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Abstract Microfabrication techniques have made possible the readizati me-
chanical devices with dimensions in the micro- and nano-sdateain. At low
temperatures, one can operate and study these devices in welhzd condi-
tions, namely low electrical noise and cryogenic vacuum, tithability to use
high magnetic fields and superconducting coating métdereover, the temper-
ature turns out to be a control parameter in the experimental stuaigchanical
dissipation processes, with the cryogenic environment ergsthiat only low en-
ergy states are thermally populated. Immersed in a quantum thede MEMS
and NEMS devices (micro and nano electro-mechanical systemg)rohe the
excitations of the liquid at a smaller scale, with higher fretpies and better res-
olution than "classical” techniquésWe present experimental results obtained in
vacuum on cantilever NEMS structures which can be both magraiee and
electrostatically driven. The device is extremely sensitiith vesolved displace-
ments down to 1A using conventional room-temperature electronics. It is cali-
bratedin-situ, and frequency/non-linearity can be tuned electrostaticah de-
sign should allow parametric amplification to be used.

PACS numbers: 62.20.Dc, 62.40.+i, 81.40.Jj, 47.45.-n, 4&E5

1 Introduction

Since the first experiments using taught superconducting winesersed in a
(quantum) fluic, "vibrating wires” are nowadays a classic probe used by low
temperature physicists. The technique, later adapted in the dbsemi-circular
filament loops, gives access to the viscosity of the fluid tghotlne damping and
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the frequency shift measured on the structure’s mechanical batkeeh res-
onance (fundamental out-of-plane flexural mode). The lowest terpesaever
achieved in superfluidHe have been measured by vibrating wivéglirectly in-
side the liquid. Extremely sensitive cosmic particle detectorsehiawen realized
with superfluid®He bolometers using vibrating wirksThe low temperature me-
chanics of these superconducting filaments (in vacuum) hasextensively stud-
ied, down to below a milliKelvirf.

While many groups have been employing quartz tuning forks to ceplé
brating wire$°19 the Grenoble group has been working on "goal-post” shaped
silicon device$. Indeed, aluminum and niobium-coated MEMSwere tested in
the range 1 K - 30 K, and they displayed perfectly suitable cheratts'%: low
dissipation, rather high frequencies and controlled non-litieariThe versatility
of microfabrication enables to make complex designs, scdlimgn the sizes from
MEMS to NEMS?), the lattef? displaying frequencies in the MHz range with
quality factors of the order of £0- 10*. Moreover, our cantilever-based geometry
is perfectly well suited for low temperature mechanics experig)grbbing ma-
terials characteristics and non-linear dynamics. These ismeesssential to the
realiﬁgtli‘?n of optimal probes, and devices meant to be browagthteir quantum
limit +>%

In the present article we report on the realization, the first low t¥atpre
measurements together with our calibration method of an 8 MEXS goal-
post shaped device mimicking the vibrating wire geometry, fgtioth an elec-
tromotive and magnetomotive drive. The system’s resonancbeandely tuned
with a DC voltage, the non-linearity can be adjusted, the magnetive drive and
detection are perfectly linear while the non-linear electromeoticheme enables
parametric drive/amplification to be used.

2 Experimental details

The NEMS device is obtained from thick SOI wafers (composed of artB0
silicon layer and a 1000 nm sacrificial silicon oxide layér)After an e-beam
lithography, the structure is patterned by means of Reactive tichirky (with Sk
through an Al mask). The 1000 nm oxide is then removed by a chéwsipar HF
etching, releasing the vibrating element. As a last step, aftgping the initial
Al mask a thin 50 nm layer of (unstrained) aluminum is depositedhe whole
chip.

