PHYSICAL REVIEW B 68, 125328 (2003

Surface versus bulk contributions from reflectance anisotropy and electron energy loss spectra
of the GaAq001)-c(4X4) surface
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We report on the results of a combined experimental study of the optical anisotropy of GaAs(@01)-
X 4) surfaces grown by molecular beam epitaxy and examimaitu by reflectance anisotropy spectroscopy
(RAS) and high resolution electron energy loss spectros¢bfBEELS. A correspondence is found between
the spectral features detected with RAS and HREELS. The results clearly show that electronic states localized
at the surface strongly contribute to RAS and HREELS signals belovEiheulk critical point (~3 eV),
while aboveE; the contribution of bulk statesnodified by the surfagebecomes largely predominant in RAS.
Progressive oxidation of the clean surface by molecular oxygen modifies the RAS features providing additional
experimental evidence of their origin.
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It is well known that the earliest naive explanation of samples grown by molecular beam epitdMBE). All mea-
reflectance anisotropy spectroscof®AS) spectra of Ill-V ~ surements were performed in the analysis chamber con-
semiconductors in terms of surface dimers transitions hagected in ultra high vacuuniUHV) to the MBE growth
already been abandoned and replaced by more realisthamber. Previous comparative studlgs performed on de-
explanationd=® Nevertheless, RAS spectra in these com-capped and as-grown MBE surfacesevidenced a greater

pounds are not yet fully understood, in particular it is notSurface quality for the latter; the As capping and decapping

clear to what extent surface states contribute to optical ar2foc€dure, commonly appliefl, degrades the electronic

isotropy above the band-gap edge. Such doubts do not arigéoperties and the long-range order of the surface. Disorder
originates from residual roughening upon arsenic desorption

for cation-rich surfaces, in which the main features occur ! . .
where the bulk is weakly absorbing. On the contrary, anion2 nd th_e presence of mixed d107r118a|ns, as observed by scanning
ich surf hibit struct | T b ,Ik i tunneling microscopy(STM).*"*® These results prove the
ich surfaces exibit structures close in energy o bulk crl "importance of studying GaAs and possibly other 1lI-V epi-

cal points:*” This fact has triggered a reinterpretation of the i surfacesn situ instead of decapped surfaces to char-
spectra based on realistic calculations and new experimentghiarize their optical and electronic properties.

data that pointed out the prevailing bulklike nature for those \y\e have focused on the(4x4) reconstruction of
structure€. However, the contribution from surface localized GaAs(001) that is the most rich in As among the stable

states has been recently reconsidered for GaAs(6(4)- reconstructions and the most difficult to obtain starting
x4) and (2<4) reconstructions, thanks to high resolution from an As-capped sample. The accepted structural model
electron energy los$HREELS measurementts and im-  for this reconstructioff is the “three As-dimers” model by
proved density functional theoryDFT) local density ap-  Sauvage-Simkiret al: three As dimers, oriented along the
proximation(LDA) calculations* In both cases the authors [110] direction, sit on top of a complete As layer, resulting in
conclude that surface states should contribute to the anisoin additional As coverage of 0.75 ML.
ropy well below theE; bulk critical point. The results reported in this work allow us to discriminate
A crucial breakthrough for solving this problem comes petween surface and bulk contributions in the optical spectra
from the combined use of RAS and HREELS spectroscopiesf thec(4x 4) reconstruction and to single out the electronic
that have different sensitivity to bulk and surface. Low en-transitions related to dimers. Surface anisotropies dominate
ergy electrons have a much higher sensitivity to surface thathe low energy part of the spectrum, while surface-modified
photons, while, in optical measurements, the surface contrbylk states prevail at higher energigbove 2.8 eV.
bution is singled out from direct detection of absorption in  GaAs homoepitaxial films were grown in a Riber 32 MBE
the bulk gap”~*?and/or by measuring the anisotropy signal reactor ovem-type Si-doped if=1x 10'¥), 500 um thick
between two directions that are isotropic in the btiliEor GaAs(001) substrates mounted with In on a molybdenum
example, in GaAs(001) crystals, anisotropy along orthogonaholder locked to a modified 3-in molyblock. After deposition
directions[ 110] and[110] is not expected: in such case any of a 0.6 um thick GaAs epilayer the substrate was cooled
signal detected should be attributed to a surface effect. Howdown in As, flux within the MBE chamber while monitoring
ever, this does not imply that pure surface transitions takéhe surface reconstruction by reflection high-energy electron
place, since bulk states give measurable anisotropies too, véiffraction (RHEED). At about 500°C the reconstruction
the linear electro-optical effect at bulk critical poititer the  converts from (2 4) to c(4x4), the latter being preserved
existence of surface modified bulk transiticrs. down to room temperature. The sample was then transferred
To clarify the origin of the measured features of thein UHV to the analysis chamber for the HREELS and RAS
GaAs(001) surfaces, we have applied RAS and HREELS teneasurements.

