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Abstract. We report an actuation/detection scheme with adtmpn nano-electromechanical system
for frequency shift-based sensing applications witkstanding performance. It relies on electrostati
actuation and piezoresistive nanowire gauges feplane motion transduction. The process
fabrication is fully CMOS compatible. The resultsoss a very large dynamic range (DR) of more
than 100dB and an unprecedented signal to backdraatio (SBR) of 69dB providing an

improvement of two orders of magnitude in the débecefficiency presented in the state of the @art i

NEMS field. Such a dynamic range results from bwgligible 1/f-noise and very low Johnson noise
compared to the thermomechanical noise. This sitoglepower detection scheme paves the way for

new class of robust mass resonant sensor.
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1. Introduction

NEMS are actively being explored due to their iddoke potential for applications such as
ultrasensitive mass [1], [2], [3], [4] and forcensing [5]. However, efficient actuation and sensiti
detection at the nanoscale remains a challengesiiaél displacements of these miniaturized devices
induce very low signals which are overwhelmed byapiic background. A lot of effort has been
devoted to develop new transduction and backgraeddction [6]. A variety of NEMS detection
techniques, such as capacitive [3], [7] [8], magmedtive [9], piezoresistive [10], [11] and field-
emission [4] [12] transduction, have been proposéafjnetomotive typically requires large magnetic
fields (2-8 T) and is thus not suitable for inteagthapplications. The field-emission effect detatti
demands complex instrumentation and its stabilitytime is still questionable. Moreover, this
technique uses bottom-up approach that is hardigpatible with large scale integration (VLSI)
process. Piezoresistive detection scheme offeist gatential compared to capacitive one especially

at high resonant frequency measurements [10] [13].

Recently, mass resolution down #@g/+/Hz [1] has been demonstrated using a metallic gauge

layer deposited on the top of a cantilever. Anotiygproach [14] consists in using a doped silicon
nanowire that produces a second-order piezoresisfifect for large displacements of the nanowire.
However to date bottom-up nanowire cannot be fakeit using a VLSI process compatible with a
standard CMOS technology.

In this paper, we demonstrate an original technigubighly efficient in-plane motion detection
based on suspended p++ doped piezoresistive nawowionnected in a symmetric bridge
configuration to a resonating lever arm. The déféral bridge architecture provides intrinsic signa
amplification and background suppression. We shawdetection through silicon gauges has a better
signal to noise ratio at room temperature than rtietallic layer used as piezoresistive gauge.
Although the Johnson noise is higher with semicetmlunanowire gauges (due to their larger
resistance) the increase in signal is much lardgan the increase in noise. We therefore present an

alternative way using piezoresistive technique shgvsimilar performance as metallic gauges. We




therefore reconsider the belief that metallic gauge the best candidates for nanoscale piezavesist
transduction.

In addition, in-plane motion architecture offers redlexibility of design and simplifies process
development. Our device uses CMOS-based fabricatimhis therefore fully compatible with very
large scale integration (VLSI) of NEMS on 200mm &rah the future.

This paper starts with an overview of the fabrimatiprocess and architecture, continues with
measurements and results, and concludes with asdien of the efficiency of the detection scheme

and the frequency stability of these devices.

2. NEMS resonator and principle of operation

2.1. Device

Advances in top-down lithographic processes haabled fabrication of nanostructures with sizes
similar to those achieved with bottom-up synthasisthods. The NEMS device presented in this
paper is fabricated using CMOS compatible materiaith nano-electronics state-of-the-art
lithography and etching techniques. We used a 2@0siticon-on-insulator (SOI) wafer of (100)
orientation with a 160-nm-thick top silicon structllayer (resistivity= 10Q-cm) and a 400-nm-thick
sacrificial oxide layer. The top silicon layer wiasplanted with boron ions (p-type) through a thin
layer of thermal oxide. Homogenous doping (¢@°) in the whole thickness of the top silicon was
obtained through specific annealing step (for nialteeconstruction and doping activation commonly
used in CMOS technology), resulting in top layesistvity of approximately 9 @-cm. A hybrid e-
beam/DUV lithography technique (allowing 50 nm minim feature size) was used to define the
nano-resonators and electrode pads, respectivetysilicon layer was etched by anisotropic reactive
ion etching (RIE). In order to decrease the leaistances, the interconnecting leads have been made
thicker with a 650 nm thick AISi layer, a typicaletal for CMOS interconnections process. Finally,
the nanoresonators have been released using a M&pmotropic etching to remove the sacrificial

layer oxide beneath the structures.



