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Polarization-Controlled Tunable
Directional Coupling of Surface
Plasmon Polaritons
Jiao Lin,1,2* J. P. Balthasar Mueller,1* Qian Wang,3 Guanghui Yuan,3 Nicholas Antoniou,4

Xiao-Cong Yuan,5 Federico Capasso1†

Light can be coupled into propagating electromagnetic surface waves at a metal-dielectric interface
known as surface plasmon polaritons (SPPs). This process has traditionally faced challenges
in the polarization sensitivity of the coupling efficiency and in controlling the directionality of
the SPPs. We designed and demonstrated plasmonic couplers that overcome these limits using
polarization-sensitive apertures in a gold film. Our devices enable polarization-controlled tunable
directional coupling with polarization-invariant total conversion efficiency and preserve the
incident polarization information. Both bidirectional and unidirectional launching of SPPs are
demonstrated. The design is further applied to circular structures that create radially convergent and
divergent SPPs, illustrating that this concept can be extended to a broad range of applications.

Surface plasmon polaritons (SPPs) are prop-
agating excitations that arise from the cou-
pling of light with collective oscillations

of the electrons at the surface of a metal (1). The
strong dependence of their properties on the com-
position and structure of the surface has led to
many advances in the control of light at the nano-
scale (2–9), holding promise for optical informa-
tion technology and optoelectronics (10, 11) and
for the study and engineering of light-matter in-
teraction (12, 13).

The polarization states of the optical signal
that can be coupled to a plasmonic device are
often limited by the selectivity of the coupling
process. For directional SPP excitation, usually
only the component of the incident light that is
polarized perpendicularly to either groove- or
ridge-like scattering elements (in the case of
gratings) or to the metal surface itself (in the
case of prism-based schemes) can be coupled
into SPPs (1). Light in the orthogonal polariza-
tion does not couple to SPPs, leading to a de-
crease in the SPP signal and a loss of information
about the incident polarization state.

Additional challenges arise in controlling the
direction of propagation of the generated SPPs.
Poor directionality frequently represents a sub-
stantial source of noise and reduces efficien-
cy. This has lead to the development of several
schemes that couple unidirectionally, albeit with
limited dynamic tunability (14–16).

We present a directional plasmonic cou-
pler that addresses these challenges by offering

polarization-invariant coupling efficiency to SPPs
while allowing full control over the distribution
of power between two counter-propagating SPP
modes. This includes unidirectional coupling and
preserves polarization information.

A narrow aperture in a metal film selectively
scatters incident light that is polarized perpen-
dicular to it, giving rise to SPPs. This occurs both
for light incident on the front and for light in-
cident on the back of apertures that fully perforate
the film. In the latter case, SPPs are transmitted
through the apertures to the other side of the film,
where they are launched across the surface. The
SPP emission pattern of a subwavelength aper-
ture is approximately that of an in-plane dipole
(17), which is known analytically (18) and plotted
in Fig. 1A along with the corresponding orien-
tation of the aperture. When many such dipoles
are arranged in a column with a spacing that is
smaller than the SPP wavelength (lSPP), the
launched SPPs are plane waves that propagate
perpendicularly away toward either side of the
column (Fig. 1B). This effect is independent of
the orientation of the dipoles of the column.We
can therefore create a source of SPP plane waves
propagating in a fixed direction that can be de-
signed to selectively respond to a polarization
component of the incident light determined by
the orientation of the apertures of the column.

A more complex polarization response can
be achieved by fabricating multiple columns on
the metal surface, resulting in interference of
the SPP waves created by individual columns.
We consider two parallel columns (Fig. 1C) that
are spaced a distance S apart and are made up
of apertures with width W and length L, such
thatW << L < lSPP. The apertures of one column
are spaced a distanceD apart, withD < lSPP. The
columns are offset by half a period (D/2) along
their axes to reduce near-field coupling and scat-
tering of the SPPs by neighboring apertures.
With this geometry, simulations showed both
effects to be negligible (19). The apertures of the
first and second column are oriented at angles

q1 and q2 with respect to the y axis. If light with
an electric field E

→
is normally incident on the

metal surface, the respective columns will then
couple to the components of the incident field E

→
1

and E
→
2 that are polarized at angles 90° + q1 and

90° + q2. The conversion efficiency Ci of a col-
umn scales as Ci º cos2 qi because the SPP
emission pattern of the individual apertures is
anisotropic (Fig. 1A) and only the component
of the wave that is launched perpendicular to
the column is not cancelled by the fields of the
surrounding dipoles (Fig. 1B).

