DE GRUYTER

Nanophotonics 2020; 20200059 a

Research article

Zhiwei Yan, Chong Sheng, Shining Zhu and Hui Liu*

Experimental nanofocusing of surface plasmon
polaritons using a gravitational field

https://doi.org/10.1515/nanoph-2020-0059
Received January 27, 2020; accepted April 13, 2020

Abstract: How to capture electromagnetic fields into sub-
wavelength spatial scales has been a major challenge in
nanophotonics, especially confining surface plasmon
polaritons into regions as small as a few nanometers.
Although various methods are proposed to achieve this goal,
these methods require complex fabrication process. Here, we
demonstrate experimentally the achievement of nano-
focusing of surface plasmon polaritons with an intensity
enhancement of three, using the simple structure with just
pasting a sliver microwire on a sliver layer. And the designed
structure has a well-defined gravitational field inspired by
transformation optics. This simple design structure has ap-
plications to enhance light-matter interactions, such as
nonlinear optical process and Raman scattering.

Keywords: gravitational field; nanofocusing; transformation
optics.

1 Introduction

Surface plasmon polaritons (SPPs) are the coupled excita-
tions of electromagnetic waves and free-electron, which are
surface electromagnetic waves propagating at the metal-
dielectric interface. Nanofocusing of SPPs, confining the sub-
wavelength field into regions as small as a few nanometers,
has been one of the central goals in the field of nano-
photonics, which can enhance light-matter interactions.
This prominent capability has numerous applications, e. g.,
enhanced nonlinear effects [1, 2], nanolasers [3-5], ultraslow
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light [6], surface-enhanced Raman spectroscopy [7, 8] and
plasmonic sensing [9, 10]. To achieve this, various designs,
including metallic tips [11], tapered waveguides[12, 13],
wedge and V-grooves[14-17], have been demonstrated to
realize high spatial field confinement of SPPs.

On the other hand, transformation optics [18—21] based
on the coordinate transformation to map the distributions
of permittivity and permeability has brought about myriad
exotic effects such as invisibility cloaking [22-28], illusion
optics [29-32], super-resolution imaging [33, 34], and even
mimicking relativity phenomena [35-40]. In addition,
transformation optics has also been used to shape plas-
monic structures with singularities such as the crescent or
kissing cylinders [41-44], where the SPP modes supported
slow down as they propagate towards the singularity. One
can expect an extremely large field enhancement over a
broad frequency spectrum. Alternatively, considerable
novel devices have been designed to harvest light by
mimicking gravity process based on transformation optics
[45-50]. In all these systems, however, it is a big challenge
to manufacture complicated metamaterials with strictly-
specified position dependent and exceedingly large effec-
tive refractive indexes in the lab.

In this work, we have experimentally realized a simple
approach for designing a nanofocusing device. By placing
a silver microwire on the surface of a silver film, we fabri-
cated a Metal-Insulator-Metal waveguide with a well-
defined variable waveguide thickness and hence modu-
lated the effective refractive index of the gap surface
plasmon polaritons (GSPP) modes. It is subtle that this
GSPP waveguide naturally establishes a precise inverse
square law refractive index profile which corresponds to a
one-dimensional metric of a gravitational object. Both
analytical theory and full-wave numerical simulations
demonstrate a good performance of nanofocusing. In our
experiment, an obvious nanofocusing effect was observed.

2 Results and discussion

A structured waveguide was fabricated as depicted in
Figure 1. During the fabrication process, a polymethyl
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methacrylate (PMMA) resist, mixed with oil-soluble Pbs
quantum dots, was initially deposited on a silica (SiO,)
substrate. Next, a-80nm-thick silver film was sputtered
onto the PMMA surface, followed by a straight silver cyl-
inder (diameter = 25 um, y-length = 2 mm) glued to it. And
then a set of coupling gratings with a period of 750 nm were
drilled on the silver film near the silver cylinder with a
focused ion beam (FEI Dual Beam HELIOS NANOLAB 600i,
30 keV, 80 pA).We combine the structured waveguide and
gap surface plasmon by fixing a silver microwire on the
silver film surface. As shown in Figure 1A, when
approaching the vicinity of the touching point, the thick-
ness of the air layer can be varied to modulate the effective
refractive index of the GSPP modes. Figure 1B presents a
scanning electron microscopy (SEM) image of the fabri-
cated GSPPs structure. The grating is 12 um wide (x-length)
and 30 um long (y-length). In the x direction, the distance
between the center of the grating and the center of the
microwire is 30um.

