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Abstract: In this paper, we report attenuation characteristics of aluminum nitride (AIN) film-based
surface acoustic waves (SAWs) in liquids and their potential as liquid ethanol sensors. An AIN
film-based SAW resonator was fabricated for liquid sensing application. The fabricated SAW device
had a Rayleigh wave mode at a resonant frequency of 147.1 MHz and a low temperature coefficient of
frequency (TCF) of −21.7 ppm/K. The signal attenuation in the transmission line of the SAW device
was presented when ethanol (ETH) droplets and deionized water (DIW) with different concentrations
and volume (0.2–1 µL) were dropped on the sensing area respectively. The attenuation of SAW as
a function of time and liquid position was investigated. Residues left on the wave propagation
path resulted in a frequency shift of the SAW device after liquid evaporation. For ETH, there was
a 49 kHz frequency shift caused by a large amount of residues, while the frequency shift of DIW
was not distinct, on account of a clean surface. The linear relationship between evaporation rate
and ethanol concentration was demonstrated. The evaporation rate of ethanol droplets showed
good consistency, and the evaporation time variation was less than 5% at each concentration level.
Therefore, the proposed SAW device had great potentials to determine ethanol concentrations based
on evaporation rate.
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1. Introduction

Over the past few years, sensors based on SAW technology have been extensively explored.
In general, the changes in the acoustic wave amplitude and velocity are measured as responses of
the SAW sensors. Recently, surface acoustic wave devices have been successfully used in various
applications, such as radio frequency (RF) communication [1], chemical and biochemical sensors [2,3],
and optical modulators [4]. Nowadays, there has been an increased interest in SAW-based microfluidics
applications due to the leakage phenomenon of Rayleigh surface acoustic waves (R-SAWs) in
liquids [5–7]. The leaky phenomenon can be exploited to speed up biochemical reactions [8], minimize
nonspecific bio-bonding [9], and accelerate hybridization rations in protein and DNA analysis [10].
However, R-SAW devices are rarely applied for liquid sensing because of the excessive energy
losses experienced at the solid and liquid interface [11]. Moreover, if liquids cover the whole wave
propagation path, the power of the SAWs is entirely radiated into the liquids and no signal is detected
by receivers.

The Rayleigh wave is composed of longitudinal wave and transversal wave components which
induce elliptic displacement of the piezoelectric surface. The longitudinal wave is parallel to the
piezoelectric surface and travels along the direction of the wave propagation, whereas the transverse
wave component is normal to the wave propagation plane [12]. When the wave propagation path is in
contact with liquids, the longitudinal component of R-SAW is coupled into the liquids by the viscosity.
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Nevertheless, the transversal wave component transmits its energy into the form of a longitudinal
compression wave [13], which becomes a leaky surface acoustic wave (LSAW) and dissipates the
wave energy into liquids [13,14]. According to wave modes generated on piezoelectric surface, SAW
devices can be tailored to different applications. Generally, the shear traversal wave devices are
suitable for liquid applications, such as biosensors [15] and liquid concentration sensors [16], whereas
R-SAW devices are only for gas-phase operation due to high attenuation [17]. In the past few years,
the LSAW devices have been employed for microfluidic pumping [18], mixing [19], microdroplet
manipulation [20,21], ejection [22], and particle concentration [23]. In recent studies, SAW devices are
used to determine the evaporation rate of different liquids and the amount of residual particles left on
the wave path [24], and the phase shift of the SAW device during the evaporation process has also
been investigated [25]. However, the detailed attenuation characteristics of R-SAW in liquids have not
been frequently reported so far.

There are several methods existing for the detection of liquid ethanol concentration. Srivastava
et al. proposed a surface plasmon resonance (SPR) based fiber optic sensor for the detection of
water content in ethanol [26]. However, the detection range of ethanol-water mixture was only
0–10% (v/v). Lee et al. fabricated a chemical sensor based on conductive ZnO nanorod arrays
for the detection of ethanol solution at room temperature [27]. The ethanol concentrations were
measured by using electrical impedance spectroscopy (EIS), whereas the fabricated processes of
ZnO nanorod arrays were complicated. Lindner et al. proposed a versatile acoustic waveguide
ethanol sensor with a sensing scheme to measure the variation of the wave velocity in different
concentrations of solutions [28]. By measuring the time shift of the receiver signal, they determined
ethanol concentrations. Nevertheless, the amount of liquids used for sensing was too large.

AIN films are stable in liquid solutions and have low insertion loss, so they are good candidates
for liquid sensing. In this paper, we fabricated an AIN film-based SAW resonator to produce Rayleigh
waves, and investigated the attenuation of R-SAW when it encountered a droplet applied at the center
of the wave propagation path. The response of the Rayleigh wave in the presence of liquids covering
on the wave path was detected by a two-port SAW resonator due to its low insertion loss and high
signal stability. Both DIW and liquid ethanol were used as target liquids. The detailed attenuation
characteristics of R-SAW as a function of liquid type, volume, evaporation time, concentration and the
position of the liquid dropped were investigated theoretically and experimentally. The experimental
results showed that the energy of R-SAW was dissipated into liquids. The bigger the sensing area
covered by the liquids, the more energy leaked into the liquids. Good linearity was found between
evaporation time and ethanol concentration. Based on this finding, we proposed an AIN film-based
SAW device to determine ethanol concentrations by measuring evaporation rate. The proposed method
has merits of small scale, simple implementation and large detecting ranges (10–90%Vol). Meanwhile,
the amount of the liquids used for sensing is quite small, so the SAW device is useful for quick detection
of ethanol concentrations.

