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Abstract: Lead zirconate titanate (PZT) thin films offer advantages in microelectromechanical
systems (MEMS) including large motion, lower drive voltage, and high energy densities.
Depending on the application, different substrates are sometimes required. Self-heating occurs in
PZT-MEMS due to the energy loss from domain wall motion which can degrade the device
performance and reliability. In this work, the self-heating of PZT thin films on Si and glass and a
film released from a substrate were investigated to understand the effect of substrates on the
device temperature rise. Nano-particle assisted Raman thermometry was employed to quantify
the operational temperature rise of these PZT actuators. The results were validated using a finite
element thermal model, where the volumetric heat generation was experimentally determined
from the hysteresis loss. While the volumetric heat generation of the PZT films on different
substrates were similar, the PZT films on Si substrate shows minimal temperature rise due to the
effective heat dissipation through the high thermal conductivity substrate. The temperature rise
on the released structure is 6.8 higher than that on the glass substrates due to the absence of
vertical heat dissipation. Experimental and modeling results show that the thin layer of residual
Si remaining after etching plays a crucial role in mitigating the effect of device self-heating. The
outcomes of this study suggest that high thermal conductivity passive-elastic layers can be used
as an effective thermal management solution for PZT-based MEMS actuators.
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Introduction

Lead zirconate titanate (PZT) is a ferroelectric material that exhibits a higher piezoelectric
coefficient (ds3) and larger electromechanical coupling factor than those for BaTiO3 and K-
xNaxNbOs. PZT-based devices are utilized in a wide range of technologies, enabling precise and
responsive actuation, sensing, and energy harvesting applications.!* However, self-heating in
PZT can degrade the device reliability, especially in applications with large electric-field
excitation or high-power operation. For example, excessive operational temperature rise can lead
to reduced efficiency, drift in piezoelectric properties®, material degradation due to thermal
stress®, and shift in the resonance frequencies of sensors and resonators’%. Typically, actuators
are intentionally limited to self-heating up to 20°C above ambient temperature, in order to avoid
changes in the domain structure.” Heat generation mechanisms in bulk PZT ceramics have been
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discussed in the literature.” !! Notably, heat generation was found to be caused by hysteresis loss
due to domain wall motion. Domain walls act as boundaries that separate regions with different
polarization orientations; their motion under applied electric fields leads to localized frictional
heating. While self-heating in bulk PZT materials is well-understood, studies on the self-heating
in PZT thin film-based MEMS structures are lacking.

PZT thin films in microelectromechanical systems (MEMS) can generate large motions; when
the domain states are properly stabilized, they can also show low hysteresis, and high energy
densities.!> PZT thin films can be deposited on a variety of substrates such as Si'°, glass'*!?,
metals'®!” and SrTiO3'®, which allows a range of mechanical and electrical performance in the

elastic layer for piezoelectric MEMS devices.

The self-heating behavior in PZT thin films differs from that in PZT bulk ceramics in several
aspects. First, PZT thin films often have restricted domain wall motion due to small grain size,
high residual stress imposed by the substrate, and/or a high concentration of point and line
defects.! Second, heat extraction from the film depends on the thermal conductivity of the
substrate material and the structure of the device. Lundh et al. reported considerable self-heating
in released PZT MEMS actuators under various driving conditions including multiple
combinations of frequencies, AC amplitudes, and DC offsets.? Fragkiadakis et al. combined
simulations and measurements of self-heating in PZT MEMS actuator arrays; they observed a
temperature rise exceeding 100°C when closely spaced actuators operated simultaneously.?!
Both studies show the impact of driving conditions on self-heating in commercial PZT MEMS
with released structures. This work aims to understand how substrate and device structure
influences self-heating behavior in PZT film-based MEMS. Therefore, in this study, clamped
PZT films were fabricated on Si and glass substrates and thermal excursions as a function of
electrical excitation were examined using nanoparticle-assisted Raman thermometry.
Additionally, a released structure was prepared. Results were validated and interpreted using
device thermal modeling.

