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Anew high performance mass sensor is designed and fabricated. The mass sensor is a single-crystal silicon
squared resonator with dielectric filled capacitive excitation mechanism. The resonators were fabricated
using the silicon-on-insulator MEMS process. In order to study the mass sensitivity of the fabricated
resonator, a polyelectrolyte multilayer (PEM) is used to coat on the resonator surface. The resonator has
the resonance frequency of 34.81 MHz, mass sensitivity of 105.4 wm?/ng. Experimental measurements of
the mass sensitivities agree with theoretical predictions. The new developed mass sensor shows a high
potential to be used in gas sensing and bio detection applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In many biological applications, high performance mass sen-
sors are required to capture small biological entities (e.g. low
concentrated solution). Advances in micro- and nanofabrication
technologies are enabling a wide range of new technologies,
including the development of acoustic wave resonators with high
potential for very high mass sensitivity [1-3]. However, further
miniaturization of mass sensors using nanofabrication techniques
suffer from the low device-to-device performance reproducibility
and difficulties to interface to measurement equipments [4].

The quartz crystal microbalance (QCM) is the best example
of resonant mass sensor that has been commercialized for film
thickness monitoring and other mass sensing applications [5,6].
However, despite the extensive use of QCM technology, their
applicationis limited with the high cost due to their complex manu-
facturing and the difficulties in applying them for sensor arrays due
to lack of integration capability and appropriate characterization
interface.

Application of the air-gap Lamé mode resonator has been widely
studied in communication applications [7,8], but few researchers
have demonstrated this resonator type for mass sensing application
[9,10]. In this work, we have developed a high sensitivity mass sen-
sor using a single-crystal silicon squared resonator. The resonator
is excited using capacitive excitation in the Lamé bulk acoustic res-
onant mode at a frequency of 34.81 MHz. The transducer capacitive
gap is filled with silicon nitride which helps to achieve smaller gap
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and as a result much higher electrostatic force in comparison with
air gap counterparts [11]. Compared to previously reported mass
sensors [12-14], the presented sensor shows a potential to detect
smaller masses due to its high mass sensitivity. The high mass sen-
sitivity arises from miniaturization of the resonator which leads
to an increase in the relative frequency shift for a given amount
of adsorbed mass. This high mass sensitivity may be affected by
many factors in liquid in bio sensing application, but it gives a good
estimation of the mass sensitivity of the sensor in the air for gas
sensing application. Furthermore, smaller motional resistance (Rx)
is achieved at similar frequencies and bias conditions with air-gap
counterpart. This degree of motional resistance reduction comes
via not only the higher dielectric constant provided by a nitride-
filled electrode-to-resonator gap, but also by the ability to achieve
smaller solid gaps than air gaps.

We initially introduced the sensor structure in [15], where the
working principal of the resonator, fabrication method and res-
onance frequency and mass sensitivity simulations are described
in detail. The differential drive-and-sense measurement setup and
preliminary experimental results are presented in [16,17]. The cur-
rent paper includes the thorough characterization of the sensor for
mass sensing application using a layer-by-layer polymer deposition
and comparison of the results with the simulation.

2. Sensor structure and operation

The microresonator consists of a square silicon plate supported
by four beams attached to it from the corners (see Fig. 1(a)).
The square plate is separated from the surrounding electrodes
with a 80nm nitride gap that defines the capacitance of the
electro-mechanical transducer. The resonator is laterally driven
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Fig.1. (a) Schematic of the device showing the resonator, exciting and sensing electrodes, driving and biasing setup. (b) Cross-sectional view of the square resonator, depicting

the 80 nm solid gap between resonator and its electrodes.

with electrodes on two opposite sides of the square plate sym-
metrically. A DC-bias voltage (Vp) is applied to the structure via
the anchors, while two AC input voltages are applied to the input
electrodes with 180° of phase difference. These voltages result in
a time-varying electrostatic force on the plate edges which makes
it oscillate in its fundamental frequencies in the Lamé mode. The
capacitive gap distances of the opposite side change with this fre-
quency. Because of the electrostatic field in the gap, a time-varying
current is induced in the output electrode. A cross-sectional view of
the square resonator, showing the nitride gap between resonator
and its electrodes is depicted in Fig. 1(b). The filled nitride gap
defines the capacitive gap of the input and output capacitors.

