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A recently developed theory of atomic-scale local dielectric permittivity has been used to determine the
position dependent permittivity profiles of a few nanoscale insulator surfaces and multilayers. Specifically,
slabs containing single-component 共Si, polymer, and SiO2兲 and two-component 共Si-SiO2 and polymer-SiO2兲
systems of technological importance have been studied. The present approach indicates that the local permittivity is generally enhanced at the surfaces and/or interfaces, and that it approaches the corresponding bulk
values in the interior of each component. This simple method of determining the position-dependent dielectric
permittivity profiles can be used to study the impact of atomic level disorder and defects on dielectric
properties.
DOI: 10.1103/PhysRevB.74.045318

PACS number共s兲: 78.20.Bh, 77.55.⫹f, 77.84.Jd

I. INTRODUCTION

Thin films based on high dielectric constant 共high-k兲 materials have attracted great attention in recent years as they
could potentially allow continued lateral size shrinkages of
microelectronics devices such as transistors, capacitors,
etc.1,2 Also, nanocomposites based on polymers and high-k
oxide dielectrics are being considered for the creation of
flexible organic substrates as the dielectric constant of the
substrate can potentially be increased without compromising
its flexibility.3–8 In both these examples, surface and interface effects are expected to play a dominant role in determining the dielectric properties, especially as the system sizes
共i.e., the thickness of the dielectric films in multilayer stacks,
or the size of dielectric oxide particles in nanocomposites兲
approach the nanoscale regime. Thus, while in the macroscopic regime, the average permittivity of multicomponent
systems can be determined from the permittivity of the respective bulk materials, such an approach will be inadequate
at nanometer length scales.
In fact, observations suggest that the permittivity of
ultrathin SiO2 deposited on Si is appreciably higher at the
Si-SiO2 interface than that of bulk SiO2.9,10 This observation
has also been confirmed by first principles calculations of the
local dielectric permittivity.11,12 Furthermore, it has been recently observed that the effective permittivity of polymeroxide composites can be significantly higher than that expected given the permittivity of the corresponding single
component bulk values.6 This increase in effective permittivity has also been correlated with the total surface area of the
interface 共which increases as the oxide particle sizes decrease兲. An understanding of the dielectric properties of these
systems calls for an accurate determination of atomic-scale
dielectric permittivity profiles across layered structures.
In principle, the dielectric response is completely accounted for by the nonlocal dielectric tensor. However, the
calculation of this quantity for complex systems is computationally demanding, and often carries excessively detailed
information with respect to experimental interests. Recently,
Giustino et al.11,12 have introduced a practical method for the
calculation of the position dependent dielectric permittivity
1098-0121/2006/74共4兲/045318共7兲

of multilayer systems in the presence of finite electric fields.
Two approaches to determining the local permittivity
were introduced in this prior work:12 one based on the berry
phase technique applicable to periodic multilayer stacks, and
a second one applicable to systems in slab geometries with
intervening vacuum regions. The former was used to study a
Si-SiO2 interface, and the latter to study Si slabs. Both techniques go beyond the traditional ways of determining the
dielectric permittivity of bulk13–21 and superlattice22 systems
and more recent ways of indirectly determining the surface
or interface contributions to the total field-induced polarizations by considering films of varying thickness.23,24 It is also
worth mentioning that techniques closely related to the latter
method of Giustino and Pasquarello12 were used in the determination of the local dielectric response of Si25 and
GaAs26 nanostructures.
The simplicity of this latter method to determine the local
position dependent permittivity arises from the fact that most
standard DFT implementations can be used as-is without the
need for additional major code development; more importantly, this approach can treat finite systems such as slabs,
with the bulk dielectric properties 共optical and static兲 resulting as a by-product. A local permittivity function was introduced to describe variations of the dielectric response over
length scales of the order of interatomic distances, which can
conveniently be calculated from the local field induced selfconsistent charge density profile. The optical part of the position dependent polarization and permittivity is obtained in
terms of the field-induced displacements of just the electronic charge density 共with the ions held fixed at their fieldfree equilibrium positions兲, while the static part is determined from both the induced electronic and ionic
displacements.
The primary goal of the present work is to use the latter
scheme proposed by Giustino and Pasquarello12 to determine
the position dependent dielectric permittivity profiles of a
variety of single and two-component systems of technological importance. First we consider three different slab systems
with finite thickness: Si, SiO2, and polymer. In general, we
find that the local permittivity in the slab interior approaches
the corresponding bulk values within a few atomic layers
from the surfaces. Second, two different interfaces are con-
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sidered: Si-SiO2 and SiO2-polymer. We show that bulk permittivities are recovered within distances from the interface
corresponding to a few bond lengths and that the local permittivity is enhanced in the interfacial suboxide region.
The present paper is organized as follows. Section II
outlines the theory, as implemented here, for obtaining the local permittivity profile, closely following the
prior development.12 In Sec. III, we specify the technical
details of our computational approach. Section IV is devoted
to applications to Si, SiO2, and polymer slabs, as well as to
the Si-SiO2 and SiO2-polymer interfaces. Finally, our conclusions are drawn in Sec. V.

