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Metallic 111-V (001) Surfaces: Violations of the Electron Counting Model
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We describe Sb-rich reconstructions of nearly lattice-matched AlISb and GaSb (001) surfaces
using scanning tunneling microscopy/spectroscopy and first-principles electronic structure calculations.
Whereas AlISb reconstructs to an insulatir{g < 4) surface like that of other IlI-V compounds, GaSb
forms c(2 X 10) and (2 X 10) surfaces that are weakly metallic and violate the electron counting
model. We attribute the differences to a competition between the energy gain from Sb-Sb bond
formation and the cost from the increased surface stress (which depends on the elastic properties of
the substrate). [S0031-9007(97)03579-5]

PACS numbers: 68.35.Bs, 61.16.Ch, 73.20.At, 73.61.Ey

The phenomenal growth in wireless communicationscludes a IlI-V semiconductor molecular beam epitaxy
and optoelectronics technology is making zinc-blendgMBE) chamber equipped with reflection high-energy
[1I-V semiconductor substrates an increasingly importanelectron diffraction (RHEED) and a surface analysis
component of the semiconductor industry [1]. It is widely chamber equipped with STM [12]. AISb(001) surface
accepted that the surfaces of these polar semiconductarsconstructions were studied grtype (Be-doped, 18
should reconstruct such that all the dangling bonds orm™?) relaxed films &1 um thick) grown at 550C on
the electropositive surface atoms (lll) are unoccupied an6GaSb(001) substrates. GaSb reconstructions were studied
all those on the electronegative atoms (V) are doublyn undoped films (effectivelp-type, 10 cm™3) grown
occupied, with the resulting surface band gap similar taat 500°C. All STM images were acquired at a constant
that of the bulk. This guiding principle, usually referred current and are displayed in gray scale. Tunneling current
to as the electron counting model, represents the starting) vs sample bias\{) spectra were acquired at fixed tip-
point from which 1llI-V semiconductor surface structures sample separation, with the separation adjusted to assure
are built [2-8]. adequate signal at low bias voltages, and are displayed as

Possibly the most prominent application of the electromormalized conductivity(dl/dV)/(1/V) [13].
counting model (ECM) has been to narrow the possible First-principles total-energy calculations of equilibrium
structural models for the many reconstructions observed osurface structure were performed in a slab geometry with
the technologically important IllI-V (001) surfaces [3,4,6— appropriate periodicity. The slabs consisted of four layers
8]. For example, the number of plausible structuralof Ga and Sb atoms (plus any additional surface atoms)
configurations for the much-studied As-terminatedrepresented by norm-conserving pseudopotentials of the
GaAs(001)¢2 X 4) surface can be limited to four [7]. Troullier-Martins form [14], with hydrogenlike potentials
The ECM has had similar success accounting for othef15] saturating the bottom Ga layer. Structural relaxation
reconstructions on Ill-As and IlI-P (001) surfaces. Towas performed using the Corning electronic-structure code
our knowledge, however, there has been no consideratiasf Allan, Teter, and Payne [16], which solves the Kohn-
of the ECM with regard to IlI-Sb(001) surfaces, which Sham equations in the local-density approximation with a
have been reported to include “odd” reconstructions (e.gplane-wave basis. Atoms in the bottom layer were held
1 X 3) [9-11]. In this Letter, we describe the structure fixed at their bulk positions, while all other atoms were al-
of Sb-rich reconstructions on AISb and GaSb(001) asowed to relax until their rms force was less than 0.1/8V
determined with scanning tunneling microscopy (STM)A plane-wave cutoff of 12 Ry was used, withkgpoint
and first-principles electronic-structure calculations. AlShdensity equivalent to 3&-points in the full(001)-1 X 1
and GaSb are a noteworthy pair of IlI-V compounds,surface Brillouin zone. After structural relaxation, numer-
having very similar lattice constants (AISb is 0.7% larger)ically simulated STM images (constant current surfaces)
but differing only by one element; as such, they providewere calculated by integrating the electronic local-state
an opportunity to explore the possible role of materialdensity over appropriate energy windows.
properties, as opposed to lattice constant, in determining Because IlI-V semiconductor-based electronic devices
surface reconstructions. We find that AISb(001) formsare typically prepared under V-rich conditions, the V-
as insulatinge(4 X 4) reconstruction satisfying the ECM terminated reconstructions are of the greatest interest.
[similar to other 111-V(001) surfaces], whereas GaSb(001)We have used RHEED to systematically characterize the
forms (n X 5)-like surface reconstructionghat are temperature and Silux dependence of the Sh-terminated
weakly metallic and violate the ECM. surface reconstructions on AISb and GaSb(001) [11]. On

