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Modeling of Oxidation-Induced Strain and Its Effect
on the Electronic Properties of Si Waveguides

Fredrik Boxberg and Jukka Tulkki

Abstract—We have studied the influence of oxidation-induced
strain on the electronic structure in Si quantum wires and
quantum point contacts. The strain calculations were done using
a semiempirical approximation which enabled three-dimensional
(3-D) strain simulations of the device structures. The strain-in-
duced deformation of the conduction band gives rise to a 3-D
potential minimum having a depth of ~35 meV. In addition to
the formation of localized electron states in the channel, our
calculations predict crossing of transverse energy levels corre-
sponding to different conduction band minima. Our calculations
also predict strain-induced channeling of electrons to the edges of
the structure.

Index Terms—Quantum point contact, quantum wire and strain,
silicon, thermal oxidation.

. INTRODUCTION

HE OXIDATION-induced strain is one of the possible ori- [t UTToATE GEMINT
T gins of the observed complicated conductance charactei-
istics in Si/SiQ electron waveguides [1], [2]. We have studiegig, 1. Scanning electron micrograph of a fabricated QWR covered by the gate
the influence of strain on the electronic structure in Si quantugride on a SOI wafer. The gate metal has been removed [4].
wires (QWR) and quantum point contacts (QPC) fabricated on
(001) silicon on insulator (SOI) wafers. Our work is motivategtructures in the current-voltage-{") characteristics [1], [2].
by a recent study of these device structures by Gustafssain These have been addressed to the increased scattering from the
[3], [4]. The strain field in these structures is three-dimension@rge interface area and the possible oxidation-induced strain
(3-D), making numerical solution of the visco-elastic continuurif the structure. The Si/SiQinterface region contains oxide
model very difficult. In this work, we analyze the strain fieldcharges that reduce the conductivity of the Si. In very narrow
using a semi-empirical method, which we have compared wi#i channels, the oxide charges could prevent ballistic transport
analytic models for 3-D structures of higher symmetry. Thef the electrons because of the increased scattering. The role of
structures of Gustafsscet al. were fabricated by using elec-oxidation-induced strain on the electronic properties of Si wave
tron-beam lithography and etching followed by narrowing of thguides has remained largely unexplored and will be discussed
conducting channel by thermal oxidation. Fig. 1 shows a fabi this work.
cated Si QWR structure [3]. The active channel is in the middle The strain in Si/Si@ structures is mainly created during the
of Fig. 1. The direction of the current is vertical, which correoxidation of gate oxides or isolation trenches. The thermal oxi-
sponds to thé110) crystal direction. dation process and the creation of oxidation-induced strain was
These waveguide structures are of potential interest sind@deled successfully by Kae al. [S], [6] for the axially sym-
their fabrication includes processing steps similar to thoseetric case. Inthis model, the oxide is thought of as a Newtonian
used in the CMOS process. In addition, the binding energiBigid, i.e., an incompressible, viscous fluid. In reality, the oxide
of electrons are high since confinement is governed by tifevisco-elastic, which means that the properties of the mate-
band-edge difference between the surrounding,Si6d the rial are between solid and liquid. Different visco-elastic models
conducting Si channel. This may allow high temperatuigcluding, e.g., the Kelvin—\Voigt and the Maxwell model have
operation in the future. However, all lithographically define@een discussed in [7]. If the visco-elastic properties of,SiO
Si waveguides have, so far, shown complicated resonaméere known as a function of temperature and strain, it would
in principle be possible to make a realistic simulation of the

) . . _ oxidation process by using an iterative scheme in which the
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Fig. 3. Structural model for a QPC. The light and darker gray indicate the Si
and the thermal SiQ) respectively. The black region is the 4-nm thick boundary
layer.

