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Abstract: Aluminum has attracted a great deal of attention
as an alternative plasmonic material to silver and gold
because of its natural abundance on Earth, material sta-
bility, unique spectral capability in the ultraviolet spectral
region, and complementary metal-oxide-semiconductor
compatibility. Surprisingly, in some recent studies,
aluminum has been reported to outperform silver in the
visible range due to its superior surface and interface
properties. Here, we demonstrate excellent structural and
optical properties measured for aluminum epitaxial films
grown on sapphire substrates by molecular-beam epitaxy
under ultrahigh vacuum growth conditions. Using the
epitaxial growth technique, distinct advantages can be
achieved for plasmonic applications, including high-
fidelity nanofabrication and wafer-scale system integra-
tion. Moreover, the aluminum film thickness is controllable
down to a few atomic monolayers, allowing for plasmonic
ultrathin layer devices. Two kinds of aluminum plasmonic
applications are reported here, including precisely engi-
neered plasmonic substrates for surface-enhanced Raman
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spectroscopy and high-quality-factor plasmonic surface
lattices based on standing localized surface plasmons and
propagating surface plasmon polaritons, respectively, in
the entire visible spectrum (400-700 nm).
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1 Introduction

Plasmonics is a rapidly evolving field that takes advantage
of strong light confinement and drastically enhanced
light-matter interactions beyond the diffraction limit near
the surfaces and interfaces of metal nanostructures. In the
past few decades, remarkable advances based on plas-
monic nanostructures, metamaterials, and metasurfaces
have been made for surface-enhanced spectroscopies,
sensors, photovoltaics, super-resolution microscopy and
lithography, metalenses, biomedical therapeutics,
nonlinear optics, and integrated nanophotonics [1-3].
However, there are still significant material issues to be
resolved such that plasmonics can be elevated to a trans-
formative technology for general applications.

One critical issue of plasmonics is related to the
intrinsic properties of available plasmonic materials.
Nearly all of the research results adopt noble metals (silver
[Ag] and gold [Au] are the most popular choices) as the
plasmonic materials because they exhibit negative real and
small imaginary parts of dielectric function in the visible
and near-infrared spectral regions. However, noble metals
suffer from high material cost (Au), low material stability
(Ag), and incompatibility with existing semiconducting
technology (Ag, Au). Furthermore, owing to the interband
transitions in noble metals, spectral responses of plas-
monic devices are limited in some specific ranges. To
overcome these difficulties, alternative plasmonic mate-
rials, such as aluminum (Al), copper (Cu), transition metal
nitrides, conducting metal oxides, and graphene have
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been extensively pursued in recent years [4-6]. Among
them, aluminum is particularly interesting because it acts
as an ideal Drude metal except a narrow interband tran-
sition window in the near-infrared (at 800 nm) [7]. In
particular, for the ultraviolet (UV) and deep-UV plasmonic
applications, aluminum is the best plasmonic material due
to the negative real and relatively small imaginary parts of
aluminum dielectric function in the UV region.

Considering practical applications, aluminum is also a
sustainable plasmonic material since it is naturally abun-
dant in the Earth’s crust and has a native oxide protection
layer (~3-5 nm Al,O;) [8, 9]. However, aluminum was not
previously considered as a good candidate for alternative
plasmonic material [5] before the advent of high-quality
aluminum nanocrystals [10, 11] and epitaxial films [9, 12,
13] with greatly improved material properties. During the
past few years, the fast development of aluminum plas-
monics has attract a great deal attention not only for the
expected good performance of aluminum for UV plas-
monics, such as UV surface-enhanced Raman spectros-
copy (UV-SERS) [14, 15], plasmonic lasers [16-22], and
deep-UV resonances [8, 23], but also for its unexpected
excellent performance in the visible region, including
complementary  metal-oxide-semiconductor  (CMOS)-
compatible color filters [24-28], photocatalysis [29],
nonlinear optics [30-32], and SERS [15, 33]. Very recently,
aluminum has even been found to outperform silver in
some important plasmonic applications [15, 34].

