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lasmonics has been making break-

through improvements in the field of

nanophotonics due to its ability of
extreme field confinement,’? finding myr-
iad applications in bioimaging,®> ® biosen-
sing,” data storage® photovoltaics,® light
emission sources,'®'" and compact on-chip
device integration."> "> Because of the in-
trinsic transverse magnetic (TM) nature of
plasmonic fields, however, surface plas-
mons (SPs) efficient excitation is strongly
constrained to TM polarized incidence, so
that for unpolarized light, 50% of the energy
that is transverse electric (TE) polarized
cannot be utilized. Designer plasmons, also
called spoof plasmons, refer to surface-plas-
mon-like waves on textured metal surfaces,
which can be supported in periodic struc-
tures that may be made of perfect condu-
ctors,'®~2? for instance. Designer plasmons
rely on either evanescent or propagating
modes inside the textured surface, with
significant property variations for the two
cases.'®"” The latter offers particular flexibil-
ity and can lead to surface modes with a very
large wavevector. The existence of such plas-
mons is attributed to the fact that the textured
surface can be viewed as imposing an effec-
tive surface impedance, which can be artifi-
cially engineered by the structure geometrical
parameters, such as the periodicity, duty cy-
cle, and thickness of the metallic features.
In the terahertz and microwave regimes,
designer plasmonic metamaterials have
been constructed to realize waveguiding
and focusing,”*" as well as to engineer the
slow wave characteristics of the guided
microwave.”? However, similarly to natural
surface plasmons (SPs) on metallic surfaces
in the optical regime, such designer plasmons
are also intrinsically TM polarized, which
makes the efficient manipulation of TE fields
by such structures challenging, as only TM
excitation has been demonstrated so far.'6 ™2
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ABSTRACT Surface plasmons efficient excitation is typically expected to be strongly constrained
to transverse magnetic (TM) polarized incidence, as demonstrated so far, due to its intrinsic TM
polarization. We report a designer plasmonic metamaterial that is engineered in a deep
subwavelength scale in visible optical frequencies to overcome this fundamental limitation, and
allows transverse electric (TE) polarized incidence to be strongly coupled to surface plasmons. The
experimental verification, which is consistent with the analytical and numerical models,
demonstrates this enhanced TE-to-plasmon coupling with efficiency close to 100%, which is far
from what is possible through naturally available materials. This discovery will help to efficiently
utilize the energy fallen into TE polarization and drastically increase overall excitation efficiency of
future plasmonic devices.

KEYWORDS: pure TE-to-plasmon coupling - designer (spoof) plasmons -
metamaterial - polarization conversion - hybrid Bloch modes

Textured metallic surfaces with designer
plasmons in the optical regime have a high
potential to result in a number of unique
phenomena due to possible interplay be-
tween the plasmonic properties of metals
and properties derived from structural fea-
tures of the textured surface. We show below
that the complexity of the resulting electro-
magnetic phenomena may provide us with
great freedom to tailor the propogation of SPs
as well as to design a pure TE-driven SP,
complementing the so far demonstrated
TM-polarized excitation. Here, “pure TE”
means the polarization of the incident light
is transverse to both SPs and the plane-of-
incidence, to distinguish with diffraction grat-
ings where “TE" is defined only with respect to
the plane-of-incidence but not to SPs.?® The
importance of the pure TE definition lies in the
fact that SPs are inherently TM with respect to
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their direction of propagation, so that to over-
come this fundamental limitation, one must
consider TE with respect to the SP direction as
well, that is, a polarization that is completely
orthogonal to that of the excited propagating
SPs. In this study, we present for the first time
an optical designer plasmonic metamaterial,'”
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Figure 1. Design of the plasmonic metamaterial. (a) Schematic of enhanced pure TE-to-plasmon coupling with the designer
plasmonic metamaterial. Pure TE-polarized plane wave incidents from a glass substrate (n = 1.5) with the incident plane as the
diagonal cross-section of the metamaterial slab and excites SPs at the air/metamaterial interface. (b) Simulated reflection
spectra at 640 nm with the fixed thickness d = 55 nm and period A = 140 nm, for different air slit widths w. (c) Simulated
reflection spectra at 640 nm with the fixed period A = 140 nm and air slit width w = 40 nm, for different slab thicknesses d. The
inset shows the periodicity of the mode in thickness at different eigen-vectors of surface modes retrieved from mode analysis
(black) and simulations (red), exhibiting typical features of designer SPs.

which combines plasmonic properties of metals in
optics and properties of designer textured surfaces
typically observed in microwave structures. The meta-
material introduced here supports designer SPs in
remarkable frequency and wavevector ranges, includ-
ing surface modes with a large effective index that
efficiently couple to the pure TE polarized light.

