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Abstract

A microcantilever based platform for mass detection in the femtogram range has been integrated in the doped top silicon layer of a

SOI substrate. The on-plane fundamental resonance mode of the cantilever is excited electrostatically and detected capacitively by means

of two parallel placed electrodes in a two port configuration. An electromechanical model of the cantilever–electrodes transducer and its

implementation in a SPICE environment are presented. The model takes into account non-linearities from variable cantilever–electrode

gap, fringing field contributions and real deflection shape of the cantilever for the calculation of the driving electrostatic force. A fitting of

the model to the measured S21 transmitted power frequency response is performed to extract the characteristic sensor parameters as

Young modulus, Q factor, electrical parasitics and mass responsivity.

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

Resonating mechanical structures electrically actuated
and detected have become one of the key elements of the
so-called micro and nano electromechanical systems
(MEMS and NEMS). One of the simplest resonating
structures is the cantilever, which is the basis of the well-
known cantilever based sensors (CBS) [1]. Their unique
combination of transducing properties, high quality factor
and scalability to nanometer scale dimensions, provide to
these sensors with extremely high sensitivities [2] and with a
wide range of sensing domains [3]. In these systems,
although piezoelectric–optical combination is the more
commonly used strategy to excite and detect cantilever
vibrations, an electrostatic–capacitive scheme is demon-
strated to be the most suitable in terms of nanometer range
front matter r 2006 Elsevier B.V. All rights reserved.
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scalability and CMOS integrability [4,5]. The same
electrostatic–capacitive excitation–detection scheme has
been also demonstrated to be the most convenient for
system oriented applications as resonant RF-MEMS,
where acoustic longitudinal modes are excited on stiffer
mechanical structures than simple cantilevers [6].
During the design stage of such systems, two problems

have to be specifically addressed. From one hand, the
electromechanical characterization of the transducer ele-
ment is crucial for the design of the read-out circuitry and
for the optimization of the overall system. This means that
the most realistic model for the electromechanical beha-
viour description has to be provided, as well as the
corresponding values of the model parameters, material
Young Modulus, structure Q-factor and parasitic electrical
elements. From another hand, a functional characteriza-
tion and calibration of the sensor has also to be performed
at the end of the development process. To do that, specific
techniques and procedures for cantilever functionalization
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Fig. 1. (a) SEM image of the cantilever and two electrodes transducer

showing the geometrical parameters: length (l), width (w), thickness (h)

and cantilever-driver gap distance (s). (b) Block diagram of the two-port

configuration. Input port is defined by the driver–electrode (DE) and

cantilever–electrode (CE) is used to electrotatically excite the vibration of

the cantilever. The read-out current induced at the output port (CE-RE)

by the cantilever vibrations and VDC is measured by means of a network

analyzer.
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[7] or analyte local deposition [8] have to be developed in
parallel and tested on final devices.

In this work we present a mass sensor platform based on
a two port electrostatically excited cantilever which
resonance can be detected externally without any addi-
tional buffer circuitry. The cantilevers together with the
excitation-detection electrodes are fabricated on SOI
substrates using a single mask optical lithography step.
Both, measurement set-up and fabrication simplicity
provide robustness and availability to the platform with
the device. This is needed to be used for systematic test of
cantilever functionalization procedures and for electrome-
chanical model validation and parameter values extraction.
A description of the electromechanical model, including
equations and approximation assumptions, are provided.
The model is implemented in the electrical domain of a
SPICE-based simulator, by using special analog behavior

model (ABM) blocks and electro-mechanical equivalent
variables. Compared to other possible alternatives like
AHDL based descriptions, SPICE implementation pro-
vides more simplicity and portability to PC-based electrical
simulation platforms. Finally, magnitude and phase curves
of the S21 parameter of transmitted signal through the two
port cantilever–driver transducer, measured at different
excitation voltages have been fitted with the electromecha-
nical model, and from the best fit, model parameters as
doped silicon Young modulus, Q factor and parasitic
capacitances are extracted. A complete characteristics
datasheet of the mass sensor platform is finally provided,
including cantilever mechanical properties, electrical para-
sitics of the overall set-up and expected mass responsivity
(R ¼ df/dm) of the sensor.