The key to understand these finding is that the per-
formance of plasmonic materials depends not only on their
intrinsic optical properties but also their material proper-
ties, such as crystallinity, surface and interface quality, as
well as stability. In the literature, aluminum nano-
structures and metasurface are typically fabricated by
lithographic methods wusing thermally evaporated
aluminum films. In such cases, amorphous or poly-
crystalline film growth, as well as residual oxygen in the
growth chamber, will eventually affect the performance of
aluminum-based plasmonic devices. Recently, epitaxial
aluminum film growth on commercially available sub-
strates (silicon [13, 35, 36], GaAs [12, 37, 38], sapphire [9, 39,
40]) has been developed by using the molecular-beam
epitaxy (MBE) technique under ultrahigh vacuum condi-
tions. The availability of high-quality aluminum epitaxial
films opens the way to explore aluminum plasmonics for
real-world applications [8, 41, 42].

Here, we report on aluminum epitaxial films grown on
sapphire substrates by MBE. This heteroepitaxial system is
possible since the hexagonal lattice of Al (111) plane is close
to that of the c-plane sapphire substrate (lattice mismatch
is about 3.9%). Using these aluminum epitaxial films, we
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can have some distinct advantages for plasmonic appli-
cations, including high-fidelity nanofabrication for precise
control of surface plasmon resonances owing to the single-
crystalline material structure and large-scale, highly uni-
form plasmonic structures required for SERS substrates
and high-quality-factor (high-Q) plasmonic surface lat-
tices. Moreover, the aluminum film thickness is control-
lable down to a few atomic monolayers, allowing for
ultrathin metal layer plasmonic applications [43—45]. It is
worth noting that, since aluminum is considered as the
“silicon” of superconductivity [46], aluminum epitaxial
films can also be used as the building material for quantum
computers requiring high-performance superconducting
qubits.

2 Epitaxial growth and structural
properties

Previous works on silver epitaxial films and nanostructures
have demonstrated that crystalline properties and surface
morphologies play an important role in plasmonic applica-
tions [47-53]. Especially, uniform and controllable plasmonic
hot spots can realized by high-fidelity top-down nano-
fabrication on ultrasmooth, single-crystalline Ag colloidal
crystals [53, 54]. In this work, aluminum epitaxial growth was
conducted by using a MBE system under ultrahigh vacuum
conditions. Two-inch double-side-polished c-plane sapphire
(0001) wafers were used as the substrates, and the base
vacuum pressure was kept about 1 x 10° Torr during growth.
Before growth, the c-plane sapphire substrate was thermally
cleaned at 950 °C for 2 h. A streaky reflection high-energy
electron diffraction (RHEED) pattern of the c-plane sapphire
surface can be obtained after this cleaning step (Figure 1A).
Then, aluminum was evaporated by using a Kundsen cell.
The deposition rate (about 200 nm/h) was controlled by the
cell temperature, and the substrate temperature was main-
tained at room temperature (~300 K) during growth. A streaky
RHEED pattern (Figure 1A) of aluminum film indicates a
smooth film morphology during epitaxial growth.

The crystal orientation of epitaxial aluminum film was
measured by X-ray diffraction (XRD) using the copper Ky
line at the wavelength of 0.15406 nm. The XRD pattern
(Figure 1B) shows the aluminum film is single-crystalline
and grown along the (111) direction. The Al (111) and
c-sapphire (0006) diffraction peaks are at about 38.5° and
42°, respectively. Due to the abrupt aluminum/sapphire
interface and smooth film surface morphology, clear X-ray
interference fringes of ultrathin aluminum films can be
observed by high-resolution XRD (Figure 1B). Thus, we can
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Figure 1: Structural properties of epitaxial aluminum films on sapphire substrates.