Due to the spatial dependency of the air layer thickness
h, its solutions to the Maxwell’s equations are difficult to
analytically express. However, for simplicity, we can solve
it analytically at a fixed positon x where the thickness h is
definite. At this point, the structured waveguide can be
seen as a simple Metal-Insulator-Metal geometry. Conse-
quently, the dispersion relations to each position of the
GSPP waveguide can be obtained. Here, we consider only
the symmetric SPP mode of the waveguide [51], which has a
dispersion relationship given as
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Figure 1: Design of GSPP waveguide for
nanofocusing.
(A) Schematic view of the GSPP waveguide
formed by placing a silver microwire on a
silver film. A grating is used to couple the
incident laser into the waveguide. Inset:
enlarged schematic of the cross section of
the structured GSPP waveguide. (B) SEM
image of a fabricated GSPP structure.
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where f is the propagating wave vector of the SPPs, €;(n)
are the permittivities of the dielectric(metal) components,
and k, = w/c is the wave vector in free space. Here, we use
the Drude model to describe the permittivity of the silver
component, given as &, = &, +i€y; =5— wf,/ (w? + iww,),
with plasma frequency w, =9.1eV and relaxation rate
w; = 0.021eV [52]. At the same time, &, is set to be 1 as the
dielectric layer is air. Figure 2A shows the dispersion re-
lations of the GSPPs with air layer thickness h varying from
1 nm to 50 nm. It is obvious that the propagation constant
increases as the thickness decreases at a fixed frequency
corresponding to 785 nm light indicated by the dashed
black line. And the effective refractive index ng; of the
GSPP is given by ngs = B/ko, which is shown in Figure 2B.
Furthermore, both the phase and group velocity of GSPPs
asymptotically tend to zero toward the contact point.
Consequently, the GSPPs are slowed down and adiabati-
cally stopped at h — 0, leading to their accumulation at the
contact point.

Now we try to derive the dependency between
the effective index of the GSPP and the lateral distance
to the contact point. Due to the cross section of the
GSPP structured waveguide, as indicated in the inset
of Figure 1A, air layer thickness h decreases as the
lateral distance decreases, which can be expressed as
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Figure 2: Calculated properties of the GSPP

waveguide.

(A) Dispersion relations of the symmetric
GSPP modes with air layer thickness h
varying from 1 nm to 50 nm. The black
dashed line corresponds to the frequency of
! 785 nm light. (B) Effective refractive index
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as a function of the air layer thickness h. (C)

Effective refractive index n.r as a function of the lateral distance x to the contact point. The black and red lines correspond to the real and
imaginary parts of nef calculated using the approximated result Eq. (2), while the dots are the exact values according to the GSPP dispersion
relationship Eqg. (1). In (B) and (C) calculations, we have set A = 785nm, R = 12.5 ym.
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h(x) =R- VR*—x2, (x<R), with R the radius of the
microwire and x the lateral distance to the contact point.
Apparently no analytic form of the effective index can
be obtained when substituting h(x) = R - VR? = x2 into
Eqg. (1). However, for sufficiently small air layer thicknesses
(when x/R<1, h(x)=R-R(1- (x/R)*»)"*=x*/2R — 0)
and hko<«1, we <can wuse the approximation

tanh(h\/ﬁzz"késd> z"z\//f};kéed resulting in the following

expression
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where Ny, = \/eq€n/ (€4 + €m) = N inz, is the asymptotic
effective index of the GSPP when h approaches infinity.
Note that the effective index near the contact point is
inversely square dependent on the lateral distance. We
compared the result of the GSPP effective refractive index
using Eq. (2) with that rigorously calculated from Eq. (1),
which is shown in Figure 2C with solid lines and dots
respectively. And both results are in good correspondence.

