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Abstract:In this work, we present in-plane propagation of surface plasmon polaritons (SPPs) 
guided by a single dielectric (Al2O3) subwavelength lens. By mounting a designed Al2O3 
nanoparticle on the silver film, the effective index of a silver-Al2O3 interface is influenced by 
the particle thickness, then the phase difference between the silver-air and silver-Al2O3 
interface can be utilized to modulate the in-plane propagation of SPPs. We show that an 
elliptical Al2O3 lens transforms the diffusive SPPs into a collimated beam, whose direction of 
propagation and beam width can be easily controlled. We also present that a triangular Al2O3 
lens significantly reforms the SPPs to a Bessel beam, which possesses non-diffractive and 
self-healing properties. Our investigation provides unique way to guide the in-plane transport 
of SPPs by using dielectric subwavelength elements, which may achieve potential 
applications in plasmonic integrated circuits. 
©2017 Optical Society of America 
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1. Introduction 

Plasmonic integrated systems have great potentials in small scale integration, fast and 
sensitive detection, so there are many ongoing research efforts to realize nanoscale plasmonic 
circuits capable of manipulating light below the diffraction limit [1–3]. Surface plasmon 
polaritons (SPPs) arise from the coupling between electromagnetic waves and oscillations of 
conduction electrons at interface between a metal and a dielectric [4,5]. These are confined to 
sub-wavelength scale with notable field enhancement [6–8] and can be of use in multiple 
electronic and photonic applications [9–12]. To realize integrated plasmonic systems, 
plasmonic elements that can manipulate SPPs in-plane are particularly needed [13–21]. 
Subwavelength functional elements such as Bragg mirrors [22,23], prisms [24] and Fresnel 
zone plates [25] have been designed to address the requirements. Although most attempts 
focus on the development of highly confined SPPs [26–28], different methods that can control 
the propagation of SPPs on extended metallic surfaces are crucial for realizing plasmonic 
integrated circuits [11, 29]. 
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Previously, modulation of SPPs was mostly carried out by using metallic elements such as 
nanoparticles [7], nanowires [12], or plasmonic metasurfaces [21], which led to additional 
energy loss. Recently, all dielectric element designs have been proposed for phase or 
polarization control in subwavelength scale [30,31]. Dielectric structures mounted on metals 
surface have proven to be an efficient method for the modulation of SPPs [32,33]. Dielectric 
arrays have been designed to realize phase modulation [16]. However, a single dielectric 
element designed as a modulator exhibits more flexibility. For example, plasmonic Luneberg 
and Eaton lenses have been demonstrated, and it has been shown that arbitrary refractive 
indices can be engineered by tuning the thickness of dielectric layer [34]. Plasmonic 
achromatic doublet lens made of materials with different dispersions have been designed to 
achieve broadband focusing [35]. However, functions beyond confinement of SPPs are rarely 
considered. Efforts can be undertaken toward manipulating SPPs by dielectric elements for 
realizing further applications in plasmonic integrated systems. 

In this work, we analyze the manipulation of SPP propagation using a full dielectric Al2O3 
lens. When an Al2O3 structure is mounted on a silver surface, the effective indices of the 
silver-air and silver-Al2O3 surfaces are different, providing a phase difference for the 
propagation of SPPs. We first analyze the effective index of the Al2O3 lens by changing its 
thickness and obtain the relationship between effective index and the lens thickness, which 
can be flexibly utilized in manipulating SPPs. Many previous works on plasmonic lenses 
focus on the confinement of SPPs, however, controlling the propagation is also significant for 
integrated plasmonic circuits. For example, a common way to excite SPPs is by using a laser 
beam focused on a slit in a metal surface; the SPP generated thus spreads in the form of a 
Gaussian beam that diffuses in all directions with a rapidly decreasing intensity. In this work, 
we propose a scheme to modulate SPPs into a collimated beam by using an Al2O3 elliptical 
lens. The direction of propagation and the width of the collimated beam can be controlled 
easily. Furthermore, we can modulate SPPs into a Bessel beam, the non-diffractive and self-
healing properties of which are significant in plasmonic applications. We believe that our 
research will inspire more designs and applications on plasmonic integrated circuits. 

