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ABSTRACT: A photodefinable polymer of benzocyclobutene (BCB
4024-40) from Dow ChemicalTM has been demonstrated as a
waveguiding material in a new structure of optical wavelength filter.

The filter structure is based on the combination of restricted interference
and general interference schemes of multimode interference technique.

The filter is capable in optical wavelength filtering particularly for
1550/1310 nm. Because of the photosensitive nature of the polymer, the
chemical wet-etching fabrication technique needs to be adopted. For the

purpose of laser coupling, a new facet polishing technique has been
proposed and it is based on the combination of mechanical and

chemical polishing. It is shown that the fabricated device works well
with improved crosstalk of �15.7 dB (1310 nm) and �21.8 dB (1550
nm). VC 2012 Wiley Periodicals, Inc. Microwave Opt Technol Lett

54:1309–1313, 2012; View this article online at wileyonlinelibrary.com.
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Key words: wavelength filter; multimode interference; photosensitive

polymer; chemical wet-etching technique; facet polishing

1. INTRODUCTION

In view of the swift deployment of wavelength division multi-

plexing network, it has been a great concern that the optoelec-

tronics integrated circuit (OEIC) to follow high bit rate, high

capacity, and high bandwidth system requirement. Particularly,

this will require signal routing and coupling devices to have large

optical bandwidth and to be polarization insensitive as well as

small in dimensions. This has consequently resulted in the devel-

opment of complex OEIC with the accent of improving the exist-

ing and developing novel devices. With the advent of multimode

interference (MMI) effects on optical devices more than a decade

ago [1], all of the above requirements can be tranquilly fulfilled

due to their excellent properties and ease of fabrication.

Polymeric materials are particularly attractive in OEIC

because of their ability to be processed rapidly, cost-effectively,

and with high yields [2]. Classes of polymers used in integrated

optics include acrylates, polyimides, polycarbonates, and olefin

(e.g., cyclobutene). Benzocyclobutene (BCB 4024-40), a product

of DowTM, is a photodefinable polymer and is commonly used

for board-level interconnects. Because of its low-cost and low-

loss characteristics [3], it is a suitable candidate for optical de-

vice applications.

One of the main components in OEIC is a wavelength filter

which is able to filter the required wavelength for specific appli-

cation. The concept has been demonstrated by Kawata et al. [4]

for fiber to the home application where 1550- and 1310-nm

wavelengths may be used to carry data/voice and video, respec-

tively. A bidirectional and compact filter that can be integrated

with transceivers is desirable as it would facilitate the develop-

ment of low-cost terminal units for the home. Such a filter could

be realized using an MMI coupler which has been demonstrated

in our previous work [5]. In that paper, we report a new struc-

ture of MMI wavelength filter for 1310 and 1550 nm based on

BCB 4024-40 polymer. It is fabricated on BK7 glass substrate

with a thin layer of SiO2 as cover. A cost effective chemical

etching technique is used in the fabrication process to take

advantage of the photosensitive nature of the polymer.

To characterize the insertion loss and crosstalk for the fabri-

cated wavelength filter, the waveguide’s facets need to be

smoothly cleaved or polished as this will prevent any reflected

light as a result of facet roughness. This is the main problem that

we have encountered in our previous work [5] due to the fact

that the molecules structure of both BCB 4024-40 polymer and

BK7 glass are not crystalline in nature. As a result, our previous

approach which is solely based on crude polishing technique was

found to be partly incomplete for facet preparation. The fact is

justified by the measured insertion loss of 3.2–3.5 dB and cross-

talk value of 14.4 dB (1300 nm) and 20.6 dB (1550 nm).

In this article, we propose a new facet polishing technique for

the developed wavelength filter. The technique comprises of three

important steps which are samples cutting, mechanical grinding,

and chemical polishing. Although the combination of mechanical

grind and chemical polishing in dielectric surface treatment has

been revealed in high voltage application [6], the presented tech-

nique in this article is considered new for optical waveguide

application. From our reading, it is found out that there is no spe-

cific literature discussing on this specific issue of waveguide facet

treatment, particularly for polymer on glass optical device struc-

ture. Hence, the motivation of this article is to visualize the possi-

bility of combining mechanical grind and chemical polishing in

optical waveguide facet treatment and the effectiveness has been

presented via polymer on glass optical wavelength filter.

2. OPTICAL WAVELENGTH FILTER DEVELOPMENT

MMI couplers work on the principle of self-imaging effect, a

property of multimode waveguides by which an input field is

reproduced in single or multiple images at periodic intervals

along the propagation direction of the guide [1]. As discussed in

our previous paper, the wavelength filter is designed based on

the combination of general interference (GI) and restricted inter-

ference (RI) schemes. To separate two wavelengths such that k1
is in one output and k2 is in the other output (k1 < k2), the con-

dition in the RI scheme is given by:

Ld ¼ pLp;k1 ¼ ðpþ qÞLp;k2 (1)

where p is a positive integer, q is an odd integer, and Lp,ki is the
beat length for wavelength ki. Note that Lp always decreases

with increasing wavelength. To minimize device length, p and q
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should be as small as possible. Therefore, p and q are deter-

mined once the beat length ratio,
Lc k1ð Þ
Lc k2ð Þ ¼ 1þ q

p is known.

