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Abstract

In addition to being grown on industry-standard orientation, vertical [100] oriented nanowires present novel
families of facets and related cross-sectional shapes. These nanowires are engineered to achieve a number of facet
combinations and cross-sectional shapes, by varying their growth parameters within ranges that facilitate vertical
growth. In situ post-growth annealing technique is used to realise other combinations that are unattainable solely
using growth parameters. Two examples of possible novel radial heterostructures grown on these vertical [100]
oriented nanowire facets are presented, demonstrating their potential in future applications.
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Introduction

Large surface area is one of the key advantages of nano-
wires compared to conventional thin films. This greatly
increases the importance of the nanowire side facets that
form those surfaces. Nanowire side facets play an im-
portant role in controlling their morphological, struc-
tural, electrical, thermal and optical properties [1-5].
Radial nanowire heterostructures are directly linked to
facets that they are grown on. Uniform nanowire side
facets such as {0—11} mostly yield uniform radial hetero-
structures in [111] oriented nanowires [6, 7]. On the
other hand, growth on facets that are non-uniform, ei-
ther in terms of crystal plane, polarity or dimensions can
be used to create complex radial structures such as
nanocavities, quantum wells with novel geometries,
twinned superlattice nanotubes and quantum wires [8—
14]. Different surface recombination velocities and
nano-scale roughnesses of different facet types affect
carrier recombination and phonon transport in nano-
wires [3, 15, 16]. The nanowire cross-section shape,
which is determined by the type of facets and their rela-
tive dimensions, is important in applications where the
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nanowire is used as an optical cavity, as it can affect the
types and number of modes that are confined [17-19].
Furthermore, nanowire facets can be used as alternative
templates to patterned substrates in order to grow
quantum wires and wells, thereby eliminating the need
for complex processing and patterning.

Non-nitride III-V nanowires are generally grown on
(111) surfaces, due to the ease of achieving vertical [111]
oriented nanowires. In case of InP, growth on (111) sub-
strates commonly yield wurtzite (WZ) phase nanowires
or zincblende (ZB) twin super-lattices [20, 21], with
resulting facet profiles consisting of {1-100}, {11-20} or
{111} type facets. Cross-sectional shapes are mostly of
hexagonal or truncated triangular shape. Change of
growth orientation can be used as a key method to dem-
onstrate unconventional side facets combinations and
cross-section shapes [22, 23]. In addition to being grown
on the industry-standard substrate orientation and being
defect-free ZB [24, 25], <100> nanowires open up a
completely new families of available facets, their combi-
nations and resulting cross-sectional shapes, such as
square and octagonal shapes, that are difficult to be ob-
tained in nanowires grown in other orientations [22—24].
These facets and their combinations that are not well
studied so far could open up many possibilities in terms
of applications of nanowire facets discussed above.

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.



https://core.ac.uk/display/286271464?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-019-3177-6&domain=pdf
http://orcid.org/0000-0003-3410-6981
http://creativecommons.org/licenses/by/4.0/
mailto:a.fonseka.1@warwick.ac.uk

Fonseka et al. Nanoscale Research Letters (2019) 14:399

In this work, the facets of the [100] oriented InP nano-
wires are engineered to achieve different types of facets
and varying degrees of their combinations, by which a
number of resulting cross-section shapes are realised.
The novel cross-sectional shapes include square, rect-
angle, elongated hexagon, elongated octagon and perfect
octagon. All combinations discussed are demonstrated
while maintaining a high yield of vertical [100] nanowire
growth, using the techniques discussed in [24] and [26],
which enhances their ability to be used in applications.
First, the effects of growth conditions on the resulting
facets are discussed in order to gain an understanding of
their relative formation. Next, post-growth in situ an-
nealing of the nanowires is used as a technique to fur-
ther achieve novel combinations of facets that are not
achievable simply by tuning growth parameters which
are restricted by the stringent requirements for the verti-
cal [100] nanowire growth. The understanding of the
relationship between the relative growth of facets and
respective growth conditions is used to achieve select-
ive growth only on some of the nanowire facets and
hence form four-sided, partitioned nanowire radial
heterostructures.