2. Experimental

2.1. Theoretical Analysis

When an incident SAW is propagating to a droplet, part of the incident SAW is scattered
by air-liquid-solid contact line, while the rest are penetrated into the area covered by the droplet.
The penetrated SAW attenuates and changes its mode to a leaky SAW upon its arrival at the boundary
between solid and liquid, due to the mismatch in acoustic velocities between solid and liquid [13].
The attenuation is induced to both longitudinal and transverse wave components. Generally, the
attenuation coefficients for the longitudinal wave αL and transverse wave αT can be estimated as [29]:

αL =

√
ρ f η f ω3

4
√

2π2ρsv2
s

(1)



Sensors 2017, 17, 1813 3 of 15

αT =
ρ f v f

ρsvs

1
λ

(2)

where ρ f , v f , ρs, vs, λ, ω = 2π f and η f are the density of the liquid, the sound velocity in liquids, the
density of the substrate, the SAW velocity in the substrate, the wavelength of the acoustic wave, the
angular frequency, and the dynamic viscosity of the liquid, respectively.

Since the SAW velocity in the substrate (4708 m/s) is much larger than the value in water
(1498 m/s), the energy of longitudinal wave component penetrated into the liquid is much smaller
than the transverse wave component [30]. Therefore, the attenuation is mainly contributed by a
transverse wave. As shown in Figure 1, the transverse component of R-SAW transmits its energy into
liquids in the form of a longitudinal compression wave at a specific angle, known as the Rayleigh
angle θr [13]:

θr = sin−1
(v f

vs

)
(3)

where v f and vs are the velocities of the acoustic wave in the liquid and substrate.
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incomplete volatilization of impurities existing in the liquids, like obstacles, which result in the 
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Figure 1. Interaction between Rayleigh wave and a droplet dropped on the wave propagation path.

When a droplet is dropped on the wave propagation path, the energy of SAWs is radiated into
liquids. The SAW propagation improves continuously due to the decrease of the area covered by the
liquids. After liquid evaporation, there is some residue left on the wave path because of the incomplete
volatilization of impurities existing in the liquids, like obstacles, which result in the frequency shift
and signal attenuation of the SAW device. The change in surface mass density of the SAW device after
the liquid evaporation can be defined as:

∆ρs =
∆m
A

(4)

where ∆m is the change in surface mass, A is the area covered by residues, and ∆ρs is the change of
surface mass density of the piezoelectric substrate.

The change in resonant frequency of the SAW device due to mass loading (neglecting the
viscoelastic and electric effects) had been characterized by the classic Sauerbrey equation [31]:

∆ f0 = −
2 f 2

0√
ρsµs

∗ ∆ρs (5)
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where f0 is the resonant frequency of the SAW device, ∆ρs is the change in surface mass density
of the piezoelectric substrate, ρs is the density of the piezoelectric substrate, and µs is the substrate
shear modulus.

2.2. Device Design and Fabrication

The proposed SAW device has a large area of 9100 × 5200 µm2, with 50 pairs of interdigital
transducer (IDT) fingers. The width of the fingers is 8 µm, and this results in a resonant frequency of
147.1 MHz. The acoustic aperture is 2400 µm in width to avoid diffraction. The IDTs are surrounded
by a total of 200 reflectors gratings (100 on each side) with a 16 µm pitch to create a standing wave
pattern between IDTs. Other parameters of the SAW device are listed in Table 1.

Table 1. The design parameters of the surface acoustic wave (SAW) device.

Parameter Value

Wavelength λ (µm) 32
interdigital transducer (IDT) thickness h (nm) 300

Acoustic aperture W (µm) 2400
Delay line length L (µm) 2400

Finger pairs NIDT 50 × 50
Grating number Nr 200

The fabrication process flow started with a 450 µm Si substrate, as shown in Figure 2. At first,
a 20 nm AIN seed layer was deposited on the Si substrate in order to obtain good texture in the
piezoelectric AIN film. The AIN seed layer also acted as an insulating layer. Then, a 0.2 µm Mo layer
was deposited as the bottom electrode of the resonator. After that, a 1.3 µm AIN piezoelectric layer
was deposited on the Mo layer by sputtering. Finally, a 300 nm Au film was deposited on the AIN film
and patterned by ion etching to form the IDTs. The fabricated SAW device is shown in Figure 3.
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Figure 3. Optical micrograph of the fabricated SAW device.

2.3. Characterization of AIN Film

Figure 4a shows the X-ray diffraction (XRD) pattern of an AIN film on the Mo bottom electrode
with a large peak at the angle of 36.26◦ corresponding to a good (002) crystal orientation. A higher
XRD intensity indicates better crystallite quality and fewer defects. The full width at half maximum
(FWHM) of XRD curve of the deposited AIN film was 0.172◦, indicating a small angular dispersion
of the crystallites around the c-axis. The mean grain size was calculated by the Debye-Scherrer
formula [32]:

D =
Cλx

β cos θ
(6)

where C is the shape factor of average crystallite with a value of 0.94, λx is the X-ray wavelength
(1.5405 Å for the Cu target), β is the FWHM in radians, and θ is the Bragg angle. The calculated mean
grain size was about 50.8 nm. Figure 4b,c illustrate the morphology and surface roughness of the film
measured by atomic force microscopy (AFM). The root mean square (RMS) roughness of the film was
about 3 nm over an area of 4 × 4 µm2.
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Figure 4. (a) X-ray diffraction (XRD) spectrum of the aluminum nitride (AIN) film on the Mo bottom
electrode; (b) and (c) Atomic force microscopy (AFM) images of the deposited AIN film.

