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ecent developments on optics based

on surface plasmon polaritons (SPPs)

or plasmonics, which allow manipu-
lating light in two dimensions with sub-
wavelength scales,’ have become a very ac-
tive and attractive research field.?3 Taking
advantage of the intrinsic two-dimensional
(2D) nature of SPPs, which provides many
opportunities for miniaturizing current opti-
cal devices to micro- and nanosize, various
elements for the 2D SPP optics* analogous
to the conventional 3D counterparts have
been developed, such as lenses,> 10
waveguides,'"'? interferometers,’>'* and
microscopy.'® By combining those plas-
monic devices together, it may be possible
to develop an integrated plasmonic circuit
and provide a next-generation information
network with improved bandwidth and
speed.'®

Plasmonic demultiplexers, which are
key elements of plasmonic circuits for wave-
length division multiplexing (WDM) sys-
tems, need to be developed, and a high
resolution is necessary to achieve a narrow
channel spacing in high capacity plasmonic
networks. Some SPP dispersing elements
have been demonstrated, such as the over-
lapping bull’s eye structure,'”
metal—insulator—metal resonator,'® and
SPP crystal structures for splitting SPPs of
different wavelengths into different
directions.’”?° However, a practical plas-
monic demultiplexer needs to disperse
multiple-channel data streams at different
wavelengths spatially and focus them into
various SPP wavelength components.

In this work, we propose a plasmonic de-
multiplexer that can implement light—SPP
coupling, effective dispersion, and multiple-
channel SPP guiding. The resolution was as
high as 10 nm in the experiment, and fur-
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ABSTRACT Two-dimensional plasmonic demultiplexers for surface plasmon polaritons (SPPs), which consist

of concentric grooves on a gold film, are proposed and experimentally demonstrated to realize light—SPP

coupling, effective dispersion, and multiple-channel SPP guiding. A resolution as high as 10 nm is obtained. The

leakage radiation microscopy imaging shows that the SPPs of different wavelengths are focused and routed into

different SPP strip waveguides. The plasmonic demultiplexer can thus serve as a wavelength division multiplexing

element for an integrated plasmonic circuit and also as a plasmonic spectroscopy or filter.
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ther improvement is expected by using a
high refractive index superstrate. Besides
the applications in WDM systems, the plas-
monic demultiplexer can also be used as a
SPP spectroscope or filter.

RESULTS AND DISCUSSION

The plasmonic demultiplexer we pro-
posed is schematically shown in Figure 1a,
which is composed of concentric grooves
on a gold film with the center M and a ra-
dial width w. The projections of the grooves
on the y axis are spaced equidistantly and
form a grating with a period d. If a plane
wave illuminates the grooves normally
(along the z axis), SPPs are launched at the
grooves due to the momentum match be-
tween incoming light and SPPs through
scattering and propagate along the 2D
film.! It is expected that the diffracted SPPs
behave according to the standard grating
equation d sin 8 = m\spp, where mis the or-
der number and an integer, 8 is the dif-
fracted angle, and \spp is the wavelength of
the diffracted SPP. In order to focus the
SPPs of different wavelengths on a focal
circle (red circle in Figure 1a) with a diam-
eter R and touching the pole A of a grating
arc (green arc in Figure 1a) with a radius R,
the grooves need to be located on the
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Figure 1. (@) Schematic of the plasmonic demultiplexer. (b)
SEM image of a plasmonic demltiplexer with m = 3. Inset shows
the detail structures in the red rectangular box.

grating arc, which is a typical example of Rowland-
type mounting.?' To blaze the SPPs at different wave-
length into intensive focal spots for the order number
m, the concentric structures are designed, and the ra-
dial difference between the adjacent grooves, which
determine the phase difference of the SPPs excited at
the adjacent grooves, is D, = R,.1 — R, = m\sppc, Where
Nsppc is the designed central SPP wavelength of the
plasmonic demultiplexer. As a result, the M point is the
focal spot of the SPPs with a wavelength of \spec, and
the focal spot shifts along the circle when the wave-
length is changed. For different m values, the coordi-
nates of the groove center M are determined by x,, =
R cos 6 cos 0, y,m» = R cos 0 sin 6, where 6 =
arcsin(mAsppc/d). Therefore, the plasmonic demulti-
plexer can launch the input WDM signal to SPPs, split
various wavelength components spatially, and then fo-
cus them into individual SPP waveguides.

