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Abstract: We introduce here a simple method of integrating 45° total
internal reflection micro-mirrors with polymer optical waveguides by an
improved tilted beam photolithography on printed circuit boards to provide
surface normal light coupling between waveguides and optoelectronic
devices for optical interconnects. De-ionized water is used to couple
ultraviolet beam through the waveguide core polymer layer at 45° angle
during the photo exposure process. This technique is compatible with PCB
manufacturing facility and suitable to large panel board-level
manufacturing. The mirror slope is controlled accurately (within ± 1°) with
high repeatability. The insertion loss of an uncoated micro-mirror is
measured to be 1.6 dB.
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1. Introduction
The ever-increasing need for higher bandwidth and density is one of the motivations for
extensive research on planar optoelectronic structures on printed circuit boards (PCBs)
substrate [1]. Among many applications, optical interconnects [2] have gotten considerable
attention in the last decade. In all planar optoelectronic systems, optical waveguides are
crucial elements that facilitate signal routing. As an example, integration of optical
waveguides and polymer passive devices on high density PCB substrate is a major area of
research in optoelectronics. Low propagation loss, high optical quality, and manufacturability
are among the requirements of polymer optical waveguides and polymer passive devices on
PCB substrates for practical applications. In three-dimensional fully embedded board-level
optical interconnects, another key challenge is to realize efficient optical coupling between inplane waveguides and laser/detector devices. 45° total internal reflection (TIR) micro-mirrors
and grating devices [3] integrated on waveguides have been studied as surface normal
couplers. 45° TIR mirror couplers are more widely employed as waveguide couplers
compared with the grating couplers, because they are coupling-efficient, easy to fabricate, and
relatively insensitive to wavelength variations.
Various techniques can be used to construct such 45° TIR micro-mirrors, such as laser
ablation [4–6], grayscale lithography [7], hard molding [8], soft molding [9], reactive ion
etching (RIE) [10], micro-dicing [11], the X-ray lithography technique [12], deep proton
writing [13]. Among these technologies, Photolithography is commonly used in printed
circuits, semiconductor fabrication, MEMs, bio samples and optical polymer devices, because
it has excellent ability to define smooth and high definition microstructures. Devices with
precise structure profile and optical smooth surface required for optical application can be
achieved by photolithography technology. Photolithography is the least disruptive technology
to implement optical interconnects on PCBs, because it is easy, cost-effective, and compatible
with present-day printed circuit board processing. Other techniques might yield better quality
micro-mirrors, but may be more “exotic” and therefore less compatible with high-volume and
large-scale PCBs production.
2. Discussion on tilted beam lithography
In most cases, the device structures are defined by utilizing ultraviolet (UV) beam normally
incident into the polymer so that the structures have vertical side walls. The titled beam
lithography can make tapered structure when UV beam is traveling inside the polymer
material at an inclined angle. It can be used to make polymer waveguides with tapered micromirrors integrated at the ends. The principle of titled beam photolithography is shown in Fig.
1. Two different types of tapered micro-mirrors (with positive slope and with the negative
slope) will be defined at the different ends of the optical polymer waveguide core layer in one
photo exposure step.
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Fig. 1. Schematic of titled beam photolithography. (α and θ being the incident angles in air and
in the polymer respectively)

In most cases of the photolithography, the UV beam is incident from air to the polymer.
The UV beam propagation at the interface between air and polymer obeys the Snell Law:

n1 sin α = n2 sin θ

(1)

with n1 and n2 being the refractive index of air (media 1) and the optical polymer (media 2)
respectively, and α and θ being the incident angles in media 1 and media 2 respectively.
The refractive index n2 of most photo polymers at the wavelength of the UV exposure
beam (i.e., 365nm, i-line of the mercury lamp), is above 1.5, depending on the type of
polymer material chosen. Taken the refractive index of photo polymer as 1.5, according to the
Snell’s Law the maximum slope angle θ that can be formed in photo polymer by using the
tilted photolithography is 41.8°, which is smaller than 45°. And to achieve this maximum
angle, the UV exposure beam has to be tilted at the angle α close to 90° in the air, which
suffers from the huge reflection loss on the air-polymer interface. Thus it is impossible to
fabricate micro-mirrors with 45° by simply tilting the UV exposure beam. A polymer optical
waveguide channel with a 31.5° negative tapered mirror facet integrated at the end is
demonstrated on a silicon substrate by simply tilting the UV exposure beam at 52.7° in the air,
as shown in Fig. 2. A waveguide (50 µm in height and 200 µm in width) is carefully cleaved
along the waveguide propagation direction to show the mirror facet in details at the
waveguide end. The imperfections (as circled in Fig. 2) near the mirror facet and inside the
waveguide are introduced by the cleaving damage. A pair of optical polymers with low optical
loss, LighLinkTM, provided by Rohm & Haas Electronic Materials is used to fabricate optical
waveguides and micro-mirrors. The LightLinkTM is a negative acting photoimaging polymeric
system that is based on an inorganic-organic hybrid platform [14]. It consists of two parts with
refractive indices of 1.5196 and 1.4908 for the waveguide core layer and cladding layer.
In order to have the UV exposure beam traveling inside the polymer waveguide core layer
at an angle greater than 41°, i.e., with 45°, a prism can be used on top of the polymer core
layer to couple light [15]. However, there are some practical issues in using prism for the
micro-mirror integration on polymer waveguides on PCB substrates. Firstly, the desired
waveguide circuit length can usually reach more than 10cm. Thus multiple prisms have to be
placed at the different mirror locations on the waveguide core layer. Furthermore, the edge of
the prism will cause the UV beam distortion during the exposure. At last, because the
substrate or optical board is not ideally smooth and flat, there will be air gaps at the interface
between the prism and the photo mask, as well as the interface between the polymer core layer
and photo mask. Usually these air gaps have to be filled with index matching glue during the
UV exposure process and then be cleaned out thereafter. In order to reduce the mismatch of
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the, glycerol was employed to achieve compensation for the refraction effect. Another
solution of reducing the mismatch of the refractive index between air and photo resist was
reported in 3D inclined polymer microstructures fabrications, as Glycerol was employed as an
index matching material between the photo mask and photo resist Su-8 during tilted beam
exposure to compensate the refractive index difference, thus extended the possible inclined
angles in the resist [16].

