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The surface-induced optical anisotropy of clean and hydrogeri@t#i and (113) surfaces of silicon has
been calculated. The equilibrium atomic configurations of the surface atomic structures were determined from
fully converged self-consistent total-energy calculations within the local density approximation. The optical
functions of the silicon surfaces have been obtained beyond the density-functional theorgbwiititio
pseudopotentials and by the semiempirical tight-binding method. The reflectance ani$B#Qspectroscopy
signal of the cleari001) and(113) surfaces in the region around 3.0 eV originates from surface to bulk optical
transitions. On the hydrogenatéHl3) silicon surface a strong surface induced RA response is obtained in the
region of theE; andE, bulk critical points, where the line shape corresponds to the first derivative of the bulk
dielectric function. The calculated RA spectrum of the hydrogenét&8 silicon surface in the regions of the
E, and E, structures is more intense in relation to tt@1) surface. These results will be discussed in
comparison with experimental da{&0163-18208)07743-1

I. INTRODUCTION The nature of SIOA could be caused by the following
main contributions: changes in atomic structure on the sur-
The surface-induced optical anisotrof§lOA) of semi-  face as a result of the reconstruction proce$sesal electric
conductors has become an important tool in the study ofields that could cause a linear electro-optical effect in Si as
semiconductor surfacés’ The SIOA effect originates from @ result of the reduction of the symmetry on the surface and
structural and electronic distortions due to changes in théhe appearance of charge transfer after the adsorption of for-
surface geometry. Therefore, SIOA is very effective in char€ign atoms on the surfade.g., hydrogeh®** anisotropic
acterizing the nature of the structural and electronic propermechanical stresses due to misfit dislocations on or near the
ties of semiconductor surfaces, bathsitu andex situ Since surface’ In the present work we have numerically calculated
the bulk optical response of cubic crystals with full transla-the SIOA of Si(001) and (113 surfaces caused by atomic
tional symmetry is isotropic, SIOA can be observed using’€construction processes. We have usédinitio density
reflectance anisotrop§RA) spectroscopy. In this method the functional theory(DFT) within the local density approxima-
difference between near-normal-incidence reflectances dfon (LDA) as well as a semiempirical tight-binding method
light polarized along two principal axes of the sample in the(SETBM). Equilibrium atomic geometries of the surfaces
plane is determined. For example, in cubic materials RAhave been obtained by the total energy minimization method.
spectroscopy measures the difference in light linearly polarOptical functions have been calculated either by plane-wave
ized along thd110] and[110] principal axes in the plane of €xpansion ofab initio pseudopotentials or by empirical pa-
the (001) surface. Thus RA spectroscopy has proven to béametrization of optical matrix elements. Strong surface-
well suited for isolating the surface optical response of cubidnduced optical response is obtained in the region around 3.0
semiconductors. It should be pointed out that this metho@V, which originates from surface-to-bulk optical transitions,
also has been employed to study the in-plane anisotropy pr@s well as in the regions of th& andE; bulk critical points.
duced by other effects such as near surface electric fieldd/e show that the line shape of tfi§ and E, related re-
(zinc-blende-type materiglé dislocations, and buried sponse of the hydrogenatédil3 (3x1) Si surface corre-
heterointerface® However, the use of RA spectroscopy to sponds to the first derivative of the dielectric function of bulk
study the SIOA in Sias well as other materiglss currently ~ Si. We discuss our results in comparison with recently avail-
limited by a lack of detailed understanding of the origins ofable experimental date:***
the experimentally observed spectral featdfes.
The SIOA of clean and hydrogenated vicir@01) and Il. ATOMIC GEOMETRY
(113 Si surfaces measured by RA spectroscopy has been
reported recently in Refs. 1, 2, 4, and 11. Chemically cleaned As an input for the calculation of the optical functions we
Si(001) surfaces, where dangling bonds were passivated eidsed atomic coordinates as determined in this work by the
ther with hydrogen or with oxygen, showed sharp step-energy minimization method. The equilibrium atomic geom-
induced derivativelike features that increased with vicinaletries of the clean and hydrogenai®®1) and (113 silicon
angle. The RA spectra of clean reconstruc(e@l) (2x1) surfaces have been obtained in this work from fully con-
and(113) (3%x2) surfaces showed both a broad structure neaverged self-consistent total-energy calculations within DFT-
3.0 eV, which has been assumed to involve dangling bondlDA. The electron-ion interaction is treated by using norm-
transitions, and a second feature near 4.3 eV that correspondsnservingab initio, fully separable pseudopotentials in the
to the E, peak of bulk Si. Kleinman-Bylander formt? To simulate the surface the
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repeated-slab method is used. The energy minimization is 60
based on a Car-Parinello molecular-dynamics scheme. The
electronic-structure calculations underlying the computations

