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ABSTRACT

Emerging quantum materials as well as novel traditional electronic and photonic materials may enable a new generation of information
science devices if they can be synthesized on suitable substrates. Additionally, material and device designs may benefit from tunable proper-
ties through engineered epitaxial strain for the manipulation of the electronic character. In this work, three series of III–V ternary alloys,
GaInSb, AlInSb, and InAsSb, are grown via molecular beam epitaxy on GaAs (001) substrates to explore the flexibility of abrupt metamor-
phic epitaxial layers with tunable lattice parameters between 6.135 and 6.479 Å. Their deposition on both homomorphic GaAs and pseudo-
morphic AlAs buffers is also explored. The structures of these alloys are characterized via reflection high-energy electron diffraction, high-
resolution x-ray diffraction, atomic force microscopy, and transmission electron microscopy to assess their suitability as stable buffer layers
with wide variability of accessible lattice parameters.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0203835

I. INTRODUCTION

Semiconductor substrates with engineered bandgaps and
lattice parameters have been desired for decades to enable next-
generation electronic and photonic devices.1 Additionally, emerging
quantum materials are sensitive to substrate selection for thermo-
dynamic and fabrication compatibility as well as electronic func-
tionality. Three-five compounds have a wide range of potential
lattice parameters for lattice-matched overlayer engineering, as well
as a significant selection of bandgaps, dielectric constants, and
effective carrier masses.2 They are technically important and well
known for their use in lasers,3 hot-carrier solar cells,4 high-mobility
transistors,5 quantum devices,6 and buffer layers for emerging
quantum materials.7–9 To date, bulk crystal growth techniques have
yet to be successful in creating single crystal ternary III–V sub-
strates without significant cracking or phase separation.1

Metamorphic epitaxial heterostructures have been realized with
the use of compositionally graded, stepped, and abrupt buffer layers
to enable virtual substrates where the lattice constant of the device
active region is different than that of the substrate.10 The key to pro-
ducing functioning metamorphic epitaxy devices is to engineer high
densities of dislocations in regions of the material that do not nega-
tively impact performance. Examples include InAsSb/AlInAsSb

heterostructures for infrared LEDs,11 mid-infrared lasers,12 super-
conducting aluminum and titanium nitride microwave resona-
tors,13,14 and Josephson junctions for superconducting qubits.15

Metamorphic buffers have also been used in Al/GaSb and Al/AlSb16

heterostructures to combine superconducting layers with two-
dimensional electron gases for superconductor–semiconductor
quantum devices.17

There are several concerns associated with metamorphic
growth implementations. The three most significant are thermody-
namic stability, antiphase boundaries, and elevated threading dislo-
cation density (TDD). Previous reports of ternary antimonide
alloys tend to target compositions away from balanced constituents,
such as Al0.5In0.5Sb, to avoid compositions with the greatest likeli-
hood of spinodal decomposition. Antiphase boundaries occur
when polar films are grown on non-polar substrates and can be
avoided through the selection of substrate orientation18 and surface
preparation.19 Graded virtual substrates have been most successful
in SiGe,20 with additional success for some III–V alloys using
stepped or graded buffers21–24 to minimize threading dislocation
densities and rough surfaces.11,25–27

In this article, we investigate the III–V ternary alloys GaInSb,
AlInSb, and InAsSb across their full compositional ranges to enable
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continuous, deterministic tuning of the lattice parameter from
6.135 to 6.479 Å.2 The availability of these three alloys with similar
variability in lattice parameters offers an additional selection in
terms of bandgap and thermodynamic properties that may be
important when considering the stability and interfacial behavior of
subsequent lattice-matched overlayer growth. It is important to
note that this range of lattice parameters is particularly promising
to support emerging topological materials. Some examples of
quantum materials with in-plane lattice parameters covered in the
experimental alloying ranges include Cd3As2,

28 SnTe,29 and
HgTe.30 In addition, III–V quantum wells are promising candidates
for hosting topological states.31–33

The focus of this work is the experimental demonstration of
the thermodynamic stability of three ternary III–V alloy systems
across the entirety of their compositional ranges. The samples are
grown on GaAs substrates to suppress antiphase boundaries, and
threading dislocation densities are evaluated but not optimized.
Samples are characterized with High-Resolution X-ray Diffraction
(HRXRD), Atomic Force Microscopy (AFM), and Transmission
Electron Microscopy (TEM).

