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Abstract
We utilized a co-sputtering technique without any templates, featuring growing and etching
synchronously, to delicately fabricate dense and ultrafine Ag nanowire arrays/alumina matrix
composite films. Both the diameter and separation distance of the Ag nanowire arrays in
the composites are not only within the scope of sub-10nm but also tunable, which is very
hard to accomplish for the conventional optical lithography- or template-based method. It is
exhibited that the collective longitudinal plasmon resonance of the composite films, covering
a wide range from visible to the near infrared region, is extremely sensitive to the geometrical
parameters of the Ag nanowires, owing to the strong plasmonic coupling among neighboring
nanowires. The experimental observations were also theoretically supported by the near-field
electromagnetic numerical simulation. More interestingly, the fabricated composite films
demonstrated ultrafast nonlinear optical response in the visible light region under femtosecond
laser excitation, possessing a short relaxation time of 1.45 ps for the longitudinal mode
(L mode) resonance. These results indicate that the proposed composite films as a building
block with exotic optical properties could provide an opportunity to construct integrated
nanodevices for plasmonic optical applications.
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Surface plasmon resonance (SPR), which originates from
the collective oscillation of free-electrons, can be inspired at
the metal—dielectric interface under light irradiation [1]. SPR
phenomena have been widely explored in various metallic
nanostructures (such as noble metal nanoparticles or nanow-
ires), and their intriguing features are therefore applied to
many fields including surface-enhanced Raman scattering
(SERS) [2], plasmon-enhanced photoluminescence [3], pho-
tocatalysis [4], and so on. Basically, the intrinsic characters
(permittivity and morphology) of those nano crystals and the
dielectric environment can subtly influence the SPR behav-
iors (resonance frequency, peak width, intensity, etc) [1, 5].
Thus, the manipulation of the resonance is easy to engineer
through different strategies. Recently, one-dimensional (1D)
metal nanorod arrays/ceramic composites have attracted
much attention [6, 7] due to their anisotropic optical prop-
erties. These composites, also acting as potential metamat-
erials, cover a broad range of applications in nonlinear optics
[7], ultrafast optical response [8], negative refraction [9, 10],
and so on. Their optical features are highly sensitive to the
aspect ratio (=length/diameter) and spacing of the nanorods,
which is associated with the electromagnetic field distribu-
tion and near-field coupling between individual nanorods
[11]. It has been demonstrated that the reduction in the inter-
nanorod distance leads to the electric field evolution from
being localized at the nanorod extremities to being delocal-
ized, thus the electromagnetic energy flow can be propagated
from one nanorod to another in the direction perpendicular
to their long axes [12]. In addition, investigations on surface-
plasmon-involved dipole interactions occurring between
individual nanoparticles and metallic surfaces also indicate
that the small gap distance (<10nm) between nanostructures
plays a critical role on strengthening the near-field coupling
[13, 14]. Owing to intensive surface interactions or even
quantum confinement, metal nanowires with varying feature
size may exhibit remarkably different optical performances.
For deeper exploitation of the plasmonic properties of the
nanorod/ceramic composite, it is highly desirable to tune both
the diameter and spacing of nanowire (nanorod) arrays into
the sub-10nm scope, in order to take advantage of the strong
coupling among the ultrafine and dense nanowires as well
as their quantum nature. Currently, the preparation of metal
nanorod/ceramic composite films often needs a template, and
then the nanorod arrays are grown by electrochemical depo-
sition [15-17]. This method is convenient to prepare well-
aligned metal nanorod arrays embedded inside the alumina
matrix. However, whether the diameter of the nanorods or
their spacing distance is in several tens of nanometers scale,
or even larger. This undoubtedly leads to the fact that we can-
not get access to understanding the unique SPR features of
the nanorod/ceramic composites where both the diameter and
spacing of the nanorod arrays are in several nanometers scale,
just limited by the template used. On the other hand, the
large-scale fabrication on insulating substrates is also a chal-
lenge for the electrochemical deposition method, in which
the conductive supporting material is a prerequisite.

