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I. INTRODUCTIOX

and theoretical results on spurious mode excitation in the

Nitrids W highly doped silicon

Nitride an pauemed amorphous silicon

Capacitive micromachined ultrasonic transducers (cMUT)
have been recently emerging as an attractive alternative
to conventional piezoelectric transducers [l]. They offer
a larger set of parameters for optimization of transducer
performance as well as ease of fabrication and electronics integration [2]. The fabrication process and theoretical
modeling of single cMUT devices were reported earlier [3],
Nitride deposmon and pvitcming
141, [2]. Many applications, especially immersionimaging
applications, demand better understanding and
improvement of cMUTs both in terms ofindividual device performance and array behavior. Cross coupling through the
array structure and the fluid medium is one of the most
importantfactors affecting thearrayoperation 151. The
level of these disturbances can be quantified by radiation
Mctalicauon md patterning
pattern measurements, electrical measurements on the aray elements, and by detection of structuraldisplacements
using optical probes 151.
0 Silicon substrate
Amorphous sillcon
Several l-D and 2-D cMUT arrays as well as test structures consisting of single isolated elements have been fabSilicon nirnde
Aiummurn
ricated for experimental charact,erization. Radiation patFig. 1. Fabrication process of cMUTs array.
tern measurements and optical probe
measurements x e
performed using these structures. The results are related
The process flow for a single capacitor device is shown
to Lamb waves propagating in the silicon wafer and to the
Stoneley-type waves propagating a t the fluid-silicon wafer in Fig. 1. The fabrication process starts with 4 inch silicon
wafers heavily doped with 4 hour phosphorus gas phase
interface. Images of radiating transducers and aluminum
targetsarealsoobtained
using a 64 element l-D array drive-in a t 1000°C to achieve goodconductivit,y at the
around 4 MHz to show the feasibility of array imaging by wafer surface. A thin layer of LPCVD nitride is deposited
an etc.h stop in the sacriat 800°C as an insulator and
cMUTs.
111 this paper, the fabrication
process of l-D and 2-D ficial etch to be performed later. .4 sacrificial polysilicon
cMUT arrays is briefly explained. Then, the experimental layer is subsequently deposited and dry-etch patterned into
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octagonally
shaped
islands
to
define the
active
transducer
regions.
deposited with
Nitride as the membrane material is then
desired stress control. Vias are dry-etched t o allow sacrificial etch, followed by vacuum sealing and selective removal
of sealing material topreserve the original membrane thickness.
Lastly, aluminum is sputtered and wet etch patterned
to act as the top electrode. The same aluminum deposition also defines bonding contacts to the bottom electrode
through a lithographically defined trench in silicon bulk.
For ultrasonicimagingapplications
in the frequency
range of 2-5 MHz, both l - D and 2-D arrays are designed
and fabricated with 400 fim element pitch. The top view
images of 64 element l - D linear transducer arrays and a 25
element 2-D transducer array t,est structure are shown in
Figs. 2 and 3, respectively. In addition, isolated single l - D
and 2-D array elements are also fabricated to be used in
characterization experiments.

111. EXPERIMENTAL
CHARACTERIZATION

The transducers are characterized mainly by radiation
pattern and optical displacement measurements. The radiation pattern measurements areperformed in an oil bath
using 50R off the shelf electronics. The transmitting cMUT
is excited by 40 cycle tone burst signals while it is rotated
around its axis. The waveforms received by another cMUT
are digitized and in certain circumstances, data sampleaveraging is performed to obtain better signal-to-noise ratio.
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Fig. 4. Radiation pattern of an isolated l-D array element

Fig. 2 . Top view of 64 element l-D array.

