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Summary

Since its discovery, silicon-based microelectromechanical systems (MEMS) have had a significant
impact on the technological development of sensors and actuators. Using piezoelectric materials
deposited as thin-films on a substrate has enabled the mass production of miniaturized devices with
high sensitivity and low power consumption. Piezoelectric MEMS (piezoMEMS), therefore, holds the
promise of revolutionizing the sensor and actuator technology and is anticipated to dominate the
future MEMS market.

Ferroelectric thin-films have high dielectric and piezoelectric compliances, which makes them
attractive for piezoMEMS. Lead zirconate titanate (PZT) is an essential ferroelectric material for
numerous thin-film piezoMEMS applications. Including inkjet-printers, ultrasound transducers, energy
harvesters, autofocus lenses, gas-detectors, and ferroelectric random-access memories.

A key technological and scientific challenge for sustaining the development of thin-film
piezoMEMS is improving their reliability and lifetime in realistic and harsh operating conditions.
Elevated temperatures, high humidity levels, mechanical shocks, and stresses are all lifetime-limiting
stressors that devices must endure in real-life, not encountered in a lab-scale environment. For the
widespread adaption of thin-film piezoMEMS in sensor and actuator technology, it is necessary to
mitigate the impact of such stressors. Understanding which physical and chemical degradation
mechanisms imposed by the operating ambient affects device performance is, therefore, essential on
both a microscopic and macroscopic scale.

The ambient humidity has proved to be one stress-factor that severely degrades the lifetime
and reliability of piezoMEMS. However, humidity-related effects are complex and diverse, and
different degradation-mechanisms can dominate, depending on the type of piezoMEMS-device. The
goal of this thesis is to establish the critical stress-factors governing humidity-related degradation of
thin-film, PZT-based piezoMEMS structures, and devices. Both test-structures and factual piezoMEMS
devices were studied to bridge the gap between applied and fundamental research on reliability. Four
manuscripts the main findings of this work.

A thin-film piezoelectric micro-mirror developed at SINTEF MiNaLab was chosen as a model
thin-film piezoMEMS device for studying the effects of humidity from a device perspective.
LaNiO5/Pt/Ti/SiO, deposited on Si-substrates was chosen as a template functional stack for depositing
1 or 2 um PZT thin-films by either pulsed laser deposition (PLD) or chemical solution deposition (CSD).
Two PZT-compositions were studied; undoped PbZrs,Tigsg03 and Ba-doped "hard"
Pb;_xBayZrg 40Tip.6003- The electrodes, deposited by magnetron-sputtering, was varied depending
on the type of study being conducted. Based on initial test-results from temperature-humidity-bias
tests of micro-mirrors, simple test-structures, including pads, cantilevers, and diaphragms, were
designed and fabricated to study the various aspects related to humidity-induced degradation in detail.
Thin-film deposition and structuring were done in the cleanroom facilities at SINTEF MiNaLab and Penn
State University's. Characterization of the reliability and lifetime of devices and test-structures were
done in close collaboration with the Trolier-McKinstry group at Penn State University and SINTEF
Industry.
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Optical, scanning electron microscopy, atomic force microscopy and X-ray diffraction were
used for microstructural characterization.

Various test set-ups, dedicated for studying the reliability and lifetime of piezoMEMS devices
and test-structures, were developed to address the effects of humidity. The template set-up was
specifically designed to be retrofittable to the different characterization-equipment available at the
relevant lab-facilities. This set-up had a Raspberry Pi based platform for controlling the ambient
humidity and temperatures, and consisted of a compact, 3D-printable environmental-chamber with
viewports for studying the samples in-situ during the experiments. A high-temperature polyimide test-
circuit with an integrated substrate heater was designed, making it possible to conduct
electromechanical, ferroelectric, dielectric, leakage, and time-dependent measurements,
simultaneously on multiple samples under controlled operating conditions.

As a first test case, temperature-humidity-bias tests were conducted on micro-mirrors with 1
um Pbg gBag 1Zrg.40Tig.6003 deposited by PLD. 250 nm Au and a 10 nm Ti with 10 wt. % W adhesion-
layer to PZT was used as the top electrode system. Unipolar actuation of 20 Vpp offset around 10 Vpc,
corresponding to the device's maximum intended operating voltage, were carried out at substrate-
temperatures from 25 to 175°C. The ambient humidity was kept constant at 22 g/m?3, corresponding
to 95 % relative humidity (RH) at 25 °C. Initial characterization of the pristine devices showed
characteristics, consistent with general ferroelectric theory. During the time-dependent
measurements, however, device failure from water-induced degradation preceded that of time-
dependent dielectric breakdown at all temperatures. In general, such degradation was manifested as
local evaporation of the stack-material, forming craters along the edges and on the surface of the used
electrodes. Increasing the temperature decreased the number of craters and increased the median
time-to-failure, which correlated well with the Brunauer-Emmet Teller theory for water-adsorption on
gold-surfaces. Consequently, humidity-degradation was significantly more aggressive at room-
temperature than at elevated temperatures. Despite this, humidity-induced device-failure was
encountered also at elevated, even as the ambient approached 15 % RH. In comparison, no device-
failure within the experimental timeframe was detected at 25°C and 35 % RH. Based on the findings,
it was proposed that humidity-induced degradation stems from the electrolysis of water.

To study the coupling between water-electrolysis and degradation, a comparative study of Pt
and Au-based circular top electrode-pads with a diameter of 400 um on top of 2 um undoped
PbZr 5, Tig4g03 thin-films deposited by CSD, was conducted. It was shown that humidity-related
degradation couples directly to the stack's electrochemical activity towards the electrolysis of water.
As a result of the evolved hydrogen and oxygen gas at the top and bottom electrodes, electrochemical
compression lead to cracking and delamination of the piezoelectric layer and top electrodes.
Consequently, electrothermal breakdown-events occurring through the newly formed cracks, resulted
in time-dependent breakdown, significantly sooner in humid compared to dry conditions. Exemplified
for 40 Vpc, the median time-to-failure for Au was here three orders of magnitude of time larger than
for Pt, at room-temperature in 95 % RH. The results were not consistent with a degradation of the
electrical properties of the electrode/PZT interface properties, as commonly encountered in dry
conditions. Furthermore, the post-failure craters were considerably larger in humid than in dry
conditions, suggesting that additional contributions to leakage, presumably from protonic currents,
are involved during breakdown. Based on the findings, a degradation-model for thin-film piezoMEMS
in humid conditions degradation was proposed.

By studying how surface-currents and the electrode size affected humidity-induced
degradation, it was shown that the presence of surface-water is essential for degradation. When the
operating ambient exceeds about 50 % relative humidity, protonic surface currents from the anode to
the cathode dominate the measured leakage and drives degradation. Since irreversible degradation,
including microcracking and electrode-delamination, cannot be removed by drying up the surface, the



pristine state of humidity-degraded devices can only be partly recovered by flushing with dry N, or
post-degradation annealing. Increasing the radius of the electrode from 50 to 1000 um decreased the
median time-to-failure by two orders of magnitude, presumably due to the increase in the exposed
electrochemically active areas. Accordingly, the median time-to-failure displayed an electrode area-
dependence rather than a circumference-dependence.

Lastly, the use of atomic-layer deposited Al,05; humidity barrier-layers for improving device
reliability, was studied. The dynamic behavior and lifetime of bare and encapsulated micro-mirrors
with the initial stack of 1 um Pbg gBag 1Zr.4Tip 6003 deposited by PLD, were studied. A two orders
of magnitude of time increase in the median time-to-failure, in 95 % relative humidity was
demonstrated, yet at the cost of decreased piezoelectric and ferroelectric properties, presumably
related to the additional encapsulation-step. The encapsulated devices failed by the same mechanisms
as for the bare devices due to breaches in the barrier-layer at localized points of the device. The
breaches were found to stem from a combination of defects in the barrier-layer, cracks in the PZT-film
induced from wire-bonding or sputtered particles from processing, and electrode-delamination.
Electrothermal breakdown-events on the membrane decreased the reliability due to distortions in the
dynamical behavior of the micro-mirrors during operations, and the electrode-routings were identified
as critical flaws.

From the above findings, some mitigation-strategies for reducing the impact of humidity, are

proposed:
(i) Decreasing the overall electrochemical activity of the stack will reduce the amount of
water-electrolysis, and thereby the degradation-rate.
(ii) Since, within the framework of water-electrolysis, protons generated on the anode-

side move towards the cathode-side of the stack, the bottom electrode should be
chosen as the positrode. This, to reduce the area of the electrochemically active
materials being exposed to the ambient during operation, thereby reducing the
proton-transport through the piezoelectric layer.

(iii) The electrochemical activity can be reduced by impeding the proton mobility in PZT
and along exposed surfaces, e.g. by reducing the physisorption of water-molecules on
the exposed surfaces.

(iv) Reducing the number of electrode-defects, such as grain-grooves, sputtered particles,
cracks or pinholes will reduce the diffusion of protons and hydrogen through the
electrode. This can be done by e.g. increasing the electrode thickness when possible.

(v) Since the electrolysis of water is essentially a DC-phenomena involving the transport
of protons in the form of hydronium or hydroxide-ions, the electrochemical activity
will further be reduced by using high-frequency (>100 Hz) bipolar actuation, when such
operation is relevant (e.g. for FRAM-applications).

(vi) It is imperative to encapsulate piezoMEMS-devices. Therefore, improved
electromechanical durability, improved coverage over complex structured surfaces,
and reduced water-vapor transmission rate of the humidity barrier-layer will reduce
the impact of water. Multi-layered coatings deposited by atomic layer deposition show
promising results in this regard.
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Chapter 1

Introduction

Sensors and actuators are devices that enable embedded electronics to interact with their physical
surroundings. While a sensor converts a physical input, such as light, pressure, motion, or heat, to an
electrical signal, an actuator converts an electrical signal some physical output!¥. Today sensor -and
actuator applications span from mass-produced consumer-electronics to custom-made electronic
equipment.

Microelectromechanical systems (MEMS) can convert mechanical energy to electrical energy
and vice versa. This is known as electromechanical transduction and is essential for enabling sensor
and actuator technologies. Since its invention in the mid-1970s MEMS-technology has demonstrated
tremendous success, and currently represents a $55 B market with an estimated growth of more than
8 % over the next five years!?.. Essential for the success of MEMS-technology is its compatibility with
existing CMOS-materials and fabrication technologies. This allows for both monolithic and
heterogeneous integration of a wide variety of mechanical and electrical devices on a single silicon
substrate. The compatibility with mature manufacturing technologies has spurred a rapid increase in
research and development and production volume. Over the years, this has resulted in MEMS-based
devices becoming ever cheaper, smaller, more responsive, and energy-efficient. Today, MEMS-
technology appear in applications ranging from pressure sensors, microphones, optical devices, energy
harvesters, radiofrequency switches, gyroscopes, accelerometers, inkjet printers, resonators, and
ultrasound devices®.

Electromechanical transduction mechanisms used for MEMS include piezoelectric,
electrostatic*”, and thermal®. The piezoelectric effect has attributes that surpass the other
transduction mechanisms with regards to scalability, low power consumption, high blocking pressures,
and high electromechanical coupling over a wide range of temperatures and frequencies.
Piezoelectricity, meaning "electricity from pressure", is derived from the Greek words "piezein", that
is translated to squeeze or press, and "electron" which means amber — an ancient source of electrical
charge. When mechanically stressed, piezoelectric materials develop an electric potential across the
crystal, through what is known as the direct piezoelectric effect. Conversely, piezoelectric materials
develop a mechanical strain when an electric field is applied. This is known as the converse
piezoelectric effect. The direct and converse effects thus allow for electromechanical transduction in
piezoelectric materials. While the direct effect is used for sensors-applications, the converse effect is
used for actuator-applications. As opposed to conventional transistor-based technology, piezoelectric
MEMS (piezoMEMS) technology is not subject to significant limitations in critical dimensions and is,
therefore, considered an integral part of the so-called "More than Moore" technologies. In fact, as
illustrated in Figure 1.1., business companies, such as Yole Development, anticipates that piezoMEMS
technology will revolutionize the MEMS-industry with its continued expansion into both existing and
novel application-areas!'.

The use of thin-films deposited onto a silicon substrate, offers an efficient route for making
miniaturized, cheap, and precise piezoMEMS devices. After "sandwiching" the piezoelectric layer
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Figure 1.1: Using thin-film technology enables a significant growth for piezoMEMS-devices and
holds the promise of revolutionizing the MEMS-technology. Copied from 19,

between two electrodes, the functional stack is patterned into the final MEMS structure. In this way,
thousands of reliable, low-power, and low-cost devices can be fabricated simultaneously on a single
silicon wafer!**2, Lead zirconate titanate (PZT), is a piezoelectric material with particularly large
dielectric and piezoelectric compliances and is, therefore, technologically important for piezoMEMS-
applications*>=%], Currently, PZT thin-films are already being adopted in a large variety of piezoMEMS-
applications, including ink-jet printers*®, energy harvesters’-?!!, ultrasound transducers/*222-25]
optical devices?*32 and micromotors®*34, Maintaining this technological development necessitates a
continued improvement in the reliability and lifetime of piezoMEMS-devices. As their application-areas
keeps on expanding, piezoMEMS-devices must sustain reliable long-term operation in realistic and
harsh conditions. In real-life applications, devices are subjected to additional stress-factors imposed
by the operating ambient, which are not encountered in a lab-scale environment. This includes high
ambient humidity®>37), elevated temperatures®®3? and applied mechanical shocks or stresses“®2], |f
these stress-factors are not considered, it can significantly limit the reliability, lifetime and potential
applications of thin-film PZT-based piezoMEMS-devices. Of the various ambient stressors, the impact
of several essential lifetime-limiting factors, such as high electrical fields, high operating frequencies,
and elevated temperatures, have been thoroughly investigated and are well understood“**%, These
stressors are commonly used for assessing device reliability and extrapolate device lifetimes from
accelerated testing!**™®. The understanding of the effects of mechanical stresses on piezoMEMS-
devices has recently received considerable attention, in order to improve the mechanical limitations
of piezoMEMSM*->4. Degradation and failure encountered when devices are operated in humid
conditions, on the other hand, lack understanding!*>**5%, This is, despite that humidity is considered
among the most severe ambient stress factors and has been shown to cause device failure decades
earlier than in dry conditions>¢-%%,

Norwegian companies, including Tunable[57], Polewall[24], and PolLight[58], develop and
fabricate PZT-based sensors and actuators for applications within gas detection, communication-
technology and optics. To expand their application into new markets, an essential objective is to
establish the critical factors governing degradation of PZT-based thin-film piezoMEMS in humid
conditions. This thesis is a collaboration between NTNU, SINTEF, and the Norwegian industry to gain a
rigorous understanding of the degradation imposed by the ambient humidity.
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Figure 1.2: Example of a piezoMEMS device developed by Tunable. The functional stack generally
consists of a piezoelectric layer sandwiched between two electrodes as illustrated in (a). The thin-
films are from 10 nm to 2 pum in thickness and deposited on a structured silicon substrate.
lllustrated device in (b)-(c) is an 8x8 mm? micromirror which has applications within optical
communication and gas detection. Adapted from [62].

Figure 1.2 shows a PZT-based microdevice, a thin-film piezoelectric micro-mirror developed
by Tunable, which is chosen as a model device for studying humidity-related effects on piezoMEMS.
To simulate real-life operation, dedicated test-setups for conducting experiments under controlled
ambient conditions were developed. To elaborate on humidity-related mechanisms, piezoelectric test-
structures were designed, and these were used to study the resistive, dielectric, piezoelectric, and
ferroelectric properties in dry, humid, and wet conditions. Finally, micro-mirrors encapsulated with
humidity barrier-layers, were used to examine the effect of degradation on the dynamical behavior of
devices and explore the feasibility of using thin-film encapsulation to mitigate humidity-related effects.

