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1. Introduction

Perhaps no other technology developed in the 20th century plays such an important role
on the daily life of today’s civilized society as microelectronics.  The rapid growth
experienced by complementary-metal-oxide-semiconductor (CMOS) technology since
the first metal-oxide semiconductor field effect transistor (MOSFET) was realized by
Kahng [1] some 40 years ago, accompanied by the advances in integrated circuit (IC)
fabrication, has been revolutionizing the field of electronics.  The past thirty years have
also witnessed tremendous progress toward the miniaturization of CMOS devices, a trend
that continues toward further downscaling of the device feature size.  While
miniaturization of CMOS devices has resulted in higher packing density (more devices
per unit area), higher circuit speed (faster computers), and lower power dissipation, it has
also created new problems and issues that need resolution for the reliability of the
contemporary and future generation technology.   In order to appreciate the problems and
reliability issues associated with the steady downscaling of CMOS devices, a schematic
design of a MOSFET is shown in Fig. 1. The top metal, generally a polycrystalline-
silicon (poly-Si) acts as a gate. A thin amorphous SiO2 dielectric layer

Figure 1. MOSFET
underneath the gate electrode, normally referred to as the “gate oxide”, lies above the
channel regions which separates the “source” (carrier donor) and the “drain” (carrier
acceptor) layers.  The distance between the source and the drain under the gate dielectric
is called the “channel length”. Upon biasing the gate electrode, an image charge builds up
under the gate initially forming a “depletion region” and eventually at a certain voltage



Published in G. Pacchioni et al (eds.), Defects in SiO2 and Related Dielectrics: Science and
Technology, Kluwer Academic Publishers, p. 599-615, (2000).

2

(called the threshold voltage, Vth) inverts the silicon surface and current starts flowing in
the channel between the source and the drain. “Decreasing the feature size” of MOSFET
generally means reducing the channel length.  The shorter the channel length, the faster
the carrier flow and the higher the drive current resulting in higher speed.  Also,
continued reduction in the supply voltage has lowered power consumption.  Of course
with the miniaturization of the device components, the primary benefit is that much larger
numbers of transistors can be integrated per unit area on the wafer, thus increasing the
device density in very large integrated circuits (VLSI).  Such desirable features have been
the driving force toward miniaturization of the MOSFET.

It is important to note that channel length cannot be reduced arbitrarily.  In order
to keep the aspect ratio of the device, the thickness of the gate oxide also needs to be
decreased. Indeed, scaling down of the device feature size invariably involves a decrease
in the thickness of the gate oxide and the channel length along with the other device
dimensions. The thickness of the gate oxide in today’s CMOS is already approaching 3
nm, which encompasses about 10 monolayers of SiO2 film. The Semiconductor Industry
Association  (SIA) Roadmap [2] predicts CMOS technology based upon an oxide
thickness of ~ 7Å by the year 2015.  Such ultra thin SiO2 films are not distant research
possibilities.  In fact, research performed at Bell Laboratories [3] has already reliably
realized 7Å thick SiO2 placing a physical limit on the device oxide of about 12 Å or
roughly three SiO2 linkages between a Si substrate and a polysilicon (polySi) gate.
Although related research performed at the IBM Watson Research Laboratory [4] places
a much higher limit on the oxide thickness, around 22-26 Å, below which electron
tunneling and other quantum mechanical phenomena will can render the oxide useless as
a dielectric, one can easily appreciate the role of the physical and chemical characteristics
of the ultra-thin gate oxide (a-SiO2) film and the gate-dielectric (Si-SiO2) interface on the
physics of MOSFETs.

Generally, the presence of defects, charge trap centers, and impurities in the oxide
affect the carrier concentration in the channel length and therefore, the performance of
the device.  Similarly, the properties of the Si-SiO2 interface, themselves controlled by
the atomic composition, bonding features and electrical properties, exert strong influence
on the performance of the device. Miniaturization and exposure to ionizing radiation
further increase the effects of the gate oxide and the Si-SiO2 interface on MOS devices.
Therefore, a detailed understanding of the fundamental physics and chemistry of the gate
oxide and Si-SiO2 interface is an essential requirement toward improving the reliability of
contemporary and future microelectronic devices.  In the remainder of the chapter, the
interface and the gate oxide are considered individually. Issues related to the materials
quality of these regions are considered with specific examples of their effects and current
efforts to address these issues.  In particular, the role of point defects is discussed.
Experimental evidence related to the electrical and spin properties of point defects are
reviewed.  Recent results obtained from atomic scale modeling (ASM) performed in our
laboratory and by others to elucidate the identity, structure, and electronic properties of
these defects are presented and discussed.  Finally, some critical outstanding issues
related to materials quality in Si-SiO2 microelectronics are identified and potential role of
ASM toward addressing them are outlined.

