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Electronic Structure
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Thomas Frauenheim, and Guanhua Chen

Abstract— Ultimate scaling of Si MOSFET: leads to extremely
thin and short channels, which are justifiably modeled at the
atomic level. Currently, hydrogen passivation of the channel is
used in device models, as a compromise between efficiency and
accuracy. This paper advances the state of the art by adopting
a density-functional tight-binding Hamiltonian, permitting the
inclusion of the confining amorphous oxide explicitly in the
simulation domain in a way similar to ab initio approaches. Band
structure of silicon-on-insulator films of different thicknesses
is studied with this method, showing good agreement with
the experiment and revealing large quantitative differences in
comparison with simulations of H-passivated Si film.

Index Terms— Atomistic modeling, band structure, density-
functional tight binding (DFTB), oxide interface, silicon on
insulator (SOI).

I. INTRODUCTION

TOMIC level modeling of electronic transport in

CMOS transistors is becoming increasingly relevant
due to the continuous miniaturization of the technology and
the recent trends in diversification of the architecture and
chemical composition of devices. Numerous works evaluate
the performance and scaling potential of nanowires using
atomistic quantum transport, but with one notable limitation:
the atomic models are hydrogen passivated, ignoring the
penetration of electron wave in the gate oxide [1]-[5]. It is
well known, however, that in ultrathin films and nanowires,
the band structure, quantization, and interface scattering
strongly depend on the amount of confinement and on the
specifics of the semiconductor—oxide interface [3]-[8].

Manuscript received August 25, 2014; revised October 24, 2014; accepted
December 18, 2014. Date of publication January 19, 2015; date of current
version February 20, 2015. This work was supported by the University Grants
Council, Hong Kong, within the Area of Excellence on Theory, Modeling and
Simulation of Emerging Electronics under Contract AoE/P-04/08. The work
of S. Markov was supported by the Small Project Funding Scheme through
the University of Hong Kong, Hong Kong, under Project 201309176243. The
review of this paper was arranged by Editor A. Schenk.

S. Markov, C.-Y. Yam, H. Xie, and G. Chen are with the Depart-
ment of Chemistry, University of Hong Kong, Hong Kong (e-mail:
stanislav.markov@hku.hk; yamcy@yangtze.hku.hk; xiehanggm @ gmail.com;
ghc@everest.hku.hk).

B. Aradi and T. Frauenheim are with the Bremen Center for Computational
Materials Science, University of Bremen, Bremen 28359, Germany (e-mail:
balint.aradi @bccms.uni-bremen.de; frauenheim @bccms.uni-bremen.de).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2014.2387288

The H-passivation of atomic models is a limitation
related to simulation methodology, rather than to the lack of
reliable structural models of the Si/SiO; interface. Atomistic
transport is usually modeled by coupling an empirical tight
binding (ETB) Hamiltonian (describing the atoms
and their interactions) to the nonequilibrium Green
function (NEGF) formalism (enabling the calculations
of terminal currents) [1], [2]. The problem is the lack
of parameterization of ETB for material interfaces with
disorder and for amorphous materials, but this is what is
required for modeling the Si/SiO; interface. The use of a
SiO; pseudoatom to represent the oxide was proposed to
circumvent the problem, but if such an approach can capture
the phenomena at the interface was not explored [9]. Mapping
ab initio density-functional-theory (DFT) Hamiltonian of
the entire device to a tight binding (TB) equivalent via the
maximally localized Wannier functions is also suggested,
but the application beyond graphene nanoribbons remains
to be seen [10]. Finally, recent advancements in overcoming
the bandgap deficiency of DFT [11], [12], together with
the remarkable progress in the efficiency of the DFT-NEGF
schemes [13], make the ab initio approach attractive, but
including the SiO, largely increases the number of atoms in
the system, leading to extreme computational cost.

