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ABSTRACT

Nowadays, everyone around the world can enjoy themselves by sharing amount of
transmitted data, thanks to the large-volume optical fiber transmissions have been
widespread in the long-haul communication systems since 1980s. Recently, given a
dramatically increasing of the data traffic, at a compound annual growth rate of 40% or
even more, in the short-distance communications such as rack-to-rack, board-to-board
and chip-to-chip, the optical communications have also been introduced gradually
instead of traditional electrical communications, namely, optical interconnections.

Especially, given an integrated circuit of a large-volume optical interface to a
high-performance electrical LSI processing is proposed to lead a generational
communication system. In order to enable a cost-effective implementation of this
optical short-distance connections, a complementary metal-oxide-semiconductor
(CMOS) compatible process is an useful, low-cost approach for a monolithic integration
of available, complex, and high-speed optical circuits, combining with general 850 hm
transmitters and platform Si photodetectors to form an optoelectronic integrated circuit
(OEIC) on a Si substrate.

This study was carried out to realize an active optical cable (AOC) integrated with
Si-LSls, proposed by an optical integrated circuit of a low-loss high-refractive-index
tantalum pentoxide (Ta,Os) waveguide and an ultra-high speed Si-PIN photodetector
(Si-PIN PD), utilizing a directional waveguide grating coupler in the 0.8 um wavelength
range. Firstly, the high-refractive-index (n ~2.0) and low propagation loss (< 1 dB/cm)
Ta,O5 waveguide with a cross section of 400 nm x 10 um was fabricated by a chemical
solution deposition followed by a CF, reactive ion dry etching. Secondly, the directional
waveguide grating coupler was calculated by using finite element method (FEM) to
achieve a bottom directional coupling efficiency > 60% with a grating length of 15 pum,
at a grating period of 530 nm, a duty ratio of 0.5, and an etching depth ratio > 0.9 with a
thickness of 400 nm. Finally, the lateral Si-PIN PDs fabricated on an
silicon-on-insulator (SOI) substrate (absorber layer thickness of 210 nm) in the CMOS
compatible process were designed and implemented with a finger width of 1.00 um, a
finger spacing of 1.63 pm, a square detector area of 20 x 20 um?, and a pad size of 30 x
30 um? A bandwidth of 13.6 GHz was obtained at a bias voltage of 10 V at 850 nm
wavelength.

In a word, these technologies can be expected to realize an OEIC on Si-LSls in the 0.8
um wavelength range as a cost-effective implementation.
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Chapter 1
Introduction

1.1 Motivation

1.1.1 From long-haul optical fiber communications to short-distance
optical interconnects

1.1.1.1 Development of fibers and lasers for long-haul optical
communication systems

The practical research of optical communication systems was started from 1962, since
the first realization of a gallium arsenide (GaAs) semiconductor laser diode emitting in
0.8 um wavelength range [1, 2]. However, propagation of light, even a laser light, in
free-space cannot be reliably used, due to the significant wave diffraction and the
dependence of the attenuation on atmospheric conditions. Therefore, a guided
propagation of light was studied on the optical fiber. Since 1970, Corning Glass Works
had reported an optical fiber with 20 decibels per kilometer (dB/km) loss by a chemical
vapor deposition (CVD) method [3].

Bell Laboratory developed an optical fiber with 2.5 dB/km loss using a modified
chemical vapor deposition (MCVD) method in 1974 [4]. Nippon Telegraph and
Telephone Corporation and Fujikura Ltd. achieved attenuation of 0.47 dB/km in 1.2 um
wavelength in 1976, and later 0.20 dB/km in 1.55 um wavelength in 1979 [5]. The
propagation loss of a glass optical fiber had been developed to one-hundredth of the value
in the 1970s. For the improvement of optical fiber technology, Sumitomo Electric
Industries Ltd. reported on a pure silica core fiber with ultra-low loss of 0.154 dB/km in
1986 [6] and the propagation loss of optical fiber was thought to come close to the clarity
limit. Newsletters introduce optical fibers with the record-breaking low loss of 0.151
dB/km at the OFC2002 [7] and further improved loss of 0.1484 dB/km in the Electronics
Letters [8].

Simultaneously, the development of room-temperature (RT) continuous-wave (CW)
operated semiconductor lasers is very promising in relation to progress on optical
communication systems. In 1970, the first RT CW operated edge-emitting semiconductor
laser was developed by using a double-heterostructure in a GaAs/AlGaAs material
system [9, 10]. Then, the first experimental demonstration of a Raman fiber amplifier in
1973 [11], the first RT CW semiconductor diode distributed-feedback (DFB) laser in
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1975 [12], and the first CW InGaAsP laser in 1976 [13] were reported serially. These
lasers have been widely used for telecommunication networks ranging from backbone to
access networks. What’s more, the implementation of single mode lasers [14, 15] in early
1980s led to high speed direct modulation of the laser becoming possible.

Particularly, in 1979, a AsP/InP surface emitting semiconductor lasers, utilizing an
invention of a vertical cavity surface emitting laser (VCSEL) structure by H. Soda et al.
was reported, and the CW operation of the VCSEL was demonstrated at RT in a GaAs
material system in 1989 [16]. As some important breakthroughs, the first realization of a
Ti-Sapphire laser by Peter F. Moulton in 1986 [17], an erbium-doped fiber amplifier
(EDFA) for optical communications was realized by R. J. Mears et al. in 1987 [18], and
a quantum cascade laser (QCL) was invented and demonstrated by F. Capasso et al.
in1994 [19], and then GaN and InGaN semiconductor lasers by S. Nakamura et al. in
1996 [20]. Semiconductor lasers have mentioned overthinking achievement during this
half of 20 century.

1.1.1.2 Applications of optical fiber communications in the real world

As the first commercial application of optical communication systems, in 1977, both
AT&T and GTE introduced fiber optic-telephone system in Chicago and Boston,
respectively. By the early 1980s, single mode fiber operating in the 1310 nm, and later the
1550 nm wavelength windows became the standard fiber installed for these networks.
Initially, computers, information networks, and data transmissions were slower to
embrace fibers, but today they are found extra useful for a communication system that has
lighter weight cables, resists lightning strikes, and carries more information faster and
over longer distances. In this way, the optical fiber communication systems were used
practically in worldwide since around 1980s. Simultaneously, the time division
multiplexing (TDM) of optical fiber communication systems by 32 Mbps, 100 Mbps
method were introduced firstly as a commercial application from 1981 in Japan [21].
Especially, Bell Laboratory transmitted a 2.5 gigabits per second (Gbps) signal over
7,500 km without regeneration in 1990. The system used a solation laser and an EDFA
that allowed the lightwave to maintain its shape and density. It was a major breakthrough
for the implementation of advanced optical fiber communication system utilizing
wavelength division multiplexing (WDM) technology. Since then on, in 1998, it went one
better level by researchers in North America transmitted 100 simultaneous optical signals,
each at a data rate of 10 Gbps for a long distance of nearly 250 miles (400 km). In this
experiment, dense wavelength-division multiplexing (DWDM) technology combined
with TDM utilizing vestigial side band (VSB) or single side band (SSB) modulation
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scheme practical application was progress, which allows multiple wavelengths to be
combined into one optical signal, improving frequency utilization efficiency, and
significantly increased the total data rate on one fiber to one terabit per second (Thps,
means 10™ bits per second) [22].

In the case of Japan, WDM communication scheme has widely introduced into not only
a local area network (LAN) but also a metropolitan area network (MAN) since around
2000. Even a further access network, employing fiber to the home (FTTH), it is possible
to draw a low-cost optical fiber communicate to common Japanese household, and a high
channel capacity of over 100 Mbps came to be familiar at the lowest cost in the world.
The historical improvement of total optical fiber capacity is shown in Fig. 1-1.

Total Fiber Capacity

1 Gb/s 10 Gb/s 10 Th/s

@® o

128
64 —

WDM Channel Count
[ T I B

@ @ 1987 & 1991 | 1995

| | |
10 Mb/s 100 Mb/s 1 Gb/s 10 Gb/s 100 Gb/s 1 Tb/s

Channel Data Rate

Fig. 1-1 A historical improvement of total optical fiber capacity.

1.1.1.3 Information explosion and short-distance optical interconnects

Recently, given that the information and telecommunications network traffic have been
increasing dramatically at a compound annual growth rate (CAGR) of 40% or even more
since the beginning of the 21st century as shown in Fig. 1-2 [23], and the overall IP traffic
is expected to grow to be almost 132 exabytes per month by 2018 [24]. Specially, global
mobile data traffic, majority growth followed by social networks and web browsing such
as online video sites and video chat sites [25], has clearly grown at an explosive rate of
CAGR of 61% from 2013 to 2018 [26], driven by smart phones and IP enabled services as
a real-time entertainment. This expansion of traffic volume is even expected to continue
to grow at a CAGR of 92% through 2015 [27] and continue for many years in the future.
Consequently, a 1000-fold increase in the current total network capacity will be required.
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Fig. 1-2 Five traffic milestones and three traffic generator milestones by 2015. [23]

Therefore, the development of optical communication system, employing a combination
of WDM and TDM technologies, from the traditional long-haul optical fiber systems to
the short-distance interconnects, such as rack-to-rack, board-to-board, and chip-to-chip,
even at on-chip level, has been studied intensively and sounds become to be the best
opportunity for an ultra-high speed information transmission system.

1.1.2 Photonic integrated circuits to large scale integration
1.1.2.1 The performance bottleneck of large scale integration

The integrated circuits (ICs) technology, which fabricates complex circuits on a silicon
semiconductor substrate called wafer, is one of the fundamental technologies supporting
the modern computer and digital equipment nowadays. Since 1965 during half a century,
according to the Moore's Law [28] and scaling law, the miniaturization technology has
been developed significantly and realized a ultra-large scale integration (ULSI) which
can integrate 100 million elements. Since 2000, the research of system-on-chip (SOC)
has been flourishingly carried out to instead the conventional separate constructions.
Simultaneously, process ruler, the minimum size of ICs fabrication described by the gate
limit, also has been reduced to 32 nm by the year of 2010, and will be 11 nm in 2022,
according to the road map from ITRS [29].
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These remarkable growths can be attributed to several technical and economic factors
[30]:

1) the physical design of the planar field effect transistor;

2) ideal compatible materials: single-element silicon substrate, silica insulator, and

aluminum wiring;

3) scalable circuit design based on low power complementary metal oxide
semiconductor (CMQS) architecture; the cost per transistor drops inversely as the
number N of transistors per chip increases;

4) real applications (e.g., memory and microprocessors) that require large-scale arrays
of identical elements, which can be scaled down in size, seemingly without limit, as
the processing technology advances;

5) progressively complex and successful applications that provide the funds to invest
in the processing technology required for the next generation of reduced gate length.

In the meanwhile, some new problems are coming up during proceed of miniaturization.

Firstly, miniaturization leads an increase of total power consumption on chip, as while as
the going up of integration. Therefore, after 2005, the CPU clock signal was controlled
below 4 - 5 GHz, in order to suppress an increase of power consumption, and parallel
arithmetic processing by multicore became common [31].

Secondly, with the miniaturization, a global wiring delay becomes a serious problem. As
shown in Fig. 1-3, although the RC delay of local wiring is constant, the length of the
global wirings are increasing caused by multicore, and the signal delay among the global
wirings become a serious problem. Figure 1-4 (a) shows a cross section view, and (b)
shows a relative delay relationship among various wiring sections [29]. Although the
miniaturization brings an acceleration of transistor, it is also reported that RC delay in the
global wiring and between the LSls, especially in the case of average wiring length over
10 mm, were greatly influenced [32]. The global wiring signal delay can be controlled in
some means by insertion of repeaters, but excessive chip square and power consumption
will face new limits.

What’s more important, although it is possible to reduce wiring spacing in the LSI by
miniaturization, the wiring spacing of chip-to-chip is determined by the contact pin
spacing between the chip’s input-output either printed wiring, which means that it is
difficult to catch up the acceleration of processing just utilizing traditional electronic
wirings. Therefore, in the last two decades, although the performance of internal wirings
has increased 10 thousand times, while the external wirings (chip-to-chip) could not be
even 10 times. In addition, due to the wiring length among the chips is much longer than
the global wirings, the signal delay become much more serious among chips. In a
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Fig. 1-4 A typical cross-sectional view and relative delay of LSI. [61]

conclusion, the increase of signal delay and lack of external wiring volume between LSIs
and chips are bottleneck of acceleration and higher-performance systems.

Moreover, the Joule heat, the thermal noise, and the electromagnetic field loss in a high
frequency of electric wirings are all inherent problems.

In the long term, new design or technology solutions, such as 3D ICs, free space RF,
optical interconnect for the short-distance, will be needed to overcome the delay, power
and bandwidth limitations of traditional electric interconnect [29].

Especially, optical interconnects are considered to be the most viable solutions. Figure
1-5 shows a comparison of the relationship between electric and optical wirings by power
delay product and wiring length. Given the case of wiring length over 10 mm, it is
expected that the performance of optical wiring surpasses that of Cu wiring. Because light
has a frequency range around 200 THz, the application of WDM technology can greatly
improve the signal bandwidth. Moreover, due to optical wirings are immune to an
electromagnetic noise, a cross-talk can be controlled and it is possible to enhance a wiring
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Fig. 1-5 Comparison of the relationship between electric and optical wirings by power delay
product and wiring length. [29]

density. Besides, in optical wirings, a cross intersection can be employed, which is
impossible in the electric wirings, promising a design freedom [33].

1.1.2.2 Photonic integrated circuits to large scale integration

A photonic integrated circuit (PIC) or optical integrated circuit is a device that integrates
multiple photonic functions, like optical lasers, optical amplifiers, optical modulators,
multiplexers, de-multiplexers, attenuators, and photodetectors onto one substrate, as such
is analogous to an electronic integrated circuit (EIC).

The PIC was first proposed in 1969 [34] and the first commercial application,
requiring about 10? devices, occurred in about 2005, some 36 years later. The reasons
for this lag generally follow the list above in a negative fashion [30]:

1) active photonic device are based on binary, ternary and quaternary materials that are

much harder to control than Si;

2) photonic device sizes are determined by the optical wavelength, which is much

larger than the electron size limit in EICs;

3) PICs require a wide variety of different devices (e.g., lasers, detectors, modulators,

multiplexers, attenuators);

4) few applications that require both large-scale integration and high volume, with

attendant low cost, have been identified.

As the capabilities of PICs and EICs advance, it is clear that it would be advantageous
to combine to the same substrate both larger-volume PIC functions and high-speed
electronic data processing. If the PIC and EIC functions are provided on the same
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substrate or chip, we will call this an optoelectronic IC (OEIC).

As in EICs, PICs can include both hybrid and monolithic integration.

In a hybrid PICs, multiple single-function optical devices are assembled into a single
package, sometimes with associated EICs, and interconnected to each other by electronic
and/or optical couplings. Adding to the packaging challenge is the fact that different
materials may require different packaging designs due to differences in optical,
mechanical and thermal characteristics, such as different coefficients of expansion,
different operating temperatures and thermo-electric coolers, compounding packaging
complexity and cost. In practice, these have limited hybrid PICs to integrating at most
three to four optical components into a common package.

In contrast, monolithic integration consolidates many devices and/or functions into a
single photonic material, so that all photonic couplings occur within the substrate and all
functions are consolidated into a single, physically unique device. Monolithic integration
provides the greatest simplicity and reliability benefits when consolidating optical
components into a single device. This can greatly reduce cost and make transceivers
scalable, because the elements are automatically optically aligned to each other and can
be tested all at once. It is generally assumed that monolithic PICs perform significantly
worse than their discrete-optic counterparts optimized independently, because in an
integrated part in which tradeoffs must be made owing to all components are made at
once.

1.1.2.3 Comparison of photonic materials and Silicon photonics

Nowadays, optical components are built employing many kinds of materials, each with
its respective merits and drawbacks, including element semiconductors (Si and
Ge-related), compound semiconductors (InP and GaAs-based), dielectrics (SiO, and
SiNy-related), polymers and nonlinear crystal materials (e.g. LiNbO3). The material
properties of different material systems place them into desirable, but discrete
functionality regimes. There compare the most prominent of them in Table I-1.

Silica-based planar lightwave circuits (PLCs) have provided various important devices
for both WDM networks and optical access networks, including power splitters, arrayed
waveguide gratings (AWG), thermo-optic switches, and hybrid OEICs in 1990s [35, 36].
Especially, erbium-doped silica had been employed to realize a guided-wave laser
operating in a PLCs in 1991 [37]. Moreover, a silica-based PLC is extremely suitable to
couple into a optical fiber with an ignorable loss. However, the poor refractive index
contrast seriously limits the integration density and volume scaling of PLCs.
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Table 1-1 Comparison of photonic materials

Glass Nitride Polymer ni-v Silicon

Integration density - + - ++ +++
Volume scaling ++ ++ + ++
Thermal operating budget + ++ - + ++
Stability ++ ++ - ++ ++
Cost ++ + ++ - +

Lasers + - ++ 4%
Modulators - - + ++ ++
Passives/WDM ++ ++ + ++ +

Detectors - - - T+ ++
Integrated with electronics - - - + +++
Coupling to fiber +++ + ++ + +

CMOS compatibility + + - ++

* Implementing lasers in silicon involves heterogeneous integration of 111-V materials.

LiNbOg3 supplies little promise as a platform material for integration, because it cannot
be used to practically implement active opto-electronic devices like lasers and detectors.
In addition, complex processing requirements make it not economically useful to
large-scale PICs.

To date, InP and GaAs-based materials has been demonstrated the ability to realize an
integration of both active and passive optical devices operating in the 1310 nm or 1550
nm telecom-windows with a capability of cost-effective mass production using standard
high-yield, batch semiconductor manufacturing processes. Fundamental advancements
that have enable PICs technology include the following: the realization and development
of semiconductor lasers [38-41], the development of hetero-junction lasers and CW laser
operation [42, 43], the realization of quantum-well lasers [44], the development of DFB
lasers [45, 46], the development of pseudo-orphic materials (including strained quantum
wells) [47-49], and the development of long-wavelength InP-based semiconductor lasers
in the low-loss spectrum of the optical fiber [50]. Furthermore, many key advances in
technology have enabled the commercialization of PICs, including the availability of
high-quality, low-defect density 50 - 100 mm diameter InP substrates, the development of
metal-organic chemical vapor deposition (MOCVD) as a viable means for the growth of
high-precision lasers and optoelectronics devices [51-53] in multi-wafer reactors, the
development of precision dry-etching technologies for low-loss waveguides and highly
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reliable devices, and fine line lithography. What’s more, the predominantly employed
methods consist of one or more combination of butt-joint regrowth [54, 55],
selective-area growth [56-59], quantum well disordering/layer intermixing [60-63], and
etch-back of multiple vertical device layers [64-68], to enable high-performance
operation in different semiconductor layer stacks. In this way, a 40 Gbps InP-based
single-chip all-photonic transceiver has been demonstrated in a university lab recently
[69]. InP chip maker Infinera launched 10-channel and 40-channel 10 Gbps channel
transmitters and receivers for DWDM data communication at an aggregate rate of 400
Gbps followed by 40-channel InP transmitters at an aggregate rate of 1.6 Tbps [70].
Silicon photonics

The primary advantages of the Si material system are the abundance of Si, Si makes up
27% of the mass of the Earth’s crust, and its companions O and N are also plentiful. The
high mechanical strength of Si allows for large wafers, the industry currently focusing on
from 300-mm-diameter to 400-mm-diameter for EICs. Si’s high-quality oxide SiO, has
extremely low optical loss and is an excellent electrical insulator. For instance, a very
small core waveguides of silicon nitride (SisN4) embedded in SiO, on a Si wafer, in which
most of the light resides in the oxide cladding, achieved a waveguide loss of 0.03 dB/cm
[71]. On the Si substrate there can be SiO,, SigNg4, SION (Silicon oxynitride) [72], Ge and
various metal such as Al, Cu, and W. For the Si, there can be crystalline Si (c-Si),
amorphous Si (a-Si), and polycrystalline Si (p-Si) [73-76]. The distinction between a-Si
and p-Si is blurry, p-Si having larger single-crystal domain, a-Si can be converted to p-Si
by annealing.

Since the optical absorption of single c-Si becomes negligible at a wavelength longer
than 1.1 um, an extremely low propagation loss of 0.35 dB/cm, which is better than the
value reported for optical waveguides consisting of 111-V materials [77]. Therefore,
recently, enormous effort has been devoted to realize functional photonic
devices/integrated circuits on Si or Si-on-insulator (SOI) substrates by means of
advanced Si-CMOS technologies [78-80], and a new field called “Silicon photonics” is
being established [81].

Passive optical components and functional photonic integrated circuits exhibiting
extremely low scattering loss have also been reported, i.e., considerably low 90° bending
loss of 0.01 dB with a 2 um radius [82] and an extremely high Q factor exceeding 1000
000 with a 2-D photonic crystal resonator [83] were achieved using a SOl substrate with a
Si layer of 200-300 nm thickness. Si has shown promise as a materials platform for the
large-scale integration of passive optical devices, such as optical buffers [84], and
switches [85] and AWGs, optical switches and VOAs [86]. In addition, silicon photonic
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integrated circuits can be built using standard CMOS processes and therefore hold
promise for enabling both optical and electronic integration.

In the case of light sources based on Si or SOI substrates, the CW operation of a Raman
silicon laser was demonstrated under optical pumping [87]. Furthermore, a moderately
low power consumption of 20 mW, as well as a high differential quantum efficiency of
28% was achieved [88]. A direct gap transition from Ge-on-Si was also reported [89] and
its CW operation under optical pumping was demonstrated at room temperature [90]. The
RT-CW operation of injection-type I11-V semiconductor lasers on Si substrates prepared
by means of epitaxial growth and a wafer direct bonding method [91-94] were reported in
the 1980s and 1990s at a wavelength of 1.3 um [95] and 1.55 um [96].

Recently, long wavelength lasers grown on Si substrates were developed using GaSb
[97] and Ga(NAsP) [98] compound semiconductors. Long wavelength injection lasers
have also been prepared by benzocyclobutene (BCB) polymer bonding [99] and low
temperature oxygen plasma-assisted bonding [100]. For the functional operation as well
as the monolithic integration of these lasers on SOl waveguides, facet-free lasers
evanescently coupled with Si waveguides were proposed [101-103]. Whereas most of
these lasers have similar threshold currents and light output characteristics as
conventional double-hetero-structure lasers, an extremely low threshold current of less
than 100 pA was achieved with vertical-cavity surface-emitting lasers (VCSELSs) [104]
and micro-disk lasers [105]. The latter are characterized by the very small volume of the
active region as well as high reflectivity mirrors (high Q cavities). Recently, BCB-bonded
micro-disk lasers were reported and a thresh current as low as 0.35 mA was achieved
[106-108]. A 2-D PC laser with a thin slab waveguide structure is another promising
candidate for on-chip optical wiring. In particular, a threshold current of 0.23 mA can be
achieved with a single cell PC laser [109]. An extremely low threshold operation and a
fairly high differential quantum efficiency was reported under optical pumping for a 2-D
PC-based short cavity laser with a thin (150 nm) slab waveguide structure emitting at
1.55 um wavelength [110]. Finally, low pulse energy of 8.8 fJ/bit was achieved with a 20
Gbit/s nonreturn-to-zero (NRZ) signal [111].

