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Abstract—This paper investigates the end facet roughness
of multimode polymer channel waveguides fabricated on FR4
printed circuit boards, PCBs, when cut at right angles to their
optical axis by milling routers for optical butt-coupling connectors
and compares it with that resulting from dicing saws and polishing
and proposes a novel end facet treatment. RMS surface roughness
of waveguide end facets, measured by AFMs, are compared for
a range of rotation speeds and translation speeds of a milling
router. It was found that one-flute routers gave significantly less
rough surfaces than two or three-flute routers. The best results
were achieved for a one-flute router when the milling bit was
inserted from the PCB side of the board with a rotation speed
of 15,000 rpm and a translation speed of 0.25 m/min which min-
imized the waveguide core end facet RMS roughness to 183 +
13 nm and gave input optical coupling loss of 1.7 dB + 0.5 B and
output optical coupling loss of 2.0 dB + 0.7 dB. The lowest RMS
roughness was obtained at chip loads of 16 pm/revolution. High
rotation speeds should be avoided as smearing of the end facet
occurs possibly due to polymer heating and softening. For the first
time to our knowledge, channel waveguide optical insertion loss
is shown to be linearly proportional to the ratio of the waveguide
core end facet RMS roughness to its autocorrelation length. A
new fabrication technique for cut waveguide end facet treatment
is proposed and demonstrated which reduces the insertion loss by
2.60 dB + 1.3 dB which is more than that achieved by the closest
available index matching fluid which gave 2.23 dB + 1.2 dB. The
new fabrication method gives a more robust end facet for use in
commercial products.

Index Terms—AFM, atomic force microscope, channel wave-
guide, chip load, CNC tool, coupling loss, dicing saw, end facet
roughness, fabrication, FR4, insertion loss, integration, manufac-
turing, micromechanical, milling router, multimode waveguide,
Nomarski microscope, optical attenuation, optical circuit board,
optical coupling, optical printed circuit board, optical waveguide,
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I. INTRODUCTION

DVANCED computers, supercomputers, storage arrays,
switching fabrics and measurement instruments often
use a rack chassis configuration. In this arrangement, multiple
daughter boards, mezzanine boards, blade servers, controllers,
drive cards or power supplies on which active components
are mounted and interconnected, are plugged in at right an-
gles to a continuous backplane, mid-plane or motherboard
which extends from one side of the chassis to the other [5]
and which has the important function of interconnecting the
daughter cards. As a result, the highest data traffic occurs on
the backplane and at bit rates exceeding about 10 Gb/s the
interconnect technology of multiple levels of copper tracks
within a printed circuit board, PCB, suffers from signal loss,
distortion, crosstalk and EMI [1]. A commercially attractive
solution is to also embed optical interconnects into the PCB
backplane [1] in the PCB manufacturing company using their
existing fabrication equipment. Optical interconnects are scal-
able to much higher bit rates as demonstrated in optical fibre
communication. However, in order for the highest speed copper
tracks to be replaced by optical interconnects the full tech-
nology of optical interconnects must be of a similar low cost.
Optical circuit boards have been demonstrated using layers of
overlapping optical fibres glued onto the PCB or glued together
into a film which can be applied to the PCB [2], however,
optical waveguide technology offers a lower cost approach that
can be fabricated using existing technology used to fabricate
PCBs [3]. Low cost optical connectors are required to connect
the optical backplane waveguides to optical components on the
daughter boards such as lasers and photodiodes. There are two
approaches to make a connector. In one approach, the wave-
guide ends in a 45-degree mirror tilting the beam normal to the
surface but this requires more complex and costly fabrication
procedures in order to obtain low loss 45-degree mirrors [4].
In a simpler, lower cost approach, the waveguide end is cut at
right angles to its optical axis to form a flat end facet and VCSEL
lasers are directly butted up against the facet. In practice, lenses
are usually used to image the laser onto the waveguide facet and
at the other end lenses image the output waveguide facet onto
the photodiode [5]. This protects the face of the laser and pho-
todiode and avoids knocking off any bond wires attached to the
active optical components during mating. Low cost, passively
aligned optical connectors have been reported [6], incorporating
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Fig. 1. Electro-Optical Circuit Board backplane having multiple layers of
copper tracks, and vias with one optical waveguide interconnect layer on the
surface. The 4 white apertures in the board shown in part (b) are cut out using
a router and are where the daughterboards are connected to the backplane (a).

such active components, which allow repeated insertion and dis-
engagement of the daughter boards and yet still maintain highly
accurate alignment of the VCSEL laser arrays and PIN photo-
diode arrays mounted on the daughter boards with the wave-
guides and associated lenses mounted on the backplane.