This paper reaches a milestone toward overcoming the
constraint of H-passivation. Novel in our approach is the
use of density-functional tight-binding (DFTB) Hamiltonian,
enabling us to simulate drain current in an extremely thin
silicon-on-insulator (ETSOI) transistor, including the essential
part of the atoms of the gate oxide and the buried oxide (BOX)
explicitly in the atomic model [14]. This paper is the first
part of an extended report that details the methodology,
demonstrates its merits, comparing the SiO,- and H-passivated
models, and provides additional insight toward the ultimate
scaling of ETSOI devices. Here, we present the DFTB theory
and band-structure calculations, consolidating the important
data on confinement in ETSOI and transition of electronic
structure at the Si/SiO; interface. A separate report will
elaborate on the drain current simulations, confronting our
model to the experiment and to the usual case of H-passivated
channel.

Before we proceed with the exposition, we must clarify
our choice of ETSOI architecture for the study. By ETSOI,
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we envisage planar silicon-on-insulator (SOI) MOSFETs
with Si-body thickness below 5 nm, be it a fully depleted
or junctionless, or thin or thick BOX. Such devices are
usually wide in experiments, which minimizes variability,
while reliable experimental data is available for MOSFETSs
and for Si/SiO; superlattices down to subnanometer Si film
thickness [17]-[19]. This is important for benchmarking both
band structure and transport calculations. Besides, structural
models of the Si(001)/SiO; interface are readily available,
whereas obtaining reliable atomic models for oxidized
nanowires or FinFETs presents a challenge on its own.
Finally, ETSOI scaling roadmap mandates most aggressive
thinning of Si, which makes the atomistic modeling including
the oxide necessary, and the results could infer valuable
information for FinFETs too.

II. METHODOLOGY
A. Density-Functional Tight-Binding (DFTB) Hamiltonian

We give an overview of DFTB theory to clarify how it
fulfills the demands of efficiency and transferability for explicit
treatment of the Si/SiO; interface, and what parameters are
available in the theory. For the full details of DFTB, we refer
the interested readers to [20]-[22].

As an approximation of DFT, DFTB is also formulated
around an expression of the total energy E of the atomic
system as a functional of the spatial distribution of electron
density n(r): E = E[n(r)]. The electron density in DFTB
is expanded in a reference density plus a small fluctuation:
n(r) = no(r) + on(r). This is correct to second-order fluctu-
ations in Jn [23], and enables the decomposition of the total
energy in three terms

E = Egs[nol + Escclno, on] + Ergp(no). (1)

The term Egs reflects the band-structure energy arising
from a Hamiltonian built on the reference density ng, and is
discussed in greater detail below. Escc captures second-order
charge fluctuations due to Coulomb and some exchange—
correlation (XC) interactions. It is solved with approximations
in a self-consistent loop. This term is important to more
accurately account for charge transfer, e.g., at semiconductor/
oxide interfaces or in metal oxides with significant ionic
character [24]. Finally, Ergp is the repulsive potential, arising
from ion—ion interaction, double counting, and XC terms;
it depends only on interatomic distances and ng, and for
the transport in devices with a fixed atomic structure is an
irrelevant constant.
The most important term in the context of this paper is

occ.

Egs = > _(wilT + Vesrlno@)]lyi) 2

1

T and Vett[no(r)] being the kinetic energy operator and
the Kohn—Sham effective potential. The one-electron eigen-
states y; of the system are expanded in a linear combination of
atomic orbitals (LCAO) {¢,} centered on the atomic sites R4

i =D coighy(r — Ra) 3)
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cyi being the variational coefficients that minimize the energy.
The LCAO expansion transforms (2) in an algebraic system
for the variational coefficients

zv cvi(h, —&isw) =0 Yu,i, withueA,veB (4

8?, foru=veA
and (rop = o0)
0 -
hl“’ = (¢,LI?|T + Ve/%f + Velfgf|¢f>’ (5)
for A # B
0, otherwise
Suy = <¢,u|¢v> (6)

where h?w and s, are the elements of the Hamiltonian and
overlap matrixes, A and B label different atoms in the system,
and rg is defined below. The two-center approximation in (5)
and nonorthogonality due to (6) are obvious.

