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Morphology-dependent photonic circuit elements
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We theoretically propose and experimentally demonstrate the design of a novel one-dimensional ringlike
macroscopic optical circuit element. The similarity between morphologies of an optical planar waveguide
and a whispering-gallery axially symmetric solid-state resonator is used. © 2006 Optical Society of America
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There are two general approaches for engineering op-
tical modes. The most common approach is to use op-
tical waveguides to confine and guide light. The
waveguide is based on the refractive-index contrast
between its material and the surroundings to support
light confinement and guiding. In the other approach,
a photonic bandgap crystal1 provides confinement
and guiding of photons by use of the morphology of
the structure. One achieves this by placing defects in
otherwise periodic arrays of a dielectric material. In
this Letter we propose a new approach that relies on
generating an effective refractive-index contrast pro-
duced by shaping the geometry of a whispering-
gallery mode (WGM) resonator. With this technique,
single and multiply-coupled WGM resonators can be
designed for a wide variety of applications.

The utility of WGM-based devices and the effi-
ciency of nonlinear optical interactions of WGMs de-
pend on accurate engineering of the cavity mode
structure. Specifically, this means producing cavities
with extremely rarified (single-mode-family) spectra.
Achieving the required level of control over the mode
spectrum has eluded scientists working on WGM
resonators. Thus WGM resonators have as yet nei-
ther entered the mainstream of photonic device engi-
neering nor been embraced by the mainstream of op-
tical physics.

Researchers working on optical waveguides faced a
similar set of problems in designing the single-mode
fiber. Single-mode fiber has revolutionized the world
of optics by enabling long-distance telecommunica-
tions and multichannel television broadcast systems
that would be impossible with multimode fibers. This
is so because a single-mode fiber can retain the fidel-
ity of a light pulse over long distances. It exhibits no
dispersion caused by multiple modes and is charac-
terized by lower attenuation than a multimode fiber.

A homogeneous dielectric waveguide becomes
single mode when the frequency of the propagating
light is close to its cutoff frequency. This means that
the thickness of the waveguide approaches the half-
wavelength of light in the host material of the wave-
guide. It is impractical to fabricate a single-mode op-
tical fiber by decreasing the fiber’s diameter. Instead,
single-mode operation is ensured by the specially se-
lected radial profile of the refractive index of the fiber
material. The core of the fiber has a larger index of
refraction than the cladding material that surrounds
it. The difference of the indices is small, so only one
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mode propagates inside the core, while the others de-
cay into the cladding [Fig. 1(a)]. For instance, the
condition for single-mode operation of a planar wave-
guide is?
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where d,, is thickness of the core, \ is the wavelength
of light in vacuum, and Ae is the difference between
the susceptibilities of the core and the cladding ma-
terials. As a result, the core may have a reasonably
large diameter. Note that the core of a single-mode fi-
ber is a multimode fiber if the cladding is removed.
Let us consider the WGM resonator as a multi-
mode gradient waveguide [Fig. 1(b)].?> The resonator
becomes an ideal single-mode-family resonator only
if the waveguide is thin enough. Following this trivial
approach, the WGM resonator should be designed as
an approximately half-wavelength-thick torus to sup-
port a single-mode family. Recent experiments con-
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Fig. 1. (Color online) (a) Structure and mode localization
in the optical fiber. Only one propagating mode, shown by
the solid arrow, survives in the core of the fiber, while oth-
ers (dotted arrows) penetrate into the cladding and dissi-
pate. (b) Mode localization in the WGM resonator. The reso-
nator corresponds to a multimode gradient fiber for which
the index of refraction is set by the resonator shape, not by
the change of the refractive index of the resonator host ma-
terial, which is constant. Both the fundamental and the
auxiliary modes survive. (¢) Mode localization in a low-
contrast WGM resonator. Only a single-mode family sur-
vives. The other modes penetrate into the cylinder rod and
dissipate. The coupling to the single-mode family is
achieved with, e.g., a cleaved fiber coupler.
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firmed this conclusion, and nearly single-mode reso-
nators have been demonstrated.

There is another, nontrivial, approach for engineer-
ing optical modes based on an analogy with single-
mode optical fiber, which is the major point reported
in this Letter. We show here that a WGM resonator
made of any transparent material of any size can be
transformed into a single-mode resonator if the ap-
propriate geometrically defined core and cladding are
developed [Fig. 1(c)].

To show that WGM modes can be described by use
of a waveguide formalism, we start with the usual
wave equation:

VX (VXE)-E2e(r)E=0, (2)

where k=w/c is the wave number, e(r) is the
coordinate-dependent dielectric susceptibility, E is
the electric field of the mode, and r is the radius
vector.

Higher-order WGMs (i.e., those with the wave-
length much smaller than the resonator size) of both
TE and TM kinds are localized in the vicinity of the
equator of the resonator. Here cylindrical coordinates
can be conveniently used. Applying the technique of
separation of variables, and assuming that the reso-
nator’s radius changes as R=Ry+L(z) [Ry>|L(z)|] in
the vicinity of the equator, we transform Eq. (2), for
the TE mode family, to
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where v is the angular momentum number of the
mode (we assume that v>1), E(r,z) is the scalar field
amplitude, and e is the susceptibility of the resonator
material. Equation (3) is similar to the gradient
waveguide equation. It is easy to see that, for in-
stance, modes of a spherical WGM resonator coincide
with modes of a gradient waveguide with parabolic
distribution of the refractive index in the z direction.
Hence it is the geometry of the surface that should be
modified to produce an ideal single-mode WGM reso-
nator. A core for the WGM waveguide can be obtained
by proper design of the resonator’s surface in the vi-
cinity of the equator. The rest of the resonator body
acts as the cladding [Fig. 1(c)].

