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ABSTRACT The design fabrication and development of a 67.5 kHz capacitive micromachined ultrasonic
transducer (CMUT) suited for Martian anemometry is presented in this paper. To have low signal attenuation
underMartian conditions, the device operating frequency is limited to 100 kHz. This is due to the low-density
carbon dioxide (CO2) atmosphere and acoustic impedance mismatch transduction losses. CMUTs capable of
generating frequencies less than 100 kHz need either large Silicon area or higher operating voltages. This is a
problem for the battery operation and portability of devices. The devices presented in this paper are designed
and fabricated using low cost commercially available surface micromachining technique. COMSOL Multi-
physics andMATLAB simulations were used to analyze the device critical design parameters and investigate
the operability of devices. Simulation results show that the designed single cell 170-µm radius membrane
has a resonant frequency∼65 kHz. The device exhibits a static displacement of 105nm under 20 V DC bias.
Using the developed single cell model, a 3× 10 array CMUT anemometer was fabricated and evaluated that
generates a∼65 kHz acoustic signal in lab environment. This proposed CMUT anemometer can operate for a
supply< 38V. The device performancewas evaluated using a commercial air-coupled capacitivemicrophone
named CAP1. Successful transmit-receive of ultrasound from the developed 2D array to CAP1 for separation
in the range of 1-15 cmwas performed. The experiment results performed in lab environment show the speed
of sound and the atmospheric attenuation can be accurately measured using this developed technology with
a ±5% accuracy.

INDEX TERMS CMUTs, low frequency, MEMS, PolyMUMPs, polysilicon membrane, ultrasound.

I. INTRODUCTION
An anemometer is used for wind speed measurements.
Anemometers are broadly classified into mechanical or
electronic. Ultrasonic anemometry is a type of electronic
technique which uses ultrasound signal generation and recep-
tion [1]. Ultrasound is used in various applications since
past century [2]–[4]. Martian anemometry is now focused
on this ultrasonic anemometry technique [1]. An ultrasonic
anemometry uses time of flight calculations to estimate
the wind speed. This is done by placing the transmitting
and receiving transducers apart by a fixed distance [5],
usually ∼12 cm. An increase in the wind speed, increases
the ultrasonic wave velocity and vice-versa. Thus, the wind
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speed is directly relatable to the time taken for a wave to travel
the distance between transmitter and receiver. An ultrasound-
based anemometry is a type of electronic technique that
has contactless operation and avoids the drawbacks of
other techniques [5], [6] like the hot wire and hot
film [7].

An ultrasound can be generated using piezoelectric
devices. Many piezo based ultrasonic transducers are com-
mercially available that can operate in the given frequency
range [8], [9]. However, the piezo transducers have a higher
acoustic impedances (∼30 Mrayl) leading to poor match-
ing and therefore power loss [10]. Therefore, to use piezo
devices, an extra impedance matching layer is needed,
increasing the fabrication complexity. A capacitive micro-
machined ultrasonic transducer (CMUT) is also used for
ultrasound generation [11]. CMUTs provide better acoustic
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matching [12]–[14], making them well suited for Martian
atmospheric conditions [1], [5].

CMUTs are constructed by having a clamped membrane,
over a fixed bottom electrode. The electrical supply is directly
connected to these two as shown in Fig. 1. The gap between
the two layers is air or vacuum [15]. To generate ultrasound
from a CMUT, a DC voltage superimposed by an AC is
applied across the membrane and bottom electrode. The
applied DC voltage functions as the pull-in voltage [12].
An additionally applied ac signal causes the membrane to
vibrate around its resonant frequency [16]. The possible
bending of a conventional membrane under the influence of
a DC supply is shown is Fig. 1 by dashed lines. Fig. 1 also
illustrates the generation of ultrasound signal from a movable
membrane.

FIGURE 1. CMUT and the generation of ultrasound.