Three plasmonic demultiplexers with D, = 813.5,
1627, and 2441 nm, which correspondtom =1, 2,
and 3 for Asppc = 813.5 nm, were fabricated (details
in the Methods below). All of those structures had
the same period d = 4068 nm and total period num-
ber N = 33, which corresponds to a total length
L = 134 pum along the y axis. The radial width of
the grooves is w = 407 nm and R = 100 pm. The
scanning electron micrograph (SEM) of the plas-

monic demultiplexer with m = 3 is shown in

Figure 1b. In order to increase the SPP intensity, an-
other two grooves were added to each period with a
separation of 813.5 nm in the radial direction (inset
of Figure 1b). The projections of the three grooves in
one period on the y axis are the same, so that they

do not break the periodical nature along the y axis.

In the experiment, leakage radiation microscopy??
(LRM) was used to detect the SPP images and the light
polarization was adjusted to be parallel to the line AM
(Figure 1a). The LRM SPP images of the plasmonic de-
multiplexers for m = 1, 2, and 3 are shown in Figure
2a—c, respectively, and the parts of the corresponding
SEMs of the demultiplexers are shown in the insets.
The incident wavelength was 830 nm, corresponding
to a SPP wavelength of 813.5 nm.2 The directly trans-
mitted light had been spatially filtered to make the SPP
images clean.?? The LRM images in the Fourier plane
with and without filters are shown in Supporting Infor-
mation Figure S1. In Figure 2, three focal spots are
clearly seen, and their locations agree with the discus-
sion above. The distances between the three focal spots
and the pole of the grating circle A are 95, 88, and 76
pm, and the experimental transverse full widths at half-
maximum (fwhm) of the focal spots are 645, 656, and
670 nm for m = 1, 2, and 3, respectively. Then, the
wavelength of the incident light was changed, and the
corresponding SPP images were recorded. In order to
determine the resolutions of the plasmonic demulti-
plexers, two SPP images with different wavelength
were summed up. Three results are shown in the in-
sets of Figure 2d—f with wavelength differences of 33,
20, and 15 nm for m = 1, 2, and 3, respectively. The in-
tensity distributions along the centers of the two focal
spots (dashed lines in the insets) are depicted in Figure
2d—f. The two focal spots with different wavelengths
are clearly separated for the three cases. As a result, the
experimental resolutions of AN = 33, 20, and 15 nm
are obtained for m = 1, 2, and 3, respectively. It can be
seen that a higher resolution is obtained with a higher
order number m.

The distinctive characteristics of the plasmonic de-
multiplexers compared with those of optical demulti-
plexers include the following: they have intrinsically
two-dimensional nature; there is an enhanced out-of-
plane electronic field component, a higher propagation
loss, and inhomogeneous exciting efficiency along the
demultiplexer. However, the theoretical resolution of
the plasmonic demultiplexers can be estimated as that
of a conventional optical grating based on the Rayleigh
criterion,?’ which is

AN = N X Ahgpp = Ngge X Agppc/MN = he/mN

M

where ng is the effective index of SPPs, and \¢ is the
corresponding central wavelength in vacuum. Accord-
ing to eq 1, the estimated theoretical wavelength reso-
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A: 830nm
A2 863nm

ure 3a,b shows the calculated
SPP intensity and experimental
result, respectively. It can be seen
that the theoretical result agrees
with the experimental one well,
which validates our theoretical
method. Two calculated SPP im-
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ages with different wavelengths
were summed up to determine
the resolution. By using this
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M: 830nm
A2: 850nm

method, the theoretical resolu-
tions of the above plasmonic de-
multiplexers were calculated to
be 30, 15, and 10 nm form = 1,
2, and 3, respectively, based on
the Rayleigh criterion (see Sup-
Vw porting Information Figure S2).

4 -2

Position (pm)

0 2 4 6 Theresults are closer to the ex-
perimental results.

