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Capacitive micromachined ultrasonic transducer as
a resonant temperature sensor

LI Zhikang '**, Rahman hebibul’, ZHAO Libo'** , YE Zhiying ',
ZHAO Yulong ', JIANG Zhuangde '

(1. State Key Laboratory for Manufacturing Systems Engineering, Collaborative Innovation Center of Suzhou
Nano Science and Technology, Xi’ an Jiaotong University, Xi’an, 710049, China
2. Department of Mechanical Engineering, University of California at Berkeley, Berkeley, CA 94720, USA
3. School of Automotive, Mechanical and Electrical Engineering, Xinjiang Vocational & Technical

College of Communications, Urumgi, 831401, China)

Abstract : Resonant temperature sensors have drawn considerable attention for their advantages such as high sensitivity, digitized
signal output and high precision. This paper presents a new type of resonant temperature sensor, which uses capacitive microma-
chined ultrasonic transducer ( CMUT) as the sensing element. A lumped electro-mechanical-thermal model was established to
show its working principle for temperature measurement. The theoretical model explicitly explains the thermally induced changes
in the resonant frequency of the CMUT. Then, the finite element method was used to further investigate the sensing performance.
The numerical results agree well with the established analytical model qualitatively. The numerical results show that the resonant
frequency varies linearly with the temperature over the range of 20 C to 140°C at the first four vibrating modes. However, the
first order vibrating mode shows a higher sensitivity than the other three higher modes. When working at the first order vibrating
mode, the temperature coefficient of the resonance frequency ( TCf) can reach as high as -1114.3 ppm/C at a bias voltage equal
to 90% of the collapse voltage of the MCUT. The corresponding nonlinear error was as low as 1.18%. It is discovered that the
sensing sensitivity is dependent on the applied bias voltages. A higher sensitivity can be achieved by increasing the bias voltages.
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1 Introduction tals, which puts strict requirements into fabrication

. . processes and thus results in a high cost ‘"', In ad-
Resonant temperature sensors are widely studied

. . dition, the fabrication processes of quartz crystal are
due to their advantageous performances such as high ’ p q y

sensitivity, digitized signal output and good preci- not compatible with micromachining technologies,

[15 which limit the wide application of quartz crystal

sion ' Most of these sensors are based on silicon

[7]
microbeam and quartz crystal resonators. For exam- based temperature sensors ~. For the temperature

sensor based on micro beam, its sensitivity is mainly

determined by the thickness of the beam '*'. Al-

ple, Leblois et al. "'’ and Zhong et al. *' investiga-

ted the performance of quartz resonators acting as

resonant temperature sensors. Hsu et al. '*! and Jha though the sensitivity can be improved by reducing

5] the thickness of the beam, yet this reduction may de-

et al. ° studied the resolution and sensitivity of re-

b . R
sonator beam based temperature Sensors. However, crease the sensor’ s robustness and rehablhty. In

both types of temperature sensors suffer from several
shortcomings in their commercializing applications.
For quartz crystal based temperature sensors, the
temperature-frequency coefficient mainly depends on

the cut type and fabrication accuracy of quartz crys-

comparison with the two types of resonator structures
mentioned above, capacitive micromachined ultra-
sonic transducer (CMUT) presents more advantages
when used as resonator, no matter in the fabrication

processes or in the performances. Its batch fabrica-
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tion based on MEMS technology and good compati-
bility with integrated circuit contribute to a reduced

8.9]

cost “*1. Tts high resonant frequencies in the range

of tens of megahertz and quality factors in the range
of several hundred provide excellent sensitivity "'*™.
Additionally, compared with micro beam-based sen-
sors, CMUT has a more robust structure, which al-
lows more reliable operation in harsh environment.
These advantageous characteristics enable CMUT as
a platform for developing resonant temperature sen-
SOrS.

In this study, we used the CMUT as a resonant
temperature sensor and investigated its performance
for temperature measurement. Firstly, we presented
a schematic of CMUT based temperature sensor and
established a lumped electro-mechanical-thermal
model for its working principle. Then, the finite ele-
ment method (FEM) was employed to simulate the
effects of vibrating modes and bias voltages on the
sensing performance (such as linearity and sensitivi-
ty). Finally, several suggestions on the design of

CMUT based temperature sensor were proposed.

