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ABSTRACT: In this work, a new method to tune the
resonant frequency of microfabricated resonator using
molecular layer-by-layer (LbL) self-assembly approach is
demonstrated. By simply controlling the polymer concen-
tration and the number of layers deposited, precisely tuning
the frequency of microfabricated resonators is realized. Due to
its selective deposition through specific molecular recognitions,
such technique avoids the high-cost and complex steps of
conventional semiconductor fabrications and is able to tune
individual diced device. Briefly, film bulk acoustic resonator (FBAR) is used to demonstrate the tuning process and two types of
LbL deposition methods are compared. The film thickness and morphology have been characterized by UV−vis reflection
spectra, ellipsometer and AFM. As a result, the maximum resonant frequency shift of FBAR reaches more than 20 MHz, meaning
1.4% tunability at least. The minimum frequency shift is nearly 10 kHZ per bilayer, indicating 7 ppm tuning resolution. Pressure
cooker test (PCT) is performed to evaluate the reliability of LbL coated FBAR. Furthermore, applications for wireless broadband
communication and chemical sensors of LbL coated FBAR have been demonstrated.
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1. INTRODUCTION

The development of compact, low cost, high-performance
resonators is meant to respond to the growing demand of
single-chip, highly integrated sensor (arrays) for (bio)chemical
sensing applications,1−6 and multiband radio frequency (RF)
solutions for advanced wireless communication systems.7−10

Micro- and nanoelectromechanical (MEMS/NEMS) resona-
tors for sensor and RF applications have been widely explored
because of their small size, light weight, low loss, and high IC
integration capability.11−14 Recently, the development of
nanomaterials such as nanotubes,15,16 nanowires,17 graphene,18

and other 2D nanomaterials,19 have opened new research
interests in MEMS/NEMS resonator design and fabrications.
In any case, micro/nano fabricated resonators are designed to
work at appropriate frequency for specific applications. For
instance, (bio)chemical resonator sensors are preferred to work
at defined frequency where the frequency changes linearly to
the analytes concentration and responses at large dynamic
range. Besides, resonator sensor arrays need to work at the
same resonant frequency to simplify the test system in
applications such as real-time multiplexed sensing.20 In the
field of RF wireless communication, resonators are widely
integrated into very large scale integrated circuits (VLSI) as
filters, oscillators, phase locking loops (PLL) and other

electronic components, all of them are supposed to operate
at a given frequency in accordance with the peripheral circuit or
communication protocol.9,12,13 However, due to the variations
in semiconductor fabrication processes, micro/nano fabricated
resonators are prone to deviate from the desired working
frequency and could have large resonant frequency distribution
at wafer scale (see Supporting Information). The solution leads
to the technique of “frequency tuning” which normally requires
multisteps of semiconductor fabrications to adjust the thickness
of the resonators. Other possible frequency tuning methods
include control the actuation force driven by bias voltage or
mechanical stress which result in changes in the resonance
behaviors.10,21,22 However, all these methods require profes-
sional operators and high-end equipment, and the process is
time-consuming and cannot be applied to an individual diced
device. Therefore, an accessible, friendly, and low-cost tuning
method is highly desired.
In this work, we demonstrated a new method to tune the

resonant frequency of microfabricated resonators via a
molecular layer-by-layer (LbL) self-assembly approaches.
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Molecular LbL self-assembly is first introduced by assembling
positively and negatively charged polyelectrolytes in a layer by
layer fashion through electrostatic interactions.23 It has been
applied as an efficient surface modification technique for
medical and biological applications.24−26 Here, we utilize LbL
assembly of poly(acrylic acid) (PAA) and poly(4-vinylpyridine)
(PVP) on the resonator surface to tune the resonant frequency
of a microfabricated thin film resonatorfilm bulk acoustic
wave resonator (FBAR).9 Due to its selective deposition onto
the resonator surface without contaminating the gold pads with
careful chemical design, the LbL tuning technique has the
advantages of mask-less fabrication, high tuning resolution, and
wide tuning range. It avoids the high-cost semiconductor
process and is able to tune the individual device to the desired
frequency. Furthermore, the LbL polymer coating offers a
direct way to functionalize the resonator surface for receptor
based chemical sensing applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(4-vinylpyridine) (PVP, Mw = 460 000) and

Poly(acrylic acid) (PAA, Mw = 160 000) were purchased from Sigma.
(3-Aminopropyl)triethoxysilane (APTES) was purchased from
Aladdin Industrial Corporation. All were used as received without
further purification. The PAA/PVP solutions were prepared by
dissolving PAA or PVP separately into absolute ethanol with different
concentrations (0.05−2 mg/mL) and ultrasonicated for 15 min, then
incubated overnight at room temperature to get uniform solutions.

