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GaN-Based S0-Wave Sensors on Silicon for
Chemical and Biological Sensing in Liquid
Environments
Xing Lu, Chi Ming Lee, Shu Yuen Wu, Ho Pui Ho, and Kei May Lau, Fellow, IEEE

Abstract— In this paper, we successfully developed Lambwave sensors in a two-port delay line topology with suspending
GaN thin films on silicon substrates. The liquid insusceptibility
of the lowest order symmetric mode (S0 ) Lamb wave was
experimentally investigated, and the relative frequency shift to
water loading of the two-port S0 -wave sensors was found to be
as small as 0.12%. Our GaN-on-Si sensors, exhibiting a high
mass sensitivity (272 cm2 /g) and a sharp signal response at a
low concentration (1 µg/mL) of anti-bovine serum albumin, were
demonstrated to be suitable for chemical and biological sensing in
liquid environments. In addition, the small size of the sensors and
their potential to be integrated with a wide range of GaN-based
devices allow for a robust, low-cost miniature sensing system to
be manufactured with GaN-on-Si substrates.
Index Terms— Bio-sensor, GaN, high mass sensitivity, Lamb
wave.

I. I NTRODUCTION

A

COUSTIC wave sensors have been used extensively
in physical, chemical, and biological analysis [1], [2].
Lamb-wave sensors differ from other acoustic wave sensors,
such as quartz crystal microbalances (QCMs) and surface
acoustic wave (SAW) sensors, in the configuration of the
electrodes and the thickness of the medium that acoustic
waves propagate in. They are typically made of a suspending,
thin propagation plate (∼2-μm to 7-μm thick piezoelectric
membrane) with electrodes in an interlocking comb shape,
also known as interdigitated transducers (IDTs) [2]–[8]. This
configuration results in high mass sensitivity [2], [7], [9],
strong electromechanical coupling [10], and ability to operate
in liquid environments with low attenuation, making Lambwave sensors a competitive candidate for sensing chemical and
biological substances. Recently, high performance film bulk
acoustic resonator (FBAR) sensors have been demonstrated to
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operate in liquid environments [11]–[13]. The two-port Lamb
wave sensors in this work require a much easier fabrication
process and lower overall cost, by eliminating the formation
of bottom electrodes and passivation needed in FBARs.
Lamb waves, typically generated on a sufficiently thin
piezoelectric membrane using IDTs, split into anti-symmetric
modes and symmetric modes. Lamb-wave sensors are further
classified into two types in terms of the propagation modes
of Lamb-wave employed, the lowest order anti-symmetric
mode (A0 ), and the lowest order symmetric mode (S0 ). Both
modes are operational in liquids, but the signal responses
of the two modes are different. The frequency shift of the
A0 wave caused by liquid loading is generally large, usually
up to 18% of the unperturbed resonant frequency between
unloaded state and water-loaded state [14], [15], [23], while
the shift of the S0 wave is much smaller. A0 -wave sensors
are less suitable for chemical and biological sensing in a
liquid environment since the shift response produced by liquid
loading overwhelms the shift caused by absorption of chemical
and biological substances. However, S0 -wave sensors are good
candidates for chemical and biological sensing applications
in liquid environments as they are sensitive to the surface
mass changes resulting from chemical and biological reactions
and are far less susceptible to perturbation of different liquid
loadings [16]. Theoretically speaking, this is explained by
the fact that the particle displacement of the S0 wave is
mainly parallel to the surface and radiation of the longitudinal
component into the liquid is not significant.
Lamb-wave sensors are essentially micro mass-sensors
without further modification, much like common QCMs used
in e-beam metal evaporation systems to monitor depositions.
Two figures of merit to evaluate cost and performance of a
mass-sensor are device size and mass sensitivity. In this work,
we successfully demonstrated GaN-based high-sensitivity sensors with a relatively small form factor of sensing area
(0.6 mm × 2.2 mm). A small device not only has the advantage
of better mechanical robustness and fabrication yield, but also
of conservation of costly reagents (for chemical and biological
sensing), and increased analytical throughput in diagnostic
applications (as more sensing elements are encompassed in
a unit area of microarrays).
The medium used to generate Lamb waves in Lambwave sensors is generally a sputtered polycrystalline material with piezoelectric property, mainly AlN, ZnO, and PZT
[2]–[9], [17]. We believe the choice of material for fabricating Lamb-wave sensors can be extended to crystalline GaN,
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TABLE I
D ESIGN PARAMETERS OF THE T WO T YPES OF S ENSORS
Design Parameters

