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ABSTRACT

This thesis describes the roles of defect chemistry and internal electric fields on
the long-term stability of the properties of piezoelectric films. The correlation between
defect chemistry, aging, leakage currents, and time dependent dielectric breakdown was
studied for Nb and Mn doped PbZr 5,Ti9 4303 (PZT) thin films. It was demonstrated that
the magnitude of the internal field is much higher in Mn doped PZT (PMZT) films
compared to Nb doped PZT (PNZT) films after poling in the temperature range of 25-
200°C under an electric field of -240 kV/cm. The development of the internal field is
thermally activated, with activation energies from 0.5+0.06 to 0.8+0.1 eV in Mn doped
films and from 0.8+0.1 to 1.2+0.2 eV in Nb doped films. The different activation
energies for imprint suggests that the physical mechanism underlying the evolution of
the internal field in PMZT and PNZT films differs; the enhanced internal field upon
poling is attributed to (1) alignment of oxygen vacancy — acceptor ion defect dipoles
((Mn7z; = Vy)*, (Mng; —V5")')) in PMZT films, and (2) thermionic injection of
electron charges and charge trapping in PNZT films. In either case, the internal field
reduces back switching, enhances the remanent piezoelectric properties, and
dramatically improves the aging behavior. PMZT films exhibited the greatest
enhancement, with reduced high temperature (180°C) aging rates of 2-3%/decade due to
improved stability of the poled state. In contrast, PNZT films showed significantly larger
high temperature aging rates (15.5%/decade) in the piezoelectric coefficient,

demonstrating that the fully poled state was not retained with time.
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The correlation between defect chemistry, leakage currents, and time dependent
dielectric breakdown was also studied for PbZry 5,Ti94303 (PZT) films doped with 0.5,
1, 2, or 4% Nb. As the samples are nearly intrinsic, signatures for both hole hopping
between Pb>" and Pb’" and electron trapping by Ti*" were observed. For all doping
levels, the dominant conduction mechanism transitioned from Poole-Frenkel emission at
lower electric fields to Schottky emission at higher electric fields. The electric field for
this transition diminishes from 172 to 82 kV/cm with decreasing Nb concentration. The
concomitant modification of Schottky barrier height from 1.24 to 0.95 eV with
decreasing Nb concentration is attributed to Fermi level pinning via oxygen vacancies.
The DC resistance degradation was controlled by Schottky emission from 250-400
kV/cm; the lifetime of the films increases with increasing Nb level. The effective
Schottky barrier height for 2% Nb doped PZT films decreased from 1.12 to 0.85 eV
during degradation. This is related to the migration of oxygen vacancies towards the
cathode, accompanied by the observation of Ti’" near the cathode. Furthermore, the
electric field range over which Schottky conduction increased with degradation. The
mechanisms for time-dependent dielectric breakdown in PZT films will thus be a strong
function of the initial film defect chemistry.

The electrical reliability of lead zirconate titanate (PZT) films was improved by
incorporating Mn; the time dependent dielectric breakdown lifetimes and the associated
activation energy both remarkably increased with Mn concentration. The correlation
between the defect chemistry and the resistance degradation was studied to understand
the physical mechanism(s) responsible for enhanced electrical reliability. At lower

electric fields, Poole-Frenkel emission was responsible for the leakage current. Beyond a



threshold electric field, Schottky emission controlled the leakage. After degrading 2
mol% Mn doped PZT film under an electric field of 350 kV/cm at 180°C for 12 h, no
significant change in potential barrier height for injecting electrons from the cathode into
the anode was observed. This suggests that the degradation is mostly controlled by
Poole-Frenkel conduction via some combination of hole migration between lead
vacancies, small polaron hopping between Mn sites and hole hopping between Pb*" and
Pb’*. The oxygen vacancy concentration after degrading PZT films under an electric
field of 350 kV/cm at 180°C for 12 h was found to be 1x10** cm™ for 2 mol% Mn doped
PZT films. No variation in the valence state of Ti near the cathode was observed in
degraded Mn doped PZT films. Additionally, thermally stimulated depolarization
current results did not show any depolarization peak arising from relaxation of trapped
electrons on Ti*". This suggests that multivalent Mn provides trap sites for electrons and
holes; free electron generation due to compensation of oxygen vacancies at the cathode
and free hole formation at the anode region might be suppressed by the valence changes
from Mn’* to Mn*" and Mn*" to Mn®" respectively.

Finally, the role of interfacial defect chemistry in time dependent breakdown and
associated charge transport mechanisms was investigated for
Pbo.9o(Zro.52Ti0.48)0.98Nbo 0203 (PNZT) films. Electrical degradation was strongly
dependent on the sign of the electric field; a significant increase in the median time to
failure from 4.8+0.7 to 7.6+£0.4 hours was observed when the top electrode was biased
negatively compared to the bottom electrode. The improvement in electrical reliability
of Pt/PNZT/Pt films is attributed to (1) a V;* distribution across the film due to PbO

non-stoichiometry, and (2) Ti/Zr segregation in PNZT films. Compositional mapping



vi

indicates that PbO loss is more severe near the bottom electrode, leading to a
V5® gradient across the film thickness. Upon degradation, V;;* migration towards the
bottom Pt electrode is enhanced. The concentration of V" accumulated near the bottom
Pt interface (6.2x10'® /cm?) after degradation under an electric field of 350 kV/cm for
12 h was two times higher than that near the top Pt/PNZT interface (3.8x10'® /cm®). The
V5* accumulation near the bottom Pt/PNZT interface causes severe band bending and a
decrease in potential barrier height, which in turn accelerates the electron injection,
followed by electron trapping by Ti*". This causes a dramatic increase in the leakage
current upon degradation. In contrast to the bottom Pt/PNZT interface, only a small
decrease in potential barrier height for electron injection was observed at the top
Pt/PNZT interface following degradation. It is also possible that a Zr-rich layer near the

top interface reduces electron trapping by Ti*".
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Chapter 1

Introduction and thesis organization

Utilization of microelectromechanical systems (MEMS) devices has dramatically
increased the magnitude of the electric field distributed across lead zirconate titanate
(PZT) piezoelectric films relative to typical fields applied to bulk PZT ceramics. As a
result, the electrical reliability, including both DC resistance degradation and the stability
of properties is of great concern. Therefore, it is important to understand the nature and
concentration of defects as well as associated charge transport mechanisms leading to the
leakage current and electrical degradation in PZT films in order to control electrical
breakdown and device failure.

In general, electrons, holes, and mobile ions all contribute to the charge transport
in PZT films; motion of these carriers, in turn, influence aging, retention loss, and
electrical degradation. The equilibrium concentration of defects is determined by the
nature of the dopants (acceptor, donor, fixed valence, redox-reactive), annealing
atmosphere (PO, or Pp,o) and processing temperature. The volatility of PbO upon
processing of PZT films is typically uncontrolled, and hence adds complexity to the
defect chemistry in PZT films. When PbO(g) evaporates, charge compensation occurs by
formation of oxygen and lead vacancies. It is believed that migration of oxygen vacancies
and subsequent redistribution of charges in PZT films are primarily responsible for
electrical degradation in PZT ceramics.

As a mixed electronic and ionic conductor, PZT has a band gap of 3.4 ¢V,' with

multiple in-gap states introduced by defects.'™ The valence band consists of O 2p and Pb



6s states, while the conduction band is made up of the unfilled d states of Ti*".” The

presence of lone electron pairs (6s electrons) allows Pb”" sites to act as shallow acceptor
levels for holes. Early deep level transient spectroscopy (DLTS) studies reported by
Smyth et al. confirmed that the Pb*"/Pb>" level is located approximately 0.26-0.3 eV
above the valence band edge.'’ Lead vacancies, created due to evaporation of PbO(g)
also introduce singly and doubly ionized lead vacancies that lie 0.9 and 1.4 eV above the

"2 In the same way, introduction of acceptor ions creates

valence band, respectively.
additional impurity levels in the PZT energy band diagram. Redox active Mn ions
. . 2 £ 3+ KT A R S
produce two distinct impurity levels; (1) Mn™ 'Mn” and (2) Mn”"Mn" with ionization
energies of 1.9 and 1.2 eV, respectively.”” The main electron trapping centers in PZT are
Ti*"Ti*",'% %5 which produces a level about 1 eV below the conduction band, and

oxygen vacancies, which are shallow traps located about 0.2 eV below the conduction

band.' These defect levels are shown in Figure 1.1.
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Figure 1.1 Schematic representation of defect states in energy band diagram of PZT

In contrast to PZT ceramics, electronic/ionic transport and the relevant defect
chemistry are less well understood in PZT films. While, in principle, understanding of
degradation in bulk PZT ceramics is a resource to the thin film community, there are a

number of important differences that influence the defect chemistry and the charge



transport mechanisms responsible for DC resistance degradation. Three of the critical
disparities are (1) most films have extremely fine grain sizes (< 200 nm), leading to a
substantially higher fracture toughness than would be characteristic of bulk ceramics,
which reduces the likelihood of electromechanical failure mechanisms, with subsequent
dielectric breakdown. (2) The processing of thin films is typically conducted under
conditions where the sample is not in thermodynamic equilibrium; this can result in
higher point defect concentrations and metastable structures and (3) interfaces have a
much stronger influence on point defect chemistry in films than in bulk materials; the
equilibrium concentration of a point defect is strongly dependent on formation energy of
defects at the interface. Moreover, as feature size is scaled down, the diffusion length
over which defects must move to induce degradation becomes shorter. Thus, in order to
understand the resistance degradation mechanism in PZT thin films, information about
the charge transport mechanisms and related defect chemistry in PZT thin films is crucial.
This dissertation examines the role of defect chemistry on the aging of ferroelectric
properties and the resistance degradation in PZT thin films.

The roles of defect chemistry and internal electric fields on the long-term stability
of the properties of piezoelectric films are presented in Chapter 2. The physical origin of
the internal field is explored and the link between imprint and defect chemistry is studied.
The stability of the developed imprint and the functional properties of the films at high
temperatures is presented.

The correlation between defect chemistry, leakage currents, and time dependent
dielectric breakdown in PbZr( s, Tip4303 (PZT) films doped with 0.5, 1, 2, or 4% Nb is

presented in Chapter 3. A combination of techniques like DLTS, thermally stimulated



depolarization current (TSDC), and in-situ impedance measurements assist in
determination of the major carrier type and associated charge transport mechanisms in Nb
doped PZT films. The migration of oxygen vacancy and redistribution of charges, which
takes place during degradation is discussed.

In Chapter 4, the role of redox active Mn in modifying the defect structure and
associated charge transport mechanism is studied. Charge injection from the electrodes
and subsequent transport of charge in Mn doped PZT films are discussed. This chapter
provides information about how to engineer defect chemistry to control the leakage
current rise upon electrical degradation and thereby improve lifetime of PZT films.

Chapter 5 discusses using Thermally Stimulated Depolarization Current (TSDC)
to identify the type of defects contributing to dc resistance degradation in PZT films. The
changes in defect concentrations and their distributions during electrical degradation in
undoped, donor (Nb) and acceptor (Mn) doped PZT films are examined using TSDC.

Chapter 6 provides experimental evidence to demonstrate how the pristine state
interfacial defect chemistry influences the transport mechanism upon electrical
degradation in Nb doped PZT films. The role of PbO stoichiometry and Ti/Zr segregation
on the conduction properties of the PZT/Pt is discussed.

Chapter 7 summarizes the significant findings from this study. A proposed future
work section, including some preliminary data, describes possible pathways to
understand the effect of DC resistance degradation on both the intrinsic and extrinsic

properties of PZT films.
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Chapter 2
The effect of imprint on remanent piezoelectric properties and

ferroelectric aging of PbZr s, Tip 4303 thin films

Chapter 2 of the thesis has been published previously in Journal of American Ceramic
Society, 2019; 102:5328-41.

2.1 Introduction

Ferroelectric thin films are finding increased usage in a wide variety of
microelectromechanical (MEMS) devices, including ink jet printers, adjustable optics,
ultrasound transducers, resonators, energy harvesters, etc.'* Significant work has been
done on deposition techniques and device fabrication technology over the last two
decades®”; however, there are comparatively few reports on long-term ferroelectric aging
of these materials.'”'? Thus, an understanding of the fundamental materials science that
underpins the stability of the properties is lacking.

Aging in ferroelectric ceramics can be defined as the change of piezoelectric and
dielectric properties with time, under zero external stress and isothermal conditions. '° It
originates from stabilization of the local domain structure and immobilization of domain
walls, both of which reduce the extrinsic contributions to properties over time. "> There
are four principal mechanisms that restrict domain wall motion and change the local
domain configuration, and consequently cause aging. These are: (1) migration of
impurities and vacancies to domain walls to lower the wall energy (domain wall
immobilization),'* (2) accumulation of charge at grain boundaries; the resulting internal
field stabilizes the polarization direction, (an interface effect)’” (3) alignment of defects

to decrease the dipolar energy (volume or bulk effect),'® and (4) ferroelastic switching



from a poled state to relieve local strains. In bulk ceramics, aging is often dominated by
rearrangement of charged defects that stabilize the domain configuration through an
electric or elastic field. This results in a decrease in the dielectric and piezoelectric

14-19

properties over time. The short-range motion of charged point defects (mainly oxygen

vacancies), contributes to the reorientation of defect dipoles, while long-range motion of
mobile ionic or electronic carriers results in formation of a space charge layer.'” '®
Therefore, aging and degradation of ferroelectric ceramics is intimately related to
conduction.

Since the discovery of aging in bulk ferroelectrics in the 1950s," significant effort
has been spent on investigating the mechanisms for aging and their dependence on the
concentration and type of defects and the associated charge transport mechanism.'* '* 2%
* In general, the defect chemistry is a function of oxygen partial pressure, temperature,
and doping.** In particular, the dopant type and concentration play important roles in the
aging rate. It is well known that oxygen vacancies help immobilize domain walls. Hard
dopants like Fe or Mn in lead zirconate titanate (PZT) generate oxygen vacancies, which
act to stabilize domain walls through mechanisms such as direct pinning of the wall
and/or development of a preferred polarization direction. This will increase the aging
rate.”?’ Soft doping with niobium, on the other hand, lowers the aging rate relative to
acceptor-doped and undoped PZT.*®

The enhancement of domain wall mobility in soft materials has been explained in
several ways: (i) reduction in space charge accumulation at domain walls (e.g. donor

doping also decreases the hole concentration) (ii) donor dopants compensate acceptor

ions which are naturally present in the material and thus minimize the adverse effect of



acceptor ions on aging, (iii) compensation of lead vacancies by donor ions reduces the

17, 50 .
739 In mixed

internal stress in the material so that domain walls becomes more mobile.
dopant systems, where both acceptors and donors are introduced, the relative and total
concentrations of dopants determine the dominant aging mechanism. The presence of
acceptor ions even at small concentrations in highly donor doped PZT ceramics generates
localized oxygen vacancies that act to increase aging rate.”’

To diminish aging in ferroelectric thin films, a mechanism that restricts
depolarization is required, e.g. by creating a preferred polarization state. This is known
as imprint and is characterized by a shift in the polarization — electric field (P-E)
hysteresis loop along the field axis.’® There are two commonly used methods to introduce
imprint in PZT thin films: (1) hot poling,*' and (2) poling while illuminating under UV
radiation.”® The first method uses thermal energy to align defect dipoles along the
polarization direction while the second method utilizes UV radiation to develop or

redistribute space charge layers.”*>*

Both mechanisms generate internal electrical fields,
leading to stabilization of the domain configuration along the polarization direction.
Different mechanisms have been proposed to explain imprint in PZT films; (1) the
bulk screening model, ** (2) the interface screening model, >' and (3) the defect-dipole
alignment model.” The bulk and interface screening models both assume the presence of
a thin layer at the interface between the electrode and ferroelectric where the spontaneous
polarization is suppressed and electronic charges are trapped.” In the bulk screening
model, imprint is ascribed to the depolarizing field due to incomplete screening

associated with the presence of a non-ferroelectric layer between the electrode and

ferroelectric film.*® In the interface screening model, on the other hand, an electrical field
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arises in the interfacial layer to compensate the depolarization field, leading to either
charge injection from the electrode into the bulk of the film or charge separation within
the interfacial layer.”> Although both models have been successful in describing the UV-
induced imprint phenomena in PZT films, only the interface screening can be reasonably
used to describe the imprint behavior in hot-poled ferroelectric films.>

In contrast, imprint can also develop in ferroelectric films due to defect-dipole
alignment in a poling field associated with oxygen vacancy migration around acceptor
ions. >>*7 Introducing acceptor ions increases the vacancy concentration while addition of
donors favors negatively charged cation vacancies. Since the oxygen vacancy
concentration decreases after donor doping, an enhancement in the internal field is
expected after doping with acceptor, rather than donor ions.”®

Since imprint in PZT films is linked in at least some cases to defect-dipole
alignment, the effect of doping on imprint is crucial to understanding the link between
imprint and aging. The objective of this study is to understand how defect chemistry and
internal electric fields develop in piezoelectric films, as well as the effect of these
parameters on the long-term stability of the properties. For this purpose, Mn and Nb
doped PbZr(5,Ti94303 thin films were deposited on platinized Si substrate using spin
coating of a sol-gel solution. All samples were characterized by X-ray diffraction and
field emission scanning electron microscopy to ensure that no second phases develop.
Then, the ferroelectric and dielectric properties were examined before and after poling at
25-200°C. The poling conditions (poling time, magnitude of the electric field, and

temperature) were used to modulate the remanent polarization and the degree of imprint
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developed.'> **

High temperature aging at 180°C was performed to investigate the
stability of the developed imprint and the functional properties of the films.
2.2 Preparation of Mn and Nb doped PZT thin films

Sol Preparation

Two series of PZT thin film solutions with Mn and Nb doping levels from 0.5-4
mol.% were prepared from lead acetate trihydrate (Pb(CH3COO), ¢ 3H,O, Sigma-
Aldrich), zirconium (IV) propoxide (Zr(OCH>CH,CHj3)s4, Sigma-Aldrich), titanium (IV)
isopropoxide (Ti(OCH(CHs),)4, Sigma-Aldrich), manganese (II) acetate tetrahydrate
(CH3;COO);Mn + 4H,0, Sigma-Aldrich) and niobium (V) ethoxide (Nb(OCH,CHj3)s,
Sigma-Aldrich), 2-methoxyethanol (CH3;0CH,CH,OH, Sigma-Aldrich), acetylacetone
(CH3COCH,COCH3;, Sigma-Aldrich) and acetic acid (CH3;COOH, Sigma-Aldrich).
Solutions with a Zr/Ti ratio of 52/48 were prepared using 10 mol% Pb excess to
compensate for lead loss during heat treatment. The preparation of precursor solutions is
similar to that described elsewhere.*’

For preparation of Mn-doped PZT films, 20g of lead acetate trihydrate and 0.058-
0.47 g of manganese acetate were dissolved in 120 mL of 2-methoxyethanol (2-MOE)
under Ar in a rotary evaporator flask placed in an oil bath at 120°C. The solution mixture
was then dried under vacuum until complete precipitation occurred. In a separate beaker,
11.2g of zirconium n-propoxide and 6.48g of titanium iso-propoxide were dissolved in
150 mL of 2-MOE and stirred for 30 min in a glove box. The resultant solution was
slowly added into the Pb/Mn powders in the heated flask; the solution mixture was
refluxed for 2 h under Ar at 120 °C. Following refluxing, the solution was vacuum

distilled and then diluted with 2-MOE (5 vol %) and acetylacetone (22.5 vol %) to
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achieve the desired solution molarity of 0.40 M. The Mn doping concentration in solution
was estimated as Pb(1.1—§x) Zrg 52(1-x) Tig.ag-x) Mny O34, x =0.005-0.04.

The processing of Nb-doped PZT solutions is very similar that used for Mn-doped
PZT films. The only difference is that the Nb(OC,Hs)s was added to the Ti/Zr/2-MOE
solution and stirred for 30 min in the glove box. The solution composition was batched as
Pb( Zrg 52(1-x) Tig.ag(1-x) NbxO3 1, where x = 0.005-0.04. Subsequent steps were

11-2x)
identical to those used in the processing of Mn doped PZT thin films, where the Zr/Ti/Nb
solution was added to the Pb-containing powder and refluxed at 120°C to obtain the final
solution.

Coating Process

Silicon substrates with a thick thermal SiO, barrier layer, 200 A of Ti and 1500 A
of Pt (Nova Electronic Materials, Inc., Richardson, TX) were used in this study. Prior to
coating, the substrates were exposed to rapid thermal processing at 500°C for 60 s to
remove surface moisture. Doped PZT films were prepared via spin coating. First, the
solution was dispensed onto the substrate through a 0.lpm polytetrafluoroethylene
(PTFE, Restek) syringe filter. Then a single layer was spun at 1500 rpm for 30 s. Each
layer underwent two pyrolysis treatments for 3 min at 250 and 450°C, respectively. The
film was then crystallized at 700°C for 60 s by rapid thermal annealing (RTA). The
process was repeated 6 times until a desired thickness of 0.4 um was reached. Finally, a
single PbO layer was coated onto the surface of PZT films and then heat treated at 700°C
in air, to remove surface pyrochlore. Residual PbO was then removed by immersing the

sample in a 4M acetic acid solution for 60 s.
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2.3 Materials Characterization

Glancing Incidence X-ray Diffraction (GIXRD) was performed to examine the
structure and orientation of the films using an X'Pert Pro MPD diffractometer
(PANalytical, Almelo, The Netherlands). The x-ray source was Cu Ka radiation, with an
accelerating voltage of 40 kV. The step size and hold time at each step was 0.02° and 10s,
respectively. X-ray diffraction patterns were recorded between 10° and 80° 26.

The coating morphology was examined using a Leo 1530 model field emission
scanning electron microscope (FESEM) (LEO Electron Microscopy Ltd., Cambridge,
England) operated at 5 kV. Surface images were obtained in secondary electron imaging
mode. The film thickness was measured using an Alpha-Step 500 Surface Profilometer
(Tencor, Portsmouth, NH).

For electrical characterization, Pt top electrodes with diameters ranging from 200
um to 1 mm were prepared by double layer photolithography and lift off processing. For
this purpose, ~100 nm thick Pt films were sputter deposited on the PZT surface (CMS-18
Sputter System, Kurt J. Lesker Company, Pittsburgh, PA). After liftoff, the patterned Pt
top electrodes were post-annealed at temperatures in the range of 500 to 750°C. The
bottom Pt electrode was exposed using buffered HF to etch the PZT layers. The low field
dielectric properties of the PZT films were determined using an LCR meter (Hewlett-
Packard 4284A Precision, Agilent Technologies, Inc., Palo Alto, CA). All measurements
were performed at 1 kHz with an oscillation voltage of 0.03 V. Hysteresis measurements
were made using a Precision Multiferroic Analyzer (Radiant Technologies, Inc.,
Albuquerque, NM) using a triangular waveform and a frequency of 100 Hz. The

longitudinal piezoelectric coefficient (ds3, ¢) of the PZT films was determined by double
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beam laser interferometry (AixACCT DBLI). Prior to measurements, the samples were
first poled at temperatures from 25 to 200°C using an HP 6200B dc power supply
(Agilent Technology, Palo Alto, CA) with a DC electrical field five times higher than the
coercive field for 30 min.

The first order reversal curves method (FORC) was used to determine the
reversible and irreversible FORC distributions.*' First order reversal curves were taken
using a homemade polarization measurement system with voltage amplifiers (BOP
1000M, Kepco and TREK 609C-6, Piezotronics, Inc.). The films were initially pre-poled
under an electric field of -240 kV/cm at 25 and 150°C for 30 min. Then, a family of P-E
hysteresis loops (40 different loops) was recorded using an electric field cycle from a
negative saturation field —Enax to a field o; where o; changes from —E.x to +Emax. The
instantaneous descending electric field was [;, The polarization was measured for a; from
—Emaxt NAE, n= 2 to 40 and B;, from —Et kAE, k=0, 1, 2, ..., n, respectively. The

irreversible and reversible FORC distributions are defined for (a; € a) and (5; € )

41

as:
_ 102 P@p) :
p(a,B) = > dadp Equation 2.1
. 1 0P(a,B .
Prev(@) = limg_,,_ > ;C; ) Equation 2.2

where o and  are the up- and down- switching fields of some population of hysterons,
respectively. For o>, the hysterons are irreversible and for a=f, the hysterons are

reversible.
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Aging measurements

Before the aging test, samples were poled at 150°C under an electric field of 240
kV/cm for 30 min. Then, the samples were aged at zero field under closed circuit
conditions at 180°C. High temperatures were used to accelerate the aging process. The
piezoelectric response, ds3 r, was then measured at room temperature as a function of the
time spent aging at elevated temperature. The time variation of ds3 r follows a well-known
logarithmic law. The percent change of piezoelectric response (ds3) per decade of time
(e.g. one order of magnitude change) was calculated using the following relationship with
time.

d33f(t) = d335(ty) — 7 log (t) Equation 2.3
where d33 (t) is the longitudinal piezoelectric coefficient measured after an aging time t,
d33,¢(to) is longitudinal piezoelectric coefficient atty, (to <t), and r is the rate of
decay. Similarly, P-E hysteresis measurements were conducted following different aging
times to monitor the change in the magnitude of imprint for the PMZT and PNZT films.
2.4 Results and Discussion
2.4.1 Phase identification and microstructure of PZT thin films

The surface morphology and structure of Mn and Nb doped PZT films after
annealing at 700°C in O, were studied by FESEM and GIXRD. Figure 2.1 shows that all
films have the perovskite structure.* No peaks corresponding to secondary phases such
as excess PbO or pyrochlore were observed in the XRD patterns, suggesting that at most
trace amounts of secondary phases exist in either set. As shown in Figure 2.1, the films
with low Mn and Nb concentrations are approximately randomly oriented. With

increasing Mn concentration, XRD peaks shifted towards higher angles, indicating
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decreased out-of-plane lattice parameters for the PMZT films. The results for the Mn-
doped film are comparable to those reported by Zhu et al.* The same group reported no
change in lattice parameter with Nb doping.**

Figure 2.2 exhibits FESEM surface micrographs of the Mn and Nb doped PZT

films grown on Pt/Ti/Si0,/Si substrates. As shown there, both Mn and Nb doped PZT
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Figure 2.1 Glancing XRD diffraction patterns of (a) Mn and (b) Nb doped PZT films.

