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Abstract—This paper details the theory, fabrication, and
characterization of a new Lamb wave device. Built using capacitive micromachined ultrasonic transducers (CMUTs),
the structure described uses rectangular membranes to excite and receive Lamb waves on a silicon substrate. An
equivalent circuit model for the transducer is proposed that
produces results, which match well with those observed by
experiment. During the derivation of this model, emphasis is placed on the resistance presented to the transducer
membranes by the Lamb wave modes. Finite element analysis performed in this eﬀort shows that the dominant propagating mode in the device is the lowest order antisymmetric ﬂexural wave ( 0 ). Furthermore, most of the power that
couples into the Lamb wave is due to energy in the vibrating membrane that is transferred to the substrate through
the supporting posts of the device. The manufacturing process of the structure, which relies solely on fundamental
IC-fabrication techniques, is also discussed. The resulting
device has an 18- m-thick substrate that is almost entirely
made up of crystalline silicon and operates at a frequency
of 2.1 MHz. The characterization of this device includes
S-parameter and laser vibrometer measurements as well
as delay-line transmission data. The insertion loss, as determined by both S-parameter and delay-line transmission
measurements, is 20 dB at 2.1 MHz. When conﬁgured as
a delay-line oscillator, the device functions well as a sensor with sensitivity to changes in the mass loading of its
substrate.

A

I. Introduction
he ﬁrst detailed description of Lamb waves was published by Sir Horace Lamb in 1917 [1]. The characteristics of these waves have since been explored by many
authors [2], [3] and numerous acoustic wave devices have
been built using the excitation of Lamb waves as their primary vehicle of transduction. Most of these devices [4]–[8]
rely on an interdigital electrode conﬁguration [9] at the
surface of piezoelectric ceramics. Other methods of Lamb
wave excitation rely on electrostrictive [10], thermoelastic
[11], magnetic, magnetostrictive [12], and Hertzian contact
[13] structures. These structures support practical applications in the ﬁelds of sensors [5], [10], [14], [15] and microtransport [16]. Most Lamb wave devices take advantage of
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the fact that the velocity of the lower-order modes is often
smaller than the speed of sound in the surrounding media.
This is desirable because, as explained by Huygen’s Principle, it can result in a relatively low-loss acoustic waveguide.
This paper introduces a new method to excite and detect Lamb waves using the capacitive micromachined ultrasonic transducer (CMUT). The CMUT is similar to
other air-coupled capacitance transducers [17], [18] and has
traditionally been used to send and receive ultrasound in
air and in water. Its invention was reported in 1994 [19],
and it has since found applications in nondestructive evaluation [21], ultrasound imaging [22], microﬂuidics [23], [24],
and acoustic sensing using optical and radio frequency detection [25], [26]. The excitation of Lamb wave modes in
CMUTs was ﬁrst discovered during the characterization
of 1-D CMUT arrays for medical imaging [27], in which
a dip was noted in the radiation pattern of a single-array
element, indicating a spurious radiating mode in the structure. The angle of this dip varied with frequency suggesting
that energy was coupling into a wave mode with dispersive characteristics. Further analysis concluded that this
mode belonged to a Lamb wave. The presence of Lamb
waves in devices built for the purpose of transmitting an
acoustic signal into the surrounding medium (e.g., air, water, oil) has a deleterious eﬀect on the system behavior
[28], [29]. This is because the wave that is excited presents
an energy loss mechanism to the membrane and creates
a cross-coupling of energy between otherwise independent
cells. If this excitation of Lamb waves is instead exploited
and optimized, however, the foundation for a new device
is created. A proof of principle of this idea, along with
a preliminary theoretical analysis of the concept, can be
found in [30]–[32]. This paper reports advances in the work
done on capacitive micromachined ultrasonic Lamb wave
transducers, including a detailed analysis of their equivalent circuit model as well as a thorough characterization
of fabricated devices using a variety of measurement tools.
It should also be noted that the devices described in this
paper have signiﬁcantly superior characteristics than those
that have been discussed in previous publications on this
topic.
The devices described in this paper use high aspect ratio
rectangular membranes. As most CMUTs are made from
nearly circular membranes, this change in shape necessitates a diﬀerent formulation of the equivalent circuit model
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parameters used to describe the behavior of the transducers. Thus, after a theoretical discussion of Lamb waves and
Lamb wave excitation using CMUTs, this paper presents
equations that govern rectangular membranes and their
implications in the equivalent circuit model. The highlight
of this section is a formulation of the resistance presented
to these membranes by the Lamb wave modes in the silicon plate. A summary of the manufacturing process of
the devices is then presented, followed by a detailed section on the device characterization. The characterization
includes S-parameter and laser vibrometer measurements,
delay-line transmission data, and preliminary results from
a humidity sensor. The paper concludes with a description
of plans for future work.
(a)

