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Imaging nanomechanical vibrations and manipulating parametric mode coupling via
scanning microwave microscopy
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In this study, we present a novel platform based on scanning microwave microscopy for manip-
ulating and detecting tiny vibrations of nanoelectromechanical resonators using a single metallic
tip. The tip is placed on the top of a grounded silicon nitride membrane, acting as a movable top
gate of the coupled resonator. We demonstrate its ability to map mechanical modes and investigate
mechanical damping effects in a capacitive coupling scheme, based on its spatial resolution. We also
manipulate the energy transfer coherently between the mode of the scanning tip and the underlying
silicon nitride membrane, via parametric coupling. Typical features of optomechanics, such as anti-
damping and electromechanically induced transparency, have been observed. Since the microwave
optomechanical technology is fully compatible with quantum electronics and very low temperature
conditions, it should provide a powerful tool for studying phonon tunnelling between two spatially
separated vibrating elements, which could potentially be applied to quantum sensing.

Micro- and nano-electromechanical systems (MEMS
and NEMS) have been of great interest for several
decades due to their relevance in various applications
and fundamental research [1, 2]. Their features, includ-
ing small scale, high resonance frequency, and low dissi-
pation, make them favorable for different sensing appli-
cations, such as mass, force, and photon sensing [3-7].
These applications have also been accompanied by re-
search motivations to understand the intrinsic and extrin-
sic sources of dissipation in NEMS/MEMS [8-11]. The
intrinsic nonlinearity and tunability of their mechanical
modes are ideal tools for modelling other systems. For
example, studies of the coherent energy exchange in the
coupled mechanical modes reveal the classical features
of Stiickelberg interferometry [12] and optomechanically
induced transparency [13, 14]. Recently, advances in op-
tomechanical technologies have made it possible to use
mechanical resonators for quantum sensing and quantum
engineering [15, 16]. The impressive achievements and
advances, mentioned above, keep on driving researchers
to develop novel configurations with special features for
reading and manipulating tiny nanomechanical motions.

To date, various sensitive transduction schemes have
been achieved for detecting and manipulating nanome-
chanical resonators. These mainly include methods based
on electrical detection or optical interferometry [17-19].
The former technology is widely used for testing elec-
trically integrated nanomechanical systems, which re-
quires the design and nanofabrication of on-chip circuits
to detect and control vibrating elements. However, this
technique does not have the spatial resolution required
to study localised mechanical vibrations. On the other
hand, optical interferometry offers high sensitivity in
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terms of spatial resolution and direct transmission of the
detected signals. Unfortunately, mechanical resonators
made of high stiffness materials with transparent or low
reflective properties are difficult to detect directly at low
light intensities. However, high intensities are detrimen-
tal for cryogenic applications. Both probe microscopy
[20-23] and electron microscopy [11, 24] have also been
developed, based on the decreasing size of the vibrating
elements. They not only facilitate the readout of these
mechanical resonators with extremely small interaction
volumes (such as carbon nanotubes), but also open up
access to the study of local mechanical properties [11],
engineering mechanical impedance [22], and hybridised
nanomechanical systems [21]. However, the scanning tip
acts as an active sensing/probing element and relies on
mechanical interaction with samples, and additional com-
plex driving circuits on the chip, as reported in previous
studies on the probe microscopy [20, 25]. As well, elec-
tron microscopy needs an additional force source to excite
the nano-vibration of the massive element, which poses
a challenge for combinations with standard electron mi-
croscopy chambers.

Scanning microwave microscopy (SMM) can detect ca-
pacitances at the aF scale and their variations, allow-
ing for the characterisation of a wide range of materials
[26, 27]. Tt has the dual advantage of highly sensitive
microwave technology and the spatial resolution of the
scanning tip. In recent years, microwave interferometry
has been used to detect tiny displacements of MEMS,
enabling the transmission of drive and detection signals
through a single gate electrode. [14, 28, 29]. Microwave
techniques are directly compatible with today’s quantum
electronics and microwave photons are much less ener-
getic, making them suitable for cryogenic environments
[30, 31]. These previous works inspired and motivated
us to extend the SMM approach by integrating it with
microwave interferometry to detect and manipulate the



nanomechanical resonator through a single scanning tip
for the first time.