In this letter, we propose and develop a simple but
effective method to prepare ultrafine and dense silver

nanowire arrays/alumina composite films. The method is
based on RF magnetron co-sputtering technique combin-
ing with substrate biasing. In detail, Ag nanowire arrays/
Al O3 composite films were deposited onto quartz glasses
at room temperature by a multitarget magnetron sputter-
ing system (Jsputter8000, manufactured by ULVACCo.,
Ltd.). Highly pure Ag (purity = 99.99%) and Al,O3 targets
(purity = 99.99%) were used as the sputtering sources. Prior
to deposition, the substrates were ultrasonically cleaned in
an ultrasonic agitator by using alcohol and acetone. After
loading the substrates into the vacuum chamber, the chamber
was pumped down to a base pressure less than 2 x 10~* Pa.
Both Ag and Al,O; targets were operated by two RF power
supplies, and a RF self-bias was also loaded onto the sub-
strate simultaneously. The sputtering pressure was kept at
0.22 Pa. With this method, it is tunable and controllable to
modify the size and arrangement of silver nanowires in the
composite films. Fox example, the average diameter and
spacing distance of the nanowires can be as small as 2nm.
Besides, compared with the electrodepositing method, the
magnetron sputtering technique is cost-effective and easy
scale up for mass production, independent of substrate mat-
erials. Moreover, the sputtering process is environmentally
friendly, since no chemical additives are necessary. Based
on the success in fabricating composite films with aniso-
tropic microstructure, both the linear spectral response and
nonlinear dynamic response can be delicately engineered
by adjusting the nanowire aspect ratio and the separation
between nanowires in the assembly.

In our experiments, Ag nanowire arrays, with well-
aligned arrangement in the alumina matrix, were deposited
on quartz glasses in Ar atmosphere by radio frequency (RF)
bias assisted sputtering deposition. Both Ag and Al,O; targets
were operated by RF power supplies, and a RF self-bias was
loaded onto the substrate simultaneously. Figure 1(a) shows
the transmission electron microscopy (TEM) image of the
composite film, as schematically illustrated in figure 1(c).
Figure 1(b) illustrates the high resolution TEM (HRTEM)
image of a representative Ag nanowire. The TEM results
indicate that during the co-sputtering process, the Ag clusters
nucleate rapidly, and then preferentially grow along the [11 1]
crystal direction (dj;; = 2.359 A, PDF #65-2871) to form
well-aligned nanowires within the alumina host matrix. Of
course, the appropriate self-bias condition (—80V in our case)
is also indispensible to achieve such orientation growth of
Ag nanowires, owing to the selective etching on the growing
facets of Ag. This etching growth strategy is a dynamic pro-
gress actually, and the survival growth along the [111] crys-
tal direction is maintained to the maximum, resulting in the
so-called template-free fabrication of dense and ultrafine Ag
nanowire arrays/Al,O3 composite films eventually. Ion bom-
bardment has been proved to be an effective way to regulate
the microstructure of deposited films. As reported previously
[18, 19], suitable Ar ion bombardment can induce preferen-
tial growth of Ag(111) and even facilitate the fabrication of
densely distributed Si nanorods. Based upon the above micro-
structural characterization and some related discussions, the
growth process for the Ag nanowire arrays in the ceramic
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Figure 1. (a) TEM and (b) HRTEM cross-section of Ag nanowire
arrays/Al,O3 composite film. (c) Schematic diagram of the
composite film. (d) Angle-dependent optical density spectra of the
composite films.

matrix can be briefly illustrated as follows: during deposition
processes, due to the low solubility of Ag in Al,O3, the phase
separation is thermodynamically favorable for the metallic Ag
and ceramic Al,O3 mixed phase. Meanwhile, with the aid of
the RF self-bias, energetic ion bombardment could motivate
the well-ordered separation between the Ag and Al,O3 phase,
resulting in the self-organized growth of Ag nanowire arrays
in the composites. Actually, the growth mechanism is quite
complicated and needs further clarification, which will be
reported elsewhere in more detail. The TEM observations also

demonstrate that this conventional PVD (physical vacuum
deposition)-based deposition method, independent of tem-
plate usage, is flexible to tune the microstructural features of
the Ag nanowire arrays, as manifested in figure S1 (supporting
information (stacks.iop.org/JPhysD/49/25LT02/mmedia)). In
particular, for example, we are capable of making high density
and ultrafine Ag nanowire arrays, in which both the diameter
and spacing of the Ag nanowire arrays are less than 8 nm and
the aspect ratio is larger than 30, as shown in figure 1(a). In
this case, it is beyond the capability for the template method to
obtain such a structure. Compared with the Ag nanorod arrays/
alumina films prepared by the anodic aluminum oxide (AAO)
template method [20], the microstructural anisotropic feature
of our samples is more prominent, providing an opportunity to
probe their as-expected anisotropic optical properties.