II. Theoretical Formulation
A. Lamb Waves
Lamb and Love waves describe two types of normal
modes, also called plate modes, that can exist in a plate
with free boundaries. In a Lamb wave the displacement of
the particles occurs both in the direction of wave propagation and perpendicular to the plane of the plate. This
wave has two groups of modes that can independently satisfy the wave equation: symmetric and antisymmetric [2].
The symmetric modes are also referred to as longitudinal
modes because the average displacement over the plate
thickness is in the longitudinal direction. The motion of
antisymmetric modes is in the transverse direction, and as
a result they are also known as ﬂexural modes [33].
The dispersion relation that governs Lamb waves in homogenous, isotropic plates is presented in [2], [3], [33], and
the equations for the symmetric and antisymmetric modes
are given in (1) and (2), respectively.
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Fig. 1. (a) Select Lamb and Rayleigh velocities on silicon. (b) An
expansion of the A0 curve for frequency-thickness values near
0.038 kHz-m, the operating point of the devices discussed in this
paper. The calculations used to create both plots treat silicon as
an isotropic material. The constants are taken from [34] Vs =
5840.9 m/s, Vl = 8429.4 m/s.

(1)
(2)

2
− β2.

In these transcendental equations, also known as the
Rayleigh-Lamb frequency equations, ω is the angular frequency, β is the wave number, b is the plate thickness,
and Vl and Vs are the longitudinal and shear velocities,
respectively. The curves for the zero-order antisymmetric
and symmetric dispersion relation are plotted in Fig. 1.
The longitudinal and shear velocities were calculated under the assumption that silicon acts like an isotropic material. This ﬁgure indicates several important characteristics
of the dispersion curves. First, the velocity of the A0 mode
drops to zero for vanishing plate thicknesses, while that of
the S0 mode levels out at a much higher velocity. Second,

as the thickness of the plate upon which the wave is traveling becomes much larger than the wavelength, both modes
asymptotically approach the Rayleigh velocity. Finally, below a certain frequency-thickness product, the A0 and S0
modes are the only ones that can exist on the plate; all
other modes are cut oﬀ.
The devices described in this paper operate in the
2.1-MHz range with a plate thickness of 18 µm. At this
frequency-thickness product the A0 and S0 modes are
the only ones that are excited, and their velocities under the isotropic assumption are 737 m/s and 8423 m/s,
respectively. When compared with the speed of a Lamb
Wave along the 110 direction as predicted by the surface impedance method [35], these values are correct to
within 2%.
B. Lamb Waves Using CMUTs
The devices described in this paper use rectangular
CMUTs. As shown in Fig. 2, the membranes are 77 µm
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Fig. 2. Diagram of a single CMUT membrane.

wide, 1 cm long, and 1 µm thick with a gap of 1 µm. An
aluminum electrode covers half of the surface of the membrane and acts as one of the capacitor’s electrodes. The
other electrode, not shown on the ﬁgure, is a thin highly
doped region on the top of the silicon surface. The dominant time varying force on the membrane of a CMUT is
proportional to the product of the dc and ac potentials
applied to these electrodes [20]. As a result, the signal
sent to the CMUT has the two voltages superimposed on
each other. With this setup, the membrane will vibrate
with a resonant characteristic determined by the geometry of the structure [see (5)]. As explained in the next
section, energy from this vibration then couples through
the posts shown in Fig. 2 to excite Lamb waves in the silicon plate. While both of the zero-order modes are excited
in the substrate, the dominant mode that propagates is
the lowest-order antisymmetric ﬂexural wave (A0 ). In order to reinforce the acoustic energy created by a single
CMUT, ﬁfteen transmitting membranes are spaced with
a period of one wavelength on the same substrate to foster constructive interference. Due to the large aspect ratio
of the membranes, the wave propagation can be approximated as a plane wave away from the membrane in the
lateral direction. The Lamb waves are sensed further down
the substrate by an identical set of ﬁfteen receiving membranes. In the case of the devices presented here, the distance between the transmitting and receiving membranes
is approximately 7.8 mm.
One commonly used ﬁgure of merit for a Lamb wave
device is its insertion loss. The minimum value that can
be obtained for a device such as this is 6 dB. This value
assumes perfect electromechanical coupling both into and
out of the A0 mode of the Lamb Wave. The losses that do
exist are the result of a splitting of the wave into two directions at both the transmitting and receiving membranes.
This insertion loss can be measured from the S-parameters
of the system or from the ampliﬁer setting when the device
is wired as a delay-line oscillator. The diagram in Fig. 3
outlines the setup for the latter case; the ampliﬁer is used
to compensate for losses in the device, and as such its gain
is equal to the device insertion loss. The frequency of oscillation is determined by (3), which is derived from the

