.

The temporal instabilities of the microscope as represented by the
temporal envelope Et(g) determine the information resolution limit

which is given by [4.4]

d =‘[I%i] He (4.18) .

Therefore these envelope functions describe a "soft aperture" the size
of which is determined by instabilities of the high voltage, the
objective lens current, the energy spread of accelerated electrons and
the finite i]luminating aperture. The effective aperture Aeff(g)
therefore determines which part of the Fourier transformed wave ampli-
tude in the back-focal plane will contribute to the image. For the

Scherzer focus condition sin X(g) = -1 within the passband while

n

cos X(g) = 0 and therefore

[

I(r) =1 - 20B(r) * F(A,¢e(9)) (4.19)

This represents a pure phase-contrast image which reflects the

projected potential for this focus and sufficiently thin specimens.

For these conditions the image appears in the form of dark dots in the
region of high potential.

The situation becomes more complicated for thicker specimens
especially those containing atoms of»medium or high atomic number inv

which such simple interpretation is not possible. Unfortunately most
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TEM specimens belong to this category and contrast from the defects
can be understood only if an n-beam dynamjca] theory is considered.
The details of these theories and the methods of computation are
considered in a number of references (4.1, 4.4, 4.11-4.16]; however
these are beyond the scope of this work.

4.4 Optical Diffraction

The assessment of electron-optical parameters of the electron
microscope duriﬁg imaging can be performed by means of optical dif-
fraction of a coherent laser light from the high resolution electron
micrograph (4.4, 4.17, 4.18]. The presence of any periodic arrange-

" ment of contrast in the image, for example lattice fringes; results in
formation of a spot diffraction pattern. The separation D of the dif-

fracted spot from the center of the screen is given by
D =aL/d (4.20)

where i is thé wavelength of the light, L is the diffraction camera
léhgth and d is a moduiation period. Therefore periodicities in the
optical diffraction pattern are identica] to'periodicities in the
specimen, provided that one-to-one correspondence is preserved between
periodicities in the electron micrograph and in the specimen. Because
fhé electron micrdgraph can Be»considered as a weak phase object, then
an amplitude in the diffraction pattern is given by Fourier transform

of Eq. (4.8) as

- -~ -~

a(g) = 6(g) - 208(g) A(g) sin X(g) (4.21)
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where g represents a point in the optical diffraction pattern plane.
The intensity in the optical diffraction pattern plane is obtained

from Eq. (4.21) as:

(g) (4.22)

This formula indicates that for an amorphous secimen, containing all
possible periodicities, a variety of electron microscope parameters
can be determined from the optica] micrograph. These include assess-
ment of astigmatism, the spherical aberration coefficient, focus
condition, specimen drift, and spatial and temporal coherence and the
position of the voltage and current axis [4.4, 4.17]. Therefore we
can determine how close to the Scherzer focus the high resolution
images were obtained. This is particularly important if direct inter-
pretation of the images in terms of the projected potential is con-
sidered. In the present study, optical diffractograms were used for

this purbose.
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5. MATERIAL

5.1 Choice of Material

- The silicon wafers used in this study were obtained from
Czochralski (CZ) grown, p-type boron doped Si ingots. The concentra-

14 to 1.5 x 1015 [atoms cm'3] corresponding

tion of boron was 8.0 x 10
to resistivities of 17 to 7 [ @ cm] respectively. Wafers with exact
(111), (100) and near exact (111)2°[112], (111)3°[110], (100)2°[011]
Si surfaces were used for oxidation. The convention of Miller indices
for surfaces and crystallographic directions used in describing the

results is shown in Fig. 5.1. The wafer surfaces had standard

finishes typical of the electronics industry.

5.2 Wafer Cleaning Procedures and Oxidation

Cleaning pfocedures before oxidation are Veky important for the
production of very high quality oxide layers used in é]ectronic device
processing, énd techniques similar to those used industrially were
Qsed in this study. They varied depending on the integrated circuits
(I.C.) laboratory at which the oxidation was performed.

The University of California, Berkeley (UCB) IC laboratory Si
wafer cleaning procedures consisted of the following steps:

1. Boiling in trichloroethelene (TCE)

2. Boiling in acetone

3. Boiling in methanol

4. Rinsing in HZSO4 : H202 : HZO (5:1:1)

5. Rinsing in deionized H20 (D.I. H, )

6. Native oxide etching in H20 ¢ HF (20:1)
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Material:

« Czochralski grown Si, p-type, boron doped, p = 3-17 Q2 cm
- Orientations:
(111) imaged 1 [110] (001) imaged ! [011]
(111)2° [112] imaged i [110] (100)2° [011] imaged | [011]
(111)3° [110] imaged I [101]

[011]

Fig. 5.1. The convention of Miller indices for surfaces and
crystallographic direction used in the description of

experimental results (Chapter 6).



64

7. Rinsing in D.I. HZO

8. Blow drying in N2

The Stanford University (SU) Si wafer cleaning procedures before
oxidation consisted of the following steps:

1. Rinsing in H202 : H20 : NHAOH (5:1:1)

2. Rinsing in D.I. H20

3. Rinsing in H202 : HZO : HC1

4, Rinsing in D.I. H20

5. Native oxide etching H20 : HF (50:1)

6. Rinsing in D.I. H20

7. Blow drying in N2

Immediately after cleaning, the Si wafers were transborted to
oxidation furnaces which were filled with flowing nitrogen (at UCB) or
argon (at SU) gas. The wafers reached the oxidation zone of the
ernace within 5 minutes of entry to the furnace. The end cap of the
furnace was then quickly secured and the ambient gas was switched to
dry 02. Oxidation was then performed for the desired time, after
which the waferé were removed within 2 minutes and placed into a
nitfogen (UCB) or argon (SU) atmosphere. |

5.3 TEM Specimen Preparation

The observations of the Si-Si0, interfaces were performed in

2
cross—section; i.e. with the interfaces observed perpendicular to the
thin fiim plane. The specimens were prepared using the following
procedures (shown schematically in Fig. 5.2)

I. Determination of the desired imaging orientation of the

cross-sections from back Laue x-ray diffraction.