2. Experimental

Crystalline silicon cantilevers 40 mm long (l) and 2.3 mm
wide (w) have been fabricated on SOI substrates with
h ¼ 5 mm thick top silicon and 2 mm thick silicon oxide.
As it is shown in the SEM image of Fig. 1a, two electrodes
are integrated parallel to the cantilever at a distance
s ¼ 2.4 mm, for driving (DE) and reading (RE) on
plane vibrations corresponding to the lateral fundamental
mode. In order to assure good electrical contact when
using test probes, top silicon structural layer of SOI
has been n-doped with POCl3. After doping, a single
photolithography step has been used to define cantilever
and driving-sensing electrodes, as well as their correspond-
ing 100� 100 mm2 contact pads for probe card contacting,
on a previously deposited resist layer. This layer is
then used as a mask to transfer the transducer
patterns to the top SOI structural layer by deep reactive
ion etching (DRIE). Finally, cantilevers are released by
etching the silicon oxide underneath by means of HF
vapours in order to avoid collapse of the structures to the
lateral electrodes.

In Fig. 1b, the two port electrical configuration is
schematically described. The ac output signal from a
network analyzer (Agilent E5100A) is applied to one of the
ports of the transducer (DE-CE) which is electrostatically
driving the vibrations of the cantilever. The dc voltage
applied to the vibrating cantilever, generates an ac current
through the output port (CE-RE) which is detected at the
input port of the network analyzer. This two port
configuration allows to independently applying the dc
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and the ac excitation voltage components and minimizing
the direct parasitic coupling between input and output
ports of the transducer [9]. Using this configuration, the
frequency response of the S21 transmitted power parameter
is systematically measured at different dc cantilever
polarization voltages.

In order to obtain a direct measurement of the E/r ratio
(Young modulus/density) of our structural layer (doped
crystalline silicon) we have measured the frequency
response of the cantilever mechanical vibration amplitude
by exciting with a piezoelectric element based system and
detecting the oscillations through an optical microscope.
Mechanical excitation of the on plane fundamental mode
of the cantilever is accomplished by attaching the SOI chip
to the surface of a PZT ceramic which is forced to vibrate
in a shear mode [10]. From the measured mechanical
vibration frequency response, the resonance frequency
without electrostatic forces applied, fres,0V, can be deter-
mined. Then, from fres,0V and from SEM measured
dimensions of the cantilever (w,l), E/r ratio can be derived
using the following equation:

f res;0V ¼
ð1:875Þ2

2 � p �
ffiffiffiffiffi
12
p

ffiffiffiffi
E

r

s
�

w

l2
. (1)

All measurements are performed at ambient pressure, so
the main contribution to the Q factor will be air damping
of the cantilever.

3. Electromechanical model

The cantilever–driver-system (CDS) modelization pre-
sented in this paper is basically based on the model
previously published [11]. That model allowed fitting
experimental mechanical resonance curves by adding some
properties to the traditional lumped model construction
[12]. However, electrical output levels have to be confirmed
in order to validate the modelization, giving more
information to the circuitry design stage. The conception
of the model arises from a lumped model approximation,
which assures to have convergence on the dynamic solution
(not so common in FEM environments), but adding two
main features in order to be closed to the real CDS
behaviour: (i) the first feature is that the model takes into
account the cantilever real deflection, by means of a
previous static FEM simulations: (ii) the second feature is
considering the effect of the fringing fields on the
transducer structure.

3.1. Mechanical-model

The mechanical equation of the cantilever-electrodes
transducer consists on the Newton’s equation of movement
in one dimension for an externally forced and non-linear
damped oscillator:

meff z
::
þD � z

:
þk � z ¼ FE�ff ðz; tÞ, (2)
where meff is the cantilever effective mass, that for the first
resonant mode can be written as [13]

meff ¼ r � l � h � w �
3

1:875ð Þ
4
, (3)

where r is the cantilever material mass density.
k is the equivalent stiffness constant of the cantilever

[14]:

k ¼
E � h � w3

4 � l3
, (4)

and, finally, D is the damping factor, which is related with
the damping losses, and hence with the quality factor, Q:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k �meff

p

Q
. (5)

The mechanical natural resonance frequency of the
fundamental resonant mode can be calculated from k and
meff, by the equation:

f res;0V ¼
1

2p

ffiffiffiffiffiffiffiffi
k

meff

s
, (6)

re-obtaining Eq. (1).
Non-linear terms due to non-linear stiffness of the

cantilever are not considered. That term, characteristic in
rigid structures like lateral bridges [14] and transversal
cantilevers [6], are not relevant in long cantilever (40 mm)
with maximum lateral displacements of about 2 mm [15].
The external forces applied to the cantilever are

considered in the term FE–ff. For a cantilever electrostati-
cally coupled with two electrodes (DE and RE), the total
external force has to include these two contributions. In
terms of the electrical field applied from each electrode, we
define the voltage that conforms each electrode with the
cantilever electrode, as, (see Fig. 1a):

