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The control and application of surface plasmons (SPs), is introduced with particular emphasis on the manipulation of
the plasmonic wavefront and light-matter interaction in metallic nanostructures. We introduce a direct design methodology
called the surface wave holography method and show that it can be readily employed for wave-front shaping of near-infrared
light through a subwavelength hole, it can also be used for designing holographic plasmonic lenses for SPs with complex
wavefronts in the visible band. We also discuss several issues of light—matter interaction in plasmonic nanostructures. We
show theoretically that amplification of SPs can be achieved in metal nanoparticles incorporated with gain media, leading
to a giant reduction of surface plasmon resonance linewidth and enhancement of local electric field intensity. We present an
all-analytical semiclassical theory to evaluate spaser performance in a plasmonic nanocavity incorporated with gain media
described by the four-level atomic model. We experimentally demonstrate amplified spontaneous emission of SP polaritons
and their amplification at the interface between a silver film and a polymer film doped with dye molecules. We discuss
various aspects of microscopic and macroscopic manipulation of fluorescent radiation from gold nanorod hybrid structures
in a system of either a single nanoparticle or an aligned group of nanoparticles. The findings reported and reviewed here
could help others explore various approaches and schemes to manipulate plasmonic wavefront and light-matter interaction
in metallic nanostructures for potential applications, such as optical displays, information integration, and energy harvesting
technologies.
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1. Introduction

Surface plasmons (SPs) carry information or energy that
can be localized around or transported among nanoscale
metallic structures without suffering from the diffraction lim-
its of light. Therefore, the manipulation of SPs is fundamental
for the potential applications of plasmonics.

Surface plasmons are coherent electron oscillations that
are confined at a metal—dielectric interface. Depending on the
geometry of the interface, SPs can propagate along or be local-
ized around the interface, two cases which are usually called,
respectively, propagating SPs (or surface plasmon polaritons,
SPPs) and localized SPs. When the frequency of light matches
the natural frequency of collective electron oscillations on the
metal—dielectric interface with respect to the positive nuclei,
surface plasmon resonance (SPR) will be excited.!'=3 The in-
teraction of photons with SPs is then significantly enhanced,
leading to a great enhancement of local electric field intensity
and sensitivity of plasmonic mode response to environment.
For example, a direct consequence of local-field enhancement
is that, when molecules located on metal nanoparticles are ex-
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cited by incident light, their fluorescence or Raman signals
can be significantly enhanced, with a level up to achieving the
single-molecule detection.!*! Due to the sub-wavelength na-
ture of SPs, information or energy can be localized around
or transported among nanoscale structures without suffering
from the diffraction limits of light. Therefore, the control
of SPs forms the fundamental basis for the cutting-edge re-
searches in plasmonics, for which potential applications have
been widely found in biomedical sciences, energy harvesting
and information technology.[>>-11]

In this review article, we briefly introduce our recent
progress in research on the control and application of surface
plasmons. In Section 2, we present a direct design method-
ology called surface wave holography and discuss its applica-
tion to plasmonic wavefront manipulation for SPP transport in
planar plasmonic structures. In Section 3, we discuss surface
plasmon amplification in metallic nanostructures with gain,
both theoretically and experimentally. In Section 4, we discuss
microscopic and macroscopic manipulation of fluorescent ra-
diation from gold nanorod hybrid structures. In Section 5 we
summarize this paper.
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2. Surface wave holography for plasmonic wave-
front manipulation

Subwavelength structures on a metallic surface have at-
tracted much interest over the years.['”! Many extraordinary
properties occur when modulating the metallic surface with

5.[127141 When a subwavelength aper-

subwavelength structure
ture is surrounded by periodic corrugations, the transmitted
light can emerge as a beam with a small angular divergence,
instead of diffracting in all directions.!'*! This finding has
opened a path to achieve a high level of h energy collection
without losing the subwavelength resolution. Following this
development, many structures have been proposed to realize
and utilize the focusing and collimation of light on a corru-
gated metallic surface.l!>%] It is believed that the interaction
between a surface electromagnetic wave and subwavelength
metallic structures on the surface plays a key role in the focus-
ing and beaming phenomenon,[!3-16:17]

In this section, by introducing the concept of surface

[18-20]

wave holography, we show that the extensively stud-

(14161 metallic films with

ied focusing and beaming structures,
a hole surrounded by grooves etc., are essentially a plane
hologram.!"8-211 The surface wave holography method can
be readily employed for wave-front shaping of near-infrared
light through a subwavelength hole, as well as designing holo-
graphic plasmonic lenses for surface plasmons with a complex

wavefront profile.

2.1. Introduction of surface wave holography

Surface wave holography (SWH) is an approach that in-
corporates the concept of conventional holography into the
regime of surface electromagnetic waves; for example, the
SPPs.291 It involves the writing and reading processes of the
object wave with the aid of the reference wave. However,
unlike conventional optical holography, the reference wave is
now a confined plasmonic wave that is excited by illumination
of the aperture and which propagates outwards away from the
aperture, instead of the usual plane wave. Moreover, the ma-
jor purpose of this approach is not to record object information
in the plasmonic nanostructure but to provide a direct design
methodology to determine plasmonic nanostructures to imple-
ment certain functionalities of plasmonic wavefront shaping
and manipulation (set as desired object waves) with no need
for complicated inverse-problem solution in electromagnetics.

As shown in Fig. 1, the SWH involves three major steps,
which are: the writing process, the hologram sample fabrica-
tion process, and the reading process. First, the phase distribu-
tion of the objective wave U is extracted as ¢o(x,y). The writ-
ing surface wave Uy, (reference wave) excited by the subwave-
length hole has a phase of exp(inkr), where n is the effective
index of surface wave, k is the wave number in vacuum, and

r= (x> +y%)!/2. Here we choose n ~ nspp = \/€162/ (€1 + 1),
where €; is the permittivity of air and &, the permittivity of sil-
ver. In this step, the groove positions can be determined with
coordinates satisfying [—@g(x,y)] — nkr = 2mz (m is an inte-
ger), which can be flexibly accomplished with FDTD simula-
tion without solving complex inverse problems. In the second
step, the grooves and the central hole are fabricated with fo-
cused ion beam lithography. The typical scales for both the
depth and width of the grooves are chosen to be around 1 /10,
so that the change of phase is negligible when the surface wave

(221 In the final reading process, an incident

passes a groove.
light is shone from the back side of the grooves (for conve-
nience, we define the face with grooves as the front face, and
the one without grooves as the back). Because of the deep
subwavelength scale of the hole, surface waves are excited at
the front surface/??! and scattered by the grooves when prop-
agating outwards from the hole. Since the grooves are placed
in designed positions, due to the interference of the scattered
waves, a designed pattern of field distribution can be made to
appear at a given position at the front side; that is, the “object”
is read out. It can be seen that this SWH methodology is very
simple to operate and use. In addition, it has wide applicability
in both the pre-designated object wave profile and the surface
reading and writing wave profile. As a result, this method can
become a universal direct design tool for plasmonic nanos-
tructures that implement certain functionalities of plasmonic
wavefront shaping and manipulation.
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(a) Writing (b) Fabrication (c) Reading

Fig. 1. Schematic of surface wave holography.[??! (a) Writing process.
Uy is the objective wave and Uy, is the writing reference wave. The
grooves are designed at positions where the superimposed phase of Uy
and Uy, equals 2mm (m is an integer). (b) Fabrication process. The
grooves and the central hole are fabricated at designed positions. (c)
Reading process. An incident light is shone from the back side of the
grooves and the reading wave Ug, which is equal to the writing ref-
erence wave Uy, is excited by the central hole and scattered by the
grooves. The interference of the scattered waves reconstructs the “ob-
ject”.

