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ABSTRACT

We have developed a method of measuring resonance
properties of high frequency nanoelectromechanical res-
onators for inertial sensor applications based on capaci-
tive downmixing. The technique takes advantage of the
electrostatic actuation of the resonator to use it as a
mixer. It also greatly reduces the effect of the cross-talk
between the detector and actuator circuits. We achieve
the detection of few nanometers oscillations and capac-
itance variations of few attoFarads of doubly clamped
beam resonance up to 13.5 M Hz at room temperature,
demonstrating that downmixed capacitive signal detec-
tion is a viable high-sensitivity method of displacement
detection in high-frequency NEMS.

Keywords: nanoelectromechanical systems, nonlinear
dynamics, resonant sensors, capacitive downmixing

1 INTRODUCTION

Nanoelectromechanical systems (NEMS) are emerg-
ing as strong candidates for a host of important appli-
cations in semiconductor-based technology and funda-
mental science [1]. At this level, the electric character-
ization of such nanoelectromechanical force sensor is a
challenge. In fact, the high-frequency signals are nor-
mally cut off due to the limited bandwidth of the read-
out circuitry dominated by stray capacitance between
the large amplifier and the high impedance tunneling
junction. Some methods have been suggested to solve
this problem: using several amplifier stages instead of
a single transimpedance amplifier [2], inserting an LC
resonator to transform down the tunneling junction re-
sistance [3], employing pump-probe techniques [4], [5] or
more recently the scanning tunneling microscopy down-
mixing readout technique [6].

In this paper, a new technique for the electrical char-
acterization of capacitive NEMS resonators has been de-
veloped in order to overcome the problems of parasitic
impedances at high frequency. Our technique utilizes
two AC' signals and the intrinsic properties of the res-
onator to perform heterodyne downmixing of the sig-
nal to a much lower frequency, which can then be de-
tected by standard circuitry without significant signal
loss. Not only does this increase the detected signal,

it also greatly reduces unwanted background from the
cross-talk between the detector and actuator circuits.
The measurements are performed on the sensing part
of a typical M&NEMS accelerometer, which has been
designed and fabricated in order to validate our charac-
terization method. This technique permits tuning the
signal to nonlinearity ratio and sensing the nonlinear
nanomechanical motion in high-frequency resonators.

2 DEVICE AND PROCESS FLOW

In order to improve the performances of microma-
chined resonant accelerometers, MEMS and NEMS tech-
nologies have been used on the same device. The proof
mass was patterned at a MEMS level to keep sufficient
inertial force while the unique NEMS part is a very sensi-
tive sub-pm suspended resonator. The M&NEMS tech-
nology is based on SOI substrate, with a silicon top layer
thickness equal to the NEMS resonator thickness. The
process flow starts with the lithography and etching of
the NEMS resonator and of the bulk contact. Then
a 0.3 um thick oxide deposition followed by a lithog-
raphy and etching of the nanoresonator protection are
proceeded. In the same step, an over etching of the
oxide is led to open the silicon bulk contact. A few
microns thick silicon epitaxial growth is done to real-
ize the MEMS part. Depending on the silicon doping
level of the MEMS part, an implantation step can be
added for the electrical contact pads. Contacts are de-
fined by a 0.5 um metal deposition followed by a lithog-
raphy and etching of pads. A last lithography step and
a DRIE of silicon thick layer is proceeded to make the
MEMS structure, to isolate the bulk contact, and to
open the SiO2 protective layer of the NEMS. The re-
lease of the sensor then is achieved by HF-vapor etch-
ing. Using the presented flow, with the 6 mask levels
of the M&NEMS technology, a first high-g accelerome-
ter was designed and fabricated in the 8” silicon plat-
form of the LETI. For that proof of concept device, the
resonator was limited to 0.250.5 um? section, and the
MEMS thickness was reduced to 2m thick. The total
area of the accelerometer is less than 0.1 mm?2. SEM
image of an in-plane M&NEMS accelerometer is shown
in Figure 1.

