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STM observation of Ga-dimers on a GaA$001)-c(8X 2)-Ga surface
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Using in situ scanning tunneling microscogpTM) we have obtained high-resolution empty-state images
exhibiting triple-protrusion rows on Gaf®01)-c(8 X 2)-Ga surface. We assign the middle protrusion rows to
the surface Ga dimers in themodel proposed by Leet al. [Phys. Rev. Lett.85, 3890(2000]. The surface
Ga dimers, which are responsible for @ X 2) periodicity, are the key feature of thestructure and have
never been imaged in previous STM studies. The current study provides direct evidenceforatiel, while
all other existing models can be readily excluded from our STM images.
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The GaA$001) surface is of technological interest since it sample, since the Ga atoms provide unoccupied orbitals
is an excellent substrate for both homoepitaxial and hetwhich accept electrons tunneling from the tip. To the best of
eroepitaxial growth required in the fabrication of our knowledge, only one empty-state STM study with atomic
GaAs-based devices. Ga@91) is also a prototype surface resolution on this surface has been conducted so far, where
in semiconductor surface physics owing to the large varietynly double-protrusion rows, which correspond to the
of surface reconstructions observed under different prepara’-bonded Ga atom rows in thestructure? were observed
tion conditions! Numerous experimental and theoretical by Xue et all® In this paper, we present high-resolution
studies have been performed since the type of reconstruction
is expected to have significant impact on the quality of the
epitaxial layerg. Existing knowledge on(001) surfaces of z}z:
llI-IV group semiconductors often leads to dimer-based (a)
reconstruction models. Strong eviderice however, does
suggest that some of these surfaces reconstruct in a more
complicated way, one example being the Gd&9)-
c(8x 2)-Ga surface.

Since the observation of the Ga@81)-c(8x 2)-Ga sur- (b)
face by Jona in 1965 yvarious structure models have been
proposed for this surface. The first modgl]cf. Fig. 1(a)],
was proposed by Franket al. based on their high-resolution

electron energy loss spectroscopy analy$isom their scan- . s Y 7 L P, .
ning tunneling microscopySTM) observations, Biegelsest o 1o 1 R
al. and Skalaet al. suggested thgg2 model[cf. Fig. 1(b)] (©) 11

and As-rich model[cf. Fig. 1(c)], respectivel$® A later ¢ 14 ti1 °
STM study by Xueet al. supports theg2 model'° However, . PN VAR .

Cerdéet al. analyzed the three models by means of quanti-

tative low-energy electron diffractiofLEED) and their

analysis showed preference for tABanodel! Recently, Lee (d)
et al. identified a¢ structure[cf. Fig. 1(e)] from their first-

principles calculations and quantitative LEED analy#is.
independent study by Kumpt al. using surface x-ray dif-

fraction (XRD) with direct methods has led to a structure A1 Y8 R T T Py

basically the same as tiestructure®'2 The & structure is no PN &P
longer based solely on dimers like the models proposed pre- ©) ¢ ..Q. 7
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viously. Instead, it is characterized by a mixed structure of
spP-bonded and dimerized Ga atoms, where the Ga dimers 1"0/' ISR
exist in both thesurfaceand subsurfaceGa layers. Recent '

studies by XRD}®  reflection ~ high-energy  electron £ 1. various reconstruction models proposed on a
diffraction}* and noncontact atomic force mlcroscé?)brave GaAg001)-c(8x 2)-Ga surface(a) 8, (b) 52, (c) As-rich, (d) 8,
offered support for thé model. However, we note that it is and(e) ¢ models. Open circles denote As atoms. Bigger solid circles
the Ga dimers that produce th®8Xx2) periodicity and  denote top layer Ga atoms and smaller ones second layer Ga atoms.
these Ga dimers have never been imaged by STM, as pointéathe second layer Ga atoms in tigzand 8/ models are in the

out by Mishimaet al® Imaging Ga atoms requires the STM bulk-truncated configuration and not shown. In the As-rich model,
to operate in empty-state mode, i.e., positively biasing thehe surface is As-terminated.
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empty-state STM images exhibiting triple-protrusion-rows
on the GaA8001)-c(8 X 2)-Ga surface prepared by ion sput-
tering and annealing. The protrusions in the middle rows
have a spacing of the length of twd X 1) basis vectors
(denoted by A hereafter, cf. Fig. land these are interpreted
as the surface Ga dimers in tfestructure. This observation
provides direct evidence for themodel.

