Pattern-Selective Epitaxial Growth of
Twin-Free Pd Nanowires from
Supported Nanocrystal Seeds

Youngdong Yoo," llsun Yoon," Hyoban Lee," Jihee Ahn," Jae-Pyoung Ahn,* and Bongsoo Kim™*

*Department of Chemistry, KAIST, Daejeon 305-701, Korea, and *Advanced Analysis Center, KIST, Seoul 136-791, Korea

rowing single-crystalline metal

nanowire (NW) arrays in a well-

defined morphology and orienta-
tion on a substrate in a large area is impor-
tant to develop novel functionality in
emerging technologies such as plasmonics
or spintronics.' 3 While epitaxial growth
would be most effective for this type of pat-
terned growth, few studies have been re-
ported on the epitaxial growth of metal
NWs, whereas quite a number of results
are reported for that of semiconductor
NWs.4~? Herein we report the epitaxial
growth of twin-free single-crystalline Pd
NW arrays in a selected pattern from the
supported seed crystals that were formed
in a specific morphology on metal oxide
substrates.

Pd plays an important role in industrial
catalytic reactions, such as hydrogenation/
dehydrogenation, automotive exhaust puri-
fication, and the oxygen reduction
reaction.'®"'? Since the surface atomic
structure of the nanomaterial has great in-
fluence on its catalytic activity and selectiv-
ity, Pd NW arrays epitaxially grown on sub-
strates with well-defined facets can be
employed as facet-specific selective cata-
lysts.'® Furthermore, these epitaxially pat-
terned Pd NW arrays can be utilized in plas-
monic applications, such as colorimetric
sensing and remote real-time optical sens-
ing of hydrogen.'®'> Performance of plas-
monic devices can be degraded by a rough
surface and imperfect crystallinity because
of hampered propagation of surface plas-
mons.'® Perfect single-crystalline nanoparti-
cles without twins have shown improved
performance in molecular sensing using lo-
calized surface plasmon resonance (LSPR)."”

Pd also shows very high sensitivity to hy-
drogen. Polycrystalline Pd NWs, which have
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ABSTRACT We report that twin-free single-crystalline Pd nanowire (NW) arrays grow epitaxially in a selected
pattern on a substrate. Parallel aligned Pd NWs are synthesized on a SrTi0; (110) substrate in a very high density.
On a SrTi0; (001) substrate, Pd NWs grow horizontally in two perpendicular directions. Vertical Pd NWs are
synthesized instead of horizontal NWs when a c-cut sapphire substrate is employed. We reveal that the atomic
structure of the substrate surface determines the geometry and orientation of seeds, which in turn direct the
growth patterns of the NWs. The interface energy between the NW material and the substrate is also critical in
determining the NW growth pattern. Polarization-dependent localized surface plasmon resonance of as-
synthesized epitaxial Pd NW arrays is investigated for application as a plasmonic platform.

KEYWORDS: palladium - nanowire - epitaxial growth - single-crystalline - twin-
free - localized surface plasmon resonance

been used for resistance-based detection
of hydrogen,'®'® often have gaps between
adjacent grains and show irreversible
changes to the measured resistance after
exposure to hydrogen. Perfectly single-
crystalline Pd NWs would be free of this
problem and thus make hydrogen sensors
of much improved characteristics.
Various synthetic methods have been
developed to grow metal NWs. In a solu-
tion phase process, mostly polycrystalline
or twinned Pd NWs have been
synthesized,?*~2? although nanorods and
nanobars with a low aspect ratio have been
synthesized in a single-crystalline form.?6%’
A vapor phase process often produces
nanostructures of higher crystallinity than
the solution-based process because of high
substrate temperatures with no participat-
ing solvent molecules. Recently, we re-
ported the synthesis of single-crystalline *Address correspondence to
noble metal NWs in a vapor phase pro- bongsoo@kaist.ac kr.
cess.?® Received for review January 25, 2010
Vapor phase methods have been exclu-  and accepted April 27, 2010.
sively employed for epitaxial growth of Published online May 10, 2010.
NWs.*~9 Although epitaxial growth of semi-  19.1021/nn100151¢
conductor NWs has been successfully ac-
complished by vapor—Iliquid—solid process  © 2010 American Chemical Society
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Figure 1. Pd NWs grown horizontally in a single direction on a STO (110) substrate. (a) Top-view SEM image of the NWs. (b)
Magnified top-view SEM image of the NWs. (c) Magnified 45° tilted SEM image of the NW and its half-octahedral seed. (d)
Cross-sectional TEM image of the Pd NW grown on STO (110). The dark layer covering the Pd NW is a thin layer of Pt, which
protects the Pd NW surfaces from ion-beam-induced damage during the focused ion-beam milling. (e) HRTEM image and

