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Major stable surface of silicon: Si(20 4 23
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Clean and well-annealed (S15), (516), and (405 surfaces have been investigated by means of scanning
tunnel microscop€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 consis{26f 4 23 facets. On the basis of the
high-resolution dual-bias STM images of the Si(20 4 28)1 surface, a detailed structural model of the
surface has been proposed for further investigation. As the unit cell of {26 8i23 surface has its own
structure rather than consisting of nanofacets of other stable s(gféice surface is identified, by definition,
as a major stable surfa¢er 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.
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[. INTRODUCTION been reported before, is a MAJOR. Interestingly, for germa-
nium (20 4 23 is not a MAJOR although silicon and germa-
The rapid development of nanotechnology has made highrium share, at least, six MAJOR(see Fig. 1

index surfaces of elemental semiconductors increasingly im-
portant, because heterogeneous nanostructures such as quan- II. EXPERIMENT
tum dots and wires grown on ®01) substrates are often
made up of stable high-index fack@nd they can grow as  The scanning tunnel microscof8TM) part of the experi-
well on some stable high-index substrates lik¢3$8.2 ment was carried out in the UHV system that is equipped
Moreover, faceting of unstable high-index surfaces may rewith STM, low-energy electron diffractiofLEED), and AES
sult in quite regular mesoscopic or nanoscale surfacéAuger electron spectroscopyas well as ion bombardment
pattern&“ and thus may provide natural templates for growthand annealing facilitie$: The LEED part was performed in
of nanostructures:’ For germanium, through a series of re- the UHV system that is equipped with LEED, AES, and elec-
cent investigations, it has been known that there is a total dffon energy loss spectroscopy, as well as ion bombardment
14 stable surfaces and that seven among them are majand annealing facilitie¥ Both systems were used recerftly.
stable surface@MAJOR) while the rest are minor stable sur- In the STM experiment the bias voltage is applied to the
faces[MINOR, see Fig. @)]_4 The difference between MA- Ssample and the tip is grounded. Throughout the experiment
JOR’s and MINOR’s is that the unit cell of any MINOR is the constant-current mode was used. The images shown here
faceted to nanofacets of one or more MAJORAI other  were acquired with either the ac mode or the dc mode, which
germanium surfaces are unstable and after being well arfre the same as the ac and dc input mode of oscilloscopes,
nealed are faceted to facets of one or more stable surfacegspectively. The ac mode in STM experiment is also called
either MAJOR'’s or MINOR's. For silicon surfaces, extensive local-contrast enhanced mode. The tip was made out of a
investigation has been carried out for several decades and, #8n [111]-W single crystal with electrochemical etching. The
a result, understanding of the structure of the most-importan®i(515), (516), and (405 samples were cut with a precision
low-index Si surfaces|001) and(111), as well as their vici- of *=1° from a silicon single-crystal rod p( doped,
nal surfaces has become quite comprehensiewever, 6-8 Qcm) and were subjected to several cycles of “argon-
only very recently the structure of the most-stable high-indexon bombardment plus subsequent annealing at 1000 °C” fol-
surface Si113 has been discloséd,and models have been lowed by slow cooling (2 °C/sec) to room temperature so
proposed for the $ 5 12, (112),*? and (114*® surface.  that a clean and well-annealed surface was obtained prior to
Apart from these, till not long ago it was only known that LEED and STM observations.
Si(313 (Ref. 149 and(101) (Ref. 15 are also stable, but no
detailed structural models had been proposed for them. As
for surfaces inside the unit stereographic triangle only little
has been known, except that(B 3 23 likely is a stable The well-annealed 15 surface is completely faceted
surface'® Only very recently, it has been known that &3 as shown by our LEED and STM data, and thus is an un-
and (105 are both MINOR's but have unique stable surface. A typical LEED pattern is given in Figa)2
morphologies; 8 that S{313 is a MAJOR and its well- The pattern has a mirror plane @ 0 —1) and two(0 0)
annealed surface is (¥21) reconstructed and metalfié, diffraction spots, which can be identified by varying the en-
and that Si15 3 23 is not only stable but also a MAJOR. ergy of the incidence electron beam. This fact indicates not
In the present paper, we study silicon surfaces surrounded ynly that the surface consists of two sets of facets but also
(101), (313, and(15 3 23 in the stereographic trianglsee that (1 0 —1) is the mirror plane of the two. This in turn
Fig. 1(b)] and have found that &0 4 23, which had never makes us able to find out which spots belong to which set of

