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Vertically aligned arrays of aluminum (Al) nanorods were fabricated by glancing angle deposition
(GLAD) method. Nanorods with maximum lengths of 200 and 350 nm were grown on 100 nm flat
Al thin film. Total and diffuse reflectance profiles were measured using an ultraviolet–visible–near
infrared (UV-Vis-NIR) spectrophotometer utilizing an integrating sphere to study detailed
optical properties of Al nanorods in comparison to conventional planar Al thin film samples.
Finite-difference-time-domain (FDTD) optical modeling method was utilized to simulate the
optical response of Al nanorod array and thin film structures. FDTD simulations were carried out
for periodic and random arrays of Al nanorods as well as for an isolated single nanorod in order to
investigate effects of geometrical structure on plasmonic and light trapping effects. UV-Vis-NIR
spectrum results reveal that total reflectance is inversely proportional with nanorod length, and
decreases down to as low as !25%–30% in the visible spectrum at wavelengths smaller than
!750 nm, while it stays at !85%–90% for flat Al thin films at those wavelengths. FDTD
simulation results indicate significant light absorption by GLAD Al nanorods mainly originating
C 2015
from enhanced light trapping and surface plasmon resonance among the nanorods. V
American Vacuum Society. [http://dx.doi.org/10.1116/1.4919737]

I. INTRODUCTION
Metal nanostructures can exhibit interesting size and
shape dependent optical properties different than bulk counterparts1 as a result of their reduced dimensions where
continuous energy levels (density of states) are replaced by
discrete energy levels.2 The changes in the electronic structure, which occur in these energy levels, may introduce
unique optical responses. According to the Drude model,
metals have free conduction electrons, and the collective
excitation of the free electrons with respect to the positive
ion cores is described by plasmonic response.3 At the interface between metal and dielectric (including air), oscillation
of electrons can be coupled with the electromagnetic (EM)
field, leading to the formation of surface plasmon polaritons
(SPP) that propagate along the surface. SPP can be confined
to nanoscale dimensions as a localized surface plasmon resonance, which enhances the EM field in the vicinity of metallic nanostructure.4 EM enhancement can be revealed through
amplifying Raman signal,5,6 fluorescence,7 photoluminescence,8–11 and light absorption.12 The energy of the incident
EM field can be converted into heat (absorption by the
a)
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metal) or back to light (scattering).13 Plasmonics of metal
nanostructures has received enormous attention by researchers and offers broad prospects for several applications
including solar cells,14,15 photodetectors,16,17 and molecular5
and bioanalytical6 sensing-based surface enhanced Raman
spectroscopy. Therefore, engineering the optical properties
of metallic material can allow fabrication of novel high
performance optoelectronic devices.
Aluminum is one of the metals that can show clear plasmonic behavior contributing to a broadband absorption
enhancement in Si films18 and organic semiconductors,19
and with a higher external quantum efficiency compared
to Ag and Au plasmonic nanostructures.20 Al exhibits
bulk plasmonic resonance at 15 eV (k ¼ 82 nm) due to free
electron oscillations.21 In the infrared region, bound electrons of crystalline Al exhibit two interband absorption
peaks at !1.5 eV (at wavelength k ¼ 826 nm) and 0.5 eV
(k ¼ 2479 nm).22 However, it has been demonstrated that it
is possible to tune Al’s plasmonic resonance from UV to IR
spectrum by morphological modification.23,24
The plasma frequency of a metallic nanostructure is
generally lower compared to that of the same bulk material.25 Several studies have shown that shape, size, and surrounding medium affect the plasmonic behavior of metal
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nanostructures. Different plasmon peak positions can be
obtained through manipulation of the shape and size of nanostructures. Al nanospheres with 20 nm diameter can show
dipole resonance in the deep-UV region, where the plasmon
