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Abstract

Suspended aluminum nanoelectromechanical resonators have been fabricated, and the
manufacturing process is described in this work. Device motion is driven and detected
with a magnetomotive method. The resonance response has been measured at 4.2 K
temperature in vacuum and low-pressure *He gas. At low oscillation amplitudes, the
resonance response is linear, producing Lorentzian line shapes, and Q values up to
4400 have been achieved. At higher oscillation amplitudes, the devices show nonlinear
Duffing-like behavior. The devices are found to be extremely sensitive to pressure in
“He gas. Such device is a promising tool for studying properties of superfluid helium.

Keywords NEMS - Sensors - “He - Quantized vortices

1 Introduction

In cryogenic fluids like “He and 3He, immersed oscillating objects such as tuning
forks, wires, grids and spheres have proven to be useful and multifunctional tools
acting as thermometers, bolometers, pressure gauges, viscometers, as well as gen-
erators and detectors of turbulence, cavitation and sound [1-4]. Fluid properties
are usually determined from measured changes in mechanical resonance response
including resonance frequency, line width, amplitude and certain nonlinear effects
(for example, nonlinear drag force resulting from turbulence). For high sensitivity,
a resonator with a low mass and spring constant together with a high Q value is
required. Modern micro- and nanofabrication techniques have enabled creation of
ultra-sensitive probes of the quantum fluids [5—7]. We are pursuing sensitivity to the
force resulting from dynamics of a single quantized vortex attached to a mechan-
ical resonator. This would allow us to study many interesting phenomena, such as
Kelvin-wave cascade on a single quantized vortex in 3He and “*He [8—10]; the role of
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vortex-core-bound fermions in the vortex dynamics in 3He-B [11,12]; vortex friction
due to the chiral anomaly, and the synthetic electromagnetic fields created by vortex
motion in Weyl superfluid *He-A [13]. To reach this goal, we have fabricated sus-
pended aluminum nanoelectromechanical (NEMS) resonators with typical effective
mass ~ 10 pg, dimensions ~ 10 pm and rectangular cross section of 150 nm x 1.1 pm
(see Fig. 1). The goalpost geometry of the devices was inspired by the work of Collin
et al. [14]. The geometry allows for relatively low resonance frequency, which is an
important factor in keeping damping due to acoustic emission in superfluids small
[15].

2 Methods
2.1 Fabrication Process

The fabrication process of the NEMS devices is presented schematically in Fig. 2. We
start with a 5mm x 5 mm high purity (resistivity > 100 2 m) silicon chip with 275
nm of SiO; on top. First, the chip is cleaned in solvent baths (ethyl pyrrolidinone,
acetone and isopropanol) with ultrasound, and a positive tone PMMA (polymethyl
methacrylate, 50k/950k) bilayer is spin coated on top of the chip. The device pattern
is written by electron beam lithography and developed in MIBK/IPA (1:3) solution.
After a brief (15 s) O, plasma cleaning, a 150 nm thick aluminum layer is deposited
on the surface of the chip with an electron beam evaporator. To release the vibrating
structures, the sacrificial SiO; layer is etched with isotropic dry HF vapor process. The
released structure has typically some upward curvature, as seen in Fig. 1. It originates
from internal stress formed in the metal layer due to temperature changes during metal
deposition [16].

Fig.1 SEM micrographs of one of the samples studied in this work (4NN). a The NEMS resonator comprises
of two cantilever feet connected by a paddle. Note the upward curvature of the device away from the Si
surface. b Closeup of the device corner, showing typical grain size (~ 50nm) and the resulting surface
roughness (~ 10nm) of the evaporated Al film
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Fig. 2 Schematic pictures of the chip after each fabrication step (not to scale): a cleaning, b spin coating,
¢ lithography, d metal deposition, e lift-off, and f release etch. The wide structures, such as bonding pads

and wires, remain anchored on top of SiO,, while the nanomechanical resonator is suspended after the
isotropic HF vapor release etch (Color figure online)

