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Abstract
We review the structural, electronic and dielectric properties of atomistic models
of the Si(100)–SiO2 interface, which have been purposely designed in order
to match a large variety of atomic-scale experimental data. After describing
the generation procedure and the structural properties of two specific interface
models, we study the corresponding electronic structure and dielectric response
within the framework of density-functional theory. Particular emphasis is given
to a systematic comparison between the atomistic properties of our model
interfaces and experiment. Besides synthesizing the present status of our
experimental knowledge on the Si(100)–SiO2 interface, these models provide
a solid and necessary basis for future investigations in the area of gate stacks
for Si-based microelectronics.

1. Introduction

The need for increasing circuit density while keeping unchanged the power consumption in
integrated metal–oxide–semiconductor devices translates into the requirement of larger gate
capacitance for each new technology generation. To date, the increase of the gate capacitance
has mainly been achieved by reducing the thickness of the gate oxide [1], reaching values
as small as 2 nm [2]. As a consequence, the interfacial transition layer between silicon and
its oxide has become a significant fraction of the total thickness and its detailed physical
properties have a strong impact on device performance [2]. Despite the major effort which is
nowadays devoted to the replacement of SiO2 by materials of higher dielectric permittivity [3],
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the transition layer between Si and SiO2 still plays a central role. Indeed, during the post-
deposition annealing for dopant activation, oxygen atoms diffuse out of the transition metal
silicate and oxidize the Si substrate, forming an interfacial oxide layer [4]. Understanding the
structural, electronic and dielectric properties of this interfacial layer is therefore of paramount
importance for the progress of Si-based microelectronics.

Several experimental techniques [5] have provided detailed atomic-scale information on
the bonding pattern at the Si(100)–SiO2 interface. The amorphous nature of the oxide is
clearly indicated by both transmission electron microscopy and x-ray scattering [5]. The
density of the oxide near to the substrate is higher than that of vitreous silica by at most
10% [6, 7]. Electrical characterization [8] and electron spin resonance measurements [9]
reveal extremely low densities of interface states. Additional information on the atomistic
structure of the interfacial region comes from photoemission spectroscopy, which reveals the
occurrence of three intermediate oxidation states of Si [10–13], corresponding to Si atoms
with different O coordinations [14, 15, 19]. The dielectric properties of the interfacial layer
have been probed less extensively. Auger spectroscopy measurements suggest that, at a
distance of 6 Å from the substrate, the oxide permittivity has already recovered the bulk
SiO2 value [20]. Furthermore, from electrical measurements on SiO2/ZrO2 capacitors with
varying ZrO2 thickness, a permittivity between 6 and 7 has tentatively been assigned to the
interfacial oxide [21].

Several structural models of the Si(100)–SiO2 interface have recently been proposed [14–
18, 22–30]. However, none of these models matches the full list of atomic-scale properties
mentioned above. The generation of a realistic model of the Si(100)–SiO2 interface
is nevertheless a goal of primary importance. From a fundamental point of view, this
would demonstrate that the information resulting from various experimental probes can
indeed be assembled consistently in well defined atomistic structures. Furthermore, on the
practical side, the realization of such a model would synthesize the present status of our
experimental knowledge on the Si(100)–SiO2 interface, providing the necessary basis for
future investigations in the area of high-permittivity gate stacks, which often incorporate a
SiO2 interlayer.

The purpose of the present work is to review the structural, electronic and dielectric
properties of two atomistic models of the Si(100)–SiO2 interface, which have been generated
with the specific intent of incorporating the available atomic-scale experimental data. After
describing the generation procedure in section 2, we present the corresponding structural
properties in section 3. The electronic and dielectric properties of these model interfaces are
analysed in sections 4 and 5, respectively.

2. Generation of models with disordered oxides

Our target consisted in generating model interfaces with the following atomic-scale properties
derived from experiment. First, our model structure should reproduce the disordered nature
of the oxide [5]. Second, our model structure should be consistent with the extremely
low density of coordination defects (one defect out of 300 Si interface atoms) [8, 9].
Third, the mass density profile in our model structure should agree with x-ray reflectivity
measurements, which yield an oxide density in proximity to the Si substrate between 2.3 and
2.4 g cm−3 [6, 7], slightly denser than vitreous silica (2.2 g cm−3). Fourth, the transition
region in our model structure should contain Si atoms in intermediate oxidation states in
accord with Si 2p core-level photoemission experiments [12, 13]. Following the commonly
accepted interpretation scheme [10, 11, 14, 15, 19], recent photoemission experiments yield
1.8 monolayers (1 ML = 6.5 × 1014 atoms cm−2) of partially oxidized Si atoms, distributed
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between Si1+, Si2+, and Si3+ moieties according to the ratio of 1:2:3 [12, 13]. From recent angle-
resolved spectra obtained with synchrotron radiation [12, 13], one deduces in addition that the
Si1+ and Si2+ moieties are located right at the interface, while the Si3+ ones are distributed
within a few Si–O bond lengths from the interface.

