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Morphology, crystal defects and crystal phase can significantly affect the elemental distribution of ternary
nanowires (NWs). Here, we report the synergic impact of the structure and crystal phase on the compo-
sition of branched self-catalyzed Al,Ga;_,As NWSs. Branching events were confirmed to increase with Al
incorporation rising, while twinning and polytypism were observed to extend from the trunk to the
branches, confirming the epitaxial nature of the latter. The growth mechanism of these structures has
been ascribed to Ga accumulation at the concave sites on the rough shell. This is in agreement with the
ab initio calculations which reveal Ga atoms tend to segregate at the trunk/branch interface. Notably,
uncommon, intricate compositional variations are exposed in these branched NWs, where Ga-rich stripes
parallel to the growth direction of the branches intersect with another set of periodic arrangements of
Ga-rich stripes which are perpendicular to them, leading to the realization of an elemental checked
pattern. The periodic variations perpendicular to the growth direction of the branches are caused by the
constant rotation of the sample during growth whilst Ga-rich stripes along the growth direction of the
branches are understood to be driven by the different nucleation energies and polarities on facets of
different crystal phase at the interface between the catalyst droplets and the branched NW tip. These
results lead to further comprehension of phase segregation and could assist in the compositional engin-
eering in ternary NWs via harnessing this interesting phenomenon.

MI-V ternary nanowires (NWs) are particularly advantageous
for the realization of optoelectronic devices, due to their direct
band gap tunability." This is widely achieved via controlling
the distribution and composition of different elements,
leading to controllable and tuneable emission in light-emit-
ting applications.”™

An important phenomenon that is observed often in
ternary NWs is the non-uniform compositional distribution,
which is sensitive to various NW structural features. That
observation had been demonstrated earlier in thin films,
where dislocations formed during growth can act as diffusion
paths, a phenomenon known as pipe diffusion,”® leading to
elemental segregation along threading dislocations. Regarding
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NW structures, morphology, crystal defects and crystal phase
can influence the local composition in various material
systems.” >° For instance, Al tends to accumulate at the vertices
of the self-formed, hexagonal shell in AlGaAs NWs due to its
different facets.” Furthermore, the crystallinity could also
impact the compositional distribution of NWs, as several
studies found the preferential incorporation of some adatoms
at the defect sites often leads to elemental segregation at the
vicinity of twins,"*™* which, on the other hand, indicates a
means of composition modulation by controlling crystal twin-
ning."" Besides, it was found that elements have different seg-
regation energies for zinc blende (ZB) and wurtzite (WZ)
phases of NWs."*'® A typical example is Sb, which tends to
segregate on ZB facets rather than WZ segments in polytypic
nanostructures.’® Another similar case is reported in the work
by Jeon et al. where Al tends to incorporate at ZB segments,
leading to the formation of intricate nanoring structures.'*
Additionally, the polarity of the specific facet is another factor
of significance in the composition of the crystal.'®*° It has
been demonstrated that P segregation in GaAsP shells was
more enhanced in (112)A ZB facets, when compared to (112)B
ZB facets, due to the larger incorporation coefficient of group
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V atoms in B-polar facets, leading to less pronounced phase
segregation at A-polar facets."® The opposite phenomenon of
thicker (112)B polar bands, when compared to (112)A polar
bands in GaAs/AlGaAs core/shell NWs was ascribed to the
higher growth rate of (112)A facets.”® The aforementioned,
self-formed elemental segregations are promising to be
applied for novel quantum confinement structures. For
instance, Al segregation in the vertices of AlGaAs shell has
been shown to cause the formation of efficient single photon
emitters, behaving as quantum dots (QDs).”

Here, we focus on the influence of the morphology and
crystal structure on the compositional distribution in self-cata-
lyzed Al,Ga;_,As NW branches. We demonstrate that a higher
Al incorporation promotes branching events, the formation of
which is attributed to Ga accumulation at the self-formed shell
surface. This accumulation increases with the surface rough-
ness, a phenomenon which is also supported by ab initio cal-
culations. Electron microscopy confirmed the epitaxial nature
of the branches and revealed intricate elemental variations
both along the growth direction of the branches and perpen-
dicular to it, the intersection of which causes the formation of
an elemental checked pattern. Based on these observations,
we suggest the checked pattern is the result of morphological
and structural features of branched AlGaAs NWs. The perpen-
dicular stripes of Ga segregation, which exhibit periodicity,
derive from the constant rotation of the sample during growth,
while the axial stripes are suggested to stem from the different
nucleation energies for different crystal phases and orien-
tations of the polytypes at the faceted branch-particle growth
front.