G-I

G-II

IDT Period (λ)

16 μm

16 μm

Width of IDT Fingers

4 μm

4 μm

Number of Pairs in each IDT

15

20

400 μm

400 μm

Side to Side IDT Separation

240 μm (15 λ)

1440 μm (90 λ)

Thickness of the Membrane

1.085 μm

IDT Aperture

Dimension of the Si Excavation 1.2 mm×1.2 mm

1.085 μm
0.6 mm×2.2 mm

Fig. 1. (a) Schematic of the sensor structure. (b) Microphotograph of a
fabricated G-II sensor (top view). Two IDTs sit on the transparent, suspending
GaN membrane.

a piezoelectric material currently being exploited in the fabrication of SAW radio frequency (RF) devices [18] and FBARs
[19]. Crystalline GaN, a wide bandgap (3.4 eV) semiconductor
with many advantageous sensing properties, such as high
acoustic velocity, and high chemical, mechanical, and thermal
stability, provides an alternative choice for fabricating highperformance Lamb-wave sensors. Furthermore, GaN-based
sensors can be potentially integrated with a wide range of
well-developed GaN-based devices, such as high electron
mobility transistors (HEMTs), light emitting diodes (LEDs),
and power switches. Recently, metalorganic chemical vapor
deposition (MOCVD) technology is mature enough to allow
versatile sensors to be fabricated with high-quality epitaxial
GaN on silicon substrates, instead of on traditional sapphire or
silicon carbide (SiC) substrates, whilst conventional Si-based
semiconductor processing techniques can still be adopted.
In this study, S0 -wave sensors were designed and fabricated
with MOCVD-grown GaN-based thin films on silicon substrates, and further developed into a universal platform for
physical and biological sensing ranged from a microbalance
(mass sensor) to a specific protein-binding sensor.
II. L AMB -WAVE S ENSOR D ESIGN AND FABRICATION
The Lamb-wave sensors designed for this study are of
two-port delay line configurations, formed by a 1-μm thick
suspending GaN membrane with two Cr/Au top IDTs located
near the edges of the back side cavity formed by local
excavation of the silicon substrate, as shown in Fig. 1(a). Two
generations of sensors (G-I and G-II) with similar configurations but different dimensions were designed in this work, and
the performance of G-I sensors has been reported previously
[20]. The design parameters are listed in Table I. The optical
micrograph of a fabricated G-II sensor is shown in Fig. 1(b).
The IDT electrodes that appear suspended in air, in fact, are
mechanically supported by the transparent GaN membrane.
There are four main processing steps in the fabrication of
Lamb-wave sensors, as illustrated in Fig. 2. Firstly, a stack
of GaN-based epitaxial layers was grown on a high-resistivity
Si (111) substrate using an Aixtron AIX-2000HT MOCVD
system, as shown in Fig. 2(a). High-resistivity substrates
were used to minimize electromagnetic feedthrough. The full

Fig. 2.
Schematics illustrate the process flow of a Lamb-wave sensor.
(a) Epitaxial growth of GaN-based thin film on Si substrate. Inset: Magnified
diagram showing the material structure of the epi-layers. (b) Formation of
the IDT electrodes on topside. (c) Patterning the etch mask on back side.
(d) Release of the suspending membrane.

