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Abstract—Capacitive micromachined ultrasonic transducers 
(CMUTs) have shown promising qualities for medical imaging. 
However, there are still some problems to be investigated, and 
some challenges to overcome. Acoustic backing is necessary to 
prevent SAWs excited in the surface of the silicon substrate 
from affecting the transmit pattern from the array. In addi-
tion, echoes resulting from bulk waves in the substrate must 
be removed. There is growing interest in integrating electronic 
circuits to do some of the beamforming directly below the 
transducer array. This may be easier to achieve for CMUTs 
than for traditional piezoelectric transducers. We will pres-
ent simulations showing that the thickness of the silicon sub-
strate and thicknesses and acoustic properties of the bonding 
material must be considered, especially when designing high-
frequency transducers. Through simulations, we compare the 
acoustic properties of 3-D stacks bonded with three different 
bonding techniques; solid-liquid interdiffusion (SLID) bonding, 
direct fusion bonding, and anisotropic conductive adhesives 
(ACA). We look at a CMUT array with a center frequency of 
30 MHz and three silicon wafers underneath, having a total sil-
icon thickness of 100 μm. We find that fusion bonding is most 
beneficial if we want to prevent surface waves from damaging 
the array response, but SLID and ACA are also promising if 
bonding layer thicknesses can be reduced.

I. Introduction

capacitive micromachined ultrasonic transducers 
(cMUTs) have been the subject of extensive research 

since the mid 1990s [1]–[3]. It has been shown that im-
proved bandwidth may be realized by using cMUTs in 
medical ultrasound imaging [4]. In fabrication, photolitho-
graphic techniques developed for integrated circuit manu-
facturing are used. This makes high-volume production 
at low cost possible. It also enables the manufacturing of 
small elements and electrical addressing of the elements 
using through-wafer via interconnects for high-frequency 
transducer arrays for 3-d imaging [5].

one of the great benefits of using cMUT arrays as 
ultrasonic transducers is the relative ease of integrating 
the electronic circuits that are needed for transmission 
and reception. as a step toward integrated cMUTs and 
electronics, cMUT cells integrated in a standard BicMos 
process [6] and the integration of cMUT and signal-condi-
tioning electronics on the same silicon substrate have been 
reported [7], [8]. With these techniques, the cMUT and 

electronics compete for the same die area, something that 
might limit both the sophistication of the electronics and 
the snr. another cMUT-on-cMos technique is mono-
lithic integration [9]–[11]. The cMUT is manufactured on 
top of an already-made cMos circuit with analog switch-
ing electronics.

a different approach is to make electronic circuits and 
cMUT arrays on separate wafers and bond these to form 
a stack, connecting to each array element with through-
wafer vias [5]. Flip-chip bonding between a 2-d cMUT ar-
ray and a custom-designed integrated circuit for volumet-
ric ultrasound imaging, using anisotropic conducting film 
(acF) or using sn/Pb solder balls has been demonstrated 
[12]. With flip-chip bonding techniques, several silicon 
wafers with electronic circuits can be bonded directly to 
the cMUT substrate, forming a 3-d stack. 3-d integra-
tion of electronics is advancing quickly, and new bonding 
techniques are being developed to bond very thin layers 
together. This can be beneficial in the development and 
design of future medical ultrasound probes.

one of the acoustic challenges in the design of cMUT 
transducers is the crosstalk between transducer elements 
resulting from acoustic coupling through the medium out-
side the array. degradation in axial resolution and bright 
spots in the near field in imaging experiments have been 
observed [4]. The interaction through the fluid medium, of-
ten referred to as interface waves (stonely-scholte waves), 
has been shown both analytically [13] and experimental-
ly [14]. dispersive guided modes have been presented as 
the most important contributor to the crosstalk [15]. The 
present work does not consider the effects on the array 
responses from crosstalk at the cMUT-liquid interface.

Because of low losses and finite acoustic impedance in 
the silicon substrate, lamb waves or saWs might be gen-
erated and add to the total acoustic crosstalk in cMUT 
arrays. This excitation is strong when the phase velocity 
of the surface wave matches the phase velocity along the 
array of the wave excited in the fluid outside the array.

Trailing echoes in the silicon substrate are clearly ob-
served in immersion transducers with 650 μm substrate 
thickness at 7 MHz [16]. The radiation patterns from un-
backed cMUT transducers with 180- and 480-μm-thick 
substrates were compared at 4 MHz, and it was shown 
that lamb waves were generated in the silicon wafer, 
which caused significant dips at 22° and 32° steering an-
gles, respectively [14], [17]. It was also shown that the 
angle at which the dip in the radiation pattern occurs is 
dependent on the transmit frequency [17].

If the cMUT array is backed with a damping mate-
rial, plate modes (lamb waves) will no longer be excited 
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because of the losses and the thickness of the structure. 
However, saWs might still be generated. although the 
forces on the top electrode serve to launch acoustic waves 
into the medium of interest, equal forces are placed on the 
membrane support and substrate electrode. If undamped 
waves exist in the substrate, they can be excited by these 
forces and significantly reduce the efficiency of the trans-
ducer at frequencies near possible substrate resonances. 
at certain steering angles, the surface displacement from 
the saW will be almost in phase with the membrane vi-
brations, and the excited wave will be enhanced. at a 
slightly different steering angle, the two displacements are 
out of phase, and the excitation goes through a minimum. 
The saW is exponentially damped as it penetrates into 
the substrate, so for the acoustically absorbing backing 
to damp the surface wave, the substrate cannot be too 
thick. If the thickness exceeds a certain limit, the acoustic 
impedance of the surface may become close to or lower 
than the acoustic impedance of the fluid (1.5 Mrayl for 
pure water). In such cases, the resonance and antireso-
nance might severely affect the transmit efficiency. such 
resonances were observed in the cMUT model presented 
in [18].

