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Surface and bulk origin of the optical anisotropy of As-rich GaA9001) and Ga;_,In,As(001)
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We show experimentally and theoretically that the characteristic line at 3 eV in the reflectance anisotropy
(RA) spectra of As-ricH001) GaAs has a mixed bulk and surface origin. The experimental observations rely
on the analysis of the position of this line as a function of indium concentration in ,8gAs. Up to x
~0.5, the peak energy dependence follows that of the neartyulk optical transition, which shows that the
line is not of puresurfacecharacter. The same conclusion is drawn from the mere fact that the line position
depends om since, because of indium surface segregation and bond length conservation, the energy of a purely
surface-related transition should weakly depend on bulk composition. The combined relevance of surface states
and surface-perturbed bulk states is shown bylauinitio density functional theory local dnesity approxima-
tion calculation of the RA spectrum of As-ridB01) GaAs, which also explains the observed oxygen-induced
changes of the RA spectrum.
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. INTRODUCTION dium concentratiod! Surface-related features in the spec-
trum should therefore appear at an energy essentially inde-

) ) pendent ofx.
It is of interest, both for fundamental reasons as well as

for applications to epitaxial growth and surface chemistry, to Il. EXPERIMENT
clarify the origins of reflectance anisotrolRA) spectra of

clean (001 surfaces of IlI-V semiconductors such as GaAs we hqve used epitaxial G@insAs layers, molecular
1.3 . . o beam epitax\MBE) grown on InP, and Ga ,In,As layers,
and InAs:™ For anion-rich GaAs surfaces exhibiting the . ; .
.~ metal-organic chemical-vapor depositiglOCVD) grown

- ) . o %n GaAs, withx equal to 0.13 and 0.26. For the latter layers,
controversy as to the origin of the optical anisotropy: in ad-j, o yer to avoid spurious strain-induced RA signals at the

dition to a signal near 4.5 eV, which corresponds to a bulkypergy of bulk transition& we have chosen a thickness of 1
optical transition at thé&, critical point, one observes a char- ,,;y which is significantly larger than the known minimum
acteristic line near 3 eV—i.e., near thg bulk transition—  thickness for strain-free surfacEsestimated to be 70 nm
for which various interpretations have been givériTheo-  and 20 nm forx=0.13 andx=0.26, respectively. For the
retical studies andab initio calculation§ conclude that the InAs sample, we have chosen bulk material. In order to
line is related to optical transitions in the bulk or near surfaceavoid electric-field-induced RA features at the energies of
layers of the bulk; tight-binding calculations indicate that thebulk optical transitions; we have chosen undoped crystals,
initial state of the transition is localized at As surface dimerswith a residual impurity concentration of the order of40
while the final state is hybridized with bulk staterom an  cm™3. The RAS setup and UHV systerf are standard.
experimental point of view, the RA signal at 3 eV is strongly Surface preparation has been performed using HCI-
sensitive to oxygen adsorption, which suggests a surface orisopropanol treatments, known to give clean high quality
gin or a combination of bothA recent study using surface GaAs(Ref. 17 and InAs(Ref. 18 surfaces. Under annealing
quantum wells concludes that the Corresponding Signa| |§f the as-treated Surfaces, at a temperature of the order of
composed both of bulklike and of surfacelike transitins. 550 K, adsorbed elements were removed and the As-rich
In the present work, we resolve the above contradictiong€construction appeared, as controlled using RA spectros-
and clarify the nature of the states which participate in the®®Py under anneal. A low-energy electron diffraction
optical transitions at 3 eV, using density functional theory(LEED) investigation, performed in an independent setup,
local density approximatiofDFT-LDA) ab initio calcula- has allowed us to observe, at the same annealing tempera-

tions for GaAs and by experimentally monitoring the peakture, the(2x3) reconstruction characteristic of indium sur-

energy of Ga ,In,As alloys as a function of In concentra- face segregation.
XX 1 i i
tion. The addition of a given amount of In gives qualitative Shown in Fig. 1 are the RA spectra in the energy range of

o . . : - ) the main positive peak, taken at 125 K in order to reduce the
insight into the origin of the optical transition, since the en-jinewidth. This peak is observed near 2.95 eV and 2.35 eV in
ergy of a bulk-related optical transition is expected to depengl,o weII-I.<nown spectra of GaAgurve A) and InAs(c.urve

on x in the same way as the nearBy bulk critical point. ) respectively. Also observed are small signals, marked by
These alloys also provide a test for the importance of surarrows in curve A, at the energies of ti| and theE;
face optical_ Fransitions: because of indium segregé’ti’@n,_ +A; bulk optical transitions? Intermediate curves B, C,
the composition of the surface layer weakly depends on ingnd D show the Ga.,In,As RA spectra fox values of 0.13,
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FIG. 2. Energy position of the main line as a functionof
together with that of theéE; optical transition. Solid and dashed
lines have been drawn to guide the eye.

