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LOW-LOSS BLOCH WAVE GUIDING IN OPEN STRUCTURES AND HIGHLY
COMPACT EFFICIENT WAVEGUIDE-CROSSING ARRAYS

GOVERNMENT RIGHTS

[0001] This invention was made with government support under Grant No. W91 1NF-06-1-

449 awarded by the DARPA Program on Integrated Photonics Networks for Compact, Energy

Efficient Supercomputers. The government has certain rights in this invention.

CROSS-REFERENCE TO RELATED APPLICATION

[0002] This application claims priority to and the benefit of U.S. Provisional Application

Serial No. 60/981,597, filed on October 22, 2007, the entire disclosure of which is hereby

incorporated by reference.

FIELD OF THE INVENTION

[0003] The present invention relates generally to microphotonic structures and, more

particularly, to compact microphotonic structures including waveguide attachments.

BACKGROUND

[0004] Strong-confinement (SC) waveguides based on high-index contrast support dense

photonic device integration, promising complex microphotonic circuits such as on-chip

wavelength multiplexers or entire photonic networks on a microprocessor die. As device

density and complexity increase in a planar photonic circuit, efficient waveguide crossings

quickly become of paramount importance because the number of waveguide crossings required

rises quickly, and tolerable levels of loss and crosstalk per crossing accordingly drop to very

small limits.

[0005] Straightforward crossing of single-mode SC waveguides leads to strong diffraction

losses, and a number of improvements have been proposed. Low-Q resonator-based silicon

waveguide crossings provide, in theory, -0.2 dB loss, but have limited low-loss bandwidths

(typically in the range of 10-15 nm), challenging critical dimensions, and fabrication

sensitivities. On the other hand, waveguide crossings using mode expanders to widen the

effective aperture and reduce diffraction losses are broadband and tolerant, but are typically

large or not optimally efficient, giving a loss on the order of 0.4 dB, both in theory and



practice, or a loss of 0.2 dB with a multi-layer structure. To reduce diffraction losses,

multimode interference-based crossings that mimic focusing have been investigated, but

although they are more compact in size, their predicted losses remain on the order of 0.2 dB

per crossing. While such losses may seem small, they may not be acceptable in dense circuits

where one may thus accumulate about 10-20 dB of loss after 50 crossings. It is therefore

desirable to develop designs for waveguide crossings, suitable for on-chip integration, that

have lower losses than currently possible, and that permit the cascading of tens or hundreds of

crossings, as is typical in dense integrated photonic circuits, with tolerable insertion loss.

[0006] Problems associated with waveguide crossings and junctions are not limited to

intersecting waveguides, but similarly occur in optical modulator structures. The confinement

of light in waveguide cross sections and resonator volumes on the scale of a few optical

wavelengths (squared or cubed, respectively) enables strong light-matter interaction that may

be utilized in energy-efficient, compact-footprint electro-optic modulators, as illustrated in

FIG. 1. See Xu et al., Nature (2005). Such modulators 100 may be based, for example, on

microring resonators 110 formed of a semiconductor waveguide core 120, e.g., of silicon. The

waveguide has a ridge-like cross-section 122 due to lateral sections 130 ("flanges") of p-type

doped and n-type doped silicon attached to both sides of the waveguide core 120. These

lateral sections 130 are optically isolated from, but in electrical contact with, the waveguide

core 120. Together with the intrinsic-semiconductor core 120 between them, they form a p-i-n

junction that may be electrically driven to inject electric charge carriers into the waveguide

region 122 containing the confined optical field. Charge injection from an electric power

supply 124 into the "i" (intrinsic- semiconductor) region, i.e., the waveguide core 120, causes

modulation of the material refractive index at optical (e.g., 1550 nm infrared) wavelengths due

to the plasma dispersion effect.

[0007] Electro-optic modulators such as structure 100 enable high-efficiency

communication links for telecom applications as well as for on-chip photonic networks for

microprocessors, including interconnects for multi-core processors. However, they may have

a disadvantageous design trade-off. In a shallow-etch ridge waveguide, the mode may be

weakly confined laterally in the waveguide, and the bending radiation loss is typically large for

small radii. Hence, large radius ring resonators 110 are preferably used to achieve low loss

and a high quality factor (Q), leading to lower energy efficiency (due to a larger volume of

confinement for the optical mode) as well as larger devices (due to the lager radius). In



addition, as a consequence of weak optical confinement, the doped regions are typically

laterally far from the waveguide core, increasing series resistance. On the other hand, if a

deep-etch ridge waveguide is used, the lateral flanges 130 are usually thin, providing

reasonably strong confinement, and enabling the doped regions to be placed closer to the

waveguide core 120, without having large overlap with the optical mode that would incur large

optical losses. However, the thin flanges increase series resistance between the electrical

contacts, leading to lower energy efficiency. It is desirable to provide modulator designs,

including resonator designs, that have both low resistance between the electrical contacts

through the intrinsic region and confinement of the optical mode, enabling small waveguide

cross sections and resonator volumes without large optical overlap.

[0008] Furthermore, multimode resonators such as circular disk resonators are known to

support low bending losses (in comparison to single-mode microring resonators of comparable

radius), but to suffer coupling inefficiencies when coupling to an input waveguide because

multiple disk modes may be excited, whereas only a single excited resonant mode is of

interest. This problem is also known to occur in multimode ring resonators, or single-mode

microring resonators very near the cut-off condition for higher-order modes. Single-mode

microring resonators with waveguide cross-sectional dimensions that are well within (smaller

than) the cutoff-condition dimensions for higher-order modes support efficient waveguide-

resonator couplers with low scattering losses. However, their bending loss is higher than that

of disk resonators of comparable radius that have low-bending-loss whispering-gallery modes.

It is, therefore, desirable to provide alternative resonator designs that allow efficient coupling

and strong confinement.

[0009] Generally, the problems described above are related to excess loss in SC optical

waveguide and resonator devices due to interaction of functional parts of a device with the

optical field in the device. This interaction may cause optical loss because the functional parts

are optical scattering dielectric objects or absorptive (doped-semiconductor) material regions

having contact with the optical field in the device. It would be of advantage to devise device

designs that can strategically place these functional parts outside the reach of the optical field,

without compromising their original function or the efficiency of the design for that function

(e.g., to serve as a crossing, modulation region, or waveguide-resonator coupling region).



SUMMARY

[0010] Embodiments of the invention include integrated optical devices that

advantageously employ multimode behavior in strongly confining photonic structures, while

mitigating the concomitant disadvantages typically associated with multimode designs. In

particular, embodiments of the invention include low-loss optical waveguide crossing arrays,

optical modulators, and optical resonators and resonant modulators. In addition, optical

structures supporting the foregoing devices, including asymmetric and wavelength-flattened

mode excitation tapers, are provided. The optical devices of embodiments of the present

invention generally support an engineered optical intensity pattern in the waveguide or

resonator, achieved through judicious excitation of multimode and single-mode sections, in

order to support low optical intensities in those areas where scattering structures or absorptive

materials would otherwise incur optical loss.

[0011] Various embodiments of the invention enable attachments to be disposed at the core

of a waveguide without causing substantial optical losses in the waveguide through conversion

to unwanted guided or radiative modes. Such structures employ multimode optical designs

with a periodic light intensity pattern having a periodicity matched to a periodicity of the

structure. The intensity pattern produces periodic low-intensity or nearly intensity-free regions

at the waveguide core edges. Crossing structures, such as, e.g., crossing waveguides, are

attached at and/or near the sidewalls at any of the positions along the primary waveguide

where the periodic low optical intensity occurs. Because the addition of the attachments

affects the periodicity of the optical intensity pattern, the structure is preferably designed as a

unit, and when period matching is achieved between the structure and the optical field pattern,

a low-loss Bloch wave is supported in the structure. Efficiently exciting this mode allows for

ultra-low-loss waveguide crossing arrays.

[0012] In an aspect, embodiments of the invention include an optical structure having a

multi-mode waveguide and a plurality of attachments disposed along one side of the core of

the waveguide. The waveguide supports a first mode and a second mode, whose simultaneous

excitation creates a periodic light intensity pattern including low-intensity regions in the core.

Each attachment is located adjacent such a low-intensity region, but not adjacent a high-

intensity region. The attachments may include transverse waveguide sections and/or doped

semiconductor sections. The optical structure may further include a single-mode waveguide,



and a tapered waveguide section connecting the multi-mode waveguide to the single-mode

waveguide. In certain embodiments, the length of the tapered waveguide section is smaller

than a period of the periodic light intensity pattern.

[0013] One or more of the following features may be included. The optical structure may

have a second plurality of attachments disposed at the core of the multimode waveguide, each

attachment of the second plurality being located substantially opposite an attachment of the

first plurality. Some or all of the attachments may be, or include, waveguide sections. The

two modes generating the periodic light intensity pattern may have the same lateral symmetry

in a cross-section of the multimode waveguide with respect to the center of the cross-section.

For example, the first mode may be a fundamental mode, and the second mode may be a third-

order mode of the multimode waveguide. In certain embodiments, a width of the multimode

waveguide is about five-sixths of a free-space wavelength of the first mode, and a period of the

periodic light intensity pattern is about twice the free-space wavelength of the first mode.