This paper attempts to address the problems caused 
by acoustic ringing in stacks of 2-d cMUT arrays on top 
of three integrated circuit (Ic) wafers and an absorbing 
backing, as illustrated in Fig. 1. The materials introduced 
by the bonding generally have lower acoustic velocities 
than silicon, hence the penetration depth of the saW is 
reduced when several silicon layers are bonded together. 
The backing material must therefore be closer to the top 
surface to absorb the saW.

our model mainly considers a well-backed array ex-
tending infinitely in the x and y directions. In some special 
cases, it will also be considered how a finite array will be 
affected by the saW. We will also show that lamb waves 
may degrade the response if the substrate wafer is left 

unbacked. simulations of an unbacked cMUT structure 
are compared with measurements from jin et al. [14], [17]. 
The possibility of including an intermediate damping layer 
between the cMUT array and the first circuit layer to 
damp some of the acoustic energy before it penetrates 
further into the stack will also be investigated. This work 
is based on the work presented in [18]–[20].

II. Bonding Techniques

Three different bonding techniques are analyzed in 
this work, solid-liquid interdiffusion (slId) bonding, di-
rect fusion bonding, and anisotropic conductive adhesives 
(acas), all illustrated in Fig. 2.

solid-liquid interdiffusion bonding (slId) is a prom-
ising bonding technique for 3-d circuit integration. The 
bonding process results in a three-layer metal stack as a 
bonding layer. It consists of copper at the top and bot-
tom and a copper-tin alloy (cu3sn), in the middle [21]–
[23]. some gaps are needed in the slId bonding layer to 
avoid connecting adjacent elements electrically, but if the 
distance between contact pads is large, most of the area 
between the pads can be covered with a dummy slId 
layer, to minimize the air gaps and increase the area with 
mechanical contact.

In direct fusion bonding, two extremely smooth wafer 
surfaces are brought into very close contact so that in-
termolecular Van der Waals attractive forces and surface 
oH bonds create a weak bond between the wafers. This 
might be done at room temperature. With further an-
nealing at higher temperatures covalent bonds are formed. 
Most commonly, sio2–sio2 surfaces are used [24]. This 
bonding technique results in a thin layer of sio2 between 
the silicon wafers and connection between metal pads on 
the respective circuit wafers [25].

acas consist of a very stable adhesive polymer ma-
trix containing 2- to 7-μm diameter metal or metal-coated 
spheres. The cured adhesive provides mechanical attach-
ment and immobilizes the deformed conductive particles. 
Because of the deformation of the conducting particles, 
the stand-off height between the pads is around 50% of 
the starting diameter of the particles [26]. It has been 
demonstrated that anisotropic conductive film (acF) can 
be used as an interconnect technology for micro electro-
mechanical systems (MEMs) devices [27].

Fig. 1. Illustration showing a part of the infinite cMUT array mounted 
on silicon wafers for electronics and a backing structure.

Fig. 2. Illustration of the three bonding techniques investigated in 
this work: (a) metal-to-metal bonding [e.g., solid-liquid interdiffusion 
(slId)], (b) direct fusion bonding, and (c) adhesive bonding.
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III. cMUT Model

The simulations in this work are based on an analytical 
cMUT model [19].1 In addition to the desired radiation 
into the fluid, the motion of the cMUTs may also couple 
to waves in the support structure. It is well known that 
this may degrade the array performance [14]. Equations to 
analyze this degradation are developed here. The model 
describes the motion of the membrane as a combination of 
N free acoustic modes of an acoustically isolated cMUT, 
and how these modes are coupled to the applied voltages 
and the fluid outside the cMUTs. In the present work, we 
also include the acoustic coupling to the support struc-
ture, which in this case is a stack of silicon wafers with 
acoustic backing material at the bottom.

The total vibration amplitude of a point on the array 
surface is hence given by

 W W e W wr k r rj

n

N

n n
k r

ntot( , ) = ( ),0
=1

� � � �
�

� �
�− + −∑  (1)

where 
�
�k  is the k-vector component along the surface of the 

array of the wave excited in the fluid. The movement of 
the cMUT membrane surface relative to the nominal sub-
strate surface is expressed as a sum over the acoustic ei-
genmodes of the cMUT, with amplitude profiles w r rn n( )

� �
−  

where 
�
rn is a reference point (center) of each mode and the �

r  gives a position on the array surface. The wn values are 
normalized to a peak value of 1 and, hence, the constants 
Wn give the peak deflection in mode n. The vertical sinu-
soidal deflection amplitude of the nominal substrate sur-
face is denoted by W0. For a thin membrane, the set of 
modes which are included here have membrane velocities 
essentially in the +z-direction of Fig. 1. Modes with ve-
locities in the transverse direction do not radiate into the 
fluid, and are normally not excited. In addition, the mem-
branes also have a dc deflection Wdc.

The eigenmodes are chosen to be the modes of the free 
circular cMUT membrane with fixed support, unaffected 
by external acoustic or electric pressures. In this situa-
tion the modes are orthogonal with the following scalar 
product:

 
A

m n m n nmw w A M∫ d = .,δ  (2)

Here, A is the membrane area, and m is the mass per unit 
area of the membrane. This may vary over the membrane. 
δm,n is the Kronecker delta equal to 1 when n = m, other-
wise zero. Mn becomes the effective mass of mode n.

The wave excited in the substrate will give a slight 
curvature to the array surface and modify the mode prop-

erties. We neglect those effects in these simulations. as 
long as the substrate motion is low, the approximation 
is believed to be valid. However, if the substrate vibra-
tion amplitude, W0, is large, and there are few cMUTs 
per wavelength, the bending of the substrate across one 
cMUT should be accounted for. We have not looked at 
this, because such an array will not work well for imaging 
for other reasons.

