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Domain boundaries in the GaA$001)-2X 4 surface
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The a, B, and y phases of the GaAB01)-2Xx 4 surface have been investigated ibysitu 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[#i€] direction as well as
significant broadening of the peaks in theand y 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 GaA$001) surface is the most widely used surface in phase, the disorder was explained by the effect of excess As
the molecular-beam-epitaxyMBE) growth of the Ill-V  incorporated into thgg2-(2x 4) structuré*® or coexistence
group semiconductor devices. Under growth conditions, th@f the B2-(2x4) and c(4x4) structure$:** It was
GaAg00) surface is exposed to the gas phase of sourc€nown, in thea phase, that the disorder is caused by spon-
materials and thus exchanges atoms with the environmer{@n€ous island formatiot:

Hence, a variety of surface compositions different from the N this paper, we focus on the long-range feature of the

bulk stoichiometry are allowed at the surface, depending offiSOrder 'ntthe‘?‘ andR’ p?a;es, Wh'ChS"YI_aI\j‘ ls\fs dlsc_uzgedtm
temperature and the partial pressure of As. Through a nunP—irt ev)l(orus ?nomlc-rscrﬁ ents u r:(éls rul\s/lllg?z N diti ﬁ C?,\I;I;ﬁ “m)l(Ji ;
ber of experiments, a series of reconstructions includin ux-ray measurements unde co ons, € exist-

ng STM studies were performed at room temperature for

?(‘éx_?g’ 2x 4t, .ZX 6/t3><':5' fat?]d c(8x2) htas ?een .'di?t"A quenched samples. X-ray results show that there is a distinc-
1ed. The most important of these reconstructions 1S theé Asg, o tendency in the disorder observed in thand y phases.

stabi!i;ed x4 surface_, sipce it is observed in the optimum, wo ' and y phases, the 24 domains are separated by
condition for homoepitaxial growth of Ga#@01). On the  he antiphase domain boundary which is characteristic to
basis of a reflection high-energy electron-diffraction gach phase. The preference in the antiphase domain bound-
(RHEED) study, the 2<4 structure has been subdivided into ary can be explained by the structure model where another
the a, B, and y phases, which are distinguishable by themetastable reconstruction is formed between pB2-(2
relative intensities of the fractional-order streaks along thex4) domains. This model brings about a detailed under-
[110] direction® The diffraction features of RHEED were standing of the phase transition between the reconstructions
analyzed using kinematical calculation, and attributed to then the GaA&01) surface.
difference in atomic arrangement within the<2 unit cell? The experiments were performed on the synchrotron-
The «, B, and y phases were assigned to the(2Xx4) radiation beamline 11XU at SPring-8, Japan, using a surface
structure with an As coverage of 0.5 Mimonolayey, the  x-ray diffractometef* This diffractometer is directly coupled
B-(2x4) structure with an As coverage of 0.75 ML, and theto an MBE chamber equipped with RHEED and five Knud-
v-(2Xx 4) structure with an As coverage of 1.0 ML, respec-sen cells so as to allow situ x-ray measurements during
tively. The three phases of the ¥X2) surface have been growth.
recognized also by reflectance-difference spectroscopy The sample was cut to 3615x 0.3 mn? from an on-axis
(RDS).23 GaA<g001) wafer doped with Si (X 10" cm™3), mounted
However, recent work suggests that the B8, and y on a molybdenum block with indium and transferred to the
phases are basically the same structure. Scanning tunnelifBE chamber. After removal of the oxide at 580 °C, buffer
microscopy (STM) has shown that the outermost surfacelayers of 0.2um thickness were grown at a rate of Quin/h
layer consists of two As dimers and two As vacancies inat a substrate temperature of 550 °C and an As pressure of
these three phas&s® Moreover, the dynamical analysis of 10~° Torr. The As pressure was kept ak30~ ’ Torr during
RHEED rocking curves revealed similarity among theg, the x-ray measurements.
and y phase¥. For the 8 phase, the82-(2x4) structure, The x-ray wavelength used was 1.24 A. The resolution in
which differs from thes-(2x 4) structure in the number of the reciprocal-lattice space was determined by the receiving
As dimers in the first layer, has been established bottslit in front of the detector to be 510 * A~ in the trans-
experimentall§>®° and theoretically’~*3 Thus it is likely  verse direction and 8102 A1 in the radial direction. In
that thea, B, andy phases have th82-(2x4) structure in  the present paper, the reflectiorts,K,L) are described on
common. The major difference among the B, and y  the basis of a surfaceX1 unit cell which is defined by
phases is the density of defects. A high degree of disordesag/\2(1,—1,0)cupic; b=2a0/v2(1,1,0)usic in the surface
has been found in the andy phases whereas the long-range plane, andc=a(0,0,1 )i in the surface normal direction
order extends over 1000 A in the phase>**2°In the y  with the lattice constant of GaAs,.
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Figure 1 shows the distribution of the x-ray-diffraction K {rlu)
intensity around2, 1.25, 0.04, which arises from fourfold . . . .
symmetry along thg110] direction. The RHEED showed, FIG. 2. Peak profiles of different reflections in the 8, andy

B, and y patterns at temperatures of 610°C, 520°C, and’hases.

