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1 Introduction

Radiation of the high-order plasmonic modes
of large gold nanospheres excited by surface
plasmon polaritonst

Jing-Dong Chen, & 12 Jin Xiang, © $* Shuai Jiang,® Qiao-Feng Dai,? Shao-Long Tie®
and Sheng Lan @ *2

Large metallic nanoparticles with sizes comparable to the wavelength of light are expected to support
high-order plasmon modes exhibiting resonances in the visible to near infrared spectral range. However,
the radiation behavior of high-order plasmon modes, including scattering spectra and radiation patterns,
remains unexplored. Here, we report on the first observation and characterization of the high-order
plasmon modes excited in large gold nanospheres by using the surface plasmon polaritons generated on
the surface of a thin gold film. The polarization-dependent scattering spectra were measured by inserting
a polarization analyzer in the collection channel and the physical origins of the scattering peaks observed
in the scattering spectra were clearly identified. More interestingly, the radiation of electric quadrupoles
and octupoles was resolved in both frequency and spatial domains. In addition, the angular dependences
of the radiation intensity for all plasmon modes were extracted by fitting the polarization-dependent scat-
tering spectra with multiple Lorentz line shapes. A significant enhancement of the electric field was found
in the gap plasmon modes and it was employed to generate hot-electron intraband luminescence. Our
findings pave the way for exploiting the high-order plasmon modes of large metallic nanoparticles in the
manipulation of light radiation and light—matter interaction.

light scattered by GNSs. Based on Mie theory,*® the scattering
of a small GNS with a diameter smaller than 100 nm is domi-

Nanoparticles of noble metals, especially gold (Au) nano-
particles, have attracted great interest in the last two decades
owing to their superior physical properties and chemical stabi-
lity and have found potential applications in the areas of
nanophotonics,"® biophotonics,” and biomedicine.’®'" The
existence of a strongly localized electric field on the surfaces of
Au nanoparticles, such as gold nanospheres (GNSs) and gold
nanorods (GNRs) can be utilized to significantly enhance the
linear'>° and nonlinear** ™’ optical responses of the neighbor-
ing nanomaterials.

Since the sizes of conventional GNSs are much smaller
than the diffraction limit of visible light, they are generally
resolved by using a dark-field microscope which detects the
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nated by its electric dipole (ED) resonance which appears at
~530 nm. Thus, such a small GNS will behave as a dipole,
which exhibits a doughnut-shaped radiation pattern,****2932
under the excitation of linearly polarized light. The corres-
ponding extinction is dominated by absorption rather than
scattering which is generally quite weak.

Due to the difficulty in the synthesis and fabrication of
GNSs with large diameters (d) by using either chemical or
physical methods,">"®?** previous studies on the scattering
of GNSs are limited mainly to small GNSs that exhibit only ED
radiation. However, it has been shown that the high-order elec-
trical resonances in plasmonic nanostructures (e.g., nanorings)
may exhibit excellent directional scattering due to the coherent
interaction between ED and electric quadrupole (EQ) and this
feature has been exploited in the design of nanoantennas with
highly directional radiation.** Based on Mie theory,® the ED
resonance of a GNS will be shifted into the near infrared spec-
tral range and high-order resonances, such as EQ and electric
octupole (EOC), will emerge in the visible light spectrum on
increasing the diameter of the GNS. Owing to the large overlap
between the ED and EQ (or the EQ and EOC) resonances, the
coherent interaction between the ED and EQ in a GNS with d
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~340 nm or that between the EQ and EOC in a GNS with d
~560 nm will lead to highly directional radiation (see Fig. S1
in the ESI}). At the wavelength where the generalized Kerker
condition®® is satisfied (i.e., the amplitudes of the two high-
order resonances are equal), the constructive interference in
the forward direction leads to a significantly enhanced scatter-
ing intensity while the destructive interference in the backward
direction results in considerably suppressed scattering inten-
sity. From this point of view, a large GNS supporting high-
order electric resonance acts as a simple and efficient plasmo-
nic nanoantenna when it operates at the wavelength where the
generalized Kerker condition is fulfilled.*® Therefore, the
investigation of the radiation of high-order plasmon modes,
such as EQ and EOC, has become increasingly important not
only for fundamental research®’ but also for practical
application.*®?”

Apart from the surface plasmon resonances (SPRs) excited
in single metallic nanoparticles (e.g., GNSs or GNRs), the inter-
action between a metallic nanoparticle and a thin metal film
has received a significant amount of attention because
such an all-metallic plasmonic system can be employed
to realize nanoscale photonic devices with different
functions.'* 18232438742 The existence of the thin metal film
will modify the SPR of the metallic nanoparticle through the
introduction of the mirror image for the ED,"***** which is
manifested in the scattering spectrum of the metallic nano-
particle. In addition, gap plasmon modes with a significantly
enhanced electric field,"" which can be exploited to enhance
Raman scattering®® and photoluminescence,***° may be intro-
duced in the narrow gap between the metallic nanoparticle
and the metal film. Such all-metallic plasmonic systems
exhibit several advantages over other coupled plasmon resona-
tors that support gap plasmon modes, including their ease of
fabrication, their highly reproducible optical response, their
structural stability, and their wideband spectral tunability
through the variation of the particle-film separation.** In
addition, such gap plasmon modes can also be resolved in the
scattering spectrum of the metallic nanoparticle.'> More
importantly, the existence of the thin metal film makes it poss-
ible to excite the metallic nanoparticle with the surface
plasmon polaritons (SPPs) generated on the surface of the thin
metal film, leading to a significantly enhanced scattering
light.

