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Abstract: A resonant microcantilever beam gas sensor was designed and fabricated in Carnegie
Mellon University using complementary metal oxide semiconductor (CMU-CMOS) technology.
The cantilever beam modified with a suitable sorbent coating was demonstrated as a chemical
transducer for monitoring hazardous vapours and gases at trace concentrations. The design of
the cantilever beam included interdigitated fingers to allow electrostatic actuation of the device
and a piezoresistive Wheatstone bridge design to read out the deflection signal.The cantilever
beam resonant frequency was modelled using the Euler—Bernoulli beam theory and ANSYS.
The beam resonant frequency was measured with an optical laser Doppler vibrometer. Good
agreement was obtained among the measured, simulated, and modelled resonant frequencies.
A custom sorbent polymer layer was coated on the surface of the cantilever beam to allow its
operation as a gas-sensing device. The frequency response as a function of exposure to the
nerve agent simulant dimethylmethylphosphonate (DMMP) at different concentrations Was
measured, which allowed a demonstrated detection at a concentration of 20 ppb or 0.1 mg/m?®.
The air-polymer partition coefficient K, for DMMP was estimated and compared favourably
with the known values for related polymers.

Keywords: cantilever beam, complementary metal oxide semiconductor technology, micro-

electromechanical systems, chemical sensing, partition coefficient I

1 INTRODUCTION

A chemical sensor is a transducer that converts
chemical information into an analytically useful
signal [1]. Chemical sensors are important for a
variety of industrial, environmental, and military
applications, including the detection of hazardous
chemicals, quality control in food, perfume, and
beverage industries, and medical applications [2].

A typical configuration of a chemical sensor
includes a sorbent layer deposited on the active
area of a transducer [3]. The interaction of gas with
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the sorptive layer is monitored as a function of
changes in the physicochemical properties of the
sorbent layer and normally transduced into an elec-
trical signal for ease of recording or display.

In this research, the design of the chemical sensor
was based on a resonant cantilever beam electrostati-
cally actuated, because of the multiple advantages
this sensor has, compared with other chemical
sensors. The beam gas sensor is simple to microma-
chine and to integrate with complementary metal
oxide semiconductor (CMOS) technology, with the
beam structure created in a post-CMOS fabrication
procedure using reactive ion etching. The operat-
ing temperature of this gas sensor design is not high,
and the frequency stability of the resonator is good.

The microstructure cantilever beam has many
interesting applications. Nanoscale cantilever beam
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for biochemical, DNA, and protein sensing has been
researched extensively [4-11]. Scientists at IBM
Research Laboratory, Zurich, Switzerland developed
a gas sensor on the basis of a resonant cantilever
beam fabricated using CMOS technology, which is
magnetically actuated [12-14]. Magnetic actuation
has a good sensitivity and needs less power, but
requires more complex packaging, as a permanent
magnet needs to be integrated within the package.

The microstructure cantilever beam was success-
fully employed in the atomic force microscopy [15].
In this case, the cantilever beams with integrated
tip and piezoelectric layer for actuation and detec-
tion have been microfabricated using monocrystal-
line silicon as the bulk material.

For designing and modelling a device based on a
resonating cantilever beam, a theoretical under-
standing of its vibration is necessary to estimate the
resonant frequency. In this article, the resonant fre-
quency of a composite cantilever beam is computed
using the Euler-Bernoulli beam theory. An ANSYS
finite-element package and a scanning laser Doppler
vibrometer (LDV) were used to simulate and to
empirically measure the resonant frequency of the

microbeam, respectively.

~ The fabrication of the cantilever beam gas
sensor using CMU-CMOS technology, the Wheat-
stone bridge arrangement for monitoring the
resonance frequency, the electrostatic actuation of
the cantilever beam and the experimental details
for vapour test measurements have been reported
previously, [16-18]. The goal of this article is to
apply the beam theory to this novel composite
cantilever beam fabricated using CMU-CMOS tech-
nology. This article also describes the gravimetric
application of the cantilever beam gas sensor
and offers a modality to calculate the partition
coefficient K.

2 THE EULER-BERNOULLI LAW OF
ELEMENTARY BEAM THEORY

The resonant frequencies of a simple beam with a
uniform cross-sectional area and a composite
beam are calculated with the assumption that any
plane cross-section remains plane during beam
bending. The resonant frequency of a thin homo-
geneous microbeam with a uniform cross-section
can be derived by solving the one-dimensional
Euler—Bernoulli differential equation (1) [19-21].
The Euler—Bernoulli equation models the undamped
free transversal vibrations of a cantilever beam

dw Ftw

where w(x,7) is the time-dependent transverse displa-
cement of the cantilever beam centre line from the
neutral position, EI the bending stiffness, p and A
the density and the cantilever cross-sectional area,
respectively.