Frequency
Counter
Fig. 3. Experimental setup of the delay-line oscillator.

condition that the total phase shift around the loop be an
integral number of wavelengths [36]. In this equation,
f=

vp
(2πN − φE )
2πL

(3)

vp is the phase velocity of the mode being observed, L is
the acoustic path length (deﬁned as the distance between
the centers of the transmitting and receiving membranes),
N is an integer greater than zero, and φE is the electronic
phase shift through the ampliﬁer. For a device in which the
geometry and ampliﬁer phase shift are ﬁxed, the oscillation
condition is determined by the value of N that corresponds
to the frequency with the lowest insertion loss.
It is clear from (3) that the oscillation frequency is a
function of the phase velocity of the Lamb wave in the
channel. This relationship provides the basis for using such
devices as sensors. When the velocity is inﬂuenced by any
number of measurands (such as mass loading of the substrate or a change in its elastic stiﬀness), a shift in the
operating frequency will result. By measuring the value of
this shift, characteristics of the inﬂuencing factor can be
determined.
C. Rectangular Membranes
Most devices fabricated using CMUT technology have
membranes that closely approximate circles. Theoretical
models for these membranes are relatively well developed
[37], [38], and they have been applied to equivalent circuits
that match well with experimental results [39], [40]. The
membranes in the devices described in this paper, however,
are rectangular, and, as a result, a diﬀerent set of equations
is necessary to describe their behavior. The derivation and
presentation of these equations, for the purpose of creating
an equivalent circuit model of a Lamb wave device based
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and a density of ρ. The diﬀerential equation governing the
normal displacement uAC (x) of this membrane (derived
from energy considerations) can be written as [37]:
d2 ω
(Y0 + T )lt3 4
∇ uAC − T lt ∇2 uAC − P + lt ρ 2 = 0.
2
12(1 − σ )
dt

Mechanical Domain

Fig. 4. Equivalent circuit model of a transmitting CMUT.

(4)

Assuming that the aspect ratio of the membrane is large
and using the steady state condition, the membrane response and thus (4) can be reduced to a one-dimensional
problem in the x-direction. The clamped boundary condition (both the displacement and slope of the displacement
of the membrane at the edges is zero) is used to solve this
problem under the orientation shown in Fig. 5. The resulting solution for uAC (x), the displacement as a function of
position, is
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L/2
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Fig. 5. Orientation of the rectangular membrane used to solve (4).

on CMUTs, is the subject of this section. The skeleton for
this model is shown in Fig. 4 and is based on the standard
equivalent circuit for an electromechanical transducer [42].
On the electrical side, the input for the circuit is an ac
voltage source, VAC , from which the source current, IAC ,
is pulled. On the mechanical side of the circuit, the voltage
is transformed from the electrical domain using the turns
ratio, n, to a force labeled F . This force is deﬁned to be
uniform over the surface of the membrane. The velocity
that results, v, is deﬁned as the average velocity over the
width of the membrane. All of the expressions that follow
treat the case of a single rectangular membrane.
1. Membrane Impedance: Zmem : The membrane
impedance is deﬁned as the ratio of an applied uniform
force on a membrane to the average velocity over the membrane of the resulting motion. Texts that derive the expression for a rectangular membrane generally do so for either
a thin-stretched membrane, wherein the bending stiﬀness
is negligible or for thick geometries in which the tension
is assumed to be insigniﬁcant. The membrane thickness of
the devices presented in this paper are between these two
extremes. The derivation that follows thus takes the eﬀects
of both bending stiﬀness and tension into account.
Consider a stretched membrane with Young’s Modulus
Y0 , Poisson’s Ratio σ, under a tensile stress T , with an applied uniform net pressure over the membrane surface of P

The next step in determining the membrane impedance
is to ﬁnd the average displacement over the short dimension of the membrane and to ﬁnd its time harmonic derivative (the equivalent of multiplying by jω) to obtain the velocity v. Finally, using the initial assumption of a pressure
P applied to the membrane, the impedance Zmem = Pv
[mks-Rayls] can be written as
Zmem =

j

k1 k3 Llt P ρω
k1 k3 LP − 2c3 k1 lt ρω 2 sin k32L − 4c12 k3 lt ρω 2 sinh k12L


.
(6)

