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Influence of growth direction on order-disorder transition in „GaAs…1Àx„Si2…x alloys
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(GaAs)12x(Si2)x metastable alloys were epitaxially grown on~001!, ~111!, ~110!, and~112! GaAs. Single-
crystal alloys were obtained for Si concentrations in the range 0<x<0.43. At higher concentrations the Si
segregated. The long-range order parameter, for each growth direction studied, was determined as a function of
Si concentration by high-resolution x-ray diffraction. The behavior of this parameter with Si concentration is
influenced by growth direction. This fact provides direct evidence that the substrate geometry affects the
atomic ordering of these alloys. The results obtained from these alloys provide additional support to the
validity of the proposal that the growth direction influences the order-disorder transition observed in other
alloys of this kind.

DOI: 10.1103/PhysRevB.65.033308 PACS number~s!: 81.15.Cd, 81.05.Ea, 64.60.Cn
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Several compounds of the (III-V)12x(IV2)x metastable
alloys have been widely studied, due to their potential
tailoring the properties of III-V semiconductors, which ma
be useful for device applications.1–5 Moreover, these alloys
have been grown as model systems to study order diso
transitions,1–5 where an ordered phase is associated to
zinc blende structure~III-V-like ! and a disordered phase
associated to the diamond structure~IV-like !. This order dis-
order transition exists at some intermediate valuexc when IV
atoms are increased in concentration fromx50 to x51.1–5

We have recently proved that the order disorder transi
in (GaAs)12x(Ge2)x metastable alloys is influenced b
growth direction and that the atomic ordering in these allo
is ruled mainly by the substrate geometry.6,7 Our results ruled
out the applicability of the thermodynamic models to o
experimental data, since none of them predicted any diffe
critical concentration for samples grown on differently o
ented substrates. On the other hand, a model of the gro
process based on Monte Carlo simulations gave result
good agreement with the experimentally observed lo
range order~LRO! in (GaAs)12x(Ge2)x alloys, for all the
studied growth directions. In our previous work,6,7 we stated
that quite likely the growth direction might affect the ord
disorder transition of similar (III-V)12x(IV2)x alloys, since
when grown on~001! oriented substrates, different met
stable alloys (GaAs)12x(Ge2)x ,1,5 (GaSb)12x(Ge2)x ,2 and
(GaAs)12x(Si2)x ~Ref. 4! have a similar critical concentra
tion xc(001)'0.3 of the IV element. The growth o
(III-V) 12x(IV2)x metastable alloys, other tha
(GaAs)12x(Ge2)x , would give insight on the generality o
our previous result, and the applicability of the growth mod
to other alloys of this kind. In addition, (GaAs)12x(Si2)x
alloys may find applications as buffer layers for the grow
of GaAs on Si. Undesirable effects induced by the large
tice mismatch between GaAs and Si may be reduced
growing a (GaAs)12x(Si2)x buffer layer of a graded Si con
centration. On the other hand, the possible application
these alloys in semiconductor laser technology has b
demonstrated by Burnhamet al.8

In this paper we report the observation of the influence
growth direction on the long-range order disorder transit
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in (GaAs)12x(Si2)x alloys with 0<x<0.43 epitaxially
grown on ~001!, ~111!, ~110!, and ~112! GaAs. At higher
concentrations the Si segregated and single-crystal al
could not be obtained. The LRO parameter, experiment
determined by high-resolution x-ray diffraction~HRXRD!
has a dependence on the substrate orientation, eviden
that the growth direction affects the atomic ordering of the
alloys. The experimental results are compared with those
growth model, based on Monte Carlo simulations,
(III-V) 12x(IV2)x metastable alloys, that has been previou
described.7,9

(GaAs)12x(Si2)x metastable alloys were epitaxiall
grown on~001!, ~111!, ~112!, and~110! GaAs, in a rf planar
magnetron sputtering system with a base pressure better
1027 mbar. Growth conditions and system characteristics
given in Ref. 10.

All samples were measured by high-resolution x-ray d
fraction in a MRD Philips diffractometer. All measuremen
were carried out in the~220! configuration of a Ge-four crys
tals Bartels monochromator. The rocking curves were le
square fitted to Gaussian line shapes, in order to determ
the integrated intensities, peak positions and the full wid
at half maximum~FWHM!.

