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ABSTRACT: We demonstrate high yield vapor—liquid—solid (VLS) growth of
(100)-oriented InP nanowire arrays. The highest yield (97%) is obtained when the
catalyst droplet is filled with indium prior to nanowire nucleation to the equilibrium
composition during nanowire growth. Using these (100) wires as a template we can
reversibly switch between a (100) and a (111) growth direction by varying the
indium content of the droplet. Modeling VLS growth by a kinetic nucleation model
indicates that the growth direction is governed by the liquid—vapor interface energy
that is strongly affected by the indium concentration in the catalyst droplet.
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he III-V semiconductor nanowires are attractive as ideal
building blocks for various nanoscale devices' > and have
been fabricated by many groups using different growth
methods.5™® According to these studies, nanowires are
generally grown in the (111)B crystal direction; while other
low-index growth directions have been occasionally re-
ported.”~** Givargizov'® first reported the (100) nanowire
growth direction for gallium arsenide (GaAs) by the vapor—
liquid—solid (VLS)® mechanism using Au particles as catalyst in
1975, and in the past decade nanowires of both indium
phosphide (InP) and indium arsenide (InAs) have been grown
in a (100) crystal direction.”*~** All these {(100) nanowires are
defect-free and adopt a pure zincblende (ZB) crystal structure
contrary to the standard ZB/WZ (Wurtzite) mixed structures
observed for most of the (111)B nanowires. Controlling the
growth direction thus opens a new possibility to obtain pure
crystal phase nanowires. An additional important advantage of
(100) nanowires is that (100) orientated substrates have been
mostly used in industry. Vertical nanowire growth on (100)
substrates could thus combine the advanced properties of
nanowires with current device processing technology. More-
over, it is important to understand the mechanism determining
the nanowire growth direction. Currently, growth direction
control within a single nanowire has been studied for group IV
nanowires>**> but is still challenging for III/V materials.
In a previous study, we have investigated a broad range of
nanowire growth parameters and we obtained a yield up to 56%
of wires growing in the (100) direction.”® Here, we report on a
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new method to control the growth direction of InP nanowires
and demonstrate much higher yields. In addition, we show that
by changing the catalyst shape in situ, we can controllably
switch the growth direction between (100) and (111).

We first focus on optimizing the yield of (100) InP
nanowires. Since the nanowire site control is essential for
applications, such as optimizing light absorption in solar cells,*®
the following two lithography techniques were used to
predefine the nanowire position on an InP (100) substrate:
electron beam lithography (EBL) to fabricate small arrays with
various pitches and diameters,”” and nanoimprint (NI) to
pattern large-scale areas.”® The growth conditions are
essentially the same as for our previously studied (100) InP
nanowire arrays> (see Supporting Information S1 for more
details). In order to further increase the yield of wires growing
in the (100) direction, the droplet shape and composition were
optimized, in analogy to optimizing the growth of (111)
oriented GaAs nanowires on Si*’ by exposing them to
trimethylindium (TMI) before nanowire growth was initiated.
When the system reached the growth temperature of 440 °C
under a phosphine (PH,) flow, we simultaneously switched
PHj; off and TMI on. After exposure of the Au particle to TMI
for 0 to 25 s, the PH; flux was turned on and the nanowire
growth started. The yield of vertical (100) nanowires was
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determined as a function of the exposure time by using
scanning electron microscopy (SEM). For each sample, S EBL-
patterned fields of 25 X 25 wires from different locations were
measured. Upon increasing the exposure time from 0 to 15 s,
the vertical yield increases from 27 + 1% to 97 + 1% (Figure
la—c) and then decreases to S9 + 18% at 25 s (Figure 1d). The
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Figure 1. (a—d) SEM images at 30° tilt, showing InP nanowires grown
on a InP (100) substrate with different TMI exposure times from 0 to
25 s before wire nucleation. The nanowire growth is catalyzed by gold
particles with 75 nm diameter and 800 nm wire-to-wire distance,
patterned by electron beam lithography. (e) The yield of vertical (100)
nanowires versus exposure time. (f) The vertical yield for various wire
diameters versus wire-to-wire distance for 15 s TMI exposure. (g)
Topview SEM images showing InP nanowire arrays grown from 75 nm
diameter Au particles with 1S s exposure time and wire-to-wire
distances of 500, 600, 800, and 1000 nm (from top to bottom). The

scale bars are 5 ym.

