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 We proposed a fully embedded board-level optoelectronic interconnect 

structure utilizing polymer waveguides and 45-degree micro mirror light couplers. 

This structure is expected to provide high-speed, large bandwidth, low power 

dissipation, as well as compatibility to conventional PCB fabrication process, ease of 

optical alignment and packaging. High performance polymer waveguide with 45-

degree micro mirror coupler is one key component to enable all these advantages. The 

performance analyses indicate that the polymer waveguide can provide low loss link 

for optical data and high channel density can be achieved without inducing significant 

crosstalk. Waveguide intersections and bends can be employed in the waveguide 

circuitry design to improve the design flexibility and interconnection density. 45-
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degree mirror couplers can provide high input and output surface-normal coupling 

efficiency. The fully embedded system features high tolerance to the linear and 

angular misalignments due to the possible fabrication imperfection. Ultradel 9000 

series polyimides are used to form the waveguide and mirror couplers. Fabrication 

techniques are developed and discussed in detail. Waveguide array and mirror 

couplers with good quality have been fabricated and characterized.  

Preliminary integration of polymer waveguide array with MSM photodetector 

array through 45-degree micro mirror couplers is demonstrated and shows an 

aggregate bandwidth of 32GHz for a 1×12 channel array. Further integration is under 

development. An optoelectronic interconnect layer (OIL) will be developed and 

laminated with the other layers of PCB to improve system performance without 

inducing manufacturing difficulties.
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Chapter 1    Introduction 

Optical interconnections have been ubiquitous for a long time in long-distance 

communications. They have provided advantages over electrical methods in that they 

enable the digital optical signals to propagate inexpensively over a distance ranging 

from meters to thousands of kilometers at high data rates, with low degradation and 

attenuation. The emerging of WDM (Wavelength Division Multiplexing) technology 

makes even higher bandwidths feasible.  

The significant performance advantages of optical interconnect over long 

distances have sparked a natural interest in extending the optical techniques to shorter 

and shorter distances, say, down to the board level or even chip level. In fact, with the 

rapidly growing bandwidth demands in data communications, it is becoming a 

necessity to implement optoelectronic components in board-level interconnects as the 

all-electrical interconnection is incapable of keeping up with this trend. Specific 

analyses have been conducted to compare the performance of electrical and optical 

interconnections at these levels in terms of attenuation, speed, power consumption, 

fanout, interconnect density, bit rate capacity and other parameters [1-9]. Research 

shows that the conventional electrical interconnections are reaching their limits at 

these levels and optical technology may provide promising alternatives. Also, as a 

result of the advanced optoelectronic device technology, high-performance 
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optoelectronic components are available for the applications of optical 

interconnection. Board-level optical interconnects are being vigorously investigated 

and the architectures under research fall into two major categories: free-space 

approaches and guided-wave approaches. The guided-wave optical interconnects 

demonstrate better potential for system integration and manufacturing feasibility.  

1.1 Interconnect hierarchy 

 

Figure 1.1 The interconnection hierarchy [10] 

A definition of interconnection hierarchy is given in [10] as shown in Figure 

1.1. Along with Figure 1.2, which shows the transmission data rates as a function of 

the interconnection distance, we can see that optical technology is dominating at the 

communications over long distance greater than tens of meters, while the region under 

that distance is currently electrical domain. However, as the data rate increases to the 
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GBit/s and even higher levels, electrical interconnections will face the intrinsic limits 

and optical techniques will need to be implemented. Optics is expected to make a 

significant impact on the short distance interconnections, where the interconnection 

distances span from a few centimeters to meters. This hierarchy includes the chip-to 

chip, board-to-board, and backplane levels. At the board level, the interconnect 

distances range from a few millimeters to tens of centimeters; optical interconnections 

offer significant advantages such as large bandwidth, low noise and low cross-talk, 

low power dissipation and large fan-out capability, and have been an interesting topic 

of research [11]. 
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1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

Elect r ical Domain

Int rachip Int erchip
L ine length (cm)

Agg reg at e
Dat a rate

Ba ckp lan e Ma ch in e- t o -m ac hin e

Bo a rd le v e l In t er c o n n e c t s

Optical Domain

 

Figure 1.2 Data rates as a function of interconnection length 
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1.2 Optical interconnection at short distances 

1.2.1 Motivation: the limitations of all-electrical interconnects 

The problems with using conventional electrical wiring for sending signals over 

long distances are well known. At shorter distances, there are also many physical 

problems for electrical wires. As microelectronic technology continues to advance, the 

associated electrical interconnection technology is not likely to keep pace. The ability 

to reduce transistor feature sizes by scaling has enabled the fabrication of silicon 

microelectronic chips with extremely large numbers of transistors that can operate at 

clock frequencies approaching the GHz range. Consequently, the internal 

computational bandwidths continue to grow at a high rate. However, the 

communication bandwidths between chips and other components in a system will be 

severely limited by metallic interconnections. These limitations stem from physical 

constraints imposed by RC time constants, ohmic losses, and crosstalk between the 

conductors. The limitations can be summarized as: 

(a). Frequency-dependent loss due to the skin-effect and dielectric absorption. 

Attenuation due to the skin-effect increases in proportion to f above a certain 

critical frequency [3]. It levies a so-called “aspect ratio” limit on the bandwidth of an 

electrical interconnect [1], whose maximum total capacity Bmax is related to the overall 

cross-section A and the length L as: 

Bmax = B0A / L2 . 
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B0 is a constant of proportionality. The “aspect ratio” limit is part of the reason why 

fiber-optics has replaced coaxial cables in telecommunications. As the bandwidth 

requirement continues to increase and the wire continues to thin down as a result of 

system scaling down, this limit will also become important in the short-distance 

interconnects. As shown in [3] the attenuation of transmission line approaches 1dB/cm 

at 10GHz for particularly miniaturized structures. 

 Attenuation due to dielectric absorption increases in proportion to frequency, 

leading to an upper limit on operating speed that is inversely proportional to distance. 

For a 1Gbit/s interconnect, it would in itself limit the length to 1m for a stripline in a 

standard FR4 epoxy fiber-glass PCB interconnect and approximately 10m in a good 

low-loss material such as PTFE.  

 (b). Power consumption. An electrical interconnect dissipates higher power 

than its optical equivalent using highly integrated optoelectronic components.  One 

reason is because the parasitic capacitance of electrical interconnects can be of the 

order of 1pF compared to 100fF for a small optoelectronic device. The high power 

consumption of electrical interconnect is also due to the need of employing complex 

synchronization circuitry to compensate for the skew as a result of the long wire delay. 

The ohmic losses on the metal lines also increas with the shrinking down of the line 

cross section in attempt to obtain higher line density. 

 (c).Crosstalk. Electrical interconnects are susceptible to various forms of 

crosstalk. Crosstalk is induced by mutual inductance and capacitance between adjacent 

signal lines and the finite impedance of a common signal return in a connector or a 
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package pin. It limits minimum signal line separation by the so-called 3-w design rule 

[12].  

 Other problems of electrical interconnection includes electromagnetic 

compatibility and impedance discontinuities for transmission line created by package 

pins, vias, connectors and gaps in the signal return plane, which contribute to the total 

noise on the digital link. 

 As a result, the electrical interconnects are creating increasingly severe 

problems in state-of-the-art VLSI systems at short-distance levels, such as the chip 

level or board level.  

 

Figure1.3. Typical gate and interconnect delay related with feature size [13].  

At the chip level, the delays induced by the interconnect are becoming more 

and more significant with the shrinking down of the CMOS feature size. Figure 1.3 
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shows the gate delays and global wire delays related to the CMOS technology scaling 

[13]. When feature size is smaller than 0.5 µm, the delay time is dominated by 

interconnect wire delay, especially the global signal wires, like clock, power and 

ground signals.  

 The board level electrical interconnect has even more serious challenge 

compared to chip level interconnects due to the relatively long interconnect distances 

on board. Longer wires will dominate the delays and not only increase the latency but 

also make it extremely difficult to maintain signal integrity in the high-speed domain.   

1.2.2  Optical solutions for  short-distance interconnection 

 Optical interconnections stand out as an attractive alternative at the short 

distance levels to compensate for the bottleneck of their electrical counterpart. It is 

predicted in [7] that optics is promising to keep pace with the advances of VLSI chips 

and circumvent the scaling limit previously mentioned. Optical interconnection is 

capable of high frequency operation because the attenuation of an optical link is 

independent of modulation frequency. The use of optics can enable existing 

architectures to continue to scale to higher speeds and capacities because optics avoids 

problems associated with the "aspect ratio" limit of electrical wiring. Parallel optical 

data links have lower signal and clock skew than parallel electrical data links (8ps/m 

for typical fiber ribbon compared to 40-50ps/m for micro-coaxial cable). This can 

eliminate the need to resynchronize each channel independently in a medium-distance 

parallel optical interconnect and lead to an overall reduction in power consumption. 
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Optical signals do not produce and are immune from electromagnetic interference.  

The additional potential features of optics for interconnection at short distances 

addressed in [6] include (a) reduction of power and area consumed by interconnect 

drivers and pads on chip, (b) avoidance of frequency-dependent crosstalk, (c) 

avoidance of problems from pin inductance on chip signal and power lines, (d) 

avoidance of wave reflection phenomena on boards and backplanes (e) voltage 

isolation, (f) increased density of interconnections to chips, and (g) possibilities for 

highly-interconnected global topologies.  

In order for optics to successfully penetrate into the board level 

interconnection, the overall system must be low cost, reliable, and clearly outperform 

electrical interconnect based system. This requires  both integration and optoelectronic 

technologies that go well beyond what has been used for telecommunications, data 

links, networks, and existing multiple-fiber interconnect technologies. Specifically, 

techniques for the dense integration of optoelectronics with mainstream electronics 

have to be devised that allow both high density and high performance in terms of 

speed and power dissipation. Fortunately, the very act of good integration can 

substantially improve the performance of the system, in particular, by reducing the 

power dissipation of receiver circuits [7], which otherwise could be a substantial limit 

on integration density. 

The development of novel optoelectronic devices offer necessary components 

proper for the board-level optical interconnect. It is no longer necessary to restrict 

systems to use the relatively high power consumptions and sizes associated with, for 
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example, the lasers used for long-distance communications. The development of lasers 

with lower threshold currents, and the emergence of viable modulator technologies 

with no threshold behavior at all, has opened the way for serious dense integrations. 

GaAs/AlGaAs based 850nm VCSEL offers high performance, low cost, superior 

reliability, and has been a good candidate as the light source for optical integration 

applications since its first commercial launch in 1996 [14-16]. VCSELs can operate 

for light beams propagating perpendicular to the surface (so-called "surface-normal" 

operation), which allows both new possibilities for packaging one-dimensional arrays 

and the ability to make two-dimensional arrays. High-speed photodetector arrays are 

also available for optoelectronic integration [17].The development of material 

provides novel optical transmission media.  Along with the state-of-the-art 

semiconductor fabrication and PCB integration technologies, board-level optical 

interconnect has all the components and technologies ready.  

1.3 Board level optical interconnect approaches 

 Due to the necessity and feasibility discussed earlier, extensive research on 

board-level optoelectronic interconnect is being conducted and a number of 

architectures have been proposed. These architectures fall into two major categories 

based on the method for light propagation: free-space optical interconnections [18-21] 

and guided-wave optical interconnections [22-28].  

The free-space optical interconnect uses free space channel and diffractive 

optical elements to broadcast the signal.  The free space optical interconnects offers 
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high density, high speed and powerful fanout capability. It is also intrinsically low in 

optical loss.  The main challenges for implementing high-density, high-speed free 

space optical interconnects are the device packaging due to stringent alignment 

requirements and device reliability in a harsh environment. In addition, the lack of 

monolithically integration schemes will add extra cost to the overall system. 

In a guided-wave optical interconnection structure, optical fiber or waveguide 

is utilized to form the optical circuitry. This provides ease of packaging, flexibility of 

route design, and system reliability. The commercially available optical fiber for 

telecommunications provides a low-loss light propagation medium with good quality 

and reliability. However, in the case of board level interconnection, it involves 

accurate placing of the fiber onto the board and aligning with the other components. 

Also, planarized and compact structures are desirable for system integration. 

Waveguides will be a better approach over fiber for these concerns. Research in 

material science have generated materials suitable for optical waveguide applications. 

They are intended to provide low propagation loss and ease of fabrication and 

therefore drive down the manufacturing cost. As a result, optical waveguides with 

desirable properties for board-level interconnection are being developed and makes 

this structure very promising.  

We proposed the polymer waveguide based optical interconnect as the solution 

to the bottleneck of current board level electrical interconnect. Polymeric waveguide 

based devices are low cost and easy to transit to mass production. In order to be 

compatible with current standard PCB fabrication process, Ultradel polyimide was 
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used because of its high glass transition temperature and superior process flexibility. 

Multimode operation is chosen instead of single mode due to its tolerance of 

fabrication errors and ease of alignment and packaging. The dispersion induced by 

multimode operation is not a concern in this case due to the short interconnection 

length.  

1.4 Dissertation organization 

 The goal of my research is to develop a low cost polymeric waveguide based 

optoelectronic interconnect layer with emphasize on performance and packaging 

optimization.   

Chapter 2 is an extension of the discussion of advantages of polymeric 

waveguide-based optical interconnects in terms of interconnect density. Focuses are 

on the curvature waveguide and intersection issues as they are crucial to the realization 

of high-density waveguide circuitry with flexibility of design. In Chapter 3, the fully 

embedded optoelectronic interconnect architecture is presented and theoretical 

analyses of the performance including the waveguide, surface-normal coupler and the 

coupling issues are discussed.  Chapter 4 discusses the material and fabrication of the 

structure. Polymer chemistry is briefly reviewed and the fabrication of polyimide 

waveguide and the 45-degree micro mirror coupler is described in detail. Soft 

lithography will be employed as the method for waveguide and micro mirror 

duplication. A demonstration of optoelectronic integration of GaAs MSM 

photodetector array with polymer waveguide array through the fully embedded micro 
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mirrors is shown in Chapter 5. Also given are the fabrication, characterization and the 

measurement results of this integrated system. Some MSM photodetector array related 

information is also included in this chapter. Chapter 6 is focused on the demonstration 

of the entire optoelectronic integration including the VCSEL array and the insertion of 

this optoelectronic interconnection layer into the printed circuit board. The thin-film 

VCSEL array is introduced and the approaches for the PCB insertion are discussed. 

