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The indium-stabilized GaA801)-c(8X% 2) surface was investigated by surface x-ray diffraction and x-ray
standing waves. We find that the reconstruction closely resembles(&2) structure described by the
recently proposed unified model for clean IlI-V semiconductor surfakesnpf et al, Phys. Rev. Lett86,

3586 (2001 ]. Consistent with this unified model, no In dimers are found for the present surface. Instead, for
coverages less than 0.25 monolayers, the In adatoms adsorb at the initially unoccupied hollow sites to form In
rows along thd110] direction. Between the In rows, surface and subsurface Ga dimers are found to coexist in
the trench areas. Above 0.25 monolayers, the additional In adatoms fill the trenches and replace the surface Ga
atoms. The final structure of the surface layer is essentially identical to the InAs clean surface, except that the
In heights are substantially different due to the lateral strain induced by the lattice mismatch. This structural
difference explains why the ladder-type pattern observed previously by scanning tunneling microscopy only
appears for the In/GaAB01) and InAs/GaAf&01) surfaces, but not for the InAs clean surface. The structural
model we propose for the In-stabilized Gd®81)-c(8x2) surface, which fully agrees with the scanning
tunneling microscopy results, should therefore generally apply to strainedO@Assurfaces.

DOI: 10.1103/PhysRevB.66.235301 PACS nuni$er68.35.Bs, 68.43.Fg, 61.10.Eq, 68.49.Uv

I. INTRODUCTION it was found that under an In-rich condition the growth of 3D
islands becomes completely inhibited and the formation of
Due to a large lattice mismatch, InAs/GaAs has served aisfit dislocations can be significantly delaytd.

an ideal system for studying the thermodynamics for the ep- Despite this interesting behavior and potential technologi-
itaxial growth of highly strained heterostructures. It is well cal applications, a complete understanding of the atomic-
established that two-dimension&2D) growth of InAs on  scale structures at the initial growth stage of InAs on the
GaAg001) can only occur during the nucleation of the first GaA400)) is still absent. This is particularly true for the
two monolayersML's).! Recent investigations have shown surface reconstructions induced by the In-rich growth condi-
that the planar growth is immediately followed by the forma-tion. Resch-Essest al® reported the first scanning tunneling
tion of self-organized, coherent three-dimensici3&) InAs  microscopy (STM) study of the In-terminated GafG01)
islands? which has opened up an opportunity for realization(4x 2)/c(8x 2) surface prepared by depositing a sub-ML of
of novel devices utilizing the 3D quantum-confinementin on the GaAg01) (2X4) surface, followed by an anneal
effect® For applications where 2D growth is more desirable,at 450-480°C. For an In coverag®,,=0.25 ML their
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FIG. 2. Structural models proposed previously (@ Resch-
Esseret al. (Ref. 8 and (b) Xue et al. (Ref. 7 for the GaAs-(4
X 2)Ic(8%2)-In surface.

lier understanding of the structure for the Ga-rich G@89)

clean surfacé! which was derived by analogy from the

better-known As-rich counterpart. New evidence from theo-
FIG. 1. High-resolution STM images of In-terminated retical calculations and low-energy electron diffraction

GaAg001)-c(8x2) surface reported by Resch-Esseral. in Ref.  (LEED),'? as well as surface x-ray diffractiofSXRD),*>*

8 with ®,,= (a) 1/4 and(b) 1/2 ML. Thec(8x2) unit cells are  has very recently shown that tle€8x 2) structures of the

marked by the rectangles. group-lll-rich 11I-V clean surfaces feature subsurface group-

Il dimers and are far more complex than the previously

filled-state imagdreproduced in Fig. 8 for convenience ac_cepted models. It is therefore necessary to re-evaluate the

revealed straight rows parallel to thi&10] direction sepa- existingc(8x 2) models for the In/GaA801) surface.

