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We propose a method to obtain the layer-resolved contributions to the reflectance anisotropy signal of
semiconductor surfaces which are modeled using the slab approach. Following this method, a microscopic
formulation based on the semiempirical tight-binding approach is used to calculate the reflectance anisotropy
of two InP(001) surface structures possibly relevant to standard gas-phase epitaxy conditions. It is shown that
(i) the elimination of the anisotropy signal from the bottom layers of the slab is essential to correctly compare
with the experiment andi) the strong low-energy anisotropy characteristic for gas-phase-grown InP surfaces
arises from the uppermost atomic layers.
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Linear optical spectroscopic probes have been employed To model the semi-infinite crystal we use a slab consisting
to investigate very different physical aspects of surfaces wittof N atomic layers, extending frorm=0 to z=Nd, d being
great successIn particular, reflectance anisotropy spectros-the interlayer distance. We define the RAS signal as
copy (RAS) measures the difference between the normal-
incidence optical reflectance of light polarized along the two R=AR/R-ARy/R, @)

principal axes in the surface plane as a function of the photoyhere AR, is the surface-related change in the reflectivity
energy. Since the bulk optical properties of cubic crystals ar@nd R is the usual Fresnel reflectivity, with=x or y. The
isotropic, any observed anisotropy must be related to theurface contribution at normal incidence is givertty

lower symmetry of the surface. RAS data are typically ob-

tained in the visible-ultraviolet spectral rangéhus provid- AR /R=4(w/c)Im[47Daji(w)/(es(w)—1)], (2

ing information about electronic structure modifications due

with Zw being the incident photon energy,the speed of

to the creation of the surface, reconstructions, adsorbateﬁght andD half of the slab thickness. The imaginary part of

surface electric fields, eft! The theoretical approaches us_ed the half-slab polarizabilitya;; , is related to the transition
to model RAS spectra range from phenomenological opapility induced by the radiation between slab
models® bond polarizable modefs! and semiempirical eigenstated?

models® to ab initio calculation$™! in combination with ’

Green’s-function methods which allow for the inclusion of O o .
electron-hole attraction effectd.Despite these efforts, the ~ IM47Daij(w)]=y(w) 2 P (kP (KA, (K ),
actual physical origin of the surface-related optical anisotro- vek 3
pies remains an open question. The discussion was fueled by .

the finding that RAS data on chemically saturated surfacewhereP, , is the matrix element of the momentum operator,
often resemble the energy derivative of the corresponding=—i#V, betweerm andn, with m,n=v valence-initial or
bulk dielectric functioneg(w), whereaseg-like spectra may ¢ conduction-final states at poitt in the two-dimensional
occur for surfaces with unsaturated dangling boriidshe  Brillouin zone. Also, y(w)=4m2e?/m?w?A, with A the
guggestions Fo gxplain these findings range from phomr‘éample area, andl, C(Iz,w)=5[EC(IZ)—EU(IZ)—hw], where
induced localization of the electron wave packétthe SUr-  the Dirac’s delta takes care of energy conservation, with
face termination effect; the influence of the surface electric E,(K) the slab eigenvalues. In E(8), the -Cartesian com-

field® and strain-induced dichroism at the bulk critical S . .
points of the dielectric function on the surface optical ponent o_me,n is related to the_ operator assoc_@ted W'.th the
expectation value of the polarization, whereag-@&artesian

response t from th t iated with th
A gqualitative and quantitative understanding of the possi_comppnen comes from the operator associated wi € per-
turbation induced by the electromagnetic field. In other

bly different origins of surface-induced optical anisotropies ) i .
is obviously an essential requirement for the full exploitationwords, the induced dipole momen, is related to the per-

of the physical and chemical information contained in RASturbing electric field,&, by the well-known relationp;
spectra. Therefore, in the present paper a method is proposeda;; &; .

to allow us to analyze the spatial origin of the RAS signal The slab used in the calculation has a front and a back
with atomic layer resolution. As an example two surfacesurface. For nonpolar faces of binary semiconductors, such
structures that have been proposed to occur during the gaas the(110), it is always possible to have the front and the
phase growth of In@01) are investigated. back surfaces identical, but for polar faces, such a$d8#),

0163-1829/2003/64)/04131G4)/$20.00 68 041310-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

CASTILLO, MENDOZA, SCHMIDT, HAHN, AND BECHSTEDT PHYSICAL REVIEW B68, 041310R) (2003

e
: e «é |

[110]