Some works in this chapter are still ongoing in collaboration with the PCB industry.  

Chapter 7 provides a summary and conclusion.  
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Chapter 2    Interconnectivity analysis 

Polymer waveguide based optoelectronic interconnection is selected for our 

system. Channel waveguides are expected to take the position of metallic wires in 

electrical interconnection due to their capability of “conducting” light and wire-like 

nature. However, the mechanism of waveguide conducting light is not the same as 

metallic wire conducting electrical signals. Therefore, the differences should be taken 

into consideration when designing the layout of the waveguide on board. For example, 

abrupt bending is common for metallic wires while not acceptable for optical 

waveguide. Instead, optical waveguide has to curve with a large enough radius of 

curvature so that it does not induce significant loss. On the other hand, intersection of 

two metallic wires causes serious problems but it is possible for optical waveguides as 

long as the intersecting angle is large enough. Other differences between electrical 

wires and optical waveguides involves the concerns of crosstalk due to the channel 

density and wire / waveguide profile design. All these factors mentioned here are 

crucial to determine one important performance parameter of the interconnection: the 

interconnectivity. Both theoretical analyses and experimental results indicate that 

polymeric channel waveguide circuitry has the potential for high-density optical 

interconnects. 
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2.1 Polymer based optical waveguide channel density 

Polymer-based channel waveguides are employed in this fully embedded 

optoelectronic interconnect structure to provide the integrated optical circuitry. In the 

simplest straight channel case, the channel density is determined by the waveguide 

size and separation, where the former is a result of refractive indices difference 

between the core and cladding, and the later is limited by the crosstalk between two 

adjacent channels. 

2.1.1 Background to polymer based optical waveguide 

Figure 2.1 Dielectric waveguide for integrated optical circuitry 

Channel waveguide consists of a dielectric rod with a rectangular cross section, 

surrounded by several dielectrics (which may be air) of smaller refractive indices. This 

dielectric waveguide may be capable of guiding beams in integrated optical circuits as 

waveguides and coaxials are used for microwave circuitry, as proposed by S. E. Miller 

[29], E. R. Schineller [30], and R. A. Kaplan[31] in the 1960’s.  It has the advantages 

of mechanical stability, routing flexibility, simplicity and precise construction and 

provides a promising method for optics integration. Figure 2.1 illustrates the general 
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configuration of a dielectric channel waveguide. The surrounded channel with the 

refractive index n1 greater than n2, n3, and n4, is called the core, or, the guiding 

channel. And the other areas with the lower refractive indices are called the claddings, 

or, index buffering layers. This whole structure is usually built on a substrate, such as 

silicon wafer, silica, glass or PC board.  

 In the structure shown in Figure 2.1, n2, n3, and n4 can be the same, which 

makes the structure a buried channel waveguide. n2 and/or n3 may be air. Depending 

on the geometric structure, refractive indices, and wavelength, certain modes can be 

supported and light can therefore propagate through the waveguide [32].  

In our application, multimode buried channel waveguide is used in the 

interconnection schematic, while waveguides with other structures, for example, 

raised strip and rib guide, are also formed for the purposes of measurement or 

characterization. Ultradel 9000 series polyimides are the materials we will use to form 

optical waveguide. as an example, The refractive indices of TE mode at 850nm 

wavelength are 1.5467 and 1.5311 for the core and cladding respectively. Waveguides 

with two sizes of cross sections are interesting for our research. One is the big core 

waveguide with a width of 50µm, which is the actual waveguide dimension for our 

system. The other one has a much smaller core width of 5µm. Waveguides with this 

small size will encounter light coupling and alignment difficulties. However, with the 

development of high efficient taper waveguide coupler available from the previous 

research on this project [33], it is feasible to couple light from large size waveguide 

 15



into the 5µm one with low coupling loss. Thus it becomes interesting to study channel 

waveguide with such small size to evaluate the interconnect density that can be 

obtained by optical interconnection structure.    

2.1.2 Channel separation 

Besides the waveguide size, another factor determining the interconnect 

density of parallel channel waveguides is the spacing between two channels. The 

major concern here is the crosstalk when two waveguides are placed closely. Coupled-

mode theory [34-36] has predicted that when the mode fields of two waveguides 

overlap, energy exchange will happen between these two channels; this results in loss 

in one channel and crosstalk in the other. Such light coupling between two waveguides 

is a function of the ∆n, which describes the light confinement of a waveguide, and the 

separation between waveguides. 

The small core waveguide case is simulated using Beam Propagation Method, 

or BPM [37,38], to obtain the loss/crosstalk as a function of the waveguides 

separation. The basic idea of BPM is to approximate the exact wave equation for 

monochromatic waves and solve the resulting equations numerically.  

The Helmholtz equation for monochromatic waves is 

0),,( 22 =+∇ φφ zyxk , 

where the scalar electric field has been written as , and 

is the spatially dependent wavenumber, with 

tjezyxtzyxE ωφ −= ),,(),,,(
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0
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0
=k . 

 16



 Then a slowly varying field u is introduced to factor this rapid phase variation 

out of the problem as 

zkjezyxuzyx ),,(),,( =φ , 

where k is a constant number to be chosen to represent the average phase variation. 

Substituting the above expression into the Helmholtz equation yields 
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which is the basic BPM 3D equation. 

 The simulation of two parallel waveguides with various separation has been 

conducted. Loss / crosstalk can be obtained through monitoring the field distribution 

while light propagating along the waveguide. The results indicate that at extremely 

small separation (< 3µm), severe mode-coupling happens and the mode could be 

entirely coupled into the adjacent channel and the coupling length is relatively short. 

However, when the separation becomes greater than 5µm, light coupling between two 

channels is no longer significant. The crosstalk in this case is as low as –26.6dB and 

loss due to the interchannel coupling 0.14dB. 
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2.1.3 Channel density  

Thus it is safe to separate two channel waveguide 5µm apart without inducing 

significant crosstalk or loss. This results in a channel density of 100 channels per mm. 

As a comparison, the design of metallic wires on PCB observes the 3-W rules to 

decide the separation between two traces to minimize the crosstalk-induced problems. 

The 3-W rule states that the distance separation between traces must be three times 

the width of the traces, measured from centerline to centerline. For example, if a clock 

line is 6mil (~15.24µm) in width, then the 3-W rule requires the edge-to-edge 

separation to be ~30.5µm. The channel density in this case is 21.87channels per mm.  

2.2 Waveguide intersections  

Multilayer structure is currently not feasible for optical interconnection due to 

the difficulty of fabrication and the light coupling between layers. However, the nature 

of guided-wave optics allows waveguide to cross each other under certain conditions. 

Waveguide intersection becomes an important issue for optical interconnect with 

higher complexity and flexibility. It is possible for a properly designed optical 

interconnection system to accommodate the same interconnect capability in a single 

layer as that of a multilayer electrical interconnection system.  

2.2.1 Waveguide intersection simulations 

The waveguide intersections with sufficiently small angles can be analyzed by 

a conventional BPM method [39] or multiple scattering technique developed by N. 
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Agrawal et al. [40,41]. But for the cases when the crossing angle is relatively large, it 

is not applicable because the paraxial assumption is no longer valid. A number of 

approaches have been proposed to solve the wide-angle waveguide intersection 

problem. One of them is Finite-Difference Time-Domain method (FDTD), which 

solves the Maxwell’s time dependent curl equations numerically [42,43]. Another 

approach is to modify the conventional BPM algorithm so that wide-angle capability 

can be included. A great number of such enhanced BPM algorithms have emerged, 

including FTBPM, various types of FD-BPMs, wide angle approximations and 

adaptive FE-BPM. The performances of these methods are tested and compared in 

[44].  

The essential idea of wide-angle BPM, or WABPM, is to reduce the paraxial 

limitations by incorporating the effect of the neglected 2

2

z
u

∂
∂  term. One of the most 

popular formulations is referred to as the multistep Padé-based wide-angle technique 

[45,46]. 

 The intersection of two small size waveguides described in the previous 

section is analyzed using BPM. The input light enters one channel waveguide, which 

is intersected with the other identical waveguide with a crossing angle θ. The output 

light from both waveguides are monitored to calculate the crossing loss and crosstalk. 

Figure 2.2 shows the normalized output power from both the input waveguide, 

denoted as the main channel, and the crossing waveguide as a function of various 

crossing angle. The simulation results indicate that oscillation happens at small 
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crossing angles. But when the crossing angle is larger than 5°, the output lights from 

both channels become stable with low loss and low crosstalk. The loss is approximatly 

0.8dB per node and the crosstalk is approximately lower than –20dB, which is 

acceptable in most cases.   
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Figure 2.2 Output light power from two intersecting channel waveguides 

2.2.2 Large size waveguide intersections 

The simulation results in [47,48] indicate that the waveguides with larger 

width generate lower intersecting loss and crosstalk. Therefore we believe the 

intersecting loss and crosstalk for the large size waveguide that will be applied in our 

system will be very low since the width is as large as 50µm. Another concern comes 

from the fabrication imperfection. Due to the resolution limitation of the waveguide 

 



materials or the photoresist used during the fabrication process, it is not possible to 

form the ideal intersecting corner, especially when the crossing angle is small. Instead, 

pattern distortion may happen, which results in unpredictable perturbation on the light 

propagation behavior in the waveguides. Large size waveguide has better tolerance to 

such fabrication imperfection due to the high light confinement. Also, small angle 

intersection is not necessary at this stage only for the purpose of improving the 

interconnect density and route design flexibility. Therefore, low-loss low-crosstalk 

waveguide intersection can be included in the high-density interconnection design.  

Several waveguide intersection structures with various crossing angles have 

been fabricated as shown in Figure 2.3. The materials used are Ultradel 9120/9020 

polyimide. In these photographs, the crossing structures are cleared defined. The 

visible shadows come from the conforming top cladding layer.  

To measure the intersecting loss, waveguide array is made in that some 

channels have a number N of crossings while the others don’t.  Both ends of the 

waveguide array are polished for input and output coupling. We assume the length, 

input / output coupling, and other parameters of all the waveguides in the array are 

identical except some with intersections while the other don’t. With the same input 

power Pi, output powers of both waveguides, P0 without intersections and  Px with N 

intersections in mW, are measured and the intersection loss L, in dB, can be calculated 

as following:  

P = -10 log ( Px / P0) / N. 
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Figure 2.3 Photographs of intersecting waveguides with various crossing angles  

The loss for the 90-degree crossing is measured at 632.8nm wavelength to be 

0.08dB per node, 0.115dB for 60-degree crossing, and 0.28dB for 45-degree crossing. 
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The crossing losses at 850nm wavelength should be similar. The crosstalk is negligible 

for such large angle cases. 

2.3 Waveguide bends 

Waveguide bends are an important building block of the optical waveguide 

circuits to realize flexible and efficient layout design. The losses related to the radius 

of curvature and waveguide geometry are some crucial parameters to the waveguide 

circuit design and performance.  

2.3.1 Waveguide bending loss analysis 

Research has been conducted to derive a number of methods for the analysis of 

bend-induced losses. The article by E. A. J. Marcatili [49] analyzed the light 

transmission through curved dielectric channel waveguides with various cross section 

sizes. The relations between radiation losses resulting from curvature, geometry, and 

electric characteristics of the bent waveguide were derived in this article. It was 

indicated that for a given radius of curvature, the radiation loss can be reduced 

through: (1) increasing ∆n between core and cladding materials; (2) increasing the 

waveguide width until an extent when no more reduction occurs; (3) increasing the 

height of waveguide to better confine the fields in the direction normal to the plane of 

curvature.  

Since then, a huge amount of work has been carried out and various 

approaches to analyze the propagation in a bent dielectric waveguide were proposed 
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[50-55]. Among them, one of the most widely used methods is conformal 

transformation by M. Heiblum and J. H. Harris [50]. They applied a method of 

conformal transformations to simplify a curved waveguide into an equivalent straight 

structure, which permits solution by traditional methods of optical waveguide analysis.  

This method breaks up the transformed region into a series of constant index steps and 

applied a quantitative geometrical Wentzel-Kramers-Brillouin (WKB) approximation 

to determine the curvature and transition losses due to the leaky mode structure of the 

transformed index. More complete WKB analysis of the transformed structure has 

been reported in [56-58].  

Based on these analyses, two factors contribute to the propagation loss of a 

bent waveguide: pure radiation losses, and transition losses between the straight and 

the bent sections. In practice The radiation losses are ultimately determined by several 

practical aspects such as sidewall roughness and the fabrication process itself. The 

minimum useful bending radius is usually determined experimentally. The waveguide 

is then always used at a larger bending radius.  

2.3.2 “Digitized” curvature waveguide analysis 

During the actual fabrication process of curved waveguide, if photolithography 

is involved, which is true in many cases, an ideal shape of a smooth curve cannot 

possibly be formed. This is because the current photomask writing techniques can only 

write straight lines. Therefore the curves designed on the photomask are approximated 

by a large number of short linear segments connecting to each other. The angle θ 
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between two adjacent segments and therefore the length of each segment are 

determined by the arc resolution setting when converting the continuous smooth curve 

into the “digitized” form. This scenario is exaggeratedly illustrated in Figure 2.4.  

 

θ 

Figure 2.4  Approximation of a smooth curve shown in blue with short linear 

segments during photomask writing 

The analysis of such “digitized” waveguide curves will be different. Instead of 

calculating the losses induced by the radiation at the bends and transition at the 

junction, what we will need to calculate is the loss of a bent waveguide composed of 

two short straight segments with a certain angle as shown in Figure 2.4. WA-BPM is 

applicable to calculate these waveguide structures. The calculation result of the 

bending loss of such two-segment waveguide as function of bending angle is shown in 

Figure 2.5. As indicated, the losses of such bend are extremely low as θ < 2°. Actually 

the loss is as low as 0.0056dB at θ = 0.5°. These data can be used to approximately 
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calculate the waveguide curves with relatively large radius of curvature by simply 

multiplying the loss per bend with the number of bends included in the section of 

curve of interest. 
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Figure 2.5 Bending loss versus the angle between two linear segments 

For smaller radius of curvature, the length of each segment will be shorter, 

maybe even shorter than the field transition distance at the bend propagation variation 

is expected. We simulated two waveguide structures for comparison. One structure is 

an ideal smooth 10° arc with the radius of 2000µm, and the other is the same curve 

approximated with 10 straight sections, 1° angle between two adjacent sections. The 

calculation using WA-BPM gives the results shown in Figure 2.6 (a) and (b). In these 
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pictures, the left part shows the field propagation in the waveguide and the right part is 

the power confined within the waveguide as the light propagates along.  