resonance peak position exhibits a red shift from wavelengths k ! 150 to 325 nm as the nanosphere diameter is
increased from 20 to 100 nm due to the retardation effect.26
An Al nanoparticle with a diameter of 80 nm has been shown
to introduce higher order modes (dipolar, quadrupolar, and
octuplet) of plasmon resonance at wavelengths in the range
of !100–300 nm.26,27 A cathodoluminescence map of an
individual Al nanorod of 100 nm long and 40 nm diameter
shows dipolar longitudinal plasmon mode at wavelengths in
the range of about !539–427 nm and transverse plasmon
modes at wavelengths in the range of !310–247 nm; and
higher order longitudinal quadrupolar modes appear at wavelengths in the range of !496–413 nm for longer nanorod
(300 nm length) due to retardation effect.28
In addition, red-shift in surface plasmonic (SP) response
can be further promoted by decreasing the distance among
nanostructures. It has been shown that Au nanoparticle pairs
(150 nm diameter, 17 nm height, and separation: 300, 150,
and 0 nm) reveal a redshift of the extinction peak for the
p-polarized light (polarization parallel to the interparticle
separation) as the separation between particles decreases.29
El-Sayed and co-workers30 reported that a side-by-side
assembly of nanorods causes a red shift in peak position of
the transverse plasmon mode (transverse mode is observed
when the polarization of incident light is parallel to the internanorod separation31) as the distance between nanorods
decreases, and therefore, plasmon coupling among nanorods
is enhanced. They also observed that the plasmon coupling
is further strengthening when the total number of nanorods is
increased.
The previous results summarized above suggest that it
might be possible to observe a significant redshift in plasmonic response toward or beyond the visible spectrum for
relatively large diameter (e.g., >100 nm) and closely spaced
(e.g., <100 nm) aluminum nanostructures. This might be
desired especially for enhancing visible light absorption in
the vicinity of metallic nanostructures for applications such
as solar cells, photodetectors, and sensors. However, in order
to see such an improvement in SP excitation, one might need
an efficient light trapping32–34 in order to further enhance
plasmonic response in the visible spectrum. An array of
vertically aligned Al nanostructures with controlled lengths
can enhance diffuse scattering of the reflected light,32 which
can be redirected toward neighboring nanostructures, and in
turn excite more surface plasmons. Therefore, light trapping
among large-size and closely spaced nanostructures can be
critical in enhancing the SP generation in visible spectrum.
Various fabrication techniques have been used to develop
and achieve plasmonic behavior of nanostructures. Electron
beam lithography29,35 and extreme ultraviolet interference
lithography27 are the most delicate fabrication processes in
which the nanostructures possess a precise shape and size.
However, these approaches are cost prohibitive and fabrication is time-consuming. A single crystal substrate can be
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used to fabricate smooth plasmonic nanostructures by
focused ion beam (FIB) milling within a short time,36 but the
disadvantage of the FIB method is its high cost. Hole-mask
colloidal lithography,23 nanosphere lithography,37,38 and
nanoimprint lithography39 are relatively lower-cost nanofabrication methods to prepare metal nanostructures in different
sizes, but they suffer from more complicated procedures in
the fabrication process. A seed-mediated growth method is
simple and low-cost, but it requires precise procedures to
control the size and shape of metal nanorods.31 On the other
hand, glancing angle deposition (GLAD),32–34 which is a
physical self-assembly growth technique can allow the onestep fabrication of nanostructures of a large variety of material types, shapes, sizes, and separation on almost any kind
of substrate. GLAD utilizes shadowing effect through
introducing an obliquely incident flux on a tilted and rotating
substrate in a physical vapor deposition system such as sputtering and thermal evaporation (see Sec. II for a more
detailed description of the technique).