II. THEORY OF LOCAL PERMITTIVITY

From the in-medium Maxwell equation, the induced microscopic polarization p共r兲 can be obtained from the induced
charge density ind共r兲 through the Gauss relation28
 · p共r兲 = − ind共r兲.

共1兲

In this work, we are primarily interested in multilayer geometries periodic along the x-y plane, with the surface or interface normal aligned along the z direction. For such a quasione-dimensional system, Eq. 共1兲 reduces to
d
p̄共z兲 = − ¯ind共z兲,
dz

共2兲

where the p̄共z兲 and ¯ind共z兲 are the polarization and induced
charge density, respectively, averaged along the x-y plane.
The induced charge density ¯ind共z兲 can be evaluated by applying finite electric fields of ±␦ along the z direction and
taking the differences of the resulting charge densities for the
positive and negative fields. The solution of Eq. 共2兲 is the
following:
p̄共z兲 = p̄−⬁ −

冕

z

¯ind共z⬘兲dz⬘ .

共3兲

−⬁

Assuming that our slab of finite thickness is placed at z ⬎ 0,
the constant p̄−⬁ can be set to zero as it corresponds to the
polarization at −⬁, a region where charge density is zero.
Using the above procedure, both the optical 共high frequency兲 and the static 共low frequency兲 microscopic polarization can be calculated. For the optical case, the atoms are
fixed at their field-free equilibrium positions, and only the
electronic degrees of freedom are allowed to relax in response to the applied electric field, as in the high frequency
limit, we expect only the electrons to respond to the external
electric field. For the static case, both the electrons and ions
are allowed to respond to the electric field. Finally, in supercell slab calculations where the polarization is induced due to
both the external electric field and the periodic image dipoles, the true polarization due to just the external electric
field can be obtained using a simple scaling procedure described earlier.23,24
The calculated polarization profile can then be used to
determine the position dependent local 共relative兲 permittivity
共or dielectric constant兲, using

⑀共z兲 =

 p̄共z兲
+ 1,
⑀0  Eloc共z兲

共4兲

where ⑀0 is the permittivity of free, and Eloc共z兲 is the local
electric field given by Eloc共z兲 = Eext − p̄共z兲 / ⑀0, with Eext being
the external electric field. For linear dielectrics, such as the
ones considered here,  p̄共z兲 / Eloc共z兲 = p̄共z兲 / Eloc共z兲, and Eq.
共4兲 reduces to

⑀共z兲 =

⑀0Eext
.
⑀0Eext − p̄共z兲

共5兲

In the present work, Eext ⫽2␦, as p̄共z兲 was determined from
charge densities due to fields of +␦ and −␦ along the z direction separately. Using p̄共z兲 corresponding to the optical and
static cases results, respectively, in the optical and static local
permittivities.
III. METHOD AND MODELS

