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Abstract—On-chip 1-D photonic crystal nanocavities were de-
signed and fabricated in a 300 mm silicon-on-insulator wafer using
a CMOS-compatible process with 193 nm immersion lithography
and silicon oxide planarization. High quality factors up to 105 were
achieved. By changing geometrical parameters of the cavities, we
also demonstrated a wide range of wavelength tunability for the
cavity mode, a low insertion loss and excellent agreement with sim-
ulation results. These on-chip nanocavities with high quality factors
and low modal volume, fabricated through a high-resolution and
high-volume CMOS compatible platform open up new opportuni-
ties for the photonic integration community.

Index Terms—CMOS, nanocavities, photonic crystal (PhC),
silicon-on-insulator (SOI).

I. INTRODUCTION

PHOTONIC CRYSTAL (PhC) cavities have been investi-
gated intensively during recent years. Compared with con-

ventional optical resonators, owing to the existence of a band
gap, these PhC cavities can strongly confin light both on a
temporal and on a spatial scale, thus enabling both ultra-high
quality factors (Q) and ultra-small cavity modal volumes (V ).
This unique property of PhC cavities allows effectively con-
trolling the lifetime and the density of photons and strongly
boosting light-matter interaction inside cavities, which is es-
sential to manipulate light at extremely low power levels or at
ultra-fast speed. Therefore, the use of PhC cavities has been
proposed in the context of several innovative photonic applica-
tions such as ultra-low threshold lasers [1]–[3], ultra-fast optical
switching and modulation [4], dynamic control of light [5], [6],
and the study of cavity quantum electrodynamics [7]. Among
currently investigated PhC cavities, one-dimensional (1-D) PhC
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nanocavities, since their firs emergence [8], have a simpler
structure and are more compact compared to higher dimen-
sional PhC cavities, and therefore, have drawn a lot of inter-
est recently [9]–[14]. High Q and extremely low V have been
demonstrated in these 1-D PhC nanocavities both numerically
and experimentally [9]–[12]. In spite of their structural simplic-
ity, the fabrication of 1-D PhC nanocavities still remains a chal-
lenge because of their minimal feature size and rigorous require-
ments with respect to fabrication imperfections. Most success-
ful demonstrations [9]–[14] thus far relied on high-resolution
electron beam lithography but because of its slow through-
put this approach is likely to be limited to research or small
volume applications. Today’s well-developed complementary
metal-oxide-semiconductor (CMOS) platform on the other hand
is compatible with high-volume fabrication and also may offer
the possibility for ultra-compact, chip-scale integration of PhC-
based optical components with existing optical devices and even
electronics. Indeed, over the past decade, we have witnessed
successful fabrication of many optical building blocks for pho-
tonic circuitry based on a silicon-on-insulator (SOI) platform,
using standard CMOS fabrication technologies. Consequently,
there is a need to develop PhC-based building blocks, for in-
stance PhC cavities, employing a CMOS compatible process.
Thus far, the performance of such qualities was limited, mostly
by the patterning resolution provided by the lithography tools
used, based on 193 or 248 nm DUV [15], [16]. In this study, we
show the successful realization of on-chip 1-D PhC nanocav-
ities integrated with out-of-plane grating couplers, fabricated
on a 300 mm SOI wafer in a CMOS pilot line using 193 nm
immersion lithography. We experimentally demonstrate high-Q
factors in these on-chip 1-D nanocavities and good correspon-
dence with simulations. Furthermore, by changing geometrical
parameters of the cavities, we have achieved a wide tuning of
resonance wavelength and a low insertion loss. The reliability of
the fabrication of SOI PhC nanocavities using a CMOS platform
is also discussed.