1500 devices per wafer of such design are fabudcai¢h this VLSI process. Functionality of the

final devices is checked measuring both the leatdgamuges resistances and resonant frequency. The

yield is 95% per wafer in average.

The NEMS is composed of a fixed-free lever beamtardpiezoresistive gauges connected to the

cantilever at a distande=0.15I from its fixed end wherkis the beam length (see TAB. 1). This value

was chosen to maximize the stress inside the galigeedo the cantilever motion (see FIG. 1). The

gauges have been etched along the <110> direatiamnder to benefit from the high gauge factor

associated with p doped silicon. A drive electrode was patternechglone side of the vibrating

beam for electrostatic actuation. The general gchire is given in FIG. 1 and the device dimersion

H

are summed up in TAB. 1.
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FIG.1 — Artificially colored and modified SEM image illustting the in-plane vibration of the beam

TAB. 1 —Typical values of the device

Beam Beam width Distance Gauge Gauge Electrode Gap
length w Anchor/Gauges length width length Electrode/Beam
| |1 b Wy a g
S5um 300nm 700nm 500nm 80 nm K4 200nm

The lead resistance of approximately@ &nd the gauge resistance of 3(BWwere measured using

the 3-point local AFM technique [15].



2.2. Principle of operation
To evaluate the dynamical behavior of the NEMS getoynshown in, we used a model based on
Euler-Bernoulli beam theory that is detailed in RES]. From this model, we can easily compute the

first Eigen frequencyqw, as well as the fordg, acting on the gauges,

Fy(w)=a Fa (@) (1)

wherea, w, Q andF, (a) are the amplification factor, the angular frequefrad/s), the quality

factor, and the electrostatic driving force respety.
The electrostatic driving force along the lever heis given by, :]/2C'V2, whereV the
applied voltage an@’ is the derivative of the capacitan€Cebetween the cantilever and the drive

electrode with respect to the lateral displacem&htesonancew = w, and the force amplification

is given byF (@) /F (@) = jaQ (2)
A comparison with the results of Finite Element Mbdg (FEM) validated to a large extent our

analytical model, as shown in TAB 2.

TAB. 2 — Comparison of predictions of analytical and FEMd&ls -M. is the effective mass

(JL)o/27T a M et
Analytical model 21.10 MHz 6.05 140 fg
FEM model 20.65 MHz 5.2 NA

The slight discrepancies are due to the assumgh@nthere is no bending moment introduced by
the gauges with a perfect anchor.

This design results in first order piezoresistifiee (as opposed to weaker second order like in
[9]) with the suspended gauges acting as collecibtise stres&y/s, wheres is the cross section area
of the gauges. The strain induced in the gaugé=sisduced into a resistance variatiiR through

the piezoresistive effect:

AR(w) _ _ _F(a)
TR _yl}(w)_ygﬁ (3



where y and E are the gauge factor and the Young's modulus efghauges, respectively. The

piezoresistive factoy is usually written as,

y= )+ 22
£ p

(4)

where p, & and Vv are the resistivity, the strain and the Poissdio n@spectively. The gauge

factor, which links the mechanical strain in a gatg its relative resistance change, is causewvby t
effects. The first is a purely geometric effect amdssociated with elastic deformation (first tenm
parenthesis in egn 4), while the second corresptntlee modification of the energy bands inside the
semiconductor, which alters its resistivity (secdaatm in eqn 4). In metals, only the first term is
significant, and the gauge factor ranges from 4.tm semiconductors, the second term is the most
significant contribution. For the chosen <110> taf&e orientation and the doping level of*36m

® the theoretical value is 47 [16]. In our capés evaluated to be around 40 from the amplitudekpe
at the resonance using equations (1) and (2). @pserimental result is in good agreement with the

theory. Values of material parameters used indttisle are summed up in TAB 3.

