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Abstract

In SOI MOSFETs, electrons are quantized into two-
dimensional electron gas by the strong electric �eld nor-
mal to the interface. When the Si-layer thickness is
thinner than the inversion layer width, the con�nement
becomes stronger and e�ects of the non-parabolicity of
the Si band structure will signi�cantly inuence the two-
dimensional electronic states. We studied e�ects of the
non-parabolicity on the electronic states in SOI MOS-
FETs with such an ultra-thin Si-layer by using an em-
pirical pseudo-potential method and analyzed the elec-
tron transport properties by performing single-electron
Monte Carlo simulations.
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1 Introduction

Electrons in SOI MOSFETs are quantized into two-
dimensional electron gas (2DEG) by the gate electric
�eld applied perpendicular to the Si/SiO2 interface. The
transport properties are considered to be strongly af-
fected by this quantization. Especially, in SOI MOS-
FETs with an ultra thin Si-layer, such quantization ef-
fects become stronger and the e�ects on the electron
transport properties can be more signi�cant. When elec-
trons are quantized along the (001)-direction, the ellip-
soidal 6-fold valleys of the Si conduction band split into
2-fold and 4-fold valleys. The 2-fold and 4-fold valleys
are quantized along the longitudinal and the transverse
axes, respectively. It has been reported that the strong
con�nement causes large energy splits between subbands
of the two ladders and electrons accumulate mainly in
the 2-fold valleys, whose e�ective mass parallel to the
interface is lighter than that in the 4-fold valleys, result-
ing in an electron mobility enhancement [1]. For such a
thin Si-�lm, the non-parabolicity of the conduction band
structure will signi�cantly a�ect the electron transport
properties because of increase in the electron occupa-
tion of the 2-fold valleys. We have been investigating
the e�ects of the non-parabolicity by using an empiri-
cal pseudo-potential method [2], [3]. In the present work,
we have studied the electronic states by self-consistently
solving the Schr�odinger and Poisson equations based on

a new scheme. We have then carried out single-electron
Monte Carlo simulations by using the self-consistently
obtained electronics states.

2 Pseudo-Potential Method

The Schr�odinger equation for a bulk-crystal with no
external potential is expressed as following�
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where n is the band index, andK andG represent three-
dimensional wave vector and reciprocal lattice vector,
respectively [4].

In a Si-layer of SOI MOSFETs, we have an additional
external one-dimensional con�ning potential U(z), and
the Schr�odinger equation is written as�
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with L being the length of the system. In the previous
study [2], [3], we assumed that U(z) is slowly varying
and UF(qz) can be approximated as UF(kz � k0z + gz �
g0z)jg0

z
6=gz = 0. In the present work, we fully take into ac-

count gz-dependence of UF(qz). Figure 1 shows the po-
tential pro�les for LSi = 5:43 nm obtained by perform-
ing an inverse Fourier transform of UF(qz) neglecting
the gz-dependence (dashed line) and including the gz-
dependence (lighter solid line) together with the original
U(z) pro�le (dark solid line). We see that gz-dependence
should be taken into account for accurately expressing
U(z) in the case of thin Si-�lm.
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Figure 1: Potential pro�les obtained by performing
an inverse Fourier transform of UF(qz) neglecting the
gz-dependence (dashed line) and including the gz-
dependence (lighter solid line) together with the original
U(z) pro�le (dark solid line) for LSi = 5:43 nm.

We have solved the Schr�odinger equation of Eq. (5)
combining Poisson equation within a Hartree approxi-
mation. In such a self-consistent calculation, we need to
evaluate electron charge distribution along z. For eval-
uating the electron charge distribution, we calculated
the density of states of 2DEG by the following method.
The two-dimensional k-space is discretized into rectan-
gle meshes and the density of states of each mesh are as-
sumed to be equally distributed between the maximum
and minimum energy of the corner-point energies cal-
culated from Eq. (5). Although the boundary of 2-fold
and 4-fold valleys is not clearly de�ned, we arbitrarily
de�ne the boundary in the following calculation [5].

For studying e�ects of the non-parabolicity of the
conduction band structure on electronic states, we also
calculated the electron states using a simple parabolic
band structure based on an e�ective mass approxima-
tion. We call the calculation model using the pseudo-
potential method described above as \pseudo-potential
model", and that using the e�ective mass approximation
as \parabolic model".

In Fig. 2 we plot squared wave functions at the bot-
tom of each valley and potential pro�le self-consistently
evaluated with the pseudo-potential model (solid lines)
and with the parabolic model (dashed lines). The calcu-
lation conditions are as follows; the thickness of Si-layer
is LSi = 5:43 nm, the lattice temperature is T = 300K,
the electron sheet density is Ns = 4:0 � 1012 cm�2,
and the voltage di�erence along z is �VSi = 0:1V. In
the parabolic model, we use the same U(z) as that ob-
tained with the pseudo-potential model, and the e�ec-
tive masses along the transverse and longitudinal axis
are set to be 0:199m0 and 0:877m0, respectively, which
are calculated from the energy dispersions of the bulk
conduction band with the empirical pseudo-potential
method [6]. The subband energies are not so much dif-
ferent between the twomodels. Especially, the di�erence
is vanishingly small for the 2-fold valleys. Note that the
wave functions for the pseudo-potential model oscillate
because they include the Bloch terms.
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Figure 2: Potential pro�le and the squared wave func-
tions at the bottom of the 2-fold and the 4-fold valleys
calculated with the pseudo-potential (solid lines) and
the parabolic (dashed lines) models.



