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Surface states at the GaA&01)2X 4 surface
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We have clearly evidenced the contribution of true surface states, in the range 1.8—-2.5 eV, to the optical
anisotropy of the GaAs(001)24 surface growiin situ by molecular beam epitaxy. These spectral features are
well below the photon energ§2.9 eV) where bulklike anisotropies appear in coincidence with Ehebulk
critical point. The surface character is established by studying the evolution of the reflectance anisotropy
spectroscopy spectra versus oxygen exposure. The interpretation is strengthened by comparison with high-
resolution electron-energy-loss spectra measured on the same surface and by first-principles density-functional
theory calculations.
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After its early applications to study the bulk anisotropiestected in InAs(001) X 4,1* which hinders the observation of
of oxidized samples in dirand the optical properties of minute modifications in the line shape. As a matter of fact, in
semiconductor surfaces in ultrahigh vacu(dHV),” an im-  Ref. 12 the authors conclude only on the dominant surface
portant achievement of reflectivity anisotropy spectroscopyorigin of the 2.9 eV peak and on the bulk origin of the 4.5 eV
(RAS) was to monitor the growth of GaA801) samples feature.
during molecular beam epitaxgMBE).>* This significant Recent experimental studies based on high-resolution-
development did not correspond to a real comprehension dflectron-energy-loss-spectrosctby (HREELS have well
the measured anisotropies, since a heuristic interpretation iglarified the surface/bulk origin of the anisotropy. The high
terms of surface dimers was generally accepted. AlthougBurface sensitivity of this spectroscdpynd the comparison
most part of detected features are measured above band gafih theory"®!” have demonstrated that the HREELS peak at
and, in particular, in coincidence with bulk critical points, the about 2.5 eV, appearing for loss along fié0] direction and
measured spectra were originally explained as mainly origistrongly sensitive to oxygen contamination, comes from sur-
nated from surface states just on the basis ofaapriori  face states. Moreover, at energy higher than 2.7 eV the pres-
statement: in cubic materials, the anisotropy measured bence of bulk states is largely dominant. On the other hand,
tween direction§110] and[110] of the (001) plane must be Pagetet al® have reported a DFT-LDA calculation of the
zero. Consequently, all the anisotropy terms ought to com&AS signal measured at GaAs(00X2 surfaces. The com-
from the surface. Furthermore, unrealistic calculations conputed spectrum is represented summing four different pos-
curred to the supposed surface character of RAS signals. sible contributions: surface-surfa¢8S, bulk-surface(BS),

After about ten years of long-lasting discussions and exsurface-bulk(SB), and bulk-bulk(BB), classified according
periments, nowadays the anisotropic features of cleatp the location in real space of the initial and final states of
GaAs(001) % 4 surfaces are interpreted in terms of bulklike the optical transition. A negative peak at about 2.5 eV, origi-
state$° The surface acts as a perturbation of the otherwis@ating from transitions perpendicularly polarized to the
isotropic bulk wave functions. Such a conclusion has beei\s-As dimer axis, characterizes the SS term.
reached on the basis of new and realistic density-functional In a previous papéf on GaAs(001)-c(4x4), we dem-
theory—local-density approximatiofDFT-LDA) and quasi- onstrated the power of combining RAS and HREELS spec-
particle calculations,and by the observation that the main troscopies on the same sample by exploiting their different
anisotropy structures of the As-rich phase always appear iaurface-to-bulk sensitivities. The results have also clearly as-
coincidence with bulk critical points. Experimental findings sessed the importance of characterizing surfaces freshly
also concurred to assign this bulk character: a directionagrown by MBE, which exhibit a higher quality with respect
strain externally applied to Zng#01) samples produces a to those decapped or ion bombarded. For this reason we
RAS spectrum very similar to that of the clean surface, withperformed an experiment on thex2 reconstruction to
peaks at the critical point energi¥sConsequently, the in- check if a true surface contribution could be evidenced in
trinsic strain due to the directional surface bordémer RAS spectra. The results demonstrate that the only contribu-
bonds could induce measurable anisotropies, by breakingions from true surface states or surface resonances are lo-
the symmetry of the underlying substrate. cated at energies below 2.6 eV, while for higher energies

