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Single-domain Si(110)-16 X 2 surface fabricated by electromigration
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Micrometer-wide single domain of Si(110)-16 X 2 reconstruction has been fabricated by means of controlled
electromigration of surface atoms. The electromigration effect in dc heating process is found to line up the
reconstruction rows when the current direction matches the orientation of the rows. This finding provides not
only a well-controlled surface preparation method for Si(110) but also another template for low-dimensional

nanostructures.
DOI: 10.1103/PhysRevB.76.153309

Si(110) surface is currently attracting renewed interests
because of its unique properties such as high hole mobility, 2
peculiar surface reactivity,> and strong morphological
anisotropy.* Si(110) surface is going to be used in the vertical
(“fin-type”) double-gate metal-oxide-semiconductor field
effect transistor devices that enable much more high
integration.’ The strong structural anisotropy of surface has
been utilized to grow one-dimensional nanostructures on the
surface.* Despite these increasing requirements, the number
of studies on Si(110) has been small, and many basic prop-
erties including surface atomic structure remain unsolved.
This situation is quite different from the cases of other low-
index surfaces of Si, (111) and (100), to which tremendous
number of works have been devoted. The delay of the studies
on Si(110) surface is largely owed to a difficulty in the sur-
face preparation. The clean Si(110) surface exhibits a com-
plicated surface reconstruction called 16 X2 with huge unit
cell containing a monatomic step,® as shown in Fig. 1. Al-
though many structural models’ (including a recent one
based on detailed density-functional theory calculation®)
have been proposed so far, the surface atomic structure of the
16 X 2 reconstruction seems to be still unsettled. Scanning
tunneling microscopy (STM) studies have revealed that the
Si(110) surface is not only complicated but also inhomoge-

(c)

PACS number(s): 68.47.Fg, 68.35.Bs, 68.55.Jk, 68.37.Ef

neous. The 16 X 2 reconstruction typically shows a double-
domain structure identified with fragmented rows running
along two directions, [112] and [112], as shown in Fig. 1(a).
In addition, disordered structures always coexist randomly.”
Furthermore, various surface reconstructions other than 16
X 2 have been found due to small amounts of irnpurities,8
suggesting the instability of the 16 X2 reconstruction. The
inhomogeneity and instability of the surface reconstruction
have hindered a detailed understanding of the basic proper-
ties of Si(110) such as the surface electronic structure and the
surface chemical reaction, as well as the structural determi-
nation. Recently, precise angle-resolved photoemission mea-
surement has been conducted using the single domain of
Si(110)-16 X 2,° which determined the band dispersion of the
surface state along major symmetrical directions. Neverthe-
less, little attention has been given to the preparation of the
single-domain surface so far. For further development of the
understanding of Si(110), it is quite important to establish the
preparation method for the well-defined single-domain sur-
face of Si(110).

One strategy to realize the well-defined surface of Si(110)
would be making use of its instability. Because of the insta-
bility, the surface structure of Si(110) can easily be manipu-
lated by a small external perturbation. The perturbation we

FIG. 1. (Color online) (a) 100X 100 nm?
STM image of typical Si(110)-16X2 recon-
structed surface. The reconstruction rows running
along [112] and [112] are indicated by blue and
red arrows. Unit cell of 16 X2 is schematically
shown by red and blue rectangles. Coexisting dis-
ordered area can be seen at the top corner. (b)
Two equivalent unit cells for 16 X2 reconstruc-
tion (red and blue). Black dots represent atoms of
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unreconstructed (110) surface. (c¢) Schematic
drawing of two specimens used in this study. (d)
Reciprocal lattice scheme for 16 X2 (blue and
red dots). Black open circles represent 1X1
spots.
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utilize in this study is dc electric current and field. Since the
surface atoms of Si(110) are known to donate charges to the
underneath atoms as in the case of other faces,® they are an
object of the electromigration.!®!3 In this Brief Report, we
show a simple surface preparation method for the single-
domain of Si(110)-16 X 2 utilizing the electromigration. The
electromigration of surface atoms upon the resistivity heating
by dc (dc heating) is shown to play a critical role in the
formation of the 16X 2 reconstruction. By means of a con-
trolled electromigration, we fabricated a micrometer-wide
single domain of the 16 X2 structure with nearly perfect re-
producibility.