The field components E
→
1 and E

→
2 can have a

relative phase d that is preserved by the coupling
process and transferred to the SPPs. If the prop-
agation loss of the SPPs over the small distance
S is neglected, interference of the SPP waves
launched by each column results in time-averaged
SPP field intensities propagating to the right (IR)
and the left (IL) to the pair of columns (19):

IRº ½ðC1E2
1 þ C2E2

2Þ þ 2E1E2 cosðkSPPS þ dÞ�
ILº ½ðC1E2

1 þ C2E2
2Þ þ 2E1E2 cosðkSPPS − dÞ�

ð1Þ
where the intensities are calculated in the di-
electric. E1 and E2 denote the amplitudes of the
field components coupled to the respective col-
umns and kSPP ¼ 2π

lSPP
the SPP wave number. If

|θ1 − θ2| = 90°, then jE→j2 ¼ jE→1j2 þ jE→2j2. We
make the particular choice of q1 = 45° and q2 =
45° + 90° = 135°, in which case the coupling co-
efficients of the two columns C1 = C2 = C. If we
adjust the lateral spacing S of the columns with
respect to the SPP wavelength to S ¼ π

2 k
−1
SPP,

Eq. 1 becomes

IRº C½ðE2
1 þ E2

2Þ − 2E1E2 sind�
ILº C½ðE2

1 þ E2
2Þ þ 2E1E2 sind� ð2Þ

Notably, the combined intensity of the cou-
pled SPP fields IR þ ILºCjE→j2 is proportional
to the intensity of the incident light but is in-
dependent of d and of the relative magnitude of
the coupled field components E1 and E2. The
total power that is converted to SPPs can thus
be made independent of the polarization of the
incident light. Moreover, the polarization depen-
dence in Eq. 2 can be used to adjust the fraction
of the total converted power that is propagating
in the SPP waves launched either toward the
left or toward the right side of the column pair
by changing the polarization state of the inci-
dent light. The distribution of the intensities in
the counter-propagating SPP modes as a func-
tion of polarization as predicted by Eq. 2 is shown
in Fig. 2A. Here, we expressed the polarization
state of the incident light in complex number rep-
resentation (20) in terms of y and d according to

e−id tan y ¼ Ec
2

Ec
1

ð3Þ

where Ec
1 and Ec

2 are the complex amplitudes
of the field componentsE

→
1 andE

→
2, respectively.
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Unidirectional coupling occurs when the incident
light is circularly polarized (E1 = E2; π2), with the
direction determined by the handedness. In this

way, the two circular polarization states represent
two separate channels that can selectively address
structures to either side of the coupler. Switchable

unidirectional coupling is possible by changing
the handedness of the incident light (Fig. 2A).
The structure is analogous to a polarizing beam

Fig. 2. Changing the incident polarization
enables continuous tuning of the direction-
ality of the launched SPPs. (A) Distribution
of power between the SPP waves propagating
to either side of the coupler as a function of the
polarization state of the normally incident light
according to Eq. 2. The incident polarization states
are expressed in complex number notation in terms
of the angles Y and d (Eq. 3) and additionally
shown as a black overlay. (B) Multiple parallel col-
umn pairs are spaced lSPP apart. The structure is
shown such that right (left) CPL is coupled to the
right (left) when it is incident from the top. (C)
FDTD simulation of the near-field intensity (arbi-
trary units) above a coupler made up of five col-
umn pairs (white overlay) under illumination by
incident light with linear and circular polariza-
tions (pink arrows).

