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ABSTRACT: We control the formation of Bi-induced nanostructures on the
growth of GaAs/GaAsBi core−shell nanowires (NWs). Bi serves as not only a
constituent but also a surfactant and nanowire growth catalyst. Thus, we paved
a way to achieve unexplored III−V nanostructures employing the characteristic supersaturation of catalyst droplets, structural modiﬁcations induced by
strain, and incorporation into the host GaAs matrix correlated with crystalline
defects and orientations. When Ga is deﬁcient during growth, Bi accumulates
on the vertex of core GaAs NWs and serves as a nanowire growth catalyst for
the branched structures to azimuthal <112>. We ﬁnd a strong correlation
between Bi accumulation and stacking faults. Furthermore, Bi is preferentially
incorporated on the GaAs (112)B surface, leading to spatially selective Bi
incorporation into a conﬁned area that has a Bi concentration of over 7%. The
obtained GaAs/GaAsBi/GaAs heterostructure with an interface deﬁned by the
crystalline twin defects in a zinc-blende structure can be potentially applied to a quantum conﬁned structure. Our ﬁnding
provides a rational design concept for the creation of GaAsBi based nanostructures and the control of Bi incorporation beyond
the fundamental limit.
KEYWORDS: Nanowire, nanostructure, heterostructure, GaAs, Bi, droplet
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regime, suﬀer from intrinsic losses related to Auger
recombination. To circumvent this, the use of dilute bismide
GaAsBi alloy has recently gained intensive attention, because
the introduction of the Bi enlarges the splitting of the valence
band energy levels between the heavy hole band and the spin−
orbit band.25−29 We recently obtained GaAs/GaAsBi heterostructure NWs on Si by using molecular beam epitaxy.3,30,31
The GaAsBi NWs with a Bi concentration of 2% exhibit
speciﬁc structural features, having a rough surface with
corrugations,30 which were probably induced by the large
lattice mismatch and resulting strain accumulation between the
GaAs and GaAsBi alloy.32−36 Also, Bi acts as a surfactant to
control the surface energy, thus provoking the synthesis of
nanostructures.37 Therefore, incorporating dilute bismide
GaAsBi alloy into nanowires is a rational approach for
developing high-performance optoelectronic nanodevices on
account of its potential role in bandgap engineering and in the
reduction of the intrinsic losses associated with Auger
recombination in GaAs. However, the impact of Bi

tudying III−V semiconductor nanowires (NWs) has
attracted much interest in recent decades due to their
potential application in nanostructured electronic, photonic,
and quantum devices.1−3 The introduction of an epitaxial
heterostructure facilitates control of the transport and
electronic properties of such devices, showing the prospect
for realizing integrated systems based on III−V compounds
and Si with superior electronic and optical functions.4−9
Branched or tree-like NWs oﬀer an approach to increase
structural complexity and enhance the resulting functions,
which in turn enables the realization of higher-dimensionality
structures, lateral connectivity, and interconnection between
the NWs.10−15 Such structures exhibit potential for applications in nanoscale quantum, photonic, electronic, energy
conversion, and biological devices based on their complex
conﬁgurations and large surface to volume ratio.2,16−21 To
synthesize branched NWs, conventionally, metallic catalyst
nanoparticles, most commonly Au, are employed as the
nucleation seeds for the growth of the branches.10,13,22−24
Strain-driven vapor−liquid−solid (VLS) growth of branched
III−V GaAs NWs using self-catalyst Ga droplets has been
reported.12,17 Optical devices based on III−V GaAs, such as
lasers and optical ampliﬁers operating at the near-infrared
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Figure 1. (a,b) 45°-tilted SEM images of GaAs/GaAsBi core−shell NWs grown at a Bi BEP of 6 × 10−8 mbar with the high-magniﬁcation image in
(b) showing the tips of the NWs. (c) Planar SEM image. (d,e) 45°-tilted SEM images of GaAs/GaAsBi core−shell NWs grown at a Bi BEP of 5.4 ×
10−7 mbar. The higher-magniﬁcation image in (e) shows the tips of the NWs, and the planar image in (f) shows the NWs’ hexagonal guided
structure. The blue overlay schematic illustrates the arrangement and orientation between the trunk and branches, where the branches grow from
the apexes. (g) 45°-tilted SEM images of GaAs/GaAsBi/GaAs core−multishell NWs grown at a Bi BEP of 5.4 × 10−7 mbar at the GaAsBi shell and
(h) a higher-magniﬁcation image showing the tip NW tips. (i) Planar SEM image of the NWs.