All calculations presented here were performed using the
local density approximation 共LDA兲 within DFT 共Ref. 27兲 as
implemented in the local orbital SIESTA code.29 Normconserving nonlocal pseudopotentials of the TroullierMartins type were used to describe all the elements. The
atomic configuration 关Ne兴3s23p2 was used for the Si pseudopotential, 关He兴2s22p4 for the O pseudopotential, 关He兴2s4 for
the C pesudopotential, and 关H兴 for H pseudopotential. Semicore corrections were used for Si. A double-zeta plus polarization 共DZP兲 basis set with orbital-confining cutoff radii
was determined by a PAO. Energyshift parameter of
0.0001 Ry was used for all calculations. SiO2 in the ␣-quartz
and ␤-cristobalite phases were considered. 75 and 64 special
k points, respectively, yielded well converged bulk and slab
results for Si. The corresponding number of special k points
that resulted in converged results for SiO2 in the
␤-cristobalite phase were 108 and 36, and those for SiO2 in
the ␣-quartz phase were 74 and 23. 18 special k points
yielded well converged polymer slab results. The equilibrium
positions of all the atoms were determined by requiring the
forces on each atom to be smaller than 0.01 eV/ Å.
The equilibrium lattice constant of Si in the diamond
crystal structure was calculated here to be 5.43 Å, which
agrees well with prior DFT calculations 共5.48 Å兲 共Refs. 11,
12, and 30兲 and experiments 共5.43 Å兲.31,32 The equilibrium
lattice constants, a and c, in ␣-quartz SiO2 calculated here to
be 4.91 Å and 5.41 Å, respectively, also agree well with
prior DFT calculations 共5.02 Å and 5.53 Å兲,33,34 and with
experimental
results
共4.92 Å
and
5.41 Å兲.35For
␤-cristoballite, the calculated lattice constant was 7.49 Å, in
reasonable agreement with other theory 共7.14 Å兲,36 and experiments 共7.17 Å兲.37 A C12H26 hydrocarbon chain was used
to model a polymer. The calculated C-C and C-H bond distances were 1.52 Å and 1.12 Å, in good agreement with the
experiments 共1.54 Å and 1.10 Å兲.38 For all slab calculations,
the equilibrium atomic positions in the absence of an external electric field 共including surface relaxation and reconstructions兲, was first determined. Electric field of strength
±0.01 eV/ Å was then applied, and the resulting total charge
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FIG. 1. Static 共solid兲 and optical 共dotted兲 planar-averaged polarization 共a兲 and dielectric constant 共b兲 of a Si 共001兲 slab as a function
of position z normal to the slab surface. The static polarization and
dielectric constant when the surface Si atoms are passivated by H
atoms are also shown 共dashed lines兲.

density was used to calculate the optical and static local polarizations and permittivity.
IV. RESULTS

Below we present the results for the Si, C12H26,
␤-cristobalite, and ␣-quartz 1-component slabs first, before
describing interfaces created from these slabs.
A. Si and C12H26 (polymer) slabs

A Si共001兲 slab with a finite thickness of 10.96 Å containing nine layers of Si along the z direction, and a 2 ⫻ 2 unit
cell along the surface plane was considered. The slab was
terminated on both sides by Si atoms, and the atomic coordinates were first optimized in the absence of an external
electric field. Following the procedure outlined in Sec. II, the
planar-averaged induced charge density and the local polarization were calculated due to the application of an external
field of strength ±0.01 eV/ Å; the calculated polarization
profiles were then used to determine the permittivity profiles
using Eq. 共5兲. The calculated planar averaged polarization
关p̄共z兲兴 and dielectric constant 关⑀共z兲兴 profiles along the z direction are shown in Fig. 1; the legends “optical” and “static”
refer, respectively, to the cases when the atoms were fixed at

FIG. 2. Static 共solid兲 and optical 共dotted兲 planar-averaged polarization 共a兲 and dielectric constant 共b兲 of a periodic arrangement of
hydrocarbon chains as a function of position z along the chain axis.

their field-free equilibrium positions, and when they were
allowed to relax to their field-induced equilibrium positions.
The legend “static-H” refers to the case when all the silicon
atoms in the surface planes were passivated with H atoms.
From the figure, we can see that the dielectric constant in the
inner layers away from the surface approach the bulk Si
value of about 12 for both optical and static cases, in good
agreement with experimental estimates.39 At the region
within 3 Å of the surfaces, the polarization and dielectric
constant increase from the bulk values in the static case due
to the emergence of ionic character of bonds close to the
surface. Termination of the free slab surfaces with H atoms
results in a small reduction in the polarization and dielectric
constant enhancement at the slab surfaces. The calculated
polarization and dielectric constant profiles are in good
agreement with the results of Giustino and Pasquarello,12
calculated using a similar method as here, as well as with the
results of Delerue et al.25
A C12H26 molecule arranged in a square lattice with dimensions 4.91 Å ⫻ 4.91 Å ⫻ 81.2 Å and its chain axis along
the z direction was used as a model of a bulk polymer. Figure
2 shows the calculated planar averaged polarization and dielectric constant profiles along the z direction. From the figure, we can see that the dielectric constant in the interior of
the chains approaches a constant value of about 2.4 for both
optical and static properties. Although it is not clear whether
the volume fraction 共or density兲 of the polymers modeled
here is meaningful from an experimental standpoint, we
mention that the experimental estimates of the dielectric con-
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FIG. 3. Static 共solid兲 and optical 共dotted兲 planar-averaged polarization 共a兲 and dielectric constant 共b兲 of a 共001兲 ␤-cristobalite SiO2
slab as a function of position z normal to the interface.