Recently, high-speed optical detectors as well as electro-optic modulators based on SOI
substrates have been reported. Specifically, Ge detectors with such high speed as 30 GHz
were achieved using SOI substrates [112-116]. As for modulators based on Si, a
Mach-Zehnder interferometric modulator with a 3-dB cutoff frequency higher than 30
GHz [117], a four-channel wavelength division multiplexed microring modulator with a
speed of 50 Gbit/s [118], a CMOS modulator with an optical pulse energy of 400 fJ/bit
under a driving voltage of 1V [119], and many more have been reported.
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In a word, silicon photonics, with its high index contrast coupled to state-of-the-art
silicon process technology can be used to integrate almost all building blocks necessary
to construct WDM links on a chip, realizing very dense circuitry and more complex
functionality. However, the large sensitivity to fabrication variation and operational
conditions, especially temperature, are significant challenges to implement all-silicon
optical interconnect.

1.1.2.4 850 nm VCSELs

The concept of the vertical-cavity surface-emitting laser (VCSEL) was proposed in
1977 by Iga at the Tokyo Institute of Technology [104]. The reason for the explosive
development of VCSELSs is their simpler packaging design, smaller size, fabrication of
2D arrays and integration, on wafer testing, and manufacturability. The particular
combination of band gap and refractive index differences in GaAs, AlAs, and alloys of
AlGaAs, as well as the incredible level of control that was developed for both molecular
beam epitaxy (MBE) and metalorganic vapor phase epitaxy (MOVPE), enables highly
reproducible manufacture of device structures. Especially, the small volume of the
resonator and the active region enable low-threshold current and efficient high-speed
modulation at low currents. Properly designed VCSELS are able to operate over a wide
range of temperatures with minimal change in performance.

Therefore, data communication was the first considerable driver for the development of
the VCSEL technology [120], and led to significant improvements of VCSEL
performance in terms of efficiency, speed, and reliability. VCSELs are now well
established as cost-effective and power-efficient optical sources in transmitters for
short-distance, high-capacity optical interconnect. A great deal of effort has consequently
been undertaken to improve the high-speed performance of VCSELs. The modulation
speed of a VCSEL is limited by the intrinsic damping of the resonant carrier-photon
interaction, and by effects of self-heating and electrical parasitic. To reach high
modulation bandwidths and bit rates, efforts were primarily focused on maximizing the
resonance frequency through improved differential gain (og/on) [121], minimizing the
electrical parasitic [122], minimizing self-heating [123], and optimizing the photon
lifetime [124].

Recently, 850 nm VCSELSs with a 3 dB bandwidth of 23 GHz at room temperature and
40 Gbps error-free transmission were reported by Chalmers University [125]. In addition,
Finisar has also demonstrated an 850 nm VCSEL with a 24 GHz modulation bandwidth
at room temperature and 15 GHz at 95 °C, which is the highest bandwidth ever reported
for 850 nm datacom VCSELs. The high bandwidth of the Finisar VCSEL was achieved
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by maximizing the differential gain rather than by reducing the photo lifetime.
Furthermore, error-free transmission at bit rates exceeding 40 Gb/s using VCSELSs
emitting at 850 nm, 980 nm, and 1.1 um was reported by multiple groups [126-128]. A
VCSEL-based link operating error-free at a record-high speed of 56 Gbps was recently
demonstrated by Finisar and IBM [129].

1.1.2.5 The innovation of active optical cable and Si-CMOS photonics

Nowadays, information traffic from data centers are now a major driving force behind
the Internet, and the largest data centers are orders of magnitude larger than the
supercomputing centers. In order to realize an ultra-high and large-volume
short-distance optical interconnects in the data centers, an active optical cable (AOC)
technology has attracted much attention from both research institutions and industry. An
AOC is a cabling solution that mates to the same electrical ports as a traditional copper
cable, but uses optical fiber in place of copper conductors. In order to improve the
cable’s distance and speed performance without sacrificing its compatibility with
standard electrical interfaces, the AOC uses electrical to optical conversion on the cable
ends.

The AOCs market is largely driven by the rise in the processor speeds, growing
demand for higher bandwidth speeds, especially new consumer bandwidth demands up
to 20 Gbps. Until quite recently, AOCs have continued to be deployed to optimize the
existing infrastructure by providing higher data rates among servers, switches and storage
facilities within the data centers. Overall the AOC’s market reached approximately $40
million in 2010 with unit shipments of 150,000, and it will hit $0.7 billion by 2018,
while data centers will contribute $0.5 billion. [130, 131].

Given the practical application of silicon optical short-distance interconnects,
Si-CMOS photonics continues to move into mainstream market sectors by enabling
flexibility, scalability and throughput, for truly universal optical connectivity in low-cost
bandwidth. Recently, in the front-end chip manufacturers, such as Intel and IBM,
everyone put Si-CMOS photonics as major research and development.

Luxtera, an industrial leader in CMQOS photonics, announced a 40 Gbps optoelectronic
transceiver in a quad small form factor pluggable (QSFP) module in 2013, containing a 4
channels x 10 Gbps, 0.13 um CMOS SOI integrated optoelectronic transceiver chip
co-packaged with a semiconductor laser, which is the only component not fabricated in a
CMOS production line and flip-chip bonded onto a CMOS chip later on [132].

In 2009 December, Intel showed the experimental study of 48 core processor
(Single-chip Cloud Computer), its performance is 10 ~ 20 times more than the series of
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Fig. 1-6 The predictive process development of optical technology by Intel. [133]

Intel Core. Intel estimated the process of optical technology development as shown in Fig.
1-6, Bard to Board optical technologies reached 10 Gbps for each channel in 2011, that is
2 channels x 10 Gbps for Light Peak module technology. Chip on chip technologies have
an opportunity to reach 25 Gbps for each channel in 2015. Intra-chip interconnect is
scheduled to be used practically in 2020 [133].

In 2010 December, at Semicon Japan, IBM predicted that "Silicon Nano-Photonic"
would be a key to achieve "exascale” processor in the future, it could reach a million
trillion operations per second. By using the light (electrical-to-optical, and
optical-to-electrical) transceiver integrated into traditional CMQOS chip, as shown in Fig.
1-7, this silicon photonic technology is positively evaluated to breakthroughs the
bottleneck of currently developed on exascale computing platform [134].

Fig. 1-7 IBM’s nanophotonics components: integration of the ring oscillator, receiver
amplifier, transmitter modulator driver, waveguides, edge fiber coupler, wavelength division
multiplexer, germanium detector, modulators, and switches on one CMOS chip. [134]

24



1.2 Objectives

As the capabilities of PICs and EICs advances, it is clear that it would be advantageous
to combine on the same substrate both PICs functions and high-speed electronic data
processing.

The use of PICs fundamentally changes the economic threshold for implementing
ubiquitous OEO conversion across an optical network. This enables the design of a new
architecture, a digital optical network (DON) that combines the traffic management
flexibility and engineering simplicity of digital transport systems with the bandwidth
scalability of WDM and the affordability of large-scale photonic integration [135].

Therefore, this study was carried out to realize an AOC integrated with Si-LSls, as
shown in Fig. 1-8. Especially, given an integrated circuit of a large-volume optical
interface to a high-performance electrical LSI processing is proposed to lead a
generational communication system. In order to enable a cost-effective implementation
of thus optical short-distance connections, a CMOS compatible process is an useful,
low-cost approach for a monolithic integration of available, complex, and high-speed
optical circuits, combining with general 850 nm transmitters and platform Si
photodetectors to form an OEIC on a Si substrate.

In this wavelength range, a relatively high refractive index material SiNy [136], or an
ultra-high refractive index amorphous material, amorphous silicon (a-Si) [137], or some
high-x and ferroelectric materials, such as Ta,Os, Nb,Os, TiO,, Zn,0, CeO,, can be
candidates of an optical waveguide material.

Low loss SisN4 waveguide has been reported by numerous researchers. In the case of
a-Si, although depending on the condition of deposition process, the band gap has a value
in a range of 1.4~1.8 eV, means it can transmit light in 850nm wavelength range.

LD array
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.......... Multiplexer

Demultiplexer \v
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Fig. 1-8 A schematic structure of AOC integrated with Si-LSlIs.
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Moreover, owing to an ultra-high refractive index of a-Si about 3.7 in this wavelength
range, a strong light confinement can be obtained. Furthermore, using a Chemical Vapor
Deposition (CVD) method, a-Si or a-Si:H can be deposited at a low temperature, showing
a possible consistency with the CMOS process [138]. There were also some reports that
low loss a-Si optical waveguides were achieved in 1310 nm or 1550 nm wavelength range
[139, 140].

A schematic structure of the optical integrated circuit of waveguide and photodetector is
shown in Fig. 1-9. A low-loss high-refractive-index tantalum pentoxide (Ta,Os)
waveguide and an ultra-high speed Si-PIN photodetector (Si-PIN PD), utilizing a
directional waveguide grating coupler in the 0.8 um wavelength range.

High-frequency
electrode pads

Grating coupling

High A ‘l -

Sior SOI
substrate

Fig. 1-9 The schematic structure of waveguide and photodetector integrated circuit.
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1.3 Organization of this dissertation

In this chapter of introduction, a historical review of the innovations and developments
from long-haul optical fiber communication technology to short-distance optical
interconnects is discussed at first. And then, as the background of this study, some
theoretical discussions and technology issues were argued for realizing an AOC
integrated with Si-LSls.

In chapter 2, a high-refractive-index (n ~2.0) and low propagation loss (< 1 dB/cm)
Ta,O5 waveguide was realized. A Ta,Os strip optical waveguides with a cross section of
400 nm x 10 um was fabricated by a chemical solution deposition followed by a CF,
reactive ion dry etching. The optimum fabrication steps make it possible to obtain the
Ta,Os strip optical waveguides with a propagation loss of less than 1 dB/cm at 830 nm,
which is significant for OEICs in the 0.8 um wavelength range.

In chapter 3, a directional waveguide grating coupler was calculated by using finite
element method (FEM) to achieve a bottom directional coupling efficiency > 60% with
a grating length of 15 um, at a grating period of 530 nm, a duty ratio of 0.5, and an
etching depth ratio > 0.9 with a thickness of 400 nm.

In chapter 4, a design and implementation of lateral Si-PIN PDs fabricated on an SOI
substrate (absorber layer thickness of 210 nm) in the CMOS compatible process is
reported. In addtion, we disscussed structure dependences on the frequency and optimum
design for a maximum bandwidth. A standard device fabricated with a finger width of
1.00 pm, a finger spacing of 1.63 um, a square detector area of 20 x 20 um?, and a pad
size of 60 x 60 um? achieved a bandwidth of 12.6 GHz at a bias voltage of 10 V, with a
responsivity of 7.5 mA/W at 850 nm wavelength. Photodetector with the same geometry,
which was fabricated with a smaller pad size of 30 x 30 um? exhibited a bandwidth of
13.6 GHz.

In chapter 5, there will be a brief summary of this study and give some future works on
this study:.
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Chapter 2

High Refractive Index Contrast Optical Waveguide

2.1 Organization of this chapter

In this chapter, firstly I will discuss some basic characteristics of waveguide for optical
integrated circuits by using waveguide parameters of refractive index contrast (A) and
normalized frequency (V). Given A dependences of bending radius, phase error,
polarization dependence, and fabrication tolerance, | proposed a waveguide material,
tantalum pentoxide (Ta;Os), with the A ~ 20%, which can realize a bending radius less
than 10 um (< 0.1 dB/90°) and not much serious fabrication tolerance (10 nm order),
simultaneously.

Then, 1 will descript the deposition of a Ta,Os thin film and the fabrication of Ta,Os strip
optical waveguides on a silica substrate, and the measurement of propagation loss was
carried out in the 0.8 um wavelength range, particularly.

2.2 Introduction
2.2.1 Characteristics of waveguide for optical integrated circuits

Optical waveguide, as an optical signal channel among sorts of optical devices, is one of
the most fundamental components in the optical interconnection. Propagation loss and
size can be evalutated as the basic capabilities of a waveguide. The propagation loss
depends on: (1) an absorption loss, means a carrier absorption in the material, has a
wavelength dependence on usual; (2) a scattering loss, which means radiation to the
substrate or cladding layer from the interfaces or sidewalls of waveguide, is mainly
dependent on the fabrication and A. The absorption loss is dominant in a doped
waveguide, and scattering loss is large influential while the cross section of the
waveguide become relatively smaller. As so far, it has been reported that waveguides
made of silica and polymer have low loss below 0.1 dB/cm. However, because of the low
refractive index (n) and low A, light confinement is relatively weak. As a result, it is
necessary to increase the bending radius, the spacing among the waveguides to avoid
cross talking, and accept a large cross section.
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Fig. 2-1 A schematic view of various optical waveguides and optical fiber.

For example, a silica waveguide A is about 0.5%, and over 1 cm bend radius is required
for a low bending loss. It is unfavorite in a high density PICs, and difficult to realize the
connection between optical wirings on a LSI. Therefore, in recent years, a silicon
photonics apply a thin wire waveguide utilizing Si (n ~ 3.5) as a core cladding with SiO,
(n ~ 1.44) [141]. Because of the ultra-high A ~ 40% of the Si thin wire waveguide, the
optical filed is confined strongly in the core. A low 0.01 dB/90° bending loss in a 2 um
bend radius, with a waveguide cross section of 200 nm x 400 nm has been reported [142].
Figure 2-1 shows a schematic view of various optical waveguide and optical fiber in
proportion.

However, the utilization of a ultra-high A waveguide, such as Si wire waveguide, will
also bring many drawbacks, such as an increase of propagation loss, a large coulping loss
to the fiber, a degradation of cross talk in the interference components, polarization
dependences of center wavelength and loss, destabilization of center wavelength,
polarization cross talk, and reflection in the boundary surface. It is necessary to solve
these fundamental issues, in order to employ a high A waveguide.

In the following, I will review some fundamental charateristics according to the A of
optical waveguide, and give some ideas to overcome the problems of high A optical
waveguide.
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2.2.2 High refractive index contrast (A) optical waveguide
2.2.2.1 Parameters of optical waveguide

In the analysis of 2-dimensional slab waveguide, it is possible to describe the basic
properties of the waveguide by the standardized parameters. For the 3-dimensional
optical waveguide, a numerical analysis approach must be employed, in order to seek the
exact solution, but maybe a poor outlook. Therefore, we apply the equivalent refraction
method to forecast the characteristic.

We define the refractive index contrast A, and the normalized frequency V, as two
fundamental parameters as follow:

2
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A= — = (weak-guidance approximation) (2.1)
an ng
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where, n; is the refractive index of core, n. is the refractive index of cladding layer, k,
Is the wave number of free space, and d = 2a is the waveguide full-width.

Firstly, a refractive index contrast (A) is shown in Fig. 2-2, as a cladding of SiO,
(n=1.45) is assumed. The optical fibers are almost A= 0.3%, and a traditional PLC
employing a silica or polymer core has a A= 0.3 ~ 1.5%. Against, the silicon waveguide
has an ultra-high A more than 40%.
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Fig. 2-2 A refractive index contrast A as a cladding of SiO2 (n=1.45).

It can be derived from Equ. (2.2) that a waveguide width is proportional to the A®®.

o 2V [1=2A A . -0.5
d=2a= 5 = chw/(ZA) I—-1xA (2.3)

konc
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In Fig. 2-3, when V = m/2, the cut-off condition of higher-order mode, it shows a A
dependence of the single-mode waveguide width. As a higher A, it can be predicted that
the core width becomes smaller than um size. Especially, when the A> 30%, the core
with is decreasing rapidly to realize a miniaturization, but as the same time, an extreme
miniaturization processing is necessary.
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Fig. 2-3 A dependence of single mode waveguide width at A = 850 and 1550 nm.

2.2.2.2 Bending radius of optical waveguide

It is useful to apply a conformal transformation method to analysis curved waveguides
by Heiblum and Harris [143]. By changing the coordinate, a curved waveguide with a
certain bend radius can be regarded as a straight waveguide with a certain refractive index
gradient, shown in Fig. 2-4.
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Fig. 2-4 Banding waveguide and equivalent straight waveguide.

Here, n,.(x) =n(x)-(1 +%), with a certain bend radius R. Then, we can find a

transition point, where the propagation constant g is equal ¢, means the boundary of a
propagation mode. For this reason, there will exist a minimum bending radius for the
confinement mode, and only leakage mode existing over the boundary condition. From a
theoretical analysis by Marcuse [144], a radiation power loss coefficient for the dominant
mode of the bent step-index slab waveguide can be written as follow,

_ kzyzezya _ ﬁ
% = oy P3P (2.4)
Given a slab waveguide is bent into a circle with radius R. The parameter ng is the
refractive index of core, n. is the refractive index of cladding layer, k, is the wave

number of free space, and d = 2a is the waveguide full-width. k is related to the

propagation constant g, as k = /n}kg — B2, and vy is defined as y = /2 — nZk3. In

addition, from the Maxwell’s equations in isotropic and lossless dielectric material, given
U = ka, W = ya, the eigenvalue equation can be written as follow:
V2 =W? + U? (2.5)

W = Utan(U) (TE mode) W = (g)2 Utan(U) (TM mode)  (2.6)

Here, given A< 1/2, and

|4
B~ kony = —— (2.7)

ag can be rewritten into
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U?w2e?W2A(kony) ( 2W3kons(28)15
Op = —_——
B (1+w)v4 3y3

R) (2.8)

Then, by multiplying the propagation distance R, a propagation loss ag can be written
as follow:

U?w2e?W2A(kony) (- 2W3kons(28)45
(1+W)v4 3V3

ag = RO R) (2.9)

Here, as a bending radius x = 1/R, in the domain of x = 0 with the approximation
x = exp(ax~%1), it can be derived that the minimum bending radius is proportional to
A, In common, given a regulation that a bending loss less than 0.1 dB/90°, here show
the result of A dependence of the minimum bending radius regarding an embedded
waveguide in Fig 2-5. A few percent or higher A is necessary to realize a bending radius
around 100 um. Especially, a 10 um extent bending radius, which is necessary to realize
PICs with or on LSI, expecta A about or higher than 20%.
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Fig. 2-5 A dependence of minimum bending radius at banding loss < 0.1 dB/90°.

2.2.2.3 Scattering loss of optical waveguide

It is well known that some slight structural incompletion in the boundary surface of
waveguide will affect the propagating light and lead a scattering wave. According to
some theoretical analysis by Marcuse[145], Suematu [146], and Haus [147], especially,
the report by Lacey and Payne [148, 149] is regarded as the most elegant analysis
methods to analyze a high A waveguide. Propagation loss a can be represented as an
exponential autocorrelation relationship of the surface roughness function R(u) = o2 -

exp(—|ul/L).

3
a = @*(@)(nf —n2)" L x [T 20°L de (2.10)

4mng 1+L2(B—nckgcos0)?
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Where, o2 is an average value of the square of the surface roughness, L is the
correlation length. Then the electric field intensity in the waveguide boundary surface
@*(a) can be written as follow, where P, is the power of propagation light.

¢%(a) = _CO;(QU)Z _uvw i\/El (2.11)

2 4,3 2 2.5,3
a=L 2 o (aR) U T 27 g 62 (212)

T VU3 14W A & 2 0 1+L2(B—nckocos)? A4

According to a normalized function by Ladouceur [150], o can be rewritten as

1 V2Uuiw
asp  1+w

a= - 3 S(B — kn,cos)do (2.13)

Given the correlation length L is sufficiently larger than waveguide width 2a, and the
integral term in the Equ. (2.10) to (2.13) can be considered independent on A. In the case
of a same V, the waveguide scattering loss can be approximate proportional to the A%,
and the square of surface roughness. Figure 2-6 shows the A dependence of scattering loss
with the same V and roughness in normalized at A= 1%. With an increase of A, the
scattering loss will increase rapidly. Consequently, in order to realize a low loss
waveguide with high A, an extremely micro-fabrication technology is necessary to
suppress the unevenness in the sidewall of waveguide. On the other hand, there is another
method to reduce the scattering loss without decreasing surface roughness. From Equ.
(2.12), the scattering loss is inversely proportional to V3, what means scattering loss can
be reduced by employing a higher V waveguide.
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Fig. 2-6 A dependence of normalized scattering loss.
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2.2.2.4 Phase error of optical waveguide

In the interference devices, such as AWG, a phase error of waveguide is an important
parameter to decide the components dispersion and crosstalk characteristic. The reason of
the phase error is attributed to many factors, such as the non-uniformity of waveguide
fabrication dimension, deposition thickness and refractive index. Especially, even a
high A waveguide could suppress the deposition non-uniformity owing to a smaller size
and thin thickness, the non-uniformity of waveguide width processing has become more
influence than other factors.

Considering the non-uniformity influence in the waveguide width processing, there
exists an average value of pattern dimension variation, Aa, which can be given as a
constant without depending on A in a same fabricating technology. The phase error can
be represented as a phase variation regarding to the average pattern dimension change,

dneq
da '

AP x

If we define the normalized propagation constant b as follow,

b= nég—né _ (K)Z (2.14)

nf-ng U

The slope of the effective refractive index, dn.,, with the waveguide width variation
can be written as follow:

dneg _ nfA ap av _ nfM)Sm ap

da _Zneq dv da Negl av

5 db

« nj%Al' —

(2.15)

Regard with the same variation of pattern dimension Aa, the change of n., is
proportional to A, Given the neq and the center wavelength of wavelength division
multiplexer have a linearly proportional relationship, therefore a variability of the center
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Fig. 2-7 A dependence of normalized phase error.
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wavelength is proportional to A->. Figure 2-7 shows the A dependence of phase error in
normalized at A= 1%.

The phase error will lead to a degradation of crosstalk characteristic in high A
waveguide AWG. For example, making 10 times larger of the A will increase 32 times of
phase error and 30 dB degradation of crosstalk. This significant degradation in crosstalk
appears to be a serious problem in the application of wavelength division multiplexer.
This is maybe a background of the fact that an AWG made of Si thin wire waveguides is
unable to acquire favorable characteristic, even in spite of an advanced fabrication
process [151].

