'.) Check for updates

Received: 15 January 2021 Revised: 19 April 2021 Accepted: 24 April 2021

DOI: 10.1111/jace.17891

Jjournal

American Ceramic Society

ORIGINAL ARTICLE

Thermally stimulated depolarization current measurements on
degraded lead zirconate titanate films

Betul Akkopru-Akgun”® | Daniel M. Marincel’® | Kosuke Tsuji’ | Thorsten J. M. Bayer® |

Clive A. Randall®

!Center for Dielectrics and Piezoelectrics,
Materials Research Institute, The
Pennsylvania State University, University
Park, Pennsylvania, USA

2Department of Materials Science and
Engineering, The Pennsylvania State
University, University Park, Pennsylvania,
USA

3 Department of Physics and Optical
Engineering, Rose-Hulman Institute of
Technology, Terre Haute, Indiana, USA

4Department of Engineering Science

and Mechanics, The Pennsylvania State
University, University Park, Pennsylvania,
USA

Correspondence

Betul Akkopru-Akgun, Center for
Dielectrics and Piezoelectrics, Materials
Research Institute, The Pennsylvania
State University, University Park,
Pennsylvania 16802, USA.

Email: betul.akkopru@gmail.com

Funding information

The National Science Foundation, as
part of the Center for Dielectrics and
Piezoelectrics, Grant/Award Number:
1IP-1841453 and IIP-1841466

| Michael T. Lanagan

14| Susan Trolier-McKinstry'

Abstract

Charge transport mechanisms governing DC resistance degradation in ferroelectric
films are influenced by defects, particularly oxygen vacancies. This paper demon-
strates that oxygen vacancies migrate in lead zirconate titanate (PZT) films under a
DC bias field and contribute to resistance degradation. Model PZT thin films were
developed in which the concentration and distribution of oxygen vacancies were con-
trolled via (a) changing the dopant type and concentration from 1%-4% Mn (acceptor)
to 1%—4% Nb (donor) or (b) annealing undoped PZT films at varying partial pres-
sures of PbO. The presence of associated (immobile) and dissociated (mobile) oxygen
vacancies was distinguished by thermally stimulated depolarization current (TSDC)
measurements. The impact of mobile oxygen vacancies on local defect chemistry
and associated charge transport mechanisms was explored by electron energy loss
spectroscopy (EELS). For Mn-doped PZT films, following resistance degradation,
TSDC studies revealed only one depolarization peak with an activation energy of 0.6—
0.8 eV; this peak was associated with ionic space charge presumably due to migration
of oxygen vacancies. The magnitude of the depolarization current peak increased
with increasing degradation times. A similar depolarization current peak attributed
to the existence of mobile oxygen vacancies was also observed for undoped and Nb-
doped PZT films; the magnitude of this peak decreased as the Nb or PbO contents
in PZT films increased. An additional TSDC peak associated with polaron hopping
between Ti* and Ti** was found in both Nb-doped PZT films and undoped PZT
films annealed under low PbO partial pressure. Degraded Nb-doped samples exhib-
ited a chemical shift in the TiL, 5 peak to lower energy losses and the appearance of
shoulders on the t,, and e, peaks, implying a reduction of Ti cations in regions near
the cathode.
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1 | INTRODUCTION

Over the last few decades, ferroelectric thin films have been
utilized in a variety of microelectromechanical (MEMS)
devices, including adjustable optics,1 ink jet printers,2 ul-
trasound transducers,3 resonators,4 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 elec-
tric 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 SrTiO5 and BaTiOs. It is generally recognized that
electromigration of oxygen vacancies under a DC bias field
toward the cathodic region underpins electrical degrada-
tion in these materials. In SrTiO5 and BaTiOs, the primary
source of both oxygen vacancies and holes is acceptor ions.
To maintain electroneutrality, the concentration of electrons
increases in the cathodic region during degradation, whereas
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 conduc-
tivity is dominant; in the titanates, the excess electrons can
be trapped by Ti* 36

A comprehensive study on the evolution of defect distri-
butions of lead zirconate titanate (PZT) materials is needed.
For PZT films, the high PbO volatility during crystallization
leads to the formation of oxygen vacancies and holes.®” The
defect chemistry becomes more complicated by the hybrid-
ization of the lone electron pair in Pb>" and also by the varia-
tion 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 reality, experiments that can probe point
defects in thin films are not practical 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 (TSDC) were employed to probe the defects
that lead to electrical degradation in PZT films. The nature
and concentration of defects such as dipoles, trap charges,
and mobile ions, can be determined via TSDC analysis. The
activation energies and the concentration of those defects can
also be estimated using TSDC.> "

TSDC analysis of ferroelectrics is complicated by the ex-
istence 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.18 Okino et al. used
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thermally stimulated current, reporting that polarization fa-
tigue was caused by domain pinning from trapped charges.
However, the physical origin of the trapped charges was not
identified."