The effective radius of the membrane is inside of anchors,
shown as dashed lines in Fig. 1, which can vibrate. The design
has an opening in anchor for the electrical connection to the
lower membrane. The electrostatic force acting on the top
membrane is found using equation 1 [15], [16].

Felectrostatic =
ε0AV 2

DC

2d2
+
ε0AVDCvac

d2
(1)

where, A is the area of the lower membrane, VDC is the
DC bias and vac is the ac signal voltage, and d is the air gap
between the two membranes.

Researchers have developed CMUTs that operate below
100 kHz frequency range [13], [17], [18]. However,
the CMUTs described in [13], [17], and [18], either have
dimensions larger than 4-mmor have operating voltagesmore
than 170 V. Considering the application to be Martian envi-
ronment, where portability and operation in stipulated power
is a major confinement [1], the existing devices are difficult to
use, when connected in arrays. The design and development
of such a CMUT that has lower operating voltage, 37 V, and
smaller dimension, 170-µm radius, for generation of desired
frequency ultrasound, is addressed in this paper.

As the CMUTs presented in this work are envisioned for
Martian ultrasound-based anemometry, their frequency of
operation is limited to <100 kHz [5]. This is due to the
low-density CO2 atmosphere on Mars has high attenuation as
compared to Earth air and the acoustic impedance mismatch
transduction losses. The developed devices are designed to
operate at a resonant frequency of 67.5 kHz that is below the

maximum limit. This frequency also has the least possible
signal attenuation in Martian environment [1]. Therefore,
these CMUT anemometer can be tested in a simulated Mar-
tian environment of ∼95% CO2 and pressure ∼600 Pa [19].
The technique presented, is low cost, small size and will
help eliminate the sensitivity and response time related issues
associated with other anemometry techniques, like hot-film
or hot-wire [1], [5], [6].

II. LOW FREQUENCY CMUT DESIGN AND FABRICATION
The CMUT membrane structure proposed in this paper
was designed and fabricated using a commercially available
MEMSCAP Inc., PolyMUMPs process. This fabrication is a
surface micromachining process, which comprises of three
structural and two sacrificial layers. The polysilicon struc-
tural layers are denoted as Poly0, Poly1 and Poly2 whereas
the sacrificial layer as Oxide1 and Oxide2 [20].

The PolyMUMPs provided film parameters that were used
for analytical calculations and for COMSOL Multiphysics
finite element modelling (FEM) are presented in Table 1. The
resonant frequency of the CMUT device, shown in Fig. 1,
is calculated using equation 2 [21].

fr =
1
2π

√√√√ 1
M

(
16πEh3

3
(
1− v2

)
R2
−
εAVDC 2

d30

)
(2)

TABLE 1. Film parameters and device dimensions.

where, fr is the resonant frequency, h is the membrane thick-
ness, R is the radius, A is the membrane area, M is the
mass and d0 is the air gap between the two membranes.
The membrane mass is dependent on the material density.
E and ν are the Young’s modulus and Poisson’s ratio for the
membranematerial, respectively. The term enclosed in paren-
thesis, in equation 2, is called as the spring constant. As the
applied DC voltage is increased, the structure becomes more
elastic and the resonant frequency decreases. As a designer
using PolyMUMPs, only the radius and applied voltage were
available to vary to achieve the desired resonant frequency of
CMUTdevices. The other parameters like E, ν, d0, and hwere
process dependent or parameters like A, and M were directly
related to radius.

The schematic view of the proposed CMUT device
designed in MEMSPro is shown in Fig. 2, where the mem-
brane is supported by the annulus shaped anchors.
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FIGURE 2. 3D model of the device presented in this paper made in
MEMSPro. A similar 3D geometry model was constructed in COMSOL for
simulations.

