PHYSICAL REVIEW B VOLUME 58, NUMBER 24 15 DECEMBER 1998-I
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A quantitative estimate of the In/Ga surface concentration ratio in ultréhijitcaAs strained layers, grown
by molecular-beam epitaxy on a Ga@81) substrate, is obtained using grazing incidence x-ray diffraction and
diffuse-scattering measurements. The commensuratg 2construction is interpreted as due to cation order-
ing in the surface unit cell, locking the surface composition at the valygda sAs. Incommensurate 2n
reconstructions witm<<3 (n>3) are described in terms of indium-depletednriched surface layers char-
acterized by a statistical distribution of faults in the idexl 2 atomic arrangement. Within a defined tempera-
ture range 450—-490 °C, a unique correspondence between the incommensurability parameétdre indium
surface fraction is established on the basis of a formulation of the diffuse scattering distribution.
[S0163-18298)04648-1

[. INTRODUCTION layers, indium could still be detected at the surface after the
deposition of more than 10 ML of the capping matefial.
A reliable estimate of the surface stoichiometry in a mul-Furthermore, specific surface reconstruction 3 or in-
tielement material is a crucial issue in surface science, and @@mmensurate 2 n, where 2.5n<3, were found on these
large amount of work has been performed on metallic suralloy surfaces, which had not previously been observed in
face alloys: Such information is needed particularly for het- the binary compounds, GaAs or InAs. A clue to this corre-
eroepitaxial growth, where interdiffusion or surface segregalation between surface reconstruction and surface composi-
tion processes are known to take place. In the casgnof tion has been obtained through the identification of the sur-
Ga)As-based III-V semiconductor heterostructures, which isface structure in the 2 3 unit cell by means of surface x-ray
of major technological interest, the experimental evidencdliffraction® The ordering in the outermostn, Ga) atomic
for In surface segregation during growth and for the associlayer was shown to lock the surface composition at a value
ated composition gradient has been obtained by a variety aff In,3GaysAs. Furthermore, crystallographic analysis dem-
methods including Auger and photoelectron spectrosctpies onstrated the uniqueness of this structural arrangement for all
and photoluminescenéé. The structures investigated con- (2X 3)-reconstructed surfaces obtained on bulk alloys, in
sisted mostly of ternary layers with a low indium concentra-shallow buried interfaces, or even within submonolayer InAs
tion fully strained on GaA®01) substrates, or alternately of deposits on GaAs, provided that a sufficient amount of in-
ultrathin InAs layers buried under a GaAs cap. The indiumdium could be brought to the surfat&he commensurate
concentration in the top layers of J8a, _,As alloys was 2X3 arrangement could therefore be considered as an equi-
consistently found to be enriched compared to the nomindibrium surface for the fully strainedin, GagAs surface al-
bulk value, and close to 0.7 in most cadésFor buried loy. Departures from this ideal arrangement, resulting in the
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incommensurate 2 n reconstructions, first studied in Ref. 8, [ coverage (ML)
have been assigned to the presence of indium depleted faults, 4

h
in a previous structural assessment by x-ray diffracti@m ‘[ 2x3.33
the basis of this model, a correlation was proposed between
the parameten and the surface indium concentration with I ML |-¥
the assumption of a homogeneous distribution of indium. 273 ML @
However, in a recent study of InAs deposition ofdx4)
reconstructed GaAs, by scanning tunneling microscopy 1/3 ML [ Vi @
(STM),>*it was demonstrated that the competition between 7 % | _ Substrate
surface diffusion and vertical exchange leads either to in- -10° %Hoo " Temperature (°C)
dium clustering(leaving bare GaAs surfacesr to homoge- 2x2.56 c(4x4) 49 (2x4)
neously coveredin, GaAs alloy surfaces, depending on the ~ 500°

deposition temperature.

