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We investigated the waveguide-core size distribution of ring resonators fabricated on a 300mm silicon-on-insulator (SOI) wafer using a CMOS-
compatible process featuring ArF immersion lithography. These ring resonators were constructed in a Si-wire waveguide with a standard core size
of 400 nm width and 220nm height. The group refractive indices of the waveguide were derived from the transmission spectra of the ring
resonators. From the deviation of these group refractive indices, the waveguide-core width distribution was estimated to be 5nm, and the
waveguide-core height distribution was estimated to be 1nm. Moreover, the device property distribution of various Si-wire waveguide depended on
the estimated fabrication error was calculated. The waveguide core with the smallest device property distribution had a 540nm width and a 160nm
height, and this waveguide has a device property distribution of 2/3 value compared with the standard core size.

© 2015 The Japan Society of Applied Physics

1. Introduction

Silicon photonics is attractive for use in fabricating various
photonic devices or integrated circuits on large-scale wafers
using complementary metal oxide semiconductor (CMOS)
compatible processes.1,2) It has been actively investigated for
various applications such as optical interconnect devices3–8)

and large-capacity optical communication.9–15) Recently,
300mm silicon-on-insulator (SOI) wafers have been used
for fabricating Si photonic devices.16–24) The uniformity of
the properties of Si photonic devices formed on such large
wafers is a key issue in producing photonic devices or
integrated circuits with a high efficiency. The device property
uniformity of individual photonic devices has already been
investigated.16–18,25–28)

This research entails both experimental and theoretical
studies. In Sect. 2, we fabricated Si-wire patterns and ring
resonators on a 300mm SOI wafer using ArF immersion
lithography. We then addressed the uniformity of the Si-
wire core size as well as the uniformity of the process. The
distribution of the Si-wire width on a wafer was measured
using critical-dimension scanning electron microscopy (CD-
SEM). We measured the transmission spectra of ring
resonators, which were used to derive the group refractive
indices (ng) of the waveguide. By comparing the deviation of
the measured ng and finite element method (FEM) calculation
results, we experimentally clarified the distribution of the
waveguide-core size fabricated by current processes.

In Sect. 3, assuming that the estimated waveguide-core
size distribution arises for waveguides of any core size, we
obtained the relationship between the effective refractive
index (neff) distribution and the waveguide-core size using
FEM calculation. From this result, we theoretically deter-
mined the waveguide-core size with a minimum neff
distribution and a high neff. Because neff is an important
parameter for determining device properties, minimizing the
neff distribution leads to a reduced distribution of device
properties. Therefore, we can improve the uniformity of
Si-wire waveguide devices not only by improving semi-
conductor processes but also by optimizing the waveguide-
core size.

2. Line width distribution on a wafer

2.1 Device fabrication process
In this section, we experimentally estimated the waveguide-
core size distribution by measuring Si-wire patterns and
ring resonators. Firstly, we fabricated 100-nm-wide Si-wire
patterns and ring resonators with a 400-nm-wide Si-wire
waveguide on a 300mm SOI wafer with a 220-nm-thick SOI
layer and a 2-µm-thick buried oxide (BOX) layer. We used an
SOI wafer with less than 1 nm (3σ) thickness deviation in the
SOI layer. For the fabrication process, a Si nitride (SiN) film
was deposited by low-pressure chemical vapor deposition
(LPCVD) as a hardmask for the subsequent SOI layer etching
process. Then spin-on glass and spin-on carbon films were
coated as antireflection layers for lithography. After coating
with a photoresist, the waveguide patterns were defined using
ArF immersion lithography. ArF immersion lithography
consists of the CMOS 45 nm process and we have developed
a less than 100 nm resolution for silicon photonics with any
angle device feature by optimizing the illumination and resist
properties. The device patterns were transferred to the SiN
and SOI layers by inductively coupled plasma reactive-ion
etching (ICP-RIE) with a HBr–Cl2–O2 gas mixture. Then
the SiN hardmask was removed with hot phosphoric acid.
Finally, a 2-µm-thick SiO2 layer was deposited by tetrae-
thoxysilane (TEOS) LPCVD as an over cladding layer.
Waveguide samples were diced and polished on their end
surfaces for optical coupling with an optical fiber for
measurement.

