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Abstract 

Optical interconnections gradually find their way towards shorter distances as optoelectronic components 
become available at affordable costs. To fully exploit the two-dimensional character of the available VCSEL- 
and detector arrays, multilayer optical interconnects have gained interest over the last years. The multi-layer 
approach allows increased integration density and flexible routing schemes. In these multilayer structures light 
can be coupled both between and out of the plane of the optical layers. We present two different approaches to 
achieve this goal: the first configuration contains laser ablated micro-mirrors, the other one consists of a 
pluggable inter-plane coupler that can be inserted into laser ablated cavities in a two layer optical structure, 
which consists of two stacked optical layers, integrated on a printed circuit board (PCB) to couple the light 
between two subsequent layers. Non-sequential ray-tracing is used to perform a tolerance analysis on the two 
layer optical structure. The fabrication process of the optical board, the ablated mirrors and the pluggable 
component are described.  

Key words: Coupling Structures, Multilayer Optical Structures, Non-Sequential Ray-Tracing, Optical 
Interconnections 

 

Introduction 

Optical interconnections gradually find their 
way towards shorter distances as optoelectronic 
components become available at affordable costs. To 
fully exploit the two-dimensional character of the 
available VCSEL- and detector arrays, multilayer 
optical interconnects have gained interest over the 
last years. The multi-layer approach allows 
increased integration density and flexible routing 
schemes. In these multilayer structures light can be 
coupled both between and out of the plane of the 
optical layers. The interconnection scheme can in 
this way be simplified, with less need for passive 
optical components such as cross-overs. 

A two layer optical structure, which consists 
of two stacked optical layers, integrated on a printed 
circuit board (PCB), is studied. The optical layer 
contains multimode waveguides, to guide the light in 
the plane of the optical layer. Two different 
approaches are presented to couple the light beam 
between the two layers. The first configuration 
consists of a two layer optical structure with 
integrated laser ablated micro-mirrors. The second 
configuration makes use of a pluggable inter-plane 
coupler which can be inserted into a laser ablated 
micro-cavity. 

In the next sections, we will first discuss the 
fabrication process of the optical board. The 
fabrication process of the two coupling structures is 

then presented. Numerical simulations have been 
carried out to determine the alignment tolerances in 
the two layer optical structure. The simulation 
results will also be briefly discussed. 

 

Two layer optical structure 

The integration of the optical interconnection 
on the PCB is done with the use of a polymer optical 
layer. The optical material has to be compatible with 
existing PCB manufacturing and soldering processes 
and should in addition show very good optical 
properties such as low propagation loss at the 
targeted wavelength. We study the use of Truemode 
BackplaneTM Polymer, which is a highly cross-liked 
acrylate based polymer material with excellent 
optical, thermal and environmental properties. The 
main properties are given in Table 1. 

 

Table 1: main properties of the optical material 
used for the optical layer 

Propagation loss @ 850nm 0.04dB/cm 
Refractive index core material 1.5562 
Refractive index cladding 
material 

1.5422 

Coefficient of thermal expansion  60ppm/K 
Decomposition temperature > 350°C 
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The optical material is spincoated onto the 
FR4 substrate and in a next step UV-exposed and 
cured. One optical layer consists of a cladding-core-
cladding stack, where the core material has a slightly 
higher refractive index than the cladding material. 
The light can in this way be trapped inside the core 
layer through total internal reflection. 

The optical layer contains multimode 
waveguides which are patterned into the core layer 
using laser ablation [1]. The excimer laser beam is 
send through a rectangular aperture and projected 
onto the sample with an optical projection system. 
The photon energy of the laser beam is used to 
remove the core material on both sides of the 
resulting waveguides core. The principle is given in 
Fig. 1.  

 

1st ablation

2nd ablation

 

Figure 1: schematic showing the principle of 
ablating a waveguide core. 