The purpose of the present work is to establish clearly the FIG. 1. Schematic diagram of the surface reconstructions ob-
link between the surface reconstruction and composition usserved as a function of the InAs deposited amount and substrate
ing a series of samples prepared situ by deposition of temperature. The preparation conditions for the samples discussed
submonolayer coverages of InAs on G&2&l). Deposition in the text are referred to by the labels 1-8.
was performed at temperatures high enough to avoid cluster-

ing and to produce incommensurate surfaces not studied ygLB) were quenched in vacuum and some annealed to
with n>3. The commensurateX23 surface is intermediate 250 °C (Samp|es 7 and)ga procedure which improves the
between In-depleted and In-enriched surfaces, and its impokyrface ordering as revealed by the sharpening of the
tance to the understanding of this series of structures is thuSHEED patterr.
emphasized. A mathematical formalism giving an optimal  Careful monitoring of the RHEED pattern after deposition
account of the experimental diffuse scattering features obshowed that stable 2n reconstructions, where the value of
served in the surface x-ray-diffraction data is also presenteth was time independent, could only be obtained for deposi-
tion temperatures on the lower side of the range displayed in
Fig. 1. This enabled a study of the incommensurate surfaces
Il. EXPERIMENT from n=2.55 to 3.3 to be performed. In the high-temperature
regime, particularly on the:24 templates, the InAs deposi-
tions in excess of the nomingin],= % lead to the formation
The samples studied in this work were prepared by thg;t the commensurate 23 reconstruction(sample 2, and
deposition of calibrated amounts of InAs ML on clean ihose with a large indium deficif.25 ML depositefistarted
GaAd001) surfaces in a molecular-beam-epitaxXMIBE)  \yith an incommensurability of about>22.5 and evolved
chamber attached to the x-ray scattering facility. However, itq\vard 2¢<2.7 in a few minutegsample 4. These observa-
will be shown that the results can be extended to the case @fyns will be discussed in terms of the surface structures pro-
samples prepared by encapsulating an InAs monolayer undghsed. A somewhat intermediate behavior was also observed

a GaAs cap. After chemical deoxidation _performed in & soyn the higher-temperature side of th@x 4) surface recon-
lution of Ethanol- 10% HCI, semi-insulating GaAs Samplesstruction(samples 5 and)6

designed for surface diffraction measuremenris3x 13
X 2.5 mn? with 45° beveled sideswere introduced into the _
MBE chamber. Annealing to 600 °C under an,Asse pres- B. Diffraction data collection

sure of a few 10® mbar produced a low background reflec- X-ray data have been recorded on &2 beamline of
tion high-energy electron-diffractioRHEED) pattern with  he | URE-DCI synchrotron radiation facility, equipped with
faint three-dimensional features in tfi¢10] azimuth. A a double-crystal monochromator, sagitally focusing in the
buffer layer, a few hundred nm thick, was then grown underhorizontal plane, and an ultrahigh-vacuum six-circle diffrac-
standard conditionsTs=580 °C, 0.2 nm/s and a sharp (2 tometer coupled to the MBE growth chamber. Photons of 13
X 4)-reconstructed surface was obtained. Further smoothingr 14 keV, incident on the sample, were aligned under graz-
was achieved by annealing to induce the 2 transition and  ing incidence at the critical angle for total external reflexion.
cooling under an Asflux to the temperature selected for Data have been collected using two different schemes.
InAs deposition. The desired fraction of InAs ML was then Firstly, for the InGa, _,As commensurate phase, where dif-
depositedafter calibration of the indium flux using RHEED fracted intensities are expected to occur at in-plane Bragg
oscillationg either on a (2 4)- or c(4x4)-reconstructed positions and along the rods normal to the surface, a full set
surface at+=10 °C from the transition temperature betweenof data has been collected to complete the previously ob-
the two reconstructions, i.e., about 500 °C under this arsenitained in-plane measuremefitghis allowed experimental
flux. Figure 1 summarizes the preparation conditions of theassignment of the, y, andz coordinates of the atoms in the
eight samples discussed in this paper, and shows the condiurface unit cell. For the incommensurate phases, a continu-
tions under which each structure was found. After indiumous intensity distribution was expected in the direction of the
deposition, the high-temperature samplésbeled 1-4 in discommensuratiofk reciprocal axiy thusk scans were re-
Fig. 1) were cooled under the As flux to 350 °C, and thencorded along several reciprocal rowk={const), together
transferred under vacuum to the diffractometer stagewith accompanying scans performed with offsetdh for a
Samples prepared directly on tleé4 < 4) surface(labeled more accurate estimate of the background level. To assert the

