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Efficient unidirectional polarization-controlled excitation
of surface plasmon polaritons

Anders Pors1,*, Michael G Nielsen1,2,*, Thomas Bernardin2, Jean-Claude Weeber2 and Sergey I Bozhevolnyi1

Efficient excitation of surface plasmon polaritons (SPPs) remains one of the most challenging issues in areas of plasmonics related to

information communication technologies. In particular, combining high SPP excitation efficiency and acceptance of any polarization

of incident light appeared to be impossible to attain due to the polarized nature of SPPs. Here we demonstrate plasmonic couplers that

represent arrays of gap SPP resonators producing upon reflection two orthogonal phase gradients in respective linear polarizations of

incident radiation. These couplers are thereby capable of efficiently converting incident radiation with arbitrary polarization into SPPs

that propagate in orthogonal directions dictated by the phase gradients. Fabricated couplers operate at telecom wavelengths and

feature the coupling efficiency of ,25% for either of two linear polarizations of incident radiation and directivity of SPP excitation

exceeding 100. We further demonstrate that an individual wavelength-sized unit cell, representing a meta-scatterer, can also be used

for efficient and polarization sensitive SPP excitation in compact plasmonics circuits.
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INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic excitations, in

which electromagnetic field in dielectric are coupled to collective elec-

tron oscillations in metal, which propagate along and are tightly

bound to metal/dielectric interfaces.1 Modern plasmonics, which

embraces various phenomena associated with excitation, propagation

and scattering of SPPs, became ubiquitous in extremely diverse areas,

ranging from biochemical sensing,2 quantum optics3 and information

communication technologies4 to sustained energy sources.5 SPPs are

essentially transverse magnetic waves with the magnetic field oriented

perpendicular to the propagation plane, a very important feature that

dictates the polarization sensitivity of the SPP excitation efficiency by

free propagating radiation. It is therefore understandable that various

SPP couplers developed in the quest for the efficient and unidi-

rectional SPP excitation operate with only one (linear) polarization

of the incident light,6–10 resulting thereby in the loss of light power

carried by the orthogonal polarization.

The recent progress in optical metasurfaces, which influence trans-

mitted and reflected optical fields by imposing additional (surface)

gradients onto their phases,11,12 opened new possibilities for efficient

coupling of propagating and surface waves.13,14 Very recently, polari-

zation-controlled tunable directional SPP coupling has been demon-

strated using arrays of narrow (elongated) apertures in an otherwise

opaque metal film, so that the direction of SPP excitation was dictated

by the helicity of a circularly polarized incident beam.15,16 Note that, in

these configurations, the SPP excitation involves both the transmis-

sion through narrow apertures and the coupling of the transmitted

radiation to SPPs, so that the overall coupling efficiency is very dif-

ficult to evaluate, and, so far, it has not been quantified.15,16 At the

same time, gap surface plasmon (GSP)-based gradient metasurfaces,

in which arrays of rectangular metal patches are placed on a thin

dielectric layer supported by a thick metal film or substrate, offer very

high (close to 100%) efficiency when operating with free propagating

waves.17–19 The presence of a continuous metal support in this con-

figuration makes it also naturally compatible and, thereby, very

attractive for implementing efficient SPP excitation.20

Here, we realize efficient unidirectional polarization-controlled

SPP excitation by applying our approach of independently manipulat-

ing orthogonal polarizations of reflected light with GSP-based gra-

dient metasurfaces21 to the SPP excitation. In particular, we design

arrays of GSP resonators that would produce upon reflection two

orthogonal phase gradients in two respective linear polarizations of

incident radiation, so that the incident radiation (with arbitrary polari-

zation) can efficiently (numerically estimated up to 40%) be con-

verted into SPPs propagating in orthogonal directions dictated by

the phase gradients. Using 50-nm-thick dielectric spacer layers cov-

ering 80-nm-thick gold films supported by glass substrates, we

fabricate GSP-based coupling arrays that operate at telecom wave-

lengths and feature the coupling efficiency of ,25% for either of

two linear polarizations of incident radiation and the directivity of

SPP excitation exceeding 100. We further demonstrate that an indi-

vidual wavelength-sized unit cell, representing a meta-scatterer, can

also be used for efficient and polarization sensitive SPP excitation

in compact plasmonics circuits.
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MATERIALS AND METHODS

Configurations explored in this work for efficient unidirectional polari-

zation-controlled SPP excitation represent GSP-based metasurfaces

ensuring the appropriate phase gradients. The design procedure is some-

what similar to that described in our previous work on total control of

reflected light with GSP-based metasurfaces,21 but also substantially dif-

ferent, because the structure period is, in the present case, determined by

the corresponding SPP wavelength rather than by the angle of diffraction

into free space. Let us first consider the problem of efficient unidi-

rectional SPP excitation with one-dimensional (1D) GSP-based metasur-

faces, which create the appropriate phase gradient only in one direction.

