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We demonstrate optomechanically-mediated electromagnetically-induced transparency and wave-
length conversion in silicon nitride (SizN4) microdisk resonators. Fabricated devices support whis-
pering gallery optical modes with a quality factor (Q) of 108, and radial breathing mechanical modes
with a Q=10* and a resonance frequency of 625 MHz, so that the system is in the resolved sideband
regime. Placing a strong optical control field on the red (blue) detuned sideband of the optical
mode produces coherent interference with a resonant probe beam, inducing a transparency (absorp-
tion) window for the probe. This is observed for multiple optical modes of the device, all of which
couple to the same mechanical mode, and which can be widely separated in wavelength due to the
large bandgap of SizN4. These properties are exploited to demonstrate frequency upconversion and
downconversion of optical signals between the 1300 nm and 980 nm bands with a frequency span of

69.4 THz.

Recent demonstrations of strong radiation pressure in-
teractions in cavity optomechanics have focused on the
resolved sideband regime, where mechanical sidebands
of the optical mode lie outside its linewidth [1]. Such
systems have been used in laser cooling a mechanical os-
cillator to its ground state [2, 3], coherent interference
effects such as electromagnetically-induced transparency
(EIT) [4, 5], parametrically-driven normal mode split-
ting [6-8], and observing energy exchange between the
optical and mechanical systems [8, 9]. Here, we study
a system consisting of a small diameter silicon nitride
(SigNy4) microdisk in which multiple high quality fac-
tor optical modes couple to a 625 MHz mechanical ra-
dial breathing mode. We demonstrate optomechanically-
mediated EIT and wavelength conversion [10-13], up-
and downconverting signals across the widely separated
1300 nm and 980 nm wavelengths bands. Our results
establish SigNy as a viable platform for chip-scale cavity
optomechanics in the resolved sideband regime. More
generally, SigNy offers potential integration of cavity op-
tomechanics with numerous classical and quantum pho-
tonic elements, including ultra-low-loss passive compo-
nents [14], microcavity frequency combs [15] and spec-
trally narrow mode-locked lasers [16], and integrated su-
perconducting single photon detectors [17].

In the context of chip-scale guided wave devices, ex-
periments making use of frequency-resolved mechanical
sidebands have largely been in two systems exhibiting sig-
nificantly different parameter regimes: silica microtoroid
cavities [4, 8] and silicon photonic and phononic crys-
tal resonators (optomechanical crystals) [3, 5, 18]. Sil-
ica microtoroids support ultra-high quality factor opti-
cal modes (Q,>107, decay rate r/27~10 MHz) that are
coupled to 250 MHz frequency mechanical modes with
a zero-point optomechanical coupling rate go/272>1 kHz.

In contrast, silicon optomechanical crystals have Q,~ 108
(r/272200 MHz) modes that couple to few GHz mechan-
ical modes with go/27~1 MHz. Though similar physics
has been studied in both, there are qualitative benefits in
each system. Higher mechanical frequencies yield lower
phonon occupation numbers for a given temperature, and
larger bandwidths (for a given mechanical quality factor
Qmm) in phenomena like slow light [5] and wavelength con-
version [12]. Wide bandgap materials like silica enable
operation across a broad wavelength range, including vis-
ible wavelengths common to atomic systems, and are free
of nonlinear loss mechanisms at most wavelengths. Here,
we develop SigN4 microdisks as a chip-scale cavity op-
tomechanical platform that combines many advantageous
features of the aforementioned systems. This includes
near-GHz mechanical frequencies, a high frequency-Q,
product (6x10'2 Hz), a straightforward optical mode
structure with multiple high-Q, (=10°) optical modes
coupled to the same mechanical mode (go/27~=8 kHz), a
wide bandgap with broad optical transparency, and low
nonlinear loss. Although microdisk optomechanical de-
vices have been used in sensitive optical transduction of
motion [19] (including at GHz frequencies [20]), mechan-
ical oscillation and cooling [21], and optical mode tun-
ing [22], we note the qualitative difference with respect
to our experiments, which demonstrate coherent interfer-
ence phenomena like EIT and wavelength conversion.

Microdisk cavities (Fig. 1(a)) are fabricated in 350 nm
thick SizN4-on-silicon, as described in the Supplemen-
tary Material [23]. The choice of geometry is informed
by finite element simulations [23]. The disk diameter
(10 pm) is small enough to support a high frequency
(> 0.6 GHz) mechanical radial breathing mode, and large
enough to avoid intrinsic optical radiation loss. The top
pedestal diameter (200 nm) limits coupling between the
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FIG. 1. (a) Scanning electron micrograph and schematic

of the fiber taper waveguide (FTW) coupling to the disk,
with optical (green and orange curved arrows) and mechani-
cal (black curved lines) modes depicted. (b) Sideband spec-
troscopy: wo,c,p are the frequencies of the optical cavity mode,
control field, and probe field, respectively, and « is the cavity
mode linewidth. (c¢) Room-temperature 1300 nm and 980 nm
band optical modes. (d) Room-temperature mechanical @ as
a function of input optical power (laser blue-detuned from
the optical mode) for the radial breathing mode. The inset
shows the mechanical mode spectrum at three highlighted op-
tical powers. (e) Finite-element-method calculated frequency
(top) and mechanical @ (middle) for two modes, labeled @
and B), as a function of top pedestal radius. The modes anti-
cross at a radius of 200 nm. (bottom) Displacement profiles
for a radius of 500 nm.

