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Surface atomic geometry of Si„001…-„231…: A low-energy electron-diffraction structure analysis
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The reconstruction of the Si~001!-231 surface consists of asymmetric and buckled Si dimers. The vertical
separation between the up and the down atom within the dimer is about 0.7260.05 Å and the dimer bond
length of 2.2460.08 Å has been found to be slightly smaller than the Si-Si distance in the bulk. The tilt of the
dimer is 1962°. The formation of Si dimers induces pronounced distortions in the substrate that were detect-
able down to the fifth Si layer. The structure determination is based on two independent low-energy electron-
diffraction data sets taken in two different laboratories. The structural results agree well within the error limits,
though noticeable differences occur between the experimental data sets. These differences in the experimental
data can possibly be attributed to different preparation procedures.@S0163-1829~97!07807-7#
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I. INTRODUCTION

In the recent years, a general consensus has been rea
on the principle atomic structure of the clean Si~001!-231
surface,1–7 although accurate structural data of this surfa
are still missing. The main structural element consists of
formation of Si dimers, which reduces the number of da
gling bonds per surface atom from two in the bulk-trunca
structure to one in the reconstructed surface, which low
the surface energy by about 1 eV.1 In addition, buckled
dimers form because the half-filled bands of dangling bo
of a symmetric dimer rearrange themselves into one~more!
filled band~associated with the Si up atoms! and one~more!
empty band~related to Si down atoms!,1–7 thereby lowering
the surface energy further by about 0.1 eV. In the molecu
orbital language, the down atom adopts a planar quasi-sp2

configuration, while the up atom in the dimer adopts a qua
p3 configuration. Experimental evidence for the presence
buckled dimers has been provided by low-energy elect
diffraction ~LEED!, which indicated a reversible transform
tion of the 231 structure into thec(234) phase upon cool
ing below 200 K.4 It has been shown that the energy ga
associated with this phase transition is on the order of
meV.8 A strong indication of the presence of buckled dime
on the clean Si~001!-231 surfaces goes back to photoem
sion studies5,9 and scanning tunneling microscopy~STM!
spectroscopy,10 which both demonstrated that the Si~001!-
231 surface is nonmetallic. With symmetric dimers t
Si~001! surface should become metallic; recall that for th
configuration the bands associated with the dangling bo
are half filled. In early total-energy calculations,1,7~a! the
dimers were found to be asymmetric as well as buckl
which produces a surface with semiconducting proper
compatible with the above-mentioned experiments. Rec
high-resolution photoemission data identified two inequi
lent types of surface silicon atoms that were assigned to
the up and down atoms of buckled dimers.11 Both a rapid
flipping between these configurations or a statistical~static!
distribution of these buckled dimers would still be conce
550163-1829/97/55~7!/4731~6!/$10.00
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able. However, from the antiferromagnetic ordering of t
231 phase into thec(234) ~Ref. 4! and from recent low-
temperature STM,6 which imaged this phase transition d
rectly, the interpretation of switching dimers is favored ov
static dimers. More specifically, at room temperature, a la
fraction of the surface was covered with apparently symm
ric dimers, while on cooling to low temperatures~120 K!, an
increase of dimers in the asymmetric configuration was
served. Hence the STM images at room temperature, sh
ing symmetric dimer configurations, were argued to be
consequence of time averaging.6 Corresponding molecular
dynamics calculations supported this view.12 The dimeriza-
tion of the topmost Si layer induces, as a consequen
strong local strain fields in the surface region, resulting
displacements of Si atoms in deeper layers.