It is interesting to note that a force with the shape mwn 
over the membrane will accelerate the membrane mass to 
give a velocity distribution over the membrane exactly 
described by wn times a constant. It follows that for exci-
tation of the membrane modes, the effective forces Fn(eff) 
are equivalent to a distributed force Fz in the z-direction 
over the membrane, where

 F F w An
A
z n

(eff) d= .∫  (3)

Each of these forces accelerates only one mode, mode n, 
with an equivalent mass Mn given by (2) and an equiva-
lent spring constant

 F Mn n n
(s) = ,2ω  (4)

where ωn is the resonance frequency of mode n.
There are several external forces that are acting on the 

membrane, and which determine the amplitudes Wn 
through (11). Most of these are discussed in detail in [19] 
and appropriate formulas are given here. They are given 
for a biased cMUT with an added small signal voltage. 
First, there is the added electrostatic force resulting from 
the small signal voltage v, giving the force K vn(v)  on mode 
n. In addition there is the electrostatic forces resulting 
from a small signal deflection Wmwm, giving the forces 
K Wnm m,

(w)  on mode n. Further, the reaction force from the 
fluid on mode n as a result of the motion in mode m, 
j Z Wnm mω ,

(me)  is added.
The pressure in the fluid leads to normal forces acting 

on the array surface. We assume that the small signal ve-
locity iωWmwm leads to a normal tension on the array 
surface t x yzz m, ( , )(me) , which results in a normalized driving 
force for the nth mode given by the acoustic impedance 
and the velocity, i W Zm nmω ,

(me). This leads to an expression 
for the acoustic impedance:

 Z j W t w Anm
m
A
zz m n, ,=

1
,(me) (me) dω ∫  (5)

which is the main part of the fourth matrix in (11). This 
impedance takes the variation of tension and mode veloc-
ity over the membrane into account. From this, it follows 
that the deflection in one mode causes forces from the 
fluid driving the same and other modes. The deflection 
W e jk r0

−
� �
�  of the top surface gives the pressure tzz,0

(me) on the 
top surface, also containing the exponential variation. The 

1 There are some errata in [19]: The right side of the equation for 
P kx′ ′( ) in [19, Eq. (23)] should be divided by ω, and the pressure Pl in 
[19, Eq. (24)] is for a unit deflection in mode l. In addition, Pcr on the 
right side of [19, Eq. (26)] should be Pel.
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corresponding effective forces on the membrane modes are 
denoted jωW0Zn0 for n ≥ 1, where

 Z j W t w An
A
zz n0

0
,0=

1
ω ∫

(me) d . (6)

Because the membranes with their mode profiles wn, n ≥ 
1, are riding on the movement of the substrate, the mem-
brane mode n sees acceleration forces due to the deflection 
W e jk rn0

−
� �
� , which we write −ω 2Mn0W0, where
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The amplitude of the substrate movement W0 is deter-
mined by the forces acting on the surface and the acoustic 
impedance Zsurf, which relates the amplitude W0 to the 

�
�k  

Fourier component of the forces on the surface. Hence, the 
contribution to this Fourier component from real space 
forces are found through a Fourier transform. The calcula-
tion of Zsurf is discussed later. The forces influencing W0 
include the reaction forces from accelerating the mem-
brane uniformly to give W0, and the reaction forces from 
accelerating all different modes, which we write as 
−ω 2M00W0 and −ω 2M0nWn, respectively. all forces are 
per unit area. Hence, we have
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where Ae is the area of an element.
Finally, the 

�
�k -component of the forces on the surface 

from the fluid resulting from movement of mode n, n ≥ 0, 
jωZ0nWn, also must be added. The acoustic impedance Z0n 
is given by
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note that these impedances are per-area acoustic imped-
ances.

The result is a matrix equation system, from which 
we solve the excitation amplitudes Wn of the acoustic ei-
genmodes of the membrane and the substrate vibration 
amplitude W0, for a small signal voltage, v. Eq. (11), see 
above, is an expanded version of [19, Eq. (10)].

More details on certain parts of (11) are given in the 
following paragraphs. an important parameter in the 
derivation of the equivalent electrostatic forces is the ca-
pacitance Cm of the cMUT. We use the approximation of 
a parallel plate capacitor and disregard fast transversal 
changes in the distance between capacitor plates and the 
build-up of charge on the edges of the capacitor plates, 
and get

 C
A

h Wm
i r

i= ,0
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electrode DC

d
/∫ −
ε
εΣ

 (12)

where ε0 is the dielectric constant in vacuum and εr
i( ) and 

hi are the relative dielectric constant and thickness of the 
dielectric material between the electrodes. In our model,  
i = 1,2, where h1 corresponds to the thickness of silicon 
nitride membrane and h2 is the height of the vacuum gap. 
correction terms due to additional capacitances and forc-
es on the edges of the electrodes could be included. Equiv-
alent electrostatic forces for mode n, acting on the mem-
brane as a result of the small signal voltage, v, and a small 
signal deflection Wmwm in mode m, where m might be 
different from n, are K vn(v)  and K Wnm m,

(w)  respectively, where 
Kn(v) and Knm,(w) are given by
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Both integrals are taken over the area where the capacitor 
electrodes are overlapping, and are based on the assump-
tion that the small signal per-area forces on the membrane 
resulting from small signal voltage v and deflection w, are 
given by V c vm0 ′  and V c wm0

2
′′ , respectively [2]. cm′ and cm′′ 

are the first and second derivatives of the per-area capaci-
tance, cm, with respect to the distance between electrodes.
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To account for the acoustic properties of the backing 
material, the circuit wafers, and the bonding layers, the 
acoustic impedance of the substrate surface, Zsurf, for a 
given frequency ω and k-vector along the surface, 

�
�k , can 

be calculated using a matrix method described by adler 
[28]. We describe the acoustic waves at the bottom of the 
silicon substrate (or stack of silicon layers) as a combina-
tion of one longitudinal and two shear waves, all with the 
k-vector component 

�
�k  in the xy-plane shown in Fig. 1. at 

the bottom of the structure, there may exist three linearly 
independent wave fields of longitudinal and shear waves 
given as
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where Txz, Tyz, and Tzz give stresses; vx, vy, and vz give 
the particle velocities; and A, B, and C are unknown wave 
amplitudes. The wave fields should be chosen in accor-
dance with the boundary conditions at the bottom of the 
structure. If the stack ends in a volume that does not give 
any reflected waves, its lower layer could be considered 
semi-infinite, and at the top of that layer only one lon-
gitudinal and two shear waves propagating or decaying 
into that layer could exist. Because the normal stresses 
and particle velocities are continuous over a boundary, the 
wave fields of the bottom layer are directly represented in 
(15). If the bottom layer ends in a surface which may give 
reflections back to the stack, we must know the reflection 
coefficient of the waves at the bottom surface. The fields 
of (15) are then a linear combination in accordance with 
the reflection coefficients of the three waves propagating 
or decaying upwards and the three waves propagating or 
decaying downwards in the bottom layer.

