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Terrace and step contributions to the optical anisotropy of S(001) surfaces

W. G. Schmidt and F. Bechstedt
IFTO, Friedrich-Schiller-Universitg 07743 Jena, Max-Wien-Platz 1, Germany

J. Bernholc
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202
(Received 5 June 2000; published 9 January 2001

The contributions of atomically flat terraces as well aSgf Sz, andDg steps to the optical anisotropy of
Si(001) surfaces have been calculated using a real-space multigrid method togethabhiniitio pseudopo-
tentials. Our results for ideal (42), p(2X2), andc(2X4) reconstructed surfaces show a distinct influence
of the dimer arrangement on the optical spectra. The calculated spectrum for the §j@%¥4) 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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. INTRODUCTION ab initio studie$"?? arrive at different conclusions for the
optical anisotropy of ideal 8101) surfaces. The influence of
The optical spectroscopy of surfaces, in particular reflecsurface steps on the optical anisotropy of081) is unre-
tance anisotropy spectroscopy or reflectance difference spegolved. Some studig%'®suggest that steps play only a minor
troscopy (RAS/RDS, is an extremely versatile tool of sur- role for the optical anisotropy. Other authdt3find a sub-
face analysid? Thanks to the development of both Stantial step-induced contribution to the optical signal. Step
computational techniques and resources it is now possible ggPntributions to the RAS may be related to the influence of
calculate anisotropy spectra frdiirst principlesin quantita- the surfgce steps on the reconstruction Qf the terraces as as-
tive agreement with the measured d3taSuch calculations Sumed in Ref. 13, to the changed bonding configuration of
are very involved, however, and have by now been restrictef€ steps themselves, as hypothesized in Ref. 8, or to transi-
to ideal surfaces. Realistic surfaces, and growth structures f#ons between bulk wave functions, modified by surface
particular, however, are characterized by defects such as sufeps, as recently found for($L1):H surfaces. B
face steps, which give rise to distinct optical anisotrofids. N the present study we clarify this issue usifigst-
The theoretical description of these step-related opticaPfinciples calculations of the surface optical anisotropy.
anisotropies is therefore important in the context of the corBoth the RAS of ideal, atomically flat &l01) surfaces form-
rect interpretation of RAS spectra measured during growthing (1X2), p(2x2), andc(2Xx4) reconstructions and of
Apart from the assignment of structural features to opticadefect structures, modelir§, , Sg, andDg steps are inves-
fingerprints, which can be greatly assisted by calculationstigated. Particular attention is paid to the origin of bulk-
there is also a more fundamental interest in an accurate th&elated features in the optical spectra.
oretical description of RAS. While the contributions of tran-
sitions between electronic surface states to the anisotropy
signal are now well understoddhere remain open questions
concerning the origin of bulk-related features in the spectra The calculations have been carried out using the same
(see, e.g., Ref.)9A dynamic photon-induced localization of method as in our recent studies on the optical properties of
the initial and final states was suggested to account for ansicinal Si(111):H surfaces and [lI-¥001) growth
isotropy signals close to the bulk critical poifCP)  planes*~%In short, we use density-functional theory in the
energies? Also the quenching of bulk-state wave functions local-density approximatiofDFT-LDA) together with non-
near the surface was made responsible for such péakslocal norm-conserving pseudopotentfalso determine the
Hingerl et al!? relate RAS features arising from bulk layers structurally relaxed ground state of the system. A massively
to inequivalent atomic displacements induced by anisotropiparallel, real-space finite-difference metfdis used to deal
surface stress. efficiently with the large surface unit cell and the many states
The optical anisotropy of the @01) surface has been required for the calculation of the dielectric function. A mul-
intensively studied by both experiméfAt®~*® and tigrid technique is employed for convergence acceleration.
theory®2%due to its technological importance and its model The spacing of the finest grid used to represent the electronic
character for semiconductor surface science. The understandiave functions and charge density was determined through a
ing of the origins of particular features in the RAS of(&l1) series of bulk calculations. We find that structural and elec-
is limited, however, in spite of these efforts. Two recenttronic properties are converged for a spacing of 0.238 A.

