Nanowaveguides and couplers based on hybrid plasmonic modes
Jie Tian, Zhe Ma, Qiang Li, Yi Song, Zhihong Liu et al.
Citation: Appl. Phys. Lett. 97, 231121 (2010); doi: 10.1063/1.3524515
View online: http://dx.doi.org/10.1063/1.3524515
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v97/i23
Published by the American Institute of Physics.

Related Articles
Waveguide-integrated near-infrared detector with self-assembled metal silicide nanoparticles embedded in a
silicon p-n junction
Appl. Phys. Lett. 100, 061109 (2012)
On-chip single photon emission from an integrated semiconductor quantum dot into a photonic crystal waveguide
Appl. Phys. Lett. 99, 261108 (2011)
Critical optical coupling between a GaAs disk and a nanowaveguide suspended on the chip
Appl. Phys. Lett. 99, 151117 (2011)
Low-loss polymer waveguides on nanoporous layers
Appl. Phys. Lett. 99, 153301 (2011)
Low-loss polymer waveguides on nanoporous layers
APL: Org. Electron. Photonics 4, 216 (2011)

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/
Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

Downloaded 13 Mar 2012 to 210.32.144.219. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

APPLIED PHYSICS LETTERS 97, 231121 共2010兲

Nanowaveguides and couplers based on hybrid plasmonic modes
Jie Tian,1 Zhe Ma,2 Qiang Li,1 Yi Song,1 Zhihong Liu,3 Qing Yang,2 Chaolin Zha,1
Johan Åkerman,1,4 Limin Tong,2 and Min Qiu1,2,a兲
1

School of Information and Communication Technology, Royal Institute of Technology (KTH),
16440 Kista, Sweden
2
Department of Optical Engineering, State Key Laboratory of Modern Optical Instrumentation,
Zhejiang University, Hangzhou 310027, People’s Republic of China
3
Department of Materials Science and Engineering and State Key Laboratory of Silicon Materials,
Zhejiang University, Hangzhou 310027, People’s Republic of China
4
Department of Physics, University of Gothenburg, 41296 Gothenburg, Sweden

共Received 31 May 2010; accepted 3 November 2010; published online 10 December 2010兲
Experimental demonstration of silicon nanowires based hybrid plasmonic waveguides and couplers
with subwavelength mode confinement at the near infrared wavelength  = 980 nm are presented.
By measuring the radiating light from the discontinuities in a nanowire, the estimated propagation
length of the hybrid plasmonic waveguide is about 30 m 共corresponding to a propagation loss of
⬃0.14 dB/ m兲. For the coupler, the experimental results show that the hybrid plasmonic modes
can be efficiently coupled between two overlapping nanowires only with a 1.9 m long coupling
length. © 2010 American Institute of Physics. 关doi:10.1063/1.3524515兴
Recently, many studies have been focused on the downscaling of the optical device, which is a critical issue in modern information industries. Different efforts for reducing the
size of the circuits elements have been proposed and demonstrated using structures such as silicon chip waveguide
elements,1–3 planar photonic crystals devices,4–7 and semiconductor nanowires8,9 et al. However, the miniaturization
and the high-density integration of such optical devices under half optical wavelength scales are obstructed by the light
diffraction limitation. A promising approach to circumvent
this problem is to exploit the surface plasmon modes, which
are light waves coupled to free electron oscillations in a
metal that can be laterally confined below the diffraction
limit using subwavelength metal structures.10–12 Many different functional plasmonic devices have been developed
and demonstrated experimentally, such as V-shape groove
channel waveguide components,13 nanometal particle
waveguides,14 metal nanowire waveguide elements,15–17
plasmonic waveguide lasers,18 high efficiency tapered
couplers,19 and surface plasmon resonators based on crystalline gold microplates.20 However, subwavelength mode confinement usually results in huge propagation loss at optical
frequencies, which makes practical applications difficult, especially for nanometer scale photonic integration circuits
based on plasmonic devices.21,22 For example, the light
propagation length in a metal strip waveguide is typically
around 2.5 m 共Refs. 23 and 24兲 and can only be increased
to around 10 m when using the very smooth surface of the
chemically synthesized silver nanowires.25,26
Recently, a theoretical study27 predicted that a hybrid
plasmonic waveguiding structure can significantly increase
the propagation length while maintaining a strong subwavelength mode confinement. The simulation results showed that
the surface plasmon polaritons can travel over large distances
共e.g., 150 m兲 with subwavelength scale mode confinement
共e.g., 2 / 400兲.27 Later on, a deep subwavelength laser at a
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wavelength of 489 nm was experimentally demonstrated by
using such a hybrid plasmonic waveguiding structure, and
the generated optical mode size is more than 100 times
smaller than the diffraction limit.28
In this letter, we demonstrate the experimental realization of such nanoscale hybrid plasmonic waveguides which
confine light under the deep subwavelength scale at a near
infrared wavelength 共980 nm兲. In addition, we demonstrate a
plasmonic nanodevice, hybrid plasmonic couplers, and investigate their optical properties. To the best of our knowledge, this work is the first experimental demonstration of
subwavelength hybrid plasmonic waveguide guiding structures and functional nanophotonic devices at the near infrared wavelength, which represents a considerable advance toward the realization of nanoscale semiconductor-based
plasmonic and photonics integration.
The schematic of the hybrid plasmonic waveguide structure is sketched in Fig. 1共a兲. Such a hybrid plasmonic waveguide consists of a high refractive index crystal silicon nanowire on a 70 nm thick silver surface, where a 13 nm thick
silica layer is used to form the gap between the nanowire and
the silver film 关see the inset of Fig. 1共a兲兴. The gap layer
between the semiconductor and the metal interface concentrates light into an extremely small subwavelength area. A