The waveguides have a cross-section of 
50µm×50µm and are on a pitch of 125µm. The 
propagation loss at a wavelength of 850nm is 
0.12dB/cm which is acceptable for the aimed 
applications. The waveguide loss is higher than the 
propagation loss given in Table 1. This is primarily 
caused by scattering losses that result from the 
surface roughness of the ablated structures. The 
average RMS surface roughness of an ablated 
waveguide is 35nm on a scan area of 49µm×159µm, 
which is higher than the values obtained for photo 
lithographical waveguides. Main advantage of using 
laser ablation is the fact that it is a mask-less 
technology that can be used for rapid prototyping. 
This allows us to change the design according to the 
given specifications in a very flexible way; whereas 
for photolithography a new mask has to be designed 
and fabricated each time the design changes. For 
these reasons, laser ablation is used for the 
fabrication of the demo optical board. 

The two layer optical structure consists of a 
stack of two optical layers. Each layer contains 
arrays of ablated multimode waveguides, which are 
aligned with respect to each other with the use of 
alignment marks placed onto the substrate. The 
alignment accuracy that can be obtained in this way 
is better than 5µm, which is in accordance with the 
results of the alignment tolerance study that has been 
done with non-sequential ray tracing. The cross-
section of a two layer optical waveguide structure is 
shown in Fig. 2; the results from the numerical study 
are given in Fig. 3 for the case of a multimode 
optical fiber (MMF) with core diameter 100µm and 

NA 0.29 as detector and for the case of a flat 
detector. 

 

Figure 2: cross-section of a two layer optical 
waveguide structure. 

 

Figure 3: alignment tolerance of the bottom 
waveguide in two layer optical structure. 

 

Inter-plane coupling structures 

Metallized 45° micro-mirrors can be used to 
deflect the light beam over 90°. The 45° mirror facet 
is ablated into the optical layer and in a next step 
Au-coated. The ablated cavity is finally filled with 
cladding material. The entire process flow is shown 
in Fig. 4.  

A two layer optical structure, which contains 
a stack of two optical layers, has been studied both 
experimentally and numerically. Both layers contain 
multimode optical waveguides and metallized 
micro-mirrors. The alignment between the different 
elements in the top and bottom optical layer has to 
be accurate enough to guarantee a high coupling 
efficiency. Numerical simulations have been carried 
out to determine the alignment tolerance curves for 
the two layer waveguide and mirror structure. The 
alignment tolerance ranges that are required to 
obtain an excess loss -1dB are drawn from the 
tolerance curves. The achievable alignment accuracy 
of the experimental results can then be compared to 
the results from this numerical analysis.  

ASAP 2005 V2R2 (Breault Research) is used 
to carry out the simulations. In view of the highly 
multimodal character of the considered structures, 
non-sequential ray tracing is used. Light with a 
wavelength of 850nm is coupled into the ablated 
Truemode multimode waveguide, which has a 
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numerical aperture (NA) of 0.3, with a MMF with 
core diameter 50µm and NA 0.2. The light is 
deflected over 90° using metallized 45° micro-
mirrors and is coupled from one layer to the other, 
with maintenance of the propagation direction. A 
MMF with core diameter 100µm and NA 0.29 is 
used to detect the outcoupled power. 

An optical microscope picture of a cross 
section of the studied two layer optical structure is 
given in Fig. 5. The tolerance curve for a 
misalignment of the top mirror with respect to the 
bottom mirror is given in Fig. 6. The alignment 
tolerance range from the ideal position for an excess 
loss ≤1dB along the propagation direction is [-10µm, 
10µm].  

 

 
(a) 

 
(b) 

 
(c) 

Figure 4: process flow used to integrate the 
metallized mirror into the optical layer. 

 

Figure 5: cross-section of a two layer optical 
structure with metallized mirrors. 

 

Figure 6: The alignment tolerance of the top and 
bottom mirror for a misalignment along the 
waveguide direction for the case of a flat and 
MMF detector. 

 

Pluggable inter-plane coupling component 

The optical layers contain arrays of 
multimode waveguides which are used to guide light 
in the plane of the optical layer. The coupling of 
light from a waveguide in one layer towards the 
corresponding waveguide in the other layer can be 
done with a pluggable inter-plane coupler. Two 
designs can be used: the first one redirects the light 
beam from one layer to the other with preservation 
of the propagation direction; the other one in 
addition also changes the propagation direction. 
Both principles are given in Fig. 7.  