The square resonator is simulated using COMSOL Multiphysics
and the Lamé mode is shown in Fig. 2. In this mode, adjacent edges
of the square plate bend in anti-phase while the plate volume is
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Fig. 2. FEM simulation of square resonator with side length of 100 um in Lamé
mode in COMSOL-Multiphysics software. (The simulated resonant frequency is
38.74MHz.)

preserved. Nodal points of resonance are located at the four corners
of the square and at the centre of the plate.

If the material of the square plate is homogeneous and isotropic,
and if the side length of square, L is much larger than its thickness,
the square resonator can be theoretically modelled as a thin plate.
In this case, the resonant frequency of Lamé mode can be calculated
as below [18]:

_n G
fo= 5\ (M

where nis the order of the resonance mode, p is the material density
and Cyq4 is stiffness constant which can be replaced by shear mod-
ulus term G. For the single-crystal silicon structure, the material
properties are as follows: p=2330kg/m3 and G=70 GP. Replacing
these values in Eq. (1), the corresponding resonant frequency of a
square resonator with L=100 pwm will be fp =38.75 MHz.

3. Derivation of mass sensitivity

The capacitive square resonator presented here actually worked
as a mass sensor. The working principle of this sensor is that the
resonant frequency of the resonator decreases in response to a mass
loading on its surface. Mass sensitivity is defined as the shift in
the sensor resonance frequency due to the changes in the mass. A
higher mass sensitivity helps to measure smaller masses. The mass
sensitivity S;; of the bulk-wave resonator mass sensor is defined by
Sauerbrey equation as below [19]:

.1 Af
Sm = Alsqnlofg Am 2
where Am s the external added mass on the surface per unit area of
the sensor, due to absorption or thin film deposition and Af=f—fy
is the frequency shift in response to the mass loading. The negative
sign in Eq. (2) is to be cancelled out with frequency change (Af)
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Fig. 3. Fabrication process flow. (a) Pattern and etching the resonator and its anchors on the SOI wafer and deposition 80 nm thick LPCVD nitride. (b) Deposition of 2 um
polysilicon and doping with boron to get p+ polysilicon. (c) Pattern and etching the poly to define the electrodes and doing the metallization on electrodes. (d) Backside etch

using DRIE to release the resonator backside.

since the resonance frequency decreases after adding the mass on
the resonator surface. Eq. (1), can be modified based on the mass
per unit area (m) of the resonator as m = pt;

_LM%
fo_ﬁL m (3)

where t is the resonator thickness. Taking the derivative of Eq. (3)
with respect to m, and using this definition again, we obtain:

a 1 n JCut_ fo (4)
dm~ 2m L\ m — 2m

As a result, Eq. (2) can be rewritten as below:

1 1

Sm=9m = 200

(5)
The definition of the mass sensitivity is not dependant to the lateral
dimension, the amount of deposited mass and the material prop-
erties of deposited layer and only depends on the density of the
resonator structure material (o) and resonator’s thickness (t). As
a result, a sensor with a thinner structure can have a higher mass
sensitivity. It should be considered that Eq. (5) is only valid when
the resonator is vibrating in the air or vacuum. In the liquid envi-
ronment, the resonators performance is affected with many other
factors. As the energy loss arises from viscous damping of liquid, the
mass sensitivity of the resonator cannot be specified with this equa-
tion. In addition, Eq. (5) is valid when the mass is strongly bound
(non slip boundary condition) to the surface of the resonator.

