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ABSTRACT   

We demonstrate board-to-board optical communication utilizing 45 degree mirrors and print-on-demand micro-lenses as 
surface-normal coupler. The presented system which includes polymer waveguides, embedded 45 degree mirrors and 
micro-lenses, realizes back-to-back optical interconnects between two boards. The waveguide and mirrors are fabricated 
using molding method using a low-cost electroplated nickel mold. Micro-lenses (80 µm in diameter) are fabricated using 
a material inkjet-printer, on top of the 45 degree mirrors. Experimental results show that each 45 degree mirror 
contributes about 1.88 dB loss (65% coupling efficiency) to the total optical loss. When propagating in free space 
without a lens, a 2 mm separation between boards results in a 9.9 dB loss, which is reduced to 7.5 dB when a micro-lens 
is inserted in the path. High speed data transmission test is performed at various separations. At a separation of 1mm, the 
system can provide 10Gbps error free transmission. At 2mm separation, the maximum error free data rate was measured 
to be 3.5Gbps and 7.5Gbps, with and without the micro-lens, respectively. Printing the micro-lenses on both the input 45 
degree mirror and the photodiode or the receiving 45 degree mirror in a confocal setup will significantly reduce the free-
space propagation loss. To the best of our knowledge, this is the first report of free-space coupling between waveguides 
on separate boards. 
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1. INTRODUCTION  

The development of optical components and system solutions is enabling high bandwidth communication in chip-to-chip 
[1, 2], intra-board [3, 4], board-to-board [5-7], card-to-backplane [8, 9] and rack-to-rack links [10, 11]. Optical 
interconnects are proving to be a superior alternative to their electrical counterparts, in terms of cost, power, and 
bandwidth [12, 13]. 

Board-to-Board parallel data transmission through optical means is attracting increasing attention across the research 
community. Free-space optical interconnects between VCSELs and photodetectors (PDs) placed on separate boards have 
been demonstrated in which fixed integrated micro-lens arrays [14, 15] or MEMS controlled lens arrays were used to 
lower optical loss by reducing the beam divergence [16-18]. In this paper, we describe a novel concept of optical 
interconnects using a back-to-back layout. Free space surface normal coupling is realized by a customized proximity 
coupler consisting of 45 degree reflective mirrors and ink-jet printed micro lenses. Figure 1 illustrates this idea. It can be 
seen from the figure that the electrical layer and optical layer are located at different sides of the board, which shortens 
the distance between two optical layers. Within a few millimeter separation, free-space optical interconnects can be 
realized. Also, one board can communicate with several boards by placing the coupler at different locations. Inkjet-
printed micro-lenses are placed on the top of the 45 degree mirrors, which significantly decrease the divergence and 
increase the quality of collimation of the vertical beam. The VCSELs and PDs in the optical layer can be controlled by 
signals transmitted through vias from the electric layer. After prototype fabrication, the optical transmission quality in 
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setups using two mirrors and four mirrors in the optical path are evaluated. Losses as a function of different board-to-
board separations are also measured. In order to investigate the effects of inkjet-printed micro-lens, insertion losses with 
and without the micro-lenses are compared. 
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Figure 1 Inter- and intra-board optical interconnects with polymer waveguides and 45 degree couplers with ink-jet 

printed micro-lenses 

2. REALIZATION OF PROXIMITY COUPLER 

The proximity coupler is formed by a 45 degree reflective mirror and ink-jet printed micro-lenses.  45 degree mirror 
based coupling method to integrate VCSELs and PDs in one of PCB board layers has been previously demonstrated[19, 
20]. Coupling efficiency varies from around 3dB [21, 22], 2.3dB [23] down to 1.74dB[24] and 0.5dB[25] per mirror, 
based on different fabrication methods. To maximize the coupling efficiency, there are a few methods utilizing precisely 
positioned external coupling modules [7] or external lenses [26, 27]. These are feasible methods, but such external 
components usually have large footprints and are not suitable for system integration. 