II. THERMODYNAMIC CONSIDERATIONS

While group-III-antimonide ternary alloys present opportuni-
ties for the lattice-matched growth of overlayers with a range of
lattice parameters, the perceived instability of these alloys synthe-
sized using traditional MBE growth temperatures and fluxes needs
to be addressed. Calculations of ternary stability are, therefore,
accomplished with the solid-state delta lattice parameter (DLP)
model34,35 to account for Gibbs free energy, ΔG ¼ ΔH� TΔSþ Ω,
and its dependence on the internal strain parameter, Ω, enthalpy,
H, entropy, S, and temperature, T. Thermodynamic properties for
arsenides36 and antimonides37 are applied to GaInSb, AlInSb, and
InAsSb using this DLP model. Calculations suggest that all three of
these alloys retain their negative (exothermic) energies of fusion
under group-V overpressure at the experimentally demonstrated
growth temperatures. Despite the thermodynamic stability of these
alloys, they may still undergo phase separation at low temperatures
due to spinodal decomposition or at high temperatures via thermal
decomposition. Literature-based calculations for the potential mis-
cibility gaps of the experimental III–V ternary alloys suggest that
once coherency strain is considered, spinodal decomposition occurs
for these alloys at substrate temperatures lower than those typically
used during growth.38 Furthermore, any local interfacial strain
between the ternary layer and pseudomorphic buffer would lower
the temperature at which spinodal decomposition begins to
occur.39,40 However, this effect is not expected for the current
metamorphic layer design. Figure 1 shows the theoretical spinodal
decomposition curves for the three antimonide ternary alloys con-
sidered here. The highest calculated spinodal decomposition tem-
perature is for InAsSb alloys at approximately 367 °C.

Thermally driven decomposition through phase separation is
a known degradation mechanism, which limits the maximum tem-
perature for III–V compound semiconductor MBE growth. The
challenge associated with thermal decomposition is that the lowest
temperature associated with any constituent degradation must be
considered the upper limit for alloy deposition. For the materials

evaluated here, the common constituent InSb has the lowest
thermal decomposition temperature roughly corresponding to its
melting temperature of 527 °C.1,41 The target growth temperature
is, therefore, the range above the alloy-specific spinodal decomposi-
tion and below the onset temperature of thermal decomposition at
the InSb melting point. This potential growth window is suffi-
ciently wide, offering a minimum range of more than 150 °C.

III. GROWTH AND CHARACTERIZATION

Six variations of III–V metamorphic ternary alloys grown on
either homomorphic or pseudomorphic binary buffer layers are
explored. All three ternary systems are grown over a range of alloy
fractions to investigate the stability of each ternary alloy. Solid
source MBE is used to grow all samples reported here. Standard
effusion cells produce Ga, Al, and In fluxes, while individual valved
effusion cells are used to create As2 and Sb2 fluxes using high-
temperature crackers. Growth temperatures are achieved through
radiative heating and are monitored via infrared pyrometry with
the effective emissivity tuned such that the substrate temperature
reading during GaAs oxide desorption is 583 °C. Commercial
(001)-oriented GaAs wafers with ≤0.1° offcut are used as the sub-
strate material for all experimental growths.