In the present work, we demonstrate the ability of
the SMM to spatially image nanomechanical vibration
modes, without requiring scanning tip contact with the
vibrating silicon nitride membrane. It enables the in-
vestigation of spatial dependencies (over the membrane
size) while scanning the tip position. Coherent en-
ergy transfer between the scanning tip and the mem-
brane resonators via parametric coupling was investi-
gated based on phonon-cavity nanoelectromechanics [14].
Typical optomechanical features were observed in this
phonon-cavity electromechanics, including “optomechan-
ical damping effects” and electromechanically induced
transparency. Our study extends the current applications
of SMM and provides a novel platform for the detection
of nanomechanical systems integrated into a complex cir-
cuit [7]. Furthermore, it may serve as a valuable tool for
investigating phonon-phonon interactions where precise
control of the interactions is required [32, 33].

Measurement setup of SMM A metallic tip is used
as a suspended and movable top gate, in this measure-
ment. It was soldered onto a 50 2 impedance PCB. The
nanoelectromechanical resonator, measured in this work,
is a silicon nitride circular membrane, with a thickness of
~ 90 nm and radius of a & 16 pm, as shown in Fig.1(a).
Its top is covered with a 20 nm aluminium layer. Fabri-
cation details can be found in our previous report [28].
The sample is fixed on a nano-positioner with X-Y-Z rel-
ative displacements up to a nanometer precision. The
tip, used in this setup, is a commercial scanning probe
(256PT300D), having a resonance frequency Qy;,/(27) =
15.39 kHz with a linewidth ~y;,/(27) = 30 Hz. The tip
is not perpendicular to the sample surface and forms a
small angle with the Z axis. The setup with the tip and
the sample is located in the vacuum chamber of a scan-
ning electron microscope (SEM).

The high-frequency setup is schematically depicted in
Fig. 1 (b). To excite mechanical vibrations, an electro-
static force F' is generated between the tip and the cou-

pled membrane at the frequency Qg4, F' = %LE”)VU;CVM .

Cos(Q4t), through the combination of a dc voltage V.
and a ac signal V.- Cos(Qqgt). Here, p is the mechanical
displacement, corresponding to either the tip or mem-
brane. The Cy(u) is the coupling capacitance between
the tip and membrane. The readout of the mechanical
motion relies on the microwave interferometry [28]. A
microwave signal at the frequency w/2r = 6 GHz is di-
rectly shined to the membrane through the same tip. The
Cy(t) can be written as Cyo(1 — £ ), where H is the dis-
tance between the tip and the membrane, and the Cyg is
the capacitance value independent from g. The interac-
tion between p and the input microwave signal produces
a reflected signal at the frequency w + Q4 (see SI), which
is then read out by a lock-in amplifier after frequency
down-conversion. Both the driving and the detection sig-
nals pass through the single tip, avoiding the complexities
of wiring the chip. This setup is universal and adapts to

any NEMS driven by electrostatic forces in a capacitive
coupling scheme with small stray capacitance values.

Measurement results and discussions The proce-
dure of mapping mechanical mode shapes begins with
positioning the tip relative to the membrane. The SEM
is used to help the alignment of the tip and the mem-
brane, as shown in Fig. 1. After calibrating the tip
position, the tip is then positioned at a fixed height H
above the top of the membrane. Compared with previ-
ous work of detecting graphene nanodrums using opti-
cal interferometry [35], we focused on exciting only three
modes of this membrane and measured resonance fre-
quencies Qo .1/(27) ~ 8.82 MHz, O 1/(27) ~ 14.06 MHz,
and Qg 2/(27) ~ 20.25 MHz, respectively. The vibration
mode was mapped by sweeping the tip position in the
X-Y plane with a step of 2 um while exciting the the lin-
ear mechanical responses of the membrane with constant
external ac and dc signals. The spatial mode maps de-
picting the vibrations of the circular membrane are gen-
erated by plotting the amplitude of the detected signal at
the resonance frequency as a function of the tip position
in the X-Y plane, as shown in Fig. 2. These measure-
ment results reflect the relative vibration amplitudes of
the nanomechanical membrane, as the amplitude of the
detected electrical signal is directly proportional to the
mechanical vibration amplitude [28]. The measurement
results reveal a minor spatial asymmetry compared with
the calculated results shown in the inset of Fig.2. This is
due to the imperfect alignment between the tip and the
Z-axis of the chip.