Different from all above work, we fabricate embedded total internal reflection (TIR) mirrors in a single-step molding 
process using nickel mold. A similar process has been reported by Wang [28], but using silicon mold. Nickel molds are 
advantageous over silicon molds because they can be formed by an electroplating method to reach 50µm height. Etching 
silicon to the same depth with a vertical sidewall is rather challenging. For the micro lenses used for improving coupling 
efficiency, we utilized an ink-jet printing method which directly forms the lenses at desired locations without any 
complicated process and increase in system footprint. The embedded mirrors together with the inkjet-printed micro-
lenses on top serve as proximity couplers for board-to-board free-space optical interconnects between two molded 
waveguides on separate boards. The molding and ink-jet printing methods are described below. 

2.1 Polymer waveguide with 45 degree reflective mirror 

We fabricate polymer waveguides with embedded 45 degree mirrors using molding method. The fabrication is 
composed of four main steps as illustrated in Figure 2: (a) SU8 pre-mold fabrication, (b) nickel metal mold by 
electroplating, (c) molding process, and (d) waveguide fabrication. SEM pictures (for steps a, b and c) and microscopic 
pictures (for step d) are also shown.  
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Figure 2 Fabrication process for molded channel waveguide with 45 degree embedded mirror coupler. The scale 

bar represents 50µm length.   
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The 1st step (step a) involves making an SU8 pre-mold with 45 degree mirrors on both sides. The pre-mold is used as a 
template for the nickel hard mold fabrication and its quality is of great importance for all the following steps. First, a thin 
layer of 5 nm/50 nm Ti/Au layer is coated by evaporation, and it serves as a seed layer for electroplating nickel 
performed in step b, as shown in Fig. 2. Following this, a 50 µm thick SU-8 layer is deposited on the seed layer and 
patterned by immersed tilted exposure to form the 45o slants. The detailed description can be found in [29].  

Nickel hard mold is achieved by electroplating nickel into the SU8 pattern. Compared to the evaporation/lift-off methods, 
electroplating is featured by its high deposition rate, and makes its ability to deposit 50µm in around 7 hours. We use a 
commercially available Ni electroplating kit from Caswell Inc. The pre-buried Ti/Au layer serves as the seed layer for 
electroplating. In order to achieve the required adhesion between the seed layer and the nickel layer, the electro-plating 
current density is initially kept low at 1 mA/cm2 for 5 minutes. Then, the current density is raised to 10 mA/cm2 to 
achieve a deposition rate of 120 nm/min. At the end, a low current density 1 mA/cm2 is applied for 5 minutes to improve 
film quality. Next, the SU-8 resist is removed by Remover PG to release the nickel mold. The cross linked SU-8 resist is 
hard to be removed by any solvent therefore, it is important to have a release layer underneath the SU-8 layer, for 
example Omnicoat, to help peel off the cross linked SU-8 completely.  

The imprinting process is performed to the bottom cladding material WIR30-450 (n=1.45@850 nm). The cladding 
material is firstly spin-coated onto TEONEX (from DuPont Teijin Films Inc.) substrate with an adhesion promoter in-
between, followed by Ultraviolet (UV) light curing. To ensure that the mold can be effectively detached from the 
substrate during the molding process, AZ5209 photo resist is spin-coated on nickel hard mold as the release layer. At the 
same time, this release layer also helps reducing the surface roughness of mold. Atomic force microscopy (AFM) reveals 
that the surface roughness of the mold is reduced from 70nm to 2~3nm by resist coating. After molding, the polymer is 
UV cured. Next, the de-molding process is completed in acetone, which dissolves the photo resist in-between the mold 
and device. The molded surface roughness is less than 5nm as reported before [30]. 

The molded bottom cladding layer is mounted on the evaporation chamber and 200 nm of gold is coated onto the slope 
region using a shadow mask. Gold coating helps in enhancing the reflectivity of the mirror, which in turn increases the 
coupling efficiency. The imprinted trenches are filled with the core material WIR30-470 (n=1.47@850 nm). Next, the 
core material is UV cured for 12 mins, followed by coating of the top cladding material. Then the substrate can be 
attached to a silicon wafer or PCB board for further processes. 