The beat length ratio of 1þ q
p is determined by simulating

the ratio of
Lp;k1
Lp;k2

, taking k1 as 1310 nm and k2 as 1550 nm, as a

function of MMI width. The result for an MMI based on BCB

4024-40 is shown in Figure 1. The polymer refractive index is

taken to be 1.5556, based on our previous work [7]. From the

graph, we can see that the optimum beat length ratio is 1.1667

(i.e., p ¼ 6 and q ¼ 1) for an MMI width of w ¼ 23 lm.

Lp,1310 is 922.3 lm, hence the MMI length, L1 is 5534 lm.

With the MMI width used (W1 ¼ 23 lm), the output wave-

guide spacing is only 7.7 lm. To increase the spacing, one

could interpose S-curve waveguides. However, in our design we

use an MMI cross coupler operating in each output waveguide

to offset the outputs by about 13 lm, thereby increasing the sep-

aration to W3 ¼ 34 lm. These MMI couplers operate in the GI

mode and have a width of W2 ¼ 15 lm. The schematic layout

of the complete demultiplexer is shown in Figure 2.

Light propagation through the MMI demultiplexer is mod-

eled based on a combination of effective index method and two-

dimensional beam propagation method (2D-BPM). The simula-

tion results are shown in Figure 3.

Thin films of BCB 4024-40 forming slab waveguides were

fabricated on BK7 glass substrate by spin-coating at speeds

ranging from 1500 to 6000 rpm. The starting material is a yel-

low amber liquid that is kept refrigerated at temperature below

Figure 1 Beat length ratio versus MMI section width. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 2 Optical wavelength filter layout

Figure 3 2D-BPM simulation intensity at (a) cross output for 1550

nm (b) bar output for 1310 nm. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]
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�15�C and brought to room temperature before processing. The

slab waveguides were then measured for the average refractive

index and film thickness using prism coupling method. To char-

acterize the slab loss, the fiber probe method is applied in which

the fiber is moved along the slab to measure the power. Figure

4 shows the relation between coating speed and polymer slab

thickness. The average refractive index obtained is 1.5556 for

TE polarization. The average value of slab loss is measured to

be 1.01 dB/cm, showing the BCB 4024-40’s ability in optical

guiding application.

The process for the fabrication of channel waveguide using

BCB 4024-40 is similar to the thin film multichip module pro-

cess. According to our previous simulations [7], to produce a

single-mode waveguide using this material structure, the core

thickness needs to be about 4 lm. Hence, the coating speed of

3000 rpm and 4 lm of mask opening are chosen to realize a sin-

gle-mode square structure.

To maintain good adhesion with the substrate layer,

AP3000 adhesion promoter was spin-coated on the substrates

before polymer coating. After the polymer was spin-coated, the

film was heated on a hotplate for a specific time and tempera-

ture to drive out the residual solvent without film wrinkage.

This is followed by the photolithography step using a dark field

mask, as the BCB 4024-40 is a negative acting polymer. A

mask aligner having I-line UV exposure at 365-nm wavelength

was used to crosslink the exposed polymer region. The mask

aligner power density was set to 3 mW/cm2 and the exposure

time was 20 s.

After exposure, a predevelop bake was performed to increase

the etching resistance and film adhesion to the substrate. The

predevelop bake temperatures were 10�C lower than the pre-ex-

posure bake. The chemical etching or developing process of

BCB 4024-40 polymer requires the puddle development process.

In this process, a DS2100 developer solvent was dispensed onto

the sample surface. After 30 s of puddle time, sample was then

rinsed for 10 s and spun at high speed to remove the developer

solvent. To further dry the film and stabilize the side wall, the

sample was baked on a hot plate immediately after developing.

Finally, the sample was cured in a box oven at 250�C to remove

the residual solvents and harden the polymer. At the end of the

process only the masked areas remain which form the wave-

guides. Note that neither the photoresist nor the RIE or plasma

etching is necessary. However, the drawback of this chemical

etching method is a somewhat reduced quality of the waveguide

Figure 4 Relation between polymer film thickness and coating speed.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 5 Captured images of MMI filter; (a) microscope images (b) SEM images
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sidewall [3]. Images of the fabricated wavelength filters are

shown in Figure 5.

To reduce the refractive index difference between the wave-

guide core and the surrounding, a 1-lm thick layer of SiO2 was

deposited on top of the polymer using plasma enhanced chemi-

cal vapor deposition technique. The deposition process was per-

formed at 60�C for 1 h.

3. FACET PREPARATION TECHNIQUE

The developed polishing technique of BCB 4024-40 wave-

guide’s facet requires careful and skilful handling as the poly-

mer and glass materials are of different hardness. This technique

is a combination of mechanical and chemical polishing and

operated on the standard grinding and polishing machine.