This harmonic linear fourth-order differential
equation can be solved using separation of variables
technique. The displacement w(x,#) can be separated
into two parts: one depends on position and another
on time, as shown in equation (2). Here, W(x) is the
specific shape function, which is independent of
time and Y(#) is the time-dependent amplitude,
which is independent of position

wx,n) = W)Y (@) 2)
Substitution of equation (2) into (1) generates two

separate ordinary differential equations (3) and (4)
[22]

Y6+ Y (@) =0 3)
a* 5[ PA B
AW+ <E) W) =0 o))

where wj is a constant equal to the natural frequen-
cies of the microbeam.

Equation (3) is the well-known undamped one-
degree-of-freedom harmonic oscillator. The modal
shapes for the freely vibrating beam obtained
from equation (4) are given in equation (5) [23]

)Ll'l )\n
W,{x) = cosh _Lx — cos ———Lx
' oAk Ax
- H<smh A sin 7 > (5)

Here

2, P4
X= o 6)

where C, are the integration constants, determined
by the boundary conditions, and L represents the
beam length.

In the case of a cantilever beam clamped at one
end, the boundary conditions are w(0)=0 and
w(©0) =0 at the fixed end and w’(I)=0 and
w” (L) = 0 at the free end of the cantilever. Substitut-
ing these conditions into equation (5) yields the
frequency equation

cosApLcoshA,L+1=0 (7)

After applying the boundary conditions, the
integration constants C, are determined from the
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following formula

sinh Ay L — sin A, L
Cn — n i
cosh Ay L + cos AL ®

The roots of equation (7) can be determined
numerically. The first three roots are AL = 1.875,
AL = 4.694, and A3L = 7.855, corresponding to the
first three modes of oscillation of cantilever beam.

For the undamped cantilever beam without
additional mass, the resonant frequency correspond-
ing to the first mode is obtained using equation (6)
and it is equal to

w 1.875% |EI
h= 5= a2\ i ©

3 RESONANT FREQUENCY OF A COMPOSITE
CANTILEVER BEAM

The cantilever beam fabricated using the CMU-
CMOS technology was shown in Fig. 1. The
custom style used for the CMOS-MEMS process
was developed at Carnegie Mellon University, com-
bined with subsequent micromachining steps
[16, 24-26]. The foundry used in this work was
Austrian Microsystems (0.6 pm, 3-metal, 2-poly
CMOS).

The cantilever beam fabricated using the CMU-
CMOS technology is a multi-layer structure
fabricated from silicon dioxide, polysilicon, and
aluminium thin, layer films which represent stan-
dard CMOS layers. The cross-section of this compo-
site microcantilever beam gas sensor was shown in
Fig. 2. The natural frequency for the free undamped
vibration of a composite cantilever beam can be
approximately determined by replacing the bending
stiffness EI and density p in equation (9) with the
composite bending stiffness EI and composite

Interdigitated fingers for
actuating the cantilever

0’ | Picroresistors

Fig. 1 Micrograph of the cantilever beam

Silicon dmmde

Fig. 2 Cross-section of the cantilever beam shows
the combination of CMOS layers

density g [27]

o N
= ZEiIi (10)
i=1
N .
p- — ZZTVI pitl (11)
2im1 Li

where N is the number of layers in the composite
cantilever beam, p the density of the individual
layers, and ¢ the thickness of the individual layers.
Substituting equations (10) and (11) into equation
(9) yields equation (12), which is the resonant
frequency equation of the composite cantilever

D= ) 12
ha 2 pA (12)

where Ay = 1.875/L corresponds to the wave length
of the first mode.

The individual moment of inertia [; for each layer is
computed using equation (13) [21]

bt}
I = §+A1d2 (13)

where b is the beam width, ¢; the thickness of an indi-
vidual film as shown in Fig. 2, A; the cross-sectional
area of an individual layer, and d; the distance
between the centroidal axis of the composite beam
and the neutral axis of each individual layer.

The transformed-section method is generally
employed to locate the neutral axis of a composite
beam [28]. The method consists of transforming
the cross-section of a composite beam into an equiv-
alent cross-section of an imaginary beam that is
composed of only one material. The new cross-
section is called the transformed section. The trans-
formed beam is equivalent to the original beam,
and its neutral axis is located at the same place as
for the original beam.

