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ABSTRACT 
 
Polymer optical waveguide devices will play a key role in several rapidly developing areas such as optical networks, 
biophotonic and fluidic applications. We have developed a technology which enables the increase of the refractive index 
of methylmethacrylate based polymers by deep ultra violet (DUV) radiation. The modification of the dielectric 
properties of polymers by DUV is a useful technique for the realization of photonic integrated optical circuits. The 
technique presented here has several advantages with respect to common methods because only a single polymer layer 
is used, which serves as the substrate and waveguide as well and no further etching or development step is required. 
This method can not only be applied to planar polymer substrates but also to preembossed substrates. This enables the 
fabrication of ridge waveguide based devices by hot embossing. Nickel stampers with feature heights of about 15 – 
20 µm and aspect ratios usually between 2:1 and 3:1 can be utilized for replication without major effort. Nickel 
stampers are not only used to replicate optical waveguides, but are also used to realize fluidic channels in the range of 
several microns. UV modification of methylmethacrylate polymers additionally leads to a new surface chemistry 
affecting the selective absorption of proteins and the adhesion of living cells in vitro. The bi-functionality of the 
modified polymer chips supporting waveguides and cell anchorage capabilities at the same time provides the 
opportunity to monitor protein adsorption, cell attachment and spreading processes by evanescent-field techniques. 
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1. INTRODUCTION 
 
Polymers have been accepted to be the material of choice for planar waveguide components in recent years, mainly due 
to their increasing performance, rapid processibility, capability for precise tailoring of their optical properties, and their 
comparatively low cost [1, 2]. To profit from this potentials, the improvement of fabrication technologies is needed as 
well as the enhancement of materials. 
Polymeric optical waveguides have been fabricated by various techniques. It was shown that the deep UV-induced 
modification of the dielectric properties of polymers [3, 4, 5] is a promising technique for the realization of passive 
planar lightwave circuits. 
 

2. DEEP UV INDUCED MODIFICATION 
 
An extremely useful class of low cost thermoplastic polymers, which exhibit a significant increase in refraction index 
through application of ionizing radiation, such as ion [6, 7] and deep ultraviolet (DUV) radiation [8], are 
methylmethacrylates polymers (MMAs). It has been shown that optical waveguides can be created in 
polymethylmethacrylate homopolymers by ion and deep ultraviolet (DUV) radiation. In [9] crosslinkable copolymers of 
poly(methylmethacrylate/2-methacryloylethylmethacrylate) (P(MMA/MAOEMA)) were synthesized for waveguide 
applications. P(MMA/MAOEMA) can crosslink under either UV exposure or heating. The UV-induced refractive index 
change in unreacted P(MMA/MAOEMA) is found to depend on the fluence. UV exposure of thermally crosslinked 
P(MMA/MAOEMA) can induce further structure change and thus index change, and therefore, was found to be useful 
for creating the core layers in optical waveguides. The UV-irradiation results in a local and controllable increase of the 
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refractive index in the exposed areas of the polymer surface generating the integrated-optical waveguiding structures in 
a planar polymer plate. Only a thin surface layer of a few micrometers is modified by the DUV-light. The intensity of 
the field of the waveguide has dropped to 1/e² of the intensity at a depth of approximately 5 µm. 
 

3. PHOTONIC INTEGRATED CIRCUITS 

3.1. Diffused Waveguide based Devices 
For deep UV-modification, a commercial UV-exposure equipment (Maskaligner EVG620) is used. A DUV lamp 
combined with a cold mirror with reflectance in the wavelength range of 200 nm - 240 nm is used in the exposure 
system. The exposure is performed using vacuum contact. The investigated polymer types which where used were 
Hesa@Glas, a homopolymer from Notz-Plastic, Switzerland and an alicyclic methacrylate copolymer obtained from 
Hitachi Chemical Co., Ltd. as OPTOREZ-Series. The waveguides are fabricated at a dosage of 5 J, measured at 240 nm 
with an intensity meter from Karl Süss. The process is sketched in Fig. 1.  
 

 
 

Figure 1: Fabrication of photonic integrated circuits by DUV induced modification.  
 
Different kinds of devices have been realized (Fig. 2) which includes Y-splitters, directional couplers and multimode 
interference (MMI) couplers [10]. The width of a singlemode waveguide is 7.5 µm. All transmission experiments were 
carried out using randomly polarized light. A waveguide loss of < 1 dB/cm at 1.55 µm has been measured using the cut-
back method. The polarization dependent loss is less than 0.15 dB. Excellent stability of the waveguides in the 
temperature range between 0°C to 85°C has been demonstrated under continuous operation. After waveguide fabrication 
the polymer waveguide devices are separated by a wafer saw. No further polishing of the end facets is required. The 
fiber to chip coupling loss is 0.5 dB per facet. 
 

           
 

Figure 2: Fabricated waveguide based devices, (a) Y-splitter, (b) directional coupler, (c) multimode interference (MMI) coupler. 
 

A nearfield photograph of the end facet of a waveguide is shown in Fig. 3.  
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Figure 3: Nearfield photograph of a waveguide at 1550 nm wavelength. 
 
The dotted line in Fig. 3 is the Gaussian fit and the solid line is the measured profile. As can be seen from the 
photograph a nearly Gaussian profile is obtained, which is also demonstrated by the low fiber-chip coupling loss. 

