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ABSTRACT: Nanoscale substrates such as nanowires allow heterostructure design to venture well
beyond the narrow lattice mismatch range restricting planar heterostructures, owing to misﬁt strain
relaxing at the free surfaces and partitioning throughout the entire nanostructure. In this work, we
uncover a novel strain relaxation process in GaAs/InxGa1−xAs core−shell nanowires that is a direct
result of the nanofaceted nature of these nanostructures. Above a critical lattice mismatch, plastically
relaxed mounds form at the edges of the nanowire sidewall facets. The relaxed mounds and a
coherent shell grow simultaneously from the beginning of the deposition with higher lattice
mismatches increasingly favoring incoherent mound growth. This is in stark contrast to Stranski−
Krastanov growth, where above a critical thickness coherent layer growth no longer occurs. This
study highlights how understanding strain relaxation in lattice mismatched nanofaceted
heterostructures is essential for designing devices based on these nanostructures.
KEYWORDS: Nanowires, core−shell, strain relaxation, X-ray diﬀraction, transmission electron microscopy, molecular beam epitaxy,
GaAs, semiconductor
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mismatches (e.g., Si/Ge or GaAs/InAs). Additionally, the
nanofaceted geometry of these NW heterostructures has
resulted in novel shell growth phenomena being observed,
such as facet selective growth on NWs with diﬀerent sidewall
facets,23,24 and surface energy eﬀects have been exploited to
realize core−shell NWs with periodically modulated shells.25
In this work we investigate strain relaxation in GaAs/
InxGa1−xAs core−shell NW heterostructures with systematically
varying lattice mismatch as well as core and shell dimensions,
and uncover a new form of strain relaxation that is not observed
in planar heterostructures. Namely, we ﬁnd that above a critical
lattice mismatch that depends on the core diameter, InxGa1−xAs
shell growth proceeds partially through coherent shell growth
and partially through the growth of plastically relaxed mounds.
In direct contrast to SK growth, the coherent shell continues to
grow after the mounds have formed and we do not observe a
critical thickness for mound formation. Furthermore, the shell
remains coherent with no evidence of misﬁt dislocations. For
higher lattice mismatches, incoherent mound growth is
increasingly favored over coherent shell growth. The mounds
nucleate at the edges of the {110} NW sidewall facets and we
explain this extraordinary strain relaxation process as a
consequence of the nanofaceted nature of these heterostructures.
To investigate the inﬂuence of lattice mismatch and NW
dimensions on strain relaxation, samples were grown with
varying In contents and core and shell dimensions by molecular
beam epitaxy (MBE) on 2 in. n-type (resistivity <0.02 Ωcm)

lanar heterostructure design is highly constrained in lattice
mismatch and layer thicknesses to the parameter region
where misﬁt strain is elastically accommodated in a coherent
epilayer. In other words, for a given lattice mismatch between
the layer and substrate materials there exists a critical thickness,
and only below this thickness will a coherently strained layer
grow. Above the critical thickness, alternative strain relaxation
processes take over, often resulting in severe material
degradation as is the case for misﬁt dislocation formation.1
However, strain relaxation can also be exploited to produce
coherent low-dimensional structures such as quantum dots
(QDs) by Stranski−Krastanov (SK) growth2 and strain can
favorably modify electronic properties such as band gap or
carrier mobility. For these reasons, strain relaxation in planar
heterostructures has been vigorously investigated.3 Apart from
planar growth, the formation of heterostructures within
nanostructures such as nanowires (NWs) and nanoparticles
has opened up new possibilities for heterostructure design.4−7
These nanostructures enable the realization of coherent
heterostructures well beyond the thickness and lattice mismatch
ranges possible for planar growth.8,9 This design ﬂexibility
opens the door to novel device structures based on new
material combinations, which would be highly defective in
planar form.
