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Atomic structure of the As-rich InAs „100… b2„234… surface
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~Received 19 January 1999!

The surface atomic structure of the molecular-beam epitaxy prepared As-rich InAs~100! (234) reconstruc-
tion has been solved by synchrotron radiation surface x-ray diffraction. Analysis of a large set of nonequivalent
in-plane diffraction peaks and seven out-of-plane rods yields the so-calledb2-(234) model, a now recog-
nized model for the As-rich GaAs~100! (234) structure. The structure comprises two As dimers in the top
layer and one As dimer in the third layer below the first incomplete In layer.@S0163-1829~99!01723-3#
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INTRODUCTION

The atomic structure of the surface reconstructions
~100! surfaces of III-V compound semiconductors has be
under investigation for twenty years since Cho published
pioneering work on the GaAs~100! surface.1 Many questions
still remain unsolved, or are still under debate, despite th
years of scientific efforts. In many cases, this is related
varying preparation conditions and to the fact that ma
more or less, similar geometries yield identical periodic
percells.

GaAs is the most prominent substrate in molecular-be
epitaxy~MBE! growth of III-V structures. The usual growt
conditions have focused the attention on the As-stabili
surface structures (234)/c(238) @described asa, b, andg
phases according to their respective reflection high-ene
electron diffraction ~RHEED! patterns by Farrell and
Palmstrom2# andc(434), with a higher As coverage in th
c(434) structure. A recent systematic investigation
Hashizumeet al.3 using RHEED and scanning tunnelling m
croscopy~STM! on MBE grown GaAs~100! surface struc-
tures correlated the occurrence of each structure with a g
range of annealing temperatures under As4 flux. Annealing at
640 °C produces thea(234) phase, 540–630 °C gives th
most ordered structure, referred to as theb phase, 510 °C
annealing yields theg phase and finally 490 °C is used
obtain thec(434) structure. Annealing thec(434) surface
PRB 590163-1829/99/59~23!/15285~5!/$15.00
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without As flux also produced the low-As coverage stru
tures. However, contrary to the assumptions of Farrel
Palmstrom,2 they concluded that all (234) phases on GaAs
~001! present the same structural unit; two As dimers a
two dimer vacancies in the top layer. No information cou
be obtained by STM on the structural features possi
present in the deeper layers.

Since thea, b, g notation is still broadly referred to in
experimental and theoretical works dealing with 234 recon-
structed III-V ~100! surfaces it is worth recalling the detaile
features of these models. Thea model@Fig. 1~a!# is a two As
dimer model with an As surface coverage of 0.5 ML in t
top layer. In addition, a Ga dimerization takes place bel
the missing As dimers in the full-Ga second layer. Theb
model agrees with theb2(234) model proposed by Chadi,4

see Fig. 1~b!, with two top layer As dimers on top of an, i
this case, incomplete Ga layer. The two top layer As dim
are here accompanied by an As dimer in the third layer. T
As surface coverage is 0.75 ML. A long-standing hypothe
for the GaAs 234 surface was a three As dimer model al
proposed by Chadi,4 often referred to as theb1(234) or in
short theb(234). Finally, theg model combines features o
the b1(234) phase and of thec(434) phase at higher As
coverage,3 since it can be constructed with an As dim
chemisorbed on ab1(234) surface. All later STM
experiments3,5,6,7 agree on the two As-dimer (234) struc-
tures. Furthermore, recent theoretical calculations8,9,10 also
15 285 ©1999 The American Physical Society
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15 286 PRB 59M. GÖTHELID et al.
support this conclusion in favor of a two As dimerb2(2
34) structure, see Fig. 1~b!, which contains blocks of two
group-V dimers on top of missing row group-III layer.

A recent surface x-ray diffraction study of the A
terminated GaAs~001! (234) reconstruction, prepared un
der optimized molecular-beam epitaxy~MBE! conditions,11

fully confirmed the Chadib2(234) geometry with two As
dimers in the top layer on top of an incomplete Ga layer a
an additional As dimer in the third layer and established t
the supposed other ‘‘phases’’ were merely due to a lar
density of kink defects in the surface order. Models conta
ing three dimers were ruled out.

Thec(434) structure was found by SXRD~Ref. 12! and
STM ~Ref. 13! to consist of triplets of As dimers chem
sorbed on a full layer of As, and a similar feature was o
served on thec(434) reconstruction on the antimony ric
InSb~100! surface.14,15The proposed structural model for th
c(434) reconstruction is shown in Fig. 1~d!.

The InAs~100! surface displays a similar phase diagra
with an In-rich (432) structure and two As-rich structure
(234) ~Ref. 6! andc(434).16 An STM study by Yamagu-
chi and Hirokoshi,6 showed that the basic unit for this su
face structure indeed also contains two As dimers. Un
As-deficient conditions they also observed single As dim
for which they proposed thea2(234) model, see Fig. 1~e!,
which contains one As dimer and a dimerization of t
second-layer In. In addition an As dimer, similar to the o
in the b2(234) model, is present in the third layer.