maximum is reached at 15 s, as shown in Figure le, and in this
case the yield is mainly limited by missing wires, which could be
due to an imperfect lithography process or to wires which have
not nucleated. Nanowire arrays from different areas of the wafer
were investigated and no significant trend of the vertical yield
with wire diameter or wire-to-wire distance was found as shown
in Figure 1f. In the topview SEM image in Figure 1g, there are
four nanowire fields of 75 nm diameter gold particles and
varying wire-to-wire distance from 500 to 1000 nm showing
near-perfect vertical yield and uniformity.

In order to understand the influence of the droplet
preconditioning on the nanowire growth direction, InP (100)
wafers were patterned using nanoimprint with gold islands of
136 nm in diameter, 11 nm in height and droplet interdistances
of 513 nm. These samples were heated to the growth
temperature in the reactor and exposed to TMI for different
periods but instead of starting the nanowire growth afterwards,
the samples were cooled down quickly under H,, cleaved, and
measured by SEM. As it can be seen from the side-view SEM
images in Figure 2a both the contact angle with the substrate, o,
and the diameter of the catalyst droplet, 2r, change significantly
during the first S s, while for longer exposure times the changes
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Figure 2. (a) SEM images of catalyst droplets for different TMI
exposure times from 0 to 25 s viewed with substrate 88° tilted. The
scale bars are 100 nm. The variation of the droplet density for varying
exposure time occurs because the Au arrays patterned by nanoimprint
are not aligned to the substrate crystal direction while the cleaving side
facet is always (110). (b) Contact angle @ and diameter 2r of the Au—
In catalyst droplet versus exposure time, as obtained from combination
of SEM and atomic force microscopy (AFM) measurements. (c)
Contact angle of the droplet-nanowire interface f# and indium fraction
X1, in the catalyst droplet during nanowire growth versus TMI
exposure time: (i) f, (filled squares) and «y, . (open circles) calculated
from the pregrowth data in (b); (ii) postgrowth, B, (gray band), and
1, (blue band) measured using energy-dispersive X-ray spectroscopy
(EDX). The inset shows a (100) InP nanowire cooled down under
AsH; with InAs top segment. The white dashed line indicates the
position of the InAs segment and f,, the droplet-nanowire contact
angle after growth. The scale bar is 50 nm.

are less pronounced (Figure 2b). During the exposure, the gold
islands are filled with indium, and a liquid Au—In alloy is
formed.*>*' The InP nanowires grown (in the (100) direction)
from these particles turned out to have a diameter of 73 + 4 nm
independent of filling time. Assuming that the catalyst
composition remains unchanged during the nucleation stage
of nanowire growth, we calculated the expected contact angle at
the droplet—nanowire interface (f.) and the expected In
fraction of the droplet (xy,.) during nanowire growth for all
exposure times (Figure 2c, and see Table S1,2 in Supporting
Information for more details). Using cross-sectional SEM
studies we observed that the Au—In particles sink into the
substrate during the annealing step. Therefore, the volume
underneath the substrate was also taken into account in the
calculation (Figure S1, Supporting Information).

In order to obtain the actual indium concentration during
growth, the sample was cooled down under arsine (AsH;)
instead of PH; at the end of the growth time. During this
process an InAs segment is formed, consuming the indium
present in the catalyst droplet during InP nanowire growth.
The amount of indium in both the InAs segment and the Au—
In droplet is quantified after growth by energy dispersive X-ray
analysis (EDX) in the TEM (see inset of Figure 2c) to
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Figure 3. (a,d) SEM images of InP nanowires grown on InP (100) substrate with growth direction changing (a) from (100) to (111} after 2 min
indium depletion and (d) from (100} to (111) and back to (100); (b,e) zoom-in images of (a,d) respectively. Image (b) is viewed with 85° tilt angle
and images (a), (d), and (e) with 30°. (c,f) Bright-field TEM images of the nanowires in (b,e), respectively. Both images were acquired slightly off
the (011) zone axis in the (100) segments and of the ZB sections in the (111) segments. Off-axis imaging was applied to visualize the stacking faults.
The scale bars are S yum for panels (a) and (d) and 200 nm for panels (b), (c), (e), and (f). In (c), the lower (100) segment points out of the plane.

determine the contact angle 3, and the indium concentration
%1y, during InP nanowire growth (see Supporting Information
S2 for more details). The results are shown in Figure 2c by gray
(B, = 125° + 3°) and blue (xy,, = 0.44 + 0.03) bands,
respectively.

