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Abstract SiN thin films having excellent surface morphol-
ogy for the optical device application were synthesized us-
ing a plasma enhanced chemical vapor deposition (PECVD)
method at low temperature (350°C) using silane (SiH4) and
nitrogen (N). The effects of the SiH4/N, flow ratio, rf power
and annealing on the SiN films were investigated. The op-
tical and structural properties of SiN films were character-
ized using an ellipsometry, a fourier-transform infrared spec-
troscopy (FT-IR), and an atomic force microscope (AFM).
The refractive index increased from 1.6 to 2.3 as the SiH4/N,
ratio was increased from 0.17 to 1.67. The rms surface rough-
ness decreased from 14.1 to 3.6A after post-deposition an-
nealing process performed at 800°C for 1hr in an air ambient.
We could fabricate straight waveguides based on a three layer
structure and have no problems with step coverage.

Keywords Silicon nitride (SiN) - PECVD - Refractive
index - Optical waveguide

1 Introduction

Recently, SiO, and SiO,N, films are being widely used as
optical waveguide materials for various optical devices, such
as optical splitters and de-multiplexers [1-4]. However, the
miniaturization of the device size, very large-scale integra-
tion, and high optical efficiency are continuously required for
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the future generation of optical devices. Among many pos-
sible material systems, silicon nitride (SiN) is one of good
candidates especially for thin film optical devices due to its
good chemical stability, high refractive index, and low op-
tical loss [5]. Silicon waveguides are compatible with all of
the above requirements, with the exception of dimensional
integrity. The ideal cladding material is SiO,, however the
required submicron feature sizes of silicon waveguides and
passive devices cannot yet be reliably created with low sur-
face roughness. In order to validate the design principles
and prototype the microphotonic circuit functionality, SiN
waveguides represent a suitable compromise between index
contrast and dimension control.

In particular, the utilization of SiN films deposited by
plasma enhanced chemical vapor deposition (PECVD) at low
temperatures for the fabrication of optical devices has be-
come very attractive, due to the possibility of integrating the
optical and electrical devices in the same chip [6-8]. More-
over, PECVD provides such advantages as high throughput,
good uniformity, and excellent reproducibility. Moreover, the
fundamental advantage of this technique is that it enables the
control of structural, mechanical and optical properties of
the deposited films by adjusting the deposition parameters
[9-11].

In this paper, we studied the effect of the SiH4/N, flow
ratio, rf power and post-annealing on the refractive index,
the deposition rate and the surface morphology of SiN films
grown by PECVD for the application of low loss optical
waveguides.

2 Experiment

The SiN films were deposited by PECVD using a gaseous
mixture of silane (10% SiH4) and nitrogen (99.999% N»).
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The PECVD system has a parallel planar discharge system,
which uses a rectangular rf electrode (lower) and a substrate
electrode (upper). The substrate is placed on the tray with
the surface to be coated facing downward, so that the depo-
sition of dust particles and flakes can be minimized during
the PECVD process.

P-type Si wafers with (100) orientations were used as
substrates. Before the SiN deposition, a pre-cleaning of the
wafer was performed in-situ in order to improve the adhe-
sion of the film on the substrate using N, discharge with an
rf power of 60 W. The chamber pressure of 0.75 torr and
the temperature of 350°C were maintained during the depo-
sition. After the deposition of the SiN layer, the films were
annealed at 800°C in an air ambient for 1 hr. The effects
of the SiH4/N; flow ratio, rf power and annealing condi-
tions on the properties of the SiN films were investigated
afterwards.

The refractive index and the thickness of the SiN films
were measured using an ellipsometer operating at a wave-
length of 1550nm. Fourier-transform infrared spectroscopy
(FT-IR) was used to determine the composition of the SiN
films and atomic force microscopy (AFM) was used to ana-
lyze the surface morphology.

3 Results and discussion

Figure 1 shows the variation of the refractive index and the
deposition rate of SiN films as a function of SiH4/N, flow
ratio. The change of the refractive index of SiN film with
and without a post-annealing is also included. The refractive
index of SiN film continuously increased with the increase
of SiH4/N, flow ratio at an rf power level of 30W. How-
ever, the deposition rate showed a continuous decrease after
a slight increase before the certain critical point around a
mixing ratio of 0.6. The increase of the refractive index can
be explained by the formation of Si-rich radicals with the

3.0 900
—=— Before annealing
—eo— Af li -
. ter annealing {800
—o— No annealing
_ 25} &
£ °
P /o\ . 700 g
° t -3
c o o
.; ./.>< 3
e e
s 20 i 2
: i 0 7600 5
g
1500 =~
150 "
1 1 1 1 1 400
0.0 0.3 0.6 0.9 1.2 15 1.8

SiH, /N,
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Fig. 2 Variation of refractive indices and deposition as a function of rf
power

increase of SiH4/N; flow ratio [12]. For the deposition rate
of the SiN films, the initial slight increase can be explained
by the disintegration of rich radicals due to the plasma effect
[13]. Rich radicals supply materials needed for the formation
of the SiN film and allow the deposition process to continue.
However, the deposition rate decreased when the number of
these rich radicals was increased. The subsequent decrease
in the deposition rate is believed to be due to the disturbance
of a limited number of very rich radicals on the surface when
the deposition rate reached a critical value. These very rich
radicals may disturb the SiN deposition process when the
SiH4/N, flow ratio was increased. As a result, the deposi-
tion rate increased up to 708nm/hr and then subsequently
decreased when the SiH4/N, flow ratio reached a value of 1.