Other experimental studies have assessed the surface osirface-modified bulk states dominate the spectrum.
gin of RAS spectral features: the modification induced by The homoepitaxial growth of GaAs was performed on a
gas (oxygen in clean surface¥ and, more recently, the Riber 32 MBE reactor on am-type Si-doped if=1
study of the optical anisotropy #001)-GaAs surface quan- x 10 cm™3) substrate. After the removal, under As flux, of
tum wells! A limit of the former experiment—inherent to the native oxide layer at 630—650 °C, the substrate tempera-
the oxidation of the As-rich phase—is the continuous shift ofture Tg was kept at 560 °C during growth with a flux ratio
the zero line observed during exposure to oxytfemlso de-  Jas/Jgs~10. After deposition of 0.4um of GaAs with a
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T ] reported in the literature we note a general concordance in

line shape, especially f@1 andB2: these two main struc-

] tures are strictly related to the bulk critical poirf{urface-

1 modified bulk statgsE; andEg, respectively. The positive

. shoulder at~3.4 eV is similar to the feature found, at

] slightly higher energy, in the calculated spectrum of Ref. 9.

__________________________________ J However, no interpretation about it is provided by the au-

thors. We point out thathe weak features occurring in the

E Ev 1 low-energy region (photon energy2.6 eV) have never been

i LRI I evidenced beforePreviously published RAS spectra of (2

A X 4) were measured on As-decapped sanipté&?223or,

] alternatively, during the MBE growth at500 °C#?*in both

1 cases such features did not occur. In As-decapped samples

] this may be justified by the lower reconstruction quality as

e T already pointed out in recent work®In MBE in situ mea-

1 2 3 4 5 surements, the surface is well ordered, but the high tempera-
Energy (eV) ture tends to broaden the structures and to reduce the anisot-

ropy signal of the whole spectrum down to 0.2—0.3%. In the

_FIG. 1. (a) Reflectance anisotropy signal between the directionsomy MBE in situ measurementdwhere the low-energy fea-

[110] and [110] for the clean GaAs(001)24 surface.(b) The  tures were observed, the spectrum was acquired at 80 °C:

relative intensity difference for the electron energy loss spectrgevertheless, no discussion about them was provided by the

along the[110] and[110] directions. authors.

The peakB1 andB2 in Fig. 1(a), nearly coincident with
grOWth rate of 1.8 A/S, the Supstrate was maintained, at thﬁ']e bu'k Critica| pointsEl and Eé, respective'y' are ex-
growth temperature, in Asflux into the reactor for 15 min  pjained in terms of bulk transitions modified by the surface,
while monitoring the surface reconstruction by reflectedaithough a little contribution from surface states was pro-
high-energy electron diffractioRHEED). Then the sample posed by other authoté8As expected, they have no coun-
was quickly quenched and transferred in UHV to the analysigerpart in the energy loss spectrum since the short probing

chamber for the RAS and HREELS measurements. All meagepth of the electrons restricts the sensitivity of HREELS to
surements were performed at room temperature. Loss Speciie surface layef*'5

were acquired using a fixed geometry with the electron beam On the basis of first-principles DFT-LDA calculations of
of kinetic energy 15 eV impinging and being detectedbat the surface and bulk dielectric functions, the negative feature
=45° from the sample normal. RAS spectra were taken int 2.4 eV previously has been interpreted for both HREELS
the energy range 1.5-5.5 eV by using a single polarizer conRef. 14 and RAS(Ref. 18 spectra as being due to transi-
figuration. In such a way one measurdfR/R=2(R119 tions, polarized perpendicular to dimens, (long the[110]
—Rr110)/(Rrnao + Rru1g) = 2 Re@r/r), r being the Fresnel direction, between states at the top As-dimer backbonds and
coefficient. Within the MclIntyre-Aspnes mod@ffor a sur-  unoccupied dangling-bond states of the second-layer Ga at-
face layer of thicknesgl<\ (A being the wavelength of oms. We now examine more closely the low-energy part of
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light), the RAS signal is given by the RAS spectrum by means of calculations, carried out
within DFT-LDA, using norm-conserving pseudopotentials
Re( ﬂ _ @[AASH— BAe!] (1) and plane waves expanded to an 18 Ry cutoff. For the optical
r c s s properties, we employ an accurdepoint sampling equiva-