Methods

Nanowires were grown using a horizontal flow metal-
organic vapour phase epitaxy (MOVPE) reactor with a
total flow rate of 15 slm, using TMIn and PHj as precur-
sors. Two separate pre-growth conditions that have been
previously reported to yield a high percentage [100] ver-
tical nanowires on [100] oriented InP substrates were
used [24, 26] (here, the vertical yield defined as the per-
centage of catalyst particles in a sample area that results
in [100] vertical nanowires). The colloidal Au particles
were deposited on the substrates with the aid of a poly-
L-lysine layer. In the first method (pre-growth condition
1), the substrates were annealed at 450 °C under a PHj
flow of 8.93 x 10~* mol/min for 10 min before initiating
the growth at the same temperature [24]. 30 nm Au par-
ticles were used as seed particles in this study due to this
size yielding the highest percentage of vertical nanowires
for the pre-growth condition 1 specified above. In the
second method (pre-growth condition 2), instead of an-
nealing, TMIn was pre-flown for 15 s after ramping the
temperature to the growth temperature of 450 °C [26].
50 nm Au particles were used in this study, as the pre-
growth conditions 2 had been optimised for this particle
size [26, 27]. Growths which used pre-growth conditions
1, were based around nanowire growth conditions
shown in Table 1, where the specified parameter was
varied while others were kept constant. For the higher
TMIn flow rate growths the growth time was reduced in
order to keep the nanowire dimensions comparable.
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Table 1 Growth parameters of the standard sample using pre-
growth conditions 1

Growth temperature 450 °C
V/IIl precursor flow rate ratio (in vapour phase) 350
TMIn flow rate for the nanowire growth 2.02 x 107° mol/min

Nanowire growth time 1 hr

The nanowires grown using pre-growth condition 2
were grown using parameters shown in Table 2. For
the growths where the TMIn flow rate was increased
by three times, the TMIn pre-flow and nanowire
growth times were reduced proportionately.

Morphological analysis was carried out using Zeiss
Ultra Plus and FEI Helios 600 NanoLab Scanning elec-
tronic microscope (SEM) while transmission electron
microscope (TEM) analysis was carried out using JEOL
2100 TEMs operating at 200 kV. Cross-sections of the
nanowire radial heterostructures were prepared by
microtome slicing. Photoluminescence (PL) was col-
lected by exciting single nanowires that were spread on
a sapphire substrate using a 633 nm HeNe laser with a
spot size of ~1 pm. Excitation power was 20 pW and
the PL was detected by a nitrogen cooled InGaAs
detector.

Results and Discussion

Nanowire facets generally tend to take the low index
and low energy planes that are parallel to their growth
direction. In the case of conventional nanowires grown
on (111) substrates, {0-11} and {11-2} side facets (or
their WZ equivalent {1-100} and {11-20}facets) are most
commonly observed, yielding hexagonal, triangular or
combinational cross-sectional shapes such as nonagonal
and dodecagonal [22, 28]. Figure 1la, b show the tilted
and top view of the directions perpendicular to these
facets with respect to the nanowire growth direction and
(111) substrate. In some cases, such as in {11-2} facets,
even though the actual micro-planes are not parallel to
the growth direction, the combination of such planes
form a resultant plane that is parallel to the growth dir-
ection [28].

In the face-centred-cubic (fcc) crystal structure, the
low index planes that are parallel to the [100] direction
are the {011} and {001} families. Their directions relative
to the [100] nanowire growth direction are shown in Fig.

Table 2 Growth parameters of the standard sample using pre-
growth conditions 2

Growth temperature 450 °C
V/IIl precursor flow rate ratio (in vapour phase) 309
TMIn flow rate for the nanowire growth 162 x 107 mol/min

Nanowire growth time 30 min
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Fig. 1 Relative directions of facets in [111] (or WZ [0001]) and [100]
oriented nanowires, (a) Tilted view of relative directions on the (111)
surface. (b) Top view of relative directions on the (111) surface. (c)

Tilted view of relative directions on the (100) surface. (d) Top view
scanning electron microscopy (SEM) image of a [100] nanowire and
the {011} cleavage plane of the (100) InP substrate. Relative
directions perpendicular to the facets are indicated.