Experiments were carried out in an interconnectedAISb we observe a1 X 3) structure above~400 °C,
multichamber ultrahigh vacuum (UHV) facility that in- similar to previous reports [17,18]; however, at lower
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temperatures a cleaf4 X 4) is observed (similar to InSb, raphy (the node in the center of each dimer<i§ pm
GaAs, AlAs, and InAs) that, to our knowledge, has notdeep). Note that the slight asymmetry of the right dimer
been previously reported for this surface. On GaSb(00Ljow of each row pair is a feedback artifact resulting from
we observe the previously reported structures [10,17—19the large gain required to resolve the internal structure of
(1 X 3), c(2 X 6), (1 X5),and(2 X 5), as the substrate the dimers.
temperature is lowered from500 °C to ~300 °C and the It has previously been shown by quantitative, high-
surface Sb coverage increases [10]. resolution core-level photoemission spectroscopy that the
STM images of AISb(001§4 X 3) appear similar to c¢(2 X 6) and(n X 5) surfaces of GaSh(001) are terminated
those previously published for GaSb [19] and InSbby>1 layer of surface Sb, withnly bulklike Garuling out
[9], with complicated kinked and buckled features ofany structures incorporating surface or substitutional Ga
unknown origin, and are discussed elsewhere [11]. Thl0]. Given these results and our STM images, the only
AISb(001)<(4 X 4) surface has a much simpler structure, plausible structure of thél X 5) reconstruction [actually
as shown in Fig. 1. The filled-state topography consistg(2 X 10)] is two adjacent rows of Sb dimers on top of
of bricklike structures, each composed of three dimerlikea full plane of Sb, separated by rotated Sb dimers in the
segments [Fig. 1(a)], just as observed on GaAs [20kecond layer [Fig. 3(c)]. This model is strongly supported
and InSb [9]. As previously discussed for these otheiby simulated STM images for the calculated equilibrium
(001) surfaces [7], this double-Sb-layer reconstructiorgeometry of such a structure [Fig. 3(d)]: our calculations
(which satisfies the ECM) has rows of Sb dimers onaccurately reproduce both the positions and relative heights
top of a(1 X 1) plane of Sh, with every fourth dimer of the topographic features observed experimentally.
missing along th¢110] direction [Fig. 1(b)]. As expected  Given the structure of the X 5) surface, STM images
[2], tunneling spectroscopy reveals that this surface i®f the Sb-richef2 X 5) reconstruction are straightforward
insulating (Fig. 2)—there is little conductivity within the to interpret. An image of a surface with both X 5)
bulk band gap—as is typically observed for Ill-V surfacesand (2 X 5)-like reconstructed regions is displayed in
[13,21,22]. Fig. 4(a). Although such coexistence is atypical, it enables
Unlike AISb(001) and all other 111-V's studied to date, a direct comparison of the two structures under identical
GaShb(001) doesot reconstruct tac(4 X 4) at any sub- tunneling conditions. As seen in the imag2,x 5)-like
strate temperature or $bflux. Rather, (1 X 5) and regions appear topographically higheri( A at this bias),
(2 X 5) RHEED patterns are observed at low temperawith maxima orthogonal to thé€l X 5) double dimers,
tures/high Sh pressures. Atomic-resolution STM images
of a“(1 X 5)” surface are displayed in Fig. 3. The filled-

state topography is dominated by double rows of identi- R EARS SRR ras ne sy na
cal dimerlike structures, with the row pairs separated by 14 ' ' —
lower dimerlike features having an orthogonal orientation. ) 3
Although the double rows have(a X 5) periodicity, the 12— X ;-.' -
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FIG. 2. Tunneling spectra acquired on AISb(0@13-X 4)
(dotted line), GaSb(001)r X 5) (solid line), and GaSb(001)-

