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bstract

In this work, we present an on chip microelectromechanical system based on an array of cantilevers for mass detection. The sensor transducer,
sing polysilicon as structural layer, has been integrated monolithically with the CMOS circuitry. Arrays of four and eight resonant cantilevers
xcited and detected electrically through the integrated circuit have been fabricated. Submicrometric dimensions of the integrated cantilevers allow

btaining a mass sensitivity of 28 Hz/fg being the expected mass resolution in vacuum in the femtogram range. In this paper, we present the MEMS
abrication process, some examples of the integrated cantilevers arrays and the electrical test of the on chip MEMS system to characterize the
erformance of the system for mass sensing purposes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

For biochemical and medical applications and, in general, for
anoscience and nanotechnology applications there is a strong
emand for very sensitive mass sensors, being the target a sen-
or for single molecule detection. The desired mass resolution
or very few or even single molecule detection, has to be below
he attogram range (for instance, the haemoglobin protein mass
s only 0.109 ag and constitutes a medium size biomolecule).
ne of the strong candidates as a transducer for this kind of

ensors is the one based on Micro/Nano-electromechanical sys-

ems (MEMS/NEMS) [1]: very small resonating structures with
imensions below the micrometer and high resonance frequen-
ies. These portable sensors formed by a MEMS/NEMS with
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igh mass resolution allow on line measurements, providing
aster and accurate in situ registration. With all these character-
stics, these sensors improve the complex detections obtained by
raditional chemical analyses in laboratories [2,3]. Additionally,
ne of the advantages of these MEMS/NEMS devices is their
apability for being fully integrated [4]. These on chip transduc-
rs based on MEMS/NEMS devices, fabricated using standard
icroelectronic technologies and integrated monolithically with

he CMOS conditioning circuitry, allow parallel fabrication,
mall and portable devices and high sensitivity, reducing at the
ame time the overall cost and providing more versatility to the
ystem. For all these reasons, a major effort is being taken on the
pplication of MEMS/NEMS to develop sensors for high mass
esolution detection.

The actual main commercial mass sensors are the quartz-

rystal-microbalances (QCM), which are based upon the acous-
ic vibratory modes of quartz crystals. The mass sensitivity
chieved by QCM are in the range of ng/cm2 [5], detecting
he frequency shift when an added mass is deposited over the

mailto:Nuria.Bamiol@uab.es
dx.doi.org/10.1016/j.sna.2006.04.002
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urface electrode. The QCM provides very high resolution for a
istributed mass measurements: monolayers of deposited mate-
ials and studies for very thin films depositions or reactions
ave been done [6,7], but the final mass resolution is below
he nanogram. Recently, different transducers based on micro or
ano-electromechanical devices are being reported for higher
ass resolutions. Micro-cantilevers as transducers for mass or

hemical sensing have been widely used for different groups and
ery high mass resolutions and promising applications have been
btained [8–17]. Resonant cantilevers operating as microbal-
nces, in which a frequency shift is detected as a consequence
f the mass change, have been used obtaining mass sensitivities
n the Hz/ag range and mass resolutions in the sub-picogram
r femtogram range [8–13]. Also static cantilevers in which a
eflection is produced due to the surface stress derived from the
dhesion of the target molecules onto the specific functional-
zed sensor surface, has been reported with very high achieved
esolutions [14]. Other kind of transducers not based on can-
ilevers, have also been reported as very sensitive sensors for
iological applications. For instance, Nicu et al. [18] present
matrix of micromachined piezoelectric membranes achieving
ass sensitivities above Hz/pg operating the system in liquid.
he last examples we want to mention as a very promising
ass transducers, are based on the use of carbon nanotubes