The process starts with waveguide cutting using the diamond

cutter. The purpose of this waveguide cutting is to ensure that

the waveguide length is about the needed size. Following that, a

waveguide facet grind is next where three sizes of silicon car-

bide abrasive paper were used in this process namely, 240, 800,

and 1200 grit. The purpose of this waveguide grind is to ensure

that the facet is uniformly planarized. Before grinding, the abra-

sive paper was stuck on a rotating plate and the sample was

held in a position against the direction of moving plate. During

grinding, the sample was consistently flushed with water and air

was blown from time to time over the grinded area to keep the

sample clean and minimize any crack to the waveguide struc-

ture. Because of different hardness of waveguide material; poly-

mer and glass, the held sample need to be initially grinded at

�45� of holding angle before slowly rotated to 90�. This tech-

nique is shown in Figure 6. The purpose of having this initial

grinding angle is to prevent any occurrence of stripped polymer.

The sample was first grinded with abrasive paper size of 240

grit, followed by 800 and 1200 grit, subsequently.

After grinding, a chemical polishing took place where three

sizes of diamond compound syringe or diamond paste were

used; 15, 6, and 1 lm. During the facet polishing stage, a dia-

mond paste was dispensed on the wet polishing cloth which was

mounted on a rotating plate. Again, the sample was held in a

position against the direction of moving plate and water was

flushed from time to time over the polishing cloth to keep it

wet. Note that the polishing technique used is according to the

developed grind technique, previously mentioned in this article.

The sample was first polished with biggest size of 15 lm, fol-

lowed by 6 and 1 lm. Finally, the sample was flushed with

small amount of water followed by air blow to dry it.

4. RESULTS AND DISCUSSION

To inspect for the polishing quality, the sample was frequently

observed under high power microscope (HPM). For clarity, the

Figure 7 Facet condition: (a) cut; (b) grinded; (c) polished. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 6 Sample position during grinding and polishing stages. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 8 SEM image of polished waveguide facet: oblique view
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difference of facet condition during these crucial stages as

observed under HPM are shown in Figure 7. Figure 7(a) shows

the facet condition after the cutting process, whereas Figures

7(b) and 7(c) depict the results of facet grinded and polished,

respectively. It was visually observed that the facet quality was

significantly improved at the end of polishing stage. To investi-

gate the facet uniformity, the scanning electron microscope

(SEM) is used. The captured figure is shown in Figure 8 which

clearly exhibits smooth polished end facet of the fabricated

structure. Evidently, this shows that the proposed combination

of mechanical grind and chemical polishing is found to be suita-

ble for facet treatment of fabricated polymer on glass waveguide

structure.

To quantify the quality of facet treatment technique, a sin-

gle-mode fiber is used to couple 1550-nm laser source into the

polished end facet of the access waveguide. The output is meas-

ured using a Germanium photodetector and the near field profile

is imaged onto an infrared camera integrated with beam ana-

lyzer software.

Images of the output beam for both wavelengths are shown

in Figure 9. The crosstalk, defined as the power ratio between

the desired wavelength and the unwanted wavelength, was

measured to be �15.7 and �21.8 dB for 1310 and 1550 nm,

respectively, indicating the functionality of the proposed wave-

length demultiplexer. Furthermore, the insertion loss, defined as

the ratio between the power at the output waveguide and that in

the input waveguide, was measured to be between 2.8 and 3.0

dB for both output wavelengths. In view of our previous work

[5], it clearly indicates improved performance of both crosstalk

and insertion loss. For instance, a crosstalk improvement of 9

and 6% are recorded for 1310 and 1550 nm, respectively. Simi-

larly, the insertion loss value has been reduced by 12% which

quantitatively shows that the proposed facet treatment technique

has been a great assistance in improving the quality of fabri-

cated 1310/1550 nm wavelength filter.

5. CONCLUSION

We have successfully improved the crosstalk and insertion loss

figures for previously developed 1310/1550 nm wavelength filter

by proposing a new facet treatment technique. The technique is

to be based on the combination of mechanical grinding and

chemical polishing phases in which suitable size of grit paper

and diamond paste have been used throughout the process. It is

observed that by precautious handling of the waveguide in terms

of initial and subsequent rotation angle, sample’s position, sys-

tematic usage of grit paper/diamond paste and consistent flush-

ing of water, excellent quality of waveguide facet can then be

realized. The filter is proved to function well with improved

crosstalk of �15.7 and �21.8 dB for 1310 and 1550 nm, respec-

tively. The measured insertion loss is around 2.8–3.0 dB for

both output wavelengths.
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ABSTRACT: The main parameters of a local oscillator distribution in
the millimeter wave range are described. The link is based on optical

frequency multiplication taking benefit of the modulator nonlinearity. It
is modeled using an original computer aided design (CAD) approach.
Then, various practical solutions are compared and their phase noise

floor is measured. VC 2012 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 54:1313–1316, 2012; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.26780

Key words: microwave optical systems; millimeter wave generation;
phase noise; frequency reference; optical modulator; nonlinear
modeling; CAD of microwave optical systems

Figure 9 Near-field profile of the filter outputs: (a) 1310 nm (b) 1550

nm. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]
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