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Abstract: Low-temperature growth of AlxGa1-xAs by the solution-liquid-solid mechanism affords nano-
whiskers having two specific overall compositions:x ) 0.1 and 0.8. Intermediate compositions (0.1< x <
0.8) are inaccessible by the method employed. Examination of the nanowhiskers by transmission electron
microscopy, photoluminescence spectroscopy, electron energy loss spectroscopy, and annealing studies indicates
that they possess compositionally modulated nanostructures. The observed compositional modulation consists
of alternating comparatively Al-rich and Ga-rich AlxGa1-xAs domains with dimensions of 3-20 nm. The
spontaneous phase separation, which occurs during growth, appears to be kinetically driven, and the resulting
phase-separated nanostructures appear to be, therefore, metastable rather than stable. Spontaneous phase
separation in AlxGa1-xAs, which strongly influences its photoemission behavior, is not well understood
theoretically.

Introduction

Ternary III-V semiconductors such as AlxGa1-xAs adopt
homogeneous-alloy, ordered, or phase-separated (composition-
ally modulated) structures.1-3 In an homogeneous alloy of
general formula MxM′1-xE, the metal atoms M and M′ randomly
occupy the “cation” sites in the crystal lattice, giving a single-
phase solid solution. In an ordered MxM′1-xE compound the
metal atoms M and M′ occupy crystallographically specific
(ordered) “cation” sites in the crystal lattice, also giving a single
phase.1,2 In a phase-separated MxM′1-xE material a heterostruc-
ture of two, alternating ternary phases of different composition
forms.2,3 One of the phases is richer in M and poorer in M′
than is the other; that is, the value ofx for the two phases differs.

We now report the results of transmission electron microscopy
(TEM), photoluminescence spectroscopy, electron energy loss
spectroscopy (EELS), and annealing studies conducted on
AlxGa1-xAs nanowhiskers grown by a low-temperature, solution-
based method. These studies strongly suggest that the AlxGa1-xAs
nanowhiskers possess phase-separated nanostructures, which are
unusual for AlxGa1-xAs4-8 and are not predicted by the AlAs-

GaAs pseudobinary phase diagram.9 Phase-separated nanostruc-
tures are known to significantly enhance the photoemission
behavior of ternary semiconductors.

The blue, InxGa1-xN-based LEDs and laser diodes provide
excellent examples of such photoemission enhancement.10 These
devices are grown on GaN films deposited on sapphire. The
poor lattice match between GaN and the sapphire substrate
induces formation of threading dislocations at densities suf-
ficiently high to deactivate a conventional semiconductor light-
emitting device.10 Highly efficient emission from the InxGa1-xN
devices results from a spontaneous phase separation in the
InxGa1-xN layers, which generates nanometer-sized, compara-
tively In-rich InxGa1-xN islands embedded in a comparatively
Ga-rich InxGa1-xN matrix.10-14 Injected carriers (holes, or
electrons and holes) are collected and confined in the lower-
band-gap, In-rich islands, preventing their longer excursions to
threading dislocations where they would recombine nonradia-
tively.10,14 Consequently, radiative recombination is enhanced
by the phase separation, which in the case of InxGa1-xN is
thermodynamically driven by the miscibility gap in the InN-
GaN pseudobinary phase diagram (Figure 1).15 Significantly,
only InxGa1-xN active layers emit with high efficiency,16 GaN
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active layers do not, because only InxGa1-xN is prone to a
spontaneous phase separation during growth.10

In contrast, the thermodynamic miscibility gap in the AlAs-
GaAs pseudobinary phase diagram is depressed to very low
temperature (TMG ) 64 K),9 and thus conventionally grown
Al xGa1-xAs materials are homogeneous alloys (see Figure 1).
However, spontaneous phase separation in AlxGa1-xAs has been
observed in films deposited by low-temperature molecular beam
epitaxy (MBE) upon specific substrates and substrate orienta-
tions.4-8 These films possess lamellar, compositionally modu-
lated nanostructures. The origin of the phase separation has been
ascribed to various kinetic and thermodynamic effects operating
at the surface or immediate subsurface of the growing
films,1,3,4,7,17-26 but remains incompletely understood.3,27 Sig-
nificantly, the lamellar, phase-separated AlxGa1-xAs films
exhibit photoluminescence intensities of up to 3 orders of
magnitude higher than those of the corresponding homogeneous-
alloy films.8 As in the InxGa1-xN examples, collection and
confinement of carriers in the lower-band-gap regions, in these
cases the comparatively Ga-rich layers, enhance radiative
recombination.5,6,8

Spontaneous phase separation is therefore a potentially
attractive means for optimizing the photoemission properties
of semiconductor nanostructures. Phase separation is conceptu-
ally related to the construction of core-shell heterostructured
quantum dots, by which photoemission has also been en-
hanced.28-37 Characterizing phase-separated nanostructures hav-

ing domain sizes in the range of ca. 3-20 nm in AlxGa1-xAs
nanowhiskers was challenging and required us to collect and
compare the results of several complementary microscopic and
spectroscopic techniques. Those analyses are detailed here.

We are not yet able to establish if photoemission in these
phase-separated nanowhiskers is indeed enhanced relative to
that of homogeneous-alloy analogues, for reasons outlined
herein. However, to our knowledge no previous examples of
spontaneous phase separation in semiconductor nanowhiskers
have been documented.38 Our nanowhiskers were grown by the
solution-liquid-solid (SLS) mechanism,39,40which differs from
the MBE process that afforded the prior phase-separated
AlxGa1-xAs films.4-8 For example, SLS growth does not employ
a templating, oriented substrate. Thus, our results will contribute
to a developing understanding of the phase-separation phenom-
enon in AlxGa1-xAs. Specifically, the results demonstrate that
misfit strain between a substrate and growing ternary crystal is
not required to initiate spontaneous phase separation.

Experimental Section

All ambient-pressure procedures were carried out under dry N2 using
standard inert-atmosphere techniques. The AlxGa1-xAs products were
generally stored and handled under inert atmospheres. However, the
products were exposed to air for minutes to hourssto insert samples
into the TEM, or to obtain XRD patternsswithout apparent decomposi-
tion.