epitaxial stack consists of a 40-nm buffer layer and a 900-nm
GaN layer. A 20-nm interlayer and a 125-nm AlGaN layer
were inserted in the GaN layer to counter-balance the tensile
strain produced by the mismatch of thermal expansion between
the substrate and the epi-layers, and to prevent cracks on the
surface. Secondly, the IDT electrodes were formed on top of
the epi-layers by e-beam evaporation of Cr/Au (3 nm / 30 nm)
and a liftoff process, as shown in Fig. 2(b). Thirdly, similar
techniques to those in the second step were performed on the
back side of the wafer to pattern a 300-nm thick Al etch mask
for silicon substrate removal, as shown in Fig. 2(c). Finally,
the silicon substrate was selectively removed by an SF6 -based,
inductively coupled plasma (ICP) etching process for releasing
the membrane. The fabrication was completed by stripping
away the Al mask with a hot H3 PO4 solution. Fig. 2(d) is a
cross-sectional view of the finished device.
III. D EVICE C HARACTERIZATION
The fabricated sensors were characterized using an
RF-probe station, a pair of RF-probes, and a Vector Network
Analyzer. Short-Open-Load-Through (SOLT) calibration was
performed prior to taking measurements, and no de-embedding
was carried out. All the measurements were conducted with
50- termination impedance.
A. Performance of G-I Sensors
The magnitude of the S21 -Parameter from 300 kHz to
600 MHz of an unloaded G-I sensor is shown in Fig. 3.
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of G-I. Other weak acoustic modes, such as shear horizontal
acoustic plate mode (SH-APM), can also be observed in Fig. 4,
but they are out of the scope of this paper. The lower noise
floor in the G-II sensors is a result of the significantly increased
IDT separation from 15 λ to 90 λ.
Thirdly, G-II sensors have a smaller area of silicon excavation (1.32 mm2 ) than that of the G-I sensors (1.44 mm2 ).
This indicates that the performance improvements do not come
at the expense of device size. As well, an improvement of
fabrication yield and mechanical robustness in wafer handling
was realized due to the reduction of suspended membrane
width from 1.2 mm down to 0.6 mm.
Fig. 3. Measured S21 -parameter of an unloaded G-I sensor. Inset: Magnified
diagram showing the phase angle.

IV. M ASS S ENSING E XPERIMENT
The mass sensitivities of the sensors were evaluated by
loading or depositing different thicknesses of SiO2 on the back
side of the membranes using plasma-enhanced chemical vapor
deposition (PECVD). Both the shift of resonant frequency and
the phase delay, due to the mass-loading effect in the acoustic
wave propagation path, were recorded by measuring the
S21 -Parameter after each successive deposition, as previously
reported in our publication [20].
The linear relationships of the frequency and the phase shift
versus the thicknesses of deposited SiO2 for G-I sensors are
derived in Fig. 5(a) and (b), with the correlation coefficients
(R2 ) of 0.95834 and 0.96253, respectively. The absolute mass
sensitivity in terms of frequency shift (Sm f ) or phase shift
(Smp ) is defined as

Fig. 4.

Comparison of S21 -parameters between G-II and G-I sensors.

The peak was observed at 473.8 MHz, which indicates the
propagation of the S0 wave. The corresponding phase velocity
is ∼7580m/s for the 16-μm wavelength and the 1.085-μm
thick GaN-based membrane. This is in agreement with a recent
publication [21]. The measured insertion loss at the resonant
frequency is 24.4 dB and the noise floor near the S0 peak is
about −45 dB. The A0 wave, appearing at around 50 MHz,
is merely 2 dB above the noise floor. This suggests a weak
electro-acoustic coupling and a high noise level near the A0
peak. The A0 wave is not included in this study.
B. Comparison Between G-II and G-I Sensors
There are three different design parameters between the two
generations of sensors: the number of pairs in each IDT, the
separation between two IDTs, and the dimension of the silicon
excavation, as listed in Table I. Fig. 4 shows a comparison of
the performance between G-II and G-I sensors.
Firstly, the signal strength of the S0 wave in G-II sensors is
–20 dB, approximately 4 dB higher than that of G-I. This can
be explained by the increased number of IDT pairs (from 15
to 20), which results in a stronger electro-acoustic coupling in
the G-II sensors that more than needed for compensating the
attenuation induced by a longer acoustic path length.
Secondly, the noise floor around the S0 peak is considerably
lower, by more than 10 dB in G-II sensors, compared with that

