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Abstract: Film bulk acoustic wave resonator (FBAR) is a type of resonators with high frequency and small
dimension, particularly suitable to be sensors for physical and biochemical sensing with high sensitivity.
FBAR based sensors have been extensively studied, but most of them use discrete devices and network
analyzer for evaluation, thus they are far from practical application. This paper reports the design and
analysis of a FBAR-based Pierce oscillator and a FPGA based frequency counter, and use of the oscillator
as a humidity sensor with the frequency counter as the measuring circuit. Graphene oxide (GO) is used as
the sensitive film to improve the sensitivity. The resonant frequency of the oscillator with a GO film shows
a linear decrease with increase in relative humidity with a sensitivity of ca. 5 kHz per %RH (relative
humidity) in the range of 3%RH to 70%RH, and a higher frequency shift is induced above 70%RH. The
FBAR oscillator sensor shows excellent stability and repeatability, demonstrating the feasibility and
potential sensing application using the integrated FBAR chip and simple frequency counter, particularly
suitable for portable electronics.
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1.

Introduction
Humidity is a dynamic and important variable in various fields of industry, agriculture and human

activities. Humidity sensors based on changes in capacitance[1] and resistance[2] of devices have
been extensively investigated using porous materials or polymers as the sensing films. Acoustic
wave resonators such as quartz crystal microbalance (QCM), surface acoustic wave (SAW) and
film bulk acoustic resonator (FBAR) have also been utilized to develop humidity sensors. QCMbased humidity sensors received considerable attentions due to the advantage of matured
technology and reasonably high sensitivity [3, 4], and SAW humidity sensors have been developed
using polymers or graphene oxide (GO) as the sensing layer [5, 6]. As FBAR devices typically
work at high frequency range of a few GHz, the induced frequency shifts of FBAR sensors by any
variation will be much larger than those of QCMs and SAW sensors, improving the sensitivity of
the sensors significantly. Furthermore FBARs are small in size compared to SAW and QCM sensors,
they are particularly suitable for integration with CMOS circuit for sensing applications. As such,
FBARs have been utilized for various sensor developments. FBAR humidity sensor without any
sensing film was reported [7], though this type of sensors showed nonlinearity for humidity
response. Although substantial progress has been made in developing high sensitivity acoustic
humidity sensors, so far, most of the researchers used discrete acoustic resonators for investigation,
and the performances of the humidity sensors were characterized using network analyzer [8, 9], far
from practical application. For application, chip-type sensors and the corresponding integrated
electronics for measuring frequency shift and signal processing are necessary, but limited work has
been done in this aspect, not even to mention that chip-type sensors with nanomaterials as the
sensitive layers.
Since FBARs have many excellent properties such as high quality factor, high frequency and low
power consumption, they have been extensively utilized to develop oscillators [10, 11] with
different circuit topologies for various applications. A low power FBAR pierce oscillator based on
0.18 μm CMOS with a frequency of 1.9 GHz was designed by Otis et al [11], and a colpitts topology
FBAR oscillator with temperature compensation by Pang et al[12]. A bulk acoustic wave (BAW)tuned quadrature VCO using differential oscillator circuit topology was reported by Rai et al[13],
and a BAW resonator-based 2.4 GHz receiver by Heragu et al[14]. Flatscher designed a BAWbased transceiver for tire-pressure sensor with a phase noise of -112.17dBc/Hz@100kHz. The phase

noise is one of the most important parameters used to evaluate the performance of an oscillator,
especially for sensing application as it affects the detection limit.
Although many FBAR-based oscillators have been developed, FBAR oscillator has not been
utilized as a humidity sensor. In this work, a FBAR-based oscillator using the Pierce structure
design and a FPGA based frequency counter are developed for humidity sensing, as a step towards
miniaturisation and monolithic implementation of FBAR sensors. FBARs with a working frequency
of 1.25 GHz are fabricated and used in designing the FBAR oscillators. Meanwhile, a frequency
counter based on FPGA and a PC based data acquire software are developed for precision
measurement of frequency and measurement control. Results show that the output frequency of the
oscillators is indeed determined by the resonant frequency of the FBAR devices used[13], the
sensitivity could be improved by using a GO sensing film, and the oscillator chip and control
electronics perform well. The research demonstrates the potential of the integrated oscillator
humidity sensor for practical application that have a very small dimension, low power consumption
and digital frequency output, particularly suitable for portable electronics such as mobile phones.