of the optical properties are based on the DFT-LBAhe
many-body electron-electron interaction is described within
LDA, more precisely within the Ceperley-Alder schelthas
parametrized by Perdew and ZundgfThe plane-waves ba-

sis was defined by the cutoff energy of 8 Ry. To simulate the 4
surface a 12-layer slab of Si atoms has been used, where the ¢§'
top 4 layers on each side were allowed to relax and remain-

ing 4 layers were fixed at their bulk sites. We ug8x2)

surface unit cell, and the electron density we calculated with

2 specialk; points in the surface Brillouin zon@Z). This
formulation of the problem is close to Ref. 16 where a simi-

lar method was used. We found that without hydrogen a
truncated bulk1x1) structure relaxes to @x1) dimerized
configuration. However, if we take as an initial point the
(3X2) interstitial geometry found in Ref. 16, the relaxed sys-

tem displayed thé€3x2) interstitial configuration with a total

energy somewhat lower than that for th@<1) structure. FIG. 1. The imaginary part of dielectric function of bulk Si
This is indicative of the stability of the interstitidBX2)  calculated withab initioc DFT-LDA theory (solid line) and by
geometry on thg113 Si surface and is in agreement with SETBM (dotted ling are shown in comparison with the experimen-
Ref. 16. We found that the hydrogenat@d 3) surface has a tal data(dashed lingof Ref. 26. The arrows denote the calculated
(3%X1) dimerized structure. The atomic geometry of th#3)  SETBM positions of théE; andE, energies.
Si surface found in this work is in agreement with recently
published result®-*¥which describe in detail this structure. LDA methods are shown in Fig. 1 in comparison with ex-
The S(001) surface is characterized by asymmetfa&x 1) perimental datd® We denote by arrows the calculated
[bare S{001) surfacd or symmetric(2Xx1) [hydrogenated SETBM positions of the&c; andE, peaks in Fig. 1. The real
Si(00) surfacd dimers, in agreement with previous part of the dielectric function «;,) of bulk Si has been
works519:20 computed directly by the DFT-LDA method, while the
Kramers-Kronig relations were used for the calculation of
€15 by SETBM.
Il REFLECTANCE ANISOTROPY SPECTRA It has been stated previou$fythat theE; structure cannot
Calculated atomic geometries were used as an input fdp€ described theoretically within the random phase approxi-
the determination of the optical functions and the RA specMation method by neglecting excitonic effects. @brinitio
tra. For the numerical study of the SIOA we used the DFT-€2p Spectrum of Si(see solid line in Fig. L shows only a
LDA method by taking into account a nonlocality of pseudo-Shoulder in the region of thé, transitions in agreement with
potentials in calculations of the optical matrix eleméfits. other first-principles studielS:*' However, our SETBM re-
For the surface optical functions we also include quasipartiSults (dotted line in Fig. 1 show a peak in thé&, region.
cle (QP) corrections to DFT-LDA eigenenergies calculated This is a consequence of the fact that by proper choice of
for bulk Si with LDA wave functions. Calculated QP shifts €mpirical parameters that describe the optical matrix ele-
were further reduced by a factor 0.5 to match experimentalNents one can simulatet least partially excitonic effects.
values ofE; andE, critical point energies as described in ~ The RA spectra of the silicon surfaces were calculated
Ref. 21. These self-energy corrections differ from a pureaccording to the scheme described in Refs. 27 and 28. The
scissors-operator-like shift in the optical spectrum because fOMPplex anisotropy of the surface reflectance of the nor-
includes an energy dependence of QP vafiids.this study ~mally incident light is given b
the effect of the microscopic local fieldlF) is neglected. AT
: ; . ; X r AR
In the calculations of optical functions to obtain reliable ==—+iA¢. D

and good converge results we used up to 32 layers in a slab R
and 64 speciak points in the surface BZ. To simplify @ 1g expression7/F can be calculated from the optical con-
numerical procedure for more complicated surface configugignts bt
rations we used SETBM?2-24The surface optical functions
have been calculated by SETBM usingps* tight binding AT 2iEd €,~ €4
T

Photon Energy (V)

basis, and by parametrization of the intra-atomic matrix ele- =" The e—1' 2
. . €p

ments of the momentum operafSrThis theoretical model

has been used on different covalent as well as ionisvhereE is the photon energy and is the thickness of the

semiconductor8. We demonstrate below that for silicon anisotropic overlayer. The quantitieg andeg are the com-

