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Major stable surface of silicon: Si„20 4 23…
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Clean and well-annealed Si~515!, ~516!, and ~405! surfaces have been investigated by means of scanning
tunnel microscope~STM! and low-energy electron diffraction and it turns out that these surfaces are unstable
while Si~20 4 23! is stable, because the former three all consist of$20 4 23% facets. On the basis of the
high-resolution dual-bias STM images of the Si(20 4 23)131 surface, a detailed structural model of the
surface has been proposed for further investigation. As the unit cell of the Si~20 4 23! surface has its own
structure rather than consisting of nanofacets of other stable surface~s! the surface is identified, by definition,
as a major stable surface~or MAJOR!. Interestingly, among all MAJOR’s of silicon that have been found so far
~20 4 23! is the only one that silicon does not share with germanium.

DOI: 10.1103/PhysRevB.64.125201 PACS number~s!: 68.35.Bs, 68.37.Ef, 61.14.Hg
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I. INTRODUCTION

The rapid development of nanotechnology has made h
index surfaces of elemental semiconductors increasingly
portant, because heterogeneous nanostructures such as
tum dots and wires grown on Si~001! substrates are ofte
made up of stable high-index facets1 and they can grow as
well on some stable high-index substrates like Si~313!.2

Moreover, faceting of unstable high-index surfaces may
sult in quite regular mesoscopic or nanoscale surf
patterns3,4 and thus may provide natural templates for grow
of nanostructures.5–7 For germanium, through a series of r
cent investigations, it has been known that there is a tota
14 stable surfaces and that seven among them are m
stable surfaces~MAJOR! while the rest are minor stable su
faces@MINOR, see Fig. 1~a!#.4 The difference between MA
JOR’s and MINOR’s is that the unit cell of any MINOR i
faceted to nanofacets of one or more MAJOR’s.8 All other
germanium surfaces are unstable and after being well
nealed are faceted to facets of one or more stable surfa
either MAJOR’s or MINOR’s. For silicon surfaces, extensi
investigation has been carried out for several decades an
a result, understanding of the structure of the most-impor
low-index Si surfaces,~001! and~111!, as well as their vici-
nal surfaces has become quite comprehensive.9 However,
only very recently the structure of the most-stable high-ind
surface Si~113! has been disclosed,10 and models have bee
proposed for the Si~5 5 12!,11 ~112!,12 and ~114!13 surface.
Apart from these, till not long ago it was only known th
Si~313! ~Ref. 14! and ~101! ~Ref. 15! are also stable, but no
detailed structural models had been proposed for them
for surfaces inside the unit stereographic triangle only li
has been known, except that Si~15 3 23! likely is a stable
surface.16 Only very recently, it has been known that Si~103!
and ~105! are both MINOR’s but have uniqu
morphologies,17,18 that Si~313! is a MAJOR and its well-
annealed surface is (1231) reconstructed and metallic,19

and that Si~15 3 23! is not only stable but also a MAJOR.20

In the present paper, we study silicon surfaces surrounde
~101!, ~313!, and~15 3 23! in the stereographic triangle@see
Fig. 1~b!# and have found that Si~20 4 23!, which had never
0163-1829/2001/64~12!/125201~6!/$20.00 64 1252
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been reported before, is a MAJOR. Interestingly, for germ
nium ~20 4 23! is not a MAJOR although silicon and germa
nium share, at least, six MAJOR’s~see Fig. 1!.

II. EXPERIMENT

The scanning tunnel microscope~STM! part of the experi-
ment was carried out in the UHV system that is equipp
with STM, low-energy electron diffraction~LEED!, and AES
~Auger electron spectroscopy!, as well as ion bombardmen
and annealing facilities.21 The LEED part was performed in
the UHV system that is equipped with LEED, AES, and ele
tron energy loss spectroscopy, as well as ion bombardm
and annealing facilities.22 Both systems were used recently4

In the STM experiment the bias voltage is applied to t
sample and the tip is grounded. Throughout the experim
the constant-current mode was used. The images shown
were acquired with either the ac mode or the dc mode, wh
are the same as the ac and dc input mode of oscillosco
respectively. The ac mode in STM experiment is also cal
local-contrast enhanced mode. The tip was made out o
thin @111#-W single crystal with electrochemical etching. Th
Si~515!, ~516!, and~405! samples were cut with a precisio
of 61° from a silicon single-crystal rod (p doped,
6 –8 Vcm) and were subjected to several cycles of ‘‘argo
ion bombardment plus subsequent annealing at 1000 °C’’
lowed by slow cooling (2 °C/sec) to room temperature
that a clean and well-annealed surface was obtained prio
LEED and STM observations.