Recent investigations of strain relaxation in core−shell NW
heterostructures reveal that plastic relaxation is suppressed
compared to planar layers.8,10−12 Nevertheless, for very high
lattice mismatches the formation of misﬁt dislocations,12−15
QDs16−19 and shell roughening20−22 has been observed. We
note that previous investigations into the complex process of
strain relaxation in core−shell NWs have focused mainly on
varying NW dimensions for ﬁxed and substantial lattice
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Si(111) substrates covered by native oxide. Prior to growth, the
substrates were outgassed at ∼650 °C for 5−10 min in the
MBE growth chamber after which the substrate temperature
was reduced to 630 °C as measured by a pyrometer (calibrated
to the oxide desorption temperature on GaAs substrates). Ga
droplets were assembled on the substrate by depositing Ga for
30 s at 0.125 nm/s GaAs equivalent planar growth rate,
followed by a 60 s ﬂux interruption. The predeposited Ga
droplets determine the NW density and increase the diameter
and length uniformity of the NW distribution. Next, GaAs NW
cores 3−4 μm long with ∼40 nm diameter and density ∼0.3
μm−2 were grown by Ga-assisted vapor−liquid−solid growth26
by supplying Ga and As2 for 50 min at 0.031 and 0.22 nm/s
equivalent GaAs growth rates, respectively. Prior to shell
growth, the VLS Ga droplets were consumed by exposure to
As2 at 3.0 nm/s. GaAs and InxGa1−xAs shells were grown at
conditions that limit adatom diﬀusion on the NW sidewalls,27
namely substrate temperature 390 °C and V/III ﬂux ratios of
40−50 (total group III ﬂux ≈0.06 nm/s). The nominal In
content of the InxGa1−xAs shells was taken as the ratio of the In
ﬂux to the total group III ﬂux, consistent with reports for
InxGa1−xAs shells grown at similar conditions.27,28 The MBE
sources (2 Ga, In, and As2) were inclined from the substrate
normal by 33.5° and samples were rotated at 0.17 Hz during
core and shell growth. From this geometry, NW sidewall
growth rates of 0.21 times the planar growth rate are expected,
consistent with the NW diameters and parasitic layer thickness
observed in Figure 1. Three sample series were grown: two
GaAs/InxGa1−xAs/GaAs core−shell−shell series with nominal
structures (core diameter/InxGa1−xAs shell thickness/outer
GaAs shell thickness) 140 nm/35 nm/35 nm and 40 nm/18
nm/18 nm and a GaAs/InxGa1−xAs core−shell series with
dimensions 140 nm/18 nm. The lattice mismatch was
systematically varied by changing the In content of the shells
from 20 to 100% In for the 35 nm shell series and from 20 to
60% for the two 18 nm shell series.
X-ray diﬀraction (XRD) measurements on as-grown core−
shell NW ensembles were performed with Cu kα1 radiation
from a PANalytical X’Pert Pro Materials Research Diﬀractometer. To probe the NW strain in the axial direction, (111)
ω/2θ scans were carried out using both a 1 mm detector slit
(divergence ∼ 0.18°) and a three-bounce analyzer crystal (∼12
in. divergence). Micro-Raman measurements were carried out
with a Horiba/Jobin Yvon LabRAM HR Evolution system
equipped with a 405 nm solid-state laser for optical excitation
and a liquid nitrogen-cooled CCD for the detection of the
scattered light. The spectra were recorded in backscattering
geometry from single NWs dispersed on MgO(001) substrates
(ﬁrst-order Raman scattering forbidden by selection rules) with
the incident and detected scattered light polarized along the
NW axis. In order to optimize the selective enhancement of the
Raman eﬃciency in the NW cores that occurs for excitation in
resonance with the E1 transition (∼3 eV) in GaAs,29 the
experiments were carried out at low temperatures (10 K). Planview and cross-sectional TEM specimens were prepared by ﬁrst
embedding the nanowires in glue, followed by mechanical
grinding and dimpling. The ﬁnal thinning was performed by
argon ion beam milling with an energy of 3.5−4 keV under an
incident angle of 3−4° using a Gatan precision ion beam
polishing system. The TEM investigation was carried out in a
Jeol 2100F ﬁeld-emission scanning transmission electron
microscope equipped with a bright-ﬁeld and dark-ﬁeld detector
as well as a 2k × 2k CCD camera.