2.2. Wavefront shaping of near-infrared light through a

subwavelength hole

The behavior of light passing through a small hole in an
opaque screen is an old subject in fundamental optics. It is
well known in geometrical optics that a pinhole can form an in-
verted image on the opposite side, as a consequence of the rec-
tilinear propagation of light rays. When the hole is shrunk to
a dimension comparable with wavelength, light manifests its
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wave nature and shows a diffracted pattern.>3 If one further
decreases the radius of the hole to r < A, it is predicted that
when light passes through such a hole in a perfectly conduct-
ing and infinitely thin metal film, the wave is diffracted in all
directions and the transmission efficiency is weak and propor-
tional to (/2 )*.1?* However, a famous experiment performed
by Ebbesen and coworkers showed that if a subwavelength
aperture in a metal film is surrounded by periodic grooves,
the transmitted light can emerge as a beam with a small an-
gular divergence, instead of being diffracted to a wide angular

U411t is believed that the interaction between the sur-

range.
face electromagnetic wave (called surface plasmonic wave)
and the subwavelength metallic structure plays a key role in
this phenomenon.!'”! Since then, beaming and focusing effects
existing above or on a corrugated metallic surface!'®! have
been added to the answer to this old question. On the other
hand, with the development of near-field optics and the in-
vention of various nano-scale lasers, such as the quantum cas-
cade laser!®! and the very-small-aperture laser,?®! the knowl-
edge of light passing through a subwavelength hole and the
manipulation on the transmitted wave front have drawn much
attention. 12728

In a previous paper, we showed that SWH allows one
to directly shape the surface corrugation structure of a metal
film to realize a given functionality of electromagnetic wave
transport with no need to solve complex inverse problems. We
have made use of the methodology to demonstrate that a 1064-
nm beam passing through a 180-nm-radius hole surrounded by
well-designed grooves can appear in the pattern of a Latin let-
ter “L” or “O” at a given position. ]

Specifically, assume that we expect an “L” pattern field
distribution to appear at 10.64 pm (here the concerned wave-
length is 1064 nm) above the front surface when the light is
shone through the hole. First, we use the FDTD method to cal-
culate the propagation of an “L” source, as shown in Figs. 2(a)
and 3(a). The “L” source is placed at z=10.64 um, and the
propagating field at 10.64 pm away, i.e., z=0 plane, is stored
as Up. Then, we extract the phase distribution of the x com-
ponent of the electric field of Uy, and denote it as ¢p (X, ).
The writing surface wave excited by the subwavelength hole
has a phase as exp(inkr). According to Ref. [22], we can get
grooves at positions [—@o(x,y)] — nkr = 2mm, where m is an
integer. In the specific operation, we divide the z = O plane
into a number of 30 nmx30 nm square pixels (in accordance
with the grid used in FDTD simulation), and introduce a cri-
terion |@o(x,y) 4+ nkr — 2mm| < 0.25 to determine which pixel
should be etched.

With the above information, we fabricate our “L” holo-
gram sample, whose scanning electron microscopy (SEM) pic-
ture is shown in Fig. 3(a2). A 240-nm-thick silver film is sput-

tered onto an SiO; substrate, and the grooves and the central
hole are fabricated with focused ion beam lithography. The
depth of these grooves is about 0.10 wm, while the widths de-
pend on their positions. Obviously, the structure shown in
Fig. 3(a2) is aperiodic and is even not closed curves. The
“reading” of the structure in Fig. 3(a2) is first performed by
using FDTD. As shown in Fig. 3(a3), an intensity pattern of
the “L” shape can be recognized clearly, accompanied with
some undesirable ripples, for which the minimum resolution
of the imaging system is about one wavelength.

image incident light

sample 8

(b)
focusing objective
imaging objective

-

Fig. 2. (a) Schematic diagram of wave manipulation of light through
a subwavelength hole drilled in an optically opaque silver thin film.
The subwavelength hole is surrounded by a series of shallow, narrow
grooves. An incident light, such as a circular polarized plane wave, is
shone from the back side of the silver film, and a complex pattern, such
as a letter “L” appears in a given position. (b) Experimental setup. A
focusing objective is used to get a high intensity incident wave at the
back side, and an imaging objective can move forward and backward at
the front side in order to see the field distribution at different heights.[?!

sample

For experiments, as shown in Fig. 2(b), we mount an
imaging objective to a high-precision translation stage to mon-
itor the field distribution at various heights. When the focal
plane of the imaging objective is moved from the back side to
front side, a clear image of the hole is first detected, and then a
bright “L” shaped pattern gradually appears. Taking the plane
where the image of the hole is the clearest as the z = 0 plane,
we obtain the clearest image of “L” after moving the imaging
objective 14.1+0.7 um above, which is a little far from our
designed height (10.64 um). Two factors might contribute to
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this deviation. The first is the quite large image depth of “L”,
which ranges from 10 pum to 13 um, as shown in Fig. 3. The
second is the finite focal depth of the imaging objective, about
1 um (one wavelength), which makes the determination of the
z =0 plane and the imaging plane not precise enough. As an-
other example, figures 3(b1)-3(b4) show the counterparts of

|
5 um
5 um

an “O” pattern. Strictly, according to the steps described above
and using an “O” source to write the structure on the silver
surface, we reconstruct the “O” image in both simulation and
experiment. The simulated “O” appears between z = 10 pm
and z = 13 pm, and the z value for the clearest “O” picture in
experiment is 14.5+1.2 um.

I" (ad)

.| SE-4

- ..

Fig. 3. (al) and (bl) Patterns we used to calculate Uy in FDTD simulations. (a2) and (b2) SEM pictures of the fabricated hologram samples
((a2) for “L” and (b2) for “0”). (a3) and (b3) FDTD-simulated xy-plane field distributions at 10.64 um above the front faces of the samples
((a3) for “L” and (b3) for “O”). The calculated range here is 18x18 um? for both samples. (a4) and (b4) Experimental photos at the clearest
positions ((a4) for “L” and (b4) for “O”). The inset of (a4) is the image of a 6x 1 pm? blank strip of the same silver film, acting as a ruler for

our imaging system. %]

So far, we have shown that near-infrared light passing
through a subwavelength hole in a 240-nm-thick silver film
can be manipulated to form a shape of “L” and a shape of
“O” by carving appropriate patterns of grooves on the outgo-
ing surface according to the SWH method. Such surprising re-
sults indicate that, contrary to common expectation, the wave
through a subwavelength hole on a thin opaque metal film is
quite sensitive to the surface details. The SWH method en-
ables us to achieve complicated transport wavefront engineer-
ing functionalities in three-dimensional (3D) space, especially
in, but not limited to, the Fresnel region, where the conven-
tional optical elements behave poorly, by merely fabricating
two-dimensional surface structure. We expect that such a con-
cept can find applications not only in holography 2! and plas-
monic structures design, (22] put also in sensing, information
storage, and so on.

2.3. Holographic plasmonic lenses for SPs with complex
wavefronts

Plasmonic nanostructures can be exploited to fulfill and
model conventional optical transport control functionalities,
but at a much smaller size, providing an ultracompact inte-
gration solution for the exploitation of micro-size and nano-

[3,14]

size optical devices. For example, light collimators,

16,311 and focusing!!”! have

plasmonic wave plates,?! lenses, !
been designed to manipulate light waves above a metallic sur-
face in the Fresnel region.