[0014] The optical structure may include a second plurality of attachments disposed along a

second side of the waveguide core, each attachment being located adjacent a low-intensity

region and between two adjacent attachments of the first plurality. For example, the

attachments of the first plurality may be substantially periodically spaced, and some or all of

the attachments of the second plurality may each be placed midway between two adjacent

attachments of the first plurality. Some of the attachments may include doped semiconductor

sections. For example, at least some of the attachments of the first plurality may be doped

with a first (e.g., positive) type of dopant, and at least some of the attachments of the second

plurality may be doped with a second (e.g., negative) type of dopant. Upon application of a

voltage, the doped attachments of the first and second pluralities include an electrical current

in the waveguide core. In some embodiments, the two modes generating the periodic light

intensity pattern may have opposite lateral symmetry in a waveguide cross-section with respect

to the center of the waveguide cross-section. For example, the two modes may be a

fundamental mode and a second-order mode of the multi-mode waveguide.

[0015] The multi-mode waveguide may be curved. In certain embodiments, it may form a

closed-loop resonator. A second plurality of attachments may be disposed on a second side of

the curved multi-mode waveguide, each attachment of the second plurality being located

adjacent a low-intensity region of the periodic light intensity pattern and between two adjacent

attachments of the first plurality of attachments. For example, the attachments of the first



plurality may be disposed along the inner side of the multi-mode waveguide, pointing inwards,

and the attachments of the second plurality may point outwards. Some or all of the

attachments may contain doped semiconductor regions.

[0016] In another aspect, embodiments of the invention provide an optical waveguide

structure for distributing power between modes of a multi-mode waveguide. The optical

waveguide structure includes, in various embodiments, a first waveguide supporting at least

one mode; a second waveguide supporting at least two modes; and a tapered waveguide

section asymmetric around a longitudinal axis connecting the first waveguide to the second

waveguide. The core cross-section of the first waveguide is different from that of the second

waveguide, and the core cross-section of the tapered waveguide section matches on each end

the core cross-section of the waveguide to which it is connected. A central axis of the first

waveguide is shifted laterally with respect to a central axis of the second waveguide, consistent

with the asymmetry of the tapered waveguide section connecting the two.

[0017] In yet another aspect, embodiments of the invention provide another optical

waveguide structure for distributing power between modes of a multi-mode waveguide. In

various embodiments, this structure includes a first waveguide supporting at least one mode; a

second waveguide supporting at least two modes; a third waveguide supporting at least two

modes; and two tapered waveguide sections connecting the first to the second waveguide and

the second to the third waveguide. The core cross-section of the second waveguide differs

from the core cross-sections of both the first and the third waveguide. The tapered waveguide

sections have core cross-sections matching at each end the core cross-section of the waveguide

to which they are connected. The lengths of the tapered waveguide sections and the second

waveguide are chosen such that they cooperate to cause a desired wavelength-dependent

distribution of power from a mode in the first waveguide to two modes in the third waveguide.

[0018] In another aspect, embodiments of the invention provide a method for low-loss

guiding of light waves. In various embodiments, the method involves providing an optical

structure having (i) a multi-mode waveguide supporting two modes that create a periodic light

intensity pattern with low-intensity regions, and (ii) a plurality of attachments disposed on the

multi-mode waveguide adjacent the low-intensity regions, as described above, and exciting the

two modes in the multi-mode waveguide so as to guide light waves with low loss. In some

embodiments, the loss does not exceed 0.05 dB per attachment. The description of elements



and features of embodiments of aspects directed to optical structures may be applied to the

method as well.

[0019] In yet another aspect, the invention provides, in various embodiments, an optical

structure including a waveguide and an optical resonator. The optical resonator includes a

multimode waveguide section, and a single-mode waveguide section coupled to at least one

end of the multimode waveguide section. For example, the single-mode waveguide section

may connect one end of the multi-mode waveguide section to the other, thus forming a closed

loop resonator. Alternatively, additional waveguide sections may connect the free ends of the

single-mode and the multimode waveguide section. The optical resonator is coupled to the

waveguide through a coupling region contained in the single-mode waveguide section. In

some embodiments, the optical structure further includes one or more attachments disposed on

the multimode waveguide, which include a region of positively doped semiconductor material

and a region of negatively doped semiconductor material. For instance, one attachment,

connected to the side of the multimode waveguide in two locations may contain both doped

regions, or two attachments may contain each one of the doped regions. The optical structure

may further include a transition region coupled to the single-mode waveguide section on one

side and the multimode waveguide section on the other side. The transition region may

contain a tapered waveguide section.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The foregoing discussion will be understood more readily from the following

detailed description of the invention when taken in conjunction with the accompanying

drawings.

[0021] FIG. 1 is a schematic diagram illustrating a microring-resonator-based optical

modulator.

[0022] FIGS. 2A-2C are schematic diagrams illustrating periodically varying light intensity

patterns in accordance with various embodiments of the invention.

[0023] FIGS. 3A and 3B are schematic diagrams illustrating periodically varying light

intensity patterns along curved propagation paths in accordance with various embodiments of

the invention.



[0024] FIG. 4A is an illustration of two simulated light patterns inside a waveguide in

accordance with some embodiments of the invention.

[0025] FIG. 4B is a graph of a cross sectional intensity of the simulated light patterns of

FIG. 4A.

[0026] FIGS. 5A-5C are illustrations of the amplitude, intensity, and intensity multiplied by

100, respectively, of a simulated light pattern in a matched periodic crossing waveguide

structure in accordance with some embodiments of the invention.

[0027] FIGS. 6A-6C are illustrations of the amplitude, intensity, and intensity multiplied by

100, respectively, of a simulated light pattern in a mismatched periodic crossing waveguide

structure.

[0028] FIGS. 7A and 7B are schematic diagrams of two mode-coupling optical structures

including tapered waveguide sections in accordance with some embodiments of the invention.

[0029] FIG. 8A is an illustration of the simulated light pattern inside a single-mode and a

multimode waveguide coupled by a tapered waveguide section in accordance with some

embodiments of the invention.

[0030] FIGS. 8B and 8C are graphs of the power fractions coupled into the first and third

modes of the multimode waveguide of FIG. 8A, and the fraction of the total input power

coupled into the multimode waveguide, respectively.

[0031] FIG. 9A is an illustration of the simulated light pattern inside a single-mode and a

multimode waveguide coupled by a tapered waveguide section in accordance with some

embodiments of the invention.

[0032] FIGS. 9B-9D are graphs of the power fractions coupled into the first and third

modes of the multimode waveguide of FIG. 9A, the ratio of these fractions, and the fraction of

the total input power coupled into the multimode waveguide, respectively.

[0033] FIGS. 1OA and 1OB are illustrations of the input and propagated simulated light

patterns, respectively, in a crossing waveguide array in accordance with some embodiments of

the invention.

[0034] FIGS. 1OC and 1OD are graphs of the power fractions and power ratio, respectively,

of the first and third modes creating the pattern of FIGS. 1OA and 1OB.



[0035] FIGS. 1IA- 1IK are graphs of the simulated cumulative insertion loss of light into

the waveguide structure of FIG. 10A- 1OC as a function of the number of waveguide crossings

passed.

[0036] FIGS. 12A-12K are graphs of the simulated differential insertion loss of light into

the waveguide structure of FIG. 10A- 1OC as a function of the number of waveguide crossings

passed.

[0037] FIGS. 13A-13C are illustrations of the amplitude, intensity, and intensity multiplied

by 100, respectively, of a simulated light pattern in a mismatched periodic crossing waveguide

structure with input tapers in accordance with some embodiments of the invention.

[0038] FIGS. 14A and 14B are graphs of transmission efficiency and crosstalk in a crossing

waveguide structure in accordance with some embodiments of the invention;

[0039] FIGS. 14C and 14D are graphs of the transmission efficiency from the input port to

various locations with a crossing waveguide structure in accordance with some embodiments

of the invention.

[0040] FIGS. 14E and 14F are graphs of the cumulative insertion loss and the differential

insertion loss, respectively, in a crossing waveguide structure in accordance with some

embodiments of the invention.

[0041] FIG. 15 is a schematic diagram of a multimode waveguide with doped

semiconductor attachments in accordance with some embodiments of the invention.

[0042] FIG. 16 is a schematic diagram of a multimode waveguide with staggered doped

semiconductor attachments in accordance with some embodiments of the invention.

[0043] FIG. 17 is a schematic diagram of an asymmetric mode-coupling optical structure

including a tapered waveguide section in accordance with some embodiments of the invention.

[0044] FIG. 18 is a schematic diagram of a resonant multimode waveguide structure

comprising doped semiconductor attachments in accordance with some embodiments of the

invention.

[0045] FIG. 19 is a schematic diagram of a loop resonator comprising a multimode

waveguide section and a single-mode waveguide section in accordance with some

embodiments of the invention.



[0046] FIGS. 2OA and 2OB are schematic diagrams of resonant optical modulators in

accordance with various embodiments of the invention.

DETAILED DESCRIPTION

[0047] Various embodiments of the present invention provide different integrated photonic

device designs that enable shaping of an optical intensity pattern in a waveguide or resonator

to permit certain elements (attachment structures or absorptive material regions) to be placed

in regions of relatively low optical intensity. The placement of these elements confers design

advantages, such as permitting crossing paths of optical propagation (waveguide crossings),

and enabling efficient modulation by permitting low resistance between the electrical contacts

of a p-i-n diode that may be included in the optical structure.