Figure 2 shows the deposition rate and the refractive index
for the SiN films as a function of the rf power were measured
after fixing the SiH4/N, flow ratio at 1. With the increase
of the rf power, the deposition rate continuously decreased
due to the occurrence of a strong radical stream on the film
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Fig. 3 FT-IR spectra as a function of SiH4/N, flow ratio and post-
annealing
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surface, however, the refractive index increased due to the
huge generation of Si radicals. It suggests that Si-rich Si3Ny
films may form until perfect nitride of the Si radicals occurs
with the increase of rf power. The refractive index increased
from 1.60 to 1.86 due to more efficient nitride of the Si rad-
icals when the rf power was increased from 10 to 100W.

The effects of different SiH4/N, flow ratio and the post-
annealing on FT-IR absorbance spectra of SiN films is dis-
played in Fig. 3. When the SiH4/N, flow ratio was increased
from 0.17 to 1, the intensities of Si-N (877cm™!) and Si-H
(964cm~!, 2103cm™") peaks increased indicating the gener-
ation of Si-rich radicals, which in turn indicates the increase
of deposition rate as observed in Fig. 1. However, when the
SiH4/N, flow ratio was increased from 1 to 1.67, the mag-
nitude of increment of Si-N and Si-H peak intensities was
less than that observed at lower SiH4/N, flow ratios. This
reflects the disturbance of the film deposition process by the
excessive generation of Si radicals at higher SiH4/N, flow
ratios, which results in the decrease of the deposition rate.
After post-annealing, the Si-H peaks of the FT-IR absorbance
spectra disappeared. Therefore, the increase of the refractive
index after the annealing of the SiN thin films may be at-
tributed to a decrease of hydrogen content and an increase of
the film density [14].

Fig.4 AFM images (2 x 2um) of SiN films (a) before annealing (rms
roughness: 14.11A) and (b) after annealing (rms roughness: 3.577A)
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Fig.5 The SiN optical waveguide (a) cross-sectional SEM images and
(b) the input near-field output pattern shown on the display monitor of
an infrared camera (mode image of straight waveguide)

Figure 4 shows the AFM images of the SiN thin films
before and after annealing when the SiH4/N, flow ratio and
the rf power were fixed at 1 and 30W, respectively. Com-
paring the surface morphology before and after annealing,
the rms(root-mean-square) roughness of SiN films decreased
from 14.1 to 3.6A after annealing. Therefore, the surface
morphology of the SiN thin films could be significantly
improved by post-annealing process. Lowering of the rms
roughness and the reduction of the number of hydrogen bonds
by the thermal annealing process are expected to be an ef-
ficient way to improve the scattering and absorption loss
characteristics of SiN film [15].

Figure 5 shows the SiN optical waveguide (a) cross-
sectional SEM images and (b) the input near-field output
pattern. Preliminary optical measurements were carried out
on the some sample. A 1552 nm HeNe laser was fired into the
cleaved end of the waveguide via a microscope objective lens.
The emerging light was picked up on an IR camera and dis-
played on screen. Figure 5(b) shows the light emerging from
the end of the waveguide. If the fiber spot size is well matched
to that of the fiber, and also optimally aligned with the wave-
guide, there is minimal mismatch between the fundamental
modes of the fiber and waveguide, with transmission losses
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typically around 0.1 dB of less. However, if the fiber and
the waveguide spot sizes are offset or tilted, the transmission
loss will be considerably high. This result illustrates that the
mode of output is a waveguiding single-mode.

4 Conclusion

SiN thin films having optically low loss were grown by
PECVD process with various conditions of SiH4/N, flow
ratio and 1f power, and the post-annealing effect was in-
vestigated. The deposition rate of SiN thin films was about
509~835nm/h in the range of SiH4/N, flow ratio and rf power
investigated in this study. The reflective index of the SiN thin
film was increased with the increase of SiH4/N, flow rate
and rf power. The increase of rf power increased the depo-
sition rate in PECVD regime, however, in this experimental
condition the increase of radical stream showed a reverse ef-
fect. We found that the surface roughness could be improved
by the post-annealing process, and also the absorption loss
and scattering optical loss of the SiN thin film could be min-
imized by the hydrogen removal mechanism through the an-
nealing process. Straight waveguides based on a three layer
structure are relatively easy to fabricate and have no prob-
lems with step coverage. The emerging light was picked up
on an IR camera and displayed on a screen, showing that
most of the light is confined within the waveguide. This il-
lustrates that the output intensity mode corresponds to that
of a single-mode waveguide.
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