(2 X 5) (dashed line). The spectra are displayed as normalized
conductivity, (dI/dV)/(1/V) (approximately proportional to
the density of states), calculated from the measured V,

with (I/V) exponentially broadened with a width of 0.7 V
FIG. 1. (a) Filled-state STM image of AISb(00&)4 X 4), (see Ref. [13]). The bulk band edges for both substrates are
48 A x 48 A, acquired at 3.3 V. A unit cell is indicated along indicated. Note that the Fermi level is approximately in the
with some of the surface Sb dimers. (b) Structural model ofmiddle of the bulk band gap on both surfaces. Whereas
the surface, consisting of an Sb double layer (see, for exampléhe AISb surface is insulating, the GaSb surfaces are weakly
Ref. [7]). metallic, with nonzero conductivity for all voltages.
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FIG. 3. Filled-state STM images of GaSh(01)X5) ac-  FIG. 4. (a) Filled-state image of a GaSb(001) surface with
quired at 1.8 V: ()80 Ax80 A, (b) 48 Ax48A. The both (1 x5)-ike and (2 X 5)-like regions (2.4 V, 150 A x
lower dimers give the surface 2X periodicity along[110]; 150 A). The (2 X 5)-like regions are outlined. (b) Higher mag-
a ¢(2x10) unit cell is indicated. Note that the slight asym- nification image of a well-ordered x 5) (by RHEED) sur-
metry of the right dimer row of each row pair is a feedbackface (0.4 V,52 A x52 A). A (2 10) unit cell is indicated.
artifact resulting from the large gain required to resolve the in-(c) Proposed(2 X 10) structural model for this surface, con-
ternal structure of the dimers. (c) Proposéd X 10) structural  sisting of the simple addition of Sb dimers on top of the dimer
model for this surface. (d) Simulated STM image of this struc-rows of the structure shown in Fig. 3. Simulated filled state im-
ture calculated for filled states within 1.8 eV of the Fermi level. ages of this structure calculated for (d) 0.4 eV and (e) 2.4 eV.

suggestive of additional Sb dimers on top. Atomic-scaleobserved for all voltages on both surfaces. In both cases
features of the (2 X 5)” reconstruction are illustrated in there is substantial conductivity right up to the Fermi
Fig. 4(b), where a higher magnification image from a well-level (E; at 0 V). On the(l X 5) surface, there is a
ordered2 X 5) surface is shown. In this image, acquired pseudogap of-0.2 eV aboveE; where the conductivity
at lower bias, the features within the double rows havdand by implication the density of states) appears small,
a flatter, more rectangular appearance. As observed fdout distinctly nonzero, followed by a rapid rise in empty
the(1 X 5) surface, distinct maxima with2Xx periodicity ~ state conductivity. On th€ X 5) surface the pseudogap
along[110] are observed between the double rows. Thas slightly larger,~0.35 eV, but the conductivity still does
features within both the double rows and the rows innot reach zero. Note that on 111-V(001) surfaces that obey
between sometimes shift by a lattice constant from rowthe ECM very little conductivity is ever observed within
to row, giving the surface an overdll X 10) symmetry. the band edgesven in the presence of a high density
Our proposed structure for this surface [Fig. 4(c)] consist®f charged surface defecf®l]. In contrast, midgap
of an additional layer of Sb dimers on top of the Sbconductivity is observedon these GaSb surfaces a
atoms that initially form the(1 X 5) dimer rows. The direct consequence of the violation of the ECM.
topographic features observed experimentally, including To our knowledge, the only other clean IlI-V surface
variations with tunneling bias, are accurately reproducedhought to violate the ECM is the Ga-terminatgdl9 x
by simulated images of thi@ X 10) structure [Figs. 4(d) /19) reconstruction of GaA$ 11) [20]. Although tun-
and 4(e)]. neling spectra for this surface have not been reported, tun-
It is straightforward to show thahe two(n X 5)-like  neling becomes unstable fo¥| < 0.3 V, suggesting the
reconstructions observed on GaSb(001) violate the ECMreconstruction has a reduced surface band gap but is not
For both structures, with all the surface Sb-Sb bondsnetallic. The proposed model for this GaAs surface re-
and Sb dangling bonds doubly occupied (there are nquires partial occupation of Ga dangling bonds, presum-
surface Ga bonds)there are three valence electrons ably the origin of the midgap conductivity, although the
remaining per(2 X 5) unit cell. Because these electrons structure has yet to be examined theoretically. In contrast,
must occupy midgap or conduction band states, in then GaSb(001){: X 5)" surfaces stable tunneling can be
absence of strong electron correlation these surfacewaintained at very small bias voltages1(0 mV), consis-
should be metallic. As demonstrated by the tunnelingent with the metallic characteristics of the tunneling spec-
spectra displayed in Fig. 2, nonzero conductivity is indeedra. Our calculations reveal the density of statesat
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AlISb, reconstruct tac(4 X 4). These multilayer struc-

tures, best described as trigonally bonded chemisorbed
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