Nanowires Grown on InP (100):
Growth Directions, Facets, Crystal
Structures, and Relative Yield Control

H. Aruni Fonseka,™* Philippe Caroff,’ Jennifer Wong-Leung,™* Amira S. Ameruddin,™$ Hark Hoe Tan," and

Chennupati Jagadish™*

TDepartment of Electronic Materials Engineering, Research School of Physics and Engineering, The Australian National University, Canberra, ACT 0200, Australia,
#Centre for Advanced Microscopy, The Australian National University, Canberra, ACT 0200, Australia, and §’Fa(ulty of Science, Technology and Human Development,
Universiti Tun Hussein Onn Malaysia, Parit Raja, 86400, Batu Pahat, Johor, Malaysia

ABSTRACT Growth of llI—V nanowires on the [100]-oriented industry standard .
substrates is critical for future integrated nanowire device development. Here we \E <111> Type 2
present an in-depth analysis of the seemingly complex ensembles of epitaxial ; growth a <100>
direction ‘,} growth
nanowires grown on InP (100) substrates. The nanowires are categorized into three ‘i \Xdiroction
} ‘
types as vertical, nonvertical, and planar, and the growth directions, facets, and : \ “\\

N . o : | {111
crystal structure of each type are investigated. The nonvertical growth directions are L& win
mathematically modeled using a three-dimensional multiple-order twinning T 1 plane

e
concept. The nonvertical nanowires can be further classified into two different P
types, with one type growing in the (111) directions and the other in the (100)

directions after initial multiple three-dimensional twinning. We find that 99% of the total nanowires are grown either along (100, (111, or (110) growth
directions by {100} or {111} growth facets. We also demonstrate relative control of yield of these different types of nanowires, by tuning pregrowth annealing
conditions and growth parameters. Together, the knowledge and controllability of the types of nanowires provide an ideal foundation to explore novel

geometries that combine different crystal structures, with potential for both fundamental science research and device applications.
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ince the first observation of catalyzed

whisker growth by Wagner and Ellis,’

semiconductor nanowires have been
extensively grown and studied on surfaces
with various crystal orientations. Among
these, for cubic semiconducting materials
the (111) surface is far more commonly
used, due to the lower surface free energy
of this surface, which promotes easy forma-
tion of vertical nanowires.2~> Unfortunately,
owing to the stacking sequence of face
centered cubic materials in the (111) direc-
tion, these vertical nanowires grown on
(111) substrates are highly prone to stacking
faults. This problem is very much prominent
in InP, which has the lowest stacking fault
energy out of the common cubic IlI-V
semiconductors,®’ making the realization
of pure crystal phase nanowires difficult
and, in particular, achieving defect-free
zincblende (ZB) (111) nanowires almost im-
possible. Vertical nanowires grown on (100)
substrates, that is, nanowires adopting the
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[100] crystal orientation, have a major ad-
vantage of being twin or stacking fault free,
despite the difficulty in achieving growth
in this energetically unfavorable direction.
Hence, it provides an opportunity to grow
planar-defect-free ZB InP nanowires. Further-
more, (100) is the standard substrate orienta-
tion used in industry, and the ability to grow
vertical nanowires on (100) substrates would
enable seamless integration of InP nanowire
devices with other planar electronic and
photonic devices on a single chip.

A number of groups have grown IlI-V
nanowires on (100) substrates.®~2" It is seen
that there is a considerable yield of non-
vertical nanowires growing in various direc-
tions, unless the nanowire nucleation is
tightly controlled.® The knowledge of these
other growth directions and the properties
of such nanowires are important in max-
imizing one growth direction over the other,
and particularly in maximizing the vertical
yield. Nevertheless, extensive studies have
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not been carried out to this effect. Also, the existence
and control of different growth orientations on the
same substrate could provide options for creating new
structures and unique devices such as nanocrosses,
zigzag bioprobes, and light-harvesting geometries, as
demonstrated in recent reports 8131421725

In the current study, we present an in-depth analysis
into the seemingly complex growth directions of the
InP nanowires that are grown on InP (100) substrates.
Three main types of nanowires, namely, vertical, non-
vertical, and planar, are identified to be growing on the
(100) substrates. In addition to growth directions, the
side facets, growth facet, and crystal structure of each
of these types are investigated in detail. A mathema-
tical model based on the three-dimensional (3D) twin-
ning concept®® is presented to explain the nonvertical
nanowire growth directions, and the model is verified
by the experimental results. It is shown that 99% of the
nanowires grown on InP (100) substrates grow along
either the (100), (111), or (110) direction driven by
either a {100} or {111} growth facet, which is not
perpendicular to the growth direction in the case of
planar nanowires. We also demonstrate the relative yield
control of each of these types of nanowires by varying the
pregrowth conditions and growth parameters.

