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Step-step interactions on the vicinal Si„111…)3)-Ga surface

Ken Fujita,* Yukihiro Kusumi,† and Masakazu Ichikawa
Joint Research Center for Atom Technology, Angstrom Technology Partnership, 1-1-4 Higashi, Tsukuba, Ibaraki 305-0046, J

~Received 4 December 1997!

Steps on a Si~111!)3)-Ga surface that was inclined toward the@1̄1̄2# direction were observed at 550 °C
with a scanning tunneling microscope. The step stiffness and step-step repulsion coefficient of single-bilayer
steps were estimated to be 3310211 J m21 (;20 meV Å21) and 2310229 J m (;1.3 eV Å). It was clarified
that the elastic repulsion is dominant in step-step interactions on the surface. The formation energy of double-
bilayer steps at 550 °C was estimated to be of the order of 1310213 J m21 (;0.1 meV Å21).
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The vicinal Si~111!)3)-Ga surface that is inclined to
ward the @1̄1̄2# direction is of interest for constructin
nanometer-scale structures, because alternate stripe s
tures consisting of Si(111)737 and Si~111!)3)-Ga re-
gions are formed on the surface by thermal desorption of
atoms.1 Since the)3)-Ga region is chemically less reac
tive than the 737 region, molecules such as oxygen2

disilane,3 and antimony (Sb4) ~Ref. 4! are selectively ad-
sorbed on the 737 region. Owing to this selectivity
nanoscale-stripe structures where Ga and Sb are altern
adsorbed can be constructed on the Si~111! surface without
using conventional lithography. For the construction of t
stripe structure, atomically straight boundaries must
formed between the stripe regions. When the vici
Si~111!)3)-Ga surface is annealed above 500 °C, s
edges are bunched. The bunched step edges are so stab
they provide atomically straight boundaries between
stripe regions.

Step bunching is essential in constructing nanometer-s
structures on the vicinal Si~111!)3)-Ga surface. Nonethe
less, detailed understanding of bunching on the surfac
still scant. The vicinal Si~111!)3)-Ga surface inclined to-
ward the @1̄1̄2# direction shows mixtures of single- an
double-bilayer steps within miscut angles from 0.6° to 0.
The presence of mixtures means that the step bunchin
the surface takes place when the interactive energy du
step-step interactions overcomes the double-bilayer for
tion energy.5,6 Step-step interactions result from elastic a
entropic repulsions between steps.7 The former is caused by
elastic strain and/or dipole moment at step edges, and
latter arises from the no-overlap condition of steps. T
dominant origin of step-step interactions on t
Si~111!)3)-Ga surface, however, has not been und
stood.

In this work, we determined the stiffness and step-s
repulsion coefficient of single-bilayer steps on
Si~111!)3)-Ga surface inclined toward the@1̄1̄2# direc-
tion. For this purpose, we observed step wandering on
surface with a high-temperature scanning tunneling mic
scope~STM!. Using the step stiffness and repulsion coe
cient, we discussed the primary origin of step-step inter
tions on the surface and estimated the formation energ
double-bilayer steps.
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The experiments were performed in a high-temperat
STM chamber. The sample was cut from an edge of an
axis Si~111! wafer whose miscut angle was less than 15 s
The sample size was 7 mm along the@11̄0# direction, and 1
mm along the@1̄1̄2# direction. The sample was heated b
passing a direct current through it. Temperatures correspo
ing to each current were calibrated by measuring sample
sistance as a function of the temperature monitored wit
pyrometer. The sample emissivity was calibrated by obse
ing the phase transition between Si(111)737 and 131 by
low-energy electron diffraction. Since the current was
rected parallel to the steps, we ignored the effect of el
tromigration on step bunching. After cleaning of the surfa
by thermal flashing at 1200 °C, a one-third monolayer of
was deposited at room temperature.8 The)3)-Ga struc-
ture was created by annealing the sample at 500 °C. S
images were acquired in the constant-current mode
550 °C, at which temperature Ga desorption is not freque9

Before taking STM images, we waited more than 1 h to
allow the instrument to stabilize thermally. Sample bias
were in the range from 1.0 to 2.0 V and tunneling curre
were from 0.1 to 0.3 nA. Miscut angles of the sample we
varied from 0° to 1° by moving the sample along the@1̄1̄2#
direction mechanically. Since the miscut angles gradua
varied within the sample width, the miscut angle in ea
STM image was regarded as constant.

