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Reflectance Anisotropy of GaAs(100): Theory and Experiment
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The reflectance anisotropy has been calculated by microscopic tight-binding theory for various
configurations of the As-rich GaAs(100§4 X 4) and(2 X 4) reconstructions, based on precise atomic
coordinates fromab initio total-energy minimization. The comparison to experimental reflectance
anisotropy in combination with scanning tunneling microscopy and low energy electron diffraction
allows one to identify precise correlations between structural units and optical features. Clear
indications are obtained for the intermediate steps in the surface reconstruction transformation.
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Optical spectroscopy has become an important tool The local atomic structure of the surface has often
of surface analysis in the last years, due to its higtbeen claimed to play a key role in determining the
sensitivity andin situ applicability [1]. In particular, surface optical anisotropy [1-5]. Hence, using a reliable
reflectance anisotropy spectroscopy (RAS) is increasinglyheoretical description it should be possible to relate
used for monitoring the growth of epitaxial structures inthe optical response to the atomic surface structure.
molecular beam epitaxy (MBE) or in metal organic vaporAt present, few examples of good agreement between
pressure epitaxy (MOVPE) [1-4]. However, theoreticalexperiments and calculations of the optical response
understanding is needed in order to fully exploit itsbased on the one-electron band structure approximation,
potential. employing semiempirical tight-binding [10—-12] as well

Among the technologically important (100) surfaces ofas ab initio plane-wave expansions [13], are available.
[lI-V semiconductors, the most intensively studied “pro-For GaAs(100), however, theoretical results are rather
totype” is GaAs(100). A variety of different reconstruc- unsatisfactory [14,15], and recently it was hypothesized
tions, dependent on surface stoichiometry, exist; the threthat RAS line shapes in many cases may have little to
main reconstructions are the As-rieti4 X 4), the As- do with the atomic structure of the surface, but are rather
rich(2 X 4)/c¢(2 X 8), and the Ga-ricl4 X 2)/c(8 X 2)  determined by surface-induced changes of excitonic and
phases [2—6]. Several structural models of the As-ricHocal-field effects on bulk transitions [16,17] which are
phases are discussed in the literature [7—9] (see Fig. 3ot included in the above mentioned calculations.

At high As coverage the(4 X 4) phase should consist In this work, we demonstrate that calculations based
of three top As dimers bonded to the next complete A®n the one electron band structure approximation in-
monolayer. Annealing up to around 490 leads to the deed yield a good description of experimental data, pro-
(2 X 4)/c(2 X 8) phase. Total energy calculations [7—9] vided that a realistic atomic structure is assumed. For
predict two different stablé2 X 4) geometries depend- this purpose STM and RAS experiments are combined
ing on the preparation conditions: the so-callgd and  with structure determination via total-energy minimization
the « structure. TheB2, containing two top As dimers and tight-binding calculation of optical properties. Our
and one As dimer in the exposed third layer, accounts fofindings demonstrate the existence of precise correlations
the(2 X 4)/c(2 X 8) phase. The so-called structure is between atomic structure and optical properties. They
characterized by Ga dimers in the second layer besides tliannot be overwhelmed by the approximately structure-
two top As dimers. independent surface-exciton and local-field effects.

0031-900798/81(3)/721(4)$15.00 © 1998 The American Physical Society 721



VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

We determine the precise surface geometry from
density-functional theory within the local-density ap-
proximation, using a molecular-dynamics approach [18].
We consider a periodic slab of eight or seven atomic
(100) layers within a(2 X 4) and (4 X 4) supercell,
respectively. Single-particle orbitals are expanded into - No-----fo-f - N
plane waves up to an energy cutoff of 15 and 10 Ryd for
(2 X 4) and (4 X 4) reconstructions, respectively. The N\ (2x4)/c(2X8). -
specialk points used correspond to 64 points in the full
(1 X 1) two-dimensional Brillouin zone (2DBZ). The
minimum energy configurations have nearly symmetric
As dimers (bond lengths of 2.50—2.57 A) and an almost
planar bonding of the threefold coordinated second-layer
Ga atoms. For ther structure the Ga dimer length is =
2.51 A. A detailed account of these calculations is given
elsewhere [8,9]. )