Ill. SEMI-EMPIRICAL MODEL FOR THEOXIDATION -INDUCED

. o o _ STRAINS
Fig. 2. This figure corresponds to the same original TEM picture as [3,

Fig. 2(b)] (J. Ahopelto, private communications). Note that this figure The oxidation-induced strain was calculated by a semi-empir-
represents a cross section of regular SifSidres, which before the oxidation j~5| method. in which the strain is caused by elastic expansion
have dimensions similar to the narrowest constriction of the present QI!J ! . e
structure (before oxidation). The dark grey region is the Si core inside t§ @ boundary ox@e layer clos-e to Si/Sitterface. The model
thermal SiQ. was developed first for a cylinder structure having the same
oxide and Si radii as the narrowest constriction in the present
oxidant species is assumed constant over the oxide film, and 8B devices. Test calculations showed that when a 4-nm thick
chemical reaction between Si and @ assumed to take placeboundary layer was let to expand by an appropriate factor the
at a sharp Si/Si@interface. In [9], de Almeida has proposedtrain in the silicon channel and the oxide become very close to
an improved model for the diffusion—chemical reaction procegbe strain predicted by the hydrodynamical oxidation model of
However, detailed description of the growth of thin oxide film&ao [6]. In the analytic model of Kao, the radial stress in the

is possible only by molecular dynamics methods. oxide is given by

High resolution measurement of strain in ultrasmall struc- 1 1
tures is difficult. In most cases, the comparisons are made Opr = 20€ <b_2 - 3> (1)
between calculated and measured oxide thicknesses. However, !

there are few experiments in which the oxidation induced strafd the hoop stress by

has been monitored. EerNisse [10] studied the strain in the

oxidation of planar Si structures and found that dry oxidation o8 = 2n¢ <i + i) @)
in temperatures above 95%C induces no in-plane stresses. In b? 2

the experiment by Kinet al.[11], dry oxidation in 780°C was

found to create in-plane stresses of 0.96% wheren is oxide viscosity, and is a constant describing oxida-

tion velocity. In the analytic model, these parameters are con-
sidered independent of stress. In (1) and {25 the distance
from the axis of the cylinder antdis the radius of the Si/Si©

The geometrical model used in our strain calculation is basiderface. When normalized on the axis of the channel our model
on TEM images of the fabricated structure. Fig. 2 is a TEMas a relative error less than 6% except for the boundary layer
image of a quantum wire (QWR) in tf&10 direction [3]. The in which the error is substantially larger. However, this will not
starting point of the thermal oxidation was a rectangular Si wiiefluence the electronic structure calculations much because of
on top of a buried-oxide layer. The faster oxidation rate at thiee large band gap difference between Si and,Si@., the
(111) facets has created an almost triangular cross-section. Wawe functions do not penetrate to this region. A further source
rounded corners and the deviation from ideal crystal planes afeerror is the neglectance of the strain-relaxation during the
the results of a slower oxidation rate caused by the larger stradiown-cooling from 1000°C to room temperature due to dif-
Itis also evident that there has been diffusion of oxygen throuégrences in the coefficients of thermal expansion coefficients.
the buried oxide and therefore, the wire has been oxidized frdrhis error is estimated to be 0.25%. This effect was neglected
below even if the oxidation rate is slower at the bottom of the our simulations since the oxidation-induced strain was of the
wire. TEM images [3] show that the oxidation from below cawrder of 1%. The benefit of our approach is that strain calcu-
take place also in the leads where the distance from/8iO lations become feasible even for complicated 3-D device struc-
interface is several hundreds of nanometers [3]. tures. We can also account for the anisotropic oxidation effects

The computational model of a QWR is shown in Fig. 3semi-empirically, since the geometry of our models is taken
The conducting Si (light gray) is completely surrounded bffom TEM studies of the fabricated devices.
the boundary layer (black). This structure is then embedded inin our 3-D simulations we have used the hydro-dynamical
thermal SiQ created in the gate oxidation. Below the thermahodel as our reference data. From this model we have estimated
SiOs, there is the buried SiDof the SOI wafer. The length that the strain in a solid Si/SiQcylinder can exceed 1%, when
of the conductive channel connecting the leads, was varige dimensions are of the same order as the diameter of our Si
between 120 nm and 240 nm. The shape and the dimensionstainnel. The expansion of the boundary layer, in our 3-D sim-
the channel in our model was the same as in Fig. 2. ulations, was normalized so that, in the case of an ideal cylin-

IIl. GEOMETRICAL MODEL OF THEQWR
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TABLE | =
STRUCTURAL PARAMETERS USED IN THE FEM CALCULATIONS =
g
Material E Vy Ref N 0
-120  -80 -40 0 40 80 120
Si 168.9 GPa | 0.262 | [13]
Si0, 71.4 GPa | 0.16 | [13] E 60
=
w 30
>
60 T 60 NI
oo 1
. . -120  -80 -40 0 40 80 120
E 10 ‘) £
c 40 c M
o - - - [meV]
> = 50
<ot <2 I
N N ] 0.0
; -5.0
% 20 o 20 40 % 20 o0 20 4o EI:I 10,0
Y Axis [nm] Y Axis [nm] 5.0
g -20.0
.00 i MBEEIEIL Jo.001 ] -25.0
—] -30.0
Fig. 4. Diagonal strain components in a transverse plain located in the middle - -35.0
of the construction. -40.0