FFT patterns of the interfacial region between Pd and STO. (f) Schematic of atomic planes at the epitaxial interface between

Pd (110) and STO (110).

using metal catalysts,?® a new method has to be devel-
oped for metal NWs because of the absence of appro-
priate catalysts. Silly et al. reported that supported Pd
nanocrystals of different morphology were formed on
a SrTiO; (STO) (001) substrate in ultrahigh vacuum de-
pending on the surface reconstruction and the sub-
strate temperature at the time of deposition.3%3! Pd
deposition on other dielectric surfaces has been also re-
ported to produce one-dimensional nanostructures.?
By continuously supplying Pd vapor during the
growth with optimum experimental parameters, includ-
ing sufficiently low supersaturation, substrates with
good lattice matching, appropriate material flux, and
substrate temperature, we have synthesized patterned
epitaxial Pd NW arrays that have well-defined morphol-

ogy in a large area and revealed a detailed growth
mechanism. The epitaxial growth pattern of Pd NW ar-
rays is selected by employing substrates of various sur-
face structures such as STO (110), (001), and c-cut sap-
phire. Furthermore, polarization-dependent LSPR of as-
synthesized twin-free parallel Pd NWs is investigated,
the result of which suggests a possibility that the as-
synthesized parallel Pd NWs can be used as a platform
for advanced plasmonic applications.

RESULTS AND DISCUSSION

Horizontal Growth in a Single Direction on a STO (110)
Substrate. Figure 1a,b shows top-view scanning elec-
tron microscope (SEM) images of Pd NWs grown
horizontally in a single direction on a STO (110) sub-
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Figure 2. SEM images of Pd NWs grown on the STO (110) substrate at different source temperatures of (a) 1100, (b) 1150,
(c) 1200, and (d) 1250 °C. Variation of the (e) diameter and (f) length of NWs as a function of reaction temperature. Each data
point represents the average length and diameter of the NWs, and the error bars denote the standard deviation.

strate at a source temperature of 1150 °C. Parallel
NWs are synthesized densely on most areas of the
substrate. The NW diameter is 108 = 51 nm (see Sup-
porting Information, Figure S1). The NW is well-
faceted and has a shape of an elongated half-
octahedron (the left image in Figure 1c). A half-
octahedral nanocrystal is also observed on the same
substrate (the right image in Figure 1c). The NWs
and the half-octahedral nanocrystals have identical
orientations, indicating that the NWs grow from half-
octahedral nanocrystals. To characterize the growth
direction and crystal structure of NWs, cross-
sectional transmission electron microscope (TEM)
measurement was carried out. The cross-sectional
TEM image in Figure 1d shows that the horizontal
NW has an isosceles triangular cross section. The
angle between the substrate and the side planes of
the NW is measured to be 35°, consistent with the
angle between the (110) bottom plane and the {111}
side planes in an elongated half-octahedron (35.26°).
The high-resolution TEM (HRTEM) image and its fast
Fourier transform (FFT) patterns (Figure 1e) reveal
that the horizontal NW with twin-free single-
crystalline nature has a (110) growth direction, {111}
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side facets, and a (110) bottom plane. Thus, the epi-
taxial relationship between the horizontal NW and
STO is (110) Pd//(110) STO. This characterization of
crystal structure of NWs confirms again that as-
synthesized NWs are elongated half-octahedrons.
Orientation relationship between zone axes of Pd
and STO is (110) Pd//{110) STO, indicating that Pd
NWs grow along a (110) direction of STO. Because
there is only one (110) direction on the STO (110)
substrate, NWs grow in a single direction on the sur-
face of the substrate. A schematic of atomic planes
at the epitaxial interface between Pd and STO in Fig-
ure 1f shows that the lattice mismatch between Pd
(110) and STO (110) is only 0.28%. Thus, the atomic
arrangement of the Pd (110) and STO (110) is quite
similar, and the interface energy is highly favorable,
leading to horizontal epitaxial NW growth from half-
octahedral seeds.