V1ðtÞ ¼ VCEðtÞ � VDEðtÞ;

V 2ðtÞ ¼ VCEðtÞ � VREðtÞ:
(7)

The term of the external forces FE–ff takes into account the
two main features above presented: the cantilever real
deflection shape and the fringing field correction. Focusing
in the real deflection consideration, the model calculates
the external electrical force applied to the cantilever by
slicing the cantilever length in N components and comput-
ing the time-variable capacitance of each sliced element.
For each port, the electrostatic force expression obtained is

FE1
2

z; tð Þ ¼
V 1

2
ðtÞ2

2
�
qC1

2

qz

¼ �
V 1

2
ðtÞ2

2
�

C0

s

XN

i¼1

li � bi

1� biz=s
� �2

 ! !
ð8Þ

where the subindexes 1 and 2 refers to port 1 and port 2,
respectively.
The sign convention used in Eq. (6) is shown in Fig. 1a,

where the capacitance between cantilever and driver
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electrode (port 1) increases as the cantilever bends in the z

positive direction.
C0 is the parallel capacitance in equilibrium between the

cantilever and one driver, and is defined as

C0 ¼
e0 � h � w

s
, (9)

e0 is defined as the vacuum permittivity, and li and bi are is
the cantilever length and the normalized lateral displace-
ment (on the lateral direction) of the sliced element i,

respectively. Those lateral displacements are obtained from
previous calculation on a FEM solver platform [16].

The fringing field correction is modelized by an
analytical equation which depends only on the cantilever–
driver geometry. That term is inspired from a semi-
empirical formulation developed to determine the fringing
field contribution to adjacent lines in a CMOS circuitry
[17]. Then, the total electrostatic force applied to the
cantilever can be written as:

FE�ff 1
2

z; tð Þ ¼ F E1
2

z; tð Þ 1þ a
s

h

� � w

s

� �0:222� �
, (10)

introducing the fringing field factor (a) in order to adjust
this contribution to the cantilever–electrodes transducer.

3.2. Electrical model

One of the aims of this paper is to implement this model
in an electric circuit simulation environment. In order to do
that, the mechanical equation of the system (equation (2))
has to be transformed to the electrical domain. The
conversion chosen is the following:

FE 2
T

UE ¼
F E

T
; z

:
2

T
Iv ¼ T � z

:
, (11)

where the external force (FE) has been transformed to an
external voltage in the new domain, and the velocity (z

:
) has

been transformed to an equivalent current (Iv). The factor
which defines the transformation between the two domains
is given by the equation:

T ¼
C0

s
UR N

�
V

	 

, (12)

where C0 is defined in Eq. (9) and s is the lateral gap
between the cantilever and the driver electrode.

UR is a transformation voltage, where we have
considered UR ¼ 1V. By this transformation, it is possible
to obtain the electrical equivalent for the position (z) and
acceleration (z

::
):

z ¼

Z t

0

z
:
dt ¼

1

T

Z t

0

IV dt, (13)

z
::
¼ Iv

:
�T . (14)

Then the mechanical equation (2) of the cantilever–elec-
trodes system is re-written to its electrical one:

LI
:

v þ RIv þ
1

C

Z t

0

Iv dt ¼ UEff�1 þUEff�2. (15)
Defining the electrical equivalent parameters:

L ¼
meff

T2
; C ¼

T2

k
; R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k �meff

p

Q � T2
. (16)

These equivalent electrical parameters are the same as
found in the literature [6,9], with the voltage transforma-
tion normalized to 1V.
The equivalent potentials UEff�1 and UEff�2 are the force

applied to the cantilever by each one of the drivers
transformed to the electrical domain, and are obtained by
combining Eqs. (10–12) :

UEff 1
2

z; tð Þ ¼ �
V 1

2
ðtÞ2

2
�

1

l

X
i

li � bi

1� ðbi � zÞ=s
� �2
 ! !

