#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Stability studies of ZnO and AlN thin film acoustic

i") Check for updates‘
wave devices in acid and alkali harsh environments

Cite this: RSC Adv., 2020, 10, 19178

Shuo Xiong,? Xudong Liu,? Jian Zhou, ©*? Yi Liu,® Yiping Shen,” Xiaobo Yin,?

. . ~ . m .
Jianhui Wu,? Ran Tao, 2 € Yongqing Fu ¢ and Huigao Duan?®

Surface acoustic wave (SAW) devices based on piezoelectric thin-films such as ZnO and AlN are widely used
in sensing, microfluidics and lab-on-a-chip applications. However, for many of these applications, the SAW
devices will inevitably be used in acid or alkali harsh environments, which may cause their early failures. In
this work, we investigated the behavior and degradation mechanisms of thin film based SAW devices in acid
and alkali harsh environments. Results show that under the acid and alkali attacks, chemical reaction and
corrosion of ZnO devices are very fast (usually within 45 s). During the corrosion, the crystalline
orientation of the ZnO film is not changed, but its grain defects are significantly increased and the grain

sizes are decreased. The velocity of ZnO-based SAW devices is decreased due to the formation of
Received 16th March 2020 . . ) s .
Accepted 11th May 2020 porous structures induced by the chemical reactions. Whereas an AIN thin-film based SAW device does

not perform well in acid—alkali conditions, it might be able to maintain a normal performance without

DOI: 10.1035/d0ra02448a obvious degradation for more than ten hours in acid or alkali solutions. This work could provide
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1 Introduction

Piezoelectric thin-film acoustic wave technology, based on
materials such as ZnO or AIN, is attractive for acoustic wave
based sensing, microfluidics and lab-on-a-chip devices."™ With
thin-films deposited onto various substrates including silicon,
glass, metal plates/foils and polymer/plastics, flexibility in
designs and wide range applications become achievable. Film
based surface acoustic wave (SAW) sensors (such as tempera-
ture, humidity, UV, and gas), and microfluidic applications
(streaming, pumping, jetting and nebulization) have been
widely reported.>™®

In some of these applications, the film surface of the SAW
devices needs to be in direct contact with the targeted objects
during either sensing or microfluidic processes. For example,
when the SAW device is used to detect hydrogen fluoride,
hydrochloric acid, uric acid detection and pH value®™* or is used
as an actuator for a lab-on-chip in a biochemical environment,
the SAW device will be exposed to an acid/alkali harsh envi-
ronment. Therefore, the quick failure of film based acoustic
wave devices caused by chemical reactions often becomes
a critical issue.
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guidance for the applications of both ZnO or AIN-based SAW devices in acid/alkali harsh environments.

It is well known that ZnO film based SAW devices do not show
good tolerance with acid and alkali, but AIN film based SAW
devices have excellent chemical stability."> However, many ques-
tions are remained to be answered. For examples, are the AIN
based SAW devices able to used in both acid and alkali harsh
environments? How long will these ZnO and AIN based SAW
devices can functionize well in acid/alkali harsh environment?
What are the corrosion mechanisms and reaction processes of
ZnO and AIN based SAW devices in acid/alkali harsh environment?
Or how does the SAW devices perform (e.g., changes of signal
amplitude, frequency or acoustic wave velocity) during the reaction
process? Most of these issues have not been reported in literature.

In this work, for the first time, we present a systematic and
extensive investigation to explore the performance of ZnO and
AIN based SAW devices in both acid and alkali harsh environ-
ments. Results show that under the acid and alkali attacks,
chemical reactions and corrosion of ZnO SAW devices are very
fast (usually within 45 s). During the corrosion process, the
velocity of ZnO-based SAW devices is decreased significantly
due to the generation of porous film structures. AIN thin-film
based SAW device is also not well performed in acid-alkali
conditions, although they might be able to maintain normal
performance without obvious degradation for more ten hours in
acid or alkali solutions.