NWs were grown in a Veeco GEN 930 solid-source molecular
beam epitaxy (MBE) system. Al and Ga solid sources were used
as group III, and As solid source as group V. The Si (111) sub-
strates were degassed in the preparation chamber by thermal
annealing at 600 °C for 60 min. During the initial stages of the
growth, 600 nm of bare GaAs stems were formed for
10 minutes at 610 °C. More growth details can be found in ref.
21 and 22. Then Al was supplied to the reactor in order to
grow AlGaAs NWs. Several samples of Al,Ga; ,As NWs were
grown. The Ga and Al fluxes that were used in NW growth are
expected to produce Al,Ga,_,As thin films of the same compo-
sition on GaAs (001) substrates. The chosen Ga flux corre-
sponded to thin film growth rate of 0.6 ML s, which was
determined by earlier GaAs film calibrations on GaAs (100)
substrates, whilst As flux was kept stable at 2.75 x 10~° Torr for
all of the NWs growth. The As/Ga beam flux ratio was 15. It is
noted that based on the above, the V/III beam flux ratio of As/
(Ga + Al) for the samples with 10%, 20%, 30% and 40%
nominal Al composition is 14.053, 13.119, 12.134 and 11.075,
respectively. The samples were rotated during growth with a
rotation speed of 10 rpm, and the total duration of the AlGaAs
NWs growth was 100 minutes. It is noted that the growth of
the structures was not adjusted and was continuous through-
out the process, signifying that the growth of branches on the
NWs occurred spontaneously. Scanning electron microscopy
(SEM) measurements were performed using a JEOL IT-100
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system. The voltage of the electron beam was set at 20 kV and
the tilting angle was 30°. Scanning transmission electron
microscopy (STEM) measurements were carried out on NWs
transferred onto holey carbon grids, using a doubly corrected
ARM?200F microscope, operated at 200 kv.

Samples with different Al compositions were grown and
examined in order to determine the influence of the Al
content on the NW morphology. Fig. 1a-d correspond to SEM
images of branched NWs, with different nominal Al compo-
sitions of 10, 20, 30 and 40%. Trunks were grown along the
(111) direction, while the branches are perpendicular to the
them, as revealed by SEM analysis (Fig. 1a-d). A statistical ana-
lysis was carried out on 100 individual NWs from each sample
to ascertain the effect of the Al composition on the number of
branched NWs and the dimensions of the trunks. The results
indicate that the number of branched NWs increased with
nominal Al content. Specifically, at low Al compositions the
percentage of branched structures is limited to approximately
10%-15%. However, at the highest nominal Al composition of
40%, the percentage increases significantly at 60% (Fig. 1e).
The aforementioned observation is attributed to the fact that
increasing Al could straightforwardly affect the number of
branches by the impact it has on the morphological features of
the NW trunk, which will be analyzed further on in the current
report. It is noted that increasing group III flux could cause an
expansion in the volume of the droplet.”® This technique has
been deliberately applied in the past for growth of branches
via droplet confinement.”* Despite the significance of the
aforementioned mechanism, we do not expect the phenom-
enon of droplet sliding to be the origin of the branching
events in the current work. The reasons for this are twofold.
First, the branches grown are multiple and display hierarchical
features, signifying that there are longer branches being
formed close to the NW base. Second, in the vast majority of
the standing NW trunks, the droplets are well formed, as
inferred by the spherical seeds on the NW tips viewed via SEM
images (Fig. 1a-d). Hence, we do not regard droplet expansion
and sliding as the stem of the branched NWs. Noticeable
differences are also observed in the dimensions of the trunks,
with increasing Al content resulting in shorter but wider struc-
tures. At 10% Al composition, NW trunks have an average
length of 8 pm and an average diameter of 200 nm. Increasing
Al content to 40% leads to the growth of structures only 4 pm
long but 400 nm wide (Fig. 1f). The reduced length of the
trunks with increasing Al composition could be attributed to
the fact that Al suppresses the diffusivity of Ga adatoms on the
surface of the sidewalls, leading to less amount of elements
being incorporated in the axial growth and more in the radial
growth.”® Besides, with increasing Al composition, more
branches are formed, signifying that less material is available
for the simultaneous growth of the NW trunks. These features
can provide us with an insight into the differences on the
growth rate of each sample. Furthermore, conclusions on the
variations in the NW volume with respect to the composition
can be drawn. These discussions are conducted in section 1 of
the ESL.1 Throughout the rest of the article, we will concentrate

