
High bandwidth on-chip capacitive tuning of
microtoroid resonators
CHRISTOPHER G. BAKER,∗ CHRISTIAAN BEKKER, DAVID L.
MCAUSLAN, EOIN SHERIDAN, AND WARWICK P. BOWEN

Queensland Quantum Optics Laboratory, University of Queensland, Brisbane, Queensland 4072, Australia
∗c.baker3@uq.edu.au

Abstract: We report on the design, fabrication and characterization of silica microtoroid based 
cavity opto-electromechanical systems (COEMS). Electrodes patterned onto the microtoroid 
resonators allow for rapid capacitive tuning of the optical whispering gallery mode resonances 
while maintaining their ultrahigh quality factor, enabling applications such as efficient radio to 
optical frequency conversion, optical routing and switching applications.
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1. Introduction

High optical quality factor (Q) cavities, and in particular whispering gallery mode (WGM)
resonators are broadly used optical components, in particular in research settings. Due to the
combination of high Q and low mode volume, they are a platform of choice for a wide range
of applications including optomechanics [1–5], optoelectromechanics [6–10], optical add-drop
filters [11, 12], on-chip lasers [13], bio- and magnetic sensing [14, 15] and frequency comb
generation [16]. The ability to spectrally tune the WGM resonances of these resonators, preferably
in a reversible fashion, is of great interest for many of these applications. This tunability can
for instance be used to overcome microfabrication induced size variability [17] or temperature
associated frequency drifts, lessening the need for bulky and expensive tunable laser sources. It
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also permits optical switching, reconfigurable optical routing [18] and is required for any kind of
on-chip network of interacting high Q resonators [19].

Silica is a particularly advantageous material for on- and off-chip photonics thanks to its
extremely low optical absorption, low susceptibility to two-photon absorption and associated
free carrier absorption, and the absence of lossy surface states requiring passivation. In particular
silica microtoroids [20] and silica wedge resonators [13] set the benchmark for the highest
optical Q resonators achievable on a chip, with Q values reaching almost 1 billion [13]. However,
silica resonators are difficult to tune due to the absence of free carrier injection schemes and
vanishing linear electro-optic coefficient. Two main approaches have been employed thus far:
heat-based and strain-based methods. Heat-based tuning [21, 22] relies on changing the size and
refractive index of the material with temperature, and, while allowing for large frequency shifts,
suffers from several drawbacks. First, owing to silica’s low thermo-optic and thermal expansion
coefficients, high temperatures are required for large wavelength shifts, requiring typically tens
of milliwatts of power expenditure [23] and precluding cryogenic or biological applications.
Furthermore this tuning method is inherently slow, with modulation rates constrained to the
kHz range for microtoroids [21, 22]. Strain coupling, whereby the resonator is subjected to
stress and deformed, thus changing its effective size and optical resonance frequencies has been
demonstrated on silica bottle resonators [24, 25] but not for integrated on-chip resonators.

Here we propose and experimentally demonstrate an efficient strain coupling approach to
tune the high Q resonances of on-chip WGM resonators, based upon capacitive actuation. Gold
electrodes are patterned upon the top surface of the device to be tuned. When a bias voltage is
applied, the attractive capacitive force between the electrodes strains the device and shifts the
position of its optical resonances. Our approach presents several advantages. First it allows for
very fast electrical tuning of the resonances reaching up to the tens of MHz range, several orders
of magnitude faster than previously demonstrated schemes, while maintaining the ultra-high
Q nature of the resonances. Moreover, capacitive tuning requires minimal power expenditure
as there is no current flow between the electrodes in the steady state. This enables dense
arrays of tuneable microresonators to be combined on a single chip, with low power consumption
compatible with packaged devices and without the risk of thermal crosstalk between neighbouring
devices. Finally, we present numerical simulations of a new design based upon interdigitated
electrodes which significantly improves upon the performance of the current devices. Our
approach could have applications for silica microtoroid and microdisk based erbium lasers [26],
Raman and Brillouin lasers [13, 27] as well as tuneable and switchable frequency combs [28, 29].