2.2. Surface Modification of FBAR. Fabricated FBAR was
oxidized first by exposure to air plasma for 5 min to form hydroxyl
groups in a plasma cleaner. Followed by vapor phase deposition of
APTES under reduced pressure in a desiccator to generate an amino
layer on AlN surface.

2.3. LbL Assembly by Dipping and Spinning Methods on
FBAR. For dipping method, LbL assembly was accomplished by
exposing of NH2-functionalized FBAR into PAA solution for 2 min
and rinsed by absolute ethanol for 30 s. The PAA coated FBAR was
then dipped into PVP solution with the same procedure. For multiple
layers deposition, a homemade fully automatic dipping robot was used
to maintain the uniformity of the polymer layers (see Supporting
Information).

Figure 1. (a) Cartoon showing the growth of PAA/PVP bilayers on FBAR surface through molecular LbL self-assembly approach and (b) the series
resonant frequency shift of FBAR according to the impedance characteristic. (1) PS layer, (2) TE, (3) PZ layer, (4) pad, (5) BE, (6) swimming pool
(SP), and (7) silicon substrate.
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For spinning method, NH2-functionalized FBAR samples were fixed
onto a spin-coating machine. The speed was set at 2000 rpm. PAA/
PVP solutions were alternatively pumped onto the surface of FBAR
samples with syringes by 200 ul/s for 5 s, then the samples were spin-
dried for 15 s. After each deposition step, the samples were rinsed with
absolute ethanol for 30 s.
2.4. Surface Characterizations. AlN-Si substrate was prepared by

chemical vapor deposition (CVD) of AlN thin film (300 nm) onto
silicon substrate as a test sample. FTIR spectrometer (Vertex 70v,
Bruker Optics, Germany) was recorded to characterize the amino
silanization on AlN film. Contact angle measurement (JC2000DM,
Zhongchen) and was used to measure the water contact angle on AlN-
Si substrate after amino silanization and LbL assembly. UV−vis
spectrometer (TU-1950, Purkinje General Instrument) with a mirror
reflection accessory (MR19−1) was employed to record the
wavelength shift after every two bilayer depositions. Ellipsometer
(EMPro, ElliTop Scientific Co., Ltd.) was used to measure the
thickness of PAA/PVP films. The morphology of the deposited thin
films on FBAR surface was characterized by atom force microscopy
(AFM) (Veeco, Nano Scope III) in tapping mode.
2.5. Reliability Evaluation of FBAR after LbL Assembly

through PCT. Five bilayers of PAA/PVP were prepared on FBAR
samples by spinning with 0.1 mg/mL PAA/PVP solutions. The
samples were then exposed to PCT in a high-pressure chamber where
the temperature was set at 110 °C and the humidity at 100% for 12 h.
2.6. NPA Vapor Detection System. Five bilayers of PAA/PVP

were spin assembled onto the surface of FBAR with 1 mg/mL of PAA/
PVP solutions. After wire-bonding to an evaluation board (EVB), the
terminals of EVB were connected to a VNA to real-time record the
frequency shift using Matlab. A customized vapor delivery system was
introduced to deliver the NPA vapor. In this system, one NPA vapor
channel was used to bubble out the NPA vapor by nitrogen gas, while
another channel filled with nitrogen gas was only used to adjust the
relative concentration of final mixture gas by changing the ratio of two
channel flow rate. The total flow rate during the detection was kept
constant with the aid of a flow meter monitor. The NPA relative
concentration increased after each nitrogen rinse in the detection
process.

