
PHYSICAL REVIEW 8 VOLUME 52, NUMBER 24 15 DECEMBER 1995-II

Dimer-vacancy defects on the Si(001)-2X 1 and the Ni-contaminated Si(001)-2X n surfaces
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Dimer-vacancy defects on clean Si(001)-2X 1 and Ni-contaminated Si(001)-2Xn surfaces are investi-
gated by scanning tunneling microscopy (STM). The clean Si(001) surface shows the 2X 1 reconstruction
irrespective of cooling rates faster than 150 C/sec. On the Si(001)-2X1 surface with a surface dimer-
vacancy density of 1.7%, the most abundant dimer-vacancy defect is a randomly distributed one dimer
vacancy (1-DV} of the Wang-Arias-Joannopoulos model. Appreciable amounts of (1+2)-DV and 2-DV
are observed. The ordered defects on the Si(001)-2Xn surface are mainly composed of (1+2)-DV and 2-
DV. The real-space STM images reveal that the dimer adjacent to the unrebonded side of 2-DV is

0
depressed by more than 0.5 A, representing the highly asymmetric characteristics. A small amount of
Ni contamination on Si(001} drastically increases the dimer-vacancy density from below 2% to above
20%.

I. INTRODUCTION

These days many kinds of electronic devices are fabri-
cated on the Si(001) surface utilizing the low cost and
high quality of silicon technology. In the growth of vari-
ous epitaxial layers on the Si(001) surface, defects play
very important roles in determining the qualities of the
grown layers. Of defects found on the Si(001) surface, di-
mer vacancies on the Si(001)-2X1 structure have been
given much attention since the discovery of their abun-
dance by scanning tunneling microscopy (STM).' The
surface dimer-vacancy density on Si(001)-2X1, which
ranges from below 1% to 10% or more, is very sensitive
to sample preparation processes. '" Recently the dimer
vacancy and dimer-vacancy complexes on the Si(001) sur-
face are studied theoretically based on the experimental
results, explaining the abundance of dimer vacancies and
the cluster formation of dimer vacancies.

In a separate branch of studies on the Si(001) surface,
either clean or slightly contaminated by Ni or Cu, the ex-
istence of the superstructure 2 X n has been reported by
several groups. " Martin et aI. and Aruga and Mura-
ta" suggested by low-energy electron diffraction that line
defects in the 2 X n structure should be composed of sin-
gle missing dimers. Niehus et al. found using STM on
the Si(001)-2Xn that several types of dimer-vacancy de-
fects are aligned perpendicular to the dimer rows. They
claimed that the dimerization in a third layer below the
region of double missing dimers induces the ordered
channels. The "split-off" dimer, a complex of a single
missing and double missing dimers suggested by them, is
similar to the (1+2)-DV (dimer vacancy) of the Wang-
Arias-Joannopoulos model. They have different atomic
structures in sublayers. The formation mechanism of the
2 X n structure as well as the atomic structure of the com-
plex of dimer vacancies has not been well acknowledged.

In this work we report STM results on the clean Si(001)
and the Ni-contaminated Si(001)-2X n. The surface
dimer-vacancy density on the clean Si(001)-2X1 is es-
timated to be less than 2%. A distribution of complexes
of dimer vacancies is somewhat different from that pre-
dicted by the theoretical study. The discrepancy be-
tween the models of Niehus et al. and Wang, Arias, and
Joannopoulos on the atomic structure of (1+2)-DV is
investigated by applying STM to the Ni-contaminated
Si(001)-2Xn and plotting a depth profile over dimer-
vacancy defects. The density and distribution of dimer-
vacancy defects on the Ni-contaminated Si(001) are eval-
uated. We compare the natures of dimer-vacancy defects
on the clean and the Ni-contaminated Si(001).

