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Changing the structure and composition of a material can alter its properties; hence, the controlled fabrication of
metal nanostructures plays a key role in a wide range of applications. In this study, the structure of Ag—Al or-
dered arrays fabricated by co-sputtering deposition onto a monolayer colloidal crystal significantly increased
its ultraviolet (UV) absorbance owing to a tunable localized surface plasmon resonance (LSPR) effect. By increas-
ing the spacing between two nanospheres and the content of aluminum, absorbance in the UV region could be

changed from UVA (320-400 nm) to UVC (200-275 nm), and the LSPR peak in the visible region gradually shifted
to the UV region. This provides the potential for surface-enhanced Raman scattering (SERS) in both the UV and

visible regions.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, plasmonic nanomaterials have played a significant
role in various fields, such as light harvesting, photocatalysis, sensing,
surface-enhanced Raman scattering (SERS), and surface-enhanced fluo-
rescence [1-11]. They have many novel properties in terms of optical,
electromagnetic, and other aspects. Owing to these unique properties,
a variety of studies have been conducted to prepare materials, varying
their sizes, shapes, and other parameters to control their performance
[12,13]. Noble metals, particularly Au and Ag, are used widely as plas-
monic materials, and they have the ability to tune the localized surface
plasmon resonance (LSPR) by controlling the material structure
[14-16]. However, noble metals exhibit LSPR only in the visible and
near-infrared (NIR) regions. Compared to tuning the red shift of LSPR,
tuning of the blue shift has proven to be highly challenging [17].

Al is an ideal alternative substrate material for the blue shift of LSPR
to the UV region, because the plasmonic frequency of Al is 13 eV, which
is high enough to cause LSPR to occur in the deep-UV region (>6 eV)
[18-20]. Moreover, the large imaginary part of the dielectric function,
g, of Al is beneficial for light harvesting; the stronger the near-field en-
hancement and ohmic damping of Al, the larger its absorption [21]. Re-
cently, Al-based plasmonic materials have been investigated. Honda
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et al. successfully fabricated an Al nanostructure via oblique angle depo-
sition and increased the reaction rate of UV photocatalysis owing to the
LSPR effect [22]. Li et al. fabricated a 3D Al hybrid plasmonic nanostruc-
ture with large areas of hot spots and long-term stability via a millisec-
ond laser direct writing method in liquid nitrogen and applied this in UV
plasmon-enhanced spectroscopic sensing [23]. Taguchi et al. reported
that by controlling the size of Al, the LSPR peak blue shifted from a
wavelength of 340 nm down to 270 nm [14,24]. Moreover, Al is chem-
ically active and thus, its outer layer can easily be oxidized to Al,03 in
the air, resulting in an SPR red shift [25]. This dense oxidized layer
also protects the inner layer material from oxidization [17].

The structures of metal nanomaterials have been diversified during
research into these materials. Template technology developed based
on a monolayer colloidal crystal has provided an elastic way of prepar-
ing materials, whilst also ensuring the uniformity of the material struc-
ture [26]. The colloidal crystal array, cleaned by plasma, changes its size
when the spacing between the metal particles is varied, affecting the
properties of the entire material. In this study, we combined the specific
properties of Ag and Al and used a magnetron sputtering method to pre-
pare new nanocomposites with tunable UV absorbance. When the sur-
face plasmon resonance effect of the two metals overlap with each
other, it will produce the SPR energy transfer phenomenon, and realize
the following tuning: (i) The nanosphere array will increase the optical
path length of the scatter incident light in substrates, which increases
the utilization of the light efficiently. (ii) This structure will concentrate
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Fig. 1. The schematic of the fabrication process for Ag—Al ordered arrays.

incident light energy and provide to the SPR, which extends the light
absorbed area. Additionally, both materials are highly abundant [27].
Ag has a tendency to be oxidized when exposed to the environment;
however, after co-sputtering with Al, the outer Al layer will be rapidly
oxidized to form an Al,Os film barrier, which can guarantee the stability
of the material. Al is an ideal UV-plasmonic material; it is advantageous
for light harvesting, and its absorbance can be tuned from the visible to
the UV region by the addition of Al to a Ag substrate. Therefore, a simple

and controllable substrate for tuning absorbance from visible to UV light
was studied [23,28,29].

