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Electronic structure of the GaAs(001)2x4 and GaAq110) surfaces studied
by high-resolution electron-energy-loss spectroscopy
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We compare, by high-resolution electron-energy-loss spectros¢dREEELS), the electronic structure of
the GaA$1101x1 surface and that of the Ga@91)2x4 As-rich surface in the energy-loss region 0.5-5 eV.
The HREEL spectra are interpreted in terms of realistic calculations. The spectral features above the gap are
assigned to electronic transitions involving surface and/or bulk states. Losses at energies within the gap are
associated to defect states at the surfe$6163-182008)51236-2

Unlike the stable, unreconstructétil0) surface of GaAs, retical calculations the observed spectral features to excita-
the (001 termination of this crystal exhibits a variety of tions involving surface or bulk states, as well as defect states
surface reconstructiortsfoughly classified as As-rich and in the gap. The comparison among the spectra taken on the
Ga-rich phases. They are sequentially obtained either byifferent crystal terminations demonstrates the capability of
changing the stoichiometry of the outermost planes througkhis technique to enlighten surface-related featétes.
specific heating procedures, or by epitaxial growth under The HREEL spectra were measured at specular reflection
suitable thermodynamic and kinetic condi_tions. Among oth-yith primary electrons of 20 eV incident at 45° from the
ers, the As-rich(001-(2x4) and the Ga-rich001-(4X2)  gample normal. To improve the signal-to-noise ratio, the

reconstructions are found to be the most stablg ones. Th&mbined spectrometer and sample-limited resolution, mea-
2X4. surface has _been so far the most thorqughly mves'ugategbred by the full width at half maximum intensity of the
for its technological relevance in the epitaxial growth of

. X uasielastic peak, was set at 44 meV. The highest loss signal
GaAs-based devices. Most of the theoretical effort has beeﬁ)r the (001) surface was obtained by aligning the parallel

devoted to the determination of its complex atomic arrange-

ment through experimental reflection high-energy electroncompon—ent of the electron momentum along the dimer bonds

diffraction (RHEED),>® low-energy electron diffraction In the.[ll'O] d'irect.ion. The(110). surfaces were .obtained by
(LEED),*® and scanning tunneling microscdp}® (STM) cleaving én sgg single-crystal ingots r(?type Si dopeql,n
data. The accepted model for the 2 reconstruction consists ~ 4 10" cm ™). Undoped GaAg00Y) films, 0.5 um thick
of a regular array of two dimers and two dimer vacaridies Were grown by molecular beam epitatyiBE) in As over-
of As aligned along th¢110] direction. However, a full un- flow on GaAg001) substrates r{-type Si doped,n=1
derstanding of all the issues related to its surface electroni& 10° cm™) held at 600 °C. The ending surface of the film
structure such as surface chemical reactions, Schottky barriéxhibited the RHEED pattern of th€001)2Xx4 As-rich
formation*?® and morphology of the metal-semiconductor Phase. After the growth, the epitaxial films were capped at
interfaced* has not been reached yet, either because the elec=10 °C with 0.5um of As for the transfer into the analysis
tronic and structural properties of Ga@81) depend on sur- chamber. The As cap was removed by annealing at 350 °C
face preparation procedures and/or for insufficient surfac&hile monitoring the residual-gas partial pressure with a
sensitivity of many characterization spectroscopies. More rehigh-resolution mass spectrometer. A small amount of CO
cently, the problem of the identification of surface featuresand CQ, on top of the As cap, desorbed right before As.
has been addressed with surface-sensitive opticdtiowever, during the As decapping no increase in the CO and
spectroscopie¥. *” They offer the possibility, in contrast to CO, partial pressures was monitored indicating that a cap
electron spectroscopies, to monitor a surface during crysta@yer is free from contamination. The As-rich surface recon-
growth without requiring ultrahigh vacuum. Recently, in nu- Struction was obtained on the various samples by further
merous theoretical and experimental studies on th&nnealing at 460-470 °C.
GaAg001) surface, reflectance-anisotropy  In Fig. 1 the STM image of a MBE sample annealed at
spectroscopy"'-2°(RAS) has been applied aiming at asso- 460 °C shows, on a large scale area (4@@0 A?), bright
ciating a specific anisotropic optical response to each surfacgreaks running along t&10] direction of the X4 As-rich
reconstruction. Until now, however, the interpretation of thereconstruction. The line profildA’ on the magnified 60
RAS spectra is still controversial, and the agreement among 60 A% image reveals that the bright streaks, each contain-
different experimental data is poor. ing two featurestwo dimers$ with a spacing of 4.0 A, are