II. DESIGN SOI NANOCAVITIES

The design of our 1-D SOI PhC nanocavity is based on the
mode-gap modulation approach [9], [12], in which the mode
gap of the quasi-1-D PhC waveguide is modulated by structural
parameters such as the lattice constant, the hole size or the width
of the PhC waveguide. Through this mode gap modulation, a
cavity mode can arise from the lower-lying dielectric band of
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Fig. 1. Schematics of 1-D SOI PhC nanocavity with circular holes embedded
in silicon oxide matrix, consisting of the tapered and mirror sections. The whole
structure is symmetric with respect to the cavity center. (a) Top and (b) x–z plane
views of the cavity.

a PhC waveguide in the modulated region (defect region), and
subsequently, it is localized within the band gap provided by a
periodic PhCmirror. Since the band gap of a 1-DPhCwaveguide
is incomplete, for a certain localized mode within the gap there
always exists intrinsic radiative loss, which is detrimental to
accomplishing a high-Q cavity. In 1-D nanocavities, typically
most of the radiative loss is caused by the mismatch [9] between
the guided mode of the defect section (wire waveguide mode
or PhC Bloch mode, depending on the type of defect) and the
mode of the PhC mirror section. This mode mismatch can be
minimized by replacing the abrupt interface from the defect to
themirror by a gradual transition of the geometric configuration
In this way, the radiative losses can be dramatically reduced,
resulting in a high-Q cavity.
In our design, we start with a quasi-1-D PhC strip waveguide

structure with periodic circular holes, and then, gradually de-
crease the radius of the holes from the center symmetrically
to the two mirror arms for which the holes have a terminat-
ing radius value. The radius is parabolically tapered from its
maximum to minimum value, in the same manner as was im-
plemented in [12]. Fig. 1(a) and (b) shows the detailed structure
of the 1-D SOI cavity, which is composed of a 1-D PhC wave-
guide with circular holes etched in a 220 nm-thick silicon layer
lying on top of a 1 μm buried silicon oxide layer. The holes are
back-fille with silicon oxide through a combination of SiO2
deposition and chemical mechanical polishing (CMP), result-
ing in a planar surface. Note that this structure might be quite
advantageous in some applications, for example, to integrate
active materials with the cavity. The period of the PhC lattice,
define as the center-to-center distance between two holes, is
fi ed at a = 400 nm. The radius of the holes is parabolically
tapered by reducing the radius from 0.30a for the center hole
to 0.22a for the mirror holes, leaving four holes as cavity mir-
ror with constant radius of 0.22a at each side of the cavity.
The total number of holes is fi ed to 29 in our design to allow
easy coupling between the cavity and access waveguides during
measurement. On the mask, we varied the width of the cavityw,
from 460 to 580 nm and also scaled the radius of the holes with
various scaling factors (SF) from 0.8 to 1.2, in order to study

Fig. 2. Band diagram for the SOI PhC waveguides (inset for the schematic)
consisting of a period-a (a = 400 nm) sequence of circular holes with radius of
r = 0.22a and r = 0.30a, respectively. The width of waveguide isw = 440 nm.
Only fundamental TE-like bands are plotted in the irreducible Brillouin zone.
(The light cone is shaded light blue, bounded by the black-colored light line of
air cladding.) The straight dot line denotes the frequency position of the resonant
mode for the cavity in which the hole of r = 0.30a serves as the cavity center
and the holes of r = 0.22a as the mirror.

the dependence of the resonant mode wavelength and Q on the
width of the cavity and the size of the holes.
To analyze the SOI cavity numerically, we computed both the

band diagram for the associated PhC periodic waveguide and
the resonant mode of the cavity with the t3-D finite-di ference
time-domain (FDTD) method, using a freely available software
package [17]. In Fig. 2, we present the band diagram for the
circular-hole PhCwaveguideswith two different radii r = 0.22a
and r = 0.30a, respectively. The width of the waveguide is fi ed
at w = 440 nm. It is clear that this PhC waveguide exhibits a
large mode gap between the fundamental TE-like bands and that
the gap remains well below the light cone, potentially providing
strong confinemen for a cavity mode lying within this gap. The
dotted line in Fig. 2 denotes the fundamental transverse-electric
(TE) like cavity mode calculated for the cavity design of Fig. 1,
taking into account a width of 440 nm and a radius scaling
factor SF of 1.0. We observe that the frequency of this cavity
mode almost overlaps with the edge of the lower band of the
PhC waveguide with r = 0.30a, as shown in the corresponding
band diagram in Fig. 2. It is also clear that the cavity mode
is well localized within the band gap of the PhC waveguide
with r = 0.22a that is used as the mirror section of the cavity.
According to the aforementioned numerical analysis, one can
easily understand that in the cavity design based on the mode-
gap modulation approach the cavity mode is originally formed
from the Bloch mode of the lowest TE-like band of the center
PhC waveguide, and then, is confine within the mode gap of
the PhC mirror. By changing the radius of the holes or the width
of the cavity, we can further tune the frequency of the resonant
mode as well as the position of the band gap of the mirror
section.
Next, we performed comprehensive FDTD simulations for

PhC cavities with widthw varying from 400 to 580 nm and with
the radius SF varying from 0.8 to 1.3 for each width. Employing
a 29-hole design, we found that these SOI cavities can support
a fundamental mode with resonance wavelength varying from



Fig. 3. Normalized electric fiel (Ey ) and fiel intensity (|E |2 ) of the funda-
mental cavity mode.

