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One method for evanescent wave measurement of the Lamb wave biosensor is proposed by putting
another Lamb wave device above the first with the distance less than the evanescent field penetration
depth in the liquid. The liquid layer is sandwiched with the two Lamb wave devices. The devices
are interacted by an evanescent field; thus the evanescent wave can be studied. The mode is split by
the interaction of the evanescent wave. The investigation of the evanescent field gives insight into
acoustic biosensors and provides precise and multiparameter measurements. © 2008 American

Institute of Physics. [DOI: 10.1063/1.3009562]

Within the fields of health care and environment control,
there is an increasing demand for sensors able to detect low
concentrations of particles such as molecular agents, warfare
agents, or solid particles in gaseous or liquid samples.1 The
acoustic sensors, with their rapid response, portability, ease
of use, and small size, are extremely useful for the analysis
of both small and large molecules as well as whole cells
interacting with an immobilized binding partner.2’3 The out-
put signal provides information about the mass loading, in-
trinsic properties of bound materials, or viscoelastic effects
such as structural rearrangements.

This letter focuses on the use of acoustic sensors using
the propagation of one type of acoustic waves (Lamb wave
sensor or flexural plate wave sensor). People pay more atten-
tion to the first antisymmetric mode (A,) of the Lamb wave
sensor because theoretically its sensitivity can reach
200-1000 g~' cm?. The sensor has a phase velocity lower
than the sound velocity of the loading liquid and the mem-
brane functions as a wave guide while yielding no radiation
losses in liguid despite the surface normal particle
displacement.” Therefore the A mode is an excellent candi-
date for mass measurement for liquid biochemical reactions.

For the Aj mode there are limitations to the applications.
The biggest problem is that the signal is influenced dramati-
cally by temperature variations. An on chip method which
combines the A, mode and the first symmetric mode (S) to
compensate for temperature was proposed by the authors.”
Since the S, mode vibration is almost tangential to the mem-
brane, the wave barely penetrates the liquid. The mass sen-
sitivity of the Sy mode is even higher than that of the A,
mode and the temperature responses of the A, and Sy modes
are opposite. The temperature may be compensated by com-
bining these two modes without changing the device design.

Like the other acoustic sensors, the Lamb wave sensor is
sensitive to many changes. The S, mode is mainly sensitive
to the characteristics of the biolayer (thickness, density, vis-
coelasticity, temperature, etc.). The A, mode is not only sen-
sitive to the characteristics of the biolayer; it is also sensitive

“Electronic mail: yihuiwu@ciomp.ac.cn.

0003-6951/2008/93(17)/174101/3/$23.00

93, 1741011

to the liquid characteristics (density and viscosity of liquid)
due to its larger penetration depth. These parameters cannot
be directly determined by the phases or amplitudes of these
two modes. In fact, the distribution of the evanescent fields
of the Ay mode is influenced by these changes during the
bioreaction. Therefore, the investigation of evanescent wave
by the Lamb wave biosensor is significant for precise mass
measurement and other parameters (such as thickness, tem-
perature, viscosity, etc.). It has been suggested that it will
allow the measurement of different molecules by adjusting
the evanescent penetration.6

Unfortunately, due to the limitations on the sensors’ size
and the weak output signals, the intensity and distribution of
the evanescent field for such devices are still not well known.
Matula and Martin discussed the evanescent wave near the
flexural metal plate (\=30 mm) in liquid,” but the bulky
hydrophone was not suitable for the weak signal measure-
ment of biosensors. Hongo and Nakamura introduced this
kind of proximity sensor;” however, their sensor could not
directly measure the evanescent wave. Lloyd and Redwood
predicted the existence of a guided mode of wave propaga-
tion in solid-fluid-solid trilayers.9 Thirty years later Hassan
and Nagy measured these modes by laser interferometer.'”
The evanescent field in the liquid has yet to be investigated.

In this letter, a device is presented to detect the evanes-
cent field by coupling two Lamb wave devices with the dis-
tance less than the penetration depth of the evanescent field
in the liquid. The Lamb wave dispersion and the evanescent
field characteristics were studied by viewing the coupled out-
put of these sensors.

When the device is loaded with liquid on one side, the
theoretical penetration depth of the evanescent wave can be
obtained by the following function:''

A 1

S,=—\|——,
“2m NV 1-(vy)?

(1)
where \ is the Lamb wave wavelength, v is the Lamb wave
phase velocity in the liquid, and v, is the sound speed in the
liquid (de-ionized water). In our case, the evanescent wave
theoretical penetration depth inside the water was 66 pum.
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FIG. 1. (Color online) The setup of the sandwich Lamb wave device.

By attaching another Lamb wave sensor, as described,
one liquid layer is sandwiched by the two Lamb wave sen-
sors. The sensors interact with the evanescent field in liquid.
The evanescent wave formed can be measured.

The Lamb wave devices in the experiments were fabri-
cated by clean room facilities. The thickness of the mem-
brane is 18 um and its dimensions are 8000 X 8000 wm?;
two pairs of interdigital transducers (IDTs) were built on a
1 wm piezoelectric aluminum nitride (AIN) layer with a spa-
tial period of 400 um. One pair of IDT is connected with the
output of a gain-phase analyzer and excites the Lamb waves
on the membrane; the Lamb waves propagate on the mem-
brane and are transformed to an electrical signal by another
IDT. The electrical signal is measured via the input of the
gain-phase analyzer.