II. EXPERIMENTS

The experiments have been carried out in an ultrahigh
vacuum below 2X 10 ' Torr with a scanning tunneling
microscope built with a similar structure to the cross-
sectional STM of Feenstra et al. '2 The electrochemically
etched tungsten tip is cleaned in situ by electron bom-
bardment. The samples for the clean and the Ni-
contaminated Si(001) were cut from a P-doped Si(001)
wafer (10 0 cm) with the dimension of 10 mm X4
mmX0. 5 mm. The clean Si(001) samples are prepared
carefully so as not to be contaminated by metals. TeQon
tweezers are used in handling the samples. The Si(001)
samples were wrapped with Ta foil at both ends, mounted
on a Mo sample holder without any wet cleaning or etch-
ing, and transferred to the STM chamber.

For the Ni-contaminated Si(001), we used stainless-
steel tweezers and a stainless-steel sample holder. Other
preparation processes are the same as those of the clean
Si(001). The small amount of Ni contamination from
contacts with the stainless-steel tweezers is sufhcient to
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stabilize the Si(001)-2Xn structures without any inten-
tional scrubbing of the tweezers against a sample. '

After a bakeout of the vacuum chamber, the samples
have been outgassed overnight at 700 C by a direct resis-
tive heating, maintaining the pressure below 2X10
Torr. After the pressure returns to below 2X 10 ' Torr,
the samples are Gashed. During the Gashing the pressure
is maintained not to exceed 2X 10 Torr. The tempera-
ture of the samples is raised slowly by increasing the
currents, maintained at 1250'C for 10 sec, and quenched
with initial cooling rates faster than 150'C/sec. After re-
peating 20—30 cycles of flashing, clean Si(001) samples
show a good 2 X 1 structure over terraces wider than 2000
A. By the same process with Ni-contaminated samples
we can obtain Rat and uniform Si(001)-2Xn with n of
7—8 over the entire sample surface. The heat-treated
samples are cooled down for 3 h and transferred to the
STM for tunneling images. The calibration of the piezoe-
lastic transducer scanner is performed periodically
against 1.36 A of the layer spacing and 3.84 A of the sur-
face lattice spacing on the Si(001) surface. The filled state
images are obtained with sample bias voltages of
—2.0——2.9 V and corresponding tunnel currents of
0.3—0.5 nA.

III. RESULTS

Figure 1 is a typical image of the Si(001)-2X 1 structure
quenched from 1250'C. The numbers of several types of
dimer-vacancy defects and a C defect found over 44500
dimer sites are summarized in Table I. The C defect as-
sumes two successive buckled dimers in the same direc-
tion rather than a complex of single atomic vacancies. '

The density of the C defect is 0.7% and the total density

FIG. 1. Typical STM image of the clean Si(001)-2X 1

quenched from 1250 C with initial cooling rate faster than
150 C/sec. Sample bias voltage and tunnel current are —2. 8 V
and 0.3 nA, respectively.

of dimer vacancies is 1.7%. The most dominant dimer-
vacancy defect is a single dimer vacancy (1-DV), which is
not in agreement with the result by Alerhand et al, '
As pointed out in previous works, ' ' the dimer vacan-
cies cause a symmetric effect on neighboring dimers and
do not induce any static buckling at room temperature,
whereas the effect of the C defect is asymmetric with
respect to the dimer row and induces a static buckling of
neighboring dimers. As shown in Fig. 1, one C defect
buckles more than 20 dimers along the dimer row, imply-
ing that 1% of randomly distributed C defects can buckle
up to 20% of dimers on a Si(001) surface at room temper-
ature. The cluster of two dimers separated by 1-DV as
shown in the center of Fig. 1 induces a strong static buck-
ling along underlying dimer rows. This cluster is a limit-
ing case of small islands with asymmetric step edges. Ad-
jacent buckled dimer rows produce local c(4X2) and/or
p(2X2) structures. All the local patches of c(4X2) or
p(2X2) at room temperature are induced by asymmetric
step edges and/or asymmetric defects, not by spontane-
ous intrinsic dimer interactions. From the buckled dimer
rows in Fig. 1, it is found that dimer interactions are
strong along the dimer row but are weak in its perpendic-
ular directions. With only a small fraction of asymmetric
defects, a considerable fraction of dimers are perm. anently
buckled, screening the intrinsic dimer interactions.