(a) 

(b) 

 
Figure 2.6 Simulations of light propagation in (a) smooth arc waveguide, and (b) 

“digitized” arc waveguide  

 27



The simulation results indicate that, in this case, the “digitized” bend 

waveguide matches well with the smooth ideal curve waveguide in terms of light 

propagation behavior and bending loss. The bending loss is calculated to be 0.055dB 

for the smooth arc and 0.059dB for the approximate curve. In our application, the 

radius of curvature will be much larger than 2000µm, and it can be predicted that the 

bending loss will be significantly lower, thus playing a very minor role in the optical 

interconnect power budget.  

2.4 Chapter conclusion 

 This chapter discusses the waveguide-based optical interconnect density 

related issues both theoretically and experimentally. It has been demonstrated that 

high channel density can be achieved with low loss and low crosstalk. The analyses on 

waveguide intersections and bends also indicate that these important waveguide 

circuitry components can be employed without inducing significant losses. These also 

improve the design flexibility to realize high-density high-performance waveguide 

interconnect.  
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Chapter 3    Fully embedded board-level optoelectronic 

interconnect architecture 

 As was mentioned in Chapter 1, several approaches have been investigated to 

realize the board-level optoelectronic interconnect, including both free-space and 

guided-wave based approaches. However, some of these approaches are not suitable 

for optical interconnect to be integrated into a real system as reliability and packaging 

compatibility turned out to be the main obstacles. For example, the board-level optical 

interconnections reported in [59,60] use a hybrid approach where both electronic and 

optoelectronic components are located at the surface of the board. Such an approach 

makes the packaging difficult and costly. Furthermore, the employment of free space 

instead of guided-wave optical interconnection makes the system vulnerable in a harsh 

environment. To solve these problems, we proposed the fully embedded board-level 

guide-wave optoelectronic interconnect in contrast to previous approaches. This 

structure is designed to be fully embedded within the multi-layer structure of a printed 

circuit board so that the surface area of the board is reserved for electronics. Therefore 

one only observes the performance enhancement due to the employment of optical 

interconnection but does not worry about the interface problem between electronic and 

optoelectronic components. In this structure, the optical alignments are eased through 

 29



microelectronic processing technology and the packaging is compatible with 

conventional methods.  

3.1 System schematic 

The schematic of the fully embedded optoelectronic interconnect structure is 

shown in Figure 3.1 The elements involved in providing high-speed optical 

communication within one board include vertical cavity surface emitting laser 

(VCSEL) array, photodetector array, polymeric waveguide array and surface-normal 

waveguide couplers.  

VCSEL

WG layer

WG mirror
Via

PWB layer Detector

 

Figure 3.1 Fully embedded board-level guided-wave optoelectronic interconnect 

(drawn by Chulchae Choi) 

 In this scenario, one layer of optical interconnect is sandwiched between 

several electrical interconnect layers. Within the optical interconnect layer, light from 

the thin film VCSEL is coupled into the waveguide through a surface-normal coupler 

and then travels in the polymer waveguide to the destination, where it is coupled out 
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by another surface-normal coupler, and is detected by the MSM photodetector. The 

light signal is then converted to an electrical signal and sent to the receiving IC. All 

the optical related components are inserted into the PC board. As a result, there are 

only electronic signals transmitted and processed on the surface of the PC board, 

which looks the same as a traditional PC board as shown in the right of Figure 3.1. 

This structure makes the insertion of optoelectronic components into microelectronic 

systems much more realistic when considering the fact that the major stumbling block 

is packaging compatibility.   

3.2 Waveguide 

Polymer-based multi-mode channel waveguides are employed in this fully 

embedded structure to provide the integrated optical circuitry. In our design, 

dispersion due to multi-mode operation is not a concern because the light propagation 

distance is limited within a board, which ranges from a few millimeters to tens of 

centimeters, and single-mode operation is not necessary. Therefore, multi-mode 

waveguide with a relatively large core size is utilized in this structure, which releases 

the difficulty of alignment and increases the system tolerance to fabrication defects. 

The actual width of the channel waveguide is 50µm and the height varies with 

different materials.  

The channel waveguide array is designed to have 12 channels in a group, with 

250µm center-to-center spacing between the channels. This separation is determined 

based on the following concerns:  
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-    to eliminate the crosstalk between the channels;  

-   to match the channel separation of commercially available fiber ribbon so 

that the interface between the fiber and waveguide array can be compatible;  

-     to follow the design of some previous related projects [61, 62].  

There are several materials that can be used to form channel waveguide, such 

as GaAs, Si, and LiNO3. But compared with them, polymer is easier to process, more 

flexible in design, and cheaper in cost. Also, polymer can be implemented on a wide 

range of substrates because it does not have the problem of crystal lattice matching.  

Therefore, polyimides are been more and more widely used in waveguide fabrication 

and optoelectronic integration.  

3.3 Surface-normal light coupling 

To efficiently couple optical signals from VCSELs to polymer waveguides and 

then from waveguides to photodetectors, several types of coupling methods have been 

investigated. They are direct evanescent coupling [63,64], tilted grating coupling 

[65,66] and 45° waveguide mirror coupling [67]. All three coupling configurations 

will be described in the following sections. As will be shown soon, a 45-degree micro-

mirror coupler possesses advantages in this fully embedded optoelectronic 

interconnect environment over the other two approaches in terms of ease of 

fabrication, wavelength variation sensitivity, high coupling efficiency, and packaging 

compatibility. Therefore, we employ a 45-degree micro-mirror coupler to provide the 
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surface-normal light coupling between the polymer waveguide and optoelectronic 

devices. 

3.3.1 Evanescent coupling 

 

waveguide layer

cladding layer photodetector

Ld

Figure 3.2 Evanescent coupling from waveguide to photodetector 

A configuration for evanescent coupling is shown in Figure 3.2. In this 

structure, the photodetector is built adjacent to the waveguide core by thinning down 

the cladding layer in between, or removing the cladding layer so that the photodetector 

touches the waveguide core directly. When light in the waveguide passes the 

photodetector area, the evanescent field tail will touch the photodetector and be 

absorbed as the light travels on. The cladding layer between the waveguide core and 

photodetector is thinned so that the light confinement in the waveguide will be 

weakened; therefore, more evanescent field can reach the photodetector. In the 

polymer waveguide cases, the refractive index of the photodetector material is usually 

higher than the waveguide material, which results in a strong pull of the guided mode 

from the waveguide into the photodetector.  
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The simulation in [68] shows that the optical field in the waveguide decays 

exponentially across the photodetector area as light gets absorbed. The absorbed 

power can be simply expressed as [63]: 

))exp(1(
det0 da

LPP α−−= , 

where P0 is the original power in waveguide, αdet is the absorption coefficient 

(detector absorption per unit length) and Ld is the absorption length.  

The published results [63,65,69] from evanescent coupling indicates that it is 

possible to reach high coupling efficiency with the optimized design of waveguide 

structure, cladding thickness, photodetector thickness, and most straight forward, the 

length of the photodetector absorbing area.  Another advantage of this coupling 

method is the ease of fabrication. In certain cases, no additional steps are necessary 

besides the photodetector and waveguide fabrication procedures. Since no additional 

coupler is induced, the structure is easy to be planarized, which greatly simplifies the 

process to implement it into the real board level system.  

However, there are several intrinsic problems that impede the evanescent 

coupling method from being practical for the board level optoelectronic interconnect 

application. Firstly, it is basically a unidirectional configuration. Although it provides 

good coupling from waveguide to photodetector, it can not be used for the coupling 

from VCSEL to waveguide. Secondly, the large size to provide high enough coupling 

efficiency will degrade the performance of the high-density optoelectronic integration. 

Also, the remaining light in the waveguide after passing the photodetector might 
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become unwanted light signal and induce noise or crosstalk. Therefore, investigation 

has been conducted to develop bi-directional coupling methods with high efficiency 

and high integration capability, such as the tilted grating coupler and 45° waveguide 

mirror coupler.   

3.3.2 Slanted grating coupler 

 The phenomenon of grating-coupled radiation is widely used in guided-wave 

optical interconnects. There are a large number of publications on grating design [70-

73], that can be applied to the surface-normal couplers in optical waveguides. We are 

interested in a tilted grating profile in a planar structure within a thin waveguide layer 

upon which other electrical interconnection layers can be stacked. Such a 

configuration requires the insertion of optical interconnect layer to be planarized. 

Besides, the tilted grating waveguide couplers can couple the optical signal into and 

out of a channel waveguide normal to the surface, with the coupling efficiency in the 

desired direction greatly enhanced by the tilted grating profile.  

 The tilted grating coupler has been theoretically studied and experimentally 

developed during the previous work on this project [74,33]. The following is a brief 

review of this work. 

  For a TE guided mode, the E-field is along the z-direction and satisfies 
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where the time dependence exp(-iω t) has been omitted, k(x, y) is the wave vector. The 

field Ez can be expressed as Floquet’s infinite summation of partial waves: 
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 and Λis the grating period; α0 is a phase constant. 

The radiation from tilted diffraction grating is calculated to determine optimum 

grating microstructures to maximize coupling in one diffraction order. The 

microstructure of the surface-normal grating coupler shall be tilted to provide the 

needed phase-matching condition at one waveguide propagating direction.  The tilted 

angle of the grating corrugation determines the vertical component of the grating K 

vector to be built to provide the required phase-matching condition.  

 Microstructures of the tilted grating having a periodicity varying from 0.5 mm 

to 3 mm have been fabricated. Figure 3.3 shows the SEM picture of one of the tilted 

grating couplers. . 

 

Figure 3.3 Tilted grating surface-normal light coupler [33] 

The schematic of coupling a surface-normal input light into waveguide using 

the device fabricated is shown in Figure 3.4(a), together with an experimental 
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photograph in Figure 3.4(b).  The grating is designed to surface-normally couple the 

laser beam into the polyimide waveguide with an operating wavelength at 1.3 µm.  

The coupling into the planar waveguide with the unidirectional propagation can be 

clearly observed with a measured efficiency of 5%.  The coupling efficiency is 

relatively low because the difference between the refractive index of the core and 

cladding layers of the waveguide is very small (~0.015) in the case of Ultradel 9120D 

polyimide as we will show in Chapter 4 on material issues.  This experimental result is 

consistent with the theoretical calculation based on coupled-mode theory. 

Furthermore, the calculated results indicate that increasing the refractive index 

difference and optimizing the microstructure of the grating could significantly 

improve coupling efficiency. 

Guiding mode

Surface-normal input  light

( a)

( b )

 

Figure 3.4 (a) The schematic of coupling a surface-normal input light into waveguide 

using the tilted grating. (b) The experimental photograph of coupling a surface-normal 

input laser into the Ultradel 9120D polyimide waveguide [33]. 
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 The demonstration of surface-normal output coupling is shown in Fig. 3.5.  

The 1.3 µm laser light was coupled into the guided mode by prism coupling and 

coupled out of the waveguide by grating.  The length of output coupling grating is ~3 

mm.  From the surface scattered light intensity of the guiding path, the output coupling 

efficiency is estimated close to 100%.  This is simply due to the longer interaction 

length associated with the longer output grating length.. 

 

Input prism 
coupler Output by 

grating 
coupler 

Figure 3.5 Photograph of surface-normal output light coupling using a tilted grating 

coupler [33] 

 
 The tiled grating coupling is compatible with the planarization of an 

interconnect system, and the coupling efficiency in particular cases could theoretically 

reach as high as 95%. However, grating based approach requires precise control of 

grating parameters for efficient coupling, and usually has low tolerance to wavelength 

variations. Further, in the manual processing, it is rather difficult to reproduce 

identical conditions from one experiment to other, making reproducibility of exact 

grating for precise optical coupling performance. In fact, it can not be called a bi-

directional coupler due to the great difference between coupling efficiencies of input 
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and output couplings. This prompted us to investigate the alternate approach for 

surface-normal waveguide coupling using micro mirrors.  

3.3.3 45-degree micro mirror coupler 

 Unlike grating couplers, 45-degree micro mirror couplers are easy to fabricate 

and reproduce. Plus, they are relatively insensitive to wavelength variations. It is 

promising for micro mirror couplers to provide high coupling efficiency for both input 

coupling from VCSEL to waveguide and output coupling from waveguide to 

photodetector. The working principle of micro mirror couplers is simple: the reflection 

of either TIR (total internal reflection) mirror or metal mirror bends the light with 90 

degrees and directs it into or out of the waveguide. The details of the theoretical 

performance analysis, fabrication and characterization of the 45-degree micro mirror 

coupler will be addressed in the following sections. 

3.4 Theoretical analysis of 45-degree micro mirror coupler 

 In this section the performance of the 45-degree micro mirror coupler in the 

fully embedded optoelectronic interconnect system will be discussed. Light coupling 

efficiency is one of the most important parameters in determining the performance of 

the couplers, as well as the system. High coupling efficiency is desirable to achieve 

low power dissipation, low bit error rate (BER) and high-speed performance. In this 

fully embedded interconnect structure, two coupling scenarios are involved: the 

coupling between the waveguide and the MSM photodetector, refereed as output 
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coupling; and the coupling from VCSEL to the waveguide, as input coupling.  The 

output coupling efficiency is simulated by the near field diffraction and input coupling 

efficiency by mode-coupling method. The affects of possible displacements due to the 

fabrication imperfection on the coupling efficiency are also considered. The 

simulation results indicate that the 45-degree micro mirror couplers are capable of 

achieving high coupling efficiency while providing reasonable tolerance to the 

fabrication variations.  

