
PHYSICAL REVIEW B, VOLUME 63, 045322
Terrace and step contributions to the optical anisotropy of Si„001… surfaces
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~Received 5 June 2000; published 9 January 2001!

The contributions of atomically flat terraces as well as ofSA , SB , andDB steps to the optical anisotropy of
Si~001! surfaces have been calculated using a real-space multigrid method together withab initio pseudopo-
tentials. Our results for ideal (132), p(232), andc(234) reconstructed surfaces show a distinct influence
of the dimer arrangement on the optical spectra. The calculated spectrum for the Si(001)c(234) surface
agrees best with the signal measured for atomically smooth terraces. The significant optical anisotropy around
3 eV observed for vicinal surfaces, however, is induced by surface steps. Both electronic transitions directly at
the surface as well as in deeper layers contribute to the optical anisotropy. We identify two mechanisms
causing anisotropy signals from layers beneath the surface: the influence of the anisotropic surface potential on
the bulk wave functions as well as minor contributions from atomic relaxations caused by surface-induced
stress.
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I. INTRODUCTION

The optical spectroscopy of surfaces, in particular refl
tance anisotropy spectroscopy or reflectance difference s
troscopy~RAS/RDS!, is an extremely versatile tool of sur
face analysis.1,2 Thanks to the development of bot
computational techniques and resources it is now possib
calculate anisotropy spectra fromfirst principlesin quantita-
tive agreement with the measured data.3–5 Such calculations
are very involved, however, and have by now been restric
to ideal surfaces. Realistic surfaces, and growth structure
particular, however, are characterized by defects such as
face steps, which give rise to distinct optical anisotropies6–8

The theoretical description of these step-related opt
anisotropies is therefore important in the context of the c
rect interpretation of RAS spectra measured during grow

Apart from the assignment of structural features to opti
fingerprints, which can be greatly assisted by calculatio
there is also a more fundamental interest in an accurate
oretical description of RAS. While the contributions of tra
sitions between electronic surface states to the anisot
signal are now well understood,3 there remain open question
concerning the origin of bulk-related features in the spec
~see, e.g., Ref. 9!. A dynamic photon-induced localization o
the initial and final states was suggested to account for
isotropy signals close to the bulk critical point~CP!
energies.10 Also the quenching of bulk-state wave functio
near the surface was made responsible for such pea11

Hingerl et al.12 relate RAS features arising from bulk laye
to inequivalent atomic displacements induced by anisotro
surface stress.

The optical anisotropy of the Si~001! surface has been
intensively studied by both experiment7,8,13–18 and
theory,18–23due to its technological importance and its mod
character for semiconductor surface science. The underst
ing of the origins of particular features in the RAS of Si~001!
is limited, however, in spite of these efforts. Two rece
0163-1829/2001/63~4!/045322~7!/$15.00 63 0453
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ab initio studies21,22 arrive at different conclusions for th
optical anisotropy of ideal Si~001! surfaces. The influence o
surface steps on the optical anisotropy of Si~001! is unre-
solved. Some studies16,18suggest that steps play only a min
role for the optical anisotropy. Other authors8,13 find a sub-
stantial step-induced contribution to the optical signal. S
contributions to the RAS may be related to the influence
the surface steps on the reconstruction of the terraces a
sumed in Ref. 13, to the changed bonding configuration
the steps themselves, as hypothesized in Ref. 8, or to tra
tions between bulk wave functions, modified by surfa
steps, as recently found for Si~111!:H surfaces.24

In the present study we clarify this issue usingfirst-
principles calculations of the surface optical anisotrop
Both the RAS of ideal, atomically flat Si~001! surfaces form-
ing (132), p(232), andc(234) reconstructions and o
defect structures, modelingSA , SB , andDB steps are inves-
tigated. Particular attention is paid to the origin of bul
related features in the optical spectra.