Ar ion
thinning

Fig. 5.2. Cros_s-sectional- TEM specimen preparation.
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I1I.

IvV.

VI.

VII.

VIII.

Consi
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Preparation of the sandwiches involving cutting and gluing
together (with epoxy) small rectangles of specimens as
shown in Fig. 5.2.

Slicing of the cross-section sandwiches with a wire or
diamond saw.

Grinding of one side of the cross-sections using 400, 600,
1200 grit SiC paper respectively.

Polishing of this side using 6, 1 and 1/4 um diamond paste'
respectively (or polishing with alumina powde} suspendéd in
water).

Repetition 6f the grinding and polishing on the other
cross-section side.

Cleaning of the cross-section to remove resin and other
ctataminants.

Argon ion thinning until perforation using a 6 kV beam at
15° incident angle with final thinning at 5 kV.

stently good TEM specimens were prepared using the following

epoxy glues provided that the manufacturers' recomhendations were

~followed:

M-Bond 610 adhesive (Measurement Group, N.C. 27611)
Epotek 20S conductive epoxy

Epotek 20E conductive epoxy

Araldite (CIBA-Geigy)

Devcon epoxy

During cutting, grinding and polishing, the specimens were fastened to

glass plates or discs with an acetone-soluble "Crystal Bond" resin.
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6. THE ATOMIC STRUCTURE OF Si-Si0, INTERFACES:

2
EXPERIMENTAL RESULTS AND INTERPRETATION

The studies of the structure of the interface between thermally-
grown oxide and silicon using transmissipnbelectfon microscopy began
with a paper reporting observation of the interface in cross-section
[6.1.1]. This work demonstrated that at the level of 1 nm resolution
the Si-SiO2 interface is planar, and no crystalline Si islands or
protrusions were present in thermally-grown S1‘02 near the interface.
This was an indication that the model of Si—SiO2 interfaces derived
from the first Auger experiments discussed in Chapter 3.5 was invalid. -
Subsequent work [6.1.2] attempted to establish the nature of the
transition layer and the interface structure formed by oxidation of
(911) Si surfaces. No Si crystalline protrusions have been found.
The narrow dark band near the interface interpreted preliminarily as é
1.0 nm SiOx transition layer was‘later'considered [6.1.3] to‘be due
to usage of a tilted illumination technique. Application of this
technique results in other artifacts of imaging besides the presence
of the dark band. These include fringes, extending into the oxide,
for both 111 and 100 interfaces [6.1.3] as well aé increased
abruptness of the interface in comparison to axial illumination
1magihg [6.1.4]. Interpretation of the contrast features as a0/4 =
0.135 nm steps at the interface is, therefore, questionable especially
due to the fact that observations were performed on specimens with a
thickness of 10.0-40.0 nm, with a microscope of the Siemens 102 type

and- thus required usage of the first or second passband (n equal to 1
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or 2) instead of the directly interpretable zeroth passband at
Scherzer focus.

A subsequent study of the ultrathin oxide on {100} Si [6.4.5] was

6
source was used for imaging. Figure 6.0.1 shows the abrupt amorphous

the first in which axial illumination and a high brightness LaB

to crystalline transition with surface roughness parameters: asperity
A = 0.2 - 0.4 nm and correlation length L = 1.5 - 3.0 nm. It was
suggested that the origin of the larger brotrusions into the oxide was
associated with the initial surface roughness béfore oxidation at
500°C at low oxygen partial pressure.

The observations of Pasemann and Pchelyakov [6.1.6] of the
interfaces prepared by oxidation of the planar {110} Si TEM specimens
thinned to perforation before oxidation shows the existence of {111}
terraces and ledges. Unfortunately this study could not be straight-
forwardly interpreted because a tilted illumination technique was
used, and, in addition, the oxidation procedure which was used
. resulted in a non edge-on geometry of the interface.

The results obtained during the course of the present thesis
[6.1.7-6.1.10] provide, on the other hand, a more realistic assessment
of the oxidation ofvé given surfaée of Si due to the fact that the
planar geometry of the oxidation was preserved and therefore the
interface could be observed edge-on. In addition a higher resolution
[dsch = 0.26 nm] microscope provided the means for obtaining images
“in axial illumination at conditions very close to the Scherzer focus.

Therefore conditions pertained which made direct interpretation of the
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XBB 8206-495¢

Fig. 6.0.1. a) Hign resglution image of 3.0 nm thick native oxide on
Si (axiali illumination, Siemens 102).
b) SAD pattern

c) Optical diffractogram from the micrograph
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images possible. The interfaces investigated in these studies
encompassed a variety of oxidized Si surfaces.

The unifying goal behind the studies was to advance our under-
standing of the mechanism of oxidation. This mechanism ultimately
determines the interface structure, chemistry and electronic proper-
ties. Knowledge of the oxidation mechanism would in turn provide the
means for prediction of these interface properties, as a function of
oxidation parameters. For this purpose the interfaces investigated
included ones obtained by oxidation of the singular (low surface
energy) {111} Si and {111} Si vicinal surfaces, as well as exact {100}-
(possibly singular) and vicinal {100} Si surfaces. The results of
these studies are described Tater in this chapter.

Recently Goodnick et al. [6.1.11] compared the surface roughness
parameters determined from TEM cross-sections with those from the
mobility measurements. There was no direct agreement between correla-
tion Tength and asperity determined from both techniques, unless it
was assumed that a reduction in the values of these parameters obtained
by TEM occurred due to projection along the specimen thickness. This
reduced the discrepancy. The lack of agreement could be due, in part,
to a slight deviation of [110] zone axis from the electron beam direc-
tion and to the relatively large thickness of the TEM specimen used
for imaging (as can be seen from Figs. 4, 5 [6.1.11]).

More recently [6.1.12], correlation length and asperity determined
by both these techniques (i.e., mobility and TEM measurement) were

found to agree to within 30%, when the projection effect was taken
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into account in high resolution images. That study, however, did not
attempt to discuss the origin of the observed morphology.

The remainder of this chapter presents in detail the results of
the current study.

High resolution images were obtained for <110> orientations of the
Si substrate. The image of the columns of atoms obtained in a high
resolution electron microscope along this direction is shown in Fig.
6.0.2a while the projection of the lattice is shown in Fig. 6.0.2b.