[0048] High-index-contrast dielectric waveguides in general support modes with hybrid

polarization, which may have a major and minor transverse polarization field, and not

necessarily pure TE and TM modes. However, the waveguides considered here typically

support modes of interest that are TE-like and TM-like. The nomenclature is simplified herein

to TE and TM.

[0049] Waveguide structures in accordance with various embodiments of the invention may

be made from a variety of core and cladding materials providing high index contrast, i.e., from

any combination of materials for which the ratio of the core index to the cladding index is at

least 1.2, and with a variety of core cross-sections. Various aspects and concepts of

embodiments of the invention are illustrated herein with the example of a waveguides with a

silicon core of rectangular cross-section and a uniform dielectric silica cladding. However, the

general principles underlying embodiments of the invention hold for a range of waveguide

designs, as long as they are strongly confining, i.e., confine the optical mode in a cross-section

that is on the order of a wavelength in dimension or smaller.

[0050] Referring to FIG. 2, in various embodiments of the invention, photonic structures

generate and support a laterally confined optical field pattern 200 that propagates along a path

of propagation 210. The width of the field pattern, defined between half-intensity envelopes

220, and the lateral position 230 of the field pattern, may vary along the path of propagation.

The width and lateral position 230 of the field pattern 200 at any point along the propagation

path 210 may be defined along a cross-section 240 perpendicular to the path of propagation

210. The lateral position 230 may be defined as the "center of mass" of the intensity



distribution along the cross-section, so that the integrated optical power flow to the left of the

lateral position 230 is equal to that to the right of it. Likewise, the width of the optical field

pattern at a point may be defined as the distance between the points of half intensity 220

relative to the peak intensity along the cross-section. Various other similar definitions of width

and lateral position (e.g., as the point of maximum intensity) may be applied without affecting

the validity of the description. Preferably, the variation of the width and/or lateral position 230

along the propagation path 210 is periodic.

[0051] In an embodiment, the optical field pattern 200 may have a varying width along the

propagation path 210, as illustrated in FIG. 2A. Exemplary embodiments of this configuration

are illustrated in FIGS. 5A-5C and 13A-13C.

[0052] In another embodiment, the optical field pattern 200 may have a varying lateral

position 230 along the propagation path 210, as illustrated in FIG. 2B. An exemplary

embodiment is illustrated in FIG. 15. The optical field pattern 200 may also exhibit a

combination of the two, namely a varying width and lateral position 230, as illustrated in FIG.

2C.

[0053] In yet another embodiment, the propagation path 210 may not be straight but may be

curved, as illustrated in FIG. 3A (varying width) and FIG. 3B (varying lateral position 230).

Exemplary embodiments of this configuration are illustrated in FIGS. 2OA and 2OB.

[0054] A laterally confined optical field pattern 200 with a variable width and/or lateral

position 230 may be formed by the excitation of multiple modes of a guided-wave structure in

an appropriate ratio. In FIG. 4A, an exemplary waveguide core 400 of width 1 µm, core index

of 3.5 (e.g., of silicon) and cladding index of 1.45 (e.g., of silica, i.e., SiO ) supports three

guided modes at a wavelength of 1550 nm. When the fundamental mode 410 is excited, the

width and lateral position of the intensity pattern are constant along the propagation path, but

when two modes (the first and third mode in the illustrated case) are excited, the width of the

intensity pattern varies periodically with a "beat" period 420, Lbeat, defined by

where βi is the larger and β2 is the smaller of the propagation constants of the two modes. In

this example, Lbeat is about 10 µm. The simulation in FIG. 4A is two-dimensional and employs

an out-of-plane (TM) polarization, but the general principle applies to realistic 3D situations

with slight modifications of dimensions.



[0055] More generally, in structures that are more complex than a straight waveguide of

uniform width, the propagation constants of the modes may not be constant along the length,

and the condition in equation (1) may be more generally interpreted as stating that the intensity

pattern repeats after a propagation distance for which the modes accumulate a total relative

phase shift of 2π (or a multiple). More generally, this holds true when more than two modes

are excited, and optical structures that support such repeating patterns exist. These patterns, in

the more general sense, are referred to herein as envelope Bloch waves.

[0056] FIG. 4A (bottom) shows the field amplitude pattern for relative field amplitudes of

1.0 and 0.3 in the first and third modes. At this amplitude ratio, a periodic "breathing" field

pattern 430 is formed that varies in width between a minimum and a maximum, simulating

periodic focusing. While the excitation of a single mode results in a concentration of most of

the light in the core of the waveguide, and significantly lower intensity in the cladding, the

simultaneous excitation of the first and third modes causes regions of low intensity 440 to

occur even in the core, at a period of Lbeat- These low-intensity regions appear to the sides of

the minimum-width regions 450 (the "foci") of the light intensity pattern 430. As used herein,

low-intensity regions are defined as regions in which the light intensity has dropped below

one-half of the peak intensity of the light intensity pattern 430.

[0057] The relative field amplitudes may be selected to reduce the width of the minimum-

width region, increasing the size of the low-intensity regions 440 in the core, and reducing the

residual light intensity in these regions 440. FIG. 4B compares the total field amplitudes 460,

480 of the single-mode excitation (460) and the two-mode excitation (480) at the minimum-

width point along the propagation path in cross-section. At the lateral position of the sidewalls

of the waveguide core (i.e., at +0.5 µm in FIG. 4B), the field intensity, i.e., the square of the

field amplitude, is about 16 times smaller in the dual-mode excitation than it is in the single-

mode excitation. Smaller field intensity on the sidewalls translates to smaller scattering losses

from sidewall roughness as well as smaller scattering from imperfections, objects, and abrupt

geometry changes near the sidewalls. As a result, the field pattern in FIG. 4A (bottom) is well-

suited for high-efficiency waveguide-crossing arrays.

[0058] FIGS. 5A-5C illustrate an exemplary embodiment of an optical structure 500 that

utilizes a periodic light intensity pattern 510 created by the excitation of a first mode and a

second mode in a multimode waveguide. The first mode may be a first-order, or fundamental,



mode, and the second mode may be a third-order mode. As explained above for FIG. 4A, such

a pattern 510 includes lateral positions at which the light is "focused" into an inner region of

the waveguide core, resulting in adjacent low-intensity regions in an outer region of the

waveguide core. The structure 500 contains a first plurality of attachments 512 placed along

one side of the core 514 of the multimode waveguide adjacent the low-intensity regions, and

may further contain, as illustrated, a second plurality of attachments 512' placed along a

second side of the multimode waveguide core adjacent low-intensity regions. Particularly, in

FIGS. 5A-5C, waveguide sections 512, 512' are placed opposite each other along the

multimode waveguide at locations corresponding to the minimum-width-of-intensity points

that periodically occur along the propagation path. The multimode waveguide and the

waveguide sections 512, 512' collectively form a crossing waveguide structure 500 with a

period Lperiod, which is related to the period of the optical field 510 as:

1. 2, 3, ... (2)

In the case illustrated in FIGS. 5A-5C, N ~ 1. In general, N may be any positive integer.

Furthermore, the structure 500 need not be necessarily strictly periodic. Rather, the attached

waveguide sections 512 that form the crossing waveguides may be inserted adjacent any subset

of the minimum-width points of the optical field 510. FIG. 5B shows the simulated intensity

pattern 520 (square of the field amplitude 510) of structure 500, and FIG. 5C shows in more

detail the lower-intensity pattern, obtained by plotting the hundredfold of the intensity on the

same color-intensity scale (such that the high intensity region is clipped to white).

[0059] The addition of attachments 512 to the waveguide 514 changes the periodicity of the

optical intensity pattern in comparison to a pattern in an isolated waveguide 400 lacking the

attachments (as illustrated, for example, in FIG. 4A). This effect is due to residual fields near

the sidewalls of the waveguide core, which gain additional phase shifts from the the

attachments 512. Therefore, in various embodiments, the entire structure 500 is designed with

a correction to the periodicity, such that, in the final structure, Lperiodmatches Lbeαt, satisfying

equation (2), as shown in FIGS. 5A-5C and explained in further detail below. When this

matching is achieved, the structure supports a low-loss propagating Bloch wave.

[0060] In the simulated example in FIGS. 5A-5C, the waveguide core and attachments are

formed of silicon (index n = 3.5), placed on a silica undercladding (n = 1.45), and clad by air

on the top and sides (n = 1.0). The example is simulated in 2D, taking the vertical dimension



into account through the effective index method, which is described in the literature. The 2D

structure in FIGS. 5A-5C has an effective core index of 2.43 and cladding index of 1.2, and is

designed for and, in this example, excited at a wavelength of 1200 nm. The periodicity of the

waveguide attachments is Lpenod = 2.45 µm. In general, the periodicity of the attachments may

be about twice the free-space wavelength of the first mode, i.e., the wavelength at which the

structure is excited. The width of the waveguide core may be, in some embodiments, about

five-sixths of the free-space wavelength of the first mode. As shown, the excitation field 516

at the left of the structure is only the fundamental mode (like FIG. 4A, top), and not a

superposition of modes (as in FIG. 4A, bottom). However, after propagation through a couple

of crossings, the field self-organizes into the low-loss Bloch wave 510, as this is the lowest-

loss field pattern that propagates in the structure, and all other modes of propagation quickly

attenuate. In the first two to three crossings 518, the fundamental mode alone does not have

the low-loss field pattern. Since those parts of the field that do not fit the low-loss pattern are

radiated off, excessive radiation loss is incurred in this region, as shown in FIG. 5C by stray

radiated light to the sides of the waveguide 514 in the crossing waveguide sections 518. The

first crossing incurs about 0.2 dB optical loss. Losses in subsequent crossings decrease, and

reach about 0.04 dB loss per crossing along the majority portion of the waveguide. Thus, the

loss does not exceed 0.04 dB per attachment, and preferably does not exceed 0.02 dB per

attachment. In some embodiments, the loss per attachment does not exceed 0.05 dB. The total

insertion loss of the structure, from the fundamental input mode into the fundamental mode of

the output at the right, is about 0.75 dB. About half of this loss is due to mismatch at the first

crossing and residual power in the third mode at the output, where the concentration of all

power in a single mode is desirable.