The total transformation of velocities and stresses from 
the bottom of the stack to the top through layers from 1 
to K is as follows:

 τ τsurface bottom= ,Φ  (16)

where

 Φ = ( , ).
=1k

K

k k kh M∏φ  (17)

The thickness of layer k is denoted hk, and ϕk is, in this 
case, a 6 × 6 matrix which is a function of material con-
stants Mk, the frequency ω, and 

�
�k  of the excitation at the 

array surface.
We assume that there are no shear stresses at the top 

surface of the stack (Txz,surface = 0 and Tyz,surface = 0). 

This gives two relations between the three constants in 
(15), and we can find the acoustic impedance at the sub-
strate surface as

 Z
T
v
zz

z
surf

surface

surface
= ,,

,
 (18)

and, hence, (11) can be solved. For details about the 
mathematics of the method, we refer to adler [28].

IV. results

To validate the model, we present simulations (Matlab 
7.8, The MathWorks, natick, Ma) of a cMUT structure 
without backing vibrating in vegetable oil, and compare 
the simulation results with measurements presented in lit-
erature. Both the front and the back side of the structure 
are loaded by the oil. Further, we use the model (with 
backing) to investigate the acoustic properties of the 
stacks described in section IV-B, and look at how thinner 
bonding layers and lower reflection loss at the array bot-
tom affect the response of an infinite array. In addition, we 
investigate how the response from a finite array is affected 
by the surface acoustic wave in the silicon substrate.

A. Model Validation

jin et al. have shown the radiation patterns from a 
single cMUT element consisting of 8 × 160 circular 
cMUTs, each with a radius of 15 μm, as a function of 
steering angle [17]. The cMUTs have a center frequency 
of around 4 MHz. To validate the cMUT model used in 
this work, we have simulated a similar cMUT element, ra-
diating into olive oil, and sampled the signal at a distance 
of 9.4 cm from the transducer. The main feature in the 
measurements that should be captured by the modeling is 
the interference resulting from plate modes excited in the 
silicon wafer and radiated into the fluid, to a large degree 
outside the cMUT elements. considering this, some ad-
justments of the model must be made. our model is based 
on infinite arrays covered with cMUTs, where we may 
excite only a limited area, in this case, an 8-cMUT-wide 
strip. The simulated array has no acoustic backing, hence 
the back surface acts like a free surface. In such a con-
figuration, plate modes (lamb waves) will be excited in 
the silicon wafer as a result of the vibrations of the mem-
branes. To couple efficiently to the fluid, cMUTs must 
have an acoustic impedance similar to that of the fluid 
outside, 1.35 Mrayl for olive oil, and much lower than 
silicon, 19.6 Mrayl. Hence, normal cMUTs on the unex-
cited parts of the array in our model will act as cushions, 
preventing the movement in the silicon to be transferred 
to the fluid. Because our interest is mainly to compare 
the radiation into the fluid directly from the cMUTs with 
the radiation due to the plate modes, we may increase the 
stiffness of the cMUTs, to reduce the cushioning. as this 
stiffness becomes very large, the cushioning action of the 
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non-active cMUTs in our model disappears, and the rela-
tion between waves in the fluid that are directly excited 
by the cMUTs and those excited by the plate modes will 
be as in the experiment. The efficiency of the cMUTs will, 
however, be poor.

In Fig. 3, we see that the angle at which the response 
has a dip depends on the frequency, and that the simu-
lations and the measurements match well. Both the a0 
mode and the s0 mode of the lamb waves are evident. 
The a0 mode occurs between 20° and 25°, whereas the 
s0 mode is excited at about 12° to 14°. The angles at 
which the dips in the radiation occur depend on several 
factors, such as wafer thickness, the distance between the 
transmitter and the receiver, the size of the wafer, and the 
conditions at the edge of the wafer/chip. However, there 
is limited information in [17] about the size of the silicon 
wafer on which the single cMUT element is fabricated 
and how the wafer or chip is mounted in the measurement 
setup. We have assumed a chip size of 0.87 cm and that 
the plate modes are damped at the edge of the chip.

When comparing the radiation from an array on 180- 
and 480-μm-thick silicon wafers, we see from Fig. 4 that 
the dip is moved from 22° to 32°, both in the simula-
tions and the measurements from jin et al. [14], [17]. The 
measured response of the 180-μm wafer drops off rapidly 
above 33°, both compared with our simulation and to the 
measurements on the 480-μm wafer. This must be the 
result of unknown factors in the experiment.

B. Array Configurations With Acoustic Backing

In invasive applications such as intravascular imaging, 
cMUT technology could be of great advantage because 
of the possibility of miniaturization and integration of 

electronic circuits. To reduce the cable count from the 
transducer, signal processing, such as amplification and a 
major part of the beamforming, should preferably be done 
at the transducer end of the cable. To achieve this, we 
must stack integrated electronic circuits underneath the 
array. depending on the application of the transducer, the 
need for front-end processing and the number of circuit 
layers may vary. one might need separate layers for high-
voltage transmit electronics, low-voltage receive electron-
ics, beamforming, and communication.

To show the feasibility of such a probe, we have simu-
lated the response from stacks with a cMUT array on top 
of three integrated circuit wafers that are bonded with the 
three different bonding techniques described previously, 
and backed with a tungsten-epoxy composite. all of the 
silicon wafers are assumed to be of 100 orientation.

