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Abstract—This paper presents a novel multilayer mask-
ing technology for fabricating airborne capacitive microma-
chined ultrasonic transducers (CMUTSs) with multi-depth fluidic
trenches, in which a plurality of masking layers for different
etch depths are selectively patterned prior to the real etching to
keep a planar wafer surface. The multi-depth fluidic trenches are
utilized to effectively control the squeeze film within the CMUT
gap and tune the fractional bandwidth (FBW) of CMUT. As such,
the FBW can be changed over a wide range by only adjusting the
trench height. With further lowering the gap height, the FBW can
be extremely widened up to 168 %. The receive sensitivity has also
been significantly improved through the process of local oxidation
of silicon to reduce the parasitic capacitance. The proposed mul-
tilayer masking technology enables the fabrication of airborne
CMUTs with different FBWs and sensitivities on the same wafer
and further combine these devices into arrays for high-resolution
imaging and photoacoustic or thermoacoustic applications. These
devices also provide a low minimum detectable pressure (MDP),
as low as 1.37 mPa in the FBW of 13.5% for the 8.5 pum
deep fluidic trenches and 1.52 mPa in the 17.2% FBW for
the 16.2 pm trenches. Furthermore, the multilayer masking
technology demonstrates the capability of building micro-
electromechanical systems (MEMS) with multi-depth micro/
nanostructures. [2021-0090]

Index Terms— Microelectromechanical systems (MEMS),
capacitive micromachined ultrasonic transducers (CMUTSs), mul-
tilayer masking technology, squeeze film, multi-depth fluidic
trenches, ultra-wide bandwidth.

I. INTRODUCTION

APACITIVE Micromachined Ultrasonic Transduc-

ers (CMUTs) have emerged as an alternative to
piezoelectric transducers, offering advantages such as wide
bandwidth, ease of fabricating large arrays, and easy
integration with supporting electronic circuits. As such,
CMUTs are ideal for applications in medical imaging,
therapeutics, chemical sensing, and air-coupled ultrasound.
In airborne applications such as non-contact thermoacoustic
root imaging, both wide bandwidth (BW) and high sensitivity
are desired for improving resolution and overcoming the
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65 dB interface loss due to the impedance mismatch at
the air-sample boundary. More than 3.5% of the bandwidth
is required for the non-contact thermoacoustic imaging
system, while the sensitivity should be as high as possible
to increase the detection distance [1], [2]. Conventional
vacuum CMUTs have high sensitivity but with limited
BW [3]. To widen the BW, a gaseous squeeze film was
introduced by perforating [4]-[6]. However, perforating either
the plate or the substrate to vent the cavity and manipulate
the squeeze film results in a significant decrease in sensitivity
and dramatic increase in the pull-in voltage, and generates
strong harmonics by transducers’ mounting and housing [5],
also brings significant acoustic loss through the perforating
holes [4]. We have demonstrated a novel method in the
literature [7], in which squeeze film is introduced and tunned
within a submicron gap by creating optimal fluidic trenches
and through-wafer vias in the substrate. Therefore, the BW
of CMUT can be significantly broadened and effectively
controlled by merely changing the trench height while
obtaining high sensitivity and keeping low driving voltage.
Almost no energy leaks from the narrow through via, which
guarantees a super low acoustic loss.

However, conventional lithography and etching techniques
are not suitable for fabricating those devices with multi-depth
fluidic trenches and through-wafer vias. Lithography in deep
trenches would become very challenging, and the patterning
accuracy cannot be guaranteed. In the meanwhile, photoresist
would be trapped in the through-wafer vias and cannot be
removed completely, which makes the subsequent processes
such as thermal oxidation undoable. The emerging multilayer
hard mask technology for 3D micro/nanofabrication provides
a feasible solution. Frommbhold et al. utilized multilayer hard
mask stacks for high resolution and high-aspect-ratio etch-
ing [8]. Abe et al. explored a dry etching method using
double-layered mask for modulating surface shape of 3D
microstructures [9]. Han et al. demonstrated metal oxide mul-
tilayer masks for 3D nanofabrication [10]. Li ef al. presented a
nanofabrication technique on unconventional substrates using
transferred hard masks [11].