) ) . ) Fig. 5. Strain-induced deformation of the three energy valley pairs in the
drical geometry the radial strain was 1%. The magnitude of theddle of the Si channel. The first contour plot corresponds td+he 0, 0]
3-D strain distribution scales almost linearly of the expansidtid thel0. £a. 0] valleys, while the second corresponds to e0, +a]
. o Vﬁlleys. The lower image shows how the contour plots are taken.
coefficient of the boundary layer. Hence, the qualitative resu
of the simulations is assumed to depend very little on the nor- . . .
malization P y porated into the band structure as a perturbation term given by

3

IV. STRAIN CALCULATIONS H.= Y D*eqy ®3)
a, 8=1

2

The elastic expansion of the boundary layer takes place
in a direction perpendicular to the Si/SiOnterface. This wherez,4 are the strain tensor elements, @’ are the defor-
was achieved by the use of several local coordinate systemmation potential constants [15]. By accounting for the symmetry
For more complex interfaces like saddle surface we needdbthe diamond lattice the diagonal terms of the Hamiltonian (3)
approximate the situation. The strain induced by this expansifan the (100) minima are given by
was calculated by finite element method (FEM) [12]. Table |
gives the material parameters used in the calculations. In FEM, SEU) = D[10015[1001 + DI (5[0101 + 6[0011) - @)
we used a tetrahedric structural solid element in all simulations. . ; [too] _ =(100) , =(100)

The quadratic element has ten nodes, of which each node ﬁéﬂg con\étleorét)lonal notation®™™ = 2,7 + Eu " and
three translational degrees of freedom. Because of practiédl " = E4 . we obtain [14]

r ns, the number of n in the element meshing w

reasons, e number of nodes in the element Meshing Waghuoo) — =000 (o1 oo + cforgy + epoons) +E4epuons- ()

When calc_ulqting the strain, the largest errors are created=g} the other minima, we have by symmetry
the abrupt Si/Si@ interface, but these problems are also ex-
pected in other numerical evaluations of the stresses. By makiflg®*® = =" (e(,00; + 010 + €po01)) + E¢ V€010 (6)
the calculation meshing dense enough, this error can be made
sufficiently small. SED == (e300 + €jo10) + €poor]) +ELPepor. (7)

Fig. 4 shows the linear strain components in the middle of t . . . . .
channel. The oxide is left out from this contour plot for clarityq%e anisotropy term in (5)~(7) gives rise to a lowering of the

Theeygo and thesq o components will be equal because of thgegeneracy in strained Si. In Fig. 5, we have plotted the defor-
. i . . tion potential energy for the energy valleys at a cross section
symmetries atthis (110) plane. The largest strains arefoundlnEﬁ on a?ong the chan?zal In the mid%lle of tze channel. there is
corners of the triangular wire. amrgo; is the largest of the three 35 meV dee minihum for th. 0. al vallevs A:Iso
strain components. Further away from the channel and from t{%hé; . P ®, 0, +al ys. '

o . . other four valleys show a clear minimum in the middle of
Si/SiO, edges, the strain approaches zero asymptotically. . . T
©; edg PP ymp Y the channel. However, the geometrical size of these minima is

smaller and they are more shallow.
The deformation will lead to a lowering of the conduction
band degeneracy. The, 0, +-a] minima are slightly below the
The simulated strain was converted into deformation of the-a, 0, 0] and[0, +«, 0] valleys in the leads, which are outside
six energy valleys by thk - p theory [14]. The strain is incor- the area shown in Fig. 6. This splitting into two- and four-fold

V. POTENTIAL MINIMA IN THE CONDUCTION BAND AND
VALLEY SPLITTING
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Fig. 6. Splitting of the subbands is plotted as function of thaxis. The g I— /

deformation potential energy is averaged over theoordinate. The strain — 40 f\\_ J\ 1T

induces a band splitting of about 7 meV. % /T 1L /J
Swl S \ /
N 201

( _ Sle . @
-20 0 20 40 -20 0 20 40
Y Axis [nm] Y Axis [nm]

Y Axis [nm]

Fig. 8. Electron density of the ground state and three excited states in a qwr.
The ground state energy was25.3 meV.

which was, however, based on a much simpler strain model. A

prominent channeling effect can be seen in the wave functions.