We take as an example an array of circular cMUTs 
arranged in a regular square grid. In principle, the wave 
from such an array can be steered in all directions. To il-
lustrate the beam steering, we choose to only steer along 
one of the main axes. In such a configuration, each trans-
ducer element consists of two infinite lines of cMUTs, 
resulting in an element width of 25 μm. at a center fre-
quency of 30 MHz, the element width corresponds to half 
a wavelength in water. The coupling coefficient, k2, is cal-
culated based on the fixed and free capacitances of the 
transducer [29]. Table I shows the geometric and electric 
properties of the cMUTs.

To simulate the acoustic properties of the three dif-
ferent bonding techniques, we include five different wafer 
stacks in the simulations. The first is a pure silicon wafer; 
in the second and third stacks, all of the silicon interfaces 
are bonded with fusion bonding and slId, respectively. 
The two last stacks have been named 4a and 4b, and both 

Fig. 3. comparison of measurements presented by jin et al. [17] and 
the response from the cMUT model. In the model, there is no backing 
material behind the silicon wafer, so the bottom of the silicon wafer is 
modeled as a free surface vibrating in vegetable oil. The data at 3.5 MHz 
are normalized with 0 dB as the maximum, whereas the data at 4 and 
4.5 MHz are shifted to −3 and −6 dB, respectively.

Fig. 4. comparison of measurements presented by jin et al. [14], [17] 
and the response from the cMUT model. The responses from arrays 
with different substrate thicknesses are compared. The data from the 
480-μm-thick wafer are normalized with 0 dB as the maximum, whereas 
the maximum of the data from the 180-μm wafer is shifted to −3 dB.
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use anisotropic adhesive (aca) as the bonding material. 
In stack 4b, we introduce an intermediate damping layer 
between the first aca layer and the first circuit wafer to 
absorb some acoustic energy before it penetrates into the 
circuit layers. all of the stacks are backed with 200-μm 
tungsten-epoxy. Table II lists the geometric details and 
Table III lists the elastic properties of the materials in the 
stacks included in the simulations. Fig. 5 illustrates their 
composition.

Both damping layers in the simulations are composites 
made of epoxy (EPo-TEK 353 nd from Epoxy Tech. Inc., 
Billerica, Ma) and tungsten and have properties that are 
calculated according to [35]. details are given in Table IV. 
The table also gives the loss at 30 MHz for both damping 
materials. Both composites are assumed to have a me-
chanical Q of 16. It is assumed that the bottom back-
ing layer may be cast directly on the layers above, with 
no need for a separate bonding layer. The intermediate 
damping layer will need vias for electrical signals to and 
from all the cMUT elements in the array. The acoustic 
effect of the vias is not taken into account in these simu-
lations. The layer cannot be conducting, so the tungsten 
fraction is set to 35%. We expect to need separate bonding 
layers on both sides of the composite.

We assume that the cMUT operates in rapeseed oil 
in these simulations. It has a shear viscosity of 72 mPa∙s 
at 20°c, a density of 910 kg/m3, and speed of sound of 
1425 m/s. The rapeseed oil is chosen because of its high 
viscosity, to suppress the effect of cross-coupling through 
the fluid.

In addition to the stacks in Table II, we have investi-
gated how future improvements in the bonding techniques 
leading to thinner bonding layers may result in less ripple 
in the array response.

C. Infinite Array Responses

1) Frequency Response: The frequency responses pre-
sented here are from simulations of an infinite array which 
is transmitting into a fluid medium. The results presented 
are also valid for reception because of reciprocity.

In Fig. 6, we show the transmitted power as a func-
tion of frequency and steering angle from cMUT arrays 
on pure silicon substrates of thickness 50 and 100 μm, 
which are well backed by a tungsten-epoxy composite. We 
see that the strength of the unwanted resonance depends 
strongly on the thickness of the substrate, but unlike Figs. 
3 and 4, we see that the angle of the response dip does 
not change as a function of frequency in this case. This is 
because the dip here is caused by a mainly non-dispersive 
saW rather than dispersive plate modes. Increasing the 
substrate thickness from 50 and 100 μm leads to increased 
ripple, and results in a dip of −1.5 dB at the center fre-
quency, 30 MHz. The effect is even stronger at higher 
frequencies. at 45 MHz, which is the upper frequency of 
100% bandwidth, the dip of the transmitted power from 
the array with a 100-μm-thick substrate is −16 dB. The 
ripple around 20 MHz in Fig. 6 is due to element-to-ele-
ment crosstalk in the cMUT-fluid interface. This cross-
talk would be much more severe if the transducer had 
radiated into a low viscosity fluid such as pure water.

These results apply to infinite arrays, for which we see 
that the dip in the amplitude response is very deep. How-
ever, it is narrow in steering angle, and the effect will not 
be as severe in finite arrays, especially if the arrays are 
small in area. This is the case as the saW grows slowly 
along the array.

In Fig. 7, we show the response at 30 and 45 MHz 
versus steering angle for the first four stacks described 

TaBlE I. Properties of cMUT array Used in simulations. 

cMUT radius 5.7 μm
cMUT pitch (center to center) 12.5 μm
cavity depth 60 nm
Total membrane thickness 470 nm
Membrane, mass per area 1.4 g/m2

Membrane, bending stiffness per unit width 2.26 Gn∙m
collapse voltage 63.75 V
dc bias voltage 61.75 V
coupling coefficient, k2 0.50
center frequency 30 MHz
Bandwidth 130%

TaBlE II. cMUT and Electronics stacks Used in simulations. 