During the growth experiments, it was not possible
obtain single-crystal metastable alloys for Si concentrati
over 0.43. The growth of alloys with concentrations high
than this value, resulted either in polycrystalline alloys
layers where Si segregated, as indicated by Raman scatt
experiments.10 As the difference in growth temperature
obtain polycrystalline films~570 °C! or segregation~580 °C!
is relatively small, we were not able to control the expe
mental conditions to determine if single crystal alloys can
obtained in this small temperature window.

The Si concentration of the alloys was determined fro
HRXRD, using both symmetrical and asymmetrical refle
tions and considering the linear behavior with Si concen
tion of the alloy bulk lattice parameter that has been pre
ously reported for these alloys.4 The long-range order
parameter was determined following previously repor
procedures.2,7 For (III-V) 12x(IV2)x alloys the LRO param-
eter can be taken asS5(122 f ),2,7 where f is an antisite
©2001 The American Physical Society08-1
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fraction, that indicates the amount of Ga~As! atoms that are
in the As ~Ga! sites, with respect to the substrate. Thisf,
takes values from zero~zinc blende structure! to 0.5 ~dia-
mond structure!. Different reflections are required to evalua
this parameter, those reflections allowed for both zinc ble
and diamond structures are called fundamental, while a
perstructure reflection is only exhibited by a zinc blen
crystal.2 Evaluating the atomic scattering factors of Ga, A
and Si at the diffraction angle of each of the studied refl
tions, for the four crystalline orientations we take the LR
parameter, for (GaAs)12x(Si2)x alloys as

S>
~120.62x!

~12x!
R1/2,

where R is the ratio of the superstructure to fundamen
reflection integrated intensities of the alloy, normalized
those of the substrate, and it is obtained from the rock
curves.2,7

Typical diffraction profiles for the grown samples a
shown in Figs. 1 and 2. The substrate and layer peaks
clearly observed in these figures. The layer peaks are br
ened mainly because of the layer thickness and the disl
tions generated during the lattice relaxation process. F
the FWHM corrected for layer thickness,11 the dislocation
density in the layers were found to be in the range from
3107 to 33108 cm22.

Superstructure and fundamental reflections for alloys w
x50.15 are presented in Fig. 1 for each of the stud
growth directions. Since the superstructure reflection of
alloys is observed for the four crystalline orientations, at t
Si concentration all the layers have the zinc blende struct

FIG. 1. Typical diffraction profiles of fundamental and supe
structure reflections obtained by HRXRD for (GaAs)0.85(Si2)0.15

metastable alloys epitaxially grown on~a! ~001!, ~b! ~110!, ~c!
~112!, and~d! ~111! GaAs.
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On the other hand, it can be seen in Fig. 2, that when
concentration is increased tox50.43, the superstructur
peak associated with the alloy has vanished for~001! and
~110! grown alloys, i.e., alloys grown with these orientatio
suffer a zinc blende to diamond transition. However,~112!
and~111! grown (GaAs)12x(Si2)x alloys did not exhibit any
order disorder transition up to this Si maximum concent
tion obtained. The superstructure reflection~222! shown by
the ~112! and~111! grown alloys evidences that these allo
still have the zinc blende structure, therefore the critical c
centrations for these orientations should be higher thax
50.43.

The shoulder observed in the rocking curves for t
samples grown on GaAs~111! is produced by the formation
of an interfacial layer of low Si concentration. We confirme
this affirmation from SIMS measurements where two lay
with different Si concentration are observed, the thicker u
per layer corresponds to a Si concentration of 0.15 and
innermost to a concentration around 0.01. The origin of t
layer may be due to cross contamination during GaAs bu
layer growth.

The LRO parameter behavior with Si concentration
the studied crystalline orientations is shown in Fig. 3. T
symbols represent the experimental data obtained from
rocking curves, while the solid and dashed lines show
modeled long-range order parameter. The growth model u
for the simulations has been previously described.7,9 Full
squares in Fig. 3~a! give the order parameter for~001! grown
samples, which is in good agreement with previously
ported data for this alloy. The critical concentration
xcSi(001)50.3760.04, which is obtained from a least squa
fit between a quadratic curve to the experimental data,
critical concentration is determined setting the fitting fun

