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Dry-etch of SiO2 layers using a CF4 plasma in a helicon plasma etcher for optical waveguide
fabrication has been studied. Al2O3 thin films, instead of the conventional materials, such as Cr or
photoresist, were employed as the masking materials. The Al2O3 mask layer was obtained by
periodically oxidizing the surface of an Al mask in an oxygen plasma during the breaks of the SiO2
etching process. A relatively high SiO2/Al2O3 etching selectivity of !100:1, compared with a
SiO2/Al selectivity of !15:1, was achieved under certain plasma condition. Such a high etching
selectivity greatly reduced the required Al mask thickness from over 500 nm down to !100 nm for
etching over 5-µm-thick silica, which make it very easy to obtain the mask patterns with near
vertical and very smooth sidewalls. Accordingly, silica wavegudies with vertical sidewalls whose
roughness was as low as 10 nm were achieved. In addition, the mechanism of the profile
transformation from a mask to the etched waveguide was analyzed numerically; and it was found
that the slope angle of the sidewalls of the mask patterns only needed to be larger than 50° for
achieving vertical sidewalls of the waveguides, if the etching selectivity was increased to 100. ©
2005 American Vacuum Society. [DOI: 10.1116/1.1842114]

I. INTRODUCTION

Silica-based channel waveguides are potential building
blocks of planar lightwave circuits for future optical tele-
communication systems. The key step in the fabrication pro-
cess of the waveguides is the deep dry-etch of the silica
(!5–10 !m thick). To realize vertical and smooth sidewalls
of such thick wavegudies is always a big challenge, because
a thick etching mask is required, and the mask fabrication
processes (lithograph, wet-etch, and dry etch), always gener-
ate certain roughness and slope to the sidewalls of the mask
patterns, which are then transferred to the etched underlying
silica layer. Much research efforts have been spent on reduc-
ing the sidewall roughness of the waveguides in the last de-
cade, since the roughness causes significant optical scattering
loss of the propagating wave power in the waveguides.1–6

Different masking materials for etching the silica wave-
guide, such as chromium,1,2 amorphous silicon (a-Si),3,4

AlSi,5 and photoresist,4,6 have been reported. The sidewall
roughness of the waveguide achieved using above masking
materials is usually between 20 and 150 nm. The Cr is the
most widely used one, because it enables a very high
SiO2/Cr etching selectivity (20:1–70:1), which is much
higher than that of the SiO2/a-Si (!15:1), SiO2/AlSi
(!10:1), or SiO2/resist (!5:1).
The Cr masks with a thickness of 200–500 nm are nor-

mally required for etching the silica waveguides. To obtain
such thick Cr masks whose patterns have vertical and very

smooth sidewalls is very difficult. A lift-off process is usually
not applicable for patterning a thick Cr layer ""200 nm#,
because of the chromium’s high hardness and strong adhe-
sion to photoresist and silica. Wet-etch using photoresist as
the masking material is a convenient method for patterning
the Cr masks, but the generated Cr patterns always have
rough edges and slanted sidewalls, due to mainly an inevi-
table uneven undercutting mechanism of the wet-etching
process. Dry-etching a thick Cr metal layer requires expen-
sive reactant gases, and a very strong etching mask made of,
such as a-Si, instead of photoresist. The processing steps for
the mask fabrication is thus increased compared with the
wet-etch technique, and more roughness could be induced to
the final Cr mask. Focused ion beam etching with an Ar
plasma can be used to fabricate the Cr masks, but it is obvi-
ously not efficient, and it causes some unwanted etching ef-
fects to the samples.1,7

