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In this paper, we study tunneling current properties through SiO, gate oxides in Si metal-
oxide-semiconductor field-effect transistors (MOSFETS) by applying a first principles method based
on the density-functional theory and nonequilibrium Green’s function approach. We employed three
structural models of SiO, layers, which are B-quartz, B-cristobalite, and S-tridymite. As a result, we
found that the B-cristobalite and B-tridymite models indicate similar tunneling current properties,
while the B-quartz model predicts a substantially lower tunneling current. Further, the largest
tunneling current is obtained for the SB-tridymite SiO, model, which is consistent with bandstructure
parameters estimated for bulk SiO, crystals. Therefore, electronic properties of bulk SiO, crystals
can still be important for tunneling current analysis in the nanoscale range of oxide thickness.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3106115]

I. INTRODUCTION

Today’s very-large-scale integrated circuit (VLSI) tech-
nology requires an atomic-scale understanding of physical
phenomena arising from the miniaturization of Si metal-
oxide-semiconductor field-effect transistors (MOSFETS).
One of the most important technological roadblocks for fur-
ther miniaturization is the high quantum mechanical tunnel-
ing current through the gate oxide, which greatly increases
VLSI power consumption. Therefore, an accurate modeling
of tunneling current through the ultrathin SiO, gate oxide'?
and an alternative high-k gate oxide” is currently of utmost
importance for device design.

So far, an atomistic formalism based on the empirical
tight-binding (TB) method, embedded in a transfer matrix
scheme,' has been applied to calculate tunneling current
through three structural models of SiO, layers, which are
B-cristobalite, B-quartz, and ,B-tridymite.2 Then, the TB ap-
proach showed that the B-cristobalite model gives the largest
tunneling current for a wide range of the oxide thickness
from sub-1 to 5 nm, and consequently the best agreement
with experimental results* was obtained for the [B-cristobalite
model. On the other hand, the [-cristobalite phase on Si
(001) surface has been reported to be unstable because of
large lattice mismatch at the Si/SiO, interface, and trans-
forms into a highly distorted structure.” Hence, in this paper
we examine the influence of the microscopic oxide structure
on gate tunneling current properties by using a fully first
principles approach.

In the present approach, tunneling probabilities through
SiO, layers are calculated using the linear combination of
atomic orbitals basis ATK code,6’7 which is based on the
density-functional theory (DFT) and the nonequilibrium
Green’s function method. Although the DFT theory is known
to underestimate bandgaps significantly, the conduction band
dispersions are reproduced accurately and thus transport pa-
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rameters such as the conduction band effective mass are re-
liable. To overcome the bandgap shortcoming, new density
functional methods, such as “sX-LDA (local density approxi-
mation)” employing screened nonlocal exchange and LDA
correction potentials within DFT,® “EXX (exact exchange)
potential method” allowing the determination of the exact
Kohn—Sham exchange potential,g’10 and “SIC method” intro-
ducing the self-interaction corrections,'! and furthermore a
first principles many-body theory of quasiparticle energies
using the GW approximation,lz’13 have been presented in the
literature whose bandgaps generally agree much better with
experiment than the standard DFT method. Such an exact
description of excited states in solids is a challenging and
important problem in solid-state physics but it is still difficult
to apply them to transport problems in nanoscaled structures
due to the requirement of huge computational resources. Ac-
cordingly, we employed the standard DFT method with the
generalized gradient approximation (GGA) exchange-
correlation functionals to investigate the gate tunneling prop-
erties of SiO, gate oxides in this study.

Il. THEORETICAL MODELS

Following Ref. 2, we adopted three crystalline models of
Si0, gate oxide as shown in Fig. 1, where (a) is for B-quartz,
(b) is for B-cristobalite, and (c) is for B-tridymite. In this
study, we attempted to connect the SiO, layers to Si (001)
surface by rotating the SiO, crystals so that the lattice con-
stant closest to 5.43 A of bulk Si crystal can be obtained. As
a consequence, the interlayer SiO, crystals should be dis-
torted in shape different from their equilibrium structures as
follows. For B-quartz and S-cristobalite, they need to be bi-
axially tensiled in the plane perpendicular to (001) direction
and compressed in (001) direction, and vice versa for
B-tridymite. We first obtained such strained SiO, crystals by
applying structural optimization procedures where a conju-
gate gradients minimization method was employed to relax
all atomic coordinates and cell shape and size. Then, Si and
O atoms at the Si/SiO, interfaces are bonded not to appear

© 2009 American Institute of Physics

Downloaded 30 Jul 2009 to 133.30.51.104. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3106115
http://dx.doi.org/10.1063/1.3106115

083702-2

Yamada, Tsuchiya, and Ogawa

N VAN
(c) tridymite
€YYo vsti ¥ 0¥
e eS xNLIghy)!
7NN7ZN YN VNN

<>

:1-4nm’ h 1nm

FIG. 1. Three atomic models of Si(001)/SiO,/Si(001) structures used in the
simulation, where (a) B-quartz, (b) B-cristobalite, and (c) B-tridymite SiO,
models.

