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Shape of atomic steps on Si„111… under localized stress
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Localized elastic strain in Si crystal is artificially produced by buried silicon oxide inclusions formed
beneath a lithographically defined area by oxygen implantation. The Si crystal with local strain is annealed at
1180–1260 °C, and the shape of atomic steps at a vicinal Si~111! surface is observed byin situ ultrahigh-
vacuum secondary-electron microscopy andex situatomic force microscopy. The step shape is determined by
the balance between the elastic stress at the surface and the Gibbs-Thomson effect—the decrease of the
chemical potentialm related to the step curvature. The shape analysis enables us to estimate the strain-related
contribution to the Gibbs free energy densityDG/A58.331025 J/m2.
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I. INTRODUCTION

Atomic steps on a silicon surface have received mu
attention from scientific as well as technological viewpoint1

This is because atomic steps have great potential as
plates for nanostructure self-assembly, which is promis
for future nanoscale device fabrication.2 To be able to control
these nanostructures, such as quantum dots and wires, o
desired area of a Si wafer, it is crucial that we understand
nature of atomic steps on the Si surface.

Elastic strain or stress is one of the significant fact
governing the shape of steps3–7 and step bunching.8,9 The
effects of strain or stress on the steps have been clearly d
onstrated on Si~001! under applied strain3,4 and on SiGe~001!
under epitaxial strain on the wafer scale.5 The atomic steps
naturally align themselves in order to relieve the strain eff
tively on surfaces, suggesting that they can be patterne
the strain on surfaces. For nanostructure applications, h
ever, the degree and distribution of strain have to be e
neered not only on the wafer scale, but also on the nanos
level. In this context, we have very recently demonstra
surface strain distribution control on a Si surface by me
of buried silicon oxide inclusions. The inclusions are form
beneath a lithographically defined area by oxygen implan
tion and subsequent high-temperature annealing.10 The for-
mation of silicon oxide inclusions within the Si bulk pro
duces strain at the surface because when silicon oxidize
volume doubles. Our success in producing this novel surf
has opened a new field: the physics of localized strain
Si surfaces. We have demonstrated that the strain distribu
on Si~001! enables the growth of uniform Ge nanostructu
with the desired spatial arrangement on a wafer scale.10

In addition to the control of steps, it is particularly impo
tant in surface physics to measure and quantify the sili
surface energy under localized strain. However, this has
ceived little attention, to our knowledge, despite its imp
tance for nanostructure self-assembly.

In this paper, we report on the shape of atomic steps
Si~111! under localized strain induced by buried silicon o
ide inclusions. We show that the thermodynamics accou
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for the strain-driven equilibrium shape of monatomic ste
on Si~111!, and a step shape analysis yields the strain-rela
Gibbs free energy in a local strained area.

II. EXPERIMENT

First, a mask was made on Si~111! wafers miscut by 1.63°
toward 7° from the @112̄# direction ~terrace width
511.1 nm! and the mask was patterned using optical litho
raphy to produce line shapes. The mask consists of an 8
nm-thick chemical vapor deposition~CVD! grown oxide on
top of 100 nm of poly-Si. The poly-Si lies on top of a 100
nm-thick thermal oxide, which is on top of the Si wafe
Next, oxygen ions were implanted into the partially mask
substrate at an energy of 180 keV and at an areal densit
231017 cm22. Oxygen ions penetrated the Si substrate o
where openings in the mask existed. The entire mask
etched off in a HF:H2O ~25%:75%! solution. The substrate
was then annealed in an Ar atmosphere containing 0.2%2
at 1325 °C for 2.5 h. Silicon oxide inclusions were there
formed at selected places within the Si bulk to create loc
ized stress on the Si surface. Finally, the 50-nm-thick surf
silicon oxide that grew during the 1325 °C anneal w
chemically etched off in HF:H2O ~5%:95%! solution.