CBN) [19,20]. Due to the mechanical properties of the CBNs,
ery high mass sensitivities (in the range of zeptogram) can be
chieved [19]. Experimental evidence of mass measuring with
CBN is reported in ref. [19]. In this reference, a deposited
ass below the fg is measured using a SEM microscope for the

valuation of the oscillation amplitude of the nanotube, which
omplicates the experimental set-up. Other detection techniques
or CBN transducers based on electrical actuation and detection
as been also reported [20], opening new possibilities for the
pplication of the CBN for more practical applications. Nev-
rtheless, the difficulty in the CBN manipulation complicates
he fabrication process of the transducer; making very chal-
enging the development of a final sensor. For the moment,
he most sensitive systems with mass sensitivity better than
z/ag has been reported by Ekinci et al. [15] and by Ilic et

l. [16]. In ref. [15], using a mechanical transducer based on a
esonating clamped–clamped cantilever they are able to achieve
mass resolution of attograms. In the case of [16] using res-

nating cantilevers with a paddle configuration, a minimum
esolvable mass below the attogram is reported. From these
ast references, it seems that the cantilever structure for the
ransducer is widely accepted as one of the best transducer
or high mass resolution measurements and sensory applica-
ions.

In this paper, we propose a microelectromechanical system
MEMS) for mass detection based on an array of resonating
antilevers able to work under ambient or vacuum conditions
nd fully integrated onto a CMOS circuit. Implementing an
rray of cantilevers, multiple sensing or redundancies for the

ame measurement are possible increasing the versatility of the
ass sensor. For instance, an array with different length can-

ilevers will allow sensors with different mass sensitivities or on
he contrary, having an array of exactly equal cantilevers will

c
a
c
a

ig. 1. Schematic draw of the sensor system. Resonance of the cantilever is
chieved by electrical excitation through a polarization driver. Resonance is
easured by detection of the displacement current between cantilever and driver.

rovide sensors with redundancy or differential measurements
one cantilever used as reference and the others used as sense
lectrodes).

In the system not only a more versatile sensor will be imple-
ented but also very high mass sensitivity will be provided.

n this case, an array of cantilevers working in vacuum can be
pplied advantageously for the detection of small flux of atoms
r molecules, mapping the spatial distribution of molecules or
toms in evaporation systems (metal, molecular, MBE). In our
rray of cantilevers, we have spatially distributed cantilevers
ith an individual high mass resolution, which can facilitate the
apping of the beam.
The designed sensor is formed by an array of four and

ight submicron scale laterally oscillating cantilevers, which
re excited and detected electrostatically. Mass detection is
ased on monitoring the change on the resonance frequency for
ach cantilever independently. The electrical excitation of each
antilever up to resonance and the electrical detection of the
esonance allow system on chip integration, as we have already
emonstrated in previous works [12,13]. Lateral cantilever oscil-
ation is achieved by means of electrostatic excitation through a
olarization driver. Resonance is measured by detection of the
isplacement current between the cantilever and a read-out elec-
rode, which can be the same excitation driver or another driver
laced close and parallel to the cantilever (Fig. 1). In order to
etect an electrical signal a dc bias voltage must be applied
etween the cantilever and driver. The microresonators are fab-
icated on polysilicon by a CMOS compatible post-process
fter the front-end CMOS circuit fabrication. For demonstra-
ion purposes, we have used the CMOS-CNM25 2P, 2M tech-
ology (2.5 �m with two polysilicon layers and two metal
ayers [21]).

In the next sections, we present the design and working prin-

iple of the device, the fabrication process of the transducers
nd the results of this fabrication process. Finally, the electri-
al characterization of the devices and a discussion about the
chievable mass resolution is provided.
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. Transducer characteristics and sensor design

As we have already explained in Section 1, cantilevers are one
f the best transducers, due to their simplicity, their mechanical
haracteristics and dynamic behaviour. Cantilevers mechanical
ehaviour has been deeply studied and it is clearly determined
22,23].

The working principle of resonating cantilevers as mass sen-
ors comes from the dependence of the resonance frequency of
he lever with the mass. Considering a mass-spring model for the
antilever movement (f0 = 1/2π

√
k/meff), the mass responsiv-

ty or mass sensitivity can be expressed as

= �f0

�meff
= − f0

2meff
(1)

here f0 is the resonance frequency of the fundamental on plane
ode for the cantilever, meff the effective mass of the cantilever

nd k is the elastic constant of the cantilever. For this derivation,
e are assuming that the deposited mass will only produce a

hift on the frequency and will not affect the spring constant.
rom Eq. (1), the minimum detectable mass (defined as the mass
esolution) will depend on the minimum resonance frequency
hift measurable on the system and can be expressed by Eq. (2).

m = �−1�f (2)

Taking into account the characteristics of the material that
orms the cantilever (E, Young Modulus and ρ, mass density)
nd the cantilever dimensions (t thickness, l length and w width),
or spring constant and resonance frequency evaluation (Eqs. (3)
nd (4)), the mass resolution (Eq. (2)) can be expressed as Eq.
5).