2. Principle of the dielectric Al2O3 lens 

The in-plane wave vector of SPPs excited in the metal and dielectric interface can be 
described as: 1/ 2

0 ( / )SPP d m d mk k ε ε ε ε= + , where k0 is the wave vector of incident light, dε is 

the permittivity of the dielectric and mε is the permittivity of the metal. We can use the 

expression 1/2Re( / )eff d m d mn ε ε ε ε= +  to represent the effective refractive index. Obviously, 

at different metal-dielectric interfaces, the effective refractive indexes are different. In this 
work, we try to use this feature to modulate the propagation of SPPs by placing an Al2O3 
nanostructure in the silver film, where there exist two types of interfaces, i.e., the Ag-air 
interface with effective refractive index n1 and the Ag-Al2O3 interface with effective 
refractive index n2. It is known that with the hyperbolic shape, elliptical lens can efficiently 
modulate the wave front of SPPs to affect the propagation, and some elliptical structures have 
been utilized in plasmonic systems [33, 35]. Here we try to design an elliptical Al2O3 
nanoparticle as a lens in order to guide the in-plane propagation of SPPs. Figures 1(a) and (b) 
show the schematic view of the designed structure. A 100nm-thick silver film is grown on a 
glass substrate, and then a slit is etched on the silver film to generate the SPPs when a laser 
beam shines. On the propagation path of the SPPs, we place an elliptical lens made of Al2O3 
with the thickness t, the width a and the height b. The lens locates at a distance of l from the 
slit. When SPPs propagate in the system, the phase difference is generated if the SPPs go 
through the same distance d in the Ag-air area as that in the Ag-Al2O3 area, which satisfies

2 1( )n n dφΔ = − ⋅ . Thereafter, the equiphase surface of the SPPs excited by a plane wave 

source is changed from a plane to a converging sphere when the SPP passes through the 
elliptical Al2O3 lens. The SPPs can thus be focused by Al2O3 lens mounted on silver film, and 
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the focal length of lens is affected significantly by the difference of the effective refractive 
indexes of two types of interfaces. With increasing the effective refractive index n2, the focal 
length becomes shorter, and the SPPs are focused closer to the lens. 

 

Fig. 1. (a) Schematic view of the designed elliptical lens on the silver film. The silver is 100 
nm thick and covers the SiO2 substrate. A slit is etched on the silver film to excite SPPs, and 
the Al2O3 elliptical lens is placed on the propagation path of the SPPs. The thickness of Al2O3 
is t. (b) Top view of the structure. The width and height of lens are a and b, and the distance 
from lens to slit is l. (c) Calculated electric field distributions of SPPs generated by a plane 
wave source when there is no any lens in the system. (d) Calculated electric field distributions 
of SPPs generated by a plane wave source when there exists an elliptical Al2O3 lens in the 
system. The width and height of lens are a = 2μm and b = 6μm, the thickness is t = 200nm, and 
the distance from lens to slit is l = 1μm. The SPPs are focused by the lens and the focal length 
is f. 

Now we show the focal effect of elliptical Al3O2 lens based on numerical calculations. We 
apply the finite-difference time-domain (FDTD) method by using commercial software 
(Lumerical FDTD Solution 8.0.1) to calculate the propagation of SPPs in the silver-air 
interface with or without the Al3O2 lens. The excitation source is placed above the slits with 
transverse magnetic (TM) polarization to excite SPPs. The wavelength of the source is set to 
600nm. The permittivity of silver is 13.94 0.93iε = − + , and the permittivity of Al3O2 is 

3.12ε = at the wavelength of 600nm. The loss in this system is included in calculations. The 
mesh in calculations is set as 2.5 nm. We set a 3D Frequency-domain field, and a power 
detector is used to obtain the electric field intensity at each point on the silver-air interface. In 
Fig. 1(c), we show the propagation of SPPs without any lens. The SPPs are excited by a plane 
wave source and they propagate as a decayed plane wave. However, once an elliptical Al2O3 
lens, which has t = 200nm, a = 2μm, and b = 6μm, is put into the system, we can see that the 
SPPs are significantly focused by the elliptical lens with a focal length f, as shown in Fig. 
1(d). 
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Fig. 2. (a) - (c) Calculated electric field distributions of focused SPPs for different thicknesses 
of Al2O3. The width and height of lens are a = 2μm and b = 6μm, and the distance from lens to 
slit is l = 1μm.The excitation source is a plane wave source of wavelength 600 nm. The focal 
length f clearly varies with change in thicknesses t. (d) Relationship of the thickness of Al2O3 t 
with focal length f (blue line) and effective index neff (red line) as derived from the calculation 
data. 

Considering that the effective index of structure on the silver film is affected by its 
thickness, it is necessary to study how the focal length of Al2O3 lens is influenced by this 
thickness-dependent effective index. The focal length of the elliptical Al2O3 lens in this 
system is given by 

