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High sensitivity flexible Lamb-wave humidity sensor
with graphene oxide sensing layer

Weipeng Xuan', Xingli He', Jinkai Chen', Wenbo Wang', Xiaozhi Wang'", Yang Xu',
Zhen Xu?, Y.Q. Fu® and J.K. Luo*'",

This paper reports high performance flexible lamb wave sensors with a graphene oxide sensing
layer. The devices were fabricated on piezoelectric ZnO thin films deposited on flexible
polyimide substrates. Two resonant peaks, namely the zero order antisymmetric (A0O) and
symmetric (S0) mode lamb waves, were observed and fitted well with the theoretical analysis
and modelling. With graphene oxide microflakes as the sensing layer, the sensing performance
of both wave modes was investigated. The humidity sensitivity of the A0 mode is 145.83
ppm/%RH (at humidity 85%RH), higher than that of SO mode of 89.35 ppm/%RH. For the first
time, we demonstrated that the flexible humidity sensors work as usual without noticeable
deterioration in performance even under severe bending conditions up to 1500 LLE. Also the
sensors showed an excellent stability upon repeated bending for thousand times. All the results
demonstrate that the lamb wave flexible humidity sensors have a great potential for application

in flexible electronics.

1. Introduction

Humidity monitoring and controlling are of great importance in
various fields, such as meteorology, historical relic protection,
medical/healthcare product development, industrial manufacturing,
agriculture and wearable or mobile electronics. Many types of
advanced humidity sensors' have been developed, including
resistance’, capacitance®, surface acoustic wave (SAW)* based
sensors using new materials and the state-of-art of micro-fabrication
technologies. Recently, flexible electronics has received significant
attentions™ ® owing to its great potential for applications and
advantages compared to those on rigid substrates. Many flexible
technologies and applications have been proposed and investigated,
such as flexible transistors’”, pressure sensors'’, integrated
circuits'!, photodetector6 etc. SAW device is one of the building
blocks for electronics and communication, and has been used as
frequency filters and waveguides'?, resonators'> and various types of
sensors'®. We have fabricated high performance flexible SAW
devices based on ZnO piezoelectric thin films deposited on
polyimide substrates'™ '®, showing excellent potential for various
sensing applications. Among them, the ZnO SAW humidity sensors
without any additional sensing layer have shown comparable
performance to those on rigid substrates .

Nanomaterials have large surface to bulk ratios, and have been
often used as sensitive layers to improve the sensitivity of sensors'”
18 Graphene oxide (GO) is a layered material which is formed by
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hydrophilic oxygenated graphene sheets with oxygen functional
groups on their basal planes and edges'. GO-films have been
utilized for humidity sensing, >* as their hydrogen bond (H-bond) of
the oxygen functional groups and water molecules within the
interlayer cavities have a high capability to absorb water molecules,
which in-turn affect the electrical, structural and mechanical
properties of the films®. The performance of an impedance type
humidity sensor using the GO as a sensing layer has recently been
developed®, showing an ultra-fast response and a high sensitivity.
We have recently developed a transparent SAW device-based
humidity sensor using GO as the sensing layer with ZnO film
deposited on glass substrate®®, showing significant improvement in
sensitivity and response speed. In this paper, we report the
development of flexible ZnO SAW humidity sensors using the GO
microflakes as the sensing layer, and demonstrate the sensitivity of
flexible SAW sensor is much better than that without the GO sensing
layer®. Although the insertion loss of the flexible sensor is a bit
larger and the sensitivity is slightly smaller compared to those on a
rigid substrate, the flexible sensors show an excellent sensing
performance even at severe bending states up to 1500 pe, and the
sensors still remain operable condition after being bent for 8000
times, demonstrating its great flexibility and reliability for
commercial applications.

2. Experimental
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2.1. Device fabrication

Polyimide (PI) tape (60 um) was used to fabricate the flexible
SAW devices, which was glued on a glass substrate for easy
fabrication. ZnO piezoelectric film with a c-axis (0002) orientation
was deposited on the PI film by direct current (DC) reactive
magnetic sputtering. The properties of the piezoelectric ZnO films
were characterized and results were reported in our previous paper'.
The SAW devices with the structure shown in figure 1, have two 50
pairs aluminium (Al) interdigitated transducers (IDTs) that were
fabricated by standard UV-photolithography and lift-off process. The
wavelength, A, of the SAW devices was set to be 12, 16, 20, 24, 28,
and 30 um, respectively. Since the acoustic wave energy deteriorates
rapidly within the polymer substrate, the length of the wave
propagation path was kept shorter, and was fixed at 10\ for all the
devices tested.