FIG. 1. Calculated III–V ternary alloy spinodal decomposition curves for
InAsSb, AlInSb, and GaInSb. The shaded areas below the stability curves
demarcate the zones where the respective ternary systems should undergo spi-
nodal decomposition. Also included is the threshold for thermal decomposition
in red and the region of stable growth indicated by white space. The experimen-
tal growth parameters reside in the stable growth range as indicated by
cross-hatching.
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GaAs oxide desorption is achieved using a 10 min soak at
598 °C under As2 flux. Both homomorphic GaAs and pseudomor-
phic AlAs buffers are grown at 560 °C after oxide desorption. A
sufficient beam-equivalent pressure V–III ratio is targeted to ensure
group-V-rich growth conditions. All samples grown in this report
consist of a nominally 300 nm-thick binary arsenide buffer and a
2 μm-thick ternary antimonide overlayer. The use of both GaAs
and AlAs buffers explores the potential role of surface energies
during the nucleation phase of the metamorphic ternary layers.
Antimony overpressure is applied during sample cooldown at the
end of each growth until the substrate reaches a pyrometer temper-
ature of 415–425 °C. Antimony flux is chosen to stabilize the
surface, and for As–Sb alloys, to prevent group-V exchange accord-
ing to Gibbs free energy calculations following the DLP model.42

Initial growths are focused on exploring the theoretical sub-
strate temperature growth window with a bias toward growing at
the maximum temperature that enables the synthesis of homoge-
neous films. As shown in Fig. 2(a), the substrate temperature mark-
edly increases during the early growth of the ternary overlayer.
Growths can be separated into two categories: those that experience
a pyrometer temperature, which exceeds the melting temperature
of InSb (527 °C) and those that do not. Figure 2(a) shows the
pyrometry measurements representing both cases using two
samples targeting Ga0.43In0.57Sb. Figure 2(b) illustrates the mea-
sured HRXRD peaks of the representative samples for both pyrom-
eter cases. Samples grown with a pyrometer temperature that
exceeds the melting temperature of InSb decompose into films with
a range of lattice spacings including the binary constituents GaSb
and InSb. Alternatively, the samples grown with a pyrometer

temperature that stays below the melting temperature of InSb result
in thin film alloys with a single HRXRD peak and a relatively
narrow full width at half maximum (FWHM). As demonstrated by
room-temperature HRXRD taken well after ternary layer growth,
these films remain stable and single-phase during cooling to room
temperature, despite entering their theoretical spinodal decomposi-
tion ranges. This is understood to be the result of the kinetic limits
of diffusion at such low temperatures.

Pyrometry conducted in situ shows a marked increase in the
measured sample temperature without any change in the substrate
heater power output during the initial growth of all ternary antimo-
nides. The observed increase is the result of two possible effects. A
true temperature rise can result from the change in the substrate’s
heating efficiency during overlayer growth if the new layer has a
smaller bandgap than its substrate. This result is expected, as these
antimonide layers possess significantly different optical properties in
comparison with their arsenide underlayers. Indeed, oscillations in
the measured pyrometer temperature, such as in Fig. 3, are observed
for some samples as the reflectivity varies as a function of thickness
during film growth. Emissivity-corrected pyrometry may be used to
mitigate these oscillations and provide for a more accurate assess-
ment of temperature. In addition, an apparent temperature change
in the pyrometer temperature can result from the variation in the
reflected infrared light that is emitted from the hot effusion cells
when shutters are opened or closed, or if the substrate surface

FIG. 2. (a) Pyrometer data for two GaInSb films grown starting with nearly the
same growth parameters showing measured increases in the substrate tempera-
ture. (b) The XRD plot of a stable Ga0.43In0.57Sb film (blue), as well as the data
for a film, which has thermally decomposed after growth temperatures exceeded
the InSb melting point of 527 °C (red).

FIG. 3. Measured temperature changes of three samples obtained with pyrome-
try following the start of growth with the group-III shutters open at time = 0. The
temperature shift from the initial setpoint Tgrowth is greater for alloys with larger
bandgaps. Signal oscillations appear due to changes in the thickness of the
growing film that has different optical properties than the underlying material.
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roughness changes. These apparent changes have been negligible
during these experiments but are still important considerations.