The diameter of the Pd NWs can be controlled
by changing the source temperature. At the source
temperatures of 1100, 1150, 1200, and 1250 °C and
1 h of reaction time, the average diameters of NWs
were 52 = 34,108 = 51, 203 = 73, and 608 £ 122
nm, respectively (Figure 2). The temperature of the
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Figure 3. Pd NWs grown horizontally in two perpendicular directions on a STO (001) substrate. (a) Top-view SEM image of
the NWs. Magnified (b) top-view and (c) 45° tilted SEM images of the NW and its square pyramidal seed. (d) Cross-sectional
TEM image of the Pd NW grown on STO (001). The dark layer covering the Pd NW is a thin layer of Pt, which protects the Pd
NW surfaces from ion-beam-induced damage during the focused ion-beam milling. (¢) HRTEM image and FFT patterns of
the interfacial region between Pd and STO. (f) Schematic of atomic planes at the epitaxial interface between Pd (001) and

STO (001).

substrates was maintained at 1000 °C for all experi-
ments. As the source temperature increases, Pd
deposition flux increases to induce high driving
force for crystal growth, which leads to an increase
in the diameter of NWs. The diameter of the NW also
increases when the reaction time is increased.
Horizontal Growth in Two Perpendicular Directions on a STO
(001) Substrate. Figure 3a shows a SEM image of Pd
NWs grown horizontally in two perpendicular direc-
tions on a STO (001) substrate at a source tempera-
ture of 1150 °C. The NWs are well-faceted and have a
shape of an elongated square pyramid (Figure 3b,c).
Many square pyramidal seeds are observed in the
neighborhood of the NW. Similarity in the geometry
and orientation of the square pyramidal seeds to
those of the NWs indicates that the NWs grow from
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square pyramidal seeds. Cross-sectional TEM image
shows that the horizontal NWs have an isosceles tri-
angular cross section (Figure 3d). The angle be-
tween the substrate and the side plane of the NW

is 55°, consistent with the angle between the (001)
bottom plane and the {111} side planes in the elon-
gated square pyramid (54.74°). The HRTEM image
and its FFT patterns (Figure 3e) reveal that the hori-
zontal NW with twin-free single-crystalline nature
has a (110) growth direction, {111} side facets, and
a (001) bottom plane. Thus, the epitaxial relationship
between the horizontal NWs and STO becomes (001)
Pd//(001) STO. These analyses are consistent with
the NWs being elongated square pyramids. Orienta-
tion relationship between zone axes of Pd and STO is
(110) Pd//{110) STO, indicating that Pd NWs grow
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along a (110) direction of STO. Because the STO
(001) substrate has two perpendicular and equiva-
lent (110) directions, NWs grow horizontally in two
perpendicular directions on the substrate. A sche-
matic of atomic planes at the epitaxial interfaces be-
tween Pd and STO shows that lattice mismatch be-
tween Pd (001) and STO (001) is only 0.28%, leading
to horizontal epitaxial NW growth from square pyra-
midal seeds (Figure 3f).