1450 to 1650 nm and a Q-factor as high as 1.0 × 105 and V
as small as 0.6(λ/n)3 can be readily realized with appropriate
geometrical parameters of the cavity. Note that the total number
of holes in our cavities is only 29 (including four mirror holes
at both sides), and that they are embedded in an oxide matrix
on an SOI substrate with only a 1 μm buried oxide layer. This
leads to a slight leakage of the cavity mode into the bottom
silicon substrate. When adding more mirror holes to reduce the
waveguide loss and suspending the cavity in air, one can easily
obtain simulated quality factors Q of up to 107 . In Fig. 3, we
present the electric fiel profile (Ey component and |E|2) of
the fundamental mode for the cavity with parameters of w =
500 nm and SF = 1.2. It is obvious that the fundamental cavity
mode is a TE-like mode, whereEy is dominant and that the light
fiel is highly localized around the center of the cavity with a
modal volume of 0.6(λ/n)3 .

III. CHARACTERIZATIONS AND DISCUSSIONS

The complete fabrication processwas carried out on a 300mm
SOI wafer in a CMOS pilot line. The devices were patterned
with 193 nm deep ultraviolet immersion lithography and a dry
etch process using a Si3N4 hard mask. Next the devices were
planarized through silicon oxide deposition (using a high-aspect
ratio fillin process) and a CMP process. In the future, this pla-
narization step might allow for straightforward integration with
optically active materials. Fig. 4 shows the scanning electron
microscope (SEM) and focused ion beam (FIB) cross-sectional
images of the fabricated SOI nanocavity with silicon oxide lat-
eral cladding. Note that the cavity is embedded in an oxide
matrix and that the FIB cross section in Fig. 4(c) was taken
along the dashed line indicated in Fig. 4(b) under the protec-
tion of two layers of platinum (Pt) deposited in situ by electron
beam an ion beam, respectively. It can be seen that the cavity is
well-define in the silicon layer. The etched holes have nearly
vertical sidewalls, an important requirement for PhC-based de-
vices. Thanks to the high-aspect ratio fillin process all holes are
completely fille and the wafer exhibits a smooth top surface.
Due to a lithography-to-dry etch process bias, the holes ex-

perienced a dimensional gain compared to the design, while
the waveguides shrunk in width. To allow a quantitative com-
parison of fabricated and designed devices, we determined the
actual dimensions of cavities with various width and radius SF

Fig. 4. SEM images of fabricated SOI nanocavity: (a) top view of the whole
cavity, (b) enlarged view of holes, and (c) FIB cross-sectional image of a circular
hole.

using top–down SEM. Statistically, an average 60 nm reduction
in width and 0.2 offset in SF is observed after fabrication. This
means, for the designs of width from 460 to 580 nm and SF
from 0.8 to 1.1, the real width and SF of the fabricated cavities
range from 400 to 520 nm and from 1.0 to 1.3, respectively.
Accordingly, for both the simulated and measured results men-
tioned later, actual values for width and SF as measured from
the fabricated devices will be used.
To allow direct optical characterization, the 1-D PhC

nanocavities are integrated with out-of-plane grating couplers
optimized for TE polarization. We measured the transmitted
spectra of the cavities with a resolution of 1 pm by using tun-
able lasers covering a wavelength range from 1470 to 1640 nm,
and the transmittance is obtained by normalizing these spectra
to a reference waveguide. The experimental Q-values of these
nanocavities were extracted by fittin the resonance peak with
a Lorentzian line shape, namely, Q = λc /Γ, where λc and Γ
are the associated resonance wavelength and linewidth of the
cavity mode, respectively. The input power was attenuated to
∼0.1 μW, to suppress thermo-optic effects.
First, in order to study the dependence of cavity mode and Q