The most important materials related issue concerning the physics of Si-SiO2
involves point defects.  Point defects that affect the electrical properties of a MOSFET
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are generally located at the Si-SiO2 interface and in the gate oxide. In both cases,
however, the defects affecting the high-purity Si-SiO2 samples are native defects.
Additionally, hydrogen related species also play a major role on the integrity of the MOS
devices. In order to provide a clear view, the point defects are discussed with respect to
their spatial location in MOS systems.  The hydrogenic species are considered in a
separate section.

2. Point defects at the Si-SiO2 interface.

Due to the difference in the chemical potential of Si and O atoms and the morphology of
Si (crystalline) substrate and SiO2 (amorphous) dielectric, the Si-SiO2 interface often
lacks the required smoothness.  The unwanted roughness at the atomic scale is created by
the lack of a homogeneous oxidation of the Si atoms at the substrate surface. The
unoxidized Si atoms at the interface generally contain unsaturated valency, also called
“dangling bonds”.  Although, presence of atomic and molecular hydrogen have also been
suggested in the recent years as contributors to the observed degradation of the electrical
characteristics of MOS devices, generally the dangling Si bonds at the Si-SiO2 interface
dominate the contributions of interface point defects to the properties of MOSFET
devices.

Si dangling bonds contain an unpaired electron and, therefore, are detectable
through electron paramagnetic resonance (EPR) spectroscopy.   Indeed, the first
observation of Si-dangling bond defects at the Si-SiO2 interface was reported from the
EPR measurements by Nishi [5]. In his experiments on a standard sample of thermally
grown oxide on Si-substrate, Nishi observed three distinct signals and assigned them to
three different paramagnetic species, a, b, and c, with unknown identity. It was many
years later that Poindexter et al. [6] and Brower [7] independently identified the source of
Nishi’s paramagnetic species “b” (Pb) as a dangling Si bond at the Si-SiO2 interface.  The
sources of the other two signals (“a” and “c”) were identified as impurities. In Figure 2,
the Si-SiO2 interface is shown schematically.  The Si center labeled Pb is located at the
substrate part of the interface and its dangling bond points toward the oxide.  Figure 2
presents a generalized picture of the Pb center.  However, it does not discern the
crystallographic properties of the Si surface. Experiments performed on various
crystallographic surfaces of Si-substrate have identified two distinct types of Pb centers
[8] differing from each other in local atomic structure, electrical properties, and anneal
characteristics.
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Figure 2. Scematic Pb center at the Si/SiO2 interface

Electrical measurement data [9] suggest that the Pb centers are amphoteric, i.e.
they act as electron donors as well as electron acceptors.  Thus the Pb centers have two
allowed energy levels in the Si-SiO2 band gap corresponding to a positive (q=+1) and a
negative (q=−1) charge state.  These energy levels, when populated, alter the threshold
voltage (Vth) of the MOSFET [10].   Therefore, there have been numerous attempts to
improve the Si-SiO2 interface quality by reducing the density of the Pb centers.  Two
notable processing steps are a) supplemental oxidation and b) hydrogen treatment [11].
In both cases, however, the overall goal has been to passivate the dangling Si bonds at the
Si-SiO2 interface.  The supplemental oxidation simply oxidizes the unoxidized or
partially oxidized Si atoms, thereby reducing the Pb center density. For the hydrogen
treatment case, the passivation of the Pb centers is believed to involve the following
chemical reaction [12],

Pb+H2! PbH + H (i)
H+H ! H2 (ii)

Often, both, supplemental oxidation and hydrogen treatment steps are employed to
reduce the Pb center density.  Of these two processes, post-oxidation hydrogen treatment
has become a standard industry practice to improve the Si-SiO2 interface quality.
However, as discussed in detail in the subsequent section, experimental evidence
suggests that the hydrogen treatment also introduces new interface defects [13-15].
Although the exact mechanism of this process is not known, it is has been hypothesized
[14] to involve interaction between atomic hydrogen and the passivated Pb center,
according to the chemical reaction

PbH + H  ! Pb+H2 (iii)

It is important to point out that no definite experimental data exists to validate the
chemical and thermodynamic steps involved in the passivation and depassivation of the
Si-dangling bonds (Pb) at the Si-SiO2 interface. Since interface silicon dangling bonds
play a major role in device performance, a clear atomic level understanding of their
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generation/passivation mechanism, atomic environment, and electrical characteristics
constitutes a crucial issue in advancing the state-of-the-art in Si-SiO2 technology.
However, achieving this understanding via experimental measurements alone is not
feasible at the present time due to their dependence on a number of factors, such as the
temperature, gas pressure, presence of impurities and native defects, and above all, the
limitation of measurement techniques. For these reasons, the ASM becomes even more
important not only for its relevance but also as an essential tool for improving the state-
of-the-art in Si-SiO2 technology.