All films were smooth, homogeneous and of high density; no crack formation was
observed. SEM results confirmed that the grain size in both Mn and Nb doped PZT films

is similar and varies from 30-150 nm.
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2.4.2 Thermal imprint in Mn and Nb doped PZT films

The high field dielectric response of 1% Mn and 1% Nb doped PZT films before
and after poling at 25 and 150°C for 30 min was analyzed using the irreversible FORC
distributions, where a and B are the up- and down- switching fields of some population of
hysterons, respectively, as shown in Figure 2.3 The appearance of periodic features along

the o=f line of Figure 3 is an artifact arising from the algorithm used for calculation. In

Figure 2.2 Top surface FESEM images of (a) Mn, and (b) Nb doped PZT films.
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unpoled Mn doped PZT films, the irreversible FORC distribution was broadened, which
means that up and down switching fields for the hysterons show more variability. It is
probable that this is a result of the fact that incorporation of Mn into PZT generates defect

dipoles, which change the local electric/elastic field, modulating the switching of the
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Figure 2.3 The irreversible FORC distributions of the (a) 1% Mn and (b) 1% Nb doped
PZT films before and after poling at 25 and 150°C.

hysterons. Since Nb doped PZT films have a low concentration of defect dipoles
involving oxygen vacancies, the FORC distribution is very sharply peaked. After poling,
the distribution of switching fields becomes sharper for both Mn and Nb doped films.
Additionally, the up- and down-switching fields for the hysterons shifts further from the
a = -PB line, consistent with the development of imprint. This shift is more noticeable in
Mn doped PZT films, compared to their Nb doped counterparts, indicating a higher
magnitude of imprint in PMZT films. Mn doped PZT films have higher concentration of

defect dipoles (acceptor ions and oxygen vacancies) that can be aligned along the
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polarization direction during poling to introduce imprint.*’
Figure 2.4 shows the effect of imprint on the reversible FORC distributions. It is

seen that poling of both Mn and Nb doped films shifts the reversible FORC distributions
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Figure 2.4 Reversible FORC distributions of (a) 1% Mn doped and (b) 1% Nb doped
PZT films

along the field axis, another indication of imprint in the PZT films. The degree of imprint
was enhanced as the poling temperature increased. For PMZT films, the internal field is
14 and 28 kV/cm after poling at 25 or 150°C, respectively. For PNZT films, on the other
hand, the magnitude of internal field was smaller; it is 7 kV/cm after poling at 25°C and
it increased to 14 kV/cm after poling at 150°C. Furthermore, the maximum in the
reversible FORC distribution increases after poling; this is most noticeable in Mn doped
PZT films after hot poling. This increase is presumably related to the restoring force
provided by the imprint field. The restoring force tends to align domains perturbed by the
electric field, making the response more reversible and increasing the intensity of the
reversible FORC distribution.

The effect of thermal imprint on the ferroelectric properties of Mn and Nb doped

films was also investigated by P-E hysteresis measurements; the findings are in
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agreement with the FORC results. Figure 2.5 shows the hysteresis loops of unpoled and

poled PZT thin films doped with 1 mol.% Nb or Mn, measured up to 400 kV/cm. As
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Figure 2.5 Variation of P-E hysteresis loop of (a) 1% Mn and (b) 1% Nb doped PZT
films after poling at different temperatures

shown in Figure 2.5, the hysteresis loops of both films move to positive voltages after
poling at -240 kV/cm (such that the direction of poling field is pointed from the top to the
bottom electrode). The shift becomes more noticeable as the poling temperature
increases. It is apparent that films poled at room temperature under these conditions have
nearly symmetrical hysteresis loops, as do films that were originally unpoled. However,
as the poling temperature is increased to 200°C, a strong imprint progressively develops.

This is manifested primarily as a left-right shift on the loop, without significant
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degradation in the switchable polarization (Figure 2.5). In the same way, there is no
strong evidence for development of significant levels of leakage at either electrode
following the high temperature poling.

Figure 6 exhibits the level of imprint in PMZT and PNZT films as a function of
poling temperature. The magnitude of imprint was determined from the voltage shifts in
P-E hysteresis loops. The internal field can be defined as,

+EC_|_EC|

Ei= >

Equation 2.4

where E; is the internal field, +E. is the positive coercive field, and —E. is the negative
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Figure 2.6 Variation of the magnitude of internal field in (a) Mn and (b) Nb doped PZT
films determined from P-E loops performed after poling at different temperatures.
Activation energies for internal field were calculated from the slope of the graphs.

coercive field. As shown in Figure 2.6, the response of PNZT and PMZT films to poling
is considerably different. For PMZT and PNZT films, the internal fields ranged from 3 to

32 kV/em and 0.5 to 18 kV/cm, respectively. For all dopant levels and poling
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temperatures, the magnitude of imprint was higher in the PMZT films. The temperature
dependence of the voltage shift in the P-E hysteresis was found to follow an Arrhenius-
like behavior for both donor and acceptor doped PZT films. It should be noted that the
high temperature data points for Mn doped PZT films and the 25°C data point for Nb
doped PZT films deviate from purely Arrheniius-like behavior with a single activation
energy. Since the estimated activation energies vary only slightly when these data points
are excluded, the data points were retained, and their influence on the activation energy is
included within the error bars. As shown in Figure 6b, the activation energies (E,)
extracted from the slopes of the Arrhenius plots for Mn doped PZT films ranged between
0.5+0.06 and 0.8+0.1 eV. These are much lower than E, for their Nb doped counterparts
(0.8+0.1 to 1.2+0.2 eV).

Addition of Mn on the perovskite Zr/Ti site in PZT can create defect dipoles such
as (Mny; — V5*)*, (Mny; — V)" when it is ionically compensated by oxygen vacancies.
Additionally, evaporation of PbO could, in principle, lead to formation of (Vp, — V;*)*
defect associates. Oxygen vacancies are the most mobile ions in PZT and short-range
migration of oxygen vacancies around the acceptor can generate an internal field in PZT

films at poling temperatures and fields.**

Presumably, the concentration of defect
associates increases with Mn concentration in the PZT, enhancing the propensity of
defect dipole alignment upon thermal poling of PZT films. Indeed, the E, for imprint in
Mn doped PZT films varies between 0.5 and 0.8 eV, which is close to the activation
energy required for migration of oxygen vacancies (Table 1).*’ This suggests that imprint

in Mn doped PZT films is governed via defect dipole alignment rather than injecting

and/or trapping of electronic charges (Figure 10b). To further support this hypothesis,
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leakage current measurements were conducted to explore the dominant conduction
mechanism over the range of temperatures used for development of imprint in PMZT
films (Figure 2.7). It was found that the leakage current is controlled via Schottky
emission and that the potential barrier height for thermionic injection of electronic
charges varies between 0.72 to 1.12 eV. It is notable that the Schottky barrier heights
generally exceeds E, for imprint in Mn doped PZT films (Table 2.2).

Table 2.1 Activation energies for imprint in PMZT and PNZT films.

PMZT films 0.5% Mn 1% Mn 2% Mn 4% Mn

E, (eV) 0.8+0.1 0.7£0.1  0.6£0.1  0.5+0.06
PNZT films 0.5% Nb 1% Nb 2% Nb 4% Nb
E, (eV) 1.2+0.2 124202 0.9+0.1  0.8+0.1
e 0.5% Mn & 37 0.5% M
o L i e [ — X q{ * n  Schottky
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Figure 2.7 (a) The variation of leakage current density with electric field in Mn doped
PZT films (b) Fitting of the leakage current-voltage data for distinct electric fields in Mn
doped PZT thin films.

Table 2.2 Schottky barrier heights in PMZT and PNZT films

PMZT films 0.5% Mn 1% Mn 2% Mn 4% Mn

D5 (eV) 1.1740.04 1.06+0.05 0.84+0.03 0.72+0.04
PNZT films 0.5%Nb 1% Nb  2%Nb 4% Nb
D5 (eV) 0.95+0.05 1.07+0.03 1.15+0.04 1.24+0.04

In contrast to Mn doped PZT films, the activation energy for imprint in Nb doped

PZT films (0.8+£0.1 to 1.2+0.2 eV) (Table 2.1) was much higher than the activation
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energy required for migration of oxygen vacancies (0.5-0.6 eV). It is intriguing that,
particularly in the case of the lower Nb concentrations, the activation energy for imprint
is comparable to the activation energy for failure of many undoped PZT films.*® The
higher activation energies for imprint in PNZT films suggest that defect dipole alignment
is not the only mechanism contributing to imprint. Indeed, the only source for generation
of oxygen vacancies in Nb doped PZT films is evaporation of PbO upon annealing at
temperatures higher than 450°C, which could lead to formation of (Vp}, — V;*)* dipoles.
The oxygen vacancy concentration reduces with increasing Nb levels in PZT films,
which would suppress the internal field originating from defect dipole alignment upon
thermal poling. However, it was found that the magnitude of imprint increases at higher
Nb concentrations. This strongly suggests that defect dipole alignment model alone
cannot explain the magnitude of imprint observed in Nb doped PZT films.

It is possible that charge injection, the propensity for long-range migration of
oxygen vacancies, or differences in the original film stoichiometry can also contribute to

the observed imprint.*>*’

To explore the contribution of electronic charges to the built in
internal field, leakage current measurements were conducted on Nb doped PZT films. For
lower Nb concentrations (0.5% and 1% NbD), the conduction is mainly controlled by
Schottky emission in the temperature and electric field (240 kV/cm) range used to create
an internal field in PZT films (Figure 2.8). It is intriguing that the potential barrier height
for thermoionic emission of electrons from the electrode into the PNZT is approximately
1 eV (Table 2.2), which is comparable to the activation energy (1.2+0.2 eV) for

generation of imprint in PZT films. Furthermore, impedance measurements were

conducted to explore defect sites at which injected electronic charges could be trapped.
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Figure 2.9 shows the temperature dependence of the modulus and conductivity for 1% Nb
doped PZT films. The calculated activation energy for Nb doped PZT film is 1.1 + 0.06
eV, which is attributed to electron trapping by Ti*".?*°

Ti*t + e’ - Ti3* Equation 2.5

It is believed that imprint in 0.5 and 1% Nb doped PZT films results from electron

injection from the electrode into the dielectric with subsequent electron trapping by Ti*"
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Figure 2.8 Fitting of the leakage current-voltage data for distinct temperatures in (a)
0.5%, (b)1% Nb, (c) 2% Nb, and (d) 4% Nb doped PZT thin films.

(Figure 2.10a). With an increase in Nb concentration, Poole-Frenkel emission starts
contributing to the electronic conduction below 150°C, leading to a discrepancy between

the imprint E, (0.8-0.9 eV) and the calculated Schottky barrier height (1.15-1.24 eV).
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Figure 2.10 Schematic representations of physical models for development of imprint in
(a) Nb doped, (b) Mn doped PZT films.

It was found that the internal field has a significant effect on the remanent
piezoelectric properties, such as the longitudinal piezoelectric coefficient (dssf). Figure
2.11(a) and 2.11(b) show the longitudinal piezoelectric coefficients of 1% Mn and 1% Nb
doped PZT films after poling at temperatures ranging from 25 to 200°C. The data were
taken by driving the film with a unipolar field parallel to the poling direction to
progressively higher electric fields in the range of 50-150 kV/cm. There are several key
points that are apparent from these figures. First, the films that had been poled at room

temperature or 50°C had relatively smaller remanent dssrcoefficients than those poled at
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higher temperatures. When driven to progressively higher electric fields (> 50 kV/cm),
the films repole, producing hysteretic responses. In contrast, films poled at higher
temperatures showed larger remanent dssfvalues, and substantially less hysteresis in the
instantaneous ds3f as a function of the drive field. This indicates that the net polarization
in the PMZT and PNZT films poled at higher temperatures are more stable than the ones
poled at room temperature. Secondly, the maximum value of the dssrobserved was larger
for higher poling temperatures. For 1% Mn doped PZT film, the remanent dssrvalue after
poling at 25°C is 66 pm/V, increasing to 75+2, 8542, 90+2, and 9243 pm/V after poling
the sample at 50, 100, 150, and 200°C. Similarly, the 1%Nb doped PZT film poled at
25°C has a remanent dsz¢ of 80 pm/V; the remanent dss¢ increased to 84+1, 92+1, 96+1,
and 98+2 pm/V after poling the sample at 50, 100, 150, and 200°C. These results are
consistent with better alignment of the polarization along the electric field direction upon
poling."!

Figure 2.11(c) and Figure 2.11(d) exhibit the change in dj3 ¢ with internal field for
PZT-based films with different Mn and Nb concentrations. It was observed that the
internal field improves the dss for both PMZT and PNZT films. However, the
enhancement in d3; fdue to imprint is more obvious in PMZT films, where larger internal
fields can be introduced (Figure 2.11). As shown in Figure 2.11(c), the longitudinal
piezoelectric coefficient of 4% Mn doped PZT films is almost doubled after poling at
200°C. For 4% Nb doped PZT films, on the other hand, ds;¢ only increased by ~30%
relative to its 25°C-poled counterpart. The larger increase in ds3¢ after poling at high
temperatures in Mn doped PZT films can be attributed to an enhanced internal field due

to alignment of defect dipoles ((Mn7y; — V5™)*, (Mny; — V5")")) along the polarization
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direction during poling.

Another finding of Figure 2.11(c) and (d) is that for both Mn and Nb doped films,
the internal field and corresponding dss;¢ increased with doping concentration. As
reported in the literature, the alignment of oxygen vacancy and acceptor ion defect

51-52

dipoles during poling introduces imprint in PZT ceramics. When oxygen vacancies
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Figure 2.11 Variation of the magnitude of longitudinal piezoelectric coefficient dss s
of (a) 1% Mn doped, (b) 1%Nb doped PZT films after poling at 25, 50, 100, 150, and
200°C, (c) 0.5, 1, 2, 4% Mn, (d) 0.5, 1, 2, 4% Nb doped PZT films after poling at 150°C

either move around an acceptor center to produce a defect dipole, or migrate long
distances to produce space charge, it results in formation of internal field in PZT films,
which in turn enhances the piezoelectric properties. Since the oxygen vacancy
concentration increases as higher concentrations of Mn are introduced into PZT films, an
enhanced internal field and ds3¢ are expected. However, in the case of Nb doped PZT

films, the increase in internal field and dss3¢ cannot be explained based on the defect
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dipole alignment model since the oxygen vacancy concentration decreases after donor
doping. It is believed that internal field in Nb doped PZT films results from both
thermoionic emission of charges and Poole-Frenkel emission from traps. With increasing
Nb concentration, the contribution of bulk charge transport mechanisms like electron
trapping at Ti'" sites (trap energy of 1 eV) to internal field increases, leading to a higher
magnitude of the imprint field in PZT films.
2.4.3 The stability of imprinted state in Mn and Nb doped PZT films

The stability of the imprinted state in the PMZT and PNZT films induced by
poling the samples at 25-200°C was examined under high field. P-E hysteresis
measurements were made on equivalent electrodes immediately after poling at 150°C and
1, 2, 4, 6, or 24 h after the poling. Figure 2.12 exhibits the change in the magnitude of
imprint in PMZT films as a function of time after poling. The samples were aged at
180°C to increase the aging rate, as it was very slow at room temperature. The magnitude
of imprint was calculated from the shifts along the electric field axis in P-E hysteresis
loops. As shown in Figure 2.12, the stability of the imprint with aging time at 180°C
showed significant differences for Mn and Nb doped PZT films. For Mn doped PZT
films, the magnitude of imprint slightly decreased after 24h, indicating that voltage shift
is mostly conserved. For Nb doped PZT films, on the other hand, the imprint gradually
decreased with time and completely disappeared after 24h at 180°C. The difference in
stability of imprint is consistent with the hypothesis that the mechanism for inducing
imprint in Mn and Nb doped PZT films differs. The physical origin of imprint in Mn
doped PZT films arises from alignment of defect dipoles like (Mny; — V5")*, (Mny; —

V;5")" along the polarization direction. A strong defect association between singly ionized
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manganese ions Mny; and V" due to Jahn-Teller distortion™ significantly improves the
stability of these defect complexes upon thermal aging at 180°C, and hence the poled
state is mostly preserved. For Nb doped PZT films, on the other hand, the induced

imprint is mostly due to injection or/and trapping of electronic charges rather than
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Figure 2.12 Time stability of imprint in (a) Mn-, (b) Nb-doped PZT films for aging at
180°C

movement of oxygen vacancies. These trapped charges tend to relax upon thermal aging,
leading to reduction of imprint in Nb doped PZT films on aging at 180°C.

As expected, the internal field improves the stability of the remanent piezoelectric
properties. As shown in Figure 2.13, the imprint in Mn doped PZT films leads to
dramatic reductions in aging. The 180°C aging rate of 0.5% Mn doped PZT film is
6.8%/decade and this rate decreases to 4.4, 3.1, and 2.3%/ decade for 1, 2, and 4% Mn
doped PZT films, respectively. The reduction in high temperature aging rates is attributed

to improved stability of the poled state.
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Figure 2.13 Time stability of dsssin (a) 0.5, (b)1, (c) 2, (d) 4% Mn-doped PZT films
following aging at 180 °C.

In contrast, PNZT films showed significantly larger high temperature ds;r aging
rates, demonstrating that the fully poled state was not retained with time (Figure 2.14).
0.5, 1, 2, and 4% Nb doped PZT films had 180°C aging rates of 13.6, 13.1, 7.6, and
6.8%/decade, respectively. The sharp decrease in the piezoelectric properties is the result
of polarization loss due to backswitching of the ferroelectric domains.” Imprint reduces
aging more effectively in acceptor doped PZT films, with respect to donor doped ones,

following a high temperature poling step.
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Figure 2.14 Time stability of dsssin (a) 0.5, (b)1, (c) 2, (d) 4% Nb-doped PZT film
following aging at 180 °C.

2.5 Conclusions

The development of internal fields and their effect on the remanent piezoelectric
properties and aging were studied in Mn and Nb doped PZT (Zr/Ti: 52/48) thin films.
Crack free, homogenous, and smooth films were obtained by chemical solution
deposition. Both Mn and Nb doped films are approximately randomly oriented.

Both Mn and Nb doped PZT films develop imprint on poling. For all dopant
levels and poling temperatures, the magnitude of imprint was found to be higher in
PMZT films; the internal field changed from 3 to 32 kV/cm and 0.5 to 18 kV/cm for
PMZT and PNZT films, respectively, for poling at temperatures from 25 °C to 200 °C.
The enhanced internal field in the PMZT films was attributed to higher oxygen vacancy

concentrations on Mn doping. In PMZT films, the E, for the development of imprint
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varied from 0.5+0.06 to 0.8+0.1 eV as a function of [Mn], suggesting that the movement
of oxygen vacancies and orientation of defect dipoles are responsible for the imprint
developed. Higher E, (0.8+0.1-1.2+0.2 eV) were characteristic of the development of
imprint in PNZT films. Thermionic emission of electrons and subsequent electron
trapping by Ti*" trap sites are likely to be the origin of the imprint in PNZT films. The
contribution of charge trapping processes to the internal field increases at higher Nb
levels, leading to a reduction in the E, for imprint.

The presence of an internal field improves the dssf in both PMZT and PNZT
films. However, the enhancement in ds; ¢ due to imprint is more obvious in PMZT films,
where larger internal fields can be introduced during poling. It was also found that
imprint reduces aging more effectively in Mn doped PZT films, relative to Nb doped
ones, following a high temperature poling step. This is attributed to enhanced stability of
the poled state in acceptor doped films due to a strong defect association between singly
ionized manganese ions Mny; and V;* (casued by the Jahn-Teller distortion). The higher
aging rate in PNZT films is associated with loss of the internal field due to relaxation of

trapped charges during aging.
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Chapter 3
Leakage current characteristics and DC resistance degradation

mechanisms in Nb doped PZT films

3.1 Introduction

Ferroelectric thin films are leading candidates for use in piezoelectric
microelectromechanical systems (piezoMEMS), including ink jet printers, adjustable
optics, ultrasound transducers, resonators, energy harvesters, etc.™ In addition to
their high dielectric and piezoelectric properties, films for piezoMEMS must exhibit high
insulation resistance and acceptable lifetimes. In particular, resistance degradation can
ultimately lead to failure in a device that previously withstood a given set of voltage,
stress, and temperature conditions. Degradation in perovskite-type ceramics is often due
to the field-driven migration of oxygen vacancies (exacerbated at elevated temperatures)
and subsequent accumulation of oxygen vacancies near the cathode region.”™

PZT films have been reported to exhibit different conduction mechanisms
depending on the microstructure, thickness, bulk or interface defect chemistry, and
electrode materials. In particular, the leakage current behavior in PZT films has been
described by (1) bulk-limited conduction mechanisms such as Poole-Frenkel emission®'"°
or Space Charge Limited Conduction,"' (2) interface-limited conduction mechanisms

1213 and tunneling.” Stolichnov et al. postulated a conduction

such as Schottky emission,
mechanism that involves both bulk- and electrode interface-control."* It is possible that

the contradictory results in the literature arise from (1) limited knowledge of cation

stoichiometry due to PbO loss upon annealing, and (2) a difference in carrier type in PZT
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films; some reports presume p-type conductivity, whereas others assume that an n-type
layer is created at the surface due to accumulation of oxygen vacancies, though the bulk
remains p-type, (3) variations in process conditions that produce different interface and
surface trap states.

PZT films have a band gap of ~3.5 eV, but due to the existence of hole and
electron trap levels, there can be some electronic conduction.”” Bulk PZT shows p-type
conductivity mediated by defects at lead-site; hole conduction is associated with either
hole trapping by Pb*" sites or hole migration between lead vacancies.'® For the first case,
a shallow hole trap with an activation energy of 0.26 eV was attributed to Pb’" centers.'’
Zhao et al. also ascribed p-type conduction in degraded PMN-PT single crystals to hole
migration between lead vacancies (p~2[Vpp])."*"° On the other hand, electrons can also
be trapped at Ti*" sites, inducing small polaron hopping conduction between Ti’" and Ti**

.. 20,21
sites.”

2224 mixed electronic and ionic

In contrast to perovskites like BaTiO3 and SrTiOs,
transport and the relevant defect chemistry are less well understood in PZT. In doped
SrTiO3, a local equilibrium model was proposed to explain the correlation between local
oxygen vacancy concentrations, electronic carrier density and charge transport.® Field
driven oxygen vacancy migration towards the cathode upon resistance degradation leads
to the cathode region becoming enriched and the anode region depleted in oxygen
vacancies upon resistance degradation. As a result, in degraded Fe doped SrTiO; single
crystals, a high concentration of Ti*" was observed near the cathode.”

By analogy, it is believed that leakage currents in PZT films depend on changes in

electronic carrier densities and the associated transport mechanisms near electrode/film
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interfaces.”® In particular, the PZT/electrode contact plays a critical role in charge
transport and resistance degradation of PZT films when Schottky emission dominates the

leakage current.”’?®

PZT/Pt contacts can be rectifying only if PZT is an n-type
semiconductor. The Fermi level of PZT lies near the middle of the band gap. This makes
charge injection from an electrode into the bulk of the film nearly impossible (E¢f~1.85
eV). Some earlier studies suggested that charge injection would be possible in the
presence of surface and interface states that modify the barrier height.”” For example, the
Schottky barrier height of PZT films is lowered on annealing under reducing
atmospheres, as the resulting higher oxygen vacancy concentrations pin the Fermi level.
However, contradictory reports in the literature suggest that the work functions of metal
and PZT control the dominant conduction mechanism.**”'

With limited and contradictory reports of local defect chemistry and the related
charge transport mechanisms in PZT films, it is difficult to design highly reliable
piezoelectric materials. The major questions that need to be answered are: (1) the major
carrier type in PZT films, (2) the dominant conduction mechanisms, and (3) the changes
in local interfacial defect chemistry and charge transport mechanisms which take place
during degradation. Thus, in this study, the bulk oxygen vacancy concentration was
controlled by introducing different concentrations of Nb into PZT films. Then, the effect
of oxygen vacancy concentration on the dominant conduction mechanism as well as
resistance degradation of PZT films was investigated. The lifetimes of PZT films with
different oxygen vacancy concentrations were assessed using Highly Accelerated

Lifetime Testing (HALT). In-situ impedance analysis was performed to understand the

variation in local conductivity and associated charge transport mechanisms during
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degradation. The variation in the interfacial defect chemistry with migration of oxygen
vacancies upon degradation was explored by Electron Energy Loss Spectroscopy
(EELS). Additionally, the nature and density of charge carriers were established using
Deep Level Transient Spectroscopy (DLTS) and Thermally Stimulated Depolarization
Current (TSDC).
3.2. Experimental Procedure

Donor-doped (Nb) lead zirconate titanate (PZT) thin films with dopant
concentrations varying between 0.5 to 4 mol% were grown on commercial Pt/Ti/Si0,/Si
substrates (Nova Electronic Materials, Flower Mound, TX) via chemical solution
deposition. Solutions with a Zr/Ti ratio of 52/48 were prepared using 10 mol% Pb excess
to compensate for lead loss during heat treatment. The preparation of solutions is similar
to that described elsewhere.”> The Nb doping concentration in solution was calculated
presuming B  site occupancy to reach final film compositions  of:

Pb( ) Zr0_52(1_x) TiO.4—8(1—X) NbX 03, Where X = 0.005_0.04.

1-2x

To grow the film, PZT solution was dispensed on platinized silicon substrates and
spun at 1500 rpm for 30s. Then, each layer was exposed to two subsequent pyrolysis
treatments for 3 min at 250 and 450°C, respectively. The film was then crystallized at
700°C for 60 s by rapid thermal annealing (RTA) using a ramp rate of 50°C/sec. in an O,
flow. The coating and drying process, as well as rapid thermal treatments were repeated
until a desired thickness of 350-400 nm was reached. Finally, a PbO layer was coated
onto the surface of the PZT films and annealed at 700°C in air, to remove surface

pyrochlore. Remaining PbO was then removed by immersing the sample in a 4M acetic
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acid solution for 60 s. More details on the film orientation and grain size are available
elsewhere.’

For electrical characterization, Pt top electrodes with diameters ranging from 200
um to 1 mm were used. Pt top electrodes were prepared by double layer photolithography
and lift off processing. For this purpose, ~100 nm thick Pt films were sputter deposited
on the PZT surface (CMS-18 Sputter System, Kurt J. Lesker Company, Pittsburgh, PA)
over a resist stack with a re-entrant profile. After liftoff, the samples were post-annealed
at 650°C for 1 min by RTA using a ramp rate of 50°C/sec in an O, flow.

The microstructure and local composition were studied using a TITAN
transmission electron microscope (TEM) with an operating voltage of 300 kV. Electron
energy-loss spectroscopy (EELS) was performed using a Gatan Enfina parallel electron
energy-loss spectrometer attached to the TITAN TEM microscope. The energy resolution
measured from the zero-loss peak full width at half maximum (FWHM) was 1.3 eV.
EELS were recorded in TEM-diffraction mode with a collection angle of 14 mrad and
convergence angle of 3 mrad.

