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Surface Plasmon Resonances of Palladium Nanowire Arrays
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Abstract: Palladium nanowires with varied diameters were fabricated using ion-track templates coupled
with electrochemical deposition. The morphology and crystallographic structure were characterized with
Scanning Electron Microscopy, Transmission Electron Microscopy, X-ray diffraction (XRD). The plasmonic
responses of the as-prepared nanowires were investigated by UV-Vis-NIR spectroscopy and the simulations
based on the finite-difference time-domain algorithm. The results demonstrate that the surface plasmon
resonances of Pd nanowire are sensitive to the wire geometry, but also influenced by the incidence angle of
light. The frequency of the transverse dipolar plasmon resonance of nanowire arrays shifts within a wide
range from visible to near infrared. With increasing of wires’ diameter orlength, the resonance peak shifts to
the red. With increasing of incident angle, a new peak appears, which is possibly assigned to the excitation
of the longitudinal resonance. In addition, numerical simulations disclose that propagating surface plasmon
polaritons can be excited on the palladium nanowires and the wavelength of the resonance peak is in good

agreement with the experimental results.
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1 Introduction

One-dimensional nanostructured palladium mate-
rials offer exciting potential applications in diverse
fields such as catalysts, nano-sensors, biomedical detec-
tions and exhibit extraordinary properties in hydrogen
sensing“iéﬂ a3.nd hydrogen storage. In the past sev-
eral years, Pd nanowires have been attracting consid-
erable attentions due to the short diffusion length[5].
This phenomenon may differ from some other metal-
lic nanowires (e.g. Au nanowire, Cu nanowire) both in
their thermodynamic and phase transitions® %, The
property of this nanostructure is based on the sur-
face plasmon resonance (SPR), but the SPR proper-
ties of Pd nanowires are not demonstrated yet. It is
usually predicted that the SPR of Pd nanostructures,
such as Pd nanowires, Pd nanoparticles, and Pd nan-
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otubes could enhance the electric field in the vicinity
of the nanostructures!’.
properties than other materials, for instance, in hydro-
gen sensing applications. Previous studies exhibited
that the LSPR of Pd alloy nanowire can be discov-
ered and used for optical Waveguides[s]. Restricted to
the nanoscale dimensions and the relatively large ir-

This may lead to superior

radiation size, the efficiency of the photon-to-plasmon
conversion is much lower than the normal conditions.
Only a small portion of irradiated light can be inter-
cepted by the nanowire. Furthermore, plasmonic re-
sponses of nanowires which have experienced a con-
stant change are received much concern. This pecu-
liar discovery related to optical properties leads to the
strong absorption and scattering in the ultraviolet, vis-
ible, and near-infrared light range.
hanced spectroscopies also have a great development

The surface en-
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due to the highly enhanced electric field in the close
vicinity of nanowires (near field). For nanowires, plas-
monic properties are not only influenced by the dimen-
sions on the nanometer scale, but also the spacing be-
tween the adjacent wires, as well as shape and size of
the wire!”). In this case, diverse SPR modes can be ex-
cited along the directions parallel and perpendicular
to the long wire axis, known as longitudinal mode and
transverse mode, respectively.

To date, diverse methods were proposed to fab-
ricated Pd nanowires. Previous works have exhib-
ited that the single-crystal Pd alloy nanowires can be
synthesized via thermal evaporation method and the
surface plasmon resonance was found in single Pd al-
loy nanowire waveguide[g]. In addition, Pd nanowires
can be also fabricated by template-based strategies
like electrochemical deposition in anodic aluminum

oxide (AAO) templates'* % and chemical reaction
(17]

(18]

Some chemi-

, lithographi-
(19]

in porous polycarbonate template
cal methods, such as chemical reaction
cally patterned nanowire electrodeposition (LPNE)
(20]

, and electroless deposition

galvanic displacement deposition'”, chemical vapor
21] 22 have been

employed to prepare Pd nanowires as well. Taken to-

infiltration

gether, concerning about utilizing various methods to
fabricate Pd nanowires, there are still great challenges
to realize the SPR properties.