Reflection high-energy electron diffraction (RHEED) patterns
are recorded for each film while at stable growth temperatures and
under group-V overpressure. RHEED patterns for three alloys,
Ga0.43In0.57Sb, Al0.48In0.52Sb, and In0.38As0.62Sb, are shown in Fig. 4.
The common periodicity along sample-specific [110] and [1�10]
directions allows for primary diffraction streak identification. In
Fig. 4, the red triangles indicate the primary diffraction streaks that
correspond to atomic spacing, the blue triangles indicate clear sec-
ondary streaks corresponding to the surface reconstruction for that
orientation, and the white triangles indicate faint secondary streaks.
All three samples exhibit 3× reconstruction patterns along the [1�10]
direction. The observed GaInSb and AlInSb patterns exhibit
3× RHEED patterns like those of their respective binary antimonides
GaSb (1 × 3) or AlSb (1 × 3) at similar growth temperatures.43,44 For
GaInSb and AlInSb, faint secondary streaks along their [110] orienta-
tions may be interpreted as the border between the (1 × 3) and (2 × 3)

surface reconstructions. The surface reconstruction of InAsSb matches
neither its (2 × 4) arsenide44 nor its pseudo-(1 × 3) antimonide,45

instead exhibiting a clear (2 × 3) pattern.
HRXRD is used to determine ternary alloy fraction using

Vegard’s law46 and the known XRD peak positions of relevant
binary III–V constituents.2 This method of compositional analysis
requires that the ternary films be fully relaxed, as strain will move
the peaks away from their bulk positions. Figure 5 shows ω� 2θ
HRXRD data of (004) peaks collected using a four-bounce hybrid
Ge (400) monochromator for the Cu-Kα incident beam and a 1/4°
acceptance slit in front of a proportional detector for the diffracted
beam. Individual data sets are laterally translated to account for
slight diffractometer alignment artifacts by using the literature
value of the GaAs (004) substrate peak as a common reference.
Some samples include an AlAs (004) pseudomorphic buffer peak,
which is adjacent to the GaAs (004) peak.

Each of the alloy series and their respective binary endpoints
show single diffraction peaks indicating the growth of a homoge-
neous ternary film. Peaks associated with the ternary alloys are
slightly broader and less intense than the AlSb and GaSb endpoints
but are narrower and more intense than InAs. The calculated com-
position and x-ray peak FWHM values for each of these samples
are listed in Table I. Vegard’s law was used to determine the alloy
composition via lattice parameters derived from ternary peak (004)
positions. A small satellite peak near 2θ = 64.2° has been inconsis-
tently observed in a variety of samples. This peak is associated with
the condensation of metallic antimony on the sample surface due
to sub-optimal cooling during the removal of antimony overpres-
sure following growth.

AFM is conducted in the tapping mode, in open air on each
sample to monitor variations in the surface topography. The
as-grown surfaces for three samples, one from each ternary alloy

FIG. 4. III–V ternary layer RHEED images corresponding to (a) 3×
Ga0.43In0.57Sb, (b) 2× Ga0.43In0.57Sb, (c) 3× Al0.48In0.52Sb, (d) 2× Al0.48In0.52Sb,
(e) 3× In0.38As0.62Sb, and (f ) 2× In0.38As0.62Sb. Sample-group patterns have a
90° in-plane rotation between them. Red triangles indicate primary diffraction
streaks that correspond to atomic spacing, blue triangles indicate clear second-
ary streaks corresponding to the surface reconstruction for that orientation, and
white triangles indicate faint secondary streaks.

FIG. 5. HRXRD of ternary III–V alloys showing lattice parameter tunability for
MBE-grown (a) GaInSb, (b) AlInSb, and (c) InAsSb systems.
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system, are shown in Fig. 6. First-order plane-fitting and first-order
flattening operations were applied to the shown images. The topog-
raphy of each sample appears to be three dimensional with
mounded features and no clear atomic steps. The root-mean-square
surface roughness values (Rq) for all ternary alloys shown in Fig. 5
are cataloged in Table I.

