
Diffraction-Limited Focusing of Plasmonic Wave by a Parabolic Mirror

P. N. Melentiev1,2 & A. A. Kuzin1,3
& D. V. Negrov3 & V. I. Balykin1,2

Received: 19 January 2018 /Accepted: 25 April 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
We demonstrate effective, up to 30%, reflection of the surface plasmon-polariton wave (SPP) from a nanogroove made on Ag
film surface. The use of SPP reflection from a nanogroove having a shape of parabola helps to realize a new element in
nanoplasmonics—parabolic SPP mirror. It was found that the mirror allows focusing of the SPP into a diffraction-limited spot
with a lateral size of about λSPP (λSPP = 800 nm—SPP wavelength). The possibility of spatial scanning the focusing spot of SPP
on the surface of Ag film is shown.
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Introduction

Surface plasmon-polaritons (SPP) are surface waves that prop-
agate along the metal-dielectric interface or other metal struc-
tures, such as metal films or strips, metal particles of various
sizes and shapes, holes in nanofilms, slits, or surface corruga-
tions. SPP waves are nonradiative waves localized along the
interface between two media. Choice of a metal for fabrication
of SPP elements is crucial in nanoplasmonics. In experimental
nanoplasmonics, the noble metals are usually used because of
their minimal losses among all known natural materials. Silver,
as the main plasmonic material, has minimal losses in the vis-
ible and near-infrared regions of the spectrum [1, 2].

A great interest in SPP research is related to the possibility
of using SPP as information carriers, because SPPwaves com-
bine the advantages of electrons (the possibility of strong spa-
tial localization) and photons (high frequencies) [2–4]. Similar
to photon optics, SPP optics describes the excitation, control,
and detection of such waves. To date, the following elements

of SPP optics are known: mirrors [5, 6], beam splitters [7],
waveguides [8, 9], interferometers [10, 11], lenses [12–15]
sensors [16–19], and plasmonic nanolasers [20–22].

The elements of SPP optics are fabricated, as a rule, using
electron- or ion-beam nanolithography. After the fabrication of
such elements, it is no longer possible to change their properties
and, which is essential, their mutual arrangement. This feature
of SPP optics has both advantages and disadvantages. On the
one hand, the high spatial stability of the relative arrangement
of SPP elements in space is demanding in applications. On the
other hand, the impossibility of changing the mutual arrange-
ment of these elements (as in photon optics) makes it impossi-
ble to perform fine-adjustment of the whole optical set up. This,
in turn, does not allow reaching the highest characteristics of
the SPP optical elements.

Focusing of waves is one of the most important prob-
lems of any type of optics (photon optics, atom optics,
optics of charged particles), because it allows to couple a
plane propagating wave to a spatially localized wave
modes. In plasmon optics, waves focusing was realized
using the structuring of the surface of a metal film by
curved ridges [12], curved slits [15], curved chain of nano-
particles [23], by creating a dielectric lens on the metal
film—in a direct analogy with a photon optics [24], or with
use of multiple focusing elements [25]. Another important
element of the wave focusing is a parabolic mirror.
Parabolic mirrors are common elements of photon optics
and are notable for the possibility of focusing radiation in a
diffraction-limited spot, as well as the absence of chromat-
ic and spherical aberrations. However, in nanoplasmonics,
parabolic mirrors have not been realized so far.
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In this paper, we demonstrate effective control of SPP wave
using a parabolic mirror that allows: (1) reflection of SPP
waves with efficiency of up to 30%, (2) focusing of SPP
waves into diffraction-limited spot with a lateral size about
λSPP, and (3) spatial scanning the focusing spot of SPP wave
on the surface of Ag film.

Optical Media for SPP Waves

The choice of material for creating the SPP optics elements is
decisive. Silver and gold are the main materials of modern
experimental nanoplasmonics due to their minimal ohmic
losses among all known natural materials. It should also be
noted the active study of plasmon materials, which can be
compatible with silicon microelectronics [1, 26].

Silver, as themain plasmonicmaterial, has minimal losses in
the visible and near-infrared spectral regions [1]. In silver
nanofilms, there are additional losses due to the corrosion of
the metal surface by sulfur and chlorine, which are inevitably
present in the environment [27]. An effective approach to pre-
vent corrosion of silver surface is the deposition of thin protec-
tive films [28, 29]. A significant number of the nanoplasmonics
elements are created on the basis of planar nanofilms. The
progress in nanofilms deposition with low losses makes it pos-
sible to hope for the possibility of further reduction of losses in
metallic nanostructures based on them [30].