1c. Figure 1d shows a top view SEM image of a nanowire
relative to the {011} cleavage plane of the InP substrate,
used for easy identification of facets. Table 3 shows the
possible combinations and cross-sectional shapes com-
prising of the aforementioned {011} and {001} low index
facets. Facets of both, {011} and {001} families are
equivalent and non-polar. However, the {011} surfaces
that are slightly off-cut towards [100] nanowire growth
direction (as it would be in a tapered nanowire) would
show partial polarity, with (01-1) and (0-11) pair of
facets showing group V-rich partial B polarity and op-
posite (011) and (0-1-1) pair of facets showing group III-
rich partial A polarity [24]. Under group V-rich, high V/
III growth conditions similar to those used in this study,
the A polar facets grow faster than B polar facets [29-
31]. Similarly, B polar InP surfaces decompose much fas-
ter than A polar surfaces due to the two unpaired elec-
trons associated with the P atoms [32, 33]. Although the
bonds are not exactly similar in the current case of par-
tial polarity, similar trends in reactivity can be expected
due to a higher fraction of P atoms on tilted (01-1) and
(0-11) facets. Such anisotropies between these two types
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of facets make the anisotropic geometry types III, V, VI
and VII possible. The two types ((01-1)/(0-11) and
(011)/(0-1-1)) can be identified with respect to the <
111> non-vertical nanowires grown on the same sub-
strate that takes group V terminated ‘B’ polarity [24].

It should also be mentioned here that the facets just
below the particle form an octagonal shape, which is
the polygon shape made up of low index facets that
is closest to a circular shape [24]. This in turn allows
the particle to remain close to a spherical shape with
minimum distortion and surface energy [21, 26]. This
work discusses the subsequent stable facets and dis-
tinct cross-sectional shapes that evolve later (within
about 200 nm from the droplet) and accounts for a
large portion of the nanowires. The distinct side
facets of nanowires evolve mainly with lateral growth.
In addition, surface diffusion and surface evaporation
also contribute to this [28, 34]. These factors are lim-
ited by the kinetics and thermodynamics that are gov-
erned by the growth parameters during nanowire
growth [28, 35]. Due to the same reason, the nano-
wire facets depend only on their actual growth condi-
tions and not on the pre-growth conditions discussed
under the methods section.

Growth temperature and V/III precursor flow rate ratio
are the most influential parameters in MOVPE nanowire
growth [35]. In addition to these, the precursor flow rates
also affect the growth dynamics [35]. Figure 2a—c shows
the facet variation of the [100] oriented nanowires with
growth temperature, V/III ratio and trimethylindium
(TMIn) flow rate (while keeping V/III constant) during
growth. The facet analysis is done using the top view SEM
images. The schematics of each profile are also shown for
clarity. All nanowires are shown in Fig. 2 are grown using
pre-growth conditions 1 described under the methods sec-
tion. The <100> oriented nanowires in series (a) and (b),
and panel (c) i are around 1 pm in length. The nano-
wires have similar morphology for most growth condi-
tions and a 45 ° tilted side view SEM image of the
standard sample is shown in the inset of Fig. 2a(iii). All
<100> oriented nanowires showed the same facet
profile for a given growth condition and large area top
views of the same growths as those shown in Fig. 2 can
be found in Additional file 1: Figure S1. As seen in the
side view inset in Fig. 2a(iv), for the growth
temperature of 475 °C, around a third of the vertically
nucleated nanowires kinked towards a <111> direction
at the top part of the nanowire (see Additional file 1:
Figure S2). This is presumed to have taken place during
the cooling down stage after growth with the depletion
of In from the Au particle as shown in [26]. In this
sample, the facets of the vertical [100] oriented segment
are examined by focusing on the lower non-kinked part
of the nanowire.
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Table 3 Possible {001} and {011} low index facet combinations and cross sectional shapes for <100> oriented nanowires