In this case, GSP resonator arrays can be formed with long metal stripes

placed atop a dielectric spacer supported by a thick metal film (Figure 1a),

forming an array of continuous-layer GSP resonators.22 For normal

incidence of the radiation at the design wavelength l51500 nm and a

50-nm-thick glass film atop a thick gold layer, the SPP wavelength and

thereby the super-cell period is estimated to be 1467 nm. In order to

avoid nm-sized strip widths and gaps, which might be too demanding

from the fabrication point of view, we consider three 489-nm-wide cells

constituting a 1467-nm-wide super cell and calculate the complex

reflection coefficient for transverse magnetic-polarized light (in which

the electric field is perpendicular to the strip direction) as a function of

the width w of 50-nm-thin gold strips placed on the top of the glass-gold

sandwich in an infinitely extended 489-nm-period strip array (Figure 1b).

It is seen that the reflected light phase varies rapidly in the vicinity of

the GSP resonance at w>280 nm, resulting in a sufficiently large

phase range to produce the phases needed for the three-cell coupling

structure, i.e., 22p/3, 0 and 2p/3. These reflection phases are repre-

sented by the strip widths marked by vertical dotted lines in Figure 1b.

The choice of the 1467-nm-wide super cell to be composed of three

489-nm-wide cells, each containing a strip with one of the three

marked widths, is based on the assumption that the individual res-

ponse phase is only weakly influenced by the widths of neighbouring

strips, an assumption that has been verified in our previous investi-

gations21 and used throughout this work. Efficient unidirectional SPP

excitation in the direction determined by the incident polarization

(i.e., polarization-controlled SPP excitation) requires the use of

two-dimensional (2D) arrays of GSP resonators forming birefringent

metasurfaces21 with orthogonal linear phase gradients for two polari-

zations and a super cell periodicity equal to the SPP wavelength.

As a final comment, it should be mentioned that in the design of

SPP couplers, being either 1D- or 2D-periodic, we disregard variations

in reflection amplitudes produced by different elements comprising

the super cell (Figures 1b and 2b). Although one should ideally strive

to achieve constant reflection amplitude (with a value close to one) in

order to maximize the SPP coupling efficiency and directionality of

SPP excitation, the possibility to simultaneously control both the

reflection phase and amplitude requires the usage of more complex

unit cells, with a larger number of geometrical parameters to vary,

hence complicating both the design and fabrication procedures. At

the same time, the equivalence in operation of gradient metasurfaces

and blazed gratings suggests that the presented approach is robust

against design and fabrication imperfections23—an important feature

that we have experimentally verified for birefringent metasurfaces.21
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Figure 1 Design of 1D couplers for efficient and unidirectional SPP excitation. (a) Sketch of 1D-periodic GSP-based metasurface. The incident field is TM-polarized

(i.e., x-polarized) and propagates normal to the surface. (b) Amplitude and phase of reflected light from metasurface in (a) as a function of strip width w when

l51500 nm, L5489 nm and d5t550 nm. Vertical dotted lines indicate the three chosen strip widths (with phase difference of 2p/3) constituting a super cell in the

SPP coupler. The time convention is exp (2ivt). (c) Electric field of the incident x-polarized Gaussian beam overlaid by a sketch of the SPP coupler. The SPP coupler

consists of six super cells, corresponding to an overall size of Lc518L58.8 mm, and the Gaussian beam is centred at x050.74Lc with a beam radius of w053 mm. (d) z-

component of the electric field, corresponding to the transverse electric field component of SPPs. 1D, one-dimensional; GSP, gap surface plasmon; SPP, surface

plasmon polariton; TM, transverse magnetic.
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RESULTS AND DISCUSSION