radial breathing mode and lossy mechanical modes of
the supporting pedestal (Fig. 1(e)). Basic optical and
mechanical properties are experimentally characterized
using swept-wavelength spectroscopy, with light coupled
into the devices using an optical fiber taper waveguide
(FTW). At room temperature and under moderate vac-
uum (0.002 Pa ~ 2x107° torr), an optical quality factor
Qo as high as 2x10° at both 1300 nm and 980 nm is
measured. Figure 1(c) shows representative scans for
a device whose total @Q, is 1.5x10° at 1308 nm, and
6.7x10° at 990 nm (the intrinsic Q,, based on the depth
of coupling, is 1.7x10° and 7.6x10°, respectively). Me-
chanical modes are measured by tuning the laser to the
shoulder of an optical mode and detecting optical field
fluctuations induced by the thermally-driven motion of
the disk. We observe the fundamental radial breathing
mode at w,, /27 ~ 625 MHz, with undriven Q,, of 6x103
(Fig. 1(d)). To improve thermal stability, the device is
cooled in a liquid He cryostat to ~ 10 K. We see an in-
crease in the undriven Q, to 1x10%, yielding a frequency-
Qm product of 6x10'2 Hz, which approaches the recently
demonstrated value of 2x10'3 Hz in Si3Ny (albeit at a
much lower frequency of 10 MHz [24]). Cryogenic oper-
ation also tends to degrade @, (by as much as a factor
of 3), which we attribute to cryo-gettering of material

on the sample. The splitting in the doublet mode opti-
cal transmission spectra, which results from backscatter-
ing [25], also changes. These changes vary from cooldown
to cooldown.

In the context of cavity optomechanics, EIT is an in-
crease in the transmission of a near-resonant probe beam
(at frequency wp) through an optical cavity mode (at
frequency w,) that results when a strong control field (at
frequency w,) is red-detuned by Ay = wo — We = W
(Fig. 1(b)), so that anti-Stokes photons generated by
scattering of the control field by the mechanical resonator
interfere with the probe and create a transparency win-
dow for it [4, 5, 26]. We focus on the reflected signal from
the cavity, present in our microdisks due to the aforemen-
tioned backscattering, and for which EIT results in a nar-
row dip in the reflection peak. Our measurement setup
is described in detail in the Supplementary Material [23].

We first study the system in the 1300 nm band, by
sweeping Apc = wp — we at different values of Agc.
For each Ay, we take two sweeps of Ay, one over a
broad range to trace the overall cavity reflection spec-
trum and lock the control laser, and the other over a
narrow range to resolve the narrow EIT dip [23]. A
series of spectra is shown in Fig. 2(a), where @, has
slightly degraded compared to its room temperature
value, with k/27~180 MHz. As observed in previous
work [4, 5], the EIT dip always appears at Apc=wy,, and
its width is given by the total mechanical damping rate
v, which is the sum of the intrinsic rate ~,, and the
optomechanically-induced damping rate yom = Cm,

4G

where C' is the cooperativity parameter. C' = P where

G = goV/N is the parametrically-enhanced coupling rate
provided by N intracavity control field photons. We
reach C=0.45 by increasing the optical power before the
system is thermally unstable.

To more quantitatively understand the EIT effect and
assess the zero-point optomechanical coupling rate gy, we
set Agc~wy, and measure the normalized reflection spec-
trum as a function of control field power (Fig. 2(b)). For
this set of measurements, @, degraded upon cooldown to
k/2m~550 MHz (inset to Fig. 2(c)), while the mechanical
mode had 7, /27~63 kHz. We fit each normalized reflec-
tion spectrum using the theory presented in Ref. 5, where
the amplitude reflection coefficient r(A,.), normalized to
unity, is given as:

7(Ape) = !

(1)

2i(Aoc—Apc) C
K + 2"L(WIIA*Apc)
Ym

1+

+1

R(Ape)=|r|? is the normalized reflected intensity, and
the contrast in the EIT dip, AR =1 — R(Ape = W), 1S
plotted as a function of control field power in Fig. 2(c)
(in the limit Aje=wy, AR =1 —1/(1 + C)?). Recall-
ing that C = ‘gfug, we use Eq. (1) in a fit to extract
go/2m~7.8 kHz, where knowledge of the FTW loss, cav-
ity mode spectrum, and A, allows us to estimate N at
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FIG. 2. EIT/EIA measurements for a (a)-(d) 1300 nm and (e)-(g) 980 nm mode. (a) Reflection spectra with the optical
mode-control field detuning (A.c) stepped and the probe-control detuning (Ap.) swept. Blue (red) curves are taken over a
broad (narrow) range of Apc. (b) Zoomed-in reflection spectra around the EIT dip (open circles are data, solid lines are fits)
and (c) Depth of the EIT dip as a function of control field power, for Agc & wy,. The upper inset shows the broad reflection
spectrum corresponding to the data in (b)-(c), for which @, had degraded with respect to that in (a). The lower inset shows
the width of the EIT dip in (b) as a function of control field power. (d) Zoomed-in reflection spectra for Agc = —wsy,, for which
EIA is observed. (e) Broad, and (f)-(g) narrow reflection spectra as a function of Ay for a cavity mode in the 980 nm band.

