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We have developed a novel architecture for room temperature microwave cavity optomechanics, which is based on the
coupling of a 3D microwave re-entrant cavity to a compliant membrane. Devices parameters have enabled resolving
the thermomechanical motion of the membrane, and observing optomechanically induced transparency/absorption in
the linear regime, for the first time in a microwave optomechanical system operated at room temperature. We have
extracted the single photon coupling rate (go) using four independent measurement techniques, and hence obtain a full
characterization of the proposed cavity optomechanical system.

I. INTRODUCTION

The advances in low temperature microwave optomechan-
ics has successfully demonstrated many ground breaking ex-
periments such as ground state cooling!?, backaction evad-
ing measurements>*, entangling massive mechanical res-
onators>®, and ultrasensitive detection of small forces”-3. Mi-
crowave optomechanical technologies can also foster the ar-
chitecture for signal processing®!? and quantum limited mea-
surements' 112,

The field of cavity optomechanics has also facilitated many
precision sensing applications at room temperature (RT).
Schliesser et al.'® achieved the displacement sensitivity of
10~ m/v/Hz by coupling light and mechanical mode of a
silica toroidal cavity. Sansa et al.'* demonstrated an optome-
chanical mass spectrometry able to detect mass up to 100 kDa.
Gavartin ef al.’ reached a force sensitivity of 74 aN/+v/Hz
by coupling Si3Ns nanomechanical beam to a disk-shaped
optical resonator. Other applications include atomic force
microscopy!®!7, accelerometry'®, magnetic resonance force
microscopy!”. Fabricating resonators with low mechanical
dissipation can also facilitate quantum optomechanical exper-
iments at RT??. The above mentioned experiments were all
performed at RT in the optical domain. In the microwave do-
main, there are fewer implementations®! and their cooperativ-
ities are not as high. By optimizing the cooperativity>? in RT
microwave optomechanics, one can further advance the field
of ultra-precision sensing and large-scale integration?>.

The cooperativity C = 4g3nq/(kI'm) characterizes the ef-
ficiency of the exchange of photons and phonons in an op-
tomechanical system?*, where g is the single photon cou-
pling rate between the microwave cavity and the mechanical
resonators’ mode of interest, nq is the number of the photons
inside the cavity, x and I'y, are cavity and mechanical res-
onator decay rates respectively. RT microwave optomechani-
cal experiments have been previously accomplished using mi-
crostrip resonators made of normal conducting Cu coupled to
a mechanical element®. These resonators are marred by di-
electric and conductor losses, limiting their quality factor to

about 100 which adds a constraint to the displacement and the
force sensitivity?>.

One can benefit from coupling mechanical resonators to 3D
microwave cavities with low loss. In a recent work by Liu
et al.?®, backaction evading measurements of a Si3N4 mem-
brane resonator was performed via coupling it to a 3D Cu
cavity. They observed a cavity quality factor of 15,000 at 300
mK. At low temperatures, the use of high-Q superconducting
microwave cavities provided large cooperativities?’ and en-
abled reaching ground state cooling®® of a SisN4 membrane.
However, above mentioned experiments required low temper-
atures and an antenna chip to be flip-chip bonded to the Si3Ny
membrane resonator for microwave coupling, increasing fab-
rication steps. Tuan ef al.?® also employed a 3D microwave
cavity made of Cu to dielectrically couple to a SizNy string.
They characterized the optomechanical coupling by driving
the string using two tones in a nonlinear regime at RT.

Here, we present a novel architecture for RT microwave
optomechanics. Our cavity optomechanical system is com-
posed of a SizNy membrane coupled to a 3D microwave
re-entrant cavity. Our relatively high cooperativity for a
microwave optomechanical system enables detecting ther-
momechanical motion and optomechanically induced trans-
parency/absorption (OMIT/OMIA) with great resolution. Us-
ing four independent characterization techniques, we extract
the single photon coupling rate go, a key metric for cavity
optomechanical systems. We pushed this system into the non-
linear regime to extract the duffing parameter, hence defining
the dynamic range for sensing applications.

1. OPTOMECHANICAL SYSTEM

The cavity optomechanical systems consist of a SizNy
membrane coupled to a 3D microwave cavity. The microwave
re-entrant cavity consists of a post enclosed in a cylindrical
cavity leaving a tiny gap between the top of the post and a cav-
ity wall, as shown in Fig. 1. The cavity is made of Cu which
is electropolished® and gold plated®. The electric field of the
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fundamental electromagnetic mode within is highly confined
within the gap between the top of the post and the wall of the
lid, which for this experiment is a window to a gold plated
Si3N4 membrane, as shown in Fig. 1.