The scanning tip provides a unique opportunity to
spatially image the mechanical properties of the nano-
electromechanical resonator. Figure 3 (a) shows the
linewidth map of the first mode. It is constructed by
Lorentzian function fitting of the linear mechanical re-
sponses at each position in the X-Y plane corresponding
to the mode map presented in Fig. 2. The damping rate
at the centre of the membrane has higher values than the
damping rate near clamped edges. This is contrary to the
common intuition that the oscillating element closer to
the clamping edge suffers more from so-called clamping
loss [36]. To further verify this phenomenon, we then re-
measure the linewidth of the resonance at 6 different po-
sitions along the diameter of the circular membrane, from
A to F as marked on 3 (a). The difference in linewidth
cannot be neglected, as shown in 3 (b). A monotonous in-
crease with V. is observed, with approximately the same
dependence all over the surface. This shall be discussed
below; but it is clear that the linewidth corresponding to
Vi around 1 V is about 50 % of the value measured with
Ve > 7 V. The value of the linewidth measured near the
edge seems to drop rather sharply.

As mentioned above, the excited mechanical motion
relies on the interaction between the tip and the mem-
brane. The electric fields are symmetrically distributed
across the X-Y plane when the tip is close to the centre
of the membrane. Conversely, when the tip is close to the
edge of the membrane, there may be less effective elec-
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FIG. 1. (a) On the top, SEM image of a metallic tip suspended at the top of the silicon nitride circular membrane which is
covered with an Al thin film [28]. The tip is glued on a printed circuit board (PCB). The membrane is grounded through
bonding wires. The zoomed-in SEM image is shown at the bottom left. The silicon nitride circular membrane, released from
the silicon substrate through a two-step dry etching process (see SI), is presented at the bottom right [28, 34]. (b) Schematic
diagram of the high frequency electrical setup for driving and detection of the chip. The membrane is placed on the top of a
nano-positioner and held in a vacuum chamber during measurement (below ~ 5 x 10~ mbar) at room temperature. Details of
the setup and tip information are presented in SI.
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FIG. 2. Top: measured amplitude of the resonance peaks as a function of the spatial position (X-Y), corresponding to each
vibration mode. Inset, calculation results of the expected modes based on solutions of the n-th Bessel function of the first
kind [28]. Bottom: Examples of the silicon nitride membrane mechanical response, measured around the location having the
maximum signal amplitude in the X-Y plane.

tric field lines terminating at the membrane due to the the tip on the membrane become smaller when the tip
reduction in the effective coupling area. Consequently, approaches the edges of the membrane, even when the
the coupling strength at the tip position near the center biased Vg, and V,. at the tip are held as constant values
of the membrane is significantly different from that when during the measurement. This could result in less dissi-
the tip is near the edge. The effective back actions from pation from mechanical bending in the vibrating mem-
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FIG. 3. (a) Linewidth map for the fundamental mode in the
spatial position (X-Y), measured at Vg =4V, Ve =40 mVj,
and H = 550 nm. (b) Linewidth of the mechanical response as
a function of V., corresponding to the tip position from A to
F marked on the map (a), along the X axis. The measurement
is performed with V,c = 55 mV},, and H = 450 nm. Position
A is taken as the reference point. Position B is offset from A
by ~ 4 pm, and both C and D are offset by ~ 5 pym in two
opposite directions. Positions E and F are offset by 12 pum
and 10 pm respectively.

brane, leading to smaller values of the damping rate. To
better understand this phenomenon, a more complex me-
chanical model is required. The model should consider
the effects of non-uniform driving forces on mechanical
deformation, which have not been fully explored in previ-
ous reports [9, 10, 37]. Besides, the damping rates present
a V4. dependence, presented in Fig.3 (b). We reduce the
tip height and carefully measure the linewidth versus V.
of the second drum sample, which has the same radius
and is located on the same chip. The 7, increases with
increasing V3. and begins to saturate slightly at high dc
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FIG. 4. (a) Linewidth of the fundamental mode as a function
of Vg bias, measured at the centre of the membrane with V.
= 30 mV,, and H = 300 nm for the square with brown and
purple colored edges, and H = 400 nm for the green dots.
Black lines: theory fit using Eq.1 with Voo = 20 mV, ~o /27 =
785 Hz, and op = 17.5 uS. (b) Linewidth of the silicon nitride
membrane nanomechanical resonator capacitively coupled to
a suspended Al membrane top gate and an optical image of
the corresponding device [28]. The device is measured at Vo,
= 1mV,. (c) Linewidth of the membrane as a function of the
tip height, measured at Vg = 5 V and Vi = 30 mV,. The
solid dark blue line is a fit result.



voltages, as shown in Fig. 4 (a). The linewidth nearly
doubles within 10 V. It is quite different from previ-
ous reports that damping exhibited a quadratic behavior
[11, 38]. To verify whether the tip induces the dc voltage
dependence of the mechanical damping in the membrane,
we examined another membrane device with a different
gate coupling scheme. In this device design, the silicon
nitride membrane is capacitively coupled to an Al mem-
brane top gate clamped with four feet on the substrate
[28], instead of the scanning tip, as shown in the Fig.4
(b). The measurement results of the linewidth exhibit
the same tendency as that measured with the tip. It in-
dicates that the V;. dependent damping rate originates
from the nanoelectromechanical membrane in the capac-
itive transduction scheme.