The radiation patterns of an isolated single l-D array
element at 3.5, 4 and 4.5 MHz are shown in Fig. 4. The
transmitting transducer element is 5.6 mm long and has a
width of 0.28 mm, and the receiver element is a 0.28 mm
square cMUT. There is a significant dipintheradiation
pattern around 22 degrees at 4 MHz (PdS2.0 MHz*mm).
,.
which is indicative of a spurious radiating mode in the
structure. The angle of the dip varies with frequency, suggesting that the wave mode has a certain dispersive characteristics. Since the silicon wafer itself is an acoustic waveguide, it supports Lamb wave propagation when excited a t
its surface by the vibrating membranes [6].In Fig. 5, the
critical angle of Lamb waves in silicon wafer immersed in
oil is plotted as a function of frequency thickness product.
It is observed that both the critical angle and the phase
velocity dispersion of the lowest order antisymmetric (A,)
mode match the measurements in Fig. 4. The lowest order
symmetric (SO)mode is alsoexcited in the silicon, however, calculations indicate that its excitation eficiency is
much lower. Nevertheless, it can he concluded that the A.
and SO modes are significant factors in the cross coupling
problems.
Figure 5 also indicates that a thinner silicon substrate
will result in a higher critical angle for the A0 mode. This
is also verified by etchingthe silicon substrate down to
180 pmandmeasuringtheradiationpattern
at 4 MHz
(Pd=0.72 MHz'mm). The result is compared to that of a
0.488 mm silicon substrate in Fig. 6, which shows that the
32 debeam pattern is smoother and the dip occurs around
I

Fig. 3 . Top view of 5 x 5 2-D test array.
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Fig. 5 . Critical angle of Lamb waves in silicon immersed in oil
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is verified by propagating the first signal with that phase
velocity, which results inthesigualwithdashed
lines. A
theoretical calculation of possible modes
in
silicon wafer
facing a Auid shows that a Stoneley-type wave can propagate at the oil-silicon interface [7]. The phase velocity of
this wave in a 0.5 mm silicon wafer is dotted as a function
of frequency in Fig. 9. The phase velocity rapidly increases
with frequency and in the limit approaches to the speed
of sound in the fluid. This is consist,ent with the optical
measurements where the signal ha3 frequency components
between 1-9 MHz. The energy flow of the wave is concentrated at the surface of the silicon wafer, suggesting that
etching trenches between array elements can significantly
reduce the cross coupling due to these interfacewaves.

Fig. 6. Radiation pattern for different substrate thickness.

grees as predicted by calculations. For certain applications
such as ultrasonic cameras,where the array is used only for
reception with a limited acceptance angle, this method can
he used to eliminate spurious effects due t o t h e AD mode.
The radiation pattern of a 0.42 mm square 2-D array
element shown in Fig. 7 indicates that the AD mode has
much less effect in this case. This is mainly due to the
fact that the Lamb waves generated by the small 2-D array element are diffracted cylindrically as opposed to the
collimated beam generated by the l - D array element.
An optical displacement probe is alsoused to investigate
the ultrasonic waves excited in the silicon wafer that can
Fig. 8. Optical displacement signals due t o Stoneley wave,
cause crosscouplingproblems
in cMUTarrays. A laser
beam is focused on the surface of the silicon wafer approximately 1.5 mm away from a l-D array element and the
IV. IMAGING
RESULTS
displacement signal is recorded. Figure 8 shows signal a t
Ultrasonic images of several different structures are obthis first point in the upper trace. When the measurement
point is displaced 1 mm, the recorded signal is essentially tained using the 64 element l-D linear array. Figure 10
unchanged except for a time delay of 0.7 psec, correspond- shows the image of a 0.28 mm square cMUT source emiting to a non-dispersive phase velocity of 1470 mlsec. This ting pulses with a center frequency of 4 MHz. The signal
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Fig. 9. Calculated Stoneley wave phase velocity.

level of the image indicates that the system has
more than
20 dB signal-to-noise ratio. An image of a 2 mm diameter aluminum rod is also reconstructed with the same l-D
array in pulse echo mode as shown in Fig. 11. The ghost
images of the rod are due to the
creeping waves circulating
around the rod and received by the transducer array at a
later time.

Fig. 11. Aluminum rod image r e c m ~ t r u c t i o n

that cMUT arrays are an attractive alternative t o piezoelectric array transducers in immersion ultrasonic imaging
applications.
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Fig. 10. Point source image reconstruction

V. CONCLUSION
Several micromachined capacitivetransducer arrayshave
been fabricated in this paper. Initialresults on array imaging with 64 elenlent l-D cMUT arrays are presented. The
radiation pattern and crosstalk measurements on l-D and
2-D test arrays indicate that .40mode Lamb wave in the
substrate and Stoneley type waves at the solid-liquid interface are important cross coupling sources. Several solutions to reduce the cross coupling have been suggested and
tested.Furtherquantitative
analysis has also been conducted, and it will be the subject of another paper. The
fabrication techniques and results reported herein indicate
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