2.2.2.5 Polarization dependence and fabrication tolerance of optical
waveguide

Even utilizing a waveguide design of polarization independent, optical waveguides have
birefringence resulted from fabrication error of waveguide width. The center wavelength
of WDM and wavelength filter is also determined by the difference of birefringence, so it
is crucial to decrease the birefringence. In the following, according to the boundary
condition of a slab waveguide, we can seek an approximation of the A dependence of
polarization independent tolerance, regarding to variation of waveguide width.

Firstly, given the case of a square channel waveguide, as a polarization independent
condition of TE and TM, we assume Wyg = Wy, Urg = Upy, are established.

db_ZW(dW W)
av’_ vz \dav v

db __ 2WrE ((dW) WTE) 2Wrm ((dW) WTM)
avrg—tm V2 avlrg Vv V2 av )y v

=5(5),, - (8),) = B (), Fhes e

From Equ. (2.15), the variation of birefringence regarding to the fabrication tolerance of
waveguide width can represented as follow:

(dneq)
da JTE—TMm ngneql V2

(2.16)

5 2A 2.5 4A2'5
e ) gy

e <
With an increasing of A, the polarization dependence of n., will increase rapidly, and
polarization independence fabrication tolerance can be approximate proportional to
A~25. In Fig. 2-8 shows a polarization independence fabrication tolerance with regard to
A. In the silicon photonics, with a A> 40%, it is extremely difficult to fabricate
polarization independence filter.
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Fig. 2-8 A dependence of polarization independence fabrication tolerance.

2.2.2.6 Typical high A optical waveguide and task of this study

Recent years, high A waveguides made of many kinds of materials have been realized.
In semiconductor materials, a typical Si thin wire waveguide [152], InP waveguides [153]
and GaAs waveguides [154] have also been reported. As some typical quartz glass
materials for PLCs, such as SiON glass [155], Ge doped glass [156] has been reported.
Moreover, high A waveguide in polymer waveguide [157] have also been studied.

In this work, given a realization of an integrated circuit of a large-volume AOC optical
interface over 1 Thps, in the order of 32 ch x 40 Gbps, but size is less than 1 mm, as
shown in Fig. 2-9. What’s mean that an optical waveguide with a bending radius
(bending loss < 0.1 dB/90°) less than 15 um must be utilized. Given the analysis method
of bending radius of an optical waveguide mentioned in 2.2.2.2, and a cladding layer of
SiO; (n = 1.45), a refractive index of core layer more than 1.8 is necessary, as shown in
Fig. 2-10.
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Fig. 2-9 A schematic structure of AOC optical interface.
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Fig. 2-10 Refractive index of core more than 1.8 for bend radius less than 15 um
(cladding layer of SiO,: 1.45).

Simultaneously, high dielectric insulator materials have been widely studied for their
application in thin film capacitors, which are expected to be used as next generation
memory devices [158]. Among these insulators, tantalum pentoxide (Ta;Os) is an
attractive material for LSIs and optoelectronic devices because of its high resistivity
(>10" Qcm), high breakdown voltage (~1 MV/cm), and high dielectric constant (~25)
[159, 160]. Most importantly, Ta,Os has a high refractive index (~2.1) and is considered
as a good host material for an optical waveguide amplifier [161]. A Ta,Os thin film strip
waveguide, which has been deposited by magnetron sputtering, is demonstrated to be
stable when operated in a high-power application (~2 W), with no significant damage to
the waveguide, and without an increase in absorption peak intensity over a wide range of
wavelengths from 600 to 1700 nm, and the propagation loss is measured at ~1 dB/cm at
1070nm [162]. Therefore, Ta,Os is a promising material candidate, for fabricating
high-functional photonic devices, densely embedded in compact photonics integrated
circuits for waveguide structures, and is extremely useful for opto-electric integrated
circuits (OEICs) in the 0.8 um wavelength range.
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Figure 2-11 shows the structure of multi-mode Ta,Os optical waveguide on a silica
substrate, with a waveguide width of 10 um and thickness of 400 nm.

Fig. 2-11 The structure of multi-mode Ta,Os optical waveguide.

The 400 nm thickness of the Ta,Os thin film was determined by the single-mode
condition of a slab waveguide with an upper cladding of air (n = 1.0) and a bottom
cladding of silica (n = 1.45) in the 0.8 um wavelength range. Figure 2-12 shows the
calculated dispersion curves with TE-mode and TM-mode at A = 850 nm. The single
mode conditions of core thickness are from 78 nm to 425 nm, and 139 nm to 485 nm for
TE-mode and TM-mode, respectively.
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Fig. 2-12 Dispersion curves of Ta,Os optical waveguide at A =850 nm.
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2.3 Fabrication processes of multi-mode Ta205 channel
waveguide

2.3.1 Overview of fabrication processes

Fabrication process of multi-mode Ta,Os channel waveguide can be summarized as
follow, shown in Fig. 2-13. Spin coating method, photolithography and CF, reactive ion
dry etching were employed, which supplied a cost-effective process.

1. Clean silica substrate with ultrasonic cleaner in acetone 5 min, ethanol 5 min and
deionized water 5 min, respectively (Fig. 2-13 (a)).

2. Bake the substrate on hot plate at 120°C for 5 min to vaporize the water left on the
substrate, and cool down for 3 min.

3. Spin coat 1% layer of Ta,Os with 2 steps rotation speed: 1% step 500 rpm 5s, and 2™
step 1500 rpm 60s.

4. Bake the Ta,Os thin film by infrared ramp annealing at 500 °C 30 min, and cool down
for 20 min.

5. Repeat step 3 and 4 for 5 times to get a Ta,Os thickness about 400 nm (Fig. 2-13 (b)).

6. Spin coat a S1830 resist layer with 2 steps rotation speed: 1% step 500 rpm 5s, and 2™
step 5000 rpm 30s.

7. Bake the S1830 resist layer on hot plate at 110 °C for 10 min, and cool down for 3 min
(Fig. 2-13 (c)).

8. UV expose via the photolithography mask 400 W for 40s (Fig. 2-13 (d)).

9. Develop in MF319 for 60s, and deionized water for 30s (Fig. 2-13 (e)).

10. Dry etch the Ta,Os thin film covered a channel waveguide pattern on the S1830
resist layer by CF, reactive ion for 120 min, with the condition of RF power of 30 W, gas
flow rate of 10 cm®min, and pressure of 1.0 Pa (Fig. 2-13 (f)).

11. Remove the S1830 resist layer in acetone 1 min, ethanol 1 min and deionized water 1
min, respectively (Fig. 2-13 (g)).

12. Cut the substrate to obtain desired length of the waveguide.
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Fig. 2-13 Overview of fabrication processes of multi-mode Ta,Os channel waveguide.

2.3.2 Thin film deposition

A thickness of 400 nm Ta,Os thin film was deposited on a silica substrate by spin
coating followed by infrared ramp annealing at 500 °C for 30 min in atmosphere.
Among various deposition methods, such as metal-organic chemical vapor, physical
vapor, and chemical solution deposition methods, the chemical solution deposition
method has advantages, such as the possibility of working in aqueous solutions with high
stoichiometry control. Moreover, it is a low-temperature and cost-effective deposition
method owing to its inexpensive precursors and equipment.

In this study, Ta,Os dip-coated precursors with a concentration of 10%, supplied by
High Purity Chemicals Ta-10-P, was employed. The silica substrate was pre-cleaned by
ultrasonic cleaner in acetone, ethanol, and deionized water for 5 min, respectively.

2.3.2.1 Spin coating

Spin coating process is the process that determines thickness of the Ta,Os core layer.
Spin coater used in this study is SPINCOATER 1H-D2 from Mikasa Company. Rotation
can be set in two stages, the range of the rotational speed is 0 ~ 9999 rpm, rotation time is
0 ~ 99 sec. On usual, when applying a solution or photoresist, the first stage of spin
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coating process is carried out for 5 sec with 500 rpm, to spread the dropped solution over
the entire substrate. To get a uniform film, thickness of spin coated film can be depends
on spin coating speed and spin coating time of the second stage.

2.3.2.2 Infrared ramp annealing

After the spin coating of Ta,Os solution, baking is carried out to cure the film. Infrared
ramp annealing ULVAC (MILA-3000) is used in this study. The annealing temperature can
be control up to 700 °C, and it is possible to increase the temperature at a rate up to 2 °C/s.
Moreover, a nitrogen environment can be set up to protect the solution from some
chemical reaction under a high temperature.

2.3.2.3 Measurement of film thickness and refractive index

A spectroscopic ellipsometer is used to measure the film thickness and refractive index.
The baking temperature and spin coating speed dependences of the film thickness were
investigated under the various conditions with baking temperature from 100 °C to 600 °C,
and the spin coating speed from 1000 rpm to 6000 rpm, while the spin coating time of the
second stage and the baking time were constant at 60 sec and 15 min, respectively. The
baking temperature dependence of the film thickness is shown in Fig. 2-14, and the spin
coating speed dependence of the film thickness is shown in Fig. 2-15. Under the baking
time is 15 min, the film thickness become stable around 110 nm when the baking
temperature over 400 °C. It is can be considered that the baking condition with baking
temperature over 400 °C and the baking time over 15 min is stability.
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Fig. 2-14 Baking temperature dependence of the film thickness.
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Fig. 2-15 Baking temperature dependence of the film thickness.

Figure 2-16 shows a relationship between spin coating times and film thickness. The
first Ta,Os film layer of 110 nm thickness was obtained after the first spin coating of
Ta,Os dip-coated precursors onto a silica substrate at a speed of 1500 rpm. Then, a second
Ta,Os film layer of about 70 nm thickness was obtained after the second recoating
process. It is can be considered that there is a different tackiness between the SiO, layer
and Ta,Os film, which cause the film thickness differences between the first time
deposition when a lower cladding is SiO,, and a recoating process with the lower
subsequent to be Ta,Os. The spin coating processes for a 70 nm thickness were repeated

up to 3 times until a 400 nm Ta,Os film thickness is obtained.
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Fig. 2-16 Spin coating times dependence of the film thickness.
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The baking temperature and baking time dependences of the refractive index of Ta,Os
thin films are shown in Fig. 2-17 (a) and (b), respectively. The error bar shows a standard
deviation of the measured values. In the graph, the refractive index of Ta,Os increases
markedly with an increase in baking temperature up to 450 °C. The maximum refractive
index of 1.97 was obtained between 450 and 500 °C. Higher temperatures were not
applied as annealing above 600 °C was reported to form a lossy polycrystalline film [163].
In Fig. 2-17 (b), there are no obvious changes in refractive index at baking times from 5
min to 1 h, but a longer annealing is considered to help reduce losses by filling oxygen
deficiencies [162]. On the basis of the above results, annealing using an infrared lamp in
atmosphere at 500 °C for 30 min, with a baking rising rate of 1.6 °C/s from room
temperature, was carried out to bake a wafer. In the heat treatment process, a significant
improvement in the transparency of Ta,Os thin films can be observed in atmosphere than
in a nitrogen environment, which is similar to a report indicating that post-treatment by
annealing in oxygen can reduce propagation losses of Ta,Os waveguides [164].

The Ta,0s thin film thickness and refractive index were measured by spectroscopic
ellipsometry in a wavelength range from 400 to 1600 nm, and are shown in Fig. 2-18. A
Ta,Os thin film thickness of 396 nm was obtained and a high refractive index of
approximating 2.0 in the visible and 0.8 um wavelength ranges was verified. This value is
higher than that of a SiO; film, at a refractive index contrast of around 22.3%.
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Fig. 2-17 (a) Baking temperature and (b) baking time dependences of the refractive index of
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Fig. 2-18 Wavelength dependence of refractive index of Ta,Os film of 396 nm thickness.
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2.3.3 Channel waveguide
2.3.3.1 Etching rate

When manufacturing an optical waveguide, an etching fabrication technology is usually
employed for producing a ridge-type core. The etching process is a micro-fabrication
technology of forming an uneven structure on a substrate by removing portions not
covered by the etching mask, as shown in Fig. 2-19. However, in practice, the etching
mask may also be etched, in this case until the substrate is etched to the desired depth, it is
necessary to remain the mask. The substrate is etched at a constant speed, called etching
rate. Etching rate depends on the type of etching gas, varies etching conditions, and the
substrate.

) ) Etching rate of the substrate
Selection ratio =

Etching rate of the mask
The selection ratio (SR) is as larger as better when select an etching mask. On the other
hand, thinnest thickness of etching mask
Mask thickness = SR X etching depth

Mask
1 Substrate l _

1
L =" L
l f 1 - =

Etching time

Fig. 2-19 Schematic of a selective etching.

In this study, a selection reactive ion dry etching equipment RIE-10NR (SAMCO) was
used. Figure 2-20 shows etching rates of S1830, S1808 and Ta,Os film, with CF, flow
rate of 10 cm®/s, pressure of 1.0 Pa, and RF power of 50 W. A selection ratio of about 3
was obtained.

In order to fabricate the strip optical waveguides with a cross section of 400 nm x 10 um
by photolithography with CF, reactive ion etching, | used the S1830 photoresist with a 2
um thickness fabricated by spin coating, which was also used as an etching mask
(0.4 x 3 = 1.2 um thickness was needed) in the dry etching process.
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Fig. 2-20 Etching rates of S1830, S1808 and Ta,Os film.

2.3.3.2 UV exposure and MF-319 develop

In this research, the equipment that was used to align the mask and UV exposure is
MASK-ALIGNER M-2L from Mikasa Company. Exposure time can be set to an increment
of 0.1 second up to 999 second, and the power of ultraviolet light can be set between 400
~ 550 W. UV light is exposed to the S1830 photoresist through chrome coated mask
which waveguide patterns of 10, 20, 30, 40, 50 um-widths are written, on exposure
condition of 400 Watts 25 seconds. After exposure, the portion exposed was melted in a
develop process. When used for the S1808 resist, developing solution MF-319 (TMAH:
tetramethylammonium hydroxide) was employed.

UV exposure process is one of the most important processes of Ta,Os waveguide
fabrication. Proper UV exposure time and intensity depend on thickness of S1830
photoresist and the width of the Ta,Os waveguide. If exposure of UV light is
underexposed, waveguide width may be thicker than the desired value. If over-expose the
sample, the width of the waveguide may be slimmer than the desired value, or in the worst
case, waveguide pattern may dissolve during developing process. The UV exposure
condition will become more important when the pattern is smaller. Many factors (such as
exposure intensity, exposure time, contact between mask and the substrate and etc.) must
be carefully considered if we want to fabricate pattern with size less than or equal to 1
um.

2.3.3.3 CF4 reactive ion dry etching

After patterning, a waveguide height of 400 nm was obtained by CF, reactive ion dry
etching. The etching rate of 4.1 nm/min in the Ta,Os film was controlled using an RF
power of 30 W, a gas flow rate of 10 cm*/min, and a vacuum pressure of 1.0 Pa, as shown
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in Fig. 2-21. Photoresist residues were removed by cleaning similar to the above substrate
cleaning.
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Fig. 2-21 Etching rate of Ta,Os film by CF, reactive ions.

2.3.3.4 Sample cutting

Automatic dicing saw machine DAD322 from DISCO Company was used to cut the
substrate for observing the cross sectional view of the waveguide, and also, cut the
waveguide to the desired length. The samples were placed on a sticky plastic film and cut
with the cutting blade. In this experiment, we cut our samples with cutting speed of 0.1
mm/s, blade rotation speed 30000 rpm and cooling water of 0.5 I/m. The cross-sectional
view of the Ta,Os waveguide facet is shown in Fig. 2-22. A waveguide width of 10 um
was observed.

Fig. 2-22 Cross-sectional view of Ta,Os strip waveguide.
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2.4 Measurement results and discussions
2.4.1 Measurement system and cut-back method

Optical waveguide losses of the Ta,Os strip optical waveguides were measured by the
cutback method at wavelengths of 660, 830, 1310, and 1550 nm. The measurement
method is shown in Fig. 2-23. Laser source is connected with a SI-9 lensed optical fiber to
coupler light into the waveguide. Then, transmitted light intensity was measured using
optical power meter, Hewlett Packard Optical Power Meter 8153A, via a GI-50 optical
fiber that was coupled to another end of waveguide. A top view of the propagation of 660
nm light inside the Ta,Os waveguide is confirmed as shown in Fig. 2-24.

Propagation loss was measured using cut-back method. We cut the waveguide into
various lengths and measured its propagation loss. In this experiment, 3 waveguides from
the same substrate were measured and the waveguides were cut with the length of 2 mm,
3 mm, and 5 mm, respectively.

The optical loss is calculated from following equation:

Insertion Loss = —10log (%) [dB] (2.19)
Incident wavelength: 660, 830, 1310, 1550 nm Optical power monitor
camera
=, .

Laser Laser

incident output

Lensed fiber, _ GI-50 fiber,
diameter of 9 um diameter of 50 um

Optical waveguide

Fig. 2-23 Setup of optical loss measurements.
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(b)
Fig. 2-24 (a) Top view of Ta,Os waveguides. (b) Propagation of 660 nm light.
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2.4.2 Experiment results and discussions

The experimental results of insertion losses (sum of propagation and coupling losses) of
Ta,Os strip optical waveguides at 660 and 830 nm are shown in Fig. 2-25 (a), and those of
1310 and 1550 nm are shown in Fig. 2-25 (b). The error bar shows a standard deviation of
the measured values. A coupling loss can be estimated from the intercept in Fig. 2-28. The
coupling losses per facet of 26.8 dB at 660 nm, 26.0 dB at 830 nm, 24.5 dB at 1310 nm,
and 24.8 dB at 1550 nm were observed. In addition, the insertion loss of the 3 mm
waveguide was observed to be more than that of the 2 or 5 mm waveguide owing to the
rough cross section of the 3 mm waveguide compared with the other waveguides. The
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Fig. 2-25 (a) Insert losses of Ta,Os strip waveguides at 660 and 830 nm. (b) Insert losses of
Ta,Os strip waveguides at 1310 and 1550 nm.
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propagation losses calculated at various wavelengths are shown in Fig. 2-26. A low
propagation loss of less than 1 dB/cm was observed at 830 nm and the lowest propagation
loss was 0.78 dB/cm at 660 nm. In comparison with that at short wavelengths, a higher
propagation loss, about 1.8 dB/cm, was observed at longer wavelengths. This is because
of a lower confinement, in the case of longer wavelengths, causing a higher degree of
scattering owing to the surface roughness. In addition to absorption from defects,
propagation loss is commonly considered to be caused by the scattered wave, owing to
the surface roughness of the waveguide and no uniformity in the core layer. In the case of
a Ta,Os waveguide, the scattered wave is not negligible because of a high refractive index
contrast between the core and cladding layers. A lower propagation loss is expected
owing to an improved reactive ion etching process.
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Fig. 2-26 Wavelength dependence of propagation loss of Ta,Os strip waveguides.
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2.5 Summary and Future work

In this chapter, a Ta,Os film was formed by a sol-gel method at 500°C with 30 min
annealing on a silica substrate. A refractive index of around 2 was obtained. Ta,Os strip
optical waveguides were fabricated by photolithography and CF, reactive ion etching,
and their propagation loss of less than 1 dB/cm was obtained at 830 and 660 nm. These
waveguides can be expected to be employed for OEICs in the 0.8 um wavelength range.

For the future work, a design and fabrication of single mode Ta,Os optical waveguide
have been carried out. Moreover, the advantagements of high A optical waveguide is
except to be obtained with the implementation of Ta,Os-based optical waveguide circuits,
such as optical switching, MZI and AWG.
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Chapter 3
Waveguide Grating Coupler

3.1 Organization of this chapter

In this chapter, firstly I will introduce a review of coupling techniques between
waveguide and photodetector. Especially, a waveguide grating coupler will be discussed
in a simple theory analysis.

Then, a directional vertical optical coupler using a Ta,Os optical waveguide grating
coupler, which is transparent in the 0.8 um wavelength range is proposed. The optical
waveguide coupler is analyzed by using finite element method (FEM). The coupling
efficiency of more than 60% is calculated at the grating period of 530 nm, the duty ratio
of 0.5 and the etching depth ratio of more than 0.9 with a thickness of 400 nm, which is
the single mode condition of Ta,Os waveguide as mentioned in chapter 2.

3.2 Introduction

3.2.1 Coupling techniques between waveguide and photodetector

Clad
- EYEYEa -

Waveguide Clad =1p

(a) (b)

Cr——
Waveguide
Waveguide 2 Clad A

Ll Si-PD

(c) (d)

Clad
(e)

Fig. 3-1 Typical coupling techniques between waveguide and photodetector.
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In an optical interconnection, an optical signal is propagated through a waveguide, and it
is required to integrate the optical waveguide and a photodetector in a photoelectric
conversion unit. Schematic diagram of some typical coupling structures are shown in Fig.
3-1.

Figure 3-1 (a) is a butt-coupling, by adjoining a photodetector to an optical waveguide in
the horizontal direction, coupling light from the optical waveguide to the photodetector
directly. It is suited to miniaturization of the photodetector because of a high absorption
structure. However, the highly accurate positioning technology, and complication of the
process are serious challenges. What’s more, concentrations of waveguide/photodetector
interface light absorption and current generation may reduce a useful life of the element,
even occurs some destructions. Si waveguide integrated with a Ge photodiode, or InGaAs
photodetector with the butt-coupling was reported [165, 166]. InGaAsP waveguide with
InGaAs photodetector is also published in [167].

Figure 3-1 (b) is an evanescent coupling. A photodetector is formed on an optical
waveguide layer directly, and the light absorption occurs in the interface by an evanescent
wave of the waveguide. A Si waveguide loaded with Ge photodiode, or InGaAs
photodetector in this structure was also report [168, 169]. However, these materials are
difficult to grow epitaxially on Si substrate because of the lattice mismatch. A wafer
bonding technique as one of the approaches to integrate on Si-LSI was reported [170-172].
Owning to using the evanescent wave coupling, it is necessary to control a submicron
order (less than 200 nm is expect in the case of Si optical waveguides) bonding thickness
between the optical waveguide layer and the photodetector layer. Thus, there is a trade-off
between the miniaturization and coupling efficiency.

Figure 3-1 (c) is a two-stage-bound coupling, which can be considered as an
improvement of (b), to overcome the lattice mismatch and limited bonding layer
thickness. Lightwave is propagated from waveguide 1 to waveguide 2, and light
absorption is carried out between waveguide 2 and photodetector with a butt or
evanescent coupling. However, from the waveguide coupled-mode theory, the effective
refractive indices of waveguide 1 and 2 should be designed to be the same in order to
satisfy the phase-matched condition, what is difficult in semiconductor materials owning
to larger wavelength dependence than that of silica. A InGaAs photodetector on InP
waveguide with an evanescent coupling, two-stage-bound coupling from a Si waveguide
[173], and a Ge photodetector with a-Si waveguide butt coupling, two-stage-bound
coupling from a Si waveguide [174] are reported.