In this work we investigate by high-resolution electron- separated in thg110] direction by 16 A, i.e., 4, beinga,
energy-loss spectroscoiREELS the electronic structure =4.0 A the lattice constant of the (001x1L surface. Along
of the (110 and (001) As-rich surfaces of GaAs in the en- the[110] direction(line profile BB’), the rows are made up
ergy loss region 0.5-5 eV, and assign on the basis of themf subunits separated byag. Hence, the imaged unit cell—
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FIG. 1. STM filled states (bias—3 V) im-
ages of a GaAs(001) 24 As-rich surface show-
ing a 400<400 A? and a 6(x60 A? area. The
line profilesAA’ andBB’ depict the fourfold and
twofold periodicity, respectively. The unit cell is
also marked in the figure.

6.0 12.0 18.0 24.0 30.0
distance (A)

marked in the figure—has a2 symmetry and is consistent shown in Fig. 8a), calculated in terms of the dielectric func-
with the “two-dimer” modef! (« and 82 phasel The sur-  tion of the surface layer, according to the formulatfonf
face long-range ordering of all samples was checked byef. 23. This quantity has been extracted from calculations
LEED. of the dielectric function of a slab dfl atomic layers K

The HREEL spectra of th€l10 and(001) As-terminated =20 for the (001 surface,N=31 for the (110) surface
surfaces, in the energy-loss range 0.5-5 eV, are plotted iwithin the sp3s* semiempirical tight-binding method de-
Fig. 2(a) after normalization at 5 eV loss energy. In FigbR  scribed in Ref. 24. The calculated reflectance anisotropy of
the second derivative curves of the spectra locate the peake (110 and As-rich(001) surfaces for the accepted struc-
positions at the labeled energies, reproducible withintural models of the two surfaceghe rotation-relaxation
+0.1eV, in all measured samples. The loss region corremodel for the former, th@2(2x 4) model for the latter) is
sponding to transitions at energies below the @ag2 eV} is  in qualitative agreement with the experimefft€® Assuming
enlarged in the inset in Fig. 2. that the surface thickness correspondd\tpatomic layers

Surface and bulk excitations in the HREEL spectra haveand subtracting the bulk dielectric function of the remaining
been identified on the basis of the theoretical loss functioniayers from that of the slab, we determine the yy, andzz

components of the surface dielectric ten9¥g.is chosen in

@ Bxperiment () such a way as to assure the best convergence of the loss
: a
] y
ST e Theory (@
E e
:3 08 1.0 1.2 14 1.6 oo
= 2
s 5
2 <
2 =
Q
= )
= Z
— (110 g
----- (001) 2x4 =
1 1 Pil 1 1 P - (110)
----- (001) 2x4
2 ®
E P IR SN N S S N T ST N NI S NS R A AT
; 2 (b
g (110) 5
w g
= PN g
; S =
& =
' =
PR Y N W T U N ST SN [T WO T T W W W VO T [ B B lZ
0 1 2 3 4 5 6 7
Energy Loss (eV) NEPPEPI EPRPRPPIN EPPRPE IPRPIEP PRPRPINE SR