We start from the definition of the quality factor based
on the capamtwe circuit damping model, Q = 27r( Meff-

/(R f 2/ 2dt) with the mechanical displace-
ment u(t) = o - Sin(Q, t) to understand this damping
behavior [8]. The term in the parentheses corresponds to
the kinetic energy stored in the vibrating membrane (over
a period 27 /€,;,) and the term in the denominator is the
dissipated energy in the whole circuit. The mcys cor-
responds to the effective mass integrated over the mode
shape [39]. In the measurement shown in Fig.4, the tip
position is fixed in the X-Y plane and the mode shape is
the same for all V;. dependence measurements. So, the
Mef¢, here, is a constant value for the mode. We used the
capacitive circuit damping model and obtain the equiva-
lent mechanical resistance Ry, = vo-meff/(Vac0Cy/0p)?
through an analog of the LCR circuit [8, 40], where
Cy(H, ) is the coupling capacitance between the tip and
the membrane at height H. Here, the 7y is the intrin-
sic mechanical damping rate caused by clamping losses
and materials. The total dissipation resistance is R =
(R} +00)7!, where o is the conductance of the highly
resistive substrate in parallel with mechanical resistance.
The displacement current [ is therefore given by I ~
(Ve + Vac) 210 Qm - Cos(Qmt) + CyoQm Vae - Cos(Qmt),
with the approx1matlon of 0Cy /0 =~ Cyo/H and Vg >
Vac. The Cyo(H) is the initial capacitance excluding con-
tributions from the mechanical displacement u(t). Thus,
the expression of damping is presented as

(V2 + QVQCVdC )6’2 1
Tm =~ Y0 + meffH2 ’ 0.0(1 + GVd2C>7
(1)
€~ v @)2.

ooYo - Mepr H

A similar model has also been developed in graphene
or carbon nanotube based nanomechanical systems that
have non-negligible resistive elements in their compo-
nents to understand the damping issue [11, 41]. As
demonstrated by this model, the ~,, shows a high de-
pendence on the coupling capacitance, thus making it
sensitive to the H. Using the unique capability of the
SMM, this property has been proved by measurement

results of the resonance linewidth as a function of the tip
height, as shown in Fig.4 (c). The solid lines presented
in Fig.4 are the best fit results by using the Eq.1, by tak-
ing parameters in a reasonable range, such as meyrs ~
4x1071 kg, Cyo - H ~ 5.56x107%2 F-m, V,. = 18 mV,
Vie =5V, 70/27 = 1130 Hz, and o9 = 17.5 pS. This
o¢ value is consistent with the high resistivity properties
of the silicon substrate beneath the membrane. Further
studies of the model and more careful calibrations are
still needed to reach a perfect quantitative fit.

The integration of a scanning tip and microwave in-
terferometry also provides an approach to manipulate
the coherent energy transfer between the tip and the un-
derlying membrane through parametric mode coupling.
By analogy with the optomechanical system [14, 42, 43],
we choose the silicon nitride membrane resonator as the
phonon cavity and pump its sideband at the frequency
Qp = Qo1 £ Q44p, where “4+7 and “-” correspond to the
so-called blue and red sideband pumping, respectively.
This sideband pumping technique can be used to ob-
serve the “optomechanical damping effect”. The effective
linewidth of the tip is modulated by the phonon-cavity
force, described by Yers = Yeip £ |Yopt|- The |Yopt| is the
optomechanical damping whose value is proportional to
the pump amplitude V,, and the “+” (“-”) corresponds
to red (blue) sideband pumping scheme [14, 44, 45]. To
observe it, we probe the tip with a very weak signal
amplitude sweeping around €2;, and pump strongly the
phonon-cavity at its red or blue sideband. Figure 5 (a)
shows that the 7, increases with increasing the V,,, for
the red sideband pumping scheme. The resonance of the
tip is almost damped out at Vj, = 375 mV,,. The energy of
the tip, in the form of phonons, is effectively pumped out.
The variations in the 7, as a function of the V,, follow
the theoretical descriptions of a phonon-cavity nanome-
chanical system [14]. This technique has been used to
dynamically reduce the thermal occupation of nanome-
chanical resonators to approach quantum ground states
in optomechanical systems [46]. For the blue sideband, as
shown in Fig.5 (b), the linewidth decreases as the pump
amplitude increases because the phonon occupation of
the tip increases. It may provide an opportunity to im-
prove the sensitivity of a conventional scanning tip, by
profiting from the blue sideband pumping technique.