GLAD Al nanorods have already been grown by a few
groups for variety of applications.40,41 Jen et al. have studied
the negative refractive index of vertically aligned array of
GLAD Al nanorods deposited by e-beam evaporation and
shown that GLAD Al nanorods are efficient light absorbers
due to their metamaterial properties.41 The possible effects
of SPPs in GLAD Al nanorods have not been discussed in
that study. However, high optical absorption observed
in GLAD Al nanorods can be a result of efficient light
scattering and trapping; therefore, the result of the abovementioned study can support our motivation on enhancing
SPP properties by light scattering among GLAD Al nanorods. Moreover, it is important to note that the lack of diffuse
reflectance measurements in that study might have resulted
in inaccurate results on total optical absorption by GLAD Al
nanorods. Therefore, it is critical to measure total reflectance
(i.e., specular þ diffuse reflectance) and transmission in
order to get adequate values for optical absorption in GLAD
Al nanorods.
In this work, we used GLAD to grow vertically aligned
arrays of Al nanorods with large-diameters (>100 nm), small
rod-to-rod gaps (<100 nm), and different lengths in order to
introduce enhanced light trapping and surface plasmonic
response at the visible spectrum. In addition to total and
diffuse reflectance measurements, finite-difference-timedomain (FDTD) optical modeling method was utilized to simulate and explain the optical response of Al nanorod arrays
and was compared to that of conventional flat Al thin film.
II. EXPERIMENT
GLAD, which is also referred to as oblique angle deposition,32–34,42,43 is a derivative of physical vapor deposition
techniques capable to fabricate 3D nanostructure arrays of
materials. GLAD allows the fabrication of vertical rods,
tilted rods, springs, or zig–zags, as well as many other
geometric shapes, depending on deposition arrangements.
During GLAD, the angle between the incoming material flux
and normal axis of the substrate is typically larger than 70$ ,
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as illustrated in supplementary material Fig. S1(a).44 At the
initial stages of deposition, the flux reaches to the substrate
at high incidence angles and starts forming islands on the
substrate. As the growth proceeds, height fluctuations
emerge and additional atoms coming to the surface preferentially land on the tops of taller islands, due to the shadowing
of the shorter features, allowing the taller ones to grow even
further. Eventually, these longer features can grow into isolated nanostructures where the competitive growth stage
ends and they start to grow together in the form of arrays
[Fig. S1(b)]. Shape, size, and the density of nanostructures
can be controlled by varying the deposition conditions such
as incident angle of the flux, deposition rate, deposition pressure, and rotation speed, temperature, and roughness/morphology of the substrate.
A wide variety of materials can be used to fabricate these
nanostructures, and several methods can be utilized in the
fabrication process (i.e., thermal evaporation, electron-beam
evaporation, sputtering, and pulsed-laser deposition). In this
study, GLAD Al nanostructures and flat Al thin films were
deposited on !2 % 2 cm2 size microscope glass slide and
silicon wafer [Si(100), p-type] pieces by sputtering an Al
target (Kurt J. Lesker, 5.08 cm diameter, 0.3175 cm thickness, 99.995% purity). Si pieces were used for crosssectional scanning electron microscopy (SEM) imaging
purposes. Substrates were attached to a modulator with tilt
and rotation capability at a distance !18 cm away from the
Al target. The depositions were carried out under a base
pressure of 2 % 10&6 mbars and Ar working gas pressure of
3 % 10&3 mbars. Al thin film (100 nm) was deposited at two
different DC powers (100 and 250 W) in order to introduce
samples of different roughness, which affects the growth of
GLAD nanostructures. The deposition rate for thin film was
10.2 and 17.4 nm/min for 100 and 250 W, respectively, as
calculated from the analysis of SEM cross-section images
and quartz crystal microbalance (QCM, Inficon Q-pod QCM
monitor, crystal: 6 MHz gold coated standard quartz). The
nanostructures sample deposition was carried out in two
steps, which consisted of a first layer of 100 nm Al thin film
at normal incidence and at 100 W, and another layer of Al
nanorods on top of the film by GLAD at a deposition angle
of h ¼ 85$ using a sputter power of 100 W. The depositions
for both thin film and nanorod samples were carried out at
room temperature.