growth, though one series of samples was grown with the Bi
BEP adjusted to 6 × 10−8 mbar, and the other was grown with
a Bi BEP of 5.4 × 10−7 mbar. All other growth conditions were
identical among the samples. For the last sample, after the
growth of the GaAs/GaAsBi core−shell structures (using the
identical growth conditions as those of the sample grown at a
Bi BEP of 5.4 × 10−7 mbar), without growth interruption, the
outermost GaAs shell was grown for 15 min to form a GaAs/
GaAsBi/GaAs core−multishell structure. After the structures
were grown, the substrate temperature was reduced under As4
pressure until it reached 300 °C. Subsequently, the As pressure
was terminated, and the samples were removed after the
substrate temperature cooled to below 100 °C. Notably, we
simultaneously grew a GaAsBi thin ﬁlm on GaAs (001)
substrates placed on the growth substrate holder side by side.
Based on X-ray diﬀraction characterization, the Bi concentration of the GaAsBi thin ﬁlms grown at the Bi BEP of 6 ×
10−8 mbar was found to be 1.3%.31 The other thin ﬁlm grown
at the Bi BEP of 5.4 × 10−7 mbar had a Bi concentration of
4.5% with the existence of Bi droplets on the surface. However,
our preliminary experiments on those NWs revealed that the
NW samples contained 1.3% and about 2% Bi in the GaAsBi
shell for the samples grown at the Bi BEPs of 6 × 10−8 and 5.4
× 10−7 mbar, respectively.30,31 The Bi incorporation cannot
monolithically be controlled, because that depends on several
parameters, such as growth plane, temperature, and overpressure.25−29 Hence, we investigate herein the incorporation

introduction on the GaAsBi alloy growth is far from being
comprehensively understood. In this report, we investigate the
features and growth mechanisms of GaAs/GaAsBi core−shell
multilayered NWs on Si (111) substrates, focusing on the
structural deformation induced by Bi.
The samples were grown by molecular beam epitaxy using
constituent Ga-induced VLS growth on phosphorus-doped ntype Si (111) substrates.38,39 The samples were heated to 580
°C under an As4 beam equivalent pressure (BEP) of 1.0 × 10−5
mbar. The Ga supply was set to obtain a planar growth rate of
1.0 ML/s on GaAs (001) providing a group V As-rich growth
condition. First, the GaAs core nanowires were grown for 15
min, and then, the growth was interrupted for 10 min, and the
substrate temperature was reduced to 550 °C to crystallize the
Ga catalyst. After crystallization of the catalyst, the lateral
growth became dominant and was expected to yield core−
shell-type NWs. We then supplied Ga ﬂux for 15 min to form
the GaAs shell and introduced growth interruption by further
reducing the substrate temperature to 350 °C for the
subsequent growth of GaAsBi. We then provided Ga and Bi
ﬂux nominally for 15 min to form the GaAsBi shell.
Consequently, the NWs were expected to consist of a GaAs
core surrounded by a GaAsBi shell layer. The widths of the
GaAs core and GaAsBi shell were expected to be 100 and 80
nm, respectively. We ﬁrst prepared two series of samples by
varying the Bi ﬂux during the growth of the GaAsBi shell. The
BEP of As4 was kept at 1.0 × 10−5 mbar throughout the
B
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Figure 2. (a) SEM image and elemental (b−d) EDS mapping of Ga, As, and Bi, respectively, of a single branched GaAs/GaAsBi NW. The NW tip
is located in the upper right of the image. (e) SEM image of the tip of the NW taken of the region delimited by a white square in (a), and (f) the
corresponding elemental mapping of Bi. (g,h) High-magniﬁcation SEM image and Bi elemental mapping of the region indicated by the dashed
rectangle shown in (e).