Formation of elongated square pyramidal NWs on
the STO (001) substrate that has two equivalent (110)
directions can be explained by the following. On the
STO substrates having a favorable interfacial energy
with Pd, horizontal growth is much faster than vertical
growth. Therefore, if a square pyramidal seed grows in
both the two equivalent (110) directions on a STO (001)
substrate, it would become a square plate with a large
(001) top plane. Since the square plate is energetically
less favorable than a NW grown by elongation of the
square pyramidal seed enclosed by only {111} side fac-
ets, the square pyramidal seeds grow along only one of
two (110) directions.

STO (001) surfaces can support numerous sur-
face reconstructions that play a key role in the
growth of thin films.30313373¢ Sjlly and Castell re-
ported that a Pd (110) interface is formed on a STO
(001)-(2 X 1) surface and a Pd (111) interface or a Pd
(001) interface is formed on a STO (001)-c(4 X 2) sur-
face depending on the substrate temperature.>
These reconstructed surfaces were prepared by
chemical etching or Ar* sputtering. We employed
STO substrates as purchased and did not modify
them at all. While epitaxial formation of a Pd (001) in-
terface on a STO (001) surface could be well ex-
plained by the excellent lattice matching between
the two atomic planes, reconstructions of the STO
(001) surface could have been possible due to a high
reaction temperature (1000 °C). Further STM study
would be able to provide detailed information on
the surface reconstruction.

When Pd nanocrystals have a (001) interface with
the substrate, truncated square pyramids possessing a
(001) top plane is the most favorable shape at the ther-
modynamic equilibrium.>® Our experimental process,
however, is governed by kinetics because adatoms sup-
plied to nanocrystals are continuously deposited and
re-evaporated. Since a kinetically controlled process can
induce faster growth of {001} facets in Wulff polyhe-
dra,*” we can obtain square pyramidal nanocrystals en-
closed by only {111} side facets under our experimental
conditions.

Vertical Growth on a c-Cut Sapphire Substrate. We have ob-
tained vertical Pd NWs instead of horizontal NWs
when c-cut sapphire was employed as a substrate
(Figure 4a). The average NW diameter is 140 = 35
nm. The source temperature was 1150 °C in this ex-
periment. A magnified image (tilted 45°) in Figure 4b
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shows that the Pd NW is an elongated half-
octahedron. Figure 4c shows a 45° tilted image of
the half-octahedral seed observed on the same sub-
strate. Similarity of the geometry and orientations
of half-octahedral seeds to those of vertical NWs
suggests that vertical NWs have grown from half-
octahedral seeds. The half-octahedral seed grows
along the (110) directions because the resulting NWs
would be enclosed by the most stable {111} side fac-
ets only in this case. NW growth from a half-
octahedral seed is thereby confined to either a verti-
cal or horizontal direction. On the c-cut sapphire
substrates possessing a sizable lattice mismatch with
Pd, NWs grow vertically due to the high interfacial
energy between Pd and the substrate (see Support-
ing Information, Figure S2). From the TEM image of a
Pd NW in Figure 4d, the angle between two facets
of the NW tip is measured to be 109.5°, consistent
with the angle between two {111} top facets of the
elongated half-octahedron. HRTEM image of the NW
with clear lattice fringes confirms that the NW is
single-crystalline with a (110) growth direction (Fig-
ure 4e). The lattice spacing of the planes perpen-
dicular to the growth direction is 0.137 nm, agree-
ing well with the spacing of the (220) planes of a
face-centered cubic Pd structure. Selected area elec-
tron diffraction (SAED) patterns observed at various
zone axes by rotating along the long axis of the NW
confirm again the twin-free single-crystalline nature
of the NWs (Figure 4f—i).