Facet combination Cross sectional geometry Type
0111 (010
1 | Four {001} facets Square [10‘;]"} (01-1] I
[011] L lo10)
I
Square W o
2 | Four {011} facets
[011]
| +1010]
Rectangle [10(;]/ —_ 1T
0111 (010
Perfect octagon v
(160] [01-1)
[011]
#[010]
Elongated octagon A%
(100] [01-1]
Combination of
3 | {001} and {011}
Hexagon - Here, (011) and (0-1-1) i o VI
facets facets have been completely
overgrown, while (0-11) and (01-1) ooy~
facets still remain. This could also
form as an intermediate stage during (@t
lateral growth of facets L1010]
VII
) [01-1]

The temperature variation from 420 to 450 °C has
drastically changed the facets from four {011} facets to
four {001} facets via octagonal shape that comprises of
both types of facets. Considering the similar nanowire
heights of 1 pm, there is no significant difference in the
tapering from 420 to 450 °C. The trend significantly
changes at a growth temperature of 475 °C. Again, the
height of the [100] oriented segment of these nanowires
is 1 pm, which allows direct comparison of lateral
growth by comparing the cross-sectional area. Radial
growth of nanowires is generally kinetically limited [35].

This means radial growth is expected to increase with
the temperature. Contrary to this expectation, the total
lateral growth is less in this case. The lateral growth in
the [01-1] and [0-11] directions is very small, although
there is not much difference in the lateral growth in the
[011] and [0-1-1] directions compared to lower growth
temperatures. The side view of the nanowires reveals
that some nanowires are thinner at the base (inset in
Fig. 2a(iv)). The areas that has been grown earlier show-
ing less lateral growth suggests that some surface de-
composition and evaporation is taking place at 475°C. It
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Fig 2 Variation of the side facets of the <100> oriented nanowires with the basic growth parameters. The series along each row correspond to
variation in (a) growth temperature, (b) V/IIl ratio, (c) TMIn flow rate (while keeping V/IIl constant) with respect to the standard sample grown
in methods section. The white arrow in (a)iv indicates the thinner base. Scale bars are 100 nm.

should also be noted that these <100> nanowires are
much more prone to thermal decomposition compared
to <111> oriented nanowires of WZ or ZB phase. In a
separate experiment, where WZ phase <111> nanowires
and ZB <100> nanowires were heated to a higher
temperature, it was seen that all <100> nanowires were
completely decomposed during the temperature ramping
from 450 to 650 °C, even under PH3 overpressure, while
the <111> equivalent <0001> WZ nanowires still sur-
vived (Additional file 1: Figure S3). Here, a similar, lower
level of decomposition could be taking place at the rela-
tively low temperature of 475 °C, due to the low flow
rate of PH3 and hence the lack of group V overprotec-
tion. Decomposition competing with the slow growth
rate could also be the reason for the lack of nanowire
growth at the growth temperature of 500 °C.

As discussed earlier, the inclined {011} facets show
partial polarity and the partially B polar inclined (01-1)
and (0-11) facets could be more susceptible to decom-
position [32, 33]. This would lead to more competition
from decomposition on the (01-1) and (0-11) facets
compared to (011) and (0-1-1) facets, limiting lateral
growth in the former facets compared to lower growth
temperatures where decomposition is not present. This

results in the highly elongated shape observed at 475 °C
growth temperature.

Similarly, the V/III ratio should play a role in the
resulting cross-section shape with a high V/III ratio pro-
moting over-growth of partially A polar, off-cut (011)
and (0-1-1) facets and hence, enhancing the asymmetry
in the two perpendicular <011> directions. However, no
such asymmetry is observed in the V/III range that is
studied here (Fig. 2b series). One reason for this is the
complete range (200 to 700) that was possible to be
experimented within the reactor limitations while main-
taining a high vertical yield, being relatively high in
terms of V/III ratios generally used in MOVPE. There-
fore, no obvious differences are seen in SEM analysis.
Also, as the more prominent side facets that are dictated
by the growth conditions is {001}, these asymmetries
may already have been overgrown along with the bulk of
the nanowire, to produce the more prominent symmet-
ric {001} facets.