II. METHOD
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k-point set. Therefore we used a sampling corresponding to
1024 points for the ideal surfaces, and 576 and 784 points,

0.01 1 respectively, for the defect structures used to m&jeand
Sg/Dg steps. All conduction bands within 9 eV of the top of
AL the valence bands were included in the calculation of the
i dielectric function.
5ol -
Ill. RESULTS AND DISCUSSION
A. Flat surface
001 L 4 Clean S({001) surfaces reconstruct due to the dimerization

of the topmost atoms. The dimers are asymmetric, consisting
. . . . of ansp?-like bonded “down” atom, which moves closer to
1 P 3 4 5 the plane of its three nearest neighbors, and an “up” atom,
Energy [eV] which moves away from the plane of its neighbors and pos-
sesses as-like dangling bond. When the dimers buckle in
FIG. 1. RAS spectrd Re{(r110—r110)/(r)}] calculated for  the same direction, the surface periodicity remaing 2). If
the Si(001p(2x4) surface using uniform mesheslofpoints cor-  no pinning due to surface defects occurs, however, the direc-
responding to 64dotted ling, 256 (dashed ling and 1024(solid  tion of buckling alternates within each dimer row. This re-
line) points in the full (1x1) surface Brillouin zone. duces the energy due to relaxation of local stress and, possi-
bly, to improved electrostatic§. Depending on the registry
This corresponds to an energy cutoff in plane-wave calculaof buckling in the neighboring dimer rows, this alternation
tions of about 24 Ry. The calculations yield a bulk equilib- Ieads top(2Xx2) or c(2Xx4) periodicities. We calculate an
rium lattice constant ofi.q=5.378 A and a bulk modulus of energy gain of 56 meV per surface dimer for the transition
B=0.979 Mbar(experiment® 5.43 A and 0.96-0.99 Mbar  from the (1x2) to ap(2X2) reconstruction. A further low-
The calculated excitation energies suffer from the neglect o€ring of the surface energy by 7 meV per dimer occurs for
self-energy effects in DFT-LDA and are smaller than thethe transition from the(2x2) to ac(2x4) surface. These
measured values: The calculated indirect band gap is 0.58 e&nergy differences are in agreement with earlier stugies,
(room-temperature experimefit1.11 e\j. A similar under-  €.g., Ref. 37 and of the same order of magnitude as the
estimation of about 0.5 eV occurs for thkg andE, critical ~ thermal energkT, at room temperaturé@5 me\). The sym-
points(CP’s) of the bulk band structure, for which we obtain metry of the dimer arrangement has some influence on the
3.0 and 3.8 eV, respectively. In order to compare the theodimer geometry. Our calculations yield a buckling of 0.74,
retical spectra with experiment we apply an upward rigid0.76, and 0.80 A, respectively, for dimers forming(2),
shift of 0.5 eV to the conduction bands and renormalize thep(2X2), andc(2x4) periodicities. These values are close
momentum matrix elements accordingiyThe results are in  to the ones obtained by Palumnabal,? but are somewhat
agreement witltG W calculations on Si surfacé&32The slab  larger than calculated by Kipp and co-workefs.
polarizability calculated in the independent-particle approxi- The RAS spectra calculated for X12), p(2x2), and
mation is used to calculate the RAS spec¢fr¥' Our study is  ¢(2X4) reconstructed 801) are shown in Fig. 2. The
thus on the same level as other recantinitio studies of the spectrum for (X 2) is characterized by a pronounced mini-
optical properties of Si surfacé$2224 mum at 1.4 eV, a rather broad negative anisotropy between
To model the step configurations we consider periodi2.5 and 4.0 eV and a maximum at 4.5 eV. Our results are
supercells along the surface normal. They contain asymmetonsistent with previouab initio results'®%
ric slabs, consisting of 11 atomic Si layers, separated by 12 The alternating arrangement of the asymmetric dimers in
A of vacuum. The dangling bonds at the bottom layer area p(2x2) rather than a (%X2) structure leads to pro-
saturated with hydrogen. The investigated geometries wereounced spectral changes. Two distinct minima appEear,
carefully relaxed until all calculated forces were below 10at 1.7 eV andl'3 at 3.6 eV, close to th&; CP. The strong
meV/A. The atoms in the lowest two atomic layers were keptinfluence of the dimer arrangement on the RAS is caused by
frozen in the ideal bulk configuration. Integrations in thethe strong interdimer interactions at(@)1) surfaces. Com-
surface Brillouin zongSB2) for calculating the atomic and pared to, e.g., ©01 surfaces, intradimer hopping is less
electronic ground state of the system were performed usingnportant and the optical matrix elements are mostly deter-
two specialk points in the irreducible part. mined by hopping through nearby dimers and subsurface or-
The k-space sampling in calculating the dielectric func-bitals, as discussed by Kreesal?° The dimer-dimer inter-
tion is of central importance for the quality of the surfaceaction extends even beyond the dimer rows: differences in
optical spectrd® Figure 1 shows the RAS calculated for the RAS also appear in the spectra calculatedpigx 2)
Si(001)x(2x4) using uniformly distributeck points corre- andc(2x4) surfacesT1 shifts from 1.7 to 1.8 eV and the
sponding to densities of 64, 256, and 1024 points in the fullocal minimum at 2.4 eVR in Fig. 2) evolves into a shoul-
(1x1) SBZ. The figure shows that in particular the high-der. A new featureT2, appears at 3.2 eV. The strong influ-
energy features are not completely converged using the 258nce of the dimer symmetry and arrangement on the RAS
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FIG. 2. RAS spectrd Re{(r 110~ r110)/(r)}] calculated for FIG. 4. RAS for the Si(001)(2Xx 4) surface, calculated for the
the Si(001)(1x2), p(2X2), andc(2x4) surfaces. Dashed lines fully relaxed configuration(solid lineg in comparison to calcula-
mark the positions of bulk critical point energies. tions for a geometry where the relaxation was restricted to the up-