So far, the excitation of GNSs with the SPPs generated on a
thin Au film is limited for GNSs with dimensions smaller than
80 nm." In this case, the interaction between the ED of the
GNS and its mirror image is weak.'**>*® The major reason is
the difficulty in the synthesis of GNSs with large diameters.
Although the synthesis of GNSs with diameters as large as
~200 nm was reported by using a chemical method,** the mor-
phology of GNSs did not appear to be spherical. Recently, the
observation of the gap plasmon modes between a GNS and a
gold film was reported for GNSs with diameters as large as
~150 nm fabricated by using an epitaxial method."
Unfortunately, the scattering of a GNS with d ~150 nm is still
dominated by ED resonance.
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In this article, we reported on the fabrication of high-
quality GNSs with diameters ranging from 80 to 560 nm on a
thin Au film by using femtosecond (fs) laser ablation. The scat-
tering spectra of such GNSs excited by the SPPs generated on
the surface of the Au film were measured by using an inverted
dark-field microscope. We analyzed the various plasmon
modes induced in the GNSs and their contributions to the
total scattering light of the GNSs. The scattering spectra of the
GNSs were characterized by using a polarization analyzer and
the radiation patterns were recorded by using a coupled charge
device (CCD). The two-dimensional (2D) radiation patterns of
various plasmon modes (i.e., angular dependence of the scat-
tering light) were successfully extracted by de-convolution of
the polarization-dependent scattering spectra measured using
a polarization analyzer. We also revealed the radiation patterns
originating from the coherent interaction of several plasmon
modes and the significantly enhanced electric field in the gap
plasmon modes of large GNSs which can be employed to gene-
rate efficient hot-electron intraband luminescence.*”*®

2 Experimental and numerical
methods
2.1 Sample preparation

We employed fs laser ablation to fabricate GNSs with dia-
meters ranging from 80-560 nm. In experiments, 800 nm fs
laser light delivered by using a fs amplifier (Legend Elite,
Coherent) with a pulse duration of 90 fs and a repetition rate
of 1 kHz was focused on the surface of a 50 nm thick Au film
by using a lens with 22 mm focal length. The ejected GNSs
with different diameters were randomly distributed on the Au
film along the two sides of the ablated line. The morphologies
and sizes of the as-prepared GNSs were examined by scanning
electron microscopy (SEM) (Ultra55, Zeiss) observations.

2.2 Optical characterization

The scattering properties of GNSs excited either by using white
light in a conventional dark-field microscope or by using the
SPPs generated on the surface of the Au film were character-
ized by using an inverted microscope (Axio Observer Al, Zeiss)
equipped with a spectrometer (SR-500i-B1, Andor) and a full-
color CCD (DS-Ri2, Nikon). In conventional dark-field
microscopy, white light was incident on the Au film at an
angle of ~33° with respect to the normal of the surface. In
comparison, a slightly focused p-polarized white light with a
diameter of ~2 mm was shined on the Au film at an incidence
angle of ~45.8° to excite the SPPs with a broadband (see
Fig. S2 in the ESI}). The scattering light of GNSs was collected
with a 100x objective (NA = 0.7-1.3, Plan-NEOFWAR, Zeiss) in
the forward direction and analyzed by inserting a polarization
analyzer in the collecting channel. A fs laser (Mira 900S,
Coherent) with a pulse duration of ~130 fs and a repetition
rate of 76 MHz was employed to excite the hot electron lumine-
scence of GNSs.

This journal is © The Royal Society of Chemistry 2018
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2.3 Numerical modeling

The scattering spectra of GNSs were either analytically calcu-
lated based on Mie theory or numerically simulated by using
the finite-difference time-domain (FDTD) technique. The per-
mittivity of Au was fitted from the experimental data.*® For the
simulation of the scattering spectra of GNSs excited by white
light in conventional dark-field microscopy, we used a total-
field/scattered-field source to simulate the scattering efficien-
cies of GNSs excited by plane waves incident normally on the
Au film from the silica substrate. Differently, a slightly focused
Gaussian beam with an incidence angle of 45.8° was employed
to simulate the scattering spectra of GNSs excited by the SPPs.
The scattering fields of GNSs excited by the SPPs were calcu-
lated by using a standard two-step method by which the total
scattering field and background field in the absence of GNSs
were calculated separately. Two monitors symmetrically placed
at a distance of 1000 nm apart from the Au film surface were
used to record the electric and magnetic field distributions.
The areas of the monitors were chosen to be 16000 x
16 000 nm” when calculating the scattering efficiency and to
be 26 000 x 26 000 nm” when calculating the far-field radiation
patterns. Based on the calculated scattering fields and the
Poynting vectors, and their components as well, the scattering
efficiencies and far-field radiation patterns of GNSs excited by
the SPPs without or with polarization analyzed could be
obtained. In order to obtain converged simulation results, the
mesh size used in the gap region was 0.15 nm while that used
in the GNS and Au film was 1.00 nm. A perfectly matched layer
boundary condition was employed to terminate the finite
simulation region.

