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Using a real-space multigrid method aal initio pseudopotentials we calculated the reflectance
anisotropy spectra fgq001) growth structures of GaP and InP as well as for steppéblHiH and
hydrogenated $110 surfaces. Our results, obtained within DFT-LDA, show good qualitative
agreement with recent experiments. Further improvement is achieved by using a numerically
efficient GW approach with approximations for local-field effects and dynamical screening. We find
the contributions to the anisotropy signal related either directly to surface states or to transitions
between surface-perturbed bulk wave functions. Our results demonstrate the high sensitivity of RAS
to the surface structure and chemistry and show that the optical transitions causing the anisotropy
signal take place mainly in a few uppermost atomic layers of the substrat€000® American
Vacuum Society.S0734-211X00)04104-4

[. INTRODUCTION bate. The theoretical description of these step-related optical

ical has b . | of anisotropies is important for a correct interpretation of RAS
Optical spectroscopy has become an important tool o Suré,pectra measured during growth and contributes also to a

face analysis in the last years due to its high sensitivity an%ore complete understanding of the origin of RAS in gen-
in situ applicability} In particular, reflectance anisotropy eral

spectroscopyRAS), also called reflectance difference spec- In the present work we combine converged calculations

troscopy (RDS), is increasingly used to characterize staticbased on density functional theadFT) in the local density
surfaces and to monitor dynamic surface processes in Vario‘é?)proximation(LDA) with a numerically efficient approxi-
environmentg:® To fully exploit the technological potential mate GW approach or a scissors operator approach to calcu-
of RAS, a theoretical understanding of the underlying physiy,ig the reflectance anisotropy. As model systems we study
cal mechanisms and reliable schemes to calculate RAS speg, (001)(2x 4) surfaces of GaP and InP, steps ofL81):H

tra are n%eded. The progress in the computational mOde”nQJrfaces as well as the hydrogenated 80 surface. We

of RAS™ has been rather slow, however. The agreemeng,q good agreement with experiment. Both bulk-related
between th.e _theoreucal spectra., usually calculated by us'”@‘intrinsic” ) and directly surface-state relatétextrinsic” )
slabs consisting of a few atomic layers, and the measuregl, i tions in the RAS are reproduced by well-converged
data is often unsatisfactory. This gave rnse to suggest.lons tafah calculations. This indicates that the difficulty in theoret-
long-range effects, hardly accessible to slab calculations, age, modeling of RAS is not conceptual, but rather caused
at least partially responsible for the surface optical anisotby: (i) convergence problems due to the large numerical ex-

ro%y.f_A Idynamlc photohn-mduced ]Icoi]ahzatlon of thed'n't'gl ense required for calculations of surface optical properties,
and final states over the range of the penetration depth i,y (i) the difficulty in accounting for the many-particle
light of several hundred A was suggested to account for an;

: : . ) effects in the spectra in an efficient yet accurate manner.

isotropy signals close to the bulk critical poifCP)

energies. In Ref. 8 another long-range effect, the quenching

of bulk-state wave functions near the surface, was made re-

sponsible for the appearance of peaks at bulk CP energies jn METHODOLOGY

the surface spectra. These hypotheses are currently subject to

both experimentdl and theoreticaf investigations. The Our DFT-LDA calculations are performed usirfgst-

present article aims at the understanding and interpretation #finciples pseudopotentiat$ together with a real-space

the surface optical anisotropy. finite-difference method A multigrid technique is used for

Realistic surfaces, and growth structures in particularconvergence acceleration. The real-space method enables ef-

usually contain defects such as surface steps. The latter hafigient parallelization and is thus particularly suited for the

been shown experimentally to give rise to distinct opticallarge supercells and many electronic states required for the

anisotropies!*3the origin of which is presently under de- calculation of the surface dielectric function. The electronic
wave functions were mapped on a grid with a spacing of

Aauthor to whom correspondence should be addressed; electronic maiﬁ-bQUt .0-24 A. To mOdellthe 111-4001) _Surfaces we used
W.G.Schmidt@ifto.physik.uni-jena.de periodic supercells containing 12 atomic layers, the bottom
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layer saturated with pseudohydrogens, and a vacuum regiamhere the self-energy operat®rhas been divided into static
equivalent to eight layers. The stepped(13i):H and and dynamic contributions3,\ is the linear term of the

Si(110:H surfaces were described with symmetric slabsexpansion ofS®" in energy around the DFT-LDA eigen-
about 50 A thick, separated by 14 A of vacuum. value E;}* . The static part can be further divided into two

For the relaxation of the electronic and atomic degrees oparts:
freedom we sampled the surface Brillouin zai$B2) with
four specialk points in the irreducible part. The surface di- s 1 . N ,
electric function was calculated with uniformly distributed 2(rr )= 2 % PN P, (T AW(TT 750) =0 (r=r")}
points corresponding to densities of 286aP, 1024 (InP),
and about 500 point§Si) in the full (1x1) SBZ. Further
details of the DFT-LDA calculations can be found in Refs.
15-18.