RESULTS AND DISCUSSION

Figure 1a shows a scanning electron microscopy
(SEM) image of a typical nanowire sample catalyzed
by colloidal Au particles. Three main types of nanowires
can be identified: (1) vertical nanowires (indicated by
blue arrows), (2) nonvertical nanowires that grow at an
inclined angle with respect to the substrate surface
(yellow arrows), and (3) planar nanowires that grow
along the substrate (red arrows). It is worth investigating
these three types of nanowires that grow on (100)
substrates in detail. In the following section, growth
directions, facets, and the crystal structure of each of
these types of nanowires will be discussed. For in-depth
analysis of the types of nanowires, a sample consisting
of 83% vertical nanowires, 7% nonvertical nanowires,
and 10% planar nanowires was selected as the principal
sample. However, other samples with different relative
yields (as specified when required) were also considered
in order to obtain an overall understanding.

First, let us consider the vertical nanowires grown on
the InP (100) substrates.

Vertical Nanowires. Figure 1b and c show 45° tilted
and top views of vertical nanowires of the principal
sample that was grown at 450 °C, respectively. The side
facets of the vertical nanowires can be {100}, {110}, or
a combination of the two (resulting in an octagonal
cross-section) depending on the growth condition and
the particle size. The type of side facets is independent
of the pregrowth annealing condition. Here, they
broadly appear to be of {100} type for the nanowires
grown at 450 °C, as seen in Figure 1c. Figure 1d shows a
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Figure 1. (a) SEM 45° tilted view of the three main types of
nanowires grown on InP (100) substrates: vertical nano-
wires in blue, nonvertical nanowires in yellow, and planar
nanowires in red. (b) SEM 45° tilted view of the vertical
nanowires. (c) Top view of vertical nanowires with {100}
sides facets, shown with respect to the {110} cleavage
plane. (d) Top view of a vertical nanowire from a growth
that gives a combination of {110} and {100} side facets. (e)
TEM image of a nanowire from the sample shown in (b) and
(c), indicating the regions where cross-sections (f) and (g)
were obtained. The black arrow indicates the (100) growth
facet. (fF—h) X-TEM images of slices taken from the (f) top-
most region, (g) region just below the particle, and (h)
bottom region of vertical nanowires from the sample shown
in (b) and (c). (e) is imaged along the (011) zone axis, while
(f)—(h) cross-sections are imaged along the (100) zone axis.
Images (f)—(h) are of the same magnification.

vertical nanowire from a sample grown at 425 °C
showing an octagonal cross-sectional shape with {110}
and {100} side facets. Cross-sectional transmission elec-
tron microscopy (X-TEM) analysis was carried out in order
to ascertain the side facet evolution along the vertical
nanowires shown in Figure 1b and c. The TEM images of
the cross sections taken across the topmost area with the
Au particle, the area just below the particle, and the
bottom of the nanowires are shown in Figure 1f, g, and h,
respectively. The cross-section TEM image of the topmost
area indicates that the growth facet just below the Au
particle is of octagonal shape. The octagon comprises of
four {100} facets and four {110} facets. In this case, the
lateral growth of the {110} facets is faster compared to
the {100} facets, and a square cross-section comprising
{100} facets is formed toward the bottom of the nano-
wire as a result of lateral growth.

Yet, as seen in Figure 1g, the lateral growth of the
two types of {110} facets that are orthogonal to each
other does not take place at the same rate. (011) and
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(0—1—1) facets grow faster than (01—1) and (0—11)
side facets. {011} planes are nonpolar, meaning they
have an equal number of group Ill and V atoms
terminating the surface. However, in order to explain
the above anisotropy, one has to consider the two
orthogonal (011) and (01—1) planes with a slight angle
toward the top of the nanowire, as it would be in a
tapered nanowire. As shown in the Supporting Infor-
mation Figure S1, although the {011} planes are non-
polar on their own, the step structure formed by an
incline would show a partial polarity with uneven
numbers of group Il and V atoms on the surface. This
partial polarity is group lll rich (A-polar) for (011) and
(0—1—1) facets and group V rich (B-polar) for (01—1)
and (0—11) facets. Under group V rich, high V/IIl ratio
growth conditions similar to those used in our study,
the growth of “A”-type facets takes place much faster
than “B"-type facets.”’ ?° Hence, during the lateral
growth and tapering of the nanowire, the (011) and
(0—1—1) side facets grow faster than (01—1) and
(0—11) side facets, resulting in an elongated octagonal
shape cross-section toward the top-mid area of the
nanowire, as seen in Figure 1g.

