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R
esonant plasmonic nanostructures can
concentrate light and enhance subwa-
velength light�matter interactions.1,2

In recent years, surface plasmon resonance
in nanostructures has been proposed and
applied to achieve optical frequency inte-
grated nanocircuits,3�5 high-performance
photovoltaic devices,6 ultrasensitive bio-
chemical sensors,7,8 enhanced circular
dichroism,9 optical trapping,10,11 efficient
steam generation,12 hot electron genera-
tion,13 and ultrasmall color filters.14 Silver
and gold are typical plasmonic materials for
the visible (vis) to infrared spectral regime,
and themethods for their chemical synthesis

are well-studied.15,16 Silver has relatively low
loss in the visible rangebut suffers from rapid
degradation. Gold has good chemical stabi-
lity but is more lossy than silver. In particular,
the interband transition of gold around
2.3 eV limits its applications in the blue to
violet spectral window. In general, the appli-
cation of silver and gold in the ultraviolet
(UV) spectral regime is restricted by the
loss due to strong absorption of interband
transition.1 Recently, there have been con-
siderable efforts in nonmetal plasmonics
usingmaterials such as graphene,17,18 doped
semiconductors,19 or nitride materials.20,21

However, none of these materials can

* Address correspondence to
jshuang@mx.nthu.edu.tw.

Received for review December 12, 2014
and accepted March 24, 2015.

Published online
10.1021/nn5070887

ABSTRACT Aluminum, as a metallic material for plasmonics, is of great

interest because it extends the applications of surface plasmon resonance into

the ultraviolet (UV) region and is superior to noble metals in natural

abundance, cost, and compatibility with modern semiconductor fabrication

processes. Ultrasmooth single-crystalline metallic films are beneficial for the

fabrication of high-definition plasmonic nanostructures, especially complex

integrated nanocircuits. The absence of surface corrugation and crystal

boundaries also guarantees superior optical properties and applications in

nanolasers. Here, we present UV to near-infrared plasmonic resonance of

single-crystalline aluminum nanoslits and nanoholes. The high-definition nanostructures are fabricated with focused ion-beam milling into an ultrasmooth

single-crystalline aluminum film grown on a semiconducting GaAs substrate with a molecular beam epitaxy method. The single-crystalline aluminum film

shows improved reflectivity and reduced two-photon photoluminescence (TPPL) due to the ultrasmooth surface. Both linear scattering and nonlinear TPPL

are studied in detail. The nanoslit arrays show clear Fano-like resonance, and the nanoholes are found to support both photonic modes and localized

surface plasmon resonance. We also found that TPPL generation is more efficient when the excitation polarization is parallel rather than perpendicular to

the edge of the aluminum film. Such a counterintuitive phenomenon is attributed to the high refractive index of the GaAs substrate. We show that the

polarization of TPPL from aluminum preserves the excitation polarization and is independent of the crystal orientation of the film or substrate. Our study

gains insight into the optical property of aluminum nanostructures on a high-index semiconducting GaAs substrate and illustrates a practical route to

implement plasmonic devices onto semiconductors for future hybrid nanodevices.

KEYWORDS: surface plasmon resonance . ultraviolet plasmonics . molecular beam epitaxy . single-crystalline aluminum .
semiconducting substrate . photoluminescence . nanoholes . nanoslits
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practically support surface plasmon resonance in the
UV regimes. To extend the frequency window of
plasmonics into the UV regime, materials like Ga, Sn,
and Pb have been proposed.22 However, aluminum is
still considered to be a better material for the middle-
UV range and has been used experimentally.23�27

From the perspective of light�matter interactions,
aluminum plasmonics is useful because it offers nano-
scale confinement and enhancement of electromag-
netic energy in the UV regime, where electronic
transition with energy difference larger than 3.0 eV
occurs. In addition, the nonlinear optical response
of aluminum is also much larger compared to that of
gold and silver, making aluminum a suitable material
for higher harmonic generation. From a point of view
of industrial production, aluminum is advantageous
because it has relatively high natural abundance, is
low-cost, and is compatible with the well-developed
CMOS28 and semiconductor manufacturing processes.
These advantages make aluminum a promising
material for future integration and mass production
of plasmonic�semiconducting hybrid nanodevices
with ultrahigh operational frequency in the UV regime
and subwavelength footprints at the nanoscale.
Aluminum plasmonic nanostructures are mainly

prepared by electron-beam lithography or focused-
ion-beam (FIB)milling into thermally evaporatedmulti-
crystalline aluminum films. The random crystal grains
and surface roughness of the multicrystalline alumi-
num film can directly lead to structural defects and
increase the scattering loss of surface plasmons.29,30