[0061] The existence of the low-loss Bloch wave depends on the structure having

appropriate dimensions, i.e., a correct Lpenod satisfying equation (2). Thus, not all structures

support a low-loss Bloch wave. FIGS. 6A-6C show a structure 600 similar to that in FIGS.

5A-5C, but with attachments 610 spaced by Lpenod = 3.675 µm ~ 1.5 Lbeat, not satisfying

equation 2 . In this case, the field pattern 620 does not progress from the fundamental mode

into a low-loss Bloch wave, and instead exhibits high radiation losses all the way along the

structure. The intensity pattern (FIG. 6B) shows high losses, visible to the eye over seven

crossings. An amplified plot of the intensity pattern (FIG. 6C), showing more clearly the

lower-intensity radiated fields, shows power radiating from the structure at each junction.



Although structure 600 has the same dimensions as structure 500 in FIGS. 5A-5C except for

Lpenod, total loss of 4.5 dB is obtained across the entire structure with seven crossings, i.e., a

loss of 0.65 dB per crossing - about 15 times more loss per crossing than the appropriately

period-matched structure in FIGS. 5A-5C incurs.

[0062] The embodiment shown in FIGS. 5A-5C allows for low losses of about 0.04 dB per

crossing, but has a substantial one-time coupling loss of 0.2 dB at the input due to mode

mismatch, and a similar loss due to residual power in the third mode at the output, where the

concentration of all power in a single waveguide mode would be preferable. The low-loss

Bloch wave 530, once settled, gives by its makeup the relative amplitudes of the various

waveguide modes that, if excited directly, would right away result in the low-loss Bloch wave,

thereby avoiding coupling losses.

[0063] In certain embodiments, an optical waveguide structure such as the waveguide

crossing array 500 of FIGS. 5A-5C is supplemented with "mode couplers" that aid in the

excitation of modes at a desired amplitude ratio, and thereby in the excitation of Bloch waves.

Two exemplary mode couplers are illustrated in FIG. 7 . Coupler 700, shown in FIG. 7A,

connects a single-mode input waveguide 710 to the multimode waveguide 720, which may be

the waveguide 514 of structure 500. A mode coupler 700 for coupling modes of the same

symmetry (i.e., even-order modes only, or odd-order modes only), as is the case in the crossing

array 500, may take the form of a symmetric tapered waveguide section (FIG. 7A) with a

length much shorter than that of an adiabatic structure, namely, a length substantially shorter

than the beat period (L beat ) of the two modes being coupled. The cross-section of the core of

the tapered waveguide section 700 matches, on either end, the cross-section of the core of the

waveguide connected thereto. The tapered waveguide section 700 acts like a coupling element

between modes one and three of a waveguide (or, more generally, between any two like-

symmetry modes), and avoids coupling modes one or three to the second mode, which is also

supported by the waveguide. As illustrated, the tapered waveguide section 700 has one input

port, i.e., one mode in the input waveguide 710, and two relevant output ports, i.e., two

relevant modes, the first and third, in the output waveguide 720. As such, it is functionally

similar to a (potentially asymmetric) Y-branch power splitter for single mode waveguides, but

serves the same function for modes. More generally, the tapered waveguide section 700 may

also have multiple input ports, i.e., may be connected to a multimode input waveguide. Then,



it may be functionally equivalent to a directional coupler between two single mode

waveguides, as such having two input and two output ports.

[0064] A directional coupler, such as the tapered waveguide section 700, may have a

wavelength-dependent coupling ratio from a mode of the input waveguide 710 mode to the

modes of the output waveguide 720. On the other hand, it may be desirable to enable

operation of a low-loss Bloch wave structure, such as the waveguide crossing 500 in FIGS.

5A-5C, over a wide wavelength range. Then, excitation of a particular ratio of mode

amplitudes over a broadband wavelength range requires a mode coupler with control of

wavelength dependence.

[0065] FIG. 7B illustrates an embodiment of a mode coupler 730 with control of

wavelength dependence. Such a structure may be used to couple light from a waveguide 710,

e.g., a single-mode waveguide, into two desired modes of a multimode waveguide 720,

thereby inducing, for example, a light intensity pattern of varying width or lateral position as

described above. The mode coupler 730 may include a first tapered waveguide section 740

and a second tapered waveguide section 750, and a multimode waveguide section 760

connecting them, thus forming an interferometer. The cross-section of the core of waveguide

section 760 generally differs from the core cross-sections of both waveguides 710, 720. The

core cross-sections at both ends of the tapered waveguide sections 740, 750 may be selected

such as to match the corresponding core cross-sections of the waveguides or waveguide

sections they are connecting. The multimode waveguide section 760 functions analogously to

an unbalanced Mach-Zehnder (MZ) interferometer (i.e., one with unequal arm lengths) when it

couples two modes. The first tapered waveguide section 740 may be considered to be

equivalent to a Y branch, and the second tapered waveguide section 750 may be considered to

be equivalent to a 2x2 directional coupler. The multimode waveguide section 760 between the

two tapered waveguide sections 750 provides different propagation phases for the two modes

if the two modes have different propagation constants in that section, hence emulating

different physical path lengths by providing different optical path lengths for the two modes in

the same physical length.

[0066] Unbalanced MZ interferometers, and, consequently, coupling structures 730, have a

sinusoidal frequency response, i.e., a sinusoidal dependence of the coupling ratio between

input and output modes on the frequency. As such, they may be designed so that the operating

point is at the peak of the sinusoidal curve, thus making the coupling independent of



wavelength, or at one or the other side of the peak, thus creating a desired positive or negative

wavelength dependence of the coupling. The coupling strength at the peak is determined by

the coupling strengths of the two tapered waveguide sections 740, 750, and the wavelength

period is determined by the difference in path lengths for the two modes in waveguide section

760. Because the coupler structure 730 in FIG. 7B, operating on two modes of a waveguide, is

functionally equivalent to an unbalanced MZ, operating on the single modes of two separate

waveguides, the same design principles can be employed to produce a desired, including a flat,

wavelength dependence in the coupling ratio.

[0067] The design of a waveguide structure using only a single tapered waveguides section

700 to couple light between two waveguides, and the corresponding wavelength dependence of

such a structure, which may call for the more sophisticated couplers 730, are illustrated by

simulations shown in FIGS. 8A-8C and 9A-9D. In FIGS. 8A-8C, a structure including a

tapered waveguide section 700 connecting a single-mode waveguide of width 400 nm to a

multimode waveguide of width 1.1 5µm is simulated. FIG. 8A shows the coupled waveguide

structure (on a pixel grid with 25 nm pixels), as well as the simulated electric field amplitude

at 1200 nm wavelength. FIG. 8B illustrates the coupled power fractions 810, 820 from the

fundamental mode of the input waveguide 710 to the fundamental (810) and third order (820)

modes of the output waveguide 720 as a function of wavelength. For a 0.5-µm-long tapered

waveguide section 700, shown in FIG. 8A, the simulated response places about 13% of the

power in the third mode, and the remainder in the fundamental mode, with the exception of

about 1% of the power which is lost to radiation in the short taper. Hence, this tapered

waveguide section is not suitable for exciting the modes in an amplitude ratio of, for example,

1.0:0.3 (power ratio 1:0.09), as illustrated in FIG. 4A. However, a longer tapered waveguide

section may enable this ratio. In general, longer tapered waveguide sections result in lower

coupling ratios, while shorter tapered waveguide sections give higher coupling ratios.

[0068] As shown in FIG. 8B, the fractions 810, 820 of power coupled to the fundamental

and to the third mode are also wavelength-dependent, varying by over a factor of 2 over a 200

nm wavelength range. Therefore, for broadband operation, interferometric couplers such as

the mode coupler 730 of FIG. 7B, which includes two tapered waveguide sections, may

preferably be employed.



[0069] Furthermore, in the simulation shown in FIG. 8C, which plots the total power in

modes 1 and 3 at the output waveguide 720, not all power is transmitted to the desired modes,

i.e., the short tapered waveguide coupler 700 exhibits radiation losses.

[0070] FIG. 9A illustrates a mode-coupling structure with a longer tapered waveguide

section 700, of 0.75 µm length. FIG. 9B shows the fractions 810, 820 of power coupled to the

fundamental and third order modes, respectively. The ratio is plotted in FIG. 9C, showing a

1:0.09 ratio of powers in modes 1 and 3 as desired to obtain a pattern like that in FIG. 4A

(bottom). The total power in modes 1 and 3, shown in FIG. 9D, is above 99.7%, showing that

longer tapered waveguide section, even at sub-micron length, enable smaller radiative losses

(here below 0.3%).