f
p
or Smp =
m
m
where  f and p are the shifts of the resonant frequency and
the phase produced by mass loading on the sensor surface,
respectively. m is the loaded mass per unit area. Since
Sm f =

m = ρ × d
where ρ and d are the density of the loaded material
(2.3 g/cm3 for PECVD SiO2 [22]) and the change of thickness,
respectively. Therefore
Sm f =

f 1
p 1
·
or Smp =
·
d ρ
d ρ

f
p
where 
d and d are the gradients of the linear fit in the
graphs. The absolute mass sensitivities of G-I sensors in
terms of frequency and phase shift are 82 GHz/(g·cm−2 )
and 3.1×106 deg/(g·cm−2), respectively. The normalized mass
sensitivity in terms of frequency shift (sensitivity normalized
by unloaded resonant frequency, 473 MHz in this case) is
174 cm2 /g.
The mass sensitivity in terms of frequency shift was
compared between the two generations of sensors, as shown
in Fig. 6. G-II sensors exhibit 1.6 times higher sensitivity
(272 cm2 /g) and better linearity (R2 = 0.99812) than G-I.
This can be explained by the improved signal strength and
the lower noise level in G-II sensors, as shown in Fig. 4.
The larger signal to noise ratio (SNR) results in a smaller
minimum distinguishable frequency shift and a more accurate
measurement, i.e., a higher sensitivity.
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(a)

Fig. 7. (a) Cross section of the modified PDMS substrate showing the
engraved flow channels and punched vias. (b) Top view of the patterns.
(c) Schematic of the flow cell system.
TABLE II
S UMMARY OF THE R ESULTS W HEN L OADED W ITH D IFFERENT L IQUIDS

Water
IPA

Viscosity
[mPa·s]

Density
[g/cm3 ]

Attenuation Freq.
[dB]
Shift
[MHz]

1
2.1

1
0.8

2.3
4.3

0.6
0.4

Freq.
Shift/
Unloaded
Freq.
[%]
0.12
0.08

(b)
Fig. 5. Plot of (a) resonant frequency shift and (b) phase shift against the
thickness of deposited SiO2 for G-I sensors.

only minimized the influence caused by changes of conductivity of different liquids, but also provided an adequate surface
for the protein immobilization in the subsequent biological
sensing experiment. Next, the flow channels were engraved on
a prepared polydimethylsiloxane (PDMS) substrate by a CO2
laser engraving machine before vias were punched manually,
as shown in Fig. 7 (a) and (b). This modified PDMS substrate
was bonded onto the back side of the sensor wafer to form
micro-channels. Finally, stainless steel pipe connectors were
inserted into the vias of the PDMS substrate, for attaching
Teflon/Tygon tubes that were connected to external liquid
reservoirs, as displayed in Fig. 7 (c).
B. Liquid Susceptibility Testing

Fig. 6.

Comparison of mass sensitivity between G-II and G-I sensors.

V. F LOW C ELL FABRICATION AND L IQUID
S USCEPTIBILITY
This experiment was performed mainly to investigate the
performance of our sensors in liquid environments, as well
as the liquid susceptibility of S0 wave, which have been
less studied and understood as compared with the A0 wave.
To facilitate measurements, a flow cell system was developed
for the sensors to load and unload liquid into the sensing
cavity.
A. Flow Cell Fabrication
The fabrication process started with a piece of fabricated
G-II sensor wafer. A 10-nm thick Au layer was sputtered on
the back side of the GaN-based membrane. The Au coating not

