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Using a density-functional approach, we study the dielectric permittivity across interfaces at the
atomic scale. Focusing on the static and high-frequency permittivities of SiO, films on silicon, for
oxide thicknesses from 12 A down to the atomic scale, we find a departure from bulk values in accord
with experiment. A classical three-layer model accounts for the calculated permittivities and is
supported by the microscopic polarization profile across the interface. The local screening varies on
length scales corresponding to first-neighbor distances, indicating that the dielectric transition is
governed by the chemical grading. Silicon-induced gap states are shown to play a minor role.
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In the macroscopic regime, the permittivity of two
adjacent dielectrics is obtained from those of the respec-
tive bulk materials according to classical electrostatics.
However, when the thickness of one component ap-
proaches the atomic scale, the resulting permittivity can
be obtained only through a detailed quantum mechanical
description of the electronic structure [1]. Understanding
the dielectric screening in the vicinity of interfaces is
generally of great practical relevance in thin film metrol-
ogy. Indeed, the extraction of film thicknesses from both
ellipsometric [2] and capacitance-voltage [3] measure-
ments relies on ad hoc models of the dielectric response.
More recently, the dielectric permittivity of ultrathin
SiO, films has acquired importance in the context of
silicon technology. While current research is focusing
on the replacement of the gate oxide SiO, by a material
of higher dielectric permittivity « [4], the undesired
formation of an ultrathin SiO, interlayer could compro-
mise the overall permittivity of the gate dielectric [5].
However, recent observations suggest that the permittiv-
ity of such an interlayer is appreciably higher than that of
bulk SiO, [6,7].

In this work, we introduce a scheme within density-
functional theory to address dielectric discontinuities at
interfaces. We focus here on the Si-Si0O, interface because
of its immediate interest in silicon technology. Using
atomistic structures, we calculate both the static (eg)
and high-frequency (€,) dielectric permittivities of ul-
trathin SiO, films on silicon, for oxide thicknesses up to
12 A. First, we show that the calculated permittivities are
accurately reproduced by a classical three-layer model.
We then rationalize this finding by determining the mi-
croscopic polarization profile across the interface. An
analysis of the local screening based on the Berry-phase
theory of polarization reveals that the dielectric transi-
tion is dominated by the chemical grading. Induced gap
states are shown to play a minor role.
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The electronic structure is described within a general-
ized gradient approximation to density-functional theory
[8]. We used a normconserving pseudopotential for Si
atoms [9] and an ultrasoft pseudopotential for O atoms
[10]. The valence electron wave functions and the aug-
mented charge density were described by plane-wave
basis sets with energy cutoffs of 24 and 150 Ry, respec-
tively [11]. The Brillouin zones of our systems were
sampled at the I' point. All our model structures were
fully relaxed by means of a damped molecular dynamics
scheme [11,12]. We obtained €, and €, by evaluating the
variation of the polarization in response to a finite elec-
tric field, thereby avoiding the determination of the dy-
namical matrix [13].

To model the interface between silicon and its oxide we
used -Si-Si0,- superlattices. The simulation cell contains
two -Si-SiO,- interfaces connected back-to-back, which
carry by symmetry the same permittivities as the full
superlattice. We used an interface bonding pattern in
which a B-cristobalite oxide structure is matched without
coordination defects to Si(100), as described in Ref. [14].
At the transition from silicon to SiO,, the three inter-
mediate oxidation states of Si, SiT!, Si*2, and Si*3, occur
in equal amounts of 0.5 ML and are distributed over two
atomic layers, in qualitative agreement with recent photo-
emission experiments [15]. The choice of B cristobalite
allows us to vary the oxide thickness by steps as small as
one molecular layer (~2 A).

We constructed six superlattices with 11 Si monolayers
(=15 A) and up to 10 SiO, molecular layers (=17 A) in the
direction orthogonal to the interface planes (x direction).
In the plane of the interface, we used a fixed 2 X 2 inter-
face Si unit with supercell parameters L, = L, = 7.75 A,
based on the theoretical lattice constant. To determine the
supercell parameter in the x direction L, we performed a
separate relaxation of the interface model with 10 SiO,
molecular layers in a slab geometry, using H atoms to
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saturate the free surfaces. Beyond one molecular layer
from the interface, the structural parameters were found
to deviate negligibly from those of bulk SiO, (i.e.,
Si-matched B-cristobalite [16]).