any defects, as shown in Fig. 1. Here, we adopted a simpler
interface structure for the S-cristobalite model than that in
Ref. 2, in order for the width of the transition region to be
minimized. In practice, the transition region of the
B-cristobalite model was constructed in the same way as in
the B-quartz model. Subsequently, the structural optimization
procedures were again applied for all atoms in the SiO, layer
and Si atoms neighboring the interfaces. Si atoms locating
away from the interfaces were fixed at the equilibrium posi-
tions. For simplicity, the structural optimization procedures
were performed only for zero bias condition, and thus a
structural change due to the applied bias voltage is not con-
sidered here. In addition, a periodical boundary condition
was employed at the ends of the left and right boundaries.
The oxide thickness Tf;o, is defined as a distance between Si
atoms residing at the two surfaces.

As described in the Sec. I, tunneling probabilities were
first calculated by using the linear combination of atomic
orbitals basis ATK (:ode,ﬁ’7 where we used the GGA
exchange-correlation functionals of Perdew, Burke, and Ern-
zerhof, and core electrons of atoms are represented by norm-
conserving pseudopotentials with the Troullier—-Martins pa-
rameterization. Next, tunneling current densities were
estimated by using the Laudauer—Biittiker formulation with
the calculated tunneling probabilities and the Fermi—Dirac
distribution functions of n*-Si and p-Si electrodes. The
Fermi energies are given as Ep=150 meV above the con-
duction band edge in n*-Si electrode and Ep=240 meV
above the valence band edge in p-Si electrode, which corre-
spond to background charge concentrations of 3 X 10?° and
1X10% cm™, respectively.2 Furthermore, only the negative
gate bias is considered in the calculations to meet the same
condition in Ref. 2.

lll. RESULTS

First, Fig. 2 shows the oxide thickness dependences of
current-voltage characteristics computed for (a) B-quartz, (b)
B-cristobalite, and (c) B-tridymite. As expected, the tunnel-
ing current increases exponentially as Tsio, decreases. Here,
it should be noted that tunneling current is almost constant
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FIG. 2. Oxide thickness dependences of current-voltage characteristics com-
puted for (a) B-quartz, (b) B-cristobalite, and (c) B-tridymite.

with the oxide voltage in the B-quartz model, whose behav-
ior is obviously different from the experimental results.*
There may be interesting physics behind this but it is still
puzzling and under investigation. On the other hand, the
B-cristobalite and B-tridymite models show the increase in
the tunneling current with the oxide voltage, which are simi-
lar current-voltage characteristics to the experimental one,
though numerical fluctuations are observed in the
B-tridymite model. A reason for the fluctuations may be due
to some technical difficulties in optimizing large atomic sys-
tem. In other words, since the S-tridymite model has the
highest atomic density among the three SiO, models and
there exists a large compressive strain in the plane perpen-
dicular to the current direction, it is likely hard to obtain a
sufficiently relaxed Si/SiO,/Si structure.

As discussed in Ref. 2, the tunneling currents under
negative gate bias consist of three main contributions, which
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the direct tunneling of conduction band electrons from gate to substrate, V-V
the tunneling due to valence band holes from substrate to gate, and V-C the
tunneling due to electrons from valence band of gate to conduction band of
substrate, which emerges as oxide voltage V,,, increases larger than Si band-
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FIG. 4. Three tunneling current components, C-C, V-V, and V-C, computed
for (a) B-quartz, (b) B-cristobalite, and (c) B-tridymite. The oxide thick-
nesses used in the calculation are indicated in each figure.
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are schematically depicted in Fig. 3. One is direct tunneling
of conduction band electrons from the gate to the substrate
(C-C), which gives the most important contribution. The sec-
ond one is due to valence band holes from the substrate to
the gate (V-V), and the third one due to electrons from the
valence band of the gate to the conduction band of the sub-
strate (V-C), which emerges as the oxide voltage increases
larger than the Si bandgap energy as shown in Fig. 3(c),
where the bandgap energy of bulk Si was estimated to be 0.7
eV from our bandstructure calculations, which is quite
smaller than 1.2 eV of Ref. 2 due to the DFT/GGA formal-
ism. These three components are separately plotted in Fig. 4
for the three Si0, models, where the oxide thicknesses used
in the calculation are indicated in each figure. The V-V com-
ponent, that is hole current, is negligible due to higher
Si/Si0, valence band offset.” The C-C component is domi-
nant as expected, but the V-C component becomes compa-
rable to the C-C contribution for V., >0.7 V. As shown in
Fig. 4(a), the V-C contribution in the B-quartz model is ex-
cessive, so the B-quartz model indeed has different tunneling
properties from the other models. Incidentally, the C-C and
V-V currents flow at V=0 V because the Fermi energies
between n*-Si and p-Si electrodes are different as shown in
Fig. 3(a).