Total and diffuse reflectance measurements were carried
out by a Shimadzu UV-VIS-NIR spectrophotometer utilizing
an integrating sphere with double detector (PM and PbS
detectors). All the optical characterization was made on samples with microscope slide glass substrates. An unpolarized
light was sent on the samples at normal incidence at wavelengths in the range k ¼ 200–1800 nm, with steps Dk ¼ 1 nm.
Transmittance measurements were also conducted to confirm
that light does not transmit from the Al film layer. Therefore,
in our results “1—Total Reflectance” indicates the total
absorption by the Al sample. The morphology of nanostructured and thin film Al coatings on silicon substrates was
studied by SEM unit (FESEM-6330F, JEOL Ltd, Tokyo,
JVST A - Vacuum, Surfaces, and Films
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Japan) using an electron-beam acceleration voltage of 15 kV
and working distance of about 10 mm.
III. OPTICAL MODELING
Figure 1 shows schematics of the three-dimensional geometries used for the FDTD (Lumerical, Inc.) optical simulation modeling of Al nanostructures and thin film. The FDTD
algorithm calculates the propagation of electromagnetic
fields through materials by solving Maxwell’s equations. A
circular polarized plain wave source [similar to unpolarized
light for practical purposes where circular polarized and
unpolarized light shows same result in FDTD simulation
(see supplementary material, Fig. S2)] was used along the
Z-direction normal to the long axis of nanorods. X- and
Y-boundaries of the simulated region were specified to periodic boundary conditions (PBCs) for all models illustrated in
Figs. 1(a)–1(e) by assuming quasiperiodic conditions along

FIG. 1. (Color online) Schematics of FDTD simulation model for various Al
nanostructure geometries: (a) 100 nm Al thin film; (b) single nanorod of
height H ¼ 300 nm and diameter D ¼ 300 nm; (c) hexagonally packed periodic Al nanorod arrays with periodicity P ¼ 750 nm (H ¼ 300 nm and
D ¼ 300 nm); (d) nonperiodic nanorod arrays of H ¼ 300 nm and
D ¼ 300 nm; and (e) nonperiodic nanorod arrays of different height and diameter (H: 100, 200, and 300 nm, and D: 100, 200, and 300 nm). All Al
nanostructures were placed on top of a flat 100 nm thick Al film.
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the X- and Y-directions. Perfectly matched layer boundary
conditions were set along the Z-direction to exclude the light
source out from the simulation region and to eliminate interference of the fields inside the simulation region.
Figure 1(a) represents the FDTD simulation region of
100 nm Al thin film (surrounded with red box), Fig. 1(b)
shows a single nanorod of height H ¼ 300 nm and diameter
D ¼ 300 nm on top of 100 nm Al thin film (surrounded with
green box), and Fig. 1(c) is for a periodic array of Al nanorods of H ¼ 300 nm and D ¼ 300 nm and with the nanorod
center-to-center periodicity of P ¼ 750 nm.45
On the other hand, as will be shown below, GLAD produces nonperiodic nanostructures when grown on unpatterned planar substrates. Therefore, in order to investigate
optical response of more random configurations, we conducted FDTD simulations of nonperiodic Al nanorod arrays
with the same or different sizes. Figure 1(d) depicts nanorod
arrays of H ¼ 300 nm and D ¼ 300 nm on top of 100 nm Al
thin film, where five simulations were carried out on five different random positions of the nanorods (keeping the filling
ratio of the nanorods constant at 15%). Figure 1(e) shows
denser nanorod arrays of different height and diameter (H:
100, 200, and 300 nm, and D: 100, 200, and 300 nm) on top
of 100 nm Al thin film, where five separate simulations were
carried out for five different case of random positions of
nanorods (each having the same filling ratio of !70%).
In all of the geometries shown in Figs. 1(b)–1(e), an
underlying 100 nm thick Al film was included in simulation
region. The results we will present on randomly positioned
nanorods with different sizes are averages of those individual simulations.