The resonance frequency of the cavity is given by @, =
1/\/L7C The capacitance C = Cy + C; where Cy is the ca-
pacitance between the top of the post and the wall of the lid
determined by the gap and C; is the capacitance of the rest of
the cavity. The inductance L is defined by the geometry of the
post inside the cavity. Any change in the gap will be translated
to a change in the resonance frequency of the cavity. Thus, if
the end wall is made of any mechanical resonator, the system
behaves as a transducer for detecting mechanical motion. We
incorporated a 5 mm X 5 mm chip with a mechanical res-
onator within a window in the lid. The chip is placed across
the window from the reverse side of the lid and secured in
place with a PTFE grub screw.

The mechanical resonator is a 2 mm X 2 mm prestressed
SisN4 membrane3!. The SizN4 membrane is 50 nm thick,
plated with 55 nm of Au. The motion of the mechanical res-
onator will thus induce modulation of the resonance frequency
of the cavity owing to a change in the gap. The optomechani-
cal coupling strength G = d @ /dx is inversely proportional to
the gap x. We targeted the gap to be x ~ 100 um when ma-
chining the cavity. We then estimated the gap to be close to
x ~ 100 um (see Appendix A) by comparison with the analyt-
ical expression for the resonance frequency of the re-entrant
cavity and the FEM simulation using COMSOL. We attached
a piezo-electric transducer (PZT) to the cavity lid. The cavity
is placed inside a vacuum chamber with pressure below 5 X
107% mbar. All the measurements were performed at room
temperature.

I1l. CHARACTERIZATION

The two-port microwave cavity is characterized via the
measurement of scattering parameters with a vector network

Window for chip

Re-entrant post

7mm’

SMA pins

FIG. 1. (left) The cavity with chip window and SMA pin couplers.
(right) Schematic of the re-entrant pillar and SizN4 membrane chip.
The cylindrical cavity with an inner radius of Rczy = 18 mm with a
conical post of height H = 7 mm, bottom radius R, = 7.3 mm and
top radius R; = 0.5 mm constitutes our 3D cavity. The electric field
of the fundamental mode of the cavity is confined between the chip
and the top of the post whereas the magnetic field is around the post.

analyzer (VNA). The external microwave feedlines are capac-
itively coupled to the cavity using SMA pins. The length these
pins protrude into the cavity determines the coupling strength
k., and k2, of port 1 and port 2, respectively. The dielectric
and conductor losses are characterized by ki, such that the

total loss in the cavity is k = Kl + k2 + Kini. From our mea-
surements, the resonance frequency of the cavity is @ /(27)=
4.537 GHz, the linewidth is x/(27)= 5.504 MHz, and exter-
nal linewidths are ki, /(27m)=k2,/(27) ~ 245 kHz. The am-
plitude |S>1| is plotted in the Fig. 2. The quality factor of
the cavity is 800 and the coupling efficiency is k. /x=0.044,
showing the cavity is under-coupled. The quality factor can
be further increased by the surface treatment of Cu.

The characteristics of the fundamental mode of the mechan-
ical resonator and the single photon optomechanical strength
go were extracted using four different methods. Firstly, we
measured the thermomechanical motion by driving the cavity
at its resonance frequency @, and measuring the noise spec-
trum at @. + Q where Qp, is the resonance frequency of
the fundamental mode of the mechanical resonator using the
spectrum analyzer. Secondly, we again measured the noise
spectrum at @ + Qp, by driving the cavity at @ and the me-
chanical resonator using white noise imparted by the PZT.
Thirdly, we characterized go using two tone measurements
thus demonstrating OMIT/OMIA in the response of the cav-
ity and at last, we employed a homodyne detection scheme to
extract go. Finally, we study the mechanical resonator in the
nonlinear regime to extract the duffing parameter, and hence
quantify the dynamic range for potential sensing applications.