385 nm with a full width at half-maximum of 144 nm.
Determining the length of the wire branch was diﬃcult.
However, owing to the smooth surface branches, the diameter
could be estimated; the Gaussian distribution peak is at 192
nm, and the full width at half-maximum is 84 nm (shown in
the Supporting Information).38 The NWs shown in Figure
1(e) demonstrate branches that occasionally nucleated from
the sharp-edged wire sidewall. As seen in the planar SEM
image of the NWs in Figure 1(f), the growth of the branches is
deﬁned from the trunk crystal planes, resulting in the
hexagonally radiated structure. The branches are oriented to
<112> directions, which will be discussed further in the
following discussion about the TEM investigation. The wires
originate from the apexes, i.e., the vertices between the
adjacent {110} side planes.30,40 These results are diﬀerent from
commonly observed branches that protrude from azimuthal
{111}-related planes as Zha et al. reported,12 where the branch
nucleation induced by the Ga droplet on the NW surface
favors the trunk vertex due to stress release.
Figure 1(g,h) shows 45°-tilted SEM images of GaAs/
GaAsBi/GaAs core−multishell NWs grown at a Bi BEP of 5.4
× 10−7 mbar. The planar SEM image of the NWs is shown in
Figure 1(i), and the number density of the wires is 4 × 108
cm−2. The NWs typically have a length of 1−5 μm, and the
distribution of the wire diameter follows a Gaussian
distribution with a peak at 389 nm and full width at halfmaximum of 73 nm (shown in the Supporting Information).
Due to the longer growth time of the shell layer, the NWs are
thicker.38,39 The NW surface and tip are undulated. Branches
are not observed despite the growth until the middle GaAsBi
layer being identical to the growth of the wires shown in Figure
1(d−f); however, here, the subsequent GaAs outermost shell
growth was achieved by supplying Ga ﬂux. Hence, comparing
the morphologies provides key information about the branch
formation. Notably, we have observed a similar feature with the
characteristic surface morphology in the GaAs/GaAsBi/GaAs
core−multishell NWs grown with mostly identical growth
conditions except for thinner GaAsBi layer widths.30 The
analysis for these reproducible structural deformations of these
NWs should provide the general understanding of the growth
mechanism on this material system.

of Bi into NWs by focusing on the eﬀect of growth conditions,
microscopic characteristics, structure, and lattice plane. The
NWs were investigated by scanning electron microscopy
(SEM, JSM-7610F, JEOL, Japan) with energy dispersive Xray spectroscopy (EDS). We also carried out cross-sectional
scanning transmission electron microscopy (STEM) on axially
and radially sliced single NW samples prepared by focused ion
beam processing (Helios660, FEI, USA). STEM measurements were carried out on a TEM system (JEM-ARM200F
Dual-X, JEOL, Japan) operating at 200 kV with EDS
employing a 100 mm2 silicon drift detector (JED-2300,
JEOL). STEM images were obtained in both bright-ﬁeld
(BF) and high-angle annular dark-ﬁeld (HAADF) modes, and
fast Fourier transform (FFT) diﬀraction patterns were
analyzed.
Figure 1(a,b) shows 45°-tilted SEM images of GaAs/GaAsBi
core−shell NWs grown at a Bi BEP of 6 × 10−8 mbar. We
observe the clear formation of aligned NWs growing
approximately perpendicular from the substrate; the number
density of the wires is 2 × 108 cm−2. The NWs are typically 1−
4 μm long, and the distribution of the wire diameter follows a
Gaussian distribution with a peak at 250 nm and full width at
half-maximum of 62 nm (shown in the Supporting
Information).38,39 The NWs have sharp-faceted sidewalls
with a hexagonal cross section as shown in the planar SEM
image presented in Figure 1(c).30 The swelled NW tip results
from the crystallization of the Ga catalyst during the growth
interruption, which was introduced before the controlled shell
layer formation.38,39
Figure 1(d,e) shows the 45°-tilted SEM image of the GaAs/
GaAsBi core−shell NWs grown at a Bi BEP of 5.4 × 10−7
mbar, and Figure 1(f) shows a planar SEM image of the NWs.
In contrast to the NWs grown at a Bi BEP of 6 × 10−8 mbar
(Figures 1(a−c), those grown at a Bi BEP of 5.4 × 10−7 mbar
(Figures 1(d−f)) exhibit a signiﬁcantly diﬀerent surface
morphology. More speciﬁcally, the NWs have jagged surfaces
and branches. The tips of the wire branches are round
hemispheres and are associated with the catalyst that induced
the branch formation.12 In contrast to the rough surface on the
primary trunk, the branch NWs exhibit a smooth surface. The
trunk wire length varies between 1 and 6 μm, and the statistical
distribution of the jagged NW trunk width is rather wide, i.e.,
C
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Figure 3. Axial cross-sectional STEM study of the branched GaAs/GaAsBi core−shell NW, observed from the [111] direction. (a) BF-STEM
image with insets indicated in yellow showing FFT electron diﬀraction patterns obtained at the trunk and middle of the branch. (b−e) HAADFSTEM and EDS elemental mapping of Ga, As, and Bi, respectively. (f) High-magniﬁcation BF-STEM and (g) HAADF-STEM images and (h) EDS
elemental mapping of Bi of the cross section of the trunk in (f,g). The scale bars are 200 nm.