In (e)-(f), Acc &= wm, while in (g), Aoc ® —Wm.

each pump power [23]. We see good agreement between
experiment and theory, further supported by the linear
increase in EIT dip width with pump power (lower inset
to Fig. 2(c)). However, the experimentally determined
go is nearly two times smaller than that predicted from
finite element simulations (go/27~15 kHz) that exclu-
sively consider the contribution due to moving dielectric
boundaries. A study of whether photo-elastic effects may
play a role [27] in this discrepancy is underway. Finally,
shifting the control field to the blue-detuned side of the
optical mode (A ecA—wy,) results in electromagnetically
induced absorption (EIA), evidenced by a peak in the
center of the reflection spectrum that increases with op-
tical power (Fig. 2(d)).

Whispering gallery mode cavities can support high-Q
optical modes over a broad range of wavelengths. As a
result, multiple, broadly spaced optical modes may be ex-
pected to couple to the same mechanical mode, which we
observe in our measurements. Figure 2(e)-(g) presents
EIT and EIA data for a 980 nm band optical mode
(k/27~=750 MHz) that couples to the 625 MHz radial
breathing mode. We observe similar behavior as seen for
the 1300 nm band mode, though the maximum contrast
of the EIT dip and EIA peak are a little smaller, likely
due to lower @), which is not fully compensated by higher
optical power before thermal instability sets in.

One application of multiple optical modes coupled to
the same mechanical mode is in wavelength conversion,
as outlined in theory [11] and recently demonstrated
in silicon optomechanical crystals [12] and silica micro-
spheres [13]. The application of two control pumps, each
red-detuned from a corresponding optical mode by wy,,
opens up a pair of transparency windows over which
wavelength conversion mediated by the mechanical res-

onator can occur (Fig. 3(a)-(b)). Input signals over
a bandwidth set by the damped mechanical resonator
can be upconverted or downconverted, with an internal
conversion efficiency that depends on the cooperativity
achieved for each optical mode.

We proceed following the recent experiments of Hill
et al. [12], with a simplified experimental setup shown in
Fig. 3(a) and described further in the Supplementary Ma-
terial [23]. We first alternate between EIT spectroscopy
in the 1300 nm and 980 nm bands. These measure-
ments are done to ascertain A,. for each mode, as well
as the cooperativity achieved. For the experiments that
follow, Agc~wy, for both control pumps. Focusing first
on frequency upconversion, we amplitude modulate the
1300 nm laser to generate an input probe signal that is
detuned from the control pump by A,.. The control
pump and input probe signal in the 1300 nm band are
combined with the control pump in the 980 nm band and
sent into the FTW-coupled microdisk. Light exiting the
device is then spectrally separated into the 980 nm and
1300 nm bands. As the converted tone in the 980 nm
band is detuned with respect to the 980 nm band control
pump by Ay, the beating of the two fields is recorded
on an electronic spectrum analyzer after photodetection.
The input probe-control field detuning A is then swept
to assess the conversion bandwidth (Fig. 3(b)).

The Supplementary Material [23] shows the opti-
cal transmission spectrum measured for modes in the
1300 nm and 980 nm bands. The top of Fig. 3(c) shows
a series of measurements for frequency upconversion, in
which the power in the 1285 nm control pump is held
fixed at its maximum value, and the power in the 990 nm
control pump is stepped. Each displayed trace, taken at
fixed control pump powers, represents the envelope of a
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FIG. 3. Wide-band wavelength conversion: (a)-(b) Schematics of the process. (a) Top: Frequency conversion occurs over
a pair of transparency windows opened up in two of the cavity’s optical modes through EIT. Bottom: Experimental setup
for upconversion. The frequency converted signal transmitted past the cavity is measured on a RF spectrum analyzer. (b)
Zoomed-in schematics of the EIT transparency windows in (a). Top: In frequency upconversion, a 1285 nm control pump and
990 nm control pump are used to convert a 1285 nm input probe signal to 990 nm. The detuning between the 1285 nm input
probe signal and control pump can be swept over a range given by the bandwidth of the damped mechanical oscilator. (Bottom)
In frequency downconversion, the input probe signal is at 990 nm, and the control pumps mediate conversion to 1285 nm. (c)
Upconverted (top) and downconverted (bottom) signals, measured as the relevant input probe signal-control pump detuning
(Apc) is swept. In upconversion (downconversion), the 1285 nm (990 nm) control pump power is fixed at P1285 max=63.8 pW
(P990,max=9.0 pW) and the 990 nm (1285 nm) control pump power is stepped.

series of frequency converted spectra measured on the
RF spectrum analyzer, in which the frequency separa-
tion between the input probe signal and adjacent con-
trol pump A is swept. This provides us with an esti-
mate of the bandwidth of the conversion process, which
matches that of the damped mechanical oscillator. As the
power is increased towards its highest values, the conver-
sion efficiency (the photon number ratio of the converted
signal to input signal) begins to saturate, with inter-

nal (external) conversion efficiencies reaching ~ 16.1 %
(0.49 %) [23].