Fig. 2. Microscope image of a cleaved 50 µm thick polymeric waveguide core layer with a
31.5° negative tapered mirror integrated at the end on silicon substrate by using the air-polymer
tilted beam (52.7°) contact photolithography.

3. Design of improved tilted beam lithography

Here we introduce a simple method to fabricate the polymer optical waveguides with
precisely integrated 45° TIR micro-mirrors at waveguide ends on PCB substrate with an
improved titled-beam photolithography method, and the preliminary results were reported by
us in conference [17]. The key task here is to find an alternative solution of the prism coupler
during the UV exposure. This solution should be cost-efficient, convenient, compatible to
PCB manufacturing technology, and practical to large area processing on large size panel
board-level optical polymer waveguide circuits. We notice the refractive index of de-ionized
(D.I.) water at the wavelength of 365 nm (i-line of mercury lamp) is 1.35. With some
straightforward setup, it can be used to replace the prism to match the refractive index
difference between optical polymer and air during UV exposure. At the interface of polymer
and water, in order to have the UV beam to propagate inside the waveguide core polymer
layer at 45° angle, the beam incident angle in D.I. water should be close to 52.7°, which is
practical.
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Fig. 3. Schematic of improved UV photolithography on PCB substrate. (α and θ being the
incident angles in water and polymer respectively)

Figure 3. shows the schematic of the improved tilted beam photolithography. In this
improved system, the whole PCB substrate along with polymer waveguide core layer and
photo mask aligned above is titled at 52.7° and immersed in a tank filled with D.I. water. The
UV exposure beam is normal to the water surface in the water tank so that the reflection of
UV exposure beam at the air-water surface is negligible. Because the PCB substrate is tilted,
UV beam at different location of polymer core layer has different propagation length in water,
thus the absorption loss of D.I. water is different. Fortunately, the absorption coefficient of
D.I. water at 365nm is very low and the absorption loss of 10 cm water is less than 0.1%.
Thus the different propagation path in water will not affect the UV exposure process. This
method allows fabricating the 45° micro-mirrors for large panel manufacturing for the
optoelectronics industry with almost no extra cost. Thus a tank of D.I. water provides a costeffective solution to match the refractive index difference between air and polymer material.
By this method, the tapered angle can reach up to 60° for most photo resist material, and
people in MEMS may find application in fabrication of large slope structures, i.e., V-groove
holders.
4. Fabrication and measurements

In this study, a 10cm × 10cm FR4 substrate is employed to build planar optical waveguide
circuits. A pair of optical polymers, LighLinkTM, is used. The sequential fabrication steps of
the integration of 45° tapered TIR micro-mirrors at the ends of waveguides are as follows: 1)
spin-coat the bottom cladding layer on the FR4 board and cure it, 2) coat the core layer and
soft-bake it, 3) immerse the FR4 board at a tilted angle in the D.I. water tank, and expose the
core layer to an appropriate dose of UV radiation through a mask, as illustrated in Fig. 3,
Special attention is needed to remove any air bubbles between the interface of photo mask and
photo resist. Any air bubbles will block UV beam from propagation during the exposure, thus
there will be no patterns defined inside the resist under the air bubbles. Additionally, the photo
mask should be aligned with the photo resist inside the water tank to avoid any air bubbles
between the photo mask and photo resist, and the air bubbles can be easily removed by a soft
tissue inside the water tank. 4) develop the pattern using a wet process. The developer used
for patterning of LightLinkTM is an aqueous solution (2% Alkaline). Developments are carried
out at room temperature for about 3 minutes. Unexposed areas are dissolved and washed away
and the exposed areas remain. In this process, the 45° TIR micro-mirrors are defined
simultaneously with the waveguide core at the end of the waveguides.
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Figure 4 shows the microscope images of a 50µm × 50µm polymer waveguide integrated
with 45° positive or negative tapered mirror facets on FR4 substrate. It is critical to maintain
an accurate 45° tapered mirror angle for the optimum light coupling between waveguides and
out of plane optoelectronic devices. The tapered angle of the micro-mirrors is measured by the
contact surface profiler (DekTek 303). The surface profile measurement of the positive
tapered mirror (as shown in Fig. 4(a)) confirms an exact 45° mirror angle, as shown in Fig. 5,
compared with the fact that the mirror sample fabricated under the same condition can only
achieve 31.5° (as shown in Fig. 2). The surface profile measurement of the micro-mirrors on
different waveguide channels, as well as on different FR4 substrates, demonstrates an angle
accuracy of ± 1° and a high repeatability.