0163-1829/2003/682)/1253285)/$20.00 68 125328-1 ©2003 The American Physical Society



ARCIPRETEEet al. PHYSICAL REVIEW B 68, 125328 (2003

Loss spectra were measured using a fixed geometry with q, (A"
the electron beam of kinetic energy 15 eV impinging and 0.05 0.10 015 0.20 0.5
being detected a#=45° from the sample normal. All spec- 0.5 — - - -
tra were recorded with the sample at room temperature. The 04l GaAs(001)-c(4x4)
difference of the scattered intensity along thEl0] and 03} -
[110Q] directions,Al, at near-specular scattering, is propor- A 02f i
tional to the difference of the scattering cross section perunit ¥ 4 [ ]
solid angleQ and unit energy lossh(w), given by? F o0
( d’s d’s Tzoaf -
d(ﬁw)dﬂ) - _(d(ﬁw)dﬂ) = 02} ]
[110] [110] 03l (a) N ]
E(T10]— € 04 e e
=A(k ,ks)lm{ = J (1) o -
+&71; +
( 8[110])( 8[110]) 4L s1 B2 ]
where’s is the effective dielectric function of the medium, — 2 \\\ 7
A(k; ko) is the kinematical factd? k; andks are the incom- o 0
ing and scattered wave vectors. The tensocan be de- x 2} .
scribed by the three-layer dielectric mod&lwhere the sur- X 4l ]
face is represented by a layer of thicknesg-or additional “ 5 52
details the reader is referred to Refs. 8 and 9. [ i
RAS spectra were taken in the energy range 1.5-5.5 eV B (b) B1 ]
by using a single polarizer configuration, different from the -10 1 - - : 5

more common version in which two polarizers are u&ed. E 3 Vv 4

Although both settings are equivalent, in the configuration nergy (eV)

we have used, the signal is less sensitive to alignment errors fG_ 1. (a) The relative intensity difference for the electron en-
of the optical components. With this Conf!guratlpn ON€ Meay gy oss spectra along ti@10] and[110] directions of the clean
sures the real part of the complex RAS intensity along tWogaas(001)e(4x 4) surface. The upper scale shows the magnitude
orthogonal directions. W|_th|n the Mclntyre-_Aspnes mddel of the transfer momenturg; in the (001 plane. (b) Reflectance
for a surface layer of thickness<\ (A being the wave- anisotropy signal between the directio[rElO] and [110] for the

length of lighy, the RAS signal is given by same surface.
R%£)=2wd[AAsg—BAsg], %) We report in Fig. 1 HREELS and RAS spectra of the
C clean GaAs(001x(4x4) surface. The following features

(110 (110] (110 a0 can_t_)e identified in RAS spectrum of Fig(blL (i) A broad _
Ael=e. —ey andAel=¢. —e.  being the an- positive structured feature centered around 2.0 eV. It consists
isotropy of the imaginary and real part of the surface dielecof two peaks at approximately 1.8 and 2.25 eV, as will be
tric function between th¢110] and[110] directions of the ~€stablished from the comparison with the HREEL spectrum.
surface, respectivelg.is the speed of light is the thickness (i) A deep negative structure peaked at 2.9 eV with a shoul-
of the surface layer and is the photon frequency. Theand der at2.7 eV(iii) A broad positive peak centered around 3.6
B coefficients vs photon energy are computed from the ex€V- (iv) A stepped feature at 4.5 eV. As a result of the good
perimental bulk dielectric functioA$and, for GaAs, are re- Surface quality, the total peak-to-peak intensity of the RAS
ported in Ref. 27. An extensive discussionfandB coef- ~ Signal is_—1.5% against typical values lower than
ficients and their role in Eq2) is given in Refs. 12 and 27. ~1%.12%7131828=%Equation (2) relates Regr/r) to the
Here we just note thah and B depend upon the dispersive unknown anisotropy of the_ surface d|e_lectr|c functlon_. By
and dissipative part of the bulk dielectric function respec-means of the Kranlers-Kron’@(K) analysi§ one can obtain,
tively. It is worth remembering that the link betweerand ~ T10M RAS dataAeg andAeg as well. However, sinc@ is
e=(84.8y,8,) = (e5,8,), taking the scattering plane aligned dlffergnt fr(_)m_z_ero only above-3 eV, the spectrum does
along a principal lattice directio{110] or [110] for the not differ significantly from Refr/r) up to this energy, as

