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Abstract— Buried optical interconnects promise high speed1

interconnections between electronic circuits on circuit boards.2

Previous attempts have relied on expensive microfabrication3

technologies and complex optical coupling systems. The circuits4

in plastic (CiP) manufacturing method has electronic compo-5

nents embedded in a plastic substrate making direct optical6

coupling possible. Four different machining methods were used to7

create optical waveguides in polymethyl methacrylate (PMMA)8

substrate and with SU8 channel, covered with a thin sheet of9

PMMA. A three-layer milling technique showed least attenuation10

(1.17 and 1.20 dB/cm at 1310 and 1550 nm, respectively). The11

technique shows significant promise for low cost fabrication of12

CiP with optical interconnects.13

Index Terms— Circuits in plastic (CiP), CNC milling, hot14

embossing, optical interconnects, optical waveguides.15

I. INTRODUCTION AND BACKGROUND16

OPTICAL communications offer high data rates over17

long distance links for intercontinental and local area18

networks. For short distance applications (less than 1m)19

multimode optical interconnects have been used to connect20

semiconductor devices on circuit boards and between circuit21

boards. Multimode waveguides are relatively simple to fabri-22

cate and coupling precision is not critical when compared to23

single mode waveguides. Researchers [1]–[4] have replaced24

electrical with optical paths to achieve increased data trans-25

fer speeds between digital circuits. Optical interconnects are26

not susceptible to radio frequency interference and earthing27

problems. Other advantages include voltage isolation, reduced28

power dissipation and minimal crosstalk.29

Polymer waveguides have been used as alternatives to30

embedded fibers to achieve higher data rate, density, coupling31

efficiency and lower cost. Polymer materials were found to be32

the best candidate to fabricate the waveguide for their favor-33

able properties such as, compatibility with standard printed34

circuits, low cost, high temperature stability, and low loss35

especially at 850 nm [3], [4]. Embedded polymers are more36
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flexible than glass and, thus, the possibility of cracking and 37