In this paper, we show yet another successful example of
employing the SWH methodology to design a plasmonic lens
that can focus light transmitted through an aperture of compli-
cated geometric shape (other than a simple circular subwave-
length aperture) in an opaque metal screen. It has been well
known for some years that milling grooves on the outgoing
surface of a metal film can focus and collimate light emerging
from a subwavelength hole.['*1%] As an application, Capasso’s
group integrated these structures on the output surface of semi-
conductor lasers and greatly reduced the light-emitting angu-
lar divergence. ¥ The prospect of integrating plasmonic struc-
tures to shape the output beams of semiconductor lasers was
therefore expected, and was demonstrated in Ref. [3]. How-
ever, up to now these findings were limited to apertures of the
simplest shapes; that is, a narrow slit which was treated as a
line, and a tiny hole which was treated as a point. For the case
of a slit, the structure was usually taken as a two-dimensional
(2D) case and only the light confinement along the short axis
could be realized. In this paper, we show that the light from
a slit, which is usually treated as a 2D structure, can also be

s.132

confined in three dimension 1 In other words, we can use
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a specially designed plasmonic lens to achieve 3D focusing of
light transmitted through such a slit on a spot. With this exotic
lens placed at the exit plane of a semiconductor laser, the or-
dinary output slit beam can be shaped into a 3D focusing spot
in the Fresnel zone.

In our experimental demonstration, B2] we have built
these plasmonic samples with their surface morphology of
grooves perforated on a silver thin film directly determined ac-
cording to the SWH method, and the 632.8-nm light emerging
from a slit (11x0.12 um?) can be focused to a point located
at 7 um above the silver surface by these plasmonic lenses. In
detail, a silver film with a thickness of 240 nm is deposited on
a SiO; substrate (with a refractive index of 1.55) by magnetron
sputtering, and then patterned by focused ion beam lithogra-
phy. By controlling the dwell time of the focused ion beam

o\
A1

b \\\
i
A

V) o

G

y/pm

/

-6

6

x/pm

milling, only the hole is penetrable, and the grooves are ap-
proximately 80 nm deep. An SEM picture of the fabricated
sample is shown in Fig. 4(a). Usually, such a slit is treated
as a 2D case in practice because the length is two orders of
magnitude larger than the width. However, it can be seen in
Fig. 4(b) that the surface waves excited by an 11 pumx0.12 pm
slit in a bare smooth silver film has a complex distribution, and
this makes shaping the wavefront into a 3D focusing spot a
very difficult task in the framework of traditional inverse prob-
lem solution, which would require very complicated and time-
consuming electromagnetic computations. Yet, we show that
it is an ordinary process in the framework of SWH to deal with
these complex surface waves, showing the great advantage of

this direct method.
0.20
|o. 16

065 —0.12
S~
04> 0.08
02 0.04
o -6 0
6 8 6

z/pm

Fig. 4. (a) An SEM photo of the slit sample. The measured size of the slitis 11.10 pmx0.15 pm. (b) The simulated field distribution
of the surface waves excited by an 11umx0.12 pm slit. Note that the silver surface in (b) is not patterned with grooves. (c) The
simulated field distributions at z = 7 pum above the patterned slit sample. The calculated intensities in panels (b) and (c) are normalized

to the incident wave intensity.3?]

z/um

z/pm
z/pm

05

) 6

x/pm x/pm

Fig. 5. Field evolutions in the z direction. (a) Simulated and (b) experi-
mental field distributions in the yz plane (x = 0). (c) Simulated and (d)
experimental field distributions in the xz plane (y = 0). In the simulated
figures (a) and (c), the calculated intensities are normalized to the inci-
dent waves, while the intensities shown in the experimental figures (b)
and (d) are normalized by the divided-by-maximum method.3?]

According to our design, if we illuminate the patterned

sample in Fig. 4(a) with a 632.8-nm laser from the side with-
out grooves (the side where z < 0), a focal spot located at (0,
0, 7) um is expected. This is indeed confirmed by our FDTD
simulation results, as shown in Fig. 4(c). To provide more
insight into this focusing effect, the field evolutions in the z di-
rection, that is, the field images at the yz plane (x = 0) and the
xz plane (y = 0), are shown in Fig. 5. In the simulation results
displayed in Figs. 5(a) and 5(c), a rice-shaped hot spot with its
maximum intensity at z = 6.7 pm is clearly recognized, which
fits quite well with our design (z = 7 wm).

In experiment, in order to monitor the focusing effect of
the structure, we use a scanning near-field optical microscope
(SNOM), whose probe aperture is approximately 100 nm, to
scan the field distributions at different heights above the sam-
ple surface. The sample is fixed in a stage that can move
precisely in the z direction, so that the SNOM probe, which
scans the signals at a fixed plane, can give the field distribu-
tions at different heights. As the probe moves outward from
the surface, as shown in Figs. 5(b) and 5(d), a focus is found
at z = 7.5 um, which is slightly different from the simulated
value (6.7 wm). This difference is attributed to the deviation
of the fabricated structure from the simulated structure, espe-

047305-5



Chin. Phys. B Vol. 23, No. 4 (2014) 047305

cially the deviation in the width of the slit, whose value in
the fabricated sample is 0.15 pum, whereas in the simulation
it is 0.12 pm. These rice-shaped maxima in Fig. 5 indicate
that the focusing depth of the fabricated structure is approxi-
mately 2.5 um, which is relatively large when compared with
the full-width at half maximum (FWHM) of the focus. A good
agreement between the experimental results and the simulated
results confirms the focusing effect of the holographic plas-
monic lens and again confirms the power of the SWH method
in handling complicated wavefront shaping problems.

3. Surface plasmon amplification in metallic
nanostructures with gain

The nanoscale confinement nature of SPs serves as
the fundamental platform for wide applications of plasmon-
ics. Its most notable feature is the field-enhancement ef-
fect, which is attributed to strong plasmon-matter interaction.
Take the nanoparticle-based plasmon—molecule nanosystem

33.34] On the one hand, for molecules coated

for example.!
around the metal nanoparticles, the strongly enhanced local
electric field can enhance the excitation efficiency of fluores-
cence. Meanwhile, a coupling to SPs causes an increase in
the local density of optical states (LDOS), inducing an in-
crease in the radiative emission rate of the molecules. On
the other hand, for the SPR of the metal nanoparticles, the
gain obtained from the fluorescent molecules can compensate
the ohmic losses occurring during the strong oscillations of
conducting electrons. Once the energy transferred from gain
media to SPs overcomes the energy dissipation of the SPR,
tremendous amplification of the SPR can occur, opening a new
regime for plasmonic nanolasers. 33371

In this paper, we will first present our numerical simula-
tions of surface plasmon amplification in gold nanoparticles
with gain and our development of an all-analytical semiclas-
sical theory of spaser performance in a plasmonic nanocavity.
Then, we will discuss our experimental studies of amplified
spontaneous emission of SPPs at the interface between a sil-
ver film and a polymethyl methacrylate (PMMA) film doped

with dye molecules.

