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ABSTRACT

Piezoelectric microelectromechanical systems (piezoMEMS) enable dense arrays of actuators which are often driven to higher electrical fields
than their bulk piezoelectric counterparts. In bulk ceramics, high field driving causes internal heating of the piezoelectric, largely due to field-
induced domain wall motion. Self-heating is then tracked as a function of vibration velocity to determine the upper bound for the drive
levels. However, the literature is limited concerning self-heating in thin film piezoMEMS. In this work, it is shown that self-heating in
piezoMEMS transducer arrays occurs due to domain wall motion and Ohmic losses. This was demonstrated via a systematic study of drive
waveform dependence of self-heating in piezoMEMS arrays. In particular, the magnitude of self-heating was quantified as a function of
different waveform parameters (e.g., amplitude, DC offset, and frequency). Thermal modeling of the self-heating of piezoMEMS using the
measured hysteresis loss from electrical characterization as the heat source was found to be in excellent agreement with the experimental
data. The self-heating model allows improved thermal design of piezoMEMS and can, furthermore, be utilized for functional heating,
especially for device level poling.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0114670

In bulk piezoelectric actuators, the operational upper power
limit is often governed by self-heating of the device. The area inside a
polarization–electric field (P–E) curve corresponds to the energy lost
per actuation cycle. P–E hysteresis is a result of the field-induced
motion of domain walls or phase boundaries in a material with distrib-
uted pinning centers in addition to nucleation of new domains.1 The
energy dissipated during a field cycle is lost as heat, and in cases where
the heat generated exceeds the heat removal by thermal conduction,
convection, and radiation, the transducer temperature rises, i.e., the
material self-heats in response to the drive electric field. This self-
heating is exacerbated when the electrode volume/area ratio of the pie-
zoelectric is large,2 as the radiation area is reduced.

One approach to quantify this energy loss is to measure the
temperature rise as a function of the vibration velocity for the
material.2–5 The vibration velocity is the velocity of the surface as
the piezoelectric is driven either off- or on-resonance. The temper-
ature rise is then measured via infrared thermometry or some
other convenient technique. In materials where domain wall
motion is substantial, unipolar P–E loops are also hysteretic,

energy dissipation is high, and the material self-heats at small drive
fields (and hence vibration velocities). The maximum vibration
velocity is often set as the vibration velocity at which the trans-
ducer temperature rises by 20 �C.2

In considering the upper limits for drive conditions for
piezoMEMS actuators, it is important to note that the thermal bound-
ary conditions differ from stack actuators or sonar arrays, etc. The sur-
face area to volume ratio is much higher, which is useful for heat
extraction (particularly for devices built on silicon-on-insulator (SOI)
wafers, given the high thermal conductivity of single crystal silicon).6

Nonetheless, self-heating has been reported in released structures.7 As
expected, for actuation of isolated piezoMEMS devices based on lead
zirconate titanate (PZT) films, the energy dissipation was larger for
bipolar cycling through major hysteresis loops than for either unipolar
actuation or minor hysteresis loops.

A second way in which ferroelectric films differ from bulk
ceramics is the reduced extent of ferroelastic domain wall motion.8–12

As a result, PZT films are “harder” than bulk PZT ceramics. Since the
motion of domain walls dominates self-heating, and one population of
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walls is largely clamped out in films, it is not obvious that self-heating
will occur to the same extent as is characteristic of PZT ceramics.

Limited data have been reported for actuator arrays driven at
high frequencies. To ameliorate this lack, in this study, a test die repre-
senting an industrial thin film piezoMEMS drop-on-demand inkjet
die was used to study self-heating as a function of the excitation condi-
tions.13,14 The die utilized 1420 sol-gel PZT-based micro-actuators
arranged in four rows of 355 actuators each. The overall size of the die
was 32� 13� 0.5mm3. Measurements were performed on a single
row of actuators. Electrical contacts were made to every sixth (1st, 7th,
13th, etc.) actuator and the row was electrically divided into three
groups, with each group containing 20 actuators. All the actuators in a
group were electrically connected. Each test group (left, center, or
right) could be driven independently. To perform this experiment
with well-controlled thermal boundary conditions, the die was firmly
attached to a polycarbonate substrate. The test die also incorporated
metal resistance temperature detectors (RTDs) on both sides for tem-
perature measurements. The RTDs were calibrated by holding the die
at fixed temperatures and measuring the corresponding resistances
using the four-wire measurement method to cancel the effect of the
test lead and channel path resistances. Moreover, additional resistance
from thermoelectric voltages was eliminated by using offset compensa-
tion measurements.15 For each drive condition, care was taken to
ensure that the steady state temperature was reached. The temperature
drift during the measurement was <0.07 �C over a period of 5min;
the origin of the drift was human activity in the laboratory.