Consider a resonator consisting of a cylindrical
drum and a small, ringlike protrusion, L(z)=L, for
d=z=0, on its surface. The drum’s effective suscep-
tibility does not depend on the z coordinate and is
equal to e. The effective susceptibility of the ring,
e(1+2Ly/R,) [see Eq. (3)], is slightly larger. Therefore
the ring is the core that confines the light in the z di-
rection, while the drum is the cladding. The condition
for single-mode operation of the resonator by use of

inequality (1) is
d [2Lge 1
1>— > —, (4)
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Condition (4) stays valid for a resonator with an ar-
bitrarily large radius. Both the width and the height

of the ring can be much larger than the wavelength of
light. The ratio Ly/R, acts in the same way as the ra-
tio A€/ € in an optical fiber.

To demonstrate the single-mode operation experi-
mentally, we built such a resonator by using a two-
step fabrication process that we developed in-house.
The first step is a diamond turning process, which
employs computer control of a precision lathe. In our
diamond turning setup we use an air bearing to
achieve the required stiffness and repeatability of
workpiece rotations. A commercial brushless motor
and a magnetic clutch were used to rotate the bear-
ing. The structures obtained at this step are engi-
neered to ~40 nm precision and have optical @
factors of as much as 107. If higher @ factors are
needed, additional optical polishing must be per-
formed. This polishing step leads to the modification
of the structure initially obtained by the diamond
turning.

The optical polishing is performed by application of
a polycrystalline diamond slurry. The optimal size
and type of the grains as well as the speed of rotation
depend on the material being polished. The optical @
factor of the resonators after the second fabrication
step can be limited by contributions from bulk losses,
radiation leakage, and surface losses. We have shown
that bulk losses are the main restriction on the qual-
ity factor. Ultimately, CaFs resonators could have @
factors of the order of 10'4; practically, @ =2x 1010
was achieved.’

We fabricated a monocrystalline fluorite rod of
5 mm diameter. WGMSs in such a rod have extremely
dense spectra. Then we fabricated a small ring with
dimensions of the order of several micrometers on the
surface (Fig. 2). The resonator spectrum changed
drastically [see Fig. 3(a)]l. The resonator has a single
TE and a single TM mode family. A single TM mode
family was selected by the polarization of incoming
light. We confirmed that this was a single-mode reso-
nator by making high-sensitivity logarithmic mea-
surements of its spectrum and by performing nu-
merical simulation of its parameters, which clearly
demonstrated that only the fundamental modes sur-
vive. Loaded @ factors of both families of modes
shown in Fig. 3(a) are equal to 8 X 10°. The particular
resonator’s @-factor was limited by residual surface
roughness. It is worth noting that the surface rough-
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Fig. 2. (Color online) (A) Scanning electron microscope im-
ages of the resonator whose spectrum is shown in Fig. 3.
The resonator has a nearly Gaussian shape, with 2.5 um
height and 5 um full width at half-maximum. (b) Image of
the profile of the resonator shown in (A). (C) Intensity map
of the field in the resonator shown in (A) simulated by nu-
merical solution of Eq. (3).
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Fig. 3. (Color online) (A) Spectrum of a nearly ideal single-
mode resonator obtained by use of a 980 nm laser as well as
cleaved fiber couplers [Fig. 1(c)]. The mode number is ap-
proximately v=3x 10%. The low-Q modes on the spectrum
background belong to the drum. (b) Spectrum of the multi-
mode resonator made on the same drum (2.5 um height
and 15 um width) and detected with the same coupling
technique. The resonator is partially visible in the lower
right-hand corner of Fig. 2(a).

ness that is necessary for achieving @=10'* for the
conditions of our experiment is approximately 1 nm,®
which is achievable in principle.

We used an angle-polished fiber to couple light into
the resonators.” Here we also present the spectrum of
a multimode resonator made by the same technique
on the same drum [Fig. 3(b)] to demonstrate that the
coupling does not affect the observed mode structure.
With this approach, one can make a single-mode op-
tical WGM resonator of any size. A resonator the size
of an apple requires a ring with a dimension of tens
of micrometers for single-mode propagation of 1 um
wavelength light. This is counterintuitive because
the size of the single-mode channel is much larger
than the wavelength. This type of experiment may be
interesting in fundamental research investigations.
For practical applications, small resonators are of
more interest. In this context, our approach leads to a
novel means for engineering of microcavity spectra.

In conclusion, the high mode density of spherical
and cylindrical WGM resonators has limited the use-
fulness of these devices in optical science and tech-
nology. Light sent into these cavities occupies a large
multiplicity of overlapping and possibly interacting
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modes, thus complicating device performance and
limiting the accuracy of physical measurements. We
have demonstrated an experimental single-mode-
family resonator that, by design, avoids this pitfall.
By engineering the photonic density of states to mini-
mize interaction between the modes and force all in-
put energy into one eigenstate, we have provided sci-
ence with a new tool with which to study the
threshold dynamics of nonlinear and quantum opti-
cal processes and for sensing chemical concentrations
and fluid flow. It also creates a new class of photonic
circuit elements that could expand the capabilities of
communications technology.

The type of the dielectric medium used for the pro-
posed resonators is not important as long as it is solid
and transparent. Generally, as the behavior of the
system is defined only by the system’s geometry, it is
not even important for what kinds of wave the struc-
ture is a resonator. Microwave, acoustical, or me-
chanical chains of resonators of this type have the
same features and basis of design as these optical
counterparts.
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