Bonding 
method

cMUT wafer 
thickness, μm

circuit wafer 
thickness, μm

Bond 
thickness, μm

1 Pure silicon 100 na na
2 Fusion bond 25 3 × 25 2
3 slId bond 25 3 × 25 8
4a aca/ 25 3 × 25 2
4b aca/interm. damping 25 3 × 25 2/100
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in Table II. The ripple at 30 MHz is −1.5 dB in stack 1, 
which is pure silicon. When bonding layers are added to 
the stack without changing the total amount of silicon, the 
dip increases. Fusion bonding in stack 2 shows a −2 dB 
dip, whereas slId bonding in stack 3 and aca in stack 
4a give −7.5 and −6 dB dips, respectively. The interaction 
with the surface acoustic wave becomes stronger at higher 
frequencies. at 45 MHz, the dip in transmitted power is 
between −16 and −23 dB, depending on the composition 
of the stack. The added ripple compared with stack 1 is 
caused by the added bonding materials, caused by poor 
impedance match between silicon and the various bonding 
materials, and by added total thicknesses.

depending on the composition of the stack, the angle 
at which the saW couples to waves in the fluid varies. It 
is the relationship between the velocity of the surface 
acoustic wave in the stack and the velocity of sound in the 
fluid that decides the steering angle at which the energy 
couples to the saW. stacks with low wave velocity com-
pared with silicon result in higher coupling angles, such as 
stacks 3 and 4, whereas in stacks 1 and 2, the coupling 
occurs at lower angles. To bring the saW coupling outside 
a steering angle range of ±45°, which is commonly used in 
imaging, the effective saW velocity must be lower than 
1500 m/s × 2 ≈ 2100 m/s when the imaging medium is 
water.

To show the effect of improved bonding techniques, we 
present simulations in which the thicknesses of the bonding 
layers are reduced by a factor of three in stacks 3 and 4a. 
This leads to a reduction of the ripple by 65% and 55% at 
30 MHz in stacks 3 and 4a, respectively, as seen in Fig. 8.

We see from the left plot in Fig. 8 that the peak and 
dip of the response curve changes from 25.5° to 21.5° as 
the slId layer thickness is reduced. This is due to the in-
creased effective saW velocity in the stack caused by the 
reduced metal thicknesses.

We have calculated the error signal caused by the saW 
in an infinite array. The error is defined as the difference 
between the transmitted pressure which is affected by the 

coupling to the saW and an ideal transmitted pressure, 
which is a best smooth approximation to the calculated 
response. The energy of the error signal is found by inte-
grating the squared error in the pressure over a certain 
span in frequency and angle, and it is compared with the 
energy of the smooth response over the same range. We 
have chosen to present the energy of the error signal from 
15 to 45 MHz over a sector of 10°, where the coupling to 
the surface acoustic wave is strong. This is shown in Fig. 9 
for stacks 1, 2, 3, and 4a. We see how the various bonding 
materials affect the total error, and it is shown that the 
energy of the error signal varies by more than 15 dB from 
a pure silicon wafer of 50 μm to a stack of 4 × 12.5 μm 
silicon wafers bonded with three layers of slId.

For the stacks in which four silicon layers are bonded 
together, we assume that all the si layers have the same 
thickness. Hence, each layer is one fourth of the total given 
thickness.

2) Intermediate Damping Layer: Using slId and aca 
results in bonding layers which damp the surface acous-
tic waves poorly. In these cases, we propose an interme-
diate damping layer between the cMUT array and the 
first circuit wafer to damp some of the acoustic energy 
before it penetrates further into the stack. In the left plot 
of Fig. 10, we see the transmitted power from stack 4a 
versus frequency and steering angle, where there is aca 
between all silicon layers. The response has a severe reso-
nance at 25° because of the lack of damping of the saW. 
We introduce an intermediate damping layer of 100 μm, 
using tungsten-epoxy composite with only 35% tungsten 
to keep it non-conducting. From the right plot in Fig. 10, 
we see that the unwanted resonance at 25° is reduced, 
but there is still some ripple left at high frequencies, and 
some new ripple is introduced in the low-frequency range. 
This might lead to high-amplitude ringing in the impulse 
response. a better acoustic match between the damping 
layer and silicon, using close to 45% tungsten, would re-
duce the ringing.

TaBlE IV. Material Properties of damping layers [35]. 

ρ 
[kg/m3]

vl 
[m/s]

vs 
[m/s]

Za 
[Mrayl]

loss 
[dB/mm]

W 
[% vol]

Bottom backing 9676 2024 1097 19.6 24.7 47.5
Intermediate 7465 1724 886 12.9 29.0 35

TaBlE III. Elastic Properties of Materials in the 3-d stacks.

Material ρ [kg/m3] c11 [GPa] c12 [GPa] c66 [GPa]

silicon (100) [30] 2332 165.7 63.99 79.56
sio2 [31] 2203 78.85 16.1 Isotropic
cu [32] 8600 215.8 127.2 Isotropic

c11: 154.6 c12, c21: 78.9 c44: 50.2
cu3sn [33] 8900 c22: 173.7 c13, c31: 76.5 c55: 44.2

c33: 148.2 c23, c32: 95.1 c66: 55.0
EPo-TEK 353 [34] 1240 9.51 5.76 Isotropic
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D. Excitation of a Finite Array

The model describes the response from an infinite ar-
ray. Because, in all practical applications, an ultrasound 
array will be of finite size, we include simulations in which 
only a finite part of an infinite array is excited. It is espe-
cially interesting to see how the response from an array is 
affected by the surface acoustic wave in the substrate, and 
we show both how plane waves and focused beams are af-
fected by the coupling to the saW.

In the model, the area surrounding the excited cMUTs 
is in principle also covered with cMUTs that can vibrate 
as a result of the excitation of their neighbors. However, 
in the simulations of a finite array we have set the velocity 
in the z-direction of the surface to zero outside the excited 
part of the array.

The simulation results shown in Figs. 6 to 10 are all 
from an infinite cMUT array model. In Figs. 11 to 13, we 
show how the response from an array of finite size is af-
fected by the substrate ringing. The surface acoustic wave 
will be generated when the cMUT membranes vibrate, 
and its amplitude will increase along the array. Hence, 
the effect will be minimal for very small arrays, whereas 
in larger arrays, the saW might cause image artifacts. 
In Fig. 11, we show how the amplitude of the radiated 
pressure decreases along the array, when a plane wave is 
steered +17.75° off broadside for a 3.2-mm-wide array at 
30, 37.5, and 45 MHz. The peaks at the 1.6-mm end of the 
arrays comes because the excitation here is due to excita-
tion of a broad range of k-vectors, and the net result is 
not completely out of phase with the excitation through 
the saW.