Compared to gold and silver films, evaporated alumi-
num films usually show poorer quality even at the
optimal evaporation condition. The low film quality
makes it very difficult to fabricate complex nanocircuits
containing multiple circuit elements and greatly limits
the application of aluminum, for example, in plasmonic
nanolasers, which requires an ultrasmooth surface of
metallic film.31 To improve the film quality, efforts have
been made by optimizing the thermal evaporation
conditions.32,33 However, the random orientation and
boundaries of crystal grains in the multicrystalline
aluminum film still hamper the fabrication precision
and product yield. This is because, in multicrystalline
metallic films, randomly oriented crystal grains lead to
variation in the resistance to the ion-beam milling
process. The resulting structural defects are unpredict-
able and are particularly fatal to large-area plasmonic
nanocircuits containing multiple elements or critical
fine features. This difficulty is common for all multi-
crystalline films, including smooth metal films pre-
pared by a template stripping method.34 The only
way to resolve this problem is to use uniform single-
crystalline films, which are naturally atomically flat. In
fact, the crystal boundaries and voids inside the metal
can also lead to variation of the optical properties,35

which limits the realization of optimally designed

plasmonic nanostructures. The benefits of using
single-crystalline aluminum/metallic films with well-
defined and well-known crystalline structure are more
than just providing an ultrasmooth surface. The well-
defined lattice orientation is crucial for the study and
applications that concern the band structure or facet-
dependent properties, such as chemical bonding and
surface catalytic ability. For these reasons, using atom-
ically flat single-crystalline aluminum film to fabricate
high-definition plasmonic nanostructures is of funda-
mental benefit and practical importance.
Although single-crystalline gold and silver micro-

plates from chemical synthesis have been used to
fabricate high-definition plasmonic nanodevices,30,36,37

the chemical method for the synthesis of microscale
single-crystalline aluminum plates is still missing. In this
work, we employ a molecular beam epitaxy (MBE)
method to grow a high-quality single-crystalline alumi-
num film on top of the GaAs substrate and apply FIB
milling to define plasmonic nanostructures, including
periodic nanoslit arrays and nanoholes. Periodic nano-
slit arrays and nanoholes are used because they are
well-studied systems for characterizing surface plas-
mon polaritons (SPPs) and localized surface plasmon
resonance (LSPR). Both linear scattering spectrum
and nonlinear two-photon photoluminescence (TPPL)
of the nanostructures are systematically studied. The
effect of high-index GaAs substrate on the plasmonic
resonance of aluminum nanostructures is also studied.
Our work gains insight into the optical property of
single-crystalline aluminum nanostructures on high-
index semiconducting GaAs substrates and demon-
strates the potential of single-crystalline aluminum in
UV to near-infrared (NIR) plasmonics.

RESULTS AND DISCUSSION

Structural and Optical Property of Single-Crystalline Aluminum
Film. Our single-crystalline aluminum film is prepared
following our previously reported procedure.38 Briefly,
a GaAs buffer layer (thickness = 200 nm) is first grown
on an undoped GaAs substrate in an ultrahigh vacuum
chamber (3� 10�10 Torr) to ensure a perfectly smooth
(100) crystalline surface of GaAs. An aluminum filmwith
the crystalline surface of (110) (Figure S1, Supporting
Information) is then grown in situ on the (100) surface of
the GaAs buffer layer using a solid-source MBE system
(Gen II, Varian). The growing process is controlled at
a constant temperature of 0 �C, and the growth rate is
kept at 0.05 nm/s until the thickness of the aluminum
film reaches 40 nm. For comparison, multicrystalline
aluminum film is prepared by an electron-gun evapora-
tor with a growth rate of 0.05 nm/s. Figure 1a shows
the representative scanning electronmicroscope (SEM)
images of slits and holes created by FIB milling into
the single- and multicrystalline aluminum films. The
multicrystalline film has been carefully and optimally
prepared using an electron-gun evaporator. With the
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same best optimized FIB conditions at 30 kV and 80 pA,
we are able to reproducibly create nanoslits with a gap
width of about 30 nm on both films. However, the slits
created on the multicrystalline film apparently have
irregular edges and parts not clearly cut through. These
defects are due to the inevitable rough surface and
random crystal grains of the evaporated multicrystal-
line film. To better compare the surface roughness,
atomic force microscopy (AFM) has been used to
map an area of 1 � 1 μm2 on the surface of both films,
as shown in Figure 1b. It is clear that the MBE-grown
single-crystalline aluminum film has an almost perfectly
flat surface, whereas the evaporated multicrystalline
film shows serious surface corrugation. Within the
scanned area of 1 � 1 μm2, the root-mean-square
roughness for single- and multicrystalline aluminum
film is 0.3 and 2.5 nm, respectively. We note that the
unprotected aluminum surface of the single-crystalline
film can actually last for a long time in the ambient
environment. Although the surface does become
rougher due to oxidation of aluminum and collection

of dust, the surface remains much smoother than
multicrystalline film after a long time. After 18 months
storage in ambient conditions, the root-mean-square
noise of the single-crystalline aluminum surface in-
creases to 1.2 nm, which is still lower than that of the
best electron-gun evaporated aluminum film we can
prepare. The superior long-term stability is also one of
the benefits of using single-crystalline aluminum film
for plasmonics. The evidence of single-crystallinity
of the aluminum film is provided by the selective
area electron diffraction (SAED) pattern, as shown in
Figure 1c. Figure 1d shows the reflectivity spectra of the
single- and multicrystalline aluminum films, which give
information on the overall optical response. It can
be clearly seen that the MBE-grown single-crystalline
aluminum film shows higher reflectivity in theUV toNIR
spectral regime compared to the multicrystalline one.
For a spectral window below 300 nm, the reflectance
of the single-crystalline film is even up to 35% higher
than that of the multicrystalline one. The ultrasmooth
surface of the single-crystalline film is of key importance