The constants k1 , k3 , c12 , and c3 are deﬁned in (5). Although it is not immediately obvious, (6) is independent
of pressure as the P terms cancel out. They are left in
the equations above in order to avoid redeﬁning the previously listed constants. Note that the conventions set forth
in Fig. 4 use force and velocity relationships in the mechanical domain. As a result, the expression in (6) should
be multiplied by the device area before it is applied to the
equivalent circuit.
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where 0 is the dielectric constant in air and r is the relative permittivity constant of silicon nitride.
An expression for uDC (x), the static deﬂection of the
membrane, is thus necessary to accurately model the static
device capacitance. While this can be done by taking the
expression from (5) and ﬁnding its limit at very small frequencies, it is easier to ﬁnd a qualitative expression by
redoing the derivation starting with (4) and setting the
frequency term to zero. After some mathematical steps
similar to those used to derive the membrane impedance
(see Appendix), the following expression for the membrane
deﬂection is obtained:


LP
k L
uDC (x) =   k3 L − 4 coth 3
8d k3
2

LP cosh k3 x P x2
−
+  

2d k3 sinh k3 L
2d
2
(8)

d

k3 =
c
(Y0 + T )lt3
c =
d = T lt .
12(1 − σ2 )
A plot of the static displacement, u(x), as a function of
position for the lowest order mode is given in Fig. 6. The
substitution of (8) into (7) yields C0 , the static capacitance
of a single rectangular membrane.
3. Radiation Impedance: Zrad : As a result of the motion of the rectangular membrane, the surrounding acoustic medium exerts a reaction force on it that is related
to the velocity of the membrane through the radiation
impedance. The derivation of this impedance treats the
structure as a piston in a rigid inﬁnite baﬄe. Approximate
expressions for the impedance reported in [41] are repeated
here and used in the model of Fig. 4. These expressions
were obtained by relating the radiation impedance of a
rectangular membrane to the Fourier transform of its impulse response.
Zn (kb) = ρcAn [Rn (kb) + jXn (kb)]

1

Displacement (µm)

2. Device Capacitance: C0 : The equivalent circuit of
Fig. 4 is also dependent on the expression of C0 , the static
(DC) capacitance of the CMUT. As shown in Fig. 2, a
rectangular CMUT membrane consists of a metalized layer
with an area A, a silicon nitride layer of thickness lt , a
vacuum gap of thickness la (x). The latter term is actually
a function of the lateral dimension, x, and thus can also
be written as (la0 − uDC (x)) in which la0 is the thickness
of the gap without any membrane deﬂection, and uDC
is a measure of the static deﬂection. Also present on the
device, but not shown in the ﬁgure, is a thin silicon nitride
insulation layer directly above the substrate of thickness li .
Neglecting fringing ﬁelds, the capacitance of this structure
is given by

(9)
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77 µm wide membrane with a 1-µm gap. The ambient pressure on
the membrane in this simulation is 101.3 kPa. The constants used in
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In (9), k is the wave number, n = ab is the aspect ratio
(greater than or equal to 1), An is the membrane surface
area, and ρ and c are the density of and speed of sound in
the surrounding medium, respectively.
4. Substrate Resistance: Rsubstrate : A successful Lamb
wave device is eﬃcient in coupling energy from the vibrating mechanism to the substrate. As shown in Fig. 4, the
energy sink presented by the substrate can be represented
in an equivalent circuit model by the element Rsubstrate .
Signiﬁcant coupling will result when this resistance is much
greater than that of other dissipative elements in the circuit. Since the membrane impedance (Zmem) is reactive,
the impedance of air (Zrad ) is the only other element in this
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shorter lossy region to help mitigate reﬂections of the S0
mode. It is for this reason that the curve for the 18-µm
substrate presented in this section has a slight ripple superimposed on it.
The second step in obtaining numerical values for (10)
is to apply normal mode decomposition to the FEA results
in an eﬀort to solve for the power in the propagating mode.
According to normal mode theory [3], any arbitrary velocity ﬁeld v(x,y) and associated stress distribution T(x,y)
can be expressed as a sum of normal modes:
∞

v(x, y) =

an (x)vn (y)

(11)

an (x)Tn (y).