2. Experimental Section
2.1. Materials

Ethanol (analytic reagent) and sodium dodecyl sulfate (analytic re-
agent) were purchased from Sigma-Aldrich Co., Ltd. Polystyrene (PS)
colloid particles with a size of 200 nm (10 wt% aqueous solution)
were purchased from Duke. Both Ag and Al targets with a purity of
99.99% were purchased from Beijing TIANRY Science & Technology De-
veloping Center. H,0, (30%) and NH,OH (25%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. All the chemicals were used with-
out further purification. Deionized ultrapure water (18.25 MQ cm™ 1)
and silicon (Si) wafers were used throughout the present study.

2.2. Sample Preparation

Two-dimensional (2D) ordered monodisperse PS particles that are
regarded as a template for metals were fabricated using self-assembly
technology. To obtain a highly-ordered pattern, PS diluted in ultrapure
water was tiled and then sodium dodecyl sulfate was added. The PS ar-
rays were then removed by silicon wafers of size 2 x 2 cm? (more de-
tailed methods for self-assembled PS can be found in our previous
work) [30-33]. The spacing of neighboring nanospheres was changed
in a plasmon cleaner (Model 1020, E.A. Fischione Instruments Inc.),
and they were etched for 0, 30, 60, 90, and 120 s with the working gas
(mixture of 80% O, and 20% Ar). The metal arrays on the PS were fabri-
cated by a magnetron sputtering system (ATC 1800-F, USA AJA). The
distance between the Ag and Al targets and substrates was 10 cm. The
sputtering power of Ag was 20 W, while Al was sputtered at 20, 40,

Fig. 2. SEM images of the Ag—Al ordered arrays, which consist of Ag, with a constant sputtering power (20 W), and Al, with varied sputtering powers, co-sputtered deposition for 300 s on
the PS arrays without etching. The sputtering powers of Al were (a) 20 W, (b) 40 W, (c) 60 W, (d) 80 W, respectively (the insets are the corresponding optical photographs). All the scales

above represent 100 nm.
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Fig. 3. UV-Vis absorbance spectra of Ag with a constant sputtering power (20 W), and Al
with varied sputtering powers, (20 W, 40 W, 60 W, 80 W, separately), co-sputtered
deposition for 300 s on the PS arrays without etching.

60, and 80 W, and co-sputtering deposition was carried out for 300 s
with a working pressure of 5.8 x 10~ Pa. Fig. 1 shows the schematic
of the fabrication process of Ag—Al ordered arrays.

2.3. Characterization

To obtain the morphology and microstructure of the Ag—Al arrays,
scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) images were obtained using a JEOL 6500F scanning electron
microscope and a JEM-2100HR transmission electron microscope,

39

respectively, operating at an accelerating voltage of 200 KkV.
Ultraviolet-visible (UV-Vis) absorption spectra were obtained using a
Shimadzu UV-3600 spectrometer. X-ray photoelectron spectroscopy
(XPS) was performed using a Thermo Scientific ESACLAB 250Xi A1440
system and the XPS spectra were calibrated using carbon (C1s =
284.6 eV). The analyzing spot size was 500 pm, using Al Ko radiation,
and the energy step size was set at 1.0 eV.

3. Results and Discussion

It is well known that the roughness of particles affects the SPR of a
substrate. Fig. 2 shows the SEM images of the Ag—Al ordered arrays,
which consist of Ag, with a constant sputtering power (20 W), and Al,
with varying sputtering powers (20, 40, 60, and 80 W), co-sputtered
for 300 s on the PS arrays without etching (the insets of Fig. 2 are the
corresponding optical photographs). As shown in Fig. 2, as the
sputtering power of Al increases, the grain sizes change from ~12 to
~24 nm, increasing the roughness of the substrate surface and changing
the optical colors.