6.1 Oxidation of Singular (111) Si Surfaces

Oxidation of singular (111) surfaces of silicon at 1100°C in dry
02 to an 5102 thickness of 100.0 nm resulted in the interface
structures shown in Figs. 6.1.1, 6.1.2 and 6.1.3. The low magnifica-
tion HREM image Fig. 6.1.1 demonstrates that the interface is flat
over the large areas discernible in the TEM. The transition region
between the amorphous 8102 and the Si substrate is very abrupt.
Furthermore, careful observation reveals the existence of ledges only
one {111} interplanar distance (.314 nm) high. This can be seen more
clearly on the higher magnification micrograph shown in Fig. 6.1.3.
The model of ledges indicating atomic positions at the interface is
demonstrated in Fig. 6.1.4. The width of the terraces between posi-
tive and negative ledges varies and is dependent upon defocus as can
be seen in Fig. 6.1.5. This suggests that the ledges may not extend
through the whole TEM specimen thickness. A possible interpretation
of such contrast changes is shown in Fig. 6.1.6. The upper part of

the picture shows schematically the cross-sectional view of the
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T—T"~4§:x~~o-~»o~——~$
! @

] ] ® -
\

| g3
e ‘e | HREM IMAGE

< | ® Q @ @

~ o _
’ ///, dy14
- 2 dy10 -
| S S a—
Si
(o]
A
® ®
a, 5428 © UNIT CELL
d"o 3.838 o o
d,,, 3.134 i
gl
91 o o o

Fig. 6.0.2. a) Schematic representation of the high resolution image
of the Si lattice observed along <110> crystallographic
direction indicating distances between different
lattice planes. Note that for thickness of specimen
smaller than 15 nm and for Scherzer defocus the columns
of atoms are black (A. Bourret, J. Desseaux, A. Renault,
J. Micros. Spect. Elect. 2, 467 (1977)).

b) The <110> projection of the Si lattice.
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Fig. 6.1.1. Low magnification HREM image of the interface resulting from oxidation of a singular
(111) Si surface in dry 0p at 1100 C. The interface is planar within the area of
1500 A observed in the image.
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Fig. 6.1.2.

XBB 841-544-A
Higher magnification image of the area shown in Fig

6.1.1 demonstrating the presence
of steps at the surface. Inset b is an optical diffractogram demonstrating imaging
conditions near Scherzer focus, while inset ¢ shows the SAD diffraction pattern.

~J
Y



Fig.

Balad,

5 5= 8 & & 5 5 ® " 59D »

a»i b***&*&ﬂ'ﬁﬂ#*%*ﬁ&ﬂa c

ir4l~u>ii Ly andlcdl1¢ 4n1p as 4
vl W qkaﬁril . ]

XBB 841-544-B

High magnification high resolution image of the Si-5i0, interface shown in Figs.
6.1.1 and 6.1.2. Insets b,c are optical diffractogram and SAD pattern, respectively.
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Fig. 6.1.4. A schematic representation of the images from Figs. 6.1.1-6.1.3, showing positions of
atoms on the Si side of the interface.
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XBB 830-10017

Three images from tne through focus series of the same
area of the Si-Si0y interface as in Fig. 6.1.1-6.1.3.
The steps at the interface depend upon focus, thus

indicating that they do not extend across the whole TEM
specimen thickness.
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Fig. 6.1.6. Illustration of the possible step arrangements in the interface plane
(top), and the resulting projection when the interface is observed in
cross-section.
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interface as observed in micrographs Fig. 6.1.1, 6.1.2, 6.1.3, with
indicated projections of both sign ledges. The lower part of the
figure shows traces of the intersection of such ledges with the
terraces. It is assumed here that these traces correspond to lTow
energy <110> directions in the silicon, similar to the case of free Si
surfaces [6.1.13]. 1In addition, an interesting contrast feature
exists at the 51—5102 interface as can be seen in Fig. 6.1.3.

Similar features were observed in a few specimens of {111} Si
substrates oxidized at high temperature, but the features were absent
in the native oxide on {111} Si interfaces. Therefore it is assumed
that this contrast is not an artifact of imaging but a real structural
defect. The symmetry of this defect indicates that it is a microtwin
parallel to the surface, probably resulting from deformation twinning
due to different expansion coefficients of S1'02 and Si on cooling
from oxidation to room temperature. The confirmation of this
interpretation will require computer simulation of the image.

6.2 Oxidation of Vicinal (111)2°[112] Si Surfaces

Oxidation of vicinal (111)2°[112] Si surfaces was performed in dry
02 at 1100°C. The oxide layer was 100.0 nm thick. The specimens
were observed in cross-section along the [110] zone axis lying in the
interface plane where crystallographic directions were defined as in
Fig. 5.1. A general view of the interface morphology is shown in
' Fig. 6.2.1. This low magnification HREM image demonstrates the

planarity of the interface and the abruptness of the crystalline to

glass transition over the whole of the areas observable in the TEM.



Low magnification HREM image of a cross-section of oxide
(111)2°[1127 Si surface.

XBB 841-86

film grown on a
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Detailed analysis of the interface at higher magnification (Fig. 6.2.2
and Fig. 6.2.3) indicates the existence of predominantly one-sign
ledges which are separated by atomically flat terraces. Additionally,
both positive and negative sign ledges are observed on some of the
structural terraces, that is those terraces which result from the
inclination of the surfaces. The width of the terraces between
positive and negative ledges varies similarly to those in singular
(111) Si surfaces. The width of the structural terraces was observed
to be 70-120 nm and the height of the ledges was 0.314 nm. This
agrees well with the calculated --:rrace width of 9.0 nm assuming a
ledge height of one {111} interp:.anar distance and a 2° deviation of
the Si surface from the exact [111] orientation.