The device is composed of a mobile goal-post structure (two fekedi by
a paddle), plus a capacitively coupled gate electrode sepdmgta 100 nm gap
(total capacitance to ground measured to be 300 fF, see belowjjaidelectrode
is directly connected to a voltage source, while the goal-pastipaonnected to
a current source (1.1¢k resistor) and a lock-in amplifier (detection, IMnput).
The NEMS mobile part metallic layer is about 100 Q at 4.2 K, in a 4-wire low
frequency resistive measurement. The device is glued on a tetuperagulated
copper plate sitting in a vacuum chambeg(P0~® mbar). A DC magnetic field is

1 MEMS: micro-electro-mechanical-systems.
2 NEMS: nano-electro-mechanical-systems.
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Fig. 1 (Color online) NEMS device. The structure is goal-post sttgpvith 3um feet, 7um
paddle, 250 nm width and 150 nm thickness. Also shown is aidgpef the detection and drives
schemes (generatoy the left one corresponding to the gate voltage with a DC anéd@
contribution, and the right one to the AC current drive). Tiggnders represent coaxial cables
(typ. few meters of low loss, 100 pF/m). A static magnetiaffiglcreated by a superconducting
coil lies along the sample.

imposed along the sample. An SEM (Scanning Electron Micro9quiptire with
a drawing of the experimental setup is given in Fig. 1.

The magnetomotive excitation and detection scheme is eddémm the stan-
dard vibrating wire technique. A sinusoidal currégtos(wt) is fed in the goal-
post structure’s metallic layer which lies in a static magnééld B. A magneto-
motive forceFmag = lo| Bcos(wt) appears pulling the structure out of the plahe (
is the length of the pad). As the angular frequentis swept through the mode
resonancey the structure starts to vibrate and an induced voltagd Bdx(t) /dt
appears at its ends (wikthe top end displacement). It is detected with the lock-in
amplifier, giving access to phase (X) and quadrature (Y) signddst(e homo-
dyne detection).

The electromotive drive consists in a voltagg + Vo cos(w't + ¢ ) applied on the
capacitively coupled electrode. A phagecan be imposed between the current
drive and the voltage drive. The driving force obtained (on the feqgart) is
thus:

19C(x V2 V2
Foec = +§ di ) (dec+ 70 + VgVocos w't + @) + 70 coq2w't + 2¢)> (1)

with C(x) the capacitance of the gate to the goal-post NEMS. Writing &seri
expansion of the capacitance brings:
dC(x) dC(x=0) N 9°C(x=0)  13%C(x=0) , 19'C(x=0)

x3. (2)

X X ox? 2  o0xd X 6 oJxt

We immediately realize from Eqgs. (1) and (2) that the applied geltaill allow
usto:

— drive the NEMS, i.e. first term in Eq. (2),



— tune the resonance frequency, i.e. second term in Eq. (2),
— and adjust the Duffing-like non-linear coefficient, last termg&g. (2).

Clearly, the resonance frequency tuning can be used for parammipidieation
(and drive) with a proper choice of the voltage drive frequestiP.

Note that neither the current drive, the voltage drive, nor thedi®en lines are
50 Q adapted, in order to provide a high impedance isolating enwissn for
the NEMS. At about 8 MHz (NEMS resonance frequerigy= ayp/2m) the true
drives and detected amplitudes have to be carefully calibrdfedoteG, (w) the
losses on the current lin€y (w) on the voltage line anGp(w) on the detection
(defined as the ratio of the voltage experienced at the NEMS elégithe one
measured at room temperature). Below 0.5 MHz, allGhare measured to be 1
to % accuracy.

3 Results

In Fig. 2 (bottom part) we show the characteristic displacemensuggmagneto-
motive) force curve at 4.2 K in vacuum. The graph has been obtaiftedchaving
carefully calibrateds, andGp, with the procedure described below. In the insets,
we show the resonance lines measured at the two extremes oftlee\aery small
and very large displacements. All these data are taken witmguvoltage applied

to the gate.

Note the very large dynamic range spanned by our experiment,theme3 orders

of magnitude. We see both a non-linear damping characteristieecaluminum
coating, similar to the one observed in MEMS devide's(slight curvature at the
top end of thex vs Fy curve), and a non-linear Duffing-like contribution which
distorts the resonance lines. This Duffing-like non-linear digmeaon our device

is exceptionally small, for 0 V on the gate electrode (the riglsetnn Fig. 2
looks practically as Lorentzian as the left one). Indeed, a estilstructure is
inherently less non-linear than a doubly clamped beam. Haweue non-linear
contribution iseven smaller than what we expected for a geometrical non-linear
behaviot2. We have tested different NEMS structures with similar aspeisat
and geometries, but different coating metals. For all thesetsires, we obtain
noticeably different non-linear behaviors, while in the case of pure geometrical
non-linearities in MEMS the signature is simitér We thus have to attribute the
small non-linear behavior to a (at least) partial cancellabbthe geometrical
non-linear behavior by materials non-linear contributions.