3.1. Surface plasmon amplification in gold nanoparticles

with gain

Gold nanorods (GNRs)[*8] are cylindrical nanoparticles
that have two axes; that is, the transverse axis (along the short
axis) and the longitudinal axis (along the long axis). The
anisotropic shape of GNRs induces a splitting of the SPR into
transverse and longitudinal SPR modes,°! in contrast with
the single SPR mode of nanospheres. Compared with isotropic

(401 and nanospheres,

gold nanoparticles like gold nanoshells
GNRs have small sizes and large optical cross sections at the

longitudinal SPR wavelength, which is widely tunable in the

visible to near-infrared wavelength range®®) when changing
the aspect ratio; that is, the ratio of the long axis’ length to the
short axis’ length. Therefore, GNRs have been demonstrated
to have potential in applications ranging from biological imag-
ing, sensing and photothermal therapy to optical data storage,
fluorescence enhancement, plasmonic coupling devices, etc.
The large optical cross sections but small volumes make
GNRs a desirable candidate for the realization of surface plas-
mon amplification effects; that is, ‘spaser’ (surface plasmon
amplification by stimulated emission of radiation).[*! Since
this concept was proposed by Stockman et al. in 2003,
many methods have been advanced to realize lasing spaser

5.13537] One effective method is to utilize the interac-

system
tion between metallic nanoparticles and gain media. For ex-
ample, gold nanospheres (GNS),*”l gold nanocubes,**! and
concentric spherical nanoparticles'®! incorporated with gain
materials have been explored for the generation of spaser-
like phenomena. However, the lasing wavelength of spheri-
cal spaser-based nanolasers is limited by the narrow band and
weakly tunable SPR wavelength of the GNS over the size vari-
ation. By utilizing the strong longitudinal SPR of GNRs, we
have shown that GNRs are more efficient for building an ac-
tive nanosystem for spaser with unique wavelength tunability
and polarization sensitivity. [*!]

As illustrated in Fig. 6(a), the proposed active nanosystem
based on GNRs is composed of GNRs encapsulated by a silica
shell doped with gain media. Such nanocomposite particles
can be synthesized by an aqueous solution-based method. 33!
In calculations, the core-shell particle is exposed in air with
a refractive index ny = 1.0 and the refractive index of the
shell is set as ngep = 1.5 — ik. Here the “gain coefficient” k,
which is related to the amplification coefficient of light inten-
sity via g = 47k /A, is introduced to describe the interaction
strength between the incident light and the gain media. Under
such a condition, the optical cross sections of extinction (Cext),
scattering (Cscat), and absorption (Cypps) for the GNR-based
nanosystem are calculated with different gain coefficients, us-
ing the discrete-dipole approximation (DDA) method. 3 It is
found that Cex(, Cscat, and Cyps vary sensitively with k and there
is a critical value of k. = 0.0312, where Ce; at the SPR wave-
length nearly reaches the value of zero. At this critical point,
as shown in Fig. 6(b), the absorption cross section becomes
negative with an extremely high absolute value (~600 um?),
which indicates that a strong SPR amplification occurs. Under
this condition, the peak value of Cyy reaches an extreme value
of about 600 umz, which is about 7 x 10% times the value when
k =0, as plotted in Fig. 6(c). Meanwhile, the SPR linewidth
is significantly compressed by two orders of magnitude. The
value of k. can be called the “threshold” for building up strong
amplification of SPR.
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Fig. 6. (a) Schematic diagram of the GNR-based active nanosystem. (b) Calculated absorption cross section at the SPR wavelength
of GNR as a function of gain coefficients (k). The spaser threshold is identified at k = 0.0312. (c) Calculated scattering cross section
spectra for the nanosystem with different k£ values. At the spaser threshold, the scattering cross section is enhanced by a factor of
~ 7 x 10*, and the linewidth is compressed by two orders of magnitude. !

Compared with the core-shell GNS, the threshold of the
core-shell GNR system is nearly one order of magnitude
lower, and at the spaser state the absolute magnitude of the
scattering cross section or absorption cross section of the
GNR-based system (~ 600 um?) is more than 150 times larger
than that of the system (~ 3.8 umz). Therefore, it can be in-
ferred that it is much easier to realize spaser or great amplifi-
cation of SPR by taking GNR (rather than GNS) as the basic
structure of the core-shell active nanosystem. The low thresh-
old of the gain coefficient in this case poses more options for
suitable gain materials, such as dye molecules, rare-earth ions,
and semiconductor quantum dots. Moreover, it is found that
by using the GNR-based nanosystem, the center wavelength of
spaser can be widely tuned from visible to near-infrared range
by changing the aspect ratio of the GNRs. In this way, a flexi-
ble, wavelength-tunable spaser of nanometer scale is possible.

Surface plasmon amplification effects achieved with ac-
tive metal nanosystems also provide intriguing power to en-
hance local electric field intensity to a level where single-
molecule detection by surface-enhanced Raman scattering
(SERS) can be readily achieved. For a theoretical demon-
stration, we employed a cubic Au nanobox with a gain ma-
terial encapsulated in the core, as illustrated in Figs. 7(a) and
7(b).143] The complex refractive index of the core medium is
setat 1.33 —ix where K.ore is introduced as the gain coefficient
of the core medium. The outer and inner edge lengths of the
Au nanobox are 40 and 32 nm, respectively, with the thickness
of all six walls being 4 nm. Such nanostructures can be easily

synthesized using the galvanic replacement reaction between
single-crystal Ag nanocubes and HAuCly.[*#! The SPR peaks
of these nanoboxes can be conveniently tuned from the visible
to the near-infrared region, in particular with strong absorption
at a wavelength around 800 nm for biomedical applications,
such as early cancer diagnosis and photothermal treatment. 4]
the DDA
method*! show that at the resonant wavelength of 779.2 nm

Electric-field patterns calculated with
a huge enhancement of local field intensity occurs at the high-
field spots (“hot spots™) of the nanobox. For example, with
Keore = 0.143, the average field intensity at the front surface is
at a high level of 1.0 x 108, whereas the field intensity at the
four hot spots can reach 2.4 x 10%, as shown in Fig. 7(c). This
means that the SERS enhancement factor (G factor) over the
entire front surface area of the active nanosystem can be as
high as 1.0 x 10!, a level that has not been reached by other
types of metal nanoparticles. This happens because a signifi-
cant resonance occurs at the gain level, as shown in Fig. 7(d).
It can be seen that at k.o = 0.143, the scattering cross section
is enhanced to 845 um?, or 1.6 x 10* times the value of a pas-
sive Au nanobox, and the overall amplification cross section is
also greatly enhanced to 854 um?, which is 5 x 10* times the
value of the passive counterpart (with ke = 0). Meanwhile,
the overall extinction cross section is a negative value, which
means that the nanosystem can amplify the incident light al-
though scattering along all directions is quite strong. All these
features clearly indicate the initiation of lasing.
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Fig. 7. (a) Schematic of the gold nanobox with gain for SERS application. (b) Schematic of the gold nanobox containing a gain medium with
gain coefficient Kcore in the core. (c) Calculated local electric field intensity at the front surface for a cubic Au nanobox with a gain material
of n =1.33 —0.143i. Excitation wavelength: 779.2 nm. (d) Resonant optical scattering cross sections of the nanobox as a function of Kgore at
an excitation wavelength of 779.2 nm. Maximum light—particle interaction occurs at kqore = 0.143, where the scattering cross section is over
2 x 10* times the value for a Au nanobox containing no gain material and the amplified cross section is 4 x 10° times the value for a same-size
cubic nanoparticle of the pure gain material. (e) Averaged SERS signal at the surface of the particle as a function of the gain coefficient Keore

at a resonance wavelength of 779.2 nm.[#3!

It should be mentioned that in practical single-molecule
detection it is difficult to locate only a single molecule in the
“hot spot” region. It is, therefore, more interesting to see if
the overall SERS G factor on the entire surface area of a metal
nanoparticle can reach a sufficiently high level. Figure 7(e)
shows that in the narrow window of Ko from 0.140 to 0.145,
the average surface G factor exceeds 1.0 x 10'3. Although
the average G factor is one order of magnitude lower than in
the surface “hot spots”, the surface area is at least two orders
of magnitude larger than the area of these “hot spots”. As a
result, the overall possibility to observe single molecule Ra-
man signal is much higher when one utilizes the entire surface
rather than only the “hot spot” region. In this regard, the cur-
rent active nanosystem is very promising for realizing single-
molecule detection in a single nanoparticle via the SERS tech-
nique. At the critical point of Kcore = 0.143, the average sur-
face field intensity enhancement factor is about 2.8 x 107 while
the average G factor is at a very high level of 2.5 x 10>, This
means that in this condition the active nanosystem has a great
potential for single-molecule detection by SERS.