2. Device design and fabrication

2.1. Design

Figure 1(a) shows a schematic top view of the designed device. It consists of a reflown silica
microtoroid resonator [20], in which a circular slot of width g has been etched out, in order to
allow for greater mechanical compliance. Gold electrodes are patterned on either side of this
slot to enable capacitive actuation. Upon the application of a bias voltage between the electrodes
through the contact pads P1 and P2, the attractive capacitive force strains the microtoroid
resulting in an effective reduction in the microtoroid cavity length and an associated frequency
shift of the microtoroid whispering gallery resonances. The outer portion of the silica microtoroid
is mechanically supported by a single anchor which also serves to connect the outer electrode to
the contact pad P1. The position of this anchor is marked by an asterisk in Figure 1(a). Even with
a single narrow anchor, the sag of the outer portion of the microtoroid is minimal as confirmed
by finite element method (FEM) simulations.
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Fig. 1. Microtoroid based COEMS. (a) Schematic top view of the microtoroid COEMS
displaying the relevant dimensions: microtoroid major radius R, microtoroid minor diameter
d, electrode gap g and undercut silicon pedestal radius Rp. The gold electrodes have a
nominal width of 5 microns. (b) Optical microscope side-view of a fabricated device. This
image was obtained by combining 10 individual images taken at different focus to overcome
the shallow depth of field (focus stacking).

2.2. Modeling

The application of a bias voltage V between the electrodes leads to an attractive capacitive force
Fcap:

Fcap =
1
2

dC (x)
dx
×V 2 (1)

Here x is a displacement and C (x) is the position dependent capacitance formed by the two
capacitor plates, see Fig. 2(a). The value of C (x) for our device is extracted from FEM simulations
and plotted as a function of the gap between the electrodes in the top panel of Fig. 2(b). The
associated force Fcap/V 2 given by Eq. (1) is plotted in the lower panel. The capacitive force leads
to a deformation of the outer ring ∆x and a shift in the WGM resonance frequencies ∆ω0 given
by:

∆ω0 = gom∆x = gom
Fcap

k
' 1

2k
ω0

R
dC (x)

dx
V 2 ≡ αV 2 (2)

where gom ' ω0
R is the optomechanical coupling term [30, 31], R the major radius of the micro-

toroid, and k = meff Ω2
M the effective stiffness of the slotted microtoroid which links the effective

change in radius of the cavity to the applied force. α is the optical tunability of the structure [32].
With our nominal fabrication parameters (R ' 60 microns after reflow, electrode width of 5
microns, gap g of 2 to 3 microns), our modeling predicts a tunability α/2π in the range of 3 to 4
kHz/V2.

2.3. Fabrication

Figure 3 outlines the main microfabrication steps. Starting from a silicon wafer with a 2 micron
thick SiO2 thermal oxide, slotted disks are patterned with standard photolithography using
positive resist (AZ 1518 - red layer), followed by a wet buffered oxide etchant (BOE) etch (steps
1 and 2). The position of the electrodes is defined in step 3, using a mask aligner and negative lift
off resist (AZ nLOF 2020 - purple). Next a 10 nm thick tungsten adhesion layer and 100 nm of
gold are deposited upon the sample with an e-beam evaporator (step 4) and a lift off is performed

                                                                                            Vol. 24, No. 18 | 5 Sep 2016 | OPTICS EXPRESS 20403 



(a) (b)Fcap

Air

SiO2

Electrodes

SiO2

x

0
1
2
3
4
5
6

C
ap

ac
ita

nc
e
(fF

)

0 5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Electrode gap (μm)

F /
V

2
(n

N/
V

2 )

Fig. 2. (a) Schematic cross section of the microtoroid COEMS. Color code represents
the mechanical displacement caused by an applied voltage. Zoomed in view shows the
electrodes positioned on either side of the slot etched in the silica. Here the color code
represents the electric energy density εE2 when a bias voltage is applied. (b) Top panel:
calculated capacitance as a function of electrode gap g. The dots correspond to the results
of individual FEM simulations, while the solid line is a fit to the simulation. Lower panel:
Calculated force Fcap/V 2, obtained from C(x) through Eq. (1).