A. Thermal noise measurement

The motion of the mechanical resonator with resonance fre-
quency Qp, will modulate the cavity drive frequency @y gen-
erating sidebands at @g = Q. The thermomechanical mo-
tion of the SizN4 membrane was measured by applying a mi-
crowave signal to port 1 of the cavity at @y and measuring
the noise spectrum of the transmitted signal at @wq + Qp, us-
ing a spectrum analyzer. The loss and gain contributions of
the input and the output lines were removed via careful cal-
ibrations. The measurement circuit diagram is described in
appendix C. We focus on the fundamental flexural mode with
resonance frequency €;; of the Si3zN4s membrane. Theoreti-
cally, the resonance frequency 1 can be determined using
the square membrane formula3?,

Q 1 /o2
=5, (D
2 2\ pa

where ¢ = 1 GPa is the stress in the SizN4 membrane (infor-
mation provided by the supplier Norcada Inc.3!), p = 2820 +
160 kg/m? is the mass density of the Si3Ny4, and ¢ = 2 mm
is its lateral dimension. However, the resonance frequency
changes due to the loaded mass of 55 nm Au on the mem-
brane. The modified resonance frequency Q, is given by>3,

2
Mefi 11827,
Qp={/—"—, 2)
Megf,11 + Mioad
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where megr,11 is the effective mass of the fundamental flex-
ural mode of SizN4 membrane and myy,q is the effective
mass of the loaded Au on Si3Ns membrane. Theoretically,
Qmn/(27) = 72 kHz. The cavity mode is pumped by ap-
plying a microwave signal wg. We also define a detuning
A = @wq — @.. For in-cavity pumping, the number of drive
photons nq inside the cavity is given by>*,

2KextPin

" (k2 +487) ®

ng
where Kext = K+ k2, and P, is the power incident on port 1.
The power spectral density, S[Q] (W/Hz) at @g + Qy, coming
out of port 2 of the cavity in the frame rotating with @, is given
by3433

’

_ Kext Gznd

S[Q)(W/Hz) = = 5= hoS,(Q] +nf . (4)

where nf is the noise floor and Sx[Q)] is given by,

4k, T I'm
meffgrzn Frzn + 4(Q — .Qm)2 ’

S:[Q](m*/Hz) = )

is the single-sided noise position spectral density®°. ky is
the Boltzmann’s constant, 7 = 293 K, I'y, is the mechani-
cal linewidth, x is the global RMS displacement of the Si3Ny
membrane normalized by mode shape function at temperature
T and Q is close to Qp,. The power spectral density at A+ Qy,
is plotted in Fig. 2. From a Lorentzian fit of the experimental
data, we extracted Qp,/(27) = 71.4 kHz and T, /(27) = 8.4
Hz, giving rise to the mechanical quality factor Q of 8500.

Next, we focused on extracting single-photon coupling rate
80 = Gxypp, Where x,pr = \/1i/(2mestQp) is the zero-point
fluctuation of the mechanical mode and mesr = Mesr,11 + Mioad
= 1.20 ng giving x,,f = 0.31 fm. The noise floor nf is sub-
tracted from the power spectral density S such that S — nf is
written in terms of position spectral density S,. We then fitted
the resultant plot using Egs. 4 and 5. If we take the theoretical
value of mefr and x,pf, only go remains unknown. From the fit,
we extracted go /27 = Gx,pf /21 = 185+11.5 uHz.

The noise floor in our detection signal corresponds to a dis-
placement sensitivity of 0.75 pm/y/Hz. This represents ap-
proximately an order of magnitude improvement from previ-
ously reported displacement sensitivity>3.

B. White noise drive

Extracting gq is usually a difficult task unless one can di-
rectly measure the thermal motional sidebands as described
in the previous section. In some cases, there is not enough
sensitivity to detect the thermal motion of the mechanical res-
onator. One can therefore drive the mechanical system with an
external force as the one generated from, for instance, a piezo-
electric transducer. However, it is difficult to know precisely
the conversion factor between the voltage applied across the
piezoelectric transducer and the force generated on the me-
chanical resonator, hence preventing the derivation of gg. In-
stead, the technique we present now uses a source of white