To generate model structures of the Si(100)–SiO2 interface, we used a two-step
procedure [31]. In the first step, we constructed a suitable topological connection between
the substrate and the oxide. For this purpose, we used classical molecular dynamics [32] at
3500 K to evolve Si and O atoms in the presence of a template of fixed Si atoms representing
the substrate. A slow quench (10 K ps−1) to low temperatures provided us with oxides attached
to the template without any coordination defect. By varying the positions of the Si atoms in
the template, we obtained model structures showing different bonding patterns at the interface.
During the molecular dynamics simulation, the mass density of the oxide was controlled by
setting from the outset the size of the simulation cell. The template exposes two (100) opposite
faces to the oxide within an orthorhombic supercell. From a single oxide/template/oxide
superstructure, we constructed two model interfaces by ‘cutting’ the system halfway through
the template and halfway through the oxide. Then, the template in both models was extended by
adding Si(100) monolayers. The unsaturated bonds at the outer surfaces were terminated with
H atoms. The final model structures of the Si(100)–SiO2 interface are periodic in directions
parallel to the interface with a

√
8 × √

8 repeat unit of interface Si atoms. For a repeat unit
of this size, the low experimental density of interface defects [9] is best described by a perfect
bonding network, as is the case for the present model structures.

In the second step, the model structures were further optimized. First, the targeted
distribution of partially oxidized Si atoms was achieved by removing a few O atoms from the
oxide. This extended the range of partially oxidized Si atoms into the oxide region. Second,
we recovered optimal structural parameters by performing a complete structural relaxation
within a density-functional scheme (vide infra).

Among the models generated in this way, we made a further selection by performing ion-
scattering simulations and comparing the results for each interface model with experiment [33].
In the channelling geometry, ion-scattering experiments measure the number of ‘excess Si
atoms’ at the Si(100)–SiO2 interface [34]. The excess Si yield is a genuine interface property
which includes Si atoms in intermediate oxidation states as well as a measure of the in-plane
Si displacements at the interface [34]. To extract atomic scale information, we addressed a set
of atomistic interface models with bond patterns of varying complexity [31]. Measured and
calculated ion-scattering yields were initially compared for ion energies ranging between 0.4
and 1.0 MeV [33]. The comparison was then extended to ion energies up to 2.0 MeV [35].
The ion-scattering analysis showed that

(i) Si atoms in intermediate oxidation states contribute to the excess Si yield by approximately
0.8 ML,

(ii) silicon in-plane distortions larger than 0.09 Å propagate from the interface into the three
upper layers of the Si lattice, and

(iii) these distortions are consistent with transition structures showing a significant degree of
disorder in the bonding pattern.

Among the many generated models, we retained only two of them showing excess Si yields
closest to the experimental result. These two models will hereafter be referred to as to model I
and model II3. In model I, the terminating Si layer shows a high density of in-plane Si–Si dimers,
with a high fraction of oxidized backbonds. In model II, the structure of the terminating Si layer

3 Model I and model II correspond to model B and model C′ of [33], respectively.
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Figure 1. Ball-and-stick representation of the transition layer in the model structures of the Si(100)–
SiO2 interface considered in this work: side and top views of model I (top panels) and model II
(bottom panels). Grey balls indicate Si atoms, black balls O atoms.

is adapted from a model generated previously by first-principles molecular dynamics [22, 23].
A ball-and-stick representation of these models is given in figure 1.

