VOLUME 9, NUMBER 6, JUNE 2009

Letters

© Copyright 2009 by the American Chemical Society

Kinetic Control of Self-Catalyzed Indium
Phosphide Nanowires, Nanocones, and

Nanopillars

Robyn L. Woo,! Li Gao," Niti Goel,* Mantu K. Hudait,® Kang L. Wang,"

Suneel Kodambaka,- and Robert F. Hicks*-

Departments of Chemical and Biomolecular Engineering, Electrical Engineering, and Materials Science and

Engineering, University of California,

Los Angeles, California 90095, Intel Corporation, Santa Clara, California 95052,

and Intel Corporation, Hillsboro, Oregon 97124

Received November 25, 2008; Revised Manuscript Received April 17, 2009

ABSTRACT

The morphological phase diagram is reported for InP nanostructures grown on InP (111)B as a function of temperature and VIl ratio. Indium droplets were used as the
catalyst and were generated in situ in the metalorganic vapor-phase epitaxy reactor. Three distinct nanostructures were observed: wires, cones, and pillars. It is proposed
that the shape depends on the relative rates of indium phosphide deposition via the vapor—liquid—solid (VLS) and vapor-phase epitaxy (VPE) processes. The rate of VLS
is relatively insensitive to temperature and results in vertical wire growth starting at 350 °C. By contrast, the rate of VPE accelerates with temperature and drives the lateral

growth of cones at 385 °C and then pillars at 400 °C.

Semiconductor nanowires show great potential for applica-
tions in electronics and photonics.!”® Most nanowires are
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prepared by the vapor—liquid—solid process utilizing a metal
catalyst, such as gold.! The liquid alloy droplet captures
the precursor materials and catalyzes crystal growth at the
liquid—solid interface. Nanowires with nontapered and/or
tapered morphologies are obtained depending on the condi-
tions,!!"!7 and these different shapes significantly affect their
electrical, optical, and mechanical properties.'®~?> Recently,
in situ electron microscopy studies have provided funda-
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Figure 1. Phase diagram of InP nanostructures as a function of temperature and P/In molar ratio.

mental insight into the nanowire nucleation and growth
process. %’
For III—V materials, different methods have been used to

synthesize the nanostructures, including metalorganic vapor-
phase epitaxy (MOVPE), molecular beam epitaxy (MBE),
and chemical beam epitaxy (CBE).?®3° Nanowires have been
grown without the aid of catalysts, for example, using
patterned oxide templates, and excellent control over the wire
size and shape has been achieved.!**!*? The kinetics and
mechanism of III—V nanowire growth using Au catalysis
has been investigated and is relatively well understood.**3¢
On the other hand, little is known about III—V nanowire
growth whereby group III metal droplets are used to self-
catalyze deposition.’’ 4!

The aim of this work is to investigate the effect of substrate
temperature and V/III mole ratio on the self-catalyzed
deposition of indium phosphide nanowires using liquid
indium droplets. Scanning electron microscopy reveals that
the shapes of the indium phosphide nanostructures can be
precisely controlled in the MOVPE process to synthesize
wires, cones, or pillars. We propose that the crystal morphol-
ogy is determined by the relative rates of InP deposition via
the vapor—liquid—solid (VLS) and vapor-phase epitaxy
(VPE) mechanisms.

The experiments were carried out in a Veeco D125
MOVPE reactor using trimethylindium (TMIn) and tert-
butylphosphine (TBP). The nanostructures were grown on
InP (111)B substrates. The samples were placed in the reactor
and annealed at 550 °C in 1.0 mmol/min of TBP for 5 min.
Then the temperature was lowered to between 350 and 400
°C, and the indium droplets were deposited by feeding
10—50 umol/min of TMIn for 0.2—0.5 min. Next, the InP
nanostructures were deposited by feeding TBP and TMIn at
P/In mole ratios between 40 and 133. A constant TBP mole
fraction of 7.2 x 10~* was maintained in the hydrogen gas
flow at 60 Torr total pressure. Following 9.0 min of growth,
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the samples were cooled down in H, over 10 min to 30 °C.
Note that the substrate temperature in the MOVPE reactor
is known to £25 °C.

The surfaces were imaged using a Hitachi S4700 field
emission scanning electron microscope (SEM). The data were
processed with the aid of Image]. For each experiment, at
least 10 SEM images consisting of over 400 nanostructures
were analyzed to obtain the average diameter, width, height,
and areal density. Images of the indium droplets were
obtained prior to growth as well. The droplet diameters were
30, 68, and 86 + 8 nm, and their densities were 7.2 x 10°,
3.6 x 10%, and 1.5 x 10° &£ 0.3 x 10° cm 2 for deposition
at 350, 385, and 400 °C, respectively.