2 Working principle
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Fig. 1 Schematic of a CMUT cell for

temperature measurement

Figure 1 shows the schematic of a CMUT used
for temperature measurement. The membrane with
clamped periphery works as a temperature-sensing
element, and simultaneously as the top electrode of
the CMUT. The substrate parallel to the membrane
acts as the bottom electrode, and is fully fixed so

that the change in its sizes can be neglected in a tem-

perature-changing environment. The post between
the upper membrane and lower substrate is assumed
to have a very small coefficient of thermal expansion
(CTE) compared with that of the membrane. So,
the size change of the post caused by thermal expan-
sion can be neglected. Based on these simplifica-
tions, the effects of the substrate and post on the
thermal expansion of the membrane are negligible.

The working principle of the CMUT based tem-
perature sensor depends on the resonant frequency
shift caused by the thermally induced changes in e-
lectrical stiffness across the capacitive transducer. In-
itially, the CMUT vibrates at a certain resonant fre-
quency under the co-action of a bias voltage U,
and a small voltage U,.. When there is a variation in
environmental temperature, a thermal stress in the
clamped membrane produce, which will further pro-
duce a small change in the gap of the CMUT. As a
result, the electrical stiffness of the membrane chan-
ges, leading to a corresponding shift in resonant fre-
quency.

2.1 Theory analysis
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=

Fig. 2 a lumped electro-mechanical-thermal
model for a CMUT cell

Capacitor

In order to simplify the theory analysis, several
approximations are proposed. The membrane is as-
sumed to be circular with a radius R, thickness h.
The restoring force of the membrane is assumed as a
linear function of its displacement. The electrical

fringing fields between the top and bottom electrodes
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are neglected when considering the electrical forces
applied to the membrane. Furthermore, the tempera-
ture distribution of the membrane is assumed to be u-
niform at a certain time. Then we assume that the
CMUT operates in a vacuum, which is equivalent to
neglecting any other loading of the membrane such

as air damping %

. Thus, we obtain a lumped elec-
tro-mechanical-thermal model consisting of a linear
spring, a mass, a thermal stress generator and a par-
allel plate capacitor, as shown in Figure 2.

For a clamped membrane with a uniform tem-
perature distribution, the thermal stress can be given
as (131
0'r=0',,=—1E%AT (1)

where E is the Young’ s modulus, v is the Pois-
son ratio and AT is the change of temperature; AT =
T-T,, T, is the reference or initial temperature, 7T is
the measured temperature; o, is the radial thermal
stress and o, is the tangential thermal stress.

Then, the radial and tangential tensile or com-
pressive forces per unit length of the undeformed
membrane can be obtained by an integration of the
radial and tangential stress from O to 4. Their expres-

sions can be expressed as

E

N =——2ATh (2)
1-v
E

N,=——2ATh (3)
1-v

where the terms N, and N,represent radial and
tangential forces respectively. When the membrane is
deflected towards the lower substrate under an ap-
plied voltage, the radial force N, will produce a
small lateral force component which will lead to an
additional deformation. This deformation under the
applied voltage will further cause an increase in the
electrostatic force and then the deformation. This
phenomenon can be interpreted as a thermally in-

duced stiffness softening. The lateral force compo-

nent of N, can be expressed as ''*'*’
*w(r)
N,=N, 972 (4)

where N, is the lateral force component of N,,
w(r) represents the deflection at any radial position r.
This deflection function satisfies the conditions of the
clamped thin plate such as w(R) = 0, dw(R)/dr =
0 at the edge and dw(0)/dr = 0 in the center ',
Then the sum of N, over the entire circular membrane

can be calculated by
R2m
FT=U)‘Nr,rdrd6=27rN,w(0) (5)
0

where F is the sum of N, w(0) is the maxi-
mum displacement of the membrane. For a circular
membrane with axisymmetric transverse deflection,
the average deflection is equal to one third of its
[15

maximum displacement w (0) . In the lumped
model, we used the average deflection to represent
the displacement x as shown in Figure.2. Then equa-
tion (6) can be rewritten as

F,=6TN,x (6)

