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Passive technologies for future large-scale photonic
integrated circuits on silicon: polarization handling, light
non-reciprocity and loss reduction

Daoxin Dai1,2, Jared Bauters1 and John E Bowers1

Silicon-based large-scale photonic integrated circuits are becoming important, due to the need for higher complexity and lower cost for

optical transmitters, receivers and optical buffers. In this paper, passive technologies for large-scale photonic integrated circuits are

described, including polarization handling, light non-reciprocity and loss reduction. The design rule for polarization beam splitters

based on asymmetrical directional couplers is summarized and several novel designs for ultra-short polarization beam splitters are

reviewed. A novel concept for realizing a polarization splitter–rotator is presented with a very simple fabrication process. Realization of

silicon-based light non-reciprocity devices (e.g., optical isolator), which is very important for transmitters to avoid sensitivity to

reflections, is also demonstratedwith the help ofmagneto-opticalmaterial by the bonding technology. Low-losswaveguides are another

important technology for large-scale photonic integrated circuits. Ultra-low loss optical waveguides are achieved by designing a Si3N4

core with a very high aspect ratio. The loss is reduced further to ,0.1 dB m21 with an improved fabrication process incorporating a

high-quality thermal oxide upper cladding by means of wafer bonding. With the developed ultra-low loss Si3N4 optical waveguides,

some devices are also demonstrated, including ultra-high-Q ring resonators, low-loss arrayed-waveguide grating (de)multiplexers, and

high-extinction-ratio polarizers.
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INTRODUCTION

Large-scale photonic integrated circuits (LS-PICs) are becoming very

promising for many applications,1,2 including next-generation optical

networks, optical interconnects, wavelength division multiplexed sys-

tems, coherent transceivers, lab-on-chip, etc. This is because LS-PICs

provide advantages, e.g., higher performance, reduced device foot-

print, lower component-to-component coupling losses, lower pack-

age costs and lower power consumption. However, the progress on

LS-PICs is still quite limited. One reason is that thematerial system for

photonics is much more complex than electronics. Currently, the

focus is on silicon and InP substrate technologies.3 InP is a good

platform for LS-PICs, since it enables both passive and active compo-

nents in the same substrate.4One recent demonstration is an 838 InP

monolithic tunable optical router packet forwarding chip, which suc-

cessfully integrated about 200 functional elements in a chip with a size

of 4.25314.5 mm.2 Infinera plans to deploy a 400-Gb s21 PIC trans-

mitter with more than 300 optical functions in live networks.5

On the other hand, silicon-based PICs6–16 have also become very

popular, because of their compatibility with mature CMOS (comple-

mentary metal–oxide–semiconductor) technologies with excellent

processing control, low cost and high volume processing. Further-

more, silicon-on-insulator (SOI) nanowires enable ultra-sharp bends

(e.g., 1–2 mm), because of their ultra-high refractive index contrast.11

Consequently various ultrasmall SOI nanowire-based devices, e.g.,

arrayed-waveguide gratings (AWG),7–9 microrings,10 etc., can be rea-

lized. However, since silicon is not a direct bandgap semiconductor

material, it is not a good option for active PICs with lasers, as well as

photodetectors. Fortunately, several technologies exist to solve the

issue. For example, the hybrid III–V/Si platformprovides a very prom-

ising solution for realizing integrated active photonic devices on sil-

icon.3,12 Therefore, it is becoming feasible to realize LS-PICs on a

silicon substrate. Examples include integrated transmitter,13 on-chip

optical buffers14 and coherent optical receivers.15 However, one

should note that there are still several essential issues when regarding

the realization of silicon LS-PICs.

First, it is well known that SOI nanowire PICs are usually severely

polarization-sensitive, because of the huge structural birefringence.8

Although it is often possible to diminish the polarization dependence

for some components by using specific approaches,17,18 a general

solution for the polarization issue is using a polarization diversity

system consisting of polarization beam splitters (PBSs) and polariza-

tion rotators (PRs).6,10 Polarization diversity is also very important for

many other applications, such as coherent receivers, as well as polar-

ization multiplexing technologies19 for polarization-multiplexed
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transmission systems. In the section on ‘Polarization handling’, we

give a review for our work on polarization handling, including PBSs

and PRs.