Figure 3-1 (d) is a mirror reflection. A mirror structure is formed at the end of a
waveguide, to provide a 90° bend. As the manufacturing method of waveguide end mirror,
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a 90° V-type tip mechanical polishing by a dicing saw [175], or 45°substrate tilted etching
[176] was introduced. However, the scattering loss at the waveguide end mirror is a
fundamental problem, which cannot be ignored.

Figure 3-1 (e) is a waveguide grating coupling [177-179]. In a planar waveguide and
planar photodetector, coupling is made to take place between guided waves propagating
in different directions by using a grating structure. For a grating coupler, it is possible for
a spacing more than 1 um between the optical waveguide layer and a photodetector,
affording suitable applications between dissimilar materials and multi-layer structure.
The loss of light is generated by the grating, the external quantum efficiency decreases in
this structure. However, a precise micro-fabrication technology, as 10 nm order, is
required to achieve a high efficiency directional diffraction. An InP/InGaAsP PIN
photodetector integrated with a SOl waveguide loading grating coupler [180] was
reported.

As a common problem, from (a) to (c), there are smaller coupling losses than (d) and (e)
in common. Since the light incident direction and the carriers traveling direction are
orthogonal, it is possible to improve the responsivity by increasing the photodetector
length, without sacrifice the carrier transit time. However, an increase of the
photodetector length will also increase the capacity of the photodetector, which cause a
limitation of bandwidth and density. In generally, 100 um or less in detector length is
desired. For (d) and (e), there is a trade-off problem between the carrier transit time and
the responsivity, because light is incident perpendicular to the photodetector.

3.2.2 Grating components for photonic integrated circuits

Periodic structures or gratings in waveguide are one of the most important elements for
PICs, since they can perform various passive functions and provide effective means of
guided-wave control [181, 182].

3.2.2.1 Coupling of Optical Waves by Gratings

Figure 3-2 illustrates examples of passive grating components for PICs [183]. They
include input/output couplers, waveguide couplers, deflectors, guided-beam splitters,
reflectors, mode converters, wavelength filters and dividers, and guided-wave front
converters such as waveguide lenses and focusing grating couplers. Periodic modulation
of the refractive index can be induced through acousto-optic (AO) and electro-optic (EO)
effects. They can be considered a controllable grating, and have many applications to
functional devices. Optical coupling by a grating is classified as either guided-mode to
guided-mode coupling or guided-mode to radiation-mode coupling, the former
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subdivided into collinear coupling and coplanar coupling. Gratings are also classified by
structure into index-modulation and relief types, as shown in Fig. 3-3[183].

(@) Input/output (b) Waveguide (c) Deflector
coupler couplers

Az

A|,I‘z

N
™N A

(d) Reflector (e) Mode converter  (f) Wavelength
filter

=

(g) Waveguide lens  (h) Focusing grating (i) Butt-coupled
coupler reflection grating

Fig. 3-2 Passive grating components for optical integrated circuits. [183]

BEGSNS !

(a) Index modulation type

(b) Relief type

Fig. 3-3 Various cross sections of gratings. [183]

Phase Matching Condition: Various grating structures can be described by the change
in distribution of relative dielectric permittivity, Ae, caused by attaching a grating to a
waveguide. Since the grating is periodic, Ae can be written by Fourier expansion as

Ae(x,y,z) = YqAeq(x)exp(—jqK - 1) (3.1)
using a grating vector K (|K| = K = 2m/A, A = period). When an optical wave with
propagation vector g is incident in the grating region, space harmonics of propagation
vectors 8 + gK are produced. The harmonics can propagate as a guided mode, if a
coupling condition is satisfied between two waves, a and b, with propagation vectors

B. and Bp.
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By =Ba+qK,q=11,£2,; - (3.2)

In many cases, Ae is nonzero only in the vicinity of the waveguide (y-z) plane, and Eq.

(3.2) need not be satisfied for the x component. Each part of Eq. (3.2) is called a phase

matching condition, while the three-dimensional relation is called the Bragg condition.

The relation can be depicted in a wave vector diagram, which is used to determine the
waves involved in the coupling.

3.2.2.2 Principle of Guide-Mode to Radiation-Mode Coupling

Output Coupling: Figure 3-4 [183] illustrates the coupling between a guided mode and
radiation modes. Coupling takes place between waves satisfying phase matching for z
components. When a guided wave of propagation constant S, is incident, the g
harmonics radiate into air and/or substrate at angles determined by
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(a) Multibeam coupling (b) Two-beam coupling

Fig. 3-4 Guided-mode and radiation-mode coupling in a grating coupler. [183]

ncksinﬁéc) = nsksineés) = Bq = Nk +qK (3.3)
The number of radiation beams is determined by the number of real values of 9;5) and

956) satisfying Eq. (3.3). An order results in radiation into either the substrate alone or

both air and substrate. Figure 3-4 (a) shows multibeam coupling where more than three
beams are yielded and Fig. 3-4 (b) shows two-beam coupling where only a single beam
for the fundamental order (g = —1) is yielded in both air and substrate. Another
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possibility is one-beam coupling where a beam radiates only into the substrate. The
amplitude of the guided and radiation wave decays as g(z) = exp(—a,L) due to the
power leakage by radiation. Since the guided-wave attenuation corresponds to the power
transferred to radiation modes, the output coupling efficiency for a grating of length L can
be written as
Nout = Pqi{l —exp(—2a,L)} (3.4)
for the gth-order (i) radiation, where i (equal to ¢ or s) distinguishes air and substrate.
Here a, denotes the radiation decay factor and P} is the fractional power to g-I radiation.
Input Coupling: A guided wave can be excited through reverse input coupling of an
external beam incident on a grating. When the incident angle coincides with one of the
angles satisfying Eq. (3.3), one of the produced space harmonics synchronizes with a
guided mode and the guided mode is excited. Figure 3-5 [183] correlates output and input
couplings. A reciprocity theorem analysis shows that the input coupling efficiency can be
written as

i hdz]?
Mo = P 1(g,0) 1(9,h) = Tt (3.5)

where h(z) is the input beam profile. The overlap integral I(g, h) takes the maximum
value 1 when the beam profiles are similar [h(z) = g(z)]. Practically, high efficiency
can be achieved by (1) making a grating of a,.L > 1, (2) making Pqi ~ 1 for one beam q,
I, and (3) feeding an input beam satisfying h(z) = g(z). For an input beam with
Gaussian profile, the maximum value of I(g, h) is 0.801.

{a) (b)

Fig. 3-5 Input and output coupling by a grating: (a) Output coupling, (b) Input coupling. [183]
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Radiation Decay Factor: The radiation decay factor o, can be calculated by various
methods, e.g., a coupled-mode analysis, a rigorous numerical analysis to calculate the
complex propagation constant of normal modes by space harmonics expansion based on
Floquet’s theorem, and approximate perturbation analyses based on a Green’s function
approach or a transmission-line approach. Figure 3-6 [183] illustrates typical dependence
of the decay factor a, of couplers of the relief type on the grating groove depth h. For
small h, a, increases monotonously with h and is approximately proportional to h?. For
larger h, the coupling saturates because of the limited penetration of the guided-mode
evanescent tail into the grating layer. In the saturation region, interference of the
reflection at upper and lower interfaces of the grating gives rise to a weak periodic
fluctuation.

High-Efficiency Grating Couplers: One-beam coupling is desirable to achieve high
efficiency. Such coupling can be realized by using backward coupling by a grating of
short period. Two-beam couplers, as shown in Fig. 3-4 (b), are more widely used, but they
have the drawback that the power is halved for air and substrate. The drawback can be
eliminated by inserting a reflection layer on the substrate side. Methods for confining the
power into single g and i include use of the Bragg effect in a thick index-modulation
grating, and use of the blazing effect in a relief grating having an asymmetrical triangular
Cross section.
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Fig. 3-6 Dependence of radiation decay factor on the grating groove depth for grating coupler
of the relief type. [183]
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3.2.3 Applications of input-output waveguide grating coupler

In the field of OEICs, a polarization insensitive grating coupler had been measured less
than 0.89 dB of difference between TE and TM mode lightwave [184]. In past studies,
grating couplers has been used to realize the coupling between fiber and optical
waveguides [185-189]. An out-of-plane grating coupler for efficient butt-coupling from
single mode fiber to compact planar waveguides, by using a short second-order grating
has been optimized by using mode expansion-based simulation and trial fabricated. As a
result, up to 74% coupling efficiency was possible by a 2-D simulation and had measured
19% coupling efficiency on a test structure [190]. What’s more, A coupling efficiency
>30% with a 1 dB bandwidth of 40 nm had experimentally demonstrated and the
coupling efficiency can be improved theoretically to > 90% using an optimized grating
design and layer stack [191]. For more, a high-efficiency grating couplers for coupling
between a single-mode fiber and nanophotonic waveguides with an adiabatic taper, had
been simulated and fabricated, and the measured coupling efficiency to fiber was 69% for
SOl grating couplers [192].

On the other hand, in order to realize three-dimensional (3D) optical circuits along
with multi-stacked layers, a high-index-contrast vertical grating coupler based on
hydrogenated amorphous silicon (a-Si:H) had also been demonstrated. The distance
between the multilayer waveguides was fixed to 1 um for an optical isolation, and the
maximum coupling efficiency was estimated to be 22% from the measurements in the
C-band [193].

3.3 Design description
3.3.1 Vertical direction waveguide grating coupler

For a description of the vertical coupler, the diffraction grating acts as a source to
diffract the transmitting light wave. If the origin of the diffraction is periodic, the
diffracted waves add together in a specific direction and strong scattering or diffraction
occurs. Figure 3-7 shows the diffraction of the light which is incident from the left bottom
at an angle 6; , upon a waveguide-type diffraction grating. The diffraction angle is
expressed as 6,,. The phase of the wave front is constant between A and A’ before
scattering, and B and B’ after scattering. When the distances A'B—AB' is consistent
with an integer multiple (N) of the wavelength in the medium, from the Bragg condition,
we can get an equation as:
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— 2N 7
cos0,, = cos 6; + — (7;—:) (3.6)

where n,, is the equivalent refractive index of waveguide grating, n, is the refractive
index of cladding, m is called lattice order [194]. From the equation, 6,, is possible to be
90°, what mean a vertical direction waveguide grating coupler.

Scattered Scattered Wave

Wavefg\o nt
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Wavefront

Fig. 3-7 Schematic of Scattered waves from a waveguide grating.

3.3.2 Parameters and numerical modeling of waveguide grating
coupler

The design structure of the diffraction grating coupler is shown in Fig.3-8. Here we
simplify the Si-PD layer into a power monitor. On the detector, a SiO, layer, with a
thickness of 2 um is placed as the under cladding layer. A Ta,Os waveguide with a
diffraction grating structure is fabricated on the SiO, layer. The thickness of core layer is
fixed on 400 nm, which is decided by the single mode analysis as mentioned in chapter 2.
The upper cladding layer is air with a thickness of 2 um.

For the simulation, we can count out the energy intensity of scattered wave by the
diffraction grating coupler from a power monitor P,,.., and the coupling efficiency is
calculated by dividing the power of detector into the incident P;,, as:

n = fdet (3.7)

Pin
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Fig. 3-8 Analytical model of Ta,Os waveguide grating coupler

The incident wavelength and the refractive index of cladding layer are 850nm and 1.45
for SiO,. The equivalent refractive index of the core layer is calculated to be 1.85 by
equivalent refractive index method, what is useful to approximate a channel waveguide
into two-dimensional view. The initial parameters used in the simulation are shown in
table 3-1, and the grating period (A), duty cycle (w/A), and etching depth (d) dependences
of the coupling efficiency, diffraction angular were analyzed.

Table 3-1 Parameters used in the simulation of grating coupling.

Grating Duty Etching Grating
period (nm) cycle depth ratio length (um)
A w/A d L

450 ~ 650 fix to 0.5 08~1.0 5~50

3.3.3 Evaluation method

The numerical simulation of optical propagation in diffraction grating structure is
analyzed by the two-dimensional finite element method (FEM), using RF module 4.2 of
COMSOL Multiphysics.

COMSOL Multiphysics is a finite element analysis, solver and Simulation software/FEA
Software package for various physics and engineering applications, especially coupled
phenomena, or multiphysics. COMSOL Multiphysics also offers an extensive interface to
MATLAB and its toolboxes for a large variety of programming, preprocessing and
post-processing possibilities. The packages are cross-platform (Windows, Mac, and
Linux). Many modules are integrated with software including RF modules which was
used in this research.
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3.4 Simulation results and discussions
3.4.1 Structure and grating period dependency

Figure 3-9 shows the structure dependence of coupling efficiency with variable grating
periods. Here, the etching depth ratio and duty cycle is fixed to be 1.0 (completed
etching) and 0.5. The differences of structural design are shown in Fig. 3-9 (a) and (b),
compared to a symmetric structure in Fig. 3-9 (a) with a cladding layer of SiO,, an
asymmetric structure in Fig. 3-9 (b) with only bottom cladding layer of SiO, was
designed to expect to achieve a higher bottom directional coupling efficiency. From Fig.
3-9 (c), the coupling efficiency significantly reduced at the grating period of 540 nm and
590 nm, respectively, which are marked for Ag, mean Bragg periods, because of a strong
Bragg reflection. It happens when the period of diffraction grating is consistent with the
Bragg period. On the other hand, if there is a little deviation from the Bragg period, the
coupling efficiency could take the maximum value, and the vertical scattered wave can
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Fig. 3-9 Structure and grating period dependences of coupling efficiency.
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Fig. 3-10 Reflection and scattered wave power in symmetric and asymmetric structure.

also be confirmed by the result of simulation as showed in Fig. 3-10. What’s more, it can
be estimated from the Bragg periods, that the equivalent refractive index of the
waveguide grating coupler is 1.57 in symmetric structure and 1.44 in asymmetric
structure, respectively. What’s more interesting, in the case of the equivalent refractive
index of the waveguide grating coupler is 1.44, even smaller than the refractive index of
bottom cladding layer SiO, (n = 1.45), a stronger bottom directional coupling effect was
demonstrated, as the same as shown in Fig. 3-11.

Fig. 3-11 Increase of bottom coupling efficiency by utilizing asymmetric structure.
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3.4.2 Grating length dependency

Figure 3-12 (a) shows the grating length dependency of the bottom directional coupling
efficiency, when the etching depth ratio and duty cycle is fixed to be 1.0 and 0.5. The
grating period is employed 530 nm both in the symmetric and asymmetric structures.
Given the grating length from 0 to 50 um, the bottom directional coupling efficiency is
increasing slowly in the symmetric structure, and gets a maximum coupling efficiency
about 35%. Compared to the symmetric structure, an asymmetric structure exhibits a
saturating grating length of 15 pum, with a maximum coupling efficiency of 62.8%,
which is potential to realize compact integrated optical circuits. Figure 3-12 (b) and (c)
shows the electric field distribution in the both structures.

100%
A =850 nm
A=530nm
80% | wiA=0.5
d=1.00

60% [T T To—

40%

Coupling efficiency n [%]

20%

1 II 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45 50
Grating length L [um]

(a)

0%

Fig. 3-12 Grating length dependence of bottom directional coupling efficiency.

3.4.3 Wavelength dependency

Figure 3-13 shows the wavelength dependence of the bottom directional coupling
efficiency, when the etching depth ratio and duty cycle is fixed to be 1.0 and 0.5. Here,
the grating period and grating length is fixed to 530 nm and 15 um, respectively, in the
asymmetric structure. While the wavelength is from 800 nm to 900 nm, the maximum
coupling efficiency of 66% at 823 nm, and the minimum coupling efficiency of 57% at

900nm. In the case of grating length of 15 um, the coupling efficiency exhibit only 0.65
dB loss for 100 nm.
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Fig. 3-13 Wavelength dependence of bottom directional coupling efficiency.

3.4.3 Etching depth ratio dependency

Given a fabrication tolerance, the etching depth ratios from 0.8 to 1.0 of bottom
directional coupling efficiency were investigated, when the grating period and duty
cycle is fixed to 530 nm and 0.5, respectively, in the asymmetric structure, as shown in
Fig. 3-14 (a). Figure 3-14 (b) shows the grating length dependency with various etching
depth ratios. While the etching depth is getting thinner, the maximum coupling is
reduced, owing to an attenuation of asymmetric structure; and the Bragg period shift to
be shorter wavelength, because an increase of the equivalent refractive index of the
whole grating coupler.
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Fig. 3-14 Etching depth ratio of bottom directional coupling efficiency.

68



3.5 Summary and Future works

In order to solve the problem of optical coupling between waveguide and planar
photodetector, | proposed and simulated a high-efficient vertical directional grating
coupler between the Si-PD and Ta,Os waveguide. In the study of Ta,Os waveguide
grating coupler, we can see that the directional diffraction wave has a high dependence on
the asymmetric structure, and we can get a bottom directional coupling efficiency over
60% in a grating length less than 15 um and wavelength more than 80 nm. The short
coupler length (less than 15 um), but high efficiency is considered due to the combination
of the high refractive index of Ta,Os and the asymmetric structure.

For the future work, a design of non-equal intervals or lensed effect waveguide grating
coupler has been carried out. By design a non-equal intervals grating, reduces of the
refractive wave and less wavelength dependence can be expect. By design different
grating periods, the direction of diffraction wave can be controlled to achieve a lensed
effect in the same waveguide coupling, which is expect to reduce a coupling length
significantly.
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Chapter 4
Lateral Silicon Photodetector
on Silicon-on-insulator Substrate

4.1 Organization of this chapter

In this chapter, firstly I will introduce a review of the improvement and performance
comparison of photodetector on silicon, especially, Si photodetectors.

Then, a Si photodetector with a structure combining the advantages both of SOI and
lateral p-i-n PD, fabricated in a CMOS compatible process was proposed. In addition, we
discussed structure dependences on the frequency and an optimum design for the
maximum bandwidth.

4.2 Introduction
4.2.1 Semiconductor photodetector on silicon

Over the last two decades InP with its lattice-matched compounds has proved itself to be
the most appropriate material system for the fabrication of high-performance photodiodes
in the C and L bands. Owing to its good material quality, high absorption efficiency, and
high carrier drift velocities, the InGaAs/InP photodiode has become a standard solution
for today’s high-speed applications.

However, concomitant with the rapid advances in Si photonics there has been
considerable research toward the integration of high-speed photodiodes on
silicon-on-insulator (SOI)/Si substrates. Although Si is transparent at wavelengths >1.1
um numerous approaches have been reported to enable efficient light detection at 1.55
um wavelength, including ion-implanted all-silicon [195], InGaAs/GaAs growth on Si
[196, 197], polycrystalline Ge films [198, 199], Si-Ge hetero-epitaxy [200-202], and I-V
on Si bonding [203].

High-speed Ge photodiodes: Germanium is a viable absorber material for
high-performance photodiodes as it provides sufficient absorption up to ~ 1550 nm
wavelengths. Depending on growth conditions and strain, absorption coefficients
between 1000 cm™ and 4000 cm™ at 1.55 um wavelength have been reported [204, 205].
Ge can be grown on Si; however, the main difficulty is the ~ 4% lattice mismatch between
Ge and Si which can lead to high defect densities in the Ge [212]. These defects may
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cause high dark current, which would compromise the sensitivity of the photodiode. The
amount of dark current that can be tolerated depends on the bit rate [206] and application;
however, it has been suggested that < 1 pA is typically sufficient for high-speed receivers
[207]. Growth techniques including the deposition of graded SiGe buffer layers, high/low
temperature growth [201], area-selective growth [208, 209], and cyclic annealing have
been shown to effectively improve material quality [210]. Several low dark current Ge on
Si photodiode has been presented [211]; however, the problem with high dark current
persists to some extent.

Recently, surface-normal photodiodes that reached a bandwidth of 36 GHz, responsivity
of 0.47 A/W, and low dark current < 100 nA have been demonstrated [211]. A 10
um-diameter n-i-p photodiode, grown by a two-step technique using MBE, achieved a
high bandwidth of 49 GHz was reported [212]. Waveguide photodiodes can achieve
higher bandwidth-efficiency products and to date several high-performance Ge
waveguide photodiode have been demonstrated [213, 214]. By their nature they have
become important devices in SOI/Si photonic integrated circuits. Recently, research has
focused on CMOS-compatible processing techniques for Ge waveguide photodiodes
[207, 215]. The goal is to enable large-scale photonic-electronic integration using the
available CMOS infrastructure. However, the thermal budget of the Ge epitaxy and
postgrowth annealing is still one critical issue for CMOS integration [216]. Another
requirement arises from the fact that both detector and the electronic circuit should
operate on a single power supply < 1.5V [217]. Ideally, zero-bias operation is desired, not
only to minimize dark current but also to reduce power consumption.

The latest, a butt-coupled lateral p-i-n photodiode with > 110 GHz bandwidth was
reported [218]. A 10 x 10 um? silicon recess was etched at the end of the 500 nm wide Si
waveguide and Ge was selectively grown by RP-CVD. Boron and phosphorus were
implanted to form a horizontal p-i-n junction with a nominal intrinsic Ge width of 500 nm.
The responsivity was 0.8 A/W at 1.55 um and open eye diagrams at 40 Gb/s were
obtained under zero-bias operation.

Heterogeneously integrated I111-V photodiodes on Si: Wafer bonding of 111-V material
on Si has been shown to be a viable technique to integrate dissimilar materials without
compromising their properties [219-223]. While this approach is particularly interesting
for silicon transmitters [224], it may also lead to low dark current photodiodes with high
efficiencies beyond 1.55 um. Park et al. reported an evanescently-coupled waveguide
photodetector utilizing AlGalnAs quantum wells bonded to a SOI waveguide [225]. The
photodetector had fiber-coupled responsivity of 0.31 A/W and 0.23 A/W at 1.55 um and
1.65 um wavelengths, respectively, an internal quantum efficiency of 90% at 1.55 um,
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and a dark current <100 nA at 2V. Using the same epitaxial layer structure similar
photodiodes has been integrated with hybrid optical amplifiers [226]. An improved
bandwidth of 16 GHz has been reported for an InGaAs/InP p-i-n photodiode [220, 227].
The 12 pm x 120 um photodiode with 0.5 um intrinsic layer thickness was part of a
triplexes with different epitaxial layers being bonded on a single Si chip. Using small
InP-based membrane p-i-n photodetectors on SOl a bandwidth of 33 GHz was
demonstrated by Binetti et al. [228]. In this approach the photodiode structure consisted
of an InP membrane input waveguide to couple the light out of a Si photonic wire
waveguide into the p-i-n junction, similar to a vertical directional coupler [229].