In this paper, we present a novel multilayer masking tech-
nology wherein a plurality of hard mask layers for different
etch depths are selectively patterned prior to the real etching
to keep the wafer a planar surface. Therefore, the patterning
accuracy and the achievability of the whole fabrication can be
guaranteed. Combining local oxidation of silicon (LOCOS)
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Fig. 1. (a) Schematic of the vented CMUT with fluidic trenches and a through
via, and (b) the equivalent lumped piston model and (c) the equivalent circuit.

process and wafer bonding technique, the fabrication flow has
been optimized to significantly improve the sensitivity of the
built transducers. Finally, the vented CMUTSs with multi-depth
fluidic trenches and through-wafer vias have been built and
tested. A conventional vacuum CMUT has also been fabricated
with sharing process steps to obtain extremely high sensitivity
and wide range frequency adjustment.

II. OPTIMIZATION OF AIRBORNE CMUTSs

A conventional CMUT is an electrostatically actuated vari-
able capacitor that couples to an acoustic medium. The elec-
trostatic force is modulated by an alternating current (AC) and
harmonically pulls and pushes the moveable plate of the capac-
itor, hence generating an ultrasound wave into the surrounding
medium. When an ultrasound impinges on the moveable plate,
the caused vibration changes the active capacitance hence
generates an electric current, then is converted into a voltage
through the receiving electronics.

A. Equivalent Modeling

A CMUT can be modeled as an equivalent lumped pis-
ton [12], [13], and further simplified as a small-signal equiva-
lent circuit [14], [15]. As Fig. 1 (b) shown, the moveable plate
is presented with an equivalent spring K, and a mass m . The
total capacitance is divided into an active capacitance Cp and a
parasitic capacitance C. There’s another dominating parasitic
capacitance Cp, from the post area that is used to anchor the
moveable plate. To improve the receive sensitivity, it’s better
to make a CMUT behaving as a piston transducer. Ideally, the
electromechanical coupling efficiency increases with shrinking
the area of electrode and gets the maximum value of 0.88 at
the normalized radius of 0.45 and biased with 90% of the pull-
in voltage, as shown in Fig. 2. However, an insulation layer
is required to cover both the cavity region and the post area
in a real fabrication. To significantly reduce the dominating
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Fig. 2. Electromechanical coupling efficiency versus the normalized electrode
radius and parasitic capacitance.

parasitic capacitance Cpp, a 1.0 um thick silicon oxide layer
is formed in our prior design [7]. With adding this uniform
insulation layer, the maximum coupling efficiency significantly
drops to less than 0.46 while the normalized radius shifts to
0.7. Benefiting by the proposed multilayer masking technology
and the local oxidation of silicon process, we can form a
thinner silicon oxide layer with only 0.2 um thick over the
cavity region but maximize it to be 2.0 um at the post area
to improve the coupling efficiency and minimize the parasitic
capacitance Cp,. Combining with etching away the nonactive
cavity region, the electromechanical coupling efficiency has
been improved to 0.61 in the recent optimal design, which is
around 33% over our prior design.

As presented in the literature [7], we introduce a gaseous
squeeze film damping mechanism to broaden the bandwidth
of CMUT. Fig. 1 (a) shows that the CMUT cavity is vented
through by a small via at the center. The air squeeze film
is introduced into the cavity between the moveable plate and
the solid substrate, and effectively controlled by the optimal
fluidic trenches in the substrate. To simplify the analysis of
the squeeze film damping effect, it is modeled as a lumped
spring-damping mechanical system and eventually converted
into a resistor Ry, in parallel with a capacitor Ky, in the
equivalent circuit. Therefore, the fractional bandwidth can be
derived from the equivalent circuit and written as [5], [14]