To focus on the role of the oxide overlayer, it is conve-
nient to analyze the calculated permittivities in terms of
contributions from two distinct dielectrics: the oxide
overlayer and the Si substrate. We obtained the permit-
tivity of the oxide overlayer (€,.,q) by removing the
contribution of the latter on the basis of classical electro-
statics. This required the thickness and the permittivity of
the substrate component, which were derived from the
amount of nonoxidized Si atoms and from separate bulk
calculations [17,18], respectively. Figure 1 shows that both
the static and high-frequency permittivities of the oxide
overlayer significantly increase with decreasing thick-
ness. For the thinnest overlayer, the permittivities are
almost twice as large as those of bulk SiO, (€, = 3.8
and €, = 2.0) [19]. For increasing thicknesses, the per-
mittivities decay algebraically to the bulk SiO, values. We
note that both the electronic and the ionic screening
contribute to the observed enhancement of the permittiv-
ity (Fig. 1, inset). These results indicate that the first few
atomic layers of the oxide near the substrate exhibit
dielectric properties significantly different from bulk
Si0,, in accord with recent experimental observations
[6]. This effect is at the origin of the overestimation of
the film thickness when determined by ellipsometry [7].
A further important implication for high-« gate dielec-
trics on silicon is that the capacitance reduction due to a
thin SiO, interlayer is less severe than expected [5].

The behavior of the permittivities in Fig. 1 demon-
strates that a classical picture based on two dielectrics
is inconsistent with the data in a regime of atomic-layer
thicknesses. We then investigated whether a classical de-
scription can be recovered at the cost of introducing a
third intermediate dielectric. For this purpose, we mod-
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FIG. 1. Permittivities €,, (circles) and €, (disks) of the oxide

overlayer vs its thickness, compared to the results of a classical
three-layer model (solid). The classical two-layer model gives a
constant permittivity corresponding to that of bulk SiO,
(dashed). Inset: ionic contribution to €.
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considering two dielectrics, bulk SiO, and a thin sub-
oxide layer. Classical electrostatics then gives
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where the thickness 7, of the SiO, component is derived
from the number of fully oxidized Si atoms and the
density of bulk SiO,. The thickness of the suboxide layer
(tup = 3.2 A) is then obtained as a difference. As an
estimate of the suboxide permittivity €g,,, We tookK €gyeq
corresponding to the superlattice without any fully oxi-
dized Si atom (e, = 3.8, €2, = 7.1). For oxide thick-
nesses up to 12 A, €™ given by Eq. (1) agrees with €,y
calculated in the density-functional approach within 2%
(Fig. 1). Hence, it is possible to classically account for the
dielectric properties of the Si-SiO, interface down to the
atomic scale.

To understand why such a classical description holds,
we analyzed the microscopic response to an electric field
along the x axis. From the in-medium Maxwell equation
V - p(r) = —pina(r) [20], we obtain a relation between the
induced microscopic polarization along x, P, (x), and the
induced charge density, pi,q(x):

9 5x) = — a0, @)
0x

where the bars indicate averages over the yz directions.
Note that, unlike the microscopic polarization p(r), its
planar average P,(x) is gauge invariant. In this work, we
evaluated the induced charge density p;,q by applying
finite electric fields [13] in the linear regime and taking
finite differences of the resulting charge densities.
Equation (2) then gives p,(x) up to an additive constant,
which is determined by the overall Berry-phase polar-
ization induced in the supercell [21]. For illustration, we
focused on the response of the superlattice with an oxide
thickness of 24 A. We calculated both the high-frequency
and the static microscopic polarization across the inter-
face (Fig. 2). For the static polarization, we used Gaussian
distributions to represent the ionic point charges. The
microscopic polarizations remain constant in the silicon
bulk region, decrease continuously through the sub-
oxide, and reassume constant values in the oxide. In
both the static and high-frequency regimes, the classical
three-layer model describes this behavior by a three-step
approximation to the polarization, in which the inter-
mediate value closely corresponds to the average micro-
scopic one in the suboxide region. The accord with the
classical model supports the notion that the dielectric
transition from Si to Si0O, is rather abrupt, and essentially
takes place within the suboxide region. This picture is
also consistent with very recent Auger measurements
showing that the oxide permittivity beyond 6 A from
the interface agrees with that of bulk SiO, [22].
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FIG. 2. High-frequency (upper panel) and static (lower
panel) microscopic polarization along x (solid lines) compared
to the classical three-layer model (dashed lines). The polariza-
tion is normalized by its average value in the cell. For the static
polarization we used a Gaussian broadening of 0.9 A to smear
out the pointlike ionic contributions. The suboxide region is
shaded.

