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Abstract— We use density-functional-based tight binding 

theory, coupled to a Poisson solver to investigate the dielectric 
response in oxidized ultra-thin Si films with thickness in the 
range of 0.8 to 10.0 nm. Building on our recent work on the 
electronic structure of such Si films using the same formalism, we 
demonstrate that the electronic contribution to the permittivity of 
Si and of SiO2 is modeled with good accuracy. The simulations of 
oxidized Si films agree well with available experimental data and 
show appreciable degradation of permittivity by nearly 18% at 
0.8nm. Notable is however that simulations with hydrogenated Si 
substantially overestimate the degradation of permittivity. 
Beyond clarifying the quantitative trend of permittivity versus Si 
thickness, which is very relevant e.g. for fully-depleted Si-on-
insulator MOSFETs, the present work is a cornerstone towards 
delivering an atomistic modelling approach that is free of 
material- or device-related phenomenological parameters. 
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I.  INTRODUCTION 
Recently we demonstrated an approach to model an 

extremely-thin Si-on-insulator (SOI) MOSFET atomistically, 
including explicitly an essential part of the gate- and buried 
oxides, and obtained good agreement in the sub-threshold 
region of the transfer characteristics against experimental data 
[8]. This was accomplished by coupling a density-functional-
based tight binding (DFTB) Hamiltonian self-consistently to a 
Poisson solver and the non-equilibrium Green’s functions 
formalism for transport. In a more comprehensive work we 
showed that DFTB, when carefully parameterized at the level 
of chemical elements, provides accurate description of the 
electronic structure of bulk Si and SiO2 and of their interface 
[3]. It is not evident however, if the approach reliably models 
the dielectric screening in the semiconductor or the insulator, 
but this is of critical importance for MOSFET modeling. So the 
first goal of the present study is to evaluate the capability of 
DFTB to model the permittivity of oxidized ultra-thin Si films. 

Besides the methodological incentive described above, we 
note that the dependence of permittivity on Si film thickness is 
not accurately known on a quantitative level. It is well 
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understood that the reduction of Si film to a few nm thickness 
leads to degradation of the dielectric constant.  A number of 
density-functional theoretical (DFT) studies of hydrogen-
passivated Si films show that the degradation is quite strong, as 
much as 30–40% reduction at around 1 nm [4–6]. Experimental 
data of oxidized Si films down to 3.3 nm thickness shows less 
dramatic effect, but the scatter of the results prevents us from 
extrapolating reliably to sub-nm Si thickness [7]. Although 
several comprehensive theoretical studies have elucidated on 
the key factors leading to permittivity degradation and have 
mapped with atomic resolution the profile of permittivity 
across the Si/SiO2 interface [16], [4], [17], to the best of our 
knowledge, the dependence on Si thickness have not been 
studied ab initio. Therefore, the second goal of our study is to 
establish the permittivity dependence on the thickness of 
oxidized ultra-thin Si films. 

II. METHODOLOGY 
Our method for evaluating the dielectric constant is based 

on the continuity of electric displacement vector and follows 
previous studies [13][5]. The approach is best understood with 
the schematic diagram in Fig.1, which shows a five-layer 
system, including a three-layer atomic model of SiO2-Si-SiO2, 
with a vacuum layer outward of each SiO2 layer. The system is 
quasi one-dimensional due to the imposed periodic boundary 
conditions in  and . Assuming that each layer is linear and 

 

Fig. 1. Simulation setup and atomic model of the SiO2-Si-SiO2 structure (q-
SiO2 from [3]), periodic in x and z. Outer oxide planes are H-passivated, so 
that vacuum layer can be inserted. The applied bias  establishes electric 
field . We can find permittivity from continuity of electric displacement 

, if we know a macroscopic field  across each layer. 
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isotropic and lacking free carriers, e.g. as 
calculation at 0 K, the continuity of the di
along  is expressed as 
i+1 label two neighboring layers,  a
permittivity and electric field. Given our k
vacuum permittivity , we can find 
permittivity of the SiO2 and Si layers, if 
macroscopic field across each of them.  

