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Scanning tunneling microscopy has been used to investigate the formation of the 23n vacancy line
structure on Si~001!. We find that quenching the surface from high temperatures results in the
formation of vacancies. After further quenching, these vacancies nucleate into chains running
perpendicular to the dimer rows. Finally, the vacancy chains connect and develop into vacancy lines
which extend for many thousands of Å’s. Each vacancy line consists of mainly two types of dimer
vacancies:~1! a di-vacancy and~2! a combination of a single vacancy and a di-vacancy separated
by an isolated dimer. All the vacancy lines together with the dimer rows form a 23n structure with
6<n<12. Calculations using the Stillinger–Weber potential support the view that the formation of
the vacancy line structure is due to the interaction between vacancies. ©1996 American Vacuum
Society.
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I. INTRODUCTION

The Si~001! surface has become one of the most wide
studied surfaces in part due to technological applications,
perhaps more so due to its amazingly complex and intere
ing surface reconstructions. For a clean Si~001! surface, the
231 reconstruction is commonly observed at roo
temperature1,2 while the c(234) reconstruction has also
been observed at low temperatures.3,4 It has also been known
that this surface contains a certain percentage of dimer
cancies since the first scanning tunneling microscopy~STM!
images were observed.2 Surfaces with vacancies, vacanc
clusters, and different vacancy concentrations have b
studied both theoretically and experimentally by a number
authors.5,6 Yet perhaps the most interesting surface reco
struction occurs at sufficiently high vacancy concentratio
such that the vacancies are found to arrange into regula
spaced vacancy lines, resulting in the Si~001! 23n recon-
struction.

First observed by Mu¨ller et al.,7 the 23n reconstruction
has since been studied by a number of groups8–16using vari-
ous surface preparation techniques. An obvious issue wh
springs to mind is what is the underlying mechanism for th
reconstruction. While it is clear that metal contaminatio
especially Ni contamination, leads to the 23n structure,8–10

this fact has led to the widely accepted view that the 23n
structure is direct evidence for Ni contamination and that
atoms may in fact lie directly beneath the vacancy line
However, Martinet al. found little trace of Ni on the ther-
mally quenched 23n surface.11 Aruga and Murata observed
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the coexistence of 231 and 23n reconstructions on the
same surface but in different regions.12 Yet since Ni atoms
migrate easily on the Si surface at high temperatures, this
observation is unexpected if Ni contamination is the only
cause of the 23n structure. Furthermore, Johnsonet al. de-
sorbed oxide layers from the Si~001! surface13 which re-
sulted in the 23n structure, but the surface reverted back to
the 231 structure after heating. Finally, after annealing Ar
bombarded Si~001! surfaces, Zandvlietet al.14,15reported the
observation of the 23n structure as well. All of these obser-
vations suggest that Ni is not the sole cause of the 23n
reconstruction.

How many nickel atoms would be necessary to account
for the 23n reconstruction? If we assume that the 23n
structure contained one nickel atom per unit cell, this would
give Ni concentrations of 5% forn510 and 8% forn56.
Yet by placing a Ni strip of nm thickness on a clean Si~001!
surface followed by heating and quenching, Dolbaket al.17

showed that the Ni concentration determined from Auger
measurements is always less than 1% for the 23n
structure.18 This experiment as well as those described
earlier11–15 indicate a strong likelihood that the 23n order-
ing is governed by mechanisms which certainly do not re-
quire a Ni concentration of one Ni atom per unit cell.

