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ABSTRACT   

In this paper, we presented fabrication of nickel based metal mold with 45º tilted surfaces on both ends of the channel 
waveguide through electroplating process. To obtain a precise 45º tilted angle, a 50µm thick SU-8 layer was UV 
exposed under de-ionized water, with repeatable error control of 0.5º. The polymeric waveguide array with 45º micro-
mirrors, which is formed by a UV imprinting method with the fabricated metallic mold, shows total insertion losses 
around 4dB, propagation loss around 0.18dB/cm and 75% coupling efficiency.  
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1. INTRODUCTION  
In the past many years, optical interconnects were extensively investigated to provide high-density and high speed data 
transmission [1-10]. Traditional electrical circuits have the disadvantage of bandwidth limitations, electromagnetic 
interference, and skin effect [2]. Polymer based fully embedded board level optical interconnect attracts more and more 
attention because of its low transmission loss, compatibility with printed circuits board (PCB) and high speed data 
transmission [3]. In the board level optical interconnect, 45º total internal reflection (TIR) micro-mirrors play a 
significant role in vertical-horizontal optical coupling [4-10]. Many techniques can be used to fabricate the 45º micro-
mirrors, such as polishing and soft molding [4,5], sawing [6,7], direct cutting [8], tilted exposure [9], and ultra-precision 
machining (UPM) method [10]. The cutting or sawing method fabricated 45º surfaces separately, which has a 
disadvantage of low repeatability. In the paper of Wang et al [9], they also used the tilted exposure under D.I. water to 
fabricate the waveguide devices with 45º angle structures using the LightLinkTM photopolymer. They used the 
air/polymer interface instead of metals as the coupling mirror, which has low coupling efficiency. UPM method used a 
very expensive ultra-precision machining system to form the metal hard mold, which is not suitable for every user from 
the cost point of view. In this letter, we presented a very economic method with combination of tilted exposure and 
metal electroplating process, to achieve the metallic optical waveguide hard mold and the 45º total internal reflection 
(TIR) micro-mirror surfaces simultaneously. Once a high quality metallic mold was successfully fabricated, it can be 
used in the waveguide fabrication for many times, which can reduce the cost of each device further more and also 
guarantee the quality of the embedded 45º Au-coated mirrors. 

In the process of optical waveguide metal mold fabrication, the waveguide pre-mold(50um×50um cross section) with 
reverse 45º surfaces on both ends was first prepared using SU-8 (from MicroChem) through tilted exposure under D.I. 
water. SU-8 layer acted as a scarified layer which was removed after electroplating process. After achieving the 
waveguide pre-mold, metal Ni was electroplated into SU-8 defined waveguide trenches. As the electroplating process 
was finished, SU-8 was removed completely using remover PG (from MicroChem). In this way the metal mold with 45º 
surfaces on both ends was successfully fabricated. Polymeric optical waveguide array with fully embedded 45º total 
internal reflection (TIR) micro-mirrorswas formed by UV imprinting technique using the fabricated hard mold. The 
metal Ni mold fabrication and polymeric waveguide imprint process is schematically shown in Fig.1(a) and (b), 
respectively.  
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Fig.1. Schematic view of whole process of (a) Ni mold fabrication and (b) polymeric waveguide imprint  
 

2. PREPARATION OF SU-8 PRE-MOLD WITH 45º SURFACES 
In order to fabricate Ni metal mold through electroplating method, we first prepared the pre-mold for the waveguide, 
which defines the shape and structure of the waveguide metal mold. A negative photoresist SU-8 2025 was used for the 
pre-mold, which was spin-coated with a thickness of 50um. The refractive index of SU-8 is about 1.62 at 365nm. If 
directly exposed in air, the maximum refraction angle within SU-8 is only 34.2º. This process is simply governed by 

Snell’s law: 8sin( ) sin( )medium i SU rn nθ θ−× = × , iθ and rθ are the incident and refractive angles in the medium and SU-8, 
respectively. To achieve 45º refractive angle in SU-8, de-ionized(D.I.) water (refractive index of 1.34 at 365nm) was 
selected as the input media. The tilted exposure setup is shown in Fig. 2. When the UV light (mercury lamp) is vertically 
shined onto the D.I. water, the tilted angle for the substrate in water is 58.7º to make 45º refraction angle within SU-8.  
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Fig. 2. Schematic view of the tilted exposure on SU-8 in DI-water (θi andθr are the incident and refractive angles, respectively.) 

