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Domain boundaries in the GaAs„001…-2Ã4 surface
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The a, b, and g phases of the GaAs~001!-234 surface have been investigated byin situ surface x-ray
diffraction in an As flux and at temperatures ranging from 480 °C to 610 °C. It has been found that the
fractional-order peaks originating from the fourfold symmetry show shift in the@110# direction as well as
significant broadening of the peaks in thea andg phases. The direction of the peak shift is characteristic in
each phase. This behavior is explained by the formation of the antiphase domain boundaries. The atomic
structure of the domain boundaries is discussed.
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The GaAs~001! surface is the most widely used surface
the molecular-beam-epitaxy~MBE! growth of the III-V
group semiconductor devices. Under growth conditions,
GaAs~001! surface is exposed to the gas phase of sou
materials and thus exchanges atoms with the environm
Hence, a variety of surface compositions different from
bulk stoichiometry are allowed at the surface, depending
temperature and the partial pressure of As. Through a n
ber of experiments, a series of reconstructions includ
c(434), 234, 236/336, and c(832) has been identi-
fied. The most important of these reconstructions is the
stabilized 234 surface, since it is observed in the optimu
condition for homoepitaxial growth of GaAs~001!. On the
basis of a reflection high-energy electron-diffracti
~RHEED! study, the 234 structure has been subdivided in
the a, b, and g phases, which are distinguishable by t
relative intensities of the fractional-order streaks along
@110# direction.1 The diffraction features of RHEED wer
analyzed using kinematical calculation, and attributed to
difference in atomic arrangement within the 234 unit cell.1

The a, b, and g phases were assigned to thea-(234)
structure with an As coverage of 0.5 ML~monolayer!, the
b-(234) structure with an As coverage of 0.75 ML, and t
g-(234) structure with an As coverage of 1.0 ML, respe
tively. The three phases of the (234) surface have bee
recognized also by reflectance-difference spectrosc
~RDS!.2,3

However, recent work suggests that thea, b, and g
phases are basically the same structure. Scanning tunn
microscopy ~STM! has shown that the outermost surfa
layer consists of two As dimers and two As vacancies
these three phases.4–6 Moreover, the dynamical analysis o
RHEED rocking curves revealed similarity among thea, b,
and g phases.7 For the b phase, theb2-(234) structure,
which differs from theb-(234) structure in the number o
As dimers in the first layer, has been established b
experimentally4,5,8,9 and theoretically.10–13 Thus it is likely
that thea, b, andg phases have theb2-(234) structure in
common. The major difference among thea, b, and g
phases is the density of defects. A high degree of diso
has been found in thea andg phases whereas the long-ran
order extends over 1000 Å in theb phase.4,5,14–20In the g
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phase, the disorder was explained by the effect of exces
incorporated into theb2-(234) structure5,16 or coexistence
of the b2-(234) and c(434) structures.4,19,20 It was
shown, in thea phase, that the disorder is caused by sp
taneous island formation.17,18

In this paper, we focus on the long-range feature of
disorder in thea andg phases, which was less discussed
previous atomic-scale studies using STM. We carried ouin
situ x-ray measurements under MBE conditions, while exi
ing STM studies were performed at room temperature
quenched samples. X-ray results show that there is a dis
tive tendency in the disorder observed in thea andg phases.
In the a and g phases, the 234 domains are separated b
the antiphase domain boundary which is characteristic
each phase. The preference in the antiphase domain bo
ary can be explained by the structure model where ano
metastable reconstruction is formed between theb2-(2
34) domains. This model brings about a detailed und
standing of the phase transition between the reconstruct
on the GaAs~001! surface.

The experiments were performed on the synchrotr
radiation beamline 11XU at SPring-8, Japan, using a surf
x-ray diffractometer.21 This diffractometer is directly coupled
to an MBE chamber equipped with RHEED and five Knu
sen cells so as to allowin situ x-ray measurements durin
growth.

The sample was cut to 1531530.3 mm3 from an on-axis
GaAs~001! wafer doped with Si (231017 cm23), mounted
on a molybdenum block with indium and transferred to t
MBE chamber. After removal of the oxide at 580 °C, buff
layers of 0.2mm thickness were grown at a rate of 0.1mm/h
at a substrate temperature of 550 °C and an As pressur
1026 Torr. The As pressure was kept at 531027 Torr during
the x-ray measurements.

The x-ray wavelength used was 1.24 Å. The resolution
the reciprocal-lattice space was determined by the receiv
slit in front of the detector to be 531024 Å21 in the trans-
verse direction and 331022 Å21 in the radial direction. In
the present paper, the reflections (H,K,L) are described on
the basis of a surface 131 unit cell which is defined bya
5a0 /A2(1,21,0)cubic, b5a0 /A2(1,1,0)cubic in the surface
plane, andc5a0(0,0,1)cubic in the surface normal direction
with the lattice constant of GaAs,a0.
©2003 The American Physical Society21-1
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Figure 1 shows the distribution of the x-ray-diffractio
intensity around~2, 1.25, 0.04!, which arises from fourfold
symmetry along the@110# direction. The RHEED showeda,
b, and g patterns at temperatures of 610 °C, 520 °C, a
480 °C, respectively. While a sharp x-ray diffraction pe
occurs at~2,1.25,0.04! in the b phase, a broad peak indica
tive of disorder is observed in thea andg phases. The pea
broadens isotropically. More importantly, it was found th
the peak position shifts along theK direction while it re-
mains atH52. The peak occurs atK slightly less than 1.25
in the a phase and atK larger than 1.25 in theg phase.