rated by 16 A, leading to the X period. The bright ovals In the present work we investigate tob€8x 2) structure

that made up the straight rows appeared to have a 4-A perPf the In-stabilized GaA®01) surface with SXRD and x-ray
odicity along the rows. In addition, four faint corrugation Standing wavesXSW) using synchrotron radiation. It will
maxima per 4<2 unit cell in a 1X 1 symmetry were clearly be shown that the final structure of the surface layer is es-
resolved in the trench areas between the straight rows. As tmgntially identical to the InAs clean surface reported in Ref.
®,, increased, additional protrusions, spaced by 8 A alon 3, except that the In heights are substantially different due
the [110] direction, gradually filled the trenches until a © the lateral strain induced by the lattice mismatch. The
ladder-type pattern was completely formed@t=0.5 ML c(8%2) model concluded fror_n the present study_shows gen-
[Fig. b)]. Similar features were later observed by Xueeral agreement with the previous STM observations.
etal’ in a STM investigation for 0.6 ML of In on
GaAg001). Most interestingly, Behrendetal® and Belk
et all® showed that the STM images measured from the
c(8x2) surfaces of 10-20 ML's of strained InAs grown  The GaA$001) substrates were prepared prior to the
under an In-rich condition on Ga#301) were also charac- x-ray measurements with a Am-thick homoepitaxial layer
terized by this ladder-type pattern. by molecular-beam epitaxy. Thus prepared smooth surfaces
Figures Za) and (b) depict the structural models for the were then protected by an amorphous As layer for sample
(4% 2)/c(8x 2) surface proposed by Resch-Esseal®and  transfer in air. The SXRD experiment was carried out at the
Xue et al,” respectively. Despite containing two In dimers BW2 wiggler beamline of the Hamburger Synchrotronstrahl-
per 4x2 unit cell in the topmost layer for both models, ungslabor(HASYLAB), and XSW experiments were con-
Resch-Essegt al. attributed the straight rows observed in the ducted at beamline X15A of the National Synchrotron Light
STM images to In dimers, while Xuet al. assigned them to Source (NSLS) at Brookhaven National Laboratory and
As dangling bonds in the second layer. In addition to thisl2ID-D at the Advanced Photon Source. For each prepara-
striking difference, the agreement between the model and thigon, after introduction into the MBE system at the beamline,
STM data is in neither case satisfactory. Furthermore, thesthe GaAs substrate was first degassed at 250 °C for about
two models were mostly constructed on the basis of our eamne hour. The As protective layer was then removed by ther-

Il. EXPERIMENT
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mal desorption at 350°C. The As-rich X&4)/c(2x8) re- ()
constructed surface was attained by annealing the sampl 1
further at 400—450 °C. Indium was deposited from a Knud-
sen cell held at 730 °C with the substrate held at room tem-
perature(RT), followed by a 20-min anneal at 470 *CThe
LEED pattern thereafter exhibited a X2)/c(8x2) sym- 0
metry. The surface prepared for the SXRD measurement wa . .
further characterized by STM to ensure a good surface qual(b) density difference =«
ity and the desired In coverage of 1/4 ML. For the XSW e T
measurement the In coverage was estimated to be approx
mately 0.3¢-0.1) ML, based on comparison of the In MNN
to As LMM peak-height ratio with the ratio measured from a
sample calibrated by Rutherford backscattering.

For the SXRD experiment, the sample was transfeimed
situ to a small mobile ultrahigh vacuurJHV) chamber,

which was later mounted on zaxis diffractometer. An in- and(b) the density differencea) was evaluated from the measured
plane data set was measuredtat=8.0 keV. The integrated in-plane data set for the GaA$8x 2)-In surface(b) is the differ-

intensity of ea.ch reflection was measured by rotating th“:énce between the electron densities of the model for the clean sur-
sample about its surface normab scang. The peaks Were  aqe(see Ref. 1sand those calculated from the measured structure
then integrated, background subtracted, and corrected in thgctors for the In-covered surface neglecting differences in the
standard manner for Lorentz factor, polarization factor, acphases of the structure factors.

tive sample area, and rod intercépSince the(001) surface

of the zinc-blende structure has only twofold rotational sym-square refinement. The Patterson function is calculated from
metry, there is only one domain rotationally. By averagingthe measured intensitig§ | of the in-plane reflections
equivalent reflections using the2mm symmetry of the (hkO) using the equation

c(8%2) supercell a systematic error|if|? of e=7.4% was

determined, indicating the good quality of the data set. The 2

final data set consistgs of 34 nor?equi\)//alent in-plane reflec- P(X'y)m;k [Friol“cog 2a(hx+ky)]. @
tions. Similar to the situation reported for the InAs clean

surface in Ref. 14 no eighth-order reflections could be mea- Figure 3a) shows the contour plot of the measured Patter-
sured. Therefore the data set consists of th& {3 subcell ~ son function for the surface under study. Positive peaks in
reflections only. Standard LEED coordinatesa ( the map correspond to interatomic distance vectors within