6.3 Oxidation of Vicinal (111)3°[110] Si Surfaces

Oxidation of (111)3°[110] Si surfaces was performed in dry O2 at
1000°C. The thickness of the oxide was 100.0 nm. High resolution TEM
observations were made on the specimens along [101] orientations of the
Si substrate with crystallographic directions defined in Fig. 6.5.1.
The structure of the interface is shown in Fig. 6.3.1. The Si sub-
strate terminates abruptly at (111) planes separated by one {111}
interplanar distance (0.314 nm) high ledges, where the transition to
amor phous S1'02 takes place. The width of the terraces was found to
be exactly the same as that calculated for the geometry shown in
Fig. 6.3.2 and equal to 6.0 nm. In contrast to the oxidized vicinal
(111)2°[112] Si surfaces, only structural ledges of one sign are

present at the Si-Si0, interface of oxidized vicinal (111)3°[110] Si
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Fig. 6.2.3. Schematic representation of the 5mage in Fig. 6.2.2.
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Fig. 6.3.2. Model of stepped Si surface corresponding to the image in Fig. 6.3.1.
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surfaces. Very clearly defined ledges, also observed for other values
of defocus, suggest that the ledge extends through the whole TEM
specimen thickness along [101] Si direction although, geometrically,
ledges should be observed only along the [112] direction for the
vicinal (111)3°[110] Si surface. A molecular framework model for
greater inclination from a (111) surface is shown in Fig. 6.3.3 and
demonstrates the positions of atoms (nodes in the model) forming
ledges along the [112] direction. The arrow indicates the [101]
direction whfch is 30" from the intersection of the (111) terrace with
the ledge. A projection of the ledges along the [10i] direction shown-
in Fig. 6.3.4 demonstrates that it is possible to obtain an interface
structure similar to that observed in experiments.

The alternative explanation of this interface contrast is that
structural ledges needed to form a vicinal surface consist of segments
of <101> Tedges forming a zig-zag arrangement on the Si wafer surface.
One segment of such a set of parallel ledges could extend through the
whole thickness of the TEM specimen. A molecular framework model
representing such a case is shown in Fig. 6.3.5.

In addition, observations of cross-sections of native oxides on
vicinal (111)3°[110] Si surfaces were performed in order to determine
the influence of the initial Si surface structure on the final
morphology after high temperature oxidation. The specimen was imaged
with the [101] zone axis of the Si substrate parallel to the electron
beam. The native oxide formed at room temperature over a period of 29

days was found to be amorphous and its thickness was estimated both by
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Fig. 6.3.3. Molecular framework model showing ledges along the [115]

direction. The arrow indicates the [101] direction of
imaging.
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Fig. 6.3.4. The [101] projection of the ledge extending along [115]
direction.
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low energy directions.
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ellipsometry and from the HREM image (Fig. 6.3.6) to be equal to

2.0 # 0.3 nm. The interface morphology was found to be similar to
those observed for Si wafers oxidized at high temperature with a very
abrupt crystalline-amorphous SiO2 transition occurring at (111)
terraces and with one {111} interplanar distance high ledges.

6.4 Oxidation of Exact (100) Si Surfaces

Oxidation of exact (100) Si surfaces is of special interest
because of their applications in MOS electronic devices in which the
quality of the 51-5102 interface determines their performance
characteristics.

6.4.1 Oxidation of (100) Si surfaces at room temperatures:

native oxide on (100) Si surfaces.

Prolonged exposure of (100) surfaces to air results in formation
of approximately 2.0 nm of oxide as determined by both ellipsometry
and direct measurement of the oxide thickness from HREM micrographs
(Fig. 6.4.1). The mottled contrast of the oxide corresponds to the
amorphous silica. The silicon substrate terminates abruptly at the
interface; however, the transition is not as well-defined as in the
case of (111) singular and vicinal surfaces. Small undulations are
observed along the Si—SiO2 interface with a correlation length of
about 1.5-3.5 nm and asperity (amplitude) 0.25 nm. Similar undulations
along the imaging direction are expected based on symmetry arguments.

The Si-Si0

2
on the (100)2°[011] Si surface is shown in Fig. 6.4.2. Again the

interface resulting from formation of native oxide

crystalline to amorphous transition region appears to be abrupt on the
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atomic scale. The analysis of the uppermost layers at the interface,
however, reveals departure from planarity. These departures could be
described by (100) terraces separated by steps 1/2 or 1 unit cell
(a0 = 0.543 nm) high. However, an alternative interpretation of the
contrast exists in both cases, i.e. for exact (100) and (100)2°[011].
The arrangement of fringes might appear also as consisting of small
pyramidal protrusions into amorphous 5102. Figure 6.4.3 illustrates
a possible arrangement of atoms on the Si side of the interface which
could produce the contrast observed in Fig. 6.4.1 and 6.4.2.

6.4.2 Oxidation of exact (100) Si surfaces.

The structure of the Si—SiO2 interface resulting from oxidation
in dry 02 at 1150°C of an exact (100) Si surface is shown in Fig.

6.4.4. The amorphous Si0, to crystalline Si transition is abrupt

2
and appears from this figure to be accomplished within approximately
one 200 Tlattice spacing (half of the unit cell) and at first sight
it could be thought to occur on (200) terraces separated by ledges
with {111} facets. Careful analysis of Fig. 6.4.4 indicates, however,
that these {111} facets could be traced into the 5102. Such features
would most probably have the shape of a pyramid or of a prism (consid-
ering the symmetry of the surface). This is easily seen when one
makes observations along {111} fringes and compares this with the
apparent interface along the uppermost lattice (200) planes. A com-
puter simulation of the interface structure could make this interpre-
tation more convincing.

The apparent roughness parameters obtained from the analysis of an

interface about 1000 nm long are: correlation length L = 2.8 nm and
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Fig. 6.4.4.

High resolution image of a cross-section of si]icog oxide film on
surface resulting from oxidation in dry Oy at 1150 C.
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asperity a = 0.25 nm, when using the model of the interface consisting
of {200} terraces separated by steps up to about one Si unit cell in
height. However asperity of the interface should be approximately
twice as great for the case of the interface described by the faceted
surface.

