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Abstract: We fabricate and characterize a microscale silicon opto-electro-
mechanical system whose mechanical motion is coupled capacitively to
an electrical circuit and optically via radiation pressure to a photonic
crystal cavity. To achieve large electromechanical interaction strength,
we implement an inverse shadow mask fabrication scheme which obtains
capacitor gaps as small as 30 nm while maintaining a silicon surface quality
necessary for minimizing optical loss. Using the sensitive optical read-out
of the photonic crystal cavity, we characterize the linear and nonlinear
capacitive coupling to the fundamental ωm/2π = 63 MHz in-plane flexural
motion of the structure, showing that the large electromechanical coupling
in such devices may be suitable for realizing efficient microwave-to-optical
signal conversion.
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1. Introduction

Microelectromechanical systems (MEMS) are a widespread technology platform with a vast
number of applications. MEMS devices are found, for instance, in a variety of hand-held elec-
tronic devices, often as accelerometers [1], microphones [2] or pressure sensors [3]. Recently,
MEMS have been proposed for energy harvesting applications [4], ultra-high resolution mass
sensors [5] and as a suitable candidate for the development of biological sensors in lab-on-
a-chip technologies [6]. New generation of MEMS have critical dimensions down below the
microscale, and into the nanoscale, opening the possibility to integrate these devices with other
nanotechnologies. In the case of nanophotonics, the emerging field of cavity optomechanics
uses the radiation pressure force to probe and control the state of a mechanical actuator em-
bedded in an optical cavity. Optomechanical nanophotonic devices, such as photonic crystal
“zipper” cavities [7] and optomechanical crystals (OMCs) [8], have been proven effective for
near quantum-limited position read-out [9, 10] and strong back-action effects, as shown by the
cooling of a mechanical mode to its quantum ground state of motion [11].

The integration of MEMS with optomechanical devices may be useful both for micropho-
tonic circuits, where MEMS may be employed to tune the optical properties of devices, as well
as for MEMS sensors, where optomechanical devices may be used for shot-noise-limited read-
out and back-action modification of the mechanical response. Moreover, an integrated MEMS-
optomechanics technology could allow for up-conversion of low-frequency electrical signals
to an optical carrier, mediated by an intermediate mechanical transducer. The ultimate goal of
such a conversion scheme would see the realization of coherent, quantum frequency translation
between an optical and microwave cavity which shares the same mechanical resonator [12–16].
Different approaches to realize such frequency translation include the use of a silicon nitride
membrane vertically stacked within an electronic and optical cavity [17, 18], and the creation
of piezoelectric nanobeam optomechanical crystals [19].

Our approach to integrating optomechanical and electromechanical devices utilizes a silicon
(Si) optomechanical photonic crystal whose mechanical degree of freedom is shared with an
electrical capacitor [20]. Using a nanoslotted planar photonic crystal slab, it is possible to local-
ize the optical field to the center slot of the slab and the capacitor to the other outer edges of the
slab, with both optical and elecrostatic fields connected to the same slab motion. This avoids
losses in the optical path, and in the case of superconducting circuits, avoids optically-induced
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electrical losses from the breaking of Cooper pairs. In this kind of planar device, the capacitive
element is effectively one dimensional, being formed by two parallel metal wires. A strong
coupling between the mechanical motion and the optical or electrical mode (in what follows
we refer to the lower frequency mode as the electrical mode) can be realized by making the
electromagnetic mode volume commensurate with the acoustic wavelength of the mechanical
resonance. In the case of near-infrared optics and GHz mechanical resonances, one finds there
is a common wavelength scale, whereas for radio-frequency or microwave electrical modes,
the mechanical and electrical length scales are vastly different. In the microwave frequency
range this requires decreasing the capacitor gap size to tens of nanometers, where metallic or
superconducting boundaries are used to effectively ”squeeze” the electric field into a small
volume [21, 22].