Materials. Ga metal and Al powder were used as received from
Strem. Hexane was distilled over sodium. Thiophenol was distilled over
CaSO4. 1,3-Diisopropylbenzene was shaken with concentrated sulfuric
acid to remove thiophene impurities, washed with water, and distilled
over CaH2. AsH3 gas was used as received from Matheson.Caution:
AsH3 is highly toxic and must be handled in accordance with proper
safety measures.41 We used AsH3 from a lecture bottle by bubbling
small amounts through reaction solutions in a well-Ventilated hood
and by passing the effluent gas from the reaction solutions through
aqueous sodium hypochlorite to destroy unreacted AsH3. The organo-
metallic precursorst-Bu3Ga42 and t-Bu3Al43 were prepared according
to the literature.

Preparation of the Eutectic Al-Ga Alloy. Aluminum metal
(0.0275 g, 1.019 mmol) and gallium metal (3.303 g, 47.37 mmol) were
combined in a quartz tube and sealed under vacuum. The tube was
heated to 700°C overnight and then cooled to room temperature. Liquid
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Figure 1. Pseudobinary InN-GaN15 and AlAs-GaAs9 phase diagrams
showing the miscibility gaps present in each system. The givenTMG

values are the upper consolute temperatures for closure of the miscibility
gaps. The dotted lines and point portray a representative growth
temperature and overall composition for InxGa1-xN incorporated into
LEDs and laser diodes.10 Because the point lies within the miscibility
gap, a phase separation is thermodynamically favored. The arrowheads
identify the expected compositions of the two phase-separated con-
stituents.
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metal alloy (3.264 g, 98% yield) was retrieved from the quartz tube.
Calculated composition: 97.9 mol % Ga, 2.1 mol % Al.

Preparation of Al0.1Ga0.9As. Liquid Al-Ga eutectic alloy (0.149
g, 2.17 mmol) and aluminum powder (0.045 g, 1.67 mmol) were
combined in 1,3-diisopropylbenzene (25 mL). Thiophenol (21.3µL,
0. 21 mmol) was added, and the heterogeneous slurry was stirred and
heated to reflux for 3 h under nitrogen. In a separate flask,t-Bu3Ga
(0.501 g, 2.08 mmol) was dissolved in 1,3-diisopropylbenzene (9 mL).
Excess AsH3 gas was bubbled through this solution via a syringe needle
for 6 min (500 bubbles/min) while stirring. The AsH3 in stoichiometric
excess was then removed by bubbling the solution with nitrogen for 2
h while stirring. The solution was then added dropwise over 3 h to the
initially prepared, refluxing Al-Ga slurry. Refluxing was continued
for an additional 19 h, and the resulting mixture was cooled. The
Al0.1Ga0.9As and metal products were collected as a dark-brown powder
by filtering over a medium-porosity frit. The product was washed with
hexane (3× 10 mL) and dried under vacuum to yield 0.421 g.

The yield of the AlxGa1-xAs product was calculated using the
following assumptions. The metal alkyl, in this caset-Bu3Ga, was
considered to be the limiting reagent, and the theoretical yield in moles
of Al xGa1-xAs was set equal to the number of moles of metal-alkyl
precursor. The 0.1 molar equivalent of precursor Ga in excess of the
Al0.1Ga0.9As product stoichiometry was assumed to have been returned
to the Al-Ga alloy. Similarly, 0.1 molar equivalent of Al was assumed
to have been incorporated into the Al0.1Ga0.9As from the Al-Ga alloy.
The mass of the Al-Ga alloy remaining at the conclusion of the
synthesis was calculated by accounting for the Ga added and the Al
subtracted and by assuming that the Al-Ga alloy was collected in the
product with 100% recovery. The mass yield of Al0.1Ga0.9As was taken
to be the difference between the total mass collected and that of
remaining alloy: 0.218 g (75%).

Preparation of Al0.8Ga0.2As. This procedure was conducted similarly
to that above. Liquid Al-Ga eutectic alloy (0.099 g, 1.44 mmol) and
thiophenol (21.9µL, 0.21 mmol) were combined in 1,3-diisopropyl-
benzene (25 mL). The resulting heterogeneous slurry was stirred and
heated to reflux for 17 h under nitrogen. (In other trials this reflux
period was varied from 2 to 17 h without perceptibly affecting the
outcome.)t-Bu3Al (0.423 g, 2.13 mmol) in 1,3-diisopropylbenzene (15
mL) was used in place oft-Bu3Ga. AsH3 gas was bubbled through the
t-Bu3Al solution for 8 min (500 bubbles/min), and the excess AsH3

was then purged by bubbling with nitrogen for 2 h. The purged solution
was added dropwise over 1.5 h to the initially prepared, refluxing Al-
Ga slurry. Refluxing was continued for an additional 5 h, and the
resulting mixture was cooled. The Al0.8Ga0.2As and metal products were
collected as a dark-brown powder by filtering over a medium-porosity
frit. The product was washed with hexane (3× 10 mL) and dried under
vacuum to yield 0.236 g. The yield of the Al0.8Ga0.2As product,
calculated as described above for Al0.1Ga0.9As, was 0.155 g (66%).

Annealing Studies.Al xGa1-xAs samples were sealed in silica tubes
evacuated to 10-3 Torr. The sample tubes (which were under static
vacuum) were then inserted into a tube furnace that had been preheated
to the desired annealing temperature. At the conclusion of the annealing
period (42 min at 700°C for Al0.8Ga0.2As, and 15 min at 700°C for
Al0.1Ga0.9As), the sample tubes were removed from the furnace and
allowed to cool to room temperature in air.

Powder X-ray Diffraction. XRD patterns were obtained using a
Rigaku Dmax A vertical powder diffractometer with Cu KR radiation
(λ ) 1.541845 Å) and Materials Data Incorporated (MDI) automation
and Jade software. The XRD powder samples (1.5× 2 cm smear
mounts) were prepared in an N2-filled glovebox and in some cases
coated with a thin film of polyvinyltoluene (PVT) to minimize air
exposure. The PVT film was applied by dripping a toluene solution of
PVT onto the prepared XRD slide, allowing the toluene to evaporate.
Powder patterns were compared to reference patterns from the JCPDS
files (AlAs, 17-0915; GaAs, 32-0389; Al, 04-0787). The MDI software,
which implements a form of the Scherrer equation, was used to calculate
the coherence lengths for several peaks in the collected range.

