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ABSTRACT

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 electrical degradation of a 2 mol.% Mn doped PZT
film, 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 Pb3*. No variation in the valence state of Ti near the cathode
was observed in degraded Mn doped PZT films, implying 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 Mn3* to

Mn?* and Mn?* to Mn3+ respectively.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The performance and electrical reliability of lead zirconate ti-
tanate (PZT) piezoelectric films used in microelectromechanical
systems (MEMS), [1-8] are typically controlled by point defects.
Acceptor type impurities like Fe2+3+, Mn2+3+ Mg2t have lower
valence than the B-site cations (Ti**, Zr*t) they replace. Charge
compensation is achieved by generating oxygen vacancies and/or
holes in the system; [9] in some cases, these point defects as-
sociate to create defect dipoles such as (A7; — V)%, (A}; = V) in
Kroger-Vink notation. For multivalent acceptor ions like Mn2+/3+/4+
or FeZt/3+/4+ the valence state varies with the annealing atmo-
sphere [10]. Hayashi et al. showed that processing of Mn doped
PbTiO; in oxidizing atmospheres results in isovalent doping (Mn*+
substituting for Ti**) and low oxygen vacancy concentrations,
whereas annealing under a reducing atmosphere leads to aliova-
lent doping (Mn?*+/3+ on Ti**) and higher oxygen vacancy concen-
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trations [11,12]. Thus, the hole or/and oxygen vacancy concentra-
tions can be engineered to govern the electrical properties of PZT
films.

In contrast to acceptors, donor impurities like Nd3* or La3* on
the A-site (Pb2*) or Nb>* on the B-site (Ti**+, Zr**) are either ion-
ically and/or electronically compensated via doubly ionized lead
vacancies and electrons, respectively. Addition of donor ions into
PZT suppresses the number of oxygen vacancies below the intrin-
sic level.

Table 1 gives activation energy data for ionic and/or electronic
conduction and associated degradation mechanisms observed in
different lead-based perovskites [13-25]. Given that the defect
chemistry of bulk ceramics and crystals is likely to differ from that
of thin films, it is interesting to consider the impact of this on
time-dependent degradation. There are a number of important dif-
ferences that influence the defect chemistry and the charge trans-
port mechanisms responsible for DC resistance degradation in thin
films. Three of the critical disparities are (1) the processing of thin
films is typically conducted under conditions where the sample is
not in thermodynamic equilibrium; this can result in higher point


https://doi.org/10.1016/j.actamat.2021.116680
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116680&domain=pdf
mailto:bua134@psu.edu
https://doi.org/10.1016/j.actamat.2021.116680

B. Akkopru-Akgun, TJ.M. Bayer, K. Tsuji et al.

Table 1

Reported activation energies in PZT and other lead-based perovskites. HALT = highly accelerated lifetime testing, DLTS = deep level transient spectroscopy, ToF-SIMS = time of flight secondary ion mass spectroscopy,

EPR = electron paramagnetic resonance.
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defect concentrations and metastable structures, (2) 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,
and (3) as feature size is scaled down, the diffusion length over
which defects must move to induce degradation becomes shorter.
In particular, the defect chemistry in PZT films is very difficult to
control precisely due to unknown cation stoichiometry resulting
from evaporation of PbO upon annealing.

As shown in Table 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 and the film stoichiometry [13-25].
In general, fixed-valence acceptor doped PZT films exhibit lower
lifetime than their donor doped counterparts since the addition of
acceptor ions in the perovskite lattice leads to formation of oxy-
gen vacancies; [26] it is believed that the field driven migration of
oxygen plays a critical role in DC resistance degradation [27,28]. It
was shown in BaTiO3 and SrTiO5 that resistance degradation can
be associated with migration of oxygen vacancies and subsequent
buildup near the cathode and depletion near the anode [27,29].
Surprisingly, Pb based perovskites with redox-active acceptor ions
exhibit longer lifetimes and lower electrical degradation rates [25].
Enhanced lifetime via introduction of Mn has been reported by
Yoon et al. for BaTiO3 ceramics, [30,31] Mori et al. for PZT films,
[32] and Yan et al. for PMN-PT ceramics [33]. Two different mech-
anisms were proposed to explain the improvement in lifetime via
addition of Mn into PZT films; (1) Jahn-Teller distortion of Mn3+
oxygen polyhedra may retard the dissociation of Mn; —V; defect
dipoles and subsequent migration of oxygen vacancies upon elec-
trical degradation, [31] (2) ¢’ — h trapping; electrons accumulated
near the cathode and hole formation in anodic region can be sup-
pressed by introducing Mn into PZT films [25]. 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.

