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ABSTRACT

Capacitive micromachined ultrasonic immersion trans-
ducers are attractive alternatives to piezoelectric transduc-
ers due to their ease of array fabrication. Possibility of
localized electronics integration is another advantage for
transducer array manufacturing to eliminate massive ca-
ble connections between transducers and their peripheral
electronics. Among various approaches, transducer elec-
tronics co-fabrication and transducer electronics flip chip
bonding are two of the most attractive ways to realize the
integration. Various process alternatives for both trans-
ducer fabrication and electronics integration are reviewed
in this paper. Flip chip bonding is the chosen approach
to optimize both transducer and electronics design with-
out process compatibility constraints. Latest experimental
results in both 1-D and 2-D capacitive micromachined ul-
trasonic immersion transducer arrays are reported.

I. INTRODUCTION

Capacitive micromachined ultrasonic transducers (cMUTs)

are attractive alternatives to piezoelectric transducers [1],
especially for array operation due to its ease of electronics
integration. In the past few years, research work has been
emphasized on the fabrication process [2], [3] and theo-
retical modeling of single cMUT devices [4], [5]. Many
applications, cspecially immersion array imaging, demand
improvements of cMUTs both in terms of individual device
performance and array behavior. In addition, massive in-
terconnects between array devices and signal conditioning
and processing electronics is of concern.

In this paper, various process alternatives for both trans-
ducer fabrication and electronics integration are analyzed.
Flip chip bonding is the chosen approach to optimize both
transducer and electronics design without compromise of
performance. Encouraging results on both 1-D and 2-D
immersion transducer array are presented.

II. TRANSDUCER FABRICATION

An immersion cMUT consists of metalized membrane
(top electrode) suspended above heavily doped silicon bulk
(bottom clectrode) as shown in Fig. 1. where typically
the upper electrode is loaded with fluid ambient. A single
transducer consists of many such elements in parallel con-
nection. When a DC voltage is applied between the two
electrodes, Coulomb forces attract them together. At the
same time, the residual stress within the membrane resists
the attraction. If the membrane is driven by an AC voltage,
significant ultrasound generation results, which is the case
for the transmitter device. Conversely, significant detec-
tion currents are generated when the membrane is biased

appropriately and subjected to ultrasonic waves, which is
the case for the receiver device.
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Fig. 1. An immersion cMUT cell.

There are mainly three kinds of membrane formation
schemes reported. The properties in surface profile, stress
control and sacrificial etching selectivity are summarized in
Table I. Option A used silicon nitride as membrane mate-
rial and silicon dioxide as sacrificial layer with timed sac-
rificial etching [6], [7]. Option B used silicon nitride as
membrane material and polysilicon as sacrificial layer with
lithographically defined active region [2], [8]. Option C
used polysilicon as membrane material and low tempera-
ture oxide as sacrificial layer with on-chip CMOS circuits
[9]. Process C is the only option for transducer electron-
ics co-fabrication on the same wafer due to its low thermal
budget and readily available material selection in standard
CMOS process. Process A and B are also possible for the
same integration only if the nitride membrane is taken care
of with low temperature PECVD deposition.

Table I. Comparison of membrane formation process.

Option | Surface Stress Etch Selectivity
A Planner Good control | Poor

B Non-Planner | Good control | Excellent

C Planner Poor control | Acceptable

There are three kinds of cavity sealing schemes reported
as summarized in Table II. Option A used sub-micron
lithography to define the vias and sealed with direct re-
deposition [10], [9]. Option B used low cost lithography to
define the vias and the vias were subsequently sealed with
species sticking coefficient control [2], [8]. Option C used
low cost lithography to define the vias and subsequently



sealed with buffered channel region {11], [12]. For trans-
ducer electronics co-fabrication, sub-micron lithography is
automatically available for stanford CMOS process. So the
selection is really dependent on the budget and process ca-
pability.

Table II. Comparison of cavity sealing process.

Option | Sealing Profile Cost | Fill Factor
A Excellent control | High | High
B Poor control Low | High
C Excellent control | Low | Low

III. TRANSDUCER INTERCONNECTS

There are two distinct ways reported to create massive
interconnects between transducer arrays and signal condi-
tioning and processing electronics without going through
bulky cables as summarized in Table III. Transducer elec-
tronics co-fabrication is a natural choice for a fully CMOS
compatible transducer fabrication schemes [9]. But when
the transducer takes majority of the die area, the total cost
will be increased dramatically.

Flip chip solder bonding of transducer die and electron-
ics die is an alternative [12]. For transducers with much
larger area than electronics, flip chip bonding is, in fact,
a better choice since transducer fabrication process is nor-
mally much simpler and cheaper. In addition, separate
processes for transducer and electronics fabrication pro-
vide non-compromised parameter space for separate per-
formance optimization for both transducer and electronics
design and fabrication.

Table III. Comparison of Interconnection Scheme.

Option | Advantage Disadvantage | Best Fit
A One process Compromise Small area
B Optimization | Two processes | Large area

Flip chip bonding is the chosen approach in this paper.
A complete process flow for double sided transducer fabri-
cation process is shown in Fig. 2.