The thesis is structured as follows: Chapter 2 presents the fundamentals of piezoelectricity,
with a special reference to polar materials that are both piezoelectric and ferroelectric. The structure-
property relations of PZT, concerning physical and chemical properties that affect film performance
and integration into piezoMEMS devices, are discussed. Recent progress within the reliability and
lifetime of thin-film piezoMEMS-devices, is then presented. Chapter 3 presents the experimental
methods used in this thesis. General aspects related to the fabrication of the micro-mirrors and test-
structures, the development of the used experimental setups, and the characterization techniques
used in this study, are discussed. The results and findings are presented in four manuscripts: In
manuscript (1), the effects of humidity and temperature on the degradation of piezoelectric micro-
mirrors are studied. In manuscript (Il)-(111), the mechanisms driving degradation in humid conditions
are investigated in detail. In manuscript (IV), the impact of degradation on the dynamic behavior of
piezoelectric micromirrors and how the use of thin-film encapsulation can mitigate humidity-related
degradation, are investigated. The thesis ends with general conclusions and perspectives for future
work within the reliability of thin-film piezoMEMS.
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Chapter 2

PZT in thin-film piezoMEMS-devices

Lead zirconate titanate (PZT) is utilized for a variety of piezoMEMS-devices. This chapter reviews the
concepts of piezoelectricity with a focus on polar materials and PZT. First, the general theory of
piezoelectricity in thin-films is reviewed. Piezoelectricity in ferroelectric perovskite oxides with a
specific reference to the structure-property relations of PZT is then presented. Factors concerning the
integration of PZT thin-films into piezoMEMS are also discussed. Finally, an overview of the present
status and challenges with regards to piezoMEMS reliability is presented.

2.1 Piezoelectrics and ferroelectrics

This section reviews the fundamentals of piezoelectricity with a specific reference to polar materials
that are both ferroelectric and piezoelectric. The goal is to give the reader a basic understanding of the
underlying mechanisms that enable piezoelectricity in materials with the perovskite structure. First, an
introduction to the general principles of piezoelectricity is given. Then the constraints from the thin-
film boundary-conditions on the piezoelectric response are discussed. Lastly, the general theory of
ferroelectric perovskite oxides, important for piezoMEMS applications, is presented.

2.1.1 What is piezoelectricity?

Electromechanical transduction, the ability to convert between electrical and mechanical energy, is
essential for any micromechanical system!Y. The piezoelectric effect is attractive for piezoMEMS-
devices since it offers a reliable, robust, and scalable transduction method!?. Piezoelectricity stems
from the macroscopic effect of atomic and ionic displacement within the material and is manifested
through the direct and converse piezoelectric effect. The direct effect describes the developed
polarization when the material is mechanically stressed. The induced polarization, AP;, couples linearly
to the applied stress (gj;) and strain, (xj; ), and is expressed as:

c
AP; = d;jr0j [W] (2.1)
C
AP; = egjiXijic [W] (2.2)
Here i,j, k = 1,2,3 denotes the direction of the applied field and generated stress according to the

Einstein notation. The piezoelectric charge-coefficient, di]-k, with units of [%], describes the induced

charge in response to an applied stress. The piezoelectric stress-coefficient e;j;, with units of [%]
describes the generated stress in response to an applied electric field.
The converse effect is the development of a mechanical strain in response to an applied
electric field, ;B
Ax;; = dyjEy (2.3)

AO'L']' = —eijkEk [Pa] (24)
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Figure 2.1: Relations between the applied forces and measured field for characterizing piezoelectric
materials according to Einstein notation. d3; describes the in-plane, and ds; the out-of-plane
deformation in response to an applied field perpendicular to the piezoelectric slab as shown in (a)
and (b). dy5 describes the generated shear-forces in response to an in-plane field, as shown in (c).

The amount of the input energy converted to mechanical energy is described in terms of the
electromechanical coupling factor, k;;, and relates to the charge-coefficient by:
diji
ki = — 2.5
N  Sijki€ij (25)
where s;jy; is the elastic compliance and ¢;; the permittivity. k;; is always < 1 since electromechanical
transduction is never perfect.

To reduce the complexity of describing material-properties in their tensorial form, it is
convenient to abbreviate pairs of interchangeable indices, ij, to a single index, when working with
symmetric tensors. The directions are then written as 11—-1,22-2,33 - 3,23 0r32 -
4,13 0or31 — 5,12 or 21 - 6. This is known as Voigt notation, and is valid for PZT, and used
throughout the rest of this thesis. As illustrated in Figure 2.1, the in-plane, (a), out-of-plane, (b), and
shear charge-coefficients in Voigt notation then reads: d34, d33 and d;s, respectively.

2.1.2 Piezoelectric response in thin-films

Thin-film piezoMEMS are composite structures with the piezoelectric-layer sandwiched between the
top and bottom electrodes as shown schematically in Figure 2.2, (a). The thin-film is clamped to the
substrate, and the electromechanical transduction is enabled by the generation of an in-plane stress
when a field is applied. This is illustrated in Figure 2.2, (b). Since the in-plane contraction of the
piezoelectric film is restricted by the substrate-clamping, the film is tensile stressed along both in-plane
directions: 0; = g,. In response, the substrate becomes compressively stressed in-plane. Since the
substrate prohibits the film from expanding or contracting freely in the plane, both the in-plane strains,
x; and x,, are equal, and zero. In total this can be written as:

X1 = X2 = (Sfl + 5f2)0'12 + 5{530'3 =0 (2.6)
E
ijr
and a measure of flexibility. Out-of-plane, on the other hand, the film is not clamped and free to move.
The out-of-plane strain, x3, is, therefore, nonzero and can be written as:

Here, the elastic compliances at constant electric fields, s, with units of [%], are the inverse stiffness

X3 = 251,015 + 51103 (2.7)

Since clamping to the substrate limits the in-plane deformation, the piezoelectric coefficients of thin-
films will always be smaller compared to its bulk counterpart. This is accounted for by effective
piezocoefficients, ds3 ¢ and e3q 5, and can be expressed by combining (2.1) and (2.2) with (2.6) and
(2.7):
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Figure 2.2: Schematic of the actuation of a typical thin-film piezoelectric stack. The piezoelectric
thin-film is typically sandwiched between two electrodes as shown in (a). When a transverse field
is applied, the substrate clamping enables in-plane electromechanical transduction.

d3q [ C ]
=— |— 2.8
eSl,f (S1E1 + sz) m2 ( )
25k, pm
d3zp = d33 — 7(551 T sE) dsz; [7] (2.9)

Both effective piezoelectric coefficients can be measured; d33 by the displacement of a piezoelectric
structure upon application of a field, and ez ; by measuring the generated charge of a mechanically
stressed structure. Since the magnitude of d33  often depends on the measurement geometry, ez, ¢
is considered a more generalized parameter for describing the piezoelectric properties of the thin-film.
Thin-films fabricated in this work, have typical piezocoefficients of d33 ;1 ~90 — 130 % andezq f~12 —

C
14 o

2.1.3 Ferroelectric perovskites

Piezoelectricity is a material-property limited to dielectrics belonging to 20 of the 21 non-
centrosymmetric crystal classes (except for class 432). 10 of these classes have a polar axis, can develop
a spontaneous polarization, and are pyroelectric. Ferroelectricity arise if the spontaneous polarization
can be reoriented between two or more stable states by the application of an electric field and is an
experimentally defined property. All ferroelectrics are also pyroelectric, piezoelectric and dielectric'®.
In general, all dielectrics, whether centrosymmetric or not, will elastically deform when
subjected to an external electric field. This is a property known as electrostriction, and piezoelectric
materials is a subset of electrostrictive materials, that they develop surface-charges when
mechanically stressed. Piezoelectricity in ferroelectrics couples both to electrostriction and the

spontaneous polarization, Ps, and the charge-coefficient is given by®7!:
d =2QPse (2.10)

4
where @ is the electrostrictive coefficient with units of [%] and € = gy¢&, the electrical permittivity

(unitless), a measure of the materials polarizability. Some of the largest piezoelectric responses are
found in ferroelectric perovskite oxides with the ABO5-structure, where A and B are both cations, and
O oxygen. Perovskite multicomponent structures are therefore particularly interesting for applications,
and well-known ferroelectric perovskites including BaTiO;'®, LiNbO;"® ,BiFe0;* and
Pb(Zr, Ti)05™.

All ferroelectric perovskites undergo a phase transition from a high-temperature non-polar to
a low-temperature, ferroelectric polar phase when cooled down through the Curie-temperature, T¢.
Above T¢ the permittivity, €, follows the Curie-Weiss law:

9
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Monoclinic

(@ (b) C))

Figure 2.3: Schematic of the perovskite ABO3-structure in the high-temperature paraelectric cubic
phase, (a), and three common low-temperature polar phases: tetragonal, (b), rhombohedral, (c),
and monoclinic, (d). The black arrows indicate the polar axes along which the spontaneous
polarization may form. For PZT, Pb takes the A-site and Zr/Ti the B-sites in the BO4-octahedra.

£ C

£0=T_TC

(2.11)

Here &, is the vacuum permittivity, and C the Curie-constant. Above T, the phase is centrosymmetric
cubic and paraelectric, and no polar axes exist. This is illustrated in Figure 2.3 (a), where the sides,
a, b, c and angles , B, y of the cuboid are indicated. In the cubic phase,a = § =y =90°% a=b =c.
In many instances, perovskites adapt a non-centrosymmetric, distorted ferroelectric phase below Tg.
In general, the ferroelectric distortion in perovskites is due to a displacement of the B-cation relative
to the A-cation and O in the crystal lattice. A hybridization between the oxygen 2p orbitals and the d-
orbitals of the B-cation, stabilizes the off-centred displacement relative to the lattice, and induces a
spontaneous polarization along one of the polar axes™. Three common ferroelectric phases are
shown schematically in Figure 2.3 (b)-(d): tetragonal (¢ = 8 =y =90° a = b # c), rhombohedral
(a=B=y#90%a=>b=c) and monoclinic (¢ =y =90° # B,a # b # c). The black arrow
indicates the spontaneous polarization along one of the polar axes. In the tetragonal phase, the
spontaneous polarization can develop along any of the (100), (-100), (010), (0-10), (001) and (00-1)
directions. The rhombohedral phase has four polar axes, and the spontaneous polarization can develop
along any of the (111), (-111), (1-11), (11-1), (-1-11), (11-1), (-11-1), and (-1-1-1) directions.

In ferroelectric perovskites, the structural changes associated with the phase transition creates
regions within the material where the spontaneous polarization is approximately aligned. Such regions
are called ferroelectric domains and forms to minimize the electrostatic and elastic energy of the
structure when cooled through the paraelectric-ferroelectric phase transition. Domains are separated
by domain-walls and the direction of the polarization in two neighboring domains determines the
domain-wall angle. A 180° domain-wall arise if the polarization in the neighboring domains are
oppositely oriented, and a 90° domain-wall if the two polarizations are perpendicularly oriented. Only
90° or 180° domain-walls exists in the tetragonal phase, while in the rhombohedral phase 180, 71°
or 109° domain-walls exist®™*?. A spontaneous polarization in ferroelectrics is also associated with a
spontaneous strain. Regions with uniform spontaneous strain are called ferroelastic domains. Both the
ferroelectric and ferroeleastic domain pattern affect the piezoelectric and dielectric properties of
piezoelectric thin-films.

10
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Figure 2.4: Ferroelectric hysteresis curve. For small fields, A-B, the polarization develops linearly
with the field. The switching of ferroelectric domains at higher fields causes the polarization to
increase, nonlinearly, B-C, until all domains are approximately aligned with the field, C-D. Upon
removal of the field, a remnant polarization, Pg, remains due to the off-centred displacement of the
B-cation relative to the lattice, D-E. The insets exemplify the remnant polarization states for a
tetragonal ferroelectric. The process can be reversed by reversing the field, E-F-G, giving rise to the
ferroelectric hysteresis. Adapted from®!.

2.1.4 Ferroelectric switching

Polarization reversal distinguishes ferroelectrics from other dielectrics. The process of switching the
polarization in a ferroelectric, by applying an electric field, result in a polarization-field (P-E) hysteresis
loop as shown in Figure 2.4. The polarized state is exemplified for a tetragonal perovskite in the insets,
and the domain-pattern indicated by the circle and arrows. When a field is applied from an initially
unpolarized state (point A), the polarization starts to reorient with the field. The B-cation displace
relative to the unit cell, and in small fields, the polarization develops linearly with the applied field
(segment AB). As the field increases, domains begin to re-orient, and the polarization switches
nonlinearly with the applied field (segment BC). At higher fields, domains, move, nucleate and grow
until approximately all domains are reoriented with the field (segment CD). The polarization saturates.
Upon removing the applied field, the B-cation resides in an off-centered position relative to the unit
cell, and some domain-alignment remains, as indicated by the segment DE. Altogether, this induces a
nonzero remnant polarization, Py, at zero field. Reversing the field reverses the polarization (segment
EF), which the coercive field, +E, is the field needed to zero out the polarization, as indicated by the
curve's positive and negative intersect with the x-axis. The depicted polarization-process can be
reversed by reversing the electric field (segment FG), giving rise to a ferroelectric hysteresis.

2.1.5 Contributions to the piezoelectric response

Strain and electric polarization are coupled in polycrystalline ferroelectric perovskites, and three
important contributions influence their overall piezoelectric responsel*]. First, the crystal unit-cell
change dimensions as the B-cation displace relative to the crystal lattice, when a field is applied. The

11
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averaged crystallographic contribution within the ferroelectric/ferroelastic domains is known as the
intrinsic response. Second, domain-walls can move when a pressure or an electric field is applied on
the ferroelectric. This leads to a dynamic contribution from the domain-wall motion to the
electromechanical properties of the ferroelectric, known as the extrinsic response. Only the motion of
non-180° domain-walls can develop a strain and contribute to the piezoelectric effect. In
polycrystalline PZT, extrinsic contributions can account for more than 50 % of the piezoelectric
responsel’*¢l Both the intrinsic and extrinsic responses occur within crystallites, and can be affected
by various defects, including dislocations, chemical defects and grain-boundaries. Third; as polycrystals
consists of multiple crystallites with different crystallographic orientations, applying an external
electric or mechanical field, causes the various crystallites and grains to electrically and mechanically
interact with each other. This modifies the macroscopic response, affecting both the intrinsic as well
as the extrinsic contributions to the piezoelectric response!*>*7!,

Most piezoMEMS devices based on ferroelectric materials are actuated using unipolar fields.
Aligning the ferroelectric domains in the direction of the applied field, enhances and stabilizes the
built-in piezoelectric properties of ferroelectric thin-films. This is done through a process known as
poling, in which an electric field in the order of 3-5 times the coercive field, is applied to the sample at
elevated temperatures for an extended period.

2.1.6 Film thickness and microstructure

Ferroelectricity arise due to long-ranged dipolar interactions and depends on the thin-film's thickness
as well as its microstructure, i.e. the arrangement of phases and defects on the microscopic level,
including crystallographic orientation (texture), phase -and grain-distribution. First, the physical
properties change as the film thickness decreases. Three important factors altering the thin-film's
electromechanical properties compared to bulk, are the pinning of domain walls in surface
inhomogeneities, the presence of interface dielectric-layers and differing mechanical boundary-
conditions. Important effects of these factors include a considerably increase in the coercive field,
decreased remnant polarization (tilted hysteresis) and a reduced the domain-wall mobility in thin-films
compared to bulk!>*#,

A high density of mobile non-180° domain walls are generally desired to increase the extrinsic
piezoelectric responsel?®?2, Indeed, the film's domain structure as well as inter-grain interactions are
sensitive to the microstructurel®. Grain boundaries, internal and external surfaces, defective
crystallographic planes, and interfaces all act as pinning sites for the motion of non-180° domain-walls
(15231 Fyrthermore, the grain-size strongly influences the domain-structure as well as the domain-wall
mobility. For PZT, films with grain-sizes in the submicron range, facilitates fewer mobile 90° domain-
walls, compared to films with grain-sizes in the 1-10 um range. As a result, the piezoelectric the
piezoelectric as well as the dielectric response decrease with decreasing grain-size. Consequently,
grain-size optimization of the film is thus important for tuning the piezoelectric response of thin-
films42], For the films used in this work, the grain-sizes ranged from 150 to 500 nm.

