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The surface reconstructions formed on Sb-terminated @45 have been investigated using scanning
tunneling microscopySTM). Following Sb deposition on th@x4) reconstructed GaAB01) surface(1X4),
(1x3), and (2x4) phases are observed in order of increasing annealing temperature. Structural models for
these phases are discussed based on an examination of the STM images and previously published core-level
photoemission data. Considerable differences exist between the unit cell structure and ordering on the clean
GaAg001) and Sb-induced2x4) surfaces. Following desorption of Sb at 580 °C(4&?2) structure is ob-
served that appears to be identical to the reconstruction produced by annealing the cled0Basface at
this temperature. This result shows that a previously proposed model for the clea0GbA4Xx2) phase is
incorrect.[S0163-18206)52624-X]

The interaction of Sb with the Gaf801) surface has The Sb-terminated surface was then annealed at temperatures
recently been the subject of a humber of experimental inin the 200—-580 °C range, as described below. We use a com-
vestigations. Interest in this material system stems in pamnercially available tunneling microscofé¢/.A. Technology,
from a need to understand the bonding and atomic configueambridge, U.K). with electrochemically etched W tips
ration during the epitaxial growth of GaSb/InARef. 1) and  cleaned by electron bombardment.

GaSbh/GaAs(Ref. 2 layers. Synthesis of Sb/GaAs hetero- Following decapping and annealing at 450°C the
junctions and multilayers has also attracted attention a&aAg001) surface forms #2x4) reconstruction. Filled-state
model systems for semimetal-semiconductor heteroepitaxi@TM images show that in our case the decappedin situ
growth3 While the gross morphology of GaSh/GaAs layersgrown (2x4) surface® are structurally very similar. The
has been investigated with atomic force microscoMaeda,  (2Xx4) periodicity is due to a regular array of As dimers and
Watanabe, and Oshithehave used both reflection high- missing dimers(two missing dimers per unit ce(Ref. 8
energy electron diffractiofRHEED) and core-level photo- [Fig. 1(c)]. Figure Xa) shows an STM image of the surface
electron spectroscopyPES to study the reconstructions that is formed following deposition of approximately 1 ML
formed at the Sb-terminated Ga@81) surface. The Sb- of Sb on GaA&01)-(2x4) with subsequent annealing at
induced GaA®01)-(2x4) structure has also been investi- 200 °C. (There was little difference between STM images
gated using the x-ray standing-wau&XSW) technique, taken directly after RT Sb adsorption and those taken follow-
where the bond lengths of Sb dimers present at the surfadeg the 200 °C annealRows running along thgl10] direc-
were evaluated.Despite the importance and interest in this tion with a 16-A spacing are clearly visible. A higher mag-
material system, there are no accepted structural models fafication scan, as shown in Fig(t), reveals that each bright
the surface reconstructions formed on Sbh/GaA3%). row has a dark “node” along its center. Islands having the

In this paper we present a scanning tunneling microscopgame row structure and a height of approximately 2@h#&
(STM) study of the Sh-terminated Ga@®1) surface. An GaAg001) step height are also observed. These islands
examination of STM images of the various surface reconarise from the morphology of the initial cled®x4) surface
structions, whose periodicity was previously determinedoefore Sb depositioh.No islanding of the first ML of Sb
solely by RHEED! enables us to propose atomic structuraloccurs, in contrast to Sb adsorption on GéAd)B-
models for these phases. We discuss notable differences {@%2), where the growth mode is Volmer-Weler.
the structure and ordering of the Sb- and As-terminated RHEED and PES studiésiave shown that for annealing
GaAg001)-(2x4) surfaces. Furthermore, our STM images in the 200—-360 °C range, the Sh-terminated Ga8$) sur-
lead us to rule out previously proposed models for both thdace exhibits a1x4) reconstruction for which there is no
Sbh-induced(2x4) and clean GaA®01)-(4x2) reconstruc- Sb-Ga bonding but both Sb-Sb and Sb-As bonding states
tions. exist. The observation of rows with a 16-A spacing along the

