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The optical anisotropy of materials with isotropic bulk crystal structure depends to a large extent on
the surface atomic structure. For instance, data obtained by reflectance anisotropy spectroscopy
(RAS) on (001 surfaces of zinc blende semiconductors such as InP and GaAs, have a fingerprint
character for the various surface reconstructions. Here we present RAS spectra f6d@apAsd
INP(001) recorded at room temperature and at low temperature. We show that by comparison with
a theoretical analysis based ab initio density functional theory in local-density approximation
calculations the origin of characteristic spectral features can be identified and thus RAS spectra
utilized to discriminate between different competing structural models. We identify contributions
related to electronic transitions between surface states as well as features arising from surface
perturbed bulk wave functions. We explain the high sensitivity of RAS to the surface structure and
chemistry as due to the surface state related features20@L American Vacuum Society.
[DOI: 10.1116/1.1394730

|. INTRODUCTION states’ Aspnes and Studfiaiscriminated between two RAS
components: “intrinsic” contributions from surface effects
The experimental characterization of surfaces is stillon bulk wave functions and “extrinsic” contributions related
mostly performed with “classical” surface science tech-to the surface electronic structure. The latter are particularly
niques such as electron spectroscopy and scanning tunnelifgteresting from surface science as well as a technological
microscopy. In recent years, however, optical spectroscoppoint of view, as they give rise to the correlation between
techniques are more and more advancing into this field. Oatomic surface structure and optical anisotropy. Meanwhile,
the one hand, the improvement of numerical methods in sutthe understanding of surface optical properties has improved
face theory, which allows us to understand the surface opticaly calculating the spectral response on the base of surface
response in terms of microscopic surface excitati@ec-  electronic band structures derived for realistic atomic surface
tronic transitions within the surface band struclurbas  structures. A combination ofirst-principles total-energy
stimulated applications of optical spectroscopy, for surfac€TE) calculations for atomic structure with tight-binding cal-
characterization. On the other hand, optical spectroscopyulations for electronic structure was applied to G@ag).°
different than the well established electron based surface scRecently, a more accurate theoretical modeling was achieved
ence techniques, can also be applied to surfaces in noffer InP(001) using a fullab initio modeling®
ultrahigh vacuun{UHV) environments. In this article we discuss experimental and theoretical
Rather widely used is reflectance anisotropy spectroscopywork obtained on GaA801) and InR001) to outline the
(RAS), also termed reflectance difference spectroscopy. RA$nicroscopic understanding of surface optical properties
is a powerful tool for characterizing static surfaces as well asvhich may be achieved. We show that the surface optical
for monitoring dynamic surface processes in variousanisotropy may be utilized for discriminating between com-
environments:?> Because of its broad applicability, much peting surface structure models.
work has been dedicated to clarify the origin of the reflec-

tance anisotropy. More than a decade ago it was shown thﬂt EXPERIMENTAL AND COMPUTATIONAL
the optical anisotropy is partly related to electronic Surfacel\/iETHODS

aAuthor to whom correspondence should be addressed; electronic mail: 1 h€ INR0O01) and GaA_SOO:D Surface_s were pr_epared in
Norbert.Esser@physik.tu-berlin.de UHV by thermal desorption of protective arsenic or phos-
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phorous cap layers® The samplegcapped homoepitaxial 4
epilayers were grown by molecular beam epitaxy or metal- cl4x4) p2(2x4) 2"4)

organic vapor phase epitaxy. After preparation the surfaces * °
were investigated at room temperat§RT) by low energy

electron diffraction, Auger electron spectroscopy, scanning

tunneling microscopy, and reflectance anisotropy spectros-

copy (RAS). RAS experiments were carried out at room tem-
perature as well as at low temperattd) (approximately
30-40 K.

The total-energyTE) calculations were based on density- b a2(2x4)

functional theory in local-density approximatiofDFT- o (4x2)
LDA). Using the atomic positions of the relaxed ground state
obtained from this total-energy minimization, the optical
spectra were calculated in an independent-particle approxi-
mation. We apply either an empirical tight binding approxi-
2(4x2)

mation or use directly the DFT-LDA electronic structure. In
% mixed dimer 19

the latter case self-energy effects are included via the so-
called GW approaciGWA).3*2 In GWA the self-energy
operatorX is approximated by the convolution of the single-
particle propagator GGreen’s function and the screened
Coulomb potential W. To calculate W we use a model dielec-
tric function. Thus our GW model requires the input of the
dielectric constant., . However, it has been shown that the
inaccuracies caused by the use of a bulk dielectric constant
for surface GW calculations are very smAllTo determine
the optical anisotropy we follow the formalism developed by
Del Solé! and Manghiet al'? Computational details can be
found in Refs. 13, 14, and 30.
Fic. 1. Top view of relaxed002) surface structures. Empty and filled circles
IIl. RESULTS AND DISCUSSION represent group Ill and group V atoms, respectively. Positions in the upper-
most two atomic layers are indicated by larger symbols.