Upon comparing the values for # and x;, found by these two
methods, it becomes clear that a high vertical yield is obtained if
the composition of the catalyst droplet before nanowire growth
is already close to the self-stabilized composition during
growth. The fact that §, and x;,, are somewhat smaller than
f. and x, . after 15 s exposure time is probably due to indium
consumption during nucleation, which was not taken into
account in the calculation of §. and xj, .

To illustrate why it is important to have the same catalyst
composition during the nucleation stage and during nanowire
growth, HCl was used to suppress unwanted lateral growth,>**
such that the nanowire bottom part as formed by the VLS
mechanism can be studied. One observes that without indium
prefilling there are always several stacking faults (SFs) at the
bottom of the wires. Importantly, with a filling time of 15 s the
nanowire is defect-free (Figure S4, Supporting Information).
Stacking faults can be formed in the initial growth stage when
the nanowire growth is initiated from a catalyst that is not yet in
dynamic equilibrium with the vapor and the solid phase. During
this nucleation process the shape of the droplet changes by the
uptake of indium, which destabilizes the growth. By prefilling
the droplet with indium the catalyst is brought into equilibrium
conditions and (100) growth is stabilized. However, if the
catalyst is filled with too much indium (e.g, 25 s In filling), it
will first kink to one side to release excess material, and then
start to grow (Figure SS, Supporting Information), which may
explain why the error bar of 25 s filling in Figure le is large.
This study demonstrates the possibility to define and stabilize
the growth direction by engineering the catalyst droplet
condition already at the onset of the nucleation event.*®

Next, the high-yield (100) InP nanowire arrays are used as a
template for reversible switching of the growth direction. After

7.5 min of (100) nanowire growth, TMI is switched off for
several different time intervals while PH; is kept on. The wires
continue to grow with decreasing indium fraction in the droplet
until the indium concentration is below the supersaturation
level required for nanowire growth. For indium depletion times
longer than 1.5 min, the nanowire growth direction switches
from (100) to (111). It can be seen in Figure 3a that almost all
wires end with a segment in one of the two symmetrically
equivalent (111) crystal directions. A zoom-in of a cross-
sectional SEM image is shown in Figure 3b, showing the
consistency in growth direction. It should be noted that the
switching occurs across the entire substrate with good
uniformity. Figure 3c is a bright-field TEM image of one of
the nanowires as presented in Figure 3b, showing a defect-free
(100) bottom segment and a top part with planar stacking
faults (SFs) leading to a ZB/WZ mixed phase. These mixed
(111),5/(0001)y, segments will be referred to as (111)
segments in the rest of this paper. The 55° change in growth
direction reflects the single crystalline nature of the transition,
the angle being the intrinsic angle between (111) and (100)
directions in a cubic lattice.

Finally, we focused on switching back the growth direction
from (111) to (100). After growing for S min in the (100) and
(111) directions consecutively, the PH; is switched off while
TMI is kept on for different periods. During this growth
interrupt the indium liberated by TMI decomposition will be
collected and absorbed by the catalyst droplet. After the
interrupt, the PH; is switched on for another S min before
cooling down. About 30% of the wires switches back from
(111) to (100) after a 2 min growth interrupt (SEM in Figure
3d). For the majority of these double-kinked wires, the second
switching angle is 16° (details in Supporting Information,
Figure S6). The minority has a 55° kink, yielding a final (100)
segment that is identical in orientation to the first (100)
segment, as seen in Figure 3e, selected to highlight the
reversible direction switching. The epitaxial relation between
the top and bottom (100) segments of the latter type is
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illustrated by the identical fast Fourier transforms (FFT) of the
high-resolution TEM (HRTEM) images of top and bottom
segments (Figure S7, Supporting Information). Figure 3f
displays that the (100) top segment is free of stacking faults.
In the lower part of this top segment, sets of {111} twin planes
are present in the three symmetrically equivalent directions, all
being inclined to the growth direction. The kinking angle, that
is, 16 or 55°, is determined by the number of twin boundaries
at the second switching junction from (111) to (100) (see
Supporting Information S3 for more details). About 70% of the
nanowires continues growth in the (111) direction during the
change in droplet volume (Figure S6b,d, Supporting
Information). The local increase in thickness of these
nanowires halfway the (111) segment reflects the stage in the
growth process in which the droplet volume was increased by
additional filling with indium.** In general, our approach shows
the possibility of making reversible switching of growth
directions in single InP nanowire with proper modulation of
the indium concentration in the catalyst droplet. This method
can be tested for a variety of other materials. Correspondingly,
the change of catalyst droplet and its effect on nanowire growth
direction is shown schematically in Figure 4a.

