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Enhancement of the evanescent field using polymer
waveguides fabricated by deep UV exposure

on mesoporous silicon
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Polymer integrated reverse symmetry waveguides on porous silicon substrate fabricated by using deep ul-
traviolet radiation in poly(methyl methacrylate) are presented. The layer sequence and geometry of the
waveguide enable an evanescent field extending more than 3 �m into the upper waveguide or analyte layer,
enabling various integrated optical devices where large evanescent fields are required. The presented fab-
rication technique enables the generation of defined regions where the evanescent field is larger than in the
rest of the waveguide. This technology can improve the performance of evanescent-wave-based waveguide
devices. © 2007 Optical Society of America
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Considerable interest has been focused on optical de-
vices that are based on the interactions associated
with evanescent waves, such as directional couplers
and waveguide sensors. These devices make use of
the electromagnetic field that propagates in the
waveguide, creating an evanescent field that extends
into the surrounding layers present at the surface of
the waveguide. For example, commercial success has
been realized by employing surface plasmon reso-
nance spectroscopy for optical biosensing of sub-
stances extending �200 nm from the transducer sur-
face. Several techniques have been presented in
order to enhance the evanescent field to improve the
performance of the devices, particularly for optical
studies of cells. Nesnidal and Walker use a
multilayer dielectric structure to enhance the eva-
nescent waves [1]. Quigley et al. use thin high-index
films for evanescent field enhancement [2]. A novel
use of metamaterials is presented in [3] for increas-
ing the evanescent field. Recently a so-called planar
reverse symmetry waveguide has been demonstrated
[4,5], where the substrate has a refractive index less
than the refractive index of the cladding layer, en-
abling the extension of the evanescent field
��1 �m� into the analyte present on the surface of
the waveguide. In this Letter we report a novel fab-
rication process utilizing standard wafer fabrication
processing for realizing what is to our knowledge the
first integrated reverse symmetry (IRS) waveguide.

A conventional integrated waveguide is made up of
a substrate, a waveguiding layer, and a so-called
cladding layer that covers the waveguiding layer. In
this configuration, the waveguide’s index of refrac-
tion is usually higher than the cladding layer. The ex-
ponentially decaying evanescent field in this configu-
ration typically penetrates into the cladding layer
100–300 nm, which is sufficient for many integrated
optical devices but not enough for devices requiring
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large evanescent fields. IRS waveguides solve this
problem by choosing a lower cladding layer having a
lower refractive index than the upper cladding layer,
in our case electrochemically formed mesoporous sili-
con (PSi) [6]. The PSi layer not only enables a lower
cladding having a lower refractive index, but also op-
tically isolates the waveguide core from the Si sub-
strate. As Si has a refractive index ��3.5� much
higher than that of typical polymers ��1.5–1.7�, a
thick lower cladding layer must be used to avoid light
coupling with the substrate. Oliveri et al. [7] have
found that a 3 �m thick porous silica layer as a lower
cladding is sufficient to fabricate polymer waveguides
on a Si wafer.

The fabrication of the IRS waveguide described
here is based on the deep ultraviolet (DUV) modifica-
tion of a polymer [8] [in our case poly(methyl meth-
acrylate) (PMMA)] coated on top of PSi for realizing
the waveguiding layer. The DUV technique enables
the realization of single-mode waveguides [9] that
are able to cover a wide wavelength range ��300 to
�1700 nm� [10]. A few-micrometer thin waveguide
layer with higher refractive index (difference be-
tween the unexposed and exposed polymer, �n
=0.008–0.015) can be formed in a thicker PMMA
layer with a lower refractive index. By designing the
thickness and the width of the high-index PMMA
layer, it is possible to realize single-mode DUV
waveguides for the transparency region of PMMA.
The layer sequence and the dimensions of our IRS
waveguide are shown in Fig. 1a.

IRS waveguide fabrication begins with electro-
chemical formation of a PSi substrate layer in a p+ Si
wafer �0.01 ohm cm� by using an electrolyte consist-
ing of 30 ml hydrofluoric acid (48%) and 70 ml etha-
nol (95%). The barrier layer is a thin ��12 nm�, low-
porosity layer (60%) etched by using a current
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density of 5 mA/cm , which produces a pore struc-
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ture with diameters less than �5 nm (Fig. 2a). This
is followed by a thick 4–8 �m high-porosity (80%–
90%) optical isolation layer etched by using a current
density of 50–70 mA/cm2, which produces more open
pore diameters ranging between 20 and 30 nm (Fig.
2b). The PMMA layer (Resist MicroChem 950k
PMMA A11) is spin coated (Spincoater Hamatech,
2000/15/2 �rpm/ramp/min�) onto the PSi substrate
to a thickness of approximately 3 �m. The sample is
annealed at 170°C for 30 min. A DUV lithography
system (EVG620) is used for fabricating the
waveguides under vacuum with a quartz/chromium
mask. The illumination dose used is 3 J/cm2. The
samples are then annealed at 70°C for 4 h. The final
step is the dicing of the samples to provide waveguide
end faces for optical measurements.

Direct spin-coating of polymers is usually not fea-
sible when using porous substrates, as the solvent
and polymer can infiltrate the pores, which will raise
the refractive index. To prevent this Horvath et al.
[11] used a technique referred to as dip floating,

Fig. 1. IRS waveguide. a, Layer sequence and layout. b,
Scanning electron microscope image of reverse symmetry
waveguide. c, Near-field image of outcoupling waveguide
facet.