3 Results and discussion

Fig. 1 shows the schematic of exciting a GNS with the SPPs
generated on the surface of a thin Au film and detecting the
scattering light of the GNS in the forward direction by using
the objective lens of a microscope connected to a spectro-
meter. Au nanoparticles with spherical shape and smooth
surface (i.e., GNSs) were fabricated by fs laser ablation of a
50 nm thick Au film deposited on a silica substrate (see Fig. S3
in the ESIf). The as-prepared GNSs with different diameters
were randomly distributed on the thin Au film (see Fig. S4 in
the ESIf). These GNSs could be excited by either the evanes-
cent wave or the SPPs generated on the surface of the Au film,
depending on the angle of the incident light. Since the SPPs
can only be generated by using p-polarized light, we consider
only the plasmon modes induced by the horizontal and verti-
cal components of the electric field of the p-polarized light
(i.e., E; and E,). Based on Mie theory, the plasmon modes of
GNSs induced in the visible to near infrared range depend on
their diameters. The lowest-order plasmon mode EDs (p, and
p.) will exist in all GNSs even though their diameters are as
small as 20 nm. The second-order plasmon mode EQ (eq) will
emerge for GNSs with diameters larger than 220 nm while the
high-order plasmon mode EOC (e,.) will appear in GNSs with

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic showing the excitation of a GNS with the SPPs gener-
ated on the surface of a thin Au film and the detection of the scattering
light by using an objective lens. The SPPs were generated in the Otto
configuration where a slightly focused white light with p polarization
(Ep) was shined on the Au film at an angle of § ~45.8°. A polarization
analyzer whose polarization angle is defined with respect to the x direc-
tion (angle « in the figure) was inserted in the collection channel to
eliminate the x or y component of the scattering light. The plasmon
modes excited in GNSs with different diameters, including ED, EQ and
EOC, are represented by the typical radiation patterns of these plasmon
modes. A simplified schematic showing the experimental setup is given
in the inset.

diameters larger than 380 nm (see Fig. S5 in the ESI). When
the high-order plasmon modes, such as eq and e, are shifted
into the visible to near infrared spectral range, the low-order
ones (i.e., EDs) will be moved to much longer wavelengths
which are beyond the detection wavelength range of our detec-
tor (400-1000 nm). In addition to the plasmon modes induced
in GNSs, two gap plasmon modes (g, and g,) may be created
between the GNS and the Au film for GNSs with 4 > 80 nm.
While the resonant wavelength of g, depends mainly on the
diameter of the GNS, the resonant wavelength of g, is deter-
mined mainly by the gap width (g) between the GNS and the
Au film. In order to resolve the high-order plasmon modes, a
polarization analyzer was inserted in the collection channel
which could be employed to eliminate the radiation from hori-
zontally-oriented EDs (p, and g,) and to identify vertically-
oriented EDs (p, and g,) which are insensitive to the polariz-
ation angle of the analyzer. More importantly, the use of the
polarization analyzer makes it possible to extract the angular-
dependent scattering (i.e., 2D radiation pattern) of various
plasmon modes, providing further evidence for identifying the
nature of plasmon modes. Moreover, owing to the existence of
the Au film, the mirror images of various plasmon modes
(Pxms Pzm» €qms €oem) also need to be taken into account

Nanoscale, 2018, 10, 9153-9163 | 9155


http://dx.doi.org/10.1039/c8nr02099j

Published on 11 April 2018. Downloaded by Xiamen University on 17/05/2018 16:35:52.

Paper

because the scattering of GNSs in the far field is determined
by the coherent interaction of the plasmon modes and their
mirror images.

3.1 Scattering of GNSs excited by the evanescent wave

The scattering of the GNSs placed on the thin Au film can be
characterized by using conventional dark-field microscopy. In
this case, the incidence angle 0 of the illuminating white light
on the back surface of the Au film is estimated to be ~33° and
no SPPs are generated on the front surface of the Au film.
Therefore, the GNSs are excited by the evanescent wave on the
front surface of the Au film. Since the evanescent wave is very
weak, especially in the long-wavelength region, the radiation of
high-order plasmon modes, such as the EQ and EOC of a large
GNS, will hardly be resolved in the scattering spectrum.

In Fig. 2, we present the scattering spectra of GNSs with
different diameters on the thin Au film measured by using
conventional dark-field microscopy. The SEM images of the

500 700 900 500 700 900
" d=82nm b d=120nm

a

Scattering intensity (a. u.)

500 700 900
Wavelength (nm)

500 700 900
Wavelength (nm)