The quality factor (Q) is a key parameter to evaluate the performance of both the resonators and
the resonator-based applications. Here, we used a called the “S21–S11 magnitude method” to extract the
value of Q [33,34]. Because the wave propagation path between input IDTs and output IDTs was too
long (2400 µm) for a resonator, the Q value of the fabricated SAW device was only approximately 190.
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2.4. Experimental Set-Up

The experimental set-up is illustrated in Figure 5. A two-port AIN film based SAW resonator
was employed for liquid sensing tests with a droplet dropped on the wave path. A network analyzer
(Agilent E5061B) with the maximum power of 5 dBm was connected to the SAW resonator to produce
Rayleigh waves. Since the variation of temperatures makes a great difference to liquid evaporation,
the sensor was heated by a heating stage which could control the temperature invariably at 25 ◦C.
A small droplet applied for test was generated by a 1 µL microsyringe. In order to precisely control
the liquid position on the wave propagation path, the operation was conducted under a microscope.
The evaporation process mainly depends on physical properties, such as evaporation area, vapor
pressure, surface tension, temperature and so on. Therefore, all experiments were operated at the same
room conditions of atmospheric pressure, 45% RH, and 25 ◦C. Before each experiment, the surface of
the SAW device was cleaned by DIW in order to have the same initial signal.
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Figure 5. Measurement set-up of the SAW device for evaluating the attenuation of Rayleigh surface
acoustic waves (R-SAWs) in liquids.

3. Results and Discussion

When a droplet is applied on the wave propagation path, the energy of R-SAW is radiated
into liquids, which results in the attenuation of the SAW device. The energy of the longitudinal
wave radiated into the liquids can produce an acoustic radiation force in the direction of the sound
propagation [35], which leads to an internal acoustic streaming inside a droplet. Acoustic streaming
may cause the shape deformation of the droplet and has an impact on wave attenuation and liquid
evaporation. However, since the wavelength of the fabricated SAW device is much smaller than the
conventional microfluidic devices and the power applied to the input IDTs is only 5 dBm, there is only
minor internal acoustic streaming inside a droplet. In other words, the effect of the acoustic streaming
on droplet shape and contact angle can be neglected. In addition, we also considered the influence of
back reflection of the acoustic wave on wave attenuation. When an incident SAW propagated into a
droplet, a part of the incident SAW was scattered by the air-liquid-solid contact line. There is some
research on the back reflection of the sound waves radiated into the droplet [29,35]. The experimental
results indicated that about 5–10% of the incident energy hitting on the droplet was scattered away
by a water droplet. This was quite small in comparison with the energy radiated into liquids, so its
influence on wave attenuation was also neglected in this study.

Figure 6 reports the changes in attenuation of R-SAW when 1 µL DIW and liquid ethanol were
dropped on the center area of the wave propagation path. When a droplet was applied on the surface
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of the SAW device, the R-SAW attenuated rapidly, and the signal returned to its initial level only when
the liquids evaporated completely. The deionized water dropped on the solid substrate had an initially
spherical shape, and the contact angle was approximately 90◦, while the shape of liquid ethanol was
not spherical due to a weak surface tension, and the contact angle was only 30◦. For 1 µL DIW and
liquid ethanol, the diameter of contact area between liquids and solid surface was approximately
1620 µm and 3200 µm respectively. Since the wave propagation length between input IDTs and output
IDTs was 2400 µm, there were some ethanol droplets flowing onto the surface of the IDTs and outside of
the acoustic aperture, which resulted in a higher attenuation of the SAW device, as shown in Figure 6b.
As illustrated in Figure 6a, the evaporation rate of DIW was slower than ethanol, due to a high surface
tension between water molecules. After liquid evaporation, there was some residue left on the wave
path, due to incomplete volatilization of impurities in liquids, which resulted in a frequency shift and
small signal noise in the SAW device. For liquid ethanol, the frequency shift of the SAW device was
49 kHz, as a result of a large amount of residual particles left on the wave path, as shown in Figure 7c.
However, the frequency shift of DIW was not distinct because of a clean surface, as shown in Figure 7b.
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We also investigated the volume effects of DIW and liquid ethanol on wave attenuation, as shown
in Figure 8. The attenuation length of the Rayleigh wave propagating into liquids can be calculated by:

LSAW =
1

αL
=

ρsvsλ

ρ f v f
=

ρsv2
s

ρ f v f f0
(7)

where ρ f and ρs are the density of the liquid and substrate respectively, v f is the velocity of SAW in
liquids, vs is the SAW velocity in the substrate, λ is the wavelength, f0 is the resonant frequency of the
SAW device, and αL is the attenuation coefficient of the Rayleigh wave.
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The penetration depth of the longitudinal component of the Rayleigh wave into liquids can be
determined by [36]:

δ =

√
2η

ρ f w
(8)

where w is the angular frequency, and η and ρ f are the dynamic viscosity and density of the liquid.
The Rayleigh angle θr = 18.6◦ was calculated by Equation (3). The SAW velocity in the AIN/Si

substrate is approximately 4708 m/s, and the sound velocity in water is 1498 m/s. Therefore, the
attenuation length of R-SAW in water was approximately LSAW = 357 µm, which can be calculated by
Equation (7). From Equation (8), we determined that the penetration depth of R-SAW in water was
about 50 nm.