The maximum expected internal conversion efficiency
is estimated from the cooperativities of the two modes,
C1 and Cy [12, 13], asn = 40102/(1 +C1 +02)2. While
in Fig. 2, C1=C3=0.45 was reached, corresponding to a
maximum 7 = 22 %, the lower Q,s measured here caused
a reduction in C7 and Cs that was not fully compensated
by additional optical power, thus explaining the lower
efficiency. The external conversion efficiency of 0.49% is
given by the product of the internal efficiency and the
waveguide-cavity incoupling and outcoupling efficiencies,
which are 29.2 % and 10.3 %, respectively.

For frequency downconversion, the roles of the 990 nm
and 1285 nm lasers are reversed (Fig. 3(b)), as now an
input probe signal at 990 nm is combined with control
pumps in the 980 nm and 1300 nm bands, to generate
converted tones in the 1300 nm band. The resulting
downconversion data measured on the RF spectrum an-
alyzer is shown in the bottom of Fig. 3(c). This data is
taken by fixing the power in the 990 nm control pump

at its maximum value, and stepping the power in the
1285 nm control pump. FEach trace is the envelope of
a series of frequency converted spectra, where the de-
tuning between input probe signal and adjacent control
pump Ay is swept.

Eventually, such wavelength conversion could con-
nect quantum optical technology at wavelengths below
1000 nm (e.g., quantum memories) and at 1300 nm (low
loss/dispersion optical fibers). Several improvements
must be made for such quantum frequency conversion [28]
to be feasible. Higher cooperativities and more efficient
waveguide-cavity coupling are needed to improve the con-
version efficiency. Reduced mechanical damping is one
key to increased cooperativity. As simulations (Fig. 1(e))
indicate that coupling to pedestal modes may limit Qy,,
smaller pedestal diameters or isolation of the disk periph-
ery from a central, pedestal-supported region [29] may
provide improvement.

The generation of noise photons is a crucial consid-
eration for applications such as frequency conversion of
single photon states [30], and has contributions that stem
from the limited sideband resolution of the system (e.g.,
Stokes scattered photons) and the thermal occupancy of
the mechanical resonator ((n)y,~330 for the mechanical
mode at 10 K; laser cooling in our experiments reduces
this by at most ~33 %). In contrast, recent work in
optomechanical crystals [12] cooled the system close to
the ground state ({n)i,~3), whereas experiments done
at room temperature in microspheres [13] have an even
larger noise contribution ((n)g,~4x10%).



Finally, SigN4 devices may benefit by supporting a
large intracavity photon number N without nonlinear
loss which, for example, influences Si optomechanical
crystals at N2300 [3]. We reach N~6x10%, and further
increases are not limited by nonlinear loss, but instead
thermal stability. Techniques to lock A, beyond the rel-
atively slow procedure we have adopted [23] would be of
significant benefit. Finally, increased gy could dramati-
cally improve performance, given the squared dependence
of the cooperativity on this parameter. While large in-
creases in gg are unlikely for microdisks, since significant
decreases in diameter will result in radiation losses, recent
designs of SizNy slot mode optomechanical crystals [31]
suggest that such a system may be able to combine high
frequency, large go, and large N.
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SUPPLEMENTARY MATERIAL
FINITE ELEMENT SIMULATIONS

We performed finite element method simulations of
our microdisk structures to gain a clearer physical un-
derstanding of the optomechanical system.

Obtaining optical and mechanical cavity modes

Our microdisk cavities support whispering-gallery op-
tical modes (WGMs) of the form E(r, z) exp (im¢), where
E(r) is the electric field distribution on the rz plane (in
cylindrical spatial coordinates) and m is the azimuthal
order. Such WGMs were calculated by solving the 2D
axially-symmetric electromagnetic wave equation

WA 2

VxVxE=er)(2) E 2)
via the finite element method, with a formulation that
employed respectively edge and node elements for the
transverse and longitudinal electric field components,
and perfectly-matched layers to simulate open bound-
aries. Solving the eigenvalue problem in eq. (2) for a spe-
cific azimuthal order m produced eigenmodes with com-
plex frequencies w,, and optical quality factors Q,, =
Re{wm }/(2Im{wy,}). Because WGM fields are mostly
concentrated in the periphery of the resonator, interac-
tion with the Si pedestal that supports the SiN microdisk
is negligible, and thus completely ignored in the optical
mode calculation.

For disk radius D ~ 10 pm and SiN thickness ¢ =
350 nm, modes with radiation-limited quality factors ex-
ceeding 10® can be found both in the 980 nm and 1300
nm bands. Table I shows wavelengths and quality fac-
tors of the calculated TE and TM polarized WGMs,
which correspond well with experiment. The good agree-
ment between the experimental and calculated values was
achieved by tuning the parameters of the cavity within
reasonable bounds (thickness ¢ = 340 nm and n = 1.99
for the refractive index of SiN), compared to experimen-
tally estimated values.

TABLE 1. Calculated and experimental whispering gallery
modes

’)\FEM (nm)‘QoyFEM x 10% | Polarization Aexp. (nm)‘
971.28 10 TE 970
987.37 4.5 TE 984
975.36 5.7 ™ 974
989.61 2.4 TE 990
1281.23 1.0 TE 1285
1309.04 0.5 TE 1308

The mechanical modes of the microdisk structure were
obtained by solving the equation of motion for the
displacement field Q(r), assuming anisotropic materi-
als [18]. In our simulations, the Si pedestal supporting
the SiN microdisk was represented by a conical frustum
whose angle and height were equivalent to those deter-
mined from scanning electron microscope images of fab-
ricated structures. A zero displacement boundary con-
dition was enforced at the bottom surface of the conical
frustum, corresponding to the region where the pedestal
meets the Si substrate.