In this Article, we push the fabrication limits of the silicon-on-insulator (SOI) cavity-electro-
optomechanics platform first presented in Ref. [20], to achieve large electromechanical cou-
pling by engineering a narrow electrode gap while retaining a high optical Q-factor. To this
end, we use an inverse shadow-mask evaporation which allows us to fabricate electrode gaps
as small as d ≈ 30 nm. Compared to other fabrication techniques, such as focused ion beam
milling [22], this method maintains a pristine semiconductor surface, avoiding damage to the
optical resonator [23]. An outline of the paper is as follows. We begin with a review of the opti-
cal, electrical, and mechanical design of the structure, followed by a description of the methods
used for device fabrication. Optical and mechanical characterization of the device are then pre-
sented. This is followed by a characterization of both the linear and nonlinear electromechanical
coupling. We conclude by discussing the potential application of these devices for efficient and
noise-free microwave-to-optical signal conversion.

2. Design and Fabrication

As shown in Fig. 1, the electro-optomechanical device studied here is based around a silicon
thin-film photonic crystal in which a linear waveguide is formed around a central nanoscale air
slot (a so-called W1 slotted waveguide) [20, 24]. An optical resonant cavity is formed from the
waveguide by creating a defect along the axial length of the waveguide in which the parameters
of the waveguide are slowly modified. This results in an optical mode confined in the s ∼
80 nm air slot and localized to the defect region, as shown in the finite-element-method (FEM)
simulation of Fig. 1(a). Mechanical motion of the structure is allowed by undercutting, and
suspending the Si device layer. Two additional gaps are fabricated on the outer edge of the
two photonic crystal slabs to accommodate capacitor electrodes which connect the mechanical
motion of the slabs to an electrical circuit (see Fig. 1c). The whole slab structure is clamped
on the ends to the underlying SiO2 (BOX) layer and Si substrate, resulting in a fundamental in-
plane mode with simulated frequency of ωm/2π = 67 MHz. The deformation profile, |Q(r)|, of
the differential motion of the two slabs is shown in Fig. 1(b). A spatial separation between light
and metals, as in our device, has a twofold benefit. From the photonic side it makes metallic-
related losses negligible, and from the electrical side it avoids any stray light on the electrodes,
which can be crucial if superconducting materials are used.

The main difference between the device studied here and the one reported in Ref. [20] resides
in the electrode gap size, which has been reduced from 250 nm to less than 30 nm using an
inverted shadow-mask evaporation technique in a two-layer lithography process (see Fig. 1d).
In the first step of the device fabrication, a ZEP resist mask is defined with electron beam
lithography. The 220 nm Si device layer of the SOI wafer used in this work is dry etched with
an inductively-coupled SF6/C4F8 plasma reactive-ion etching process. After a H2SO4/H2O2
Piranha clean, the device layer is partially undercut in a 15 second hydrofluoric acid (HF) wet
etching step. The electrical circuit is then defined in a ZEP lift-off process using an aligned
electron beam lithography step, followed by deposition of chromium (5 nm) and gold (50 nm)
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through optical transmission measurements using a tunable external cavity semiconductor
diode laser (Newfocus Velocity series) whose frequency tuning is calibrated with an unbal-
anced fiber Mach-Zender interferometer. Optical coupling to a given device is achieved via a
tapered and dimpled optical fiber probe, which when placed in near-field of the photonic crys-
tal cavity allows for evanescent coupling of light between the fiber and cavity [25]. An optical
transmission scan, shown in Fig. 2(b) for a typical device (device A in what follows), shows a
fundamental optical resonance with center wavelength λc = 1522.94 nm and intrinsic quality
factor Qc = 8.9×104.

The mechanical mode studied in this work is not the fundamental in-plane differential slab
mode, but rather the fundamental in-plane mode of only a single slab. This is an artifact of the
measurement technique we employ, in which to mechanically stabilize the optical fiber taper
we place it in direct contact with one of the photonic crystal slabs. This effectively decouples
the one slab from the other, and thus we only measure and actuate the motion of the free slab
without the taper on it. The fundamental in-plane mode of the free slab still modifies the air slot
gap size in the center of the photonic crystal, and thus induces a frequency shift of the optical
cavity resonance which we quantify by an optomechanical coupling parameter gOM (defined
below) in units of GHz/nm. The transmitted optical power for a laser, frequency locked on the
side of the optical cavity resonance, carries a signal corresponding to the thermal Brownian
motion of the structure, as shown in Fig. 2(c) for device A. The measured fundamental me-
chanical mode of this device is centered at ωm/2π = 63 MHz with a corresponding quality
factor of Qm = 150, limited by atmospheric pressure squeeze-film damping [26]. The smaller
peaks in the optically-transduced mechanical spectrum are (predominantly) out-of-plane slab
modes which are weakly coupled to the optical cavity resonance.