4.2.2 Performance comparison of silicon photodetector

To enable cost-effective, high-reliability, and mature-manufacturability implementation
of short-distance optical interconnect systems, a combination of a silicon photodetector
(Si-PD) in the CMOS compatible technology and an 850 nm vertical cavity surface
emitting laser (VCSEL) transmitter is a strong motivation for realizing 850 nm
optoelectronic integrated circuit (OEIC) receivers based on the existing Si technology.
Furthermore, a high-speed CMOS trans-impedance amplifier (TIA) and limiting
amplifier (LA) are available and can be monolithically integrated with Si-PD in CMOS
compatible process to achieve an all-Si optical receiver [230-235].

There have been several reports on the study of CMOS compatible Si-PD in recent years
[236-238]. However, as a common issue, due to the light penetration depth of Si at 850
nm is more than 10 um [239] as shown in Fig. 4-1. Carriers generated from the bulk Si
substrate diffuse slowly and are collected, significantly affecting the response
performance and limiting the resulting bandwidth [240-242].
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Fig. 4-1 Schematic absorption length of a CMOS-Si-PD and well [239].

Thus, researchers have proposed several methods to increase the speed of CMOS
Si-PDs, such as spatially modulated PDs (SM-PDs) [243], as shown in Fig. 4-2; an
avalanche photodiode (APD) structure [244-249], as shown in Fig. 4-3; or PDs with a
deep n-well (DNW) layer [247-249], as shown in Fig. 4-4; particularly, DNW-PDs with
an offset design in terminal electrodes [250], body contact PDs applying an electric filed
inside the substrate [251-252], as shown in Fig. 4-5.

However, limited sensitivity of SM-PDs, less effective of APD structure, and
incompletely excluded influence of the Si substrate in DNW-PDs are problematic.
Recently, silicon-on-insulator (SOI) technology is attracting more attention from both
research institutions and industry. Various top silicon layer thicknesses, ranging from a
few hundred nanometers to several micrometers, are commercially available. By
carefully choosing the SOI substrate, high-speed detectors with reasonable responsivity
can be fabricated [253-255], as shown in Fig. 4-6.
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Fig. 4-2 (a) Top view and (b) cross-section of the SM-detector [243].

Fig. 4-3 Cross-sectional structures of the CMOS-APD. [245]
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Fig. 4-4 Cross-sectional structures of the CMOS-APD with deep n-well. [248]
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Fig. 4-5 Speed-enhanced photodiode which is obtained by applying an electric field inside
the substrate. [251]

Fig. 4-6 Cross section of the interdigitated lateral p-i-n photodiode on SOI. [254]
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Simultaneously, detectors can be designed in a vertical configuration to improve a
bandwidth as mentioned above, but a lateral structure is more preferred as it is suitable for
integration of the p-i-n PDs with MOSFETs. The interdigitated configuration of lateral
p-i-n PDs can be formed on a low-doped Si substrate [256-258], which is employed to
maximize the depleted regions available for high-speed drift carrier collection. However,
it increases the diffusion current from the substrate and the parasitic effects due to the
diodes in lateral arrangements. Table 4-1 shows a summary of some representative
reports on Si-PDs as discussed above, and a comparison with this work.

Table 4-1 Summary of some representative reports on Si-PDs

[235] [237] [249] [258] [236] [238] this work
Process 0.13-um epi 0.18-pum 0.18-um N.A. 0.13-um N.A. 0.18-um
APD APD APD SOl SOl SOl
Type Lateral Trench
(P*/N-well) (DNW) (DNW) Lateral Lateral Lateral
Thickness (um) N.A. 3.8 N.A. ~7 2 271 0.21
Finger spacing (um) N.A. 2 0.84 3.3 2 2 1.10
Detector area (um?) 1010 70X70 10X10 @75 50 X 50 50 <50 20X20
Bandwidth (GHz) 6.3@9.9V 3.1@15V 10 @8.3V 1.5 @3 V(6-dB) 8 @>20V 34@5V 136 @10V
Responsivity (A/W) 467 @102V 04 @162V 1.0~@9V 0.47 @5V 0.08 @28 V 0.16 @3V 0.0075 @10 V
Capacitance (fF) N.A. 700~ 100~150 1040 210 ~265 ~65
Dark current (nA) ~0.1 ~1 ~0.05 ~0.0015 ~1 ~0.025 ~0.01
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4.3 Structure design and fabrication

4.3.1 Device structure

A=850 nm
| Alwire
I 210 nm
Si layer
BOX L

(b)
Fig. 4-7 (a) Schematic cross-sectional view (b) CAD data and (c) top micrograph view of lateral
Si-PIN PDs.
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Figure 4-7 (a) shows a schematic cross-sectional view of the lateral Si-PIN PDs
fabricated on a SOI substrate, with a 210 nm thick Si absorption layer. A standard model
of the SOI lateral Si-PIN PDs was designed with an intrinsic region width (L;) of 1.09 pum,
aluminum electrode with finger width (L) of 1 um and finger spacing (Ls) of 1.63 um.
The CAD data and a top view of the fabricated SOI lateral Si-PIN PDs was shown in Fig.
4-7 (b) and (c). The optical detection area (Sp) and pad size (Spag) for RF probing are 20 x
20 um? and 60 x 60 um?, respectively. The Si layer in the outside of the detection area is
etched completely to avoid an excess optical absorption. Doping concentrations of n and
p are 3 x 10%%/cm? and 5 x 10*%/cm?, respectively. Bottom region of the electrode contact,
high doping concentrations of n+ and p+ are employed to reduce contact resistance.
Doping concentrations of n+ and p+ are both of 4 x 10'°/cm?. In these devices, a lower
dark current can be expected because of the very thin Si absorption layer, and a fast
response over 10 GHz can be calculated out due to a capacitance smaller than 0.2 pF and
the low-speed diffusion current cut-off by the SiO; insulation layer. What’s more, in order
to investigate the frequency response dependence on intrinsic region width (L;), finger
spacing (L), detection area (Sp) and pad size (Spag). Variable elements were designed as
shown in Table 4-2.

Table 4-2 Specifications of SOI lateral Si-PIN PDs.

Specification Standard model
Finger spacing Ls (um) 0.75,1.10, 1.63, 2.50, 4.25 1.63
Intrinsic region width L; (um) 0, 1/3 Ls, 2/3 L, L 1.09

. , 10 X 10,20 X 20,
Detection area Sp (um®) 20 X 20
20 X 40,40 X 20,30 X 30

Pad electrode size Spag (um?) 30 X 30,40 X 40,50 X 50,60 X 60 60 X 60
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4.3.2 CMOS compatible technology and foundry service process

There is another big attraction in silicon photonics, is such available foundry services,
especially CMOS foundry having a highly developed process technology [259]. The
CMOS foundry service, utilizing the large equipment for electronic circuit fabrication,
could produce integrated optical devices on chips. There are some constraints for device
design to performance produce, but can be fabricated at a low cost.

In this study, SOI lateral Si-PIN PDs were fabricated through a foundry service and a
shuttle process of Institute of Microelectronics in Singapore. Figure 4-8 shows a flow of
device fabrication through the foundry service. The concrete layer out and technical
details are secret maintenance.

Kanazawa Univ.

! 3. Resubmission ‘

o

| 4. Chip fabrication & delivery l

The Institute of Microelectronics (IME)

Fig. 4-8 A flow of device fabrication through the foundry service.
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4.4 Devices Performance and discussions

4.4.1 Measurement system

Figure 4-9 shows the measurement system and picture for the fabricated SOI lateral
Si-PIN PDs. A laser light is normally illuminated on the SOI lateral Si-PIN PDs via an
optical fiber for the analyses of static and dynamic characteristics. The core diameter of
the optical fiber is 9 um. A semiconductor laser diode with a center wavelength of 850 nm
was employed. When measuring the frequency responses, we used a 10 MHz — 40 GHz
network analyzer, and the laser diode was intensity modulated by an electro-optic
modulator with a bandwidth of more than 25 GHz. The frequency responses of the
modulator and 40 —GHz-RF cables were compensated by using a commercial GaAs

PIN-PD with a bandwidth of 30 GHz.

Optical fiber
| LN modulator |(core diameter 9 um) I
_| ?% (Bandwidth 25 GHz) LN
L=D T | (( )) DC l AC
(A =850 nm) ]DC
DC AC I: pp | DC Source
] DC source (Si-PIN) and Ammeter
LD Driver ’ Network Analyzer <

(10 MHz ~ 40 GHz)

Fig. 4-9 Measurement setup and picture for SOI lateral Si-PIN PDs.
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4.4 .2 Static characteristics and discussions

SOl lateral Si-PIN PDs were measured in the 0.8 um wavelength region. Figure 4-10 (a)
shows the dark current and photocurrent of current-voltage (I-V) characteristics at
various intrinsic region widths. A very low dark current lower than 0.1 nA at a bias
voltage below 10 V was obtained. The breakdown voltage was over 40 V at Li=Ls =1.63
um, and a better performance of the full-depletion (L;=Ls) type was demonstrated. The
measured responsivity at 850 nm is 7.5 mA/W, corresponding to an external quantum

efficiency of 1.1%, as shown in Fig. 4-10 (b).
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(a) Dark and photocurrent of current-voltage (I-V) characteristics
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(b) Responsivity and external quantum efficiency characteristics
Fig. 4-10 Static characteristics of SOI lateral Si-PIN PDs with various intrinsic region
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4.4.3 Dynamic characteristics and discussions

Figure 4-11 shows the measured frequency response of the SOI lateral Si-PIN PDs with
Lw=1.00 um, Li=L =1.63 um, Sp=20 x 20 um?, Spag=30 x 30 pm?at a bias voltage of 10
V with a laser light wavelength of 850 nm. The frequency response is normalized at the
response of 100 MHz, and a -3 dB bandwidth of 13.6 GHz was obtained.

3
A =850 nm
o Vs =10V
G,
©
5 0
c
o
©
=
(—g 3 | L, =1.00 um
=) L, =163 um
w L, =1.09 um
Sp =20 x 20 pm?
5 Se =30 x 30 um? , T 12 13 14 15
01 1.0 10.0
Frequency [GHZz]

Fig. 4-11 Measured frequency response.

Figure 4-12 shows the voltage dependence of -3 dB bandwidth at various intrinsic
region ratios (L;i/ Ls) at the finger spacing of 1.63 um. With increasing of intrinsic region
ratio (L;/ Ls), an increase of -3 dB bandwidth was demonstrated. A saturation voltages of
approximately 10 V, and the largest -3 dB bandwidth of 12.6 GHz were obtained.
Moreover, with a narrower intrinsic region, a rapid saturation trend and a lower -3 dB
bandwidth showed a trade-off relationship.

" A =850
= nm
12 L QList * i
a = 23L"

A A 3
<10 [ ® - 13 L, '
T $ @ .

O g 4 ® 0 um (p-n junction)
_E [ |
s62°
©
& 4 | L,=1.00um
m L,=163um

2 |} Sp=20x20 pm?

Spad=60X60 }.l,mz
O L L L
0 5 10 15 20

Voltage [V]
Fig. 4-12 \oltage dependence of bandwidth at various intrinsic region ratios.
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In order to investigate the finger spacing dependence of bandwidth in the full-depletion
type (Li=Ls) samples, finger spacings of 0.75, 1.10, 1.63, 2.50, and 4.25 um were
measured at a bias voltage of 10 V. The measurement values are shown in Fig. 4-13 as
points (in red). A visible frequency response curve shows an existential optimum design
of finger spacing to achieve a maximum bandwidth. This trend is an important feature of
SOl lateral Si-PIN PDs. The response time of PDs is primarily limited by two factors: (1)
the transit time of photogenerated carriers to the electrode, shown as a dashed line (in
green) (the velocity of a hole was fitted to 3.0 x 10° cm/s as a saturation velocity); (2) the
total of the depletion region capacitance of the semiconductor (the same as capacitance of
the detector area calculated to be about 10 F) and the capacitance of the pad (a
capacitance factor measured to be about 0.045 fF/um?), which was estimated and shown
as open circles (in blue). An agreement was obtained between the calculated and
measurement values. With the miniaturization of finger spacing, a higher frequency
response can be supplied because of a shorter drift time. On the other hand, a higher
frequency response will be limited by a significant increase in capacitance in a thinner
intrinsic region.

100 ¢ -

F =850 nm
g F Vi =10V S i
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Fig. 4-13 Finger spacing dependence of bandwidth at L;=L,.
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We also confirmed the detection area (Sp) and pad size (Spaq) dependences of bandwidth
as shown in Figs. 4-14 (a) and 4-14 (b). Both show a linear relationship between the

inverse of a -3 dB bandwidth and area size, and a -3 dB bandwidth of about 15 GHz was
expected without the capacitance of the pad.
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Fig. 4-14 (a) Detection area dependence and (b) pad size dependence of -3 dB bandwidth.
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4.5 Summary and Future works

A lateral thin-film Si-PIN PDs on the SOI substrate was fabricated by a CMOS
compatible process. The frequency response dependence of intrinsic width (L;), finger
spacing (Ls), detector area (Sp), and pad size (Spag) Were demonstrated. With the same L,
a wider L; shows a larger -3 dB bandwidth, but a slower saturation trend. In the structure
of SOI lateral Si-PIN PDs, there is an optimum design of L for a maximum bandwidth,
because the response time is both limited by the transit time of carriers and the depletion
region capacitance of the detector area. A smaller Sp or Spag causes a linear increase with
the inverse of -3 dB bandwidth. The largest -3 dB bandwidth of 13.6 GHz was obtained in
device Ly, =1.00 um, L;j =1.09 um, Ls = 1.63 pm, Sp =20 x 20 um?, and Spaq =30 x 30 pm?,
at a reverse bias voltage of 10 V and 850 nm wavelength.

For the future work, a modelling method and optimum design has been carried out and
expect to achieve a bandwidth over 40 GHz. In this study, these devices was obtained that
can also be operated under 10 V, leading to low power consumption, thus, a silicon
receiving, and a photonic integrated circuit of SisN, waveguide and silicon SOI-PD has
been planned. The devices can be expected to realize the optoelectronic integrated
circuits (OEIC) on Si-LSls.
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Chapter 5

Conclusions

In order to realize an active optical cable (AOC) interconnection to the LSIs on the
Si/SOI substrate, a study on optical integrated circuits of low-loss high-refractive-index
waveguide and ultra-high speed Si-PIN photodetector, utilizing a high-efficient
directional waveguide grating coupler were carried out.

Firstly, a high-refractive-index (~2.0) and low-propagation-loss tantalum pentoxide
(Ta,0s) waveguide was realized. We fabricated Ta,Os strip optical waveguides with a
cross section of 400 nm x 10 um by a chemical solution deposition (CSD) followed by a
CF4 reactive ion etching. The optimum fabrication steps make it possible to obtain the
Ta,Os strip optical waveguides with a propagation loss of less than 1 dB/cm at 830 nm,
which is significant for optoelectronic integrated circuits in the 0.8 um wavelength range.

Secondly, a high-efficient directional waveguide grating coupler employing a Ta,Os
optical waveguide, which is transparent in 0.8 um wavelength range was demonstrated.
The optical waveguide grating coupler was analyzed by using finite element method
(FEM). A coupling efficiency of more than 60% was calculated at the grating period of
530 nm, the duty ratio of 0.50 and the etching depth ratio of more than 0.9 with a
thickness of 400 nm. A wavelength dependence of less than 0.65 dB from 800 to 900
nm wavelength was calculated.

Finally, lateral silicon photodetectors fabricated on silicon-on-insulator (SOI) substrate
in a complementary metal-oxide-semiconductor (CMOS) compatible process were
designed and implemented. In addtion, | discussed structure dependences on the
frequency and optimum design for a maximum bandwidth. A standard device fabricated
with a 210 nm absorbing layer, a finger width of 1.00 um, a finger spacing of 1.63 um, a
square detector area of 20 x 20 um?, and a pad size of 60 x 60 um? achieved a bandwidth
of 12.6 GHz at a bias voltage of 10 V, with a responsivity of 7.5 mA/W at 850 nm
wavelength. Photodetector with the same geometry, which was fabricated with a smaller
pad size of 30 x 30 pm? exhibited a bandwidth of 13.6 GHz.

In a word, these technologies can be expected to realize an OEIC on Si-LSls in the 0.8
um wavelength range as a cost-effective implementation.

87



88



References

[1] R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson, "Coherent Light
Emission From GaAs Junctions", Phys. Rev. Lett., vol. 9, no. 9, pp. 366-368, 1962.

[2] M. I. Nathan, W. P. Dumke, G. Burns, F. H. Dill, and G. Lasher, "Stimulated Emission of
Radiation from GaAs p-n Junctions"”, Appl. Phys. Lett., vol. 1, no. 3, 1962.

[3] F. P. Kapron, D. B. Keck, and R. D. Maurer, "Radiation Losses in glass optical waveguide”, Appl.
Phys. Lett., vol. 17, pp. 423-425, 1970.

[4] J. B. MacChesney, P. B. O'Connor, F. V. DiMarcello, J. R. Simpson, and P. D. Lazay, "Preparation
of low loss optical fibers using simultaneous vapor phase deposition and fusion," in Proc. 10th
Congress on Glass, Kyoto, Japan, 1974.

[5] T. Miya, Y. Terunuma, T. Hosaka, and T. Miyashita, "Ultimate low-loss single mode fiber at 1.55
um®, Electron. Lett., vol. 15, pp. 106-108, 1979.

[6] H. Kanamori, H. Yokota, G. Tanaka, M. Watanabe, Y. Ishiguro, I. Yoshida, T. Kakii, S. Itou, Y.
Asano, and S. Tanaka, ‘Transmission Characteristics and reliability of pure silica core single mode
fibers”, J. Lightwave Tech., vol. 4, no. 8, pp. 1144-1150, 1986.

[7] K. Nagayama, T. Saitoh, M. Kakui, K. Kawasaki, M. Matsui, H. Takamizawa, H. Miyaki, Y. Ooga,
I. Tsuchiya, and Y. Chigusa, “Ultra Low Loss (0.151 dB/km) Fiber and its Impact on Submarine
Transmission Systems”, in Proc. of Technical Digest of Optical Fiber Communication Conference
and Exposition (OFC) 2002, PD FA10, 2002.

[8] K. Nagayama, M. Kakui, M. Matsui, T. Saitoh and Y. Chigusa, “Ultra Low Loss (0.1484 dB/km)
Pure Silica Core Fibre and Extension of Tranmission Distance”, Electron. Lett., vol. 38, no. 20,
pp. 1168-1169, 2002.

[9] 1. hayashi, M. B. Panish, P. W. Fog, and S. SumKey, “Junction Lasers Which Operate
Continuously at Room-Temperature”, Appl. Phys. Lett., vol. 17, pp. 109-111, 1970.

[10] zh. I. Alferov, V. M. Andreev, E. L. Portoni, and M. K. Trukan, “AlAs-GaAs heterojunction
injection lasers with a low room temperature threshold”, Fiz. Tekh. Poluprov., vol. 3, pp.
1328-1331, 1969.

[11] R. H. Stolen and E. P. Ippen, "Raman gain in glass optical waveguides", Appl. Phys. Lett., vol.
22, pp.276-278, 1973.

[12] M. Nakamura, K. Aiki, J. Umeda, and A. Yariv, “CW operation of distributed-feedback
GaAs-GaAlAs diode lasers at temperatures up to 300 K”, Appl. Phys. Lett., vol. 27, pp. 403-405,
1975.

[13] J. J. Hsieh, J. A. Rossi, and J. P. Donnelly, “Room temperature cw operation of GalnAsP/InP
double-heterostructure lasers emitting at 1.1 um”, Appl. Phys. Lett., vol. 28, no. 12, pp. 709-711,
1976.

89



[14] K. Utaka, K. Kobayashi, K. Kishino, and Y. Suematsu, "1.5-1.6 um GalnAsP/InP integrated twin
guide lasers with first-order distributed Bragg reflectors”, Electron. Lett., vol. 16, no. 12, pp.
455-456, 1980.

[15] T. Matsuoka, H. Nagali, Y. Itaka, Y. Noguchi, Y. Suzuki, and T. Ikegami, "CW Operation of
DFB-BH GalnAsP/InP Lasers in 1.5 um Wavelength Region", Electron. Lett., vol. 18, no. 1, pp.
27-28, 1982.

[16] F. Koyama, S. Kinoshita, and K. Iga, “Room-temperature continuous wave lasing characteristics
of a GaAs vertical cavity surface-emitting laser”, Appl. Phys. Lett., vol. 55, no. 3, pp. 221-222,
1989.

[17] P. F. Moulton, “Spectroscopic and laser characteristics of Ti:Al,03”, J. Opt. Soc., Am. B, vol. 3,
no. 1, pp. 125-133, 1986.

[18] R. J. Mears, L. Reekie, I. M. Jauncey, and D. N. Payne, “Low-noise Erbium-doped fibre
amplifier at 1.54um”, Electron. Lett., vol. 23, pp. 1026-1028, 1987.

[19] J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, A.Y. Cho, “Quantum Cascade
Laser”, Science, vol. 264, no. 22, pp. 553-556, 1994,

[20] S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. Matsushita, H. Kiyoku, and Y.
Sugimoto, “Characteristics of InGaN multi-quantum-well-structure laser diodes”, Appl. Phys.
Lett., vol. 68, no. 23, pp. 3269-3212, 1996.

[21] =K, ZHBEE— R, DeBERE N R 7y 2], 47 bo =2 24k, pp.14, 2002.

[22] K. Fukuchi, T. Kasamatsu, M. Morie, R, Ohhira, T. Ito, K. Sekiya, D. Ogasahara, and T. Ono,
“10.92-TB/2 (273 x 40 Gb/s) trip-band/ultra-dense WDM optical repeatered transmission
experiment,” in Proc. of Optical Fiber Communication Conference and Exposition (OFC) 2001,
PD24, 2001.

[23] Source: Cisco visual networking index (VNI) 2011.

[24] Source: Cisco visual networking index (VNI) 2014, The Zettabyte Era—Trends and Analysis.

[25] Source: Sandvine, Global Internet Phenomena Report Fall 2010.

[26] Source: Cisco visual networking index (VNI) 2014: Global Mobile Data Traffic Forecast Update,
2013-2018.

[27] Source: Neustar 2014, IP Enablement Framework: Preparing for the All-IP Future.

[28] G. E. Moore, "Cramming more components onto integrated circuits", Electronics, vol. 38, no. 8,
April 19, 1965.

[29] Source: International Technology Roadmap for Semiconductors (ITRS) 2007.

[30] I. P. Kaminow, “Optical Integrated Circuits: A personal Perspective”, J. Lightwave Tech., vol.
26, no. 9, pp. 994-1004, 208.

[31] AR, “LSTIZ 331 2 YRR £, J&H#EE, vol. 76, no. 11, pp. 1238-1245, 2007.