In addition, nanoelectromechanically induced trans-
parency can be observed in a red sideband pumping
scheme, when one of the coupled modes is driven with
a large signal amplitude. Its principle relies on using the
sideband pump to create destructive interference with
the probe signal, demonstrating the potential applica-
tion of signal filters. In our previous work [14], a the-
oretical model was developed to describe this classical
nature of the induced transparency by analogy with the
optomechanical system, without considering the Duffing
nonlinearity. When the membrane is pumped at €, =
Qo1 — Q4sp, the displacement of the probed membrane is
given by
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FIG. 5. (a) Mechanical responses of the tip. Red sideband
pumping of the membrane, measured with a probe signal
Vae[Q2] = 5 mV, sweeping around Q;p. Pump amplitude
Vae[Qp] varies from 75 to 375 mV, with a step increase of 50
mV,, from dark green to dark red color. The grey curve corre-
sponds to the situation of the no pump tone. (b) Mechanical
response of the tip, measured by pumping the membrane at
its blue sideband and probing the tip around the frequency
Qip with an amplitude Voc[Qq] = 5 mV,. The pump ampli-
tudes Vqc[Qp] = 100, 150, 175, 200, 210 mV,, from blue to
red color. (c) Red sideband pumping of the membrane and
weak probing of it around its resonance frequency 91 with
Vae[Q2a] = 30 mV, and V,.[Qp] = 325, 275, 175, and 75 mV,
respectively. Here, all measurements are performed through
biasing dc voltage Vg = 5 V, with a tip height H ~ 50 nm.
The black line is a calculation result based on Eq.2. In these
measurements, a background is subtracted from each mea-
sured frequency response curve.

1 Q
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where n,, is the phonon number generated by the pump-
ing force and gg is the single phonon coupling strength.
The destructive interference mechanism is presented in
the denominator part. The pump and probe tones gen-
erate a signal at the frequency €24 — 2, around the £,
through frequency down-conversion. This signal then is
projected back to the membrane due to the pump, form-
ing a destructive interference with the probe signal. This
is the classical nature of the induced transparency in this
two-tone measurement [14]. To measure it, we drive the
phonon-cavity at V,.[Qq) = 30 mV, and pump its red
sideband with different pump amplitudes. This drive am-
plitude is critical to produce adequate phonons cycling
between the photon-cavity and the coupled tip. Figure
5(c) shows clear dips in the resonances of the membrane,
which exhibit slightly non-linear behaviours due to large
driving forces. As the pump amplitude increases, more
phonons are projected back to coherently cancel the drive
signal, resulting in a deeper dip. These measurement re-
sults indicate that this tip-membrane coupled system can
be used for studying phonon tunneling and could there-
fore serve for quantum sensing [32, 33, 47, 48].

Conclusion We have presented a novel platform based
on SMM in which a scanning tip, acting as a suspended
top gate, is used to drive and detect the tiny displace-
ments of a nanomechanical resonator. The scanning
tip, with its features of spatial resolution, has demon-
strated its unique ability to image the mechanical vibra-
tion mode and investigate the linear damping proper-
ties of the membrane. In addition, anti-damping effects
and electromechanically induced transparency have also
been demonstrated in this parametrically coupled tip-
membrane system. This platform extends the current
applications of SMM to the MEMS/NEMS domain and
provides a unique opportunity to study electromechan-
ical properties at the nanoscale. Specifically, it allows
for the convenient study of vibrating elements embedded
in complex circuits, such as microwave optomechanical
circuits [7]. The concept of this experimental configu-
ration will further facilitate research activities to go be-
yond the current frontiers of quantum sensing and quan-
tum engineering. For example, it can be used to study
a few numbers of phonon tunneling and non-reciprocal
phonon transfer across vacuum through quantum fluctu-
ations [32, 33, 47, 48], by taking advantage of microwave
readout schemes which feature high sensitivity and low
heating effects.
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