The mass sensitivity value (Sp;) of the fabricated devices was
analytically evaluated for the air environment and found to be
107.29 wm?/ng for a 38.75MHz resonator (L=100 pwm, t=2 um,
0=2330kg/m3). This value is calculated considering that the sen-
sitive layer is uniformly spread over the entire top surface of the
resonator. It is quite a challenge to generate a sensor coated with
100% uniform biomolecules in practice. However, this fact does not
influence on the resonance frequency, resonance mode and actual
mass sensitivity of the sensor. A 3D Finite Element Method (FEM)
analysis has been performed with the aid of COMSOL Multiphysics
to validate the obtained analytical values of mass sensitivity (Sp). A
thin square-shaped mass was added to the surface of the resonator.
Then, the device sensitivity was evaluated by gradually varying the
density of the added mass and computing the corresponding linear
shift in the resonance frequency. The simulated value of the mass
sensitivity is obtained to be 107.34 wm?/ng, which shows a good
agreement between analytical and simulated values.

The sensor resolution is restricted with environment and mea-
surement noises which are characterized with limit of detection
(LOD). LOD describes the smallest amount of mass that a sensor can

detect considering the existing noises. Lower value of LOD means
that smaller mass can be detected. The LOD of acoustic mass sensor
is given by [20]
N

LOD = —— 6

Sm 'fO ( )
where N is the noise level of the sensor and is equal to 3 times of
the standard deviation of measured resonance frequency of a bare
resonator (N=30) and Sy, is the mass sensitivity defined in Eq. (2).
LOD discussed above is given in terms of detectable mass per unit
area.

4. Fabrication process

The fabrication starts with a Silicon on Insulator (p-type SOI
wafer). The thickness of device layer in the SOI wafer is 2 wm. The
fabrication follows with patterning the resonator and its anchors
on the SOI wafer and deposition 80 nm thick LPCVD nitride. Then, a
layer of 2 wm LPCVD polysilicon is deposited to have the required
layer for electrodes. The deposited polysilicon is implanted (boron,
doses=2E15 cm~2, energy = 180 keV, tilt = 7°) and annealed (N, 1 h,
950°C). The polysilicon layer is then patterned and etched to define
the resonator surrounding electrodes. Then interconnections are
formed by deposition, patterning and etching 500 A and 7500 A of
tantalum (for adhesion purpose) and aluminum, respectively. To
release the backside of resonator, a DRIE etch is used. The fabrica-
tion process flow is summarized in Fig. 3.

Filling the capacitive gap with silicon nitride helps to achieve
smaller gap distance in comparison with air gap counterparts [11].
Filling the gap also provides some other benefits since it better
stabilizes the resonator structure against shock and eliminates
the possibility of particles or liquid getting into the electrode-
to-resonator air gap, which poses a potential reliability issue.
Fig. 4 presents the SEM image of a fabricated micromechanical
Lamé mode resonator, together with a cross section image of the
resonator, nitride gap and its surrounding polysilicon electrode
(obtained from transmission electron microscope (TEM)).

5. Sensor characterization

In order to characterize the fabricated resonator, its surface area
should be coated with a uniform and non-slip mass. In this work,
Polyelectrolyte Multilayer (PEM) is used for these purposes[21,22].
After coating of each PEM layer (a specified amount of mass), a
new frequency measurement is required. The required steps for
the PEM coating and sensor characterization are explained in below
sub sections.
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Fig. 4. SEM image of the fabricated mass sensor and TEM image of the cross-section of Si resonator, nitride gap and its surrounding polysilicon electrode.

5.1. Polyelectrolyte multilayer coating

PEM is in fact a polymer forms by the sequential deposi-
tion of two oppositely charged polyelectrolytes (poly sodium
4-styrensulfonate (PSS) and polyallylamine hydrochloride (PAH)).
They have the ability of self-assembling on the surface in a con-
trolled layer-by-layer fashion. PAH is a positive charge polymer and
PSS has the negative charge.

