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The ability to tune resonant frequency in optical microcavities is an essential feature for many
applications. Integration of electrical-based tuning as part of the fabrication process has been a key
advantage of planar microresonant devices. Until recently, the combination of these features has not
been available in devices that operate in the ultral)giegime where device quality factoi®) can

exceed 100 million. In this letter, we demonstrate an electrically tunable resonator on a chip with
ultrahigh-quality factors. Futhermore, the devices have demonstrated tuning rates in excess of
85 GHz/\# and are capable of tuning more than 300 GHz2@4 American Institute of Physics

[DOI: 10.1063/1.1825069

Ultrahigh-Q (UHQ) optical microresonators represent areleasing the excess aluminum and leaving aluminum con-
distinct class of microcavitiéswith applications ranging tacts in the center of the oxide disks as well as the backside
from optical communications and biosensing fundamen-  of the wafer. Ohmic contacts are formed by annealing the
tal studies of nonlinear optical effettand cavity quantum wafer in a tube furnace at 500 °C in a nitrogen ambient. The
electrodynamic§CQED).* Although wafer-scale tuning con- remaining oxide disks act as etch masks during exposure to
trol has been available for devices operating in@heegime ~ xenon difluoride(XeF,) gas at 3 torr. Xenon difluoride iso-
below 100,000, such methods have not been available in tHgopically etches the silicon substrate leaving the perimeter
UHQ regime, where can exceed 100 million. Nonetheless, of the silica disk isolated from the higher index silicon. To
there remains keen interest in finding more practical ways t&liminate lithographic blemishes along the perimeter of the
implement tuning control in this reginté. In this letter, we  Oxide, each microdisk is orthogonally exposed to a,GBer
introduce electrical control of resonant frequency in an UHQPeam resulting in surface tension induced reflow and forma-
microtoroid by themooptic tuning. The significance of this ion of the microtoroid. During this process, the central re-
result is that this represents an example of a UHQ microresddion of the pillar is unaffected and therefore the aluminum
nator with “integrated” electrical tuning. By including only Contact remains pristine. The resulting device possesses a
two additional processing steghthography and metalliza- surface finish with near atomic roughness in addition to in-
tion) into the prior fabrication process for the UHQ micro- teégrated metal contaci§ig. 1(d)].
toroids, electrical control is implemented. The end resultis a 1N tuning range and frequency response of the tunable
highly reproducible process through which chip-based elecm'crf)tro_Id resonators were measured in the OP“.C?" telecom-
trically tunable microtoroids witl factors in excess of 100 Mmunication band1550 nm). To create a low resistivity elec-
million are fabricated. Furthermore, since the devices themt/Ical Path, the substrai@ow containing an array of micro-

selves are produced on a silicon substrate and significaf™0lds On one sidewas placed on a metal, electrically

tuning range at subvolt levels is demonstrated, the integra-
tion of complementary metal-oxide—semiconductor control
circuitry with the devices is also possible. In addition to
characterizing the static tuning characteristics of these de- <
vices, we also investigate their dynamic response including \
the use of a helium ambient atmosphere to isolate the spe- -
cific source of the tuning time constant.

The fabrication process with the exception of metalliza-
tion steps is described in detall elsewhénﬁriefly, it pro-
ceeds as followssee Fig. 1. First, photolithography is per-
formed on a highlyp-doped(.001—.006() cm) silicon wafer
with a 2 um thick thermal oxide. The unexposed photoresist
is used as an etch mask during immersion in buffered HF.
These two steps define oxide disks of 1@ diameter with —_—
a 25um wide contact hole concentrically located on the 75-microns
disk. All oxide on the back side of the wafer is also removed.
A second phptollthography step s performEd in order to dei:IG. 1. Fabrication process flow outline for the tunable microtoroid resona-
fine a metal lift-off mask. 1000 A of aluminum are thermally tors. (@) Oxide is lithographically defined and etched leaving oxide disks
evaporated on both sides of the wafer in sequential deposisilowed by metallization via evaporation on both sides of the wafer in order

tion steps. The wafer is then immersed in acetone overnighp create the electrical contacts. Ohmic contacts are formed by annealing in
a nitrogen ambient at 500 °C in a tube furna@®. The wafer is isotropi-
cally etched using xenon difluoridéc) The oxide disks are exposed to a
dAuthor to whom correspondence should be addressed; electronic maiCO, laser in order to reflow the disks, creating the tunable UHQ microtor-
vahala@caltech.edu oids. (d) A scanning electron micrograph of a tunable microtoroid resonator.