The film texture directly influences the polarization-dynamics and the film's piezoelectric
responsel!*17.263% |n crystalline films, the highest piezoelectric response appears in predominantly
(001)-orientated films!. In polycrystalline films, containing multiple differently oriented grains, the
piezoelectric response is averaged over all grains. The interactions between differently oriented grains
in polycrystals, is a complex correlated process, and the optimal mix of orientations in polycrystalline
films can depend on the processing conditions!!”). The polycrystalline films used in this work, displayed
the largest piezoelectric response around a 90% (001) and 10% (110)-orientation.
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Figure 2.5: Phases, (a), and dielectric/piezoelectric properties, (b), as a function of compositional
variations of PZT[5]. Ti-rich compounds are tetragonal and Zr-rich compounds rhombohedral and
separated by a monoclinic phase as shown in (a). Compositions close to the MPB, indicated by the
dotted line, show significantly enhanced piezoelectric and dielectric properties. (c) and (d) shows
the two most encountered point defects in PZT; lead vacancies, Vlﬁ'b, and oxygen vacancies, V§'.
Upon acceptor-doping, such as Mnf;, stabilized defect dipoles between the acceptor dopant and
V5" creates a "hard" ferroelectric. Most thin-films used for piezoMEMS are polycrystalline and
adapts a columnar structure. SEM-images side -and top view of a ~¥2 um PLD-deposited PZT thin-
film from this work is shown in (e) and (f).

2.2 Lead zirconate titanate

Ferroelectric PbZr,Ti;_403, hereafter PZT, has considerably higher dielectric and piezoelectric
properties compared to other piezoelectrics, such as AIScN or ZnO “3U. PZT is, therefore, a
technologically important material for thin-film piezoMEMS applications%32-38 The piezoelectric and
ferroelectric properties of PZT depend on its composition, structural phases, microstructure, and
defect structure*®.. Here, the structure-property relations of PZT are discussed.

2.2.1 Structure-property relations

PZT is a solid solution between rhombohedral anti-ferroelectric PbZrO5; and tetragonal ferroelectric
PbTiO3. Pb occupies the corner A-site, while Zr/Ti are randomly distributed over B-sites in BOg-
octahedral positions (see Figure 2.3 (b)). Tc of PZT is around 380°C and depends on the
composition®®. As illustrated in Figure 2.5 (a), various ferroelectric phases exist depending the Zr/Ti-
ratio. Ti-rich compounds are tetragonal and Zr-rich compounds are rhombohedral. A monoclinic phase
exists between the tetragonal and rhombohedral phase. The compositional region where the
tetragonal phase transforms into the monoclinic and rhombohedral phase is called the morphotropic
phase boundary (MPB). For PZT, the MPB is located around x =52 mol % PbZrO;, that is,
PbZrg 5, Tig4g03. For compositions close to the MPB, the ferroelectric and ferroelastic domains can
more easily reorient with the applied field compared to compositions far away from the MPB. This
results in a significant enhancement of the dielectric, piezoelectric, and ferroelectric compliances, and
coupling coefficient as shown in Figure 2.5 (b), making MPB-compositions particularly interesting for
piezoMEMS applications**!. For this work, compositions based on rhombohedral/monoclinic
Pb(Zr( s, Tip4g)03, and tetragonal Pb(Zr 40 Tig ¢0) 03 are used.
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2.2.2 Defect structure

Point-defects in PZT influences its properties. The most common point-defects are negatively charged
lead vacancies, Vp},, and positively charged oxygen vacancies, V3", as illustrated in Figure 2.5 (c)!°.
The Krdéger-Vink notation is used.

Undoped PZT is acceptor-dominated, and the PZT-properties can be tailored for practical
applications by chemical doping!*Y. Acceptor-doping is done using lower-valence elements, such as A-
site distributed K*, (Kpp,) or B-site distributed Mn?* (Mnf;)"***]. Acceptor dopants are charge
compensated by V", creating defect dipole complexes such as (M7; — V§")* or (MnT; — V§*)', which
stabilize the ferroelectric domain structure. The short-ranged motion of V" in the BOg-octahedra
network allows for a reorientation and alignment of these defect dipole complexes by an electric field
144471, Furthermore, V3" is known to immobilize domain wall motion, thus acceptor-doping lowers e3; ¢
compared to undoped PZT!8l, Altogether, this results in relatively high coercive fields and high remnant
polarization, characteristic for what is known as "hard" PZT 4, Generally, acceptor-doped PZT has a
high concentration of V3", and displays high Quality-factors, high transition temperatures, low
compliances and reduced permittivity and dielectric loss, which is beneficial for resonator -and
ferroelectric RAM-applications®?,

Donor doping is done using higher-valence elements, such as La3* on A-sites, Lapy, or NbS+
on B-sites, Nby;. Donor-dopants are compensated by electrons and Vp,, and overall reduces the V" -
and hole concentration, internal stress, space-charge accumulation at domain walls and the movement
of V§* around the oxygen octahedra!®?l. Altogether, donor-doping increases the domain wall mobility,
and thereby the piezoelectric response of PZT. Donor-doped PZT is "soft", displaying a hysteresis curve
characterized by low coercive fields and low remnant polarization. In contrast to hard PZT, soft PZT is
characterized by a high permittivity and dielectric loss, large e3¢, and low T, quality-factor, coercive
fields and conductivity compared to undoped PZT. This makes soft PZT highly attractive for low-
frequency piezoMEMS-applications . In this work, undoped PbZrys,Tiy450; and Ba-doped,
PbggBag 1Zry4Tip 003, are investigated. Isovalent doping with Barium has a softening effect yet
reduces the dielectric loss, Tc and crystallization-temperature of PZT3>4,

The PZT defect structure, and in particular V3, is important for reliability. Since PZT is a mixed
ionic conductor the motion of electrons, holes and mobile ions, all influences the charge transport and
electrical properties of PZT®!. Upon prolonged exposure to high electrical fields, V3" migrates across
the film and accumulate near the cathode-region®®®. The net positive interface charge creates a charge
gradient which is compensated by injected electrons from the cathode. As a result, interfacial space-
charge layers grow, and creates additional domain-wall pinning sites. This immobilizes the domain-
wall motion, and, since more than 50 % of the piezoelectric response stem from domain-wall
interactions, considerably suppresses the piezoelectric response®. Additionally, charge-injection
degrades the electrical resistance with time, eventually leading to time-dependent dielectric
breakdown!®%8, In particular, electrons injected into the unfilled d states of Ti**near the conduction-
band, contributes considerably to degradation!®®. Also, the loss of PbO, typically occurring during film-
processing, can increase the Vpy, concentration near the electrode-interfaces, creating trapping-
centres for holes close to the valence band of PZT®,

Furthermore, PZT facilitates protonic defects in the form of protonic interstitials #®Y and
hydrated V{1623 The proton defect-concentration is controlled by the number of V;* and the
number of interstitials PZT can accommodate and influences the piezoelectric and dielectric properties
of PZT!®®!, This is further discussed in Manuscript (I1)-(Il1).
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Figure 2.6: Schematic of electrode-induced processes. A Schottky-barrier at the electrode-PZT
junction is required to obtain a rectifying contact, (a). The barrier height, ®, prevents charge-
injection and depends on the difference between the metal work-function and PZT affinity. Despite
being a p-type semiconductor, the interface is n-type and requires the metal to have a larger work
function than PZT to form a rectifying contact. A pristine PZT-stack is shown schematically in (b).
When applying an electric field, electrons, holes and mobile ions will change the electrical
properties of PZT over time. The movement and accumulation of V3" near the cathode region,
causes interfacial charge-injection, domain-wall pinning and the formation of space-charge layers,
which degrades the overall properties of PZT (c). For practical applications the effect of migrating
V5" is compensated for, by using oxide electrodes, (d).

2.3 Integrating PZT thin-films in piezcoMEMS

Thin-film piezoMEMS devices utilize the in-plane contraction of the clamped film for electromechanical
transduction. Since the active electrode area is large compared to its thickness, large mechanical
displacements can be achieved at relatively low driving voltages'®”!. Embedding piezoelectric thin-films
in devices is a complicated process, since thin-films differ from bulk with respect to the applied field
and the mechanically clamped boundary-conditions. This section reviews material requirements and
aspects related to the fabrication process that must be considered for integrating PZT in thin-film
piezoMEMS. Control of the interface properties via PZT-deposition is briefly discussed.

2.3.1 Properties of the PZT-electrode system

PZT is usually integrated into sensors and actuators as an electrode-piezoelectric-electrode thin-film
stack, as illustrated in Figure 2.6 (a) — (d). In this work, the template stack consists of
PZT/LaNiO3(10nm)/Pt(100nm) Ti(10nm)/Si0,/Si, where the thickness of the PZT layer and the choice
of top electrode materials is varied. The electrodes are critical components of the device and
determines much of the device performance. Generally, the electrode should; (i) ensure a low-leakage
rectifying contact with PZT, (ii) be chemically compatible with all materials in the piezoelectric stack,
(iii) promote the desired film microstructure, (iv) adhere PZT to the substrate and (v) contribute to a
reliable long-term device operation. This will be discussed in the following.

(i) Rectifying contact
PZT is a p-type semiconductor with a bandgap of 3-4 eV(®®l. However, an n-type layer is present at the
electrode interface so that a rectifying contact is obtained only when the electrode metal has a work-
function larger than that of PZT“®!. Generally, a rectifying contact is characterized by a Schottky-barrier
at the metal-semiconductor interface, preventing charge-injection from the electrode metal into PZT.
This is schematically illustrated for a metal-PZT contact in equilibrium in Figure 2.6 (a). Upon contact,
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the valence and conduction bands (Ecg) of PZT will bend to keep the vacuum-level continuous across
the interface and align the fermi-levels. As a rule of thumb, the Schottky barrier height to an n-type
semiconductor, @z, depends on the difference between the metal work-function, ®,,, and the PZT
electron affinity, ypzr (~3.5 eV); @5 — xpzr- Animportant electrode-requirement is, therefore ,to use
metals with a work function substantially larger than yp;r to reduce the leakage across the
interfacel®. Metals such as Pt, Au, or Ti with work functions of around 5.3, 5.1, and 4.35 eV,
respectively, are good candidates and therefore commonly utilized”®7?, For these metals, the
theoretically predicted Schottky-barrier heights forming upon contact are ®g p, = 1.45, ®p 4, = 1.39
and ®g1; = 1.16 eV, However, various interface-effects related to the fabrication-process and
defect chemistry, can significantly alter the barrier height compared to theory, such that the actual
barrier-height of the stack must be measured””!, In the current work, Pt, Pt with 10 nm Ti adhesion-
layer, LaNiO3 and Au with a Ti (10 wt% W) adhesion-layer are chosen as electrode-systems.

(ii) Chemical compatibility
PZT cannot be directly integrated with Si due to interfacial reactions and interdiffusion at elevated
processing temperatures. The bottom electrode must, therefore, provide the chemical interdiffusion-
barrier between the substrate and PZT. The electrode must, therefore, be an excellent electrical
conductor, and integrate well with the substrate to act as a seed-layer for the PZT growth. Pt is well-
matched with PZT, shows good temperature stability, few interface reactions, and can be grown
directly onto SiO, to form smooth and well-oriented films!727¢,

(iii) Microstructure

In contrast to bulk PZT, the crystallographic orientation of thin-films is controlled directly by the
substrate upon which the film is deposited””). Thin-films are grown either by physical or chemical
deposition methods directly on the electrode. An atomically flat and well-oriented electrode is a
prerequisite for achieving the desired grain-size and film texture. The kinetics of growth can be
manipulated either by tuning the deposition-parameters, such as temperature or deposition pressure,
or by adapting a seed-layer, which promotes the desired film orientation’®.. The seed-layer is
deposited either as an additional buffer-layer or integrated directly with the bottom electrode!*#%,
Common seed-layers are Ti and TiO, promoting a (111)-orientated film®*#2 or PbO and PbTiO4
promoting a (001)-orientated film[?”%3, For the seed-layer being directly integrated into the electrode,
(111)-oriented Pt and (001)-oriented SrRuO5 or LaNiO; are good choices, which all promote a (001)-
oriented PZT-growth®2¢l, For this work, 10 nm (001)-oriented LaNiO5 is used as combined bottom
electrode and seed.

(iv) Substrate adhesion
PZT- based thin-film structures cannot be integrated with Si without adequate film-substrate adhesion.
Post-deposition annealing at elevated temperature in and O,-atmosphere, can improve the adhesion-
strength, though often at the cost of hillocking!’>757%, Interfacial adhesion-layer between the electrode
and the Si substrate, are also commonly used for improving adhesion. Both approaches have here been
pursued. Both annealing and Ti-adhesion was used for improving the adhesion to Pt. Ti and TiO,
adhesion-layers was used for adhesin to the Si substrate.

(v) Polarization fatigue

Long-term degradation-mechanisms imposed by chemical defects, diffusing or drifting in applied
electric fields, can be mitigated by engineering the electrode-interface. Issues related to Vg, as
discussed in 2.2.2, are considerably reduced by depositing a conductive oxide layer between the
electrode and PZT. Upon contacting, however, passive-layers with suppressed piezoelectric and
dielectric properties will form at the electrode-PZT interface, as illustrated in Figure 2.6 (c). If not
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considered, these layers will grow, quickly degraded the functional properties of PZT. Oxide electrodes
have been shown to mitigate Vj*-related issues by the supply of additional oxygen, (Figure 2.6 (d) ).
Commonly used oxide electrodes include SrRuO; %8, [r0,B7 and LaNiO5">%¥ and significantly
increases time-to-failurel®®®”), The devices made in this work are designed for positive unipolar
actuation, thus (001) — oriented LaNiO; is only deposited on the bottom electrode.

(vi) Electrode interface
Stoichiometric films with little compositional gradients are desired for maximizing the dielectric
breakdown strength. Loss of volatile elements, lead in particular, can severely degrade the Schottky-
barrier, and PZT properties, resulting in reduced breakdown-strength, leakage and early stage-
failure’®. The interface quality in this study is ensured in the fabrication-process by using oxygen-
containing atmospheres during the annealing steps and lead-excess in the PLD-targets and solutions
for chemical deposition.

2.3.2 Mechanical stresses in thin-films

In many instances, excessive mechanical stress may limit domain wall mobility, suppress the film’s
dielectric and piezoelectric properties, and decrease reliability. There are three main components of
stress in polycrystalline PZT films; residual stress, o, applied stress, g4, and piezoelectric stress, op.
The total film stress is the sum of the three components:

Otot = OR + Oy + Op [MPa] (2.12)

For polycrystalline films, one major stress-contribution stems from oz which is comprised of intrinsic,
0;, and thermal, oy, stresses!>'>8%% The intrinsic stress is influenced by the various deposition
parameters (pressure, power, target-substrate distance etc.)!®". Thermal stress evolves upon cooling
from the deposition temperature due to a mismatch between the thermal expansion of the film and
substrate. oy calculated using the difference in deposition and application temperature, AT 5°);

or = Ef(ay — as)AT (2.13)

Here a; and ag are the thermal expansion coefficients of the film and substrate and Ef the Young's
Moduli of the film. If ag > a; the film will have a compressive thermal stress (o7 < 0) and if ag < af
the thermal stress is tensile (or > 0) after cooling from the deposition temperature. Cooling down
through T, is associated with structural changes from the non-polar to the polar phase, causing
ferroelastic domains to form due to the relative difference in unit cell dimensions. This affects the
domain-state of PZT. oz < 0 results in a preference towards out-of-plane c-domains, and oz > 0in a
preference towards in-plane a-domains?®#”%2l. PZT grown on Si substrates, with ag < ay, has a tensile
residual stress, promoting a higher a-to-c-domain ratio compared to for examples Ni or MgO-
substrates where ag > ay. For the latter, a higher c-to-a domain ratio is promoted™®. In general c-
domains have large out-of-plane polarization and a lower out-of-plane permittivity, beneficial e.g. for
FERAM-applications®4388994% |n comparison a-domains have a lower out-of-plane polarization and
larger out-of-plane permittivity, beneficial for e.g. energy-harvesting applications®®*7,

Since PZT is a brittle ceramic, PZT thin-films can only withstand a total critical stress, typically
in the range of g, = 550 MPa, before cracking!®®. Since o, is the applicable stress, increased
operating range, and reliability of piezoMEMS-devices can be achieved by minimizing the total stress
of the device stack. Substrate-matching, film-thickness, and stress-compensating layers are all used for
film-stress reduction in this work. All polycrystalline films are grown on Si substrates with a 1.6 um
Si0, stress-compensating layer. 1-2 um thick films are used, and the PZT has an average tensile stress
of around 250 MPa.
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2.4 Advances in piezoMEMS reliability

Operation in realistic environments is a key concern for developing and commercializing piezoMEMS-
devices336693:99.100] |n recent years, the impact of the various ambient stressors has, therefore,
received increasing attention, with multiple approaches being pursued to study reliability!*02-104
ferroelectric RAM -and resonator-applications PZT-based devices have demonstrated up to 10'° cycles
in a lab-scale environment, without significant apparent degradation*1%71, Under intended "normal
usage", this translates to years of continuous operation before failure. In comparison, a typical median-
time-to-failure in humid conditions range from a few minutes to a few hours under comparable
electrical and mechanical loading conditions!'%, Devices used in this thesis, which initially exceeded
10 cycles without significant fatigue nor failure in dry conditions, reduced to ~107 cycles before
failing in humid conditions.