There have been several ASM studies of the Si-SiO2 interface in the past 20 years
[16-23] and these studies have revealed a number of important features.  Notable among
them are the presence of three-fold coordinated Si atoms and network modifications due
to the breaking of Si-Si bonds and formation of the Si-O bonds.  In the past, ASM
calculations on the microscopic structure of the three-fold coordinated Si (the Pb) centers
at the Si-SiO2 interface have been performed by Cook and White [20,21].  These authors
used a multiple scattered X-α method to simulate the Si-SiO2 interface and calculated
local atomic structure and electron spin resonance (ESR) hyperfine coupling constants of
three-fold coordinated Si centers bonded to three Si atoms in the Si side of the Si-SiO2
interface. Their calculated ESR hyperfine coupling constants were in reasonably good
accord with those observed experimentally for the Pb centers.  It is worth noting that the
calculations of Cook and White [20,21], were the first ASM on the Si-SiO2 interface
using realistic model clusters.  These calculations were the first ASM efforts to definitely
establish the local atomic structure of a point defect, here Pb, from a comparison of the
calculated ESR hyperfine parameters with those observed experimentally. These
calculations [20,21] demonstrated the power of accurate quantum mechanical
calculations within the cluster approach to unraveling the electronic and atomic structures
of defects in Si-SiO2 systems.

There have also been cluster calculations on isolated (without the SiO2 part),
three-fold coordinated Si centers bonded to three Si atoms [24-28]. These range from ab
initio Hartree-Fock (HF) and generalized valence bond (GVB) [24-25] to approximate
semi-empirical [28] calculations.  The ab initio HF and GVB calculations agree on the
fact that a three-fold coordinated Si center moves from its position at the center of a
tetrahedron toward the plane of the three Si centers bonded to it.  The ESR hyperfine
coupling constants calculated for the three-fold coordinated Si centers in isolated Si
clusters agree reasonably with those obtained from a more realistic calculations on model
Si-SiO2 interface.  It is also interesting to note that the results obtained from a modified
intermediate neglect of differential overlap (MINDO) method [28] exhibit reasonable
agreement with those obtained from the MS X-α [20,21] and ab initio HF methods [24].

Recently, ab initio MO calculations of the local atomic structure and the 29Si
hyperfine coupling constants of three-fold coordinated Si atoms in isolated Si clusters
were performed by Karna et al. [29].  In these studies, the effects of the size of the atomic
cluster and atomic basis sets were investigated.  These results are presented in detail in a
latter section in a comparison with related three-fold coordinate silicon dangling bond
centers.
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3. Point defects in the oxide (SiO2) layer of Si-SiO2 systems.

A number of point defects such as the oxygen vacancy (VO) or silicon-rich sites,
peroxy radicals, non-bonding oxygen centers (NBOC), and hydrogenic species have been
detected in amorphous SiO2 [31].  However, in thin-film SiO2 constituting the dielectric
layer in the MOS devices, majority of the detectable effects appear to be due to the VO
centers, invariably referred to as the E’ centers in the literature.  The name E’ centers for
VO sites in amorphous SiO2 is borrowed from the same name given to the VO centers first
detected in neutron irradiated α-quartz by Weeks [32] nearly half a century ago.  The
EPR signal of neutron irradiated α-quartz [32] exhibited a doublet in the hyperfine
spectrum.  This led Weeks to correctly suggest a single unpaired electron (therefore the
name E’, where E stands for electron and a prime suggesting a single electron) as the
source of the observed doublet in the hyperfine.  Weeks [32] also suggested that the
source of the hyperfine spectrum was the interaction between the nuclear spin of 29Si and
the unpaired electron spin. Furthermore, the magnitude of the EPR hyperfine splitting
(~420 G) suggested that the electron spin was localized on a single Si atom, perhaps in a
dangling tetrahedral (sp3) orbital.  Similar EPR spectrum was later observed by Griscom
et al [33] in γ-ray irradiated a-SiO2.  The similarity in the characteristic features of the
ESR spectrum between the neutron-irradiated α-quartz [32] and the γ-ray irradiated silica
glass, led Griscom et al. [33] to propose that the observed signal in both cases resulted
from the same paramagnetic center, namely VO.  Thus, in analogy with the E’1 center of
Weeks [32], the VO in a-SiO2 was named the E’γ centers (for E’ centers in γ-ray irradiated
oxide) by Griscom et al.[33].   To date, at least four different types of E’ centers have
been detected in a-SiO2, with the only common feature being a three-fold coordinated Si
atom, [31].  These centers, as discussed below, differ from each other in the local atomic
arrangements and the charge states. Both, atomic structures and charge states of various
species, commonly known as the E’ centers, continue to be controversial.  However, as
described in the subsequent section, in a few cases, definite assignments appear to have
been made from the combined experimental and ASM efforts.