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a—d) SEM images 30° tilted focusing on branched NWs grown with 10%, 20%, 30% and 40% nominal Al percentages, respectively. The

changes in the morphology of the NWs and the density of the samples as well as the presence of branches are seen in the figures. (e) Graph of the

percentage of the branched NWs as a function of nominal Al composition.

(f) Graph of the length and the diameter of the NW trunks as a function

of nominal Al composition. The diameter is measured from the middle of the NW trunk.

Fig. 2

(a) Bright Field (BF) image of the branched NW focusing on the junction between the trunk and the branch. The green square indicates the

area of focus for (b). Inset: BF image which depicts the whole NW structure, where the branch is confirmed to be vertical on the NW trunk. The
orange square defines the area of focus for the outset of (a). (b) Higher magnification BF image of the area marked with the green square in (a). The
dashed, white line marks the branch/trunk interface. The crystal structure of both the trunk and the branch are identical, as the crystal defects are
extended from the NW trunk to the branch, with a representative example being marked by the dashed black arrow. This indicates that the branches
grow on the trunks epitaxially. The images in the inset depict FFT of the branch and the trunk respectively, which are shown to have the same orien-

tation, that results from the epitaxial growth.

on NWs with 40% nominal Al composition, where the branch-
ing is more pronounced.

STEM analysis was conducted to investigate the two
different parts of the structures. The low magnification bright
field (BF) STEM image shown in the inset of Fig. 2a confirms

This journal is © The Royal Society of Chemistry 2020

the 90° angle between the NW trunk and the branch, whilst
further measurements were carried out to inspect the interface
between the two different parts of the structures. The orange
square in the inset of Fig. 2a defines the area of focus for the
outset of Fig. 2a, where a higher magnification image of the
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branch/trunk interface is shown. High magnification BF STEM
images along the trunk/branch interface (Fig. 2b) recorded in
areas similar to the one marked with the green square in
Fig. 2a, clearly revealed the same crystal structure in the
branch and the trunk. In the same figure, it is conspicuously
shown that WZ polytypes and twin defects coexist in the crystal
and extend from the NW trunk to the branches. The continu-
ation of the defects and crystal phase extension through the
interface, without any dislocation or grain boundary, indicate
the continuous nature of the branch growth. Furthermore,
Fast Fourier Transform (FFT) of the BF STEM image was
acquired both in the trunk and in the branch and the results
are presented in the inset of Fig. 2b. The similar positions of
the FFT spots, which are encircled with cyan and red colours
for the trunk and the branch, respectively, further indicate the
epitaxial nature of the branch growth. By the crystallographic
orientations, the growth direction of the branches can be
derived to be (112). This can also be supported by the direc-
tionality observed in a corresponding top-view SEM image of a
NW with three branches, which is presented in section 2 of the
ESL+