—

front surface. Then, the question as to how one should obtain _

R of either the front or the back surface arises. To this end, [11% é‘
one has to introduce a&ut function associated with the )
guantum-mechanical operator that gives the induced polar-
ization in Eq.(3). Thus, we write the matrix elements of the
modified momentum operator as

y

d

y

this is not the case and the back surface is different from the o

&

: ) 1 ) )
i [ i i
Poc™Pue=73 ; [Py,((S(2)¢,c+(S(2),,ePycls (4) FIG. 1. Top view of(a) 1D and (b) 2D InP(100:H surface
structures. DarKlight, small) symbols indicate IP, H atoms.
where[ S(z) ], are the matrix elements of the cut function,

S(2), and we have introduced a complete set of eigenstates s ot restricted to a tight-binding description, but may

denpted byt that runs over ‘f"“’ andp states. The typical 5,54 e combined with plane-wave or finite-difference
choice for§(z) is a step function that is 1 for one-half of the (.o med?

slab and zerof forr;che; other, dhepgnd:(ng ofn whether one Vﬁ.mts Because optical spectroscopies do not require ultrahigh-
to computer for the front or the back surface. However, this 50\, ,m conditions, they are increasingly being used to

function can i_Je g_eneralized in suc_h a way that one can isor'nonitor gas-phase epitaxy processes. Recently0d® sur-

late the contribution of every atomic layer &g;, and thus  ¢,ce stryctures occurring during the gas-phase growth of InP
one can study the optical anisotropy of every single layery, e peen investigatéd,where two of them stand out as
Indeed, takingz, as thez position of thenth layer we can  gnergetically most favorable. One consists of single,

write H-passivated P dimers on top of a P-terminated substrate,
_ _ and it may occur for P- and H-rich surface preparation con-
S(2)=0(z-2,+d2)0(z,+d2=2)=S(z0). O itions (labeled D in Fig. 1). If the surface is less P rich,
so from Egs.(3) and (4) we obtain thenth atomic layer Periodic chains of oppositely buckled P dimers on top of an
polarizability as In-terminated substrate, with one H atom bonded to the
down atom of the P dimer, may forgtabeled D in Fig. 1).
i - oi R The bottom of the slab is P terminated and saturated with H.
Im[47D ajj(n)]=y(w) 2-Pu,c(n1k)PC,v(k)Av,C(k’w)’ Since the SETB parameters for P-P interaction are not
v.ck (6) known, we started from the InP parameters of Ref. 21 and
adjusted the parameters that describe the nearest-neighbor
with overlap integrals in such a way thRt of the 2D reconstruc-

L tion coincides the best with the experimental sigiialhe

i oy o i i C values found areVsy,=—1.34 eV, V,,=0.73 eV, V,,
Pocni=5 2 [PLRISED et (3P 2056 v v, =~ 018 eV, andVaspe 1.36 eV.
(7) In Fig. 2 we showR for each layer of the R reconstruc-
Then,
%1073 20 T T T T T

Nt

aﬁ=; a;j(n) (8) 15

gives the contribution of the frortback, A=f(\=b), sur-
face forn;=1 andn;=N/2 (n;=N/2+1 andn;=N), where
alj+aj) = ajj . Since Eq.(2) is linear ina;;, so is Eq.(1),
and then besides using E@) to obtainR of the front and
back surfaces, we can uag(n) to obtainR for each atomic
layer of the slab. If the electronic wave functions are ex-
panded into (or projected ontp atomic orbitals, then
(S(2)) ¢, m=S(z) 5¢. m WhereS(z,) =1 if the positionz, cor-
responds to the atom described by the quantum I&bel
=m, and is zero otherwise.

In the following we use the semiempirical tight-binding . . . . . . .
(SETB) formalism with asp’s* basis to describe the slab 15y L5 2 25 3 3.5 45 5
electronic structure, which allows for a fast while still physi-
cally sound interpretation of RAS specfrand is particular
suitable in the present context, because it allows for a natural FIG. 2. RAS spectra for thel® surface structure. The solid line
assignment of the electronic states to specific atomic layerss the total contribution from the front surface, and the other lines
Our approach of separating the atomic layer contributions tare the contributions from each atomic layer.
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FIG. 4. Top panel: Front RAS spectra for th® land 2D sur-
faces along with the experimental results of Ref.(@dtted ling.
Lower panel: totalsolid lineg and back-surfacélotted line$ RAS
photon energy (eV) signals for the same reconstructions of the top panel.
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FIG. 3. RAS spectra for thel2 surface structure. Thes sb bs  1ayers two, three, and nine, where we have decomposed the
andbb valence to conduction electronic band transitions are showisPCtra into its contributions from valence- to conduction-
for the secondif=2), third (1=3), and ninth 4=9) layers. The €lectronic transitions, where each electronic state is classified
solid line is the total contribution for each layer as shown in Fig. 2.8ccording to its surfaces) or bulk (b) wave-function
Note the smaller vertical scale in the lower panel. charactef® For layer two(P dimer$, we see that the main