3.1 THE CHARGE CARRYING E’-CENTERS: THE E’γ AND THE E’δ CENTERS.

Among the various flavors of the E’ centers, the E’γ centers appear to be the most
common oxygen-vacancy (VO)-related paramagnetic defect in a-SiO2 prepared under
different conditions. The characteristic features of the ESR spectrum of E’γ center are: (a)
a 420 G splitting of the hyperfine spectrum and  (b) an anisotropic g-tensor (g11=2.0018,
g22=2.0006, g33=2.0003).  These characteristics are very similar to those of the E’1 centers
in α-quartz.  Therefore, it is generally believed that the E’γ centers in a-SiO2 have the
same origin, atomic structure, and charge state as the E’1 center in α-quartz [32].  The
magnitude of the EPR doublet splitting, attributed to the hyperfine interaction between
the unpaired electron spin magnetic moment and nuclear magnetic moment of 29Si,
suggests localization of the unpaired electron in a dangling Si bond having sp3

hybridization. Since a dangling Si orbital requires a missing O atom in SiO2, both E’1 and
E’γ are identified as being related to oxygen vacancies. Also, the fact that the EPR
hyperfine splitting is consistent with the localization of the electron spin density in a
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dangling bond on a single Si atom, one is led to conclude that the electronic and atomic
environment around the VO responsible for the observed signal are asymmetrical, i.e. the
two Si atoms adjacent the VO are not equivalent.   This reasoning led Feigl, Fowler and
Yip (FFY) [34] to suggest a complex structure for the E’1 center that is also generally
applied to the E’γ centers.   In the FFY model, the E’1(E’γ) center involves a Si↑—Si+ pair
around a missing O atom, where the electron containing Si (designated by the upward
arrow) is tetrahedral, while the positive charge containing Si center is far removed from
its tetrahedral counterpart, perhaps back-bonded to a three-fold coordinated O center in
the oxide network.  In essence then, this center involves two Si atoms around a missing O
atom where the spin is localized on a single Si atom.   The positive charge state of the E’1
(E’γ), center, as suggested by the FFY model has never been established by direct
experimental measurement.  In fact, a negative g-shift observed in the ESR spectra
[31,33-36] suggests a trapped electron.  Therefore, one would expect the charge state of
the E’1 (E’γ) centers to be negative.  However, capacitance-voltage (C-V) measurements
on γ-ray irradiated MOS structures [37], show a direct correlation between the density of
E’ center and trapped hole density in the insulating SiO2 film, suggesting the charge state
of this center to be positive.  Interestingly, this appears to be the only relevant
experimental evidence supporting a positive charge state of the E’γ centers in a-SiO2.

There have been numerous ASM studies at on the structure and charge state of the
E’γ centers [38-47]. These studies support the FFY model in the sense that the E’γ centers
involve localization of the unpaired electron on a single Si atom. The asymmetric
relaxation of the two Si atoms following the trapping of a hole at a neutral VO site, as is
required by the FFY model, has been found from these calculations to strongly depend
upon the starting atomic structure [40-42].  Recent ASM calculations performed by
Pineda and Karna [48] on model atomic clusters of varying size and topology have
further revealed that the local strain and flexibility of the oxide network play a crucial
role on the generation of the E’γ centers in a-SiO2.   This study [48] also, for the first
time, has identified the critical role of the network topology on the formation of the E’γ
centers. An important aspect of the local atomic structure of this defect (E’γ) is its
relationship with the recently discovered E’δ centers [49].

