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Direct evidence of alloy clustering in the Ga&, AI„As alloy system is presented Clus. -
tering is observed only on the nonpolar surface of GaAs. An exchange reaction model is
proposed to account for the existence of a surface-orientation —dependent miscibility gap
for this alloy system.

PACS numbers: 68.20.+t, 68.45.-v, 68.55.+b, 73.40.Lq

Alloy clustering in compound semiconductors
has recently been suggested to explain the photo-
luminescence features of GaAs-Ga, „Al„As
multi-quantum-well lasers grown by metal-or-
ganic vapor deposition. ' The coexistence of two
solid phases with different compositions neces-
sary for defining clustering is very surprising
for this alloy system since thermodynamic cal-
culations do not indicate a miscibility gap. How-
ever, computed phase diagrams only deal with
thermodynamic properties of the bulk crystal.
In the case of solid solutions formed by epitaxy
at a vacuum-crystal surface, it might be ex-
pected that different thermodynamic equilibria
exist for each different crystal surface and that
these equilibria will differ with environment. The
details of surface thermodynamics are not well
enough understood to compute a "surface phase
diagram" which takes into account the effects of
surface reconstruction, the possibility of ex-
change reactions, and surface diffusion kinetics.
However, crystal growth techniques such as
molecular beam epitaxy (MBE)' offer the possi-
bility of measuring experimentally some features
of the surface phase diagram under controlled
conditions. In this I etter we report the first
evidence of a surface-orientation- dependent
phase diagram for the Ga, „Al„Asalloy system
grown by MBE. A miscibility gap is reported and
the structure and composition inthe solid solution
suggest the existence of a spinodal reaction.

Ga, „Al„As(0.15 ~x ~ 0.5) expitaxial layers

have been deposited by MBE'~ at a temperature
T, = 600 C, under growth conditions that would
be As stabilized for a (100) growth. The GaAs
substrate orientation was (110)for some deposi-
tions and for others +2' vicinally oriented from
[110]with tilt axis parallel to the [110jdirection.
These vicinally oriented substrates contain sur-
face steps with ledges parallel to [110j which are,
terminated either by Ga or As bonds. Typical
growth rates are 1 p.m/h. The substrate prepara-
tion prior to the MBE deposition consisted of a
standard bromine methanol etching and heating
in UHV at a temperature of 650'C to remove the
remaining oxide. The surface reconstruction of
the (110) surface observed by reflection high-
energy electron diffraction was (1 && 1). It has
been established by ultraviolet photospectroscopy'
and theoretical calculations' that surface relaxa-
tion of the outer layer takes place in such a way
that the As moves out by 0.2 A and the Ga moves
in by 0.45 A. The total displacement is 0.65 A
for atoms on the surface, but it is expected to be
more important at the steps for the vicinally
oriented (110) surface.

In addition, Ga, „Al„Asdepositions on (100)-
oriented GaAs substrates were performed. For
these (100)-oriented substrates and films the re-
constructed surface was C(2 && 8). Ga, „Al„As
films were also deposited on (110) GaAs sub-
strates by liquid-phase epitaxy (LPE)' using the
standard graphite crucible process. The growth
rate for these films was &10 pm/h and the growth
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temperature was either 650 or 800'C. The de-
posited layers with thicknesses ~1 pm were
examined by photoluminescence, low-tempera-
ture cathodoluminescence (CL), and transmission
electron microscopy (TEM). Two types of TEM
samples were prepared. The first type was pre-
pared by selective etching of the substrate. With
these samples, the electron beam is parallel to
the MBE film growth axis. The second type was
prepared for cross-sectional analysis of the lay-
ers. In the cross-section samples, the electron
beam is parallel to the Ga, „Al„As-QaAsinter-
face. The TEM analysis is carried out using 200-
keV electrons and standard kinematical and dy-
namical diffraction contrast imaging techniques.
Chemical information was obtained by using a
px eviously described dark-field forbidden-reflec-
tion contrast technique. ' The chemical sensitivity
of this technique to changes in the Al composition. ,

x, was optimized by using the thinnest section of
the sample and is estimated at -&5% variations
of x when imaging the sample under kinematical
diffraction conditions. The spatial resolution of
this forbidden-reflection dark-field technique was
estimated to be -10 A. The low-temperature
(20-K) CL spectral analysis is carried out with

100-keV electrons. Localized spectral informa-
tion from 1 & 1 p, m' area as well as CL mono-
chromatic micrographs is obtained by using a
previously described CL-scanning-TEM instru-
ment. ~

Smooth Ga, „Al„Asepitaxial films are observed
on (100) GaAs substrates and on the vicinally
oriented (110) GaAs with As bonds at the steps.
The (110)-oriented and the vicinally oriented
(110)GaAs surfaces with Ga at the steps yield
epitaxial films with rough surfaces.