permost two atomic layer&ashed lines Spectra calculated for an
anisotropically strained slatsee text are shown by dotted lines.
Shown are contributions to the RAS from electronic transitions
within the uppermost four atomic layers, from the layers under-
neath, and the total signal.

spectra of §001) suggests to clarify the assumed low-
temperature phase transition of this surfidey means of
optical spectroscopy.

In order to determine the local origin of the spectral fea-
tures we used a linear cutoff function to separate the contri-
butions to the RAS from electronic transitions within the only little on the surface symmetry and appear fo<(@@),
uppermost four atomic layers and from the bulklike layersp(2X2), andc(2x4) periodicities.
underneath. Figure 3 shows that surface-state related transi- The appearance of optical anisotropies which raoere-
tions are mainly responsible for the optical anisotropies belated to transitions between surface states has led to contro-
low the E; CP energy. This holds in particular for the fea- versial discussions. Recently, it has been suggested that sub-
turesR, T1, andT2. In bulk Si there are no direct transitions surface stress due to the dimerization of the surface atoms
below 3.4 eV, therefore no bulk-state contributions to themay be largely responsible for RAS contributions from
RAS appear for low energies. Surface modified bulk wavedeeper layers? We performed additional calculations in or-
functions are mainly responsible far3 and two maxima der to investigate the influence of surface stress on the opti-
below and above th&, CP energy. These maxima dependcal spectra. First, we study a Si(0@{2X4) geometry

where only the uppermost two atomic layers were allowed to
, , , , , , , relax, and the remaining atoms occupy their ideal bulk posi-
tions. Such an artificial structure is higher in energy by 221
meV per dimer compared to the fully relaxed configuration.
The dimer buckling is reduced by 0.04 A. Figure 4 shows the
RAS spectrum of the configuration with surface-restricted
relaxation(dashed lingsin comparison with the results for
the fully relaxed geometrysolid lineg. The surface-related
RAS minimumT1 becomes more pronounced and shifts to
1.6 eV. The restriction of the relaxation leads, furthermore,
to a modification of theT2 andT3 features. Small modifi-
cations occur also for the RAS arising from electronic tran-
sitions below the uppermost four atomic layers.