To measure the energy dissipated by a single actuator, P–E hys-
teresis measurements were performed using an aixACCT Thin Film
Analyzer TFAnalyzer3000 using sinusoidal waveforms:

V tð Þ ¼ B þ A sinðxtÞ; (1)

where B is the DC offset, A is the amplitude, and x¼ 2pf, where f is
the driving frequency. The DC offset determines the waveform polar-
ity and symmetry. Specifically, B¼ 0 gives a symmetric bipolar wave-
form (true bipolar), while jBj � A gives a completely unipolar
(positive or negative polarity) waveform. For intermediate values of
jBj < A, the waveform is bipolar but not symmetrical (offset bipolar).
The self-heating was assessed over a wide range of the waveform
parameters, A, B, and f.

Figure 1 shows the measured P–E hysteresis loops for different
values of the DC offset (B) for A¼ 25 V at 1 kHz. Typically, each loop
is averaged over 200 cycles. Since the absolute value of measured
polarization is arbitrary, the starting polarization for offset bipolar
waveforms are shifted along the y-axis to the corresponding points for
the purely bipolar waveform. This allows easy comparison between
different loops. The area inside each P–E hysteresis loop gives the
energy lost as heat during one cycle, Wloss, including domain switching
and resistive losses, and is calculated by numerical integration.

A plot of Wloss as a function of the DC offset is also shown in
Fig. 1. Figure 2 shows the plots of hysteresis loss vs DC offset, B for all
values of A and f.

Thermal modeling of the self-heating under steady state condi-
tions was done via a 3D finite element model (FEM) of the die geome-
try in COMSOL as shown in Fig. 3. The material properties utilized
are listed in Table I.

In this model, Wloss data from Fig. 2 were used as the heat source.
The modeled heat dissipation mechanisms are convection from the

ambient-exposed surfaces of the die and conduction through the poly-
carbonate substrate. The ambient as well as the bottom surface of the
substrate were assumed to be held at 20 �C. While the overall die size
is 32� 13� 0.5mm, the individual actuators are small (�55lm
� 1mm��5lm). Accurate actuator dimensions and locations are
needed to model the source of heat correctly. At the same time, it is
also important to maintain the overall dimensions of the die accurately

FIG. 1. Top: Polarization vs voltage loops for sinusoidal waveform with A¼ 25 V,
f¼ 1 kHz and five different DC offset values; bottom: hysteresis loss, Wloss, as a
function of DC offset.

FIG. 2. Hysteresis loss for a single actuator, Wloss, as a function of DC offset (B)
for different amplitude, A, and frequency, f.
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to correctly model the heat loss mechanisms. This presents a challeng-
ing problem in terms of the overall grid elements of the model. In
order to reduce the complexity of the model, only the actuated row
included all the actuators with their dimensions while treating the
three unactuated rows as silicon. The model uses a combination of
structured (prism) and unstructured (tetrahedral) elements with a
quadratic discretization scheme. The mesh density was increased until
the results were consistent and stable. The final model used �6� 105

mesh nodes. Further doubling of the mesh density did not change the
results.

Figure 4 shows a schematic of the die with the relative location of
the RTDs, three groups of electrically connected actuators (20 actuators
each, total 60) and a representation of seven different combinations of
groups of actuators fired. A sinusoidal waveform with A¼ 25 V, B¼ 25
V, and f¼ 100kHz was used in this experiment. Figure 4 also includes
the temperature rise measured on the right side of the die and the mod-
eled temperature rise. The agreement between the measured and the
modeled temperature rise is good. The small difference between the two

is attributed to discrepancies in the actual thermal properties of the
materials (especially, the polycarbonate substrate) and the values
assumed in the model. The temperature distribution across all 355
actuators in a row as obtained from FEM is also shown in Fig. 4. The
local temperature of the fired actuators is about 10 �C higher than the
temperature at the ends of the die (Fig. 4, right).

Figure 5 plots the temperature rise when all 60 actuators are fired
and the single actuator Wloss as a function of DC bias offset (B) and
the AC amplitude (A) for a fixed frequency of 100 kHz. For a “B
sweep,” A was constant at 25V and B was varied from 12 to 29V. For
the “A sweep,” the DC bias offset B was 12.5V and A was varied from
10 to 25V. In both cases, the temperature rise scales with Wloss. Figure
6 shows the measured temperature rise as a function of hysteresis loss
for various combinations of A and B at a fixed frequency of 100 kHz.
The linearity of the plot implies that the temperature rise is directly
proportional to Wloss. Furthermore, varying the slew rate from 5.6 to
14V/ls did not affect this linear relation.