Complex dynamical LEED analyses were performed,
did not yield compelling evidence of buckled dimers13–16

since the structural parameters that came out of these an
ses scattered too much and the overall agreement betw
theory and experiment was not very convincing. One p
sible reason might be seen in the marked variations of
perimental LEED data taken at different laboratories, wh
have been studied carefully by Jona and co-workers.15,17An
additional attribute of the Si~001!-~231! model was intro-
duced by Yang, Jona, and Marcus,15 which consisted of a
twist of the in-plane dimer axis besides the~out-of-plane!
tilting. The inclusion of this structural element resulted i
deed in a better fit of the experimental LEED data, althou
the overall agreement between theory and experiment
still not satisfying. The importance of this twist was n
shown since it would have necessitated the simultaneous
finement of all important structure parameters that was
yond the capabilities of the LEED program codes and of
computers in those days.

In this work we provide a complete set of crystallograph
data of the Si~001!-~231! on the basis of two experimenta
LEED data sets measured in two laboratories. Probably
to different preparation techniques, the experimental d
sets are slightly different, an effect that is not uncommon
4731 © 1997 The American Physical Society
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4732 55H. OVER et al.
LEED studies on the Si~001! surface. The experimental da
used in the previous LEED analyses,13–16 however, have
been quite different, although the reason for these differen
could not be clearly identified. It has been noticed for a lo
time that the LEED intensities from Si~001! may change
rapidly after preparation18 probably due to contamination o
different states of order induced by small amounts of c
tamination or by mechanical stress. Also the doping leve
the Si samples might exert an appreciable influence on
surface structure since not only the electronic properties
affected, but also structure-related effects such as the
diffusion of Li on Si~001!.19 Both data sets presented he
agree relatively well compared with the deviations found
the previous studies. The structural data derived from
two data sets are consistent within the error limits. T
atomic geometry is also consistent with recent theoret
studies and give strong evidence in favor of the presenc
buckled ~i.e., asymmetric! dimers on Si~001!-231 together
with substantial atomic distortions down to the fifth Si laye

II. SAMPLE PREPARATION

The Si~001! sample investigated at the Fritz-Haber Ins
tut ~FHI! in Berlin was lens shaped, which allowed one
compare the~001! orientation with orientations having mis
cuts towards all azimuths.20 In this paper, however, only th
~001! orientation is considered. The sample was prepared
cycles of argon ion sputtering~argon pressure, 331025

mbar; ion energy 700 eV; ion current, 14mA/cm2) for about
15 min followed by annealing to 1530 K to remove residu
contaminations of oxygen and water. After this treatme
the LEED pattern showed bright spots associated with a
perposition of equal amounts of 231 and 132 domains and
low background intensity. The most serious contamination
the Si~001! surface arises from the high susceptibility of th
surface to water~the sticking probability is unity!, which is
inevitably present in the residual gas.21 In order to study its
influence, we recorded LEEDI -V curves of two fractional
and two integral order beams as a function of the water d
It turned out that H2O exposures of less than 0.2 L~1
Langmuir51.3331026 mbar s! virtually do not alter the
LEED I -V data. Since the experiments were performed in
UHV chamber under background pressure conditions
about 6310211 mbar, the actual measuring time of less th
1 h is short enough to allow for reliable experimental da
LEED I -V measurements were carried out at 120 K empl
ing a video LEED system. Four integral-order and sev
fractional-order ~symmetry-inequivalent! beams were re-
corded at energies 30 and 220 eV~giving a cumulative en-
ergy range of 1510 eV!. These measurements are referred
as FHI data in the following.

The second set of measurements were taken at the I
tute of Crystallography at the University of Munich. This s
of data is referred to as ICM data in the following. Th
sample was a commercially available wafer that was rep
edly etched in 40% HF and oxidized in 35% H2O2, each for
5 s and rinsed in triple distilled water. The final oxidatio
prior to mounting the sample into the UHV chamber w
performed for 5 min. It was then sufficient to clean t
sample in UHV by heating to 1170–1270 K for about 30
The sample exhibited then a bright LEED pattern with sh
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spots and equal intensity of 132 and 231 superstructure
spots. No impurities were detected in the Auger elect
spectrum. The full LEEDI -V data set was recorded first o
a video tape within 10 min and~ex situ! subsequently the
integrated LEED intensities dependent on the energy co
be taken from the videotape employing a video LEED s
tem; this procedure allows a fast data acquisition. After
peated cycles of cleaning by flashing the sample sm
amounts of carbon remained on the surface. If this kind
contamination occurred, the sample was replaced b
freshly prepared one. The data set used in theI -V analysis
consist of five integral-order and seven fractional-ord
beams in the energy range 40–240 eV, providing a to
energy range of 1500 eV. The sample temperature during
LEED measurements was 190 K.