Growth Mechanism of Pd NWs. Because no catalyst is
used and no dislocation is observed in the Pd NWs,
vapor—liquid—solid and vapor—solid—solid growth
and dislocation-driven growth cannot explain the ob-
served epitaxial growth of Pd NWs.29%%3° The growth
mechanism can be interpreted instead by the follow-
ing. The Pd atoms colliding with a substrate gradually
form small nanocrystals on the substrate.**4! The shape
and alignment of the nanocrystals are determined by
the surface energies of the nanocrystal facets, the inter-
face energy between the nanocrystal and the sub-
strate, and the surface energy of the substrate.3 The
substrate would thus become a critically important fac-
tor to govern the NW growth kinetics. By employing a
substrate having different surface atomic structures, we
can select the shape and alignment of the seed crys-
tals and control the final alignment and morphology of
the NWs.

We have shown that half-octahedral seeds are
formed on STO (110) and c-cut sapphire substrates
and square pyramidal seeds on a STO (001) sub-
strate. If the seed is half-octahedral or square pyra-
midal, the resulting NWs would be enclosed by the
most stable {111} side facets only when the NWs
grow along the (110) directions.*?> Growth to other
directions would form less stable facets. Therefore,
the NWs grow along the (110) direction to become
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Figure 4. Pd NWs grown vertically on a c-cut sapphire substrate: (a) 45° tilted SEM image of the NWs. Magnified 45° tilted
SEM image of (b) the NW and (c) its half-octahedral seed. (d) TEM image of the NW. (e) HRTEM image of the NW. (f—i) SAED
patterns observed at various zone axes by rotating along the long axis of the NW.

an elongated half-octahedron or an elongated
square pyramid.

Pd atoms approach the seed through two routes,
direct collision from the vapor or surface diffusion
on a substrate. Pd atoms directly colliding with the
seeds from the vapor would contribute to vertical
growth because of the angle of collision, whereas Pd
atoms approaching the seed by surface diffusion
contribute mostly to horizontal growth because they
collide against a re-entrant edge of the Pd seed.®
Thus, growth directions of NWs from the seeds are de-
termined by the competition between vertical and hori-
zontal growth.

On the STO substrates possessing a favorable inter-
facial energy with Pd, horizontal NWs are formed be-
cause horizontal growth is much faster than vertical
growth. On the c-cut sapphire substrate possessing a
sizable lattice mismatch with Pd, NWs grow vertically
because horizontal growth is much slower than verti-
cal growth due to a high interfacial energy between Pd
and the substrate.

LSPR Investigation of the Pd NW. Electronic and shape
changes can be induced when Pd absorbs hydrogen
to form a hydride (PdH,). Dense and parallel Pd NW ar-
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rays can be employed for an effective LSPR sensor that
can determine the H, concentration by these changes.™
Bright-field optical microscope image of Pd NWs on a
STO (110) substrate shows dense NWs grown in a single
direction over a large area (Figure 5a). To investigate
LSPR of the Pd NW, we have obtained polarization-
dependent dark-field optical microscope images of the
same Pd NW arrays (Figure 5b,c). In Figure 5b, the inci-
dent light is polarized perpendicularly to the long axis
of the NWs. Due to the plasmon resonance of the
NW,*75% the NWs show bright colors, from red to green,
depending on diameters of the NWs. When the inci-
dent light is polarized along the long axis of the NWs,
no scattered light is observed along the NWs except
only at the tips of the NWs (Figure 5¢) because plas-
mon resonance in a longitudinal mode is in the infra-
red spectral range that could not be observed by our
detector, whereas the curvature of the tip makes NWs
locally interact with lights.>'*2 Figure 5d,e shows SEM
and dark-field optical microscope images of two paral-
lel NWs of different diameters. In Figure 5e, the light
was polarized perpendicular to the long axis of the
NWs. The SEM and optical images show that LSPR and
colors of Pd NWs are strongly correlated with the diam-
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Figure 5. LSPR of Pd NWs grown on a STO (110) substrate. (a) Bright-field optical microscope images of Pd NWs grown
horizontally in a single direction on a STO (110) substrate. Polarization-dependent dark-field optical microscope images of
the NWs when the incident light is polarized (b) perpendicularly to the long axis of the NWs and (c) along the long axis of the
NWs. (d) SEM and (e) dark-field optical microscope images of two parallel NWs of different diameters. The incident light

was polarized perpendicularly to the long axis of the NWs.

eter of the NWs and are red-shifted as the diameters of
the NWs are increased (see Supporting Information, Fig-
ure S3).

