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Abstract We have characterized the mechanical resonance properties (ioth li
ear and nonlinear) of various doubly-clamped silicon nitrideamaechanical res-
onators, each with a different intrinsic tensile stress. The oreagents were car-
ried out at 4 K and the magnetomotive technique was used to aniteletect the
motion of the beams. The resonant frequencies of the beams & nmegahertz
range, with quality factors of the order of1®Ve also measure the dynamic range
of the beams and their nonlinear (Duffing) behaviour.

PACS numbers: 74.70.Tx,74.25.Ha,75.20.Hr

1 Introduction

It has been known for some time now that by tuning the tensile fmn@nanome-
chanical beam, it is possible to tune the resonant frequencyaaldy factor Q)
of the devicé. In this sense, silicon nitride is a very interesting material as i
possible to induce in it a significant amount of tensile sti®sadjusting the pro-
cess by which the layer is deposited. It is therefore of no surpniskein recent
years, high-stress silicon nitride nanomechanical resonateesattracted consid-
erable interest in the nanomechanics community. A numberpgrgxental stud-
ies>3456."have reported extremely high factors (low mechanical damping) in
these devices. The higQ factors, combined with their extremely small masses
and high resonant frequencies make them the ideal candidatesutying fun-
damental physics in the purely classfé&and quantum regimé8. Furthermore,
their use has also been demonstrated as ultrasensitive protmeass! and tem-
peraturé? sensing applications.
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Fig. 1 (Color online) Scanning electron microscope image of acgipsilicon nitride nanome-
chanical resonator used for the experiments describedsmpéper. The doubly-clamped beam
has dimensionk= 15 um, w = 250 nmt = 100 nm, and is coated with 30 nm of aluminium.

In this paper, we report on measurements performed in vacuum atrigpete
atures on silicon nitride doubly-clamped nanomechanical résmaNe present
results on two samples of similar dimensions but with differi@Abuilt tensile
stresses. We characterize the mechanical properties of the featim the linear
and nonlinear regimes of operations) as a function of this do@ and demon-
strate that these devices can be very useful for ultra low temperatperiments,
much like other structures of similar dimensions previoushylitd!3,

2 Experimental details

Our devices were fabricated as doubly-clamped beams on wafesosenh of a
silicon substrate with a 100 nm of LPCVBilicon nitride layer on top. The wafers
were first cut into 1.5¢< 1.5 cm pieces and, after cleaning, were coated with a 100
nm thick layer of PMMA (positive e-beam resist). The devices wefindd using
e-beam lithography and the PMMA was then developed in MIBK:IPAitsan
in the volume ratio 1:3 for 30 s, followed by a quick rinse in IPA. T8anples
were then coated with 30 nm of aluminium using an e-beam evappiaep-
ing the pressure below 16 mbar during the evaporation. The remaining resist
was removed by placing the samples in N-methyl-2-pyrrolidinoretism for 1
hour at 80C. Finally, the beams were released via dry etching: this immBn
anisotropic etch of the silicon nitride in a §plasma (RIE) followed by an XeF
etch of the underlying silicon for about 15 minutes, at a pressfigeTorr. The
SEM image of a typical doubly-clamped beam fabricated usiageabhnique de-
scribed here is shown in Fig. 1. The pad near the beam is a gateoele: by
appl%ilgg a dc voltage to it, it is possible to tune the mectaproperties of the
bean .

The devices were placed in a helium cryostat, inside a smaliuraccan, and
all the experiments were carried out at 4.2 K. The resonators wereffarthigh-
impedance electrical circdf, their electrical resistanaebeing around 8@ (at
4.2 K using a 4-wire measurement). The motion of the beams waatadtand
detected using the magnetomotive transduction sch&nde high impedance

1 Low pressure chemical vapour deposited
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Fig. 2 (Color online) Frequency tuning of the resonance of Al usirdg voltage on the gate
electrode. For this measurement, the device motion wasiketpie linear regime. No major
change was observed on tiefactor of the resonator. The full line is a quadratic funcfi®
The error bars are smaller than the symbols. Inset: reseriares (in-phase and out-of-phase
components) obtained in the linear regime.

circuit means that the correction to be applied to the measuredaese param-
eters (frequency, linewidth) due to the magnetomotive techifyisevery small,
and we can therefore extract the properties of these devices vemaselg. From
the resonance lineshapes, we extracted the frequenci€3 factbrs of the beams
in the linear regime. Furthermore, by changing the drive currengneiic field
and the voltage on the gate electrode, we fully characterizeihtérea and nonlin-
ear properties of the devices.