Figure 1. (a) Representative SEM images of nanoslits and holes created by FIB milling into the single- (top) and multicrystal-
line (bottom) aluminum film on a GaAs substrate. The ion-beam condition has been optimized for both cases in order
to achieve a gap size of 30 nm. The random grains and voids of rough multicrystalline film lead to structural imperfections.
Scale bar: 500 nm. (b) Representative AFM images of an area of 1 � 1 μm2 on the single- (top) and multicrystalline (bottom)
aluminum film. The root-mean-square roughness of the surface of single- and multicrystalline film is 0.3 and 2.5 nm,
respectively. Scale bar: 200 nm. (c) SAED pattern of the single-crystalline aluminum film. The pattern is taken from the cross
sectionof the aluminumfilmon theGaAs substrate. (d) Reflectanceof the single-crystalline (red solid line) andmulticrystalline
(black dotted line) aluminum film. (e) TPPL spectra of single-crystalline (red) andmulticrystalline (black) aluminum film under
the same excitation laser power (4.5 mW on sample).
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for the superior reflectivity because rough surface can
lead to random scattering and increased absorption.
The dip in the reflectivity around 820 nm for both
curves is due to the absorption of aluminum.

To further compare the flatness and the film quality,
we have measured the TPPL from the two aluminum
films under the same excitation power (4.5 mW on
sample). Such examination is based on the fact that
TPPL is very sensitive to the local field gradient.
Typically, a smooth metal surface generates much
lower TPPL than a rough one because it offers no
nanoscale defects and thus no hot spots. The sensitiv-
ity of TPPL to the surface roughness is briefly explained
in the following. In general, TPPL starts from sequential
absorption of two photons and ends up with radiative
recombination of the electron and hole pair. The
absorption of the first photon includes an intraband
transition of electron and requires momentum match-
ing. Strong optical near-fields in resonant plasmonic
nanostructures or hot spots on rough surfaces can
provide high field gradient and thus broad momen-
tum spectrum to fulfill the momentum matching
condition.39 As a result, rough surface can generate
very strong TPPL, whereas an ultrasmooth surface can
hardly generate TPPL. For this reason, TPPL is sensitive
to local hot spots and has been used to study shape-
dependent LSPR36 and surface roughness of metallic
films.30 As shown in Figure 1e, TPPL is indeed highly
enhanced by the rough surface of the multicrystalline
aluminum film. In contrast, the TPPL from the atom-
ically flat single-crystalline aluminum film is almost
absent, confirming the perfect surface quality. From a
fabrication point of view, the MBEmethod is beneficial
because it allows for precise control of film thickness.
The single-crystallinity also facilitates the FIB fabrica-
tion of complex plasmonic networks containing nano-
scale fine features over a microscale area.30 As can
be seen in Figure 1a, long and narrow nanoslits can
be easily fabricated on the single-crystalline aluminum
film without a single defect. Such high-definition
structures are very difficult to fabricate by applying
FIB onto the multicrystalline aluminum film because
the random crystal grains and surface roughness
introduce variation of the resistance to the ion-beam
milling and therefore result in unpredictable struc-
tural defects. It is worth noting that the Ga ion
implantation into the aluminum film during FIB
milling is much more serious compared to gold.30

We have observed implantation of the Ga ion up to
one-third of the aluminum atomic composition
(Figure S2, Supporting Information). Such Ga ion
implantation can possibly lead to significant modifi-
cation of the local dielectric function of aluminum
and result in difference between spectra obtained
from optical experiments and numerical simula-
tions, in which permittivity from bulk pure aluminum
is used.

UV to NIR Surface Plasmon Resonance of Nanoslit Arrays. To
demonstrate UV to NIR surface plasmon resonance,
we first examine the scattering of aluminum nanoslit
arrays using a home-built dark-field microscope
(Figure S3, Supporting Information). Because our GaAs
substrate is not transparent, we illuminate the sample
and collect the scattered light from the same side.
Figure 2a shows the SEM images and the dark-field
scattering image of eight periodic nanoslit arrays
fabricated on the single-crystalline aluminum film on
top of GaAs substrate. These nanoslit arrays aremarked
as array #1 to array #8 with increasing periodicity from
250 to 600 nm in steps of 50 nm. The gapwidth and the
length of the slits are 40 nmand 1 μm, respectively. The
interarray distance is set to 1 μm. The periodic nanoslit
arrays serve as efficient couplers that provide the
needed momentum for the free-space photons to
excite SPPs. The coupling condition is described by
Bloch equation as40

k0 sinθ(m2π=P ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmεd

εm þ εd

r
(1)

where k0 is the wavenumber of light in a vacuum, θ is
the incident angle, m is the grating order, and P is the