stant of hydrocarbon based polymeric materials is in the 2.0–
2.2 range.40 We also observe that the polarization and dielectric constant profiles drop off smoothly to the vacuum values
from their “bulk” values, in contrast to the behavior of the Si
slabs discussed above, presumably due to the fact that all the
C atoms 共including the ones at the ends of the chain兲 are in a
similar tetrahedral coordination environment.
B. SiO2 slabs: ␤-cristobalite and ␣-quartz

Si-terminated 共001兲 ␤-cristobalite and 共0001兲 ␣-quartz
slabs were considered next, with thickness along the z direction of 14.98 and 16.24 Å, respectively. These thicknesses
were found to be sufficient to ensure a bulklike region in the
interior of the slabs, as evidenced by negligible surface relaxations in the interior, under field-free conditions.24 The
calculated field-induced local planar averaged polarization
and dielectric constant profiles for the ␤-cristobalite and
␣-quartz slabs are shown in Figs. 3 and 4, respectively. As
with silicon slabs, we see that the polarization and dielectric
constant attain constant values in the interior of the slabs,
with an enhancement of these quantities in the surface regions. The optical and static dielectric constants for
␤-cristobalite, extracted from the interior of slabs were 2.5
and 4.5, respectively, and those for ␣-quartz were 2.6 and
4.6, respectively, all in good agreement with experimental
determinations.41,42
C. Si-SiO2 interface

The results given in the previous sections provide us with
some of the ingredients needed for predicting the dielectric

FIG. 4. Static 共solid兲 and optical 共dotted兲 planar-averaged polarization 共a兲 and dielectric constant 共b兲 of a 共0001兲 ␣-quartz SiO2 slab
as a function of position z normal to the interface. 共b兲 Static 共solid兲
and optical 共dotted兲 dielectric constant as a function of position z
along normal to the interface.

properties of the Si-SiO2 multilayers. The Si-SiO2 interface
has been studied for many decades due to their use in metaloxide-semiconductor field effect transistors. Here we consider a Si-SiO2 interface composed of crystalline Si and
SiO2, of thickness 10.96 and 14.70 Å, respectively, with the
latter in the ␤-cristobalite phase. The Si lattice parameter
was fixed at 5.43 Å, corresponding to our predicted equilibrium value. The 共001兲 face of ␤-cristobalite was lattice
matched and placed along the diagonal of the 共001兲-surface
unit cell of the Si slab. Thus, we constrain the lattice constant
of SiO2 to 冑2 times the lattice constant of Si, i.e., 7.68 Å,
which is only about 2.5% larger than the equilibrium lattice
constant of ␤-cristobalite as determined here. For this choice
of constrained lattice constant along the 共001兲 plane, the lattice parameter of the oxide in the 关001兴 direction determined
by a separate calculation was 7.35 Å, with a Si-O bond
length of 1.63 Å, Si-O-Si angles of 178.4°, and O-Si-O
angles of 114.7° and 109.3°, close to the corresponding equilibrium bulk values.
In order to obtain a structural transition without coordination defects between the silicon and its oxide in our model
interface, we adopt a bridging oxygen model 共BOM兲 for the
interface described earlier.36 The thickness of the suboxide
region within this model is about 3 Å, and all the partial
oxidation states of Si 共namely, Si, Si+1, Si+2, and Si+3兲 appear
in equal amounts in the suboxide region.
Figure 5 shows the polarization and dielectric constant
profiles as a function of position along the direction normal
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FIG. 5. Static 共solid兲 and optical 共dotted兲 planar-averaged polarization 共a兲 and dielectric constant 共b兲 for the Si-SiO2 stack as a
function of position along a direction normal to the interface. SiO2
is in the ␤-cristoballite phase.