Fig. 2 Forward scattering spectra (blue curves) of GNSs with different
diameters placed on a thin Au film measured by using conventional
dark-field microscopy. The illuminating white light was incident on the
Au film at an angle of ~33° and the scattering light in the forward direc-
tion was detected. Scattering spectra calculated by using the FDTD
method (red curves) are also provided for comparison. The gap width
between the GNS and the Au film was assumed to be g = 1.00 nm in the
numerical simulations. SEM images of the GNSs and CCD images of the
scattering light are shown in the insets. The length of the scale bar is
100 nm in all cases.
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GNSs and the CCD images of the scattering light are shown in
the insets. The scattering spectra simulated by using the FDTD
method (red curves in Fig. 2) are also provided for comparison
and they are in good agreement with the measured ones. In all
cases, two scattering peaks can be identified in the scattering
spectrum. On increasing the diameter of the GNS, the scattering
peak at the short wavelength remains nearly unchanged
(~530 nm). In contrast, the scattering peak at the long wave-
length is red shifted and its intensity decreases rapidly. Since
the incidence angle is small in dark-field microscopy measure-
ments, the scattering of vertically-oriented EDs and multipoles
is negligible because of the significantly attenuated electric field
of the illuminating light after passing through the Au film, and
only the horizontally-oriented EDs contribute to the forward
scattering. For a small GNS, there exist two horizontally-oriented
EDs. One is the ED induced in the GNS (p,) and the other is the
ED created at the gap between the GNS and the Au film (g,).
Owing to the existence of the Au film, however, the magnetic
dipole (MD, m,) induced at the contacting point between the
GNS and the Au film due to the coherent interaction between p,
and its mirror image p,, should be taken into account (see
Fig. S6 in the ESIT). In most cases, the radiation of g, is invisible
in the scattering spectrum because the scattering spectrum is
dominated by the radiation of m,. However, g, may appear as a
small shoulder in rare cases (see Fig. S7 in the ESIt). Thus, the
scattering peak at the long wavelength is attributed to m,
arising from the coherent interaction between p, and pym. As
the diameter of the GNS is increased, the distance between p,
and p,, becomes larger, leading to the redshift of the scattering
peak.”” In addition, the reduced scattering intensity is caused
by the larger reflection of the illuminating light at long wave-
lengths. The scattering peak at ~530 nm arises from the peak
transmission of the Au film because the GNS is actually excited
by the evanescent wave on the front surface of the Au film. If
the scattering spectrum of the GNS is normalized by using the
transmission spectrum of the Au film instead of the spectrum
of the illuminating light, then the scattering peak will become a
small shoulder or disappear (see Fig. S8 in the ESI}). This
assignment is further verified by replacing the Au film with a
silver (Ag) film whose transmission peak appears at ~330 nm.
In that case, the scattering peak at the short wavelength appears
at ~330 nm and it disappears when the scattering spectrum is
normalized by using the transmission spectrum of the Ag film
(see Fig. S9 in the ESIY).

As mentioned above, the radiation of high-order plasmon
modes of a GNS is not resolved in the scattering spectrum
of the GNS measured by using conventional dark-field
microscopy. In most cases, they are smeared by the strong scat-
tering peak at ~530 nm, as shown in Fig. 2. In order to resolve
the high-order plasmon modes, we need to enhance the exci-
tation efficiencies of the high-order plasmon modes on the
one hand and suppress the scattering peak at ~530 nm on the
other hand. From this viewpoint, the excitation of GNSs by
using the SPPs generated on the surface of the Au film appears
to be an effective way to characterize the radiation of the high-
order plasmon modes of GNSs.

This journal is © The Royal Society of Chemistry 2018
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3.2 Scattering of GNSs excited by SPPs

The SPPs on the surface of the Au film, which were used to
excite the GNSs, were generated by using p-polarized white
light in an Otto configuration,’® as depicted in Fig. 1. In this
case, the incidence angle is larger than the critical angle for
total internal reflection, which is estimated to be 43°. A signifi-
cantly enhanced electric field is created on the surface of the
Au film which is quite suitable for exciting the EQ and EOC of
a large GNS (see Fig. S10 in the ESIT). For a large GNS, the scat-
tering light involves mainly the contributions from the ED
(7+), EQ (eq), EOC (eoc) induced by the horizontal component
of the electric field (E,) and their mirror images (i.e., pxm, €qm,
and e,cn). In addition, the vertically-oriented ED (p,) induced
by the vertical component of the electric field (E,) is no longer
negligible because of the significantly enhanced electric field
in the z direction. More importantly, the gap plasmon modes
(gr and g,) also contribute significantly to the scattering light
owing to the dramatically enhanced electric field in the SPPs.
Apparently, the simultaneous excitation of various plasmon
modes makes the analysis of the scattering spectra more com-
plicated. Fortunately, one can identify the physical origins of
the scattering peaks by inspecting the evolution of the res-
onant wavelength on increasing the diameter of the GNS and
the variation of the scattering intensity on increasing the
polarization angle of the analyzer. For example, the resonant
wavelength of g, is determined mainly by the gap width g and

500 700 900 500
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it is not sensitive to the change in the diameter. In addition,
the scattering intensity of g, should be independent of the
polarization angle of the analyzer. Based on these two features,
we can easily identify the scattering peak resulting from g,. In
contrast, a redshift of the resonant wavelength is expected for
px and g, and their radiation can be completely removed by
setting the polarization analyzer perpendicular to the x direc-
tion (a = 90°). With the help of the polarization analyzer, the
scattering properties of the EQ and EOC of a large GNS can be
resolved in frequency (i.e., scattering peaks) and spatial (i.e.,
scattering patterns) domains after eliminating the radiation of
horizontally-oriented EDs.

Radiation of different plasmon modes revealed in spectra.
In Fig. 3, we present the scattering spectra of GNSs with
different diameters which are excited by using the SPPs gener-
ated on the surface of the Au film. In each case, the scattering
spectra were measured by rotating the polarization analyzer
with an increment of 10° (see Fig. S11 in the ESI{) and the
scattering patterns were recorded accordingly by using a CCD.
For the GNS with d = 82 nm (Fig. 3a), one can see a scattering
peak with two shoulders in the scattering spectrum measured
at a = 0°. They correspond to the contributions of p,, g, and p,
whose peaks are located at 540, 580 and 620 nm, respectively.
The radiation of p, and g, can be completely removed by
setting a = 90°. In this case, only a scattering peak located at
620 nm is observed, corresponding to p,. This assignment is
further confirmed by examining the evolution of the scattering

700 900 500 700 900

Scattering intensity (a. u.)