The pluggable coupler contains two 45° 
micro-mirrors and is patterned in PMMA with Deep 
Proton Writing [2]. It consists of the following 
processing steps. First a collimated 8.3MeV proton 
beam is used to irradiate an optical grade PMMA 
sample according to a predefined pattern by 
translating the PMMA sample, changing the 
physical and chemical properties of the material in 
the irradiated zones. As a next step, a selective 
etching solvent is applied for the development of the 
irradiated regions. This allows for the fabrication of 
(2D arrays of) micro-holes, optically flat micro-
mirrors and micro-prisms, as well as alignment 
features and mechanical support structures. On the 
other hand, an organic monomer vapor can be used 
to expand the volume of the bombarded zones 
through an in-diffusion process. This enables the 
fabrication of spherical (or cylindrical) micro-lenses 
with well-defined heights. If necessary, both 
processes can be applied to different regions of the 
same sample, yielding micro-optical structures 
combined with monolithically integrated micro-
lenses. We use high molecular weight PMMA with a 
thickness of 500µm, which allows the 8.3MeV 
protons to completely traverse the sample. During 
the irradiation step, the PMMA sample is semi-
continuously translated perpendicularly to the beam 
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in steps of 500nm using high-precision translation 
stages with an accuracy of 50nm. Optimal surface 
roughness results are obtained by using a proton 
dose of 50pC per step of 500nm, with a proton 
current of 160pA. The fabricated components are 
shown in Fig. 8 and Fig. 9. Au coating can 
consequently be evaporated on the micro-mirror 
facet to increase the coupling efficiency.  

 

cladding

core

substrate
 

cladding

core

substrate
 

Figure 7: Schematic principle of pluggable inter-
plane coupling structures preserving the 
propagation direction (top) or inverting the 
propagation direction (bottom) 

The thickness of cladding and core layer has 
to be identical in top and bottom optical layer, and 
has to correspond to the values used for the design 
of the coupler in order to guarantee a high coupling 
efficiency. 

The coupling component is inserted into a 
micro-cavity that is ablated into the two layer optical 
structure. There is always a certain degree of 
tapering during the ablation, which also causes the 
slightly trapezoidal form of the waveguides, which 
can be measured experimentally and corrected for. 
The ablated cavity thus has one vertical wall and one 
wall with the double tapering angle. The insert is 
placed against the vertical wall, which is in fact the 
output facet of the waveguides. When the discrete 
coupler is plugged into the micro-cavity, it has to be 
aligned with respect to the waveguides. Active 
alignment is used for this purpose.  

For the characterization of the critical optical 
surfaces of the component, namely the entrance and 
exit facet, we use a WYKO NT-2000 non-contact 
optical surface profiler (Veeco). Since the micro-

mirrors themselves are not accessible with the 
microscope objective, these surface were not 
measured, but their surface roughness will be 
analogous to the two others. The surface roughness 
analysis reveals that the flat top part has an average 
local RMS surface roughness Rq of 14.1nm ± 2.7nm 
measured over an area of 60µm by 46µm. We 
averaged at least 5 measurements of randomly 
chosen positions. The flatness Rt or peak-to-valley 
difference along the depth of 500µm of the 
component is measured to be smaller than 2.5µm. 
This is due to the scattering of the protons during the 
interaction with the PMMA. As a conclusion, we 
can say that our developed DPW surfaces have a 
very good and reproducible optical quality: almost 
flat and a very low RMS roughness. 

Loss measurements will be performed in the 
near future to determine the coupling loss of the 
inter-plane coupling structures. Experimental results 
will be compared with the results obtained from a 
numerical study. 

 

 

 

Figure 8: Fabricated pluggable inter-plane 
coupler with preservation of propagation 
direction: entire component (top) and zoom on 
mirrors (bottom) 
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Figure 9: Fabricated pluggable inter-plane 
coupler with inversion of propagation direction 

 

Conclusions 

We have presented two different fabrication 
technologies allowing the manufacturing of inter-
pane coupling structures for multilayer optical 
waveguides integrated on a Printed Circuit Board. 
Laser ablation can be used to create monolithically 
integrated micro-mirrors in the waveguides. A 
numerical study has been performed to show us the 
required alignment tolerance in this case. In a second 
approach, we make use of Deep Proton Writing for 
the fabrication of dedicated, pluggable inter-plane 
coupling components which can be readily inserted 
in cavities formed in the PCB-integrated multilayer 
waveguides.  
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