' shown in Fig. 2.
(00) surfacg, is In order to understand the origin of the observed RAS

~ A~ structures, is crucial the comparison with the HREELS spec-
é:ebcosiqu)—s sm(gds) (3) tra measured on the same surface. Such comparison is made
& cogqds) + &, sin(qds) by plotting in Fig. 1a) the relative intensity loss difference
) - spectrumAl/(l). With the exception of the 1.2 eV peak,
wheree=e,(—&;/e,)?andq=qy(—ei/e)Y?(i=x,y), 4y  which is outside the experimental RAS energy range, one
being the parallel component of the transfer momentum irfinds a correspondence between RAS and HREELS features
the surface Xy) plane. up to 3.5-3.6 eV. On the basis of DFT-LDA first-principles

2(w,q)=
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30 . ; : . . . T these findings are consistent with the surface nature of such
GaAs(001)-c(4x4) structure or, at least, to its high sensitivity to the long-range
20t 1 L :
order existing at the surface. In Ref. 2 the authors recognize
10l i the surface character of S1 without further commenting on
c its origin.
g”’ 0 .7 The peaks labeled B1, at 2.9 eV, and B2, at 4.5 eV, that

are nearly coincident with the bulk critical poirts andEg,
respectively, are explained in terms of bulk transitions modi-
20t . fied by the surface. As expected, they have no counterpart in
the energy loss spectrum, because of the shallow probing

10+ 4

Bop ] depth of the electrons. In earlier RAS studiés the pres-
1.5 20 25 30 35 40 45 50 ence of B1 has been correlated to As dimers. The shoulder
Energy (eV) S2 in Fig. 1(b) corresponds to the weak negative peak of the

loss spectrum of Fig.(&). As discussed in Ref. 8, it is related
FIG. 2. Aeg vs photon energy for the clean GaAs(0@X®*  to mixed transitions between bulk and surface states, the lat-
x4) surfaceAeg is the anisotropy of the imaginary part of the ter being localized on topmost dimers. This assignment
surface dielectric function between direction$10] and [110], agrees with recent calculatidifsand with the intensity be-
computed from the experimental curve of Figb)l havior during oxygen exposufsee below.

The broad peak at 3.6 eV in Fig(k), as expected by the
calculations of the surface and bulk excitations, the HREELSheory>* is found in MBE samples inspected in situ after
features have been interpretes follows.(i) The shoulder at  growth,**2%32but not in As-decapped sampleg*1828:3031
1.2 eV and the positive peak at 1.8 eV are due to transitiongVhen the absorption of the bulk is not negligilfie our case
between surface bands. These low-energy transitions ha®+#0 for energies higher than-3 eV) a contribution to
been observed only perpendicular to the dimers and involv®e(Ar/r) is expected from the real part of the surface di-
the As atoms of the topmost two layer$i) The positive electric function[see Eq.(2)]. This contribution could give
shoulder at 2.25 eV and the negative peak at 2.7 eV arisdse to structures in the RAS spectrum, which do not corre-
from transitions localized on the topmost dimers and involvespond to surface absorption, as it has been demonstrated for
valence states resonant with the bulk states. By way of illusthe InAs(001)2< 4 surface in Ref. 6. This could happen for
tration, we show in Fig. 3 the calculated charge density plotshe peak at 3.6 eV in the RAS spectrum as well. The calcu-
resulting from the states mostly contributing to the transitionlated A spectrum, as obtained from the KK analysis of the
at 1.8 e\? RAS spectrum, shows that the 3.6 eV peak has been removed

The broad positive peak in the RAS spectrum of Fig) 1 |eaving a peak at 3.2 e\Fig. 2). In the HREELS spectrum
compares with the HREELS peak at 1.8 eV. This corresponthere is a weak feature around 3.3 eV that may correspond to
dence allows us to assign S1 to surface transitions polarizeghis one. Therefore, a genuine character for this peak is
perpendicularly to the As-dimers in the topmost layer. Welikely.
recall that this peak was previously recorded by RAS only on |t is apparent from Fig. () that the loss intensity at 1.8
surfaces analyzeih situ in the MBE reactof.>***0On the eV is larger than that of the peak at 2.7-2.9 eV, while the
contrary, it isalwaysmissing on As-capped samples, with the ppposite is true in the optical spectrum in Figb)l This is
exception of Ref. 2 where a weak structure is detected at lowonsistent with both the lower sensitivity of HREELS to the
temperature. Given the limits of the decapping proceftre, pulk and with the strong bulk nature of the 2.9 eV peak.