Figure 1. Scanning electron micrographs (inclined 20° from the
substrate) illustrating core−shell−shell and core−shell NWs. (a)
Micrograph of GaAs/In0.2Ga0.8As/GaAs core−shell−shell nanowires
(nominal thicknesses 140 nm/35 nm/35 nm), a parasitic polycrystalline layer and parasitic crystallites on a Si(111) substrate. False
coloring illustrates the nominal In0.2Ga0.8As layer in a selected
nanowire and the parasitic layer. (b) Images of GaAs/InxGa1−xAs
core−shell nanowires with nominal thicknesses 140 nm/18 nm for
varying In contents as indicated in the ﬁgure. The shell morphology
transitions from smooth sidewalls below 40% In to increasingly rough
sidewalls for higher In contents. Additional NWs with 60% In are
shown in bird’s eye view (inclined 70° from substrate) to further
illustrate the 3D mounds on the NW sidewalls.

Figure 1a shows a scanning electron micrograph of GaAs/
In0.2Ga0.8As/GaAs core−shell−shell NWs with 140 nm/35 nm/
35 nm respective core diameter and shell thicknesses. The false
coloring illustrates the InxGa1−xAs region for a selected NW
and the parasitic layer. The parasitic layer is produced during
the shell growth and is about ﬁve times as thick as the NW
shell. X-ray diﬀraction measurements on a sample where the
shell layers were deposited without ﬁrst growing NWs reveal
the parasitic layer is polycrystalline and relaxed, showing weak
peaks in the ω/2θ XRD scans only at the positions of
unstrained GaAs and InxGa1−xAs with the nominal In content
(further discussion in Supporting Information). Crystalline
parasitic objects (crystallites or possibly horizontal NWs) are
also visible on the substrate in Figure 1a. A series of scanning
electron micrographs of GaAs/InxGa1−xAs core−shell NWs
(140 nm/18 nm) with varying nominal In contents is depicted
in Figure 1b. Shells with up to 40% In show smooth sidewall
surfaces, while interestingly for higher In contents the presence
of mound-like features results in increasing surface roughness.
The axial strain in the core−shell NWs was investigated by
XRD on as grown NW ensembles, and by Raman spectroscopy
on dispersed single NWs. Figure 2a shows ω/2θ XRD scans
137
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Figure 2. (a) (111) X-ray diﬀraction ω/2θ scans of GaAs/InxGa1−xAs/GaAs core−shell−shell (140 nm/35 nm/35 nm) nanowires with varying In
contents. The vertical dotted lines at −1.50° and −0.57° indicate the (111) peak positions of unstrained InAs and GaAs, respectively. (b) XRD
measured (points) and predicted (lines) nanowire axial strain relative to GaAs as a function of In content for GaAs/InxGa1−xAs/GaAs nanowires
with dimensions 140 nm/35 nm/35 nm (blue square, solid line), 140 nm/18 nm (green star, dotted line), and 40 nm/18 nm/18 nm (red circle,
dashed line). The inset shows the In content dependence of the intensity of the relaxed InxGa1−xAs(111) peak relative to the nanowire peak intensity
for the data in (a). The largest source of uncertainty in the XRD analysis arises from the ∼10% uncertainty in the core and shell thicknesses. (c)
Normalized Raman spectra of single GaAs/InxGa1−xAs core−shell (140 nm/18 nm) nanowires dispersed on MgO and acquired at 10 K. The lowand high-frequency peaks correspond to TOS and LOD scattering, respectively, in the GaAs core. The Raman spectrum of a GaAs(110) surface is
shown for reference. (d) The frequency shift of the TOS (yellow diamond) and LOD (purple triangles) peaks and the XRD measured core strain
(green star) as a function of In content. Error bars show the standard deviation when multiple NWs were measured.