RESULTS AND DISCUSSION

Engineering of the Visible-Frequency Designer (Spoof) Plas-
monic Metamaterial. The presented designer plasmonic
metamaterial consists of Au stripes periodically ar-
ranged in a deep subwavelength scale as shown in
Figure 1a. Because of the deep subwavelength nature
of the structure, the diffraction orders are evanescent
and therefore the metamaterial shows a uniform op-
tical response without involving any diffraction, in stark
contrast to previously investigated conventional dif-
fraction gratings with feature sizes on the order of the
wavelength'*”1%23 where the diffraction plays domi-
nant roles. So far similar metamaterials were analyzed
only in two-dimensional (2D) configurations, and for
the terahertz regime.'”?%%2 In contrast, in this study we
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operate in the optical regime, and consider an incident
wave with a nonzero azimuth and elevation angles,
requiring a fully three-dimensional (3D) analysis and
physical understanding. The domain between the top
and bottom faces of the metamaterial acts as an array of
coupled metal—insulator—metal (MIM) plasmonic trans-
mission lines,>* supporting plasmonic Bloch modes
guided in the vertical direction. Because of the 3D nature
of the problem, the modes are hybrid, consisting of both
TM and TE polarized components. A combination of the
modes guided in the upward and downward directions
is required to satisfy the boundary conditions on the top
and bottom faces of the metamaterial. Because of the
extremely thin width of the metallic stripes that is on the
order of the skin depth, the plasmonic modes in different
MIM transmission lines are not independent and the
introduced periodic potential makes a collectively oscil-
lating plasmonic Bloch modes in the periodic array of
transmission lines. In particular, the hybrid nature of the
supported Bloch mode can provide modes overlap and
bridge a pure TE incident wave and excited SP waves,
thereby creating enhanced pure TE-to-plasmon cou-
pling in the designer plasmonic metamaterial.
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Computer simulations were performed to validate
the proposed pure TE-to-plasmon coupling and to
optimize the geometry parameters of the designer
plasmonic metamaterial. For the simulations and ex-
periments we choose to use visible wavelengths vary-
ing from 540 to 680 nm with a focus on a detailed study
at the wavelength of 640 nm. Rigorous coupled wave
analysis (RCWA),® that was developed for studying
periodic structures, was employed to calculate reflec-
tion coefficients for a pure TE polarized plane wave
incident from a high-index substrate (n = 1.5) side. The
corresponding dielectric constants of Au are extracted
from data in ref 26. The geometry was optimized to
achieve a minimum reflection coefficient which corre-
sponds to maximum excitation efficiency of SPs. We
consider the case where the incident wavevector
(K« Ky, K>), has an in-plane projection along the diag-
onal, such that K, = K, = ki/~/2, and k; is the parallel
wavevector. At the resonant condition where mini-
mum reflection is achieved and SPs are well excited,
the parallel wavevector kj corresponds to the wave-
vector of the SPs, k. Figure 1 panels b and c show
the reflection coefficient as a function of the parallel
wavevector of the incident wave for different air slit
widths and different slab thicknesses, respectively.
We determined that the optimal geometry has a
period of A = 140 nm, slit width of w = 40 nm,
and slab thickness of d = 55 nm. The reflection
coefficient at the dip is almost vanishing so that a
nearly perfect (100%) pure TE-to-plasmon coupling
efficiency was achieved.