Calculations within DFT-LDA neglect the quasiparticle representing the Coulomb hok®.qy and the screened ex-
character of electrons and typically underestimate excitatioehangeXsex. The ¢, are the DFT-LDA wave functions
energies, an effect known as the band-gap proBfefor  and W(r,r’;0) andv(r—r’) denote the statically screened
example, we calculate an indirect band gap of 0.58 eV for Siand bare Coulomb potentials, respectivedge, e.g., Ref. 19
while the room temperature experim&hyields 1.11 eV. A for a comprehensive reviewFor the practical calculation of
similar underestimation of about 0.5 eV occurs for g W we model the dielectric function &s
andE, CPs of the bulk band structure, for which we obtain
3.0 and 3.8 eV, respectively, and for the surface state ener- e(q)=1+{(e.,— 1) *+(q/qrp)?+ 3% (4kZq3p)} 4,
gies of Sit??|n order to compare the calculated RAS spec- (3)
tra for Si surfaces with experiment, we therefore apply an
upward rigid shift of 0.5 eV to the conduction bands andwherekg and qrr represent the Fermi and Thomas—Fermi
renormalize the momentum matrix elements accordifgjly. Wave vectors, respectively. This expression interpolates be-
The same simple recipe has been followed in other recer¥veen the correct behaviors at high and Iqwectors and by
ab initio studies of the optical properties of Si surfaéé& construction correctly obtains the static dielectric constant

Such a r|g|d Shif[(or scissors operator approada”S’ for q:O This model reprOduces very well the random phase
however, if the underestimation of the excitation energies ifRPProximation results for semiconductdfsUsing the LDA
DFT-LDA is less uniform than in Si. For bulk GaP, for ex- for W,*’ 2oy can now be calculated analyticaffresulting
ample, it varies between 0.6 and 0.9 eV for states close to tH8 @ potential that depends on the local charge density. For
fundamental gap. Furthermore, as will be shown below, difthe calculation ot sex we retain only diagonal elements in
ferent shifts are obtained for bulk and surface state energidfe Fourier transform ofV. The local fields are included,
in the case of GaP and InP. Rather than applying a rigid shiffowever, by using state-dependent charge densities
as for Si we therefore use GW calculatibhso take self-
energy effects into account for the 1l1I-¥001) surface. In _ 3 2
order to obtain accurate excitation energies, the one-electron p"’k_f drp(Olgnu(NI @
states should be obtained by solving the quasiparticle Schro ] _
dinger equation, i.e., the local exchange and correlation pdl! the calculation ofkg and qre. The dynamic terms;,
tential V¥C(r) used in DFT-LDA should be replaced by the and=®"in Eq. (1) can be approximated by simple integrals
nonlocal and energy-dependent self-energy operato?f the dielectric funcupr’r. qu the practical calculation we
S(r,r";E) to describe the electron—electron interaction cor-US€ EQ.(3) together with a single plasmon pole approxima-
rectly. However, even in its lowest so-called GW approxi-tion to descrl_be_ the freque.ncy dependence. Il_ocal-fleld_ ef-
mation, whereS, is expressed as a convolution of the single-fects are again included using the mean-density approxima-
particle propagatorG and the dynamically screened fion, Eq.(4). S
Coulomb interactioW, its calculation remains a formidable ~_After applying this simplified GW approach to the DFT-
task. In particular the large number of states entering th&DA bulk band structure of GaP we obtain interband transi-
surface dielectric function makes calculations very expention energies of 2.7 and 4.8 eV f&f, andE,, respectively.
sive. Recently a linear parametrization of the quasiparticld=(X1c) andE(Xzc) are shifted to 2.2 and 2.4 eV. In the case
shifts with respect to the surface localization of the corre-of bulk InP, theE, gap atl’ changes from 0.9 eV in DFT-
sponding electronic states was therefore suggéStéle  LDAto 1.4 eV. The transition energiés, andE, are shifted
used a different approach and introduced further approximafrom 2.5 to 3.2 eV and from 4.2 to 5.0 eV, respectively.
tions, following the schemes developed by Hybertsen andhese values agree with the experiment within 0.2 eV. The
Louie?” and Bechstedet al?® In first order perturbation application of this GW scheme to the surface seems prob-
theory the GW quasiparticle energies are obtained from théematic, since the model requires the input of the dielectric