The InP nanostructures grown using In droplets as a
function of temperature and P/In mole ratio are shown in
Figure 1. Three characteristic shapes are observed as the
temperature is raised from 350 to 400 °C. At 350 °C,
nanowires are produced with a fixed diameter of ~50 nm
regardless of their length. To highlight the morphology, the
growth time is kept to 2 min at this temperature, whereas at
385 and 400 °C, the growth time is 9 min. At 385 °C,
nanocones are formed which exhibit a wide hexagonal base,
100—200 nm across, and taper down to a width of 10 to 50
nm at the tip. Finally at 400 °C, nanopillars are formed. These
structures are low-aspect-ratio cylinders with hexagonal bases
of 230—270 nm in width.

Increasing the growth temperature at a fixed P/In mole
ratio causes the formation of conical and pillar-shaped InP
nanostructures rather than wires. We note that increasing the
P/In mole ratio from 54 to 133 at a fixed temperature does
not significantly affect the shape. The height of the nano-
structures, however, decreases as the TMIn flux is reduced,
as clearly seen at 400 °C. The dotted lines in Figure 1
delineate isomorphic contours. These data reveal that nanow-
ires grow best at low temperature and low P/In mole ratio,
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Figure 2. Images of InP nanowires grown at 350 °C, depicting (a)
In catalysts, (b) InP wires after 1 min, (c) InP wires after 3 min,
and (d) InP wires after 4 min of growth.

while hexagonal pillars grow best at high temperature and
high P/In mole ratio. In the following sections, we focus on
the growth aspects of the nanowires and nanopillars.

Shown in Figure 2 are a series of SEM images of
nanowires acquired as a function of deposition time at 350
°C and P/In mole ratio of 100. The inset shows a top-view
image of the sample. Prior to introducing the TBP, indium
droplets were deposited by feeding 20 gmol/min of TMIn
for 30 s (Figure 2a). Here, we see a homogeneous distribution
of droplets of average size 78 £ 5 nm. Upon feeding 1.0
mmol/min TBP along with the TMIn, the nanowires begin
growing with the indium catalyst at the top (confirmed by
energy dispersive X-ray analysis). The wire diameters are
51 &= 5 nm or 65 £ 0.6% of the In droplet diameter. The
average droplet diameter and wire width remain constant
throughout the process, while the average wire length
increases linearly at a rate of ~27 nm/min. (Plots of wire
lengths and diameters versus deposition time are shown in
Figure S1 of the Supporting Information.) Note that the
melting point of indium is 157 °C,*? so we expect liquid
droplets during growth. The observation of wires with In
droplets at the wire tips is consistent with nanowire synthesis
by the VLS mechanism.!°

Shown in Figure 3 are a series of SEM images of
nanopillars acquired as a function of deposition time at 400
°C and P/In mole ratio of 100. The indium droplets were
initially formed by feeding 50 gmol/min of TMIn for 12 s
(Figure 3a). A homogeneous distribution of droplets is
observed with average size of 86 £ 8 nm. Upon introducing
the TMIn and TBP, InP nanopillars with hexagonal bases
grow up as shown in parts b and d of Figure 3. At the 1 min
mark, the In droplets can still be discerned in the image,
whereas after 2 min of growth, they are no longer evident.
With continued deposition, facets form along the {110}
sidewalls of the pillars (cf. Figure 3d). These results show
that the pillar height increases during the first 2 min of growth
to a maximum value of 150 nm and, thereafter, remains
constant. On the other hand, the pillar base width continu-
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Figure 3. Images of InP nanopillars grown at 400 °C, depicting
(a) In catalysts, (b) InP pillars after 1 min, (c) InP pillars after 2
min, and (d) InP pillars after 5 min of growth.
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Figure 4. Schematic diagram of the MOVPE growth mechanisms
for InP nanowires, nanocones, and nanopillars.

ously increases throughout the process from 85 nm to 141
4 20 nm in 5 min (see Figure S2 of Supporting Information).
Even wider bases of 250 4 35 nm are recorded in Figure 1,
top row. The above results show that vertical growth of the
nanopillars occurs with consumption of the indium droplets
and ceases after they are gone. It follows then that broadening
of the pillar bases occurs via lateral deposition along the
sidewalls from the vapor, i.e., by vapor-phase epitaxy of
indium phosphide on the exposed {110} planes.*’