For the 10 pym diameter disks considered, a first-order
radial breathing mode (RBM) is obtained in the vicinity
of f,=625 MHz. The displacement profile of the RBM,
as shown at the bottom of Fig. 1(e) (mode ®), is primar-
ily in the radial direction and confined to the disk plane,
with relatively small vertical displacement in the disk-
pedestal contact area. Due to its azimuthal symmetry,
the RBM is expected to display preferential optomechan-
ical coupling to the microdisk’s WGMs.

Optomechanical coupling

The shift in the frequency w, of a particular opti-
cal resonance due to displacement of the nanostructure
boundaries produced by a mechanical resonance at fre-
quency fy, is quantified by the optomechanical coupling
Jom = Ow,/0x = w,/Lowm; here, x is the cavity bound-
ary displacement and Loy is an effective optomechanical
interaction length [18]. The effective length Loy can be
estimated via the perturbative expression

_ 2 [dVe|E]?
JaA(Q ) (Ac|By[* — A(e ) D)

Here, E and D are the modal electric and electric dis-
placement fields, respectively, Ae = €gier. —€air, Ale™) =
ECTileL — egilT, and €gje;. and €44, are the permittivities of
the microdisk material and air, respectively. The mass
displacement due to the mechanical resonance is given by
Q, and the normal surface displacement at the structure
boundaries is Q - n, where n is the surface normal. The
integral in the denominator is performed over the entire
surface of the nanostructure.

The optomechanical coupling g,, can be converted
into a pure coupling rate gg between the optical and
mechanical resonances, with go = Z.pf - gom, Where
Tapf = \//2mw,, is the zero point fluctuation am-
plitude for mechanical displacement and m is the mo-
tional mass of the mechanical resonance at frequency
wWm- The motional mass can be obtained from the dis-
placement Q and the nanobeam material density p by

2
m=p[dV (%) [11].

For the RBM at f,, ~ 625 MHz above, m = 60 pg
and z,,5 ~ 0.5 fm. Table II shows calculated values of

Lowm




TABLE II. Optomechanical coupling parameters between 980
nm and 1300 nm TE-polarized WGMs and 625 MHz RBM

’)\0 (nm)‘Qo x 108

Jom /27 (GHZ/nm)‘gO/QW (kHZ)‘Lom (Mm)‘

988.41 4.8 42.7 19.9 7.10

1281.80 1.0 33.2 15.5 7.05

Lom, gom and the zero-point coupling rate gg between the
RBM and TE-polarized WGMs in both the 980 nm and
1300 nm bands. The calculated g,,, values are smaller
than those estimated via the expression gom = wo/R,
with w, the optical mode frequency and R the disk ra-
dius, which is commonly employed for the case of large
disks. For smaller radius disks such as considered here,
optical fields extend considerably into the vacuum re-
gions surrounding the dielectric, resulting in an effective
optomechanical length L., larger than the actual phys-
ical dimension R, as seen in Table II.

Clamping losses

To estimate mechanical clamping losses of the me-
chanical resonances, we adopted the method of ref. [29],
in which the contact region between the disk and the
pedestal is modeled as a membrane that radiates acous-
tic energy with power

P =%, [ dA1QM) -2 (1)

where p is the density of the disk material and ¢ is
the speed of sound, €, is the angular frequency of the
mechanical resonance, and |Q(r) - z|* is the out-of-disk-
plane displacement over the contact area A. If W,,ccp is
the stored mechanical energy of the resonance, the lat-
ter’s mechanical quality factor can be estimated as

P -1
= (i) ?

Assuming a conical frustum for the pedestal shape, we
calculate mechanical modes as a function of pedestal ra-
dius at the interface with SizNy4 (Fig. 1(e) top), with dis-
placement amplitude profiles shown for two modes at a
radius of 500 nm (Fig. 1(e) bottom). We also plot the me-
chanical mode frequencies and @s due to clamping losses,
following the approach of Anetsberger et al. [29]. It is ap-
parent in Fig. 1(e) that, for large top pedestal radius, the
mechanical quality factor for the RBM tends to decrease
with increasing pedestal radius, a result of the increased
contact area through which energy may radiate. At the
same time, for a contact areas with radius near 200 nm,
the RBM mixes with a secondary (’pedestal’) mode that
displays a large vertical displacement at the disk cen-
ter, as observed in the profile of mode @). Such mixing

is evidenced by an anti-crossing between the green and
blue mechanical frequency curves in Fig. 1(e), and by a
steep decrease in quality factor in the neighborhood of
the anti-crossing. Reduced quality factors in this range
are associated with the relatively large vertical displace-
ment of the pedestal mode. For radii below 200 nm the
RBM quality factor increases again (green curve in Fig.
1(e)), as the pedestal mode is driven towards lower fre-
quencies.