(A) In situ reflection high-energy electron diffraction (RHEED) patterns of c-plane sapphire and epitaxial aluminum film. (B) The X-ray diffraction
patterns (26-scan) for 4.4 nm (~19 ML), 10.8 nm (~47 ML), 20.0 nm (~ 87 ML) and 200 nm-thick films, showing clearly the Al (111) peak, X-ray inference
fringes, and the c-plane sapphire peak. The experimental data and the fitting curve are shown by black and red line, respectively. (C) The in-plane
X-ray diffraction patterns (¢-scan) of Al (220) and c-sapphire (11-26) planes. (D) Scanning electron microscope (SEM) image of a focused ion beam
patterned epitaxial aluminum. (E) High-resolution transmission electron microscope (TEM) image of an epitaxial aluminum film showing an abrupt
interface between the epitaxial aluminum film and the c-sapphire substrate. The inset shows the fast Fourier transform of Al lattice along the [02-2]
zone axis. (F) Atomic force microscope (AFM) image (10 x 10 pm?) taken on the native oxide (~3 nm)-covered aluminum film. The film roughness is

about 0.2 nm.

precisely determine the film thickness, ranging from a few
nanometers, 4.4 nm (~19 monolayers [ML]), 10.8 nm
(~47 ML), and 20.0 nm (~87 ML) to bulk-like (~200 nm). In
Figure 1C, we show the in-plane X-ray diffraction scan
performed for the Al (220) and c-sapphire (11-26) peaks,
confirming the expected six-fold in-plane symmetry for
epitaxial growth.

In Figure 1D, the scanning electron microscope image
of a patterned aluminum epitaxial film (this pattern is
adopted from an element periodic table) demonstrates that
high-fidelity nanofabrication can be achieved via focused
ion beam (FIB) lithography (FEI Helios NanoLab 600i) at an
ion beam current of 7.7 pA due to the single-crystalline film
properties. The high-resolution transmission electron mi-
croscope image (Figure 1E) shows the abrupt interface
between the epitaxial aluminum film and the sapphire
substrate. The root-mean-square (RMS) roughness of
epitaxial aluminum film surface was measured by atomic
force microscope (AFM), showing the RMS roughness of
epitaxial aluminum film is atomically smooth (about
0.2 nm, Figure 1F).

3 Optical properties

The wafer scale epitaxial aluminum film is mirror-like
(Figure 2A) due to a high optical reflectivity. We can
compare the dielectric functions of literature data
measured by spectroscopic ellipsometry (SE) for silver [51]
and aluminum [9, 13] epitaxial films (Figure 2B and C).
Previous studies have shown the Drude-Lorentz model can
be used to fit dielectric functions of epitaxial silver and
aluminum films [51, 55], which is expressed as

g(w) = & (w) +ig (w)

wW>? N 02
=g - P__+y U )]

w(w+iy,) A (@ -w-iwl;)’

where ¢, is the polarization response from the core elec-
trons (background permittivity), w, is the bulk plasmon
frequency, y, is the relaxation rate (electron-electron
scattering loss), f; and @; are the strengths and resonant
frequencies of interband transitions (N is the number of
interband transitions used for modeling), and I is the
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damping rates of interband transitions. In Figure 2C (inset),
aluminum is clearly a better plasmonic material in the UV
region compared to silver. In the following sections, we will
show that epitaxial aluminum plasmonics can even be
extended to cover the full visible spectral region.

Silver [51] and aluminum [13] epitaxial films with the
best material quality were previously reported using a
refined two-step growth process that shows the lowest
optical loss. However, although the two-step growth
technique can lead to superior film quality, it is a time-
consuming process and growth conditions at cryogenic
temperatures are difficult to achieve. Instead, room tem-
perature and near-zero-Celsius-degree growth conditions
are widely used for aluminum epitaxial films grown on
high-quality commercial substrates (silicon [35, 36], gal-
lium arsenide [37, 38], and sapphire [9]). There are two
types of surface plasmons on these films: propagating
surface plasmon polaritons (SPPs) and localized surface
plasmons (LSPs). To compare the optical properties of
epitaxial aluminum film between two different approaches
[9, 13], we plot SPP (Qspp) and LSP (Qysp) quality factors in
Figure 2D for both cases using the published data, where

A
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2
Qspp = Eﬁgﬁz; ~ 2% % [5] can be derived from the plas-
mon dispersion relation kspp = gi“fe((‘”af)ko = Netko =

Re (kspp) + ilm (kspp) = ZRe(er) 4 2TAM) (g, i the dielec-
tric constant of surrounding medium, kq = 27” is the vacuum
wavenumber, and n. is the SPP effective index) and Qsp
can be expressed as Qsp = w(de / dw)/z.ez [56]. These
comparison results indicate the optical properties of the
room temperature—grown aluminum epitaxial films is
indeed close to that grown by the two-step growth process.