Figure 2(a−h) presents SEM images and EDS maps of a
typical NW with branches, where the GaAs/GaAsBi core−shell
NWs were grown at a Bi BEP of 5.4 × 10−7 mbar. As seen in
Figure 2(b−d), the primary trunk shows strong Ga and As
content, and the Bi intensity is weaker. The trunk is a NW
consisting of GaAsBi, which agrees well with the expected Bi
concentration of 2−3% from preliminary studies.30 The wire
branches similarly exhibit high Ga and As content and low Bi
content. Hence, the results suggest that the wire branches
consist of GaAsBi. Considering the smooth surface of the
branches in contrast to the jagged surface of the trunk, the
strain of the trunk and branches should be signiﬁcantly
diﬀerent. The hemispherical tip morphology is observed for
both the primary trunk and the branches. As clearly seen in the
Bi elemental mapping images in Figure 2(d,f,h), the hemisphere originates from Bi. It is noteworthy that no Ga is
observed at the tip, as seen in Figure 2(b). In a previous report
by Zha et al, a Ga droplet acts as the catalyst for the VLS
growth of the branches.12 Considering that the Bi BEP for the
NWs having jagged surfaces (5.4 × 10−7 mbar) is much larger
than that for the NWs with smooth surface morphology (as
shown in Figure 1(a,b), 6 × 10−8 mbar), similar to the
expected Bi concentration (1.3% for the smooth surface NWs
and 2−3% for the NWs having jagged surfaces),30,31 more than
70% of the irradiated Bi is not introduced into the GaAsBi
layer, and thus, excess metallic Bi is produced on the growth
front. Probably, the excess Bi forms droplets on the surface as
seen on the GaAs (001) substrate, which was simultaneously
mounted at the growth of the branched NW sample (shown in
the Supporting Information). The droplets formed on the
smooth GaAs (001) thin ﬁlm probably have a larger diﬀusion
length than that on the Si (111) substrate with NWs, where
the coalescence of the droplets would be enhanced. Thus, the
droplets on the GaAs (001) ﬁlm should have a larger diameter
and smaller density compared to those on the Si (111)
substrate having NWs. Further, the cooling procedure under
As overpressure after the growth could change the feature of
the droplets on the surface. Nevertheless, the surface droplets