It is important to emphasize that the atomic orbitals
in (5) and (6) and the effective potentials in (5) are obtained
from a self-consistent all-electron DFT calculation of the
neutral atom with a confining potential of the form (r/rg)™

[F + VA O+ /ro)" b = eldu@. (D)

0

o obtained from free atom calculations,

The exception is h
i.e., ro = oo in (7).

Two important things must be understood. First, the
all-electron DFT calculation of (7) is performed only once
per chemical element. Then, the matrix elements in (5) and (6)
are computed and tabulated versus interatomic distance for
all monoatomic and diatomic pairs, given a set of chemical
elements of interest. This provides a systematic way to
construct a TB Hamiltonian over a broad range of bonding
configurations, including the interactions between extended
neighbors, and is necessary for modeling the Si/SiO;
interface.

Second to note is that the confining potential compresses
the atomic orbitals and yields Ve’?f (r) and n (r) that are better
suited to represent the chemical element when bonded in
a solid. The confining potential itself holds the parameters
of DFTB—the confinement radius ro and the steepness of
the confining potential m in (7)—so that parameterization is
per chemical element. This is in contrast to ETB schemes
where the Hamiltonian matrix elements themselves are the
fitting parameters, assuming orthogonal atomic basis, and
often limiting interactions to the first nearest neighbor.

The improved transferability over ETB comes at an
increased computational cost in DFTB, but the approach is still
two—three orders of magnitude faster than DFT. Simulations
reported here are performed with the DFTB+ code [25].

B. Parameterization of DFTB for Modeling SOI

DFTB is parameterizable per chemical element, via the
confining potential, as explained. However, publicly available
parameterizations do not provide sufficient accuracy for our
study [26], and we reoptimized Si parameters. We choose
nine atomic orbitals to represent Si, 3sz3p23d0, and use three
parameters—one confinement radius per angular momentum,
as detailed in Appendix A. The result of the optimization is
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Fig. 1. Band structure of bulk Si calculated with DFTB using the
parameterization obtained in this paper (lines) agree very well with the
experimentally known data at the points of high symmetry (symbols) [46].
SOC is included. Si representation is 3523p?3d0 and its room temperature
lattice constant of 0.543 nm is used.

TABLE I
SELECTED ENERGIES AND EFFECTIVE MASSES OF BULK SILICON

Quantity Target Simulation Deviation
w/ SOC w/o SOC_| w/SOC, %
E} 0 0 0 0
EL 3.35 2.74 2.78 ~18.1
E¥ pin K& min 1.12,85% 1.13,81% | 1.14,82% 0.8,-4.5
Ek 2.40 1.53 1.55 -36.3
Agoe -0.045 —0.045 0 0.3
mé,, mhy 0.92,0.19 0.95,0.23 0.95,0.23 3.2,19.4
min ) iy | —0.28,-020 | —0.26,-0.15 —0.26 —6.2,-24.2
mff, mifi, | -0.58,-0.15 | —0.56,-0.12 ~1.1 -3.0,-15.4
mi,mifiy, | -0.74,-0.14 | —0.61,-0.12 -0.621 -17.3,-11.9
mS° -0.23 —0.19 - -20.8

reported in Fig. 1, showing the band structure of bulk Si.
The agreement with the experimentally known data from [46]
at the points of high symmetry of the Brillouin zone (BZ)
is very good, with an error mostly below 5%; the notable
exceptions are the band minima at I'(L) point, deviated
by 18(36)%, respectively. As shown in Table I, the fundamen-
tal minimum of the conduction band along the A-line is well
reproduced in terms of energy-momentum position, as well as
in terms of band curvature, reflected in the extracted effective
mass. Effective masses in the valence band are also in good
agreement with the experiment. The band structure in Fig. 1
is calculated with spin—orbit coupling (SOC), as evidenced by
the enlarged E—k ranges near the top of the valence band.
However, as observed in Table I, simulations without SOC
yield practically the same accuracy for the conduction band.
This is advantageous, e.g., for transport simulations of n-type
devices, as neglecting the SOC reduces the Hamiltonian by
a factor of four.