Successive annealing of the quenched Si(001)-2X 1 sur-
face at 700 and 800'C for 10—20 min does not change ap-
preciably the dimer-vacancy density and the relative
abundance of the dimer-vacancy defects. At room tern-
perature any other intrinsic reconstructions rather than
2 X 1 are not observed on the clean Si(001) quenched with
the various cooling rates up to 150'C/sec or faster.

Figure 2(a) is the image of the Ni-contaminated
Si(0 10)-2Xn structure quenched from 1250 C. Though
the preparation process for Ni-contaminated samples is
the same as that for clean samples, results are quite
different. As reported by Niehus et al. , the defects are
aligned perpendicular to dimer rows, forming straight
channels. There are small islands that have been frozen
during the quenching. The uniform 2 X n structure is also
found on those small islands. To see the effect of cooling
rates we annealed the quenched sample at 750 C for 30
min. Figure 2(b) is the resulting image, showing a
different aspect from Fig. 2(a). In the annealed sample
the line defects are cut frequently, that is, bridged by di-
mer rows, increasing the length of the average dimer row.
Further annealing at 750 C for 80 min makes the dimer
rows longer as shown in Fig. 2(c). A subsequent flashing
recovers the structure as shown in Fig. 2(a). A series of
Gashing and annealing shows a reversible transition be-
tween Figs. 2(a) and 2(c).

We compared sizes of various superstructures in
quenched and annealed samples. Figure 3 reveals distri-
butions of n values of the Ni-contaminated Si(001)-2Xn

The upper histogram is for a sample quenched from
1250'C and the lower one is for that followed by anneal-
ing at 750'C for 50 min. The annealing results in an ap-
preciable increase of the average value of n. The 2X1
structure is expected with extended annealing.

An enlarged high-resolution STM image shown in Fig.
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TABLE I. The numbers of various dimer-vacancy defects and C defect on the clean Si(001)-2X 1 sur-
face quenched from 1250'C.

Total dimer
sites 1-DV (1+2)-DV 2-DV (1+1)-DV (1+3)-DV (1+1+2)-DV 3-DV C defect

44 500 316 66 318

4 well elucidates the atomic structure of the defects on
the Si(001)-2Xn. The majority of defects on 2Xn are
(1+2)-DV and two missing dimers (2-DV), whose occu-
pation exceeds 20%%uo with respect to total dimer sites.
The ratio of (1+2)-DV to 2-DV is about 1.5 in the Ni-
contaminated sample. In the 2Xn structure, the fraction

of an isolated 1-DV is relatively small. It appears as a
component of dimer-vacancy complexes, for example,
(1+2)-DV and (1+2+1)-DV. It is also observed at the
end of dimer rows of step edges, as can be seen in Fig.
2(b). Most dimers at the end of dimer rows of the 8 step
edge are separated from the dimer row by 1-DV. This

e

Y~

yP

~ ~

FIG. 2. Ni-contaminated Si(001)-2Xn prepared by the same process as that for the clean Si(001)-2X 1. (b) STM image of the 2X n

structure annealed at 750 C for 30 min. The average length of the dimer row has increased. At the edge of 8 step most of the dimers

are separated from the dimer row by single missing dimers. (c) Further annealed state of the 2X n structure. The image has become a
2 X 1 structure with higher density of defects compared to the clean Si(001)-2X 1 (see Fig. 1).
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"split-o6" dimer at the step edges is split into two regions
forming a local 1 X 1-like structure. The C defect is sensi-
tively detected in empty state images and is distribute
randomly over dimer rows with the density o

thThe contour plot shown in Fig. 5(a) reveals a dept
pro e aong afil 1 dimer row containing (1+2)-DV and

over 2-DVDV. The left and right parts are measured over
and (1+2)-DV, respectively. The contour plot is asym-

f 1+2)-DVmetric in a region of double missing dimers o
d 2-DV. Fi ure 5(b} shows the atomic structure of