4 Surface white light interface and
plasmon propagation length

To demonstrate long SPP propagation length in the
full visible spectral region, we fabricated surface
double-groove structures by FIB milling. We measured SPP
interference spectra using a white-light interference method
[47-49, 52, 53] (WLI, Figure 3A). The incident SPPs are
generated by a halogen light source with an oblique incident

= Al (RT)
| = Al (Two-step)
= = =Ag (Two-step)

\ -

C

oo L L 1 1 L 1 1
300 400 500 600 700 800 900 1000
Wavelength (nm)

-------
-

70 —AI(RT) — Al (RT)
60} 41~ e Al (Two-step) e Al (TWO-step) ="
* = = =Ag (Two-step) - = =Ag (Two-steg), .
50} 2% 10%} o
A ) ’
40} o Seeeeed & .
S B 1027 100
@30} 300 330 360 g 10 ’,/' T
ol ) H
201 ! ' & q0p
10k, ;9 @
10 [} : !
)
. 3 ) .
OF = e ccccccmeccecacacacas ol b 300 500 700 900

300 400 500 600 700 800 900 1000
Wavelength (nm)

19°300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2: Optical properties of Al and Ag epitaxial films. (A) Optical image of Al epitaxial film on a 2-inch, c-plane sapphire substrate. (B) Real
part of the dielectric function (¢,) extracted from the literature data as a function of wavelength (blue solid curve). (C) Imaginary part of the
dielectric constant (e5). For comparison, literature data of epitaxial Al (blue [9] and red line [13]) and Ag (black dash line [51]). The inset shows

the wavelength from 287 to 380 nm. (D) The quality factor of SPP (Qspp = Re (kspp)/Im (Kspp) ~ 2 E2E¢ (‘1)2) comparison for Al and Ag epitaxial
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films. The inset shows the localized surface plasmons (LSP) quality factor (Qsp = w(del/dw)/kz) comparison for Al and Ag epitaxial films.
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angle around 75-80° (see Supplementary material for
experimental setup). The incident photons partially coupled
to surface plasmons, which propagate along the aluminum
surface covered with a 3-nm-thick native oxide (see Supple-
mentary material for more details about the influence of oxide
layer on optical properties). In order to reduce grain and
surface scattering effects in the WLI measurements,
single-crystalline and atomic-smooth aluminum surface are
necessary, as reported in the previous works [47-49, 52, 53].

Figure 3B shows a clearly interference spectrum, indi-
cating that propagating SPPs can reflect back and forth mul-
tiple times between two grooves. After multiple reflections
and decoupling into far-field radiation at the incident groove,
a microscope objective (100x, numerical aperture = 0.8) is
used to collect the decoupled photons. The standard
constructive and destructive interference conditions can be
used to find the real part of SPP wave number

Peaks: 2Re (kspp)D = 2qm

Dips: 2Re (kspp)D = (2q + )71, @

where D is the distance between two grooves, and g is an
arbitrary integer number (g = 0, 1, 2, 3, ...). In order to
determine the exact g value and the real part of n.g, we utilize
the extracted dielectric function by SE in the long wavelength
region for this purpose. After that, we can apply the Drude-
Lorentz model (Eq. 1) to determine the imaginary part of neg.
In general, the dielectric function acquired in this approach
can match well with that determined by SE, and it has been
confirmed for the present case of aluminum epitaxial film.

