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Structure analysis of the Ga-stabilized GaA6001)-c(8X2) surface at high temperatures

Akihiro Ohtake
National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan
and Joint Research Center for Atom Technology (JRCAT), Tsukuba 305-0046, Japan

Shiro Tsukamoto, Markus Pristovsek, and Nobuyuki Koguchi
National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan

Masashi Ozeki
Joint Research Center for Atom Technology (JRCAT), Tsukuba 305-0046, Japan
and Department of Electrical and Electronic Engineering, Faculty of Engineering, Miyazaki University, Miyazaki 889-2192, Japan
(Received 10 January 2002; revised manuscript received 12 March 2002; published 31 May 2002

The structure of the Ga-stabilized GaAs(0G{Bx 2) surface has been studied using rocking-curve analy-
sis of reflection high-energy electron diffractiRHEED). The c(8X2) structure emerges at temperatures
higher than 600 °C, but is unstable with respect to the change to tk&)/Z3x 6) structure at lower tem-
peratures. Our RHEED rocking-curve analysis at high temperatures revealed thé® #h2) surface has the
structure which is basically the same as that recently proposed by Ketgdf[Phys. Rev. Lett86, 3586
(2001)]. We found that the surface atomic configurations are locally fluctuated at high temperatures without
disturbing thec(8x2) periodicity.
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The (001) surface of compound semiconductors, such as This paper reports the surface structure analysis of the
GaAs and InAs, shows a variety of reconstructions dependsaAs(001)e(8x2) at high temperatures(>600 °C.
ing on the processing condition and the resultant surfac®ocking-curve analysis of reflection high-energy electron
composition. The As-stabilized (24) surface of GaA®01)  diffraction (RHEED) based on dynamical diffraction
has been most extensively studied, and is widely accepted ¥peory®~**has been used for this purpose. The results show
have the two As-dimer modéso-calleds2 mode).” On the  that the GaAs(001)(8x 2) has the structure model which
other hand, despite considerable efforts, no well-established pasically the same as that proposed by Kurepél®®
model was proposed for the atomic structures of the Gapygyever, the formation of surface Ga-dimers is not neces-
stabilized surface ot(8x2). The three Ga-dimer model sarily favorable at high temperatures.
[Fig. 1@)] has been supported by the curve analysis of The experiments were performed in a dual-chamber

low-energy electron diffractioiLEED),? but was found to m : PR ;
. . olecular-beam epitaxyMBE) system which is equipped
be energetically unstabfeOn the other hand, although it with an x-ray photoelectron spectroscopy and a STM for

appears that the two-dimer mode€ig. 1(b)] (Ref. 4 and the . >
top As-dimer mode[Fig. 1(c)] (Ref. 5 are consistent with on-line surface characterization. Cleaned GaAsjo®

scanning tunneling microscoggTM) images, both models @) (b)
failed in the LEED test.

Recent studies based on first-principles calculations have
altogether changed such a situatfolhee, Moritz, and Shef-
fler proposed thé& model[Fig. 1(d)] which explains well the

LEED and STM dat&,and is also supported by x-ray dif-
fraction (XRD) analysis’ A similar structure model shown in 2

f
Fig. 1(e) has been proposed by an independent study on the : ) (4
basis of the XRD analysis using direct meth8dsThe two
models shown in Figs.(&) and Xe) have basically the same
atomic structures, but differ in the presence of Ga adatoms
)
00’

and in the partial absence of surface Ga-dimers in the latte
model[Fig. 1(e)].8° (@