 1 2

1 2 1 1

.
( )[ ( ) ( )]

eff

eff eff eff

n r r
f

n n n r r a n n
=

− − + −
 (1) 

where effn is the effective index of the Al2O3 area, and r1 and r2 are the effective radius of 

curvature of the left and right side of the lens, such that r2 = - r1. We use a plane wave source 
to generate the SPPs and focus the SPPs to a point to get the focal length f. For different 
thickness t, effn is different and the value of f changes as shown in Figs. 2(a)-2(c). Here we set 

a = 2μm, b = 6μm, l = 1μm and the wavelength of the source as 600nm. Electric field 
distributions shown in Figs. 2(a)-2(c) correspond to thickness t = 250nm, 100nm and 50nm, 
respectively. The value of f is measured directly from the field distributions. When t is large 
enough, effn is equal to 2n  ( 2 2n ≈ when wavelength is 600nm). By substituting these values 

in Eq. (1), we get r1 = - r2 = 8.4μm. Then for any given value of focal length f, we can obtain 

effn from Eq. (1). Thus by physically changing the thickness of Al2O3, we acquire the 

relationship between effn and t as shown in Fig. 2(d). We observe that when the thickness is 

larger enough, effn converges to 2n . When thickness is low (<100nm), effn decreases. In the 

latter condition effn is determined by both Al2O3 and air, and so it trends to 1n as t decreases. 

That means by changing the thickness of Al2O3, the phase difference between the silver-air 
and silver- Al2O3 interface can be tuned; this result is useful in the phase modulation of SPPs. 

3. Manipulation of SPP propagation using the designed lens 

Here we try to modulate the propagation of SPPs by using an Al2O3 lens with t = 200nm. In 
most cases, SPPs are excited by a laser focused on a slit in a metal surface and they spread in 
the form of a Gaussian beam. Now we use a Gaussian wave source to excite the SPPs. As 
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shown in Fig. 3(b), the SPPs excited at the slits spread diffusively in front of the elliptical 
lens, and are transformed into a collimated beam after the lens. The diameter of the 
collimated beam is nearly unchanged during the propagation with high concentrated field. As 
a reference, we also calculate the electric field distribution of the SPP propagation without 
using the elliptical lens and find the SPPs spread around with intensity decrease quickly as 
shown in Fig. 3(a). By comparing Figs. 3(a) and 3(b), we observe that the elliptical lens we 
designed effectively changes the propagation of the SPPs and transforms the diffusive beam 
into a collimated beam. 

 

Fig. 3. (a) Calculated electric field distribution of propagation of SPPs without elliptical lens. 
(b) Calculated electric field distribution of the propagation of SPPs with elliptical lens. The 
parameters of elliptical lens are t = 200nm, a = 2μm and b = 6μm. A collimated beam is 
generated after the lens. (c) Density distributions at P1 (x = 2 μm) extracted from (a) and (b). 
(d) Density distributions at P2 (x = 10 μm) extracted from (a) and (b). 

 

Fig. 4. Calculated electric field distributions (a) When the source is put downwards at y = 
−1μm. (b) When the source is put upwards at y = 1μm. (c) After adding another lens to focus 
the SPPs of thickness t = 50nm. (d) Adding another lens to focus the SPPs of thickness t = 
80nm. The focus point can be tuned by changing the thickness. 

To further investigate the differences of SPPs in these two conditions, we have extracted 
the intensity distributions at x = 2μm (P1) and x = 10μm (P2) shown in Figs. 3(c) and 3(d), 
respectively. We can see that, without the lens, the intensity of SPPs evenly distribute from y 
= −6 μm to 6 μm, while the intensity is restricted to y = −2 μm to 2 μm when the lens is 
present. The width of the collimated beam is nearly unchanged after long distance 
propagation as shown in Figs. 3(c) and 3(d). Moreover, the intensity of the collimated beam is 
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much larger than what is achieved without the lens, especially after long distance propagation 
as shown in Fig. 3(d). This implies that the energy of the SPPs is concentrated efficiently in 
the collimated beam, while slowing down the decay of the SPPs. 

Next, we attempt to use the elliptical lens to manipulate the propagation of the SPPs. Take 
the propagation direction of SPPs for example. We show that when the source is moved 
downwards and the center is at y = −1 μm, the propagation direction of the collimated beam 
changes to a direction that is obliquely upwards as shown in Fig. 4(a). In contrast, when we 
place the source upwards at y = 1 μm, the collimated beam is tuned oblique downwards. In 
this procedure, the collimated beams keeps unchanged width and high concentrated field all 
the time, so the performance of the lens is very stable. That means the direction of 
propagation of the SPPs can be controlled using the elliptical lens simply by changing the 
relative position of the excitation point and the center of the elliptical lens. This property 
could be useful in plasmonic integrated systems for controlling the direction of propagation of 
the SPPs. Then we show that the collimated beam can be focused again if we add another 
elliptical lens as shown in Fig. 4. The refocused beam can be tuned by adjusting the thickness 
of the second lens. We repeat the process for different thicknesses of the second lens, 
specifically, t = 50 nm and t = 80 nm. We observe that the focus point and the size of focused 
point can be tuned with different thicknesses of the second lens as shown in Figs. 4(c) and 
4(d). Figures 2(a)-2(c) show the focused SPPs by one elliptical lens, compare these figures 
with Fig. 4(d), we find that the refocused beam can be confined in smaller space, which 
implies that the elliptical lens can modulate SPPs into a highly confined region. 