A. GaAs (001)

During recent years, much experimental work has concen-
trated on GaA®O01) surfaces. GaAs has been considered as aome of the atoms in the second, third, or forth atomic layers
prototype material to clarify the structures of the technologi-are considerably displaced from the atomic position in the
cally important(001) surfaces of IlI-V semiconductors. A bulk crystal structure, due to strain. Since atomic radii of the
variety of different reconstructions, depending on surfaceslemental constituents vary for different Ill-V materials, dif-
stoichiometry, are known on Gaf¥1).®® In particular the ferent types of surface structures become thus evident.
three so-called “main” reconstructions, i.e., the As-ric{¥ In a very recent work by Lee, Moritz, and Scheffler a new
X4), the As-rich (24)/c(2X8), and the Ga-rich (4 type of surface structure has been proposed for Ga-rich
x2)/c(8%2) (shown in Fig. 1 were characterized very GaAg001).2! This structure, calledi-(4X2) structure, is
intensively:>~1 shown in Fig. 1 together with a variety of structure models

Nevertheless, recently it has been demonstrated that thdiscussed in previous literature. All these structures have
assumption of similar surface structures for {081 sur- been optimized and tested for their stability ddy initio total
faces of different II-V materials is not correct. G801)  energy(TE) calculations’? The resulting surface phase dia-
surfaces of InP and GaRx 1) reconstructions for P termi- gram is shown in Fig. 2. The TE calculations confirm the
nation and(2x4) reconstructions for llI(Ga or In termina-  well-known structures occurring on As-rich surfaces: The
tion have been found. Among these only the atomic strucmost As-rich structure is the(4x4) surface, for less As-
tures of the Ga or In-terminatg@x4) reconstructions have rich conditions the 2(2x4) structure is favored. The
been clarified so far. Its key element, the so-called “mixedB2(4X2) structure, to the contrary, is far above the energy of
dimer,” consisting of one group Il and one group V element, stable surface structures and thus not realistic. As first shown
is unknown on 111-A$001) surfacegsee mixed dimer struc- by Lee and co-workefd, the {—(4X2)-structure has a con-
ture in Fig. 2. Moreover, on AISK001) and GaSt001) sur-  siderably lower total energy under Ga-rich condition. Only
faces new structures have been found. Some of them do nahder extreme Ga-rich conditions the mixed dini2x4)
fulfill the electron counting rufé and others contain mixed structure appears to be lower in the TE calculations.
dimers?® These discrepancies seem to be correlated to sur- In spite of the TE result, the latter mixed dimétx4)
face strain induced by the restructuring at the surfide.  structure does not exist on the real Gé¥G) surface since
realistic structures derived from total energy calculationsexperimental studies do not revedl2a<4) surface symmetry
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under Ga-rich conditions. This result underlines that the total L \/ RAS - calculated
energy calculations must be taken with care, since they allow 1.5 2.0 25 3.0 35 40 45 50 55

a comparison only among a number of suggested structure Energy (eV)

models which must not necessarily contain the true mini-

mum energy structure for a certain surface Stoichiometryl_:l@. 3. Experimental and calculated RAS spectra for the three main
t-_aAs(OOl) reconstructions. The experimental data were recoiidesitu

Therefore, a comparison between experimental and theore gﬁer decapping and subsequent annealing of undoped(®E@@sThe spec-

cal results is very essential to identify the true surface strucga were taken at room temperatutashed linesand at 40 K(full lines).
tures. The thin horizontal lines denote the zero levels for each spectrum.

For this purpose we compare the surface optical anisot-
ropy determined by RAS with calculated spectra obtained for
the various atomig structures from TE calculations. In Fig. 35jactronic structure at 3.04, 3.26, 4.5, and 5.1 eV, respec-
RAS spectra obtained at room temperature and at 40 K fotrively.
thec(4x4), (2X4), and(4X2) surface structures are shown
in the upper part. In the lower part calculated spectra are
shown which are obtained for the three main reconstructionsB InP (001)

i.e., c(4x4), B2(2x4), and B2(4x2). The RAS spectra
were calculated by the empirical tight binding method, based The atomic and electronic structéfe” of the In-rich