In this work, the influence of Mn in altering the defect struc-
ture and associated charge transport mechanisms has been stud-
ied in PZT films; it is shown that multivalent acceptor ions can be
used to engineer defect types and concentrations in the perovskite
lattice. The nature and concentrations of point defects, their migra-
tion under electric field, and electronic carrier distributions were
explored by in-situ impedance, DLTS (Deep Level Transient Spec-
troscopy) and TSDC (Thermally Stimulated Depolarization Current).
The change in interfacial defect chemistry was monitored via Elec-
tron Energy Loss Spectroscopy. The dominant conduction mecha-
nism leading to resistance degradation in Mn doped PZT films was
explored by I-V measurements. The lifetimes of PZT films with dif-
ferent Mn concentrations were assessed using Highly Accelerated
Lifetime Testing (HALT), from which activation energies and volt-
age acceleration factors were extracted. A physical model for the
failure process was developed to facilitate design of electrically re-
liable PiezoMEMS.

2. Experimental procedure

Mn-doped lead zirconate titanate (PZT) thin films of 400+15
nm thickness at the morphotropic phase boundary (MPB) com-
position with dopant concentrations varying from 0.5 to 4 mol%
were prepared on Pt/Ti/SiO,/Si substrates (Nova Electronic Materi-
als, Flower Mound, TX) by chemical solution deposition. 10 mol%
Pb excess was added to precursor solutions to compensate lead
loss during heat treatment. The final film composition was esti-
mated as Pb(]—%x) Zrg 5p(1-x) Tip4g(1-x) MnxO3, where x = 0.005-

0.04. The details of the preparation of the PZT films were described
elsewhere [34].
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For electrical measurements, an array of ~100 nm thick sput-
tered Pt top electrodes with diameters of 200 um, 400 p«m, 600
pum, and 1 mm were patterned on PZT films by photolithography
and lift off processing. Prior to electrical measurements, PZT films
were post-annealed at 600°C for 1 min using rapid thermal anneal-
ing (RTA) with a ramp rate of 50°C/sec in an O, flow.

An FEI TITAN transmission electron microscope (TEM, FEI, G2)
was utilized with an accelerating voltage of 200 kV to investigate
the interface structure and composition of the PZT films. Variation
in oxidation state of Ti across the electrically degraded PZT film
was examined via electron energy-loss spectroscopy (EELS) using
an operating voltage of 80 kV, 2.5 mm aperture and an energy dis-
persion of 0.01 eV/pixel.

Leakage current measurements of PZT films were conducted on
PZT films using a Hewlett Packard 4140 pA meter. The waiting time
at each voltage increment was set to 60 seconds to stabilize the
current prior to collecting the data.

Thermally stimulated depolarization current, TSDC, measure-
ments were conducted using a HP 4140b pA meter between 25
and 300°C. First, the PZT film was poled at 180°C under an elec-
tric field of 350 kV/cm for 3, 6, and 12 h to align defect dipoles,
trapped charges, and space charges. The PZT film was then cooled
down to room temperature under an electric field to freeze the po-
larized defects. Finally, the sample was heated at zero bias voltage
using a constant heating rate and the depolarization current was
monitored with a pA meter.