—Ek By (D WE (X YW(r,r 50, )

DFT-LDA eigenvalues by constante.,. Northrug* and Rohlfinget al?*> have shown,
1 however, that the inaccuracies caused by the use of bulk
En,kZEh',?(AJF T k{zﬁt,kﬂLEg,yQ(Eh,DkA)_Vﬁ , (1) S:ﬁ:;;:tnc constants for surface GW calculations are very
n, .
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c(4x4) B2(2x4) 5(2x4) mixed-dimer top-Ga-dimer

Fic. 1. Top view of GaR001)(2%x 4)
surface reconstruction models. The
structures are ordered according to

[10] their stoichiometry. Empty (filled)
circles represent G&P) atoms. Large
(small) symbols indicate positions in

‘ the first and seconéthird and fourth
atomic layers.
[110]

Finally, we use the electronic structure to determine thedimer model are thus plausible candidates to explain the Ga-
reflectance anisotropy from the slab polarizability accordingich surface phase. The measured spectrum for the Ga-rich
to the formalism developed by Del Sdfeand Manghi phase shows a maximum between the energies df§end

et al E, CPs. This peak, which should be observed between 2.1
and 2.9 eV in the calculated spectrum, is absent in case of the
Il RESULTS top Ga dimer structure. It appears, however, as a weak shoul-

der(denotedA in Fig. 2) for the mixed-dimer model. As will

A. GaP(001)(2X4) be discussed below, the agreement between the calculated
spectrum for the mixed-dimer structure and the measured
RAS improves substantially upon inclusion of self-energy
effects, in particular with respect to the shouldeThe RAS

Total-energy calculationt$*>33*for GaR001) predict a se-
guence of (X4) single-dimer reconstructions for cation-

rich surfaces. 2(2x4) and c(4x4) reconstructions, spectra thus indicate that the Ga-rich phase of (GaB(2

known from GaA$001), form for more P-rich surfaces. A . . . .
. . L X 4) corresponds to the mixed-dimer geometry. This assign-
top view of the GaP surface models is given in Fig. 1. These :
. o . . .nent is corroborated by the recently measured surface core-
theoretical findings agree with the recent experiments, as di

- 136 ; indi _
cusse ndetai i Refs. 17 and 32 e e e
In Fig. 2 we show the RAS spectra calculated within ’ 9 gy

iand7,33; ; ;
DFT-LDA for the four (2x4) surface structures shown in calculation$”*3is characterized by the top Ga dimer model,

. ) Lo may actually not be reached experimentally.
Fig. 1. The top Ga dimer and mixed-dimer structures show a The measured spectrum for the less Ga-rick 3 sur-

pronounced negative anisotropy in the low energy regionf h ith . | | ‘ ichi
with minima (denotedS in Fig. 2) between 2.0 and 2.3 eV ace phase wit ' an approximately balanced surface stqlc -
. : e ' . .. ometry is dominated by a “camelback” spectrum with
The strength of this anisotropy is directly correlated with the . h . f
number of Ga—Ga bonds along tHELQ| direction. Its mag- maxima betwegn the energies o thg andE, CPs and at
' = 1" No negative anisotropy appears. The only computed

nitude is the highest for the top Ga dimer model with e'ghtspectrum with ndor very little) negative anisotropy belongs

bonds', IS sl{ghtly reduced, apd S.hlfted. o Iower energies fo o theB2(2X4) structure. Maxima appear at 3.2 and 4.1 eV,
the mixed-dimer geometry with six cation—cation bonds, an