A comparison of both data sets is shown in Fig. 1. T
data sets agree in the gross features of theI -V curves, but
show also some discrepancies in the fine structure of s
curves. The quantitative comparison of both data sets
vealed anr factor ofRP50.25, which is only moderate; fo
the definition of Pendry’sr factorRP the reader is referred to
Ref. 22. The most striking discrepancies consist of an ap
ent shift of the peak at about 230 eV of the~2,1! beam and
the different peak heights in most of theI -V curves, while
the peak positions agree in most cases. It is conceivable
these differences are due to structural differences of b

FIG. 1. Comparison of the experimental LEED data sets F
and ICM. The overall PendryR factor between these data sets
0.25.
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55 4733SURFACE ATOMIC GEOMETRY OF Si~001!-~231!: A . . .
samples resulting from the different preparation procedu
The FHI data set was taken from a sample that was prep
by Ar1-ion bombardment and subsequent annealing. T
procedure might be able to enhance the defect density on
surface. The tension introduced by surface defects may
fluence the local order and hence the dimer geometry.
FHI data set indicates clearly a faster decrease of the in
sity with energy than the ICM data, although the ICM da
were taken at a higher temperature. It therefore seems p
sible to assign the differences in the experimental data se
differing defect concentrations. Since even at low tempe
tures no well-orderedc(234) LEED pattern was observed
the defect concentration is quite high on both samples. Er
due to sample misalignment can be widely excluded si
the I -V curves of symmetry-equivalent beams are alm
identical. In principle, the differences in the relative inten
ties ~from FHI to ICM! could also be due to different proce
dures for background subtraction and normalization. Ho
ever, since the same LEED data acquisition system was
in both laboratories this explanation is not very convincin

III. LEED I -V ANALYSIS AND DISCUSSION

Both LEED data sets were then fed into a full-dynamic
LEED program that is equipped with a least-squares opti
zation scheme23,24 in order to allow for the simultaneous re
finement of structural parameters. The goodness of fit of
culated to experimental data was evaluated by the reliab
factorsRP ~Ref. 22! and theRde ,

25 which also were the
functionals to be minimized. The nonstructural paramet
used in the multiple-scattering calculation were a ba
structure crystal potential26 and a maximum of nine phas
shifts dependent on the energy. The real part of the in
potential was optimized in the analysis and led to an ene
independent value of 4.0 eV for the FHI data set, while
ICM data revealed an only slightly different value of 4.5 e
For the ICM data set an energy-dependent inner potentia
to a slight improvement of the best-fitR factors, while this
was not the case with the FHI data set. The fit with
energy-dependent inner potential had virtually no influen
on the structural parameters. The imaginary part of the in
potential ~the optical potential! has been optimized as we
by allowing constant values between 3 and 5 eV and a
energy-dependent valuesVi5const(E1V0)

1/3 ~eV!, with
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const50.7–0.9. The optical potential has a strong influen
on the absolute intensities with the result that at high val
of Vi the intensities at higher energies were too stron
damped. Little to no influence was found on the peak po
tions. The value taken in the final calculations was 3 eV a
independent of energy. The layer-doubling scheme was u
to calculate interlayer multiple scattering. A number of
symmetrically independent beams was used, well above
number sufficient to ensure convergence at 400 eV.

