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Abstract Laser annealing of silicon dioxide (SiO,) film
formed by inductively coupled plasma enhanced chemical
vapor deposition (ICPECVD) is studied for the fabrication
of low loss silicon based waveguide. The influence of laser
annealing on ICPECVD-deposited SiO, film is investi-
gated. The surface roughness, refractive index, and etch
rate of annealed samples are compared with those of SiO,
film obtained by thermal oxidation. It is demonstrated that
the performance of ICPECVD-deposited SiO, film can be
significantly improved by laser annealing. Al,Os/SiO,
waveguide has been fabricated on silicon substrate with the
SiO, lower cladding formed by ICPECVD and laser
annealing process, and its propagation loss is found to be
comparable with that of the waveguide with thermally
oxidized lower cladding.

Keywords laser annealing, waveguide loss, silicon
dioxide, inductively coupled plasma enhanced chemical
vapor deposition (ICPECVD)

1 Introduction

Silicon dioxide (SiO,) films are extensively used in the
fabrication of microelectronic and optoelectronic devices
due to its outstanding characteristics including high
electrical resistivity, excellent chemical stability and
mechanical strength, as well as low optical absorption in
the near infrared wavelength range [1-3]. For low loss
waveguide fabricated on silicon substrate, thick SiO, lower
cladding of several microns is considered necessary to
reduce the substrate leakage loss [4]. Usually, thermal
oxidation is the preferred method to form SiO, film on
silicon substrate, as low optical absorption can be ensured.
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However, this process is highly time-consuming for thick
Si0, film formation. For example, it takes about 86 hours
to form a 5-pm-thick SiO, by wet thermal oxidation at
1000°C on a (100) orientated silicon wafer, and 122 hours
for 6-um-thick SiO, [5]. As a result, other methods for
Si0, formation such as chemical vapor deposition (CVD)
[6], sputtering [7], and sol-gel [8] are developed. CVD is
widely used in semiconductor industry for thin film
fabrication, and the properties of CVD-prepared SiO,
films, including surface roughness, refractive index, and
absorption spectra, have been investigated by atomic force
microscopy (AFM), ellipsometry, and Fourier transform
infrared spectroscopy (FTIR) [9—13]. And it has been
reported that CVD-deposited SiO, films exhibit lower
density and higher absorption around 1.55 um than those
of thermally oxidized silicon [13].

In this paper, CO, laser annealing is employed to
improve the performance of inductively coupled plasma
enhanced chemical vapor deposition (ICPECVD) depos-
ited SiO, films. The effects of laser annealing on film
properties are investigated, such as surface roughness, etch
rates of wet and dry etching, as well as film thickness and
refractive index. Furthermore, the material loss is char-
acterized by the propagation loss of Al,O3/SiO, wave-
guides fabricated by laser annealing process.

2 Experimental procedure

A 5-um-thick SiO, film is deposited on a (100) single
polished silicon wafer using a Sentech Instruments SI
500D deposition platform. The gas flow rates of O,, Ar,
and SiH, are 13, 125, and 130 scem, respectively. The film
is deposited at 230°C and 2 Pa chamber pressure, with an
inductively coupled plasma (ICP) power of 178 W.

After deposition, the SiO, sample is attached to an
aluminum platform and scanned with a pulsed CO, laser,
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similar to the method demonstrated in Ref. [14]. A
Coherent C-30 CO, laser is adopted in our study. The
focused laser output exhibits a nearly Gaussian profile with
a beam diameter of 120 um. The scan speed along x-
direction is 2 mm/s with 1 kHz pulse reputation rate, while
the displacement step along y-direction is 5 um. The
average output power of the laser is controlled by pulse
width modulation (PWM).

The refractive index and thickness of the SiO, film are
measured with a Sopra GESS5 ellipsometer, and a Veeco
AFM nanoscope V system is used to characterize the
surface morphology. The etch depth by either wet etching
or dry etching is determined by a Veeco Dektak 150
surface profiler.

3 Result and discussion

The thickness and refractive index of the deposited SiO,
film after annealing under different laser power are plotted
in Fig. 1. It is found that the refractive index of the
annealed film increases with the laser power. On the other
hand, the thickness reduces as the annealing laser power
increases. These data leads us to the conclusion that
increasing the laser power results in increased film density.
Actually, it has been reported that CVD deposited SiO,
films are of a sparser structure as compared with thermally
oxidized silicon. Annealing by high power laser helps
condense the film, which explains the increased refractive
index and reduced film thickness.
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Fig. 1 Refractive index and thickness of the ICPECVD-SiO,

film vs. annealing laser power

To confirm the above analysis, the behavior of the
annealed SiO, samples under dry plasma etching and wet
chemical etching is investigated. Dry etching of the SiO,
samples by SF¢ plasma is performed in a reactive-ion
etching (RIE) reactor with AZ5214 photoresist as the
mask. The gas flow of SF¢ is 50 sccm at a chamber
pressure of 10 Pa and a radio frequency (RF) power of
200 W. Figure 2 shows the etch rates of samples annealed
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with different laser power, and that of thermal-oxidized
SiO; film is plotted for comparison. The etch rates of the
laser annealed samples range between 37.1 and 38.5
nm/min, which are slightly higher than that of the thermal
oxidation one.