A second possibility to probe the influence of surface
stress on the optical spectra consists of slightly changing the
lateral dimensions of the surface unit cell. The dimerized
L . ' . ' . L surface feels stretched along the dimer bonds and com-
pressed across the dimer rotsAccordingly, we relax the
Si(001)(2x4) surface in a unit cell whose lateral dimen-
FIG. 3. Surface(solid lines and bulk contributions(dashed  Sions are shrunk/enlarged by 0.5 % algrid.0]/[110]. The

lines) to the calculated RAS for the Si(001)k2), p(2x2), and RAS spectra calculated for this configuration are shown by
c(2x4) surfaceqsee text dotted lines in Fig. 4. The optical anisotropies arising from
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' ' ' All experimental spectra show common features, such as
a maximum at or close to thE, CP energy and negative
anisotropies around thé; energy. However, there are also
differences. The spectra obtained from vicinal samples have
a minimum around 3 eVdenotedSin Fig. 5. Since hydro-
gen exposure influences line shape and energetic position of
that feature, Mantese and co-worKeoncluded thatS is
related to dimer dangling bonds. Such an interpretation does
not explain, however, why the feature does not appear in the
spectra measured for highly oriented sampfEsThe latter,
instead, are characterized by minima at 1.6, 3.1, and 3.6 eV
(T1, T2, andT3 in Fig. 5.

Comparing the RAS calculated for K12), p(2x2), and
c(2X4) reconstructed surfaces in Fig. 2 with the experimen-
tal curves(a) and (b) in Fig. 5, we find that the calculated
6 anisotropy forc(2x4) surfaces agrees best with the anisot-

Energy [eV] ropy measured for highly oriented samples. The experimen-
tal featuresT1— 3 are reproduced. The agreement is not per-

FIG. 5. RAS spectr@Re{(r 110~ 110)/(r)}] measured forthe - toc however. The calculations yield two maxima at 4.2 and
clean S{001) surfaces. The dat), (b), (c), and(d) are taken from 4 5 o\/ rather than the single maximum close to Eqeen-
55;2' olfaty)jl'( iﬁ’tifgldp(l)?n’trzssfgcig\;ely' Dashed lines mark the pOst'érgy observed experimentally. Figure 1 shows that this split-

' ting occurs only for calculations with a hidxpoint density.