This section reviews the state-of-the-art within the reliability of piezoMEMS. Based on initial
studies on factual thin-film piezoMEMS devices from this work, the various lifetime-limiting stressors
are categorized according to its apparent severity; (i) ambient humidity, (ii) (electro)mechanical stress,
(iii) DC electrical field reliability and (iv) aging and polarization fatigue*103110-1131 Each point will be
discussed in the following.

1. For

2.4.1 Ambient humidity

Operation in humid conditions has been shown to significantly decrease the breakdown-strength and
median-time-to-failure (MTTF) of PZT-based structures and devices?®*'%!, Failure is manifested as an
early onset of leakage transients with a duration of pus-ms and amplitude of pA-mA, as illustrated in
the lower part of Figure 2.7 (a)®>%%8], As a result of large localized current densities and Joule-heating
evaporating the stack material, so-called black spots, in this work referred to as electrothermal
breakdown-events, forms across the electrode surface. As illustrated in Figure 2.7 (b), holes penetrate
the entire stack from top to bottom and are hence irreversible. It has been found that such degradation
arise partly from a combination of resistance-degradation*??, cracking**#**>) and conductive filament-
formation through the film!**®!, as shown in Figure 2.7 (c). Dielectric breakdown occurs when a critical
filament length is reached, and multiple new conductive pathways will start to form. From an applied
perspective, to protect the surfaces is imperative to circumvent humidity-related issues®**17-120],
However, fabricating adequate humidity-barriers remains a challenge since piezoMEMS-devices utilize
complex electromechanically moving structures, are sensitive to increased stiffness, and are prone to
mechanical and dielectric breakdown. Attention has therefore been focused on understanding the
fundamental mechanisms driving humidity-related degradation to develop additional mitigation
strategies. From microelectronics, it is well-known that filament growth from anode to cathode is
expected in humid conditions when using electro-migrating electrode-materials, such as Ag or Ni
[99,116,121-127] g;ch electromigration is exemplified for Ag in the top image of Figure 2.7 (c). Though state-
of-the-art piezoMEMS-devices typically employs non-electro-migrating electrode-materials?, similar
degradation and failure are still encountered in humid conditions®*®, From the development of
FERAM, the effect of hydrogen from the processing environment has been well studied [6%88128-1301 At
elevated processing temperatures, incorporated hydrogen can impede the cubic-tetragonal phase
transition®Y, change the polarizability!*3?, reduce the optical band gap!**”, decreases fracture-
toughness***115 and cause severe resistance degradation!**3, This has shed light on the important role
of controlling the piezoMEMS processing environment, yet such conditions differ significantly from the
realistic operating ambient['%123], Recent work on proton-conducting materials suggests that the drift
of protonic charge-carriers in surface water may be key to understanding humidity-related degradation
during operation“%6265134-1381 |t has therefore been proposed that the electrolysis of water is essential
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Figure 2.7: Degradation in humid conditions significantly lowers breakdown-strength and lifetime
and is manifested as leakage transients and time-dependent dielectric breakdown decades earlier
than in dry conditions, as shown in (a)*?*3!. Breakdown is generally associated with cracking and
electrothermal breakdown-events, so-called black spots, as shown in (b)[%!. Electro migrating
electrode-material from the anode to the cathode, is a commonly reported issue in humid
conditions, in particular when using Ag or Ni-based electrodes**. A multi-breakdown model has
been proposed, incorporating dendrite formation and eventually dielectric breakdown upon
reaching a critical thickness as illustrated in (d)®°.

for humidity-related degradation, though this has not been further investigated(®6413%140 pespite
that some of the most frequently employed electrodes for piezoMEMS, including SrRu05, Ir 0, and
Pt[141-1%%) 3re among the most electrochemically active materials towards water-splitting!*?>146-150 |
this regard, it has also been shown that the pyroelectric effect, and polarization-state of PZT also may
couple directly to electrochemical water-splitting, which could further accelerate such a process*>**52,

2.4.2 Mechanical limitations

To maximize the achievable electromechanical motion without cracking is an evident benefit for thin-
film piezoMEMS devices!*>3l. PZT is a brittle ceramic, and thin-films are vulnerable to fracture. With
application-areas expanding into mechanical energy harvesters®® and long-stroke actuators®®,
attention is given to understanding and improving the mechanical limitations of PZT and other
ferroelectrics. Novel approaches, including residual stress-engineering(36°093941541  viickers
indentation[t*41551%6] - hall-on-three ball!*>"*%8] Raman spectroscopy!****%? and vacuum-setups for
applying periodic stresses to the film!*®3%4] are being pursued.

Concerning the ferroelectric properties of thin-films, in-plane compressive stress can induce a
partial a-to-c domain-reorientation in PZT, while in-plane residual tensile stress can induce a partial c-
to-a domain-reorientation. This was demonstrated for PZT thin-films by Coleman et. al. by depositing
PZT on Ni and Si substrates, as illustrated in Figure 2.8 (a). For the Ni substrate, an in-plane residual
compressive stress increased c-to-a domain-ratio, and increased the remnant/maximum polarization
and the extrinsic response, while decreasing the permittivity 2465171 Conversely, depositing PZT on
Si induce an in-plane tensile stress, decreasing the c-to-a domain ratio, and decreasing the
remnant/maximum polarization and extrinsic response, while increasing the permittivity**3-7%. This is
similar for bulk-materials, in which Webber et al. found that uniaxial mechanical loading decrease the
out-of-plane polarizability and piezoelectric response as a result of ferroelastic domain-
reorientation(t5>171-174],
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Figure 2.8: Investigation of mechanical limitations of ferroelectrics, adapted from®58l, |n PZT,
excessive in-plane compressive stress results in an a-to-c, while in-plane tensile stress results in a-
to-c reorientation of ferroelastic domains, thus altering the ferroelectric properties of the film, (a).
The crack initiation stress was found to decrease with increasing PZT film-thickness, while the
apparent fracture toughness was found to decrease towards the interfaces of composite
piezoelectric stacks, (b). When a crack is initiated, it is found to propagate through the PZT stack,
and stop/turn at interfaces, top (c). Ferroelastic domain reorientation at the crack wake of a
propagating crack, suppresses the crack propagation, (c).

Mechanical failure through crack initiation and propagation in thin-films has been studied by
several authorsP398158170.175176] '£qr p7T, the coupled stress-energy criterion® has been found to be
valid, also for thin-films*’7*78]. The energy required to open a crack (increase in surface energy)
increases as the film-thickness decrease. Therefore, the stress required for cracks to initiate is lower in
thick, than in thin films. For bulk PZT, tensile uniaxial stress perpendicular to propagating cracks
decreases the apparent fracture toughness (anti-shielding effect). As shown in Figure 2.8 (b), Coleman
et. al. demonstrated that this was also true for a PZT/LaNiOs/SiO,/Si composite structure, in which the
crack-initiation stress (slope of dotted curves) for a PZT thin-film under tensile stress decreases as the
film-thickness increased. Furthermore, the apparent fracture toughness of PZT, was found to decrease
from the surface towards the interface of the underlying layers. A similar decrease in fracture
toughness was found through the LaNiOs-layer, also under tensile stress, while for the compressively
stressed thermal oxide, SiO,, the fracture toughness increased through the layer. The lowest apparent
fracture toughness occurred in the LaNiOs-layer. As shown in the top right of Figure 2.8, top (c),
propagating cracks were here found to shift direction when crossing the interface to the oxide
electrode, and stop at the Si interface.

For bulk ferroelectrics, randomly oriented ferroelastic domains re-orient to alleviate stress.
This results in a shielding-effect which impede crack-propagation, and increase the fracture toughness
compared to non-ferroelectric brittle ceramics*’°84. This is illustrated in the lower Figure 2.8 (c). Soft
PZT, containing more mobile domain-walls compared to hard PZT, thus displays a larger fracture-
toughening effect compared to hard PZTI*>>'71-1741 For thin-films, cracks can propagate through, and
along the surface of the film. The clamped mechanical boundary-conditions and reduced domain-wall
mobility compared to bulk, however, is expected to reduce this overall fracture toughening effect.

Lastly, it is mentioned an intimate connection between mechanical cracking and electrical
failure of PZT has been reported for thin films, though more research is needed to fully understand the
underlying mechanisms7>1%8133 Also, increasing efforts is being put into understanding the effect of

L the energy needed to both initiate and propagate a crack must be exceeded for crack-initiation and
propagation to occur
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Figure 2.9: Electrical degradation is characterized by a charging current, leakage current, electrical
degradation, and breakdown-regime, (a). HALT, employing elevated temperatures and high
electrical fields are often used for assessing lifetime and reliability, and analyzed using Weibull
statistics, (b). Time-dependent dielectric breakdown and electrical field breakdown are both closely
connected to mechanical cracking and electrothermal breakdown, and often depends on the film
processing conditions, (c). Here, the crack-density is controlled by varying the PbO content of the
precursor solution for chemical solution deposited films. Prolonged exposure to high fields and

temperatures, shifts the Poole-Frenkel and Schottky regimes along the V-axis, (d). Adapted from
[75,184,201]

cyclic mechanical loading on degrading piezoelectric properties, as well as new routes for improving
the fracture toughness of piezoceramics!*82183],

2.4.3 DC electrical field reliability

Prolonged exposure to high electrical fields changes the defect structure of PZT over time!*®®. This
changes the dominant conduction mechanism and affects the DC electrical field reliability, as
illustrated in Figure 2.9 (a). Initially, polarization-relaxation, the release of trapped charges and the
formation of space-charge regions results in an initial relaxation-regime and a decrease in leakage
during time-dependent measurements®®®. A leakage-regime with initially slow kinetics is then
encountered before the onset of electrical degradation, eventually leading to rapid kinetics and failure
through time-dependent dielectric breakdown occurs. Lifetime and reliability are typically investigated
by studying the trapping and release of charged species in PZT as a function of degradation-time. Due
to the length of each experiment, lifetimes are extrapolated from highly accelerated lifetime-tests by
exposing the samples to elevated temperatures and electrical fields!*®*#, Weibull-distributions, as
shown in Figure 2.9 (b), in combination with voltage and temperature acceleration-factors are used to
extrapolate device and structure lifetime, typically by adapting existing lifetime models to the relevant
sample structure!®-188 [ jke humidity and mechanically induced degradation, electrically degraded
samples experience cracking and electrothermal breakdown-events during failure, as shown in Figure
2.9 (c). A Schottky-based degradation-model have been proposed to explain the phenomena, though
with varying predictability due to a continually changing defect-structure with timel*®% To
understand the degradation-dynamics, the involved species and conduction mechanisms, thermally
stimulated  depolarization  currents®®®,  current-voltage’, and impedance-spectroscopy
techniques!*®" are conducted. Recent development show that the relaxation-times of relevant defect
species can also be utilized for characterizing the involved species!*®>*%?, |t has been found that
controlling doping and film stoichiometry, in particular close to the electrode interfaces is of high
importance for DC reliability. Degradation, however, contradicts a purely Schottky-based degradation-
model, since the dominant conduction mechanisms change with timel?®1°>%*4 Though donor-doping
using e.g. Nb generally decreases the Schottky barrier height of pristine PZT-films, the median time-to-
failure has been found to increase. Conversely, while Mn acceptor-doping increases the Schottky-
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Figure 2.10: Polarization fatigue leads to a gradual loss of ferroelectric and piezoelectric properties
with time, such as a diminishing ferroelectric hysteresis, as shown in (a). Fatigue and aging-related
behavior is accelerated by field and temperature, as illustrated in (b). Since PZT is a brittle ceramic,
cracking is also an integral part of fatigue, as shown in (c). This should be addressed by assessing
the issues pointed out in section 2.4.1-2.4.2. Adapted from 1%,

barrier height, the median time-to-failure decreases. A similar trend was found by reducing the
feature-size of interdigitated electrode structures!®l. Both observations connect with processes
promoting or impeding charge trapping within PZT. With time, the dynamics of charge release from
various defects shifts the conduction from initially being Schottky-dominated to being Poole-Frenkel-
dominated (Figure 2.9 (d)). Acceptor-doped samples show higher resilience since the activation energy
for dissociating acceptor-induced defect-dipoles, for instance Mny; — V5™ or Vi, — V¥, are higher
than for Nb-doped samples. For structured samples, sidewall-damages and dangling bonds from lateral
patterning increase the activation energy needed for defect dipole-dissociation, thus improving DC
lifetime.

Since films used for applications are getting ever thinner, the breakdown strength of PZT must
also be improved. Atmospheric and solution-control has been pursued as a way to optimize the Pb-
and Ti-content and improve the electrode-interface quality’+7>1%4, As illustrated in Figure 2.9 (c), the
content of volatile elements, Pb and PbO in particular, determines much of the interface properties.
Here the authors showed that the crack density directly correlated with the breakdown-strength and
could be controlled by adjusting the amount of PbO in the precursor solution during chemical solution
deposition. Again, this highlights the importance of well-processed samples.

2.4.4 Aging and polarization fatigue
If the abovementioned issues are solved, the final realm for improving PZT lifetime is through
decreasing polarization-fatigue, i.e. the loss of piezoelectric and ferroelectric properties with time,
(Figure 2.10 (a), (b)). This is especially relevant for high-frequency-applications, such as RF-switches,
resonators and FERAM, which requires a large set of duty-cycles throughout their lifetime. The loss of
properties is primarily due to the drift of ionic species, charge-injection, changes in the domain state
and cracking resulting in a gradual loss of ferroelectric and dielectric properties over time!®7%1%!, Since
thermodynamic processes dominate degradation, aging and polarization-fatigue is directly correlated
with the applied field and temperature of the operating ambient701741801851 Acceptor-doping, oxide
electrodes, and poling improves the aging and fatigue characteristicsl®>1%1%61%8 |n addition,
controlling the electrical field-distribution over the piezoMEMS-device during operation show
promising results towards decreased polarization-fatiguel*®>1%2% Well-processed samples, however,
are expected to endure polarization fatigue-related issues throughout their lifetime.

The pristine properties of fatigued or aged samples can, in general, be regained through
sample re-poling. However, in the case of mechanical cracking, the complete recovery by annealing or
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re-poling is limited. This is illustrated for a fatigued sample in Figure 2.10 (c). Such effects are addressed
by assessing issues pointed out in section 2.4.1-2.4.2.

2.5 Summary

Electromechanical transduction using the piezoelectric effect is attractive for MEMS-devices, and
ferroelectric PZT is among the best piezoelectric materials currently available. PZT has a complex defect
structure, and is sensitive to electrical fields, mechanical stress, and ferroelastic distortions. Integrating
PZT in thin-film device-structures is not straight-forward, and careful considerations in terms of
physical properties, chemical compatibility, and long-term stability of the used materials must be
taken.

Reliable operation in realistic and harsh environments is a key challenge inhibiting the
employment and continued technological development of PZT-based piezoMEMS-devices. Though
there are multiple ways in which piezoelectric materials can degrade in real-life conditions, the
ambient humidity is perhaps one of the most severe stress factors imposed by the operating ambient.
Yet the underlying degradation processes and mechanisms are so far not well understood. Though
imperative for improving reliability, encapsulating devices are often impractical and often not enough,
and the involved mechanisms require a thorough understanding from both a theoretical and applied
perspective. In this thesis, the challenges of humidity-related degradation are addressed from the
standpoint of piezoMEMS structures and devices. The goal is to understand the mechanisms governing
degradation in humidity, and how they affect real-life thin-film piezoMEMS devices.