_ 1/2[1T0] butks b=1/2110] i, €= 1/4001],,) are used the unit cell projected onto the surface plane. It is instructive
in the foIIowliJng') discussion. ! then to compare this map directly with the one published
For the XSW experiment the prepared sample was trand&cently for the GaA®01-c(8x2) clean surfacgsee Fig.

ferredin situto a connected x-ray chamber. Each XSW mea-2(@ in Ref. 14. The overall agreement between them is
surement involved scanning the incident x-ray energ triking and thus suggests that the In-covered GaAs surface

adopts basically the same structure as the clean surface. Nev-
particular GaAshkl Bragg reflectiort® During these eV- ertheless, the structural modification due to In adsorption can

wide scans, the phase of the standing wave shifts by 1g0P€ realized if one compares the 2D-electron densities de-
with respect to thenk! diffraction planes. With an incident duced from the model and measured structure factors. We

photon energyE, above the InL edges E,_2=3.938 keV calculate the density difference using

FIG. 3. Contour maps dB) the experimental Patterson function

(equivalent to scanning the angle of the sampkeough a

and E_ ,=3.730 keV), the induced modulation of the In Ap(%,Y,0) = Pexpl %,Y:0) — PmogelX,Y,0)
fluorescence yield, which depends strongly on the locations

of the In atoms, was monitored by a solid-statd_Bidetec- o = —IE

tor. To triangulate the In positions we employed the % {UFoexpd = [Friomodel)

GaAdq004) reflection atE,=7.3 keV, along with th¢022),

(111), and(111) reflections aE,=6.2 keV. xcog2m(hx+ky) = eniol},
where ¢y, is the phase for the calculated structure factor
Frko=|Fnkol€Xpleng). The phase differences between the
I1l. DATA ANALYSIS AND RESULTS calculated and measured structure factors are neglected,
since they are not accessible in a diffraction experiment. A
A. SXRD contour plot of the density difference between the measured
The analysis of two-dimensional Patterson functions isdata for the In-covered Gaf301)-c(8X2) surface and
often used as a first step in determining surface structuresnodel for the clean surface taken from Ref. 14 is shown in
This reveals interatomic distances within the unit cell and inFig. 3(b). The only significant peaks appear at coordinates
many cases a starting model can be derived for further least9,0) and (2,0.5, indicating that the model lacks electron
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FIG. 5. In-plane data set for the In/Gaké8x 2) surfaceh and
k are given in units of the GaA801)-(1x 1) surface unit cell based
on the standard LEED coordinateésee text The areas of the filled
and open semicircles represent measured and calculated intensities,
respectively. The gray/white circles have been scaled by a factor of
0.5 with respect to the scale of the black/white circles.

- positional parameters and the occupancies of the Ga/ln sites

f% & 'Y S — were refined, and no DW factors were considered. None of
g I these fits resulted in g2 below 8.0 except the model with

‘ ‘ indium at site 1, yielding¢?=7.2. Since the reduction ip?

. . was not significant, further tests were performed with two
FIG. 4. Top and side views of the structural models for the 3 three Ga sites being occupied simultaneously by In. This

GaAsc(8x2)-In surface deduced from the presef@d SXRD  gig not lead to a noticeable improvement in the fig?(

(model 1,©,,=0.25 ML) and(b) XSW (model Il, 0,,>025 ML) — 7 0y " anq thus the possibility for In occupying more than
analysis. In constructing the side views, the Ga and As atoms g site was rejectéd

tentatively placed vertically at thecoordinates for the GaAs clean In the next step, the DW factors were allowed to vary in

surface in Ref. 14. The(8x2) unit cell is indicated by the rect- . . .
angular boxes. The main atoms in the structure are numbered. B ddition to the set of parameters from the first series of tests.