The authors of this article acknowledge the fact that Ni
can lead to the 23n structure. The specific role which Ni or
other metal contaminants may play, however, is unclear.
Here we present an STM study of the 23n structure together
with theoretical calculations based on the Stillinger–Weber
potential. The results of this study provide strong evidence
for a mechanism responsible for the ordering of the dimer
vacancies~DV!, namely the DV–DV interaction. We further
identify the two primary DV building blocks of the 23n

ni-
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910 Smith et al. : STM investigation of the dimer vacancy–dimer vacancy interaction 910
structure. In addition, STM line profiles across these tw
types of DV’s confirm that second-layer atoms rebond
preferred manners to reduce the number of dangling bon

II. EXPERIMENTAL DETAILS

The experiment was performed in an ultrahigh vacuu
~UHV! chamber equipped with a homemade STM system25

and commercial visual low-energy electron diffractio
~LEED! optics. The chamber has a base pressure in the
10211 Torr range. STM tips are electrochemically etche
tungsten wires which are further treated in the vacuum cha
ber by electron bombardment. Si~001! samples with miscut
angles of 0.08° and a size of 0.15 in.30.6 in.30.02 in. are
first outgassed in the heating stage at 700 °C for a few ho
before heating to above 1150 °C followed by 900 °C anne
ing. Samples cleaned in this manner result in STM imag
showing terraces with alternating 132 and 231 dimer recon-
structions. These terraces are separated by single-ato
height steps and have an average width;1000 Å. Care has
been taken to ensure that the samples only contact Ta c
from the front and Mo bars from the back. After repeated
quenching a clean Si~001! surface from above 1000 °C down
to near room temperature, we have observed an increas
the DV concentration.

III. EXPERIMENTAL RESULTS

The surface structure at various quenching stages
shown in Fig. 1. In Fig. 1~a!, a surface with a DV concen-
tration slightly higher than that of a well-annealed surface
shown. A few short vacancy chains can be seen in Fig.
After further quenching, longer vacancy chains are formed
shown in Fig. 1~b!. These vacancy chains run perpendicul
to the dimer rows. One may note that there are only a limit
number of DVs appearing between the vacancy chains. A
even more quenching, these vacancy chains grow in len
and eventually connect to form vacancy lines~VLs!, as
shown in Fig. 1~c!. The distance between two adjacent VL
is between 6a and 12a, wherea53.84 Å, the surface lattice
constant. The VLs extend for thousands of Å’s without inte
ruption, often continuing right up to the step edges. No D
concentration gradients have been observed on either sid
the two types of steps.19

Next consider the STM image shown in Fig. 2 which is a
example of a 23n ‘‘island’’ which somehow survived the
final quenching process to be left totally isolated in th
middle of another large 23n terrace. The dimensions of this
small island are approximately 200 Å350 Å. Five clear seg-
ments of the 23n structure remain intact. Additionally, the
SA sides of the island are perfectly straight. Finally, it
interesting that such a small island of 23n exists.

We have furthermore examined the surface structu
along the length of the sample. We find no observable diff
ence in terms of the DV concentration at different location
Should metal impurities play a major role in the creation
DVs, we would expect that regions closer to the two en
which make direct contact with the Ta clips would be a
fected more strongly than regions toward the middle of t
J. Vac. Sci. Technol. B, Vol. 14, No. 2, Mar/Apr 1996
o
in
s.

m

n
id
d
m-

urs
l-
es

ic-

lips
ly

e in

is

is
1.
as
r
d
ter
gth

s

r-
V
e of

n

e

s

re
r-
s.
f
s
f-
e

sample. However, we are not able to rule out the possibility
of having a minute amount of metal impurity on the surface.
Through annealing and slow cooling cycles, however, we are
able to break the VLs into vacancy chains but cannot totally
remove these vacancy chains.