3.4.1 Output coupling simulation 

When the light traveling in the waveguide reaches the destination, the output 

micro mirror coupler at the end of the waveguide will reflect the light and redirect it 

toward the MSM photodetector in the layer underneath the waveguide. Light 

diffraction occurs during the propagation from mirror coupler to the photodetector. 

Then, the diffracted beam couples with the active area of the detector. This coupling 

determines the amount of the output light power that can be received by the detector. 

3.4.1.1 Output light diffraction pattern 

 In our structure, the photodetector is not directly attached to the waveguide 

core layer, as in the evanescent coupling configuration. Instead, there are one or more 

layers of dielectric media between the photodetector and the waveguide core, 

including the bottom cladding and probably supporting layer. Therefore, before the 

light coupled out from the micro mirror coupler reaches the photodetector, it will 

propagate in the dielectric layer for a distance of z, which is the thickness of the 

dielectric layer between the photodetector and waveguide core layer. z ranges from 
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tens of microns to over a hundred microns, depending on the bottom cladding material 

selected. The behavior of light propagating for such a distance can be described by 

Fourier Optics [75]. The light field U(x, y, z) at distance z is: 
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Figure 3.6(a) shows the calculated diffraction pattern of the output beam from 

the micro mirror coupler at the propagation distance of 100µm, 1000µm and 5000µm 

respectively. The dimension of the waveguide core is 50µm in width and 10µm in 

height. As z becomes larger, the output light diverges faster in the direction that 

corresponds to the smaller dimension of the 45-degree micro coupler. These results 

show good match with the experimentally measured results [76, 77]. 
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Figure3.6 Diffraction patterns of the output light from the (a) 50µm × 10µm; (b) 50µm 

× 50µm micro mirror couplers at the distance shown under each pattern. 
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  For the structure in which waveguide cross section dimension is 50µm × 

50µm, the diffraction patterns at z = 50µm, 100µm, and 1000µm are shown in Figure 

3.6(b). The divergence is symmetric in both x and y directions.  

3.4.1.2 Output coupling efficiency analysis 

 The coupling efficiency η of the output light with the MSM photodetector at z  

is calculated by overlapping the diffraction field at z with the active area of the 

photodetector as: 

∫∫
∫∫=
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where α(x, y) is the light absorption function of the photodetector. We assume α(x, y) 

is 1 inside the active area and 0 elsewhere.  

 Figure 3.7 shows the output coupling efficiency as a function of z. As shown in 

the graph, the output coupling efficiency remains approximately the same for a fairly 

large range of z. This indicates that the divergence of the output beam does not affect 

the coupling efficiency significantly in a wide range. Therefore the thickness of the 

bottom cladding and supporting layer will not have an obvious impact on the 

performance in terms of output coupling.  

However, the absolute value of the coupling efficiency is low. That is due to 

the so-called “shadow effect” from the MSM photodetector structure, which will be 

discussed in Chapter 5. The interdigital metal electrodes covering half of the active 

area are opaque to the incident light. Half of the light reaching the photodetector is 
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blocked. That results in the coupling efficiency lower than 50% even when the output 

light field overlaps with the active area very well. There are several ways to solve this 

problem. One approach is to use a transparent electrode instead of metal. Another 

feasible way is to put the electrode on the backside of the photodetector, refereed as 

inverted MSM (i-MSM) photodetector [78]. 

 

Figure 3.7 Output coupling efficiency at various z 

 Misalignment between the photodetector and micro mirror coupler is possible 

during the fabrication and system integration. It could be the major factor that 

degrades output coupling efficiency. To account for such displacement, a coordinate 

transformation is taken as follows: ; y = y’ - ∆y. ∆x, ∆y are the 

displacements due to misalignments in x and y directions, respectively. Figure 3.8 

shows the output coupling efficiency as function of misalignments in both x and y 

directions. In this calculation, z is taken as 127µm, which is the thickness of the Topas 

xxx ∆−= '
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film using as the bottom cladding and supporting layer. Again, it shows great tolerance 

to the possible misalignments.  
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Figure 3.8 Output coupling efficiency versus displacements in (a) x; (b) y directions 
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3.4.2 Input coupling simulation 

3.4.2.1 Overlap Integral 

The input coupling efficiency mathematically represents how the mode of the 

incident light from the VCSEL is accepted by the waveguide. It is the fraction of the 

power of the incident optical field mode that is coupled into the propagating modes of 

the waveguide. The waveguide supports a certain number of propagating modes, 

which are determined by its geometry and optical properties. The modes that are 

excited are dependent on the incident light. Depending on how the modes in the 

incident light matches the waveguide modes determines how much light is coupled 

into the waveguide and will propagate through it.  

The coupling efficiency can be calculated by an overlap integral of the incident 

optical field with the waveguide modes [79,80]. The normalized coupling efficiency is 

operationally defined as follows: 

∫∫ ∫∫
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where ψi(x, y) is the optical field of the input light from the VCSEL after traveling a 

distance of z, the thickness of the dielectric material between the VCSEL and the 

waveguide mirror. ψlm(x, y) denotes the optical field of the lmth order mode of the 

waveguide. * indicates the conjugate for a complex field. Therefore ηlm is the coupling 

efficiency of the incident light with the TEMlm mode of the waveguide. The total 
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efficiency will be the sum of ηlm for all the possible l and m values, i.e. all the possible 

modes for the waveguide to support. However, most of the energy is coupled to the 

low order modes while the high order modes are difficult to be excited and, therefore, 

carry negligible amount of light. Thus, the coupling into high order modes can be 

reasonably ignored to make the calculation easier and quicker.  

3.4.2.2 Incident optical field from VCSEL 

In the simulation, the output light from VCSEL is approximated by a Gaussian 

beam. The diffraction pattern at distance z can be described as follows [81]: 
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in which the beam parameters are defined as: 

2
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zzwzw += ,  the radius of the beam at z; with 
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=  ,  Rayleigh length; 
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/)( 2+= , curvature of the beam shape; and 

)/(tan)( 1
R

zzz −=Φ ,  Guoy’s phase.  

These parameters are shown in the Figure 3.9. w0 is the aperture size of the 

VCSEL and k is the wave number defined as 2π/λ. Figure 3.10 shows the beam profile 

at z =127µm, with the laser aperture size w0= 4µm. 
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Figure 3.9 Gaussian beam from the VCSEL 

 

 

Figure 3.10 Incident beam profile from the VCSEL at z =127µm 

3.4.2.3 Waveguide modes analysis 

The modes of channel waveguide as in this system can be approximately 

calculated through effective index method (EIM) [82-84], which simplifies the 3-D 
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structure calculation into 2-D and still remains highly accurate. As shown in Figure 

3.11, the calculation of the channel waveguide in (a) is divided into two steps. The 

first step is to calculate the effective indices N1, N2 and N3 for the regions I, II and III 

respectively. In our structure, N1= N3= ncladding since n1 = n3. N2 is the effective 

refractive index of the slab waveguide with the core index of n2 and top and bottom 

cladding index of n3. Then in the second step, the problem can be solved by 

calculating the slab waveguide, which consists of N2 in between of two layers of 

ncladding  as shown in Figure 3.11(b).  

Taylor and Yariv theory [85] is used to solve the modes of such slab 

waveguide structure. For the case of TE plane waves traveling in the z direction, with 

propagation constant β, Maxwell's wave equation reduces to 
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Combing the boundary conditions, we have 
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Figure 3.11 (a) 3-D channel waveguide structure; (b) using EIM to approximate with a 

2-D structure 
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with k = 2π/λ  and β = kneff.  The transcendental equation is solved numerically by the 

computer program.  Note that 

)](/[2'
mmmmgmmmm

qpqptqphC ++= βωµ . 

m is the mode number.  

3.4.2.4 Input coupling efficiency  
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Figure 3.12 Input coupling efficiency versus distance z 

 The mode field distribution Eylm and the incident optical field ψi(x, y)  can be 

substituted into the formula (3.4-1) to calculate the coupling efficiency between these 

two fields. The total input coupling efficiency is the summation of that of all the 

waveguide modes with the incident beam. But, since the majority of the energy is 

distributed in the low order modes and the very high order modes carry negligible 

light, the summation of the first tens of modes represents the total coupling efficiency 
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very well. Figure 3.12 shows the input coupling efficiency versus the distance z 

between the VCSEL and the micro mirror coupler. The actual value of z in the system 

will range from 50 to 150, which results in very high input coupling efficiency. 
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Figure 3.13 Input coupling versus the misalignment in (a)x, and (b)y directions 
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 The same method is used to consider the linear misalignments in x and y 

directions as that used in output coupling efficiency calculation. With the coordination 

transform of  and y = y’ - ∆y, the input coupling efficiency as a function of 

the displacement in x and y directions are shown in Figure 3.13. It indicates that the 

linear misalignment is not a big concern effecting the input coupling efficiency.  It is 

tolerant enough for fabrication processes. 
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Figure 3.14 Angular misalignment geometry 

 The angular displacement of the micro mirror is another concern and there is a 

more complicated coordination transform to take into account. As depicted in Figure 

3.14, the mirror is θ degree deviated from the ideal 45° assuming the rotation is about 

the center of the ideal mirror. If not, the resulting linear misalignment can be treated as 

described above. Since the light to the waveguide through the reflection of the mirror 

is equivalent to the input from the image of the light source to the mirror, the 
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coordination of the image of a mirror with θ degree angular displacement holds the 

relationship with that of the ideal mirror image as follows: 

∆y = y - y’ = dsin2θ ; 

∆z = z – z’ = d(1-cos2θ ). 

d is the distance from light source to the center of the mirror.  

 Then the coordination transformation is: 

θθθθ 2sin2cos2sin2cos'
0

zydyy ∆−∆+−= ; 

θθθθ 2cos2sin2cos2sin'
0

zydyz ∆+∆++= , 

where d0 is the distance from light source to the edge of the waveguide core.  
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Figure 3.15 Input coupling efficiency versus the angular misalignment 
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 Figure3.15 shows the input coupling efficiency as a function of the angular 

displacement of the mirror. 

3.5 Chapter Summary 

 The schematic of fully-embedded board-level optoelectronic based on 

polymeric waveguide is described in this chapter. Multi-mode polymer waveguide 

array will be employed in this system. 45-degree is promising as a surface-normal 

coupler for this structure. Input and output light coupling efficiencies are important 

parameters to evaluate the system performance. The simulation indicates that both 

coupling efficiency could be high with good tolerance to the possible misalignments.  

 

 55



 

Chapter 4    Fabrication process and characterization 

4.1 Material issue 

 A category of materials are used for optical interconnection; for example, Si, 

SiO2, GaAs, LiNbO3, and polymer. Among them, polymer is becoming the candidate 

of great interest in that: 1. Polymer is easy to process. The polymer-based devices can 

be fabricated through simply spinning coating and conventional photolithography. 

Therefore it can be formed in many designed-shapes on a wide selection of substrates, 

including Si wafer, glass slide, PC board and so on; 2. Polymer has low dielectric 

constant and low light propagation loss; 3. Some polymers have good thermal 

stability, therefore they can be compatible to Si-CMOS process, which is important to 

electrical-optical integration. 

Specifically, the Ultradel 9000 series polyimide by Amoco Chemicals [86] will 

be the examples that are actually used in the design and experiments.  Many popular 

semiconductor-processing methods can be adopted to treat polyimide, for example, 

spin coating, photolithography, E-beam metal deposition and RIE dry etching. But 

some processes are unique to polyimide, such as the heat curing, UV curing processes, 

or soft lithography. Through properly adopting or adjusting these techniques, 

polyimide can be used to form the devices with promising performance in guided-
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wave optoelectronic interconnection. These devices include but are not limited to 

channel waveguide array, 45-degree micro mirror couplers that are fully embedded in 

the channel waveguides. The experimental results demonstrated that polyimide is a 

promising material of choice in the guided-wave optoelectronic interconnection 

applications. Figure 4.1 shows the chemical structures of Ultradel 9020D and 9120D 

polyimides. 

 

 

 

(a) 

(b) 

Figure 4.1 Chemical structure of (a) Ultradel 9020D, (b) Ultradel 9120D [86] 

The major optical, mechanical, and thermal properties of Ultradel 9020/9120D 

polyimides are listed in Table 4.1. Note that the refractive index is controlled by 

changing the composition or concentration of the co-diamine and varies slightly from 

lot to lot. It also has a dependence on final cure temperature, which calls for strict 

control of process conditions. 
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 Ultradel 9020D Ultradel 9120D 
633nm 1.5486 1.5624 TE 850nm 1.5311 1.5467 
633nm 1.5224 1.5287 

Refractive 
Index TM 850nm 1.5073 1.5162 

633nm 1.29 1.04 
850nm 0.34 0.13 
1064nm 0.26 0.09 
1300nm 0.43 0.34 

Absorption Coefficient (dB/cm) 

1550nm 0.99 1.21 
Glass Transition Temperature, Tg (°C) 390 420 

Nitrogen 507 450 
TGA (°C) (1% weight loss) 

Air 440 457 
Moisture uptake (@ 100% R. H.) 3.0% 3.9% 
Dielectric constant (@ 1 MHz) 2.6 2.8 
Dissipation Factor (@ 1 MHz) 0.005 0.004 

-40°C 1.442 2.487 
40°C 1.467 2.844 
100°C 1.398 2.796 

Tensile Modulus (Gpa) 

250°C 0.980 1.839 
25-50°C 58.1 56.8 
25-100°C 57.6 55.3 
25-200°C 59.0 54.4 

Thermal Expansion Coefficient 
(ppm/°C) 

25-300°C 61.3 55.2 
 

Table 4.1 Cured properties of Ultradel 9020/9120D coatings [86] 

Ultradel 9020/9102D will be the major materials for our fully embedded 

board-level optoelectronic interconnect system. But some other polymer materials will 

also be involved during the research, including PMMA, and SU-8 by Microchem 

Corp. (Newton, Massachusetts) [87].  

 58



4.2 Polymer Channel waveguide  

Based on the properties of different polymer materials, several major methods 

have been investigated to fabricate channel waveguide and waveguide-based devices. 

Among these methods are compression molding [88], direct laser beam writing [89], 

electron-beam direct writing [90], photolithography, and RIE (reactive ion etching). 