low 0.25 ML, the In adatoms occupy only site 1 and form rows he only_ fit showing a sig_nifi_cant red_uction WF (to _4'8)
along the[110] direction. The trenches are populated with GaWaS achieved by placing indium at site 1 with a high DW
monomergsites 2 and Band Ga dimerssite 2d). Above 0.25 ML, factor of 12.2. Introducing anisotropic DW factors for the In

the Ga atoms in the trenches are replaced by the additional In &t Sitef 1 redgceq the? value further to<1.5. In thex andz
sites 2 and 3. The horizontal lines in the side viewtfdenote the ~ directions this fit rendered DW factors reasonably close to

GaA<g004) planes extrapolated from the substrate lattice. Bonds aréhe bulk values, whereas in tlyadirection a much larger DW

shown to assist viewing rather than to denote the “true” chemicalfactor was reached, indicating disorder to some extent along

bonds. the [110].1® Since occupancies and DW factors are often
highly correlated, decreasing the number of these parameters

density at the sites 1, 2, and 3 in Ref. 14. This also suggest¥@s necessary to improve the stability of the fit. This was
that the In adatoms fill mostly those sites which were not@chieved by introducing constraints for the Ga occupancies

fully occupied on the Ga-rich GaAB01)-c(8% 2) clean sur- for sites 2, 21, and 3 and by using only one unique DW
face. factor for all uppermost Ga aton{sites 2—5%. A common

For the refinement of the surface structure, no out-ofDW factor for the As sites 7 and 8 could be found as well.

plane atomic positions could be evaluated since the data séf'€ indium atom at site 1 was described by two anisotropic
consisted of in-plane data only. Teeoordinates were there- DW factors, and onDW,(=DW,) was refined. In the final
fore fixed to the values found previously for the GaAs cleanfit (x°=1.57) 19 parameterél4 positional, two occupan-
surface'* This also applied to all the coordinates of the at-Cies, and three DW factorsvere allowed to vary. Compared
oms in the deeper layerg€ —0.75 A). Therefore only 14 10 64 _mdependent measurements this number of free param-
positional parameters had to be refined, together with a varyeters is reasonably small. The corresponding madeblel )
ing number of occupancies and Debye-WallBW) factors ~and the in-plane data set are depicted in Figs) and 5,
as described below. The 14 refined atomic sites are labeldgspectively, and all parameters are listed in Table I.
and denoted in Fig. 4, following the same convention used in
Refs. 13 and 14.

In the first series of tests the surface Ga atoms located at Figures §a)—(d) show the results of the four XSW mea-
sites 1-5 were replaced—one by one—by indium. Only thesurements. Based on dynamical diffraction theory, the fluo-

P S

B. XSwW
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TABLE I. Atomic parameters for the GaAg-8X2)-In surface determined by SXRD fé,,<0.25 ML (model ). The positions are
compared with the coordinates for the Ga#&{8x 2) clean surfacéRef. 14 (column 3. All the in-plane positions are given in LEED
coordinatesz coordinates in unit of GaAdy,, deviations in A, and Debye WalleD\W) factors in &. All the listedz coordinates are fixed
to the values for the GaAs clean surface and allDiW¥ factors are isotropic, except those for the In atdeee text DW factors not listed
in the table were fixed at their bulk value®W(Ga)=1.43 & and DW(As)=0.87 A. The given standard deviations were calculated
assuming uncorrelated parameters. Values listed without error were not refined due2ontimesymmetry constraints.

Site Position in In/GaAs Position in GaAs Deviatidr(A) @ Id| (A) DW(A?) Occupancy
1(In) 2.000, 0.500, 1.308 2.000,0.500,1.308 0.000,0.000 0.000 ¢ 0.70(2)
2d (Ga 4.000, 0.30(4),—0.100 4.000,0.293;0.100 0.000,0.030 0.030 1.61(9) 0.59(2)
2 (Ga 0.000, 1.000¢ not occupied 1.61(9) 0.41(2)
3(Ga) 0.000, 0.000¢ not occupied 1.61(9) 0.41(2)
4 (Ga) 0.8792),0.000, 0.316 0.870,0.000,0.316 0.040,0.000 0.040 1.61(9)

5 (Ga) 0.9072),1.000, 0.284 0.883,1.000,0.284 —0.095,0.000 0.095 1.61(9)

6 (As) 0.5541),0.50Q5),0.556 0.540,0.511,0.556 —0.061,0.045 0.076 1.75(9)

7 (As) 1.4572),0.000, 0.036 1.461,0.000,0.036 —0.015,0.000 0.015 0.90(9)