Parameterization for O and H was not done in this paper.
Instead, the confining radii reported in [27] were used in
calculating the necessary matrix elements. Recently,
we showed that the band structure of bulk a-quartz
Si0; is reproduced sufficiently well in this way [14], yielding
a wide-bandgap insulator, as is known [28], [29]. In addition,
Fig. 8 here shows the bandgap of amorphous SiO; (a-SiO3)

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 62, NO. 3, MARCH 2015

Fig. 2.  Atomic models of the Si(001)/SiO, supercells used in the study,
extended 2 x 2 x 1 along the Cartesian directions and viewed orthographically
along the [110] direction. The definition of Si film thickness is indicated
for both H- and SiOj-passivated Si. The different interface models are
(a) H-Si, (b) a-quartz oxide g-SiO;, and (c) amorphous oxide a-SiO;.

is just under 10 eV, in good agreement with the known value
of 9 eV.

C. Atomic Models

Since we are interested in the properties of ETSOI, our
models must represent 2-D quantum wells consisting of thin
Si film confined by SiO;. Three atomic models are used in this
paper, each model forming the unit cell of a tetragonal lattice,
which is periodically extended along the Cartesian axes: the
periodicity in x and y directions reflects the semi-infinite
extent of the Si film parallel to the Si(001)/SiO; interface,
while the periodicity in z—the direction of superlattice
growth—permits the calculation of band structure, but is
established in a way that quantum wells do not interfere.

The three unit cells are shown in Fig. 2. The simplest
atomic model, labeled H-Si [Fig. 2(a)], being standard in
atomic-level device modeling, is the hydrogen-passivated Si,
transformed into a periodic unit cell by the addition of 10-nm
vacuum buffer. Si surface is reconstructed by a 1 x 1
symmetric dihydrate with a 1.5-A Si-H bond [30]. The
model labeled g-SiO; [Fig. 2(b)] constitutes ~2-nm a-quartz
SiO;, attached to the crystalline Si (c-Si) via an interface
layer of Si with oxygen-bridge, as in [31] and [40]. The
structure has been transformed in a periodic cell by means
of energy minimization within DFT, eliminating the need for
vacuum buffer [7]. The most complex model, labeled a-SiO,
[Fig. 2(c)], is constructed in this paper from a fragment of
a-Si0,/Si(001) interface, featuring the oxygen-bridge too.
The interface model, obtained in [32] and [33], is connected
to its mirror image after rotation by 90° around the z-axis,
to form the Si0;-Si-SiO, structure shown in Fig. 2(c); the
vacuum buffer of 10 nm transforms this structure in a periodic
unit cell. The interface models have been structurally relaxed
in DFT; further details are given in Appendix B.

The oxide in the a-SiO; model is amorphous by virtue of
lacking short-range order and having a broad dispersion in
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Fig. 3. Dispersion of the Si-Si and Si—O bond lengths for the a-SiO, model,
reflecting the 2 x 2 x 1 extended cell with ~2.5-nm Si thickness, as shown
in Fig. 2(c). Dispersion of the nominal 0.235 nm for Si-Si arises from strain
in the first-three layers of Si atoms. Average Si—O bond length of 1.61 A
agrees with the experimental value of 1.62 A [49], and the range of theoretical
values (1.62-1.64 A) reported in [15].

bond lengths, as observed in Fig. 3, showing the interatomic
distances between first nearest neighbor Si—Si and Si—O atoms.
Fig. 3 clarifies the advantage of DFTB for constructing the
Hamiltonian, having the matrix elements for an arbitrary
interatomic distance.

The Si/SiO; interface in our models is abrupt, through a
monolayer of partially oxidized Si atoms. This is in good
agreement with experimental observations of Si>* being the
dominant suboxide species at high-quality Si/SiO» interface
found in MOSFETs [47]. Although more sophisticated
interface models are proposed in [34], the models deployed
here are expected to yield representative electronic properties
of the real Si/SiO; interface, as discussed in Appendix B.
Further, they lead to a unit-cell with small lateral extent,
which is advantageous in the view of our subsequent study
of transport through an ETSOI channel.