separation are avoided. 38

Many construction methods have been suggested for 39

polymer optical waveguides in circuit boards (e.g. laser abla- 40

tion, UV lithography, hot embossing, moulding and direct 41

laser writing). Most of these methods create the polymer 42

waveguides in silicon or FR4 board substrates [5]. The 43

waveguide core roughness created during the fabrication phase 44

plays a significant role in the overall waveguide loss. 45

The objective is to achieve coupling between the opto- 46

electronic devices, which are usually mounted on top of 47

the substrate layer, and the optical waveguides fabricated 48

in a different layer. The optical coupling between layers is 49

achieved using optical components such as micro lenses, micro 50

mirrors and ball lenses. These optical components are both 51

complicated and expensive to fabricate [6], [7]. 52

A simple, inexpensive fabrication technique was 53

reported [8] using a 152.4 µm rotary saw to cut the waveguide 54

into a plastic substrate. Direct coupling method was used 55

to couple the light from the emitter to an SU-8 multimode 56

waveguide via a graded index multimode fiber (GI-MMF). 57

The attenuation was 1.66 dB/cm and 1.51 dB/cm at 1550 nm 58

and 1310 nm wavelength, respectively. The main loss factor 59

was attributed to the surface roughness of the waveguide 60

grooves introduced during the machining process. Roughness 61

in the waveguide sidewalls leads to scattering of guided 62

optical wave into the plastic substrate which forms the 63

waveguide cladding. 64

In this article, four fabrication methods for producing 65

multimode optical waveguides in plastic substrate are reported. 66

The same direct coupling method was used to couple the 67

light to and from the optical channel via multimode optical 68

fibers [8]. The propagation loss for four different path lengths 69

of the channel was used to determine the loss coefficient. 70

II. WAVEGUIDE FABRICATION 71

All methods were aimed at the construction of a channel 72

with cross-sectional dimensions 0.6 × 0.6 mm2 in a 3 mm 73

PMMA substrate refractive index 1.488. At each end, a 74

0.9 × 0.9 mm2 fiber groove was machined for external optical 75

fiber coupling as shown in Fig. 1. The external optical fibers 76

were cleaved and then glued into the fiber grooves. Here after, 77

the channel groove was filled with the SU-8 2000.5 photo- 78

resist epoxy resin (refractive index 1.577 ). The optical channel 79

was oven-cured for 90 minutes (prebaking at 65°C temperature 80

for 15 minutes and post baking at 90°C for 60 minutes). 81
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Fig. 1. Standard test bed used for waveguide fabrication and attenuation
measurements.

After cooling, the top cladding layer was thermally lam-82

inated on the top of the sample. The sample preparation,83

cleaning and the fibers arrangement and placing as well as the84

embossing conditions are explained in more detail in [8]. The85

waveguide groove was fabricated using four different methods:86

rotary saw, two layer milling, three layer milling and laser87

cutting.88

A. Rotary Saw89

A 152.4 µm rotary saw was used to create optical channel90

grooves in the 3 mm PMMA substrate [8]. The sidewall91

and bottom surfaces of the waveguide were found to be not92

sufficiently smooth and so the path loss in the waveguide was93

high.94

B. CNC Machining95

A CNC milling machine of ±0.005 mm resolution was96

used to mill the channel and fiber grooves in the 3 mm97

thick PMMA substrate. The sidewall of the channel groove98

showed less surface roughness than that achieved by the rotary99

saw method (see Fig. 2). Though the sidewall roughness was100

not significant, the bottom of the channel groove showed101

significant machine markings from the CNC rotary cutter.102

C. Three Layer Milling103

The fabrication of the channel grooves involves two steps:104

cutting right through the channel structure in a thin PMMA105

sheet and then hot embossing this sheet on top of a flat106

substrate sheet. First, a milling machine was used to cut107

through the fiber grooves (0.9 mm width and 10 mm length)108

and channel groove (0.6 mm width and 80 mm length)109

in a 0.6 mm thick and 120 mm long PMMA sheet. Hot110

embossing was used to adhere a 2 mm thick and 100 mm111

long PMMA flat sheet to the thin sheet where the trenches112

were made. The purpose of the two steps is to get a smooth113

bottom waveguide surface without the milling marks that were114

evident in CNC machining process outlined in section II.B.115

The embossing machine was set at 140°C and 130°C top116

and bottom temperature, respectively, and 3 bar pressure was117

applied for 150 seconds. These conditions were sufficient118

to ensure excellent adhesion between the two layers and to119

prevent making air gaps between the two layers next to the120

channel. This is necessary to prevent the liquid core material121

from moving in between the two layers.122

The optimum setting conditions for the hot embossing123

machine were chosen after embossing 20 samples at different124

settings (top and bottom temperatures, pressure, and time).125

Fig. 2. The channel groove (600 µm, left side) and fiber groove (900 µm,
right side) fabricated in PMMA substrate by using (a) rotary saw and (b) CNC
milling machine.