The optomechanical coupling parameter, gOM, is defined as the fractional change in the en-
ergy stored in the optical resonance per unit displacement of the mechanical resonance. The
fractional energy shift (δŪE) can be numerically calculated with a perturbative approach, eval-
uating an integral of the electric and displacement fields of the optical resonance over the di-
electric boundaries of the structure (here we assume no change in the magnetic energy due
to the fact that the magnetic permeability of most materials is approximately unity at optical
frequencies) [8, 28]:

δŪE =

´
∂V (Q̃(r) ·~n)(∆ε|E‖|2−∆ε−1|D⊥|2)d2r´

V ε|E|2d3r
, (1)

where ε is the dielectric constant, ∆ε ≡ (ε1− ε2) is the difference in the dielectric constant
across the boundary between material 1 and material 2, ∆ε−1 ≡ (1/ε1− 1/ε2), and E‖ (D⊥)
is the parallel (perpendicular) component with respect to the boundary, ∂V , of the electric
(displacement) field. Here, a generalized coordinate for the mechanical resonance of u =
max(|Q(r)|) is chosen, corresponding to a normalized displacement field of Q̃ = Q/max(|Q|)
in eq. (1). The optomechanical coupling, representing the optical resonance frequency shift per
unit displacement amplitude u of the mechanical resonance, is given by gOM = (1/2)ωcδŪE,
where ωc is the optical resonance frequency and the factor of 1/2 accounts for the energy in the
magnetic field which is decoupled from the mechanical motion. For the fundamental optical
mode coupled to the fundamental in-plane mechanical mode of a single slab, the optomechani-
cal coupling is evaluated to be gOM/2π = 36 GHz/nm. This value is in good agreement with the
experimentally measured value of 37±6 GHz/nm for device A, determined from the radiation
pressure induced mechanical frequency shift (see for example Ref. [20]). Note that we have
implicitly chosen a positive amplitude u to correspond to outward motion of the photonic crys-
tal slabs as shown in Fig. 1(b), resulting in a reduced capacitor gap, d, and an increased central
slot width, s. In what follows we continue to use the same generalized mechanical coordinate,
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Ues = Q2/2Cm. For fixed charge, the fractional electrostatic energy shift due to motion of the
mechanical resonance can be numerically calculated for an arbitrary mechanical displacement
profile from the unperturbed fields in the capacitor using the same integral as for the calculation
of the optomechanical coupling in eq. (1), with Ge,1 = −δŪE. Here we assume perfectly con-
ducting boundary conditions and zero fields within the metal wires, a good approximation at
microwave frequencies and below. Typically, one would like to couple the mechanical motion
to an electrical resonant circuit. In such a case, the coupling capacitance is closed by an inductor
(L) to form an LC resonant circuit of frequency ωLC/2π = (LC)−1/2. Assuming capacitive cou-
pling only to the mechanical resonator, the corresponding electromechanical coupling is given
by, gEM = (−ωLC/2)Ge,1, in direct analogy to the optomechanical coupling. Addition of the
inductor usually accompanies an unwanted parasitic capacitance, Cs, which is not coupled to
the mechanical resonator and which reduces Ge,1 by a participation factor ηe =Cm/(Cm +Cs).
Here we will concern ourselves primarily with the coupling parameter Ge,1, however, in the
conclusion we will further discuss coupling to a microwave LC resonator.