2.2 Measurement Scheme

Magnetomotive Measurement The magnetomotive measurement scheme is depicted
in Fig. 3. When a constant magnetic field B is applied in the y-direction, perpendicular
to the paddle of length L, and an AC current I = Iy cos(wt) is fed through the device,
the paddle experiences a Lorentz force F' = I L B in the x-direction. The force drives
the resonator into oscillatory motion at the frequency w. Numerical finite element
method simulations (COMSOL) show that the first eigenmode of the nanomechanical
resonator corresponds to out-of-plane and in-phase oscillation of the two cantilever
feet connected by arigid paddle. In this configuration, the motion of the paddle through
the magnetic field generates via electromotive force a voltage V = xL B across the
paddle, where x is the velocity of the paddle.

Measurement Circuit A schematic of the measurement circuitry is presented in Fig.
4. The excitation current / is generated by an arbitrary waveform generator, followed
by a 40 dB attenuator and a 1.2 k<2 resistor connected in series with the resonator. The
voltage over the resonator is amplified with a preamplifier (input impedance > 10k
at device frequency) and measured with a lock-in amplifier, which is phase-locked
with the generator. The high impedance of the excitation and detection lines ensure
low magnetomotive losses [17]. Indeed, magnetomotive loading is not observed at
the fields B < 100 mT used in this work. The gain of the current and voltage lines
has been calibrated to within 5% accuracy at frequencies below 1 MHz. The value
of the magnetic field is known within 5%. R,,, L, and C, present the resistance,
inductance and stray capacitance of the device, wires and connected electronics, and
they contribute to a background signal, which is a linear function of frequency for
narrow sweeps around the mechanical resonance. This background is subtracted from
the measured response in further analysis of the results.
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I = I cos(wt)
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Fig. 3 The magnetomotive drive and detection scheme (7, B, V) and geometrical parameters (H, L, w,
d) of the devices are depicted. The mode shape of the first eigenmode of the sample 4NN obtained from
COMSOL simulation is also shown. The model does not incorporate any in-built stress. Values of the
geometrical parameters and simulated resonance response for all the three devices studied in this work are
listed in Table 1 (Color figure online)
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Fig. 4 Schematics of the measurement circuitry. The NEMS device is presented with the equivalent RLC
resonant circuit in the dashed box. All electronics are at room temperature, while the NEMS device is placed
in the middle of a superconducting coil magnet at 4.2 K temperature (not shown in the figure)

Experimental Setup The NEMS devices are wire-bonded to a printed circuit board
(PCB) with aluminum wires. The PCB is attached to a copper plate, which is installed
in the vacuum chamber of a dipstick setup. The chamber is immersed in a liquid “He
bath, which provides a stable 4.2 K temperature enabling the use of a superconducting
magnet and ensuring low thermal noise. Twisted pairs of copper wires carry the signals
between the PCB at 4.2 K and the room temperature end of the dipstick, and standard
coaxial cables are used to connect the dipstick to the measurement electronics at room
temperature.

2.3 Theoretical Background

Resonance Response A NEMS device can be treated as a damped oscillator driven
by an external force F = Fycos(wt). At sufficiently small oscillation amplitudes, a
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harmonic approximation is valid. The equation of motion is
. . 2 Fo
X+ yx + wjx = — cos(wt), @))
m

where x, X, X are the displacement, velocity and acceleration of the paddle, y is
the drag coefficient (in units rad/s), and wy = +/k/m is the natural frequency of the
mechanical oscillator where m and k are the effective mass and the spring constant. The
solution in the frequency domain is given by the Lorentzian functions for absorption
and dispersion

. . 2 2
xmaxyza)2 fdisn (@) Xmax Y @ (07 — 0)())
, disp = ,
(@2 — })? + y2w? (@% — ) + y20?

@)

Xaps (@) =

respectively. The maximum amplitude x,x is obtained at the resonance frequency
fo = w/2m, and the full width at half height of the absorption curve is A f = y /27w.
The Q value is defined as Q = fy/A f, and it holds for the maximum displacement
at resonance that xmax = Q Fo/k [18]. At large oscillation amplitudes, the response
becomes Duffing-like nonlinear [19] and shows hysteresis depending on the direction
of the frequency sweep. In practice, we measure the voltages V,ps = Xaps BL and
Viisp = XdispBL, which we convert to velocity or displacement of the beam. The
oscillation amplitudes of velocity xo and displacement x are related as xo = 27 f xo.