Second, optical isolators are very important, but light non-recipro-

city is difficult to realize. A well-known approach for optical isolators

is using magneto-optic (MO) materials. However, it is difficult to

grow MO material on silicon due to the lattice mismatch. In order

to solve this problem, we developed a bonding technology to combine

MOmaterial with silicon PICs so that an on-chip isolator is realized.20

Third, for LS-PICs, low-loss optical waveguides are vital. In par-

ticular, rotational velocity sensors,21 optical buffers,22 true-time-delay

beam-steering networks23 and other applications requiring long pro-

pagation distances and high-Q resonators can benefit from ultra-low

propagation loss. According to published results, the propagation loss

is usually at the order of 2–3 dB cm21 for silicon strip nanowires,9 and

0.27dB cm21 for shallow-ridge silicon waveguides24 fabricated with

standard fabrication processes. When an etchless process is used, the

loss of SOI nanowires could be as low as 0.3 dB cm21, because the

roughness is very small.25 However, it is still not low enough for a

long propagation distance (e.g., the several-meter-long delay line for

an on-chip optical buffer, as shown in Figure 1).14 In addition, silicon

is not transparent in the wavelength regime of l,1000 nm, which is

important for some applications such as biosensing due to the low

optical absorption in water and the transparency of proteins in this

wavelength range.26 Therefore, an ultra-low loss optical waveguides

system is desired for a broad wavelength range from visible to

infrared light. Recently, we have developed a novel SiN-on-Si optical

waveguide, which shows a world-recorded low loss (i.e., 0.0456

0.04 dB m21).

This paper is organized as follows. Polarization handling devices,

including PBSs and PRs are covered in the section on ‘Polarization

handling’. The section on ‘Light non-reciprocity’ describes optical

isolators. In the section on ‘Loss reduction’, we review recent work

on low-loss optical waveguides as well as components (e.g., ring reso-

nators, AWGs and polarizers) made with this technology.

FUNDAMENTAL TECHNOLOGIES FOR FUTURE LS-PICS ON

SILICON

Polarization handling

On-chip polarization handling devices including polarizers, PBSs and

PRs, are important for future LS-PICs.27–30 Furthermore, miniature

devices are desired, because more and more components are inte-

grated in a single chip as indicated by Moore’s law for optical integ-

ration. In this section, we review our recent work on ultrasmall silicon

polarization-handling devices.

PBS. Several kinds of waveguide type PBSs have been reported by

using various structures, e.g., Mach–Zehnder interferometers

(MZIs),30,31 multimode interference (MMI) structure,32–35 direc-

tional couplers (DCs)36–41 and photonic crystal (PhC)/grating struc-

tures.42,43

For the conventional MMI-based PBS, the MMI length is usually

chosen as the common multiple of the beat lengths for transverse

electric (TE) and transverse magnetic (TM) polarizations. A signifi-

cant difference between the beat lengths of TE and TM polarizations is

then needed for a short PBS. However, MMI coupler is usually polar-

ization-insensitive. It makes the PBS quite long, even when SOI nano-

wires are used.34 The MMI-based PBS could be shortened by using

quasi-state imaging effect32 or by cascading structures.33 However,

this PBS is still quite long (,1805 mm (Ref. 32) and ,104 mm (Ref.

33)).

As a very simple and versatile element, an MZI has been used very

widely for optical modulators, optical sensor, etc. By using the

birefringence of the MZI arm waveguides, an MZI could be also used

to realize polarization splitting.41 In order to enhance the birefrin-

gence, one usually introduces additional stresses44 or uses some highly

birefringent materials like LiNbO3,
45 III–V semiconductor com-

pounds,46 or liquid crystals.47However, the birefringence is still small

and the fabrication is not compatible to the silicon process.

Another possible way to make a short PBS is utilizing the strong

polarization dependence of PhC structures.42,43However, the design is

Figure 1 (a) Device layout of the optical buffer; (b) the fabricated device.14
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relatively complex and the fabrication is relatively difficult. More

importantly, the PhC structure usually introduces a large loss.

As an alternative, a DC is a popular structure for PBS, because of its

simplicity and easy design. A DC-PBS usually consists of two identical

coupling waveguides and the length for the coupling region is chosen

to satisfy L5pLp_TE5qLp_TM, where Lp_TE and Lp_TM are the coupling

lengths for TE andTMpolarizations, respectively, p, q are integers, and

q5p1m (m561, 3, 5, …). This introduces some limits for the design

flexibility and also makes the DC-PBS quite long (e.g.,,1600 mm),40

especially when one uses low index-contrast (D) waveguides due to

the weak birefringence. Furthermore, such a DC-PBS behaves like a

series-cascaded DC filter, which definitely has a smaller wavelength-

bandwidth than a single-stage DC.