3. RESULTS AND DISCUSSION
The advantages of FBAR are its high power durability and high
resistance to electrostatic discharge (ESD), high quality factor
(Q) in the high frequency range and the possibility of realizing
monolithic devices with active RF devices.28 In this work,
FBAR is fabricated using standard microfabrication process (see
Supporting Information).27 It comprises three basic layers, a
piezoelectric (PZ) layer, a top electrode (TE) and bottom
electrode (BE) layer, forming a sandwich structure as illustrated
in Figure 1a.28 An additional passivation (PS) layer on the top
of FBAR is to ensure the electrical isolation from ambient and
prevent the oxidization of the TE. Aluminum nitride (AlN) is
used as both the PZ layer and the PS layer, and molybdenum
(Mo) is used as two electrodes. Figure 2 presents the top-view
of scanning electron microscope (SEM) image of a FBAR.
When adding a layer of mass loading on the top of FBAR, the
series resonant frequency, fs, decreases linearly related to the
mass loading in accordance with the classic Sauerbrey
equation:27,29

ρ
ρ

Δ
≈ −

f
f

d
ds

m m

0 0 (1)

where Δf is the frequency shift, ρm and ρ0 are the density of the
mass loading layer and the resonator layer, and dm and d0 are
the thickness of the mass loading layer and the resonator,
respectively. (Note that the classic Sauerbrey equation is valid
only when the ratio in either side of eq 1 is smaller than 2%.)

Figure 1 shows the schematic diagram of our tuning process.
After silanization of FBAR with APTES, different concen-
trations of PAA and PVP solutions are deposited onto the
FBAR surface (AlN) in a layer by layer fashion. PAA and PVP
are selected due to the fact that they are assembled in ethanol
which is induced by the hydrogen bonding between the acid
and pyridine groups, thus avoids the potential damage of FBAR
device if exposed in acid or alkaline solution. Furthermore, it
features a linear growth with the increasing number of bilayers,
which is favor of precise control of frequency tuning.

3.1. Characterization of LbL Assembly on AlN Film.
Unlike silicon or other metal oxides which have been widely
applied as substrates for polymer LbL assembly,30−32 AlN has
been rarely reported for its surface modifications.33−35 In this
work, amino silanization and PAA/PVP LbL assembly on AIN
were characterized by water contact angle (CA), Fourier
transform infrared spectroscopy (FTIR) spectrometer (see
Supporting Information), UV−vis reflection spectra, and
ellipsometer spectroscopy.
Figure 3 shows the CA results after each step of amino-

silanization and PAA/PVP assembly on a flat AlN substrate.
After plasma treatment, the water contact angle of AlN drops
from 79 to 4° and raises up to 58° after amino-silanization,
indicating a successful amino layer coating on AlN. During the
LbL assembly, CA values alternate reproducibly between 34−

Figure 2. SEM image of a FBAR device (top view after fabrication).

Figure 3. Water contact angle of different layers of PAA/PVP
assembly on AlN-Si substrate.
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39° (PAA on top) and 58−61° (PVP on top) after the first two
bilayers. This proves the successful and successive assembly of
PAA/PVP, and the surface property is dominated by the
outermost polymer layer. The large deviation of the CA value
from the first two bilayers indicates that it takes two complete
bilayers to achieve uniform PAA or PVP coatings.36

Transmission UV−vis spectrometer is normally applied to
monitor the polymer LbL growth on flat substrates, however, it
is limited by assembly on UV-transmission substrates (e.g.,
quartz slides) and presence of UV-absorbing chemical groups
from the polymer.32,37 Because AlN-Si (AlN thin film is grown
on silicon as a test substrate) is nontransparent, in this work, we
applied UV−vis reflection spectrometer to monitor the PAA/
PVP LbL assembly on flat AlN-Si. Instead of intensity signal,
the frequency signal (wavelength shift) is recorded to follow
the polymer LbL growth. Figure 4a shows the UV−vis

reflection spectra measured after each two bilayers of PAA/
PVP assembly. The spectra curves are periodically sine-shaped,
which is caused by the thin-film interferences with the AlN-Si.
The spacing between two successive maximum reflected
intensity of one curve becomes larger with the increasing of
the wavelength, which can be depicted by free spectral range
(FSR) equation.38 We defined the maximum intensity peak of
one curve as characteristic peak (Pk). Figure 4b shows the
wavelength shift of Pk during the deposition of PAA/PVP
measured by UV−vis reflection spectra. The increase of
wavelength at Pk is observed during PAA/PVP deposition
which indicates the growth of the polymer layer on AlN-Si.
Almost a perfect linear increase of wavelength as a function of
the number of bilayers is obtained, and each bilayer
corresponds to 1.025 nm wavelength shift, thus indicating the
linear growth of PAA/PVP films on AlN substrate.39 To our

Figure 4. (a) UV−vis reflection spectra measured after each two bilayers of PAA/PVP assembly on AlN surface. (b) Wavelength shift at Pk. (c)
Ellipsometer results of the film thickness.