is flattened for theS structure with only two such bonds. The
calculated spectra also show a strong dependence on the L L A R AL
structural details at higher energies. For B2 geometry 5
with three P—P dimers oriented alohty10], we find a rela-
tively broad positive anisotropy between about 2.4 and 4.4
eV. Maxima of the anisotropy appear around 3.2 and 4.1 eV
and a shoulder exists at 2.8 eV. The shape of this anisotropy
is roughly preserved for thé structure, which features one
P—P dimer. Its magnitude is, however, somewhat reduced
and the spectrum is shifted downwards. An even further re-
duction in positive anisotropy occurs for the mixed-dimer
and top Ga dimer structures, featuring single Ga—P or
Ga—Ga dimers, respectively, on top of a Ga-terminated sub-
strate. The evolution of the spectra in the high energy region
shows thus a correlation between the positive anisotropy and R N T I
the formation of P—P dimers. 2 3 4 5
Our calculations are in accord with the available experi- Energy [eV]
mental data”*** The RAS spectra measured for the Ga-. , ras specird Re{ (10— o)/ <1 >}] caloulated within DFT-

rich phase of Gaf@01)(2x 4) feature a strong negative peak | pa for the four GaR001)(2x 4) surface reconstruction models shown in
around 2.4 eV. Both the top Ga dimer model and the mixedrig. 1. The calculated position &; is indicated.

B2(2x4)

5(2x4)

Ar/r
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T E T pends only weakly on the actual surface structure and is
DFT-LDA o) present in the calculated spectra of all structures included in
our study(cf. Fig. 2. Experimentally, the maximum at the

S — E, CP was found irrespective of the surface preparation
1A conditions!”®

*\/-/\/\/\z On the other hand, strong anisotropies in the low-energy

E, part of the spectrum arise from transitions between surface

g |GWA N localized states. In Fig. 4 we show the surface bands of the

mixed-dimer model calculated in DFT-LDA, together with
their orbital character. The highest occupied surface state,
V1, slightly above the bulk valence band maxim@vBM),
corresponds to the P dangling bond at the mixed dirdér.
and V3, slightly below the VBM, are related to bonds
between surface Ga aton31—C5, in the upper part of the
bulk band gap, arise from dangling bonds at the second-layer
surface cationd.A detailed discussion of the GEI®1) sur-
face electronic structure is given in Ref. BB particular,
transitions between Ga—Ga bond-related states and empty Ga
Energy [eV] dangling bonds cause the strong negative anisotropy around
Fic. 3. RAS spectrd Re{(r 110~ F[110))/ <r>}] calculated within DFT- 2 eVv. _The dotted I_lr_]es n Flg. 3 show the RAS induced
LDA/GWA for the mixed-dimer structure are compared with the measuredeXclusively by transitions between the valence staftesv?2
data (Ref. 17 for the Ga-rich GaR®01)(2x4) surface. The calculated/ andV3 and the conduction stat€s —C5. These eight states
e € SRS o onons o Sepesee e o2ty compltely accourt for the negative anisotopy o
srtlatues. Solid lines represent the calculations for the complete slab. Served at low photon energies. The assignment of cation-
related surface states to the RAS around 2 eV corroborates
the phenomenological link established by comparing the
close to the calculated energies of g andE, CPs. Our  RAS of different structures as discussed above.
results thus indicate that the less Ga-rich phase of(Gxlp The optical anisotropy calculated for the complete slab
(2% 4) corresponds to thB2(2x4) structure. (solid lines in Fig. 3 corresponds roughly to a superposition
In the following, we focus on the Ga-rich surface phaseof the bulk-related features and surface peaks discussed
which corresponds to the mixed-dimer structure as discussebove. This is a theoretical confirmation of the early work by
above. This structure is reproducibly obtained inAspnes and Studrid,who discriminated between two com-
experiments’*%3¢To determine the origin of the optical an- ponents of the reflectance anisotropy: “intrinsic” contribu-
isotropy we spatially separated the contributions to the RASions from surface effects on bulk wave functions and “ex-
from different slab regions. The dashed curves in Fig. 3rinsic” contributions related to the surface structure.
show the anisotropy due to transitions between the electronic In Fig. 3 two sets of theoretical data are presented, ob-
states localized below the top four atomic layers. It is obvi-tained in DFT-LDA and GWA. As expected from the shifts
ous that the surface modification of these bulk-like wavecalculated for the GaP bulk band structure, we observe a
functions gives rise to strong anisotropies for high photordistinct blueshift of the spectrum upon inclusion of self-
energies. In particular, a feature occurs near the calculateshergy effects. However, the shift is nonuniform: it amounts
energy of theE) CP of the GaP bulk band structure. It de- to about 0.6 eV for the surface-state related feat(egted

1 2 3 4 5

-
T T

Fic. 4. Surface band structutbound statescalculated
within DFT-LDA for the mixed-dimer structure of
GaR001). Gray regions indicate the projected bulk
band structure. In the left and right panels the corre-
sponding squared wave functionskatare shown. The
contour spacing is IC¢ bohr 3.