A better design for compact, broad-band and fabrication-tolerant

PBSs is to utilize a particular coupling system, in which only one

polarization has a strong cross-coupling, while the other polarization

is almost not coupled. In this case, the length of the coupling region

becomes as short as L5Lp_TE, or L5Lp_TM. There are two ways to

realize such a particular coupling system. One is using a very strongly

polarization-dependent coupling system, in which one has

Lp_TE?Lp_TM or Lp_TM?Lp_TE. In this way, a SOI-nanowire PBS as

small as 7316 mm2 is realized in Ref. 28 by utilizing Lp_TE?Lp_TM.

Regarding that TE polarization still has slight evanescent coupling,

which prevents to achieve a high extinction ratio, a cascaded structure

is needed to achieve higher extinction ratio, which makes the PBS

longer and also reduces the bandwidth.

In contrast, an asymmetrical coupling systemwith a strong birefrin-

gence is a potentially better approach for ultra-short PBSs. In such a

coupling system, the waveguide dimension is optimized so that the

phase matching condition is satisfied to have a complete cross-

coupling for only one polarization. For the other polarization, the

phase matching condition is not satisfied due to the strong birefrin-

gence, and there is almost no cross-coupling. This way, the two ortho-

gonal polarizations are separated within a short length.

The recently developed Si nanowires48 and nanoslot waveguides49

are very attractive for PBSs, because they do provide a huge birefrin-

gence. Symmetric SOI nanowire couplers have been reported for small

PBSs.34,35,38,41 However, there is not much work on asymmetrical

couplers for polarization splitting. In Ref. 29, a PBS with a 16-mm-

long coupling region including two parallel Si nanowires and a nano-

slot waveguide in between is presented. The PBS length cannot be

reduced further, since the gap between waveguides is necessarily larger

than 230 nm as mentioned in Ref. 29. In the following part, our two

kinds of ultra-short PBSs based on asymmetrical couplers are

reviewed.

PBS based on an asymmetrical coupler consisting of a SOI nanowire

and a nanoslot waveguide50. Figure 2 shows the PBS based on an

asymmetrical coupling system which includes a SOI nanowire and a

nanoslot waveguide. In order to be convenient to integrate with other

components in the same chip, the mode converter (similar to that in

Ref. 52) between the nanoslot waveguide and the strip nanowire is

merged into S bends, which also helps to reduce the footprint of the

PBS further. In the coupling region, these twowaveguides are designed

to satisfy the phase-matching condition for TM polarization to have a

complete cross-coupling when choosing the length of the coupling

region appropriately. For TE polarized light, however, the phase

matching condition is not satisfied and consequently it goes through

the SOI nanowire without coupling. Finally, TE- and TM-polarized

light are separated within a very short length.

Figure 3 shows the calculated effective indices of a strip nanowire

and a nanoslot waveguide as the waveguide core width varies. The

nanoslot width is chosen as wslot560, 80 and 100 nm. It can be seen

that the effective indices of the TM polarization mode for the two

different type waveguides are quite close, and consequently, the phase

matching condition can be satisfied (i.e., nTM15nTM2) by choosing the

core widthwco andwSi appropriately (e.g.,wco50.4 mm,wSi50.26 mm

and wslot560 nm). Then TM-polarized light is cross-coupled comple-

tely when choosing the length of the coupling region appropriately

(see Figure 4a). On the other hand, TE polarized light has a serious

phase mismatch, which depresses the evanescent coupling very sig-

nificantly, and consequently, it is output from the through port, as

shown in Figure 4b.

This design was independently demonstrated in Ref. 53 on a similar

PBS. The fabricated PBS has a coupling length of only 13.6 mm, and the

average polarization extinction ratios are about 21 and 17 dB over the

entire C-band for the TE and TM polarizations, respectively.

PBS based on a bent DC51. Figure 5 show the ultra-short PBS con-

sisting of a bent coupling section and an S-bend section with a sharp

bend (R0). The S-bend section is not only for decoupling the two bent

waveguides, but also for playing a role as a polarizer, because of the

polarization-dependent bending loss in the sharp bent section. This

compact polarizer helps to achieve a high extinction ratio in a broad

band, as well as a large fabrication tolerance.

The core widths (w1 and w2) for the two bent waveguides in

the bent-coupling section are chosen optimally to satisfy the
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Figure 3 The effective indices of SOI nanowires and nanoslot waveguides. SOI,

silicon on insulator. TE, transverse electric; TM, transverse magnetic.