TAB. 3 —Parameters of the cross-beam NEMS
Parameters| E (GPa) v U(g.cm®  p(mQ.cm) y

169 0.26 2330 14 40

The device under test was connected to a radiaémzy (RF) circuit board through wire bonding
and loaded into an RF vacuum chamber for room temype@ measurements. At high frequencies, the
electrical readout is complicated by parasitic cétpaces which change the expected behavior of the
electrical circuit. Given the cable capacitanceOff®'m), the input impedance of the Stanford
Research 830 lock-in amplifieR€10MQ, C=25pF), and the device pads, the overall parasitic
capacitance at the NEMS output is clos€tel125pF. This capacitance combines with the eleadtric
resistance of the setup to produce a low pass-Gtlighe output signal with a cut-off frequencyl@0
kHz. To avoid parasitic impedances and cross teékused a @ down-mixing technique to read out

the resistance variation at a lower frequery (typically between 10 kHz and 30 kHz) [17]. A



schematic of the setup is shown in Fig. 2. Thegtmeam is actuated with a drive voltageat wy/2.
Because the electrostatic force is proportionveo the strain in the gauges varies at the frequency

w This technique results in efficient frequency algding of the downmixed signal from parasitic

feedthrough. The downmixed signal read out at titell® of the bridge is proportional to,
V.. (Aw) O ARcos@t) O, cod(w+ Aw)t) = % |, (AREosAt) (5)

wherely is the bias current through the gauges inducetidpias voltag®,,.s (see Fig. 2).
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FIG. 2 — Schematic of the experimental setup used for tatgthe resonant motion of the NEMS in

Fig 1. PS, LPF, VCO, X2 are power splitter and ghstsfter, voltage control oscillator and frequency

doubler respectively.

The two gauges on each side of the lever arm wartteu equal and opposite tensile and

compressive strains. This balanced bridge conftopwasuppresses the parasitic feedthrough at the

middle point of the bridge.

3. Experimental results

The experiments, performed at room temperature pgadsure of less than 1 mTorr, showed a

remarkably small and flat background, as shown 6. F3. The measured quality factor was



approximately 5000 in vacuum and 200 at atmosphmessure. Quality factors up to 10000 were

measured.

3.1. Signal to background ratio

The geometrical and frequency decoupling betwaenactuation and detection results in a very
large signal to background ratio (SBR) of 67dB. Elira low mass sensinBRis an important
parameter that should be maximized. At the resanamtargeSBRmeans large variation of the phase
for a small frequency shift (Bode representatiémp closed loop (phase locked loop for instanke) t
digital error on the readout of the phase will et low with devices having a largeBR
Furthermore device with large background will berensensitive to the random perturbations of its
environment. This value is close to two orders afjnitude larger than previo®&BR[3] [18] [19] at
ambient temperature (300K). Average value per waferesonant frequency is 19.16 MHz with a
maximum dispersion of 2% showing the pretty goqaducibly of the VLSI process.

Varive CaN be set between a few hundred millivolts t@lswbefore having non linear behavior of the
cantilever.Vyias can be set up to 10 V before gauge melting. Iretpeeriment, the voltages are set to a

value of 1.5V, which corresponds to the maximunpéied by our AC-generator.
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FIG. 3 — Typical output signal from the structure shown ig.R in a vacuum with pressure under 1
mTorr. The signal to background ratio is 67 dB ¥Qf,.=1.5V andV,,=1.5V — Sampling time=30

ms. The inset shows the same data using linele.sca



3.2. Noise and signal to noise ratio

For frequency-shift based sensing applicationgjueacy fluctuations naturally impose a limit on
the sensitivity. One source of frequency fluctuagiés due to a finite signal-to-noise ratio (SNR) a
resonance and the resolution can be defined witlagpiproach presented in Ref. [5]. As shown in Fig.
4, a large SNR of around 100dB can be obtained with device. This value is larger than data
reported previously (see [1], [10] for example). measure the noise, we followed the technique

described in Ref. [17]. There was no external drared only a bias voltage was applied to the gauges
The noise(V /4/Hz) was then measured by sweeping the frequency obitige signalc.s While
keeping a constant offset frequency At /271 = 25kHz. As a result, the high-frequency thermo-

mechanical noise was mixed down to a lower freq;adaq;ias —a)0| =Aw. We thus obtained two

peaks with amplitudes of 28 n¥iz, separated bypOkHz(see inset of Fig. 4). The noise level is

evaluated over a 1 Hz-bandwidth.

