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The guiding properties of polymer waveguides on a thin gold film are investigated in the optical
regime. The details of propagation in the waveguides are studied simultaneously in the object and
Fourier planes, providing direct measurement of both the real and imaginary parts of the effective
index of the guided mode. A fair agreement between theoretical analysis provided by the differential
method and experimental leakage radiation microscopy data is shown. All these tools bring valuable
information for designing and understanding such devices. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2824840兴
Due to their high bandwidth, integrated optical components have raised considerable interests in the race to overcome data transfer limitation in electronic circuits. For instance, interconnections between chips realized in the optical
domain could significantly increase their bit rate. Among the
different existing optical waveguiding technologies, polymeric elements lying on a metal film offer a number of advantages. On the one hand, they dispose of a high index
contrast required for large scale integration and, on the other
hand, the presence of a metal layer let foresee the possibility
to develop plasmonic components, which present interesting
properties such as field confinement and exaltation at
dielectric/metal interfaces.1 Compared to silicon-on-insulator
technology, these waveguides are intrinsically lossy. However, they are still of interest when propagation lengths involved are short, typically a few tens of micrometers. It is
notably true in the near-infrared domain, i.e., standard telecommunications spectral bands, where the losses associated
with noble metal substrates are relatively low.
The integration of polymer onboard interconnects requires the understanding and optimization of light propagation in basic structures such as the straight waveguide. Such
structures were theoretically investigated by the effective index model and by finite elements analysis, in particular for
structures supporting plasmon modes.2,3 Propagation losses
of 0.1 dB/ m have been calculated for a wavelength of
1550 nm and the preliminary guiding demonstration was experimentally observed on metal/polymer structure4 共for 
= 632.8 nm兲. Closely related, SiO2 dielectric waveguides
共straight and bent兲 have also been investigated and propagation lengths versus bent radii were characterized5,6 共for 
= 800 nm兲. However, the use of polymer waveguides instead
of SiO2 brings additional advantages. The polymers are
widely accessible, presenting a variety of chemical and optical specificities, sensibilities, and dopings. The latter feature
can be of importance in the development of active and dynamic functionalities 共modulators or switches, for example兲
addressed either optically or electrically.
a兲
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The recent interest for dielectric elements on metal films
increases the need of powerful design and characterization
techniques and it is the aim of this letter to present suitable
tools. The structures are modeled using the differential
method, which is particularly suited in the investigation of
this kind of waveguide since it calculates the field inside and
outside the waveguide and provides the complex effective
index of the guided mode. The characteristics of the
waveguides are experimentally measured by direct and Fourier plane leakage radiation microscopy.7–10 This dual-plane
imaging technique allows to retrieve the real and imaginary
parts of the effective index of the supported modes without
requiring advanced scanning near-field imaging techniques11
or mode profiling of the output end.
The geometry of the structure is schematically shown in
Fig. 1. It consists of a polymer waveguide composed of polymethylmethacrylate 共PMMA兲 共refractive index nw兲 deposited
on a gold metal layer 共50 nm thick, refractive index nm兲 lying
on a glass substrate 共refractive index n1兲. The waveguide is
illuminated from the substrate with a plane wave or a Gaussian beam with an angle of incidence  and an azimuth ␦. ␦
= 90° corresponds to an incident wavevector parallel to the
longitudinal axis of the waveguide.

FIG. 1. 共Color online兲 Sketch of the polymer waveguide studied and associated notations.
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FIG. 3. 共Color online兲 Principle of leakage radiation microscopy.

FIG. 2. 共Color online兲 共a兲 Fourier plane 共reflectivity map of the structure兲
for a TE polarized incident plane wave. 共b兲 Normalized intensity profile of
the TE mode supported by the structure. 共c兲 Mode profile at z = −0.1 m. 共d兲
Calculated intensity distribution along the longitudinal axis.

The excitation condition of a guided mode in the structure is given by the phase matching condition:12
k0n1 sin  sin ␦ = R共␤兲 = k0R共neff兲 共1兲, where k0 is the freespace wavevector, ␤ the propagation constant of the considered guided mode, and neff, its associated complex effective
index 共neff =  + ␣兲. The real part of neff is used in Eq. 1
because of the presence of the metal layer which is a source
of Ohmic and radiative losses. The propagation length of the
mode, corresponding to the attenuation of the intensity at
1 / e, is defined by L␣ = 0 / 4␣, where 0 is the wavelength
in vacuum.
This waveguide structure is theoretically analyzed using
the differential method,13 originally dedicated to the study of
diffraction gratings. It is relatively easy to extend this
method to a nonperiodic structure by avoiding coupling effects between the periodic units and considering a grating
period much larger than the typical lateral extension of the
mode supported by the system of interest. A scattering matrix
algorithm helps to propagate in the different layers of the
structure without numerical instabilities.14 By using angular
spectrum decomposition, it is possible to extend the calculation to arbitrary excitation profiles.15
Following notations of Fig. 1, the parameters of the considered waveguide are n1 = 1.5, nw = 1.493, n4 = 1.0, d
= 50 nm, h = 300 nm, w = 350 nm, and  = 632.8 nm. The refractive index of gold nm is calculated from Ref. 16 with
piecewise cubic Hermite interpolation. By analyzing the reflectivity of this structure for all the angles  and ␦, Fourier
planes can be established 共they contain the spatial information associated to the angular response of the structure兲. Figure 2共a兲 shows the reflectivity map calculated over 30° ⬍ 
⬍ 89° and 0° ⬍ ␦ ⬍ 90° for TE incident plane waves. The
darker areas in Fig. 2共a兲 are regions of lower reflectivity. A
horizontal dark fringe is observed, that corresponds to a constant value of the ky component of the incident wave. Following Eq. 共1兲, this line can be interpreted as being the signature of a guided mode in the structure. The position of the
line gives a direct measure of the real part of the mode effective index, here  = 1.095. The single mode operation is
confirmed by Figs. 2共b兲 and 2共c兲 showing the calculated distribution of intensity across the waveguide. To estimate the
propagation length of the mode, the evolution of the intensity