by soaking in warm remover (step 5), yielding slotted silica disks with gold electrodes. Steps 6
through 9 describe a two step undercut and silica reflow process, in order to prevent damage to the
gold electrodes during reflow. The CO2 laser reflow of silica is a runaway thermal process due to
silica’s temperature dependent absorption coefficient, whereby increased temperature in the silica
results in greater optical absorption and further increases in temperature [20]. However, owing
to the high thermal conductivity of silicon, the silica which is not undercut and remains upon
this silicon heat sink remains essentially unaffected by the reflow process. As a result, the gold
electrodes remain unaffected by the CO2 laser pulse provided they are lying over non-undercut
silica. For this reason the central portion of the disk is protected in a third lithography step (step
6), to avoid undercutting through the slot in the first xenon difluoride (XeF2) undercut (step 7).
After removal of the protective mask, each disk is exposed to a CO2 laser pulse which reflows
the outer rim of the disk, while leaving the electrodes and the narrow anchor pristine (step 8).
Finally the chip is further undercut with a second XeF2 underetch step which releases the slot
and enables capacitive actuation (step 9). Note that these fabrication steps are similar to those
used to fabricate low-loss spoked microtoroid resonators [1]. Care must be taken to maintain
a sufficient distance between the electrodes and the edge of the reflown toroid, in order for the
confined optical modes to have sufficiently decayed before they reach the metal and not incur
significant loss. FEM simulations (not shown here) show that ∼10 microns is sufficient for the
WGM electromagnetic energy to have decreased by 70 dB, and can be considered a safe distance.

3. Characterization

To investigate the optical characteristics of the fabricated devices, laser light from a tuneable
diode laser in the telecom C band is evanescently coupled into the microtoroid with a pulled
fiber taper. Spectroscopy of the devices reveals numerous classes of WGM resonances, separated
by a free spectral range of approximately 5 nm. The highest measured quality factors are in the
mid 107 range, as shown in Fig. 4(a). Control microtoroids on the same chip fabricated without
electrodes were found to have similar Qs, indicative that our current Qs are limited by fabrication
and reflow and not by the presence of gold electrodes.
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Fig. 3. Main microfabrication steps for the silica microtoroid COEMS.

3.1. DC tunability

Figure 4(b) shows a schematic of the experimental setup used to characterize the response of
the devices to an applied voltage across the capacitor plates. The dimensions of the device are
too small for the use of conventional wire bonding techniques in the current geometry. Instead,
we employ micrometer-sized tungsten probe tips on micropositioning stages to electrically
contact the pads P1 and P2 shown in Fig. 1(a). Connection of the electrodes to a bias tee then
enables the simultaneous application of DC and AC voltages. Figure 4 (c) plots the tuning of
the device in response to an applied DC bias. Since all WGMs of the microtoroid have a similar
optomechanical coupling, Fig. 4(c) can be obtained by tracking the center frequency of any
WGM of the microtoroid as the DC bias is gradually ramped up from 0 to 200 V (i.e. as V 2

DC
increases from 0 to 4×104 V2) and the WGM frequency is gradually increased. The frequency
shift exhibits a quadratic dependency with VDC, as expected from Eq. (2). Fitting the data of
Fig. 4(c) yields a tunability α/2π = 4.5 kHz/V2 in reasonable agreement with the results of the
FEM simulations discussed in section 2.2. We ascribe the somewhat higher value observed in the
experiments to the slope in the sidewalls of the slot resulting from the wet etching process, which
results in an increased electrode surface area. We show in Fig. 4 that the device can be tuned by
more than 20 linewidths, enabling switching, routing as well as add/drop applications [18]. Note
that the optical Q remains unaltered throughout the tuning procedure, retaining its high value.
The maximum value of the DC current which can be applied to the electrodes, and therefore
the tuning range, is ultimately limited by the breakdown voltage of the electrodes, which was
experimentally determined to exceed 300 V and is further discussed in section 6.1.