on GaAs (001) substrate grown under identical conditions
provides valuable information about the growth front of the
NWs. The droplets should mainly comprise Bi. Additionally,
the existence of Bi droplets very possibly promotes the
formation of the NW branches. Further, the existence of
additional Ga and As overpressure with the Bi droplets induces
characteristic supersaturation, resulting in the formation of a
needle-like nanocrystal as seen in the Supporting Information.
Such a phenomenon might be related to the jagged surface
observed in the branched NWs shown in Figures 1(d−f).
Figure 3(a−h) shows axial cross-sectional BF-STEM,
HAADF-STEM, EDS images, and FFT diﬀraction patterns of
the branched GaAs/GaAsBi core−shell NW. The measurement was carried out from the [111] direction. Figure 3(a)
shows the BF-STEM image of the branched NW. The branch
nucleates from the trunk of the NW. The FFT electron
diﬀraction pattern shows an identical crystal orientation
between the trunk and the middle of the branch. Therefore,
it can be concluded that the wire is grown epitaxially from the
trunk. Figure 3(b−e) shows an HAADF-STEM image and
EDS elemental mappings for Ga, As, and Bi, respectively. The
NW mainly consists of GaAs and also includes a small amount
of Bi for both the trunk and branch. As also seen in Figure 2,
there is a Bi cluster at the tip of the NW. The HAADF image
provides information about the elemental distribution based on
its Z-contrast image, where elements of larger atomic number
exhibit brighter contrast. The bright contrast in the HAADF
image of Figure 3(b) corresponds to the Bi intensity in Figure
3(e). Figure 3(f−h) shows higher magniﬁcation BF-STEM and
HAADF-STEM images and EDS elemental mapping for Bi for
the trunk, individually. Inside the NW trunk, a GaAs core
showing hexagonal vertexes is observed. Considering the FFT
diﬀraction patterns shown in Figure 3(a), the vertices are
directed to <112> between the adjacent {110} side planes. The
lattice distances obtained from the FFT patterns are 0.194 and
0.201 nm for (220) and (022) diﬀraction, respectively, at the
center of the wire trunk, and these are similar to the standard
GaAs lattice constants. On the other hand, the same lattice
D
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Figure 4. (a) Cross-sectional BF-STEM image of a branched wire growing out of the substrate and (b) a higher-magniﬁcation image of the area
around the trunk tip delimited by the yellow rectangle in (a). (c) HAADF-STEM image and (d) EDS elemental mapping of Bi for the areas
delimited by the yellow square in (a) for the branched GaAs/GaAsBi core−shell nanowire, as observed from the [110] direction. (e) Highmagniﬁcation HAADF-STEM image taken of the area in (c) delimited by the labeled yellow square. The ﬁltered HAADF image obtained at the
interface between the bright and dark contrast regions as indicated and its high-resolution image for areas A and B, where brighter atoms
corresponding to group V sites are indicated by yellow arrows, and FFT patterns obtained for areas A and B are indicated by yellow circles. (f)
High-magniﬁcation HAADF-STEM image of the root of the branch taken of the area in (c) delimited by the labeled yellow square, and FFT
pattern obtained for the spot indicated by the yellow arrow. (g) FFT pattern obtained for the spot at the middle of the trunk as indicated in (c) by a
labeled yellow dot.

Figure 4(a−f) shows a series of cross-sectional STEM
images and EDS investigations of a branched NW growing
from the substrate (hereafter, known as radial cross-sectional
STEM). As seen in the ﬁgures, the branch protrudes
perpendicular to the NW trunk, as expected from its direction
(toward the <112> orientation). The bright contrast in the
HAADF image in Figure 4(c) clearly corresponds to the strong
intensity of Bi in Figure 4(d). Speciﬁcally, the horizontally
striped switching of the HAADF image contrast in Figure 4(c)
can be observed within the branch, which also agrees with the
BF-STEM image in Figure 4(b) and the EDS Bi intensity in
Figure 4(d). It is noteworthy that the quantiﬁed Bi
concentration based on EDS is 0% in the core of the trunk.
On the other hand, 7% Bi within the group V elements is
observed at the biaccumulated area in the middle of the
branches (EDS investigation is shown in Supporting
Information). Considering the growth conditions at the
substrate temperature of 350 °C under group V As-rich
conditions, the amount is much larger than the reported values
for the thin ﬁlms.41 The tip of the NW contains about 5% of
Ga and As, which make it impossible to determine the tip
metal crystal to be mainly metallic Bi crystal. The striped area
in the branch shown in Figure 4(e) is also interesting; at the
interface of the contrast switching, there is a twin defect of the
zinc-blende GaAs structure that is clearly seen in the ﬁltered
atomic HAADF image. Notably, the NW studied dominantly

