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Thermoelectrical characterization of piezoelectric diaphragms: towards a better
understanding of ferroelectrics for future memory applications.
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This work deals with the thermoelectric characterization of
commercial lead zirconate titanate (PZT) based piezoelectric
diaphragms. An in-depth analysis of the piezo- and ferroelectric
behavior of the samples was carried out by measuring current-
voltage curves and polarization hysteresis cycles in a wide
temperature range. We demonstrate that, as the temperature
decreases, higher electric fields are needed to completely polarize
the sample. Furthermore, [-V measurements, polarization hysteresis
loops and coercive fields allow us to confirm that the samples grain
sizes directly correlate with the observed characteristics. From
impedance measurements, resonance frequency values, capacitance
and permittivity were determined at temperatures ranging from 100
to 320 K. It is shown that impedance maxima shift towards greater
frequency values when decreasing the temperature. That is mainly
attributed to the appearance of an internal stress that generates larger
stiffness in the ceramic. Finally, an electroacoustic characterization
was made by measuring the diaphragms characteristics due to sound
waves in the human-hearing frequency range.

Introduction

Piezoelectric diaphragms, more commonly known as buzzers, are electroacoustic
components based on the inverse piezoelectric effect (1). This means that, when an electric
field is applied in the polarization direction of the piezoelectric, a mechanical deformation
in the opposite direction is produced, resulting a human-audible sound in the case of
buzzers (2). Because of this, their most common application so far has been the integration
of alarm systems. However, their range of application has increased over the years, and
recent studies propose piezoelectric diaphragms as possible sensors for Structural Health
Monitoring (SHM) (3-5). Silva de Freitas et al. (6, 7) studied lead zirconate titanate (PZT)
based buzzers to determine their application in SHM as damage detectors, studying both
their temperature stability and their temperature-frequency dependence from 0 to 70°C.

Several studies have been carried out on Pb(Mgi3Nb23)O3—PbTiO; piezoelectric
crystals (8) and lead-free ceramics such as 0.965(Ko.4sNao.55)(Nbo.96Sbo.04)O3-
0.0375Bi0.sNao.sZro.8sHfo.1503 (9), (Ko.s-xLix)Nao.s(Nb1-,Sb,)O3 (10) and BaTiO3 (11) in
order to study their ferroelectric behavior and properties (coercive field, impedance,
hysteresis loop) and their dependence with frequency, as well as to further understand the
dependencies of the dielectric permittivity with these magnitudes (12). Likewise,
ferroelectric materials are interesting for many technological purposes (13,14) and are
suitable components to fabricate non-volatile memories (FeERAM) (15 — 20), as a possible



replacement of gate oxides in dynamic random-access memories (DRAMs) (20), or as the
gate stack of ferroelectric field-effect transistors (FeFET) (20,21).

Since every ferroelectric is in fact piezoelectric (and pyroelectric (22)),
piezoelectric ceramics are good challengers to be investigated as ferroelectric materials. In
the search of materials with high charge storage densities to be used in the memory field,
metal oxide perovskites such as lead zirconate titanate (PZT) is of particular interest due
to their low leakage currents. Besides, ferroelectric PZT shows high remanent polarization,
high permittivity, and thermal stability with low coercive field (23). These properties make
this material promising for high-speed and low-voltage non-volatile memories (24).
Additionally, PZT presents a high electromechanical coupling coefficient, which means
that they can be easily poled and feature a very high Curie Temperature. That allows PPZT
to be fully operational across a wide temperature range (25).

In this work we have carried out an in-depth study of ferroelectric behavior,
measuring the change in ferro- and piezoelectric properties with temperature (and
frequency in the case of piezoelectricity). We focused our study at low temperatures, where
previous research is scarce.

Experimental Setup

The devices under investigation were piezoelectric diaphragms (buzzers) manufactured
by MuRata Manufacturing Co., Ltd.. Measurements were carried for the models 7BB-12-
9 and 7BB-20-6. The active element in these buzzers is not given by the manufacturer, but
as it can be deduced from the results of Silva de Freitas et al. (6, 7). The main compound
used is PZT (although, as it will be further addressed in this paper, it is not the only one),
very common for its good behavior as both ferro- and piezoelectric. For the sake of
simplification, we will refer to these models as SD (Small Device) for the 7BB-12-9 model
with 9 mm diameter and 0.022 mm thickness, and LD (Large Device) for the 7BB-20-6
model with 12 mm diameter and 0.042 mm thickness. Dimensions and properties of the
buzzers can be seen in Table L.