Both models in Figs. @) and Xe) explains well experi-
mental data obtained at room temperafureHowever, as
we will show later in this paper, the(8x2) structure is
stable only at temperatures higher than 600 °C, but reversibl
changes to the (6)/(3X6) structures as the temperature
is decreased. Thus, in order to study the actual atomic struc- FIG. 1. Structure models for the GaAs(00a§8x 2) surface.
ture of thec(8X 2) surface without considering possible co- We note that the models in this figure has a<(2) symmetry and
existence of other phases, structure analysis at high tempen&at ac(8x2) symmetry is achieved by displacement of the adja-
tures is indispensable. cent (4% 2) unit cells along th¢110] direction.
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X 4) surfaces were first obtained by growing an undoped
homoepitaxial layer(~0.5 um) on a thermally cleaned
GaAd00)) substrate. A detailed description of the apparatus
and surface cleaning treatments for the GaAsjo@x4)
surface has been given in our previous papéfhe sample
was then transferred via ultrahigh vacuuHV) transfer
modules to another UHV chamber, where surfaces of
GaAs(001)e(8x2) were obtained by heating the
GaAs(00)-(2x4) surfaces above 600 °C without As fluxes.
The RHEED rocking curves were measured at temperatures
higher than 600°C, and at a base pressure of 5
x 10" Torr.

The STM experiments were performed using a STM
chamber (Omicron GmbH, Germanylinked to a MBE
growth chamber. The observations were performed at room
temperature in the constant-current mode with a tunneling
current of 0.3 nA and a negative sample voltage-@&.5 V.

For RHEED rocking-curve measurements, the glancing
angle of the incident electron beafh5 keV) was changed
with intervals of ~0.04° using the extended beam rocking  FG. 2. Filled state STM images of the G&881) surface ob-
facility (Staib, EK-35-R and k-Space, kSA400ntegrated  tained at room temperature. Image dimensions @e 900 A
intensities of the 17 spot§) 0), (3 0), (=5 0), (x30), (£1 %1180 A and(b) 137 Ax 206 A.

0), (+29), (£20), (+4), and(+2 0) for the[110] direction,

and 5 spots(0 0), (0 1), and(0 +2) for the[110] direc-  ¢(8x 2) structure is stable in the range of 600—640 °C, be-
tion, measured by a charge-coupled-device camera with gond which the surface begins to roughen. Here, we note that
microcomputer system, were used in a structure analysis. Athe surface at 600—640 °C has thg8x 2) periodicity, but
eraging of the intensities of symmetry-equivalent spots led tqot the (4x 2) one; the 1/4-order spots lying on a semicircle,
nine and three independent rocking curves for[ttE0] and  the zeroth-order Laue zone, are clearly observed in the
[110] directions, respectively. RHEED patterns obtained along theLQ] direction. On the

Intensities of RHEED were calculated by the multislice other hand, spots are observed for the integral order reflec-
method proposed by Ichimiy4.33 and 11 beams on the tions, but not for half-order ones along th&10] direction.
zeroth Laue zone were used in the calculation with the inciinstead, spots are clearly visible on the 1/8-order Laue zone.
dent electron beam along tH&10] and [110] directions, As the substrate temperature is decreased below 600 °C,
respectively:(0 0), (=3 0), -, (+2 0), and(=4 0) for the  1/6-order reflections appears in the RHEED pattern obtained
[110] direction, and(0 0), (0 £1), (0 +2), (0 £3), and(0  along the[ 110] direction, and 1/2-and 1/3-order streaks be-
+4) for the[ 110] direction. Fourier coefficients of the elas- gin to coexist with the 1/4-order spots in thEL0]-RHEED
tic scattering potential were obtained from the atomic scatpatterns. As shown in Fig.(&), the c(8x2) structure was
tering factors for free atoms calculated by Doyle andpartially preserved on the surface only when the samples
Turner®® A correction due to condensation was made to fitwere quenched from 600 °C to room temperature. On the
the positions of bulk Bragg peaks at large glancing anglesother hand, when the substrate temperature is gradually de-
For instance, the resulting mean inner potential of bulk GaAgreased below-550 °C, we could not observe tlig€8x 2)
was 13.6 eV. The Debye—Waller parameters were taken to gghase in STM images. These results prompted us to study the
1.70 A and 1.47 & for Ga and As atoms in bulk layet§, atomic structure of thec(8x2) surface at temperatures
while those for atoms in the surface bilayer were treated akigher than 600 °C.
fitting parameters. In order to quantify the agreement be- Here, one may attribute the structural change to the ad-
tween the calculated rocking curves and the experimentajorption of As molecules on the(8x2) surface from re-
ones, theR factor defined in Ref. 11 was used. Details aboutsidual gases, because the structure model proposed for the
the calculations were given in Ref. 12. (2x6)/(3x6) surface is more As-rich’. Figure 2b) shows