A. Sample preparation
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FIG. 3. Fractional rods measured in the commensurate phase:
. In ® Ga © As comparison between the experimental and calculated structure
factors.
FIG. 2. Top and side views of the atomic structure for the com-
mensurate X 3 reconstruction. Labels refer to the atoms listed in A. 2x3 commensurate phase
Table I. Since the structural elements present in the commensurate

phase are building blocks for all types o2 incommen-
validity of the procedure, the results have been compared tgyrate surfaces, thex3 surface unit cell will be recalled
a series of integrated transversescans recorded along the first. The structural model, shown in Fig. 2, was deduced
selected reciprocal row. Fractional diffraction rods were alsGrom in-plane surface x-ray-diffraction data and bond-length
collected in the incommensurate phases confirming the basignservation hypothesisit has been fully confirmed by
similarity of the atomic distribution on all these surfaces.analysis of the present data set, and the experimentally de-
Reflection indices refer to the ¢41) bulk derived surface termined atomic position parameters, both in and out of

cell with basis vectors plane, are listed in Table I. It should also be noted thatzthe
- coordinates deduced from the rod scan fitt{ftgg. 3) con-
a=2[110]ypic;  b=32[110]cubic;  €=[00T] cypic- firm the results of total-energy calculations previously made

on the local indium bonding: The surface structure of the
2X 3 reconstruction can be described as follows.

(i) A ribbonlike feature extending in thgl 10] direction
The atomic distributions in the surface layers of bothwith chemisorbed arsenic dimers alofflL0], trapping two
commensurate and incommensurate phases have been deallium atoms per unit cell in the third layer, this feature
rived from the x-ray data on the basis of an original formu-occupies two bulk lattice constants and will be referred to as

lation of the surface diffuse scattering. the AB building block.

Ill. RESULTS AND DISCUSSION

TABLE I. (a) Atomic coordinates derived from the best fit of the x-ray-diffraction data and referred to the
2% 3 unit cell with 2a=7.9940 A, 3=11.991 A,¢c=5.6526 A, anda==y=90°. (b) Bond length(in

A).
(@

Atom X Y z Mult.2 Remark

As(1) 0 0.398+0.004 0.56- 0.019+0.005 4

As(2) 0.25+0.093+0.004 O 0.25-0.134+0.005 4

As(3) 0.25 0.333-0.017-0.004 0.25-0.025+0.005 2

In(4) 0.25+0.017+-0.004 0.167#0.016-0.004 0.6+0.063+0.005 4

Gab) 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)-Ga5) 2.40

As(2)-In(4) 2.63

aNumber of symmetry-related items.
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G where the summation is performed over all the blodks
— located at the extremity of the vectBg=2ua+uvb, whereu

A andv are integerg2a andb being the dimension of indi-
- vidual blocks in the surface descriptiprandq is the scat-

B tering vector defined ag=27(s—sp)/\, wheres, ands are
— unit vectors in the directions of the incident and scattered

C beams. The terri, the structure factor of thth block, is
— expressed ay=2;f; exp(=iqg-r;), where the summation

D is performed over all atoms in the block, afhdis the scat-

—_ tering factor of thejth atom located by the vectoy .

A In the single scattering kinematic approximation, valid
i here because of the weak interaction between high-energy
B photons and electrons, the diffracted intensity takes on the
C

olw|>]s|>|o
Il
0

form
. In
® Ga * .
© as l@=IA@I*= X (FxFRow)nexsia-Dy)

FIG. 4. Examples of faulted sequences f@ an indium- %
depleted surface where one bloClhas been removed, and atoms at =2R E FyF* exp(ig-Dy)
the faultedBA junction are taken as gallium; ar@ an indium- M=1 (FNFR-w)n €XAIG- Duy

enriched surface showing the fault€g€ pair. .
+(FnFRONS 2

(i) Arsenic d_ime_rs aligned along _t}‘[eLTO] c_iirection, where Dy, =R},— Ry is the vector separation between the
bonded to four indium atoms per unit cell; this structural . 20 dNth T)Iocks M=N’—N). The notation( )y indi-
eltfemer:jt texten?hsé:ol\)/ler l(()ne bulk lattice constant and will b%ates that the average value of the structure factor product for
reterred to as ocK. blocks separated by the vectdy, is taken over all possible

| 'Ik'hethorderfd dIS'[I’IbutIO_r; of thethcatlo?s n the<3t(r:]ell locationsRy. This quantity, also referred to as the pair-
ocks the surface composition on the valugdBayAs thus correlation function, can be expressed in terms of the pair

explainintg thqltn]é: 8'7 deduced by the speciroscopic mea’probabiIitiesPXY(M) for a blockX to have a blocky asMth
surements quoted above. neighbor. This gives