The critical part in the designed accelerometer is the
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Figure 1: (a): SEM view of an in-plane M&NEMS ac-
celerometer. (b): A focus on the gauge lets clearly ap-
pear the MEMS inertial mass of 2 um thick, and the
sub-pm resonator that has a section of 0.250.5 um?. (c):
A SEM image of a designed nanoresonator.

resonator which has been fabricated at the NEMS level
(500 nm thick) with frequencies in the MHz range. In-
deed, the smaller the structure the sooner nonlinearities
oceur [7]-[11] and the read out capacitive signal bellow
the critical amplitude (few nanometers) is very low (few
attofarad). Combined with the parasitic impedance cross-
talk issues at high frequencies which changes the ex-
pected behavior of the electrical circuit, this makes the
characterization of such devices complicated. It is then
a challenge to find the adequate electrical measurement
technique for the dynamic characterization of these na-
noelectromechanical resonators.

3 CAPACITIVE DOWNMIXING

3.1 Principle

The downmixing technique has been widely used in
NEMS read-out to avoid high frequency problems by
making measurements at a lower frequency through syn-
chronous lock-in methods [12]-[14]. A working principle
schematic is shown in Figure 2. A periodic electrostatic
force is generated between the actuation electrode and
the clamped-clamped beam in order to enable the oscil-
lation of the resonator at its first bending mode shape
which corresponds to the first harmonic (the primary
resonance at the frequency w). Moreover, the beam is
polarized using a periodic voltage which corresponds to
the second harmonic at the frequency w + Aw. Con-
sequently and due to the NEMS mixing, a capacitance
variation is generated between the beam and the detec-
tion electrode at a low frequency harmonic Aw. Thus,
the created low motional current at the frequency Aw
is detected using a lock-in amplifier (LIA). The latter
needs a reference signal, which is created thanks to an
RF mixer in order to track the resonance peak at the
low frequency Aw.
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Figure 2: A working principle schematic of a capacitive
downmixing setup.

3.2 Configurations

The current I,,; between the resonator and the de-
tection electrode is converted into the tension V,,; due
to an equivalent impedance that corresponds to the ca-
ble capacitance (= 100pF') in parallel with the lock-in
input impedance (a capacitance of 25 pF’ in parallel with
a resistance of 10 MQ)). For a frequency > 1 K Hz, the
equivalent impedance is reduced to the capacitance due
to the cables and the lock-in input Zj,0q = Cload =
125 pF'. Under the effect of the electrostatic forces ap-
plied to the beam, we consider that the resonator vi-
brates on its first mode at the frequency w close to its
primary resonance wy. We consider also the phase ¢
which can exist between the vibration of the beam and
the harmonic w of the actuation force. At resonance, the
beam displacement is w(t) and the capacitance between
the beam and the detection electrode is assumed to be:

Ca(wt) = Coq (1 + w(t). cos(wt + ¢)) (1)

The current I,,; is then:

dQ

aQ dcy d(U, — U,)
dt

:(Ub*Us)W+Cd i

Iout =

We assume that V;, >> V;, hence:

dCy dUy
I = _— _—
out (t) Ub dt + Cd dt
= (w — A;) .Cog-w(t).Vysin (2wt — Awt + ¢)

+ (w — Aw) .Cyq.Vp sin (wt — Awt)
A
+7“00d.w(t).v,, sin (Awt +¢)  (3)

The measured voltage via the LIA is then:
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The beam displacement w depends on the electrostatic
forces. In order to simplify the following analysis, only
the actuation force is considered. Then, the electrostatic
force can be written as:

Cn U, — U, 2
|| Fetecllw = 760.b.l % 8)
(ga - U))

This electrostatic force depends on the actuation voltage
U,. Three different configurations have been identified:

e O configuration: U, = Vy. + V, cos(wt) and the
excitatory harmonic is proportional to 2V, V..

e 2Q) configuration: U, = V, cos(4t) and the excita-
tory harmonic is proportional to %Vf

e V.V, configuration: the actuation voltage is:

U, = V, cos(2wt — Awt) (9)

Hence:

1
(Ua - Ub)2 = —Va.% Cos(wt) + §Va2
1
+§Vz)2 — VoV cos(3wt — 2Awt)
1 4
+2V7? cos(—wt — 2Awt)
2 2
1
+§Vbz cos (2wt — 26wt) (10)

The first term on the right hand side of Equation (10) is
the excitatory harmonic which is proportional to V, V3.