Leakage current measurements were performed using a 4140 pico-Ampere
Meter/DC Voltage Source (Hewlett Packard) in order to understand the steady state
condition before current-voltage measurements. Measurements of current were made 60
seconds after any change in voltage to allow the current to stabilize. The field range
utilized was up to 500 kV/cm for both voltage polarities.

TSDC measurements were performed using a HP 4140b PA meter at temperatures
ranging from 25 to 300°C. The noise level measured under open-circuit conditions was

on the order of pico-amps from 50-600°C. First, the sample was heated to a poling
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temperature (Tp) and then it was poled under a DC field to orient or move defects. After
poling the sample at Tp for 3, 6, or 12 h, the sample was cooled down to T under field to

freeze the defect dipoles, space charges, and trapped charges into the poled state. Finally,
the sample was heated at a constant heating rate and the relaxation current was monitored
with a pA meter. No bias voltage was applied during measurements.

Highly accelerated lifetime testing, HALT, was used to determine the lifetime of
Nb doped PZT films and probe the degradation mechanisms. The films were sectioned
into 1x1 cm squares which were mounted into DIP packages with silver paste. The top Pt
electrodes were wirebonded to the contact pads of the package with gold wire.
Capacitance and dielectric loss measurements were done before and after wirebonding to
ensure no degradation occured during wirebonding. Eight equivalent 400 um diameter
top platinum electrodes were used to monitor the current across the PZT films versus
time for each HALT condition. The HALT measurements were conducted at
temperatures from 150 - 200°C with dc electric fields of 300 — 450 kV/cm. The applied
electric field was directed from the top to the bottom electrode. The resulting data were

treated using the empirical relationship suggested by Prokopowicz and Vaskas:*

b _ Yzyn Ea (i — l) '
., (V1) exp [k i ] Equation 3.1

where t is median time to failure (MTF), V is voltage, k is Boltzmann’s constant, E,, is
activation energy, and T is temperature. For this study, the device failure was defined as
the time the leakage current increased by two orders of magnitude with respect to the
steady state leakage current. Weibull analysis was used to calculate the median time to
failure, MTF.

To assess the presence of shallow trap sites, Charge based Deep Level Transient
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Spectroscopy (Q-DLTS) measurements were conducted. The magnitude of the Q-DLTS
signal is AQ = Q(t,) — Q(t,), where t; and t, are discharging durations. The AQ signal
was monitored as a function of temperature and electric field for a constant rate window
T = (t, —t;) — ln(t2 /tl). The charge released within At is described based on
Equation 2.**

Q(t) = Qolexp (—ept;) — exp (—epty)] Equation 3.2

where Q, = fooo Qo(t)dt. For hole trap sites, e, = ovey Neexp (—Eq/kT) is the hole
emission rate, vy, = ’inﬂ = electron thermal velocity, N; = Z(inﬂ)e’/ 2 = effective

density of states in the conduction band, m,, is the effective mass of the hole or electron

and o is the capture cross section extracted from the intercept of In (z,,1/T'T?) versus
1000/T.**

In-situ impedance analysis was performed using an Agilent E4980A (or 4284A)
Precision LCR Meter (Santa Rosa, CA). The initial, undegraded state was measured
using a 100 mV AC amplitude at 201 log-spaced frequencies between 2MHz and 0.01 Hz.
A DC voltage of 40 kV/ecm was then applied at 320°C and simultaneous impedance
measurements were acquired until the degradation process was completed. The DC
voltage was turned off to monitor the variation in impedance during the recovery process,
as shown in Figure 3.1.

T=340°C

O frequency sweep

recovery
--85-6-60-6-66006©

DC voltage [V]

initial

»
-

DC= 40 kV/cm, AC= 100 mV/cm t

Figure 3.1 Experimental setup for in-situ impedance analysis
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3.3. Results and Discussion

Figure 3.2 presents the characteristic leakage current response from a 2% Nb
PNZT thin film capacitor under a DC bias field of 150 kV/cm at 100°C. Three main
regions can be distinguished easily in Figure 3.2: the (1) initial charging current, (2)

intermediate leakage regime, and (3) DC resistance degradation regime.

-t

3
i
1

breakdown

11l electrical
| degradation

II: leakage 1
current !

log current (amperes)

103 104 10° 106
time (sec)

Figure 3.2 Characteristic leakage current response of a 2% Nb-doped PNZT film as a
function of time under a DC bias field of 150 kV/cm and a temperature of 100°C. The
applied electric field was directed from the top to the bottom electrode.

3.3.1 Dielectric relaxation

The initial decrease in leakage current in regime 1 is attributed to dielectric
relaxation, which can be described by the empirical Curie-Von Schweidler law:>

Ig(t) = Lpin + Lot Equation 3.3

Such a dielectric relaxation might arise due to three different mechanisms; (1) space
charge polarization (Maxwell-Wagner polarization) that appears due to inhomogeneous
electrical conductivity with a wide distribution of relaxation times,’® (2) charge trapping
and space charge formation near the cathode region that diminish the electrical field and
injected current according to equation 1,>” and (3) a superposition of Debye-type

relaxation with a distribution of relaxation times.” I, tends to disappear as the

relax

degradation time, voltage, and temperature rise. In this study, a temperature range of 50-
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200°C together with duration time of 60s at each voltage increment was used to ensure
that the contribution of relaxation currents could be neglected.
3.3.2 Leakage regime or (current analysis or characteristics)

In order to determine the dominant conduction mechanism in these films, the I-V
results in the leakage regime were fit to the equations for various conduction
mechanisms. The steady-state conduction in this temperature and voltage range is non-
Ohmic. The best fit for the current-voltage relation was obtained for J vs. E' as shown in
Figure 3.3. This implies that the leakage current is governed by either Schottky emission
or Poole-Frenkel emission.”

In the case of Schottky emission, the carriers are emitted from the electrode into
the conduction band of the PZT films as a result of lowered barrier height due to strong
interaction of the image force and the applied field. The Schottky conduction model for

reverse biased Schottky interface is described by:

ln (]S_Ch) — lnA** _ qq)gdl + q/ qE/4gpe0 T

o e T Equation 3.4

where A is the Richardson constant, €., is the high frequency permittivity, ®5"s is the
barrier height, and ¢ is the charge per carrier.
In comparison, Poole-Frenkel emission is field-assisted thermionic emission of

trapped carriers into a band; the electric field reduces the barrier to emit carriers from the

defect sites. The leakage current for the Poole-Frenkel process is given by:

In (]P—F) = InCyp — qohF 44 [qE/€geco T
E

Equation 3.5
kpT kpT

where Cr is a constant, & is the high frequency permittivity, and ®£~Fis the depth of the

trap. One distinction between Poole-Frenkel and Schottky effects is that the magnitude of
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barrier lowering in Poole-Frenkel emission (q/qE /y&,m) is twice that of the Schottky

barrier lowering coefficient (q+/qE /4&q€,m ) as the distance between the escaping carrier
and trap site in the case of Poole-Frenkel emission is half that between the emitted carrier
and image charge.*’

Figure 3.3 shows the fit of the I-V results to the equations for various conduction

12

mechanisms. For Schottky conduction, In (J/T?) should be proportional to E'%, while for

Poole-Frenkel conduction, In (J/E) is proportional to E'?

. As shown in Figure 3, both
plots showed good linearity. From the slope of these plots, the permittivity of the film at
optical frequencies was obtained. Table 1 demonstrates that at lower electric fields, the
refractive index obtained from the Poole-Frenkel plot ranged from 1.9 to 2.4, while at
higher fields that obtained from Schottky plot varies between 1.8 and 2. As PZT has a

refractive index near 2.25,41 the dominant conduction mechanism of the film is believed

to be Poole-Frenkel emission (bulk controlled) at lower electric fields and Schottky
emission (interface controlled) at higher electric fields. Thus, at lower electric fields,
trap-filling is responsible for the leakage current. Beyond a threshold voltage, the applied
electric field lowers the barrier height for electron injection into the conduction band,
giving rise to a sudden increase in leakage current. The electric field for transition from
Poole-Frenkel to Schottky emission varies increases with increasing Nb concentration. A

mix of Poole-Frenkel and Schottky emission conduction mechanisms in PZT and BST

films were previously reported by Mihara et al.” and Bouyssou et al.,”’ respectively.

The variation in Poole-Frenkel and Schottky regimes with Nb concentration can
be explained based on the defect chemistry of PZT films. PZT is a well-known p-type
wide band gap semiconductor due to the presence of unintentionally doped acceptor ions

and PbO loss during high temperature processing. For undoped PZT films, the
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electroneutrality condition can be expressed by:

2[Vo' 1 + [R°] = 2[Vpy 1 + [ATi 2] Equation 3.6
where V5" and V), are oxygen and lead vacancies, respectively; h'is a hole and A7, 4, is
an acceptor impurity. This unintentional incorporation of acceptor species and/or lead
vacancies generates holes and oxygen vacancies for charge compensation that can

increase conductivity.
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Figure 3.3 Fitting of the leakage current-voltage data for distinct electric fields in 0.5, 1,
2, and 4% Nb doped PZT thin films.

Table 3.1 Refractive index values for Nb doped PZT thin films. For each case, there is a
transition from Poole-Frenkel to Schottky conduction as a function of electric field.
Reasonable values for the high frequency permittivity are shown in red to denote the
change in mechanism.

0.5% Nb 1% Nb 2% Nb 4% Nb

Field <82 >82 <115 >115 <144 > 144 <172 >172
(kV/cm)

Schottky | 0.8£0.01 | 1.8+0.05 | 0.9+0.04 | 1.9+0.07 | 0.7+0.03 | 1.8+0.04 | 0.7£0.04 | 2+0.06

Poole- 2.1£0.06 | 11.7+£0.06 | 1.9+£0.07 | 9.8+0.05 | 2.3+0.08 | 12.7+£0.05 | 2.4+0.08 | 14.6+0.09
Frenkel

When Nb*" is incorporated into PZT films, it is accommodated on the B-site of
the lattice (replacing Ti*" or Zr*"). This decreases the concentration of mobile defects

such as oxygen vacancies and holes via:

2(Ti0,)
Nb,Os +V;" — 2Nb;; + 40, Equation 3.7
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2[V5' 1 + [Nbg;] + [R°] = 2[Vpy, | + [€] Equation 3.8

The role of oxygen vacancies on Schottky barrier formation is crucial in PZT

films. Since the work function of Pt (®p=5.3 eV) is greater than the work function of
PZT (®pz1=3.5 V)™, a Schottky barrier can be formed only if the PZT surface acts as a
n-type semiconductor. Oxygen vacancies can accumulate near the interface during
deposition of the electrode or annealing under a reducing atmosphere. Free electrons
charge compensate the ionized oxygen vacancies and can make the interface n-type
(though the bulk of the PZT film remains p-type) and leads to formation of a Schottky

type contact.®

0 - V5 + %OZ(g) +2e' Equation 3.9
Since, the concentration of oxygen vacancies diminishes with increasing Nb
concentration, both the initial hole concentration and the number of interface states

declines; this should increase the Schottky barrier height.

Schottky regime

To calculate the Schottky barrier height, first the Richardson constant, A*, was
extracted from the intercept of the Ln (J/T?) versus 1/T at a given field. Then, the
Schottky barrier height (®g) was determined from the intercept of Ln (J/T?) vs. E'? as
shown in Figure 3. ®@p is estimated to be 0.95+0.05, eV 1.07+£0.03 eV, 1.15+£0.04 eV, and
1.24+0.04 eV for 0.5, 1, 2, and 4% doped PZT films, respectively. In all cases, @p is
lower than the theoretical value, E~-Evg= 1.6-1.95 eV, calculated based on the metal work
function and the electron affinity of PZT. ***

For the PZT/Pt interface, the work function of Pt determines the Fermi level at

the interface that controls the potential barrier height for injection of holes and electrons.
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However, large variations in the contact potential were found depending on the defect
chemistry at the metal/PZT interface.>! 4346

Robertson and Chen described the effect of surface/interface states on the

Schottky barrier height using the equation derived by Cowley and Sze.*’
bsn = S(Ppm-x) + (1 — S)(Ey — bo) Equation 3.10
where ®m is the metal work function, y is the electron affinity of the semiconductor, Ej

is the semiconductor band gap, and ¢, is the charge neutrality level below which all
surface states must be occupied to maintain charge neutrality at the surface. When S=1,
which is known as Schottky limit, the barrier height can be defined by the difference

between the metal work function and the semiconductor affinity (Equation 3.11).

$pn = (¢m‘){) Equation 3.11
S=0, which is known as the Bardeen limit, corresponds to full Fermi level pinning due to
presence of a high concentration of surface/interface states. In this case, the barrier height
is the difference between the conduction band edge and ¢,. In most cases, the density of
surface states is moderate and the barrier heights will be somewhere between the
Schottky and the Bardeen limits. It was shown that oxidation and reduction of the
PZT/Pt interface lead to changes in E; of more than 1 eV.* Reduction of the oxide
surface creates a high concentration of defects, most likely oxygen vacancies, at the
PZT/Pt interface that pin the Fermi energy level. This strongly affects the potential
contact barrier at the interfaces and is responsible for asymmetry in the contact properties
in PZT films. The significant difference between the theoretical and experimental values
found in this study suggests that the barrier height is not only affected by the work

functions of Pt and PZT, but also by the surface/interface states. The most likely
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candidate for such a defect state is oxygen vacancies. It is well known that even donor
doped PZT films have some oxygen vacancies due to evaporation of PbO upon
annealing. This leads to formation of an n-type PZT layer at the interface and shifts the
Fermi level to higher energies.

The near interfacial oxygen vacancy concentration depends on many experimental
parameters, such as the annealing temperature and atmosphere, deposition parameters, as
well as impurity type and level in PZT films. The addition of Nb into PZT films
decreases the concentration of mobile oxygen vacancies. In other work, TSDC
measurements on these PZT films show that the oxygen vacancy concentration decreases
from 2.3x10" /em® to 2.7x10'® /em® as the Nb level increased from 0.5 to 4%.% The
effect of oxygen vacancy concentration on pinning Ef and the magnitude of potential

barrier height was estimated using a model proposed by Cowley and Sze.*’
s2¢ 3
Pon = [S(dm=x) + (1 = S)(E; — ¢o)] + {5 = S2[C(dpm-x) + (1 = S)(E, -

2
¢0)§_§(Eg —Ep +kT) + %P/Z} Equation 3.12

2q82%Npé&s _ &r
&f ’ qéiNi+er

where C = , & and &g are the interface and bulk permittivity, & is

the thickness of the interface layer separating interface charges from the bulk, N; and Np
are the density of gap states and dopants, respectively.

Using this phenomenological approach, the dependence of Schottky barrier height
on the density of interface states (oxygen vacancy concentration) was calculated. The
parameters used for ¢pm=2.6 eV, §=0.4 nm, S=0.35, £,=400&,, are the same as those used
by Robertsen and Chen.” The results are presented in Table 3.2 and Figure 3.4. The

estimated potential barrier heights were very close to the experimental values. A variation
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in the barrier height between 0.88 and 1.29 eV can occur by changing the concentration
of oxygen vacancies or interface states. At higher Nb doping levels, the Schottky barrier
is high since the density of interface states (oxygen vacancies) that can develop band
bending is low. As the Nb concentration decreases, the defect concentration is strongly
reduced, leading to a lower Schottky barrier height of 0.95 eV. This is reasonable as
oxygen vacancies in PZT create electronic states close to the conduction band, and are
therefore expected to modify the Schottky barrier through pinning of the Fermi level.
This enhances the probability of electron injection from the cathode to the PZT (reverse-
biased junction), which is believed to be a rate-limiting step for the conduction.

Table 3.2 Experimental and calculated Schottky barrier heights of Nb doped PZT films

Np (cm™) C (eV) | Calculated barrier Experimental
height (eV) barrier height (eV)
0.5% Nb 2.3x10" 2.3 0.88+0.04 0.95+0.05
1% Nb 1.1x10" 1.1 1.05+0.04 1.07+0.03
2% Nb 6.2x10" 0.62 1.19+0.07 1.15+0.04
4% Nb 2.7x10"™ 0.27 1.29+0.06 1.24+0.04

Poole-Frenkel Regime

At lower electric fields, the leakage current is dominated by Poole-Frenkel
conduction, in which either an electron trapped at a defect site is thermally excited into
the conduction band or a hole escapes into the valence band. This conduction mechanism
involves the sequential hopping of trapped electrons or holes between defect sites and can
be thermally and field activated. To sustain the flow of current arising from the emission
of the trapped charges, the Pt/PZT interface needs to act as an Ohmic-like contact at
lower electric fields. This could be possible by either trap mediated Ohmic injection, as

proposed by Chiang and Wager for insulators®', which involves initial trap mediated
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thermoionic-field emission, followed by trap-to-trap emission, and trap emission to the
PZT valence or conduction band to supply enough electrons or holes for continuous trap
refilling or is associated with the initial Zr/Ti gradients in the film, such that the film can
be considered as being a series of high resistance-low resistance states in series with each
other. Further study is needed to understand the validity of these proposed mechanisms in
PZT films.

Figure 3.5a shows the temperature dependence of conductivity at constant electric
fields for 2% Nb doped PZT films. From the slopes in Figure 3.5a, ionization energies
were extracted for different electric fields. As shown in Figure 3.4b, trap ionization
energies of 0.28 £ 0.04 eV and 1.1 = 0.04 eV were extracted for low (<100°C) and high

(>150°C) temperature ranges, respectively.

(a)0.5% Nb (b)1%Nb
p-type in-t/y/pe' 5 Pt p-type in—t\//;/)e 5 Pt
Evac PZT! 2007 I Evac PZT:L:_/ ______
1 —_—
%al e wal L g
:f’/ i b E L/ i &g -re uce
oy 2 !\ﬁ%?@ve‘* ———‘/ s
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Eve L ° Eve I
(c) 2% Nb (d) 4% Nb
p-type intype} p-type gn-tyrj‘; 5 Pt
Y I I | / ------
EVac PZTE-:/ EVac PZT ‘E’
¢B, reduced
1.26eV

Figure 3.4 Experimentally determined energy band diagrams for the PNZT/Pt interface.
The dashed red line for the bands shows the unmodified band edge. b represents the
magnitude of band bending due to Fermi level pinning via interface states (shown in
green).
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Since only steady-state leakage resistance is being considered, the leakage

currents should be dominated by the motion of holes or/and electrons rather than oxygen
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Figure 3.5 (a) Temperature dependence of conauctivity for different electric fields, (b)
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Trap ionization energies for different electric fields to extract zero field ionization energy

vacancies. The relatively small activation energy of ~0.28 eV is likely to be related to a

trap-mediated hole mobility.

Figure 3.6 depicts the DLTS signals at different discharging durations for 2% Nb

doped PZT films. The activation for trap sites, E, was extracted from the slope of

In (t;,;,1 /TT?) versus 1000/T. E, was determined to be 0.29+0.05 eV; this energy has

previously been associated with hole hopping between Pb> and Pb’" sites (Eq. 3.13).'°

No peak was observed in the range 100-300K, suggesting that there isn’t another shallow

trap site in PNZT films.

Pb** + h* — Pb3t

Equation 3.13
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Figure 3.6 (a) O-DLTS of 2% Nb doped PZT films at temperatures from 300 to 750 K.
The legend on Figure 5a indicates distinct rate windows. DLTS signal was measured at
seven different rate windows to resolve emission from different traps, A DLTS peak is
generated when the thermal emission rate of the trap is the same as that of the rate
window. (b) Arrhenius plot of the DLTS signal.

For Nb doping levels from 0.5 to 2%, a DLTS peak corresponding to a shallow
Pb’* trap level, was observed as shown in Figure 3.7. As expected, the intensity of the
DLTS peak depends on the concentration of Nb. For lower Nb levels (0.5%), the DLTS

peak intensity, which is directly proportional to the concentration of trap states, is low

(Fiure 3.7a). In this work, 2_1 = a = 10 was kept constant while scanning the rate
2
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Figure 3.7 (a) O-DLTS of 0.5, 1, and 2% Nb doped PZT films, (b) Schematic
representation of defect concentrations as a function of Nb doping level in PZT films.

window (t,, = t;(@ — 1) —Ina). The maximum charge release AQ(t,,) is achieved

when the rate window equals the emission rate of traps t;(a —1) —Ina = e,. The
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1 a

magnitude of release charge is then Qy[ai-« — ai-a]. Fora = 10, AQ,0x = Q0/1.29.
The density of traps can then be estimated using equation 3.14.

Ny = 4AQ 4./ 9Ad Equation 3.14
where q is the electron charge, A is the contact area and d is the thickness of the film.”
The density of traps was estimated to be 6.8x10'"/cm’, and 3.4x10'"/cm’ for 1 and 2% Nb
doped PZT films, respectively. Addition of Nb into PZT films can be either electronically
or ionically compensated. The fact that the trap density is around an order of magnitude
smaller than the donor density suggests that the preponderance of the compensation is
ionic. Of the electronic compensation, the electron concentration rises and hole
concentration declines with increasing Nb concentration, which in turn shifts the n-p
transition to a higher PO, range and temperature (Equation 3.6). This makes hole hopping
between Pb>" and Pb*" sites less likely in PZT films (Figure 3.6).

To identify the trap state with an activation energy of 1.1 eV (Figure 3.8),
impedance measurements were carried out. Figure 8 exhibits impedance measurement of

the pristine 2%Nb doped PZT film at 340°C. The relaxation frequency f{r), is given as

fr) = L =_°¢ Equation 3.15

2mRC 2TWEGE,
where & is the relative permittivity, o the conductivity, R is resistance and C is
capacitance. Both Z'(f) and M'(f) exhibit a maximum at f{r) (Figure 8); the magnitude of
M''(f) can indicate the volume fraction of material with similar conductivity.
Figure 3.8 shows the modulus and impedance results of an undegraded (i.e. the
pristine state) 2% Nb doped PNZT film. Only one peak is observed, which indicates a

narrow distribution of conductivities. This suggests that oxygen vacancies and other
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defects are homogenously distributed. The frequency dependence of the modulus was

found to be of the Debye type.
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Figure 3.8 Imaginary (a) modulus, and (b) impedance of 2% Nb doped PZT plotted as a
function of frequency for measurements at 340°C. The fit is for a Debye relaxation
centered at frequency f,.

Figure 3.9 shows the imaginary modulus as a function of frequency for 2% Nb
doped PNZT films with different thicknesses. The magnitude of the modulus peak, which
is inversely proportional to the permittivity of the PNZT film, is independent of thickness
for films from 350 — 1200 nm. This indicates that the modulus peak is associated with

bulk charge transport rather than an interface-controlled mechanism.”
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10744
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frequency (Hz)
Figure 3.9 Imaginary modulus of 2% Nb doped PZT with different thicknesses plotted as
a function of frequency for measurements at 320°C

The temperature dependence of the modulus peak was investigated to elucidate

the origin of the dominant bulk charge transport mechanism, as shown in Figure 3.10.
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The calculated activation energy for Nb doped PZT film is 1.08 £ 0.05 eV, which is
attributed to electron trapping by Ti*".*°

Ti** + e’ - Ti3* Equation 3.16
The activation energies and trap states determined from the DLTS measurements and
impedance analyses; (1)~0.28 ¢V for hole hopping between Pb>" and Pb’>* sites and (2)

1.08 eV for electron trapping via Ti*' are consistent with the trap states determined from
pping p

the leakage current measurements.
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Figure 3.10 (a) Imaginary modulus of pristine 2% Nb doped PZT films plotted as a

function of frequency at different temperatures. (b) Change in conductivity of pristine 2%
Nb doped PZT films with temperature.
3.3.3 Resistance degradation

Figure 3.11a exhibits the evolution of HALT data for a single 2% Nb doped
PNZT capacitor under an electric field of 400 kV/cm at 180°C. The failure time is quite
long given the very aggressive measurement conditions utilized. This suggests that the
failure process is a comparatively slow one. Thus, it is speculated that failure might be
related to (1) drift of oxygen vacancies or/and (2) moving/injection some defects to one
of the electrodes.

In order to prove this hypothesis, TSDC measurements were conducted on 2% Nb

doped PZT films after degrading under an electric field of 400 kV/cm for 3, 6, or 12 h at

180°C (Figure 3.11b). Comparing Figure 3.11a and Figure 3.11b, it can be seen that the
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TSDC peak at 200°C continues to grow with increasing degradation time. As reported
elsewhere,” the current maximum shifts to higher temperatures for a giving heating rate
with increasing poling field, suggesting that the TSDC peak -corresponds to
depolarization of space charges. An activation energy of 0.73+0.03 eV was found, which
is attributed to movement of oxygen vacancies.” The migration of oxygen vacancies as
well as the possible dissociation of defect dipoles, (Vp, — V5")* upon electrical
degradation gives rise to the ionic space charge peak. With further increasing degradation
time, a second TSDC peak started to emerge at around 280°C. This peak has an
activation energy of 0.18 eV, and is associated with electron hopping between Ti*" and
T siteg, 22 2% 49
The growth of the TSDC peaks with degradation time is consistent with the HALT

measurements being controlled by migration and subsequent accumulation of oxygen

vacancies near the cathode region.
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Figure 3.11 (a) Variation in leakage current with time in 2% Nb doped PZT films, (b)
evaluation of TSDC spectra of 2% Nb doped PZT films after degrading the films for 3, 6,
and 28 h. The HALT measurement and degradation study were conducted at 180°C with
a DC field of 400 kV/cm.

Electrical degradation has been extensively studied and modeled by Waser et al.® It is

believed that resistance degradation is related to long-range motion of oxygen vacancies
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under electrical fields.’!™?

In principle, when the oxygen vacancies drift, they can change
the field distribution in the sample, and/or modify the Schottky barrier height over time,
leading to enhancement in current. Figure 3.12 demonstrates that on degrading 2% Nb
doped PZT films at 400 kV/cm and 180°C for 12 h, the width of the Schottky regime
increased, accompanied by shrinkage in the field range over which Poole-Frenkel
conduction occurred. To understand which Pt/PNZT interface act as a cathode, equivalent
Nb doped PZT samples with asymmetric top IrO, and bottom Pt electrodes were utilized.
Because of the variation in the work function of IrO, and Pt, large differences were
observed between I-V characteristics of top IrO, and bottom Pt contacts. The barrier
height for injecting electrons at the cathode decreased from 1.1 to 0.85 eV, which can
only be explained by injection of electrons from the electrode into PZT being the rate
limiting mechanism for electrical degradation. If the conduction mechanism were
governed by injection of holes at the anode then a higher leakage current is expected
under an electric field of 400 kV/cm. In contrast to the cathode, no change in the electric
field range at which Schottky behavior is dominant, was observed at the anode.
Moreover, the potential barrier height didn’t change after degrading PZT films at 400
kV/ecm and 180°C for 12 h. This indicates that the carriers that dominate the leakage
current upon DC resistance degradation are electrons rather than holes. An increased
oxygen vacancy concentration near the cathode decreases the barrier for electron
injection from the cathode into the film. Near the cathode, the high concentration of
oxygen vacancies are charge compensated by electrons vian ~ 2[V;*]. These electrons

could be trapped by Ti*" to create Ti*".*"*
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Figure 3.12 Fitting of the leakage current-voltage data for distinct electric fields in 2%
Nb doped PZT thin films (a) before, and (b) after degrading the thin film samples at
180°C with a DC field of 400 kV/cm for 12 h.