= E

4

w3

l3
t (N/m) (3)

0 = 1

2π

√
E

ρ

w

l2
(Hz) (4)

m = −πρ

√
ρ

E
l3t �f (kg) (5)

rom Eq. (5), it is clearly deduced, that in order to increase the
ass resolution, shorter and thinner cantilevers has to be imple-
ented. On the other hand, shorter cantilevers produce higher

esonance frequencies (Eq. (4)), which can be a problem for the
pecific CMOS on chip read-out circuitry. In the same sense,
hinner cantilevers will be very difficult to detect, if electrical
xcitation and detection is to be used. As a trade-off between
hese considerations small width cantilevers are required. In our
esigns and to obtain mass sensitivities in the order of Hz/ag
nd resonance frequencies in the MHz range, cantilevers having
idths smaller than 1 �m and lengths between 40 and 50 �m
ill be defined. Note that in our transducers, the thickness, t, of

he cantilever is not a design parameter because we are using a

olysilicon layer available in the used CMOS technology (Sec-
ion 3). The thickness of this polysilicon layer is 600 nm.

In order to integrate several cantilevers minimizing area
nd allowing the CMOS integration, an efficient methodology
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or the management of the array has to be established. This
anagement of the array for independent control of the can-

ilevers can be chosen between simultaneously or sequentially
antilevers movement characterization. Both schemes have
een implemented depending on the number of cantilevers per
rray.

The first array implementation is composed by a system with
multiplexing CMOS circuit that allows the individual selection
f each cantilever. This configuration is schematized in Fig. 2a,
nd detailed in Fig. 2c. With this configuration arrays of eight
antilevers are implemented. This configuration allows sequen-
ial measurements of each cantilever of the array.

The other possibility is the implementation of several read-
ut circuits, which will allow the simultaneous read-out of
everal cantilevers. Due to the capacitive detection of the can-
ilever movement, parasitic capacitance has to be minimized
uring the design. If several circuits are implemented, distance
etween cantilever pad and circuit input has to be constant.
his assumption is not easy to implement for more than two
ircuits. Additionally, the use of a read-out circuit for each can-
ilever becomes unfeasible due to the large dimensions of the
ircuitry compared with the mechanical structure for an array
ith multiple cantilevers. For this reason, only arrays of four

antilevers have been implemented connected to two indepen-
ent read-out circuits. This implementation allows simultaneous
easurement of two cantilevers, increasing the accuracy of the

evice if off-chip differential measurements are done. Fig. 2b
hows a schematic draw of a four cantilever array connected
o two read-out circuits. In this configuration, the parasitic cur-
ent can be reduced with the bias polarization scheme shown in
ig. 2d.

The motional current of each cantilever is detected by the
ntegrated read-out circuit. In this work, we have used a tran-
impedance amplifier based on an operational amplifier with a
esistive feedback (as shown in Fig. 1), unlike our last works in
hich a voltage detection scheme were used [12].
For circuit design, a linear RsLsCs//Cp model of the

antilever-driver system has been used [24]. This model has
ermitted the simulation of the frequency response of the read-
ut circuit. Adjusting mechanical parameters of the resonator,
s Young Modulus, for a polysilicon cantilever with a length of
0 �m, width of 1 �m and a thickness of 600 nm, considering
Q-factor of 50; the expected values for the current peak and

he resonance frequency of the cantilever are around 20 nA and
00 kHz, respectively.

The main advantage of the transimpedance amplifiers is the
act that the effect of the parasitic capacitance (Cpa, in Fig. 3)
s negligible by virtually grounding it through the operational
mplifier.