Figure 2 The schematic configuration of the proposed PBS. The inset: the

cross-section of the waveguides in the coupling region. PBS, polarization beam

splitter; TE, transverse electric; TM, transverse magnetic.
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phase-matching condition for one polarization (e.g., TM) to have

a complete cross-coupling.54 For the other polarization (e.g., TE),

the phase-matching condition is not satisfied due to the strong

waveguide birefringence and it goes through without any significant

coupling.

Figure 6a and b respectively shows the calculated optical path

lengths for both polarization modes as the waveguide width varies.

In this example, we choose R2520 mm and DR5R22R150.7 mm

to have a gap width around 200 nm regarding a single-mode SOI

nanowire (wco<500 nm). The dashed line in Figure 6a gives the

optimal widths (w1, w2) to be phase-matched for TM polarization,

e.g., (w1, w2)5(0.534 mm, 0.46 mm). Correspondingly, there is

a significant phase mismatch for TE polarization, as shown in

Figure 6b.

The S-bend section is designed so that the bending loss is negligible

for TE polarization, and the end separation of the two output ports is

large enough (,2 mm) to be decoupled. The S-bend section includes a

sharp bent section (R053 mm) to be the TE-passed polarizer, which

helps to filter out the residual TM polarization at the through port and

consequently improve the extinction ratio.

Figure 7a and b shows the light propagation in the designed PBS for

TE and TM polarizations, respectively. It can be seen that the TM

polarization is cross-coupled, while the TE polarization is output from

the through port without significant coupling. The total length for the

PBS is less than 10 mm, which is one of the smallest PBS reported until

now. Numerical analyses also show that the present PBS has a very

large bandwidth (.200 nm for an extinction ratio of 10 dB) and a large

fabrication tolerance (.660 nm).
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Figure 5 The schematic configuration of the proposed PBS based on a bent

DC. DC, directional coupler; PBS, polarization beam splitter; TE, transverse elec-

tric; TM, transverse magnetic.
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Polarization splitter–rotator (PSR). In comparison with PBSs, it is

even more difficult to realize waveguide-type polarization rotators,

because a planar waveguide usually has a very good polarization-

maintaining performance and it is not easy to rotate the optical axis

of a planar waveguide. In order to do that, one has to introduce some

specific asymmetrical structures by using off-axis double cores,10 cas-

caded bends,55 bilevel tapers,56,57 stacked waveguides,58 slanted

cores,59,60 or cores with a cut corner.61These specific structures usually

accompany complex and difficult fabrication, e.g., the double etching

process with a critical requirement for alignment, or the etching pro-

cess to achieve a specific angle for the slanted sidewall.

In Ref. 62, a novel concept is proposed for realizing polarization

splitting and rotation simultaneously. The total length can be shorter

than 100 mm and the fabrication is simple, because only one-step

etching is needed. Such a PSR consists of a taper and an asymmetrical

DC (see Figure 8). In a taper section, the TM fundamental mode

might be converted to the higher-order TE mode, due to the mode

hybridization in a high index-contrast optical waveguide with an

asymmetrical cross-section. As an example, Figure 9 shows the effec-

tive indices for all the eigenmodes in a SOI nanowire with an upper-

cladding of Si3N4 (ncl52.0). The dashed curves in Figure 9 show the

mode conversions between the TM0 mode and the TE1 mode, when

the core width varies. Such a mode conversion is harmful when a low-

loss adiabatic taper structure is expected,63 while it can be utilized to

achieve a PSR as proposed in Ref. 62.

Figure 10a and b shows the light propagation along the designed

PSR. It can be seen that the launched TM polarization is converted to

TE polarization and is output from the cross-port, while the launched

Figure 8 The structure of the proposed PSR. PSR, polarization splitter–rotator; TE, transverse electric; TM, transverse magnetic.
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Figure 10 The light propagation in the designed PSR when the input field is TE polarization (a), and TM polarization (b). Here the taper lengths are: Ltp154 mm,
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TE polarization is output from the through port with the same polar-

ization, as expected. The total PSR length is about 71 mm. Our simu-

lation shows that the designed PSR has a relatively large bandwidth,

which is more than 70 nm for an extinction ratio of 10 dB and the

tolerance for the width deviation is about 210 nm,Dw,20 nm for

an extinction ratio of 10 dB. When choosing a relatively long taper

(e.g., Ltp1.10 mm), a larger bandwidth and fabrication tolerance is

expected.