Figure 3.13 shows EELS data for Ti-L edges in a degraded 2% Nb doped PZT
film as a function of distance from the cathode. A gradual shift to higher energy loss near
the anode was observed for the Ti L,3; edge. Moreover, Ti L3 data taken close to the
cathode shows that the t,, and e, peaks develop noticeable shoulders (See Figure 13b).
Both the chemical shift and the appearance of shoulders imply reduction of Ti*">*>
Thus, there are more trapped electrons near the cathode.

Figure 14 exhibits the effect of Nb doping level on the failure behavior of PZT
films. Some pre-breakdown events were observed before final failure. The HALT lifetime
of PZT films increases as the Nb concentration increases (See also Table 3.3). This is

presumably associated with a reduced concentration of mobile oxygen vacancies as the

concentration of Nb in the films rises. Indeed, the effective barrier height gradually
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Figure 3.13 Electron energy loss spectrum from different positions in the 2% Nb doped
PZT film as a function of distance from the bottom interface (cathode). Ti L, ; of 2% Nb

doped PZT films after degrading at 180°C under electric field of 350 kV/ cm for 12h.

increases from 0.95 to 1.24 eV with increasing Nb concentration. This significantly
increases the threshold electric field required for electron injection from the electrode into
the conduction band of bulk PZT films, resulting in a lower degradation rates and longer
lifetimes. The HALT activation energies and voltage acceleration factors are illustrated in
Figure 3.15. Voltage acceleration factors of 4.2+0.4 and 4.6+0.5 were determined for 1
and 2% Nb doped PZT films, which agrees well with the literature.’® The calculated
activation energies from HALT measurements shown in Table 3.4 are very similar to the
effective barrier height values from leakage current measurements (Table 3.2); it
gradually increased from 0.954+0.05, 1.07+0.03, 1.15+0.04, and 1.244+0.04 eV with

increasing Nb concentrations. This suggests that the lifetime is correlated with Schottky
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Figure 3.14 (a) Variation in leakage current with time, (b) the time to failure for 0.5, 1,
2, and 4% Nb doped PZT films. R(t) represents the probability of failure over time. The
HALT measurement was conducted at 180°C with a DC field of 400 kV/cm.

emission. The effective barrier height for conduction increases and the degradation rate
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drops with increasing Nb concentrations due to lower oxygen vacancy concentration at

higher Nb levels in PZT films.

Table 3.3 Median time to failure and Weibull parameter for 0.5, 1, 2, and 4% Nb doped
PZT films. The HALT measurement was conducted at 180°C with a DC field of 400
kV/cm.

to.s (hours) D3 (eV) B
0.5% Nb PZT 1.09+0.3 0.95+0.05 4.13£0.18
1% Nb PZT 2.06+0.4 1.07£0.03 3.78+0.11
2% Nb PZT 4.18+0.7 1.15+0.04 7.09+0.25
4% Nb PZT 15.34+1.8 1.24+0.04 3.86+0.13
6
g * T
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Figure 3.15 (a) Temperature and (b) voltage dependence of median time to failure
(MTF) in 0.5, 1. 2, and 4%Nb doped PZT films.

Table 3.4 Activation energies and voltage acceleration factors of 0.5, 1, 2, and 4%

Nb doped PZT films.

E, (V) N
0.5% Nb PZT 0.92+0.06 4.2+0.4
1% Nb PZT 1.06+0.05 4.6%0.5
2% Nb PZT 1.1120.04
4% Nb PZT 1.21+0.08

In-situ Impedance Analysis of Nb doped PZT films

In situ modulus spectroscopy was used to investigate the degradation and

recovery process in Nb doped PZT films. Impedance spectroscopy has been extensively

utilized to differentiate ionic conduction, electronic conduction, bulk, interface, and grain
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boundary effects based on the different time constants for different processes.”’" This
approach can be used to explore the variation in conductivity profile with a change in
defect chemistry of PZT films.”

o = 2nf(r)eye, Equation 3.17
In this technique, a change in f(r) is used to distinguish regions of different
conductivities; more conductive regions have a higher relaxation frequency f(r).

The imaginary part of the modulus M"(f) during the degradation of Nb doped PZT
film is shown in Figure 3.16a. The film was degraded at 320°C and DC fields of 40
kV/ecm. The AC voltages used for the impedance meaurements was 100 mV. Only some
frequency sweeps are shown in this figure for clarity. The pristine state of Nb doped PZT
is characterized by one distinct maximum at 8.1 Hz.

The peak of the imaginary modulus widens and moves to higher frequencies with
increasing degradation time. Thus, the bulk conductivity escalates throughout the film.
No change in the modulus peak intensity was observed at the early stage of the
degradation, demonstrating that the permittivity of the film similarly remains constant.
After 2860 s of degradation, the magnitude of the modulus peak starts to rise, as
illustrated in Figure 3.16a, which implies a reduction in capacitance and could be
possibly correlated with a decline in electrode area and relative permittivity due to local
breakdown events. The maximum frequency of rthe modulus peak shifts to 480 Hz. After
22000 s of degradation, the shift in modulus peak became very small and the magnitude
of conductivity did not change significantly, suggesting that the sample had reached a

stable state (Figure 3.16b).
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Figure 3.16 (a) Imaginary modulus plotted as a function of frequency during degradation
of 2% Nb doped PZT films at 320°C. The total degradation time is 76500 s, (b) change in
admittance of 2% Nb doped PZT films during degradation.

After reaching a stable degraded state, the imaginary modulus of 2% Nb doped
PNZT films as a function of frequency was measured at different temperatures to
investigate the temperature dependence of the conductivity (Figure 3.17) with the DC
field still applied. The calculated activation energy for 2% Nb doped PNZT film is 1.02 *
0.06 eV, which is attributed to electron trapping by Ti**.

Ti** + e’ - Ti3* Equation 3.18

The sample was then reheated under the same DC field to 320°C and stabilized
for several hours to insure the sample was in the fully degraded state. At that point, the
DC field was removed, and the recovery process was tracked as a function of time at
320°C as shown in Figure 3.18. During recovery, no external DC electric field was
applied, so charge injection and drift of oxygen vacancies are eliminated. During the

recovery process, the modulus peak decreases in relaxation frequency and increases in
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Figure 3.17 (a) Imaginary modulus of degraded state plotted as a function of frequency
at different temperatures. (b) Change in conductivity of 2% Nb doped PZT films with
temperature.

magnitude. However, the modulus peak did not reach its original undegraded position
within a recovery time of 76500 s. This indicates that the conductivity of recovered state

is still higher than pristine sample after recovery. This suggests that both degradation and

recovery are controlled by a slow process like the drift of oxygen vacancies.
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Figure 3.18 (a) Imaginary modulus plotted as a function of frequency during recovery of
2% Nb doped PZT films at 320°C. The total recovery time is76500 s, (b) change in
admittance of 2% Nb doped PZT films during degradation and recovery.
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Conclusions 3.4

Nb doped PZT films with different doping levels were deposited onto
Pt/T1/S10,/Si substrates via chemical solution deposition. At lower electric fields, Poole-
Frenkel emission was found to be responsible for the increase in leakage current via hole
hopping between Pb>" and Pb’" sites and electron trapping by Ti'" sites. Beyond a
threshold voltage, Schottky emission starts to control the leakage current. The Schottky
barrier height decreased from 1.24 eV to 0.95 eV as the Nb concentration decreased from
4 to 0.5 mol%.

DC resistance degradation was associated with drift of oxygen vacancies. The
increased oxygen vacancy concentration near the cathode decreased the barrier for
electron injection from the cathode into the bulk of the film from 1.1 to 0.85 eV (after
degrading 2% Nb doped PZT films under electric field of 400 kV/cm at 180°C for 12 h).
The change in Schottky regime and effective barrier height after degradation suggest that
that leakage current increase upon degradation is controlled by Schottky type conduction,
indicating that the majority carriers that dominate the leakage current upon DC resistance
degradation are electrons rather than holes. TSDC, EELS, and in-situ impedance findings
show the appearance of a Ti’" species as a result of a strong reduction of cathode region

upon DC resistance degradation.
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Chapter 4
The influence of Mn doping on the leakage current mechanisms and

resistance degradation behavior in lead zirconate titanate films

4.1 Introduction

The performance and electrical reliability of lead =zirconate titanate (PZT)
ferroelectric films used in microelectromechanical systems (MEMS) as acoustic sensors,’
ultrasonic transducers,”” energy harvesting devices,"” actuators,” and sensors’® are
typically controlled by point defects. The type and concentration of defects in the
structure strongly depends on both the nature of the impurities (acceptor, donor, fixed
valence, redox-reactive) and the host lattice. The incorporation of impurities into PZT
results in formation of lead or oxygen vacancies for ionic compensation and electrons or
holes for electronic compensation.’

2+,3+ + +
3 Mn*, Mg2 have lower valence than the

Acceptor type impurities like Fe
B-site cations (Ti*", Zr*") they replace. Charge compensation is achieved by generating
oxygen vacancies and/or holes in the system. Oxygen vacancies and acceptor ions create
defect dipoles represented as (A7; — Vy")*, (A7; — V") in Kroger-Vink notation. Some

. : +/3+
acceptor ions like Mn*"**"**

(Ti0y)
A0, - A7, +V5 +0} Equation 4.1
2[Vi, 14 [Ari 2] = 21V5°1 + [R7] Equation 4.2

+/3+/4+
or FeZ /3+/4

can take multiple valence states. It has been demonstrated that valence state
of redox-active acceptor ions varies with the annealing atmosphere. Hayashi et al.

showed that processing of Mn doped PbTiO; in oxidizing atmospheres results in
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isovalent doping (Mn*" substituting for Ti*") and low oxygen vacancy concentrations,

whereas annealing under reducing atmosphere leads to aliovalent doping (Mn**" on

Y/ . . -
Ti*") and higher oxygen vacancy concentrations.'*"

Thus, the hole or/and oxygen
vacancy concentrations can be engineered to govern the electrical properties of PZT
films.

In contrast to acceptors, donor type impurities like Nd** or La®" on the A-site
(Pb*") or Nb°" on the B-site (Ti*', Zr*") are either ionically and/or electronically

compensated via doubly ionized lead vacancies and electrons, respectively. Incorporation

of donor ions into PZT reduces the concentration of oxygen vacancies below the intrinsic

level.
2(Ti0,)
D,05 +V," — 2Dp; + 40, Equation 4.3
[D7;] + 2[V5" ] + [R°] = 2[Vpy, | + [€'] Equation 4.4

Understanding the variation in point defect types and concentrations through
aliovalent doping in PZT films is crucial to understand the ionic and electronic
conduction mechanisms that contribute electrical degradation of PZT films. Defects are
known to contribute to ionic conductivity and may account for electronic conductivity
when they are electronically compensated in PZT ceramics. Table 4.1 gives activation
energy data for ionic and/or electronic conduction and associated degradation
mechanisms observed in different lead-based perovskites. As shown in Table 1, large
variations of activation energies and transport mechanisms that control the degradation

12-24

process have been proposed in the literature. This indicates that both the mechanisms

responsible for changes over time and the mechanisms responsible for degradation may



Table 4.1 Reported activation energies in PZT and other lead-based perovskites
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Composition Method E, (eV) | Mechanism Reference
(Mg, Nb) co-doped Impedance 1.05- ionic conductivity (Ref. 12)
PZT bulk measurement | 1.25eV | by V,°
(Mn, Nb) co-doped
PZT bulk 1.48 eV | V5, diffusion
PZT film HALT 0.78 eV | Ionic migration of (Ref. 13)
v,
Pb(Zr(.54,Ti946)O3 film | DLTS 0.27 eV | Hopping between (Ref. 14)
Pb" " and Pb>"
PbZry.65Ti03503 film ToF-SIMS- 2.7eV | near-surface oxygen (Ref. 15)
O'® tracer tracer diffusivity
diffusion 0.6 eV | “bulk” diffusivity
PZT film HALT 0.6-1.2 | Hole trapping by Vp}, | (Ref. 16)
PNZT film eV or acceptor impurities
PLZT film
PbZr, TixO3 bulk EPR 0.26 eV | Hopping between (Ref. 17)
Pb”" and Pb>"
eV electron trapping via
Ti*" sites
Pb; 01T11.0004 films DLTS 0.25- Hopping between (Ref. 18)
Pb]_ooTil_ooox films 027 eV Pb2+ and Pb3+
Pb]_o[Til_ooox films 0.46-
0.50 eV | the ionization of lead
0.93- vacancies
1.01 eV
(Pb;«xLay) Impedance 0.99— The ionization of the | (Ref. 19)
(Zr0.90T10.10)1-x403 measurement | 1.21 eV | oxygen vacancies
Nd doped HALT 0.87 eV | Migration of oxygen | (Ref. 20)
Pb(ZI‘o_52Ti0.48)O3 films vacancies
Pb(Zr,T1)Os I-v 0.5-0.6 | Ionization energy of | (Ref. 21)
eV Ti* to Ti*"
(Pbyx Bay)( Zro 95 Impedance 0.98- V5" trapping level for | (Ref. 22)
Ti.05)O3 measurement | 1.28eV | electrons
Mn doped PMN-PT Impedance 0.54 eV V5 (Ref. 23)
single crystal measurement
PMN-PT single crystal | HALT, 0.6 eV | Ionic migration of (Ref. 24)
Impedance V5" hole migration
measurement, | 1.4eV | between Vp),
TSDC Electron hopping
from deeply localized
l.leV | Ti**
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differ in bulk and thin films as well as differ between acceptor and donor doped PZT
films due to variation in defect chemistry and microstructures.

The defect chemistry in PZT films is very difficult to determine precisely due to
unknown cation stoichiometry resulting from evaporation of PbO upon annealing at
temperatures higher than 400°C. As shown in Table 4.1, a wide variation in activation
energy for a failure under a DC bias field was observed depending on the type and

concentration of impurity ion as well as on the film stoichiometry.'*?*

In general,
acceptor doped PZT films exhibit lower lifetime than their donor doped counterparts
since the addition of acceptor ions in perovskite lattice leads to formation of oxygen
vacancies;” it is believed that the field driven migration of oxygen plays a critical role in
DC resistance degradation.”®*’ It was shown in BaTiO; and SrTiO; that resistance
degradation can be associated with migration of oxygen vacancies and subsequent
accumulation near the cathode and depletion near the anode.*® *® Surprisingly, Pb based
perovskites with redox-active acceptor ions exhibit longer lifetime and lower electrical
degradation rates.** Enhanced lifetime via introduction of Mn has been reported by Yoon
et al. for BaTiOs ceramics® ", Mori et al. for PZT films®', and Yan et al. for PMN-PT
ceramics>>. Two different mechanisms were proposed to explain the improvement in
lifetime via addition of Mn into PZT films; (1) Jahn-Teller distortion of Mn®" retards the
dissociation of Mnz; — V" defect dipoles and subsequent migration of oxygen vacancies
upon electrical degradation,” (2) e’ — h* trapping; electrons accumulated near the
cathode and hole formation in anodic region can be suppressed by introducing Mn into

PZT films.** Although it is well understood that Mn doping plays a critical role in defect

chemistry and resistance degradation, the exact mechanism has not yet been clarified.
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In this work, the influence of Mn addition in altering the defect structure and
associated charge transport mechanisms has been studied; it has been shown that the
variable valence state of acceptor ions can be used to engineer defect types and
concentrations in the perovskite lattice. The defect chemistry, including the nature and
concentrations as well as migration of mobile point defects under electric field and
electronic carrier distributions were explored by in-situ impedance, DLTS (Deep Level
Transient Spectroscopy) and TSDC (Thermally Stimulated Depolarization Current). The
existence and migration of oxygen vacancies were analyzed by TSDC. The change in
interfacial defect chemistry was monitored via Electron Energy Loss Spectroscopy. The
dominant conduction mechanism leading to resistance degradation in Mn doped PZT
films was explored by I-V measurements. The lifetimes of PZT films with different Mn
concentrations were assessed using Highly Accelerated Lifetime Testing (HALT), from
which activation energies and voltage acceleration factors were extracted. A physical
model was developed to explain the relationship between defect microstructure and
macroscopic electrical properties, which is crucial for the design of electrically reliable
PiezoMEMS that could function under high electric fields and temperatures during their
entire service lifetime.

4.2. Experimental Procedure

Multivalent acceptor-doped (Mn) lead zirconate titanate (PZT) thin films with
dopant concentrations varying from 0.5 to 4 mol% were grown on commercial
Pt/Ti/SiO,/Si substrates (Nova Electronic Materials, Flower Mound, TX) via chemical
solution deposition. Solutions with a Zr/Ti ratio of 52/48 were prepared using 10 mol%

Pb excess to compensate for lead loss during heat treatment. The preparation of solutions
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is similar to that described elsewhere.”> The Mn doping concentration in solution was
calculated presuming B site occupancy to reach final film compositions of:

Pb(l—%x) ZI‘O_52(1_X) TiO.4—8(1—X) MnX03, Where X = 0.005_0.04.

The preparation of the films as well as characterization techniques to assess the
structural and electrical properties of Mn doped PZT films were described in Section
3.2.%

4.3 Results and Discussion

Figure 4.1 shows the time-dependence leakage current for Mn doped PZT films
under an electric field of 400 kV/cm at 180°C. Weibull analysis was performed to attain
the distribution of degradation rates and the MTTF, e.g. the center (tos) of a life
distribution (Figure 4.1b). The failure time increases remarkably with Mn concentration
in PZT films. The MTTF was found to be 1.47+0.2, 3.9+0.4, 7.9+0.9, and 21.4+0.8 for
0.5, 1, 2, and 4 mol% Mn doped PZT films, respectively (Table 4.2). The activation

energy for electrical degradation was determined using the empirical relationship
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Figure 4.1 (a) Variation in leakage current with time in, (b) the time to failure for 0.5, 1,
2, and 4% Mn doped PZT films. R(t) represents the probability of failure over time. The
HALT measurement was conducted at 180°C with a DC field of 400 kV/cm.
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Table 4.2 Median time to failure and Weibull fitting parameter 0.5, 1, and 2% Mn doped
PZT films. The HALT measurement was conducted at 180°C with a DC field of 400

kV/em.
t0_5 (hours) l}
0.5% Mn PZT 1.47+£0.2 16.45+0.5
1% Mn PZT 3.9+0.4 11.4+0.3
2% Mn PZT 7.2+0.9 3.5+0.2
4% Mn PZT 21.4+0.8 9.3+0.5

suggested by Prokopowicz and Vaskas.*® It was found that the activation energy for
electrical degradation increases with Mn concentration in PZT films; activation energies
of 0.76+0.06, 0.97+0.05, 1.15+0.04, and 1.33+0.06 eV were found for 0.5, 1, 2, and 4
mol% Mn doped PZT films, respectively. (Figure 4.2, Table 4.2). A voltage acceleration

factor of 4.84+0.24 and 5.6+0.3 was found for 1 and 2 mol% Mn doped PZT films, which

_15-
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Figure 4.2 (a) Temperature and (b) voltage dependence of median time to failure (MTF)
in 0.5, 1, 2, and 4% Mn doped PZT films.

Table 4.3 Activation energies and voltage acceleration factors of 0.5, 1, 2, and 4% Mn

doped PZT films.
E, (eV) N
0.5% Mn PZT 0.76+0.06
1% Mn PZT 0.97+0.05 4.8+0.24
2% Mn PZT 1.15+0.04 5.6+0.3
4% Mn PZT 1.33+0.06
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similar to the values reported in the literature. > '*3°

Degradation in perovskite-type
ceramics is often due to the field driven migration of oxygen vacancies (exacerbated at
elevated temperatures) and subsequent accumulation of oxygen vacancies near the
cathode region.”® Thus, it is unexpected to observe higher lifetimes and lower degradation

rates in PZT films with higher Mn concentrations, as Mn acceptor ions increase the

oxygen vacancy concentration.

2[Mny; ]+ [Mnl; 1+ 2[VE, 1+ [e'] = 2[V5'] + [h°] Equation 4.5

As described above, the enhanced lifetime in Mn doped PZT films can, in
principle, be attributed to one of two factors; (1) A strong defect association between
singly ionized manganese ions Mny; and Vi* due to Jahn-Teller distortion significantly
reducing migration of oxygen vacancies,® (2) e’ —h" trapping effect; electrons
accumulated at the cathode region and hole formation near the anode due to drift of
oxygen vacancies can be suppressed by introducing Mn into the PZT films.***'?

To assess the presence of mobile or/and trapped oxygen vacancies, Thermally
Stimulated Depolarization Current Measurements (TSDC) were performed on degraded
Mn-doped PZT films (Figure 4.3). Only one depolarization current peak was observed
around 200°C. The polarization electric field dependence of Tmax of TSDC peak was
studied to explore the physical origin of this peak; the corresponding activation energy
was calculated using the initial rise method described elsewhere.’’ It was found that the
peak is due to ionic migration of oxygen vacancies with an activation energy of 0.6 eV.*’
Thus, the dissociation of defect dipoles, (Mny; — V5" )*, (Mny; — V5™, (Ve — Vo )™,
along with the migration of individual oxygen vacancies upon electrical degradation

leads to growth of ionic space charge peak. The concentration of oxygen



Leakage

81

2 5: g AZ ]
=19 ~2%Mn | £%2 /
£ 10%4 NZ2
: 1034 g L!
S E =
o {(a) §30

0 105  2x10° 0 100 200 300

time (sec) Temperature (°C)

Figure 4.3 (a) Variation in leakage current with time in 2% Mn doped PZT films, (b)
evaluation of TSDC spectra of 2% Mn doped PZT films after degrading the films for 3, 6,
or 12 h. The HALT measurement and degradation study were conducted at 180°C with a
DC field of 400 kV/cm.

vacancies increased from 3x10" to 5x10", 1x10%, and 2x10*/cm’ with increasing Mn
concentration from 0.5 to 1, 2, and 4 mol%, respectively, >’ which confirms that the ionic
conductivity due to long-range migration of oxygen vacancies was not eliminated due to
Jahn-Teller distortions.

Ionic migration and subsequent accumulation of oxygen vacancies under dc field
changes the local defect chemistry through the PZT films; electrons are created in the
cathodic region, and holes are generated in the anodic region by accumulation and
depletion of oxygen vacancies, respectively. This results in an exponential increase in
leakage current and lowering of the barrier for injection from the cathode into the film.
The compensating electrons can be trapped at Ti*" to create Ti’" ions.'” Electron
accumulation due to migration of oxygen vacancies in Nb doped PZT films was
confirmed by increased concentration of Ti*" near the cathode region.’®

In contrast to the findings for Nb doped PZT films, no variation in valence state of
Ti towards to cathode region was observed in Mn doped films. Figure 4.4 depicts a series

of Ti-L edges from diferent positions in 2 mol% Mn doped PZT film as a function of
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distance from the cathode. Prior to EELS analysis, the film was severely degraded under
an electric field of 400 kV/cm for 12 h. No apparent chemical shift is observed from a

series of EELS spectra taken from cathodic region to anodic region, implying that there is

97‘: m¥7mmlm&5.d 37 YN e - 2% Mn doped PZT
¥. T 81 AN T3 230253
350 kv/em|f 1 AN ATN] 3¢9 0.2
5 o £ ] —4 %0
. 180°C ‘EEMM 5 %;0.15'
= - . .
12h °E —S% £5 0.1 Fraction of Ti3*
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2 Edeg ' E— 3 £ 0.054 Iow//r,_l'\ﬁ,_ﬂ
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Figure 4.4 Electron energy loss spectrum from different positions in the 2% Mn doped
PZT film as a function of distance from the bottom interface (cathode). Ti L, ; of 2% Mn

doped PZT films after degrading at 180°C under electric field of 350 kV/ cm for 12h.

no modification in the Ti valence in the degraded films. Additionally, TSDC results of
degraded Mn doped PZT films did not show a depolarization current peak arising from
relaxation of trapped electrons from Ti*". This suggests that the multivalent Mn ions
provide trap sites for electrons and holes; free electron generation due to compensation of
oxygen vacancies at the cathode and free hole formation at the anode region might be
suppressed by the valence changes from Mn®" to Mn*" and Mn®" to Mn’" respectively. In
fact, the Mn¥; and Mn’,; ions are more reducible than Ti};.” Therefore, the compensated
electrons are preferentially trapped on the manganese sites rather than Ti*" ions.
Mng; +e' 2 Mng; Mn¥; +e' 2 Mny; Equation 4.6
Mnz; + h* 2 Mng, Mnz; + h" 2 Mnj; Equation 4.7
To further explore the change in charge transport mechanism through chemical
modification of PZT films, the conduction mechanism of pristine and degraded Mn

doped PZT films was investigated. Figure 4.5 shows the fit of the I-V results to the

equations for various conduction mechanisms. In the pristine state, the conduction
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Figure 4.5 Fitting of the leakage current-voltage data for distinct electric fields in 2%
Mn doped PZT thin films (a) before, and (b) after degrading the thin film samples at
180°C with a DC field of 400 kV/cm for 12 h.

mechanism below 145 kV/cm is dominated by Poole-Frenkel emission, whereas the high
electric field range is controlled by Schottky emission. The Schottky barrier height was
extracted from Schottky plots in the field range of 180-400 kV/cm and calculated to be
1.17+0.04, 1.06+0.05, 0.84+0.03, and 0.72+0.04 eV for 0.5, 1, 2, and 4 mol% Mn doped
PZT films (Table 4.4). The experimental value is significantly lower than ideal value
(P = by — xpzr = 1.8 eV), calculated based on the metal work function (5.3 eV) and
the electron affinity of the PZT (3.5 eV), suggesting that the barrier height at the metal-
PZT interface is strongly influenced by interface/surface states such as oxygen vacancies
and/or impurity levels. The effect of surface/interface states on conduction of PZT was

40-41
1.

previously discussed via Scott et a It was reported that oxidation and reduction of

the PZT/Pt interface leads to changes in Er of more than 1 eV.* Reduction of the oxide
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Table 4.4 Schottky barrier heights of Mn doped PZT films

Experimental
barrier height (eV)
0.5% Mn 1.17+£0.04
1% Mn 1.06+0.05
2% Mn 0.84+0.03
4% Mn 0.72+0.04

surface creates a high concentration of defects, most likely oxygen vacancies, at the
PZT/Pt interface that pin the Fermi energy level. This lowers the potential barrier height
and enhances the probability of electron injection from the cathode to the PZT. In the
same way, the barrier height decrease from 1.17 eV to 0.72 as the Mn concentration
increased from 0.5 to 4 mol% due to modification of Schottky barrier through Fermi level
pinning. The concentration of oxygen vacancies increases with Mn concentrations,
resulting in a lower Schottky barrier height.