Highly accelerated lifetime testing, HALT, was conducted on Mn
doped PZT films at temperatures from 150 - 200°C with DC elec-
tric fields of 250 - 450 kV/cm to explore the median time to failure
and lifetime-determining charge transport mechanisms responsible
for electrical degradation in PZT films. First, 1 cm? PZT thin film
samples were attached to a DIP package using silver paste. Then,
gold wire bonding was utilized to connect the top Pt electrodes
to the contact pads of the DIP. The leakage current increase upon
electrical degradation was simultaneously recorded for eight dif-
ferent 400 um diameter top platinum electrodes. The Prokopowicz
and Vaskas empirical model was employed to describe the electri-
cal reliability of PZT films at accelerated test conditions [35].

t1 7% Eq/1 1

t <V1) exp[ k (T1 Tz)] (1)
where t is the median time to failure (tg5), k is Boltzmann’s con-
stant, V is voltage, T is temperature, and E,, is activation energy.
to,s was calculated using Weibull analysis.

To assess the presence of shallow trap sites, Charge based Deep
Level Transient Spectroscopy (Q-DLTS) measurements were con-
ducted using a charging voltage of 4V and 100 ps duration time.
The magnitude of the Q-DLTS signal is AQ = Q(t;) — Q(t;), where
t; and t, are discharging durations. The AQ signal was recorded
as a function of temperature and electric field for a constant rate
window Ty, = (t; — t;) — In(ty/t1). The charge released within At
is described based on Eq. (2) [36,37].

Q(t) = Qo[exp(—ept1) — exp(—ept2)] (2)
where Qp = /§° Qo(t)dt. For hole traps, ey = o'vy,Ncexp(—Eq/kT) is
the hole emission rate, vy, = /% = electron thermal velocity,

Ne = 2(%)3/2 = effective density of states in the conduction band,
mj is the effective mass of the hole or electron and o is the cap-
ture cross section of the trap states [36].

In-situ impedance analysis was performed using an Agilent
E4980A Precision LCR Meter (Santa Rosa, CA). First, the impedance
spectrum of an undegraded (pristine state) PZT film was taken
using an AC amplitude of 100 mV at frequencies from 2MHz to
20 Hz. A DC voltage of 40 kV/cm was then applied at 320°C
and impedance measurements were acquired until the degradation
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Fig. 1. Change in (a) leakage current with time, (b) TSDC spectra of 2% Mn doped
PZT films upon degradation at 180°C under an electric field of 350 kV/ cm for 3, 6,
or 12 h, (c) Electron energy loss spectra of electrically degraded 2 mol% Mn doped
PZT film as a function of distance from the cathode. The numbers shown in red
represent the regions where EELS data were taken; 1 and 7 are areas near the bot-
tom Pt/PZT and the top Pt/PZT interfaces, respectively and 2 to 6 represent areas in
the individually deposited PZT layers.

process was completed. The DC voltage was removed to investigate
the change in impedance during the recovery process, as shown
in Figure S.1. A Solartron Analytical Modulab XM (Oak Ridge, USA)
was used to investigate the temperature dependence of modulus
spectra at frequencies from 1 MHz to 1 mHz.

3. Results and discussion

Figure S.2 shows the time-dependence leakage current for Mn
doped PZT films under an electric field of 350 kV/cm at 180°C.
Weibull analysis was performed to obtain the distribution of degra-
dation rates and tps (Figure S.2b). The tps increases remark-
ably with Mn concentration in PZT films from 1.4740.2, 3.94+0.4,
7.940.9, and 21.4+0.8 h for 0.5, 1, 2, and 4 mol% Mn doped PZT
films, respectively (Table S.1). The activation energy for electrical
degradation increases with Mn concentration in PZT films; acti-
vation energies of 0.76+0.06, 0.97+0.05, 1.15+0.04, and 1.334+0.06
eV were found for 0.5, 1, 2, and 4 mol%¥ Mn doped PZT films,
respectively. (Figure S.3, Table S.3). A voltage acceleration factor
of 4.840.24 and 5.64+0.3 was found for 1 and 2 mol% Mn doped
PZT films, which is similar to the values reported in the literature
[14,17,38]. Degradation in perovskite-type ceramics is often due to
the field driven migration of oxygen vacancies (exacerbated at el-
evated temperatures) and subsequent accumulation of oxygen va-
cancies near the cathode [27]. Thus, it is unexpected to observe
higher lifetimes in PZT films with higher Mn concentrations, as Mn
increases the oxygen vacancy concentration, as shown via the elec-
troneutrality condition in Eq. (3).

