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mOptical loss is a crucial quality for the application of polymer waveguide devices. The optimized oxygen induc-

tively coupled plasma etching conditions, including antenna power, bias power, chamber pressure, O2 flow
rate and etching time for the fabrication of smooth vertical poly(methyl-methacrylate-glycidly-methacrylate)
channel waveguide were systematically investigated. Atomic force microscopy and scanning electron micros-
copy were used to characterize the etch rate, surface roughness and vertical profiles. The increment of etch
rate with the antenna power, bias power and O2 flow rate was observed. Bias power and chamber pressure
were found to be the main factor affecting the interface roughness. The vertical profiles were proved to be
closely related to antenna power, bias power and O2 flow rate. Surface roughness increment was observed
when the etching time increased.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Polymeric waveguide components are promising alternatives for
the application of optical interconnects [1,2], wavelength division
multiplex [3], and sensors [4] due to the merits of low optical loss,
controllable refractive index, easy fabrication and good chemical sta-
bility [5,6]. Conventional semiconductor processing technologies,
such as spin-coating, photolithography and etching can be used in
the fabrication of polymer waveguides [6,7]. As a widely used tech-
nique, plasma etching is reported to be an effective method to form
good waveguide morphology [8,9]. However, the roughness at inter-
face is an unfavorable consequence of plasma etching. This roughness
may induce significant waveguide scattering loss and severely im-
pede scaling down of waveguide dimensions [10,11]. Thus, the inter-
face roughness needs to be well studied and understood. It is well
known that both isotropic chemical etching and anisotropic ionic
bombardment exist in plasma-etching process. Many efforts have
been devoted to study the roughness evolution during etching, and
optimize the etching conditions to obtain smooth vertical profiles to
reduce optical loss due to scattering [12–15].

Oxygen-based reactive ion etching (RIE) is a well established pro-
cess for polymer waveguide fabrication [16,17]. However, the ion
density and energy cannot be regulated individually in the RIE
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process. They are both controlled by one radio-frequency (RF)
power. Though high RF power accelerates the etching process, it
may induce serious ions sputtering and damage the film surface. Dif-
ferent from RIE method, inductively coupled plasma (ICP) etching
adopts a secondary RF power to generate high-density plasmas
(>1011 cm−3), which is more suitable for submicron and uniform
process. This plasma source is independent of plasma energy that is
controlled by another bias power source [18]. Thus, ICP etching can
provide smoother interface, higher etch rate and vertical figure for
polymer devices than RIE approach [19]. Previous work has published
some experimental results about oxygen ICP etching with polymers.
It just focused on a few aspects of ICP etching, such as antenna
power or etching chamber pressure. The research of different factors
affecting etching results still needs to be done, especially for those
commonly used materials.
Fig. 1. Molecular structure of P(MMA-GMA).
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Fig. 3. Etch rate and Rrms as a function of antenna RF power at 30 W bias RF power,
40 sccm O2 flow rate and 0.5 Pa chamber pressure.

Fig. 2. Process flow for the fabrication of channel waveguide using ICP etching.

Fig. 4. SEM images of P(MMA-GMA) waveguide vertical profiles when antenna RF power is
flow rate, and 0.5 Pa chamber pressure.
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In this study, the etch rate, surface roughness and vertical profiles
were evaluated as a function of antenna RF power, bias RF power, cham-
ber pressure and O2 flow rate for poly(methyl-methacrylate-glycidly-
methacrylate) (P(MMA-GMA)) channel waveguide fabrication.

2. Experimental details

2.1. Materials

P(MMA-GMA) material synthesized by ourselves was used in this
study due to its desirable characteristics [20]. The molecular structure
of P(MMA-GMA) is shown in Fig. 1. It can be used for arrayed wave-
guide gratings (AWGs), optical switches, modulators, and other opti-
cal devices. The refractive index (RI) of P(MMA-GMA) was measured
to be 1.48 at 1550 nm. Bisphenol-A epoxy was adopted as the RI reg-
ulator in P(MMA-GMA) to form the core material. The root-mean-
square roughness (Rrms) of P(MMA-GMA) film was 0.32 nm for an
area of 20 μm2.

