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We present an electro-mechano-optical radiofrequency (rf)-to-light signal transducer robust against laser heating and thus operational at room
temperature. A metal-free, low-loss metasurface mirror and an aluminum electrode made separately on a SisN, membrane oscillator comprise a
chain of electro-mechanical and opto-mechanical systems, mediating electrical and optical signals through the (2,2)-mode characteristic
oscillation. We demonstrate up-conversion of rf signals at 175.2 MHz by 6 orders of magnitude in frequency to an optical regime with the transfer
efficiency of 2.3 x 10°, also showing stable operation due to reduced laser heating of the mirror. © 2021 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd

p-conversion of electrical signals from a radiofre-
quency (1f) to an optical regime through a chain of
electro-mechanical and opto-mechanical systems'~'*
is promising in various circumstances. One direction of
research is toward the application of rf-to-light transduction
to nuclear magnetic resonance (NMR) and magnetic reso-
nance imaging'>™'® at ambient temperatures using a metal-
coated silicon nitride (Si3N4) membrane oscillator, by letting
the metal layer serve for both an electrode of a capacitor
comprising a resonant 1f circuit and one of the optical mirrors
of an optical cavity. Toward efficient rf-to-light signal
transduction, the number of the photons in the optical cavity
is desirable to be as large as possible up to the point where
the fluctuation of the oscillator due to the radiation pressure
of the photons becomes significant.'”" However, the
optical power is by far limited, not because of the radiation
pressure of the photons but of the effect of heating, when the
metal layer coated on the membrane serves for the mirror.
Here, we propose an rf-to-light transducer using a low-
loss, metal-free mirror and a separate metal capacitor
electrode implemented on a single Si3N, membrane oscil-
lator. The idea is to exploit a high-order mode of membrane’s
characteristic oscillation, which has more than one antinodes.
By placing the electrode and the mirror such that both contain
the antinodes, the separated electrode and mirror can be
implemented without sacrificing the strengths of both the
electro-mechanical and opto-mechanical couplings. In this
work, we make use of the (2,2)-mode characteristic oscilla-
tion, employing a vacuum-deposited aluminum electrode and
a built-in metasurface mirror. The metasurface, also known
as a photonic crystal slab, is composed of a horizontal
subwavelength-sized structure that reflects light at specific
wavelengths.”® In the following, we describe the trans-
ducer, evaluate the optical performance and mechanical
characteristics, and demonstrate rf-to-light signal transduc-
tion. As shown below, the transducer is much less affected by
laser heating compared to the previous rf-to-light transducer
using the metal mirror on the membrane, allowing for long-
term, stable operation at ambient temperatures.
We made metasurface mirrors on a Si-frame supported,
200 nm thick Si3N4 membrane with a lateral size of I mm x 1

mm by means of electron beam lithography and dry etching,
following the procedure reported by Chen et al.”® First,
electron beam resist (ZEP-520A, Zeon) was spin-coated on
the membrane, and an array of circles with a radius of 290 nm
and a pitch of 830 nm was drawn with an electron beam
lithography system (ELS-F125HS, Elionix). Then, the mem-
brane was soaked in development solution (ZED-N50, Zeon)
for 250 s and rinsed with isopropanol, before being processed
with dry etching with CF, plasma. Finally, the electron beam
resist remaining on the membrane was removed with O,
plasma and washed off in dimethylacetamide. A scanning
electron microscope (SEM) image showed the periodic array
of the holes as designed [Fig. 1(a)]. As shown in Fig. 1(b),
we made a diagonal pair of 400 pm x 400um square-shaped
metasurfaces on the membrane. One of the two mirrors is
used to form an optical cavity, while the other served for a
spare and testing purposes. In addition, the higher symmetry
of the diagonal metasurface mirrors compared to the single
metasurface on a quadrant of the membrane is expected to
exhibit a cleaner (2,2)-mode of characteristic oscillation.

On the other diagonal part, an aluminum layer with a
thickness of 40 nm serving for one of the capacitor electrodes
was vacuum deposited. The counter electrode and pillars
were made on a printed circuit board [Fig. 1(c)], which was
piled on the membrane. The gap between the electrodes
determined by the height of the pillar was 1.5 um. The
capacitance was measured to be 3.0 pF.

Figure 2(a) shows a diagram of the transducer. To avoid air
damping of the oscillator, the membrane was put inside a
vacuum chamber equipped with a window for optical access
and a pair of hermetic ports for electrical connection. The
membrane capacitor and a solenoid coil outside the chamber
formed an LC resonant circuit at 175.2 MHz. To feed rf
signals externally, an additional saddle coil was placed and
impedance matched at the same frequency. The axes of the
two coils were set normal to each other, so as to couple them
through mutual inductance only weakly. The measured
coupling was —28.7 dB. Using the metasurface mirror and
a normal, dielectric, concave cavity mirror with reflectivity of
95% outside the chamber, we assembled an optical cavity
with the designed length 47.3 mm of the optical path between
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Fig. 1. (Color online) (a) A SEM image of the metasurface. (b) A

