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LiNbO; (LN) based optical waveguide device are commonly used in optical fiber communica-
tion system as an external optical intensity modulator and an optical polarization scrambler.
Recently, in order to realize LN modulators faster than 40Gb/s, the distribution of the electric
field applied to the device must be adjusted to concentrate on the waveguides by machining
the LN surface. In this regard, ridge-shaped optical waveguides are promising structure, and
electron cyclotron resonance plasma etching of the LN surface with fluorocarbons have been
attempted. Here, some unclarified phenomena occurring at the LN surface during the etching

were discussed.

1. INTRODUCTION

A high speed external optical modulator and an
optical polarization scrambler made of LiNbO; (LN)
substrate have been evaluated for use in optical com-
munication systems. For instance, an electron cy-
clotron resonance (ECR) plasma of fluorocarbons is
considered to be suitable for etching the LN sub-
strate because of its high chemical reactivity (I).
Noguchi et al. reported high-speed LN optical modu-
lators prepared by the ECR etching to have 3 - 4 um
deep trenches on both sides of the optical waveguide
(2 - 8). However, a problem in the dry etching pro-
cess of the LN substrates has not been clarified yet.
For instance, generation of LiF precipitates on the
etched surface, as recently reported by us, causes a
peeling of a SiO, layer on the LN surface (9, 10).
The purpose of this report is to investigate and clarify
such problems occurring in the fabrication of high-
speed LN modulators with ridge waveguides.

2. EXPERIMENTAL PROCEDURES

The dry etching of the LN substrates was carried
out using a commercial ECR etcher, ANELVA model
L-310R, with CF, or CHF; as an etching gas. A z-
cut LN wafer having 3 in. diam and 0.5mm thick-
ness was placed on a SiC substrate holder which
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faced the plasma chamber. A distance between the
substrate and the acceleration electrode for the
plasma outlet was about 20cm. After the etching
chamber was evacuated to under 4 X 10* Pa, etch-
ing gas was introduced at a rate of 3 sccm and the
pressure was kept at about | ~4 X 102 Pa. An elec-
tric power supplied to the microwave generator was
400W, and a magnet voltage and an ion acceleration
voltage were set to 80 and 500V, respectively. Dur-
ing the etching, the substrate holder was water-
cooled at 21 C and rotated (17rpm). Under these
etching conditions, typical etching rates of 800 nm/
h by CF, and 700 nm/h by CHF; were obtained for
the LN. The deviation in etched depth for a 3 in.
diam substrate was * 20 nm for 240 nm deep etch-
ing by CHF; for instance.

Patterned etching of the LN for fabrication of ridge
waveguides was performed using a Ni film mask.
The etching rate ratio of the LN to the Ni film was
measured at about 3.7 independent of the etching
gas. The Ni film mask was prepared on the LN sub-
strate by conventional photolithography and an elec-
troplated 3 um thick Ni film. After ECR etching,
the remaining Ni was easily removed using dilute
HNO; at room temperature.



3. RESULTS AND DISCUSSION

3.1. Formation of ridge waveguides
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Fig.1 (a) Schematic illustration of cross section of the fabricated LN
MZ optical intensity modulator having ridge waveguides.

Figure 1 shows a schematic illustration of the ridge
waveguides fabricated on the z-cut LN substrate.
After the Mach-Zehnder (MZ) type waveguides were
formed on the substrate by a conventional Ti-diffu-
sion technique, on both side of the MZ waveguide
arms, the rectangular spaces were etched to 2.8 ~
3.6 um in depth, 40 mm in length along the
waveguide and 5 or 15 um in width. The etched width
corresponds to the gap between the obtained ridge
waveguides in Fig. 1. Then, a 1.2 um SiO, buffer
layer was deposited by rf sputtering of a SiO, target
with an Ar/O, mixture to a thickness, and a 100 nm
thick Si layer was further sputter deposited. Over
the ridge waveguides covered by the SiO, and Si lay-
ers, 17 um thick coplanar gold electrodes were
formed by electroplating to give a 25 um gap be-
tween the hot and ground electrodes.
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Fig. 2. Result of AES analysis for the failed device, in which the
surface electrodes and the SiO, buffer layer peeled off from the etched
LN wafer surface.
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3.2. Problems during the etching process
In the above discribed, fabrication process of LN
modulators with ridge waveguides, some problems
occurred and discussed. Those problems were clas-
sified into two types, chemical and mechanical prob-
lems.
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Fig.3. SEM image of the cross-section of the LN wafer with ridge
waveguides and the buffer layer. The ridge waveguides were pre-
pared by ECR etching using CF,.