One approach for connector-waveguide coupling is to ar-
range for all of the connectors to be located around the edges
of a rectangular optical circuit board [7] but this limits the
flexibility of layout arrangements. For most flexibility and
compatibility with current designs of chassis-rack based in-
struments, apertures must be cut out of the PCB, Fig. 1, to
allow access to the arrays of lasers and photodiodes [8]. For
waveguides ending at the edge of a board the edge can be cut
using a dicing saw similar to those used to cut silicon wafers
into chips, and to give good optical coupling, the edge can be
polished to reduce any roughness. However, when the wave-
guide ends in a milled aperture in the board, it is not known
how rough the resulting waveguide end facet is nor how it may
be polished or smoothed, nor how much optical loss is incurred
when coupling in or out of these waveguide facets and it is the
aim of this paper to address these issues.

Various other methods have been investigated for cutting op-
tical printed circuit boards, OPCBs, sometimes called optical
circuit boards, OCBs, such as using, laser ablation or chemical
etching.

For laser cutting or ablation, it has previously been shown [8],
[9] that it is necessary to precisely control the laser characteris-
tics, collimation, pulse repetition rate, beam size and power dis-
tribution profile to achieve smooth cuts through several layers
of different material. The laser beam must also be precisely
aligned to the workpiece and the beam shaping and power con-
trol optics adjusted to cut through the different layers which
comprise two different polymers, FR4 and a copper layer [8],
[9]. Chemical etching, plasma etching, sand blasting, blade cut-
ting or stamping with a shaped blade are not suitable for this ap-
plication due to the cost and damage that can be involved with
these methods.

This paper is concerned with the use of a milling router as
a practical production line technique, which is already readily
available in PCB manufacturers, to cut the waveguide ends. This
has the advantages that it is easy to use and control CNC ma-
chines and a wide range of sizes of cuts and shapes are possible
without damage to other parts of the OPCB. Milling routers have
already been used for cutting polymer waveguides [10], [11].
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However, the surface profile left after milling polymer wave-
guides has not been previously studied in depth nor its relation-
ship to the effect on optical input and output coupling loss al-
though earlier researchers have noted that it is essential to have
this information [12].

When a laser beam with a certain divergence angle impinges
on a rough waveguide end facet the light is scattered both for-
wards and backwards over a wider divergence angle than that
in the original beam [13]. The divergence angle and polar scat-
tering diagram can be found by calculating the two-dimensional
Fourier Transform of the roughness profile assuming uniform
intensity and plane wave illumination. This assumption may
be valid for laser illuminated waveguide inputs for collimated
laser beams but breaks down at the waveguide exit where the
modes interfere to give an almost random phase distribution and
speckle. The strength of the scattered light depends on the root
mean square (RMS) value of the roughness, o, [14]. The diver-
gence angle of the scattered light depends on the inverse of the
autocorrelation length, 7', of the roughness [15] which is a mea-
sure of the fineness of the roughness. Therefore, it is helpful to
define a figure of merit, o/ T which combines both contributions
to the input and output optical coupling loss [16], [17].

In this paper, the effect of milling routers on the end facet
roughness of polyacrylate waveguides on FR4 PCBs is pre-
sented in Section II together with a thorough analysis. In
Section III, the relationship between the optical loss and the
end facet roughness of the polyacrylate waveguides on FR4
PCBs is experimentally established for the first time and in
Section IV, a new method for reducing the waveguide end
facet roughness, and so the optical coupling loss, is devised and
successfully demonstrated.

II. WAVEGUIDE END FACET CUTTING METHODS

A. Waveguide Core End Facet Roughness When Cut With a
Milling Router

The end facet roughness of waveguides cut using a variety of
types of milling router tools was investigated. Three different
routers with different numbers of cutting edges (called flutes)
were chosen to find the router which leaves the end facet with
the smoothest surface. Multimode waveguides were manufac-
tured photolithographically from Truemode® Acrylate based
polymer on the surface of FR4 PCB, which had their other sur-
face coated in a typical layer of 50 micron thick copper, in
Exxelis Ltd, a polymer manufacturer, and were cut in Steve-
nage Circuits Ltd, which is a PCB manufacturing company, to
give realistic results of what might be achieved in a commercial
production line process.

The routers were made of silicon carbide and had a diameter
of 1.6 mm and blade angle of 45° were supplied by Ernst Wessel
Machinebau Gmbh. The routers were mounted in a CNC milling
machine which was used to perform the various waveguide cuts
(Fig. 2).

Some experiments were initially carried out to establish the
best orientation for the waveguide on PCB samples in the CNC
machine. In one orientation, the waveguide (upper cladding)
was uppermost and in the other orientation the copper/FR4 was
uppermost.
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Fig. 2. (a) Schematic diagram of a one-flute router and the cutting procedure
used for the roughness investigation. (b) A one-flute router (RLG 615) from
Ernst Wessel Machinebau Gmbh.
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Fig. 3. Photomicrograph of the end of the waveguide after cutting with a one-
flute router entering the sample from (a) the waveguide and (b) the copper coated
FR4 PCB side. For scale the waveguides are 50 microns wide.