This structure uses two polysilicon layers, from the avail-
able three layers of the PolyMUMPs process. The Poly-
MUMPs process was followed to fabricate the devices.
Poly1 layer (red color) forms the membrane, the Poly0 layer
(golden color) is the fixed bottom electrode. An isolation
layer using silicon nitride (blue color) was deposited beneath
the Poly0 layer to avoid charge leakage to the silicon sub-
strate. All the layers, including sacrificial, were deposited
using low-pressure chemical vapor deposition (LPCVD) [20].
Electrical connections weremade directly to the two poly lay-
ers. The holes, as seen in top membrane in Figs. 2(a) and 2(b),
were formed lithographically in the top structural layer. They
served to allow access of the chemical etchant to the sac-
rificial layer. These etch holes were positioned not more
than 30µm apart and from each other and the support anchor.
The chips were dipped in 49% concentrated hydrofluoric
acid (HF) solution to etch the sacrificial layers. A deionized
(DI) water rinse and alcohol rinse followed the etch. The pro-
cess concluded with a 10min, 110◦C anneal in oven. A super-
critical drying step with CO2 was used to avoid any issues
due to device stiction[20] The membrane parameters [20] and
dimensions are listed in Table 1. It was a challenge to fabricate
and bias membrane devices of such a large diameter and size,
as large membranes tend to bend under their own weight,
sometimes sufficiently to touch the lower contact.

COMSOL Multiphysics were employed to simulate the
device resonant frequency and the membrane displacement
under DC conditions. A 3D geometry model, shown in Fig. 2,
of the proposed structure was constructed in COMSOL, hav-
ing two polysilicon layers separated by air gap. The gap
and dimensions of the layers are already shown in Table 1.
Structural mechanics was used to study the effect of applied
voltage and the electrostatic force acting on the top mem-
brane. In the COMSOL simulations, the exterior borders of
the top layer were set as fixed constraint. However, the layer
itself was free to deform thus was set as an elastic mate-
rial. An electric potential was applied between the top and
the bottom layers. A displacement of 105 nm was observed
for 20 V DC as shown in Fig. 3.

The etch holes in the device were neglected during
COMSOL simulations, reducing the number of meshing ele-
ments, aiding in quicker simulations. However, in another
simulation, etch holes were added and there was less
than 10% difference in the eigen frequency results with and
without the etch holes. This is because the total area occupied
by etch holes was <8% of the membrane area. The first

FIGURE 3. Membrane displacement for proposed device in COMSOL
for 20V DC.

eigen frequency of the structure was observed at 170 kHz.
Using equation 2 and the device dimensions it was found
that the device can operate below 100 kHz for bias voltage
exceeding 33V. Further increasing this bias to closer to
the pull-in voltage 37V, the resonance frequency attainable
was ∼53 kHz. The collapse voltage of the designed device
was found to be 38 V.

An optical image of the fabricated device displaying the
etch hole placement is shown in Fig. 4.

FIGURE 4. Optical image of the fabricated device having 170 µm radius.

The structure shown in Fig. 4, was fabricated as a single
cell device, as well as a 1D array of 10 devices and a 2D array
of 3×10 on the same chip. A single cell device is insufficient
to generate enough acoustic output. Therefore, a 2D array
was fabricated by connecting the individual devices. The
2D structure is analogous to an RF antenna where the radiator
is at the center and a perfectly absorbing medium present
surrounding it. Therefore, antenna principles can be applied
to study the performance of the arrays. Using MATLAB
simulations, the directivity of the fabricated 2D array was
estimated. MATLAB’s transducer array calculation (TAC)
utility was used, and the parameters were set for 65 kHz sine
wave, 343 m/sec as the speed of sound for a 3 × 10 array of
devices covering a 4.1mm2 area having needed dimensions
and separations. The simulation results are shown in Fig. 5.

As seen in Fig. 5, the maximum ultrasound is focused only
on the front side of the array. Maximum output is obtained
at the front center part of the arrangement at 7 cm from
the center. This helped in estimating the near field/ far filed
transition point for the fabricated device, discussed under
acoustic characterization.