Fig. 1. Closely spaced subwavelength apertures as polarization-selective
SPP plane-wave sources. (A) The calculated normal component of the SPP
electric field launched by an in-plane dipole (in arbitrary units), which is an
approximation for a subwavelength aperture in a gold film (overlay) that is
scattering incident light polarized perpendicular to its long axis (polarization
indicated by a red arrow). (B) The SPP waves generated by a single aperture
propagate radially away from it, with wavefronts shown in black. The waves

emitted from many apertures arranged in a column with subwavelength spacing
interfere constructively along planes parallel to the column, shown as dashed
lines. SPP wave vectors (kSPP) are shown as gray arrows. (C) Two columns of
apertures (1 and 2) are positioned in parallel with spacing S. The columns
couple to the field components E

→
1 (blue arrows) and E

→
2 (green arrows) of the

incident field E
→

(pink arrow). The resulting combined SPP plane waves
propagating away from the column pair (red arrows) have intensities IR and IL.
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splitter with two SPP output channels because the
SPP fields propagating to the left and the right
correspond to the circularly polarized compo-
nents of the incident light. The polarization state
of the incident light is then fully encoded in the
amplitude and relative phase of the SPPs.

The cross-section of the coupler can be in-
creased by placing several column pairs an SPP
wavelength apart in the manner of a second-order
grating (Fig. 2B). The side of the structure toward
which each circularly polarized state is routed
relative to the observer is shown in Fig. 2B.

Weperformed full-wave finite-difference time-
domain (FDTD) simulations of the SPPs created
by a group of five column pairs patterned on a
gold surface for various incident polarizations.
This structure was designed for operation at l =
633 nm, corresponding to lSPP ≅ 606 nm. The
geometrical parameters of the structure are S =
150 nm,D= 300 nm,W=40 nm, andL=200 nm.
The column pairs are spaced 600 nm apart, and
the thickness of the Au film is 200 nm. The re-
sults show good agreement with the predictions
of Eq. 2 (Fig. 2C). Further simulation results can
be found in (19).

We fabricated 10 column pairs, with S =
150 nm,D = 300 nm,W= 50 nm, and L= 200 nm
in a 150-nm-thick gold film using focused ion
beam milling (FIB). The devices were back-
illuminated with polarized 633-nm laser light,
and the SPPs were measured using near-field

Fig. 3. Measurement of the SPPs launched by a fabricated coupler. (A) Scanning electron
microscope (SEM) image of a structure fabricated in a gold film for operation at l = 633 nm. (B to D)
NSOM images of the structure under illumination from the back by LPL (B), right CPL (C), and left CPL
(D). The state of incident polarization is shown by white arrows.

Fig. 4. Curved structures and polarization-invariant coupling effi-
ciency. (A) SEM image of a circular coupler based on our design. (B) NSOM
images of the coupler under right CPL, resulting in radially inward coupling,
which creates a high-intensity standing wave within the circle. (C) NSOM
image under left CPL, resulting in radial unidirectional coupling away from the
circle and low intensity within the circle. (D) NSOM image of the coupler under

LPL, which results in equal power propagating inward and outward. SPPs are
generated by sections of the coupler oriented at all angles with respect to the
incident polarization. (E) SEM image of a circular groove of the same radius,
representative of a conventional plasmonic coupler. (F) NSOM image of the
circular groove under LPL, showing generation of SPPs only where the groove
is perpendicular to the incident polarization.
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scanning optical microscopy (NSOM) (19). The
observed field distributions are in good agree-
ment with the theoretical model (Fig. 3). The
NSOMmicrographs exhibit fringe patterns that
result from the interference of the SPPs with in-
cident light directly transmitted through the film,
confirming that the measured optical signal cor-
responds to the near-field (19). Figure 3, B to D,
shows in particular that circularly polarized light
(CPL) of opposite handedness generates counter-
propagating SPP beams, whereas linearly polar-
ized light (LPL) launches SPP beams of equal
intensity toward either side of the coupler.