Clean GaAf01)-(2x4) surfaces were prepared by ther- [110] direction is thus consistent with the ordering implied
mally desorbing an As capping layer from a Si-dopedby RHEED[a(100)=aOI\/§=4 A]. Considering the PES
(1x10'%-cm™3) epilayer. Details of the molecular-beam ep- and STM measurements together leads us to propose a model
itaxy growth and decapping procedures are giverfor the structure exhibitinglx4) symmetry in RHEED as
elsewheré:” Approximately 1 ML of Sb was deposited onto shown in Fig. 1d). We suggest that the As-As dimers of the
the (2x4) surface, which was held at room temperatureclean GaA&021)-(2x4) structure[Fig. 1(c)] are broken by
(RT), by effusion from a Knudsen cell operated at 410 °C.adsorbed Sb, which itself subsequently dimerizes. While we
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GaAg001):Sh{1x4) surface resulting from
deposition of approximately 1 ML of Sb with
[110] subsequent annealing at 200 °®) A higher
magnification scaf150x 150 A?) showing the
presence of a dark “node” in the rows. Scan pa-
(c) (d) rameters for these and subsequent images are
—3.5 V and 100 pA(c) A ball-and-stick model
of the clean GaA®01)-(2x4) surface.(d) Our
—e — —s — — — proposed structural model for the reconstruction
formed after annealing the Sb-terminated
GaAg001) surfrace at 200 °C. We cannot deter-
mine directly from the STM images if the third-
layer As dimers of the GaAB801)-(2x4) recon-
struction are broken by Sb. However, considering
o=e o=e - b b = the (1xX4) RHEED pattern, this is likely to occur.

IIIOIL FIG. 1. (8 A 380x380-A? image of the

[110] O :Hrstlayer Sb
[TIO] ® o :Second, fourth layer As
O :Third layer Ga

cannot conclusively determine from photoemission and STMnately 12 A, corresponding to a3periodicity. Our data are
data whether the third-layer As dimers are also broken bygomewhat similar to STM images of the I(&B0-(1Xx3)
adsorbed Sb, the lack of @x) periodicity in the RHEED surface! however, in our case the chains do not predomi-
pattern suggests that this occurs. If either some or all of theantly run along th¢110] direction but exhibit considerably
GaAg001)-2x4 third-layer As dimers are broken tl{2x)  more anisotropy. The high degree of disorder precludes the
periodicity will be removed. Thus, each first-layer Sb atom isproposal of a well-defined structure model for the
bonded to two As atoms and one other Sb atom and has @aAg001):Sb{1Xx3) phase.
lone pair dangling bond. The node observed along the center Annealing of the Sbh-terminated surface at a temperature
of the rows may be associated with the lower energy of thdoetween 440 and 560 °C induces a change in surface struc-
Sb-Sb dimer bond compared to the Sb lone pair danglingure to a(2x4) reconstruction(as observed by RHEBD
bonds. The separation of the bright features within a rowCore-level PES data show that for this reconstruction all As
which we argue correspond to Sb lone pairs, is approxiatoms are in a bulk environment and that only Sb-Ga bonds
matey 5 A . This is much greater than the dimer bond lengthexist at the surfacéThis result indicates a replacement of
expected from the covalent radius of @72 A);*° however, surface As by Sb. We have observed a similar replacement
we would expect the peaks in the Sb lone pair charge densityf As by Sb on the GaA&11)B surface!? Our STM data,
to be shifted away from the Sb atom positions. taken following annealing of the surface at 480 °C, confirm
Following annealing in the 360-440 °C range, thethe change in surface reconstruction frgink3) to (2x4).
RHEED pattern from an Sbh-terminated surface indicates 46-A spaced rows running along tH&10] direction are
(1x3) reconstructior.Figure 2 shows an STM image of the clearly observed in the filled-state image shown in Fig).3
surface after annealing at 400 °C. There is a significant lackn this scan features within the rows having an 8-A ot 2
of long-range order with short chains distributed across th@eriodicity along the[110] direction are also clearly re-
surface. For regions where the chains run in[tt0] direc-  solved. These features arise from symmetric Sb-Sb dimers in
tion the spacing between neighboring chains is approxithe uppermost surface layer whose dimer bond lengths have
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FIG. 2. 230x230-A% image of the (1x3) reconstruction
formed by annealing the Sb-terminated surface at a temperature of
400 °C. The reconstruction has little long-range order, consisting of _
short Sb chains distributed across the surface. [110]
been previously investigated using XS{Ref. 5 and found
to be 2.95-0.05 A . The dark rows running along th&10]
direction may be associated with missing Sb dimers. We
observe a difference in the number of missing dimers per
unit cell, although the unit cell retains(2x4) periodicity.