FIG. 6. Static 共solid兲 and optical 共dotted兲 planar-averaged polarization 共a兲 and dielectric constant 共b兲 for the C12H25-SiO2 stack as a
function of position along a direction normal to the interface. SiO2
is in the ␣-quartz phase.

to Si-SiO2 interface. This same interface has been studied
earlier, and polarization and dielectric constant profiles have
been determined using the berry phase method.11,12 As
shown in Fig. 5, for the combined two-component system,
the dielectric properties in the interior of the SiO2 and Si
regions match perfectly with the properties of SiO2 and Si
taken separately. However, in the transition region between
Si and SiO2 that contains the entire interfacial oxide, we find
that there is an enhancement of the static polarization and the
dielectric constant, compared to those of the bulk and the
oxide free surface. The deviation at the interface is due to the
Si atoms that exist in partial oxidation states as pointed out
earlier,11,12 and is also consistent with prior experimental9
results.

the interface within the hydrocarbon chain was 1.52 Å, the
C-C-C angle along the axis was 112.0°, and the C-H bond
length was 1.12 Å, characteristic of the isolated hydrocarbon
chain.
Figure 6 shows the local polarization and dielectric constant as a function of position along the slab surface normal
for the polymer-SiO2 system. We observe similar behavior of
the dielectric constants as with the Si-SiO2 interface. The
dielectric constant in the interior of the SiO2 and polymer
chain regions match well with the corresponding experimental single component bulk values and there is an enhancement of the dielectric constant, compared to the onecomponent results at the interfaces and surface. In contrast to
the Si-SiO2 interface, the enhancement in the dielectric constant at the polymer-SiO2 interface is almost entirely in the
SiO2 side of the interface. Analysis of the Mulliken charges
of the atoms indicates that the C atoms closest to the interface are in their nominal oxidation states 共i.e., in oxidation
states similar to that of C atoms in the interior of the polymer
chain兲, whereas the Si and O atoms close to the interface are
in varying oxidation states similar to that in the Si-SiO2
case12 共see also Sec. IV C兲. This is consistent with the deviation of the dielectric constant from the corresponding bulk
value only on the SiO2 side of the interface. It is likely that
such a behavior is specific to the polymer-oxide interface
model chosen here. Nevertheless, an enhancement of the di-

D. Polymer-SiO2 (␣-quartz) interface

We then studied the two-component polymer-SiO2 chain
system. Here, SiO2 was assumed to be in the ␣-quartz phase,
and the polymer chain was approximated by a -C12H25 molecule with a dangling bond. The end C atom of the -C12H25
chain with a dangling bond was bonded to a surface Si atom
of ␣-quartz, and the structure was optimized in the absence
of an external electric field. The relaxed interface was characterized by an O-Si-C angle of 113.0°, and a C-Si bond
length of 1.89 Å. The first C-C bond length away from
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electric constant at the SiO2 side of the interface is expected
to occur in general, as the Si-O bond is more polar than the
bonds in polymer chains. Although a quantitative comparison with experiments concerning the enhancement in dielectric constants cannot be performed due to the unavailability
of specific experimental data, it is worth mentioning that the
calculated enhancement at the interface is consistent with
recent experimental work on polymer-oxide composites,
which display effective permittivities noticeably higher than
that expected given the permittivity of the corresponding
single component bulk values.6
While we have demonstrated the applicability of this
method for just a few restricted situations, we believe that
this simple procedure for calculating the position-dependent
dielectric properties has a broader appeal. It can be systematically used in a study of the impact of a wide variety of
interfaces and other types of atomic level disorder on the
dielectric properties.

nanoscale multilayer multicomponent systems. We have calculated the local polarization and dielectric constant profiles
over length scales of the order of interatomic distances for
several one-component slab 共Si, polymer, and SiO2兲 and two
two-component slab 共Si-SiO2 and polymer-SiO2兲 systems,
using the charge density induced by an external constant finite electric field. We find that the local polarization and
permittivity values approach that of the corresponding bulk
systems within a few bulk interatomic spacings of the surfaces and/or interfaces. The calculated bulk optical and static
electronic dielectric constant values are in excellent agreement with the experimental results and other more involved
computational treatments. This work forms the groundwork
for a more thorough analysis of the impact of surfaces, interfaces, and atomic level defects on the dielectric properties of
a wide variety of nanostructured systems.
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