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A piezoelectric AIN-on-SOI structured MEMS Lamb wave resonator (LWR) is pre-
sented for high-temperature strain measurement. The LWR has a composite membrane
of a 1 um thick AIN film and a 30 pm thick device silicon layer. The excited acous-
tic waves include Rayleigh wave and Lamb waves. A tensile strain sensor has been
prepared with one LWR mounted on a uniaxial tensile plate, and its temperature char-
acteristics from 15.4°C to 250°C and tensile strain behaviors from O pe to 400 pe of
Rayleigh wave and S4 mode Lamb wave were tested. The temperature test verifies the
adaptability of the tensile strain sensor to temperature up to 250°C, and S4 mode Lamb
wave and Rayleigh wave represent almost the same temperature characteristics. The
strain test demonstrates that S4 mode Lamb wave shows much higher strain sensitivity
(-0.48 ppm/pe) than Rayleigh wave (0.05 ppm/pe) and confirms its advantage of strain
sensitivity. Finally, for this one-LWR strain sensor, a method of beat frequency between
S4 mode Lamb wave and Rayleigh wave is proposed for temperature compensation
and high-sensitivity strain readout. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5037721

Strain sensors operating at temperatures above several hundred degrees Celsius are demanded
for industrial process monitoring and control, steel and refractory material manufacturing, in power
plant environments, aerospace and defense.!™* The current high-temperature strain sensors include
resistance strain gauge,’ Fiber Bragg Grating (FBG) optical strain sensor® and surface acoustic wave
(SAW) strain sensor.” SAW strain sensor has attracted considerable attention due to its properties of
being passive and wireless, low cost and good reproducibility.

Most of SAW strain sensors can only work below 150°C due to the limit of the conventional
piezoelectric materials such as quartz, lithium niobate (LN) and zinc oxide (Zn0).%!! Aluminum
nitride (AIN) is a promising high-temperature piezoelectric material with a Curie temperature close to
1200°C.'>13 AIN film can also be grown on various substrates such as Si, SiC, sapphire and diamond,
and the growth processes are compatible with the micro-fabrication process.'*!” SAW sensors based
on AIN film with working temperatures up to 500°C have been reported'®!° and verified the feasibility
for high-temperature strain measurement.

However, there have been no reports of AIN-based Lamb wave strain sensor. In our previous
study on AlIN-based Lamb wave pressure sensor, the high order mode Lamb wave demonstrated
a pressure sensitivity 1.7 times higher than the surface acoustic wave (specifically, the Rayleigh
wave).”’ Mohabuth et al. also reported that higher-order Lamb waves show a higher sensitivity to
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applied stresses.”! Thus the development and study of a AIN-on-SOI structured Lamb wave strain
sensor is necessary.

In this letter, we design and fabricate a piezoelectric AIN-on-SOI structured MEMS Lamb wave
resonator (LWR) for high-temperature strain measurement. A tensile strain sensor has been prepared
with one LWR mounted on a uniaxial tensile plate, and its temperature characteristics from 15.4°C
to 250°C and tensile strain behaviors from 0 pe to 400 pe of Rayleigh wave and S4 mode Lamb wave
have been tested. The results show that the tensile strain sensor has the temperature adaptability up
to 250°C, and that S4 mode Lamb wave shows much higher strain sensitivity than Rayleigh wave
which confirms its advantage of strain sensitivity. Finally, a beat frequency method for temperature
compensation and high-sensitivity strain readout is proposed for this one-LWR strain sensor.

Figure 1 shows the 3D schematic illustration and scanning electron micrograph (SEM) image
of the AIN-on-SOI structured Lamb wave resonator (LWR). The electrode width and spacing of the
Interdigitated Transducer (IDT) and reflectors are designed to be 2.6 wum. The aperture and number
of the IDT electrode are 1280 wm and 128 pairs respectively.