contribution to the 1.8-eV feature comes framandbb. For

tion along with the front surfac® obtained through Eq8).  the third layer the same feature has contributions mainly
We see that fon=1 (H partially saturating the P dangling from sh, and for the 3-eV feature the contributions come
bonds, the signal is almost null, and the main contribution tofrom bs andbb. Finally, the ninth layefR, besides being an
the front surface signal comes from the P dimers-@), and  order-of-magnitude smaller than the one from the previous
from n=3 and 4, which correspond to the next In and Ptwo cases, is only dominated by thé contribution. From
layers, respectively. Below the fifth lay€in), R is small, this figure we learn that a bulk layer is dominated by
and as we approach the bulk of the mateftais basically transitions, as should be expected, but as we move toward
zero, as it must be from symmetry considerations. These rehe surface and the symmetry becomes broken, it is the in-
sults are similar to those of Ref. 7 for the Si(1082-As terplay of the surface states and tharface-modifiecdbulk
surface, obtained through the discrete dipole model. We alsstates that gives rise to the RAS signal. One would expect
see that the feature at 1.8 eV has its main contribution fronmaively that only thesurfacerelated RAS features, i.e., those
layers two and three, whereas the feature at 3.0 eV comdselow the gap energy, should be dominatedsioglated tran-
from layers three and four, which agrees with the commorsitions, but thesurface-modified Istates give also important
idea that features below the energy gap are surface relateciontributions.
whereas features above the energy gap are bulk related. In Fig. 4 we comparé& from the front surface of theld

To further analyze this fact, we present in Fig/R3for  and the D reconstructions along with the experimental re-

041310-3



RAPID COMMUNICATIONS

CASTILLO, MENDOZA, SCHMIDT, HAHN, AND BECHSTEDT PHYSICAL REVIEW B68, 041310R) (2003

sults of Ref. 24. We note th& of 1D is in disagreement We have presented a method to calculate the contributions
with the experimental trace: the 1.9-eV experimental negaof individual surface layers to the reflectance anisotropy. Us-
tive feature is at 1.6 eV and more importantly, the 3.1-eVing the computationally less demanding SETB method, we
experimental positive feature is a negative dip at 3.0 eV. Omobtained that the In01) surface that shows oppositely
the other hand, the overall agreement of tHe & better, buckled and partially H-terminated P dimers has a RAS sig-
where we note a small 0.1-eV redshift of the theoreticalnal in good qualitative agreement with the experimental re-
spectrum, and a smaller intensity for the 3.1-eV featuresult for gas-phase epitaxy-grown samples. The analysis
Above 3.5 eV, the agreement is good for both surfaces, althrough the layer-by-layer decomposition of the RAS signal
though the feature at 4.9 eV is not seen in the experimenkhows the surface-specific RAS origin and the interplay of
since perhaps it is out of the measured range. Our results e surface- and bulk-surface-modified electronic states. This

favor of the D structure are also confirmed by scanningscheme sheds new light on the physical process of this useful
tunneling microscop¥? and the theoretical results of Ref. 20. spectroscopic optical probe.

We also show the total and back surfaés. The former is
different for both surfaces and from the experiment, and the

latter is also different from the experimental signal, but al- C.C. and B.M. acknowledge partial support from CONA-

most _|dent|cal for both_reconstructlons, since the back sur-CyT (Grant No. 36033-Eand CONCyTEG. B.M. also ac-

face is the same in either case. Thus, it is clear that thE . .
nowledges partial support from the Deutscher Akademi-

H-terminated bottom layer of the slab gives rise to an artifi- .
cial RAS signal which needs to be eliminated for a meaning-SCher AustauschdiensDAAD-Germany Code No. A/01/

ful comparison with experiment. 21729.
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