T T
b d=120 nm —0° c

T T
d =146 nm —0°

Scattering intensity (a. u.)

500
Wavelength (nm)

Wavelength (nm)

700 900 500 700 900
Wavelength (nm)

Fig. 3 Scattering spectra measured for SPP-excited GNSs with different diameters of (a) d = 82, (b) d = 120, (c) d = 146, (d) d = 240, (e) d = 340, and
(f) d = 560 nm by setting the polarization analyzer at different polarization angles (a) of 0°, 30°, 60°, and 90°. The fittings of the polarization-depen-
dent scattering spectra by using multiple Lorentz line shapes corresponding to different modes are also provided (solid lines with darker colors). The
CCD images of the scattering light recorded by setting the polarization analyzer at different polarization angles (a) with an increment of 10° are

shown in the insets.
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pattern shown in the inset. For a = 0°, only a bright spot is
observed because the scattering light is governed by the two
horizontally-oriented EDs (i.e., p, and g,). When p, and g, have
been completely eliminated, two spots aligned in the y direc-
tion (i.e., for @ = 90°) are observed in the scattering pattern, in
good agreement with the radiation of a vertically-oriented ED
(i.e., p.) filtered by using a polarization analyzer. For the GNS
with d = 120 nm (Fig. 3b), the situation is quite similar to that
observed in the GNS with d = 82 nm except for the appearance
of g,. Owing to the increase in the diameter, however, the res-
onant wavelengths of p,, g, and p, are red shifted to 560, 620,
and 800 nm, respectively. For a = 90°, only the radiation of p,
at 800 nm and that of g, at 620 nm are left in the scattering
spectrum. Since g, is determined mainly by the gap width
g between the GNS and the Au film, it is not sensitive to the
change in the size of the GNS. It is noticed that the largest red-
shift of the resonant wavelength is observed in p,, in good
agreement with the previous observations.'® In the scattering
spectra of the GNS with d = 146 nm (Fig. 3c), the three scatter-
ing peaks, which are attributed to the radiation of p, (580 nm),
grand g, (650 and 670 nm), and p, (820 nm), are well separated
because the redshifts of these modes are different. It is
remarkable that the scattering intensity of p, is independent
of the polarization angle, verifying the vertical orientation of
P In this case, the scattering peak of g, resolved at a = 90°
appears at ~670 nm, which is slightly different from the pre-
vious cases (i.e., d = 120 nm, Fig. 3b) due to the small differ-
ence in gap width.

When the diameter of the GNS is further increased to d =
240 nm (Fig. 3d), one can still observe three scattering peaks
in the visible to near-infrared spectral range for a« = 0°. They
are attributed to the radiation of e, (610 nm), g, and g,
(690 nm), and p, (800 nm), respectively. For a = 90°, three scat-
tering peaks can be identified in the scattering spectrum.
Here, it is noticed that the scattering spectrum obtained for
a = 0° looks quite similar to that of the GNS with d = 146 nm
(Fig. 3c, a = 0°). For a = 90°, the scattering peak at ~800 nm
(px) almost disappears for the GNS with d = 240 nm while the
scattering peak at ~820 nm (p,) remains nearly unchanged for
the GNS with d = 146 nm. This difference shows clearly the
different radiation properties of p, and p, modes. Besides, the
radiation of p, cannot be completely removed by using the
cross-polarized analyzer, implying that the cross section of the
GNS on the xy plane is an ellipse rather than a circle, and the
electric field in the x direction excites a small amount of ED in
the y direction. It is also interesting to note that the radiation
of eq begins to appear at ~610 nm. Its intensity decreases on
increasing the polarization angle. However, its radiation does
not disappear even at @ = 90°, which is in good agreement with
the EQ nature. In addition, the scattering pattern observed at
a =90° is composed of two orange spots aligned in the y direc-
tion, which originates from e,. For GNSs with d > 200 nm, p, is
shifted to wavelengths longer than 950 nm, which is not
detected by our spectrometer.

For the larger GNS with d = 340 nm (Fig. 3e), the situation
becomes more complicated. The scattering spectrum
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measured at « = 0° is dominated by four scattering peaks
which can be assigned to the radiation of eq (610 nm),
g (720 nm), g, (760 nm), and p, (900 nm), respectively. At a =
90°, the radiation of g, at 720 nm and that of p, at 900 nm are
completely eliminated. As a result, the radiation of g, peaking
at 760 nm is clearly identified in the scattering spectrum. In
this case, two gap plasmon modes g, and g, are separated in
frequency domain and this phenomenon is observed only in
large GNSs. The resonant wavelength of eq is red shifted to
630 nm for @ = 90° and its intensity is attenuated to half of its
original value. In this case, the scattering pattern is dominated
by that of eq which exhibits two orange lobes aligned in the y
direction. Since the scattering pattern of g, is expected to
exhibit two red spots aligned in the y direction with smaller
size and weaker intensity, it is smeared by the scattering
pattern of e, which governs the scattering pattern at a = 90°.
Therefore, we observe for the first time the 2D radiation
pattern of an EQ in a large GNS excited by SPPs, which is a big
challenge from the experimental point of view. The achieve-
ment of high-quality GNSs with large diameters on a thin Au
film by using fs laser ablation in combination with the use of
SPP excitation and a cross-polarized analyzer makes it possible
to clearly identify the radiation of an EQ in both the frequency
and spatial domains.

