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ABSTRACT

A gas sensor based on the use of a resonating microcantilever has been realized by using a
polymer sensitive coating. From the theoretical study of the microcantilever sensitivity, it has
been deduced that the sensitivity is enhanced when the resonant frequency or the sensitive
coating thickness are increased. The sensitive coating thickness influence has then been
verified experimentally by using PEUT (polyetherurethane) as sensitive coating for ethanol
detection. From these measurements, some drawbacks are shown: the coating thickness
increase leads to a sensor response time increase and a frequency noise increase which
worsens the limit of detection. Conclusions are then made about the sensitive coating

optimization depending on application constraint considerations.
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I Introduction

Resonant microcantilevers are used for more than 10 years as chemical sensors [1-10].
Indeed, because microcantilevers are very sensitive mass sensors, it is possible to detect small
variations of sensitive layer mass by depositing a sensitive layer at the microcantilever
surface. The sorption of gas molecules into the sensitive coating makes then possible their
detection. Thus, by knowing the sensitivity of the microcantilever, it is possible to estimate

the gas concentration by measuring the resonant frequency shift.
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This paper presents some results obtained with our special shaped microcantilevers combined
with a polymer sensitive coating for ethanol detection. The influence of the sensitive coating

thickness is detailed theoretically and confirmed by the presented experiments.

1 Used microcantilevers

In opposition to classical parallelepiped-shaped microcantilevers, this paper presents results
obtained with non-parallelepiped-shaped microcantilevers combined with a PEUT
(polyetherurethane) sensitive layer (Figure 1).

The microcantilevers are composed of two parts: the arm and the plate. The arm corresponds
to the part which links the substrate to the plate. For sensitivity reasons, all the realized
microcantilevers have a plate larger than the arm, as the modification of resonant frequency is

more important when a mass is added at the microcantilever free-end.

L,

L1/n

Microcantilever Sensitive coating

L \& ey

Figure 1: A microcantilever and its sensitive coating

The studied microcantilever dimensions are:
e L;=1.5mm, n=1.5, b;=200um, s=5, h;=85um (resonating at 22.770kHz).
e L;=2mm, n=2, b;=400um, s=2.5, hy=89um (resonating at 17.780kHz).

Il Modeling

As it will be shown later in the paper, the resonant frequency is a key parameter to design a
sensor with a good sensitivity, since the sensitivity of resonant microcantilever sensors is
directly proportional to the resonant frequency (section 3.2).



Preprint - Materials Science & Engineering C, Vol 26/2-3, 2006, pp. 348-353. (doi:
10.1016/j.msec.2005.10.079)

1 Resonant frequency without coating

By using the Rayleigh’s method which consists in equaling the kinetic energy and the
potential energy, a good approximation of the resonant frequency can be calculated by
knowing a realistic expression of the microcantilever deflection.

It is then possible to express the approximate resonant frequency of an homogeneous non-
parallelepiped shaped microcantilever [11]:

~

h | &
f= 1
2z \ &, )

where:

& is arational fraction of s and n (n is the ratio of the total length of the structure to the plate

length, and s is the ratio of the plate width to the arm width, see Figure 1), p, the

microcantilever mass density, él the microcantilever effective Young modulus, h, the

thickness, and L, the length of the microcantilever.

The expressions found by using the Rayleigh’s method are valid for a microcantilever
resonating in vacuum. In our case, since the microcantilever resonates in air, a slight
modification of the resonant frequency appears due to losses and fluid inertia.

This modification is usually negligible because the quality factor (linked to the losses) of the

used microcantilevers is relatively high (at least better than 100).

2 Resonant frequency with coating

2.1 Analytical expression

When a layer is deposited on top of a microcantilever, its resonant frequency is modified for
two reasons: the added mass tends to decrease the frequency (see section 2.2) while the
Young modulus of the layer tends to increase the frequency (see section 2.3).

Using the Rayleigh’s method, the microcantilever resonant frequency with a sensitive coating

deposited can be expressed [12]:

o1 1 \/hl“éf+h§|§22+2hlh2éléz(2hf+3h1h2+2h22)
275\ & (o + pohy) hE +h,E,

()
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where p, is the deposited layer mass density, h, is the deposited layer thickness and EZ S

the deposited layer effective Young modulus.

From the resonant frequency expression (2), two terms can be extracted:

/ 1
- ah + p,h, ®

e The Young modulus dependent term:

y h'E2 +h!E2 +2hh,EE (2hl +3hh, +2h7)
- hE, +h,E

e The mass effect term:

(4)

2.2 Mass effect

The term G clearly shows the influence of the material masses: when the mass densities
increase, the resonant frequency decreases or when the thicknesses increase (i.e. the mass
increases), the resonant frequency decreases.