Figure 2. (a) Left panel: SEM image of the periodic
nanoslit arrays numbered #1 to #8 with periodicity
ranging from 250 to 600 nm. Right panel: Correspond-
ing dark-field scattering image of the arrays. Scale bar:
2 μm. (b) Experimental dark-field scattering spectra (left)
and the simulated reflectance spectra (right), showing
the fundamental mode (m = 1, green dotted line) and the
first higher-order mode (m = 2, orange dashed line).
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periodicity; εm and εd are the permittivity of aluminum
and the dielectric, respectively. As the periodicity of the
nanoslit array decreases, the dark-field scattering
images show clear evolution of color from orange to
blue and eventually dark due to the low sensitivity of
the color CCD. The scattering spectra of the nanoslit
arrays are shown in Figure 2b with the corresponding
simulated spectra shown in the right panel. For the
nanoslit arrays used in this work, two resonances
corresponding to the fundamental (m = 1) and first
higher-order (m = 2) resonance are observed within
the observation window between 350 and 800 nm. In
the simulated spectra, both resonances are clearly seen
and gradually red shift as the periodicity increases, as
described by eq 1. However, the fundamental reso-
nance (m = 1) is missing in the experimental spectra.
This is due to the fact that the scattering angle of
the fundamental mode is the same as the incident
angle. Therefore, the fundamental mode is completely
blocked by the pinhole and cannot be observed
(Figure S4, Supporting Information). Using a dedicated
setup for signals in the UV regime, plasmonic reso-
nance below 400 nm can be clearly observed
(Figure S5, Supporting Information). In both the experi-
mental spectra and simulated spectra, asymmetric
Fano-like spectral profiles are observed. Such asym-
metric line shape is due to the coupling between the
broad resonance of the single slits and the relatively
sharp resonance of the nanoslit array41 (Figure S6,
Supporting Information). In general, the simulations
well reproduce the trend of the experimental spectra
as a function of the structural geometry. Slight differ-
ences in peak position and width might be attributed
to the following reasons. First, in the experiment, the
incident angle of the illumination actually covers a
range of about 5� but not at a specified angle as set for
the plane wave excitation in the finite-difference time-
domain (FDTD) simulations. Second, the spectra shown
here are collected using an optical setup optimal for
the vis range. This vis set of optics has relatively large
loss in the UV regime. Therefore, the experimental
spectra show a peak width in the UV regime slightly
larger than that in the simulated ones. Using a set of
optics optimized for the UV regime, the position and
the width of resonance peaks indeed agree very well
with the simulations. Third, the structural imperfection
and the modified material properties due to Ga ion
implantation can also lead to shifting and broadening
of the plasmonic resonance peaks. We have done our
best to mimic the rounded corners and Al2O3 layer in
the simulations. However, other structural imperfec-
tions, such as the uneven gap width at the top and
bottom of the slits or gradually reduced diameter of
the nanoholes, are hard to estimate and are not
considered in the simulations. We point out that the
main purpose of performing numerical simulations is
to confirm the trend of the experimental spectra as a

function of the structural geometry. The good agree-
ment between the experimental and simulated
spectra allows us to assign and get insight into the
resonance modes. Despite the slight difference in the
peak position and width, numerical simulations also
provide information on the optical near-fields and
help us understand the underlying physics without
performing expensive near-field scanning optical
microscopy.

LSPR of Single Nanoholes. Next, we examined the LSPR
of single nanoholes on our single-crystalline aluminum
film. Compared to solid aluminum structures, such as
nanodisks,25,27 nanospheres,42 and nanorods,43,44 in-
verse nanohole structures are easy to fabricate and are
of great potential in plasmonic optical trapping.10,45