IV. RESULTS AND DISCUSSION
Since the morphology of substrate surface also affects the
growth dynamics of GLAD nanorods, we attempted to produce Al film on glass with a relatively smoother morphology. This would allow the formation of denser more closely
spaced nanorods42 as desired for enhancing the plasmonic
coupling among nanorods and SP redshift toward visible
spectrum. Figures S4(a), S4(b), S4(c), and S4(d) (see supplementary material) show top and side views of 100 nm thick
Al films that were deposited at two different sputter powers,
100 and 250 W, respectively. From SEM images of Fig. S4,
it is seen that the films grown at the higher power of 250 W
seem to have a rougher morphology with larger grain sizes
compared to that of 100 W. This can be understood by the
deposition rate and kinetic energy of incoming Al atoms,
surface diffusion rate of adatoms (i.e., single atoms that can
move on the surface), nucleation, and cluster formation during deposition. Al adatoms diffuse at the surface and form
clusters, which develop into a crystal grain. However, this
process strongly depends on the ratio of diffusion rate (D) to
the deposition rate (F), D/F.46 When D/F increases, an adatom has a better chance of joining existing islands/grains
before another adatom cuts its way and forms a new island
with it. Therefore, higher diffusion and smaller deposition
rates can promote the formation of larger islands. Under
J. Vac. Sci. Technol. A, Vol. 33, No. 4, Jul/Aug 2015
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normal circumstances, higher D/F generally leads to
smoother films due to the efficient filling of the vacancies in
the film. However, low melting point metallic materials such
as aluminum and magnesium typically have high adatom
mobilities that can allow very high diffusion rates and formation of textured grains with crystallographic planes that
reduce the surface energy of the film.47 Therefore, such textured films can have higher surface roughness incorporating
larger grains. Moreover, by observing the number of protrusions (hillock), which are formed at the grain boundary triple
junctions on the surface of both films, it has been seen that
the density of hillocks decreases with increasing film grain
size.48 Based on this mechanism, it appears that Al film deposited at the higher power of 250 W had a higher D/F compared to that of 100 W sample due to larger and more
isolated grains observed at 250 W. Although deposition rate
F was higher for 250 W (!17.4 nm/min) compared to 100 W
(!10.2 nm/min), kinetic energies of the incoming Al atoms
are expected to be higher at higher sputter powers and are
believed to have resulted in a more significant increase in
diffusion rates D, and lead to higher D/F ratios. On the other
hand, 100 W Al film has a denser granular roughness with
smaller grain sizes, which is consistent with the expected
smaller D/F values. In other words, 100 W film is expected
to help the formation of denser GLAD nanorods due to
closely spaced smaller scale roughness features, which can
act as initial seeds of nanorod formation. During GLAD,
obliquely incident atoms will preferentially land on the
islands of higher height on the Al film surface due to the
shadowing effect. This will lead to more closely packed
nanorod formation with smaller diameters since the initial
islands are denser and smaller in size. Therefore, we have
grown GLAD Al nanorods on Al films deposited at 100 W,
which would produce the smaller size denser arrays of Al
nanorods desired for enhanced SP in the visible region.