Thus, using light materials will allow high resonant frequencies and an increased sensitivity

(see section 3.2).

2.3 Young modulus effect

The term Y can also be expressed:

e 1+ap(4+6p+45 +ap’)
Y= \/ 1+ap ©)

A

With a:% and ﬂ:%.

1
From equation (5), it can be seen that Y has a minimum value of Y, :@ which is
obtained when the sensitive coating is very thin (h, — 0) or when its Young modulus is very
low (E, —0).
If the sensitive coating has a non negligible Young modulus, then the resonant frequency

tends to be increased when the sensitive coating thickness increases.
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3 Gas sensor response

3.1 Gas sorption

The sorption of gas molecules into the sensitive coating is expressed as a modification of the
coating mass density. This modification depends on the affinity of the coating for the
adsorbed gas and on the gas concentration in the surrounding medium.

The modified mass density of the coating is expressed:
p,(Cy) = p, + KC, (6)
where p, is the mass density of the coating without adsorbed molecules, K is the partition

coefficient (defined as the ratio between the gas concentration in the coating and the gas

concentration in the surrounding medium) and C, is the gas concentration in the surrounding

medium.

The resulting resonant frequency is then expressed:

o \/ 3 \/1+aﬂ(4+6,3+4,32+aﬂ3) -
275\ & (p+ B+ KBC,) 1+ap

3.2 Gas sensitivity

For small variations of the resonant frequency, the gas sensitivity SCg is defined as:
of
Sc =| |— 8
C |:ac :I (8)
C,=0

Kh
S. =— 2  [f 9
Cq 2(p1hl+p2h2) [ ]cg=o ( )

Then, substituting (7) in (8) gives:

Using (9) and (7), it is possible to demonstrate that a theoretical optimum coating thickness
exists for very low sensitive coating Young modulus [13]. This optimal thickness can be
expressed as a function of the cantilever thickness and the mass densities of the cantilever and

coating:
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P, =2phy (10)
For higher sensitive coating Young modulus, no optimal coating thickness exists since the

sensitivity is always increased when increasing the sensitive coating thickness.

IV Experimental results

1 Test bench

The actuation of the microcantilever at its resonant frequency is done with an electronic
device which permits the microcantilever oscillation. This frequency is then measured by an
HP53131 (frequency counter) and sent to a PC (Figure 2).

GPIB

Frequency counter PC

Amplifier (HP 53131)

A 4

Bus

Microcantilever | |

Figure 2: Microcantilevers resonant frequency measurement setup

2 Mass effect

The modeling process about mass effect has been verified by depositing the sensitive layer on
the microcantilever top surface. Because the chosen sensitive material (PEUT) has a very low

Young modulus (E, =6.9MPa) compared to the cantilever material (silicon E, =130GPa),

the ratio sensitive coating Young modulus to cantilever material Young modulus is very low
(a <5e-5). Thus, the sensitive coating Young modulus cannot modify the resonant
frequency and thus any modification of the resonant frequency is only due to an added mass.

To verify the dependence of the resonant frequency upon an added mass, the resonant
frequency of a cantilever has been measured in oscillator configuration (Figure 2) during the

sensitive coating deposition.
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The deposition is performed with a spray coating device which allows reproducible and
uniform sprays. The spray coater, which has been characterized, deposits a constant sensitive
coating thickness per pulverization depending on multiple parameters (viscosity of the
solution, pulverization pressure, ...). Thus, the deposited sensitive coating thickness has to be

determined a posteriori using (2) with E, << E; :

h, = A [f—oz— J (11)
P\ f

where f, is the resonant frequency without coating.

Figure 3 shows the modification of the resonant frequency during the spray and the estimated

deposited coating thickness using (11):
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Figure 3: Resonant frequency and estimated coating thickness versus deposition time

3 Gas detection

To verify the sensitivity of the sensor, a microcantilever with its associated sensitive coating

is inserted in a gas-line and is exposed to different ethanol concentrations (Figure 4).
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Figure 4: Frequency shift (drift removed) for a microcantilever resonating at 16.9kHz with a sensitive coating

thickness of 21 um, exposed to ethanol at different concentrations

Then, different coating thicknesses have been used to show the thickness influence upon the
sensitivity, the response time and the limit of detection.
As shown in Figure 5 and as predicted theoretically, the sensitivity increases when the coating

thickness increases.
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Figure 5: Frequency shift (absolute value) for different coating thickesses for a microcantilever exposed to 5.2%

of ethanol
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In order to compare these measurements with the theoretical expression (9), the measured
normalized frequency shift and theoretical normalized frequency shift, using the partition
coefficient of the literature (K=950) [14], have been plotted (Figure 6).