across the (111) reﬂections from GaAs/InxGa1−xAs/GaAs
core−shell−shell NW ensembles with nominal dimensions
140 nm/35 nm/35 nm for varying In contents. A scan from
bare GaAs NWs with 140 nm diameter is shown for
comparison (0%). The Si(111) substrate peak (Bragg angle
θB = 14.22°) is oﬀset horizontally to 0° for all scans and the
vertical dotted lines at −1.50° and −0.57° indicate the relaxed
(111) peak positions of zincblende InAs and GaAs, respectively.
The GaAs sample shows a zincblende GaAs peak with a small
shoulder corresponding to wurtzite GaAs,30 indicating the NW
crystal structure is predominantly zincblende. Increasing the In
content from 0 to 40% gradually shifts this NW peak to lower
angles. As is discussed below, we associate this peak with the
shared (111) lattice parameter of a coherent core−shell−shell
NW structure and hence this trend indicates an increasing
positive axial strain in the GaAs cores. Further increasing the In
content from 40% to 100% has the opposite eﬀect, reducing the
strain in the GaAs core and signifying thus an increasing
presence of a plastic relaxation process. The NW peak widths
correspond only to the 2θ detector slit width, a consequence of
an even wider distribution of tilting and bending within the

NW ensemble (see Supporting Information). Each scan shows
an additional peak that corresponds to the lattice parameter of
unstrained InxGa1−xAs. The absence of a partially relaxed
InxGa1−xAs peak is startling compared to the planar situation
and implies the simultaneous presence of two InxGa1−xAs strain
states: one fully coherent with the GaAs core and outer shell,
and one fully relaxed. The decreasing axial strain above 40% In
coincides with an observed roughening of the NW sidewalls,
similar to that shown in Figure 1b.
The inset of Figure 2b displays the unstrained InxGa1−xAs
XRD peak intensity from Figure 2a relative to the NW peak
intensity as a function of In content. Up to 40% In, the constant
weak relative intensity of ∼0.05 is likely due to diﬀraction from
the NW tips and the parasitic layer between the NWs.
However, above 40% In the signal from unstrained InxGa1−xAs
increases with increasing In content, indicating the decrease in
NW axial strain coincides with an increase in the volume of
unstrained InxGa1−xAs.
For a pseudomorphic core−shell NW structure, a single
shared axial lattice parameter is expected.10,31 Neglecting
variations in the elastic constants between the core and shell
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Figure 3. Bright-ﬁeld plan-view scanning TEM investigation (along the ⟨111⟩ zone axis) of nominally GaAs/In0.6Ga0.4As (140 nm/18 nm) NWs. (a)
Core−shell NWs with InxGa1−xAs mounds and {112} facets at the edges of {110} sidewalls. (b) HR micrograph and (c) corresponding Fourier
transform of an InxGa1−xAs mound reveal near complete strain relaxation to the GaAs core. (d) HR micrograph of the GaAs/InxGa1−xAs core−shell
interface near the center of a {110} facet and corresponding GPA plots of in-plane (εxx) and out-of-plane (εyy) strain, illustrating the coherent core−
shell interface. (e) The out-of-plane strain laterally averaged over the region deﬁned in the εyy map is plotted as a function of distance, illustrating the
abrupt core−shell interface.

the XRD measured axial strain, showing qualitative agreement
between both measurements.