The shape of the steps and their distribution were
served with anin situ ultrahigh-vacuum secondary-electro
microscope~UHV-SEM! at low magnification and with anex
situ atomic force microscope~AFM! at high magnification.
In the SEM experiments, we annealed the sample at 1
and 1230 °C under debunching and bunching conditi
~both directions of the electric current! and also annealed
sample at 1260 °C for 15 s. The pressure during annea
was less than 231029 Torr. Micro-Raman spectroscop
measurements were performed at a wavelength of 457
with a 1-mm-diam lateral resolution.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the AFM image, obtained from Si~111!
with silicon oxide inclusions beneath line areas formed
©2002 The American Physical Society03-1
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FIG. 1. ~a! AFM image of Si~111! with buried
silicon oxide inclusions for a pair of 700-nm
wide implantation line patterns after 1 min hea
ing at 1230 °C with direct current in the step
down direction ~debunching condition!. The
white arrow indicates the direction of direct cu
rent for the step-parallel heating.~b! Height pro-
file along lineA-B in ~a!. ~c! Schematic illustra-
tion of an atomic step in~a! and of the definition
of the step curvatures. Shaded areas in~c! are the
areas where buried silicon oxide inclusions pr
duce tensile strain.
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implanting through 700-nm-wide line patterns, as illustra
in Figs. 1~c! and 2. White lines and black areas in Fig. 1~a!
correspond to steps and terraces, respectively. Various c
acteristic features due to local strain were observed on
surface: a step and terrace structure was observed, ind
ing that the Si adatoms sublime from the surface in the s
flow mode by annealing at 1230 °C. Eighty percent of t
steps on the implanted line regions were bunched; they
not bunch in the region between the two shaded areas.
average step height is 3.3 bilayers~BL! in the implanted line
regions and 1.2 BL between the two line regions. The s
bunching in the line regions is qualitatively consistent w
the theory of stress-induced step bunching on vicinal s
faces by Tersoffet al.,8 indicating that the line regions ar
the more strained.10 In addition, the reduced step bunching
the region between the lines indicates that the region i
low strain. The surface on the strained lines has step ba
composed of bunched steps. The height profile along
white line in Fig. 1~a! indicates that the height of the ste
bands is 13 nm on average, which corresponds to 41 BL@Fig.
1~b!#. Monatomic steps were observed on wide terraces
tween the step bands. Shape analysis of the monatomic
is discussed below. In Fig. 1~b!, the apparent step-down d
rection~from A to B! regions are in fact flat, approximately
the negative apparent gradient is due to the background
traction employed in the data analysis. Both bunched
single monatomic steps on the surface curve concavely
the strongly strained areas and convexly in the low-str

FIG. 2. Schematic illustration of steps on Si~111! with buried
silicon oxide inclusions. Inclusions were formed at a depth of ab
300 nm, as observed by cross-sectional transmission electron
croscopy.
08530
d

ar-
e

at-
p-
e
id
he

p

r-

at
ds
e

e-
eps

b-
d
n

n

region during step-flow sublimation. The radius of curvatu
of a monatomic step in a bunch is 700 nm in the areas ab
the SiO2 inclusions and 4100 nm in the low-strain area b
tween the inclusions@Fig. 1~c!#. We also measured the radiu
of the curvature of a single monatomic step, situated in
large terrace between the bunches. The single step h
smaller radius of curvatureR15350 nm.

The above step structure appeared at the Si~111! surface
after annealing at 1230 °C for several seconds. After 2 min
further annealing,in situ SEM andex situAFM showed no
further change in step shape. When we changed the ele
current direction, we could not observe any significa
change in step shape and step height distribution in
strained regions for step-down~step debunching!, step-up
~step bunching!, and intermediate step-parallel current dire
tions at 1230 °C. The typical length of the step band cau
by dc current observed on the strain free region is consis
with the previous report by Homma and Aizawa.11