2 Experimental

ZnO films with a thickness of ~3 pm were deposited onto 4 inch
glass substrates (Corning glass), using a DC reactive magnetron

This journal is © The Royal Society of Chemistry 2020
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(a) Schematic illustration of device fabrication processes based on laser direct writing photolithography; (b) optical images of fabricated

ZnO SAW devices with wavelength of 12 um and 20 um using laser direct writing photolithography, showing the whole device structure; (c)
optical images of fabricated IDTs of ZnO SAW devices with wavelength of 20 pm.

sputtering process in an ultra-high vacuum system. The base
pressure of the chamber was 1 x 10~* Pa before deposition. A
zinc target with a purity of 99.99% was used during deposition.
The surface of the substrate was pre-cleaned by means of a short
bombardment (10 min) with Ar' ions using a DC power of
300 W. The deposition conditions were as follows: DC sputter-
ing power of 250 W, O,/Ar mixing flow ratio of 50/50 sccm,
deposition rate of ~500 nm per hour with a deposition pressure
of 2 Pa, substrate temperature of 100 °C.

AIN films with a thick of ~2 pm were deposited onto (0001)
sapphire substrates using an RF magnetron sputter. Prior to the
deposition, the sapphire substrate was cleaned in an ultrasonic
bath with acetone, absolute ethyl alcohol and deionized water
in a sequence. The base vacuum of the sputter chamber was ~1
x 10™* Pa. The deposition conditions were as follows: RF
sputtering power of 350 W, N,/Ar mixing flow ratio of 12/24
scem; deposition rate of ~500 nm per hour with a deposition
pressure of 0.5 Pa, substrate temperature of 300 °C.

Crystal orientation of the films and those films after exposed
to different acid and alkali solutions were analyzed using X-ray
diffraction (XRD, D5000, Siemens) with Cu-K, radiation (1 =
1.5406 A). The diffraction patterns were obtained in the 26
model with scanned angle range of 20 = 20°-70° and a step of
0.02°. Crystal sizes of the films were estimated using the Debye-
Scherrer formula:****

D = KM(B cos 0) )]
where K is the shape factor of the average crystallite with value
of 0.9, A the X-ray wavelength (1.5405 A for Cu target), § the
FWHM in radians, ¢ the Bragg angle, and D the mean crystallite
gain size normal to diffracting planes. The crystal quality of ZnO
films was analyzed using a Raman spectroscope (Alpha300 R,
WITec). The microstructure of ZnO film was examined using
a field-emission scanning electron microscope (FE-SEM,
SIGMA-HD, Carl-Zeiss). The exposure of graphics is completed
by laser direct writing system (Microlab, SVG TECH GROUP).

This journal is © The Royal Society of Chemistry 2020

Two-port SAW resonators (as shown in Fig. 1) were designed
and fabricated using laser direct writing photolithography and
lift-off processes. Compared with the conventional ultraviolet
(UV) lithography, the laser direct writing photolithography
doses not need a mask and can be used in real-time, thus the
patterns with random shapes can be directly generated. The
wavelength of laser direct writing photolithography was
405 nm, with a writing speed of 15 mm?® min~" and a structure
resolution of 1 um. For the SAW devices, Cr/Au was used as the
electrodes (with a thickness of 1 nm/30 nm) and each SAW
transducer was consisted of 80 pairs of IDT (Interdigital
Transducers) fingers, with wavelengths A of 12 and 20 um. The
distance between the two IDT transducers was 2.75 A. The
aperture was 20 A and the distance between the IDTs and the
adjacent shorted reflecting gratings was designed to be 1/4 A to
ensure the formation of a standing wave at the resonant
frequency. The transmission characteristics were measured
using an Agilent Technologies E5061B network analyzer.

For the acid/alkaline tests, the ZnO SAW device was placed
into 1% HCI solution and 20% NaOH solution, respectively,
with the controlled exposure time. Then the devices were
quickly cleaned with the deionized water to stop the reaction
and dried using nitrogen gas. Different characterizations
(including SEM, XRD, Raman diffraction, and network analyzer)
were performed after each chemical treatment.

3 Results and discussion

Fig. 2(a) and (b) show optical images of ZnO based SAW devices
at various durations in HCl and NaOH solutions. Results show
that the ZnO thin film reacts rapidly in the HCI solution as
shown in Fig. 2(a). As the reaction progresses, ZnO film was
gradually dissolved and at the time of ~15 s, the IDT structure
began to disappear from the substrate due to the dissolution of
ZnO film. Fig. 2(b) shows the ZnO SAW device surface when
exposed to alkali environments (NaOH solution), and clearly the
film cannot endure the alkali environment up to 45 s. However,
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Fig. 2
NaOH solution.

unlike those behavior in the acid environment which is
a continuous chemical reaction process, for the ZnO films in the
alkali environment, at the beginning of the reaction (from 0 s to
40 s), the film did not change significantly. However, after 40 s,
the film was quickly etched, and then peeled off from the
substrate within 45 s.