By using the conventional theory of Fabry-Pérot
interferometry [57], we can further derive the electric field
of scattered SPPs at the incident groove (Espp(A)) as the
following:

\/Iinc (A)
1- ReXp ( —2Im (kspp)D)eXp (21Re (kspp)D)

\/Iinc (/1)

" 1- (RA)exp (2iRe (kspp)D) ’

Espp (A) =

€)

age from the double-groove structure. The
groove separation (D) is 5 pm.

where I;;,.(A) is the incident SPP field intensity at the inci-
dent groove, R is the SPP reflectivity of both grooves, and
A =exp (-2Im (kspp)D) = exp ( -D/Lspp) is the plasmonic
propagation loss (absorption) factor between two grooves.
Here, Ly, =1/2Im (kspp) = A/4mIm (neg) is defined as the
surface plasmon propagation length. According to Eq. (3),
the ratio of interference maximum (I,,,) and minimum
(Imin) intensities can be expressed as the following:
Imae  max(|Espel’)  (1+RA?  (1+7)?

Inn ~ min(|Espel’)  (1-RA)  (1-71)"

(4)

where r=RA is the round-trip reflectivity between two
grooves, taking into account the plasmonic material loss.
Furthermore, we can define the relative modulation depth [47]

Al Imax - Imin

B 4r
Ca-nt’

®)

I min I min

where Al = I,.x — Inin is the difference between the enve-
lopes enclosing the intensity maxima and minima of the
WLI pattern, and it indicates quantitatively how pro-
nounced the SPP interference effect is.

In our measurements, Iax(A), Imin(A), as well as r(A) can
be determined by experiment, as shown in Figure 3B.
Furthermore, we can determine the values of A, Lg,, and
R = r/A by using the dielectric function. Significant advan-
tages of the WLI method are that we can directly correlate
with the dielectric function determined by SE and measure
the surface plasmon propagation lengths on the actual film
surface in the full visible spectral range. As shown in
Figure 3B, we can also numerically fit the experimental
interference pattern with the following expression

Imax (A) (1 - r)z

|1 — Rexp (4ﬂi(nspp)D/A)|2 ’ ©

Tinterference (A) =

where the fitting parameters Ry« is found to be ~0.25 at
550 nm and Lgspp ranges from 5 to 13 pm in the spectral
range of 400-700 nm. The plasmon propagation length
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measured for the aluminum epitaxial film is comparable to
that measured for single-crystalline silver nanowires at
785 nm (10 pm [47]).

5 Surface-enhanced Raman
spectroscopy

Following the discussion of fundamental structural and
optical properties, we now turn to the demonstration of
epitaxial film-based plasmonic applications, including
aluminum SERS substrate [15] and plasmonic surface lat-
tices [22, 34, 58]. For the SERS study (see Supplementary
material for experimental setup), we use a vertically
stacked molybdenum disulfide (MoS,)/tungsten diselenide
(WSe,) heterostructures on top of the aluminum SERS
substrate (nanogroove grating) as a uniform two-
dimensional analyte to evaluate the SERS performance
(Figure 4A). The nanogroove array structure fabricated on
the aluminum epitaxial film has the benefits of large-area
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spatial uniformity and wide-spectral tunability because of
high-quality material properties.

The nanogroove array structure was fabricated by FIB
milling for precise control of LSP resonance wavelength
(plasmonic gap mode) via nanogroove grating dimensions
(for the present case: width ~70 nm, depth ~110 nm, pitch
~250 nm). The Raman measurements were performed in
the backscattering configuration using a 532-nm solid-state
laser. Using this SERS substrate design [15], large-area
chemical vapor deposition—grown MoS, and mechanically
exfoliated WSe, stack on Al-SERS substrate can be clearly
distinguishable (Figure 4B, D, and F) by Raman intensity
mapping because of a spatially uniform Raman hot zone
and atomically smooth film surface, which prevent the
formation of inhomogeneous stochastic hot-spots.