[0071] Referring to FIGS. 10A- 10D, accordingly, in one embodiment, a waveguide

crossing array 1000 is provided that includes a plain waveguide crossing array 500 formed of a

multimode waveguide 514 with crossing multimode waveguide attachments 512, and mode

couplers 1010, e.g., tapered waveguide sections, attached to the multimode waveguides 512,

514. The mode couplers 1010 may be designed to excite the particular ratio of modes (here,

fundamental and third order mode) that are found in the low-loss Bloch wave. In the

simulation shown in FIGS. 10A- 10D, an optical pulse at 1200 nm center wavelength is

launched into the crossing array 1000 (FIG. 10A), and propagates through the crossing array

(FIG. 10B). To aid in design, one may observe the ratio of local modes in the structure 1000

as the low-loss Bloch wave is being formed. Observation planes 1020 at the single-mode input

waveguide, observation planes 1030 before the first crossing, and observation planes 1040,

1050, 1060, 1070 after each respective crossing may be used to monitor the composition of the

total field pattern in terms of contributions of various local modes.

[0072] Starting with an amount of power normalized to 1.0 in the single-mode input

waveguide 1020, FIG. 1OC shows the simulated fraction of power 1100 in the fundamental

mode and the fraction of power 1110 in the third-order mode, at a cross-section 1030 before

the first crossing, and at cross-sections 1040, 1050, 1060, 1070 after each respective crossing.

At a cross-section 1030 before the first crossing, the ratio of excited powers is 1:0.09 (shown

in FIG. 10D), as designed by using the mode coupling taper 700 shown in FIG. 9 . At the

cross-section 1040 after the first crossing, the ratio of powers is lower, at 1:0.05, indicating

that the modes do not incur equal loss in crossing the gap, but that the third mode incurs more

loss, and that a unified low-loss Bloch wave is not established. However, further cross-



sections 1050, 1060, 1070 after the second, third, and fourth crossings show that the ratio

remains at 1:0.05 thereafter, indicating that a low-loss Bloch wave is established after the first

crossing sheds part of the power in the third mode, and steady state operation is achieved.

Therefore, a modified, slightly longer tapered waveguide section 700 giving a 1:0.05 coupling

ratio is needed for optimal operation of this taper, with minimal input coupling (excitation)

loss.

[0073] As noted previously, the attached crossing waveguides 512 may cause phase shifts

in the residual field overlapping with the attachments, thereby modifying the effective

propagation constants of the modes locally, and, consequently, the effective beat length, Lbeat,

of the optical field patter 510 in the crossing array 1000. The following procedure may be

used for designing crossing arrays with reduced losses: First, modes are excited in a simulated

structure as shown, for example, in FIGS. 5A-5C, and a Bloch-wave pattern is allowed to

emerge. Then, dimensions may be modified and simulations may be repeated to evaluate the

loss of the Bloch wave in each case in order to find a set of dimensions that correctly matches

periodicities of the coupled structure and the low-loss Bloch wave, i.e., that accounts for the

shifts in propagation phase incurred due to the attachments. Once the crossing structure with a

low-loss Bloch wave is obtained, the ratio of local waveguide modes excited in that structure

may be evaluated, and an appropriate mode coupling taper 700 may be designed (as in FIGS.

8A-8C and 9A-9D) to permit low-loss excitation of the structure from a single-mode

waveguide. The structure simulated in FIGS. 10A- 1OD has a periodicity of 2.475 µm, and

length of the multimode waveguide 514 between the wide end of the input tapered waveguide

section 700 and the closest edge of the first crossing waveguide 512 is 1.525 µm.

[0074] FIG. 1IA shows, for a period Lpenod = 2.6 µm of the crossing waveguide sections,

the cumulative insertion loss (in decibels, dB) from the input waveguide cross-section 1020 to

multimode cross-sections after zero (1030), one (1040), two (1050), three (1060), and four

(1070) crossings. FIG. 12A shows the differential insertion loss, found by subtracting from

each insertion loss value the previous one, indicating the power loss (in dB) due to each

individual crossing. The figure shows that the losses of the first and last crossing are high,

while those of the second and third crossing are comparatively lower. The variation means

that a self-sustaining low-loss Bloch wave is not established in this structure.



[0075] FIGS. 1IB-K show the cumulative insertion loss for different choices of the

periodicity with which the crossing waveguides are attached, respectively Lpenod = {2.575,

2.550, 2.525, 2.500, 2.475, 2.450, 2.425, 2.400, 2.375, 2.300}µm. FIGS. 12B-K show the

corresponding incremental loss due to each crossing. If losses of the first crossing are

disregarded in each case due to imperfect excitation of the ratio of mode amplitudes before the

first crossing (before a matched mode-coupling tapered waveguide section 700 can be

designed for each case), then the trend of the remaining crossing losses is instructive in

obtaining a design with a matched structure and optical field pattern (equation 2). FIGS. 12A-

E show variable, generally progressively decreasing, losses per crossing, indicating that the

intensity pattern shape is slightly different next to each crossing point. FIG. 12F shows an

approximately constant loss per crossing for crossings after the first, showing establishment of

a low-loss Bloch wave, and the desired design point for a waveguide crossing array. FIGS.

12G-K show a progressively increasing loss per crossing, indicating lack of a low-loss Bloch

wave for the amplitude, and operation on the opposite side of the optimum. It may be noted

that the equal losses per crossing (after the first) in FIG. 12F are also the lowest losses per

crossing, and as low as or lower than the lowest loss per crossing in all other cases in FIGS.

12A-12E and 12G-12K. This design for the crossing array 500 may be utilized as the basis for

finding the relative local mode amplitudes in the Bloch wave, to then lead to an optimal design

of a mode excitation coupler 700, or, alternatively, 730.

[0076] In one embodiment, illustrated in FIGS. 13A-13C, a waveguide crossing array 1300

has a periodicity matched to a low-loss Bloch wave (approximately according to equation 2,

with corrections accounted for by the design procedure described above), and is supplemented

with tapered waveguide sections 700 for coupling the multimode waveguide 514, as well as

the transverse waveguide sections 512, to single-mode input and output waveguides. The wide

end of the input taper 700 is placed at a distance x of 1.525 µm from the closer wall of the first

input waveguide. Thereby, the modes 1 and 3 that are excited in the appropriate ratio by the

mode coupler 700 are given an appropriate propagation distance in order to acquire a relative

phase relationship that leads to a minimum- width field pattern at a location where the first

crossing is placed. By reciprocity, operation in reverse is the same, so all power may be

collected in one single-mode output waveguide by placing an identical output taper 700 at the

same distance (1.525 µm in this case) from the last crossing in the array. Then, the multimode

pattern simulates a focusing just as the tapered waveguide section at the output catches it, and



channels it into a single mode waveguide. In the illustrated example, ten crossings are used,

but due to the periodic nature of the matched structure and low-loss Bloch wave, any number

of crossings may be inserted. FIG. 13A shows simulated field patterns, and FIGS. 13B and

13C show the simulated intensity patterns of the crossing array 1300. The intensity-amplified

plots of FIG. 13C illustrate that the residual radiation intensity scattered into crossing

waveguides 512 is small at all crossings, including the first crossing.

[0077] FIGS. 14A and 14B show the transmission efficiency and crosstalk relative to

single-mode waveguide ports including the input port 1020, output port 1310, and a first cross-

waveguide port 1320. FIG. 14A shows that the crossing array has 89% overall transmission

(0.48 dB total loss) from the input single-mode waveguide to the output single-mode

waveguide across ten crossing waveguides, at an operating wavelength of 1200 nm, for which

it is designed. The bandwidth of operation over which similar losses (defined as losses no

more than twice as large) are obtained is at least 150 nm in wavelength, as shown in FIG. 14A,

and may extend over hundreds of nanometers in wavelength. This property is based on the

fact that the structure is not resonant, and that the periodicity matching of Lpenodand Lbeat does

not depend to first order on the dependence of the propagation constants of the two modes on

wavelength. Rather, Lbeat depends only on the wavelength-dependence of the difference of the

two modes. As a result, the device is rather broadband, and, consequently, also insensitive to

many types of fabrication variations - in particular, the primary type of fabrication variation in

such structures, the tendency for the width of all waveguides to come out symmetrically

slightly wider or narrower (+10-20 nm) than designed.

[0078] FIG. 14B shows the crosstalk to a crossing waveguide port, an important

performance measure for waveguide crossing arrays. The closest port to the input has a

maximal crosstalk of about -40 dB, due to the low scattering loss in the regions where

transverse waveguide sections are attached; low losses are enabled by excitation of the low-

loss Bloch wave.

[0079] FIGS. 14C-D show the transmission efficiency (or loss) from the input port to total

power in a cross-section 1330 before the first crossing, as well as to cross-sections 1331 to

1340 after each respective crossing; as well as to the final output port, and to a first cross-port

1320. The plots in FIGS. 14C-D show that the ratio of powers in mode 1 and 3 is 1:0.09 at the

cross-section 1330 before the first crossing, and about 1:0.05 after each crossing thereafter,

confirming the establishment of a low-loss Bloch wave in the structure. The first, higher loss



is due to the use of a tapered waveguide section 700 designs as in FIG. 9, which is not

optimized for this structure that utilizes a 1:0.05 mode power ratio.