After degrading 2 mol% Mn doped PZT film under an electric field of 350 kV/cm
at 180°C for 12 h, (1) the width of Poole-Frenkel regime increases, accompanied by a
shrinkage in the field range for the Schottky regime; the transition electric field from
Poole-Frenkel conduction to Schottky emission shifted from 145 to 182 kV/cm after
degradation and (2) no significant change in potential barrier height for injecting
electrons from cathode into PZT was observed after degradation; Schottky barriers of
0.84+0.05 and 0.86+0.07 eV were found in pristine and degraded states, respectively. It is
also unexpected to observe that the Schottky barrier height remained the same after
degradation.

The current density J under an applied electric field across a Schottky contact is

given by:
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] =], exp (:—kET) [1 — exp (%)] Equation 4.8
where J is the reverse saturation current, and n and k are the ideality factor (which is 1
for the ideal Schottky contact) and the Boltzmann constant, respectively. V has positive
and negative values for forward and reverse biases, respectively. Jo, the reverse saturation

. 43-44
current is represented by:

q, qE/4-7r£ &gw
Jo = A'T?exp (—q122) exp l—kT :

where A*, ¢z, &, €, , and w are the Richardson’s constant, the potential barrier height,

Equation 4.9

vacuum permittivity, dielectric constant, and depletion layer thickness, respectively. In
Eq. 4.9, it is assumed that E, which determines the barrier lowering, is uniform
throughout the PZT film, which necessitates that the film is fully depleted. However, the
electric field, E, is not equal to V/d in the case of partial depletion. Accumulation of
oxygen vacancies at the negatively biased Schottky interface leads to a variation in Ey;
high dopant concentration (Np, oxygen vacancies) allows the applied electric field to be
gradually dropped across a depletion layer near the cathode. In this case, a variation in E,,

that relies on the built in bias, Vy;, is described by:***°

E, = \/Ziﬂ V —=Vy = kq—T) Equation 4.10
where q, Np, &, €pc, V, Vi k, T are electric charge, vacuum permittivity, dielectric
constant, applied voltage, built-in potential, Boltzmann’s constant, and temperature,
respectively. The maximum field strength in the barrier, Ep, is directly proportional to
exp (qA¢p/kT), where Agp is the lowering of the barrier due to the field. Upon

degradation of 2 mol% Mn doped PZT films, oxygen vacancies accumulate near the

cathode region. This leads to a decrease in the depletion layer width,

w = \/ 2e06,.(V, — V) /qNy ™ *® The accumulation of oxygen vacancies near the cathode
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exponentially increases the leakage current, accompanied by Schottky barrier lowering
and eventually to electrical breakdown of the film. However, in this study, no change in
Schottky barrier height was observed upon electrical degradation. This could be
attributed to suppression of the electric field in the depletion layer via trapping of
electronic charges by Mn sites near the interface, which screens the positively charged
space charge due to accumulation of oxygen vacancies. This trapping creates a double
electrical layer that is consisted of the negatively charged interfacial layer due to trapped
electrons via Mn sites and positively charged space charge region as a result of
accumulation of oxygen vacancies. When the carrier density is very high, the total space
charge region near the interface becomes neutral by offsetting the positive space charge
with the negative surface charge. Under this circumstance, barrier lowering, ¢pAg is
limited by the suppressed electrical field due to the presence of trapped charges at Mn
sites. Moreover, the distribution of trapped charges associated with Mn sites extends over
long distances because the Mn concentration is low. This could also reduce the electric
field in the depletion region, which in turn decreases barrier lowering and suppresses any
leakage current increase upon electrical degradation.

To assess the different trap levels that contributes to Poole-Frenkel emission in
Mn doped PZT films, charge-DLTS measurements and impedance analysis were
conducted. Figure 4.6 depicts the DLTS signals of 2 mol% Mn doped PZT films at
different discharging durations from 100-650K. The DLTS signals reveal three distinct

peaks, referred to as traps 1, 2, and 3. The electron emission rate is given by:

en = Tp' = Op¥nT exp (— i—;) Equation 4.11

where ¢, is the capture cross section, y,, is a constant, 7, is the emission time constant,
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k is Boltzmann’s constant, and E; is the trap activation energy. The maximum

temperature points for DLTS peaks are plotted on an Arrhenius plot for different rate
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Figure 4.6 (a) O-DLTS of 2% Mn doped PZT films at temperatures from 300 to 750 K.
The legend on Figure 5a indicates distinct rate windows. The DLTS signal was measured
at seven different rate windows to resolve emission from different traps, A DLTS peak is

generated when the thermal emission rate of the trap is the same as that of the rate
window. (b) Arrhenius plot of the DLTS signal

windows (Figure 4.6b). The activation energy and capture cross section of defect states

were deduced from the slope and intercept of the Arrhenius plot, respectively; the results

are shown in Table 4.5. The first DLTS peak with the small activation energy of 0.05 eV

is most likely associated with hopping conduction. The second trap level with an

activation energy of 0.26 eV was attributed by Smyth et al. to hole hopping between

Pb*" and Pb’" sites.!” The third DLTS peak with activation energy of 1.9 eV is associated
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with Mn®"Mn?" impurity levels in the energy band diagram of PZT."’

Pb** + h* — Pb3*t Equation 4.12
Mn2* + h* — Mn3* Equation 4.13

In this study, Z—l = a = 10 was kept constant while scanning the rate window (7,, =
2

t;(a@ — 1) — Ina). The maximum charge release AQ(7,,) is achieved when the rate

window equals the emission rate of traps t; (@ — 1) — Ina = e,,. The magnitude of

1 a

released charge is then Qy[ai-« — ai-a]. For @ = 10, AQ,ux = Qo/1.29. The density of

traps can then be estimated using equation 9.*

Ny = 4AQ 4./ 9Ad Equation 4.14
where q is the electron charge, A is the contact area and d is the thickness of the film.”

Table 4.5 The activation energy and capture cross section of defect states in 2% Mn
doped PZT films

Ea(eV) O'n(Cm_z)
1 peak  0.05 8.7x10
2 peak  0.2620.03 2.8x107'°
3“peak  1.940.06 9.1x10®

The density of Mn?"*" traps was estimated to be 9.7x10"", and 1.98x10"*/cm” for

1 and 2% Mn doped PZT films, respectively. The TSDC results demonstrate that the
concentration of accumulated oxygen vacancies near the cathode region upon degradation
is 1x10*°/cm’. In principle, a high concentration of oxygen vacancies, compensated via
electrons n~2[V;*]= 2x10**/cm’ should exist near the cathode. These electrons could be
trapped by Mn ions; each Mn ion can trap not more than two electrons. Most of the Mn
ions need to act as trap sites to compensate the electrons near the cathode region. Since
the Mn ions are widely distributed within the film due to their low concentrations, the

trapped electrons at Mn sites are also spread out, which shifts the center of charge from
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the cathode region through the bulk of the film. This prevents accumulation of electronic
charges at the cathode/PZT film interface, which decreases barrier lowering and leakage
current increase upon degradation, consistent with the experimental observations
described above.

To further explore the variation in conduction mechanism with a change in defect
chemistry of PZT films, impedance measurements were carried out. Figure 4.7 exhibits
the imaginary part of the electric modulus and impedance of a pristine 2 mol% Mn doped
PZT film measured at 340°C; M'(f) indicates the volume fraction with similar
conductivity. The conductivity ¢ of the film is related to the relaxation frequency f(r)
through the equation:

0 = 21f €€, Equation 4.15

where &, and ¢, are the vacuum and relative permittivities, respectively.
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Figure 4.7 Imaginary (a) modulus, and (b) impedance of 2% Mn doped PZT plotted as a
function of frequency. The fit is for a Debye relaxation centered at frequency f,.

The frequency dependence of both imaginary modulus and impedance was found
to be of the non-Debye type; the slopes of the log(M) — log(f) plots were +1 and <-1

below and above the relaxation frequency. As shown in Figure 4.7, the imaginary part of
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the electric modulus for the 2 mol% Mn doped PZT film consists of two peaks, indicating
the presence of two regions with different conductivities. This inhomogeneous
conductivity might arise from (1) the presence of regions with distinct charge transport
mechanisms and/or (2) non-uniform distribution of oxygen vacancies and other defects in
the sample.

Figure 4.8 shows the imaginary part of the electric modulus as a function of
frequency for 2 mol% Mn doped PZT films with different thicknesses. The magnitude of
the modulus peak, which is inversely proportional to the permittivity of the PZT film at
the relaxation frequency, is independent of thickness for films from 350—1200 nm. This
indicates that the modulus peak is associated with bulk charge transport rather than an

interface-controlled mechanism.
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Figure 4.8 Imaginary modulus of 2% Mn doped PZT with different thicknesses plotted as
a function of frequency

The magnitude of the imaginary part of the electric modulus peaks depends on the
Mn concentration as shown in Figure 4.9. For the 0.5 mol% Mn doped PZT film, the
modulus spectrum consisted of only one peak at 0.04 Hz, representing a homogeneous
conductivity profile. As the Mn concentration increases to 1 mol% in PZT films, a second
modulus peak appears at 20 Hz and the intensity of this peak gradually increased while

the first peak is progressively suppressed with further increase in Mn concentration.
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Figure 4.9(a) Frequency dependence of modulus for 0.5, 1, 2, and 4% Mn doped PZT

films, (b) Schematic representation of defect concentrations as a function of Mn doping
level in PZT films

The temperature dependence of the modulus peak was investigated to elucidate
the origin of the dominant bulk charge transport mechanism (Figure 4.10). The activation
energies extracted from the slope of Arrhenius plots for 0.5-4 mol% Mn doped PZT films
are shown in Figure 4.10e. The activation energy for the low frequency modulus peak
was found to be 1.39 + 0.05 eV, which is associated with hole migration between Vp,;
this peak is largely independent of the Mn concentration.”® The activation energy of the
higher frequency modulus peak, on the other hand, gradually decreases from 1.12 to 0.65
eV with increasing Mn concentration. This strongly indicates a gradual change in charge
transport mechanism from the hole migration between Vp;, to hole hopping and/or
trapping between Mn ions. Indeed, as the Mn concentration increases in the PZT films,

5% jons start to serve as hole trapping sites (Figure

the hole concentration rises and Mn
4.9b). Consequently, the contribution of Vp}, to the total electronic conduction declines
with addition of Mn.

To explore the nature of hopping conduction between Mn sites, the temperature

dependent conductivity of 1-4 mol% Mn doped PZT films were fitted using the small
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polaron hopping (SPH) model (Figure 4.11) proposed by Emin and Holstein. ** It has
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Figure 4.10 Temperature dependence of modulus in (a) 0.5, (b) 1, (c)2, and (d) 4% Mn

doped PZT films, (e) Arrhenius plots for conductivity in Mn doped PZT films and
corresponding activation energies for low and high frequency peaks

been found that temperature dependence is consistent with the thermally activated

hopping of small polarons, which can be expressed by,
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_ _ 0o —Eq gNc(1-c)e?r?v — r1N1/3 .
0 =ney = —_exp (RBT), Oo= = o T= (N) Equation 4.15

where k is Boltzmann’s constant, o, is the pre-exponential factor for small polaron
conduction, e is the electronic charge, c is the fraction of sites occupied by polarons, n is
the number of charge carriers [n=Nece(1-c)], N is the density of conducting sites, r is the
site-to-site hopping distance, v is the characteristic vibrational frequency, and E, is the
hopping activation energy. The temperature dependence of conductivity was fitted to the
equation for small polaron hopping conduction, where Ln (g/T) should be proportional to
I/T. It was found that the plot showed good linearity. This suggests that the electrical
transport in Mn doped PZT films is dominated by phonon-assisted hole hopping between
Mn sites.

Conductivity at any temperature increases with increasing Mn concentration
(Figure 4.11a). To establish the origin of this concentration dependence, the change in
hopping distance (r) and the density of conducting sites with Mn addition was plotted in
Figure 4.11b. The density of conduction sites, which is directly proportional to the Q-
DLTS signal, increases by two times as the Mn concentration increased from 1 mol% to 2
mol% (Figure 11b). Given that the density of conducting sites for 1 and 2 mol% Mn
doped PZT films are N= 9.7x10"7 /em® and 2N= 1.98x10'® /cm® (Q-DLTS results), the
hopping distance, which is inversely proportional to the density of conducting sites r =
(N)'?, decreased from r(1mol%Mn)=(9.7x10'")"*= 95 A to r(2mol%Mn) = 2N) "=
0.79(N)"” = (1.98x10'*)"*= 82 A for 1 and 2 mol% Mn doped PZT films, respectively.
Since ¢ and v are expected to vary only slightly with Mn doping, the factor responsible

for the notable



94

3)4.
4 e 1% Mn
2 ® 2% Mn

- o — ——a — 4%Mn

w
o

] + 1% Mn Mn2+/3+
= 2% Mn

Q (DLTS, nC)

0.0016  0.0018  0.002 300 _‘}g?n seor(;tu6r20(K)7 00
1/T (K™Y (d) P

..3)
1)

l. 25 20 25 3 3.5 4 1 15 2 25 3 35 4
% Mn (atm.%) X= % Mn (atm.%)
(e) E=0 E

A n-type P-type
Pt PZT E

- "wx:ﬂ"_"
d)B ECB

oo(x)/0o0o(x
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distance between Mn sites and (d) pre-exponential factor with Mn doping level, (e)
Schematic representation of Mn impurity sites in PZT energy band diagram.

increase in conductivity with Mn doping is therefore N and r. The drop in hopping

distance with Mn doping decreases the pre-exponential factor, g, (Figure 4.11d) and the

activation energy, E,. These two factors enhance the small polaron hopping conduction
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between Mn*"** and Mn®"*" sites and result in a significant increase in the electronic
conductivity.

The contribution of electronic conduction to the DC resistance degradation of Mn
doped PZT films was further investigated using in-situ impedance spectroscopy. The
imaginary part of the modulus M"(f) during the degradation of the 0.5 and 4 mol% Mn
doped PZT films is shown in Figure 4.12a and b. Only some frequency sweeps are shown
for clarity. The pristine state of 0.5 mol% Mn doped PZT is characterized by only one
maxima at 28 Hz (hence a homogenous conductivity profile) whereas two distinct
maxima at 47.6 and 528 Hz were observed for 4 mol% Mn doped PZT films, indicating
the existence of regions with distinct conductivities. A DC voltage of 40 kV/cm was
applied at 320°C and continuous impedance measurements were acquired until the
degradation process was finished. Both peaks shift to higher frequencies as degradation
progresses in 4 mol% Mn doped PZT films; the magnitude of shift with degradation time
is more noticeable in the first modulus peak. The bulk conductivity increases three orders
of magnitude throughout the film on degradation. After 912s, the first peak started to
merge with the second peak and the combined peak narrowed with increasing
degradation time. This suggests that the conductivity profile of 4 mol% Mn doped PZT
films became more homogenous as degradation progressed.

Similar to 4% Mn doped PZT films, the single modulus peak shifted through

higher frequencies with degradation time in 0.5 mol% Mn doped PZT films, indicating a
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degradation and recovery of 0.5 and 4 mol% Mn doped PZT films at 320°C, (b) change
in admittance of 0.5 and 4 mol% Mn doped PZT films during degradation and recovery.

gradual increase in the conductivity of the film. For both 0.5 and 4 mol% Mn doped PZT
films, the modulus peak stabilized after 22054 s of degradation, indicating degradation
reached a stable state.

Subsequent to degradation, the DC voltage was turned off to record the change in
modulus during the recovery process. During recovery, the modulus peak decreases in
relaxation frequency and increases in the magnitude. However, the modulus peak did not

reach its original undegraded position within a recovery time of 77400 s at 320°C for 0.5
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mol% Mn doped PZT films. This indicates that the conductivity of recovered state is still
higher than that of the pristine sample. This suggests that a slow process like the drift of
oxygen vacancies controls both degradation and recovery in 0.5 mol% Mn doped PZT
films. For 4 mol% Mn doped PZT films, on the other hand, the recovery rate is much
faster compared to 0.5 mol% Mn doped counterparts; an order of magnitude decrease in
the conductivity was observed within 40s of recovery. This strongly suggests that the
conductivity increase upon degradation is dominated by electronic conduction rather than
ionic migration of defects. It is plausible that higher Mn concentrations increase small
polaron hopping conduction, leading to a dramatic increase in the contribution of

Oelectronic

electronic conduction ( ) to the conductivity.

Ojonic

Conclusions 4.4

0.5, 1, 2, and 4 mol% Mn-doped (PMZT) lead zirconate titanate films with a Zr/Ti
ratio of 52/48 were deposited on Pt coated Si substrates by the sol-gel method. In the
pristine state, the conduction mechanism below 145 kV/cm is dominated by the Poole-
Frenkel emission, whereas, at higher electric fields, the conduction is controlled by
Schottky emission. The potential barrier height was 1.17+0.04, 1.06+0.05, 0.84+0.03, and
0.724+0.04 eV for 0.5, 1, 2, and 4 mol% Mn doped PZT films. The variation in Schottky
barrier height with Mn concentration is attributed to Fermi level pinning by interface
states, mostly oxygen vacancies.

After degrading Mn doped PZT films under an electric field of 350 kV/cm at
180°C for 12 h, (1) the width of Poole-Frenkel regime increases, accompanied by a
shrinkage in the field range for the Schottky regime; the transition electric field from

Poole Frenkel conduction to Schottky emission shifted from 145 to 182 kV/cm after
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degradation and (2) no significant change in potential barrier height for injecting
electrons from cathode into PZT was observed after degradation; Schottky barriers of
0.84+0.05 and 0.86+0.07 eV were found in pristine and degraded states, respectively.
This behavior might originate from the weakening of the electric field near the depletion
region due to (1) partial cancellation of the positive space charge (due to accumulation of
oxygen vacancies) in the PMZT film by the negative interface charge, which is created
via trapped electrons at the Mn sites or/and (2) the shift in the center of charge, associated
with Mn sites into the bulk of the film due to the wide distribution of Mn ions throughout
the film. In principle, a high concentration of oxygen vacancies, compensated via
electrons, should exist near the cathode, which should lower the Schottky barrier. Failure
to observe a change in Schottky barrier height upon electrical degradation suggests that
enhanced electric field during degradation is suppressed by trapping of electrons and
holes via Mn ions. The presence of Mn ions in different valence states allows electron or
hole hopping. Since the Mn ions are widely distributed within the film due to their low
concentrations, the trapped electrons at Mn sites are also spread out, which prevents
accumulation of electronic charges at the cathode/PZT film interface. This improves the

resistance degradation behavior and lifetime of Mn doped PZT films.
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Chapter 5
Thermally Stimulated Depolarization Current Measurements on

Degraded Lead Zirconate Titanate Films

5.1 Introduction

Over the last few decades, ferroelectric thin films have been utilized in a variety
of microelectromechanical (MEMS) devices, including adjustable optics,' ink jet
printers,” ultrasound transducers,’ resonators,” and energy harvesters.” MEMS are often
driven at significantly higher electric fields than bulk piezoelectrics; therefore it is
important to develop ferroelectric thin films which can operate under high electric fields.
However, the use of high field operation imposes strict constraints on the DC resistance
degradation in order to achieve reliable ferroelectric thin films with long lifetimes.

DC resistance degradation has been comprehensively studied in alkaline earth
titanate perovskites such as acceptor doped SrTiO3 and BaTiO;s. It is generally recognized
that electromigration of oxygen vacancies under a DC bias field toward the cathodic
region underpins electrical degradation in these materials. In SrTiO; and BaTiOs, the
primary source of both oxygen vacancies and holes is acceptor ions. To maintain
electroneutrality, the concentration of electrons increases in the cathode region during
degradation, while the hole concentration rises in the oxygen vacancy-depleted anodic
region. As a result, the anodic region becomes a hole conductor, whereas in the cathodic
region electron conductivity is dominant; in the titanates, the excess electrons can be
trapped by Ti*" to form Ti**.

A comprehensive study on the evolution of defect distributions of PZT materials

is needed. For PZT films, the high PbO volatility during crystallization leads to the



105

formation of oxygen vacancies and holes.”® The situation becomes more complex by the
hybridization of the lone electron pair in Pb>" and also by the variation in oxidation states
upon thermal treatment.” For example, the Pb*" site can act as a shallow hole trap (to
form Pb’"). A greater knowledge of the behavior of mobile point defects is essential to
better understand DC resistance degradation in PZT thin films. In practice, experiments
that directly probe point defects in thin films are difficult to perform and only a few
studies link the dominant charge transport mechanisms to the defect-chemistry of PZT
films.*"*

In this work, thermally stimulated depolarization current measurements were
employed to probe the defects that lead to electrical degradation in PZT films. Thermally
stimulated depolarization current (TSDC) measurements have been widely utilized to
study defects in semiconductors and organic materials. The nature and concentration of
defects such as dipoles, trap charges, and mobile ions, can be determined via TSDC
analysis. It also provides information on the activation energies and the concentration of
those defects.'”"”

TSDC analysis of ferroelectrics is complicated by the existence of background
currents arising from the pyroelectric effect. Nonetheless, Wu and Sayer were able to
explore the link between aging and the TSDC peak associated with oxygen vacancies in
piezoelectric thin films by minimizing pyroelectric contributions to the signal.'® Okino et
al. used thermally stimulated current, reporting that polarization fatigue was caused by
domain pinning from trapped charges. However, the physical origin of the trapped

charges was not identified."”
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The main objective of this study is to explore the changes in defect concentrations
and defect distributions upon electrical degradation in undoped, donor (Nb) and acceptor
(Mn) doped PZT films using TSDC. In particular, the manner in which defect type and
concentration affect the electrical conduction and degradation phenomena in PZT films
was investigated. The origins of dielectric relaxations in undoped, Mn and Nb doped PZT
films were explored and linked to the time-dependent leakage current associated with
oxygen vacancy migration upon degradation. The migration of oxygen vacancies under a
dc bias is discussed and related to charge transport mechanisms in PZT films.
Additionally, the electron polaron hopping between Ti°* and Ti*" was proved by
complementary findings of TSDC and electron energy loss spectroscopy (EELS)
analyses.

5.2. Experimental Plan

Preparation of undoped, Mn and Nb doped PZT thin films by sol-gel method

Undoped, acceptor-doped (Mn), and donor-doped (Nb) lead zirconate titanate
(PZT) thin films with dopant concentrations varying from 0.5 to 4 mol% were grown on
commercial Pt/Ti/Si0,/Si substrates (Nova Electronic Materials, Flower Mound, TX) via
chemical solution deposition. Solutions with a Zr/Ti ratio of 52/48 were prepared using
10 mol% Pb excess to compensate for lead loss during heat treatment. The preparation of

solutions is similar to that described elsewhere.?*%!

The Mn and Nb doping concentration
in solution was calculated presuming B site occupancy to reach final film compositions
of:  PbZrgsz1-x)Tip4g1-x)MngOs_5 where X = 0.005-0.04 and
Pb( )Zr0_52(1—x)TiO.48(1—x)Nbe3a where x = 0.005-0.04, respectively.

1
1—-x
2

To grow the film, PZT solution was spin coated on silicon substrates at 1500 rpm
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for 30s. Then, each layer was exposed to two pyrolysis treatments for 3 min each at 250
and 450°C, respectively. The film was then crystallized at 700°C for 60 s by rapid
thermal annealing (RTA) under O,. The coating and drying process, as well as rapid
thermal treatments were repeated until a desired thickness of 400 nm was reached.
Finally, a single PbO layer was coated onto the surface of PZT films and annealed at
700°C in air, to remove surface pyrochlore. Remaining PbO was then eliminated by
immersing the sample in a 4M acetic acid solution for 60 s.

Following crystallization, undoped PZT films were exposed to a second annealing
treatment at 670°C under varying PbO partial pressures for 1 h. In this study, the range of
tetraethyl lead partial pressures between 3.53 107 Torr and 2.85 10 Torr that promotes
single phase PZT was used to control the lead nonstoichiometry in the perovskite phase.”
5.3. Materials Characterization

Characterization techniques used to explore structural and electrical properties of

PZT films were described in Chapter 3.

5.3.1 TSDC measurements of PZT films

Thermally stimulated depolarization current (TSDC) differentiates relaxation
currents originating from trapped charges, space charge, and defect dipoles based on their
relaxation kinetics. The test conditions for the TSDC measurements in this work are
shown in Figure 5.1(a). PZT thin films were wire bonded to two Pt pieces to facilitate

electrical contacts. First, the sample was heated to a poling temperature (Tp) and then

degraded under DC field to orient or move defects. After poling the sample for 12 h at
180°C under an electric field ranging from 250 to 400 kV/cm, the sample was cooled to

room temperature (T ) where the defect dipoles, space charges, and trapped charges were
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frozen into the poled state. Subsequently, the sample was shorted and the electric field
removed. Then, the sample was heated at a constant rate of 4, 6, 8, or 10 °C/min and the
relaxation current from the depolarization of relaxing defects was recorded at
temperatures ranging from 25 to 300°C with a HP 4140b PA meter. Electrical
connections from the sample to PA meter were achieved by using BNC and triaxial
cables in order to minimize the leakage current arising from the cable itself. The effect of
poling field, heating rate, dopant type and concentration, and the annealing atmosphere

on the depolarization current and associated trapped charges was investigated.

(a) (b)

—electric field profile <300
—temperature profile £ *- 2 mol% Mn doped PZT I
[ §250 ~— 2 mol% Nb doped PZT ;
fconstant time i 200 ds3¢ is recoverable ;’
Tp i heating = for temperature f
! £ 150 excursions below T, ’.‘
L | \ “time g 100 |
discharging <
current: g 50 T1I
I =
__________ o st .—-———;U 0 e -
f temperature 0 100 200 300 400

Temperature (°C)

Figure 5.1 (a) TSDC measurement process, and (b) The current response to increasing
temperature in 2% Mn and 2% Nb doped PZT films.

TSDC can be mathematically described for a single relaxation using the equation®

. —Ea _ T (-E4 I )
I(T) = nysexp (ka) * exp [ s/B fTo (—kaI) dT ] Equation 5.1
where E, is the activation energy, 7, is the temperature corresponding to the peak
maximum, [ is the heating rate, nois the concentration of dipoles and s is a geometrical

factor relying on the dipole orientation. It is well known that the position and shape of

TSDC peaks are affected by the heating rate. The TSDC peak becomes narrower and is
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shifted to higher temperatures as the heating rate increases. High heating rates enhance
the dipolar interaction process upon relaxation, leading to higher depolarization
currents.”* The concentration of dipoles, ny, can also be evaluated from Equation 5.1,
because the area under the dipolar peak is equal to the equilibrium polarization, Pe.