To measure the linear electromechanical coupling parameter we apply a voltage to the elec-
trodes and measure the resulting mechanical displacement using optical read-out. This is done
for both a static voltage (VDC) and for a small modulated voltage (VAC) at half the resonance
frequency of the fundamental in-plane differential mode. For example, Fig. 3(a) shows a water-
fall plot of the transmission through the optical cavity for an applied bias voltage of VDC = 0 to
5.6 V for device A. In order to determine the electromechanical coupling from this tuning data,
we first consider the force exerted on the fundamental in-plane mechanical mode for a potential
difference V across the capacitor,

Fcap =
1
2

CmV 2Ge,1, (2)

where again Ge,1 is specific to the amplitude coordinate u of a given mechanical resonance.
For a static voltage, the resulting mechanical displacement amplitude u due to Fcap is inversely
proportional to the mode effective spring constant, keff = meffω

2
m. Here, meff (= 10.4 pg) is the

effective motional mass of the fundamental in-plane mechanical mode of a single slab defined
as:

meff =

´
Q∗(r)ρ(r)Q(r)d3r

max(|Q|2)
, (3)

where ρ is the mass density of Si. This definition of meff is consistent with our choice of def-
inition of u corresponding to the maximum amplitude of the mechanical displacement profile.
The effective spring constant, obtained by combining the simulated meff and the measured me-
chanical frequency, is equal to keff = 1.8 kN/m for device A. This agrees within 18% of the
full numerical simulation of the deformation under a constant load applied to the center point
of the mechanical mode. The mechanical deformation shifts the optical resonance frequency
according to,

∆ωc,DC(V ) =
gOMCmGe,1

2keff
V 2

DC = αV 2
DC, (4)

where α≡ (gOMCmGe,1)/(2keff) is the optical tunability of the structure.
Alternatively, if a modulated voltage VAC = V0 cos(ωACt) is applied to the capacitor, the re-

sulting mechanical displacement is filtered by the mechanical response function, with the max-
imum displacement being enhanced by the mechanical Q-factor for an on-resonance capacitive
force, ωAC =ωm/2. In this case, the time-average of the optical transmission spectrum assumes
a double-dip lineshape (see Ref. [20]) with a separation between the minima given by,

∆ωc,AC = αQmV 2
0 . (5)
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5. Nonlinear electromechanical coupling

The small capacitor gaps in our devices makes nonlinear terms in the electromechanical in-
teraction relevant. Electromechanical nonlinearities can be used to generate squeezing [29–31]
and mechanical parametric amplification [32, 33], as well as for logic operation in the classi-
cal [34] and quantum regime [35]. Assuming the voltage across the capacitor electrodes follows
the applied voltage during the mechanical motion of the electrodes (This assumption requires
that the drive circuit be able to provide the current necessary to the electrodes such that as the
electrodes undergo mechanical motion the capacitor voltage follows the applied voltage. This
feedback from the drive circuit modifies the electrostatic force curve similar to the optical feed-
back in cavity-optomechanics, resulting in a dynamic spring effect. A wholly different force
curve and nonlinear coupling parameter results if we assume a closed capacitor system with
fixed charge on the electrodes.), and expanding the capacitive force to linear order in amplitude
u, we can define the second order nonlinear coupling parameter as Ge,2 = (1/Cm)(∂

2Cm/∂u2).
The effective spring constant of the mechanical system is ktot = keff− (1/2)CmV 2Ge,2 [29, 36],
resulting in an electrical shift of the mechanical resonance frequency given by,

∆ωm =−
(

ωmCmGe,2

4keff

)
V 2 = βV 2, (6)

where β≡−(ωmCmGe,2)/(4keff) is defined as the mechanical tunability. From the mechanical
frequency shift versus applied voltage, we can obtain the nonlinear coupling parameter Ge,2 in
a similar fashion to that used to determine the linear parameter Ge,1.

Before proceeding to measurements of the nonlinear electromechanical coupling, it is in-
structive to consider again the capacitor force expression. If a voltage signal with mixed AC
and DC components is fed to the capacitor an additional resonant term appears:

Fcap ∝ V 2 =V 2
DC +V 2

AC +2VDCVAC. (7)

The third, mixed term, explicitly given by 2VDCV0 cos(ωACt), has a maximum mechanical re-
sponse at ωAC = ωm and can be suppressed or enhanced by controlling the DC bias. This
is a useful and well known property, which allows control of electromechanical nonlineari-
ties [37, 38]. The resonant nature of this mixed term is also useful to perform homodyne de-
tection of the coherent mechanical oscillations induced by an AC drive. To this end, we use a
network analyzer (NA) of which port 1 is connected to the capacitor electrodes while port 2 is
connected to the optical photodetector used to read-out the mechanical motion (see Fig. 2(a)).
The S-parameter S21 in such a scheme will therefore carry the amplitude and phase response of
the mechanical resonator to the electrical driving force.