Transmission Electron Microscopy.A JEOL 2000 FX instrument
operating at 200 kV was used to collect normal bright-field images
with no objective aperture and selected-area electron diffraction patterns.
Bright- and dark-field images of whiskers aligned along the [110] zone

axis were also obtained using an aperture that allowed only one
diffracted beam to form an image. Samples were generally prepared
by suspending 2-10 mg of powder in 5-10 mL of dry pyridine by
sonication. A few drops of the resulting suspensions were pipetted onto
holey-carbon-coated Cu TEM grids in a nitrogen-filled glovebox and
evaporated to dryness. The TEM samples were stored in closed vials
under nitrogen until insertion into the microscope. Elemental analyses
were conducted on samples in the microscope using a Noran Voyager
II energy-dispersive X-ray spectrometer.

Photoluminescence Spectroscopy.Powdered samples were dis-
persed on a nonfluorescent glassy carbon surface. Luminescence spectra
were acquired using 50-mW continuous-wave excitation from a
frequency-doubled argon-ion laser at 257 nm. Laser light with
p-polarization was incident on the sample at Brewster’s angle (∼60°)
from surface normal. Emission was collected at normal incidence
through a 20× Zeiss EpiPlan microscope objective, N.A.) 0.45. The
light was then coupled with an f4 lens into an imaging spectrograph
(Chromex 250IS equipped with 300 groove mm-1 holographic grating;
500 nm blaze), which dispersed it onto a liquid-nitrogen-cooled CCD
(Princeton Instruments model LN/1024EUV) having 1024× 256 pixels.
Signal from the 256 pixels arrayed perpendicular to the long axis of
the CCD was binned, producing a linear detector with 1024 channels.
The pixel-wise resolution of this detector was 2.3 meV. The sample
was contained in a cryostat cooled with a closed-cycle helium
refrigerator that permitted the sample temperature to be maintained at
20 K. Collection times varied between 0.05 and 30 s. Spurious signals
from cosmic rays and dead CCD pixels were manually removed from
all spectra.

EELS Imageswere collected using a JEOL 2010 FX transmission
electron microscope. Single-crystal whiskers were oriented along the
[110] zone axis, and energy-filtered images were formed using a Gatan
imaging filter. Al maps were constructed as follows. For each pixel,
the jump ratio at the Al-LII,III edge (the ratio of intensity at energies
above vs below the LII,III threshold energy) was measured. Spectral
overlap between Al, Ga, and As precluded the use of other edges for
Al or Ga, as well as the use of the higher-contrast background-
subtraction method for constructing element maps.

Results

Synthesis.Crystalline AlxGa1-xAs nanowhiskers were pro-
duced by the SLS mechanism (see eqs 1 and 2), described
elsewhere,39,40,44in which nanowhiskers or nanofibers grow from
nanometer-sized molten-metallic droplets dispersed in solution
and fed organometallic precursors. Figure 2 shows representative
nanowhiskers obtained from eqs 1 and 2, to which are attached
the AlyGa1-y droplets that promoted their growth. The AlyGa1-y

alloys used in eqs 1 and 2 were pregenerated from Al-Ga
mixtures as bulk materials, which became dispersed as nano-
meter-sized droplets in the reaction mixtures as a natural
consequence of the reactions. No measures were taken to induce
or control this dispersion process. Catalytic amounts of PhSH
were added to assist alkane elimination.39,40

In eqs 1 and 2, one metal in the AlxGa1-xAs products was
incorporated chiefly or entirely from the organometallic precur-
sor, and the other, from the AlyGa1-y alloy. Thus, the second
metal was required in sufficient amounts in the initial metallic
source. An initial composition corresponding to a molten alloy
saturated in Al was required for eq 2 (which at the reaction
temperature has composition Al0.17Ga0.83), whereas elemental

(44) Buhro, W. E.; Hickman, K. M.; Trentler, T. J.AdV. Mater.1996, 8,
685-688.

t-Bu3Al + AsH398
cat. PhSH, 203°C

AlyGa1-y

y ) 0.0- 0.2

Al 0.8Ga0.2As + 3t-BuH (1)

t-Bu3Ga+ AsH398
cat. PhSH, 203°C

Al0.2Ga0.8
Al 0.1Ga0.9As + 3t-BuH (2)
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Ga could be added as the initial metal source for eq 1. (Typically
an Al-Ga eutectic was used as the initial metal source for eq
1, because it was experimentally more convenient than use of
Ga.) Elemental Al could not be used in eq 2 because its melting
point (660°C) is too high, and therefore it does not disperse as
metallic droplets under the reaction conditions.

The crystallinity and size distributions of the AlxGa1-xAs
products were determined by XRD and TEM. XRD patterns of
the bulk powders from eqs 1 and 2 possessed reflection widths
consistent with crystalline coherence lengths of 30-60 nm. TEM
images revealed mixtures of kinky polycrystalline fibers and
near-single-crystal whiskers having diameters of ca. 20-200
nm (Figure 2). The lengths of these pseudo-1D structures were
up to 8 µm. The images also contained small quantities of
diffuse, fluffy structures, generally estimated at 10-20 vol %
of the sample, which appeared to be amorphous AlxGa1-xAs.

The nanowhiskers gave single-crystal electron-diffraction
patterns (shown below) over regions several hundred nm in
length, except near occasional stacking faults. The single-crystal
regions were sometimes adjacent to polycrystalline regions
within the same nanowhisker or nanofiber. Indexing of the
single-crystal electron-diffraction patterns established that (111)
close-packed crystal planes were oriented perpendicular to the
nanowhisker long axes. That is, the nanowhiskers grew in the
[111] direction of the AlxGa1-xAs zinc blende crystal structure.

The compositions of the nanowhiskers and nanofibers and
attached alloy droplets were determined by energy-dispersive
X-ray spectroscopy (EDS) in the TEM. Because of the close
similarity of the AlAs and GaAs lattice parameters, the positions
of the XRD reflections (in 2θ) for Al xGa1-xAs are only very
weakly sensitive tox, and therefore the average bulk composi-
tions of the products could not be determined from the XRD
data. EDS data collected over 50-nm spot sizes gave Al0.79(0.03-
Ga0.21(0.03As and Al0.09(0.03Ga0.91(0.03As compositions for the
products of eqs 1 and 2, respectively. These compositions were
consistently uniform (within the error limits indicated) at various
positions along the axial dimension of a nanowhisker or
nanofiber, and in separate nanowhiskers or nanofibers within a
sample. The compositional modulation we believe to be present
in these nanowhiskers, discussed below, exists on a length scale
shorter than can be detected by EDS. Representative composi-
tions for the alloy droplets are indicated in Figure 2.