While the geometrical details of the Si pedestal must
be included for an exact determination of the pedestal
mode frequencies, we have observed that, generally,
smaller pedestal top radii were necessary to ensure that
such modes would be out of the range of the RBM. Our
highest mechanical quality factors (Q,, ~ 1x10%) were
measured for a pedestal radius of 100 nm, which is es-
sentially the smallest size that we can produce with our
current fabrication process, where the theoretical value
is Qu ~ 4x10%.

DEVICE FABRICATION

The device fabrication started with a bare silicon
wafer, as shown in Fig. 4. A layer of 350 nm thick
stoichiometric Si3N, was grown by low pressure chem-
ical vapor deposition (LPCVD), with a process-induced
internal tensile stress of ~ 800 MPa, as measured by
the wafer bowing method. A 500 nm thick positive-
tone electron beam (E-beam) resist was spin-coated on
the SigNy film, followed by E-beam lithography and de-
velopment in hexyl acetate at 8 °C. The patterns were

(a) LPCVD SiN, growth
— Si;N,
—Si
(b) E-beam lithography
& CHF,/O,/Ar dry etch

E-beam resist

I

© SF,/C,H, dry etch
(d) KOH undercut at 40 °C
| —

KOH undercut at 20 °C
(€  —

FIG. 4. Processing steps for fabrication of the SigN4 mi-
crodisks.
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FIG. 5. (a) Schematic of experimental setup for EIT measurements. (b) (Left) Sideband spectroscopy schematic. (Right)
Schematic of the microdisk with the optical whispering gallery modes and optical and mechanical coupling mechanisms.
Gcw/Geew are amplitudes for clockwise/counterclockwise (cw/ccw) optical modes, which couple to the radial breathing me-
chanical mode (amplitude z) at a rate go that is parametrically-enhanced to a rate G through an optical control field (at w.)
that injects N photons into the cavity. x; and ke are the intrinsic optical loss and waveguide-cavity optical coupling rates,
respectively, ym is the mechanical damping rate, and 7 is a backscattering rate that couples the cw and ccw optical modes.
P;/Pr/Pr are the incident, reflected, and transmitted optical powers through the FTW.

then transferred into the SizNy layer by an O2/CHF3/Ar
inductively-coupled plasma reactive ion etch (RIE). This
RIE step apparently leaves a thin layer of SiO5 on top of
the exposed Si surface, preventing any subsequent KOH
undercut (Fig. 4(b)). To rectify this, before the e-beam
resist was removed, an additional SFg/C4Fg inductively-
coupled plasma RIE was carried out to remove the SiOq
layer (as well as some Si), while the residual E-beam re-
sist protected the SizN, device layer. After resist removal
using a stabilized HySO4/H204 solution, the sample was
undercut in a 20 % KOH bath, as this concentration has
an etch rate that is relatively insensitive to temperature
fluctuations. The KOH etch was performed in two steps
to achieve a small (< 200 nm) top pedestal diameter un-
der the microdisk. We started to etch the sample at 40 °C
to quickly remove the bulk Si, with periodic inspection of
the pedestal size under an optical microscope every 6 to
10 minutes. When the pedestal size was less than 1 um,
the undercut was continued at a temperature of 20 °C to
reduce the etch rate. The undercut was stopped every 4
minutes for inspection, until one or more microdisks were
completely released (etch rate variations across the chip
prevent all devices from being completely released for the
same undercut time). The pedestal diameters for the re-
maining (intact) microdisks were typically <200 nm, as
determined by imaging with a scanning electron micro-
scope.

EIT EXPERIMENTAL SETUP

The experimental setup for device characterization and
EIT measurements is shown in Fig. 5(a). Light from
a 1300 nm or 980 nm band tunable diode laser is cou-
pled to the devices using an optical fiber taper waveg-
uide (FTW). Optical modes are measured by sweeping
the laser wavelength and recording the transmitted signal
through the FTW. Mechanical modes are measured with

the laser wavelength tuned to the shoulder of an optical
mode. The transmitted optical power, which fluctuates
due to the disk mechanical motion, is spectrally resolved
on a real-time electronic spectrum analyzer. Increasing
the optical power from ~ 0.2 yW to higher powers when
the laser is blue-detuned with respect to the cavity mode
results in a narrowing of ()., by over an order of magni-
tude (Fig. 1(d)), as the laser drives the system into regen-
erative oscillations [1]. On the other hand, strong pump-
ing on the red-detuned side of the cavity is limited by
instability due to thermo-optic effects. Mitigation of this
thermo-optic instability is the primary reason why the
EIT and wavelength conversion measurements presented
in this paper are conducted with the sample housed in a
liquid helium flow cryostat.

In EIT measurements, the probe is derived from the
control field using an electro-optic amplitude modulator
(EOM) to generate higher and lower frequency sidebands,
only one of which is coupled into the cavity since it op-
erates in the resolved sideband limit (Fig. 5(b)). The
EOM is driven by a network analyzer, with the modu-
lation frequency swept to vary the probe-control beam
detuning A, = wp, — we. This results in sweeping the
probe wavelength across the optical cavity mode when
the the control wavelength is fixed. The probe and con-
trol fields pass through a circulator before going to the
device, whose reflected signal is demodulated by the net-
work analyzer to monitor the change of reflected probe
signal during the sweep of the probe signal. A wavemeter
tracks the control field wavelength and is used in feedback
to lock A, (see section below).