Device Fabrication
To investigate the heat dissipation on various substrates, PZT test structures were fabricated on
Si and glass substrates, as shown in Fig. 1(a). In addition, released structures were prepared.

For PZT film on glass, a stack of 30 nm Ti and 100 nm Pt was deposited on 400 um thick
Corning Eagle glass. A commercial 114/52/48/2 solution of PbZro.52Ti0.4803 from Mitsubishi
Materials Corporation was used for PZT film deposition. The solution was spun on at 2750 RPM
for 30 seconds. The film was pyrolyzed at 100°C for 2 minutes and then at 300°C for 8 minutes.
The film underwent crystallization processes, first at 520°C for 1 minute followed by ramping to
650°C at a rate of 3°C/second (a slow ramp rate was used to prevent the glass wafer from
deforming or shattering); subsequently, the film was held at 650°C for 2 minutes. The
crystallization processes were performed with a 2 sccm Oz flow in a lead-rich rapid thermal
annealer.?? The process was repeated until a total PZT thickness of 0.98 pm was achieved.
Subsequently, the top electrodes (3 nm of Ti and 100 nm of Pt) were deposited at room
temperature via DC magnetron sputter deposition without breaking the vacuum. These were then



patterned into circular shaped electrodes using the lift-off process. A schematic of the completed
structure on glass substrate is shown in Figure 1 (b).

The detailed deposition process for PZT on Si used in this study has been described elsewhere.??
The PZT film on Si and the released structure were fabricated on the same 4-inch Si wafer. The
PZT film was deposited on a commercial platinized Si wafer with 1 um of SiO2 thermal oxide.
20 nm Ti and 150 nm Pt were deposited as the bottom electrode. The solution and spinning
conditions used were similar to those previously described. The film was pyrolyzed at 100 °C for
1 minute and at 300 °C for 4 minutes, followed by crystallization at 700°C thermal annealing
with 2 sccm Oz flow for 1 minute. The process was repeated until a total PZT thickness of 1.08
um was achieved. Then, the top electrode was deposited and patterned through a lift-off process
similar to that of the glass substrate sample.

Following this, an Al2O3 insulator pad was deposited using thermal atomic layer deposition on a
commercial Kurt-Lesker ALD 150LE (Kurt J. Lesker, Pennsylvania, USA) system at 150°C,
employing tetramethylammonium hydroxide (TMAH) and H2O as precursors. The Al2O3 thin
film underwent lithographic patterning and was wet-etched (using a TMAH-based developer and
CD-26) into a rectangular insulating pad. The contact pad, consisting of 3 nm of Ti and 100 nm
of Pt, was deposited and patterned using a process similar to that of the top electrode. The metal
pad was positioned on top of an Al2O3 pad to insulate it from the PZT thin film. Finally, the Pt
bottom electrode was exposed by wet etching the PZT thin film into a rectangular shape using a
mixed solution of hydrochloric acid, 6:1 buffered oxide etchant, and deionized water. A
schematic of the completed structure on Si is shown in Figure 1 (c).

To prepare a released PZT film, SiO2 was removed on the back side by submerging the sample in
a 6:1 buffered oxide etch (BOE) solution at room temperature, while the front side was protected
with a blanket photoresist. After etching, the sample was cleaned in acetone, isopropyl alcohol,
and deionized water. Then, the front side was coated with ProTEK B3 as a protective layer. Deep
reactive ion etching (DRIE) was performed in a DSi-V Deep Silicon Etch system (SPTS,
Newport, USA) using the Bosch process at 3°C; thick AZ4620 photoresist was utilized as a soft
mask. For the release process, the sample was etched until the trench reached the buried SiO2
layer. It is important to note that the diaphragm is delicate due to the low thickness and the
choice not to use a passive elastic support. Fully removing the Si without breaking the
diaphragm proved challenging. Thus, residual Si on the trench edges at the backside of the
diaphragm can be seen in some devices, as depicted in Figure 1 (d). Figure 1 (e) shows scanning
electron microscopy (SEM) images of the cross-section of the released structure. The residual Si
thickness on this structure measured 170 nm. It is noted that the remaining Si thickness varied
along the radius of the wafer.
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Figure 1. (a) The device fabrication process that illustrates preparation of the bottom electrode on
a substrate, deposition of a blanket PZT thin film, and lift-off/patterning of the top electrode. The
deposition and patterning of the Al2O3 insulator and Ti/Pt contact pads are not shown in this
figure. Schematics of PZT on (b) glass, (c) Si, and (d) a released structure (not to scale). (e)
Cross-sectional SEM images of the PZT film released from a Si substrate.