Figure 5. Series resonant frequency shift of FBAR after deposition of every five bilayers with different PAA/PVP concentrations through (a) dipping
and (b) spinning-assisted method.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am507640g | ACS Appl. Mater. Interfaces 2015, 7, 950−958953



knowledge, it is the first time UV−vis reflection spectra have
been used to characterize polymer LbL growth on non-UV-
transparent substrates, and it can be extended to monitor other
polymer system even without UV-absorbing chemical groups.
Furthermore, an ellipsometer has been used to monitor the

PAA/PVP assembly. Figure 4c shows the film thickness of the
PAA/PVP assembly on the same flat AlN-Si substrate after
every two bilayer depositions. Again, it confirmed the linear
growth of PAA/PVP assembly on AlN and the thickness of
each bilayer is measured to be around 2.6 nm. The linear LbL
growth of PAA/PVP on AlN-Si is consistent with other reports
on quartz or silicon substrates.39

3.2. Frequency Tuning by LbL Assembly with Dipping
and Spinning Methods. To assist the PAA/PVP LbL
assembly on FBAR, dipping and spinning deposition methods
are applied in this work.40 The tuning efficiency, resolution, and
morphology of the films are compared.
3.2.1. Dipping Method. PAA/PVP LbL assembly on FBAR

was first accomplished by solution dipping method. After
amino-silanization, the FBAR devices were exposed alter-
natively into various concentrations of PAA and PVP solutions,
and an ethanol rinsing step was applied between PAA and PVP
dipping to remove the physically absorbed polymers. To
maintain the uniform coating, we invented a homemade fully
automatic dipping robot for multiple polymer layer depositions
(>5 layers; see Supporting Information). Figure 5a shows the
FBAR frequency shifts measured after every 5 bilayers of PAA/
PVP assembly and up to 30 bilayers. Four different
concentrations of PAA/PVP are compared to acquire different
tuning resolutions. The series resonant frequency is measured
through a probe station that connects to an Agilent vector
network analyzer (VNA). The result clearly shows a linear
decrease of the resonator frequency with the growth of PAA/
PVP films, which complies with the UV−vis and ellipsometer
results. The series resonant frequency decreases by 8.4 MHz
after the deposition of 30 bilayers in 0.5 mg/mL PAA/PVP
solutions, meaning each bilayer causes a 0.28 MHz shift. The
frequency shift increases with higher concentrations of PAA/
PVP, and the minimum frequency tuning of one bilayer is 56
kHZ. By simply controlling the polymer concentration and the
number of polymer layers deposited, we can precisely tuning

the frequency of FBAR, which is important for real applications
of such techniques.

3.2.2. Spinning Method. To further improve the tuning
efficiency, we adapted a spinning-assisted LbL assembly using
an automatic spinning system to realize high-speed polymer
coating (see also Supporting Information). Figure 5b plots the
FBAR frequency shift by spinning with different concentrations
of polymer solutions. The frequency shift of FBAR with
spinning-assisted coating is much larger than that of the dipped
coating of the same concentration of PAA/PVP. For example,
the series resonant frequency decreased by 20.9 MHz after 30
bilayers deposition in 0.5 mg/mL solutions, meaning each
bilayer causes a shift of around 0.6 MHz, which is 2 times
higher than that of the dipping method. This phenomenon can
be explained by the fast elimination of solvent during the high-
speed spinning process, and thus, the concentration of the
solutions increases, yielding a higher density of polymer films at
FBAR surface.41 As a result, the maximum series resonant
frequency shift of FBAR can reach more than 20 MHz,
meaning 1.4% tunability at least. The minimum frequency shift
is nearly 10 kHZ per bilayer, indicating a 7 ppm tuning
resolution. We also noticed from AFM height images (Figure
6) that the morphology of PAA/PVP film fabricated by the
spinning method is smoother. This is caused by the air shear
force at the interface between the films and the atmosphere
when the coating is deposited at high spinning speed; this shear
force planarizes the surface of PAA/PVP films.41