FIG. 1. 共Color online兲 Nanoscale hybrid plasmonic waveguide. 共a兲 The
schematic of the plasmonic waveguide and its light in-coupling scheme. The
inset is the cross section of the waveguide, showing the underlying layers.
共b兲 The SEM image of a typical hybrid plasmonic waveguide.
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FIG. 3. 共Color online兲 Hybrid plasmonic mode propagation in different
waveguides. 共a兲 SEM image of a 12.5 m long nanowire 共170 nm in diameter兲. 共b兲 Optical microscope image illustrating the experimental excitation
of the plasmonic mode in the waveguide.

FIG. 2. 共Color online兲 Hybrid plasmonic waveguide mode. 共a兲 The calculated electric field distribution at the wavelength,  = 980 nm. Most of the
energy is concentrated in the silica insulator layer. The diameter of the Si
nanowire is 170 nm, SiO2 thickness is 13 nm, and Ag thickness is 70 nm.
nSi = 3.625– 0.000 75i 共Ref. 29兲, nSiO2 = 1.45, and nAg = 0.04– 6.992i 共Ref. 30兲
at the wavelength 980 nm. 共b兲 Normalized energy density along the vertical
dashed line in A. A0 = 2 / 4. W is the electromagnetic energy distribution, and
Wm is the total electromagnetic energy, respectively. The upper and bottom
shaded areas represent silicon and silver regions, respectively.

scanning electron microscope 共SEM兲 image of a silicon
nanowire on the silver surface is shown in Fig. 1共b兲.
For a detailed analysis of the structure, we perform
electromagnetic field simulations using the commercial
finite-element package FEMLAB from COMSOL. Figure 2共a兲
illustrates the electromagnetic field distribution of the fundamental hybrid plasmonic mode, which shows that the mode
is strongly confined in two dimensions within the gap. The
electromagnetic energy density profiles in the gap are plotted
in Fig. 2共b兲. The normalized mode area is Am / A0 = 9.8
⫻ 10−3 共Am and A0 are the mode area in the waveguide and
the diffraction-limited mode area,27 respectively兲, which
means the mode propagates within areas more than two orders of magnitude smaller than the diffraction-limited area in
free space, A0 = 2 / 4. The calculated propagation length is
31 m. The simulation results show that the photonic mode
can also be excited so long as the nanowire diameter is above
185 nm. However, the photonic mode is x-polarized while
the plasmonic mode is y-polarized.
The 70 nm silver film with a 5 nm adhesion titanium
layer was deposited by the e-beam evaporation on a silicon
substrate. Then a 13 nm thick silica layer covering the silver
film was deposited at the room temperature using magnetron
sputtering 共ATC Orion-8兲. Single-crystalline silicon nanowires were fabricated by the chemical vapor deposition
process.31–33 The plasmonic modes are excited by an evanescent coupling method.17 Laser light at the wavelength of 980
nm is coupled into a single mode fiber with a nanoscale tip at
one end 关Fig. 1共a兲兴. The fiber tip is placed in parallel and
close contact with one end of the silicon nanowire, with an
overlap length less than 1 m. A microscope objective connected with a charge-coupled device camera is used to monitor that the plasmon mode is excited and capture the images
of the plasmonic mode transmitting along the waveguide.
A hybrid waveguide with a 12.5 m long nanowire
关170 nm in diameter, see Fig. 3共a兲兴 is characterized first. The