The thick ground electrodes were peeled off dur-
ing the cutting process of the LN chips from the
wafer. The ground electrodes were formed over the
ECR etched LN surface via. the SiO, buffer layer.
In our experience on thousands of conventional LN
modulators made without the ECR etching process,
such failure has rarely been observed. Figure 2 shows
the AES profiles for surfaces of the peeled electrode
and the substrate. The dashed line in the figure de-
notes the peeled position, and the profiles over and
under the dashed line denote the peeled electrode
underneath and the remaining substrate surface, re-
spectively. The other two profiles were measured
after a few minutes of Ar ion etching of the corre-
sponding surface to exclude the effect of surface con-
tamination. As is seen, the Auger electron peaks
come from Nb were detected only from the substrate,
indicating that the electrode peeled off at the bound-
ary of the LN and the SiO, buffer layer. In other
words, the adhesive strength between the ECR etched
LN and the SiO, was weak the chemically induced
problem.

Figure 3 shows a SEM image of a cross section of
the ridge waveguide with only the 1.2 um thick SiO,
buffer layer without the electrodes. The boundary
between the buffer layer and the LN ridge waveguide



was smooth and the buffer layer and waveguides ad-
hered closely to each together. However, the bound-
ary on the etched LN surface was rough accompa-
nied with small voids, suggesting the inferior adhe-
sion of the buffer layer.
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Fig. 4. SEM images of the broken ridge waveguides after the SiO,
buffer layer deposition process.

In addition to the chemical problems, catastrophic
mechanical problem occurred in the fabrication of
the ridge waveguide devices. Figure 4 shows the
SEM image for the mechanically broken ridges, in
which the waveguide was also broken and could not
transfer any optical signal. Such failure was found
frequently after the buffer layer deposition on the
substrates ECR etched by CF,. With increasing the
buffer layer thickness, the number of broken
waveguides increased and the fabrication yield for
the devices deteriorated significantly (almost all de-
vice chips in the wafer failed due to the break at some-
where in the waveguides).

As a reason for the damaged ridge waveguides,
surface stress due to the buffer layer formation was
considered. Internal stress of the sputtering-depos-
ited SiO, buffer layer on the LN was previously found
to be compressive stress and tensile stress for LN
surface. On the other hand, growth of a notch line
along the ridge waveguides, as show in Fig. 5, was
found for the samples ECR etched by CF,. The SEM
image of Fig. 5 (a) was observed before the buffer
layer deposition. There was possibility that the
notches were the origin of the fractured ridge
waveguides with the tensile stress on the LN surface
being induced by the buffer layer deposition.
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Fig. 5. (a) cross-sectional SEM image of the ridge waveguide pre-
pared by the CF, ECR plasma etching, and (b) the corresponding
surface profile measured by the stylus method.

3.3. Solution of problems

Results of the AES examination of the ECR etched
surface, as shown in Figs. 6 (a) for the virgin LN
surface and 6 (b) for the etched, surface, show sig-
nificant amounts of fluorine and carbon from the
ECR etched surface. These contaminants are thought
to deteriorate the adhesive strength of the buffer layer
on the etched LN surface. The origin for the con-
taminants was previously investigated and found to
be precipitation of LiF and polymers, possibly due
to the etching gases, CHF; and CF, (9, 10).

In order to improve buffer layer adhesion, a method
to remove surface contaminants was investigated.
Three kind of method were attempted here; (D wet
etching by dilute HNO;, (2 O, annealing at 600 C
for 1 h, ® O, plasma ashing. After the treatments,
the surface of samples was evaluated by AES. Fig. 7
(a) and 7 (b) show the amount of F and C measured



for etched surface. Data of F and C were normal-
ized by Nb peak intensity measured at same samples.
As the result, F and C were easily removed by wet
etching by dilute HNO; or O, annealing.
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Fig. 6. AES measurement results for (a) virgin LN surface and for
(b) the ECR etched surface with CF,.

The ridge waveguide devices were prepared again,
adopting process for removing the surface precipi-
tates (especially the LiF) before the buffer layer depo-
sition process. The above described O, annealing at
600 C and the alternative HNO, etching were at-
tempted. The adhesive strength of the buffer layer
was improved and both buffer layer and electrodes
were not peeled off, even after machining the wafer.
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Fig. 7. Data of AES. (a) Amount of F measured on surface of samples.
(b) Amount of C measured on surface of samples. (@ : after ECR
etching, O : after wet etching by dilute HNO;, A : after O, anneal-
ing, A : after O, ashing, X : virgin surface)

Another problem was notches along the ridge
waveguide foot formed during the dry etching (see
Fig.5). This problem was found to be improved by
changing the etching gas from CF, to CHF;, although
the reason for the improvement is not known at this
time. Figures 8(a) and 8(b) show the SEM image
and the surface profile, respectively, of the ECR
etched ridge waveguides using CHF;. The ridges
with 4 - 5 um height were successfully fabricated
over the 3 in. diam LN wafer without any notches.
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Fig. 8. (a) Cross-sectional SEM image of ridge wavaguides prepared
by the CHF; ECR plasma eching, and (b) the corresponding surface
profile measured by the stylus method.
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