Fig.1 Schematic view of the flexible SAW device (a) and a photograph of the
flexible devices fabricated (b).

2.2. Deposition of graphene oxide sensing layer

The GO microflakes were prepared from natural graphite flakes
with an average lateral size of 50 um, as reported previously”'. The
initial GO dispersion had a concentration of 2 mg/ml, then it was
further diluted by deionized (DI) water at ratios of 1:50, 1:20 and
1:10 to form GO dispersions with different concentrations. These
GO dispersions were drop-cast on the surface of the devices with a
volume of 4 ul, covering the wave propagation path and the IDT
areas, as it can enhance the sensitivity significantly as reported in our
previous work?. They were left to evaporate slowly at room
temperature to obtain GO films with different thicknesses.
Deposition of a thin GO film on the device surface would induce
little effect on the transmission property of the SAW devices
compared to the devices without the GO film as long as the thickness
is less than 500 nm as shown in our previous paper®’, which was also
confirmed by our experiments in this work.

2.3. Characterization and measurements

Frequency responses of the SAW sensors were investigated using
an Agilent ES071C network analyzer, and data was acquired by a
LabVIEW based software through a GPIB bus in real time. The
transmission spectra, S,;, of the SAW devices typically have two
resonant peaks, mode 1 and 2 as shown in figure 2(a).

The thickness of three types of GO microflakes films coated with
different GO dispersions was measured using a profilometer (Alpha
Step® D-100 Stylus Profiler, KLA-Tencor), and the results are
shown in figure 4(a). The GO films were characterized using Raman
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(inVia-Reflex, Renishaw, 532 nm laser) and Fourier transform
infrared spectroscopy (FTIR, Nicolet 6700, Thermo Fisher scientific
Inc).

For humidity sensing, the sensor was fixed in a sealed metal box,
consisting of inlet/outlet for gas to flow in/out. A hygrothermograph
(SHT71, Sensirion) was attached at the outlet as a reference for
temperature and humidity®®. The details of the characteristics and
parameters of the sensors used for sensing are summarized in table 1.

Table 1. Summary of the parameters and characteristics of the sensors.

Sample Freq. (MHz) GO Sensitivity (ppm/%RH)
NO. thickness (at 85%RH
(nm)
A0 SO A0 SO
D1 150 395 100+20 49.34 25.72
D2 150 395 260430 137.56 42.44
D3 150 395 400+30 145.83 89.35

3. Results and discussion

3.1. Theoretical analysis of wave modes

Polyimide is often used as acoustic absorption layer” as the
acoustic wave would damp quickly with little reflection. We found
that the acoustic wave energy is mostly confined in the ZnO
piezoelectric layer, which indicates the acoustic wave is a kind of
plate wave, or lamb wave. At higher frequencies, the wave velocity
of the lamb wave converges towards the Rayleigh wave velocity,
and with the increase in layer thickness, it gradually changes into
Rayleigh wave modes as will be shown later. Therefore they are
often mixed without clearly defined boundary'® '®. Generally, the
lamb wave only has displacements in the x- and z-directions as
indicated in figure 1(a), and has the antisymmetric and symmetric
modes based on their displacement patterns®*. Two resonant peaks
with large signal amplitudes were observed for the fabricated
devices as shown in figure 2(a), ascribed as mode 1 and mode 2,
respectively. The quality factor, Q, for the mode 1 and 2 is 50 and
72, respectively, lower than those of the devices on a rigid substrate
(168)™, but still good enough for sensing experiments.

Theoretical analysis was then carried out to identify the wave
modes. The frequency dispersion equations of the Rayleigh-Lamb
can be written as *°

tan(qh/2) 4k?pq .
/2 - @k symmetric mode 1
tan(qh/2) (q%-k?)? . .
Tnh/2) —  4kipa antisymmetric mode 2)
here p and g are given as
p?=()* -k and q* = (2)* — k?, ®)

here h is the thickness of ZnO piezoelectric plate, k = w/cy is the
wave number, ¢, is the phase velocity of the lamb wave, @is the
angular frequency, ¢; and ¢; are the longitudinal wave and shear
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wave velocities of the ZnO piezoelectric layer. The phase velocity of
the wave correlated to the wavelength is ¢, = (@/2m)A.