LOCKING OF Agc

In EIT experiments, the microdisk cavity is heated
when the control laser reaches high power levels, resulting
in a red-shift of the resonances due to the thermo-optic
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FIG. 6. Detailed schematic of the wide-band wavelength conversion experiment. EIT spectroscopy in the 1300 nm and 980 nm
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effect. It is thus difficult to maintain a fixed detuning
(Aoc) between the control field and optical cavity with-
out feedback. To reduce this instability, we lock Ay by
adjusting the control laser wavelength to track the red-
shifted cavity resonance, following a procedure similar to
that outlined in [32]. First, a small portion of the control
field is split off and fed to a wavemeter (Fig. 5) equipped
with a PID controller whose output is fed back to the
laser to fix its absolute wavelength at a specified value.
This specified value is determined by sweeping Ay over
a broad frequency range (0 to 3 GHz) and fitting the ac-
quired data by the vector network analyzer to determine
the real value of A,.. The control field wavelength is then
adjusted to ensure that the desired A, is achieved, and
the process repeated until the fit value of Ay, remains
stable over several scans in a row. Typical locking times
are on the order of a few seconds (for lower powers) up to
a couple tens of seconds (for the highest powers). Power
levels beyond that shown in Fig. 2 result in thermally
unstable behavior, where the cavity mode shifts too far
away from the control laser for the above approach to be
effectively applied.

Once the locking procedure kept A, within a prede-
termined acceptable range around the target value (e.g.,
50 MHz), EIT measurements consist of sweeps of Apc
recorded over two frequency ranges - the first over a broad
range to provide an overall picture of the cavity reflection
spectrum, and the second over a narrow range to record
the details of the EIT dip. For each set of parameters
(optical powers and A,.), these sweeps were repeated 16
times and the data plotted in Fig. 2 is an average of these
scans.

WAVELENGTH CONVERSION EXPERIMENTAL
SETUP

In frequency upconversion (downconversion), a
1285 nm (990 nm) control pump laser is modulated
to generate an input probe signal field in a similar
fashion to the EIT experiments. The input probe is then
upconverted (downconverted) through application of a
990 nm (1285 nm) control pump field. The detuning
between input probe field and 1285 nm (990 nm) control
pump is swept to assess the bandwidth of the conversion
process.

The detailed setup used for wavelength conversion ex-
periments is shown in Fig. 6. The following discussion
is based on the upconversion process, while a similar ex-
planation can be readily applied to downconversion by
swapping the input signal and converted signal wave-
lengths. As in Fig. 5, EIT spectroscopy in the 1300 nm
and 980 nm bands is performed on the reflected signal
from the cavity. Fast switching between the two bands
is enabled by RF switches, and the main results of the
EIT measurements are to determine A,. and the coop-
erativity achieved for each mode. Wavelength conversion
experiments proceed by combining the input 1285 nm
probe field with the control fields in both the 980 nm
and 1300 nm bands using a wavelength division multi-
plexer (WDM) before being sent into the device. Light
exiting the optomechanical system is spectrally separated
into the 980 nm and 1300 nm bands using a WDM and
bandpass filters (BPF's), and the converted 990 nm signal
is detected by a 1 GHz APD whose output is recorded
by a real-time electronic spectrum analyzer. The input
probe wavelength (near 1285 nm) is swept while the con-
trol wavelengths in both bands are fixed, which results in
a sweep of the generated probe signal at the conversion
wavelength (990 nm). The transmitted converted signal
at 990 nm is measured by the spectrum analyzer. This



measured signal is the result of interference between the
990 nm pump, which is constant in both power and wave-
length, and the converted 990 nm probe. As sweeping of
the 1285 nm input probe signal results in a sweep of the
converted 990 nm tone, we are able to assess the depen-
dence of the conversion efficiency on the input signal-
control detuning (A,) at 1285 nm. Each curve shown
in Fig. 3(c) is the envelope of ~ 10 swept traces of the
measured signal at 990 nm.

WAVELENGTH CONVERSION
MEASUREMENTS

In wavelength conversion experiments, the RF spec-
trum analyzer measures a signal that results from the in-
terference of the converted probe signal with the control
pump situated in the same wavelength band (and which
is detuned by a mechanical frequency wy,). Consider-
ing the case of upconversion from 1285 nm to 990 nm,
the optical power measured by the AC-coupled APD is
proportional to \/Pygo.convPog0, Where Pygg conv is the
wavelength-converted probe signal and Pygg is the con-
trol pump power. The APD detector converts this to a
voltage, and the RF spectrum analyzer measures an RF
power proportional to the square of this voltage, that
is, proportional to Pygg convFPogo. Next, we can write
Pogo,conv = MupP1285,inputwosn/wi2ss, where Piogs input is
the input probe signal power, wggg (w12s5) is the optical
frequency at 990 nm (1285 nm), and 7y, is the photon
number conversion efficiency (the ratio of the converted
signal photon number to the input signal photon num-
ber). Finally, because Pi2gs. inpus i created through mod-
ulation of the 1285 nm control field, the two are related by
the modulation index ,81285 as P1285,input = ﬁ%285P1285a
where Pjags is the 1285 nm control field power.