The photomicrographs in Fig. 3 show a plan view of the end
of the waveguide after cutting. When the router is inserted from
the waveguide side, Fig. 3(a), the end of the waveguide breaks.
In this orientation, Fig. 3(a), there is just one layer, namely the
cladding, on top of the waveguide core material and rotating the
router pulls the layers upwards and away from the PCB, possibly
causing some delamination, resulting in a broken waveguide
end. However, when the router is inserted from the copper-
coated FR4 PCB side, Fig. 3(b), the rotation creates a force
which pulls the waveguide core towards the thicker copper/
PCB/cladding which serves to support it. The milling experi-
ments were repeated using a PCB without a copper layer and it
was found that it is better to remove the copper layer at the lo-
cation of the cutting before milling the sample to avoid copper
dust embedding in and contaminating the end of the waveguide.
The copper layer was removed by surface milling. However, it
was found that even if the copper is not removed, the copper
dust contamination of the end facet is less when the waveguide
is facing downwards as the copper dust is moved upwards away
from the waveguide core material in this orientation.

Further experiments were carried out to assess the effect of
the number of cutter flutes on the waveguide end facet surface
finish. The shape of the router and the numbers of flutes on the
router had previously been reported to have an effect on the sur-
face roughness of other surfaces such as metals or plastics when
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Fig. 4. Photomicrographs of cross section end facets of polymer multimode
waveguides cut by (a) one-flute router cutter (¢ = 183 nm, 7' = 2.6 pm),
(b) two-flute cutter (¢ = 540 nm, 7" = 4.3 pm), (c) Three-flute cutter (¢ =
911 nm, T = 6.6 jm). The waveguides were cut with the same rotation
(15000 rpm) and translation speed (0.25 m/min) for a valid comparison.

cut by a milling machine [10]. Three milling router cutters with
different numbers of flutes with the same flute properties (ma-
terial, flute angle, flute direction) were chosen and used to cut
the waveguide samples. The router tips were new and unused.
Several similar router tips were used to make sure that a surface
roughness was not due to a particular damaged or poorly made
router. Fig. 4 shows the waveguide end surface cross sections
cut using routers having differing numbers of flutes. The pho-
tomicrographs were taken through a Nomarski microscope with
the waveguides back-illuminated using white light. The yellow
part is the core material of the waveguide surrounded by the
cladding material, which appears brown.

The end facet roughness was measured using an Atomic
Force Microscope, AFM (Veeco Dimension 3100V, 7 nm tip
radius), and analyzed using in-house software to determine the
root mean square, RMS, roughness in nanometers across the 30
micron by 30 micron area of the scan over the waveguide core
and to determine the 1D autocorrelation length, 7', along the
direction parallel to the surface of the PCB. A number of other
measures of surface roughness such as peak to peak roughness,
I¢;, maximum surface height, I?;,, minimum surface height, 12,
skewness, Iigy, kurtosis, 7y, and arithmetic average of abso-
lute values, IZ,, were also calculated [18] but it was found that
the RMS roughness, o, or I, gave more reproducible results
so only RMS roughness is used in this paper. The three-flute
router cutter gives a very rough surface (RMS roughness, o
of 911 + 285 nm). Some groove or gouge-shape structures,
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TABLE I
RMS SURFACE ROUGHNESS AND CHIP LOADS OF WAVEGUIDE CORE END
FACETS CUT USING A ONE-FLUTE ROUTER FOR A RANGE OF
ROTATION AND TRANSLATION SPEEDS

Rotation speed
(rpm) —>p
Translation Speed
(m/min)
Roughness
(nm)

5000 15000 34000 50000

389+61 | 31012 | 38410 | 342+23

Chip load

(pm/revolution)
Roughness
(nm)

Chip load
(um/revolution)
Roughness
(nm)

Chip load
(pm/revolution)
Roughness
(nm)

Chip load

376 £30 | 183 +13 | 358+12 | 339+42

0.25

474 +£32 | 381+18 | 205+24 410+ 15

434+ 54 296 + 12

0.75

(um/revolution)

Fig. 4(c), could be observed on the cross sectional surface
cut by the three-flute cutter. Diagonal grooves at an angle of
40° £ 5° to the PCB surface remain on the waveguide end
facet, Figs. 4(b) and 4(c) after cutting with either the two-flute
or three-flute routers. Fig. 4(a) shows that the one-flute cutter
gives the best and smoothest surface (RMS roughness, o of
183 &+ 13 nm). Only some slight traces of diagonal grooves at
an angle of 40° £ 5° to the PCB surface can just be discerned.