To gain insight into the coupling mechanism, we
investigate analytically the electromagnetic Bloch ei-
genmodes propagating in the positive and negative z
directions inside the metamaterial slab. As explained
above, these modes are hybrid, but since the slab is a
periodic layered medium in the x direction, the modes
are either TM or TE with respect to that direction,
denoted by TM, and TE,, respectively (see Methods).
The complex wavevectors [3, in the z direction vary as a
function of the parallel in-plane wavevector kj = k,, =
(K> + K,%)'" at the resonant condition where SPs are
excited. Values of 3, corresponding to different eigen-
modes are given in Table 1 for the two lowest modes
(TM,, and TE,) for different in-plane wavvectors. The
fundamental mode is TM,, and it has a dominant real
part of 3, such that it is mainly propagating. The higher
order TM, modes as well as all TE, modes are evanes-
cent with a dominant imaginary part of 3,. Therefore,
for large thicknesses, the fundamental mode is almost
solely responsible for the power transfer above the
slab, satisfying the boundary conditions and leading to
the surface mode on the metamaterial surface. So the
angle of the dip viewed in reflection as a function of the
slab thickness is thus expected to be periodic with a
period of half the fundamental TM, mode's effective
wavelength Ad = iko/2Re{f3,}, as shown in Figure 1c.
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TABLE1. Complex Wavevectors f, Normalized by k, in the

z Direction of the Two Lowest Modes (TM, and TE,) with

Different Parallel in-Plane Wavevectors ki, of the

Designer SP, Calculated at a Wavelength of 640 nm

Re (k) =  Re (k) =
1.05k, 1.1k

Re (k) =  Re (k) =
1.15k, 1.2k,

Re (k) =

mode 1.25ky

™, 1.512—0.046 1.496—0.047j 1.479—0.048j 1.461—0.049 1.442—0.051j
TE, 0.120—2.616/ 0.119—2.634j 0.118—2.654j 0.117—2.674j 0.115—2.695]

In other words, when increasing the thickness of the
metamaterial by Ad, the excited SP modes will have
the same in-plane wavevector. This is shown in the
inset of Figure 1c, where this quantity is calculated
according to the values of 3, and compared with the
exact period as a function of thickness variation. This
periodic behavior is typical of designer SPs,'” and
distinguishes them from conventional SPs on a plane
metal.

It is worth reemphasizing that the polarization
conversion in our structure is enabled by the 3D field
variation of the hybrid Bloch modes supported by the
metallic slits. Different hybrid modes get strongly
coupled with each other while propagating inside
the metamaterial slab, which is significantly distin-
guished from the common 2D cases where TE and
TM modes are decoupled.?’2® At the resonance point,
the supported hybrid modes are propagating back and
forth within the slab in a similar way to a Fabry—Perot
configuration, as seen from Figure 1c. The excited
resonant hybrid modes strongly enhance the effi-
ciency of the polarization conversion, which results in
a complete conversion within a 55 nm thin slab,
though the thickness is only equivalent to 0.13 effec-
tive wavelengths of the fundamental TM, mode. How-
ever, it typically requires 0.5 effective wavelengths to
form a half wave plate phase change to support such
complete polarization conversion.??*°

Characterization of the Plasmonic Metamaterial. To fabri-
cate the designed optimized subwavelength structure,
we used focused-ion-beam (FIB) milling of an Au film
on a glass substrate. The scanning electron microscopy
(SEM) micrograph of the fabricated structure is shown
in Figure 2. The excited designer SP modes in the
fabricated metamaterial are characterized in reciprocal
space by directly analyzing reflection images of the
index ellipsoids of the SPs in the k space as shown in
Figure 2a (see details in ref 31). These images are
obtained from the glass substrate side of the sample
inserted in an oil immersion microscope objective
(MO) with a high numerical aperture (NA = 1.4). A
converging polarized spherical wave is used as an
illumination function to code a wide-band angular
spectrum of the illumination. The size of the obtained
reflection image at the back focal plane is limited by
the NA of our MO that corresponds to a free space
wavevector of 1.4k,. Note that the central dark ring in
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Figure 2. Experimental results of designer SPs. (a) Measurement configuration that can directly capture the index ellipsoids
by imaging the reflection in reciprocal space. (b) SEM micrographs of the fabricated metamaterial. (c) Measured index
ellipsoid at 560 nm. (d) Measured index ellipsoid at 600 nm. (e) Measured index ellipsoid at 640 nm.