2.

Experimental and oscillator design

2.1 FBAR device and MBVD model
The FBAR devices used in this work are a three-layer, back-trench structure with top and bottom
aluminum electrodes sandwiching a (0002) oriented piezoelectric Zinc Oxide (ZnO) layer. It was
fabricated on a SiO2/Si substrate. Figure 1(a) shows the microfabrication process for the FBAR
devices: (a1) a double-side polished silicon wafer was washed with acetone, ethanol, and deionized
(DI) water in sequence and finally dried by nitrogen gas; (a2) a 200 nm thick aluminum (Al) layer
was deposited by direct current sputtering method, patterned by photolithography and etched to
form the bottom electrodes of FBARs; (a3) a ~1.5 m thick ZnO piezoelectric film was deposited
by reactive sputtering; (a4) it was then patterned and etched using a diluted HCl solution to form
the vias to expose the bottom electrodes; (a5) a 200 nm thick top aluminum layer was deposited
by direct current sputtering method and patterned to form the top electrodes of FBARs; (a6) the
back side silicon was patterned and removed by deep reactive ion etch, with the SiO2 (~1 m
thickness) membrane as the etch-stopper as well as the support layer of the FBARs.

Once fabricated, the S-parameters of the devices were assessed using a network analyzer
(Agilent E5071C), and the Modified Butterworth-Van Dyke (MBVD) equivalent circuit was
extracted [15] which is needed for the oscillator design and analysis. Figures 1(b)-1(d) show the
fabricated FBAR, S-parameters with a resonant frequency of 1247 MHz and the corresponding
MBVD circuit, respectively. In this MBVD circuit model, C0 is the static capacitance of the FBAR
device, and the arm containing Rm, Lm, and Cm is the “motional arm” of the MBVD circuit,
which arises from the mechanical vibration of the FBAR. R0 and Rs represent loss of the device.
All these values of the parameters were extracted from S-parameters obtained by network analyzer.

Figure 1. The FBAR microfabrication process (a): (a1) a silicon wafer with a ~1um SiO2 film, (a2) shaped
bottom electrode, (a3) deposited ZnO, (a4) exposed the bottom electrode, (a5) graphic top electrode, (a6)
etch the back side silicon. Microphoto image of the fabricated FBAR device (b), the obtained S-parameters
of the device (c), and the MBVD model circuit and specific values of variables extracted from the Sparameters (d).

2.2 Pierce oscillator design implementation
The Pierce FBAR oscillator circuit is shown in figure 2(a). To achieve oscillation for the
oscillator, the Barkhausen criteria needs to be satisfied as follows,
and

π.

(1)

Where A is the gain of the amplifier and F is the gain of the feedback circuitry. In the circuit design,
the low noise silicon bipolar RF Transistor BF93A (Infineon Technologies AG), which has a
transition frequency of 6 GHz, was used as the amplifier. The FBAR device (effective area about
500 m2), capacitor C1 and C2, compose the feedback circuitry; the resistors, R1 and R2, provide
the DC bias for the transistor. The impedance of the MBVD circuit of the FBAR is given by,
(2)
As shown in figure 2(b), the impedance of the FBAR device has two peaks, the first peak is
determined by the motional arm,
second one is

,(

, called the series resonant frequency, and the
), called the parallel resonant frequency. As it can be seen

from figure 2(c), there are two different frequencies with zero degree phase shift for the oscillator
closed loop. The gain of the oscillator should be larger than the unit to fulfill the oscillating
condition. The oscillator circuit was simulated using the real parameters of the components and
extracted parameters of the FBAR, with the results shown in figures 2(c) & (d). Two frequencies
with zero phase shifts were obtained, one near 1247 MHz with a gain near 2, and the other one at
1301 MHz with a gain near zero, implying that the oscillator could only oscillate at the frequency
near 1247 MHz. The output spectrum of the oscillator with a 5 V power supply is shown in figure
2(d), with the fundamental frequency of 1247 MHz, and the output power of 7 dBm.