The shape of the observed nanostructures can be explained
by a simple model, which accounts for the two competing
growth mechanisms, VLS and VPE. A schematic of the
elementary processes that occur during deposition is pre-
sented in Figure 4. The metalorganic precursors transport to
the InP (111)B substrate and dissociatively adsorb onto the
surface. We would like to point out that the adsorption rate
of III/V metalorganic precursors at 350—400 °C on InP
surfaces (e.g., (001)) is high due to dative bonding between
the empty p orbitals on the In atoms and the filled lone pairs
on the P atoms.** This is in contrast to the silicon and
germanium system and the hydride precursors used for the
growth of those nanowires.*** Once adsorbed, the TMIn
and TBP diffuse across the surface until they find an active
site for decomposition. This process occurs by the stepwise
desorption of the alkyl ligands from the In and P atoms. For
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Figure 5. Schematic plot of the VLS and VPE growth rates as a
function of temperature.

VLS growth, the liquid indium catalyzes the decomposition
reaction, in particular, of TBP because TBP does not
decompose at 350 °C and results in dissolution of indium
and phosphorus into the droplet. Evidence of dissolution of
indium into the droplet is provided by the fact that the indium
droplet size remains constant while the InP nanowire is
growing. Incorporation of the In and P atoms from the droplet
at the liquid—solid interface results in the formation of the
indium phosphide nanowire.

We propose that the VLS growth rate is limited by the
diffusion of the adsorbed precursors across the substrate
surface for the cases, where the wire length is less than the
diffusion length of adsorbed precursors. This is supported
by our experiments, which show that the vertical growth rate
of the nanowires is relatively independent of temperature.
Furthermore, the growth rate decreases with increasing wire
diameter as expected for a fixed supply of diffusing species
from the substrate (see Figure S3 of the Supporting Informa-
tion). These results are consistent with previous studies,
which predict similar diameter-dependent wire growth kinet-
ics when the rate-limiting step is the surface diffusion of
adsorbed species to the liquid droplets.?44743

In the case of vapor-phase epitaxy, the same elementary
steps are involved in deposition, except that now desorption
of the alkyl ligands occurs directly from the indium phos-
phide surface.*** The In and P atoms released on the surface
diffuse to the base of the nanowire where they nucleate and
grow InP crystallites laterally by the “step-flow” mode on
exposed {110} planes. In contrast to VLS, the rate-limiting
step for VPE is desorption of the alkyl groups from the InP
surface. The rate of this reaction obeys an Arrhenius
relationship with an exponential dependence on tempera-
ture. 34

A schematic plot of the VLS and VPE growth rates as a
function of temperature is shown in Figure 5. For VLS, the
rate-limiting surface diffusion step does not strongly depend
on temperature, whereas for VPE, the rate-limiting alkyl
desorption reaction increases exponentially with tempera-
ture.** At 350 °C, only VLS occurs, resulting in the formation
of high-aspect-ratio nanowires. At 385 °C, VPE becomes
significant relative to VLS, and lateral growth at the base of
the nanowires is observed. Since the rate of supply of indium
to the droplets is less than the rate of loss of In from the
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droplets, their size shrinks slowly with time, until they finally
disappear. This process yields the nanocones shown in Figure
1. At 400 °C, the rate of VPE has increased to the point
where the In loss rate from the droplets is significantly higher
than the supply rate to the droplets, resulting in their rapid
consumption and the sustained lateral growth of low-aspect-
ratio nanopillars.

The model proposed in Figure 4 can explain the different
types of nanostructures reported in the literature.'' "' When
the temperature is high enough to support VPE in addition
to VLS, deposition will occur at the sidewall of the wires,
resulting in tapered shapes.'"!*!% At even higher tempera-
tures, where the rate of VPE is much greater than that of
VLS, crystal growth takes place along the entire surface of
the nanowire by a layer-by-layer mode,** and the resulting
shape is no longer tapered. '’

Another way to achieve tapered nanowires in the VLS
process is via accumulation at or loss of indium from the liquid
droplet during growth.'>!3 If too much TMIn is being supplied
to the droplet, it will grow with time, causing the diameter
of nanowires to increase slowly. Conversely, if not enough
TMIn is being supplied to the droplet, it will shrink with
time, causing the nanowire diameter to gradually decrease.
This type of tapering can be identified by the characteristic
smooth sidewall of the nanowires and lack of faceting.

In summary, for self-catalyzed growth of indium phos-
phide from indium droplets, nanowires, nanocones, and
nanopillars are produced by increasing the temperature from
350 to 400 °C. The particular type of structure formed is
governed by the relative rate of InP deposition by VLS versus
VPE. An understanding of the mechanisms underlying crystal
growth at the nanoscale is crucial to developing methods
for large-scale fabrication of these structures with precisely
controlled size and shape.
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