400 mev [IBRRE] 5.0 mev In the present calculation, the strain and the deformation poten-

o ' _ tial take their largest value in the corners of the wire where the
o 3\}hi tsifg’lg‘r‘ﬁg‘;’r‘ t%%t‘g?}g"gn"tz:?gcfg::‘of‘r‘:egp Oin”(jsvg!zegs_ai s i?e’\‘/f"- curvature of the Si/Siginterface is largest. Therefore, electrons

are confined to the top corner of the wire (three lowest states) or

. - . . tg the side corners (fourth eigenstate) (see Fig. 8). This will en-
degeneracies (spin-degeneracy not included) is enhanced byh%]r?ce the interface scattering. For the [100] and [010] minima,

deformation potential. The effect is visualized in Fig. 6, Whert?'nelowest confinement energies aré.7,—5.9,—4.2, and-2.5

we have plotted the position of the energy valleys along the . - S .

. . meV, respectively. For these minima, the longitudial quantiza-
center line of the channel. The value of the deformation poten-""' . Co - . :
. . , tion gives significant contribution making the confinement ef-
tial energy is averaged over thecoordinate.

Another interesting result is the formation of channels alorlt(gact fairly small.

the edges of the Si structure. The strain is proportional to the cur-
vature of the Si/Si@ interface and therefore, the curved edges V1. POTENTIAL MINIMA IN THE CONDUCTION BAND AND
of the Si QPC will be strain sources. It is difficult to predict how VALLEY SPLITTING
much the induced minima along the edges will affect the con-In conclusion, we have shown that the oxidation-induced
ductance of the device. However, the strain-induced minima wélirain can markedly influence the electronic structure in SiSiO
bring the conductance electrons closer to the SiSnferface electron wave guides. We have made 3-D simulations of the
in the leads and thereby enhance the interface and ionic chasgain in Si QWRs and QPCs fabricated on SOI wafers. Our ap-
scattering. Fig. 7 shows the deformation potential energy for theoach is semi-empirical in the sense that we need experimental
[0, 0, £a] valleys at> = 50 nm. In this figure, the white color reference data for a simple 3-D model as a starting point to the
near the Si/Si@interface corresponds te +20 — +30 meV. calculation. Even though our assumptions of the magnitude of
The strain-induced deformation potential minima can confirthe strain are not exact for all oxidation conditions, we expect
several electrons for a long Si channel. This was verified by that the model gives good qualitative picture of the strain
nite difference calculations where we solved one band eigatistribution. We have shown that the oxidation induces3b
functions for one electron in thi@, 0, +a] valleys. The strain meV deep potential minimum in the narrowest constriction
is expected to be larger in thinner wires and therefore, bouafl the devices for thg0, 0, +a] valleys of the conduction
electronic states are likely to exist also in narrow structures. band. Potential minima are induced along the edges of the Si
We calculated the confinement energies of few lowest tramsnstriction, which could give rise to channeling effect and
verse states for a 120-nm long QWR. The eigenstates soltbdreby increase interface and static charge scattering. The
for transverse states in the middle of the QWR. The eigenamisotropic coupling from the strain to the conduction band will
ergies for the lowest states of [001] minima wef25.3 meV, also induce a level crossing for transverse states belonging to
—20.2 meV—16.5meV, and-16.0 meV. These energies do notlifferent conduction band valleys in the channel. We conclude
include the longitudinal quantization energy, which is smallé¢hat the oxidation-induced strain is a possible origin to the
than 1 meV for all these states. Our results for the QWR aobserved complicated conductance characteristics in Si/SiO
very close to the asymptotical limit of infinitely long wires be-electron waveguides. We note that the present semiempiricial
cause of the small longitudinal quantization energy. The grouag@proach is no substitute to strain and temperature dependent
state confinement energy obtained in the present calculatiorvisco-elastic continuum model, which enables calculation of
5 meV smaller than that obtained in our previous work [16§train distribution from the know values of material constants.

X s [nm]
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