= - lent to 576 points in the X 1 surface Brillouin zonéSB2).
where As{=g( 1%~ and Ag =g M- T are |y Fig 2 Wep show the computed RAS for a ten-layer-thick
the anisotropy of the imaginary and real parts of the surfacg|ap of GaA$001), taking variable integration depths over
dielectric function between tHel 10] and[110] directions of  the slab dielectric functior®®. The theoretical spectrum for
the surface, respectivelg is the speed of lightd is the  six layers is in very good agreement with the experimental
thickness of the surface layer, ands the photon frequency. curve, at least in the line shape, as it clearly reproduces all the
A and B depend upon the dispersive and dissipative part obbserved feature§)—(iii) of Fig. 1. The remaining discrep-
the bulk dielectric function and are calculated from bulk op-ancies in the energy positions of the peaks mostly derives
tical functions. For a definition oA and B the reader is from the DFT-LDA underestimation of the band gap and
referred to Refs. 19 and 21. from the neglect of many-bodgexcitonic and local field

We report in Fig. 1 RAS and HREEL spectra of the cleaneffects in the calculation, which are the most severe approxi-
GaAs(001)2< 4 surface. The following features can be iden- mations usedin comparison with the 18 Ry cutoff or our use
tified in the RAS spectrum of Fig.(4): (i) a negative and of LDA rather than generalized gradient approximation, for
broad double structure between 1.6 and 2.6 @Y,a huge instancé.?’ The layer-resolved RAS technicfallows us to
positive structure peaked at 2.9 glabeled B1) with a  isolate the low-energy features: while the contribution from
shoulder at 3.4 eMii) a positive peak centered around 4.5 the top two layers gives rise to tl8 peak, which we iden-
eV (labeledB2). By comparing our RAS spectra with those tify with the 2.4 eV peak in the experiment, ti$1 feature,
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surface.Ae is the anisotropy of the imaginary part of the surface

dielectric function between directiorid10] and[110], computed
ffrom the experimental curve of Fig(d.

FIG. 2. Calculated RAS spectrum for the GaAs(0@)2
X 4) ten-layer slab within DFT-LDA, for different limits of integra-
tion over the surface dielectric function. A Lorentzian broadening o
0.15 eV has been used, which, along with the cutoff depth, influ-
ences the signal amplitude. Theoretical valuesEpandE; critical Further support to our interpretation of the RAS spectrum
points are marked. No self-energy-type corrections to the DFT-LDAcomes from the behavior of the spectral features after expos-
energies have been included in the spectra. ing the surface to molecular oxygen. In Fig. 4 we illustrate

: . e RAS spectra decay as a function of oxygen exposure u
corresponding to the experimental structure around 1.9 e P y Y9 P P

only clearly emerges when at least four layers are considereg rlO I?Llé% I:rc:)rrreAs:ct)rc]) nds;t 1rs erxpois;/uredto gas fattha Fr:eisn-
for d. The dominant transitions giving rise to the latter fea-SUre O o). ough progressive decay ot the ma

ture occur alongl-J’ in the SBZ: initial states are bulk structures at 2.9 and 4.5 eV occurs, nevertheless residual

states, lying close to the band edge, which have been pe}r_aces of these peaks are still visible after 10 KL, proving

turbed by the surface layer—they have a sizable componefi€ir bulk origin. The state-state decomposition of 8
on the third-layer As dimer—while final states are surface®"d B2 structures as reported in Ref. 18 allows us to esti-
states of the second-layer Ga dangling bofagsforS2), and mate, _respectlvely,vZS% and 47% of their intensity to deep
antibonding orbitals of the third-layer dimer. Since the truelfansitions. These values are comparable with the percent-
surface states lie near thepoint and outside the fundamen- 29€S 27% and 35% achieved experimentally by means of the
tal gap, it is likely that structures appearing in the RAS atfatio between the peak intensities in the last oxidation and in
very IoW energies should have components from surfacethe clean surface spectra. The bulk character of the structure
perturbed bulk states or surface resonances closEr to at 2.9 and 4.5 eV is confirmed by the low decay consiant
The relative differenceAl/(l), of the HREEL spectra