Bright-field TEM images viewed along [01�1] representing the
three experimental ternaries are shown in Fig. 7. Samples grown on
homomorphic GaAs were chosen to probe the threading disloca-
tion density (TDD) derived exclusively from substrate-ternary mis-
match. The imaged samples were prepared by focused ion beam
milling and lift-out.47 A gas injection system was used to deposit a
protective coating of Pt. This coating appears as the dark-contrast
layer on the left side of all three micrographs. While all three
systems exhibit clear threading dislocations running mainly along
the {111} planes rotated 45° from the film plane, vertical disloca-
tions that travel along 100h i are also apparent. These vertical dislo-
cations are most visible in AlInSb due to the thinness of the
lamella. Additionally, there are vertical striations (curtaining) due

to sample preparation, which are particularly noticeable in Fig. 7(c).
Energy-dispersive x-ray spectroscopy was conducted in the scanning
TEM mode but found no evidence of phase separation in these
samples. The precision of the utilized parameters is within ±10%
composition.

The TDDs of these samples are counted at their thickness
midpoints (50% thickness) and near their surfaces (95% thickness).
TDD is estimated by counting dislocations, which cross the plane
of measurement, then estimating plane area using the measured
width and the lamella depth calculated from the angle of the
lamella tilt out of the image plane and projected apparent height of
the film/substrate interface. All values are on the order of 109 cm−2,
and the TDD decreases with buffer thickness. Additionally, the
convergent beam electron diffraction pattern observed immediately
above and below the film/substrate interface is used to quantify the
film mistilt. The mistilt and TDDs are tabulated in Table II.

Reciprocal space maps (RSMs) are conducted using a 2D
x-ray sensitive detector set to characterize the symmetric (004) and
asymmetric (�2�24) peaks of the experimental samples. They are
plotted using the reciprocal lattice unit (rlu), a dimensionless
parameter defined as λ/(2d), where λ is the Cu-Kα wavelength and
d is the distance between planes belonging to a specific RSM spot.
This is done so that the radius of the Ewald sphere R ¼ 1/2. The
conversions from the goniometer angles, ω and 2θ to the in-plane,
Qx , and out of plane, Qy , scattering vectors are

Qx ¼ R[cosω� cos(2θ � ω)], (1)

Qy ¼ R[sinωþ sin(2θ � ω)]: (2)

The in-plane lattice parameters of these films are calculated
from the measured asymmetric peak d-spacings. Using a low-exit
angle geometry, the RSM shown in Fig. 8 is representative of all

TABLE I. Tabulation of growth temperatures, HRXRD (004) peak FWHMs, and AFM RMS roughnesses for all experimental samples shown in Fig. 5.

Alloy Buffer (300 nm)
Alloy growth

temperature (°C) Alloy (004) peak FWHM (arcsec)
RMS roughness Rq,
10 × 10 μm2 (nm)

Ga56.6In43.4Sb GaAs 473 227 1.85
Ga25.5In74.5Sb GaAs 473 227 3.47
Ga51.6In48.4Sb GaAs 473 205 1.32
Ga45.1In54.9Sb GaAs 473 227 1.54
Ga41.9In58.1Sb AlAs 460 228 5.07
Ga43.9In56.1Sb GaAs 460 207 1.55
Al60.2In39.8Sb AlAs 460 243 3.26
Al46.8In53.2Sb AlAs 460 290 6.89
Al49.8In50.2Sb AlAs 500 255 2.67
Al51.5In48.5Sb GaAs 500 279 3.33
InAs26.3Sb73.7 AlAs 460 225 6.40
InAs44.5Sb55.5 AlAs 460 249 5.62
InAs38.3Sb61.7 AlAs 460 240 2.12
InAs40.1Sb59.9 AlAs 440 247 3.89
InAs38.5Sb61.5 GaAs 440 332 6.27
InAs40.7Sb59.3 GaAs 440 325 11.6
InAs39.0Sb61.0 AlAs 440 270 5.50

FIG. 6. Representative 10 × 10 μm2 AFM images of the ternary III–V alloys: (a)
Ga0.43In0.57Sb, (b) Al0.48In0.52Sb, and (c) InAs0.36Sb0.64. Root-mean-square
roughness values (Rq) for each sample are listed in their respective figures.
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three ternary alloy systems. Resultant values in Table III show that
all grown films have residual strain below 3 × 10−3. This confirms
that they are relaxed metamorphic films. All data are translated to
account for slight ω and θ misalignment artifacts such that the

experimental substrate peaks match the positions of the GaAs
(004) and (�2�24) peaks using literature lattice parameter values.