The largest GNS obtained by fs laser ablation has a dia-
meter of d = 560 nm, as shown in the inset of Fig. 2f. In the
scattering spectrum measured at @ = 0°, one can find three
scattering peaks at 630, 710, and 760 nm and a small shoulder
at 810 nm. The three scattering peaks originate from the radi-
ation of e, gz, and g, and the small shoulder arises from the
radiation of eq. At @ = 90°, one can clearly identify e,, g, and
eq peaking at 660, 710, and 800 nm, respectively. The contri-
bution of g, is completely filtered out. Although the radiation
pattern of the GNS at @ = 90° contains the contributions of ¢4
and e, it is apparent that the radiation pattern of e,. is domi-
nant. It also appears as two lobes aligned in the y direction
but with a larger size. In addition, the scattering light appears
as red. Although we cannot completely remove the radiation of
eq and observe the radiation of pure e, it is still a big progress
in the observation of the radiation from the high-order
plasmon modes in large GNSs. Since the resonant wavelengths
of eq and e, are much different, the radiation of a pure EOC
can be observed by adding an appropriate high-pass filter in
the collection channel.

For eq in the GNS with d = 340 nm and e, in the GNS with
d = 560 nm, it is noticed that there exists an obvious change in
the resonant wavelength when the polarization angle o is
changed (see Fig. S11 and S12 in the ESIT). This behavior can
be easily understood if we examine the scattering spectra of
the two GNSs which have been decomposed into the contri-
butions of various plasmon modes (see Fig. S13 in the ESIY).
For the GNS with d = 340 nm, there exists a large overlap
between the EQ and ED. In addition, there exists a smaller
overlap between the EQ and EOC which is not considered in
the fitting of the scattering spectra. As a result, a red shift of
the scattering peak of the ey is observed on increasing the
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polarization angle. Similarly, a large overlap of the EOC and
EQ is observed for the GNS with d = 560 nm. The small overlap
between the EOC and electric hexadecapole (EHEX), which is
not taken into account in the fitting of the scattering spectra,
is thought to be responsible for the redshift of the scattering
peak of eq.

Relying on the excitation of the SPPs and the polarization
analyzer inserted in the collection channel, we were able to
identify the resonant peaks of various plasmon modes
induced in GNSs with different diameters in the scattering
spectra of the GNSs. For clarity, the resonant peaks appearing
in the scattering spectra obtained by setting a = 0° and 90°
and their assignments are summarized in Table 1.

Radiation of different plasmon modes revealed in space. As
shown in the above analysis, we can identify the physical
origins of the scattering peaks observed in the scattering

View Article Online
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spectra of GNSs with different diameters excited by the SPPs
with the help of a cross-polarized analyzer. Actually, the scat-
tering spectra with multiple peaks can be decomposed into
the contributions of various plasmon modes by fitting the
polarization-dependent scattering spectra with multiple
Lorentz line shapes (see Fig. S12 in the ESI}). The fitting
results of the scattering spectra have been presented in Fig. 3
in solid curves which show excellent agreement with the
measured spectra. By fitting the scattering spectra measured at
different polarization angles, we have derived the angular
dependence of the radiation intensity on the xy plane for
various plasmon modes that contribute to the total scattering,
as shown in Fig. 4. In Fig. 4a, we show the angular dependence
of the radiation intensity derived for p,, g, and p, of the GNS
with d = 82 nm. While p, and g, exhibit a typical radiation
pattern of an ED oriented in the x direction (i.e., an 8-like

Table 1 Plasmon modes revealed in the polarization-dependent scattering spectra of GNSs excited by SPPs

Diameter Polarization
of GNS angle a ED (py) & g2 ED (p.) EQ EOC
82 nm 0 540 nm 580 nm / 620 nm / /
90 — — 620 nm
120 nm 0 560 nm 620 nm 620 nm 800 nm / /
90 — — 620 nm 800 nm
146 nm 0 580 nm 650 nm 670 nm 820 nm / /
90 — — 670 nm 820 nm
240 nm 0 800 nm 690 nm 680 nm >1000 nm 610 nm /
90 — — 680 nm 580 nm
340 nm 0 900 nm 720 nm 760 nm >1000 nm 610 nm /
90 — — 760 nm 630 nm
560 nm 0 >1000 nm 760 nm 720 nm >1000 nm 810 nm 630 nm
90 — 720 nm 800 nm 660 nm

“— stands for the eliminated modes when setting a = 90°; “/” stands for the negligible modes.