II. METHOD

The calculations have been carried out using the sa
method as in our recent studies on the optical propertie
vicinal Si~111!:H surfaces and III-V~001! growth
planes.24–26 In short, we use density-functional theory in th
local-density approximation~DFT-LDA! together with non-
local norm-conserving pseudopotentials27 to determine the
structurally relaxed ground state of the system. A massiv
parallel, real-space finite-difference method28 is used to deal
efficiently with the large surface unit cell and the many sta
required for the calculation of the dielectric function. A mu
tigrid technique is employed for convergence accelerati
The spacing of the finest grid used to represent the electr
wave functions and charge density was determined throu
series of bulk calculations. We find that structural and el
tronic properties are converged for a spacing of 0.238
©2001 The American Physical Society22-1
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This corresponds to an energy cutoff in plane-wave calc
tions of about 24 Ry. The calculations yield a bulk equili
rium lattice constant ofaeq55.378 Å and a bulk modulus o
B50.979 Mbar~experiment:29 5.43 Å and 0.96–0.99 Mbar!.
The calculated excitation energies suffer from the neglec
self-energy effects in DFT-LDA and are smaller than t
measured values: The calculated indirect band gap is 0.5
~room-temperature experiment:29 1.11 eV!. A similar under-
estimation of about 0.5 eV occurs for theE1 andE2 critical
points~CP’s! of the bulk band structure, for which we obta
3.0 and 3.8 eV, respectively. In order to compare the th
retical spectra with experiment we apply an upward rig
shift of 0.5 eV to the conduction bands and renormalize
momentum matrix elements accordingly.30 The results are in
agreement withGW calculations on Si surfaces.31,32The slab
polarizability calculated in the independent-particle appro
mation is used to calculate the RAS spectra.33,34Our study is
thus on the same level as other recentab initio studies of the
optical properties of Si surfaces.18,22,24

To model the step configurations we consider perio
supercells along the surface normal. They contain asymm
ric slabs, consisting of 11 atomic Si layers, separated by
Å of vacuum. The dangling bonds at the bottom layer
saturated with hydrogen. The investigated geometries w
carefully relaxed until all calculated forces were below
meV/Å. The atoms in the lowest two atomic layers were k
frozen in the ideal bulk configuration. Integrations in t
surface Brillouin zone~SBZ! for calculating the atomic and
electronic ground state of the system were performed u
two specialk points in the irreducible part.

The k-space sampling in calculating the dielectric fun
tion is of central importance for the quality of the surfa
optical spectra.35 Figure 1 shows the RAS calculated fo
Si(001)c(234) using uniformly distributedk points corre-
sponding to densities of 64, 256, and 1024 points in the
(131) SBZ. The figure shows that in particular the hig
energy features are not completely converged using the

FIG. 1. RAS spectra@Re$(r [1̄10]2r [110])/^r &%# calculated for
the Si(001)c(234) surface using uniform meshes ofk points cor-
responding to 64~dotted line!, 256 ~dashed line!, and 1024~solid
line! points in the full (131) surface Brillouin zone.
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k-point set. Therefore we used a sampling correspondin
1024 points for the ideal surfaces, and 576 and 784 poi
respectively, for the defect structures used to modelSA and
SB /DB steps. All conduction bands within 9 eV of the top
the valence bands were included in the calculation of
dielectric function.

III. RESULTS AND DISCUSSION

A. Flat surface

Clean Si~001! surfaces reconstruct due to the dimerizati
of the topmost atoms. The dimers are asymmetric, consis
of ansp2-like bonded ‘‘down’’ atom, which moves closer t
the plane of its three nearest neighbors, and an ‘‘up’’ ato
which moves away from the plane of its neighbors and p
sesses ans-like dangling bond. When the dimers buckle
the same direction, the surface periodicity remains (132). If
no pinning due to surface defects occurs, however, the di
tion of buckling alternates within each dimer row. This r
duces the energy due to relaxation of local stress and, po
bly, to improved electrostatics.36 Depending on the registry
of buckling in the neighboring dimer rows, this alternatio
leads top(232) or c(234) periodicities. We calculate an
energy gain of 56 meV per surface dimer for the transit
from the (132) to ap(232) reconstruction. A further low-
ering of the surface energy by 7 meV per dimer occurs
the transition from thep(232) to ac(234) surface. These
energy differences are in agreement with earlier studies~see,
e.g., Ref. 37! and of the same order of magnitude as t
thermal energykT, at room temperature~25 meV!. The sym-
metry of the dimer arrangement has some influence on
dimer geometry. Our calculations yield a buckling of 0.7
0.76, and 0.80 Å, respectively, for dimers forming (132),
p(232), andc(234) periodicities. These values are clo
to the ones obtained by Palummoet al.,22 but are somewha
larger than calculated by Kipp and co-workers.18