Soft lithography as a newly emerged technology originally developed for 

nanotechnology fabrication is drawing more and more attention due to its potential 

capability of cost-efficiency in duplicating polymer channel waveguides. The methods 

we adopted are photolithography and RIE. Soft lithography is also interesting to our 

application. 

4.2.1 Photolithography 

 

(a)                                      (b)                                     (c) 

waveguide core 

cladding layer 

substrate 

Figure 4.2 Structures of polyimide channel waveguide. (a) and (b) without top-

cladding; (c) with top-cladding 
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Since the Ultradel 9020/9120D polyimide is photosensitive, we can use 

conventional photolithography methods to form channel waveguides. Three structures 

with slight differences are formed for different circumstances, as illustrated in Figure 

4.2.  The waveguide core is fabricated with Ultradel 9120D, and cladding layers 

(bottom and top) with Ultradel 9020D. The substrate can be Si wafer, glass, GaAs 

wafer or PC board. 

Among these three structures, (c) has both bottom cladding and top cladding, 

and is, therefore, with good planarization, to meet the requirement of fully embedded 

system. Structures (a) and (b) do not have top cladding, thus, their fabrication is 

relatively simple. The fabrication procedure of (b) will be given as an example. Those 

of the other two are slightly different and the difference will be pointed out also. 

(1) Substrate preparation 

A standard pre-deposition procedure (Acetone/IPA/DI water, ultrasonic bath) 

is performed, followed by a dehydration bake of 30 minutes at 120°C.  

A well-cleaned and dry substrate is crucial to the consequent processes. The 

quality of the wafer will affect the polyimide film quality, the adhesion between the 

polyimide film and the substrate, as well as the stability of the device to be made.  

The standard wafer cleaning procedure starts by soaking the wafer in acetone 

ultrasonic bath for 10 minutes to remove the organic contamination on the surface. 

And, then, repeat this operation in an Isopropanol  (IPA) ultrasonic bath for another 10 

minutes to remove the Acetone residue. Finally, rinse the wafer with deionized (DI) 

water. Bake the wafer in a 120°C oven for 30 minutes to make sure it is dry.  
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(2) Adhesion Promoter 

Adhesion between the polyimide film and the substrate has been an important 

issue for the polyimide processing. If not properly treated, the polyimide film could 

peel off the substrate during the processing or when the finished device is exposed to 

moisture. Such peeling-off is more likely to happen in thick films.  

In order to enhance the adhesion of Ultradel 9000 polyimide to the substrate, 

particularly the Si wafer substrate, Amoco provides with the Ultradel 9020/9120D kit 

the adhesion promoter, Ultradel A600. The steps of application are as follows: 

- Dispense several drops on the dry clean wafer.  

- Spin the wafer at 4,000rpm for 30 seconds.  

- Bake at 100°C for 60 seconds.  

Then, the wafer will be ready for polyimide deposition. 

The Ultradel A600 adhesion promoter works well to hold the polyimide film 

on a Si substrate so that it survives processes such as photolithography, metal 

deposition, wet etch, etc. But, peeling-off still can happen during some tougher 

mechanical processes, for example, cleaving and polishing. A better way is proved to 

be depositing a thin layer (200~300Å) of chromium as the adhesion promoter before 

coating the polyimide on it. The good adhesion enables the following processes to 

carry out without extra care to avoid the peeling-off problem. 

(3) Bottom cladding coating 

The polyimide can be easily deposited on the substrate through spin coating. 

The commercially available Ultradel 9020/9120D are liquid solutions. Apply proper 
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amount of the 9020D to the center of the wafer. Spin at 500rpm for 30 seconds so that 

the liquid can be evenly distributed to cover the whole surface of the wafer. Then spin 

again at 2000rpm for 60 seconds.  After fully curing, the film thickness will be 

approximately 10µm. 

So-called “edge-bead” could be serious due to the viscosity of polyimide. This 

means that the film is thicker at the edge of the wafer than at the central area and the 

thick edge is not controllable. But since the film quality over most of the area, except 

the edge, can be very good and the thickness uniform, we can simply discard the edge 

area and use the rest of the wafer.  

(4) Softbake I 

-  Bake the coating at 110°C for 10 – 15 minutes.  

The softbake is to remove the solvent in the polyimide. After softbake, the 

polyimide film should look dry so that the second layer can be deposited on top of it, 

or the lithography can be taken. The dose of softbake is an issue to pay special 

attention to. An insufficient bake will fail to remove all the solvent, which will affect 

the insolubility of the UV exposed polyimide to the developer; therefore, the 

photolithography will fail to form the desired pattern. Over-baking will cure the 

polyimide, which makes it not patternable. Therefore the softbake dose is a critical 

parameter to obtain.  

(5) Core layer coating 

- Repeat step (3) to coat U9120D as the core layer.  
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The final spin speed should be 2300rpm, instead of 2000rpm in order to obtain 

the 10µm-thick film. Because the polyimide flows more slowly on another layer of 

polyimide than on bare Si wafer, it requires higher spin speed to get the film with 

same thickness. 

(6) Softbake II 

-   Bake at 110°C for 15 – 20 minutes.  

This time is longer than that of Softbake I in step (4) due to the thermal 

conductivity difference between polyimide and Si wafer. 

(7) Imaging 

Both Ultradel 9020D and 9120D are negatively photosensitive. That means, 

the part without UV light exposure is soluble to the developer solution, while the part 

with UV exposure is not. Therefore the mask for channel waveguide array is a 

negative one, i.e., the waveguide pattern is clear and the other part is dark.  

Contact mask aligner is used for UV light exposure. For this structure, the total 

thickness of the film is approximately 20µm.  

(8) Post-exposure bake (PEB) 

-  Bake the sample in a nitrogen-purge oven at 175°C for 30 minutes.  

The PEB eliminates the standing-wave effect that causes ununiform exposure 

at the pattern boundaries. When the light from the bulb down to the substrate meets 

the beam reflected from the substrate, interference will occur and the constructive and 

destructive interference at different position will result in uneven exposure. Therefore, 
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the sidewall of the waveguide will not be straight and the light propagation properties 

of this waveguide will be affected. One commonly used method to eliminate such an 

effect is PEB, which will, to some extent, even the exposed chemical components 

through diffusion induced by the heat.  

(9) Development 

The developer, Ultradel D902D is also provided by Amoco with the Ultradel 

9000 kit. Spray development is recommended by the process manual although it is 

much easier to soak the sample in the developer and this also works well. The 

developing process takes a long time, compared with the equivalent process of the 

commonly used photoresists. D902D can dissolve both unexposed U9020D and 

unexposed U9120D. It takes 30 – 40 minutes to develop a polyimide film of 14 – 

15µm thickness. After that, the sample is spun at 4000rpm for 1 minute to remove the 

residue of the unexposed polyimide. By this time, the channel waveguide pattern 

should be developed. But, the material is soft and needs a hardbake to stabilize the 

mechanical and chemical properties.  

(10) Hardbake 

Hardbake is the procedure to turn polymers into the plastics we usually mean. 

Hardbake procedure is unique to individual material. For the Ultradel 9020/9120D, the 

following procedure is used in a nitrogen-purge oven.  

- Load the sample in the oven at 50°C and purge the oven 

- Raise the temperature to 150°C by 2°C/min 
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- Stay at 150°C for 30min 

- Raise the temperature to 250°C by 2°C/min 

- Stay at 250°C for 30min 

- Cool down to 50°C by approximately 2°C/min 

Then, the channel waveguide with structure as shown in Figure 3-2 (b) is 

formed. The mask we have is a 12-channel array; therefore what we actually get after 

the above procedures is a 12-channel waveguide array.  

Slight changes should be made to the above fabrication procedures to form the 

waveguide structures of Figure 4.7 (a) and (c).  

For structure (a), the bottom cladding will be fully cured and hardbaked before 

coating the core layer. That means, after softbake I in step (4), the bottom cladding is 

flush-exposed with a UV lamp until it is fully UV-cured so that the bottom layer will 

not dissolve during developing. Then, hardbake the bottom layer with the procedure 

described in step (10). Since the photolithography will only pattern the core layer, 

whose thickness is 10µm, the time of UV exposure and developing should be reduced 

accordingly.  

For structure (c), one top layer will be applied after the channel waveguide 

array is formed, either as (a) or (b). Repeat the spin-coating procedure as in step (3) to 

coat another layer of U9020D as the top cladding. Repeat the softbake, UV flush 

exposure curing and final hardbake. Due to the topography of the waveguide, the 

surface of the top cladding can not be ideally planar. Instead, 1- 2 µm uniformity can 
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be measured by α–step profile prober. In some applications, if this uniformity is not 

acceptable, chemical mechanical polishing (CMP) will be needed to polish the surface.  

4.2.2 RIE 

Another common method for polymer channel waveguide fabrication is 

Reactive Ion Etching (RIE). RIE has been widely used in the semiconductor 

processing for anisotropic etch, also known as dry etch [91,92]. Through RIE etching, 

it is possible to obtain straight and smooth sidewalls. This method is usually used to 

process the polymers that are not photosensitive; therefore, photolithography is not 

applicable. The major steps include: 

1. Polymer film preparation. Spin-coating or other methods can be used to coat 

the polymer on substrate. Fully cure the polymer film as described earlier. 

2. Hard mask formation. Common hard mask material including Al, Cr, 

Photoresist, and SiO2. In this step, the mask material will be deposited and then 

patterned through photolithography and wet etch if needed. Standard AZ® photoresist 

[93] and metal etch procedures can be used to pattern the hardmask.  

3. RIE etch. This step transfers the image of the hard mask to the polymer film 

underneath through anisotropic etch. 

4. Hard mask removal by metal etching.  

 Compared with wet etching method, RIE involves more complicated 

procedures. However it could achieve a better anisotropic etch.  To successfully 

pattern an optical waveguide, a few parameters should be considered: 
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 (1). Waveguide vertical angle. Ideally we want to achieve a 90-degree vertical 

sidewall in most of the cases, while a slightly outwardly inclined sidewall is desirable 

for soft lithography. During RIE process, the most important factor to determine the 

sidewall angle is pressure. The Lower pressure will give longer mean free path so the 

ion will be accelerated to higher speed and reduce the chances of collision with other 

gaseous molecular.  

 (2). Sidewall roughness.  A rough sidewall will directly contribute to high 

propagation loss. The sidewall roughness is affected by several factors, like hardmask 

quality, gaseous mixtures, chamber pressure, etching rate and redeposition of hard 

mask material on sidewall. Rough sidewall will also cause polarization depend loss 

(PDL). Since the top and bottom interface of the channel waveguide will not have the 

same roughness in the sidewall, this will cause the different propagation loss for TE 

and TM mode and thus have large PDL. 

 (3). Hard Mask.  In our experiments, Al is used as hard mask material. After 

bottom cladding and core layer have been coated, a thin layer Al is deposited using 

Electron Beam Evaporation.  Waveguide pattern is transferred from Mask to 

Aluminum layer by using Photoresist (AZ5209). Aluminum is then etched by wet 

etching. RIE etching is performed and Aluminum is removed afterward.   

The RIE are performed in Plasma-thermo 790 and conditions are optimized 

through a series of Design of Experiments (DOE).  
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4.2.3 Experiment results 

We have fabricated waveguides from different polymer materials with the 

methods described above. Figures 4.3 (a) and (b) show pictures of the channel 

waveguide array fabricated through photolithography. The materials used are Ultradel 

9020D and 9120D. Both small core and large core waveguides of high quality are 

formed by this method. (a) has the core dimension of 5µm × 5µm, the center to center 

spacing between channels is 250µm. (b) shows a multi-mode waveguide array with 

the core dimension of 10µm × 50µm, and the center to center spacing is also 250µm. 

Figures 4.4 (a-c) show the results of RIE fabrication. The material in this case is 

PMMA, which is not photosensitive. A portion of the waveguide device with the core 

dimension of 7µm × 50µm can be seen in (a) and more details of the corner and 

sidewall are given in (b) and (c), respectively. The pictures indicate a smooth and 

anisotropic etch. 
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(a) 

(b) 

 

 Figure 4.3 Polyimide waveguide array by photolithography. (a) has the core 

dimension of 5µm × 5µm; (b) shows a section of a waveguide array with the core 

dimension of 10µm × 50µm, and the center to center spacing is 250µm in both cases. 
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50µm 

(c) 

(b) 

(a) 

10µm 

 

Figure 4.4 PMMA waveguide fabricated by RIE. Channel width is 50µm and height 

10µm. (a) a portion of the waveguide, and details of (b) the corner; (c) the sidewall. 
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4.2.4 Waveguide propagation loss measurement 

  Waveguide propagation losses are important data in determining the total 

insertion loss for transmitters and receivers.  However, there is no simple technique 

available to measure waveguide propagation loss with reasonable accuracy for 

integrated optical waveguides that are fabricated on substrates.  So far, the most 

widely used method is the sliding-prism measurement [94,11].  In using this 

technique, the optical coupling prism is slid along the streak in the waveguide and 

the ratio of light coupled in and out of the waveguide is measured as a function of the 

propagation length. A second technique employs a moving fiber-probe [95], in which 

the optical fiber is traced along the streak and the light scattered out of the 

waveguide is coupled into the fiber probe.  These methods, however, suffer from 

lack of accuracy and reproducibility because of the mechanical nation of the 

measurement technique. The Sliding-prism technique will also damage the 

waveguide. 

 During the course of this research, a semiautomatic method for quickly 

measuring the optical loss using a video camera combined with a laser beam 

analyzer has been developed [33].  This method requires no mechanical alignment, 

which leads to accurate and reproducible measurements, and can be used with all 

kinds of waveguides employed in this research project.  We have employed this 

measuring system to characterize the propagation properties of polymer-based 

waveguides fabricated. 
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Figure 4.5 Waveguide propagation loss measurement results (a) at 850nm; and (b) at 

632.8nm. x-axis represents propagation distance in mm; y-axis is output power. 

Solid line is the exponential decay fit curve.  

The mode propagation loss measurement technique developed is used to 

observe the light streak scattered out of the optical waveguide. We use a prism-film 
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coupler or single-mode input fiber to excite the desired guided mode.  The 

waveguide under test is mounted on a precise six-axis prism coupling stage. A laser 

beam profile analyzer (Model Spiricon LBA-100A) is set to observe the light streak 

of the excited mode in the waveguide from the front.  The output video signal of the 

camera is analyzed by the system to provide the waveguide propagation loss. 