The static flow measurement was performed after the sensing cavity was filled up (observable from a microscope).
Slight frequency shift of the S0 wave (by 0.12% of its
unperturbed frequency) was observed as a result of loading
with water, as illustrated in Table II. The complete switch
of environments from water to Isopropenyl acetylene (IPA)
caused a nuanced shift of frequency by 0.04%. The result
suggests the two-port S0 -wave sensors were not susceptible to
liquid loading.
A trend that attenuation increased with viscosity was also
observed. Water and IPA with relative low viscosities led
to a low attenuation of 2.3 dB and 4.3 dB, respectively.
This suggests that the S0 -wave sensor is suitable for sensing
applications in liquids with low viscosities.
The performance of the GaN-based two-port S0 -wave sensors was benchmarked with other reported results in Table III.
Our sensors exhibit a comparable mass sensitivity, a relatively small size and an excellent liquid insusceptibility.
Compared with the A0 -wave sensors frequency shift of up
to 18%, the relative frequency shift to water loading of our
S0 -wave sensors was at least 2 orders of magnitude lower.
As mentioned previously, liquid insusceptibility of the S0 wave
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TABLE III
B ENCHMARK OF THE S TATE - OF - THE -A RT L AMB -WAVE S ENSORS

Operation
Freq.
[MHz]

Spec

AlN
Lamb-wave
1-port
resonator (S0 )
[5]

Normalized
Sensing
SensitivArea
ity
[mm2 ]
[cm2 /g]

Freq.
Shift
of
Water
Loading
[%]

886

500

0.5

1.04

12/149

176/320

64

17/ N/ A

ZnO
Lamb-wave
2-port delay
line (A0 ) [24]

21

233

∼3

N/A

ZnO
Lamb-wave
2-port delay
line (A0 ) [15]

18.8

AlN
Lamb-wave
2-port delay
line (A0 /S0 )
[23]

This Work

Fig. 8. Transient phase shifts during binding reaction at different concentrations.
207

8

18.09

A. Modification of the Au-Coated Sensing Surface for BSA
Immobilization
G-I

473

174

1.44

N/A

G-II

473

272

1.32

0.12

and liquid susceptibility of the A0 wave are attributed to the
two orthogonal directions of the major oscillation components.
In contrast to the one-port S0 -wave resonator sensors [25],
the relative frequency shift to water loading of our two-port
sensors is 1 order lower.

VI. P ROTEIN S ENSING E XPERIMENT
Antibodies, also known as immunoglobulins, are large
Y-shaped proteins used by the immune system to identify
and neutralize foreign objects in the body, such as bacteria
and viruses. Early detection of certain kinds of antibody
proteins in the human body may provide a warning, preventing
the progress of certain diseases, such as cancers and viral
infections. However, current laboratory work for detection is
tedious, labor-intensive, and time-consuming. These difficulties hinder an economically viable, large-scale health care
analysis for everyone. Addressing the issue, a universal biological sensing platform built on S0 -wave sensors is demonstrated,
providing a viable and cost-effective solution.
In order to test the performance and versatility of our
S0 -wave sensors, bovine serum albumin (BSA) was chosen.
This is a protein commonly used in biological applications,
such as standardizing protein concentration, and enzymelinked immunosorbent assay (ELISA). BSA had to be immobilized on the Au-coated surface of the sensors prior to the
binding reaction between antigen (BSA) and antibody (antiBSA).