TABLE 1. Dimensions and properties of the 7BB-12-9 and 7BB-20-6 piezoelectric diaphragms
manufactured by MuRata.

Feature 7BB-12-9 (SD) 7BB-20-6 (LD)
Resonance(kHz) 9 6.3
Resonant freq. tolerance(kHz) +1 +0.6
Capacitance(nF) 8 10
Capacitance tolerance +30% +30
Plate Diameter (mm) 12+0.2 20+0.2
Active Element Diameter(mm) 9+0.6 14+0.6
Plate Thickness(mm) 0.10+£0.05 0.20+0.05
Active Element Thickness(mm) 0.22+0.10 0.42+0.10
Plate Material Brass Brass

Electrical characterization of the buzzers was carried out by means of an Agilent
B2987A electrometer. Current-Voltage curves were obtained by applying a positive



voltage ramp until the buzzer was completely polarized. Afterwards, a negative voltage
ramp was applied on the opposite direction, thus performing a double sweep which
delivered a bi-valued function. The hysteresis loop, presented as a charge-voltage curve,
was acquired by integrating the current values measured when applying voltage to the
piezoelectric diaphragm.

To analyze the buzzers impedance response, we used a circuit consisting in a voltage
divider as shown in Fig. 1. An Agilent 33250A wave generator was used to apply sinusoidal
voltage waveforms with frequencies ranging from SkHz to 20kHz. It is easy to calculate
the divider transfer function as:

H(w) =2 =1+%/ [1]

out

where R is the internal impedance of the oscilloscope set at 50 Q and Z is the sample
impedance. The real, X, and imaginary, Y, parts of the impedance, Z, can be derived from
the module, M, and phase, ¢, of H(w).

M cos(p) =1+ X/R ; Msin(p) =Y/R [2]

The digital oscilloscope captures Vi, and Vo wavetorms and, subsequently, M and ¢
are calculated. Finally, X, Y, and thus, Z are obtained as follows:

X =R (Mcos(p)—1) [3]
Y =R Msin(p) [4]
Z=vX2+Y2 [5]

These measurements were carried out at temperatures from 100 K to 320 K by placing
the samples in a liquid nitrogen cryostat.
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Figure 1. Schematic representation of the Voltage Divider circuit.



Results and Discussion

Polarization hysteresis

To obtain the Small Device polarization curve for both positive and negative
voltages, we applied a voltage ramp from 0 to 150 V which guaranteed the visualization of
the entire curve at 300 K. The I-V curve and Hysteresis loop (Fig.2) confirmed that the
ceramic used in the buzzers showed an excellent ferroelectric behavior.
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Figure 2: I-V curve (a) and polarization hysteresis loop (b) of the small device at 300 K.

Subsequently, the sample was introduced into the cryostat and we performed the same
measurements at temperatures from 100 to 320 K with steps of 10 K. As we will further
address in this paper, the acquisition of the curves for all thermal conditions required an
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Figure 3: SD I-V polarization curves at different temperatures in the range 100-320 K
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increase in the maximum value of the voltage ramp up to 500 V, with no reported impact
in the integrity of the sample.

In Fig. 3, we observe that the lower the temperature of the sample, the higher the
voltage needed in order to fully polarize the ceramic. Moreover, the current maximum
obtained by the polarization process dropped smoothly as temperature decreased. This
suggested us that the lower the temperature of the sample, the weaker the activation of the
inverse piezoelectric effect. Thus, a higher electric field is needed to polarize the sample.
This behavior can be explained because ferroelectric polarization is due to ferroelectric
domain wall motion, a thermally activated process (26). Consequently, as temperature
decreases, domain reversal becomes gradually tougher. Therefore, the electric fields
needed to polarize the sample become higher. In addition, the decrease in polarization
current could be attributed to the inability to reverse all the domains at such low
temperatures. The fact that domain walls lose mobility and cannot be reversed in their
entirety as the temperature lowers explains the increase of the coercive field as temperature
decreases (27, 28). Fig. 4 presents a 3D plot (Q-V-T) of the hysteresis loop where the rise
of the coercive field with temperature is noticeable (since E and V are proportional to each
other). The gap between both the first and the last charge values in the hysteresis loops is
the result of different polarization states at the beginning and the end of the experiment.
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Figure 4. Variation of the small device polarization hysteresis loop with temperature.
Warmer (cooler) colors indicate higher (lower) charge values.