Figure 2 compares the total reflectance (RT) of a 100 nm
Al thin film calculated by FDTD method (square), 100 nm
Al thin films deposited at 100 W (diamond) and 250 W
(circle) sputtering powers. Transmittance (not shown) of all
the Al/glass samples was !0% through the whole spectrum,
and therefore, 1 & RT can indicate the measure of optical
absorption by aluminum (assuming most of the light is
absorbed at the Al layer before it reaches to the glass substrate). As can be seen from Fig. 2, reflectance profiles of all
the experimental and simulated Al thin films are similar and
show high RT values >85% at most of the spectrum except
at the UV region. In the visible and initial-IR region
(k ! 850 nm), RT of Al films is about !85%, !85%–90%,
and !90% for 100 W, 250 W, and FDTD simulated samples,
respectively. At larger wavelengths of NIR (k " 850 nm),
both 100 and 250 W samples show a RT of !90%–95%,
while simulated film has a slightly higher reflectance of
!95%–98%. These results are consistent with the previously
reported values for planar smooth Al surface.49 The small
difference between the experimental and simulated results
might originate from the roughness and thin oxide layer on
sputter deposited Al films. Rough film is expected to introduce an enhanced light scattering that can increase coupling
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FIG. 2. (Color online) Total reflectance (RT) profiles of 100 nm thick Al film
calculated by FDTD method (square), 100 nm Al thin film deposited at
250 W sputter powers (circle), and at 100 W (diamond). Diffuse reflectance
(RD) profiles of 100 nm thick Al film deposited at 250 W sputter powers
(square), and at 100 W (diamond).

to surface plasmonic effects50–53 and enhance light absorption. In addition, the reflectance of 100 W sample is about
!2%–5% less compared to that of 250 W sample in the visible region. This might originate from a slightly higher rate
of oxidation on the 100 W sample, which is consistent with
the smaller grain sizes expected in this sample.
As the grain size is reduced, grain boundaries increase
that enhances the oxidation rate. Due to smaller grain sizes,
SPP effects might also have contribution to the small reduction in reflectance of the 100 W Al films.51 Relatively
smoother morphology of the 100 W Al thin film sample with
smaller and denser grains can also explain its !2%–3%
smaller diffuse reflectance (RD) compared to that of the
250 W film as can be seen in Fig. 2. As the feature sizes on
the surface decreases and the film gets smoother, RD is also
reduced that makes reflection more in the specular direction.
In addition, an interband absorption22 is seen as a dip in
reflectance profiles of Al films at k ' 826 nm (!1.5 eV),
which agree with the FDTD simulation results (Fig. 2).
Figure 3 shows top and cross-sectional view SEM images
of GLAD Al nanorods of maximum lengths 200 and 350 nm.
Nanorods have a quasiconical shape with smaller diameters
at the bottom. The nonuniformity in diameter and height can
also be seen especially at the initial stages of the growth
when the rods are shorter [Figs. 3(a) and 3(b), 200 nm long].
As the rods get longer [Figs. 3(c) and 3(d), 350 nm long],
their heights become more uniform with longer and larger
diameter nanorods dominating the structure. Due to the
obliquely incident flux during GLAD, these longer nanorods
grow faster while the shorter and smaller diameter ones get
shadowed and stop growing. For shorter Al nanorods of
200 nm, the diameters and rod-to-rod spacing range between
!150–225 nm and !75–150 nm, respectively.
On the other hand, size and gap distributions become
narrowed for longer nanorods of 350 nm, with an average
rod-to-rod spacing !50 nm and diameter !300 nm. These
larger size rods also incorporate shorter ones among them
with approximate lengths and diameters of !75 and !50 nm,
JVST A - Vacuum, Surfaces, and Films

FIG. 3. (Color online) Top (left column) and side view (right column) SEM
images of 200 nm [top row: (a) and (b)] and 350 nm [bottom row: (c) and
(d)] long GLAD Al nanorod arrays deposited on a 100 nm Al thin film
(100 W). Insert in (c) is a higher resolution image of Al nanorods.

respectively. However, the overall structure provides a dense
array of nanorods with relatively large (>100 nm) and small
gaps (<100 nm), which was aimed in this study for their
potential enhancement in plasmonic coupling and SP
response in the visible spectrum. In addition, Al nanorods of
larger diameters developed a clear textured morphology with
pyramidal tips as can been seen in Figs. 3(c) and 3(d) that
suggest a single crystal structure of the individual rods.