The experimental setup for the evanescent wave distri-
bution measurement is shown in Fig. 1. Instead of measuring
the Lamb wave directly at the output of the IDT as normal,
the evanescent wave field distribution was measured by cou-
pling the sensors’ output. The two Lamb wave sensors were
fixed on two different three-freedom precision stages as
shown in Fig. 2. The upper Lamb wave sensor can be ad-
justed along the X, Y, or Z axis. The de-ionized water layer
was kept between these sensors. The water layer thickness
was changed by moving the upper sensor in the Z direction.
Thus a sandwich Lamb wave sensor was constructed.

When the sensor is excited via port A, the acoustic
waves propagate from A to B. At the same time the associ-
ated evanescent wave penetrates the liquid. If the upper sen-
sor approaches J,, the acoustic energy is coupled into the
upper Lamb wave sensor by the evanescent wave through the
water. The output at port C represents the coupled response
of the evanescent wave; alternately the output at port B rep-
resents the response of the guided wave in the membrane. By
varying the distance between the two sensors and measuring
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lower stage

scale counte

network
analyzer

FIG. 2. (Color online) The experimental setup scheme for evanescent wave
measurement.
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FIG. 3. (Color online) Dispersion curve from FFT with the distance between
two Lamb wave sensors of 100 wm.

the output frequency response variation from the Agilent
4395A gain-phase analyzer at port C, the characteristics of
the acoustic evanescent wave can be studied.

It should be noted that although the Lamb wave phase
velocity is less than the sound velocity of water, near field
sound emissions from the IDTs should not be neglected. The
sound emissions will also be coupled into the upper sensor.
Since the sound emissions propagate mainly in the
Z-direction, by moving the upper sensor in the X direction,
recording the signals and analyzing them by fast Fourier
transforms (FFTs), the near field sound emissions can be
efficiently filtered, producing the pure evanescent waves. In
the experiment the upper sensor is moved along the X axis to
a given Z position by stepping of 20 um with a total move-
ment of 9000 um. This is long enough to compare the Lamb
wave wavelength (400 wm here is).

While the upper sensor is moved along the X axis, both
amplitudes and phases at C port were recorded. The distur-
bance of the Lamb wave due to the upper device is weak
when the distance between two devices is much larger than
the evanescent penetration depth of 66 um. In our case we
chose 100 wm. The dispersion curves using FFT calculations
are shown in Fig. 3. The third and fifth spatial harmonics can
also be found in Fig. 3. These effects are due to almost the
nonpropagating spatial harmonics. In the dispersion curve,
there is one line parallel with the frequency axis, which is
due to the IDT effects of spatial periods and could be ne-
glected during analysis.

The theoretical dispersion curves obtained from Eq. (2)
were also shown in Fig. 3 by “0.” This dispersion curve is
given by the function

E d
w=d \/ \/ Psi€ 2. (2)
12p5; V psid + pi6,

1

where E is the Young modulus of silicon, d is the thickness
of the membrane, pg; and p; are the density of the silicon and
liquid, respectively, and k is the vector number. Comparing
the theoretical and experimental results in Fig. 3, we see that
the dispersion curves obtained from coupled sensor experi-
ments agree with the theoretical calculation, which proves
that the evanescent wave can be measured by this method.
However, when the distance between two devices is
close to or less than the evanescent wave penetration depth,
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FIG. 4. (Color online) The amplitude and phase responses of the sandwich
sensor variations showing distance changes. (a) is the amplitude variations
with distance at C port; (b) is the phase variation with distance at C port; (c)
is the amplitude variations at B port with distance; (d) is the phase variation
at B port with distance.

the interactions between the two devices become stronger
and the dispersion of Lamb wave in Fig. 3 distorts.

The responses variations at ports B and C of the sand-
wich Lamb wave sensor with an adjustment in the Z direc-
tion were represented in Fig. 4. Both the amplitudes and the
phases show the splitting which appears when the distance
becomes small, which shows that the two sensors are
coupled in the region of the evanescent field and they begin
to work as a sandwich sensor. The modes of this sensor are
similar to the performance of two membranes separated by a
layer of water which was described theoretically in Loyd and
Redwood’s paper9 and experimented with large aluminum
plates and water by Hassan and Nagy.10

In Fig. 4, “1” is the symmetric mode of the sandwich
Lamb wave sensor. As the two plates become closer, the
amplitudes at both ports C and B become smaller. For the
symmetric mode the movement of water is almost longitudi-
nal; therefore for a small gap the liquid moves back and forth
and is attenuated by viscosity; “2” is unsymmetric; the fre-
quency becomes higher when the two membranes get closer
due to the mass decreasing between two sensors. For this
mode the amplitude at port C is increasing while that at port
B is decreasing due to the energy of the lower sensor being

Appl. Phys. Lett. 93, 174101 (2008)

shared. This shows that the outputs of the sandwich sensor
are highly influenced by the liquid thickness and its charac-
teristics. There are two groups of response, “I” and “IL,” in
Fig. 4 due to the fact that the node positions of the resonant
membrane are not completely consistent with the position of
IDT.

In summary compared with other acoustic sensors, such
as Love wave sensors or quartz crystal microbalance (QCM),
a unique feature of the Lamb wave sensor is that the deep
evanescent field can be excited by the Ay mode. One method
for evanescent field detection was discussed in the letter and
a sandwich Lamb wave sensor has been built.

The dispersion curves were obtained experimentally and
it was proved that the evanescent wave is coupled into the
upper device and the evanescent field is detected via this
method. The sandwich sensor is very sensitive to the thick-
ness variation due to the evanescent field interaction, which
makes it possible to investigate the characteristics of the bi-
olayer, such as its thickness, density, and viscosity, especially
when it is combined with the S, and A, modes of the original
Lamb wave sensors. This method gives insight into acoustic
biosensors for the measurement. The density of liquid and
the density and the thickness of the absorbed layer on the
membrane can be evaluated, respectively, and allows precise
multiparameter measurement.
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