noise to drive the piezoelectric transducer, generating a noise
force on the mechanical resonator. This increases the effective
mode temperature and the amplitude of the mechanical side-
band measured at A+ Q. Fig. 3 shows the mechanical side-
band at A+ Q, when the cavity is pumped at @, for different
RMS voltages of white noise applied to the transducer. One
can see roughly two orders of magnitude of increase in the
amplitude of the mechanical sideband when driven by 1000
V2 /Hz of white noise generated by the noise source in the
bandwidth of 10 MHz compared to the undriven case. From
Eq. 4, the area under the power spectral density is directly
proportional to the temperature bath. We subtract the nf from
the measured spectral density S[Q] and integrate the curve in
the bandwidth of 500 Hz, to calculate the area under the power
spectral density. The area calculated for each PZT drive was
normalized by area in the case of undriven PZT, to calculate
the effective temperature of the mechanical mode. From this,
an effective temperature of ~ 23,000 K was found at 1000
wV?2/Hz of white noise. The effective temperature varies lin-
early with the area under the power spectral density and is
plotted in Fig. 3. For comparison, a value of go can be ob-
tained by extracting the slope from the linear fit. The slope
is given by,
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FIG. 2. (top) The transmission Sj; is plotted for the microwave
cavity. (bottom) Noise power spectral density of mechanical side-
band at A+ Qp due to brownian motion of SizNy membrane with
ng = 3.6 x 10! for -6.840.5 dBm of input power to port 1 of the
cavity. For both plots, experimental data is shown in blue and the fits
are in grey. The noise floor has been subtracted on the right scale.
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We put the value of slope { into equation 6 giving go/27 =
185+11.5 uHz for this method consistent with the previously
derived value.
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FIG. 3. (top) The power spectral density of mechanical sideband at
o + Qp is plotted for different values of white noise voltage ap-
plied across the piezoelectric transducer. The fits are shown in grey.
We have used the blue curve data, where the mechanical mode is
assumed to be in thermal equilibrium, as calibration to calculate the
effective temperature of other curves. (bottom) The effective temper-
ature is plotted versus the area under power spectral density for each
noise voltage drive used in the top figure (same color coding). The
slope { of the linear data is used in Eq. 6 to extract g.

C. OMIT/OMIA

OMIT/OMIA is the optomechanical analog of electromag-
netically induced transparency observed in cold atoms®’. It
was theoretically predicted®® in 2009 and first observed in op-
tical systems>?*. Exploiting this effect could be useful to sig-
nal processing applications such as delay lines or memories.
Here we present the first measurement of OMIT/OMIA in a
microwave cavity optomechanical system operated at room
temperature. This measurement also enables us to extract g
with an additional independent characterization technique.

The cavity is driven by a strong pump at @g = @, + A and
is probed with a relatively weaker signal at @, resulting in the
radiation pressure force on the mechanical resonator at the dif-
ference frequency = @, — @y. The mechanics is coherently
driven when ||Q| — Qn| < I'y. The driven mechanics gener-
ates sidebands on the pump tone. The sideband then interferes

constructively or destructively with the probe tone, depending
on the sign of A, where A = £Q,,, thus influencing the cav-
ity transmission. When A = —Q,, (red pump), the sideband
generated at @ interferes destructively with @, leading to
OMIA. On the other hand, a transparent window is opened at
o, (OMIT) when probing cavity transmission when A = Q.

—44
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FIG. 4. (top) OMIA was observed in the vicinity of @, when pump
tone is applied at . — Q. The number of photons ny was varied
from 1.7 x10'2 (blue curve) to 3.8 x 1013 (cyan curve). Grey lines
are the fits. (bottom) OMIT was observed when pump tone was ap-
plied at @ + . All the parameters are the same as the top plot.
There is an offset in the y-axis for both plots for clarity.

The circuit diagram for the measurement is discussed in ap-
pendix C. Fig. 4 (top) shows the OMIA response while using
red pump tone at @, — Qy,. The drive photons ny were varied
from 1.7 x 10'? to 3.8 x 10! photons. The weaker probe tone
@, with -40 dBm of power applied by the source was swept in
a narrow window of 200 Hz about @,. Increasing the number
of drive photons led to stronger driving of the mechanical res-
onator, thus increasing the amplitude of the absorption curve.
Ideally, the absorption curves should be at @, but we observed
a frequency shift in the absorption curves as we increased the
number of photons shown in Fig. 4. The y-axis in Fig. 4 is
also offset for clarity. We observe a spring softening caused
by the pump signal, which corresponds to a temperature ele-
vation of the membrane of the order of 2 K at the maximum
power. More information on this effect can be found in the



appendix B. The transmission Sy [@,] is given by®,

Xe[Op] Kext/2
N =1- , 7
2 [wp} 1 :Fg(z)nch[a)p]Xm[mp] @
where x: !{w,] = g —i(Q+A) and x,![op] = %n —i(Q+

Q). The upper (lower) sign in Sy;[@,] and x~'[@,] is for
blue (red) pumping. Eq. 7 was used to fit the curves in Fig.
4 extracting go/(27) = 192 £ 12 uHz, consistent within ~
5% of go derived from direct power spectral density mea-
surements detailed in subsection IIT A. Similar measurements
were made with blue pump at @ + €2, finding a similar value
of go and we observing OMIT shown in Fig. 4 (bottom).