The final remark concerns the construction of models that
differ in Si thickness. This is accomplished by extending
the c-Si core of the models with 0.8-nm Si film, as shown
in Fig. 2(c). The models are partially optimized in the sense
that structural relaxation is not performed after the extension
of Si. This is permissible, since a previous study showed
only a small change in the energy per atom, when further
relaxation is done [35]. We note, however, that thinning the
Si to 0.5 nm without subsequent relaxation forms electronic
states in the bandgap, indicating that the confining oxides start
to significantly interact through a 0.5-nm Si film.

III. RESULTS AND DISCUSSION
A. Confinement Effects in Extremely Thin SOI

It is well known that 1-D confinement in Si films thinner
than 5 nm leads to very significant changes in the band
structure of Si [35], [36]. From the perspective of quantum
mechanics, reducing the Si thickness is equivalent to the
narrowing of a quantum well. Therefore, one expects enlarged
separation of the energies of the molecular orbitals arising
from c-Si and widening of the bandgap of the semiconductor.
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Fig. 4. Dependence of the widening of the fundamental bandgap of
SiOp-confined Si film on the thickness of the film. The experimental data
are taken from c-Si/a-SiO; superlattice [16], while DFT calculations are
reportedly from c-Si/quartz-SiO, [37]. DFTB calculations agree very well
and permit reliable semiempirical fit of the dependence, as shown.

The dependence of the bandgap widening versus Si film
thickness is shown in Fig. 4. Comparison is drawn between
experimental data for a superlattice of c-Si/a-SiO, from [16]
and the simulations of our models with alpha-quartz (q-SiO;)
and a-Si0») oxides. The simulations of a quartz-based model
in DFT, as reported in [37], are also shown. The agreement
between the two levels of theory and experimental data, as
well as between the two model structures of the oxide, is
notably good. We have also obtained semiempirical fits to our
results, as shown with lines in Fig. 4. Recall that an expression
A/ tszi (A being a fitting parameter) for the bandgap widening
has been established based on an analytical argument in [36].
Here, we show that the dependence is weaker than inverse
square of Si thickness. The overestimation in the analytical
model owes to the assumptions of rigid SiO; potential barrier,
which is not true, as we show later in this paper. We note that
at mere seven layers of Si (0.8—0.9 nm), the bandgap is still
below 1.5 eV.

With respect to the barrier, it appears that the simpler atomic
model (q-SiO7) with the semicrystalline oxide already captures
the confining properties of the oxide. This fact is likely due to
the structure of the Si/SiO, interface via a monolayer of Si>*
suboxide featuring an oxygen bridge, common to both atomic
models. Indeed, it was suggested that beyond the suboxide,
SiO; acts as a virtually impenetrable barrier [35]. However, an
alternative DFT study deploying single SiO4 tetrahedra as ter-
minating units of Si films failed to reproduce the above experi-
mental data [38]. The calculated bandgap widening was largely
overestimated, and was in better agreement with the experi-
ments of amorphous-Si/SiO; superlattice, where the interface
is supposedly rich in hydrogen-terminated dangling bonds.

This brings our discussion to Fig. 5, showing the bandgap
widening versus Si film thickness in the case of hydrogen
termination, i.e., the H-Si model. Such a model is an
idealization, and therefore, we show only theoretical results.
Again, we have a very good agreement between DFTB and
the ab initio DFT results, as reported in [37] and [39],
and the dependence is qualitatively the same as in the case
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Fig. 5. Dependence of the widening of the fundamental bandgap of
H-confined Si film on the thickness of the film; the DFT results are taken
from [37] and [39]. Hydrogen passivation leads to much stronger confinement
and the bandgap widening is more than two times larger than in the case of
SiOy confinement.
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Fig. 6. Change in the band structure of extremely thin Si film
(tsi = 0.8 and 5.7 nm) confined by SiO; q-SiO;), compared with the band
structure of bulk Si (folded c-Si). Note that bulk Si here is represented by a
tetragonal supercell model of c-Si with the dimensions of the Si (5.7 nm)/SiO;
supercell. Therefore, it exhibits the effects of BZ folding.

of SiO» confinement. However, noting the scale of the axis
in Fig. 5, it becomes clear that hydrogen termination of Si
overestimates the bandgap widening of the semiconductor
more than twice.