The principle of the transformed-section method
lies in the normalization of each layer with respect
to the Young’s modulus of the top layer. The width

JMES150 © IMechE 2006

Proc. IMechE Vol. 220 Part C: J. Mechanical Engineering Science



1604 I R Veiculescu, M E Zaghloul, R A McGill, and J F Vignola

of each composite layer is given by the following
formula

by=—5b (14)

where b; is the width of each normalized layer, E; the
Young’s modulus of each layer, and Ey the Young's
modulus of the top layer. In this way, the top layer
of the transformed beam has the same width b as
the original beam, because for the top layer, E; = Ey.

The transformed section of the microcantilever
beam cross-section from Fig. 2 is shown in Fig. 3.
The mechanically equivalent shape from Fig. 3 has
the same Young's modulus as the top layer alu-
minium. The location d of the neutral plane is
found by

N . .
d= % (15)

where d; is the distance from the reference layer,
which, in this case, is considered the top layer, to
the neutral axis of each individual layer. A; is the
cross-sectional area of each individual layer, as
shown in Fig. 3.

The resonant frequency of the composite canti-
lever beam was estimated at 90.812 kHz using
equation (12).

-4 BEAM VIBRATION SIMULATION WITH ANSYS

For a more accurate study of the composite CMU-
CMOS cantilever beam used in this work, finite-
element modelling is used to calculate the resonant
frequency. The finite-element analysis was per-
formed with ANSYS (version 6.1), and this was used
to model the first four resonant frequency modes of
the cantilever beam gas sensor, shown in Fig. 4
[29, 30].

The simulations were performed without a sorbent
polymer coating. In order to perform the modal

70um
60.63um

2.018um

d=

Fig. 3 Transformed cross-section of the same material
Al corresponding to the cross-section from
Fig. 2. The centroidal axis of the composite
beam is marked

ﬁl= 720 045Hz

X
e

Fig. 4 ANSYS simulation of the cantilever beam
resonant frequency. Only the first four modes
are represented. The cantilever dimensions are
beam length 80 pm, beam width 60 um, plate
length 100 pm, width 70 pm, and thickness
4.2 pm

simulation with ANSYS, the beam was modelled as
a composite beam. The mesh elements of the canti-
lever beam were made using tetrahedral elements
(SOLID 92). The material properties of the thin
layer used to model the cantilever beam in the
ANSYS simulation, such as Young's modulus and
density, were given in Table 1 [14]. The boundary
conditions used for this simulation considered the
beam clamped at the left edge, and used at room
temperature.

Squeeze-film damping and air-viscous damping
were not included in the simulation because the
beam has a significant curvature out of the plane
and technological perforations, which reduce the
effects from air damping.

5 LDV MEASUREMENTS

The surface motion of the microcantilever beam
oscillator was characterized with a scanning LDV
system developed at the Naval Research Laboratory
(NRL). The NRL LDV system has been previously
described in detail [31]. The system illuminates the
sample surface with light from an argon-ion laser
(spot size = 2.5 um). Scattered light for the sample
surface is mixed, on the surface of a photodetector,
with the frequency-shifted, reference light. The
photodetector produces a frequency-modulated
signal that, once demodulated, is proportional to
the surface displacement at a single location.

Table1 Material properties of thin layers that
form the composite cantilever beam

Material v E (GPa) p (kg/m?)
Si0, 0.17 70 2200
Al 0.3 72 2700
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The cantilever beam was mechanically vibrated
using a piezoactuator, which was driven by a sinusoid
that was swept over a frequency range including the
fundamental resonant frequency determined from
the ANSYS simulation. Figure 5 shows the measured
vibration amplitude at the tip of the bare beam, as
described in Fig. 1. The frequency corresponding to
the maximum amplitude was the resonant frequency
and its value was equal to 90.260 kHz.

The cantilever beam, in this work, is normally
excited electrostatically by applying an AC voltage
superposed on a DC voltage, which results in attrac-
tive Coulombic forces between the interdigitated fin-
gers. The beam is set into oscillatory motion in a
plane perpendicular to the beam. The circuit used
to drive the resonant beam gas sensor has been
described previously [18]. A spectrum analyser was
used to determine the resonant frequency of the
device actuated electrostatically. The resonant fre-
quency measured with the LDV system was initially
used as the centre point of the frequency range mon-
itored by the spectrum analyser. The resonant fre-
‘quencies simulated with ANSYS, calculated with
equation (12), and measured using the LDV system
and electric circuitry are in reasonable agreement
and are shown in Table 2. The differences may be
partly explained by the absence of a complete simu-
lation, which would include the fingers used for the
electrostatic actuation and the etch release holes
and also the material properties and thicknesses of
the composite layers that were estimated.

