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Self-ordering on vicinal Si(111) during molecular beam epitaxy
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Surface patterns on vicinal Si(111) miscut toward the [112] direction during homoepitaxial step-flow mo-
lecular beam epitaxy were investigated by atomic force microscopy and cross-sectional transmission electron
microscopy as a function of growth thickness, miscut angle, and growth temperature. We found a one-
dimensional universal periodicity of surface patterns after about 200-nm-thick homoepitaxial growth on the
vicinal surface at the growth temperature between 700 and 780 °C, which is independent of miscut angle. We
discuss the possibility that the growth induced long-range ordering caused by faceting through a energetic
balance between (7 X 7) terraces and (1 X 1) step-bunched quasifacets on the growing surface.
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I. INTRODUCTION

Nanoscale surface patterning on semiconductor has at-
tracted much attention in the past two decades.!”!> Self-
organization or self-ordering phenomena driven by thermo-
dynamics and kinetics effects on the surface has great
potential for nanoscale surface patterning.* Of particular in-
terest in the self-ordering and self-organization is the cre-
ation of a periodic array of one-dimensional (1D) structures
on Si(111), since such structures can be used as templates for
the linear alignment of nanostructures such as nanowires and
nanodots.? Indeed, such a 1D periodic structure has been
obtained on vicinal Si(111) miscut towards the [112] direc-
tion in ultrahigh vacuum via the faceting transition through
the transition temperature between (7X7) and (1X1)
phases.”!! According to previous works,'# the surface pat-
tern is composed of periodic alternative arrays of (7 X7)
terrace and (12X 1) step-bunched quasifacet structures, and
the periodicity is determined by the competition between
elastic relaxation energy and domain boundary energy on the
vicinal Si(111) under a thermal equilibrium condition. In
principle, therefore, if one could manipulate these energies, it
should be possible to control the periodicity of 1D patterns
for subsequent nanostructure self-assembly. However, in
practice, it is difficult to control them by thermal annealing
alone.®'" Consequently, only one universal periodicity has
been observed on vicinal Si(111).

In addition to using faceting on the surface, the approach
using surface kinetics and a combination of surface kinetics
and thermodynamics on a surface is promising. In this ap-
proach, 1D surface patterns are usually formed using step-
bunching phenomena during growth, sublimation, metal ad-
sorption, and direct current heating, and combinations of
them on the vicinal Si(111) surface.>!"!> In step-bunching
during growth, generally, growth kinetics on the vicinal sur-
face play important roles, meaning that the 1D periodicity
can be tuned by controlling the processes of growth kinetics
in homoepitaxial growth.!'*-1® In heteroepitaxial step-flow
growth, particularly, stress is another important parameter for
forming uniform surface patterns.!”

In the context of this line of thinking, it has been demon-
strated that step-bunching formation succeeds in producing
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periodic arrays of step bunches on the vicinal GaAs(001)
during homoepitaxial growth and on vicinal Si(001) during
SiGe heteroepitaxial growth.'® However, surface patterning
on Si(111) via homoepitaxial step-flow growth in molecular
beam epitaxy (MBE) has rarely been explored and 1D self-
organization has not been reported yet.!°->3 Most of the work
on Si(111) has focused on island growth and layer-by-layer
growth of Si on Si(111) in order to gain an understanding of
the growth mechanism on an atomic scale. Thus, the initial
stage of the growth was of primary interest.>?>*> As for the
step pattern formation on vicinal Si(111) miscut toward the
[112] direction during step-flow growth, some researchers
have reported that the step arrangement strongly depends on
the growth thickness, the growth temperature, and substrate
miscut angle.'> Yokohama et al.'® reported step arrangement
on vicinal Si(111) after several-nanometers-thick step-flow
growth between 400 and 500 °C. Omi and Ogino have found
a two-dimensional ordering in step patterns after 150-nm-
thick Si step-flow growth on vicinal Si(111) at the growth
temperature between 500 and 600 °C.??> Hibino et al. have
reported that step bunches were formed on vicinal Si(111)
after thin (<20 nm) step-flow growth between 600 and
750 °C.2> We have also reported that Si step-flow growth
proceeds as it does on Si(113) at the growth thickness below
10 nm at 700 °C. However, it is not clear whether ordering
of step bunches happen on vicinal Si(111) after thicker
(>20 nm) growth at temperatures above 700 °C.