(12)

n=0
∞

Symmetric

T(x, y) =

Fig. 7. Finite element mesh of a single membrane.

n=0

particular model that has a ﬁnite real part. The value of
Zrad cannot easily be changed as it is primarily a function
of physical constants. Thus, the design goal is to maximize
the resistance presented by the silicon substrate.
Note that since the current in the mechanical part of
the circuit in Fig. 4 is the membrane velocity, it is important that the deﬁnition of Rsubstrate be consistent with
this convention. To that end, if Pn is the average propagating power of the nth Lamb wave mode excited by a
membrane with average velocity v, the expression in (10)
can be written for Rsubstrate . The assumption in this formulation is that all of the energy coupled to the substrate
is in the form of a propagating mode; for this reason the
right-hand side of (10) is purely real.
Rsubstraten =

2P n
|v|2

(10)

Numerical values for the power and the velocity in this
equation can be obtained through a two-step process. The
ﬁrst step involves the use of ﬁnite element analysis1 (FEA).
FEA is used to determine both the membrane particle velocity v and the stress distribution T across the thickness
of the silicon wafer generated by harmonic excitation of the
membrane. This is done using a ﬁnite element mesh similar
to the one depicted in Fig. 7. Since the purpose of the analysis is to characterize wave propagation in the substrate, a
lossy section is included at the ends to absorb the incoming energy [32], [43], [44]. The loss coeﬃcient in this region
is carefully chosen to minimize the creation of a standing
wave pattern due to reﬂections at the silicon/lossy-silicon
interface. This is diﬃcult to do for Lamb wave devices with
smaller substrate thicknesses if both the A0 and S0 modes
are to be detected; the latter mode has a relatively longer
wavelength than that of the former, which necessitates a
longer lossy region to fully absorb its propagating wave.
The short wavelength of the A0 mode, however, requires a
ﬁner mesh to fully capture its behavior. Thus, in order to
avoid very long computation times, the ﬁne mesh is used
in conjunction with a larger loss coeﬃcient and slightly
1 Finite

element calculations were performed using Ansys 5.7.

In these equations, an (x) represents the normal mode amplitudes and vn (x, y) and Tn (x, y) represent the normal
velocity and stress distributions, respectively. The normal
velocity distributions can be found in [3], and the normal
stress ﬁelds can be calculated from the equation of motion.
The expression for the normal mode amplitude is
an =
−

1
4Pnn

 ∗

∗
∗
vxn Txx + vy∗n Txy + vx Txx
+ vy Txy
dy,
n
n
−h
(13)
0

where vx , vy , Txx , and Txy are obtained from FEA. Furthermore, Pnn is the average normal mode power per unit
length and is given by (14).

 0
 ∗

1
∗
Pnn = − Re
vxn Txxn + vyn Txyn dy
2
−h
(14)
Using these expressions, the equation of the average propagating power in the wave mode [used in (10)], Pn , can be
written
Pn = |an |2 Pnn .

(15)

Inherent to the deﬁnition presented in (10) for Rsubstrate
is the fact that the vibrating membrane is source of energy
of the Lamb wave. This can be veriﬁed using FEA/normal
mode analysis on the structure illustrated in Fig. 7. The
graph in Fig. 8 shows the power coupled into the A0 mode
when forces act on the device electrodes in three diﬀerent conﬁgurations. In the ﬁrst conﬁguration, in which the
forces are on both the top and bottom electrodes, the curve
shows a resonant behavior with maximum power delivered
to the substrate at the resonant frequency of the membrane. In the second conﬁguration, in which the forces act
on the top membrane only, almost the same amount of
power is transferred to the substrate at frequencies at and
around the membrane resonance. In contrast to these two
cases, the energy coupled into the Lamb wave is at least
three orders of magnitude smaller when the force is applied to only the bottom electrode. This graph thus clearly
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Fig. 8. Power coupled into the A0 mode of the substrate using three
diﬀerent excitation mechanisms. The constants are taken from (34):
Vs = 5840.9 m/s, Vl = 8429.4 m/s, ρ = 2332 kg/m3 . Only the relative value of the diﬀerent curves is important in this ﬁgure. The
absolute numbers are a function of the arbitrarily chosen forces applied in the ﬁnite element model.

shows that the source of most of the energy in the Lamb
wave is indeed the vibrating membrane and that the energy is coupled through the supporting posts into the substrate. Note that 95% of the energy coupled into the Lamb
wave is in the A0 mode. For this reason the curves for the
S0 case are not included in Fig. 8.
The graph in Fig. 9 shows the resistance presented to
the membrane by the A0 mode for Lamb wave devices built
on both 18- and 500-µm substrates. The 18-µm case is presented because it represents the devices described in this
paper. The 500-µm curve is given as a point of comparison
as it is the thickness of the ﬁrst Lamb wave device that
was built using CMUTs [30]. For reference, the real part
of the air impedance as described by (9) is also shown on
the graph. The 18-µm plate presents a resistance that is
over two orders of magnitude larger than that of the thicker
substrate. Furthermore, the device impedance for the thinner case is now signiﬁcant relative to the air impedance.
This strongly suggests an increase in the amount of energy
coupled into the Lamb wave mode and thus better device
performance. This ﬁnding is consistent with the design of
other Lamb wave devices described in the literature that
have substrate thicknesses much thinner than the ultrasonic wavelength.
5. Transformer Ratio: n: The transformer ratio n
transforms the electrical quantities on the left side of the
circuit to mechanical quantities on the right side. Its expression is derived in [42] from the energy constraints of
a physically realizable system and assumes that the membrane deﬂection is identical to that of a piston. The fact
that the upper electrode only covers half of the membrane
does not aﬀect the value of n because, as shown in [46],
the transformer ratio is essentially identical for membranes
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2.5
Frequency (MHz)