Transmission electron microscopy (TEM) measurements
were carried out on the 60% (140 nm/18 nm) sample from
Figure 1b to investigate the microstructure of the roughened
NW shells. Figure 3a presents bright-ﬁeld plan-view micrographs of two NWs taken along the ⟨111⟩ NW axis. Both NWs
show hexagonal cores composed of {110} facets and
InxGa1−xAs shells with a thickness of 8−12 nm, less than the
nominal value of 18 nm (due to the formation of mounds on
the sidewalls and possibly shadowing from neighboring NWs).
We note that for In0.6Ga0.4As growth on planar GaAs(100) the
critical thickness is ∼1 nm.35 Furthermore, in a study of
similarly lattice mismatched Si/Ge core−shell NWs, Stranski−
Krastanov growth with a wetting layer thickness of 1−2 nm was
reported.23 For the NW on the left of Figure 3a, two faceted
mounds are visible near the corners of the sidewall facets. The
location and shape of the mounds suggests they nucleated at
the edges of the {110} sidewalls. In the right-hand image, {112}
facets are present at some of the {110} facet corners.
Measurements on other NWs from this sample show similar
mound features and {112} facets. Faceted mounds on NW
sidewalls have been previously observed for the Si/Ge
system20,23 as well as GaAs/GaSb and GaP/GaSb,36 albeit
not on {110} sidewall facets. For InxGa1−xAs shells grown on
GaAs NW sidewalls, it has been shown that three-dimensional
(3D) quantum dot (QD) formation readily occurs on {112}
sidewalls but is suppressed on {110} sidewalls.19 Furthermore,
for InAs growth on planar GaAs(110), two-dimensional (2D)
layer growth is believed to always be favored over 3D
growth.37,38 We note that InAs QD growth has been observed
for both planar surfaces39 and NW shells16 on AlAs(110).
Interestingly, the growth of (Al,Ga)As shells around GaAs NW
cores has been shown to also result in {112} facets forming at
the edges of the {110} NW sidewalls.40 We propose that in our
case the formation of {112} facets at the NW corners and the
diﬀerent relaxation processes on these surfaces, or simply the

materials, the resulting shared lattice parameter is according to
elastic theory the average of the unstrained lattice parameters of
each material in the structure, weighted by their relative cross
sectional area.10 The thus predicted axial strain (relative to
unstrained zincblende GaAs) for coherent core−shell structures
is plotted as a function of In content in Figure 2b for the three
sample geometries assuming the nominal NW dimensions.
Figure 2b also shows the axial NW strain inferred from XRD
measurements for the three NW geometries. For all three
series, axial strain initially increases linearly with increasing In
content, in agreement with the elastic theory calculations.
However, above 40% In the strain in the two 140 nm core
series deviates from the calculation, decreasing gradually with
further increasing In content. By comparison, the 40 nm core
series deviates from the calculation only above 50% In, showing
an abrupt and near complete drop in the core strain for 60% In.
This diﬀerence between the sample series implies that the
critical lattice mismatch for the occurrence of plastic relaxation
is higher for the thinner core, which is consistent with previous
reports.8,10−12 For all three sample series, the decreasing axial
NW strain coincides with the appearance of NW sidewall
roughening.
