APPLIED PHYSICS LETTERS 92, 011124 (2008)

Dielectric-loaded surface plasmon-polariton waveguides at
telecommunication wavelengths: Excitation and characterization

Tobias Holmgaard® and Sergey |. Bozhevolnyi
Department of Physics and Nanotechnology, Aalborg University, Skjernvej 4A, DK-9220 Aalborg (Dst,
Denmark

Laurent Markey and Alain Dereux
Institut Carnot de Bourgogne, UMR 5209 CNRS-Université de Bourgogne, 9 Av. A. Savary, BP 47 870,
F-21078 Dijon Cedex, France

(Received 17 October 2007; accepted 28 November 2007; published online 9 January 2008)

The excitation and propagation of strongly confined surface plasmon-polariton (SPP) waveguide
modes, supported by 500-nm-wide and 550-nm-high dielectric ridges fabricated on smooth gold
films, are investigated at telecommunication wavelengths using a scanning near-field optical
microscope. Different tapering structures for coupling of SPPs, excited at bare gold surfaces, into
dielectric-loaded SPP waveguide (DLSPPW) modes are considered. The DLSPPW mode
confinement and propagation loss are characterized. The DLSPPW mode propagation along an S
bend having the smallest curvature radius of 2.48 um is shown, demonstrating the potential of
DLSPPW technology for the realization of high-density photonic integrated circuits. © 2008

American Institute of Physics. [DOI: 10.1063/1.2825588]

Ever increasing demands for high-density photonic inte-
grated circuits impel the search for waveguide configurations
ensuring strong (lateral) mode field confinement, which is a
prerequisite for realizing efficient and compact bends, split-
ters, and other waveguide components. For this reason, sur-
face plasmon polaritons (SPPs) have attracted great interest
in recent years.1 SPPs are surface electromagnetic modes
propagating along a metal-dielectric interface. They feature a
maximum of the electric field at the interface and decay ex-
ponentially away from it? A variety of SPP waveguide struc-
tures such as two dimensional SPP band gaps,3 metal
stripes,“f6 and V grooves in a metal surface’ " have been
proposed and investigated. An alternative and technologi-
cally simple strategy for achieving tight SPP mode confine-
ment exploits the dependence of the SPP propagation con-
stant on the refractive index of the dielectric at the metal-
dielectric interface by depositing dielectric ridges on the
metal surface. The resulting configuration, known as
dielectric-loaded SPP waveguides (DLSPPWSs), has been
demonstrated experimentally at the free space wavelengths
A=800 nm (Refs. 10 and 11) and A=1520 nm.'> Numerical
analysis of DLSPPWs at telecommunication Wavelength513’14
showed prospects for obtaining very low radiation losses at
compact bends and splitters provided that the ridges used are
sufficiently high and narrow to ensure both large index con-
trast and strong field confinement in the single-mode propa-
gation. In the present work, highly confined DLSPPW modes
are demonstrated experimentally by near-field optical char-
acterization of straight DLSPPW ridges and S bends at tele-
communication wavelengths.

The waveguide dimensions, i.e., ridge height and width,
are deduced by simultaneously considering mode confine-
ment and propagation loss, while retaining the demand of
single mode DLSPPWs. It is advantageous to choose a ridge
as high as allowed by the single mode condition, as both
lateral confinement and propagation length increases with
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ridge height (true only for ridges higher than ~300 nm)."
Decreasing the ridge width initially has the effect of squeez-
ing the field laterally, thereby achieving better mode confine-
ment. However, at a certain width the field can no longer be
confined to the ridge and spreads out into the surrounding air.
At telecommunication wavelengths, these considerations led
to the determined optimum ridge height A=600 nm and
width w=500 nm."?

The investigated sample consists of poly-methyl-
methacrylate (PMMA) ridges (n,=1.493) deposited on a
50-nm-thick gold film by utilizing deep ultraviolet lithogra-
phy. A thin glass substrate supports the metal film and the
dielectric waveguides.

A funnel structure has been designed and realized in or-
der to efficiently couple the SPPs excited at the gold-air in-
terface by total internal reflection into bound DLSPPW
modes. Moreover, close to the waveguide, this tapering
structure may screen the propagation of the incident gold-air
interface SPPs. Four tapering dimensions have been realized
in order to determine the optimum structure for coupling
SPPs into DLSPPW modes [Fig. 1(a)]. In the four designs,
the initial funnel width is kept constant (10 wm) and the
length is varied from 10 to 25 wm by steps of 5 um, thereby
varying funnel angles. The width of the fabricated
waveguides has been investigated by scanning electron mi-
croscopy (SEM) and found to be w~ 500 nm [Fig. 1(b)]. An
atomic force microscope (AFM) has determined the height
of the ridges to be A~550 nm [Figs. 1(c) and 1(d)]. The
measured waveguide characteristics are in good agreement
with the targeted optimum values. Furthermore, the dielectric
waveguides are generally found to be of high quality with
only very small variations in width and height.

To characterize DLSPPW components at telecommuni-
cation wavelengths, the experimental setup consists of a
scanning near-field optical microscope (SNOM) where SPPs
are excited at the gold-air interface in the Kretschmann-
Raether conﬁguration.2 Once the sample is placed in the
SNOM setup, an immersion oil matches the index between
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FIG. 1. (Color online) (a) Microscope image of a block with four
waveguides with in coupling funnel of different dimensions. (b) SEM image
of the termination region of a straight waveguide, revealing a waveguide
width of ~500 nm. (c) AFM image of the tapering region and (d) cross
section of the AFM image revealing a waveguide height of ~550 nm.

the prism and the sample substrate. Using a lensed fiber, an
incident Gaussian beam is focused on the gold film to a spot
size of ~15 um. The adjustment of the incident angle is
performed by minimizing the reflected signal recorded with a
charge-coupled device camera. An uncoated etched fiber tip
is scanned over the sample by means of a feedback loop,
yielding both topographic and near-field optical images of
the investigated area. SPPs are excited outside the funnel at
the gold-air interface and propagate from top to bottom in
the reported near-field images.