2[Mn"r; |+ [Mn'r; | +2[V7py |+ [€7] = 2[V5] + [h] 3)

To assess the presence of mobile or/and trapped oxygen va-
cancies, Thermally Stimulated Depolarization Current Measure-
ments (TSDC) were performed on degraded Mn-doped PZT films
(Fig. 1a,b). Only one depolarization current peak was observed
around 200°C. The T, dependence of Tmax was studied to explore
the physical origin of this peak; the corresponding activation en-
ergy was calculated using the initial rise method described else-
where [39,40]. It was found that the peak is due to ionic mi-
gration of oxygen vacancies with an activation energy of 0.6 eV
[40]. Thus, the dissociation of defect dipoles, (Mnf; — V;)*, (Mn7,; —
Vg)'. (Vg —Vg)*, along with the migration of V upon electri-
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Fig. 2. Fitting of the leakage current-voltage results for (a) undegraded and (b) de-
graded 2 mol% Mn doped PZT thin films at 180°C under an electric field of 350
kV/cm for 12 h, (c) Schematic picture of oxygen vacancy migration and subsequent
change in potential barrier height for injecting electrons

cal degradation leads to growth of an ionic space charge peak.
The concentration of oxygen vacancies increased from 3 x 10 to
5 x 1019, 1 x 102, and 2 x 10%2%/cm3 with increasing Mn con-
centration from 0.5 to 1, 2, and 4 mol%, respectively, [40] which
confirms that the ionic conductivity due to long-range migration
of oxygen vacancies was not eliminated due to Jahn-Teller distor-
tions.

‘lonic migration and subsequent accumulation of Vjjunder DC
field changes the local defect chemistry through the PZT films;
electrons are created in the cathodic region, and holes are gener-
ated in the anodic region by accumulation and depletion of V, re-
spectively. This results in a substantial increase in leakage current
and lowering of the barrier for electron injection from the cathode
into the film. The compensating electrons can be trapped at Ti%t
to create Ti3*, [18] as was reported in Nb-doped PZT [41].

Fig. 1c depicts a series of Ti-L edges in 2 mol% Mn doped PZT
film as a function of distance from the cathode. Prior to EELS anal-
ysis, the film was severely degraded under an electric field of 350
kV/cm for 12 h. No obvious chemical shift was found from EELS
spectra taken from cathodic region to anodic region, indicating that
oxidation state of Ti remained unchanged in degraded Mn doped
PZT films.

Moreover, TSDC results of degraded Mn doped PZT films did
not show a depolarization current peak arising from relaxation of
trapped electrons from Ti*t. This suggests that free electron gen-
eration due to compensation of Vj; at the cathode and free hole
formation at the anode region might be suppressed by the va-
lence changes from Mn3* to Mn2* and Mn2* to Mn3+ respectively.
The compensated electrons near the cathode region are more likely
trapped on the manganese sites rather than Ti*" ions, since Tiy, is
less reducible than Mnj; and Mn7; ions [42].

To further explore the change in charge transport mechanism
through chemical modification of PZT films, the conduction mech-
anism of pristine and degraded Mn doped PZT films was in-
vestigated. Fig. 2 shows the fit of the I-V results to the equa-
tions for distinct electronic conduction mechanisms. In the pristine
state, the conduction 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
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kV/cm and calculated to be 1.174+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
S.4). The experimental value is significantly lower than the the-
oretical value (¢g = ¢y — xpzr = 1.8 €V), 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 in-
terface is strongly influenced by interface/surface states such as
oxygen vacancies and/or impurity levels. Scott et al. [43,44] re-
ported that oxidation and reduction of the PZT/Pt interface leads
to changes in E; of more than 1 eV. [45]. Reduction of the oxide
surface creates a high concentration of defects, most likely V;, at
the PZT/Pt interface that pin the Fermi level. This lowers the po-
tential barrier height and enhances the probability of electron in-
jection from the cathode to the PZT. In the same way, the barrier
height decreases from 1.17 eV to 0.72 as the Mn concentration in-
creased from 0.5 to 4 mol% due to modification of Schottky barrier
through Fermi level pinning.