There are several key points to recognize from these data. First,
this approach to measuring the temperature is both quantitative and
free from the limitations arising from the field-induced flexure of
piezoMEMS that complicates conventional measurements by IR ther-
mometry or thermoreflectance.7 Second, the temperature changes,
even under unipolar excitation can be large for arrays of piezoMEMS
actuators (especially noting that in these measurements only 60 out of
1420 actuators were driven). Third, the maximum Wloss in Fig. 2 cor-
responds to the purely bipolar waveforms; as the unipolar component
of the waveform increases, Wloss also decreases due to increased stabi-
lization of the domain state. The energy loss is also a function of wave-
form amplitude, as expected.16

Fourth, this paper addresses only high field dielectric loss as mea-
sured by the P–E hysteresis loops. The elastic and piezoelectric
losses2,4,17,18 are not included, save that the fundamental mechanisms
associated with motion of domain walls are also captured in the

FIG. 3. SEM cross section of a die
(a) and an individual actuator (b). Full
geometry (c), dimensions in mm, and
a zoom-in view of the individual
actuators (d) of the FEM model (the
front face is a cut-plane across the
middle of a row of actuators).

TABLE I. Materials in the modeled stack, their thickness, density, and thermal
properties.

Material
Thickness
(lm)

Density
(K/m3)

Thermal
conductivity
[W/(m�K)]

Specific heat
capacity
[J/(kg�K)]

PZT 2 7750 1.4 430
SiO2 1.5 2200 1.4 730
Si (top) 400 2329 130 700
Si (chamber) 70 2329 130 700
Si (nozzle plate) 50 2329 130 700
Polycarbonate 1200 1200 0.2 1250
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dielectric losses. It is noted that the operating conditions considered in
this study are far from the electro-mechanical resonance frequency of
the actuator, which is �2.75MHz. Thus, the contribution to heat gen-
eration from the mechanical and piezoelectric losses is believed to be
smaller than that due to the dielectric loss. In addition, the motion of
non-180� domain walls is significantly reduced in films,8–12 which will
also reduce the elastic and piezoelectric losses.

Fifth, if the electrode resistance is known, it is possible to quantita-
tively separate the contributions to self-heating from Ohmic losses in the
electrodes from those associated with domain wall motion in the ferro-
electric as a function of frequency. For a quantitative estimation of Ohmic
loss, the root mean square current, IRMS, associated with each of the P-E
loops was measured. The Ohmic loss in the electrodes is given by

WE ¼ I2RMS RTp; (2)

where R is the total DC resistance of the electrodes (130 ohms) of a
single actuator, including top, bottom electrodes, and connecting
metal traces and Tp¼ 2p/x is the cycle period of the loop. The Ohmic
loss varies linearly with frequency since IRMS varies as jxC and Tp
varies as 1/x.

This Ohmic loss can be subtracted from the measured Wloss to
calculate the energy loss associated with the domain wall motion.
Figure 7 shows plots of the frequency dependence of Ohmic loss and
the energy loss due to the domain wall motion for unipolar, bipolar,
and DC biased unipolar waveforms on a single actuator.

Several points are noteworthy from Fig. 7. For the unipolar case,
the resistive contribution is comparatively small (�6% of the total
Wloss) even at 32 kHz. Furthermore, the calculated energy loss due to
the domain wall motion is weakly dependent on frequency. On the
other hand, for the bipolar waveform, the Ohmic contribution

FIG. 4. Top-left: schematic of the die, showing four rows; measurements were performed on a single row of actuators. Bottom-left: seven combinations: “a” to “g,” of fired
actuators (those shaded red are fired and those in blue are not) and the temperature rise measured by the RTD and modeled at the right side of the die. Right: steady state
temperature rise distribution inside the die from a 3D FEM when two groups of actuators are fired (option “e”) using A¼ 25 V, B¼ 25 V, and f¼ 100 kHz; each peak corre-
sponds to a local temperature rise on the top of a fired actuator.

