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Abstract: We present an integrated total internal reflection mirror and pluggable coupler that can be used for
out-of-plane coupling in an optical PCB. The coupling efficiency of both mirror configurations is measured
and compared.

1. Introduction

Optical interconnections offer a possible solution to the bandwidth problems that are associated with electrical interconnections
[1]. The integration of optical interconnects to the board-level, covering distances from a couple of centimeters to one meter, can
be done with the use of a polymer optical layer applied on top of or laminated into the Printed Circuit Board (PCB). The optical
layer contains multimode optical waveguides for in-plane light propagation. Coupling structures, which deflect the light beam
over 90°, are required to couple the light from/to an optical transmitter/receiver to/from the waveguides. Compatibility with the
existing PCB manufacturing and soldering processes is required to come to a cost-effective solution.

We present a 45° mirror configuration which is directly integrated with the optical waveguides and a pluggable coupler
which can be inserted into a cavity in the optical layer. The integrated mirror is patterned into the optical layer with use of laser
ablation. The pluggable coupler is patterned into a PMMA substrate with use of Deep Proton Writing (DPW). Both mirror
structures can be used as coupling elements for out-of-plane coupling in an optical PCB.

2. Micro-structuring technologies

Laser ablation is a flexible non-contact micro-structuring technology that is fully compatible with existing PCB manufacturing
and soldering processes and is already used for the laser-drilling of micro-vias in high density electrical boards. A KrF excimer
laser (248nm) is used for the ablation of micro-optical components into the polymer optical layer [2]. Polymers show excellent
absorption properties in the UV-range which makes a clean ablation possible, enabling us to pattern components with a low
surface roughness. The KrF excimer laser beam can be tilted which allows us to ablate 45° mirror facets in a very straightforward
way. There is always a certain degree of tapering during the ablation which can however be measured and corrected.

Deep Proton Writing (DPW) [3] is a rapid prototyping technology that consists of a patterned 8.3MeV irradiation of a
polymer photoresist (PMMA) followed by a selective etching process to remove the exposed zones. Although it is obvious that
DPW is not a mass fabrication technique, one of its assets is that once the master component has been prototyped with DPW, a
metal mould can be generated from the master by electroplating. After removal of the plastic master, this metal mould can be
used as a shim in a final micro-injection moulding or hot embossing step. This way, the component can be mass-produced at low
cost in a wide variety of high-tech plastics.

3. Coupling structures

The ablated 45° micro-mirror is integrated with the optical waveguides, which allows us to obtain high alignment accuracy. The
mirror facet is ablated into the optical layer with the tilted KrF excimer laser; the alignment with respect to the waveguides is
done with the help of alignment marks. The 90° beam deflection is based on the total internal reflection (TIR) at the polymer-air
interface. The mirror facet can be Au-coated to protect it from environmental influence. The main advantage of this mirror
configuration is the fact that the alignment between the waveguide and the mirror is arranged during the patterning; the main
disadvantage is the requirement for compatibility with all subsequent processing steps. A scheme of this TIR mirror configuration
and SEM images of experimental realizations are given in Fig. 1.

The pluggable coupler is patterned into a 500um thick PMMA substrate using DPW. It contains a 45° mirror facet which is
used for the 90° beam deflection. The coupler is plugged into a micro-cavity which is ablated into the optical layer. Because of
the tapering that occurs during the ablation, the cavity is ablated with a slightly tilted KrF excimer laser beam in order to obtain a
vertical wall which can be used as output facet of the waveguides. The coupler is inserted in the cavity manually; a red light
source is used to arrange the alignment of the coupler in the cavity. The insert can be placed in a very late phase of processing
which makes the compatibility with the entire fabrication process less stringent. A scheme and practical realization of this DPW
coupler are shown in Fig. 2.
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Figure 1: The left picture shows the principle of the TIR mirror; the middle picture is an SEM image of an ablated TIR
mirror; the right picture shows a top view of an ablated TIR mirror.
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Figure 2: The left picture shows a schematic view of a pluggable coupler inserted in a micro-cavity; the right picture shows
the pluggable DPW coupler.