B. Waveguide Core End Facet RMS Roughness as a Function
of Router Rotation and Translation Speed

As the one-flute router gave the best cross sectional sur-
face finish this was chosen for the following optimization
experiments to find the best rotation and translation speeds to
minimize the waveguide end facet surface roughness. Several
rotation and translation speeds were used. As before the wave-
guides were cut by a commercial PCB manufacturer, Stevenage
Circuits Ltd using their CNC milling machine (Wessel CNC
MLB?2 Dirill/Router) to simulate the fabrication and cutting of
the waveguide end facets in a realistic industrial environment.
Table I shows the RMS roughness of polymer waveguide end
facet surfaces measured over an area of 30 microns by 30
microns of the waveguide core cut at a variety of rotation and
translation speeds. To estimate the measurement accuracy,
typically three or four areas across the waveguide core cross
section were scanned by the AFM and for each area the RMS
roughness was calculated. Then the standard deviation between
these RMS values for different scan areas was taken as the
measurement accuracy.

Fig. 5 shows a contour plot of the waveguide core end facet
RMS roughness data of Table I. The minimum roughness re-
gion, in blue (dark) color appears as a diagonal valley across
the middle of the plot. This means that to achieve a surface with
a lower magnitude of RMS roughness, the translation speed and
rotation speed should be set at the minimum of the valley and

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 31, NO. 16, AUGUST 15, 2013

Translation Speed (m/min)

®
5

x 104

Rotation Speed (rpm)

Fig. 5. Waveguide Core End facet RMS roughness plotted as a contour plot as
a function of router rotation and translation speed. The units of roughness on
the contour labels is nm. The blue dots indicate the data points between which
the graph has been interpolated.

increased or decreased together to remain within the low part of
the valley. So, small rotation speeds should be used with small
translation speeds and vice versa. High translation speeds and
high rotation speeds will remove material faster. However, ac-
cording to Table I and Fig. 5 the RMS roughness is minimized
for lower translation and rotation speed combinations.

C. Surface Finish of Waveguides Cut With a One-Flute Router
at High Rotation Speeds

If the translation speed is slow and the rotation speed is high
then any part of the surface will be touched many times as the
router rotates which may give a polishing action and will cer-
tainly heat the surface up due to friction possibly softening the
polymer. If the rotation speed is low and the translation speed
is high then any point of the surface may receive less polishing
and heating. In selecting the optimum combination of transla-
tion and rotation speeds, it is not sufficient simply to examine
the RMS roughness of the waveguide core end facet but it is
also important to view this surface through a microscope.

Fig. 6 shows the end facet of a waveguide cut at a rotation
speed of 34,000 rpm and a translation speed of 0.75 m/min with
the waveguides back illuminated using white light. The wave-
guide surface appears blurred although the Nomarski micro-
scope is focused on surrounding regions of the surface. When
the microscope is moved towards and away from the surface the
waveguide cannot be brought into focus so the waveguide core
is not cut back by more or less than the surrounding material.

For comparison, Fig. 4(a) shows similar waveguides but cut
at a much slower rotation speed of 15,000 rpm and a much
slower translation speed of 0.25 m/min and shows the core
in focus very clearly. Therefore, it may be that the core and
cladding have softened due to heating and have been smeared
across one another in the high rotation and translation speed
case. When the rotation speed is increased to 60,000 rpm
and 70,000 rpm, similar apparently smeared layers across the
waveguide core area also observed. The samples shown in
Fig. 6 were cleaned by blowing a jet of air across the surface
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Waveguide end facet

Fig. 6. Photomicrograph taken through a Nomarski microscope of a back illu-
minated waveguide cut at a rotation speed of 34,000 rpm and a translation speed
of 0.75 m/min.
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Fig. 7. RMS roughness of the waveguide core end facet after cutting with a
one-flute router as a function of chip load in units of microns per revolution of
the router.

but the images did not change so it cannot just be dust or small
swarf particles.

III. WAVEGUIDE END FACET ROUGHNESS ANALYSIS

A. Chip Load Analysis

The concept of chip load is used in the milling industry so it is
important to re-express the earlier findings in terms of chip load.
Chip load is defined as the ratio of the translation/(rotation speed
in rpm x number of flutes) [19]. Chip load units are expressed in
microns per rotation of the router in this paper. Chip load com-
bines both the rotation and translation speeds into a single vari-
able which is an indication of how much material is removed per
rotation and distance traversed by the router. Router tool man-
ufacturers recommended for these routers to start with a chip
load of 8 ;um revolution and to vary the rotation and translation
speeds to optimize the surface finish. The chip load was cal-
culated and is tabulated in Table I and is plotted in Fig. 7 as a
graph of waveguide core end facet roughness versus chip load.
In Table I it is clear that similar chip load values tend to lie along
diagonals across the table in a similar direction to the diagonal
of the lowest RMS roughness values.