The main parameter characterizing the quality of metal
nanofilms is the SPP propagation length: the length after
which SPP wave intensity decreases to 1/e from its initial
value [31]. The SPP propagation length depends strongly on
the quality of the nanofilm used, determined by the deposition
process. The known values of the SPP propagation length on
Ag/air interface are not exceeding 50–80 μm (at a wavelength
of 800 nm) [30, 32–34].

In this work, Ag nanofilm was used as an optical medium
for SPP waves. As it was recently shown, the use of modern
high-vacuum equipment and substrates with low roughness
made it possible to create silver films having significantly
better plasmonic properties. The SPP propagation length on
the surface of Ag films was of the order of 100 μm (at a
wavelength of 800 nm) [15]. The measured length of a SPP
wave in such a film is considerably larger than in other pub-
lished works.

In this paper, all measurements were performed in the near-
infrared spectral range, at a SPP wavelength of about 800 nm.
This wavelength is chosen for several reasons. First, at this
wavelength, the losses of Ag nanofilms are significantly
smaller in comparison with a visible spectral range. Second,
at this wavelength, the sensitive CCD cameras are available,
allowing performing optical microscopy of the SPP waves.
Third, in this spectral range, the overwhelming majority of
works in the field of nanoplasmonics are carried out, which

allows us to compare our results with the results of other
laboratories.

SPP Reflection from a Nanogroove

Nanogroove made on the surface of a metal film is one of the
basic elements of SPP optics. It is widely used in different
applications: (1) to excite SPP waves [35], (2) to detect SPP
[15, 36], and (3) to form SPP interferometers [10, 11].

In the paper [5] it was proposed to use a nanogroove made
on a surface of nanofilm to reflect SPP waves. The calcula-
tions carried out by the authors of this work showed that the
reflection coefficient of the SPP from a nanogroove depends
on the wavelength of the SPP, the width of the nanogroove,
and its depth. The maximum value of the reflection coefficient
for the optimally selected parameters was about 30%. For the
SPP wavelength considered in this paper, the reflection coef-
ficient of 30% is realized with the following nanogroove pa-
rameters: width 100 nm, depth 120 nm [5]. Such parameters
were used in the present work to create a parabolic mirror for
SPP based on the nanogroove.

Note that the maximum possible reflection of the SPP
waves from nanogrooves is several times smaller in compar-
ison with the reflection from the metal nanostrip fabricated on
the surface of the metal nanofilm, reaching the reflection
values more than 90% [36]. Nevertheless, the simplicity of
nanogrooves fabrication, in comparison with the technologi-
cal difficulties of creating nanostrips, makes it more demand-
ing in that cases when a large value of the reflection coefficient
is not required.

Figure 1a shows the optical image of an experimental sam-
ple made for measuring the SPP reflection coefficient from a
nanogroove. The experimental sample was created from a
200-nm-thick Ag film in which the following structures were
made using focused ion beam lithography: (1) an array of
nanoholes with a period of 800 nm to excite SPP wave; (2)
a Bnanogroove-mirror^ with a depth of 120 nm and a width of
100, designed to reflect the SPP wave; and (3) two
Bnanogrooves-detectors,^ 25 nm deep and 60 nm wide, creat-
ed to measure the reflected and transmitted through the
Bnanogroove-mirror^ SPP waves by their scattering on these
nanogrooves. BNanogrooves-detectors^ are located at equal
distances from the Bnanogroove-mirror,^ to measure the ratio
of the power of transmitted and reflected SPP waves. The
surface of Ag film is covered by nanocaves to visualize the
propagation of SPP waves [15]. Nanocaves are located at a
distance of 5 μm from each other. The diameter of nanocaves
is 60 nm, the depth is 25 nm.

The geometric parameters of the Bnanogrooves-detectors^
were chosen from considerations of minimal losses for the
SPP propagation. Such a regime is realized with nanogroove
sizes corresponding to the so-called cut-off mode for the
waveguide MDM mode of a nanogroove [37]. With such
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parameters, a single nanogroove scatters SPP wave with effi-
ciency less than 1% [15].

Figure 1b shows the image of the experimental sample in
which excitation, propagation, reflection from a nanogroove,
and detection of SPP were studied. The image was obtained
with the help of an optical microscope, when the experimental
sample was illuminated by a laser radiation with a wavelength
of about 800 nm having polarization directed along the rows
of the nanoholes array. The laser radiation impinges the sam-
ple perpendicular to its surface. Laser radiation illuminates the
sample from the side of the quartz substrate and excites SPP
waves on the other side of the silver film, adjacent to the air.
The diameter of the laser spot corresponds to the size of the
matrix with nanoholes and is equal to 20 μm.