Here, piezoMEMS-devices together with simple test-structures was used to study and
understand the effects of degradation encountered in humid conditions. This is unique since issues
studied on simple test-structures are not always directly transferrable to actual piezoMEMS devices. A
retrofittable experimental setup was developed to investigate the dielectric, piezoelectric and
ferroelectric properties under controlled ambient conditions. The lifetime-limiting factors from initial
tests paved the way for designing simplified test-structures, used to elucidate the degradation-
mechanisms. Measures for mitigating and recover samples from humidity-degradation were also
investigated. Lastly, it was demonstrated devices with a three orders of magnitude enhanced lifetime
compared to pristine devices, and the work suggest approaches for studying and improving reliability
further.
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Chapter 3

Design, fabrication and characterization of
piezoMEMS

This chapter presents the design, fabrication, and characterization of the piezoMEMS structures and
devices studied here. First, the general methodology used for fabricating structures and devices is
presented. Undoped and Ba-doped PZT deposited on 6" platinized SOl-wafers are chosen as the
material systems, and all fabrication-processes have been carried out in the cleanroom-facilities of
SINTEF MiNalLab and Penn State University. The developed experimental setup and designed test-
structures are then described. Finally, the techniques used for characterizing piezoelectric,
ferroelectric, reliability, and lifetime of the test-structures and devices are discussed. The techniques
applied have been used and developed in collaboration with the Trolier-McKinstry group at Penn State
University, Pennsylvania, USA.

3.1 PiezoMEMS structures and devices

The fabrication-technique controls, to a large extent, the physical and chemical properties of
piezoMEMS-devices. High-quality piezoelectric thin-films are fabricated using various physicall® or
chemical®® deposition techniques, including magnetron sputtering®®, pulsed laser deposition (PLD)™
and chemical solution deposition (CSD)®!. Devices consist of structured metal-piezoelectric-metal thin-
film stacks grown on silicon-on-insulator (SOI) wafers®®. (001)-oriented LaNiO; grown on (111)-
oriented Pt is a well-suited bottom electrode system and is therefore chosen as a template for this
work. All films are grown by either large-scale PLD!”! or CSD. In this section, fabrication-processes and
techniques utilized in this thesis are presented. The reader is otherwise directed to literature for
extensive information on MEMS-design and fabrication!®,

3.1.1 Fabrication of thin-film piezoMEMS

Silicon is a semiconductor with good electrical, mechanical, and thermal properties, widely adapted
for piezoMEMS-devices today*'*?!, Single crystal silicon is cut into thin wafers and polished before
proceeding through numerous micromachining processes. Surface-micromachining is the process of
depositing layers onto the wafer, while bulk-micromachining is structuring the wafer through etching-
techniques. For the latter, a buried oxide (BOX)-layer is used as an etch-stop for defining the thickness
of specific parts of the device. Here, this so-called device-thickness is either 5 or 8 um. Starting from
the SOI-wafer, device-fabrication can be roughly divided into four essential processes, as illustrated
schematically for the fabrication of the piezoelectric micromirror in Figure 3.1; (i) oxidation, (ii) film
deposition, (iii) patterning and (iv) backside etching [**1. These will be discussed in the following.

(i) Oxidation
A SiO,-layer is grown on a polished Silicon wafer by heating the wafer to 800 — 1200°C in a tube-
furnace containing an oxygen atmosphere. The oxide-layer electrically isolate the functional stack from
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Figure 3.1: Processing steps used to fabricate piezoMEMS-devices and structures, here exemplified
for the fabrication of the piezoelectric micromirror for this work. The SOl-wafer is oxidized (i) before
surface-micromachining by depositing (ii) and patterning (iii) the metal-piezoelectric-metal stack.
Bulk micromachining by etching (iv) the silicon substrate is used for structuring the final device.

the SOl-wafer and controls the total stress of the final structure. In this work, an oxide thickness of 1.6
um was used.

(ii) Film deposition

A 10 nm Ti or TiO, adhesion-layer is sputter-deposited between SiO, and the 100 nm (111)-oriented
Pt bottom-electrode. A 10 nm (001)-oriented conductive LaNiO; layer is deposited as an oxide bottom
electrode. PZT is then deposited by either PLD or CSD with a thickness of 1-2 um. In PLD, a target
material is ablated into a plasma plume using a high-power pulsed KrF excimer laser and directed
towards the substrate. The neutral and high-energy ad-atoms in the plasma absorbs and diffuses along
the substrate surface to deposit a thin-film. The PZT-layer is deposited at 650°C directly after the
LaNiOz-layer without breaking the vacuum. In CSD, a precursor solution is spun onto the Pt-electrode
at 2000-3000 rpm and pyrolyzed on a hot-plate of 200 — 300°C. The PZT is then crystallized using
rapid-thermal annealing at 500 — 700°C to create a 250 nm thick PZT-film. This process is repeated
until the desired thickness is achieved. On top of the PZT-layer, an additional adhesion-layer, Ti or Ti
with 10 wt% W, is sputtered onto PZT before depositing the 100-250 nm Au or Pt top electrode.

(iii) Patterning
After depositing the piezoelectric stack, the top electrodes are patterned using a lift-off process. Before
depositing the final adhesion-layer and top electrode, a photoresist-layer is spun onto the PZT-surface
and baked on a hot-plate at 130°C for 90 s. After curing, the resist is UV-irradiated through a mask
and the exposed areas dissolved in a solution. The electrode is deposited over the resist-pattern, and
the undesired areas "lifted off" by dissolving the remaining resist in an acetone-bath. Thus, only
selected areas on the surface are electroded.

(iv) Backside etching and dicing

After front-side patterning, an aluminum shadow-mask is deposited on the backside of the silicon
wafer. The mask is patterned, and the selected areas etched away using a Bosch deep reactive ion
etching (DRIE) process. A chamber with a SF,-atmosphere is used to etch the silicon substrate. An
electric field creates a plasma, and ions are accelerated towards the substrate, and selectively etches
away silicon. Between each consecutive etching cycle, a C4Fg protective layer is added to protect the
sidewalls, to avoid sidewall-damage during etching. Due to the directionality of the electric field, silicon
is etched anisotropically through the mask, enabling the definition of structures in the bulk of the
wafer, i.e. bulk micromachining. As the final step, the processed wafer is placed on a tape and diced
using a diamond saw.
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(b)

Figure 3.2: Top view microscopy image of the as-fabricated micromirror from Figure (iv) is shown
in (a). The bonding pads are placed along the periphery of the die and routed to the membrane-
electrodes. The top and bottom electrode are both contacted on the front side of the die. (b)-(d)
shows the working principle of the piezoelectric micromirror schematically. Actuating the inner (b)
and outer (c) electrode ring pushes the center disc downwards and upwards. A tip-tilt motion (d),
is achieved by asymmetric actuation of the inner and outer ring on opposite sides of the center-
disc.

3.1.2 Micromirror geometry

A side-view schematic of the as-fabricated piezoelectric micromirror is shown in Figure 3.1 (iv). A top-
view micrograph and illustration of its working principles are shown schematically in Figure 3.2 (a) —
(d). The device is comprised of a rigid 400 um thick silicon-disc suspended on an 8 um thick structured
membrane surrounded by eight evenly distributed electrodes. The membrane-electrodes are routed
to bonding pads on the periphery of the micromirror frame. When an electric field is applied, the in-
plane piezoelectric stress, o, (eq. 2.4), bends the membrane structure with a bending moment, M;,
linear to the thickness of the piezoelectric film, tr, and the distance to the neutral plane of the device,
zpt4:

M; = —oytrzp (3.1)

As shown in Figure 3.2 (b), applying a field across all the inner electrodes actuates the device by
pushing the disc downwards. Applying a field across the outer electrodes pushes the disc upwards as
shown in (¢), such that a tip-tilt motion can be achieved and accurately controlled through asymmetric
actuation of the inner and outer electrodes as shown in (d). In this was various tilt-positions and
motions of the mirror plane can be controlled and used to reflect, resonate and guide electromagnetic
waves. This allows for applications within gas-detection and optical communication, as demonstrated
by the Norwegian company, Tunable!*®). For the micromirrors fabricated in this work, a maximum
angular deflection of +£0.6° was achieved by simultaneously actuating the two inner and two outer
electrodes on opposite sides of the device. This corresponds to a maximum bending of about 15 um
from the neutral axis. The maximum deflection condition was used throughout the reliability and
lifetime-testing of the device in this work.

3.2 Experimental setup and test structure design

In real-life operating conditions, piezoMEMS-devices experience a combination of additional electrical,
chemical, mechanical, and thermal stressors. The dominating failure-mechanism is often unique to
each device-design and requires customized experimental-setups for investigating the impact of the
various stress-factors on performancel*®*%, High accuracy equipment for characterizing
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Figure 3.3: Schematic of the developed experimental design for reliability and lifetime testing. The
device is wire-bonded to a MEMS test-circuit with an integrated heater, (a), which is then placed
inside a 3D-printable environmental chamber with ambient control, (b). The humidity and
temperature are controlled using k-type thermocouples and humidity-sensors, and all electronics
are kept outside the chamber on a micrometer-stage allowing for characterizing multiple devices
in each experimental condition. An optical window on top of the chamber allows for
electromechanical characterization by reflecting a laser of each chip onto a position sensitive device
(PSD), as illustrated in (c).

[20-23] [24,25]

piezoelectric , dielectric®?, electromechanicall'®202627] and ferroelectric®?®! properties have
already been developed. In this section, the development of the experimental setup, its integration

into high accuracy characterization-equipment, and design of test-structures will be presented.

3.2.1 Experimental setup

The chosen strategy was to develop an experimental set-up that allowed for utilizing already available
instrumentation for characterizing structures and devices as they operated in controlled ambient
conditions. The setup was designed as a versatile “ad on” module, since standards, sample-mounting,
contacting, etc. varies between types of equipment. To this purpose, a compact 3D-printable
environmental chamber was designed so that it could be easily retrofitted to available
characterization-equipment. A schematic of the basic design is shown in Figure 3.3. A polyimide MEMS
test-circuit card with five 8x8 mm? slots and an integrated heater going up to 200°C, was designed
and fabricated. Each slot was gold-plated to increase thermal conduction to the device-under-test
(DUT). The circuit was designed for contacting using either needle-probing, wire-bonding, or surface-
mounted connectors. Wire-bonding to bonding pads along the periphery of the die was most
frequently used for parallel-testing of devices. The test-circuit containing up to five individual dies was
locked in place by magnets inside the environmental chamber as shown in Figure 3.3 (b). The
temperature of the test device and ambient, was measured using a k-type thermocouple integrated
into the test circuit. Controlled ambient humidity was enabled by bubbling N, through a DI-water
container and flowing the H,O: N,-mixture through the chamber and measured using a high-precision
HYT271 humidity-sensor®®\. The test-conditions were stabilized through an external feedback loop,
regulated by external PID -and flow-controllers. Temperature and humidity-conditions were controlled
and recorded using a combined Raspberry Pi 3B+ and LabView based platform based on a sbRI09627
single-board computers. An optical window on top of the chamber allowed for reflecting a laser off the
structure or device onto a position sensitive detector for electromechanical characterization during
the experiment, as shown in Figure 3.3 (c). Both the laser and a position-detector were mounted onto

34



3 Design, fabrication and characterization of piezoMEMS

Translation — stage A < Environmental chamber
/é‘.} cooling — fan

-l

==

(a)

Figure 3.4: Examples of retrofitted experimental setups enabling electromechanical
characterization, (a), double beam laser interferometry, (b) and accelerated lifetime-
measurements, (c), with ambient control.

an external micrometer-stage and scanned across all devices throughout the experiments. This
allowed for individual characterization of each device in controlled ambient and temperature
conditions. Keeping all electronic components outside the environmental chamber allowed for simple
retrofitting of the set-up to the relevant test-equipment. Examples of retrofitted experimental-setups
for electromechanical characterization, double-beam laser interferometry (DBLI), and accelerated
lifetime testing are shown in Figure 3.4 (a), (b) and (c) respectively.

3.2.2 Design of PZT-based test-structures

A set of initial lifetime-measurements in air and 90 % relative humidity (RH) at 25 — 175°C were
conducted on as-made piezoelectric micromirrors to identify the critical flaws and dominating causes
of failure of devices under simulated realistic and harsh operating conditions. The initial temperature-
humidity-bias characteristics are discussed in Manuscript (I) in which the ambient humidity was found
to have the largest impact on device-performance. The electrode-routings and bonding-pads were the
critical flaws of the system and therefore used as a basis for designing simple test-structures for
humidity-related studies. The mask-layouts for the device and test-structures are shown in Figure 3.5
(a)-(c) and backside wafer-view and fabricated structures in (d). A structure-purpose summary is
provided in Table 3.1. Each mask-set contained 186 dies, each with up to 12 test-structures. For each
set of 6" wafers, a 1 um and 2 um thick undoped or Ba-doped PZT films were deposited by CSD and
PLD respectively. 10-100 um wide lines simulated the effect of varying routing-widths and circular and
square pads with an area of 0.002-3.14 mm? simulated the effect of pad-size. The lines and pads were
utilized for the studies conducted in Manuscript (Il)-(Il). Pads, clamped, released and suspended on

Table 3.1: Purpose of fabricated structures relevant for piezoMEMS-reliability

Purpose Device | Lines | Diaphragms | Pads/islands | Cantilevers
Identify/study failure type X X

Electromechanical response X X

Thin-film encapsulation strategies X

Effects of film stress and stress-alleviation X X X
Investigate diaphragm-dynamics X

Aging and low-field operation X X

Piezoelectric properties of film X X X
Electrochemically driven degradation X X X

Size and declamping effects X
Surface-currents X X
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‘o0 . ()

Figure 3.5: Final mask-layout for piezoelectric micromirrors (a), cantilevers, lines and pads (b), and
diaphragm-structures (c). Close up of devices and structures are shown in the insets. An example-
wafer under backside DRIE and finished structures after dicing is shown in (d).

diaphragms were fabricated with the intention of studying self-heating effects, stress-alleviation and
piezoelectric nonlinearities (Rayleigh-dynamics). The electrode covered from 10-100% of the
diaphragm to examine the effect of stress-alleviation on the functionality. The cantilevers had a width
of 100 um, a length of 400-8400 pum and a thickness of 5 and 400 pm, designed to satisfy the Kanno[?%3%
and Mazzalai®! equations for comparability with similar literature-reports!*. The 1D-geometry also
simplifies the study of crack initiation and propagation for stress-related studies!?®3'34, All structures
were routed to bonding-pads along the sides of each die, for compatibility with the developed
experimental setup.

One wafer of micromirror-devices using 1 um thick PLD — deposited PZT-films were fabricated
for assessing the use of humidity barrier-layers. Atomic layer deposition (ALD) has beneficial attributes

s13537] and were therefore

in terms of homogeneity over complex structured surfaces for thin coating
pursued in this work. The devices were encapsulated using 40 nm Al, 05 which improved the median

time-to-failure (MTTF) as reported in Manuscript (IV).

3.3 Thin-film and device characterization

Ambient stressors will affect both the macroscopic and microscopic properties of thin-films. The nature
and origin of the mechanisms governing degradation can be analyzed by comparing the physical,
sB841 |n this section, the
characterization-techniques and methods used in this work will be presented. The reader is directed
to literature for more comprehensive reviews of the used methods and instrumentation.

chemical, and functional properties of pristine and degraded sample

3.3.1 Texture and microstructure

Film orientation was analysed by X-ray diffraction (XRD)!*?. This was done using a Bruker D8 Discovery
diffractometer with CuKa, radiation of 1.54 A. An example-scan of a # — 26 scan showing a 90 % /
10% mixed (001) / (110)-orientation of a 1 um thick PZT-film is shown in Figure 3.6 (a).