8 (As) 1.5052),1.000, 0.060 1.474,1.000,0.060 —0.125,0.000 0.125 0.90(9)

9 (Ga 0.5241),0.3192),—1.152 0.526,0.336,1.152 0.011,0.043 0.044

10 (Ga) 1.4881),0.47Q3),—0.976 1.484,0.536;0.976 —0.012,0.238 0.238

11 (As) 0.000, 0.5004),—1.968 0.000,0.492,1.968 0.000;-0.031 0.031

12 (As) 1.0041),0.4833),—2.076  1.013,0.498,2.076 0.039,0.061 0.073

13 (As) 2.000, 0.500, —1.920 2.000,0.506;1.920 0.000,0.000 0.000

aSince noz movement is allowed for all atoms only thg,y) deviations are listed.

bFor the clean GaAs surface this is a Ga site with an occupancy of 19%.

°This site shows anisotropic DW facto®W,=DW,=3.4(4) A andDW, =25 A? (not refined.

9The z coordinates of site 2 and 3 are fixed to theoordinate of site & for the GaAs clean surface in the present analysis.

rescence yield from an adsorbate can be described as a funghereC is the fraction of adatoms at ordered positions, and
tion of the incident angle as®

Y(0)=Yop{1+R(8)+2R(6)fcod v( ) — 2P},

AH:Z gjeZﬂ'iH<rj, (5
2 )

whereR(6) is the reflectivity,»(0) is the phase of the stand- s the geometrical structure factor that accounts for multiple
ing wave, andY g is the off-Bragg yield, i.e., the fluores- qoccypation sites, where fractio@y; of the adatoms are lo-
cence yield folR=0. The coherent fractionf() and coher- cated atr;. The expressions for geometrical factors of the
ent position P) are the amplitude and phase, respectivelymodels to be discussed below are listed in Table Il for the
of the complexHth Fourier componentG,,) for the spatial  four chosen Bragg reflections. In E@) Dy, is related to the
distribution of the adatoms, i.eGy=f,exp(2miPy). Geo-  isotropic DW factor through Dy=exp(—DW2d,?).
metrically f; and Py measure the width and center, respec-Throughout the following analysiDW=1.5 A2, corre-
tively, of the atomic distribution along thid direction. sponding to a thermal vibrational amplitude/<_u"7

We start our data analysis by determining the four Fourier_ JDW/27r=0.195 A, is assumed for the In adsorbte.
components of the indium distribution ‘_Js"ﬁ fits of Eq. We consider first the in-plane structural model deduced
(2) to the XSW data. The best fits obtained by varyig  from the SXRD study(model ). It is found that for®,,
P, andYog are plotted as black solid lines in Figgab-(d) <14 L, thec(8% 2) reconstruction is composed of a sur-
and the corresponding values bofi and Py are listed in 506 termination essentially the same way as the recently
Table II. In the sgbsequent ana}ly3|s, a number of Str“CturﬁJ,esolved GaA@01)-c(8x 2) structure by Kumpfkt al314
models are considered and refined by a least-squares mij;, aqditionally all the In atoms occupying the hollow site
mization of (site 1 in Fig. 4 surrounded by four top-layer As atorfsites
7 and 8 in Fig. 4. Given the in-plane position for site 1, the
geometrical factoA, can be derived iz; and C(Table Ill).
The parametez, is defined to be the In height, in unit of the

WhereGy mog@ndGy eypare the model-calculated and XSW- GaAs (004) d spacingdoo,(=1.413 A), above the bulk ex-
measured Fourier components, respectively. To calculatéapolated004) plane that is best aligned with the As at sites

GH mod We decompos@H into a product of three factors 7 and 8[See F|g 4b)] By Varyingzl andC, the value of the
based on the convolution theorem, least squaré reaches its minimum &=0.167. The corre-

sponding values af,, C, fy, andPy are tabulated in Table
Il and the resulting yield curves are plotted as center lines in

SZEH: |GH,mod_GH,exd21 (3)

GH:CAHDH’ (4)

235301-5
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TABLE II. Measured and calculated Fourier componerttg ( Figs. a)—(d) for the analysis based on model I. The reason-
and P, for the In atomic distribution of the(8x 2) surface for ~able agreement between the calculated coherent positions
the GaA$004), (022, (111), and(111) reflections from the Xsw and their measured counterparts for t@®4), (022), and
analysis ©,,>0.25 ML). The calculations were based on models 1 (111) reflections indicates that In monomers positioned at
and Il and the In-dimer model. Also listed are the geometrical pasijte 1 is indeed able to account for the main feature of the
rameters §, 9, Z1, 2, 23, L, andC) and the leastsquarl® (8 2) surface. However, it is also evident from the plots
obtained from the model analysisee text that modification to this model is needed to achieve a better
agreement for th¢111) reflection.