 
There are a few steps in SU-8 pre-mold preparation process, as shown in Fig. 3: (1)evaporate-coating 10nm/100nm of 
Ti/Au electroplating seed layer on the substrate using e-beam evaporator. (2) Spin-coating a thin layer of Omnicoat and 
50um thick of SU-8 2025, prebake on a hotplate at 65ºC for 2-3min then ramp to 95ºC, stay at 95ºC for 6min, then 
cooling down to room temperature. Omnicoat was used in order to remove cross-linked SU-8 in remover PG completely 
after electroplating. (3)Using the waveguide mask(50um in width, 250um in period, 65mm in length) to do the vertical 
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exposure. A UV filter was used to cut off the light below 350nm. (4) Using a small window mask, to do the 1st and 2nd 
tilted exposure under D.I. water. A metal stage with 58.7º angle was used to hold the sample and the photomask. These 
two exposures were identical except that the small window was moved from one end of the waveguide patterns to the 
other end. During the exposure process, the air bubbles need to be removed completely to avoid the unexpected 
diffractions. So index match material, such as silicone oil, was used between the photomask and the SU-8 film. (5) Post-
exposure-bake(PEB) was carried out ramping from 50ºC to 95ºC, staying at 95ºC for 6min, then cooling down to room 
temperature on hotplate itself. At last the sample was developed. Before doing Ni electroplating, SU-8 residues inside 
the waveguide trenches were removed completely by O2 plasma.  
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Fig. 3. Schematic process of SU-8 pre-mold with 45º surfaces fabrication 
 

Fig. 4 shows the top view optical pictures of SU-8 pre-mold waveguide trenches in (a) small and (b) large magnification. 
The black squares at the end of waveguide array are corresponding to the reverse 45º surfaces. They are shown black 
because the light was not reflected back into the microscope but to waveguide trench direction.  

 

  
Fig. 4. Top view of SU-8 pre-mold in (a) small magnification and (b) large magnification 

 
In order to inspect the quality of the waveguide and 45º surfaces on both ends of the waveguide trenches, the fabricated 
SU-8 pre-mold samples were cleaved in the perpendicular and parallel direction of the waveguide trench, respectively. 
The cleaved samples were sputtered with Au and viewed under Scanning Electron Microscope (SEM). Fig. 5 shows the 
typical SEM pictures of SU-8 pre-mold. Fig 5(a) shows the cross section view in perpendicular direction of the 
waveguide trench. The inset of Fig. 5(a) shows a perfect vertical shape of the waveguide trench. Fig 5(b) shows the cross 
section view in parallel direction of the waveguide trench. The cleaving line must be exactly in the middle of the trench 
in order to view the 45º surfaces directly, as shown in Fig.5(b). The 45º surfaces angle was measured (inset of Fig.5(b)) 
to be 45.5º, only 1% deviating from the designed value. It also confirms our theoretical calculation on the tilted exposure 
in water. 
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Fig. 5. SEM pictures of SU-8 pre-mold cross section with 45º surfaces at the end of the waveguide in the direction (a) 
perpendicular and (b) parallel to the waveguide trench. 
  

3. ELECTROPLATING NI METAL HARD MOLD 
After successfully achieving SU-8 pre-mold with reverse 45º surfaces on both ends, metal Ni was electroplated into the 
waveguide trenches. The Ni electroplating kit was purchased from Caswell Inc. In order to achieve a strong adhesion 
between the Ni mold and the seed layer, very small plating current density (1-2mA/cm2) was first used at the start, then 
large current density (10mA/cm2). At the end of plating process, small current density (1-2mA/cm2) was used again to 
achieve a good terminating surface. Plating speed is around 120nm/min at 10mA/cm2. To achieve 50um of thickness, 
the typical plating time is around 6-7hrs. After finishing Ni plating process, SU-8 pre-mold was removed from the 
substrate with Remover PG and its residues were removed by O2 plasma. 

Fig. 6 shows the SEM pictures of plated waveguide metal Ni hard mold on Si substrate. Fig 6(a) gives a top view of the 
Ni hard mold with 12 channels. The width of the waveguide was measured to be 49.1um. To measure the actual slant 
angle of 45º surfaces at the mold waveguide ends, the sample was cleaved between two mold waveguide lines. Fig. 6(b) 
gives a side view of waveguide mold. We measured actual slant angle of 45º surfaces to be 44.5º (Fig. 6(c)), which is 
highly consistent with SU-8 pre-mold reverse angle measurement. Fig. 6(d) gives the surface profile image of the 
waveguide metal mold, which was scanned at the center area by Dektak 150 Surface Profiler. The heights of 12 channels 
are around 50um with very good uniformity. The height at the end of waveguide is a little larger than that in the middle 
because in the electroplating process the electric field is stronger at the end than that in the middle. More Ni ions are 
attracted and Ni grows faster at the ends region. This small difference was proved to have no negative effect on the 
devices performance. 
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Fig. 6. (a) Top view SEM picture of the Ni hard mold with 12 channels on Si substrate. (b) Side view SEM picture of Ni hard 
mold on Si substrate. (c) Large magnification of the side view of 45 surfaces. The angle shown is 44.5º. (d) Surface profile 
image of the waveguide metal mold. 
 

