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Plasmonic color is an elegant color resulting from light absorption and
emission induced by collective oscillation of free electrons in a metal
and enables unprecedented new color expression. In particular, Al
plasmonic color is highly desirable because of the low cost and high
stability of Al. Here, we report a new cost-effective, wide-area fabri-
cation method for an Al metal-insulator—-metal (MIM) plasmonic
nanostructure using a vapor deposition and sintering process.

Introduction

Color plays an important role in our lives; it is used in many
applications to improve convenience and safety and to enhance
beauty and design. At present, the main colorants are dyes that
absorb light via electronic transitions of the dye molecules. The
disadvantage of using dyes is their tendency to fade.' In addi-
tion, using different pigments or dyes for each color can
complicate recycling.”* In recent years, research>* and practical
applications of structural colors have progressed; expectations
are now especially high for plasmonic color.® Plasmonic color
results from light absorption and emission induced by collec-
tive oscillations of free electrons in a metal. Color generated
under this principle is less prone to degradation.

In the field of plasmonics, precious metals such as Au and Ag
have been extensively investigated.®® These metals have low ohmic
losses and strong optical dipole interactions.” However, the Au
plasmon resonance wavelength does not cover the entire visible
range and the lifetime of plasmon resonance is short; in addition,
Ag exhibits low stability under atmospheric exposure. The further
development and practical application of plasmonics'®™
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necessitates the development of alternative materials.">'® In the
present study, we focus on an abundant and inexpensive metal, Al
that exhibits plasmon resonance in the entire visible-light region
and is stabilized by a natural oxide protective film.*

Recently, Al plasmonic colors based on metal-insulator-
metal (MIM) structures'® composed of a bottom metal layer,
middle insulator layer, and top metal nanostructure have been
reported. However, as far as we know, no mass production
method for Al MIM structures has been reported. The dewetting
process is a mass production method that can be used to form
a metal island on an insulator. However, for the dewetting
process to be used, there must be no chemical bond at the
interface between the metal and the insulator and there must be
a difference in the thermal expansion coefficients between the
metal and the insulator material. Therefore, Al nanoislands do
not form in the normal dewetting process because Al easily
bonds with O, in the air. In the present study, we report the
bottom-up preparation of an Al MIM structure via vapor depo-
sition and heat treatment. This method enables the easy and
inexpensive fabrication of large-area Al MIM structures.

Experimental
Fabrication of MIM structures

The fabrication scheme of the Al MIM nanostructures is shown
in Fig. 1. Borosilicate glass (Corning 1737) was cut using a plate
cutter (TLC plate cutter, OM Laboratory) to produce a 15 x 15 X
1.0 mm?® glass substrate. The substrate was immersed in 99.5%
ethanol (Wako) and sonicated for 15 min to remove the coating
agent on the glass surface. Next, Al (Nippaku foil, Mitsubishi
Aluminium) was deposited onto the substrate using a vapor
deposition device (SVC-700TMSG/7PS80, Sanyu Electron). The
obtained film thickness was 178.0 + 19.5 nm, as measured by
profilometry (N = 25, Dektak 6M, Veeco). The atmospheric
pressure was 4 x 107? Pa, the distance between the substrate
and the vapor deposition source was 9.5 cm, and an Al,O;-
coated W basket (basket type boat B-3, Nilaco) was used as the
vapor-deposition boat. Thereafter, an Al,O; layer as the
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insulator layer was formed on the first metal layer by heating
using an electric furnace (KDF-S70, Denken). The furnace
temperature was increased to 450 °C at a rate of 2.5°C min ™},
maintained at this temperature for 30 min, and then allowed to
cool naturally to room temperature. Subsequently, 50, 60, or 70
nm-thick Al was deposited onto the sample in the same manner
and the sample was subsequently heated. The furnace
temperature was increased to 450, 500, 550, or 600 °C at a rate of
5 °C min~ !, maintained at the target temperature for 30 min,
and then allowed to cool naturally to room temperature. A
nanosized non-oxidized region remained in the second Al,O;
layer, and a MIM nanostructure was thus obtained.

If the size of the unoxidized Al particles is different, samples
of different colors should be obtained.?”?® Thus, the second-
layer Al film thickness and the second-layer heating tempera-
ture were adjusted as previously described. Each sample was
named as Al(second Al layer thickness/nm) — (second layer
heating temperature/°C).