Figure 1 shows an STM image of an isolated step tha
wandering along the@11̄0# direction on the Si~111!)
3)-Ga surface. Both edges of the step are not pinned. S
lar isolated parts were selected from steps fluctuating fre
on the surface. Figure 2 shows the mean-square fluctua
^Dy2& of steps as a function of the step lengthL. The rela-
tionship between the mean-square fluctuation and step le
is expressed as10,11

^Dy2&5kTL/12b̃, ~1!

whereb̃ is the step stiffness,k the Boltzmann constant, an
T the substrate temperature. The data are best fitted wheb̃
is 2.7310211 J m21 (;20 meV Å21), as indicated in the
solid line in Fig. 2. While the data may include experimen
error, the step stiffness is still estimated to be in the range
(2 – 5)310211 J m21. This value is about one-fourth of th
step stiffness of the Si(111)131 surface, which was re
ported to be 1310210 J m21 by Alfonso et al., albeit at
1126 © 1998 The American Physical Society
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900 °C.12 This difference is probably caused by the reduct
in surface energy caused by Ga atoms passivating Si
gling bonds. The step stiffness is close to the step energy
a highly symmetrical surface such as Si~111!. Since Ga pas-
sivation reduces the energy of the Si~111!)3)-Ga surface
and step edges, the step stiffness can be reduced on the
face.

Figure 3 shows a step train on the Si~111!)3)-Ga sur-
face at 550 °C. We acquired STM images by varying
miscut angle, and measured the mean step distancesm and
the standard deviations of the step distances by selectin
500–800 pairs from each STM image. Histograms of s
distances were well fitted by a Gaussian distribution. T
result is shown in Fig. 4. Step trains with mean step distan
smaller than 30 nm were not analyzed because they inclu
bunching steps. The standard deviation exhibitss5(0.26
60.02)m. Joós, Einstein, and Bartelt13 reported that the ratio

FIG. 1. STM image of an isolated step on a Si~111!)3)-Ga
surface. The step is almost parallel to the@11̄0# direction. The sub-
strate temperature is 550 °C. The area shown is 1.031.0mm.

FIG. 2. Mean-square fluctuation of steps^Dy2& as a function of
the step lengthL. The solid line shows the best fit, resulting in th
step stiffnessb̃52.7310211 J m21 from Eq. ~1!.
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s/m is 0.424 for purely entropic interactions and it is le
than 0.424 when step-step interactions include both contr
tions of entropic and elastic repulsions. When the elastic
pulsion outweighs the entropic one, distribution of step d
tances tends to a Gaussian distribution. Our result sugg
that the elastic repulsion is dominant in the step-step in
actions on the Si~111!)3)-Ga surface. The relationshi
between the standard deviation and the mean step dist
is14

s5m~k2T2/48Ab̃ !1/4, ~2!

where A is the step-step repulsion coefficient, which d
scribes the elastic-repulsion energyU between two steps
separated by a spacingx asU5A/x2. From s50.26m, the
value of A is 2.2310229 J m (;1.4 eV Å) when b̃52.7

FIG. 3. STM image of step trains on a Si~111!)3)-Ga sur-
face inclined toward the@1̄1̄2# direction. The steps are almost pa
allel to the @11̄0# direction. The substrate temperature is 550 °
The area shown is 1.231.2mm.

FIG. 4. Standard deviation of the step distances as a function of
the mean-step distancem. The solid line showss50.26m, result-
ing in the step-step repulsion coefficientA52.2310229 J m from
Eq. ~2!.
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310211 J m21. By taking into account the ambiguity of th
value of b̃, the repulsion coefficientA is estimated to be in
the range of (261)310229 J m (1.360.6 eV Å). This value
is larger than the repulsion coefficients of the Si(111)131
surface, 0.2 eV Å,12 and the Si(111)737 surface, 0.4
eV Å.15 Although the repulsion coefficient estimated in th
work may be overestimated due to the ambiguity ofb̃, the
level of the repulsion coefficient suggests that t
Si~111!)3)-Ga surface exhibits stronger elastic step-s
repulsions than clean Si~111! surfaces. When the miscut o
the azimuthal angle is small, the contribution of entropy
step-step interactions is of the order of;(kT)2/b̃.15 In our
case, it is estimated to be;4310230 J m, indicating that
contribution of the elastic repulsion is larger than that of
entropic one on the Si~111!)3)-Ga surface. This coin-
cides with the fact that histograms of step distances w
well fitted by a Gaussian distribution. Thus, we conclu
from our results that the primary origin of step bunching
the Si~111!)3)-Ga surface is the elastic step-step rep
sion.

Next, we roughly estimate the energy for producing o
double-bilayer step from two single-bilayer steps. When o
single-bilayer steps are present with a density ofr on a sur-
face, the surface energy associated with steps and step
interactions is expressed asbr1fr3,7 whereb is the free-
energy cost per unit length of creating an isolated sing
bilayer step andf is the free-energy cost per unit area due
single-bilayer step-step interactions. After step bunching,
single-bilayer step density decreases intor22r8 by creating
double-bilayer steps with a density ofr8. The energy asso
ciated with steps per unit area isb(r22r8)1b8r8, where
b8 is the free energy per unit length of an isolated doub
bilayer step. With respect to the step-step interaction ene
fr3 represents the summation of interaction energies
are produced by each step interacting with an infinite num
of steps. In our analysis, however, we use a first approxi