The growth facet of these vertical nanowires is the
(100) facet that is parallel to the substrate (as indicated
by the black arrow in Figure 1e), and it should be noted
that it is not a combination of {111} lower energy
facets as seen in some (100) nanowires.* The crystal
structure of the vertical nanowires is defect-free ZB, in
agreement with the previous reports.®~'"3°

Next, the nonvertical nanowires are discussed and
their growth directions are derived using a 3D multiple-
order twinning model.

Nonvertical Nanowires. As seen in Figure S2 of the
Supporting Information, the nonvertical nanowires
that grow inclined to the surface may initially seem
randomly oriented. However, close inspection reveals
that a vast majority of these nonvertical nanowires can
be broadly divided into two major subtypes, differen-
tiated by their morphology and dimensions: type 1,
less tapered longer nanowires (Figure 2a), and type 2,
more tapered shorter nanowires (Figure 2b) whose
morphology is similar to vertical [100] nanowires.

We show that these are (111) and (100) nanowires,
respectively, which acquire nonvertical growth direc-
tions due to the 3D twinning that takes place at the
bottom of the nanowire. The two types are illustrated
in Figure 2c, with extended vertical segments for
clarity. The two types are characterized in detail in
the following subsections.

Type 1. Most of the nanowires with type 1 morphol-
ogy grow along the two directions that are parallel to
the (011) cleavage plane and make a 35° angle with the
substrate surface. From crystallography, it can be easily
concluded that these are nanowires that grow in two of
the four (111) directions that project out of the (100)
substrate. Yet, there is a minority of nanowires that do
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Figure 2. (a) SEM image of a nonvertical nanowire with a
less tapered and long morphology, with the inset showing
the top view of two similar nanowires. (b) A nonvertical nano-
wire with a more tapered morphology, similar to vertical
nanowires, with the inset showing the top view of similar
nanowires. (c) The two types of nonvertical nanowires, illu-
strated with extended untwinned [100] vertical segments for
clarity. (d) A first-order (111) nonvertical nanowire viewed
along its growth axis, showing the {1—100} ({112} ZB
equivalent) side facets. () An atomistic model showing the
possible first- and second-order twinned (111) growth direc-
tions; black solid arrows showing first-order growth direc-
tions from the untwinned primary crystal and yellow solid
arrows showing the second-order (111) directions from the
twinned crystal. (f) High-resolution TEM image showing the
defective WZ crystal structure of a (111) nonvertical nano-
wire, and the insets show the diffraction pattern from the
(11—20) zone axis and the low-magnification image of the
same nanowire.

not fit the direct (111) growth directions when con-
sidering the angles they create with the surface and the
cleavage plane.

Uccelli et al. have shown that the unusual nonver-
tical growth directions seen in self-catalyzed GaAs
nanowires grown on Si (111) can be explained by 3D
multiple-order twinning of the seed particle.?® Here we
have extended this model for nanowires growing
along the (111) directions after twinning on {111}
planes on the (100) substrate, by transforming the
axis system to suit the (100) substrate. The atomistic
model in Figure 2e shows the untwinned {111} half-
octahedron and one possible three-dimensionally twinned
octahedron with respect to the (100) substrate. Black
and yellow arrows indicate the possible direct (111)
growth directions and (111) growth directions after
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one 3D twin, respectively. The derivation of the model
and the theoretical calculation of expected angles are
given in the Supporting Information Sections 1 and 2.

Table S1 in the Supporting Information Section 3
summarizes all the possible growth directions of
twinned (111) nanowires up to the third order, where
the number of possible growth directions increases
exponentially with the order of twinning. These ex-
pected growth directions are experimentally corro-
borated by the angles measured of the nonvertical
nanowires in our principal sample. The projection
angle measurements were taken on individual nano-
wires with respect to the cleavage planes and substrate
normal by rotating and tilting in the SEM. The experi-
mental frequency of occurrence as a percentage of the
total type 1 nonvertical nanowires is given in the last
column of Table S1. The frequency of occurrence
decreases with the order of twinning. It should also
be noted that all (111) nanowires measured in the
current study are of B polarity, meaning they only grow
along the (111) B directions.