Before analyzing each peak to derive the activation energy and concentration of
defects, the magnitude of the TSDC signal arising from depolarization of the ferroelectric
polarization was investigated by assessing the piezoelectric response via Double Beam
Laser Interferometer (DBLI). An equivalent sample was heated to a temperature just
below 200°C, where the first TSDC peak emerged. It was found that for temperatures up
to Ty, the piezoelectric ds;3¢ coefficient recovered its original value on cooling to room
temperature. (Figure 1b) Therefore, up to this temperature reorientation of the
ferroelectric polarization is not expected to contribute to the measured TSDC signal in
this temperature range.
5.4 Results and Discussion
5.4.1 Structural properties of PZT films

The surface morphology and structure of PZT films after annealing at 670°C
under different PbO partial pressures were studied by GIXRD and FESEM. The GIXRD
studies (Figure 5.2) reveal that undoped PZT films are approximately randomly oriented
and have the perovskite structure. No peaks corresponding to secondary phases such as
excess PbO or pyrochlore were observed in the XRD patterns. Moreover, the intensity
and positions of XRD peaks are the same for all PbO contents, indicating that the

crystallinity was governed by the initial crystallization step.
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Figure 5.2 The phase stability diagram of PbO, PbTiO;, and PbZrOj; at distinct
temperatures. The red, orange, and blue lines denote the required equilibrium PbO
partial pressure for PbO(g) — PbO(s), PbZr0O; —» PbO(g) + Zr0, , and PbTiO5 —
PbO(g) + TiO,, respectively. The shaded region represents the required range for PZT
perovskite equilibrium,”>* (b) XRD diffraction patterns of approximately randomly
oriented PZT films indicating phase pure perovskite for (a) low, medium, and high PbO
partial pressure.

Figure 5.3 shows the FESEM micrographs of undoped PZT films annealed at
different PbO activities. As shown in Figure 5.3, the deposited PZT films were smooth
and homogeneous; no crack formation was observed. SEM results confirmed that grain
size for undoped PZT films with different PbO content is similar and varies between 30-
150 nm. This indicates that grain size remains relatively constant while annealing in a

PbO-rich atmosphere.

Figure 5.3 Top surface SEM images of PZT films annealed at distinct PbO partial
pressures: (a ) low PbO partial pressure (yellow line), intermediate PbO partial
pressure, and (red line) high PbO partial pressure. FESEM images were taken after
patterning of Pt top electrodes

As was the case for the undoped PZT films, no evidence for PbO or pyrochlore
second phases was found by either XRD or FESEM for Mn or Nb doped PZT films. The

deposited PZT films were smooth and homogeneous; no crack formation was observed.
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FESEM results confirmed that grain size in both Mn and Nb doped PZT films is similar
and varies between 40-160 nm. The details of structural characterization results of Mn
and Nb doped PZT films can be found elsewhere.’
5.4.2 Thermally Stimulated Depolarization Current measurement results

Thermally stimulated depolarization current measurements were carried out on
degraded Nb and Mn doped and undoped PZT films annealed under varying PbO partial
pressures to probe electronic and ionic defects resulting in electrical degradation. Figure
5.4 shows the TSDC spectra obtained from degraded Mn and Nb doped PZT films that

were polarized under electrical fields ranging from Ep=200 to 400 kV/cm at Tp=180°C

for 12 h, measured with a heating rate of f=8°C/min.

v
o
o
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Figure 5.4 Evolution of TSDC peaks with increasing polarization electrical field in (a) 2
mol% Mn, (b) 2mol% Nb doped PZT films using a ramp rate of 8°C/min. Samples were
poled under a dc bias of 250-400 kV/cm at a temperature of 180°C for 12 h.

The physical origin of the thermally stimulated current was explored by studying
the dependence of T, (Figure 5.4) on poling field. For a constant heating rate, the
temperature of the current peak shifts in a well-defined manner with increasing
polarization electric field; Ty, can (1) shift to lower temperatures when the relaxation
current is associated with trapped charges, (2) shift to higher temperatures when the

physical origin of TSDC current is space charge, and (3) remain fixed when the TSDC
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current arises from defect dipoles. As shown in Figure 5.4a, the TSDC data for Mn doped
PZT films shows a single peak, with Ty, from 204 to 220°C, for different polarization
fields. It is readily seen in Figure 5.4a that T, shifted to higher temperatures with
increasing polarization electrical fields, suggesting that the origin of the TSDC
depolarization peak is associated with a space charge, probably due to the migration of
oxygen vacancies. This, coupled with the fact that the magnitude of this peak increases
with Mn concentration, demonstrates that this peak is also not due to reorientation of the
ferroelectric polarization.

Three distinct methods were used to determine the activation of the TSDC peak.
In the first approach, the initial rise model, the first exponential term of equation (1)
controls the temperature rise of the initial current. Thus, In Jp, versus 1/T, gives rise to a
straight line, and the activation energy was estimated from the slope of this line as
0.65+0.04 eV (Figure 5.5a). In the second technique, the heating rate dependence of the
TSDC peak position was used to estimate the activation energy of the TSDC relaxation

current. The peak position, 7=7"_, is related to the heating rate f through an Arrhenius
max

equation.*®

Ing = _k—i“ (Tmlax) + const Equation 5.2
In (Tm;xz) = kbi‘;ax +In (%) Equation 5.3

here k; is Boltzmann’s constant, £, is the activation energy correlated with the TSDC

2
peak. An activation energy of = 0.58+0.02 eV was derived from the plot of In (Tm%) as

a function of 1/T (Figure 5.5b).

max
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Figure 5.5 Estimation of activation energies for TSDC peaks arising from 2 mol% Mn
doped PZT films using three distinct methods: (a) initial rise model, (b) FWHM method,
and (c) different heating rate (6-10°C/min). The films were degraded under an electric
field of 275 kV/cm at 180°C for 12 h

In the third method, the FWHM of TSDC peak was used to determine the activation
energy (Figure 5.5¢) via Equation 5.3:

W =230kT2/AT), Equation 5.3
where Tp is the temperature corresponding to the peak maximum, A Ty, is the FWHM
of TSDC peak. It should be noted that all the expressions in Equation 5.3 relate to a
single Debye process where ¥ has a unique value. An activation energy of 0.73+0.03 eV
was found. Thus, the estimated activation energies from all three methods are in good

agreement with that for the migration of oxygen vacancies as studied by Wang and
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colleagues. (0.58 eV)'?

In contrast to Mn doped PZT films, TSDC results of degraded Nb doped PZT
films indicate two distinct relaxation current peaks with maxima around 220°C and
280°C. The two TSDC peaks in Nb doped PZT films exhibit distinctly different bias
dependence behaviors. Ty, of the low temperature peak shifts to higher temperature with
increasing poling field, which is characteristic of space charge polarization. The position
of the high temperature peak shifts slightly to lower temperatures with increasing poling

field. A linear relation was found between the peak temperature Ty, and the square root
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Figure 5.6 (a) Thermally Stimulated Depolarization Current data of 2% Nb doped PZT
films for different heating rates (4 and 8 degree/min), (b) Estimation of activation

energies for the low and high temperature TSDC peaks using heating rate method. The
films were degraded at 180°C under an electric field of 350 kV/cm for 12h
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the applied field, E"?, indicating relaxation of trapped charges. By using the heating rate
method, the activation energies of low and high temperature peaks were estimated to be
0.61£0.06 and 0.18+0.05 eV, respectively. These values are similar to those previously
reported for the diffusion of mobile oxygen vacancies and electron hopping between Ti**
and Ti*" in the perovskite structure.'>™'

TSDC was also carried out on undoped PZT films annealed at varying PbO
pressures. Figure 5.7 indicates TSDC data for undoped PZT films with low, medium, and
high PbO contents. The magnitude of the TSDC peak attributed to relaxation of mobile
oxygen vacancies diminishes gradually with increasing PbO content in PZT films,
indicating that the oxygen vacancy concentration is lowest for films with the highest lead
content. It is expected that annealing PZT films at high PbO activities minimizes PbO
evaporation and therefore decreases the partial Schottky defect concentration in PZT
films when lead vacancies are compensated by oxygen vacancies and holes.''"'*>"2*

Moreover, the high temperature TSDC peak at 280°C, attributed to electron
hopping between Ti*" and Ti’" sites, was only observed in PZT films with low PbO
contents. It is believed that a high concentration of oxygen vacancies accumulates near
the cathode of PZT films with low PbO contents during electrical degradation. These
vacancies are charge compensated by electrons trapped on Tisites. It is possible that the
inability to detect this signal in undoped PZT films with high PbO contents was due to a

low concentration of oxygen vacancies, and hence a reduction in both the number of

trapped electrons and the probability of electron hopping between Ti*" and Ti*".
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Figure 5.7 TSDC spectra in PZT films annealed under low, medium, and high PbO
activities. TSDC data were attained after degrading the films under an electric field of
275 kV/em at 180°C for 12h. A 6 degree/min heating rate was used to attain TSDC peaks

After identifying relaxation current peaks for undoped and doped PZT films, the TSDC
peak associated with relaxation of mobile oxygen vacancies was further studied in Mn
doped and Nb doped PZT films as a function of dopant concentration, as presented in
Figure 5.7. The total amount of charge that relaxes due to diffusion of ions can be

15
expressed as:

H . qaE . qaE. .
Qrspc = 2avNqt, exp (— E) sinh (TT:) = Qo sinh (TT:)) Equation 5.4

where N is the density of diffusing ions, v is ion jump frequency, k is the Boltzmann
constant, q is the ionic charge, a is the ionic hopping distance between potential wells of
depth H, T,, E, and t, are the polarization temperature, electric field, and time,
respectively.

The concentration of oxygen vacancies that undergo long-range migration during
degradation at 180°C under an electric field of 350 kV/cm for 12h was calculated by
integrating the depolarization current peaks (Table 5.1). The magnitude of the
depolarization current peak increases with increasing Mn concentration, suggesting (1)

that any defect dipoles that might present, such as (Mny; — V4*)* and/or (Mny; —

V5°)', dissociate during electrical degradation; mobile oxygen vacancies give rise to
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increase of the ionic space charge peak (2) the concentration of mobile oxygen vacancies
increases with increasing Mn concentration. When Mn is incorporated into PZT, it
occupies the B-site (Ti or Zr) of the perovskite lattice and ionically compensated by
oxygen vacancies. Thus, an increase in the magnitude of ionic space charge peak with

increasing acceptor ion concentration is reasonable.
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Figure 5.8 Evolution of TSDC peaks in degraded PZT films with increasing (a) acceptor
(Mn) dopant concentration, and (b donor (Nb) dopant concentration. The films were
degraded at 180°C under an electric field of 350 kV/cm for 12h. TSDC data was obtained
using a ramp rate of 8 °C/min.

In contrast, the concentration of mobile oxygen vacancies decreases with
increasing Nb concentration (Table 5.1). It is reasonable that the number of mobile
oxygen vacancies diminishes as the concentration of Nb in PZT films rises, as Nb is a
donor. The source of the remaining oxygen vacancies in Nb doped PZT films is likely to
be the loss of the PbO during high temperature treatment. This creates lead and oxygen
vacancy partial Schottky defect pairs.

Pby, + 0% - Vi, + V5" + PbO(g) Equation 5.5
2[Vpp]l + [e'] = 2[V5°] + [h°] Equation 5.6

The maximum temperature, Tmax, of the TSDC peaks for relaxation of oxygen

vacancies is higher for Nb doped PZT films than their Mn doped counterparts (Figure
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5.8). Tmax 1s closely related to the characteristic relaxation time for polarized charges and

. 29
can be described as:

Toax = [%,Broexp( Fa )]1/2 Equation 5.7

k Tmax

where E, is activation energy, B is heating rate, k is Boltzmann’s constant, and Tpax is the
relaxation peak temperature. As can be seen in Table 1, the characteristic time,

Eq

Toexp ( ) for relaxation of the migrated oxygen vacancies decreases with increasing

kTmax
Mn concentration or decreasing Nb concentration. Long-range migration of oxygen
vacancies upon electrical degradation results in depletion of oxygen vacancies in the
anodic region and accumulation of oxygen vacancies in the cathodic region. When the
average oxygen vacancy concentration is high, as in Mn doped PZT films, even a small
degree of electrical degradation results in a measurable depolarization current density;
high oxygen vacancy concentrations are correlated with shorter relaxation times. In Nb
doped PZT films with lower oxygen vacancy concentrations, however, longer-relaxation

time and/or stronger

Table 5.1 The concentration of polarized oxygen vacancies, diffusion coefficient,
relaxation time, and T, of TSDC results in Nb and Mn doped PZT films.

N (cm™) Tm (K) 7o (107) D, (cm?/s)
0.5% Nb  2.08+0.05 x10" 498 8.11+0.09 8.77+ 0.04 x107"°
1% Nb 1.1£0.04 x10" 502 8.32+0.09 8.63+0.05 x10™"°
2% Nb 4.8+0.03 x10'® 507 8.61+0.05 8.45+0.04 x107"°
4% Nb 1.54+0.04 x10" 514 9.46+0.07 8.24+0.06 x107™"°
0.5% Mn  3.1+0.03 x10" 491 4.94+0.05 9.01+0.05 x107™"°
1% Mn 5.8+0.05 x10" 488 4.51+0.06 9.13+0.04 x10°™"°
2% Mn 1.440.03 x10%° 486 4.20+0.09 9.22+0.07 x10™"°
4% Mn 2.7+0.05 x10%° 483 3.8440.06 9.32+0.03 x10™"°

polarization conditions are required to achieve the same magnitude of depolarization

current density. The diffusion coefficient for long-range migration of oxygen vacancies
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was calculated using the Nernst-Einstein equation assuming that the velocity is given by
L/z, where L is the film thickness and 7 is time that is required for oxygen vacancy

migration across the sample thickness of L.

__ kT __ kTL _
2e

Dy Equation 5.8

v
Uy =—, Uy =
where k is the Boltzmann constant, v and u;, are the velocity and the mobility of mobile
ions, e is the elementary charge, T is the temperature, and E is the electric field. The
estimated diffusion coefficients for Nb and Mn doped PZT films shown in Table 5.1 are
in the range of 8-9 x 10" cm?®s. This is two orders of magnitude smaller than the
reported bulk diffusion coefficient value of 10" ¢cm®/s for oxygen vacancy migration in
PZT ceramics at 580°C.'"° Based on the assumption that the activation energies for
oxygen vacancy migration in these two systems are similar, a diffusion coefficient value
of 7.2x10"° cm?/s was estimated at 180°C for PZT ceramics, which is very close to the
diffusion coefficient measured in this work for PZT films.

Since more oxygen vacancies accumulate near the cathode upon electrical
degradation in Mn doped PZT films compared to Nb doped samples, a higher
concentration of compensating electrons is expected in Mn doped PZT films. In principle,
each oxygen vacancy is compensated by two electrons (n ~ 2[V;"]), which could be
trapped by the Ti*" to create Ti’*, Subsequent electron polaron hopping between the Ti
sites in the cathodic regions was shown by Liu et al. in Fe doped SrTiOs single crystals."
However, in this study, Ti’ 'was only observed near the cathode of degraded Nb doped
PZT films. The TSDC data of Mn doped PZT films did not show a depolarization current

peak arising from relaxation of trapped charges, though the concentration of mobile

oxygen vacancies and hence the amount of compensating electronic charge is much
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higher compared to Nb doped samples.

To obtain additional evidence for changes in Ti valence in the cathodic region, Nb
and Mn doped PZT samples were investigated using EELS. Figure 5.9 shows a series of
Ti-L edges from different positions in the PZT film as a function of distance from the Pt
bottom interface (cathode). A gradual shift to higher energy loss value was observed for
the Ti L, 3 edge of Nb doped PZT films. Moreover, Ti L, 3 data taken close to the cathode
shows that the t,, and e, peaks develop noticeable shoulders (See Figure 5.9b). Both the
chemical shift of the Ti L, 3 to lower energy losses and the appearance of shoulders on ty,

30-31

and e, imply reduction of Ti cations. The magnitude of shift in Ti-L edges is shown
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Figure 5.9 (a) Cross sectional image of 2% Nb doped PZT films (b) Electron energy loss
spectrum from different positions in the PZT film as a function of distance from the
bottom interface (cathode). Ti L, , of Mn, and Nb doped PZT films after degrading at

180°C under electric field of 350 kV/ cm for 12h.

in Figure 5.9. This shows a progressive change in the Ti valence state towards the bottom
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electrode (cathode), suggesting more electrons near the cathodic region of Nb doped PZT
samples.

For Mn doped PZT, on the other hand, no apparent chemical shift is observed
from a series of EELS spectra taken across the thickness of degraded samples, implying
that there is no modification to the Ti valence in the degraded films. This suggests that
although the acceptor ions increase the oxygen vacancy concentration in PZT films, free
electron generation due to compensation of oxygen vacancies at the cathode and free hole
formation at the anode region might be suppressed by the valence changes from Mn®"**
to Mn*"*" and Mn*"*" to Mn*"*" respectively. Mn can take multiple valence states and

the ionization energy for 2+/3+ and 3+/4+ transitions are 1.2 and 1.9 eV, ** respectively

(Figure 5.10). Since the Mn¥; and Mnz,; ions are more reducible than Tig;, the electrons

Mny; +e' 2 Mny; Mnf; + e’ 2 Mng, Equation 5.9
Mn7; +h* 2 Mny;  Mnp 4+ h" 2 Mnj Equation 5.10
n-type
p-type
Pt Eyac
"]
TTTT Tis+/4+] 1eV

o Eg=3.5
- Mn2+/3+1.9 eV eV
Mn3+31.2 e\/_I

Figure 5.10 Schematic representation of energy band diagram of PZT in contact with Pt
electrode

accumulated near the cathode region are trapped by Mn sites rather than Ti*" ions. Due to
the lower concentration of Mn with respect to Ti in PZT films, trapped electrons via Mn
ions are distributed over a longer length scale. This diminishes the maximum electric

field at the Schottky interface, which suppresses the potential barrier height lowering and
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subsequent leakage current rise upon degradation. This leads to longer lifetime and lower

electrical degradation rate in Mn doped PZT films.
5.4 Conclusions

It was demonstrated that thermally stimulated depolarization current (TSDC) is a useful
technique to understand the type of defects leading to to DC resistance degradation in
PZT films. Only one relaxation current peak near 200°C was observed for Mn doped PZT
samples; this is associated with space charge polarization. The physical origin of the
TSDC peak is due to relaxation of oxygen vacancies, the most mobile ions in PZT. Three
distinct methods: the initial rise model, heating rate, and FWHM methods all gave
activation energy of the TSDC peak in the range of 0.6-0.8 eV. This peak was attributed
to migration of oxygen vacancies. The magnitude of the depolarization current peak
increases with increasing Mn concentration. A similar but smaller TSDC peak attributed
to relaxation of oxygen vacancies was also observed in Nb doped PZT films. An
additional TSDC peak, associated with trapped charges, in the temperature range of 250-
300°C, was observed in Nb doped PZT films. The trap depth is estimated to be 0.18+0.05
eV, which is attributed to electron hopping between B site ions Tiy; and Ti%;. EELS
results confirm the chemical shift in Ti L,3 to lower energy losses and appearance of
shoulders on the ty, and e, peaks, implying reduction of Ti cations; this was observed
only in degraded Nb doped samples. It is believed that free electron generation due to
compensation of oxygen vacancies at the cathode and free hole formation at the anode
region might be suppressed by the valence changes from Mn’" to Mn*" and Mn*" to Mn®"
in Mn-doped films. This occurs preferentially to reduction of Ti in Mn doped PZT films,

consistent with the location of the energy levels in the band structure.
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Chapter 6
Polarity Dependent DC Resistance Degradation and Electrical

Breakdown in Nb Doped PZT Films

This chapter has been recently accepted to be published in Applied Physic Letters
Materials.

6.1 Introduction

Lead zirconate titanate (PZT) films are used extensively in MEMS devices such
as energy harvesters', inkjet printers®, actuators’, medical transducers®, and resonators’
due to their high piezoelectric properties. However, for MEMS actuators, the magnitude
of the electric fields utilized often exceeds 100 kV/cm. As a result, DC resistance
degradation, one of the limiting factors for the lifetime of PZT films, is of a great
concern. Therefore, it is crucial to understand the causes of the leakage current increase
to control electrical breakdown and device failure.

For PZT films with metal electrodes, electrons, holes, and ions can all contribute
to conduction and DC resistance degradation. Various conduction models have been
proposed for PZT films: from bulk-controlled mechanisms such as Poole—Frenkel
emission’, space charge-limited currents,” and ionic conduction® to interface-controlled
conduction mechanisms such as Schottky emission’ and Fowler—Nordheim tunneling'.
It is probable that the wide range of models is a function of the fact that the electrical
behavior depends explicitly on the stoichiometry and the defect chemistry, as well as the
interface characteristics of PZT thin films and electrodes. One consequence of this is that

films prepared under different conditions are likely to behave differently.
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PZT is typically a p-type wide gap semiconductor due to unintentionally
introduced acceptor ions and/or lead loss during processing.'' There is debate in the
literature as to whether holes or electrons are the majority carriers in PZT films; the fact
that donor doping tends to reduce the leakage currents suggests p-type conductivity,'*"
while experimental observations of Schottky barriers at the Pt/PZT films necessitate n-
type surfaces, since the work function of Pt is higher than that of PZT."*"* Such n-type
interfaces can develop due to accumulation of oxygen vacancies during electrode
deposition or on annealing in a reducing atmosphere.'®!” The oxygen vacancies act as a
donor with an energy level 0.22-0.28 eV below the edge of the conduction band. Each
oxygen vacancy is compensated by two electrons that are thermally excited at room
temperature to form an n-type layer near the PZT surface,'®as verified by the presence of
Ti’"at the Pt/PZT interface.'® In previous work, it was demonstrated by electron energy
loss spectroscopy that the concentration of Ti’" ions gradually increases towards the
cathode in degraded Nb doped PZT films.'®

In the p-type bulk of PZT films,'® a variety of different electronic conduction
mechanisms can occur simultaneously; (1) hole hopping between Pb*" and Pb** (0.24-
0.38 eV) ”?° (2) hole migration between lead vacancies (1.4 eV) *'** and (3) small
polaron hopping between acceptor ion sites. (0.7-1 eV for hole hopping between Mn
sites).” Because films often show Poole-Frenkel-dominated conduction in the bulk and a
Schottky barrier at the interface, films behave as a pair of non-linear resistors in series.

Upon DC resistance degradation, V;° migrate towards the cathode. As V;* build

up at the interface, they modulate the local charge distribution near the PZT/electrode

interface and then modify the interface characteristics; the local accumulation of V,;" can
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reduce both the Schottky barrier height and the width of the depletion layer, which
accelerates electron injection and charge trapping on the Ti*" sites in the PZT film.* '***
* DC resistance degradation in PZT films could, in principle, be strongly influenced by
interfacial defect chemistry. The interfacial defect chemistry can differ at the top and the
bottom PZT/electrode interfaces due to (1) an inhomogeneous distribution of defects
across the PZT film (e.g. a variation in PbO stoichiometry), (2) Ti/Zr segregation during
film preparation, and/or (3) variation in the oxidation state of ions across the film that can
act as charge trap sites. PZT films are prone to varying trap state densities near the top
and bottom electrodes, with a potential for large gradients in defect concentration. For
instance, Mihara et al. found that the V;* concentration in the interior of PZT films (10'®
cm™) is lower than that near the surface (10*° cm™).”’ The variation in defect distribution
near the electrode affects the interface barrier height and depletion width. These, in turn,
influence electron conduction near the PZT/electrode interface. The presence of a higher
concentration of V" near the interface pins the Fermi level closer to the conduction band
and decreases the potential barrier height for injecting electrons. Moreover, subsequent
charge trapping processes leads to space charge gradients and to band bending. This
could result in polarity-dependent lifetimes as well as asymmetric leakage current
behavior. Al Shareef et al. showed that both leakage currents and breakdown fields can
be strongly asymmetric in Nb doped PZT films with Pt top and bottom electrodes; the
current increase was found to be more gradual when the top electrode was biased
negatively with respect to the bottom electrode.” In another study, Tagantsev et al.
attributed the polarity dependent electrical breakdown in PZT films to the polarization-

dependence of the Schottky barrier.” Although a number of studies confirmed polarity
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dependence in the time dependent resistance degradation, the role of interfacial defect
chemistry on the charge transport mechanisms and DC resistance degradation
characteristics of PZT films has not been fully elucidated.

This study aims to provide experimental evidence to demonstrate how the pristine
state interfacial defect chemistry affects the transport mechanism upon electrical
degradation in Nb doped PZT films. In particular, the roles of PbO stoichiometry and
Ti/Zr segregation on the conduction properties of the PZT/Pt interfaces are described; this
includes the band bending, potential barrier heights, the nature of majority carriers and
the depletion layer thickness, and the bulk conduction mechanisms. The polarity
dependence of lifetime was assessed using Highly Accelerated Lifetime Testing (HALT).
I-V measurements were conducted both in the pristine state and after electrical
degradation to investigate the variation in conduction mechanism with voltage polarity.
The migration of V;;* upon degradation and the resultant change in local chemistry near
the Pt/PZT interfaces were explored using Thermally Stimulated Depolarization Current
(TSDC) and Electron Energy Loss Spectroscopy (EELS). The local chemistry near the
top and bottom interface was explored via Energy Dispersive X-ray (EDX) Mapping and
correlated with the polarity dependent electrical degradation in Nb doped PZT films.

6.2 Experimental Procedure
The details of thin film preparation and characterization techniques used to

explore structural and electrical properties of PZT films were described in Chapter 3.2.
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6.3 Results and Discussion
Figure 6.1 shows the voltage polarity dependence of current density-time (J-t)
response and the resistance degradation behavior of 2% Nb doped PZT films (PNZT)

with Pt top and bottom electrodes. A noticeable difference in DC resistance degradation
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Figure 6.1(a) Variation in leakage current with time, (b) the time to failure for 2% Nb
doped PZT films. R(t) represents the probability of failure over time. The HALT
measurement was conducted at 180°C with a DC field of either 400 or -400 kV/cm.

behavior and time dependent electrical breakdown was observed for opposite bias



131

polarities. As can be seen in Figure 6.1, the steady-state current rises upon resistance
degradation. Failure occurs abruptly when the bottom electrode was negatively biased
with respect to the top electrode. On the other hand, a more gradual current increase was
observed when the top electrode was biased negatively, accompanied by remarkable
increase in the median time to failure (MTTF) from 4.8+0.7 to 7.6+0.4 hours. These
results clearly indicate that the electrical reliability characteristics of Nb doped PZT films
are superior when the top Pt electrode was biased negatively, for the PZT and Pt
deposition conditions utilized.

