
in the theory (for one extra dimension). For the ADD theory with
two large extra compact dimensions, we do not quite reach the limit
on the size of these dimensions already set in refs 11 and 12.

Besides forces from extra dimensions, two other ideas have
suggested new weak forces at submillimetre scales. The cosmo-
logical energy density needed to close the universe, if converted to a
length by taking its inverse fourth root (in natural units where
�h ¼ c ¼ 1), corresponds to about 100 mm. This fact has led to
repeated attempts17–19 to address difficulties connected with the
very small observed size of Einstein’s cosmological constant by
introducing new forces with a range near 100 mm. Our result is the
best upper bound on a in this region, but we have not quite reached
gravitational sensitivity. Finally, the oldest of these predictions, still
out of reach, is the very feeble axion-mediated force20,21. The axion is
a field intended to explain why the violation of charge-parity
symmetry is so small in quantum chromodynamics, the theory of
the strong nuclear force.

Experiments of the sort reported here constrain string-inspired
scenarios by setting very restrictive limits on predicted submilli-
metre forces. Of course, the actual observation of any new force
would be a major advance. Because several theoretical scenarios
point especially to these length scales, it is an important goal for the
future to reach gravitational strength at even shorter distances,
perhaps down to 10 mm. Experiments attempting to reach such
distances will confront rapidly increasing background forces,
especially electrostatic forces arising from the spatially non-uniform
surface potentials of metals22. Electric fields due to surface potentials
can be shielded with good conductors, but because of the finite
stiffness of any shield they still cause background forces to be
transmitted between test masses. Stretched membranes (as used
by the Washington group) are more effective than stiff plates at the
shortest distances, but it remains to be seen down to what distance
the background forces can be effectively suppressed. A
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The circulation of light within dielectric volumes enables storage
of optical power near specific resonant frequencies and is
important in a wide range of fields including cavity quantum
electrodynamics1,2, photonics3,4, biosensing5,6 and nonlinear
optics7–9. Optical trajectories occur near the interface of the
volume with its surroundings, making their performance
strongly dependent upon interface quality. With a nearly
atomic-scale surface finish, surface-tension-induced micro-
cavities such as liquid droplets or spheres10–13 are superior to
all other dielectric microresonant structures when comparing
photon lifetime or, equivalently, cavity Q factor. Despite these
advantageous properties, the physical characteristics of such
systems are not easily controlled during fabrication. It is
known that wafer-based processing14 of resonators can achieve
parallel processing and control, as well as integration with other
functions. However, such resonators-on-a-chip suffer from Q
factors that are many orders of magnitude lower than for surface-
tension-induced microcavities, making them unsuitable for
ultra-high-Q experiments. Here we demonstrate a process for
producing silica toroid-shaped microresonators-on-a-chip with
Q factors in excess of 100 million using a combination of
lithography, dry etching and a selective reflow process. Such a
high Q value was previously attainable only by droplets or
microspheres and represents an improvement of nearly four
orders of magnitude over previous chip-based resonators.

Devices were fabricated upon silicon wafers prepared with a 2-mm
layer of silicon dioxide (SiO2). The fabrication process flow is
composed of four steps: photolithography; pattern transfer into
the silicon dioxide layer; selective, dry etch of the exposed silicon;
and selective reflow of the patterned silica. The process details are as
follows (Fig. 1). First, photolithography is performed to create disk-
shaped photo-resist pads (160 mm in diameter) on a (100) prime
grade silicon substrate with 2 mm of oxide grown using wet thermal
oxidation in a horizontal tube furnace. An additional bake follows
in order to reflow the photo-resist, smoothing the edges in the
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process. The circular disks of photo-resist act as an etch mask during
immersion in buffered HF solution at room temperature. Acetone is
then used to remove residual photo-resist and organic contami-
nation. The remaining SiO2 disks act as etch masks during exposure
to XeF2 gas at 3 torr. XeF2 was specifically chosen for the purpose of
isotropic selective removal of silicon. As a result, the edges of the
SiO2 disks are equally undercut, leaving circular silicon pillars
supporting larger SiO2 disks. As the optical trajectories of interest
reside at the periphery of the silica disk, the removal of the higher-
index silicon below a portion of the periphery is required to inhibit
power leakage into the substrate. We observe Q values in excess of
105 for these structures using the spectral characterization approach
described below. The above process flow leaves lithographic
blemishes, visible in an optical microscope, at the all-important
disk periphery. Therefore we used additional processing to achieve
the surface finish characteristic of surface-tension-induced micro-
cavity structures (root-mean-square (r.m.s) roughness of several
nanometres or less13).