Size dependence

To measure possible size dependences, the same experiments described above were
carried for a new diaphragm model 7BB-20-6 (LD) which differs from the previous one in



its element size (14 mm ceramic diameter vs. the SD’s 9 mm diameter). The temperature
sweep (Fig. 5) showed that the behavior of the current peaks followed the same pattern
observed in the first sample (Fig. 3). In Fig. 6 we compare current densities and polarization
loops of both samples. Fig. 6(a) shows that, at 300 K, the peak corresponding to the current
density of the LD model almost doubles the height of that of the SD. Moreover, Fig. 6(b)
presents a great difference between the polarization hysteresis of the buzzers. The smaller
one shows higher coercive field values and much bigger electric fields to be completely
polarized and achieve saturation values. These differences may be explained by domain
wall mobility and type, determined by the different thicknesses of our samples.

Ferroelectric materials present two types of domain walls: 180° and non-180° domain
walls. Usually, when studying thin films, only the 180° domain wall contribution is
important. However, both devices studied present large thickness (far above 2um), making
the contribution of non-180° domain wall motion non-negligible (26). As the LD is not
only larger, but thicker than the SD, finer grains are expected for the latter (28).
Consequently, lesser 180° domain wall density and greater 180° domain wall pinning
(reduced mobility) is expected for the smaller buzzer. Moreover, it is possible that non-
180° domain wall contribution is greater in thicker films with larger grains (26). These
mechanisms would explain why the polarization current densities shown in Fig. 6a are
lower and wider for the smaller device, as well as the greater coercive field measured and
electric field values needed seen for the SD (Fig. 6b).
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Figure 5: I-V polarization curves of the large device at different tempeatures in the range
100-320 K.
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Figure 6: Current density versus voltage (a) hysteresis loops (b) of the
small (red) and large (black) devices at 300 K.

Furthermore, we measured the relationship between the magnitude of the coercive field
and temperature corresponding to both devices (Fig. 7). Similar behavior was previously
found by Xu et al. (26) and Meng et al. (27). The rise of the coercive field as the temperature
decreases is because domain wall motion is thermally activated. Hence, as the temperature
lowers, the inability to reverse all domain walls combines with the reduced mobility of the
reversible ones. Some of them result blocked, i.e., unable to be reoriented (31). Therefore,
higher electric field values must be applied, and lower poling currents are measured. Even
though this behavior is common for both samples, we cannot ignore that, in fact, there is a
dependence in the poling processes of the samples regarding their size. It has been reported
that the size of the sample affects the poling process (26, 27) as well as the coercive field
(28, 29). In our case, the smaller the diaphragm, the lower mobility of the polarization
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Figure 7: Coercive Field of the small (red) and large (black)
piezoelectric diaphragms in the 100 — 320 K temperature range.



domain walls, causing the coercive field to rise as seen in Fig. 7. These results indicate that,
domain reversal becomes more difficult as the sample is thinner. As we have previously
explained, less thickness implies less 180° domain wall mobility, as well as finer grains
(which reduce the non-180° domain reversal).

The phenomenon of polarization backswitching causes the difference between the
remanent polarization and the saturation polarization (30). This mechanism opposes the
nucleation and mobility of domain walls (31-35), acting as a driving force against the
alignment of the polarization domains. It is interesting to analyze this magnitude with a
view to the ferroelectrics’ future memory applications, as it works against their non-volatile
effect. Fig. 8 shows the Arrhenius plot of polarization backswitching of the two different
size buzzers. It agrees the fact that this phenomenon is more pronounced at higher
temperatures as found by Wen et al. (36). Moreover, our data expand the studied range of

this phenomenon and confirms that it follows an Arrhenius law at very low temperatures
(36).
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Figure 8: Arrhenius plot and linear fit of the small (red) and large
(black) devices polarization backswitching evolution with temperature.