GLAD has been proven to produce single crystal nanorods of
a wide range of materials also including Al.46,54 Single crystal property is expected to enhance the oxidation resistance of
Al nanorods due to lack of grain boundaries46 and therefore
minimize the light absorption by the oxide layer. In addition,
the cornered shape of nanorod tips might enhance light scattering and provide more efficient light trapping.
Total reflectance profiles of 250 and 350 nm Al nanorod
samples are plotted in Fig. 4 and compared to that of from
the underlying flat Al film (deposited at 100 W). As can be
clearly seen, reflectance of nanorods show a significant
reduction as the length of the nanorods is increased. RT values goes down as low as !25%–30% in the visible spectrum
at wavelengths smaller than !750 nm for 350 nm nanorods,
while it stays at !85%–90% for flat Al thin films at those
wavelengths. To the best of our knowledge, these are record
low reflectance values ever reported for aluminum without
using any antireflection or light-guiding apparatus. Jen et al.
observed !7% reflectance for 184 nm tilted Al nanorods for
p-polarized light, however, using a Kretschmann configuration (prism/metal-film/air). Shorter nanorods of 250 nm sample also show low reflectance values but varies between
!25% and 75% in the visible spectrum. In addition, diffuse
reflectance of GLAD Al nanorods are also notably higher
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FIG. 4. (Color online) RT and RD profiles of 100 nm thick Al film deposited
at 100 W sputter powers (square) GLAD Al nanorods of 200 nm (circle) and
350 nm (diamond) lengths. GLAD Al nanostructures were fabricated on top
of a flat 100 nm thick Al film (100 W).

and reach up to about !20%–25% in the visible spectrum
(Fig. 4), while it stays around !5%–15% for flat Al film
(Fig. 2). In other words, most of the light is reflected from
nanorods in off-specular directions, which suggests a significant scattering effect. Therefore, low total reflectance with a
dominant diffuse component from GLAD Al nanorods indicate an efficient light scattering and trapping property that is
enhanced with the length of the nanorods. However, high
optical absorption especially by longer nanorods, which is
about !75%–80% (i.e., 1 & RT) in the visible range, may not
be explained only by enhanced light trapping.
Surface oxidation on Al nanorods can be considered to
increase the light absorption. Although GLAD Al nanorods
are believed to have enhanced resistance toward oxidation
due to their very likely single crystal property, we took the
potential effect of surface oxide on optical absorption into
account and conducted some FDTD simulations. Figure 5
includes the reflectance profiles of Al nanorods with and
without a conformal 2 nm thick aluminum oxide (Al2O3)
layer. It can be seen that oxide layer decreases the reflectance only about !5% (except the dip at k ! 1320 nm), and
therefore cannot explain the very low reactance observed in
experimental results. As discussed above, light trapping can
also promote the plasmonic response, which in turn can further enhance the optical absorption by the nanorods. FDTD
optical modeling can provide a detailed insight to the potential light trapping and plasmonic effects, which will be
presented below. Reflectance of an individual Al nanorod
was simulated by FDTD method and is plotted in Fig. 5. For
a single nanorod, light trapping and rod-to-rod coupling
effects can be ignored, which allow us to distinguish the
potential surface plasmonic effects. As can be seen, the overall reflectance (open circle in Figure 5) is reduced by about
less than !5% compared to that of the planar Al film (closed
circle). More interestingly, several little dips are observed in
the whole spectrum. These are believed to originate from
higher order SP modes that were reported before.45 This is a
clear indication of the existence of plasmonic response from
J. Vac. Sci. Technol. A, Vol. 33, No. 4, Jul/Aug 2015
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FIG. 5. (Color online) RT profiles of Al nanostructures calculated by FDTD
method for a single nanorod (open circle, height H ¼ 300 nm, diameter
D ¼ 300 nm), hexagonally packed periodic Al nanorod array with periodicity P ¼ 750 nm (open square, H ¼ 300 nm, D ¼ 300 nm), same periodic nanorod arrays with a conformal 2 nm thick aluminum oxide (Al2O3) layer
(cross), non-periodic nanorods (closed square, H ¼ 300 nm, D ¼ 300 nm),
and non-periodic denser nanorods with different sizes (closed diamond, H:
300, 200, 100 nm, D: 300, 200, 100 nm). All Al nanostructures were placed
on top of a flat 100 nm thick Al film.