Nanowires grown in the (111) directions generally
have a significantly higher growth rate compared to
those grown in the (100) direction, similar to the
reference nanowires grown on InP (111)B substrates
in the same growth run. Figure 2d shows a first-order
{111) nanowire imaged 35° tilted to the {110} cleavage
plane, so that the electron beam is parallel to the
nanowire axis. As shown in this figure, the side facets
form a hexagonal shape with a hexagonal or truncated
triangular tapered bottom that is typically seen for
nanowires grown on (111) substrates. By considering
the interplanar angles the nanowire facets make with
the substrate and the {110} cleavage plane, they
are derived to be {112} facets. This is also similar
to the reference nanowires grown on InP (111)B sub-
strate under the same growth conditions, which show
{112}-type side facets.

Once growth in the (111) direction is initiated, it is
comparable to the growth on (111) substrates. Twin
planar defects perpendicular to the growth direction
can now be easily created, and hexagonal wurtzite
(WZ) phase can also form depending on the growth
conditions. As shown in Supporting Information Sec-
tion 5, this is due to the fact that in (111) directional
growth, each new layer can nucleate in a ZB or WZ
position, independent of the previous stacking sequence
(given the formation energy requirement is satisfied).’
Figure 2f shows a TEM image of a (111) nanowire grown
on an InP (100) substrate. As the growth orientation
information is lost during the sample preparation
process for TEM analysis, they are initially identified
as (111)-oriented nanowires by matching the morphol-
ogy. This is later verified by indexing the diffraction
patterns. The nonvertical nanowires grown along
{111) directions are of WZ crystal phase with some
stacking faults, again, similar to those grown vertically
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on InP (111)B substrates under the same growth con-
ditions. Hence, the actual facets of the nanowires are of
{1-100} type, which is the equivalent of ZB {112}
planes in the WZ phase.

{111) nanowires are the most commonly reported
type of nonvertical nanowires that grow on (100)
substrates.>'*~'° However, in our case we find that,
depending on the growth conditions, up to about 60%
of the nonvertical nanowire growth directions could
not be explained by direct or multiple-order twinned
(111) growth directions, that is by the “type 1” scenario.
By inspecting the morphology, one could also see that
these unexplained nanowires are generally of the
above-mentioned type 2.

Type 2. Here, the 3D multiple order twinning takes
place on {111} planes, similarly to the previous case.
However, after twinning, the nanowires grow in (100)
directions instead. This scenario can be visualized as
shown in the atomistic model in Figure 3a, where three
possible (100) directions (indicated by yellow arrows)
are available for growth from the resulting twinned
crystal. Figure 3b and ¢ show a 3D-computer model
and a SEM image of a second-order type 2 nanowire
viewed at the same tilt angle with respect to the
substrate. The {111} planes are shown in the model
for clarity and comparison. The existence of the twin
plane can be identified in the SEM image due to the
difference in lateral overgrowth at the twin plane.

The possible growth directions with respect to the
substrate can be calculated using the same model used
before, by substituting the relevant (100) growth
direction instead of the (111) direction. The model
and derivation of growth directions are given in the
Supporting Information Sections 1 and 2. Table S2 in
the Supporting Information Section 4 shows all possi-
ble growth directions for 3D multiple-order twinned
(100) nanowires up to the third order. Experimentally
measured angles of the individual type 2 nonvertical
nanowires confirm the presented model. The relative
frequency of occurrence of type 2 nonvertical nano-
wires with the order of twinning is given in Table S2.

The morphology and growth rate of nonvertical
(100) nanowires are similar to the vertical [100] nano-
wires. The inset of Figure 3d shows the same second-
order, type 2 nonvertical nanowire shown in Figure 3d,
but imaged 72° rotated from the (011) cleavage edge
and 48° tilted to the vertical so that the electron beam
is parallel to the nanowire axis. The facets of the
nanowire can be derived to be {100} by considering
the twinned crystal orientation. This is similar to what
was seen for the vertical nanowires in the same sample.
The side facets of the type 2 nonvertical nanowires
were also examined in the samples in which the
vertical nanowires showed octagonal cross-sections
(combination of {100} and {110}) similar to Figure 1d.
It is seen that the side facets of these type 2 nonvertical
nanowires are also octagonal and similar to the vertical
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Figure 3. (a) An atomistic model showing the first- and second-order nonvertical (100) growth directions; first-order
directions are shown by black solid arrows from the untwinned primary crystal and second-order (100) directions by yellow
solid arrows from the twinned crystal. (b, c) A 3D model (b) and an SEM image (c) of a second-order nonvertical type 2
nanowire making o and @011 angles of 42° and 108°, viewed along the same direction and tilt for comparison. The half {111}
octahedra of the initial and twinned crystals are shown for ease of comparison with the atomistic model in (a) and for an
understanding of the evolution of nanowire growth direction by twin formation. (d) Second-order type 2 (100) nanowire
showing the viewing direction for the image shown in the inset. (e) Low-magnification TEM micrograph of a nonvertical (100)
nanowire with the twinned bottom region. (f) HRTEM image showing the ZB crystal structure above the twinned base.