subsurface transitions are slightly affected. In particular theéSuch a splitting may be observable at low temperatures, as
T3 feature is enhanced. It may thus be partially attributed tgecently demonstrated for 14801 surfaces’ The experi-
reconstruction-induced stress in the layers beneath the suments on S001) were performed at room temperature. We
face. Our results show that both the structural relaxation irfannot exclude, however, that it is simply an artifact of our
the bulk and anisotropic strain fields modify the bulk-relatedtheoretical and computational limitations.
optical anisotropy. Its salient features, however, are not af- The spectrum calculated f@(2x2) surfaces fits the ex-
fected. This indicates that, at least in the case studied hergerimental curvega) and(b) in Fig. 5 somewhat worse than
the anisotropic surface potential induces optical anisotropiefie ¢(2x4) results. It shows a minimum at 2.4 eR (n Fig.
in the bulk via a pure electronic coupling. 2) which is not observed experimentally. The calculations for
The comparison of the calculated spectra with experimenP(2X2) also fail to reproduce the measuréd feature.
tal data is not straightforward. On the one hand, due to the In Ref. 13 it was argued that surface steps on vicinal
size of the systems studied here, excitonic efféase com-  surfaces suppress the formation of surface reconstructions
pletely neglected. Self-energy corrections of the opticalarger than (%2) and are thus responsible for the spectral
spectrd® are crudely approximated by a scissors operatordifferences between highly oriented and miscut samples. In-
Some error cancellation may be expected, though, since RAgeed, steps on @01 act as pinning centers for the dimer
spectra are difference spectra, and, furthermore, normalize@Hickling and thus influence the surface reconstructioihe
to the bulk dielectric function. On the other hand, there areagreement between the experimental data for vicinal
experimental limitations. The magnitude of the measured resamples, curvesc) and (d) in Fig. 5, and calculations for
flectance anisotrofy*%8s only about half as large as the (1x2) periodicities is poor, however. If the §2) symme-
calculated signal. That may be related to some cancellatiolfy were stabilized versus larger reconstructions by surface
of anisotropy signals from (£2) and (2<1) domains in steps, the spectrum calculated forX2) surfaces should
the experiments. Temperature effects and sample imperfeshow features characteristic for vicinal surfaces, such as the
tions neglected in our calculation also reduce the measure@inimumSat 3 eV. This is not the case, however. Therefore
anisotropy signal. Additionally, the experimental spectra ardt seems likely that surface steps are directly responsible for
clearly dependent on the surface preparation. This is obviouS rather than via their influence on the terrace reconstruc-
from Fig. 5, where we compiled data measured by four dif-tion.
ferent groups for clean &01) surfaces. Shioda and van der
Weide” obtained their data from a highly oriented surface,
prepared by an electromigration technique, resulting in large
terraces covered with uniformly oriented dimers. Jaloviar According to the nomenclature introduced by CH&di,
et al® prepared highly oriented ®01) samples using a Si(001) steps are classified into monatomicS™ (single
straining method, which also resulted in a low step densitysteps and biatomicD” (double steps. Both types are sub-
combined with a high population asymmetry between thelivided into A and B classes, depending on whether the
(2x1) and (1x 2) terraces. Kipget al.*® as well as Yasuda dimers on the upper terrace are perpendicular or parallel to
and co-workerg? on the other hand, realized the populationthe step edge. Monoatomic steps separatex 21l and
asymmetry between the §21) and (1x 2) terraces on the (2X1) domains of dimerization, therefo®, and Sy steps
Si(001) surface by using 4° vicinal samples. alternate S, steps do not require the formation of new or the

Arfr
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FIG. 7. RAS spectrd Re{(r 110~ r110)/(r)}] calculated for
the dimer-vacancy structures shown in Fig. 6. For comparison also
the spectrum calculated for the flat Si(00@2x4) surface is
shown.

FIG. 6. Top view of dimer-vacancy structures used to model
Sa, Sg, andDjg surface steps of §101). The size of the circles the geometric details of the surface steps as well as their
indicates their height. Arrows indicate dimer “up” atoms. Dotted jnteraction are of minor importance for the optical anisot-
lines mark the in-plane periodicity used in the calculation. ropy. Therefore, it can be expected that our calculations can

. o be extrapolated to allow for a meaningful comparison with

breaking of existing bondsSg steps, however, are more the measured data, simply by scaling the RAS intensity with
complicated and exist in three variations. All three types argpe step density.
observed in scanning tunneling microscopy, even though the Figure 7 shows the RAS spectra calculated for the three
rebonded version has the lowest formation enéfgyhe defect structures used to mod®|, Sz, andDg steps. De-
commonly observed biatomic steps are of typend reb-  gpjte the different geometries, all three structures give rise to
onded. The step height depends on the temperature and Miggther similar spectra, characterized by a broad negative an-
orientation. Surface steps have monatomic height below otropy between 2 and 3.5 eV. Separating the contributions
miscut angled of 1—2°. For larger miscuts more and more to the RAS from transitions between surface- and bulk-
biatomic steps are observed. The steps are almost exclusiveycalized wave functions, we find that both contribute to that
biatomic for 6 exceeding 6-8°%° particular line shape. That is demonstrated for $hestep in