In this work, we studied surface pattern formations during
Si molecular beam epitaxy on Si(111) miscut toward the
[112] direction as a function of growth thickness, miscut
angle, and growth temperature using ex-situ atomic force
microscopy and cross-sectional transmission electron mi-
croscopy. We discovered the spontaneous formation of a new
universal periodicity in surface patterns on the vicinal
Si(111) during homoepitaxial step-flow growth up to about
two hundreds of nanometer thick at growth temperatures of
700 and 780 °C. The regular surface patterns are composed
of a periodic array of step-bunched quasi-facets and terraces,
and the periodicity is universal in length, which is indepen-
dent of the miscut angle. We discuss the possibilities that the
surface ordering originates from faceting through a new bal-
ance of surface free energies on the growing vicinal Si(111).
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II. EXPERIMENTS

Experiments were carried out using an MBE chamber
equipped with a reflection high-energy electron diffraction
(RHEED) apparatus. Si was deposited using a 10-kV
electron-beam evaporator. Substrates were heated by a W
filament placed behind the sample. Substrate temperature
was measured with a pyrometer within +20 °C. The thick-
ness of Si thin film was measured with quartz-crystal moni-
tors calibrated by using RHEED oscillations during ho-
moepitaxial growth on Si(111). The ultimate pressure of the
chamber was 4 X 107! Torr and the pressure during Si depo-
sition was below 3 X 10~ Torr.

Substrates were vicinal Si(111) wafers (B-doped,
20-30 ) cm). The substrates were miscut 1.0°, 1.63°, 2.0°,
or 4.0° to the [112] direction. They were initially cleaned by
repeated oxidation in H,0,:H,SO, (1:4) and oxide removal
in HF solution, and protective oxides were formed using
HCl1:H,0,:H,0 (1:1:5) solutions at the final stage. After
outgassing under ultrahigh vacuum at 630 °C for 1-2 hours,
the samples were heated up to the (7 X 7)-(1 X 1) transition
temperature of 860 °C to remove the protective oxides.
Then, the Si epitaxial layers were grown on the Si(111) at the
growth rate of 0.6+0.1 nm/min and at substrate tempera-
tures between 600 and 780 °C. The thickness of the epitaxial
layers was less than 180 nm. After the homoepitaxial growth,
(7X7) RHEED patterns on the surface were checked and
then the samples were immediately cooled to room tempera-
ture. The surface morphology was observed by tapping-mode
AFM in air. Cross-sectional transmission electron micros-
copy (XTEM) was used at the incident energy of 300 keV.
Before the XTEM observation, 20-nm-thick amorphous sili-
con layers were grown on the epitaxial layers on the vicinal
Si(111) at room temperature in UHV to maintain the growth
induced surface patterns in the interface.

III. RESULTS AND DISCUSSION

Figures 1(a)-1(d) show AFM images from the vicinal
Si(111) with miscut angle of 1.63° before and after 10-, 70-,
and 180-nm-thick homoepitaxial growth at the substrate tem-
perature of 700 °C. Before growth, as seen in Fig. 1(a), the
surface had a 1D pattern composed of alternating terraces
and step-bunched quasifacets. The periodicity of the 1D sur-
face pattern was about 70+ 10 nm, which is in good agree-
ment with the previously observed universal periodicity.”!!
The homoeptaxial growth, however, significantly changed
the surface pattern as the growth thickness increased. The
step-bunched quasifacets on the surface grew during the
growth, as seen in the AFM image obtained after
10-nm-thick growth [Fig. 1(b)], making the periodicity of 1D
surface pattern larger. In addition, it can be seen clearly that
single steps and step bunches [marked by arrows in the Fig.
1(b)], crossed the neighboring step-bunched quasifacets. The
presence of the crossing steps indicates that the homoepi-
taxial step-flow growth on the Si(111) proceeds via the zip-
ping motion of the steps as was observed on Si(113),%® which
indicates that the step-bunched quasifacets grow by incorpo-
rating the crossing steps at the contact points as indicated by