In the Raman scattering spectra shown in Figure 4C
and E, three prominent Raman active peaks can be
identified with E}, (384 cm™), A;g (403 cm™), and 2LA(M)
(447 cm™) vibrational modes, originating from mono-
layer MoS,. On the other hand, a mixed Raman active

A Cc
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Al grating

== WSe,+MoS, on Al grating || E
== \VSe,+ MoS, on bare Al
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Figure 4: Raman intensity mapping of a vertically stacked monolayer transition metal dichalcogenide (TMDC) heterostucture. (A) Schematic of
the surface-enhanced Raman spectroscopy (SERS) substrate structure, consisting of a grating with the size of 12 x 8 pm?. The grating is
sequentially stacked with MoS, and WSe, monolayers (WSe, on top). (B) Combining Raman intensity mapping of the A, peak (403 cm™) of
MoS, monolayer and the Eég + Ay mixed peak (250 cm™) of WSe, monolayer. The 532-nm excitation laser has a spot size ~2 pm, which limits
the lateral resolution. (C) Enhanced Raman signals of MoS, and WSe, monolayers, which are recorded at the circled area in Figure 4D. The
Raman signal of MoS, monolayer is still present since it is directly below the WSe, monolayer. (D) Raman intensity mapping at 250 cm™,
corresponding to the Eég + Ayg mixed peak of WSe, monolayer. (E) Enhanced Raman signal of MoS, monolayer. (F) Raman intensity mapping at
403 cm™, corresponding to the A, peak of MoS, monolayer. The laser power density is ~30 kW/cm?and the exposure time is 1s per data point.

Scanning area is 20 x 20 pm?>,
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peak E§g+A1g (250 cm™) is identified for monolayer
WSe,. The E}, and A;; Raman peaks arise from the first-
order, in-plane vibration of two S(Se) atoms relative to
Mo(W) atom and out-of-plane vibration of S(Se) atoms,
respectively. Due to the strong plasmonic field
enhancement, we can also clearly observe the 2LA(M)
peaks of MoS, (452 cm™) and WSe, (266 cm™), origi-
nating from a second-order process involving the lon-
gitudinal acoustic phonons at the M point of the
Brillouin zone.
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6 Plasmonic surface lattice

Generally, aluminum nanostructure dipolar resonators can
only exhibit a small quality factor (Q < 5) due to a high
radiative loss in the visible range [8, 11]. Here, we fabricate
aluminum nanohole arrays (i.e., “antipartcle” arrays, in
contrast to conventional nanoparticle arrays) on the
aluminum epitaxial films as the plasmonic surface lattices
to demonstrate high-Q plasmonic surface lattice [34, 58]
modes based on propagating SPPs (the nanoholes are used

—— p, =400 nm
—— p, =380 nm
|— P, = 350 nm|
[—— P = 330 nm|

o

Intensity (a.u.)

y,\]/x
=
W———r— p, =280 nm|
N\/—"

k,=0(0=0
450 500 550 600 650 700 750 800
Wavelength (nm)

m

21
201

—

19F o

18}

Quality factor

17+

16 o

15

280 300 320 340 360 380 400
Pitch, p, (nm)

Figure5: Optical properties of plasmonic surface lattices on epitaxial aluminum film. (A) Sample configuration of surface lattices patterned on
epitaxial aluminum film. (B) Schematic of the optical setup for angle-resolved reflectance measurements, illustrating the orientations of
spectrometer slit and polarizer with respect to the Al nanohole array capped with a polydimethylsiloxane (PDMS) layer. The Fourier spectra
were collected by a 100x objective (N.A. = 0.55). (C) Angle-resolved reflectance mapping of the Al nanohole arrays, showing the evolution of the
plasmonic surface lattice modes while the pitch along the x-axis (p,) is increased from 280 to 400 nm. (D) Reflectance spectra of Al nanohole
arrays extracted from the angle-resolved reflectance spectra (Figure 5C). All of resonance peaks are shown at the emission angle (6) equal to
0°. (E) Measured quality factor of plasmonic surface lattice modes, which is defined as Q = Ajes/AA.
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nanohole surface lattice. (A) SEM image of
the optimized aluminum plasmonic surface
lattice. The inset shows the lattice
constants (pcand p,) are 350 nm. (B) Angle-
resolved reflectance mapping of the Al
nanohole surface lattice. (C) Reflectance
spectrum extracted from the angle-
resolved reflectance mapping. The reso-