To understand the physics behind the bell-like shape
the steps in Fig. 1~a! it is convenient to analyze the equilib
rium shape of the monatomic steps, although the Si crysta
our experiment is heated to 1230 °C in UHV and consid
able evaporation takes place. The shape of the steps is d
mined by two physical factors: the strain at the surface a
the step free energy. The free energy of the concave step
a negative contribution to the local chemical potentialm and
partially compensates the strain-related increase ofm. The
equilibrium shape of the step is determined by the requ
ment that the local chemical potential have a constant va
along the step. The step curvature changesm by an amount
Dm such that Dm(R1)52Vg/R1 and Dm(R2)5Vg/R2
@Figs. 1~a! and 1~c!#, whereV is the area per atom at th
surface andg is the step free energy per unit length.12 Here
R1 is the radius of curvature of the monatomic step in t
tensile strain area;R2 is the corresponding quantity in th
area of much weaker compressive strain@Fig. 1~c!# ~R1 and
R2 are both taken to be positive!. In fact, the step stiffness
should appear in the expression forDm instead ofg, but at
the high temperatures used in the experiments the anisot
of g is small and the step stiffness is practically equal to
step free energy. The measurements showR1 to be constant
over a large fraction of the tensile strain area andR2 to be

t
i-
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constant in a large fraction of the weak-compressive-st
area. This provides grounds to estimate the contributi
Dm(R1) and Dm(R2) to the local chemical potential. Th
requirement for a constant chemical potential along the s
@Fig. 1~c!# is

Dm1str1Dm~R1!5Dm2str1Dm~R2!, ~1!

whereDm1str is the strain-related contribution to the chem
cal potential in the tensile strain area@the shaded areas i
Fig. 1~c!# and Dm2str is the corresponding quantity in th
area of weak compressive strain~the area around the middl
point between two neighboring inclusions!. Equation~1! can
be rewritten in the form

Dmstr5VgS 1

R1
1

1

R2
D , ~2!

whereDmstr5Dm1str2Dm2str. Since the chemical potentia
is equal to the Gibbs free energy per particle, it is conven
to write Dmstr5(V/A)DGstr, whereDGstr is the difference
between the strain-related contributions to the Gibbs free
ergy G in the tensile and weak-compressive-strain areas~G
refers to an areaA and, on the other hand, the contribution
the weak compressive strain is much smaller than the co
bution of the strong tensile strain in the areas above the S2
inclusions; i.e.,DGstr is practically equal to the strain-relate
contribution to the Gibbs free energy!. Therefore, Eq.~2! can
be rewritten in the form

DGstr

A
5gS 1

R1
1

1

R2
D , ~3!

making it possible to estimate the surface density of
strain-related contribution to the Gibbs free energy by sim
measuring the radii of curvature of the steps at the cry
surface.

Using the valuesR15700 nm andR254100 nm, deter-
mined in our experiments for a step in a bunch, and the s
free energy per unit lengthg50.5310210 J/m,13,14 we ob-
tain DG/A58.331025 J/m2 for the surface density of the
strain-related Gibbs free energy. Besides the above valu
the step free energy, a substantially~2–3 orders of magni-
tude! larger value ofg has been determined from the inte
pretation of the experimental data on evaporation of Si~111!
in the temperature interval 1050–1100 °C.15 Substituting this
value ofg into Eq. ~3!, we obtain, forDG/A, 2–3 orders of
magnitude larger values than those given above.

As already mentioned, a small number of steps are
included in the bunches. These steps~situated at the large
terraces between the step bunches! have a smaller radius o
curvature in the area of strong tensile strain. For one of th
steps we obtainedR15350 nm andR2 tending to infinity.
Substituting these values into Eq.~3!, we obtainedDG/A
51.431024 J/m2 for g50.5310210 J/m and 2–3 orders o
magnitude larger values ofDG/A wheng has the value es
timated by Latyshevet al.15

Micro-Raman spectroscopy measurements of stress
strained area, corrected slightly for the limited resolution10

showed in the~111! plane a 1763 MPa difference in the
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stress values between the tensile and compressive stres
gions. This corresponds to a strain energy of 3
31023 J/m2 under a Gibbs free energy assumption and
31027 J/m2 under a Helmholtz assumption.16 These ener-
gies are overestimated by factors of about 6 for the Gi
assumption and of about 62536 for the Helmholtz assump
tion due to the nonzero~about 140 nm! depth probed by the
micro-Raman technique. After correction for the micr
Raman resolution, the energies derived from the step cu
tures are consistent with the Gibbs free energy, but not w
the Helmholtz free energy.