(1+2)-DV and 2-DV constructed on the basis of the con-
tour p ot. ang,r lot. Wan, Arias, and Joannopoulos suggested
that the asymmetry of the double missing dimers comes
from the rebonding of exposed second-layer atoms. The
asymmetric shoulder in (1+2)-DV always appears in t e
farther side of the double missing dimer region from the
split-off dimer. The split-off dimer in (1+2)-DV is also
sp it into wo regl' t t regions forming a local 1 X 1-like structure.
The asymmetry of 2-DV is apparent, that is, one o e
two dimers adjacent to 2-DV is depressed by more than
0.5 A as shown in Figs. 4 and 5(a}. Wang, Arias, and
Joannopoulos pointed out the possible asymmetry of 2-
DV in scanning tunneling spectroscopy.

FIG. 3. Distributions of n values for the quenched and an-
nealed 2Xn structures. (a) The superstructure of the quenched
2 X n is approximate yt 1 2X7 or 2X8. The total number of dimer
rows considered is 88. (b) The distribution of n values for the
sample annea e a1 d t 750 C for 50 min. The average length of the
dimer row has increased appreciably and the distribution is
broader than that for the quenched sample.
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FIG. 4. Enlarged STM image of the Ni-contaminated
Si(001)-2X1 structure showing the details of line defects com-
posed of dimer-vacancy defects. One of the two dimers adjacent
to 2-DV is depressed and looks gray. The split-ofF' dimer in
(1+2)-DV is split into two regions forming a local 1X1-like
structure. Sample bias voltage and tunnel current are —2.3 V
and 0.5 nA, respectively.
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FIG. 5. Depth-profile and atomic model of 2-DV and (1+2)-
DV. (a) Contour plot over 2-DV and (1+2)-DV along the di-
mer row. The region of double missing dimers is asymmetric

n 0.5 A.and the dimer C is depressed into the bulk by more than
(b) Schematic atomic structure (see text). The unit a in the hor-
izontal axis is 3.84 A of the surface lattice spacing on the Si(001)
surface.
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IV. DISCUSSION

The distribution of various dimer-vacancy defects on
the Si(001)-2 X 1 is rather different from that of a previous
work done by Wang, Arias, and Joannopoulous and
Alerhand et al. ' The most abundant dimer-vacancy de-
fect is 1-DV in the present result whereas it is (1+2)-DV
in the previous one. The major difference between the
two results seems to be due to the density of dimer vacan-
cies; 1.7% in the present work and 9% in the previous
one. Our samples are quenched from 1250'C or annealed
near 750 C, representing the freezing-in state of high
temperatures above room temperature. A complex of a
single dimer vacancy [(1+1)-DV] as shown in Fig. 1, for
example, might be an intermediate state transforming to
or from 2-DV since vigorous movements of dimer vacan-
cies are expected at high temperatures. With the dimer-
vacancy density below 2%, there is less chance for the di-
mer vacancies to meet and to form dimer-vacancy clus-
ters while the gross uniformity of the dimer-vacancy den-
sity over the entire surface is maintained.

Present results show that dimer vacancies on Si(001)
tend to form clusters in low concentrations of vacancies
even though 1-DV is the dominant defect. Furthermore,
the samples with higher dimer-vacancy density by Wang,
Arias, and Joannopoulous and Alerhand et al. ' show
the (1+2)-DV as the dominant defect. Therefore, there is
a tendency of dimer vacancies to cluster rather than to
repel each other when the density of dimer vacancy is
high. Many of the long dimer rows on our clean Si(001)
do not need missing dimers to reduce dangling bonds by
~ bonding or to relieve the possible compressive stress.
This disagrees with predictions by Pandey. '