III. ELECTRICAL CHARACTERIZATION
The impedance responses of the CMUT chips were elec-
trically characterized using the Agilent’s 4294A precision
impedance analyzer. The transducers resonancewas observed
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FIGURE 5. Directivity of the 2D arrangement found by TAC utility
in MATLAB.

in terms of impedance, which was a function of DC bias for a
fixed ac bias. The ac signal, 1 Vp−p, was superimposed on
the DC bias. The DC bias was varied from 16-37 V. This
range was selected as there were very less impedance changes
below 16 V and the device collapse voltage was 38 V. The
collapse voltage of the device agreed with the COMSOL
simulation results. The ac signal frequency was swept from
20 kHz to 300 kHz which was through the 1st eigen frequency
of the transducer. For each bias voltage, the real part of the
impedance is used to extract the device resonant frequency.

In Fig. 6, the real part of impedance for a single device
is shown, whereas in Fig. 7 the similar measurement for a
2D array is displayed. As seen in both Figs. 6 and 7 the DC
bias was varied, and the resonant peaks were observed. The
increase in DC bias, lowered the resonance frequency of the
device [22]. This is due to the spring softening effects and can
be found from Eqn. 2. It is observed from Fig. 6 and 7, once
the DC bias exceeds 32 V DC, the device resonant frequency
falls into the desired frequency range, below 100 kHz. Thus,
using a proper bias the device can be set to operate for the
desired ∼65 kHz frequency. For the 2D array, the individual
devices are connected as a combination of 3 parallel rows of
10 devices in series. Thus, the impedance measurements of
the 2D array appears less than that of a single device. The
resonant frequency shift as a function of applied DC bias is
shown in Fig. 8. The bias frequency peaks were found from
the impedance data used to plot Fig. 6 and 7. The frequency
shifts are a function of the square of the applied DC bias. The
spring softening effect is clearly observed in Fig. 8.

IV. ACOUSTIC CHARACTERIZATION
The 2D CMUT array was tested acoustically to assess
their performance. Pitch-catch measurements were carried
by using the CMUT array as an ultrasonic wave transmit-
ter and a commercial capacitive transducer (CAP1) from
VN Instruments ltd. as the receiver. The CAP1 operates
between 30-90 kHz frequency range, which was suitable for
testing the device array biased to operate at lower frequency.

For testing, the chip was mounted on a test fixture,
which was then mounted on a XYZ positioner. An external

FIGURE 6. Real part of impedance for 170 µm radius single device.

FIGURE 7. Real part of impedance for 2D array with 170 µm radius
devices.

FIGURE 8. Resonant frequency shift with bias.

controller regulated the movements of the XYZ positioner.
A holder was used to hold the CAP1 transducer, and an
adjustable supporting rod was used for height adjustments.
This pitch-catch setup is shown in Fig. 9. A Keithley 237 high
voltage source unit was used for the DC supply and an
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FIGURE 9. Pitch-catch setup.

Agilent 33220A arbitrary waveform generator was used as
an ac signal source. The schematic diagram of this apparatus
is shown in Fig. 10.

FIGURE 10. Device connections for pitch-catch.

The receiver side had a remote module from VN instru-
ments Ltd. which had a built-in amplifier circuit. The gain of
the amplifier was set to 90 dB. An Agilent DSO-X 3014A
digital oscilloscope was used to measure and record both the
transmitted and received waveforms.

For the acoustic measurements, the DC and ac bias were
fixed at 35 V and 2 Vp−p signal, respectively. The total
voltage supplied was set such that it did not exceed the break-
down voltage of 38 V. At this bias, the device was operating
in the needed frequency range and was producing acoustic
output that was easily detected. The highest output, for the
setup shown in Fig. 10, for a fixed DC supply voltage and
transducer separation, was observed at 67.5 kHz. Thus, the ac
frequency for acoustic measurements was set to 67.5 kHz.
An AC signal burst of 5 cycles was generated using the
waveform generator. This combination of AC and DC was
fed to the 2D array via a bias-T. In Fig. 11, an example
of the transmitted and received signals are illustrated. The
transmitter-receiver separation for this experiment was set

FIGURE 11. Transmitted and received wave for 10 cm separation.

to 10 cm. The measurements were made in lab environment
at 20◦C.
A series of experiments were performed where this axial

separation was varied from 1 cm to 15 cm and the correspond-
ing ‘‘time of flight’’ was measured as the time for the acoustic
wave to travel from the transmitter to the receiver. Using
the measurement data, sound velocity was found for lab
environment from the slope of the signal time versus distance
as shown in Fig. 12.