Another requirement for this I/V amplifier is to provide
nough gain to amplify the low current at the resonance fre-
uency. So, a large feedback resistance is necessary. There are
wo problems to integrate this large resistance: (i) the area and

ii) the fact that large values of Cpa along with a high value of
eedback resistance cause instabilities on the circuit. In addition,
ny external resistance must be avoided, in order not to increase
he overall stray capacitance.



M. Villarroya et al. / Sensors and Actuators A 132 (2006) 154–164 157

Fig. 2. Schematic drawing of a four cantilever array showing the different possibilities for the management of the cantilevers in the array. (a) Scheme for multiplexing
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he cantilevers in time. Only one read-out circuitry is needed. (b) Scheme for th
c) Bias polarization (dc for current detection and ac for cantilever movement
antilever reading. In this case, the parasitic current due to the ac excitation is d

Fig. 3 shows the design for the transimpedance amplifier. It
s based on a T-configuration feedback with a shunt capacitance,
. The transfer function between the output voltage, Vout, and

he current, i, at the transimpedance amplifier input, in Laplace
omain, is given in Eq. (6).

Vout

i
=

(
R1 + R2

1 + R2Cs

) (
1 + R3

R4

)
(6)

ith this configuration an acceptable gain of almost 2 × 106 V/A

s obtained without having to integrate high values of resistance
higher integrated resistance is 175 k�). The function of the
hunt capacitance, C, is to compensate the effect of the input
tray capacitance, Cpa, on the circuit stability. In Fig. 4, the

p
c
T
t

Fig. 3. Schematic diagram of the transimpedance amp
ltaneous characterization of two cantilevers. Two read-out circuits are needed.
tion) for the multiplexing scheme. (d) Bias polarization for the simultaneous

shed.

ayouts for the four and eight cantilevers arrays with its read-out
nd management circuitry are shown.

. Sensor fabrication process and results

The mechanical transducers are defined as a post CMOS pro-
ess in specific areas defined during CMOS fabrication. These
reas are formed by polysilicon rectangles connected to the cir-
uit by metal pads on top of a silicon oxide layer 1 �m thick. The

olysilicon layer with a thickness of 600 nm is the first polysili-
on layer of the technology (CMOS CNM25 technology [21]).
his layer forms the plate of the CMOS capacitors and will be

he structural layer for the cantilevers and drivers. The silicon

lifier along with the transducer electrical model.
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ig. 4. Layout of the sensors (a) eight cantilevers array with multiplexing system
rray and (b) four cantilever array connected to two circuits that allow simultan

xide layer used as the field oxide of the MOS transistors is used
s the sacrificial layer to release the cantilever. The structures
efinition is performed by UV lithography. This technique has a
imited resolution, but allows a parallel fabrication, reducing the
osts. Sensor resolution can be increased by using other lithog-
aphy methods also compatible with the technology as we have
lready shown [12,13,25,26].

Fig. 5 shows a schematic view of all the processes after
MOS. During CMOS process the transducer fabrication region

s protected with the second polysilicon layer of the technol-
gy. In Fig. 5a, a cross section of the fabrication area after
MOS is shown. First step is to remove the protection layer
y dry reactive ion etching (Fig. 5b). Fig. 5c–e schematize
he UV lithography for the definition of the cantilever-driver
tructures. The pattern is transferred to the substrate using
eactive ion etching (Fig. 5f). After the pattern transfer, the

emaining resist is removed (Fig. 5g). The structure is finally
eleased by a wet etching of the silicon oxide, which requires

new photolithographic process for the CMOS protection
Fig. 5h and i).

S
F
a
7

Fig. 5. Diagram of the fabrication process of the mechanical
independent control on each cantilever for sequential detection of the cantilevers
detection of two cantilevers.

In the mask definition conservative dimensions have been
mplemented. Also, due that photolithography is performed on

CMOS processed wafer, highest resolution of the technol-
gy is not assured, for these reasons minimum defined width
as been 1 �m. In the eight cantilevers arrays, cantilevers of
0 �m length and 1 �m width have been defined. Fig. 6 shows
ptical images of the transducers integrated monolithically with
he CMOS transimpedance amplifier. The multiplexing system,
ormed by a set of switches in ladder configuration controlled
y a digital module is shown also in the figure. A detail of the
witches and transducers can be observed in the zoom in of the
mage.