In our experiments the source of Ni contamination is
from the contacts of the sample with stainless steel when
handling the sample with stainless steel tweezers. Main
contaminants from stainless steel would be Fe, Cr, and
Ni. Kato et a/. pointed out that heavy metals like Fe
and Cr could be easily removed by surface evaporation
during repeated lashings but Ni could not be eliminated
due to its high diffusion coefficients in Si. As to the atom-
ic structures of defects on the Si(001)-2Xn, several mod-
els have been suggested. Pandey' suggested the possibil-
ity of the 2Xn structure on the clean Si(001) surface in
terms of the ~-bonded defect. In Pandey's model the
dominant defect is the rebonded missing dimer (1-DV),
which can be aligned either along or perpendicular to the
dimer rows, leading to ordered structures. This model is
excluded since our clean sample reveals no superstructure
and the dominant defects in the 2Xn structure are corn-
plexes of dimer vacancies. Martin et al. and Aruga and
Murata" investigated the 2Xn structure by low-energy
electron diffraction and claimed the dominant defect to
be 1-DV, contradicting the present result. On the con-
trary Niehus et ai. found by STM that the dominant de-
fect is (1+2)-DV. They claimed that the defects should
be ordered to channels by third-layer dimerization on the
basis of the observation that the defect region of double
missing dimers is deeper than 1.36 A of the layer spacing.

The present high-resolution contour plot over the defect
region of double missing dimers shown in Fig. 5(a)
represents the depth of about 2.0 A, but it corresponds to
the unrebonded region 8 and E between second-layer
atoms as shown in Fig. 5(b) rather than the top of third-
layer atoms. The contour plot over the dimer row con-
taining (1+2)-DV and 2-DV agrees well with the Wang-
Arias-Joannopoulos schematic model as shown in Fig.
5(b).

Several works have discussed the role of the Ni impuri-
ties on Si(001)-2Xn. ' '" Though the underlying mecha-
nism forming the 2X n structure is not clear, only a small
fraction of Ni contamination less than 1% is sufficient to
stabilize Si(001)-2Xn. ' The most drastic change in-
duced by Ni contamination on Si(001) is the increase of
dimer-vacancy density from below 2% to above 20%.

Zandvliet, Elswijk, and van I.oenen' showed that the
excess dimer vacancies created by ion bombardment on
clean Si(001) align perpendicular to the dimer rows by
moderate annealing. Similar tendencies are found in the
experiments of etching of the Si(001) surface by reactive
gases followed by annealing. ' These results represent
the intrinsic interaction of dimer vacancies on the Si(001)
surface to align perpendicular to the dimer rows when
the density of dimer vacancy is sufficiently high. Our
STM images on the Si(0 01)-2Xn, apart from the step
edges, show that the dominant dimer-vacancy defects are
(1+2)-DV and 2-DV with relative populations of 3 to 2.
This reflects similar relative formation energies on both
the clean and the Ni-contaminated Si(001). Considering
the formation of line defects from excess dimer-vacancy
defects by annealing' and our observations on
Si(001)-2X n, we suggest that the Ni impurity on a Si(001)
surface simply increases the density of the dimer vacancy
drastically by changing the atomic and electronic struc-
tures. The next steps of the formation of the 2Xn struc-
ture are automatically carried out by the intrinsic in-
teraction of dimer vacancies. They tend to form clusters
like (1+2)-DV and 2-DV and to align perpendicular to
the dimer rows.

V. CONCLUSIONS

The clean Si(001) surface always shows only the 2X 1

reconstruction at room temperature regardless of cooling
rates up to 150'C/sec, whereas the Ni-contaminated
Si(001) surface shows 2 X n structure with varying n in ac-
cordance with annealing temperatures and cooling rates.
All the local patches of c(4 X 2) and p(2 X 2) on the clean
Si(001) at room temperature are induced by asymmetric
step edges and/or asymmetric defects, rather than by
spontaneous intrinsic dimer interactions. A small
amount of Ni contamination on Si(001) increases the den-
sity of surface dimer vacancies drastically and stabilizes
2Xn structure, where main dimer vacancy defects are
(1+2)-DV and 2-DV aligned perpendicular to the dimer
rows. The 2 X n structure is formed via interactions of di-
mer vacancies at high density.
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