on the size of the PhC holes, we measured a group of cavities
with the same width w = 440 nm but various radius scaling
factors SF of 1.0, 1.1, 1.2, and 1.3, and plot their transmittance
spectra and the associated fit for the fundamental modes in
Fig. 5(a). The changes of the resonance wavelength λc and
quality factor Q with the different SF are plotted in Fig. 5(b). It
is obvious that the resonance peak andQ of the cavities are very
sensitive to the SF and that the peaks shift to shorter wavelength
when increasing the SF. This can be explained from the inset
band diagram of the PhC waveguide in Fig. 5(a). As analyzed
previously in Fig. 2, the resonance frequency of the fundamental
mode in our 1-D cavity is principally determined by the position
of the lowest TE-like band of the central PhC waveguide. When
increasing the radius of the hole in the center, for instance from
r = 0.30 to 0.36a (i.e., SF from 1.0 to 1.2) the lowest TE-like
band of the PhC waveguide is simultaneously pushed up toward



Fig. 5. (a) Measured and fitte transmittance spectra for the fundamental modes of the cavities with w = 440 nm and various SF. (The inset shows the calculated
lowest TE-like bands of the PhC waveguides with r = 0.30a and r = 0.36a, respectively.) (b) Simulated and measured resonance wavelength (λc ) and Q factor
from (a) as a function of SF. (c) Simulated and measured λc and Q as a function of the width w of the cavities with a fi ed SF = 1.2, and (d) measured insertion
loss for different w. (The inset shows the extracted waveguide Qw and radiation Qr versus the width w.)

higher frequency, as distinctly shown in the inset band diagram
in Fig. 5(a). As a consequence, the mode position blue-shifts for
the corresponding cavity as denoted by the straight lines in the
inset. As seen in Fig. 5(b), with the SF increasing from 1.0 to
1.3, the resonancewavelength decreases almost linearlywith the
SF, exhibiting a wavelength shift of∼3.2 nm/nm change in hole
radius. Fig. 5(b) also shows that a maximumQ is obtained for a
SF of 1.2,which also can be explained in terms of the band gap of
the 1-D PhC.When increasing the SF of the cavity, one can push
the cavity mode closer to the middle of the band gap supplied by
the PhCmirror, where the mode is expected to be confine more
strongly. Further increasing the SF to 1.3, however, reduces
the confinemen again and increases the radiative loss in the
cavity thereby reducing theQ. Thus, at an optimal SF of 1.2, we
obtained amaximumQ in the cavity. In Fig. 5(b), we also present
the FDTD simulated results for the resonance wavelength λc

andQ for different SF and fin an excellent agreement between
the measured and simulated results. The remaining discrepancy
between the measured and simulated Q can be attributed to
structural imperfections in the sidewalls of the waveguide and
holes, and loss mechanisms including scattering.
Next, we investigated the influenc of the width of the cavi-

ties on the resonance wavelength λc and Q factor of the cavity
modes, as presented in Fig. 5(c). Obviously, with increasing
the cavity width at a fi ed SF, λc exhibits a linear redshift at
a rate of 1.1 nm-redshift per nanometer of increasing width.
The measured Q, however, remains as high as 4.0 × 104 for a
broad range of widths, a behavior also seen for the simulatedQ.
This property is very important for practical applications where
the ability to tune the resonance wavelength while preserving a

high Q is essential. Again, we compare the results of the mea-
sured and simulated λc versus the width w in Fig. 5(c) and fin
that the shift of the measured λc agrees well with the simu-
lated result. This, together with the results shown in Fig. 5(b)
for tuning of the SF, demonstrates the excellent correspondence
between the measured and simulated operating wavelength, tak-
ing into account a reduction of 60 nm in width and 0.2 bias in
SF as explained before. This in turn demonstrates the accuracy
and reliability of CMOS technology for the fabrication of PhC
nanocavities.
For practical applications, both highQ and low insertion loss

