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Bullseye nanostructures with different central disk diameters and numbers of concentric rings have been
fabricated in Au/Ag metallic films on glass substrates by focused ion beam milling. The Au/Ag bimetallic
nanoresonator is expected to provide chemical stability and outstanding plasmonic property. A novel
hybrid plasmonic emission has been observed by cathodoluminescence in the scanning electron micro-
scope. It is found that the hybrid plasmon amplitude of the bullseye structure highly depends on the exci-
tation position. The plasmonic intensity is the maximum when the beam is located at the edge of the
central disk, and it can be tuned by selecting the disk size and the number of grooves. Additionally,
the finite element simulation reveals that the bimetallic bullseye structure strongly confines the optical
radiation, and the electric field distribution directly relates to the emission wavelength.

Published by Elsevier B.V.
1. Introduction: to control the surface plasmon resonance (SPR) by the effective size
Metallic bullseye nanostructures have attracted much attention
based on their excellent focusing property for electric fields and
surface plasmon (SP) excitations [1]. The plasmonic performance
along with the electromagnetic enhancement of the bullseye struc-
ture, originating from the propagating surface plasmon polariton
(SPP) or localized surface plasmon resonance (LSPR), depends on
the shape and size of the metallic nanostructures. Noble-metal
bullseye nanoresonators, usually made of gold or silver, have been
explored predominantly because of the possibility to enhance the
electric field at the geometric center. Au is well known for its struc-
tural and chemical stabilities [2], however, gold plasmonic devices
suffer from a high loss in the optical range [3]. Based on the low
intrinsic loss in the optical spectrum [4], Ag nanoparticles and
nanostructures are widely used to excite LSPRs [5], however, they
are easily subject to oxidation [6]. Alternatively, it is possible to
overcome the disadvantages of using each of these metals alone
by using them together in a bimetallic hybrid structure [7]. More-
over, the application of double metallic layers is possible to extend
the use of noble metals in the plasmonic field [8]. Previous simula-
tion results of the electromagnetic field distribution generated by
Au/Ag bimetallic layers suggest that they exhibit the possibility
of both metals and the combined dielectric constant [7]. Indeed,
experiments on Au/Ag hybrid structures have been demonstrated
with superior surface-enhanced Raman scattering (SERS) [9],
enhanced SPR throughout the optical spectrum [10], and enhanced
nonlinear absorption [11].

In this letter, bullseye nanoresonators with periodic concentric
rings and grooves are fabricated by focused ion beam (FIB) milling
on Au/Ag bimetallic films. Though light source is normally used to
excite plasmon modes, electron-beam excitation has a better spa-
tial resolution. Therefore, the plasmonic emission of the hybrid
structure is investigated by cathodoluminescence (CL) spec-
troscopy. Besides the luminescence from the metallic films and
the substrate, the hybrid plasmon mode can be excited. In particu-
lar, we demonstrate that the hybrid plasmon intensity relates to
the excitation position. Additionally, the relative amplitude of the
hybrid plasmon mode can be tuned by changing the size and num-
ber of grooves. Finally, we use the finite element method to simu-
late the electric field distribution at multiple wavelengths and
explain the mechanism of the hybrid plasmon mode.

2. Material and methods

Metallic films were first deposited by an electron-beam evapo-
rator on glass substrates. The 100 nm thick bimetallic layers con-
sist of 50 nm Au on top of 50 nm Ag. To be a comparison,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matlet.2019.03.079&domain=pdf
https://doi.org/10.1016/j.matlet.2019.03.079
mailto:qy002@uark.edu
https://doi.org/10.1016/j.matlet.2019.03.079
http://www.sciencedirect.com/science/journal/0167577X
http://www.elsevier.com/locate/mlblue


132 Q. Yan et al. /Materials Letters 247 (2019) 131–134
samples with 100 nm Au or 100 nm Ag were deposited under the
same condition. The patterning process was then conducted in a
FEI Nova DB workstation with 30 KeV Ga+ ions.

The surface morphology was confirmed by scanning electron
microscope (SEM). CL measurement was performed in the same
SEM system fitted with a Gatan Monocl4 spectrometer. Spatially
and spectrally resolved CL signals were acquired using a
Fig. 1. (a) SEM image of the bullseye nanostructure on Au/Ag hybrid layers. (b)
Panchromatic CL image of the same pattern. The color of each dots showing the
respective excitation positions matches with the color of curves in Fig. 2(b). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. (a) CL spectra of bullseye structures on glass substrates. (b) CL spectra collected f
from the center for patterns with different central disk diameters. (c) CL spectra excited
diamond-cut Al parabolic mirror located above the sample. The
numerical simulations were performed using the COMSOL Multi-
physics software.
3. Results and discussion

Fig. 1(a) shows an SEM image of the hybrid Au/Ag bullseye
nanoresonator with a 940 nm central disk diameter, a 270 nm ring
width, and a 230 nm groove width. All samples were milled to
reach the glass insulating substrate. Fig. 1(b) is the panchromatic
image of the same pattern obtained by a photomultiplier tube
(PMT). It indicates that the light emission is stronger at the center
of the pattern. For bullseye plasmonic lenses, both propagating SPP
and LSPR modes are excited [12]. Groove edges behave as bound-
aries combined with a group of point sources [12], leading to an
equal propagation of surface waves towards both positive and neg-
ative radial directions [13]. As a result, plasmonic modes decay and
diverge when propagating away from the pattern center. Con-
versely, they are enhanced when propagating towards the center.