Figure 2 panels c—e (i.e., image of the phase ring inside
the phase contrast MO) obscures some information,
but the information of interest in our study lies at larger
wavevectors. The dark tails (reflection dips) in the
reflected images correspond to excitation of the de-
signer SPs, in a similar manner to excitation of SPs at
the Kretschmann configuration, and represent infor-
mation about their index ellipsoids. These measure-
ments are performed as a function of optical
wavelength using a white light source in combination
with a series of 10 nm bandpass interference filters in
the spectral range of interest, that is, from 540 to
680 nm as shown in Figures 2c—e, for wavelengths of
560, 600, and 640 nm, respectively. The polarizer is
oriented at an angle of 45° with respect to the x
direction. Therefore TM components are lying in the
plane of 45°, while the pure TE field is in the plane of
—45°, Thus the diagonals contain information about
pure TE and TM components while the remainder of
the space represents linear combinations of TE and TM
incident waves. Since TE and TM are orthogonal, all the
necessary information lies in the diagonals.

Enhanced Pure TE-to-Plasmon Coupling. The numerically
simulated and experimentally measured index ellip-
soids of the designer plasmon modes in reciprocal
space is shown in Figure 3 panels a and b, respectively,
for a wavelength of about 640 nm. The detailed reflec-
tion spectra for pure TE and TM incidence have been
extracted from the perpendicular (—45°) and parallel
(45°) to the polarization planes, respectively, showing a
good agreement between the experimental data and
the simulation, as seen in Figure 3c. The slight discre-
pancy in the reflection spectrum observed around
ki = ko for the TE polarization may come from the
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imperfect fabrication during the FIB etching. The en-
hanced pure TE-to-plasmon coupling is observed as a
sharp dip that occurs where its incident parallel wave-
vector satisfies the phase matching condition to excite
the designer SPs. However, in contrast to excitation of
conventional SPs, there is no pronounced dip in the
reflectivity of TM polarization, indicating that surface
waves are not excited.

The inherent nature of the surface mode supported
by this enhanced pure TE-to-plasmon coupling has
been further investigated using finite element method
(FEM) simulations, showing strong field confinement
on the surface and exponentially decaying fields into
the air, associated with this mode, as seen in Figure 4.
Remarkably, although the polarization of the incident
field is pure TE, the excited surface mode is almost
entirely TM-polarized, as E, and the magnetic field
transverse to the direction of propagation H, are
strongly dominant. This polarization conversion from
pure TE incidence to TM SPs is with about 98%
efficiency. The diagonal orientated air slits act as a
series of coupled transmission lines that efficiently
transfer the power through the hybrid plasmonic
modes inside the metamaterial slab. These excited
hybrid modes possess different propagating charac-
teristics and the resulting interference between them
in each electric field component leads to strong polar-
ization conversion. Specifically for the pure TE, the E,
component strongly overlaps with the fundamental
TM, mode, and the E, is required to provide a diagonal
ki that would have an x component, so that £, is rotated
around the corner of the slits to become the E, of the
excited SPs. In addition to the fundamental difference
in physics compared to coupling TE waves to SPs using
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Figure 3. Enhanced pure TE-to-plasmon coupling at 640 nm. (a) Simulated index ellipsoid of the excited surface mode in a
representation of reflected power distribution in reciprocal space. (b) Experimental imaging of reflection from the

metamaterial in reciprocal space. (c) Detailed reflection spectra retrieved from panels a and b as TM (blue) is parallel and pure
TE (red) is perpendicular to the incident polarization. Solid curves and hollow circles represent the results from simulation and

experiment, respectively.

b

y(ﬁlh} §

-500

0 -500
500
X (nm)

400 300 _p00

000 400 200 g0 00 -500

x (nm)

&

o 100 Qnu 300 400 -500
X (nm)

Figure 4. FEM simulations of the excited surface mode. (a) Field distributions of E, in the diagonal cross-section and x-y plane,
respectively. (b) Field mapping of the in-plane magnetic field component transverse to k,,, H,(TM component). (c) Field
mapping of the in-plane magnetic field component parallel to ki, H) (TE component), showing TM characteristics associated

with designer SPs.

a 2D metallic nanohole array,® the presented pure
TE-to-SP coupling also shows a much higher efficiency
(98% vs 10—20% depending on the design of the
nanohole arrays).

