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Stoichiometry and discommensuration on InxGa12xAs/GaAs„001… reconstructed surfaces:
A quantitative x-ray diffuse-scattering study
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A quantitative estimate of the In/Ga surface concentration ratio in ultrathin~In, Ga!As strained layers, grown
by molecular-beam epitaxy on a GaAs~001! substrate, is obtained using grazing incidence x-ray diffraction and
diffuse-scattering measurements. The commensurate 233 reconstruction is interpreted as due to cation order-
ing in the surface unit cell, locking the surface composition at the value In2/3Ga1/3As. Incommensurate 23n
reconstructions withn,3 (n.3) are described in terms of indium-depleted~-enriched! surface layers char-
acterized by a statistical distribution of faults in the ideal 233 atomic arrangement. Within a defined tempera-
ture range 450–490 °C, a unique correspondence between the incommensurability parametern and the indium
surface fraction is established on the basis of a formulation of the diffuse scattering distribution.
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I. INTRODUCTION

A reliable estimate of the surface stoichiometry in a m
tielement material is a crucial issue in surface science, a
large amount of work has been performed on metallic s
face alloys.1 Such information is needed particularly for he
eroepitaxial growth, where interdiffusion or surface segre
tion processes are known to take place. In the case of~In,
Ga!As-based III-V semiconductor heterostructures, which
of major technological interest, the experimental eviden
for In surface segregation during growth and for the ass
ated composition gradient has been obtained by a variet
methods including Auger and photoelectron spectroscopie2,3

and photoluminescence.4,5 The structures investigated con
sisted mostly of ternary layers with a low indium concent
tion fully strained on GaAs~001! substrates, or alternately o
ultrathin InAs layers buried under a GaAs cap. The indiu
concentration in the top layers of InxGa12xAs alloys was
consistently found to be enriched compared to the nom
bulk value, and close to 0.7 in most cases.2,3 For buried
PRB 580163-1829/98/58~24!/16177~9!/$15.00
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layers, indium could still be detected at the surface after
deposition of more than 10 ML of the capping materia5

Furthermore, specific surface reconstructions, 233 or in-
commensurate 23n, where 2.5,n,3, were found on these
alloy surfaces, which had not previously been observed
the binary compounds, GaAs or InAs. A clue to this cor
lation between surface reconstruction and surface comp
tion has been obtained through the identification of the s
face structure in the 233 unit cell by means of surface x-ra
diffraction.6 The ordering in the outermost~In, Ga! atomic
layer was shown to lock the surface composition at a va
of In2/3Ga1/3As. Furthermore, crystallographic analysis de
onstrated the uniqueness of this structural arrangement fo
(233)-reconstructed surfaces obtained on bulk alloys,
shallow buried interfaces, or even within submonolayer In
deposits on GaAs, provided that a sufficient amount of
dium could be brought to the surface.7 The commensurate
233 arrangement could therefore be considered as an e
librium surface for the fully strained~In, Ga!As surface al-
loy. Departures from this ideal arrangement, resulting in
16 177 ©1998 The American Physical Society
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incommensurate 23n reconstructions, first studied in Ref. 8
have been assigned to the presence of indium depleted fa
in a previous structural assessment by x-ray diffraction.6 On
the basis of this model, a correlation was proposed betw
the parametern and the surface indium concentration wi
the assumption of a homogeneous distribution of indiu
However, in a recent study of InAs deposition onc(434)
reconstructed GaAs, by scanning tunneling microsco
~STM!,9,10 it was demonstrated that the competition betwe
surface diffusion and vertical exchange leads either to
dium clustering~leaving bare GaAs surfaces! or to homoge-
neously covered~In, Ga!As alloy surfaces, depending on th
deposition temperature.