Figure 2(b) shows the dispersion curves of the phase velocities of
the first three wave modes calculated from the above equations.
Comparing the experimental data with the zero modes of theoretical
results, A0 mode and SO mode, both of the wave modes from the
experiment fit very well with the theoretical values. Therefore, the
two resonant peaks of the flexible SAW devices are the lowest (zero)
antisymmetric (A0) and symmetric (S0) vibrations of the lamb
waves. As it can be seen that the velocities of A0 and SO modes
gradually become the same as the product of /- h becomes larger,
i.e., changing into the Rayleigh wave mode. .
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Fig. 2 S-parameters of the device with a wavelength of 12 um, (a) and
comparison of the phase velocities between the experimental data of the
mode 1 and mode 2 with different wavelengths and the theoretical analysis of
the lamb wave (b).

3.2. Graphene oxide sheets characterization

The size of the GO microflakes has a wide distribution ranging
from several micrometres (5 um) to tens of micrometres as shown in
figure 3(a). The XRD measurement results show that the layer-to-
layer distance (d-spacing) is about 8.15A (260=10.85°), larger than
that in graphite (3.35 A, 260=26.3°). This interlayer distance is
approximately one-molecule-layer thickness of water molecules,
possibly due to the hydrogen-bonding between the GO flakes®® %',
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Fig. 3 A microscope image of the graphene oxide microflakes on SiO»/Si
substrate; (a) X-ray diffraction curve (b); Raman spectrum recorded with Aec
=532 nm (c), and FTIR spectrum (d) of the GO film.
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The Raman spectrum (figure 3(c)) shows two prominent peaks at
1350 and 1600 cm™, corresponding to the well-documented D-band
and G-band, respectively®®, confirming the lattice distortion of the
GO”. FTIR was performed on the GO microflakes for further
characterization. The most important characteristic features are the
broad and high intensity band at 3400 cm ' (O—H stretching
vibrations) and the bands at 1740 cm' (C=0 stretching vibrations
from carbonyl and carboxylic groups), 1625 cm ' (skeletal
vibrations from unoxidized graphitic domains), 1226 cm ' (C—-OH
stretching vibrations)*®. In brief, the hydrogen bond networks that
involve functional groups on the GO plates and water molecules
within the interlayers enhance the hydrophilicity of the GO layer*'.

3.3. Humidity sensing

The humidity sensing performance of both the A0 and SO modes
with and without a GO sensing layer were investigated with the
results shown in figure 4(b) (all of the sensing was conducted at
room temperature (~25°C) unless specially mentioned). Typically,
the SO mode has a larger frequency shift than that of the A0 mode.
The humidity sensitivity is defined as follows,

_ _ 47
Sm = ARH*f,

3)

The sensitivity of both the wave modes is listed in table 1, much
higher than those with bare ZnO surface* and is comparable to those
of ZnO/glass SAW devices with the same GO sensing layer®. This
is because the hydrophilic GO film enhances the water absorption
capability through the oxygen-rich groups, strengthening the mass
loading effect and causing a larger frequency shift. The GO flakes
also significantly increase the effective sensing area, thus drastically
improve the sensitivity?”. Although the SO mode has a larger
frequency shift and a higher resolution than that of the A0 mode, it
has a lower sensitivity as it has a higher working frequency.
Nevertheless, using both two wave modes have significantly
improved the accuracy and sensitivity for humidity sensing,
demonstrating the potential usage of this dual-mode flexible
humidity sensor.
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Fig. 4 The profiles of the GO films with different thicknesses formed using
different GO dispersions (a); Frequency shift as a function of humidity for
both the A0 and SO modes of sample D1 with and without GO sensing layer
(b); Frequency shift as a function of humidity for the A0 mode (c) and the SO
mode (d), respectively, of samples D1, D2, D3.

Based on our previous analysis* ?’, we believe that the frequency
shift is mainly induced by the mass loading effect. According to
Sauerbrey’s equation®’, the mass loading on the surface of a
resonator has a linear relationship with the frequency shift, Af, as
follows,

Af = —CfZAm/A 4)

where C is a constant related to the substrate, and f; the resonant
frequency, Am/A the mass change per unit area.