Increasing TMIn flow rate (and hence the growth
rate) results in facets changing from {001} to {011}
(Fig. 2c(i—ii)). Considering the longer length of the
nanowires grown with higher TMIn flow rates (~ 1.5
and 2.5 um for 12x and 20x flow rates, respectively),
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the tapering parameter (calculated as, (average nano-
wire width at the base—hemispherical NP diameter)/
(2 x average nanowire length)) is actually decreasing
with increasing flow rate, although the absolute lat-
eral growth increases as seen in series (c) in Fig. 2.
This reduction in tapering parameter with increasing
precursor flow rate is expected in nanowires as the
axial growth is mass transport limited and the radial
growth is kinetically limited [35, 36]. Although, there
was no clear evidence of current radial facet growth
being kinetically limited, the increased mass trans-
port limited axial growth rate with the precursor
flow rate has contributed to the observed behaviour.
The facets seen for the highest TMIn flow rate stud-
ied (~20x)) are interesting. The cross-section shape
is roughly octagonal, yet it does not comprise of low
surface energy and/or low index facets. These facets
are complicated by the irregular micro-facets seen
along with the side facets (see the facet on the front
in the 45° titled view SEM inset in Fig. 2c(iii)).
While the reason for the formation of these facets is
not completely clear at this point, one possible rea-
son could be the decrease in diffusion length of ada-
toms with their increase in supply [5, 37, 38]. In this
case, the adatoms would not be able to migrate far
enough to get incorporated at low energy sites or
facets, but rather get incorporated closer to point of
absorption forming higher energy micro-facets.

So far, it could be seen that most growth parameters
used to grow the nanowires using pre-growth conditions 1
has resulted in symmetric {001} facets. The lowest growth
temperature (420 °C) and higher (~ 10x) TMIn flow rate
have yielded {011} type facets. However, these two condi-
tions result in lower vertical yield (<20 %) as shown in
Additional file 1: Figure S1. Hence, pre-growth conditions
2, demonstrated by Wang et al. [26] was investigated to
maintain a high vertical yield while carrying out growth
under high TMIn flow rate, and achieve {011} type facets.

As shown in Fig. 3a, b, these growth conditions yielded
~ 65-80% vertical nanowires with <100> oriented nano-
wires having {011} side facets as expected. The cross-
section is elongated in the [011]«>[0-1-1] directions due
to a higher growth rate of the respective facets, resulting
in a rectangular shape. It should be noted that similar
growth conditions have resulted in {001} type side facets
in the original study [26, 27], and this could be due to
subtle differences such as reactor configuration and total
flow. The TMIn flow rate could be further increased by
three times, to a slightly higher value than that used in
the growth shown in Fig. 2c(iii), without compromising
the vertical yield (~72%) as shown in Fig. 3d. In this
case, the particle pre-filling time was reduced by a factor
of 3 in order to keep the In percentage in the particle al-
most the same at the time of nucleation. Large area top-
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(b)
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Fig. 3 Facets of nanowires grown using TMIn pre-flow technique (a)
45° tilted SEM view of nanowires grown using the TMIn pre-flow
technique and growth conditions given in Table 2 in methods
section. (b) Top view of nanowires shown in (a). (€) Schematic
showing the facet profile and the directions with respect to the
substrate in (b). (d) 45° tilted SEM view of nanowires grown using
TMIn pre-flow technique and 3 times higher flow rate as that of (a)
and (b). (e) Top view of a nanowire from (d).

view SEM images of the same growths as those shown
in Fig. 3a, d can be found in Additional file 1: Figure S4.
The facets of the resulting nanowires shown in Fig. 3e
are similar to those previously seen for a very high TMIn
flow rate in Fig. 2c(iii). This observation again confirms
the argument that the facets are only dependent on
the growth conditions and not the pre-growth condi-
tions. In the following, these facets are further engi-
neered to form low index combinations by in situ
post-growth annealing.