III. OBSERVATION

The well-annealed Si~515! surface is completely facete
as shown by our LEED and STM data, and thus is an
stable surface. A typical LEED pattern is given in Fig. 2~a!.
The pattern has a mirror plane at~1 0 21) and two~0 0!
diffraction spots, which can be identified by varying the e
ergy of the incidence electron beam. This fact indicates
only that the surface consists of two sets of facets but a
that ~1 0 21) is the mirror plane of the two. This in turn
makes us able to find out which spots belong to which se
©2001 The American Physical Society01-1
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facets, as well as the reciprocal space-unit vectors. Accor
to the lengths of the vectors and the angles the vectors fo
the facets have been identified as~20 4 23! and ~23 4 20!.
The simulated LEED pattern based on this assignmen
given in Fig. 2~b! and it is indeed in good agreement with th
real pattern. To show that this assignment is also suppo
by our STM observation, a typical low- and medium
magnification STM image of the surface is given in Fig
3~a! and 3~b!, respectively. The lengths and relative orien
tions of the real space-unit vectors are, as one can see, in
in excellent agreement with their counterpart calculated fr

FIG. 1. ~a! Unit stereographic triangle of germanium, showin
all-seven major stable surfaces~MAJOR, thick circles! and all-
seven minor stable surfaces~MINOR, thin circles! ~b! Same as~a!
but for silicon, showing the MAJORs and MINORs found so far,
well as the three unstable surfaces~dotted circles! studied in the
present paper:~515!, ~516!, and~405!. The assignment of Si~114! to
MAJOR is based on Ref. 13 while that of~5 5 12! to MINOR is
based on Ref. 11, and thus both are temporal.
12520
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the reciprocal space-unit vectors determined with LEED.
note that Si~35 7 47!, which is 4.4° away from~20 4 23!, was
reported by Olshanetsky and Shklyaev as a stable surfa23

We believe, however, what they found was actually Si~20 4
23! rather than~35 7 47!, because they used only LEED an
the @~35 7 47! 1 ~47 7 35!# LEED pattern can really be o
quite confusion with the@~20 4 23! 1 ~23 4 20!# pattern, if
not looked at it very carefully. Thus we conclude that a we
annealed Si~515! surface facets to~20 4 23! facets, although
the angle between the two planes is 4.0°.

To make sure that Si~20 4 23! is indeed a stable surface
by means of LEED, we have also studied Si~516! and~405!,
which are 1.2° and 7.8° away from~20 4 23!, respectively
@see Fig. 1~b!#. It turned out that, after being well anneale
the former faceted only to~20 4 23! facets@see Fig. 2~c!#
whereas the latter to~20 4 23! and ~20 24 23! facets@see
Fig. 2~d!#. These results show that Si~20 4 23! not only is
indeed stable but also has a low specific-surface free en
comparable with those of the low-index MAJOR’s o
germanium4 because surfaces far away from it, at least 7.
can still be facet to facets of it.

IV. THE MODEL

To tell if Si~20 4 23! is a MAJOR or a MINOR, we need
to know if its unit cell is faceted to nanofacets of any MA
JOR~’s!. Normally, this means that we need to know t
atomic structure of the surface. Typical high-resolution ST
images of the surface are then given in Fig. 4. A glancing
tell that the filled- and empty-state images are similar. D
spite some less significant differences, the most eye-catc
common feature of the two images is the troughs with so
deeper pits. To interpret the STM features in terms of
surface atomic structure one must be very careful, as it
been known since the very beginning of STM that for sem
conductor surfaces it is the local density of states~LDOS!,
instead of the surface geometry, that directly determine
STM features.24 With this in mind, intuitively we would still
believe that for surfaces with large-atomic corrugations
must be the surface geometry rather than the LDOS
dominates the STM features. In other words, the larger
surface-atomic corrugations are, the more the filled- a
empty-state images are expected to be similar to each o
In fact, this idea finds strong support from the calculat
STM images by Erwin and coworkers.11,13In the case of Si~5
5 12!, the atomic corrugations are very large, meanwhile
only are the calculated filled- and empty-state images v
similar to each other but also are the calculated images s
lar to their experimental counterpart very much.11 However,
in the case of Si~114!, the atomic corrugations are muc
smaller and, not accidentally, none of these similarities
really be regarded as obvious.13 Nevertheless, some differ
ences do exist between the filled- and empty-state image
the Si~20 4 23! surface, indicating some contributions fro
the LDOS of the surface, and we hope it to be further
duced from the images. To reduce the LDOS contribution
has been suggested to use the averaged~or combined! image
of a pair of filled- and empty-state images acquired simu
neously, instead of the two original images.25 This idea is
1-2