6 GRAVIMETRIC APPLICATIONS OF
THE MICROBEAM

In this section, the cantilever beam is employed as a
picogram microbalance. The principle of operation

40

¥ i 1 t
t E 1 t
' ¢ 1 0
i l 1 t
30 """ posmmmEens [2iaials I ToemeT
l i 1 t
' i 1 t
¥ i t i
i i t 1
i i ] i

Displacement amplitude [nm]

Frequency [kHz]

Fig. 5 Vibration amplitude of the cantilever beam as a
function of frequency measured with the LDV
system

Table 2 Cantilever beam resonant frequency calculated,
simulated with ANSYS, and measured with LDV
and spectrum analyser

Resonant frequency ANSYS LDV Electrically
calculated (kHz) (kHz) (kHz) measured (kHz)
91.812 91.360 90.260 89.900

is based on the mechanical phenomenon that the
resonant frequency of a cantilever beam decreases
with added mass. The miniature dimensions of the
microcantilever beam make its oscillations extremely
sensitive to the mass of the gases sorbed to the poly-
mer coating. The amount of mass sorbed to the can-
tilever beam can be determined from the changes
in the resonant frequency of the cantilever. For a
uniformly deposited mass, the mass change Am is
estimated using the following equation [32-35]

k(1 1
Am'v?(ﬁz——]?) (16)

where f, and fi are the resonant frequencies of the
cantilever beam before and after absorption, respect-
ively, and k is the spring constant.

In the case of a composite beam, the spring con-
stant is given by

N of .
k= 22z Bili Zi;; 5il a7

The spring constant k for a composite cantilever
beam from Fig. 1 was calculated as k= 1.42 N/m
[33] and the electrically measured resonant fre-
quency of the cantilever beam was measured as
89.90 kHz. In this work, the polymer was used as a
sorbent layer. After the tip of the beam was coated
with polymer, the resonant frequency of the cantile-
ver decreased to 88.55 kHz [18, 36]. Using the canti-
lever beam resonant frequency shift generated by the
polymer, the mass of polymer deposited on the can-
tilever beam was computed using equation (16) as
2.44 x 107 %g. Assuming the polymer density as
1.6 g/cm?, the volume of the polymer coat was com-
puted as 1.52 x 10~* m>, The cantilever beam gas
sensor was tested with different concentrations of
dimethylmethylphosphonate (DMMP), which was
varied between 0.1 and 43 mg/m®. The cantilever
beam resonant frequency shift as a function of
DMMP concentration was shown in Fig. 6. Using
equation (16), the mass of analyte sorbed to the
polymer layer for different concentrations of
DMMP, corresponding to various frequency shifts,
was calculated and included in Table 3.
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y DMMP concentration 0.1 mg/ m’
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Fig. 6 Beam response upon exposure to DMMP
concentrations varying from 0.1 to 43 mg/m?®

7 COMPUTATION OF THE GAS-POLYMER
PARTITION COEFFICIENT

The sorption of vapour to a polymer coating is
described by the gas—polymer partition coefficient
K [3, 36, 37]. It is a measure of the strength of the
interaction between vapour molecules and the sor-
bent polymer, where larger Kvalues indicate stronger
interactions between the vapour and the polymer.
~The partition coefficient K is defined (equation
(18)) as the ratio between the analyte concentration
in the polymer phase, C,, and the analyte con-
centration in the gas phase, C,, at equilibrium, as
illustrated in Fig. 7

K= (18)

DI

where C, and C, can be expressed in mg/m®.

The log of the partition coefficient for polymers of
structure similar to HC, a custom functionalized sor-
bent carbosilane polymer used in this work, pro-
duced at the NRL [38], and the analyte DMMP, a
simulant for nerve agent, is in the range of 6-9 [3].