are needed. Therefore, we measured the insertion loss, deter-
mined frommeasuring the transmission normalizedwith respect
to a reference waveguide, for cavities with various widths. As
shown in Fig. 5(d), the insertion loss decreases when increas-
ing the cavity width. For cavities with a width w > 420 nm,
the insertion loss is below 10 dB, while the Q for these cav-
ities still remains as high as 4.0 × 104 . To understand this,
one can separate the total cavity loss (corresponding to the
total Q) into the radiation loss and the waveguide loss, both
corresponding to the quality factors of the radiation Qr and
waveguide Qw , respectively. In our symmetrical 1-D cavity,
the total Q can be expressed as 1/Q = 1/Qr + 1/Qw , and the
maximum transmission at the cavity resonance λc is given by
T (λc) = (Q/Qw )2 [18]. From the two equations aforemen-
tioned, we can extract Qr and Qw separately, which are plotted
in the inset of Fig. 5(d). In the expression of T (λc), the value
of peak transmission is determined by the proportion of theQw

in the total Q. When the total quality factor Q is limited by the
waveguide losses (namely when Qr > Qw ), then more energy



of the cavity mode is coupled to the access waveguide than
is being coupled to radiation loss, resulting in a higher peak
transmission (for Qr � Qw , T approaches 100%), and thus, a
low insertion loss. From the inset of Fig. 5(d), we can indeed
see how the competition between Qr and Qw influence the
insertion loss when increasing the width. When Qr > Qw , the
measured insertion loss decreases below 4 dB in our cavities. It
should be noted that the Q and the insertion loss can be read-
ily engineered by adjusting the geometrical parameters of the
cavity. For instance, by reducing the radius of the holes or by
removing some mirror holes, a moderate Q (∼10000) and an
even higher transmission (∼100%) can be accomplished, which
could be desired for certain applications. Finally, it is important
to note again that the on-chip 1-D SOI cavities discussed ear-
lier all are embedded in an oxide matrix. As mentioned already,
from simulations, we expect a considerably higher Q-factor for
a suspended cavity in air. We verifie this by removing the ox-
ide matrix (including the oxide fillin the holes) as well as the
bottom oxide using an HF-dip. In that case, a Q of 1.1 × 105 is
easily attained, and thereby, actually reaches the same level as
the values reported for 1-D nanocavities fabricated by electron
beam lithography [12]. Furthermore, it is worth noting that the
cavity designs were repeated over the whole 300 mm SOI wafer.
The results discussed above were from a randomly selected die
on the wafer. We also measured the Q and resonance wave-
length of cavities from different other regions of the wafer and
found that the uniformity in Q and resonance wavelength was
excellent with a maximum ∼16% variation of measured Q and
about ±6 nm resonance wavelength shift over the wafer, which
means that both the throughput and the quality of the fabrication
of nanocavities can be guaranteed in this fabrication process.

IV. CONCLUSION

We designed and fabricated on-chip 1-D PhC nanocavities
on a 300 mm SOI wafer using advanced CMOS-compatible
processes, including 193 nm immersion lithography. SEM and
optical transmission characterization of these compact PhC
nanocavities revealed a high quality in terms of fabrication accu-
racy and a highQ factor of 4.5× 104 (1.1× 105 without oxide)
together with a low insertion loss. Study of the dependence
of the resonance wavelength on the actually fabricated cavity
width and hole radius showed an excellent agreement between
the measured and simulated results. This also means the small
deviation in fabricated and originally designed dimensions can
be easily compensated for in future runs through introducing a
small design bias. The high performance of the cavities demon-
strated here reveals the suitability of advanced high-volume
CMOS processes for fabricating compact high-Q nanocavities.
These nanocavities potentially form a promising building block
for realizing densely integrated photonic circuitry on the SOI
platform.

ACKNOWLEDGMENT

The authors wish to thank the IMEC p-line for the fabrication
of the silicon photonics wafers.

REFERENCES

[1] S. Matsuo, A. Shinya, T. Kakitsuka, K. Nozaki, T. Segawa, T. Sato,
Y. Kawaguchi, and M. Notomi, “High-speed ultracompact buried het-
erostructure photonic-crystal laser with 13 fJ of energy consumed per bit
transmitted,” Nature Photon., vol. 4, no. 9, pp. 648–654, 2010.

[2] B. Ellis, M. A. Mayer, G. Shambat, T. Sarmiento, J. Harris, E. E. Haller,
and J. Vuckovic, “Ultralow-threshold electrically pumped quantum-dot
photonic-crystal nanocavity laser,” Nature Photon., vol. 5, no. 5, pp. 297–
300, 2011.