3.2. Broadband operation

3.2.1. Harmonic response

In this section we focus on the dynamical response of the device, which we will successively
characterize according to two main metrics. The first metric corresponds to the response of
the device to harmonic driving, and measures how fast the optical output of the device can
be harmonically modulated before incurring a cutoff in its response. In the general case, the
maximal modulation rate will be limited by one of the following: the capacitor’s response
time τC, the optical cavity lifetime τcav or the mechanical response of the resonator. In our
case, because of the small value of C (see Fig. 2(b)), the capacitor’s response time can safely
be considered instantaneous. The mechanical response of the resonator is determined by its
spectrum of vibrational eigenmodes. A mechanical spectrum of a fabricated device is obtained by
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Fig. 4. (a) Microtoroid WGM resonance near 1550 nm, showing an intrinsic Q factor of 4.5×
107. (b) Schematic of the experimental setup used to probe the cavity opto-electromechanical
devices. A bias tee allows for the application of both a DC and AC bias on the electrodes.
FPC: Fiber polarization controller; PD: photodetector; SA: spectrum analyzer. The inset
shows an optical microscope sideview of a microtoroid COEMS positioned in front of the
coupling fiber taper, and below two tungsten probe tips. All measurements are performed
in air at room temperature. (c) Tunability curve showing optical resonance frequency shift
as a function of the square of the applied DC voltage. The red line is a fit to the data. The
maximum tuning range reaches approximately 20 linewidths for the largest DC bias.

detuning the probe laser to the blue side of a WGM resonance of the microtoroid, thus imprinting
the mechanical Brownian motion of the resonator onto intensity fluctuations of the photodetected
light which are observed with a spectrum analyzer (see Fig. 4(b)). The mechanical spectrum
reveals a number of different resonant modes ranging approximately from 1 to 25 MHz, see
appendix 6.2. The mechanical mode corresponding to a ‘radial breathing mode’-like deformation
of the structure which, because of its essentially in plane and rotationally invariant nature, couples
well to both the optical modes of the microtoroid as well as to the capacitive actuation is shown
in Fig. 5(a). Applying concomitantly a DC voltage and an AC voltage to the electrodes at this
mechanical frequency enables efficient modulation of the laser light with a modulation period
of 55 ns, three orders of magnitude faster than previously demonstrated thermal modulation
schemes on microtoroid resonators [21,22]. Because of the the high optical Q of the microtoroids,
the maximal modulation frequency is ultimately limited by both the mechanical susceptibility of
the device [33], as well as –to a smaller extent– by the finite cavity lifetime τcav of the WGMs,
see section 6.2. This is in contrast to most previously demonstrated mechanical modulation of
lower optical Q cavity schemes [2, 12, 34, 35], where the mechanical cutoff at higher frequencies
is the only limiting factor. Note also that the use of a bias tee, as shown in Fig. 4(b), enables
the concomitant application of a large DC bias and small AC modulation, which can lead to a
greatly increased AC response. Indeed, since the capacitive force scales as V 2, the simultaneous
application of an AC and DC bias leads to force proportional to V 2

DC +2VDCVAC +V 2
AC. Thus the

response at the drive frequency ωAC (proportional to 2VDCVAC) is boosted by a factor 2 VDC/VAC
compared to the sole response at 2ωAC (proportional to V 2

AC) present when no DC bias is applied.

                                                                                            Vol. 24, No. 18 | 5 Sep 2016 | OPTICS EXPRESS 20406 



Time (μs)
-20 0 20 40 60 80 100

N
or

m
al

iz
ed

 T
ra

ns
m

is
si

on

0

0.5

1

M
od

ul
at

io
n 

vo
lta

ge
 (V

)

-10

0

10

Frequency (MHz)
15 16 17 18 19 20

N
oi

se
 p

ow
er

 (d
Bm

)

-85

-80

-75

-70

(a) (b)

Fig. 5. (a) Mechanical “radial breathing mode"-like resonance of the slotted microtoroid
near 18 MHz. Blue line: data, red line: lorentzian fit to the data, with fitted mechanical Q
' 180. FEM simulation of the mechanical displacement profile is shown as an inset. (b)
Transient response of the device to a short duration voltage spike, measured on a WGM
with Q ' 107. The black line is an exponential fit to the ringdown time. The noise in the
normalized transmission is due to noise in the voltage generator and in the diode laser used
for this experiment.