We start with a 500 um thick double-sided polished p-
type < 100 > silicon wafer which is thermally oxidized and
coated with 1 um of polysilicon (Fig. 2-1). The polysilicon
is removed from the back side of the wafer by a plasma dry
back-etch. Vias 100 um in diameter are etched from the
back side of the wafer using a silicon deep trench etcher
(STS Limited, UK), stopping on the thermal oxide. This
oxide then is removed by an anisotropic dry etch (Fig. 2-2).
A 2 um polysilicon layer is deposited, coating the via walls
and wafer surfaces. The polysilicon is then doped using gas
phase phosphorus drive-in at 1000°C, yielding a conductive
path through the wafer.

The ¢cMUTs are built on the front side polysilicon, which
is patterned into individual islands (Fig. 2-3). First a thin
layer of LPCVD nitride is deposited at 800°C as an insu-
lator and an etch stop for the sacrificial etch to be per-
formed later. An amorphous silicon sacrificial layer is sub-
sequently deposited and dry-etch patterned into octago-
nally shaped islands to define the active transducer cavity
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Fig. 2. Process flow for double sided fabrication.

regions (Fig. 2-4). The nitride membrane is then deposited
by LPCVD, after which vias are dry-etched to allow an
access path for the sacrificial etchant. After the cavities
have been formed by KOH etching (Fig. 2-5), they are vac-
uum sealed by LPCVD nitride, which is subsequently selec-
tively back-etched to achieve the desired membrane thick-
ness (Fig. 2-6). Aluminum is then sputtered and wet-etch
patterned to act as the top (ground) electrode.

The back-end processing consists of two special lithogra-
phy steps on the back side of the wafer, in order to yield
the individual contact pads. The presence of the deep vias
makes it impossible to deposit photoresist homogeneously
on the back side through spin-coating. We use a 30 um
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thick dry film photoresist (Riston by Dupont) that is lam-
inated over the back side, and that covers ("tents’) the via
holes, planarizing the surface and allowing a standard pho-
tolithography on the back side of the wafer (Fig. 2-7). The
backside pads are then defined by polysilicon and oxide
dry etch using Riston as a mask. In a final lithographic
step, the metal solder bump pads and metal ground strip
lines are defined by a Riston lift-off. The chip can now be
flip-chipped to a signal processing chip (Fig. 2-8).
IV. EXPERIMENTAL RESULTS

Both 64 element 1-D array and 16 x 16 element 2-D
array cMUTs are fabricated in this paper. Fig. 3 shows
the top view of a few 64 element 1-D arrays, and each of
the element has 8 x 160 cells of 30um in diameter. Fig. 4
shows the front side view of 16 x 16 element 2-D array, and
each of the element has 72 cells of 36um in diameter. Fig. 5

shows the back side view of the same 2D array indicating
through-wafer interconnects for flip chip solder bonding.
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Fig. 3. Top view of 1-D immersion cMUT array.
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Fig. 4. Front side view of 2-D Immersion cMUT array.

Fig. 6 shows the Fourier transform of radiation pattern
of the 1-D array element biased at 40 V and its ncighbors
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biased at 80 V. Better than 45 degree of -6dB acceptance
angle and better than 100% bandwidth are evident from
the spectrum-angle plot.

1-D Array Radiation Patte

m (dB) with Vdc=80v Neighbours

Frequency (MHz)

W

A e e e et

40 20
Angte (degree)

60

Fig. 6. 1-D Array element radiation pattern.

An 275um square active cMUT source is imaged with
a 64 element 1-D array. Better 25dB signal to noise is
achicved in the reconstructed irnage as shown in Fig. 7.

Ax a measure of the total tolerable loss in pulse-echo
operation, one can define a dynamic range (DR) for the
transducer as the ratio of the pressure output of the trans-
ducer to the minimum detectable pressure. A 2-D array
element achieved a total dynamic range of 150 dB/Hz for
10 V input voltage at 3 MHz. The measured and simulated
dynamic range are shown in Fig. 8 for 1 V input voltage.
The simulation result using a different amplifier and re-
duced parasitics shows that a 160 dB/Hz dynamic range
for 10 V input voltage is achievable at 3 MHz.
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Fig. 8. .2-D Array element experimental results.

V. CONCLUSION

This paper presents a systematic analysis on design and
fabrication of capacitive ultrasonic immersion transducer
arrays. Various process options and alternatives are sum-
marized based on membrane formation schemes and cavity
sealing methods. Transducer electronics co-fabrication and
flip chip bonding technology makes it possible to eliminate
massive cable interconnects between transducer arrays and
their peripheral electronics.

64 element 1-D arrays and 16 x 16 element 2-D arrays
are designed and fabricated in this paper. The bandwidth,
acceptance angle and transducer dynamic range measure-
ments show the excellent performance of cMUT array el-
ements which are suitable for array operation. A prelimi-
nary imaging results from 64 element 1-D array transduc-
ers are also presented. The experiments in this paper show
that micromachined ultrasonic capacitive immersion trans-
ducer arrays are competitive alternatives to conventional
piezoelectronic ultrasonic transducer arrays.
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