Theoretical normalized frequency shift

—X — Measured normalized frequency shift | |

5.2% of ethanol

Normalized frequency shift (Hz/um)
w

0 T T T T
0 5 10 15 20 25

Coating thickness (um)

Figure 6: Normalized frequency shift (ratio frequency shift to coating thickness) versus coating thickness for a

microcantilever exposed to 5.2% of ethanol

The measurements are in good adequacy with the theory excepted for the first point (1 pum).

The reason of the discrepancy for the first point has not been clearly identified but a surface
interaction between the gas and the coating may explain this phenomenon: since the area in
contact with the gas is approximately the same whatever the coating thickness is, a gas
quantity trapped close to the surface would increase the sensitivity for thin sensitive coatings.

Table 1 shows the partition coefficient which is calculated from (9) using the estimated
coating thickness, the measured resonant frequency with the deposited coating and the
measured frequency shift for an exposition to 5.2% of ethanol.

The obtained values are in good accordance to the literature excepted when the coating is

1um thick. This difference may be explained by surface interactions as said previously.
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Table 1: Deduced partition coefficient for each coating thicknesses

Coating Frequency shift Resonant Deduced partition coefficient
thickness (um) (Hz) frequency (Hz) | (as defined in section 111.3.1)
1 -5.21 17758 1220
2 -8.03 17699 951
4 -15.3 17614 920
21 -76.3 16907 987

4 Responsetime

The responses of cantilevers exposed to 5.2% of ethanol with different coating thicknesses
have been normalized and are presented in Figure 7. From this figure, one thing can be
noticed: the response time is approximately the same for thin coatings and is bigger for the 21
pm thick coating.

This can be explained by the response time of the chamber. Indeed, the chamber is, naturally,
filled progressively and its response time has to be taken into account. If the chamber
response time is greater than the sensor response time, then the observed response time is
mainly due to the chamber.

In fact, in our case for coating thicknesses up to 4 um, the observed response time is due to
the chamber while for the 21 um thick coating the adsorption time affect the observed

response time.
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Figure 7: Normalized frequency shift versus time for different coating thicknesses

The increased response time for the 21 um thick coating clearly shows that the increase in

sensitivity (Figure 5) can be achieved to the detriment of the response time (Figure 7).

5 Limit of detection
The limit of detection (L.O.D.), calculated from the measured sensor sensitivity ch and the

measured frequency noise Af is represented in Table 2:

noise ?

LOD — 3A.I:noise
S

G

It can be seen that, the frequency noise and the sensitivity increase when the sensitive coating
thickness increases. Because the frequency noise does not increase in the same way as the
sensitivity, the limit of detection is minimal, and thus optimal, for a sensitive coating

thickness between 1 um and 21 pm.
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Table 2: Limit of detection of ethanol for a microcantilever resonating at 17.7 kHz

Sensitive coating thickness 1pum 4 um 21 um
Sensitivity (mHz/ppm) 0.1 0.29 1.5

Frequency noise (Hz) 0.001 0.002 0.015
Estimated limit of detection (ppm) 30 20.4 30

The existence of an optimum coating thickness also demonstrates that the coating thickness
has to be chosen carefully to avoid large response times and to allow an optimized sensor

response.

V Conclusion

The sensitive coating influence upon sensitivity, response time and limit of detection has been
shown and the presence of an optimal sensitive coating thickness has been observed.

The sensor, using a 4 um thick PEUT sensitive coating, has been able to detect ethanol with a
sensitivity of about 0.29 mHz/ppm with a frequency noise of about 2 mHz.

The selectivity of the device has not been studied, but similar results could also be achieved
when detecting other gases since the PEUT is sensitive to most volatile organic compounds
(VOCs).

From the measurements, conclusions have been done about the sensitive coating influence
upon sensitivity, response time and limit of detection. Theses conclusions raise issues about

the optimization of the sensitive coating thickness.

Because the determination of the exact value of the optimal sensitive coating thickness would
require much more experimental work, it could be interesting to characterize precisely the
frequency noise. This characterization requires the theoretical determination of the

viscoelastic losses that occurs in the sensitive coating.

More generally, a theoretical study on the losses in resonant microcantilever sensors will
significantly help the designers in reducing the frequency noise and thus adapting the

microcantilever geometries and enhancing the limit of detection.
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