MAJOR STABLE SURFACE OF SILICON: Si~20 4 23! PHYSICAL REVIEW B 64 125201
FIG. 2. ~a! LEED pattern~30 eV! of the well-annealed Si~515! surface, which has two~0 0! spots marked with ‘‘1,’’ showing that the
surface is completely faceted@to understand this pattern, see~b!#. ~b! Simulated LEED pattern~30 eV! of a Si~515! surface completely
faceted to~20 4 23! and ~23 4 20! facets with their~0 0! spots marked with ‘‘1.’’ ~c! LEED pattern~24 eV! of the well-annealed Si~516!
surface, showing that the surface is completely faceted to facets of Si~20 4 23! 131. The white circles in this figure as well as those in~c!
through~f! mark the spots of the Si$516 %131 surface~s!. ~d! LEED pattern~36 eV! of the well-annealed Si~405! surface, showing that the
surface is completely faceted to facets of Si(20 4 23)131 and (20 24 23)131. ~e! LEED pattern~33 eV! of the truncated Si~20 4 23!
surface@Fig. 5~a!#, calculated under the kinematic approximation.~f! LEED pattern~33 eV! of the model surface@Fig. 5~c!# after Keating-
type strain energy minimization, calculated also under the kinematic approximation.
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supported by the results of the early paper of Tersoff a
Hamann24 as well as many recent works,10,26 and has been
used in our recent papers.4 The combined image obtaine
from the pair of images in Figs. 4~a! and 4~b! is thus given in
4~c!, and we shall start to build a model on the basis of i

As always, we start from comparing the truncated surf
@see Fig. 5~a!# with the combined image@see Fig. 4~c!# to
find out the approximately required modification to the s
face. The truncated surface consists of slightly tilted zigz
chains and thus can be viewed as a stepped~101! surface,
where narrow~101! terraces are separated by steps runn
from lower left to upper right. As one can see, this morph
ogy is essentially preserved in the image, except the trou
in the @1 25 0# direction. In spite of this, the troughs are th
major features of the surface as they can be clearly seen
in the low-magnification image given in Fig. 3~a!. We be-
lieve that the zigzag chains are cut into segments by
troughs. Actually, it has been shown that in the case
Ge~101! the zigzag chains are cut into short segments,
cause long zigzag chains would cause strong local stre
and thus could not exist.27 A model then has been propose
for the Si~20 4 23! surface and is schematically shown
Fig. 5~c!. We can think of a two-step process from the tru
cated surface via Fig. 5~b! to the model as follows. First, we
remove from Fig. 5~a! all surface atoms~that is, atoms with
one or two dangling bonds! inside the shaded stripe and ad
a surface atom at every place indicated with the sha
circles so to get Fig. 5~b!. Second, in each unit cell we le
five of the seven chain-head atoms~that is, atoms with two
dangling bonds! rebond, make the rest two a dimer, and p
a H33 adatomA so to get the final model in Fig. 5~c!. Thus
the model has rebonded atoms, dimers, H3 adatoms, and
chain atoms as its building entities. Probably not accid
12520
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FIG. 3. STM images~ac mode, see text! acquired from the
well-annealed Si~515! surface.~a! 1230 Å31230 Å, 22.0 V, 5
pA. ~b! With a ~20 4 23! ~upper! and ~23 4 20! ~lower! unit-cell
outlined. 230 Å3230 Å, 1.2 V, 20 pA.
1-3
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tally, all these building entities also exist in th
Ge(101)c(8310) surface.27

To show the agreement of the model with the experim
tal STM images, we have to calculate the simulated im
from the model and, in turn, have to know the atomic co
dinates of the model. For this purpose, we use the Keat
type strain-energy minimization scheme that was used w
satisfaction for predicting atomic relaxations,28 although the
scheme cannot be used to compare the energetic of com
ing models and will never introduce structures like buck
dimers that break symmetry. In view of that the experimen
images are determined mainly by the surface geometry
we have just discussed, to calculate the simulated im
from the model we simply calculate the convolution of t
surface with the STM tip, which is approximated as a sph
with a radius of 4°, rather than the surface LDOS contour24

Moreover, as for Si and Ge surfaces STM can image es
tially only those atoms carrying a dangling bond,29 therefore
we need to calculate the convolution of the tip with on
such atoms. The calculated image of the model is given
Fig. 6. As one can see, the overall agreement between
calculated and experimental STM images is good, espec
the position of the troughs and pits, thus supporting
model.