The polymer coating was produced using only one
drop of polymer solution dispensed from an inkjet

Table 3 Mass calculation based on the
resonant frequency shift

Am Frequency DMMP concentration
(107 g shift, Af (Hz) (mg/m®)

4.59 25 0.10

7.35 40 0.22

9.18 50 0.50
11.39 62 0.91
13.78 75 1.81
17.46 95 3.63
20.22 110 4.53
2391 130 5.65
27.59 150 11.23
43.27 235 43

Cp Analyte
K=— " molecules

C, \O
. © o
Chemoselective o)
-1 polymer coatin% %O o

=7 1
35 um

-1
Resonant
I .
microcantilever
transducer

Fig. 7 Polymer-coated microcantilever beam and
vapour partitioning coefficient K

head. The inkjet nozzle has an internal diameter of
30 um; however, the dispensed drop diameter is
larger and estimated to be 35 pm. The polymer con-
centration was 0.03 w/w% in chloroform. Using the
cantilever beam resonant frequency shift generated
by the polymer, the mass of polymer deposited on
the cantilever beam was computed using equation
(16) as 5.47 x 10 '° g. Assuming the polymer density
as 1.6 g/cm’, the volume of the polymer coating was
computed as 3.42 x 107" m?® The analyte mass,
corresponding to a DMMP concentration in. the air
of 0.1 mg/m® and sorbed in the polymer layer, was
computed using equation (16) as 4.59 x 10 ¢
(Table 3). The partition coefficient characterizing the
interaction between the carbosilane polymer and
the DMMP was calculated with equation (18), and
the log value of the partition coefficient was found to
be 8.47, which was in the expected range of 7-9 for
similar classes of polymers [3].

8 CANTILEVER BEAM MASS SENSITIVITY

The mass sensitivity is calculated in order to com-
pare the microbeam gas sensor with other gravi-
metric devices. The mass sensitivity is defined as [39]

_l A
~ f Ammin

M

(19)

where m™ is the minimum detectable surface mass
density and it is equal to the minimum detectable
mass over an active area of the microcantilever
beam.

In the particular case of the microcantilever beam
analysed in this article, the minimum detectable
mass of 4.59 x 107'°g is absorbed over an active
area of the cantilever beam of 6.89 x 10 ° cm?®. The
minimum detectable surface mass m™®, in this
case, is equal to 6.66 x 10 ° g/cm?. Then, substitut-
ing this in equation (19), with f=89.90 kHz and
Af= 25 Hz, the sensitivity is S™ = 4.17 cm®/g. The
DMMP concentration of 0.1 g/m> produced a shift
of 25 Hz in the resonant frequency. The cantilever
beam gas sensor was not tested below this
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concentration, so the limit of detection is unknown.
If the sensor is working at lower concentrations, the
mass sensitivity S™ would be expected to be smaller
than 4.17 cm?/g.

The sensitivity of the resonant cantilever beam
could also be defined as [37, 40]

_&
S=¢ 20)

where Af is the frequency change and C, is the
analyte concentration in the gas phase. The units
are Hz/ppm.

The minimum concentration of DMMP of 0.1 mg/
m® used to test the gas sensor corresponds to 20 ppb
and produces a shift of 25 Hz. The sensitivity S in this
case is 1.25 Hz/ppb.

9 DISCUSSION

This article presents the calculation, modelling, and

“empirical measurements of the resonant frequency
of a cantilever beam gas sensor. The values com-
puted for the resonant frequency of the cantilever
beam with the Euler-Bernoulli modelling equations
and ANSYS simulation agree within 0.5 per cent of
each other, with the difference being ~0.5 kHz.
However, the empirically determined values were
measured at lower frequencies, and for the LDV
and spectrum analyser measurements, the resonant
frequency agreed within 0.4 per cent of each other.
The modelling and empirical measurements offer
reasonable agreement and differ by ~2 per cent of
each other.

The resonant frequency computation and ANSYS
simulation were useful in the process of designing
the cantilever beam gas sensor. After the cantilever
beam gas sensor was fabricated, the LDV technique
was used to determine the actual resonant frequency
of the microcantilever beams, because it does not
depend on the beam geometry or on the estimate
of the material properties. Later, the resonant fre-
quency measured with the LDV system was used as
the centre point of the frequency range monitored
by the spectrum analyser.

10 CONCLUSION

A composite microcantilever beam fabricated
using the CMOS technology was analysed using
modelling equations and empirical measurements.
The computed values of the resonant frequency
and the experimental values were found to be in
good agreement. The ANSYS simulation and the
Euler-Bernoulli computation were useful in the

preliminary microfabrication design process to
target a particular resonant frequency and to refine
the range examined by the LDV. The LDV technique
was used to empirically measure the resonant fre-
quency of microcantilever beams. As a polymer-
coated device, the gas—polymer partition coefficient
for DMMP was determined with a log value of 8.47,
which is in the expected range for the analyte
DMMP and the HC polymer used [3]. The sensitivity
of the gas sensor was also computed.
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