In the following, we first numerically study a realistic 1D-periodic SPP

coupler consisting of six super cells being illuminated by a normal

incident Gaussian beam with a 3-mm radius and positioned so as to

maximize the excitation efficiency of SPPs propagating in the 1x-

direction (Figure 1c). The choice of six super cells results from the

demand of compact SPP couplers and numerical simulations dem-

onstrating no appreciable gain in excitation efficiency for larger cou-

plers. The SPP coupler is characterized by the coupling efficiency C,

representing the amount of incident power being coupled to SPPs

propagating in the 1x-direction, and the directivity D, describing

the ratio of SPP power flowing in the 1x- and –x-direction, which

in our case amounts in C>40% and D>53 (for further details on the

calculation procedure, see Supplementary Information). This high

directivity is in agreement with visual observation (Figure 1d), con-

firming that the off-centre positioning of the input beam together with

the appropriate quasi-linear phase gradient in the reflected (by the SPP

coupler strip structure) field result in the SPP excitation predominantly

in the 1x-direction. One should note that the performance of the SPP

coupler is inherently limited due to the circumstance that SPP fields

excited at one part of the coupler propagate along and interact with

other parts.14 The excited SPPs become thereby partially absorbed in

the GSP resonators (constituting the coupler) and coupled out (by the

coupler grating structure) into free propagating waves. Additionally,

the wavelength of SPPs in the coupler region is slightly smaller com-

pared to the region outside, thus indicating a non-optimal phase-

matching condition for the chosen super cell period. Taking the above

comments into account, it is apparent that the performance of the SPP

coupler can be further improved by iteratively changing the unit cell

period and strip widths. In fact, by changing the unit cell period L
from 489 nm to 468 nm, the second strip width w2 from 268 nm to

255 nm, and the third strip width w3 from 323 nm to 360 nm, the

resulting numerical coupling efficiency reaches C>47% with an extre-

mely large directivity of D>3215. Note that a small change in the width

of the first strip (w1560 nm) has no effect on the coupling efficiency,

as the strip is far away from the resonance region (Figure 1b).

We now consider the design of polarization-controlled 2D-periodic

SPP couplers, which relies on the design of GSP-based metasurfaces21

with orthogonal linear phase gradients for two orthogonal polarizations

and a super cell periodicity equal to the SPP wavelength (assuming

normal incident light). The starting point is a homogeneous metasur-

face, whose basic unit cell consists of a gold nanobrick atop a 50-nm-

thick glass spacer and a thick gold substrate, illuminated by a normal

incident plane wave that is either x- or y-polarized (Figure 2a). Here, the

nanobrick dimensions Lx and Ly represent two parameters that one can

vary to independently control the phase of the reflected light for the two

orthogonal polarizations. For the design wavelength l51500 nm and

geometrical parameters following those of the 1D-periodic SPP coupler,

Figure 2b displays the complex reflection coefficient of the homogenous

metasurface as a function of Lx and Ly. It is seen that away from the GSP

resonance, which occurs at Lx,300 nm and Ly,50 nm for x-polarized

light (and correspondingly at Lx,50 nm and Ly,300 nm for y-polari-

zed light), the reflection phase is primarily influenced by the nanobrick

dimension in the direction of light polarization, resulting in the con-

stant-phase lines being practically parallel to the corresponding axes.

One should also note that, e.g., for x-polarized incident light, the

reflection (phase and amplitude) as a function of Lx approaches the

reflection from the nanostrip metasurface (Figure 1b) when the other
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Figure 2 Design of 2D couplers for polarization-controlled SPP excitation. (a) Sketch of basic unit cell consisting of a gold nanobrick on top of a glass spacer and gold

substrate. (b) Calculated reflection coefficient r as a function of nanobrick widths for l51500 nm, L5489 nm, and d5t550 nm. Colour map shows the reflection

coefficient amplitude for x-polarization, while lines are contours of the reflection phase for both x- and y-polarization. Note that the reflection amplitude map for y-

polarization can be obtained by mirroring the map for x-polarization along the line Lx5Ly. (c) Top-view of super cell functioning as a polarization-controlled SPP coupler.

(d) z-component of electric field in the x–y plane 400 nm above the single super cell, i.e., metascatterer, at the design wavelength. The incident Gaussian beam, being

either x- or y-polarized, is positioned at the centre of the metascatterer with a beam radius of w052 mm. 2D, two-dimensional; SPP, surface plasmon polariton.
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dimension, Ly, comes close to the unit cell size L, thus indicating the