To accomplish the above we use the DFT
[9], which implements the self-consistent-ch
and optionally, a self-consistent couplin
Hamiltonian to a Poisson solver [10–12]. D
an approximation of density functional theo
much more efficient computationally at a com
if carefully parameterized for Si and SiO2 [
efficiency arises from the fact that the t
elements of the Hamiltonian are pre-compu
neighbors, using non-orthogonal atomic b
center and crystal field terms are ignored. P
DFTB is done per chemical element and
overcome the known issue of band-gap u
DFT for common semiconductors and insul
tight-binding term in the Hamiltonian, D
approximate term reflecting second-order
fluctuations that is computed self-consiste
DFTB applicable to disordered materia
interfaces, and we recently applied it succ
electronic structure in ultra-thin Si film
amorphous and crystalline SiO2 [3]. Here we
to the dielectric response of such a system, n
reflecting second-order density fluctuations 
permanent charge transfer, e.g. due to bon
also induced polarization due to applied elect
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Poisson equation coupled to the DFTB Hamiltonian fo
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in a ground-state 
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III. RESULTS AN
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potential fluctuates rapidly wit
Fig. 2. We average the fluctuat
interfaces, taking advantage 
nature of the model, but the rap
normal (y-direction) remain, as
us from directly evaluating a m
each layer. It is important to n
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Fig. 3. Potential along the normal o
plane, for zero  and one volt 
fluctuation density  at  0 (
layer is 0.8 nm thick in this case. Desp
persist at atomic planes. 

Fig. 4. Difference between the potent
termed delta-potential (line), and diff
from DFTB: , i.e. 
Subscripts label the applied biases. N
character of a macroscopic electrostatic
dependent on the permittivity of the lay

here is split in two and vacuum 
sivating the outer surfaces of the 
f hydrogen-passivated Si films 
s also simulated for comparison, 
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tial profiles from Fig. 3: , 
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c potential, linearly dropping with a rate 
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from DFTB arises from the net atomic c
These are projected on the Poisson grid via 
atom-specific rate, corresponding to the Hub
chemical element [10][12], where the H
obtained ab initio from all-electron DFT ca
chemical element. The self-consistent c
density is shown in Fig. 3 as shaded curve –
for positive/negative charge. It has two
principle – charge transfer, due to bond-asym
interface and in the oxide, and induced po
external electric field. The charge transfer co
dominant and in this work is common regard
bias VA because we do not optimize the str
The induced polarization is present only un
Therefore, subtracting the charge-transfer co
total fluctuations at non-zero bias yields th
density, shown in Fig. 4 – note the scale of t
times smaller than in Fig. 3. If we also ta
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in Fig. 4. This potential difference is readil
macroscopic property, since it decays appare
different rate in each of the macro-layers of 
the negative gradient of Δ  we obtai
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outlined in the previous section. The resul
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field in Fig 5 is rather large, in comparison t
[4], [6], [17]. Our purpose was to evalu
response of the model under conditions rel
simulations in a MOSFET, e.g. as in [8]. 

So far we showed the relevant quantitie
oxidized Si film of 0.8 nm. Besides, we ha

Fig. 5. Local electric field  . The var
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aaveraging the inverse permittivity in each m
practically the same values as the ones o
macroscopic field, reported in Fig. 6. Yet,
permittivity helps to understand the influence
the interface. We see in Fig. 7 that permittiv
varies weakly regardless of Si thickness. It d
permittivity in the limit of infinitely thick S11.1 , as stated earlier. The gradual transiti
at the interface lowers the permittivity of Si a
for the overall degradation, as already show
At the same time, it raises somewhat the p
SiO2, which in our case is 2.6  – above t
dielectric constant of  2.2 . In this work we
the optical dielectric constant since we 
structural relaxation under applied bias, and
capture the ionic contribution to the dielectric
the limits of the electronic response around
permittivity profile agrees with earlier DFT
But the ionic contribution is not only respon
static dielectric constant of 3.9 of bulk oxide
more significant enhancement of the interfac
the oxide to 6 , as revealed in [17]. The pr
our work, with regards to the oxide stems 
suitable parameterization for the repulsive in
O in DFTB that is compatible with
parameterization from [3], and must be addre

IV. CONCLUSIONS 
Atomic level simulations with DFTB Ham

with sufficient accuracy both the bulk and in
properties of Si and SiO2, although cur
the electronic response. Simulations confirm
reduction of the Si channel that accompanie
of UTB-SOI devices leads to significant 
permittivity of the channel. This qualitati
regardless of the Si-passivation used in the 
the simulations of oxidized Si film sugg
reduction (~18% at 0.8 nm Si thickness
simulations with H-passivated channel (>30%
influence of the interface effects is strong an
capture quantitatively the trend by an anal
includes thickness dependent band-gap only. 
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