FIG. 5. STM image of double-bilayer~2 BL! steps presen
among single-bilayer steps on a vicinal Si~111!)3)-Ga surface.
The mean step distance is 29 nm when reducing each dou
bilayer step to two single-bilayer steps. The substrate temperatu
550 °C. The area shown is 0.530.5mm.
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tion where a pair of adjacent steps, separated by a spa
1/r, accumulates a step-step interaction energy offr2, be-
cause the interaction energy between adjacent steps is d
nant in the total interaction energy. Within this approxim
tion, when the interaction between double-bilayer and sing
bilayer steps isa times larger than that between singl
bilayer steps, the mean spacing between double and si
steps isa1/3 times wider than that between neighborin
single steps,l , and interactions energies of each sing
single and double-single step pairs aref/ l 2 and a1/3f/ l 2

@5af/(a1/3l )2#. The mean spacingl is given by (r
23r8) l 12r8a1/3l 51, which means that total terrace size
unity. When the density of bunched steps is sufficiently lo
a unit area includes single-single step pairs with a density
r23r8 and single-double step pairs with 2r8. Then the en-
ergy associated with step-step interactions is approximate
(r23r8)f/ l 212r8a1/3f/ l 2. Therefore, the total surfac
energy per unit area,E, can be expressed as follows:

E;b~r22r8!1b8r81f@r2~322a1/3!r8#3. ~3!

The general form of the interaction termf is15

f5p2k2T2an/24b̃ap@11~114Aapb̃/k2T2an!1/2#2,
~4!

wherean is the depth of a single kink andap is the minimum
separation of kinks. In making our analysis, we assum
kink depth of 0.333 nm, and a kink separation of 0.384 n
which are the same as those on the Si(111)131 surface,
because the atomic configuration of Si atoms below Ga a
toms of the Si~111!)3)-Ga structure is the 131
structure.8,16 The step-step interaction termf at 550 °C is
estimated to bef55310229 J m.

The factora is inferred to be around 2. When the elas
repulsion predominantly originates from surface stresses,
repulsion coefficient is proportional to step heights,6,10 re-
sulting in almost linear increase of the interaction termf. To
clarify step height dependence of the repulsion coefficie
we observed a 0.8°-miscut Si~111!)3)-Ga surface, where
single- and double-bilayer steps coexist, at 550 °C. The m
step-step distances ofl ss, l sd , and l dd , wheress, sd, and
dd denote single-single, single-double, and double-dou
step pairs, were 28.0, 31.4, and 40.1 nm, respectively, f
an analysis of total 680 step-step pairs. Ratios of step
tances provide (l sd / l ss)

351.4 and (l dd / l sd)
352.1, indicat-

ing that the step-step interactions depend on step heights
a is around 2. More precise estimation of the factora is
difficult because the dipole moment at steps may also c
tribute to the elastic repulsion7 and the step-height depen
dence of the step stiffness has a slight effect on the inte
tion term.

Since step bunching occurs when]E/]r8<0 at r850,
the formation energy of double-bilayer steps,b822b, is es-
timated to beb822b;3(322a1/3)frc

2, where rc is the
minimum value of the single-bilayer step density that cau
double-bilayer step bunching. Whena;2, the formation en-
ergy is of the order of;1.4frc

2. The value ofrc can be
measured directly by observing Si~111!)3)-Ga surfaces
for various miscut angles. In our STM observation, st
bunching occurred when the mean distances of single-bila
steps were narrower than 30 nm. A typical STM image
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shown in Fig. 5, where 11 single-bilayer steps and 3 doub
bilayer steps are seen. We determined the mean distanc
single-bilayer steps to be 29 nm, by reducing each doub
bilayer step to two single-bilayer steps. The step distance
29 nm corresponds torc53.43107 m21 ~0.6° miscut!. The
formation energy of double-bilayer steps is estimated to
of the order of b822b;1310213 J m21

(;0.1 meV Å21). This value is reasonable because it e
plains well the fact that bunched steps do not appear
Si~111!)3)-Ga surfaces with wide terraces.17 When b8
22b;0.1 meV Å21, the formation energy of bunched step
with finite length, e.g., 1mm in length, is of the order of 1
eV. Since this formation energy is larger than thermal e
ergy, hardly any double-bilayer steps remain on the surfa
in the equilibrium state without the step-step interactio
energy.
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In summary, we measured the step stiffness and step-s
repulsion coefficient of single-bilayer steps on th
Si~111!)3)-Ga surface inclined toward the@1̄1̄2# direc-
tion at 550 °C. The step stiffness was estimated to be
310211 J m21 (;20 meV Å21), and the repulsion coeffi-
cient 2310229 J m (;1.3 eV Å). The elastic step-step re
pulsion is the primarily origin of step-step interactions on th
surface. The formation energy of double-bilayer steps is
the order of 1310213 J m21 (;0.1 meV Å21).
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