SETBM provides reliable results which agree with initio  ponents of the surface dielectric tensor alangnd B, re-

theory and experimental results. spectively, ande, is the complex bulk dielectric function.
The imaginary part of the complex dielectric functions We choosex and 8 to be along[110] and[110], respec-

(epp) Of bulk Si as calculated with the SETBM and DFT- tively. In order to account for the finite numberlopoints in
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FIG. 3. Calculated RA spectra of ba(@x?2) (113 (dotted ling
0.004 | ®) and hydrogenate(8x1) (113:H (solid line) silicon surfaces calcu-
' lated by SETBM. The arrows denote the positions ofheandE,
v energies of bulk Si.
g 0.000 < \%‘8 i P - . -
% ¥ ; as a surface effectively composed of high density double
-0.004 | £ height Si(001) steps: For the sake of simplicity we used
E, kE only SETBM for this surface. The surface optical functions
A in the region ofE; andE, transitions converge quite slowly
5 4 ' 6 with a number of the layers in the slab. We used a 32-layer

slab to obtain optical functions for th@13) (3X2) and the

(113 (3%1):H surfaces by SETBM. In Fig. 3 the influence
FIG. 2. Calculated RA spectra of clegotted ling and hydro- of hydrogen adsorption on the calculated RA spectra has

genated(2x1) (001 (solid line) Si surfaces obtained witte) ab ~ been demonstrated. The RA spectra of the lgald) (3x2)

initio DFT-LDA theory and(b) SETBM. The arrows denote the Si surface(see dotted line in Fig.)3show a strong response

calculated positions of thE; andE, energies of bulk Si. in the region around 3.0 eV that disappears after adsorption

of hydrogen(cf. solid line in Fig. 3. The RA signal of the

our calculations we use an energy broadening of 0.1 eWbare(113 (3X2) Si surface in the region around 3.0 eV is

taken into thek-point sampling of the irreducible part of the related to surface-to-bulk transitions.

BZ. In Fig. 4 we compare the RA spectra calculated by
In Fig. 2 the RA spectra of clean and hydrogenatedSETBM for the(001) (dotted ling and the(113) (solid line)

Si(001) (2x1) surfaces as calculated both &l initio theory  Si surfaces covered with hydrogen. The most important dif-

[Fig. 2(@)] and by SETBM[Fig. 2b)] are presented. The ference between these spectra occur in the region oEthe

arrows denote the calculated positions of FheandE, en-  transition: the RA response on tfEL3) surface(solid line in

ergies. Our analysis shows that the optical response of thieig. 4). This clearly indicates that SIOA caused by double

clean(001) (2x1) Si surface in the region 1.3-2.5 gee  steplike atomic geometry is remarkably stronger that SIOA

dotted lines in Fig. @) and Fig. 2b)] is caused by the op- induced by dimerlike surface geometry.

tical transitions between bonding and antibonding dangling

bond states. The dangling bonds are located on asymmetric

dimers, in agreement with previous studiészor the RA IV. DISCUSSION

spectroscopy response around 3.0 eV, the optical transitions our outcomes obtained by botab initio theory and

between surface and bulk states are responsible. SETBM on the(001) Si surface show a RA spectroscopy
It is instructive to compare the RA spectra calculated by

the SETBM and DFT-LDa methodsee Fig. 2. The results
of our semiempirical calculationgFig. 2(b)] are in good
agreement with thab initio predictions[Fig. 2(@] in the 0.01 +
regions of the surface-to-surface and surface-to-bulk optical

transitions of thg001) Si surface. The RA spectra obtained

by both methods in the region around tae bulk transitions 0.00 -
are also in good agreement. This corresponds to the interval
1.5-3.7 eV[see Figs. @) and 2Zb)]. There are remarkable
discrepancies between the SETBM data and a&airinitio
predictions in the high-energy region. The reason for this is
the well-known problems of realistic description of higher
conduction bands with a tight binding thed?.

The atomic structure of th@13) Si surface is much more
complicated than that of th@®01) Si surface'® The effect of FIG. 4. Calculated RA spectra of the hydrogenatdd3
the double steps on the RA spectra of {443 Si surface (3x1):H (solid line) and (001) (2x1):H (dotted ling silicon sur-
can be represented as(@1) surface with vicinal angle of faces calculated by SETBM. The arrows denote positions oEihe
25.23°. Consequently th@13) Si surface can be considered andE, energies of bulk Si.

