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Transitions in GaA®01) surface reconstruction have been studied by using reflectance anisotropy spectros-

copy. The transition betweer(4xX4) and (2<4) exhibits a 20 °C wide hysteresis cycle under, Alsx of

2% 107 Torr beam equivalent pressure. The width of the hysteresis becomes smaller under highezsAs

sure, i.e., at higher temperature and at higher speed of the temperature change. On increasing the temperature,
the c(4X4) surface changes slowly into ¥4) in about 2 h. The transition is a reversible reaction with

different activation energies.
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PACS nuniber68.35.Ja, 68.35.Bs, 73.26r, 78.66—w

The GaA$00)) surface has attracted much attention dur-which can be expressed in terms of the surface dielectric
ing the past few decades for both technological and scientifianisotropy***%2>~? The two-prism photoelastic-modulator
reasons 3 GaAg001) exhibits a sequence of reconstruction configuration allowed us to measure both relative amplitude
depending on the substrate temperature and surface stoicl/r, i.e., (1107 110/ (r 120t F110, and phase\ ¢ of the an-

ometry ranging from As-ricte(4X4) structure to a Ga-rich

isotropy of the complex reflectance.

(4%2) one. Recent growth techniques such as molecular- RAS spectra measured under Afux of 2107 Torr
beam epitaxy(MBE) and metal organic vapor phase epitaxy beam equivalent pressure as a function of the temperature are
(MOVPE) make it possible to prepare a variety of recon-Shown in Fig. 1. Horizontal dotted lines indicate the zero

structed surfaces of Ga/¥01),'* which can also be exam-
ined in situ to evaluate their composition and crystallo-
graphic and electronic structures. In particular, As-ric
(2X4) andc(4x4) surfaces are of greatest technological
interest because of their applications to atomically controlle
epitaxial growth and self-assembled dot grotrt’Numer-
ous studies ort(4x4) and (2<4) surfaces have been in-
tensively performed by both experimertdl and
theoreticdl*°~*% approches. Furthermore, the surface-phase
transition between them has been studied by many research
groups’?'~2* From recent scanning-tunneling microscopy
(STM) observations, surface diffusion of Ga and Ga adatoms

<] 464 °C

=1 459 °C

levels for each spectrum. We increased the sample tempera-
ture in a range from 414 to 464 °C. RAS spectrum was re-
hcorded after keeping the surface in 10 min at every tempera-
Iture. Measurement time for one spectrum was about 15 min.
(J—|ere, we focus on the signal at2.6 eV. The initial surface
structure at 414°C i€(4%X4), which shows the negative
RAS structure at-2.6 eV related to the top-laygt10] dim-

mer. A remarkable change observed near 440°C in Fig. 1

on c(4Xx4) surface are considered to play a key role in the 155°C |(2x4)p
structural change of(4x4).”?? They have suggested a ~ 450 °c
model for the surface-phase transition. However, there is no 1 1480
report about the difference between the heating process and 416
the cooling process in the transition. In this paper we focus aaacc |(2X4)
our attention on the reconstruction transition between 4430
c(4X4) and (2<4) surfaces and report on a distinct hyster- 137°¢ |o(axd)
esis cycle, i.e., a reversible reaction with different activation 1% |+(2x4)
energies. Our finding enables us to obtain consistent model 429
explaining the transition process with the hysteresis cycle. 427°%

We performed reflectance anisotropy spectrosdépysS) s22% | o(axd)

on clean, singular(misorientation of +=0.3°C) oriented
GaAd00)) substrate during the phase transition and simulta-
neously characterized the change by high energy electron
diffraction (RHEED) under Ag flux of about 2x10~ " and

5x 10 ® Torr beam equivalent pressures. The sample tem-
perature was measured by a pyrometer. Before the measure-
ments, an undoped 120-nm GaAs was grown at 530°C on

ENERGY

ev)