 Two ways are used to sample the light intensity of the streak for loss 

measurement using a video camera: longitudinal and transverse scan samplings.  The 

peak intensity variations along the streak can be ascertained by scanning along the 

propagation direction, and the loss value can be directly acquired from the 

longitudinal change.  

 Based on the loss measurement setup developed, the propagation loss of 

U9120/9020D waveguide shown in Figure 4.3(b) was measured. The results are 

shown in Figure 4.5 (a) and (b). In this case the propagation loss of the polymer 

waveguide is 0.27 dB/cm at 850 nm and 0.48 dB/cm at 632.8 nm. 
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4.3 45-degree micro mirror coupler fabrication and results 

4.3.1 Directional RIE 

When the channel waveguide array of structure (a) or (b) in Figure 4.3 are 

formed by the process described in section 4.2, the 45-degree micro mirror coupler can 

be fabricated through the following steps. Figure 4.6 illustrates the major steps of the 

fabrication process. 

(1) Aluminum deposition 



A layer of aluminum is deposited to function as the hard mask to RIE in the 

later steps. Due to the large height difference in the topography (7µm for structure (a) 

and 14-15µm for structure (b)), a relatively thick aluminum layer is required to cover 

the surface. We deposited a layer of 3,000Å aluminum by e-beam deposition. 

(b) (a) 

(d) (c) 

(f) (e) 

Figure 4.6 Fabrication process of 45-degree micro mirror waveguide coupler.  

(2) Hard mask patterning 
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Photolithography is used to pattern the Al hard mask. This step is to open 

windows in the Al layer at the positions where the micro mirrors are supposed to be 

made.  

- Spin-coat a layer of photoresist.  

The photoresist layer should be thick enough in order to cover the surface with 

great height difference.  AZ9260 (by Clariant Co., Somerville, NJ 08876) is suitable 

for this purpose. Apply AZ9260 on the sample, spin at 2400rpm for 60 seconds. After 

softbake at 120°C for 2 minutes and 45 seconds, the sample now is illustrated as in 

Figure 4.6(a).  

- UV expose with contact mask aligner. As shown in Figure 4.6(b). 

- Develop in DI water diluted developer AZ400K (developer : water = 1 : 4 in 

volume) for 3.5 minutes.  

- Rinse with DI water and blow dry with nitrogen air. 

Now the photoresist is patterned. These patterns will be transferred to the Al 

hard mask through wet etching. We used the 16-1-1-2 Al Etchant by Ashland 

Chemical Co. (Columbus, OH 43216). Figure 4.6(c) shows the sample after Al etch. 

And the Al layer with open windows will be the hard mask to the following RIE 

process. 

(3) Photoresist strip 

-Remove the photoresist with AZ400T photoresist striper.  

-Rinse with DI water blow dry with nitrogen air. 

(4) Anisotropic etch of the 45-degree slanted surface with RIE 
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 In order to get the etched surface with a 45-degree tilted angle, the sample is 

placed at a 45-degree angle with respect to the electrode in the chamber during the 

RIE process. A Faraday cage [96,97] covers the sample so that the directional high-

speed ions attack the polymer at a 45-degree angle with respect to the substrate 

through the square openings. Figure 4.6 (d) illustrates the 45-degree directed 

anisotropic RIE etch. This process results in a 45-degree slanted etched surface formed 

on each channel waveguide, which can provide input or output surface-normal 

coupling of light into or out of a channel waveguide. The sample after etch is shown in 

Figure 4.6 (e). 

 The RF power, gas flow rate and chamber pressure in RIE determine the 

etching rate and quality of the mirror surface. Low pressure in the RIE chamber is 

critical to obtaining a high-quality mirror surface. At low gas pressure, the reactive 

ions have a longer free path, and therefore better anisotropic etching is achieved. In 

our process, the pressure maintained in the chamber during etching was 10mTorr, the 

RF power 150W and the Oxygen flow rate (the etchant gas) 20sccm.  

(5)Al hard mask removal 

 After RIE process, the aluminum mask is removed through wet etching.  

 The fabrication results are inspected through SEM (Scanning Electronic 

Microscope). Figure 4.7 shows the SEM picture of the waveguide micro mirror array 

fabricate through the method described above [98].   
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Figure 4.7 SEM micro photograph of polymer channel waveguide array with 

fully-embedded 45-degree micro-mirror coupler 

4.3.2 Other techniques to fabricate 45-degree micro mirrors 

Computer-
controlled stage 

Polymer waveguide Microscopes 

Blade 

Figure 4.8 Waveguide mirror direct cutting setup 

Besides directional RIE etch, several other techniques have been investigated 

to form the 45-degree tilted waveguide mirror. One simple approach is direct cutting. 

B. L. Booth, et al. [99] have reported using microtome to cut the polymer waveguide 

 77



with a 45-degree angle to form the slanted surface. We also tried a similar method of 

cutting the polymer waveguide with a razor blade or glass blade. The setup is depicted 

in Figure 4.8. The waveguide is fixed on the 45° slanted surface of the holder and the 

blade is horizontally mounted on a stage. The motion of the stage can be controlled by 

computer in both distance and speed. Two microscopes are installed to monitor the 

cutting process from top and side respectively. Figure 4.9(a) shows the result of such 

cutting. The details of one relatively smooth mirror surface is shown in Figure 4.9(b). 

(a) 
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(b) 

 

Figure 4.9 (a) 45-degree waveguide mirror by direct cutting; (b) the mirror surface. 

 



As we can see, direct cutting possesses the advantage of simple process, and 

the cutting surface could be smooth given the right cutting conditions. However, it 

requires very accurate control of the cutting process, especially the alignment, which 

is not easy to achieve with the currently available equipment. Microtome might be a 

good choice. But since most of the commercially available microtomes are not 

designed for such applications, there might exist some problems. For example, the 

sample can not be mounted properly for the blade to cut at the right position and right 

angle. Also instead of stopping at the hard substrate, such as Si wafer, after the cutting, 

most of the blade will cut through the sample. The size of conventional blades are too 

large for the micron-scale waveguide. There is no flexibility to cut at the desired 

position.    

Another method to form 45-degree mirror is laser ablation. Recently, an 

European company developed a laser cleaving system that can be used to cleave fibers 

with any angles, including the important 0°, 7° and 45° angles, with a reproducibility 

of 0.2° [100]. Although this system has not been used to cut polymer waveguide yet, it 

is potentially capable for this task with proper modification. This method should be 

able to provide ease of fabrication, good mirror quality and flexibility of design. If the 

system cost goes down, it should become one of the most promising fabrication 

technologies to form 45-degree micro mirrors.  

4.3.3 Characterization of 45-degree micro mirrors 

The test structure shown in Figure 4.10 has been built for the purpose of 45-

degree micro mirror characterization. The requirements for such test structure are to 
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approximate the real structure to the most extend while being feasible for an existing 

test stage. In this test structure, SU-8 waveguide array is formed on a glass cover slide 

substrate. 45-degree micro mirror couplers are formed at both ends of the waveguides 

through microtome cutting. Even though this technique is not mature due to lack of 

proper blade for this application, it is the most easily accessible method for this 

structure. Certain amount of performance degradation should be expected.  

 

 

 

 

 

 

 

 

 

 

 

Single mode 
fiber 

Waveguide 
array 

Glass 
substrate 

Objective 
lens 

detector laser 

Figure 4.10 45-degree waveguide mirror test structure and setup 

The thickness of the glass substrate is127µm, which is the same as the 

thickness of Topas film, the polymer substrate used in the real structure as will be 

described in Chapter 6. The light is input from the backside of the glass substrate, 
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experiencing expectedly similar diffraction before reaching the waveguide as in the 

real case. The light from VCSEL is approximated by a single mode fiber (FS-SN-3224 

from Thorlabs, Inc, Newton, NJ) whose mode field diameter is 4µm. At the other end, 

an objective lens is used to collimate the output light from waveguide mirror before it 

reaches the photodetector. 

 

Figure 4.11 Mirror surface after microtome cutting 

Figure 4.11 shows the surface quality of the micro mirror formed through 

microtome cutting for the test structure. While the major area shows smooth surface, 

defects can be seen near the substrate. This is due to the lack of blade control at the 

end of cutting and will be one cause of the coupling efficiency degradation. The 1×12 

channel waveguide mirror array shows good uniformity as seen in Figure 4.12 when 

all 12 channels are coupling lights out.  

 81



 

Figure 4.12 Output coupling of 1×12 waveguide micro mirror array 

 82



The coupling efficiency of the micro mirror coupler is estimated by: 

1/2(Total insertion loss - Waveguide propagation loss - Glass absorption – Lens loss). 

The coupling efficiency measurement is conducted at the wavelength of 

632.8nm for the ease of observation and alignment. The incident light power from the 

single-mode fiber is 75µW and the output power from the mirror is measured by the 

receiving photodetector to be 6µW. Thus the total insertion loss is ~10.9dB. The 

waveguide loss is estimated to be 1.9dB based on the previous measurement data. 

Glass substrate absorption induces approximately 0.4dB loss for each end. The loss 

induced by the objective lens at the output end is calibrated with a multi-mode fiber 

and turns out to be approximately 1.25dB. Therefore, the mirror loss at each end is 

~3.48dB, which corresponds to a coupling efficiency of 45%.  

This measured coupling efficiency is lower than expected by the simulation 

result. The major reason is, as described earlier, the fair mirror surface quality due to 

lack of proper blade and precise control of the cutting process. This could be 

significantly improved if more advanced cutting method is adapted. For example, laser 

ablation or ion milling. Another possible cause of the difference between the 

experimental and simulation results lies in the experiment setup. Even though many 

ways have been tried to approximate the test structure as closely as possible to the real 

case, there is still an apparent gap in between. For example, it is difficult to guarantee 

that the input fiber touches the backside of the glass substrate appropriately while 

keeping  perfect alignment. But in the real case this is not a problem since the VCSEL 

is attached to the substrate. Besides, the tilted angle of the input light beam can not be 
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precisely controlled in the experiment setup. The input light from the single-mode 

fiber has a smaller mode field diameter compared to the VCSEL output light 

parameter used in the simulation and the real system. Thus worse divergence should 

be expected which results in lower coupling efficiency.  
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 Figure 4.13 Coupling efficiency vs. misalignments in (a) x; (b) y directions. 
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Based on the above analysis, we are confident that the micro mirror coupling 

efficiency in the real integration system will be significantly higher than the 

measurement results of the test structure.  

The coupling efficiency as a function of the lateral displacement of the input 

light is also measured through scanning the fiber end in both x and y direction. The 

results are shown in Figure 4.13. The coupling efficiency shows better tolerance to 

displacement in y direction than in x direction. This is because the poor quality of the 

mirror surface at the area close to the bottom of the waveguide as mentioned earlier, 

which shortens the efficient length of the mirror surface.  

4.4 Soft lithography 

 

 

 

 

 

 

 

 

 

 
PDMS
polymer
Substrate 

Figure 4.14 Procedures of duplicating polymer waveguide using soft lithography 
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Soft lithography is a series of techniques developed by G. M. Whitesides group 

at Harvard University [101,102]. These techniques use transparent, elastomeric 

polydimethylsiloxane (PDMS) “stamps” with patterned relief on the surface to 

generate features. The stamps can be prepared by casting prepolymers against masters 

patterned by conventional lithographic techniques, as well as against other masters of 

interest. Soft lithography involves several techniques, among which microtransfer 

molding (µTM) can be used to duplicate optical wavegiudes from polymers [103-105]. 

 Figure 4.14 shows the procedures for µTM to duplicate the polymer devices 

fabricated by the methods described in the previous sections. Firstly, a polymer device 

with any 3-D desired topology is used as master to cast the mold. In this case, we used 

a polymer waveguide array on substrate as example. PDMS elastomer (SylgardTM 184 

from Dow Corning) is the commercially available material to form the mold. It comes 

as two parts: the curing agent and a liquid silicone rubber base. These two parts need 

to be mixed with a ratio of 1:10 and blended thoroughly. Pour the mixture onto the 

polymer waveguide and wait until the bubbles in the mixture disappear. The mixture 

will dry at room temperature while baking at 90°C for a couple of hours will speed the 

process up. When the PDMS mix is dry, the film can be carefully peeled off. This 

PDMS film has the complementary shape of the pattern of the master with high 

fidelity and will be used as the mold. 

To duplicate the waveguide using this mold, polymer, either the same material 

as the master or a different one, is dropped on to the patterned surface of the PDMS 
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mold. The excess liquid is removed by scraping with a flat PDMS block or by blowing 

off with a stream of nitrogen. Then, this mold, filled with polymer, is covered by a 

substrate wafer. Make sure the surface of the substrate is fully contacted with that of 

the mold. Then the polymer is cured to a solid by either UV light or heat, depending 

on the properties of the polymer. If heat curing is used, certain pressure might be 

needed to apply on the mold to keep the good contact between the mold and the 

substrate. A proper pressure over the mold is important because too high a pressure 

deforms the pattern of the mold and too low a pressure cannot keep the mold from 

being upturned due to the heat. When the polymer is fully cured, the PDMS mold can 

be peeled off and the polymer waveguide will stay on the substrate. Usually the PDMS 

mold can be repeatedly used for many times if handled with care.  

Figure 4.15 Polymer waveguide array formed through soft lithograph  

Figure 4.15 shows the picture of waveguide array duplicated from a PDMS 

mold made from the polymer channel waveguide array. The material used is UV-15, 

which is a kind of UV-curable polymer widely used in optics applications.  
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The most interesting feature of soft lithography for our project is that it can 

duplicate the waveguide array and micro mirror structures at the ends simultaneously. 

If the original master used is a waveguide array with the micro mirrors fabricated 

through the techniques mentioned before, then the duplicated device by soft 

lithography carries the micro mirror with high fidelity. Therefore the fabrication of the 

micro mirror is greatly simplified and, as a result, the cost will be significantly 

reduced. Also, since the duplicated device is directly formed on the substrate, no spin-

coating process is involved. Then, the soft substrate materials can be used even though 

they are not suitable for spin-coating. As we will see in Chapter 6, this is important 

because our optoelectronic interconnect layer need to be inserted into the PCB and soft 

substrates that are not suitable for spin-coating process will be used in this application. 