Q3o

@

eEPPoOooO
oL

@®

)
8

Fig. 4 Angular dependence of the scattering light intensity on the xy plane extracted for the ED (p, and p;m. px and pym, 9., and g,), EQ (eq and eqn)
and EOC (eqc and eqcm) induced in SPP-excited GNSs with different diameters of (a) d = 82, (b) d = 120, (c) d = 146, (d) d = 240, (e) d = 340, and

(f) d = 560 nm.
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shape), p, shows the radiation pattern of a typical ED oriented
in the z direction (i.e., a circle). It can be seen that the radi-
ation intensity of p, is stronger than p, and g, because of the
small diameter of the GNS. In this case, the GNS is effectively
excited by the z component of the electric field of the SPPs
which are strongly localized on the Au film. In addition, a
strong coherent interaction between p, and its mirror image
P.m is expected because of the small distance between them,
leading to a strong scattering intensity. For the GNS with d =
120 nm (Fig. 4b), the situation is similar to that observed in
the GNS with d = 82 nm except for the reduction in the radi-
ation intensity of p,. For the GNS with d = 146 nm (Fig. 4c), it
is noticed that the radiation patterns of p, and g, deviate from
the standard radiation pattern of a typical ED (ie., an 8-like
shape). It is probably caused by the excitation of a small
amount of ED oriented in the y direction. In the GNS with d =
240 nm (Fig. 4d), the angular dependence of the radiation
intensity for eq has been deduced. The 2D radiation pattern of
eq is revealed more clearly in the GNS with d = 340 nm
(Fig. 4e). On the xy plane, the maximum radiation intensities
of eq are achieved at 30°, 150°, 210°, and 330°. In the GNS with
d = 560 nm (Fig. 4f), we obtain the radiation pattern of e,. on
the xy plane. Different from the radiation pattern of e, the
maximum radiation intensities of e,. are observed at 0°, 90°,
180°, and 270°.

Simulated radiation patterns of different plasmon modes.
Although we can identify different plasmon modes that con-
tribute to the forward scattering with the help of a cross-polar-
ized analyzer, the scattering light at a certain wavelength gen-
erally involves the contributions of a few plasmon modes. In
order to gain a deep insight into the scattering light of the
GNSs, we have simulated the three-dimensional (3D) radiation
patterns at the scattering peaks for GNSs with d = 150 and
240 nm, as shown in Fig. 5. Since a broadband SPP was gener-

a
measured " d=150 nm
[ — total 1
- ——0° analyzed
:.  ——90° analyzed
2
2
‘@
c
9 t +
c simulated c
(o)) b
£
—_
2
®
(&
w
400 600 800 1000

Wavelength (nm)

' ®L
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ated by using slightly focused white light in the experiments, a
Gaussian beam instead of a plane wave was used in the
numerical simulations. It is found that the simulated scatter-
ing spectra are in good agreement with the measured ones.
Fig. 5a shows the scattering spectra measured and simulated
for the GNS with d = 150 nm in the absence of the polarization
analyzer and by setting the polarization angle at 0° and 90°. In
the scattering spectra measured and simulated without using
the polarization analyzer, one can see three scattering peaks
located at 573, 647, and 879 nm, which correspond to p,, gx
and p,, respectively. The 3D radiation patterns calculated at
573, 647, and 879 nm are shown in Fig. 5b-d. The radiation
patterns at 573 and 647 nm involve the contributions of two
EDs oriented in the x direction (i.e., p, and g,) and they appear
to be similar. It is noticed that the radiation patterns at both
wavelengths are much different from the radiation pattern of a
typical ED oriented in the x or y direction because of the coher-
ent interaction between p, and g,. In addition, both radiation
patterns are not symmetric with respect to the z axis because
the SPPs are generated by using oblique incident light.
Differently, the radiation pattern at 879 nm, which originates
mainly from an ED oriented in the z direction (p,), looks like
the radiation pattern of a vertically-oriented ED although it is
modified slightly by coupling. Even so, these three radiation
patterns coincide well with the results of the previous report.'®
In Fig. 5e, we show the scattering spectra simulated and calcu-
lated for the GNS with d = 240 nm. In this case, one can see
three scattering peaks appearing at 610, 690, and 800 nm,
which correspond to the radiation of ey, g, and p,. Since the
resonant wavelengths of eq and g, are too close, the radiation
patterns calculated at 610 and 690 nm are quite similar, as
shown in Fig. 5f and g. They involve the contributions of both
eq and g, which interact coherently. Consequently, the radi-
ation pattern is different from that observed in the GNS with

e
measured d =240 nm

I — total b
- ——0° analyzed
:. - ——90° analyzed g
&
>r .
‘@
c
9 t t
< simulated h
)]
£
—
L
©
O
(%]

400 600 800 1000
Wavelength (nm)
Max.
Min.

Fig. 5 Scattering spectra measured and simulated for SPP-excited GNSs with d = 150 nm (a) and 240 nm (e) with g = 1.00 and 0.30 nm, respect-
ively. The 3D radiation patterns calculated at the three scattering peaks for the GNSs with d = 150 and 240 nm are shown in (b—d) and (f-h),

respectively.

9160 | Nanoscale, 2018, 10, 9153-9163

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8nr02099j

Published on 11 April 2018. Downloaded by Xiamen University on 17/05/2018 16:35:52.

