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Atomic Structure of the Sb-Stabilized GaAs(100)-Z x 4) Surface
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The microscopic structure of the Sb stabilized GaAs(1Q0¥(4) surfaces is investigated combining
reflectance anisotropy spectroscopy with first-principles total energy minimization and tight-binding
calculations of optical properties. We show that the model accepted so far, containing three Sb dimers
in the outermost layer, is not a stable surface geometry. Our results reveal a coexistence of Sb and Ga
dimers on the Sb-stabilize@ X 4) surface. [S0031-9007(96)01679-1]

PACS numbers: 68.35.Bs, 68.35.Md, 78.30.Fs, 78.66.Fd

Understanding of the surface atomic structures and the{XSW) experiments [13] confirmed the existence of Sb
modification through deposition of foreign atoms is cru-dimers on the surface; however, conclusive results about
cial for both science and technology. In particular, thethe validity of the three-Sb-dimer model [1] were not
adsorption of group-V elements on (100) faces of IlI-V obtained.
compound semiconductors is technologically important for The present study is aimed at the determination of the
the 11I-V heteroepitaxy [1]. Especially the adsorption of atomic structure of the Sb-stabilized GaAs(1(D)X 4)

Sb on GaAs(100) has attracted interest due to the formatiosurface, using a novel approach to investigate microscopic
of an exceptionally abrupt interface [1,2] and the possiblesurface properties based on the surface optical response.
use of Sb as surfactant for metal growth on GaAs(100We apply reflectance anisotropy spectroscopy (RAS),
[3,4]. Soft x-ray photoemission spectroscopy (SXPS)ab initio total-energy minimization (TE), and tight-
Auger electron spectroscopy (AES), and electron diffrachinding (TB) calculations of optical properties to study
tion [LEED and reflection high-energy electron diffrac- the precise surface geometry. Formation energies and
tion (RHEED), respectively] studies have shown that bygeometrical data are derived from TE minimization.
Sb deposition on GaAs(100) and subsequent annealingla order to distinguish between energetically stable
well-ordered2 X 4) reconstruction is formed even at tem- structures, RAS spectra are recorded and compared
peratures much higher than for the clean, As-terminatedith corresponding TB calculations on the basis of the
surface, due to stabilization by Sb dimers [1,5,6]. TE-derived surface geometries. The experimental as

Based on SXPS data and on ti@ X 4) RHEED well as theoretical results show that the surface optical
pattern a first structural model for the Sb-inducedanisotropy depends sensitively on the structural arrange-
reconstruction was suggested [1]. This model, based oment of the surface atoms. Therefore we conclude that
three Sb dimers per surface unit cell, was constructeéor the successful calculation of RAS spectra the accurate
in analogy to the so-called GaAs(1@P X 4) struc- determination of the atomic geometry is of crucial im-
ture, widely used in the past to describe As-terminategportance. We emphasize that also for clean GaAs(100)
GaAs(100)2 X 4) surfaces [7,8]. For the clean surfaces the optical response which we calculate by TB
GaAs(100)2 x 4) surface, however, recent experi- using TE-optimized surface structures is in much better
mental and theoretical studies have demonstrated thagreement with the experimental data than what was
the equilibrium structure contains only two As dimersreported in previous attempts [14,15]. Contributions not
per unit cell in the topmost atomic layer, denoted asdescribed by the TB approach such as many body effects
B2(2 X 4) structure [9-12]. As shown in Ref. [9], the [16] consequently should play a minor role.
electrostatic interaction between the negatively charged For the analysis of the Sh-stabilized surface we consider
surface As dimers destabilizes the three-dimer coma few plausible surface geometries which fit {2ex 4)
pared to the two-dimer structure. The same argumergymmetry and contain Sb dimers on the surface. Further-
should hold if the As dimers are substituted by anothemore, taking into account the chemical similarity of As and
group-V element like Sh, thus questioning the validity Sb, similar structural elements (Sb, As, and Ga dimers)
of the suggested structure for the Sb-stabiliZ2d< 4) are expected on clean and Sb-stabilized GaAs(100) sur-
GaAs(100) surface. Meanwhile, x-ray standing wavefaces. Three structures which are rather close in formation
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energy,a(2 X 4), B(2 X 4), and82(2 X 4), have been in Fig. 2 the phase diagram obtained as a function of
discussed for the clean GaAs(100) surface [9]. Therefordh Sb and Ga chemical potentials. We find that in the
it is reasonable to consider structures which are derivedxtreme limit, where the Sb and Ga chemical potentials
from those. Apart from the three-Sb-dimer structure re-equal those of the respective bulk phases, model IV is the
lated to theB(2 X 4) structure by replacement of top- most stable adsorption configuration. Models Il and I
layer As by Sb (model | in Fig. 1), three other structuresare more favorable for lower values pf{Sb) andu(Ga).
denoted as models -1V (Fig. 1) with two top-layer Sb Model | is unstable independent of the assumed chemical
dimers are derived in such a way, all being consistent witlpotentials: its total energy is 0.037 eV pgérx 1) surface
electron counting heuristics [17]. Model Il is derived from unit cell higher than for model IV. This energetical
the @(2 X 4) and models Il and IV from thgg2(2 X 4)  difference roughly equals the one found between ghe
structure. and B2 reconstruction of the clean GaAs(10Q)X 4)