Herein, we examine the optical properties of Pd
nanowires fabricated using ion-track template coupled
with electrochemical deposition: In such a case, the
arrays consisting of parallel nanowires are used for
several characterizations such as energy-dispersive X-
ray spectroscopy and the X-ray diffraction®®. The
experimental spectra obtained from UV-Vis-NIR ex-
tinction spectroscopy are in a great agreement to the
simulations based on the finite-difference time-domain
algorithm. The results demonstrate that SPR prop-
erties of Pd nanowire are not only sensitive to the
wire geometry, but also influenced by the incident an-
gle of light. The frequency of the transverse dipolar
plasmon resonance of nanowire arrays shifts within a
wide range from visible to near infrared and can be
tuned. We hope our results give some hints for pro-
moting Pd nanowires in applications such as hydrogen

. [24-26]
sensing .

2 Experimental section

The Pd NW arrays were fabricated by ion track
template-assisted electrochemical deposition. First,
the polycarbonate (PC) foils (Makrofol N, Bayer Lev-
erkusen) were irradiated by swift heavy ions at the
Heavy Ion Research Facility in Lanzhou (HIRFL) with

9.5 MeV per nucleon ?°?Bi ions at normal incidence.
The thickness of templates is 30 pm and the fluence of
irradiation was 1x10% ions/ em™ 2. Secondly, each sur-
face of the irradiated polymer foils was exposed to ul-
traviolet light for 2 h. This procedure is usually called
track sensitization and would enhance the track etch-
ing rate. The procedure is also significant for form-
ing cylindrical nanopores in high quality. Then these
membranes were etched in 5 mol/L NaOH solution at
50 °C to achieve cylindrical pores with diameters rang-
ing from 45 to 235 nm which are determined by etching
time. Simultaneously, an ultrasonic field was applied
to achieve homogeneous etching during this process.
Immediately after etching, the foils were intensively
washed with deionized water in an ultrasonic field to re-
move residual NaOH, especially inside pores, to avoid
excess etching. Thirdly, an electrochemical deposition
method combined with ion-track template was con-
ducted to prepare Pd nanowire arrays. A thin gold
layer was sputtered onto one side of the template and
the layer was further reinforced electrochemically by a
Pd and Culayer with a thickness of several microns.
This backing layer (Au+Pd+Cu) served as the cathode
during the electrochemical deposition of Pd nanowires.
An aqueous solution consisted of 20 gl_1 KsPdCly and
20 gl_1 H2S04 was used as electrolyte. Direct current
(DC) electrochemical deposition was employed. A pi-
coammeter (Keithley 6482) was conducted to monitor
the deposition process by recording curves of deposi-
tion current versus time. The procedure would not
be stopped until the wire caps reached the membrane
surface, to ensure that the nanopores were entirely
filled. The wire length was controlled by the deposition
time. Finally, after the deposition process, the poly-
carbonate template was dissolved in dichloromethane
(CH2Cl2) and then Pd nanowires were achieved.

The morphology and crystallinity of the Pd NW
arrays were examined by several approaches. For
the crystallographic orientations, the X-ray diffrac-
tion (XRD, PANALYTICAL X’PERT® POWDER)
was used while nanowires were remained embedded
in the templates. And scanning electron microscopy
(SEM, FEI NANO-SEM 450), as well as transmis-
sion electron microscopy (TEM, FEI TECNAI G2
F20), energy dispersive X-ray spectroscopy (EDS), and
selected area electron diffraction (SAED), were con-
ducted to investigate the morphology, composition,
For UV-Vis-NIR ex-
tinction spectroscopy, the wires were remained em-

and crystallinity of nanowires.

bedded in templates, while the backing layers (Au
+Pd+Cu) were removed. With an UV-Vis-NIR spec-
trometer (PERKIN ELMER, LAMBDA 900), the ex-
tinction spectra were measured in a standard transmis-
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sion geometry with respect to several parameters, such
as angle, diameter, length of nanowires.