to define the spatial periodicities their LSP resonances do
not play a significant role in these surface lattices). Since
the nonradiative damping of plasmonic material is an
intrinsic property originating from inter and intra band
transitions, we focus on reducing the radiative loss by
increasing the local effective index to enhance the near-
field confinement factor. This is particularly important to
realize high-Q plasmonic surface lattices based on SPPs. In
this work, to improve the Q-factor, we cap one-mm-thick
polydimethylsiloxane (PDMS) layer (refractive index: ~1.4)
on the aluminum nanohole arrays to boost the effective
index. The angle-resolved spectroscopic measurement re-
sults are shown in Figure 5, which is based on a back-focal-
plane imaging technique (Figure 5B). In this setup, the
angle-resolved spectra collect photons emitted by the
aluminum plasmonic surface lattices along a specific
emission angle with respect to the normal direction (see
Supplementary material for experimental setup).

The nanohole arrays were fabricated by FIB milling on
aluminum epitaxial film with different periodicities
DPx =280, 300, 330, 350, 380, 400 nm along the x-direction,
while keeping a constant p, = 200 nm, in order to tune the
plasmonic surface lattice resonances at the I point of the
lattice Brillouin zone. The angle-resolved reflectance
spectra shown in Figure 5C illustrate the plasmonic surface
lattice modes are well controlled by changing the pitch (p,)

450 500 550 600 650 700 750 800
Wavelength (nm)

nance peak is shown at the emission angle
(6) equal to 0°.

and the filling factor of nanoholes. The reflectance spectra
at the emission angle (6) equal to 0° (Figure 5D) show the
SPP resonance peaks, resulting from the band edge modes
of plasmonic gaps at the I' point, can be tuned in the entire
visible range (from 450 to 600 nm). The Q-factor of plas-
monic surface lattice modes (Figure 5E) can be evaluated
by Ares/AA, where AA is the spectral linewidth (full width at
half maximum) at resonance. Figure 5E shows the Q-factor
can be improved to ~20 for this example. Using this
method, we can design high Q-factor Al nanohole arrays
over the entire visible spectral range, in comparison with
colloidal aluminum nanoparticles [8, 11]. In addition, the
plasmonic gap opening at the I’ point becomes very pro-
nounced and we can produce both “dark” (subradiative)
and “bright” (superradiative) band edge modes [59, 60], as
shown in Figure 5C. Very recently, using more optimized
nanofabrication conditions, a higher Q-factor aluminum
surface lattice (shown in Figure 6) has also been realized by
us (Q ~ 25, which is close to the theoretical limit reported in
the literature for gold plasmonic surface lattices [61]).

7 Conclusions and outlook

In summary, we have demonstrated that epitaxial
aluminum films are a promising material platform for
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general plasmonic applications for both ultraviolet and
visible spectral regions. White-light surface plasmon
interferometry measurement in the entire visible range
(400-700 nm) shows that long SPP propagation lengths
(5-13 pm) can be achieved due to high-quality Al film. As
the first example of plasmonic applications, the
aluminum epitaxial film is used to fabricate large-area,
highly uniform SERS substrates at 532 nm. A vertically
stacked monolayer WSe,/MoS, heterostructure is adopted
as a uniform analyte to show the chemical mapping
capability of SERS for two-dimensional material charac-
terization. In the second application, large-area plas-
monic surface lattices (periodic hole arrays) with
precisely engineered lattice parameters are fabricated on
an aluminum epitaxial film. By tuning the lattice param-
eter along one axis, we can control dark and bright band
edge modes over the full visible spectrum. To improve the
Q-factor of surface lattice modes, we cap the surface lat-
tices with a PDMS dielectric layer to increase the local
effective index. The Q-factor can be improved to ~25,
compared to bare Al nanostructures without capping
(Q < 5). The epitaxial approach reported here paves the
way for widespread applications of aluminum plas-
monics, especially for sensing, photonic system integra-
tion, and novel devices requiring ultrathin plasmonic
layers. Moreover, it also can be applied for quantum
information processing requiring high-quality aluminum
superconducting qubits.
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