The purpose of the present work is to establish clearly
link between the surface reconstruction and composition
ing a series of samples preparedin situ by deposition of
submonolayer coverages of InAs on GaAs~001!. Deposition
was performed at temperatures high enough to avoid clus
ing and to produce incommensurate surfaces not studied
with n.3. The commensurate 233 surface is intermediate
between In-depleted and In-enriched surfaces, and its im
tance to the understanding of this series of structures is
emphasized. A mathematical formalism giving an optim
account of the experimental diffuse scattering features
served in the surface x-ray-diffraction data is also presen

II. EXPERIMENT

A. Sample preparation

The samples studied in this work were prepared by
deposition of calibrated amounts of InAs ML on clea
GaAs~001! surfaces in a molecular-beam-epitaxy~MBE!
chamber attached to the x-ray scattering facility. Howeve
will be shown that the results can be extended to the cas
samples prepared by encapsulating an InAs monolayer u
a GaAs cap. After chemical deoxidation performed in a
lution of Ethanol- 10% HCl, semi-insulating GaAs sampl
designed for surface diffraction measurements~13313
32.5 mm3 with 45° beveled sides! were introduced into the
MBE chamber. Annealing to 600 °C under an As4 base pres-
sure of a few 1026 mbar produced a low background refle
tion high-energy electron-diffraction~RHEED! pattern with
faint three-dimensional features in the@11̄0# azimuth. A
buffer layer, a few hundred nm thick, was then grown un
standard conditions~Ts5580 °C, 0.2 nm/s!, and a sharp (2
34)-reconstructed surface was obtained. Further smoot
was achieved by annealing to induce the 432 transition and
cooling under an As4 flux to the temperature selected fo
InAs deposition. The desired fraction of InAs ML was the
deposited~after calibration of the indium flux using RHEED
oscillations! either on a (234)- or c(434)-reconstructed
surface at610 °C from the transition temperature betwe
the two reconstructions, i.e., about 500 °C under this ars
flux. Figure 1 summarizes the preparation conditions of
eight samples discussed in this paper, and shows the co
tions under which each structure was found. After indiu
deposition, the high-temperature samples~labeled 1–4 in
Fig. 1! were cooled under the As flux to 350 °C, and th
transferred under vacuum to the diffractometer sta
Samples prepared directly on thec(434) surface~labeled
lts,
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5–8! were quenched in vacuum and some annealed
250 °C ~samples 7 and 8!, a procedure which improves th
surface ordering as revealed by the sharpening of
RHEED pattern.9

Careful monitoring of the RHEED pattern after depositi
showed that stable 23n reconstructions, where the value o
n was time independent, could only be obtained for depo
tion temperatures on the lower side of the range displaye
Fig. 1. This enabled a study of the incommensurate surfa
from n52.55 to 3.3 to be performed. In the high-temperatu
regime, particularly on the 234 templates, the InAs depos
tions in excess of the nominal@ In#s5

2
3 lead to the formation

of the commensurate 233 reconstruction~sample 2!, and
those with a large indium deficit~0.25 ML deposited! started
with an incommensurability of about 232.5 and evolved
toward 232.7 in a few minutes~sample 4!. These observa-
tions will be discussed in terms of the surface structures p
posed. A somewhat intermediate behavior was also obse
on the higher-temperature side of thec(434) surface recon-
struction~samples 5 and 6!.

B. Diffraction data collection

X-ray data have been recorded on theW12 beamline of
the LURE-DCI synchrotron radiation facility, equipped wit
a double-crystal monochromator, sagitally focusing in t
horizontal plane, and an ultrahigh-vacuum six-circle diffra
tometer coupled to the MBE growth chamber. Photons of
or 14 keV, incident on the sample, were aligned under gr
ing incidence at the critical angle for total external reflexio

Data have been collected using two different schem
Firstly, for the InxGa12xAs commensurate phase, where d
fracted intensities are expected to occur at in-plane Br
positions and along the rods normal to the surface, a full
of data has been collected to complete the previously
tained in-plane measurements.6 This allowed experimenta
assignment of thex, y, andz coordinates of the atoms in th
surface unit cell. For the incommensurate phases, a con
ous intensity distribution was expected in the direction of
discommensuration~k reciprocal axis!, thusk scans were re-
corded along several reciprocal rows (h5const), together
with accompanying scans performed with offsets6Dh for a
more accurate estimate of the background level. To asser

FIG. 1. Schematic diagram of the surface reconstructions
served as a function of the InAs deposited amount and subs
temperature. The preparation conditions for the samples discu
in the text are referred to by the labels 1–8.
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validity of the procedure, the results have been compare
a series of integrated transverseh scans recorded along th
selected reciprocal row. Fractional diffraction rods were a
collected in the incommensurate phases confirming the b
similarity of the atomic distribution on all these surface
Reflection indices refer to the (131) bulk derived surface
cell with basis vectors

a5 1
2 @11̄0#cubic, b5 1

2 @110#cubic, c5@001#cubic.