2.2 Micro-Lens fabrication process 

Due to the fact that the optical signal receiving area is about the same size as the output end, the divergence of light 
during transmission makes the collected energy at the receiving side very limited. Inserting a micro-lens in the optical 
path helps in reducing the divergence angle of output light from the 45 degree mirrors so that more signal can be 
collected. Conventionally, the micro-lenses have been fabricated based on photoresist melt-and-reflow technique [27, 
31]. In this work, the micro-lenses are directly ink-jet printed over the 45 degree mirrors, similar to the method reported 
in [32]. In our experiment, we use diluted glycerol (glycerol:BPS=3:7 by volume) to form the micro-lens with index of 
1.46556 at 850 nm wavelength. The ink-jet printer used in this work is a Fujifilm Dimatix Materials Printer (DMP-2800) 
which utilizes a piezoelectric printing cartridge (DMC-11610) to dispense a nominal volume of 10pL each cycle for one 
nozzle. By specifying the desired printing position, the micro-lens can be placed above the targeted 45 mirror coupler 
with good accuracy. Figure 3(a) and Figure 3(b) show the top view of the mirror before and after inkjet-printing the 
micro-lens. A contact angle goniometer is used to take the profile of the droplet, as shown in Figure 3(c). 

50 μm50 μm 50µm

(c) side view
Lens profile

(a) top view 45o mirror before 
printing the lens

(b) top view

45o mirror after printing 
the lens (d=70µm)

50 μm channel waveguide

 
Figure 3(a) top view of embedded mirror before printing micro-lens (b) top view of embedded mirror after 

printing micro-lens with d=70µm. (c) the lens profile taken by contact angle goniometer. 
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The lens profile, which determines the focal length, can be adjusted by varying the viscosity of the printed material or 
surface properties of the substrate. Also, UV curable material can be adopted and cured to permanently fix the shape of 
the micro-lens [32]. Different focal lengths have been reported, for example, 48 µm [33], 55-153 µm [34], a few hundred 
microns [16, 35-37], or in millimeter range [5], with different materials and lens profiles. Currently, the printed droplets 
in this work are 70µm in diameter with 100-150 µm focal lengths estimated using the relations in [38]. The focal length 
can be controlled by the combination of surface properties, material viscosity and ink volumes. We are still investigating 
the effects of refractive index, size, curvature and contact angle of the inkjet-printed lenses. By fine tuning the lens 
profile, optimized focal length can be achieved to make sure that the light collected at the receiving end is maximized.  

3. OPTICAL LOSS EVALUATION 

3.1 Testing setup 

Schematics of the board-to-board interconnect setups using the 45 degree mirrors are shown in Figure 4. In the first 
experimental setup, shown in Figure 4(a), a VCSEL (850 nm) is coupled to a 4.5 cm polymer intra-board channel 
waveguide through a 45 degree mirror. Another 45 degree mirror is used to couple light out of the waveguide. A PD 
placed on a separate board converts the optical signal into an electrical signal. In the second experiment setup, shown in 
Figure 4(b), two identical waveguides (each 4.5 cm long) on separate boards with adjustable separation d are used to 
couple light from a VCSEL on one board to a PD on the other board through using four 45 degree mirrors. We also 
compare cases with and without micro-lenses.   
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Figure 4 Board-to-board experimental setup showing, (a) one waveguide with two 45 degree mirrors, (b) two 
waveguides with four 45 degree mirrors. Visible spots show the output after 2 mirrors and 4 mirrors. They are 

used for pre-alignment of two boards (632 nm visible laser as input, only for pre-alignment) 

3.2 Optical loss evaluation 

Figure 5 shows the variation of the measured optical power from the PD for 850nm wavelength as a function of the 
separation between the boards. The total optical loss is composed of the free space propagation loss and the insertion 
loss, which is determined by the coupling method and the propagation loss of the polymer waveguide. It can be seen 
from Figure 5(a), for d=0 (where the free space propagation loss is zero), that the measured insertion loss (without a 
micro-lens) is 4.586 dB. We have measured the propagation loss and scattering loss for the WIR polymer waveguides 
fabricated using molding method, and the loss was found to be 0.18dB/cm[29]. Therefore, each 45 mirror coupler 
contributes 1.888 dB loss to the optical path total loss, which corresponds to 64.86% coupling efficiency. Due to the 
divergence of the light coupled out of the waveguide by the 45 degree mirror, the total optical loss increases with 
increasing d. The divergence angle of the out-coupled beam can be reduced when a micro-lens is inserted in the optical 
path. Figure 5 shows 1.5 dB improvement at shorter separation (1-2 mm) and 3.7 dB improvement at larger separation 
(4 mm).  