More detailed treatment of the shapeY(X) of the steps
~Fig. 2! should account for the variation of the strain at t
surface. To derive a differential equation forY(X) we note
that, mathematically, the curvature is given by the express
R215Y9(11Y82)23/2 and the requirement for a consta
value of the chemical potential along the step reads

Vg
Y9

~11Y82!3/21Dmstr5const. ~4!

To obtain an explicit form of the differential equation fo
Y(X) we need an expression forDmstr as a function of the
distanceX ~Fig. 2!. Since our measurements manifest a co
stant curvature of the step in the vicinity ofX50 ~an indi-
cation of a constant strain energy density in this area!, we
introduce the parameterW, which is the width of the stripe
where the strain at the surface has a constant value.
should keep in mind, however, that, in fact, the ‘‘wires’’ co
sist of separate clusters@the cross-sectional transmissio
electron microscope~TEM! image of the ‘‘wire’’ typically
shows about five inclusions of SiO2#, which leads to consid-
erable variation of the parameterW. That is why the shape o
the steps can vary considerably from place to place at
crystal surface. Outside the stripe~i.e., for uXu.W/2! the
strain at the surface and the local chemical potential
crease. We assume foruXu>W/2,

Dmstr~X!5
A8

FL21S uXu2
W

2 D 2G3 F 12
3L2

L21S uXu2
W

2 D 2G 2

,

~5!

whereL is the distance from the center of the inclusion~from
the axis of the ‘‘wire’’! to the crystal surface andA8 is a
constant.@We takeA85Dmstr

0 L6/4, whereDmstr
0 is the con-

stant value of the strain-related chemical potential inside
stripe uXu<W/2 so thatDmstr(X) is a continuous function a
X56W/2.# This expression for the decrease ofDmstr with
X is similar to the formula derived by Tersoffet al.17 ~using
an earlier work by Maradudin and Wallis18!, which describes
the dependence of the strain energyEel on X to within a
constantA8. The strain fields of neighboring ‘‘wires’’ of in-
clusions ~the distance between neighboring ‘‘wires’’ isD!
overlap so that the shape of the step is influenced by
strain energy induced by two neighboring ‘‘wires.’’ Introduc
ing dimensionless coordinatesx5X/L, y5Y/L and dimen-
sionless parametersd5D/L andw5W/L, we can write~for
w/2,x,d2w/2!
3-3
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y9

~11y82!3/2

52
B1

F11S d2x2
w

2 D 2G3 F 12
3

11S d2x2
w

2 D 2G 2

2
B1

F11S x2
w

2 D 2G3 F 12
3

11S x2
w

2 D 2G 2

1B2 .

~6!

To obtain the shape of the step, we integrated the dif
ential equations~4! and ~6!, using the initial condition
y8(0)50. Equation~4! with Dmstr5Dmstr

0 holds good inside
the stripe2w/2,x,w/2 where the strain at the surface h
a constant value.@We have rewritten Eq.~4! in dimensionless
coordinatesx5X/L, y5Y/L like in Eq. ~6!.# After inte-
grating Eq.~4! in the interval 0<x<w/2, we switch to Eq.
~6! in the intervalw/2,x,d2w/2 and, finally, we again
integrate Eq.~4!, this time in the intervald2w/2<x<d.
The constantsB1 , B2 , andw are used as fitting parameter
On the other hand, the constantB1 is given by the expression