B. Model for the diffuse scattering
from the incommensurate phases (FNFREMIN= 2 z CxPyxy(M)F4FY, 3)
X ¥

The occurrence of  n incommensurate phases with
<3 has already been correlated with an indium-depleted suwherecy is the surface concentration of bloek X, andY
face layer and an attempt to model the structure, by ranstanding for the different states—D.
domly suppressing the indium-rich blo€k gave a satisfac- The case of indium depleted layers will be considered
tory agreement with preliminary data collected on thesebefore the calculations are extended to include the indium
surface$ Similarly one can think of the  n incommensu- rich surfaces. In both cases, the problem will be considered
rate phases witin>3, obtained here by forcing th@n];  as unidimensional since the fault distribution concerns only
above3, as built with randomly distribute@C pairs of In-  they direct axis and thus thle reciprocal axis.
rich blocks, labeledCD to keep track of the difference be-  Case A:indium-depleted layers reconstructeck @ for
tween the unfaulte@ and the faulted blocks. Figure 4isa n<3. Letp_ be the probability of finding & block between
schematic of these two types of faulted surfaces. The limitunbreakableAB pairs. The limiting value forp_ is 1 for
ing cases where, on the one hand, all @dlocks are re- ABCABC.., a sequence corresponding to the commensurate
moved leads to the pure Ga&é4 X 4) surface provided that 2Xx 3 arrangement and 0 fgkBAB.., a pseudo 2 mim-
every fourth chemisorbed As dimer is deleted. By contrasticking thec(4x 4) reconstruction. With a given propagation
when all C blocks are replaced b@€D pairs, one obtains a direction, namelyB always followingA and C following B
As-rich 2X 4 reconstruction which has indeed been observedvith the probabilityp_ , the nearest-neighbor pair probabili-
on Iny sGay 4As alloys grown lattice matched on ItPThis  ties are expressed as
section will be dedicated to a detailed calculation of the ex-

pected diffuse scattering distribution for both types of faulted Paa(1)=0, Pga(1)=1—-p_, Pca(1)=1,
surfaces, and the comparison with the experimental data will
be presented in Sec. Ill C. Paa(1)=1, Pga(1)=0, Pcg(1)=0, @)

In the framework of diffuse scattering formalisrhthe

scattering amplitude can be expressed by the formula
Pac(1)=0, Pgc(1)=p-, Pcc(1)=0.

A(q)= 2 Funexp—ig-Ry), (1) The propagation of this 'relation'from theyy(M) to the
N==—w Pxy(0) leads to the matrix equation
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FIG. 5. Pair probability for identicaMth neighborsP (M) =P(M) for different fault probabilityp_ . (a) p_=0.9; the decay length

of the X3 long range order is clearly evidenced by sampling Witk 3i.
toward ax2 ordering is demonstrated on the=2i sampling.

(b) p_=0.5; no correlations appedic) p_=0.1; the tendency

Paa(M) 0 1-p_ 1\ /[/Paa(M—1) faulted sites increases witd, the limiting pair probability
Pas(M) | = 1 0 0| Pag(M—1) value for largeM is the surface concentration &f blocks,
Pac(M) 0 p. 0/\Px(M-1) namely, 1/2.9 in this case.
(b) p_=0.5 long-range order can no longer be detected in
0 1-p_ 1 Par(0)=1 the AB and C block distributions.
-1 0 0 Pas(0)=0|, (5) (_c) p-=01 P(M) is dominated for smalM by the X2
0 p. 0 Pac(0)=0 periodicity.