Thermal Characterization

Raman thermometry allows in situ characterization of device self-heating with a sub-micrometer
resolution by monitoring changes in the optical phonon energy (or frequency) using a
monochromatic laser excitation source.?* 2 In practice, the lattice temperature rise is estimated
based on the spectral features of the Raman peaks including peak position, line width, and anti-
Stokes/Stokes Raman intensity ratio. Standard Raman thermometry has been demonstrated for
the thermal characterization of microelectronics based on materials with well-defined Raman
peaks such as Si?’ and GaN?>?8, However, the characteristic Raman peaks of PZT are too broad
to track the small changes in peak position and linewidth essential to estimate the temperature
rise, as shown in Figure 2 (a). In addition, the crystal’s phonon energy is a function of
temperature and film stress, which change periodically under AC driving conditions; moreover,
the top electrode blocked visual access to the film. Therefore, nanoparticle-assisted Raman
thermometry 2°2° was used. Anatase titanium dioxide (TiO2) nanoparticles (with 99.98% purity
and ~200 nm individual size) were deposited on the surface of the top electrodes, serving as a
temperature probe. As shown in Figure 2 (b), TiO2 nanoparticles exhibit a well-defined Raman
peak (i.e., the E; phonon mode with a frequency of ~143 cm™ at room temperature) that are
highly sensitive to changes in temperature®®. This allowed precise temperature measurements.
Notably, temperature values deduced from the use of TiO2 nanoparticles are free from
thermoelastic stress effects because the thermal expansion of the nanoparticles is not restricted
by the underlying surface.?!

Details of the Raman setup and experimental procedures have been previously reported by
Lundh?®'; a concise summary is provided here for reference. A LabRAM HR Evolution
spectrometer (Horiba, New Jersey, USA) equipped with a 532 nm laser source and 1800
grooves/mm grating, and a 50x long working distance objective (NA=0.45) was used for Raman
thermometry experiments. To prevent laser-induced heating of both the TiO2 nanoparticles and
the underlying top electrode, a laser power of ~1 mW was used. A reference mercury emission
line at approximately 546 nm was continuously monitored to account for instrument drift (i.e.,
systematic errors/offsets in the measured Raman spectra) attributed to room temperature
fluctuations. To apply an AC electric field to the device, a DS345 (Stanford Research Systems,
California, USA) function generator was used to control the operational frequency and DC offset
of an AT Techron 7228 amplifier (AE Techron, Indiana, USA) that managed the output voltage
amplitude.
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Figure 2: (a) Raman spectra of PZT, (b) The Raman peaks of the Eg phonon mode of TiO2
nanoparticles at different temperatures.

Electrical Characterization and Device Modeling

3D finite element analysis (FEA) thermal modeling of the PZT MEMS devices was performed
using COMSOL Multiphysics to account for heat dissipation through the device structure. Room
temperature thermal conductivity values were used in the simulation due to the relatively small
amount of self-heating (< 20 K).

Heat generation in PZT is known to be mainly caused by hysteresis loss due to domain wall
motion.”!® Therefore, the volumetric heat generation per cycle was experimentally determined
from the area enclosed by the polarization-electric field (P-E) loops. The power density (Q) was
determined by multiplying the frequency by the heat generation per cycle.?!