III. RESULTS AND DISCUSSION

The atomic distributions in the surface layers of bo
commensurate and incommensurate phases have bee
rived from the x-ray data on the basis of an original form
lation of the surface diffuse scattering.

FIG. 2. Top and side views of the atomic structure for the co
mensurate 233 reconstruction. Labels refer to the atoms listed
Table I.
to

o
ic

.
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-

A. 233 commensurate phase

Since the structural elements present in the commensu
phase are building blocks for all types of 23n incommen-
surate surfaces, the 233 surface unit cell will be recalled
first. The structural model, shown in Fig. 2, was deduc
from in-plane surface x-ray-diffraction data and bond-leng
conservation hypothesis.6 It has been fully confirmed by
analysis of the present data set, and the experimentally
termined atomic position parameters, both in and out
plane, are listed in Table I. It should also be noted that thz
coordinates deduced from the rod scan fitting~Fig. 3! con-
firm the results of total-energy calculations previously ma
on the local indium bonding.11 The surface structure of th
233 reconstruction can be described as follows.

~i! A ribbonlike feature extending in the@11̄0# direction
with chemisorbed arsenic dimers along@110#, trapping two
gallium atoms per unit cell in the third layer, this featu
occupies two bulk lattice constants and will be referred to
the AB building block.

-

FIG. 3. Fractional rods measured in the commensurate ph
comparison between the experimental and calculated struc
factors.
o the
TABLE I. ~a! Atomic coordinates derived from the best fit of the x-ray-diffraction data and referred t
233 unit cell with 2a57.9940 Å, 3b511.991 Å, c55.6526 Å, anda5b5g590°. ~b! Bond length~in
Å!.

~a!

Atom X Y Z Mult.a Remark

As~1! 0 0.39860.004 0.5010.01960.005 4
As~2! 0.2510.09360.004 0 0.2510.13460.005 4
As~3! 0.25 0.33310.01760.004 0.2510.02560.005 2
In~4! 0.2510.01760.004 0.16720.01660.004 0.010.06360.005 4
Ga~5! 0.25 0.5 0.0 2 Bulk position

~b!

Dimer 2.51
Chemisorbed dimer 2.44
As~1!-As~3! 2.49
As~3!-In~4! 2.69
As~3!-Ga~5! 2.40
As~2!-In~4! 2.63

aNumber of symmetry-related items.
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16 180 PRB 58Y. GARREAU et al.
~ii ! Arsenic dimers aligned along the@11̄0# direction,
bonded to four indium atoms per unit cell; this structu
element extends over one bulk lattice constant and will
referred to as theC block.

The ordered distribution of the cations in the 233 cell
locks the surface composition on the value In2/3Ga1/3As thus
explaining the@ In#s50.7 deduced by the spectroscopic me
surements quoted above.

B. Model for the diffuse scattering
from the incommensurate phases

The occurrence of 23n incommensurate phases withn
,3 has already been correlated with an indium-depleted
face layer and an attempt to model the structure, by r
domly suppressing the indium-rich blockC, gave a satisfac-
tory agreement with preliminary data collected on the
surfaces.6 Similarly one can think of the 23n incommensu-
rate phases withn.3, obtained here by forcing the@ In#s
above 2

3, as built with randomly distributedCC pairs of In-
rich blocks, labeledCD to keep track of the difference be
tween the unfaultedC and the faultedD blocks. Figure 4 is a
schematic of these two types of faulted surfaces. The lim
ing cases where, on the one hand, all theC blocks are re-
moved leads to the pure GaAsc(434) surface provided tha
every fourth chemisorbed As dimer is deleted. By contra
when all C blocks are replaced byCD pairs, one obtains a
As-rich 234 reconstruction which has indeed been obser
on In0.53Ga0.47As alloys grown lattice matched on InP.12 This
section will be dedicated to a detailed calculation of the
pected diffuse scattering distribution for both types of faul
surfaces, and the comparison with the experimental data
be presented in Sec. III C.

In the framework of diffuse scattering formalism,13 the
scattering amplitude can be expressed by the formula

A~q!5 (
N52`

`

FN exp~2 iq•RN!, ~1!