The noise floor S{? =131V /+/Hz resulted from both the Johnson noise and inpusenaif
detection electronics. The thermomechanical n(ﬁﬁé can be calculated from the peak amplitude
and the floor level and is approximately 24\vHz. The Johnson noise is given Sj’z =4k, TR

~112nV/~Hz (R~760®). The electronics noise is the®'” =./S, =S, =~ 6nV/+/Hz, which

agrees with the noise level specified by the mastufar of the lock-in amplifier.
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FIG. 4 — Signal to noise ratio obtained for\.=1.5V and \4,<=1.5V — Noise is computed for 1Hz-

bandwith — The inset corresponds to the noise tlepsaks around the resonance frequency.

Typically, 1/f-noise created by resistance flucituad is the main limitation in piezoresistive
sensors [9]. However, these resistance fluctuatisese not observed in our devices at 20-MHz
operating frequency. In order to investigate thaststency of such a result, we computed 1/f-noise
density using Hooge's empirical relation [20],

HV,;
= 1as 6
TN - (6)

bias|

whereN is the total number of carriers within the gaugd 3,5 is the bias frequency. The Hooge
parameteH is extracted from the measurement of the relatdgistance variation according to the
readout voltage frequency for two amplitudes (sige 5). An AC-bias (~15 kHz) is used to remove
the 1/f-noise of the lock-in. By linearly fittiné¢ data, we findH to be approximately 10 From Eqn.
(6), we then estimate the resulting noise to bewarfVA/Hz at 20 MHz, which is negligible compared
to other source of noise. To illustrate this, weluded the noise floor level (Johnson and electi®ni
noises) and the thermomechanical noise level mdef relative resistance fluctuation in Fig. 5r Fo

frequencies higher than 100 kHz 1/f-noise appearbet lower than other noises. This result is in

particular obtained thanks to homogenous doping®¢&®) in the whole thickness and specific

10



annealing. Bad doping process in conjunction wibkv Idoping level could lead to opposite

conclusion.
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FIG. 5 — Contribution of different noise sources expresgedelative resistance change, which is
independent ol,,s 1/f noise density measurement for different bias gelsa(colored squares)
compared with both the noise floor and the thernmaranical noise. Red curve is the linear fit & th
experimental data fdt/f noise. Black curve corresponds to the noise flper electronic and Johnson

noises). Black dashed curve corresponds to a sdieeofidhe thermomechanical noise.

It is important to note that we obtain a priori anexpectedly large SNR (see Fig.4). For our
semiconductor nanowire gauges, we infer the pisistiee gauge factopto be approximately 40,
compared to at most a few unities for metallic-tayezoresistors. The large resistance of the gguge
which is roughly one or two orders of magnitude KQL larger than that of metallic-layer

piezoresistors (~X0). Taking into account the Johnson noise only SNR is given by

SNR = Vout D ng

JS, Ak, TR

(7)
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whereT andR are the temperature and the gauge resistancectieshg k; is the Boltzmann constant,
V, is the RMS value of the bias voltagé,, is proportional todR/Raccording to Eqn. (3)SNRfor

semiconducting gauge ovBNRof metallic gauge can be simply expressed by,

SNRs — YsVbs | Ru
SNRy  YuVem \ Rs

(8)

Indexess andy are for semiconductor gauge and metallic layguaesvely.

At constant temperature considering the aforemeatloresistance¥,s can be 100 times larger

than v because of the respective fusion temperatureliobsiand metals. Th8NR ¢ is then 10

times larger tharfSNR,, . The gauge factor of silicon nanowires are mughéi than the metallic

layer gauges used as piezoresistive detection scliemNEMS. The signal improvement is then

much higher than the noise enhancement and thesdomoise impact is limited.

3.3. Allan deviation
Usually NEMS is embedded in a phase locked loof.JPi a self-excited loop in order to monitor
time evolution of their resonant frequency. Theglrency stability of the overall system (e.g. of the

NEMS and the supporting electronics) is characterizy the Allan deviation, defined as [9]

_ 1 - a)|+1_a_)|
3, ey = N -1)2 o ©)

where wi is the average angular frequency in thdime intervalr N is the number of independent

frequency measurements, which is assumed to béfiaiently large number. The mass resolution
dmis then~/2M ot O, /@, for 1s-integration time. The theoretical Allan detidn can be expressed
as [6],

(G0, / )y, =107°%%°//2Q (10)

For the experimental dynamic range, (DR) of 100(si Fig.5) the ultimate Allan deviation would

be around 1.5xIDover 1s-integration time. For an effective masd40 fg (see TAB. 1) and a Q-

12



. . . . Meff -(DR/20)
factor of 5000, this would result in a potentialsmaesolution ofdm = 10 ~0.3 zg at

room temperature and at relatively low frequendy VEHz).