The giant enhancement of local electric field intensity can
be simply understood by connecting field intensity and the
energy accumulation capability of the plasmonic nanocavity.
When gain is introduced to the gold nanobox, the linewidth
of the SPR peak is drastically reduced, as the gain will com-

pensate for the loss due to metal absorption, and the Q fac-

tor is three orders of magnitude greater than in passive par-
ticles. This means that the photonic energy will accumulate
within the active cavity for a much longer time before it is dis-
sipated. As a result, the optical field intensity, which is just
proportional to the photon energy density, becomes strongly
enhanced, leading to an even more gigantic enhancement of
the SERS factor.

3.2. All-analytical semiclassical theory for a spaser
nanosystem
Experimental approaches to manipulate light-matter in-
teraction at the nanoscale level have advanced quickly in re-
cent years, leading to the generation of spaser in plasmonic

5.[33-3741.431 However, a well-understood analyti-

nanocavitie
cal theory to quantitatively explain certain characteristics of
the spaser system is yet to be found and is greatly needed.
In the above section, we have theoretically shown that sur-
face plasmons can be amplified by introducing gain media into
metallic nanoparticles. At a critical value of the gain coeffi-
cient, the linewidth of SPR peaks is drastically reduced, im-
plying the ignition of laser in this active nanophotonic system.
However, in this study, the role of gain medium is described
by a phenomenological parameter called gain coefficient &,
and therefore, the study is in the framework of pure classical
electromagnetics. To have a fully quantitative understanding
of light—matter interaction in these active plasmonic nanocav-

ities incorporating gain media made from dye molecules or
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other materials, the quantum nature of the gain medium must
be fully taken into account.

We have recently developed an all-analytical semiclassi-
cal theory to investigate the energy exchange between active
materials and fields, and evaluate the spaser performance in

[46] The plasmonic nanocavity is com-

a plasmonic nanocavity.
posed of a metallic core (providing plasmon resonance modes)
surrounded by a dielectric shell containing active materials
(providing gain), as schematically illustrated in Figs. 8(a) and
8(b). The active materials are described by a general four-level
atomic system and the structure can describe the gain and loss
process happening in a general optical nanocavity very well.
Specifically, when electrons are pumped from the ground-state
level with a constant pump rate, spontaneous emission hap-
pens immediately. The feedback effect of the SPR of the
metallic core will cause stimulated emission to continue until
a steady state is reached. The schematic diagram of the atomic
system is shown in Fig. 8(c), where levels 1 and 2 are the lower
and upper lasing levels, respectively. Under the dipole approx-
imation, the active materials can be seen as dipoles. Our aim
is to develop a methodology to describe the characteristics of
light-matter interaction in this nanolaser system. Similar to
conventional laser theory, we consider atomic transitions in
the current nanolaser system quantum mechanically and adopt
the model of atomic rate equations to describe these transi-
tions, while classically handling the radiation of electromag-
netic field, the motion of which follows Maxwell’s equations.
The interaction between atoms and fields is thus treated semi-
classically. Such a semiclassical theory should yield a much
more precise description and better prediction of the optical
properties of these nanolaser systems than the usual classical
theory, in which the role of the atoms comprising the active
materials is described by the phenomenological parameter of
dielectric permittivity, [4143)

This theory incorporates the four-level atomic rate equa-
tions in association with the classical oscillator model for ac-
tive materials and Maxwell’s equations for fields, thus allow-
ing one to uncover the relationships among many factors, in-
cluding the characteristics of the spaser (output power, sat-
uration, and threshold), the nanocavity parameters (quality
factor, mode volume, loss, and spontaneous emission effi-
ciency), atomic parameters (number density, linewidth, and
resonant frequency), and external parameters (pumping rate).
This semiclassical theory has been employed to analyze pre-
vious spaser experiments and shows that using a single gold
nanoparticle plasmonic nanocavity to ignite the spaser is very
difficult due to spaser’s high threshold. This theory can be
commonly used in understanding and designing all novel mi-

crolaser, nanolaser, and spaser systems.

z

(a)

silica shell

active materials
gold core

T (b) Ploss—cav

Ploss—spo

N3 T
]
I'N.
i 8/ upper lasing level (pi,)
1
i
: N2/T21 LE' . apa‘ hLUQl haJ30
' hw, at
N, { T
E Ny /10 lower lasing level
No 4

Fig. 8. Schematic plot of the light—matter interaction of a general four-
level atomic system with a metallic nanocavity.*®! (a) Geometry of
the plasmonic nanocavity, which is a core-shell nanoparticle consist-
ing of a metallic core and dielectric shell doped with four-level atoms
as active materials. Each atom is modeled as a radiation dipole. 6
is the angle of the dipole polarization, and r is the distance between
the dipole and the center of the metallic core. (b) Energy output from
the plasmonic nanocavity, where poy is the output laser power den-
sity, pabs is the metallic absorption power density of the plasmonic cav-
ity, and pioss—spo s the loss of spontaneous emission power density.
(c) Schematic of a general four-level atomic system that describes the
spontaneous and stimulated radiation and various atomic transition pa-
rameters. The straight and dashed lines correspond to the radiative and
nonradiative transitions, respectively. pj, is the storage power density
by the upper lasing level.

3.3. Experimental observation of amplified spontaneous
emission of SPPs

Plasmonic structures can impose strong enhancement and
confinement on electromagnetic field, which finds applica-
tions ranging from sensing, sub-wavelength resolution imag-
ing, plasmonic circuitry, etc.[*’l However, the intrinsic ab-
sorption of metal fundamentally limits the performance of
these plasmonic systems; for example, the sensitivity of SPR
to external perturbations.*8) Integrating metallic structures
with an optical gain medium has been proposed as a possi-
ble solution to this problem in versatile schemes, based on
which surface plasmon amplification has been successfully
demonstrated.*9-53] However, the direct observation of the
amplification effect of SPPs by gain media is still challenging
and is beset with various ambiguities and has aroused contro-
versies. The reason lies in the difficulties of direct recognition
of SPPs’ spontaneous emission (SE), amplified spontaneous
emission (ASE), and lasing-like stimulated emission (LSE),
as well as the direct photonic emission from the gain medium.

To solve this puzzling problem, we have conducted
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experiments based on a typical Kretschmann configuration
(see Fig. 9(a)).’¥ When pump pulses (wavelength 532 nm,
pulse width ~ 5 ns, and repetition rate 0.5 Hz) strike the
PMMA/RO6G film, the SPP modes are excited in two ways:
the fluorescence of Rh6G can be scattered into SPPs by the
roughness of the surface, while the excited Rh6G molecules
near the metal surface can be directly coupled into SPP modes
with a high efficiency via a nonradiative decay process. Once
SPPs are excited, they propagate along the interface of sil-
ver and PMMA/Rh6G, and are simultaneously decoupled
into radiative waves by the prism at an angle that satisfies
VE sinB = /& 63/(€+ &), where €; (i = 1,2,3) is the per-
mittivity of the i-th medium as marked in Fig. 9(a). The angle-
dependent decoupling of SPPs can be utilized to resolve the
emission of SPPs from the direct photon emission of Rh6G. As
shown in Fig. 9(a), we use two detection paths, D1 and D2, to
realize this function. In D1, an optical fiber (400 pm in diam-
eter) connected to a spectrometer (Ocean Optics, USB2000) is
used to collect the SPP emission at the prism side with differ-
ent detection angles (0) and pump intensities (Ip). While in
D2, the direct photon emission from Rh6G that is not coupled
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to SPPs is detected from the film side.