With a 200 V DC bias, a 5 V peak to peak (Vpp) AC modulation is sufficient to provide full
depth (on/off) optical modulation, using the parameters in Fig. 4 (2VDCVACα/2π = 9 MHz),
which we observed experimentally. The voltage requirement for optical modulation is further
reduced by a factor QM if the AC drive is resonant with a mechanical mode of quality factor QM .
Indeed for an AC drive resonant with the 18 MHz mechanical mode (with QM=180), only 30
mVpp is required for full depth modulation. This very low voltage optical modulation make the
capacitively driven microtoroids developed here efficient, though relatively narrowband, radio
frequency to optical conversion devices [36].

3.2.2. Transient response

Next, we consider the transient response of the devices to a voltage spike applied to the electrodes.
This spectrally broad pulse will excite many mechanical modes of the microtoroid to various
amplitudes, which then each ring down at their own decay rate. The ringdown time of the device
is then a combination of the transient responses of all the excited mechanical modes and is
essentially dominated by the ringdown time of the excited mechanical mode with the slowest
decay rate. While the previously discussed response to harmonic driving is relevant for some
RF to optical conversion applications, this transient response is a pertinent metric for switching
and add/drop applications, as it will ultimately limit the rate at which these operations can be
realized. Figure 5(b) shows a measurement of the transient response of the microtoroid. A square
modulation signal with 10 Vpp and frequency 1 kHz is sent onto the AC port of the bias tee
(red trace). The AC port of the bias tee behaves as ∼140 kHz high pass filter and converts the
square modulation into a series of upwards and downwards voltage spikes with duration ∼7 µs.
These spikes excite the radial breathing mode and a combination of lower frequency mechanical
modes of the microtoroid, with a resultant effective ringdown time of ∼ 12µs, corresponding
to a frequency of approximately 80 kHz. This value is close to the ringdown time of the RBM
(100 kHz). In contrast to harmonic driving where high Q mechanical modes are desirable, for
switching applications a low mechanical Q is advantageous to reduce this ringdown time. This
could be achieved through engineering of the shape and position of anchors or proper choice
of the undercut ratio of the silicon pedestal for example [1, 37]. Even according to this more
stringent and currently unoptimized metric, the achievable tuning frequencies are nearly two
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Fig. 6. Improved microtoroid COEMS design. (a) Schematic illustration of a microtoroid
resonator with patterned interdigitated concentric ring electrodes. (b) Cross-sectional view
through the dashed red line in (a) revealing N=30 electrodes patterned over the silica disk.
Color code represent the electrical potential with electrodes alternatively biased to 0 and 1 V.
(c) FEM simulation representing the exaggerated mechanical deformation resulting from an
applied bias between the electrodes. The structure deflects downwards and slightly outwards.
(d) Schematic illustration of the influence of the dielectric medium under the electrodes.
Despite the larger electrode separation, the left case can correspond to a lower energy state
because of the higher effective dielectric constant between the electrodes.

orders of magnitude larger than previously demonstrated techniques [21, 22].
The maximum extinction ratio for switching applications is given by the ratio between off- and

on- resonance transmission of the WGM, i.e. the contrast of the resonance. In our experiments,
we find the highest achievable WGM contrast to be 98 %, corresponding to a 50 fold suppression
in the signal, or -17 dB. Both extinction ratio as well as time stability stand to benefit from going
towards devices with integrated waveguide couplers [5, 38] in future work.

4. Improved interdigitated electrode design

While the fabricated devices already demonstrate efficient optical modulation and fast switching
and tuning capabilities, here we theoretically investigate how they could be further improved. In
particular increasing the capacitive force Fcap would increase the achievable tuning range and
reduce the need for a large DC bias in the experiments. Let us consider for illustrative purposes
the case of a parallel plate capacitor, for which analytical solutions for the capacitance and
capacitive force exist:

C =
ε0KA

g
Fcap =−

ε0KA
2g2 V 2 (3)

where ε0 = 8.85×10−12 F m−1, K, A and g are respectively the vacuum permittivity, dielectric
constant of the material between the capacitor plates, the capacitor area and distance between the
plates. Equation (3) shows that an increase in force per V2 can be achieved through a combination
of increased plate area and decreased separation g. In the current design the smallest achievable
gap size g is limited to a few microns by the resolution of the photolithography and the wet etch
step to form the slot in the silica, as shown in Fig. 3. A solution to overcome this limitation is
to do away with the slot altogether, as shown in Fig. 6(a). At the cost of increased mechanical
stiffness, removing the slot provides two main advantages. First, it allows for the fabrication of
significantly reduced gap sizes through e-beam lithography. Second, it allows for a large increase
in the number of electrodes through an interdigitated design, effectively increasing the electrode
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area in Eq. (3). Figure 6(b) shows a cross-sectional view of the proposed approach, with 30
electrodes of width 0.9 micron separated by 150 nm patterned on the top surface. The capacitance
calculated for this structure is 250 fF, more than 50 times larger than in our current design. In
order to take into account both the effect of the material between the electrodes as well as the
fact that the applied force is now distributed throughout the microtoroid surface, we perform full
electromechanical FEM simulations to obtain the deformation of the structure in response to an
applied bias voltage. The parameters used in this simulation are summarized in Table 1. The
results of this simulation, for a 1 V bias applied between the electrodes, are shown in Fig. 6(c).
Here the effect of an applied bias is to deform the structure downwards and slightly outwards,
effectively increasing the microtoroid’s radial dimensions, which is exactly the opposite effect
we measured with the slotted microtoroid. This somewhat counter-intuitive behavior can be
understood by considering the stored energy inside a capacitor Ecap =

1
2

Q2

C . For a fixed charge Q,
the system will seek to minimize its potential energy through an increase in C. As shown in Eq.
(3), this can be achieved by reducing the gap g between the electrodes -as observed previously,
but can also be achieved through an increase in the effective dielectric constant K of the material
between the electrodes. Here the microtoroid bends downwards (and not upwards as would be
expected from a tensile stress being applied to its top surface), so as to maximize the amount of
dielectric enclosed between the electrodes. This is shown schematically in Fig. 6(d): provided
the dielectric contribution is large enough, the lowest energy solution can actually correspond
to an increase in the total separation between the electrodes (left image). To verify this is the
correct interpretation, we numerically verify that the downward deflection indeed corresponds to
a lower energy state. Furthermore, when adding a high K dielectric coating over the electrodes,
the system recovers an upward deflection. With the experimentally achievable parameters of
Table 1, this optimized geometry provides a tunability of α =−0.77 MHz/V2, a more than two
orders of magnitude improvement over current performance, with a bias on the order of 2 V
sufficient to displace a high Q WGM resonance by one linewidth. Note that here most of the

Table 1. Parameters used in the FEM simulation of the interdigitated microtoroid COEMS
design.

Parameter Unit Value
Microtoroid major radius R µm 50
Microtoroid minor diameter d µm 8
Pedestal radius Rp µm 4
Silica layer thickness µm 2
Number of interdigitated electrodes N - 30
Electrode width µm 0.9
Electrode gap g nm 150
Electrode thickness nm 200
tunability α MHz/V2 -0.77

generated deformation is out-of-plane, and therefore not useful as it does not dispersively couple
to the microtoroid WGMs. This large out-of plane deflection could however be advantageously
leveraged with different resonator geometries [39].

5. Conclusion

We have developed an approach to reversibly tune the optical resonances of high Q on-chip silica
microtoroid resonators based on capacitive actuation, enabled by electrodes patterned on the top
surface of the microresonator. This method provides up to tens of MHz modulation rates, several
orders of magnitude faster than previously demonstrated heat based techniques. We additionally
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presented an improved design based on interdigitated electrodes that further improves on current
performance. These results add a new level of functionality to a mature platform with a broad
range of applications ranging from optomechanics, on chip lasers and bio-sensing to nonlinear
optics. Our approach leaves the reflown silica surface intact, and therefore maintains the high
optical Q and the possibility to functionalize the silica surface. It may also find use in the active
field of RF to optical conversion [32, 35, 36, 40].