In this work, Al2O3 thin films were studied as the masking
material. To fabricate an Al2O3 mask whose patterns have
vertical and very smooth sidewalls was also found to be very
difficult using the conventional techniques. A special method
was therefore developed for obtaining the Al2O3 mask. In
this method, the Al2O3 mask was generated by periodically
oxidizing the surface of an Al metal mask using an O2
plasma during the breaks of the silica etching process. The
Al2O3 layer was found to offer an extremely high SiO2/
Al2O3 etching selectivity of !100:1, which was much
higher than the SiO2/Al selectivity of !15:1 at the same
plasma condition. Thus a very thin Al2O3 mask (70–100
nm), rather than a thick Cr ""200 nm# or Al ""500 nm#a)Electronic mail: weitang.li@anu.edu.au
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mask, was enough for etching over 5-!m-thick SiO2, and the
Al2O3 mask could be obtained from an Al mask of similar
thickness. Such a reduction of the mask thickness greatly
reduced the fabrication processes induced roughness to the
mask, and provided the possibility to accurately control the
linewidth of the masks and the waveguides. In addition, Al is
much more reactive and softer than the Cr, making it easier
to be patterned than the Cr using the routing dry-etch or
lift-off techniques well developed in integrated circuits pro-
cessing. As a consequence, silica optical wavegudies with
vertical and very smooth sidewalls (roughness !10 nm)
were easily achieved. In comparison, when a thick Al masks
fabricated using wet-etch process was applied for the wave-
guide etching, and the surface of the mask was not oxidized,
the obtained waveguides exhibit slanted sidewalls with a
roughness of over 100 nm. The details of the earlier work
and some results are presented in the following.

II. EXPERIMENT
The dry-etch was carried out in a helicon plasma etcher,

which has been detailed elsewhere.8 Briefly, it consists of
two joined chambers, the source and diffusion chambers. The
source chamber is a 15 cm diameter, 25 cm long glass tube
surrounded by a Boswell-type helicon antenna and two sole-
noids. The diffusion chamber is a 30 cm diameter and 30 cm
long aluminum cylinder surrounded by two additional sole-
noids. The currents in the four solenoids are adjusted to pro-
duce a magnetic field of 100 G in the source and 60 G in the
diffusion chamber. The substrate holder is mounted at the
bottom of the diffusion chamber, and is water cooled. Both
the source antenna and the substrate holder are driven by
13.56 MHz radio frequency (rf) power sources. The cham-
bers are pumped with an ATP 400 HPC turbo molecular
pump. The processing gases of O2, Ar, and CF4 are admitted
into the vacuum chamber through 3 separate mass flow con-
trollers.
The silica thin films (5–7 µm thick) to be etched were

produced using a helicon plasma activated reactive evapora-
tion technique.9,10 The original Al masks were !100 nm
thick, and were patterned using a lift-off process. For com-
parison, 500-nm-thick Al metal masks were also fabricated
on some samples using a wet-etching process with the
etchant of H3PO4:HNO3:HAc:H2O=16:1 :1 :2.
The plasma etching of the silica was not performed con-

tinuously, but was periodically intervened for oxidizing the
surface of the Al masks in an oxygen plasma. The etching
duration (1–2 min) of the silica was set to keep the etched
Al2O3 thickness to be less than the grown during each of the
period from the Al2O3 growth to the silica-etch. For some
samples masked with the 500-nm-thick Al, the etching was
done continuously without the oxidation of the mask surface.
An in situ variable angle spectroscopic ellipsometry

(VASE) was employed for testing the growth rate of the
Al2O3 layers from the surface of the Al. Very thin Al layers
"!20 nm# deposited on Si wafers were applied, so that the
Al layers were nearly transparent in visible lights, and very
accurate thickness of the Al2O3 and Al could be measured

using the VASE. The growth rate of the Al2O3 was found to
increase with the plasma power, but decrease with the in-
crease of the substrate bias due to a sputtering effect. A 7–9-
nm-thick pure Al2O3 layer could be obtained in 2 min using
the optimized O2 plasma conditions of plasma power 1000
W, substrate rf power 0 W, and processing gas pressure 2
mTorr.
The etch rates of the SiO2 and the masking materials (Al

and Al2O3) were measured in situ using the ellipsometry, and
ex situ using a surface profilometor. The microprofiles of the
masks and the wavegudies were investigated under a field
emission scanning electron microsocopy (FESEM). The
sidewall roughness of waveguides was determined by mea-
suring the average amplitude of the corrugations or ripples
within a 2 µm range on the sidewalls using the FESEM.