Q=f><fEdP

where f'is the frequency, E is the electric field, and P is the polarization. The films underwent a
large number of cycles (~3 million cycles) due to the high frequency and long acquisition time
required to perform the NP Raman measurement. Thus, the magnitude of hysteresis loss may
change during the cycles due to fatigue.*? Therefore, P-E loops of both fresh films and films after
cycling were measured. Self-heating was calculated using both values to account for the possible
temperature range at different points in the fatigue cycle. Representative P-E loops for fresh and
fatigued films driven by a 10 kHz sinusoidal waveform with an amplitude of 250 kV/cm for PZT
on glass, Si, and the released structure are shown in Figure 3 (a), (b), and (c), respectively. It
should be noted that the films were prone to failure under large fields and high frequencies;
therefore, the maximum field used for thermal study was limited to a relatively low magnitude of
150 kV/em. A summary of the test conditions and their corresponding heat generation rates is
shown in Table 1.

Since the devices had a circular top electrode, rotational axial symmetry was applied to the
model to mitigate computational costs. An isothermal boundary condition was imposed at the
bottom of the substrate (to mimic the experimental setup where the devices were placed on a
temperature-controlled stage), and natural convection was applied to all other surfaces. A mesh



convergence study was performed to confirm that the results did not change at higher mesh
densities.
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Figure 3: The P-E loop characterization results at a frequency of 10 kHz (sinusoidal waveform)
of the PZT films on (a) a glass substrate, (b) a Si substrate, and (c) a released structure. The

pristine loops were measured before cycling and the fatigued loops were measured after 1x10°
cycles.

Table 1: The calculated power densities (GW/m?) from fatigued P-E loops at 10 kHz
50kV/em 100 kV/em 150 kV/cm

PZT on glass 1.3 8.3 16.9
PZT on Si 1.4 8.5 19.2
PZT fully released 1.4 8.4 19.6

Results and Discussion

Figure 4 compares the temperature rise of PZT films on glass and Si substrates and two fully
released films when operated under a 10 kHz bipolar AC electric field. Measurement data
acquired from nanoparticle-assisted Raman thermometry was in good agreement with the FEA
thermal modeling results. While no significant temperature rise occurred in the PZT films on a Si
substrate, clear evidence of device self-heating was observed for the PZT films on a glass
substrate. Notably, the measured power densities of the PZT films on Si and on glass substrates
are comparable, especially prior to the fatigue cycles. The discrepancy in device self-heating was
caused by the different thermal conductivity of the Si (~130 W/mK at room temperature) and
glass (~1 W/mK) substrates. While a similar amount of heat (19.2 GW/m® and 16.9 GW/m?) was
generated in both cases, the Si substrate effectively removed heat from the active region and



acted as an effective heat sink, resulting in a negligible device temperature rise.
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Figure 4. The temperature rise of PZT on Si, PZT on glass, and two fully released PZT devices
operated with a 10 kHz bipolar field. The modeling results are bounded by two dashed lines: the
upper and lower lines correspond to results based on the P-E loops (i.e., measured heat
generation rates) of fresh and fatigued devices, respectively. The self-heating in PZT on Si is
negligible. The negative temperature results (~ -0.5 K) are attributed to room temperature
fluctuation.