In the present study we focus on the three most commonly:ig. 8. Also shown are calculations for the same defect struc-
observed step configuratior; steps and rebonded steps of tyre, but allowing only the uppermost three layers to relax.
type Sg andDg . SinceS, andSg steps cannot be separated The relaxation of the deeper layers influences the bulk-
on tilted surfaces, we model the steps as dimer-vacancys|ated anisotropies slightly for energies above EheCP.
structures on “flat” Surfaces, where they alternately raise’The Overa” dependence of the RAS Signa| on the stress re-
and lower the terrace height. Figure 6 shows the consideregxation is weak, however. That posteriorly justifies our at-
defect structures. All possible symmetries for the arrangetempt to calculate step-induced optical anisotropies with
ment of buckled dimers in the given surface periOdiCitieSatomiC slabs Containing 0n|y 11 atomic |ayersl
were probed. The relaxed geometries shown in Fig. 6 corre- The spectra calculated for the defect structures of Fig. 6
spond to the lowest-energy configurations. For reasons Qfannot immediately be compared with experiment, as the
computer capacity we restrict ourselves to high step denskontributions from the upper and lower “terraces” do not
ties. Typical experimental step separations are obviouslyancel in case of th&, and Dy steps. We use the results
larger than what can presently be modeledaninitio cal-  gptained for flat SD01) surface to account for the uneven
culations. Assuming double-layer steps, the step separatiafize distributions of lower and upper terraces. The corrected
for a miscut angled of 6° is about twice as large as the gpectra are then divided by two, since there are two “steps”
distance modeled here. The relaxation of step-induced Sukontained in each defect structure. In such a way we obtain
face stress extends more than 40 atomic Iayers into the bUHﬁe actual Step_generated RAS SignaL which is Compared
material{* much deeper than the 11 layers considered in ougith the experimental findingsin Fig. 9. Given the limita-
study. In Ref. 8 it was noted, however, that the step-inducegions of our study discussed above, the comparison is grati-
anisotropy signal for $001) depends nearly linearly on the fying. In agreement with experiment we find that surface
step density. A similar dependence was earlier obtained fo§teps on $D01) give rise to a broad negative anisotropy
Si(111): H vicinally cut toward[112].° This indicates that below theE; CP energy, with a minimum at around 3 eV.
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FIG. 8. RAS for the dimer vacancy structure used to model the g, g Upper panel: Step-induced optical anisotropy
SA step, calculated for both the fully relaxgd configuraF(snIid [Re{(r 1101~ F{120)/{r)}] calculated forS,, Sz, and Dg steps.
lines) and for a geometry where the relaxation was restricted to thg qyer panel: Step-induced optical anisotropy measured for differ-
uppermost three atomic layefdashed lines Shown are contribu-  ant miscut angles as given in Ref. 8. Theoretical and experimental

tions to the RAS from electronic transitions within the uppermostgata refer to steps only. Terrace contributions have been subtracted
four atomic layers, from the layers underneath, and the total signalsee texy

_Expenmentally a posmve anisotropy betwetzn 3'5. af‘d 4 evI'he measured data can be best explained by the calculations
is observed for miscut angles larger than 4°. A similar fea-

. . ; .~ for c(2x4) reconstructed surfaces. Electronic transitions
ture appears in the calculation f@g steps. As biatomic :
thh directly at the surface as well as from bulk layers con-

steps form for !arger miscuts o_nl_y, the t_)bserved changes Fhibute to the signal. The latter contributions are somewhat
the measured line shape with vicinality finds a natural expla-

. . . related to the relaxation of surface-induced stress but are
nation. The calculations do not explain, though, the sharp - . . )
. mainly caused by the influence of the anisotropic surface
feature at 3.4 eV observed in Ref. 8. The procedure of sub- . . "
. o . potential on the bulk wave functions. Step contributions to
tracting the terrace contribution from the overall anisotropy

which was used to isolate the step-generated RAS in Ref E§he RAS have to be taken into account in order to understand

is not really well defined, however. We speculate that thedata measured for vicinal surfaces. Both monatomic and bi-

feature at 3.4 eV is an artifact of the local minimum betweenatomlc steps generate a broad RAS featlre at 3 eV. We find

the terrace featureB2 andT3 (cf. Figs. 2 and § rather than that the optical anisotropy induced by rebo_nc[elgi steps Is
somewhat larger than the one caused by single layer steps of
related to surface steps.

type S, or Sg, in particular above th&, energy.

IV. SUMMARY
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