III. OBSERVATION
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the reciprocal space-unit vectors determined with LEED. We
note that Si35 7 47, which is 4.4° away froni20 4 23, was
reported by Olshanetsky and Shklyaev as a stable suftace.
We believe, however, what they found was actuall{28i4

23) rather than(35 7 47, because they used only LEED and
the[(35 7 47 + (47 7 35] LEED pattern can really be of
quite confusion with th¢(20 4 23 + (23 4 20] pattern, if
not looked at it very carefully. Thus we conclude that a well-
annealed $515) surface facets t¢20 4 23 facets, although
the angle between the two planes is 4.0°.

To make sure that 80 4 23 is indeed a stable surface,
by means of LEED, we have also studied536) and (405),
which are 1.2° and 7.8° away fro20 4 23, respectively
[see Fig. 1b)]. It turned out that, after being well annealed,
the former faceted only t§20 4 23 facets[see Fig. Zc)]
whereas the latter t20 4 23 and (20 —4 23 facets[see
Fig. 2(d)]. These results show that(30 4 23 not only is
indeed stable but also has a low specific-surface free energy
comparable with those of the low-index MAJOR’s of
germaniurfi because surfaces far away from it, at least 7.8°,
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-
JORs). Normally, this means that we need to know the
atomic structure of the surface. Typical high-resolution STM
images of the surface are then given in Fig. 4. A glancing can
tell that the filled- and empty-state images are similar. De-
spite some less significant differences, the most eye-catching
common feature of the two images is the troughs with some
PN deeper pits. To interpret the STM features in terms of the
515 surface atomic structure one must be very careful, as it has
been known since the very beginning of STM that for semi-
conductor surfaces it is the local density of stateB0S),
@ s @ instead of the su_rface_ g_eom_etry,_tha_t_directly determin_e the
@ 103 W05, STM feature<* With this in mind, intuitively we would still
believe that for surfaces with large-atomic corrugations it
FIG. 1. (a) Unit stereographic triangle of germanium, showing must be the surface geometry rather than the LDOS that
all-seven major stable surfacésIAJOR, thick circles and all-  dominates the STM features. In other words, the larger the
seven minor stable surfacé®INOR, thin circleg (b) Same asa)  grface-atomic corrugations are, the more the filled- and
b“t"for silki]conk,] showing t2|e MA‘;OC?@; a”‘; |V|.|N|O$RS fod‘?”g SO fﬁr' aSempty-state images are expected to be similar to each other.
well as the three unstable surfadeitted circley studied in the 1, a0t this jdea finds strong support from the calculated
present papek515), (516), and(405). The assignment of §il14) to . . 13
MAJOR is based on Ref. 13 while that 8 5 12 to MINOR is > Images by Erwin and coworkef®In the case of $5
based on Ref. 11, and thus both are temporal. 5 12), the atomic corrugapons are very large, mganwhlle not
only are the calculated filled- and empty-state images very
similar to each other but also are the calculated images simi-
facets, as well as the reciprocal space-unit vectors. Accordingr to their experimental counterpart very muétHowever,
to the lengths of the vectors and the angles the vectors fornin the case of $114), the atomic corrugations are much
the facets have been identified @0 4 23 and (23 4 20. smaller and, not accidentally, none of these similarities can
The simulated LEED pattern based on this assignment iseally be regarded as obviolsNevertheless, some differ-
given in Fig. Zb) and it is indeed in good agreement with the ences do exist between the filled- and empty-state images of
real pattern. To show that this assignment is also supporteithe S{20 4 23 surface, indicating some contributions from
by our STM observation, a typical low- and medium- the LDOS of the surface, and we hope it to be further re-
magnification STM image of the surface is given in Figs.duced from the images. To reduce the LDOS contributions it
3(a) and 3b), respectively. The lengths and relative orienta-has been suggested to use the averdagedombinedl image
tions of the real space-unit vectors are, as one can see, indeefla pair of filled- and empty-state images acquired simulta-
in excellent agreement with their counterpart calculated frormeously, instead of the two original imag@sThis idea is