[0080] FIG. 14E shows the total power (relative to the input power at the input port 1020)

remaining in cross-sections 1330-1340 at points along the multimode waveguide after zero to

ten crossings, and a last data point at the single-mode output port. The plot shows 0.48 dB loss

for the total structure including ten crossings and two mode coupling tapers 700. FIG. 14F

shows the differential loss from one cross-section to the next, i.e., the loss for each individual

crossing and taper. This figure illustrates that the unoptimized input and output tapers

contribute a radiative loss of 0.02 dB each, and that they contribute to increased loss in the first

crossing of 0.08 dB, but that the remaining crossings each have a low loss of 0.04 dB per

crossing.

[0081] In general, embodiments of waveguide crossings may employ more than two modes,

provided that the low-loss Bloch wave conditions, i.e., the periodicity-matching of the

waveguide structure and field patterns according to equation 2, may be satisfied.

[0082] More generally, the optical structure may be generalized into a two-dimensional

array of crossing waveguides by further repeating it along the vertical direction in the same

way as it repeats along the horizontal direction (e.g., to make a 10x10 crossing array). On the

other hand, with respect to the single in-line crossing array structure 500 or 1300, the crossing

attachments 512 need not be identical to the primary multimode waveguide 514. Furthermore,

they need not support well-confined guided modes.

[0083] Another utility for structures with periodic attachments that incur low optical losses

may be their application in optical modulators. In one embodiment, the crossing array

structure 1300 may be provided with crossing attachments 512, each attachment containing a

p-doped semiconductor region in the core to one side of the multimode waveguide 514, and an

n-doped semiconductor region to the opposite side.

[0084] In another embodiment, periodicity may be removed, and a single-crossing structure

1500 may be employed, as shown in FIG. 15. The attachments 1510, 1520 on either side of

the multimode waveguide 1530 may contain p-doped and n-doped semiconductor regions

1533, 1535, respectively. The top attachment 1510, the waveguide 1530, and the bottom

attachment 1520 may then form a p-i-n semiconductor junction, provided that the waveguide

core includes a semiconductor material. This design has several advantages that address



limitations of conventional optical modulator designs in strongly confining waveguides, such

as the modulator 100 illustrated in FIG. 1.

[0085] In the modulator design 100 in FIG. 1, the waveguide cross-section 122 is a ridge

waveguide. As such, the design balances a trade-off. A deep etch allows for stronger

confinement of the optical mode, but increases the resistance of the p-doped, n-doped, and

waveguide regions between the contacts due to the thin flanges 130 to the sides of the

waveguide core 120. On the other hand, a shallow etch reduces resistance per unit length

between the contacts due to an increased cross-section for current flow in the flanges 130, but

leads to poorer confinement of the optical mode. The poorer confinement can be mitigated by

injection of more carriers to effect an index change in the optical mode, and by displacement

of the p-doped and n-doped regions laterally further away from the core to avoid overlap with

the optical field, which may otherwise lead to absorption losses. The placement of the doped

regions at a larger distance from the waveguide core, in turn, increases the resistance between

the contacts.

[0086] In contrast, the single-crossing structure 1500 design in FIG. 15 uses a self-

confining field pattern 1540 having cross-sections 1550 that support a minimum- width field

intensity distribution with low-intensity regions to either side within the core of the waveguide

1530, so that attachments 1510, 1520 may be included without incurring optical loss. Further,

p-doped semiconductor material regions may be located in the attachment 1510, and n-doped

regions in the second attachment 1520, very close to the optical field 1540, without causing

substantial overlap of the light field 1540 with the absorptive doped regions, enabling low

optical losses. In turn, the waveguide may be fully etched through (i.e., may be considered to

be a ridge waveguide with zero thickness of the flange 130), such that the optical confinement

is maximal at positions 1560 where the walls of the waveguide core have contact with the

optical field. At the same time, resistance between the electrical contacts through the p-i-n

junction may be kept low by locating the doped regions close to the optical field, and

providing very thick "flanges" 130 where the p- and n-doped regions 1533, 1535 are, namely,

attachments as thick as the waveguide core, rendering the structure equivalent to a very

shallow ridge waveguide (one with no etching through at all). Both maximizing cross-

sectional area and minimizing distance between contacts serves to reduce resistance.



[0087] The electrical contacts 1570, 1571 may be attached to the p-doped and n-doped

regions 1533, 1535 via metal suicide contacts 1573, 1574 typically fabricated in contact with

doped regions to produce low contact resistance. The metal suicide in state-of-the-art CMOS

processes may include, for example, nickel suicide.

[0088] While the structure 1500 in FIG. 15 provides advantages for circumventing a trade

off between resistance and optical confinement, a limitation of such a design is that it does not

optimally distribute charge carriers throughout the optical field in the structure. Namely,

charge carriers may be primarily located between the attachments 1510 and 1520, and the

optical field closer to the input and output regions of the structures may remain unmodulated.

For high efficiency devices, all of the optical field is preferably immersed with carriers when

charge is injected into the device. Structures generally based on the engineering of light

intensity patterns that vary width and lateral position along the propagation path may be

employed to more efficiently distribute carriers, and improve on the design of FIG. 15.

[0089] Another embodiment provides a periodic optical structure including a plurality of

attachments disposed along one side of the core of a multimode waveguide which supports at

least a first mode and a second mode. If such attachments are placed periodically adjacent

low-intensity regions of a periodic light intensity pattern excited in the multimode waveguide,

and are in an alternating manner provided with p- and n-doped semiconductor regions, then

upon carrier injection, charge may fill the entire waveguide core, as carriers travel between the

different field regions. The attachments are usually not waveguides, and may be made of a

different width than the multimode waveguide. In particular, they may be made narrower,

allowing a further reduction in optical loss per attachment, without making them so narrow

that they overly increase series resistance.

[0090] Designs as just described are valid for light intensity patterns like the one shown in

FIGS. 13A-13C, where the width of the intensity pattern varies periodically along the

propagation path, but the lateral position is fixed (see also FIG. 2A). However, they may also

be implemented using a different light intensity pattern which has a periodically varying lateral

position along the propagation path, and whose width may be relatively constant (see also FIG.

2B). While the attached doped semiconductor sections may all be placed along the same side

of the waveguide, a "wiggling" light intensity pattern provides an opportunity for modulator

designs that further take advantage of such a pattern with an arrangement of attachments on



two opposite sides of the waveguide that results in low resistance, filling of the optical field

region with carriers, and low optical losses.

[0091] FIG. 16 illustrates an exemplary structure 1600, wherein a first plurality of

attachments 1605 and a second plurality of attachments 1610 are disposed along two sides of

the core of a multimode waveguide, 1612, in a staggered fashion. The multimode waveguide

supports a light intensity pattern 1614 of varying lateral position (see also FIG. 2B), which

may be formed by the mixed excitation of a fundamental and a second order mode, or, more

generally, modes of opposite symmetries. Such a pattern includes regions of low intensity

1618 on opposite sides of the waveguide core 1612 at staggered points. An attachment 1605

or 1610 may be placed at each of the regions of low intensity 1618, thus optimally using the

field pattern 1614 to advantage. Thereby, each attachment 1610 on one side, except, possibly,

the first and/or last attachment in the row, is located between two adjacent attachments 1605.

[0092] The attachments 1605 on one side of the core 1612 may include semiconductor

regions doped with a first type of dopant, e.g., p-type dopant, and the attachments 1610 on the

other side may include semiconductor regions doped with a second type of dopant, e.g., n-type

dopant. All p-doped regions may be connected to the same positive electrical contact, and all

n-doped regions to the same negative electrical contact. When carriers are injected via the

electrical contacts, i.e., upon application of a voltage, carriers flow from each p-doped region

in an attachment 1605 through the waveguide core 1612 to the left and right, to be collected

primarily in one of two n-doped regions in adjacent attachments 1610 on the other side of the

waveguide. In such a way, an electrical current is induced in the core of the waveguide, filling

the entire optical structure with carriers, with the exception of the input and output areas. In

the limit of a structure with many attachments, the latter is a small fraction of the optical mode.

However, while a structure in which an attachment is placed next to each low-intensity region

may be particularly efficient, such completeness is not necessary to enable the functionality of

an optical modulator. In general, doped semiconductor sections 1605, 1610 may be placed

adjacent a subset of low-intensity regions. Typically, but not necessarily, an attachment 1610

may be placed between, e.g., midway between, two adjacent attachments 1605 on the other

side of the waveguide core 1612.