Energy [eV]

o
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DFT-LDA

lines) and 0.8—1.0 eV for the bulk-related onédashed
lines). The nonuniformity of the calculated quasiparticle
shifts agrees with experiment: As indicated by the arrows in
the lower part of Fig. 3, the energy shift between the mea-
sured data and the spectrum calculated in GWA is nearly
constant and amounts to about 0.3 eV. The inclusion of self-
energy effects in the calculations not only leads to energy
shifts, but also to pronounced changes in the line shape. The

weak shouldeA at 2.8 eV in the DFT-LDA spectrum devel- W 300K
ops into a maximum at 3.5 eV, in good agreement with ex- 1

periment.

Arfr

While the agreement between the measured and the cal- T 01011
culated spectra improves much upon inclusion of GW cor- L 32 it
rections, there remain discrepancies: the excitation energies 5 3 4 5 6
are somewhat overestimated and the line shapes, in particular Energy [eV]

for higher energies, do not agree very well. This is not too
surprising: one limitation of our study is the neglect of Fic. 5. RAS spectrd Re{(r 110~ I 110))/(r)}] for the In-rich InROO)(2

electron—hole interactior&. Furthermore, the LDA-like X 4) surface. The calculated spectra were obtained within DFT-LDA and
X . GWA. MeasurementsRefs. 45 and 46were performed at 300 and 25 K.
treatment of local-field effects in our GWA model only ap- g,k cp energies and surface-related features are indicated.

proximates the screening across the highly inhomogeneous
surface region. Our calculations refer to zero temperature
and are performed with the theoretical lattice constarit%  tive peaks(denotedS1/2 andS3). In the high-energy region
smaller than experimentresulting in increased transition features appear close to the andEg energies. They form a
energies. Finally, the computations are performed for the€haracteristic “three-buckle” shape. Separating spatially the
ideal surface, neglecting defects and domain boundariesontributions to the optical anisotropy from different slab
Such imperfections are expected to induce distinct featurekegions:®*’ we find thatS1/2 andS3 originate entirely from
in the optical anisotropy® the uppermost four atomic layers. This is consistent with
experiment, as the measured negative anisotropy for low en-
ergies is extremely stoichiometry dependent and therefore
surface relate@®** The features at the CP energies arise
Similarly to GaP, cation-rich In@®01) surfaces are char- from transitions between bulk-like electronic states that are
acterized by (X4) single-dimer reconstructiond3®~*!  perturbed by the surface. In earlier calculati§réwe have
Mixed-dimer/s structuregsee Fig. 1form for more/less In- shown that these high-energy features are rather insensitive
rich surfaces. For anion-rich surfacg?(2x4) andc(4 to the atomic surface structure. This agrees with
X 4) reconstructions appedit®? The RAS spectra for the experiment?~**where changes in the surface conditions had
(2x4) reconstructed InP surfaces have recently beewery little effect on the three-buckle shape.
calculated® and are in good qualitative agreement with the  The major experimental features are qualitatively repro-
corresponding experimental results** This holds in par- duced in the DFT-LDA calculations, although at much lower
ticular for the stoichiometric trend, which was found to be photon energies. Inclusion of self-energy effects shifts the
very similar to the one obtained for GaP discussed above. peak positions nonuniformly to higher energies, aligning
More recently, however, low-temperature RAS data forthem with experiment within a few tenths of an eV. The
In-rich  InP(001)(2x4) surfaces, corresponding to the shifts for the bulk related features are between 0.7 and 1.0
mixed-dimer structure, were measufetf (see Fig. 5. The eV, somewhat larger than the shifts of 0.4—0.5 eV for the
features in the low-temperature spectrum are blueshiftedurface peaks. The changes of the line shape due to self-
with respect to the 300 K measurement, and sharpened. Thenergy effects distinctly improve the agreement with experi-
negative anisotropy at low energies splits into peaks at 1.9nent.
2.1 and 2.6 eMdenotedS1, S2, andS3). The high resolu- In order to trace the origin of the surface-related anisotro-
tion achieved experimentally renders the In-rich InP surfaceies in detail, we extended earlier calculations of the
a particularly sensitive test case for our present study on thmP(001) surface electronic structufeto resonant surface
origin of RAS features. The fine structure measured at lowstates. We find four partially bound surface stai¢t:-V4,
temperatures was not resolved in our previous calculdfion. close to the VBMV1 is formed by the bonds between first-
Furthermore, the energetic positions, in particular of theand second-layer cationg2 corresponds to the P dangling
high-energy features, were not in accordance with experibond at the mixed dimer and3 arises from the second-layer
ment. We address these issues in the present work by usinga-In bonds at the anion site of the mixed dimef. left
much densek-point mesh and including self-energy effects panel of Fig. 6. V4 is complementary t&3 and compara-
according to the GW approach discussed above. tively weakly localized at the second-layer cations at the cat-
The resulting spectra are shown in the upper part of Figion site of the mixed dimer. The latter two states are degen-
5. For low photon energies we obtain two pronounced negaerate with bulk bands for most parts of the SB#e also