[32] J. Davis, and J. Meindl, "Interconnect technology and design for giga-scale integration", Boston,

90



MA: Kluwer Academic Publishers, 2003.

[33] D. A. B. Miller, “Device Requirements for Optical Interconncects to Silicon Chips”, Proceedings
of the IEEE, vol. 97, no. 7, pp. 1166-1185, July, 2009.

[34] S. E. Miller, “Integrated Optical: An Introduction”, Bell Sys. Tech. J., vol. 48, no. 7, 1969.

[35] M. Kawachi, “Recent progress in silica-based planar lightwave circuits on silicon”, in IEE Proc.
Optoelectronics, vol. 143, no. 5, pp. 257-262, 1996.

[36] K. Okamoto, “Recent progress of integrated optics planar lightwave circuits”, Opt. and Quan.
Electron., vol. 31, pp. 107-129, 1999.

[37] T. Kitagawa, K. Hattori, M. Shimizu, Y. Ohmori, and M. Kobayashi, “Guided-wave laser based
on erbium-doped silica planar lightwave circuit”, Electron. Lett., vol. 27, no. 4, pp. 334-335,
1991.

[38] R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson, “Coherent light
emission from GaAs junctions”, Phys. Rev. Lett., vol. 9, pp. 366-368, 1962.

[39] N. Holonyak, and J. S. F. Bevacqua, “Coherent (visible) light emission from PX junctions”,
Appl. Phys. Lett., vol. 1, pp. 82-83, 1962.

[40] M. 1. Nathan, W. P. Dumke, G. Burns, F. H. Dill, and G. Lasher, “Stimulated emission of
radiation from GaAs p-n junctions”, Phys. Rev. Lett., vol. 1, pp. 62-64, 1962.

[41] T. M. Quist, “Semiconductor laser of GaAs”, Appl. Phys. Lett., vol. 1, pp. 91-92, 1962.

[42] Z. 1. Alferov, V. M. Andreey, E. L. Portnoy, and M. K. Trukan, “AlAs-GaAs heterojunctions
injection lasers with a low room-temperature threshold”, Phys. Semicond., vol. 3, pp. 1107-
1110, 1970.

[43] I. Hayashi, M. B. Panish, P. W. Foy, and S. Sumski, “Junction lasers which operate continuously
at room temperature”, Appl. Phys. Lett., vol. 17, pp. 109-111, 1970.

[44] E. Rezek, N. Holonyak, B. A. Vojak, G. Stillman, J. Rossi, D. Keune, and J. Fairing, “LPE
In;xGayP1,AS, (X ~ 0.12, z ~ 0.26) DH laser with multiple thin-layer (500 A) active region”,
Appl. Phys. Lett., vol. 31, pp. 288-290, 1977.

[45] D. Scifres, R. Burnham, and W. Streifer, “Distributed feedback single heterojunction GaAs
diode laser”, Appl. Phys. Lett., vol. 25, pp. 203-206, 1974.

[46] K. Utaka, “Room-temperature CW operation of distributed-feedback buried heterostructure
InGaAsP/InP lasers emitting at 1.57 mm”, Electron. Lett., vol. 17, pp. 961-963, 1981.

[47] A. R. Adams, “Band-structure engineering for low-threshold high-efficiency semiconductor
lasers”, Electron. Lett., vol. 22, pp. 249-250, 1986.

[48] E. Yablonovitch, and E. Kane, “Reduction of lasing threshold current density by the lowering of
valence band effective mass”, J. Lightwave Technol., vol. 4, pp. 504-506, 1986.

[49] W. D. Laidig, P. J. Caldwell, Y. F. Lin, and C. Peng, “Strained-layer quantum-well injection
laser”, Appl. Phys. Lett., vol. 44, pp. 653-655, 1984.

91



[50] J. J. Hsieh, J. Rossi, and J. Donnelly, “Room-temperature CW operation of GalnAsP/InP
double-heterostructure diode lasers emitting at 1.1 um”, Appl. Phys. Lett., vol. 28, pp. 709-712,
1976.

[51] H. M. Manasevit, “Single crystal GaAs on insulating substrates”, Appl. Phys. Lett., vol. 12, pp.
156-159, 1968.

[52] H. M. Manaevit and W. I. Simpson, “The use of metal-organics in the preparation of
semiconductor materials”, J. Electrochem. Soc., vol. 118, no. 4, pp. 644-647, 1971.

[53] R. D. Dupuis and P. D. Dapkus, “Room temperature operation of Ga;,Al,As GaAs double
heterostructure lasers grown by metalorganic chemical vapor deposition”, Appl. Phys. Lett., vol.
31, pp. 466-468, 1977.

[54] Y. Kawamura, K. Wakita, Y. Yoshikuni, Y. Itaya, and H. Asahi, “Monolithic integration of a
DFB laser and an MQW modulator in the 1.5 um wavelength range”, J. Quant. Electron., vol.
23, pp. 915-918, 1987.

[55] J. Binsma, P. Thijs, T. VanDongen, E. Jansen, A. Staring, G. Van-Denlrloven, and L. Tiemeijer,
“Characterization of butt-joint InGaAsP waveguides and their application to 1310 nm DBR-Type
MQW gain-clamped semiconductor optical amplifiers”, IEICE Trans. Electron., vol. E80-C, pp.
675-681, 1997.

[56] M. Aoki, H. Sano, M. Suzuki, M. Takahashi, K. Uomi, and A. Takai, “Novel structure MQW
electro-absorption modulator/DFB-laser integrated device fabricated by selective area MOCVD
growth”, Electron. Lett., vol. 27, pp. 2138-2140, 1991.

[57] C. H. Joyner, S. Chandrasekhar, J. W. Sulhoff, and A. G. Dentai, “Extremely large band gap
shifts for MQW structures by selective epitaxy on SiO, masked substrates”, IEEE Photon.
Technol. Lett., vol. 4, pp. 1006-1009, 1992.

[58] Y. D. Galeuchet and P. Roentgen, “Selective area MOVPE of GalnAs/InP heterostructures on
masked and nonplanar (100) and (111) substrates”, J. Cryst. Growth, no. 107, 147-150, 1991.

[59] M. Aoki, M. Suzuki, H. Sano, T. Kawano, T. Ido, T. Taniwatari, K. Uomi, and A. Takali,
“InGaAs/InGaAsP MQW electroabsorption modulator integrated with a DFB laser fabricated
by bandgap energy control selective area MOCVD”, IEEE J. Quant. Electron., vol. 27, pp.
2281-2295, 1993.

[60] W. D. Laidig, N. Holonyak Jr., M. D. Camras, K. Hess, J. J. Coleman, P. D. Dapkus and J.
Bardeen, “Disorder of an A1As-GaAs superlattice by impurity diffusion”, Appl. Phys. Lett., vol.
38, pp. 776-778, 1981.

[61] D. Deppe, N. Holonyak Jr., “Atom diffusion and impurity-induced layer disordering in quantum
well 111-V semiconductor heterostructures”, J. Appl. Phys., vol. 64, pp. R93-R113, 1988.

[62] S. Charbonneau, E. S. Koteles, P. J. Poole, J. J. He, G. C. Aers, J. Haysom, M. Buchanan, Y.
Feng, A. Delage, F. Yang, M. Davies, R. D. Goldberg, P. G. Piva, and I. V. Mitchell, “Photonic

92



integrated circuits fabricated using ion implantation”, IEEE J. Sel. Top. Quant. Electron., vol. 4,
pp. 772-793, 1998.

[63] E. Skogen, J. Barton, S. DenBaars, and L. Coldren, “A quantum-well intermixing process for
wavelength-agile photonic integrated circuit”, IEEE J. Sel. Top. Quant. Electron., vol. 8, pp.
863-869, 2002.

[64] M. L. Masanovic, V. Lal, J. A. Summers, J. S. Barton, E. J. Skogen, L. G. Ran, L. A. Coldren,
and D. J. Blumenthal, “Widely-tunable monolithically-integrated all-optical wavelength
converters in InP”, J. Lightwave Technol., vol. 23, pp. 1350-1363, 2005.

[65] Y. Suematsu, M. Yamada, and K. Hayashi, “Integrated twin-guide AlGaAs laser with
rnulti-heterostructure”, IEEE J. Quant. Electron. vol. QE-11, pp. 457-460, 1975.

[66] R. J. Deri and O. Wada, “Impedance matching for enhanced waveguide/photodetector
integration”, Appl. Phys. Lett., vol. 55, pp. 2717-2714, 1989.

[67] P. V. Studenkov, M. R. Gokhale, and S. R. Forrest, “Efficient coupling in integrated
twin-waveguide lasers using waveguide tapers”, IEEE Photon. Technol. Lett., vol. 11, pp.
1096-1098, 1999.

[68] S. Kuntze, V. Tolstikhin, F. Wu, Y. Logvin, C. Watson, K. Pimenof, R. Moore, A. Maore, J.
Wang, and T. Oogarah, “Transmitter and receiver solutions for regrowth-free multi-guide
vertical integration in InP”, in Proc. Integrated Photonics Research (IPR), 2010.

[69] J. W. Raring, and L. A. Coldren, “40-Gbit/s widely tunable transceivers”, IEEE J. Sel. Top.
Quan. Electron., vol. 13, pp. 3-14, 2007.

[70] Source: Infinera White Paper: “Photonic Integrated Circuits: A Technology and Application
Primer”, 2005.

[71] J. F. Bauters, M. J. R. Heck, D. John, M. -C. Tien, A. Leinse, R. G. Heideman, D. Blumenthal,
and J. E. Bowers, “Ultra-low loss silica-based waveguides with millimeter bend radius”, in Proc.
36th European Conference and Exhibition on Optical Communication 2010, pp. 1-3.

[72] B. E. Little, "A VLSI Photonics Platform", in Proc. Optical Fiber Communications Conference
(OFC), vol. 2, pp. 444-445, 2003.

[73] Shiyang Zhu, Q. Fang, M. B. Yu, G. Q. Lo, and D. L. Kwong, “Propagation losses in undoped
and n-doped polycrystalline silicon wire waveguides”, Opt. Exp., vol. 17, no. 23, pp.
20891-20899, 2009.

[74] Q. Fang, J. F. Song, S. H. Tal, M. B. Yu, G. Q. Lo and D. L. Kwong, “Low Loss Sub-Micron
Polycryatalline Silicon Waveguide Integrated with Efficient SION Waveguide Coupler”, Opt.
Exp., vol. 16, no. 9, pp. 6425-6432, 2008.

[75] Ling Liao, Desmond R. Lim, Anuradha M. Agarwal, Xiaoman Duan, Kevin K. Lee, and L.C.
Kimerling, “Optical Transmission Losses in Polycrystalline Silicon Strip Waveguides: Effects

of Waveguide Dimensions, Thermal Treatment, Hydrogen Passivation, and Wavelength”, J. of

93



Electronic Materials, vol. 29, no. 12, pp. 1380-1386, 2000.

[76] Anuradha M. Agarwal, Ling Liao, James S. Foresi, Marcie R. Black, Xiaoman Duan, and L.C.
Kimerling, “Low-Loss Polycrystalline Silicon Waveguides for Silicon Photonics”, Appl. Phys.
Lett., vol. 80, no. 11, 1996.

[77] L. C. Kimerling, D. Ahn, A. B. Apsel, M. Beals, D. Carothers, Y.-K. Chen, T. Conway, D. M. Gill,
M. Grove, C.-Y. Hong, M. Lipson, J. Liu, J. Michel, D. Pan, S. S. Patel, A. T. Pomerene, M.
Rasras, D. K. Sparacin, K.-Y. Tu, A. E. White, and C. W. Wong, “Electronic-photonic integrated
circuits on the CMOS platform”, in Proc. the International Society for Optical Engineering
(SPIE), vol. 6125, pp. 612502-1-612502-10, 2006.

[78] J. Ahn, M. Fiorentino, R. G. Beausoleil, N. Binkert, A. Davis, D. Fattal, N. P. Jouppi, M.
McLaren, C. M. Santori, R. S. Schreiber, S. M. Spillane, D. Vantrease, and Q. Xu, “Devices and
architectures for photonic chip-scale integration”, Appl. Phys. A, vol. 95, no. 4, pp. 989-997,
2009.

[79] I. A. Young, E. Mohammed, J. T. S. Liao, A. M. Kern, S. Palermo, B. A. Block, M. R. Reshotko,
and P. L. D. Chang, “Optical I/O technology for tera-scale computing”, IEEE J. Solid State
Circuits, vol. 45, no. 1, pp. 235-248, 2010.

[80] M. Paniccia, “Integrating silicon photonics”, Nat. Photon., vol. 4, pp. 498-499, Aug. 2010.

[81] R. Soref, “The past, present, and future of silicon photonics”, IEEE J. Sel. Topics Quant.
Electron.., vol. 12, no. 6, pp. 1678-1687, Nov./Dec. 2006.

[82] Y. A. Vlasov and S. J. McNab, “Losses in single-mode silicon-on-insulator strip waveguides and
bends”, Opt. Exp., vol. 12, no. 8, pp. 1622-1631, Apr. 2004.

[83] T. Asano, B. S. Song, and S. Noda, “Analysis of the experimental Q factors (~1 million) of
photonic crystal nanocavities”, Opt. Exp., vol. 14, no. 5, pp. 1996-2002, Mar. 2006.

[84] F. Xia, L. Sekaric, and Y. Vlasov, “Ultracompact optical buffers on a silicon chip”, Nat. Photon.,
vol. 1, pp. 65-71, 2007.

[85] Y. Vlasov, W. M. J. Green, and F Xia, “High-throughput silicon nano-photonic
wavelength-insensitive switch for on-chip optical networks”, Nat. Photon., vol. 2, pp. 242-246,
2008.

[86] Source: Optun Corp. white paper: “Integrated optical: Why monolithic integration will win for
optical components”, March 2003.

[87] H. Rong, R. Jones, A. Liu, O. Cohen, D. Hak, A. Fang, and M. Paniccia, “A continuous-wave
Raman silicon laser”, Nature, vol. 433, no. 7027, pp. 725-728, Feb. 2005.

[88] H. Rong, S. Xu, Y.-H. Kuo, V. Sih, O. Cohen, O. Raday, and M. Paniccia, “Low-threshold
continuous-wave Raman silicon laser”, Nat. Photon.., vol. 1, no. 4, pp. 232-237, Apr. 2007.

[89] J. Liu, S. Xiaochen, L. C. Kimerling, and J. Michel, “Optical gain from the direct gap transition of

Ge-on-Si at room temperatue”, in Proc. Int. Conf. Group IV Photonics, San Francisco, CA, FD2,

94



pp. 262-264, Sep. 2009.
[90] J. Liu, X. Sun, R. C.-Aguilera, L. C. Kimerling, and J. Michel, “Ge-on-Si laser operating at room
temperature”, Opt. Lett., vol. 35, no. 5, pp. 679-681, Mar. 2010.
[91] H. Wada and T. Kamijoh, “Room-temperature CW operation of InGaAsP lasers on Si fabricated
by wafer bonding”, IEEE Photon. Technol. Lett., vol. 8, no. 2, pp. 173-175, Feb. 1996.
[92] A. W. Fang, H. Park, O. Cohen, R. Jones, M. J. Paniccia, and J. E. Bowers, "Electrically pumped
hybrid AlGalnAs-silicon evanescent laser”, Opt. Exp., vol. 14, no. 20, pp. 9203-9210, Oct. 2006.
[93] J. Van Campenhout, P. R. Romeo, P. Regreny, C. Seassal, D. V. Thourhout, S. Verstuyft, L. Di
Cioccio, J.-M. Fedeli, C. Lagahe, and R. Baets, "Electrically pumped InP-based microdisk lasers
integrated with a nanophotonic silicon- on-insulator waveguide circuit”, Opt. Exp., vol. 15, no. 11,
pp. 6744-6749, May 2007.
[94] D. Jiang and J. E. Bowers, “Photonic Integration Si or InP Substrates?”, Electron. Lett., vol. 45,
no. 12, pp. 578-581, June, 2009.
[95] M. Razeghi, M. Defour, R. Blondeau, F. Omnes, P. Maurel, O. Acher, F. Brillouet, J. C. C. Fan,
and J. Salerno, “First CW operation of a Gag,slng 75ASosPos-InP laser on a silicon substrate”,
Appl. Phys. Lett., vol. 53, no. 24, pp. 2389-2390, Dec. 1988.
[96] M. Sugo, H. Mori, M. Tachikawa, Y. Itoh, and M. Yamamoto, “Room-temperature operation of
an InGaAsP double-heterostructure laser emit-ting at 1.55 pm on a Si substrate”, Appl. Phys. Lett.,
vol. 57, no. 6, pp. 593-595, Aug. 1990.
[97] L. Cerutti, J. B. Rodriguez, and E. Tournie, “GaSb-based laser, mono-lithically grown on silicon
substrate, emitting at 1.55 um at room temperature”, IEEE Photon. Technol. Lett., vol. 22, no. 8,
pp. 553-555, Apr. 2010.
[98] S. Liebich, M. Zimprich, P. Ludewig, A. Beyer, K. Volz, W. Stolz, B. Kunert, N. Hossain, S. R.
Jin, and S. J. Sweeney, “MOVPE growth and characterization of Ga(NAsP) laser structures
monolithically integrated on Si (001) substrates”, in Proc. IEEE 22nd Int. Semicond. Laser Conf..
Kyoto, Japan, Sep. 2010, pp. 143-144, Paper WADS.
[99] G. Roelkens, D. V. Thourhout, R. Baets, R. Notzel, and M. Smit, “Laser emission and
photodetection in an InP-InGaAsP layer integrated on and coupled to a silicon-on-insulator
waveguide circuit”, Opt. Exp., vol. 14, no. 18, pp. 8154-8159, Sep. 2006.
[100] A. W. Fang, H. Park, O. Cohen, R. Jones, M. J. Paniccia, and J. E. Bowers, “Electrically pumped
hybrid AlGalnAs-silicon evanescent laser”, Opt. Exp., vol. 14, no. 20, pp. 9203-9210, Oct.
2006.

[101] A. W. Fang, R. Jones, H. Park, O. Cohen, O. Raday, M. J. Paniccia, and J. E. Bowers,
“Integrated AlGalnAs-Silicon evanescent race track laser and photodetector”, Opt. Exp., vol.
15, no. 5, pp. 2315-2322, Mar. 2007.

[102] A. W. Fang, R. Jones, H. Park, O. Cohen, O. Raday, M. J. Paniccia, and J. E. Bowers, “A

95



distributed feedback silicon evanescent laser”, Opt. Exp., vol. 16, no. 7, pp. 4413-4419, Mar.
2008.

[103] D. Liang, M. Fiorentino, T. Okumura, H. H. Chang, D. T. Spencer, Y. H. Kuo, A. W. Fang, D.
Dai, R. G. Beausoleil, and J. E. Bowers, “Electrically-pumped compact hybrid silicon
microring lasers for optical interconnects”, Opt. Exp., vol. 17, no. 22, pp. 20355-20364, Oct.
2009.

[104] K. Iga, “Surface emitting laser-Its birth and generation of new opto-electronics field”, IEEE J.
Sel. Topics Quant. Electron.., vol. 6, no. 6, pp. 1201-1215, Nov./Dec. 2000.

[105] M. Fujita, R. Ushigome, and T. Baba, “Continuous wave lasing in GaInAsP microdisk injection
laser with threshold current of 40 pA”, Electron. Lett., vol. 36, no. 9, pp. 790-791, Apr. 2000.

[106] J. V. Campenhout, P. R. Romeo, P. Regreny, C. Seassal, D. V. Thourhout, S. Verstuyft, L. Di
Cioccio, J.-M. Fedeli, C. Lagahe, and R. Baets, “Elec-trically pumped InP-based microdisk
lasers integrated with a nanopho-tonic silicon- on-insulator waveguide circuit”, Opt. Exp., vol.
15, no. 11, pp. 6744-6749, May 2007.

[107] J. V. Campenhout, P. R. A. Binetti, P. R. Romeo, P. Regreny, C. Seassal, X. J. M. Leijtens, T. de
Vries, Y. S. Oei, R. P. J. Veldhoven, R. Notzel, L. D. Cioccio, J. M. Fedeli, M. K. Smit, D. V.
Thourhout, and R. Baets, “Low-footprint optical interconnect on an SOI chip through
heterogeneous integration of InP-based microdisk lasers and microdetectors”, Opt. Exp., vol.
21, no. 8, pp. 522-524, Apr. 2009.

[108] T. Spuesens, L. Liu, T. de Vriesy, P. R. Romeoz, P. Regrenyz, and D. Van Thourhout, “Improved
design of an InP-based microdisk laser heterogeneously integrated with SOI”, in Proc. Int. Conf.
Group IV Photon., San Francisco, CA, Sep. 2009, pp. 202-204, Paper FA3.

[109] H.-G. Park, S.-H. Kim, S.-H. Kwon, Y.-G. Ju, J.-K. Yang, J.-H. Baek, S.-B. Kim, and Y.-H. Lee,
“Electrically driven single-cell photonic crystal laser”, Science, vol. 305, no. 9, pp. 1444-1447,
Sep. 2004.

[110] S. Matsuo, A. Shinya, T. Kakitsuka, K. Nozaki, T. Segawa, T. Sato, Y. Kawaguchi, and M.
Notomi, “High-speed ultracompact buried heterostructurephotonic-crystal laser with 13 fJ of
energy consumed per bit transmitter”, Nat. Photon., vol. 4, pp. 648-654, Sep. 2010.

[111] S. Matsuo, A. Shinya, C. H. Chen, K. Nozaki, T. Sato, Y. Kawaguchi, and M. Notomi, “20 Gbit/s
directly modulated buried hetero-structure photonic crystal laser with 8.76-fj/bit operating
energy”, in Proc. the European Conf. on Optical Commun., Torino, Italy, Sep. 2010, Paper
PD1-6.

[112] M. Rouviere, L. Vivien, X. Le Roux, J. Mangeney, P. Crozat, C. Hoarau, E. Cassan, D. Pascal,
and S. Laval, “Ultrahigh speed germanium-on-silicon-on-insulator photodetectors for 1.31 and
1.55 um operation”, Appl. Phys. Lett., vol. 87, pp. 231109-1-231109-3, Nov. 2005.

[113] T. Yin, R. Cohen, M. M. Morse, G. Sarid, Y. Chetrit, D. Rubin, and M. J. Paniccia, “31GHz Ge

96



n-i-p waveguide photodetectors on silicon-on-insulator substrate”, Opt. Exp., vol. 15, no. 21, pp.
13965-13971, Oct. 2007.