We now discuss the identification of the basic building
blocks of the VLs. We have closely examined over 1000 DV
sites. The two most frequently appearing DV structures have
been identified as~1! a 2-DV ~two adjacent missing dimers!
and~2! a 112-DV ~a single missing dimer and a 2-DV sepa-
rated by a dimer!.20 About 95% of a given VL is made up of
these two types with the 112-DV being slightly favored. The

FIG. 1. STM images taken at different quenching stages showing the 23n
structure.~a! Dimer vacancies start to form short vacancy chains~VC! in the
direction perpendicular to the dimer rows.~b! Surface is covered with long
VCs which are about to form uninterrupted vacancy lines~VLs!. It is noted
that there are not many dimer vacancies between two neighboring VCs.~c!
Final 23n structure with VLs continuing for thousands of Å’s. All images
have the same size of 280 Å3280 Å. ~c! n;7.5.
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911 Smith et al. : STM investigation of the dimer vacancy–dimer vacancy interaction 911
other 5% of the total consists of 3-DVs~three adjacent miss-
ing dimers!, 11211-DVs ~one missing dimer1one dimer
1two missing dimers1one dimer1one missing dimer!,
113-DVs ~one missing dimer1one dimer1three missing
dimers!, and occasionally 212-DVs ~two missing dimers
1one dimer1two missing dimers!.

We have also examined the VLs to see if there exist a
interesting or possibly repeated patterns of DV types. F
straight sections within a VL, a structure of alternatin
2-DVs and 112-DVs is commonly observed. For VL sec-
tions that meander, however, no obvious DV patte
emerges. Nor do we find any pattern for DVs within th
same dimer row but in adjacent VLs.

In order to examine the rebonding of the second-lay
atoms in a VL, line profiles across the VLs in the directio
parallel to the dimer rows have been examined. Typical pr
files obtained from STM images are displayed in Figs. 3~a!
and 3~b!. In Fig. 3~a!, a profile across a 2-DV is shown. Two
unique features should be pointed out:~1! a dimer is de-
pressed on one side of the 2-DV, indicating the relaxation
this dimer in response to the two missing dimers; and~2! a
small peak shows up on the opposite side of the di-vacan
In Fig. 3~b!, a profile across a 112-DV is shown. A small
peak is observed on the far side of the di-vacancy valley w
respect to the single vacancy, but there is no sign of dime
being depressed on either side of the di-vacancy.

IV. THEORETICAL RESULTS

Theoretical calculations using the Stillinger–Weber po
tential have been performed to investigate the rebonding
the second-layer atoms for various types of vacancy config
rations. In the calculation, 3250 Si atoms distributed in eig
layers were employed. Of these, (18272m) atoms in the top
five layers are fully relaxed and the remaining atoms a
fixed in their respective bulk positions~m is the number of
atoms to be removed in forming various vacancy configur

FIG. 2. 350 Å3350 Å STM image acquired at a sample bias of22.48 V and
a tunneling current of 0.65 nA showing the existence of a 23n island on top
of a larger 23n terrace.
JVST B - Microelectronics and Nanometer Structures
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tions!. The results of the calculations are shown in Figs. 3~a!
and 3~b! for direct comparison with the experimental data. In
Fig. 3~a!, the second-layer atom pair at the center of a 2-DV
rebonds to the atom pair on one side. By doing so, the num
ber of dangling bonds is restored to that of a perfect 231
surface but at the expense of increasing the strain energy,
pointed out by Pandey21 and Tersoff.22 Similarly, in Fig. 3~b!
second-layer atom rebonding occurs within the di-vacancy o
the 112-DV on the side furthest away from the single dimer
vacancy, in good agreement with the STM line profile.

Stillinger–Weber-type calculations have also been per
formed on structures made from 2-DVs and 112-DVs which
mimic sections of a VL in order to calculate the binding
energies for various DV configurations. The lowest energy
configurations for two adjacent 2-DVs and for two adjacen
112-DVs are shown in Figs. 4~a! and 4~b!, respectively. A
surface with two 2-DVs~112-DVs! separated far apart has
an energy of 0.08~0.28! eV higher than that of a surface
corresponding to the model shown in Figs. 3~a! and 3~b!. The
excess energy represents an attractive interaction for the tw
DVs in neighboring dimer rows. This attraction is the driving
force for the DVs to form VLs which run perpendicular to
the dimer rows. That the binding energies are on the order o