constants measured in the middle of the branch are 0.213 and
0.204 nm for (220) and (022) diﬀraction, respectively. That
indicates the GaAsBi at the middle of the wire branch is
deformed by the introduction of Bi, which has a larger lattice
constant than that of the GaAs in the NW core at the middle of
the wire trunk. The branch is directed to <112> and originates
from a vertex of the GaAs core.30,40 The structure of the outer
shell has a characteristic hexagonal-star structure that is
probably induced by the presence of Bi at the vertex of the
outermost shell; large density stacking faults are observed by
the dark contrast in Figure 3(f) and are likely induced by the
accumulation of Bi, which is conﬁrmed by the bright contrast
in Figure 3(g) and the Bi elemental mapping shown in Figure
3(h). As seen from the dark contrast of the BF-STEM image in
Figure 3(f), there are many stacking faults at the outer shell of
the vertexes where there are no branches. On the other hand,
the vertex with a branch protruding from it exhibits much
smaller stacking faults, which suggests that the branch
formation suppresses the formation of crystalline defects. By
comparing the BF-STEM and HAADF-STEM images and Bi
elemental distribution from Figure 3(f−h), the locations
correspond to stacking faults, the bright contrast of the
HAADF image, and the location of Bi. These results suggest
that there is an interaction between the crystalline defects and
the presence of Bi.
E
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Figure 5. (a) SEM image and (b−d) elemental EDS mapping for Ga, As, and Bi for a single GaAs/GaAsBi/GaAs core−multishell NW grown at a
Bi BEP = 5.4 × 10−7 mbar. The NW tip is located in the upper right of the image. The scale bar is 1 μm.

Figure 6. Schematic of the growth mechanism with the residual Bi on a nanowire growth front.

results obtained for the axial cross-sectional investigation
shown in Figure 3(a), which are longer (expanded) than the
standard values. Hence, the lattice is three-dimensionally
distorted in the branch, namely, it is extended in the axial/
horizontal direction, but it is shrunken especially for the {111}
planes of the radial/vertical directions. The observed large
strain, larger than 5% at its lowest, induces the observed
structural deformations that have also been reported to form
surface undulations in GaAsBi thin ﬁlm34 and NWs.30 In
addition, the surface roughening exposes various crystal
orientations on the branch surface. Therefore, the (112)
oriented surface possibly acts as the preferential site for the
nucleation of an additional nanocrystal, inducing the formation
of the observed branches.45 Figure 4(f) shows the highresolution HAADF-STEM image of the area at the root of the
branch in the shell layers of the trunk. From the contrast
observed in the image, the twin defect interface is penetrated
and preserved from the trunk to the branch. The apparent
contrast switch occurs at the branch. Consequently, the twin
defect is preserved at the epitaxial nucleation of the wire
branch. The growth of the GaAs or GaAsBi occurs during the
growth with the Bi catalyst at the tip of the nanowire. There, Bi
dominantly incorporates for a preferable crystal orientation
that is switched by the twin, which is propagated from the
GaAs trunk core. In particular, the heterointerface between
GaAs and GaAsBi was deﬁned by crystalline twin defects,

comprised a zinc-blende structure with numbers of twins.
Conversely, the existence of the wurtzite phase was negligible
throughout the NW. In particular, as seen in Figure 4(e), the
lower part, labeled as area B, has a brighter contrast
corresponding to the Bi-rich area of Figure 4(d). From the
high-resolution HAADF image of area B (see lower center
panel of Figure 4(e)), we can resolve the present atoms by the
intensity of observed atoms. As seen in the intensity proﬁle, the
upper left atoms of the paired atoms in the image are more
intense than the lower left side atoms and thus correspond to
the group V As or Bi. On the other hand, such a clear
diﬀerence in the intensity between the pair elements could not
be observed in area A, suggesting that these may be constituent
Ga and As, which are close in atomic number, with a trace
amount of Bi in the group V site in the area (shown in the
Supporting Information). Hence, the observed higher Bi
composition in area B would be caused by the surface
conﬁguration at the growth front, where As-rich (112)B
surfaces having higher surface energy are exposed, promoting
the introduction of Bi into the layer.42−44 The diﬀraction
pattern in area A provides the lattice distance 0.283 nm for
(111) and 0.259 nm for (200). On the other hand, for area B,
the distance is 0.288 nm for (111) and 0.267 nm for (002)
diﬀraction. Considering the standard lattice distances for GaAs,
0.326 nm for (111) and 0.283 nm for (200), the measured
values are smaller for both the orientations in contrast to the
F
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to a vertex of the NW core. The introduction of Bi into the
GaAs matrix is promoted on the (112)B surface; regions of
diﬀerent Bi compositions are present, between which twin
defects are found. The obtained GaAs/GaAsBi/GaAs heterostructure with an interface deﬁned by the crystalline twin
defects in a zinc-blende structure can be potentially applied to
a quantum conﬁned structure. Based on the understandings
obtained in this study, we can control the deformation,
distortion, and branching of GaAsBi NWs by introducing Bi,
which results in complex high-dimensional conﬁgurations that
may enhance the functionality of the structures.