PHYSICAL REVIEW B 72, 195322 (2005)

white arrows in Fig. 1(b). After 70-nm-thick-growth, it is
evident that the periodicity of the 1D surface pattern was still
becoming larger, but step-bunched quasifacets started to me-
ander with wavelength of about 1 um [Compare the cross-
sectional profiles in Figs. 1(a)-1(c)]. Further growth of the
110-nm-thick Si layers resulted in periodic array of meander-
ing terraces and step-bunched quasifacets on the surface
[Fig. 1(d)]. To qualitatively analyze the surface periodicity of
the 180-nm-thick Si(111), an additional two-dimensional
Fourier transformation was done on the AFM image. The
analysis shows that the surface pattern prefers a periodicity
of about 130 nm along the [112] direction even though the
surface has a meandering feature normal to the [1 12] direc-
tion, which indicates that the surface was apparently one-
dimensionally self-organized along the [112] direction. Also,
several single steps and step bunches were observed to be
crossing the terraces neighboring step-bunched quasifacets in
Figs. 1(b) and 1(c).

To see more details of thickness dependence and the sur-
face ordering on the —1.63°-miscut Si(111), we plotted av-
erage surface periodicity L as a function of growth thickness
(Fig. 2). Here, we defined the surface periodicity as the ter-
race width plus the neighboring step-bunched quasifacets
along the [112] direction on the Si(111). As seen in Fig. 2,
the surface periodicity increased proportionally with the
growth time in the log-log plots below the point indicated by
the arrow.”! Above the point, however, the periodicity started
to saturate, meaning that the growing surfaces were regulated
to become ordered after the about two hundreds of nanom-
eter thick Si growth at 700 °C. The periodic pattern forma-
tion is thus limitedly observed, which is in contrast to usual
step bunching phenomena in growth,® but similar to the
groove formation via faceting on Si(113).?’

Figure 3 shows an XTEM image from the 180-nm-thick
epitaxial layers on vicinal Si(111). From the image, the angle
6 between the step bunch and the terrace was determined to
be 10.0°. The facet angles were the same for the 3-nm and
5-nm heights of the step-bunched quasifacet. The XTEM re-
sults support the idea that the 1D surface pattern is driven by
faceting of (7 X 7) terraces and (1 X 1) step-bunched quasi-
facets during growth. Additionally, the detailed analysis of
the image showed that the step-bunched quasifacets are com-
posed of single-BL-height steps, indicating that there is no
transition from a single- to a double-bilayer step in the step-
bunched quasifacet. This is in contrast to the thermal anneal-
ing case, where single-bilayer steps are transformed into
double-bilayer steps on the step-bunched quasifacet.!!

To investigate the dependence of the miscut angle on the
growth-induced step pattern formation, similar experiments
were done on the Si(111) as a function of miscut angle. Fig-
ure 4 shows the miscut-angle dependence of the periodicity
of surface patterns obtained on Si(111) after Si epitaxial
layer was grown to a thickness of hundreds of nanometers on
the Si(111) with miscut angles of 1.0°, 1.63°, 2.0°, or 4.0°.
Shown in the inset are the size distributions of the surface
periodicity on the as-grown surface for the 1.63° and 4.0°
miscut Si(111), which indicates that the surface prefers to
order in a long range along the [112] direction. The average
periodicity on the surfaces of the Si(111) with various miscut
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FIG. 1. Representative AFM
images of the 1.63°-miscut-
Si(111) obtained before and after
(a), 10-nm-thick (b), 70-nm-thick