CL spectra were collected with a dispersive spectrometer and
detected with a CCD camera. Fig. 2(a) shows the normalized CL
emission spectra obtained when the beam is fixed at the center
of the bullseye structures patterned on pure Au or Ag films, and
hybrid Au/Ag layers. For pure Au and Ag bullseye structures, the
radiation peaks are found at 525 nm and 420 nm, respectively.
rom four different excitation positions. The inset shows hybrid plasmon intensities
at the center for patterns with groove numbers of 1, 4, and 7.



Fig. 3. Simulated cross-section images of the electric field distribution at (a) 420 nm, (b) 500 nm, and (c) 640 nm. The model is 2D axisymmetric with the rotational axis on
the left side. Enlarged images of single metallic parts shown on the right.
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For the Au/Ag bimetallic bullseye structure, however, there are two
new peaks found at 500 nm and 640 nm. We attribute the broad
peak at 500 nm to a combination of the luminescence from individ-
ual Ag and Au patterns on the glass. The emission at 640 nm
appears to be unique to the application of two metals, and can
be attributed to the hybrid plasmon mode.

The relative intensities of the hybrid plasmon mode can be con-
trolled by varying the excitation position and selecting the number
of grooves. Fig. 2(b) presents CL emission spectra obtained by
exciting at different positions, including the center of the pattern,
the edge of the central disk, the 5th concentric ring, and a spot out-
side the pattern. The emission intensity of the first peak is found to
be relatively independent of the excitation position. Thus the spec-
tra are normalized to this peak in order to emphasize the relation-
ship between the hybrid peaks and excitation position. The
maximum intensity of the peak around 640 nm is as high as the
peak at 500 nm when the center is excited, whereas this peak
becomes slightly more intense when the excitation spot is at the
disk edge. This indicates a higher local density of states of plasmon
modes when the excitation spot locates on the boundary [14]. A
decay of the 640 nm peak intensity is observed when the beam
position is changed from the center to the outside of the pattern.
Similar structures with an identical period but different central
disk diameters were also patterned and excited at the center as
well. The inset of Fig. 2(b) shows the hybrid plasmonic peak inten-
sities (Ihy) at 640 nm from patterns with the central disk diameter
of 550 nm, 940 nm, and 1.3 mm. It can be seen that Ihy increases lin-
early with the size of the central disk. This direct proportionality
has been demonstrated previously for bullseye plasmonic lenses
with a central disk diameter shorter than the propagation length
of the surface plasmon [12]. The influence of the number of
grooves on the hybrid plasmon intensity was also investigated
for the pattern with the 940 nm diameter central disk. Fig. 2(c)
shows normalized CL spectra excited at the center of the disk when
the number of grooves is 1, 4, and 7. Here it can be seen that a
higher intensity of the hybrid plasmon results from increasing
the number of grooves. Since grooves or edges behave as point
sources with high reflectivity for surface waves [12,15], patterns
with a higher number of grooves lead to a better focus of SP waves.

The electric field distribution and the behavior of Au/Ag bull-
seye nanostructure at different emission wavelengths can be pre-
dicted by finite element simulations. Cross-section images of the
simulated electric field distributions from the geometric center to
the border are presented in Fig. 3. The intense fields found at the
bottom, as shown in Fig. 3(a) for 420 nm, corresponds to the radi-
ation dominated by the Ag section. The electric field distribution
corresponding to longer wavelength, at 500 nm, is shown in
Fig. 3(b). It is strongly localized on the top Au surface. The
enhanced field intensity observed above the central disk is caused
by the super focusing effect of concentric rings [12]. For the hybrid
field at 640 nm, the enhanced field on the Au surface and edges as
well as the relatively strong field at the base of the Ag region are
presented in Fig. 3(c). The enhanced field both in the gold and sil-
ver sections at 640 nm contributes to the dipole moment created
by the charge oscillation across the metal/dielectric interfaces
when both metals are activated.
4. Conclusions

In this paper, Au/Ag bullseye hybrid metallic nanostructures
have been designed and patterned on glass substrates. Lumines-
cence of bullseye structures on Au and Ag films, as well as the plas-
monic emission from the hybridized metallic layers, have been
investigated by spectrally and spatially resolved CL spectra. The
tunable plasmonic intensity of the hybrid plasmon mode
(640 nm) has been revealed from samples with different size and
geometry. The simulated electric field distribution indicates the
hybridization mechanism when double metallic layers are used
for bullseye structures.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matlet.2019.03.079.
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