V. DISCUSSION

Now we discuss the justifications of the model. App
ently, dangling-bond reduction has to be of first consid
ation. The model has 36 dangling bonds~DB! per unit cell
@see Fig. 5~c!# in contrast to 46 of the truncated surface@see
Fig. 5~a!#. This equivalents to a density of 0.079 DB/Å2,
which is albeit slightly higher than 0.068 DB/Å2 of
Si(001)231 but very close to 0.077 DB/Å2 of Si(313)12
31 ~Ref. 19! and is much lower than 0.086 DB/Å2 of
Ge(101)c(8310).27 As mentioned, the most prominent an
interesting feature of the surface is the troughs, which
clearly visible in the medium or even low magnification im
ages~see Fig. 2!. Obviously, the driving force behind th
trough formation or cutting longer zigzag chains into sh
segments is relief of local-stress induced by dangling-b
reduction, rather than dangling-bond reduction itself,
cause without the troughs the model would have fewer d
gling bonds. Actually, it has been suggested that the s
driving force is responsible for the existence of only sho

FIG. 4. High-resolution STM images~dc mode, 58 Å358 Å,
20 pA! acquired from the well-annealed Si~515! surface, with a
unit-cell outlined.~a! Filled-state image (21.2 V). ~b! Empty-state
image (11.2 V). ~c! Combined image, that is, the average of t
images in~a! and ~b!.
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chain segments in the Ge(101)c(8310) surface.27 Apart
from dangling-bond reduction and local-stress relief, t
Si~20 4 23! surface apparently can have its charge redist
uted so to further reduce the energy,9 because it has fou
different types of building entities lying at different heigh
levels and with their dangling bonds pointing to differe
directions.

FIG. 5. ~a! Schematic drawing of the truncated Si~20 4 23!
surface, with the smaller circles representing atoms at the lo
positions and the oblongs representing the dangling bonds a
unit cell (a532.8 Å, b513.8 Å, aab593.8°) is outlined with the
dashed lines, while a~516! unit cell is outlined with the dotted lines
~b! Schematic drawing of the intermediate surface obtained from~a!
by removing all surface atoms~that is, atoms with one or two dan
gling bonds! inside the shaded stripe and adding a surface atom
every place indicated with the shaded circles.~c! Schematic draw-
ing of the Si~20 4 23! model, with the two atoms of a dimer con
nected by a two-end arrow and the rebonded atoms carrying
arrow pointing to the atom to which they rebond. The shaded s
and oblongs mark the trough and pits, respectively.
1-4
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At this point it is interesting to consider the commo
structural feature of the reconstructed Si~20 4 23!, ~313!, and
~101! surfaces. These surfaces are not far from each othe
the stereographic triangle, as one can see from Fig. 1~b!, and
the surface atoms of their truncated surfaces form long
zag chains. It has been known that the Si~101!‘‘1632’’ sur-
face consists of equally spaced but alternatively raised
lowered strips lying along the~112! direction,30 that is, all
zigzag chains are cut into short segments in the real surf
although the structural details of the surface are still
controversy.27,31 Very recently, it has been pointed out n
only that the long zigzag chains of the truncated Si~313!
surface do not exist in the real Si(313)1231 surface either
but also that the surface is highly corrugated in the ato
scale.19 Now, we have just seen the model proposed for
Si(20 4 23)131 surface. Although it is only for further in
vestigations and some details of it may need modification
may even be incorrect, there should be no doubt that the
zigzag chains of the truncated surface must be also cut
short segments by the troughs in the real surface. In view
these, we reach the conclusion that long zigzag chain
surface atoms are energetically too costly to exist, and th
true not only for Ge~101! ~Ref. 27! and ~313! ~Ref. 32! but
also for Si~101!,30 ~313!,19 and ~20 4 23! and hence for sili-
con and germanium surfaces in general. This implies
except cutting long zigzag chains of surface atoms into s
segments there are no easy ways to eliminate them, suc
putting adatoms between neighboring chains as sugge
previously.31,33