Figure 1 shows the cross section of the Si-wire waveguide.
The fabricated waveguides were buried channel waveguides
with a height of 220 nm. The uniformity of the fabrication
process on the wafer was investigated by the width
measurement of the 100-nm-wide Si-wire patterns using
CD-SEM. Figure 2 shows a contour map of the measured
distribution of Si-wire widths on the wafer. The number of
measurement points is 84; the average and 3σ deviation
of the measured widths are 100.6 and 5.3 nm, respectively.
The measured width is the bottom width of the waveguide
cross section.
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2.2 Deviation of group refractive index
To examine the variation in the properties of Si-wire
waveguide devices, we selected five chips from different
positions on the wafer, as shown in Fig. 3. The chips were
6.5 × 16mm2 and included ring resonators with the same
device parameters. The distances from the wafer center to
each of the chip centers were 126, 129, 52, 94, and 43mm for
chips A, B, C, D, and E, respectively. Figure 4 shows the
structure of the fabricated race track type ring resonators.
We selected a 400-nm-wide × 220-nm-high (Structure A)
Si-wire waveguide as a common waveguide-core size, with
a ring radius of 30 µm, a gap width between the ring and
the busline waveguide of 0.3 µm, and a coupling length of
4.75 µm. To measure the transmission property of ring
resonators, a tunable-wavelength laser (Santec TSL-210)
with a wavelength range between 1540 and 1560 nm was
used as the light source. The polarization of light inputted
to the device was set to a transverse electric (TE)-like mode

or a transverse magnetic (TM)-like mode. The light was
focused on the ring resonators using a lensed optical fiber.
The light outputted from the drop port of the ring resonators
was collected using another lensed optical fiber and the
output light power measured using an optical power meter
(Advantest Q8221).

Figure 5 shows an example of the transmission spectrum
for the drop port of the ring resonator on chip A. The blue
line shows the transmission spectrum measured in the TE-
like mode, and the red line represents that in the TM-like
mode. The resonance peak wavelength and free spectral
range (FSR) were carefully estimated from the measured
spectra by fitting them with Lorentzian functions. The ng of
the Si-wire waveguide can be estimated from the FSR using

ng ¼ �2

FSR � Lring
; ð1Þ

where λ is the resonance peak wavelength and Lring is the
circumference of the ring with a designed value of about
200 µm. Figure 6 shows the wavelength dependence of the
ng of the Si-wire waveguide derived from the transmission
spectra of ring resonators. The broken lines in Fig. 6 show
ng calculated by FEM calculation. The measured ng values
are slightly higher than the calculation results owing to the
difference in cross-sectional core shape (we assumed that
the Si core has a perfect rectangle shape from the FEM
calculation, but the fabricated Si core is slightly trapezoidal)
and uses the material refractive index data from the FEM
calculation. The ng of each device at a wavelength of

Fig. 1. Cross-sectional structure of Si-wire optical waveguides.
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Fig. 2. Contour map of the widths of the fabricated 100-nm-wide Si-wire
patterns at 84 points on the 300mm SOI wafer. The average and 3σ deviation
of measured widths are 100.6 and 5.3 nm, respectively.

Chip A

Chip D

Chip E

Chip B
Chip C

Fig. 3. Location of the small chips including measured ring resonator on a
300mm SOI wafer.

Fig. 4. (Color online) Top view of optical microscopy image of fabricated
ring resonator. The ring radius, gap between the ring and the busline
waveguide, and coupling length are 30, 0.3, and 4.75 µm, respectively.

Fig. 5. (Color online) Drop spectrum of a ring resonator fabricated on
Chip A.
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1550 nm was calculated by linear approximation. The
calculated ng values ranged from 4.449 to 4.474 for the
TE-like mode and from 3.330 to 3.389 for the TM-like mode;
the maximum deviations from the average are less than 0.3%
for the TE-like mode and 1.1% for the TM-like mode.