B. In-rich InP (001)(2X4)

JVST B - Microelectronics and Nanometer Structures
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arises from transitions mainly involving the second-layer
In—In bonds. The symmetry break induced by the mixed
V1 V2 C1 dimer on the In—In bonds of the second atomic layer together
with the dimer bond itself are responsible f88.

o, | C3 rrTTrTTITITTITI tion to the RAS from transitions involving/1-V5 and
il N VieC3 C1—-C3. This analysis provides a complete understanding

Cc2 of the surface features of the optical anisotropy:is caused

o1 0005] by the bonds between first- and second-layer cati@z2s.

V2 & V3 C1 The calculated RAS in GWA reproduces the overall ex-
< perimental data rather well. The distinct contributions from
\( V1 andV3 at 2.0 and 2.2 eV are not resolved however.
V3 Instead, we obtain one relatively broad minimum at 2.1 eV,
V4 = C2/3 . .
due to the finite energy broadening necessary to account for
V4 W‘_— the still limited number of wave vectors used to sample the
SBZ. Apart from that, however, all experimentally found
V5 . - " .
-Mm features can be identified and quantitatively described by
slab calculations that take the electronic transitions within

) 3 4 the uppermost atomic layers of the substrate into account.

Energy [eV]

C. Hydrogenated Si surfaces
Fic. 6. (Left) Orbital character of surface statesktof the mixed-dimer ydrog

geometry of INRO01)(2x4) (spacing 10° Bohr ®). (Right) Calculated As an example of step-induced optical anisotropies we

RAS due to transitions between these surface states. study bilayer steps at the hydrogenatec(lSl) surface.
Since all dangling bonds are saturated, only intrinsic contri-
butions to the RAS are expected. The two principal direc-

%ions of miscut for the(111) surface arg112) and(112).
Assuming straight steps and barring any reconstruction, the
first miscut(A in Fig. 7) gives step atoms with one dangling
bond each, and the second with two dangling bonds each. In
the latter case two different atomic structures are possible: a
dihydride structure forms that either lies in a plane parallel
(B1 in Fig. 7 or perpendicular to the step ed¢®2 in Fig.

Ref. 47. In addition, there are surface resonances. Th
strongly localized mixed-dimer bond5 forms a very flat-
band at about-0.8 to —0.9 eV. The bonds between the
uppermost P and the second-layer In atow, disperse in
energy between-1.3 and—1.6 eV. The lowest unoccupied
surface states;1-C3, correspond to empty dangling bonds
localized at the surface cation81 is also localized at the

mixed dimer(see also Fig. 5 in Ref. 16lts energy agrees . } . L
with the available inverse photoemission d&tén order to 7. The opt_lcal response of these th“?e conflgurguons IS n-
vestigated in the following. More precisely, adapting the ac-

ain an intuitive understanding of the optical anisotropy, we - ;
g 9 b Py epted nomenclature for vicinal samples, th¢3@ill)—

investigated the existence of surface state “signatures” b)(f‘ — — : )
calculating the RAS due to transitions within pairs of the (112)] and Sf2(11)—-(112)] surfaces are studied, which

above identified surface states. We find that some of thesgPnsist of regularly spaced terraces that are three/two Si at-
transitions give rise to pronounced anisotropy features, thems wide along the112][112] direction, separated by
superposition of which accounts nearly for the low-energysingle bilayer steps. In the following we refer to these struc-
part of the spectrum. Figure 6 shows the calculated contributures ag112) and(1 12) steps.

Step A B1 B2

Fic. 7. Side view of the relaxed step configurations
studied in this work. Emptyfilled) circles represent Si
(H) atoms.