Figure 9(b) shows the SPP emission spectra at a fixed
angle 0 = 58.4° under different Ip. A shoulder at about
592.87 nm can be recognized, and it grows much faster than
the other part of the spectra when Ip increases. This spectral
evolution is mostly like the ASE properties that are involved
with gain amplification.>>! In our system, there are only two
possible amplification mechanisms, which are: the amplifica-
tion of Rh6G emission from the PMMA/Rh6G film!3! and the
amplification of SPPs propagating along the metal/dielectric
interface.>®! In such a case, to identify the type of ASE in
Fig. 9(b), we record the Rh6G photon emission spectra at the
D2 path under the same Ip. As illustrated in Fig. 9(c), although
the SE intensity of Rh6G grows with the increased Ip, no sig-
nificant change occurs in the spectral shape. Therefore, it can
be concluded that the ASEs observed in Fig. 9(b) are from the
amplified SPPs. These results provide a clear physical picture
of the SPPs amplified by gain media.[>* It turns out that the
phenomenon reported in Ref. [53] may actually be an ASE
instead of the LSE of SPPs.
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Fig. 9. (a) Schematic of the prism-based experimental setup for observing SPP amplification. SPPs are decoupled by the prism and corre-
sponding emission is measured through detection path D1. Emission of Rh6G is measured from the film side through detection path D2. (b)
ASE spectra of SPPs decoupled at 6 = 58.4° with different /p as noted (in unit of mJ/cmz). Aasg = 592.87 nm. (c) Measured emission spectra
of Rh6G recorded at D2 under the same /p as in panel (b). (d) Normalized emission spectra of SPPs decoupled at 6 = 59.2°. Inset: measured
emission spectra of SPPs under different /p. From bottom to top: Ip = 0.54, 0.86, 1.40, and 1.91 mJ/cm?.154

Moreover, it is expected that the introduction of gain will
compensate the dissipation losses and, therefore, narrow down

the SPP emission spectra. This has been confirmed by our ex-

periments, as shown in Fig. 9(d), and by some other work.[>!]
In the same way, it is naturally expected that the introduced

gain could also improve the performance in the angular re-
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sponse of the plasmonic system; that is, narrow down the
angular response of the SPP emission. However, in a re-
cent experimental study we observed unusual effects.l>’] As
plotted in Fig. 10(a), at some wavelengths, the angular dis-
tribution of the SPP emission shows nearly no change when
the pump intensity /, increases from 0.54 to 1.91 mJ/cm?.
While in a certain wavelength range, the FWHM is unusu-
ally broadened with increased pump intensity. For example, at
the ASEgpp peak wavelength 592.87 nm, the FWHM increases
from 1.11° to 1.31° when /, grows from 0.54 to 1.91 mJ/cm?
(see Fig. 10(b)). To find out the trend of the unusual angular
broadening, the wavelength-dependent response of the angu-
lar FWHM on increased pump intensity is further illustrated in

Fig. 10(c). Two features are worth pointing out. Firstly, at low
pump intensity, the FWHM drops gradually with wavelength
as an overall trend. Secondly, it is only in the range of 582—
600 nm (see the gray region in Fig. 10(c)) that the FWHM is
increased with the increase in /,. Most interestingly, the gray
region in Fig. 10(c) is located within the ASEgpp spectral re-
gion, which implies that the net gain (as manifested by the
existence of ASEgpp) broadens the angular distribution of SPP
emission rather than making it narrower. These observations
indicate that, although theoretical work can predict the genera-
tion of spaser,>”! there are still many non-classical phenomena

that need to be explored and understood.
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Fig. 10. (a), (b) Angular distribution of SPP emission at 555.80, 600.53, and 592.87 nm under different 7,. (c) FWHM of the angular
distribution of SPP emission as a function of the detection wavelength under different /,. The gray shading indicates the region where

the FWHM is unusually increased.?”)

4. Manipulation of fluorescent radiation from
GNR hybrid structures

Metal nanoparticles exhibit fascinating plasmonic proper-
ties with potential applications ranging from bioscience, catal-
ysis and sensing to information technology such as imaging
and storage. The excitation of localized SPR in metal nanopar-
ticles results in nanoscale confinement of electromagnetic
fields near the metal surface and a significant enhancement in
the local density of optical states.'>! Such properties have been
widely employed to study the interactions between plasmons
and fluorophores, such as fluorescence enhancement[®3! and
the realization of nanolaser.4”)

In this section, we first present our recent study on the
microscopic manipulation of fluorescence from dye molecule-
coated GNRs.

mechanism is proposed and demonstrated with a single GNR

A double-SPR fluorescence enhancement

hybrid nanoparticle. Then, we demonstrate macroscopic ma-
nipulation of group GNR hybrid nanostructures by means of a
simple but efficient film-stretch method and realize polarized

emission with such a macroscopic film.

4.1. Fluorescence enhancement assisted by double SPRs of
GNRs

With regard to plasmon-enhanced fluorescence, there are
two kinds of enhancement mechanisms: excitation enhance-

t.34391 Although one can re-

ment and emission enhancemen
alize either excitation enhancement or emission enhancement
by utilizing the single SPR of some metal nanoparticles, plenty
of experiments have shown that, in the case of the maxi-
mum ‘excitation—emission’ efficiency, the SPR wavelength
lies right between the peak excitation wavelength and peak
emission wavelength of the emitters, as schematically illus-
trated in Fig. 11(a).[°°) Such compromised phenomena are also
commonly seen in SERS experiments.!?) The very essence of
this phenomenon is that the ‘excitation—emission’ efficiency
n of fluorescent molecules is related simultaneously to the
excitation efficiency ¥, and the emission efficiency Ygm,!°!!
which can be simply described as 7 = ¥x X Yem- The ex-
citation wavelength of lasers and the emission wavelength of
fluorescent molecule are described as Agx and Agp, respec-
tively. When the SPR wavelength of the metal particle satis-

fies the relation Aspr = Agx, the highest excitation efficiency is
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achieved; that is, (¥gx)max. While at Aspr = Agm, the highest
emission efficiency is achieved; that is, (Y&m)max. However,
generally, since Agm # Agx, if Aspr matches one of the wave-
lengths, the other must be mismatched. Therefore, (Y&x)max
and (Yem)max cannot be accomplished simultaneously. While
if Agx < Aspr < Agm, the linewidth of the SPR spectrum can
encompass both of the excitation and emission bands of flu-
orescent molecules and thus results in an optimized but com-
promised ‘excitation—emission’ efficiency Ncom. Obviously,
TNcom < (Yex)max X (¥Em )max-

We recently proposed a scheme to further increase the
‘excitation—emission’ efficiency.”®! By matching the double
SPR wavelengths (transversal SPR (TSPR) and longitudinal
SPR (LSPR) modes) with the excitation and emission wave-
lengths, respectively, one can realize (Vgx)max and (¥Em)max
simultaneously and achieve Nmax = (¥Ex)max X (¥Em)max- This
proposed idea is implemented by using a GNR that has two
SPR modes, as shown in Fig. 11(b).