The experimental Allan deviation was measured ienolpop recording the phase variation of the
electrical signal at the NEMS output. NEMS was énivat its resonant frequency (20MHz). Allan
deviation was measured in three steps (for shadrediate and long times). For low time constants
(<0.1s), the integration time of the lock-in ane thlobal acquisition time were 100 ps and 10s
respectively. For larger time constants, they wasteto 100 us and 4000s (50000s) respectively.
These adjustments remove the effect of the loditaring that would artificially decrease the Afla
deviation and ensure at least 100 points for eateimial. We can also note that the smallest intésva
set by the transient tim@/f (i.e. ~250 ps in our case). Typical experimengahdare shown in FIG 6.
For mass sensing the study has to be focused ahtshes lower than 1s. Typically, we achieved an
Allan deviation of 16 for 7 =1s at room temperature. For long time constamt,nimimum Allan
deviation reaches 6.10This value is quite a classical one reported amynpapers (see [3], [21] for
example) and might be considered as the experitnanta

The large difference of three orders of magnituesveen the expected value and the experimental
Allan variance has to do with the fact that actuatis not present during thermomechanical noise
measurement. The DR measurements therefore dak®irito account noise contributions from the
actuation voltage and the thermal bath. Considebnth a typical silicon NEMS temperature
coefficient of 50 ppm/K and an Allan deviation @o® 10°, the related thermal bath temperature
fluctuations will be around TOK. The effect of temperature fluctuations on dentr measurements
is well explained in Ref [22]. To get better frequg stability we think that the temperature
fluctuation should be controlled at least belowsthialue. It is also essential to suppress the
background level as much as possible in orderdaae the additional phase noise that results from
background fluctuations associated with electraaicl temperature instabilities. The discrepancy
between the Allan deviation obtained with egn. (40}l the experimental data is an open question

that is currently being studied.
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FIG. 6 —Allan deviation measured in open loop Yof..=1.5V andVyi,=1.5V.

4. Conclusion

In this paper, we demonstrate a new kind of daiacticheme based on doped silicon nanowire
strain gauges that are fully compatible with CMO8cesses. This allows very large scale integration
of devices in a straightforward manner. Measurematitained with this approach are showing
promising performances in term of frequency stghilidynamic range, and achievable mass
resolution. The devices tested in this work wereettgped as prototypes and were not optimized for
mass detection at this stage. Such NEMS have thgseat potential for future performance
improvements and new applications opportunitiesthHem device optimization for lower mass and
higher frequency, based on advanced top-down naedabrication techniques [23] with expected
giant gauge factors will lead to a resolution ia thnge of few zeptograms or less.

Several papers [3] [7] [10] have argued the impm¢aof reducing the fundamental sources of
noise by optimising the NEMS design. However, emigndous effort is also needed to study and
understand the coupling between NEMS and theirrenmient (temperature fluctuation, packaging),

which apparently limits the resolution so far.
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This device with the lever arm architecture, syminepiezoresistive gauges and decoupling
between electrostatic actuation and piezoresigtetection makes the measurements more efficient
and signal over noise ratio higher. Compared t@hiegauges, doped silicon gauges produce a much
larger signal thanks to a much higher intrinsicggatactor and larger allowed bias voltages (due to
their higher resistance). The signal is thus mwdiez to detect while noise floor remains very v
it is dominated by thermomechanical and electrordther than Johnson, noise. Flicker noisé (
noise), which is often cited as a huge barriedfmped-silicon-based piezoresistive detection, {sano
issue for RF resonance frequencies.

Very Large Scale Integration (VLSI) of devices désad in this letter will enable a wide range of
new devices, such as arrays of massively paradigllating NEMS, sensitive multigas sensors, and

NEMS mass spectrometry with very low frequency disjon less than 1%.
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