We calculate the optical properties by theg’s* tight- =
binding approach, which has proven successful for a num-
ber of homopolar surfaces [10-12]. To separate the
contributions of the two opposite surfaces, which yield
different optical properties, a linear cutoff function was
used in calculating the optical matrix elements. Checks for
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GaAs(110), where the two surfaces of the slab are equiva- ) 3 4 5
lent, demonstrate that the linear cutoff does not introduce
any spurious optical anisotropy. We found that 20 lay- Energy (eV)

ers are necessary to avoid the artifi(_:ial intera(_:tion betvyeeplG_ 1. Experimental RAS spectra for As-rich surfaces
the two sides of the slab. To avoid a possible spuriousecordedin situ after decapping and subsequent annealing
optical asymmetry due to the 2DBZpoint summation, of undoped GaAs(100) (spectra taken at room temperature).
a p(4 X 4) supercell (containing around 300 atoms) withAnnealing temperature increases from bottom to top. The
4 specialk-points in its irreducible part [equivalent to ggrsrgigolr'%?ﬁgdﬁggg tggtéfrrlg 'g;’eel i;(()jricg?gg %ﬁe‘ggéw R,Ige
256 k-points in the(1 X 1) 2DBZ] has been used. curve.

As-capped homoepitaxial GaAs(100) layers grown by
MBE were used in the experiments. After transfer to the
UHV chamber, clean GaAs(100) surfaces were preparesponse of the different, locally coexistent structure phases
by thermal desorption of the As cap [6]. The aim of our[c(4 X 4), (2 X n), 2 X 4)].
experiments is to correlate the stages seen by LEED and In Fig. 3 we present the calculated RAS spectra to-
RAS during subsequent annealing steps in UHV with strucgether with schematics of the corresponding atomic struc-
tural changes displayed by STM due to the gradual Asures for the As-rich 3-dimee(4 X 4), the B2(2 X 4)
surface depletion. RAS spectra acquired for subsequemind «(2 X 4) structures, and, moreover, for a multilayer
annealing steps, starting with the well-knowfd X 4) relaxed(2 X 1) dimer model structure, to account for the
surface structure, are shown in Fig. 1. THé X 4) and local (2 X n) structure observed by STM. Thg X 1)
(2 X 4)/c(2 X 8) structures produced within this cycle structure produces a negative RAS feature at 2.4 eV, op-
reveal the expected line shapes, as reported previousposite to that observed for th@ X 4)/c(2 X 8) phase
[2,3,5]. Here we focus on the evolution of the RAS specFig. 1), although the orientation of the As surface dimers
tra from thec(2 X 4) to the(2 X 4)/c(2 X 8), correlated is the same. Therefore, in contrast to previous sugges-
with the gradual As surface depletion. The STM imagetions [14], the(2 X 1) structure cannot be used as a sim-
(Fig. 2) shows how the transition is accomplished througtplified model for the real2 X 4) phase for understanding
the formation of intermediate, local defect-structures. Inthe surface optical anisotropy. This result means that the
regions where the topmost As dimers of the regular threesurface dimers themselves are not necessarily the domi-
dimer c(4 X 4) structure are missing, STM clearly indi- nant source of the optical anisotropy, as has often been
cates the formation of a locdR X n) structure, due to assumed so far. In contrast, the precise structure of the
dimerization of the As exposed in the second layer. Duruppermost few atomic layers has to be considered.
ing transition fromc(4 X 4) to (2 X 4), LEED reveals a The RAS spectra calculated for the(4 X 4) and
(1 X 1) pattern due to the lack of long range order, while 82(2 X 4) reconstructions [the latter has to be compared
a gradual change of the surface reflectance anisotrogp the (2 X 4)/c(2 X 8) experimental curve] show an
(Fig. 1) is attributed to the superposition of the optical re-excellent overall agreement with experiment. They
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ture is dominantly related to the presence of the As
surface dimers, consistent with its sign change during
the ¢(4 X 4)-(2 X 4) transition. The common positive
feature at higher energies around 4.2—-4.7 eV is mainly
due to the modification of bulk wave functions induced
by the crystal termination. This feature is essentially di-
minished on disordered surfaces, as revealed by additional
calculations (not shown here) after insertion of surface
defects. Thus, this feature is correlated with the perfection
of the long range order at the surface rather than with the
structural unit [17]. In case of local coexisting different
IV G A length [a] structure phases, the surface derived optical transitions
FIG. 2. STM image of a GaAs(100) surface at the transition(approximately up to 3.5 eV) consist of a mixture of the
betweenc(4 X 4) and(2 X 4) phases. Most parts of the image different contributions due to the local sensitivity of the
correspond to an As-deficient structure, the upper right cornepptical response, while the bulk derived features at higher