3.2.3. Selective Deposition of PAA/PVP Films on AlN
Surface over Gold Pads. Selective deposition of polymers on
AlN surface over gold pads is very important for device real
application, which enables the subsequent packaging and wire-
bonding to peripheral circuit. The conventional method
requires multiple steps of lithography to achieve selective
deposition, which is complicated and cannot be applied to a
single diced device. In this work, the amino silanization is only
reacted on the AlN surface (there are no hydroxyl groups
generating on gold during oxygen plasma), resulting in selective
deposition of PAA/PVP on AlN without contaminating the
gold pads. This approach has the advantages of mask-less
fabrication, and it can be applied to individual diced device.
Practically, we observed slight organic contaminations on gold
pads during the PAA/PVP LbL assembly which is likely due to

Figure 6. AFM height images show the morphology of PAA/PVP films after 30 bilayers deposition through (a) dipping AlN substrate successively in
2 mg/mL PAA and PVP solutions; the thickness and roughness (RMS) are 86 and 13.4 nm, respectively. (b) Spinning of 0.5 mg/mL PAA and PVP
solutions; the thickness and roughness (RMS) are 100.4 and 7.0 nm, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am507640g | ACS Appl. Mater. Interfaces 2015, 7, 950−958954



the negatively charged gold surface to induce the nonspecific
physical absorption of PVP. In this situation, hot solvent is
applied in the rinsing step. For instance, ethanol is heated up to
60 °C and stirred with a magnet bar during rinsing step after
PAA/PVP deposition. Thirty cycles of deposition of PAA/PVP
on gold substrates followed by hot ethanol rinsing was
performed and there was no PAA/PVP film observed on
gold as confirmed by the ellipsometer. Stirring and heating
during the rinsing step ensure the selective deposition of PAA/
PVP assembly on AlN.
3.3. Reliability Enhancement of FBAR after LbL

Assembly. It is known that the humid atmosphere has a
strong negative effect on the reliability of electronic devices.
Here, we conducted a pressure cooker test (PCT) to evaluate
the moisture resistance of PAA/PVP coatings in extreme
environment (at 110 °C and 100% humidity). Figure 7
compares the optical microscope images of FBAR samples with
and without PAA/PVP LbL coatings. After PCT for 12 h, there
is no obvious damage on PAA/PVP-coated FBAR, while the
bare FBAR shows clear damages (Figure 7b).
The Q value is an important parameter of the resonators

which indicates the power losses and resonator performance in
the system. The device reliability can be monitored by the Q
value of FBAR calculated from eq 2:28

π τ
=

* * * *| |
− | |

Q
f S

S
2

1
11

11
2

(2)

where S11 is the scatter parameter, f represents the FBAR
resonant frequency, and τ is the group delay of the S11.
Table 1 shows the Q value of FBAR as a function of time

during the PCT process, there is no Q value dropping from the

devices coated with PAA/PVP (samples 1 and 2), whereas the
Q value of bare FBAR (samples 3 and 4) decreases largely
which is likely caused by the water vapor corrosion of the AlN
layer and the interface of different material layers. The results
are complied with the optical results. PAA/PVP LbL coating
serves as a second passivation layer that prevents the contact of

FBAR with water vapor. This proves that LbL assembly not
only tunes the resonant frequency but also serves as a
protection layer to enhance the device reliability for practical
applications.

3.4. Applications of PAA/PVP LbL Coated FBAR.
3.4.1. Tuning Band Pass Filter in Wireless Broadband
Communication. As one application of LbL coated FBAR,
two-port FBAR filters used in wireless broadband communi-
cation are fabricated to verify the frequency tuning performance
after polymer LbL assembly. FBAR has been widely applied in
the field of RF filters, which are formed with the ladder or
lattice topologies by series and parallel connection of several
FBARs, even the topologies can be cascaded to give better
selectivity.42 The resonant frequency of FBARs were used to
determine the pass band of the filter. When the pass band
deviates from a given one in the wireless broadband
communication, the calling quality will degrade. It is crucial
to tune the pass band to a specific band exactly. The tuning
result of the FBAR filters after 10 bilayers of PAA/PVP
assembly (0.1 mg/mL) is shown in Figure 8. Figure 8a,b shows
optical images of the FBAR filters before and after PAA/PVP
assembly; no defect was observed after LbL deposition. Figure
8c,d compares the electric performance in both wide and
narrow band before (red line) and after (blue line) the PAA/
PVP assembly. After 10 bilayers deposition, the pass band shifts
down by 8 MHz at −20 dB while the performance in pass band
and stop band maintain the same. The insertion loss does not
fail anymore which demonstrates the feasibility of the real
application of this technique.