along the waveguide is calculated by replacing the plane
wave illumination by a Gaussian excitation. Figure 2共d兲
shows an exponential decay of the intensity with a characteristic length L␣ = 5.2 m.
To experimentally verify the theoretical values of the
complex effective index of the guided mode, polymer
waveguides were fabricated on a 50-nm-thick gold layer using standard electron-beam lithography and the size parameters were those used in the calculations.
The waveguide was optically characterized by leakage
radiation microscopy.7,8,17 This method uses optical index
matching through a high-numerical aperture lens to collect
radiation losses occurring in the waveguide during propagation. These losses are mainly emitted into the substrate
through the gold layer. Imaging this leakage radiation gives
valuable information of the guided mode structure. A schematic of the setup is shown in Fig. 3. Depending on where
leakage radiations are detected on the optical path, the image
can be conjugated either with the object plane or with the
Fourier plane, thus, permitting to access both direct and reciprocal spaces.9,18 The guided mode was excited here using
a diascopic illumination with a 20⫻ objective opened at 0.35
numerical aperture. Scattering on a waveguide defect generates a continuum of wavevectors, some of them fulfilling the
condition given by Eq. 共1兲, thereby exciting the supported
mode. In this case, two counterpropagating modes are excited 关see Fig. 4共a兲兴. The polarization direction was aligned
perpendicularly to the axis of the waveguide and parallel to
the substrate 共TE兲. Contrary to Fig. 1, this setup is not a
measure of the reflectivity. Only the leakage radiations collected by the immersion objective will be detected and the
signature of the guided mode in the Fourier plane will appear
as a bright line and not as an absorption dip.

FIG. 4. 共Color online兲 共a兲 Optical micrograph of the polymer waveguide
fabricated on a gold substrate. Leakage radiation microscopy observations
of the propagation in the waveguide: 共b兲 imaging plane and 共c兲 Fourier
plane.
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Figure 4共b兲 is the corresponding leakage image acquired
in direct space showing the mode propagating from top to
bottom inside the polymer waveguide 共the excitation area is
outside the field of view of the camera兲. An exponential fit of
the intensity along the waveguide gives a propagation length
L␣ = 4.8± 0.5 m in good agreement with the calculated
value. The intensity distribution in the waveguide demonstrates the single mode nature of the mode. This characteristic is confirmed by the reciprocal Fourier image, shown in
Fig. 4共c兲. The signature of the guided mode appears as a
single bright horizontal line in Fourier space corresponding
to the propagating mode, displayed in Fig. 4共b兲 关two lines are
present; they correspond to the two counterpropagating
modes, as shown in Fig. 4共a兲兴. It is worth to note that these
lines are the direct consequences of the field confinement of
the guided mode in the tranverse direction. Indeed, the Fourier transform of such a confined field distribution features
necessarily a wide angular spectrum in the transverse 共i.e., x
axis兲 direction and a single value of the wavevector in longitudinal direction corresponding to the propagation constant
of the guided mode. Additionally, the thin film surface plasmon excitation appears as a bright ring in the image 共as a
polarized beam is focused on the structure, it contains vertical components of the field allowing the excitation of a surface plasmon兲. The large central band simply reveals light
diffraction perpendicular to the line structure. Knowing the
full numerical aperture of the excitation and the collection
objectives, it is easy to calibrate the image and extract
R共neff兲 of the guided mode. From the image, a value of 
= 1.08± 0.03 is obtained, which is also in very good agreement with the theoretical value given by the differential
method.
In conclusion, polymer waveguides lying on a metal film
have been studied by using the differential method and leakage radiation microscopy in direct and reciprocal spaces.
These numerical and experimental tools are providing powerful characterization of the nature of the modes propagating
inside the structure. In particular, the complex effective index
of the modes can be theoretically estimated and experimen-

tally determined. Fair agreements have been obtained. These
techniques are well suited to characterize dielectric-loaded
surface plasmon waveguides 共or other structures presenting
radiation losses兲 and to evaluate their potential for information processing devices.
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