As PEM can only be coated on the charged surfaces, the silicon
resonator surface has to be functionalized beforehand. In this work,
a 2% solution of 3-aminopropyltriethoxysilane (APTES) is used for
2 h to charge the silicon resonator surface. APTES is a highly effec-
tive silane coupling agent that is used on silicon and some other
substrates to enhance the adhesion [22]. As the APTES make a posi-
tive charged layer on silicon surface, the coating process starts with
the negatively charged polymer (PSS) and followed by the posi-
tive charged polymer (PAH). Polymer films are built by alternately
dipping the chip in aqueous solutions of PAH (1 mg/mL) and PSS
(1 mg/mL) for 15 min each. After each polymer adsorption, the chip
is rinsed two times in deionized (DI) water with the assist of shaker
table for 5min. PEM is formed by successive dipping in aqueous
PSS and PAH solutions. The required steps for polymer coating on
silicon surface are summarized in Fig. 5.

Step 1:
Step 2:
A Polymer
Bilayer
(1) QPT
Step 3:

PAH Coating and DI Wash

Fig. 5. Coating steps of PEM: (1) activate the resonator surface with APTES; (2)
dipping in PSS solution and rinsing in DI water; (3) dipping in PAH solution and
rinsing in DI water.

APAH and PSS layers together referred as one bilayer. Thickness
of each polymer bilayer is a function of sodium chloride concen-
tration used in polymer solution preparation. In a 50 mL of PEM
solution, we used 50 mM of sodium chloride. Having this concentra-
tion, the theoretical thickness of one bilayer of PAH/PSS is ~1.7 nm
[23]. In order to verify the real thickness of coated polymer, sam-
ples are prepared by Focused Ion Beam (FIB), and the thicknesses
are measured from TEM images. After coating of 12 bilayers of PEM,
the measured thickness of the PEM is 19.5 nm which is in a good
agreement with the 20.4 nm of theoretical thickness of 12 bilayers.
Having the thickness of each polymer bilayer and the density of
1340kg/m3 of the PEM [24], the amount of coated mass per unit
area, Am on resonators can be estimated.

5.2. Measurement setup

We used the Agilent 4395A network analyzer to test the fabri-
cated sensors. This network analyzer is used to apply the AC voltage
to the sensor and measure the output signal. Fig. 6 shows the fully
differential drive-and-sense measurement setup implemented in
this work. The electrical elements are placed on a printed circuit
board (PCB).

The AC drive signal is split into positive and negative signals
through a single-to-differential conversion block. The polarization
DC voltage, Vp is combined with AC voltage and applied to the
resonator. The resonator die is wire bonded to the PCB. The SOI sub-
strate is grounded to reduce the parasitics caused by feed through
capacitance. The resonator’s output current is sensed using a differ-
ential transresistance amplifier setup. Finally, the magnitude and
phase of the transmission coefficient, S21 is measured with the net-
work analyzer. The setup is shown in Fig. 1(a) is simpler alternative
to a fully differential sensing method.

5.3. Experimental results and discussion

The initial measurements are performed for bare resonators,
to get the resonance frequency and the Q-factor. S21 parameter
is measured for a L=100 wm resonator and the transmission and
phase are depicted in Fig. 7. The resonance frequency of this res-
onator is measured at 34.81 MHz with a Q value of 1800 in an
atmospheric pressure when the resonator is biased with a DC volt-
age of 20V and an AC drive voltage of 0.63 Vpp.

The difference between the theoretical frequency (38.75 MHz)
and the measured frequency (34.81 MHz) can be related to the
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Fig. 6. Differential drive-and-sense measurement setup.

difference in the Young’s modulus used in the simulation
(E=169 GPa) and as its real value.