This coupling scheme can be generalized by
adding curvature to the column pairs on the metal
surface. A coupler bent into a circle can be used
to achieve radial unidirectional coupling (Fig. 4A).
Depending on the handedness of the structure,
the two circular polarization states result in SPPs
that propagate radially toward the center of the
circle (Fig. 4B) or outward (Fig. 4C). In case of
unidirectional inward coupling, a high-intensity
standingwave is formedwithin the circle, whereas
the field intensity is minimal in the case of uni-
directional outward coupling. LPL, as an equal
superposition of left and right circularly polarized
waves, results in SPPs propagating equally
inward and outward (Fig. 4D). SPPs emanate
from sections of the coupler oriented at all angles
with respect to the incident polarization, demon-
strating the polarization-invariant coupling effi-
ciency for LPL. This feature becomes clear by
comparing the properties of our structure with
those of a ring-shaped groove (Fig. 4E), which
is functionally equivalent to conventional SPP

couplers. The NSOM image of the SPP field
above the latter shows that SPPs can only be gen-
erated where the incident polarization is perpen-
dicular to the groove (Fig. 4F).

Our couplers may form the basis for novel
plasmonic devices and can be used to both im-
prove efficiency and lower cross-talk in plasmonic
networks. The possibility of encoding the po-
larization information in SPPs is particularly
relevant based on recent evidence that SPPs pre-
serve quantum coherence (21), which suggests
that the structure may be used to reversibly con-
vert polarization-encoded photon qubits to SPPs.
This could help to further harness the unique
properties of SPPs for applications in quantum
information.
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External Quantum Efficiency Above
100% in a Singlet-Exciton-Fission–Based
Organic Photovoltaic Cell
Daniel N. Congreve,* Jiye Lee,* Nicholas J. Thompson,* Eric Hontz, Shane R. Yost,
Philip D. Reusswig, Matthias E. Bahlke, Sebastian Reineke, Troy Van Voorhis, Marc A. Baldo†

Singlet exciton fission transforms a molecular singlet excited state into two triplet states, each
with half the energy of the original singlet. In solar cells, it could potentially double the
photocurrent from high-energy photons. We demonstrate organic solar cells that exploit singlet
exciton fission in pentacene to generate more than one electron per incident photon in a portion
of the visible spectrum. Using a fullerene acceptor, a poly(3-hexylthiophene) exciton confinement
layer, and a conventional optical trapping scheme, we show a peak external quantum efficiency
of (109 T 1)% at wavelength l = 670 nanometers for a 15-nanometer-thick pentacene film.
The corresponding internal quantum efficiency is (160 T 10)%. Analysis of the magnetic field
effect on photocurrent suggests that the triplet yield approaches 200% for pentacene films
thicker than 5 nanometers.

Conventional solar cells generate one elec-
tron for each photon that is absorbed. The
output voltage is defined by the bandgap,

and solar cells waste any excess photon energy as
heat. Summing the thermal loss over the solar
spectrum yields the Shockley-Queisser efficiency

limit of 34% for solar cells containing a single,
optimized semiconductor junction (1).

Splitting excited states, or excitons, gener-
ated after the absorption of high-energy photons
presents one pathway beyond the single junction
efficiency limit. Instead of harvesting a single

electron, several charges can be obtained by dis-
sociating the child excitons. For example, so-called
multiple exciton generationmechanisms have been
used to produce an average of more than one
electron from an ultraviolet photon with energy
four times the bandgap (2).

Singlet exciton fission is a type of multiple
exciton generation mechanism found in organic
semiconductors (3, 4). It is notable because spin
conservation disallows the usual competing loss
process: thermal relaxation of the high-energy
exciton into a single low-energy exciton. In fis-
sion, the low-energy exciton is a dark state, inac-
cessible by a direct transition from either the
high-energy exciton or the ground state. Only the
evolution of the high-energy state into two dark
excitons is spin-allowed.Consequently, prior studies
have suggested that singlet fission can be efficient
even in the visible spectrum, harnessing photons
of just twice the energy of the child excitons (5–10).

There is a side effect of spin in singlet fission,
however. The dark exciton controls the electrical
properties of the cell. These are decoupled from

Energy Frontier Research Center for Excitonics, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA.
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