FIG. 2. Fundamental and superstructure reflections rock
curves of (GaAs)0.57(Si2)0.43 epitaxially grown on~a! ~001!, ~b!
~110!, ~c! ~112!, and~d! ~111! GaAs.
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tion equal to zero. The overall uncertainty in the critical co
centration is derived from the fit described above and
procedure used to determine the alloy concentration. Fro
comparison between the concentrations determined
HRXRD and SIMS the uncertainty in the values obtain
from x-ray diffraction is estimated to be at mostDx50.03
for the full range of concentrations. The value obtained
the critical concentration for this growth direction is in goo
agreement with that obtained from differential reflectan
spectroscopyxc(001)'0.34,12 and with previously reported
results for other (III-V)12x(IV2)x metastable alloys also ob
tained by HRXRD, xc(001)'0.36 for (GaAs)12x(Ge2)x
~Ref. 5! andxc(001)>0.30 for (GaSb)12x(Ge2)x .2

Full triangles, also shown in this figure, give the ord
parameter behavior for~111! grown layers. It is clear tha
growth direction influences the atomic ordering
(GaAs)12x(Si2)x alloys, so a different long-range order
obtained from samples of the same Si concentration, gro
under the same conditions, but on top of differently orien
substrates. However, as we were not able to grow sam
with Si concentrations overx50.43, it is not possible to
know experimentally the critical concentration associa
with this growth direction, or if (GaAs)12x(Si2)x ~111!
grown layers do not suffer a zinc blende to diamond tran
tion as it is predicted by the growth model and it is expe
mentally observed in the previously reporte
(GaAs)12x(Ge2)x ~111! alloys.6,7

For ~112! grown layers, the order parameter is shown
Fig. 3~b! with full circles. As it can be seen from the beha
ior of the LRO parameter with Si concentration, the allo
grown with this orientation do not present an order-disor
transition in the compositional range 0<x<0.43. The criti-

FIG. 3. Experimental and modeled long-range order param
behavior with Si concentration of (GaAs)12x(Si2)x epitaxially
grown on~a! ~001! and ~111! and ~b! ~110! and ~112! GaAs.
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cal concentration for this orientation, expected to be hig
than 0.43, is out of reach from the present set of experim
tal data. No comparison is possible for this substrate ori
tation with that predicted by the modelxcMC(112)50.65, or
with that experimentally obtained for (GaAs)12x(Ge2)x al-
loys xcGe(112)'0.59.6,7 In Table I all critical concentrations
xc obtained from simulation and x-ray experiments a
shown.

The comparison of the experimental and modeled or
parameters shows that for~001! grown alloys there is a sat
isfactory agreement. However, for the other growth dire
tions there are some systematic differences between the
perimental and theoretically determined LRO paramete
The experimental data seems to fall more abruptly than
modeled parameters. Several factors such as vacancie
deficiency, and the preferential substitution of Si in one
the sublattices~Ga or As! where incorporated in the growt
model7,9 with the aim to understand the behavior of the LR
parameter for these growth directions. None of these fac
by itself produces significant effects on the modeled para
eters to explain the observed deviations. On the other h
when all kind of atomic bonds, including the so-calle
‘‘wrong’’ pairs Ga-Ga and As-As are allowed in the grow
model, the agreement between experimental and mod
parameters seems to improve at midrange Si concentrat
mainly for the~111! grown samples, however, we have n
any additional evidence of possible ‘‘wrong’’ pairs present
any concentration in these alloys.

In conclusion, (GaAs)12x(Si2)x metastable alloys with 0
<x<0.43 have been grown on~001!, ~111!, ~110!, and~112!
GaAs by rf magnetron sputtering. The behavior of the lon
range order parameter with Si concentration, experiment
determined by HRXRD, is influenced by growth directio
These results provide direct evidence that the atomic or
ing of (GaAs)12x(Si2)x alloys is influenced by the substra
geometry and that this phenomena is observed independ
of the IV column element.

The authors acknowledge the financial support of Cons
Nacional de Ciencia y Tecnologı´a ~CONACYT!, México,
through Grant Nos. 33134-U and 485100-5-28426-E; a
from FAI-UASLP; during the course of this research.

er

TABLE I. Comparison between critical concentrations of Si
which the zinc blende to diamond transition occurs
~GaAs!12x~Si2)x .

Growth
direction

Fundamental
reflection

Superstructure
reflection

xc

~HRXRD!
xc

~MC!

~001! 004 002 0.3760.04 0.33
~110! 440 442 0.3960.04 0.40
~112! 224 222 .0.43 0.65
~111! 444 222 .0.43 1.0
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