Beyond bandgap widening, strong confinement of Si
changes the character of its band structure too, transforming
it to a direct bandgap semiconductor. This is true not only
for Si nanowires and quantum dots but also for extremely
thin Si films too, and is recognized as the principle reason
behind enhanced photoluminescence from Si/SiO, superlat-
tices [16], [35], [36]. In Fig. 6, we show the bottom of
the conduction band and the top of the valence band of the
g-SiO; supercells with 0.8- and 5.7-nm Si thickness. The
striking difference between the two results from two things—
confinement and BZ folding. To discriminate the effects of BZ
folding, we construct a supercell of the same dimensions as the
supercell with 5.7-nm Si, but fill its entire volume with c-Si.
The calculated band structure of this model is also shown
in Fig. 6, and referred to as folded c-Si. The band structure
at 5.7 nm closely resembles that of folded c-Si, with a slight

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 62, NO. 3, MARCH 2015
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Energy [eV]

Fig. 7.  On-atom projected DOS across the Si/SiO; interface, showing
the gradual widening of the bandgap within the oxide. Dark/light polygons
represent the DOS versus energy projected on O/Si atoms as indicated.
Highest Occupied Molecular Orbital is used as energy reference. Polygons
are displaced according to the distance of the corresponding atom from the
interface; the atoms at negative distance are in the oxide. Thicker polygon
borders identify atoms at 0.5, 0, —0.5, —1.0, and —1.4 nm from the interface.

upshift of 33 meV in the minimum of the conduction band
along the A-line. At 0.8-nm Si, the A-minimum is com-
pletely missing, however. In our calculations, it is not present
at 1.4-nm Si either, and is very shallow at 1.9-nm Si, where
it is elevated ~300-meV above the minimum at the center
of the BZ at T'. These findings are in excellent qualitative
and quantitative agreement with earlier DFT calculations, and
confirm that A-minimum appears only after ~1.5-nm Si film
thickness [35], [40], in contrast to an H-Si model, which was
found to exhibit a A-minimum no matter how thin the Si [40].
We confirm also that at 10-nm Si film thickness, the band
structure of the superlattice appears alike to the one of the
folded c-Si.

B. Transition at the Si/SiO; Interface

In the last paragraphs of this section, we discuss the
nonabrupt transition of electronic structure across the Si/SiO;
interface, which has occupied considerable interest in the
past. The impact of the transition in MOS devices has been
analyzed in [6], [7], and [41]. Here, we reveal the impact of
the transition on bandgap variation in the case of SOI films.

An evocative picture of the transition of electronic struc-
ture is shown in Fig. 7. The logarithm of the density of
states (DOS) versus energy, projected on each atom around
the interface, is shown as a filled polygon and displaced by the
distance of the atom from the Si/SiO; interface. Atoms with
negative distance are in SiO;; the simulated model is a-SiO»
at Si thickness of ~6 nm, which is thick enough to exhibit
bulk-like character; and the highest occupied molecular orbital
is used as energy reference. It is notable that the full extent of
insulator bandgap, free of electronic states, opens only after
about a nanometer from the interface. This is in contrast to
the conventional picture of the abrupt change in the bandgap
at the interface. In fact, it takes about 0.5 nm for the DOS to
decay a 1000 times from the value in the c-Si film.