When the GaAs(00t(2x4) surface was heated above the magnified STM image of the {26)/(3x 6) phase. The
450°C, the (Z4) reflections disappeared and 1/6-orderbright and dark rows, which alternate along fi4.0] direc-
spots became clearly visible along th10] direction. Si-  tions, have X and 3x periodicities, respectively, along the
multaneously, 1/2- and 1/3-order streaks begin to appear inL10] directions. Such characteristic features are inconsis-
the RHEED patterns obtained along {14.0] direction. Our  tent with the model proposed by Biegelsenall’ On the
STM observations at room temperature have revealed thather hand, we could not obtain more As-rich phases, such as
the surface has the ¢26)/(3X6) structure at this stage. As (2x4) andc(4X4) by cooling the (X 6)/(3%x6) surface
the temperature is increased abov&80 °C the reflections below 400 °C without As fluxes. Thus, considering that the
associated with &(8X2) reconstruction emerged and the present experiments were performed in a good UHV condi-
(2x6)/(3x6) reflections disappeared at600°C. The tion of ~5x 10 ! Torr, we can rule out possible adsorption
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g \ (€)1 0 A A0
AN — = TR - present experimentR,,~0.191), thel model [Fig. 1(d)]
- - T . — o 7] (Ref. 7) gives a largeR factor of 0.275. The calculated rock-
A n5 o ) o 2 ing curves from the optimized structure modgélig. 4),
1 037 A 0 which is basically the same as that in Fige)l are also
T e - N N - shown in Fig. 3. The present analysis assumed that the sur-
Cl ot Ll face relaxation extends no further than the third atomic layer.
01 2 3 456 7 01 23 456 7 The R factor for the optimized model is 0.089, showing an

excellent agreement between the experiment and calculation.
On the other hand, thé model gives a largeR factor of
FIG. 3. RHEED rocking curvessolid curves measured from 0.142 even after the structure optimization. These results
the GaAs(001)e(8x 2) surface at 610 °C. The dashed curves aresupport the presence of the Ga adatoms and the partial ab-
calculated from the optimized structugig. 4). sence of surface Ga-dimers in th8 < 2) structure. We note
that other structure models shown in Figga)+1(h) (Ref.
of As molecules. However, no definitive answer is availablel8) give R factors larger than 0.25 even after the structure
without further studies on the atomic structure of the (2optimization.
X 6)/(3X6) surface. The structure parameters of the optimized mdééd. 4)
Figure 3 shows RHEED rocking curves measured fromare listed in Table | with errors evaluated from the half width
the GaAs(001)e(8x2) surface at 610°dsolid curves.  of the range wher® factor is smaller than 14AR,,,. Com-
The shape of these curves are insensitive to the change jpraring the atomic coordinates obtained by the present analy-
substrate temperature in the range of 600—640 °C. We haws and those in Ref. 9, a good agreement is found between
calculated RHEED rocking curves using the atomic coordithem. In addition, the site occupancié® for Ga adatoms
nates obtained by previous XRD measureménité/hile the  [Gal)] and surface Ga-dimdiGa2)] are 0.33-0.13 and
model in Ref. Fig. 1(e)] shows a good agreement with the 0.45+0.13, respectively, which are close to the correspond-

glancing angle (degree) glancing angle (degree)

TABLE I. Atomic coordinates of the optimized structure model for the GaAs(GB)x 2) surface. The
atomic coordinateg andy are given as fraction of unit cells along th&10] and[110] directions, respec-
tively. The z coordinates refers to th®01] direction with magnitude equal to the bu{R01) spacing of
5.6538 A, the origin of which is at the fifth atomic layer.