To analyze precisely the cantilever dimensions scanning elec-
ron microscope (SEM) micrographs have been done. Electron
adiation can degrade the CMOS circuit electric characteristics.
or this reason, in most of the cantilevers, characterization with

EM to determine exactly the dimensions has not been done.
ig. 7 shows an SEM image of one cantilever of the previous
rray. The final width for the cantilever has been reduced to
00 nm, which is due to the underetching during the reactive

transducers, by UV lithography after CMOS process.



M. Villarroya et al. / Sensors and Actuators A 132 (2006) 154–164 159

Fig. 6. Optical images of a sensor formed by eight cantilevers array integrated monolithically with the CMOS multiplexing and read-out circuit, right side zoom in
of the mechanical transducer.
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Fig. 7. SEM image of one polysilicon cantilever after the full fabrication

ry etching used to transfer the pattern to the polysilicon. The
hickness of the polysilicon layer is around 600 nm. One detail
hat can be observed on this image is that in this case the free
nd of the cantilever is stuck to the substrate. Sticking problems
re relatively common in free standing MEMS, which can be
olved using freeze-drying techniques during the releasing of
he structures [26] or using specific anti-sticking layers recover-
ng the cantilever surface [27,28]. In our case, in which long and
hin cantilevers are made, the problem appears sometimes after
et etching of the sacrificial silicon dioxide layer and some-

imes during functional operation of the sensor. For this reason,
he anti-sticking layer recovering would be a solution. In this

ork and as we are using the sensor as a prototype we have
ot implemented this solution. In fact, we have been using an
tomic force microscope (AFM) tip for releasing the cantilevers
hen it was required as a rapid method for individual cases [29].

4

c

ig. 8. Optical images of a four cantilevers array connected to two read-out circuit. F
ong and 1.1 �m wide.
s. The free extreme of the cantilever is stuck to the substrate in this case.

or shorter cantilevers, the sticking problem is less important as
as been demonstrated in previous works [13,26], in which the
reeze-drying technique was enough. Some authors [30] are con-
idering the modification of the resonator shape to avoid sticking
roblems, which could be also considered in further implemen-
ations of the device.

Fig. 8 shows optical images of a four cantilevers array with
imultaneous reading using two read-out circuits. In this case, the
ead-out is performed by the drivers and the cantilever selection
s performed by applying or not the ac voltage for its electrostatic
xcitation according with the scheme shown in Fig. 3c.
. Electrical characterization of the sensor

To characterize the integrated MEMS system a full electri-
al test of the on chip resonant cantilevers has been performed.

rom left to right zoom in on the mechanical transducers. Cantilevers are 50 �m
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Fig. 9. Optical images of a cantilever 50 �m long, 600 nm thick and 1.1 �m wide (a) out of resonance and (b) at resonance.
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Fig. 10. Frequency response magnitude (a), and phase (b), of a cantilever fo

he resonant behaviour of the mechanical cantilever has been
nalyzed as a function of excitation voltages and for different
mbient conditions (measurements in air and vacuum).

Electrical characterization of the system has been done using
probe station, several power sources and a network analyzer.
ue to the relatively low resonance frequency of the devices

between 350 and 600 kHz, depending on the dimensions) and
elatively large dimensions of the cantilevers, it has been possible
o observe optically the resonance. First step on the characteri-
ation has been to observe optically the resonance. Fig. 9 shows
n optical image of the cantilever 50 �m long, 1.1 �m wide and
00 nm thick (a) out of the resonance and (b) at resonance.

Applying different polarizations voltages and an ac excitation
oltage of 3 V peak to peak, the system frequency response for a
ingle cantilever has been obtained as it is shown in Fig. 10. From
his figure, it can be seen the resonance peak and the antireso-
ance peak due to the parasitic capacitance intrinsic to the system
electrostatic excitation and detection).