Figure 1(d) illustrates the linear (steady state) optical
spectroscopy of the composite film, and the optical density
(OD) is calculated by OD = —log(7), where T is the trans-
mittance. The transmission spectra were recorded at different
incidence angles using an ellipsometer (Woollam M2000DI,
0.25-1.7 pm), in which the probe source is p-polarized light.
The angle between the incident light and the nanowire was
varied by rotating the sample. When the angle was 0°, the inci-
dent light was parallel to the normal of the sample surface. As
the incident angle is changed, apart from the transverse (7)
resonance located at ~370nm, a second peak assigned to the L
mode resonance is also observed, consistent with the previous
reports [11, 16]. For the oblique incidence of the p-polarized
light, the incident electric field has both a perpendicular comp-
onent and a parallel one with respect to the axis direction of
the Ag nanowire, which leads to anisotropic polarization and
the presence of the L mode resonance. The angular-sensitive
optical property is naturally connected with the microstruc-
ture anisotropy of the composite film.

By means of appropriate in situ adjustment of some sput-
tering parameters (i.e. Ag target power and substrate bias),
it is very convenient to precisely tailor the composite films’
SPR spectral features, which is stemming from microstruc-
tural variations. Figure 2(a) depicts the SPR spectra of three
typical composite films deposited under different conditions,
with the same incident angle of 45° for optical measurements.
The Ag target power was changed ranging from 10 to 8W
(i.e. 10,9, 8W), meanwhile the power of the Al,O; target and
substrate bias was fixed at 120 and 45W, respectively. The
deposition time was set to be 4h, in order to maintain almost
the same film thickness (the length of nanowires). According
to the statistics from the TEM observations (supporting infor-
mation), as the power of the Ag target reduced from 10 to 8 W,
the variation of the nanowire length (kept at around 120nm)
could be ignored, while the average diameter of the nanow-
ires and the center-to-center spacing between neighbouring
nanowire arrays was tuned from 3.4 £ 0.4 to 2.7 & 0.4nm
(the aspect ratio was ranging from ~30 to ~50) and from 6
to 8 nm, respectively. Although the variations in microstruc-
ture were in the nanoscale order of magnitude, the sensitive
response (red-shift) from the longitudinal resonance can
be clearly identified, as manifested in figure 2(a). Different
from the negligible blue-shift of the 7 mode resonance peak
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Figure 2. (a) Optical density spectra of the composite films
prepared under different Ag target power. The inset shows a
spectrum of the specimen deposited at a bias power of 65W. (b) and
(c) DDA-simulated extinction spectra of Ag nanowire array/alumina
films with different structural characters (L, D and S represents

the length, diameter and centre-to-centre spacing of nanowires,
respectively). (d) and (e) Numerical simulations of the electric field
distribution around the nanowire (L = 120nm, D = 3nm, S = 8nm)
at different incident angles: 0° (d) and 45° (e).

position, the L mode resonance peaks underwent a conspicu-
ous red-shift from 540 to 840 nm. In addition, the L resonance
peak intensity and half-width were also subjected to obvious
change. More interestingly, the L resonance peak position can
even enter into the near-infrared region, ~1100nm, as seen in
the inset to figure 2(a). The corresponding sample was fabri-
cated by increasing the substrate bias to etch silver clusters
more efficiently during the deposition process. Based on the
SPR spectral analysis, the L resonance peak, as the character-
istic anisotropic optical signal, could be tuned efficiently in a
wide range from the visible to the near infrared region by our
template-free deposition method.

As reported previously [21], spectral aspects of the L
mode resonance is closely coupled with the aspect ratio and
separation distance of the metal nanorods or nanowires. In
order to gain insight into the resonance absorption shown