R, + qu
VMot Kior '

where the damping load R, and R;, are from air medium and
the squeeze film, respectively. The total mass m;,; includes
the medium mass and the equivalent piston mass, while the
total spring stiffness K;,; consists of the stiffness of the
equivalent piston, the electrostatic spring softening effect, and
the stiffening effect of the squeeze film. For frequencies lower
than the cutoff frequency, the squeeze film acts as a viscous
damper with the damping constant by4 Ry, while for frequen-
cies higher than the cutoff frequency, the squeeze film acts as
a spring K. Therefore, the FBW can be controlled by tuning

FBW = (1)
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Fig. 3. Hybrid fluidic trenches with micropillar array at the center and
fan-shaped trenches at the periphery. (a) Schematic (not in scale) and (b) the
trench distribution, and (c) the absolute pressure (in Pascal) on the surface of
the substrate electrodes.

the squeeze film damping and stiffening effects. The so-called
spring softening effect, which originates from the nonlinear
electrostatic force, has a significant impact on the CMUT
sensitivity and FBW. It’s converted to —Cy in the equivalent
circuit by moving it to the electrical side, and given by

n2

C_O,
where n = EoCy represents the electromechanical transformer
ratio, Ey is the electrical field within the gap of CMUT.

Ksoft = (2)

B. Optimization of Fluidic Trenches

The cavity of CMUT is vented by a through-wafer via at
the center with a radius of less than 10 gm. This optimal
design guarantees low acoustic loss and does not sacrifice
the sensitivity [17]. The gap is reduced to submicron by
optimizing the hybrid fluidic trenches in the substrate, which
effectively tune the squeeze film and control the bandwidth.
Fig. 3 (a) shows the optimal hybrid fluidic trenches, which
consists of micropillar array at the center and fan-shaped
trenches at the periphery of the CMUT cell. The stiffening
effect dominates the behavior of the squeeze film when the gap
is lower than one micron and causes the resonant frequency
increasing significantly. The micropillar array with a similar
octagonal distribution of perforated holes can significantly
lower the stiffening effect and keep the resonant frequency
as designed [18]-[21]. As Fig. 3 (b) shown, the absolute
pressure on the surface of the substrate electrodes, which
is obtained by COMSOL Multiphysics® simulation software,
is consequently lowered to one-tenth of that of flat substrate
without fluidic trenches. To improve the pressure uniformity
and further increase the electrode ratio, fan-shaped trenches are
introduced at the periphery, in which the electrode area can be
adjusted linearly with the radius [7]. The specific design para-
meters for the micropillars and the fan-shaped trenches were

TABLE I
DESIGN PARAMETERS OF THE VENTED CMUTS

Parameter Value
(pm)
Plate radius: 7. 1500
Plate thickness: #ya 50.0
Radius of the post area: 7oy 50.0
Gap height: g 0.9
Thickness of insulation oxide :i tt}};: ;z‘s/tltzr'etz:; t 02205
Radius of etch ring: 7, 384
Radius of through-wafer via: 7,;, 10.0
Diameter of micropillar: d,; 24.0
Width of fan-shaped electrode: Wi 20.0
w2 25.0
Trench spacing: 7 6.0
Trench height: 7, 2.0~15.0

optimized by the multi-parameter optimization method [17].
The objective is to get a low and uniform absolute pressure
on the substate and lower the resonance frequency to the
desired value. This can be achieved by looking for an optimal
parameter combination of the control variables such as the
radius of the micropillar, the trench spacing, and the width of
the fan-shaped electrodes. The specific parameters are shown
in Table I. Finally, the hybrid fluidic trenches reduce the
stiffening effect most effectively while maintaining a large
electrode ratio as much as of 86% and a minimum pull-in
voltage.