The array consists of 128 elements, with two lines of 
cMUTs of width 12.5 μm, in each element. It is shown 
that the effect of the saW increases with frequency, and 

Fig. 5. Illustration of the five stacks we have included in the simulations. 
all the stacks are backed with 200 μm of tungsten-epoxy composite de-
scribed in Table IV.

Fig. 6. The transmitted power into rapeseed oil from the cMUT array 
on silicon substrates of (left) 50 μm and (right) 100 μm as a function 
of steering angle and frequency. There is 1 dB between the lines. The 
substrate is backed by a 200-μm tungsten-epoxy composite with 47.5% 
volume fraction of tungsten, as described in Table IV.

Fig. 7. The transmitted power at 30 and 45 MHz versus steering angle 
into rapeseed oil from the stacks with a cMUT array on top of three 
circuit wafers. The stacks are described in Table II.
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that the pressure level variation along the array at high 
frequencies is severe. This might cause a dip in the am-
plitude of the transmitted pressure wave at this specific 
angle, which can give dark lines or spots in the image.

When focusing the same array at a distance equiva-
lent of 300λc, where λc is the wavelength at the center 
frequency, 30 MHz, we see from the upper pane of Fig. 
12 that the maximum amplitude in the focal plane goes 
through a minimum around 17°. Higher frequencies lead 
to larger variations in the maximum amplitude. The lower 
pane of Fig. 12 shows how the side lobe level in the focal 
plane increases with frequency when the array is steered 
toward 17.75°. This is the steering angle at which the side 
lobe level is highest. Increased side lobe levels will cause 
image noise and poor focusing.

There is an interest in the ultrasound community to 
integrate PZT transducers with Ic chips especially for 
high-frequency transducers [36]. We include an example in 
which we add a material on top of the cMUT array which 

has an acoustic impedance similar to a PZT composite. an 
impedance of 15 Mrayl is chosen. The PZT impedance is 
then matched to the fluid. The stiffness and density of 
the cMUT membranes have been changed to give them 
approximately the same center frequency, bandwidth, and 
coupling coefficient as the cMUTs which operate in the 
fluid. The relation between the saW and radiation into 
the fluid from this structure would be a crude model of 
how generation of saW would affect the radiation from 
PZT-elements backed by a silicon chip.

The left plot of Fig. 13 shows that the dip in transmit-
ted power for an infinite array with a 100-μm silicon sub-
strate is deeper and wider when the acoustic impedance 
of the material directly above the silicon is higher. The 
variation of radiated pressure over the array surface of a 
finite array is considerably larger, as shown in the right 
plot of Fig. 13.

Fig. 10. Transmitted power as a function of frequency and steering angle 
from (left) stack 4a and (right) stack 4b. stack 4b has a 100-μm inter-
mediate damping layer between the cMUT array and the first circuit 
layer. The distance between contour lines is 1 dB.

Fig. 11. normalized radiated pressure from a 3.2-mm-wide array of 
cMUTs with a silicon substrate of 100 μm. Plan wave transmissions 
17.75° off broadside at 30, 37.5, and 45 MHz are compared. The pressure 
is normalized to the maximum pressure from the array at 30 MHz with 
broadside transmission.

Fig. 9. relative error signal integrated from 15 to 45 MHz, and over a 
10° sector covering the steering angles for which the coupling to saW is 
most severe.

Fig. 8. The transmitted power at 30 MHz from stacks with (left) solid-
liquid interdiffusion (slId) bonding and (right) anisotropic conductive 
adhesives (aca). The solid line represents the original configuration, 
whereas the dotted lines show the stacks with bonding layer thicknesses 
which are reduced by a factor of three.
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E. Reflection from the Bottom of the Acoustic Backing

an ideal backing material used in an ultrasound trans-
ducer would absorb all of the energy that is transmitted 
into it. However, if the transducer is to be mounted on an 
intravascular catheter there is limited space for the back-
ing material. Because of this, there might be some reflec-
tance back into the wafer stack. To minimize the specular 
backscattering with little space available, we may use a 

low-profile scattering structure at the bottom of the back-
ing. This converts the incoming waves into waves with 
changed transverse k-vectors. simulations indicate that 
an additional suppression of the specular reflection of ap-
proximately 10 dB can be achieved [37].

In the calculations performed here, we only take into 
account the specular part of this reflection. In Figs. 6 
through 13, the specular part is assumed to be reduced by 
20 dB at the bottom of the acoustic backing material. In 
Fig. 14 we show that the ringing in the pulse response has 
higher amplitude if the reflection is reduced by only 5 or 
10 dB instead of 20 dB.

V. discussion

array response degradation may be due to both excita-
tion of saW in the array structure, and excitation of bulk 
waves that travel deep into the array backing. The main 
interaction between the saW in the substrate and the 
waves transmitted into rapeseed oil occurs between 15 and 
30° steering angle. at certain steering angles, there is an 
increase in transmitted power into the fluid resulting from 
the saW, because the saW and the membranes are in 
phase. at other angles radiations are out of phase, and we 
get a minimum in the output signal. The angular position 
of the peak and dip in the power depends on the composi-
tion of the stack. Because the effect of the saW is within 
the angular range commonly used in ultrasound imaging, 
it is important to consider this in the design process of 
cMUT arrays for imaging.