3 Results

Two resonators were studied, one with a stress of about 100 MPaftesrealled
sample Al) and the second one with a stress of 600 MPa (sampleDag2ice

A2 had a resonant frequency of 14 MHz and an intrinsic (unloa@edj) about
24000, whereas Al had a frequency of 7 MHz an@ af 16500. This confirms
the large impact of the in-built tensile stress on the mecladpioperties of such
small devices and is consistent with previous studies on loaijeon nitride
nano-string$. By applying a dc voltage on the gate electrode, we were able to
significantly shift the resonant frequencies of the beams, agrsivith the exam-

ple curve in Fig. 2 for device Al. The ability to tune the meclkahiesonance of
the beam with a gate electrode allows one, for instance, to mkef parametric
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Fig. 3 (Color online) Log-log plot of the displacement versus #ocarves for both devices. The
straight lines are fits to the experimental data from whiclobin the spring constaktof the
beams. The values extracted here are consistent with tHEwgyerror bars are smaller than the
symbols.

amplification’. However, no significant effect was observed in@actor of the
resonator, or even in its nonlinearity as has been observedrevaps device of
similar size**. This is most likely due to the fact that the beams are alreadgun
considerable amount of stress, and the dc voltage applied gategup to 10 V
here) is not enough compared to this intrinsic stress.

Fig. 3 shows the characteristic displacement versus force d&ined for
the samples measured. Both the displacement and force havedlealated in
real units after careful calibrations of the signal injection detkection lines as
explained in detail elsewhete Both devices demonstrate an extremely large dy-
namic range (before any plasticity appears), at least up to abaun5@hich is
nearly half of the total thickness of the beams. The straigkstlare fits to the data
from which we determine the spring constant. All the values medgtnequency,
spring constant and mass) are in very good agreement with thesvadileulated
(typically +10%).

We also characterized the beams in the nonlinear regime by gritiem at
large displacements. Although no change inGhfactor was observed, the reso-
nance lineshapes of the resonators became increasingly asgsystewing hys-
teresis and bistability at the largest drives (inset Fig. 4).idrdinearity observed
in these devices is the typical Duffing type nonlinearity; aaesg force pro-
portional tox® has to be included in the dynamics equation. This nonlinearit
renormalizes the natural frequency of the resonator by a f@t@rwheref is
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Fig. 4 (Color online) Log-log plot of the frequency versus disgaent for both devices. The
full lines are quadratic fits to the data from which we deterthe nonlinear (Duffing) ternf,
which appears for large displacements. Inset: examplexaeme line in the nonlinear regime.

the nonlinear coefficient, and can be positive or negatiyeedding on whether
the frequency shifts up or dowWh As seen in Fig. 4, the frequency of our de-
vices shifts upwards, demonstrating a positive nonlinearityni~the quadratic
fits to the data, we determine the nonlinear coefficients, lwhie in very good
agreement (within 10%) with theoty.

4 Conclusions

We have measured the mechanical properties of two silicon aitdchomechani-
cal resonators at 4 K. The doubly-clamped beams were fabricaitegl asombi-
nation of e-beam lithography and dry etching techniques. Thetion was actu-
ated and detected using the magnetomotive technique. Theesenators vibrate
at megahertz frequencies wifhfactors of the order of 1 the one with the larger
stress having a larger frequency a@gdwhich is consistent with previous studies
on silicon nitride structures. Furthermore, both beams exhibierg large dy-
namic range, of at least 50 nm which is quite remarkable takittggaocount they
are only about 100 nm thick. At large displacements, the beses the nonlinear
regime with the resonance lineshapes becoming increasingyynasric, as well
as bistable. In this regime, the nonlinearity comes from the aigwhent induced
stress in the beams, which adds to the intrinsic stress alreasigria them. This



nonlinear behaviour is well described by adding a Duffing typelinearity to the
equation of motion of the beams.

Finally, through our measurements we have fully characterizedlevices,
and obtained their resonant frequenci@s$actors, spring constants and nonlinear
coefficients in real units. This is extremely useful for future expents with such
devices, at even lower temperatures where quantum effects staghto play a
key role.
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