displays a regulat(4 X 4) reconstructed region. In the regular . - S
region each bright block consists of three As dimers, followed®NErgIes are well defined only when LEED indicates a

by one missing dimer. The As surface dimers are partiallygood long range ordering. _
marked by black dots, the line scan-B) shows the fourfold The calculations reproduce very well the amplitude

periodicity. In the As-deficient regions longer sequences ofof the experimental RAS spectra in the case of the
i mers appeat hovever separsod by tree o more IS8 x 4)/(2 X §) stiucture, whie for the(d X 4) phase

i , . . . . .

resulting structlﬁ)re cgrresponds to(a X n) );)hase, since the € exp_erlmentgl RA is approximately 2 times smaller.
exposed As of the second layer dimerizes (partially markedVe attribute this to the presence of quite a number of
by open dots). The twofold periodicity in the second layer isdefects at the reat(4 X 4) surface (see STM image in
shown in the line scan(-D). Fig. 2) which reduces and broadens the optical features.

The experimental curve for thg4 X 4) reconstruction

shows an additional positive feature around 1.8 eV
¥nd a negative shoulder around 2.4 eV, which both
become most pronounced for the transitionél X 1)”

are characterized by two main features, a low-energ
feature around 2.8 eV (slightly below thg, critical

energy) which reverses its sign framy X 4) to (2 X 4), . .
and a high-energy one between 4.2 and 4.7 eV whic tructures (see Fig. 1) and are absent in the calculated

remains essentially unaffected. The low eneray fea: A. Recalling the finding of the negative RAS feature in
y ' 9y the calculated spectrum of tH@ X 1) structure and the

STM observation of thd2 X n)-like local dimerization
(Fig. 2), one can interpret the experimental shoulder
oo B0 :0:4 at 2.4 eV as a signature of a local dimerization of
T e second layer As. The positive feature at 1.8 eV can
be modeled by calculating the RAS for a metastable
c(4 X 4) structure with two top As dimers instead of three
[9], which may occur locally during gradual As depletion.
Thus for thec(4 X 4) and transitional (1 X 1)” phases
the experimental peaks below 2 eV and the shoulder
at 2.4 eV are due to the removal of the top As atoms,
exposing the partially dimerized As in the second layer.
During further As depletion a pronounced minimum de-
velops at 2 eV in RAS while LEED changes frofh X
4)/c(2 X 8) to (2 X 4) (Fig. 1, top curve). The RAS
signal indicates that thi® X 4) phase is not equivalent
to a 82(2 X 4) structure anymore but corresponds to the
a(2 X 4) model: In the calculated RAS a negative feature
> 3 4 3 O As, top layer around 1.8 eV is found for the(2 X 4) structure, charac-
Energy (eV) O s seoondlaver teristic for the presence of second layer Ga dimers. To our
knowledge, this is the first confirmation of the2 X 4)
FIG. 3. Calculated RAS spectra for thé4 X 4), (2 X 1),  phase which has been predicted by theory [7-9].
B2(2 x 4) [corresponding to thec(2 X 8) structure in the * Tignt hinding calculations of the optical properties of

decapping experiment], and(2 X 4) structures. The atomic . . X
structures used in the calculations are schematically shown off @AS(100) have been previously carried out in Ref. [14]

the right hand side. The dashed lines denote the zero level fdPr the As-rich(2 X 4) phase. The agreement to experi-
each spectrum. ment, however, was rather poor since the structure models

B2(2x4)

Re [(r-no =Ty ) /<r >]
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