Fig. 7 shows a minimum RMS roughness, larger than oscil-
lations due to experimental error, at a chip load of 16 pm revo-
lution. The RMS roughness at the minimum is 183+ 13 nm. A
number of data points are recorded in Table I and these are all
consistent with an interpolated single large minimum valley in
Fig. 5 which corresponds with the minimum in Fig. 7. Our trials
did not show any other minima.
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Fig. 8. RMS Roughness of the waveguide core end facet surfaces of wave-
guides cut using routers with different number of cutting edges or flutes and by
a dicing saw in comparison to a silicon wafer surface. An AFM image is shown
for each surface for comparison of the surface profile. The number on top of
each bar is the RMS roughness in nm for that sample.

B. Comparison of Waveguide Cutting Methods

Traditionally waveguides are cut using a dicing saw con-
sisting of a disc impregnated with particular types and sizes of
grit so it is necessary to compare the surfaces cut by the routers
with similar waveguides cut using a dicing saw. The scope of
this research was insufficient to investigate a variety of types
and sizes of grit on the dicing saw and translation and rotation
speeds so a typical dicing saw with silicon carbide grit of size
30 pom used for cutting PCBs at the London Centre of Nanotech-
nology (LCN) at their standard rotation speed of 30,000 rpm
and translation speed of 0.6 m/min was used. Fig. 8 gives an
overview of the comparison of RMS roughness of the wave-
guide core end facet after cutting with a three-flute router, a
two-flute router, a one-flute router at the optimum rotation and
translation speeds for minimum roughness, a dicing saw and a
silicon wafer. The roughness of a silicon wafer was considered
as an ideal smooth surface for comparison purposes to assess
the measurement accuracy of the AFM.

Fig. 8 shows that, although the waveguide core end facet
roughness for the one-flute router at optimized rotation and
translation speeds is somewhat less than that of the two-flute
and three-flute routers, it is still at 183 £+ 13 nm, more than
double that for a similar waveguide sample cut by a dicing saw
which had a surface roughness of 61.5 + 23 nm. However, it
is interesting that the error bar for the surface milled by the
one-flute router is less than that due to the dicing saw showing
more reproducibility between cut samples which is of impor-
tance for manufacturing on production lines. The silicon wafer,
of course, had the best surface RMS roughness of 3.95 £+ 2 nm.

C. Spatial Roughness Uniformity

As shown earlier it is not sufficient to just consider RMS
roughness in isolation. Fig. 9 shows another aspect of the rough-
ness; which is the way the roughness changes across a sample
and compares this for the same samples measured in Fig. 8. To
calculate the data for Fig. 9, an area of 30 um x 30 pm of the
waveguide core end facet on each sample was scanned and the
result was saved in a 256 x 256 array of raw roughness data
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Fig. 9. The spatial variation of 1D surface RMS roughness for waveguide core
end facets cut using a one-flute router with 34000 rpm and 0.75 m/min transla-
tion speeds, a dicing saw and a comparison with a silicon wafer.
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Fig. 10. Autocorrelation length of the samples cut with different methods.

values. The RMS roughness of each column parallel to the sub-
strate was then calculated and plotted in Fig. 9.

Although the one-flute router at optimum rotation and trans-
lation speeds across a 2D area of several samples gave an RMS
roughness of 183 £ 13 nm, for a single poor sample shown in
Fig. 10 atun-optimized rotation and translation speeds, the RMS
roughness is not consistent across the sample and can reach sub-
stantially higher values. The dicing saw gave much more con-
sistent results across the sample.

D. Autocorrelation of the Roughness

Apart from RMS roughness magnitude and uniformity, the
scattering properties of light incident on a waveguide end facet
are also influenced by whether the roughness is coarse or fine.
This can be quantified by calculating the autocorrelation length
of the roughness which is taken to be the distance from the ver-
tical axis to the curve at 1/e of the peak value of the autocorre-
lation function at the origin [15].

A small autocorrelation length indicates that the roughness
is fine and has a short period resulting in optical scattering into
large angles. This means that more light is coupled into higher
order bound propagating modes and beyond them into unbound
radiation modes [20] resulting in more input coupling loss. The
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higher order bound modes interact with waveguide sidewall
roughness [20] resulting in higher propagation loss. Also at the
input to the waveguide the roughness causes backscattering over
similar large angles resulting in increased input coupling loss.
At the output from the waveguide a small autocorrelation length
results in wide angle scattering requiring high numerical aper-
ture optics if output coupling loss is to be avoided. Similarly,
a larger magnitude of RMS roughness results in more optical
loss. Therefore, it is useful to combine these together in a single
figure of merit as the ratio of RMS roughness to autocorrela-
tion length, o /T, so that increased values of this figure of merit
either due to increased RMS roughness or decreased autocorre-
lation length, result in increased optical coupling loss. Fig. 10
shows the autocorrelation length of waveguide core end facet
roughness samples cut by different methods. The autocorrela-
tion length was calculated separately in the horizontal and ver-
tical scan directions. Fig. 11 shows the ratio of RMS roughness
to autocorrelation length, /T, for waveguide core end facet
roughness samples cut by different methods.