From these first measurements, it can be obtained the nat-
ral resonance frequency of the cantilever. In particular, from

he quadratic dependence of the resonance frequency with the
ffective applied voltage, as it is shown in Fig. 11, the fundamen-
al resonance frequency at 0 bias voltage is calculated, giving a
alue of f0 = 519.6 kHz. According to this experimental value,

F
t
o

rent polarization dc voltages and an excitation ac voltage of 3 V peak-to-peak.
ig. 11. Experimental dependence of the cantilever resonance frequency with
he applied effective voltage. Electrostatic spring softening explains the decrease
n the resonance frequency for higher voltages.
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Fig. 12. Frequency response (phase) of the multiplexing of 6 cantilevers of an
array of 8. Two of them are resonating, at 450 and 510 kHz, as it can be seen,
t
t

t
d
r

f
m
s
t
t
v
r
t
f
p
c
v
t
r
s

a
s
d
a
t
a
w
t
p
e
t
E

t
d
o

F
i
f

d
q
a
o
b
t
t
t
F
p
s
t
e
q
r
f

c
d
A
r
c
p
t
q
e
s
V
v
N
d
s
r
m

minimum detectable frequency change can be estimated. These
he other 4 cantilevers has not been exited. In the inset, frequency response for
he same resonating cantilevers without multiplexing is shown.

he Young modulus, E, for this polysilicon cantilever can be
etermined (E = 128.3 GPa) which is in the order of the ones
eported in the literature [4].

Characterization has been done independently for eight and
our cantilever arrays. Eight cantilevers array corresponds to the
ultiplexed devices. In this case, the objective is to use the sen-

or for multiple and sequential detection. By multiplexing in
ime several cantilevers of the array, and extracting afterwards
he single dependence of each, sequential multiple detection in
ery short time can be achieved. Fig. 12 shows the frequency
esponse (in phase) of the on chip MEMS system, when six can-
ilevers of the array are being multiplexed in time during the
requency sweep. In this case, cantilevers first and fourth multi-
lexing positions are polarized; cantilever fourth is shorter than
antilever first, so its resonance frequency is higher. In the figure,
ariation in phase corresponds to the resonance of these two can-
ilevers, when applying dc voltage. In the inset, the frequency
esponse of these two cantilevers without any multiplexing is
hown to prove the system performance.

Frequency response of two cantilevers on a four cantilevers
rray has been successfully measured simultaneously. Fig. 13
hows the resonance response of two cantilevers excited and
etected simultaneously on the same array. In that case, the dc
nd ac applied voltages were 18 and 9 V peak to peak, respec-
ively. Resonance frequency is at 501 kHz for cantilever 2 (#1)
nd at 512 kHz for cantilever 3 (#2). The electrical measurement
as performed in air conditions. Although dimensions of can-

ilevers from design and polarization conditions are the same,
rocess mismatch can be the responsible of the 11 kHz differ-
nce on the resonant frequency. The mass sensitivity of each of
he four-components array cantilevers can be calculated from
q. (5), obtaining a value of 14 Hz/fg.

The dependence of the Q-factor on the environmental condi-

ions has been studied due to its strong influence on the minimum
etectable mass (mass resolution). From Eq. (2), it is easily
bserved that the mass resolution of the sensor system will

s
n
e

ig. 13. Frequency response (magnitude and phase) obtained at the output of two
ndependent CMOS readout circuits, corresponding to two resonant cantilevers
rom a 4-cantilevers array.

epend on the minimum detectable shift of the resonance fre-
uency. Assuming that the resonant system behaviour can be
pproximated to a second-order linear system around the res-
nance, the variation in phase of the frequency response will
e higher than in magnitude (see, for instance, Fig. 13). Thus,
he minimum detectable resonance frequency shift is evaluated
hrough the noise of phase signal measured at constant excita-
ion frequency and the variation of the phase with frequency.
or a second-order mechanical system the sensitivity of the
hase with frequency will linearly depend on the Q-factor of the
ystem (�φ/�f ∝ Q/fres), consequently high quality factor can-
ilevers with low resonance frequencies will provide the best
lectrical transducing characteristics (minimum detectable fre-
uency shift). Note that as we have already mentioned the mass
esponsitivity of the transducer increases for higher resonance
requencies (Eq. (1)).