6. Appendix

6.1. Breakdown voltage
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Fig. 7. (a) Breakdown voltage of the electrodes measured on 6 different devices. At break-
down, the joule heating resulting from the high electrical current density ablates the gold
electrodes, which is readily visible through optical microscopy, as shown in the inset. Left
image: before breakdown; right image after breakdown. (b) Theoretical breakdown voltage
curve in air at 1 atmosphere, as a function of electrode gap distance. The solid line represents
the classical Paschen curve, while the dashed blue line is the correction to small gaps for
metal electrodes where the breakdown is dominated by electrode vaporization [41]. The red
ellipse represents the approximate spread of our experimental data.

The maximum achievable frequency tuning range ∆ωmax is limited by the breakdown voltage
of the electrodes VB through ∆ωmax = αV 2

B (from Eq. (2)). We experimentally measure the value
of VB on six different devices with gap g ranging from 3 to 7 microns. These results are shown
in Fig. 7(a). VB reproducibly falls inside a band from 310 to 340 volts. Figure 7(b) shows the
theoretical breakdown voltage in air at one atmosphere, as a function of electrode gap distance.
It is comprised of two curves; the solid blue curve corresponding to the regime of avalanche
ionization of the gas, while the dashed blue line of slope ∼ 100V/µm corresponds to the regime
of field emission current induced vaporization of the metal electrode [41] responsible for the trend
towards reduced VB for micrometer and sub-micrometer sized gaps between metal electrodes.
Our experimental data is in good agreement with the values expected from the theory.

6.2. Dynamical response additional data

Figure 8 provides additional data on the dynamical response of the microtoroid devices. Figure
8(a) shows the network analyzer (NA) response of a device, acquired with the NA’s output and
input ports respectively connected to the AC port of the bias tee and the photodetector’s output
(see Fig. 4(b)). Note that the driven response of the devices depends on their circularity. For
low device circularity, the MHz frequency mechanical modes consisting in out-of plane bending
of the toroid outer ring, as well as bending and rotating of the outer ring about the anchoring
point (see Fig. 8(b)) have a larger response than the RBM-like deformation, while in more ideal
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devices the behavior is reversed. Here, on a device with non-ideal circularity, the response at 1.9
MHz is largest, above that at the RBM resonance (17.5 Mhz).

The dashed red line showing the decreasing modulation efficiency as the drive frequency
applied to the electrodes is increased beyond 17.5 MHz is obtained by taking into account the
susceptibility χm of the 17.5 MHz radial breathing mechanical mode as well as the optical
susceptibility χopt of the WGM cavity [33]. Figure 8(c) shows the effect of the AC drive on the
microtoroid mechanics: no narrowing of the mechanical linewidth is present when the device is
electrically driven at ωAC = ωM . Finally, Fig. 8(d) shows the time-domain modulated optical
output of a device in response to the simultaneous application of an AC and DC bias to the
electrodes, with the laser tuned to the blue flank of the WGM resonance. For a 120 mVpp
AC drive (top) the modulation appears somewhat sinusoidal, while for larger VAC (bottom) the
modulated output start displaying signs of frequency doubling as the WGM resonance is swept
with larger amplitude and the laser starts exploring both the blue and red flank of the WGM.

Additionally, we extract the characteristic thermal response time τth ' 60 ms of the device
from FEM simulations. This slow thermal response (due to the toroid being isolated from the
substrate via a narrow silica anchor, see Fig. 1) corresponds to a thermal cut-off frequency in
the tens of Hz, thereby ruling out the potential role of heating of the electrodes in the dynamical
response of the device.
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Fig. 8. (a) Network response of a device acquired with VDC = 100 V. The largest response
occurs at 1.9 MHz. The dashed red line is a fit to the data accounting for the device’s
mechanical and optical susceptibility [33]. (b) Mechanical spectrum showing the main
vibrational eigenmodes of a fabricated device. Inset: FEM simulations of mechanical modes.
(c) SA measurement (see Fig. 4(b)) showing the RBM thermal peak and an AC drive tone at
ωAC = 2π×16.9 MHz (blue) and ωAC = 2π×17.5 MHz (orange). (d) Time traces showing
the normalized optical output (blue) of a device being driven with a 120 mVpp AC + 100V
DC bias applied to the electrodes (top) and a 500mVpp AC + 100V DC bias (bottom);
ωAC = 2π×1.9 MHz, WGM has 80 percent contrast and loaded optical Q = 4×106.
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