Figure 2. (a) The oscillator structure, (b) the impedance of the FBAR device, (c) the closed loop gain and
phase shift of the pierce oscillator, and (d) the simulated output spectrum of the oscillator circuit.

Figure 3. (a) The FBAR oscillator board, (b) the output spectrum of the Pierce oscillator, (c) the output
signal of the oscillator, (d) the sensor testing plarform, (e) the frequency counter block, and (f) the frequency
jittter obtain by the frequency counter developed.

The oscillator circuit board developed is shown in figure 3(a) with the FBAR device wire-bonded
to the PCB board. The 50Ω impedance matching factor was considered in designing the PCB board.
A Tektronix MDO3012 Mixed Domain Oscilloscope was used to characterize the fabricated
oscillator. The output spectrum of the oscillator fabricated is illustrated in figure 3(b). The output
power of the fundamental frequency of the oscillator chip is ~7 dBm with a 5 V power supply,
consistent with the simulation result shown above. Figure 3(c) shows the measured output signal of
the oscillator using a Tektronix DPO5204B digital phosphor oscilloscope.
2.3 The sensor preparation and setup of the sensing experiments
Using of a sensitivity sensing layer could improve the performance of a sensor[6]. To develop
the high sensitivity FBAR oscillator humidity sensors, a GO layer was used as the sensing layer in

this work. The GO solution was purchased from C6G6 Company, with a concentration of 14.6
mg/ml. The solution was diluted 100 times using DI water and used for thin GO film deposition on
the surface of FBAR devices. Before the GO film deposition, the FBAR device was rinsed with
ethanol and DI water, then dried using nitrogen gas and baked in an oven for 2 hours at 60 oC. The
GO film was dip coated on the surface of the devices by placing the device horizontally into the
diluted solution for a while, and then pulled out. The thickness of GO layer can be controlled by
varying the deposition time (from 30 to 90 sec for different samples). GO is composed of
hydrophobic carbon six-membered rings layer and a large number of hydrophilic groups (such as
hydroxyl, carboxyl) bonded to carbon layer, the characteristics of the GO material was reported
previously [16]. After GO film deposition, the FBAR was wire-bonded to the oscillator board and
placed in the test chamber for humidity sensing. Two oscillators were placed into a test chamber
(volume about 160 ml), one with a bare surface FBAR as a reference and one with a GO-coated
FBAR for sensing. Humidity in the test chamber was controlled by changing the ratio of dry and
wetted nitrogen, as shown in figure 3(d). The FPGA based frequency counter (shown in figure 3(e))
was connected to the oscillator to measure the frequency shift, and a PC was connected to the
frequency counter to record the frequency shift. Figure 3(f) shows the frequency jitter (noise) of the
sensor in time domain obtained by the frequency counter with a value about 1 kHz. Additional
information for sensing experiments could be found from our previous publication [16].
3.

Sensing results and discussion

3.1 FBAR mass loading sensor
The sensing mechanism of the FBAR oscillators is believed to be the same as that of the discrete
FBAR sensor, i.e. the mass loading effect as the resonator frequency of the oscillator is determined
by that of the FBAR. Sauerbery first developed a relationship between the change in resonance
frequency and an added mass for a resonator as [17],

బ
 

where

and

(4)

are the frequency shift and the original resonant frequency of the resonator (FBAR

in this work) respectively,

and

are the density and the shear modulus of the piezoelectric

material, A is the active area of the sensor and

is the added mass. Since the electrode thicknesses

in FBARs are relatively thicker, compared to those in QCMs and SAWs, the sensitivity of the FBAR
sensor (

) is typically not proportional to the square of resonant frequency, but with 1<n<2.