nanowires of the same sample. Therefore, it can be
concluded that the side facets of all (100) nanowires
are the same for a particular growth condition and are
not affected by the 3D twinning at the bottom of the
nanowire.

As the morphology of the vertical and nonvertical
{100) nanowires are similar and the orientation infor-
mation is lost in the transfer process to the Cu grid for
TEM analysis, it is hard to be certain about the type of
{100) nanowires that were analyzed under the TEM.
However, while most nonvertical nanowires could
break above the twinned bottom region, there are
few nanowires similar to the one shown in Figure 3e
that have broken off below the twinned section. These
nanowires can be established to be nonvertical (100)
nanowires. The crystal structure of these nanowires
is also defect-free ZB once the growth in the (100)
direction is initiated after the initial 3D twinning at
the bottom.

For the principal sample considered, a total of 85%
of the nonvertical nanowire growth directions matches
with the above type 1 or type 2 multiple-order twinned
directions considered up to the third order. It should be
noted that the remaining 15% of nonvertical nano-
wires represents only 1% of the entire principal sample
when considered with the other main types of nano-
wires. It should also be noted that the proportions
of type 1 and type 2 nonvertical nanowires and even
the distribution within the orders of the same type vary
with the growth conditions.
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Next, let us consider the planar nanowires, the third
main type of nanowires grown on the (100) substrate.

Planar Nanowires. Planar nanowires were studied
across a number of samples, including the principal
sample. For X-TEM studies, a sample with 100% planar
nanowires was used due to the ease of sample pre-
paration and analysis.

The planar nanowires grow along the four in-
plane (110) directions of the (100) substrate. As seen in
Figure 43, the tapering and the growth rate of the planar
nanowires grown along the two perpendicular [011]
(or [0—1—1]) and [01—1] (or [0—11]) directions are
significantly different. Nanowires grown parallel to
the [01—1] direction (indicated in blue in Figure 4a)
are highly tapered and have a “Christmas tree”-like
shape. The growth rate of these nanowires are also
lower compared to those grown parallel to the [011]
direction. The planar nanowires grown parallel to the
[011] direction (indicated in red in Figure 4a) are
nontapered. These nanowires also seem to show pre-
ference in growing along the [01—1] and [0—11] direc-
tions compared to the [011] and [0—1—1] directions.
Interestingly, they can also change growth direction
from one (110) direction to another by making 90° or
180° turns, as indicated by the arrows in Figure 4b and c.
A close investigation of the facets of these nanowires
helps in explaining the morphology and the behavior
observed.

Figure 4d shows an X-TEM image of a planar
nanowire taken along the (011) zone axis. As can be
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InP substrate

50 nm

Figure 4. (a) SEM top view of the 100% planar nanowire
sample, with a nanowire growing in the [011] direction
indicated in red and a nanowire growing in the [01—1]
direction indicated in blue. The in-set shows a planar nano-
wire from a different sample that has later grown off the
surface as a nonvertical nanowire. (b) A planar nanowire
making 90° turns and changing growth directions. (c) A
planar nanowire that had made 180° turns and changed
growth direction. (d) TEM micrograph showing the long-
itudinal cross-section of a planar nanowire from the same
sample as in (a). () TEM micrograph showing the transverse
cross-section of a planar nanowire with the inset showing
the ZB crystal structure.

clearly seen, the predominant growth facet of the
nanowire is a {111} plane, although the resultant
growth direction is (110). This is similar to what has
been previously observed for GaAs and InAs planar
nanowires grown on (100) substrates.’®?' Therefore, in
the case of planar nanowires, the growth direction is
not perpendicular to the growth facet. Growth on the
other facet revealed by the Au particle, i.e., the (100)
facet, is very slow compared to that on the {111} plane.
The base of the planar nanowires (i.e., the parts that
grew first) is gradually submerged with time in the two-
dimensional layer growth that simultaneously takes
place on the substrate, creating an illusion as if the
bottoms of these nanowires are thinner than the tip. As
seen in Figure 4e, the planar nanowires maintain the
(100) top facet.