3 Results and discussion

The fabrication and characterization procedures
of Pd nanowires are briefly divided into five steps

(Fig. 1): irradiation with swift heavy ions, etching of
latent tracks, sputtering of electrodeposition cathode,
electrochemical deposition of nanowires, and charac-
terizations with SEM, TEM, and UV-Vis-NIR Spec-
troscopy.

The morphological and crystallographic charac-

Nanowires

teristics of Pd nanowire arrays were examined by sev-
eral approaches. The morphology of Pd nanowire in-
vestigated by SEM is shown in Fig. 2(a). The diameter
of nanowires is approximately 140 nm, which were de-
posited at room temperature under applied voltage of
0.4 V. It exhibits that the vertically-standing wires are
in good cylindrical shape and have smooth and homo-
geneous contours. The further study shows the Pd
nanowire is in great crystallinity which is revealed by
HRTEM [Fig. 2(b)]. In this case, the excellent crys-

Fig. 2

Etched Tracks

- - -

s

tallinity of Pd nanowires is observed within several
micrometers along the wire’s length. The distance be-
tween each space lattice is about 0.229 nm, which re-
veals the (111) lattice plane. In addition, the Pd signal
is observed in the EDS spectrum [Fig. 3(a)], indicating
that the nanowires are exclusively composed of Pd ele-
ment. It should be mentioned that the Cu signals were
from the Cu grid. The XRD spectra [Fig. 3(b)] of the
nanowires exhibit multiple peaks which are assigned to
the (111), (200), (220) crystalline planes, respectively.

0.229 nm

(111)

(color online) (a) SEM image of Pd nanowire arrays (left) and single Pd nanowire (right). (b) Morphological

analysis of single Pd nanowire by HRTEM, the inset is the corresponding SAED patterns.
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Fig. 3 (color online) (a) EDS spectrum of the as-prepared Pd nanowires; (b) the XRD spectra for the Pd nanowire arrays.

SPR properties of Pd nanowires were investi-
gated by the UV-Vis-NIR spectroscopy and the finite-
difference time-domain (FDTD) numerical simula-
tions, as well as the Gans’ theory. Concerning the
shape, nanowires could be treated as nanorods in a
larger aspect ratio (length over diameter). Previous
works have demonstrated that the LSPR modes in ran-
domly distributed nanorods could be varied along the
directions parallel and perpendicular to the long wire
axis. We denote the plasmon modes, oscillating paral-
lel or perpendicular to the long wire axis, as longitu-
dinal or transverse mode, respectively. Furthermore,
the transverse mode of nanorods with a comparatively
small diameter can be theoretically described within
the framework of the Gans’ theory[zﬂ7 which is a quasi-
static approximation method and extended from the
Mie Theory:

(5) e

BN [er+ (158 ) em]* +e3

3
v 4men
NV

Here, + is the extinction coefficient, A is the wave-
length of the incident light in vacuum, NN is the num-

(a) FDTD Simulation

Top Bottom

Fig. 4

ber of nanorods, V relates to the volume of a single
nanorod, €y, is the dielectric constant of the surround-
ing medium, and P denotes a geometrical factor where
the aspect ratio of the nanorod considered. The real
and imaginary parts of the dielectric constant of Pd
are represented by e1 and e2, respectively. For the
calculation, the factor P is set to 0.5. The calculated
spectrum shows the A of SPR is about 730 nm, which
is in excellent agreement with the experimental A of
dipolar resonance (735 nm) measured, see the extinc-
tion spectra displayed in Fig. 4(c). In addition, we also
examined the electric-field distribution of a nanowire
under the excitation of resonance wavelength. The
results shown clearly in Fig. 4(a) evidence that a prop-
agating SPR is excited with a propagating direction
along the wire’s length. In this case, the electric field
at the both ends of the wire are dramatically ampli-
fied and the electric field at the bottom is significantly
larger than that at the top. This hints that our pal-
ladium nanowires could serve as plasmonic platforms
because such an enhanced electric field can be used
to enhance several spectroscopies, such as Surface En-
hanced Raman Spectroscopy (SERS).

