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Abstract— Capacitive ultrasonic transducers for operation in
air typically consist of a rigid backplate electrode and a movable
flexible membrane electrode. The backplate is often contoured or
textured to modify the frequency response and sensitivity of the
device, and the membrane electrode is typically a metallized
dielectric polymer film. The compliance of the air in the gap
between the two electrodes provides the restoring force for the
membrane. The sensitivity of these devices would be increased if
the dielectric constant k of the membrane electrode could be
increased, but suitable high-k materials are often not found in
membrane form. Also, most polymer membrane materials are
relatively fragile; metal foils may be used as membrane
electrodes in harsh environments, but lack the additional
dielectric effect of the polymer membranes. Hence, the inclusion
of a high-k dielectric layer on the backplate electrode should
increase the device capacitance and hence its sensitivity. Earlier
work investigated the use of HfO, high-k layers in this regard.
This latest work has investigated the effect of using TiO, high-k
layers on the backplate electrode of an air-coupled capacitive
ultrasonic transducer for enhanced operation in air.

A series of reproducibly textured backplate electrodes were
micromachined, consisting of a regular array of small pits etched
into a silicon substrate, and then electroded with platinum. A
layer of TiO, high-k dielectric material was then deposited to
different depths on a selection of backplates. A metallized 5 pm
PET membrane electrode was then used to produce a range of
capacitive ultrasonic transducers for operation in air. These
devices were then tested and characterized as transmitters and
receivers, and the effects of the TiO, layers investigated.

The capacitance of the devices was modeled to include the
capacitances of the active pits and the parasitic capacitance of the
intermediate areas, and measurements were in good agreement
with the predicted values. The effect of TiO, high-k layer
thickness on device sensitivity and fractional bandwidth was
investigated experimentally, and both were seen to increase with
the TiO, layer thickness, as expected. These latest devices with a
TiO, layer were less sensitive than earlier devices with equivalent
layers of HfO, high-k dielectric due to the lower breakdown
voltage and dielectric characteristics of TiO,.

Index Terms— High-k dielectric, capacitive ultrasonic
transducer, air coupled ultrasound, titanium dioxide, silicon
backplate electrode
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. INTRODUCTION

Traditional applications of air-coupled ultrasound were
restricted to range finding and object location, due to the
fact that the majority of air-coupled ultrasonic transducers
were piezoelectric, and had a narrow bandwidth in order to
make them sufficiently sensitive. Capacitive ultrasonic
transducers (CUTS) are an exception, as they tend to have a
high coupling efficiency and a relatively high bandwidth.
More recent air-coupled applications have included non-
contact material inspection [1-3], and air-coupled ultrasonic
transmission of data [4].

CUTs typically consist of one rigid backplate electrode
covered by a movable frontplate electrode or membrane,
usually a metal foil or metallized polymer film. The sensitivity
and frequency response of a CUT is influenced largely by (a)
the mechanical and dielectric properties of the membrane, and
(b) the air gap between the two electrodes, which is principally
determined by the surface properties of the backplate [5, 6].
Devices operating at frequencies of up to 2-3 MHz have been
reported [6, 7], and also operation at elevated temperatures in
excess of 800°C [8].

One issue associated with many CUTSs is a certain level of
variability between nominally identical devices; CUTSs
typically require manual assembly, leading to slight
differences in the membrane clamping and the inclusion of
dirt. Often the backplate electrodes have inter-device
variations due to the method of manufacture. Using standard
lithographic techniques from the semiconductor industry, it is
possible to produce a range of backplate structures in a highly
repeatable manner [7, 9].

In order to further increase CUT sensitivity, it is usually
desirable to increase the device capacitance. Suitable high-k
frontplate electrode materials in a convenient membrane form
are limited, and so the potential for adding dielectric layers to
the surface of the backplate was investigated. Previous
work [10] used HfO, as the high-k dielectric material, and the
current work is an extension of this, investigating TiO, layers
deposited on an etched silicon backplate electrode.
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Fig. 1. Schematic of fabrication process steps.
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Il. DESIGN, MODELING AND CHARACTERIZATION

A. Fabrication

A series of (100) silicon wafers were KOH etched, Pt
electroded and coated with a layer of TiO, high-k dielectric, as
shown schematically in Fig. 1. An initial photoresist layer (a)
applied to the bare silicon substrate was then patterned (b)
with a regular grid of 40 um square holes with 80 um center
spacing using a UV source. The self-limiting etch (c)
produced pyramidal pits with sloping sides at an angle of
54.736°. The photoresist was removed (d) and the Pt electrode
deposited (e). Finally the high-k TiO2 layer was deposited (f)
to a thickness of 200 nm, 400 nm, 600 nm, 800 nm or
1000 nm across the entire wafer. The wafer was then diced
into squares of side 16 mm for incorporation into screened
transducer housings with a 12 mm diameter aperture. A more
detailed description of the device structure and geometry has
been described in previous work [10].

B. Device Modeling

The pits were symmetric square pyramids of edge length y
and sidewall incline a. A schematic cross-section of a pit in an
assembled device can be seen in Fig. 2. Similar pitted
backplate features were modeled previously [9] using a
standard equivalent circuit model. A dc bias is applied
between the Al electrode on the membrane and the Pt
electrode on the backplate. When operating as a transmitter, an
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Fig. 2. Schematic section of assembled pit geometry.

ac signal is superimposed to generate ultrasound in the
surrounding air. When operating as a receiver, an ultrasonic
wave causes the membrane to move and the resulting charge
variation is detected and amplified.

