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Abstract— This paper reports two types of in-house 
fabricated aluminium nitride (AIN) based piezoelectric 
resonators, namely the thickness mode resonator and the 
Lamb-wave mode resonator, which are capable to be 
integrated with Through Silicon Via (TSV) technology, 
forming the basis of advanced filters, duplexers and 
multiplexers. Both types of the resonators, which are 
fabricated using a CMOS compatible platform, consist 
of a layer of 1µm thick piezoelectric layer and two 
layers of molybdenum (Mo) electrodes covering the top 
and the bottom surface of the AIN layer. Resonant 
frequencies above 2GHz, as well as motional impedance 
less than IOf2, are obtained when the fabricated 
resonators are connected directly to the 5012 
terminations of a network analyzer, making both types 
of resonators suitable for high-band LTE applications. 
Furthermore, negligible performance drift was observed 
for both types of resonators fabricated upon undergoing 
accelerated thermal cycling test, indicating the superior 
reliability and long-term stability of the fabricated AIN 
based MEMS resonators and showing their great 
potential for communications applications in the 
automotive industry, where reliability and long-term 
stability is a key requirement for device performance. 
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I. INTRODUU11ON 

Over the recent two decades, a great deal of 
research attention has been focused on the 
micromechanical resonators thanks to their various 
applications in radio frequency (RF) filtering and 
timing devices to achieve the functionality of reference 
clocks and band pass filters [1]. Filters operating at 
GHz frequencies are the few established and successful 
applications of radio frequency microelectromechanical 
system (RFMEMS) devices. As the RF spectrum are 
getting more crowded, front-end bandpass filters are 
now becoming the most important element in the 
applications of wireless communications [2]. 

Currently, there are currently two main drivers for 
designing competitive filters, namely the low insertion 
loss and small size. Low insertion loss leads to low  

impedance of the device, which subsequently renders 
lower power consumption. Meanwhile, as the As 
complexity of smartphones increases, there is huge 
pressure to shrink the size of RF components. 
Currently, piezoelectric surface acoustic wave (SAW) 
and bulk acoustic wave (BAW) resonator based 
devices are the key candidates for band pass filters, 
thanks to their low cost, miniaturized size and 
outstanding performance [3]. 

In recent years, extensive studies were carried on 
the exploration of various materials, including quartz, 
zinc oxide (ZnO), aluminum nitride (AIN), lithium 
tantalate (LiTa03) and lithium niobate (LiNb03), in 
order to enhance the performance of the resonators 
made from the above materials [4-8]. Out of the above 
materials, aluminium nitride (AIN) based MEMS 
resonators are gaining more research interest for radio 
frequency (RF) wireless communication application, 
due to the advantage of high acoustic velocity, superior 
temperature performance, low loss, high quality factor, 
capability to be CMOS integrated, as well as its low 
cost [1, 5]. 

In this work, both types of resonators, namely the 
thickness mode resonators and the Lamb-wave mode 
resonators, in the frequency range of 2GHz have been 
designed, fabricated, and characterized. Their 
capability to be integrated with TSV is also studied. 
Furthermore, thermal cycling was also conducted on 
the fabricated resonators, verifying their reliability and 
long-term stability for communication applications in 
the automotive industry. 

II. 	STURcTURE DESIGN 

Figure 1 shows the optical image of the in-house 
fabricated RFMEMS resonators, with Figure 1 (a) 
depicts the thickness mode resonator and Figure 1 (b) 
depicts the Lamb-wave mode resonator. Both 
resonators consist of a layer of 1µm-thick AIN layer as 
the piezoelectric layer, a 0.26µm-thick Mo layer 
covering the top surface of the AIN layer to function as 
the top electrode, as well as a 0.2µm-thick Mo layer 
covering the bottom surface of the AIN layer to 
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function as the bottom electrode. In the case of the 
thickness mode resonator, both top and bottom 
electrodes cover the entire active area of the AIN layer, 
in order to excite the thickness mode across the 
thickness direction of the AIN layer when an AC signal 
is applied across it. Moreover, apodization technique is 
applied in the design, in order to suppress the spurious 
modes. While in the case of Lamb-wave mode 
resonator, both top and bottom electrodes are 
lithographically patterned to form the inter-digitated 
electrodes, as shown in the inset of Figure 1 (b). As 
such, when an AC signal is applied to the adjacent 
electrode finger, lateral field is induced along the 
lateral direction of the AIN layer, exciting the Lamb-
wave mode. 