The absence of a thermodynamic miscibility gap in the
AlAs-GaAs phase diagram (Figure 1) at the synthesis temper-
ature (203°C, 476 K) suggested that we should be able to grow
Al xGa1-xAs nanowhiskers over the entire composition range
0.10 e x e 0.80, the limiting compositions having been
established by eqs 1 and 2. Consequently, eq 3 was undertaken
using various mixtures oft-Bu3Al and t-Bu3Ga with the intent
of producing AlxGa1-xAs nanowhiskers with intermediate
compositions. The surprising results are summarized under eq
3. We were unable to produce nanowhiskers havingany
intermediate compositions. The products of these attempts were
either crystallographically amorphousor were crystalline nano-
whiskers having an identical composition to that established as
the limiting case in eq 2.

The thermodynamic relationships expressed in Figure 1
cannot account for the observation of only two specific
nanowhisker compositions resulting from the variety of synthetic
conditions we investigated. As shown in eq 3 and discussed
above, we examined a wide range of organometallic-precursor
ratios. We also varied the initial metal-alloy compositions, the
relative amount of the initial metal alloy, the period and
sequence of organometallic-precursor addition, and the reflux
period in eqs 1 and 2. The products resulting from these
variations were either amorphous, or were nanowhiskers pos-
sessing one of the two compositions indicated in eqs 1 and 2.
The results appear contrary to the reasonable extrapolation from
Figure 1 that if any crystalline AlxGa1-xAs composition is
kinetically accessible at the 476 K synthesis temperature, all
should be accessible. In fact, the formation of only Al-rich or
Ga-rich compositions could be consistent with the presence of
an unexpected miscibility gap, if compositions within the gap
are for some reason experimentally inaccessible. Interestingly,
recent theoretical23,24,45and experimental studies46 have identi-
fied “kinetic” miscibility gaps for ternary semiconductors, which

(45) Gonza´lez, D.; Aragón, G.; Araújo, D.; de Castro, M. J.; Garcı´a, R.
Appl. Phys. Lett.1999, 74, 2649-2651.

Figure 2. Representative AlxGa1-xAs nanowhiskers grown by the SLS
mechanism. Note that representative metallic compositions of the
attached alloy droplets are indicated. (a) An Al0.8Ga0.2As nanowhisker
from eq 1. (b) An Al0.1Ga0.9As nanowhisker from eq 2.

n(t-Bu3Al) + (1 - n)(t-Bu3Ga)+ AsH398
cat. PhSH, 203°C

Al0.2Ga0.8

Al xGa1-xAs + 3t-BuH (3)

n x Al xGa1-xAs product structure

0.0 0.1 (eq 2) crystalline nanowhiskers
0.2 0.1 crystalline nanowhiskers
0.3 - amorphous
0.5 - amorphous
0.8 - amorphous/poorly crystalline
1.0 0.8 (eq 1) crystalline nanowhiskers
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lie to higher temperature45,46 than do the corresponding “ther-
modynamic” miscibility gaps (see the Discussion section).
Alternatively, the growth of crystalline nanowhiskers possessing
one of only two specific compositions and gross compositional
uniformity could suggest existence of two local thermodynamic
minima, of unknown origin, corresponding to the observed
compositions.

Dark-Field TEM Imaging and Annealing Studies. Close
inspection of normal, bright-field TEM images, like those in
Figure 2, often revealed faint herringbone or pseudolamellar
patterns in the AlxGa1-xAs nanowhiskers. This observation and
the hint of an unexpected, “kinetic” miscibility gap suggested
that the nanowhiskers might possess phase-separated nano-
structures. As discussed earlier, spontaneous phase separation
has produced lamellar, compositionally modulated nano-
structures in certain AlxGa1-xAs films deposited by low-
temperature MBE.4-8 Consequently, we examined the nano-
whiskers using the dark-field TEM-imaging method previously
used to identify such compositional modulation (ofx) in the
Al xGa1-xAs films.4-8

Figure 3a shows a representative dark-field TEM image of
an Al0.8Ga0.2As nanowhisker, which contains a strong light-
dark pseudolamellar pattern. The image was formed from the
composition-sensitive 200 diffracted beam,4 for which the light
and dark regions would correspond to comparatively Al-rich
and Al-poor regions, respectively,4,7 if the pattern indeed resulted
from a compositional modulation. However, such an image
pattern could have other origins; specifically, the nanowhisker
could be polycrystalline or possess an unaccompanied strain

modulation; that is, onenot accompanied by a composition
modulation.7 (Note that strain and composition modulations are
often co-occurring and associated.21,23-25) Figure 3b shows a
representative single-crystal electron-diffraction pattern collected
over a 380-nm axial segment of the nanowhisker in Figure 3a,
which ruled out polycrystallinity as the origin of the image
pattern evident in Figure 3a.

To eliminate an unaccompanied strain modulation as the
origin of the light-dark image pattern, the Al0.8Ga0.2As sample
from which Figure 3a,b was obtained was annealed under
conditions (700°C, 42 min) more extreme than those used
previously to remove strain from the compositionally modulated,
MBE-grown AlxGa1-xAs films (600 °C, 10 min).7 The dark-
field image in Figure 3c was collected from an annealed
Al0.8Ga0.2As nanowhisker. The strong light-dark image contrast
was retained, suggesting that it was due to a compositional
modulation having length scales of ca. 3-20 nm. Annealing at
1000°C destroyed the Al0.8Ga0.2As nanowhiskers.

Figure 4a shows a representative dark-field TEM image
(formed from the 200 diffracted beam) of an Al0.1Ga0.9As
nanowhisker, the Ga-rich analogue to the nanowhiskers imaged
in Figure 3. A strong light-dark image pattern was again
evident. As above, this nanowhisker produced single-crystal
electron-diffraction patterns over large areas (Figure 4b), ruling
out polycrystallinity as the origin of the light-dark pattern.
Annealing at 700°C (15 min), however, removed the light-
dark image texture from the Al0.1Ga0.9As nanowhiskers, produc-
ing images that were fairly uniformly gray (Figure 4c). The
gray, nearly featureless nanowhisker image in Figure 4c
resembled the dark-field images (formed from the 200 diffracted
beam) obtained from binary GaAs nanowhiskers39 (not shown).

(46) Gonza´lez, D.; Aragón, G.; Araújo, D.; Garcı´a, R.Appl. Phys. Lett.
2000, 76, 3236-3238.