Further analysis of the ellipticities of the RSM peaks allows for
a qualitative measure of relative threading and misfit defect

TABLE II. Threading dislocation densities for three III–V ternaries at both their midpoints and near their surfaces.

Alloy Film mistilt (001) toward 01�1 (degrees) TDD at 50% thickness (cm−2) TDD at 95% thickness (cm−2)

Ga43.9In56.1Sb 10 4.27 × 109 3.26 × 109

Al51.5In48.5Sb 4 7.16 × 109 2.20 × 109

InAs40.7Sb59.3 0 3.57 × 109 2.97 × 109

FIG. 7. Bright-field TEM of (a) Ga43.9In56.1Sb, (b) Al51.5In48.5Sb, and (c) InAs40.7Sb59.3 samples used to estimate threading dislocation densities. Threading dislocations
appear as dark-contrast streaks in the ternary matrices with visible bend contours near high defect density regions. A high-resolution image of the AlInSb sample (d) dem-
onstrates the presence of both misfit dislocations along the ternary/binary interface and a threading dislocation which travels at a 55° angle with respect to the interface.
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densities.48 Specifically, the linear array of misfit (edge) dislocations
associated with an ideal abrupt metamorphic interface will produce
a (004) RSM spot with an ellipticity that is quantified by the ratio
of its major axis FWHM and minor axis FWHM. The FWHM of a
3D Gaussian distribution is 4

ffiffiffiffiffiffiffiffiffiffiffi

w ln 2
p

, where w is the width parame-
ter of the specific axis.42 For metamorphic films that satisfy the
requirement ρd � 1, the theoretical width parameters for the
in-plane (a) and out-of-plane (c) directions are

wa ¼ ρQ2
cb

2
a/8πd, (3)

wc ¼ [ν/(1� ν)]2ρQ2
cb

2
a/4πd: (4)

The linear dislocation density of the metamorphic layer,
ρ ¼ (a film – asub)/(a filmasub), is determined from the lattice con-
stants of the film, a film, and substrate, asub. The film thickness is d,
and Qc is the out-of-plane RSM peak center coordinates in recipro-
cal lattice units (1/Å). The in-plane Burger’s vector ba is 110h i-type
with a length of a/

ffiffiffi

2
p

for zinc-blende III–V crystals.49 Poisson’s
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FIG. 8. (a) Reciprocal space map (RSM) of asymmetric GaInSb (�2�24) and

GaAs (�2�24) peaks taken from the same MBE-grown heterostructure. Higher

magnification of (b) GaInSb (�2�24) and (c) GaAs (�2�24) peaks are shown. The
black and red lines in (b) are representative of the major axis and minor axis
cross sections, respectively.
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The ellipticity ratio, or ratio of the two axes, provides a thick-
ness independent evaluation of the diffraction spot broadening asso-
ciated with crystal defects such as threading dislocations, anti-phase
boundaries, and phase separation. The experimental ratios
(FWHMmajor/FWHMminor) and theoretical misfit FWHM ratios

ffiffiffiffiffiffiffiffiffiffiffiffi

wa/wc
p� �

for the symmetric (004) RSM peaks are listed in Table III.
For each sample, there is a substantial increase in the ellipticity ratio
compared to the minimum value anticipated from interfacial misfit
dislocations. This increase is consistent with the TEM analysis that
found high threading dislocation densities in all samples. The major
and minor axis FWHMs have minimum values according to Eqs. (3)
and (4), resulting from lattice distortions caused by an array of misfit
dislocations. Experimental deviation from these theoretical minima
is evidence of other contributions that are often characterized as
mosaic spread. Therefore, the major axis FWHM has also been
reported for comparison with the literature that may only present
results from rocking curve measurements.