3

3.5

Fig. 9. Resistance presented to the membrane by the A0 for an 18-µm
substrate and a 500-µm substrate. The resistance of air as expressed
in (9) is also shown as a point of reference. Constants for silicon are
taken from (34): Vs = 5840.9 m/s, Vl = 8429.4 m/s, ρ = 2332 kg/m3 .
Constants for air are taken from [45]: ρ = 1.24 kg/m3 , v = 344 m/s.

that are both half and fully metalized. In the equation below, VDC represents the dc bias voltage on the transducer.
n=

VDC 0 2r A
2

(li + lt + r la )

(16)

6. Parasitic Impedances: Cp , Rseries , and Rshunt : The
parasitic capacitance Cp refers primarily to the eﬀects of
the traces on the Lamb wave device that lead from the
bond pads to the membranes. In the devices described in
this paper, Cp is typically 20% of the total CMUT capacitance. Rseries and Rshunt models lead resistances and
membrane conductances in the transducer, respectively,
that are typically insigniﬁcant in the model.

III. Device Fabrication
The process used to fabricate these Lamb wave devices
is based on that of the conventional CMUT [40], [47]. Select processing steps are shown in Fig. 10. The base substrate of the device is a (phosphorous) n-type (100) silicon
wafer with a resistivity in the 1 to 10 Ω-cm range. The ﬁrst
step in the process is to heavily dope the wafer using a liquid source of phosphorous oxychloride (P OCL3 ) to lower
the sheet resistance at the wafer surface to 1.8 Ω/square.
This layer acts as the bottom electrode of the capacitor
structure. A 2500 Å ﬁlm of LPCVD low stress silicon nitride (dichlorosilane (DCS) to ammonia (NH3 ) ratio of
14:1) is then deposited on the wafer surface; this layer
acts as an etch stop for an upcoming potassium hydroxide (KOH) sacriﬁcial etch as well as an insulation layer
between the ground plane and the membrane in the completed device.
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Fig. 10. Select steps of the Capacitive Micromachined Ultrasonic
Transducer manufacturing process.

At this point a sacriﬁcial layer of either polysilicon or
low-temperature oxide is introduced and patterned to deﬁne the shape of the transducer. This is followed by a
second layer of LPCVD silicon nitride (DCS:NH3 ratio of
14:1), which will act as the membrane material. The thickness of both layers is 1 µm. A pattern of etch holes is then
created in the top silicon nitride using a reactive ion etching system. This is followed by the etching of the sacriﬁcial
layer using either KOH solution or hydroﬂouric acid.
If KOH is used, most device runs of this nature that
are performed in integrated circuit facilities require that
wafers go through a decontamination step before going
back into mainline equipment. The most common procedure calls for the second half of the RCA clean procedure,
also known as SC-2. This cleaning environment is hostile
to membranes with large aspect ratios in that it causes
them to break; as a result, an alternative was used in the
process run of the devices presented in this paper. It should
be noted that at this point in the discussion the structure
on the wafer is comprised entirely of silicon nitride. This
is important because according to [48], the concentration
of potassium ions in silicon nitride after an SC-2 clean is
4 × 1011 , while a rinse in deionized water results in only a
slightly higher concentration of 5 × 1011 . For reference, a
full RCA clean and a piranha clean reduce the potassium
ion concentrations to 1 × 1011 and 2 × 1011 , respectively.
Both deionized-water and piranha solutions were found to