The E’δ center is a relatively new arrival as a VO (or the ESC) center.  E'δ center is an
oxygen vacancy related paramagnetic center discovered in x-ray and γ-ray irradiated bulk
glass [49-51], in thin film oxide layer of thermally grown thin SiO2 films upon annealing
[52-55], and in the Buried OXide (BOX) layer of Separation by IMplantation of OXygen
(SIMOX) samples [56,57].  The characteristic EPR features of the E'δ centers are (a) a
100 G doublet hyperfine splitting and (b) a nearly isotropic value of g-matrix
(g11=2.0018, g22=2.0021, g33=2.0021) [51].  The hyperfine splitting and the g-matrix of
the ESR spectrum are attributed to 29Si centers in the oxide samples [59-57].  Another
important characteristic of this center, as observed from the ESR spectrum of irradiated
glass samples [49-51], is the simultaneous appearance of a triplet (total spin S=1) state
spectrum.  Similar to the E’γ centers, the charge state of the E’δ centers have not been
conclusively established, although indirect experimental evidence, such as the C-V
measurements, suggests a correlation with the density of trapped hole.  Therefore, the E’δ
centers are also believed to be positively charged VO sites [51].
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Analysis of the ESR spectrum for this center, vis-à-vis that of the E'γ center in a-SiO2
suggests that the unpaired electron spin in the E'δ center is delocalized over multiple
equivalent Si atoms.  Since a-SiO2 is a network of tetravalent Si atoms connected via
divalent bridging O atoms, an atomic arrangement with multiple equivalent Si atoms
requires multiple-oxygen vacancies or domains of unoxidized, tetrahedrally connected Si
atoms in the oxide.   These arguments led a number of groups to propose multiple-oxygen
vacancy models.  For example, Griscom and Frieble [49] proposed a model in which the
unpaired spin is delocalized on four tetrahedral bonds of equivalent but different Si
atoms.  The model proposed by Vanheusden and Stesmans [56] and Warren et al. [57]
involved delocalization of unpaired electron spin over four equivalent Si atoms connected
to a central tetrahedral Si atom (5-Si atom model).   A very recent model proposed by
Zhang and Leisure [51] involves delocalization of the electron spin over four equivalent
Si atoms around a SiO4 vacancy (4-Si atom model).  In addition to the multi-oxygen
vacancy models, mono-oxygen vacancy models have also been proposed in the literature
[50,58] to describe the local atomic configuration of the E'δ center.  In these models,
which are based upon the analyses of optical spectrum and electrical measurement data in
conjunction with the ESR spectra, the unpaired electron spin is believed to be localized
either on a Si-Si dimer [50] or on a single Si atom [58] similar to that in E'γ adjacent to a
single O vacancy (2-Si atom model).

Theoretical knowledge on the microscopic properties of E'δ center in a-SiO2 is
based upon a detailed study of the atomic and electronic structure of model clusters
performed recently by Chavez et al. [59] and Karna et al. [60].  In these studies [59,60],
the atomic models (5-center, 4-center, and 2-center) of the E'δ center proposed from the
analysis of the ESR spectra [50,71,56-58] were examined with the use of ab initio HF
calculations of stable geometry, energy, and spin properties in cluster approach.  It was
shown that subsequent to the hole trapping, the free electron spin preferred to localize on
a single pair of Si atoms, regardless of the number (5, 4, or 2) of Si atoms present around
the vacancy.  Furthermore, the spin density and the hyperfine coupling tensor on the two
participating Si atoms were calculated to be in excellent agreement with the experimental
ESR data.  The reduction in the symmetry of the electronic wavefunction noted in the
results for the 4-Si and 5-Si tetrahedral clusters was attributed to the dynamic Jahn-Teller
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Figure 3: Example asymmetric (left) and symmetric (right) models for VO centers.

effect.  It was concluded that the E’δ center most probably resulted from a delocalization
of the unpaired electron spin over two nearly equivalent Si atoms rather than over four or
five Si atoms, as proposed in the multi-oxygen vacancy models.  Furthermore, it was
suggested [59,60] that the E’δ center was a symmetrical variant of the E’γ center.  As
noted earlier, in the latter case, the unpaired electron spin is believed to be localized on a
single Si center around a mono-oxygen vacancy.

3.2 THE NEUTRAL E’-CENTERS: THE E’h, THE X, AND THE Y CENTERS.

Unlike the charged VO centers such as the E’γ and the E’δ centers, the neutral VO
centers have been much less studied.  However, there has been evidence in the literature
of the existence of point defects similar to the E’γ center without the positive charge.
These centers have been observed in Si-rich thin SiO2 films near Si/SiO2 interface [61,62]
and are called ‘hemi’ or ‘surface’ E’γ.  The hemi-E’γ centers are generally designated as
E’h [61,62] centers and we shall adopt the same convention.  The local atomic structure
of this center is believed to be the electron-spin containing half, O3≡Si↑, of the E’γ
center, i.e., a tetrahedral Si center bonded to three O atoms with an unpaired electron
(spin, s=1/2) localized in a dangling sp3 bond.  The E’h center is ESR active when neutral.
In essence, this center can be considered as an all-O counterpart of the Pb center in the
oxide. Between the E’h (O3≡Si↑) and the Pb (Si3≡Si↑) centers, two more E’-type centers
with configurations O2Si≡Si↑ and OSi2≡Si↑ are possible as defects in partially oxidized or
Si-excess SiO2 samples.  These “E’-type” defects have been suggested to exist at the
Si/SiO2 interface [64], in a-SiOx (0<x<2) [65,66], and in Cr ion-implanted a-SiO2
samples [66]. Recently, Hosono et al. [68] have attributed a new doublet structure with
230 G separation in the ESR spectrum of Si-implanted a-SiO2 to the E’-type centers.
Experimental evidence also suggest E’-type defects with atomic structure O3-nSin≡Si↑
(n=1 and/or 2) to exist in x-ray irradiated phospho-silicate glass during high-temperature
annealing [69] and in standard SiO2 grown on Si during postoxidation high-temperature
annealing in oxygen deficient ambient [70].