Scanning electron microscopy (SEM) was used to analyse the film's composition, topography,
and microstructure®”, In this technique, a beam of high-energy electrons is scanned across the sample
surface and scattered onto a detector. The energy of forward and back-scattered electrons is
used to gain topographical information. A SEM cross-section image of a degraded micromirror is shown
in Figure 3.6 (b). The energy transferred from the beam into the samples will also excite electrons in
the lattice of the sample. As the excited electrons resign to the ground-state, X-rays characteristic for
the excited atoms are emitted and can be used for elemental mapping. This is called energy-dispersive
X-ray spectroscopy (EDX) and is demonstrated for a humidity-degraded sample in Figure 3.6 (c). The
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Figure 3.6: The development of a ferroelectric hysteresis with increasing fields is shown in (a). A
measurement of the piezoelectric coefficient (black) and permittivity (red) are shown in (b). The
corresponding displacement of the structure with an increasing DC offset is shown in (c).
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morphology at a sub-um scale was probed using Atomic force microscopy (AFM) ¥3* In this
technique, topographical information is gained by scanning an atomically sharp tip across the sample
surface while measuring the tip-sample interactions. As illustrated in Figure 3.6 (d), sub-pm
topographical information was obtained using AFM.

3.3.2 Polarization, permittivity and dielectric loss

The piezoelectric response of MPB-PZT depends on the polarization and permittivity of the PZT
film4>%1, The total leakage through the sample is the sum of the resistive, ig, capacitive, i and the
ferroelectric switching, ir currents: iz, = ig + i¢c + ip. ip is extracted using dynamic leakage current
compensation!*’), The polarization is then found by integrating ir from t, to t;, i.e. the time for the
applied field to completely switch the polarization:

1 [t c
P = tho lp dt [W:I (32)

where A is the electrode-area. In this work, the P-E curves were measured with a frequency ranging
from 1072 to 10° Hz, with a typical large-signal amplitude of 50 V. Typical values for a PLD-deposited
PZT with an Au/TiW top electrode were P =24.9+3.2 C/m?, P; =50.3 +3.6 C/m?and E; = 49.5+4.2
kV/cm. P-E loops measured at increasing fields are shown for a 1 um PLD-deposited Ba-doped
PbZ1y4Tiy 6053 filmin Figure 3.6 (a).

The permittivity, &, provides information about the material's ability to polarize in response to
an electric field, and the charged species involved; space-charge, dipolar, ionic, and electronic
species!®®. It is found by measuring the sample's capacitance, C:

2o (3.3)

ts is the film-thickness, and g, = 8.85 x 1072 the vacuum permittivity. The magnitude of & depend
on the signal amplitude and frequency. In this work, PZT had a permittivity from 1000 — 1500, as
exemplified for Ba-doped PbZ1y4Ti;03 in the red curve of Figure 3.7 (b). Though PZT is a good
electrical insulator (R~1012 (), stored charge will never be recovered entirely during the discharging
of real materials. The dielectric loss-tangent, tan (8), gives the resulting energy-loss of the capacitor:
tan(§) = ¢ (3.4)
an(6) = 2nfC .
where G is the conductance in Siemens, and f is the frequency. The functional stacks used in this work
had a typical loss of 0.044 + 0.009. In the present work a TF ANALYZER 2000 ferroelectric analyzer
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Figure 3.7: Examples of microstructural data. The XRD-scans, (a) show a 1 um PZT-film with a
mixed (001) / (110)-orientation at 0, 30 and 55 mm from the centre of a 6 " wafer. A SEM cross-
section is exemplified in (b), and elemental mapping in (¢). While SEM-images of post-degraded
samples show macroscopic cracks, material droplets and pinholes little sub-um difference in the
topography between pristine and degraded samples was found by AFM, (d).

(AiIXACCT Systems), was used for dielectric, ferroelectric, leakage, loss and time-dependent property-
measurements!?®,

3.3.3 Piezoelectric properties

The piezoelectric properties can be calculated from phenomenology using the polarization,
permittivity, and electrostrictive coefficients, as exemplified for the tetragonal phase in eq. 2.11.
However, the mechanical boundary conditions of structures and devices cause the actual piezoelectric
coefficients to deviate from the phenomenological values“>>®, Hence, the functional properties of the
film, e.g. d33f and esqf, should be measured directly. In this work, d33 ; was measured using an
AiXACCT double-beam laser-interferometer®*2. The operation principle is based on the Michelson
interferometer, in which a coherent laser beam is reflected from the sample-surface to interfere with
a reference beam. Small changes in the beams travel-distance induce large shifts in the resulting
interference-pattern, such that deflection-resolution in the order of A can be measured. The out-of-
plane expansion of the piezoelectric layer in response to the field is separated out by reflecting an
extra beam from the backside of the sample, such that only the change in sample thickness, Aty, is
measured®. dj; ¢ is thereafter calculated using:

AUpA

dssy = ] 35)
8BS = Zn(Umax - Umin) 4 .

Here A is the wavelength of the incident beam, and the photodetector-voltages, AUp, Upax and Upin
are proportional to the beam-intensity at the photodiode. A d33 r-measurement of a clamped A =
0.8 mm? circular pad with 1 um Ba-doped PbZr, 4Ty 05 is shown in the black curve of Figure 3.7 (b).
The corresponding displacement as a function of DC offset is shown in Figure 3.7 (f). As the polarization
saturates with increasing, so does d335 and the achieved displacement. For the current film, d33¢ =
90 [pm/V].
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Figure 3.8: Frequency-scan and laser-trace examples of a functional, (a)-(b), and humidity-
degraded, (c)-(d) micro-mirror. Electrothermal breakdown-events typically resulted in distorted
Measuring the in-plane converse coefficient, e, , often requires the design of special test-
structures or measurement-setups®??. In this work, es;, was found using wafer-bending and
bonded strain-gauges to measure the charge generated in response to an applied strain:
Q N
faLf = Axy + x3) [W] (3.6)
Here Q is the charge and x; the in-plane strain in direction i. Each sample was periodically strained with
a sinusoidal signal with a frequency of 4 Hz, and the collected charge per period averaged over three
hours. This was done using a setup reported elsewhere?”. The obtained esq,p-values for the films used
in this work ranged from 12-14 [N/Vm].

3.3.4 Residual film stress

Information regarding the stress-state of the deposited film is essential for the operating range and
measured electromechanical response of the structures and devices. As discussed in section 2.3.2, the
film will experience residual stress opposite to the substrate and cause a bending. When stress-transfer
is from the film to the substrate, the film is under tension if the substrate bends upwards, and under
compression if the substrate bends downwards. When the substrate is much thicker than the film, the
residual stress can be approximated using the Stoney's equation, knowing the substrate thickness, tg,
Youngs moduli, Eg and Poisson's ratio, vg 3

Et? (1 1 )
_ 1t 3.7
7R =61 —ve)t; \R Ry G.7)

Here R, is the radius of curvature of the wafer before the film was deposited and R is the radius of
curvature after depositing the film. t; is the film thickness. R was here obtained by measuring the
radius of curvature of wafers containing the entire film stack using white light interferometry®®***!, Rq
was then obtained by wet-etching away the top thin-film, and re-measure the radius of curvature. This
was repeated for each consecutive layer, to yield the associated film stress. More details can be found
in the supplementary information of manuscript (V). In this work, the average post-deposition stress
was ~250 MPa for the PLD-deposited films and ~150 MPa for the CSD-deposited films.
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Figure 3.9: Characterization of electrode-properties relevant for thin-film reliability in realistic
environments. The conduction-mechanisms and interface barrier-properties can be found by fitting
|-V data taken at different temperatures to the relevant conduction-equation, (a), and the
Arrhenius equation, (b). The electrochemical activity can be found by evaluating the Tafel-curves,

(c).

3.3.5 Electromechanical response

The electromechanical response of the devices was characterized by reflecting a laser off the
micromirrors centre disc, through the integrated optical window and onto a position sensitive device
(PSD), as illustrated in Figure 3.3 (c). Since the angular deflection was always below 1, the small-angle
approximation, tan(0) = 6, was used to calculate the angular deflection, 6, based on the recorded x
and y laser-trace positions:

x% + y?

6 ~ tan(@) = o

[rad] (3.8)
[ = 100 mm is the distance from the device to the PSD. The laser trace and the angular deflection was
further used for describing the effect of degradation on the device's electromechanical response.
Characteristic frequency-scans of a micromirror in the pristine state and after degradation in humid
conditions for 1x107 unipolar cycles are shown in Figure 3.8 (a), (c). The insets show images of the
devices, and laser-traces of the pristine and degraded state are provided in Figure 3.8 (b), (d).
Degradation imposed significant changes in the dynamical behavior of the device during the
experiment, not necessarily reflected in the amplitude vs time or current vs time measurements. Both
the laser-trace and angular deflection were therefore recorded throughout the experiments. This is
further discussed in manuscript (IV).

3.3.6 Electrode interfaces

Generally, the Schottky-barrier prevents charge-carriers from being injected from the electrode into
the samples when a field is applied, and the conduction can be Schottky-emission, Poole-Frenkel
emission, Ohmic, or Space-charge limited.”®>® The conduction mechanism can be determined by

measuring the I|-V-characteristics at different temperatures and refit the measured data to the
Ea

conduction -and Arrhenius (k = Ke*BT) equations. This is exemplified for Schottky and Arrhenius

equations from this work in Figure 3.9 (a), (b). For thin-film PZT, Schottky and Poole-Frenkel emission

are the most common conduction mechanisms and can be calculated by:

q gk
]Sch) _ . qPp deoerm
1n<T2 = In(a") — =+ (3.9)
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q | -E
PF\ _ qPp Eo&rT
1n( i ) =In(Cr) ~ (3.10)

Here ] is the current density, E the electric field, T the temperature, g the elementary charge, kg the
Boltzmann-constant, @5 the barrier height, A** the Richardson's constant, C; a constant, g, the

vacuum and &, the relative permittivity. A**, Cr and @ is found by linear fitting of In (#) Vs. % and

In (é) vs. VE, using either the slope of the curves or the intersect with the y-axis. Cases exist in which
good fits are obtained simultaneously for multiple equations. An additional equation relating the
parameters from eq. (1) and (2) to the refractive-index, np;r, of PZT is therefore needed to determine
the dominant conduction-mechanism:

088 (3.11)
Npzr = AT .

Reported refractive-index values for PZT are from 2.1-2.5.5%%% Fits to eq. (3) giving refractive-indexes
within this interval indicates the dominating type of conduction. For the present work, |-V
measurements were carried out at temperatures from 25 to 150°C with a step-size of 0.5V and a
dwell-time (to remove the contributions from capacitive transient currents) at each step of 30 s.

The barrier height can differ significantly at the top and bottom electrode interface, and
therefore depends on the polarity of the applied electrical field. It is debated on the main electronic
charge-carrier (electrons or holes) being injected across the Schottky-barrier. Hence, only the
aggregated effect of both interfaces in response to the applied field is determined from the I-V-
measurements. Examples of measured barrier heights in the present work are ®#, = 1.02 + 0.22 eV
and @5, = 0.77 £ 0.06 eV for field up (positive top electrode) and field down (negative top electrode)
respectively in undoped PZT deposited by CSD using symmetric Pt top and bottom electrode. A
refractive index of ng., = 2.41 + 0.15 for the Schottky-fit and npr = 4.95 + 0.21 for the Poole-
Frenkel fit indicates that the conduction is Schottky-limited. In comparison, barriers of @:{u/ﬁw =
0.65 + 0.09 eVand @y, /pe = 0.25 £ 0.06 eV was found for asymmetric Au/TiW top and LaNiO3 /Pt
bottom electrodes, also Schottky-limited. Pt having the largest Schottky barrier height is consistent
with the difference between work-function and affinity, yet the values differ significantly from the
theoretical predictions: ®p; = 1.45,®7; = 1.16 and @4, = 1.39 eVIE53,

3.3.7 Lifetime measurements

Reliability -and lifetime-testing of structures and devices intended to sustain up to 25 years of
continuous operation can be challenging. Means of accelerating lifetime measurements and the use
of statistical analysis are therefore necessary to study different degradation-factors "within the
lifetime of a Ph.D.-student." Acceleration can, in general, be achieved by increasing the force of the
degrading stress factor to be studied under the assumption that the added stress will lead to the same
degradation-mechanisms and failure as will be encountered in long term regular operation.
Temperature, electrical fields, or the ambient relative humidity are examples of parameters that can
be used to accelerate measurements and extrapolate device lifetimes and information related to the
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Figure 3.10: Compared measurements for the Au/TiW/PZT, Pt/PZT and Pt/Ti/PZT electrode systems
in dry (upper) and humid (lower) ambient conditions. Failure probability is shown in (a), (d),
characteristic leakage vs time measurements in (b), (¢) and the characteristic evolution of the P-E
hysteresis loop during degradation in (¢), (f).

governing degradation mechanisms. In this work, humidity and field-acceleration have been used and
will be briefly discussed here.

(i) Statistical analysis
The failure probability for a film or device operating under various conditions is described in terms of
Weibull-distribution functions?#27¢4, The cumulative probability-distribution is given by:

B
FoAB) =1—e @) (3.12)

Here F(x; A, B) is the failure probability, x the measured variable, e.g. time or voltage and A the
reported MTTF known as the scale-parameter. The shape-parameter, 3, describes the confidence of
the measurement and can be used to address the type of failure-mechanism in the devicel®>®. An
example from this work of a cumulative distribution for the Au/TiW/PZT, Pt/PZT, and Pt/Ti/PZT
electrode systems operated at 40 VDC in dry (upper) and humid (lower) ambient conditions are shown
in Figure 3.10 (a) and (d). In this example, a comparable MTTF was found for all tested electrodes in
dry conditions, yet a considerably larger resilience towards degradation in humid condition was found
for the Au-based system. Irreversible electrothermal breakdown-events characteristic for time-
dependent dielectric breakdown in dry and humid conditions are shown in the insets of Figure 3.10
(a) and (d).

(ii) Voltage acceleration
The electrical field strength accelerates thermodynamically driven processes, including charge
injection, movement of ionic species and chemical reaction-rates. Voltage acceleration-factor, N, can
be calculated using extended lifetime-models, in which the Eyring/Prokopowicz-Vaskas is often
adapted!®>67:58!;
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t V,\N Eacl 1
éz (V_j) ekB(T1 Tz) (3.13)

Here t; are the characteristic failure times, T; the temperatures and V; the applied voltages. The
dynamics of degradation in dry and humid conditions for which this model was utilized is exemplified
in Figure 3.10, and further discussed in Manuscript (). Time-dependent dielectric breakdown and
evolution of the P-E loops over the course of degradation at 40 Vpc are shown for dry conditions in (b),
(c), and for humid conditions in (e), (f). Here, the electrode-dependent voltage-acceleration in humid
conditions; N, = 0.53,Np; = 2.39 and Np, = 2.01 were all found to differ significantly from that
predicted by a Schottky-based model; Ng.,,~1.2, which indicates a different dominating degradation
mechanism than dry conditions. While in dry ambient, degradation is manifested through a leakage,
electrical degradation, and breakdown-regime, spontaneous failure is encountered at the same
voltage in humid conditions. Apparent differences are also found in the characteristic developments
of the P-E loops during degradation, as shown in Figure 3.10 (c) and (f).