Fig. 10 shows that the autocorrelation length in the horizontal
and vertical directions are the same to within experimental error
apart from for the 2-flute router. Perhaps a difference would ap-
pear if this were calculated along the grooves and normal to the
grooves seen in Fig. 4. The AFM trace of the three-flute router
was not continuous due to severe surface steps so the autocor-
relation calculations for that case may not be completely valid.
Fig. 11 also shows that the autocorrelation length of the sample
cut by the dicing saw is the same as the sample cut using a
one-flute router at its optimized rotation and translation speed
to within experimental error. However, by comparing photomi-
crographs of the waveguide core end facet cut by the one-flute
router using optimized speeds with that due to cutting with the
dicing saw (Fig. 8), it is apparent that the dicing saw leaves more
periodic grooves due to the grit particles embedded in the saw
blade. Periodic grooves result in two equally angled scattered
beams due to the Fourier Transform relationship between the
far field and near field profiles. Therefore, at the input wave-
guide facet it would excite certain modes preferentially.

Fig. 11 shows that the figure of merit, o/T is lower for
the dicing saw than for even the one-flute router at optimised
speeds. Smaller values of, o/T indicate reduced expected
optical coupling loss.
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Fig. 12. Experimental configuration for waveguide optical loss measurements.
One 850 nm VCSEL was connected to a 50/125pm MM fibre via an ST con-
nector and was set to provide an output optical power of 0 dBm at the output
end of the fibre.

IV. WAVEGUIDE END FACET ROUGHNESS AND OPTICAL LOSS

A. Optical Insertion Loss, Input and Output Coupling Loss
Due to the Roughness of the Waveguide Core End Facets

Although the figure of merit, /T should give an indica-
tion of the optical coupling loss, for precision and confidence
it is necessary to measure the optical input and output cou-
pling losses as a function of waveguide core end facet rough-
ness and cutting method. Identical waveguide samples with dif-
ferent magnitudes of waveguide core end facet roughness were
scanned by AFM and then the optical loss was measured by
experiment. A multimode fibre coupled VCSEL with 850 nm
centre wavelength was used as the source (NA = 0.22). The re-
ceiver was a photodetector, PD, with an aperture of 70 pm (PD).
The experimental method is shown in Fig. 12 and described in
[5] to calculate the overall attenuation or insertion loss.

In some of the experiments, one and then the other end facet
of the waveguide was coated in an oil with a similar refractive
index as the waveguide core. The index matching fluid pene-
trates between the microstructure of the roughness and fills the
space removing the effect of the optical scattering due to the
roughness. This enables the effect of the roughness to be quanti-
fied. The closest available index matching fluid had a refractive
index of n = 1.5694 £ 0.0005 at 840 nm wavelength, and was
supplied by Cargille Laboratories (code: LCABK)). The data of
the refractive index of the oil at 850 nm was not available. The
polymer core refractive index was n = 1.5560 at 850 nm wave-
length so it was a close but not a perfect match. It was used in
turn to fill the source to waveguide and then the waveguide to
PD interfaces to reduce the coupling loss.

Fig. 13 shows the experimental results of optical insertion
loss for a set of waveguide samples with different magnitudes
of roughness cut by differing means. The optical insertion loss
includes the input coupling loss, the propagation loss and the
output coupling loss. The waveguides were all fabricated at the
same time by the same process and were all cut to the same
length of 1 cm so the propagation loss should be the same for
each. Each experimental point is the average of 10 measure-
ments on different samples together with an error bar which is
the standard deviation between those sample results.

Generally as the RMS roughness increases the loss increases.
For the untreated waveguides, the insertion loss reduces from
the three to the two to the one-flute router to the dicing saw
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Fig. 13. Experimental results for the optical insertion loss of a set of wave-
guides.
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Fig. 14. Optical insertion loss plotted versus, o /7" ratio of RMS roughness to
autocorrelation length of the waveguide core end facet roughness.

as each roughness point in Fig. 14 was caused by these cutting
methods in turn from right to left. This trend agrees with the
trend in the figure of merit, o /T for the same cutting methods,
by comparing Figs. 14 and 11. One would expect that as the
roughness tends to zero all of the curves in Fig. 13 should tend
to the same value of the Fresnel Loss, 0.42 dB for both ends to-
gether, as calculated from the core refractive index, n = 1.5560,
plus the propagation loss 0.08 dB/cm giving an overall insertion
loss of 0.50 dB. However, this does not seem to be the case as
the curves tend towards about 2 dB giving an extra 1.5 dB un-
accounted loss. This additional loss is partially due to the shad-
owing due to the combination of a pinhole and PD, which not
only cuts out any radiation modes travelling in the cladding but
also some light diverging from the 50 zm X 50 m square wave-
guide core. Moreover, the index matching fluid was not a perfect
match and the analysis of Section IV B suggests that this results
in an additional 0.37 dB loss. When index matching fluid is ap-
plied, the loss reduces for all magnitudes of roughness.