After growth, the stability of the nanowire facet pro-
files is determined by surface energy and surface-to-
volume ratio [23, 39]. The surface energy mainly
depends on the type of facet, for example, {011} facets
have lower surface energy compared to {001} facets



Fonseka et al. Nanoscale Research Letters (2019) 14:399

[40, 41]. The surface-to-volume ratio, which is equal
to circumference-to-area ratio (assuming constant
nanowire height), is governed by the cross section
shape; an octagonal cross section has a lower ratio
compared to a square cross section. Annealing could
provide thermal energy to overcome the kinetic energy
barrier for surface migration of atoms [28], resulting
in a facet profile that would minimise the total surface
related energy with the optimum balance between the
facet types and cross sectional shape. The amount of
thermal energy that is supplied can be controlled by
two annealing parameters, namely, temperature and
time. These will in-turn control the volume of mater-
ial that is migrated and the distance the atoms could
migrate, and hence the resulting facet profiles of the
nanowires.

As stated earlier, <100> nanowires cannot withstand
high annealing temperatures, limiting the parameter
range in terms of annealing temperatures. Hence,
annealing time was used in this study in order to engin-
eer the facets. Annealing was carried out directly after
growth at 550 °C for durations between 20 s and 10 min
under PH; overpressure. It should be noted that surface
migration also takes place during the temperature ramp-
up from 450 °C growth temperature to 550 °C annealing
temperature, which took about 210 s.

Figure 4a(ii), b(ii) show the resulting facets after an-
nealing, for the nanowires shown in Fig. 3a, b and d, e
for 20 and 210 s, respectively. In both cases, surface mi-
gration has taken place with the cross-section shape
evolving into an elongated octagonal shape. This shape
has a lower circumference-to-area ratio than the starting
rectangular shape in the case of the series of nanowires
shown in Fig. 4a. As for the nanowires shown in Fig. 4b,
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it could be seen that the high index facets have evolved
into low index {001} and {011} facets that have lower
surface energies. Existence of multiple intermediate steps
in the rearrangement process could be the reason for
the ten times longer annealing time required by the ir-
regular faceted nanowires to reach elongated octagonal
shape in Fig. 4b(i-ii), compared to those shown in
Fig. 4a, where direct migration may have taken place.
Further annealing of these facets for 6.5 min has com-
pleted the surface migration process resulting in a sym-
metric octagonal cross section. This shape evolution
reduces the resultant total surface energy by reducing
the surface-to-volume (or circumference-to-area) ratio,
despite the shrinkage of the {011} facets and, formation
and expansion of relatively higher energy {001} facets in
the process.

Additional file 1: Table S1 extends Table 3 in the main
manuscript to include experimental pre-growth, growth,
and post-growth annealing parameters that result in
cross-sectional shapes theoretically predicted for <100>
nanowires, while maximising vertical yield.

As discussed in the introduction, non-uniform side
facets can be exploited to create complex radial hetero-
structures. Figure 5a, b shows two examples of how
continued preferential and anisotropic growth of subse-
quent layers could create unconventional radial hetero-
structures. It was seen in Fig. 2c(ii) and 3a-c, that
higher precursor flow rate results in {011} facets. This
means that the {001} facets grow faster under these
conditions. Figure 5a shows an IngssGagssAs layer
grown on a [100] oriented InP nanowire core with lar-
ger {001} facets with a total group III flow rate of 1.23
x 107 mol/min, which is relatively high and compar-
able to those that yield {011} facets for the InP

(a)i

20s
(550 °C)

210s

(550°C)

(b)i

[011)

U@

[o11)
l l010)
<. (01-1)

(100

(a)ii
(b)ii (b)iii
390s
(550°C)

l 41010) ©11_j010)
. ’,' 10
[01-1) (100] [01-1)