After degrading 2 mol% 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 degradation and (2) insignificant variation in poten-
tial barrier height for injecting electrons from cathode into PZT
was observed after degradation; Schottky barriers of 0.844-0.05 and
0.8640.07 eV were found in pristine and degraded states, respec-
tively. Thus, unlike observations on Nb-doped PZT films, the Schot-
tky barrier height in Mn-doped PZT does not change on degrada-
tion.

The current density, ], at a Schottky contact can be described
by:

J=texp (S)[1-exw (31)] (a)

where ] is the reverse saturation current, and k and n are Boltz-
mann’s constant and the ideality factor, respectively. ]y, the reverse
saturation current is represented by: [46,47]

E
4/ Uy SoErW

_ A*T2 _ q¢B
Jo=AT exp( O )exp T (5)

where A*, ¢g, &9, &r, and w are the Richardson’s constant, the po-
tential barrier height, vacuum permittivity, dielectric constant, and
depletion layer thickness, respectively. In Eq. (4), 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, E # V/d in the case of partial depletion. Accumulation
of V; at the negatively biased Schottky interface leads to a vari-
ation in the maximum field strength in the barrier, Ep; the high
resulting dopant concentration allows the applied electric field to
be gradually diminished across a depletion layer near the cathode.
In this case, En, is described by: [47,48]

2N, kT
Em=\/ ZSD<V_VM_q) (6)

where q, Np, &0, &pc, V, Vg k, T are electric charge, vacuum
permittivity, dielectric constant, applied voltage, built-in poten-
tial, Boltzmann's constant, and temperature, respectively. The max-
imum field strength in the barrier, Eq, is directly proportional
to exp(qA@g/kT), where A¢p is the lowering of the barrier due
to the field. Upon degradation of 2 mol% Mn doped PZT films,
Vi;accumulate near the cathode. This leads to a decrease in the de-
pletion layer width, w = \/2808r(Va —V)/qNy [47,49]. This expo-
nentially increases the leakage current, accompanied by Schottky
barrier lowering and eventually electrical breakdown of the film.
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Fig. 3. (a) Q-DLTS of 2 mol% Mn doped PZT films from 300 to 750 K. The DLTS
signal was measured at seven different rate windows (see legends for t; and t;) to
resolve emission from different traps, (b) Arrhenius plot of the DLTS signal

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 near the interface, which screens the
space charge due to accumulation of V. This trapping creates a
double electrical layer consisting of the negatively charged inter-
facial layer due to trapped electrons via Mn sites and positively
charged space charge region as a result of accumulation of V.
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, ¢ Ag 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 modest. This
could also reduce the electric field in the depletion region, which
in turn decreases barrier lowering and suppresses leakage current
increase upon electrical degradation.

To assess the different trap levels that contributes to Poole-
Frenkel emission in Mn doped PZT films, Q-DLTS measurements
and impedance analysis were conducted. Fig. 3 depicts the DLTS
signals of 2 mol% Mn doped PZT films 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:

E
én = ‘L’,;l = UnVnTZEXP(—ﬁ) (7

where oy, is the capture cross section, y, is a constant, t, is the
emission time constant, 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 windows
(Fig. 3b). The activation energy and capture cross section of defect
states were extracted from the slope and intercept of the Arrhenius
plot, respectively; the results are shown in Table S.3. The first DLTS
peak with the small activation energy of 0.05 eV is most likely as-
sociated 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 Pb2t and Pb3t sites [18]. The third DLTS peak
with an activation energy of 1.9 eV is associated with Mn2+/Mn3+
impurity levels in the energy band diagram of PZT [50].