Two design parameters, the direct bandgap and Gibbs free
energy, are worth cataloging for these samples. The direct bandgap
ranges of the three ternary buffer systems offer a significant design
space that ranges from 0.10 to 2.27 eV. As shown in Table III, the
direct bandgaps are calculated for the reported samples using pub-
lished bowing parameters.2 The relative thermodynamic stability of
the ternary buffers is important to understand the potential for rel-
ative stacking orders of multilayer heterostructures. If lower Gibbs
free energy compounds exist using the elements of these III–V ter-
naries and their neighboring layers, interfacial compounds may
form. The Gibbs free energy calculations are, therefore, completed
using the DLP model and are cataloged in Table III.

IV. DISCUSSION

The stability of these alloys during growth was the primary
concern of this experimental study. It was found that the major
obstacle for the growth of the ternary films is the increase in the
substrate temperature and possible thermal decomposition associ-
ated with the growth of the lower bandgap ternary material that
increases the thermal coupling to the radiatively heated substrate.
The growth temperature of the overlayer film must also be consid-
ered as it pertains to spinodal decomposition. In this regard, there
are three distinct temperature ranges. The low-temperature/meta-
stable region corresponds with overlayer growth at a sufficiently
low temperature that diffusion is not active and, therefore, the
ternary buffer is not in danger of spinodal decomposition during
the overlayer growth. In the intermediate temperature region, the
overlayer growth is completed within the spinodal decomposition
window for the ternary buffer and at sufficient temperatures that
diffusion may facilitate the spinodal decomposition of the ternary
during overlayer growth. The stable region (used here to grow the
ternary buffers) is suitable for overlayer growth being both outside
of the spinodal decomposition window and below the thermal
decomposition temperature. One example of a potential overlayer
for these virtual substrates is Cd3As2, which is grown via MBE in
the metastable range at approximately 100–200 °C.7,50,51 Other
potential overlayers that are usually grown at higher temperatures,
such as Bi2Se3 in the range of 300–425 °C,52 may suffer in quality if
spinodal decomposition occurs. In this scenario, the ternaries

GaInSb and AlInSb with lower maximum spinodal decomposition
temperatures may provide sufficient growth windows to accomplish
overlayer growth within the stable region. There does not appear to
be any trend matching surface roughness to growth temperature or
binary buffer selection. Still, the GaInSb ternaries were the smooth-
est among the three systems.

The TDD values are high for the reported samples. While
these samples are admittedly not suitable for electronic devices, it
is important to recognize that they also do not represent the tech-
nological limit of low TDD abrupt metamorphic buffers. There is
insufficient reporting of similar ternary buffer layers in the litera-
ture. It should be noted that high quality MBE quaternary III–V/
metamorphic GaSb/GaAs (001) heterostructures have been success-
fully employed as short-wavelength infrared lasers.53 For a relative
assessment of the level of optimization of the samples, a compari-
son of the XRD FWHM of the binary endpoints can be made.
These values provide insight into the degree of mosaic spread
among compared samples of the same system.54 For the samples
reported here, the XRD FWHM of InAs is 25900, GaSb is 17300,
AlSb is 16900, and InSb is 22000. Previous reports of the FWHMs of
thicker InAs and GaSb metamorphic films taken using a triple-axis
analyzer crystal are an order of magnitude narrower.42

V. CONCLUSION

This work shows that the ternary III–V alloys, GaInSb,
AlInSb, and InAsSb, are stable over a wide range of alloy composi-
tions grown at temperatures ranging from 440 to 500 °C.
Thermodynamic analysis and experiments support this growth
range as a stable region, which avoids thermal and spinodal decom-
position. X-ray diffraction and transmission electron microscopy
show that the metamorphic buffer layers are completely relaxed
and show no evidence of phase separation. The experimentally con-
firmed stability of all three alloys over a wide range of compositions
confirms them as promising candidates for the lattice-matched
MBE growth of novel materials with engineered lattice parameters
and physical properties.
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