Based on these observations, the spatial distribution of Al
and Ga atoms in the AlGaAs NW branches were investigated.
AD initio calculations were performed with the Vienna ab initio
simulation package (VASP). It is noted that GaAs NW trunks
were modelled instead of AlGaAs in order to focus on the
behaviour of Al atoms adjacent to the branch/trunk interface.
In Fig. 3a and b, models of branched GaAs NWs are shown,
with Ga and As depicted as brown and cyan spheres, respect-
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ively. The ternary AlGaAs branched NWs are realized by intro-
ducing Al atoms in the branched GaAs NWs, where Al replaces
Ga at different positions either at the branch/trunk interface
(Fig. 3c) or to various representative positions away from it
(Fig. 3d-g). In all the modelled configurations, the total
number of atoms is 180. In Fig. 3c-g, Al atoms take the posi-
tions depicted as yellow clusters. For Fig. 3c-g, the Al content
is 1.1%, 2.2%, 3.3%, 4.4% and 5.5%. Although, those are less
than the nominal values due to computational limitations, the
underlying principles and the conclusions drawn from the
modelling can be considered valid. We performed the model-
ling with limited Al atoms, assuming that the rest of the Al
atoms in the branched NWs spread randomly and their contri-
butions will be eliminated after the comparison of the total
energy of the different configurations. Based on the above, we
calculated the variation of the formation energies (64) for the
different models. The equations and computational details are
provided in section 3 of the ESL.{ The results are shown in
Fig. 3h, where 64 is presented for the different configurations
considered. It is noted that the effect of the different number
of Al atoms on 8A has been eliminated via introducing an
additional term in the corresponding equation. More details
can be found in section 3 of the ESL.¥ Thus, 84 depends only
on the position of the elemental adatoms. The results in
Fig. 3h on the trend of the changes in 84 signify that Al atoms
tend to accumulate away from the branch/trunk interface, as
they possess energetically favoured states, while Ga preferen-
tially takes positions at the interface. Based on the analysis
above, we can deduce the growth mechanism of the structures,

656986866%
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(a and b) Top view and side view of a GaAs branched NW, where Ga and As atoms are depicted as brown and cyan spheres, respectively.

(c—g) Al atoms (depicted in yellow) replace Ga atoms at different positions at the interface (c) and away from the interface (d—g). (h) Graph of the for-
mation energy (34) for each of the realized configurations. The continuous reduction of the formation energies for the different configurations in
(c—g) respectively indicates that Ga atoms are preferentially positioned at the branch/trunk interface, while Al atoms favourably segregate away from

this region.
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which is attributed to preferential Ga accumulation at the
rough surface of the Al-rich, self-formed shell. In previous
studies the growth of the branches occurred deliberately via
techniques such as sequential seeding,”® electrodeposition,””
droplet confinement** or strain-related synthesis.”® In the
current work growth of the branches occurs spontaneously
based on the aforementioned mechanism. Initiation of
branches from adatom accumulation on the NW sidewalls has
been reported in the past for other material systems, including
GaAs/GaAsBi core/shell NWs?® and GaSb NWs.*® Besides, the
unintentional formation of Al-rich shell is frequently observed
in AlGaAs NWs,**'3* and can be established in the NW
trunks of the current AlGaAs branched NWs via the radial EDX
line scan, which is shown in section 4 of the ESL.f The high
density of twins increases the roughness of the shell surface,
leading to the formation of concave sites, where Ga preferen-
tially accumulates.'®** The Ga atoms amalgamate as droplets,
inducing the elongation of the branches via vapor-liquid-solid
(VLS) growth mode. This can also explain the increasing
branching events at higher Al content that was discussed
earlier (Fig. 1e), as the enhanced Al presence would lead to the
formation of more energetically preferential sites for Ga
accumulation. It is interesting to notice that growth of
branches has not been reported for previously realized AlGaAs
NWs, despite the existence of the self-formed shell. This is
attributed to two main factors. First, the growth duration in
our experiments is long enough, sufficient for the surface of
the shell to adopt a high level of roughness and second, the
Ga flux used in the current work is large. The latter can assist
in two ways, namely (a) it enhances the roughness of the side-
wall surface of the shell and (b) it promotes the amalgamation
of Ga atoms into droplets on the surface of the shell.

Further STEM measurements were performed on the
AlGaAs NW branches for their structural and compositional
characterization. Annular dark field (ADF) images revealed
bright stripes along the growth axis of the branches (Fig. 4a). It
is noted that brightness in such images is related to the
atomic number, with the heavier elements, which in this case
is Ga, appearing in brighter contrast. As a result, the bright
stripes in ADF images are mainly attributed to higher Ga
content. Three of these stripes are marked by blue arrows in
Fig. 4a. In addition, via inspection of a higher magnification
ADF image of the branched NW (Fig. 4b), a different set of
bright stripes, which are perpendicular to the growth direction
of the branches and to the previous stripes, is also visible. The
intersection of these two sets of bright stripes leads to the for-
mation of a checked pattern in compositional distribution. For
the rest of this study, we will refer to the two sets as axial and
perpendicular bright stripes, respectively. It is interesting to
notice that, while the axial stripes, parallel to the growth direc-
tion of the branch, are not separated equidistantly, the perpen-
dicular stripes exhibit a highly periodic distribution. As seen
by the integrated intensity of the region within the red rec-
tangle in Fig. 4b, the contrast is periodic with a period of
approximately 3.6 nm. Moreover, the ADF image of Fig. 4d
illustrates a representative area of intersection for the axial