Photon Energy {eV)

-0.01

Photon Energy (eV)
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response in the region 1.0-2.2 eV, which is related to
surface-to-surface optical transitions between bonding and 0.01
antibonding surface statésee Fig. 2 These surface states
are caused by the dangling bonds located on asymmetrical
dimer atoms. This part of the RA spectrum agrees well with
the previous results of an SETBM study of RA spectroscopy
on S(001).%° Surface-to-bulk transitions are responsible for a
strong negative peak in the region from 2.6 to 3.1[€igs.
2(a) and Zb)]. Similar RA spectra of th€001) Si surface -0.01
have been reported recently in Ref. 19, where the DFT-LDA '
method with semiempirical QP corrections has been used.
On a clean(113 Si surface the relevant RA spectroscopy
response is much stronger and located close to 3.0se¥ FIG. 5. Calculated RA spectrum for the hydrogenatdit 1)
dotted line in Fig. 3 Thus our results can account for the (113:H silicon surface(solid line) in comparison with theAR/R
experimental observation that the intensity of the RA specspectrum(dotted ling obtained from Eq(4) with ®(E,)=—75°
troscopy signal in the region of 3 eV is much stronger on theand © (E,) =30°, wheree,, of bulk Si was calculated by SETBM.
(113 surface compared wittD01) Si surfaces:>!!To illus-  The arrows denote the calculated SETBM positions ofEheand
trate this point we display in Fig. 6 the RA spectra from Ez energies of bulk Si.
vicinal Si surfaces taken from Ref. 1.

On clean(113 Si surface two broad peaks located at 1.0 AR
and 2.0 eV related to surface-to-surface type optical transi- R~ Alewn(B) eap(B)]Aer,(E)
tions and the strong negative peak at 3.0 eV are caused by
surface-to-bulk type of transitiofsee dotted line in Fig.)3 +blep(E), €2p(E) JA€2p(E), 3
One can conclude that the calculatgd enhancement of R@\‘/herea andb are the Seraphin coefficierf Equation(3)
spectroscopy response near 3.0 eV is caused by a dangliRgn pe rewritten as
bond configuration related to the double steplike atomic ge-
ometry. Measured RA spectra of clean reconstructed Si vici- R '
nal (001) surfaces showed both a broad structure near 3.0 eV R A Rge®FAe,(E)], (4)
and a second future near 4.3 eV that occurred neaEthe
peak of bulk St-241This is consistent with our results pre- whereA is an amplitude an® (E) (tan®=a/b) is a phase
sented in Fig. 2. factor that describes the admixture between , andA e,y

The value of the calculated SIOA related to the bulk elecdn our case we takeAe,=(de,/dE)AE, i.e., a first-
tron states in the region d&, is quite strong on both the derivative spectroscopy.
(001) and the(113) Si surfacessee Figs. 2 and)3However, The solid line in Fig. 5 shows the RA spectrum of the
the predicted RA spectroscopy response in the region of theydrogenated113) Si calculated using Eq2). The dotted
E, transition on the001) surface is remarkably lower than line displays the RA spectroscopy response determined using
that on the(113 surface(see Fig. 4 As mentioned above, Ed.(4), where we have obtainetiy, /dE from €, calculated
the surface atomic configuration of tii#13 surface is re- bY SETBM (see Fig. 1 In order to get good agreement
markably different that thé001) (2x1) surface. On the hy- between the Ewo curves we h?ve taken for &j.the values
drogen passivated113 surface a RA spectroscopy peak @ (E1)=—75% and®(E;) =30 for theE, andE, features,
near 3.3 eV is predictegee Fig. 3 This signal corresponds _respectlvely. These vaIu_es 6f can be ver|f|e_d by d_etermm-
to the E; transition in bulk Si. It is very weak on th@01) ing a andb from the optical constants obtained either from

. . i) our theoretical SETBM calculatiofdotted line in Fig. 1
surface, as shown in Fig. 4 by the dotted line. The reason foOr (ii) the experimental datalashed line in Fig. 1 We find