IV. HOMODYNE DETECTION

An alternative to direct detection with a spectrum analyzer
is the homodyne detection method. A microwave interferom-
eter type method, downconverting the signal at wg + Qp, by
mixing with a local oscillator signal at @y to generate a sig-
nal at Q,,, measured by a lockin amplifier (see Fig. 9). Here,
Wy = @ 1s at the microwave resonance frequency, for a phase-
sensitive measurement with maximum sensitivity. We mea-
sure the voltage spectral density Sy[Q] of the signal at Qp,
using zoom fast fourier transformation, where the signal at
Qn is downmixed with a signal near Q,, greatly increasing
measurement speed. The voltage spectral density is given by,

Sv[Q](V?/Hz) = haSx[Q] + nf, 8)

Kext G2nd
K2
where K is a scaling factor that depends on the input
impedance of the lockin amplifier, attenuation in the circuit,
and the phase difference of the microwave pump signal @q in
different parts of the circuit. The square root of the area un-
der the position spectral density Sx[€2] shown in Fig. 2 gives
the normalized RMS mechanical amplitude xgps = 1/ (x)2 =
4 pm. The square root of the area under Sy — nf at Q, is the
RMS voltage Vrvs measured by the lockin amplifier such that

KKexthnd

2 NORMS. ©))

VRms =

We subtracted the noise floor nf from Sy and calculated the
square root of the area under the curve giving Vgys = 0.1 uV.
Putting the value xgms = 4 pm in Eq. 9, we extracted

K 2
K = \/wm:w 104, (10)

where K is the scaling factor to convert Vgys measured by
the lockin to the RMS displacement xgys of the mechanical
resonator. By applying an AC electrical signal on the PZT
at Q it will then impart a sinusoidal force at Q to the me-
chanical resonator, driving it coherently. The measurement
circuit is shown in appendix C. The eigenfrequencies of the

mechanical resonator were characterized by sweeping Q from
50 kHz to 400 kHz, and measuring the response at the lock-in
at the swept frequency. The different eigenmodes are shown
in Fig. 5. The eigenfrequencies of different modes match with
the theoretical values within 1 %. Ideally, degenerate pairs of
modes like (2,3),(3,2); (1,6),(6,1), etc. should have identical
eigenfrequencies, but we observed a mismatch shown in the
inset of Fig. 5. This mismatch can be attributed to the unsym-
metrical edges of the square membrane.

Characterizing nonlinearity in the mechanical resonator is
also an important step with its applications in signal pro-
cessing and precision sensing*!. For this characterization,
we measured the response of the fundamental mode (1,1) of
the Si3zN4 membrane. The PZT was driven by an upward-
sweeping sinusoidal signal across the mechanical resonance.
The response of the mechanical resonator can be modeled us-
ing a duffing non-linear equation of motion,

9%x %

F cos(Qt
W+Fm 3 _ ( )

Q2 ax’ = ————= 11
3l+ ¥ 0 Meft, 11 (b

where x is the mechanical displacement, « is the duffing pa-
rameter. The drive voltage applied to the PZT varied from 10
mVgms to 900 mVgryms. The response of the mechanical res-
onator is shown in Fig. 5. For weaker drives, the response of
the mechanical resonator is Lorentzian around the resonance
frequency Qp,. Increasing the drive voltage, the maximum
amplitude xpax shifts to higher frequencies Q¢ visible in Fig.
5. This behavior is well approximated by the backbone curve

equation as*!,

8Q
Xk = 57‘“(9&— Qn) (12)

Using the above equation we extracted the duffing parameter
o =1.68 x 10" m™2 s=2. We also theoretically determined
the duffing parameter using the expression given by Cattiaux
et al.*> and found it to be 4.2 x 10" m~2 s~2 which closely
matches with the experimental value. In conclusion, with this
architecture, we can probe a displacement amplitude from 4
pm to 100 nm in the linear regime, up to hundreds of nm, and
more in the non-linear regime.