Experiments were carried out in a multichamber ultrahigh
vacuum system equipped with an Omicron VT-STM as well
as x-ray photoelectron spectrosco¥PS). The base pres-
sure of this system is better than X0 mbar. The ex-
perimental details have been described previotidiy.brief,
the sample of dimension>210 mm used in this study was
cut from ann-type GaA$001) wafer. In situ cleaning was
carried out by repeated cycles of Ar-ion sputtering at 1 kV
and annealing at 500°C until no contamination can be de-
tected by XPS. The STM experiment was conducted in a
constant current mode with a dc-etched tungsten tip. All im-
ages were captured with a tunneling current of 0.1 nA at
room temperature. In order to determine the reconstruction
periodicity, the piezoelectric scanning tube was calibrated by
scanning a standard(®iL1)-(7 X 7) surface with the same tip
after the experiment.

The c(8X2) phase is known to be the most prominent
high-temperature phase and often coexists with one of sev-
eral proposed As-rickn X 6) phases at the temperature range
500-650°C*'8 In our experiment, thénx 6) reconstruc-
tion was obtained by annealing the sample to 550°C. After
increasing the annealing temperature to 580°C for 30 min,
the c(8 X 2) phase developed. In Fig. 2 we show the large-
scale filled-state and empty-state STM images obtained on
the same area. The sample biases are -1.9V and +1.9V,
respectively. On both images, it can be seen that the (b)
¢(8x2) domains are surrounded lfsx 6) domains which FIG. 2. STM images of GaA80l1) surface illustrating the
are one atomic layer higher. The protruding rows on the twcba-ricﬁ c(éxZ) domains surrounded by original As-ricinx 6)

domains are perpendicu!ar to_ one another. As measured k@f)mains. The scan size is 72020 A. The images are captured
XPS, the Ga to As atomic ratio increases from 0.96 to 1-1%imultaneously(a) A filled-state image captured &=-1.9 V. (b)

before and after the(8x 2) phase develops. These results an empty-state image captured\&=+1.9 V.
indicate that the topmost As layer on tfrex 6) structure has
partially evaporated revealing the8x2) phase with a 2(a). In contrast, in the empty-state imagig. 2b)], the
Ga-rich structure. c(8X 2) domain can be seen with more detail since, as will
Comparing the filled-state with the empty-state images irbe shown, each bright row on this image actually consists of
Fig. 2, it can be seen that distinct images of #i8X2)  three rows of protrusions and any two protrusions within the
domain can be obtained by using negative and positivgniddle rows have a spacing ofi2
sample biases. However, the bias dependence on the To reveal the detailed structure of th x 2) domain, we
(nx'6) domain is relatively weaker than on teé8<2) do-  performed high-resolution empty-state scans. Figuf@ 3
main. The filled-state imag¢Fig. 2@)] looks as if the shows animage captured at +1.9 V sample bias and Hiy. 3
¢(8x2) domain is composed of single-protrusion rows. Thisat +1.6 V. Triple-protrusion rows can be clearly seen in both
observation is consistent with previous large-scale filled-statemages, where the bright rows are separated by dark trenches
STM imagest* Using high-resolution STM, the single- and the distance between the centers of two adjacent trenches
protrusion rows have been resolved into double-protrusioms 4u. In both images, the protrusions in the middle rows
rows8-0which are attributed to the As atom rows in either have a spacing of 2 However, in the two outside rows the
the topmost or the second As layer, depending on the magpacing is L at +1.9 V bias and @ at +1.6 V. Hence, it is
nitude of the negative sample biasn both high-bias and easier to identify individual protrusions in Fig(t8.
low-bias conditions, the two rows in a double-protrusion-row To interpret the triple-protrusion-row image in Figgag
have a spacing of justul Also, any two protrusions within a and 3b), we find the ¢ model particularly appealing. We
row have a spacing oful This explains why, in large-scale assign the middle protrusion rows to the surface Ga dimers
filled-state images, individual As atoms are somewhat haréh the £ model, labeled “D” in Fig. le), where each Ga
to resolve and look like single-protrusion rows as in Fig.dimer produces one protrusion. The two outside rows are
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We now show that no other existing models can give a
reasonable explanation to the images in Fig. 3. Firstlyghe
model and the As-rich model can be safely excluded. On
both models, the first layer Ga atoms are grouped in dual
chains, which would not produce the triple-protrusion-row
image. Moreover, the distance between each pair of dual
chains is 8, hence the expected trench width in empty-state
STM images from the two models is wider than observed.
Neither is theB model a suitable candidate since the three Ga
dimers in this model are collinear, an arrangement that is not
consistent with the staggered rows of protrusions observed in
Fig. 3b).