Looking at the LEED patterns given in Fig. 2 carefully,
is not difficult to find that in all three studied cases the$20 4
23% LEED spots are brighter when they are near a$516%
LEED spot@marked with a white circle in Figs. 2~a!, ~c!, and
~d!#. It should be emphasized that this does not mean tha
Si~20 4 23! unit cell is faceted to~516! nanofacets, becaus
the situation is different from that in the case of Si~105!.18 To
show this, using kinematic approximation, we calculated
LEED patterns of the truncated and model surfaces.
spots of the calculated pattern of the truncated surface@see
Fig. 2~e!# are bright only when they are very close to a~516!
spot, as one would expect, because~20 4 23! is only 1.2°
away from~516! and thus a unit cell of the truncated~20 4
23! surface mainly consists of three~516! unit cells. On the
other hand, in the calculated pattern of the model@see Fig.
2~f!# although the brighter spots still tend to appear aroun
~516! spot but no longer have to be very close to it, indic

FIG. 6. ~a! STM-image calculated from the model surface giv
in Fig. 5~c!, with a unit-cell outlined.~b! The experimental image
@same as Fig. 4~c!#. ~c! Same as~b! but with the model superim-
posed. The@1 25 0# direction is shown with an arrow.
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ing that the model~20 4 23! unit cell contains a~516! nano-
facet, which is smaller than that in the truncated unit c
This is an obvious feature of the model, as one can see f
Fig. 5~c!. Comparing this pattern with the experimental pa
tern of, say, the faceted~516! surface@see Fig. 2~c!#, one can
find that they are very similar, in the sense that the brigh
spots tend to appear around a~516! spot albeit not have to be
very close to it. This fact, in addition to the STM image
given in Fig. 6, further supports the model. Obviously, the
is no step-bunching involved in the model. In other word
the unit cell of the~20 4 23! surface is not facetedand hence
the surface is, by definition,a major stable surface.

Finally, we would like to point out that the well-anneale
Si~515! surface, which has a very nice grating-like morpho
ogy with a ‘‘period’’ of about 50 nm@see Fig. 3~a!#, may be
used as templates for growth of ‘‘quantum-wire’’ nanostru
tures. One advantage of this kind of templates is that they
thermodynamically stable, rather than in a dynamic ste
state, as in the case of stress-induced templates.7 Apparently,
to avoid the facets other than~20 4 23! and ~23 4 20! from
appearing@see in Fig. 3~a!# so to grow ‘‘infinitely’’ long
wires, one may use Si~43 8 43!, which is 0.6° away from
~515! towards~101! but still belongs to the same zone of~20
4 23! and ~23 4 20!; while to get templates with an asym
metric cross section or a smaller depth one may use surf
belonging to the same zone but between~43 8 43! and~20 4
23!. Besides, the troughs of the Si~20 4 23! surface, which
form a gratinglike structure with a period of 32.8 Å, ma
also be used as templates to grow nanowires.

VI. SUMMARY

In summary, STM and LEED observations show th
Si~515!, ~516!, and ~405! are unstable as after being we
annealed they are faceted to$20 4 23% facets and thus tha
Si~20 4 23! is a stable surface. On the basis of the hig
resolution dual-bias images along with analysis of the LE
pattern, Si~20 4 23! is further identified as a MAJOR becaus
its unit cell is not faceted to nanofacets of any other sta
surfaces but has its own structure. Interestingly, among
seven MAJOR’s of silicon that have been found so far~20 4
23! is the only one that silicon does not share with germ
nium. A detailed model has been proposed for the ato
structure of the Si~20 4 23! 131 surface for further investi-
gation.

Considering what exist in the well-annealed Si~20 4 23!,
Si~313!,19 Si~101!,30,31Ge~101!,27 and Ge~313! ~Ref. 32! sur-
faces are only short zigzag chains of surface atoms whe
what exist in their truncated counterpart are long ones,
reach the conclusion that the long ones are energetically
costly to exist. Moreover, the fact that these surfaces are
very corrugated in the atomic scale indicates that except
ting the long zigzag chains into short segments there are
easy ways to eliminate them, such as putting adatoms
tween neighboring chains as previously suggested.31,33

Silicon surfaces between~20 4 23! and ~43 8 43!, after
being well annealed, may be used as templates with a v
able cross section to grow ‘‘quantum wire’’ nanostructure
as these surfaces can facet to~20 4 23! and ~23 4 20! nano-
1-5
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facets, which can self-assemble into a very nice thermo
namically stable grating-like structure.
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