Figure I: Optical image of the fabricated (a) 
thickness mode resonator and (b) the Lame-wave 
mode resonator. The inset in (b) shows the zoom-in 
view of the interdigitated fingers on the top surface of 
the piezoelectric ARV layer, which is used to excite 
Lamb waves in the resonator body. 
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Figure 2: Cross-section illustration of the 
fabricated devices 

in. 	CHARAcrEmzATION RESULTS AND DISCUSSION 

Both the fabrication of the resonators and the TSV 
are reported in our previous work [9, 10], so it will not 
be repeated here for brevity. An illustration on the 
cross section of the fabricated devices are shown in 
Figure 2 for reference. 

For the characterization of the fabricated devices, a 
standard short-open-load-through (SOLT) calibration 
was performed on a Keysight's E8364B vector network 
analyze (VNA) before using the VNA to characterize 
the frequency response on the transmission 
characteristics of the fabricated thickness-mode and 
Lamb-wave mode resonators. The connection between 
the device under test (DUT) and the VNA is provided 
by a Cascade probe station, with the ground-signal-
ground (GSG) probes probing the Al pads on the DUT. 

Based on the theory of the two-port network, the 
scattering parameter (S-parameter) matrix obtained by 
the VNA is transformed into the impedance of the 
DUT. Figure 3 shows the frequency response of 
impedance of the fabricated devices, with Figure 3 (a) 
depicting the impedance frequency response of the 
thickness-mode resonator and Figure 3 (b) depicting 
the impedance frequency response of the Lamb-wave 
mode resonator. The measured resonant frequencies are 
2.38GHz and 2.09GHz for the thickness-mode and 
Lamb-wave mode resonators, respectively, while the 
corresponding impedance at the series resonant 
frequency (R,,) is measured to be 3.2 t2 and 13.2 t2, 
respectively. It is worth to note that for both types of 
resonators, the measured impedance at the parallel 
resonant frequency (Rp) is in the range of kQ. Together 
with the low R,. obtained, the high Rp  yields a high Rp  / 
X ratio, which is an important figure-of-merit (FOM) 
for designing filters with with steep roll-off. 
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Figure 3: Experimental characterization results of 
the fabricated (a) thickness mode resonator and (b) 
the Lame-wave mode resonator. The measured 
resonant frequencies are (a) 2.38GHz and (b) 
2.09GHz, while the measured impedance are (a) 3.2 0 
and (b)13.2 0, respectively. 
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The fabricated TSV chip was characterized in the 
same way as the fabricated resonators were tested, with 
the characterized S-parameter shown in Figure 4. From 
the sub-figures, which show the measured frequency 
response of (a) S11 (b) S21 (c) S12 and (d) S22, 
respectively, it can be shown that the fabricated TSV 
has a bandwidth for insertion loss (IL, < 0.5dB) of 
around 8GHz. This means that for frequencies below 
8GHz, the fabricated TSV can carry the signal through 
with IL less than 0.5dB. In particular, the IL of the 
TSV is 0.2dB at the frequency of the filters fabricated 
which is 2.4GHz, which implies that the additional 
insertion loss of 0.2dB will be introduced by the TSV 
in the TSV integrated MEMS resonators. 

Figure 4: The characterization results of the 
fabricated TSV. The sub-figures show the measured 
frequency response of (a) S11 (b) S21 (c) S12 and (d) 
522, respectively. From (b), it shows that the insertion 
loss of the TSV is 0.2dB at the frequency of the 
resonators fabricated which is 2.4GHz. This implies 
that the additional insertion loss introduced by the 
TSV in the TSV integrated MEMS resonators is 
0.2dB. 
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Figure 5. Temperature characteristics of the 
thermal cycling testing. 

In order to characterize the reliability and the long-
term stability of the designed resonators, thermal 
cycling testing was carried out on the fabricated 
thickness-mode resonators and the Lamb-wave mode 
resonators under various conditions. Figure 5 shows the 
temperature profile of the thermal cycling testing. One 
cycle of thermal cycling testing comprises of the device 
dwelling at 125°C for 15 minutes first, before ramping 
down to -40°C in 11 minutes and dwelling for 15 
minutes. The temperature is then ramped up to 125°C 
in 11 minutes to start a new cycle. 
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Figure 6: Experimentally measured S21 
magnitude of (a) wideband frequency response and 
(b) narrow band frequency response of the fabricated 
thickness mode resonator, upon undergoing various 
number of thermal cycles. 