an Al nanorod. Magnitude and number of SP dips are significantly increased especially in the visible spectrum when a
periodic array of Al nanorods is formed (open squre in Fig.
5). In addition, reflectance decreases by !20% in the visible
range compared to that of Al film, which indicates enhancement in light trapping. The strong dip at k ! 670 nm is a
result of the interference effects due to the periodic
structure.45
In order to study the light trapping behavior in more detail,
electric field intensity distribution around the Al nanorods
were calculated for periodic nanorods of height H ¼ 300 nm
and diameter D ¼ 300 nm, for wavelengths of 300, 500, and
700 nm. Side view images of Fig. 6 show the high electric field
intensity confinement within the gaps and surface of the nanorods where light trapping and SP effects occur, which leads to
reduced reflectance and enhanced absorption by the metal.
Making the order of the nanorods nonperiodic also gave a
500 similar reflectance result (closed square). This suggests
enhanced light trapping is believed to originate mainly from
improved scattering property and not due to the interference
effects related to the periodic structure. Moreover, reflectance is further reduced when nonperiodic nanorods incorporated different diameters and heights in a denser
configuration as in the case of experimental GLAD Al nanorods (Fig. 4). Reflectance of such nonperiodic Al nanorods
of different sizes goes down to about 45%–50% in the visible spectrum (closed diamond, Fig. 5). The enhancement in
light absorption in the visible spectrum is believed to be the
result of SP redshift and rod-to-rod plasmonic coupling
among dense nanorods of large diameters (>100 nm).
Nonperiodic structure with nanorods of different sizes can
also enhance scattering effects and therefore enhance the
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FIG. 6. (Color online) FDTD simulation results of cross-sectional electric field
intensity distribution for H ¼ 300 nm long periodic Al nanorod arrays with
diameters D ¼ 300 nm calculated at different wavelength values of k ¼ 300,
500, and 700 nm. There is an underlying Al thin film of 100 nm thickness.

light trapping. Therefore, nonperiodic nanorods of different
diameters and lengths can significantly enhance the light
trapping and SP property, increase optical absorption, and
therefore lead to unprecedented low total reflectance values.
Experimental reflectance results of the 350 nm GLAD Al
nanorods are still lower than the values from FDTD simulations. This should be due to the unoptimized choice of nanorod diameters, length, gaps, and distribution in range of their
values used in the FDTD modeling studies, and due to other
geometrical variations in experiments versus theory.
Variations and nonperfect symmetries in the geometry of
plasmonic structures can create significant enhancements,
especially in nanogap structures.55
V. SUMMARY AND CONCLUSIONS
Vertically aligned arrays of aluminum nanorods fabricated
by GLAD method were shown to possess exceptionally low
reflectance values approaching !25%–30% in the visible
spectrum compared to conventional flat Al thin films. Finitedifference-time-domain optical modeling method was used to
investigate the optical response of GLAD Al nanorods. Our
analysis on the experimental and simulation results indicate
that such low reflectance and therefore high optical absorption
by GLAD Al nanorods are mainly due to the enhanced light
trapping and surface plasmonic property that originates from
the nonperiodic, non-uniform-sized, and closely spaced structure of the nanorods, which enhances light scattering and rodto-rod plasmonic coupling. The relatively large diameters of
Al nanorods beyond >100 nm is also believed to increase the
redshift in SP response and contribute to the dramatically low
reflectance values observed in the visible spectrum. The
results of this work can help developing optical devices that
incorporate metallic nanorod arrays providing superior light
trapping, plasmonic response, and light absorption.
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