Light non-reciprocity20

Optical isolators and optical circulators are two typical non-reciprocal

optical devices. The most important aspect for realizing isolators and

circulators is to break the reciprocity of light. For this purpose,

Faraday rotators based onMOmaterials (e.g., iron, cobalt and yttrium

iron garnet (YIG)) are often used together with a pair of polarizers.

However, the bulky elements make it difficult to be integrated.

Recently, several integrated-type isolators have been explored by

using nonreciprocal effects, like mode conversion,64 waveguide loss,65

phase shift.66,67 These approaches have some disadvantages, e.g., dif-

ficulty to have phase matching between modes,64 high power con-

sumption.65 In Refs. 68 and 69, the MZI optical isolators have been

demonstrated with the help of nonreciprocal phase shift. A ring res-

onator is another popular structure for optical isolators, because of

the footprint miniaturization.70 For example, in Refs. 71 and 72, a

ring optical isolator was demonstrated by using a nonlinear effect,

which, however, needs specific operation power. More importantly,

it does not work when forward and backward light is launched

simultaneously.

A ring-based optical isolator on silicon with bonded MO garnets is

realized for the first time, as shown in Figure 11.20Cerium-substituted

YIG (Ce:YIG) is chosen as the MO material, because of its high

Faraday coefficient and low optical loss (10–15 dB cm21) in the

1550-nm regime. When a radial magnetic field centered at the ring

resonator is applied (see Figure 11), the clockwise- and counterclock-

wise-propagating modes have different propagation constants and

thus different resonance wavelengths. A maximal nonreciprocal effect

is obtained when choosing 220-nm-thick silicon cores. However, on

the other hand, the mode loss also becomes significant, due to the loss

in theMOmaterial. To have a reasonable nonreciprocal effect and low

optical loss, the Si core thickness is chosen as 295 nm. A 500-nm-thick

Ce:YIG thin film is grown on a (Ca, Mg, Zr)-substituted gadolinium

gallium garnet substrate as theMOmaterial used here and the Faraday

rotation coefficient of Ce:YIG is about 245006cm21 at the 1550-nm

wavelength regime.73 The O2 plasma-assisted low-temperature bond-

ing technology69 is used to bond the MO material on the fabricated

silicon rings. One-hour annealing at 250 6C is followed to have a strong

bond.

The fabricated optical isolator is characterized by measuring the

transmission at the through port. TM-polarized light is input through

a lensed fiber. Figure 12a shows the transmission spectra of the ring

isolator with external magnetic fields in different directions, which are

equivalent to the situation with different optical propagation direc-

tions with a fixedmagnetic field. The shift of the resonance wavelength

due to the nonreciprocal effect is observed as expected. This wave-

length shift is proportional to the magnitude of the magnetic field

until the Ce:YIG saturates. For the present case, an isolation ratio of

about 9 dB is achieved when the resonance wavelength shift is equal to

half of the free spectral range (FSR). The limit isolation is mainly due

to the higher cavity loss and the lower extinction ratio when the ring

has an MO material on the top. This can be seen from Figure 12b,

Figure 11 A ring-based optical isolator: (a) top view; (b) cross-section. Ce:YIG, cerium-substituted yttrium iron garnet; SGGG, (Ca, Mg, Zr)-substituted gadolinium

gallium garnet.
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which shows the transmission spectrum of the ring resonator before

bonding with Ce:YIG for comparison. In order to improve the isola-

tion ratio, the ring resonator should be modified to have a critical

coupling for a higher extinction ratio. The isolation can be improved

further by cascading structures. Besides, it is also essential to reduce

the ring loss for lower isolation loss and higher isolation. One has to

further optimize fabrication processes to have a high-quality etching

for silicon nanowaveguides, as well as bonding process. Finally, lower

MO material loss will definitely help improve the performance of the

isolator. A smaller bending radius for the ring is also desired to have a

smaller footprint, as well as a larger FSR.74 Such a Si platform with

bonded MO material is also useful to realize more complicated inte-

grated non-reciprocal elements (e.g., circulators) and it is promising

for the future LS-PICs, since the fabrication process is CMOS-

compatible.

Loss reduction

SOI nanowires usually have a scattering loss on the order of 0.3–3 dB

cm21,9,24,25 and do not work in the wavelength range of l,1000 nm.

Therefore, some alternatives for low-loss optical waveguides on silicon

are still desired. One approach is to deposit low index-contrast (often

,1%) silica cores.75,76 The lowest-loss waveguides at l51550 nm are

the single-mode phosphorus-doped waveguides75 and the ‘quasi-

single-mode’ Ge-doped waveguides76 with 0.8560.03 dB m21 and

0.3 dB m21 propagation losses, respectively. However, the low

index-contrast limits its flexibility for compact applications.