418°C
414 °C

the GaA$001) substrate. RAS signal was measured between FIG. 1. RAS spectra as a function of substrate temperature for
the complex near-normal-incidence reflectances of light linan singular oriented GaA801) surface with As pressure of

early polarized along two principle ax¢410] and [110],

0163-1829/2003/61.9)/1933064)/$20.00
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2X 107 Torr. The temperature was changed from 414 to 464 °C.
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FIG. 2. RAS signal intensity at 2.6 eV as a function of substrate  FIG. 3. RAS signal intensity at 2.6 eV as a function of annealing
temperature for an exactly oriented G#&@81) surface with As time. The annealing was performed at 430°C undey fsx of
pressures ofa) 2x10 7 and (b) 5x 10 Torr. We first increase 2% 107 Torr. A dashed arrow in Fig. 2 indicates the temperature
the sample temperature and then decreased it. Open and closB@ticed here. The start surface shoo(dx4).
circles indicate data recorded on increasing and decreasing the tem-

perature, respectively. 400°C, then we increased the sample temperature and
kept it, i.e., annealed, at 430°C. A dashed arrow in Fig. 2
corresponds to the transition froo(4Xx4) to (2X4)B2. indicates the temperature noticed here. The start surface

The (2xX4) surfaces show the positive structure which isshowsc(4x4). Thec(4X4) surface changes slowly into
considered to be associated with f1¢0]-As dimmef*?26 (2% 4)B2, and the intensity converges to a constant positive
or a surface-perturbed bulk, critical point®® Therefore, the level for the (2<4)32 in about 2 h.
sign inversion is observed. During this transition, the The observed results indicate that the hysteresis is caused
RHEED shows patterns fa(4 X 4) mixed with (2x4). Af- by the fact that the change from(4X4) to (2Xx4)
ter that, the pattern changes intoX2)y and then becomes progresses slowly. Figure (& shows the well-known
clear (2<4)B2 at about 450°C. The (24)B2 phase ap- atomic structure involving three top-layer As dimmers for
pears up to 470°C. c(4x4).2 We consider a step structure consistingcfx4)
Figure 2 plots the temperature dependence of the RASomains. It is known that the completa4x4) surface
signal intensity at 2.6 eV measured undar 2x10 7 and  shows many large islands witb(4x4) reconstructior?:??
(b) 5% 10 ® Torr. We first increased and then decreased théuring the phase change,(2x4)-RHEED pattern is super-
sample temperature. Here, RAS spectrum was recordeichposed on thec(4Xx4) pattern. Recent detailed STM
after keeping the surface in 10 min at every temperature, andbservations?> and theoretical calculatioffs revealed a
measurement time for one spectrum was about 15 min. The(4X4) surface lying lower than the ¢24) surface. Since
RAS signal intensity is the amplitude at 2.6 eV. Openthe number of Ga atoms on the surface is constant during the
and closed circles indicate data recorded on increasing arghase change under our experimental condition, the total
decreasing the temperature, respectively. UnderfAs of ~ number of Ga atoms is conserved. We note the arrangement
2x10 7 Torr, the RAS signal changes remarkably as aof Ga atoms; (X4)32 has a missing Ga row in the second
function of the temperature, exhibiting a 20 °C wide hyster-layer exposing As dimmers in the third layfFig. 4(c)],
esis cycle. This result was obtained reproducibly, when weéhough the third layer ot(4X4) is fully covered by Ga.
recorded data under the same conditions such as the tinféherefore, Ga atoms have to move at the transition. Based on
interval between the measurements. As traced by dotted lineswidely accepted atomic structure involving three top-layer
in Fig. 2(a), the slope of the RAS-signal change is slightly As dimmers forc(4x4), Ga atoms are supplied from the
different in the heating process and the cooling process. Thetep edge of the upper terrace to the lowgt < 4) surface
change in the heating process is steeper. The width of thi form (2X4) unit cells on the lowec(4X4). This step is
hysteresis is smaller under higher,Amessure, i.e., at higher
temperaturdFig. 2(b)]. A similar hysteresis cycle observed
in the RHEED specular beam intensity was reported for the (e} M«QAM
surface-phase transition between As-stablx 42 and In-
stable (4<2) structures of InA®01), in which the surface
structure transition is a first-order phase transition:How-
ever, the hysteresis width observed for th{@Xx4)-(2Xx4)
transition on the GaA®01) dependson the annealing time
after the temperature is kept constant. This property is sub- (©) Mm
stantially different than that for the InAs case. The
annealing-time dependence of the 2.6-eV signal is shown in FIG. 4. Surface cross sections of the reconstruction transition
Fig. 3. The measurement was performed undey #s< of  from (a) c(4x4) to(c) (2x4)2. Open and closed circles indicate
2x10° 7 Torr. At first the temperature was set at less thanGa and As atoms, respectively.