Other advantages of soft lithography include low process cost, rapid patterning 

of large area, and capability of patterning with extremely small feature size (30nm). 

This technology also applies to a variety of materials, including metals and polymers 

[106,107]. However, there are several important unresolved problems remain.  

The current soft lithography techniques are not suitable to form multi-layer 

structures. Multilevel structures and devices necessitate the ability to accurately place 

one layer on top of another. High-resolution registration is problematic with 

elastomeric, distortion-prone materials. Distortion currently limits soft lithographic 

techniques to the fabrication of single-layer structures and devices. Registration is 

possible on micron-sized features using a maskaligner. Studies are carried out to 

quantify the distortion in elastomeric molds and to limit this distortion by using thick 
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stamps and rigid backings. Due to this problem, we use planar cladding layer and the 

molding is only used to form the channel core structure to avoid such alignment 

problem.  

The formation and distribution of defects also must be controlled. Defects arise 

from dust particles, poor adhesion to the substrate and poor release from the mold, 

bubbles in the precursor, and contamination from low molecular weight monomers in 

the mold. Another problem is the presence of a thin film of polymer under the 

nanometer-sized features in microtransfer molding. The presence of the underlayer 

makes etching and lift-off difficult. Although reactive ion etching can be used to 

remove thin layers, the time necessary to remove thick layers would damage small 

features. 

4.5 Chapter summary 

 Polymer-based waveguide array with micro mirror couplers will be used to 

realize the fully-embedded board-level optoelectronic interconnection. Ultradel 9000 

series polyimides are interesting materials for this application. The techniques have 

been developed to process the polyimide. Waveguide arrays are fabricated out of 

U9000 series polyimide by lithography and the propagation loss is measured to be 

0.27 dB/cm at 850 nm and 0.48 dB/cm at 632.8 nm. Several methods to fabricate 45-

degree micro mirror couplers have been developed and reviewed. Devices with good 

quality have been fabricated through directional RIE and micro cutting although 

laser ablation is considered as a promising approach for the future. The test structure 
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has been built to characterize the micro mirror couplers experimentally. The 

measurement results indicate certain amount of performance degradation compared 

to simulation and have been analyzed. Soft lithography provides a unique way to 

duplicate polymer devices with microstructures. It has been investigated as a cost-

effective method to duplicate polymer waveguide array with micro mirror couplers. 
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Chapter 5 Waveguide / MSM photodetector array 

integration 

For demonstrating an optoelectronic interconnection employing the structure 

described in Chapter 3, we integrated the polyimide channel waveguide array with a 

1x12 GaAs MSM (Metal-Semiconductor-Metal) photodetector array through 45-

degree micro-mirror couplers. This demonstration indicates the feasibility and high-

speed performance of the fully embedded optoelectronic interconnect schematic. 

5.1 GaAs-based thin-film MSM photodetector array 

In the fully embedded board level optoelectronic interconnect structure shown 

in Figure 3.1, GaAs-based thin film MSM photodetector array is implemented to 

receive the optical signal from the waveguide and convert it into electronic form for 

the electronic interconnect. The choice of this structure is because they can provide 

very high demodulation speed due to the fast transit time of electron and hole pairs 

and can be directly integrated onto target systems. Recent research on distributed 

traveling-wave MSM photodetectors reveals the possibility of making optoelectronic 

hybrid integrated circuits, where optical channel waveguides and microwave coplanar 

waveguides (CPW) co-exist on the same substrate [62]. This is an important feature 

for the architectural design of optical interconnects, because it can provide a higher 
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degree of integration and simplify the configuration. Further, the MSM structure can 

function as a switching device by biasing it appropriately [108].  This specific attribute 

can be extremely helpful to reconfigure the interconnect topology. More details of the 

thin film MSM photodetector array developed for this project by Lei Lin are reported 

in [109,110]. 

5.1.1 Device structure and working principle 

 

 

 

 10um 

50um 

50 um 

Figure 5.1 Structure of thin-film MSM photodetector (by Lei Lin ) 

The structure of the thin-film MSM photodetector is illustrated in Figure 5.1. 

On the GaAs substrate, a 50µm × 50µm active area is formed. The Au layer on top of 

the substrate is patterned into inter-digitated electrode. The width of each finger and 

the spacing between two adjacent fingers are both 2µm.  

When a laser pulse illuminates the active area of the photodetector, electron-

hole pairs are generated inside GaAs. By providing the proper biasing voltage, the 

electron-hole pairs are collected by the inter-digitated electrodes. The high-frequency 

electrical signals resulting from this process are sent out to the external IC circuit. The 

thickness of the photodetector is thinned down to ~10µm through polishing or 
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epitaxial lift-off [111]. The thin film ensures that the photo-generated electron/hole 

pairs are only created in the high field region making high-speed operation feasible. 

5.1.2 Fabrication 

 

 

 

Figure 5.2 SEM photograph of the MSM photo-detector with 2µm finger width and 

spacing [110]. 

The fabrication procedures for the 1x12 MSM photo-detector arrays were as 

follows. First, 100 nm thick SiO2 was deposited on the surface of a semi-insulating, 

LEC-grown GaAs (100) wafer by plasma enhanced chemical vapor deposition 

(PECVD). Then, the inter-digitized electrode pattern was formed by conventional 

photolithography with unwanted SiO2 etched away using 1:6 oxide etchant. The inter-

digitized gold electrodes were formed by first depositing 100nm gold directly on the 

surface of the GaAs wafer using e-beam evaporation and then lifted off to form the 

Schottky contacts. The inter-digitized contact fingers have the same 2µm width and 

spacing, resulting in a relative photo-sensitive area of 50%.  Following this, the metal 

pads for probing the device were fabricated by evaporating 100nm Cr/Au. Figure 5.2 

shows the picture of the MSM photodetector array with the details of the active area.  
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To facilitate the epitaxial lift-off, a thin-layer of AlAs needs to be grown 

between the GaAs substrate and the photodetector active area. The material structure 

and the Epitaxy lift off procedure are shown in Figure 5.3.  

 

Figure 5.3 Epitaxial lift-off procedure to fabricate thin-film MSM photodetector [110] 

A thick layer of black wax is applied to cover the surface of the MSM structure 

for the purposes of easier handling and protection of the devices on the surface. Then 

HF is used to selectively etch away the AlAs layer. As a result, the photodetector 

active layer is seperated from the bulk GaAs substrate. A layer of silver backside 

mirror is coated to improve the quantum efficiency. The black wax will be removed 

after the thin-film photodetector is attached to the fully embedded optoelectronic 

interconnect structure.  

The DC I-V characteristic of the MSM photodetector was measured to obtain 

the dark current before integrating with the polyimide waveguide array. The device 

fabricated has a low dark current of 4.6 pA under 5V biasing voltage. 
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5.2 Integrated system fabrication 

Following the detector array fabrication the polymer channel waveguide array 

was fabricated on the substrate so that the active area of detectors overlapped with the 

waveguide output couplers. A photograph of a portion of the integrated system is 

shown in Figure 5.4. A 45-degree micro-mirror coupler was formed on each channel at 

the position directly above the active area of the photodetector.  Such integration 

facilitates precise alignment of the light coupler with the receiver, and helps avoid 

difficult optical alignment and packaging processes.   

 

Figure 5.4 Polyimide channel waveguide array aligned with MSM photodetector array 

5.3 Measurement: setup and results 

To characterize the integrated system, we polished the input ends of the 

channel waveguides and used a single mode fiber to butt-couple the light into the 

waveguide.  The frequency dependence of the photo-response of the MSM 
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photodetector and polyimide waveguide was measured by using a HP 8702 spectrum-

analyzer operating over a frequency range from 9kHz to 26 GHz.  The light source for 

the frequency response measurement was a Ti:sapphire, mode-locked laser operating 

at 800nm with a pulse width of about 150fs and a repetition rate of 76MHz. A 40 GHz 

ground-signal-ground (GSG) microwave probe was used for the device contact. The 

pulsed laser light was butt-coupled into the input end of the waveguide array through a 

bare, cleaved-end, single-mode fiber.  At the output end, the guided light was reflected 

from the 45o micro-coupler onto the active area of the photo-detector. The optical 

input pulses and the complete measurement system were calibrated using a 30 GHz 

bandwidth photo-detector module (Model D-15, Newport, Inc.).  

Figure 5.5 Measurement setup for the optoelectronic integration 

Figure 5.6 shows the measurement result of frequency response of the 

integration system. From 100MHz, the response drops 3dB at 2.6GHz. The 3dB 

bandwidth of the photodetector had been measured before it was integrated with the 

waveguide array and micro-coupler, and was found to be 3.0GHz at 5V biasing-
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voltage. The small reduction in the bandwidth of the detector after the integration 

process may be due to a slight change in the Schottky barrier at the interface between 

gold and GaAs while the polyimide waveguide array and photodetector array were 

heated up during the hardbake procedure.  
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Figure 5.6. The frequency response of an integrated MSM photodetector and 

polyimide waveguide with a 45-degree mirror.  

The demonstrated waveguide array with micro-couplers provides an efficient 

interconnects among the optoelectronic devices, without severely degrading their 

performance, and a feasible method to build high-speed optoelectronic integrated 

systems [112]. 

 



 

Chapter 6 Board-level optoelectronic interconnection 

demonstration 

This chapter will describe the recent progresses we have made and ongoing 

research work to realize the insertion of optoelectronic interconnect layer (OIL) into a 

real PCB. Two major milestones will include: 1. Building the OIL which can provide 

the functions of optical transmission, E/O and O/E conversions, with the structure that 

satisfies the requirements of planarization and compatibility with the conventional 

PCB manufacture process; 2. Insertion of the OIL into the PCB among the other layers 

so that the OIL can work with the other layers of the PCB and improve the 

performance of the whole system. The second task involves the expertise of PCB 

fabrication and will be conducted through a joint effort with Sanmina-SCI [113], a 

global leader of PCB manufacturer. Our concentration is more focused on the first 

part. As we mentioned before, the OIL is consists of several key components including 

thin-film photodetectors, thin-film VCSELs, polymer channel waveguides and 45-

degree waveguide mirrors. This chapter will be mainly on the components in context 

of the fully embedded OIL integration and the integration techniques.  
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6.1 Optoelectronic interconnect layer 

 An optoelectronic interconnect layer should meet the following requirements 

in order to be practically implemented in a PCB. Firstly, the OIL should possess a 

planarized structure, i. e., no significant bumps on the surface. This is because a 

surface with a large step of bumps may suffer the problem of insufficient adhesion 

when it is laminated to the other layers of PCB. Also, the non-uniform surface may 

cause distortion to the film when pressure is applied, which might jeopardize the 

optical alignment or waveguide performance. Therefore, planarization of the surfaces 

is one of the key concerns for OIL design and fabrication. Secondly, the OIL should 

have sufficient protection to the heat and pressure during the PCB lamination [114]. 

All fragile components should be embedded in the layer with good protection to 

survive the handling and processing. Thirdly, device reliability is another concern. 

Since all the optical and optoelectronic devices are buried deeply in the PCB, the 

breaking-down of one of these devices may result in the malfunction of the whole 

board and it is impossible to replace that broken device. If not properly designed, such 

a problem will increase the system cost dramatically and keep the OIL from being 

adopted to the real system. Thus the OIL should guarantee high reliability. Lastly, 

only electrical interface should be allowed to communicate with the rest of the PCB. 

Otherwise, optical alignment between different layers will be extremely difficult and 

time consuming. It is desirable to enclose all the optical parts within the OIL.  
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The fully embedded OIL structure we proposed is illustrated in Figure 6.1. In 

this structure, the 127µm-thick TopasTM film [115] provides the support for the OIL 

and functions as the substrate. The waveguide (Ultradel 9120D) is fabricated on the 

Topas film with micro-mirrors formed at the ends. The micro mirrors are coated with 

metal to provide reflection. Top-cladding (Ultradel 9020D) is applied to planarize the 

upper surface of the OIL. Thin-film VCSEL array and MSM PD array are attached on 

the bottom side of the TopasTM film at the locations under the micro mirror couplers. 

The alignment can be achieved through the conventional semiconductor fabrication 

facility, for example, mask aligner, which makes the optical alignment easy and 

accurate. The bottom surface is passivated by the bottom cladding layer. In fact, this 

bottom cladding layer could be the laminating glue to simplify the fabrication 

procedure, since the optical properties are not a concern here. Micro vias are drilled to 

provide the electrical connection between the VCSEL/PD and the driving circuits, as 

well as the electrical signals in and out.  

Vias
Topas film

Micro mirror coupler

VCSEL array MSM detector
array

Channel waveguide
array (U9120D)

Top cladding
layer (U9020D)

Bottom cladding layer

 

Figure 6.1 Optoelectronic interconnect layer 
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 Therefore, this OIL provides a planarized structure. The optical alignment is 

then fixed well enough to survive the following processes. The top and bottom 

cladding layers can be thick enough to provide sufficient protection to the VCSELs, 

PDs, waveguides and the micro mirrors. Also, the materials in this structure, including 

Ultradel 9120D/9020D polyimide, and TopasTM film, have very high Tg (170°C for 

TopasTM 6017-4S film) to withstand the heat during the lamination procedure. As to 

the device reliability, several approaches have been considered. These include 

improving the VCSEL reliability through device design and fabrication since VCSEL 

seems to be the weakest link among all the components. Proper thermal management 

is a necessary to improve the lifetime of VCSEL, as well as the board as a whole. The 

efficient heat sink for VCSEL in the OIL has been designed after analyzing the 

thermal behavior of the VCSEL [116]. Employing redundant pairs will be an efficient 

and practical way to reduce the impact of device reliability on the system 

performance. We believe the reliability problem should be solved or at least released 

with these solutions. Also, in this structure, all of the optical and optoelectronic 

components are embedded in the OIL; the only input and output interfaces are 

electrical through the vias. Therefore, the OIL can be laminated to the PCB the same 

way as any other electrical layers in terms of fabrication process.  