RAS and HREEL spectra of Fig. 1 look markedly differ-
ent at energies higher than 3.5 eV. Apart from a possible
incomplete subtraction of the background in the energy loss

Initial spectrum, this occurrence might be in part related to the fact
~ state thatqy is not negligible(upper scale in Fig.)1 However, the
? disagreement is smaller if one compares the HREEL spec-
trum with theA e spectrum in which the bulk contribution is
absent.
Further qualitative support to our interpretation of the
Final RAS spectrum comes from the behavior of the spectral fea-
state tures after exposing the surface to molecular oxygen. Figure
4 shows that all features are gradually reduced for oxygen
i exposure up to 5 10°L (1L=10 ° Torrs), with the excep-

tion of the one at 4.5 e\/B2), which is ascribed to surface-
i in-modified bulk states transitions at the critical pdi.*>*®
FIG. 3. Contour plots of squared wave functions for states in- > : ! p .
volved in highest probability transitions at 1.8 eV. Plots are shownAt 10°L th(_i anlsotrOpy'SIgnaI a|'mOSt vanish@ways with
from the[110] direction for planes cutting through top layémitial ~ the exception of BE, with a residual peak at 2.9 e{B1)
state and second laye(final state As atoms, respectively. superimposed to a positive background which shifts
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C L side (at about 2.25 €Y This is consistent with the interpre-
I 10000 L tation of the loss spectrum given in Ref. 8, where the weak

M 2.25-eV shoulder has been ascribed to mixed surface-bulk

5000 L transitions. The oxygen sensitivity of th&2 peak is wit-
nessed by the sharp change in the concavity of the spectrum

I W/\\/ around 2.7 eV, for oxygen exposures betweedlL18nd 5

] X 10°L, in line with the above interpretation.

L) e In conclusion, by comparing RAS and HREEL spectra
I measured in situ along the directions parallel and perpen-
I N\ dicular to the dimers of high-quality GaAs(00&j4 X 4)

ARR (1 0°)

surfaces, we have been able to distinguish the anisotropy
signal due to surface localized transitions from those origi-

Y clean nating from bulk states modified by the reconstruction. The
latter dominates the RAS spectrum close to Eheand E
4 G
2 3

] critical point transitions at 2.9 and 4.5 eV, respectively, while
they are absent in the loss spectrum which is only sensitive

aAS(OO1)’°(4X4)_ to the uppermost surface layers. In both spectra surface tran-

. , sitions are confined between 1.2 and 2.7 eV and involve the
4 5 topmost dimers and the As atoms of the second layer. The
Energy (eV) intensity of these structures is reversed between HREELS
and RAS, on account of the rather different probing depth of
FIG. 4. RAS signal vs photon energy for the GaAs(0813-  the two spectroscopies. Surface transitions in the bulk gap
X 4) surface exposed to increasing amounts of molecular oxygenyegion, out of the RAS experimental energy range, have been
_ . recognized by HREELS at 1.2 eV. The sensitivity of all RAS
slightly the baseline upwards, a fact that has been also ol ctures to molecular oxygen up to exposures as large as

served in the oxidation of the InAs(001)2 (Ref. 33 and 14 is fully consistent with expectations.
GaAs(001) % 4 surfaces’ The behavior of B1 is consistent

with the interpretation in terms of surface-modified bulk  This research has been partially supported by the Minis-
transitions at the critical poirfe,. From a careful inspection tero dell’lstruzione, dell’'Universitee della Ricerca(Grant

of Fig. 4 we note that the low energy sidg1() of the 2-eV  No. MIUR-COFIN 2000. Collaboration with R. Del Sole
structure is more sensitive to oxidation than the high-energynd G. Onida is gratefully acknowledged.

1A.1. Shkrebtii, N. Esser, W. Richter, W.G. Schmidt, F. Bechstedt,'2P. Chiaradia and G. Chiarotti, iRhotonic Probes of Surfaces
B.O. Fimland, A. Kley, and R. Del Sole, Phys. Rev. Létt, 721 edited by P. HaleviElsevier Science, Amsterdam, 1995
(1998. 13D.E. Aspnes, J.P. Harbison, A.A. Studna, and L.T. Florez, Phys.
2W.G. Schmidt, F. Bechstedt, K. Fleischer, C. Cobet, N. Esser, W. Rev. Lett.59, 1687 (1987.
Richter, J. Bernholc, and G. Onida, Phys. Status Solidid& 143 E. Acosta-Ortiz and A. Lastra Martinez, Solid State Commun.