From the data presented in Fig. 7, we evaluate
the variation of the conduction band edge (CBE)
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Fig. 8. Variation of the conduction and VBE around the Si/SiO; interface,
extracted from the on-atom projected DOS (APDOS) for the model with
amorphous silica (a-SiO;), for two thicknesses of the Si film, as indicated.
Bandgap is 1.12/1.45 eV for the thick/thin Si film. The colormap is a logarithm
of the APDOS, showing that despite the slow initial opening of the band edges
to form an insulating gap, the actual density of states is at least 10 times lower
in the interfacial region than in the Si film. Light background colors delimit
the Si region from the oxide.

and valence band edge (VBE) across the interface. We define
the local band edge from the requirement that the number
of states between the midgap of the semiconductor and the
band edge is no larger than a threshold of 2 x 10™* on every
atomic site. The approach was used also in [31] and [42], with
different thresholds. While the threshold value was not justified
in earlier studies, it is well defined here. Specifically, with
the selected threshold, the bandgap of the c-Si obtained as
Ecgg — EvBg equals the bandgap obtained from the
band-structure calculations, Epumo — EHomo, at a given
Si thickness.

The results of the extracted bandgap profile versus
distance from the interface are shown in Fig. 8(a) and (b)
for the cell with thick Si of 5.7 nm and in for the ETSOI of
0.9 nm, respectively. Analyzing first the case of thicker Si,
we note that the bandgap in the first 0.3 nm of the oxide
differs only slightly from that of Si, followed by a rather
sharp transition at around 0.5 nm within the oxide. This
feature has been suggested by advanced spectroscopic studies
of the Si/SiO interface in [43], and later explained to be
due to the stronger dependence of the gap on the num-
ber of oxygen second nearest neighbors of a given oxygen
atom, rather than on the presence of any particular type
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of suboxide species [44]. This aspect is well reflected in
Fig. 8, which resolves the different atomic species, noting
that the first oxygen atoms to the left of the interface are
the oxygen bridges, with mostly Si being their second- as
well as first-nearest neighbor. Fig. 8 shows unprecedented
resolution in profiling the band-edge variation, owing to the
a-Si0y structure having broader dispersion of bond lengths
than models with semicrystalline SiO,. However, the results
from the g-SiO; model are very similar [14]. It is worth
noting that if we vary the above mentioned DOS-threshold
value to 1073 or 1075, we get correspondingly a more linear-
like overall transition (as in [31]) or a narrower Si-like
gap to about 0.7-0.8 nm, followed by an abrupt transition,
(as in [7], [41], and [42]) respectively. In such cases, however,
we do not recover the Si bandgap corresponding to a given
Si thickness, so in our opinion, the CBE/VBE variation
reported in Fig. 8 is the most realistic profile suited for
phenomenological models.

Fig. 8(b) shows the band-edge profiles in the case of
extremely thin Si of 0.9 nm. Due to the Si bandgap being
enlarged by nearly 0.4 eV, the initial transition appears even
slower, more obviously so for the CBE. Therefore, in ETSOI
devices, the effect of gradual formation of the insulator gap
may have stronger influence on inversion carrier density and
distribution. Note that in the first half-nanometer, the bandgap
barely changes by a few hundred millielectron volts, which is
of the order of the lowest quantization levels (200-300 meV)
in the inversion layer of a well-scaled MOSFET.

One way to account for the slow initial change of the
bandgap in phenomenological models is to assume a larger
Si thickness. Comparing Figs. 4 and 5, we observe that for
a given Si thickness, an H-Si model with approximately
1.5 nm thicker Si yields reasonably close bandgap widening.
However, the electron density in the region of the oxide, where
gap transition happens, cannot be evaluated using the same
2-D DOS as in the c-Si. Figs. 7 and 8 suggest that at least an
order of magnitude lower 2-D DOS must be used instead.

IV. CONCLUSION

Explicit modeling of the Si/SiO, interface, including nearly
1 nm of the oxide in atomistic simulations of ETSOI devices,
is necessary if quantitative accuracy is pursued. DFTB theory
offers a straightforward way to build an effective Hamiltonian,
and is now parameterized to yield high-accuracy band
structure for the Si/SiO, system. Three important phenomena
in ETSOI—bandgap widening of Si, transition to direct
bandgap, and nonabrupt variation of the bandgap across the
Si/Si0, interface—were reproduced by the model with a very
good quantitative agreement to the experiment and ab initio
theory. In contrast, H-passivated models of Si overestimates
the confinement effects by a factor of two, yielding ~2-eV
bandgap of 0.8-nm SOI, while the actual value is ~1.5 eV.