The direction of the peak shift also depends on the refl
tion index. Figure 2 shows the peak profiles alongK for
different reflections in thea, b, andg phases. The measure
ment temperatures are 605 °C, 520 °C, and 480 °C, res
tively. As already shown in Fig. 1, the peak~2,1.25,0.04!
moves toK smaller than 1.25 in thea phase and in the
opposite direction in theg phase. However, the direction o
the shift is inverted for the peak at~2,0.75,0.04!. In the a
phase, the peak position is larger thanK50.75 while it is
smaller thanK50.75 in theg phase. In contrast to these tw
peaks, the peak at~2,0.5,0.04! remains atK50.5 even in the
a and g phases, although it becomes as broad as othe
flections. No significant shift of the peak was observed
the integral-order peak~2,1,0.04! at these temperatures
Thus, this behavior is summarized as the following: t
peaks atK5(4m61)/4 (m is an integral number! move so
as to approach the integral-order peaks in thea phase, while
the direction of the peak shift is inverted in theg phase.

The observed peak shifts result from the evolution of
tiphase boundaries among the 234 domains because the
are accompanied by broadening of the fractional-order pe
In general, the antiphase domain boundaries may be ca
by steps. In this case, the antiphase should broaden
integer-order peaks as well as the fractional-order pe

FIG. 1. Intensity distribution of x rays around~2,1.25,0.04! in
theHK plane.~a! Thea phase at a substrate temperature of 610 °
~b! The b phase at 520 °C.~c! The g phase at 480 °C.
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since the domains shift by half of the lattice constanta at 1
ML-high steps. However, the peak at~2,1.00,0.04! was keep-
ing a similar profile through thea, b, and g phases as
shown in Fig. 2. This shows that the antiphase dom
boundaries occur within a terrace and that the shift of
domains is given byna with an integern. Thus, the forma-
tion of steps has a minor effect on the change of
fractional-order peaks.

In order to explain the observed peak shifts, we introdu
a simple one-dimensional model. Suppose there is a sys
consisting of an array ofM scatterers in the@110# direction.
The spacing between the scatterers is assumed to ha
value of na by the probabilitypn , with the 131 lattice
constanta5a0 /A2. For the perfect arrangement of scatte
ers with a period 4a, the probabilityp4 is unity and the
others are zero. If the system includes the antiphase dom
boundaries, the spacings of the scatterers are different f
4a according to the distribution ofpn . The amplitude of the
diffracted wave from the whole system is the coherent s
of the contribution from all the scatterers. Thus the diffract
intensity is given by

I 5M u f u21 (
kÞk8

u f u2exp@2p iq~Rk2Rk8!#, ~1!

whereq is the relevant component of the scattering vect
Rk is the position of the scattererk, and f is the scattering
factor of a single scatterer. To calculate the averaged
fracted intensity, we introduce the averaged phase differe
between thel th nearest neighborF l , which is defined by

.

FIG. 2. Peak profiles of different reflections in thea, b, andg
phases.
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F l5F(
n

pnexp~2p iqna!G l

. ~2!

Considering that the number of thel th nearest neighbor is
M2 l , the averaged diffracted intensity is calculated as
following:

I 5M u f u212u f u2Re(
l 51

M

~M2 l !F l . ~3!

For M→`, the normalized intensity is given by

I

M
5u f u2S 112 ReF F1

12F1
G D . ~4!

First, we show that this one-dimensional model accou
for the observed shift of the diffraction peaks qualitatively.
Fig. 3, a comparison is made for differentp3 andp5 while p4
is kept as 0.72. The abscissa are expressed in terms o
reciprocal-lattice unit,K5qa. For p35p550.14, the dif-
fracted intensity is calculated as curve~a!. Although the
peaks have a finite width due to the presence of the antip
domain boundaries, they occur at exactly quarter-or
points ofK. When eitherp3 or p5 is dominant, however, the
peaks atK50.25 andK50.75 slightly move from the origi-
nal positions. Forp350.07 andp550.21, the peaks move s
as to move away fromK50.5. This is the case of thea
phase. In contrast, the peaks approachK50.5 for p350.21
andp550.07, corresponding to theg phase. This simulation
leads us to the conclusion that thea andg phases are relate
to the antiphase domain boundary characteristic to e
phase. It is shown by further simulation that the antiph
domain boundaries withn5(4m21) andn5(4m11) work
equivalently ton53 andn55, respectively, with respect t
the peak shifts.