This journal is © The Royal Society of Chemistry 2020
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and perpendicular bright stripes, where the x and y axes are
marked for clarity, corresponding to the axial growth direction
and the one perpendicular to it. The two sets of stripes are
confirmed to intersect, whilst a typical point of intersection is
indicated by the white rectangle. Besides, the corresponding,
smoothed energy dispersive X-ray (EDX) elemental maps of Ga
and Al are shown in Fig. 4e and f. It is noted that the area of
mapping corresponds to the location of the intersection of the
two types of bright stripes, whereas x and y axes corresponding
to the axial growth direction and the one perpendicular to it,
respectively, are indicated. In the EDX maps, bright and dark
regions indicate enrichment or deficiency, respectively, of the
mapped element. It is noted that the resolution of the
smoothed EDX maps is lower than the one of the ADF image.
The results indicate higher Ga content in the bright stripes
both along and perpendicular to the growth direction of the
branches, whilst Ga-rich and Al-deficient elemental “boxes”
are formed at the regions where the stripes intersected (Fig. 4e
and f). This behaviour is remarkably infrequent and deviates
from previous observations related to the compositional distri-
bution profile in ternary Nws.”>°

We believe that the phenomenon of the two types of stripes
forming the elemental checked pattern is untangled to have
two different origins. The first type of bright stripes is perpen-
dicular to the growth direction of the branches and exhibits
periodicity. These stripes are attributed to an effect of the
rotation of the samples during growth. Rotation is convention-
ally adopted during MBE growth to ensure uniformity of the
samples. Non-vertical growth of components, such as the
branches, would be exposed to elemental beam fluxes which
are non-uniform during rotation, due to the angle between the
elemental sources and the branch growth direction, as well as
the constantly varying shadowing by the NW trunk.*® That is
schematically illustrated in Fig. 5a-d with two branches on a
NW (labelled as ‘1’ and ‘2’) and the fluxes, placed with respect
to the physical Ga and Al sources position in the reactor. As
the position of the elemental sources is fixed, when branch ‘1’
is located facing the Ga source and shadowed from the Al
source, it receives a higher amount of Ga than Al (Fig. 5a).
Consequently, Ga-rich regions are formed perpendicular to the
branch growth axis (Fig. 5b). It is noted that the axial and per-
pendicular stripes are marked by dashed white lines, in
Fig. 5b. Likewise, as the sample rotates, branch ‘1’ leaves the
direction of the Ga source moving towards the Al source
(Fig. 5c¢), the available amount of Ga is reduced and instead
more Al is incorporated in the branch, leading to the for-
mation of Al-rich stripes (Fig. 5d), while branch ‘2’ which is on
the other side receives a higher amount of Ga flux in this
instance and similar Ga rich stripes appear across its axis. The
axial and perpendicular stripes are marked similarly to Fig. 5b.
On the contrary, these periodic stripes are not observed in the
vertical (111) NWs and AlGaAs NW trunks, due to the constant
angles between their axes and the elemental sources and the
absence of the shadowing effect on the NW tip during
rotation. Thus, the catalyst particle is exposed to constant
elemental beam fluxes during the vertical growth of the NW