The growth of the nanowire being drivenbya {111}
plane explains the preference of these nanowires to
grow along the [01—1] and [0—11] directions com-
pared to the [011] and [0—1—1] directions. Nanowires
grown along the [01—1] and [0—11] directions are
driven by (111)B polar growth facets, while those
grown along the [011] and [0—1—1] directions are
driven by (111)A polar growth facets. In the case of
nanowires grown on (111) substrates, it is known that
they generally prefer to grow along the (111)B direc-
tion (that is, driven by a (111)B facet) than along the
{(111)A direction (driven by a (111)A facet).3233 Simi-
larly in this case, [01—1] (and [0—11]) oriented planar
nanowires that have the (111)B facets as growth facets
are dominant. However, it should be noted that the
presence of some planar nanowires driven by (111)A
growth facets is in contrast to what has been reported
for GaAs and InAs planar nanowires,**?' where all
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nanowires were aligned parallel to [01—1], i.e., driven
by (111)B facets. A similar alignment parallel to [01—1]
has been observed for self-catalyzed InP planar nano-
wires, although the exact growth facet is not clear in
this case.® In the current study, the (111) facet that is
driving the growth of the planar nanowire can even
switch between the four available {111} facets on the
(100) surface, causing them to change growth direc-
tion in 90° and 180° angles. The cause of growth
direction change is not completely clear. However,
from careful examination of the SEM images it is clear
that the presence of obstacles such as other nanowires
(planar, vertical, and nonvertical) and uneven deposi-
tions on the substrate is one definite cause. As seen in
the inset of Figure 4a, few planar nanowires may end
up growing as nonvertical or even vertical nanowires,
growing off the substrate during the later stage of
growth.

The fact that the nanowires parallel to the [011]
direction are grown by a (111)A facet also explains their
faster axial growth rate. In the case of (111) nanowires,
it has been reported that the (111)A nanowires have a
higher growth rate than the (111)B nanowires.'® Simi-
larly in this case, the planar nanowires that are driven
by (111)A facets grow faster axially. The difference in
tapering and lateral growth of the two perpendicular
types of nanowires could be resulting from a combina-
tion of two mechanismes. First, it has been shown that the
relative lateral growth rates in the two perpendicular
[011] and [01—1] directions depend on the metal organic
vapor phase epitaxy (MOVPE) growth conditions>* At
relatively low temperatures and high V/lli ratios the lateral
growth rate in the [011] direction is faster than in the
[01—1] direction due to the ease of group lll adatom
incorporation on the group V covered [011] steps.>* This
higher lateral growth rate in the [011] direction results in
higher tapering of the nanowires growing perpendicular
to the [011] direction, that is, parallel to the [01—1]
direction. The second mechanism involves the side facets
of the planar nanowires that are shown in Figure 4e.
These facets that are sloping from the top facet to the
substrate are partially or fully polar, similar to those
discussed in the vertical nanowires section. For planar
nanowires grown parallel to [01—1], the polarity of the
side facets is “A”, while for nanowires grown parallel to
[011] the polarity of the side facets is “B". As discussed
earlier, with the higher growth rate of A polar facets
under the considered growth conditions,”” ~%° the side
facets of the [01—1] and [0—11] planar nanowires grow
faster, making them more tapered and giving them the
“Christmas tree”-like shape.

As seen in the TEM micrographs of Figure 4d and e,
the planar nanowires have a defect-free ZB crystal
structure, in agreement with GaAs and InAs*®*' planar
nanowires. Despite being mainly grown by a {111}
facet, the planar nanowires tend to be twin-defect-free
ZB due to the fact that they grow along the substrate
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TABLE 1. Summary of Growth Directions, Facets, and Crystal Structure of Nanowires Grown on InP (100) Substrates

NW type growth direction NW side facets growth facet crystal structure
1 vertical [100] {100}, {110}, or combination of the two (100) planar-defect-free ZB
2 nonvertical (111) after 3D multiple-order {112}/{1—100} (same as the facets of NWs grown on {my} WZ with some stacking faults
twinning at the bottom (111) substrate under the same conditions)
(100) after 3D multiple-order {100}, {110}, or combination (same as vertical {100} planar-defect-free ZB
twinning at the bottom [100] NWs on the same substrate)
3 planar four (110) directions (100) top facet, side facets are nonuniform {mi} planar-defect-free ZB

and hence directly epitaxial to the substrate along the
whole length of the nanowire. This prohibits the
nucleus from taking WZ positions, unlike in the case
of (111)-oriented nanowires (see Supporting Informa-
tion Section 5).