0
A1: 830nm
A2: 845nm

According to eq 1, the resolu-
tion is determined by the prod-
uct mN. In the case of L = 134 um
with an air superstrate, the maxi-
mum mN was achieved when m

M = 3. Although the resolution can
be improved by increasing the to-
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0 2 4 6 tallength L the size of the plas-

Position (um)

Figure 2. SPP images for m = 1 (a), 2 (b), and 3 (c). Insets are parts of the corre-
sponding SEM images. Intensity profiles for m = 1 (d), 2 (e), and 3 (f) with wave-

monic demultiplexer is also in-
creased. Here, we used a

length differences of 33, 20, and 15 nm, respectively, across the focus centers of the  superstrate with a higher refrac-

two focal spots (dashed line in the insets). Insets are the corresponding summed

up SPP images around focal areas for two wavelengths.

lutions of the above plasmonic demultiplexers are AN
= 25,13,and 8 nm for m = 1, 2, and 3, respectively,
which are smaller than that of the experimental results.
Besides the differences between the optical grating
and the plasmonic demultiplexer, another reason is that
the criterion used in the experiment is more critical
than the Rayleigh criterion.

A more accurate calculation of the resolution was
obtained by using the Huygens—Fresnel principle. Fig-

Theoretical SPP Field

Figure 3. Comparison between the theoretical SPP image (a) and experimental re-
sult (b) for a incident wavelength of 830 nm and m = 3 around the focal area.
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Experimental SPP Image

tive index to decrease the SPP
wavelength for obtaining a higher
resolution. Water (refractive in-
dex of 1.33) was dropped on the gold film, and the
SPP wavelength reduced to 602 nm for a vacuum wave-
length of 830 nm. In this way, the maximum mN was
achieved with m = 4 while the total number of peri-
ods N and the total length L are the same as that in the
case of air superstrate. The parameters of the fabri-
cated plasmonic demultiplexer were as follows: Asppc
=602nm,L =134 um,w =301 nm,m=4,and N =
33. The total length was kept the
same. Due to the shortening of the
SPP wavelength, which results in
a higher order number, the theo-
retical resolution according to eq 1
is improved to 6 nm. The SPP im-
ages with different incident wave-
length were taken and summed
up to compare with that of the
case with an air superstrate and m
= 3. The main results are shown in
Figure 4. The intensity profiles
were obtained along the centers
of the two focal spots (dashed
lines in the insets). It can be seen
that the water superstrate evi-
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length scales.*~?’ In the experi-

M: 830nm
rA2: 845nm
(Air)

AM: 830nm
250 A2: 840nm
(Air)

ment, five strip waveguides with a
width of 2 um were fabricated us-
ing FIB and located on the focal
circle of the above demultiplexer
with an air superstrate and m = 3
(SEM image can be found in Sup-

(1 ey R B R . L1} L a1

Position (um)

Position (um)

porting Information Figure S3). The
detailed SEM of the waveguides is
shown in Figure 5a. The separation

o 2 4 8

A1: 830nm
250 A2: 840nm

Sa200| (Water)
©

A:830nm
rA2: 845nm
(Water)

50 M

between two adjacent strip
waveguides was 1 pm. The orienta-
tions of the strip waveguides were
aligned to be parallel to the line AM
(Figure 1a), and the entrance of
each waveguide was located on
the focal circle. Figure 5b shows the

0 0 - *
(C) * . -onsitign (|.|m2) . # (d) 8 - 3

Figure 4. Comparison between the cases of air and water superstrates. Intensity

Position (pm)

Qs 4 & spp image for a vacuum wave-
length of 847 nm. Here, the di-

profiles with wavelength differences of 10 (a) and 15 nm (b) for the case of air su-  rectly transmitted light was not

perstrate across the focus centers of the two focal spots (dashed line in the in-
sets). Intensity profiles with wavelength differences of 10 (c) and 15 nm (d) for the
case of water superstrate across the focus centers of the two focal spots (dashed

blocked for the sake of having a
clear image of the waveguides (the

line in the insets). Insets are the corresponding summed up SPP images around the  image of SPP guiding in the

focal areas.

dently improves the resolution. A resolution of 10 nm
was obtained, which is higher than the resolution with
an air superstrate. When the wavelength difference was
increased to 15 nm, the two spots were completely
separated, as shown in Figure 4d. At the same time,
the fwhm of the focal spot decreased to 500 nm for the
vacuum wavelength of 830 nm. In a practical plas-
monic demultiplexer, a superstrate with a higher refrac-
tive index, such as InP that is widely used in the tele-
communication system, can be used to obtain a higher
resolution.