To corroborate the XRD investigation, resonance Raman
scattering measurements were carried out on single GaAs/
InxGa1−xAs core−shell NWs (140 nm/18 nm) dispersed on
MgO(001) substrates. Figure 2c displays single NW Raman
spectra for varying In contents, where the low- and highfrequency peaks correspond to the transverse optical singlet
(TOS) and longitudinal optical doublet (LOD) phonon modes
of the GaAs core, respectively.32 The Raman spectra are
dominated by scattering from the GaAs core due to a resonance
enhancement, as the 405 nm excitation is resonant with the E1
transition of GaAs but not resonant with the InxGa1−xAs shell.29
The TOS and LOD phonon frequencies have a linear
dependence on the axial strain in the GaAs core,32 given by
the phonon deformation potentials.32−34 The observed TOS
and LOD frequency shifts are plotted in Figure 2d, along with
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A side-view TEM micrograph showing an overview of a
GaAs/In0.6Ga0.4As core−shell NW taken along the ⟨112̅⟩ is
presented in Figure 4a. In Figure 4b, a higher-magniﬁcation
image of the mound on the left side of Figure 4a is displayed,
where the NW has been rotated about its ⟨111⟩ axis to incline
the GaAs/In x Ga 1−x As interface, revealing an array of
dislocations near the interface. A HR micrograph showing the
meeting of an InxGa1−xAs mound and shell is displayed in
Figure 4c. No dislocations are found in the InxGa1−xAs shell,
with the corresponding Fourier transform indicating the shell is
coherently strained to the GaAs core along the NW axis. The
InxGa1−xAs mound shows evidence of dislocations and the
Fourier transform reveals predominant strain relaxation and a
1.5° tilt compared to the GaAs core. The lattice spacing of the
mound and shell perpendicular to the interface are 6.5−7.5%
larger than the GaAs core. However, the mound in Figure 4c
has an in-plane lattice parameter of 5.5−6% larger than the
GaAs core and coherent InxGa1−xAs shell (values are obtained
based on the FFTs shown in the insets), further suggesting an
enhanced In content in the mound compared to the shell. In
our investigation of several NWs from this sample in both planview and side-view projections, no evidence for dislocations in
the InxGa1−xAs shell away from the mounds was detected. We
therefore conclude that the InxGa1−xAs shell is fully coherent
with the GaAs core.
Considering the XRD and TEM results together, a more
complete understanding of the strain relaxation process
appears. The decreasing axial strain measured with XRD for
higher In contents results from a thinning of the coherent
InxGa1−xAs shell as relaxed mounds form at the corners of the
NWs and consume some of the supplied material. This shell
thinning was conﬁrmed by SEM, where the NW diameter is
found to decrease with increasing In content above the critical
In content. Because the amount of InxGa1−xAs coherent to
GaAs is thus smaller than assumed for the elastic strain
calculations, the shared (111) lattice constant is closer to the
one of GaAs. The increasing volume of relaxed mounds
explains the increasing XRD intensity associated with relaxed
InxGa1−xAs. Apart from the mounds, the core−shell−shell
structure remains coherent and thus no splitting of the (111)
NW peak is observed.
In order to analyze how the InxGa1−xAs growth is divided
between the coherent shell and the relaxed mounds, we
calculate from the axial strain measured by XRD the actual
InxGa1−xAs shell thickness (according to the strain model
discussed above). Here we assume the nominal shell In content
and nominal GaAs core and shell dimensions (i.e., only
allowing the coherent InxGa1−xAs shell thickness to vary), and
divide the resulting value by the nominal shell thickness. The
corresponding results are presented for the two NW series with
140 nm core diameter but diﬀerent nominal shell thickness in
Figure 5 and illustrate the fraction of InxGa1−xAs that is devoted
to the coherent shell growth. We note that the SEM of the
sample with 100% In (lower inset of Figure 5) reveals a total
NW thickness (between mounds) corresponding to the
nominal thickness of the GaAs core and shell, supporting the
very thin InAs shell value displayed in Figure 5. This InAs shell
morphology resembles that of group IV core−shell NWs grown
by Plateau−Rayleigh crystal growth.25,42 Remarkably, for both
series in Figure 5 the normalized InxGa1−xAs shell thickness
shows the same dependence on In content, indicating the
distribution of InxGa1−xAs between the shell and the mounds is
independent of the amount of deposited InxGa1−xAs. There-

edges of the {110} facets themselves, provide a pathway for
strain relaxation through 3D growth of mounds.