FIG. 4. Examples of faulted sequences for~a! an indium-
depleted surface where one blockC has been removed, and atoms
the faultedBA junction are taken as gallium; and~b! an indium-
enriched surface showing the faultedCC pair.
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where the summation is performed over all the blocksN
located at the extremity of the vectorRN52ua1vb, whereu
and v are integers~2a and b being the dimension of indi-
vidual blocks in the surface description!, andq is the scat-
tering vector defined asq52p(s2s0)/l, wheres0 ands are
unit vectors in the directions of the incident and scatte
beams. The termFN , the structure factor of theNth block, is
expressed asFN5( j f j exp(2iq•r j ), where the summation
is performed over all atoms in the block, andf j is the scat-
tering factor of thej th atom located by the vectorr j .

In the single scattering kinematic approximation, va
here because of the weak interaction between high-en
photons and electrons, the diffracted intensity takes on
form

I ~q!5uA~q!u25 (
M52`

`

^FNFN1M* &N exp~ iq•DM !

52 ReF (
M51

`

^FNFN1M* &N exp~ iq•DM !G
1^FNFN* &N , ~2!

where DM5RN8 2RN is the vector separation between th
N8th andNth blocks (M5N82N). The notation̂ &N indi-
cates that the average value of the structure factor produc
blocks separated by the vectorDM is taken over all possible
locations RN . This quantity, also referred to as the pa
correlation function, can be expressed in terms of the p
probabilitiesPXY(M ) for a blockX to have a blockY asM th
neighbor. This gives

^FNFN1M* &N5(
X

(
Y

cXPXY~M !FXFY* , ~3!

wherecX is the surface concentration of blockX, X, andY
standing for the different statesA–D.

The case of indium depleted layers will be consider
before the calculations are extended to include the ind
rich surfaces. In both cases, the problem will be conside
as unidimensional since the fault distribution concerns o
the y direct axis and thus thek reciprocal axis.

Case A: indium-depleted layers reconstructed 23n for
n,3. Let p2 be the probability of finding aC block between
unbreakableAB pairs. The limiting value forp2 is 1 for
ABCABC..., a sequence corresponding to the commensu
233 arrangement and 0 forABAB..., a pseudo 232 mim-
icking thec(434) reconstruction. With a given propagatio
direction, namely,B always followingA andC following B
with the probabilityp2 , the nearest-neighbor pair probabil
ties are expressed as

PAA~1!50, PBA~1!512p2 , PCA~1!51,

PAB~1!51, PBB~1!50, PCB~1!50, ~4!

PAC~1!50, PBC~1!5p2 , PCC~1!50.

The propagation of this relation from thePXY(M ) to the
PXY(0) leads to the matrix equation
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FIG. 5. Pair probability for identicalM th neighbors:PAA(M )5P(M ) for different fault probabilityp2 . ~a! p250.9; the decay length
of the 33 long range order is clearly evidenced by sampling withM53i . ~b! p250.5; no correlations appear.~c! p250.1; the tendency
toward a32 ordering is demonstrated on theM52i sampling.
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S PAA~M !

PAB~M !

PAC~M !
D 5S 0

1
0

12p2

0
p2

1
0
0
D S PAA~M21!

PAB~M21!

PAC~M21!
D

5S 0 12p2 1

1 0 0

0 p2 0
D MS PAA~0!51

PAB~0!50
PAC~0!50

D , ~5!

with the origin chosen on a blockA. Equation~5! can be
solved by standard matrix algebra, and leads to the exp
sion

PAA~M !5P~M !5
1

21p2
$11A1l1

M121A2l2
M12%

for M.0, ~6!

with

l1,25
216A124p2

2
and A1,25

21

2
6

23

2A124p2

.

~7!

It should be remarked that forp2, 1
4 the solutions are no

longer real.
The variation withM of the pair probabilityP(M ) for

M th neighbors to be identical, is an optimal flag to estim
the measure and range of the periodicity on the surfa
For p251, P(M )51/3(11 j M131 j̄ M13) with j 5ei2p/3

and j̄ 5e2 i2p/3 which means thatP(M )51 whenM is mul-
tiple of 3 andP(M )50 otherwise, one recognizes the33
periodicity with respect to the bulk basis, i.e., the comm
surate 233 structure. In the other limiting case,p250,
P(M )51/2@11(21)M12# leading toP(M )51 whenM is
multiple of 2 andP(M )50 otherwise, which describes th
32 periodicity of the pseudoc(434) structure.