Kinetic Damping The force experienced by an oscillating body moving through low-
pressure gas in the ballistic regime is due to momentum transfer in collisions with
individual gas molecules. The moving body experiences kinetic damping [20]

_ (8 (rA
A fiin = <n2> (m(v))’ @

where m is the effective mass, (v) is the average velocity of the gas molecules, p is
the pressure, and A* is the area of the cross section normal to the motion direction
A = w(2H + L) weighted with the velocity profile over the surface. For the NEMS
devices considered here, we have A* ~ 0.6A.

Squeeze Film Force The vicinity of the Si surface to the oscillating NEMS device
results in a squeeze film force, which arises due to compression and decompression
of the gas in the narrow gap between the oscillator and the surface. The force has a
dissipative and an elastic contribution, and in the ballistic regime the corresponding
terms are

pA* T pA*  (w7)?

Afy = T and kg= PR
5t = rmg T @ 4 kst 1+ (w1)?

“)
where g is the gap between device and Si surface, and

8A

T g
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Table 1 Properties of the three NEMS devices studied in this work

Property 4NN 4UN 4UV Description (determined from)

L (pm) 16.9 17.0 20.7 Paddle length (SEM micrographs)

H (pm) 11.0 11.1 11.0 Feet length (SEM micrographs)

w (pum) 1.11 1.12 1.10 Beam width (SEM micrographs)

d (nm) 150 150 150 Beam thickness (evap. crystal monitor)
Jo.rEM (kHz) 466.7 459.0 421.8 Resonance frequency (simulation)

fo (kHz) 475.43 477.92 430.50 Resonance frequency (measurement)
krpem (MN/m) 73.4 72.2 68.2 Effective spring constant (simulation)
k (mN/m) 87.5 77.2 (226) Effective spring constant (measurement)
mpgM (Pg) 8.54 8.68 9.71 Effective mass (simulation)

m (pg) 9.81 8.57 (30.9) Effective mass (measurement)

o 4407 3894 3115 Q value (measurement)

The resonance response is measured at 4.2 K temperature. Values in parentheses were affected by high
contact resistance and are only indicative (see text)

is the diffusion time of “He gas out of the narrow gap [20]. The resonance frequency
increases from the vacuum value as 8 fir & foksr/2k due to the small additional spring
constant kgr < k.

Gas Adsorption At low temperatures, *He gas adsorbs on all surfaces, including the
NEMS device. At low coverages, the Langmuir isotherm

Kp
0= ——— 5)
14+ Kp

can be used to describe the adsorption process. Here, 6 is the fraction of occupied
adsorption sites, p is the pressure, and K is an empirical constant. We assume that the
adsorbed atoms do not induce additional dissipation, but the mass loading results in a
decrease of the resonance frequency 6 f ~ — foAm/2my where my is the mass of the
resonator and Am < my is the mass of the adsorbed gas.

3 Results

Mechanical Properties The geometrical dimensions and measured properties of the
NEMS devices are tabulated in Table 1. The resonance frequency fy, the line width A f
and the amplitude are obtained from Lorentzian fits (Eq. 2) to linear resonance spectra,
such as shown in Fig. 5. The resonance frequencies obtained from the measurements
and simulations agree within 4%, justifying the use of bulk values for the elastic
modulus and the density of aluminum.