(iii) Humidity-acceleration

Accelerating humidity-related degradation is done both by increasing the ambient relative humidity
(RH) and the applied electrical field®>”". When exceeding 60 % RH adsorbed water molecules from the
ambient forms a continuous surface water-layer’*78, This accelerated degradation, as shown in
manuscript (I)-(1V). To accelerate degradation the samples were exposed to ambient humidity ranging
from 60 to 100 % RH or immersed in water. In previous humidity-related studies it has been inferred
that electrolysis of water is important for humidity-related degradation!’>’87°., The current-density, j,
is a direct measure of the reaction-rate of a reduction-oxidation electrochemical reaction. If the
reaction is controlled by the charge-transfer rather than the mass-transport at the electrode, j is then
described in terms of the Volmer-Butler equation!®®81:

. (d=ap)Fn —aan
]=]0<e RT  — )[mz] (3.14)

where j, is the equilibrium current-density at the electrode-potential required for water electrolysis.
F is is the Faraday-constant, n = E — Eq, the overpotential, R the universal gas-constant, a a
symmetry-factor and T the temperature. When either the oxidation or reduction-reaction is
dominating (at large overpotentials), the anodic and cathodic current densities can be re-written using

the Tafel-notation!®?:

. , (1—ax)Fn
Inljanodel = Inljol + R—'II} (3.15)
. . ocFn
Inljcathodel = Inljol — (3.16)

The linear slope in a plot of In|j| vs 17 is used to characterize the electrochemical activity of the used
electrode. A Tafel-plot for Au/TiW/PZT, Pt/PZT and Pt/Ti/PZT immersed in water is exemplified in
Figure 3.9 (c). Here jopr = 0.86 &+ 0.32 mA/mm?, jo,peymi = 1.03 £0.43 mA/mm? and jo,Au/Tiw =
0.34 + 0.21 mA/mm? with slopes of appy = 285+ 16 mV/dec, appyri = 259 £ 5mV/dec and
apau/miw = 376 = 33 mV/dec indicate that the electrochemical activity is larger for the Pt-based
electrodes compared to the Au-based electrodes in high humidity, consistent with previous literature-
reports(,
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Chapter 4

Author's contribution

In this thesis the degradation-mechanisms encountered in humid ambient and its effect on the
reliability and lifetime of thin-film Pb(Zr, Ti) 03-based piezoMEMS have been studied. The results are
summarized as Manuscripts in the following chapter. In Manuscript (I) the effects of temperature and
humidity on PZT-based micro-mirrors was studied from a device-perspective. Manuscript (I1)-(1V)
addresses the mechanisms governing humidity-related degradation of thin-film piezoMEMS in detail.
Thin-film encapsulation as a measure to mitigate the effect of humidity-related effects is discussed in
Manuscript V. The authors contributions the manuscripts are outlined below.

Manuscript (1)

In Performance and reliability of PZT-based piezoelectric micromirrors operated in realistic
environments temperature-humidity-bias tests were conducted on a PbZr 5, Tij 4503-based thin-film
piezoelectric micro-mirrors. A retrofittable experimental setup dedicated for characterizing the
ferroelectric properties and electromechanical response in simulated harsh operating conditions was
designed and fabricated for this purpose. Device failure from humidity-related degradation preceded
those driven by temperature and was manifested as electrothermal breakdown-events concentrated
along the edges of the electrodes. As a result of decreased physisorption of water molecules, a device
temperature higher than the operating ambient mitigated the degradation imposed by humidity. The
author developed the experimental setup and conducted the experiments. The data-analysis and
writing of the manuscript was done in close collaboration with the co-authors.

R. P. Dahl-Hansen, T. Tybell and F. Tyholdt
Published in 2018 IEEE ISAF-FMAAMF-AMEC-PFM Conference Proceedings

Manuscript (1)

In Electrochemically Driven Degradation of Ferroelectric Thin-Films in Humid Ambient the connection
between the electrode's activity towards water-electrolysis and humidity-related degradation of PZT-
based structures was investigated. By evaluating Pt -and Au-based top electrode-material on undoped
PbZr 5, Tig4g03-films, based on their electrochemical activity, it was shown that degradation in
humid conditions is driven by water-electrolysis. As a result of hydrogen and oxygen gas evolving at
the anode and cathode and compressing at the electrode-PZT interfaces, cracking, electrode
delamination, leakage-transients and electrothermal breakdown-events dominate degradation. This
occurs when the exerted pressure from the evolved gas on the thin-film exceeds the critical stress of
PZT and differs from a Schottky-based degradation model, which dominates in dry conditions. Due to
a lower electrochemical activity, the median time-to-failure was significantly higher for the Au-based
electrodes compared to Pt-based electrodes. The author retrofitted the experimental setup from
manuscript (1) to characterization-equipment available in the STM-group at Penn State University and
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4 Author's contribution

conducted the experiments. Brainstorming, design and fabrication of test-structures, data analysis,
and writing of the manuscript were done in close collaboration with all co-authors.

R. P. Dahl-Hansen, B. Akkopru-Akgun, J. Polfus, E. Vgllestad, L. Denis, K. Coleman, F. Tyholdt, S. Trolier-
McKinstry, and T. Tybell
Submitted

Manuscript (l11)

In Links between humidity-induced resistance-degradation and recovery of PZT-based piezoMEMS the
combined effect of ambient humidity, electrode-size, and surface currents on resistance-degradation
of PZT thin-films were studied. The transport of protons between the anode and cathode in surface
water was found to be important for humidity-related degradation of PZT. In ambient exceeding 50 %
relative humidity, the surface-currents dominate over the leakage through PZT. The median time to
failure decreased with increasing electrode-area, consistent with an increase in electrochemically
active surface-area and proton formation rate. When flushed with dry N,(g), the degrading effects
disappeared with the removal of surface-water. However, since degradation is partially irreversible,
the pristine state was not completely recovered by flushing, and due to expulsion of evaporated water,
in some cases worsened by post-degradation annealing. The author retrofitted the experimental setup
from manuscript (1) to characterization-equipment available in the STM-group at Penn State University
and at SINTEF MiNaLab. The author conducted the experiments, designed and fabricated test-
structures, analyzed the data, and wrote the manuscript in close collaboration with all co-authors.

R. P. Dahl-Hansen, E. Vgllestad, F. Tyholdt, S. Trolier-McKinstry, and T. Tybell
To be submitted

Manuscript (1V)

In On the effects of water-induced degradation on thin-film piezoelectric microelectromechanical
systems the dynamical behavior and encapsulation of thin-film piezoelectric micro-mirrors operated
in humid conditions are investigated. Thin-film encapsulation using 40 nm Al, 05 deposited by atomic
layer deposition improved device-lifetime by two orders of magnitude of time relative to the bare
devices, however at the cost of considerably decreased piezoelectric and ferroelectric compliances.
Significant distortions in the device's dynamic behavior was measured as degradation proceeded. The
electrode routings were identified as the critical flaw. The author developed the experimental setup,
conducted the experiments, analyzed the data and wrote the manuscript in close collaboration with
the co-authors.

R. P. Dahl-Hansen, F. Tyholdt, J. Gjessing, A. Vogl, J. Vedum, P. Wittendorp and T. Tybell
To be submitted

The author has also presented the research on the following national and international conferences:
e PIEZO2017, Electroceramics for End Users IX, Madrid, 2017
e NanoNetwork, Norway, 2017
e |EEE ISAF-FMA-AMF-AMEC-PFM Joint Conference, IFAAP 2018
e NanoNetwork, Norway, 2018
e NanoNetwork, Norway, 2019
e |EEE International Symposium on Applications of Ferroelectrics (ISAF), 2019
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Manuscript (l)
Performance and reliability of PZT-based piezoelectric micromirrors
operated in realistic environments

R. P. Dahl-Hansen, F. Tyholdt and T. Tybell

Published in 2018 IEEE ISAF-FMA-AMF-AMEC-PFM Joint Conference Proceedings
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Performance and reliability of PZT-based piezoelectric
micromirrors operated in realistic environments

R. P. Dahl-Hansen"*", T. Tybell'
"Norwegian University of Science and Technology
Department of Electronic Systems,

7491, Trondheim, Norway

Abstract—The number of application areas for
piezoelectric microelectromechanical systems based on PZT
have increased rapidly over the years. Thus, to continue the
development towards commercial deployment,
characterizing lifetime and reliability during operation in
realistic and harsh environments is important. Such
environments are demanding for piezcoMEMS devices since
they often involve high humidity levels and elevated
temperatures which gives rise to complex degradation. To
address how such conditions affects device performance we
combined optical and electrical measurements to elucidate
the degradation of a PZT-based thin-film piezoelectric
MEMS micromirror during temperature-humidity-cycling
tests. As a test structure, 1 uym PbZry40Tiy¢003 on a
10 nm LaNiOj; buffer-layer, were deposited by pulsed laser
deposition on platinized Silicon-on-Insulator wafers. A 250
nm Au/TiW top electrode was deposited by DC-sputtering
before structuring the final device. The micromirrors were
unipolarly actuated with 20 V peak-to-peak at a frequency
of 1.5 kHz in absolute humidity of 22 g/m> for device
temperatures between 25 °C and 175 °C. Humidity-related
degradation was manifested as local breakdown events and
pinholes on top of and along the edges of the used electrodes.
This had a strong effect on device performance and preceded
failure due to polarization-fatigue at all temperatures. Both
the initial piezoelectric response and number of cycles to
device failure increased with increasing substrate
temperature in humid ambient.

—Neutral

2 4 6
Position [mm]

—Inner left, Outer right

F. Tyholdt®
*SINTEF Digital, MiNaLab,
Gaustadalleen 23C, 0373, Oslo, Norway
*runarplu@ntnu.no

Keywords: PiezoMEMS reliability, lifetime, fatigue, temperature,
humidity

1. INTRODUCTION

Due to its large piezoelectric response, PbZr, T'i;_,, O3 (PZT)
is commonly used for piezoelectric microelectromechanical
systems (piezoMEMS). This includes RF-switches, ultrasonic
transducers, gas sensors and micromirrors [1], [2]. Prior to
commercialization, temperature-humidity-bias testing is
important to assess the reliability of piezoMEMS-devices
operated in realistic and harsh environments. Device operation
in high humidity is associated with the early onset of irreversible
degradation, including electromigration, cracking and local
breakdown events [3]. Degradation is primarily observed in
close vicinity to the used electrodes and originates from
electrical, mechanical and electrochemical processes occurring
both within PZT and on the PZT and electrode surfaces during
operation. Elevated temperatures affect both reversible and
irreversible degradation mechanisms due to ionic migration
within the film. This changes the dielectric and piezoelectric
properties and thereby the stress-strain relations of the structure
[4]-[6]. Since thin-film piezoMEMS-devices rely heavily on the
stress-transfer between the film and substrate, in-plane changes
caused by any such degradation may have major implications on
the electromechanical response and device performance. Hence
it is important to assess how the piezoelectric response, lifetime
and reliability of each piezoMEMS-device is affected by
elevated temperature and ambient humidity.

In the current work we investigated the degradation and
electromechanical response of bimorph PZT-based thin film

Laser

S chamber

Figure 1: Device and experimental setup. (a): structure of the tested micromirror, (b): MEMS test-circuit for simultaneous testing of five micromirrors and actuation
giving the maximum 2D tilt of £0.5° The laser was reflected of the mirror onto a position sensitive device (PSD). (c): environmental chamber and experimental
setup. The ambient was kept constant with an absolute humidity of 22 g/m? and the micromirrors were heated from below by a hot plate.
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Figure 2: (a): Measured relative permittivity at 0 V, &, and 20 V, &, 54y, calculated thermal stress, oy, and deflection tilt as a function of device temperature. (b): average

polarization and leakage as a function of device temperature. (c): Average cycles to failure, and relative humidity due to heated ambient as a function of device temperature.

micromirrors during operation in humid ambient and elevated
temperatures.

II. METHODS

Piezoelectric micromirrors, see Fig. I (a), were fabricated
according to literature [1] using 1 um pulsed laser-deposited Ba-
doped PbZry 49Tig 6003 The mirror consisted of a rigid Silicon
disc 3 mm in diameter, suspended on a flexible membrane
surrounded by eight integrated PZT-actuators. Out-of-plane and
tip-tilt momotion was enabled by actuating the inner and outer
electrodes according to Fig. / (b). For the micromirrors used in
this work, a maximum angular deflection of +£0.5° was achieved
by simultaneously actuating the two inner and two outer
electrodes on opposite sides of the center disc. Five
micromirrors were wire-bonded to a test-circuit and actuated in
parallel inside the environmental chamber for each test
condition. The ambient vapor concentration was kept constant at
22 g/m? by bubbling N, through a DI-water container and
introducing the mixture into the chamber as shown in Fig. 1 (c).
Humidity and ambient temperature (T,,) Was measured using
a HYT271 humidity-sensor and the micromirrors heated from
below by a hotplate. The micromirror temperature (Tg,;) was
measured using a k-type thermocouple attached to the surface of
one of the tested devices.

After ambient stabilization, the micromirrors were
unipolarly actuated with a peak-to-peak voltage (Vpp) of 20 V at
1.5 kHz while Tg,;, was varied in steps of 25 °C from 25 °C to
175°C. A laser was reflected of the micromirror through an
optical window onto a position sensitive device (PSD) for
electromechanical characterization. The recorded x -and y-
positions of the laser trace were then used to approximate the
deflection tilt according to:

XZ + 2
= W
where 6 is the achieved angular deflection of the micromirror
according to the neutral plane, see Fig. 1 (b), and [ the length
from the device to the PSD. Ferroelectric characterization was
done by retrofitting an aixACCT TF2000 Analyzer to the
experimental setup. Ferroelectric hysteresis was measured at
10 Hz with a large-signal of —25V to 25V, the capacitance-
measurements with a small-signal amplitude of 200 mV at
1 kHz and the leakage with steps of 2 V and 2 sec dwell from
—20to20V.

tan(20) = 26 = [rad]

III. RESULTS AND DISCUSSION

A. Electromechanical response

Fig. 2 (a) show the measured average angular tilt, relative
permittivity at 0 V (&, o) and 20 V (&, 50 ) and calculated total
thermal stress in the device stack (o7) plotted as a function of
Tsup- The measured average saturation polarization (Pg) and
leakage at 20 V (I5oy) are shown in Fig. 2 (b) and the values
summarized in TABLEL &, , &0y and Iqy increases, while Pg
decreases with increasing Ty, ; and is consistent with literature
on ferroelectrics [5]. As shown in Fig. 2 (a) the measured
average tilt increases with Ty,; and peaks at 50°C before it
decreases for Ty, > 50 °C. Similar electromechanical behavior
has been reported for similar PZT-based ceramics in literature
[7]. Thin-film devices such as the present micromirror, are
particularly sensitive to the in-plane circumstances. Hence in-
plane stress, excitation field and device geometry are important
for the final electromechanical response. The bending moment
moving the current device structure originates from the total in-

TABLE I: AVERAGE MEASURED VALUES

Device | Ty [°C]l | Tam [°C] | Tilt [deg] Cycles to failure &0 | &20 | Py [Cu—n(;;] Pg [%] I* [nA] | or [MPa] | RH [%]
1-5 25 25.0 0.40 £ 0.04 1.6x107 £ 0.4x107 1297 | 414 10.3 40+ 2 31+1.0 368 95.0
6—10 50 30.8 0.48+0.03 | 3.2x107 + 1.4x107 | 1308 | 420 103 38+3 27+1.7 284 69.4
11-15 75 385 0.47 £0.03 | 6.3x107 +2.3x107 | 1353 | 424 9.3 35+3 3.8+17 196 46.4
16 — 20 100 46.4 0.44 +0.03 | 13.5x107 +6.0x107 | 1387 | 425 8.3 33+4 45+23 111 31.5
21-25 125 52.1 0.43 +0.04 | 31.6x107 + 10.9x107 | 1420 | 425 7.9 31+£3 74+ 14 29 24.1
26 —30 150 56.4 0.40 +0.03 | 53.5x107 + 10.4x107 | 1521 | 425 8.0 29+2 |256+65 -51 19.9
31-35 175 62.3 0.39+0.04 | 90.0x107 +7.2x107 | 1610 | 425 8.0 28+2 |829+73 -129 15.4
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TABLE II: VALUES FOR THERMAL STRESS CALCULATION

Material | E [GPa] v ax107¢ [K™1] | Tuep [°C] | Ref
Au 78 | 044 14.2 25 | /5
PZT 161 | 031 6 620 | [5]
Pt 168 | 038 9 50 | 57
510, 70 | 03 06 1050 | /57

si 170 | 028 ;;53'5;653[; NA | 8]

plane stress (0;,,) and has three main contributions: the residual
stress (oy) applied stress (g4) and piezoelectric stress (op). The
latter being the controllable stress, relates to the transverse
electric field, E,, and the effective in-plane piezocoefficient,
es1r by 0p = —e3yfE,. e3yf is proportional to Ps and &,
measured out-of-plane (along the 3-direction), ie. e3qf X
—2¢33P; [5]. Since the relative decrease in Ps appears larger
than the relative increase in &, 5 and &, 0, the net op (and total
deflection) decreases with increasing temperature. From the
measured values of Ps and &, this should correspond to a net
decrease of the total in-plane stress by 4.2 % at 50°C. On the
contrary, the measured initial deflection is indeed increasing by
20 % from 25 °C to 50 °C, and remains larger than the room-
temperature deflection up to Ty, = 175 °C. In addition to
increased domain wall mobility, it is suggested that this is partly
due to stress changes in the stack where o,,; = 0 + 04 + 0p. A
large portion of the residual stress is the thermal stress between
the film and substrate given by:

o = Efim (@fiom = @oup)AT
! (1 = vyim)

where o is the thermal expansion coefficients of the used
materials, Efp, is the Young's modulus, Vg, is the Poisson
ratio and AT is the difference between the deposition and Ty.
Here a positive sign corresponds to a tensile stress and a negative
sign to a compressive stress. As a simple first order
approximation, o was calculated for the adjacent films and
added together for the entire stack!. The linear thermal
expansion coefficient was used for all materials except Si which
displays the largest nonlinearities in the relevant temperature
range [8]. T4BLE Il summarizes the used thermal expansion
values and the calculated o at the different Tg,; can be found
in Fig. 2 (a) and TA4BLE I. Despite the simplicity of the used
model the calculated stresses correlate well with measured
values from previous wafer bending experiments.