[0093] An important consideration for the generation of a structure such as the optical

modulator structure 1600 is a method to excite appropriate fractions of a first and a second

waveguide mode with opposite symmetry. The tapered waveguide sections 700 illustrated in



FIGS. 8 and 9 can generally not accomplish this task because their symmetry prevents

simultaneous coupling of a symmetric mode and an antisymmetric mode. Accordingly, in

another embodiment, asymmetric mode couplers are provided. FIG. 17 illustrates an

exemplary embodiment of an asymmetric mode coupler 1700 which, by virtue of its

geometric asymmetry, may couple modes of opposite symmetry, e.g., a fundamental and a

second order mode, from an input waveguide 1710 into an output waveguide 1712. The input

waveguide 1710 may be a single-mode waveguide, and the output waveguide 1712 may be a

multimode waveguide. The cross-sections of the waveguide cores of waveguides 1712 and

1714 are different. The mode coupler 1700 may take the form of a tapered waveguide section,

whose core cross-section on one end matches that of waveguide 1712, and whose core cross-

section on the other end matches that of waveguide 1714. Furthermore, an axis at the lateral

center of the input waveguide 1710 may be shifted with respect to the central axis of the output

waveguide 1712 by a substantial fraction of the width of the smaller of the two waveguides,

e.g., by at least 1710th of the waveguide width. In one embodiment, the laterally shifted

waveguides may fully line up on one side of the waveguides with each other and, accordingly,

also with the tapered waveguide section 1700. The length of the tapered section 1700

determines the fraction of power coupled from the fundamental mode at the input to the second

mode at the output, with most of the remaining power staying in the fundamental mode at the

output. Accordingly, to distribute power between the modes of the multimode output

waveguide 1712, i.e., to achieve a particular ratio of the fundamental and the second order

mode which provides for a "wiggling" optical field pattern 1716, an appropriate length is

chosen for the tapered waveguide section 1700, typically on the scale of a wavelength in

length, and much shorter than typical adiabatic tapered couplers. In some embodiments,

modulator structures 1600 include asymmetrical tapers 1700 for input and output coupling of

the multimode core 1612 to single-mode waveguides, as illustrated in FIG. 16.

[0094] The structures described thus far serve to shape light into and taken advantage of

intensity patterns that vary their width or lateral position along the propagation direction (see

FIG. 2) in propagating waveguides. As described in the following, the same concepts may be

applied to resonant structures as well. In particular, it may be advantageous to use resonant

structures in electro-optic modulators, as resonance light makes several round trips around the

cavity or ring structure before exiting the output port, thereby providing increased light-matter

interaction.



[0095] In one embodiment, illustrated in FIG. 18, a resonant structure 1800 is provided,

which includes a first structure 1810 (e.g., as illustrated, the modulator design 1500 of FIG.

15), and connected to the structure 1810 on both sides, two waveguide crossings structures

1812, 1814. Each of the structures 1812, 1814 contains an elliptic hole 1816 whose surface is

contoured to lie along the phase front of the light intensity pattern 1820 in the crossing

structure. Such holes may be etched into the waveguide cores of the structures. The holes

1816 act as parabolic mirrors that provide a desired reflection coefficient, controllable by

design, e.g., by choice of the size of the hole. In particular, they may be designed to provide

efficient reflection and transmission with a substantially low fraction of light scattered into

other (e.g., radiative) modes. With such mirror designs, an efficient resonant cavity between

the mirrors 1816 is formed, incorporating the modulator structure 1810.

[0096] Alternatively, a mode-efficient design may be obtained by using a periodic low-loss

crossing array like the structure 1300 in FIGS. 13A-13C, including three crossing waveguides,

where the first and last structure include holes for low-loss reflectors, and the middle structure

forms the modulation structure. These structures form effectively Fabry-Perot-type linear

resonators, where the end mirror loss is critical to high performance. A more efficient

approach may include the use of ring resonator structures, employing substantially

unidirectional propagation in the cavity.

[0097] Accordingly, in another embodiment, a resonant structure 1900 is provided, as

shown in FIG. 19. The structure 1900 includes a ring resonator 1910 that includes a core

region 1920 supporting a light intensity pattern 1940 with varying width or lateral position

along the propagation direction. The ring resonator 1910 may be further coupled to an external

waveguide 1930. While the light intensity pattern 1940 is useful for providing various

advantages such as including waveguide attachments for crossing waveguides or modulation

contacts without incurring optical loss, such a pattern is not generally well suited for coupling

light into the external waveguides 1930, because the coupling to the waveguide alters the

pattern itself. In particular, if a multimode waveguide section is used to form the light pattern

1930, coupling to an external single-mode waveguide may cause the external waveguide to

excite multiple modes of the multimode waveguide section, generally not in the ratio and

relative phase relationship required for the light pattern 1930, therefore leading to substantial

optical loss.



[0098] Therefore, single-mode waveguides may be desired to be used in coupling regions

1950, having a single-mode section 1952 of the resonator, and a single-mode section 1954 of

the external waveguide. This combination enables high efficiency coupling of the resonator

and the waveguide, where all energy is either coupled to the desired resonator mode or remains

in the waveguide, with minimal loss to radiation and unwanted modes.

[0099] In one embodiment, a ring resonator 1910 coupled to an external waveguide 1930 is

provided, having a single-mode section 1952 coupled to the external waveguide (preferably at

a single-mode section 1954 of the external waveguide), and a multimode section 1920, placed

away from the coupling region with the external waveguide, such that there is no substantial

direct coupling between the multimode section 1920 and the waveguide 1930. The ring 1910

may further include one or more transition regions 1960 that are coupled at a first end to the

single mode section 1952 and at a second end to the multimode section 1920. The transition

regions may include mode-coupling tapered waveguide sections 700. In this embodiment, by

further including p-doped and n-doped regions 1970, 1972 forming a p-i-n junction in the

resonator 1910, a resonant modulator is provided. The p- and n-doped regions may have

suicide contacts to interface to the metal contact electrodes.

[0100] The ring-resonator-based modulator structure 1900 in FIG. 19 utilizes light intensity

patterns with varying width that propagate along a straight path of propagation within the

region of the varying light intensity pattern 1940. Because ring resonators are curved

structures, and attain optimum efficiencies when the radius is as large as possible for a fixed

round trip length, it is advantageous to consider designs that maximize the minimum radius. If

formerly straight sections are curved, then already curved sections may use a larger (lower

radiation loss) radius.

[0101] Other embodiments provide structures which make use of light intensity patterns

that vary their width or lateral position along a curved path of propagation, as illustrated in

FIGS. 3A-B. Such structures may be closed into a closed (e.g., circular) loop, forming a ring

resonator. Closed loop waveguiding structures may have circular, oval, elliptical, or other, not

necessarily regular shape. However, for obtaining a minimum circumference while

maintaining low bending losses, approximately oval, elliptical, or circular geometries are

preferably used. FIGS. 2OA and 2OB illustrate exemplary circular ring resonators 2000, 2005.

Each of the structures 2000, 2005 includes a curved multimode waveguide core 2010 that

supports a "wiggling" light intensity pattern 2020. Such structures enable compact resonators,



because they can maximize the minimum radius along the circumference, enabling a smaller

overall radius to be used in the design, while they benefit from the inclusion of multimode

waveguide regions 2010 within their circumference.

[0102] In one embodiment, illustrated in FIG. 2OA, a ring resonator 2000 is provided which

includes a curved multimode section 2010 supporting a field intensity pattern 2020 with

varying lateral position along the propagation length. This pattern may be achieved by the

excitation of two modes of the structure, thereby producing regions of low intensity 2030,

2040 in the core 2010. Furthermore, the resonator 2000 may include attachments 2050, 2051

on the inner radius of the ring waveguide 2010, adjacent low-intensity regions 2030 on the

inner radius. The attachments 2050, 2051 may include p-doped and n-doped semiconductor

regions 2052, 2053, and may form p-i-n junctions when combined with the ring core 2010

which may include an intrinsic region. When charge carriers are injected via electrical

contacts into the p- and n-doped regions, they may fill the resonator 2010, and alter the

effective index and resonance frequencies, leading to modulation. Metal contacts may be

made to the doped regions 2052, 2053, and a metal suicide region 2060 may be formed in the

doped regions as an interface between the doped regions 2052, 2053 and the metal contacts.

[0103] Another embodiment, illustrated in FIG. 2OB, provides a ring resonator 2005 which

has attachments 2070 along the outer radius at points of low optical intensity 2040, in addition

to attachments 2080 along the inner radius. The attachments 2070 and 2080 may be placed in

an angularly staggered manner when the light intensity pattern is a "wiggling" field intensity

pattern 2020 that may include an excitation of opposite-symmetry modes. In this case, the

outer attachments 2070 may include p-doped semiconductor regions, while the inner

attachments 2080 may include n-doped semiconductor regions (or reverse). The outer p-doped

regions may be mutually electrically connected mutually. Likewise, the inner radius n-doped

regions may be mutually electrically connected.

[0104] Additionally, in another embodiment, fully-closed loop multimode resonators may

be designed, which are resonant at the same radius for the fundamental mode and for the

second order mode, or, in general, for two or more modes forming the resonant light pattern.

Since the free spectral range of different modes differs, a slight change in the radius or

temperature may be used to tune the modes by different amounts in order to line up two

resonances.



[0105] As with the ring resonator designs 1900 in FIG. 19, which employ an intensity

pattern whose width varies along the propagation direction, the ring designs 2000, 2100 in

FIGS. 2OA and 2OB may include single-mode regions for coupling to an external single-mode

waveguide, as well as transition regions between the multimode and single-mode regions, like

designs in FIG. 19. The transition regions may include asymmetric taper structures 1700 to

excite the "wiggling" light intensity pattern, like the straight (and non-resonant) version 1600

of the structure in FIG. 16.

[0106] In the examples described above, designs at particular wavelengths, typically near

1200 nm or 1550 nm are used for illustration purposes. However, optical structures may be

substantially scaled to any wavelength by varying the dimensions of the structure in proportion

to the wavelength. In such a way, structures operating at any wavelength may be obtained,

provided that materials with like indices of refraction (to those of the original, unsealed design)

at such a wavelength may be used. In various embodiments, the wavelength of operation is

preferably above 180 nm (ultraviolet) and below 10 micrometers (infrared), and more

preferably in the near infrared regime between 1100 nm and 3000 nm, or in the visible regime

between 400 nm and 800 nm. However, embodiments of the invention may also be extended

to the microwave regime (cm-scale wavelengths).