—Experimental spectra
— Simulated spectra

Absorbance a.u.

1 1 1 1 1 1 1 1 1 1 1

400 600 800 1000 1200 1400 1600:

Wavelength /nm 3

(color online) (a) Simulated electric field of the single Pd nanowire which diameter is about 140 nm and has a

length of 1.6 pm by FDTD algorithm. (b) The schematic diagram of surface plasmons on a single Pd nanowire.

(c) The simulated and experimental extinction spectra of corresponding Pd nanowire arrays.



%3

ZHAO Cong et al: Surface Plasmon Resonances of Palladium Nanowire Arrays Prepared by Ion... - 317 -

The UV-Vis-NIR extinction spectra of Pd
nanowires in varied diameters are shown in Fig. 5(a).
For these nanowires, the length is about 30 um, and
the area density of the template is about 1x10%
wires/ cm?, assuming that the channels were basically
filled. It can be seen that, with increasing diameter
from 47 to 235 nm, the resonance peak dramatically
shifts to the red, within a range from 735 to 1200 nm.
Because the electric field vector of incident light is per-
pendicular to the long wire axis, only transverse mode
can be excited in this configuration. In addition, previ-
ous works have demonstrated that the electric field in-
duced by SPR could be further enhanced when electro-
magnetic coupling appears between interacting metal
287331 * This means strong plasmonic
coupling could be achieved in our Pd nanowires by

nanostructures

increasing areal density of nanowires, in other words,
To further investigate the plas-
monic properties of the Pd nanowires, we checked the

irradiation fluences.

plasmonic responses with respect to wire length and
incident angle of light. The UV-Vis-NIR extinction
spectra with different lengths ranging from 0.16 pm
to 2.67 pm are exhibited in Fig. 5(b). With the elec-
tric field vector perpendicularity to the long wire axis,
it performs a similar trend that the dipole resonance
peak shifts to the red with increasing the length of
Pd nanowire. According to our previous study on Cu

nanowires[g], the redshift can be attributed to on-wire
coupling effect and such coupling may give rise to cu-
mulative plasmon field enhancement. With increasing
the length, the enhancement effect increases as well.
Since the length of nanowire is significantly larger than
the diameter, the Gans’ theory is no longer valid due
to the super-large aspect ratio. Previous work shows
that the aspect ratio L/d can be suitable in the range
1.8<L/d <4917, Thus, to investigate the origin of the
extinction spectra, FDTD algorithm, which is based
on the Maxwell equations, was conducted to simulate
the experimental results. The corresponding extinc-
tion spectra of Pd nanowire with different length were
simulated by FDTD and the results are shown in Fig.
5(c), showing a great agreement with the experimen-
tal results in Fig. 5(b). The diameter was 140 nm and
the length of the nanowires were 0.16, 1.6 um, and
2.67 pum, respectively. Taking into consideration the
simulation results shown in Fig. 4(a), the collective
oscillations of conduction electrons are not localized
anymore and propagate along the long wire axis. This
propagating surface plasmon resonance (SPP) allows
that the oscillations induced by the incident light can
transmit through the wire length and it has a great effi-
ciency to enhance the intensity of electric field around
the Pd nanowire structure. In these simulations, the
light source was 737 nm. The schematic description of
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= ) — 1.60 um
[} = :
% 3 g ——2.67 um
© o =
< s 3
ko] 172}
3 < @
=
g
=]
Z 1 1 Il 1 1 1 1 1 1 1 1 1 n 1 1 n —_{ﬂ
400 600 800 1000 1200 1400 1600 500 1000 1500 2000 400 600 800 1000 1200 1400 1600
Wavelength /nm Wavelength /nm Wavelength /nm
@ 3
3
; g
z £
o 172}
g <
E £
2 =
=1
B E
PR IR NP U SRR IR NNNPUN NPUN NPUN BU NS R el b b b b b b b b Ly LT
400 600 800 1000 1200 1400 1600400 600 800 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
Fig. 5 (color online) (a) the UV-Vis-NIR extinction spectra of Pd nanowires in varied diameters; (b) the UV-Vis-NIR