B15
1

Vg

L

4
Dmstr

0 ,

so that the value ofDmstr
0 can be estimated from it, which

provides a reasonable fit of the theoretical curve to the sh
of the steps in our experiments. SinceDmstr

0 5(V/A)DG0, it
is convenient to rewrite the last expression in the fo
DG0/A5B14g/L to allow an estimation of the surface de
sity DG0/A of the strain-related Gibbs free energy in the a
2w/2,x,w/2. Figure 3 shows the shape of a step obtain
by integrating Eqs.~4! and ~6! as explained above. There
relatively good agreement with the experimentally det
mined shape~presented by the squares! at B150.155 ~the

FIG. 3. Shape of a monatomic step on Si~111!. Squares are data
measured on a sample; all other curves are theoretically calcu
step shapes@obtained by integrating Eqs.~4! and~6! with the values
of B1 , B2 , andw listed in the figure#.
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values of the other parameters are given in Fig. 3!. Making
use of these values ofB1 , L5330 nm, and g50.5
310210 J/m,13,14 we estimated correspondinglyDG0/A
59.331025 J/m2 and DG0/A57.831025 J/m2 and found
good agreement with the values obtained on the basis of
~3! and the measured radii of curvatureR1 andR2 .

The considerations outlined above have several w
points. The first one is related to the rather different valu
reported by different authors for the free energy of the st
on Si~111! surfaces. This circumstance leads to rather diff
ent values of the strain-related Gibbs free energy which
estimated by multiplying the measured curvature of the st
and the step free energy@see Eq.~3!#. The problem is also
related to the quenching of the samples. The point is t
according to Ref. 15, the step free energy substantially
pends on the temperature in the interval 1230–1380 °C. T
the question arises, could the shape of the steps change
ing the quenching because of the temperature-indu
change of the step free energy? It is difficult to answer t
question. This complication, however, could be avoided
using the ‘‘in real time’’ technique of observation like low
energy electron microscopy, for example.

Another problem is related to the fact that the steps in
strained area of the surface form bunches, which could
principle at least, change the shape of the steps~because of
the step-step interactions, for instance!. One way out seems
to be an analysis of the shape of the single steps, situate
the large terraces between the bunches. These steps,
ever, move rather fast: i.e., they are not under ‘‘near-
equilibrium conditions’’ and their shape could be substa
tially influenced by kinetic factors. As pointed out above, t
curvature of such a single step is 2 times larger than
curvature of the steps in the bunch.

IV. CONCLUSION

In an attempt to engineer the distribution of strain on t
surface of a Si crystal, we used oxygen implantation in lith
graphically defined areas. We have examined the local str
driven shape of steps on the Si~111! surface under the step
flow sublimation condition by AFM andin situ SEM. In
terms of thermodynamics, the bell-like shape of the step
interpreted as a balance between the strain-related increa
the chemical potential and the decrease ofm due to the cur-
vature of the concave step~Gibbs-Thomson effect!. On the
basis of this interpretation, we derived a differential equat
for the step shape and integrated this equation to reprod
the shape observed in our experiments. We also derive
simple relation@Eq. ~3!# between the surface density of th
strain related Gibbs free energyDG/A and measurable pa
rameters like the radii of curvatureR1 andR2 in the strained
and strain-free areas. Making use of this relation, we
tainedDG/A58.331025 J/m2 from the shape of a step in
bunch andDG/A51.431024 J/m2 from the shape of a step
not belonging to a bunch.

Another conclusion concerns the strain-related bunch
of steps, which takes place during the resistive heating
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both step-up and step-down electric current. The fact
bunches exist in the strained area even when the ele
current has a debunching direction proves that the str
induced attraction between the steps is a stronger driv
force for bunching than the electromigration effect.

We hope that the atomic steps with their shape patter
s

s
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by localized strain on a nanoscale can act as a good temp
for advanced nanostructure fabrication on Si wafers.
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