It is worth noting that the neutral E’ centers, especially the mixed E’-type centers
have also been identified as potential precursors to a family of defects known as the
border traps in the microelectronics literature [71]. Unlike the interface traps, which are
generally considered to be located at the Si-SiO2 interface and belong to the substrate (Si)
part of the heterostructure, the border traps are generally located in the near-interfacial
region in the dielectric (a-SiO2) [72].  From electrical measurements and carrier transport
studies on radiation exposed samples, the spatial locations of these traps are estimated to
be within 12 Å from the Si-SiO2 interface into the oxide. In general, these traps are
positively charged entities with complex atomic structure and act as electron traps in the
MOS devices.  The most important feature of the boarder traps is their anneal
characteristics and response time.  It is known [71,72] that the border traps do not anneal
out rapidly.  Also, their lifetime spans from a few milliseconds to several decades. Due to
these features, the border traps in MOS devices have been a major source of concern,
particularly in the space applications, where energetic particles easily trigger these
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species.  Despite their importance and uncertainty surrounding the atomic nature of the
precursor to these defects, their has been little effort, until very recently, to develop a
fundamental understanding of their microscopic features.

In an effort to develop a basic understanding of the chemistry and physics of
border traps and also establish the identity and microscopic properties of various neutral
E’-type centers, a systematic quantum chemical study of the structure, stability, spin
properties, and energy spectra of the neutral E’-type centers have been undertaken by
Karna et al. [29,30].  Recently, Karna et al. [29,30] reported ab initio molecular orbital
calculations on the electronic structure, ESR hyperfine coupling constants (hfc), and
electrical properties of model clusters representing the neutral species O3≡Si, O2Si≡Si,
OSi2≡Si, and Si3≡Si [29,30].  The model clusters in these calculations included 1-NN and
2-NN atoms beyond the three-fold coordinated paramagnetic Si center (Figure 3).
Atomic basis sets of DZP and TZP qualities were used in the calculations.   Results for
the 29Si ESR hfc and spin density obtained from these studies are listed in Table 3.  As
also noted earlier, the calculated values of 29Si hfc in the case of O3≡Si species, which is
identified as the E’h center exhibits some improvement upon extending the cluster size.
On the other hand, the effect of the basis set on the calculated properties appears to be
only marginal. The overall agreement between the calculated results for 29Si hfc and their
experimental counterparts is excellent, given the level of the theoretical treatment.

Figure 3: 1-NN models for triply coordinated Si E’, X, Y, and Pb centers

Table 3.  Calculated spin density, ρs, and hyperfine coupling
constants (G) for trivalent 29Si-center in model clusters

Cluster model ρρρρs aiso T11 T22 T33

O3≡Si↑
1-NN
2-NN
exp

1.173380
1.289025

-372.26
-408.95

 440a

21.17
20.05

20.18
20.04

-41.35
-41.09

O2Si≡Si↑
1-NN
2-NN
exp

0.778456
0.795805

-246.97
-252.47

230a

25.02
23.77

22.20
19.95

-47.22
-43.72

OSi2≡Si↑
1-NN
2-NN
exp

0.612943
0.566788

-194.46
-179.82

--

26.11
23.18

24.70
23.84

-50.81
-47.02

Si3≡Si↑
1-NN
2-NN

0.395341
0.411289

-125.42
-130.48

28.61
25.37

28.61
25.37

-57.22
-50.74
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exp 111b

aExperimental data from Ref. [23].  bExperimental data from Ref. [10].

From a comparison of the calculated 29Si hfc for the two mixed E’-type centers
with those observed for the so-called X center [68] in silica glass, one immediately
identifies the atomic structure of the latter as O2Si≡Si.  In fact, the calculated hfc for the
O2Si≡Si species is also close to the estimated hfc coupling constant for the so called “S”
center observed in thin SiO2 films [70].  This led Karna et al [29,30] to propose that the S
center [69,70] has the same atomic structure (O2Si≡Si) as the X center.  This assignment
also gets support from the similarity observed in the experimentally measured g-matrix
elements, anneal behavior, and stability between the S [69,70] and X [68] centers.

There seems to be a lack of experimental data on the EPR hfc for the other
member of the E’-type center with an O2Si≡Si atomic structure.  Karna et al. [29,30] have
named this center as ‘Y’ following the name of the first member as X [68].  In the past,
atomic structure similar to that of the Y center (OSi2≡Si) have been postulated as the Pb1
variant of the interface defects [63].  However, recent experimental measurements are in
disagreement with such an assignment [73,74].