No significant changes were observed in the P-E loop between the released film and the film on
Si, indicating negligible change in the global stress state. Upon fully release of the PZT film
from the Si substrate, the heat dissipation became markedly less effective, leading to more
intense device self-heating. As illustrated in Figure 4, a much larger increase in temperature was
observed in the fully released films as compared to the films on solid substrates. Two fully
released structures were tested to account for random errors caused by room temperature
fluctuations and local variations in the film quality. While the measured temperatures and the
modeling results agree well under high field conditions, a notable difference is observed under
low field operation. This discrepancy may have resulted from additional heating mechanisms
such as Joule heating in the electrode. The effect of such heating mechanisms would become
more noticeable under low field operation because of the relatively low hysteresis loss that is
manifested by the small P-E loop area. Conversely, under higher field operation (e.g., 150
kV/cm), the hysteresis loss is the dominant heat generation mechanism, resulting in a closer
agreement between the measured temperature rise and the modeling results (that are purely based
on the hysteresis loss). Simulation results suggest that the peak temperature rise of a fully
released device will be 6.8x higher (under 150 kV/cm operation) than that of a film on a glass
substrate. Therefore, fully released piezoelectric MEMS structures will be prone to thermal
reliability issues and more exacerbated self-heating is expected to occur in actuator arrays as
reported by Fragkiadakis et. al.!.
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As discussed in the fabrication section, the DRIE process produces non-uniform etching across
the wafer. Because there is no hard etch stop, there is some residual Si underneath the released
diaphragm; the thickness of the remaining Si layer varied depending on the location. The exact
thickness of the remaining Si was measured using cross-sectional SEM on multiple devices
across the wafer. Near the center of the wafer where the etch rate was slower, the Si thickness
was a few hundred nanometers thicker.

Therefore, it is crucial to understand the impact of the remaining Si thickness on device thermal
performance. Additional NP Raman measurement and modeling were performed on a device
with 170 nm of Si remaining. A higher field (200 kV/cm) and a higher frequency (20 kHz) were
used. A temperature rise of 12.2 £ 1.6 K was detected using Raman thermometry.

A parametric sweep of the remaining Si thickness was performed (using the device thermal
model) to evaluate its effect on device self-heating. As depicted in Figure 5, when Si is
completely removed, the temperature rise in the PZT film exceeds 25°C under 200 kV/cm
bipolar AC electric field operation at a frequency of 20 kHz. This produced an experimental
power density of 91.8 GW/m?. The film’s thermal response was highly sensitive to the remaining
Si thickness. This was attributed to the lower thermal conductance of the PZT film as compared
to Si; that is, the remaining Si layer transferred heat away from the device active region more
effectively. Consequently, the device temperature rise was substantially smaller, even with a thin
layer of Si remaining. For example, 200 nm thick residual Si reduced the temperature rise by
over 50% as compared to a fully released case. This suggests that the Si layer utilized in most
SOI-based piezoelectric MEMS is critical for effective thermal management. It is important to
note that this study is based on a single device. In the case of actuator arrays, such as in the case
of a piezoelectric inkjet print head, the temperature rise is amplified due to thermal crosstalk.?!
For such applications, inclusion of a high thermal conductivity passive elastic layer behind the
active piezoelectric film may significantly improve the thermal performance at both device- and
system-levels.
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Figure 5. The device temperature rises as a function of the remaining Si thickness. The image
insert shows a device structure with 170 nm of Si remaining below the PZT film. This device

was tested via Raman thermometry and the red marker shows the measurement results (12.2 +
1.6 K).



Conclusions

The self-heating behavior of lead zirconate titanate (PZT) thin films fabricated on glass and Si
substrates as well as a released structure were measured using nanoparticle-assisted Raman
thermometry. The results show that PZT thin films on a Si substrate exhibit a minimal
temperature rise, attributed to the high thermal conductivity of the substrate material. In contrast,
PZT thin films on a glass substrate exhibit notable self-heating due to the two orders of
magnitude lower thermal conductivity of glass limiting vertical heat extraction from the device
active region. When the PZT film is fully released from a Si substrate, the device temperature
rise exceeds that of a PZT film on glass by 6.8x under the highest electric field test condition
(150 kV/cm). Both experimental and simulation results suggest that a residual Si layer
underneath the PZT film can significantly reduce the film temperature rise caused by device self-
heating. These findings highlight that the choice of the passive elastic layer of PZT MEMS
actuator arrays (in terms of the thermal conductivity and thickness of the layer) strongly
influences effective thermal management at both device- and system-levels.
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