1401(2002. 64, 809 (1987); Phys. Rev. B40, 1426(1989.
SW.G. Schmidt, F. Bechstedt, and J. Bernholc, Phys. Re63B  °R. Del Sole and G. Onida, Phys. Rev.6B, 5523(1999.
045322(2001). 165 p, Kowalczyk, D.L. Miller, J.R. Waldrop, P.G. Newman, and
4W.G. Schmidt, F. Bechstedt, W. Lu, and J. Bernholc, Phys. Rev. B R.W. Grant, J. Vac. Sci. Techndl9, 255 (1981.
66, 085334(2002. 17B.K. Han, L. Li, Q. Fu, and R.H. Hicks, Appl. Phys. Left2,
5K. Uwai and N. Kobayashi, Phys. Rev. Le#8, 959 (1997). 3347(1998.
6C. Goletti, F. Arciprete, S. Almaviva, P. Chiaradia, N. Esser, and'®M.J. Begarney, L. Li, C.H. Li, D.C. Law, Q. Fu, and R.F. Hicks,
W. Richter, Phys. Rev. B4, 193301(2002. Phys. Rev. B62, 8092(2000.
71. Kamiya, D.E. Aspnes, L.T. Florez, and J.T. Harbison, Phys.'°Qi-Kun Xue, T. Hashizume, and T. Sakurai, Appl. Surf. Sei1,
Rev. B46, 15 894(1992. 244 (1999.
8A. Balzarotti, M. Fanfoni, F. Patella, F. Arciprete, E. Placidi, G. ?°It is worth noting that a novet(4x4) reconstruction, which
Onida, and R. Del Sole, Surf. S&24, L71 (2003. forms at high temperature and less As-rich conditions, has been
9A. Balzarotti, E. Placidi, F. Arciprete, M. Fanfoni, and F. Patella, recently reported by Othaket al. (Ref. 32 that suggest a
Phys. Rev. B67, 115332(2003. Sauvage-Simkin structure with three mixed As-Ga dimers on the
10G., Chiarotti, S. Nannarone, R. Pastore, and P. Chiaradia, Phys. top layer.
Rev. B4, 3398(1972). 2IM. Sauvage-Simkin, R. Pinchaux, J. Massies, P. Calverie, N. Je-
1p, Chiaradia, A. Cricenti, S. Selci, and G. Chiarotti, Phys. Rev. drecy, J. Bonnet, and I.K. Robinson, Phys. Rev. L&8. 563
Lett. 52, 1145(1986. (1989.

125328-4



SURFACE VERSUS BULK CONTRIBUTIONS FROM.. .. PHYSICAL REVIEW B8, 125328 (2003

22p.L. Mills, Surf. Sci.48, 59 (1979; H. Ibach and D.L. Mills, in ~ 2°A. Ohtake, M. Ozeki, T. Yasuda, and T. Hanada, Phys. Re85,B
Electron Energy Loss Spectroscopy and Surface Vibrations 165315(2000.

(Academic Press, New York, 1982 30M. Arens, M. Kuball, N. Esser, W. Richter, M. Cardona, and M.O.
23A. Selloni and R. Del Sole, Surf. Sc168 35 (1986. Fimland, Phys. Rev. B1, 10 923(1995.
245, Salvati and P. Chiaradia, Appl. O89, 5820(2000. 3IN. Esser, P.V. Santos, M. Kuball, M. Cardona, M. Arens, D.
25)D.E. Mcintyre and D.E. Aspnes, Surf. S24, 417 (197J. Pahlke, W. Richter, F. Stietz, J.A. Schaefer, and B.O. Fimland, J.
26E. Palik, Handbook of Optical Constants of Solidscademic Vac. Sci. Technol. BL3, 1666(1995.

Press, San Diego, 1998 32A. Ohtake, J. Nakamura, S. Tzukamoto, N. Koguchi, and A. Na-
273, Selci, F. Ciccacci, G. Chiarotti, P. Chiaradia, and A. Cricenti, J.  tori, Phys. Rev. Lett89, 206102(2002.

Vac. Sci. Technol. A, 327 (1987). 33F, Arciprete, C. Goletti, S. Almaviva, and P. Chiaradia, Surf. Sci.

2D A. Woolf, K.C. Rose, J. Rumberg, D.Il. Westwood, F. Rein- 515, 281(2002.
hardt, S.J. Morris, W. Richter, and R.H. Williams, Phys. Rev. B **V.L. Berkovits, P. Chiaradia, D. Paget, A.B. Gordeeva, and C.
51, 4691(1995. Goletti, Surf. Sci441, 26 (1999.

125328-5