For the specific purpose of studying the electronic and dielectric properties of these models,
we found it convenient to dispose of the silicon/vacuum and oxide/vacuum interfaces occurring
in the original models by adopting superlattice geometries. Hence, we mirrored each model
interface with respect to the interface plane, so as to obtain two opposite Si–SiO2 and SiO2–
Si junctions, separated by empty space. Subsequently, we generated stoichiometric SiO2 in
the region between the junctions by means of classical molecular dynamics. The size of the
simulation cell in the direction orthogonal to the interface planes was fixed so as to obtain melts
at the experimental density of vitreous SiO2. The superlattice arrangements were then obtained
through the matching of the Si lattices. In order to release the residual strain, we again relaxed
the atomic positions in the model structures through first-principle molecular dynamics (vide
infra). The final structures consisted of 315 and 313 atoms, respectively, distributed in 13 Si
layers and 2.5 nm of oxide, within simulation cells of size �11 × 11 × 45 Å3.

In our first-principles scheme, the electronic structure was described by using a plane-wave
basis set for the valence wavefunctions and pseudopotentials to account for the core–valence
interactions. We used a norm-conserving pseudopotential for Si atoms [36] and an ultrasoft
pseudopotential for O atoms [37]. The exchange and correlation energy was accounted for
within the generalized gradient approximation of Perdew and Wang [38]. We carried out
structural relaxations adopting a damped molecular-dynamics scheme [39–41]. Energy cut-
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Figure 2. Distribution of Si atoms in model I (left) and model II (right) of the Si(100)–SiO2
interface according to the corresponding oxidation state (vertical scale). The shaded areas indicate
the suboxide regions, and the x-coordinate is along a direction perpendicular to the interface plane.
The models are shown in the periodic superlattice arrangement.

Table 1. Average Si–O bond length, Si–O–Si and O–Si–O bond angles for model I and model II
of the Si(100)–SiO2 interface. The standard deviations of the corresponding distributions are
given between brackets. We report separately the values for the suboxide regions and for the
stoichiometric oxide. Experimental data refer to bulk vitreous silica.

Model I Model II Experiment

Suboxide Si4+ Suboxide Si4+ Si4+

Si–O (Å) 1.65(0.02) 1.64(0.02) 1.67(0.03) 1.64(0.02) 1.61
� Si–O–Si 140.9◦ (6.1) 143.0◦ (13.2) 130.7◦ (9.3) 144.3◦ (14.1) 147◦–151◦a

� O–Si–O 106.4◦ (5.9) 109.5◦ (6.8) 107.6◦ (7.3) 109.4◦ (6.3) 109.4◦

a Reference [43].

offs of 24 and 150 Ryd were used for the wavefunctions and for the augmented electron density,
respectively.

3. Structural properties

Average structural parameters for bond lengths and bond angles of model I and model II of the
Si(100)–SiO2 interface are given in table 1. Si–O bond lengths associated with partially
oxidized Si atoms are generally longer than the mean bond length in SiO2, due to the
less electronegative suboxide environment [42]. Bond angle distributions do not show any
particular dependence on Si oxidation state or on distance from the interface. The tetrahedral
coordination of the Si atoms is well preserved, both in the oxide and in the suboxide region
(table 1). The mean Si–O–Si bond angle is close to that of vitreous silica [43].

The model structures contain the same distribution of partially oxidized Si atoms, in accord
with recent photoemission data [12, 13]. More specifically, our model structures contain 0.3,
0.7 and 0.9 ML of Si1+, Si2+ and Si3+ moieties, respectively. The Si1+ and Si2+ are located
right at the interface while the Si3+ moieties are distributed in the oxide within a range of three
to four Si–O bond lengths from the interface (figure 2). Overall, the suboxide region (i.e. the
region containing the partially oxidized Si atoms) was found to be 6.4 and 5.1 Å thick for
interface models I and II, respectively.

The mass density was evaluated for layers of increasing thickness starting at the interface
and extending into the oxide. The average mass density was found to decay slowly from about
2.3 g cm−3 in the immediate vicinity of the interface to 2.2g cm−3 and 2.1 g cm−3 deep into the
stoichiometric oxide of interface models I and II, respectively. These results are in agreement
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Figure 3. Conduction band minimum (CBM), valence band maximum (VBM) and bandgap profiles
across model I (left) and model II (right) of the Si(100)–SiO2 interface. The shaded areas indicate
the suboxide regions. The x-coordinate is along a direction perpendicular to the interface plane.
The models were recast into a periodic geometry in order to eliminate surface dipoles arising from
asymmetric terminations.

with x-ray reflectivity experiments which indicate the occurrence of a thin interfacial oxide
layer of mass density ranging between 2.3 and 2.4 g cm−3 [6, 7].