The RAS spectra calculated for (132), p(232), and
c(234) reconstructed Si~001! are shown in Fig. 2. The
spectrum for (132) is characterized by a pronounced min
mum at 1.4 eV, a rather broad negative anisotropy betw
2.5 and 4.0 eV and a maximum at 4.5 eV. Our results
consistent with previousab initio results.18,22

The alternating arrangement of the asymmetric dimers
a p(232) rather than a (132) structure leads to pro
nounced spectral changes. Two distinct minima appear,T1
at 1.7 eV andT3 at 3.6 eV, close to theE1 CP. The strong
influence of the dimer arrangement on the RAS is caused
the strong interdimer interactions at Si~001! surfaces. Com-
pared to, e.g., C~001! surfaces, intradimer hopping is les
important and the optical matrix elements are mostly de
mined by hopping through nearby dimers and subsurface
bitals, as discussed by Kresset al.20 The dimer-dimer inter-
action extends even beyond the dimer rows: differences
the RAS also appear in the spectra calculated forp(232)
andc(234) surfaces.T1 shifts from 1.7 to 1.8 eV and the
local minimum at 2.4 eV (R in Fig. 2! evolves into a shoul-
der. A new feature,T2, appears at 3.2 eV. The strong influ
ence of the dimer symmetry and arrangement on the R
2-2
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TERRACE AND STEP CONTRIBUTIONS TO THE . . . PHYSICAL REVIEW B 63 045322
spectra of Si~001! suggests to clarify the assumed low
temperature phase transition of this surface38 by means of
optical spectroscopy.

In order to determine the local origin of the spectral fe
tures we used a linear cutoff function to separate the con
butions to the RAS from electronic transitions within th
uppermost four atomic layers and from the bulklike laye
underneath. Figure 3 shows that surface-state related tr
tions are mainly responsible for the optical anisotropies
low the E1 CP energy. This holds in particular for the fe
turesR, T1, andT2. In bulk Si there are no direct transition
below 3.4 eV, therefore no bulk-state contributions to
RAS appear for low energies. Surface modified bulk wa
functions are mainly responsible forT3 and two maxima
below and above theE2 CP energy. These maxima depe

FIG. 2. RAS spectra@Re$(r [1̄10]2r [110])/^r &%# calculated for
the Si(001)(132), p(232), andc(234) surfaces. Dashed line
mark the positions of bulk critical point energies.

FIG. 3. Surface~solid lines! and bulk contributions~dashed
lines! to the calculated RAS for the Si(001)(132), p(232), and
c(234) surfaces~see text!.
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only little on the surface symmetry and appear for (132),
p(232), andc(234) periodicities.

The appearance of optical anisotropies which arenot re-
lated to transitions between surface states has led to co
versial discussions. Recently, it has been suggested that
surface stress due to the dimerization of the surface at
may be largely responsible for RAS contributions fro
deeper layers.12 We performed additional calculations in o
der to investigate the influence of surface stress on the o
cal spectra. First, we study a Si(001)c(234) geometry
where only the uppermost two atomic layers were allowed
relax, and the remaining atoms occupy their ideal bulk po
tions. Such an artificial structure is higher in energy by 2
meV per dimer compared to the fully relaxed configuratio
The dimer buckling is reduced by 0.04 Å. Figure 4 shows
RAS spectrum of the configuration with surface-restrict
relaxation~dashed lines! in comparison with the results fo
the fully relaxed geometry~solid lines!. The surface-related
RAS minimumT1 becomes more pronounced and shifts
1.6 eV. The restriction of the relaxation leads, furthermo
to a modification of theT2 andT3 features. Small modifi-
cations occur also for the RAS arising from electronic tra
sitions below the uppermost four atomic layers.