on the atomic structures fromb initio total-energy calcula- INP(001) surface was only recently clarified. In contrast to
tions. The experimental spectra demonstrate that the opticarevious expectations it was found that the group-Ill-rich
anisotropy is indeed characteristic for the surface structuresurface is not of(4xX2) symmetry as in the case of
Supposing the underlying structure model is correct, the calGaAg001) but shows a2x4) periodicity?* The surface re-
culated spectra should resemble the experimental ones. gonstructs in the so-called mixed-dim@x4) structure.
strong similarity in line shape is in fact observed betweenMixed In—P dimers, oriented alorjd10], terminate the sur-
experiment and calculation for the As-rick4 X 4) structure  face (see “mixed dimer” structure in Fig. )l and In—In
and to a lesser degree for tfi2x4) structure. For the Ga- bonds alond110] are located in the second layer.

rich (4X2) structure the experimental spectrum is not repro- Results for the optical anisotropy measured at RT and LT
duced at all. These results infer that the atomic structure ofire shown in the upper part of Fig. 4. The room temperature
the As-rich reconstructions correspond to the real surfaceata agree with earlier finding8:2 There is a strong nega-
structures whereas the Ga-rich surface is not supported. tive anisotropy around 1.8 eV and further features appear

In the low-temperaturéLT) data in Fig. 3 spectral fea- close to theE; and E critical point (CP) energies. As ex-
tures are blueshifted and significantly sharpened. The coolingected, the low temperature spectrum is blueshifted with re-
leads to the appearance of new, pronounced structures relatspect to the 300 K measurement and a sharpening of the
to surface transitions, in particular for th{4x4) and  peaks occurs. In addition, features that are hardly discernible
(4X2) structures. On thé2x4) structure, in contrast, only a at 300 K become prominent, similar as discussed above for
sharpening and increase of the spectral features is observe@aAg001). The negative anisotropy at low energies splits
On this surface the pronounced features are correlated to ttieto peaks at 1.9, 2.1, and 2.6 ddenotedS;, S,, andS;)

E,, E;+A, Ej andE, critical points (CP) of the bulk  and a positive shouldgdenoted ass;) develops at 2.3 eV.
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1.5 20 25 30 35 40 45 50 5.5 Fic. 5. Left: calculated RAS due to transitions between specific surface
Energy (eV) states as indicated. Right: orbital character of the corresponding std{es at

(spacing 10° Bohr 3).
Fic. 4. RAS spectra for the In-rich IfB01)(2Xx4) surface. The calculated
spectra are obtained within a GW approximation. Measurements were per-
formed at 300(dashed ling a_nd _30 K(full lines). Bulk CP energies and the atomic surface structure. In agreement, RAS experiments
surface-related features are indicated. performed on differently terminated I(®01) surfaces show
very little effect on the three-buckle line shaf$e?®

In the lower part of Fig4 a calculated RAS spectrum is AN intuitive understanding of surface state “signatures”is
shown using the LDA-DFT calculations with GW approxi- 9ained by calculating the optical anisotropy due to transi-
mation. The GW corrections are important to yield realistictions within pairs of the above identified surface states. We
optical spectra if the DFT-LDA approach is usedpplying ~ find that some of these transitions give rise to pronounced
the GW correction to InP opens tfi& gap atl’ from 0.9 to anisotropy features. Their superposition nearly accounts for

1.4 eV. The transition energids, and E} are shifted from the entire surface contribution to the spectrum. Figure 5
25 1t0 3.2 eV and from 4.2 to 5.0 eVOrespectiv%H]hese shows the calculated contribution to the RAS from transi-

values are in good agreement with tBg, E;, andE} en- tions involvingV1—5 andC1—3. This analysis provides a

ergies of 1.4, 3.3, and 4.8 eV measured by spectroscopifé‘” understanding of the surface features of the optical an-

ellipsometry at 30 K€% For low photon energies we obtain isotropy of the In-rich InFO01) surface:S; is caused by the
two pronounced negative pealdenotedS,, andSs). In the bonds between first- and second-layer cati@sarises from
high energy region features appear close ta&handE, CP transitions mainly involving the second-layer In—In bonds.