In a telecommunication system, the WDM signal
that is spatially dispersed with respect to wavelength
by the demultiplexer should be coupled to various
waveguides. Metal strip waveguides have emerged for
the advantages of confining light energy on subwave-

Figure 5. (a) SEM image of the strip waveguides. (b) SPP image for a
incident wavelength of 847 nm. Enlarged SPP images around the
waveguides for incident wavelengths of (c) 806 and (d) 847 nm.
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waveguide with directly transmit-

ted light blocked is shown in Sup-
porting Information Figure S4). The fringes came from
the interference between the SPPs and the directly
transmitted light. The SPP images for the vacuum wave-
lengths of 806 and 847 nm are shown in Figure 5¢,d, re-
spectively. It is clearly seen that the SPPs with two dif-
ferent wavelengths were fed into different waveguides
and propagated along them. The fringes in the areas
where gold was removed were caused by the interfer-
ence between the directly transmitted light and the
scattering light of SPPs by the gold remnant in these ar-
eas after FIB fabrication. The linear dispersion, 8/, of
the plasmonic demultiplexer can be obtained by using
the grating equation as

AT
Negt (m) Asppc
where 3\ is the wavelength difference of the
incident light. In the experiment, 8/ = 3 pum,

then 8\ = 33 nm, which agrees well with the
experimental result of 41 nm.

CONCLUSIONS

We have proposed and experimentally
demonstrated plasmonic demultiplexers by
controlling the phase of SPPs excited at
concentric grooves fabricated at the dielec-
tric/metal interface. Besides dispersing and
multiple-channel SPP guiding, 3D propagat-
ing light mode to SPP mode coupling was
also implemented simultaneously. There-
fore, the plasmonic demultiplexers can act

Wwww.acsnano.org



as converters to connect 3D conventional
diffraction-limited photonic devices and 2D SPP de-
vices in a WDM system. A resolution as high as 10 nm
was obtained in the experiment, and further im-
provement can be realized by using a superstrate

METHODS

Experiment. Gold film with a thickness of 50 nm was ther-
mally evaporated onto a 2 cm X 2 cm glass substrate. Then the
plasmonic demultiplexers were fabricated on the gold film using
a focused ion-beam (FIB) milling system. A laser beam from a
tunable cw Ti:sapphire laser was focused by a cylindrical lens to
illuminate the plasmonic demultiplexer. The polarization of the
light source was tuned by a half-wave plate. A leakage radiation
microscopy (LRM) was used to detect the SPPs, which consisted
of an oil-immersion objective (100X, numerical aperture of 1.4),
three lenses, and a spatial filter in front of Lens2 for spatially
blocking the directly transmitted laser light through the gold
film. The SPP intensity distribution was recorded by a charge-
coupled device (CCD) camera. The details of the LRM can be
found in ref 22 (for the experiment setup, see the Supporting In-
formation Figure S5).

Theory. The theoretical calculation of the SPP field was ob-
tained by using the Huygens—Fresnel principle. Each point of
the plasmonic demultiplexer was considered as a secondary SPP
point source. The resulting SPP field can be obtained by adding
up all of the field of the SPP point source and taking into account
its phase and amplitude. A complex phasor form of a SPP point
source, which located at the origin and x-polarized is?®
E(p, §, 2 = A(z‘ - k’i")H‘J’(ksppp)cos(cp)exp(—az)exp(—imr)

Spp

4

where A is a constant, kspp is the wave vector of SPP, and
H{(ksppp) is the m = 1 Hankel function. The propagation loss
was considered in the calculation.
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Supporting Information Available: Figure S1 shows the Fou-
rier plane LRM images without and with filter. Figure S2 shows
theoretical intensity profiles for m = 1, 2, and 3 across the focus
centers of the two focal spots. Figure S3 shows the SEM image
of a plasmonic demultiplexer with m = 3 integrated with five
strip waveguides. Figure S4 shows the images of SPP guiding in
one of the strip waveguides without and with filter. Figure S5 is a
schematic of the experiment setup. This material is available
free of charge via the Internet at http://pubs.acs.org.
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