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Abstract: The self-heating effect occurs when the bulk acoustic wave filter is
loaded with power, leading to the deterioration of the insertion loss. In this
paper, the self-heating effect of bulk acoustic wave filters at high frequency
power is investigated. A test system is built to obtain the maximum surface
temperature and the insertion loss of the bulk acoustic wave filter at different
power levels. The test results show that the self-heating effect causes the
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internal temperature of the bulk acoustic wave filter to increase further after
increasing the power, resulting in the increase of the insertion loss. The test
system and analysis method in this paper verify the relationship between the
self-heating effect and the insertion loss, and can provide guidance for the
construction of the relevant reliability test system of the bulk acoustic wave
filter.
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1 Introduction

Mobile 5G communication and smart devices are now in a high development stage and
their intelligence requires radio communication for information interaction (Aigner and
Fattinger, 2019). Therefore, highly reliable radio frequency (RF) devices are needed to
send and receive information. Currently, the commonly used filters in RF are surface
acoustic wave (SAW) filters and bulk acoustic waves (BAW) filters. SAW filters are
limited to operate in the low to medium frequency band of kHz. In contrast, BAW filters
can operate in the high frequency band with high power capacity, high energy conversion
efficiency, high out-of-band rejection and low insertion loss (IL), so they are commonly
used in RF front ends of various devices (Chen et al., 2021; Strijbos et al., 2007; Ruppel,
2017), such as magnetoelectric transducer antennas for wireless communication (Chen
et al., 2022). In addition, BAW filters can be applied in physical sensors and actuators as
well as biochemical sensors (Yang et al., 2022). Thus, it is evident that BAW filters have
excellent performance and a wide range of uses, and therefore it is necessary to pay more
attention to their operating performance.

One important parameter of BAW filters is the /L, which reflects the loss generated
by the power signal through the filter (Lakin, 1999). The smaller the IL, the better the
transmission performance of the BAW filter, and vice versa. The internal temperature of
the BAW filter increases at high power, which reduces the performance of the BAW
filter (Aigner et al., 2005, Tag et al., 2014). The thermal behaviour of BAW filters at high
power has been simulated by finite element and the temperature distribution and heat
transfer path of the internal piezoelectric layer of BAW filters have been obtained
(Kirkendall and Ivira, 2018, Kozlov, 2019). However, there is a lack of research on BAW
filters under actual operating conditions. In this paper, we build a test system for BAW
filters to study the maximum surface temperature and the variation of the IL of BAW
filters at different powers.

2 BAW filter

The basic component unit of BAW filters is the BAW resonator, which is mainly divided
into thin film bulk acoustic wave resonator (FBAR) and solidly mounted resonator
(SMR) (Kozlov, 2021). Both of these resonators are widely used, but the reflection of
acoustic waves by the Bragg reflection layer in SMR is not as good as the reflection of
acoustic waves by the air in FBAR, so some of the acoustic waves will still leak out
through the substrate, thus causing energy loss (Farina and Rozzi, 2004, Schaefer et al.,
2019). Therefore, in this paper, the BAW filter with FBAR as the basic component unit is
used as the research object.

When an AC voltage is applied to the top and bottom electrodes of the FBAR, an
inverse piezoelectric effect occurs in the piezoelectric layer and the electrical signal is
converted to an acoustic wave and a standing wave is formed in the piezoelectric layer.
When the frequency of the electric signal coincides with the standing wave frequency, the
FBAR can output the signal of that frequency. The above is the working principle of
FBAR to generate resonant frequency.

The FBAR exists at two resonant frequencies, the series resonant frequency f; and the
parallel resonant frequency f,. From the FBAR impedance expression of equation (1), we
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can obtain that the impedance of FBAR at f; is zero and at f;, the impedance of FBAR is
infinite (Jamneala et al., 2008).

2 71
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where ¢ is the imaginary part; o is the angular frequency; Cy is the static capacitance; k>
is the electromechanical coupling coefficient of the piezoelectric layer; ¢, is the phase
shift of the piezoelectric layer; Z; is the acoustic impedance of the interface between the
piezoelectric layer and the top electrode; Z, is the acoustic impedance of the interface
between the piezoelectric layer and the bottom electrode; Z, is the characteristic acoustic
impedance of the piezoelectric layer. Using the impedance characteristics of FBAR,
multiple FBAR resonators are cascaded in series and parallel to form a trapezoidal
structure, which constitutes a BAW bandpass filter. The topology of the first-order ladder
BAW filter is shown in Figure 1.