3.1.1. Y-Coupler 
Y-couplers are standard components in today’s optical networks. They are used to equally split the intensity of an input 
fiber into two output fibers. The loss of a Y-coupler is mainly determined by material and coupling losses in the taper 
region. In addition to these losses, the branching angle also adds to these losses. In order to determine the losses 
depending on the branching angle, we have fabricated Y-couplers with different branching angles (Fig. 4). The insertion 
loss of a straight waveguide of length 1.5 cm is included in the figure for comparison. 

3dB Y-Couplers at 1550 nm with varying Angle
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Figure 4: Y-Coupler characteristic using different branching angles, length of the Y-Coupler = 1.5 cm. 
 
The insertion loss includes fiber-chip coupling losses (~ 1 dB for both facets) and material losses (~ 1.5 dB). The values 
have been normalized to the fiber-fiber coupling loss. As can bee seen from the figure, the loss coming from the 
branching angle is nearly linear. 
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3.1.2. Directional Coupler 
Directional couplers are essential components if one wants to realize splitting ratios other than 3 dB. These couplers are 
basic components for realizing Mach-Zehnder interferometers or ring resonators for example. The splitting ratio of a 
coupler with a coupling gap of 4 µm, measured at different coupling lengths is shown in Fig. 5. As can be seen, the 
transmission characteristic is in the shape of a sine curve, which is typical for these devices. 
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Figure 5: Directional coupler with a gap of 4 µm and a length of 1.5 cm. 

 
In order to realize all possible splitting rations and at the same time reduce the overall length of the device, it is 
necessary to reduce the coupling gap between the waveguides. In Fig. 6, the splitting ratio of a coupler with a gap of 
2 µm is shown. As can be seen, the 3 dB coupling length has been reduced from approximately 2250 µm to 800 µm.  
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Figure 6: Directional coupler with a gap of 2 µm and a length of 1.5 cm. 

 

3.2. Ridge Waveguide based Devices 
To achieve a smaller chip size, the use of strong guiding waveguides is advantageous. The combination of deep UV-
induced modification with ridge waveguide structures made by replication of different methylmethacrylate polymers is 
a promising approach. 
Hot embossing of microcomponents has become a routinely used replication technology for thermoplastic polymers 
[11]. Low flow rates and slow molding speeds ensure that even the smallest details in the nanometer range are replicated 
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perfectly. Hot embossing is particularly suited for structuring plane plates and foils, as only a small amount of plastic 
has to be molded. In contrast to injection molding, the polymer flows a very short way from the foil into the 
microstructure during hot embossing. As a result, very little stress is induced into the polymer and the molded parts are 
well suited for optical components, such as waveguides and lenses. Optical waveguides made of hot embossed ridge 
waveguide structures of methylmethacrylate polymers require an additional deep UV flood exposure in order to partly 
change the refractive index of the polymer at the surface of the ridge waveguide [5]. 
 

 
 

Figure 7: Embossed polymer wafer (~ 4 inch) with photonic integrated circuits (left) and 4 inch Ni-Shim (right) 
 

 
 

Figure 8: Close-up of a Ni-Shim with photonic integrated circuits. 
 

The fabrication of the nickel tools plays a vital role in this process. It is possible to manufacture tools of nearly the size 
as the substrate using standard MEMS technology. A Ni-shim and a replicated polymer wafer are shown in Fig. 7. 
Typical diameters of silicon substrates used in research and development are four to eight inch, and it is possible to 
replicate tools of this size with commercially available embossing machines. In contrast to injection moulding, hot 
embossing allows a very simple setup of the machine. Nickel tools having thicknesses of only a few hundred 
micrometers (stampers) can be utilized for replication without major changes (Fig. 8). The electroplating process for 
such stampers takes much less time than fabrication of ordinary molding tools. Tools can be manufactured from an 
existing photomask design within several days, by the use of direct lithography (e.g. e-beam writing of the resist) a 
completely new design can be written, electroplated, and replicated within less than a week. 
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Figure 9: Embossed waveguide based device in polymer (height = 15 µm, width = 6µm, radius of bend = 100 µm). 
 
The structure height is chosen according to simulation results obtained using Beamprop from RSoft. For a wavelength 
of 1550 nm, a structure height of at least 15 µm is necessary to avoid coupling between the singlemode ridge 
waveguides and the grooves between them, which are also modified during the flood exposure. Ridge structures with a 
height of 15 µm and a structure width of about 6 µm were successfully replicated (Fig. 9). 
 

4. INTEGRATED FLUIDICS AND WAVEGUIDES 
 
Using the same DUV process, it is possible to fabricate fluidic channels and reservoirs. There are several possibilities of 
realizing fluidic channels with this method. PMMA can be spincoated onto a glass wafer and then be exposed and 
developed. This fabrication method can also be used to realize a Ni-Shim, which can then be used for hot embossing of 
fluidic channels. Another possibility is to directly expose a PMMA bulk substrate and develop the exposed regions. The 
penetration depth of the DUV light is only a few µm (approximately 5 µm) which defines the maximum height of the 
channels. The advantage of using spin coated substrates is a definite height structure for realizing a flat and smooth 
bottom of the channels. The realized channels (Fig. 10) have a width of about 5 µm. As the fluidic channels are 
fabricated in PMMA, it takes only another DUV aligned exposure to integrate the waveguides (Fig. 11). 
 

     
 

Figure 10: Unsealed fluidic channels in PMMA. 
 

       
 

Figure 11: Fluidic channels (parallel) and waveguide (perpendicular) integrated on the same chip. 
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