along the[110] and[110] directions, taken on the same sur-
face, is presented in Fig.() and shows a broad double
negative feature between 1.4 and 3.0 eV, which is in close
correspondence to RAS features at energies lower than 2.6
eV. Given the high surface sensitivity of HREELS, we can
directly assign—even without knowing the exact micro-
scopic origin—the corresponding RAS peaks to transitions
highly localized at the surface.

Equation(1) relates Refr/r) to the unknown anisotropy
of the surface dielectric function. By means of the Kramers-
Kronig (KK) analysié' one can obtain, from RAS datAg?
andAe/ as well. In Fig. 3 we show thd e, spectrum ob-
tained in this way. There is a general agreement with the
RAS spectrum, except for the disappearance of the shoulder
at 3.4 eV. In fact, this feature is fictitious and originates from
coefficientsA and B.1>?'When the absorption of the bulk is
not negligible(in our caseB+# 0 for energies higher than 3

AR/R

eV) a contribution to ReXr/r) is expected from the real part 2 3 4 5

of the surface dielectric functiofsee Eq.(1)]. This contri- Energy (eV)

bution could give rise to structures in the RAS spectrum,

which do not correspond to surface absorption, as was dem- FIG. 4. RAS signal vs photon energy for the GaAs(00% Y2
onstrated for the InAs(001)24 surfaceé’ surface exposed to increasing amounts of molecular oxygen.
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(Ref. 28 that is about half of that observed for the 2.6 eV sequently broken by the displaced As atoms. Unoccupied
peak in the HREEL spectrufif.At variance with the critical  surface states at the second layer remain relatively undis-
points, the weak feature below 2.6 €~ig. 4) exhibits a high  turbed. Such a mechanism would account for the high sur-
sensitivity to oxygen exposure. A strong reduction in inten-face sensitivity of the RAS features to oxygen absorption
sity occurs already after an oxygen exposure of 200 L, showbelow 2.6 eV.

ing a reactivity comparable to that observed in HREELS In conclusion, by means of comparative HREELS-RAS
measurement¥:?° This dramatic quenching across the full measurements and DFT-LDA calculations, we provide a
1.8-2.6-eV range corroborates with the findings of the calcomplete interpretation of the RAS spectrum of
culations, i.e., that th&2 andS1 features are strongly asso- GaAs(001)2< 4. In particular we point out that the true sur-
ciated with the first- and third-layer dimers, respectively.face transitions occur for energies below 2.6 eV and are
STM and DFT-LDA studie® suggest that in the early stages mainly related to first-layer dimersSR) and third-layer

of oxygen adsorption both surface dimers may be destroyedstates §1). Moreover, the higher sensitivity of such struc-
following As-Ga backbond breaking, both topmost dimerstures to oxidation in comparison 81 andB2 provides a
are substituted by oxygen, while third-layer dimers are subfurther proof of their surface nature.

1D. E. Aspnes, J. Vac. Sci. Technol. B 1138(1985; 3, 1498 19F. Arciprete, C. Goletti, E. Placidi, P. Chiaradia, M. Fanfoni, F.

(1985. Patella, C. Hogan, and A. Balzarotti, Phys. Rev6® 125328
2V, L. Berkovits, I. V. Makarenko, T. A. Minashvili, and V. I. (2003.

Safarov, Fiz. Tekh. Poluprovodi20, 1037 (1986 [Sov. Phys. 203 D. E. Mclintyre and D. E. Aspnes, Surf. SB#4, 417 (1971).

Semicond 20, 654 (1986]. 21C. Goletti, F. Arciprete, S. Almaviva, P. Chiaradia, N. Esser, and
3D. E. Aspnes, J. P. Harbison, A. A. Studna, and L. T. Florez, Phys. \y. Richter, Phys. Rev. B4, 193301(2001).