6.4.3 Oxidation of (100)2°[011] Si surfaces.

The structure of the Si-Si0, interface obtained as a result of

2

oxidation in dry 0, at 1150°C of the (100)2°[011] surface is shown

2
in Figs. 6.4.5 and 6.4.6. The lower magnification image illustrates
that the crystalline Si to amorphous S1'02 transition is abrupt over
the entire area of the image. The fragment of the image to the left
is from a part of the specimen about 10.0 nm thick and appears to be
rougher than the fragment from the thicker part (about 20.0 nm shown
at the side of Fig. 6.4.5), and therefore illustrates the effect of
projection of the structure along the electron beam direction parallel
to the [011] Si direction in the interface plane (see Fig. 5.1). The
thinner region is shown in Fig. 6.4.6. The image of the interface
could in principle be described by a ledge structure with terrace
width about 80 nm and step height equal to half a unit cell. This
result accords well with the structure of ledges characteristic of a
vicinal surface inclined approximately 2° from exact (100) Si in
contact with vacuum, under the assumption that this is a singular
surface. Figure 6.4.7 illustrates a possible arrangement of atoms on
the Si side of the interface, assuming that the surface is inclined 2°

from exact [100] orientation, and steps are 1/4, 1/2, 3/4 and 1 unit



Fig. 6.4.5.
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XBB 841-627

nification high resolution image of a cross-section of $i0p film on

(100)2°[011] Si substrate (oxidation in dry 02 at 1150°C).
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Fid:, 6.4.8.

Higher magnification HREM image of a cross-section of Si0z film on
(100)2°[011] Si substrate.
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cell parameter high. From this figure it is obvious that only steps
with integer multiples of 1/2 a, = 0.27 nm can be resolved due to
the limitation in the resolution of the microscope (dSch =0.26 nm).
However, the contrast might indicate the existence of small protru-
sions of crystalline Si into amorphous 5102 similar to the case of
oxides grown on exact {100} Si surfaces.

The resulting surface roughness parameters of the observed
interface were similar to those of exact orientation.

6.5 Summary of Experimental Results

The structure of the 51-5102 interfaces formed by high tempera-
ture (above 960°C) oxidation was studied using high resolution elec-
tron microscopy. The information about the interface morphology was
inferred from the cross-sectional specimens imaged along the <110>
crystallographic direction in the interface plane. This orientation
allows imaging of the 51-5102 interface and its vicinity at
point-to-point resolution about 0.26 nm. At this resolution both
{111} and {200} families of crystallographic planes separated by
0.314 nm and 0.272 nm can be easily resolved.

The HREM observations of the structure of theFSi-SiO2 interfaces

resulting from oxidation (dry 0,, p = 1 atm, T > 1000°C) of the

29
lowest surface energy (singular) (111) and vicinal (111)2°[11§] and
(111)3°[110] Si surfaces suggest that:
1) The Si substrate terminates abruptly on atomically flat (111)
terraces at the Si—SiO2 interface;

2) Silica is amorphous right up to the interface;
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3) Ledges, one interplanar distance high, are observed on both
singular and vicinal oxidized surfaces.
The structure of 51-5102 interfaces resulting from oxidation (in

dry 0, at p =1 atm, T > 1000°C) of {100} and (100)2°[011] Si

2
surfaces is characterized by greater roughness than in the case of
{111} interfaces. This morphology can be interpreted as consisting of
small (100) terraces separated by steps up to abouf one unit cell
high, or as an interface consisting of small pyramids protruding into
the SiOz. This would indicate that the {100} Si—Si02 interface is
not a low surface-energy (non-singular) interface.

These TEM observations suggest a terrace-ledge-kink model for the

interface structure and a ledge mechanism for high temperature

oxidation similar to that of evaporation.
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7. THE PROPOSED MODEL OF ATOMIC STRUCTURE OF THE
SILICON-SILICON DIOXIDE INTERFACE

7.1 Modeling the SiO2 Network Topology Near the Interface

The interpretation of 51-5102 interfaces suggested in this study
assumes an abrupt transition from crystalline Si to amorphous 5102.
The atoms on the Si side of the interface are on their lattice sites
(or only slightly displaced) and are connected directly to [5104]
tetrahedra. This, together with the assumption of rigid, one-size
[5104] tetrahedra imposes restrictions on the number of members in
the [5104] tetrahedra rings of the silica network observable at the
interface.

7.1.1 Topology of the first monolayer of the SiO2 network near

the {111} Si-—SiO2 interface.

The attachment of the SiO2 network to a {111} surface is
relatively simple irrespective of whether steps are present or not at
the interface. Figures 7.1.1 and 7.1.2 show the top and side views of
the (111) surface containing ledges one {111} interplanar distance
hign and extending along <0l11> directions. The white rods correspond
to the Si-0 bonds assumed to be the same length as in an [5104]
tetrahedron i.e. 0.16 nm. Note that the negative and positive sign
ledges along this direction are different in nature; the Si atoms at
the ledges have one (A type ledge) or two (B type ledge) dangling
bonds, corresponding to Sil+, Si2+ oxidation states respectively.

Removal of a single atom at the A type ledge will result in nucleation

of a kink pair with the kink atoms in 512+ state. Removal of an Si
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Fig. 7.1.1. Top view of a (111) Si surface with steps along [110]
directions. Note the difference between positive and
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CBB 859-7072

Fig. 7.1.2. Side view of a (111) Si surface with the type A (rignt)
and type B (left) iedges.
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atom at a type B ledge would produce a single kink atom in state

53"

On a singular {111} surface, it is expected that type A

ledges will be predominant as they would provide a smaller number of
sites for oxidation (due to the need for nucleation of the kink pairs)
and therefore ledges of this type might be the most stable configura-

tion. In contrast, at the B type ledge, atoms in Si2+

state provide
oxidation sites for arriving oxygen atoms. This may result in rota-
tion of such a ledge into a more stable type A ledge configuration.