The structural parameters optimized in the fit proced
were the atomic coordinates in the top five layers includ
the dimer layer. The symmetry of the structure model w
assumed to bepm according to the asymmetric dimer con
figuration and therefore allowing only the refinement of t
y andz coordinates~cf. Fig. 2!. In addition, the real part of
the inner potential and the vibrational amplitudes in the to
most two layers were optimized leading to a total of 25 fr

FIG. 2. Structure model and the main structural characteris
derived from the two LEED data sets. The numbers in parenthe
are parameters obtained with the ICM data, while the other va
are related to the FHI data. All parameter values are given in A
strom units.
by the
eses
nctional
TABLE I. Structural parameters derived from the two data sets in comparison to results obtained
ab initio calculation@Ref. 7~d!#. The first value in the table refers to the FHI data, the values in parenth
refer to the ICM data, and the values in square brackets refer to parameters obtained by density-fu
theory calculations@Ref. 7~d!#. Fixed parameters are marked with an asterisk.

Si atom x ~Å! y ~Å! z ~Å! Debye temperature~K!

1 1.92* 2.66, ~2.63!, @2.38# 0.00* 250, ~231!6100
2 1.92* 4.73, ~4.79!, @4.53# 0.69, ~0.73!, @0.60# 295, ~315!6100
3 0.00* 2.23, ~2.10!, @2.02# 1.43, ~1.47!, @1.35# 313, ~291!6150
4 0.00* 5.71, ~5.61!, @5.61# 1.44, ~1.47!, @1.40# 877, ~880!6300
5 0.00* 0.0* 2.63, ~2.70!, @2.62# 515, ~636!6200
6 0.00* 3.84* 3.01, ~3.06!, @2.92# 643, ~645!6200
7 1.92* 0.0* 4.08, ~4.11!, @4.02# 643, ~646!6200
8 1.92* 3.84* 4.34, ~4.37!, @4.24# 640*
9 1.92* 1.84, ~1.75!, @1.88# 5.57, ~5.61!, @5.48# 640*
10 1.92* 5.83, ~5.92!, @5.67# 5.61, ~5.65!, @5.48# 640*
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4734 55H. OVER et al.
parameters. The optimum model was found by fitting fi
subsets of parameters independently followed by a simu
neous fit of all parameters in the final step. The relaxation
the sixth and deeper layers were found to be smaller than
error bars and hence to be set to the bulk values.

The analysis of both data sets led to very similar structu
parameters. Given the differences in the experimental d
the best-fit structures agree remarkably well. The results
compiled in Table I and compared with parameters obtai
by ab initio calculations.7~d! The structure model is schemat
cally drawn in Fig. 2. The main structural features are
following. The topmost Si atoms are asymmetrically d
placed along the@110# direction by 1.0 and 0.7 Å, respec
tively, so as to form the Si dimers. The dimer bond leng
derived from the FHI data are 2.2060.08 Å and from the
ICM data 2.2860.08 Å. Both results agree within the erro
limits and show a slightly smaller bond length than th
found in the Si bulk~2.35 Å!, though this deviation is at the
margin of the significance considering the level of agreem
reached here. The Si dimer bond length found with LEE
agrees well also with the value found byab initio calcula-
tions such as 2.23 Å@Ref. 7d!# and 2.25 Å.7~g! This dimer-
ization leads to small lateral~0.2–0.3 and 0.05–0.15 Å! and
no detectable vertical displacements of Si atoms in the
ond layer. Both displacements have also been found w
theory7~d! ~cf. Table I!. A more pronounced buckling as
result of a pairing in the second Si layer is observed w
third-layer Si atoms, which amounts to 0.3460.05 Å. This
buckling in turn induces a buckling of the fourth layer b
0.2560.07 Å. On symmetry grounds, a substantial buckli
in the fifth Si layer is precluded, and due to the limited ela
tic mean free path of the electrons and the relatively la
error bars of this analysis, we are not sensitive to distorti
in even deeper Si layers though these parameters have
refined in the fit. Another important detail of this surfa
structure represents the tilting of the Si dimers. The vert
separation between the up and down atoms in the dime
about 0.7 Å, which, together with its lateral asymmetry, p
vides bond lengths between the dimer atoms and the sec
layer Si atoms directly underneath comparable with the b
values. A twist of the Si dimers did not improve the agre
ment between theory and experiment. Rather, the introd
tion of a twist by more than 0.2 Å deteriorated the fit b
tween experiment and theory markedly~cf. Table II!. With
the optimum structure shown in Fig. 2, the agreement
tween calculated and experimental LEEDI -V curves is sub-