I mm x 1 mm SizN, membrane, on which a diagonal pair of metasurfaces
and a vacuum-deposited Al electrode are made. (c) A printed circuit board
serving for the counter electrode of the capacitor.
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Fig. 2. (Color online) (a) A schematic diagram of the system. BS and PD
indicate beamsplitter and photo-detector, respectively. (b) The pathway of
signal transduction, where v,,,, and v,,, are the mechanical and optical
frequencies, and k, is the external coupling rate of the optical cavity. v, and
v, are membrane and optical-cavity decay rates.

the two mirrors. A piezoelectric actuator served for fine
adjustment. A laser beam with a waist radius of 2.03 mm fed
into and reflected back from the cavity was guided to a photo-
detector. A part of the incident laser beam divided by a beam
splitter was sent to another photo-detector, and the difference
of the photo-detected signals was monitored on an oscillo-
scope and a spectrum analyzer. The differential mode
acquisition realized shot-noise limited photo-detection.
Figure 2(b) describes the pathway of successive signal
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Fig. 3. (Color online) (a) (Solid line) Reflectance of the optical cavity at
1049.16 nm as a function the displacement of the cavity mirror. The
horizontal axis is scaled to the detuning in units of frequency. (Broken line)
Lorentzian fitting. The vertical broken line indicates the detuning condition
used to measure the optical signals in the following measurements. (b)
Circles represent change in the optical-cavity length under continuous
application of a laser beam with power of 0.35 mW. Triangles show the
fluctuation obtained under the same condition except that a vacuum-
deposited aluminum mirror is used instead of the built-in metasurface mirror.

transduction from the LC circuit to the membrane oscillator,
and finally to the optical cavity.

Figure 3(a) shows measured reflection of a laser beam with
a wavelength of 1049.16 nm from the optical cavity as a
function of the cavity length. From the finnese of the cavity
of ca. 47, the reflectivity of the metasurface was obtained to
be 93% at 1049.16 nm. Importantly, most of the residual
fraction (7%) of the laser beam just transmitts through the
metasurface, and has little contribution to heat dissipation on
the membrane.

To evaluate the stability of the transducer against laser
irradiation at the membrane, we made for comparion an
aluminum mirror on the membrane for the end mirror of the
cavity. The measured length of the cavity using the
aluminum-coated membrane decreased by up to 500 nm,
whereas the metasurface mirror showed little drift for the
same laser-beam intensity, as demonstrated in Fig. 3(b).

Let us suppose that an aluminum layer with area of
5% 1077 m? and thickness of 3.5 x 10~® m receives a laser
beam with power of 19 mW (the power 0.4 mW of the
incident beam times the cavity finnese 47), out of which 5%
dissipates as heat. Then, from the density 2.697 x 10°
kgm > and the heat capacity 24.34JK 'mol™' of alu-
minum, the upper limit of the rate of increase in the
temperature is estimated to be as high as 2.2 x 10* Ks™".
Even though heat would in reality diffuse to the membrane
and then to the silicon frame so that the aluminum would not
be heated this much, this crude but simple estimation tells the
significance of the effect of heating.

© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 4. (Color online) (a) Power spectral density of the optical signal
reflected back from the cavity of the transducer, showing the Brownian
motion of the (2,2)-mode characteristic oscillation of the membrane. (b) was
obtained under application of a tone signal together with a drive signal to the
LC circuit. Light-blue lines indicate Lorentzian fitting.

By fixing the detuning of the optical cavity to the condition
indicated by the broken line in Fig. 3(a), we monitored the
power spectrum of the light reflected back from the cavity,
and observed peaks at ca.452kHz (not shown) and
ca. 746 kHz [Fig. 4(a)] We assigned them to be the
Brownian motion of the membrane appearing on the funda-
mental (1,1)-mode and the (2,2)-mode of characteristic
oscillation, respectively. The line was well fitted with a
Lorentz function. Its width ~,,, was 27 - 3500 Hz, which is
rather large compared to that reported in literature, but is
suitable for our future applications to NMR requiring the
detection bandwidth of the same order.'® The main cause for
the damping is ascribed to the design of the aluminum layer
coating across the boundary of the membrane onto the
insulated Si frame [Fig. 1(b)].>” Indeed, we observed much
narrower line (not shown) of the power spectrum of the
membrane without the aluminum electrode. The frequency
v; i of the (j.k)-mode of characteristic oscillation is given by
Vik = \/(T/4pd2) \/j + k2, where T is the tensile stress, p
is the mass density, and d is the side length of the
membrane.”® With p=3.2 g-cm73, d=1mm, and the
nominal value 7=1 GPa, we estimate v, and v,, for the
bare membrane to be 395 kHz and 790 kHz, respectively.
The discrepancy from the observed values is ascribed to the
diagonal periodic holes and the aluminum coating that affect
the local mass density.