bright light spot in the white square box in Fig. 3共b兲 clearly
shows the light output from the nanowire end facet. Since the
photonic mode is cut-off for the 170 nm diameter nanowire,
we can conclude that the output is the plasmonic mode.
Then a hybrid plasmonic waveguides coupler is formed,
as shown in Fig. 4. Figure 4共a兲 is the SEM image of the
nanocoupler consisting of two silicon nanowires, where the
lengths are 38 and 34 m, and the diameters are 180 and
190 nm, respectively. The overlapping length is about
1.9 m. The bright spots along the nanowire in Fig. 4共b兲 are
the scattered light from the kinks, which can also be used to
estimate the plasmonic wave propagation length. For the hybrid coupler, the excitation is from the down branch. The
down branch has a diameter of smaller than 185 nm and thus
only the plasmonic mode can be excited. In the experiment,
a polarizer is used to control the polarization orientation of
the input light. The output light intensity is maximized when
the incident light is y-polarized. Through the directional coupling from the plasmonic mode in the down branch, only the
plasmonic mode can be excited in the upper branch although
the photonic mode can exist in the upper branch. As the
propagation loss can be defined24 as I共x兲 = I0e共−x / L0兲, where
I0 is the initial intensity, x is the length of the nanowire in

FIG. 4. 共Color online兲 A hybrid plasmonic waveguide coupler. 共a兲 SEM
image of the coupler. The length of the lower waveguide is 38 m and the
diameter is 180 nm. The parameters are 34 m and 190 nm for the upper
waveguide. The overlapping part between two wires has a length of about
1.9 m. Inset is the enlarged SEM image of the coupling area. 共b兲 The dark
field optical microscope image illustrates the propagation of light along the
nanowire coupler. 共c兲 Light density profile along the nanowire 共white line
direction兲 in 共b兲. The dashed line is a fit of the data to an exponentially
decaying function.
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micrometers, and L0 is the propagation length. In Fig. 4共c兲
we plot the intensity profile of light that emanated from the
upper nanowire kinks, fitted with the above function. The
approximate plasmonic wave propagation length is L0
= 30 m, which corresponds to a propagation loss of
0.14 dB/ m. For the coupling efficiency, the theoretical
value is estimated to be as high as 70% and the experimental
value is approximately 60%.15
Different materials absorptions contribute to the overall
loss. For the 0.12 dB loss in 1 m long waveguide, the
absorptions in the silver and silicon account for 0.08 and
0.04 dB loss, respectively. The 0.02 dB extra propagation
loss compared with the propagation loss measured from the
experiment mainly originates from the scattering loss, which
is caused by the imperfectly smooth silicon nanowire surface
and the silver surface.
In conclusion, we have demonstrated the excitation and
the propagation of subwavelength-scale plasmonic modes
based on hybrid plasmonic waveguiding structures. Two different nanoscale photonic devices, such as waveguides and
couplers, have been demonstrated and the optical properties
have been characterized. Both simulations and experiments
illustrate that the plasmonic mode can propagate in such hybrid waveguides with long propagation length. At the near
infrared wavelength  = 980 nm, a propagation length of
30 m 共i.e., a propagation loss of ⬃0.14 dB/ m兲 is obtained. For the coupler, an efficient light coupling with an
only 1.9 m long coupling part has been observed with two
overlapping nanowires. These experimental demonstrations
are essential steps for utilizing low loss nanowire based plasmonic components for high-capacity photonic integrated circuits.
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