Next, a processing step is introduced to selectively heat and reflow
the undercut SiO2 disks without affecting the underlying silicon
support pillar. An undercut SiO2 disk is surface-normal-irradiated
using a CO2 laser (10.6-mm wavelength), similar to techniques
proposed for integrated circuit planarization15. The beam intensity
profile follows an approximately gaussian distribution and is
focused to a circular spot approximately 200 mm in diameter. The
resulting beam intensity can be varied by electronic control of the
laser power, but is typically 100 MWm22 during reflow. Owing to
the strong temperature dependence of the silica optical extinction
coefficient near 10.6 mm (ref. 16) as well as the thermal isolation of
the undercut SiO2 disk, melting of the disk occurs along the
periphery, and significantly not over the silicon pillar. In addition
to having a far weaker optical absorption at 10.6 mm, silicon is 100
times more thermally conductive than silica16,17. The silicon pillar
therefore remains significantly cooler and physically unaffected
throughout the silica reflow process, serving as a heat sink to the
selectively absorbed optical power in the silica layer. As the disk
diameter shrinks, the effective cross-section available to absorb laser
power decreases and shrinkage is observed to terminate when a
toroid-like silica structure has formed. Beyond this point, con-
tinued laser treatment at the same intensity results in no observable
change of the structure. The process is therefore self-quenching with
the final diameter of the molten disk rim controlled by lithography
and chemical etch steps. It should be noted that it is possible to
interrupt the reflow prior to quenching thereby producing a toroid
with a diameter intermediate to the initial disk diameter and
terminal diameter.

Thus, in this process step, surface tension both smoothes the
surface and collapses the silica disk to a toroid shape with limiting
dimensions defined by the support pillar and the initial thickness of
the silica layer. Micrographs showing disks both before and after the

laser-activated selective reflow process are shown in Fig. 2. In these
micrographs, the overall disk diameter was reduced to 120 mm as
silica was consumed to form a 7-mm-thick toroid-shaped perimeter.

The mode structure and quality factor of the toroidal cavities
were characterized in the optical telecommunication band
(1,500 nm wavelength band). Tapered optical fibres connected to
a single-mode, tunable, external-cavity laser were used to efficiently
excite ‘whispering gallery’ modes of the resonators. Tapered wave-
guides were positioned on a 20-nm-resolution stage and could be
moved freely over the silicon sample to couple individually to each
of the toroid-shaped microresonators. Dual microscopes were used
to simultaneously image disk resonators and fibre tapers from the
side and the top. Proper alignment required the taper axis to reside
in the equatorial plane of the toroidal cavity with minimal tilt angle.
Briefly, taper fabrication18 proceeds by stretching a standard optical
fibre (SMF-28), which has been heated using a hydrogen flame. By
observing the adiabatic condition, the tapered fibers exhibit low
fibre-to-fibre insertion loss (typically ,10%). Taper waist diameters
are typically several micrometres, adjusted to properly phase-match
to the resonator. Critical coupling19 (the resonant transfer of all
optical waveguide power into the resonator) was achieved by
appropriately adjusting the taper–resonator gap. Non-resonant
loss was observed to be low (,5%).

Figure 3 shows the transmission spectra through a taper in close
proximity (of the order of hundreds of nanometres) to a 94-mm-
diameter toroidal microresonator. The observed free spectral range
corresponds to the equatorial mode number (l-index). Inspection
of the data shows that the resonator supports very few radial and
azimuthal (m-index or transverse) modes. This is in contrast to
spheres, which support (2l þ 1) azimuthal modes. The quality
factor, or Q, of the resonators was measured in two ways. First,
the full-width at half-maximum (FWHM) of the lorentzian-shaped
resonance in the undercoupled regime was directly measured by
scanning a single-mode laser (short-term linewidth about 300 kHz)
through a resonance. Low input power levels (typically less than
5 mW) were used to avoid thermally induced distortion of the line
shape caused by resonant-field build-up within the cavity. Repeated
measurements on samples fabricated with various radii (80–
120 mm) and tori thickness (5–10 mm) yielded Q values in excess
of 100 million (108). This is a record value for a planar device, and
constitutes an improvement of nearly four orders of magnitude over
all previous planar microresonators fabricated by wafer-scale proces-
sing (the highest values20,21 reported thus far are less than 2 £ 104).