The main objective of this study was to explore the changes
in defect concentrations and defect distributions upon electri-
cal 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 con-
duction and degradation phenomena in PZT films was inves-
tigated. 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 va-
cancy 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 elec-
tron polaron hopping between Ti** and Ti** was proven by
complementary findings of TSDC and electron energy loss
spectroscopy (EELS) analyses.

2 | EXPERIMENTAL PLAN
2.1 | Preparation of undoped, Mn, and Nb-
doped PZT thin films by sol-gel method

Undoped, acceptor-doped (Mn), and donor-doped (Nb)
PZT thin films with dopant concentrations varying from 0.5
to 4 mol% were grown on Pt/Ti/SiO,/Si substrates (Nova
Electronic Materials, Flower Mound, TX) by chemical so-
lution deposition. The preparation of solutions is similar to
that described elsewhere.”**! The final film compositions of:
PbZr 5511 Tig ag(1-xyMn,O5_5, where x = 0.005-0.040 and
Pb(;_0 51210 52(1-x) Tig 4s(1-Nb, O3, where x = 0.005-0.040,
were calculated presuming B site occupancy of Mn and Nb
ions.

For film growth, PZT solution was spin-coated on pla-
tinized silicon substrates at 1500 rpm for 30 s. Then, each
PZT layer was pyrolyzed at 250°C and 450°C for 3 min, re-
spectively. Following pyrolysis treatment, the PZT film crys-
tallized at 700°C for 60 s via rapid thermal annealing under
flowing O,. This process was repeated till a film thickness
of 400 nm was achieved. To remove surface pyrochlore, a
PbO layer was spun onto the PZT film, followed by annealing
at 700°C in air. Finally, the sample was immersed in a 4 M
acetic acid solution for 60 s to eliminate residual PbO on the
surface of the PZT film.

Following crystallization, undoped PZT films were ex-
posed to a second annealing treatment at 670°C under vary-
ing PbO partial pressures for 1 h. In this study, the partial
pressure of the PbO precursor, tetraethyl lead, was varied
between 3.53 x 107> Torr and 2.85 x 10~ Torr in order to
control the PbO nonstoichiometry.22
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3 | MATERIALS
CHARACTERIZATION

Characterization techniques used to explore the structural and
electrical properties of PZT films are described elsewhere.*
Specifically, grazing incidence X-ray diffraction (GIXRD)
and field-effect scanning electron microscopy (FESEM)
were used to analyze the structure of the undoped samples
after annealing in a PbO environment.

3.1 | TSDC measurements of PZT films
TSDC differentiates relaxation currents originating from trapped
charges, space charge, and defect dipoles based on their relaxa-
tion kinetics. The test conditions for the TSDC measurements
in this work are shown in Figure 1A. PZT thin films were wire
bonded to two Pt pieces to facilitate electrical contacts. First, the
sample was heated to the degradation temperature (7},) of 180°C
and then electrically degraded under DC field to orient or move
defects. After degrading the sample for 12 h under an electric
field ranging from 250 to 400 kV/cm, the sample was cooled to
room temperature () with a cooling rate of 10 K/min where the
defect dipoles, space charges, and trapped charges were frozen
into the degraded 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 cur-
rent from the depolarization of relaxing defects was recorded at
temperatures ranging from 25°C 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
the electric field, heating rate, dopant type and concentration,
and the annealing atmosphere on the depolarization current, and
associated trapped charges was investigated.

TSDC can be mathematically described for a single relax-
ation using the equation24
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where E, is the activation energy, 7, is the temperature cor-
responding to the peak maximum, f is the heating rate, n, is
the concentration of dipoles, and s is a geometrical factor rely-
ing 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 shifted to higher tempera-
tures as the heating rate increases. High heating rates enhance
the dipolar interaction process upon relaxation, leading to
higher depolarization currents.”® The concentration of dipoles,
n,, can also be calculated from Equation 1.