2.3 Distribution of waveguide-core size
The waveguide-core size distribution was estimated from the
calculated ng deviation shown in the preceding paragraph.
We calculated this relationship by numerical simulation using
FEM. In the FEM calculation, the wavelength dependences
of the refractive indices of Si and SiO2 materials were taken
into consideration.29) The ng deviation can be calculated
using

ng deviationðW;HÞ ¼ ngðW;HÞ � ngð400; 220Þ
ngð400; 220Þ � 100: ð2Þ

Figure 7(a) shows the calculated ng deviation for the TE-like
mode and Fig. 7(b) shows that for the TM-like mode, both
at a wavelength of 1550 nm. The ng deviation seems to have
a strong dependence on the waveguide-core width for the
TE-like mode, but it certainly has a strong dependence on
the waveguide-core height for the TM-like mode. The
waveguide-core size dependence of ng is different from that
of the neff, because ng is strongly affected by both material
dispersion and waveguide structure dispersion. The wave-
guide-core size marked by a black broken line is for Structure
A. The white areas on the color maps in Figs. 7(a) and 7(b)
correspond to the ng deviations derived from the transmission
spectra of the ring resonators. Although these areas are
widely distributed for each mode, the estimated waveguide-
core size distributions should be the same for both modes.
Therefore, the implicit intersection of these white areas
shows the waveguide-core size distribution.30) By the above
method, the estimated maximum distribution of the wave-
guide-core width was 5 nm, and the waveguide-core height
was 1 nm. These distribution values are in agreement with the
measured result for Si-wire patterns.

3. Waveguide-core size with minimized device
property distribution

In Sect. 2, we estimated the waveguide-core size distribution

from the ng deviation of Si-wire waveguides. In this section,
assuming that the estimated waveguide-core size distribution
(width: 5 nm, height: 1 nm) arises from waveguides of any
size, we calculated the relationship between the waveguide-
core size and the waveguide properties. From the calculation
results, we theoretically determined the waveguide-core size
with a minimum device property distribution.

First, we calculated the neff of waveguides with various
core sizes using FEM. The calculated core width was
between 300 to 800 nm, and the calculated core height
was between 40 to 300 nm, at a wavelength of 1550 nm and
with polarization in the TE-like mode. Figure 8 shows a color
map of the calculated neff. The high neff and strong light
confinement effect are merits of the Si-wire waveguide.
Therefore, having a high neff is a requirement for determining
the core size of a waveguide. On the color map, the solid line
from the upper left to the lower right shows the border of
single-mode and multi mode operations. The waveguide-core
sizes marked with circles are for Structure A, and the 540-
nm-wide × 160-nm-high are for Structure B. The waveguide-
core size of Structure A is standard, and we used it to
estimate the waveguide-core size distribution in Sect. 2. The
waveguide-core size of Structure B is the proposed optical
waveguide-core size.

Figure 9 shows a color map of the neff distribution, in the
case where the waveguide-core width is distributed within

Fig. 6. (Color online) ng of Si-wire waveguides derived from drop spectra
of ring resonators. Broken lines show the calculated results of the waveguide
structure.

(a)

(b)

Fig. 7. (Color online) (a) Color map of ng deviation from standard
waveguide-core size 400 nm width × 220nm height. The wavelength is
about 1550 nm; and the polarization is in the TE-like mode. The waveguide-
core size marked by a black broken line is 400 nm width × 220 nm height.
The white meshed area corresponds to the ng deviation measured from the
ring resonators. (b) Color map of ng deviation; polarization is in the TM-like
mode.
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5 nm, and the waveguide-core height is distributed within
1 nm. A smaller neff distribution of the Si-wire waveguide is
needed to reduce the device property distribution. Summa-
rizing these points, the required properties for the new core-
size waveguide are as follows:
1. High neff
2. Small neff distribution caused by waveguide-core size