[3] Y. Takahashi, Y. Inui, M. Chihara, T. Asano, R. Terawaki, and S. Noda,
“A micrometre-scale Raman silicon laser with a microwatt threshold,”
Nature, vol. 498, no. 7455, pp. 470–474, 2013.

[4] K. Nozaki, A. Shinya, S. Matsuo, Y. Suzaki, T. Segawa, T. Sato,
Y. Kawaguchi, R. Takahashi, and M. Notomi, “Ultralow-power all-optical
RAM based on nanocavities,” Nature Photon., vol. 6, no. 4, pp. 248–252,
2012.

[5] T. Tanabe, M. Notomi, E. Kuramochi, A. Shinya, and H. Taniyama, “Trap-
ping and delaying photons for one nanosecond in an ultrasmall high-Q
photonic-crystal nanocavity,” Nature Photon., vol. 1, no. 1, pp. 49–52,
2007.

[6] M.Notomi, E.Kuramochi, andT. Tanabe, “Large-scale arrays of ultrahigh-
Q coupled nanocavities,” Nature Photon., vol. 2, no. 12, pp. 741–747,
2008.

[7] M. Nomura, N. Kumagai, S. Iwamoto, Y. Ota, and Y. Arakawa, “Laser
oscillation in a strongly coupled single-quantum-dot-nanocavity system,”
Nature Phys., vol. 6, no. 4, pp. 279–283, 2010.

[8] J. S. Foresi, P. R. Villeneuve, J. Ferrera, E. R. Thoen, G. Steinmeyer,
S. Fan, J. D. Joannopoulos, L. C. Kimerling, H. I. Smith, and
E. P. Ippen, “Photonic-bandgap microcavities in optical waveguides,” Na-
ture, vol. 390, no. 6656, pp. 143–145, 1997.

[9] P. Lalanne, C. Sauvan, and J. P. Hugonin, “Photon confinemen in photonic
crystal nanocavities,” Laser Photon. Rev., vol. 2, no. 6, pp. 514–526, 2008.

[10] P. B. Deotare, M. W. McCutcheon, I. W. Frank, M. Khan, and M. Loncar,
“High quality factor photonic crystal nanobeam cavities,” Appl. Phys.
Lett., vol. 94, no. 12, p. 121106, 2009.

[11] L. D. Haret, T. Tanabe, E. Kuramochi, and M. Notomi, “Extremely low
power optical bistability in silicon demonstrated using 1D photonic crystal
nanocavity,” Opt. Exp., vol. 17, no. 23, pp. 21108–21117, 2009.

[12] E. Kuramochi, H. Taniyama, T. Tanabe, K. Kawasaki, Y. G. Roh, and
M. Notomi, “Ultrahigh-Q one-dimensional photonic crystal nanocavi-
ties with modulated mode-gap barriers on SiO2 claddings and on air
claddings,” Opt. Exp., vol. 18, no. 15, pp. 15859–15869, 2010.

[13] W. S. Fegadolli, J. E. B. Oliveira, V. R. Almeida, and A. Scherer, “Com-
pact and low power consumption tunable photonic crystal nanobeam cav-
ity,” Opt. Exp., vol. 21, no. 3, pp. 3861–3871, 2013.

[14] P. B. Deotare, L. C. Kogos, I. Bulu, and M. Loncar, “Photonic crystal
nanobeam cavities for tunable filte and router applications,” IEEE J. Sel.
Topics Quantum Electron., vol. 19, no. 2, Mar./Apr. 2013.

[15] M. Settle, M. Salib, A. Michaeli, and T. F. Krauss, “Low loss silicon on in-
sulator photonic crystal waveguides made by 193 nm optical lithography,”
Opt. Exp., vol. 14, no. 6, pp. 2440–2445, 2006.

[16] S. K. Selvaraja, P. Jaenen, W. Bogaerts, D. Van Thourhout, P. Dumon, and
R. Baets, “Fabrication of photonic wire and crystal circuits in silicon-on-
insulator using 193-nm optical lithography,” J. Lightw. Technol., vol. 27,
no. 18, pp. 4076–4083, Sep. 2009.

[17] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. D. Joannopoulos,
and S. G. Johnson, “MEEP: A fl xible free-software package for electro-
magnetic simulations by the FDTD method,” Comput. Phys. Commun.,
vol. 181, no. 3, pp. 687–702, 2010.