Figure 3. TEM data from Al0.8Ga0.2As nanowhiskers. (a) A dark-field image formed from the composition-sensitive 200 diffracted beam of an
unannealed nanowhisker. Note the strong light-dark pseudolamellar contrast. (b) An electron-diffraction pattern collected in a〈110〉 zone from the
nanowhisker in (a), establishing its single-crystal character. Indexing of the pattern establishes that the nanowhisker long axis is the [111] direction.
(c) A dark-field image formed from the composition-sensitive 200 diffracted beam of a nanowhisker annealed at 700°C for 42 min., showing that
the light-dark image contrast is retained.

Figure 4. TEM data from Al0.1Ga0.9As nanowhiskers. (a) A dark-field image formed from the composition-sensitive 200 diffracted beam of an
unannealed nanowhisker. Note the strong light-dark pseudolamellar contrast. (b) An electron-diffraction pattern collected in a〈110〉 zone from the
nanowhisker in Figure 4a, establishing its single-crystal character. Indexing of the pattern establishes that the nanowhisker long axis is the [111]
direction. (c) A dark-field image formed from the composition-sensitive 200 diffracted beam of a nanowhisker annealed at 700°C for 15 min,
showing that the strong light-dark image contrast is lost.
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Note that a compositional modulation of the type discussed here
cannot be present in nanowhiskers of binary compounds such
as GaAs.

The results of annealing the Ga-rich Al0.1Ga0.9As nano-
whiskers (Figure 4a vs 4c) could be attributed to relief of an
unaccompanied strain modulation; that is, one might conclude
that strain modulation alone was responsible for the light-dark
pattern observed in the unannealed nanowhiskers (Figure 4a).
Alternatively, the Al0.1Ga0.9As annealing results could be
attributed to relief of a composition modulation, in which an
initial phase-separated nanostructure interdiffused upon anneal-
ing to afford a homogeneous alloy. We will ultimately establish
that the latter conclusion is more consistent with the entire body
of results presented here.

The light-dark image contrast in Figures 3 and 4a can be
rationalized as composition modulations by the following
arguments. If the light-dark patterns were due to strain
modulation alone, then one would expect such patterns to exist
also in binary GaAs nanowhiskers, which were grown by the
same SLS mechanism under comparable conditions.39 Instead,
they were found only in the ternary nanowhiskers.

Additionally, phase-separated Al-rich and Ga-rich nano-
whiskersshouldexhibit different annealing behavior. As a rule
of thumb, 0.5TM (whereTM is the absolute melting temperature)
is often taken as the lower-limit recrystallization temperature
of a bulk material.44,47 The ternary phases Al0.8Ga0.2As and
Al0.1Ga0.9As have solidus temperatures (TS), akin to melting
temperatures, of 1900 and 1520 K, respectively.48 The approxi-
mate recrystallization temperatures 0.5TS are then 680 and 490
°C, respectively. Only the latter is well below the annealing
temperature employed (700°C); consequently, interdiffusion
of a phase-separated nanostructure should have been kinetically
facile for Al0.1Ga0.9As but much less so for Al0.8Ga0.2As. These
rationalizations show that the dark-field imaging and annealing
results are consistent with compositional modulations in the
Al xGa1-xAs nanowhiskers. Further support for this viewpoint
was obtained by photoluminescence spectroscopy.

Photoluminescence Studies.Figure 5 contains photolumi-
nescence (PL) spectra collected from powder samples of
unannealed and annealed Al0.8Ga0.2As nanowhiskers, which
indicated that emission occurred from phase-separated nano-
whiskers. The emission features were broad, comparably so to
those of porous silicon,49,50suggesting a distribution of emitting

entities, possibly including quantum-confined emitting domains
of various size, defect emitters, surface emitters, and emitting
domains of various composition.4 The emission envelope for
the annealed sample was only very slightly shifted relative to
that of the unannealed sample, consistent with the minimal
change in nanostructure shown in Figure 3a versus 3c. The
emission energy of AlxGa1-xAs is known to depend onx
according to eq 4.51 From eq 4 and the centers of the emission
envelopes determined at half-height from Figure 5, which were
820 ( 5 and 800( 5 nm for the unannealed and annealed
samples, respectively, we calculated the compositions of the
average emitters to bexunannealed) 0.07( 0.01 andxannealed)
0.10( 0.01.4 These calculations assume that thecentersof the
emission envelopes were more strongly influenced by composi-
tion than by any quantum-size effects, defect emitters, or surface
emitters that may have been present.4 The emitting compositions
were therefore on average quite Ga rich, whereas the overall
nanowhisker compositions were Al rich (x ) 0.8), suggesting
a compositional modulation of Al-rich and Ga-rich domains,
with emission coming from the latter. Exclusive emission from
the Ga-rich domains is expected because the electrons and holes
generated upon excitation would preferentially recombine in the
lower-band-gap domains, as was observed in the compositionally
modulated AlxGa1-xAs films.5-8

Figure 6 contains PL spectra collected from powder samples
of unannealed and annealed Al0.1Ga0.9As nanowhiskers, which
indicated that the emission occurred from phase-separated
whiskers in the former case and homogeneous-alloy whiskers
in the latter. Note that the emission envelopes of the unannealed
and annealed Al0.1Ga0.9As whiskers were significantly shifted
with respect to one another (Figure 6), in correlation with the
large change in nanostructure that occurred upon annealing, as
revealed in Figure 4a versus 4c. As above, eq 4 and the half-
height center of the emission envelopes were used to calculate
the compositions of the average emitters. The half-height center
wavelength of 867( 5 nm for the unannealed Al0.1Ga0.9As
whiskers yielded an average emitting AlxGa1-xAs composition
of xunannealed) 0.005 ( 0.008, which is very close to binary
GaAs. The half-height center wavelength of 800( 5 nm for
the annealed Al0.1Ga0.9As whiskers yielded an average emitting
composition ofxannealed) 0.10( 0.01, which is identical to the(47) Dryburgh, P. M.J. Cryst. Growth1988, 87, 397-407.

(48) Foster, L. M.; Scardefield, J. E.; Woods, J. F.J. Electrochem. Soc.
1972, 119, 765-766.

(49) Sailor, M. J.; Heinrich, J. L.; Lauerhaas, J. M.Stud. Surf. Sci. Catal.
1996, 103, 209-235.

(50) Gole, J. L.; DeVincentis, J. A.; Seals, L.J. Phys. Chem. B1999,
10, 979-987.