Putting this all together, we write the measured RF
power at wy, as:
w990
w1285 (6)

2
Hoggo = Ro90MupBiags L1285 Pogo

Rogo is a constant that depends on the APD gain, re-
sponsivity, and load resistance.

A similar expression can be written in the case of fre-
quency downconversion, swapping the roles of the 990 nm
and 1285 nm bands, and using a prefactor Risg5 that
depends on the detector response at 1285 nm. The ef-
ficiencies of upconversion and downconversion, 7, and
Ndown, can thus be determined from the RF spectra, con-
trol pump powers, optical frequencies, and input modu-
lation indices.

WAVELENGTH CONVERSION DATA

The measured optical spectra of the two modes used in
the wavelength conversion experiments is shown in Fig. 7.
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FIG. 7. Measured optical spectra of the two modes, one at
990 nm and the other at 1285 nm, in the wavelength conver-
sion experiment.

In comparison to Fig. 1 and 2, Q, here is lower, with
k/2m ~ 1 GHz and 3 GHz at 1285 nm and 990 nm,
respectively. The increased losses are both due to addi-
tional sample degradation and the need to simultaneously
achieve a reasonable coupling level to both optical modes
(in Fig. 2, this was individually optimized).

Wavelength conversion measurements were taken as a
function of detuning between the input probe and con-
trol field within the same wavelength band (Ap.) and as
a function of pump power for both control fields. Fig-
ure 3(c) shows the dependence of the converted signal
on the control power in the converted wavelength band,
while here we show the conversion dependence on the
control power in the input signal band (Fig. 8). The
acquired spectra are the result of interference of the con-
verted probe signal and control pump in the conversion
band, for different power levels of the control pump situ-
ated in the input signal band. Therefore, different from
the results shown in Fig. 3(c), all the curves in each fig-
ure of Fig. 8 share the same noise floor level because the
control pump power in the converted band is fixed.

FITTING THE DATA

Experimentally-measured optical transmission spec-
tra are fit using coupled mode theory for a resonator-
waveguide system.  For single dips, this yields a
Lorentzian function, while doublet modes are fit using
a model that takes into account backscattering due to
surface roughness, as described elsewhere [33, 34]. In the
limit of large doublet spitting with respect to the cavity
linewidths, a pair of Lorentzians can accurately fit the
data. Mechanical spectra were fit with single Lorentzian
functions.

Fitting of the EIT signals (Fig. 2(b)) is based on Eq.
(1) from the main text, which we repeat here:

1

pc) c
+ 2i(wm —Apc)

Ym

r(Ape) = (7)

2i(Age—A
K

1+
+1



@ — -
—80| upconversion Poos=|™  Pogsmm |
—0.49 P1285,max
—024 Plzxs,max
-85 P, =P

990 990,max

|
Ne
(%)

Frequency converted spectra (dBm)
&
S

L
(=
S

-200 0 200 400
(A, ©,)/2m (kHz)

—400

11

~
=3
~

downconversion P, = P ma
—0.53 P
—0.27 P99o,mux
—0.13 Py
- 0'07 P99(),max |
P P

1285  1285,max

|
~
n

990, max |

790 -

Frequency converted spectra (dBm)
&
i

200 0 200 400
(Apc - o )/2n (kHz)

FIG. 8. (a) Upconversion signals (990 nm) measured at different optical powers of the 1285 nm control field at the device
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The values of k, Apc, and Ay were acquired from the
broad scans of the EIT signal. The intracavity photon
number is determined as:

P
» VEATQ;( »

()

where % is the Planck constant divided by 2w, £ is the
FTW transmission, AT is the depth of the optical res-
onance in the transmission spectrum (AT'=1 at critical
coupling), @; the intrinsic optical @, and P, is the opti-
cal power at the FTW input. We measured a background
signal with the FTW far away from the device to account
for the frequency-dependent response of the APD, EOM,
and network analyzer. The fitting was carried out on the
experimentally acquired EIT data divided by the back-
ground signal.

The fitting of the EIT width versus control power (inset
in Fig. 2(c)) is based on the expression for the total
mechanical damping rate v = y,n(1 + C). The fitted
value of gy from the EIT width is approximate equal to
that obtained from the EIT depth fitting, with an error
of 6 %.

UNCERTAINTY ESTIMATES

The error bars in Fig. 2(c) arise from the noise of
recorded raw EIT data. By subtracting the fitted curve
from the raw EIT data (Fig. 9(a)), we obtained the noise
of the EIT signal (Fig. 9(b)). The one standard deviation
value of this noise signal is considered as the uncertainty
of the EIT signal depth and is plotted as the error bar in
Fig. 2(c). By combining the uncertainty of the reflected
EIT signal and the slopes of the fitted curves at both the
left and right shoulders, we obtained the uncertainty of
the width of the EIT signal. This width uncertainty is
plotted as the error bars in the inset figure of EIT width
versus the optical power in Fig. 2(c).

The uncertainty in Qp, shown in Fig. 1(d) is given by
the 95 % confidence intervals of the Lorentzian curve fit-
ting of the experimentally measured mechanical spectra.
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FIG. 9. (a) Raw data (blue) and the fitted curve (red) of
the 1300 nm EIT signal at the control power of 21.9 uW. (b)
Difference between the raw data and the fitted curve shown
in (a).