4. POLYMERIC WAVEGUIDE DEVICE FABRICATION 
Using the electroplated Ni waveguide hard mold, we successfully fabricated the waveguide devices by UV imprint 
technique. UV curable polymers are WIR30 series (from ChemOptics), WIR30-450(index at 850nm: 1.45) for the 
bottom cladding and top cladding, WIR30-470(index at 850nm: 1.47) for the waveguide core. TEONEX thin film (from 
Dupont Teijin Films Inc.) with thickness of 200um was used as the TOPAS substrate.  
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Fig. 7 Schematic of waveguide device fabrication using UV imprint technique 
 

The process for UV imprint is shown in Fig. 7: (1) Spin-coating and bake ZAP-1020 as the adhesion promoter onto the 
TOPAS film substrate. (2) Spin-coating WIR30-450 for bottom cladding, UV cureed in N2. (3) Spin-coating AZ5209 on 
Ni hard mold as the release layer. (4)Dispense a small amount of WIR30-450 on Ni mold, and then put the film on top 
with pressure to remove the air bubbles. Then UV cure it to make the core trenches. (5)Peel off the film substrate from 
Ni waveguide mold in acetone. The SEM pictures of the imprinted waveguide trenches on soft film substrate are shown 
in Fig. 8. (6) Evaporate-coating 200nm Au at the 45º surfaces on the waveguide trench ends.(7) Filling WIR30-470 core 
materials and UV cure in N2.(8) Spin-coating WIR30-450 as top cladding, and UV cure it. Hence, the polymeric 
waveguide with fully embedded 45º total internal reflection (TIR) micromirrors was successfully fabricated. 

(c) (d) 
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Fig..8 SEM image of the imprinted device before core material filling (inset is in larger magnification) 

5. OPTICAL TEST ON THE DEVICE 
To observe the output pattern of the imprinted waveguide, a 635nm laser source was connected to a 9/125um SMF. The 
other end of the fiber was fixed above 45º micro-mirror region of the waveguide device. A CCD camera was connected 
through the microscope to export the output patterns onto the monitor. The input laser beam was shifted from 1st 
channel to the 12th channel in order to capture all the 12 output beam spots, which is shown in Fig. 9(a). Optical test 
based on the 850nm wavelength laser source was also carried out using a a 850nm VCSEL diode with a 9/125um SMF 
pigtail, which was surface normally coupled into the waveguide through the 45º micro-mirror. The output light intensity 
was measured by an 850nm photodetector which was fixed at the output end of the waveguide array. We measured the 
total insertion loss of each individual waveguide, calculated by the ratio of the total output power of each waveguide and 
the total input power of VCSEL diode at the SMF output end. The total insertion loss is around 4dB, with a deviation of 
3dB for all channels. The loss difference between the channels was estimated to be due to some random factors in the 
imprint process. The propagation loss of each channel was measured by conventional cutting back method and its 
average value is 0.18dB/cm. Assuming the input and output micro-mirrors have the same coupling efficiency, the 
coupling losses are calculated to be between 1.3dB and 2.0dB, which means the 45º TIR micro mirrors have a coupling 
efficiency of 75%.  
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Fig. 9. (a) Output image from screen (b) total insertion loss of the 12 channels 
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6. CONCLUSION 
In summary, we have successfully fabricated SU-8 pre-mold for waveguide array with reversed 45º surfaces on both 
ends by tilted exposure under D.I. water. Waveguide metal mold with 45º surfaces was achieved by electroplating Ni 
into the SU-8 pre-mold trenches. SU-8 layer was removed after electroplating process. The actual slant angle of the mold 
45º surfaces is 44.5º. After obtaining the metal hard mold, polymeric waveguide device based on WIR30 series of UV 
curable photopolymers was obtained by a UV imprint technique. The total insertion loss at 850nm of an individual 
polymeric waveguide was around 4dB and the average propagation loss is around 0.18dB/cm. The embedded 45º micro-
mirrors have a coupling efficiency of 75%. 
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