. . This study Kumpfet al. (Ref. 9
Notations in
Fig. 4 X y z 1% X y z 0
Gal) 0.000 0.500 0.7680.027 0.33%0.13 0.000 0.500 0.827 0.19
As(1) 1.502+0.018 0.457%0.042 0.636:0.012 1.460 0.489 0.639
Ga2) 2.000 0.2480.275 0.44%0.044 0.450.13 2.000 0.293 0475 0.63
GaA3) 1.093+0.034 0.000 0.55%0.028 1.117 0.000 0.571
Ga4) 1.108+0.040 1.000 0.5870.019 1.130 1.000 0.579
As(2) 0.506+0.057 0.000 0.5190.027 0.526 0.000 0.515
As(3) 0.504£0.050 1.000 0.5280.019 0.539 1.000 0.509
Ga5) 0.478-0.037 0.46%30.075 0.28&:0.011 0.516 0.470 0.256
Ga6) 1.463+0.033 0.686:0.098 0.204:0.019 1.474 0.670 0.212
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ing values obtained by XRD analy$iS.The reduced site results in the (& 1) periodicity in the outermost layer, the
occupancy of G@) suggest that the atomic arrangementsubsurface dimerization of @) produces thec(8x2)
without Gd2) atoms locally exists on the(8x2) surface, periodicity. From these results, we conclude that the forma-
but further studies are needed to examine the stability ofion of G&2) dimers is not necessarily favorable at a
such a local structure. high temperature of 610°&. Considering that the local
The present results show that the bond lengths betweestrycture without GE@) atoms can also exist on the
the Gd4l) atom and its As nearest neighbdids(2) and  GaAs(001)e(8x 2) surface at high temperatures, it seems
As(3)] are 2.92-3.46 A, being compatible with the valuesreasonable to consider that thermally-activated2Batoms
(3.40-3.45 A obtained by the previous XRD analySis. migrate along th§110] direction, changing their local atomic
These values are significantly larger than the Ga—As bongonfigurations.
length in bulk GaAs(2.45 A), suggesting that the @B at- In conclusion, we have studied the surface structure of
oms are weakly bonded to the surface. This is consistent Wit@aAs(OOl)e(Bx 2) at high temperatures. The(8x2)
the recent first-principles calculations showing that the exisstrycture obtained by heating the XB)/(3x6) surface
tence of G&l) adatom is energetically unstale. above 600 °C is stable at 600—640 °C, but reversibly changes
As seen in Table |, the atomic coordinate of(@ahas a  tg the (2x6)/(3x 6) surface as the temperature is decreased
relatively large error in thg110] direction. This is not due to  pelow 600 °C. We performed RHEED rocking-curve analysis
a small data set in this direction, because other atoms, sughgve 600 °C and confirmed that the8 % 2) surface has the
as Ag1), Ga5), and G&6), have much smaller errors. This strycture model proposed by Kumgf al. The results sug-
can be correlated with the following analysis. We have calyest that surface Ga atoms are thermally activated at high
culated RHEED intensities for the structure model in whichtemperatures and dynamically change their local atomic con-
Ga(2) atoms do not form dimers. This model arrived atfn  figyrations without disturbing the(8x 2) symmetry.
factor of 0.093. In addition, we have confirmed that the
model revealed clear minimum in aR factor of 0.089— We are indebted to Dr. T. Hanada for use of the RHEED
0.093, irrespective of their atomic coordinate in {He.0] intensity calculation program. This study was partly sup-
direction. While such a random positioning of @patoms  ported by NEDO.
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