After optimizing the geometry and distribution of the fluidic
trenches, the trench height is used as a unique variable to tune
the damping effect, and thus, control the bandwidth of CMUT.
However, the pull-in voltage does not change with the trench
height due to the fixed area of the substrate electrodes. The
pull-in voltage has been lowered to less than 33.5 V with a
0.9 um gap, which makes airborne CMUTs applicable for
smart wearable or implantable devices that require low power
consumption. By increasing trench height from 2.0 um to
15.0 um, the bandwidth has been significantly improved more
than 2.3 times from 3.6% to 11.9% with a DC bias of 90% of
the pull-in voltage, while the sensitivity only got worse than
32% from 7.6 mV/Pa to 5.2 mV/Pa, as shown in Fig. 4 (a).
The FBW can be further widened up to 18.0% by increasing
the DC bias to be of 99% of the pull-in voltage. Generally,
sensitivity and bandwidth are a trade-off parameter pair, i.e.,
increasing bandwidth will degrade sensitivity. However, in our
optimal designs, by adjusting the trench height to control
the bandwidth, the sensitivity-bandwidth product is increased
significantly more than 1.2 times.

To reduce the parasitic capacitance from the CMUT itself,
the nonactive region with the width of around one third of
the radius is etched much deeper. The insulation layer of
silicon oxide at the post region has been maximized within
the limitation of fabrication capacity to significantly reduce
the parasitic capacitance and improve the electromechanical
coupling efficiency. As Fig. 4(a) shown, the voltage receive
sensitivity has got improved more than 40% over our previous
design, and the pull-in voltage has been further lowered more
than 38%.
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Fig. 4. (a) Receive voltage sensitivity versus frequency (dashed lines are for

our previous designs [7]), and (b) fractional bandwidth versus gap height.

With decreasing the gap height further, the bandwidth can be
widened extremely and achieve ultra-wide bandwidth. When
the gap is lowered to 0.4 um, the bandwidth is widened to
more than 168%, as shown in Fig. 4 (b), while the pull-
in voltage drops to less than 11 V. However, the resonance
frequency doesn’t change much, and still maintains high
sensitivity.

ITI. FABRICATION

To verify the design theory, we are going to fabricate the
designs with 8 ym and 16 um deep fluidic trenches on a single
wafer. However, in a conventional fabrication flow, the 8 ym
trenches would be formed at first and then the 16 xm trenches.
Therefore, a lithography using thick photoresist must be done
in the etched 8 um trenches, which brings challenges for
photoresist coating and exposure, and the patterning accuracy
cannot be guaranteed. It becomes even harder to successfully
complete the patterning in the 16 um trenches. Thereafter,
it’s impossible to do patterning in the small through-wafer
vias, which is typically smaller than 20 #m and deeper than
200 um. Otherwise, the photoresist would be trapped in the
vias and cannot be removed completely, which makes the
subsequent processes such as thermal oxidation undoable.

We have developed a novel microfabrication process that
is based on multilayer masking technology, local oxidation,
and direct wafer bonding, in which all various CMUT designs

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 31, NO. 3, JUNE 2022
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Fig. 5. Multilayer masking technology for etching of (a) a single multi-step
structure and (b) multiple structures with multi-depths.

with different trench heights, all within the desired band-
width can be built on a single wafer and further combine
these devices into arrays for high-resolution imaging and
photoacoustic or thermoacoustic applications. Meanwhile, the
proposed process has significantly reduced the parasitic capac-
itance and improved the receive sensitivity.

A. Multilayer Masking Technology

A novel multilayer masking technology for etching multi-
depth microstructures is presented, in which a plurality of hard
mask layers for different etch depths are patterned prior to
the etching of silicon wafer. As Fig. 5 shown, the proposed
processes eliminate any photolithography steps once the real
etching has begun and keep the wafer a planar surface. Here,
silicon oxide is selected as the masking material, which can
be easily formed by Low Pressure Chemical Vapor Deposi-
tion (LPCVD) or thermal oxidation and etched by Reactive Ion
Etching (RIE). The masking layer is divided into a plurality of
layers and selectively patterned by photolithography and RIE
etching to form masks for areas where different silicon etch
depths are desired. Then, the wafer is etched by deep RIE
to a first level, following by removing the remaining mask
of this layer through precise dry etching. Again, the wafer is
etched to another level with the remaining masks. The process
is repeated until all the desired levels have been etched in the
silicon wafer. Fig. 5 shows the two different microstructures
that can be achieved by the proposed multilayer masking
technology: one is for the single multi-step structure; the other
is for the multiple structures with different depths.