Figure 1 First-order trapezoidal BAW filter topology
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In the BAW filter topology, the resonant frequency of the parallel FBAR is smaller than
that of the series FBAR. The series resonant frequency fps of the parallel FBAR is
smaller than the series resonant frequency f;, of the series FBAR. The impedance of the
parallel FBAR at the frequency fps is extremely small, and the input signal is transmitted
to ground through the parallel FBAR, and the BAW filter has no output signal. The
parallel resonant frequency f,, of the parallel FBAR is basically the same as f;,, the
impedance of the parallel resonator at this frequency is infinity, the impedance of the
series resonator is zero, the signal is able to pass through the BAW filter with less loss,
thus forming a passband. The impedance of the series FBAR at the parallel resonant
frequency f;, is extremely large, and the input signal cannot pass through the BAW filter.
In summary, this is the filtering principle of the first-order trapezoidal BAW filter.

According to the operating principle of resonators and filters, it is known that the /L is
related to the elasticity coefficient of the material, the longitudinal propagation speed of
the acoustic wave, the resonant frequency and the quality factor. The following equation
exists between the above parameters, and equation (2) is the formula for the elasticity
coefficient:

C(T) = C(T)) *C(T) = C(T) *[1+ TC(T - T;) ] 2)
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where C(T) is the coefficient of elasticity at self-heating temperature, C(7o) is the
coefficient of elasticity at room temperature, and TC is the temperature coefficient of the
coefficient of elasticity.

Equation (3) is the calculation of the longitudinal propagation velocity of the acoustic
wave in the material:

2
c+&
v= pe €)

where v is the longitudinal propagation velocity of the acoustic wave in the piezoelectric
layer, e is the piezoelectric stress constant, ¢ is the clamping dielectric constant, and p is
the density of the piezoelectric layer material. Equation (4) is the resonant frequency of
the resonator calculated as:

v
f =24 “

where f is the resonant frequency and d is the thickness of the piezoelectric layer.
Equation (5) is the formula for the quality factor,
S |dy

=3 (&)

where Q is the quality factor and ¢ is the impedance phase. The higher the Q value, the
greater the IL and the better the passband transmission performance of the BAW filter.

3 Test system construction

3.1 System composition

In order to observe the heating of the BAW filter at different input powers. The test
system built needs to have the conditions to monitor both the maximum temperature of
the BAW filter surface as well as the IL. Therefore the test environment is mainly divided
into a power loading part and a measurement part. The power loading part consists of
signal generator, power amplifier, circulator, directional coupler, attenuator and load; the
measurement part consists of infrared thermal camera (model: TM-HST), power metre
and computer. The built test environment is shown in Figure 2.

The power loading process of the test system is as follows: firstly, the power signal is
generated by the signal generator; after that, it is transmitted to the power amplifier for
amplification, and the amplified power signal is transmitted to the directional coupler by
the circulator; then the power signal is loaded to the sample under test by the directional
coupler; finally the power signal output from the sample under test is absorbed by the
load after the directional coupler and attenuator.

During the power loading process, the /L and the maximum surface temperature of
the sample under test are measured by the power metre and the infrared thermal imaging
camera, respectively. The input and output power of the sample is measured by the power
metre at both ends of the sample, and the absolute value of the difference between the
two powers is the /L. The thermal imaging camera is able to measure the surface
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temperature distribution of the sample under test, and the maximum surface temperature
of the sample under test can be obtained.

Figure 2 Test system construction (see online version for colours)
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The purpose of testing other components of the system is to avoid damage to the system
due to power signal injection failure. The reason for power signal injection failure is that
when the frequency of the input power is in the resistance band, the signal will not pass
through the filter and return along the path. The role of the circulator is to transmit the
returned power signal to the attenuator to attenuate and then absorbed by the load to
protect the power amplifier from damage. The role of the directional coupler is to
transmit the power signal, and the equivalent signal attenuation 20 dB after input to the
power metre to avoid damage to the power metre due to excessive power.

Figure 3 Diagram of the sample under test (a) fixture diagram and SEM image of the BAW filter
(b) schematic diagram of the structure of the internal FBAR of the BAW filter
(see online version for colours)
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The sample under test is a BAW filter composed of an FBAR, which has two types of
structures, an air-gap type and a silicon surface etched type (Yang et al., 2023). The
FBAR used in the test is an air-gap type with an ‘air-gap’ and ‘sandwich’ structure. Two
metal electrodes are sandwiched by a piezoelectric film to form a sandwich, and a
vacuum chamber is constructed under the sandwich. The upper and lower electrodes of
the interlayer are made of molybdenum (Mo), the piezoelectric material is aluminium
nitride (AIN), and the material of the encapsulated housing is ceramic. The vacuum
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chamber below the sandwich is obtained by etching the silicon substrate. Figure 3 shows
the fixture diagram, scanning electron microscope (SEM) diagram and structure diagram
of the BAW filter.