The influence of the composition of the catalyst droplet on
the nanowire growth direction may be understood semi-
quantitatively from the nucleation kinetics of layer-by-layer VLS
growth for which Glas et al** have put forward a basic
description, which has been used successfully in several
quantitative nanowire growth models.*>™>” Adapting this
kinetic nucleation model to the present situation, we calculate
the Gibbs free energy AG} of nucleation for both nanowire
growth directions, and by comparing these two values,
determine which growth direction is preferred (see Supporting
Information S4 for more details). The difference of these Gibbs
free energies, AG}; — AG{y, is plotted as a function of the
liquid—vapor surface energy, yiy, and the droplet—nanowire
contact angle, f, in Figure 4b. For large 7y, generally AGH;; <
AGfy and (111) is the preferred growth direction, while the
opposite holds for small y;y. This result of the model is robust,
meaning that it does not change qualitatively with different
assumptions on the shape of the nucleus and the value of the
solid—liquid surface energy, although the precise position of the
borderline between (111) and (100) does (see S6 in
Supporting Information).

Since the liquid—vapor surface energy of Au is much larger
(1.22 ]/m2)40 than that of In (0.54 J/ m?),*! the upper (lower)
part of the figure corresponds to low (high) indium fraction in
the catalyst droplet. The model explains qualitatively that InP
nanowires can grow in either (100) or (111) direction under
similar growth conditions, and that growth can be reversibly
switched between the two directions by changing the indium
concentration in the catalyst particle. It reproduces the
tendency to grow in the (100) direction for high indium
concentration and in the (111) direction for a depleted catalyst.
In the model, it is implicitly assumed that the growth process
occurs in thermal equilibrium, whereas in reality it is at the
most stationary. Most likely, there are energy barriers to
overcome during switching from (100) to (111) and vice versa,
which would introduce hysteresis effects. A more detailed
understanding of preferential nanowire growth directions
would require additional investigations of the switching
dynamics but this is beyond the scope of the present paper.

We have demonstrated the growth of gold-catalyzed (100)
InP nanowire arrays on InP (100) substrate with a high vertical
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Figure 4. (a) The change of catalyst droplet shape with indium filling/
depleting during nanowire growth and the effect on wire growth
direction. [a] InP nanowire growing in the (100) direction catalyzed
by the Au—In alloy droplet using TMI and PHj; as precursors. [b]
Indium in the droplet is depleted when TMI is switched off, and the
growth direction changes from (100) to (111). [c] The nanowire
continues to grow in the (111} direction with TMI on. [d] PHj; is off
and the droplet is filled with indium. [e] The nanowire changes
growth direction from (111) back to (100) and continues to grow in
the (100) direction with PH; on. (b) Contour plot of AG¥; — AGy,
versus ¥y and f, indicating the favorable growth direction of InP
nanowires, which is (111) when AG}; < AGH, and is (100) when
AGy; > AGfo

yield. We found that a high yield can be obtained by filling the
catalyst droplet with indium prior to the nanowire growth.
Importantly, the highest yield is obtained when the droplet
composition prior to the growth corresponds to the particle
composition during nanowire growth. Reversible switching of
the nanowire growth direction has been realized using catalyst
engineering. Switching of the nanowire growth direction may
create new opportunities to realize novel nanoscale devices.*>*
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