Each time the quality of embossing was tested by a pressure 126

gauge tool. The sample was put inside a pressure container 127

after filling it with a dye. A pressure of 3 bar was applied 128

for 3 hours. After that, the samples were removed and a 129

visual inspection was used to assess the quality of the joint, 130

the formation of a rectangular cross-section channel, and the 131

presence of leaks. The next step was fixing the optical fibers 132

in their grooves using super glue, thus, sealing the two ends 133

of the waveguide. The channel was filled with low-viscosity 134

SU8 and baked. Finally an upper layer of 1 mm PMMA 135

was hot embossed to seal the optical waveguide and complete 136

the cladding layer. The embossing process was used twice in 137

this method, firstly to attach the layer with trenches to the 138

2 mm substrate and secondly for sealing the top of the optical 139

channel (see Fig. 3). 140

D. Laser Cutting 141

A low cost CO2 laser (wavelength 10.6 µm) was used to 142

cut into a PMMA substrate layer. The control system has a 143

0.02 mm step size. This was insufficient to make reasonable 144

smooth waveguide grooves. The cutting by laser was done 145

similarly as with three layer milling method but a laser was 146

used instead of CNC milling machine. This method of cutting 147

is very fast and it is suitable for mass production providing 148

improved cutting accuracy when a laser with smaller step size 149

is used. 150

III. MEASUREMENTS 151

Kingfisher laser source (KI7402) emits light at two wave- 152

lengths 1310 nm and 1550 nm. A GI-MMF (62.5/125 µm) 153

was used to couple the light into the polymer waveguides. 154

The propagation loss in the optical waveguide was measured 155
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Fig. 3. The fabrication steps of the three layer optical waveguide fabrication
method: (a) the desired trenches are made on 0.6 mm thick clear PMMA
substrate; (b) a 2 mm thick PMMA layer is cleaned and prepared to be the
base for the thinner one; (c) the thin substrate with the trenches is placed
on top of the substrate and hot embossing is applied to adhere them; (d) the
extra side ends of the 0.6 mm PMMA layer are cut and the channel groove is
filled with the SU-8 liquid after the fibers are fixed in their grooves; (e) the
channel waveguide is sealed by using hot embossing after the baking step to
cure the SU8.

Fig. 4. Block diagram of the transmission test link used to determine the
propagation loss in the waveguide sample. The technique requires a laser
source, GI-MMF, optical waveguide and power meter.

for the four manufacturing methods: rotary saw, two layer156

milling, three layer milling and laser cutting. The received157

optical power was coupled from the waveguide to Kingfisher158

power meter (KI7600A) via the GI-MMF (62.5/125 µm) as159

shown in Fig. 4. The fixed losses which are independent160

of waveguide length (Fresnel loss, area loss mismatch and161

numerical aperture mismatch) were calculated theoretically162

and subtracted from the received optical power and the163

propagation loss was calculated. The equations are explained164

in [8]. This measurement method was done for all fabrication165

techniques except the CNC machining, where the loss was166

found from the slope of linear fitting of the plotted points.167

The received power was measured for waveguides of different168

length instead of using the destructive cut-back method.169

IV. RESULTS170

First, the propagation loss of the optical channel made by171

CNC milling machine was measured for four different channel172

lengths (1.5 cm, 3.5 cm, 5.5 cm and 7.5 cm) of the optical173

channel made by the CNC milling machine. The measure-174

ments were recorded for 1310 nm and 1550 nm wavelength175

(see Fig. 5). The waveguide transmission loss was determined176

from the slope of the linear fitting for the total channel loss ver-177

sus optical waveguide length. The attenuation was 1.37 dB/cm178

and 1.4 dB/cm at 1310 nm and 1550 nm, respectively.179

Fig. 5. The total loss for different waveguide lengths fabricated by CNC
milling method at two wavelengths (× 1310 nm; � 1550 nm).