[114] Y. Kang, H. D. Liu, M. Morse, M. J. Paniccial, M. Zadka, S. Litski, G. Sarid, A. Pauchard, Y. H.
Kuo, H. W. Chen, W. S. Zaoui, J. E. Bowers, A. Beling, D. C. Mclntosh, X. Zheng, and J. C.
Campbell, “Monolithic germanium/silicon avalanche photodiodes with 340 GHz gain-
bandwidth product”, Nat. Photon., vol. 3, pp. 59-63, Dec. 2008.

[115] L. Vivien, J. Osmond, J. M. Fedeli, D. M. Morini, P. Crozat, J. F. Damlencourt, E. Cassan, Y.
Lecunff, and S. Laval, “42 GHz p-i-n germanium photodetector integrated in a
silicon-on-insulator waveguide”, Opt. Exp., vol. 17, no. 8, pp. 6252-6257, Apr. 2009.

[116] P. R. A. Binetti, X. J. M. Leijtens, T. de Vries, Y. S. Oei, L. Di Cioccio, J.-M. Fedeli, C. Lagahe,
J. Van Campenhout, D. Van Thourhout, P. J. van Veldhoven, R. Notzel, and M. K. Smit,
“InP/InGaAs photodetectors on SOI circuitry”, in Proc. Int. Conf. Group 1V Photonics., San
Francisco, CA, pp. 214-216, Paper FA7.

[117] L. Liao, A. Liu, D. Rubin, J. Basak, Y. Chetrit, H. Nguyen, R. Cohen, N. I1zhaky, and M. Paniccia,
“40 Gbit/s silicon optical modulator for high-speed applications”, Electron. Lett., vol. 43, no.
22, pp. 1196-1197, Oct. 2007.

[118] S. Manipartruni, C. Long Chen, and M. Lipson, “50 Gbit/s wavelength division multiplexing
using silicon microring modulators”, in Proc. Int. Conf. Group IV Photonics., vol. FC3, San
Francisco, CA, Sep. 2009, pp. 244-246, Paper FC3.

[119] X. E. Zheng, J. Lexau, Y. Luo, H. Thacker, T. Pinguet, A. Mekis, G. Li, J. Shi, P. Amberg, N.
Pinckney, K. Raj, R. Ho, J. E. Cunningham, and A. V. Krishnamoorthy, “Ultra-low-energy
all-CMOS modulator integrated with driver”, Opt. Exp., vol. 18, no. 3, pp. 3059-3070, Feb.
2010.

[120] J. Tatum, “VCSEL proliferation”, in Proc. the International Society for Optical Engineering
(SPIE), vol. 6484, no. 1, pp. 648403-1-648403-7, Feb. 2007.

[121] S. B. Healy, E. P. O’Reilly, J. S. Gustavsson, P. Westbergh, A. Haglund, A. Larsson, A. Joel,
“Active region design for high-speed 850 nm VCSELSs”, IEEE J. Quant. Electron., vol. 46, no.
4, pp. 506-512, 2010.

[122] J. Tatum, “VCSELs for 10 Gb/s optical interconnects”, in Proc. Broadband Communications
for the Internet Era Symp. Dig. 2001, pp. 58-61.

[123] P. Zhou, J. Cheng, C. F. Schaus, S. Z. Sun, K. Zheng, E. Armour, C. Hains, W. Hsin, D. R.
Myers, and G. A. Vawter, “Low series resistance, high-efficiency GaAs/AlGaAs
vertical-cavity surface-emitting lasers with continuously-graded mirrors grown by MOCVD?”,
IEEE Photo. Technol. Lett., vol. 3, no. 7, pp. 591-593, 1991.

[124] P. Westbergh, J. S. Gustavsson, B. Kogel, A. Haglund, A. Larsson, and A. Joel, “Speed
enhancement of VCSELs by photo lifetime reduction”, Electron. Lett., vol. 46, no. 13, pp.

97



938-940, 2010.

[125] P. Westhergh, J. S. Gustavsson, B. Kogel, A. Haglund, A. Larsson, A. Mutig, A. Nadtochiy, D.
Bimberg, and A. Joel, “40 Ghit/s error-free operation of oxide-confined 850 nm VCSEL”,
Electron. Lett., vol. 46, no. 14, pp. 1014-1016, 2010.

[126] Y. C. Chang, and L. A. Coldren, “Efficient, high data rate, tapered oxide aperture
vertical-cavity surface-emitting lasers”, IEEE J. Sel. Top. Quant. Electron., vol. 15, no. 3, pp.
704-715, 20009.

[127] S. A. Blokhin, J. A. Lott, A. Mutig, G. Fiol, N. N. Ledenstow, M. V. Maximov, A. M.
Nadtochiy, V. A. Shchukin, and D. Bimberg, “Oxide-confined 850 nm VCSELSs operating at
bit rates up to 40 Gbit/s”, Electron. Lett., vol. 45, no. 10, pp. 201-203, 2009.

[128] N. Suzuki, T. Anan, H. Hatakeyama, K. Fukatsu, K. Yashiki, K. Tokutome, T. Akagawa, and M.
Tsuji, “High-speed 1.1 um range Ingaas-based VCSELs”, IEICE Trans. Electron., vol. E92-C,
no. 7, pp. 942-950, 2009.

[129] D. M. Kuchta, A. V. Rylyakov, C. L. Schow, J. E. Peoesel, C. Baks, C. Kocot, L. Graham, R.
Johnson, G. Landry, E. Shaw, A. maclnnes, and J. Tatum, “56 Gb/s directly-modulated 850
nm VCSEL-based optical link”, in Proc. Optical Fiber Communication Conference and
Exposition (OFC), Anaheim, CA, 2013.

[130] Source: Communications Industry Researchers (CIR) white paper: "Active Optical Cabling
Markets: 2013 and Beyond”, 2013.

[131] Source: Transparency Market Research (TMR) white paper: “Active Optical Cables Market -
Global Industry Analysis, Size, Share, Growth, Trends and Forecast, 2013 — 2019”

[132] Source: Luxtera 2013.

[133] Source: Intel 2011.

[134] Source: 1BM 2010.

[135] S. Melle, R. Dodd, C. Liou, D. Perkins, M. Sosa, and M. Yin, “Network Planning and Economic
Analysis of an Innovative New Optical Transport Architecture: The Digital Optical Network”,
in Proc. Optical Fiber Communications conference/National Fiber Optic Engineer’s
Conference (OFC/NFOEC), Anaheim, CA, March 5-9, 2005, Paper NTuA1l.

[136] A. Gondarenko, J. S. Levy, and M. Lipson, "High confinement micron-scale silicon nitride
high Q ring resonator", Opt. Exp., vol. 7, no. 14, pp. 11366-11370, Jul. 2009.

[137] T. Asukai, M. Inamoto, T. Maruyama, K. liyama, K. Ohdaira, and H. Matsumura, "Propagation
loss of amorphous silicon optical waveguides at the 0.8 pm-wavelength Range”, in Proc. 7th
IEEE International Conference on Group IV Photonics (GFP2010), P2.16, Beijing, China, Sep.
2010.

[138] H. Matsumura, “Catalytic Chemical Vapor Deposition (CTL-CVD) Method Producing High
Quality Hydroganeted Amowphous Silicon”, Jpn. J. Appl. Phys., vol. 25, no. 12, pp.

98


http://www.giiresearch.com/publisher/CI.shtml
http://www.giiresearch.com/report/ci200306-active-optical-cabling-markets-2011-beyond.html
http://www.giiresearch.com/report/ci200306-active-optical-cabling-markets-2011-beyond.html

L949-1L951, December, 1986.

[139] S. K. Selvaraja, E. Sleechx, M. Shaekers, W. Bogaerts, D. V. Thourhout, P. Dumon, and R. Baets,
“Low-Loss Amorphous Silicon-On-Insulator Technology for Photonic Integrated Circuitry”,
Optical Communications, vol. 282, no. 9, pp. 1767-1770, May, 2009.

[140] A. Harke, M. Krause, and J. Mueller, “Low-Loss Single mode Amorphous Silicon Waveguides”,
Electron. Lett., vol. 41, no. 25, pp. 1377-1379, Dec. 2005.

[141] T. Tsuchizawa, K. Yamada, H. Fukuda, T. Watanabe, J. Takahashi, M. Talahashi, T. Shoji,
E.Tamechika, S. Itabashi, and H. Morita, “Microphotonics devices based on silicon
microfabrication technology”, IEEE J. Sel. Topics. Quant. Electron., vol. 11, no. 1, pp.
232-240, Feb. 2005.

[142] Y. A. Vlasov, and S. J. McNab, “Losses in single-mode silicon-on-insulator strip
waveguides and bends”, Opt. Exp., vol. 12, no. 8, pp. 1622-1631, Apr. 2004.

[143] M. Heiblum, and J. H. Harris, “Analysis of curved waveguides by conformal
transformation”, IEEE J. Quantum Electron., vol. 11, pp. 75-83, 1975.

[144] D. Marcuse, “Bend Loss of Slab and Fiber Modes Computed with Diffraction Theory”,
IEEE J. Quant. Electron.., vol. 29, no. 12, pp. 2957-2961, 1993.

[145] D. Marcuse, “Mode Conversion Caused by Surface Imperfections of a Dielectric Slab
Waveguide”, Bell Syst. Tech. J., vol. 48, no. 10, pp. 3187-3215, 1969.

[146] Y. Suematsu, and K. Furuya, “Scattering Loss in Thin Film Optical Guide”, (in Japanese)
Appl. Phys., vol. 42, no. 9, pp. 938-942, 1973.

[147] M. Kuznetsov, and H. Haus, “Radiation loss in dielectric waveguide structures by the
volume current method”, IEEE J. Quant. Electron., vol. 19, no. 10, pp. 1505-1514, 1983.

[148] J. P. R. Lacey, and F. R. Payne, ”Radiation loss from planar waveguides with random wall
imperfections”, IEE Proc. Optoelectronics, vol. 137, no. 4, pp. 282-288, 1990.

[149] F. R. Payne, and J. P. R. Lacey, “A theoretical analysis of scattering loss from planar optical
waveguides”, Opt. Quant. Electron., vol. 26, pp. 977-986, 1994.

[150] F. Ladouceur, J. D. Love, T. J. Senden, “Effect of side wall roughness in buried channel
waveguide”, IEE Proc. Optoeletronics, vol. 141, no. 4, pp. 242-248, 1994.

[151] T. Fukazawa, F. Ohno, and T. Baba, “Very Compact Arrayed-Waveguide-Grating
Demultiplexer Using Si Photonic Wire Waveguide”, Jpn. J. Appl. Phys., vol. 43, no. 58, pp.
L673-L675, 2004.

[152] T. Fukazawa, T. Hirano, and T. Baba, ”Ultrasmall filters and low loss intersection by Si
photonic wire waveguides,” in Proc. Conference on Laser and Electro-Optics (CLEO)
2003, vol. 2, pp. 454, Dec. 2003.

[153] Y. Barbarin, X. J. M. Leijtens, E. A. J. M. Bente, C. M. Louzao, J. R. Kooiman, and M. K.
Smit, “Extremely Small AWG Demultiplexer Fabricated on InP by Using a Double-Etch

99



Process”, IEEE Photon. Technol. Lett., vol. 16, no. 11, pp. 2478-2480, 2004.

[154] P. P. Absil, J. V. Hryniewicz, B. E. Little, R. A. Wilson, L. G. Joneckis, and P. -T. Ho,
“Conmpact Microring Notch Filters”, IEEE Photon. Technol. Lett., vol. 12, no. 4, pp.
398-400, 2000.

[155] F. Horst, R. Beyeer, G. Bona, R. Germann, B. Offrein, C. G. H. Roeloffzen, H. W. M.
Salemink, and D. Wiesmann, “SiON-based integrated optical devices for WDM networks”,
13th Annual Meeting of Lasers and Electro-Optics Society (LEOS) 2000, vol. 2, pp.
756-757,2000.

[156] S. Suzuki, M. Yanagisawa, Y. Hibino, and K. Oda, “High-Density Integrated Planar
Lightwave Circuits Using SiO,-GeO, Waveguide with a High Refractive Index Difference”,
J. Lightwave Technol., vol. 12, no. 5, pp. 790-796, 1994.

[157] P. Rabiei, W. H. Steier, C. Zhang, and L. R. Dalton, “Polymer micro-ring filters and
modulators™, J. Lightwave Technol., vol. 20, no. 11, pp. 1968-1975, 2002.

[158] J. A. Kittla, K. Opsomera, M. Popovicia, N. Menoua, B. Kaczera, X. P. Wanga, C.
Adelmanna, M. A. Pawlaka, K. Tomidaa, A. Rothschilda, B. Govoreanua, R. Degraevea,
M. Schaekersa, M. Zahida, A. Delabiea, J. Meersschauta, W. Polspoela, S. Climaa, G.
Pourtoisa, W. Knaepenb, C. Detavernierb, V. V. Afanas’evc, T. Blombergd, D. Pierreuxe, J.
Swertse, P. Fischere, J. W. Maese, D. Mangerf, W. Vandervorsta, T. Conarda, A. Franqueta,
P. Faviaa, H. Bendera, B. Brijsa, S. Van Elshochta, M. Jurczaka, J. V. Houdta, and D. J.
Woutersa, “High-k dielectrics for future generation memory devices”, Microelectron.
Eng., vol. 86, pp. 1789-1795, 20009.

[159] J. Lin, N. Masaaki, A. Tsukune, and M. Yamada, “Ta,Os thin films with exceptionally
high dielectric constant”, Appl. Phys. Lett. vol. 74, no. 16, pp. 2370-2372, 1999.

[160] R. J. Cava, and J. J. Krajewski, “Dielectric Properties of Ta,0s-ZrO, Polycrystalline
Ceramics”, J. Appl. Phys., vol. 83, no. 3, pp. 1613-1616, 1998.

[161] B. Unal, M. C. Netti, M. A. Hassan, P. J. Ayliffe, M. D. B. Charlton, F. Lahoz, N. M. B.
Perney, D. P. Shepherd, C. Y. Tai, J. S. Wilkinson, and G. J. Parker, “Neodymium-doped
tantalum pentoxide waveguide lasers”, IEEE J. Quant. Electron., vol. 41, no.12, pp.
1565-1573, Dec. 2005.

[162] B. S. Ahluwalia, A. Z. Subramanian, O. G. Hellesg, N. M. B. Perney, N. P. Sessions, and J.
S. Wilkinson, “Fabrication of Submicrometer High Refractive Index Tantalum
Pentoxide Waveguides for Optical Propulsion of Microparticles”, IEEE Photon.
Technol. Lett., vol. 21, no. 19, pp. 1408-1410, 2009.

[163] P. C. Joshi, and M. W. Cole, “Influence of postdeposition annealing on the enhanced
structural and electrical properties of amorphous and crystalline Ta,Os thin films for
dynamic random access memory applications”, J. Appl. Phys., vol. 86, no. 2, pp.

100



871-880, 1999.

[164] R. Rabady, and I. Avrutsky, “Titania, silicon dioxide, and tantalum pentoxide
waveguides and optical resonant filters prepared with radio frequency magntron
sputtering and annealing”, Appl. Opt., vol. 44, no. 3, pp.378-383, 2005.

[165] L. Vivien, A. Polzer, D. Marris-Morini, J. Osmond, J.-M. Hartmann, P. Crozat, E. Cassan, C.
Kopp, H. Zimmermann, and J.-M. Fedeli, “Zero-bias 40Gbit/s germanium waveguide
photodetector on silicon”, Opt. Exp., vol. 20, no. 2, pp. 1096-1101, 2012.

[166] S. Feng, Y. Geng, K. M. Lau, and A. W. Poon, “Epitaxial 111-V-on-silicon waveguide
butt-coupled photodetectors”, Opt. Lett., vol. 37, no. 19, pp. 4035-4037, 2012.

[167] H. Yagi, N. Inoue, Y. Onishi, R. Masuyama, T. Katsuyama, T. Kikuchi, Y. Tateiwa , Y.
Yoneda, M. Takechi, and H. Shoji, “High Responsivity and Wide Bandwidth Operation of
InP-Based pin-Photodiodes Monolithically Integrated with 90° Hybrid for 100 Gb/s
Compact Coherent Receiver”, IEICE-LQE, vol. 113, no. 100, pp. 23-26, 2013.

[168] C. T. DeRose, D. C. Trotter, W. A. Zortman, A. L. Starbuck, M. Fisher, M. R. Watts, and P. S.
Davids, “Ultra compact 45 GHz CMOS compatible Germanium waveguide photodiode
with low dark current”, Opt. Exp., vol. 19, no. 25, pp. 24897-24904, 2011.

[169] H. Park, A. W. Fang, R. Jones, O. Cohen, O. Raday, M. N. Sysak, M.J. Paniccia, and J. E.
Bowers, ”A hybrid AlGalnAs-silicon evanescent waveguide photodetector”, Opt. Exp., vol.
15, no. 10, pp. 6044-6052, 2007.

[170] A. W. Fang, H. Park, O. Cohen, R. Jones, M. J. Paniccia, and J. E. Bowers, “Electrically
pumped hybrid AlGalnAs-silicon evanescent laser”, Opt. Exp., vol. 14, no. 20, pp.
9203-9210, 2006.

[171] J. V. Campenhout, P. R. Romeo, P. Regreny, C. Seassal, D. V. Thourhout, S. Verstuyft, L. D.
Cioccio, J. M. Fedeli, C. Lagahe and R. Baets, “Electrically pumped InP-based microdisk
lasers integrated with a nanophotonic silicon-on-insulator waveguide circuit”, Opt. Exp.,
vol. 15, no. 11, pp. 6744-6749, May 2007.

[172] D. Jiang, and J. E. Bowers, “Photonic Integration Si or InP Substrates?”, Electron. Lett.,
vol. 45, no. 12, pp. 578-581, June 2009.

[173] P. R. A. Binetti, X. J. M. Leijtens, T. de Vries, Y. S Oei, L. Di Cioccio, J. Fedeli, C. Lagahe,
J. Van Campenhout, D. Van Thourhout, P. J. van Veldhoven, R. N otzel, M. K. Smit,
“InP/InGaAs Photodetector on SOI Photonic Circuitry”, IEEE J. Photon., vol. 2, no. 3, pp.
299-305, 2010.

[174] J. Liu, R. C. -Aguilera, J, T. Bessette, X. Sun, X. Wang, Y. Cai, L. C. Kimerling, J. Michel,
“Ge-0n-Si optoelectronics”, Thin Solid Films, vol. 520, no. 8, pp. 3354-3360, 2012.

[175] T. Matsubara, K. Oda, K Watanabe, K. Tanaka, M. Maetani, Y. Nishimura, S. Tanahashi,

“Three Dimensional Optical Interconnect on Organic Circuit Board”, in Proc. 56th

101



Electronic Components and Technology Conference (ECTC), pp. 789- 794, 2006.

[176] M. Itoh and Y. Kurata, “Heterogeneous integration of InP PDs on silica-based PLCs”, in
Proc. Optical Fiber Communication Conference (OFC), OTh3H4, 2013.

[177] D. Taillaert, W. Bogaerts, P. Bienstman, T. F. Krauss, P. V. Daele, I. Moerman, S. Verstuyft,
K. D. Mesel, and R. Baets, “An Out-of-Plane Grating Coupler for Efficient Butt-Coupling
Between Compact Planar Waveguide and Single-Mode Fibers”, J. Quant. Electron., vol. 38,
no. 7, pp. 949-953, July 2002.

[178] F. V. Laere, G. Roelkens, M. Ayre, J. Schrauwen, D. Taillaert, D. V. Thourhout, T. F. Krauss,
and R. Baets, "Compact and highly efficient grating couplers between optical fiber and
nanophotonic waveguides", J. Lightwave Technol., vol. 25, no.1, pp.151-154, Jan. 2007.

[179] R. Takei, K. Uchino, and T. Mizumoto, "Polarization insensitive grating coupler for
lightwave coupling between silicon nanophptpnic waveguide and surface mounted
photodetector,” in Proc. Conference on Laser and Electro-Optics (CLEO) 2011, CThP1,
Baltimore, USA, May 2011.

[180] R. Roelkens, J. Brouckaert, D. Taillaert, P. Dumon, W. Bogaerts, D. V, Thourhout, R.
N otzel, M. Smit, ”Integration of InP/InGaAsP photodetectors onto silicon-on-insulator
waveguide circuits”, Opt. Exp., Vol. 13, no. 25, pp. 10102-10108, 2005.

[181] A. Yariv, and M. Nakamura, “Periodic structures for integrated optics”, J. Quant. Electron.,
vol. QE-13, no. 4, pp. 233, 1977.

[182] T. Suhara, and H. Nishihara, “Integrated optics components and devices using periodic
structures™, J. Quant. Electron., vol. QE-22, no. 6, pp. 845-867, 1986.

[183] H. Nishihara, M. Haruna, and T. Suhara, Optical Integrated Circuits, McGraw-Hill, New
York, 1989.

[184] R. Takei, K. Uchino and T. Mizumoto, “Polarization insensitive Grating Coupler for
Lightwave Coupling between Silicon Nanphotonic Waveguide and Surface Mounted
Photodetector”, in Proc. Conference on Laser and Electro-Optics (CLEO) 2010, CthP1,
2010.

[185] D. Taillaert, H. Chong, P. I. Borel, L. H. Frandsen, R. M. De La Rue, and R. Baets, "A
compact two-dimensional grating coupler used as a polarization splitter,” Photon. Technol.
Lett., vol. 15, no. 9, pp. 1249-1252, 2003.

[186] F. V. Laere, G. Roelkens, J. Schrauwen, D. Taillaert, P. Dumon, W. Bogaerts, D. V.
Thourhout, and R. Baets, "Compact grating couplers between optical fibers and
Silicon-on-Insulator photonic wire waveguides with 69% coupling efficiency,” in Proc.
Conference on Optical Fiber Communication, Washington, D.C. PDP15, 2006.

[187] D. Taillaert, P. Bienstman, and R. Baets, "Compact efficient broadband grating coupler for
Silicon-on-Insulator waveguides", Opt. Lett., vol. 29, no. 23, pp. 2749-2751, 2004.

102



[188] B. Wang, J. H. Jiang, and G. P. Nordin, "Embedded slanted grating for vertical coupling
between fibers and Silicon-on-Insulator planar waveguides,”" Photon. Technol. Lett., vol.
17, no. 9, pp.1884-1886, 2005.

[189] G. Roelkens, D. V. Thourhout, and R. Baets, “High efficiency Silicon-on-Insulator
grating coupler based on a poly-Silicon overlay”, Opt. Exp., vol. 14, no. 24,
pp.11622-11630, 2006.

[190] D. Taillaert, W. Bogaerts, P. Bienstman, T. F. Krauss, P. V. Daele, I. Moerman, S. Verstuyft,
K. D. Mesel, and R. Baets, "An out-of-plane grating coupler for efficient butt-coupling
between compact planar waveguides and single mode fibers," J. Quant. Electron., vol. 38,
no. 7, pp. 949-956, 2002.