When a droplet is dropped on the solid substrate, the contact area has a circular shape. The
diameter of the contact area was measured by a microscope. The measurements are listed in Table 2.
As the attenuation length of R-SAW in liquids was smaller than the contact diameter of DIW or liquid
ethanol (0.2–1 µL), it could not pass through the area covered by these liquids. However, R-SAW could
propagate along the external boundary of DIW covered on the wave path, because the contact diameter
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between water and the solid surface was smaller than the acoustic aperture (2400 µm). As a result,
the larger the area covered by liquids, the more the energy of R-SAW radiating into them, as shown
in Figure 8a. If liquids covered the entire wave propagation path, the energy of R-SAW would leak
entirely into the liquids, and the signal would not be detected by receivers, as shown in Figure 8b.
In tests, the contact diameter between 1 µL DIW and solid surface was subequal to 0.2 µL liquid
ethanol, and the attenuation of R-SAW in two kinds of liquids is also nearly the same. Meanwhile,
the penetration depth of R-SAW in water was approximately only 50 nm, which was far less than the
droplet height. Therefore, we could conclude that the attenuation of R-SAW in liquids may depend
critically on the diameter of the contact area, but would be less correlated with the droplet height.
If the surface of the SAW device were treated by hydrophobic materials, the contact diameter would
decrease and then result in less energy radiating into the liquids.

Table 2. The contact diameter between different volume liquids and piezoelectric surface.

Volume (µL)
Contact Diameter (µm)

DIW Ethanol

0.2 880 1630
0.4 1080 1980
0.6 1320 2360
0.8 1480 2850
1 1620 3200

The changes in attenuation amplitude of the SAW device versus time during the DIW evaporation
process are illustrated in Figure 9a. There are two basic evaporation modes existing in the liquid
evaporation process [37]. One is the constant contact radius (CCR) mode, where the contact area
remains constant while the contact angle decreases with time [38]; the other is the constant contact angle
(CCA) mode, where the contact area shrinks with time while the contact angle remains constant [39].
Liquid evaporation mostly occurs through either one of these two modes, or by a combination of
the two.
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Three distinct stages were observed during the DIW evaporation process. In the first stage, when
1 µL DIW was applied on the wave path, the amplitude of R-SAW attenuated rapidly as a result of
the energy of the acoustic wave radiating into liquids. As the droplet evaporated, the contact angle
and height of the droplet decreased with time, while the contact area between the droplet and solid
substrate remained constant. As mentioned above, the attenuation of R-SAW depended mostly on
the diameter of the contact area, but was less correlated to liquid height. Consequently, the energy of
R-SAW radiated into liquids was nearly constant in this stage, and then resulted in a relative small
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change in attenuation amplitude. In the second stage, since the surface tension of the water molecules
was larger than interfacial tension between the solid substrate and the liquid, the contact area shrank
with time. Therefore, the attenuation of the R-SAW decreased slowly with evaporation time. Finally,
when the droplet was nearly evaporated, there was only a thin layer of water film left on the wave
propagation path. The sudden break of the film caused a transient recovery of the sensor and the
signal returned to its original level only when small droplets were evaporated completely. The phase
variation of the SAW device during the entire evaporation process of DIW is shown in Figure 9b.
The phase variation could also be divided into three stages, but the phase shift had an approximate
linear relation with evaporation time at some specific time periods.

The propagation of R-SAW was strongly affected by positions of the liquid dropped. In order
to study the effects of liquid position on wave attenuation, the droplets were dropped in the middle,
left, right, front and back of the center sensing area, respectively. As shown in Figure 10a, the signal
of the SAW device had a higher attenuation when a droplet was dropped on the center area of the
wave propagation path. The energy of SAW was focused mostly in the middle of the wave path, and a
small amount of energy was diffracted to the outside of the acoustic aperture. Since the attenuation
of the SAW device with liquids dropped on the sides of the center sensing area was nearly the same,
we could deduce that the wave propagation was symmetric. When the droplets were dropped in
the middle of sensing area near input IDTs or output IDTs, the attenuation of R-SAW was almost the
same. A relatively small difference in attenuation amplitude between the positions near input IDTs
and output IDTs may be caused by energy transmission loss during the wave propagation process.
Therefore, it could be concluded that the Rayleigh angles radiated into liquids were approximately
equal along the middle of the wave propagation path.

Sensors 2017, 17, 1813  10 of 15 

 

Consequently, the energy of R-SAW radiated into liquids was nearly constant in this stage, and then 
resulted in a relative small change in attenuation amplitude. In the second stage, since the surface 
tension of the water molecules was larger than interfacial tension between the solid substrate and 
the liquid, the contact area shrank with time. Therefore, the attenuation of the R-SAW decreased 
slowly with evaporation time. Finally, when the droplet was nearly evaporated, there was only a 
thin layer of water film left on the wave propagation path. The sudden break of the film caused a 
transient recovery of the sensor and the signal returned to its original level only when small droplets 
were evaporated completely. The phase variation of the SAW device during the entire evaporation 
process of DIW is shown in Figure 9b. The phase variation could also be divided into three stages, 
but the phase shift had an approximate linear relation with evaporation time at some specific time 
periods. 