Nanoscale, 2020, 12, 15711-15720 | 15715
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Fig. 4 (a) ADF image of a NW branch. The blue arrows indicate representative bright stripes along the axis of the branch and the dashed, white

arrow indicate the growth direction of the branch. (b) Higher magnification ADF image of the branch in (a), revealing bright stripes both perpendicu-
lar and parallel to the growth direction of the branch. The checked pattern that is formed exhibits a high degree of periodicity along the axis. The red
arrow and rectangle indicate the direction and area considered for the integrated intensity profile shown in (c). (c) Intensity profile from the region
indicated in (b). The periodicity is about 3.6 nm. (d) ADF image indicating a representative area of intersection of the parallel and perpendicular
bright stripes. Representative examples of stripes are marked by the dashed, white lines. A typical intersection point is marked by the white rectangle.
A set of x—y axes indicates the branch growth direction and the one perpendicular to it, respectively. (e-f) Smoothed EDX mapping of the inter-
section of the bright stripes, forming a checked pattern, for Ga and Al where the bright orange areas signify Ga-rich regions and Al-rich regions,
respectively. Both the periodic and the axial Ga-rich (Al-deficient) stripes are marked by the dashed, white lines in (e) (f). Ga-Rich and Al-deficient
“boxes” are formed in the intersection of the two types of bright stripes. A set of axes in each figure indicates the branch growth direction (x) and the

one perpendicular to it (y).

trunk. The repetition of this phenomenon eventually causes
the formation of the superlattice of alternative Ga-rich and Al-
rich stripes in the NW branches. It is noted that rough calcu-
lations of the periodicity of the perpendicular bright stripes,
based on the aforementioned mechanism, are demonstrated
in section 5 of the ESL.{

On the other hand, the second type of bright stripes, which
are parallel to the growth direction of the branches, does not
present periodic arrangement. As shown by the high-resolu-
tion ADF images in Fig. 5e, seven bright stripes are conspicu-
ous along the growth direction of the branch in four different
regions, as defined by the white, dashed squares. It is noticed
that axial Ga segregation occurs mainly on ZB segments. This
is in line with previous reports, which have shown that
different elements can have different segregation energies for
ZB and WZ phase surfaces, in polytypic NWs.'*'8

15716 | Nanoscale, 2020, 12,15711-15720

Additionally, it has been formulated that the form of the
nucleation and the crystal phase of the structure are closely
related.’”~*° For example, nucleation theory has been applied
to ternary NWs, revealing that it is possible for different com-
positions to be adopted in WZ or ZB crystal phase segments
even if their nucleation takes place under identical con-
ditions.?” Interestingly, we observed that this preference of ZB
over WZ for Ga incorporation can be further differentiated.
The closer inspection on the high-resolution ADF images
within the white, dashed squares numbered 1-4 in Fig. 5e
shows that Ga segregation mostly occurs on one ZB twin type,
which we will refer to as type II (Fig. 5fF). On the contrary, the
ZB segments with the opposite polarity (type I) are not
accumulating Ga, as established by their dark contrast, most
clearly illustrated in square 4 of Fig. 5f. It is important to point
out that occasional bright regions are distinguished in seg-

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Schematic representation of a branched NW, rotating as indicated by the black arrows. (b) Focus on the red square of (a) for a closer view
of the branch. The Ga-rich stripes are depicted in purple color in the figure. Al adatoms are shown in red. Axial and perpendicular stripes of Ga seg-
regation are marked as dashed white lines. (c) Schematic representation of the same sample after its rotation by 180°. (d) Focus on the blue square
of (c) on branch ‘1" after its rotation. Much less Ga and more Al are incorporated, forming Al-rich regions depicted with green. Axial and perpendicu-
lar stripes are marked similarly to (b). (€) High-magnification STEM image, showing seven axial bright stripes, in four regions defined by the white,
dashed squares. The squares are numbered from 1-4 for the focus of the following figure. (f) Focus on each square of (e), indicated by numbers
1-4, respectively. The axial bright regions are observed only on ZB segments of one twin orientation, while the ZB of the opposite orientation have a
dark contrast. (g) Atomic arrangement of the branch. The stacking sequence is marked on the bottom. The WZ insertion is indicated by the brackets,
while the dashed lines specify one representative twin defect. The purple color of the group Il atoms at ZB type Il segments indicates Ga-richness.
The different colors of the nuclei correspond to Ga-richness and Ga-deficiency, as indicated. (h) Schematic representation at the tip of the branch,
where multiple nucleation take place due to the inhomogeneous growth front. The different nuclei are marked by white lines for clarity. The multiple
nuclei expand and coalesce forming a new layer at the branch tip.