0 1 2 3 4 5 6

FIG. 2. (a) Experimental HREEL spectra of tti#10), and of the Energy Loss (eV)
(001)2x 4 surfaces, in the energy loss range 0.5-5 eV. The spectra
are normalized at 5 eV loss enerdly) Second derivative curves of FIG. 3. (8 Calculated energy-loss spectra for tfELQ) and

the spectra in théa) panel. The marked peaks are discussed in thg001)2x 4 GaAs surfacegb) Second derivative of the theoretical
text. The energy-loss region below the gap is enlarged in the inseturves for comparison with the experimental spectra of Fig. 2.
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20 _— to 4.5 eV toE,, and the weak structures above 5 eVEp
~ (110) surface (occurring at 4.8 eV in the calculated bulk spectjurll
(001) 2x4 surface these structures are seen in the experimental spectra of Fig. 2

at slightly higher energies than in the RAS spectf§rifas a
consequence of the line-shape distortion that occurs in going
from the dielectric to the loss function.

At the (001 surface, the loss region between 2 and 3 eV,
more intense than in th€l10) spectrum, gives rise to the
prominent peak at 2.7 eV in the second derivative cliIRig.
2(b)], also present in the calculated Id$sg. 3@)]. In the
optical datat>*°two opposite interpretations have been pro-
vided for this peak. Eryigit and Herm&hstated that the
contributions to the optical anisotropy of transitions between

Energy (eV) surface states and between bulk and surface states are of
opposite sign and tend to cancel out. Hence, the measured

FIG. 4. Imaginary part of the calculated isotropic dielectric anisotropy at~2.7 eV is due to the surface-perturbed bulk-
function of the surface layer for th€l10 (long dashesand  state excitations. In contrast, Kamiy all® assigned the
(001)2x 4 (short dashesGaAs surface. Full line: imaginary part of proad structure at 2.5-2.8 eV in their reflectance-difference
the calculated bulk dielectric function. spectroscopy(RDS) data to transitions between filled As

lone-pair states and unoccupied As-dimer antibonding orbit-
spectra, that isNg=4 for the (110 surface,N;=6 for the als.
As-rich (001) surface. The imaginary parts of the dielectric  Our calculation differs from that of Erygit and Herman
functions of the surface layers of both surfaces are shown ifor the treatment of the back surface, which is always differ-
Fig. 4. In order to take into account the deviation from theent from the front one for thé01) orientation of 111-V com-
specular direction of the detected electronbich affects the  pounds: it is ideally terminated and hydrogen saturated in
kinematical factor in a special w&y without carrying out  Ref. 19, but its contribution is embodied in the slab polariz-
the cumbersome integration of the resulting spectra over thability, which comes out to be not representative of the front
solid angle of acceptance, we have calculated the spectra @tirface alone. In our approach, instead, it is excluded from
an average off-specular deviation of 10°. The relatively largehe calculation of the polarizability by means of a factor
cone of acceptance of the electron analyzer washes out maosiultiplying the matrix elements of the momentum operator,
of the surface anisotropy: for this reason, in Fig. 4 we havavhich is 1 at the front surface and 0 at the back surface. In
plotted the average dielectric functions of the two surfacesspite of this difference, our calculations confirm the results
which in practice determine the loss spectra, rather than thef Erygit and Herman, i.e., the contribution of surface states
separatexx or yy components of the surface dielectric ten- to the spectral intensity between 2.5 and 3 eV is negligible.
sor. The transitions hypothesized by Kamiya and Aspnes occur at