Figure 5 shows the dispersion relation of the de-
signer SPs. The experimentally measured wavevectors
from Figure 2 at different wavelengths are compared
with the wavevectors obtained by numerical simula-
tions, which are the locations of the dips in the
simulated reflection spectra of pure TE incidence.
Similarly to conventional SPs, the designer SPs are asso-
ciated with larger wavevectors at shorter wavelengths,

FENG ET AL.

asymptotically approaching the effective surface plas-
ma frequency. In the range of interest, the experimen-
tal and theoretical results are found to be in very good
agreement, manifesting a broadband enhanced pure
TE-to-plasmon coupling of our designer plasmonic
metamaterial. Although the optimum design was per-
formed for the wavelength of 640 nm, high coupling
efficiencies are obtained in a range of over 100 nm
(i.e., 70% at 560 nm and 90% at 660 nm), showing broad-
band operation. From RCWA simulations, we extracted
the effective wavevectors of SPs at different wave-
lengths: at 680 nm, k, = ko(1.015 — j0.007); at 640 nm,
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Figure 5. Dispersion relation of excited designer SP waves
at the air/metamaterial interface. Solid curve and square
markers correspond to data retrieved from numerical si-
mulations and experimental measurements, respectively.
For the experimental data, the error-bar in wavelengths
indicates the bandwidth (10 nm) of the bandpass filters
used in the experimental measurement.

ksp= ko(1.033 — j0.013); at 560 nm, ke= ko(1.051 —
j0.029). The corresponding propagation lengths of SPs
are 7.7, 3.9, and 1.5 um at 680, 640 , and 560 nm,
respectively. For comparison, at a wavelength of
640 nm the propagation length on a uniform Au film
on a glass prism is 4.0 um, such that the propagation
length on the metamaterial is shorter by only about
3%, demonstrating almost the same excitation effi-
ciency and inherent surface mode characteristics.
Therefore the presented metamaterial may be consid-
ered complementary to the conventional SPs for TE
polarization. It is thus expected that light absorption
efficiency for unpolarized light may be drastically
improved with a device that can incorporate charac-

METHODS

Analysis of Bloch Modes Propagating Inside the Metamaterial. The
dispersion relation for the Bloch modes that propagate
inside the metamaterial slab is obtained by imposing the
boundary conditions at the interfaces, as well as the Floquet
theorem with a periodic phase corresponding to the incident
wave vector (K, K,), which, for the excitation along the
diagonal, is given by K, = K, = (V2/2)k. The dispersion
relation is then given by

% —Zn) —Zn)’ coslky, W
47,7 %8

Za +Zw)?
ﬁ coslky, aW + ky, m(A — w)] —
— ky, m(A —w)] = cos(KyA)

where the wavevectors in the x direction are k,; = (ko’ei — Ky2
— BV, the impedances are Z; = Noky,i/ (koe;) for TM, modes,
and Z; = 5joko/ky,; for TE, modes, ¢; are the permittivities in each
region, and i = a, m for the air and metal, respectively; 7, is the
vacuum impedance. The dispersion relation can then be
solved to obtain the complex f3,. The first TM, mode is a
TEM-like mode in the slits. The second mode is a TE, evanes-
cent-like mode.

Acknowledgment. This work was supported by NSF, DARPA,
and NSF CIAN ERC.

FENG ET AL.

teristics of both pure TE-to-SPs in our metamaterial and
conventional TM SPs on plane metals.

CONCLUSIONS

The presented optical designer plasmonic metama-
terial overcomes the inherent limitation of the TM-
polarization nature of the SPs and supports highly
efficient broadband pure TE-to-plasmon coupling. Our
results are promising for improving the overall plasmo-
nic excitation efficiency in a wide range of applications,
including plasmon-assisted photovoltaics and on-chip
plasmonic circuits. While the investigated geometry in
this work varies only in two dimensions, the optical fields
vary in all three dimensions. Thus the plasmonic modes
that facilitate the demonstrated phenomena become
hybrid, in contrast to previously investigated 2D pro-
blems. Engineered in the 3D deep subwavelength “arti-
ficial molecules” of metamaterials, the plasmonic hybrid
modes open a door to allow sophisticated nanometric
linear and circular polarization mixing, as well as conver-
sion and manipulation of optical guided and free space
waves. Further complication of the geometry of designer
(spoof) plasmon metamaterials can offer significant pos-
sibilities for creating more counterintuitive optical re-
sponses, for example, using complementary split ring
resonators to introduce magneto- and electro-inductive
couplings between adjacent unit cells.3*** As a result,
better confinement of the excited surface modes can be
expected, which may lead to more efficient polarization
conversion. This concept may be further extended to 3D
layered structures®>° by engineering the vertical con-
nectivity between different layers, providing flexibilities
in the design of novel nanophotonic structures.
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