To demonstrate rf-to-light signal transduction mediated by
the (2,2)-mode characteristic oscillation, we applied to the
LC circuit a continuous-wave tone signal at a frequency v, of
175.2 MHz through port A indicated in Fig. 2(a) and a drive
signal through port B at 175.946 MHz, which corresponds to
the sum of the tone frequency and the eigenfrequency
746 kHz of the (2,2)-mode. The tone signal was applied
such that the power P, of the tone signal developed in the LC
circuit was —69.7 dBm. Figure 4(b) shows an optically
acquired power spectrum of the (2,2)-mode characteristic
oscillation with power Pp, of the drive signal of 2 dBm, where
a sharp peak compared to that of the Brownian motion

012003-3

appeared. When the drive input was turned off for compar-
ison, the peak disappeared, so that it indeed originates from
the successfully transduced tone signal.

As increasing the power Pp, of the drive signal, the power
of the transduced tone signal increased as well, showing
linear dependence, as indicated by the red circles in Fig. 5.
Here, the vertical axis was scaled to the number N, of the
optical photons per unit time, which is given by Ref. 15

P
Com Cem —~ s

N, =
hu,

— ey
Ko + Y

where k, and 7, are the external coupling rate and the internal
decay rate of the optical cavity [see Fig. 2(b)], and % is the
Planck constant. C,, and C,, are optomechanical and
electromechanical cooperativities,” which measure the effi-
ciency of signal transfer between the two oscillators.
Conversely, the arrival rate N, of photons transduced from
the Brownian noise of the membrane oscillator, also plotted
in Fig. 5, is expressed as Ref. 15

kT

Com TmT—>

= o Ho
hvg,

Ko + %

@)

where v, =746kHz is the mode frequency, 7, is the
mechanical damping rate, k is the Boltzmann constant, and
T is temperature. From measured values
Ko =27 x 20.8 MHz, Yo =21 X 46.6 MHz, and
Ym = 27 X 3.5 kHz, we obtained the optomechanical coop-
erativity Cop, & 2.2 X 107° x (PL/mW) for a given power P
of the laser beam. From the drive-power dependence of the
photon-arrival  rate N,, we estimate C.,, to
ber 7.5 %1077 x (Pp/mW). We find that the current value
of C, for a given drive power Pp is comparable to that in
our previous work.'® Thus, the current (2,2)-mode-mediated
transduction was reasonably efficient.
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Fig. 5. (Color online) The rate of arrival of the transduced photons
carrying the tone signals (circles) and noise (diagonal crosses) as a function
of the drive power. Lines represent linear fitting. The error in the number of
the quanta per unit time, indicated by the shaded area, arises from the
fluctuation of the length of the optical cavity, which was estimated from the
data shown in Fig. 3(b) to be ca. 8 nm. The noise photon arrival rate was
estimated from the integral of the Lorentzian line shown in Fig. 4 that

corresponds to the Brownian noise.
© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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The average number of the optical photons transduced
from a single rf photon measures the overall signal transfer

“Harnessing electro-optic correlations in an efficient mechanical converter,”
Nat. Phys. 14, 1038 (2018).

efﬁciency From Eq (1) the transfer efﬁciency is given by 5) M. Forsch, R. Stockill, A. Wallucks, I. Marinkovié, C. Girtner, R. A. Norte,

' ! ’. . . F. van Otten, A. Fiore, K. Srinivasan, and S. Groblacher, “Microwave-to-
[ko/(Ko + Y)]ComCem. With the maximum attainable laser optics conversion using a mechanical oscillator in its quantum ground state,”
power, 0.44mW, in our current experimental setup, the Nat. Phys. 16, 69 (2020).
transfer efﬁciency is~23 x 10*9 with a moderate drive 6) Y. Chu and S. Groblacher, “A perspective on hybrid quantum opto- And

electromechanical systems,” Appl. Phys. Lett. 117, 150503 (2020).
power of 20 dBm. Now that the transducer was found to be 7) G. Amold, M. wmg S. Barzanﬁ:;, E g Redchenko, A. Rucda, W. J. Hease,
robust against laser heating, the transfer efficiency would F. Hassani, and J. M. Fink, “Converting microwave and telecom photons
further be improved by emp]oying the laser beam with higher with a silicon photonic nanomechanical interface,” Nat. Commun. 11, 4460
power. (2020).
. . . . 8) J. M. Fink, M. Kalaee, R. Norte, A. Pitanti, and O. Painter, “Efficient

In this work, we demonstrated Slgnal transduction using microwave frequency conversion mediated by a photonics compatible silicon
the (2,2)-mode. Extension to other modes of characteristic nitride nanobeam oscillator,” Quantum Sci. Technol. 5, 034011 (2020).
oscillation is straightforward. Our ultimate goal is to acquire 9) X.Han, W. Fu, C.-L. Zou, L. Jiang, and H. X. Tang, “Microwave-optical
rf signals, in the form of optically up-converted ones, with quantum frequency conversion,” Optica 8, 1050 (2021).

. .. .. . . 10) J. Bochmann, A. Vainsencher, D. D. Awschalom, and A. N. Cleland,
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at room temperature. Since the Johnson noise intrinsic to the Phys. 9, 712 (2013).
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s . irectional conversion between microwave and optical frequencies in a
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