4. H-related species in Si-SiO2 systems

4.1 H2 REACTIONS

As discussed briefly in Section 2, hydrogen continues to play a prominent role in
MOS technology.  Hydrogen treatment of MOS devices constitutes a standard procedure
for improving Si-SiO2 interface.  It has been generally believed that H atoms reduce the
electrically active interface states by passivating the Si dangling bonds at the Si-SiO2
interface.   However, recent observations of interface degradation subsequent to H2
treatment [13-15] raise important questions about the underlying chemistry.  It has been
suggested [14] that the post-H2 treatment degradation of Si-SiO2 interface involves
regeneration of the Pb centers via Eq. (iii).  Although plausible, there is no direct
experimental evidence to support this mechanism. Surprisingly, to date, there has been no
theoretical study to address this issue.

There have been several related calculations on the reactions of H2 at dangling
bond sites in bulk a-SiO2. A recent example is the work of Vitiello et al. [75] using
gradient corrected DFT cluster calculations to examine H2 cracking at E’h (≡Si.), non-
bridging oxygen centers (≡Si-O.), divalent Si centers (=Si:), and diamagnetic oxygen
deficient centers (≡Si-Si≡).  This work indicates the non-bridging oxygen center is the
most reactive towards H2.

Early calculations by Edwards [76] pointed out that to obtain accurate values for
the activation energies of H2 reactions quantum mechanical tunneling effects need to be
includes.  Kurtz and Karna [77] used variational transition state theory to include
tunneling effects in the direct calculation of rate constants for the H2 + E’h reaction.  It
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was found that inclusion of tunnel reduced the activation energy by 0.2 eV to obtain a
value in reasonable agreement with experiments.
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4.2 GIANT ISOTOPE EFFECT (IMPROVEMENT OF SI-SIO2 INTERFACE BY D2
TREATMENT)

  Recently, it has been shown [78,79] that treating MOS structures with a mixture
of H2 and D2 enhances the lifetime of Si-SiO2 interface against hot-electron degradation
by an order of magnitude.  Hot electrons are energetic conduction electrons released
under high electric field across thin SiO2 layer. Hot electron degradation of Si-SiO2
interface involves breaking of Pb-H (Si-H) bond, thereby regenerating the Pb centers.  The
enhanced stability of the D2-treated Si-SiO2 interface is generally attributed to a
somewhat higher energy required to break a Pb-D bond than that needed for breaking Pb-
H bond.  It is implicitly assumed here that the deuterium treatment passivates the Pb
centers or replaces the H atom in H-passivated Pb centers by forming a Pb-D bond.

This so called giant (deuterium) isotope effect constitutes a major technological
innovation made in the past 10 years in MOS technology.  However, the exact
mechanism of this effect remains unknown.  A recent ASM study suggests that the Pb-
H/D bond cleavage proceeds through in-plane vibration (wagging motion) of the H/D
atom [80].  The in-plane vibrational frequency for the Pb-D bond is calculated to be
substantially larger than that for the Pb-H bond [80].  However, it still fails to account for
the increase in the stability of the deuterated interface over the hydrogenated one by an
order of magnitude.  Similar to the H2-induced interface degradation, an enhanced
reliability of D2-treated interface remains a poorly understood phenomenon in MOS
technology.

4.3 MOBILE PROTONS

 Similar to the observation of the giant isotope effect, another major breakthrough
in the MOS technology, in the recent years, has been the observation of the so-called
“mobile protons” [81].  First reported by Vanheusden and Stesmans [82] and later
observed by several other groups [83-85], mobile positive charges are generated in the
dielectric (a-SiO2) layer of MOS capacitors upon a high temperature (T>400ºC) anneal in
forming gas (a mixture of 95% H2 and 5% N2).  The characteristic features of these
positive charges differ in many respects from the “fixed oxide charge,” which is simply
due to holes accumulated near the interface.  Among the various characteristics that
delineate this new species from the holes trapped in the oxide are: (i) substantially small
electron capture cross section, (ii) enhanced stability, and (iii) the ability to move across
the oxide between the two Si layers under the influence of applied electric field without
appreciable decrease in their density.  The properties (ii) and (iii) have made these
species potential candidates as the source of non-volatile memory, the feasibility of
which was recently demonstrated by Vanheusden et al. [81].  Initial isotope substitution
experiments by Vanheusden et al. [81] suggest these species to be protons. Although, the
isotope substitution experiments by Vanheusden et al. [81] has not been successfully
reproduced in other laboratories, there seems to be overwhelming evidence to associate
these mobile charges with H.  Therefore, these are generally believed to be protons.