Simulations with ion energies between 0.4 and 1.0 MeV gave excess Si yields of 2.7
and 2.9 ML for model I and model II, respectively. These values compare well with the
experimental result of 3.0 ± 0.3 ML [33]. In addition, model II was found to match the ion-
scattering data for ion energies ranging up to 2 MeV [35] and to reproduce the experimental
strain versus depth profile [44] associated with distortions in the direction perpendicular to the
plane of the interface [45].

4. Electronic properties

The valence band maximum (VBM) and the conduction band minimum (CBM) of our model
interfaces were determined as follows. First, we calculated the local density of states according
to

D(x; ε) = 2
∑

n

|〈x |ψn〉|2δ(ε − εn), (1)

where x indicates a coordinate along the interface normal, |ψn〉 are the eigenstates of the
Kohn–Sham Hamiltonian with eigenvalues εn , and the sum extends over both occupied and
empty states. The Dirac delta functions in equation (1) were conveniently replaced by Gaussian
functions with a standard deviation of 0.01 eV. Then, for every value of x , we determined the
local band edges by requiring that the number of states falling between the supercell midgap
and the band-edge equals a threshold value of 0.1 states/Å3 [26]. To determine the bulk band
edges deep inside the Si and SiO2 layers we adopted the double macroscopic average according
to [46].

In figure 3, we report the local CBM, the VBM and the local bandgap for both model
interfaces. The main features are also summarized in table 2. Deep inside the Si layer, we
found a bandgap of 0.8 eV for both interface models. The gap in the oxide amounts to 5.0 and
5.1 eV for model I and model II, respectively. The 0.1 eV difference arises from the slightly
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Table 2. Calculated bandgaps and band offsets (in units of eV) for models I and II of the
Si(100)–SiO2 interface.

ESi
gap ESiO2

gap �Ev �Ec

Model I 0.8 5.0 2.4 1.8
Model II 0.8 5.1 2.5 1.8
Experiment 1.1 8.9 4.3a 3.0b

a Reference [47].
b Reference [48], assuming a Si bandgap of 1.1 eV.

different mass densities in the middle of the oxide region. The corresponding experimental
values (1.1 and 8.9 eV for Si and SiO2, respectively) are underestimated by about a factor of
two, as usual in density-functional calculations. The calculated valence band offsets are 2.4 eV
for model I and 2.5 eV for model II, while the corresponding conduction band offsets are 1.8 eV
for both interface models. As for the bandgaps, the calculated band offsets underestimate the
experimental values of 3.1 and 4.3 eV [47, 48]. However, the calculated values agree with
other calculations for more idealized models of the Si(100)–SiO2 interface [26, 49, 50]. By
inspection of figure 3, we find that the bandgap and the band offsets are fully developed at a
distance of only 7–9 Å from the substrate, in agreement with electron energy-loss spectroscopy
data [2].

The determination of the band edges allows the identification of silicon-induced gap states
(IGSs). Within the oxide, these are evanescent states with energies located in the bandgap,
hence they can be singled out by inspecting the local density of states. The decay length of
induced gap states in the oxide can be evaluated through a linear fit of the charge density in
a logarithmic plot. In particular, focusing on the IGS near the Si band edges, we calculated a
decay length in the oxide of �1.2 Å for both hole and electron IGSs. This result is in good
agreement with measurements of leakage current density as a function of oxide thickness,
which give a current decay rate of about one decade per 2 Å of oxide thickness [51]. Indeed,
on the basis of a simple model for the tunnelling current [52], this estimate can be translated
into an IGS decay length of 1.15 Å, quite close to the value we found for the oxide in our
model structures.

5. Dielectric properties

For the model interfaces considered in this work, we mapped both the high-frequency and the
static permittivities across the interface. The permittivity profile was obtained by determining
the microscopic response to a finite electric field applied from the outside [53, 54]. The
local permittivity provides a good approximation to the full nonlocal permittivity tensor when
length scales of the order of interatomic distances are considered [55]. For this purpose, we
smoothed all the microscopic quantities through a Gaussian filter with a standard deviation
of 1 Å. Here we consider a reference frame with the x-axis perpendicular to the Si–SiO2

interface plane. Through the induced microscopic polarization px(x) and the selfconsistent
microscopic electric field ex(x) which arise upon the onset of the external field, we calculated
the local permittivity εxx(x) according to εxx (x) = 1 + 4πpx(x)/ex(x). In the remainder
of this section we will use ε(x) as a shorthand notation for εxx (x). In particular, we will
consider two situations of practical relevance, namely the static permittivity ε0(x) and the
high-frequency permittivity ε∞(x).