The thickness of the GO sensing layer was found to have a
significant effect on the sensitivity of the sensors. Figures 4(c) and
(d) are a comparison of the sensing performances of sensor D1, D2
and D3 with different GO thicknesses (figure 4(a)). It is clear that
sensor with a thicker GO layer has a larger frequency shift for both
the AO and SO modes. For a thicker GO film, there would be a larger
effective sensing area, which leads to a stronger water molecules
adsorption. This in-turn results in a larger mass loading and
frequency shift. Samples D2 and D3 show similar trends of
frequency variation with humidity change, but the increment of
frequency shift for D3 at a fixed humidity level is not as large as that
of D2. This is because the effective sensing area does not increase
linearly with the increase of the GO layer thickness due to the
accumulation effect. The frequency shift becomes larger with the
increase in humidity, meaning that the frequency shift is not a linear
function of humidity. At a higher humidity, the water molecules start
to penetrate deeply into the GO flakes layer, making more surface
area available for humidity sensing. The hydrogen-bond of the
absorbed water molecules will further contribute to the absorption
process, thus enhancing the sensitivity at a higher humidity level.

Detailed responses of frequency shift and insertion loss upon a
stepwise increase and decrease of RH were investigated for the AQ
mode of sample D3, and the results are shown in figures 5(a) and
(b). Both of them show very small hysteresis when the humidity
increases and then returns to its initial value. When the humidity is
increased, more water molecules are absorbed by the GO film, hence
the frequency shift increases as explained above. When the humidity
is changed from 10%RH to 85%RH, however, the insertion loss only
changes less than 1 dB, clearly indicating that the acoustic energy
absorbed by the GO film and the water content is rather limited,
ensuring the sensor work well in this humidity range.

We also investigated the repeatability of both modes with a fast
humidity change between 10%RH and 80%RH. As exhibited in
figure 5(c), the flexible SAW humidity sensors show a good
repeatability within this humidity range. Meanwhile, the response
and recovery behaviours were also tested between the 10%RH and
80%RH as shown in figure 5(d). The average response time
(absorption process) for the A0 and SO modes is about 20 s (16-22
s), and the recovery time (desorption process) is about 5 s, slightly
longer compared with those of the SAW sensor made on rigid

4| J. Name., 2012, 00, 1-3

substrates®, but much better than most of the humidity sensors
reported in the literature®.

Since the lamb waves excited in a piezoelectric layer are
combined waves of particle displacement and piezoelectric potential,
both the strain field and potential can be influenced by the
environment, resulting in the changes in wave propagation. The
former is called mechanical effect, induced by elastic viscosity
change of the surface layer and mass loading on the surface. The
latter is called acoustoelectric effect, of which the conductivity or
permittivity will influence the The
conductivity effect can be excluded as explained in our previous
report”’. For a GO film, individual GO flakes are interlinked via a
network of hydrogen bond mediated by oxygen-containing
functional groups and water molecules, and the hydrogen bonds play
an important role in determining the property of GO film*® 273! %,
The variation of the interlayer distance depends on the water content.
As the GO is hydrophilic, water molecular residue may still be
present in interlayer voids even after a prolonged drying process™.
Thus, initially two types of hydrogen bonds exist, i.e., H-bond
between the functional groups attached to graphene sheet and H-
bond involving with water molecules. At a lower humidity level, the
H-bond network is dominated by the functional group, which
absorbs molecules initially. Whereas at a higher humidity, water
molecules absorbed by the GO film increase, and the H-bond
network is dominated by water molecules®'. All of these H-bonds
would absorb water molecules, thus increasing the mass on the
surface of the device. This can explain why the frequency shift will
change at various relative humidity values.

sensing performance.
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Fig.5 Detailed responses of the resonant frequency shift (a) and insertion loss
(b) of the A0 mode, sample D3 to humidity change; the repeatability of the
frequency of the A0 and SO (c) modes of sample D3 when the humidity was
repeatedly changed from 10%RH to 80%RH. (d) Detailed frequency
response curves, showing the response and recovery times of the sensor (D3).
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On the other hand, the typical interlayer distance of GO films
reported in literature is 6 to 11 A because of the H-bond, depending
on humidity?”*. This means that the volume of the GO layer will
expand at a higher humidity, thus influencing the mechanical
properties of the GO film. The experimental measured elastic moduli
for the GO layers is 6-42 GPa”***, much smaller than the Young’s
modulus of the ZnO layer (110-140 GPa)*. According to ref*®, we
can treat the GO film as an acoustic thin layer, and the viscoelastic
effect contributes little to the sensing response. Therefore, mass
loading is the main effect that induces the velocity change and
energy attenuation.
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Fig.6 The resonant frequency of DI as a function of humidity at 20°C and

30°C (a) and as a function of temperature at 30%RH (b). The temperature

coefficient of frequency for both the wave modes has an excellent linearity

with the correlation coefficient of 0.9996 for A0 and 0.9832 for SO.