Fig. 3 shows the corresponding UV-Vis absorbance spectra of the
Ag—Al ordered arrays. Three local SPR peaks at approximately 361,
265, and 227 nm are observed, which are the dipole (n = 1), quadru-
pole (n = 2), and octupole (n = 3) resonances, respectively [16]. As
shown in Fig. 3, as the sputtering power of Al increases, the absorbance
peaks are red shifted. Such a red shift is mainly due to the increasing
content of Al. As we know, dielectric constant is a frequency-
dependent quantity that causes the change of the plasmon response,
and can be expressed as
&) = E(o) TJE(w) (1)
here, the imaginary part g}’ represents dielectric loss. In generally,
after the surface is oxidized, the positive dielectric constant will be
higher, and absorbance red shift will occur. The thickness of the oxide
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Fig. 4. (a) The XPS survey spectrum of Ag (20 W sputtering power) and Al (20 W sputtering power) co-sputtered deposition for 300 s on the PS arrays without etching, and Ag 3d (b), Al 2p

(c),and O 1 s (d) XPS spectra.
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Fig. 5. SEM images of the Ag—Al ordered arrays, which consist of Ag (20 W sputtering power) and Al (20 W sputtering power) co-sputtered deposition on the PS arrays with etching for
(a)30s,(b)60s, (c) 90s, and (d) 120 s, respectively (the insets are the corresponding optical photographs). All the scales above represent 100 nm.

layer as an essential factor also determines the degree of shift. So, as the
sputtering power of Al increases, the thickness of Al,O3 increases, lead-
ing to the absorbance red shift. This is in good agreement with recent re-
ports [25]. The size and roughness of the particles also affect the red
shift. For a quantitative analysis of the relationship between the content
of Al,03 and the wavelength of absorbance, XPS is of considerable im-
portance. As shown in Fig. 4, all the peaks are shifted owing to the elec-
trostatic charging of the surface layer. The binding energies in the XPS
spectra presented in Fig. 4 are calibrated using carbon (C 1 s =
284.6 eV). Fig. 4(a) illustrates the XPS survey spectrum of the Ag—Al or-
dered array with Ag (20 W sputtering power) and Al (20 W sputtering
power) co-sputtered deposition for 300 s on the PS arrays without etch-
ing, suggesting that it is covered with Al, Ag, C, and O. The C peak (C1s
= 284.6 eV) is assigned to an adventitious carbon-based contaminant,
and the binding energies of Al 2p, Ag 3d, and O 1 s of the Ag—Al ordered
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array are 74.28, 367.96, and 532.08 eV respectively. Fig. 4(b) shows the
peaks of Ag 3ds,, and Ag 3ds/, at 368.10 and 373.40 eV, respectively,
which can be indexed to Ag [34]. In the Al 2p XPS spectrum shown in
Fig. 4 (c), the peak at 74.10 eV can be assigned to Al,03, which means
that the Al on the surface of the sample has been oxidized [20]. In the
0 1 s XPS spectrum, a peak at 531.08 eV was observed. The XPS spectra
demonstrated that the Al on the surface of the sample was oxidized, not
the Ag. This is because the Ag was protected after the Al was oxidized to
AlL,05, guaranteeing the stability of the material.

The size of particles also affects the SPR of the substrate. After the co-
sputtered deposition of Ag (20 W sputtering power) and Al (20 W
sputtering power) using a magnetron sputtering system for 300 s on
the PS arrays with different etching times, the substrate colors are sig-
nificantly different. After etching for 30, 60, 90, and 120 s, the colors of
the substrates were blue-green, deep purple, pink, and bronze,
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Fig. 6. (a) UV-Vis absorbance spectra of Ag (20 W sputtering power) and Al (20 W sputtering power) co-sputtered deposition for 300 s on the PS arrays with different etching times (t).
(b) The chart showing the relationship between wavelength and etching time in different resonance modes.
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Fig. 7. TEM images of the Ag—Al ordered arrays, which consist of Ag with sputtering power (20 W) and Al (sputtering power 80 W) co-sputtered deposition for 300 s on the PS arrays and

etching for 90 s.