480 °C, respectively. While a sharp x-ray diffraction peak . i i ,

occurs at(2,1.25,0.04in the 8 phase, a broad peak indica- SINC& the domains shift by half of the lattice constarat 1

tive of disorder is observed in the andy phases. The peak ML-high steps. However, the peak(@1.00,0.04was keep-
broadens isotropically. More importantly, it was found thating @ similar profile through ther, 8, and y phases as

the peak position shifts along tHé direction while it re- Shown in Fig. 2. This shows that the antiphase domain
mains atH=2. The peak occurs & slightly less than 1.25 boundaries occur within a terrace and that the shift of the

in the a phase and & larger than 1.25 in the phase. domains is given byra with an integem. Thus, the forma-

The direction of the peak shift also depends on the reflection Of steps has a minor effect on the change of the
fractional-order peaks.

tion index. Figure 2 shows the peak profiles aldfgfor : ) )
different reflections in ther, 3, andy phases. The measure- In order to explain the observed peak shifts, we introduce

ment temperatures are 605°C, 520°C, and 480°C, respe@-Simple one-dimensional model. Suppose there is a system
tively. As already shown in Fig. 1, the pedR,1.25,0.0% consisting of an array df1 scatterers in thgl10] direction.
moves toK smaller than 1.25 in the phase’and in the The spacing between the scatterers is assumed to have a

opposite direction in thes phase. However, the direction of V&lueé of na by the probabilityp,, with the Ix1 lattice
the shift is inverted for the peak &2,0.75,0.04 In the « constantazaol\/i. For the perfect arrangement of scatter-

phase, the peak position is larger thién=0.75 while it is €S With a period 4, the probabilityp, is unity and the
smaller thark =0.75 in they phase. In contrast to these two others are zero. If the system includes the antiphase domain

peaks, the peak 42,0.5,0.04 remains ak =0.5 even in the boundaries, the spacings of the scatterers are different from

« and y phases, although it becomes as broad as other réa according to the distribution g, . The amplitude of the

flections. No significant shift of the peak was observed fordiffracted wave from the whole system is the coherent sum
the integral-order peak2,1,0.04 at these temperatures. of the contribution from all the scatterers. Thus the diffracted

Thus, this behavior is summarized as the following: thelNt€Nsity is given by
peaks alk =(4m=1)/4 (m is an integral numbgmove so
as to approach the integral-order peaks indhghase, while _ 2 2 . _
the direction of the peak shift is inverted in thephase. | =MIf| +k§k, [fl*ex2mia(Re— R, @

The observed peak shifts result from the evolution of an-
tiphase boundaries among théx2 domains because they whereq is the relevant component of the scattering vector,
are accompanied by broadening of the fractional-order peak®, is the position of the scatteréy andf is the scattering
In general, the antiphase domain boundaries may be causéattor of a single scatterer. To calculate the averaged dif-
by steps. In this case, the antiphase should broaden tHeacted intensity, we introduce the averaged phase difference
integer-order peaks as well as the fractional-order peakdetween thdth nearest neighbab,, which is defined by

085321-2



DOMAIN BOUNDARIES IN THE GaA4001)-2x4 SURFACE PHYSICAL REVIEW B68, 085321 (2003

0.10
008 o

o
o
>

O 04
. 002}
0.10
0.08
0.06
0.04 +

Intensity

PN : .
0.1 02 03 04 05 06 0.7 08 09
K(r.lLu)

Intensity ( arb. units

FIG. 3. Simulation of the diffracted intensity fag) ps;=ps
=0.14, (b) p3=0.07p5s=0.21, and(c) p3=0.21ps=0.07. For all 0.02 ¢
the casesp, was fixed to be 0.72.
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n FIG. 4. Result of the fitting for thex and y phases. The fitting

Considering that the number of théh nearest neighbor is parameters are described in text.

—I, the averaged diffracted intensity is calculated as the
following: nant, compared with those of=4m+ 1. On the other hand,

the profile is fitted with the parameters=0.031), p4
M =0.851), ps=0.091), andpg=0.04(1) in thea phase,
I=M|f|2+2|f|?Re>, (M—1)d,. (3 where the domain boundaries ¥ 4m-+ 1 are the majority.
=1 The domain boundaries af=4m—1 in the y phase are
For M —, the normalized intensity is given by well explained by the structure model which was previously
proposed in one of the STM worKsFigure §a) shows a
) schematic of the proposed structure. In this structure, a local

!
1+2 Re{l_q) (4)  structure reminiscent of the(4x4) reconstructioff'?®
! causes a separation od between neighboring:24 units. It