Pb** + h* — Pb** (8)

Mn** + h* — Mn3* 9)
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Fig. 4. Modulus spectra at different frequencies for 0.5, 1, 2, and 4 mol% Mn doped
PZT films in pristine state at 240°C.

The TSDC results demonstrate that the concentration of accu-
mulated oxygen vacancies near the cathode upon degradation is
1 x 10%°/cm3. In principle, a high concentration of compensating
electrons n~ 2[V3*] = 2 x 102°/cm? should exist near the cath-
ode. These electrons could be trapped by Mn; each Mn ion can
trap not more than two electrons. 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 the cathode region towards the bulk of the
film. This prevents accumulation of electrons at the cathode/PZT
film interface, which decreases barrier lowering and leakage cur-
rent increase upon degradation, consistent with the experimental
observations.

Figure S.4. exhibits the imaginary part of the electric modulus
and impedance of a pristine 2 mol% Mn doped PZT film measured
at 320°C; M"(f) indicates the volume fraction with similar conduc-
tivity [51-54]. The conductivity o of the film is related to the re-
laxation frequency f; through the equation:

0 =27 fr€p€;r (10)

where g and ¢, are the vacuum and relative permittivities, respec-
tively.

As shown in Figure S.4., the imaginary part of the electric mod-
ulus for the 2 mol% Mn doped PZT film consists of two peaks, in-
dicating the presence of two regions with different conductivities.
This inhomogeneous conductivity might arise from (1) the pres-
ence of regions with distinct charge transport mechanisms and/or
(2) non-uniform distribution of oxygen vacancies and other defects
in the sample.

Figure S.5 shows the imaginary part of the electric modulus for
2 mol% Mn doped PZT films with different thicknesses. The mag-
nitude of the modulus peak, which is inversely proportional to the
permittivity of the PZT film at the relaxation frequency, is indepen-
dent 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.

The magnitude and relaxation frequencies of the imaginary part
of the electric modulus peaks depend on the Mn concentration as
shown in Fig. 4. For the 0.5 mol% Mn doped PZT film, the modu-
lus spectrum consists of only one peak at 0.04 Hz, representing a
homogeneous conductivity profile with a comparably low conduc-
tivity. 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 sup-
pressed with further increase in Mn concentration. In addition, the
first peak shifts to higher frequencies, suggesting that the conduc-
tivity of the Mn doped PZT film increases with increased Mn con-
centration.

Fig. 5 shows the temperature dependence of the modulus peak.
The activation energies extracted for 0.5-4 mol% Mn doped PZT
films are shown in Fig. 5e. The activation energy for the low fre-
quency modulus peak was found to be 1.39 + 0.05 eV, which is
associated with hole migration between V,; this peak is largely
independent of the Mn concentration [55]. The activation energy
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Fig. 5. Temperature dependence of modulus in (a) 0.5, (b) 1, (¢) 2, and (d) 4 mol%
Mn doped PZT films, (e) Arrhenius plots for conductivity in 2 mol% Mn doped PZT
films and corresponding activation energies for low and high frequency peaks
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Fig. 6. Schematic representation of defect concentrations as a function of Mn dop-
ing level in PZT films

of the higher frequency modulus peak, on the other hand, grad-
ually decreases from 1.12 to 0.65 eV with increasing Mn concen-
tration. This suggests a gradual change in charge transport mech-
anism from hole migration between Vl;/b to hole hopping and/or
trapping between Mn ions. Indeed, as the Mn concentration in-
creases in the PZT films, the hole concentration rises and Mn2+/3+
ions start to serve as hole trapping sites (Fig. 6). Consequently, the
contribution of V;,’b to the total electronic conduction declines with
addition of Mn.