energies. Together they form a characteristic “three-buckle”’ "€ Symmetry break induced by the mixed dimer on the
shape. We would like to note that the spin-orbit interaction ign—!n bonds of the second atomic layer is responsiblestor

not taken into account in our calculation. This explains the2nd the dimer bond itself foB; . The numerical analysis is
small differences in line shape between experiment and cafonsistent with an hgurlstlcal llnterpretatlon of RAS based on
culation occurring at theE; and Ej bulk critical points. the symmetry of initial and final states: Assuming a larger
Apart from this an excellent agreement between GW calcyPolarizability along the bond dll’eCtIOI’l', negative anisotropies
lations and experimental spectra is obtained. are expected for the In—In bonds, oriented algi0], and
Separating spatially the contributions to the optical anisotPositive features for the dimer bond, oriented al§ag0].
ropy from different slab regions, we find th&, S,, S;,
and S; originate entirely from the uppermost four atomic
layers. This is consistent with the experiment. The measure
negative anisotropy for low energies is extremely dependent Since the RAS spectra depend both on the optical proper-
on surface structure and therefore surface related, as revealges of the surface layer and the underlying bulk of a mate-
by RAS data obtained on differently prepared (01 rial, a more direct measure of the surface electronic structure
surface€®~?°The features at the CP energies arise from tranean be obtained by analyzing the data in terms of a three-
sitions between bulk-like electronic states that are perturbethyer model consisting of the isotropic bulk, the anisotropic
by the surface. In earlier calculatidrisve have shown that surface layer, and the vacuum surrounding. Assuming that
these features at the bulk CP energies are rather insensitive tloee thicknessl of the anisotropic surface layer is only a few

8. Dielectric anisotropy
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o ) . at 1.91, 2.06, 2.3, and 2.54 eV. The line shape of the optical
Fy b anisotropy of the Ga-terminated GaAx2) surface is partly

I T A similar to that of the In-terminated 116@01)(2x4) surface,
4r despite the rather different surface structure. However, mi-
croscopic structural elements such as a covalent bond along
2r the[110] direction between a group V and a group IIl atom
and a covalent bond between two group Ill atoms along the
0 [110] direction are characteristic of both the mixed-dimer-
(2X4) structure and the/-(4x2) structure. Therefore the
— ot . minimum/maximum/minimum  structure  denoted  as
g (i M GaAs(o0n), LT S,/S}/S; on InR00Y) involving the surface states V5, V4,
5 R A M and V3 may occur for the GaA&(4x2) structure as well.
2’ 4rss, /’\ \ ] The large minimum S1 on I(B0Y), to the contrary, should
£ 0 V/\ ] not occur on the GaAg-(4x2) structure since there is no
\/ structural counterpart for the bonding surface s¥fe de-
a4l 2x4 4 rived from In—In back bonds. This heuristic interpretation in
: L , fact explains well the experimental spectrum. In order to
81 1 AR achieve a decisive assignment, GW calculations as discussed
P P above for InPO01) of course would be very helpful.
12+ InP(001), LT 1
15 2.0 25 3.0 35 40 45 50 5.5 IV. CONCLUSIONS

Energy [eV]
Combining experimental RAS spectra and results of nu-
Fic. 6. Surface dielectric anisotropy obtained at 40 K for the three mainmerical calculations. we have gained insight into structure
GaAq001) reconstructions (upper pangl and for the mixed-dimer determination by obtical spectrosco and shown how the
InP(001)(2x4) reconstructionlower panel. The positions of the bulk in- y op p Py - .
terband critical points at 40 K is marked by vertical lines. Structures due teSPectral features can be related to electronic transitions
surfac_e transitions occur in the spectral region belowBhaaps of either  within the surface and bulk electronic band structure. Using
materials. the differently reconstructed Ga@&¥1) surfaces as an ex-
ample, we show that the RAS response is dependent on the
) ) ) ) _real atomic structure and thus a sensitive test of structure
atomic layers, the corresponding surface dielectric anisotyqgels. Extrinsic and intrinsic contributions due to elec-

ropy Ae can rather simply be calculated using the ygnic transitions involving surface and bulk electronic states

. . 4
approximatiori are separated. Low temperature spectra are particularly use-
A Ar ful to identify spectral features related to surface electronic
Ae'd:4_ﬂ_i(€b_1)?- (1) transitions. The mixed dimer structure of (BP1)(2x4)

serves as a model case to achieve a quantitative agreement
Here e, denotes the bulk dielectric function. For compar- between calculation and experiment. For this structure the
ing experimental RAS data with calculations it does not matextrinsic anisotropy features were traced back to transitions
ter whether the dielectric anisotropy or the raw spectra arghvolving specific occupied and unoccupied surface states of
taken since both quantities can be delivered by the calculahe uppermost two atomic layers.
tions. The interpretation of experimental data such as the
“transition energies” of surface state related transitioosr-
responding to critical points in the surface band strugture ACKNOWLEDGMENTS
however, is more accurate using the surface dielectric anisot- The authors acknowledge support by the DFG within the
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