A plan-view high-resolution (HR) micrograph of a mound at
a NW corner is displayed in Figure 3b, along with a Fourier
transform of the image in Figure 3c. The InxGa1−xAs spots in
the Fourier transform exhibit negligible tetragonal distortion,
indicating the InxGa1−xAs in the mound is nearly completely
relaxed. An HR micrograph showing a GaAs/InxGa1−xAs core−
shell interface from near the center of a {110} sidewall facet is
depicted in Figure 3d along with corresponding geometric
phase analysis41 (GPA) maps for in-plane (εxx) and out-ofplane (εyy) strain relative to the GaAs core. The GPA maps
demonstrate that the GaAs/InxGa1−xAs interface is coherent
along ⟨21̅1̅⟩. The out-of-plane GPA strain εyy is plotted as a
function of distance along the direction perpendicular to the
core−shell interface in Figure 3e for the rectangle deﬁned in
the εyy map. This plot reveals an extremely abrupt interface
(∼0.7 nm wide) and uniform strain proﬁle throughout the
thickness of the shell, indicating the In content is uniform in
the observed region. The average strain value of 3.5%
perpendicular to the interface seen in this plot is less than
expected for an In content of 60%. By comparison, the lattice
spacing in the relaxed mound in Figure 3b is ∼6% larger than in
the GaAs core, therefore suggesting the mound is In rich and
the shell is In poor. However, other HR micrographs reveal
shell strains as high as 7.5% [cf. Figure 4c]. The strain state of
the mound in Figure 3b is unknown in the out of plane
direction but assuming strain is completely relaxed the lattice
spacing corresponds to an In content of ∼80%. It is expected
that In enrichment of the mounds will deplete the neighboring
shell regions of In, and that the size and shape of these depleted
regions will depend on how In diﬀuses on the surface.

Figure 4. Cross-sectional TEM investigation of nominally GaAs/
In0.6Ga0.4As core−shell (140 nm/18 nm) NWs. (a) An overview
micrograph along ⟨112̅⟩ of InxGa1−xAs mounds and (b) a higher
magniﬁcation image of a core-mound interface rotated about the ⟨111⟩
axis, revealing an array of dislocations. (c) HR micrograph along ⟨112̅⟩
illustrating the coherent core−shell interface and a partially relaxed
InxGa1−xAs mound, along with Fourier transforms of two regions of
the image.
140
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nucleation of 3D islands.45 Finally, the extremely abrupt
decrease in measured axial strain for the NW series with 40 nm
core diameter [cf. Figure 2b] indicates the relaxation process
depends strongly on the NW diameter. The faster relaxation in
this case could be related to the shorter distance that adatoms
have to diﬀuse to reach the facet edges. Alternatively, the
smaller sidewall facets could change their orientation more
easily. Nevertheless, adjusting growth conditions could provide
a means for controlling the relaxation process.
We demonstrate that coherent InxGa1−xAs shells with up to
50% In and thicknesses exceeding 10 nm can grow around
GaAs NWs. A thick In0.5Ga0.5As layer biaxially strained to the
GaAs lattice parameter is expected to have a band gap of ∼0.92
eV at 300 K,46 corresponding to an emission wavelength in
excess of 1.3 μm. We therefore deduce that these structures are
promising for optoelectronic devices operating at telecommunication wavelengths on the Si platform, which is in line with
recent demonstrations of core−shell NW GaAs/InxGa1−xAs
light emitting diodes27,47 and InxGa1−xAs/GaAs optically
pumped lasers48,49 on Si at lower In contents.
An anomalous strain relaxation process has been revealed in
lattice mismatched GaAs/InxGa1−xAs core−shell nanowires.