I 1. thermally oxidized SiO,

5oL 2. annealing power 14 W
s 3. annealing power 13 W
s [ 4. annealing power 12 W
‘'€ 401 5. As-deposited
=
A=
o 30r
s
S
5 20H
)
=

10

0 1 " 1 " 1 L 1 n 1

1 2 3 4 5

Fig. 2 Etch rates of SiO, samples by SF¢ plasma

Wet etching of the samples in buffered HF is also carried
out, and the results are shown in Fig. 3. The as-deposited
SiO, film exhibits a etch rate as high as 12.7 pm/min,
revealing the sparse nature of the as-deposited SiO, film. In
contrast, significant reduction in etch rate is observed for
the laser-annealed samples. For the sample annealed with a
laser power of 14 W, the etch rate in buffered HF is reduced
to 0.133 nm/min, which is on a par with that of the thermal
oxidation sample (117 nm/min). It is well known that wet
etch rate is an important parameter to evaluate the film
compactness. The above experimental results confirm that
laser annealing improves the density of ICPECVD
deposited SiO, films, and the density of samples annealed
with high laser power is on a similar level with that of the
film obtained with thermal oxidation.
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Fig. 3 Etch rate of SiO, samples in buffered HF

Scanning electron microscope (SEM) is adopted to
study the surface morphology of the samples before and
after dry/wet etching. Nodular-like features are found on
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the surface of as-deposited SiO, film, as shown in Fig. 4
(al). Such features become less discernable as the
annealing laser power increases. On the other hand, the
thermal oxidized sample exhibits a fairly smooth surface.
In Fig. 4, the most obvious feature is that the as-deposited
sample suffers from significant surface roughness degrada-
tion after wet etching in buffered HF. This degradation in
surface roughness becomes undiscernible as the laser
power increases above 13 W.

The cross section images of the samples are shown in
Fig. 5. Columnar structure with voids can be readily
observed in the as-deposited SiO, film, but disappear as the
annealing laser power increases to 14 W.
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The surface morphology of the samples measured with
AFM is plotted in Fig. 6, and the root-mean-square (RMS)
roughness of the samples is summarized in Fig. 7.
According to Fig. 7(a), there is only moderate improve-
ment in the surface roughness after laser annealing. The
RMS roughness reduces from 2.7 nm for the as-deposited
film to 2.0 nm for the sample annealed with 14 W laser
power, which is still much higher than that of the thermal
oxidation film (0.34 nm). But the RMS roughness of all
samples becomes more or less similar after SF¢ dry
etching, as shown in Fig. 7(b). On the other hand, Fig. 7(c)
reveals that the surface roughness after wet etching in
buffered HF reduces significantly as the annealing laser

dry etched wet etched

Fig. 4 SEM images of SiO, samples before and after dry etching with SF¢ plasma or wet etching in buffered HF
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(d

Fig. 5 Cross section SEM images of (a) as-deposited and annealed samples with (b) 12 W, (c) 13 W, and (d) 14 W laser power
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Fig. 6 AFM images of sample surfaces before and after dry etch in SF¢ plasma and wet etching in buffered HF
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power increases. The RMS roughness after wet etching is
220 nm for as-deposited film, but reduces to 1.23 nm for
the sample annealed with 14 W laser power.
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Fig. 7 RMS surface roughness of the samples (a) before etching,
(b) after SFy¢ dry etch, (c) after wet etching in buffered HF

In order to study the material loss of the deposited film,
single mode Al,05/Si0, optical waveguide is fabricated. A
5-um-thick SiO, lower cladding is chosen so as to ensure a
leakage loss lower than 0.05 dB/cm. Three different
fabrication procedures are adopted to form the 5-pum-thick
SiO, lower cladding, namely by thermal oxidation,
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ICPECVD deposition, and ICPECVD followed by 14 W
laser annealing, respectively. A 500-nm-thick Al,O5 acting
as waveguide core is then sputtered onto the samples and
patterned into 3-um wide stripe by ICP dry etching in a
Sentech Instruments SI 500 system. To complete the
waveguide structure, a 3-pum thick SiO, upper cladding is
deposited by ICPECVD.

The propagation loss of the Al,03/Si0, waveguide at
1.55 um wavelength is characterized by cut-back method.
For the waveguide with as-deposited SiO, lower cladding,
the losses for fundamental transverse electric (TE) and
transverse magnetic (TM) modes are 7.8 and 6.4 dB/cm,
respectively (see Table 1). For the sample with laser
annealed lower cladding, the losses of TE and TM modes
reduce to 6.4 and 5.6 dB/cm, which are almost the same as
for the waveguide with thermal oxidized lower cladding.
The relatively large residual loss of the waveguides with
annealed or thermal oxidation lower cladding is attributed
to the scattering loss due to the sidewall roughness of
Al,O5 core as well as the material loss due to the SiO,
upper cladding deposited by ICPECVD. Nevertheless, it is
evident that the material loss of the CVD deposited SiO, is
effectively reduced by laser annealing, and the laser
annealed SiO, lower cladding is as effective as the thermal
oxidation film in reducing the waveguide loss. As a result,
we believe that laser annealing offers an efficient way for
low loss waveguide fabrication as compared with conven-
tional time-consuming thermal oxidation. Low loss
waveguide with both upper and lower SiO, cladding
fabricated by laser annealing will be the focus of our next
step work.

Table 1 Correlation between the lower cladding and propagation loss

propagation loss/(dB-cm )

lower cladding

TE mode TM mode
As-deposited 7.8 6.4
annealed with 14 W power 6.4 5.6
thermal oxidation 6.4 5.4

4 Conclusion

The influence of laser annealing on ICPECVD-Si0, film is
investigated. It is experimentally verified that proper laser
annealing conditions helps increase the film density and
reduce the material loss. Single mode Al,03/SiO, rib
waveguide has been fabricated by lasing annealing
process, and it is found that the laser annealing is an
effective method to reduce the material loss of ICPECVD-
SiO, film.
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