A medium-doped n-type Si(110) of 0.5-1.5 Q cm has
been used for the specimen. The 0.3-mm thick wafer is cut
into 1 X7 mm? in_two different orientations for the long
side, [112] and [110] as shown in Fig. 1(c). The sample
surface was prepared in UHV by the dc heating, with the
current along the long side of the specimen. This allows us to
examine two different dc directions with respect to the ori-
entation of the 16 X2 reconstruction: along one reconstruc-
tion row ([112]) and in between the rows ([110]). The
sample was degassed at around 150 °C for 7 h after being
introduced to the UHV system. It was further degassed by
repeated flash heating at 1200 °C. The 16 X2 reconstructed
surface was prepared by prolonged annealing followed by
quenching to room temperature. The annealing temperature
and the current direction are the main parameters for surface
preparation examined in this work. Note that the critical tem-
perature (7,) of the surface phase transition, the low-
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FIG. 2. (Color online) LEED
and STM images of the surfaces
after 30 min annealing at (a)
550°C, (b) 650°C, and (c)
750 °C, with the dc along [1
—12]. LEED patterns are recorded
at incident beam energy of 65 eV.
STM image is obtained in
constant-current ~ mode  with
sample bias voltage of 1 V. Sizes
of STM images are 500
X500 nm> (top) and 150
X 150 nm? (bottom).

temperature 16 X2 phase to the high-temperature 1X1
phase, is around 730 °C.'%!5 A temperature gradient within
the sample during the dc heating is minimized as much as
possible. All the annealing procedures were carried out in the
pressure below 1X 1077 Pa. The surface structure after each
preparation was checked with low-energy electron diffrac-
tion (LEED) and scanning tunneling microscopy (STM) at
room temperature.

Figures 2 and 3 display a set of LEED and STM images
of the surfaces prepared with dc in the [112] and the
[110] directions, respectively. The direction of the current is
parallel to the 16 X2 rows in the case of Fig. 2, while it is in
between the rows in Fig. 3. Three different annealing tem-
peratures with respect to 7., (a) 550 °C, (b) 650 °C, and (c)
750 °C, have been examined. The annealing time is fixed to
30 min in all the cases. The current densities corresponding
to three temperatures are (a) 0.3, (b) 0.7, and (c) 1.3 A/mm?,
respectively. First of all, the difference in appearance of sur-
faces shown in Figs. 2 and 3 is significant. In Fig. 2, anneal-
ing with temperatures below T, [(a) and (b)] results in a
characteristic stripe of 16X2 throughout the surface,
whereas surface is dominated by a disordered area in Fig. 3.
This definitely indicates the relevance of the current direc-
tion in the dc heating process, which has not been considered
so far.

We start the discussion with the most successful prepara-
tion shown in Fig. 2(b). The LEED image clearly shows the
diffraction pattern from a single domain of the 16 X2 struc-
ture. It is confirmed that almost all the parts of the specimen
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shows the same diffraction pattern, suggesting a formation of
huge single domain over a millimeter size. STM image re-
veals that all the terraces show a striped structure of 16X2
only in the [112] direction with few numbers of disorders. In
contrast to the previous reports, many of the rows extend
much more than 500 nm without a fragmentation. As far as
we confirmed with the wide STM scans, similar domain ex-
tends at least over several dozens of um? wide, both parallel
and perpendicular to the rows. The formation of the so-called
(17, 15, 1) step'* (corresponding to the bright lines in STM)
is rather random, which is uncontrollable at the moment. The
single-domain surface as shown here has never been reported
previously, at least in the real space. Although some authors
have already found the formation of the single domain of
16 X2 by LEED observations,”!® no explanation on the for-
mation mechanism has been argued so far. In the following,
we argue on the origin of the formation of the single domain
based on the results from different preparations.

Annealing with lower temperature results in a well-known
double-domain structure. As shown in Fig. 2(a), LEED pat-
tern represents the diffraction from double domain of 16
X 2 structure. Note in the present case that the diffraction
from one domain is stronger than the other, which will be
discussed later. STM reveals a fragmentation of 16 X2 rows
and a formation of two domains with increased amount of
disorders. Note also that one domain along [112] is found to
be more popular than the other domain, which is consistent
with the LEED observation. The formation of the single do-
main at higher temperature (but below 7,) can be interpreted
in two different ways: (1) The single domain is the ground
state of the 16 X 2 reconstruction. (2) The single domain is a
metastable phase that happened to be stabilized. For aniso-
tropically strained one-dimensional structure such as the 16
X2 reconstruction, scenario (1) should be less likely. We
could rather reasonably assume the more isotropic double
domain to be the ground state below T,. Then, the formation
of the metastable single domain indicates the existence of
one more factor other than temperature to be considered in
the reconstruction process upon the dc heating. This factor
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FIG. 3. (Color online) LEED
and STM images of the surfaces
after 30 min annealing at (a)
550 °C, (b) 650°C, and (C)
750 °C, with the dc along [110].
LEED patterns are recorded at in-
cident beam energy of 65eV.
STM image is obtained in
constant-current ~ mode  with
sample bias voltage of 1 V. Size
of STM image is 150X 150 nm?.

should be the electromigration of the surface atoms.