in figure 2(a), a discrete dipole approximation (DDA) simu-
lation was carried out to confirm the position of plasmon
resonances and visualize the local electric field distribution
around individual nanowires. The simulation was performed
by using a free-available program DDSCAT?7.3 developed by
Draine and Flatau [22], which is regarded as a powerful tool
for describing optical behavior of the particle systems with
arbitrary geometry [23, 24]. In the process of simulation, the
effect of separation distance and aspect ratio on the resonant
position is convenient to study separately, meanwhile the
length of the nanowires is kept constant, which is consistent
with our experiments. The calculated results for the arrays of
Ag nanowires embedded in the Al,O3 matrix (refractive index
n = 1.6) are shown in figures 2(b) and (c). The incident angle
of the p-polarized light is set to be 45°. The optical constants
of Ag are adopted from the literature [25]. In figure 2(b), it is
observed that the extinction peak of the L-mode experiences
a remarkable red-shift with increasing the centre-to-centre
spacing of Ag nanowires. An analogous red-shift is also pre-
sent in figure 2(c), as reducing the diameter of the nanow-
ire (the aspect ratio is increased from 30—48). The numerical
simulation is in line with the experimental results of the reso-
nant peak shift shown in figure 2(a). For an isolated metallic
nanorod, the increase in the aspect ratio can weaken the intra-
nanorod restoring forces of the L-resonance-mode, giving rise
to a red-shift of its resonance peak [26]. As the nanorods are in
a close proximity environment, the coupling between metal-
lic nanorods interacts via the Coulomb potential [27]. For the
coupling between two side-by-side nanowires, the longitu-
dinal excited-state levels of the monomer (isolated nanorod)
would be split into two levels upon dimerization, owing to
two possible configurations (symmetric and anti-symmetric)
of the plasmonic dipole moments [21]. Usually, the anti-sym-
metric resonance peaks are situated at long wavelengths that
are beyond the testing range. For the symmetric case, as the
center-to-center spacing of nanowires decreases, the L-mode
resonance frequency would shift towards higher energy levels
(blue-shift), because of the boosted restoring forces along the
longitudinal direction generated by the plasmonic coupling.
As shown in the theoretical simulations in figure 2(b), the
L-mode resonance peak position is shifted from 730 to 600 nm
under the condition that the inter-nanorod spacing is reduced
slightly from 8 to 6nm, reflecting that the energy level of
L-mode resonance is increased by 0.37eV. This ‘butterfly
effect’ implies that the high plasmonic coupling between adja-
cent nanowires significantly contributed to the high sensitiv-
ity of the L resonance peak position upon their microstructure
trimming. That is to say, the red-shift of the L resonance peak
depicted in figure 2(a) is due to the increase in the aspect ratio
and the separation distance between nanowires.

It also should be noted that the L-mode resonance is a col-
lective behavior, in which several different modes are also
involved [26]. Thus, the higher order multi-pole interactions
can not be ruled out, especially when the coupling between
the nanowires is intensive [21]. In order to further explore
the essence of the L plasmonic resonance mode, the electric
field distribution at the resonance wavelength for the L mode
around the primitive cell (single nanowire) in the assembly
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was numerically calculated. Different from the electric field
localized at the two extremities of the nanowire (the incidence
angle is 0°, as shown in figure 2(d)), the electric field distribu-
tion along the trunk of the nanowire is getting more conspicu-
ous as the incidence angle is changed to 45° (figure 2(e)). The
above simulation demonstrates that the L-mode resonance
presents an obvious delocalized character under p-polarized
light irradiation.

As illustrated in figure 2(a), the half-width of the L-mode
peaks and their intensity are also sensitive to the deposition
parameters. With decreasing the Ag target power, the intensity
of the corresponding optical density monotonically dropped,
owing to the reduction in the volume fraction of Ag, i.e. the
reduction in stimuli unit (Ag nanowire). In addition, when the
power of Ag target was reduced to 8 W, the peak half-width of
L-mode was significantly increased (figure 2(a)). Generally,
the broadening of half-width for plasmonic resonance peaks
is mainly attributed to the electron scattering or/and radiation
damping [5, 28]. The small average diameter of the nanowires
undoubtedly brings about high surface area and small electron
mean free path, which inevitably leads to enhanced electron-
interface scattering.