Fig. 4. Microscope images of a 50µm × 50µm polymer waveguide with a 45° (a) positive and
(b) negative tapered mirror facet at the end on FR4 substrate.
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Fig. 5. Surface profile of the positive tapered mirror (as in
measured by the contact surface profiler (DekTek 303).

Fig. 4(a)) at the waveguide end

Fig. 6. SEM images showing the top views of (a) positive tapered and (b) negative tapered 45°
micro-mirrors at the ends of 50 × 50µm multimode waveguides on PCB substrate.

Scanning electron microscope (SEM) images confirm the smooth surface of the tapered
mirror that is essential for a low scattering loss, as shown in Fig. 6. Clear and smooth
rectilinear mirror planes are achieved for both positive and negative tapered mirrors. The
surface root-mean-square (rms) roughness of the positive tapered 45° mirror facet is measured
by atomic force microscope (AFM). The average surface roughness measured for different
positive tapered mirror samples is 40 nm rms with small variation, as measured over an area
of 10µm × 10µm. A similar surface roughness is expected on the negative tapered mirror
facets. This small surface roughness guarantees that the tapered facets can be used as high
quality 45° TIR mirrors.
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Optical waveguides fabricated on FR4 substrates in this study have very low propagation
loss at the wavelength range of 850-1000 nm, which is rather tedious to measure by using the
conventional destructive cutback method due to the difficulty to cleave the FR4 board. We
have developed a reliable, non-destructive, and real time technique for characterization of
propagation properties of planar optical waveguides based on accurate imaging the scattered
light from the waveguide using a sensitive CCD camera with built-in integration functionality
[18]. Using this characterization tool, the optical waveguides show loss coefficients of
0.085 dB cm at λ = 850nm with great accuracy.
To characterize the surface normal coupling efficiency of the integrated micro-mirrors, the
negative tapered facet (as shown in Fig. 4(b)) is tested. The probe laser beam is coupled into
the waveguide through a 9µm single mode fiber from air. The numerical aperture is 0.29 for
the waveguide and 0.14 for the single mode fiber. Then the coupled beam propagating inside
the waveguides is reflected out of the waveguide circuit plane by the micro-mirror at the end.
And the reflected light is collected by a 62.5 µm multimode fiber (with an NA of 0.275) above
the negative tapered 45 degree TIR mirror. By comparing the insertion loss measurement
from the waveguides of the same length with and without the micro-mirror, the excess loss of
the mirror is obtained as 1.6 dB, corresponding to a coupling efficiency of 69%. We have
tested 3 FR4 substrates with 5 micro-mirrors on each substrate, and less than 10% variation of
the mirror insertion loss was observed in all measurements. The performance of the airpolymer interface based TIR 45 degree micro-mirrors can be further improved by metal
coating on the surface, which is under further study.
5. Conclusion

In summary, we introduce here a simple method to fabricate polymer optical waveguides with
integrated 45° TIR micro-mirrors on printed circuit boards by improved tilted beam contact
photolithography for fully embedded optical interconnects. The 45° TIR coupling mirrors are
shaped at the ends of the waveguides in one exposure step to provide surface normal light
coupling between waveguides and optoelectronic devices by using the low cost PCB facility
in a class-1000 substrate laboratory. The optical polymer waveguides on PCB substrate show
propagation loss of 0.085 dB cm at λ = 850nm . The slope of the 45° TIR mirrors can be
accurately controlled within ± 1° and has a high reproducibility. The average insertion loss of
the 45° TIR uncoated mirrors is around 1.6 dB with less than 10% variation. Given the length
of such a waveguide channel integrated with 45° mirrors to be 10cm, the total power penalty
required will be less than 2.4 dB, which is practical in the real optoelectronic system. This
technique is compatible with PCB manufacturing technology, and offers a low-cost solution to
large panel board-level manufacturing for optical interconnects. Metal coating of the mirror
surface to improve the reflection and polarization-independent performance is under further
study.
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