The figure shows a bright rectangular spot corresponding
to the transmission of light through the array of nanoholes.
From the right side of this spot, there are small white spots
located in the matrix order. The origin of these spots is the SPP
wave scattering on the nanocaves fabricated on the Ag film
surface. The scattered radiation on these nanocaves allows us
to visualize the propagation of the SPP on the Ag film surface.
The transmittance of SPP through the Bnanogroove-mirror^
element can also be seen from the scattering on the nanocaves.
In addition, the figure clearly shows the scattering of SPP on
the Bnanogroove-mirror.^ Besides, the reflected and transmit-
ted SPP waves can be seen through the scattering of SPP on

Bnanogroove-detectors.^ The detected signal on the
Bnanogroove-detector^ convincingly demonstrates the mirror
reflection of SPP from the Bnanogroove-mirror^ at an angle of
1350.

From Fig. 1b, it is possible to evaluate the reflection coef-
ficient of SPP from a nanogroove—a ratio of SPP intensity
reflected from the nanogroove to the incident SPP intensity.
As can be seen from the figure, the most part of SPP wave
passes through the Bnanogroove-mirror^ and only a small part
of the SPP wave is reflected. Measurement of the intensity of
the SPP wave scattered on the nanocaves before and after the
Bnanogroove-mirror^ on the Fig. 1b helps to obtain the
Bnanogroove-mirror^ transmission of about 91%. The ratio
of the scattering intensity of the transmitted and reflected
SPP waves on the Bnanogrooves-detectors^ is approximately
equal to 22.7. Thus, the reflection coefficient of the
Bnanogroove-mirror^ is about 4%.

We created a series of samples to measure the reflection of
SPP wave at different angles from the nanogroove. The
highest reflection coefficient of SPP is realized at normal in-
cidence and is equal to 30%, which corresponds to the calcu-
lations carried out in [5]. At the reflection angle of 45%, about
15% of the energy of the SPP is reflected. An increase in the
reflection angle leads to a decrease in the reflection
coefficient.

SPP Focusing by a Parabolic Mirror

The demonstration of SPP wave reflection from a nanogroove
opens up new possibilities to control of SPP waves. In this
section, we present experimental demonstration of focusing of
SPPwave using a parabolic mirror formed by nanogroove of a
specially designed parabolic-type shape fabricated on the sur-
face of a silver film.

Parabolic mirrors are common elements of photon optics
and are notable for the possibility of focusing radiation in a
diffraction-limited spot, as well as the absence of chromatic
and spherical aberrations. In contrast with spherical mirrors,
which suffer from a spherical aberration that becomes stronger
as the ratio of the beam diameter to the focal distance becomes
larger, parabolic mirrors can be made to focus beams of any
width. The ideal parabolic surface is not limited in space. In
practice, parabolic mirror is only a segment of a parabolic
surface. This allows significantly expanding their scope of
applications. For example, to get a physical access to the area
of focal spot in which the object under investigation can be
arranged—a waveguide or other optical elements.

In plasmon optics, the propagation of SPP on flat surfaces
is considered; therefore, SPP elements, as a rule, have a two-
dimensional topology. In principle, by analogy with photon
optics, it is possible to focus SPP wave by its reflection from
the parabolic mirror having two-dimensional topology. The
wave equations for light and SPP waves are similar, thus the

Fig. 1 Experimental realization of SPP reflection from the nanogroove. a
The image of the experimental sample in an optical microscope when it is
illuminated with white light, showing all elements of the sample: the SPP
source (array of nanoholes), Bnanogroove-mirror,^ Bnanogroove-
detectors.^ b The image of the experimental sample in an optical
microscope when the array of nanoholes is illuminated by a laser
radiation having polarization directed along the rows of the nanoholes
array
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focusing of the SPP wave should have the same listed above
advantages of focusing by a parabolic mirror. In plasmonics,
parabolic mirrors were not convincingly realized. Only a few
works in this field are known [38, 39].