 

Fig. 5. Calculated electric field distributions when (a) Height of the elliptical lens is b = 8μm. 
(b) Height of the elliptical lens is b = 10μm. (c) Wavelength of excitation laser is 580nm. (c) 
Wavelength of excitation laser is 620nm. The straight dash lines mark the profiles of the 
collimated beams. 

The shape of the lens is another factor influencing the modulation of SPPs. For example, 
if we set a = 2 μm, b = 8 μm, we observe from Fig. 5(a) that the focal length becomes larger 
and the width of the collimated beam increases. Comparing this with Fig. 5(b), where b = 10 
μm, we find that by changing the value of b, the width of collimated beam is changed. We use 
straight dash lines to mark the profiles of the collimated beams and we can clearly find the 
widths are different in Figs. 5(a) and 5(b). So we can tune the width of the collimated beam 
by changing the height of the lens. We also consider the performance of the lens for different 
wavelengths. The results when the wavelength of excitation laser is 580 nm and 620 nm are 
shown in Figs. 5(c) and 5(d), respectively. We observe that the lens is capable of transforming 
SPPs to collimated beams in both these cases. By carrying out similar calculations at different 
wavelengths, we find that the elliptical lens with a = 2μm and b = 8μm can operate very well 
in the wavelength range from 580nm to 640nm. The bandwidth of such lens may be further 
broadened by tuning the shape of the lens and choosing more suitable metals in the system. 
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4. Manipulation of SPP into non-diffractive Bessel beam 

Bessel beams do not suffer from diffractive spreading and are hence attracting a lot of 
research interest [36]. In this section, we consider the modulation of SPPs into a Bessel beam 
by using a triangular lens as shown in Fig. 6(a). We use the following parameter values for 
the triangular lens: a = 3 μm, b = 6 μm, t = 50 nm, and l = 8 μm. As shown in Fig. 6(b), we 
calculate the electric field distribution of the propagation of SPPs. We observe that the SPPs 
propagate through the triangular lens and become Bessel beams that have a central main lobe 
and several sub lobes on the sides. Even after propagating over a long distance, the main 
lobes show no diffraction. We have extracted the intensity distributions at x = 3 μm, 5 μm, 
and 8 μm; the results are shown in Fig. 6(c). We can see that the widths of the main lobe are 
nearly unchanged after long distance propagation, which exactly conforms to the non-
diffractive properties of the Bessel beam. 

Self-healing is another characteristic of Bessel beams. To confirm this feature, we 
introduce a defect in the forward path of the main lobe of the Bessel beam in the form of a 
circle etched on the silver film of diameter 2 μm. We observe from Fig. 6(d) that the main 
lobe of Bessel beam is destroyed when it encounters the circular defect. However, it exhibits 
self-healing after it propagates over a little distance. Although the intensity of main lobe 
decreases, it is still the strongest of all the lobes. Hence, we prove that the SPPs can be 
transformed into a Bessel beam using a triangular lens. The non-diffractive and self-heal 
Bessel beam of SPPs have great potential in applications related to optical and electric 
transport systems. Non-diffractive feature of Bessel beam is similar to that of collimated 
beam, while the self-healing feature of Bessel beam is quite unique and may be useful in 
plasmonic integrated systems. 

 

Fig. 6. (a) Top view of the structure with the triangular lens. (b) Calculated electric field 
distribution of the propagation of SPPs with the triangular lens with a = 3 μm, b = 6 μm, t = 50 
nm, and l = 8 μm. (c) Intensity distributions at points P1, P2, P3 shown in (b). (d) Calculated 
electric field distribution when a circular defect is added in the propagation path of the main 
lobe 

5. Conclusion 

In this study, we analyzed the effective index of Al2O3 structures of different thickness. We 
found that when the Al2O3 layer is very thin, the effective index at the metal-dielectric 
interface is determined by both Al2O3 and air, and it can be tuned by varying the thickness. 
We utilized this property to design lenses that are capable of manipulating the propagation of 
SPPs by reforming the SPPs into a collimated or Bessel beam. By designing an elliptical lens, 
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we transformed the SPPs from a diffused beam into a collimated beam, whose transmission 
direction and beam width can be varied by changing the lens construction parameters. The 
designed elliptical lens exhibited good performance over a broad range of frequencies from 
580 nm to 620 nm. Moreover, we designed a triangular lens to transform the SPPs into a 
Bessel beam with non-diffractive and self-healing properties. By using the dielectric Al2O3 
lens mounted on a silver film, we tuned the propagation of SPPs efficiently and brought out 
some interesting characteristics of SPP propagation. Our work is useful for 2D confined 
optical transport, and can potentially be applied in plasmonic integrated systems. 
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