Temperature is another important factor which would affect the
sensing results significantly. Figure 6(a) shows the influence of
temperature on the frequency shift as function of humidity for both
the A0 and SO modes of sample D1. Results show that the general
trend for the changes of frequencies with humidity remains
unchanged, but the values of frequency shift are varied significantly
when the temperature is changed. Figure 6(b) shows the frequency
as a function of temperature for both the modes, and the frequency
decreases linearly with the increase in temperature as expected. The
temperature coefficient of frequency (TCF=Af/AT) for both modes
have an excellent linearity. Since the two modes have different
TCFs, they can be utilized for temperature compensation or
calibration processes’’ to eliminate temperature effect on humidity
sensing result, a very important issue for commercial applications.

Although ZnO film is also sensitive to various gases,”® the
frequency shift induced by absorption of gases in atmosphere is quite
small, in the order of less than kHz when there is no catalyst is used.
This is much smaller than what induced by humidity change of
several hundreds of KHz, therefore the interference from gases is not
an issue for this humidity sensor.

3.4. Humidity sensing under bending and flexibility of the sensor

We have also investigated the sensing performance of the
humidity sensors at bending states. The thin PI film with SAW
devices was bonded onto a 250 wm thick PET substrate for easy
handling, and the devices with the handling PET substrate were
further glued on a flexible steel bar, connected to SMA connectors
through flexible PCB as shown in figure 7(a). The transmission
properties at the flat and bent states were then recorded. The devices
were tested under various bending angles. Results showed that the

This journal is © The Royal Society of Chemistry 2012
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signal amplitude of the resonant peak remains almost unchanged
when the bending angle is smaller than 30°, and then decreases
slightly with increasing the bending angle further with one of the
results shown in figure 7(b). At a bending angle of 36°, the strain is
about 1500 pe '*3°. A frequency shift of 150 kHz was observed
which is attributed to the deformation of the device and change of
the acoustic velocity”’. When the device is further bent, the ZnO
crystal quality may deteriorate slightly (cracks and defects are
generated in the ZnO film), leading to the increased attenuation of
the acoustic energy'®.

Figure 7(c) is the performance comparison of humidity sensing for
the A0 and SO modes of sample D3, unbent and bent at an angle of
36°. The frequency shifts for both the wave modes of the sensor
unbent and bent increase with the increase in humidity, showing a
similar trends. There is no apparent differences in frequency shift at
humidity level smaller than 50%RH for both the wave modes, and
the difference becomes slightly larger with the further increase of
humidity level above 50%RH, but still smaller than 5% at 85%RH.
This clearly indicates that the flexible humidity sensors can still
work well under severe bending conditions, and demonstrates its
potential for flexible electronic applications. The slightly increased
frequency shift for the sensor under bending is believed to be caused
by the increased surface of the GO sensing layer under bending.
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Fig.7 Photograph of the sensor at a bent state (a); Comparison of
transmission spectra (b), frequency shifts of a flexible humidity sensor (A=12
um, D3) unbent and bent at an angle of 36°(c), and (d) the dependence of the
transmission property of the sensor as a function of bending cycles.

The stability of the flexible sensor upon repeated bending was also
tested by a homemade robotic arm between flat and a fixed bending
angle of 36° (1500 pe). The detailed bending experiment can be seen
from the movie in supplement information (SI). Figure 7(d) is the
comparison of the transmission spectra before and after bent for
1000, 5000 and 8000 cycles, respectively. The resonant frequency
does not changes apparently, whereas the signal amplitude decreases
slightly with the increase of bending cycles. However the sensor still
possesses good transmission properties even after bent for 8000
cycles, demonstrating its excellent potential for flexible electronic
applications.
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4. Conclusion

We demonstrated a due-mode flexible lamb wave humidity
sensor, using GO microflakes as the humidity sensing material. For
the two working modes of the lamb waves, the antisymmetric mode
shows a higher sensitivity than the symmetric mode, while the
frequency shift of the SO mode induced by humidity change is larger
than that of A0 mode. The humidity sensitivity of both the wave
modes increase with the increase in humidity level, and can be
improved significantly by using a thicker GO film. For the first time,
we demonstrated that the flexible humidity sensor can work very
well at severe bent conditions, and both the wave modes show only a
slight difference from those of the device unbent, demonstrated its
great potential for application as a flexible humidity sensor.
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