2.2. Channel waveguide

A channelwaveguidewas used to study the optimization of oxygen
ICP etching conditions. Fig. 2 presents the schematic diagram of fabri-
cation process. Firstly, P(MMA-GMA) was spin-coated onto the silica
lower cladding on a silicon substrate at 2500 rpm. After a subsequent
bake at 120 °C for 2.5 h, a layer of 100 nm thick aluminum film was
thermal evaporated onto the top of P(MMA-GMA) film as the metal
mask. To define the waveguide patterns on Al film, BP212 photoresist
was spin-coated and patterned by traditional photolithography [7]. No
significant sawteeth were observed at the edge of Al etch mask. The
oxygen ICP etching process was performed for 150 s under different
conditions in a 13.56 MHz CE-300I (ULVAC Co. Inc, Japan) etchingma-
chine. A He-cooling system was used to control the bottom electrode
temperature. To obtain smooth vertical optical waveguides, the
etching parameters were optimized under the condition that one pa-
rameter was changed while the other parameters were fixed [21,22].
Atomic force microscopy (AFM) images were recorded with a
multimode scanning probe microscope CSPM5000 that operated in
contact mode (Being Nano-Instrument Ltd., China). The tip of
Contact-G was used for AFM measurements (Innovative Solutions
set to (a) 300 W, (b) 350 W, (c) 400 W, (d) 500 W, at 30 W bias RF power, 40 sccm O2
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nFig. 5. Etch rate and Rrms as a function of bias RF power at 400 W bias RF power,
40 sccm O2 flow rate and 0.5 Pa chamber pressure.

Fig. 7. Etch rate and surface roughness as a function of chamber pressure at 400 W an-
tenna RF power, 30 W bias RF power and 40 sccm O2 flow rate.
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Bulgaria Ltd., Bulgaria). The morphological characterization of the
waveguide was examined by means of scanning electron microscopy
(SEM) JSM-7600F (JEOL Ltd., Japan) that operated on a voltage of 5 kV.
3. Results and discussion

3.1. The effect of antenna RF power

Firstly, the effect of antenna RF power on the etch rate, surface
roughness and vertical profiles of P(MMA-GMA) waveguide was in-
vestigated [8,9]. The antenna RF power was varied from 200 to
500 W when the other parameters were fixed at 30 W bias RF
power, 0.5 Pa chamber pressure, and 40 sccm O2 flow rate.

The etch rate and surface roughness as a function of antenna RF
power are shown in Fig. 3. When the antenna RF power increased
from 200 to 500W, the etch rate increased from 0.34 to 1.00 μm/min.
This phenomenon can explain that the antenna RF power plays a
major role for dissociating oxygen molecules into reactive radicals and
ionic species, and then the plasma density. Chemical etching was en-
hanced with this improved antenna RF power and plasma density. As
www.sp

Fig. 6. SEM images of P(MMA-GMA) channel waveguide after ICP etching when bias RF pow
O2 flow rate, and 0.5 Pa pressure.
m
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.ca consequence, Rrms of the polymer film decreased from 22.4 to

13.1 nm.
Fig. 4 shows the SEM images of channel waveguide vertical pro-

files after performing ICP etching under different antenna RF powers.
The sidewall roughness was less than 50 nm at all conditions and de-
creased with the increment of antenna RF power. Vertical edge,
which is a key issue for constrainingmode light field and reducing op-
tical loss, was observed when the antenna RF power was increased to
400 W, as shown in Fig. 4(c). The channel waveguide showed trape-
zoidal under powers below 400 W, as shown in Fig. 4(a) and (b). Be-
sides, 500 W antenna RF power led to an undercut phenomenon and
the overhang of metal mask above the channel waveguide because of
the isotropic etching caused by the increased plasma density [12,13],
as shown in Fig. 4(d). Thus, 400 W antenna RF power is a moderate
choice to obtain smooth vertical profiles.