III. RESULTS AND DISCUSSIONS
A. Etch rate of SiO2

The etch rate of the silica as a function of the applied
substrate bias "Vb# for different CF4 flow rates was displayed
in Fig. 1. The helicon plasma power "P# was 1000 W, and the
CF4 flow rate was 40 or 80 sccm, which generating a pro-
cessing gas pressure of 1 or 2 mTorr, respectively. The sub-
strate bias Vb was measured as the average voltage of the
substrate rf power. It is seen from Fig. 1 that the etch rate
increases roughly linearly with Vb when Vb is lower than 120
V. This is due to that the ion bombardment energy increases
with Vb, and the silica-etch is an ion bombardment domi-
nated process.11 The ion bombardment not only provides a
physical sputtering effect for the etching, but also accelerates
the chemical reaction at the silica surface. The total ion bom-
bardment potential included both Vb and the plasma potential
"!20–30 V#. Therefore, even at a low Vb of #25 V, a high
etch rate of !200 nm/min still could be obtained in the case
of using a CF4 flow of 80 sccm, as shown in Fig. 1. The
decrease of the etch rate when reducing the CF4 flow from
80 to 40 sccm was related to the decrease of the flux of the
reactive radicals including ions and neutrals.
In Fig. 2, the etch rate of the silica is plotted versus the

helicon plasma power "P# for the cases of no Ar addition and
adding a 5 sccm Ar flow to the processing gas, respectively,

FIG. 1. Etch rate of SiO2 as a function of substrate bias Vb for the cases of
CF4 flow at 40 and 80 sccm, respectively, when keeping a plasma power of
1000 W.
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while keeping a CF4 flow at 80 sccm, and Vb=−100 V. It is
seen here that the etch rate increases with P, due to the
increase of the ion flux to the substrate. The operation of the
helicon reactor can transit from a capacitive to an inductive
to a helicon discharge mode when increasing P, leading to
the plasma density and the dissociation rate of the CF4 gas
increase correspondingly.12 At a power of over 1000 W, the
plasma was working in the helicon discharge mode, and thus
a very high etching rate of over !500 nm/min was obtained
in the case of no Ar addition. The decrease of the etch rate
when adding Ar to the processing gas, as shown in Fig. 2,
was caused possibly by a dilution effect of the Ar to the CF4
gas. Therefore, the addition of Ar to the CF4 gas was not
applied for etching the waveguide with the helicon plasma
etcher.
It is worthwhile to mention that, as measured by using the

in situ ellipsometer, there were no detectable polymer layers
deposited on the samples during the etching. The reason for
this was that the substrate temperature was relatively high
"!30–50 °C#, and the processing gas pressure was very low
(1–2 m Torr) in our case, so that the deposited polymer layer
could be too thin "$1 nm# to be detected. This could be of
benefit to the reduction of the sidewall roughness of the
etched waveguide, since a thick polymer layer deposited on
the sidewalls could induce a micromasking effect, which is a
possible fact to cause the sidewall roughness of the etched
waveguides.4

B. Etching selectivity

Figure 3 exhibits the variations of the etch rates of the Al
and Al2O3, as well as the SiO2/Al2O3 and SiO2/Al etch rate
ratios, namely etching selectivities, versus the substrate bias
Vb when keeping P=1000 W and the CF4 flow at 80 sccm.
As shown in the figure, the etch rates of both Al and Al2O3
increase, but the SiO2 etching selectivities over the both de-
crease, with the increase of Vb; and the SiO2/Al2O3 selectiv-
ity is much higher than that of the SiO2/Al at low bias. These
indicate that, at low bias "$50 V#, the Al2O3 is much more
inert than the Al to the reactive species coming from the CF4
plasma, so that the etch rate of the Al2O3 is much lower than
that of the Al; but when increasing the bias further, ion sput-

tering effect may become dominating for the etch of the
both, leading to the etch rates of the both increase rapidly,
and the etching selectivities over the both decrease.
Based on the experimental data showing in Fig. 3, suit-