Before coating, the resonance frequency of non-coated res-
onators (after functionalizing their surface with APTES) is measured
and considered as the reference frequency (fy) for all later frequency
shift calculations (Af(;) = f(;y — fo). The notation f;;) refers to the reso-
nance frequency of the sensor after coating of i-th polymer bilayer
(i=4,6,...,12).The chips were stored in nitrogen box for a few hours
to be dried after each polymer coating step. The polyelectrolyte
coating is known to be not uniform up to 4 bilayers [25]. As a result,
the frequency shift would not be linear below 4 bilayers and thus we
measured the first frequency shift after coating of 4 bilayers. Thin

polymer film successfully formed by the successive deposition of
PAH and PSS up to 12 bilayers on the resonators surface. Five fre-
quencies are recorded for each measurement after every 2 bilayers
coating to calculate the error bar. Fig. 8 shows the measured fre-
quency shifts (Af;)) of 34.81 MHz resonator versus the number of
polymer coated bilayers and their corresponding masses. It can be
seen that the frequency shift is linearly correlated with the number
of coated polymer bilayers for all resonators.

The mass sensitivity of the resonator can be calculated now
from the measured frequency shifts and Eq. (2). In order to obtain
the limit of detection (LOD) of sensors, the standard deviation of
the resonance frequency of each resonator is measured. For this
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Fig.7. Measured transmission (magnitude and phase curves) of 34.81 MHz Lamé-mode square at atmospheric pressure and bias voltage of 20V DC, 0.63 Vpp AC and measured

Q of 1800.
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Table 1
Measured resonance frequency, mass sensitivity, noise, LOD of three fabricated
Sensors.

Frequency, fo Mass sensitivity, Noise, 30 LOD

(MHz) Sm (Lm?/ng) (kHz) (x107% ng/pum?)
34.81 104.23 4.95 1.36

(L=100 wm)

30.1 106.31 6.24 1.95

(L=120 pm)

24.2 105.62 6.83 2.67

(L=150 wm)

purpose, the number of 30 data points (n=30) are recorded for each
sensor with the rate of 1 sample/min. Frequency shift measure-
ments are repeated for two more resonators with different lateral
size and their measured resonance frequency, mass sensitivity and
limit of detection are listed in Table 1.

It can be seen from the Table 1 that the mass sensitivity is inde-
pendent from the lateral size (L) of resonators as it expected from
Eq. (5). The average Sy, is 105.4 um?/ng, which coincides with the
theoretical mass sensitivity (107.29 pm?/ng). This amount of mass
sensitivity is not the best reported mass sensitivity in the literature,
but still is higher than some of reported mass sensors like QCM
[13,26] and magnetoelastic [14] sensors with mass sensitivities of
1.13 wm?/ng and 36.19 wm?/ng, respectively. The obtained mass
sensitivity is also much higher than the piezoelectric membrane-
based biosensor [27] with mass sensitivity of 16.5 wm?2/ng. The
main reason of this high mass sensitivity of the developed sen-
sor in comparison with these sensors is its relative thin resonator
structure (2 pm). Again, it should be considered that the obtained
mass sensitivity is only valid when the resonator is vibrating in
the air or vacuum (for application like gas sensing). In the liquid
environment (for application like bio sensing), the resonators per-
formance is affected with many other factors and the obtained mass
sensitivity may be very different.

As the experiments are performed in the normal environ-
ment condition, the obtained limit of detection (LOD) includes the
unwanted ambient noise (temperature variations) and also mea-
surement equipments’ noises (imperfect electrical connections)
which are all considered as our measurement limitations. As a
result, the obtained LOD is rather high comparing the state of the
art sensors like FBAR (~10~8 ng/um?)[28]. We are currently work-
ing on optimizing the characterizations of the electronic interface

to reduce the noises and improve the LOD of the developed sensor
in future work.

6. Conclusion

In conclusion, a silicon Lamé mode bulk acoustic resonator has
been demonstrated for the use in mass sensing application (gas
sensing). Mass sensitivity of 105.4 um?2/ng and limit of detection
of 1.36 x 10-% ng/lum? have been measured. The high mass sen-
sitivity arises from miniaturization of the resonator (2 wm thick
resonator) which leads to an increase in the relative frequency shift
for a given amount of adsorbed mass. In addition, the compact size
of the resonator helps that a small sample volume to be required in
real bio applications. The demonstration of the sensor characteri-
zations makes this new technology suitable for the fabrication of
compact, low cost and high performance biosensors platform for
mass detection.
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