In dimer _ Model| Model I Measured In thec(8X 2) model proposed for the InAs clean surface
o, 1.0 1.0 0.484:0.02 by Kumpf et al,**!* the unit cell contains additional, four-
Z; 1.140 1.136 1.2040.03 fold coordinated In sites in the trench areas between the In
Js 0.304+0.02 rows considered above. Two nonequivalent sites have been
Z, —0.044+0.06 identified along these trenches: those As hollows between
Z3 1.215-0.03 (site 2 and abovdsite 3 the subsurface In dimeffig. 4(b].
L 0.720 The vertical position of site 3 was found to be 0.91 A higher
C 0.670 0.496 0.9340.05 than site 2 due to the In dimers underneath. It is also worth
fo0a 0.460 0.341 0.490 0.460.04 noticing that the in-plane positions of sites 2 and 3 are 180°
Pooa 0.140 0.136 0.146 0.140.02 out of phase with respect to site 1 in th&€l0] direction.
foo0 0.354 0.411 0.395 0.430.03 Since®, was estimated to be slightly above 0.25 ML for the
Po22 0.070 0.568 0.534 0.540.02 In-terminated GaAs surface under investigation here, it is
1 0.624 0.462 0.571 0.590.02 reasonable to consider in our analysis sites 2 and 3 as addi-
P11 0.035 0.034 0.985 0.990.02 tional In adsorption sites. Table Ill lists the expressions for
fi1 0.398 0.462 0.395 0.370.02 the geometrical factor8 for this model(model 1), where
=3 0.035 0.534 0.650 0.660.02 Z, and z; are defined similarly ag,; (see Fig. 4, andCg;,
S 1.143 0.167 0.0045 Cg,, andC(1—g;—g,) are the fractions of the In adatoms

occupying sites 1, 2, and 3. Minimizing the least squaby
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TABLE lIl. Formulas for calculating the In geometrical structure factags[Eq. (5)] for the GaA$004),
(022), (111), and(11)) reflections, based on models | and Il and the In-dimer model.

In dimer Model | Model Il
A004 eZWiZl e27rizl gleZﬂ'iZl_,’_ gzeZﬂ'iZZ_,’_ (1 —g;— gZ) eaTiZ3
A022 —j COS{W(]._ L)]e’n'izl e’)Tizl glewizl+ gzewi(zer 1)+ (l— 01— gz) ewi(z3+ 1)
ATll eO.5n'i21 e0.5ﬂ'i(21+3) gleo.S'rri(Zl+ 3)+ gzeO.Sn'i(Zz+ 3)+ (l_ g1
_ 92) e0.51ri(z3+3)
Alll —i COi’TT(l_L)]eO'SﬂTiZl eO.SﬂTi(Zl+ 1) gleO.Sfri(Zl+ 14 gZeO.Sﬂi(22+3)+ (1_ g,

_ 92) e0A57-ri (z3+3)