The propagation of R-SAW was strongly affected by positions of the liquid dropped. In order to 
study the effects of liquid position on wave attenuation, the droplets were dropped in the middle, 
left, right, front and back of the center sensing area, respectively. As shown in Figure 10a, the signal 
of the SAW device had a higher attenuation when a droplet was dropped on the center area of the 
wave propagation path. The energy of SAW was focused mostly in the middle of the wave path, and 
a small amount of energy was diffracted to the outside of the acoustic aperture. Since the attenuation 
of the SAW device with liquids dropped on the sides of the center sensing area was nearly the same, 
we could deduce that the wave propagation was symmetric. When the droplets were dropped in the 
middle of sensing area near input IDTs or output IDTs, the attenuation of R-SAW was almost the 
same. A relatively small difference in attenuation amplitude between the positions near input IDTs 
and output IDTs may be caused by energy transmission loss during the wave propagation process. 
Therefore, it could be concluded that the Rayleigh angles radiated into liquids were approximately 
equal along the middle of the wave propagation path. 

 
Figure 10. (a) The attenuation of the SAW device before and after 1 µL DIW is dropped in different 
positions of the wave path; (b) The transient attenuation of the SAW device after dropping different 
concentrations of liquid ethanol. 

As mentioned above, the R-SAW attenuated rapidly when a droplet was introduced to the 
wave path. Figure 10b shows the transient attenuation of the Rayleigh wave to different 
concentrations of liquid ethanol. For ethanol, the covered area by liquids increased with ethanol 
concentration, due to the decrease of surface tension among ethanol molecules. Therefore, the 
transient attenuation of the SAW device had an increasing tendency with the increment of ethanol 
concentration. 

After the liquid evaporation, there was some residue left on the wave path, which resulted in a 
frequency shift of the SAW device. The residues still existed on the surface of the SAW device even 
after the device had been placed in a clean room for a long time, so the constitution of the residues 
might be incomplete volatilization of impurities in liquids. The frequency shift of the SAW device to 
a different volume of DIW and liquid ethanol after their evaporation is illustrated in Figure 11a. The 
experimental results showed that the frequency shift had an approximate linear relationship with 
liquid volume, because of more residual particles left on the wave propagation surface with the 

Figure 10. (a) The attenuation of the SAW device before and after 1 µL DIW is dropped in different
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As mentioned above, the R-SAW attenuated rapidly when a droplet was introduced to the wave
path. Figure 10b shows the transient attenuation of the Rayleigh wave to different concentrations of
liquid ethanol. For ethanol, the covered area by liquids increased with ethanol concentration, due to
the decrease of surface tension among ethanol molecules. Therefore, the transient attenuation of the
SAW device had an increasing tendency with the increment of ethanol concentration.

After the liquid evaporation, there was some residue left on the wave path, which resulted in a
frequency shift of the SAW device. The residues still existed on the surface of the SAW device even
after the device had been placed in a clean room for a long time, so the constitution of the residues
might be incomplete volatilization of impurities in liquids. The frequency shift of the SAW device
to a different volume of DIW and liquid ethanol after their evaporation is illustrated in Figure 11a.
The experimental results showed that the frequency shift had an approximate linear relationship
with liquid volume, because of more residual particles left on the wave propagation surface with the
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increment of liquid volume. Compared to the same volume DIW, more ethanol residues were left
on the wave path, which resulted in a higher frequency shift. When the ethanol droplet was nearly
evaporated, a thin liquid ethanol film formed. The sudden break of the liquid film generated many
small ethanol droplets. The distribution of small ethanol droplets was chaotic, which resulted in the
perturbation of the frequency shift. However, the increasing trend between frequency shift and ethanol
concentration was apparent, due to more residues left on the solid surface with a high concentration
after the ethanol evaporation, as shown in Figure 11b.
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ethanol concentration after their evaporation.

It is well known that the propagation surface of the SAW device is heated when a droplet is
applied on the wave propagation path [40]. Some studies show that acoustic heating and dielectric
heating exist simultaneously in heating process of the wave propagation surface [41]. Nevertheless,
acoustic heating plays a more important role in heating of the substrate. In addition, we observed the
acoustic streaming phenomenon during the liquid evaporation process. Therefore, the temperature
rise of the substrate was mainly caused by an acoustic heating effect. The temperature rise of the
piezoelectric surface may influence the performance of the sensor and liquid evaporation. However,
the sensor employed for liquid sensing in this study had a very small TCF of −21.7 ppm/K, as shown
in Figure 12a. Furthermore, the maximum power applied for the input IDTs was only 5 dBm, so there
was only a minor temperature rise for the piezoelectric surface. Therefore, the resonant frequency
shift caused by the temperature rise was very small. In other words, the frequency shift of the SAW
device was contributed mainly by the residual particles left on the wave path after liquid evaporation.
Figure 12b shows the evaporation time variation as a function of temperature during the evaporation
process of 0.6 µL DIW. As the temperatures rise, the evaporation rate speeds up and the evaporation
time decreases.
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Figure 13a reports the evaporation time variation of different concentrations of liquid ethanol
(0.6 µL) whether the power is applied at the input IDTs. The evaporation rate sped up when the
power was connected to the input IDTs, which indicates that there was a temperature rise (0.5–0.6 K)
on the wave propagation surface. In order to identify surface temperature distribution of the SAW
device, the same volume droplets were dropped in different positions of the center sensing area
respectively. The evaporation tests were repeated many times. The experimental results indicated that
the temperature near the input IDTs was a little higher than the position next to the output IDTs, due
to more energy from R-SAWs being radiated in the liquids, as shown in Figure 13b. Besides, the center
sensing surface had slightly higher temperature than the positions on the sides of the center sensing
area, which indicated that the acoustic wave propagated with the highest intensity in the middle of the
wave propagation path.
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Figure 14a shows the stability of the evaporation rate to different concentrations of liquid ethanol.
The sensor was repeatedly tested at fixed ethanol concentrations from 0% to 99.9% (v/v), at intervals
of 20%Vol. The experimental results show that the evaporation rate shows a good consistency and
evaporation time variation was less than 5% at each concentration level. The linear relationship between
evaporation rate and ethanol concentration was observed, as shown in Figure 14b. The evaporation
time showed good linearity for a large concentration range from 10% to 90% (v/v). Therefore, we firstly
propose an AIN film based SAW ethanol sensor with a sensing scheme to measure evaporation rate.
The sensitivity of the ethanol sensor is defined as:

S =
∆t
∆C

(9)

where ∆t and ∆C are the changes in evaporation time and ethanol concentration.
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The sensitivity of the sensor was up to 57.3 s/10% (v/v), if the SAW device was used to measure
evaporation rate. Meanwhile, the evaporation tests had merits of simple implementation and good
repeatability. Therefore, the SAW device could be used as a liquid ethanol sensor by measuring
evaporation rates.

4. Conclusions

An AIN film-based SAW resonator was fabricated and characterized for liquid sensing
applications. The attenuation characteristics of R-SAW in different volumes and concentrations of DIW
and liquid ethanol were studied. The experimental results showed that R-SAW attenuated rapidly
when it encountered liquids. If the whole wave propagation path was covered by liquids, no signal
would be detected at the output IDTs. When the liquids were nearly evaporated, there was a signal
jump, due to the sudden break of the thin liquid film. After liquid evaporation, there was some residue
left on the wave path, which resulted in a frequency shift by the SAW device. The attenuation of R-SAW
in liquids depended mostly on the contact area covered by liquids, but was less correlated with liquid
height. The acoustic heating phenomenon and temperature distribution of the surface of the SAW
device were investigated. The farther the distance away from input IDTs, the lower the temperature.
A good linear relationship was found between ethanol concentration and evaporation rate. An AIN
film-based SAW ethanol sensor was proposed by measuring evaporation rate. The proposed method
has merits of small scale, simple implementation, and large detecting ranges [10–90% (v/v)].

Acknowledgments: This work was supported by National Natural Science Foundation of China (51475423 and
51575487), Fundamental Research Funds for the Central Universities and Science Fund of Creative Research
Groups of National Natural Science Foundation of China (51521064).

Author Contributions: All authors participated in the work presented here. Yong Wang designed the device and
conducted measurement. Yong Wang and Jin Xie fabricated the device and wrote the manuscript. Zhonggui Xu
and Yinshen Wang made constructive suggestions for the research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, W.; Xue, X.; Huang, Y.; Liu, X. A novel wireless and temperature-compensated SAW vibration sensor.
Sensors 2014, 14, 20702–20712. [CrossRef] [PubMed]

2. Wang, T.; Green, R.; Nair, R.R.; Howell, M.; Mohapatra, S.; Guldiken, R.; Mohapatra, S.S. Surface Acoustic
Waves (SAW)-Based Biosensing for Quantification of Cell Growth in 2D and 3D Cultures. Sensors 2015, 15,
32045–32055. [CrossRef] [PubMed]

3. Xu, F.Q.; Wang, W.; Xue, X.F.; Hu, H.L.; Liu, X.L.; Pan, Y. Development of a wireless and passive SAW-based
chemical sensor for organophosphorous compound detection. Sensors 2015, 15, 30187–30198. [CrossRef]
[PubMed]

4. Larson, D.A.; Magnusson, R.; Black, T.D.; Green, M.; Torti, R.G.; Wang, Y.J. Optical modulation by a traveling
surface acoustic wave and a holographic reference grating. J. Opt. Soc. Am. A 1990, 7, 1745–1750. [CrossRef]

5. Fu, Y.Q.; Luo, J.K.; Du, X.Y.; Flewitt, A.J.; Li, Y.; Markx, G.H.; Walton, A.J.; Milne, W.I. Recent developments
on ZnO films for acoustic wave based bio-sensing and microfluidic applications: A review. Sens. Actuators
B Chem. 2010, 143, 606–619. [CrossRef]

6. Guo, Y.J.; Lv, H.B.; Li, Y.F.; He, X.L.; Zhou, J.; Luo, J.K.; Zu, X.T.; Walton, A.J.; Fu, Y.Q. High frequency
microfluidic performance of LiNbO3 and ZnO surface acoustic wave devices. J. Appl. Phys. 2014, 116, 024501.
[CrossRef]

7. Zhou, J.; DeMiguel-Ramos, M.; Garcia-Gancedo, L.; Iborra, E.; Olivares, J.; Jin, H.; Luo, J.K.; Elhady, A.S.;
Dong, S.R.; Wang, D.M.; et al. Characterisation of aluminium nitride films and surface acoustic wave devices
for microfluidic applications. Sens. Actuators B Chem. 2014, 202, 984–992. [CrossRef]

8. Franke, T.A.; Wixforth, A. Microfluidics for miniaturized laboratories on a chip. Chem. Phys. Chem. 2008, 9,
2140–2156. [CrossRef] [PubMed]