Notwithstanding the apparent success of thenodel,
there is still another feasible model that accounts for our
STM images. This is based on a slight modification of ghe
model and has not been previously mentioned in the litera-
ture. We name thig’ [cf. Fig. 1(d)], and its structure is such
that the middle row of Ga dimers is shifted by felative to
the other two rows along thd 1Q] direction. If each protru-
sion is attributed to one Ga dimer, tjgé model is consistent
with the triple-protrusion-row image. To test the validity of
the B’ model, we performed first-principles total-energy cal-
culations.

Ouir first-principles total-energy calculations are based on
density functional theory. We use the program packag®
employing plane waves as the basis functitighe interac-
tions between valence electrons and ion cores are described
by Vanderbilt-type pseudopotenti&$?! The local density
approximatio? is used for the exchange-correlation func-
tional. The cutoff energy for the plane-wave basis set is set to
20 Ry. The surface is modeled by periodically arranged
slabs. Each slab consists of four Ga layers and four As lay-
ers. The bottom As layer is saturated by partially charged
hydrogen atom$? Adjacent slabs are separated by a vacuum
layer of about 10 A. Instead of using(4 X 2) unit cell to
simulate thec(8 X 2) periodicity2?* we use the unit cell il-
lustrated in Fig. 1, which can be reduced to a rhombic primi-

FIG. 3. Atomically resolved GaA801)-c(8 2) surface atVg
=+1.9V (a) and Vs=+1.6 V (b). The scan size is 150150 A.
Simulated STM images at +1.8 {¢) and +1.5 V(d) bias voltages,
which are given with respect to the valence-band maximum
(Ref. 3.

produced by thep, states of thesp’-bonded Ga atoms. The
simulated STM images by Lest al. at sample biases +1.8 V
and +1.5V are reproduced in Figs.(cB and 3d),
respectively It is noted that there are two inequivalent
sp’-bonded Ga atoms. In the +1.8 V image, both can be
seen. However, in the +1.5 V image, only the one labeled by
“p”in Fig. 1(e) is responsible for the protrusions. This results  FIG. 4. STM images of GaA801)-c(8x 2) surface with zigzag

in the spacing of @ between two adjacent protrusions in the shape defects. The scan size is 2880 A. Sample biasV,
+1.5 Vimage. Our STM observations are consistent with the-+1.9 V. The inset shows a proposed model for the coexistence of
simulation results. the defectives structure and theé structure.
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tive cell having the same area as tf#x 2) unit cell. Two  to a defectiveB structure with one of the three dimers miss-
irreduciblek points were used to sample the surface Brillouining, as illustrated in the inset of Fig. 4. We postulate that
zone. The structural optimizations were conducted accordinthese defects may be the residuals of ghetructure which
to the Hellmann-Feynman forces until the force on each iordid not evolve to the structure in the transition froms to &
becomes less than 1 mRy/Botabout 25.7 meV/A due to the large chemical potential difference. This implies
Our calculations show that the' model is energetically that the change in the chemical potential by introdudiog
less favorable compared to th& model by 1.1 eV per removing a Ga dimer intaffrom) the system is larger than
c(8x2) primitive cell. Since the numerical error of our cal- {he total-energy difference between thieand 3 structures,
culations is estimated to be less than 0.1 eV p@X 2) i.e., 0.8 eV.
primitive cell, this total-energy difference is considered sig- |n conclusion, high-resolution empty-state images with
nificant. For comparison, we conducted the same calculatioftiple-protrusion rows on the Ga£801)-c(8 X 2)-Ga surface
on the originalg model, which has a total energy 0.8 eV per have been observed by situ STM. A reasonable interpre-
c(8x2) primitive cell higher than the model. This is in  tation of this image has been provided by theodel, where
good agreement with the previous calculation by ee@l®  the middle protrusion row is assigned to surface Ga dimers
Despite the high total-energies of th# and B structures, and the two outside rows are attributed ¢p’-bonded Ga
due to the same chemical potentiaumber of atomspos-  atoms. This result may be considered as the best direct evi-
sessed by these two structures asdlsructure, it is reason- dence for thet model at the present time.
able to postulate that the more complé&structure may be
evolved from one of the two structures. The authors acknowledge M. Scheffler and W. Moritz for
In Fig. 4 we show a 288280 A topography of the¢  providing us with the simulated STM images. We wish to
surface. It can be noticed that several protrusion rows of théhank E. S. Tok for helpful discussions. This work was sup-
£ structure are terminated by the zigzag shape protrusioported by the National University of Singapore Grant No.
rows marked by arrows. This structure can be easily matche®-144-000-022-112.
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