P(M ) is presented in Figs. 5~a!–5~c! for three intermedi-
ate values.

~a! p250.9 the sampling ofP(M ) for M50, 1, or 2
mod~3! shows the dominance of a33 periodicity up toM
525, whereas the probability to find identical blocks
s-

e
e.

-

faulted sites increases withM, the limiting pair probability
value for largeM is the surface concentration ofA blocks,
namely, 1/2.9 in this case.

~b! p250.5 long-range order can no longer be detected
the AB andC block distributions.

~c! p250.1 P(M ) is dominated for smallM by the 32
periodicity.

In the same way as in strictly periodic systems, the int
sity distribution in reciprocal space is governed by the Fo
rier transform of the direct lattice, it can be anticipated tha
the present case, the shape of the diffuse scattering wil
determined by the Fourier transform ofP(M ). Figure 6~a!
shows the evolution ofTF@P(M )# for a series of values o
p2 along one bulk reciprocal-lattice period in theb* direc--
tion. Two maxima, progressively broadened and shifted fr
the commensurate positions~k5 1

3 and 2
3! are observed asp2

decreases. Belowp250.25 the two maxima eventually
merge into a single peak centered atk5 1

2 .

FIG. 6. Fourier transform ofP(M ) along ab* reciprocal-lattice
period for a series ofp2 and p1 values.~a! For indium-depleted
surfaces, peaks are seen to shift inward from the commensu
positions~ 1

3,
2
3! leading to 23n surfaces with 2,n,3 ~b! In the

indium-enriched case, peaks shift outward until eventually a34
periodicity emerges.



o

m,

16 182 PRB 58Y. GARREAU et al.
Due to the nearest-neighbor constraints, the pair pr
abilities propagate withM in the following way:

PXY~M !5(
Z

PXZ~1!PZY~M21!

and
b-
PXY~M !5(

Z
PXZ~M21!PZY~1!. ~8!

All PXY(M ) can be expressed as a function of one of the
P(M ), according to
r

ich
PAA~M !5P~M !, PBA~M !5P~M11!, PCA~M !5P~M21!,

PAB~M !5P~M21!, PBB~M !5P~M !, PCB~M !5P~M22!,

PAC~M !5p2P~M22!, PBC~M !5p2P~M21!, PCC~M !5p2P~M23!. ~9!

Introducing these values in formula~2!, and taking into account that the fault propagation takes place only along theb axis of
the direct lattice withDM5Mb, the intensity distribution can be described by the expression

I ~qy!}2 ReF (
M51

`

P~ uM u!eiMqy$FAFA* 1FBFB* 1FAFB* eiqy1FBFA* e2 iqy1p2
2 FCFC* e3iqy

1p2~FAFC* e2iqy1FCFA* eiqy1FBFC* eiqy1FCFB* e2iqy!%G
12 Re@FAFB* eiqy1p2~FAFC* e2iqy1FCFA* eiqy1FBFC* eiqy1FCFB* e2iqy1p2FCFC* e3iqy!#

1FAFA* 1FBFB* 1p2FCFC* , ~10!

whereqy52pk is the variable along theb* reciprocal direction, and the structure factors are evaluated for the propehkl
values.

Case B: indium-rich layers reconstructed 23n for n.3. A similar treatment can be applied to the case of indium r
surfaces.14 Starting with the description sketched in Fig. 4~b!, one introduces the probabilityp1 of finding aD block after the
now undissociatedABC sequence. It should be noticed that the commensurate 233 phase corresponds here top150.
Nearest-neighbor constraints are then expressed as

PAA~1!50, PBA~1!50, PCA~1!512p1 , PDA~1!51,

PAB~1!51, PBB~1!50, PCB~1!50, PDB~1!50,

PAC~1!50, PBC~1!51, PCC~1!50, PCC~1!50,

PAD~1!50, PBD~1!50, PCD~1!5p1 , PCD~1!50,
e
tion
sity
which leads to a propagation matrix

S PAA~M !

PAB~M !