varying g1, z;, 9,, Z», Z3, and C leads to a significant the rows and by 4 A along the rows. The trench areas are
reduction ofS to 0.0045. The excellent agreement can alsaterminated primarily with surface Ga dime(site 2d), as is
be seen clearly in Figs.(8—(d), where the solid lines with the case for the GaAs(8x 2) clean surfacé>*except that
circles, representing the calculated In yields for model Il,additional occupation of Ga monomers at sites 2 and 3 were
nearly reproduce the best fitthe solid line$ for all four  detected. The direct support for this model can be found in
reflections. All the parameters and the calculatgdand Py the STM images reported by Resch-Esseal® [Fig. 1(a)],
are summarized in Table II. where the As dangling bonds in the trenches are clearly re-
For comparison we have also evaluated other structuradolved as four faint spots per>42 unit cell for @,
models proposed previously for the In/GaB81)-c(8X2)  <1/4 ML, and they appear to be aligned in {HeL0] direc-
reconstruction. One common feature of these mddeis _ tion with the In atoms in the rowssite 1). Notice that the
that they all consider In, Ga, or even As dimers as the buildgrface Ga atoms in the trenches are totally invisible to STM
ing blocks for constructing the topmost layer of the8 i this case. The SXRD results also show that the unique
X2) unit cell. Despite the different detailed configurationssypsurface Ga dimer structure found for the clean surface
among these models, all the In dimers are virtually equivaremains upon the In adsorption, and is most responsible for
lent with respect to the present XSW measurements. Thergne weakx 2 period observed in LEED.
fore it is sufficient for the present XSW analysis to consider  gxcept for the In atoms positioned at site 1, the structure
only one symmetric In dimer positioned at the modifiedof this surface is virtually identical to the(8x2) clean
bridge site. The bonding geometry of the In dimer can besyrface. This immediately explains why the In-stabilized
described by the dimer height and the dimer bond length (8 2) reconstruction can also be formed at RT when the
(in unit of agaas/ V2=3.997 A). MinimizingSbased on the GaAs substrate exhibits the same symmetry prior to the In
AH listed in Table Ill by a”OWinng, L, andC to vary results deposition' as observed recenﬂy by S'Fﬂ/the h|gh|y mo-
in a small S of 0.123 but an unphysical =0.294  pjle In adatoms can easily reach site 1 and become readily
(=1.175 A). Since reducing from 1.0 to zero is equivalent trapped in the hollows surrounded by the As dangling bonds.
to shifting the In atoms from the bridge site towards theBy contrast, extensive mass transport involving not only the
hollow site, the result of this exercise has already suggestegh atoms but also the top few layers of GaAs are necessary
that the latter adsorption site is Stl’Oﬂg'y favored. By ﬁXingfor the transition from the (2 4) to thec(8x2), which can
the In dimer bond length at twice the In covalent radii,2  only occur at an elevated temperature. In the trench areas, the
=2.88 A (or L=0.720) and adjusting onlg; andC, the ~ SXRD measurement shows that Ga surface dimers are the
minimum of S increases drastically to 0.769 and only very major structure for lowe®,,, and the XSW analysis sug-
low coherent fractions; are obtained. To make a more gests that they should be eventually replaced by In for higher
meaningful comparison we finally plot in Figs(8—(d) the 0,, upon annealing at 470°C.
simulated In yield curves as dashed lines usifg 1.14 and For ®,,>1/4 ML on GaAs, the above XSW analysis
C=0.67, based on th€004 XSW measurement, anl  pased on model Il concludes that for the presef@x 2)
=0.720(see Table N. For the (022 [Fig. 6b)] and (111)  surface about 7% of the adsorbed In is random, 45% is lo-
[Fig. 6(d)] reflections, this In dimer model, which includes cated at site 1, 28% at site 2, and 20% at site 3. In Table IV
the possibility for subsurface dimerization of In, renders Inwe compare the XSW-determined In vertical positions with
yield curves completely out of phase with respect to the datéhe relevant surface coordinates reported recently for the
and can be therefore safely ruled out. InSb, InAs, and GaAs(8x 2) clean surfaces by SXRE:*
If we adopt the positions of the As at sites 7 and 8 deter-
mined for the GaAs clean surface measurement in'fRef.
based on the present XSW result the In adsorbed at site 1 on
For ®,,<1/4 ML on GaAs, the in-plane structure de- GaAs is estimated to be 1.63 A in average above the sur-
duced from SXRD(model ) indicates that site 1 is strongly rounding As atoms. This In height reduces to 1.51 A for the
favored over sites 2 and 3 for the In adsorption, leading tdnAs clean surface, i.e., the In becomes about 8% higher on
the straight rows along thgl10] direction observed in the GaAs. Since the local environment for the In at site 1 does
STM images. The In atoms are separated by 16 A betweenot alter very much between these two terminations, the

IV. DISCUSSION
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TABLE IV. Comparison among the coordinates of sites 1, 2, GaAg4001) and InAs/GaA&01) surfaces, the above In as-

and 3 for the Ill-V c¢(8%2) clean surfacesRef. 14 and those  signment should be generally applicable to the strained InAs
determined from the present XSW study. Also listed areztbeor-  ¢(8x 2) surfaces.