Nanoscale

a T
g=1.00nm ——d=80nm
300 [ 9=45.8° ——d =100 nm
d=120 nm
——d=150nm
——d=200nm
uf 200 d =300 nm -
Ny ——d =400 nm
x
£
ui 100
0

400 600 800 1000
Wavelength (nm)

b d=80nmjc d/=”1”20nm d

d =300 nm [l

View Article Online

Paper
e
-
=}
—_ {1
> &
< z
[72]
g 5
[22] -—
c
& .E
(o))
£ c
- =
[}
o =
@S
O
%]

700 800
Wavelength (nm)

600

d=170 nm g Spectrometer & CCD
Lens

4

= fs laser DM
3 . Obj.
2 100X
! Au film GNS
0 Silica

Fig. 6 (a) Spectra of the maximum electric field enhancement factor (Eax/Eo) calculated for GNSs with different diameters with a fixed gap width
of g = 1.00 nm. The maximum electric field enhancement is achieved at the contacting point between the GNS and the Au film. The electric field
distributions on the xz plane calculated for three typical GNSs with d = 80, 120, and 300 nm are shown in (b), (c), and (d), respectively. (e)
Luminescence spectrum (blue) of a large GNS excited by using fs laser light with a laser power of 0.10 mW. The scattering spectrum (red) of the
GNS is also provided for reference and the SEM image of the GNS is shown in the inset. (f) Emission pattern recorded by using a CCD. (g) Schematic
of experimental setup for exciting and detecting the hot luminescence of GNSs. DM: dichroic mirror.

d = 150 nm which originates from the coherent interaction of
two EDs (p, and g,). Although the radiation pattern at 800 nm
is dominated by p,, it involves a small contribution of g,. The
coherent interaction between them results in a radiation
pattern shown in Fig. 5h.

3.3 Electric field enhancement in gap plasmon modes and
generation of hot luminescence

It has been known that a strongly localized electric field can be
achieved for the gap plasmon modes (i.e., g, and g,) at the con-
tacting point between the GNS and the Au film,'*?*3°
especially in the case when the gap width g is very small (see
Fig. S14 in the ESIT). Since the scattering spectrum is quite
sensitive to the gap width, we can estimate the gap width by
comparing the calculated spectrum with the measured one.
For example, the gap width for the GNS with d = 240 nm was
estimated to be g = 0.30 nm because the spectrum calculated
by using g = 0.30 nm matches well with the measured one. For
a fixed gap width of g = 1.00 nm, we can calculate the wave-
length dependence of the maximum enhancement factor for
the electric field on the xz plane, which is achieved at the con-
tacting point between the GNS and the Au film, for GNSs with
different diameters ranging from 80 to 400 nm, as shown in
Fig. 6a. In each case, it can be seen that the wavelength where
the maximum enhancement factor is achieved is red shifted
on increasing the diameter of the GNS. The largest enhance-
ment factor, which is more than 300, is obtained in the GNS
with d = 120 nm. Since the enhancement of electric field at the
contacting point may be induced by either the gap plasmon
modes (g, and g;) or the magnetic dipole (m,) resulting from

This journal is © The Royal Society of Chemistry 2018

the coherent interaction of p, and p,m, a broadband enhance-
ment of electric field is observed over a wide wavelength range
of 600-800 nm in all cases. The electric field distributions on
the xz plane calculated for GNSs with d = 80, 120, and 300 nm
are shown in Fig. 6b-d. It is confirmed that the maximum elec-
tric field is achieved at the contacting point between the GNS
and the Au film. Since the enhancement factors of electric
field larger than 100 can still be obtained for wavelengths
longer than 700 nm, the GNSs placed on the Au film can be
effectively excited by using fs laser light. By doing so, we were
able to observe efficient hot electron luminescence from the
large GNSs, as shown in Fig. 6e and f. Different from the
down-converted luminescence generated by exciting the gap
plasmon mode of a small GNS with single-photon excitation,*®
the hot electron luminescence observed in the large GNS is
composed of both the up- and the down-converted parts. It
originates from the two-photon excitation of the gap plasmon
mode and belongs to hot-electron intraband luminescence
which is similar to blackbody radiation.*® It means that the
all-metallic system composed of a large GNS and a thin metal
film can be employed to generate efficient hot-electron intra-
band luminescence under the excitation of fs laser light.

4 Conclusions

In summary, we have successfully fabricated high-quality GNSs
with different diameters on a thin Au film and investigated sys-
tematically the scattering properties of such GNSs excited by
the SPPs generated on the surface of the Au film. It is found
that the scattering light involves the contributions of various
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plasmon modes, including horizontally- and vertically-oriented
EDs, EQ and even EOC. The coherent interaction between
these plasmon modes and their mirror images leads to the
scattering peaks in the scattering spectra. By inserting a polar-
ization analyzer in the collection channel and varying the
polarization angle, one can clearly identify the physical origins
of various scattering peaks. The SPP excitation in combination
with the use of a cross-polarized analyzer makes it possible to
resolve the radiation of EQ and EOC in both the frequency and
spatial domains. In addition, the angular dependence of the
scattering intensity for different modes can be extracted by
fitting the scattering spectra with multiple Lorentz line
shapes. It is revealed that the radiation pattern at a certain
wavelength is generally determined by the coherent interaction
of two or more plasmon modes and deviates from the radi-
ation pattern of pure ED or EQ. It is shown that the signifi-
cantly enhanced electric field with an enhancement factor
larger than 300 achieved in the gap plasmon mode can be
employed to generate efficient hot-electron intraband lumine-
scence. Our findings are quite helpful for designing plasmon
nanoantennas based on the coherent interaction of ED and EQ
(or EQ and EOC) and plasmon sensors and even lasers based
on the gap plasmon modes.
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