transition from nanobrick to nanostrip metasurfaces. The reflection

phase for both x- and y-polarization is discretized into three constant-

phase contour lines with a step of 2p/3, thereby allowing us to visually

determine the nine appropriate nanobrick dimensions corresponding

to the intersections marked with circles. Accordingly, the polarization-

controlled SPP coupler (with orthogonal linear phase gradients for x-

and y-polarization) can be constructed by placing the nine elements

with a centre-to-centre distance of L5489 nm into a 333 super cell

(Figure 2c). Ideally, one would like to numerically investigate the per-

formance of a SPP coupler consisting of 636 super cells. However,

such a calculation is too computationally demanding in our current

hardware set-up, thus forcing us to make an alternative two-step evalu-

ation. In the first step, we verify that SPPs are excited unidirectionally

and orthogonally to each other for orthogonal polarizations by mod-

elling an x- and y-polarized Gaussian beam impinging on a single super

cell (Figure 2d). In the second step, we estimate the coupling efficiency

and directivity of the 636 SPP coupler by treating each row of the super

cell (Figure 2c) as its own super cell in which we have L-sized periodicity

in the y-direction and six super cells in the x-direction. By illuminating

the SPP coupler with an off-centred x-polarized Gaussian beam with

beam radius w053 mm, we calculate for the three different cases (i.e.,

rows) coupling efficiencies and directivities in the range C>41%–43%

and D>56–60, respectively. One should note that the symmetry of the

333 super cell (Figure 2c) ensures identical performance when consider-

ing the columns of the super cell and y-polarization. For this reason, we

can conclude that the 636 polarization-controlled SPP coupler with a

coupling efficiency of ,40% and directivity of ,50 performs very similar

to the non-optimized 1D-periodic counterpart previously discussed.

With the above numerical simulations illustrating the possibility for

efficient unidirectional excitation of SPPs, including polarization-con-

trolled excitation using 2D-periodic couplers, we now move on to the

experimental verification. Figure 3 displays images of the lithograph-

ically fabricated SPP couplers consisting of 6 and 636 super cells for the

1D- and 2D-periodic cases (Figure 3a and 3b), respectively, together

with a sketch of the leakage radiation microscopy (LRM) set-up used

for real-time imaging (integration time ,100 ms) of excited SPPs

(Figure 3c; for further details, see Supplementary Information). Using

a linearly-polarized Gaussian input beam with 1/e2 spot size

w052.860.3 mm and positioned for optimal coupling efficiency,

Figure 4a shows the corresponding LRM image of the 1D-periodic

SPP coupler at the design wavelength l51500 nm, verifying the uni-

directional excitation of SPPs. The LRM image is further analysed in

order to evaluate the SPP propagation length Lp, coupling efficiency and

directivity. For example, the propagation length, which is used in the

calculation of the coupling efficiency, can be estimated by evaluating the

LRM intensity at cross-cuts taken along the y-direction as a function of

the displacement u5jx–x0j, where x0 is the x-coordinate of the excitation

spot. By fitting a Gaussian function to each cross-cut, we obtain the SPP

intensity Ix and the SPP beam waist wx at distances u. The product Ixwx

decreases exponentially as a function of distance u (Figure 4b) and

immediately gives access to the SPP propagation length by fitting a first

order polynomial ln (Ixwx)5ln (A)2u/Lp, where A is a constant, to the

recorded data points. In particular, the experimentally evaluated

propagation lengths of about 85–90 mm are in reasonable agreement

with the theoretical propagation length of ,110 mm. The coupling effi-

ciency is a bit more cumbersome to evaluate, so here we simply state the

result, delegating the calculation details to the Supplementary

Information. Thus, we obtain a coupling efficiency of ,27%64%,

which is somewhat lower than theoretically predicted value of 47%.

We believe the discrepancy is related to fabrication imperfections due

to proximity effects and liftoff, different excitation conditions, and addi-

tional losses associated with scattering and grain boundary effects in thin

films as well as the increased damping related to 3-nm-thin Ti adhesion

layers between gold/glass interfaces.24 The last parameter, the directivity,

is experimentally determined by taking the ratio of the integrated pixel

intensities in areas of 10 mm320 mm centred 20 mm to the left and right

of x0, respectively. In this way, we obtain a directivity of ,6756160,

where the quite high uncertainty relates to a strong sensitivity towards

beam positioning. As an additional comment, it should be stressed that

the fabricated 1D-periodic SPP coupler is not particularly sensitive to the

design wavelength, demonstrating relatively high coupling efficiencies

(C.19%) and directivities (D.43) in the entire wavelength range

1500–1600 nm (Supplementary Fig. S1).

The 2D-periodic SPP coupler (Figure 3b) has been characterized in

the same way as above, but for both x- and y-polarizations of the

incident light in order to verify the polarization-controlled excitation

of SPPs. From LRM images (Figure 4c and 4d), it is indeed seen that

the orthogonal linear polarizations excite SPPs propagating in ortho-

gonal directions with a high directivity. In particular, we obtain for

both polarizations the coupling efficiencies of ,25% with directivities

D.200. One should note that despite the noticeable difference in

directivities evaluated for orthogonal polarizations (Fig. 4c and 4d),

which might be related to slight asymmetry in the fabricated SPP

couplers (Figure 3b), this difference has no practical importance since,

for both polarizations, practically all the SPP power (.99%) flows in

the direction dictated by the linear phase gradient. As a final comment,
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we emphasize that the 2D-periodic polarization-controlled SPP coup-

ler also demonstrates reasonable performance in the wavelength range

1500–1600 nm (C.15% and D.44, cf. Supplementary Fig. S2).