which are realized by the characteristic growth mechanism
related to Bi in this material system.25,29 Considering the
smaller band gap energy for the GaAsBi alloy, the structure will
potentially be assigned as a GaAs/GaAsBi/GaAs quantum
conﬁned structure. At the root area, the diﬀraction pattern
provides lattice constants of 0.315 nm for (111) and 0.278 nm
for (002), which are more than 10% larger than the values at
both areas A and B observed in the branch (Figure 4(e)). The
core area also exhibits a lattice constant of 0.300 nm for (111),
as obtained from the diﬀraction pattern in Figure 4(g). The
observed lattice distances are close to that of GaAs. Hence, the
lattice shrinkage is observed only in the wire branch, which
would be the speciﬁc lattice deformation induced by the
branching with Bi.
Figure 5(a−d) shows SEM and EDS images for a GaAs/
GaAsBi/GaAs core−multishell NW grown at a Bi BEP of 5.4 ×
10−7 mbar at the GaAsBi shell. The growth was carried out
under growth conditions identical with those for the branched
NWs shown in Figures 2−4 except for the addition of Ga for
15 min after growth under the As ﬂux. The wire does not show
branches. The wire surface is not ﬂat but corrugated, which
was probably induced by the introduction of Bi at the GaAsBi
shell. As seen in Figure 5(d), Bi is present throughout the NW.
Notably, the feature of this NW is very similar to our previous
report of a GaAs/GaAsBi/GaAs core−multishell NW grown at
mostly identical conditions except for a thinner GaAsBi shell.30
The reproductivity of this characteristic corrugated surface
should be a certiﬁcation of the general trend of bimodulated
structural deformations in this material system.
Figure 6 illustrates the formation mechanism of branched
NWs based on the results of growing NWs having a GaAsBi
shell grown at a Bi BEP of 5.4 × 10−7 mbar. Here, after the
growth of the GaAsBi shell for the trunk, we maintain the As
overpressure for a certain period, which allows As to
suﬃciently interact with the residual Ga and Bi on the growth
front. Even when the Ga BEP is turned oﬀ at the end of the
GaAsBi shell growth on the trunk, residual Bi is present on the
surface, which largely diﬀuses over the surface. Considering the
presence of the Bi hemisphere on the tip of the trunk and
branches, Ga would have existed in the metallic droplet for the
VLS formation of branches with Bi, which acts as a catalyst.
The branch formation would be driven by this process, where
the residual Ga and Bi on the surface eventually crystallize with
the atmospheric As. However, when we supply Ga after the
growth of GaAsBi, the Ga interacts with As and crystallizes,
forming the outermost GaAs shell layer. This result indicates
that the additional Ga after the growth of the GaAsBi shell
layer does not support droplet formation and branching.
Consequently, we conclude that the branch formation is
induced by the residual Bi that forms a Bi droplet and acts as
the catalyst for the branch formation.
In summary, to control the formation of complex structures
in GaAsBi NWs by introducing Bi, we investigated the eﬀect of
Bi on the growth of GaAs/GaAsBi core−shell NWs. When we
supply more Bi, which provides excess Bi at the growth front,
the Bi induces dramatic structural modiﬁcations to the NWs.
The introduction of Bi into the GaAs matrix induces large
strain and three-dimensional distortions of the lattice structure.
The strain also results in the formation of stacking faults and
undulations of the NW surface. The NWs then exhibit a
hexagonal-star cross-sectional structure. The Bi droplet on the
undulated NW surface acts as the catalyst of VLS growth of the
GaAsBi NW branches to the <112> directions, corresponding
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