[0107] Optical structures in accordance with the present invention may be fabricated using

standard lithography and etching techniques. The fabrication of silicon structures typically

starts with a silicon-on-insulator (SOI) wafer, whose top silicon layer has a thickness suitable

for single-mode strongly confined waveguides. For an operating wavelength around 1550 nm,

as used in many embodiments of the invention, this thickness is typically between 50 and 300

nm. To prepare the wafer for patterning, a resist layer may be spin-coated or otherwise placed

on top of the silicon layer. For subsequent patterning by electron beam lithography,

sesquisiloxane may be used for the resist. Alternatively, for optical lithography, a photoresist

such as polymethyl methacrylate (PMMA) may be used. HBr-chemistry-based reactive-ion

etching (RIE) may then be employed to etch the mask pattern into the silicon layer. After the

resist has been removed, the patterned silicon structures (e.g., waveguides, resonators, etc.)

appear as raised structures on the silica layer underneath. For photonics applications, the silica

layer is preferably about 2-3 µm thick, which serves to avoid optical loss by leakage into the

silicon substrate.



[0108] Active structures, such as optical modulators, may be created by doping certain

regions. Regions not to be doped may be protected by one or more additional masks, formed,

for example, of silicon nitride, and patterned by lithography and etching. Doping may be

achieved by ion implantation through a mask, or by thermal diffusion in gas atmosphere

containing the ion(s) of interest. Boron may be used for p-type doping, and arsenic or

phosphorus may be used for n-type doping. Typical dopant concentrations are between 10 16

and 10 19 ions per cubic centimeter, depending on the p-i-n junction design.

[0109] Similar techniques may be employed to fabricate non-silicon structures, such as for

III-V semiconductors like indium phosphide (InP), or for silicon nitride or other amorphous

materials. Fabrication may again start with a substrate wafer, on top of which an

undercladding layer with a low index of refraction, and a semiconductor layer or high-index

dielectric for the waveguide core are disposed in the order listed. The waveguides are then

similarly formed by lithography and etching steps. In the cases of non-crystalline core

materials, such as silicon nitride, the waveguide core (SiN) layer may be deposited by plasma-

enhanced chemical vapor deposition (PE-CVD),a low-pressure chemical vapor deposition (LP-

CVD), or a vertical thermal reactor (VTR) process.

[0110] Although the present invention has been shown and described with respect to

several preferred embodiments thereof, various changes, omissions, and additions to the form

and detail thereof, may be made therein, without departing from the spirit and scope of the

invention.

[0111] What is claimed is:



CLAIMS

1. An optical structure comprising:

a multimode waveguide supporting a first mode and a second mode, the first and the

second modes, when excited, creating a periodic light intensity pattern comprising low-

intensity regions in a core of the multimode waveguide; and

a first plurality of attachments disposed at the core along a first side thereof, each

attachment being located adjacent only a low-intensity region of the periodic light intensity

pattern, and comprising at least one of a transverse waveguide section or a doped

semiconductor section.

2 . The optical structure of claim 1, further comprising a second plurality of attachments

disposed at the core of the multimode waveguide, each attachment of the second plurality of

attachments being disposed substantially opposite an attachment of the first plurality of

attachments.

3 . The optical structure of claim 2 wherein at least some of the attachments of the first or the

second plurality comprise transverse waveguide sections.

4 . The optical structure of claim 2 wherein the first mode and the second mode have the same

lateral symmetry in a waveguide cross-section with respect to a center of the waveguide cross-

section.

5 . The optical structure of claim 4 wherein the first mode is a fundamental mode and the

second mode is a third-order mode.

6 . The optical structure of claim 2 wherein a width of the core of the multimode waveguide is

about five-sixths of a free-space wavelength of the first mode, and a period of the periodic

light intensity pattern is about twice the free-space wavelength of the first mode.

7 . The optical structure of claim 1, further comprising a second plurality of attachments

disposed at the core along a second side thereof, each attachment of the second plurality of

attachments being located adjacent only a low-intensity region of the periodic light intensity

pattern, each of at least some of the attachments of the second plurality being located between

two adjacent attachments of the first plurality of attachments.



8. The optical structure of claim 7 wherein the attachments of the first plurality are

substantially periodically spaced along the core of the multimode waveguide, and each of at

least some of the attachments of the second plurality of attachments is located substantially

midway between two adjacent attachments of the first plurality of attachments.

9 . The optical structure of claim 7 wherein at least some of the attachments of the first or

second pluralities comprise doped semiconductor sections.

10. The optical structure of claim 9 wherein at least some of the first plurality of attachments

are doped with a first type of dopant and at least some of the second plurality of attachments

are doped with a second type of dopant.

11. The optical structure of claim 10 wherein the first type of dopant comprises a p-type

dopant and the second type of dopant comprises an n-type dopant, the doped attachments of

the first and second pluralities inducing an electrical current in the core of the waveguide upon

application of a voltage thereacross.

12. The optical structure of claim 7 wherein the first mode and the second mode have opposite

lateral symmetry in a waveguide cross-section with respect to a center of the waveguide cross-

section.

13. The optical structure of claim 12 wherein the first mode is a fundamental mode and the

second mode is a second-order mode.

14. The optical structure of claim 1 wherein the multimode waveguide is curved.

15. The optical structure of claim 14 wherein the multimode waveguide forms a closed loop

resonator.

16. The optical structure of claim 15 wherein at least some of the attachments comprise doped

semiconductor regions.

17. The optical structure of claim 15 wherein the attachments are disposed at an inner side of

the curved waveguide.



18. The optical structure of claim 15, further comprising a second plurality of attachments

disposed at the core along a second side thereof, each attachment of the second plurality of

attachments being located adjacent only a low-intensity region of the periodic light intensity

pattern between two adjacent attachments of the first plurality of attachments.

19. The optical structure of claim 1, further comprising a tapered waveguide section and a

single-mode waveguide, the tapered waveguide section connecting the multimode waveguide

to the single-mode waveguide.

20. The optical structure of claim 19 wherein a length of the tapered waveguide section is

smaller than a period of the periodic light intensity pattern.

21. An optical waveguide structure for distributing power between modes of a multimode

waveguide, the optical waveguide structure comprising:

a first waveguide having a first core cross section and supporting at least one mode;

a second waveguide having a second core cross section different from the first core

cross section and supporting at least two modes; and

a tapered waveguide section asymmetric around a longitudinal axis, wherein (i) a first

end of the tapered waveguide section is connected to the first waveguide, a core cross section

of the first end matching the first core cross-section, and (ii) a second end of the tapered

waveguide section is connected to the second waveguide, a core cross section of the second

end matching the second core cross section,

and further wherein a central axis of the first waveguide is shifted laterally with respect to a

central axis of the second waveguide.

22. An optical waveguide structure for distributing power between modes of a multimode

waveguide, comprising:

a first waveguide having a first core cross section and supporting at least one mode;

a second waveguide having a second core cross section different from the first core

cross section and supporting at least two modes;

a third waveguide having a third core cross section different from the second core cross

section and supporting at least two modes;



a first tapered waveguide section, wherein (i) a first end of the first tapered waveguide

section is connected to the first waveguide, a core cross section of the first end of the first

tapered section matching the first core cross section, and (ii) a second end of the first tapered

waveguide is connected to the second waveguide, a core cross section of the second end of the

first tapered waveguide section matching the second core cross section; and

a second tapered waveguide section, wherein (i) a first end of the second tapered

waveguide section is connected to the second waveguide, a core cross section of the first end

of the second tapered waveguide section matching the second core cross section, and (ii) a

second end of the second tapered waveguide section is connected to the third waveguide, a

core cross section of the second end of the second tapered waveguide matching the third core

cross section,

and further wherein a length of the second waveguide, a length of the first tapered

waveguide section, and a length of the second tapered waveguide section cooperate to cause a

desired wavelength-dependent distribution of power from a mode in the first waveguide to two

modes in the third waveguide.

23. A method for low-loss guiding of light waves, comprising:

providing an optical structure comprising (i) a multimode waveguide supporting a first

mode and a second mode, the first and the second mode creating a periodic light intensity

pattern comprising low-intensity regions when excited, and (ii) a first plurality of attachments

disposed substantially perpendicularly to the multimode waveguide along a first side thereof,

each attachment being located adjacent a low-intensity region of the periodic light intensity

pattern; and

exciting the first mode and the second mode in the multimode waveguide, thereby

guiding light waves with low loss.

24. The method of claim 23 wherein the loss does not exceed 0.05 dB per attachment.



25. An optical structure comprising:

a waveguide; and

an optical resonator comprising (i) a multimode waveguide section, and (ii) a single-

mode waveguide section coupled to at least one end of the multimode waveguide section and

comprising a coupling region coupled to the waveguide.

26. The optical structure of claim 25 further comprising at least one attachment disposed on

the multimode waveguide section, the at least one attachment comprising a region of positively

doped semiconductor material and a region of negatively doped semiconductor material.

27. The optical structure of claim 26 wherein the optical resonator forms a closed loop ring

resonator.

28. The optical structure of claim 25 further comprising a transition region comprising a

tapered waveguide section, a first end of the transition region being coupled to the single-mode

waveguide section and a second end of the transition region being coupled to the multimode

waveguide section on the other side.
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