able conditions can be chosen for etching the waveguides.
For example, we could choose Vb=−25 V, P=1000 W, and
CF4 flow 80 sccm for the SiO2 etching, and set both the SiO2
etch and the Al2O3 growth periods to be 2 min, while using
the optimized parameters for the surface oxidation of the Al
mask as stated previously in Sec. II, so that an extremely
high SiO2/Al2O3 etching selectivity of !100:1 is obtained,
and the etched Al2O3 thickness "!4 nm# is less than the
grown "!7 nm# during each of the cycle from the Al2O3
growth to SiO2 etch to Al2O3 growth. In addition, if these
processing conditions are applied, there is no need to retune
the matching conditions of the helicon plasma when switch-
ing between the Al2O3 growth and SiO2 etch, since the ap-
plied helicon plasma power (1000 W) and processing gas
pressure (2 mTorr) are the same in both cases.

C. Microprofiles of the waveguides

The micrographs of 6-µm-thick silica waveguides ob-
tained using the processing conditions discussed above were
displayed in Fig. 4(C) and 4(E), where the applied Al masks
produced using the lift-off process have been removed. As
seen from the figure, vertical and very smooth sidewalls of
the waveguides were achieved. Whereas, although the same
processing conditions were applied, the waveguide obtained
using the wet-etched Al mask (500 nm thick) exhibit slanted
and rough sidewalls, as shown in Fig. 4(D). The difference of
these two kinds of waveguides should be attributed to the
difference of the original Al masks. The lift-off process pro-
duced Al mask patterns (100 nm thick) normally possessed

FIG. 2. Etch rate of SiO2 vs the helicon plasma power for the cases of no Ar
addition and adding an Ar flow of 5 sccm to the processing gas, respectively,
when keeping Vb=−100 V, and CF4 flow 80 sccm.

FIG. 3. Etch rates of Al and Al2O3, and the etching selectivities of SiO2/
Al2O3 and SiO2/Al, vs the Vb when keeping P=1000 W and the CF4 flow at
80 sccm.

148 Li et al.: Deep dry-etch of silica in a helicon plasma etcher 148

J. Vac. Sci. Technol. A, Vol. 23, No. 1, Jan/Feb 2005



near vertical sidewalls and very smooth edges, as shown in
Fig. 4(A); but the wet-etched Al patterns always had quite
slanted sidewalls and rough edges, as shown in Fig. 4(B),
due to an uneven undercutting mechanism of the wet-etch
process. The different profile and roughness of the masks
were then transferred to the related waveguides during the
dry-etch process.
Figure 5 illustrates the mechanism of the profile transfor-

mation from a mask to a dry-etched waveguide. In this fig-
ure, the cross section of the original etching mask is repre-
sented by the shape of ABCD, whose slope angle is %; the
mask is assumed to be eroded evenly down a depth of EE!
"EE!=BB!=CC!=FF!# after the silica is etched down a
depth of AA!, leading to the shapes of the mask and the
waveguide become E!B!C!F! and A!E!F!D!, respectively.
Here, the effect of the angular dependence of sputtering yield
on ion incidence angle is neglected, and it is assumed that
the plasma etch to the mask and silica occurs only along the

direction vertical to the sample surface; in another words,
there is no side-etching. This is nearly true for the helicon
plasma etcher when it operates at very low processing pres-
sure (1–3 mTorr). Therefore, based on Fig. 5, the slope of the
waveguide can be written as

tan"&# = S · tan"%# , "1#

where & is the slope angle of the sidewall of the waveguide,
and S is the etching selectivity "S=AA! /EE!#. The depen-
dence of & on % for different S, according to Eq. (1), is
plotted in Fig. 6. It is seen that in the case of S=100, as for
using the Al2O3 as the masking material, & is less dependent
on %, and it begins to approach 90° when % goes over 50°,
implying that the tolerance of the deviation of % from 90° is
very large "!40°# for achieving a & of !90°. This is very
important for realizing vertical sidewall of the waveguide,
since it is not easy, in practice, to obtain an Al mask whose %
equals exactly to 90°, even with the lift-off or dry-etch pro-
cess. In our experiment, the % of the Al patterns obtained
using the lift-off process was measured under the FESEM,
and was found to be 60°–80°. The achievement of the verti-
cal sidewalls of the related waveguides needs therefore to be
explained by not only the high & value of the masks but also
by the high etching selectivity.
In addition, Fig. 6 also shows that in the case of S=10, as