Fig. 14 shows the optical insertion loss of the waveguides
plotted versus the figure of merit, o /7. This clearly shows a
very good linear relationship. Fig. 14 showed that optical inser-
tion loss is not directly proportional to waveguide core end facet
roughness, however, Fig. 14 shows that optical insertion loss is
linearly related to the figure of merit, /7", showing the impor-
tance of including the autocorrelation length, 7', in the figure of
merit. This is an important result and is true irrespective of the
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method of cutting as each point in Fig. 14 represents a different
method of cutting the waveguide end facet. This graph also
shows how much the end facet must be polished or smoothed in
order to reduce the insertion loss by a specified amount. How-
ever, if this straight line is extended to cut the vertical axis the
insertion loss value is not the 2 dB expected from Fig. 13. So
we conclude that this linear relationship must break down for
smaller values of the figure of merit, o /T

B. Waveguide End Facet Roughness Treatment Using a Layer
of Cured Polymer

In the previous section, it was shown that the application of
refractive index matching fluid at the input and output wave-
guide facets reduces the insertion loss, Fig. 13, by 2 dB for
a dicing saw cut and 2.6 dB for a one-flute router with opti-
mized speed cut. However, refractive index matching fluid is
not an ideal solution for reducing the effect of the roughness of
waveguide facets. Over time, the index matching fluid evapo-
rates gradually resulting in increased insertion loss. The inser-
tion loss of waveguide samples with 61 nm and 910 nm RMS
roughness increased to 3.9 dB and 8.1 dB two days after ap-
plying index matching fluid at both ends of the waveguides,
which is approaching their original values on Fig. 13 before
application of index matching fluid. The index matching fluid
may contaminate other parts of the board and must be continu-
ally replenished which is not practical. The liquid also collects
dust over time. Therefore, a more durable method is required as
index fluid matching is just a temporary solution to reduce loss.

The waveguide samples cut by the milling router and dicing
saw were also polished in order to examine its effect and to
determine the challenges of manual polishing. Three types of
silicon carbide grinding paper were used from coarse to fine
grain. Polishing was carried out using a sequence of operations
with progressively finer grains, these were, 20 pm grit sand
cloth, 3 ym aluminum oxide polishing cloth, 1 xm fine grit alu-
minum oxide polishing cloth. Cerium oxide ‘Jewellers’ Rouge’
could also have been used in which the grain size reduces with
use giving a progressively finer surface structure. The samples
were rubbed on the surface of polishing paper in a figure of
eight-shaped path when the polishing paper was held in a fixed
position. Two people operated on each sample in two minute
sessions with 1-2 sessions for smoothing and 2-4 sessions for
polishing. Each sample was held perpendicularly to a sanding
table mounted and fixed on the floor. The sample was flipped
180° around the vertical axis every 5-6 seconds to minimize
polishing error caused by sample orientation and rotation speed
of the hand. This type of error results in the surface not being
flat but instead being tilted at different angles with deviations up
to a few degrees to the horizontal direction. This is due to the
sample being tilted during polishing or can be due to the dif-
fering hardness of different materials such as FR4 and polymer.
A jig could have been used to maintain the waveguides at right
angles to polishing paper. Nevertheless, hand polishing is not
a reliable method of reducing roughness as the finished surface
quality is dependent on the ability of the polishing operative,
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Fig. 15. New technique for coating the ends of an array of cut waveguides with
core polymer and curing to leave a flat smooth surface.

the force applied and other human factors. Moreover, it is not
suitable for mass production as a mechanical arm is needed to
do the polishing which increases the cost and the results are in-
consistent for a given type of board for several reasons. Firstly,
the copper layer must be removed otherwise there will be a lot
of copper dust contamination on the waveguide surface. Sec-
ondly, and more importantly, polishing removes some of the
waveguide material so the polished end facet of the waveguide
will not be exactly where it was cut, thus, increasing the gap
between the laser source and the waveguide or the waveguide
and the photodetector if the alignment method assumes the end
surface to be at the cut position. Any gap results in increased
coupling loss and increasing laser beam diameter due to diver-
gence unless the amount of material polished away is taken into
account so that the optical source is moved that much closer to
the waveguide to compensate.