be much less hostile to the device’s membranes than were
those of the SC-2 procedure.
In order to evacuate and seal the volume underneath
the membranes, a third and ﬁnal silicon nitride layer of
the same chemistry as the ﬁrst two is deposited on the
wafer surface. The ﬁnal two steps in the fabrication of the
CMUTs involve a patterned etch on the top surface to
create ground pads, and the deposition and patterning of
1500 Å of aluminum (with a 1% concentration of silicon)
on the surface to act as the capacitor’s top electrode.
Once the fabrication of the transducers is complete, the
CMUTs can be characterized to determine their resonant
frequency. This frequency, along with the separation of the
membranes, is what determines the ﬁnal substrate thickness of the device. In the speciﬁc case of the transducers
presented here, the substrate was thinned down to 18 µm.
This thinning procedure can be performed using a wet
etchant, such as KOH or tetramethyl ammonium hydroxide (TMAH). The former option capitalizes on the perfect masking ability of silicon nitride in KOH [49] and
was therefore chosen for use in this process. Due to the
high etch rate of aluminum in KOH, a ﬁxture was used to
shield the device side of the wafer from the etchant. This
ﬁxture, similar to others found in the literature [50], [51]
is comprised of two halves of peek that come together over
a wafer using a friction o-ring seal. Since the ﬁnal substrate thickness could not be determined until after the
membranes had been built and their resonances had been
measured, an etch stop could not be incorporated into the
wafer.
It is worth mentioning that many conﬁgurations other
than that of the ﬁxture were considered for the described
thinning procedure. Since the complications were due to
the etching of aluminum in KOH, other options included
the use of chrome/gold electrodes instead of Al/Si (1%)
or of Apiezon (black) wax as a masking material over the
electrodes. The former method did not work because the
KOH solution destroyed the adhesion between chrome and
silicon in areas in which the metal was placed to act as a
connection to ground. The latter method failed when high
stresses resulting from the applied wax broke the device,
while it was thinned in the KOH solution.
IV. Experimental Results and Discussion
The model described by Fig. 4, along with its supporting equations, is veriﬁed by experiment as shown in
Fig. 11. This ﬁgure presents simulated and experimental
input impedance plots for ﬁfteen rectangular membranes
in parallel with each other. Both the overall shape of the
curves and the relative values are similar to what is normally seen in the case of a circular CMUT. Furthermore,
the measured resonant frequency and input impedance values agree well with theory, while the bandwidth of the
transducer is smaller than predicted by the equivalent circuit. This discrepancy is most likely due to the approximations used in the radiation and device impedance models.
Note that in order to satisfy the assumption in the discus-
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Fig. 11. Experimental (solid line) and simulated (dashed line) input
impedance plots of a Lamb wave device with 15 rectangular membranes in parallel with each other on a 350-µm substrate.
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Fig. 12. Measured real and imaginary parts of the input impedance
of a Lamb wave device on an 18-µm substrate.

sion of Fig. 4 that Rsubstrate is small, the transducers used
in this measurement have a substrate thickness of 350 µm.
Fig. 12 shows the measured input impedance of the
same device used to create the graph of Fig. 11, except that
in this case the transducers are on an 18-µm substrate. The
plot shows evidence of an increase in the coupling of energy from the membrane to the substrate. Note that at the
resonant peak, the input impedance of the thinner device
has a larger bandwidth than does its thicker counterpart.
These changes are the result of the substrate acting as an
energy loss mechanism to the vibrating membrane. From
the point of view of the equivalent circuit, the value of
Rsubstrate relative to Zrad has increased with the thinner
device substrate. When the value of Rsubstrate from Fig. 9
is used to predict the input impedance of the device on an
18-µm substrate, the resulting curve does not match very
well with experimental data. This is primarily because the
thin substrate thickness results in nonuniform stresses on
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Fig. 13. Normalized impulse response spectra of the membranes
(solid lines) and the device substrate (dashed line).

the membrane that aﬀect its impedance in ways that are
not yet well understood.
Further evidence of this increased coupling lies in the
presence of ripples in the 1.6- to 1.9-MHz range of the
graph in Fig. 12. These ripples, which are caused by reﬂections of the Lamb waves oﬀ of the posts of the transducer
structures or the edges of the device, are most prominent
when the acoustic wavelength is close to the transducer
period. From this observation it is clear that there is a
mismatch between the frequency of maximum membrane
displacement (as deﬁned by its resonance) and the frequency of minimum destructive interference (as deﬁned by
the spacing between the CMUT membranes). The solution
to this problem is to etch the device substrate to a thickness in which the wavelength of the Lamb wave matches
the transducer period. For the devices described here, the
ideal thickness is 23 µm. Note that the ripples are not
observed in the graph of Fig. 11 because of the minimal
coupling of acoustic energy for thick device substrates.
The presence of the frequency mismatch is veriﬁed by
impulse responses obtained from a laser doppler vibrometer system (PolytecPI Model OFV-3001/OVD-30). Using
a laser focused on the membrane surface to measure its
displacement, a 3-V, 2.1-MHz electrical pulse was applied
to the CMUTs and a fast Fourier transform (FFT) of the
resulting waveform was taken to ﬁnd it spectrum. Note
from Fig. 13 that the resonant frequencies of the individual membranes vary from 2.06 to 2.27 MHz, while the substrate displacement spectrum peaks near 1.82 MHz. The
former values are a function of the structure’s geometry
as described by (5). The latter number is determined by
the interference between the Lamb waves excited at each
membrane as dictated by the transducer period. In order
to help show the frequency shifts in a more clear fashion,
all of the curves on the graph are normalized with respect
to amplitude.
Eﬀects of the mismatch between the membrane resonance and the device geometry also play a strong role in
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Fig. 14. An S21 measurement of a Lamb wave device. Note that the
insertion loss near 2.1 MHz is 20 dB.