Measurements of the nonlinear electromechanical response were performed on device B,
whose fundamental in-plane mechanical mode has a resonance frequency of ωm/2π≈ 49 MHz,
intrinsic mechanical Q-factor Qm = 344, and spring constant keff = 1.09 kN/m. In order to
avoid spurious transduction of large amplitude mechanical motion in these measurements, a
fixed probe laser wavelength detuned ∼ 50 nm from the optical resonance of device B is used.
Measurement of the electrostatic modification to the mechanical frequency is first measured,
using a weak AC drive voltage of V0 <1 mVrms and DC voltages varying from 0.2 to 6 V. The
frequency of VAC is swept using port 1 of the NA and the photodetected signal of the mechani-
cal response is measured on port 2. For these drive levels (VDC�V0), the mechanical frequency
shift in eq. (6) is dominated by the V 2

DC term. As can be seen in the waterfall plot of Fig. 4(a),
the mechanical resonance frequency of device B red-shifts with applied DC voltage, corre-
sponding to electrostatic softening. The extracted resonance frequency scales quadratically with
the applied DC bias, yielding a mechanical tunability parameter of β/2π = −3.989 kHz/V2.
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Fig. 4. Nonlinear electromechanical response of device B. (a) Measured amplitude re-
sponse (|S21|) for a weak AC voltage probe (V0 <1 mVrms) and DC bias ranging from
0.2 V (blue curve) to 6 V (red curve) in 0.2 V steps. Successive spectra are offset from
the VDC = 0.2 V spectrum in 1 dB increments. (b) Measured amplitude response (|S21|)
of the optically transduced mechanical motion to a strong near-resonant electric drive
(ωAC ∼ωm) with fixed VDC=6 V and V0 ranging from 277-870 mVrms. Increasing the drive
amplitude, the mechanical Lorentzian peak (red) starts to assume the form of a Duffing
oscillator (green). After an instability threshold, the mechanics enters a frequency entrain-
ment regime in which it is completely in phase with the AC drive (blue). (c) Measured
relative phase response (φ(S21)) of the optically transduced mechanical motion for the
same drive conditions as in (b). Note that the phase slope is about the same inside and
outside the frequency entrainment region indicating that the phase of the mechanical re-
sponse is locked to the phase of the drive. Successive spectra in (b) and (c) are offset from
the VAC = 277 mVrmsspectrum in 1 dB increments.

This corresponds to a nonlinear coupling parameter of Ge,2 = 3.86×10−4 nm−2, in reasonable
agreement with the numerically simulated value of 4.3×10−4 nm−2.

Measurements of device B under a strong near resonant AC drive (V0 = 277 to 870 mVrms)
and fixed DC bias of VDC = 6 V are shown in Fig. 4(b). With increasing AC drive amplitude
the mechanical resonance evolves from a symmetric Lorentzian (red curve), to an asymmetric
lineshape characteristic of a Duffing oscillator (green curve), and finally into an instability
regime (blue curve) in which the mechanical resonance becomes entrained by the driving tone.
The amplitude in this instability regime becomes roughly constant versus drive frequency, and
the phase response assumes a constant slope versus frequency in the entrained region as shown
in Fig. 4(c). Such instabilities are known to occur for parametric driving at frequencies near
2ωm/n, n being an integer corresponding to the nth instability “tongue” [39]. As we are driving
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near resonance, the parametric instability in this case would correspond to the second tongue
(n = 2), with a theoretical threshold drive amplitude given by [39]:

V0,th =

√
2keff

Q1/2
m CmGe,2VDC

. (8)

The estimated parametric instability threshold using the Ge,2 value from the mechanical soft-
ening measurement, is V0,th = 39 Vrms, far larger than the measured instability threshold of
only V0,th ≈ 600 mVrms. This large discrepancy likely indicates that the influence of the large
resonant driving force (which is present in addition to the resonant parametric drive) cannot be
ignored, and that other mechanical nonlinearities such as the cubic Duffing term also play a
role in the onset of the instability.