PAC~M !

PAD~M !

D 5S 0
1
0
0

0
0
1
0

12p1

0
0

p1

1
0
0
0
D MS PAA~0!51

PAB~0!50
PAC~0!50
PAD~0!50

D .

~11!

The solution to Eq.~11! leads to

PAA~M !5P~M !5
1

11l0
$A01A1l0

M131A1l1
M13

1A2l2
M13% for M.0, ~12!

wherel0 is the unique real root of the polynomiall31l2

1l1p, and
l65
1

2
$2~l011!6 iA3l0

212l013%,

A05
1

~l121!~l221!
,

A152
1

~l12l0!~l22l0!
,

A656
1

~l12l2!~l62l0!~l621!
.

Starting with a 434 matrix, the resolution of the eigenvalu
equation is somewhat more tedious; nevertheless a solu
is possible, and one obtains an expression for the inten
distribution containing the Fourier transform ofP(M ). Fig-
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ure 6~b! displays its variation for a set ofp1 values. Asp1

increases, the two maxima are seen first to broaden and
outward from the commensurate33 positions and eventually
to evolve into the three sharp peaks of a new34 commen-
surate phase.

For both types of surfaces, the peak position which is
most readily obtained experimental information, for instan
from the RHEED pattern, appears directly connected to
p6 value as illustrated in Fig. 7. From the atomic mod
proposed in Fig. 4, one is able to derive the following re
tions between the fault probabilities and the indium surfa
concentrations where the proper weights have been use
the Ga and In atoms at the faulted boundaries:

@ In#5
2p2

21p2

in indium-depleted surfaces, and

@ In#5
21p1

31p1

in indium-enriched surfaces. A quick access to this key pr
erty of the investigated ternary system is therefore availa

In order to obtain a full simulation of the expected inte
sity, one should calculate the total expressions accordin
Eq. ~10!, and its equivalent for the In-rich case. As a con
quence, the schematic distributions shown in Figs. 6~a! and
6~b! will be modulated by the structure factor variatio
along the reciprocal row. Several experimental cases
now be presented.

C. Comparison between experimental data and simulations

Case A:Indium-depleted layers 23n for 2.5,n,3. Such
layers are first prepared on the GaAs 234 surface at around
520–530 °C. In the example of sample 3 in Fig. 1, 0.5-M
InAs were deposited. An incommensurate 232.7 reconstruc-
tion was obtained after cooling under an As flux down
350 °C. The background-subtracted continuousk scan (1

FIG. 7. Calculated peak positions as a function of the fault pr
ability in both cases.
ift

e
e
e

-
e
for

-
e.

to
-

ill

,k,3) recorded along theh53 reciprocal row is displayed
in Fig. 8 together with the expected intensity derived fro
Eq. ~10!, where the probabilityp2 has been taken equal t
0.6. Good agreement is obtained for the peaks positio
heights, and widths. The estimated indium surface conc
tration is 0.45, a value compatible with the deposited amo
when considering the calibration uncertainty.

A similar intensity distribution could equally be observe
after encapsulation of 1-ML InAs under 6 ML of GaAs in th
same temperature range,15 as shown in Fig. 9, where th
experimentalk scans recorded along the same reciprocal r
in the two different samples are presented. Such a result
only demonstrates the generality of this type of reconstr
tion, but also could provide a way to estimate the In conc
tration profile in the diffuse interface region. In addition, th
discrete measurements obtained by integrating a serie
transverseh scans along the same reciprocal row are sup
imposed on the continuousk scan for the encapsulate
sample. The similarity of the intensity variation assesses
validity of the much less time-consumingk scan data collec-
tion procedure for such studies.

-

FIG. 8. Comparison between the experimental intensity~back-
ground subtracted! measured in sample 3 along the reciprocal ro
(3,k,0.05), and the distribution calculated from formula~10!. The
only free parameter is the fault probabilityp2 adjusted at 0.6. The
derived indium surface concentration is@ In#s50.45

FIG. 9. Experimental data recorded with samples prepared
two different conditions but showing the same surface concen
tion of indium: thek scan in sample 3 was already presented in F
8 ~0.5-ML InAs/GaAs 234!; k scan and series of integrated tran
verseh scans on a sample prepared by burying 1-ML InAs un
6-ML GaAs at 530 °C.
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It should be noted that in this deposition temperat
range, highly incommensurate surfaces could not be st
lized. For instance after depositing 0.25 ML of InAs~sample
4 in Fig. 1!, the RHEED pattern observed in real time o
cooling under the As flux turned from a quasi 232.5 surface
to a 232.7 after a few minutes. Since laterally homogeneo
surfaces are expected at this temperature,16 this could only be
related to a reduced driving force for cation ordering with
the arsenic-controlled superstructure.