The three bonding techniques we have investigated have 
different advantages and drawbacks. The fusion bonding 
results in the best array response with regard to saW ef-
fects. The process can be performed at room temperature 
and allows for high interconnect density. We base our sim-
ulations of fusion bonding on the dBI-technique presented 
by Ziptronix [24], where the bonding process results in an 
intermediate layer of sio2 of a few micrometers between 
the wafers. at the bond points, there are metal-to-metal 

Fig. 12. (top) Maximum amplitude in the focal plane when focusing an 
array with a well-backed 100-μm silicon substrate at various angles at 
300λc distance. (bottom) comparison of the side lobe level in the fo-
cal plane at three different frequencies, when steering toward 17.75° off 
broadside. The pressure distributions for all frequencies are normalized 
to the maximum pressure at 30 MHz. a cosine squared weighting func-
tion has been applied to the excitation.

Fig. 13. comparing the responses at 30 MHz from a cMUT array ra-
diating into water and an array that mimics PZT mounted on top of 
silicon. (left) Transmitted power from infinite arrays. (right) radiated 
normalized pressure from a 3.2-mm-wide array. In both cases, the silicon 
substrate is 100 μm thick, and it is backed with 200 μm of tungsten-
epoxy backing.

Fig. 14. Pulse response including the two-way impulse response of a 
cMUT array with 100-μm-thick silicon substrate, backed with 200-μm 
tungsten-epoxy. The response at 0° steering angle is shown for 5, 10, and 
20 dB reduction of specular reflection at the array bottom. The array is 
excited by a cosine squared pulse covering the frequency range from 15 
to 45 MHz.
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connections, but we assume that these are small in area 
and do not affect the acoustic response from the stack.

slId bonding can be a good alternative. It has been 
shown feasible in MEMs 3-d stacking [23] and can pro-
vide high interconnect density. We have chosen a slId 
bonding layer thickness of 8 μm, which corresponds to 
state-of-the-art as presented in the literature [23]. The 
slId bonding layer consists of bottom and top layers of 
copper (cu), which are 3 μm thick, and an intermediate 
2-μm layer of cu3sn. The fill factor of the metal layer 
must be accounted for. It must be high to obtain good 
acoustic contact between the wafers. In a real bonding 
situation, one probably must cover at least half of the area 
with metal. To achieve this, the alignment in the bonding 
process must be good. To ease calculations, we include 
the slId layer on the entire area between the wafers. We 
find that the minimum slId thickness found in literature 
is not satisfactory for applications at 30 MHz. Improve-
ments of the technique are needed for it to be used in 
high-frequency ultrasound transducers.

In the simulations of the anisotropic adhesive, the phys-
ical contact between the metal particles and the metal 
contact pads is not assumed to influence the acoustic 
properties. Hence, the aca is modeled as a uniform 2-μm 
layer of EPo-TEK 353. available products of anisotropic 
films have particle sizes down to 2.5 μm, which will result 
in a bonding layer thickness of between 1 and 2 μm. aca 
might be the easiest technique to use in a development 
phase because it does not require high temperature and 
sophisticated tools, but because of its acoustic properties, 
the substrate ringing is severe for 30-MHz transducers. 
achieving thinner aca layers calls for conductive par-
ticles in the sub-micrometer range and a high viscosity 
adhesive to get sufficiently thin glue layers.

When it comes to the composition and design of the 
acoustic backing material, there are many possible solu-
tions. The scope of this work is not to give exact answers 
regarding the backing material, but to present simulation 
results showing that the specular reflection attenuation 
resulting from the backing should be in the range of 20 dB 
to avoid high-amplitude ringing in the pulse response. a 
low-profile scattering structure at the bottom of the back-
ing might be of help if the space for backing material is 
limited. However, even though some energy is reflected 
from the backing, and reaches the top surface of the ar-
ray, not all of it will be transmitted into the fluid outside 
the array. This is in part due to the high acoustic imped-
ance of silicon compared with water, and also because the 
cMUT membranes are soft. some of the energy will be 
transmitted, but much will be reflected or absorbed at the 
fluid-array interface.

The surface acoustic wave travels along the surface of 
the vibrating array. at the rim, it should be removed in 
some way, either absorbed or scattered into the damping 
material below the array. However, it might be challeng-
ing to find materials that completely remove the energy 
in the wave and, hence, some saW may propagate back 
into the array.

In ultrasound imaging, the size of the transducer arrays 
vary depending on the application. Because the size of the 
array is an important factor determining how the gener-
ated surface acoustic wave will affect the image quality, 
one should be aware of this issue in transducer design. In 
large arrays, the saW amplitude might become large, and 
the transmitted power from the array will hence decrease 
at angles where the excitation couples to the saW. The 
simulations presented give some indications of possible ef-
fects on the image quality. How much distortion that can 
be accepted in an ultrasound image largely depends on 
the application.

The response curves given here, for an array at 30-MHz 
center frequency, apply for similar arrays at other frequen-
cies, provided that all linear dimensions are scaled as the 
inverse of the center frequency, that all acoustic imped-
ances are unchanged, and that the mechanical Q of the 
backing material is unchanged. Hence, arrays of lower cen-
ter frequency might use thicker silicon substrates without 
experiencing problems with surface acoustic waves. re-
ducing the transmit frequency and increasing the element 
size will also make it possible to include more beamform-
ing electronics on each circuit wafer. This might reduce 
the required number of wafers.

VI. conclusion

To realize a 30-MHz intravascular ultrasound probe 
with cMUT array and integrated electronics we must use 
state of the art technologies for both circuit manufactur-
ing and 3-d integration. The simulations presented show 
that making a 30 MHz cMUT array with a stack of three 
bonded integrated circuits is feasible if one allows a total 
silicon thickness below 100 μm. Fusion bonding shows the 
most promising results with regard to avoiding substrate 
ringing, whereas slId and aca bonding need some im-
provements when it comes to bonding layer thicknesses. 
However, they may be the easiest to implement.

The size of the transducer array affects how the surface 
acoustic wave develops, and whether its amplitude is high 
enough to distort the image quality at the angles at which 
the transmitted wave couples to the saW. Hence, vari-
ous applications may accept different levels of interactions 
with the surface acoustic wave before it affects the images 
in a severe manner.

If there is limited space for the backing material, one 
should take the possible reflections from the backing into 
account, and reflection reduction from the bottom of the 
backing should be implemented.
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