ZnO is an amphoteric oxide, and can easily react with strong
acid/alkali solutions. The relevant reaction reactions are listed
as follows:"

ZnO + 2H' — Zn*" + H,0 (2)
ZnO + 20H™ — Zn0,*” + H,0 3)

These cause the ZnO film to be dissolved into the acid/alkali
solutions rapidly. However, in the alkali solution, the ZnO film
will form ZnO,>" ions and will be further hydrolyzed to form
a precipitate of Zn(OH),."* This may protect the ZnO structure to
a certain extent at the early corrosion stage.
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Fig. 3 XRD patterns of ZnO film in (a) HCl solution and (b) NaOH
solution with the time; crystalline size of ZnO film in (c) HCl solution
and (d) NaOH solution with the time.
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(a) Optical images of different reaction time of ZnO device in HCl solution. (b) Optical photos of different reaction time of ZnO device in

To further investigate the detailed reaction processes, XRD
analysis of the ZnO films after left in the HCI and NaOH solu-
tions at different durations were performed and the results are
shown in Fig. 3(a) and (b). The deposited ZnO thin film has
a peak at 26 values of 34.05° on the XRD pattern, corresponding
to the peak of ZnO (0002) orientation. As the reaction proceeds,
the peak positions of all the films do not show apparent
changes, demonstrating that acidic and alkali attacks will not
change the film orientation. However, with the corrosion time
increases, the intensities of (0002) orientation peaks of the ZnO
films are gradually decreased, showing that the film are grad-
ually etched and more defects are generated with the acidic and
alkali corrosion. We also calculated crystalline sizes of ZnO
films after the reaction using MDI Jade 6 software. Fig. 3(c) and
(d) show that the crystal sizes of the ZnO thin film seem to be
reduced after the reactions with the acid/alkali solutions.

Fig. 4 shows the crystal quality of the ZnO films analyzed
using the Raman spectroscopy. The peaks of 434 and 576 cm ™"
in the Raman spectra are observed, corresponding to the
acoustic overtones of E,; and E}° for ZnO, respectively. The
Raman peak around 1150 cm ™ is also observed, which is cor-
responding to the optical overtone of the ZnO."” There is a slight
decrease for Raman peaks during the corrosion, due to the
deteriorated ZnO crystal quality in the acid/alkali harsh envi-
ronments, although the changes are not so significant. The
reason may be attributed to that the intensity of Raman peaks
reflects the nature of crystal bonding quality, which does not
change significantly during the corrosion of ZnO films.

Fig. 5 show SEM images of surface morphology evolutions of
ZnO thin film in the HCl and NaOH solutions at different
corrosion durations. Without any corrosion of acid and alkali
environment, the ZnO thin film shows dense crystal grains and
a large crystalline size. With the corrosions in HCl and NaOH
solutions, the surface morphology of the film exhibits signifi-
cant defects, and the films become porous. The surface feature
sizes become smaller, which is consistent with the XRD results
of film as shown in Fig. 3(c) and (d).

Fig. 6 shows the transmission (S,;) and reflection (S;4)
spectra of the ZnO/glass based SAW devices with the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Raman spectra of ZnO film in (a) HCl solution and (b) NaOH
solution.

wavelengths of 12 and 20 pm after the acid reaction. It is clear
that, without any reaction (time of 0 s), the SAW devices present
two modes (e.g., the Mode 0-Rayleigh and Mode 1-Sezawa) for
the devices with wavelengths of 12 and 20 um. The corre-
sponding resonant frequencies, f and f; are 213.84, 425.93 MHz
and 133.95, 265.25 MHz, respectively.

As the ZnO film reacts with the HCI solution, both signal
amplitudes of two modes are decreased rapidly whereas the
values of insertion loss are increased for both the devices with
wavelengths of 12 and 20 pm. This indicates that the ZnO based
SAW device is particularly sensitive to corrosion in the HCI
solution. The acid solution will affect the quality of ZnO film
thus finally deteriorate the device performance.