In order to determine the expected mass resolution of the on
hip mass system, both the experimental Q-factor for the trans-
ucer and the phase noise of the sensor system have been studied.
n analysis of the quality factor for these on chip cantilever

esonators has been done for different pressures in a vacuum
hamber. In Fig. 14, the dependence of the quality factor on the
ressure for a cantilever 40 �m long, 0.7 �m wide and 600 nm
hick of an eight cantilevers array, with a natural resonance fre-
uency of 440 kHz is shown. The Q-factor extracted from the
lectrical responses reaches a maximum of 25,000 at a pres-
ure of 0.5 mbar with polarization voltages of VDC = 0.5 V and
AC-PP = 180 mV. Note that the Q-factor increases for higher dc
oltage polarizations and also for lower pressure as it is expected.
ote also that in order to avoid the cantilever collapsing into the
rivers; it is necessary to decrease the bias voltage at lower pres-
ures. The low Q-factor value found in air is similar to the ones
eported on other silicon cantilevers not integrated in CMOS and
ay come from squeeze film damping effect [31].
From stability measurements of the system in vacuum, the
tability measurements will take into account both the intrinsic
oise due to the thermomechanical noise of the cantilever and the
xtrinsic noise due to the electrical noise from the CMOS circuit
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Fig. 14. Quality factor dependence on the pressure. Note the different dc and ac applied voltages for measurements at different pressures.
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ig. 15. (a) Frequency response (magnitude in blue and phase in green) for a
onstant frequency.

nd the experimental set-up. The intrinsic frequency shift due
o the thermomechanical noise can be theoretically estimated
aking into account the thermal energy at room temperature,
BT, the driving energy due to the movement of the cantilever
xc represents the cantilever displacement), EC = meff4π2f 2

0 x2
c ,

nd the frequency bandwidth of the measurement system, BW,
23]: �f2 = (kBT/EC)(f0BW/Q) which gives 0.67 Hz assuming a
antilever displacement of 250 nm, a 1 kHz bandwidth and the
xperimental Q-factor of 1380. Fig. 15 shows the frequency
esponse of the cantilever at a pressure of 1 mbar, and with
DC = 5 V and VAC-PP = 180 mV. From these measurements, the

esonance frequency and the maximum phase slope (assuming
linear dependence around this resonance frequency), can be

erived (fres = 435 kHz and dφ/df = −0.36◦ Hz−1, respectively).
cquiring the evolution of the phase with time at this series res-
nance frequency (Fig. 15b), the maximum variation of phase
phase noise) is found to be 16◦. From these values, it is eas-
ly derived this minimum detectable frequency change (45 Hz).
onsequently and according with the estimated mass sensitiv-
ty (28 Hz/fg), derived from Eq. (5), the mass resolution for this
n chip MEMS sensor will be smaller than 1.6 fg. From the
inimum detectable frequency shift due to the cantilever ther-
omechanical noise, the intrinsic mass resolution would be in

T
h
T
t

nt cantilever at a pressure of 1 mbar. (b) Variation of the phase with time at a

he 30 ag range at this pressure. We can conclude that in vacuum
peration a mass sensor with multiple sensing capabilities and
mass resolution down to 100 ag has been fabricated as a full
MOS-MEMS system.

. Conclusions

Monolithic integrated multiple mass sensor based on can-
ilevers arrays have been designed, fabricated and characterized.
rrays of four and eight cantilevers with on chip multiplexing

ystem have been fabricated. Sequential measurements on each
antilever of the array have been performed for the eight can-
ilever configuration. Simultaneous electrical characterization
f two cantilevers of the same array has been performed, allow-
ng off-chip differential measurements for the four cantilevers
onfiguration.

The high Q-factor found in vacuum, allows better resolution
n the detection of the resonance frequency enhancing the min-
mum detectable mass for the fully integrated MEMS system.

he on chip MEMS sensor presented allows a mass sensitivity
igher than 28 Hz/fg and a mass resolution smaller than 2 fg.
he achieved mass sensitivity, the monolithic integration of all

he system (transducer and read-out circuitry) and the cantilever
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rray configuration of the sensor makes the presented MEMS
ensor an improvement in relation with present state of the art
ass sensors.
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