To tune the BW of airborne CMUT, fluidic trenches with
different depths are introduced to manipulate the squeeze film
within the submicron gap. Therefore, Fig. 5(b) demonstrates a
feasible fabrication method to build our airborne CMUTs with
the optimal multi-depth fluidic trenches.

B. Local Oxidation and Direct Wafer Bonding

Traditionally, the insulation layer across the cavity and the
post area is uniform. Therefore, it must be thickened uniformly
to reduce the parasitic capacitance, which results in a signifi-
cant increase of the pull-in voltage. To significantly reduce the
parasitic capacitance and improve the receive sensitivity, local
oxidation of silicon (LOCOS) is introduced, which obtains
a thinner insulation layer in the cavity but much thicker at
the post area. This maintains a low pull-in voltage, however,
achieves very small parasitic capacitance. The LOCOS process
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(a) Thermally oxidize and LPCVD
silicon oxide and nitride,
respectively

(1) LPCVD polysilicon

(b) Lithography for local oxidation
and strip backside nitride and oxide

(c) Wet thermal oxidation

(d) Strip oxide to form a convex step

(j) Wet thermal oxidation

(k) Pattern and strip oxide by RIE

(1) Strip silicon nitride

(m) Lithography for the 1st layer (u) Shallow dry etch silicon 8.0 um

(e) Wet thermal oxidation
oxide mask

thickness

(g) Wet thermal oxidation to form

oxide masking layer oxide mask

(h) LPCVD silicon nitride
H Silicon ## Photoresist

Fig. 6.

provides a precise control of the oxidation thickness that can
be used to form a thin gap [22], [23]. It also provides excellent
roughness control and unprecedented uniformity across the
whole wafer, which is required for direct wafer bonding.
The direct wafer bonding provides the advantages of simple
fabrication, good uniformity, and low intrinsic stress. Herein,
we adopt the LOCOS wafer-bonding process combining with
the multilayer masking technology to build our airborne

() Lithography for CMUT cell and (n) RIE etch oxide to half of the total
RIE etch frontside oxide and nitride

(o) Lithography for the 2nd layer

(p) RIE etch 1st layer oxide to silicon layer
Bl Oxide MM Nitridle M Polysilicon

via (y) Direct wafer bonding

layer and

(z) Remove handling
buried oxide

(r) Deep dry etch silicon 300 um

(aa) Aluminum sputtered on both

(s) Shallow dry etch silicon 7.0 pm sides

(t) RIE etch 2nd layer oxide to
silicon

(v) Strip frontside oxide by BOE

(ad) Frontside deep dry etch silicon

(w) Wet etch frontside nitride by
H3PO4

SRERRE HEFHEEH
(ae) Backside through via etch

(x) Dry thermal insulation oxide

(af) Wafer dicing

Aluminum

Fabrication flow with the proposed multilayer masking technology, local oxidation of silicon and direct wafer bonding techniques.

CMUTs. Compared with our previous fabrication, the parasitic
capacitance is reduced by 60%, which signicantly improves the
receive sensitivity more than 40%. The pull-in voltage is also
lowered by around 40%.

C. Fabrication Flow
The fabrication flow is shown in Fig. 6. The specific
processing details are described by the following key steps:
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1) Formation of Cavity: First, as Fig. 6 (a) shown, one pas-
sivation layer of silicon oxide is formed by thermal oxidation
and followed by one barrier layer of silicon nitride deposited
by LPCVD. Then, these two layers are patterned, and the
protected regions define the cavities of the airborne CMUTSs
(Fig. 6 (b)). Laterally, thermal oxidation is proceeded to form
a convex step with 0.8 um deep after removing the oxide
layer (Fig. 6 (d)). The step height can be accurately controlled
by this oxidation process. Another time oxidation is done to
form a 2.0 um thick oxide at the bonding area (Fig. 6 (e)).
The thick oxide significantly reduces the parasitic capacitance
and improves the receive sensitivity. Then, the masking nitride
and oxide layers are removed, as Fig. 6 (f) shown. Another
oxidation layer is formed at the cavity regions to use as the
multiple masking layers for trenches etching (Fig. 6 (g)).
The final gap height is determined and precisely controlled by
the previous oxidation processes. Then, one layer of silicon
nitride is deposited by LPCVD to protect the bonding surface
for future direct wafer bonding (Fig. 6 (h)).