On the other hand, we can artificially increase the non-lineavitly a gate volt-
age, generating hysteresis in the device (top graph, Fig. 2).

In Fig. 3 we present the resonance frequency tunability obtamedigh the
voltage applied on the gate electrode. In Eq. (1), we firsMys#o obtain the the-
oretical parabola and define the second coefficient of Eq. (2)93@/dx%. The
tunability is of the order of 200 kHz per 10 V and positive, whis in agreement
with the literature for out-of-plane motidf (NEMS-electrode gap of 400 nm),
and larger by about a factor of 4 (our gap is 100 nm). Note thatdoddstorted
structuré?, the tunability was much smaller amegative, consistent with Ret2
for a motion corresponding to an in-plane configuration.

Secondly, we us¥j at various frequencie® and scale the obtained parabola on
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Fig. 2 (Color online) Displacementversus magnetomotive forég at 4.2 K in vacuum (values
quoted inrms, no voltage on the gate). The field was typically smaller thdesla, with currents
smaller than 5QuA. The left inset corresponds to the smallest excitatiomsp{dcement about
1.5,&), while the right inset corresponds to the largest (ab@@® 83m). Red is the X component
while green is the Y. The resonance line corresponding toitibked datapoint, measured with a
gate +4 V DC bias is shown at the top, demonstrating voltageded hysteresis (dark and light
colors, arrows) which is evidence for a non-linear behavior
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Fig. 3 (Color online) Tunability of the resonance, in the lineaginee (small displacements), at
4.2 K in vacuum. The black squares are obtained by varvig@nd keeping/o = 0. The green
dots areVyc = 0, w/2m= 3.6 MHz, the red triangles aié. = 0, w/2m= 7.2 MHz and the blue
stars aré/yc = 0, w/2m = 14.4 MHz. The fit is the theoretical parabola, yielding the seton
coefficient of Eq. (2).

the DC result, yieldingsy (w). We chose the frequencies to be off resonant with
the NEMS, in order to safely neglect the oscillating terms in &Y.

Knowing Gy (w), we then apply a voltage on the gate electrode at various (hon-
resonant) frequencies, and measure the current obtained in theSN&f the
lock-in amplifier (i.e. on the metallic layer 110@). We fit the result with a capac-
itance for the gate electrode of 300 fF (total value including siicacouplings
from the pads to ground strips), plus a low-pass filter composedeaf1BQ in
parallel with the detection coaxial cable, Fig. 4. We thusohBp (w).

Finally, we drive a current through the NEMS at various (non resQriesquen-
cies, and measure again on the NEMS’ 1@0the obtained voltage. Knowing
Gp(w), we can determin&, (w) which is also fitted to a low-pass filter, Fig. 4.
The modeling is very good up to 8 MHz; the calibration procedurguisued at
higher frequencies, but the results cannot be fitted by simplgolss expressions
due to complex reflexion patterns occurring in the impedance ratsimad lines.
The present procedure is very accurate, and relies only on thegacdlthe AC
measurements on the DC ones, knowing properly the drive resistioe current
source (for us, 1.1®). It enables to plot Fig. 2 in real units, thus weighting the
NEMS structure. We obtain the effective values- 1.3 10 1° kg for the mass and

k = 2.55 N/m for the spring constant, consistent with calculations.
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Fig. 4 (Color online)In-situ calibration of the lines (4.2 K). Top: defining the detectipain
Gp(w) by measuring the current through the NEMS when driving ttgac#ance with an AC
drive Vp = 100 mVims. Bottom: definingG, (w) while driving the NEMS with a curreniy =
160 nAms. Black lines are low-pass fits explained in the text.

4 Conclusions

We present experimental results obtained on an 8 MHz NEMS at 4Th& de-
vice has an extremely broad dynamic range down to very smallatispients
(1 A), and can be both actuated with an electromotive and a mamiotitee force.
The resonance frequency can be tuned with a DC voltage over arande. We
demonstrate that the setup can be calibrated in situ to olstarfdrces and dis-
placements in m and N respectively. The capacitive couplivakes also to tune
the Duffing-like non-linearity, or to use parametric amplificatsthemes.
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