Here, we intend to identify a curved spacetime whose
metric could provide the effective refractive index that we
have obtained above. We begin by considering a static
centrally symmetric spacetime described by the isotropic
metric:

ds’ = dt* = -gy, (ndt + g,, (r)dx’ (3)

where g, is the dilation between the proper time 7 and the
universal time ¢, r = || is the radial distance, and g,, is a
metric that depends on the spatial coordinates x. Accord-
ing to transformation optics that electromagnetic waves
propagating in curved space are identical to inhomoge-
neous medium, we can establish this equation:
n=+/g,/8q [45]. Here we take g, =1, g,, = n;. A large
variety of gravitational objects in hydrostatic equilibrium
can satisfy such a metric, including degenerate star cores
such as those in neutron stars, red giants and white dwarfs.
When degenerating into one dimension, the metric can
provide the exact effective refractive index our GSPP
waveguide matches.

And when electromagnetic wave propagating in the
curved space, the Helmholtz equation has the form:
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where a, B, y are space symbol, E* is electric field and c is
velocity of electromagnetic waves . Considering the metric
in Eq. (3) and the polarization of SPP (E¥ = i (x)e'¥), the
above equation can be written as:
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where ngy is given by Eq. (2), ko = w/c.
With the ansatz ne; =n,% when x — 0, the above
equation can be written as:
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Assuming that the envelope iy is slowly varying
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Then the field intensity of SPP in the gravitation field
as:

160 = [P = oS8/ ) _ gl (g)

Here we define the feature length I, = ny,a’ko/2, and
when x <. (I, ~ 0.89 ym after considering realistic value),
there exist a remarkable enhancement due to the nano-
focusing.

To validate the GSPP dynamics in our structured
waveguide, full wave simulations are performed using
commercial finite-difference time-domain (FDTD) software
(Lumerical Solutions, Inc.). Figure 3A shows the simulation
results for GSPPs incident towards the contact point.
Clearly, the propagation causes accumulation of the GSPPs
energy towards the contact point where the local cross-
sectional dimension becomes infinitesimally small. The
corresponding intensity profile of the GSPPs along the
lateral direction is plotted in Figure 3C(blue solid line). The
intensity enhances rapidly as GSPPs propagates towards
the singularity. The maximum intensity enhancement
reaches as high as 10*. And we fitted the profile with the
formula in Eq. (8). In our simulation result, the maximal
intensity is not at x = 0, which is caused by the mesh size
limitation at this point during the simulation. But the trend
of the enhanced intensity caused by nanofocusing fits the
formula Eq. (8) well.

In the experiment, we focused a 785 nm laser light
on the grating coupler parallel to the microwire by a
microscope objective (Olympus Plan Achromat Objective
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Figure 3: Simulation and experimental
results.

(A) Full wave simulation of GSPP
propagation. In the simulation we have
fixed A = 785nm, R = 12.5 um. The location
of the microwire is indicated with dashed
black line. (B) Top-view camera images of
the propagation behavior of the SPPs with
(top) and without (bottom) the presence of a
silver microwire. The yellow lines indicate
the position of the microwire. (C)
Normalized intensity profile as a function of
the lateral distance x. The blue solid line is
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result in the form of Eq. (8). (D) Normalized
intensity profiles of the SPPs extracted from
(B). The blue line shows the dramatic
enhancement intensity of GSPPs when
propagating, while the grey one indicates
the attenuation of an ordinary SPP. The red
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20x/0.4) and stimulated the SPP mode in the GSPP wave-
guide. The spot size of the incident light is about 10um. As
the SPPs propagate towards the contact point, it excites the
quantum dots inside the PMMA layer, which re-emit fluo-
rescent light at 1050 nm to demonstrate the propagation
behavior of the SPPs. The fluorescence was collected by a
microscope objective (Zeiss Epiplan x 50/0.17 HD micro-
scope objective) and delivered to a charge-coupled device
camera. Figure 3B shows the obtained fluorescence image.
Clearly, when the GSPPs propagate towards the contact
point, the field enhancement is significant, which indicates
that the energy of the GSPP mode was extremely concen-
trated between the microwire and the silver film inside the
air layer. Furthermore, the image also shows that the
GSPPs nearly stopped at the contact point due to the sharp
decrease of the phase and group velocity. For comparison,
the image of an ordinary SPP is depicted whose intensity
attenuated gradually during the propagation. We extracted
the normalized intensity of both cases displayed in
Figure 3D. When propagating the same distance, the in-
tensity of the GSPPs at the contact point was more than
three times stronger than the intensity of an ordinary SPP.
By comparing the experimental enhancement in Figure 3D
and the simulation enhancement in Figure 3C, the experi-
mental result is much smaller. And the limited enhancement
is caused by some experimental technique and physical
mechanism. On the one hand, the surface roughness of
silver and microwire in our experiment is about 10 nm and