3.2. The effect of bias RF power

To evaluate the effect of bias RF power on the etch rate, surface
roughness and vertical profiles of P(MMA-GMA) waveguide, bias RF
power were increased from 15 to 60 W when the other parameters
were fixed at 400 W antenna RF power, 0.5 Pa chamber pressure,
er is set to (a) 15 W, (b) 30 W, (c) 40 W, (d) 60 W, at 400 W antenna RF power, 40 sccm
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Fig. 8. SEM images of P(MMA-GMA) channel waveguide at 400 W antenna RF power, 40 W bias RF power, 40 sccm O2 flow rate, and chamber pressure of (a) 0.5 Pa, (b) 1 Pa,
(c) 3 Pa, (d) 4 Pa.
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and 40 sccm O2 flow rate. As shown in Fig. 5, the etch rate increases
from 0.54 to 1.68 μm/min. It is well known that the plasma energy
is mainly determined by the bias RF power and controls the direction-
al movement of plasmas in ICP etching [23]. Since the etch rate in-
creased nearly three times within a narrow power increment of
45 W, the bias RF power was proved to be a key issue affecting the
etch rate. As is clear in Fig. 5, Rrms significantly increased from 8.5 to
42 nm when the bias RF power changed from 15 to 60 W. It indicates
that the surface roughness strongly depends on the plasma bombard-
ment and is enhanced with the increment of bias RF power [24].

Fig. 6 shows the SEM images of cross-sectional waveguide scheme
after ICP etching. The expected smoother surface at 15 W is clearly il-
lustrated in Fig. 6(a). However, the directionality of plasma move-
ment was weakened and the chemical reaction induced isotropic
etching predominated over anisotropic etching at this small bias
power. It led to the undesired undercut [25]. The best vertical edge
was observed at 30 W bias RF power, as shown in Fig. 6(b). The side-
wall vertical angle was less than 2° when 30 W bias RF power was ap-
plied. Considering the appearance of increased interface roughness in
Fig. 6(c) and (d), 30 W bias RF power is more preferable to obtain the
smooth vertical waveguide.
Fig. 9. Etch rate and surface roughness as a function of O2 flow rate at 0.5 Pa chamber
pressure, 400 W antenna RF power and 30 W bias RF power.
ww3.3. The effect of chamber pressure

The effect of chamber pressure on the etch rate and surface rough-
ness was investigated when the other parameters were fixed at 400W
antenna RF power, 30W bias RF power and 40 sccm O2 flow rate. As
shown in Fig. 7, the etch rate increased from 0.72 to 0.88 μm/min as
the chamber pressure increased from 0.5 to 1 Pa and reduced to
0.68 μm/min when the chamber pressure increased from 1 to 4 Pa. A
peak value of etch rate was found in the process of chamber pressure in-
creasing. It can be explained that the gas molecules and dissociated
plasmas were increasing when the chamber pressure was lower than
1 Pa. The etch rate and the plasma etchingwere enhanced. However, fur-
ther reactive species increasing was limited by the fixed antenna RF
power when the chamber pressure was over 1 Pa. Besides, the kinetic
energy of plasmas reduced for the shortened mean free path. This ex-
plains the etch rate falling at pressures over 1 Pa.
.coAs shown in Fig. 7, when the chamber pressure changed from 0.5 to
4 Pa, the roughness increased from 12.9 to 20.7 nm. Agarwal et al. have
reported that the distance between the collisions of plasmas is closely
related to the incident angles of oxygen etchant [17]. Thus, the rough-
ness variation observed can be explained by the influence of oxygen
plasma incident angles on the film surface and the subsequent redistri-
bution of oxygen gas flow due to local morphological features. This
mechanism means if no reaction happens on the first hit between the
oxygen plasma and the P(MMA-GMA) film, the reactant reflects toward
valleys on the film surface. It leads to more partial etching of hollows
contrasting with peaks [13,18]. Thus, oxygen plasmas are incident at
larger oblique angles, which results in smoother surface at the lower
pressure of 1 Pa. This oxygen plasma redistribution pattern explains
the roughness evolution observed from the etching results.

Vertical profiles after plasma etching at different chamber pres-
sures are clearly illustrated by SEM images in Fig. 8. According to the
above analysis, plasmas were incident at normal angles on the wave-
guide sidewall at higher pressures, which resulted in trapezoidal fig-
ures, as shown in Fig. 8(c) and (d). However, the plasmas flux was
nearly vertically incident on the substrate at pressures of 0.5 and
1 Pa, as shown in Fig. 8(a) and (b). Considering the roughness
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Fig. 10. SEM images of P(MMA-GMA) channel waveguide at 400 W antenna RF power, 40 W bias RF power, 0.5 Pa chamber pressures and O2 flow rate of (a) 40 sccm, (b) 50 sccm,
(c) 60 sccm, (d) 70 sccm.

Fig. 11. Surface roughness as a function of the etching time.
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condition, a chamber pressure of 0.5 Pa is preferable to obtain smooth-
er vertical profiles.