As an independent and more precise measurement of quality
factor, the photon lifetime was directly measured by cavity ring-
down. This was done by repeatedly scanning the laser into reson-
ance with a mode that was critically coupled to the taper. As the laser

Figure 1 Flow diagram illustrating the process used to fabricate ultra-high-Q planar

microcavities.
Figure 2 Scanning electron micrograph of a silica microdisk after selective reflow

treatment with a CO2 laser. The inset shows the microdisk prior to laser treatment. This

toroidal microresonator had an intrinsic cavity Q of 1.00 £ 108.
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scanned into resonance, power transfer increased until maximal
‘charging’ of the resonant mode was attained. At this moment, the
laser input was gated ‘off ’ by use of a high-speed, external modu-
lator and cavity ringdown is observed as the resonant power
discharges. Because the resonator is by necessity loaded during
this measurement, the observed ringdown time yields the cavity
lifetime at the critical point, tcrit, and the loaded Q-factor (not the
intrinsic quality factor, Q0). Data from a typical ringdown measure-
ment are shown in Fig. 4. At time t ¼ 0 in the figure, a signal is
applied to ‘gate’ the laser off. When the laser input is fully off, the
detected power is due entirely to the cavity discharge field. The solid
line represents an exponential fit as expected for decay of a single
cavity mode. The inset shows a logarithmic plot to infer the cavity
lifetime. The loaded lifetime in this structure was 43 ns. As a further
check on this time constant, after gating of the pump laser the
waveguide power has dropped to 80% of its predicted maximal
value based on extrapolation of data to t ¼ 0. This value is in
agreement with the gating delay of the ringdown setup (Dt < 8 ns).
In particular, using the observed mode-lifetime of tcrit ¼ 43 ns
yields expð2Dt=tcritÞ ¼ 0:83:

As noted before, to infer the intrinsic cavity Q it is necessary to
correct for loading by the taper waveguide. In addition, it is
necessary to take into account excitation of the counter-propagating
mode due to scattering centres intrinsic to the resonator (described
by a dimensionless intermode coupling parameter G). The tech-
niques used to measure this parameter in ultra-high-Q taper-
coupled resonators are described elsewhere22. For the mode of
Fig. 4 the intermode coupling was measured to be approximately
1, giving rise to a weak counter-propagating wave excitation (17%
of the cavity build-up field is stored in the counter-propagating
mode at critical coupling). In the presence of intermode coupling
the relationship between the critically coupled lifetime and the
intrinsic (unloaded) cavity quality factor, is given by

Q0 ; qt0 ¼ qtcritð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þG 2

p
Þ

This yields an intrinsic cavity Q of 1.25 £ 108 inferred from cavity
ringdown. This value agrees with the measurements of the fre-
quency line shape described above.

Thus we have fabricated ultra-high-Q planar cavities on a chip for
the first time (to our knowledge). Toroid-shaped microcavities were