This expression can facilitate the analysis of the
lumped electro-mechanical-thermal model. Then, the
equation governing the balance of this lumped model
can be given as

Fy+F +F, =F,, (7)

where the terms Fg, Fy, F; and F,, are the
spring, capacitor, thermal and inertial forces respec-
tively. The capacitor and spring force can be given
as [12] .
_ &S v
2 (d-x)*’

where V is the voltage across the capacitor, & is

Fy=—kx (8)

E

the electric permittivity, S is the area of the capacitor
plate. Taking the time variable ¢ into consideration
and substituting for the force terms, the vibrating e-
quation governing this lumped model is given
d’x  eSV*(t)
m 2 2
dr 2(d—x(t))
where the V(¢) = U, +U,(t). In general, as

bias

the amplitude of U, (¢) is far less than U, , V(1)

6mN x+kx=0 (9)

can be replaced by U,,  for a simplified analysis. Ex-

panding the nonlinear term in equation (9) with a
Taylor expansion about the point x(#) = 0 and neg-

lecting the high order terms, a linearized form of e-
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quation (9) can be obtained
“x(1) eSUs,,,
d7 2
Simplifying equation (10) ,

blas

+———x(t) )-6mN x(t)H(£)=0  (10)

a significant quali-
tative expression is obtained as

d*x(1) eSVie
m

7+Kf/fx(t)= o (11)
and
2
K(,_[,:k—gSVDC —6mN, (12)
If T >T,, the radial thermal stress N, is com-

pressive, which produces a lateral force component
in a same direction with the capacitor force. So, sub-
stituting for the absolute value of equation (2), e-

quation (12) can be rewritten as

eSU? Eh
=k o AT (13)

K
g Vi 1-v

This expression provides an explicit explanation
for the influences of voltage and temperature on the
electrical stiffness of the membrane. The second term
of the right side of equation (13) denotes the effect
of applied bias voltage. The third term of the right
side of equation (13) denotes the effect from tem-
perature change. It is obvious that the resonant fre-
quency of the CMUT can be changed by the voltage
and temperature. Actually, the resonant frequency
reduces with the voltage and temperature.

The temperature coefficient of the resonance
frequency ( TCf) of CMUT-based temperature sensor

can be defined as

1 of
TCf=— — 14
=% a7 (14)
where f, is the resonant frequency under an ap-

plied voltage U and f is resonant frequency under

bias

different temperature at the fixed voltage.
2.2 Frequency detection

The related circuits used to detect the resonance
frequency of a CMUT are shown in Figure.1. The
matching circuits are designed to protect the CMUT
cell and track the changes in its electrical parameters.

The bias voltage U,;

ias

and small alternate signal U,

can be provided by a digital power. The system im-

pedance Z

system

can be measured using an impedance

analyzer.
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Fig. 3 Equivalent circuit of a CMUT cell

An equivalent circuit model for a CMUT cell is
shown in Figure.3. It can be used as the basis for the
design and analysis of the circuit system in Figure.l.
This model consists of the electrical capacitance of
the structure C, in parallel with a series combination
of an inductor representing the mass of the mem-
brane Ly, a capacitor representing the stiffness of the
membrane Cg, and a resistor modeling the motional
resistance including the radiation into the medium
R'""'". When the CMUT works in a temperature-
changing environment, the thermally induced change
in the stiffness of the membrane will finally result in
a change in C. Then, a shift in the resonant fre-
quency of the circuit system will produce corre-
spondingly. In order to find the resonant frequency,
we can adjust the frequency of U, within a frequen-
cy range. When the varying frequency equals to the
resonance frequency, the equivalent circuit reso-
nance occurs with minimum electrical impedance.
This impedance value and the corresponding reso-
nance frequency can be captured by the impedance
analyzer accurately. Then, the measured temperature
can be calculated through the relationship between

temperature and resonant frequency.
3 Modeling and simulation

In this section, a finite element model was es-
tablished to simulate the situation of a CMUT for
temperature sensing by the finite element software
ANSYS12.0. Due to symmetry of the structure and

loads shown in Figure.l, the CMUT structure was
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modeled as 2D-axisymmetrical. The membrane and
membrane support structures were constructed using
plane structural elements PLANE42. The vacuum
cavity and the electrostatic effect between top and
bottom electrodes were modeled by using electrome-
chanical coupling elements TRANS126, which were
basically parallel plate capacitors and apply opposite
electrostatic attraction forces to the nodes to which
they were attached. The top nodes of these
TRANSI126 elements were attached to the section of
the membrane where the electrode was located; the
bottom nodes were simply clamped, which represen-
ted the bottom electrode. The detail parameters used

for the simulation are shown in Table. 1.