A vacuum device with excellent receive sensitivity but nar-
row bandwidth is built as well for improving the non-contact
detection distance. The fabrication shares most of the above
processes including the formation of cavity, direct wafer
bonding, and plate etching. However, the cavity gap was
etched further deeper to be 6.2 um by RIE. The deflection
of CMUT plate caused by the atmospheric pressure is around
5.5 um. The actual gap height for the vacuum device is only
0.7 wum, which guarantee the super-high sensitivity and low
pull-in voltage.

2) Patterning of Fluidic Trenches: Next, one layer of
polysilicon is deposited and oxidized to use as the masking
layer to protect the bonding region (Fig. 6 (i-j)). This oxide
layer and the protecting nitride layer at the cavity regions is
then removed by Buffered Oxide Etch (BOE) and Phosphoric
acid (H3PO4), respectively, as shown in Fig. 6 (k-1). The oxide
masking layer is virtually divided into two equal layers with
half of the total thickness. The first layer is patterned for
etching the 15 um deep trenches (Fig. 6(m)) and transferred
into the oxide layer by dry etching half of the total thickness,
as shown in Fig. 6 (n). The second layer is patterned and
etched thereafter for the 8 yum deep trenches in the same way
with the first masking layer (Fig. 6 (o-p)).

3) Frontside via and Fluidic Trenches Etching: To etch a
through-wafer via with a small radius, the etching process is
divided into the frontside etching and the backside etching.
The frontside via is patterned and then etched 300 xm by
deep RIE etching from the frontside (Fig. 6 (q-r)). The radius
of the through via is set to 10 xgm, which guarantees super
low acoustic loss but without sacrificing the bandwidth and
sensitivity of the airborne CMUT.

After finishing front via etching, the silicon is etched 7.0 um
deep with the first masking oxide layer, as shown in Fig. 6 (s).
Then, the remaining thickness of the second masking oxide
layer, which covers the fluidic trenches regions, is etched off
(Fig. 6 (t)). The silicon is then etched another 8.0 um deep
(Fig. 6 (u)). The 15 ym and 8 um deep fluidic trenches are
accurately etched by RIE to manipulate the squeeze film and
control the bandwidth. The proposed oxide multiple masking

e 1) et

Fig. 7. SEM micrograph of the hybrid fluidic trenches (partial): vented
through via, micropillar array at the center and fan-shaped trenches at the

periphery.

layers guarantee the accuracy of the geometry patterning and
fluidic trenches etching. Also, no patterning occurs in the deep
trenches and through-wafer vias, thus no photoresist would be
trapped in the through vias. Otherwise, the trapped photoresist
would destroy the oxidation furnace in the subsequent steps.
Fig. 7 shows the SEM micrograph of the through vias and
the hybrid fluidic trenches consisting of the micropillar array
trenches at the center and the fan-shaped hybrid trenches at
the periphery of the CMUT cell. The maximum variation for
the trench etching was controlled to less than 3%.

4) Direct Wafer Bonding: The frontside oxide layer is
etched away by BOE (Fig. 6 (v)), and the frontside nitride
is stripped by H3PO4 (Fig. 6 (w)) to keep the roughness of
the bonding area to be as low as possible. As Fig. 6 (x)
shows, 300 nm thick oxide layer is dry thermally grown as
an insulating layer to prevent short circuiting. The processed
wafer is then bonded to a silicon-on-insulation (SOI) wafer
(Fig. 6 (y)) using the direct fusion bonding techniques [24],
which provides the advantage of low residual stress and
good uniformity of the plate thickness. Fig. 8 shows the
roughness of the bonding surfaces measured by Atomic Force
Microscope (AFM). The original surface roughness of the
device layer of the SOI wafer is only 0.9 A. The surface
roughness of the substrate oxide at the bonding region is 2.7 A,
which guarantees a successful direct wafer bonding.