(c), and (d) 180-nm-thick silicon
pm deposition at a substrate tempera-
ture of 700 °C. The white arrows
in (b) indicate single steps and
step bunches that cross between
neighboring step-bunched quas-
ifacets. Cross-sectional profiles
are obtained along the white lines
in the figures.
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angles is estimated to be 126 +8 nm, which was derived from
peak position of the Gaussian distribution fit to the experi-
mental data as shown in the inset. The average periodicity is
in good accordance with that obtained from the first Fourier
transform (FFT) analyses of the AFM images (not shown
here). It is apparent that, as can be seen in Fig. 4, the growth-
induced surface patterns have an identical periodicity of
LE""=126 nm irrespective of the miscut angle. The miscut-
angle-independence coincides with the case of faceting via
transition from (7 X 7) to (1 X 1) phases,®® where the peri-
odicity L% is 60 nm= 10 nm. The most remarkable differ-

2.00 3.00 4.00
um

ence between the values of L#*"" and L“"¢! is that the
periodicity after thick Si growth was twice that obtained after
thermal annealing. (Compare the solid and dotted lines in
Fig. 4.) This miscut independence strongly indicates that the
elastic mechanism limits the periodicity of surface patterns.
Possible origins of the periodicity difference are discussed
later.

Additionally, we confirmed that increasing the growth
temperature to 780 °C did not change the periodicity on the
1.63°- and 4.0°-miscut Si(111). Therefore, it can be said that
the surface pattern really preferred to align with the period-
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FIG. 2. Time dependence of the average terrace width of grow-
ing vicinal Si(111). The increase in surface periodicity saturates at
the point indicated by the arrow in Fig. 1. The periodicity L is
defined as shown in the inset. The dashed lines are guides for the
eyes.

icity after the thick growth independent of the miscut angle
and the growth temperature between 700 and 780 °C and
that there was a growth-induced universal periodicity of
126 nm. It should be noted here that the growth-induced uni-
versal periodicity is limited after the growth of Si epitaxial
layers to a thickness of hundreds of nanometers, which sug-
gests that the large amount of mass transport is required in
order to attain thermal equilibrium in the growth-induced
faceting on Si(111) at the growth temperature of 700 °C.
The 1D ordering on the growing surface can be explained
in an analogy to the faceting via the (7 X 7)-(1 X 1) transition
on vicinal Si(111): According to Refs. 5-7 and 11, the peri-
odicity on Si(111) obtained via the faceting is determined by
competition between the reduction of the surface-stress-
induced elastic energy in the bulk and the energetic cost of
maintaining the edges of the facets.>>!! Men et al. predicts

that
(L]
L:wao[mn(Zw)] , (1)

where L is the periodicity and [ is the facet width. Here,

ap=a exp[ 1+ (2 ’)/anneal/ CA 72anneal)]’ Where A Tanneal= (T7 <

anneal
—7ixl ) is the difference in surface stress between (7 X7)
and the step-bunched quasifacet, ¢ the elastic constant in the
case of the anneal, 7,,,., the energy cost for forming the

edge of the facet in thermal annealing, and « is a cutoff

amorphous silicon

FIG. 3. Cross-sectional transmission electron microscopy image
from the 180-nm-thick Si epitaxial layers grown on the 1.63°-
miscut Si(111) at the substrate temperature of 700 °C.
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FIG. 4. Miscut dependence of mean surface periodicity L ob-
tained on Si(111) after hundreds of nanometers thick homoepitaxial
step-flow growth. The insets show the distributions of surface peri-
odicity on the as-grown Si(111) with miscut angles of 1.63° and
4.0°. Gaussian fits to the distributions are indicated by solid lines in
the insets. The solid line indicates the average terrace width ob-
tained by the fit is 126+8 nm. As a reference, we drew the universal
periodicity obtained by thermal annealing of Si(111) in UHV (dot-
ted line). The dashed line shows the dependence of periodicity on a
miscut angle when the faceting transition is not mediated by elastic
relaxation on the surface.