Figure 6 shows the measured S21 magnitude of the 
fabricated thickness-mode resonator, with Figure 6 (a) 
depicting the wideband response and Figure 6 (b) 
depicting the narrowband response. From the wideband 
response which shows the response under the 
frequency range from 2.2GHz to 2.9GHz, no change in 
the resonator's performance is observed. If one zooms 
into the frequency range near the parallel resonant 
frequency at around 2.562GHz, as shown in the 
narrowband response with frequency range from 
2.556GHz to 2.568GHz in Figure 6 (b), it can be 
shown that the parallel resonant frequency shifts from 
2.562GHz to 2.5622GHz after undergoing 750 cycles 
of thermal cycling test, rendering a frequency drift of 
78ppm over 750 thermal cycles. It is to note that the 
change in the S21 magnitude under various number of 
thermal cycles are not indicative for the drift in the 
resonator's performance, due to the non-consistency of 
testing setup and testing conditions, e.g., probing force. 

Figure 7: Experimentally measured S21 phase of 
(a) wideband frequency response and (b) narrow 
band frequency response of the fabricated thickness 
mode resonator, upon undergoing various number of 
thermal cycles. 

Figure 7 illustrates the measured S21 phase of the 
fabricated thickness-mode resonator, with Figure 7 (a) 
depicting the wideband response and Figure 7 (b) 
depicting the narrowband response. Again, negligible 
frequency drift can be observed in the wideband 
response, and the narrow band response with frequency 
range from 2.556GHz to 2.568GHz which zooms into 
the series and parallel resonant frequencies, as shown 
in Figure 7 (b), confirms that the shift in the parallel 
resonant frequency for the fabricated thickness-mode 
resonator after going through 750 cycles of thermal 
cycling test is 78ppm. Moreover, from the narrowband 
response shown in Figure 7 (b), the shift in the series 
resonant frequency for the fabricated thickness-mode 
resonator after going through 750 cycles of thermal 
cycling test is 75ppm over 750 thermal cycles. 
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Figure 8: Experimentally measured S21 
magnitude of (a) iideband frequency response and 
(b) & (c) narrow band frequency response of the 
fabricated Lamb-wave mode resonator, upon 
undergoing various number of thermal cycles. 

Figure 8 shows the measured S21 magnitude of the 
fabricated Lamb-wave mode resonator, with Figure 8 
(a) depicting the wideband response and Figure 8 (b) 
and Figure 8 (c) depicting the narrowband response for 
two different frequency ranges which zoom into the 
two different resonant fi•equency of the Lamb-wave 
mode resonator. From the wideband response which  

shows the response under the frequency range from 
1.8GHz to 2.6GHz, negligible change in the resonant 
frequencies is observed. From Figure 8 (b) and Figure 
8 (c), it can be shown that the frequency drift for the 
two resonant modes are 198ppm and 675ppm, 
respectively, after 750 cycles of thermal cycling test 
was conducted to the Lamb-wave mode resonator. 
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Figure 9: Experimentally measured S21 phase of 
(a) wideband frequency response and (b) & (c) 
narrow band frequency response of the fabricated 
Lamb-wave mode resonator, upon undergoing 
various number of thermal cycles. 
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Again, it is to a note that the change in the S21 
magnitude under various number of thermal cycles are 
not indicative for the drift in the resonator's 
performance. 

Figure 9 shows the measured S21 phase of the 
fabricated Lamb-wave mode resonator, with Figure 9 
(a) depicting the wideband response and Figure 9 (b) 
and Figure 9 (c) depicting the narrowband response for 
two different frequency ranges which zoom into the 
two different resonant frequency of the Lamb-wave 
mode resonator. Despite the noise in the measured 
spectrum, negligible frequency drift can be observed in 
the wideband response, while the narrow band response 
with frequency range from 2.05GHz to 2.09GHz which 
zooms into the series and parallel resonant frequencies 
of the first mode as shown in Figure 9 (b), together 
with the narrow band response with frequency range 
from 2.34GHz to 2.46GHz which zooms into the series 
and parallel resonant frequencies of the second mode as 
shown in Figure 9 (c), confirms that the shift in the 
parallel resonant frequency for the fabricated Lamb-
wave mode resonator after going through 750 cycles of 
thermal cycling test is 198ppm and 675ppm, 
respectively. 

IV. CONCLUSIONS 

In conclusion, two types of aluminium nitride (AIN) 
based piezoelectric resonators, namely the thickness 
mode resonator and the Lamb-wave mode resonator, 
have been designed, fabricated, and characterized. TSV 
based on Cu has also been fabricated and is capable to 
be integrated with the AIN based resonators. The 
resonant frequencies of both resonators are above 
2GHz, suitable for high-band LTE applications. Thanks 
to their superior reliability and long-term stability, 
negligible frequency shift occurs to both types of 
resonators upon 750 cycles of thermal testing, 
indicating that the fabricated AIN based resonators are 
promising candidates for communications applications 
in the automotive industry, where reliability and long-
term stability is a key requirement for device 
performance. 
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