There are a number of notable differences between the
clean As-terminated and Sb-induc&ix4) reconstructions.
Unit cells consisting of aingle Sh-Sb dimer are the pre- |
dominant structure, as opposed to the two dimer unit cells of §&
the clean GaA®01)-(2x4) surface. The predominance of |
single Sb dimer unit cells is observed following annealing at §il
temperatures in the entire 450-560 °C range over which the |
(2X4) unit cell is present. There are in fact two single-Sb- |
dimer unit cells, depending on the placement of the dimer
within the cell. Interestingly, there appears to be some cor-

relation between neighboring unit cells along {140] di- FIG. 3. (a) The Sh-induced GaAB01)-(2x4) structure is shown
rection in that we rarely observe extended “zigzag” patternsi this 310x310-A2 image. The unit cells consist predominantly
of single dimers. Unit cells consisting of three Sb-Sb dimerssf one Sb dimer and three missing dimefls) A 165x 165-A2
were previously proposed to explain the Sb-indu¢@d4)  image where features due to second-layer Ga are resoloed
periodicity? Our data are not consistent with this model. Ourscan profile taken along the li&B in (b) shows that the Ga fea-
proposed structure model for the single-Sb-dimer unit cell isures appear 1.3 A lower than the first-layer Sb.

shown in Fig. 4.

At the single dimer sites features intermediate in apparent The electron counting rutdis commonly used to predict
height between the Sb dimers and the missing dimer rowpossible reconstructed structures for polar semiconductor
are resolved[Fig. 3(b)] and arise from tunneling from surfaces. This model dictates that Ill-V surfaces, including
second-layer Ga atoms. The profiféig. 3(c)] along the line  those with adsorbates, will reconstruct so that all group-V
AB in the figure illustrates that these Ga-related features ardangling bonds are filled and all group-Ill dangling bonds
~1.3 A “lower” than the Sb dimers. Variations in filled- are empty. For our proposed model of the single-Sb-dimer
state charge density will cause this value to differ from the(2x4) unit cell, it is possible to satisfy electron counting by
1.8-A separation of the first Sb layer and second Ga layetransferring electrons from Ga to Sh dangling bonds. How-
deduced in a recent x-ray standing-wave studgterest- ever, this would imply that Ga dangling bonds would not be
ingly, as also observed on the clean G&%8)-(2x4) sur- imaged in a filled-state topograph, contrary to our experi-
face, we do not resolve Ga-related features for two dimemental results.
unit cells. There is also a significantly lower density of kink  The final annealing cycl€¢580 °Q gives rise to a com-
sites on the GaA®01):Sbh{2x4), as compared to the clean plete change in surface structure and bonding due to the de-
As-terminated2x4) surface. sorption of the Sb overlayérFigure 5 shows a comparison

0.09 nmn
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FIG. 5. (&) The (4X2) reconstruction of the clean decapped
1 :
o olt O : First layer So GaAg001) surface(170x170 A?). (b) The surface structure re-
O :Second layer Ga sulting from desorption of the Sb overlayer from the G&@®4)
[f10] o :Third layer As surface (140x140 A?). 16-A spaced rows running along the

[110] direction are clearly visible in both images.

FIG. 4. A proposed structural model for the G#®@&1):Sb-
(2% 4) unit cell. tion all the surface As was replaced by Sh. Thermal desorp-

tion of the Sb overlayer must therefore yieldza-rich sur-
face Thus, the model for thé4x2) reconstruction proposed
by Skalaet all* consisting of rows of first-layer As and
econd-layer Ga dimers may be ruled out.

of the clean GaA®01)-(4x2) reconstruction and the struc-
ture resulting from annealing the Sb-terminated surface at

temperature above the Sb desorption point. The dominan In conclusion, we have used STM to provide real-space

features in both these images are the 16-A spaced rows ruﬂﬁages of the(1x4), (1x3), and (2x4) reconstructions re-

ning along the[110] direction. In agreement with this, ; : ; ;
sulting from the interaction of Sb with a Ga@91)-(2x4)
Maeda, Watanabe, and Oshifitzve reported the observa- surface. Considerable differences exist in the structure and

g?)rjtg:margté? GR;(EQI(E)IJD,) ga::‘?a?e fgt"?;\'n'qngeg:nregmr? gfcaegsordering of the(2x4) unit cells on the Sb-terminated and
: u peratu in ex clean GaA#&01) surfaces. Following thermal desorption of

of 560°C. Skalaetall*® have proposed that for clean . .
. X the Sh overlayer, &x2) reconstruction is observed which
GaAq001) these rows correspond to first-layer As dlmers,iS a Ga-rich phase, contrary to a previous report,

contrary to earlier reports that determined that {hx2)
surface was Ga rich. As mentioned above, the core-level

photoemission data presented by Maeda, Watanabe, and We thank G. P. Srivastava and S. Jenkins for helpful dis-
Oshim4 indicated that for the Sb-induce@x4) reconstruc-  cussions.
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