Optical measurements

To evaluate the color of the samples, reflection spectra were
recorded with a UV-vis spectrophotometer (V-770, Jasco)
equipped with an integrating sphere unit (ISN-923, Jasco). The
measurement range was 200 to 1000 nm, and a BaSO, white
plate was used for the baseline measurement. The incident
angle was 5° in the measurement of the spectrum including the
specular reflection component and the diffuse reflection
component (SCI, Specular Component Include) and 0° in the
measurement of the spectrum including only the diffuse
reflection component (ie., excluding the specular reflection
component) (SCE, specular component excluded). Here, the
normal incidence to the sample was set as 0°.

Confirmation of structures

Secondary electron image observations were performed by field-
emission scanning electron microscopy (FE-SEM, JSM-7500F,
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Fig.1 Fabrication procedure of the Al MIM structure and a schematic
of a sample in each stage of the process.
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JEOL). The acceleration voltage was 10.0 kV, the emission
current was 10 pA, and the working distance was 8.0 mm. Os
was sputtered to a thickness of approximately 5 nm as
a conductive treatment. Elemental analysis was conducted in
the depth direction by Auger electron spectroscopy (AES, JAMP-
9500F, JEOL). To determine the size of the nanostructures,
energy-dispersive X-ray spectroscopy (EDX) mapping was per-
formed by FE-SEM (SU9000, Hitachi High-Tech); the accelera-
tion voltage was 30 kV.

Numerical simulations

The structure of the sample was modeled from the obtained
EDX mapping diagram of the sample cross section. The scat-
tering, extinction, and absorption cross sections were calculated
by the finite-difference time-domain (FDTD) method. The
electric field distribution was also calculated. The cell size for
the FDTD calculation was 2.0 nm. The computation space was
terminated with convolutional perfectly matched layers. The
relative permittivity of metal was fitted by a Drude-Lorentz
model. A Gaussian temporal-pulse plane wave normal to the
substrate from the top was used to calculate the cross-section
spectra. In the calculation of scattering and extinction cross
sections, the specular reflection component was removed.

Results and discussion

Let us summarize our fabrication concept. Even when the
sputtering process is used, the fabricated Al film is not a single
crystal; it is composed of Al nanograins. In this case, the
oxidation process progresses from the grain boundaries. We
attempted to stop the oxidation process halfway and obtain Al
nanoparticles encapsulated by Al,0O;. Research on the forma-
tion of a surface oxide film on an Al film by heating has a long
history. Numerous studies have been conducted from a prac-
tical point of view. The oxide film growth rate varies depending
on the heating temperature and heating time, which enables
the oxide film thickness to be controlled.*-**

Sample photographs in each step before the second heating
are shown in Fig. S1}. Although the specular reflection
component became visually stronger after the first heating, no
specific color was observed even after the second vapor depo-
sition. SEM images (Fig. S1T) show that no change in roughness
on the order of several tens of nanometers occurred. Reflection
spectra after each process are shown in Fig. 2. Because the
reflectance of all SCE spectra were weak, the surface of the
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Fig. 2 SCI and SCE spectra of Al-60-600 in each process before the
second heating.
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Fig. 3 Optical images of the samples with different Al film thicknesses
(second) and subjected to a second heating temperature.

sample was optically smooth and the smoothness did not
substantially change even after the first heating and second
deposition. Because no specific color was observed before the
second heating, no nanostructure that generates plasmonic
color was present. Fig. 3 shows optical images after the second
heating. The incident light source for these images was a fluo-
rescent lamp. Some of the samples heated at 450 °C or 500 °C
for the second time were yellowish, and all of them exhibited
a strong specular reflection component. By contrast, the
samples heated at 550 °C or 600 °C were colorful, appearing
blue, orange, yellow, green, or purple.

The UV-vis reflection spectra are shown in Fig. 4. Because the
intensity of the SCE spectra increased more than before the
second heating, scatters were clearly formed on or inside the
samples.
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Fig.4 SCl spectra and SCE spectra of Al MIM samples after the second
heating. The Al film thickness of the second layer was 50 or 60 nm, and
the second heating temperature was 550 or 600 °C.
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Fig. 5 Structural observation and elemental analysis of Al-60-600. (a)
SEM image of sample surface. (b) Auger electron spectroscopic
analysis results in the depth direction; the orange line is the intensity of
the signal of the part considered to be less oxidized between the
deposited Al layers. (c) Cross-sectional EDX mapping images of the
sample before and after the second heating. (d) Calculation model.