“”
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FIG. 2. (a) LEED pattern(30 eV) of the well-annealed $15 surface, which has tw 0) spots marked with %,” showing that the
surface is completely facetdtb understand this pattern, sé®]. (b) Simulated LEED patter§30 eV) of a Si515 surface completely
faceted to(20 4 23 and (23 4 20 facets with thein0 0) spots marked with “.” (c) LEED pattern(24 eV) of the well-annealed $16)
surface, showing that the surface is completely faceted to facet$2ff &i23 1x 1. The white circles in this figure as well as thosddn
through(f) mark the spots of the &16}1X 1 surfacés). (d) LEED pattern(36 eV) of the well-annealed $105) surface, showing that the
surface is completely faceted to facets of Si(20 4 28)land (20 —4 23)1X1.(e) LEED pattern(33 eV) of the truncated $20 4 23
surface[Fig. 5a)], calculated under the kinematic approximati¢i.LEED pattern(33 eV) of the model surfacéFig. 5(c)] after Keating-
type strain energy minimization, calculated also under the kinematic approximation.

supported by the results of the early paper of Tersoff and
Hamani* as well as many recent work$2?® and has been
used in our recent papetsThe combined image obtained
from the pair of images in Figs(d and 4b) is thus given in
4(c), and we shall start to build a model on the basis of it.
As always, we start from comparing the truncated surface
[see Fig. Ba)] with the combined imaggsee Fig. 4c)] to
find out the approximately required modification to the sur-
face. The truncated surface consists of slightly tilted zigzag
chains and thus can be viewed as a stepf®d) surface,
where narrow(101) terraces are separated by steps running
from lower left to upper right. As one can see, this morphol-
ogy is essentially preserved in the image, except the troughs
in the[1 —5 0] direction. In spite of this, the troughs are the
major features of the surface as they can be clearly seen even
in the low-magnification image given in Fig(s8. We be-
lieve that the zigzag chains are cut into segments by the
troughs. Actually, it has been shown that in the case of
Ge101) the zigzag chains are cut into short segments, be-
cause long zigzag chains would cause strong local stresses
and thus could not exiéf. A model then has been proposed
for the S(20 4 23 surface and is schematically shown in
Fig. 5(c). We can think of a two-step process from the trun-
cated surface via Fig.(B) to the model as follows. First, we
remove from Fig. Ba) all surface atomsthat is, atoms with
one or two dangling bongsnside the shaded stripe and add
a surface atom at every place indicated with the shaded
circles so to get Fig. ®). Second, in each unit cell we let
five of the seven chain-head atorfikat is, atoms with two

>4

|
<%
dangling bondsrebond, make the rest two a dimer, and put  FiG. 3. STM images(ac mode, see textacquired from the
a Hy3 adatomA so to get the final model in Fig.(&). Thus  well-annealed $515 surface.(a) 1230 Ax1230 A, —2.0 V, 5

the model has rebonded atoms, dimers, d&flatoms, and pA. (b) With a (20 4 23 (upped and (23 4 20 (lowen unit-cell
chain atoms as its building entities. Probably not accideneutlined. 230 Ax230 A, 1.2V, 20 pA.
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FIG. 4. High-resolution STM imagesic mode, 58 A58 A,
20 pA) acquired from the well-annealed (515 surface, with a
unit-cell outlined.(a) Filled-state image{ 1.2 V). (b) Empty-state
image (+1.2 V). (c) Combined image, that is, the average of the
images in(a) and(b).

tally, all these building entities also exist in the
Ge(101k(8x 10) surfacé’

To show the agreement of the model with the experimen-
tal STM images, we have to calculate the simulated image
from the model and, in turn, have to know the atomic coor-
dinates of the model. For this purpose, we use the Keating-
type strain-energy minimization scheme that was used with
satisfaction for predicting atomic relaxatioffsalthough the
scheme cannot be used to compare the energetic of compet-
ing models and will never introduce structures like buckled
dimers that break symmetry. In view of that the experimental
images are determined mainly by the surface geometry, as .
we have just discussed, to calculate the simulated image K A"g,%"“.‘.. N , A 4
from the model we simply calculate the convolution of the A .)"’ e ' »’@ﬁ‘,‘,«»‘«'&c.