3.4.2. Signal Enhancement in Gas Sensing. One major
application of microfabricated resonators is in chemical sensors
in which chemical receptors are immobilized on the sensor
surface to interact and induce analyte adsorption, thus
producing mass loading on top of the resonators, which can
be detected as a shift of the resonant frequency.2,29 Besides the
frequency tuning, the polymer LbL assembly offers a direct way
to chemically functionalize the resonators and facilitates their
chemical sensing.
Here, we demonstrated the frequency tuning and further

sensing of n-propyl alcohol (NPA) vapors with PAA/PVP LbL
coated FBAR. Two FBAR samples with different original fs
were used. Sample 1 was coated with amino silane (APTES) as
a monolayer, which does not change its original fs. Sample 2
was coated with five bilayers of PAA/PVP through spin-assisted
LbL assembly, which reduces the original fs from 1442.3 to
1435.0 MHz. After coating, the fs variation of these two FBARs
was narrowed down to 0.3 MHz from 7 MHz, which facilitates

Figure 7. Optical microscope images of FBAR samples after PCT for 12 h. (a) FBAR sample with 5 PAA/PVP bilayers coating. (b) Bare FBAR
sample.

Table 1. Q Value of Four FBARs as a Function of Time in
the PCT Processa

period sample 1 sample 2 sample 3 sample 4

0 h 1372 1517 1208 1440
12 h 1530 1675 283 673

aSamples 1 and 2 are coated with PAA/PVP, while samples 3 and 4
are not.
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the further comparison of their gas sensing result. Figure 9a
shows the real time sensor responses of the two FBARs
exposed to a continuous NPA vapors with a set of different
NPA relative concentrations. We define the relative concen-
tration (R) of the NPA vapors as the ratio of NPA vapor flow
rate to the total gas flow rate (NPA and nitrogen):

=
+

R
FR

FR FR
NPA

NPA Nitrogen (3)

Where FRNPA and FRNitrogen are the flow rate of NPA vapor and
nitrogen gas, respectively.
It clearly shows that the resonant frequency decreases when

exposed to NPA vapors and frequency shift increases with
higher NPA concentrations for both samples 1 and 2, which

indicates the chemical adsorption of NPA on FBAR surface.
However, the sensor response is much higher for [PAA/PVP]5-
coated FBAR compared with that of APTES-coated FBAR, as
indicated in Figure 9b. The signal enhancement with PAA/PVP
LbL coating is likely due to its loose structure from the
multilayer coating which can absorb more NPA vapors.43 It
proves that the LbL polymer coating of the resonant sensors
functions both as frequency tuning and sensor surface
functionalization for chemical sensing applications.

4. CONCLUSIONS

In this work, we introduced a new method to tune the resonant
frequency of microfabricated resonators using molecular LbL
self-assembly approach. PAA/PVP coating on FBAR surface has

Figure 8. Tuning of FBAR filters using molecular LbL self-assembly approach for wireless broadband communication. Optical microscope images of
a FBAR filter (a) before and (b) after LbL assembly. Electrical performance of (c) wide band and (d) pass band (red) before and (blue) after LbL
assembly.