respectively; the SEM images are shown in Fig. 5 (the insets are the cor-
responding optical photographs). As illustrated in the SEM images, with
an increasing etching time in the plasmon cleaner, the sphere sizes de-
crease from 200 nm to 140 nm. The PS spheres become isolated when
they are etched for 90 s, as shown in Fig. 5(c) and their color is different.
We examined the SPR using the absorbance spectra, shown in Fig. 6(a).
The dashed lines at ~300 and ~330 nm correspond to the single atom
absorbance and dipole resonance peaks of Ag [35], respectively, and
some of them are coupled with the resonance peaks of Al; this coupling
broadens the absorbance of the substrate. The marked peaks are the
multi-resonance peaks of Al; the nanoparticle sizes are small enough
so that the three valence electrons of the Al atom keep a rare high elec-
tron density, leading to multi-resonance. The marks correspond to di-
pole (n = 1), quadrupole (n = 2), and octupole (n = 3) resonances,
separately [17]. When the time of etching was increased from 0 to
90 s, the dipole and quadrupole resonances are conspicuously blue
shifted, while the octupole resonance changed only slightly. As we
know, absorption curves can provide structure information of the sub-
strate. Here, the absorbance on the red side of 350 nm is the SPR of
two materials. After etching for 30 s, with the curvature of PS is in-
creased and the size is decreased, the broad peak appeared. And with
an increasing etching time, the SPR peaks are blue shifted. The analysis
of the relationship between the etching times and the wavelength of the
maximum absorbance is shown in Fig. 6(b). The wavelength changed
linearly with the etching time before etching for 90 s. This is because
the arrays seem to be isolated after etching for longer than 90 s; the op-
tical color and the absorbance also changed slightly.

Fig. 7 shows the TEM images of the Ag—Al ordered array, formed by
co-sputtering Ag (20 W sputtering power) and Al (80 W sputtering
power) for 300 s on the PS arrays and etching for 90 s. The structure
looks like caps and is obviously grainy, which is in good agreement
with the SEM images. After etching, the size of the 2D ordered monodis-
perse PS colloid particles is approximately 140 nm and there are plenty
of larger grains, as shown in Fig. 7(a). The high-resolution TEM image in
Fig. 7(b) exhibits the lattice fringe. The spacing of the lattice fringe was
0.235 nm, which can be attributed to the (111) plane of Ag, indicating
that Ag nanoparticles formed and were well-crystallized, while the
Al,03 around the Ag was amorphous.

This array, which could be used for controlling the absorbance of the
material in the UV region has many advantages: (i) both the elements
used are abundant in nature, and Al is very cheap; (ii) the method of
fabrication is easy enough for large-scale production; (iii) although Ag
has a tendency to be oxidized, after co-sputtering with Al, the outer Al
will be rapidly oxidized to Al,03, which forms a film barrier that will
protect the Ag from oxidation, guaranteeing the stability of the material;
(iv) the near-field enhancement and ohmic damping of Al are strong,
increasing its absorption, making it beneficial for light harvesting; by
adding Al to the Ag substrate, the absorbance can be tuned from the

visible to the UV region. Therefore, we have provided a simple, steady,
and controllable solution for tuning absorbance from the visible to UV
region.

4. Conclusion

We have successfully controlled the UV absorbance of an Ag—Al
array by tuning the spacing of the spheres and the content of Al via
co-sputtering deposition onto a monolayer colloidal crystal. As the spac-
ing and the Al content are increased, the UV absorbance is tuned owing
to the tunable LSPR effect. This enables us to couple with UV light and
widen the application of SERS in the UV and visible regions. After co-
sputtering of Al and Ag, the outer Al rapidly oxidizes to Al,O3 and acts
as a film barrier to prevent the Ag from oxidizing, thereby guaranteeing
the stability of the material. The inherent properties of Al as an ideal UV-
plasmonic material promote light harvesting, and using Ag as a tradi-
tional SERS substrate is beneficial for Raman detection. Therefore, the
new material can be used to study UV-SERS.
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