Therefore, a new technique was developed to smooth the
end facets of the cut waveguide. In this method, uncured liquid
waveguide core material is coated on each of the end facets
of the waveguide and cured to reduce the effect of end facet
roughness. This actually acts like refractive index matching
fluid without its drawbacks. The fabrication procedure is shown
in Fig. 15. Firstly, a small amount of liquid waveguide core
polymer is applied using a dropper onto one end of the wave-
guide core when the waveguide is held vertically. Actually, the
polymer droplet also covers the cladding too in the experiment
reported here without observable detrimental effects. Secondly,
a release agent, Silicone Lubricant Aerosol (CP1051, CRC
Industries UK Ltd) is spayed on one side of a glass microscope
slide (made by Menzel-Glaser) and this coated microscope
slide is pushed against the waveguide end facet to flatten and
spread uniformly the liquid core polymer droplet. Care was
taken to make sure the waveguide was held perpendicular to
the microscope slide. A clamp was used to apply force to the
microscope slide of approximately 1.3 kPa which gave a layer
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Fig. 16. The insertion loss of a range of 9 waveguides with the same RMS
roughness. The improvement of the coupling loss after applying index fluid
matching on average is 2.23 & 1.2 and after applying Truemode ™ acrylate
polymer is 2.60 &+ 1.3. There is an error bar on each column in the figure.

thickness of 10 £ 2 pm. It may be better to use a flatter surface
such as an optical interferometer mirror with A/20 or A/40
or better but in the experiment reported a microscope slide
was used. The surface roughness of the microscope slide was
9+ 3 nm (measured by AFM) about twice as much as a silicon
wafer. This was used to achieve a flat surface at the end of the
waveguide and to be transparent to allow Ultraviolet, UV, light
to pass through it to cure the polymer.

UV light was then used to cure the polymer through the glass
slide and the glass slide was removed. The result was a flat sur-
face as smooth as the microscope slide. Both end facets were
treated in the same manner. In this paper, we report its use when
applied to nine waveguides terminating in a mid-board aper-
ture for a commercial optical interconnection demonstrator. The
waveguides had different lengths [5] and different numbers of
bends and crossings.

In the intended application [5] a VCSEL is directly imaged
onto the end facet of the waveguide. The addition of an extra
core layer causes an apparent depth phenomenon resulting in a
slightly different focal z position which can be taken into ac-
count in the design of the connector.

The nine waveguides were measured before and after ap-
plying refractive index matching fluid and before and after ap-
plying core polymer and curing it according to the procedure
described. All of the waveguides were cut with the same milling
router and had similar roughness profiles. The optical loss mea-
surement procedure was similar to that shown in Fig. 12 except
that the PD was a photodiode with a smaller form factor to fit
inside the apertures [5]. The launch conditions were as follows:
An ST connector packaged 850 nm VCSEL was connected to
a standard 50/125 pam step-index multimode (MM) fiber with
N Agper of 0.22. The fiber was 10 m long and was wound 20
times around a 38 mm diameter cylindrical mandrel in order to
fill the NA of the fiber and we confirmed [5] through measure-
ment that the N4 of the fiber was fully filled with a large number
of transverse modes. The results for insertion loss are shown in
Fig. 16 where the waveguide number is arbitrary but relates to
the same number as in [5].
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Fig. 16 shows that the insertion loss of the waveguides is
reduced by on average 2.23 + 1.2 dB after applying index
matching fluid compared with the untreated case whereas the
insertion loss was reduced on average by 2.60 dB +1.3 dB
after applying the waveguide core polymer and curing it as
described. Moreover, every waveguide had less loss with the
new method compared to index matching fluid so the method
is consistent and works correctly for many different lengths
and types of waveguide having different numbers of bends and
crossings which affect the modes present in the waveguide. In
conclusion, the core polymer results in even more improve-
ment than the index matching fluid and is far more robust as
it is solid and does not evaporate nor collect dust. The 0.37
dB improvement over index matching fluid may be that the
closest available index matching fluid differed by a possible
0.9% in refractive index from the core polymer refractive
index, whereas using the core polymer itself produced a perfect
match. No adverse effects were noticed due to the thin layer
of core polymer over the surrounding cladding polymer. The
error bars in Fig. 16 for both the index matching fluid and core
polymer were very small in all cases showing an improvement
in loss reproducibility across samples which is important in a
manufacturing environment.

V. CONCLUSION

In this paper, detailed characterisation studies of the end facet
roughness of polymer waveguides suitable for use in board-
level optical interconnects are presented and a novel method
of reducing the related optical coupling losses is proposed. The
paper addresses some of the practical issues related to the adop-
tion of this technology in real-world systems. The end facet
roughness of multimode polyacrylate waveguides fabricated on
FR4 PCBs, when cut at right angles to their optical axis by
milling routers for optical butt-coupling connectors is compared
with that resulting from dicing saws and polishing. The RMS
surface roughnesses of polyacrylate waveguide end facets on
FR4 PCB, due to milling routing at a range of rotation speeds
and translation speeds are compared. One-flute routers gave sig-
nificantly less rough surfaces than two or three-flute routers.
The best results were achieved for a one-flute router when the
milling bit was inserted from the PCB side of the board and the
research optimized the milling parameters to minimize the op-
tical loss. For the first time, to our knowledge, the waveguide
optical insertion loss is shown to be linearly proportional to the
ratio of the waveguide core end facet RMS roughness to its au-
tocorrelation length. A new fabrication technique giving a more
robust end facet for use in commercial products is proposed and
demonstrated which reduces the insertion loss.
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