Since FBARs have much higher frequency, they have much higher sensitivities compared to those
of QCMs and SAWs. The equation also indicates that f is linearly correlated to the added mass
m for the resonator. The mass sensitivity per area of the sensor could be defined as,
α

(5)

From equation (4), we obtain the mass sensitivity of about 800 Hz/(ng/cm2) for our bare surface
FBAR device assuming n=2. After the deposition of GO film, the frequency of the oscillator was
found to decrease by about 5 MHz due to the mass loading effect, which corresponds to a GO film
thickness of about 50 nm for this device.
3.2 Real-time humidity sensing
Figure 4(a) shows the real-time frequency responses of the two oscillators to the variation of
relative humidity, one with a bare surface FBAR and other with a 50 nm GO coated FBAR,
measured by the frequency counter developed. Before introducing wetted nitrogen gas, the sensors
in the chamber were purged with dry nitrogen gas for sufficient time to obtain a stable baseline.
The flow rate for wetted nitrogen was then varied to change the humidity in the chamber, but the
total flow rate of gases (dry and wetted nitrogen gases) was fixed at 500 sccm. Nine sensing cycles
were performed for this experiment with one cycle comprised of water absorption (wetted nitrogen)
and desorption (dry nitrogen purge) processes. Once the moist gas is introduced, the oscillating
frequency starts to decrease due to the water molecules adsorption onto the surface of the FBAR
device. When the gas is switched to dry nitrogen, the resonant frequency recovers gradually due to
desorption of water molecules from the surface of FBAR. As shown in figure 4(a), the absorptiondesorption process of water molecules is reversible, i.e. the resonant frequency of the oscillator
sensor returns to its original baseline once a dry gas is switched on for sufficient time; and it also
shows that the frequency shift increases with the increase of humidity. The oscillator with a GO
sensing layer FBAR has larger frequency shift than the one with a bare surface FBAR, indicating
that GO film enhances the absorption of the water molecules as reported for SAW sensors [4].

Figure 4. (a) the real-time frequency response of the humidity sensor showing the absorption-desorption
process, (b) the frequency shift with different thickness GO film, (c) the temperature coefficient of the
oscillator, (d) humidity responses at 18 and 40 oC respectively, (e) the repeatability of the humidity sensor
when the humidity was switched between 5%RH and 83%RH, and (f) the long-term stability of the
oscillator sensors.

The Van der Waals force is believed to be responsible for the bonding (absorption) between
water molecules and GO which is a weak force, and the interaction is concentration-dependent and

reversible. Increasing the thickness of the GO film will enhance the sensitivity as shown in figure
4(b), and the maximum frequency shift is 550 kHz at 83%RH for a GO thickness of 150 nm.
However, the frequency shift per %RH in the range between 70%RH to 83%RH is larger than those
below 70%RH, which means the mass loading is higher at higher humidity levels. Hydrogen bonds
of water absorbed on the GO surface may contribute to the absorption of water molecules,
increasing the absorption of water molecules.
There are many factors which may affect the performance of the FBAR sensors such as
temperature, different gas composition and vibration etc. The humidity responses at 18 and 40 oC
were measured to clarify the temperature effect on the performance of the sensors, with the results
shown in figure 4(d). The frequency shifts vs. humidity spectra are almost in parallel, implying the
sensor maintains a similar performance at different temperatures, i.e. the temperature has limited
effect on the sensitivity. Deliberate vibration of the test chamber resulted noise spike in the
spectrum, but did not change the sensitivity. Similarly introduction of air instead of nitrogen gas
into the chamber was found to have no effect on the sensitivity of the oscillator sensor. The repeated
frequency shift with relative humidity changing between 3%RH and 83%RH is shown in figure 4(e)
with the temperature fixed at 25 oC. As it can be seen that the variation of frequency shift at the two
humidity levels is less than 5%, demonstrating the very stable characteristics of the humidity
sensors fabricated. The long-term stability (continuous measurement) of the oscillator sensor up to
17 days was assessed at three different humidity levels as shown in figure 4(f), showing excellent
stability with fluctuation less than 10%.
The mass load on the FBAR device is associated with L2 and R2 in figure 5(a), representing the
energy loss and added motional inductance, respectively[18]. In the equivalent circuit, the L2
element is related to the physical parameters of the resonator and added mass[19]:
ೞ  మ మ

(6)
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, is the serial resonance frequency of the bare FBAR,