The phase velocities (v,) of ZnO SAW devices can be calcu-
lated using the formula, v, = Af, where 2 is the wavelength and f
is resonance frequency. The velocities of Rayleigh wave and
Sezawa modes were calculated to be 2566.1 m s ' and
5111.2m s for Aof 12 pm and to be 2679 m s~ *and 5305 m s~ *
for A of 20 pm, respectively. The Rayleigh phase velocity of the
pure ZnO is ~2500 m s~ ',** whereas that for the Rayleigh wave
in glass is 3200 m s~ ', which is larger than that of ZnO film.
When the wavelength is decreased, more energy is confined
within the ZnO film, thus resulting in a lower velocity of wave
propagation, and leading to a lower velocity of the layered
structure. This is consistent with the observation from other
layered structure SAW devices.*

As in the case of ZnO film in the HCI solution, the signal
amplitude and insertion loss of SAW devices are also deterio-
rated in the NaOH solution as shown in Fig. 7. An interesting
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Fig. 6 Frequency response of ZnO based SAW devices in HCl solution
with wavelength of (a) 12 pm and (b) 20 pm.

phenomenon is that with the progression of corrosion in the
NaOH solution, the resonant frequencies are gradually
decreased for two devices with wavelengths of 12 um and 20 um.
We have also characterized the films in the HCI solutions, the
results show the same trends, which clearly indicates that after
the devices are etched inside the acid and alkali environments
the resonant frequency was decreased. As the phase velocity of
the ZnO is smaller than that of glass substrate, therefore when
the acid and alkali solutions corrode the ZnO film, more energy

(YT —— 34s (b) 30
= —105, ——36s =
@ -0
a 8 40
E &
£ £ 50
g z
£ L E 60
& 2 |
e £ 0]
80 40
90

120 125 130 135

Frequency (MHz) Frequency (MHz)

Fig. 7 Response frequency of ZnO devices in NaOH solution with the
wavelength of (a) 12 um and (b) 20 pm.

Fig. 5 SEM images of ZnO film in (a) HCl solution and (b) NaOH solution at different time.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Simulation results of frequency response and wave mode of

ZnO based SAW device with the wavelength of 12 um using COMSOL
Multiphysics; (b) the Simulation results of resonance frequency shifts
of ZnO based SAW device with the ZnO thickness from 2 pm to 3 um.

is confined in the glass which has a higher velocity. This should
lead to a larger velocity of the layered structure and a positive
frequency shift. However, the experimental results show an
opposite shift in frequency.

The frequency shifts of SAW sensor is mainly dependent on
the following three factors: mass load, elastic changes in elas-
ticity and acousto-electric interaction.”>** The equation repre-
senting the contributions of these three factors is:

2
ol (ps) + 4Cef0A(hG’) SN !

(4)

where Afand f; are frequency shift and initial center frequency,
Av and v, are change of SAW velocity and initial SAW velocity,
Cm and C. are sensitivity coefficients of mass and elasticity,
respectively, ps and /4 are density per unit area and the thickness
of the sensing layer, respectively. G’ is the shear modulus of
piezoelectric layer, K> is the electromechanical coupling coeffi-
cient of SAW, o, is the sheet conductivity of the sensing layer,
and c¢; is the capacitance per unit length of the device. In the
equation, the first term and the third term represent the effects
of the quality of the sensing film and the change in conductivity,
respectively. The second item is corresponding to the changes
in elasticity.

Af Ay

Joo wm

Fig. 9
NaOH solution.
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In this study, ions and reaction products adsorbed by the
film are dissolved in the solution without accumulation on the
surface of the film, so the contribution of the acoustic electric
effect to the frequency shift can be ignored. Moreover, film
thinning should result in a positive frequency shift. The main
cause of the frequency shift in this case might be from the
elastic change of the film. Fig. 5 shows that with the process of
acid and alkali corrosion, the film becomes porous, and the
grain size and density of film are decreased. These will result in
the reduction of film shear modulus, softening of film and thus
reduction of the sound velocity. Therefore the item of A(kG') in
eqn (4) becomes smaller, which results in a negative shift in
frequency.

In order to verify this, we have performed simulations of
SAW using the finite element analysis (FEA) with the commer-
cial COMSOL 5.4 software in a two-dimensional (2D) piezo
plane strain mode. The simulation method and parameters can
be referred to our previous work."” Fig. 8(a) shows the simula-
tion results of surface displacements and frequency response of
ZnO based SAW devices with a wavelength of 12 pum. It is clear
that the simulated results are compatible with the experimental
ones. With the thickness of ZnO film deceased from 3 um to 2
um, the frequency becomes larger (Fig. 8(b)). This shows that
with the corrosion of ZnO film, film thinning effect should
result in a positive frequency shift, which in this study, we ob-
tained the opposite effect experimentally. Therefore, the main
cause for the decrease of frequency should be the formation of
porous film and the elastic change of the film.