Any interim state would be possible, thus providing a variable ratio

1+ and Si2+

of atoms in Si states at the interface, depending on

the kinetics of the oxidation process. The topology of the first
layer of the SiO2 network is shown from above in Fig. 7.1.3. The
model indicates that the first monolayer of S1'02 in intimate contact
with the {111} Si surface might contain a large number of 3 membered
[5104] rings, although 4, 5, 6 and more membered rings could also be
present. An interesting observation can be made which relates the
number of members in the ring to the steric origin of dangling bonds
at the interface. If 3, 4, and 5 membered [5104] tetrahedra rings
are in intimate contact with the atoms in Sil+ oxidation states no
dangling bonds are observed. However, 6-membered rings might result
in a dangling bond which cannot be connected to the silica network.
This is not the case for larger rings than six. In such a situation
there is sufficient free volume for only one silica tetrahedron, which

could need to be connected to the second monolayer of the 5102 net-

work. This satisfies the bond. Another interesting observation is
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Fig. 7.1.3. Topology of the first monolayer of an Si0y network in
contact with a (111) Si surface containing a step.
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that atoms at the A-type ledge do not have any dangling bonds at the

interface. All attempts to form a first monolayer of Si0, at a

2
B-type ledge created substantial strain and introduced dangling bonds
inclined to the interface associated with Si atoms at the B-type
ledge. It is assumed here that such ledges are very seldom observable
under equilibrium conditions. This is consistent with the EPR conclu-
sions (see Chapter 3.3) reporting observations of Pb centers associ-

ated with the dangling bonds at the Si-Si0, interface. These Pb

2
centers all have axes of symmetry normal to the interface. This is a
strong indication that B-type ledges are unlikely.

Figure 7.1.4 shows the side view of the proposed model of the
51—5102 interface showing flat (111) terraces connected by the A-type
ledge. Such an arrangement of atoms would most probably result in
high resolution images of the cross-section like those which have been
observed experimentally. Work is currently in progress [7.1.1] which
utilizes the positions of atoms as determined from the model for
computer simulation of the high resolution image and calculation of
the strain energy associated with the 51-5102 transition.

7.1.2 Topology of the first monolayer of the S1'02 network

near the {100} Si-SiO2 interface.

An unreconstructed planar {100} Si surface is terminated by a
layer of atoms in the Siz+ oxidizing states as shown in Fig. 7.1.5.
The estimated value of surface energy for such a planar {100} Si
surface was found to be higher than in the case of {111} surfaces

[7.1.2]. Therefore non-planar morphologies that could result in lower

surface energy should be considered.
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Fig. 7.1.4. Side view of a first layer of an Si0» network in contact
with a (111) Si surface containing a step.
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a) Model of a flat (100) Si surface. Atoms
layer are all in Si¢* oxidation states.

CBB 859-7084

in the top



Fig.

7

ok o 2y

b) Side view of the
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flat (100) Si surface.
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Non-planar morphologies have another important property: the
total number of broken bonds created in the formation of such a
surface is the same as in the planar case. This is demonstrated in
Fig. 7.1.6 where the projected area of the surface is the same as that
shown in Fig. 7.1.5, and the number of broken bonds is also the same.

In general any change in surface morphology will result in a
change in the proportion of surface atoms in 512+ states relative to
those in Sil+ oxidation states.

An interesting feature of the morphology shown in Figs. 7.1.5,
7.1.6 is that it provides the same arrangement of broken bonds as in

the case of (111) surfaces, but normal in this case to the local (111)

surface. This property is of particular interest owing to the ease
with which one can construct an abrupt interface on a (111) Si sur-
face, as demonstrated earlier.

Figures 7.1.7 and 7.1.8 illustrate a larger model of the (100) Si
surface containing small protrusions in the form of pyramids with
{111} type facets as observed in Figs. 7.1.5 and 7.1.6. The only
atoms which can be in 512+ oxidation states are limited to those
which are at the top of the pyramid or those in the valleys between
pyramids. The number is much smaller than in the case of a flat (100)
plane. This model has been used to investigate the topology of the
first monolayer of the SiO2 network in intimate contact with the Si
surface. One of the possible arrangements of a first monolayer is
shown in Fig. 7.1.9 (top view). This constructed model indicates that

it is possible to obtain an interface with the following properties:
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CBB 859-7086

Fig. 7.1.6. a) Model of a fragment of nonplanar (100) Si surface.
Note that the number of broken bonds remains tne same,
however there is only one surface atom in $i2* state.
The area of the model is the same as in Fig. 7.1.5a.
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CBB 859-7080

Fig. 7.1.6. b) Side view of the pyramidal protrusion shown in top
view in Fig. 7.1.6a. ATl atoms but one at the top are
in Sil* oxidizing states.
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Fig. 7.1.7. Top view of a larger model of the rough (100) Si surface
containing small protrusions in the form of pyramids with
{111} facets.
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Fig. 7.1.8. Side view of the model shown in Fig. 7.1.7.
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Fig. 7.1.9. First monolayers of Si0p on a rough (100) Si surface
consisting of pyramidal protrusions.
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1) The transition from crystalline Si to amorphous S1'O2 18

abrupt and occurs within one monolayer of 5102;
2) There is a very small number, if any, of dangling bonds which
cannot be satisfied because of steric reasons;
3) These bonds are normal to the local {111} interface, but are,
however, inclined to the {100} surface;
4) The topology of the first monolayers of the SiO2 network
can be described as consisting of 3, 4, 5, 6 and more
membered [5104] tetrahedra rings.
5) The network can be formed without considerable strain.
A1l attempts to construct an abrupt planar interface assuming only
a constant length of the Si-0 bond, equal to that in [5104] tetra-
hedra, were unsuccessful in that large interfacial strains were created
and a substantially high number of dangling bonds was observed, even
on a relatively small area. Therefore it is suggested that the morph-

ology of the {100} Si-Si0, interface is correctly described by the

2
morphology shown in Fig. 7.1.9. A side view of such a model is shown
in Fig. 7.1.10. This figure represents a projection of the model
along the imaging <110> direction in the Si lattice, thus it resembles
the high resolution image. Interestingly enough, this morphology,
even with an asperity of 3/2 unit cells in height, produces in
projection perfectly flat terraces, separated by ledges half a unit
cell high. Such a situation is indeed frequently observed in high

resolution images. In addition, some of the lattice planes can still

be discerned extending into the [5104] tetrahedra layer and they
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Fig. 7.1.10. a) Side view of the rough (100) Si surface covered with a
few monolayers of Si0,. In the projection Si appears
to terminate on a flat terrace.
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CBB 850-10115

Fig. 7.1.10. b) Different side view of the model shown in Fig. 7.1.9.
The projection of an Si lattice extends into the oxide,
similar to the situation observed in HREM images.
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most probably produce the contrastvin the electron micrographs as
discussed in Chapter 6.4;

Work is in progress to obtain computer-simulated images in order
to strengthen the case for this proposed model .