Fig. 4 Facet engineering by post-growth annealing technique. Top view SEM images showing (a) facet evolution of nanowires with {011} facets
after annealing for 20 s. (b) facet evolution of nanowires with high index facets after annealing for 210 and 600 s. Note that the apparent
elongation of the Au particle seen in top view in (a) i, (b) ii and (b) iii is due to the Au particle titling (as shown in the side view inset of a ii)
with respect to the growth direction during annealing and/or cooling down. All scale bars are 500 nm
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Fig. 5 Structural and optical properties of heterostructure growth on
[100] nanowire facets. Schematics and cross-section transmission
electron microscopy (TEM) images of (a) separated InGaAs shell
plates grown on a predominantly {001} faceted nanowire using a
high flow rate. Inset shows the indexed diffraction pattern
pertaining to the TEM image. (b) InGaAs quantum wires grown on
an elongated octagonal cross-sectioned nanowire with smaller {001}
facets, using a high flow rate. Insets show the schematics of the
radial heterostructures. (c) Room temperature PL from a single
nanowire from the same sample as (b), bright emission is observed
from the QWR, while InP emission is visible as a very weak peak
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nanowires. Although the behaviour of facets of different
materials may slightly vary, here too it is seen that the
preferential and faster growth on {001} facets at high
total precursor flow rates has resulted in the growth of
separated InGaAs shell platelets on the {001} facets.
Another InP layer grown with a moderate precursor
flow rate could encapsulate the whole structure to form
a quantum well (QW) plates that are separated from
each other, which is in contrast to tubular radial QWs
that are commonly observed in ZB <111> or WZ <
0001> oriented nanowires [10, 42]. In addition to
QWs, this concept will also allow the design and fab-
rication of four-sided devices on the side facets of the
nanowires [7].

Figure 5b shows a similar InGaAs layer growth car-
ried out on an InP nanowire core with elongated oc-
tagonal cross-sectional shape (type V in Additional
file 1: Table S1) with smaller {001} facets. Here, the
faster InGaAs growth on the {001} facets have re-
sulted in the formation of quantum wires (QWRs)
that run along the four {001} edges of the core nano-
wire. The subsequent InP layer grown with a medium
TMin flow rate of 6.75 x 107° mol/min has capped
the growth, completing the barrier of the QWRs. Fig-
ure 5c¢ shows the representative room temperature PL
spectrum from a single nanowire from the same sam-
ple. Bright emission is observed at around 1.31 pum
from the QWR, whereas InP core and barrier emis-
sion is barely visible, demonstrating the efficient car-
rier capture by the QWRs grown on the four {001}
facets. The broadness in emission could be due to
slight variations in size between the four QWRs and
the subtle fluctuations in thickness along the length
of the nanowire (see Additional file 1: Figure S5).

Conclusions

The facets of the [100] oriented nanowires were engi-
neered to obtain a variety of facet combinations resulting
in cross-sectional shapes from square to the octagon.
This was achieved while maintaining a high yield of ver-
tical nanowires. Nanowire facets were solely dependent
on the growth parameters and it was seen that slow
growth rates resulted in {001} type facets, while fast
growth rates mostly yielded {011} facets. Facets were fur-
ther engineered by post-growth in situ annealing to form
octagonal and elongated octagonal cross-section shapes
comprising of a combination of {011} and {001} facets.
The novel facets of [100] nanowires and their relative
preferential growth were manipulated to demonstrate
optically active novel types of radial heterostructures.
These results should increase the interest in these nano-
wires grown on the industry standard (100) oriented
substrates in a wide range of novel applications that are
based on complex nanowire architectures.
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Additional File

Additional file 1: Figure S1. Low magnification top view SEM images
of the same growths as those shown in Figure 2 in the main manuscript.
Figure S2. A TEM image of a nanowire from the sample shown in Figure
2(a)iv. Figure S3. a 45 ° tilted view of the same nanowires sample as that
in Figure 2(a)iv in the main manuscript and a sample where the reactor
temperature was increased to 650 °C under PH; flow and an InP shell
was attempted to be grown at 650 °C after a nanowire core growth,
Figure S4. Large area top view SEM images of the same growths as
those shown in Figure 3 (a) and (d), respectively, Table S1. Summary of
experimental pre-growth, growth and post-growth anneal parameters in
order to achieve different facet profiles in Table 3. while maintaining a
high vertical yield, Figure S5. TEM images of the QWRs viewed along the
<001> zone axis.
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