The trough position in the wavelength range below 400 nm
in the SCI spectrum coincides with the peak position in the SCE
spectrum for all of the samples. However, at wavelengths longer
than 400 nm, a difference between the trough position in the
SCI spectrum and the peak position in the SCE spectrum was
confirmed for each sample. These results suggest that some
optical modes®**~* exist in addition to the thin-film interference
and localized surface plasmon mode.

An SEM image of sample Al-60-600 is shown in Fig. 5(a). The
formation of bulges and depressions with an area of several
hundred square nanometers to several square micrometers was
confirmed, and the roughness of the surface increased. From
the above, it is considered that the top and inside of the sample
were non-uniform.

To explore the structure of the samples, we conducted AES
analysis in the depth direction to determine which elements
were present (Fig. S21). In AES, the depth that can be probed in
a single cycle is approximately several nanometers (depending
on the material). The results from 1370 eV to 1400 eV indicate
that both Al and Al,O; were present at approximately 50 cycles
and 120 cycles. The 50 cycles correspond to the lower part of the
second Al thin film. Therefore, the second layer of Al was not
completely oxidized and a metallic component remained, as we
expected. However, the profiles corresponding to this region
could not be properly fitted using the standard spectra of Al and
Al,O; reported in Auger databases (shown as a solid line labeled
“Al related” Fig. 5(b)).

The structure of this Al-related second layer was subse-
quently investigated. Fig. 5(c) shows the cross-sectional EDX
mapping images obtained by FE-SEM. These images confirm
that the Al layer and the oxide layer were flat until the second
heating. However, after the second heating, some nanoregions
were less oxidized. These nanostructures might be able to
induce plasmonic color. The structure was modeled as shown in

Nanoscale Adv., 2020, 2, 2271-2275 | 2273
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Fig. 6 Calculation results of scattering, extinction, and absorption cross sections for each model. (a—d) Results of electric field distribution
calculations at a resonant wavelength 550 nmin the (e) Z and (f) X directions for a model consisting of an Al thin film and a larger Al nanostructure.

The dotted line represents the interface.

Fig. 5(d) for later simulation, and the dimensions are also
shown. These nanoregions are represented by oblate spheroids
(ESI 31).

Four types of models, as shown in Fig. 6(a-d), were created
from the EDX mapping results, and simulations were per-
formed. The simulation spectra relatively fit with Fig. 4 (Al-60-
600). In all of the models with a metal film and nanoparticles
(Fig. 6(a) and (b)), scattering peaks appeared near 250 and
380 nm; by contrast, no peak was observed for structures
without a metal film (Fig. 6(c)). Here, the Fabry-Pérot modes are
observed at approximately 250 and 350 nm without a nano-
particle (Fig. 6(d)). From these discussions, we deduced that
these peaks may be caused by the scattering of Fabry-Pérot
mode by the particle.*®

In the calculation results of the structure composed of an
oxide layer and a metal nanoparticle without a metal film
(Fig. 6(c)), a scattering peak was confirmed near 550 nm. This
peak is attributed to the localized surface plasmon resonance
caused by metal nanoparticles. We also observed a Fabry-Pérot
mode at ~600 nm without a nanoparticle in Fig. 6(d). From
these spectral shapes, we considered that the dips near 550 nm
and peaks at approximately 650 nm in Fig. 6(a) and (b) a origi-
nated from the Fano resonance® due to the interference
between the localized surface plasmon mode and the Fabry-
Pérot mode.

To confirm the aforementioned hypothesis, we calculated
the electric field distribution at 550 nm for the model in
Fig. 6(b). Fig. 6(e) shows the z component of the electric field,
in which weak polarization such as a quadrupole appeared in
the nanoparticle. However, the x component shown in
Fig. 6(f) was hardly disturbed by the nanoparticles. From
these distributions, we confirmed the dip was caused by the
Fano resonance.

2274 | Nanoscale Adv, 2020, 2, 2271-2275

Conclusions

Here, we report a new Al MIM structure fabrication method
from the viewpoint of mass production. This method is
a combination of vapor deposition and heating. Under certain
conditions, the plasmonic colors were generated by metallic
nanoparticles inside an Al,O; film. The calculation results from
the simulation models suggest that, in this system, in addition
to the Fabry-Pérot mode, Fano resonance due to interference
between the localized surface plasmon mode occurred. That is,
the color can be controlled by the thickness of the insulator
layer and the size of the metal nanoparticles. Plasmonic color
was successfully produced by the production method proposed
in this work.
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