Knowing that the relationship between P; — P, and T follows:

P =P = Poexp (— %) [6]

where Ej is the activation energy, and P, is a constant. We can estimate the activation
energy values of domain switching by the slopes obtained when plotting In(P, — B.) vs.

—1/kgT . The energies obtained are 0.016 eV and 0.012 eV for the small and large
devices, respectively.



The fact that the thicker buzzer presents the smaller E; value supports our
hypothesis that its grains are larger, and thus, its domain wall mobility (both 180° and non-
180°) is greater. Furthermore, the low activation energy values may indicate that the
samples present a typical relaxor ferroelectric behavior (37).

Impedance analysis

In this section we present the impedance measurements, which were only carried out
for the SD. Fig. 9 plots the electrical impedance (impedance from now on) at 300 K of the
small device. We identified several resonances at 6.4 kHz, 11.6 kHz, 15.3 kHz and 17 kHz
besides from the one given by the manufacturer at 8.3 kHz (which is in fact the global
impedance maximum (anti-resonance)); in spite of this findings, we believe that 11.6 kHz
and 17 kHz may be harmonic frequencies of the 6.4 kHz and 8.3 kHz resonances. However,
the same cannot be said for the 15.3 kHz one.
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Figure 9: Magnitude (Z), imaginary (Y) and real (X) parts of electrical impedance
as a function of the frequency measured for the small device at room
temperature and at zero electric field.

To carry out a more careful analysis of these resonances while ensuring the validity
of the results, we performed a sound level analysis. At room temperature, a sound level
meter was placed in front of our piezoelectric diaphragm, and the frequency sweep was
carried as previously described. Results are plotted in Fig. 10. The sound pressure maxima
fit well with the resonances observed in Fig. 9. However, the response between 15.3 and
17 kHz is much significant in comparison with the impedance ones, and the 11.6 kHz peak
is missing. A better analysis is obtained by comparing the sound pressure spectra with the
phase displacement between the input and output electric waveforms. In Fig. 11, we plot
the phase shift and the capacitance as a function of frequency. This plot clearly confirms
the results obtained in Fig. 10. Moreover, this shows that the buzzer has in fact fine
electroacoustic properties in the human audible frequency range, which would make it
suitable for alarms or SHM applications.
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Figure 10: Sound pressure levels at low frequencies for the small device.
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Figure 11: Phase difference (red) and capacitance (blue) at low frequencies
for the small device

Subsequently, the SD was placed inside the cryostat to carry out the electroacoustic
characterization as a function of temperature. The results provided by Fig. 12 indicate that
the anti-resonance peaks get sharper and higher continuously as temperature decreases and,
interestingly, the 6.4 kHz peak surpasses that of 8.3 kHz in height. The flattening of the
sharp impedance peaks with growing temperature recorded in Fig. 13 has been observed in
a previous work by G. Park et al. (38). Following their reasoning, it was attributed to a
decrease in the dynamic interaction between the PZT patch and the two electrodes of the
buzzer (38)
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Figure 12: 3D surface and Contour plots of the impedance as a function of frequency
and temperature. The shift towards higher frequencies at lower temperatures can be
clearly noticed. Warmer (cooler) colors indicate higher (lower) Z values.

We claim that the fact that the impedance values rise as temperature decreases is a
result of the inversely squared proportional relationship between the electrical impedance
and the piezoelectric coefficients (Liang et al. (39)). Silva de Freitas et al. (7) proved that
the inverse piezoelectric effect is dominated by these piezoelectric coefficients which affect
the impedance value (39), and depend both on frequency (40, 41) and temperature (42).
Figure 12 clearly shows that the anti-resonances shift towards higher frequencies as the
temperature decreases. Similar behavior has been previously observed by Lim et al. (43)
by applying tensile stress to PZT patches. This leads us to believe that the temperature



change experimented by our buzzer was in fact a source of internal stress inducing a
stiffening effect to the piezoelectric ceramic. Consequently, the piezoelectric coefficients
reduced their value, resulting in higher impedance values (39).