� 1þ a
s

h

� � w

s

� �0:222� �
. ð17Þ

The currents I1 and I2 generated at each port of the
cantilever-electrodes system can be expressed as [11]:

I 1
2
¼ V 1

2

:
ðtÞ

C0

l

XN

i¼1

li

1� ðbizÞ=s
� �

� Iv � V 1
2
ðtÞ �

1

l
�
XN

i¼1

li � bi

1� ðbizÞ=s
� �2 ð18Þ

3.3. Implementation in spice

The electrical equation of movement (Eq. (15)) with the
external potential term represented by Eq. (17), and
the current generated at the electrodes (Eq. (18)) have
been solved in the electrical design environment
SPICE [18]. Fig. 2 shows the electrical connections
performed to each electrode. The cantilever is driven to
resonance by applying an ac signal to the driver electrode
combined with the dc voltage applied to the cantilever
electrode. The readout electrode is connected directly to the
input port of the network analyzer, whose equivalent
circuit is depicted in Fig. 2. The modelization takes into
account the input impedance of the network analyzer port.
This impedance is modelized by a resistor and a capacitor
in parallel. The value of the capacitor is adjusted to
reproduce the magnitude levels measured out of resonance,
and the value of the resistor is fixed to be 1MO. The
difference of voltage between the readout and cantilever
electrodes ensures the apparition of current at the
cantilever resonance. Fig. 3 shows a schematic based on
block diagrams of the model implemented in SPICE. In
SPICE, the functionality of each block is implemented by
ABM modules. The core structure of the model is
represented by the RLC branch and the lateral displace-
ment (z) is derived from the voltage drop in the motional
capacitor of this RLC branch:

C0

s
�UR ¼

C

z
� VC, (19)
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where VC represents the voltage drop at the series
capacitance (C). This variable feeds up the current and
force modules determining the current (Eq. (18)) generated
at both electrodes and the forces (Eqs. (17)) applied to the
cantilever. The new force obtained determines the current
level at the RLC branch (Iv), obtaining again a new value
of the lateral displacement (z). Using this feedback, the
electrical Eq. (15) is solved. The current Iv is obtained by
integrating the lateral displacement as shown in Eq. (13)
(see Fig. 3). This variable feeds the calculation of the
current generated at each electrode. Also, the module that
calculates the current at each port needs the variable z and
the voltage applied at the port. In the same way, the
module which calculates the force (Eq. (17)) has to have
two inputs, z and the voltage associated to the port, as can
be seen in Fig. 3. The modelization is completed by adding
a capacitance between the driver and readout electrodes
considering the effects of the fringing field that appears
between the two ports.

4. Results and discussion

A preliminary measurement has been performed on an
SOI chip containing cantilever mass sensor platforms to
determine E/r ratio of the doped crystalline silicon, using
the technique described in Section 2. In Fig. 4, the
frequency response of the free (0V) oscillation amplitude
obtained by applying this method is shown. From the
central frequency and width of a Lorentzian fit to the
experimental points, 0V resonance frequency and Q factor
are obtained:

f res;0V ¼ 490� 2 kHz,

Q ¼ 160� 20.
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Fig. 4. Measured frequency response of the mechanical oscillation

amplitude of the cantilever, around the fundamental on-plane resonance

mode, and fit to a Lorentzian curve. Oscillations are excited by attaching

the chip to a PZT ceramic which vibrates in a shear mode parallel to the

chip plane.
As has been detailed before, from fres,0V and dimensions of
the cantilever (l ¼ 40 mm and w ¼ 2.3 mm), E/r ratio is
determined to be E/r ¼ 51.5� 106m2/s2. Assuming that
density of doped crystalline silicon is r ¼ 2.33� 103 kg/m3,
it gives a Young modulus value of:

E ¼ 120GPa;

which is in accordance to possible values of n-doped
crystalline silicon reported previously in the literature [19].
On the other hand, S21 parameter measurements using

the two port configuration (Fig. 1b) have been performed
in order to validate the model and to extract the rest of
parameters that characterize the cantilever based sensor
platform. In Fig. 5, the measured magnitude (a) and phase
(b) of the S21 transmitted power parameter through the
device at three different VDC cantilever polarization
conditions are shown. In all cases, the power of the ac
voltage signal injected from the network analyzer to the
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Fig. 5. Magnitude (a) and phase (b) of the S21 transmission power

parameter measured according to the two-port configuration of Fig. 1b

three different cantilever polarization conditions: VDC ¼ 70V,

VDC ¼ 85V and VDC ¼ 100V. In all cases input excitation power is

Pin ¼ 18 dBm. Continuous curves correspond to the best fit of the

electromechanical model, which parameterized by the following values:

Q ¼ 180, E ¼ 120GPa, r ¼ 2.33� 103 kg/m3, CFF ¼ 22 fF and

CNA ¼ 23.4 pF, a ¼ 0.5.
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input port of the transducer is Pin ¼ 18 dBm. The
measured transmission signal frequency responses are
fitted by the electromechanical model described in Section
3, through SPICE simulations performed using the same
polarization and excitation power conditions used in
measurements. Fig. 5 also shows the model simulation
curves corresponding to the best fit parameters, which are
summarized in Table 1. Mainly, once density of doped
silicon (r ¼ 2.33� 103 kg/m3) and dimensions of the
cantilever are fixed, then fit parameters are reduced to
Young modulus (E), Q factor (Q), fringing capacitance
between driver and readout electrodes (CFF), network
analyzer input capacitance (CNA) and fringing field factor
for cantilever–driver force calculation (a). From the
material and air damping point of view, E ¼ 120GPa
and Q ¼ 180 values are consistent with our mechanical
excitation measurements (Fig. 3) and with other values
measured previously [19]. In particular, an enhancement
from Q factors of 50–70 measured in doped polysilicon
cantilevers [20] is expected by fabricating crystalline silicon
cantilevers with similar dimensions. Values of the electrical
parameters obtained from best fit, CFF ¼ 22 fF and
CNA ¼ 23.4 pF, are also consistent with fringing coupling
measurements reported in other similar two port MEMS
resonators [14] and with the combined input capacitance of
network analyzer and connection wires. A fringing field
factor value of a ¼ 0.5 is larger compared to a ¼ 0.02
obtained previously with poly Si cantilevers 1 mm wide [21].
However, this is consistent with a larger fringing field
contribution produced by a wider cantilever (w ¼ 2.3 mm).

Finally, and once the model has been validated and their
characteristic parameters have been extracted, the mass
responsivity of the cantilever can be deduced from
Table 1

Parameter

l Cantilever length

w Cantilever width

s Cantilever–electrodes gap

h Cantilever thickness

Q Cantilever quality factor

r Doped crystalline silicon density

E Doped crystalline silicon Young modulus

meff Cantilever effective mass of the fundamental on plane mo

k Cantilever spring constant

fres,0V Cantilever resonance frequency of the fundamental on pla

interaction

VSI Lateral snap-in voltage

VDC Maximum operating dc voltage

Pin Operating power at the input transducer port

R Series resistance of the SPICE lumped model

L Series inductance of the SPICE lumped model

C Series capacitance of the SPICE lumped model

CFF Fringing coupling capacitance between driving and readou

CNA Equivalent capacitance at the input network analyzer port

a Fringing field factor for cantilever-driver force calculation

RNA Equivalent resistance at the input network analyzer port

R�1 ¼ dm/df Mass responsivity of the cantilever, assuming that analyte

end of the cantilever
following equation:

<�1 ¼ �
2 �meff

f res;0V

, (20)

which corresponds to the fundamental on plane mode of
resonance and assumes that the mass of the analyte is
deposited locally at the free end of the cantilever. So, if the
resonance frequency of the cantilever is fres,0V ¼ 1.6MHz
and its corresponding effective mass is meff ¼

2.6� 10�13 kg, then mass responsivity value is:

<�1 ¼ 0:3 fg=Hz:

This mass responsivity value gives a mass resolution
between 25 and 108 fg taking into account that the
minimum frequency resolution varies between 100
and 360Hz, depending on the mass measurement time
scale [22].

5. Conclusions

A resonant microcantilever with a two-port configura-
tion for electrostatic excitation and capacitive detection is
the core transducer of the mass sensor presented in this
paper. An electromechanical model of the cantilever–elec-
trodes transducer has been described. The model is
implemented in a SPICE electrical environment, which
easily allows including external circuitry in the whole
sensor simulations. Fit of the model to the measured S21
transmitted power frequency response allows, from one
hand, validating the model and, from the other hand,
extracting model parameters that characterize the sensor.
From these parameters, the expected mass responsivity of
the sensor is determined to be 0.3 fg/Hz. Single mask
Value Units

40 mm
2.3 mm
2.4 mm
5 mm
180

2.33� 103 kg/m3

120 GPa

de 2.6� 10�13 kg

28.6 N/m

ne mode with no electrostatic 1.6 MHz

550 V

4100 V

18 dBm

161 GO
2.7 MH

3.2 zF

t electrodes 22 fF

23.4 pF

0.5

1 MO
mass is deposited locally at the free 0.3 fg/Hz
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fabrication process provides simplicity and high yield to
device production. A medium stiffness allows applying
polarization voltages high enough to induce readout
signals which are detectable without the need of any buffer
circuitry. So, in summary, fabrication and operation
simplicity and robustness makes the sensor presented in
this paper a very suitable platform for testing functiona-
lization strategies of cantilevers, and mass analyte deposi-
tion procedures.
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