Figure 3 displays the sets of surfaces prepared with the
same heating procedures as tried in Fig. 2, but in a different
current direction ([110] in between the reconstruction rows).
The resulting surfaces in this case are very different from
those in Fig. 2. Even after the annealing at 650 °C, which
was the best condition in the case of Fig. 2, the LEED pat-
tern displays only weak diffraction due to 16 X2 reconstruc-
tion together with also weak 5X 1 superstructure character-
ized by fractional spots along the [001] direction!” (not very
clear in the LEED picture at that incident beam energy).
STM reveals the presence of the large amounts of disordered
structure instead of the 16 X2 structure. The fractions of the
16 X 2 line can only be seen at the step edges. This observa-
tion is also considered to be unusual because of the fact that
the ground state (16 X2 structure) has not been reached de-
spite the annealing with an adequate temperature. Annealing
with lower temperature [Fig. 3(a)], on the other hand, causes
the increase in the 16 X 2 parts. STM measurement confirms
the increased 16X 2 regions around the step edges in two
directions, although the disorderlike area is still noticeable.
LEED also confirms the presence of 5X 1 diffraction spots
together with rather clear 16X 2. It is found that in order to
make the most of the surface into 16 X2, much more pro-
longed annealing (1-2 h) is required. Again, these observa-
tions are in strong contrast with those shown in Fig. 2.

The strict different tendency between Figs. 2 and 3
helps us to figure out the rule of the electromigration in the
16 X2 formation. Present results clarify that the dc along
[112] tends to line up the 16 X2 rows, while that in the
[110] direction prevents the formation of 16X 2. This can be
almost straightforwardly understood in terms of the elec-
tromigration; the diffusion of the adatoms along the rows
helps to elongate the reconstruction lines, while the diffusion
not parallel to it causes a fragmentation of rows. Similar
observation has been made in the vicinal Si(111) surface,
where the dc parallel to the step is found to move the kinks
along the step edges forming the straight steps.!!"13

In sample heating with dc, the effects from the isotropic
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thermal annealing and the anisotropic electromigration al-
ways coexist inevitably. It should be the competition of these
effects that determines the resultant structure. At the higher
temperature where the diffusion is promoted, the electromi-
gration effect becomes noticeable. This elongates the recon-
struction line along the direction of the current resulting in
the single domain when the current direction matches the
orientation of the rows. On the other hand, at the lower tem-
perature, a limited diffusion reduces the effect of the elec-
tromigration, resulting in the random distribution of short
rows, which forms the stable double domain regardless of
the current direction. However, it is noted that the electromi-
gration is still effective even in the cases of Fig. 2(a) and
3(a). The remaining effect of the electromigration explains
why the intensity of one domain is stronger than the other in
Fig. 2(a) and why there exist so many disorders in Fig. 3(a).
It should be emphasized that the reproducibility of the prepa-
ration of the single domain is almost 100% in our condition.
In addition, the single domain and the double domain can
controllably be fabricated in a reversible manner. The opti-
mum parameter for the dc heating, however, should be dif-
ferent from system to system depending on the sample shape
and resistivity.

Finally, the 5X 1 and the disordered structure found to-
gether with 16 X2 are discussed briefly. The disordered
structure seen in Fig. 3 is known to be a disordered arrange-
ment of the building blocks for 16 X2 structure reported as
“pair of pentagons” (PP).”!¥ PP is also known to be the
building block for the 5X 1 structure.”!® The observed fact
that the surface with large amount of the disordered PP (Fig.
3) produced the 5X 1 and 16 X2 diffraction agrees with the
above arguments. The PP structure is so stable that the sur-
face is always covered with it even after quenching the sur-
face from the high-temperature 1 X 1 phase, regardless of the
current directions as shown in Figs. 2(c) and 3(c). LEED also
confirms the presence of clear 5X 1 diffraction spots
(indicated by arrows) in quenched surface instead of perfect
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1 X 1. This suggests the high stability of the PP structure
even at high temperature comparable to 7. It can be as-
sumed that, below T, the electromigration helps to diffuse
and align the PP unit in the 16 X 2 position when the current
direction matches the reconstruction row, while other current
directions cause rather random arrangement of the PP pro-
ducing the 5 X 1 diffraction. It is noted that the 5 X1 is also
stabilized by very small amounts of impurity such as Ni.!820
In our case, however, both 16 X2 and 5X 1 can be selec-
tively formed on the same sample, which is contrary to the
case of the Ni-induced 5 X 1 structure,'® where 5X 1 cannot
be removed only by annealing.

In conclusion, it is shown that the electromigration of the
surface atoms, which has not been considered so far for
Si(110), has a remarkable effect on the surface reconstruction
process. By utilizing the electromigration along the [112]
direction, a micrometer-wide single domain of 16 X2 can be
fabricated reproducibly. Depending on the condition of the
electromigration, a common double domain of 16 X2 can
also be formed. Both single- and double-domain structure
can be fabricated selectively in a reversible manner. The
well-established surface preparation method for clean single
domain of Si(110) can be utilized in future investigations of
the basic surface properties such as the electronic structures
or the surface reaction. In addition, the strong one dimen-
sionality of the wide single domain of 16X 2 has high po-
tential for applications. The fabricated single domain of 16
X2 reconstruction is actually a pile of the straight mon-
atomic steps. This implies a promising application of this
surface as another type of template for one-dimensional
functional nanostructures such as atomic and/or molecular
wires.
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