[MPa] ()

PLD-deposited PZT typically holds a substantial amount of
residual stresses post processing which may reduce devices
piezoelectric response. As Ty, increases, the thermal
contribution to this stress| is gradually relaxed, which will move
the operation point away from the saturation point in the
piezoelectric hysteresis. Due to increased linearity, any such
stress-relaxation is expected to increase the piezoelectric
response which is indeed observed here. Also, the highly
nonlinear a of Silicon will in the current temperature range
cause the largest thermal stress-relaxation of the stack to occur
between 25°C and 100°C and may therefore be an additional
contribution. Also, other mechanisms such as increased domain
wall mobility with temperature will have a positive effect on the
unipolar strain [6] and the net result of the competing
mechanisms is an increased piezoelectric response.

! The thickness and device geometry must also be considered for exact stress-
calculations of multi-layered stacks.
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B. Humidity-related degradation

Micrographs of the bonding pads after device failure is shown in
Fig. 3 (a). Humidity-related degradation was primarily
manifested as local breakdown-events and pinhole-formation
along the edges and on top of all utilized top electrodes. The
ground pads and unused electrodes, however, remained
unaffected. As shown in Fig. 3 (a), the relative pinhole
concentration appeared to be considerably larger along the
electrode edges than on top of the electrode surfaces. Also, the
total number and relative portion of pinholes along the edges
compared to the electrode surface was significantly larger at
lower Ty, than at higher Ty,;,. Since for the present experiments
the applied voltage was above the standard potential for catalytic
water-splitting of 1.23 V, we speculate that water-splitting
catalysis can facilitate the observed degradation. During testing,
the Ti/W -layer used as an adhesion-layer between Au and PZT
is exposed to the ambient along the electrode edges and can
hence form catalytically active oxides such as TiO, and W O3 in
the presence of humidity. If water-splitting is indeed occurring,
hydrogen will evolve on the top electrode and may quickly
diffuse into PZT along the electrode edges. If e.g. hydrogen-
induced hardening reduces the critical stress - the maximum
stress the PZT-films can accommodate before cracking - so that
the application of gp results in cracks, the edges should be the
first area to be affected by such degradation. The fact that the
unused and bottom electrodes remains unaffected may indeed
further support this claim and similar observations have been
reported for PZT under DC-bias [9], [10] and in the FERAM-
literature [11].

For water splitting to occur on the electrode surface, PZT
should either be exposed through the top electrode or catalysis
should occur on Au. The former can be true in the presence of
pinholes, large local defects such as sputtered particles or cracks
appearing during operation. The latter have recently caught
interest in literature due to the catalytic activity of gold [12]. To
understand the connection of the observed degradation to

Cycles

#10°
Figure 3: (a): micrographs of bonding pads after failure at 25 — 175°C in humid
ambient and (b): measured deflection as a function of cycles.
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elevated temperatures, the adsorption of water on the device
surface must be discussed. In humid ambient, the surface of
perovskite oxides, including PZT, will quickly saturate with a
thermally stable layer of chemisorbed hydroxide species and
PZT is therefore by itself not severely affected by humidity in
the absence of applied voltages, e.g. far away from the used
electrodes [13]. Gold on the other hand, is chemically inert and
will facilitate molecular adsorption of water [14]. The number
of adsorbed molecules depend on the heat of adsorption and
desorption of water at a given relative humidity (RH) and Ty,
For RH < 60% the water adsorbed on gold can be approximated
by the Brunauer—Emmett-Teller (BET) theory:

_ cRH
T (1—-RH)(1+RH(c—-1)) [

ng

cm?

My 1 ®
Q;—Qv

Here My, is the number of adsorbed monolayers, c = e RTi a
material-related constant, Q; and Q,, the heat of water adsorption
and desorption, R the universal gas constant and T; the
temperature at the interface between the electrode and the
ambient. For gold surfaces up to T; = 60 °C, the net heat of
adsorption is small, i.e. Q; = @Q,,. In this temperature range My,

RH
rn [14].

Since increasing Ty, reduces the ambient RH, as shown
in Fig.2 (c), the number of adsorbed monolayers will decrease.
Additionally, heating the device from below increases T;
compared to Ty, and decreases Myy,. Here, as Ty,;, approaches
175°C, Tgum will approach 62°C. Since c¢ decreases
exponentially with T;, My, causing the humidity-induced
degradation rate, to decrease as seen here. Heating the ambient
and cooling the device-temperature, will therefore, due to
surface-adsorption, increase the degradation rate. Below 60 °C,
as RH increases, the adsorbed water will, due to horizontal
interactions form, a continuous film on the surface as RH
exceeds about 60 % RH, which will further increase
degradation. It can also be mentioned that the amount of
adsorbed water molecules will be lower if the surface is clean
[14].

The above discussion correlate well with the increasing
cycles to failure with increasing Ty, (see Fig. 2 (c¢) and TABLE
I). Yet, since at elevated temperatures, devices still degrade at
low RH, additional factors such as the absolute humidity rather
than the relative humidity, the relation between the device
temperature and the ambient temperature as well as the
cleanliness of the device being tested, should be taken into
account in humidity-based lifetime and reliability testing. It is
noted, in this regard, that no local breakdown-events was
observed for devices operated in RH = 35 % at Tg,,;, = 25 °C,
and Tuem = 25°C for up to 1.5x10% cycles. At Ty =
175°C, Tgem = 62.3°C and RH = 15.4 % on the other hand,
failure occurred after 9x108 cycles.

primarily depends on the relative humidity; M,, =

The measured amplitude degradation in high humidity was
typically characterized by four sudden drops during operation,
as shown in the inset of Fig. 3 (b). Each drop was associated
with the breach of an electrode routing connecting the wire-
bonding pads to the actuating membrane. Hence, device failure
was defined as the breach of the first electrode. The tilt relative
to the tilt at 25 °C as a function cycles until the first routing
breach is plotted vs Ty, in the main graph of Fig. 3 (b). As seen,
the deflection amplitude declines by cycling for all devices. But,
even though the rate of decline was significantly higher at
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elevated temperatures, as to be expected [5], the lifetime was
indeed longer. However, the electromechanical degradation by
cycling was found to exceed the expected contribution from pure
ferroelectric fatigue. E.g. at 175 °C the average decrease in tilt
was 65 % opposed to a 10 % decrease in Ps after 5x108 cycles
(not shown here). &, remained approximately constant
throughout the experiments. Again, this points towards the in-
plane sensitivity to film-substrate stress transfer and other
factors of such devices. Lastly it can be mentioned that no short-
circuiting was detected prior to the shown routing breaches.

IV. SUMMARY AND CONCLUSIONS

Unipolar temperature-humidity-cycling tests with a constant
absolute humidity of 22 g/m? and substrate temperatures from
25°C to 175 °C were carried out to assess the lifetime and
reliability of PZT-based piezoelectric micromirrors. For all
temperatures, humidity related degradation by local
breakdown-events was more pronounced and preceded that
related to polarization fatigue. Also, the average initial
piezoelectric response and number of cycles to device failure
were both found to increase with increasing substrate
temperatures.
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Chapter 5

Conclusions and outlook

Though the reliability has improved considerably over the years, reliability and lifetime in realistic
environments remains as the key challenges for the widespread adaption of thin-film piezoMEMS.
Degradation in humid conditions is particularly severe, and understanding the underlying mechanisms
is imperative for developing mitigation-strategies and improve reliability. The presented manuscripts
forming the major part of this thesis addresses humidity-related issues from an applied perspective.
By developing and understanding the underlying mechanisms, the work in this thesis contributes to
the continued improvement of piezoMEMS reliability, operated in humid conditions. This chapter
highlights the results of this thesis and provides concluding remarks and an outlook for further studies.

5.1 Conclusions

Humidity-related degradation mechanisms and their effect on thin-film PZT-based micro-mirrors and
test-structures were studied. The main findings are as follows:

e When operated in high humidity, degradation manifests itself as leakage transients, Joule-
heating, and local evaporation of the stack-material on top of the surface and along the
electrode edges. This affects the dynamic behavior of PZT-based micro-mirrors and precedes
degradation from other related degradation mechanisms. Decreasing the relative humidity at
the surface, for example, by increasing the surface temperature, reduces the degradation-rate,
yet accelerated degradation proceeds at elevated temperatures down to 15 % relative
humidity. At room temperature in 35 % RH on the other hand, no apparent degradation was
detected after > 10° s, suggesting that the absolute, rather than the relative humidity,
accounts for the observed degradation.

e Degradation in humid conditions couples to the electrode's electrochemical activity for water
electrolysis. Protonic charge-carriers transported between the anode and cathode via bulk and
in surface water forms an electrochemical cell and drives degradation. When the onset
potential for electrolysis of water is exceeded, the generation of oxygen gas at the anode and
hydrogen gas at the cathode exerts and increasing pressure on the film and electrode
interfaces. When the internal pressure exceeds the critical stress of the stack components, the
evolved gas leads to electrode delamination, cracking, and eventually leakage-transients and
electrothermal breakdown-events. Time-dependent dielectric breakdown evolves over three-
stages; (i) Initial leakage transients, (ii) macro-cracking and minor electrothermal leakage
transients and (iii) short circuit, cascadic electrothermal breakdown and dielectric breakdown.

e Humidity-induced degradation is sensitive to the surface-water following the Brunauer-
Emmet-Teller theory. Above 60 % relative humidity, surface-water increases the proton-
conductivity and dominates leakage. Degradation is further accelerated upon cracking since
additional conduction pathways from anode to cathode is opened. High-conductive states of
water in microchannels and along surfaces are expected to contribute to degradation.
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5.1 Conclusions

e Degradation in humidity occurs as an aggregated result of proton-incorporation, surface-
currents, and electrochemical currents. Since the major current-contribution stems from
surface currents, leakage decreases upon annealing or flushing with dry N, (g) as the surface
water is removed. An additional post-annealing step can be used for sample-recovery, though
further degradation in the form of cracking and delamination is expected as a result of water
being expulsed from the sample during heating. While flushing and annealing remove
physisorbed water-molecules and the electrochemical contribution to leakage, incorporated
protons, chemisorbed species, and irreversible degradation remain. Complete sample-
recovery can, therefore, not be achieved.

e Encapsulation and piezoMEMS-reliability are an undividable couple, but challenging due to the
thin-film structure's sensitivity to the in-plane stress-transfer between the film and substrate.
As such, while using a humidity-barrier of atomic-layer-deposited Al,05; improves device
lifetime, the additional processing step may decrease the ferroelectric and piezoelectric
properties of the piezoMEMS-device. Breeches in the barrier-layer can arise from various
defects in the coating or PZT film, and humidity-degradation can spread from the defective
site.

e Since the operation of piezoelectric micro-mirrors rely heavily on the film-substrate stress-
transfer, the electrothermal breakdown-events changes the dynamic behavior. Such
distortions are here manifested through nonlinear phenomena and displaced tip-tilt motions.

This work has shed light on possible next steps for improving piezoMEMS devices operated in humid
conditions. From the above findings, some mitigation-strategies for reducing the impact of humidity,
are proposed:

(i) Decreasing the overall electrochemical activity of the stack will reduce the amount of
water-electrolysis, and thereby the degradation-rate.
(ii) Since, within the framework of water-electrolysis, protons generated on the anode-

side move towards the cathode-side of the stack, the bottom electrode should be
chosen as the positrode. This, to reduce the area of the electrochemically active
materials being exposed to the ambient during operation, thereby reducing the
proton-transport through the piezoelectric layer.

(iii) The electrochemical activity can be reduced by impeding the proton mobility in PZT
and along exposed surfaces, e.g. by reducing the physisorption of water-molecules on
the exposed surfaces.

(iv) Reducing the number of electrode-defects, such as grain-grooves, sputtered particles,
cracks or pinholes will reduce the diffusion of protons and hydrogen through the
electrode. This can be done by e.g. increasing the electrode thickness when possible.

(v) Since the electrolysis of water is essentially a DC-phenomena involving the transport
of protons in the form of hydronium or hydroxide-ions, the electrochemical activity
will further be reduced by using high-frequency (>100 Hz) bipolar actuation, when such
operation is relevant (e.g. for FRAM-applications).

(vi) It is imperative to encapsulate piezoMEMS-devices. Therefore, improved
electromechanical durability, improved coverage over complex structured surfaces,
and reduced water-vapor transmission rate of the humidity barrier-layer will reduce
the impact of water. Multi-layered coatings deposited by atomic layer deposition show
promising results in this regard.
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5 Conclusions and outlook

5.2 Outlook and future work

As a last note, ideas and suggestions for future work are presented here.

Little is known about the formation and transport of protonic defects in PZT related
ferroelectric and piezoelectric materials, such as KNN, PMN-PT or AIN. The correlation between
protonic defect formation, charge-transport mechanisms, the effect of doping, and piezoelectric and
dielectric properties should, therefore, be studied in detail. For the case of PZT, oxygen vacancies
contribute to the formation and transport of protonic charge-carriers, and much insight can be gained
from conductivity-measurements as a function of water-vapour and oxygen partial pressures.
Impedance, and thermally stimulated depolarization-current-measurements of pristine and degraded
samples may also prove useful for studying the governing charge-transport mechanisms.

The control of interfaces, surface termination, and reconstructions in heterostructured thin-
films are potential tools for studying the electrochemical factors. From density functional theory
calculations, a fundamental understanding of the interactions between polar surfaces and humidity,
adsorption-geometries, energetics, and activation energies can be attained. This can be used to
evaluate and control the electrochemical interactions and possible migration paths of protonic species
within the bulk, surface, and grain-boundary regions of the film.

From an applied perspective, the continued development of humidity-barriers and its
integration in piezoMEMS should be pursued. Properties such as the mechanical robustness, self-
healing effects, water-vapor penetration, and adsorption/transport of water-molecules on surfaces,
should be further investigated. Developing thin, multi-layered barriers is a promising approach.

Devices such as PZT-based energy harvesters rely on the maximum piezoelectric strain and
endurance during stress-cycling under repetitive mechanical loadings. Since humidity-related
degradation couples to the mechanical properties of the stack, studying the evolution of the
mechanical properties of piezoelectric thin-films during degradation in humid conditions may prove
useful. Relating the electro-mechanical mechanisms such as electromechanical fatigue, criteria for
crack-initiation and propagation, domain-wall mobility and microstructure to various humidity-
induced effects, e.g. gas-evolution or chemical expansion from incorporated protonic defects, may
provide valuable insight. Raman spectroscopy, Rayleigh analysis or wafer-bending are all valuable tools
for providing connections between humidity and the mechanical limitations of ferroelectrics.

Considering that lead-free piezoelectric materials are increasing their momentum, the studies
suggested above should also be adapted at an early stage on promising material-candidates, such as
(K,Na)NbOs, (Ba,Ca)(Ti, Zr) 05 or AlScN-based compounds.

Studying the evolution of the dynamic behavior of piezoMEMS-devices upon degradation can
provide valuable diagnostic and characterization-tools from an applied perspective. Using the spring-
mass system as a basis, and combining it with machine-learning can provide a powerful arena for
sensitivity-analyses, and studying the connection between nonlinear-dynamics and degradation.

Thin-film piezoMEMS is a technology with much unexplored potential. PZT and related
compositions, are essential for existing and for future key enabling technologies, which can be
utilized by improving reliability -and lifetime in realistic conditions, and should inspire to continued
research within piezoMEMS reliability and lifetime.
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