First, we show that this one-dimensional model accountS€eMs reasonable that such an intermediate state appears in

for the observed shift of the diffraction peaks qualitatively. Inthe transition from the 2 4 to thec(4x 4) structure. A mix-
Fig. 3, a comparison is made for differqng andps while p, ~ Uré 0f 82-(2x4) andc(4x4) has been suggested also by

is kept as 0.72. The abscissa are expressed in terms of tf@Mpination of RHEED and RD3The disorder of & pe-
reciprocal-lattice unitK=qa. For p3=ps=0.14, the dif-

fracted intensity is calculated as curye). Although the ()
peaks have a finite width due to the presence of the antiphase
domain boundaries, they occur at exactly quarter-order
points of K. When eitherp; or ps is dominant, however, the
peaks aK=0.25 andK=0.75 slightly move from the origi-

nal positions. Fop;=0.07 andps=0.21, the peaks move so

as to move away fronK=0.5. This is the case of the
phase. In contrast, the peaks appro&ch0.5 for p;=0.21
andps=0.07, corresponding to thg phase. This simulation
leads us to the conclusion that theand y phases are related

to the antiphase domain boundary characteristic to each
phase. It is shown by further simulation that the antiphase
domain boundaries with=(4m—1) andn=(4m+1) work
equivalently ton=3 andn=5, respectively, with respect to
the peak shifts.

The distribution ofp,, can be evaluated by the fitting with
this model. The solid lines in Fig. 4 show the results of the
fitting for the peaks akK=1.25 in thea and y phases. A
restriction is applied to the fitting parameters so thap,
=1. To obtain a reasonable fitting to all the measured peaks
atk=0.5, 0.75, and 1.25, the inclusion pf in addition to FIG. 5. Structure models of the domain boundaries between the
ps and ps was necessary. For the phase, the optimized neighborings2-(2x4) units for (a) the y and (b) the a phases.
parameters arp;=0.141), p4,=0.791), ps=0.01(1), and  The model(a) for the y phase was originally proposed by Hashi-

=0.061). Thedomain boundary oh=4m—1 is domi-  zumeet al?

!
—_—— 2
M

@ Ist-layer As o Ist-layer Ga
e 2nd-layer As o 2nd-layer Ga
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riodicity in the [110] direction has been observed also by aon the InA$001) surface by STM?® A recent theoretical cal-
STM work on As desorption from the(4x4) surface in  culation of surface energy has shown that #2-(2x4)
vacuum?* structure is stable in an extremely narrow range of the As
For thea phase, the STM images showed the separationshemical potential between the ranges corresponding to the
of 3a and 5 between the neighboring>24 units? In these  As-rich (2x 4) and the Ga-rich (% 2) structure$’ Accord-
STM images, the fraction of@was larger than that of&  ing to this calculation, ther-(2x 4) structure is a metastable
which disagrees with our result. We ascribe this discrepancytyycture whose surface energy is higher than that obthe
to the sample investigated. The STM observation was carriegcture by~2 meV/A2. Thus, it is not surprising that the
out at room temperature for the quenched samples. To verify, or a2 structures appear only at the domain boundaries
the _effect of quenching, we measured thf x-ray-difiractior\mthout forming a single phase of these structures.
profiles after cooling the sample from 610°C to 300°C at a A more careful inspection of Fig. 2 reveals that the peak

rate of 10°C/s. As a result of this treatment, the X'ray'intensity atk=0.75 significantly decreases in tlephase
diffraction peaks occurred aK=1.25, K=0.75, andK compared with the other peakstat1.25 andK=0.5. This

=0.50, whereas they were as broad as indghghase. It was 1 intensit b ted for by th tal mi
thus found that the characters at high temperature could b_(awange N Intensity can be accounted for by the partial miss-
ng of the topmost As dimers in theX24 unit cell. Besides,

lost while the sample was being cooled. More recent S X X i : :
work has revealed that the surface in th@hase is covered the antiphase domain boundaries may cause distortion of the

with spontaneously formed two-dimensional islaht®  adjacent 24 unit cells in botha andy phases. As a result,

and[lTO] directions as well as step formation in the surface!mrinSiC one. The change of the scattering factor is not taken

normal direction. However, the peak shift observed in thdhto consideration in the one-dimensional model employed in
x-ray-diffraction profile cannot be accounted for by the exis-tis paper. Nevertheless, the calculation agrees well with the
tence of these islands. To reproduce the peak shift, therefor@Pserved profile. This is because the diffraction profile re-
the separation of & between 24 domains is necessary sults from the discontinuity of the phase rather than the local
apart from the island formation. structure as far as the peak position and width are concerned.

To interpret the separation of5in the « phase, we pro- In conclusion, we investigated the S8, andy phases of
pose a structure shown in Fig(th. This structure model is the GaA$001)-2x 4 surface under conditions where MBE
obtained simply by displacing thex24 unit byain the[110]  growth is actually performed. The fractional-order x-ray-
direction. Interestingly, the local structure surrounded by thaliffraction peaks shift in the direction characteristic to the
dotted line in Fig. B) is the structure that is referred to as and y phases. This peak shift is explained by the antiphase
a-(2x4).1 The STM images of the GaA801)-2x 4 surface  domain boundaries between the<Z units. We proposed
assigned to this structure are found in the literaftff&2?°>  structural models of the domain boundaries, which are con-
Moreover, the area surrounded by the dashed line corresistent with the existing STM observations and first-
sponds to thex2-(2Xx4) structure which has been observed principles calculations.
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