Firstly, 10-mM MUA (11-mercaptoundecanoic acid) in
ethanol was injected into the sensing cavity and incubated for
12 hours at room temperature. The MUA formed the selfassembled monolayer (SAM) and exposed certain carboxyl
groups to the Au-coated surface for further modification. Then,
a 0.4-M EDC (1-Ethyl-3-[3-dimethylaminopropyl] carbodimide hydrochloride) and 0.1-M NHS (N-hydroxysuccinimide)
mixture solution was injected to form activated sites on the
surface for protein immobilization. Thirdly, 1-mg/ml BSA was
injected and immobilized on the modified surface through
the EDC/NHS activation, and the immobilized BSA acted as
binding sites for anti-BSA. Finally, 1-M Ethanolamine was
injected to prevent non-specific protein binding on the surface.
B. Anti-BSA Detection
After immobilizing BSA on a modified sensing surface, two
different concentrations of anti-BSA solution, 10 μg/ml and
1 μg/ml, were injected into two flow cells for testing. The
transient responses in phase shift of the sensors were observed
using the same setup as configured previously. Fig. 8 shows
the transient phase shift responses of the sensors injected with
two different concentrations of anti-BSA solution. The sharp
fluctuations at the beginning of the measurements indicate the
noise introduced during the injections, as the thin-membrane
sensors are also sensitive to the fluctuations of fluid pressure.
The different fluctuations in the two curves are induced by the
different fluid pressures during solution injection process.
The injections of anti-BSA solution resulted in a rapid
downshift of phase angle from the pre-injected baseline,
indicating the associated reaction between BSA and anti-BSA
was facile. A 10-μg/ml concentration of anti-BSA caused
a drift from the baseline by approximately –10 degrees,
while a 1-μg/ml concentration caused a drift of approximately
−4 degrees. A general trend that the phase shift responses
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driven lower when production volume rises. It may provide a
viable and cost-effective solution to meeting surging demand
for large-scale health care analysis in the health care industry.
VII. C ONCLUSION

Fig. 9. Transient phase shifts of protein association and dissociation reactions.

increase with anti-BSA concentration was observed, despite
their somewhat non-linear relationship.
After the BSA and anti-BSA binding reaction, dissociation
reactions were performed to regenerate the sensing surface for
a repeat of measurement. The transient response of the sensor
injected with 10-μg/ml anti-BSA is illustrated in Fig. 9.
The first injection of anti-BSA was performed at the 200th s,
and the binding reaction continued until the buffer solution
(Phosphate buffered saline) wash at the 1700th s. The buffer
was used to wash away the unbound anti-BSA. The phase shift
produced by the first binding reaction was about –10 degrees.
At the 2200th s, the regeneration process started with injecting
HCl solution and rinsing 3 times, and ended with the reinjection of the buffer solution at the 3200th s. The HCl
solution with a pH value of 1.5 was used to alter the shape
of the bound anti-BSA which made it “unrecognizable” and
dissociated from the immobilized BSA on the sensing surface.
However, this regeneration process destroyed some binding
sites and set free a part of the immobilized BSA, i.e., a
decrease of areal mass. Therefore, it caused an unexpected
upward drift of the baseline by approximately +10 degrees
deviated from zero. In addition, the regenerated surface also
showed a decrease of sensitivity after the second injection
of anti-BSA solution at the 3700th s. The phase shift after
the second binding reaction was approximately −6 degrees,
less than the previous –10 degrees. This indicated a loss of
binding sites. The reacted surface was again buffer-washed
at the 5000th s and once again regenerated from the 5800th
s to the 6000th s. This regenerated surface showed a smaller
upward drift from the first regenerated baseline, approximately
+5 degrees, in contrast to the previous +10 degrees. This
indicated a repeat of the destruction of some binding sites and
a release of some immobilized BSA on the sensing surface.
The acidity of the HCl solution and the number of rinses can
be fine-tuned to minimize baseline drifts.
In summary, a sensitive and reusable protein sensor based
on GaN thin films on a Si substrate was demonstrated. This
technology is scalable, and cost per sensor can be rapidly

Two generations of GaN-based S0 -wave sensors were successfully designed and fabricated based on a novel GaN-on-Si
structure with epitaxial GaN directly grown on Si substrates.
The G-II sensors delivered a comparable mass sensitivity with
a relatively small formfactor of sensing area when compared
with other reported results.
Experiments were conducted to develop further applications for our sensors. The S0 -wave sensors were tested and
performed well in liquid environments. They were at least
2 orders of magnitude less susceptible to the perturbation
of liquid mediums, as compared with the A0 -wave sensors.
The liquid-loading experiment was further evolved into a
protein sensing experiment. The sensors exhibited a sharp
signal response to a low concentration of anti-BSA and were
reusable after regeneration.
In the future, by utilizing the advanced properties of GaN
S0 -wave sensors and their potential to integrate with other
GaN-based devices a new sensing platform can be developed
to analyze a wide range of chemical and biological reactions.
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