We have performed surface x-ray diffraction on the MB

FIG. 1. Geometrical structure models proposed for the grou
rich ~100! surfaces. Open circles represent group-V atoms and fi
circles group-III atoms.
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prepared As-rich InAs~100! (234) reconstruction in order
to determine the full three-dimensional surface geome
The b2(234) structure yields the best agreement with o
experimental data in congruence with recent STM finding6

EXPERIMENTAL DETAILS

InAs~100! substrates were first cleanedin situ by sputter-
ing (500 V, 531025 mbar Ar) and annealing~480 °C! cycles
until a sharp (432)/c(832) low-energy electron diffrac-
tion ~LEED! pattern was observed. In order to produce t
(234) structure the sample was annealed under an As
~pressure 231026 mbar) up to about 350 °C until the fourt
order streaks typical of the (234) reconstruction appeare
in the @ 1̄10# azimuth of the RHEED pattern. After a fina
LEED control of the surface the sample was transferred,
der UHV, onto the diffractometer stage. The surface norm
was aligned with thef axis ~coincident here with theu axis!
by means of a laser beam. The UHV diffractometer is
stalled on the superconducting wiggler beamline DW12
the DCI storage ring at LURE~Orsay!. Data were collected
with focused radiation atl50.886 Å, with the incident
beam set at the critical angle for total external reflectio
resulting in 58 independent fractional in-plane structure f
tors. Seven fractional diffraction rods were measured up
perpendicular momentum transferq'53.6 Å21. Half-order
reflections from the32 periodicity in the@ 1̄10# direction
were too diffuse to be measured.

Data analysis and structural refinement were perform
by using the codes ANA and ROD written by Elias Vlie
Corrections specific to thez-axis geometry of the instrumen
have been applied, taking into account the variations of
Lorentz and polarization factors and of the active sam
area.17

RESULTS AND DISCUSSION

An important feature of a reconstructed surface is the s
of the coherent domains, which can be derived from the

V
d

FIG. 2. Histogram of the FWHM of both integer and fraction
order diffraction peaks.
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FIG. 3. ~a! Graphical presentation of the measured and calculated in-plane structure factors for theb2(234) model.~b! Measured and
calculated rod intensities presented as a function of the vertical momentum, 1. The vertical bars indicate the experimental errors
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width at half maximum~FWHM! of the fractional diffraction
peaks. For the GaAs~100! (234) surface the half-orde
peaks had a FWHM twice as large as the quarter-order
that was assigned to the presence of kinks in the As di
rows.11 Such a difference in FWHM is not observed in t
present case, as can be seen from the FWHM histogra
Fig. 2. Both fractional and integer order spots have appr
ne
er

in
i-

mately the same average FWHM, around 931023 Å 21, al-
though the dispersion is somewhat larger for half orders. T
resulting reconstructed domain size~2p/FWHM! is 650 Å
and appears only limited by the terrace dimensions wit
low density of kinks. This result is in agreement with th
findings of Yamaguchiet al.18 who derived from STM mea-
surements that the kink density was a factor of 5 lower
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the InAs~100! 234 surface than on the GaAs~100! 234
surface.

The models presented in Fig. 1 were all tested in
refining process to select the one most correctly describ
this surface structure. The ‘‘goodness of fit’’ was determin
in two ways, either by theR factor defined as

R5
(~Fobs2uFcalcu!2

(Fobs
2

or by the residual errorx2 defined as

x25
1

N2p
(

~Fhkl
obs2uFhkl

calcu!2

shkl
2 ,

where theF ’s are the measured and calculated structure
tors, respectively.N is the number of inequivalent data poin
andp is the number of parameters used in the fitting pro
dure. Theb1 three dimer model does not give a good agr
ment, neither does the ‘‘two As dimer and two In dimer’’a1
model. For theb2(234) structure the finalR factor is 0.15
andx2 equals 2.4, the corresponding numbers for thea2(2
34) structure areR50.18 andx253.4. A graphic represen
tation of the measured and calculated structure factors for
b2(234) model is presented in Fig. 3. The in-plane data
shown in Fig. 3~a! and the out-of-plane structure factor ro

FIG. 4. Detailed drawing of theb2(234) model, defining dis-
tances and atoms discussed in the text.
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are shown in Fig. 3~b!. The h and k indices are given with
respect to the reconstructed (234) unit cell, indicated in the
top left corner of Fig. 3~a!.

A detailed drawing of theb2(234) model is shown in
Fig. 4, where the different atoms are identified by numbe
Empty circles represent As atoms and filled circles In, w
decreasing radius of the circle as the distance from the
face increases. The atomic coordinates are tabulated in T
I. Selected bondlengths and atomic displacements are t
lated in Table II, and compared with data obtained from
GaAs~100! (234) surface by Garreauet al.11 and theoreti-
cal results from reference.19

Arsenic dimer formation appears to be one of the stro
driving mechanisms for this surface reconstruction. The
dimer bondlengths are the same, within the error bars
those on the GaAs~100! (234) surface, 2.47 Å for the two
upper and 2.44 Å for the lower one. As a consequence of
dimerisation does the As~1!-In~2! bondlength increase from
the ideal 2.62 to 2.70 Å. The As~1!-In~3! bondlength is even
larger, 2.77 Å in agreement with Ref. 8. This is explained
the fact that In~3! has four As neighbors while In~2! is triply
coordinated.