According to the related literatures [8], in comparison with
the conventional nanoparticles with typical localized reso-
nance features, the metal nanorod arrays under pump laser
pulse irradiation always display different relaxation dynamics
behaviors on account of their delocalized resonance nature.
To explore the nonlinear optical response for our composite
films, the femtosecond transient absorption spectroscopy was
recorded with a pump wavelength of 350nm and a power
of 15 mW. Figure 3(a) is the transient absorption mapping
measured with p-polarized probe light at an incidence angle
of 30°. The sample is the same as the specimen shown in
figure 1(c), with an Ag target power of 10W and a substrate-bias
of 42'W. In the absorption map, the optical density difference
AOD = —1g(Ton/Totr), Where Ty, is the transmittance of the
sample with pump excitation at a certain delay time, and T is
the transmittance at the ground state. In general, the electrons
can be selectively excited to higher energy states by the pump
pulse, i.e. the electron thermalization process. The heated
electron gas can give rise to the spectral broadening of the
plasmon band, generating transient bleach centers (blue plage
in figure 3(a)) at the vicinity of the plasmon absorption maxi-
mum and absorption regions (red yellow plage in figure 3(a))
at the right wing of the ‘blench centers’ [29, 30]. The optical
density difference spectra recorded at different delay times are
shown in figure 3(b). The bleach maximum at 500nm cor-
responds to the cross-section of the transient response map
illustrated in figure 3(a). The bleach valley located around
500nm in figure 3(b) coincides with the peak position of
steady-state absorption shown in figure 1(d). In figure 3(b),
the transient absorption peak around 538 nm is at the right side
of the bleach valley.

The decay dynamics of the spectral response is demon-
strated in figure 3(c), in which the sample is monitored at
the bleach maximum of 500 nm. An exponential formula was
found to fit well with the dynamic decay process, upon which
a relaxation time of 1.45ps was generated. As a result, it is an
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Figure 3. (a) Transient extinction map measured for the specimen
shown in figure 1. (b) Transient extinction spectra at various time
delays between pump and probe beams. (c) The decay of the
transient bleach maximum at 500 nm.

ultrafast optical response in this case with respect to metal-
lic nanoparticles [31, 32], as seen the switching frequency is
in the terahertz range. Usually, the resonance of metal nan-
oparticles is a typical localized behavior. When the metal-
lic nanoparticles are excited by a pump beam, three typical
fast processes are usually involved: electron—electron (e—e)
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scattering (femto-second scale), electron—phonon (e—ph) cou-
pling (several pico-seconds), and phonon—phonon (ph—ph)
interactions (more than 50 ps) [33]. In this study, the e—e (elec-
tron—electron) scattering after pump laser excitation can be
negligible for the localized- and delocalized-mode resonance,
since the pulse width utilized is 190 fs, which is larger than the
characteristic time of e—e scattering. For the traditional local-
ized resonance, the energy dissipation is mainly dominated
by the e—ph (electron—photon) coupling and ph—ph (photon—
photon) interaction processes, and the decay of the transient
bleach follows a bi-exponential behavior [5]. By contrast, in
our case, the predominant relaxation mechanism for the delo-
calized mode should be the e—ph (electron—photon) scatter-
ing, due to the single exponential fitting shown in figure 3(c).
The delocalized L mode of the Au nanorod arrays displayed a
similar ultrafast dynamics decay (~1.2 ps) after laser illumina-
tion [8]. In that case, a pseudo-waveguide coupling process
acting as an additional energy dissipation channel among Au
nanorods was put forward, which was based on the nonlocal-
ity of electric field distribution around individual Au nanorods
[8, 34]. For the Ag nanowire arrays in this study, owing to
the obviously nonlocal character of electric field distribution
around individual Ag nanowires (see figure 2(e)), a similar
waveguide mode may also be included, which needs further
clarification.

In summary, we developed a controllable and easy scale-up
method to prepare well-ordered Ag nanowires/alumina com-
posite films, in which the diameter or the inter-wire spacing of
nanowires can be regulated as small as 2nm. It is found that
the longitudinal-mode resonance peak position of the compos-
ite films is very sensitive to the geometrical parameters of the
Ag nanowires, i.e. even if the spacing distance only changes
by 2nm, the peak position of longitudinal-mode resonance
could shift more than 100nm. The remarkable plasmonic
resonance in response to the microstructure variations can be
attributed to the strong plasmonic coupling among nanowires.
Besides, the fabricated films demonstrated ultrafast nonlinear
optical response under femtosecond laser excitation, and the
relaxation time of L-mode resonance fell into a pico-second
scale, ~1.45ps. Owing to the flexibility (including structure
and composition modulation) of our deposition method, we
can expect that it is convenient to acquire ultrafast optical sig-
nal processing in the visible light and near infrared region. By
taking the advantages of the magnetron sputtering technique,
in the near future, one can implement more flexible design
and fabrication of versatile plasmonic and metamaterial based
devices.

Supporting information

Detailed TEM observations of the Ag nanowire array/alumina
films prepared under different sputtering parameters.
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