7.2 The Consistency of the Proposed Atomistic Model of the Si-Si0,

Interfaces with Other Experimental QObservations

The atomic structure of the Si-SiO2 interface proposed on the
basis of relatively straightforward interpretation of high resolution
electron microscopy images, combined with three-dimensional models of
the Si—SiO2 interface, provides some very interesting insights into
its charactefistic propefties.

The morphology of the inter%ace can be described in terms of the
terrace-ledge-kink model. Specifically, the singular (low-energy) and
vicinal interfaces could be described in ferms of flat (111) terraces
separated by structural or thermodynamical ledges, one interplanar
distance high. For exact and nearly exact {100} Si-SiO2 interfaces,
two models might be plausible. One, the model preferred in this work,
can be described by a rough interface consisting of small pyramidal
protrusions with (111) facets. The alternative model, with stepped
{100} Si-Si0

2
the high strain energy associated with flat {100} 51—5102 interfaces.

interfaces, is considered here less probable owing to

In the pyramid model, the pyramids are between 1 and 2 Si unit cells
high, while in the ledge model the ledges would be up to one unit cell
high. In either case, the transition from the crystalline Si to the

amorphous 5102 network is accomp]fshed locally, within a distance
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corresponding to the Si-0 bond length (0.16 nm). Macroscopically, the
abrupt front mignht appear to be gradual due to averaging the
composition measurements over a region of the interface width with
dimensions corresponding to the morphological features [7.1.3]. Thus,
the proposed model can be considered to be consistent with other
observations, including XPS [7.1.4-7.1.10] and ellipsometry [7.1.3,
7.1.11].

In order to obtain consistency with the interpretation of the
interface structure derived from RBS ion-channeling experiments [see
Section 3.2] high resolution electron microscopy should provide con-
vergent evidence for very small displacements of atoms, in the order
of 0.01 nm. However, evidence for such displacements fan only be
obtained by matching the experimental images with those obtained using
computer simulations. Careful matching of the computer-simulated
images with the through-focus-series of electron micrographs is neces-
sary. The model would allow Si atoms on the silicon side of the
interface to relax from their bulk position. Alternatively, a new
interpretation of the RBS results could be proposed which would
incorporate the non-planar models of the 51-5102 interface morphology
presented here. It is appropriate to mention here that noné of the
RBS-ion channeling studies so far have incorporated the effects of
more complicated interface morphologies in the interpretation of
experimental results.

The most exciting implication of the proposed models of the

Si-Si0, interface, is that they require the existence of Si atoms at

2
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the interface in different oxidation states, Sil+, SiZ+, and Si3+,

for any oxidized surface. The proportions of these different states
depend upon the interface morphology. Therefore estimates of the

1+ .2+ 3+

proportions of the Si~ , Si states which can be obtained from

, Si
XPS measurements would provide a means for imposing limitations on the
number of possible interface morphologies, provided that the experi-
ments are performed on the same specimens.

The consistency between the results obtained from these two tech-
niques (HREM and XPS) extends even further. The proposed models of the
interface suggest the need for 3 membered [3104] tetrahedra rings in
intimate contact with the terminating Si atoms at the Si-SiO2 inter-
face. The existence of such a topology of the SiO2 network has, in
_ fact, also been inferred from XPS results [7.1.6]. This topology of
the network near the interface is different ffom that of bulk amorphous
oxide in which the number N of [5104] members in the rings is the
same as in different polymorphs of SiO2 (see Table I, Chapter 2),

i.e. 4 and more. '

Another implication of the proposed models is that some dangling
bonds are created at the Si-SiO2 interfaces. The origin of them
might be steric or strain related. In the proposed models the dangling
bonds are normal to the (111).51’-51‘02 interface. This implication
of the model is consistent with the EPR results, which associated PbO

EPR centers present at the (111) S1'—S1'02 interface with the dangling

bonds normal to that interface (see Section 3.3).
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8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
8.1 Conclusions
The purpose of this research was to perform highly detailed
analyses of the atomic structure of the silicon-silicon dioxide fnter—
face and to establish, from details of the structure, the mechanism of
oxidation, which in turn determines the structure, chemistry, and
electronic properties of that interface.
The major findings of this study are as follows:
1. The Si—SiO2 interfaces formed as a result of oxidation of singu-
lar and vicinal (111) Si surfaces (in dry O2 at temperatures
above viscous flow of 5102) are characteriied by:
a) abrupt termination of the Si substrate on atomically flat
(111) terraces at the 51-5102 interface;
}b) amorphous SiO2 across the whole thickness of the grown
oxide layer; and
c) leages one {111} interplanar distance (0.314 nm) high on both
singular and viciha] pxidized surfaées.
2. The structure of the Si—SiO2 interface formed as a result of
oxidation of exact {100} and vicinal {100} Si surfaces (in dry
O2 and at temperafures above 960°C) is characterized by:
a) an amorphous S1'02 extending up to the Si-5102 interface;

b) a planar Si-Si0, interface over distances discernable by

2
TEM, although the structure of the interface appears to be
rougher than the (111) interfaces, and not as well defined;

¢) a morphology that can be described as a locally abrupt

interface consisting of pyramidal protrusions with {111}
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facets, or, alternatively, as a surface with {100} terraces
separated by ledges, varying in height by multiples of a
quarter of an Si unit cell (although only multiples of a half

unit cell could be observed in the micrographs).

Modeling the (111) and (100) 51—5102 interfaces, assuming only

i) the abrupt transition for interface morphologies as described

earlier, and ii) dimensions of the [5104] tetrahedra that are

the same as in bulk Si0

a)

b)

5 leads to the following conclusions:
The Si substrate-terminating layer contains atoms in differ-

ent oxidation states (Sil+, si2* 3+)

, and Si in proportions
that vary with the surface morphology.

The topology of an SiO2 network in intimate contact with a
(111) Si substrate consists of 3- and more-membered [5104]
tetrahedra rings.