Fig. 2. SEM images of mesoporous bilayer structure. a,
Pore structure of barrier layer �5 mA/cm2�. b, Pore struc-
ture of optical isolation layer �50 mA/cm2�. c, Side view of
bilayer structure, illustrating anisotropic growth of pore
channels and porosity contrast between barrier and optical
isolation layers. d, Magnified view of barrier layer grown
intentionally thick �120 nm� to observe with a scanning
electron microscrope. e, Magnified view of porous tip–Si

wafer interface.
which requires several fabrication steps. Our process
prevents polymer resist from infiltrating too deep
into the optical isolation layer by monolithic integra-
tion of the PSi bilayer structure, described above,
comprised of a low-porosity barrier layer on top of the
high-porosity optical isolation layer (Fig. 2). Bilayer
formation leverages the ability to tune PSi morphol-
ogy simply by altering current density during the
electrochemical etch process. Our studies find that
the PSi barrier layer is crucial for enabling wave-
guide performance. We have fabricated several po-
rous Si configurations with and without the barrier
layer. The fabrication parameters for the samples
tested are summarized in Table 1. The refractive in-
dex of the optical isolation layer is estimated by using
the Bruggman effective medium approximation [12].

The IRS waveguides are characterized by using an
optical fiber mounted onto a piezo electrically driven
XYZ stage for coupling into the waveguides. A micro-
scope objective �100� � is used on the outcoupling
side and focuses the near-field image onto an IR cam-
era (Hamamatsu Model C2400). All measurements
are carried out at a wavelength of 1550 nm. Shifting
to other wavelengths is, however, possible, as only
the design (width and DUV exposure dose) of the in-
tegrated reverse symmetry waveguides has to be ad-
justed to guarantee single-mode operation at the re-
quired wavelength. A near-field image of the facet of
sample 3 is shown in Fig. 1c without light from the
laser source being coupled into the waveguide. The
results from the near-field measurements on samples
2, 3, 4 and 5 are presented in Fig. 3.

To demonstrate IRS waveguide performance, mea-
surements are performed by taking the near-field im-
age of samples with and without water on top of the
waveguides to determine the expansion of the mode
traveling in the waveguide. We have chosen water to
be the cladding layer, as its refractive index �n
=1.333� is sufficient to demonstrate the performance
and it is relevant to our future goals of utilizing this
device for aqueous-based biosensing applications. Re-
placing the water by a suitable polymer having the
appropriate refractive index would be of course state
of the art. The water is placed directly on top of the
waveguides, and it is made sure that the water is
also at the outcoupling facet, making it possible to
see the portion of the mode penetrating into the
water.

Results find that only the integrated reverse sym-
metry waveguides with the low-porosity PSi barrier
layer showed the desired evanescent field enhance-
ment of a deep penetration of the evanescent field
into the upper analyte layer. The height of the mode
field nearly doubles as can be seen in the near-field
images of samples 2 and 5 in Fig. 3 with the analyte
layer present. Because the mode is confined in the
polymer layer, which is �3 �m in the absence of the
analyte layer, the height of the evanescent field in the
presence of the analyte layer can be approximated to
be more then 3 �m. The evanescent field decays into
the water even when the refractive index is esti-
mated to be 1.38, which is slightly higher than that of

water. The measurements also confirm that in the



October 1, 2007 / Vol. 32, No. 19 / OPTICS LETTERS 2845
absence of the barrier layer, the spin coated polymer
fills up the pores, as is visible, for example, in the
near-field image of sample 3 in Fig. 3, leading to an
unwanted conventional waveguide having an evanes-
cent field that decays only a few 100 nm into the up-
per analyte layer.

Efforts to characterize waveguide loss using the
cutback method proved difficult to determine the
losses accurately, as our samples are only 1 cm
�1 cm and dicing introduced more losses at the in-

Table 1. Fabrication Para

Sample Layers

Etch Conditions
Current Density
�mA/cm2� /s

2 2 5/1, 50/138
3 1 70/108
4 1 70/216
5 2 5/1, 70/216

Fig. 3. Near-field analysis of integrated reverse symmetry
waveguide samples: left, without water; right, with water.
Sample 5, evanescent field enhancement observed, which is
attributed to the 12 nm intermediate layer. Sample 3, eva-
nescent field enhancement not observed, no barrier layer
present. The field also decays more into the PSi layer when
compared with sample 5. Sample 2, evanescent field en-
hancement observed despite the higher value of 1.38 for the
index of the lower cladding. Sample 4, evanescent field en-
hancement not observed, no barrier layer present. The illu-
mination and camera parameters are unchanged through-
out the entire near-field measurements to guarantee

compatibility of the images.
terface, as can be seen in Fig. 1b. The losses are es-
timated by measuring 1 cm long waveguides on sev-
eral samples to be approximately 2 dB/cm, and the
fiber chip coupling is around 9–10 dB, comparable
with the results in [7].

In conclusion, the DUV integrated reverse symme-
try waveguide is a novel addition to the DUV Bio-
Fluidic-Photonics technology platform [13] for realiz-
ing optical devices with a defined evanescent field
area required in couplers or sensors. Moreover, de-
fined patterning of the porous Si layer, as for example
described in [14], in combination with our described
fabrication process enables the realization of defined
waveguide regions having a larger evanescent field
than in other parts of the integrated waveguide de-
vice, which we intend to leverage in cell-based bio-
sensor studies.
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