The distribution ofpn can be evaluated by the fitting wit
this model. The solid lines in Fig. 4 show the results of t
fitting for the peaks atK51.25 in thea and g phases. A
restriction is applied to the fitting parameters so that(npn
51. To obtain a reasonable fitting to all the measured pe
at K50.5, 0.75, and 1.25, the inclusion ofp6 in addition to
p3 and p5 was necessary. For theg phase, the optimized
parameters arep350.14(1), p450.79(1), p550.01(1), and
p650.06(1). Thedomain boundary ofn54m21 is domi-

FIG. 3. Simulation of the diffracted intensity for~a! p35p5

50.14, ~b! p350.07,p550.21, and~c! p350.21,p550.07. For all
the cases,p4 was fixed to be 0.72.
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nant, compared with those ofn54m11. On the other hand
the profile is fitted with the parametersp350.03(1), p4
50.85(1), p550.08(1), and p650.04(1) in thea phase,
where the domain boundaries ofn54m11 are the majority.

The domain boundaries ofn54m21 in theg phase are
well explained by the structure model which was previou
proposed in one of the STM works.4 Figure 5~a! shows a
schematic of the proposed structure. In this structure, a lo
structure reminiscent of thec(434) reconstruction22,23

causes a separation of 7a between neighboring 234 units. It
seems reasonable that such an intermediate state appe
the transition from the 234 to thec(434) structure. A mix-
ure of b2-(234) andc(434) has been suggested also
combination of RHEED and RDS.3 The disorder of 43 pe-

FIG. 4. Result of the fitting for thea andg phases. The fitting
parameters are described in text.

FIG. 5. Structure models of the domain boundaries between
neighboringb2-(234) units for ~a! the g and ~b! the a phases.
The model~a! for the g phase was originally proposed by Hash
zumeet al.4
1-3
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riodicity in the @110# direction has been observed also by
STM work on As desorption from thec(434) surface in
vacuum.24

For thea phase, the STM images showed the separati
of 3a and 5a between the neighboring 234 units.4 In these
STM images, the fraction of 3a was larger than that of 5a,
which disagrees with our result. We ascribe this discrepa
to the sample investigated. The STM observation was car
out at room temperature for the quenched samples. To ve
the effect of quenching, we measured the x-ray-diffract
profiles after cooling the sample from 610 °C to 300 °C a
rate of 10 °C/s. As a result of this treatment, the x-ra
diffraction peaks occurred atK51.25, K50.75, and K
50.50, whereas they were as broad as in thea phase. It was
thus found that the characters at high temperature could
lost while the sample was being cooled. More recent S
work has revealed that the surface in thea phase is covered
with spontaneously formed two-dimensional islands.17,18

These islands result in a lateral antiphase ofa/2 in the@110#
and@11̄0# directions as well as step formation in the surfa
normal direction. However, the peak shift observed in
x-ray-diffraction profile cannot be accounted for by the ex
tence of these islands. To reproduce the peak shift, there
the separation of 5a between 234 domains is necessar
apart from the island formation.

To interpret the separation of 5a in the a phase, we pro-
pose a structure shown in Fig. 5~b!. This structure model is
obtained simply by displacing the 234 unit bya in the@110#
direction. Interestingly, the local structure surrounded by
dotted line in Fig. 5~b! is the structure that is referred to a
a-(234).1 The STM images of the GaAs~001!-234 surface
assigned to this structure are found in the literature.4,6,15,25

Moreover, the area surrounded by the dashed line co
sponds to thea2-(234) structure which has been observ
ys

ev

A
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on the InAs~001! surface by STM.26 A recent theoretical cal-
culation of surface energy has shown that thea2-(234)
structure is stable in an extremely narrow range of the
chemical potential between the ranges corresponding to
As-rich (234) and the Ga-rich (432) structures.27 Accord-
ing to this calculation, thea-(234) structure is a metastabl
structure whose surface energy is higher than that of thea2
structure by;2 meV/Å2. Thus, it is not surprising that the
a or a2 structures appear only at the domain bounda
without forming a single phase of these structures.

A more careful inspection of Fig. 2 reveals that the pe
intensity atK50.75 significantly decreases in thea phase,
compared with the other peaks atK51.25 andK50.5. This
change in intensity can be accounted for by the partial m
ing of the topmost As dimers in the 234 unit cell. Besides,
the antiphase domain boundaries may cause distortion o
adjacent 234 unit cells in botha andg phases. As a result
the scattering factorf of the 234 unit cells differs from the
intrinsic one. The change of the scattering factor is not ta
into consideration in the one-dimensional model employed
this paper. Nevertheless, the calculation agrees well with
observed profile. This is because the diffraction profile
sults from the discontinuity of the phase rather than the lo
structure as far as the peak position and width are concer

In conclusion, we investigated thea, b, andg phases of
the GaAs~001!-234 surface under conditions where MB
growth is actually performed. The fractional-order x-ra
diffraction peaks shift in the direction characteristic to thea
andg phases. This peak shift is explained by the antiph
domain boundaries between the 234 units. We proposed
structural models of the domain boundaries, which are c
sistent with the existing STM observations and fir
principles calculations.
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