In our recent work, the Si3N4-on-SiO2 system is considered, because

Si3N4 and SiO2 have a transparent window from visible light to infra-

red light, and the stoichiometric nature of these twomaterials makes it

easier to get uniform characteristics across large wafer sizes.77 This

system is very useful for various applications, not only optical com-

munications around 1.2–1.6 mm, but also for optical sensing in the

visible light range. The Si3N4 optical waveguide has a high aspect

ratio Si3N4 core (see Figure 13) to minimize the scattering loss at

the sidewall, which is the dominant loss mechanism. With an opti-

mized fabrication process, the Si3N4-on-SiO2 optical waveguide shows

a loss as low as 0.04560.04 dB m21, which is presently a world record

for planar waveguides. Several typical photonic integrated devices, e.g.

MMI splitters, AWGs,78 ultra-high Q ring resonators79 and polarizers,

have also been demonstrated.

Low-loss Si3N4 optical waveguide. The optical waveguides are fabri-

cated on Si substrates with 15-mm-thick thermally grown SiO2. A very

thin (,100 nm) Si3N4 (n51.98) film is then deposited using low

pressure chemical vapor deposition. The waveguide cores are then

defined with a dry etch that extends fully through the Si3N4 layer. A

3.1-mm-thick SiO2 layer is then deposited in three steps using low

pressure chemical vapor deposition. The surface is planarized with a

chemical mechanical polishing step. Then a 12-mm-thick SiO2 upper-

cladding is deposited with the Plasma-enhanced chemical vapor

deposition (PECVD) technology before a 3-h annealing at 1150 6C.

In order to reduce the loss further, the deposited PECVD top cladding

is replaced with a high-quality thermal oxide by means of O2 plasma-

enhanced wafer bonding. The bond is strengthened by a 3-h annealing

at 950 6C.

The first-generation low-loss Si3N4 optical waveguides with a SiO2

upper-cladding fabricated by the PECVD technology. For the first-

generation low-loss Si3N4 optical waveguide with a PECVD SiO2

upper-cladding, the single-mode propagation loss is as low as

0.7060.02 dBm21. It was measured by using a 3.18-m-long test spiral

structure as shown in Figure 14. The minimum bend radius of the

center S-bend is R510 mm, which is large enough to have a negligible

bending loss. The measured loss in these waveguides is limited by the

quality of the PECVD deposited layer on top of the Si3N4 waveguide.

Higher quality claddings are necessary for lower loss waveguides as

shown below.

The second-generation low-loss Si3N4 optical waveguide with

bonded oxide upper-cladding. The second-generation low-loss Si3N4

optical waveguide is realized with a bonded high-quality thermal oxide

instead of a PECVD oxide for the upper-cladding. Because 15-mm-

thick thermal oxide wafers can be batch-oxidized and consequently

be available for bonding immediately, this wafer bonding process is

faster and cheaper than the PECVD process (which takes.20 h).

Twelve 1-m-long spiral waveguides with core widths ranging from 3

to 14 mm (see the inset in Figure 15) are measured with an optical

backscatter meter. Figure 15 shows the critical bend radius for each

width, where we define the critical bend radius as the radius at which

bend loss equals 0.1 dB m21. The theoretical critical bending radius

from simulation with fit refractive indices is also shown by the dashed

curves in Figure 15. For the higher confinement waveguides, there is a

sharp knee in the backscatter data where the bend loss begins to dom-

inate, giving good agreement between the theoretical and experi-

mental data. For waveguides with lower confinement, the bend loss

is not negligible at the starting radius of the spiral structure, and the

agreement starts to degrade as the knee in the backscatter data softens.

The core/cladding refractive indices of 1.98/1.45 used for the

Figure 13 The schematic cross-sections of (a) first and (b) second generation

low-loss Si3N4 optical waveguides. Figure 14 An array of twenty 3.18-m-long spiraled waveguides.
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theoretical fits to the data in Figure 15 are within 0.01 of the measured

material values, indicating a minimal change to the refractive index

due to the stress-optic effect. In contrast, the first generation Si3N4

optical waveguide has residual stress due to the PECVD and higher

temperature annealing processes. This residual stress lowers the

refractive index contrast so that the substrate leakage and bending

losses are higher for a given core geometry. Critical bend radius data

for the first generation waveguides give a theoretical fit core index of

1.90, which is a factor of 8 increase in the index perturbation compared

with the second generation waveguides in Figure 15.