Table 1 Geometry and material parameters for simulations

Parameters Value
Membrane radius R ( mm) 20
Membrane thickness 2 (mm) 1
Cavity gap d (mm) 0.4
Membrane Density r (kg/mm?®) 2.332x10™"
Membrane Young’ s modulus E (MPa) 1.69x10°
Membrane Poisson’ s ratio v 0.29
Coefficient of thermal expansion a (10°/C) 2.33

Via the model constructed above, we studied
two types of behavior characteristics of the CMUT-
based temperature sensor; firstly, the relation of the
resonant frequencies under different vibration modes
with temperature at a fixed bias voltage; secondly,
the effects of different bias voltages on the TCf. To
this end, static and prestressed modal analyses were
carried out sequentially under different temperatures
at a fixed bias voltage. The collapsed voltage U.,,.
was 146V, the reference temperature was 20°C and
the coefficient of thermal expansion of the membrane
was assumed to be a constant in the simulated tem-
perature range. The results of simulations are shown

in Figures 4, 5 and 6.
4 Results and discussion

Figure 4 shows the results of frequency shift to

temperature under different vibration modes. It is ob-
vious that the frequency shift varied linearly with the
temperature at the first four order vibration modes.
The frequency decreases with the temperature. The
TCfs of the first, the second, the third and the fourth
order modes were -739.8 mg/kg/C, -162.4 mg/
kg/C, -78.7 mg/kg/C, -48 mg/kg/C respective-
ly when temperature varying from 20 C to 140 C.
It can be concluded that the frequency shift has a lin-
ear relationship with the temperature and the fist or-
der vibration mode holds a higher sensitivity than the
other three modes.
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Figure 5 shows the relationships between the
fundamental ( first order) frequency shift and the
pias- The U
was set to 80% , 85% and 90% of the collapse volt-

temperature at different bias voltages U

bias

age Uy,
mg/kg/C, -851.8 mg/kg/C, -1114.3 mg/kg/C
respectively. The nonlinear error was 1.18% when
the U,,,, was 90% of the U

that the sensitivity increases with U,

and the corresponding 7Cfs were -739.8

These results show

bias colla*

pias- 1N other
words, the sensitivity can be adjusted by changing
the U,

simulated results and the analytical expressions (13)

In addition, with a comparison between the

bias*

and (14), it is easy to find that the numerical simu-

lations agree with the theoretical analysis qualitative-

ly.
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The results shown above demonstrate the linear
relationship between the resonant frequency and tem-
perature, and the superiority of the first-order mode
vibration for temperature measurement. It also is
proved that a high TCf can be achieved by increasing
the bias voltage. However, as shown in Figure 6,
the increased temperature will lead to an additional
deflection of the CMUT membrane, which will ena-
ble the CMUT easy to collapse and thus reduce the

collapse voltage. So if we want to improve the sensi-

tivity by increasing the bias voltage, the temperature
range should be reduced. A trade-off between the
sensitivity and temperature measurement range
should be considered when we design a CMUT

based temperature sensor.
5 Conclusion

In this study, we made an investigation on the
CMUT based resonant temperature. A lumped elec-
tro-mechanical-thermal model was established for the
theoretical analysis. It provides an explicit explana-
tion for the thermally induced changes in electrical
stiffness and resonant frequency of the CMUT.
Based on this model, the corresponding detection
circuits and method were presented. Then, a 2D axi-
symmetric model was established to simulate the
working performance by the finite element method.
The numerical results show that the resonant frequen-
cy varies linearly with the temperature over the range
of 20 C to 140C at the first-four vibration modes,
and the first order mode vibration had a higher sensi-
tivity than the other three higher modes. The sensing
sensitivity can be adjusted by the applied bias volta-
ges. Those numerical results also agree well with the

established model qualitatively.
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