CONCLUSIONS

We have illustrated with the examples in the previous section how

GSP-based gradient metasurfaces can be designed at telecom wave-

lengths for efficient and unidirectional excitation of SPPs, with the

added possibility to control the direction of propagation via the linear

polarization of the incident beam. The latter functionality is associated

with 2D-periodic birefringent metasurfaces resulting in orthogonal

reflection-phase gradients for orthogonal polarizations.21 In this

work, we designed the GSP resonators from a reference structure

consisting of a continuous glass spacer on top of the gold film, thereby

allowing us to fabricate the appropriate nanostructures by only depo-

siting gold in the resist profile. It should, however, be noted that the

design approach can equally well be applied to the configuration, in

which the dielectric spacer, such as glass, is located only under the gold

strips and nanobricks (Supplementary Figs. S3–S6). The fabrication of

these SPP couplers requires deposition of both glass and gold, which

makes it more difficult to reach the desired geometrical dimensions

due to inclined side walls.25 The advantage, on the other hand, is the

possibility of excitation of SPPs propagating along a gold-air interface

(open to external perturbations that is important, for example, in

sensing applications) over long distances, e.g., exceeding 200 mm at

l51500 nm (Supplementary Fig. S6). Finally, it should be mentioned

that, using extensive numerical simulations, we have also confirmed

that the GSP-based gradient metasurfaces perform indeed signifi-

cantly better than those without phase gradient, i.e., regular GSP-

based grating couplers, with respect to both efficiency and directivity

of the SPP excitation (Supplementary Fig. S7).

The intriguing result that a single super cell of the 2D-periodic SPP

coupler allows for unidirectional polarization-controlled excitation of

SPPs (Figure 2d) demonstrates a new class of optical elements, which

are wavelength-sized polarization-sensitive scatterers. We name these

elements metascatterers, and exemplify their usefulness in compact

plasmonic circuits by verifying efficient and polarization-controlled

excitation of SPPs using a GSP-based metascatterer with glass layer

located only underneath the nanobricks (Figure 5a). Using a Gaussian

input beam with the spot size w0>1 mm, we obtained LRM images

that clearly verify the polarization-controlled unidirectional excitation

of SPPs (Figure 5b and 5c), with more quantitative analysis of the

images revealing an appreciable coupling efficiency of about 4%–8%

and directivity of ,6. It is to be noted that, in this case, we had to use a

very tightly confined incident beam in order to increase its interaction

with the micron-sized metascatterer. As a result, the incident field was

very inhomogeneous in both phase and amplitude distributions across

the metascatterer, leading thereby to a decreased coupling efficiency.

We believe that the efficient unidirectional polarization-controlled

excitation of SPPs, using either individual metascatterers or their periodic

arrays, opens a unique possibility to simultaneously achieve both high

SPP excitation efficiency and acceptance of any polarization of incident

light that can be exploited for the realization of polarization-independent

plasmonic components, an important milestone in the development of
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integrated plasmonic circuits. The developed approach represents also a

new way of encoding the polarization information in SPPs, suggesting the

efficient method for inter-conversion of polarization-encoded photon

qubits and SPPs, a process that is very important in the context of

quantum plasmonic circuits.26 Another interesting development can be

to realize complete on-chip characterization of polarization states of light

by combining the polarization-controlled SPP coupler, which allows one

to excite separate SPPs associated with orthogonal linear polarizations,

with a suitable plasmonic interference circuitry27 to compare their phases

and integrated SPP detectors28 to conduct quantitative analysis of ampli-

tudes of the incident orthogonal linear polarizations as well as their phase

difference. Overall, we foresee many exciting developments and applica-

tions of the demonstrated approach within plasmonics.
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Figure 5 Plasmonic metascatterer. (a) SEM image of a metascatterer composed

of nine GSP resonators arranged in a 333 array. The 50-nm-thin glass spacer is

located only below the 50-nm-thick gold nanobricks. The lower gold film is 80 nm

thick. (b, c) LRM-images showing SPP excitation along (b) y-direction for y-polar-

ized light and (c) x-direction for x-polarized light when l51500 nm. Due to the

small size of the metascatterer, the spot size of the incident Gaussian beam is

reduced to w051 mm. GSP, gap surface plasmon; LRM, leakage radiation micro-

scopy; SEM, scanning electron microscopy; SPP, surface plasmon polariton.
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