formed using a combination of lithography, dry etching and a
selective reflow process. Self-limited collapse of a molten silica disk
enables the dimensional control typical of wafer-scale processing
while providing the surface finish (and hence cavity Q) typical of a
spherical resonator. Q values obtained by this process are typically
four orders of magnitude higher than previous wafer-based reso-
nators. In some applications mode volume is also an important
factor, and certain chip-based micro-resonators20,21 feature smaller
mode volumes than the present structures. As a gauge to the lower
bound on size, radiation leakage becomes a significant factor in
determining Q for diameters less than 20 mm in silica microspheres.
It should therefore be possible to reduce toroid diameter (and hence
mode volume) substantially from the present 100 mm while main-
taining ultra-high-Q values. The planar nature of the toroid
microcavity and the large transparency window of silica suggest
that these devices will find a wide range of applications in photonics
as well as in fundamental studies. As an indication of the possibil-
ities for these structures, in the course of this work nonlinear optical
effects have been observed with characteristics comparable to recent
studies on spherical ultra-high-Q cavities9. As standard processing
techniques are used, the addition of optical functionality by
techniques such as implantation or coating is possible. Likewise,
electrical functionality can be introduced to integrate control
functions with the ultra-high-Q microcavities. More generally,
this work provides a new functional element that is synergistic
with recent demonstrations of basic experimental physics on a chip.
For example, by combining the present results with techniques
recently demonstrated to integrate atomic traps on a chip23 it would
be possible to achieve chip-scale integration of cavity quantum
electrodynamics experiments and related devices. Finally, there is
great interest in improving the sensitivity of biological and chemical
sensors. Proposals based upon optical resonators will benefit from
the ability to attain ultra-high Q on a chip. A
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Many models of slow, dense granular flows1–5 assume that the
internal stresses are independent of the shearing rate. In contrast,
logarithmic rate dependence is found in solid-on-solid friction6–8,
geological settings9–11 and elsewhere12–15. Here we investigate the
rate dependence of stress in a slowly sheared two-dimensional
system of photoelastic disks, in which we are able to determine
forces on the granular scale. We find that the mean (time-
averaged) stress displays a logarithmic dependence on the shear
rate for plastic (irreversible) deformations. However, there is no
perceivable dependence on the driving rate for elastic (reversible)
deformations, such as those that occur under moderate repetitive
compression. Increasing the shearing rate leads to an increase in
the strength of the force network and stress fluctuations. Quali-
tatively, this behaviour resembles the changes associated with an
increase in density. Increases in the shearing rate also lead
to qualitative changes in the distributions of stress build-up
and relaxation events. If shearing is suddenly stopped, stress

relaxations occur with a logarithmic functional form over long
timescales. This slow collective relaxation of the stress network
provides a mechanism for rate-dependent strengthening.

Slow granular flows are typically described in the context of
Mohr–Coulomb friction models2 that resemble those used for
describing friction between two solid bodies16. In the well-known
solid friction scheme17,18, an object on a frictional surface will resist a
force and remain at rest, provided that the magnitude of the
tangential force is less than the product of a static friction coefficient
and the normal force. This picture was translated into the granular
context (for dense granular systems characterized by networks of
force chains19) by Coulomb20 and more recent authors1,2. In
this context the normal and tangential forces are replaced by
corresponding normal and shear stresses, and the surface of inter-
action is replaced by a plane within the material. For large enough
tangential force relative to the normal force sliding friction (failure
in a granular material) occurs. In these pictures, sliding friction
(deformation following failure) is independent of the speed of
sliding (the shear rate).

In reality, experiments in diverse contexts have shown that solid
friction exhibits a logarithmic dependence on rate and that static
frictional contacts strengthen logarithmically with age. These
experiments span a vast range of lengths, and include studies at
the atomic15, laboratory7,8,12–14 and geological scale9–11. Recent
experiments6 using granular materials sliding against the interior
wall of a piston showed a clear rate dependence that was associated
with ageing effects of individual solid-friction contacts and with the
force network. Experiments7,8 in which a solid rough surface was
pushed across a granular bed showed a slow strengthening (or
ageing) with time of the (quasi-static) force, and creep before slip
events. Other experiments11 have found strengthening due to ageing
for granular samples under large compressions. In the present
experiments, which consider the grains and the force network, we
show that there is a logarithmic rate-dependence in slowly sheared
granular materials that is associated with irreversible rearrange-
ments of the force network within the material itself. This is
manifested as a strengthening with rate.

The experiments described here were carried out with a two-
dimensional realization of a granular system. The particles were
made of a photoelastic material, and were either relatively thin disks
or flat particles with a pentagonal cross-section. By using a photo-
elastic material, we could determine forces at the grain scale. More
detailed descriptions of the experimental apparatus and methods21

Figure 1 Time series for stress (normalized by j0 < 4.11 N m21) for a range of shearing

rates Q that span the experimental range. These data are for pentagonal particles, but

data for disks are qualitatively similar. Shear wheel radius 13.8 cm, g ¼ gc þ 0.0152.
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