Table 1 summarizes the growth directions, facets,
and crystal structure of the three types of nanowires
(NW) discussed above.

Ninety-nine percent of the nanowires on the prin-
cipal sample can be explained by the three main types
given in Table 1. Hence, considering the growth facets
of these types of nanowires, it can be concluded that a
vast majority of seemingly complicated nanowires grown
on InP (100) substrates are actually driven by only two
kinds of facets: {111} and {100}. It should also be noted
that nonvertical nanowire growth directions such as
(110) and (112), which are commonly seen on (111)
and (100) substrates,' "> =38 are not observed in this case.

Relative Yield Control of the Three Types of Nanowires. All
three types of nanowires discussed above have been
successfully demonstrated in devices, and one type or
the other may be preferred depending on the applica-
tion and device design.'®'*2'~25 vet, for device pur-
poses the relative control of growth of one type over
another is paramount in order to minimize device
fabrication complexities as well as to increase effi-
ciency. In this section, we present the relative yield
control of the types of nanowires discussed above,
by tuning the pregrowth conditions and the growth
parameters.

Vertical. Vertical growth of nanowires is highly
sensitive to the pregrowth annealing condition of the
Au catalyst particles as well as the growth parameters
of the nanowires. We find that nanowire growth in this
otherwise energetically unfavorable direction does not
allow for a large growth parameter window. Pregrowth
annealing under a relatively low temperature and a low
phosphine (PHs) flow promotes subsequent vertical
growth of nanowires. Growth temperatures between
450 and 475 °C and V/Ill ratios in the range of 350 are
favorable for vertical nanowires. The trimethylindium
(TMIn) precursor flow rate should also be low, in the
region of 2.015 x 10~® mol/min. Eighty-five percent
vertical nanowires are achieved by pregrowth anneal-
ing at 390 °C under a PH; flow of 8.93 x 10~* mol/min
and then carrying out the growth at 450 °C and a V/IlI
ratio of 350.
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It has also been shown in the recent reports by
Wang et al®'° that the pregrowth conditioning of the
particles as well as growth conditions play a critical role
in achieving very high vertical yield. In this technique
the Au particles are prefilled with In prior to growth
instead of annealing. The nanowire growth tempera-
ture and the V/Ill ratio used are comparable, while the
TMIn molar fraction is higher.

Nonvertical. Nonvertical nanowire growth mainly
depends on the flow rate of TMIn during the nanowire
growth. Sixty-seven percent nonvertical nanowires are
achieved by using a high flow rate of TMIn, at 4.030 x
10™> mol/min, for the same pregrowth annealing
condition used for the vertical nanowires above. The
growth temperature and the V/Ill ratio are maintained
at 450 °C and 350, respectively.

Planar. Planar nanowire growth is highly sensitive
to the pregrowth annealing condition. High pregrowth
annealing temperature and high PH; flow during
annealing promote formation of planar nanowires.
One-hundred percent planar nanowires can be achieved
for the same nanowire growth condition as the above
vertical nanowires by simply annealing the sample at
600 °C under high PH; flow of 2.23 x 10~2 mol/min.

The pregrowth annealing and growth conditions
for high yields of each type of nanowires are summar-
ized in Table 2.

In order to gain insight into the effect of growth
conditions on the type of nanowires grown, we have
studied the initial stages of formation of the three
different types of nanowires. For the vertical and planar
nanowires, the growth was carried out for a few
seconds. In the case of nonvertical nanowires, a sample
in which the nanowire growth direction changed
(kinked) by forming 3D twins during the cooling down
stage was used due to the ease of analysis.

The evolution of the three types of nanowires from
nucleation to early growth stages is shown in a series of
X-TEM images in the Supporting Information Figure S5.
Comparing the particles that have only been annealed,
it is clear that the different pregrowth annealing treat-
ment has affected the nanoparticle differently (see
Figure S5()i and (b)i). The particle collects In from
the substrate and forms an alloy during the pregrowth
annealing. Comparing the sizes of the particles
along the evolution, it is also clear that the particle
absorbs more In during the initial stages of growth.
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TABLE2. Summary of Pregrowth Annealing Conditions and Growth Parameters to Achieve High Yields of Different Types

of Nanowires

pregrowth annealing condition

NW type temperature PH; flow (mol/min)
1 vertical 390 °C 893 x 107
2 nonvertical 390 °C 893 x 107
3 planar 600 °C 223 x 1073

Hence, as Wang et al.® have shown, the In percentage
in the particle could be playing a role in determining
the growth direction. Yet, it should be noted that pre-
growth annealing at lower temperature (390 °C), which
should incorporate less In, has resulted in higher
vertical yield in our case. This observation is not in
complete agreement with ref 8, where a relatively high
In concentration had led to a high vertical yield.