the determination of the insertion loss of the device. As
shown in Fig. 14 and conﬁrmed using the delay-line oscillator conﬁguration, at frequencies near the maximum
membrane displacement, 2.1 MHz, the insertion loss of the
device is 20 dB. This value is attained despite losses created by destructive interference of the Lamb waves in the
silicon substrate. The S21 plot also shows that the device
performs well in the 1.6- to 1.8-MHz range due to the coherent summation of acoustic energy fostered by the membrane locations. The insertion loss at these frequencies is
between 25 and 30 dB.
The delay-line setup can also be used to test the ability
of the device to work as a sensor. As described above, various loading eﬀects can change the phase velocity of the
acoustic wave in the substrate and therefore the frequency
of the oscillator. One way to change the loading is to vary
the humidity in the environment of the device to cause
an absorption of moisture by the material in the channel.
Fig. 15 shows the results of an experiment in which the
Lamb wave device is put into an environment in which
the relative humidity was changing as a function of time,
and the temperature was held constant at 23◦ C. The top
graph shows data taken from an oﬀ-the-shelf humidity sensor (Omega-RH411), while the bottom graph shows the
frequency of the oscillator. The two curves have a similar shape, although the response of the oscillator is slower
than that of the humidity sensor. This behavior is expected
because the top of the device channel is composed of silicon nitride, which is a hydrophilic material that does not
easily desorb moisture. The humidity sensor, on the other
hand, is designed to respond quickly to moisture changes
in its environment. When evaluating Fig. 15, it is important to remember that the purpose of this experiment was
not to show that the Lamb wave device could work as an
ideal humidity sensor but rather that it could respond as
one would expect to loading.
One additional comment that should be made regarding this experiment is that the CMUT membranes are also
aﬀected by changes in the humidity. This phenomenon has

Fig. 15. Humidity measurement at 23◦ C.

little eﬀect on the resulting behavior of the device, however, as the resonant frequency of a vibrating membrane
decreases in the presence of mass loading. Since this is the
opposite direction of what is measured in Fig. 15, the humidity eﬀects on the channel are dominant in the results
presented here.

V. Conclusion
Using rectangular CMUTs, a new type of Lamb wave
device has been built. This paper has described these devices, including details of their theory, fabrication, and
characterization. The proposed equivalent circuit model
and accompanying equations that were presented predict
an input impedance that matches well with what is observed by experiment. As indicated using two diﬀerent
measurement techniques, the insertion loss of the transducer is 20 dB despite a mismatch between the resonance
of the vibrating membranes and their relative spacing on
the 18-µm substrate. The device functions well as a sensor
in response to changes of the mass loading of its channel
caused by a variation in the humidity in its environment.
Future work on these Lamb wave devices includes the fabrication of transducers with a larger substrate resistance
and less mismatch between the transducer period and the
membrane resonance, as well as a more detailed analysis of
the device behavior as a sensor and its response to diﬀerent
measurands.

Appendix A
The derivation of (8) is presented here. It starts with the
diﬀerential equation governing the normal displacement of
a membrane under static conditions:
(Y0 + T )lt3 4
d2 ω
2
∇
u
−
T
l
∇
u
−
P
+
l
ρ
= 0.
DC
t
DC
t
12(1 − σ2 )
dt2
(17)
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This expression is identical to (4) except for the trivial
change of uAC to uDC . Assuming that the aspect ratio is
large and using the static nature of the problem to remove
the time-dependent term in (17), the membrane response
can be reduced to the following one-dimensional problem
in the x-direction:
(Y0 + T )lt3 d4 uDC
d2 uDC
−
T
l
= P.
t
12(1 − σ2 ) dx4
dx2

(18)

Using the clamped boundary condition (both the displacement and slope of the displacement of the membrane at
the edges is zero) to solve this diﬀerential equation under
the orientation shown in Fig. 5, the result presented in (8)
is obtained (copied below for convenience).


LP
k L
uDC (x) =   k3 L − 4 coth 3
8d k3
2
LP cosh k3 x P x2
+  
−
(19)

2d k3 sinh k3 L
2d
2


k3

=

d
c

c =

(Y0 + T )lt3
12(1 − σ2 )

d = T lt .
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