Figure 9. Responses of APTES- and [PAA/PVP]5-modified FBAR for NPA sensing. (a) Time course of frequency shift when the two FBAR samples
are exposed to a set of different NPA relative concentrations; (pink arrows) nitrogen flow and (green arrows) injection of NPA. (b) The extracted
frequency shift as a function of NPA relative concentration.
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been used as an example to demonstrate the procedure. The
film thickness and morphology have been characterized by
different techniques for both dipping and spinning-assisted
assembly. The tunability, resolution, and device reliability are
also evaluated. The frequency tuning using molecular LbL
coating shows great advantages: it is a maskless process, and the
polymer can be directly and selectively assembled on the
resonator surface through molecular recognition, which avoids
the high-cost conventional semiconductor fabrications and is
able to tune the individual diced device.
The molecular LbL surface coated FBARs are demonstrated

in real applications to tune the FBAR filters and to detect NPA
vapors as enhanced chemical sensors. It is worth mentioning
that the coated polymer films can be completely removed by
simple oxygen plasma treatment (see Supporting Information),
thus allowing the regeneration of the resonators, which are
attractive from both the resonator performance and economical
point of view. Furthermore, such a frequency tuning method
can be applied to other resonators for varies applications as
well.
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(10) Sazonova, V.; Yaish, Y.; Üstünel, H.; Roundy, D.; Arias, T. A.;
McEuen, P. L. A Tunable Carbon Nanotube Electromechanical
Oscillator. Nature 2004, 431, 284−287.
(11) Zuo, G.; Li, X.; Zhang, Z.; Yang, T.; Wang, Y.; Cheng, Z.; Feng,
S. Dual-SAM Functionalization on Integrated Cantilevers for Specific
Trace-Explosive Sensing and Non-Specific Adsorption Suppression.
Nanotechnology 2007, 18, 255501.
(12) Park, J. Y.; Lee, K. H.; Cheon, S. J. Silicon Bulk Micromachined
FBAR Filter and Duplexer for Advanced Handset Applications.
Microwave Opt. Technol. Lett. 2007, 49 (2), 339−342.
(13) Nagai, Y.; Carbajal, J. D.; White, J. H.; Sladek, R.; Grutter, P.;
Lennox, R. B. An Electrochemically Controlled Microcantilever
Biosensor. Langmuir 2013, 29, 9951−9957.
(14) Tigli, O.; Zaghloul, M. E. A Novel SAW Device in CMOS:
Design, Modeling, and Fabrication. Sensors J. IEEE 2007, 7, 219−227.
(15) Lassagne, B.; Garcia-Sanchez, D.; Aguasca, A.; Bachtold, A.
Ultrasensitive Mass Sensing with a Nanotube Electromechanical
Resonator. Nano Lett. 2008, 8, 3735−3738.
(16) Chiu, H. Y.; Hung, P.; Postma, H. W. C.; Bockrath, M. Atomic-
Scale Mass Sensing Using Carbon Nanotube Resonators. Nano Lett.
2008, 8, 4342−4346.
(17) Feng, X. L.; He, R.; Yang, P.; Roukes, M. L. Very High
Frequency Silicon Nanowire Electromechanical Resonators. Nano Lett.
2007, 7, 1953−1959.
(18) Zande, A. M. V. D.; Barton, R. A.; Alden, J. S.; Ruiz-Vargas, C.
S.; Whitney, W. S.; Pham, P. H.; McEuen, P. L. Large-Scale Arrays of
Single-Layer Graphene Resonators. Nano Lett. 2010, 10, 4869−4873.
(19) Castellanos-Gomez, A.; van Leeuwen, R.; Buscema, M.; van der
Zant, H. S.; Steele, G. A.; Venstra, W. J. Single-Layer MoS2 Mechanical
Resonators. Adv. Mater. 2013, 25, 6719−6723.
(20) Arlett, J. L.; Myers, E. B.; Roukes, M. L. Comparative
Advantages of Mechanical Biosensors. Nat. Nanotechnol. 2011, 6,
203−215.
(21) Verbridge, S. S.; Shapiro, D. F.; Craighead, H. G.; Parpia, J. M.
Macroscopic Tuning of Nanomechanics: Substrate Bending for
Reversible Control of Frequency and Quality Factor of Nanostring
Resonators. Nano Lett. 2007, 7, 1728−1735.
(22) Huttel, A. K.; Steele, G. A.; Witkamp, B.; Poot, M.;
Kouwenhoven, L. P.; van der Zant, H. S. Carbon Nanotubes as
Ultrahigh Quality Factor Mechanical Resonators. Nano Lett. 2009, 9,
2547−2552.
(23) Sukhorukov, G. B.; Antipov, A. A.; Voigt, A.; Donath, E.;
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