The temperature dependent conductivity of 1-4 mol% Mn doped
PZT films were fitted using the small polaron hopping (SPH) model
(Fig. 7) proposed by Emin and Holstein, [56] which can be ex-
pressed by: [57]

1/3

— — )e?r2
Ea>, 00=gNC(1 c)er U! . (1)

kBT kB N

a:neu:Texp< N

(11)

where o, is the pre-exponential factor, c is the fraction of sites oc-
cupied 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. As shown in Fig. 7, the fit is good, sug-
gesting that the electrical transport in Mn doped PZT films is dom-
inated by phonon-assisted hole hopping between Mn sites.
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Fig. 7. (a) Temperature dependence of conductivity in 0.5, 1, 2, and 4mol.% Mn
doped PZT films, (b) DLTS spectra of 0.5, 1, and 2 mol% Mn doped PZT films, (c)
Schematic representation of Mn impurity sites in PZT energy band diagram without
and with an applied electric field.

The density of conduction sites, which is directly proportional
to the Q-DLTS signal, increases gradually with the Mn concen-
tration (Fig. 7b). Thus, the hopping distance, which scales as
r = (N)"13, is lower for 2 mol% Mn doped PZT films. Since v
should vary only slightly with Mn doping, the increase in con-
ductivity with Mn doping is due to N and r. The drop in hopping
distance with Mn doping decreases the pre-exponential factor, oy
and the activation energy, E,. These two factors enhance the small
polaron hopping conduction between Mn2*/3+ and Mn3+/4* sites
(Fig. 7¢) and result in a significant increase in the electronic con-
ductivity.

The contribution of electronic conduction to the DC resistance
degradation of Mn doped PZT films was investigated using in-situ
impedance spectroscopy, as shown in Fig. 8. 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, in-
dicating the existence of regions with distinct conductivities. A DC
voltage of 40 kV/cm was applied at 320°C and impedance mea-
surements were acquired continuously during degradation. 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 con-
ductivity 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 degrada-
tion progressed.

Similar to 4 mol% 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 gradual increase in the con-
ductivity of the film. For both 0.5 and 4 mol% Mn doped PZT films,
the modulus peak stabilized after 22054 s of degradation.

After degradation, the DC voltage was turned off. During re-
covery, 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 mol% Mn doped PZT films. Similarly, the
admittance of the recovered sample didn’t reach that of the pris-
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Fig. 8. Imaginary modulus spectra of (a) 0.5 and (b) 4 mol% Mn doped PZT films
during electrical degradation and recovery at 320°C, (c) change in admittance of 0.5
and 4 mol% Mn doped PZT films during degradation and recovery.

tine state, as indicated in Fig. 8c. This indicates that the conduc-
tivity of the recovered state exceeds that of the pristine sample.
This suggests that a slow process like the drift of V; 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; 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 elec-
tronic conduction rather than ionic migration of defects. It is plau-
sible that higher Mn concentrations increase small polaron hop-
ping conduction, leading to a dramatic increase in the contribution
of electronic conduction (%) to the conductivity.

4. Conclusions

0.5, 1, 2, and 4 mol% Mn-doped (PMZT) lead zirconate titanate
films were grown on platinized Si substrates by chemical solution
deposition. In the pristine state, the conduction mechanism be-
low 145 kV/cm is dominated by Poole-Frenkel emission, whereas,
at higher electric fields, the conduction is controlled by Schottky
emission. The potential barrier height was 1.174:0.04, 1.06+0.05,
0.8440.03, 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 con-
centration 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 af-
ter degradation and (2) trivial alteration in potential barrier height
for injecting electrons from cathode into PZT was observed af-
ter degradation; Schottky barriers of 0.8440.05 and 0.86+0.07 eV
were found in pristine and degraded states, respectively. This be-
havior might originate from a reduced electric field near the de-
pletion region due to (1) partial annihilation of the positive space
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charge (due to accumulation of V;; by the negative interface charge
created via trapped electrons at the Mn sites or/and (2) the shift
in the center of charge into the bulk of the film due to the wide
distribution of Mn ions throughout the film. In principle, a high
concentration of Vj;, 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 degra-
dation suggests trapping of electrons and holes on Mn ions. 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 cath-
ode/PZT film interface. This improves the resistance degradation
behavior and lifetime of Mn doped PZT films.
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