3 Scattering Rate

To perform a Monte Carlo simulation, we calculated
electron scattering rates using the electronic states ob-
tained by the self-consistent method with the full-band
modeling. In the present study, we consider intra-valley
scattering via acoustic phonons and inter-valley scatter-
ing via acoustic or optic phonons as scattering processes,
because those scattering mechanisms are intrinsic and
dominant at the room temperature.

The intra-valley phonon scattering rate 1=��
intra
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which an electron at k = (kx; ky) in subband � is scat-
tered into k0 = (k0x; k
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the following equation:

1

��
intra

(k)
=

kBT

�h�v2s

X
�

X
k0

x
;k0

y

G�
k0

x
;k0

y

(E�(k))

�

Z
�2(k0 � k; qz)jF�;�(qz)j

2dqz ; (7)

where Q = (qx; qy; qz) represents a phonon wave vec-
tor, � is the density of Si, vs is the sound velocity,
E�(k) is the energy eigenvalue obtained from Eq. (5)
and G�

kx;ky
(E�(k)) is the state density. Equation (7) in-

cludes both phonon emission and absorption processes
within an equi-partition approximation. We consider
longitudinal acoustic (LA) and transverse acoustic (TA)
phonons. The deformation potential, �(k), for each
phonon mode is given by

�LA(�Q) = �d +�u cos
2(�Q); (8)

�TA(�Q) = �u cos
2(�Q) sin(�Q): (9)

In Eq. (8), �u = 9:0 eV, �d = �11:7 eV and �Q is the
angle between phonon wave vector Q and the longitu-
dinal axis of each valley [4]. The form factor F�;�(qz) is
de�ned by the following equation:
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The inter-valley phonon scattering rate 1=��
inter

(k) is
calculated by the following equation
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where NQ = 1=fexp(�h!Q=kBT )� 1g. We take account
of g-processes via TA, LA, and longitudinal optic (LO)
phonons, and f -processes via TA, LA, and transverse
optic (TO) phonons as inter-valley scattering processes.

We use the values of the deformation potential and the
phonon energy for each scattering process as in Ref. [4].

Figure 3 shows the total scattering rate of the lowest
subband in the 2-fold valleys as a function of the electron
energy. The closed circles and the solid line represent
the calculated results of the pseudo-potential model and
the parabolic model, respectively.

For the electron energy lower than about 0:15 eV, we
hardly see a di�erence between the two models. When
the electron energy is higher than about 0:15 eV, the
scattering rate of the pseudo-potential model becomes
larger than that of the parabolic model because of larger
density of states for the pseudo-potential model.
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Figure 3: Total scattering rates of the lowest subband in
the 2-fold valleys calculated with the pseudo-potential
(closed circles) and the parabolic (solid lines) models.

4 Monte Carlo Simulation

We carried out single-electron Monte Carlo simu-
lations using the scattering rates obtained above. In
the pseudo-potential model, the scattering rates are as-
sumed to be constant within a discretized k-mesh. Fig-
ure 4 shows the electron drift-velocity versus the parallel
electric �eld. The drift-velocity of the pseudo-potential
model is plotted by the closed circles and those of the
parabolic model are plotted by the open circles. The
electric �eld parallel to the Si/SiO2 interface is applied
along (100)-direction. We see that the drift-velocity
is strongly a�ected by the non-parabolicity of subband
structures. The di�erence in drift-velocities increases as



the electric �eld increase. This is because that aver-
age electron energy increases under higher applied elec-
tric �elds and electrons with higher kinetic energy are
strongly a�ected by the non-parabolicity.
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Figure 4: Drift-velocities versus applied parallel electric
�eld obtained by the Monte Carlo simulation. Closed
and open circles are the drift-velocities of the pseudo-
potential model and the parabolic model, respectively.

5 Summary

In order to study e�ects of the non-parabolicity of
the subband structure on the two-dimensional electronic
states in SOI MOSFETs, we solved the Schr�odinger
and Poisson equations self-consistently using the empir-
ical pseudo-potential method and Hartree approxima-
tion. Using the electronic states evaluated from the self-
consistent method, we calculated the phonon scattering
rates. We then carried out the Monte Carlo simulations
with the scattering rates that included the e�ects of non-
parabolicity of the energy band structure. We �nd that
the non-parabolicity of the conduction band structure
strongly inuences the electron drift-velocity.
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