The maximum displacement amplitude as a function of the excitation force for
the sample 4UN is shown in Fig. 5. At high oscillation amplitudes, the response
is Duffing-like nonlinear. The resonance frequency shifts down quadratically with
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Fig.5 Response of the device 4UN, measured in vacuum at 4.2 K temperature. a Displacement amplitude
dependence on the excitation force. The black line is a linear fit to the filled circles (linear response regime).
b An example of linear response with Lorentzian line shapes. Such response is observed up to approximately
50nm deflections. The resonance properties are obtained from fits to Eq. 2 (solid lines). ¢ At higher excitation
forces, the response becomes Duffing-like nonlinear with a negative shift in the resonance frequency. The
displacement amplitude for panel (a) is taken from the absorption peak height, when sweeping frequency in
the decreasing direction. The obtained amplitudes deviate from the linear dependence, indicating nonlinear
increase in damping at high oscillation amplitudes (Color figure online)

increasing oscillation amplitude as 8 f = —0.010 Hz/nm?x2,,,, where xpay is the

oscillation amplitude at resonance when sweeping frequency in decreasing direc-
tion. The effective mass m and the spring constant k are extracted from the slope of
the displacement-force curve in the linear regime using the relations k = a)(z)m =
Oxmax/ Fo. For the samples 4NN and 4UN, the simulated values for m and k agree
with measurements within 20%. For the sample 4UV, the measured values are a fac-
tor of three larger than the simulated ones. Such discrepancy could be explained by
an unaccounted contact resistance of ~ 2k in the excitation line, perhaps due to a
defective wire bond to the sample. Simulated values of k and m are used for the sample

4UV in the further analysis.

Pressure Dependence We have measured pressure dependence of the resonance
response for the sample 4UV, and the results are presented in Fig. 6. The line width
increases linearly, as expected from the theory (Eqs. 3 and 4), and we infer the gap
distance g ~ 2.3 wm from the slope of the linear fit. We note that the gap distance
approximately doubles from the value inferred from SEM images at room temperature
(g &~ 1.2 wm). We expect that the increased deformation results from increased stress
due to different thermal expansion coefficients of the aluminum layer and the silicon
substrate.
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Fig. 6 Resonance response of the sample 4UV as a function of pressure, measured in “He gas at 4.2
K temperature. The resonance line width A f (red circles) increases linearly with pressure as expected
from theory (Eqgs. 3 and 4). The thick solid line is a linear fit to the data, from which we infer the gap
distance g ~ 2.3 um. For comparison, we also plot the response expected from the phenomenological
model presented in Ref. [21] using the given fit parameters a and b obtained for gap distances g = 4 um
and g = 50 um, and extrapolated parameters for gap value ¢ = 2.3 um (thin solid, dashed and dotted
lines). The measured frequency shift § f (blue filled squares) has contributions from the squeeze film force
(Eq. 4) and adsorbed mass. The blue empty squares present the frequency shift with the squeeze film effect
subtracted, and it corresponds to the adsorbed mass Am. The adsorption is well described with a simple
Langmuir isotherm (Eq. 5, blue dash-dot line) up to about 0.2 mbar, where the adsorption saturates at
coverage 0.073A72, or approximately one monolayer of 4He (thick dashed line) [22] (Color figure online)

Interestingly, M. Defoort et al. [21] report on decreased damping and deviation
from the linear pressure dependence, as the mean free path of gas /g exceeds the
gap distance g. In our measurements, the mean free path varies between 5 and 60 gap
distances. We plot in Fig. 6 the expected response obtained from the phenomenological
model A f o< p/(1 + b(lmfp/g)?) suggested in [21], using the given fit parameters a
and b for the gap values 4 pm and 50 pm. We estimate a and b for g = 2.3 pm from
linear extrapolation of the parameters. In our devices such nonlinearity, originating
from the effective limitation of the mean free path by diffusive scattering from the
surfaces is not seen. We note that in the work [21] the surfaces were very rough,
resulting from the XeF; etching step. The HF vapor process used in this work does
not attack the underlying Si substrate or the Al device layer and results in surfaces
with more specular reflection.

4 Conclusions
Suspended aluminum nanoelectromechanical resonators have been fabricated and

operated in vacuum and low-pressure “He gas at 4.2 K temperature. Q values up
to 4400 have been achieved. The high sensitivity of the devices is demonstrated by
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large changes in resonance response, as small quantities of “He gas are admitted to
the vacuum chamber. Such devices show promise as sensitive probes of the quantum
fluids.
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