The forbidden-reflection dark-field micro-
graphs of cross-section samples for the MBE
films (Fig. 1) grown under identical conditions on

(110)- and (100)-oriented substrates show dra-
matic differences. In Fig. 1(a) the (110)-oriented
GaAs substrate produces a dark constrast area
and the Gap 75A10 25As layer exhibits quasiperiodic
variations in the (200) diffracted intensity. The
contrast conditions are such that the larger the
Al content, the brighter the area. The platelike
regions of the film with varying Al compositions
have thicknesses ranging from 15 to =300 A and
extend over =1-p.m areas. Their orientation is
not always (110), and small deviations from the

(110)orientation are indicated in Fig. 1(b). The
diffraction pattern in Fig. 1(a) indicates the sin-
gle-crystal character of the film. The Ga, „Al„As

FIG. 1. (a) Dark-field transmission electron micro-
graph of a cross section through a Gao 75A10 25As film
grown on a {110)GaAs substrate. The dark region on
the left is the GaAs substrate. The dark and light
areas in the Ga() 75Alo &5As film correspond to areas
with varying Al content. The diffraction pattern of the
epitaxial film indicates the {200) Bragg diffraction condi-

tion chosen for imaging. {b) Dark-field transmission
electron micrograph of the same sample as in (a). The
imaging conditions are identical to those in (a). White
arrows indicate deviations of the platelike Ga, „Al,As

regions from the (110) orientation. (c) Dark-field
transmission electron micrograph of a cross section
through a Gao 75A10»As film grown on a {100)GaAs sub-
strate. The contrast conditions are identical to those
in (a) and (b).

clustering was also observed on the vicinally
oriented (110) surfaces.

By contrast, the Ga, 75Al~»As deposited on the
(100) GaAs substrate and imaged under conditions
identical to those in Figs. 1(a) and 1(b) exhibits a
uniform contrast indicative of a uniform Al dis-
tribution throughout the MBE film [Fig. 1(c)].
Similarly the Ga~ „Al~»As films deposited by
LPE on (100) or (110) GaAs substrates at 650 or
800 C do not show evidence of clustering. The
sensitivity of the technique is limited to compo-
sition variations of +5/p of x over a volume lar-
ger than 10' A'.

The CI. spectral analysis taken with the elec-
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FIG. 2. (a) A low-temperature (T =25 K) cathodo
luminescence (CL) spectrum of a Ga, ~oA10, 0As film
grown on a (110) GaAs substrate. (b) CL spectrum (T
=25 K) of a Gao 8~Ala ~&As film grown on a (100) GaAs
substrate.

tron beam parallel to the growth axis is shown
in Fig. 2 for the (100)- and (110)-oriented films.
The narrow luminescence line originating from
the Ga, ,+1~,gs (100)-oriented film is consis-
tent with an absence of variations in the Al con-
tent in the probed volume (probe diameter =500
A). The shoulder at 1.625 eV and the peak at
1.595 eV have been associated with impurity (C
and Ge) bound excitons. The broad luminescence
line originating from the Ga~»Al~, gs (110)-
oriented film is consistent with the existence of a
wide range of Ga, „Al„Ascompositions (0.03 =-x
(0.15) in the excited volume of material, The

peak in the luminescence corresponds to the com-
position which was directly determined from the
measurements of the deposited AlAs and GaAs.
This result, together with the TEM analysis,
gives clear evidence of Al clustering in the (110)
Ga, „Al„Assystem.