3.4. The effect of O2 flow rate

The effect of O2 flow rate on the etch rate and surface roughness
was investigated, too. It was changed from 20 to 60 sccm when the
other parameters were fixed at 400 W antenna RF power, 30 W bias
RF power, and 0.5 Pa chamber pressure. The variation of the etch
rate and surface roughness as a function of O2 flow rate is shown in
Fig. 9. The etch rate increased from 0.56 to 0.93 μm/min when the
flow rate increased from 20 to 70 sccm. This can be explained that
the plasma density and chemical etching effect are enhanced with
the increment of O2 flow rate. This increment reduces the mean free
path and the directional movement of oxygen plasmas. Thus, further
increasing flow rate cannot accelerate the removal of substrate by the
reaction of reactive species and polymer molecules significantly
[25,26]. Consequently, the etch rate became saturating when the O2

flow rate was over 40 sccm, and Rrms decreased from 18.5 to
12.6 nm when the flow rate increased from 20 to 70 sccm, as shown
in Fig. 9.

Vertical profiles of the channel waveguide after plasma etching at
different O2 flow rates are clearly illustrated by SEM images in Fig. 10.
No significant flow rate induced sidewall roughness variation is ob-
served in the figure. However, an undercut phenomenon that results
from the weakness of anisotropic etching accompanied with plasma
density increasing appears as the O2 flow rate reaches 50 sccm, as
shown in Fig. 10(b). Besides, the waveguide height does not change
appreciably when the etch rate increases from 60 to 70 sccm, as
shown in Fig. 10(c) and (d). Thus, the etch rate has saturated at
60 sccm. As a result, the flow rate of 40 sccm is more preferable to
fabricate the smooth vertical waveguide. An etch rate of 0.8 μm/min
and Rrms of 16.6 nm are obtained at 400 W antenna RF power, 30 W
bias RF power, 0.5 Pa chamber pressure, and 40 sccm O2 flow rate.

3.5. The effect of etching time

According to the working principles of ICP etching and previous
work, surface roughness is not independent of etching time [19,27].
m
.coSo, the effect of etching time on the surface roughness of P(MMA-

GMA) was investigated while the antenna RF power, bias RF power,
chamber pressure, and O2 flow rate were set to be 300 W, 30 W,
0.5 Pa, and 40 sccm, respectively. The Rrms of blank P(MMA-GMA)
films as a function of the etching time is shown in Fig. 11. Since the
surface roughness induced by bombard effect is inherited from the
previous etching, Rrms increased four times when the etching time
ranged from 3 to 6 min. Moreover, longer etching time can cause
extra heat on the bottom electrode. Though the ICP system has an ex-
cellent cooling chuck, the accumulated heat in the silicon substrate
may bring unfavorable impacts to the film surface. Thus, a shorter
etching time or faster etch rate is more desirable to obtain preferable
film surface.

According to the above parameter evaluations, smooth surface
and sidewall arise mainly from the conflicting effects between the
chemical etching and ion bombardment. Except for ICP etching pa-
rameters, the depositions on the internal wall of chamber can affect
the collision, absorption and compound of plasmas, and then influ-
ence the stability and efficiency of etching process. Thus, a clean
chamber condition is essential for performing a repeatable and uni-
form ICP etching [28].
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4. Conclusion

This study presented relatively complete and systematic research
on the polymer waveguide ICP etching conditions, especially those af-
fected sidewall figures. The optimized oxygen ICP etching parameters
of P(MMA-GMA) film with Al metal mask were characterized in de-
tail. The increment of etch rate with the antenna RF power, bias RF
power and O2 flow rate was observed. Bias power was found to be
the main factor for the surface and sidewall roughness. Vertical pro-
files were proved to be closely related to the antenna RF power, bias
RF power and O2 flow rate. Longer etching time led to larger surface
roughness. A channel waveguide with smooth vertical sidewall was
obtained under 400 W antenna RF power, 30 W bias RF power,
0.5 Pa chamber pressure, and 40 sccm O2 flow rate. An etch rate of
0.8 μm/min and Rrms of 16.6 nm were obtained at the above parame-
ters. As a typical process, the oxygen plasma etching of classic epoxy
polymer P(MMA-GMA) shares the same mechanism and rules with
those polymers that possess similar chemical and physical character-
istics. Therefore, we believe the summarized conclusions are useful
for the fabrication of polymer optical waveguides.
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