(a) Excitat‘on Emission Excitation Emission Excitation Emission
SP SPR SPR
(1) Excitation enhancement (l1) Emission enhancement (ll1) Compromised enhancement
(b) ? 8 Excitation Emission
> . . ]
Excitation . « Emission LSPR
- . —
. P ® TSPR

Simultaneous excitation and

GNR hybrid

ucture

Fig. 11. Schematic models of the fluorescence enhancement mecha-
nisms assisted by the SPR of metal nanoparticles.>®! (a) Excitation en-
hancement (I) and emission enhancement (II) are realized by matching
the single SPR wavelength with the excitation and emission wavelength,
respectively. Optimized but compromised enhancement (III) is gener-
ally achieved by overlapping the single SPR band with both the exci-
tation wavelength and the emission wavelength. (b) Simultaneous en-
hancement of both excitation and emission by utilizing the TSPR mode
of gold nanorods to enhance the excitation possibility, while the LSPR
mode is used to enhance the emission rate.

For experimental demonstration, we use hybrid nanos-
tructures composed of GNRs or a GNS in the core and
oxazine-725-doped silica in the shell, which have been utilized
for studies of plasmon-enhanced fluorescence and plasmon—
molecule interactions.**! Since previous studies showed that
the fluorescence can be chemically quenched when fluo-
rophores are located very close (< 5 nm) to the metal
surface,?# the thickness of the silica shell in our studies is
chosen to be around 20 nm, with which a net fluorescence en-

hancement can be measured. To test the proposed fluorescence

enhancement effects induced by the double SPRs of GNRs,
wavelength matching is critical. To avoid an overlap between
the excitation wavelength of laser and the emission band of
the molecules, the excitation wavelength is chosen at 532 nm,
which is outside the emission band of oxazine-725 (ranging
from 600 nm to 800 nm).

To compare the fluorescence enhancement induced by
the different mechanisms depicted in Fig. 11, three types of
nanoparticles are deposited onto indium tin oxide (ITO) glass
slides, as shown by the SEM images in Fig. 12. Three sin-
gle nanoparticles are chosen from each type: 1) GNS1, which
has single SPR wavelength matched with the excitation wave-
length (532 nm); 2) GNRI1, whose TSPR and LSPR wave-
lengths are matched with the excitation wavelength and emis-
sion band of oxazine-725, respectively; 3) GNR2, which has
no SPRs matched with either the excitation wavelength or with
the emission band. In order to measure the scattering and
emission from exactly the same single nanoparticles, a com-
bined dark-field (DF) scattering and photoluminescence char-
acterization system is employed. The measured fluorescence
spectra of GNS1, GNR1, GNR2 and oxazine-725 molecules
in solution are plotted in Fig. 12(d), in which all spectra are
recalculated to equivalently show the corresponding emission
from the same amount of 1000 fluorophore molecules. One
can clearly see that GNR1, which has double SPRs matched
with both excitation wavelength and emission band, has the
strongest fluorescence. Compared with the emission from the
same amount of dye molecules in solution, the peak fluores-
cence intensity from GNR1, GNSI1, and GNR2 is enhanced
by 20.8, 5.3, and 4.5 times, respectively.

The enhanced emissions from GNR samples are con-
firmed by conducting time-resolved experiments with a time-
correlated single photon counting (TCSPC) system. Fig-
ure 12(e) shows the measured fluorescence intensity decay of
oxazine-725 in silica composite, GNS shell (with SPR wave-
length at ~550 nm) and GNR shell (with LSPR wavelength at
~ 700 nm), of which the resolved lifetimes are 2.51, 1.46 and
0.72 ns, respectively. The shortest lifetime, of oxazine-725
molecules in a GNR shell, indicates that the emission rate at
the LSPR wavelength is greatly enhanced, which is physically
caused by the increased local density of optical states around
the GNR due to the existence of LSPR. It should be mentioned
that here the decrease in lifetime is not as great as the increase
in peak fluorescence intensity (Fig. 12(d)) because the mea-
sured fluorescence intensity decays in Fig. 12(e) are from the
whole emission band of oxazine-725 rather than only at the
peak wavelength.
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Fig. 12. (a)—(c) SEM images of core-shell GNS and two types of GNRs on ITO glass slides. (d) Fluorescence emission spectra (from
top to bottom) of GNR1, GNS1, GNR2, and oxazine-725 water solution. The spectra are recalculated from direct measurements and
equivalently show the emission from the same amount (1000) of dye molecules in each sample. (e) Measured fluorescence intensity
decays of oxazine-725 molecules in different samples. It can be seen that fluorescence intensity decays much faster in the GNR sample

than in other samples. 58!

So far, we have proposed and demonstrated an effective
scheme to enhance fluorescence by utilizing the double SPR
modes of GNRs.
ity of the dye molecules is first enhanced by the local elec-
tric field enhancement due to the TSPR of the GNR. Then,

the emission rate at the LSPR wavelength is further enhanced

In this scheme, the excitation probabil-

by the increased local densities of optical states around GNR
due to the existence of LSPR. By experimentally employing
GNRs coated with dye molecule-doped silica shell, maximal
fluorescence enhancement is obtained when the TSPR and
LSPR wavelength of GNR are well matched with the excita-
tion wavelength and emission band of dye molecules, respec-
tively. Our scheme has opened up a new way to enhance fluo-
rescence or SERS signals by fully utilizing the multiple SPRs

of plasmonic nanostructures.

4.2. Macroscopic control of fluorescence from GNR hy-
brid structures

The studies of single metallic nanoparticles have aroused
great interest, due to their direct insight into various macro-
scopic plasmonic properties from a nanoscale point of view,
such as plasmonic absorption, scattering, emission and field

40,45

localization. 4+ The applications of single nanoparticles in-

clude surface-enhanced Raman spectroscopy, single molecule
detection, fluorescence enhancement, etc.[33:34:43:59.621 o .-
ever, single nanoparticles are normally smaller than 100 nm
and are difficult to manipulate by conventional methods.

Therefore, applications of metallic nanoparticles are mainly

based on assemblies in which the nanoparticles are randomly
distributed.!®?63 This causes an averaging issue in the case
of anisotropic nanoparticles in that the anisotropy is always
replaced by a macroscopically isotropic format. For exam-
ple, while the emission from a single hybrid GNR nanoparticle
has strong polarization effects,*34! the assembled nanostruc-
tures cannot preserve these anisotropic properties due to the
averaging effect of the random distribution and orientation of
nanoparticles.

Recently, we demonstrated that macroscopic polarized
light emission can be simply realized by aligning anisotropic
hybrid GNR nanoparticles.®*] Moreover, by fully utilizing the
LSPR of the hybrid GNRs, the relative excitation—emission
efficiency of the macroscopic film can be enhanced by ~ 15
times when both the excitation and emission polarization di-
rections are along the stretching direction. These studies pro-
vide a simple but important method for the realization of po-
larized emission, as well as the easy applications of active
anisotropic nanoparticles.

The hybrid GNR nanoparticles in our experiments are
composed of GNRs in the core and dye molecule (oxazine-
725) doped silica in the shell (as shown in Fig. 12(b), pur-
chased from Nanoseedz). For sample preparation, we use a
film-stretch method to align GNR metal particles.*”! Specif-
ically, the GNR nanoparticles are purified and mixed with
a 15% aqueous PVA solution with a volume ratio of 1:1.
GNRs/PVA films are prepared by pouring the mixture into a
Petri dish and then drying the samples naturally for 24 hours
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at room temperature, which results in uniform polymer films
with a thickness of ~ 100 pm (depending on the amount of
the mixture used). Finally, the GNRs/PVA films are cut into
rectangular segments that are manually stretched in one di-
rection under heating at ~ 65 °C (as schematically shown in
Fig. 13(a)) until a desired length is obtained. In our exper-
iments, the final length of the stretched film is chosen to be
~ 5 times its original length, which ensures nearly complete
alignment of the GNRs inside the stretched films,**! as char-
acterized by the SEM images displayed in Fig. 13(b).