After fusion bonding, the handling and buried oxide layers
of the SOI wafer are removed by 30% KOH solution and
buffered HF, respectively, as shown in Fig. 6 (z).

5) Plate Etching and Cavity Venting: A 300 nm thick layer
of aluminum is sputtered on both front and back sides of the
bonded wafer to provide better electrical contacts (Fig. 6 (aa)).
Then double-side lithography is proceeded to pattern both
CMUT cells and through-wafer vias, as Fig. 6 (ab-ac) shows.
The excess silicon surrounding the CMUT cells is etched away
to reduce the parasitic capacitance (Fig. 6 (ad)). To vent the
cavity of CMUT, the backside through-wafer vias are etched
through deep RIE (Fig. 6 (ae)). Finally, the wafer is diced into
single CMUT elements, as shown in Fig. 6 (af). The Table II
lists the critical parameters of the vacuum and vented CMUTs
built from the real fabrication.

Authorized licensed use limited to: Stanford University. Downloaded on June 03,2022 at 18:17:01 UTC from IEEE Xplore. Restrictions apply.



MA et al.: MULTILAYER MASKING TECHNOLOGY FOR FABRICATING AIRBORNE CMUTs 399

(b) 2.0 um

Fig. 8. AFM roughness of the bonding surfaces: (a) substrate oxide surface
with 2.7 A roughness and (b) silicon plate surface of SOI wafer with 0.9 A.

TABLE 11
PARAMETERS OF THE BUILT VACUUM AND VENTED CMUTS

Parameter Value
Vacuum CMUT Vented CMUTs
Plate radius (pm) 1500
Plate thickness (um) 50.9 50.2
Insulation oxide thickness (nm) 253 299
Bonding oxide thickness (um) 2.00 227
Gap height (um) 6.23 0.85
Trench height (pm) 0 8.5 16.2

The vacuum device shares the same wafer bonding and plate
etching processes but didn’t be etched from the backside which
would vent the cavity.

IV. CHARACTERIZATIONS
Electrical impedance and maximum displacement sensitivity
measurements have been conducted to verify the design theory.
The electrostatic softening effect has been investigated to
improve the sensitivity and widen the bandwidth.

A. Electrical Impedance and Minimum Detectable Pressure

Fig. 9 shows the measured amplitude and phase of the
electrical impedance for the vacuum and vented CMUTs,
respectively. The measured pull-in voltage for the vacuum
CMUT is around 67 V, which agrees well with the simulation
value of 69.5 V. However, the measured pull-in voltages for
the vented CMUTs are approximately 12.5% of higher than
the simulations, which is due to the larger gap caused by the
residual stress in the SOI wafer. The residual stress makes
the fabricated plate bowed up around 100 nm after venting
the CMUT cavity.

The electrical impedance measurements show that both the
vacuum and vented CMUTSs have a strong electrostatic soften-
ing effect with increasing the DC bias. For the vacuum CMUT,
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Fig. 9. Measured impedance of (a) the vacuum CMUT and the vented CMUT
(b) with 16.2 m deep trenches and (c) with 8.5 um deep trenches.

the resonance frequency can be tuned in a wide range from
80 kHz to 40 kHz with only changing the DC bias, and the
sensitivity has been significantly improved by increasing the
DC bias. With combing the same individual vacuum CMUTs
into an array and controlling the DC bias to tune the resonance
frequency, we can obtain ultra-wide bandwidth and super-
high sensitivity at the same time. In the literature [25], [26],
Kupnik et al. designed a CMUT array with different sizes
connecting in parallel to get a larger bandwidth at the expense
of gain and transducer size. For the vented CMUTs, the
resonance frequency also can be changed in a large range
of 40 kHz by adjusting the DC bias. However, the squeeze film
dominates the performance of the vented CMUT and gives
much wider bandwidth than the vacuum CMUT. Through
only adjusting the trench height, the resonance frequency
and the bandwidth have been tuned, as Fig. 9 (b) and (c)
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Fig. 10. Measured maximum displacement sensitivity of (a) the vacuum
CMUT and (b) the vented CMUTs with 16.2 ym and 8.5 xm deep trenches.