Another driving mechanism is that the triply coordinat
In atoms at the surface prefer a planarsp2-like bonding,
previously found from theoretical calculations on the clea
age GaP, InP, GaAs, and InAs~110! surfaces. This tendenc
drives the In~2! atom away from its ‘‘original’’ bulklike po-
sition. The lateral movement is 0.23 Å in the34 direction
and 0.68 Å in the32 direction. These values are similar
the corresponding GaAs values.11 As the In~2! atom moves
in between As~1!, As~4!, and As~5! it pushes the As dimer
atoms, As~1!, up and away from the surface. In~2! also
moves down slightly, again in agreement with GaAs.11 Fur-
ther, the As~5! atom is pulled in towards the dimer. The bon
angles are indicated in Table I, with the sum being very clo
to 360°. The deviations from the GaAs surface are obviou
due to the difference in lattice parameter for these two s
faces which, since the dimer bondlengths is similar, indu
larger strain in the InAs bonds.

The displacements of the indium atoms put strain in
bonds between these indium atoms and the surrounding
In the top layer the In-As bondlength varies between 2
and 2.77 Å, whereas the bulk bondlength is 2.62 Å. Sim
deviations from the expected bondlength were also found
the InAs~110! surface,20 where the surface relaxes upo
the
TABLE I. Atomic coordinates derived from the best fit of the x-ray diffraction data and referred to
234 unit cell with a58.5678 Å,b517.1357 Å,c56.0584 Å,a5b5g590°.

At° x1Dx y1Dy z1Dz

As~1! 0.3060.05560.001 0.2510.00760.001 0.7510.05560.005
In~2! 0.2510.02760.001 0.12510.04060.001 0.5020.03560.005
In~3! 0.2510.02160.001 0.375 Fixed 0.5010.01860.005
As~4! 0.50 Fixed 0.12520.00860.001 0.2520.03260.005
As~5! 0.00 Fixed 0.12510.00260.001 0.2510.03760.005
As~6! 0.00 Fixed 0.375 Fixed 0.2520.01660.005
As~7! 0.50 ~Fixed! 0.375 Fixed 0.2510.02560.005
As~10! 0.1010.01060.001 0.875 Fixed 0.2510.04960.005
In~11! 0.0010.02160.001 0.7520.01160.001 0.0010.02060.005
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cleavage involving a large outward movement of the surf
As atoms and inward relaxation of the In atoms at the surf
producing a ‘‘height’’ difference between the In and As a
oms of around 0.7 Å. The tilt angle of the In-As bond at t
surface being up to 30°.

TABLE II. Comparison of structural parameters from th
present study and from the GaAs~001! (234) surface, Ref. 11. See
Fig. 4 for the identification of the atoms.

This study Garreau~Ref. 11!

Bond length~in Å!

Top dimer As~1! 2.47 2.51
Bottom dimer As~10! 2.44 2.49
In~2!-As~4! 2.60 2.37
In~2!-As~5! 2.72 2.46
As~1!-In~2! 2.70 2.36
As~1!-In~3! 2.77 2.51
In~11!-As~10! 2.61 2.37
In~11!-In(118) 3.97 3.70
Dz ~in Å!

As~1!-In~2! 2.09 1.77
As~4!-As~5! 0.42 0.16~0.25 from Ref. 19!
As~6!-As~7! 0.25 0.31~Ref. 19!
Angle ~in°!
As~1!-In~2!-As~4! 117.4 113.5
As~4!-In~2!-As~5! 110.0 112
As~1!-In~2!-As~5! 132.1 133.5
s
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o

e
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The atomic structure of the GaAs~100! b2(234) surface
was recently derived byab initio calculations.19 A vertical
buckling of the As atoms in the third layer@As~4!, As~5!,
As~6!, and As~7!# were observed.19 The values found in tha
study are tabulated in Table II and compared with valu
found here in this experiment. The values are similar, wit
slightly larger height difference between the As~4! and As~5!
atoms here. This is again related to the fact that the lar
InAs lattice requires larger absolute displacements of the
oms to relax around the As dimers.

CONCLUSIONS

We have studied the As-terminated InAs~100! b2(234)
reconstruction using surface x-ray diffraction. The full thr
dimensional geometry has been determined, which cons
of two As dimers in the top layer and one As dimer in t
third layer as for the corresponding GaAs~100! (234) su-
perstructure. A buckling of the third layer As atoms belo
the top layer As dimers is also reported, in agreement w
recent theoretical result on the GaAs~100! surface.
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