To determine the relaxed geometries of the four modelsurface [9,10].
shown in Fig. 1 we apply the density-functional theory Because of the sensitivity of the formation energy of
in local-density approximation. We consider a periodicthe three remaining models on the chemical environ-
slab of eight atomic (100) layers within & X 4) ment, no precise prediction of the surface structure is
supercell and a vacuum region equivalent in thicknesgpossible solely on grounds of the energetical arguments.
The Ga-terminated surface of the slab is saturated witffherefore, the genesis of the surface structure was in-
fractionally (Z = 1.25) charged H atoms. Single-particle vestigated by RAS, LEED, and AES. 2 ML of Sb were
orbitals are expanded into plane waves up to an energyeposited onto clean2 X 4) reconstructed GaAs(100)
cutoff of 15 Ry. We use four specid-points in the surfaces prepared by As decapping [21] and subsequently
irreducible part of the two-dimensional surface Brillouin annealed up to 50®. This preparation is analogous
zone (2DBZ). This approach (cf. Ref. [18]) has provento the procedure used in the previous SXPS and XSW
successful in determining precisely the structural andxperiments leading reproducibly to the formation of
dynamical properties of the $6aAs(110) interface [19]. an Sb-stabilized(2 X 4) reconstruction by desorption
The ground state geometries for the adsorption modelsf excess Sb [1,6,22]. The optical anisotropy and the
were derived by relaxing a series of structures withaccording LEED periodicity are shown in Fig. 3 for
buckled and twisted dimers until the forces acting on thesarious preparation stages. The RAS spectrum of the
atoms were below 0.025 M. The minimum energy As-terminated GaAs(10QR X 4) surface (curve a)
configurations are characterized by nearly symmetrishows the well-known line shape characterized by two
surface dimers and a nearly planar bonding of the threemain positive peaks at 2.9 and 4.4 eV. In previous
fold coordinated second-layer Ga atoms. The calculatethvestigations the origin of this optical anisotropy was
Sb-dimer length of 2.86—2.87 A for all structures is rathersuggested to be related to the existence of surface As
close to the value 02.95 + 0.06 A determined by XSW dimers [23]. This explanation is consistent with the
[13]. The length of the Ga dimers of model Il is 2.46 A. further development of the anisotropy shown in Fig. 3:

Because of the different numbers of Sb and Ga atomBeposition of 1 ML Sb (curvé) causes a strong reduction
per surface unit cell the comparison of the TE for different
models has to take into account the Sb and Ga chemical

potentials. Upper limits on the chemical potentialsare 0
set by the bulk elements [20]. In order to give an estimate " Model Il
of the stability of the different surface structures we show < Model IV
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FIG. 2. Phase diagram of the Sb-stabilized structures

FIG. 1. Top view of relaxed Si5aAq100)-(2 X 4) struc-  (cf. Fig. 1) versus the Sb and Ga chemical potentials in the

tures. Large (small) circles indicate top and second (third andespective range of1 eV = u — upux = 0. Model | is no

fourth) layer atoms. Substrate anions (substrate cations, antequilibrium structure, independent of the Sb and Ga chemical
mony atoms) are denoted by full (empty, shaded) symbols.  potentials.