The main structures of the measured loss function of théiigher energies, close to 3.8 eV, with a very weak intensity.
(110 surface, at energies above the gap, occur at 1.9 eV, 20 evidence is found in the calculated spectra of a redshift of
eV, and smaller peaks at 2.5 eV and above 3(E\d. 2.  the onset from 1.9 to 1.6 eV, going from tli&10) to the
This surface has been already investigated by many spe@01) As-rich surface. Hence also for this surface, we at-
troscopies including HREEE,° differential reflectivity®®  tribute the first above-gap structure to the transitions across
and inverse photoemissidh.The peak at 2.9 eV, close in bulk states neaF. Probably the 0.3 eV shift with respect to
energy to the critical poinE, of the bulk joint density of the (110 surface is too fine a detail to be reproduced in our
states, is attributed to bulk transitions in most studie&® calculations, meant to bear only qualitative accuracy. Never-
even though a sizable contribution from surface excitationgheless, a remarkably good agreement is found between the
could be inferred by inverse-photoemissibmnd optical®  calculated spectra shown in Fig(aB and the experimental
data. This structure is clearly reproduced in the theoreticabnes in Fig. 29). In both cases, the loss intensity of (@91
spectrum, shown in Fig.(8). It is also present in the calcu- As-rich surface is predominant in the low-energy part of the
lated optical anisotropy and corresponds to the peak occuspectrum, while that of th€110 surface is larger in the
ring at 2.7 eV in the room-temperature reflectance anisotrophigher-energy part. The part of the spectrum corresponding
spectrunt® Our tight-binding calculations, as well as recentto theE,; andE, bulk structures is depressed as compared to
ab initio calculations’?> demonstrate a substantiédt least the (110 surface. Correspondingly, the imaginary part of the
50%) contribution to it of transitions across near-gap surfacesurface-layer dielectric functiosee Fig. 4 shows greatly
states, from As to Ga dangling bonds. A faint structure at 2.5educedE; andE, peaks, mostly replaced by a pe@ways
eV, barely visible in the integrated curves, is present in thelue to surface-perturbed transitions across the bulk $tates
second derivative of both the measured and calculated sped-eV, from which the EEL peak at 4.5 eV originates. For
tra. The 1.9 eV structure results from transitions across théoth surfaces, surface-induced structures are present below 3
bulk states af’, with the onset at the fundamental gap. TheeV. In the case of thé€l10 surface, this structure embodies
remaining features in the calculated loss are all due to trama substantial contribution of the transitions across surface
sitions across surface-perturbed bulk states: the broad strustates, while it is mostly due to transitions across surface-
ture between 3 and 4 eV corresponds to Bhepeak(occur-  perturbed bulk states in the case of {0€1) surface. How-
ring at 3.2 eV in the bulk spectrum of Fig),4he peak close ever, also in this case the ultimate reason of the deviation of

Im(e)
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the surface dielectric function shown in Fig. 4 from the bulk spectroscopy® The defects at the surface and at the metal
one is the presence of the surface, meant as crystal terminererfaces have a considerable basis in the Schottky barrier
tion with a well-defined atomic structure. These low-energyformation. By analyzing the HREEL spectral intensity of the
surface-induced transitions are slightly redshifted in the casgap structures in the metal-interface formation, it is possible
of the (001) surface; this fact determines the larger intensityto infer the growth morphology of the metallic film. This
of the (001 loss spectrum below 3 eV appearing in Figs.investigation was done for either tH@10 or the (001)2
2(a) and 3a). X 4 As-rich and (001)% 2 Ga-rich surface&?

As far as the energy-loss region below the gap is con- In conclusion, we have comparatively analyzed the
cerned, we found structures due to electronic transitions botAREEL spectra of th€110) and (001) As-rich GaAs sur-
on the GaA&110) and on the GaA®01) surfaces, as shown faces and assigned the loss structures to surface or bulk state
in the inset of Fig. ). The fundamental gap of the excitations. The spectra are interpreted in terms of realistic
GaAq110 and (00]) is free from surface states, therefore calculations. Losses at energies below the gap are explained
the peaks at 1.2 eV and 1.0 eV in the loss spectra can only kes due to the existence of defects at the surface.
explained by the existence of defect states in the gap. The
presence of defects on the clean GaAs surfaces has beenWe are indebted to F. Bechstedt and W. G. Schmidt for
revealed by many spectroscopies such as HREEL, providing us with the calculated atomic positions of
STM® cathodoluminescenc®, and nonlinear optical GaAs(00}-(2x4).
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