9. Liu, R.H.; Lenigk, R.; Grodzinski, P. Acoustic micromixer for enhancement of DNA biochip systems.
J. Micro/Nanolith. MEMS MOEMS 2003, 2, 178–184. [CrossRef]

http://dx.doi.org/10.3390/s141120702
http://www.ncbi.nlm.nih.gov/pubmed/25372617
http://dx.doi.org/10.3390/s151229909
http://www.ncbi.nlm.nih.gov/pubmed/26703604
http://dx.doi.org/10.3390/s151229793
http://www.ncbi.nlm.nih.gov/pubmed/26633419
http://dx.doi.org/10.1364/JOSAA.7.001745
http://dx.doi.org/10.1016/j.snb.2009.10.010
http://dx.doi.org/10.1063/1.4885038
http://dx.doi.org/10.1016/j.snb.2014.05.066
http://dx.doi.org/10.1002/cphc.200800349
http://www.ncbi.nlm.nih.gov/pubmed/18932153
http://dx.doi.org/10.1117/1.1582467


Sensors 2017, 17, 1813 14 of 15

10. Toegl, A.; Kirchner, R.; Gauer, C.; Wixforth, A. Enhancing results of microarray hybridizations through
microagitation. J. Biomol. Tech. 2003, 14, 197–204. [PubMed]

11. Bertoni, H.L.; Tamir, T. Unified theory of Rayleigh-angle phenomena for acoustic beams at liquid-solid
interfaces. Appl. Phys. A 1973, 2, 157–172. [CrossRef]

12. Viktorov, I. Rayleigh and Lamb Waves: Physical Theory and Applications; Plenum Press: New York, NY,
USA, 1967.

13. Arzt, R.M.; Salzmann, E.; Dransfeld, K. Elastic surface waves in quartz at 316 MHz. Appl. Phys. Lett. 1967,
10, 165–167. [CrossRef]

14. Furukawa, S.; Nomura, T.; Yasuda, T. Characteristic features of leaky surface acoustic waves propagating on
liquid/piezoelectric film glass structures. J. Phys. D 1991, 24, 706–713. [CrossRef]

15. Rocha-Gaso, M.I.; March-Iborra, C.; Montoya-Baides, Á.; Arnau-Vives, A. Surface generated acoustic wave
biosensors for the detection of pathogens: A review. Sensors 2009, 9, 5740–5769. [CrossRef] [PubMed]

16. Kondoh, J.; Tada, K. Continuous measurement of liquid concentration using shear horizontal surface
acoustic wave sensors without reference liquid. In Proceedings of the 2016 IEEE Sensors, Orlando, FL, USA,
30 October–3 November 2016; pp. 1–3.

17. Liu, J.S.; Lu, Y.Y. Response mechanism for surface acoustic wave gas sensors based on surface-adsorption.
Sensors 2014, 14, 6844–6853. [CrossRef] [PubMed]

18. Du, X.Y.; Fu, Y.Q.; Luo, J.K.; Flewitt, A.J.; Milne, W.I. Microfluidic pumps employing surface acoustic waves
generated in ZnO thin films. J. Appl. Phys. 2009, 105, 024508. [CrossRef]

19. Zhang, A.L.; Wu, Z.Q.; Xia, X.H. Transportation and mixing of droplets by surface acoustic wave. Talanta
2011, 84, 293–297. [CrossRef] [PubMed]

20. Ai, Y.; Marrone, B.L. Droplet translocation by focused surface acoustic waves. Microfluid. Nanofluid. 2012, 13,
715–722. [CrossRef]

21. Shi, J.; Mao, X.; Ahmed, D.; Colletti, A.; Huang, T.J. Focusing microparticles in a microfluidic channel with
standing surface acoustic waves (SSAW). Lab Chip 2008, 8, 221–223. [CrossRef] [PubMed]

22. Guo, Y.J.; Dennison, A.P.; Li, Y.; Luo, J.K.; Zu, X.T.; Mackay, C.L.; Langridge-Smith, P.; Walton, A.J.;
Fu, Y.Q. Nebulization of water/glycerol droplets generated by ZnO/Si surface acoustic wave devices.
Microfluid. Nanofluid. 2015, 19, 273–282. [CrossRef]

23. Raghavan, R.V.; Friend, J.R.; Yeo, L.Y. Particle concentration via acoustically driven microcentrifugation:
MicroPIV flow visualization and numerical modelling studies. Microfluid. Nanofluid. 2010, 8, 73–84.
[CrossRef]

24. Bui, T.H.; Morana, B.; Tran, A.; Scholtes, T.; Duc, T.C.; Sarro, P.M. SAW decice for liquid vaporization rate and
remaining molecule sensing. In Proceedings of the 2015 IEEE sensors, Busan, Korea, 1–4 November 2015;
Volume 1, pp. 323–327.

25. Bui, T.; Morana, B.; Scholtes, T.; Chu Duc, T.; Sarro, P.M. A mixing surface acoustic wave device for liquid
sensing applications: Design, simulation, and analysis. J. Appl. Phys. 2016, 120, 074504. [CrossRef]

26. Srivastava, S.K.; Verma, R.; Gupta, B.D. Surface plasmon resonance based fiber optic sensor for the detection
of low water content in ethanol. Sens. Actuators B Chem. 2011, 153, 194–198. [CrossRef]

27. Lee, Y.M.; Huang, C.M.; Chen, H.W.; Yang, H.W. Low temperature solution-processed ZnO nanorod arrays
with application to liquid ethanol sensors. Sens. Actuators A Phys. 2013, 189, 307–312. [CrossRef]

28. Lindner, G.; Faustmann, H.; Frankenberger, S.; Munch, M.; Pflaum, K.; Rothballer, S.; Unterburger, M.
A Versatile Acoustic Waveguide Sensor for Liquids Based on Multiple Mode Conversion at Solid-Liquid
Interfaces. In Proceedings of the 2006 IEEE Ultrasonics Symposium, Vancouver, BC, Canada, 2–6 October 2006;
pp. 1181–1184.