100-microns 100-microns
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FIG. 3. (Color onling The frequency response of the tunable microtoroid
resonators in both air and helium ambient atmospheres. Inset: A rendered
depiction of the tunable microtoroid device coupled to a tapered optical fiber
while being contacted by a metal probe.
grounded platform mounted to a three-axis stage with a
100 nm step resolution. The stage allowed the substrate f#@nction generator. The frequency response of the tunable
move freely so that the taper waveguide could couple to gnjcrotoroid resonators in both air and helium was measured
single microtoroid. Two microscopes were used to simultagnd is plotted in Fig. 3. The measured frequency response
neously image the microtoroid from both the top and sidecontains features consistent with the existence of a single
Optical power was coupled to the microtoroid using a ta-low-frequency pole.
pered fiber waveguid®.The tapered fiber was formed by There are several possible cooling mechanisms which
stretching a standard optical fib@@MF-123 while heating it~ could account for this single low-frequency pole. The au-
with a hydrogen flame. As the adiabatic condition is main-thors postulate that the primary cooling mechanism is ther-
tained during the stretching process, the resulting tapereghal conduction to the ambient. Therefore, this cooling
fiber exhibits losses typically less than 5%. Further detailsmechanism should exhibit a dependence on the coefficient of
regarding tapered fiber fabrication and properties are prothermal conduction of ambient atmosphere around the reso-
vided elsewherg’.lolt should be noted that during character- nator. To confirm this hypothesis, the frequency response
ization of both tuning range and frequency response the miyas measured while helium gas was introduced into the test-
crotoroid and fiber taper waveguide were in contact toing chamber. As can be seen in Fig. 3, the corner frequency
prevent any thermally induced loading variations. doubled in the presence of helium, a result of helium being
With the taper and microtoroid in contact, the aluminumfive times more therma”y conductive than air.
pad in the center of the microtoroid is electrically contacted  |n summary, we have demonstrated the ability to electri-
and voltage is applied while the silicon substrate iscally tune UHQ microresonators on a chip. Furthermore, tun-
grounded. Typical electrical resistance of the devices werghg ranges as large as 300 GHz have been observed. The
consistently less than 1Q. The induced ohmic heating and corner frequency of the tuning process was measured to be
rise in temperature that occurred in the silicon pillar was330 Hz in air and is attributed to thermal dissipation to the
thermally conducted to the silica microtoroid, subsequentlyambient. Moreover, an understanding of the cooling pro-
increasing the temperature of the silica in the path of theesses associated with the corner frequency was demon-
optical whispering gallery mode. This temperature increasgtrated by introducing helium into the air ambient and ob-
resulted in a frequency shift of the resonant frequencies. serving the resulting increase in corner frequency. While not
The tuning rate and tuning range were determined byuitable for high-speed applications, such a device has sev-
scanning a single-frequency external-cavity laseupled to  eral important applications. The ability to tune nearly one
the tapered fiber waveguiglacross a frequency span of ap- ful| free spectral range makes the tunable microtoroids ideal
proximately 50 GHz and in the spectral vicinity of a hig@h-  for use as an tunable optical filter or as a tunable laser
resonance. Transmission power through the taper was monipurcé'*° based on the UHQ properties. Tuning is also an
tored on an oscilloscope during scanning to measure tuningssential feature in application of UHQ devices to CJED.
With the laser continuously scanning, voltage was incremenadditionally, the ability to detect small changes in its ambi-
tally applied to the microtoroid resonator. Figure 2 shows arent surroundings can lead to applications in both biosensing
example of a typical tuning curve for a microtoroid resonatorand gas detection. Finally, tunable microtoroid resonators
with a resistance of T} and tuning rate of 85 GHz/% The  would be well suited for the realization of CROW devicgs.
tuning is plotted against %/in order to stress the dependence
of tuning on applied electrical powé¥?/R). This work was supported by DARPA and the Caltech
The frequency response characteristics were measurdé¢e Center.
by first tuning the laser near a resonance, and simultaneousl|
a function generator was used to apply a small-signal sinu-)<- J: Vahala, Natur¢London 424 6950(2003.
- . . F. Volimer, D. Braun, A. Libchaber, M. Khoshsima, |. Teraoka, and S.
soidal modulation yoltgge. A Io'ck—ln ana'lyzer was set up Fo Amold, Appl. Phys. Lett. 80, 4057(2002.
detect the modulation induced in the optical power transmis-3s_ . spillane, T. J. Kippenberg, and K. J. Vahala, Natiwendon) 415
sion and was referenced to the modulation frequency of the 621 (2002.

Downloaded 19 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

FIG. 2. (Color onling Resonant frequency shift versus voltagee Ref. 2
The quadratic coefficient is 85.56 GHz7V
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