E’ In fact, because of indium surface segregation, the mere
I2 < 10° dependence of the peak position on concentration indicates
- that it is not purely of surface character. It has been found
' ' ' ' independentl’! that the surface is composed of building
152 Ezn.esrgy (2\,) 8.5 1 blocks for which the structure is independent of indium con-
centration, with a top layer composed of As and a second
FIG. 1. RA spectra of As-rich surfaces, taken at 125 K. Curveslayer composed essentially of indium atoms. Thus, the only
Aand E show the extreme cases of GaAs and InAs, while curves Beffect of indium concentration on the surface local geometry
C, and D correspond to Ga,In,As, withxequal to 0.13, 0.26, and s through changes of lattice constant. The As dimer bond
0.53, respectively. The solid line shows the evolution of the mainength—shown in tight-binding calculations of GaAs to be
positive peak. Curves Dand E, shown by dotted lines, are the RA e key parameter for determining the energysoffaceop-
spectra of the cation-rich surfaces and are used instead of curvesid ol transitiond—should be independent of because the
and E for determining th&; optical transition energy. The dashed bond length is mainly determined by the chemical nature of
line shows the evolution of thE; bulk optical transition. the atoms participating in the bond and weakly depends on

. - . ... the lattice constant. This latter fact has been shown in the
0.26, and 0.53 respectively. The main line continuously Sh'ﬁgbulk.” For As-rich surfaces of InAs and Ga&&the dimer

from its GaAs position to its InAs one. The negative signallengths d are found to be equal within better than 1%,

observed near 2 eV in curves C and D may be caused by 'A\?/hereas the lattice parameters differ by 7%. In the case of an

dimers in th;%lo] d|frect|on, Wh'fh ?.rcc)aﬁpgtlasenthon thf In- optical transition of puresurfaceorigin, where the peak en-
segregated2x3) surface reconstructiort.Also shown for ergy is assumed to scale liked?/” we calculate from the

each spectrum is the position of the structure due toBthe experimental results that this length should increase by ap-

bulk optical transition, which appears as a slight dip on theproximately 129 between GaAs and InAs. which is in con-
high-energy edge of the signal. This feature has a well; '

2 . : tradiction with the latter findings.
known origin and can be attributed to a residual surface elec- g
tric field'® or to stres€® which are known to generate deriva-

tivelike signals.
Itis clear that the peak position follows thatBf, at least The RA sensitivity to oxygen adsorptibsuggests that
up to curve C. For larger indium concentrations, thesurface states also play a significant role, which seems to
E,-related structure cannot be easily resolved. In this rangesontradict the above results. In order to identify more pre-
the E; value can be determined from the RA spectra of thecisely the relative contributions of surface and bulk states in
cation-rich surface, obtained by annealing at higher temperahe spectra, we have performed aln initio DFT-LDA cal-
tures of 750 K(curves D and E). The results are summa- culation of the optical anisotropy of cledfx4)GaAg001)
rized in Fig. 2. TheE; dependence is qualitatively similar to with a 8, unit cell. A slab of ten layers of GaAs and six
what has been measured independently at room temperkyers of vacuum was used, with a plane-wave energy cutoff
ture?! Up tox = 0.53, the position of the RA peak is similar of 13 Ry. The surface structure was fully optimized using a
to that of E;, which confirms that the electronic states in- singlek point, while 32k points were used in the calculation
volved in the optical transition have a significant bulklike of the optical properties. The GaAs slab was terminated with
character. Note that, for InAs, the picture seems to be differfractionally charged hydrogens, and we employ a real-space
ent. We observe an increase in broadening, which is visibleutoff function to remove the contribution of the back
on the low energy side of the line. Furthermore, the differ-layers?® A scissors operator shift of 0.8 eV was used to en-
ence between the peak position and Bheenergy is as large able meaningful comparison of energies with experinient.
as 0.2 eV, which suggests an increased role of surface statéfurther details will be given elsewhef.
This result is in agreement with the observation that the line Results of the calculation are shown in Fig. 3. The total
is already formed, at an energy close to that observed focalculated spectrum, shown in curve A, is similar to the RT
bulk InAs, for InAs layers of two monolayef® ML) thick-  experimental one, shown in curve J, except for a blueshift of
ness grown on GaA%. about 0.5 eV in the 3—4 eV energy rarfdeShown in the