FIGURE 12. Speed of sound estimation.

The amplitude of the received signal was also noted as a
function of varying the separation between transmitter and
receiver in the range 1-15 cm. This was to assess the signal
attenuation in air. Thus, the amplitudes are plotted as a func-
tion of the separation and are shown in Fig. 13.

The output voltage, from the amplified received signal,
initially increases until a separation of 7 cm, after which the
signal decreases. This is due to the near/far field transitions,
also seen in the MATLAB simulations for calculating signal
directivity discussed earlier, Fig. 5. The limit of the near field
can be given by equation 3 shown below [23],

N =
D2F
4V

(3)
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FIGURE 13. Received acoustic signal voltage vs separation.

where, N is the near/far field transition point, D is the diam-
eter of the transducer, F is the frequency of operation and
V is the velocity of sound in a given material, air in this case.
Substituting the values, the CAP1 has a diameter of 3.8 cm,
F as 67.5 kHz, and V as 343 m/sec into equation 3, yield a
value of N = 7.3 cm. From the results presented here, the
amplitude of the received signal begins to decrease very close
to calculated value of 7.3 cm. The atmospheric attenuation is
calculated from the slope of the curve as a function of the
log of the received signal voltage and separation, resulting
from the exponential drop in signal strength. This is plotted
in Fig.14, the slope of which is found to have the attenuation.
This is used for validating the CMUTs acoustic amicability
with the environment.

FIGURE 14. Attenuation measurement.

As seen from the Figs. 12-14, the measured sound veloc-
ity is 342.5 m/sec and attenuation rate is 1.97 dB/m from
a 170 µm radius devices, much smaller than devices men-
tioned in [13], [17], and [18]. The measured values agree
well with published velocity values of 343 m/sec and atten-
uation factor of 2.38 dB/m [24], based on the laboratory
conditions, see ISO 9613-1. These are found for an estimated

atmospheric pressure of ∼100 kPa, at the 67.5 kHz supply
frequency. Therefore, the CMUT devices proposed in this
paper can be effectively used in Martian environment to
estimate the wind speed.

V. CONCLUSION
The 2D CMUT based anemometer are designed and devel-
oped for Martian environment. The proposed devices are
evaluated for their performance in lab environment. The
experimental results show that there is a good agreement
between the simulated and measured results, presented in this
paper. The smaller dimension and lower operating voltages of
the devices makes it feasible for their portability and battery
operation. The variations in resonant frequency as a function
of DC bias are easily observed for the single device and
for that connected in an array. These devices, under proper
DC bias, operate at frequencies less than 100 kHz, suited
for the Martian anemometry. The challenge to fabricate and
bias membrane devices of such a diameter and size was
resolved by increasing the size of annular membrane anchor.
Having smaller device dimension was very important, such
that maximum devices can be packed in a 5×5 mm chip area,
maintaining a small overall chip area. As such, the 1D array,
not described here, had 10 devices and the 2D array was
limited to a size of 3 × 10 devices. Having such device
and array dimensions, also allowed for the incorporation of
the on-chip test structures and individual devices with varied
radii, not presented in this paper. The on-chip test structures
facilitated thickness measurement of various layers of the
fabricated PolyMUMPs chip.

As shown in Figs. 4, 7, and 11, it is possible to build low
frequency CMUTs, that are small enough as compared to
research done in [13], [17], and [18], yet can sustain supply
and acoustic vibrations. The devices showed good acoustic
characteristics, comparable with the standard values, which
can further aid Martian anemometry experiments.
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