Rev. Lett.59, 1687(1987. 22\ J. Begarney, L. Li, C. H. Li, D. C. Law, Q. Fu, and R. F.
4. Kamiya, D. E. Aspnes, L. T. Florez, and J. P. Harbison, Phys. Hicks, Phys. Rev. B52, 8092(2000.
. Rev. B46, 15894(1992. _ 23M. Arens, M. Kuball, N. Esser, W. Richter, M. Cardona, and B.
Y. Chang and D. E. Aspnes, J. Vac. Sci. Technog, B96(1990. O. Fimland, Phys. Rev. B51, 10923(1995; N. Esser, P. V.

6A. I. Shkrebtii, N. Esser, W. Richter, W. G. Schmidt, F. Bechstedt,
B. O. Fimland, A. Kley, and R. Del Sole, Phys. Rev. L&,
721(1998.
7 ) .
K. Uwai and N. Kobayashi, Phys. Rev. Left8, 959 (1997. 24 .
8R. Del Sole and G. Onida, Phys. Rev.6B, 5523(1999. A. Ohtake, M. Ozeki, T. Yasuda, and T. Hanada, Phys. Re&5,B
SW. G. Schmidt, F. Bechstedt, K. Fleischer, C. Cobet, N. Esser, W, 165315(2000.

25 ;
Richter, J. Bernholc, and G. Onida, Phys. Status Solidia& M. Wassermeier, J. .Behrend, K. H. Ploog, J. T. Zettler, K. Sta-
henberg, and W. Richter, Phys. Rev5B, 13 542(1996.

Santos, M. Kuball, M. Cardona, M. Arens, D. Pahlke, W. Rich-
ter, F. Stietz, J. A. Schaefer, and B. O. Fimland, J. Vac. Sci.
Technol. B13, 1666(1995.

1401(2002.

10K Hingerl, R. E. Balderas-Navarro, W. Hilber, A. Bonanni, and ?°C. Hogan, R. Del Sole, and G. Onida, Phys. Re\6& 035405
D. Stifter, Phys. Rev. B2, 13048(2000. (2003.

11 F. Lastras-Martinez, D. Ronnow, P. V. Santos, M. Cardona, and ' The different surface and bulk contributions to B1 and @B-

K. Eberl, Phys. Rev. B4, 245303(2001). cussed in the followingsuggests that they may be influenced in
12y/ L. Berkovits, P. Chiaradia, D. Paget, A. B. Gordeeva, and C. different ways by, for instance, excitonic effects, or by size
Goletti, Surf. Sci.441, 26 (1999. quantization(the latter causes the; and E; transition energies

1= Arciprete, C. Goletti, S. Almaviva, and P. Chiaradia, Surf. Sci.  to shift by +0.3 and+0.1 eV, respectively, for a ten-layer s)ab
515, 281(2002. We note, however, that for the GaAs(00gR(2x 4) surface,

1A, Balzarotti, E. Placidi, F. Arciprete, M. Fanfoni, and F. Patella,  the inclusion of quasiparticle corrections results in only minor
Phys. Rev. B67, 115332(2003. modifications to the overall lineshagBef. 9.

1SA. Balzarotti, M. Fanfoni, F. Patella, F. Arciprete, E. Placidi, G. ®The intensity of peaks B1 and B2 follows, as a function of oxy-
Onida, and R. Del Sole, Surf. S&24, L71 (2003. gen exposure, an exponential law =1,e~ 7. The measured

18\, G. Schmidt, F. Bechstedt, W. Lu, and J. Bernholc, Phys. Rev. decay constantg for B1 and B2 are, respectively, 0.31 KE
B 66, 085334(2002. and 0.24 KL%,

"W, G. Schmidt, F. Bechstedt, and J. Bernholc, Phys. Re63B  2°E. Placidi, C. Hogan, F. Arciprete, M. Fanfoni, F. Patella, R. Del
045322(2001). Sole, and A. Balzarottiunpublishegl

18p), Paget, C. Hogan, V. L. Berkovits, and O. E. Tereshchenko3°P. Kruse, J. G. McLean, and A. C. Kummel, J. Chem. Phys,
Phys. Rev. B67, 245313(2003. 9224(2000.

081308-4