Above a critical In content (∼40% for 140 nm core diameter),
the deposited InxGa1−xAs grows simultaneously as a coherent
shell and as plastically relaxed mounds. Mound growth is
increasingly favored for increasing lattice mismatch, that is,
higher In contents, consistent with strain relief being the
driving force for mound growth. The simultaneous occurrence
of two growth modes is a consequence of the nanofaceted
nature of these nanoheterostructures, which provides alternative relaxation pathways that are not available in planar
heterostructures. Such pathways can be provided by diﬀerent
relaxation dynamics at facet corners or on facets of diﬀerent
orientation within the nanostructure (such as the {110} and
{112} facets observed in this case). We note that prior
demonstrations of facet selective growth of Si/Ge core−shell
nanowires also exploit the nanofaceted NW geometry,
speciﬁcally the diﬀerent surface energies and precursor
decomposition rates between diﬀerent facets.23,24 Our ﬁndings
are expected to have general implications for lattice mismatched
nanoscale heterostructures and motivate further exploring and
exploiting complex strain relaxation processes in these
structures, suggesting sidewall facet optimization can play an
important role in the growth of highly lattice mismatched
nanowire heterostructures. Finally, this work illustrates that
GaAs/InxGa1−xAs core−shell heterostructures show promise
for optoelectronic devices with extended composition and thus
wavelength range compared to planar heterostructures.

Figure 5. Coherent InxGa1−xAs thickness normalized to the nominal
value as a function of In content as deduced from the XRD-measured
axial strain. The nominal sample structures are GaAs/InxGa1−xAs/
GaAs 140 nm/35 nm/35 nm (blue square) and GaAs/InxGa1−xAs 140
nm/18 nm (green star), and the nominal GaAs dimensions and In
contents are assumed for the calculation. The agreement between the
two data sets indicates the partitioning of InxGa1−xAs between
coherent shell and relaxed mound growth is independent of thickness,
indicating both occur simultaneously. The upper inset displays an
SEM image (inclined 70° from substrate) of GaAs/In0.6Ga0.4As NWs
with nominal dimensions 140 nm/5 nm, indicating the presence of
InxGa1−xAs mounds on the NW sidewalls. A micrograph of the GaAs/
InAs/GaAs NWs (inclined 20° from substrate) is shown in the lower
inset. The SEM scale bars correspond to 0.5 μm.

fore, from the early stages of Inx Ga 1−x As deposition
simultaneous growth of the coherent shell and relaxed mounds
occurs. In fact, this conclusion was conﬁrmed by growing a
sample with 140 nm core diameter and a nominally 5 nm thick
In0.6Ga0.4As shell (thinner than the coherent shell in Figure 3).
Even for this thin shell sample, mounds are visible in SEM (see
upper inset to Figure 5).
The unusual relaxation mode uncovered here is fundamentally diﬀerent from SK growth. In the case of SK, growth is
initially 2D until a critical thickness is reached at which the
formation of 3D islands becomes energetically favorable. The
3D islands release misﬁt strain at the cost of an increase in
surface energy. After the 3D islands have formed, continued
deposition increases the size and density of the islands, but
growth of the wetting layer does not occur as it is energetically
unfavorable. By contrast, here we observe simultaneous 2D and
3D growth, and to shell thicknesses of more than an order of
magnitude greater than those reported for SK growth (on both
NWs and planar substrates, as discussed above). As for SK
growth, we expect strain relaxation to act as a driving force for
transporting material from the coherent shell to the relaxed
mounds. Therefore, the continued coherent shell growth
suggests that growth kinetics play a role in limiting material
collection at the mounds. As the thickness of the coherent shell
increases, the shell strain decreases due to strain sharing
between the core and shell and due to strain relaxation at the
NW surface. This reduces the driving force for mound
formation with increasing shell thickness. We note that for
growth on compliant substrates as well as NW sidewalls, strain
transfer from lattice mismatched islands to the NW or
compliant substrate has been found to aﬀect subsequent island
nucleation.42,43 For growth on nanofacets, the enhanced strain
relaxation compared to planar growth has been predicted to
suppress the nucleation of 3D islands,44 but it has also been
shown that material transfer between facets can induce early
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Matter Mater. Phys. 2008, 77 (23), 235302.
142

DOI: 10.1021/acs.nanolett.6b03681
Nano Lett. 2017, 17, 136−142