A second possibility to probe the influence of surfa
stress on the optical spectra consists of slightly changing
lateral dimensions of the surface unit cell. The dimeriz
surface feels stretched along the dimer bonds and c
pressed across the dimer rows.36 Accordingly, we relax the
Si(001)c(234) surface in a unit cell whose lateral dime
sions are shrunk/enlarged by 0.5 % along@110#/@ 1̄10#. The
RAS spectra calculated for this configuration are shown
dotted lines in Fig. 4. The optical anisotropies arising fro

FIG. 4. RAS for the Si(001)c(234) surface, calculated for the
fully relaxed configuration~solid lines! in comparison to calcula-
tions for a geometry where the relaxation was restricted to the
permost two atomic layers~dashed lines!. Spectra calculated for an
anisotropically strained slab~see text! are shown by dotted lines
Shown are contributions to the RAS from electronic transitio
within the uppermost four atomic layers, from the layers und
neath, and the total signal.
2-3
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subsurface transitions are slightly affected. In particular
T3 feature is enhanced. It may thus be partially attributed
reconstruction-induced stress in the layers beneath the
face. Our results show that both the structural relaxation
the bulk and anisotropic strain fields modify the bulk-relat
optical anisotropy. Its salient features, however, are not
fected. This indicates that, at least in the case studied h
the anisotropic surface potential induces optical anisotro
in the bulk via a pure electronic coupling.

The comparison of the calculated spectra with experim
tal data is not straightforward. On the one hand, due to
size of the systems studied here, excitonic effects39 are com-
pletely neglected. Self-energy corrections of the opti
spectra3,4 are crudely approximated by a scissors opera
Some error cancellation may be expected, though, since R
spectra are difference spectra, and, furthermore, normal
to the bulk dielectric function. On the other hand, there
experimental limitations. The magnitude of the measured
flectance anisotropy8,13,15,18is only about half as large as th
calculated signal. That may be related to some cancella
of anisotropy signals from (132) and (231) domains in
the experiments. Temperature effects and sample impe
tions neglected in our calculation also reduce the meas
anisotropy signal. Additionally, the experimental spectra
clearly dependent on the surface preparation. This is obv
from Fig. 5, where we compiled data measured by four d
ferent groups for clean Si~001! surfaces. Shioda and van d
Weide13 obtained their data from a highly oriented surfac
prepared by an electromigration technique, resulting in la
terraces covered with uniformly oriented dimers. Jalov
et al.8 prepared highly oriented Si~001! samples using a
straining method, which also resulted in a low step den
combined with a high population asymmetry between
(231) and (132) terraces. Kippet al.,18 as well as Yasuda
and co-workers,15 on the other hand, realized the populati
asymmetry between the (231) and (132) terraces on the
Si~001! surface by using 4° vicinal samples.

FIG. 5. RAS spectra@Re$(r [1̄10]2r [110])/^r &%# measured for the
clean Si~001! surfaces. The data~a!, ~b!, ~c!, and~d! are taken from
Refs. 13, 8, 18, and 15, respectively. Dashed lines mark the p
tions of bulk critical point energies.
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All experimental spectra show common features, such
a maximum at or close to theE2 CP energy and negativ
anisotropies around theE1 energy. However, there are als
differences. The spectra obtained from vicinal samples h
a minimum around 3 eV~denotedS in Fig. 5!. Since hydro-
gen exposure influences line shape and energetic positio
that feature, Mantese and co-workers7 concluded thatS is
related to dimer dangling bonds. Such an interpretation d
not explain, however, why the feature does not appear in
spectra measured for highly oriented samples.8,13 The latter,
instead, are characterized by minima at 1.6, 3.1, and 3.6
(T1, T2, andT3 in Fig. 5!.