this effect is an enhanceme_nt of SIQA on _mas) _surface O(E;) = —82°, O(E,)=28°, and O(E;)=—71°, O(E,)
caused by the double_stepllke atomic conﬂgurathn. Our "€ 45° in the former and latter case, respectively, in good
sults_ shovy thgt SIOA induced by the double steplike at_om'cagreement with the results shown in Fig. 5.
configuration is much stronger than SIOA caused by dimer- o, resuits demonstrate that the calculated RA spectrum
ized (2X1) geometry. _ . of the hydrogenated 13 surface indeed corresponds to the
Let us consider further the line shape of the predicted RAjyst derivative of the bulk dielectric function of silicon.
spectrum on the hydrogenatétil3) Si surface. One of the These are consistent with experimental dage Fig. 6 ob-
main results of Refs. 1, 2, and 11 was that the line shape ahined on the hydrogen passivatétld Si surfacei?*1?!
the RA spectra from the hydrogenated vicif@01) and  where a strong derivativelike RA spectroscopy signal has
(113 surfaces is like the first derivative of the bulk dielectric been measured in tHe, andE, transition regions.
function. We will demonstrate below that our calculated RA  While our theoretical results can account for the general
spectroscopy signal can account for this observation. Sincproperties of the experimental spectra of Fig. 6, i.e., increase
RA spectroscopy is a form of “external” modulation spec- of signal with vicinal angle and first-derivative-like nature of
troscopy the relative changes in the reflectivity can be exthe spectra, they cannot duplicate the exact details of the
pressed in terms of the changes in the réady(,)and imagi-  experiment. This is due to several causes. For example, we
nary (Ae, ,) components o, as® have “simulated” the excitonic nature of th&, transition in

AR/R

0.00

Photon Energy (eV)
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12 It is instructive to analyze further the optical anisotropy of
Si surfaces. The atomic configurations of {881) and(113

~~~~~~ 8i(001)-4° Si surfaces used in this work for the calculation of the RA

— - 8i (001)-6° spectra do not show any new details as compared with pre-
s — Si(001)-10° viously published results!618:202%5rong distortions of the

— Si(113) atomic geometry of the surface atoms cause dramatic

changes in the surface electron energy structure and conse-
quently the optical functions related to electronic transitions,
which involve either surface states or electronic states related
to the back bonds of the surface atoms. This point has al-
ready been made in Refs. 6 and 31. The distortion of the
atomic bonds of more deeply lying atomic layers is much
less pronounced and hence they cause relatively small
changes of the electron energy structure. These changes are
well oriented on the surface due to dimer and steplike geom-
etries. As has been studied in detail in Ref. 6 the physical
nature of the optical anisotropy of Si surfaces in the region of
the E; and E, transitions is surface induced distortions of
bulklike atomic bonds of deep-lying near-the-surface atomic
layers. In addition to the previous studies our results show
that the steplike distortions provide much stronger SIOA
than dimers.

10*AR/R

Photon Energy (eV) V. SUMMARY

FIG. 6. Experimental RA spectra for vicinal Si surfadé®m We have reported the results of a theoretical study of the
Ref. 1). The arrows denote positions of thg andE, energies of SIOA of the (001) and (113 Si surfaces by the use of first-
bulk Si. Reprinted from Appl. Surf. SclL07, 35 (1996 with per-  principles density functional theory and the semiempirical
mission from Elsevier Science. tight binding model. The optical response of cl¢afl) and

. . (113 surfaces obtained in the region around 3.0 eV origi-
the SETBM calculation by the procedure mentioned aboven,ies from surface-to-bulk transitions. A strong SIOA re-

However, theE; peak in the experimental optical constantssponse has determined in the region of Byeand E, bulk

(see Fig. 1 has an excitonic Lorentzian line shape while for oyitica| points. The line shape of this response corresponds to

our theoretical one-electron SETBM calculation the linee first derivative of the dielectric function of bulk Si. The
shape is that of a two-dimensional critical point. The deriva-gariyativelike optical features in the vicinity &, are much

tive of the former is narrower and more intense in relation tostronger on thé113 surface in relation to thé001) case due

the latter Also, as pointed out above, the SETBM method  gistortions resulting from the double-steplike atomic ge-
does not account properly for the conduction bands that consmetry. The obtained results account for a number of experi-
tribute to theE, feature. mental observations.

The phase of the calculated RA spectra in Fig. 5 are al-
most opposite to that of the experimental data of Fig. 6.
According to the Koster-Slater mod®excitonic effects also
can significantly alter the values of the phase aryl@hese We acknowledge the support of NSF Grant No. DMR-
effects are much stronger BY, in relation toE,, because of 9414209 and the New York State Science and Technology
the excitonic nature of the former. Therefore, this effect alsd-oundation through its Centers for Advanced Technology
demonstrates that in order to get better agreement betwe&rogram. We are thankful to D. E. Aspnes and R. Del Sole
experiment and theory the electron-hole interaction shouldor several useful discussions and to Y.-C. Chang for provid-
be included explicitly. ing his results prior to publication.
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