constant on the order of the (7X7) unit-cell lattice
constant.!" They found that universal periodicity L&" is
63.5 nm independent of the miscut angle, where L§"
=ma,, as show in Fig. 4. In the faceting, in addition, they
found that periodic ordering starts at /=L/2 and that the
one-half domain population clearly explains the miscut inde-
pendence of periodicity using Eq. (1). In the case of growth,
similarly, we observed universal periodicity Lgmw’h= 126 nm,
which was also independent with the miscut angle (see Fig.
4). Accordingly, our finding indicates that the growth-
induced-periodicity does not depend on //L in the sine term
of Eq. (1) and thus the term should be constant.

That the //L is constant in the growth is also supported by
the following experimental results. If surface patterns had
formed directly without the faceting transition mediated by
the elastic relaxation, the energy minimization with respect
to periodicity (L) under the constraint of a constant facet
(¢=10.0°) would lead to the following relationship be-
tween  periodicity ~and  miscut angle: (6), L
=L§"™{sin[(tan §/tan ¢)ar]}~".""  Then, the periodicity
would have decreased drastically with increasing miscut
angle. Using the values of 6 and ¢, we potted the periodicity
in Fig. 4. The value of //L stays constant irrespective of the
miscut angle, which supports idea that the faceting is
mediated by elastic relaxation between (7 X7) terraces and
(1 X1) step-bunched quasifacets. Since the faceting transi-
tion is identical in the both cases, it is therefore reasonable to
consider that the growth induced ordering starts when the
populations of the terraces and step-bunched quasifacets are
equal, i.e., [/L=0.5, in the growth.

On the basis of the above considerations, using Eq. (1),
the universal periodicity L§™™ in the growth is determined
by
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L™ = ma exp[1 + (2, /cA )], (2)

where A7, is the difference in surface stress between
(7X7) and the step-bunched quasifacets and elastic con-
Stants, Y,y i the energy cost for forming the edge of the
facet in the growth, and c is related to the elastic constant on
the surface. From Egs. (1) and (2), we derive the following
equations using L§""=126 nm and L{"'=63.5 nm:

(A) ATgrowth/A Tanneal = 0.63 if Yanneal = ’Ygrowth

or

if AT,

anneal —

AT

growth*

(B) 7growth/7anneu1 = 250

For the case of (A), we assume that Y= Yerown- This
assumption is reasonable because the edge structure of a
(7X7) terrace and that of a (1 X 1) step-bunched quasifacet
are expected to be equal in the case of growth and anneal
because the top edges of the steps are usually formed by
rows of corner holes of the (7X7) unit cell.'% Previous
works have reported A7, of 0.030 eV/A? (Ref. 28) and
0.060 eV/A2.2 Here, we obtained 7! of 0.156 eV/AZ2, or

anneal

0.126 eV/AZ, since 77 =0.186 eV/A23
It is well known that the (1X 1) surface has a relaxed
bulklike structure with random adatoms. Three models have
been proposed for the (1 X 1) surface reconstruction:>'-33 the
(1X1)-2X2 model, in which adatoms are adsorbed at T,
site; the (1 X 1)-2 X2 (faulted) model, in which adatoms are
adsorbed at the Hj site; and the (1X1)-V3X 3 adatom
model.’*® According to Ref. 33, first-principle calculations
showed that the respective surface stresses are 0.129, 0.147,
and 0.132 eV/A2. Comparing our experimental results and
the calculations, 7! =0.126 eV/A? is in good accordance
with the calculated values for the three models and the ex-
perimental result of 7! =0.156 eV/A? is slightly larger

anneal_
than the calculations. Therefore, we use A7

anneal
=0.060 eV/A? rather than A7,,,,,=0.030 eV/A2 in the fol-
lowing considerations. In the case of (A), consequently, we