We have also fabricated the AIN film based SAW devices and
studied their performance in both acid and alkali environ-
ments. Fig. 9(a) and (b) show optical images of AIN based SAW
device at various durations in HCl and NaOH solutions. Results
show that the AIN thin film also reacts in the HCI solution as
shown in Fig. 9(a). As the reaction progresses, IDT structure of
AIN based SAW device shows obvious damage due to the
dissolution of AIN film after 12 h. Fig. 9(b) shows the optical
image of AIN film when exposed to the alkali environment (e.g.,
the NaOH solution). Results showed that AIN film cannot
endure the alkali environment after 10 min. These results are
very interesting, as it is normally regarded that the AIN film has
excellent chemical stability and should withstand the corrosion

10min

Y B

30pm

(a) Optical images of different reaction time of AIN device in HCl solution. (b) Optical photos of different reaction time of ZnO device in
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for quite a long time. Although compared with those of ZnO
ones, these AIN SAW devices can have good performance
without obvious degradation for more ten hours in acid or alkali
solution. One of the explanations could be that the deposited
AIN film has a vertical columnar structures. Therefore, the
corrosion easily occurred vertically along the columnar
boundaries of the AIN films.

Actually, AIN can react with acid and alkali solutions, and the
reaction equations are listed as follows:****

2AIN + 8H' — 2A1%" + 2NH,* (5)
AIN + 3H,0 — AI(OH);| + NH31 (6)
AIN + OH™ + H,0 — AlO,” + NH;1 7)

These reactions cause the AIN film to be dissolved into the
acid/alkali solutions.

To further investigate the detailed reaction processes, XRD
analysis of the AIN films after left in the HCl and NaOH solu-
tions at different reaction durations were performed and the
results are shown in Fig. 10(a) and (b). The deposited AIN thin
film has a strong (0002) orientation. Similar to that of ZnO film,
as the corrosion reaction proceeds, the intensities of (0002)
peak of the AIN films are gradually decreased, showing that the
film are gradually etched and more defects are generated with
the time of acidic and alkali corrosion.

Fig. 11 shows the transmission (S,;) and reflection (S;;)
spectra of the AIN/sapphire based SAW devices after the acid
and alkali reactions. Compared with those of the ZnO films, the
AIN SAW device has a much better performance in HCI solution,
and there is no obvious deterioration in SAW signal and
performance after 4 hours. However, the device has lost the
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Fig. 10 XRD patterns of AIN film in (a) HCl solution and (b) NaOH
solution with the time.
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NaOH solution with the time.
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SAW signals at 12 hours. On the other hand, in the NaOH
solution, the tolerance characteristics of AIN device is relatively
poorer, and the device has completely failed after 10 min. This
clearly indicates that although the resistance of AIN film to
extreme environment is much better than that of ZnO device,
the AIN film based SAW device still face the problem of corro-
sion at the acid and alkali environments when they are used for
sensing and biological lab on chip.

4 Conclusion

Surface acoustic wave (SAW) devices based on piezoelectric thin-
films such as ZnO and AIN are widely used in sensing, micro-
fluidics and lab-on-a-chip. However, for some sensing applica-
tion such as pH sensing, or microfluidics and biological lab-on-
chips, the SAW devices may inevitably encounter acid or alkali
extreme environments, which may cause the failure of devices.
This paper, for the first time, investigated the performance and
mechanism of thin film based SAW devices in acid-alkali harsh
environments.

With the acid and alkali corrosion proceeds, chemical reac-
tion of ZnO is very fast and it cannot endure more than 45 s.
Film crystalline orientation was not changed, but the grain
defects were increased and the grain size was decreased during
the corrosion process. The acoustic velocity of piezoelectric film
based SAW devices was also decreased due to the formation of
porous structures of film, thus the film shear modulus becomes
smaller and film becomes porous.

In addition, AIN thin-film based SAW device is also not well
performed in acid-alkali conditions, although they might be
able to maintain a good performance without obvious degra-
dation for more ten hours in acid or alkali solution. This study
could provide a guidance for the application of both ZnO or AIN-
based SAW devices in the acid/alkali harsh environments.
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