29. Jiao, Z.J.; Huang, X.Y.; Nguyen, N.T. Scattering and attenuation of surface acoustic waves in droplet actuation.
J. Phys. A 2008, 41, 355502. [CrossRef]

30. Schmid, L.; Wixforth, A.; Weitz, D.A.; Franke, T. Novel surface acoustic wave (SAW)-driven closed PDMS
flow chamber. Microfluid. Nanofluid. 2012, 12, 229–235. [CrossRef]

31. Sauerbrey, G.Z. Use of quartz vibrator for weighing thin films on a microbalance. Z. Phys. 1959, 155, 206–210.
[CrossRef]

32. He, X.L.; Li, D.J.; Zhou, J.; Wang, W.B.; Xuan, W.P.; Dong, S.R.; Jin, H.; Luo, J.K. High sensitivity humidity
sensors using flexible surface acoustic wave devices made on nanocrystalline ZnO/polyimide substrates.
J. Mater. Chem. C 2013, 1, 6210–6215. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/13678150
http://dx.doi.org/10.1007/BF00884205
http://dx.doi.org/10.1063/1.1754894
http://dx.doi.org/10.1088/0022-3727/24/5/012
http://dx.doi.org/10.3390/s90705740
http://www.ncbi.nlm.nih.gov/pubmed/22346725
http://dx.doi.org/10.3390/s140406844
http://www.ncbi.nlm.nih.gov/pubmed/24743157
http://dx.doi.org/10.1063/1.3068326
http://dx.doi.org/10.1016/j.talanta.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21376947
http://dx.doi.org/10.1007/s10404-012-0990-y
http://dx.doi.org/10.1039/B716321E
http://www.ncbi.nlm.nih.gov/pubmed/18231658
http://dx.doi.org/10.1007/s10404-014-1501-0
http://dx.doi.org/10.1007/s10404-009-0452-3
http://dx.doi.org/10.1063/1.4961214
http://dx.doi.org/10.1016/j.snb.2010.10.038
http://dx.doi.org/10.1016/j.sna.2012.10.012
http://dx.doi.org/10.1088/1751-8113/41/35/355502
http://dx.doi.org/10.1007/s10404-011-0867-5
http://dx.doi.org/10.1007/BF01337937
http://dx.doi.org/10.1039/c3tc31126k


Sensors 2017, 17, 1813 15 of 15

33. Campanella, H. Acoustic Wave and Electromechanical Resonators: Concept to Key Applications; Artech House:
Norwood, MA, USA, 2010.

34. Su, Q.X.; Kirby, P.; Komuro, E.; Imura, M.; Zhang, Q.; Whatmore, R. Thin-film bulk acoustic resonators
and filters using ZnO and lead-zirconium-titanate thin films. IEEE Trans. Microwave Theory Tech. 2001, 49,
769–778. [CrossRef]

35. Wixforth, A. Acoustically driven planar microfluidics. Superlattices Microstruct. 2003, 33, 389–396. [CrossRef]
36. Ricco, A.J.; Martin, S.J. Acoustic wave viscosity sensor. Appl. phys. lett. 1987, 50, 1474–1476. [CrossRef]
37. Picknett, R.G.; Bexon, R. The evaporation of sessile or pendant drops in still air. J. Colloid Interface Sci. 1977,

61, 336–350. [CrossRef]
38. Birdi, K.S.; Vu, D.T.; Winter, A. A study of the evaporation rates of small water drops placed on a solid

surface. J. Phys. Chem. 1989, 93, 3702–3703. [CrossRef]
39. Liu, C.; Bonaccurso, E.; Butt, H.J. Evaporation of sessile water/ethanol drops in a controlled environment.

Phys. Chem. Chem. Phys. 2008, 10, 7150–7157. [CrossRef] [PubMed]
40. Kondoh, J.; Shimizu, N.; Matsui, Y.; Sugimoto, M.; Shiokawa, S. Development of temperature-control system

for liquid droplet using surface acoustic wave devices. Sens. Actuators A Phys. 2009, 149, 292–297. [CrossRef]
41. Kondoh, J.; Shimizu, N.; Matsui, Y.; Shiokawa, S. Liquid heating effects by SAW streaming on the piezoelectric

substrate. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2005, 52, 1881–1883. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/22.915462
http://dx.doi.org/10.1016/j.spmi.2004.02.015
http://dx.doi.org/10.1063/1.97804
http://dx.doi.org/10.1016/0021-9797(77)90396-4
http://dx.doi.org/10.1021/j100346a065
http://dx.doi.org/10.1039/b808258h
http://www.ncbi.nlm.nih.gov/pubmed/19039349
http://dx.doi.org/10.1016/j.sna.2008.11.007
http://dx.doi.org/10.1109/TUFFC.2005.1561646
http://www.ncbi.nlm.nih.gov/pubmed/16382643
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Theoretical Analysis 
	Device Design and Fabrication 
	Characterization of AIN Film 
	Experimental Set-Up 

	Results and Discussion 
	Conclusions 