[18] J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, “De-
signing photonic crystals for applications,” in Photonic Crystals: Molding
the Flow of Light, 2th ed. Princeton, NJ, USA: Princeton Univ. Press,
2008, p. 210.

Weiqiang Xie received the B.S. degree in applied physics from Xi’an Jiaotong
University, Xi’an, China in 2008, and the M.S. degree in condensed matter
physics from Shanghai Jiaotong University, Shanghai, China in 2011. He joined
the Photonics Research Group in Ghent University, Ghent, Belgium, and IMEC
as a Ph.D. candidate in 2011. His research interests include the integration of
colloidal quantum dots with silicon and silicon nitride photonics for on-chip
visible and infrared light sources.



Martin Fiers completed his studies in electrical engineering at Ghent Uni-
versity, Ghent, Belgium in 2008 and joined the Department of Information
Technology (INTEC) at the same university for the Ph.D. degree in photonic
reservoir computing. After his graduation in 2013,Martin is working to improve
the integrated photonic design cycle by writing software for optical design and
modeling. His main interests include the modeling of nanophotonic components
and reservoir computing.

Shankar Selvaraja received the M.E. degree in optical communication from
the College of engineering, Anna University, Chennai, India, in 2004, the M.Sc.
degree in microsystems and microelectronics from the University of Twente,
Enschede, The Netherlands, in 2005, and the Ph.D. degree for his work on
Wafer-Scale Fabrication Technology for Silicon Photonic Integrated Circuits in
2011. Since then, he has been a Postdoctoral Researcher and now as silicon
photonics integration engineer at IMEC, Ghent, Belgium. His research interests
include CMOS compatible device, process development, and integration for on-
chip optical interconnects. He has authored or coauthored more than 90 journals
and peer-reviewed conference articles.

Peter Bienstman was born in Ghent, Belgium, 1974. He received the M.Sc.
degree in electrical engineering and the Ph.D. degree from Ghent University,
Ghent, in 1997 and 2001, respectively. Currently he is an Associate Profes-
sor with the Department of Information Technology, Ghent University. During
2001–2002, he spent a year in the Joannopoulos research group at MIT. His
research interests include several applications of nanophotonics (biosensors and
photonic information processing) as well as nanophotonics modeling. He has
published more than 50 papers and holds several patents. He is a member of the
IEEE Photonics Society. He has been awarded the European Research Council
starting grant for the Naresco-project: Novel paradigms for massively parallel
nanophotonic information processing.

Joris Van Campenhout received the Ph.D. degree in electrical engineering
fromGhentUniversity,Gent, Belgium, in2007, for hiswork on hybrid-integrated
III–Vmicrodisk lasers on silicon. He is a ProgramManager of IMEC’s industry-
affiliatio program on Optical I/O, which explores silicon-based optical inter-
connects enabling low-power, high-bandwidth chip I/O in future CMOS nodes.
Prior to joining IMEC, he was at IBM T.J. Watson Research Center, New York,
NY, USA, where he worked on CMOS-integrated silicon optical switches. He is
a member of the IEEE and OSA, and serves as a technical program committee
member in OFC/NFOEC, CLEO and IEEE-IPC.

Philippe Absil received the Ph.D. degree in 2000 from the Department of
Electrical Engineering, University of Maryland, College Park, MD, USA. His
doctoral work contributed to the early demonstrations of semiconductor micro-
ring resonators. He is the optical IO program director at IMEC and is responsible
for the silicon photonics technology platform development since 2010. Before
that, he spent seven years managing the advanced CMOS scaling program
at IMEC. In the early 2000s, he developed the passive photonics platform
technology for Little Optics Inc., Annapolis, MD.

Dries Van Thourhout received the degree in physical engineering and the
Ph.D. degree from Ghent University, Ghent, Belgium in 1995 and 2000, respec-
tively. From 2000 to 2002, he was with Lucent Technologies, Bell Laboratories,
Crawford Hill, working on InPInGaAsP monolithically integrated devices. In
2002, he joined the Department of Information Technology (INTEC), Ghent
University, continuing his work on integrated optoelectronic devices. His re-
search interests include heterogeneous integration by wafer bonding, intrachip
optical interconnect, and WDM-devices.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