(51) Casey, H. C., Jr.J. Appl. Phys.1978, 49, 3684-3692.

Figure 5. PL spectra recorded on unannealed (solid line) and annealed
(dotted line; 700°C, 42 min.) Al0.8Ga0.2As nanowhiskers. The arrows
indicate the expected emission wavelengths for binary AlAs and GaAs.
The spectral intensities are arbitrarily scaled to be equal. The notches
at 900 nm are instrumental artifacts.

Figure 6. PL spectra recorded on unannealed (solid line) and annealed
(dotted line; 700°C, 15 min.) Al0.1Ga0.9As nanowhiskers. The arrows
indicate the expected emission wavelengths for binary AlAs and GaAs.
The spectral intensities are arbitrarily scaled to be equal. The notches
at 900 nm are instrumental artifacts.

Eg
Γ(eV) ) 1.424+ 1.247x (4)

(0 < x < 0.45)

Phase Separation in AlxGa1-xAs Nanowhiskers J. Am. Chem. Soc., Vol. 123, No. 19, 20014507



overall composition of the nanowhiskers. The PL results strongly
suggested that the unannealed nanowhiskers contained compo-
sitionally modulated nanostructures, for which emission occurred
from Ga-rich (GaAs) domains, and further that this composi-
tional modulation interdiffused upon annealing, as reflected in
the TEM images (Figure 4a,c), such that emission then occurred
from the “homogeneous” Al0.1Ga0.9As alloy. The emission
envelope for the annealed, Al0.1Ga0.9As-alloy nanowhiskers
remained broad, presumably because the distribution of emitting
entities proposed above was largely retained in the sample,
including quantum-confined emitting domains of various size
associated with the range of nanowhisker diameters in the
sample, defect emitters, and surface emitters. Some of the
emission breadth may also have been due to residual composi-
tion variations in the alloy structure.

EELS imaging. We sought a method capable of directly
imaging the elemental fluctuations in the phase-separated
Al xGa1-xAs nanowhiskers. Figure 7 shows an Al map of a
Al0.8Ga0.2As nanowhisker obtained by EELS imaging. Although
the Figure-7 imagecontrast was fainter, the imagepattern
resembled the patterns observed for Al0.8Ga0.2As nanowhiskers
by dark-field TEM imaging (Figure 3a). The contrast mechanism
in EELS imaging is different from that in dark-field TEM
imaging, and so one does not expect to observe the same contrast
in the two methods. Additionally, spectral interferences limited
the contrast achievable in the Al map, and precluded construc-
tion of Ga maps entirely (see the Experimental section).

The faint patterns observed in Figure 7 are indeed most likely
attributable to compositional modulations. Because EELS is not
a diffraction-based imaging method, it is not sensitive to strain
modulations, as dark-field TEM imaging is. Rather, the patterns
in the EELS images could reflect thickness variations in the
Al xGa1-xAs nanowhiskers. However, the edges of the nano-
whiskers in the TEM images (Figures 3 and 4) appear to be
smooth, ruling out significant thickness variations on the length-
scale of the pattern features. Consequently, compositional
modulation is the most likely origin of the patterns present in
the EELS images.

Discussion

The evidence supporting compositional modulations in the
Al xGa1-xAs nanowhiskers is summarized as follows. We find
high-contrast light-dark patterns in dark-field TEM images

directly comparable to those of phase-separated AlxGa1-xAs
films, for which compositional modulation has been firmly
established.4-8 The form of dark-field imaging we have
employed is considered the best primary evidence of such
compositional modulation.4-8 We have ruled out polycrystal-
linity as the origin of the observed dark-field patterns. That
similar patterns are observed in EELS images casts doubt that
they are caused by strain modulationsnot accompanied by
compositional modulations. That the high-contrast light-dark
patterns are absent from the dark-field images of binary GaAs
nanowhiskers, capable of strain modulations but incapable of
Al-Ga compositional modulations, also argues against unac-
companied strain modulations as the origin of the image patterns.
The PL spectra of the proposed phase-separated AlxGa1-xAs
nanowhiskers show the expected red-shifts caused by the
compositional modulations.5-8 From the PL data we have
calculated average emitting compositions for the proposed
phase-separated AlxGa1-xAs nanowhiskers that are significantly
richer in Ga than are the overall nanowhisker compositions, as
is required for compositionally modulated nanostructures.
Finally, we have converted the proposed phase-separated
Al0.1Ga0.9As nanowhiskers to homogeneous-alloy nanowhiskers
by annealing, and have observed the corresponding loss of
the light-dark image patterns, and the corresponding blue
shift in the PL spectrum that conforms to the homogeneous
Al0.1Ga0.9As composition. Therefore, although no single analysis
or experiment irrefutably confirms the presence of compositional
modulations in the AlxGa1-xAs nanowhiskers, the sum of the
evidence is convincing.

As was alluded to earlier, the observation of compositional
modulations may indicate the existence of an unexpected
miscibility gap.23,24,45,46 The recent literature describes two
origins of immiscibility in binary or pseudobinary semiconduc-
tors, which are termed “thermodynamic” (conventional) and
“kinetic” (unconventional),22,23,45,46and which produce miscibil-
ity gaps in different regions of the phase diagram as portrayed
by the pseudobinary diagram in Figure 8.45 One recent
experimental study shows that in certain cases these miscibility
gaps may even be separated from one another (rather than
overlapping).46 Outside of the miscibility gaps, crystal growth
produces homogeneous-alloy structures. Inside the conventional,
thermodynamic miscibility gap the single-phase homogeneous
alloy is unstable and should phase separate into a composition-
ally modulated structure. Inside the “kinetic” miscibility gap,
the single-phase homogeneous alloy is thermodynamically stable
but kinetically inaccessible, such that a metastable phase
separation occurs (see below). We surmise that our unexpected
miscibility gap is a kinetic gap like that in Figure 8.

Figure 7. An Al map of a Al0.8Ga0.2As nanowhisker obtained by EELS
imaging.