The 6-member riﬁgs in intimate contact with the Si surface

may result in the formation of an Si dangling bond normal to

the (111) Si surface.

Two types of <110> ledges have been distinguished in modeling:

1+ . .
oxidation

A-type ledges, with ledge-edge Si atoms in Si
states, and B-type ledges, with the ledge-edge Si atoms in
512+ oxidation states. Removal of ah1atom from an A-type
ledge results in the formation of a kink pair containing two

2+ oxidation state. Removal of an atom from

atoms in an Si
a B-type ledge, however, does not result in ledge atoms in
new oxidation states. Therefore, A-type ledges appear to be

a more stable, equilibrium configuration.
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Attempts to form a first mbno]ayér of the SiO2 network at a
B-type ledge without creation of large strains and many
dangling bonds inclined to the interface were unsuccessful.
However, two (111) terraces connected by an A-type ledge
allowed the formation of a first monolayer of 510, without
large strain and without any dangling bond inclined with
respect to terraces or interfaces normal to (111). This
observation is consistent with EPR findings of PbO centers
(associated with Si déng]ing bonds) only having symmetry
axes normal to the (111) interface.

Large strains and many dangling bonds were involved in the
formation of a first monolayer of the SiO2 network on a
flat (100) Si surface.

The model proposed in this thesis, that the (100) Si sub-
strate surface terminates at the interface in pyramidal pro-
trusions about one Si unit cell high with {111} pyramid faces,
greatly reduces the strains associated with the Si-crystal-
to-amorphous-SiO2 transition. The nature of the transition
and the chemical bonding is essentially the same as in the
case of singular (111) surfaces.' The strain energy of an
interface with such a structure might be somewhat smaller

than in the case of the (111) interface, owing to the larger

steric flexibility in arrangements of [5104] tetrahedra at

‘pyramids about one Si unit cell high than at a flat or

stepped (111) surface. The model, therefore, implies the
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existence of Pbo—like EPR centers with the symmetry axis
along the bond direction normal to local {111} facets of the
pyramids. The dangling bonds formed at such a facet might
have a different local environment that might result in the
formation. of Pb1 EPR centers (as yet not completely under-

stood) with slightly different symmetry than for PbO'

h) The model requires the existence of Si atoms in Sil+, 512+

and Si3+ oxidation states. The proportion of these states
depends on the surface morphology. This result supports the
interpretation obtained from XPS results. Combining modeling -
Qf the interface based on HREM with ratios of Si atoms in
diffefent oxidation states determined from XPS should impose
further restrictions on the possible choices of atomic struc-
ture of the Si—SiO2 interface resulting from oxidation of

any Si surface.

j) The model implies that the roughness parameters for the {100}
interface would be underestimated when determined from the
high-resolution micrograph owing to projection effects. This
is in agreement with recent attempts to correlate roughness
parameter$ obtained from HREM and from mobility measurements.

Implications for the oxidation mechanism are as follows. The

results suggest that oxidation on {111} surfaces occurs layer by

layer uniformly over large areas. Oxide growth apparently involves
the removal of Si atoms from the surface only at the ledges, prob-

ably at kinks. In the case of singular {111} surfaces, formation
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of the ledges muét require repeated two-dimensional nucleation
corresponding to the formation of an oxide island in the next
{111} layer of silicon. For vicinal surfaces, structural ledges
are already present at the interface, providing sites for oxida-
tion. However, for too low a density of such ledges, two-
dimensional nucleation was still observed to take place, resulting
in terraces with additional positive and negat{ve ledges. The
oxidation on {100} surfaces could be described in exactly the same
manner if the Si surface consisted of terraces and ledges. How-
ever, in the case of an interface morphology described by pyramids -
(i.e., no terraces), the oxidation sites will be the atoms in
512+ states at the pyramid vertices and in‘the valleys between
the pyramids. In this case the {100} surface could be considered
as a nonsingular (rough) surface, with oxidation sites (at which
removal of the Si atoms from the Si surface takes place) always
present. A similar process is observed for evaporation or disso-
lution of atoms from a surface into vapor or solution. Although
the Si surface in this case is in contact with solid silica, the
interface structure appears to behave as it would in contact with
a liquid. ‘This is, perhaps, not surprising, because viscous flow
of silica occurs above 960°C, and oxidations in this work were
performed above 1000°C. The observed interface structure is con-
sistent with high-temperature oxidation proceeding via a ledge

mechanism.
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8.2 Suggestions for Future Work

Several areas of study have to be continued in order to further
our understanding of the atomic structure of the Si—SiO2 interface
and utilize that information to predict oxidation kinetics and elec-
tronic properties. Some of these areas were already indicated in
Chapters 6 and 7.

The most important areas include further detailed analysis of the
Si—SiO2 interface structure using higher-resolution microscopes than
in the present study. These analyses should be performed on a series
of oxidized Si {1003}, {110}, and {111} surfaces and their vicinal
surfaces. Such a study should inciude an analysis of the high-resolu-

tion contrast at the Si-Si0, interface by means of computer simula-

2
tion of the images with different morphologies at the Si-5102
boundary. The computer simulation requires the position of the atoms
as an input data. The simplest way to obtain positions of the atoms
~is to determine them from constructed models sim%]ar to those demon-
strated in Chapter 7. This approach is very promising, as it allows
easy determination of the atom position on the amorphous oxide side of
the interface. However, in order to more narrowly restrict the number
of possible models, additional information about the proportion of

1+ 12+Si3+ oxidation states at the Si-Si0, interface is necessary.

Sit :S

2
(This proportion is a function of the atomic structure of the S1'-S1'02
interface, as was shown in Chapter 7.) Such additional information
might, at present, be obtained from XPS studies. The XPS studies per-

formed on the same specimens used for high-resolution imaging could
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also provide additional information about the sizes of N-membered
[5104] tetrahedra rings at the Si—SiO2 interface, as compared to
the sizes of these rings in the bulk SiOZ.
Further information about the local atomic arrangement should be
obtained from EPR studies of the Si—SiO2 interface on the same
specimens used for HREM and XPS studies, leading to the development of

a self-consistent model of the Si-Si0, interface structure and

2
chemistry.
These models should be used to calculate the oxidation kinetics

from first princip]es.
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