To understand the variation of the microscopic polar-
ization across the dielectric transition layer, we intro-
duce appropriate polarizable units and determine their
effective polarizabilities. For this purpose, we chose Si-
centered structural units including eventual nearest
neighbor O atoms. For each polarizable unit, we defined
an effective induced electric field as a suitable average of
the microscopic induced field over the polarizable unit. To
assign an induced electronic dipole to each polarizable
unit, it is convenient to describe the electronic structure
in terms of Wannier functions w,, maximally localized
along the x axis [23]. Following the modern theory of
polarization [21], the electronic polarization is given in
terms of the displacements Ax,, of the Wannier functions
induced by the electric field:

2 2
Pl = S A = S Al )

where e is the electron charge, and () the volume of our
cell. Thus, we can attribute an induced dipole to each
Wannier function. Since each Wannier function can be
associated either to a structural bond or to a nonbonding
O orbital, it is straightforward to define the induced di-
pole of a polarizable unit, and, consequently, its elec-
tronic polarizability by means of the effective field. The
resulting polarizabilities are shown in Fig. 3 (upper
panel). These polarizabilities are found to vary with the
oxidation state of the central Si atom, decreasing from Si®
to Sit4.

A similar analysis can be carried out for the ionic
contribution to the polarization. In the linear regime,
the latter is given by [24]
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FIG. 3. Electronic (upper panel) and ionic (lower panel)
polarizability of the Si-centered polarizable units defined in
the text vs their position along the x axis. The Si and SiO, bulk
values are shown (dashed lines). Vertical lines represent planes
of Si (solid lines) and O atoms (dashed lines). The suboxide
region is shaded.
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where Zj , are the transverse dynamical charges [25],
u; o the ionic displacements, a runs over the Cartesian
directions, and / over the atoms. In our finite-field
scheme, the displacements u; , are obtained by relaxation
and the dynamical charges Z; , from the atomic forces
[13]. From the atomic contributions in Eq. (4), we deter-
mined the induced dipoles of the polarizable units. The
ionic polarizabilities then follow via the effective field
[Fig. 3 (lower panel)] [26]. These polarizabilities vanish
in the silicon region (because of the vanishing dynamical
charges) and reach the bulk SiO, value on the oxide side.
In the suboxide region, the polarizabilities are larger than
in SiO,, in accord with the classical model. The present
analysis of both the electronic and the ionic screening
reveals that the dielectric transition across the interface
strongly relates to the grading of the chemical composi-
tion. This is consistent with ellipsometric data for Si-SiO,
interfaces with broader transition layers [2].

At variance with our findings, the dielectric transition
at Si-SiO, interfaces has previously been related to the
tails of Si states at energies located inside the SiO, band
gap [5,27], in analogy to the metal induced gap states at
metal-semiconductor contacts [28]. These tails extend
into the oxide for about 5 A contributing to a reduction
of the gap in the local density of states [27,29]. To inves-
tigate the role of such tails, we retain for each Wannier
function a fraction of its contribution to the microscopic
polarization, corresponding to its projection onto the
occupied electronic states lying inside the oxide gap.
Figure 4 shows that the combination of these contribu-
tions decays into the oxide on a similar length scale as the
formation of the oxide gap. In the near-interface oxide
(first 5 A), the contribution from gap states amounts to
only 13% of the polarization [30], indicating that their
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FIG. 4. Microscopic electronic polarization [solid, from Fig. 2
(upper panel)] and the contribution from gap states (dots). The
shaded area corresponds to the Si layer. For comparison, we
also show a decomposition in silicon and oxide contributions
on the basis of localized Wannier functions (dashed): the
silicon contribution results from Si-Si bonds, the oxide one
from Si-O bonds and O nonbonding orbitals.

role is secondary. This assertion is further supported by
considering the Schottky pinning factor of SiO,, which
can be related to the screening due to gap states [31-33].
We derived an estimate of 0.8 for this Schottky pinning
factor, in accord with experimental data (0.70—0.86) [31].

In conclusion, we investigated the dielectric transition
across the Si-SiO, interface at the atomic scale. For
atomic-layer thin films (3-5 A), we observed a significant
enhancement of the oxide permittivity. This has impor-
tant implications for the gate capacitance of high-« di-
electrics on silicon in the presence of SiO, interlayers.
More generally, this work defines a comprehensive
scheme for addressing dielectric discontinuities across
interfaces in a systematic way.
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