Figure 8. A proposed pseudobinary phase diagram for a general ternary
semiconductor MxM′1-xE that shows both thermodynamic and kinetic
miscibility gaps (see text). The points refer to the two specific ternary
compositions encountered in this study (see eqs 1 and 2).
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Our synthetic results may be rationalized according to Figure
8 as follows. The synthesis temperatures employed in eqs 1-3
(203°C, 476 K) are substantially higher than the upper consolute
temperature for closure of the thermodynamic miscibility gap
(64 K),9 as noted above, and so the compositional modulations
observed in the AlxGa1-xAs nanowhiskers could not have been
induced by this gap. However, the putative, higher-lying, kinetic
miscibility gap would have induced the compositional modula-
tions if the overall Al0.1Ga0.9As and Al0.8Ga0.2As compositions
lie within it at the growth temperature (see Figure 8). This
analysis does not account for our failure to produce AlxGa1-xAs
nanowhiskers having intermediate compositions, which accord-
ing to Figure 8 should also possess phase-separated nano-
structures if Al0.1Ga0.9As and Al0.8Ga0.2As do. Presumably, other
kinetic factors precluded crystal growth for compositions buried
deep within the kinetic miscibility gap at the low growth
temperature we employed. If grown within a kinetic miscibility
gap as is suggested here, the phase-separated Al0.1Ga0.9As and
Al0.8Ga0.2As nanostructures are metastable rather than stable,
which is consistent with the annealing results for Al0.1Ga0.9As
nanowhiskers.

We now discuss the currently proposed origins of kinetic
miscibility gaps in ternary semiconductors of general formula
MxM′1-xE.20-23,25,26,45The literature analyzes kinetically induced
compositional modulations in semiconductor films grown by
MBE, chemical-vapor deposition, and liquid-phase epitaxy. In
these cases, adspecies are deposited from a vapor or liquid
nutrient phase onto the crystal-growth interface, which is the
top surface of the growing film. The adspecies possess good
diffusional mobility in the surface monolayer, because surface-
diffusion rates are comparatively high. Certain effects operate
in the surface monolayer, described below, that drive a phase
separation (a spatial modulation ofx) at the surface, the growth
interface. As subsequent layers are deposited, the former surface
layers become buried in the bulk of the film, and because bulk
diffusion rates are comparatively very slow, the arrangements
adopted while in the surface layer become frozen in the bulk.
Thus, compositional modulation is transmitted to and retained
in the bulk of the film, although it is not thermodynamically
favored in the bulk. The fast diffusional kinetics at the surface
coupled with the slow diffusional kinetics in the bulk lead to a
growth-pathway-specific, metastable, phase-separated structure,
and hence a “kinetic” miscibility gap.

Kinetic compositional modulations may be induced by misfit
strain.21,23,25To our knowledge, all experimental examples of
kinetically driven phase separation in semiconductors consist
of films grown on substrates for which at least a small lattice
mismatch or misfit exists. The misfit may be quantified by the
parameterε ) (af - as)/as, whereaf andas are the cubic lattice
constants of the film and substrate, respectively.21 The mismatch
induces elastic misfit strain between the substrate and the initial
overlayer of the growing film, which is accommodated by a
spontaneous surface roughening of the overlayer. The hillock-
and-valley structure produced by roughening allows the over-
layer to remain crystallographically coherent with the substrate
without introduction of misfit dislocations. As a result, a film
(overlayer) grown on a substrate having a smaller lattice constant
(positiveε) experiences acompressiVe strain, which is concen-
trated in the valleys, but is partially relaxed in the hillocks. In
an overlayer grown with a negativeε, the tensile stress is
concentrated in the valleys, but partially relaxed in the hillocks.
In both cases, the stress in the overlayer is modulated by the
hillock-and-valley structure.

In binary or pseudobinary overlayers, such as in a ternary
semiconductor MxM′1-xE, surface roughening is always coupled
with a spontaneous phase separation.23 The binary or pseudo-
binary film has a composition-dependent lattice parameteraf,
which is determined by the relative amounts (e.g.,x and 1- x)
of the end-member components (e.g., ME and M′E) incorporated
in various regions of the film. The dependence ofaf on
composition is quantified by the solute expansion coefficientη
) (∆af/∆x)/af.21 In response to the stress modulation noted
above, one end-member component (e.g., ME) becomes en-
riched in the hillocks, and the other (e.g., M′E), in the
valleys.20,21,24,26,52For an overlayer grown under compression
(positiveε) the end-member component of larger dimension is
enriched in the hillocks, where the compressive stress is partially
relaxed, and the end-member component of smaller dimension
is enriched in the valleys, where the compressive stress is
concentrated.20,21,24,26,52For an overlayer grown under tensile
strain (negativeε) the opposite occurs: the larger component
is enriched in the valleys and the smaller in the hillocks. Thus,
an initial MxM′1-xE overlayer deposited onto a misfit substrate
acquires a spontaneous compositional modulation that is strongly
correlated with the surface-roughening-derived stress field.

Several theoretical analyses show that the phase separation
in the initial overlayer can become amplified in the subsequently
deposited film.20-23,25,26,45,52The analyses use different detailed
models and theoretical strategies, which are not described here.
All evaluate various thermodynamic effects and kinetic pro-
cesses that operate in the growth monolayer and influence
compositional distributions. These influences may be distilled
into two, one associated with surface thermodynamics and the
other with surface kinetics.52 (1) As noted above, a thermo-
dynamic driving force exists at the surface of a compressively
strained overlayer to incorporate the larger component into the
hillocks and the smaller component into the valleys. Thus, as
growth proceeds, the surface roughness tends to increase,23,52

and so too does the surface driving force for phase separation.
(2) The compositional modulation at the growth interface sets
up a modulation in chemical potential.22,26The faster-diffusing
component (e.g., M′E) competes most effectively for the
incorporation sites of lowest chemical potential.22,26,52These two
effects may work in concert and amplify the phase separation
in the growing film until a saturation level is achieved.22

As noted above, the experimental examples of kinetically
driven phase separation have occurred in films grown on
substrates, where at a least a small substrate-film misfit was
present23,26 or presumed to be present.20,25 But is a substrate-
film misfit required to initiate a kinetically amplified phase
separation? Several of the theoretical treatments allow compo-
sitional modulations to develop in the absence of misfit; that
is, with ε ) 0.22,23,26,45,52One theoretical study states explicitly
that under appropriate circumstances a kinetic phase separation
may be initiated by the infinitesimal compositional fluctuations
present in any alloy.22 Other theoretical studies allow kinetic
phase separation to proceed withε ) 0, provided that the solute
expansion coefficientη for the film is sufficiently large.23,52

To our knowledge, we have observed kinetically driven phase
separations in semiconductor crystallites grownwithout a
substratefor the first time. Because there can be no misfit in
the absence of a substrate, we assign anε value of zero to our
cases. Similarly, in the previously known phase-separated
Al xGa1-xAs films grown on GaAs,4-8 ε was exceedingly small
(ε e 1 × 10-3). These examples establish kinetic compositional

(52) Spencer, B. J.; Voorhees, P. W.; Tersoff, J.Phys. ReV. Lett.2000,
84, 2449-2452.
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modulations in the absence or near absence of misfit strain,
which seems to confirm that infinitesimal compositional fluctua-
tions alone22 provide sufficient initiation.