Figure 3a shows the SEM images of all the single
nanoholes on the aluminum film with corresponding
dark-field scattering images on the right side. For each
diameter, we have fabricated a 3 � 3 array of dupli-
cated nanoholes. The interhole distance is set to be
3 μm in order to reduce the cross-talk between holes.
The diameter of the hole is scanned from 150 to
750 nm in steps of 50 nm, resulting in 13 different
nanohole diameters, marked as #1 to #13. Their scat-
tering images show a clear red shift as the nanohole
diameter increases. Dark-field scattering spectra of the
nanoholes and the corresponding simulated spectra
are shown in Figure 3b. The experimental spectra
show two resonant modes in good agreement with
the simulated scattering spectra. These two modes are
the in-plane LSPR mode of the aluminum nanohole
and the photonic mode of the vertical air hole in GaAs.
The vertical air channel is produced because FIB is
milling too deep into the GaAs substrate. Therefore,
the vertical air channel in the GaAs essentially forms
an out-of-plane Fabry�Pérot cavity for the photonic
modes. Increasing the nanohole diameter shifts the
in-plane LSPR mode from the UV regime (nanoholes
#1 and #2) to the NIR regime (nanoholes #10 to #13),
as marked with the red dotted lines in Figure 3b. The
photonic mode in the vertical GaAs nanohole (blue
dashed lines in Figure 3b) also shows a slight red shift
with increasing diameter. Although the cavity length
(i.e., the depth of the air hole in GaAs) is rather constant
for all holes, the effective index of the photonic
mode slightly increases with increasing diameter. As
a result, the resonance wavelength slightly red shifts
with increasing diameter. In fact, such a photonicmode
exists even without the aluminum film, as shown in
Figure 4. Figure 4a depicts the schematic diagram of a
nanohole structure used in the simulations. The nano-
hole (diameter = 300 nm, depth = 500 nm) is fabricated
into the GaAs without and with the coverage of a
40 nm thick aluminum film. The nominal depth is
defined as the distance from top surface to the bottom.
Figure 4b shows the simulated scattering spectra of the
nanohole fabricated in the GaAs substrate with (black
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trace) andwithout (red trace) the aluminum layer. With
the aluminum layer, two peaks are observed around
430 and 520 nm. However, without the aluminum film,
only the peak around 430 nm is observed, suggesting
that this mode is not due to LSPR of the aluminum
hole. Figure 4c shows the electric near-field intensity
distribution at the two resonant wavelengths. Field
distributions recorded on an x�y plane 5 nm away
from the aluminum or GaAs surface are shown on
the top row, and the cross-sectional field distributions
recorded on an x�z plane cutting through the nano-
hole center are shown in the bottom row in Figure 4c.
From the near-field distribution, the broad peak
around 520 nm (red dotted line) can be assigned
exclusively to the LSPR and the sharp peak around
430 nm is due to the Fabry�Pérot resonance of the
photonic modes in the vertical air channel in the GaAs
substrate. As can be seen, the photonic mode in the
vertical air channel in GaAs is independent of the
existence of the aluminum film. The photonic mode
is not seen for nanoholes with a diameter smaller than
200 nm because the mode is cut off, a clear feature of
photonic modes in dielectric waveguides. The photo-
nic mode is unique for the GaAs substrate and is less
pronounced in a low-index substrate, such as glass. The
presence of these two modes in one nanohole struc-
ture adds more functions to the nanohole and can be
useful for applications which require interaction of two
resonant modes. For example, one may trap very small
particles using the enhanced optical field of the LSPR

mode and use the photonic mode to enhance light�
matter interaction. It is worth noting that the use of
single-crystalline film is of critical importance for the
observation of the trend and the identification of the
two different resonances. Nanoholes on multicrystal-
line aluminum film contain unpredictable defects and
give weaker scattering signals (Figure S7, Supporting
Information).

TPPL Mapping and Polarization-Dependent TPPL Intensity.
To further understand the resonance and the photo-
luminescence properties of plasmonic aluminum nano-
holes on the GaAs substrate, we have performed TPPL
mapping30,46�48 of single nanoholes and systematically
studied the relationship between the excitation polar-
ization and the TPPL intensity. TPPLmaps aregenerated
by plotting the TPPL intensity as a function of the
position of laser focus, which is raster scanned over
the nanoholes in steps of 50 nm. Because the GaAs
substrate also gives strong nonlinear luminescence, we
have integrated only the spectrum between 570 and
590 nm in order to exclude the interference from
the nonlinear signals of GaAs (Figure S8, Supporting
Information). The two-photon nature of the lumines-
cence is confirmed by the quadratic dependence of the
luminescence signals on theexcitationpower. Figure 5a
shows the TPPL intensity as a function of the nanohole
diameter. The corresponding TPPL maps for single
nanoholes are displayed on the top of the plot. The
TPPL intensity reaches the maximum at nanoholes
#4 and #5 and gradually decreases as the diameter

Figure 3. (a) SEM and scattering images of the single nanoholes marked by #1 to #13 with diameters ranging from 150 to
750 nm in steps of 50 nm. Scale bars: 5 μm. (b) Experimental dark-field scattering spectra (left) and simulated scattering
spectra (right) of the nanoholes. Twomodes due to the in-plane LSPR (red dotted line) mode and the Fabry�Pérot resonance
of the photonic mode in the vertical air channel in the GaAs substrate (blue dashed line) are observed.
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further increases, showing clear resonance-enhanced
TPPL generation. As can be seen in the dark-field
scattering spectra shown in Figure 3b, the LSPR
peaks of nanoholes #4, #5, and #6 best overlap with
the wavelength of the excitation laser (i.e., 770 nm).
This doubly confirms the relationship between TPPL
generation and the diameter-dependent LSPR of the
nanoholes. We have performed FDTD simulations to
obtain the quadruplicate electric field (|E|4) inside
the aluminum in order to confirm the trend of TPPL
intensity as a function of the nanohole diameter. Since
TPPL is a two-photon nonlinear process, |E|4 can be
considered as a quantity proportional to the TPPL
intensity.30,48 As shown in Figure 5a, the results ob-
tained from the simulations (open squares linked by
black solid line) agreewellwith the experimental results
(red solid dots).

In fact, for nanoholes with a diameter larger
than 500 nm, they are able to support higher-order
quadrupolar LSPR modes. Since our laser is tightly

focused (spot size = 520 nm), the symmetry of the
system is broken as we scan the laser focal spot
through the nanohole, and the originally dark quad-
rupolar LSPR mode of the large holes can be excited.
The excitation of the quadrupolar LSPR mode leads
to the ring-shaped patterns of nanoholes #11 to #13 in
the TPPL map.