The LWR fabrication process is compatible with the CMOS process. A 4 in. SOI (100) wafer
with a 30 um thick device Si layer, a 1 pm thick buried oxide (BOX) layer and a 400 um thick handle
Si layer was employed. A 100 nm thick SiO, film was deposited on the device Si layer by plasma
enhanced chemical vapor deposition (PECVD). A 200 nm thick Mo film was deposited on the SiO»
film as a bottom electrode layer. A 1 um thick AIN (002) film was deposited on the Mo film by
magnetron sputtering process. A 150 nm thick Mo film was deposited on the AIN film and patterned
by dry etching to form the IDT and reflectors. A 300 nm thick SiO; film was deposited as a passivation
layer on the IDT structure by PECVD process. After the aforementioned front side process, a 2 um
thick SiO; film was deposited on the backside of the SOI wafer and patterned for the release process.
The device Si layer right below the IDT’s center was released by deep reactive ion etching (DRIE)
process on the backside of the handle Si wafer, and a AIN/Si composite membrane with a diameter
of 1 mm was formed. The SiO; passivation layer above the IDT structure was patterned by vapor
hydrogen fluoride (HF) for contact open. Finally, a 200 nm thick Au film was deposited on the SiO»
passivation layer and patterned for wire-bonding. After the micro-fabrication process, the LWRs were
diced from the SOI wafer.

As shown in Figure 2, a uniaxial tensile strain sensor was prepared with a LWR and a
printed circuit board (PCB) signal port adhered onto a tensile plate specimen by high-temperature
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FIG. 1. (a) 3D illustration of the AIN-on-SOI LWR; (b) SEM of the IDT electrodes and reflectors.
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FIG. 2. Tllustration of the strain measurement and the photo of the strain sensor.

epoxy glue. The LWR was placed with its acoustic wave propagating direction parallel to the ten-
sile axis. The tensile plate specimen was made of mild steel (ISO630 E235B) with a Young’s
modulus of 203.2 GPa, a Poisson’s ratio of 0.28, a cross-section area of 2.5 mmx10 mm and
a length of 50 mm. Wire-bonding process was used to connect the LWR to the PCB signal
port, and a SMA connector was soldered onto the PCB signal port to connect with an Agilent
E5071B network analyzer. The tensile strain sensor was then mounted on a high-temperature tensile
tester for temperature test and strain test (Figure 2). The chamber temperature and tensile strain
applied to the tensile strain sensor were controlled by using three heating modules and one strain
module.

The S;; parameters of the strain sensor at room temperature (15.4°C) and under no-load were
measured, and Rayleigh wave and the most obvious Lamb wave were determined at 435.2 MHZ and
896.1 MHz respectively. This Lamb wave is supposed to be S4 mode Lamb wave, according to the
simulated acoustic wave mode shapes in the AIN/Si composite membrane'® (figure 3) by using the
software COMSOL Multiphysics. The COMSOL simulation setup and material properties used can
be referred in the prior arts.?>?>

To determine the temperature behaviors of the strain sensor, the S;; parameters of Rayleigh
wave and S4 mode Lamb wave at room temperature (15.4°C), 100°C, 150°C, 200°C and 250°C
and under no-load were measured respectively. Note that 250°C was chose as the maximum tem-
perature because of the temperature limit of the PCB signal port, the SMA connector and the
RF signal wire which were also subjected to the same high temperatures as the LWR, and that
the measurement was carried out after 30 min holding time at each temperature point and that
the minimum values of the S;; parameters were selected as the resonance frequencies. The rela-
tionship between the resonance frequency of Rayleigh wave and the temperature is shown in
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FIG. 3. Simulated frequency spectrum of the LWR with the insets showing the resonance mode shapes.
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FIG. 4. Measured temperature behavior for (a) Rayleigh wave and (b) S4 mode Lamb wave.

figure 4(a). With the temperature increasing, the resonance frequency decreases linearly. The approx-
imated first-order temperature coefficient of frequency (TCF) is extracted to be -33.17 ppm/°C
(-14.4 KHz/°C), which is a comparable result with what has been reported in literature.”’ Mean-
while, S4 mode Lamb wave shows almost the same temperature characteristic with Rayleigh wave
due to the same material stack (see Figure 4(b)). Specifically, the ratios of the resonance frequency of
S4 mode Lamb wave to those of Rayleigh wave at any temperature and are approximately constants
of 2.0589.