Next, Fig. 5 shows the tunneling current density as a
function of the oxide thickness at V,,=0.7 V, where the tun-
neling current densities are determined by the C-C compo-
nent, as shown in Fig. 4. It is found that the B-cristobalite
and B-tridymite models have similar current-thickness prop-
erties, while the B-quartz model gives at least two orders of
magnitude lower current density. The present results are ba-
sically consistent with the previous results based on the TB
formalism, where the lower tunneling current in the B-quartz
model was plausibly explained using its largest conduction
band effective mass.’ Therefore, we further examined the
bandstructure parameters for bulk SiO, crystals. Figure 6
shows the computed bandstructures along the tunneling cur-
rent direction (001) for (a) B-quartz, (b) B-cristobalite, and
(c) B-tridymite crystals. The length of the first-Brillouin zone
is different among the three SiO, crystals because each SiO,
crystal has a different unit cell size along the current direc-
tion as a,=0.88 nm (B-quartz), a.=0.74 nm (S-
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where SiO, lattice constants were taken as the same values as in Si/SiO,/Si
structures shown in Fig. 1. Each crystal has a different unit cell size as a,
=0.88 nm, a,=0.74 nm, and @,=0.56 nm for the B-quartz, B-cristobalite,
and B-tridymite crystals, respectively.

cristobalite), and @,=0.56 nm (B-tridymite). It is found in
Fig. 6 that the conduction band minimum is located at the "
point (k=0) and the valence band width is very narrow,
which had been already reported by several authors.'*'?
Such overall characteristics are similar among the three SiO,
crystals but the detailed bandstructure parameters at the T’
point depend on the SiO, crystals as summarized in Table I,

J. Appl. Phys. 105, 083702 (2009)

TABLE 1. Conduction band effective masses and bandgap energies ex-
tracted from the bandstructure calculations for the bulk SiO, crystals.

Quartz Cristobalite Tridymite
Conduction band mass (m) 0.77 0.56 0.30
Bandgap energy (eV) 6.19 6.03 5.82

where the effective masses at the conduction band minimum
and bandgap energies are compared. Although the DFT/GGA
formalism underestimates the bandgap energies considerably,
compared with the experimental one (~9.0 V), the conduc-
tion band dispersions are reproduced accurately and the es-
timated conduction band masses are reliable. According to
Table I, the largest values in both the conduction band
masses and bandgap energies are obtained for the bulk
B-quartz crystal, while the smallest values are obtained for
the bulk S-tridymite crystal. These results are in reasonable
agreement with the magnitude of tunneling current densities
shown in Fig. 5.

To understand correlations between the magnitude rela-
tion of the tunneling current densities in Fig. 5 and the band-
structure parameters of the SiO, crystals in Table I, we cal-
culated the current-oxide thickness  dependences
corresponding to the C-C component by using the bandstruc-
ture parameters of Table I, based on the conventional
transfer-matrix method. In the transfer-matrix calculation,
the conduction band discontinuity energy AE, was simply
given by AEC=[E‘&X(DFT)—ESGi(DFT)]/l where E¢(DFT)
and E(S;i(DFT) are bandgap energies calculated for the bulk
Si0, and Si crystals based on the present DFT approach. The
results are plotted in Fig. 7, which represents that the same
magnitude relation among the three oxide structures as those
in Fig. 5 is obtained, though difference between the
B-cristobalite and B-tridymite models is estimated to be
larger. To further analyze if the difference in the tunneling
current densities is more due to the different effective masses
or due to the different bandgaps, we also calculated the
current-oxide thickness dependences by altering only effec-
tive mass or bandgap energy, as shown in Fig. 8, where (a)
bandgap energy and (b) effective mass are fixed at the values
of the B-quartz crystal, respectively. From Figs. 7 and 8, we
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FIG. 7. Oxide thickness dependences of tunneling current density at V,
=0.7 V, computed by using a transfer-matrix method with effective masses
and bandgap energies of Table I.
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can conclude that the tunneling current densities are more
sensitive to the difference in the conduction band effective
masses than that in the bandgaps. In addition, the small dis-
crepancy between the B-cristobalite and S-tridymite models
observed in Fig. 5 suggests a possibility of reconstruction of
the SiO, atomic structures in the presence of the Si/SiO,
interfaces. Nevertheless, the above results mean that the elec-
tronic properties of bulk SiO, crystals can still be important
for the tunneling current behaviors even in the nanoscaled
SiO, gate oxides.

J. Appl. Phys. 105, 083702 (2009)

IV. CONCLUSION

We have investigated tunneling current properties
through Si/SiO,/Si structures based on first principles simu-
lation. As a result, we found that the [-cristobalite and
B-tridymite models have similar tunneling current properties
but the B-quartz model represents a substantially lower tun-
neling current. We also observed that the largest tunneling
current is obtained for the S-tridymite SiO, model, which is
consistent with conduction band effective masses and band-
gap energies estimated for bulk SiO, crystals. Therefore,
electronic properties of bulk SiO, gate oxides, especially the
conduction band effective mass, will be still important for
tunneling current analysis in the nanoscale range of the oxide
thickness. For direct comparison of the calculated tunneling
currents with experimental values, more advanced theoretical
treatment for the exchange-correlation functionals such as
EXX and SIC methods will be necessary.
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