dinates of the first-nearest-neighbor As/Slies 6, 7, and Bfrom Several authofs”®!%have demonstrated that by main-
Ref. 14. The average In-As distanagg s for the In at sites 1, 2, taining thec(8x2) reconstruction at the growth front the
and 3 are estimated for the In/Ga@81) and InA400D) clean sur-  girain_driven 3D island formation of InAs on GaAs, which
faces based on the SXRD and XSW results. would normally occur at~1.5 ML’s under an As-rich
growth condition, can be completely suppressed. In addition

Site InSb z (S;;('ESD) GaAs z I(ESGQI)AS InAsd'”ﬁéj’l\s tp considering In as a v_irtual surfacté’f’@;urfa}ce reconstrup—
tion may also play an important role in this morphological
Row: change. Among the newly develope(B < 2) models for the
1(11) 0798 1.018 (1.307) 1.204 3.38 337 M-V surfaces*~'*one common feature is that all the outer-
7(V) 0120 0049 0.035 most IlI-V layers tend to form a unique 2D network struc-
8(V) —0.018 —0.006 0.061 ture, which spans the trenches and interacts weakly with the
Trench: underlying lattice. More theoretical studies are needed to
2(1) —0.180 —0.004 0044 342 303 \{erify whether this qL_lasiroating layer functions as an effec-
3(I1) 0187 0597 1215 318 312 tive structure for strain release at the surface.
6 (V) 0.575 0.644 0.554
a(A) 6.479 6.058 5.653 V. SUMMARY

SXRD and XSW measurements were carried out to inves-

change of the In height reflects mostly the effect of epitaxiatigate the indium-stabilized Gaf@01)-c(8x2) surface.
strain imposed by the substrates. The 7% reduction of th¥Vith the recent progress in solving the structures for the
in-plane lattice parameters from InAs to GaAs leads to thdll-V semiconductor clean surfacé$;* we conclude our
lift of the In atoms at site 1 by the neighboring As while the present studies with a different structural model, which
average In-As distance remains essentially unchafifsle ~ shows general agreement with the previous STM results.
V). Contrary to the previously reported models, t{8%2) re-

For the In at site 2 the lateral strain shows a much smallegonstruction contains no In dimers. Instead, for coverages
effect on its vertical position. However, a significant short-less than 0.25 monolayers, the In adatoms adsorb as mono-
ening of the In-As distance was estimated on Ga&fable ~ Mers at the initially unoccupied hollow sites to form In rows
IV). This suggests a stronger interaction of the In with thealong the[110] direction. Between the In rows, surface and
underlying GaAs lattice at site 2, due to the shrinking of thesubsurface Ga dimers are found to coexist in the trench ar-
void size. Most interestingly, the biaxial compression fromeas, resembling the GaAs clean surface described in Ref. 13.
the GaAs substrate has forced the In atoms at site 3 to prd-he similarity between the In-terminated and clee{8
trude outward from the Surrounding As at site 6, in clearX 2) structures makes it possible to form the former directly
contrast to the case for the INABSh) clean surface, where through an In deposition onto the latter at RT, as observed by
the In stays below the A&Sb) level (Table 1V). This shifting STM.?° Above 0.25 monolayers, the additional In adatoms
of the In's relative position from a concave to convex ar-fill the trenches and replace the surface Ga atoms. The final
rangement at site 3 is consistent with the different featurestructure of the surface layer is essentially identical to the
observed by STM, where large periodic protrusions in thdnAs clean surfacé’}'*except the In heights are substantially
trenches have been clearly resolved for the In-terminatedifferent due to the lateral strain induced by the lattice mis-
GaAg001) surfac&’'! as well as the InAs/GaAg801) match. This structural difference explains the unique ladder-
surface>!® whereas for the unstrained InAs and InSb sur-type pattern observed in STM for the In/G4881) and
faces the In atoms in the trenches have hardly been seelfAs/GaAg001) surfaces. The structural model we propose
even in the empty state imag&s2* It is therefore evident should be therefore valid in general for strained I(0%)
that these pronounced protrusions in the STM images for théurfaces.

In/GaAs surface are In at site 3, and the ladder pattern made

up of the protrusions uniquely marks the strained InAs sur-
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