The efficiency of DFTB allowed us to explore atomic
models with sufficiently thick Si to reproduce bulk-
like properties, in addition to the ETSOI phenomena.
We consolidated and expanded the data known from previous
studies regarding extremely thin Si films, and provided
reliable empirical fits for the bandgap widening versus Si film
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thickness and for the bandgap transition at the interface.
We hope such data will serve as a basis to enhance relevant
compact models, drift-diffusion simulations, or even to
parameterize a SiO, pseudoatom within the context of ETB,
for SOI devices with Si below 5 nm.

APPENDIX A
DFTB PARAMETERIZATION FOR Si

The atomic basis of Si being of s, p, and d orbitals, we used
one confinement radius per angular momentum as parameters,
keeping the steepness of the confining potential at 4. Optimiza-
tion was done with an in-house-built particle-swarm optimizer
written in the Python language, including the DEAP library
of evolutionary algorithms [45]. The approach is appropriate
since a relationship between band structure and confinement
radii of the atomic orbitals cannot be known analytically.
Band structure was obtained from the primitive cell of Si,
using 14 x 14 x 14 k-space sampling to obtain the average
electron density. SOC was neglected during the optimization,
accelerating the process. A subset of experimental E—k points
and effective masses served as optimization targets. Optimized
confinement radii for s, p, and d orbitals are 3.45, 6.44,
and 7.67 Bohr.

APPENDIX B
DETAILS OF THE Si/SiO; INTERFACE MODELS

We used published atomic models of the Si/SiO; interface
in this paper [7], [33], but for completeness, we state a few
details related to their construction and optimization in DFT,
as well as for the relevance of their structural properties.

For the g-SiO; interface, the starting point is a hexagonal
unit cell of a-quartz SiO,, which has an edge ¢ (5.41 A)
perpendicular to the other two edges of the same length
a (4.91 A). This unit cell is oriented so that one of the a edges
and the ¢ edge are aligned with the [100] and [010] directions,
respectively, and both a and ¢ are matched to the Si lattice
constant of 5.43 A, permitting its attachment to c-Si. The
resulting strain in the oxide is relaxed in DFT by standard
techniques, with computational details given in [7] and [40].
Only the atoms of the oxide and the interfacial Si*? atoms are
permitted to move, the c-Si atoms being fixed.

For the a-SiO; interface model, the structure is constructed
by attaching strained cristobalite SiO; to c-Si. The resulting
atomic system is represented as a continuous random network
of bonds that connect the atoms. Subsequently, the possible
defect-free equilibrium bonding configurations (network
topologies) are explored via the Monte Carlo sampling.
Energy-cost minimization is performed for each topology
according to an expression for the total energy that includes
the cost of bond length and bond-angle distortion and
suboxide formation, as detailed in [32]. The optimal interface
bonding is further relaxed in DFT [33], including the first
three atomic layers in Si, which have off-equilibrium position,
as observed from the Si—Si bond-length histogram in Fig. 3.

The resulting a-SiO> model features only Sit? suboxide
species, as in the case of q-SiO,. These were shown in [32]
to be the key moiety for minimizing strain at the interface.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 62, NO. 3, MARCH 2015

The absence of Sit3 and Sit! species is a reasonable
idealization since experimental observations suggest a
relatively small amount (~30%) of Sit! are present at the
interface—composed of mainly Sit?—while the almost fully
oxidized Sit3 species are found only beyond the interfacial
layer in similar quantity [47]. Further, it has been theoretically
established that Sit! and Si*3 arise from entropy effects
within microscopic ordered surface domains and at the bound-
aries of such domains without altering the ordered O-bridge-
bonded topology of the interface [32], [48]. Therefore, it is
justifiable to expect that the electronic and dielectric properties
emerging from the structural models adopted in our study are
representative for the real Si/SiO; interface. Indeed, a quan-
titatively very similar picture for the transition of electronic
properties at the interface emerges from models including the
suboxides in correct proportion, as reported in [50].
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