CONCLUSION

We have grown twin-free single-crystalline Pd
NW arrays epitaxially in a selected pattern on a sub-
strate. On the STO substrates having a favorable in-
terfacial energy with Pd, horizontal Pd NWs are
formed. On a c-cut sapphire substrate possessing a

METHODS

Synthesis. Single-crystalline Pd NWs were synthesized in a
horizontal hot-wall single-zone furnace with a 1 in. diameter
inner quartz tube (see Supporting Information, Figure S4).
The setup is equipped with pressure and mass flow control-
lers. The Pd powder (0.02—0.05 g, 99.95%, Sigma-Aldrich)
was placed in an alumina boat at the center of a heating
zone, and the substrates were placed at a few centimeters
downstream from the center of the heating zone. After the
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high interfacial energy, Pd NWs grow vertically.

We have also revealed that the atomic structure of
the substrate surface determines the geometry and
orientation of seeds, which in turn direct the growth
patterns of NWs. We have shown the possibility
that the dense arrays of as-synthesized twin-free epi-
taxial Pd NWs could be used as an advanced plas-
monic platform. Further application of these Pd NW
arrays as a facet-specific catalytic platform is
planned.

quartz tube in the furnace was evacuated to less than 300
mTorr, the carrier Ar gas was supplied through a mass flow
controller at a rate of 100 sccm, and the chamber pressure was
maintained at 5—15 Torr. The system was purged with Ar gas for
30 min before the start of each reaction to maintain an inert atmo-
sphere. The temperature of the heating zone was raised to the tar-
get temperature (1100—1250 °C) at a heating rate of 40 °C/min.
Pd powder was heated and evaporated at the center of a heating
zone, and the Pd vapor was transported to the lower temperature
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region by carrier gas, where Pd NWs were grown on substrates.
The distance from the center of the heating zone to the center of
the substrate was 5.3, 6.1, 6.9, and 7.7 cm at the source tempera-
ture of 1100, 1150, 1200, and 1250 °C, respectively. The tempera-
ture of the substrates was maintained at 1000 °C for all experi-
ments. The size of substrate was 5 X 5 mm? and the reaction time
was between 30 and 60 min. The c-cut sapphire and STO (110)
and (001) substrates (MTI Corporation, USA) were cleaned thor-
oughly by sonication in acetone, ethanol, and water, consecutively,
for 15 min each.

Characterization. Field-emission SEM images were taken on a
Phillips XL30S. Samples were coated with gold to avoid charging ef-
fect during the SEM observation. TEM images, HRTEM images,
and SAED patterns were taken on a TECNAI F30 TEM operated at
200 kV. After NWs were dispersed in ethanol, a drop of the solution
was put on a holey carbon-coated copper grid for the preparation
of TEM analysis. Cross-sectional TEM specimens were prepared by a
dual-beam focused ion beam (FEI Nova 600 NanoLab) equipped
with a nanomanipulator (Kleindick MM3A). Optical microscope im-
ages were taken by using Olympus IX 71 microscope system with
an objective (50X, NA = 0.5). A dark-field condenser (up to NA 0.9)
was coupled to the microscope system to take dark-field optical
microscope images (see Supporting Information, Figure S5). A lin-
ear polarizer was coupled with a single slit (width of 3 mm and
length of 50 mm) and set in the dark-field condenser. Halogen
lamp light (white light) is utilized to illuminate NWs. Polarization di-
rection of the incident light to the NW was controlled by rotating
the polarizer in a dark-field condenser.
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sapphire substrate, LSPR investigation of a single Pd NW, experi-
mental setup used for synthesis of Pd NWs, experimental setup
to obtain dark-field optical microscope images, structural model
of the half-octahedral and square pyramidal seed, and Pd NWs
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