TABLE II. r factors reached with various best-fit model stru
tures known from the literature on the basis of the FHI LEED da

Model Rp factor r de factor

Ref. 15 0.60 0.37
Ref. 16 0.78 0.49
Symmetric dimer
including a twist~optimized!

0.42 0.37

Symmetric dimer
without a twist~optimized!

0.48 0.37

Buckled dimer~this work! 0.26 0.26
Buckled dimer including twist
~60.1 Å! ~optimized!

0.37 0.30
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stantially improved as compared to previous LEED analys
The final averager factors areRP50.26 for the FHI data and
0.30 for the ICM data. The final level of agreement of e
perimental and calculated LEEDI -V curves is demonstrate
in Fig. 3 for the FHI data set and in Fig. 4 for the ICM da
set.

The differences in both analysis are mainly related to
different displacements in the second layer. The atoms in
second layer are drawn together by the dimer atoms, wh
in turn causes the buckling in the third layer. The pairing
the second layer amounts in both analyses to about 0.360.1
Å, but the lateral positions of both atoms differ by about 0
Å in the two data sets. All other parameters agree well wit
the error limits. The relaxations induced by the dimer have
both models the same direction and the relaxation in dee
layers is practically identical in both models. The observ
differences are not unexpected in view of the differences
the experimentalI -V curves.

Also remarkable is the agreement in the vibrational a
plitudes~cf. Table I!. Only isotropic vibrations were consid
ered, which were refined in terms of Debye temperature
the fit. Both analyses show a significant enhancement of
mean-square displacements of the topmost three atoms
though the specific values are subject to large uncertaint

Additional points that need to be discussed are the s

.

FIG. 3. Comparison of the best-fit LEEDI -V curves with the
experimental FHI data. The overall Pendryr factor is 0.26.

FIG. 4. Comparison of the best-fit LEEDI -V curves with the
experimental ICM data. The overall Pendryr factor is 0.30.
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55 4735SURFACE ATOMIC GEOMETRY OF Si~001!-~231!: A . . .
metry of the models and the averaging of the LEED inte
ties. The diffraction pattern exhibitsp4mmsymmetry due to
the simultaneous and equal presence of 231 and 132 do-
mains from different terraces. The symmetry of the struc
on a single terrace has been assumed to bepm. The models
with twisted asymmetric dimers exhibit no symmetry, b
these models could be excluded~cf. Table II!. The Si dimers
may exist as large ordered domains of aligned asymm
dimers or as randomly distributed asymmetric dimers.
first model requires incoherent averaging with respec
p2mm, while the latter implies coherent averaging. In pr
ciple, the random-disordered model would require one to
erage the multiple-scattering paths by assuming an ave
of randomly oriented dimers around a given dimer. Si
multiple scattering between dimers can be considered as
ligibly small we have not performed this average, but p
formed instead an average of amplitudes calculated for
two possible ordered domains of aligned asymmetric dim
Due to the presence of 231 and 132 domains from differen
terraces, the integral-order spots then have to be aver
incoherently with respect top4mm. TheI -V curves resulting
from both procedures, coherent and incoherent avera
within one terrace, exhibited only small differences, mu
smaller than the differences in the experimental cur
Therefore we are not able to distinguish between the diso
model@which might be induced and stabilized by impuriti
as indicated by STM~Ref. 6!# and the alternative model o
ordered domains@containing asymmetric dimers locally a
ranged withc(234) symmetry# on the basis of the prese
LEED data.