IIl. INTERPRETATION
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FIG. 3. Top panel: Calculated RA spectrufd) of (2x4)
GaAg001), and total bulk-related pafB) of this signal, i.e., from We now explain the RA sensitivity to oxygen adsorption,
bulk-bulk+bulk-surfacer surface-bulk transitions. Also: decompo- Which we recall in curve K of Fig. 3, taken from Ref. 4. In
sition of the total RA spectrum into the sum of bulk-btikulk-  this curve, the signal at tHg; bulk optical transition is only
surface (C) and surface-surfagesurface-bulk (D) transitions.  slightly reduced. The peak at 2.9 eV decreases significantly,
Middle panel: isolated contribution from surface-surfad®),  but is still visible. A slight oxygen-induceihcreaseof the
Surface-bulk(F), bUIk-SUrface(G), and bulk-bulk transitionﬁ‘H). S|gna| |S also Observed experlmenta”y |n the 20_25 eV
Bottom panel, taken from Ref. 4: experimental spectrum of clear}ange_ The oxygen-induced effect can be understood by the
surface(J) and same after oxidatiofiK). The vertical lines indicate following: excited, electronegative, oxygen atoms should
the c_orrespondence between calculated and experimental peﬂ‘?ostly react with negatively charged surface sites corre-
ENergies. sponding to occupied electronic states, and therefore such

adsorption should quench transitions correspondir{igdou-

middle panel of Fig. 3 is the decomposition of the signalpied surface-related initial states, as involved in the sum of
between transitions involving bulk and surface states. Wehe s-s+s-b contributions. Conversely, transitions involving
define the surface layer to be three to four atomic layergunoccupiedl final surface states—such ashns transitions
thick, thus encompassing the first- and third-layer dimers and—should be relatively unaffected, in the same way as tran-
their backbonds. The four corresponding curves exhibisitions involving only bulk states. More precisely, a recent
peaks at 3.4 eV. This shows that the péakperimental en- analysi$® suggests that oxygen displaces top-layer As atoms
ergy 2.95 eV has a mixed surface and bulk origin. The purebut leaves the dangling bonds of the second layer Ga atoms
surface 6-s) and pure bulk ip-b) contributions each com- relatively unaffected, shown below to be final states of the
prise approximately 20% of the peak magnitude, while theoptical transition.
rest is due to mixeds-b andb-s) transitions. The above facts suggest that interpretation of the oxygen-

The above decomposition allows us to interpret qualitainduced effects requires a different combination of the four
tively the indium-induced shift of the peak, at least for con-elementary contributions from that used to interpret the
centrations smaller than 0.5@ he behavior at larger indium indium-induced shift of peak energy. Shown in curves C and
concentrations reveals a distinct mechanism which cannot bié are decompositions of the total calculated signal into the
explained by the present considerations on GaAs. Its explazorresponding sum db-b+b-s contributions and the sum
nation requires a calculation of the InAs spectrum, which isof the residuals-s+s-b contributions, respectively. As ex-
outside the scope of the present workhe bulk-related con- pected, all the observed oxygen-induced efféitts decrease
tribution, defined as that for which the energy position de-of the signal at 2.95 eV, its relatively small change above 4
pends on the bulk band structure, is given by the sulm eV, and even its increase below 2.7)edan be qualitatively
+b-s+b-b, and is shown in curve B of Fig. 3. The remain- explained by a quenching of the signal shown in curve D.
ing signal &-s, curve B weakly depends on the bulk band The observed increase of the signal below 2.7 eV is due to
structure. Since the latter signal represents less than 25% okygen-induced quenching of thes optical transitions,
the total signal, it seems natural that the peak position wilwhich, in agreement with the results of Schmédtal® con-
tend to follow the bulk band structure. tribute to a negative signal in curve E at the theoretical en-
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ergy of 2.9 eV. Finally, as seen in curve K, the positive peak'bulk” origin. In the experimental section, we show that the
at 2.95 eV has not completely disappeared after oxidatiorpeak position in Ga_,In,As alloys behaves, as a function of
The residual signal is due to the part of the signal originating, in the same manner as the bulk optical transiiqn sug-
from bulk initial states(curve Q, which are assumed to be gesting a dominant bulk origin. This behavior, as well as the
unaffected by oxygen adsorption. oxygen-induced modifications of the spectrum, is explained
Finally, we describe in detail the surface states responsiblasing ab initio calculations, in which optical transitions are
for the anisotropy. Contour plots of the squared wave funcseparated according to the surface or bulk nature of the initial
tions corresponding to dominant transitions at 3.4 eV areand final state of the transitiors{s, s-b, b-s, andb-b).
shown in the top and middle panels of Fig. 4. There are tworhese four components exhibit peaks at the same energy, and
general trends(i) Occupied surface states, which play thethe transitions of mixed charactes-p andb-s) contribute
role of the initial states in the transitions, tend to be stronglyto slightly more than half of the peak magnitude. Interpreta-
localized on the As dimers. The top As dimers contributetion of the indium- and oxygen-induced modifications of the
strongly to thes-s transitions, whereas the third-layer dimers optical anisotropy relies on the fact that distinct combina-
are more involved in thae-b signal at 3.4 eV(ii) Unoccu- tions of the above transitions are relevant for the two cases.
pied surface states, which are the final states in the opticalVhile the presence of indium should affect all the transi-
transitions, are mostly localized on the second-layer Ga dartions, implying a bulk initial or final state, the effect of oxy-
gling bonds, although at the higher energy they are morgen strongly suggests that, as expected using electronegativ-
delocalized within the first three layers. The slight oxygen-ity arguments, oxidation only quenches the transitions for
induced signalncreaseobserved at 2.4 eV, which seems atwhich the initial state is surface relateg-bp+s-s).%782
first sight surprising, can also be interpreted using the map®lore precise identification of the relative contributions of
of the surface states responsible for e related signal at surface and bulk in the total spectrum is given by the relative
the corresponding theoretical energy of 2.9 eV, shown in thepectra of the four above transitions, for which the total sum
bottom panels of Fig. 4. The initial state is localized at theis in good agreement with the experimental spectrum. The
dimer backbonds whereas the final state is localized at the Gaurface states participating in the optical transition are the
dangling bonds. As a result, this transition is polarized alongccupied dimer states and the unoccupied gallium dangling
[110], which explains why the corresponding peak inshe  bonds.
spectrum is negative and why its oxygen-induced quenching