FIG. 3. Typical line scans across a VL.~a! Two distinct features are shown
on both sides of the 2-DV valley: the dimer on one side shows a depressio
and a peak appears on the other side.~b! A peak shows up on the side of the
di-vacancy which is further away from the single DV. Atomic structures
calculated using the Stillinger–Weber potential for the 2-DV and the
112-DV are shown at the top of each line scan. Rebondings of the second
layer atoms are indicated by the dashed lines. Only atoms in the top tw
layers are shown. Atoms indicated by open circles are surface dimers.
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912 Smith et al. : STM investigation of the dimer vacancy–dimer vacancy interaction 912
a couple of tenths of an eV for different VL configurations
agrees with the fact that, after quenching from 1000 °C
112-DVs and 2-DVs appear essentially random within
VL.

V. DISCUSSION

What is responsible for the formation of the DVs? It is
our experience that the DV density depends strongly on ho
the surface is prepared. A surface with a DV density as hig
as 10% can normally be obtained. Yet, after careful anne
ing of the surface, the DV density can be reduced to near 1
But the 23n structure contains around 30% DVs. One pos
sible explanation for high DV-density surfaces is that the D
density is temperature dependent. At high temperatures, D
are mobile enough to move around. As the surface tempe
ture falls into some lower range during the quenching pro
cess, the attractive force between the DVs in neighborin
dimer rows overcomes the thermal fluctuation and vacan
chains appear as a result of the formation of bond stat
These vacancy chains survive later quenches while new D
are constantly generated to satisfy the steady-state concen
tion at high temperatures.

One may also ask the question ‘‘is the 23n structure
intrinsic to the Si~001! surface?’’ Parket al.23 and Chen
et al.24 have reported observations of the 23n structures by
growing Bi and Ge on Si~001!, respectively. In these two
systems, however, the VLs consist of only single DVs. How
ever, in the 23n structure mainly 112-DVs and 2-DVs are
observed, as previously discussed. A possible explanation
these differences is that in the cases of Ge/Si~001! and Bi/
Si~001!, the surfaces are under tension in the dimer row d
rection. Single DVs are likely more accommodating to th

FIG. 4. Lowest energy configurations for two DV pairs.~a! and~b! Pairs of
2-DVs and 112-DVs are shown, respectively. A surface with two 2-DVs
~112-DVs! separated far apart has an energy of 0.08 eV~0.28 eV! higher
than that shown in~a!. ~b! Attractive interaction is short ranged. Open and
filled circles are for top- and second-layer atoms, respectively. Second-la
atom rebondings are indicated. Dimer rows run in the horizontal directio
J. Vac. Sci. Technol. B, Vol. 14, No. 2, Mar/Apr 1996
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tensile stress. On the other hand, the normal Si~001! 231
surface is under compression along the dimer row direction.
Thus, it is likely that 112-DV and 2-DV structures are more
favorable for relieving the compressive stress. It is interest-
ing, however, that each of these systems exhibits the 23n
reconstruction. Whether such an agreement is accidental, or
due to some more subtle reasons, still remains to be ex-
plored.

VI. CONCLUSION

We have performed an STM investigation of the Si~001!
23n structure and combined that with theoretical calcula-
tions based on a Stillinger–Weber potential. We suggest that
at elevated temperatures, DVs move around, form dimer va-
cancy chains, and eventually connect into VLs. This ulti-
mately results in the formation of the 23n (6<n<12)
structure consisting of VLs many thousands of Å’s long in a
direction perpendicular to the dimer rows. We conclude that
the mechanism behind the formation of the 23n structure is
the interaction between basically two types of dimer vacancy
clusters which we have identified as the basic building
blocks of the 23n structure. These are the 2-DV and the
112-DV. The interaction energies between combinations of
these two types of DVs have been calculated and favor the
formation of extended vacancy lines. In addition, structures
for second-layer atom rebonding have been calculated and
compare favorably with the STM observations.
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