Let us consider the focusing of SPP wave by a parabolic
mirror in two-dimensional coordinates. In this case, the sur-
face of such a mirror will be determined by a two-dimensional
curve that has a parabolic dependence on the spatial coordi-
nates in the shape defined by the equation 4Fy = x2, where F is
the focal length of the parabolic mirror, the coordinates x and y
are located in the propagation plane of the SPP wave. In the
above equation for a parabola, its vertex is located at the co-
ordinate’s origin. The symmetry axis is arranged along the y
axis. When the SPP wave propagates with the wave vector

k
!¼ 0;− k

!��� ���� �
, the point of focusing of the SPP wave will

have the coordinates: x = 0, y = F.
The scheme for SPP focusing by the parabolic mirror is

shown in Fig. 2a. The figure shows the image of the fabricated
experimental sample in electron microscope. The sample is
formed by 200-nm-thick Ag film, on the surface of which,
using ion lithography, the following elements of plasmon op-
tics are created: (1) the array of nanoholes designed for effec-
tive excitation of SPP wave [15], (2) a Bnanogroove-mirror^
having a parabola shape with a focal length of 20 μm, (3) five
Bnanogrooves-detectors^ located in the area of the supposed
focusing of the SPP wave, and (4) nanocaves with a diameter
of 60 nm and a depth of 25 nm to visualize the propagation of
a SPPwave (see [15] for details of nanolithography used). The
size of the nanoholes array determines the maximum trans-
verse size of the excited SPP. This size, as well as the focal
length of the parabolic SPP mirror, determines the maximum
possible SPP wave convergence angle, equal in this case to the
value θ = 18.50. By analogy with photon optics, this angle
determines the diffraction-limited focul spot, equal tow0≈ 2

ksinθ
≈ 810 nm [40]. In the figure, the arrows show the propagation
and focusing of SPP wave.

Figure 2b shows an image of the experimental sample in an
optical microscope. The image was obtained with the help of

an optical microscope when the array of nanoholes was illu-
minated by laser radiation at 800 nm and the polarization of the
radiation directed along the rows of the matrix with nanoholes.
Laser beam is oriented perpendicular to the surface of the sam-
ple. The diameter of the laser spot on the sample corresponds
to the size of the array with nanoholes and is equal to 20 μm
[15]. The figure shows a bright rectangular spot corresponding
to the transmission of laser light through the array of
nanoholes. To the left of this big bright spot, there are small
sports of the equal size that are located in the matrix order.
These spots correspond to the scattering signal of the SPP
wave on the nanocaves and show the propagation of the SPP
wave on the Ag film surface toward the Bnanogroove-mirror.^
The figure also shows the bright curved line that originated
from a scattering of the SPP wave on the Bnanogroove-
mirror.^ The result of the SPP focusing by the
Bnanogroove-mirror^ is clearly seen by SPP scattering
on the Bnanogroove-detectors.^ Indeed, at the place of
location of the Bnanogroove-detectors^ on the Ag film
surface, there are aligned spots, showing the position of
the caustic of the SPP wave at the very focus of the
SPP mirror. The focusing point of the SPP wave corre-
sponds to the position determined by the curvature of
the parabolic SPP mirror 4Fy = x2, with F= 20 μm.

We performed a series of measurements with different ex-
perimental samples of parabolic SPP mirrors having different
focal lengths of 20, 10, and 5 μm. Figure 3 shows the results
of measurements of the lateral intensity distribution of SPP
wave in the focal point, measured by SPP scattering on the
Bnanogroove-detector^ (the detector was arranged in the par-
abolic SPP mirror focal point).

As can be seen from Fig. 3a, with use of parabolic SPP
mirror having a 20-μm focal length, it is possible to focus the
SPP wave into a spot with 1.1 μm lateral size. A decrease in
the focal length of the parabolic SPP mirror to 10 μm leads to
a decrease of the lateral size of the SPP in focus to a value
about 950 nm (Fig. 3b). A further decrease in the focal length
of the parabolic SPPmirror leads to an increase of this size. As
can be seen from Fig. 3c, the spot size in this case is about

Fig. 2 SPP parabolic mirror with
20-μm focal length. a An image
of the experimental sample in an
electron microscope. b An image
of the experimental sample in an
optical microscope under illumi-
nation the nanohole array by laser
radiation
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1.25 μm. We attribute this increase to the proximity of the
edge of the SPP mirror to the region of SPP focal spot.