Figure 4 shows the calculated profiles of the high-frequency and the static permittivity
across our interface models, in the superlattice geometry described in section 2. The salient
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Figure 4. Dielectric permittivity profiles of model I (left) and model II (right) of the Si(100)–SiO2
interface. Solid lines indicate the static permittivity, dashed lines the high-frequency permittivity.
The x-coordinate is taken along a direction perpendicular to the interface plane. Horizontal dotted
lines correspond to the experimental values. The shaded areas indicate the suboxide regions.

Table 3. Calculated high-frequency and static permittivities of the silicon, suboxide and oxide
regions for models I and II of the Si(100)–SiO2 interface.

ε∞Si ε0
Si ε∞SiOx

ε0
SiOx

ε∞SiO2
ε0

SiO2

Model I 12.4 12.5 4.2 6.9 2.3 4.2
Model II 12.3 12.5 3.4 5.7 2.3 4.0
Experiment 11.9 11.9 — 6–7a 2.1 3.9

a Reference [21].

features are also reported in table 3. The high-frequency and static permittivities in the middle
of the Si slab approximately coincide, due to the vanishing dynamical charges at a sufficiently
large distance from the interface. The calculated static permittivity, ε0

Si = 12.5 for both model
interfaces, slightly overestimates the experimental value of 11.9,mainly because of the inherent
error of the adopted density functional scheme [56]. We evaluated an average high-frequency
permittivity of 2.3 for the stoichiometric oxides of both model interfaces. The corresponding
static permittivities are 4.2 and 4.0 for model I and model II, respectively. Also in this case,
the calculated permittivities slightly overestimate the experimental values (2.1 and 3.9 for the
high-frequency and the static permittivity, respectively). The difference between the static
permittivities of the oxides in our models can be traced back to their different mass densities.
The permittivities of the substoichiometric oxide amount to εSiOx = 6.9 and εSiOx = 5.7 for
model I and model II, respectively. The difference mainly arises from the different spatial
distributions and orientations of the suboxide Si–Si bonds. Our calculations are consistent
with indirect experimental measurements which assign a static permittivity between 6 and 7
to the interfacial layer [21]. Furthermore, figure 4 shows that the permittivity of bulk SiO2 is
recovered as soon as the Si atoms become fully oxidized, i.e. at a distance of about 5–6 Å from
the substrate. This result is consistent with Auger measurements indicating that the bulk
SiO2 high-frequency permittivity is already recovered at a distance of 6 Å from the substrate.
Finally, a detailed analysis shows that the enhanced permittivity in the outermost Si layers of
the substrate results from the screening provided by Si–Si bonds in the adjacent suboxide [55].

The enhanced permittivity of the suboxide region has previously been related to the silicon-
induced gap states discussed in section 4 [2, 57]. In order to investigate the role of such
states, we evaluated their contribution to the screening of the interfacial oxide through an
approach based on maximally localized Wannier functions [53]. The IGS contribution to the
dielectric screening in the interfacial layer was found to be only a small fraction (13%) of the
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high-frequency permittivity in that region, indicating that their role is indeed secondary. At
variance, we found that the permittivity enhancement is chemical in origin, being related to
the larger polarizability of the structural units associated with partially oxidized Si atoms.

The enhanced permittivity of the interfacial oxide has clearly important technological
implications in the area of high-permittivity dielectrics [58]. In addition, our results bear some
consequences in the area of thin-film metrology. Indeed, when the permittivity enhancement
near the substrate is neglected, standard techniques for the determination of film thickness
such as spectroscopic ellipsometry and capacitance–voltage can yield measured thicknesses
differing by 0.2–0.3 nm from the corresponding physical thicknesses [59].

6. Conclusion

We reviewed the structural, electronic and dielectric properties of two atomistic models of
the Si(100)–SiO2 interface. These models were specifically designed in order to match a
large variety of available experimental data. After generating, refining and selecting only
those models which fulfil a number of constraints set by experimental data, we studied their
electronic structures and mapped the local dielectric permittivity across the interfacial layer.
The good agreement of the calculated electronic and dielectric properties with experiment
indicates once more that these models indeed give a realistic description of the actual interface
between silicon and its oxide.
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