To compare the dipolar and quadrupolar reso-
nances, we take two nanoholes with diameters of
300 nm (#4) and 750 nm (#13) as examples. They
represent nanoholes with diameter smaller and larger
than the size of the laser focal spot. These two nano-
holes support the dipolar andquadrupolar LSPRmodes,
respectively (Figure S9, Supporting Information). The
excitation power for nanohole #13 has been increased
to 3 mW, that is, 3 times larger than the power used
for nanohole #4, in order to clearly visualize the TPPL
pattern. Upon our laser excitation, the two nanoholes
show distinct patterns in the TPPL map, as shown in
Figure 5b,c. For the nanohole #4, a single maximum

Figure 4. (a) Schematic diagram of the nanohole (diameter = 300 nm) used in the FDTD simulations. The nanohole is
fabricated into theGaAs substratewith (top) andwithout (bottom) the coverageof a 40nm thick aluminumfilm. (b) Simulated
scattering spectra of the nanohole (diameter = 300 nm, depth = 500 nm) fabricated into the GaAs substrate with (black solid
line) and without (red dashed line) the aluminum layer. The resonance of the photonic mode in the vertical air channel
(blue dashed line at 430 nm) and the localized surface plasmon resonance (red dotted line at 520 nm) are denoted as
“Photonic” and “LSPR”, respectively. (c) Electric near-field intensity distribution (I = |Ex|

2 þ |Ey|
2 þ |Ez|

2) of the nanohole
recorded at the resonantwavelength of the photonicmode (430 nm, left panel) and the LSPRmode (520 nm, right panel). The
top row shows the intensity distribution recorded at the x�y plane 5 nm above the aluminum and GaAs surface. The bottom
row shows the cross-sectional intensity distribution recorded in an x�z plane cutting through the center of the vertical air
channel. Scale bar: 100 nm.
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of the TPPL intensity is obtained as the laser spot is
scanned through the center of the nanohole, revealing
a dipolar LSPR resonance. For the nanohole #13, inter-
estingly, a ring-shaped intensity distribution with
slightly higher intensity at the top and bottom edges
in the y-direction is observed (Figure 5c). Since our
excitation is polarized in the x-direction, such observa-
tion of relatively high TPPL intensity in the y-direction is
counterintuitive. Typically, laser excitation with polar-
ization perpendicular to the edge of the hole is ex-
pected to be more efficient in exciting TPPL compared
to excitation with polarization parallel to the edge.49

Therefore, one would intuitively expect that the two-
lobe pattern is along the x-direction instead of the
y-direction. The right panels of Figure 5b,c show the
line-cut profiles of the experimental TPPLmaps and the
simulated |E|4 profiles along the same lines in x- and
y-direction. For both holes, the simulated line-cut pro-
files are in good agreement with the experimental ones
and the counterintuitive pattern for nanohole #13 is
reproduced.

To understand this pattern, we first make sure that
the counterintuitive two-lobe pattern of the 750 nm
nanohole is not due to the laser scanning direction or
the structural asymmetry due to FIB milling. For this

purpose, we have changed the excitation polarization
to the y-direction and have observed that the two-
lobe pattern changes accordingly; that is, higher
intensity is now found in the x-direction. This con-
firms that the counterintuitive two-lobe pattern is
purely determined by the polarization of the excita-
tion. Next, we perform a series of simulations to
examine the trend of |E|4 as a function of the laser
polarization angle with respect to the edge of the
aluminum film.

Four different substrates are used in the simula-
tions, including air, glass, a hypothetical substrate
(n = 3.0), and the GaAs (n = 3.7 þ 0.092i). An infi-
nitely extended straight edge of an aluminum film
(thickness = 40 nm) is used as a model structure to
reflect the excitation efficiency of a polarized illumina-
tion at the film edge. The extended straight edge and
the excitation geometry are depicted in the top panel
of Figure 5d. For each substrate, we illuminate the edge
of the aluminum film with a Gaussian beam (NA = 0.9)
and simulate the |E|4 in the aluminum material as a
function of the excitation polarization angle (θ) with
respect to the x-direction (θ= 0�). Figure 5d shows that,
for different substrates, the |E|4 in the aluminum film
exhibits different dependence on the polarization