In view of the preceding discussion, AlxGa1-xAs nano-
whiskers are veryunlikelycandidates for a kinetically induced
compositional modulation. The solute expansion coefficient for
Al xGa1-xAs is exceedingly small,η ) 1 × 10-3, because of
the very similar lattice constants of AlAs (aAlAs ) 5.662 Å)
and GaAs (aGaAs ) 5.654 Å). Surprisingly, we observe
spontaneous phase separation whereε ) 0 andη ≈ 0, whereas
the tendency toward kinetic phase separation is predicted to
increase with increasing absolute values ofε andη.21,23,24,52To
illustrate the expected effect ofη ≈ 0, one would predict very
little enrichment of AlAs in the hillocks and GaAs in the valleys
in conjunction with the stress-relief mechanism described above,
and hence a compositional modulation of vanishingly small
amplitude. Stated dramatically, if one were to search for a case
of kinetically driven compositional modulation without prior
experimental knowledge, AlxGa1-xAs grown without a misfit
strain is the last place one would look.

Because only some of the theoretical studies of kinetic
compositional modulation are parametrized withε andη,21,23,24,52

we cannot easily compare and evaluate all of these studies in
light of the surprising results with AlxGa1-xAs films5-8 and
nanowhiskers. Even so, phase separation in AlxGa1-xAs appears
to be an ideal case to challenge and possibly distinguish the
theoretical treatments and our fundamental understanding of the
kinetic phase-separation phenomenon. Zunger has stated that
atomic ordering in AlxGa1-xAs is still the least understood case
of atomic ordering in pseudobinary semiconductors.1 The present
discussion emphasizes that kinetic phase separation in AlxGa1-xAs
is the least understood case of phase separation in pseudobinary
semiconductors.20,25Consequently, new theoretical studies that
specifically address the AlxGa1-xAs case would be extremely
valuable.

The preceding discussion has sought a structural, energetic,
and mechanistic origin for kinetically induced compositional
modulations in AlxGa1-xAs nanowhiskers. We must also
consider if mere oscillations or fluctuations in experimental
parameters may have been responsible. Striations attributed to
fluctuations in alloy compositions or dopant levels in crystals
grown from the melt have long been known.53-60 In such cases,
the compositional fluctuations (growth striations) are believed
to arise from oscillating growth rates associated with temperature
fluctuation. The temperature fluctuation is ascribed either to
thermal convection in the melt, or to periodic movementssuch
as rotationsof the growing crystal through a temperature
gradient.

Similarly, fluctuations of phosphorus-dopant levels have
produced growth striations in silicon-whisker crystals grown
by the vapor-liquid-solid (VLS) mechanism.61 The VLS

mechanism is directly analogous to the SLS mechanism
employed here,39 except that it operates under chemical-vapor-
deposition conditions at higher temperatures. The compositional
fluctuations in the VLS-grown whiskers are also ascribed to
growth-rate oscillations.61 Because our AlxGa1-xAs nano-
whiskers grow while tumbling in a stirring, refluxing suspension,
temperature oscillations that may have induced compositional
fluctuations seem possible.

However, important distinctions exist between the growth
striations produced by temperature oscillation, described above,
and those found here in AlxGa1-xAs nanowhiskers. Growth
striations arising from temperature oscillation consistently form
asplanar striations parallel to the growth interface,53-56,61and
perpendicular to the growth direction, which we do not observe
(see Figures 3 and 4). Furthermore, growth striations arising
from temperature oscillation form on length scales that are three
or more orders of magnitudelonger than those of the compo-
sitional modulations in our AlxGa1-xAs nanowhiskers.53-56,61

Finally, we have been unable to find prior reports of growth
striations arising from temperature oscillation during growth of
Al xGa1-xAs crystals. Therefore, although we cannot exclude
temperature oscillation as the origin of the observed composi-
tional modulations in AlxGa1-xAs nanowhiskers, our observa-
tions are not consistent with the existing experimental prece-
dents.

We noted above a similarity between phase-separated nano-
whiskers and core-shell nanocrystals, in which an emitting
semiconductor core is confined within a shell of a larger band-
gap semiconductor.28-37 Core-shell nanocrystals exhibit en-
hanced emission quantum yields (of order 50%) and enhanced
photostabilities relative to their single-component (core-only)
analogues, because of more-effective carrier confinement and
radiative recombination in the cores.28,30,31One may consider a
phase-separated nanowhisker to consist of numerous core-shell
structures bundled compactly together, and thus similar en-
hancements in photoemission properties may be anticipated. We
have not yet been able to verify this expectation by comparing
the emission quantum yields of phase-separated and homo-
geneous-alloy nanowhiskers because of our present inability to
quantify sample emission. We collected our PL spectra from
powders, for which reliable means to measure the sample
volumes undergoing excitation are lacking. We are currently
working to solubilize the nanowhiskers to allow PL spectra to
be collected from solutions of known concentration, which
would allow quantitative comparison of emission yields. Core-
shell semiconductor nanocrystals are under investigation for use
in hybrid organic-inorganic LEDs.29,62 Phase-separated nano-
whiskers may have similar potential applications.

Conclusions

Compositionally modulated AlxGa1-xAs nanowhiskers are
grown by the low-temperature, substrate-free, solution-liquid-
solid (SLS) mechanism. The observed phase-separated nano-
structures do not result from bulk thermodynamic considerations.
Rather, compositional modulation likely results from kinetic and
perhaps (small or presently unidentified) thermodynamic effects
operating at the crystal-growth interface between the nano-
whisker and the attached, growth-promoting alloy droplet, which
induce a kinetic miscibility gap. Spontaneous phase separation
in this study occurs in the absence of misfit strain (ε ) 0) and
in the case of an exceedingly small solute expansion coefficient
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(η ) 1 × 10-3), and is not well understood theoretically. The
compositional modulations appear to be metastable, and appear
to have developed from infinitesimal compositional fluctuations.
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