for using Al as the masking material, % plays an important
role to affect &, and any deviation of % from 90° will lead to
a slanted sidewall of the obtained waveguide. As an example,
a silica layer masked with the 500-nm-thick wet-etched Al
was etched continuously down to a depth of 3 µm under the
plasma conditions of P=1000 W, Vb=−70 V, and CF4 flow
at 80 sccm, so that only a low selectivity of S!10 was
obtained. The generated waveguide appeared to have obvi-
ously a slanted sidewall with a & of !81°, as shown in Fig.
4(F). It was known roughly from the FESEM measurements
that the % of the wet-etched Al patterns was between 30° and
40°. Thus the & of the waveguide should be between !80°
and 83° according to Eq. (1), which is in good agreement
with the experimental result.
From the earlier analysis to the mechanism of the slope

transformation from a mask to a waveguide, as indicated in

FIG. 4. A and B are the micrographs of the Al mask patterns obtained using
the lift-off and wet-etch process, respectively; C and D are the micrographs
of the waveguides etched under the mask A and B, respectively, the mask
surfaces were oxidized during etching; E is the cross section of the wave-
guide C; F is also a waveguide etched under mask B, but without surface
oxidation to the mask.

FIG. 5. Mechanism of the sidewall slope transformation from a mask to a
dry-etched waveguide.

FIG. 6. Dependence of the waveguide slope angle &, plotted according to
Eq. (1), on the slope angle % of the mask for the cases of S=100 and 10,
respectively.
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Fig. 5, we can also foresee that any irregularity along the
edges at the bottom of the mask pattern, or on the surface of
the sidewall of the mask pattern can be transferred to the
sidewalls of the generated waveguide. Therefore the original
smoothness of the Al mask is the primary fact to decide the
sidewall roughness of the etched waveguide. Usually the
thinner the Al mask, the smoother the obtained sidewalls and
edges of the mask patterns using no matter lift-off, wet-etch,
or dry-etch process. Whereas, the thinner of the etching
mask, the higher the etching selectivity is required. There-
fore, a high etching selectivity is not only important for re-
alizing vertical sidewalls of the waveguides, but is also es-
sential for obtaining smooth sidewalls of the waveguides.
The sidewall roughness of the waveguides, measured us-

ing the FESEM, was around 10, 100, or 150 nm for the three
different waveguides shown in Figs. 4(C), 4(D), and 4(F),
respectively. This indicated that there was a great improve-
ment of the sidewall smooth of the waveguides, when the
applied etching mask was changed accordingly as described
earlier or in the figure caption.

IV. CONCLUSIONS
In summary, dry-etch of silica with a helicon plasma

etcher for optical waveguide fabrication has been studied. A
very simple method for realizing vertical and very smooth
sidewalls of the waveguides was demonstrated. Al2O3 thin
films grown from the surface of Al masks were studied as the
mask layers for etching the waveguides. An extremely high
SiO2/Al2O3 etching selectivity of !100:1, in comparing
with a SiO2/Al selectivity of !15:1 at the same plasma
conditions, was achieved. Such a high etching selectivity
greatly reduced the required mask thickness down to
!100 nm, which made it easy to obtain high quality mask
patterns, and resulted in the achievement of vertical and very
smooth sidewalls of the waveguides. In addition, the mecha-
nism of the profile transformation from a mask to the etched

waveguide was analyzed; and it was found that increasing
the etching selectivity is not only important for realizing ver-
tical sidewalls of the waveguides, but is also essential for
obtaining smooth sidewalls of the waveguides.
The demonstrated waveguide fabrication method is highly

desirable for the manufacture of integrated optical circuits or
device based on silica waveguides for future optical telecom-
munication application, since the Al masks can be produced
using the routing dry-etch or lift-off techniques well devel-
oped in integrated electronic circuits processing. In particu-
lar, this method could be a very good choice in the case of
the linewidth of the waveguide needs to be controlled accu-
rately.
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