TABLE I

COMPARISON OF THE ATTENUATION LOSS VALUES AT THE

TWO WAVELENGTHS FOR THE FOUR DEVELOPED

FABRICATION METHODS

The transmission loss at 1550 nm is a little higher than that at 180

1310 nm due to higher material absorption at this wavelength. 181

The mode profile is different which causes an additional offset 182

in coupling. Both slopes exhibit linear behavior (Pearson’s 183

correlation coefficient was R2 = 0.97 and R2 = 0.99 at 184

1310 nm and 1550 nm, respectively). 185

In a second experiment, optical waveguide samples of 186

7.5 cm length were fabricated using the rotary saw cutter, two 187

layer milling, and laser cutting techniques. A comparison (see 188

Table I) was made to obtain the fabrication method with lowest 189

attenuation. It is clear that the propagation loss at 1550 nm is 190

slightly higher than that at 1310 nm in all methods. 191

The results from the saw and laser cutting techniques are 192

similar because the laser cutter used does not provide a channel 193

with small sidewall roughness. It is assumed that this high loss 194

is the result of light scattering at the rough channel walls. The 195

fabrication technique can be improved using a laser control 196

system with smaller step size. 197

A better result was achieved by the milling and the three 198

layer milling methods. The lowest loss value (1.17 dB/cm 199

and 1.2 dB/cm at 1310 nm and 1550 nm, respectively) was 200

obtained from three layer milling as the scattering from the 201

bottom of the waveguide is reduced when the bottom layer is 202

not milled. In the case of milling right through, the waveguide 203

bottom surface is optically flat and the main source of loss due 204

to surface roughness comes from the waveguide sidewalls. The 205

loss that results solely from the bottom surface roughness of 206
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Fig. 6. The complete O-CiP with side view LED at 650nm wavelength.
A timer circuit (LM555 timer IC and passive components) and SU-8 optical
channel are formed on 4 mm thickness PMMA substrate and sealed by 0.5 mm
thickness PMMA sheet with conductive tracks.

TABLE II

PROPAGATION LOSS REPORTED IN SOME RECENT PAPERS FOR

OPTICAL WAVEGUIDES FABRICATED BY MILLING

AND LASER ABLATION METHODS

the samples made by the CNC machining method is about207

1.46dB. It can be determined by comparison of the total208

loss obtained using the milling right through and the CNC209

machining method. It can also be seen that sidewall surface210

roughness of the waveguide fabricated by the laser cutter is211

significantly higher than that of the three layer milling by212

2.7 dB and 3.3 dB at 1310 nm and 1550 nm, respectively.213

The loss coming from surface roughness using the rotary214

saw is higher by about (1.09 dB and 1.24 dB at 1310 nm215

and 1550 nm, respectively) as compared to the results of the216

CNC machining method.217

In the CiP technology, the circuit components are placed in218

the substrate layer and silver ink tracks screen printed on the219

plastic sheet are used to connect the components and seal the220

complete circuit and the buried optical channel using a thermal221

press [11]. The optical circuit in plastic (O-CiP) formed in222

this manner is based on low temperature bonding so the223

components are not damaged. Optoelectronic and electronic224

components (e.g. LED, driver circuit, etc.) and the optical225

channel are integrated in the plastic (see Fig. 6).226

V. DISCUSSION AND CONCLUSIONS227

A 0.6 × 0.6 mm2 multimode optical interconnect has been228

fabricated by milling machine, laser cutting, and saw cutter.229

GI-MMFs were used to couple the light into and out from the230

optical channel.231

Four different methods were used to fabricate the multimode 232

waveguide to determine the method that offers minimum loss. 233

It was found the rotary saw and laser cutter give similar 234

propagation loss (1.5 dB/cm and 1.6 dB/cm at 1310 nm and 235

1550 nm, respectively) while the two layer milled samples 236

have smoother sidewalls and hence the measured loss was 237

less (1.37 dB/cm and 1.4 dB/cm at 1310 nm and 1550 nm, 238

respectively). The minimum loss was obtained for the three 239

layer milling method: this was 1.17 dB/cm and 1.2 dB/cm at 240

1310 nm and 1550 nm, respectively. 241

Table II shows the propagation loss from some published 242

results that used milling and laser ablation methods; the 243

milling and ablation processes were done directly on the core 244

layer after spin coating the core material on the substrate 245

layer. 246

It is seen that the waveguide fabricated in our experiments 247

using CO2 laser has a better performance than reported 248

in [9]. The possibility of using injection molding to form 249

the channels is also under investigation. With the tech- 250

niques presented no single mode waveguides can be realized 251

due to surface roughness, tolerances and coupling precision 252

requirements. 253
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