Next we compare calculated LEEDI -V curves for the
optimum structures~obtained by LEED! reported in the
literature13–16 with the experimental FHI LEED data. Th
resulting r factors are compiled in Table II. None of the
optimum structures is able to fit the experimental FHI LE
data. Nevertheless, these early LEED analyses gave im
tant clues about the Si~001!-231 structure. The dimerizatio
of the top Si atoms was favored in all these studies. This
of bonding was found to produce substantial strain in the
five atomic layers in accordance with theory.27 The specific
values of atomic displacements in deeper Si layers foun
the LEED analysis by Yang, Jona, and Marcus15 are practi-
cally identical to those found in our study. The main diff
ence between this ‘‘old’’ LEED analysis and that presen
here consists in the amplitude of the dimer buckling~0.7 Å!,
which is considerably larger than that reported earlier~0.4–
0.5 Å!. The dimer buckling of about 0.7 Å corresponds t
tilt angle of 19°62° and agrees well with results found b
recent theoretical studies.7~d!,7~h!

From a recent surface x-ray-diffraction~SXRD! analysis28

is was concluded that also the clean Ge~001!-231 surface
constitutes surface dimers that are inclined out of the sur
at an angle of about 15°; the separation between up
down atoms turned out to be 0.7 Å. A further study using
technique of x-ray standing waves was applied to
i-
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Ge-substituted dimer surface Ge/Si~001!-231.29 The Ge-
dimer buckling was found to be 0.55 Å, which is slight
smaller than that of the pure 231 phases on Si~001! and
Ge~001!. This slight deviation might be related to the hete
geneous composition of the top two semiconductor layer

Recent transmission electron diffraction~TED! measure-
ments revealed a tilting of the dimer axis against the in-pl
surface by 5.5° for the Si~001!-231 structure,30 a value that
is at variance with that found here and also with recent to
energy calculations.7 However, it is known that TED is rela
tively insensitive to displacements along the beam direct
Evidence for the presence of asymmetric dimer configu
tions on Si~001!-231 in the temperature range between
and 300 K has been provided by microscopic calculation
the optical properties.31 Further support of asymmetric S
dimers was given by a previous SXRD study.32 Both latter
techniques, however, were not able to quantify the amplit
of this buckling. A very recent SXRD study of the Si~001!-
~231! surface33 found also the asymmetric Si dimer to b
favored. While the lateral coordinates agree with the LE
results presented here, the vertical position of the Si di
coordinates above the Si substrate deviate substantiall
more than 0.2 Å. It is well known that SXRD is not ve
sensitive to vertical structure parameters since usually
momentum transfer perpendicular to the surface is ra
small. This argument holds even more strongly as the SX
analysis in Ref. 33 was based on a quite small data set
perpendicular momentum transfer reaching only valuesl
52. For a detailed discussion of this kind of problem t
reader is referred to a recent comparison of SXRD
LEED results of the Ge(111)-A33A3)R30°-Au surface.34

IV. SUMMARY

In summary, we have presented a complete LEED st
ture analysis of the Si~001!-~231! surface. The topmost S
atoms are asymmetrically displaced by about 0.7 and 1.
from the bulk positions in order to form Si dimers. Th
dimers are tilted by about 19°62°, i.e., the vertical separa
tion between up and down atoms in the dimers is 0.72
The Si-dimer bond length is 2.2460.08 Å ~the averaged
value found on the basis of two experimental LEED d
sets!, which is in agreement with theoretical studies.7 The
formation of Si dimers induces in turn distortions in deep
Si layers, most notably a buckling in the third and fou
layers by 0.34 and 0.25 Å, respectively, and a pairing in
second Si layer of 0.30 Å.
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