Figure 16 shows the propagation loss in two broad wavelength

ranges, centered near 1.307 and 1.56 mm, so that one can see the

spectral dependence of the fit molecular absorption and interfacial

scattering loss contributions. The absorption loss peaks are fit to

Gaussian functions, the center wavelengths of which are given in the

figure color keys, while the scattering loss is fit to a function shape

obtained from numerical simulation of the spectral dependence of

interfacial scattering loss.77 The minimum propagation losses mea-

sured in the regimes around 1.3 and 1.58mm are 0.3360.03 dB m21

and 0.04560.04 dB m21, respectively. The spectral flatness in the

1.3 mm regime is not observed in first generation waveguides, so the

absence of an absorption loss peak in this regime for the wafer-bonded

waveguides suggests a mitigation of OH absorption loss there. It

should be possible to reduce the hydrogen impurity concentration

in the waveguides with process changes in order to lower the loss

further. In comparisonwith the first generation, the second generation

has record low propagation loss of ,0.1 dB m21, shorter fabrication

time, mitigated absorption loss and lower dielectric film stress.

Ultra-high-Q ring resonators79. Ultra-high-Q optical resonators are

crucial tomany applications, e.g., nonlinear optics,80 biosensing,81 tele-

communications82 and microwave photonic filters.83 Whispering-

gallery-mode resonators with ultra-high-quality factor (Q) of 108 have

been demonstrated in microtoroidal structures made from thermally

grown silica.84However, their nonplanar structuremakes it difficult to

integrate with other optical devices for complex functionality. Among

various materials available for on-chip resonators, SiO2, SOI and

Si3N4 are good candidates, because of the availability of low-loss

planar optical waveguides.

Planar silicon microdisk resonators were reported to have Q factors

of 3 million at 1550 nm.85 However, the resonance is in a high-order

mode, and Si is not available for the visible light, which is important

for some ring resonator applications like biosensing.26 In the Si3N4-

on-SiO2 platform, people have demonstrated ring resonators with

Q factors up to 3 million at 1550 nm,86 and microdisk resonators

with Q factors of 3.4 million at 652–660 nm.87 Higher Q factor is

expected for Si3N4-on-Si resonators to satisfy the demands of many

applications.

Recently, we demonstrated planar Si3N4 ring resonators with inte-

grated DCs fabricated with our ultra-low-loss high-aspect-ratio wave-

guide technology.79 Regarding the ultra-narrow 3-dB bandwidth,
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a narrow-linewidth tunable laser source and a synchronized oscil-

loscope were used to resolve the transmission spectrum. The input

polarization is set at the TE mode, because the ring resonator is

designed to have low loss for TE polarization.89

Figure 17 shows the transmission spectra of ring resonators oper-

ating in the wavelength regimes of 1060, 1310 and 1550 nm, respect-

ively, and the corresponding thicknesses of the Si3N4 core are 40, 50

and 80 nm. The characterization of the transmission spectra in three

different wavelength regimes helps to understand the sources of loss.

The highest Q factor of the resonator operating around 1060 nm is up

to 18–19 million, which is the highest Q reported for planar ring

resonators at 1060 nm. For the resonator operating at 1310 nm, the

intrinsic Q factor extracted from the measurement is about 28 million

and the corresponding propagation loss is 1.1 dB m21. For the add-

drop ring resonator operating at 1550 nm with a smaller radius and

core width, the estimated propagation loss is as low as 2.9 dB m21,77

and the intrinsic Q value is about 7 million. The corresponding 3-dB

bandwidth of the add-drop filter is approximately 300 MHz, which

can be used as a microwave photonic filter for channel selection.

Low-loss AWG (de)multiplexer78. As an important element for wave-

length division multiplexed technology,90–93 a low-loss Si3N4 AWG is

demonstrated, as shown in Figure 18a. Because the waveguide has an

ultra-thin core layer (e.g., 50 nm), it is easy to refill the upper-cladding

material into the gaps even when the gap width is reduced to less than

2 mm. Regarding the resolution limitation of the UV-lithography pro-

cess, 1-mm-wide gaps are used to reduce the transition loss. In addi-

tion, the ultra-thin core layer allows a very wide single-mode optical

waveguide, which is more tolerant to the width variation. Thus, it

helps to obtain a low-crosstalk AWG (de)multiplexer.