[111]

[112] [112]

bilayer
|/
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0.005

Arlr

Arlr
Lg\

Energy [eV]

--------- Liesiteiietinieiieeitaiiiiiig Fic. 9. Calculated RASRE{ ({11 I ooy))/ <r>}] for Si(110:H. Bulk CP
1 2 3 4 5 energies are indicated.
Energy [eV]

Fic. 8. Calculated RASRe[(r,—r)/(r)}] for Si step geometries. The
and B principal axes lie in the surface plane and are parallel and perpenturbation of bulk wave functions by the formation of surface
dicular to the respective step edge. The labels of the curves refer to th§teps rather than from electronic transitions between step-
atomic structures of Fig. 7. Bulk CP energies are indicated. - . . .

localized surface states. This picture is corroborated by our
analysis separating spatially the contributions to the RAS
see Ref. 18 Electronic transitions within the uppermost 8

The side views of the relaxed step geometries are show of the surface only modify the specira, whose main fea-

in Fig. 7. All surface bonds are saturated by hydrogen. Tht?u

Si atoms thus remain in bulk-like configurations and the re- res arise from transitions in deeper layers.
laxations are rather small and local. We find that the forma- The calculated spectrum for($L0::H (Fig. 9) is interest-

) . ) X . X ini ight. It clearl les the i i
tion of a vertical dihydride structure in a plane perpendlcularIng in its own right. It clearly resembles the imaginary part

0 the step edgéB2 in Fig. 7 is energetically preferred by of the dielectric function of Si. It is at variance with the
0.19 eV per step atom compared to the B1 configuration. Thgght-bmdmg results of Ref. 53, but agrees rather well with

) . . . . experiment?! In Ref. 53 it was concluded that the existence
formation of vertical rather than in-plane dihydride structures P

— o ith infrafiSPt of Si and H vacancies at the($10):H surface is a necessary
on(112) steps is in agreement with infraf€d>"and Raman  ¢nqition for calculating line shapes in rough agreement with

speqtroscopf}? The calculated RAS spectra for the three in- oy herimental data. Furthermore, it was stated that the surface
vestigated step geometries are presented in Fig. 8. All stegca|field effect has to be included to obtain reasonable
give rise to strong anisotropy features close to the bulk CRyyreement with experiment. Our results, however, show that
energies. The main differences between the spectrum calCyyen an ideal $110:H surface gives rise to a dielectric
lated for(112) and(112) steps are a blueshift of about 0.1 function-like RAS spectrum and do not indicate a particular
eV and the occurrence of negative anisotropies at around ighportance of the surface local-field effect for that surface.
eV for the former and at around 4 eV for the latter two A direct comparison of the data calculated for stepped
spectra. Based on the striking similarity of the measuredsurfaces with experiment is not possible, as the existing
step-induced RAS to that of Gil0:H it was suggested in  measurement$ were performed on surfaces with consider-
Ref. 11 that the optical response (df12) steps arises from ably smaller step densities. Unfortunately, the lateral period-
the (110)-like regions of the stepped surface. Figure 9 showscities needed to accommodate wider terraces are still out of
the spectrum for the 8i10):H surface, calculated with an reach forab initio calculations of the optical response. In
accuracy comparable to that obtained for the stepped suRef. 11 it was noted, however, that the anisotropy signal for
faces. It is indeed rather similar to the RAS induced bysj(111):H vicinally cut toward[ 112] depends nearly linearly
(112) steps: maxima appear at the CP energies and there @ the step density. A similar dependence was recently ob-
an additional shallow minimum around 3 eV. The line shapetained for S{001).® Furthermore, our results, as well as ear-
however, in particular around thE, energy, is different lier work,>* show that the atomic relaxations of the step
from that calculated for the step configuration and the relaedges are rather small and local. Therefore, it is expected that
tive ratio of the anisotropies at the, andE, CP energies is our calculations can be extrapolated to allow for a meaning-
smaller. Furthermore, the overall similarity of the calculatedful comparison with the measured data.
RAS for all investigated step configurations suggests that In Fig. 10 we show the experimental dHtéor surfaces
one cannot explain the optical response of ti@12>  vicinally cut £5°. The upper curve in Fig. 10 shows the
stepped surface solely in terms of théid0-like regions. RAS of the surface cut towardl12]. The main characteris-
The overall similarity of all calculated step spectra indi- tics of the spectrum are the pronounced anisotropy maxima
cates that the reflectance anisotropy originates from the penear theE; andE, CPs of the bulk band structure. This is in

JVST B - Microelectronics and Nanometer Structures
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0.0005 atomic structures of §111):H surfaces miscut towardl12]
\/\ depend strongly on the preparation conditions. In particular,