For the pitted backplate structure used in this work with N
pits, the active capacitance is given by the sum of N pit
capacitances C, in parallel with the capacitance of the region
between devices Cp, which is considered parasitic, given by
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where ¢, is the permittivity of free space, ¢ and &, are the
relative permittivities of the membrane and high-k layer,
respectively, t, and t,, are the thicknesses of the membrane and
high-k layer, respectively, y is the pit edge length, and d is the
edge length of the overall backplate. The active capacitance
increases with high-k layer thickness, but the parasitic
capacitance decreases. Due to the geometry of the devices
used in this study, the parasitic capacitance between the pits
was significantly larger than the active pit capacitance,
resulting in an overall decrease in device capacitance as the
high-k layer thickness increased. The parameters used in this
study are shown in Table I.

C. Experimental Layout

The experimental apparatus used in this work is shown
schematically in Fig. 3. A high-k TiO, CUT was used as a
transmitter, driven by a 12.5 uJ impulse from a Panametrics
5800 combined with a dc bias of up to 300 V from a Delta
Elektronika SM 3004-D power supply. The air-coupled
ultrasound was detected using a second CUT as a receiver,
with signals amplified using a Cooknell CAG6/C charge
sensitive amplifier with a SU1/C 100 V biasing unit, and an
additional 20 dB of gain from a Princeton 5113. MATLAB®
was used for overall system coordination, data collation from
the Tektronix TDS 200 series oscilloscope, and processing.

TABLE |
PARAMETERS OF THE TiO; HIGH-K DEVICE

PARAMETER VALUE
Pit angle, « 125.264°
Pit center spacing, 8 80 um

Pit edge length, y 40 um
Backplate edge length, d 16 mm
Sound speed in air, ¢ 343 ms’
Density of air, po 1.2251 kgm'®
Permittivity of free space, ¢ 8.854 pF/m
Permittivity of TiO,, & 80
Permittivity of PET, &n 34
Receiver frequency, fo 250 kHz
Receiver Q factor 2

Number of pits, N 2704
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Fig. 3. Schematic diagram of the experimental apparatus.

I11. RESULTS AND DISCUSSION

The capacitance of each high-k TiO, CUT was obtained
from the RC time constant curve for an applied step response
of 20 V with a constant dc bias of 100 V, measured three
times and averaged. The theoretical capacitance of each device
with a different TiO, layer thickness was calculated using (1)
and (2); this is plotted in Fig. 4 along with the experimentally
measured capacitance. The difference between the calculated
and measured capacitance for each thickness of TiO, layer
was less than 6.6%, but this still highlights the inherent
variability of CUTs due to manual assembly. Typical
ultrasonic signals propagated through 40 mm of air, and their
corresponding frequency spectra, are shown in Fig. 5, where it
can be seen that the thicker TiO, layer has produced a more
sensitive device. Fig. 6 shows the variation in device
sensitivity with TiO, layer thickness, and a strong linear
correlation is seen, as expected. It can be seen that the overall
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Fig. 5. Time domain impulse (a) and frequency domain (b) responses of
200 nm and 800 nm thickness TiO, layer devices.

device sensitivity for a high-k TiO, layer 1000 nm thick is
nearly four times that of a device without a layer of TiO,.
Fig. 7 shows the measured fractional bandwidth plotted
against TiO, layer thickness, and again an overall increasing
trend is evident, as expected. The increase in active
capacitance C, produces a greater charge for the same bias
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Fig. 4. Variation in modeled and measured total device capacitance vs. TiO,
layer thickness.

Fig. 6. Sensitivity (received peak-to-peak signal amplitude) vs. TiO, layer
thickness, for bias charging and discharging cycles.
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Fig. 7. Fractional bandwidth vs. TiO, layer thickness, for bias charging and
discharging cycles.

voltage, resulting in an increase in electrostatic force and
greater damping of the membrane and a corresponding
increase in the fractional bandwidth.

Fig. 8 shows five successive dc bias charging and
discharging sweeps up to 300 V in 256 steps for the 200 nm
TiO, layer device as a representative example. The initial
portion of the first charging cycle of all devices was always
slightly different, which was attributed to excess air being
forced out from between the PET membrane and backplate. It
can be seen in Fig. 8 that the sensitivity decreases slightly with
successive charge-discharge cycles, which was attributed to
dielectric charging. There was little variation in either the
sensitivity (maximum peak-to-peak voltage) or the bias
voltage at which this occurred, between successive bias
charging and discharging cycles, for all the different TiO,
layers. However, there was significant variation between
successive charge-discharge cycles for the device with no
TiO, layer, indicating that the phenomenon was most likely
due to charge injection and polarization in the PET membrane
and not the high-k layer.
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Fig. 8. Sensitivity vs. bias voltage, for a 200 nm thickness TiO, dielectric
layer for 5 successive bias charge/discharge cycles up to 300 V.

IV. CONCLUSIONS AND FUTURE WORK

As can be seen from the results presented in this work, there
are significant improvements in the performance of the CUTs
with a TiO, high-k dielectric layer that depend on the layer
thickness. A four-fold increase in sensitivity and a near two-
fold increase in fractional bandwidth were observed when
comparing devices with no TiO, layer and a TiO, layer
1000 nm thick.

Variation in total device capacitance was as expected to
within 6.6%, and the results showed that despite a decrease in
the total capacitance of the device, the capacitance of the
active area incorporating the pits was increasing, with a
corresponding increase in both the sensitivity and fractional
bandwidth of the devices correlated to the thickness of the
TiO, high-k dielectric layer used. There was little hysteresis in
bias voltage charging and discharging between successive
cycles, producing more consistent device characteristics and
operation.

Future work will investigate the use of other high-k
dielectric materials, different backplate topologies and
materials, and modeling of charge migration in the PET and
high-k layers.
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