,

,

,

are the

density of the added mass density, the thickness of the added film, the density of the piezoelectric
layer and the acoustic velocity of the piezoelectric layer, respectively. The oscillator works at the
serial resonant frequency of the FBAR device[18], and
ೞ
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This equation is another form of the classic Sauerbrey equation, indicates that the resonant
frequency of an acoustic resonator is linearly related to the mass absorbed on the surface. To verify
that the value of L2 has a linear relationship with the output frequency of the oscillator, a
simulation based on the oscillator was conducted, with the result shown in figure 5(b). Conclusion
could be obtained that the frequency shift is proportional to the induced inductance by the mass
loading. At the humidity above 70%RH, the amount of water molecules absorbed on the GO film
is not linearly related to the relative humidity, additional molecules absorbed by the hydrogen
bonds of water contribute to the higher frequency shift as discussed above.

Figure 5. (a) the simulated relationship between the introduced inductor by the mass loading and the output
frequency of the oscillator; (b) the MBVD model of FBAR device with mass loading, (c) the Mason’s
equivalent circuit of FBAR device , and (d) the theoretical frequency response of the FBAR based on
Mason’s model.

The simple MBVD equivalent circuit is useful in understanding the operation of a resonator,
while in-depth analysis is necessary to further understand the mechanisms of a resonator such as
the one-dimensional analytical model based on the transmission line wave theory[20, 21]. Since the
thickness of the resonator is much smaller than the lateral dimensions, the Mason one dimension
model is the most common one used to simulate the FBAR response. Figure 5(c) shows the

schematic of the Mason’s equivalent circuit of a FBAR device with the parameters expressed as
follow:
,

(8)
(9)
(10)

ೞ
యయ

where

is the density of the layer material,

is the complex permittivity and

(11)

is the thickness of the layer,

is the wavenumber,

is the open circuit complex elastic stiffness, C0 is the static

capacitance,. The input impedance of the piezoelectric layer, Zin, could obtained from the equivalent
circuit in figure 5(c),
ೋ శೋೄ
ೋబ
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is the electromechanical-coupling coefficient,

piezoelectric plate,

and

మ

(12)
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is the characteristic impedance of the

represents the acoustics loads at the two boundaries of the

piezoelectric film from the +z and –z direction,

is the phase change across the

piezoelectric film. If the resonator has no electrode and no mass load,

, then,

)

బ

(13)

If the mass is distributed uniformly on the surface of the resonator, the parallel resonant frequency
of the fundamental model of FBAR can be approximated by:
ೠೌ
ഐ 
ഐ 

where

(14)

is the ideal parallel resonant frequency of unload FBAR, the sub index m refers to

the loaded mass and index p refers to the piezoelectric film. Then the simulation model is built up
as a functional block in the ADS software (Keisight Corporation), thickness of the added mass is
utilized as a parameter, as shown in figure 5(d), the frequency response vs. the loaded mass.

Compared with the reported acoustic wave based humidity sensors, the sensitivity of the FBAR
oscillator humidity sensor developed is higher than those of QCM sensors[22], but is comparable
to or inferior to those of SAW humidity sensors [16] possibly due to the optimized FBAR device,
oscillator and measurement conditions. However, the FBAR oscillator sensors has much smaller
dimensions, and can be easily integrated with CMOS circuit, which can be difficult to realize for
both QCM and SAW sensors. Furthermore, a frequency counter has been developed and used for
sensing, instead of using a network analyzer for sensing. Both of them could enable the FBAR
oscillator sensors to be integrated into any microsystem for practical application.

4.

Conclusion
In this work, a FBAR Pierce oscillator and a FPGA based frequency counter were designed,

simulated, and characterized. It has been used for humidity sensing with different thicknesses of
graphene oxide sensing layer. The FBAR oscillator humidity sensor showed a linear relationship
between the oscillating frequency shift and humidity at the humidity less than 70%, and excellent
repeatability and stability. The absorption-desorption process was analyzed and it was shown that
incorporation of GO layer enhances the humidity sensitivity up to 25.5 kHz/1%RH, demonstrated
the potential application of integrated FBAR and CMOS circuit in electronic systems and portable
devices which has high sensitivity, small dimensions and low power consumption.
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