Additionally, we have obtained the dielectric permittivity, &, as a function of the
temperature and frequency. First, we computed the values for capacitance of the PZT
ceramic, shown in Fig. 11 at 300 K and in Fig. 12 for the entire temperature range, using
the following expression:

C = 1/(wY) [7]

where o is the angular frequency (v = 2zf). The relative dielectric permittivity is given
by:

e =(Ct)/(A ey =¢/¢eo [8]

where A is the electrode area, ¢ is the ceramic layer thickness, and ¢ is the vacuum
permittivity. We focus on the 10 — 20 kHz range where the capacitance presents an almost-
constant value (see Fig. 11). As there was no observed electric permittivity dependence
with frequency in this range, Fig. 13 shows ¢, at 20 kHz. It can be seen that the relative
dielectric constant greatly increases with temperature from 672 at 80 K to 2841 at 340 K.
This is consistent with the results previously presented by Xu et al. (26), Meng et al. (27)
and Sabat et al. (44).
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Figure 13: Dielectric permittivity obtained at 20 kHz for the small
device in the 100 — 320 K range.

When carefully comparing the results obtained for the SD to those found in the
literature, one can see a good match to those presented by Zhang et al. (45) characterizing
Sr?* -substituted xPZN — 0. 1PNN — (0.9 — x)PZT ceramics. Our P-E hysteresis loop
is very similar to the ones they present in the range x = 0.2,0.3. Moreover, the SD



activation energy value of 16 meV is very similar to those they obtained for Sr** -doped
0.1PZN — 0.1PNN — 0.8PZT. Our dielectric constant measurements also approximate
very well to those they obtained for 0.2PZN — 0.1PNN — 0.8PZT. This is further
supported by the dielectric constant obtained by Sutjarittangtham et al. (46) for Sr(6mol%)
-doped 0.2PNN — 0.8PZT ceramics at room temperature, which resembles our data at
300 — 320K.

Conclusions

In this work we have carried out an in-depth experimental study of piezoelectric
PZT capacitors focused on low temperatures, where previous research is scarce. The
electric characterization showed that this material exhibits excellent ferroelectric behavior
at high voltages. Data extracted from the temperature measurements led us to realize that
PZT became more difficult to polarize as the temperature decreased, requiring more
voltage and presenting lower polarization currents. This means that reducing the
temperature delays the activation of the inverse piezoelectric effect and degrades the
ferroelectric properties. This behavior is confirmed by measuring the hysteresis loops at
several temperatures, which reveals that coercive fields grow as temperature decreases.
Polarization backswitching shows Arrhenius-like behavior in all the temperature range,
being more pronounced at higher temperatures. These temperature-related effects can be
explained by the fact that polarization switching is driven by domain wall motion. This is
a thermally activated process, and so domain walls have less mobility or are even unable
to be reversed when the temperature diminishes.

We have found that the device area influences both the poling process and coercive
field. These results indicate that thinner devices show polarization domain walls with less
mobility. This is mainly because thickness affects grain size. The thicker diaphragm
presents larger grains, and thus, greater 180° and non-180° domain wall mobility, which
ease its domain reversal, explaining its faster poling process, as well as its smaller coercive
field values. This hypothesis is supported by the polarization backswitching analysis,
which allowed us to determine a higher activation energy of domain switching for the
smaller device. Furthermore, both devices present low activation energy values, typical of
a relaxor ferroelectric.

Impedance measurements of the smaller device show a global impedance
maximum at 8.3 kHz, and local maxima at 6.4 kHz, 11.6 kHz, 15.3 kHz and 17 kHz. These
results were confirmed by electroacoustic measurements. The simultaneous frequency and
temperature sweeps indicated that impedance maxima increase and shift towards higher
frequencies as temperature decreases. Hence, decreasing the temperature produces an
internal stress in the ceramic generating larger stiffness and, consequently, reducing its
piezoelectric coefficients.

The values measured for the dielectric constant of the smaller sample, as well as its
activation energy and polarization hysteresis loop are in great accordance with those found
in the literature for Sr -doped PNN-PZT based ceramics.
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