A. Calibrated Homodyne

We have used the phase-sensitive homodyne detection
technique to measure the optomechanical sidebands of the
membrane-cavity system. However, to calculate a gg using
this technique a calibration of the circuit is required. We
wish to avoid a direct calibration of the greater microwave
circuit’s transmission, which will slowly drift. Instead, we
create a reference sideband by phase modulating the source’s
microwave signal, at @4, by a known magnitude @04 and fre-
quency Qpoq4, close to €,,,. This method follows the methodol-
ogy of Ref.*3, but is adapted from optics to microwaves using
phase noise measurement techniques**. Following Ref.** we
derive an equation for the vacuum optomechanical coupling
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FIG. 5. (a) Nonlinearity observed in mode (1,1) of the membrane by increasing the drive voltage from 10 mVgps to 900 mVyyss. b) Different
eigenmodes of Si3N4 membrane resonator detected by sweeping the drive frequency Q from 50 kHz to 400 kHz. ¢) Mode shapes for different
eigenmodes of the membrane. Dark blue color shows the region of maximum amplitude and light green is the region of minimum amplitude.

in the strong sideband unresolved regime,

1—‘mSV [-Qm]
16BW<nm>SV [Qmod] ’

28 = [KL Omoa sin(yi/2)]? (13)

where y; is the relative phase difference between the two arms
of the circuit, BW is the bandwidth of the lock-in measure-
ment, and (ny) is the average occupation of the mechanical
mode. Then Sv[Qn] and Sy[Qoed] are the peak voltage noise
values of the optomechanical and modulated signal respec-
tively, as measured by the lock-in. W; is approximately the
product of the relative microwave time delay 7, between the
two arms and Q,,, for our measurement setup this is calcu-
lated to be y; = 0.686 mrad. In an earlier experiment, we used
this technique to measure a coupling for the same membrane-
cavity system of go/(27) = 115 uHz, with the reduced value
likely from an unoptimized microwave cavity coupling lead-
ing to a reduction in sensitivity. Though this method requires
additional setup, it does eliminate the need for sensitive mi-
crowave detection equipment.

V. CONCLUSIONS

To summarize, we have demonstrated a cavity optome-
chanical system realized using a prestressed Si3sN4s mem-
brane coupled to a re-entrant microwave cavity made of Cu.
Our microwave optomechanical setup is capable of resolving
the thermomechanical motion of the Si3N4 membrane at RT.
Moreover, the PZT attached to our setup helped us to ex-
cite different mechanical modes of the membrane and also
deduce the geometric non-linearity. We extracted the aver-
age single photon coupling rate go/(27) = 188.5 + 11.5 uHz
for the fundamental mode using direct spectral and two tone
measurements and cooperativity of C = 4g3nq/(kI'm) = 1.2

%1073 at the maximum pump power used which is close to
13 dBm going into the cavity. The dynamic optomechanical
effects such as cooling and heating of the mechanical mode
are within our reach just by improving upon the architecture
of our setup. By precision machining of our cavity, we can
further reduce the gap between the membrane and the top of
the pillar of the cavity to less than 10 pum, leading to 10 times
increase in go, therefore reaching the self-oscillation regime
with ng ~ 10'% in the cavity at RT. Further, we can develop mi-
crowave notch filters and amplifiers using OMIT/OMIA. Us-
ing a strong pump tone at @y = . + A with A = Q, and using
a weaker probe tone at @, to sweep the response of the cavity,
we can achieve a gain at @, close to 25 dB with ng ~ 10'2 in
the cavity with the gap x ~ 10 gm. This magnitude of gain at
RT is comparable to similar measurements made at cryogenic
temperatureslo. On the other hand, notch filters can be real-
ized using the two tone measurement but with A = —Q,. The
novelty of our microwave optomechanical system working at
RT and the prospects of making amplifiers, filters and notch
filters with performances similar to the systems working at
cryogenic temperatures are exciting and are within our reach.
Recently, Serra et al.”> mentioned the importance of isolating
the mechanical resonator from the substrate to improve the
quality factor and a step towards room temperature quantum
optomechanics. Our system is flexible to quickly test different
kinds of mechanical resonators (trampoline, phononic crytals,
Si3zN4 membranes with soft clamping, etc.). Also, using the
two pillars inside the cavity* and coupling them to two or
more mechanical resonators, which our system is capable of,
provides an ideal platform for multimode optomechanics.