ments of different crystal phase and polarity, such as WZ inser-  of the branches, due to the rotation of the samples, as earlier
tions or type I ZB segments. This is attributed to the periodic, analysed. Furthermore, the contrast in the ADF images, along
perpendicular stripes that elongate across the growth direction with the results of the EDX maps occasionally present trends
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that deviate from the observation of Ga-rich ZB and WZ Ga-
deficient segments. Similarly, there are type I ZB regions that
also exhibit high brightness. This deviation is attributed to
defects or thin segments of each phase coexisting.
Nevertheless, the predominant trend that is exhibited is that
axial brightness is confined on type II ZB segments.
Furthermore, this phenomenon can also possibly explain the
reduced Ga incorporation in WZ segments, as their polarity
and direction can be different to the preferred configuration
for Ga segregation. Even though, there is not a solid expla-
nation on why this differentiation between types I and II ZB
parts takes place, it is suspected that a potential reason is
rooted in the polarity of each twin type. Polarity-driven elemen-
tal segregations along the (112) direction are not uncommon
in ternary NWs, as they have been reported in the past for
facets of a specific polarity in core/shell structures.'®*° A poss-
ible reason in the case of AlGaAs branched NWs could be that
group III adatoms have stronger bonds in (112)A facets, as a
consequence of the coordination numbers of the unit cells.*!
As a result, group III adatoms have a larger incorporation
coefficient at (112)A facets, which leads to weaker phase segre-
gation at these regions when compared to (112)B facets. This
has been conveyed in the work by Zhang et al. for sidewall sur-
faces during vapor-solid growth of the GaAsP shell.'® In our
case of AlGaAs branches, (112) surfaces are at the growth front,
meaning that the same principles could be valid for the VLS
mode that was adopted here. To elucidate the relationship
between the crystal phase and elemental segregation, the
atomic arrangement of the NW branch is schematically pre-
sented in the example of Fig. 5g. The representation includes
an example of one twin and a WZ segment coexisting in the
crystal, with the twin defect marked by dashed, black lines for
clarity. The stacking sequence is also provided in the bottom
of Fig. 5g. The twinning alters the crystal phase and polarity of
the NW from ZB type II to ZB type 1. The alternating polarity at
the growth front enables Ga adatoms to be preferentially incor-
porated at ZB type II regions. Ergo, the overall mechanism for
the formation of the elemental checked pattern proceeds
based on the assumption of a multinucleation model. Initially,
the growth front is inhomogeneous causing the formation of
Ga-rich segments at ZB type II regions, while the nuclei at WZ
and ZB type I segments bear a lower Ga content. The nuclei
are then expanded and coalesce to form a monolayer, covering
the liquid/solid interface and causing the elongation of the
branch. Simultaneously, the rotation of the sample leads to
the formation of perpendicular stripes of Ga segregation. The
above are depicted in Fig. 5h, where the nuclei are surrounded
by white lines for clarity. Thus, these two morphological and
structural contributions comprise the synergic outcome of the
compositional checked pattern.

To summarize, this study reports on the formation of a
peculiar checked pattern of complex, three-dimensional
elemental distribution in self-catalyzed Al,Ga;_,As NW
branches. SEM revealed differences in NW morphology with
increasing nominal Al composition, as the formation of NW
branches increased with the Al content. STEM analysis at the
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branch/trunk interface confirmed the identical atomic
arrangements on both the trunks and the branches and thus
the epitaxial nature of the branches. The growth of branches
was attributed to Ga accumulation at energetically preferential
sites in the rough shell, while ab initio calculations supported
the trend of Ga to segregate at the branch/trunk interface.
Further STEM measurements revealed intricate, contrast vari-
ations in the branched NWs, appearing as high brightness
stripes along the growth direction and perpendicular to it.
These stripes are ascribed to Ga segregation and their inter-
section causes the formation of a checked pattern with Ga-rich
boxes being formed at the sites of the intersection. The per-
pendicular high brightness stripes, which exhibit periodicity,
are attributed to the shadowing of the elemental sources
during the growth of the branches, as the sample rotates. On
the other hand, the axial high brightness stripes are indicated
to originate from preferential Ga segregation at ZB segments
of a specific type in the branched NWs via the formation of
Ga-rich nuclei at the tip of the branches. These results expand
the understanding of the nanoscale elemental segregation in
ternary NWs and could even lead us to harness the emerging
QD-like elemental boxes as novel quantum emitters.
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