A perceived potential application of the mobile protons in MOS nonvolatile
memory has generated tremendous amount of activity toward understanding the physics
and the chemistry of these species in Si-SiO2 systems.  In a preliminary study on the
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stability of a proton in a-SiO2, Ferreira et al. [86] calculated the binding energy between
a H+ ion and a bridging O atom in SiO2 network. Calculations were performed at the ab
initio HF and second-order Møller-Plesset (MP2) theory levels using a DZP basis set and
a 15-atom cluster of Si and O atoms. It was found that the dissociation energy of the O—
H bond in a protonated complex was more than 6 eV.   Subsequent calculations allowing
a complete relaxation of the molecular clusters [87-89] give even larger values, ranging
from 8 to 10 eV, for the dissociation energy of a proton bonded to a bridging O atom in
a-SiO2.  Although, performed on molecular clusters of rather modest size, these
calculations provided the first set of reliable quantum mechanical data suggesting a
strongly bonded proton in a-SiO2.  Results of the more recent calculations [90-92],
performed within a periodic lattice (quartz) approach, qualitatively agree with the
findings of Ferreira et al. [86], although the calculated binding energies differ in
magnitude.

The calculations by Ferreira et al. [86] also revealed, for the first time, that in contrast
to protons, the neutral H atoms do not bind with a bridging O atom in SiO2.  Ferreira et
al. [86] obtained a strongly repulsive potential for O—H interaction in SiO2 cluster.  This
result suggested, in the first place, that a neutral H atom does not form a stable bond with
a bridging O atom − a finding that was in sharp contrast with the results of previous semi-
empirical calculations [93] performed on similar clusters.  In the second place, it
suggested that upon capturing an electron, a bonded proton would immediately dissociate
as a neutral H atom.   This implication appeared to be somewhat at odds with the
observed resistance of the mobile protons toward capturing electron, i.e. even after
electron injection into the oxide, only a small decrease in the density of the mobile proton
is observed [94].  Recently, Karna et al. [95] have performed a comprehensive analysis of
the equilibrium protonated structure and electron charge distribution in the oxide.  They
have found that at the equilibrium geometry, the positive charge of proton is delocalized
over the bridging O atom as well as the adjacent Si atoms rather than being localized on
the H atom.  In essence, the bonded proton, in a thermodynamical equilibrium state,
appears to be more like a neutral H in an O—H bond rather than an isolated [O—H]+

entity.  The redistribution of the charge is also reflected in the changes in the geometry
around the bridging O atom.  Furthermore, the calculated vertical electron affinity (VEA)
of the protonated complex at the equilibrium geometry is calculated to be less than 0.3 eV
using ab initio HF method and slightly larger using MP2 corrections to the energy [89].
The delocalization of the positive charge and a small VEA in the case of the protonated
complex at the thermodynamic equilibrium explains the observed resistance of the
mobile proton against capturing electron, making the calculated results consistent with
the experiment.

Mobile protons in a-SiO2 is a rapidly evolving field of research and during the time of
this writing, a number of groups are vigorously pursuing research directed at
understanding the chemistry and physics of these species as well as the feasibility of the
proton-based non-volatile memory devices.  It is gratifying to note that ASM studies have
taken a lead and continue to provide essential data toward developing our fundamental
knowledge of this important discovery.  An example is the role ASM studies are playing
in developing an understanding of the kinetics of proton motion through the a-SiO2
layers.  The simple model of proton hopping from one oxygen to a neighbor on the same
Si tetrahedron is shown in Figure 4.  Cluster calculations of Kurtz and Karna [96] have
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shown that this mechanism gives activation energies in very good agreement with the
experimental values.  Similar results were obtained by periodic structure DFT
calculations on α-quartz [92].

Si

OO

O
O

Si

Si

H

O
O

O Si

Figure 4: Intra-tetrahedral Proton motion

The development of a complete description of the motion of a proton in amorphous
SiO2 requires much more work.  For example, the intra-tetrahedral hops discussed in the
previous paragraph correspond to the high-energy, rate-limiting step measured in
experimental Arrhenius law measurement for the temperature dependence of rates.  Other
lower energy local motions should be possible.  An example is the inter-tetrahedral hops
shown in Figure 5.
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Figure 5. Inter-tetrahedral Proton Hop

The simple picture of proton motion above does not explain the varying transport
times of protons in materials manufactured by different procedures or in different labs.
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Work is ongoing to develop a fuller understanding of the roles various defects and local
structure (i.e., variable ring sizes) play in proton motion.

5. SUMMARY

The work discussed in this chapter is meant to illustrate the role atomic and
molecular modeling studies play in understanding issues relevant to the modern
electronics industry.  It is not an exhaustive survey and a large amount of good work by
other authors has been left out.  An example is work on the crucial area of how thermal
protons are formed in a-SiO2.  Another area where atomic and molecular modeling
should play a significant role is in the development of new materials for use in the
electronics industry such as new alternate dielectrics.
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