derived A7, ., =72" —7%1 -0.038 eV/A?2 and thus

growth™ Tgrowth™ gmwth
X
X1 =0.148 eV/A? when we assumed 757 =77 (the

rowth rowth— Tannea

villdlty of this assumption is described lagter) which is in
fairly good agreement with the calculated value for the
(1X1)-2X2 adatom (faulted) model.>® The simple estima-
tion clearly shows that the surface stress on a step-bunched
quasifacet in the growth is larger that of a (1 X 1) step-
bunched quasifacet obtained via the (7 X7)-(1X 1) transi-
tion, indicating that the difference in periodicity could
originate from the difference in the surface stress of the
(1X1) during growth or that after thermal anneal via the
(7X7)-(1X1) transition. The increase in the surface stress
on the step-bunched quasifacet during growth is reasonable
because the concentration of migrating adatoms on the step-
bunched quasifacet during the growth should be higher than
that on the step-bunched quasifacet during the (7 X7)-(1
X 1) transition. From Eq. (2), the edge energy is estimated
to be 0.00056 eV/A with ¢=0.563 eV2/A*3 The edge en-
ergy is in accordance with the values of 0.001 eV/A ob-
tained by Phaneuf er al.® but it is about one-sixth the value
obtained by Men et al.!!
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It should be noted here that there is another possible ex-
planation of the increase of the surface stress in the step-
bunched quasifacet. If there is a difference in the angle ¢
between the step-bunched quasifacet and the (111) terrace
during annealing and growth, then, according to Ref. 12, it
could cause the anisotropy of surface stress with ¢, meaning
that the step-step distance in the quasifacet is different during
annealing and during growth and the resulting facets have a
difference in surface stress between them. However, we
should recall that the universal periodicity obtained via the
(7X7)-(1 X 1) transition does not so seriously depend on the
facet angle; for instance, L&"“/=70+10 nm at ¢=7° (Ref.
10) and L§"*'=62.5 nm at ¢=12.7°."" Incidentally, in the
growth experiment, we observed the L§*"=126 nm at ¢
=10.0°, which is between ¢=7 and 12. 7O The experimental
result suggests that the increase of surface stress due to the
angle of the step-bunched quasifacet does not seriously de-
pend on the surface periodicity and thus does not sufficiently
explain the doubled length of universal periodicity obtained
via the (7 X7)-(1 X 1) transition (Lf)”’W’h~2LS"”e“l).

In the above considerations, we simply assumed that sur-
face stress of (7X7) terraces on Si(111) during annealing

and growth was identical (777 /X7 ), and argued that

gnm th™ Tanneal

the increase in surface stress of step-bunched quasifacet is
relevant to the difference in surface periodicity between
growth and anneal. However we should check the validity of
the assumption of 7 gmmh 77 and/or consider the possi-

= Tanneal

bility of the ;rxuzvrh 7 Tzlfnzal case; that is, surface stress at the
(7% 7) terraces during growth is different from that during
anneal due to a large number of migrating atoms. Here, let us
recall that we observed meandering of step-bunched quasi-
facets at 70-nm- and 180-nm-thick depositions [see Figs.
1(c) and 1(d)]. This meandering should cost energy because
it causes an increase in the length of the facet edges. The
question is what derives this increase in the step-bunched
quasifacet edge length. Here, if we assume that the surface
stress on the (7 X 7) terrace increases during the growth, we
can explain the meandering using a 1D analogy of the strain
relaxation model proposed by Marchenko® and Alerhand et
al.® Therefore, under the assumption that increases in surface
stress on the (7 X 7) terrace is relaxed by the meandering of
step-bunched quasifacets, we roughly estimate the degree of
increase in the strain-related contribution to the Gibbs free
energy density, which can be estimated by measuring the
radius of a curving step-bunched quasifacet,® using the
Gibbs-Thomson formulation