During the stretch process, the PVA molecules elongate
along the stretch direction, which orients the longitudinal axes
of GNRs along the stretch direction.!%] Because the LSPR
mode is inherently polarized along the longitudinal axis, the
stretched films will show collective LSPR when the incident

light is polarized parallel to the stretch direction. In such

Original

7 | Original

|nterested direction (

ahgnment direction

L Stretched , | Stretched _L

a way, the stretched film could macroscopically enact the
anisotropic optical properties of a single GNR. As shown in
Fig. 13(c), a stretched GNRs/PVA film shows distinct col-
ors when the incident light is polarized parallel and perpen-
dicular to the stretch direction, respectively, while the origi-
nal film shows the same color in both polarization directions.
These color displays are inherently associated with the cor-
responding absorption spectra. As shown in Fig. 13(d), the
original film shows two absorption peaks irrespective of the
light polarization directions (curves I and II). After the stretch,
the film possesses only one absorption peak upon each polar-
ized excitation, which corresponds to the LSPR (curve III) and
TSPR (curve IV), respectively. This splitting of the LSPR and

TSPR in the macroscopic films could find useful applications
[38]

in polarization-dependent color display devices.

/-\
Absorbance &

500 600 700 800
Wavelength /nm

Fig. 13. (a) Schematic illustration of the film-stretch process, by which the randomly distributed hybrid GNRs are aligned with the
long axis along the stretching direction. (b) SEM images of hybrid GNRs in stretched PVA films. After the stretch, most of the hybrid
GNRs in the film are aligned with the long axis along the stretching direction (indicated by dash lines). Scale bars are 500 nm.[* (¢)
Optical microscope images of the original and stretched GNRs/PVA film under white light illumination with polarization parallel (||)
and perpendicular (_L) to the stretch direction. (d) Measured absorbance spectra of the GNRs/PVA films corresponding to (c). 1391

To study the emission properties of the stretched macro-
scopic film with aligned hybrid GNRs, the sample is first
excited with a circularly polarized pump at wavelength of
633 nm. It is found that when varying the angle of the detec-
tion polarization (0get), the measured emission spectra show
strong anisotropy. To avoid the cut-off effects of the long-
pass filter, the emission intensity at the LSPR wavelength of
742 nm is monitored. As shown in Fig. 14(a), the emission
intensity of the stretched sample varies periodically and can
be well fitted using a cosine squared function together with an
exponential decay that occurs when the detection polarization
angle is continuously increased. This decay in intensity is due
to the laser-induced photo-bleaching effects.!*3! After calibrat-
ing the exponential decays, one can clearly see the dipole-like
pattern in the polar plot of Fig. 14(b), which indicates an emis-
sion polarization close to linear polarization. By comparison,

the emission from the original film shows only an exponential

decay in Fig. 14(a), which is fully isotropic after calibration
of the exponential decay (see Fig. 14(b)). It should be men-
tioned that this polarized emission from the stretched film is
not only observed at the wavelength of 742 nm but also seen
at other wavelengths ranging from 650 to 880 nm. Therefore,
the stretched macroscopic film could be useful for applications
such as converting circularly polarized light into broadband
linearly polarized emission, as depicted in Fig. 14(c).

Our further studies with linearly polarized excitation (6e )
while varying the angle of the detection polarization (Oge)
show that the measured emission spectra are highly depen-

dent on the values of Oex and oy, as plotted in Fig. 14(d),

where the symbols “||” and “_L” denote the angles of 0° and
907, respectively. For example, /| || means that the spectrum is
measured when both the excitation and emission polarization
directions parallel to the stretching direction (i.e., 8.x = 0° and

Oger = 0°), while I, | means that the spectrum is measured
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when OGex = 90° and oy = 0°. To compare the fluorescence
efficiency among different experimental schemes, the relative
excitation—emission efficiencies of the sample are calculated
by normalizing the fluorescence spectra to the spectrum of
I, ||. As shown in Fig. 14(e), the highest relative efficiency
(~15) is achieved when both the excitation and emission po-
larization directions are parallel to the stretching direction.
Both figures 14(d) and 14(e) clearly demonstrate that to ob-
tain the maximum polarized fluorescence from the stretched
samples, the selection of both excitation and emission polar-

ization is critical. The difference between the maximum (I” H)

and minimum (/, ) emission intensity can be as high as 15
times. The underlying physics for is that when both the exci-
tation and emission wavelengths are within the LSPR band of
hybrid GNRs, the excitation rate is increased, due to the lo-
cal field enhancement, and the emission rate is enhanced by
the increased local density of optical states when the LSPRs
are excited at both the excitation and emission wavelengths.
Therefore, both excitation and emission enhancement are in-
duced, and the maximum excitation—emission efficiency for

fluorescence is achieved.

a b
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Fig. 14. (a) Measured emission intensity at wavelength 742 nm versus detection polarization angle (0e) under excitation with circular
polarization for the original and stretched film. The data are fitted with a cosine squared function together with an exponential decay. (b)
Polar plot of the experimental and fitted data in panel (c) after calibrating the exponential decays. (c) Illustration of the applications of the
stretched hybrid GNRs for converting circularly polarized light into broadband linearly polarized emission. (e) Measured emission spectra of
the stretched film with different 6y and @ge. The symbols “||” and “L” denote the angles of 0° and 90°, respectively. The first and second
subscripts represent the values of Gex and e, respectively. (e) Relative excitation—emission efficiency of the emission spectra shown in (d).164

5. Conclusions

In summary, we have introduced some of our recent work
on manipulation of SPs for potential applications, specifically
for the control of plasmonic wavefront and light-matter in-
teraction in metallic nanostructures. We have briefly intro-
duced the principles of the SWH methodology and shown that
SWH allows one to directly determine the surface corruga-
tion structure of a metal film to realize a given functionality of
electromagnetic wave transportation without the need to solve
complex inverse problems of electromagnetics. As examples,
we have presented the wave-front shaping of near-infrared
light through a subwavelength hole in an opaque screen, as

well as holographic plasmonic lenses for SPs with complex

wavefronts, both of which have been successfully designed
and realized experimentally. We have explored various effi-
ciently ways to manipulate and harness light-matter interac-
tion in metallic nanostructures. In particular, we have the-
oretically investigated SP amplification in gold nanobox and
nanorod particles incorporating gain media and found that the
linewidth of SPR in these active nanosystems can be dras-
tically reduced, and the local electric field intensity can be
significantly increased, leading to a giant enhancement of the
SERS factor up to a level exceeding the single-molecule detec-
tion limit. We have presented an all-analytical semiclassical
theory that incorporates four-level atomic rate equations for

gain media and Maxwell’s equations for optical field to eval-
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uate the physics and performance of a nanolaser made from a
plasmonic nanocavity. We have then presented experimental
studies on amplified spontaneous emission of SP polaritons at
the metal/gain medium interface by adopting a standard prism
setup. Finally, we have discussed experimental demonstration
of both microscopic and macroscopic manipulation of fluores-
cence from dye molecules. We have shown that a double-SPR
mechanism can be adopted to enhance the fluorescence signal
of dye molecules in hybrid GNR nanoparticles with appropri-
ate geometric parameters. We have also presented a simple
polymer film-stretching technique to align group hybrid GNR
nanoparticles so that the whole macroscopic film behaves the
same way as a single microscopic nanoparticle. In addition,
the manipulation of light radiation, such as adjusting the polar-
ization and intensity, can be achieved in such an active GNRs
embedded macroscopic thin film. The studies presented in
this review not only provide fundamental ideas for sophisti-
cated nanoscale manipulation of SPs but also hold potential
for applications in areas such as optical displays, biomedi-
cal sensing, information integration and transportation, energy

harvesting, etc.
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