To explore the variation in the charge transport mechanism with voltage polarity,
I-V measurements were conducted on 2 mol% Nb doped PZT films before and after
degradation at 180°C under an electric fields of -350 kV/cm (called field-down, since the
direction of the electric field is from the top to the bottom Pt electrode, and the bottom
electrode is negatively biased) and 350 kV/cm (called field-up, since the direction of the
electric field is from the bottom to the top Pt electrode, and the top electrode is negatively
biased) for 12 h (Figure 6.2). The leakage current of undegraded PNZT films shows

insignificant voltage polarity dependence; the current-voltage characteristics are nearly
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Figure 6.2 Temperature dependence of conductivity for different polarities, as indicated
by the arrows. The field direction for the current/voltage measurement is defined by the
charge signs on the Pt electrodes.

symmetric for negative and positive bias. However, the [-V characteristics become
remarkably asymmetric after degrading the PNZT films. The absolute value of current
after degradation was found to increase in the direction in which the PNZT films had
been degraded; the leakage current increase upon DC resistance degradation was
governed by the Pt/PNZT interface that was negatively biased (the cathode). To
distinguish which Pt/PNZT interface dominated the leakage current, equivalent PNZT
samples with asymmetric top IrO, and bottom Pt electrodes were used. Since IrO; has a
lower work function than Pt, large differences were observed between I-V characteristics
of top IrO; and bottom Pt contacts.

For degradation at -350 kV/cm, where the bottom Pt/PNZT interface was biased
negatively, the leakage current increased at the bottom Pt/PNZT (cathode) interface,
accompanied by a subtle change in the leakage current at the top Pt/PNZT interface

(anode). In contrast, after degrading PNZT films at 350 kV/cm, a strong increase in the
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leakage current at the negatively biased top Pt/PNZT interface (cathode) was detected
with a trivial change in the leakage current for the positively biased bottom Pt/PNZT
interface. Thus, the reverse biased cathode determines the leakage current behavior of
PZT films.

The I-V response of PNZT films before and after degradation was fit to the
equations for various conduction mechanisms. Figure 6.3a shows the disparity in the
conduction mechanism near the bottom Pt/PZT interface in the pristine state and after
degradation under an electric field of -350 and 350 kV/cm for 12 h. Current density-
electric field (J-E) characteristics in the pristine state exhibited good linearity for both
Poole-Frenkel (Ln (J/E) versus E"?) and Schottky emission (Ln (J/T?) versus E'?)
conduction mechanisms.

As a first approximation, a simple Schottky emission model, which assumes a
homogeneous electric field in a fully depleted sample, was used to estimate the relative
dielectric constant. The appropriate dielectric permittivity is limited by the optical
permittivity when the carriers move through the insulating layer faster than the relaxation
time and by the static dielectric permittivity when the carriers are slow. Assuming the
electron movement across the film is faster than the relaxation time, the optical dielectric
permittivity, €., was extracted from the slope of the linear fits and the refractive index,

n = +/g,.. At low electric fields (<122.5 kV/cm), n calculated from Poole-Frenkel plots

ranged from 2.2 to 2.6, in good agreement with the refractive index of PZT (n~ 2.25).”°
This suggests that Poole-Frenkel emission controls the conduction at low electric fields; it
has been previously shown that (1) electron trapping by Ti*" and hole hopping between

Pb>" and Pb*" sites are the main mechanisms that contribute to Poole-Frenkel conduction



134

( a) degraded
pristine ”'VO

== np-type n 4

S

top
Pt

bottom
Pt
N o -14
-164 A -
E Poole- : E =164 poole- 1 ~ 161 Poole- |
< -184 11 < -181 Frenkel | | | E Frenkel] |
< CUC I n=2.04: 0.04 75 o 'm <-18 Sl n=1.98+ 0.3 ]
& 209 N & -207 » = B
= . 1 Schottky [ | “Schottky © ~204 - I chottky
=l | emission 5-22 °* : emission = L o | emission
5 ° i g o-224 1
BT O PY 3l 3 o] 3 24 '
ez ympe e &'°°° aa 0 2.000| | 4000 6000
) E /m) El I# (V/m)2
2 -214 Poole- 2-21 oiek;| f 2 214 4
= 5 - erre——
S -229 Frenkel = -229Frenke Schottky e |=-22 | Schottky
W23 : Schottky w-23 | emission jud -23 | emission
%‘2‘ | emission g_z‘ 3 H fg-Zl :
-2 ' - | =-25 T : T A 1= 25 L s
2,000 18,000 5,000 2,000 $.000 6,000 2,000 1 4,000 5,000
EV2 (W/m)'/? EV2 (y/m)t/2 EY3 (V/m)l/2
degraded
v

(b) [ prsine

bottom
Pt
o-14 Bt & -14 R
) | % %
A NE e Poole- & -16]
E-161  poole- < 77 Frenkel 7 < Poole-
< < | <
< 1g] Frenkel S 18] ! S 18] Frenkel /
":: £ | Schottky = /
52 5-20< d : emission ?'20 60 0seet
Z 2l 2 2 3 -22 = : = A | -2 - - -
2,000 4,000 6,000 2,000 2 4,000 6,000 2,000 i 4,000 3 6,000
EY2 (V/m)Y2 EYV3 (V/m)Y2 EY/2 (V/m)'/4
-~ E ’E -
£ £ £-20
< < i <
< Poole- 5 | Schottky 5 Poole-
G %1 Frenkel o I emissi a2
g renke g *Poole- | emission 5 . Frenkel /,
O Frenkel | ®
5 -244 see z -24 1 Z‘ -24 * "...u-u?"’
2,000 4,000 6,000 2,000 14,000 6000 2,000 4,000 6,000
EV/2 (V/m)'/2 | EV2Y(V/m)'/2 EV/2 (V/m)!/2

Figure 6.3 Fitting of the leakage current-voltage data for distinct electric fields in 2 %
Nb doped PZT thin films before (a) and after degradation (b) at 180°C under an electric
field of 350 or -350 kV/ cm for 12h. Accumulation of oxygen vacancies near the interface
during the deposition of the electrode makes the interface n-type though the bulk of the
PZT films remain p-type.
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in PNZT films."® With increasing electric fields (>122.5 kV/cm), a refractive index of
about 2.2 was obtained from the slopes of Schottky plots®, indicating that Schottky
emission dominates the leakage current.

In contrast to the bottom Pt/PNZT interface, the switch from Poole-Frenkel to
Schottky emission occurs at higher electric fields (>360 kV/cm) for the top Pt/PNZT
interface, accompanied by a larger potential barrier height (1.2+0.07 eV) for electron
injection from the Pt electrode into the PNZT. Typically, the Schottky barrier height
depends not only on the PZT work function and electron affinity, but also on the density
and distribution of impurity sites at the interface due to Fermi-level pinning.’'* The role
of Vi on Schottky formation is critical in PZT films. Oxygen vacancies in PZT create
electronic states that are 0.22-0.28 eV below the conduction band; these are reported to

15, 18, 33
Two

cause Fermi level pinning at the interface, reducing the Schottky barrer.
important sources for Vi formation in Nb doped PZT films are (1) unintentionally
introduced acceptor ions and (2) loss of PbO upon annealing.

Although the incorporation of donor ions (Nb) into PZT decreases the

V5® concentration, it cannot entirely prevent V;;* formation. Given that the pristine films

are close to intrinsic, electroneutrality can be expressed as:

2[V3'] + [Nby] + [h°] = 2[VEy, 1+ [€'] Equation 6.1

PbO loss during deposition of film can occur at the surface of each layer of PZT

films during annealing, as well as to the bottom electrode.’* Figure 6.4a exhibits energy
dispersive X-ray (EDX) mapping of Pb. The Pb/(Zr+Ti) ratio was found to be low in the

PZT layers close to the bottom Pt electrode. Similar PbO loss was not observed in the
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Figure 6.4 Energy dispersive X-ray (EDX) mapping of (a) Pb, and (b) Ti, Zr

PZT close to the top Pt electrode; any lead loss at this surface should have been
compensated by the PbO overcoat. It is noted that in this work, PbO stoichiometry was
attained by a kinetically controlled process. The variation in PbO stoichiometry through
the PNZT films creates disparities in the interfacial defect chemistry near the top and
bottom electrodes. Higher PbO loss near the bottom Pt/PZT interface leads to formation
of oxygen and lead vacancies. It is believed that the higher concentration of V;* near the
bottom Pt interface is one factor responsible for the low potential barrier height for
electron injection and the low transition electric field from Poole-Frenkel to Schottky
emission.

A second possibility is an asymmetry in the B-site stoichiometry at the top and

bottom Pt/PNZT interfaces. Figure 6.4b illustrates EDX mapping of the Ti/Zr ratio across
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the PNZT film. As shown in Figure 6.4b, there are strong Ti/Zr gradients through the
thickness of each crystallized PNZT layer. The growth of PNZT thin films is strongly
nucleation controlled. Since the crystallization temperature of PbTiOs is lower than
PbZrOs, a Ti-rich composition initially nucleates at the bottom of each layer and the
composition gradually becomes enriched in Zr near the top surface. The Ti/Zr gradients
lead to formation of Ti- and Zr-rich layers at the bottom and top Pt electrode interfaces,
respectively.” Moreover, Zr is less reducible than Ti, and could result in a lower
V5® concentration at the film top surface. It is plausible that Ti/Zr segregation can also
change the charge distribution at the top and bottom Pt/PNZT Schottky contacts, which
influence the Schottky barrier height and the transition electric field from Poole —Frenkel
to Schottky emission. The existence of a Ti-rich layer near the bottom Pt/PNZT Schottky
contact can induce a large amount of interfacial states (Ti/Ti*") ~1 eV below the
conduction band of PZT; this in turn enhance the partial Fermi-level pinning and lowers
the potential height for charge injection. The possible effects of Ti segregation on the
Schottky contact formation needs to be further studied to reveal the difference in the

nature of contact between bottom Pt-Ti-rich PZT and top Pt-Zr-rich PZT layers.
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Figure 6.5 Evaluation of (a) TSDC spectra and (b) electron energy loss spectra as a
function of distance from the bottom interface (cathode) after degrading 2% Nb doped
PZT films at 180°C with a DC field of 350 or -350 kV/cm.

The I-V characteristic of the Pt/PNZT/Pt can be described via an equivalent
circuit model comprised of two back-to-back Schottky diodes connected in series with
the bulk (Poole-Frenkel dominated). Both forward and reverse biased interfaces were

modeled using the Schottky equation, taking into consideration the potential barrier

reduction due to image charges:
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Jr = A"T?exp (— qk—TB) [exp (ZT‘;) —1] Equation 6.2
q(@p— Z:Z )

Jr = A*T? exp[— — Equation 6.3

where, A™, Vi, E;, €, @ and Np are Richardson constant, built-in potential, maximum
electric field at the interface, dielectric permittivity, the potential barrier height, and
donor density at the interface, respectively. The potential barrier height at the bottom
Pt/PNZT interface was calculated from the Schottky plot and found to be 1.1+0.05 eV in
the pristine state. Following electrical degradation at 350 kV/cm, no significant change
was observed in potential barrier height for the positively biased bottom Pt/PNZT
interface (anode), and the leakage current was suppressed. When the bottom Pt/PNZT
interface was negatively biased upon degradation (-350 kV/cm), on the other hand, a
significant reduction in Schottky barrier height from 1.1+0.06 to 0.85+0.05 eV was
observed. This was coupled with an expansion in the electric field range over which
Schottky emission is dominant. This suggests that electron injection from the negatively
biased Pt into PNZT films is the rate-limiting mechanism in electrical degradation of
PNZT films (See Figure 6.3). If the leakage current was controlled by injection of holes
and/or electron extraction at the anode, a significant increase in leakage currents should
have been observed from the positively biased Pt/PNZT interface region upon
degradation.

These findings are consistent with a well-known degradation mechanism in
perovskite systems, as described by Baitu et al.>’ According to this model, field-driven
ionic migration and subsequent accumulation of V;* near the cathode, with concurrent
depletion of V;* near the anode are responsible for electrical degradation. The

redistribution of V;* leads to increases in the electron and hole concentrations near the
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cathode and anode regions, respectively. The leakage current in Pt/PNZT/PT thin films
upon degradation is determined by the change in the height and the width of all of the
potential barriers. As electrons accumulate in the space charge region near the cathode,
mirror charges with the same magnitude and opposite polarity appear on the metal side of
interface. This causes formation of an image force that opposes the potential in the space

charge region, which significantly decreases the Schottky barrier height:*®

AGp = (ZETZ)UZ Equation 6.4
E, = \/quzsef LV 4V — kq_T) Equation 6.5

where E,, is the maximum electric field at the interface. The Schottky barrier lowering is
primarily determined by the maximum electric field at the interface. The large electric
field in the depletion layer can both drive the diffusion of V;* and increase the

likelihood of charge injection.

Another mechanism that contributes to the leakage current increase upon

degradation is the change in the depletion width, which is given by: >’

W = \/ 2e(V, — ";—T) /(qN,) Equation 6.6

where €, V},;, q, and N, are dielectric permittivity, the built-in potential, the magnitude of
an electron charge, and the donor concentration at the interface. The accumulation of
V5® at the cathode interface upon electrical degradation is expected to cause severe band
bending, which reduces the depletion width of the potential barrier. This makes it easier

for electrons to overcome the barrier at the interface.
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As was the case for the bottom Pt/PNZT interface, enhanced leakage current
together with a decrease in potential barrier height from 1.20+0.07 to 1.04+0.08 was only
observed when the top Pt/PNZT interface was negatively biased upon electrical
degradation under an electric field of -350 kV/cm (Figure 6.3b). No significant change in
either the leakage current or the potential barrier height were found when a positive
voltage was applied to the top Pt/PNZT interface, suggesting that V,;* accumulation and
subsequent electron injection controls the leakage current enhancement during electrical
degradation.

However, there are some discrepancies between the leakage current behavior
arising from the top and bottom Pt/PNZT interfaces in the degraded states. The decrease
in potential barrier height and resultant enhancement in leakage current upon electrical
degradation is more severe when the bottom Pt/PNZT interface was negatively biased
upon degradation. This is consistent with the possibility that the increase in leakage
current upon degradation is influenced by the local chemistry near the Pt electrodes. In
particular, the Schottky barrier lowering is related to the density of donor states, mainly
V5°, near the interface (Equation 6.4 and 6.5); this, in turn, induces additional injection of
electrons. Furthermore, the electron depletion width may decrease due to the high density
of V" 36-40-41

To investigate the migration of V,;" and resultant change in local interfacial defect
chemistry near the top and the bottom Pt electrodes, TSDC analysis was performed on
electrically degraded PNZT films. Figure 6.5a shows the TSDC results of PNZT films
after degradation under an electric field of 350 (top electrode is negatively biased) or -

350 kV/em (bottom electrode is negatively biased) for 12 h. The temperature of the
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current maximum for the TSDC peak around 200°C shifts higher with increasing poling
electric field, suggesting that the TSDC peak corresponds to depolarization of space
charges. An activation energy of 0.68+0.04 eV was found, which is associated with
migration of oxygen vacancies.*” However, the concentration of migrated V;}*, which is
represented by the area under the TSDC peak, depends strongly on the electrical field
polarity during degradation. The concentration of V,;* accumulated near the bottom and
the top interfaces after degradation at -350 and 350 kV/cm for 12 h at 180°C was found
to be 6.2x10' and 3.8x10'® /em’, respectively. The difference in the concentration of
accumulated V;;* most likely arises from inhomogeneous distribution of V;* across the
PNZT film in the pristine state. It is suggested that additional PbO loss upon annealing in
the layers close to bottom Pt/PNZT electrode causes a lead vacancy gradient through the
film. Given that some of the lead vacancies are ionically compensated with oxygen
vacancies, a gradient in V" concentration through the thickness of the PNZT films is
probable. This will increase the number of mobile V,;* near the bottom interface, which
accentuates accumulation of those vacancies when degraded at -350 kV/cm. This could
be augmented by the existence of Ti-rich layers near the bottom surface that increase the
propensity for reduction.

In either case, near the cathode, the high concentration of V;* is charge
compensated by electrons vian ~ 2[V;°]. Figure 6.5b presents the EELS spectra for the
Ti-L edges acquired near the bottom and top Pt electrodes after electrical degradation.
When the bottom electrode was biased negatively upon electrical degradation (-350
kV/cm), the Ti-L,3 edges shift to lower energy near the bottom interface. This is

. . . 4+ 34 .
consistent with some reduction of Ti"" to Ti" . As no comparable reduction was observed
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in the pristine films, the lower Ti valence is likely to be due to the compensating
electrons for the migrated V;*.'® *® Moreover, no chemical shift is observed near the top
Pt/PNZT electrode interface (cathode) after degradation under an electric field of 350
kV/cm, as shown in Figure 6.5. The result is a higher concentration of trapped charges
near the bottom Pt/PNZT interface in the degraded state, accounting for the observed

asymmetry in conductivity and lifetime.

6.4 Conclusions

The electrical reliability and associated charge transport mechanisms in PNZT
films with identical Pt top and bottom electrode vary depending on voltage polarity; the
HALT lifetime is significantly improved when the top electrode is biased negatively
compared to the bottom Pt electrode. The underlying mechanism responsible for the
improved electrical degradation behavior is correlated with a variation in interfacial
defect chemistry. In the pristine state, the presence of higher concentration of V,;" near the
bottom Pt interface results in (1) a lower potential barrier height for electron injection,
and (2) a decrease in transition electric field from Poole Frenkel to Schottky emission.
Upon degradation, an increase in the absolute value of current is always observed in the
direction in which the PNZT films had been degraded. This was accompanied by an
increase in the electrical field range over which Schottky emission is dominant. This
indicates that electron injection from the cathode into PNZT governs the leakage current
rise upon electrical degradation. TSDC and EELS results confirmed that field-driven
electromigration of V;* and subsequent electrons trapping by Ti'" are primarily
responsible for electrical degradation in PNZT films. A higher concentration of V;* was

found near the bottom Pt/PNZT interface relative to the top interface. This causes more
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severe Schottky barrier lowering at the bottom Pt/PNZT interface, which in turn
accelerates injection of electrons and subsequent charge trapping process. This may be
coupled with the fact that a Zr-rich layer near the top interface reduces the propensity for

trapping electrons near the top Pt/PNZT interface.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This study investigated the role of defect chemistry in the development of imprint,
the aging of ferroelectric properties, and the DC resistance degradation of PZT films.
Defects that can contribute to ionic and electronic conductivity in PZT films were
explored using EELS, TSDC, DLTS and in-situ impedance analysis in order to provide a
deeper understanding of electrical breakdown and the aging characteristics of PZT films.
The variation in nature and concentration of defects was controlled by introducing
different levels of acceptor (Mn) and donor (Nb) ions into PZT films; 0.5-4% Nb and Mn
doped PZT (Zr/Ti: 52/48) thin films were produced using chemical solution deposition.
Phase pure, randomly oriented, and crack free PZT films were obtained. Lifetime-
determining defect sites and associated charge transport mechanisms responsible for
aging and electrical degradation were revealed for both acceptor and donor doped PZT
films.

The underlying mechanism responsible for formation of internal field upon
thermal poling of PZT films was elucidated in Nb and Mn doped PZT films and the link
between imprint and high temperature aging was investigated. A higher magnitude of
internal field was generated in Mn doped PZT films compared to their Nb doped
counterparts after thermal poling at temperatures from 25°C to 200°C under an electric
field of -240 kV/cm (the electrical field was driven from top Pt to bottom Pt electrode)
for 30 min.; the internal field ranged from 3 to 32 kV/cm and 0.5 to 18 kV/cm for PMZT

and PNZT films, respectively. The larger internal field in Mn doped PZT films were
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related to a higher oxygen vacancy concentration on Mn doping. Depending on the Mn
concentration in the PZT films, the estimated activation energy for formation of the
internal field changed from 0.5+0.06 to 0.8+0.1 eV, suggesting that short range migration
of oxygen vacancies and defect dipole alignment are responsible for the induced imprint
in PMZT films. For Nb doped PZT films, on the other hand, higher activation energies in
the range between 0.8+0.1 and 1.2+0.2 eV that are similar to the potential barrier height
for charge injection were found, suggesting that thermionic emission of electrons and
subsequent trapping by Ti*" contributes to the formation of imprint in PNZT films.

The thermally induced internal field films enhances remanent piezoelectric
properties, dssf, in both PMZT and PNZT films. However, the enhancement in properties
is more noticeable in PMZT films due to larger internal fields introduced upon thermal
poling. The ds3¢ almost doubled in 4% Mn doped PZT thin films following thermal
poling at 200°C. For 4% Nb doped PZT films, on the other hand, dss+ only increased by
30% after the same poling treatment. The thermally induced imprint also significantly

reduces aging in PMZT films, indicating higher stability of the polarization state possibly

due to a strong defect association between Mn;l- and V;® ions. The higher aging rates in
Nb doped PZT films indicate that poled state was not retained with time, presumably due
to relaxation of trapped charges upon high temperature aging.

The correlation between defect chemistry, leakage currents, and DC resistance
degradation was also investigated for Nb and Mn doped PZT films. The dominant
conduction mechanism and associated charge transport mechanisms responsible for
leakage current rise upon DC resistance degradation were explored. In the pristine state,

the Poole-Frenkel mechanism controls the leakage current at lower electric fields for both



151

Nb and Mn doped PZT films. To elucidate bulk controlled conduction mechanisms,
DLTS and Impedance spectroscopy were used. Nb doped PZT films were found to be
nearly intrinsic; (1) hole hopping between Pb*" and Pb>" and electron trapping by Ti*"
were observed. In contrast to findings of Nb doped PZT films, no signature for electron
trapping by Ti'" sites was detected for Mn doped PZT films. Instead, (1) hole
hopping/trapping between Pb>" and Pb’", (2) hole trapping by Mn*"/Mn’", as well as (3)
hole migration between lead vacancies were three main mechanisms that contribute to
bulk controlled Poole-Frenkel conduction in Mn doped PZT films. The contribution of
lead vacancies to the electronic conduction diminishes with Mn concentration due to
increased concentration of hole trapping Mn*"/Mn’" sites.

Beyond a critical electrical field, Schottky emission is responsible for the leakage
current in Nb and Mn doped PZT films. The transition electric field from Poole-Frenkel
to Schottky emission varies depending on oxygen vacancy concentration in the PZT
films; it decreases from 172 to 82 kV/cm, accompanied by a concurrent change of
Schottky barrier height from 1.24 to 0.95 eV with decreasing Nb concentrations, which is
attributed to Fermi level pinning by oxygen vacancies. Similarly, the potential barrier
height gradually decreased from 1.17+0.04 to 0.72+0.04 eV with increasing Mn content
in PZT films due to strong Fermi level pinning by oxygen vacancies.

The major carrier type that leads to the increase in leakage current upon electrical
degradation and the associated charge transport mechanisms were also explored. The drift
of oxygen vacancies under a DC bias was monitored using TSDC and the change in the

defect distribution that occurs during electrical degradation was investigated. A
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depolarization current peak with an activation energy of 0.6 eV was found for both Mn
and Nb doped PZT films, which is associated with drift of oxygen vacancies.

Significant differences were found between DC resistance degradation
characteristics of Mn and Nb doped PZT films. In Nb doped PZT films, the
electromigration and subsequent accumulation of oxygen vacancies under a DC bias
result in reduction in potential barrier height, which in turn accelerates electron injection
from the cathode into the bulk of the PZT films. The electrons that compensate for
oxygen vacancies near the cathode are trapped on Ti atoms. As a result, electron hopping
between Ti*" and Ti*" was confirmed by TSDC and electron energy loss spectroscopy
(EELS). The chemical shift in Ti L, 3 to lower energy losses and appearance of shoulders
on the t, and e, near the cathode Pt/PNZT interface proves the presence of Ti’" cations.
The electrical degradation rate drops with increasing Nb concentration due to lower
oxygen vacancy concentrations at higher Nb levels in PZT films. The number of
accumulated oxygen vacancies near the cathode region of degraded Nb doped PZT films
drastically decreased from 2.08+0.05 x10"/cm’ to 1.54+0.04 x10'®/cm’® with increasing
Nb concentration from 0.5 to 4 mol%.

In contrast to Nb doped PZT films, no significant change in the potential barrier
height for charge injection was observed after electrical degradation of Mn doped PZT
films. The transition electric field from Poole Frenkel conduction to Schottky emission
shifted from 145 to 182 kV/cm after degradation, which could be attributed to
suppression of the maximum electrical field in the depletion region, which determines the
potential barrier height lowering and thus leakage current increase upon electrical

degradation. It is possible that electrons needed to compensate for the charge of the
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oxygen vacancies at the cathode are trapped at Mn sites. EELS results confirm that the
oxidation state of Ti remains the same towards to the cathode of degraded Mn doped PZT
films. Moreover, no depolarization current peak associated with electron hopping
between Ti’" and Ti*" sites was observed in electrically degraded Mn doped PZT films.
This strongly implies the electrons can be preferentially trapped at Mn sites rather than Ti
atoms, consistent with the location of the energy levels in the energy band diagram. Since
the Mn ions are widely distributed within the PZT film due to their low concentration, the
trapped electrons are also spread out, which prevents accumulation of electronic charges
at the Pt/PMZT interface. This modifies the electric field distribution in the depletion
region; the maximum electric field drastically diminishes at the Pt/PMZT interface,
which in turn decreases Schottky barrier lowering and leakage current rise upon
degradation. The improvement in electrical degradation becomes more noticeable with
increasing Mn concentration from 0.5 to 4 mol% despite higher oxygen vacancy
concentrations at higher Mn levels in PZT films; The MTTF escalates remarkably from
1.47+0.2 to 21.4+0.8 hr with increasing Mn concentration from 0.5 to 4 mol%. It is
possible that higher Mn concentrations enhance hopping conduction, leading to a
dramatic increase in the hole concentrations near the depletion region that might act as
recombination centers for electrons that compensate the oxygen vacancies, which in turn
improves electrical degradation.