AIP

é/_. Publishing

ACKNOWLEDGMENTS

This research is supported by the Royal Soci-
ety (UF150140, RGF\EA\180099, RGF\R1\180059,
RGF\EA\201047, RPG\2016\186, URF\R\211009), the
EPSRC (EP/R04533X/1), and the STFC (ST/T005998/1).
For the purpose of open access, the author has applied a
Creative Commons Attribution (CC BY) licence (where
permitted by UKRI, ‘Open Government Licence’ or ‘Creative
Commons Attribution No-derivatives (CC BY-ND) licence’
may be stated instead) to any Author Accepted Manuscript
version arising.

DATA AVAILABILITY

The data that support the findings of this study are openly
available at https://doi.org/10.5281/zenodo.7589222, Ref.*®.

Appendix A: Estimating gap between re-entrant post and the
Si3N4 membrane

The microwave cavity is designed with a cone-shaped pillar
inside it. The cavity of radii R.,y = 18 mm and height H =
7 mm consists of a cone-shaped pillar with a top radius of
0.5 mm and the bottom radii of 7.3 mm shown in Fig. 6.
The resonance frequency of the microwave cavity primarily
depends on the gap between the top part of the cone and the
chip. We performed FEM simulation using COMSOL shown
in Fig. 6 to extract the microwave resonance frequency. With
a gap of 100 um between the lid/chip and the top radii of the
cone, the simulated resonance frequency of 4.62 GHz matches
with the experimental value of the resonance frequency within
1 %.

Appendix B: Spring softening of Si;Ns membranes

In subsection III C, we discussed the spring softening of the
Si3Ny membrane. We observed a decrease in the resonance
frequency of the mechanical mode associated with an increase
in the applied pump power. The magnitude of the frequency
shift is of the order of 50 Hz at the maximum input power
used in this experiment (13.5 dBm). This is observed at zero
detuning (wy = @), and for both blue detuned (@Wg = @, + L)
and red detuned (wy = o, — Q) pumps. In the strongly un-
resolved sideband regime (k >> y,), the drive photon num-
ber is nearly the same in all three cases (green, blue and red
pumping). At the highest input power P, =13.5 dBm (0.022
W), the drive photon number in the cavity is ng = 3.8 x 103,
Hence, the total power dissipated by the cavity is given by

Piiss = (ha)d)nd Kint =~ 4 mW BD

with Ky = K — Kext = (27) X 5.502 MHz. We note that the in-
ternal cavity loss has a contribution to the electrical resistance
of the thin gold layer coating of the chip. Hence, a fraction
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FIG. 6. (top) Figure showing the dimensions of the simulated re-
entrant cavity and the (bottom left) zoomed schematic showing the
positioning of the chip and PTFE screw clamping it, (bottom right)
FEM simulation of the re-entrant cavity where the color scale indi-
cates the magnitude of the electric field in the cavity. The resonance
frequency predicted by simulation is 4.62 GHz.

of the electrical power is dissipated in the vicinity of the chip,
which can cause local heating of the membrane.

Using COMSOL, we showed in a simple 2D FEM simula-
tion, that a local heating effect of the membrane correspond-
ing to a fraction of the total dissipated power, of the order of
a percent, can explain on an average temperature elevation of
the membrane AT = 2 K. In this model, we considered a 2
X 2 mm free-standing Si3zN4 membrane, and assumed a per-
fect thermalization of the membrane’s boundary at the ambi-
ent room’s temperature. Fig.7 shows the membrane’s temper-
ature profile.

Because of thermal expansion, the membrane’s temperature
elevation causes a resonant mode frequency shift. Using the
expression given by Zhang et al.*’

OEf1

AT

ATy , (B2)
one can calculate the frequency shift Af, where o = 2.2 x
10~% K~ is the thermal expansion coefficient, E = 250 GPa3!
is Young’s modulus, o =1 GPa3! is the in-built stress and v =
0.23 is the Poisson’s ratio of the Si3sN4 membrane. The fre-
quency shift calculated using this model is consistent with a
power absorbed by the membrane of the order of 1% of the
total dissipated power, which seems realistic. An in-depth de-
scription of this thermal heating effect would fall outside the
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FIG. 7. (top) 2D FEM simulation using COMSOL showing the tem-
perature map of 2 mm x 2 mm SizN4 membrane. The boundaries
are acting as heat sink at RT.

scope of this paper.