Furthermore, the free space coupling loss due to the beam divergence can also be extracted from the total insertion loss, 
as shown in Figure 5(b). For comparison, the loss versus distance result from a previous report that utilized relatively 
larger lenses (240 um in diameter) mounted on both the output and input ends [5] is also plotted. The minimum loss on 
the results from [5] occurs at a free space propagation distance corresponding to the confocal length of the two lens 
system. 

For the second experiment, the total insertion loss in 12 dB at d=1 mm. The difference between the total insertion loss 
values from the two experiments remains about 4.4~4.8 dB (average=4.528 dB) regardless of d as long as it is within 
3mm. By subtracting the propagation loss (0.18 dB/cm) from all the waveguides in the second experiment, we estimate 
the coupling efficiency of each of the extra 45 degree mirrors in the second experiment to be 65.22%, which is very 
similar to the mirror coupling efficiency of the 1st board. Since the two channels are molded with the same nickel hard 
mold, it further confirms the process stability for such molding fabrication process.  
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Figure 5(a) Total insertion loss with the separation between two boards, when 2 mirrors, 2 mirrors w/lens and 4 

mirrors are included. (b) transmission loss in free space when using 45 degree coupler with/without lens and 
proximity coupler with lens from [5] 

4. HIGH SPEED DATA COMMUNICATION 

We also conducted high-speed test on the samples using the setup shown in Figure 4(a). Light from VCSEL is directly 
modulated at RF frequencies ranging from 1GHz to10GHz with random signal level of ±0.3V using Agilent ParBERT 
81250 system. The separation between the input and the output boards is varied as before. The Q factors measured at 
d=0, d=1 mm and d=2 mm, with and without the inkjet-printed micro-lens, as shown in Figure 6(a). The corresponding 
Bit Error Rate (BER) data is shown in Figure 6(b). The Q factor decreased quickly for d=2 mm, indicating a high loss 
and large divergence of the beam in free space. In modern optical networks, data communication with a BER<10-9 is 
considered “error-free” [39, 40]. Without a micro-lens, at d=2 mm separation case, only data rate below 3 Gbps can be 
transmitted error-free. On the other hand, micro-lenses increase the error-free data transmission to 7 Gbps. It should be 
noted that using precisely positioned external lenses [26, 27] can help realize large separation coupling. However the 
results from Figure 6 show the integrated ink-jet printed micro-lens can be used as part of the proximity coupler for 
efficient transmission over short distances (<3mm).  
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Figure 6 (a) Q factors with different data rate, at different separations. Two mirror couplers are included in optical 
path. (b) Bit Error Rate distribution (BER) with data rate at different separations with/without inkjet-printed lens. 

5. CONCLUSIONS 

We presented board-to-board optical interconnects using 45 degree mirror couplers and inkjet-printed micro-lens. The 
molding method using a low-cost electroplating technique was described and applied for optical layer fabrication. 
Micro-lenses (70 µm in diameter) were fabricated using an inkjet-printer. Each 45 degree mirror was shown to 
contribute about 1.88 dB loss (65% in coupling efficiency) to the total optical loss. The molded intra-board polymer 
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waveguides gave 0.18 dB/cm loss. When propagating in free space without a lens, 2 mm separation resulted 9.9 dB loss, 
which was reduced to 7.5 dB when a micro-lens was inserted in the path using inkjet printing. At this separation, the 
maximum error free data rate (BER<10-9) was measured to be 3.5Gbps and 7.5Gbps, with and without the micro-lens, 
respectively. At 10Gbps with micro-lens presented, 1mm and 2mm separation yielded BERs of 6.2×10-13 and 3.9×10-7, 
respectively. We expect that reducing the surface roughness and angle variation of the 45 degree mirror will further 
improve the coupling efficiency. Also printing micro-lenses on both the input 45 degree mirror and the PD or the 
receiving 45 degree mirror in a confocal setup will significantly reduce the free-space propagation loss. Furthermore, the 
profile control of ink-jet printed micro-lens needs to be optimized in order to further increase the coupling efficiency. To 
achieve an optimized lens profile, lens material properties and substrate surface energy should be carefully studied. To 
the best of our knowledge, this is the first report of free-space coupling between waveguides on separate boards.  
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