The minimal lateral size of SPP wave was realized using
focusing with a parabolic SPP mirror having a 10-μm focal
length. In this case, the measured lateral size of SPP in focus
is about δxmeasured= 950 nm. This value is comparable with the
value of the diffraction-limited resolution of optical micro-
scope. For the measurement, we used an objective lens having
a numerical aperture NA = 0.9. For such an objective, the min-
imal possible optical resolution is determined by the expression
[40]: δxmin ¼ 0:6 λ

NA, which is equal to δxmin= 530 nm. The
physical nature of this limitation is a diffraction of light on the
objective lens having limited numerical aperture. Assuming the
quadratic contribution of the optical resolution of the micro-
scope objective to the measured value, for the SPP lateral size
we will obtain the next expression: (δxmeasured)

2 = (δxreal)
2 +

(δxmin)
2. Under such an assumption it is possible to take into

account the numerical aperture of the objective used in the
measurements. This gives estimations for a real value of the

of SPP lateral size in a focal spot: δxreal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δxmeasuredð Þp

2−
δxminð Þ 2≈ 800 nm. Note that this value is about the wavelength
of the SPP and corresponds to the diffraction-limited size of the
focusing of the SPP wave. Indeed, in this case, the SPP wave
convergence angle is θ ≈ 18.50, and the diffraction limit of the
focusing spot is about w0≈ 2

ksinθ ≈ 810 nm.

One of the important advantages of SPP focusing by para-
bolic SPP mirror is the ability to control the position of the
focal spot on the film surface. This unique feature is due to the
dependence of the focal sport position on the incidence angle
α of the SPPwave on the parabolic mirror. Thus, to control the
spatial position of the focal spot, it is needed to control the
angle α of incidence of the SPP wave on the parabolic mirror.
In practice, control of the angle α can be performed by chang-
ing the incidence angle of the laser radiation on the sample.

At the excitation of a SPP by a nanoholes array, the k vector
of the SPP is determined by the following expression [35]:

k
!

SPP ¼ 2π
λ

sinθcosφ−
2nxπ
Λ

� �
i
!

þ 2π
λ

sinθsinφ−
2nyπ
Λ

� �
j
!
;

here Λ—the period of nanoholes, λ—the wavelength of laser
light, nx, ny—integers that determine the order of diffraction
of laser radiation on the array with nanoholes, θ, and φ are the
angles of incidence of the laser beam. The highest excitation
efficiency of a SPP wave is realized when one of the diffrac-
tion orders nx, ny is equal to one, and the other to zero. For
example, nx, = 1, ny = 0, and the angles of incidence of laser
radiation θ and φ are equal to zero (the case of a normal
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incidence of radiation on the sample). In this case, the SPP
will propagate along the x axis with a wave vector equal to the

reciprocal lattice vector of the array with nanoholes: k
!

SPP

¼ − 2π
Λ

� 	
i
!
. It can be shown that the small tilts of the laser

radiation in a plane perpendicular to the x axis (a small non-
zero values of the angle θ) will lead to changes in the propa-
gation direction of the plasmon wave. In this case, φ = π/2,

and sinθ ≈ θ. Thus, the k vector of the SPP is k
!

SPP ¼ − 2π
Λ

� 	
i
!þ 2π

Λ θ
� 	

j
!
, i.e., small deviations of the angle θ from its

zero value, leads to the appearance of a small value of the
transverse component of the SPP k vector, and the SPP prop-
agates at a small angle α ≈ (Λ/λ)θ to the x axis.

Figure 4 shows the possibility of controlling position of the
focusing spot of the SPPwave by a parabolic mirror. The focal
length of parabolic SPP mirror is equals to 20 μm. The image
was obtained with the use of a weak illumination of the ex-
perimental sample with white light, which allows to see not
only the point of focusing of the SPP wave, but also the loca-
tion of the Bnanogrooves-detectors.^ The figure demonstrates
that the point of focusing of the SPP wave can be shifted up to
4 μm from the central position marked in the figure with a
dashed line (see also Fig. 3b). The ability to control the point
of focusing of the SPP wave is important for different appli-
cations of nanoplasmonics. In particular, this approach can be
used to couple the SPP waveguides.

Conclusion

In this paper, we have studied the reflection of SPP waves
by nanogroove made on the Ag film surface. It is shown that
the reflection coefficient of SPP wave can reach a value as
high as 30%.

A Bnanogroove-mirror^ having a parabola shape and a high
value of the SPP propagation length on Ag film surface

(~100 μm) made it possible to focus the SPP wave to a
diffraction-limited spot. The possibility of scanning the point
of focusing of SPP wave on the surface is shown. The dem-
onstrated approach to control SPP waves opens the possibility
of creating complex optical circuits using SPP waves in all-
optical devices based on the use of surface plasmon-
polaritons.
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