 Based on the above reasons, we will adopt this structure as the OIL to be 

implemented into the PCB. More details of the components, as well as the integration 

will be given in the following sections. 
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6.1.1 Thin-film VCSELs  

We chose 850 nm to be the operating wavelength because of the availability of 

high performance vertical-cavity-surface-emitting-lasers (VCSELs) [117]. These laser 

devices, compared to conventional edge-emitting lasers, offer a very low threshold 

current with much less temperature sensitivity, moderate optical power (few mW), a 

high direct modulation bandwidth (> 14 GHz), a wide operating temperature range (-

55 to +125 ºC), and ease of packaging in an array configuration due to the unique 

surface-normal output.  

To provide a high coupling efficiency using the proposed waveguide couplers, 

the control of the emitting aperture and wavelength are pivotal and make VCSELs the 

best choice due to the large separation of the adjacent longitudinal modes implied by 

the short cavity length. The unique surface-normal emitting nature of the device 

allows us to use exactly the same packaging scheme for coupling light from the 

VCSEL into the waveguide as that used for coupling light from the waveguide into the 

photodetector.  

Selectively oxidized VCSELs are developed by Chulchae Choi, one teammate 

of this project [118,119]. A brief description of the thin-film VCSEL fabrication 

process and results is given here. The fabrication is based on the bare VCSEL wafer. 

The wafer contains of four major epitaxially grown layers, from the bottom of GaAs 

wafer thin sacrificial layer, bottom n-DBR (Distributed Brag Reflector), active layer 

and top p-DBR.  All epitaxy layers excluding sacrificial layer were designed to emit 

850nm laser. 
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Figure 6.2 Thin-film VCSEL fabrication process [119] 

Figure 6.2 shows processing steps for VCSEL fabrication. Donut shaped 

trenches are made by non-selective H2SO4/H2O2/H2O based etchant to define each 

VCSEL region. The trenches are deep enough to expose Al0.98Ga0.02As.  Then 

selective lateral oxidation performed at 440oC in a steam environment furnace (Figure 

6.3(a)). Oxide aperture within VCSEL is decreasing as oxidation time elapsed due to 

lateral extend of oxidation.  During oxidation, Al0.98Ga0.02As layer converted to 

(Al0.98Ga0.02As)2O3.  Final oxide aperture is 15µm.  Next, this etched trench was filled 

with spin on glass (Figure 6.3(b)).  Without this filling, VCSEL after thinning would 

be very fragile because of the extreme thinness. Finally, both p and n electrical contact 
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are formed.  Ti/Pt/Au as a p-contact and Ni/Ge/Au as an n-contact are used (Figure 

6.3(c)). 

 

 

 

 

 

(a) (b) 

Figure 6.3 (a) Photograph of mechanically polished thin VCSEL array; (b) SEM 

picture shows the polished VCSEL with a thickness of 42µm [118]. 

One important aspect of VCSELs is their very thin laser cavity, typically less 

than 10µm. If the substrate of the VCSEL is removed, a very thin VCSEL can be 

formed for the OIL structure. There are two methods to remove the substrate, chemical 

mechanical polishing and epitaxial lift-off [120,121]. A mechanically polished thin 

VCSEL array made by Chulchae Choi is shown in Figures 6.3(a), and (b).  Figure 

6.3(a) shows a section of the 12-channel VCSELs array while Figure 6.3(b) shows the 

SEM picture of the mechanically polished thin VCSEL array where the thickness of 

the GaAs is measured to be 42µm.  

The substrate removal using the epitaxial lift-off technique is similar to that 

used for MSM PD thinning down as described in Chapter 5. It is based on extremely 

selective etching (>10 9) of AlAs compared with GaAs in dilute HF acid. The epitaxial 
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lift-off to remove GaAs substrate of the VCSEL is relatively tricky because DBR 

layers have the same composition material as in sacrificial layer. Top down etching 

causes damage to DBR. To avoid this problem we are going to use a bottom up 

etching method. The etchant introduces through GaAs substrate from backside. After 

bonding on sapphire substrate (Figure 6.3(c)), mechanical lapping will be done to thin 

the device down to 50µm thickness. Then holes are opened on the backside using 

GaAs selective etchant (Figure 6.3(d)) so that HF solution can reach the sacrificial 

layer to lift off the rest of the substrate(Figure 6.3(e)). 

Thus far, we have the thin-film VCSEL array ready for implementation into 

the OIL suitable for PCB integration. More information regarding the VCSEL array 

can be found in [116,118,119,121] 

6.1.2 Photodetector array 

The thin-film GaAs MSM photodetector has been described in the previous 

chapter. The advantages of these PDs for the fully embedded interconnection 

application, as well as the disadvantages, such as the low coupling efficiency due to 

the “shadow effect” are also discussed. These GaAs MSM PD arrays are ready for the 

OIL integration.  

The optoelectronic industry, however, provides us another good choice of 

photodetector arrays. The 1× 12 GaAs PIN photodiode array by Emcore (Somerset, NJ 

08873 USA) features data rate of 2.5Gbit/s per channel, excellent responsivity, 

uniform channel to channel characteristics, excellent crosstalk attenuation and low 
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dark current. Beside, it is originally designed for multi-mode fiber communication at 

850nm and the dimension and pitch size match our system design. Mass production 

from industry also guarantees its quality and reliability. The cost is also dramatically 

reduced. Some major characteristics are listed in Table 6.1 and Table 6.2.  

One of the drawbacks of the Emcore phtodetectors is that they are not designed 

for lift-off process. So no sacrificial layer is grown between the device layers and the 

bulk substrate. That means, CMP has to be used to thin down these devices to fit our 

requirements for the integration.  

Table 6.1 Electro-optical characteristics of Emcore 1× 12 GaAs PIN 

photodiode array (from Emcore) 

Table 6.2 Physical description of Emcore 1× 12 GaAs PIN photodiode array 

(from Emcore) 
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6.1.3 Waveguide and 45-degree waveguide mirror coupler array 

 The demonstration is intended to show the possible advantages of 

optoelectronic interconnect over all-electrical counterpart at the PCB level. Besides 

high-speed and large bandwidth, these advantages should also include long 

interconnect distance and high interconnect density, as discussed in Chapter 2. 

Therefore, we take these factors into consideration when designing the waveguide 

layout for the OIL demonstration.  

   

Curved Lines (X 20) 
[Small Curvature : R158~186um]

Curved Lines (X 50) 
[Large Curvature : R354~382um] 

Straight Lines (X 
50) 

Curved Lines (X 50) 
[Small Curvature : 
R158~186um] 

Figure 6.4 Waveguide layout design for the OIL demonstration, the inserted small 

photographs are parts of the waveguide fabricated with this mask.  

The waveguide layout is shown in Figure 6.4. It is a channel waveguide array 

containing 12 waveguides, which can not be seen clearly due to the small dimensions. 
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The waveguide channel width is 50µm and center-to-center separation 250µm. The 

waveguide routing enables to accommodate a fairly long waveguide within a certain 

area while equalize the length of each channel of the array. The total length of each 

waveguide is approximately 50.9cm, which is contained in an area with the diameter 

less than 12.7cm. For the purpose of demonstration, this waveguide layout design 

features curves and intersections. The smallest radius of curvature is 15.8mm and the 

intersection angle is 90°. According to the theoretical prediction and experimental 

measurements described in Chapter 3, the loss induced by waveguide bending at this 

radius and 90° intersection is very low. 

The waveguide, along with the embedded 45-degree micro mirror coupler 

array for the OIL, will be fabricated through soft lithography as described in Chapter 

4. TopasTM film made from cycloolefin copolymer (COC) is selected to be the 

substrate to provide the support to the other components. This selection is based on the 

fact that TopasTM film possesses the advantages such as low propagation loss at 

850nm region, high glass transition temperature, mechanical flexibility, and 

compatibility with PCB materials. Also, the refractive index of COC is slightly lower 

than that of the waveguide material with the ∆n of approximately 0.01, it can serve as 

the cladding layer. This enables the single layer structure of the waveguide and makes 

the soft lithography technique applicable.  

 Soft molding is used because the TopasTM film is not suitable for the 

conventional spin-coating process due to its mechanical flexibility. It will also 

 108



simplify the reproduction process significantly, thereby reducing the manufacturing 

cost. After the fabrication of the polymer waveguide and 45-degree micro mirror 

coupler array as the master structure through the method described in Chapter 4, a 

PDMS mold can be cast out of it. Ultradel 9120D polyimide, the waveguide material 

is poured to fill the patterns in the mold, which is then covered with a TopasTM film. 

After the polyimide is solidified through heating while keeping the TopasTM film well 

contacted with the mold, the PDMS mold can be peeled off and the polyimide 

waveguide structure will stay on the surface of the TopasTM film. Necessary full cure 

procedure can be conducted to make the waveguide robust.  

 Metal needs to be coated on the micro mirrors then. Two approaches can be 

adopted for this purpose. One is the conventional lift-off process using thick 

photoresist such as AZ9260. The major steps include: photoresist coating, 

photolithography to open the window on the micro mirrors, depositing metal (Al or 

Ag, etc.), and removing the rest of photoresist.  A layer of top cladding will then be 

applied. The other approach employs Ultradel 9020D, the top cladding material, as the 

photoresist using its photo patternable property. Then the windows for the mirrors will 

be opened in the U9020D film. After metal coating, the metal on the surface of the 

U9020D layer can be kept without induce propagation loss to the waveguide if the 

thickness of U9020D is large enough.  
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6.1.4 Power budget 

The power budget is estimated for this demonstration structure. The output 

power from the VCSEL is 2mW, or 3dBm. Propagation loss of the waveguide at 

850nm accumulates to 0.27dB/cm × 50.9cm = 13.74dB. The input coupling loss is 

estimated as 1dB. If Emcore photodiode array is employed, the output coupling loss 

could reach the same level. The loss due to the 90-degree crossing is 0.1dB. The 

responsivity of the Emcore PD we purchased is –16dBm. There is still approximately 

3dB insertion loss margin to cover the other unexpected or unconsidered losses.   

6.2 Insertion of OIL into PCB 

 The basic idea of inserting OIL into PCB is to laminate the OIL layer with the 

other layers of the PC board. Micro vias need to be formed to connect the 

optoelectronic devices with the electrical circuits on other layers. Several issues 

regarding this process are under investigation.  

 Micro via holes with relatively high aspect ration (~ 1:1) will be drilled 

through the TopasTM film using high power laser beam. If the drill is conducted with 

the VCSEL / PD attached to the film, a layer of metal as thick as several microns on 

the VCSEL / PD pads will be required to act as the drilling stop. But such thick film is 

not feasible for e-beam evaporation. An alternative is to drill the hole before the 

VCSEL / PD arrays are attached. Then the laser beam can just drill through the film. 

In this case, registration marks need to be created while forming the waveguide. The 

sidewall of the via holes will be coated with copper by electrical plating.  
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 The lamination process is another concern. Low-pressure, low-temperature 

lamination technique will be employed so that the performance of the optoelectronic 

devices, as well as the whole OIL will not be degraded. In such process, the 

temperature is limited to 100°C and pressure 300psi.  

When all the technologies and components are ready, our demonstration of 

fully embedded OIL at PCB level will be like the illustration in Figure 6.5. 

PCB 
layers 

Waveguide 

Cu 
traces 

Micro via 

VCSEL 
array 

TopasTM 
film 

 

Figure 6.5 Demonstration of fully embedded optoelectronic interconnect at printed 

circuit board (PCB) level (drawn by Chulchae Choi) 
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Chapter 7 Summary 

We proposed a fully embedded guide-wave based board-level optoelectronic 

interconnection schematic to improve the system performance while not imposing 

difficulties of fabrication and packaging. As a crucial component of this optoelectronic 

interconnection structure, polymeric waveguides and surface-normal light couplers 

have been investigated, as well as the system integration issues, both theoretically and 

experimentally.  

Besides the advantages of high-speed, large bandwidth, and low power 

consumption, guided-wave optical interconnection is expected to provide also high 

interconnect density. Analyses have been conducted on channel waveguide density, 

waveguide intersections and waveguide bends. The results indicate that very high 

channel density of channel waveguide can be achieved without inducing significant 

crosstalk between the adjacent channels. Waveguide intersections with a large range 

of crossing angles can be utilized in the waveguide circuitry layout design, which 

offers great flexibility for design without degrade the performance. The intersection 

loss as low as 0.08dB has been measured for a fabricated 90-degree intersection. 

Waveguide bends simulation with the consideration of approximation due to 

fabrication reality indicates that bending losses of curves with relatively small radius 

of curvature (> 2000µm) are lower than 0.006dB/degree.  
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Polymer channel waveguide array and 45-degree micro mirror couplers are 

chosen among a number of approaches for our fully embedded optoelectronic 

interconnection. Their performance in system has been simulated. Both input and 

output coupling efficiencies can be achieved. They also have high tolerance to the 

linear and angular displacements due to the possible fabrication imperfection.  

Ultradel 9000 series polyimides are used as the waveguide material because 

they provide low propagation loss at 850nm wavelength, ease of fabrication and high 

thermal stability due to their high Tg. The fabrication techniques have been developed 

based on the conventional microelectronics fabrication processes. Polymer 

waveguides with various size of cross section have been formed. The propagation loss 

at 850nm is measured as 0.27dB/cm. Several methods to make 45-degree micro mirror 

couplers are discussed and the fabrication results of directional RIE and micro cutting 

are presented. Soft lithography will be used to duplicate the polymeric devices 

advantageously. 

 The preliminary integration of polymer waveguide array with MSM 

photodetector array through 45-degree micro mirror couplers is demonstrated. This 

integration system achieves a 3dB response drop at 2.648GHz from 100MHz. Further 

system integration is under development. At this stage, a close optoelectronic 

interconnection layer (OIL) is being developed to be compatible with the PCB 

packaging process so that it can be laminated with the other PCB layers.  

  In conclusion, high-performance polymer-based waveguide array with 45-

degree micro mirror, as well as integration technology have been developed for fully 
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embedded board-level optoelectronic interconnection. Along with the other key 

components, for example, thin-film VCSEL array and thin-film photodetector array, 

being ready, fully embedded OIL is expected to be realized in the near future. The 

PCB with OIL layer inserted will significantly improve the performance that has been 

limited by the conventional all-electrical interconnection. 
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