extinction spectra of Pd nanowires in different lengths; (c) corresponding simulated extinction spectra to (b); (d)
Schematics of the incident angle and the angle §; (e) the UV-Vis-NIR extinction spectra with diverse incident
angles; and (f) are simulated extinction spectra corresponding to (e).
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counter-oscillating dipoles alone the single nanowire
due to a phase shift of the incident field demonstrated
in Fig. 4(b). In this case, the surface plasmon reso-
nance (SPP) propagates from the top to the bottom
of the wire.

The plasmonic responses of Pd nanowires are fur-
ther studied with respect to the incident angle of light.
As shown in Fig. 5(e), the UV-Vis-NIR extinction spec-
tra exhibits that the peak position of the transverse
mode is highly dependent on the incident angle of
light. The corresponding extinction spectra simulated
by FDTD solution are shown in Fig. 5(f). For the inci-
dent angle=0°, the transverse mode was only excited
and shows a single dipolar resonance peak at ~750 nm.
With increasing the incident angle, the peak gradually
shifts to the blue. In addition, another resonance peak
which is possibly attributed to longitudinal mode is
found at 1050 nm. When the incident angle is further
increased, in contrast to transverse mode, the peak of
longitudinal mode shifts to the red. In this case, the
diameter and the length are about 140 and 160 nm,
respectively.

To have a better understanding of SPR, further

(a) 90° A 90

Incident
angle = 0°

Absorbance/a.u.

< — —
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Fig. 6

UV-Vis-NIR measurements were conducted to study
the influence of incident angle on the resonances, us-
ing a polarized light source. The extinction spectra of
various angles are shown in Fig. 6. The angle marked
by B is defined as the angle between the polarization
direction of the polarizer and the short axis (i.e. di-
ameter) of the Pd nanowire. In such a case, 0° means
the polarization direction of the polarizer is parallel to
the short axis of the Pd nanowire. While 90° means
that they are perpendicular. For the extinction spec-
tra exhibited in Fig. 6(a), when the incident angle is
0°, the spectra exhibit single dipole resonance peak
and the peak doesn’t shift with increasing the angle
B. The wavelength of the dipolar peak is about 730
nm. However, when increasing the incident light to
40° [Fig. 6(b)], multiple peaks appear. Based on these
observations, one may conclude that more plasmonic
modes are excited and the dipolar resonance shifts to
the blue gradually. The peak position, as a function of
the angle 3, is plotted in a polar graph shown in Fig.
6(d). For the dipole peak, related to the transverse
mode, with increasing the angle 8 from 0 to 90, the
dipolar peak shifts from 925 to 960 nm.

90°

|
\ 1
Incident \\f:
angle =40°\\ :
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(color online) The extinction spectra with polarized incident light of various angle. (a) the incident angle=0°;

(b) the incident angle=40°; (c) and (d) are corresponding polar graph of (a) and (b).
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4 Conclusions

In this work, Pd nanowire arrays with varied di-
ameters and lengths were synthesized within ion track-
etched templates by electrochemical deposition. The
plasmonic responses of Pd nanowires were systemati-
cally studied with respect to geometrical parameters.
The plasmonic modes are experimentally observed and
numerically verified by finite-difference time-domain
algorithm. The transverse dipolar resonance is found
to be highly dependent on wire diameter, length, angle
of incidence, as well as the incidence polarization.
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