. . L . 0 i <,

surface with the STM tip, which is approximated as a sphere E

with a radius of 4°, rather than the surface LDOS contétirs. AW Y
Moreover, as for Si and Ge surfaces STM can image essen- 0 |
tially only those atoms carrying a dangling bofidherefore
we need to calculate the convolution of the tip with only A
such atoms. The calculated image of the model is given in A \( ‘
Fig. 6. As one can see, the overall agreement between the :
calculated and experimental STM images is good, especially e
the position of the troughs and pits, thus supporting the
model.

y e [150]

FIG. 5. () Schematic drawing of the truncated(Z 4 23
V. DISCUSSION surface, with the smaller circles representing atoms at the lower
positions and the oblongs representing the dangling bonds and a
Now we discuss the justifications of the model. Appar-unit cell (a=32.8 A,b=13.8 A, «,,=93.8°) is outlined with the
ently, dangling-bond reduction has to be of first consider-dashed lines, while &16) unit cell is outlined with the dotted lines.
ation. The model has 36 dangling bon@@B) per unit cell  (b) Schematic drawing of the intermediate surface obtained f@m
[see Fig. &c)] in contrast to 46 of the truncated surfdsee by removing all surface atonghat is, atoms with one or two dan-
Fig. 5(@)]. This equivalents to a density of 0.079 DBJA gling bonds inside the shaded stripe and adding a surface atom at
which is albeit slightly higher than 0.068 DBFA of every place indicated with the shaded circles.Schematic draw-
Si(001)2x 1 but very close to 0.077 DB/Aof Si(313)12 ing of the S{20 4 23 model, with the two atoms of a dimer con-
x1 (Ref. 19 and is much lower than 0.086 DBPAOf nected by a two-end arrow and. the rebonded atoms carrying an
Ge(101x(8% 10) 27 As mentioned, the most prominent and arrow pointing to the atom to whlch_they rebon_d. The shaded strip
interesting feature of the surface is the troughs, which ard 0blongs mark the trough and pits, respectively.
clearly visible in the medium or even low magnification im-
ages(see Fig. 2 Obviously, the driving force behind the chain segments in the Ge(1@{Bx10) surfacé’ Apart
trough formation or cutting longer zigzag chains into shortfrom dangling-bond reduction and local-stress relief, the
segments is relief of local-stress induced by dangling-bon&i(20 4 23 surface apparently can have its charge redistrib-
reduction, rather than dangling-bond reduction itself, beuted so to further reduce the enefgpecause it has four
cause without the troughs the model would have fewer dandifferent types of building entities lying at different height
gling bonds. Actually, it has been suggested that the samlevels and with their dangling bonds pointing to different
driving force is responsible for the existence of only short-directions.
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ing that the mode(20 4 23 unit cell contains 516) nano-
facet, which is smaller than that in the truncated unit cell.
This is an obvious feature of the model, as one can see from
Fig. 5(c). Comparing this pattern with the experimental pat-
tern of, say, the facete®16) surface/see Fig. Z)], one can
find that they are very similar, in the sense that the brighter
spots tend to appear around=.6) spot albeit not have to be
very close to it. This fact, in addition to the STM images

FIG. 6. (a) STM-image calculated from the model surface given given in Fig. 6, further supports the model. Obviously, there
in Fig. 5(c), with a unit-cell outlined.(b) The experimental image is no step-bunching involved in the model. In other words,
[same as Fig. @)]. (c) Same agb) but with the model superim- the unit cell of thg20 4 23 surface is not facetednd hence
posed. Thg¢1l —5 0] direction is shown with an arrow. the surface is, by definitiorg major stable surface