6. Conclusion

To conclude, we consider application of the demonstrated electro-opto-mechanical device to
quantum conversion between electrical and optical signals [13, 14]. In particular, we consider
a system in which the capacitor electrodes (Cm ∼ 1.2 fF) of the current device are connected
together through a wire inductor, forming a lumped element LC resonator in the microwave
frequency range. For such a resonant circuit, the linear electromechanical coupling can be
quantified by g0,e ≡ gEMxzpf, where gEM = (−ωLC/2)Ge,1 and xzpf = (h̄/2meffωm)

1/2 is the
zero-point amplitude of the mechanical resonator. A similar relation exists on the optomechan-
ical side, with g0,o ≡ gOMxzpf. Physically, g0,e and g0,o represent the shift in the microwave and
optical resonance for an amplitude of motion equal to the zero-point amplitude of the mechan-
ical resonator, respectively. For the optomechanical device studied here, xzpf = 3.48 fm and
g0,o/2π = 125 kHz. For an LC resonator of frequency ωLC = 10 GHz, compatible with current
superconducting quantum circuits [40], the naively estimated electromechanical coupling rate
would be g0,e/2π = 250 Hz. However, one must also consider the stray capacitance associated
with adding a large inductance (for the lumped element LC resonators of interest here, the dom-
inant parasitic capacitance arises from the proximity of different regions of the meandered or
coiled wire of the inductor [41,42]). Using a planar rectangular spiral inductor with large induc-
tance per wind [42], numerical simulations indicate that a 10 GHz microwave resonance can be
realized with a 54 nH spiral inductor formed on a Si slab (thickness 220 nm) with wire widths
of 500 nm and inter-wire spacing of 500 nm. Such an inductor fits within a 81 µm square, and
has a stray capacitance estimated to be Cs = 3.26 fF. Here we have included a 3 µm vacuum
layer, corresponding to the undercutting of the BOX layer, between the Si device layer and a
725 µm Si handle wafer. This reduces the estimated electromechanical coupling by a factor of
ηe =Cm/(Cm +Cs) = 0.27, to a value of g0,e/2π = 70 Hz for the device studied here.

The above analysis should be compared against the aluminum superconducting LC res-
onators of Ref. [42], which employ a vertically-layered vacuum gap capacitor with drumhead
mechanical modes around 10 MHz, and have been used to realize strong electromechanical
back-action sufficient to cool the mechanical mode to its quantum ground-state and realize ef-
ficient microwave-to-optical signal conversion [18]. The electromechanical coupling in such
devices is in the g0,e/2π ∼ 200 Hz range, comparable to the estimated value for the nanoslot
devices of this work. Remaining challenges to realizing efficient microwave to optical signal
conversion in planar Si devices similar to those studied here, include the attainable mechani-
cal and microwave Q-factor at milliKelvin temperatures. Cryogenic temperatures are required
both to reduce the thermal noise in the mechanics, as well as to limit the loss in the microwave
circuit. Efficient optical coupling to similar Si optomechanical devices at milliKelvin temper-
atures has recently been demonstrated [43], as have mechanical Q-factors greater than 105 at
temperatures of T ∼ 10 K [44]. A far more significant challenge will likely be the realization
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of low-loss superconducting resonators on the SOI wafer platform, in which a high resistivity
(> 1 kOhm cm) Si device layer must be used [45] and the Si surface must be appropriately
passivated [46]. Finally, in order to realize microwave-to-optical conversion free of quantum
noise (spontaneous Stokes scattering), one must operate in both the sideband resolved limit
for the microwave resonator (a relatively straightforward requirement with MHz mechanical
resonators) and the optical resonator. Attaining sideband resolution in the optical domain with
the photonic crystal nanocavities of this work, and their accompanying large optical linewidth
(κ/2π & 200 MHz [47]), requires mechanical resonances with frequency & 100 MHz. The
devices presented here represent a step toward this limit (ωm/2π ∼ 60 MHz), but further con-
sideration of the mechanical design, including optomechanical crystal cavities [8], is currently
underway.
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