The role of interfacial defect chemistry on charge transport and DC resistance
degradation was also investigated in 2% Nb doped PZT films with top and bottom Pt
electrodes. The electrical reliability characteristic of Nb doped PZT films was found to be

strongly dependent on the voltage polarity; the MTTF remarkably increased from 4.8+0.7
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to 7.6+0.4 hours when the top Pt electrode was biased negatively. The polarity dependent
lifetime is correlated with variation in the interfacial defect chemistry near the top and
bottom Pt/PNZT interfaces. EDX mapping studies revealed that (1) more severe PbO loss
near the bottom Pt electrode leads to an oxygen vacancy gradient across the film
thickness. The higher initial oxygen vacancy concentration near the bottom Pt electrode
is responsible for lower potential barrier height for electron injection and a lower
transition electric field from Poole Frenkel to Schottky emission in the pristine state, (2)
Ti/Zr segregation in PZT films also alters the interfacial defect chemistry with formation
of Ti-rich and Zr-rich layers near the bottom and top Pt/PNZT interfaces, respectively.
This reduces propensity for electron trapping by Ti*" near the top Pt interface.

Upon degradation, a strong increase in leakage current was always observed in
the direction in which PNZT films were degraded. This strongly indicates that an electron
injection from reverse biased Pt electrode (cathode) into the bulk of the films determines
the leakage current increase upon degradation. The Schottky barrier lowering and
resultant enhancement in leakage current is more pronounced when the bottom Pt
electrode was biased negatively due to higher initial oxygen vacancy concentration that
induce additional injection of charges. Moreover, the depletion width may decrease due
to higher donor concentrations, mostly oxygen vacancies. Both lower potential barrier
height and depletion width accelerates charge injection upon electrical degradation,

which in turn leads to a higher leakage current rise upon degradation and shorter lifetime.
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7.2 Future Work
7.2.1 Electronic and ionic conductivity of PZT films annealed under different PbO
activities

In this study, it has been shown that oxygen vacancy migration and subsequent
charge redistribution near the cathode and anode regions contribute to the electrical
degradation in PZT films. This occurs through multiple pathways. First, the effective
density of charges in the depleted regions depends on the oxygen vacancy concentration.
Second, oxygen vacancies contribute to ionic conductivity. Third, a high oxygen
vacancy concentration in PZT films modulates the potential barrier height for electron
injection through Fermi level pinning, which accelerates charge injection upon electrical
degradation. Fourth, a distribution in oxygen vacancy concentration through the thickness
of PZT films leads to voltage polarity dependent lifetime in Nb doped PZT films.

Thus, controlling oxygen stoichiometry in PZT films is crucial to improve the DC
resistance behavior. However, it is very difficult to control stoichiometry absolutely in
PZT films due to PbO volatility upon annealing above 400°C. As shown above, even
donor doped PZT films have a significant concentration of oxygen vacancies, increasing
both ionic and electronic conductivity. Electronic conductivity changes from p-type to n-
type at temperatures around 150°C; this transition is strongly dependent on the oxygen
stoichiometry. Below 150°C, hole hopping between Pb®" and Pb’" as well as hole
trapping by lead vacancies dominate electronic conduction; electronic trapping by Ti*"
controls the electronic conduction above 150°C. Therefore, control of the nature and
concentration of the majority carriers as a function of the PbO stoichiometry is essential

to better understanding charge transport mechanisms leading to electrical degradation.
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Preventing such degradation will improve the performance and reliability of
piezoMEMS.

The oxygen partial dependence of the conductivity in PZT ceramics was studied
by a number of researchers to understand the predominant charge carriers at different
temperatures. Nonaka et al. investigated the influence of Pb-deficiency on the
conductivity of PZT with a Zr/Ti molar ratio of 50/50." A significant increase in
conductivity was observed in Pb deficient PZT films. Furthermore, Boukamp et al. found
that both ionic and electronic conductivity are strongly influenced via thermal treatment
and the oxygen partial pressure; the lead vacancies are compensated by oxygen vacancies
and holes trapped on the lead sites, resulting in hopping conduction for PZT samples
annealed in N, Recently, Slouka et al. showed that Nd doped PZT exhibit hole
conduction at high oxygen partial pressures, while under reducing atmosphere, electron
conduction becomes predominant.” However, the correlation between PbO stoichiometry
and the electrical conductivity of PZT films has not been investigated in detail. A
systematic study on the role of annealing temperature and PbO activity on the n-p
transition is needed for PZT films. It is anticipated that the PbO partial pressure
dependence of electrical conductivity will yield important information about the charge
carriers and/or dominant point defects responsible for the electrical current in PZT films.

To pursue such a study, it is suggested that PZT films be grown using established
routes for chemical solution deposition or sputter deposition. Of particular concern is the
possibility of PbO loss either to the bottom electrode or to the atmosphere during the high
temperature crystallization steps. Following growth, the PbO content should be adjusted

using thermodynamic, rather than kinetic control of the defect chemistry. This could be
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done using the PbO control furnace shown in Figure 7.1. For example, large PZT-coated
wafers could be subdivided and each piece annealed at different PbO activities. This will
allow the PbO partial Schottky defect concentration of films prepared by any method to
be controlled without significantly changing the grain size or grain orientation. All
samples will then be characterized by X-ray diffraction and field emission scanning

electron microscopy to ensure that no second phases develop.
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Figure 7.1 Lead oxide annealing furnace built at Penn State in order to control PbO
stoichiometry in thin films, (b) The partial pressure of PbO required for equilibrium of
PbO(g) — PbO(s) (red line), PbZr0O; — PbO(g) + ZrO0, (orange line), and PbTiO5 —
PbO(g) + TiO, (blue line) at different temperatures.

The PbO pressure dependence of the PZT conductivity could be assessed via impedance
spectroscopy in order to determine the dominant charge carriers. The conductivity as a
function of partial pressure of PbO can be described via:

o= 0,+ op,+ 0; Equation 7.1
o = eny, + epyuy + en;L,; Equation 7.2

where the subscripts e, h, i1 represents the electrons, holes, and ions respectively and
strongly depends on the concentration n;, charge e; and mobility p; of the charge carriers.
When PbO evaporates, charge compensation is achieved either by creation of

oxygen vacancies or by change in the concentrations of holes and electrons.
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Pby, + 0% - Vi, + V5* + PbO(g) Equation 7.3
2[ Vel +[e'] = 2[V5°] + [R°] Equation 7.4
Equilibration with oxygen from the atmosphere during cooling or sintering may suppress

: 3,4,5
oxygen vacancies by:™ ™

~0,+2 Vi + 0F + 2h° Equation 7.5
and thus hole conduction could dominate and the PZT films become slightly p-type even
when donor doped.* ¢ Tt is anticipated that the slope of log & versus log PbO will depend
on the PbO activity. A positive slope (associated with p-type conduction) is expected in
PZT films annealed at higher PbO (Figure 7.2). The transition from p-type to n-type
conduction at different PbO activities and temperatures will be explored. The comparison
between experimental plots of log o versus log PbO and the theoretical isotherms using
the Brouwer approximation will be done to describe the nature of predominant point

defects at distinct PbO activities.
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Figure 7.2 The dependence of conductivity on oxygen partial pressure at 560, 565, and
611°C. Figure reproduced from reference 3.

Further information regarding ionic contributions to the conductivity of PZT films

. . 18 .
could be attained using "O-tracer exchange measurements and secondary ion mass
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spectroscopy (SIMS) to explore ionic defects, mainly oxygen vacancies, and ionic
conduction in PZT films annealed at different PbO activities.

Analysis of oxygen vacancy transport via Time-of-Flight Secondary lon Mass
Spectrometry (ToF-SIMS):

ToF-SIMS can quantify ion diffusion and provides 2D and 3D information about
surface chemical composition as well as depth concentration profile. Slouka et al.
studied the composition dependence of the '*O tracer concentration in PZT ceramics.
Depth profiles of the concentration for undoped, acceptor, and donor doped PZT
ceramics are shown in Figure 7.3.” Higher '®O tracer concentrations were observed at a
depth of 125 nm in Fe doped PZT ceramics compared to donor-doped or undoped PZT
ceramics. Furthermore, higher tracer concentrations were found at grain boundaries,
indicating fast grain boundary diffusion in La doped PZT ceramics.’” Similar '*O tracer
exchange experiments can be performed in PZT thin film samples annealed under
different PbO activities to attain more detailed insight into field driven migration of
oxygen vacancies in PZT films, as suggested by Wang et al.® At 450°C, tracer
distribution exhibited two distinct regions; the tracer diffusion in the near-surface region
is faster compared to the bulk of the polycrystalline PZT film. This was attributed to an

equilibrium depletion of oxygen vacancies near the surface.
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Figure 7.3 (a) Tracer depth profile of undoped, La, and Fe doped PZT at 560°C’, (b) top
view image of tracer distribution after tracer exchange experiments at 560°C for 30
minutes ', (c) Tracer depth profile of PZT film after exchange experiment at 450°C for 1,
2, and 3h.°

The thin film samples should be first exposed to tracer oxygen at different

temperatures and subsequently monitored via SIMS. The oxygen isotropic fractions can

be estimated from measured secondary ion intensities (I;g, and I, 0):7’ ?
I1g )
fig, = —>— Equation 7.6
1160+1180

The tracer depth profile can be determined via monitoring sputtering times and
normalizing it to measured sputter crater depths. Since lower PbO pressures enhance the
oxygen vacancy concentration, a higher tracer concentration is expected. Then, bulk

tracer diffusion coefficient can be calculated using equation 7:°
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2
fisp=f 18, KXt
—— b —(1—erf| 22— ])—e® P [1—erf(——+k" /%)] Equation 7
fgig0~T 320 2 Dp ¢ 2\/;5 t i’

where f 180 is the natural abundance of tracer oxygen, t is the diffusion time, x is the
)

depth, Dy, is the bulk tracer diffusion coefficient, f 80 is the fraction of tracer oxygen in

the gas phase, k* is the oxygen exchange factor, and f 1% the natural abundance of tracer

oxygen.

Relative changes in tracer concentration and diffusion coefficients with variation
in PbO partial pressure would enhance understanding of the ionic conductivity in PZT
films. The variation in depth of tracer concentration with PbO activity near surface region
and the bulk of the film could be explored, which provides insight into interfacial defect
chemistry effect on ionic conductivity. Together with the impedance results, the required
PbO partial pressure that suppress ionic and electronic conductivity can be revealed,
leading to better understanding of the processing parameters needed to control the
leakage current rise and electrical breakdown in PZT films.

7.2.2. The contribution of electron/hole trapping to DC resistance degradation in
acceptor doped PZT films

The findings in this thesis indicate that while charge injection from Pt electrode
into Mn doped PZT films is controlled by Schottky emission, the drift of injected charges
is dominated by bulk Poole-Frenkel conduction. Transport of injected charges in Mn
doped PZT films takes place via carrier hopping between redox active Mn trap sites
(Mn**, Mn’", Mn*") upon DC resistance degradation. Electromigration of oxygen
vacancies along the applied electric field results in generation of holes near the anodic

regions and electrons near the cathodic regions. In the presence of redox active acceptor



162

ions, formation of free electrons and holes can be suppressed by valence change from
A%, - Ay, Ap; — A7 in the cathodic region and A7y; - A%;, A7; —> Ap; in the anodic
region, respectively. It is believed that electron/hole trapping at redox active acceptor
ions is responsible for improvement in resistance degradation behavior of PZT ceramics.
This yielded a significant improvement in the resistance degradation of Mn doped PZT
films with increasing Mn concentration, even though incorporation of Mn increases the
concentration of mobile oxygen vacancies.

The contribution of electron/hole trapping to electrical degradation is strongly
dependent on the relative concentration of A%;, A7;, and A7;. Formation of electrons and
holes can be equivalently suppressed when acceptor ions with different oxidation states

2+/3+

exist in the same ratio. In this thesis, it was found that the Mn ions in PZT films are

. . +
ionized to Mn>"*"

ions through absorbing oxygen from the atmosphere upon heating at
320°C. This leads to a variation in the valence state of Mn ions through the thickness of
the PZT films and contribytes to polarity dependent electrical degradation and lifetimes.
The questions that need to be further clarified are: (1) how the annealing atmosphere,
PO,, influences the distribution of valence states for Mn ions in PZT films, (2) the
optimal concentrations of different Mn valence states to suppress electrical degradation in
PZT films, and (3) whether similar lifetime increases can be observed in PZT films doped
with fixed valence state acceptors like Mg. To elucidate these questions, Mn and Mg
doped PZT films should be prepared by chemical solution deposition. Subsequently, the
films should be annealed under oxidizing and reducing atmosphere for different times.
The relative ratio of different valence state of Mn ions is expected to be strongly

11-14

dependent on both the PO, and post-annealing time. Hayashi et al. reported that the
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concentration of Mn*" ions significantly reduced after annealing PbTiOs in a reducing
atmosphere (Figure 7.4)."'To assess the valence state, EPR (Electron Paramagnetic

Resonance) analysis should be utilized.

T(°C)
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5 , .
(a)| |(b)

0+ MnO, .
£ ~ reducing atmosphere
10
0 , air
T .15 Mn?* V\W
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1.5 2.0 2.5 3.0 Magnetic field /G
1000/T(K2)

Figure 7.4 (a) Phase diagram of manganese dioxide, plotted for temperature versus
oxygen partial pressure,’’ 4(b) EPR spectra of PbTiOs films annealed under reducing
atmosphere and air."”

Additionally, the dissociation of defect dipoles, ie. (Mny; —V5™)" and
(Mn7; — V") upon electrical degradation should be monitored using in-situ EPR
measurements. It is anticipated that the EPR resonance signal attributed to any defect
complexes will decrease with increasing degradation time. Because of the Jahn-Teller
distortion between Mn’" and oxygen vacancies, higher association energy and therefore
longer degradation times would be required for dissociation of (Mny; — V{§")® compared
to (Mny; — V;5°) defect dipoles. In-situ EPR measurements will also provide insight into
the real time change in local defect distribution throughout the PZT films upon electrical
degradation. Because the local concentration of oxygen vacancies will increase in the
cathode region, accompanied by creation of electrons, it is expected that this will change
the local electrical field distribution in the sample.

The maximum electric field at Schottky interface, which is responsible for

potential barrier lowering and the leakage current rise upon DC resistance degradation, is
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influenced by the density of electron or hole traps and by the dopant concentrations in the

depletion layer as described in equation 8 and 9."

En = \/T—;ﬁ V+Vy - %T) Equation 8
Nesr(T) = X hi(T) — X1;(T) + Ngoping Equation 9

where h; is the density of the i trap level for holes, n; is the density of the i™ trap level
for electrons, and Ngoping 1S the doping density. In the presence of Mn trap sites,
suppression of either free electron and holes or carriers trapped on Ti**, for example,
could change the electrical field in the depletion layers. Depending on the relative
densities of different valence states for the Mn ions and their energy depth in the band
diagram, the magnitude of Nes and thereby E,, at the interface as well as density of
injected charges would differ. The variation in electrical field distribution near the
cathode and anode upon DC resistance degradation could be investigated using Kelvin
Probe Microscopy.'® This would also any change in the electric field distribution in the
depletion layer as a result of electron/hole trapping via Mn ions to be probed.
Furthermore, the local electric field enhancement at the interface with increasing

degradation time can be monitored.

7.2.3 The influence of DC electrical degradation on ferroelectric properties in PZT
films

Preliminary work has demonstrated that the functional properties or PZT films are
adversely affected by DC resistance degradation. Figure 7.5 shows the change in
reversible and irreversible Rayleigh coefficients in Mn and Nb doped PZT films after

degrading under an electric field of 350 kV/cm at 180°C for 4, 7, or 14h. It can be seen
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that both the reversible and irreversible Rayleigh response of PZT films gradually
decreased with increasing degradation time. The reduced reversible Rayleigh parameter
in Mn and Nb doped PZT films can attributed to (1) the loss of switchable units or/and
the effective electrode area that contributes to the polarization response as a result of
delamination and/or burning of electrodes, (2) the development of a DC bias. On the
other hand, the irreversible Rayleigh coefficient, a, decreased considerably in Mn and Nb
doped PZT films. However, the decrease in irreversible Rayleigh parameter is more
pronounced at lower frequencies, indicating that the slowest moving domain walls are
being lost from the distribution as the film was degraded.

Migration and subsequent redistribution of charges, especially oxygen vacancies,
upon electrical degradation leads to domain wall pinning (immobilization of domain
walls), which in turn suppresses the domain wall mobility. Oxygen vacancies that
accumulate at domain walls upon degradation tailor the domain wall charge distribution
and polarization within the domain due to interaction between bound charges on the

. : 17-19
domain walls and oxygen vacancies.'

To better understand the microscopic
mechanism underlying the interaction between mobile oxygen vacancies and domain
walls, it is proposed that Single Beam Laser Interferometer (SBLI) measurements could
be used to quantify the piezoelectric nonlinearities locally upon electrical degradation.'®
The Rayleigh law could be used to evaluate the variation in irreversible contribution of
the domain walls movement to the nonlinear response as degradation progresses.'’

The spatial variation in the effective piezoelectric ds3¢ coefficients could be

measured using SBLI, as described elsewhere.”’ The amplitude dependence of the

dielectric permittivity should be measured simultaneously using an LCR meter. When
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motion of purely ferroelectric domain walls contributes to the piezoelectric response due

to the Rayleigh behavior for amplitude dependence can be described as:'

d =dii + agEy = do[1+ (B + B'Ey) sin(wt)] + a4E, Equation 10
where d is the piezoelectric coefficient, w is the angular frequencys, t is the time, E, is the
amplitude of the ac electric field, § and ' are scaling factors for the frequency and field

dependence of the reversible Rayleigh coefficient d;,;; and a4 is the irreversible

da Qg

should be extracted from the ac field

and
init Einit

piezoelectric Rayleigh coefficient.

dependence of the piezoelectric and dielectric response on degradation.
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Figure 7.5 (a) Time dependence of leakage current in 2% mol Mn and Nb doped PZT
films, The change in reversible and irreversible Rayleigh parameters in (b) 2 mol% Mn ,
(c) 2 mol% Nb doped PZT films after electrical degradation under an electric field of 350
kV/em at 180°C for 1,4, 7, or 14h.
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Appendix: The role of interfacial defect chemistry in DC resistance
degradation of Mn doped PZT films

Figure A.1 illustrates the voltage polarity dependence of current density-time (J-t)
response of 2% Mn doped PZT films (PMZT) with Pt top and bottom electrodes. As
shown in the Figure A.1, the current increase is strongly dependent on the sign of applied
voltage. When a positive voltage was applied to bottom Pt electrode (field-up), leakage
current rise upon electrical degradation occurs more abruptly. On the other hand, when a
positive bias was applied top Pt electrode (field-down), a more gradual current increase
with time was observed. Median time to failure (MTTF) for field-up and field-down
polarities is 9.8+0.7 and 3.1+0.4, respectively. These results clearly demonstrates that
interfacial defect chemistry determines the I-t characteristics and lifetime of 2% Mn
doped PZT films.

To further investigate the variation in the charge transport mechanism with
voltage polarity, I-V measurements were conducted on 2 mol% Mn doped PZT films
before and after degradation at 180°C under an electric fields of -350 kV/cm (field-down)
and 350 kV/cm (field-up) for 12 h (Figure A.2). The leakage current of undegraded
PMZT films exhibits significant voltage polarity dependence; the current-voltage
characteristics are remarkably asymmetric for negative and positive bias. This
presumably occurs due to variation in (1) the oxygen vacancy concentration, and (2) the
Mn valence state through the thickness of PMZT films. After field-up electrical
degradation, the absolute value of current was found to increase in the direction in which

the PMZT films had been degraded; the leakage current increase upon DC resistance
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Figure 1 (a) Variation in leakage current with time, (b) the time to failure for 2% Mn
doped PZT films. R(t) represents the probability of failure over time. The HALT
measurement was conducted at 180°C with a DC field of either 350 or -350 kV/cm.
degradation was governed by the Pt/PMZT interface that was negatively biased
(the cathode). Under field-down electric fields, on the other hand, the magnitude of
leakage current at the negatively biased top Pt/PNZT interface (cathode) was
significantly suppressed with a small change in the leakage current for the positively

biased top Pt/PMZT interface.
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Figure 2 Temperature dependence of conductivity for different polarities, as indicated
by the arrows. The field direction for the current/voltage measurement is defined by the
charge signs on the Pt electrodes.

To elucidate the -electronic conduction mechanisms governing electrical
degradation, the I-V response of PMZT films before and after degradation was fit to the
equations for various conduction mechanisms. Figure A.3a shows the disparity in the
conduction mechanism near the top Pt/PMZT interface in the pristine state and after
degradation under an electric field of -350 and 350 kV/cm for 12 h. Current density-
electric field (JE) characteristics in the pristine state exhibited good linearity for both
Poole-Frenkel (Ln(J/E) versus E'?) and Schottky emission (Ln (J/T?) versus E'?)
conduction mechanisms. The refractive index, n, was estimated from the slope Poole-
Frenkel and Schottky plots. At low electric fields (<32 kV/cm), n calculated from Poole-
Frenkel plots ranged from 2.7 to 2.9, in good agreement with the refractive index of PZT
(n~ 2.25). This suggests that Poole-Frenkel emission controls the conduction at low

electric fields; it has been previously shown that (1) hole hopping between Pb*" and Pb*"
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+/3+
3% are the

sites, (2) hole migration between lead vacancies, and (3) hole trappig by Mn
main mechanisms that contribute to Poole-Frenkel conduction in PMZT films. With
increasing electric fields (>50 kV/cm), a refractive index of about 1.8 was obtained from
the slopes of Schottky plots, indicating that Schottky emission dominates the leakage
current.

In contrast to the top Pt/PMZT interface, the switch from Poole-Frenkel to
Schottky emission occurs at higher electric fields (>186 kV/cm) for the bottom Pt/PMZT
interface, accompanied by a lower potential barrier height (0.95+0.05 eV) for electron
injection from the Pt electrode into the PMZT. Typically, the Schottky barrier height
depends not only on the PZT work function and electron affinity, but also on the density
and distribution of impurity sites at the interface due to Fermi-level pinning. The most
possible candidate that causes potential barrier lowering through Fermi level pinning, is

oxygen vacancies in PZT films. Acceptor ions like Mn?"?"

in PZT films are ionically
compensated by oxygen vacancies and create defect dipoles represented as (Mnry; —
V3ex (Mnr, — VP2)' . The variation in oxidation state of Mn ions through the thickness
of the PMZT films results in oxygen vacancy gradient through the film. This can modify

(1) the number of oxygen vacancies accumulated near the cathode region upon electrical

degradation, (2) the local hole concentration near the cathode and anode Pt regions.
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Figure 3 Fitting of the leakage current-voltage data for distinct electric fields in 2 % Mn
doped PZT thin films before (Figure 3a) and after degradation (Figure 3b) at 180°C
under an electric field of 350 or -350 kV/ cm for 12h.

To investigate the variation in Mn valence state through the film and resultant
change in local defect chemistry, impedance and DLTS analyses were performed on 2%
Mn doped PZT thin films before and after heating at 320°C for 3 weeks (Figure A.4).

Figure A.4 (a) exhibits the imaginary modulus of 2% Mn doped PZT films as a function
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of frequency after holding at 320°C for distinct times. The magnitude of conductivity of
2% Mn doped PZT film increased approximately two orders of magnitude after holding
at 320°C for 366 h. The enhanced conductivity after heating for 2 weeks is attributed to
ionization of Mn. Some of the Mn®>" ions in PZT films can be ionized to Mn’" ions

through absorbing oxygen from the atmosphere (Figure A.4(b) and (c)).
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Figure 5 (a) Imaginary modulus of 2% Mn doped PZT plotted as a function of frequency
after heating at 320°C for distinct times, (b) Mn-O phase stability diagram, and (c) Q-
DLTS of 2% Mn doped PZT films before and after heating at 320°C for 3 weeks.

Since the likelihood of oxygen absorption in the PMZT layers close to the top Pt

upon heating at 320°C is higher than that of PMZT layers close to the bottom Pt
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electrode, one could expect existence of higher Mn oxidation state in the upper PMZT
layers close to the top Pt electrode. This also leads to oxygen vacancy gradient through
the film.

To investigate the migration of oxygen vacancy and resultant change in local
interfacial defect chemistry near the top and the bottom Pt electrodes, TSDC analysis was
performed on electrically degraded PMZT films. Figure A.5 shows the TSDC results of
PMZT films after degradation under an electric field of 350 (top electrode is negatively
biased) or -350 kV/cm (bottom electrode is negatively biased) for 12 h. The temperature
of the current maximum for the TSDC peak around 200°C shifts higher with increasing
poling electric field, suggesting that the TSDC peak corresponds to depolarization of
space charges. An activation energy of 0.56+0.06 eV was found, which is associated with
migration of oxygen vacancies. However, the concentration of migrated oxygen
vacancies, which is represented by the area under the TSDC peak, depends strongly on
the electrical field polarity during degradation. The concentration of oxygen vacancies
accumulated near the bottom and the top interfaces after degradation at -350 and 350
kV/em for 12 h at 180°C was found to be 1X10°° and 6X10" /cm’, respectively. The
difference in the concentration of accumulated oxygen vacancies most likely arises from
variation in Mn valence state across the PMZT film in the pristine state. Given that some
of the Mn ions are ionically compensated with oxygen vacancies, lower oxidation state of
Mn ions near the bottom Pt/PMZT interface results in higher oxygen vacancy
concentration in PMZT layers close to the bottom Pt electrode. This will increase the
number of mobile oxygen vacancies near the bottom Pt/PMZT interface upon electrical

degradation. It is believed that higher oxygen vacancy concentration near the bottom
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Pt/PMZT is responsible for lower potential barrier height for electron injection from Pt

electrode into PMZT films.
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Figure 5 Evaluation of TSDC spectra of 2% Mn doped PZT films after degrading the
films at 180°C with a DC field of 350 or -350 kV/cm.

In spite of lower potential barrier height and higher oxygen concentration near the
bottom Pt/PMZT interface, higher lifetime and lower electrical degradation rates were
observed under field-down electric fields. This unexpected electrical degradation
behavior might arise from electron/hole trapping effect of Mn ions in PZT films. Mn ions
can act as both electron and hole traps. The concentration of free electrons and holes
accumulated near the cathode and anode regions can be effectively suppressed in the
presence of Mn ions. In fact, the Poole-Frenkel regime is effective over larger electric
fields near the bottom Pt/PMZT layer both in pristine and degraded state. Mn ions in PZT
films can be either ionically compensated via oxygen vacancies or/and electronically
compensated by holes. Lower oxidation states of Mn ions near the bottom Pt./PMZT

interface increases the local hole concentration, which enhances the Poole-Frenkel
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reactions, like hole hopping between Mn ions. The hole concentration rise near the
bottom Pt/PMZT films might suppress the effective density of charges, which determines
the maximum electric field at the Schottky contact, as a result of annihilation of injected
electrons and holes. This will reduce potential barrier lowering for electron injection and

improves the resistance degradation of PMZT films under field-down electric fields.
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