[191] D. Taillaert, F. V. Laere, M. Ayre, W. Bogaerts, D. V. Thourhout, P. Bienstman, and R.
Baets, “Grating Couplers for Coupling between Optical Fibers and Nanophotonic
Waveguides”, Jpn. J. Appl. Phys., vol. 45, no. 8A, pp. 6071-6077, 2006.

[192] F. V. Laere, G. Roelkens, M. Ayre, J. Schrauwen, D. Taillaert, D. V. Thourhout, T. F. Krauss,
and R. Baets, “Compact and Highly Efficient Grating Couplers Between Optical Fiber
and Nanophotonic Waveguides”, J. Lightwave Technol., vol. 25, no. 1, pp. 151-156, 2007.

[193] J. Kang, Y. Atsumi, M. Oda, T. Amemiya, N. Nishiyama, and S. Arai, “Layer-to-Layer
Grating Coupler Based on Hydrogenated Amorphous Silicon for Three-Dimensional
Optical Circuits”, Jpn. J. Appl. Phys., vol. 51, pp. 120202 (3 pages), 2012.

[194] K. Iga and H. Kogelnik, Fundamentals of Laser Optics, New York, Ohmsha Publishers,
1994.

[195] M. W. Geis, S. J. Spector, M. E. Grein, R. T. Schulein, J. U. Yoon, D. M. Lennon, S.
Deneault, F. Gan, F. X. Kaertner, and T. M. Lyszczarz, “CMOS-compatible all-Si
high-speed waveguide photodiodes with high responsivity in near-infrared communication
band”, Photon. Technol. Lett., vol. 19, no. 3, pp. 152-154, 2007.

[196] M. Zirngibl, J. C. Bischoff, M. llegems, J. P. Hirtz, B. Bartenian, P. Beaud, and W. Hodel,
“High speed 1.3 pm InGaAs/GaAs superlattice on Si photodetector”, Electron. Lett., vol.
26, pp. 1027-1029, 1990.

[197] Y. Gao, Z. Zhong, S. Feng, Y. Geng, H. Liang, and A. W. Poon, and K. M. Lau, “High-speed
normal-incidence p-i-n InGaAs photodetectors grown on silicon substrates by MOCVD”,
Photon. Technol. Lett., vol. 24, no. 4, pp. 237-239, 2012.

[198] G. Masini, L. Colace, F. Galluzzi, and G. Assanto, “Advances in the field of poly-Ge on Si
near infrared photodetectors”, Mater. Sci. Eng. B, vol. 69, pp. 257-260, 2000.

[199] L. Colace, G. Masini, A. Altieri, and G. Assanto, “Waveguide photodetectors for the
near-infrared in polycrystalline germanium on silicon”, Photon. Technol. Lett., vol. 18, no.
9, pp. 1094-1096, 2006.

103



[200] S. Luryi, A. Kastalsky, and J. Bean, “New infrared detector on a silicon chip”, Trans.
Electron Dev., vol. 31, pp. 1135-1139, 1984.

[201] L. Colace, G. Masini, F. Galluzzi, G. Assanto, G. Capellini, L. Di Gaspare, E. Palange, and
F. Evangelisti, “Metal-semiconductor-metal near-infrared light detector based on epitaxial
Ge/Si”, Appl. Phys. Lett., vol. 72, pp. 3175-3178, 1998.

[202] J. Osmond, G. Isella, D. Chrastina, R. Kaufmann, M. Acciarri, and H. V. Kanel, “Ultralow
dark current Ge/Si (100) photodiodes with low thermal budget”, Appl. Phys. Lett., vol. 94,
pp. 201106(3 pages), 2009.

[203] D. Liang, G. Roelkens, R. Baets, and J. E. Bowers, “Hybrid integrated platforms for silicon
photonics”, Materials, vol. 3, pp. 1782-1802, 2010.

[204] S. J. Koester. J. D. Schaub, G. Dehlinger, and J. O. Chu, “Germanium-on-SOI infrared
detectors for integrated photonic applications”, IEEE J. Sel. Top. Quant. Electron., vol. 12,
no. 6, pp. 1489-1502, 2006.

[205] J. Liu, D. D. Cannon, K. Wada, Y. Ishikawa, S. Jongthammanurak, D. T. Danielson, J.
Michel, and L. C. Kimerling, “Tensile strained Ge p-i-n photodetectors on Si platform for C
and L band telecommunications”, Appl. Phys. Lett., vol. 87, pp. 011110-011112, 2005.

[206] T. V. Muoi, “Receiver design for high-speed optical-fiber systems”, J. Lightwave Technol.,
vol. 2, no. 3, pp. 243-264, 1984.

[207] K. -W. Ang, T. -Y. Liow, M. -B. Yu, Q. Fang, J. Song, G. -Q. Lo, and D. -L. Kwong, “Low
thermal budget monolithic integration of evanescent-coupled Ge-on-SOI photodetector on
Si CMOS platform”, IEEE J. Sel. Top. Quant. Electron., vol. 16, no. 1, pp. 106-113, 2010.

[208] H. -Y. Yu, J. -H. Park, A. K. Okyay, and K. C. Saraswat, “Selective-area high-quality
germanium growth for monolithic integrated optoelectronics”, IEEE Electron Dev. Lett.,
vol. 33, no. 4, pp. 579-581, 2012.

[209] H. -C. Luan, D. R. Lim, K. K. Lee, K. M. Chen, J. G. Sandland, K. Wada, and L. C.
Kimerling,“High-quality Ge epilayers on Si with low threading-dislocation densities”,
Appl. Phys. Lett., vol. 75, no. 19, pp. 2909-2911, 1999.

[210] Z. Huang, J. Oh, J. C. Campbell, “Back-side-illuminated high-speed Ge photodetector
fabricated on Si substrate using thin SiGe buffer layer”, Appl. Phys. Lett., vol. 85, pp.
3286-3289, 2004.

[211] D. Suh, S. Kim, J. Joo, and G. Kim, “36-GHz high-responsivity Ge photodetectors grown
by RPCVD”, IEEE Photon. Technol. Lett., vol. 21, no. 10, pp. 672-674, 2009.

[212] S. Klinger, M. Berroth, M. Kaschel, M. Oechme, and E. Kasper, “Ge-on-Si p-i-n
photodiodes with a 3-dB bandwidth of 49 GHz”, IEEE Photon. Technol. Lett., vol. 21, no.
13, pp. 920-922, 2009.

[213] D. Ahn, C. -Y. Hong, J. Liu, W. Giziewicz, M. Beals, L. C. Kimerling, J. Michel, J. Chen,

104



and F. X. Kéirtner, “High performance, waveguide integrated Ge photodetectors”, Opt.
Exp., vol. 15, no. 7, pp. 3916-3921, 2007.

[214] T. Yin, R. Cohen, M. M. Morse, G. Sarid, Y. Chetrit, D. Rubin, M. J. Paniccia, 31 GHz Ge
n-i-p waveguide photodetectors on silicon-on-insulator substrate”, Opt. Exp., vol. 15, no.
21, pp. 13965—13971, 2007.

[215] P. De Dobbelaere, B. Analui, E. Balmater, D. Guckenberger, M. Harrison, R. Koumans, D.
Kucharski, Y. Liang, G. Masini, A. Mekis, S. Mirsaidi, A. Narasimha, M. Peterson, T.
Pinguet, D. Rines, V. Sadagopan, S. Sahni, T. J. Sleboda, Y. Wang, B. Welch, J. Witzens, J.
Yao, S. Abdalla, S. Gloeckner, and G. Capellini, “Demonstration of first WDM CMOS
photonics transceiver with monolithically integrated photo-detectors”, in Proc. 34th Europ.
Conf. Opt. Commun. (ECOC’08), Brussels, Belgium, Paper Tu3ClI, 2008.

[216] S. J. Koester, C. L. Schow, L. Schares, G. Dehlinger, J. D. Schaub, F. E. Doany, and R. A.
John, “Ge-0n-SOl-detector/Si-CMOS-amplifier receivers for high-performance
optical-communication applications”, J. Lightwave Technol. vol. 25, no. 1, pp.46-57, 2007.

[217] G. Masini, S. Sahni, G. Capellini, J. Witzens, and C. Gunn, “High-speed near infrared
optical receivers based on Ge waveguide photodetectors integrated in a CMOS process”,
Adv. Opt. Technol., Article ID 196572(5 pages), 2008.

[218] L. Vivien, A. Polzer, D. Marris-Morini, J. Osmond, J. M. Hartmann, P. Crozat, E. Cassan, C.
Kopp, H. Zimmermann, and J. M. Fédéli, “Zero-bias 40 Gbit/s germanium waveguide
photodetector on silicon”, Opt. Exp., vol. 20, no. 2, pp. 1096-1101, 2012.

[219] D. Pasquariello, and K. Hjort, “Plasma-assisted InP-to-Si low temperature wafer bonding”,
IEEE J. Sel. Top. Quant. Electron., vol. 8, no. 1, pp. 118-131, 2002.

[220] H. -H. Chang, Y. -H. Kuo, H. -W. Chen, R. Jones, A. Barkai, M. J. Paniccia, J. E. Bowers,
“Integrated triplexer on hybrid silicon platform”, in Proc. Tech. Dig. Opt. Fiber Commun.
Conf. (OFC’10), Los Angeles, CA, Paper OThC4, 2010.

[221] M. J. R. Heck, H. -W. Chen, A. W. Fang, B. R. Koch, D. Liang, H. Park, M. N. Sysak, and J.
E. Bowers, “Hybrid silicon photonics for optical interconnects”, IEEE J. Sel. Top. Quant.
Electron., vol. 17, no. 2, pp. 333-346, 2011.

[222] T. Spuesens, F. Mandorlo, P. Rojo-Romeo, P. Regreny, N. Olivier, J. =M. Fedeli, and D. Van
Thourhout, “Compact integration of optical sources and detectors on SOI for optical
interconnects fabricated in a 200 mm CMOS pilot line”, J. Lightwave Technol., vol. 30, no.
11, pp. 1764-1770, 2012.

[223] J. Brouckaert, G. Roelkens, D. Van Thourhout, and R. Baets, “Thin-film III--V
photodetectors integrated on silicon-on-insulator photonic ICs”, J. Lightwave Technol., vol.
25, no. 4, pp. 1053-1060, 2007.

[224] H. Park, M. N. Sysak, H. -W. Chen, A. W. Fang, D. Liang, L. Liao, B. R. Koch, J.

105



Bovington, Y. Tang, K. Wong, M. Jacob-Mitos, R. Jones, and J. E. Bowers, “Device and
integration technology for silicon photonic transmitters”, IEEE J. Sel. Top. Quant.
Electron., vol. 17, no. 3, pp. 671-688, 2011.

[225] H. Park, A. W. Fang, R. Jones, O. Cohen, O. Raday, M. N. Sysak, M. J. Paniccia, and J. E.
Bowers, “A hybrid AlGalnAs-silicon evanescent waveguide photodetector”, Opt. Exp., vol.
15, no. 10, pp. 6044-6052, 2007.

[226] H. Park, Y. -H. Kuo, A. W. Fang, R. Jones, O. Cohen, M. J. Paniccia, J. E. Bowers, “A
hybrid AlGalnAs-silicon evanescent preamplifier and photodetector”, Opt. Exp., vol. 15,
no. 21, pp. 13539-13546, 2007.

[227] H. —H. Chang, Y. -H. Kuo, R. Jones, A. Barkai, and J. E. Bowers, “Integrated hybrid silicon
triplexer”, Opt. Exp., vol. 18, no. 23, pp. 23891-23899, 2010.

[228] P. R. A. Binetti, X. J. M. Leijtens, T. de Vries, Y. S. Oei, L. Di Cioccio, J. -M. Fedeli, C.
Lagahe, J. Van Campenhout, D. Van Thourhout, P. J. van Veldhoven, R. Notzel, M. K. Smit,
“InP/InGaAs photodetector on SOI photonic circuitry”, IEEE Photon. J., vol. 2, no. 3, pp.
299-305, 2010.

[229] P. R. A. Binetti, R. Orobtchouk, X. J. M. Leijtens, B. Han, T. de Vries, Y. -S. Qei, L. Di
Cioccio, J. -M. Fedeli, C. Lagahe, P. J. van Veldhoven, R. Notzel, M. K. Smit, “InP-based
membrane couplers for optical interconnects on Si”, IEEE Photon. Technol. Lett., vol. 21,
no. 5, pp. 337-339, 2009.

[230] W. Z. Chen, Y. L. Cheng, and D. S. Lin, “A 1.8 V 10 Gb/s fully integrated CMOS optical
receiver analog front-end”, IEEE J. Solid-State Circuits, vol. 40, no. 6, pp. 1388-1396,
2005.

[231] M. Ghioni, F. Zappa, V. P. Kesan, and J. Warnock, “VLSI-compatible high speed silicon
photodetector for optical datalink applications”, IEEE Trans. Electron. Devices, vol. 43,
1054-1160, 1996.

[232] H. Zimmermann, T. Heide, and A. Ghazi, “Monolithic high-speed CMOS-photoreceiver”,
Photo. Technol. Lett., vol. 11, no. 2, pp. 254-256, 1999.

[233] J.-S. Youn, H.-S. Kang, M.-J. Lee, K.-Y. Park, and W.-Y. Choi, “High-speed CMOS
integrated optical receiver with an avalanche photodetector”, Photon. Technol. Lett., vol.
21, no. 20, pp. 1553-1555, 2009.

[234] T. K. Woodward and A. V. Krishnamoorthy, “1-Gb/s Integrated Optical Detectors and
Receivers in Commercial CMOS Technologies”, J. Sel. Topics Quant. Electron., vol. 5, pp.
146-156, 1999.

[235] J.-S. Youn, M.-J. Lee, K.-Y. Park, and W.-Y. Choi, “10-Gh/s 850-nm CMQOS OEIC receiver
with a silicon avalanche photodetector”, Quant. Electron., vol. 48, no.2, pp. 229-236,
2012.

106



[236] B. Yang, J. D. Schaub, S. M. Csutak, D. L. Rogers, and J. C. Campbell, IEEE Photon.
Technol. Lett. 15, 745 (2003).

[237] B. Ciftcioglu, J. Zhang, L. Zhang, J. R. Marciante, J. D. Zuegel, R. Sobolewski, and H. Wu,
“3-GHz Silicon Photodiodes. Integrated in a 0.18-nm CMOS Technology”, Photon.
Technol. Lett., vol. 20, no. 24, pp. 2069-2071, 2008.

[238] C. L. Schow, R. Li, J. D. Schaub, and J. C. Campbell, “Design and implementation of
high-speed planar Si photodiodes fabricated on SOI substrates”, Quant. Electron., vol. 35,
no. 10, pp. 1478-1482, 1999.

[239] H. Zimmermann, “Integrated Silicon Optoelectronics”, Springer, 2010.

[240] S. Radovanovi’c, S., A.-J. Annema, and Bram Nauta, ”"High-speed photodiodes in standard
CMOS technology”, Springer, 2006.

[241] H. Zimmermann, “Integrated Silicon Optoelectronics”, Springer, 2010.

[242] L. Pavesi, and G. Guillot, “Optical Interconnects: The Silicon Approach”, Springer, 2006.

[243] S. Radovanovic, A. J. Annema, and B. Nauta, “A 3-Gb/s optical receiver front-end in 0.18
um CMOS”, J. Solid-State Circuits, vol. 40, no. 8, pp. 1706-1717, 2005.

[244] C. Rooman, D. Copper, M. Kuijk. “A synchronous 250-Mb/s optical receivers with
integrated detector in standard CMOS technology for optocoupler applications”, J.
Solid-State Circuits, vol. 35, no. 7, pp. 953-958, 2000.

[245] W.-K. Huang, Y.-C. Liu, and Y.-M. Hsin, “A high-speed and high-responsivity photodiode
in standard CMOS technology”, Photon. Technol. Lett., vol. 19, no. 4, pp. 197-199, 2007.

[246] W.-K. Huang, Y.-C. Liu, and Y.-M. Hsin, “Bandwidth enhancement in Si photodiode by
eliminating slow diffusion photocarriers”, Electron. Lett., vol. 44, no. 1, pp. 52-53, 2008.

[247] H.-S. Kang, M.-J. Lee, and W.-Y. Choi, “Si avalanche photodetectors fabricated in standard
complementary metal-oxide-semiconductor process”, Appl. Phys. Lett., vol. 90, no. 15, pp.
151118(3 pages), 2007.

[248] K. liyama, H. Takamatsu, and T. Maruyama, “Hole-injection-type and electron injection
type silicon avalanche photodiodes fabricated by standard 0.18-um CMOS process”,
Photon. Technol. Lett., vol. 22, no. 12, pp. 932-934, 2010.

[249] T. Shimotori, R. Gyobu, T. Hishiki, T. Maruyama, and K. liyama, in Proc. OptoElectronics
and Communication Conf. (OECC), 2014, TU4C3.

[250] M. -J. Lee, and W. -Y. Choi, “A silicon avalanche photodetector fabricated with standard
CMOS technology with over 1THz gain-bandwidth product”, Opt. Exp., vol. 18, pp.
24189-24194, 2010.

[251] W. K. Huang, Y. C. Liu, and Y. M. Hsin, “Bandwidth enhancement in Si photodiode by
eliminating slow diffusion photocarriers”, Electron. Lett., vol. 44. pp. 52-53, 2008.

[252] F. Tavernier and M. Steyaert, “A 5.5 Gbit/s optical receiver in 130 nm CMOS with

107



speed-enhanced integrated photodiode”, in Proc. 36™ European Solid-State Circuits
Conference (ESSCIRC), 2010, pp. 542-545, Sevilla, Spain, 2010.

[253] B. Ciftcioglu, L. Zhang, J. Zhang, J. R. Marciante, J. Zuegel, R. Sobolewski, and H. Wu,
“Integrated silicon PIN photodiodes using deep N-Well in a standard 0.18 um CMOS
technology”, J. Lightwave Technol., vol. 27, no. 15, pp. 3303-3313, 2009.

[254] M. Y. Liu, E. Chen, and S. Y. Chou, “140 Ghz metal-semiconductor-metal photodetectors
on silicon on insulator substrate with a scaled layer”, Appl. Phys. Lett., vol. 65, pp.
887-888, 1994.

[255] J. Y. L. Ho and K. S. Wong, “High-speed and high-sensitivity silicon-on- insulator
metal-semiconductor-metal photodetector with trench structure”, Appl. Phys. Lett., vol. 69,
no. 1, pp. 16-18, 1996.

[256] M. Ghioni, F. Zappa, V. P. Kesan, and J. Warnock, “A VLSI-compatible high-speed silicon
photodetector for optical data link applications”, Trans. Electron Devices, vol. 43, no. 7,
pp. 1054-1060, 1996.

[257] M. Yang, K. Rim, D. L. Rogers, J. D. Schaub, J. J. Welser, D. M. Kuchta, D. C. Boyd, F.
Rodier, P. A. Rabidoux, J. T. Marsh, A. D. Ticknor, Q. Yang, A. Upham, and S. C. Ramac,
“A High-Speed, High-Sensitivity Silicon Lateral Trench Photodetector”, Electron Device
Lett., vol. 23, no. 7, pp. 395-397, 2002.

[258] N. R. Das, and P. Rakshit, “On the Frequency Response and Optimum Designs for
Maximum Bandwidth of a Lateral Silicon Photodetector”, J. Lightwave Technol., vol. 29,
no. 19, pp. 2913-2919, 2011.

[259] Y. Ishikawa, K. Wada, J. Liu, D. D. Cannon, H. -C. Luan, J. Michel, and L. C. Kimerling,
“Strain-induced enhancement of near-infrared absorption in Ge epitaxial layers grown on
Si substrate”, J. Appl. Phys., vol. 98, no. 1, pp. 013501(9 pages), Jul. 2005.

108



Publication List

Journal Papers List

[1] G. Li, Y. Hashimoto, T. Maruyama, and K. liyama, "High-efficiency Optical Coupling to
Planar Photodiode using Metal Reflector loaded Waveguide Grating Coupler,” Opt.
Quantum Electron., vol. 45, no. 7, pp. 657-663, Jul. 2013.

[2] G. Li, T. Maruyama, and K. liyama, “Low-propagation-loss Ta,Os Optical Waveguides on
Silica Substrate,” Jpn. J. Appl. Phys., vol. 53, no. 4S, pp. 04EG12 (4 pages), Mar. 2014,

[3] G. Li, K. Maekita, H. Mitsuno, T. Maruyama, and K. liyama, “Over 10 GHz Lateral Silicon
Photodetector Fabricated on SOI Substrate by CMOS Compatible Process,” Jpn. J. Appl.
Phys., vol. 54, no. 4S, pp. 04DGO06 (4pages), Mar. 2015.

Conference Papers

[4] G. Li, Y. Hashimoto, S. Ebuchi, T. Maruyama, and K. liyama, “High-efficiency Optical
Coupling to Planar Photodiode using Metal Reflector Loaded Waveguide Grating Coupler,”
12th International Conference on Numerical Simulation of Optoelectronic Devices
(NUSOD 2012), TuB4, Shanghai, China, Aug. 2012.

[5] G. Li, Y. Zhao, T. Maruyama, and K. liyama, “Ta,0s Optical Waveguide on Silica Substrate
Fabricated by CF, Reactive Ion Etching,” 45th International Conference on Solid State
Devices and Materials (SSDM 2013), PS-7-20, Fukuoka, Japan, Sep. 2013.

[6] T. Maruyama, K. Maekita, G. Li, and K. liyama, “High Speed Operation of SOI Pin
Photodiodes Fabricated by CMOS Compatible Process,” 19th OptoElectronics and
Communications Conference (OECC 2014), TUPS1-34, Melbourne, Australia, Jul. 2014.

[7] G. Li, K. Maekita, T. Maruyama, and K. liyama, “Structure Dependence of over 10 GHz
Lateral Si-PIN Photodiode Fabricated by COMS Compatible Process”, 46th International
Conference on Solid State Devices and Materials (SSDM 2014), PS-7-1, Tsukuba, Japan,
Sep. 2014.

109



110



Abbreviation List

AOC active optical cable

a-Si amorphous Si

AWG arrayed waveguide gratings

BCB benzocyclobutene

CAGR compound annual growth rate
CMOS complementary metal-oxide-semiconductor
CSD chemical solution deposition

c-Si crystalline Si

CvD chemical vapor deposition

Ccw continuous-wave

dB/km decibels per kilometer

DFB distributed-feedback

DON digital optical network

DWDM dense wavelength-division multiplexing
EDFA erbium-doped fiber amplifier

EICs electronic integrated circuit

FEM finite element method

FTTH fiber to the home

GaAs gallium arsenide
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