H(Ua - Ub)2||w =V.Vp (11)

4 EXPERIMENTS

For the sake of simplicity, several resonators designed
for the considered M&NEMS accelerometer have been
fabricated as isolated structures in order to validate the
capacitive downmixing on high frequency NEMS. Af-
ter some tests on the three capacitive downmixing cat-
egories, the last configuration (V,V;) has been chosen
for the electrical characterization of NEMS resonators
electrostatically actuated. Compared to 2 and 22 con-
figurations, the last configuration gives the highest back-
ground to signal ratio (SBR) (low V, and high V}) while
it keeps a low noise level (20 — 30nV).

The considered device under test is shown in Figure
1(c). It is 15 pm long, 500 nm thick, 400 nm wide, the
actuation gap is 1 um, and the detection gap is 250 nm.
It was placed in a vacuum chamber and measurements
were performed at room temperature.

4.1 Linear Behavior

Figure 3 shows two linear resonance peaks obtained
by capacitive downmixing (V,V, configuration) for an
actuation voltage of 50mV. The experimental reso-
nance frequency is around 13.5 M Hz. The negative fre-

Uou(1V)
0.20 14 KHz

: ) f(MHz)
13.46 13.48 13.50 13.52 13.54

Figure 3: Linear resonance peaks experimentally mea-
sured using the V,V, capacitive downmixing technique.

quency shift with respect to the theoretical frequency
(156 MH~z) is due to the residual compression stress
combined with the fabrication defects and the variation
of the Young modulus for silicon nanostructure.
Remarkably, The experimental setup enables the de-
tection of very low capacitance variations (the static ca-
pacitances are Cy, = 40aF in actuation and Cyy =
210aF in detection) as demonstrated by the curve at
the right where the output voltage is below 100nV for
a bias voltage V;, = 5V and the measured quality fac-
tor is around 7000. When the bias voltage is increased
from 5V to 7.5V, the frequency is shifted by 14 KHz
due to the negative electrostatic stiffness proportional
to V;2 (for V, << V;). The dynamic bending deflection
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Figure 4: Nonlinear hardening resonance peaks experi-
mentally measured using the V,V}, capacitive downmix-
ing technique.

of the beam w(x,t) is proportional to V;, V, as well as
the quality factor. Moreover, the output voltage Vi, is
proportional to V;, and w(z,t). Therefore, for a given
drive voltage, the output voltage is proportional to the
product Q.V;2. Obviously, for a bias voltage of 7.5V,
the ohmic losses [15] significantly increase and conse-
quently, the quality factor decreases from 7000 down to

6000. The ratio between the two peaks amplitudes is
QQ‘VbQQ
Ql‘vbzl ’

around 1.9 which is approximately equal to

4.2 Nonlinear Behavior

Figure 4 shows two nonlinear hardening frequency
responses measured on the same nanoresonator at an
actuation voltage of 100mV. The peak at the right is
close to the critical amplitude A., even if the output
voltage is about 200V which is close to the amplitude
of the linear peak at the left in Figure 3.

Since the dynamic bending deflection of the beam
w(x,t) is proportional to V, and the quality factor, the
increase of the drive voltage (for a given bias voltage)
amplifies proportionally and purely mechanically the out
put voltage V,,;. However, for a given drive voltage,
the increase of the bias voltage amplifies mechanically
and electrically the output signal. Hence, in order to
maximise the output voltage while keeping a linear be-
havior, the use of very high bias voltage with respect to
the drive voltage is recommended. The analytical criti-
cal amplitude [7] of the considered resonator is around
10 nm which corresponds approximately to the oscilla-
tion amplitude of the beam in the curve on the right
hand side of Figure 4. Consequently, the resonator os-
cillation is below 5nm for the smallest measured peak
of Figure 3 which confirms the high sensitivity of the
experimental setup for the capacitive detection of few
nanometers of motion. The curve at the left in Figure
4 displays a hardening behavior beyond the critical me-
chanical amplitude of the resonator for a bias voltage
of 7.5V . The frequency shift between the two peaks of
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14 K Hz due to the negative stiffness is maintained like
in the linear case.

5 CONCLUSIONS

In this paper, a high-g M&NEMS accelerometer has
been designed and fabricated. Its sensing part, a high
frequency NEMS resonator, has been electrically char-
acterized using a very sensitive capacitive downmixing
set-up allowing the tuning of the signal to nonlinearity
ratio and the detection of resonator motions below 5 nm.
In a future work, the nonlinear dynamics of the consid-
ered sensor will be modeled while taking into account
the downmixing characterization scheme. Experimental
and model results will be compared, which will complete
the experimental interpretations and finally improve the
presented set-up.
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