4. Coupling efficiency measurements

Coupling efficiency measurements are performed for both the TIR mirror and the pluggable coupler on comparable samples. The
optical layer, Truemode Backplane™ Polymer, is spin-coated on an FR4 substrate and contains laser ablated multimode optical
waveguides with a cross-section of 50umx50um on a pitch of 125um [4]. The waveguides have a numerical aperture (NA) of 0.3
and have a propagation loss of 0.12dB/cm at the launching wavelength of 850nm.

For the characterization of the mirrors in a receiver structure, we used a 50um core diameter silica multimode fiber (MMF)
with NA 0.2 as input fiber and a 100um core diameter silica MMF with 0.29 NA as output fiber. The sample is mounted on a six-
axis parallel kinematics motion robot, which allows us to both position the fiber with an accuracy of 300nm and perform two-axis
scans to measure the tolerance for mechanical misalignments of the detector fiber. The reference measurement consists of an in-
line butt coupling of both fibers. For the case of the TIR mirror, the measured overall link loss (butt-coupling at the input facet of
the waveguides, propagation through the waveguides, 90° beam deflection at the TIR mirror and outcoupling towards the
detector fiber) is -2.55dB. The application of Au-coating on the TIR facet could improve this value. The lateral scan of the
coupling efficiency is given in the left image of Fig. 3. For the case of the pluggable coupler, the component was manually placed
into the laser ablated micro-cavity into the optical layer. The length of the ablated waveguides on this sample is approximately
5cm as opposed to the sample with the TIR mirror where the waveguide length is only 2cm. The measured overall link loss is -
5.96dB. The lateral scan of the coupling efficiency is given in the right part of Fig. 3. The use of index matching gel and Au-
coating of the mirror facet could improve the measured efficiency. In case the input and output fiber are placed at the input and
output facet of the pluggable coupler, the measured coupling efficiency is -0.77dB. This indicates that it should be possible to
improve the measured efficiency on the overall link. Fig. 4 shows a picture of both experimental set-up configurations.

For the characterization of the mirrors in a transmitter structure, we used a SMF-28 fiber with NA 0.13 to couple the light in
vertically towards the mirror. The low NA of the SMF will in this case ensure that no light is lost at the mirror due to not
satisfying the TIR condition. The light spot that is coupled out by the waveguides in-plane is detected with a 100um diameter
MMF with NA 0.29. The measured coupling efficiency is -1.59dB for the TIR mirror sample and -3.00dB for the sample with the
pluggable coupler.
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Figure 3: Lateral scan of the coupling efficiency (dB) of a complete link where a TIR mirror (left) or pluggable coupler
(right) is used for the out-of-plane coupling.
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Figure 4: The left picture shows a red light spot coupled out at an ablated TIR mirror; the right picture shows an optical PCB where the pluggable
coupler is inserted into a laser ablated cavity in the optical layer.

Conclusion

We presented two different coupling structures which can be used for out-of-plane coupling in an optical PCB. The first mirror
configuration is a laser ablated total internal reflection (TIR) mirror, which is patterned into the optical layer and is integrated
with the optical waveguides. The second structure is a pluggable coupler which contains a TIR mirror and which can be plugged
into an ablated micro-cavity in the optical layer either manually or with pick-and-place equipment. The coupling efficiency at
850nm of both mirrors has been measured for both the situation of a transmitter and receiver side of the board. The coupling
efficiencies at the receiver side are lower than the ones at the transmitter side. This is mainly caused by the high NA of the
waveguides; a certain number of rays will not satisfy the TIR condition at the mirror facet and will for this reason not contribute
to the detected light signal. For the measurements at the transmitter side, the low NA of the SMF that is used to couple the light
signal into the mirror will ensure that no light is lost at the mirror due to not satisfying the TIR condition.
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