distribution
3. Operation in single-mode at a wavelength of 1550 nm

We assumed that the ideal waveguide-core size falls along
the single-mode line and has a small neff distribution.
Figure 10 shows the neff distributions for various wave-
guide-core sizes along the single-mode line. The waveguide-
core size having the smallest neff distribution was that of
Structure B, and the neff distribution was 0.56%. This is
because such a wide waveguide is not easily affected by
waveguide-core width distribution. On the other hand, a
thin waveguide is sensitive to the waveguide-core height
distribution. We think that the neff distribution is mainly
dominated by the width distribution in the range of less than
540 nm width and by the height distribution at a range of over
540 nm width. Because of these trade-off relations, we were
able to determine the waveguide-core size with a minimum
neff distribution and a high neff.

The transmission wavelength is an important device
property of passive devices; it depends on neff and ng. The

resonance peak shift of the ring resonator Δλ can be
calculated using

�� ¼ �
�neff
ng

; ð3Þ

where Δ denotes the deviation of the variable and λ is the
standard wavelength of 1550 nm. Figure 11 shows the color
map of the resonance peak shift caused by the neff
distribution. Figure 12 shows the resonance peak shifts for
various waveguide-core sizes along the single-mode line.
The waveguide core size of Structure B had the smallest
resonance peak shift of 4.86 nm. Considering not only neff

Fig. 8. (Color online) Color map of neff for waveguide-core widths of
about 300 to 800 nm and waveguide-core height of about 40 to 300 nm. The
calculated wavelength is 1550 nm; polarization is in the TE-like mode. The
solid line on the color map is the border of the single-mode and multi-mode
structures. The waveguide-core sizes marked by circles are 400 nm
width × 220 nm height and 540 nm width × 160nm height.

Fig. 9. (Color online) Color map of neff distribution.

Fig. 10. (Color online) neff distribution along single-mode line.

Fig. 11. (Color online) Color map of resonance peak shift of ring
resonator. The standard wavelength is 1550 nm.

Fig. 12. (Color online) Resonance peak shift of waveguide-core size
along single-mode line.
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but also device properties, this was the optimum core size.
Table I shows the calculated device properties of a selection
of waveguide core sizes, including Structures A and B. A
wide waveguide such as the 440-nm-wide × 220-nm-high
sample showed a high neff, but also a high neff distribution and
resonance peak shift. Conversely, a thin waveguide such as
the 720-nm-wide × 100-nm-high sample showed a compara-
tively low neff and a high resonance peak shift. With these
observations in mind, we can assert that the optimization of
the waveguide-core size can considerably reduce the device
property distribution of Si-wire waveguide devices.

4. Conclusions

We fabricated Si-wire patterns and ring resonators on a
300mm SOI wafer using the forefront CMOS-compatible
process featuring ArF immersion lithography. The ng
deviation of the Si-wire waveguides at five different positions
on the SOI wafer was examined by measuring the trans-
mission spectra of the ring resonators. The measured neff
deviations of group refractive indices were 0.3% for the TE-
like mode and 1.1% for the TM-like mode. By comparing
the measured ng deviation and FEM calculation results, we
estimated the waveguide-core size distribution for various
Si-wire waveguides. The estimated maximum distribution
of the waveguide-core width was 5 nm, and that of the
waveguide-core height was 1 nm. Next, assuming that the
estimated waveguide-core size distribution arises for wave-
guides of any core size, we calculated the neff distribution.
From our calculations, the optimum waveguide core for
reducing device property distribution was of 540 nm width
and 160 nm height. In the case of this core size waveguide,
the neff distribution caused by the waveguide-core size
distribution was 0.56%. The resonance peak shift of ring
resonators was also calculated to be 4.86 nm. These dis-
tributions were smaller than the device property distributions
of current standard waveguide-core sizes such as 400 nm
width × 220 nm height. We show that the property distribu-
tion of Si-wire waveguide devices can be reduced by the
optimization of the waveguide-core size. Therefore, we can
improve the device property uniformity of Si-wire waveguide
devices, not only by improving the semiconductor process
but also by optimizing the waveguide-core size.
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