By contrast, these surfaces could be stabilized when
duced on thec(434)-reconstructed substrates, as was
case for sample 8 prepared around 470 °C. These result
in full agreement with previous STM observations,9 in which
homogeneous surfaces with a distributed density of fa
were observed in such coverage and temperature reg
~Fig. 10!. The transition between the two regimes shou
occur around 490 °C since sample 6, where the same
coverage was deposited, could not be stabilized atn52.5
and evolved towardn52.7, as was observed with sample
The strict correspondence between surface concentration
discommensuration is thus lost above approximately 500

Case B: Indium-rich surfaces 23n with n.3. As men-
tioned in Sec. I such incommensurate surfaces could onl
obtained onc(434) substrates. The two examples display
in Figs. 11~a! and 11~b! were prepared using slightly differ
ent conditions: for sample 5, 1-ML InAs was deposited at
upper temperature limit of thec(434) surface, whereas, fo
sample 7, deposition of about 0.8-ML InAs was performed
450 °C. An identical 233.33 incommensurate surface w
observed in both cases, and the experimental intensitie
corded along@0,k,0.5# with 2,k,3 for sample 5@Fig.
11~a!#, and along@0,k,0.05# with 1,k,2 for sample 7@Fig.
11~b!#, are in good agreement with the calculations. The fa

FIG. 10. STM image showing a single-phase surface with a
indium coverage obtained by depositing 0.3-ML InAs at 470
~after Ref. 9!.
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probability derived from the best adjustment isp150.4,
which corresponds to a surface concentration of indium@ In#s
equal to 0.7. It should be remarked that the highest conc
tration attainable within this fault model would be 0.75 f
the commensurate 234 surface. Due to the epitaxial strain
it appears that a larger amount of In cannot be incorpora
in a single layer. A comparison with the STM images o
tained in the same preparation conditions~Fig. 2d in Ref. 9!
shows that the surfaces are indeed homogeneously 23n re-
constructed, no barec(434) areas can be detected an
broad two-dimensional islands are present. Careful insp
tion allows identification of a34 local periodicity between
the chemisorbed As white features in the lower terraces.

IV. CONCLUSIONS

A satisfactory account of the incommensurate 23n sur-
faces obtained in the ternary system InxGa12xAs, when fully
strained on a GaAs~001! substrate, has been obtained by i
troducing a statistical distribution of defects corresponding
a locally In-depleted or -enriched surface with respect to
commensurate 233 In2/3Ga1/3As-ordered surface alloy. Suc
an approach enables us to put figures on the actual sur
concentration in homogeneous cases where a mere des
tion by a mixture of commensurate limiting phases would
inappropriate. The occurrence of incommensurate rec
structions is quite frequent in semiconductor materials,
instance a quasicontinuous transition between 231 and 3
31 structures, observed by dosing GaAs with Si during
itaxial growth, has been studied both by RHEED STM~Ref.
17! and low energy electron diffraction.18 Although a model
was proposed for the Si-atom location, a quantitative int
pretation of the diffuse intensity distribution was not a
tempted on this surface. The mathematical treatment
sented here is based on the existence of an underl

FIG. 11. Two examples of indium-enriched surfaces:~a! sample
7 and~b! sample 5. The best fit value forp1 in both cases is 0.55
corresponding to the 233.33 reconstruction, and leading to a su
face concentration of indium of 0.7.
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131 bulk structure which forces the building blocks for th
‘‘imperfect’’ structure to be of unit length. It can be easi
understood that beyond four blocks, the problem becom
mathematically intractable. A more general treatment invo
ing a statistical distribution of blocks of any length was pr
posed by Croset and De Beauvais19 for incommensurate ad
sorbates on graphite, and has indeed been applied to
incommensurate 23n Bi/Si~001! interfaces.20
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