In the same way as in strictly periodic systems, the inten-

with the origin chosen on a block. Equation(5) can be sity distribution in reciprocal space is governed by the Fou-

solved by standard matrix algebra, and leads to the expreéi—e

sion the present case, the shape of the diffuse scattering will be

r transform of the direct lattice, it can be anticipated that in

determined by the Fourier transform B{M). Figure Ga)
shows the evolution of F[P(M)] for a series of values of

along one bulk reciprocal-lattice period in th& direc--

tion. Two maxima, progressively broadened and shifted from

the commensurate positiofis= 3 and$) are observed gs_
for M>0, (6)  decreases. Belowp_=0.25 the two maxima eventually

Paa(M)=P(M)= T {1+AAMT 2 A \MT2 p_
with
—1+1-4p_ -1 -3
)\+,=—p and A, =—+—— |
' 2 T2 2\1-4p_

(@)

It should be remarked that fqu_<3 the solutions are no
longer real.

The variation withM of the pair probabilityP(M) for
Mth neighbors to be identical, is an optimal flag to estimate
the measure and range of the periodicity on the surface °
For p_=1, P(M)=1/3(1+ M3+ jM*3) wijth j=e273
andj=e 273 which means thaP(M)=1 whenM is mul-
tiple of 3 andP(M)=0 otherwise, one recognizes the3
periodicity with respect to the bulk basis, i.e., the commen-
surate 23 structure. In the other limiting casg_=0,
P(M)=1/21+ (—1)M*2] leading toP(M)=1 whenM is

Intensity

multiple of 2 andP(M)=0 otherwise, which describes the *

X2 periodicity of the pseudo(4Xx4) structure.
P(M) is presented in Figs.(&-5(c) for three intermedi-

ate values. sur

merge into a single peak centeredkat 3.

b)

=1

a)

-

0

FIG. 6. Fourier transform dP(M) along ab* reciprocal-lattice

period for a series op_ andp, values.(a) For indium-depleted
faces, peaks are seen to shift inward from the commensurate

(@ p-=0.9 the sampling ofP(M) for M=0, 1, or 2 positions(3,2) leading to 2xn surfaces with Zn<3 (b) In the

mod3) shows the dominance of &3 periodicity up toM ind

ium-enriched case, peaks shift outward until eventuallyx4

=25, whereas the probability to find identical blocks in periodicity emerges.
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Due to the nearest-neighbor constraints, the pair prob-
abilities propagate wittM in the following way: va(M):g Pxz(M—=1)Pzy(1). )
Pxy(M)=2, Pyz(1)P7y(M—1) ,
z All Pxy(M) can be expressed as a function of one of them,

and P(M), according to

Paa(M)=P(M), Pga(M)=P(M+1), Pca(M)=P(M-1),
Pas(M)=P(M—1), Pgg(M)=P(M), Pcg(M)=P(M-2),

Pac(M)=p_P(M=2), Pgc(M)=p_P(M~-1), Pcc(M)=p_P(M-3). (€)

Introducing these values in formu(d), and taking into account that the fault propagation takes place only alorgakis of
the direct lattice wittD,,;=Mb, the intensity distribution can be described by the expression

1(qgy) o2 Re{ > P(IM|)eMIFAF% +FgF§+FaAF5ed+FgFhe 9+ p2 FFEeddy
M=1

+p_(FAFEe? Y+ FFhed+ FgFEe' v+ FFEe? )}

+2 R4FAFEe W+ p (FAFEe? W+ FcFhe'd+FgFie'd+FcFEe?dy+p FcFEed )]
+FAFA+FgFg+p_FcFE, (10

whereq, =2k is the variable along the* reciprocal direction, and the structure factors are evaluated for the phéper
values.

Case B:indium-rich layers reconstructedx for n>3. A similar treatment can be applied to the case of indium rich
surfaces* Starting with the description sketched in Figb¥ one introduces the probability, of finding aD block after the
now undissociatedABC sequence. It should be noticed that the commensurat8 phase corresponds here pa =0.
Nearest-neighbor constraints are then expressed as

Paa(1)=0, Pga(1)=0, Pca(1)=1-p., Ppa(1)=1,
Pag(1)=1, Pgg(1)=0, Pcg(1)=0, Ppg(1)=0,
Pac(1)=0, Pgc(1)=1, Pcc(1)=0, Pcc(1)=0,