Figure 5. (a) Top row: TPPL intensity maps of nanoholes #1 to #13 with a scanning size of 1.5 � 1.5 μm2. Bottom row:
Normalized maximum intensity in the experimental TPPL intensity maps (red dots) and the calculated |E|4 (black open
squares) with respect to the nanohole diameter. (b,c) Left panels: Intensity maps of the nanoholes with diameters of 300 nm
(#4) and 750 nm (#13), respectively. Scale bars: 300 nm. Right panels: Corresponding intensity profiles of the normalized
experimental (red dots) and simulated intensity (black open squares) along the lines in x- (green dashed line) and y-direction
(blue dotted line) cutting through the nanohole intensitymaps. (d) Calculated |E|4 and excitation polarization dependence on
an infinite straight edge with different substrates. (e) Electric near-field distributions around the edge of an aluminum film
(thickness = 40 nm) on glass (top) and GaAs (bottom) under excitationwith polarization along the x-direction (θ = 0�, left) and
y-direction (θ = 90�, right).
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angle. As the refractive index of the substrate increases,
the |E|4 inside the aluminum decreases rapidly if the
excitation is polarized in the y-direction (θ = 90�),
that is, perpendicular to the edge. The |E|4 under
excitation polarized along the x-axis (θ = 0�), that is,
parallel to the edge, is rather insensitive to the change
of substrate. For a free aluminum film in air or on top of
a glass substrate, the maximum of |E|4 is obtained with
excitation polarization perpendicular to the film edge
(θ = 90�), as would be normally expected. However,
for the hypothetical substrate and the GaAs substrate,
the |E|4 is severely suppressed when the excitation
polarization is perpendicular to the edge. As a result,
the relatively large |E|4 and relatively pronounced
TPPL are obtained when the excitation polarization is
parallel to the edge. This explains the counterintuitive
two-lobe pattern observed in the TPPL pattern of the
750 nm hole. By further examining the simulated near-
field distribution (Figure 5e), we found that the spatial
distribution of the excited near-field is strongly depen-
dent on the excitation polarization. This is due to the
fact that excitation with different polarization couples
differently into the aluminum film. For excitation
polarization perpendicular to the edge (θ = 90�), the
field couples more into the aluminum film compared
to the case with excitation polarization parallel to the
edge (θ = 0�). Therefore, the index of the substrate has
a relatively large influence on the field. Since the GaAs
substrate is highly absorbing, it dampens the electro-
magnetic field more severely under perpendicularly
polarized excitation. Consequently, the counterintui-
tive two-lobe pattern is obtained. Such a property is
unique for the high-index GaAs substrate and needs to
be considered in the design of plasmonic structures.
Here, we note that the use of single-crystalline alumi-
num film is the key for the observation of such a
counterintuitive TPPL pattern because the ultrasmooth
surface and the nearly perfect rim of the hole produce
extremely low background noise (Figure 1d) and

therefore guarantee successful observation of the
small difference in the intensity of the TPPL pattern.

Finally, we study the polarization of the TPPL from
aluminum. Aluminum has been reported to preserve
the excitation polarization.43 In this work, we perform
polarization analysis of TPPL using the nanohole #4
(diameter = 300 nm). Since this nanohole is radially
symmetric, we can rule out any possible contribution
from the anisotropy of structural geometry to the
fluctuation of TPPL intensity. Figure 6a shows the emis-
sion polar plot of the TPPL from the nanohole excited
with illumination polarized along the x-direction
(θ = 0�). A degree of linear polarization (DoLP) of about
0.38 is obtained for the emission, suggesting that the
TPPL from the aluminum hole is preferably polarized
along the excitation polarization. By plotting the emis-
sion polarization-dependent intensity as a function of
the excitation polarization, we have obtained a polar-
ization correlation plot, as shown in Figure 6b. It can be
seen that the emission polarization of TPPL follows the
polarization of the excitation, giving direct evidence
that the aluminum TPPL preserves the polarization of
the excitation. It is worth noting that the total intensity
of the TPPL does not vary with the excitation polariza-
tion, meaning that the TPPL yield of aluminum is
independent of the crystallinity of our single-crystalline
aluminum film.

CONCLUSION

We have presented single-crystalline aluminum
nanostructures on aluminum film grown with the
MBE method on top of a high-index GaAs substrate.
We demonstrate clear plasmonic resonance in the UV
to NIR spectral regime. With TPPL intensity mapping,
we found a counterintuitive TPPL pattern that shows
relatively high TPPL yield with excitation polarization
parallel to the edge of the aluminum film. The counter-
intuitive pattern is found to relate to the high index
of the GaAs substrate. With our single-crystalline

Figure 6. (a) Top: Schematic diagram of the excitation (θ) and emission polarization (φ). Bottom: Polar plot showing the
emissionpolarizationof the TPPL from the nanohole #4 (diameter = 300 nm) under x-polarized excitation (θ=0�). TheDoLPof
the TPPL is about 0.38. (b) Polarization correlation plot of the TPPL from aluminum nanohole #4.
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aluminum film and the radially symmetric nanohole
structure, we confirm that the polarization of TPPL
from aluminum depends mainly on the excitation
polarization but not on the crystallinity of the metal
or substrate. Aluminum nanohole structures can be
easily fabricated and are useful for optical trapping
ormanipulation. High-quality single-crystalline aluminum

film is of great potential for the realization of complex
integrated plasmonic optical nanocircuits5,30 and plas-
monic nanolasers.31 We anticipate applications of sin-
gle-crystalline aluminum plasmonic nanostructures in
broadband and CMOS-compatible plasmonic photo-
detectors and other nanophotonic devices operating
in the UV to NIR regime.