(b) TV
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() vmﬁmm Ga-As units and supplying extra As. The quick response of

this transformation indicates that its activation energy is
small. Although there has not yet been reported an activation

(b) energy barrier height for As-adatom migration on an As-rich

GaAdq001) surface, the As diffusion might be enhanced at
the substrate temperature at which the transition begins, and

2 : 2 : i incorporation of As atoms occurs quickly. Thus, the rate-

(© limiting step in the transition from (4)B2 toc(4X4) is

FIG. 5. Surface cross sections of the reconstruction transition%he local melting of Ga-As units which supply the mobile Ga

from (a) (2 4)32 1o (c) c(4x 4). Open and closed circles indicate 2OMS- _ _ _
Ga and As atoms, respectively. The relatively steep slope of the RAS-intensity change

that was observed on increasing the temperature as shown in
Fig. 2(a) indicates that (X4) unit cells are formed at once
after the excess As dimmers are broken. Undey s of
5x10 ® Torr, the transition occurs at high temperature
F~495 °C), and the width of the hysteresis is smaller. This

drawn in Fig. 4b). Even ifc(4x4) has Ga and As species
intermixing layers as pointed out by Beit al.,” some of the
Ga must be supplied from the step edge. In contrast to th

abovementioned transition from(4Xx4) to (2X4)B2, in AP
i result means that the temperature495 °C) is high enough
the transition from (X 4)82 toc(4x4), on the other hand, to break the excess As dimmers.

some Ga may migrate to step edges after local melting of the In summary, we studied surface phase transitions on

2x 4 structuré.?? Bell’and Kanisaw# concluded that the aAg001) using RAS. The RAS signal shows sign inversion
amount of Ga that can be accommodated in this way depen on the surface reconsruction transition betwebix 4)
on the migration length of Ga atoms during the annealingand (2x4). The RAS signal observed under ABux of
process, which may be enhanced during the phase transitiogxmq To.rr changes remarkably as a function of the tem-

ThlBsasSteeg :)Sndtﬁéwgégglsgé(:()).vvn in Fios. 4 and 5. we discu erature, exhibiting a 20 °C wide hysteresis at the transition
. . s gs- - etweenc(4xX4) and (2<4). The width of the hysteresis
the main factor in the transition between reconstructions. Th%ecomes smaller under higher Apressure, i.e., at higher

density of local melting site in the transition fro(@x4)32 )
to c(4x4) is much higher than the step edge density of thetemperature, and at higher speed of the temperature change.

c(4X4) domains that supply Ga atoms in the transition fromon increasing the_temperature, W@‘X4).$“fff”‘ce chang_es

. : slowly into (2X 4) in about 2 h. The transition is a reversible
c(4x4) 1o (2x4)B2. This explains why the change from i ith different activation energies. Our finding en-
c(4x4) to (2xX4)B2 progresses slowly. Next we focus on reaction with diff . gies. LUl g .
the process shown in Fig.(#, where Ga atoms can not e}bles us to ob.tam a consistent model explaining the transi-
migrate, i.e., the Ga-As bond does not break, without breal tion process with the hysteresis cycle.
ing the excess As dimmers. This is a characteristic process in We would like to acknowledge fruitful discussions with
the transition fromc(4x4) to (2x4)B2 and does not ap- K. Shiraishi of Tsukuba University and T. Nakayama of
pear in the reverse process. Therefore, excess thermal ener@hiba University. This work was supported by the Photonics
is necessary to break excess As dimmers in the transitioMaterials Laboratory Project of the Graduate School of Sci-
from c(4X4) to (2x4)B2, which is considered to be the ence and Technology at Kobe University and in part by the
main factor of this transition. On the other hand, it is impos-Scientific Research Grant-in-Aid from the Ministry of Edu-
sible to transform (X 4) into c(4 X 4) without decomposing cation, Culture, Sports, Science and Technology.
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