Lateral distance x (um)

-5 line is the enhancement defined as

leseelleser (o) '\yhere x, is at the radius of the
Ispp/Ispp (Xo)

microwire in the x direction which is

even larger, we cannot obtain the ideal case that gap size is
nearly zero just as in the simulation. Besides that, we take
quantum dot to absorb the energy of SPPs for fluorescence
imaging, which also vitiates the enhancement process dur-
ing the nanofocusing. On the other hand, the quantum na-
ture of sliver, such as electron spill-out and nonlocal effect,
and intrinsic loss of sliver play a role to restrict the large
enhancement in real experiment.

Since this design of GSPP waveguide intensifies light
by nanofocusing it into sub-wavelength spatial scales, we
expect that it can be used to enhance nonlinear optical
process such as second-harmonic (SH) generation. Based
on the structure in Figure 1A, we embedded an extra
dielectric layer (thickness = 10 nm) of lithium niobate
(LiNbO5, LN), which possesses large xy® nonlinear co-
efficients [53], between the silver film and the silver
microwire, as shown in the inset of Figure 4A. Full wave
nonlinear simulations using commercial finite-difference
time-domain (FDTD) software (Lumerical Solutions, Inc.)
were conducted to demonstrate how this GSPP waveguide
yields field enhancement for SH generation. In the simu-
lation, a 785 nm source was incident toward the touching
point. Figure 4A shows the generated SH signal, revealing a
strong nonlinear response in close proximity to the contact
point. We plotted the electric field intensity of both the
fundamental light and the SH light in Figure 4B. Clearly,
they both undergo a substantial boost in the close vicinity
of the singular point. The same process occurs at another
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Figure 4: FDTD Simulation of enhanced SH
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(A) Electric field intensity distributions of
the SH signal (A = 392.5nm). In the
simulation we have fixed the incident
fundamental light A = 785 nm and the
microwire R = 12.5 um. The location of the
microwire is indicated with dashed black
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line. The right panel is the schematic of the
cross section of the new setup GSPP
waveguide, where the LN layer thickness is
10 nm. (B) Normalized intensity profile of
the fundamental 785 nm light (red line) and
the SH 392.5 nm light (purple line) as a
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field intensity distributions of the SH signal

(A = 532 nm) when the incident fundamental light is set as A = 1064 nm. (D) Normalized intensity profile of the fundamental 1064 nm light (red
line) and the SH 532 nm light (green line) as a function of the lateral distance x.

arbitrarily chosen fundamental wavelength A = 1064 nm,
which is shown in Figures 4C and D, indicating a broad-
band enhanced second-order nonlinear optical process.
Since the nonlinear interaction strength is proportional to
the light intensity, our design has the potential to realize
broadband and enhanced SH generation. In our experi-
ment, due to the restriction of loss, the enhancement of
fundamental light is much smaller than the simulation
one. This limited enhancement may not produce the
threshold required for nonlinear processes.

3 Conclusion

In conclusion, we have experimentally demonstrated
adiabatic nanofocusing of electromagnetic radiation
within deep subwavelength regime without complex
nanofabrication technology using a sliver microwire
placing on sliver layer. Furthermore, the nanofocusing
process can be clearly manifested by fluorescence mea-
surement with an intensity enhancement as large as three.
We believe that this simple designed structure will be
valuable for capturing electromagnetic waves into sub-
wavelength regime to enhance light-matter interactions,
such as nonlinear optical process and Raman scattering.
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