Pap(1)=0, Pgp(1)=0, Pcp(1)=ps, Pcp(1)=0,

which leads to a propagation matrix

1
)\izi {=(N\o+ 1)ii\/3)\0§+ 2\o+ 3},

Paa(M) 0 0 1-p, 1\ M/ Pa0)=1
Pac(M) 01 0 0f | Pac(0)=0]" A= —D — 1)
Pap(M) 00 p:+ O Pap(0)=0
(1D 1
A=-— ,
The solution to Eq(11) leads to T ni—=Ng)(A_— o)
P (l\/l)=P(M)=—1 {AgtANG F3+ANMT3 A== !
AR 1+Ng 07 T1%o A OV WNT0 W VHT0 W D
+A_AMT3 for M>0, (120  Starting with a 4<4 matrix, the resolution of the eigenvalue

equation is somewhat more tedious; nevertheless a solution
where\, is the unique real root of the polynomiaP+ A2 is possible, and one obtains an expression for the intensity
+A+p, and distribution containing the Fourier transform B{M). Fig-
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-~ ~ ground subtractedneasured in sample 3 along the reciprocal row
p. Dy (3k,0.05), and the distribution calculated from formul0). The
only free parameter is the fault probabilipy adjusted at 0.6. The
FIG. 7. Calculated peak positions as a function of the fault prob-derived indium surface concentration[is]s=0.45
ability in both cases.

<k<3) recorded along the=3 reciprocal row is displayed

ure Gb) displays its variation for a set qf, values. Asp., in Fig. 8 together with the _gxpected intensity derived from
increases, the two maxima are seen first to broaden and shid. (10), where the probabilityp_ has been taken equal to

outward from the commensurae3 positions and eventually 0.6. Good agreement is obtained for the peaks positions,
to evolve into the three sharp peaks of a new commen- heights, and widths. The estimated indium surface concen-
surate phase. tration is 0.45, a value compatible with the deposited amount
For both types of surfaces, the peak position which is thavhen considering the calibration uncertainty.
most readily obtained experimental information, for instance A similar intensity distribution could equally be observed
from the RHEED pattern, appears directly connected to th@fter encapsulation of 1-ML InAs under 6 ML of GaAs in the
p. value as illustrated in Fig. 7. From the atomic modelsSame temperature rangeas shown in Fig. 9, where the
proposed in Fig. 4, one is able to derive the following rela-experimentak scans recorded along the same reciprocal row
tions between the fault probabilities and the indium surfacdn the two different samples are presented. Such a result not
concentrations where the proper weights have been used fonly demonstrates the generality of this type of reconstruc-

the Ga and In atoms at the faulted boundaries: tion, but also could provide a way to estimate the In concen-
tration profile in the diffuse interface region. In addition, the
2p_ discrete measurements obtained by integrating a series of
[In]= 2+p_ transverseh scans along the same reciprocal row are super-
imposed on the continuouk scan for the encapsulated
in indium-depleted surfaces, and sample. The similarity of the intensity variation assesses the
validity of the much less time-consumirkgscan data collec-
_ 2+p, tion procedure for such studies.
[In]=
3+ps

in indium-enriched surfaces. A quick access to this key prop- (3,40.05) —
erty of the investigated ternary system is therefore available. .
In order to obtain a full simulation of the expected inten-
sity, one should calculate the total expressions according to
Eqg. (10), and its equivalent for the In-rich case. As a conse-
guence, the schematic distributions shown in Figa) énd
6(b) will be modulated by the structure factor variations
along the reciprocal row. Several experimental cases will 2 ]
now be presented. y B A I