MATERIALS AND METHODS
SEM, FIB, and SAED Parameters. SEM images were taken with

a beam voltage of 30 kV and current of 0.17 nA. Two settings
were used for FIB milling. For fine structures like the nanoslits
in Figure 2a, acceleration voltage of 30 kV and beam current of
7.7 pA were used. For large-area milling, 30 kV and 80 pA were
used to gain etching speed. The sample for SEAD was prepared
by mechanical polish followed by FIB milling. The polishing
procedure was kept below 150 �C to avoid any annealing.
The SAED was performed with a field emission gun (JEOL,
JEM-2100F) at room temperature on the cross section of the
aluminum film on the GaAs substrate.

Dark-Field Microscopy. A home-built confocal dark-field
microscope was used to obtain the scattering spectra of the
nanostructures (Figure S3, Supporting Information). Briefly,
a ring-shaped nonpolarized broadband white light (HAL 100
illuminator with quartz collector, Zeiss) was collimated and
concentrated onto the sample plane by amicroscope objective.
The scattered light was then collected by the same objective
and aligned by an achromatic lens onto the imaging CCD or the
entrance slit of a UV�vis spectrometer (SR-303i-A with DU401A-
BV CCD, Andor) for spectral analysis. The straight scattering of
the excitation is blocked by a beam stop with a small pinhole
(diameter = 4 mm) at the center. Two sets of optics optimal for
the signals in the UV and visible windows were used in order to
obtain optimal detection efficiency. For the clarity of presentation,
results obtainedwith the visible optics set are presented in themain
text and the results fromtheUVset are inFigureS5 in theSupporting
Information. Details of the two sets of optics are summarized in
Table 1. All spectra have been normalized to the wavelength-
dependent quantum efficiency of the CCD detector.

Setup for TPPL Mapping and Spectral Analysis. A home-built laser
scanning microscope was used for all TPP mapping experi-
ments. The setup is depicted in Figure S3 of Supporting
Information. To excite the TPPL, laser pulses from a Ti:sapphire
laser (center wavelength = 770 nm, pulse duration = 140 fs,
repetition = 80MHz, Chameleon Ultra II) were filtered by a long-
pass filter (FEL0750, Thorlabs), reflected by a dichroic mirror
(FF720-SDi01, Semrock), and focused onto the sample plane by
a near-infraredmicroscope objective (100�NeoSPlan NIC, NA =
0.9, Olympus). A half-wave plate (AHWP10M-980, Thorlabs)
prior to the objective was used to control the excitation
polarization prior to the objective. The generated TPPL was
collected by the same objective, passing through the dichroic
mirror, filtered by a short-pass filter (λ < 690 nm, XVS0690,
Asahi), and aligned into the entrance slit of the spectrometer
(Acton SP2750, Princeton Instruments). To avoid intensity dif-
ference due to the discriminative grating efficiency on the
polarization, we used a second half-wave plate (AHWP10M-
600, Thorlabs) and a linear polarizer to control the polarization

of the emission prior to the spectrometer so that the spectral
analysis of TPPL was performed under identical grating effi-
ciency. The averaged excitation power was kept at 1 mW, and
the exposure time of the CCD equipped on the spectrometer
was 1.0 s. The samplewasmounted on a piezo stagewith a close-
loop feedback control (P-611.3S stage and E-664 controller,
Physik Instrumente). Spatial-resolvedTPPLmapping imageswere
obtained by scanning the sample position (step size: 50 nm)
and plotting the integrated TPPL intensity (integration spectral
window: 570�590 nm) with respect to the excitation position.

Numerical Simulations. Numerical simulationswere performed
with finite-difference time-domain method (FDTD Solutions,
Lumerical Solutions). To obtain the far-field scattering spectra
of the periodic nanoslits, we simulated the reflectance of the
nanoslit array. The configuration of the simulation is shown in
Figure S10 in the Supporting Information. The polarization of
the plane wave source was perpendicular to the nanoslits, and
the incident angle was set to be 25� and 55� to mimic the
experimental incident conditions determined by the numerical
aperture of the objectives for UV and visible light, respectively.
Bloch boundary condition was used for periodic structures. For
nanoholes, the total-field scattered-field source with a wave-
length ranging from 300 to 900 nm was used to obtain the
scattering spectra. The source was set to be normally incident
because the LSPRs of single nanoholes are independent of the
incident angle. Perfectly matched layer boundaries were placed
at least 1 μm away from the nanoholes. The scattering spectra
were obtained by integrating the Poynting vector over the
area of a two-dimensional monitor, which was 600 nm above
the nanostructure. All simulated spectra were normalized to
the source spectrum. To simulate the generation efficiency of
the TPPL as a function of excitation position, we used a tightly
focused Gaussian source synthesized by a thin lens setting
(NA = 0.9 approximated by 200 plane waves). Square of the
simulated electric field intensity |E|4 was then integrated over
the whole volume of metal to obtain a quantity proportional
to the TPPL intensity. For all structures, the aluminum film with
a thickness of 40 nm, including an oxide layer of 2 nm and
an aluminum layer of 38 nm, was placed on the GaAs substrate.
Rounded corners (radius of curvature = 5 nm) were used to
mimic the actual geometry of the nanostructures fabricated by
FIB milling. The dielectric functions of Al, Al2O3, and GaAs were
modeled with experimental data from Palik.50
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