The DLSPPW block with four tapering designs [Fig.
1(a)] has been investigated in order to determine the in-
coupling efficiency of the different funnel dimensions [Fig.
2]. The funnels show increasing in-coupling efficiency with
decreasing funnel angle, and the scattering of SPPs at the
tapering-waveguide transition is clearly weaker in the 10
X 25 wm funnel [Fig. 2(a)] as compared to the 10X 10 um
funnel [Fig. 2(d)]. Thus, the longest and smoothest transition
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FIG. 2. (Color online) Near-field optical images of the tapering region for
four different dimensions of the funnel in coupling at the free space excita-
tion wavelength N=1520 nm. (a) 10X 25 um funnel, (b) 10 X20 um fun-
nel, (¢) 10X 15 um funnel, and (d) 10X 10 wm funnel.
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FIG. 3. (Color online) Near-field optical measurements of a straight DL-
SPPW with a 10X 25 um in coupling funnel. [(a) and (b)] Topographical
and near-field optical signal images, respectively, for A=1550 nm. (c) Cross
section of the optical image perpendicular to the waveguide and (d) aver-
aged profile of the near-field optical signal recorded along the waveguide.

from tapering region to waveguide is found to be desirable.

Straight DLSPPWs have been investigated at the tele-
communication wavelength A=1550 nm [Fig. 3]. The topog-
raphy recorded with the fiber tip shows a smooth transition
from the tapering region to the waveguide region, revealing
only very small irregularities in the waveguide structure [Fig.
3(a)]. The image of the recorded near-field optical signal
shows a highly confined DLSPPW mode [Fig. 3(b)]. The
cross section of the optical signal perpendicular to the wave-
guide yields a full width at half maximum of ~706 nm. Fur-
thermore, it confirms that the tapering region, in addition to
launching DLSPPW modes, also reduces SPP propagation
along the gold-air interface close to the waveguide [Fig.
3(c)]. An averaged profile of the optical signal taken along
the ridge reveals a le propagation length of ~39 um, deter-
mined from an exponential fit to the profile [Fig. 3(d)]. This
value is lower than the propagation length of 50 wm, ex-
pected from the numerical results, 3 however, the discrep-
ancy can be partly explained by radiation losses into the
substrate due to the thin metal film, and scattering losses
from small roughnesses in the dielectric ridge and gold sur-
face, which were not included in the calculations. Other ex-
planations for the discrepancy include statistical errors intro-
duced in the exponential fit and possible variations of the
permittivity of the gold film, caused by the deposition pro-
cess. The absence of mode beating confirms that the DL-
SPPW indeed is single mode as expected from theoretical
plredictions.13

The confinement of the DLSPPW modes has been inves-
tigated by characterizing S bends with different displace-
ments [Fig. 4]. The recorded topographies show S bends re-
sulting in a waveguide displacement of 5 um [Fig. 4(b)] and
10 wm [Fig. 4(d)] over a distance of 10 wm. In the case of
the small S bend, characterized with the smallest curvature
radius R;,=3.95 um, no significant bend loss can be ob-
served from the optical image [Fig. 4(c)], and the strong
scattering and back reflection at the termination of the wave-
guide [Fig. 4(g)] also imply low bend and propagation
losses. From Figs. 4(c) and 4(e), it is clear that the size of the
excitation spot (~15 um) is large enough to cause SPPs
propagating parallel to the DLSPPW at the gold-air interface,
which then scatters off the DLSPPW bend. This could, how-
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FIG. 4. (Color online) Near-field measurements of two different S bends,
performed for A=1550 nm. (a) SEM image of an S bend with 5 um dis-
placement over a distance of 10 um, where the ellipse illustrates the posi-
tion of the excitation spot, and the arrow indicates the direction of SPP
propagation. [(b) and (c)] Topographic and near-field optical images, respec-
tively, of the S bend shown in (a). [(d) and (e)] Topographic and near-field
optical images, respectively, of an S bend with a 10 wm displacement over
a distance of 10 wm. [(f) and (g)] Topographic and near-field optical images,
respectively, of the termination region of the S bend shown in (a). The
images in (b)—(g) all share the scale shown in (d).

ever, be avoided either by placing funnels adjacent to the one
used for in coupling, as was the case with the straight
waveguides [Fig. 1(a)], or by decreasing the spot size to
funnel width ratio. The large bend reveals some radiation
effects at the bends due to the very small radius of curvature
(Rmin=2.48 um) of this bend [Fig. 4(e)]. Although some
radiation losses occur, waveguiding can still be observed af-
ter the S bend, indicating very strong confinement of the
DLSPPW modes.

Appl. Phys. Lett. 92, 011124 (2008)

In conclusion, it has been demonstrated, that it is pos-
sible to achieve strong mode confinement of SPPs at tele-
communication wavelengths by utilizing ~550-nm-high and
~500-nm-wide dielectric ridges deposited on a thin gold
film as waveguides. The use of a funnel structure for efficient
in coupling of SPPs excited at the gold-air interface into
DLSPPW modes is found advantageous, also because it re-
duces the propagation of SPPs at the gold-air interface adja-
cent to the waveguide. In addition to this, two S bends with
different radii of curvature have been characterized, and it is
found that a 5 wm displacement over a distance of 10 um
gives rise to very low radiation losses, confirming the strong
confinement of the DLSPPW mode.
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