To characterize the tensile strain responses, the S| parameters of Rayleigh wave and S4 mode
Lamb wave at room temperature (15.4°C) and under the tensile loading of 0 pe, 100 pe, 200 pe,
300 ue and 400 pe were measured respectively. Note that the measurement was carried out after
5 min holding time at each strain level and that the minimum values of the S;; parameters
were selected as the resonance frequencies. The relationship between the resonance frequencies
of Rayleigh wave and S4 mode Lamb wave and the tensile strain are demonstrated in figure 5.
Rayleigh wave has a positive strain coefficient of frequency (SCF) of +0.05 ppm/pie (+0.027 kHz/pi€)
whereas S; mode Lamb wave shows a negative SCF of -0.48 ppm/ue (-0.431 kHz/ue). Obvi-
ously, S4 mode Lamb wave gives an 8.6 times enhancement in strain sensitivity over Rayleigh
wave. This sensitivity value is also higher than that of SAW strain sensor in literature'* and ver-
ifies the sensitivity advantage of S4 mode Lamb wave. This may be due to the fact that S4 mode
Lamb wave is near the cut-off frequency and has much higher phase velocity sensitivity to uniaxial
stress.?!

As discussed above, we can achieve a high strain sensitivity with S4 mode Lamb wave. However,
when the strain sensor operates in the range from room temperature to 250°C, the temperature-induced
frequency shiftis significant and thus the temperature compensation for the strain readout is necessary.
Assuming that the temperature change Ar and the tensile strain change Ae influence the resonance
frequencies independently, the resonance frequencies of S4 mode Lamb wave and Rayleigh wave can
be expressed as
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FIG. 5. Measured strain behavior for (a) Rayleigh wave and (b) S4 mode Lamb wave.

fs(t, &) =fs(to, €0) + fs(At) + fs(Ag) 9]

R, &) = fr(to, £0) + fR(AD) + fr(Ag) 2

where fs(t,€) and fg(t,&) are the resonance frequencies of S4 mode Lamb wave and Rayleigh wave
respectively at the temperature t and under the tensile strain €; f s(¢9,£0) and f g(9, &) are the resonance
frequencies of S4 mode Lamb wave and Rayleigh wave respectively at the reference temperature
t9=15.4°C and under the initial tensile strain £9=0; f s(At) and f g( At) are the resonance frequency shifts
of S4 mode Lamb wave and Rayleigh wave induced by the temperature change At=t-ty respectively;
and f's(Ae) and f g(Ae) are the resonance frequency shifts of S4 mode Lamb wave and Rayleigh wave
induced by the tensile strain change Ae=¢g-g¢ respectively.
According to figure 4, the relationship between S4 mode Lamb wave and Rayleigh wave can be
expressed as
Js(to,€0) _ fs(Ar)
fr(to,80)  fr(AD)
According to figure 5, fs(Ae) and fr(Ae) can be expressed as

fs(Ag) = fs(to, &0) - SCFs - Ae €]

~2.0589 3)

fr(Ag) =fr(to, 80) - SCFg - Ag )

where SCF's and SCF, are the strain coefficients of frequencies of S4 mode Lamb wave and Rayleigh
wave respectively.
The beat frequency Af is defined as

Af =fs(t, &) — 2.0589 - f(t, €) (6)
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FIG. 6. Beat frequency for temperature and strain predicted from the temperature and strain measurement.

Substituting equations (1)—(5) into equation (6), Af can be rewritten as
Af = fs(tg, €0) - (SCFs — SCFgR) - Ae (7)

Comparing equation (6) with (7), it can be found that Af is a linear function of strain change
Ag but is independent of temperature change At. Thus we can achieve temperature compensation
as well as strain readout. Moreover, as SCFg and SCFg are opposite in sign in equation (7), further
enhancement in strain sensitivity is obtained, that is (-0.48-0.05) = -0.53 ppm/pue. As an example,
figure 6 shows the predicted Af versus temperature and strain from the measured results. The Af
predicted from figure 4 remains approximately constant, implying that it is relatively insensitive to
the temperature change; whereas the Af predicted from figure 5 exhibits a slope of -0.46 kHz/pe,
confirming its high sensitivity to the tensile strain.

In summary, we demonstrate a piezoelectric AIN-on-SOI structured Lamb wave resonator for
high-temperature strain measurement. A tensile strain sensor has been prepared with this LWR and the
temperature characteristics and strain behaviors of Rayleigh wave and S4 mode Lamb wave have been
tested. The temperature test verifies the adaptability of this sensor to temperature up to 250°C, and
the strain test confirms the high sensitivity of S4 mode Lamb wave. Finally, a beat frequency method
is proposed to realize temperature-compensated high-sensitivity strain readout with this one-LWR
Sensor.
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