Careful examination of the nanoparticle—substrate/
nanowire interface during the early stages of growth
(see three series (a—c) in Supporting Information Figure S5)
also reveals that the facets that are wetted by the Au
particle are dynamically changing before selection of
the final growth direction. In most cases, the particle
wets multiple facets that are in competition before the
final growth direction is established. Theoretical models
by Schwarz and Tersoff>*° have shown that the differ-
ent growth directions may arise from interplay between
facet growth and introduction of new facets at the
growth front as well as droplet statics. They have also
shown that different growth modes can be stable under
the same growth conditions, and the actual growth
mode is decided by the initial conditions such as
annealing and patterning,*® which is similar to our case
of planar and vertical nanowire growth. This is due to the
new facets formation during the complex transient state
before a steady state is established,*®*' which is also
evident in our experimental results.

Although the kinked nanowires used for this study
(Supporting Information Figure S5 series c¢) do not
directly correspond to the growth conditions used for
the sample with a high nonvertical yield in Table 2, they
give an understanding of the process of 3D twin
formation and changes in the position of the nanopar-
ticle that vary with the external In supply. Group Il flow
(or group lll partial pressure) has been shown to affect
the surface energies as well as chemical potential of
the nanoparticle.>***? In the current study, the growth
is further complicated by the presence of multiple

EXPERIMENTAL METHODS

All samples were prepared immediately prior to growth by
dispersing 30 nm colloidal Au particles on poly-L-lysine-coated

(100) InP substrates. A (111)B InP substrate prepared using the
same method was also included in each growth run as a

FONSEKA ET AL.

growth parameters

temperature vl TMin flow (mol/min) yield (%)
450 °C 350 2015 x 107° 85
450 °C 350 4030 x 107° 67
450 °C 350 2015 x 107° 100

growth facets in the initial stage of growth, which could
eventually lead to tilting and 3D twin formation. More
detailed quantitative modeling of the complex initial
conditions, which is beyond the scope of this paper, is
required in order to fully understand the effect of these
pregrowth annealing and growth conditions on the
resulting nanowire type.

CONCLUSION

The nanowires grown on InP (100) substrates are
identified to be of three main types: vertical, nonver-
tical, and planar nanowires. These types of nanowires
are analyzed in detail in terms of morphology, growth
directions, facets, and crystal structure. Two kinds of
nonvertical nanowires are found, and a mathematical
model based on 3D multiple-order twinning is pre-
sented to explain the growth directions of these two
kinds of nonvertical nanowires. The experimental data
obtained by measuring elevation and azimuth angles
of the individual nanowires confirm the calculated
values using the model. We find that the seemingly
complex and random nanowire growth on InP (100)
substrates simplifies to nanowires driven by either {100}
or {111} growth facets. (110) and (112) growth directions
that are commonly seen on (111) and (100) substrates
are not observed in this case. Finally, the relative yield
control of these different types of nanowires by tuning
the pregrowth annealing conditions and growth para-
meters is demonstrated. A low pregrowth annealing
temperature and precursor flow are preferred by ver-
tical nanowires, while nonvertical nanowires prefer a
high precursor flow rate. Planar nanowires are achieved
by increasing the pregrowth annealing temperature
and PH; flow during this step. An in-depth understand-
ing of these different types of nanowires and the ability
to control their relative growth would increase the
usability of the nanowires grown on the industry stan-
dard (100)-oriented substrates in a wide range of device
applications.

reference. Nanowires were grown in a horizontal flow MOVPE
reactor with a total flow of 15 slm, using TMIn and PHs as In and
P sources, respectively. The samples were annealed for 10 min
under PH; flow in order to enhance alloying between the
substrate and the Au particle before initiating nanowire growth.
The exact pregrowth annealing and growth conditions favoring
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each of the types of nanowires are as given in Table 2. Nano-
wires were investigated using SEM and TEM. Cross-section TEM
(X-TEM) samples of the planar nanowires, Au particles, and
nanowires in the initial stages of growth were prepared by
tripod polishing followed by ion beam polishing. Lateral cross-
sections of the vertical nanowires were prepared by embedding
the samples in a resin, followed by microtome sectioning.
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