Finally, we would like to point out that the well-annealed

At this point it is interesting to consider the common Si(519 surface, which has a very nice grating-like morphol-
structural feature of the reconstructed28i 4 23, (313, and 09y With a “period” of about 50 nn{see Fig. 8a)], may be
(101 surfaces. These surfaces are not far from each other i#sed as templates for growth of “quantum-wire” nanostruc-
the stereographic triangle, as one can see from K, and tures. One adyantage of this kind of tem.plates is tha_t they are
the surface atoms of their truncated surfaces form long zigthermodynamically stable, rather than in a dynamic steady
zag chains. It has been known that thé181)“16 X 2” sur- state, asin the case of stress-induced templaiggarently,
face consists of equally spaced but alternatively raised antp avoid the facets other thg@0 4 23 and (23 4 20 from
lowered strips lying along thé112) direction® that is, all ~aPpearing[see in Fig. 8] so to grow “infinitely” long
zigzag chains are cut into short segments in the real surfac¥/ires, one may use i3 8 43, which is 0.6° away from
although the structural details of the surface are still in(>15 towards(101) but still belongs to the same zone @0
controversy’3! Very recently, it has been pointed out not 4 23 and (23 4 20; while to get templates with an asym-
only that the long zigzag chains of the truncated3$8) metric cross section or a smaller depth one may use surfaces
surface do not exist in the real Si(313)42 surface either Pelonging to the same zone but betwe4a 8 43 and (20 4
but also that the surface is highly corrugated in the atomid- Besides, the troughs of the(30 4 23 surface, which
scale!® Now, we have just seen the model proposed for thdorm a gratinglike structure with a period of 32.8 A, may
Si(20 4 23)1x 1 surface. Although it is only for further in- @ISO be used as templates to grow nanowires.
vestigations and some details of it may need modifications or
may even be incorrect, there should be no doubt that the long
zigzag chains of the truncated surface must be also cut into
short segments by the troughs in the real surface. In view of In summary, STM and LEED observations show that
these, we reach the conclusion that long zigzag chains d@i(515), (516), and (405 are unstable as after being well
surface atoms are energetically too costly to exist, and this iannealed they are faceted {80 4 23 facets and thus that
true not only for G€L01) (Ref. 27 and (313 (Ref. 32 but  Si(20 4 23 is a stable surface. On the basis of the high-
also for S{101),%° (313),'° and (20 4 23 and hence for sili- resolution dual-bias images along with analysis of the LEED
con and germanium surfaces in general. This implies thapattern, Si20 4 23 is further identified as a MAJOR because
except cutting long zigzag chains of surface atoms into shoiits unit cell is not faceted to nanofacets of any other stable
segments there are no easy ways to eliminate them, such asrfaces but has its own structure. Interestingly, among all
putting adatoms between neighboring chains as suggestesgven MAJOR's of silicon that have been found so(&0 4
previously?133 23) is the only one that silicon does not share with germa-

Looking at the LEED patterns given in Fig. 2 carefully, it nium. A detailed model has been proposed for the atomic
is not difficult to find that in all three studied cases {86 4  structure of the $20 4 23 1x 1 surface for further investi-
23} LEED spots are brighter when they are neaf546,  gation.
LEED spot[marked with a white circle in Figs.(8), (c), and Considering what exist in the well-annealed28i 4 23,
(d)]. It should be emphasized that this does not mean that th®i(313),*° Si(101),2°*' Ge(101),%” and G¢313) (Ref. 32 sur-
Si(20 4 23 unit cell is faceted tq516) nanofacets, because faces are only short zigzag chains of surface atoms whereas
the situation is different from that in the case of1$i5.23To  what exist in their truncated counterpart are long ones, we
show this, using kinematic approximation, we calculated theeach the conclusion that the long ones are energetically too
LEED patterns of the truncated and model surfaces. Theostly to exist. Moreover, the fact that these surfaces are all
spots of the calculated pattern of the truncated surfaee  very corrugated in the atomic scale indicates that except cut-
Fig. 2(e)] are bright only when they are very close t¢546)  ting the long zigzag chains into short segments there are no
spot, as one would expect, becay26 4 23 is only 1.2°  easy ways to eliminate them, such as putting adatoms be-
away from(516) and thus a unit cell of the truncatéd0 4  tween neighboring chains as previously sugge3téd.
23) surface mainly consists of thréb16) unit cells. On the Silicon surfaces betwee(20 4 23 and (43 8 43, after
other hand, in the calculated pattern of the mddele Fig. being well annealed, may be used as templates with a vari-
2(f)] although the brighter spots still tend to appear around able cross section to grow “quantum wire” nanostructures,
(516) spot but no longer have to be very close to it, indicat-as these surfaces can facet(2® 4 23 and (23 4 20 nano-

VI. SUMMARY
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