{ a transformation of straight dihydride-terminatdd 2) steps
(111)-5° into a staircase-like arrangement of monohydride terminated
' (112) steps was observed. These newly formed steps form
E, E, angles of 60°/120° with the originzﬁtep edges. Assuming a

complete transformation of straight12) steps into zig-zag
- . chains of ideal(112) steps, the optical anisotropy of the
(111)+5 \/V surface should from pure geometrical considerations corre-

spond to the anisotropy measured for straight?) steps,
1 2 3 4 5 but multiplied by — /3. In reality, the optical anisotropy of
Energy [eV] remaining, not-transformed parts ¢112) steps will par-

Fic. 10. Measured RA$Ref. 11 for vicinally cut Si111):H surfaces. tially cancel the signal from the zig-zag chains. A further
disturbance of the “ideal” RAS spectrum can be expected
from contributions due to the edges of the staircase struc-

qualitative agreement with the corresponding calculatedures. Thus, it seems likely that the optical spectrum of a

spectrum for(112) steps (A in Fig. 7). The measured Si(111):H surface miscut towardi112] is an inverted, re-
anisotropies are about one order of magnitude smaller thatuced, and somewhat disturbed version of the spectrum mea-

the calculated values. This can be explained partially by theured for a surface miscut towafd12]. Obviously, the ac-
lower step density: a miscut angle 8f5° corresponds to  tual spectrum will depend on the preparation conditions. This
an average terrace width of 11 rows[tan6=22/(3n  hypothesis, if correct, gives a natural explanation of the ex-
—1)], as opposed to the width of three rows in our calcula-perimental findings of Ref. 11, which are seemingly at odds
tion. Temperature effects and sample imperfections newith our calculations. However, further experiments are
glected in our calculation also reduce the measured anisofreeded to verify the suggested interpretation.

ropy signal. The calculated line shape, in particular around

the E; energy, is only an approximate description of the

measured signal. This is not surprising, however. The neglegt, syMMARY

of excitonic effect®® in the calculations leads to a bulk di-

electric function where thd, peak is underestimated by ~ We have carried out extensive theoretical studies of the
about 50% and reduced to a weak shoulder ofEhgeak.  optical anisotropies of (24) reconstructed001) surfaces
Since the step-induced reflectance anisotropy is to a largef GaP and InP, stepped ($11):H, and hydrogenated
extent determined by transitions between bulk-like electroni®i(110 surfaces. The RAS spectra calculated for the com-
states, the problematic description of the bulk dielectric funcfound semiconductor surface structures show characteristic
tion will cause differences in the line shape between the mea-signatures” from surface states. In particular, transitions
sured and calculated RAS spectra, in particular around theetween cation—cation bonding states and empty cation dan-
E, energy, even if no further approximations had been madgling bonds give rise to strong negative anisotropies at low
in describing the surface. Additionally, the surface local-fieldphoton energies. In addition, we find features caused by
effect, neglected in our study, may influence the line sRape. surface-modified bulk wave functions. Surface-perturbed
If these limitations are borne in mind, however, the agreebulk wave functions are also mainly responsible for the pro-

ment between experiment and theory for #il2) step- nounced anisotropy features close to the bulk CP energies
induced optical anisotropy is satisfactory. caused by the formation of steps or{1dil):H surfaces. Step

orientation and geometry have little effect on the surface
curve in Fig. 10 shows data measured for the B1):H sur- optical ani§otropy. .Inclusion of self-energy effects and a

. o — 11 densek-point sampling lead to a good agreement between
face miscut 5° toward112]. Yasudaet al: aﬁjmed that slab calculations and experiments for the complete energy
the measured anisotropy is induced by bilayet2) steps. range of the spectrum. No long-range effects, such as
This interpretation does not agree with the calculationspnoton-induced localization or quenching of bulk states,
Theory predicts positive anisotropy features atEi@ndE,  npeed to be invoked to explain the appearance of the surface
energies, while the measured anisotropies are negative. EVepyjcal anisotropy. The signal is mainly caused by optical

considering all the limitations discussed above, it is implauyransitions in the uppermost few atomic layers of the sub-
sible that the calculations should yield a qualitatively wrongsirate.

result. From Fig. 10 it seems as if the (1#15° spectrum
was an inverted and somewhat reduced version of the
(111)—5° spectrum. This fact has already been noted in Ref
11. By means of infraréd>® and Raman spectroscopyas ACKNOWLEDGMENTS
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