4403



VOLUME 77, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NVEMBER 1996

of the optical anisotropy over the entire spectral range This interpretation is substantiated by our TB calcula-
which can be understood as the consequence of breakinigns of the optical anisotropy for the structures shown in
the surface As dimer bonds upon Sb adsorption. AFig. 1. A semiempirical tight-binding approach ep’s*
broad positive anisotropy around 4—4.5 eV develops afteorbital basis [25] was used. To avoid the spurious opti-
deposition of additional Sb (cun@ related to the optical cal anisotropy effects due to the BZ summation, we use
properties of the thin Sb overlayer [24]. New anisotropya p(4 X 4) supercell and four speci&l-points of the ir-
features arise with the ordering process induced by arreducible part of the 2DBZ for a 20 layers slab, thus pro-
nealing: For the intermediate annealing step, a negativducing well converged optical properties. This approach
anisotropy around 2 eV and a positive feature aroundhas been intensively and successfully tested, describing the
4.2 eV developd). At this stage LEED shows a pattern optical anisotropy of the clean and Sb-covered (110) IlI-V
of (3 X 8)-like symmetry. After annealing to 50C the  compound surfaces. The studies of clean and Sb-covered
Sb-stabilized(2 X 4) reconstruction is establishe@)( GaAs, GaP, InAs, and InP(110) surfaces have demon-
showing pronounced anisotropies at 2.2 eV (negative) ansitrated that chemically argometricallysimilar structures

at 3.0 and 4.5 eV (positive). produce very similar RAS spectra [26,27].

The main spectral features of the RAS spectrum of The same relation is found for the (100) surfaces:
the Sb-stabilized2 X 4) surface are also found on clean, the optical anisotropy calculated for models | to IV
As- or Ga-terminated GaAs(100) surfaces: the dominatingqurns out to be very similar to that calculated for the
feature of Ga dimer terminated surfaces is a strongorresponding As-terminated surface structures. Figure 4
negative dip at 2.2 eV [23], while the As dimer terminatedshows the calculated RAS curves for the competitive
one shows positive features at higher energies [Fig. 3(a)ijnodels Il, 1ll, and IV of the Sb-stabilized surface. All
The RAS spectrum of the Sb-stabiliz€?l X 4) surface three structures show a positive anisotropy at higher
[Fig. 3(e)] thus resembles a superposition of both, whictenergies. For model 1V, positive anisotropies arise above
might indicate the coexistence of Ga dimers with As or3.5 eV, for model Il around 3 and 4 eV. For model II,
Sb dimers on the surface. Since SXPS and XSW resultsontaining second-layer Ga dimers, in addition to the
showed the complete removal of the surface As dimers bpositive features at 3 eV and above 4 eV, a negative
replacement through Sb [1,3], Ga and Sb dimers shouldtructure around 1.8 eV is found. This negative feature
coexist at the surface. in the calculated optical anisotropy (obtained for both Sb-
stabilized and clean, Ga-terminated surfaces) is connected
to the presence of surface Ga dimers, corresponding to
the negative anisotropy observed experimentally at 2.2 eV

3 for clean, Ga-terminated [23] as well as Sb-stabilized
|| 2710 surfaces [Fig. 3(e)]. The positive features are related to
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FIG. 3. Modification of the real part o?;— = ——— for Energy (eV)

GaAs(100) G doped 1 X 10'° cm™3) dljring Sb rdeposition
and annealing. The spectra are taken after cooling to roor®IG. 4. Calculated RAS spectra for Sh-stabiliz€dl X 4)
temperature. The zero value for each spectrum is marked by surfaces for models Il, 1ll, and IV. The dashed-dotted line
long tick mark. indicates the zero base line.
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