The appearance of quasiperiodic variations in
the chemical composition resulting from the co-
deposition of Ga, Al, and As on the GaAs (110)
surface at 600'C is to be contrasted with depo-
sitions on the GaAs (100) surface. For the (100)
GaAs films deposited by MBE under optimal con-
ditions, there is no evidence of clustering from
either photoluminescence" or TEM" studies. De-
tailed TEM studies of the Ga, „Al„As-GaAsinter-
face indicate that it can be sharp to one atomic

planar spacing, " suggesting that on (100) sur-
faces, interdiffusion or exchange reactions" be-
tween Ga atoms and Al atoms on the surface are
not likely to occur rapidly enough even at the high
deposition temperature. The same observations
hold for the polar (111)surfaces since bilayer
superlattices of GaAs-AlAs" have been fabricat-
ed on (Ill )-oriented GaAs.

The extremely small interdiffusion coefficient'
between Ga and Al in Ga, „Al„Asand GaAs films
(D (10 "cm' sec ' for T (700 C) suggests that
the clustering observed in the (110) Ga, „Al„As
films grown by MBE is not the result of a bulk in-
terdiffusion but rather is associated with surface
reactions and diffusion during the film growth.
For this reason, exchange reactions" which have
been recently investigated""" for Al or Ga de-
posited on GaAs or AlAs provide a useful basis for
developing a model which could explain clustering.
The exchange reaction on the (110) surface should
be favored by the nonpolar character of this sur-
face, The Gibbs free energy of the solid solution
at the surface will be the sum of the intrinsic
Gibbs free energy of the bulk solid solution(which
may be computed with reasonable accuracy) and
two extrinsic terms associated with the surface,
namely the lattice misfit strain energy and the
exchange reaction energy. The misfit strain has
been measured for the Gay Al„As solid solution"
and is small (3 x 10 ') at the growth temperature.
The misfit strain is maximum for the (100) sur-
faces and decreases for (110) or (111)surfaces.
Thus the exchange reaction energy contribution
to the extrinsic Gibbs free energy appears to be
the most important of the two. This contribution
cannot presently be computed but we propose that
changes in the Gibbs free energy introduced by
the exchange reaction result in a miscibility gap
in the Ga, „Al„Asphase diagram. The quasiperi-
odic variations in the Ga, „Al„Ascomposition for
the (110)-oriented films should be a consequence
of this miscibility gap and the deposition kinetics
as the miscibility gap introduces a constraint in
the possible compositions of the solid solution
both on the growing surface and in the growth di-
rection. impurity pinning" is likely to affect the
size of the Ga, „Al„Asislands of various compo-
sition by controlling the lateral growth of the
atomic layers. Some evidence of this effect is
seen in Fig. 1(b), where deviations in the compo-
sitional layering from the (110) orientation are
indicated. The effects of the deposition kinetics
are seen in the results of LI'E-grown Ga, „Al„As
films deposited on (110) surfaces. These films
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do not exhibit alloy clustering. Two possible rea-
sons may account for the difference between the
LPE and MBE growth. First, the LPE growth
rates are 10 to 100 times more rapid than the
MBE growth rates. Second, the LPE growth is
essentially an equilibrium growth situation while
in the MBE growth, the Al partial pressure is far
above the equilibrium pressure value at the growth
temperature. The difference may in fact provide
an additional driving force for the exchange re-
action and the phase separation.

The exchange-reaction-induced miscibility gap
in the MBE-grown Ga, „Al„Asfilms could well
result in a spinodal-type reaction which is char-
acterized by a periodic variation in the solid so-
lution composition. " This type of surface spin-
odal reaction which is of course controlled by dif-
fusion at the surface could well be present in oth-
er semiconductor systems. "
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Shear mechanical properties have been measured for free-standing films of the liquid
crystal n-hexyl 4'-n-pentyloxybiphenyl-4-carboxylate (65OBC) in its stacked-hexatic B
phase. The smectic-I phases of (+)-4-(2'-methylbutyophenyl 4' n-nonyl-oxybiphenyl-4-
carboxylate and ( —)-2 methylbutyl 4-(4'-n -decyloxybenzylideneamino) cinnamate
(DOBAMBC) were also studied. Unlike the crystal B phase, none of these phases ex-
hibited an in-plane shear modulus. Enhanced crystalline surface ordering was observed
in 65OBC.

PAC numbers: 61.30.Eb, 62.20.Dc

Several techniques have been developed to study
the shear mechanical properties of free-standing
smectic liquid-crystal films. ' ' These films,
which can be varied in thickness from two to

hundreds of molecular layers, provide good mod-
el systems for observing the evolution from two

to three dimensions. The mechanical techniques
were first used to study the B phase in free-
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