Aim — & , (3)

A R
where R is the radius of the curvature of the step-bunched
quasifacet, and AGy,/A is practically equal to the strain-
related contribution to the Gibbs free-energy density on an
area A. The 3, is the stiffness of step-bunched quasifacet per
unit length, where n is the number of steps in the step-
bunched quasifacet. From the AFM images, we found that R
is larger than about 450 nm and the corresponding bunched-
facet quasifact has 16 bilayer steps. From Ref. 36, the stift-
ness of bunched steps is estimated to be 1742 meV/A? at the
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growth temperature if n= 16.23 As a result, we obtained, from
Eq. (3), a AG,,/A that is smaller than 0.38 meV/A2. The
point is that the value of AG,/A is 500 times smaller than
that of 7.7 which suggests that the small increase in sur-
face stress of the (7 X 7) terrace can cause the meandering of
step-bunched quasifacets and that part of the small excess of
surface stress is possibly relaxed by the meandering of step-
bunched quasifacets. However, the value is 100 times

TXT A1 _
smaller than the value of ATy (Terpm= Teronn=38
IXT X7

meV/A?), meaning that the assumption that Terowth™= Tanneal 15
valid in the approximation and thus the universal periodicity
during growth should mainly originate from the increase of
surface stress in step-bunched quasifacets during growth. In
other words, if we assume that the migrating atoms on the
(7 X 7) terrace increase the stress on the (7 X 7) terrace, there
is a mechanism whereby the extra stress is partially relaxed
by meandering of the step-bunched quasifacets. However,
the degree of the increase in the surface stress on the
(7X7) terrace, if the stress exists, is too small compared
with the degree of A7,,,,,, that induced the universal surface
periodicity by homoepitaxial step-flow growth.

In the case of (B), where we assume that A7,
=ATy, 0 ON the other hand, edge energy during growth be-
comes 2.5 times that after thermal annealing treatment. Such
high energy is unlikely because the top edges of steps on the
step-bunched quasifacet are usually formed by rows of cor-
ner holes of the (7X7) unit cell on upper and lower
terraces.'®!! In addition, as was confirmed from the XTEM
image in Fig. 3, the heights of the steps at the upper and
lower edges of a step-bunched quasifacet have single-bilayer,
not double-bilayer, height. Therefore, it is considered that the
edge energy during growth is nearly the same as that in the
thermal annealing case.””!! Therefore, it is possible to omit
case (B).

Finally, let us discuss potential of the self-ordered surface
patterns on the Si(111) for the template applications. For
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surface patterning, in general, the periodicity of the surface
pattern should be controlled in length. However, we ob-
served a unique periodicity on the surface in the case of
thermal anneal, as mentioned in the Introduction. The finding
of a new universal periodicity in the growth, therefore, is a
real demonstration of how we can change the universal pe-
riodicity by manipulating the elastic stresses on Si(111).
However, further tuning of the surface periodicity to the de-
sired length remains a problem in this approach. Further, it
should be noted here that in the growth approach we encoun-
tered a new problem: the meandering of step-bunched quasi-
facets on the surface with wavelength of about 1 wm, which
would make it difficult to apply the 1D ordered surface pat-
tern as a template.

IV. CONCLUSION

We have investigated the self-organization of surface pat-
terns on vicinal Si(111) miscut toward to the [112] direction
during homoepitaxial step-flow conditions as a function of
growth thickness, miscut angle, and growth temperature. We
found that about 200-nm-thick homoepitaxial growth pro-
duced periodical arrays of (7X7) terrace and (1 X 1) step-
bunched quasi-facet on vicinal Si(111) at substrate tempera-
tures between 700 and 780 °C independent of miscut angle.
The ordering of the surface pattern on the Si(111) is driven
by elastic relaxation between the (7X7) terraces and (1
X 1) step-bunched quasifacets that grow in the homoepi-
taxial step-flow growth.
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