3.2 Testing process

According to the operating environment of BAW filter and referring to IEC 63155, the
accelerated degradation test flow of step power is developed as shown in Figure 4. The
input power is increased from 0.5 W in steps of 0.1 W. Each power is held for 5 minutes
until the test is terminated when the IL exceeds 3 dB or the maximum surface
temperature T exceeds 150 °C. It is worth noting that the surface maximum temperature
and the /L need to be stabilised after each power change before recording the data.

( Start )

h 4

Test sample

Figure 4 Test flow chart

\ 4
—»{ Input power

'

IL.T

T=150C?

Yes

End

3.3 Test results and analysis

The maximum surface temperature and the /L of the four samples at different powers, as
well as the power limit of each sample, were obtained according to 3.2. The temperature
distribution of the BAW filter surface shown in Figure 5 can be obtained by the infrared
thermal imaging camera.



Study on the effect of self-heating effect of bulk acoustic wave filter 185

Figure 5 Surface temperature distribution of (a) the non-failed sample and (b) the failed sample
(see online version for colours)

The temperature distribution graph before and after the BAW filter failure illustrates the
significant reduction of heat concentration zones on the surface of the failed sample. The
surface of the BAW filter before failure produces several high heat concentration areas,
with the highest temperature area in the middle of the chip. Only a small area of the failed
BAW filter shows a temperature increase at the same power input. The BAW filter heats
up in the operating condition mainly because of the acoustic and electrical losses in the
FBAR, while the temperature distribution plot of the failed sample shown in Figure 5(b)
indicates that the sample has irreversible structural damage. The internal structure of this
sample is damaged, which causes the series and parallel resonators inside the filter to be
unable to receive power signals, and the piezoelectric layer and top and bottom electrodes
do not pass through the power, so the heat generation area is reduced. The highest surface
temperature of the failed sample is the power signal input region.

Figure 6 Test results (a) T-P and (b) IL-P (see online version for colours)
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Figure 6 shows the maximum surface temperature and the /L measured at each stage of
power, reflecting the trend of increasing BAW filter T and /L with increasing power. The
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yellow dots in Figure 6 indicate that the samples reached T of 150 °C or /L greater than 3
dB at that power, so the four samples terminated the test at different power points. The
test results show that the power limit of 1# is 1.7 W, the maximum temperature at this
power is 152.3 °C, and the /L increases by 1 dB; the power limit of 2# is 1.5 W, the
maximum at this power is 149.9 °C, and the /L increases by 6.17 dB; the power limit of
3# is 1.6 W, the maximum temperature at this power is 154.4 °C, and the /L increases by
0.94 dB; the power limit of 4# is 1.2 W, the maximum temperature at this power is 128.2
°C, and the /L increases by 1.28 dB. The more abnormal part of the red curve in
Figure 6(b) reflects the failure of sample 2# with the /L greater than 3 dB when the input
power increases from 1.4 W to 1.5 W.
Equation (6) enables to obtain the average input power rating of the BAW filter:

])in_aver = lz B -3 (6)
nig

where P; is the input power corresponding to 1 dB of /L deterioration. The units of the
power signal are converted from W to dBm for calculation, and the resulting calculation
results are shown in Table 1.

The results show that the rated input power of the BAW filter is 0.733 W. The
underlying reason for the increase in the /L of the BAW filter with increasing temperature
is the decrease in the propagation speed of the acoustic wave in the piezoelectric material
due to high temperature. After the input power is loaded into the BAW filter, it passes
through the top electrode, piezoelectric layer and bottom electrode of the series and
parallel FBAR. There are ohmic and wiring losses of the electrodes, attenuation losses of
the acoustic wave and dielectric losses of the piezoelectric layer in the transmission path.
The increase in power increases the losses through the FBAR and raises the temperature.
The temperature increase reduces the elasticity coefficient of the AIN layer of the FBAR,
which decreases the longitudinal propagation speed of the acoustic wave in the AIN
layer, causing the resonant frequency to become smaller, resulting in a decrease in Q
value, and eventually leading to the deterioration of the /L.

Table 1 Average power rating of the tested samples

Insertion loss deterioration 1dB input

Sample Average rated input power (W)

power(W)
1# 1.7 0.733
2# 1.4
3# 1.6
4# 1.2

4 Conclusions

This paper presents a method for simultaneous measurement of surface temperature and
IL of a bulk acoustic wave filter. The theory that the /L of the bulk acoustic wave filter
deteriorates with increasing temperature is verified by building a power loading part and
a measurement part to form a test system and performing a power acceleration test with a
step size of 0.1 W. The test results show that the power rating of the BAW filter is 0.733
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W and the self-heating effect limits the power limit of the BAW filter. Each 0.1 W
increase in input power causes a further increase in the maximum surface temperature
and an increase in the IL. This study can be used as a guide for building test systems for
other reliability studies of body acoustic wave filters, and has some reference value for
improving the power rating of body acoustic wave filters.
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