Comparing the RAS calculated for (132), p(232), and
c(234) reconstructed surfaces in Fig. 2 with the experime
tal curves~a! and ~b! in Fig. 5, we find that the calculate
anisotropy forc(234) surfaces agrees best with the anis
ropy measured for highly oriented samples. The experim
tal featuresT123 are reproduced. The agreement is not p
fect, however. The calculations yield two maxima at 4.2 a
4.5 eV, rather than the single maximum close to theE1 en-
ergy observed experimentally. Figure 1 shows that this sp
ting occurs only for calculations with a highk-point density.
Such a splitting may be observable at low temperatures
recently demonstrated for InP~001! surfaces.3 The experi-
ments on Si~001! were performed at room temperature. W
cannot exclude, however, that it is simply an artifact of o
theoretical and computational limitations.

The spectrum calculated forp(232) surfaces fits the ex
perimental curves~a! and~b! in Fig. 5 somewhat worse tha
thec~234! results. It shows a minimum at 2.4 eV (R in Fig.
2! which is not observed experimentally. The calculations
p(232) also fail to reproduce the measuredT2 feature.

In Ref. 13 it was argued that surface steps on vici
surfaces suppress the formation of surface reconstruct
larger than (132) and are thus responsible for the spect
differences between highly oriented and miscut samples.
deed, steps on Si~001! act as pinning centers for the dime
buckling and thus influence the surface reconstruction.36 The
agreement between the experimental data for vici
samples, curves~c! and ~d! in Fig. 5, and calculations for
(132) periodicities is poor, however. If the (132) symme-
try were stabilized versus larger reconstructions by surf
steps, the spectrum calculated for (132) surfaces should
show features characteristic for vicinal surfaces, such as
minimumSat 3 eV. This is not the case, however. Therefo
it seems likely that surface steps are directly responsible
S, rather than via their influence on the terrace reconstr
tion.

B. Surface steps

According to the nomenclature introduced by Chad40

Si~001! steps are classified into monatomic ‘‘S’’ ~single!
steps and biatomic ‘‘D ’’ ~double! steps. Both types are sub
divided into A and B classes, depending on whether t
dimers on the upper terrace are perpendicular or paralle
the step edge. Monoatomic steps separate (132) and
(231) domains of dimerization, thereforeSA and SB steps
alternate.SA steps do not require the formation of new or t

si-
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TERRACE AND STEP CONTRIBUTIONS TO THE . . . PHYSICAL REVIEW B 63 045322
breaking of existing bonds.SB steps, however, are mor
complicated and exist in three variations. All three types
observed in scanning tunneling microscopy, even though
rebonded version has the lowest formation energy.36 The
commonly observed biatomic steps are of typeB and reb-
onded. The step height depends on the temperature and
orientation. Surface steps have monatomic height belo
miscut angleu of 122°. For larger miscuts more and mo
biatomic steps are observed. The steps are almost exclus
biatomic foru exceeding 628°.36

In the present study we focus on the three most commo
observed step configurations:SA steps and rebonded steps
type SB andDB . SinceSA andSB steps cannot be separate
on tilted surfaces, we model the steps as dimer-vaca
structures on ‘‘flat’’ surfaces, where they alternately ra
and lower the terrace height. Figure 6 shows the conside
defect structures. All possible symmetries for the arran
ment of buckled dimers in the given surface periodicit
were probed. The relaxed geometries shown in Fig. 6 co
spond to the lowest-energy configurations. For reason
computer capacity we restrict ourselves to high step de
ties. Typical experimental step separations are obviou
larger than what can presently be modeled inab initio cal-
culations. Assuming double-layer steps, the step separa
for a miscut angleu of 6° is about twice as large as th
distance modeled here. The relaxation of step-induced
face stress extends more than 40 atomic layers into the
material,41 much deeper than the 11 layers considered in
study. In Ref. 8 it was noted, however, that the step-indu
anisotropy signal for Si~001! depends nearly linearly on th
step density. A similar dependence was earlier obtained
Si~111!: H vicinally cut toward@112̄#.6 This indicates that

FIG. 6. Top view of dimer-vacancy structures used to mo
SA , SB , and DB surface steps of Si~001!. The size of the circles
indicates their height. Arrows indicate dimer ‘‘up’’ atoms. Dotte
lines mark the in-plane periodicity used in the calculation.
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the geometric details of the surface steps as well as t
interaction are of minor importance for the optical anis
ropy. Therefore, it can be expected that our calculations
be extrapolated to allow for a meaningful comparison w
the measured data, simply by scaling the RAS intensity w
the step density.