FIG. 5. Temperature rise when 60 actuators are fired and single actuator hysteresis loss, Wloss, as a function of DC bias offset B, with A¼ 25 V (left) and as a function of AC
amplitude A, with B¼ 12.5 V (right) for f¼ 100 kHz.
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accounts for up to 14% of the energy loss at 32 kHz. This is due to the
larger switching current associated with bipolar waveforms. In this
case, the calculated energy loss due to the domain wall motion
increases slightly up to 20 kHz. Experimentally, any decrease at higher
frequencies would be due to a combination of the bandwidth of the
amplifier and the voltage drop across the resistors, such that the actua-
tor sees a waveform distorted from a pure sinusoidal shape. Thus,
even in cases where the instrumentation is not power limited, resistive
thin film electrodes may preclude the ability to reach the desired volt-
age at high frequencies. This suggests that particularly for piezoMEMS
with large permittivities and polarizations, design of the electrodes to
minimize resistance–capacitance (RC) time constant artifacts is essen-
tial. Electrode losses can often be neglected in modeling of bulk actua-
tors19 and are also ignored in some models of hysteresis loss in thin
film ferroelectrics.20

The linear relationship between the temperature rise and Wloss

can be understood using a simple model that equates the total heat
generation rate to the rate of heat loss by convection from all ambient-
exposed surfaces and by conduction through the polycarbonate sub-
strate, under steady state conditions. Using this model, the temperature
rise can be expressed as

dT ¼ G
hAconv þ rsubAcond=tsubð Þ ; (3)

where G is the heat generation rate given by the hysteresis loop area
multiplied by frequency (thus, G¼Wloss�f ), h is the heat transfer coef-
ficient for convection, Aconv is the total surface area for the heat loss by
convection, rsub is the thermal conductivity of the substrate, Acond is
the die bottom surface area in contact with the substrate, and tsub is
the thickness of the substrate. In this model, all the exposed die surfa-
ces are assumed to be at the same measured temperature. This
assumption is reasonably good since the conductivity of Si is much
larger than that of the substrate (polycarbonate, 6 in. diameter, 1.2mm
thick). Equation (3) is a mathematical model of the line in Fig. 6,
where the slope of the line is the inverse of the denominator in Eq. (3).

Using the parameters given in Table II, the predicted slope of the line
is 0.0038 �C/(lJ/cm2) which agrees well with the actual value of the
slope of the line [0.0034 �C/(lJ/cm2)] in Fig. 6.

Of the two main mechanisms of heat dissipation considered,
modeling shows that convection contributes only �8% of the total
heat dissipation. The majority of the heat removal from the die takes
place by conduction through the substrate, even in the case of a mod-
erate heat conductor like polyimide. Thus, in applications of MEMS
array actuators, a good thermal conductor should be utilized for the
heat sink to keep the die cool. On the other hand, self-heating can be

FIG. 6. Temperature rise when 60 actuators are fired as a function of single actua-
tor hysteresis loss, Wloss for various A and B at a frequency of 100 kHz. Series 1:
A¼ B, A/B sweep; series 2: B¼ 12.5 V, A sweep; and series 3: A¼ 25 V, B
sweep. The slew rate in series 1 and 2 varies from 5.6–14 V/ls; for series 3, the
slew rate is fixed at 14 V/ls.

FIG. 7. Total hysteresis loss, Ohmic loss in the electrodes, and the energy loss due
to the domain wall motion for a single actuator as a function of frequency for bipolar
(A¼ 25 V and B¼ 0 V), unipolar (A¼ B¼ 25 V), and DC biased unipolar (A¼ 25
V and B¼ 50 V) sinusoidal waveforms.
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used advantageously for poling; in this case, either a thermally insulat-
ing substrate or a free-standing die could be used. The measured die
temperatures are consistent with the estimated temperatures from
FEM as well as the simplified model given in Eq. (3). Hence, the sim-
plified model with known geometrical and thermal properties of the
die and the substrate can be used to estimate the rise in die tempera-
tures for different waveforms. It is significant that the temperature rise
of the entire die can be as high as 20 �C when only 4.2% of the actua-
tors are fired. In the case when all 1420 actuators are fired with a uni-
polar waveform, the temperature rise can exceed 100 �C and can be
used for PZT poling.21

In conclusion, detailed measurements of P–E hysteresis loss as a
function of AC amplitude, DC bias, and frequency were used to inves-
tigate self-heating in piezoelectric MEMS actuator arrays. This meth-
odology allows precise modeling, distinction of loss mechanisms, and
prediction of temperature rise in devices as a function of the operating
conditions. Good agreement is seen for temperature rise for different
operating conditions in comparing RTD measurements and FEM. It
was found that, unlike the case for most PZT ceramics, Ohmic heating
from the electrodes is a significant fraction of the total self-heating. For
high frequency piezoMEMS operation, design of the electrodes is criti-
cal to prevent excessive self-heating of the devices. Detailed under-
standing of the loss mechanisms allows optimized conditions for both
device operation and intentional self-heating, e.g., for poling.
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