induces a signal increase.

IV. CONCLUSION

ACKNOWLEDGMENTS
C.H. has been supported by the EU through the

In the present work we show that the peak at 2.95 eV ilNANOPHASE Research Training Networ{Contract No.
the RA spectrum of GaA®801) has a mixed “surface” and HPRM-CT-2002-0016)¢

1A. 1. Shkrebtii et al, Phys. Rev. Lett81, 721(1998, and refer-
ences therein.

2V. L. Berkovitset al, Phys. Rev. B53, 121314(2001).

3W. G. Schmidtet al, Phys. Rev. B51, R16 335(2000).

4V, L. Berkovits et al, Surf. Sci.441, 26 (1999.

5K. Uwai and N. Kobayashi, Phys. Rev. Lef8, 959(1997).

6W. G. Schmidtet al,, Phys. Status Solidi A88 1401(2002J.

M. Murayama and T. Nakayama, Jpn. J. Appl. Phys., P&6,2
L268 (1997.

8L. F. Lastras-Martinezt al, Phys. Rev. B54, 245303(2001).

9J. M. Moisonet al,, Phys. Rev. B40, 6149(1989.

10G. Grenetet al, Surf. Sci.352-354 734 (1996).

Y. Garreauet al, Phys. Rev. B58, 16 177(1998.

12T Hanadeet al, Phys. Rev. B50, 8909(1999.

BR. People and J. C. Beam, Appl. Phys. Léff, 322(1985.

143, E. Acosta-Ortiz and A. Lastras-Martinez, Phys. Rev4®
1426(1989.

15y, L. Berkovitset al, J. Appl. Phys70, 3707(1991).

163, peretti, H.-J. Drouhin, and D. Paget, Phys. Revi78 3603
(1993.

BWe have verified that the vicinity of these bulk optical transitions
does not perturb the position of this line. Indeed, the anisotropy
spectra of the surface dielectric constant, computed using a stan-
dard method defined in Ref. 30, exhibit features at the same
energies as curves A—E of Fig. 1.

20, F. Lastras-Martinez and A. Lastras-Martinez, Phys. Re&4B
10 726(1996.

21g. W. Williams and V. Rehn, Phys. Reli72, 798 (1968.

22T Kita et al, in Proceedings of the 25th International Conference
on the Physics of Semiconductoeslited by N. Miura and T.
Ando (Springer, Berlin, 200} p. 365.

233, C. Mikkelsen, Jr. and J. B. Boyce, Phys. Rev. L4&. 1412
(1982.

24R. H. Miwa and G. P. Srivastava, Phys. Re\6B 15 778(2000.

25C. Hogan, G. Onida, and R. Del Sdlenpublishedl

26C. Hoganet al. (unpublishedl

2'The use of a rigid scissors shift approximation in renormalizing
the DFT-LDA band gap is not responsible for the remaining
discrepancy with respect to experimefsee Ref. 28 more
likely is the neglect of higher-order effectgxcitonic, local
fields, etc) which are beyond the scope of this work.

0. E. Tereshchenko, S. I. Chikichev, and A. S. Terekhov, J. Vac?8s. |. Yi et al, J. Chem. Physl14, 3215(2002.

Sci. Technol. A17, 2655(1999.
180, E. Tereshchenket al, Appl. Phys. Lett(to be published

2W. G. Schmidtet al, Phys. Rev. B66, 085334(2002.
30D, E. Aspnes, J. Opt. Soc. An63, 1380(1973.

245313-4