Figure 7 shows the RAS spectra calculated for the th
defect structures used to modelSA , SB , andDB steps. De-
spite the different geometries, all three structures give ris
rather similar spectra, characterized by a broad negative
isotropy between 2 and 3.5 eV. Separating the contributi
to the RAS from transitions between surface- and bu
localized wave functions, we find that both contribute to th
particular line shape. That is demonstrated for theSA step in
Fig. 8. Also shown are calculations for the same defect str
ture, but allowing only the uppermost three layers to rel
The relaxation of the deeper layers influences the bu
related anisotropies slightly for energies above theE1 CP.
The overall dependence of the RAS signal on the stress
laxation is weak, however. That posteriorly justifies our
tempt to calculate step-induced optical anisotropies w
atomic slabs containing only 11 atomic layers.

The spectra calculated for the defect structures of Fig
cannot immediately be compared with experiment, as
contributions from the upper and lower ‘‘terraces’’ do n
cancel in case of theSA and DB steps. We use the result
obtained for flat Si~001! surface to account for the uneve
size distributions of lower and upper terraces. The correc
spectra are then divided by two, since there are two ‘‘step
contained in each defect structure. In such a way we ob
the actual step-generated RAS signal, which is compa
with the experimental findings8 in Fig. 9. Given the limita-
tions of our study discussed above, the comparison is g
fying. In agreement with experiment we find that surfa
steps on Si~001! give rise to a broad negative anisotrop
below theE1 CP energy, with a minimum at around 3 eV

l

FIG. 7. RAS spectra@Re$(r [1̄10]2r [110])/^r &%# calculated for
the dimer-vacancy structures shown in Fig. 6. For comparison
the spectrum calculated for the flat Si(001)c(234) surface is
shown.
2-5
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W. G. SCHMIDT, F. BECHSTEDT, AND J. BERNHOLC PHYSICAL REVIEW B63 045322
Experimentally a positive anisotropy between 3.5 and 4
is observed for miscut angles larger than 4°. A similar fe
ture appears in the calculation forDB steps. As biatomic
steps form for larger miscuts only, the observed change
the measured line shape with vicinality finds a natural exp
nation. The calculations do not explain, though, the sh
feature at 3.4 eV observed in Ref. 8. The procedure of s
tracting the terrace contribution from the overall anisotro
which was used to isolate the step-generated RAS in Re
is not really well defined, however. We speculate that
feature at 3.4 eV is an artifact of the local minimum betwe
the terrace featuresT2 andT3 ~cf. Figs. 2 and 5!, rather than
related to surface steps.

IV. SUMMARY

We presented a comprehensiveab initio study of the op-
tical anisotropy of clean Si~001! surfaces. Flat (132),
p(232), andc(234) reconstructed surfaces as well as d
fect structures modelingSA , SB , andDB steps were consid
ered. Our results for flat surfaces agree well with expe
ments performed on highly oriented samples. A remarka
large influence of the dimer symmetry on the RAS is foun

FIG. 8. RAS for the dimer vacancy structure used to model
SA step, calculated for both the fully relaxed configuration~solid
lines! and for a geometry where the relaxation was restricted to
uppermost three atomic layers~dashed lines!. Shown are contribu-
tions to the RAS from electronic transitions within the upperm
four atomic layers, from the layers underneath, and the total sig
d

v
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The measured data can be best explained by the calcula
for c(234) reconstructed surfaces. Electronic transitio
both directly at the surface as well as from bulk layers co
tribute to the signal. The latter contributions are somew
related to the relaxation of surface-induced stress but
mainly caused by the influence of the anisotropic surfa
potential on the bulk wave functions. Step contributions
the RAS have to be taken into account in order to underst
data measured for vicinal surfaces. Both monatomic and
atomic steps generate a broad RAS feature at 3 eV. We
that the optical anisotropy induced by rebondedDB steps is
somewhat larger than the one caused by single layer step
type SA or SB , in particular above theE1 energy.
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