} 6 ML GaAs/InAs/GaAs
~~~~~~~~~~ - 1/2 ML InAs/GaAs

2x2.7

Intensity (arb. units)

C. Comparison between experimental data and simulations 4/3 5/3 2 773 8/3 k
Case Allndium-depleted layers:2n for 2.5<n<3. Such FIG. 9. Experimental data recorded with samples prepared in
layers are first prepared on the GaAs 2 surface at around 1y different conditions but showing the same surface concentra-
520-530 °C. In the example of sample 3 in Fig. 1, 0.5-MLtion of indium: thek scan in sample 3 was already presented in Fig.
InAs were deposited. An incommensuratg 2.7 reconstruc- g (0.5-ML InAs/GaAs 2< 4); k scan and series of integrated trans-
tion was obtained after cooling under an As flux down toverseh scans on a sample prepared by burying 1-ML InAs under
350 °C. The background-subtracted continuduscan (1  6-ML GaAs at 530 °C.
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FIG. 11. Two examples of indium-enriched surfad@s:sample

1004 7 and(b) sample 5. The best fit value fgr, in both cases is 0.55,
corresponding to the 23.33 reconstruction, and leading to a sur-
FIG. 10. STM image showing a single-phase surface with a lowface concentration of indium of 0.7.
indium coverage obtained by depositing 0.3-ML InAs at 470 °C
(after Ref. 9.

probability derived from the best adjustment gs =0.4,
which corresponds to a surface concentration of inditm

It should be noted that in this deposition temperatureequal to 0.7. It should be remarked that the highest concen-
range, highly incommensurate surfaces could not be stabffation attainable within this fault model Woult_j be_: 0.75 _for
lized. For instance after depositing 0.25 ML of Infsample the commensurate>24 surface. Due to the eplta?qal strain,

4 in Fig. 1), the RHEED pattern observed in real time on it appears that a larger amount of In cannot be I|ncorporated
cooling under the As flux turned from a quask2.5 surface in a single layer. A comparison with the STM images ob-
to a 2x 2.7 after a few minutes. Since laterally homogeneoudained in the same preparation conditi¢fey. 2d in Ref. 9
surfaces are expected at this temperatbithis could only be ~ Shows that the surfaces are indeed homogeneously -
related to a reduced driving force for cation ordering withinconstructed, no bare(4Xx4) areas can be detected and
the arsenic-controlled superstructure. broad two-dimensional islands are present. Careful inspec-

By contrast, these surfaces could be stabilized when prdion allows identification of ax4 local periodicity between
duced on thec(4x 4)-reconstructed substrates, as was thdhe chemisorbed As white features in the lower terraces.
case for sample 8 prepared around 470 °C. These results are
in full agreement with previous STM observatichis, which
homogeneous surfaces with a distributed density of faults
were observed in such coverage and temperature regime A satisfactory account of the incommensurate 12 sur-

(Fig. 10. The transition between the two regimes shouldfaces obtained in the ternary systemGa, _,As, when fully
occur around 490 °C since sample 6, where the same lostrained on a GaA601) substrate, has been obtained by in-
coverage was deposited, could not be stabilizeth-a2.5 troducing a statistical distribution of defects corresponding to
and evolved towarth=2.7, as was observed with sample 4. a locally In-depleted or -enriched surface with respect to the
The strict correspondence between surface concentration asdmmensurate 2 3 In,;;Ga sAs-ordered surface alloy. Such
discommensuration is thus lost above approximately 500 °Can approach enables us to put figures on the actual surface

Case B:Indium-rich surfaces n with n>3. As men-  concentration in homogeneous cases where a mere descrip-
tioned in Sec. | such incommensurate surfaces could only bgon by a mixture of commensurate limiting phases would be
obtained orc(4 X 4) substrates. The two examples displayedinappropriate. The occurrence of incommensurate recon-
in Figs. 11a) and 11b) were prepared using slightly differ- structions is quite frequent in semiconductor materials, for
ent conditions: for sample 5, 1-ML InAs was deposited at theinstance a quasicontinuous transition betweenl2and 3
upper temperature limit of the(4 X 4) surface, whereas, for X1 structures, observed by dosing GaAs with Si during ep-
sample 7, deposition of about 0.8-ML InAs was performed aitaxial growth, has been studied both by RHEED STiR&f.

450 °C. An identical X 3.33 incommensurate surface was 17) and low energy electron diffractiofi.Although a model
observed in both cases, and the experimental intensities reras proposed for the Si-atom location, a quantitative inter-
corded along[0k,0.5] with 2<k<3 for sample 5[Fig.  pretation of the diffuse intensity distribution was not at-
11(a)], and alond 0k,0.05] with 1<k<2 for sample 7Fig. ~ tempted on this surface. The mathematical treatment pre-
11(b)], are in good agreement with the calculations. The faulsented here is based on the existence of an underlying

IV. CONCLUSIONS
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