Appendix C: Circuit diagrams

This appendix will discuss the circuit diagrams used for
each distinct measurement. Fig. 8 shows the circuit diagram
for thermal noise measurements, white noise drive measure-
ments, and OMIT/OMIA.

1. Thermal noise measurements

For the thermal noise measurements, the PZT drive and
probe tone were off. The microwave pump signal at @y gen-
erated by the microwave source (Rohde and Schwarz SMF
100A signal generator) was fed to the re-entrant cavity via
port 1 shown in shaded light yellow in Fig. 8. The re-entrant
cavity can be modeled as a parallel RLC circuit. The capaci-
tance Cp between the end post and the mechanically compli-
ant SizN4 membrane resonator is then varied by the oscilla-
tions of the membrane. Due to the thermomechanical mo-
tion of the mechanical resonator with resonance frequency
Qn, the signal at @y is modulated such that the signal com-
ing out of the cavity from port 2 has three frequency compo-
nents (@4, Oq + Lm, 04 — Lm). We cancel the signal coming
out of port 2 at @y by combining it with another signal at @y
by adjusting the phase shifter (Pasternack Phase shifter) (¢)
and the variable attenuator (Mini-Circuits digitally controlled
variable attenuator). The signal is then amplified using a room
temperature amplifier (LNF RT HEMT, 4 GHz-12 GHz) be-
fore measuring the noise using the spectrum analyzer (Rohde
and Schwarz SMF Signal and Spectrum Analyzer). The pump
tone was applied at the microwave resonance frequency such
that @q = @, where @ is the microwave resonance frequency.
We used 5 dBm of input power from the generator, which was

further attenuated by power dividers and coaxial lines such
that the power reaching the input port of the cavity was -6.8
dBm which was measured using a Keysight microwave power
meter. The gain in the circuit was 23.5 dBm. We then mea-
sured the signal at @. + Qp, using the spectrum analyzer.

2.  White noise driven spectral measurements

For the white noise driven SizN4 membrane, the piezoelec-
tric transducer was excited by white noise in the bandwidth
of 10 MHz using function generator (Stanford SRS DS345),
keeping every element of the circuit the same as in the ther-
mal noise measurements. The signal was measured using the
spectrum analyzer.

3. Two-tone measurements

When measuring the transmission of the cavity using two
tone, the PZT drive was turned off. The pump tone at @wyg was
combined with a weaker probe tone at @, generated by an-
other microwave source (Rohde and Schwarz SMP 22 Signal
generator) before the signal was fed to the microwave cavity.
The pump tone at @y was kept fixed such at A = wg — @.. The
weaker probe tone with power of -40 dBm at @, was swept
from @, — 2007 to @ +2007. The pump tone power gener-
ated by the source was also varied from 16 dBm to 25 dBm.

4. Homodyne detection

For the homodyne detection scheme, we use a lockin ampli-
fier to detect the signal. The microwave pump at @y was again
fed to the re-entrant cavity via port 1 as shown in Fig. 9. In the
case of driven periodic motion of the membrane by exciting
the PZT at RF frequency € generates sidebands on the pump
signal at wg £ Q. The transmitted signal is amplified using an
RT microwave amplifier (Mini-circuits microwave amplifier,
4 GHz-12 GHz). The amplified signal is then mixed with a
microwave signal at @y such that the signal coming out of the
mixer is at £Q. We cancel the DC component by adjusting
the phase shifter also shown in Fig. 9. The RF signal is fil-
tered removing any high frequency component before being
measured by the lockin amplifier (Zurich Instrument, HF2LI).
The RF signal Q driving the PZT is swept across the reso-
nance frequency of the membrane to measure the response of
the same and also characterize the geometric non-linearity. In
case when the PZT is turned off, the thermomechanical mo-
tion will generate sidebands on the pump signal at @q £ €,,,.
The transmitted signal is then amplified and downconverted
before measuring the signal with a lock-in amplifier using the
zoom FFT method.
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FIG. 8. Measurement circuit diagram for direct thermal noise spectral measurements, white noise driven spectral measurements and two-tone
measurements. The signal was measured using the spectrum analyzer.
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