A measurement setup consisting of a free-space optical system with

a bulk polarizer94 is used for themeasurement of the AWG. Figure 18b

shows the measured spectral responses of all the channels in the wave-

length range from 1310 to 1335 nm. The FSR of the AWG becomes

18.4 nm and only 13 channels are available in an FSR. The crosstalk

from the adjacent channel is less than 230 dB and the non-adjacent

channel crosstalk is about240 dB. The low crosstalk and the low loss

make the AWG attractive for integrated microspectrometers in the

future.

Polarizer with a high extinction ratio. As mentioned in the section on

‘Polarization handling’, a polarizer is one of the basic polarization

handling devices. The basic principle of the polarizer is to make one

polarization more lossy than the other one. In order to have such

polarization dependent loss (leakage or absorption losses), one

usually uses an optical waveguide with significant birefringence,
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e.g., an antiresonant reflecting optical waveguide,95 a metal-dielectric

waveguide,96 a LiNbO3 waveguide,
97 a PhC structure,98 liquid crys-

tals,99 or a silicon nanophotonic waveguide.100 In Ref. 94, a pure

silicon TE-passed polarizer based on a shallowly-etched straight

optical waveguide is proposed and demonstrated.

Note that the Si3N4 waveguide presented above has a very high

aspect ratio. Consequently, the mode property of such an optical

waveguide is expected to be very polarization dependent, as shown

in Figure 19a and b. This makes it a good candidate for realizing

polarizers. Numerical simulations have shown that the bending loss

of the TM polarization is much higher than that of the TE polariza-

tion.89 Therefore, a simple low-loss TE-pass polarizer can be realized

by using a bending structure. For some applications, such as an optical

delay line spiral, the polarizing bend is inherent to the structure. For

others, a series of S-bends can yield a high extinction of the TMmode.

Figure 20 compares the normalized transmission of the TE and TM

polarized modes through straight waveguides and S-bends. The wave-

guides are fabricated withwafer-bonded thermal oxide upper-cladding,

and the cores are 40 nm thick by 4, 5 or 6 mm wide. The extinction of

the TMmode after propagation through a 21-mm-long straight wave-

guide, seen in Figure 20a, is due to the greater coupling loss for the TM

mode and the larger leakage loss to the Si substrate. The highest

extinction, seen at l51620 nm for the 4-mm-wide core, is 15 dB.

The high extinction of the TM mode after propagation through the

S-bend structure seen in Figure 20b is primarily due to a large differ-

ence in bend loss for the TE and TMmodes. The S-bends have 9.8 mm

bend radii, and no offset is used for mode matching at the bend-to-

bend or straight-to-bend interfaces. The 6- and 5-mm core structures

are low loss for the TE mode with an average extinction of 36.8 and

39.8 dB across the wavelength range. The 4-mm-wide core has a larger

average extinction of 45.6 dB, but the TEmode has greater bend loss at

this core width, adding significant loss to the polarizer at wavelengths

larger than 1530 nm. Using cleaved SMF-28 fibers and indexmatching

gel, the TE insertion loss of the 6- and 5-mm-wide core structures is 3.6

dB. With input and output coupling tapers, the total TE insertion loss

can be lower than 1.5 dB.88
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CONCLUSIONS

In this paper, we have given a review of recent work on several fun-

damental passive technologies for silicon-based LS-PICs, including

polarization handling, optical isolators and waveguide loss reduction,

which are very important for various applications like optical trans-

mitters, receivers and optical buffers. Polarization handling devices,

which include PBSs and polarization rotators, are very important not

only for polarization-multiplexing system, but also for polarization-

transparent PICs. We have reviewed our novel designs for ultra-short

PBSs by using asymmetrical DCs, as well as our novel concept for

realizing a PSR. Recent work on silicon-based ring optical isolators,

which is a basic element for a light system (e.g., laser) to avoid any

undesired reflections, has been also reviewed. The ring optical isolator

is with the help of MO material by bonding technology. Finally, since

low-loss waveguides are another fundamental technology for PICs, we

have presented our ultra-low-loss optical waveguide by designing a

Si3N4 core with a very high aspect ratio (the width?the height). The

loss is reduced to be less than 0.1 dBm21with an improved fabrication

processes by replacing the regular PECVD-deposited SiO2 upper-clad-

ding with a high-quality thermal oxide by means of wafer bonding.

With our novel ultra-low-loss Si3N4 optical waveguides, we have also

realized ultra-high-Q ring resonators, ultra-low loss 16-channel AWG

(de)multiplexers, and simple polarizer with high extinction ratio.
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