shown. The resonant frequency decreases with increasing the
trench height, resulting from the reduced stiffening effect of
the squeeze film. Compared with the vacuum CMUT, the
individual vented CMUT has much wider bandwidth, and
the bandwidth can be controlled by the height of the fluidic
trenches, which benefits from the introduced squeeze film
damping mechanism. Furthermore, the driving DC can finely
tune the bandwidth further by controlling the thickness of the
squeeze film. With adjusting the DC bias, an individual vented
CMUT can provide ultra-wide bandwidth, also high sensitivity
compared with conventional vented CMUTs.

The minimum detectable pressure (MDP) in receive mode,
is associated with the noise contribution of the medium
damping and the squeeze film damping. It is determined by
Pipmin = /4kpT (R + qu)/Aplme. kg is the Boltzmann
constant, T is the temperature, and Ap/,. represents the
equivalent area of the plate. The additional squeeze film
damping has siginificantly widened the bandwidth, but also
increased the MDP. Based on the measured impedance and
the calculated electromechanical transformer ratio based on
the simulation results, the MDP driving at 95% of pull-in
voltage for the built vacuum CMUT is 0.94 uPa/\/Hz, and
6.43 pPa/\/Hz with a 14.4 kHz bandwidth for the vented
CMUT with 8.5 um fluidic trenches and 6.74 uPa/,/Hz with
a 16.1 kHz BW for the 16.2 um trenches.

B. Maximum Displacement Sensitivity

As Fig. 10 shows, the measured displacement sensitivity for
both the vacuum and vented CMUTSs matches the simulation
results very well. The main errors come from the misaligned
center point of the CMUT plate and the electrical noise. The
sensitivity of the vacuum CMUT gets improved significantly

from 506 nm/V to 1840 nm/V by increasing the DC bias from
50% to 90% of pull-in voltage. The measured bandwidth is
a little bit wider than the theory due to the induced small
packaging damping when bonding CMUT on a PCB substrate.
For the vented CMUTs, the maximum displacement sensitivity
biased at 90% of the pull-in voltage is more than 100 nm/V,
which is significantly suppressed by the squeeze film damping
compared with that of the vacuum CMUT. The bandwidth
has been widened from 7.9% to 12.8% when increasing the
trench height from 8.5 ym to 16.2 um. However, the measured
bandwidth is a little bit narrower than the theoretical values.
Here, the packaging damping is negligible compared to the
squeeze film damping. The main error is from the enlarged
gap caused by the bowed-up plate due to the residual stress in
the SOI wafer. Overall, the fractional bandwidth can be easily
controlled from less than 1% to more than 17% by introducing
the squeeze film damping mechanism and adjusting the trench
height, also can be finely tuned by the DC bias further.

V. CONCLUSION

We have proposed a novel multilayer masking technology to
fabricate airborne CMUTs with ultra-wide bandwidth and high
sensitivity. The multilayer masking technology guaranteed the
fabrication of the multi-depth fluidic trenches, in which the
trench height was uniquely used to control the bandwidth
through tuning the stiffening and damping effect of the squeeze
film between the gap of CMUT. The simulation results show
that the bandwidth can be further widened up to 168%
by thinning the squeeze film to less than 0.4 um, while
lowered the driving voltage to less than 10 V. Combined
with local oxidation and direct wafer bonding techniques,
the various CMUTs with different trench heights have been
successfully fabricated on one single wafer, which shows the
capability of further combining these devices into arrays for
high-resolution imaging and photoacoustic or thermoacoustic
applications. The local oxidation has significantly reduced the
parasitic capacitance and improved the receive sensitivity. The
measured electrical impedance and maximum displacement
sensitivity agree well with the finite element simulations,
which certify the design theory and the fabrication method.
Furthermore, the proposed multilayer masking technology
demonstrates the capability of building MEMS devices with
multi-depth micro/nanostructures.
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