Before analyzing each peak to derive the activation en-
ergy 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 T, the piezoelectric ds; ¢ 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.

4 | RESULTS AND DISCUSSION

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 2) reveal that undoped PZT films are approximately
randomly oriented and have a perovskite structure. No sec-
ondary phases such as excess PbO or pyrochlore were found
in the XRD results. 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.

FIGURE 1 (A) TSDC measurement
process and (B) The current response to
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Figure 3 shows the FESEM micrographs of undoped
PZT films annealed at different PbO activities. As shown in
Figure 3, the deposited PZT films were smooth and homoge-
neous; no crack formation was observed. SEM results con-
firmed that grain size for undoped PZT films with different
PbO contents is similar and varies between 30—150 nm. This
indicates that grain size remains relatively constant while an-
nealing in a PbO-rich atmosphere. As was the case for the
undoped PZT films, no secondary phases, such as PbO or
pyrochlore were observed for Mn or Nb-doped PZT films.*!
The deposited PZT films were smooth, homogenous, and
crack free. The grain size in both Mn- and Nb-doped PZT
films is similar and ranges from 40 to 160 nm. The details of
structural characterization results of Mn- and Nb-doped PZT
films can be found elsewhere.”!

4.2 | Thermally stimulated depolarization
current measurement results

TSDC measurements were carried out on degraded Nb- and
Mn-doped and undoped PZT films annealed under varying
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PbO partial pressures to probe electronic and ionic defects
resulting in electrical degradation. Figure 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. The continuous increase
in the background current above 300°C in Figure 4 arises
from the pyroelectric effect.

The physical origin of the thermally stimulated current
was explored by studying the dependence of T,,,, (Figure 4)
on the electric field. For a constant heating rate, the tempera-
ture of the current peak shifts in a well-defined manner with
increasing electric field; T
tures when the relaxation current is associated with trapped
charges, (b) shift to higher temperatures when the physical
origin of TSDC current is space charge, and (c) remain fixed
when the TSDC current arises from defect dipole:s.26'29 As
shown in Figure 4A, the TSDC data for Mn-doped PZT films
show a single peak, with 7}, from 204°C to 220°C, for
different electric fields. It is readily seen in Figure 4A that
T . shifted to higher temperatures with increasing electrical
fields, suggesting that the origin of the TSDC depolarization

max can (a) shift to lower tempera-

FIGURE 2 The phase stability diagram of PbO, PbTiO;, and PbZrO; at distinct temperatures. The red, orange, and blue lines denote the
required equilibrium PbO partial pressure for PbO (g) — PbO (s), PbZrO; — PbO (g) + ZrO,, and PbTiO; — 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 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Top surface SEM images of PZT films annealed at distinct PbO partial pressures: (A) low PbO partial pressure (yellow line in

Figure 2),(B) intermediate PbO partial pressure, and (C) high PbO partial pressure (red line in Figure 2). FESEM images were taken after patterning

of Pt top electrodes [Color figure can be viewed at wileyonlinelibrary.com]
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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 concentra-
tion, demonstrates that this peak is also not due to reorienta-
tion of the ferroelectric polarization.

Three distinct methods were used to determine the acti-
vation 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 5A). In the second method, the FWHM of TSDC
peak was used to determine the activation energy (Figure 5B)
via Equation 2:

where T,,,,, is the temperature corresponding to the peak max-
imum, AT /, is the FWHM of TSDC peak. It should be noted
that all the expressions in Equation 2 relate to a single Debye
process where E, has a unique value. An activation energy of
0.73 + 0.03 eV was found.

In the third 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,
T = T,,,. 1s related to the heating rate § through an Arrhenius
equation.™
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here k, is Boltzmann's constant, 7, is the characteris-
tic relaxation time, and E, is the activation energy as-
sociated with the TSDC peak. An activation energy of
0.58 + 0.02 eV was derived from the plot of In (%) as
a function of 1/7T,,,, (Figure 5C). The activation energies
estimated from three distinct techniques range from 0.58
to 0.73 eV. It is believed that the activation energy es-
timated using the heating rate method is more accurate
since the heating rate dependence of peak temperature
solely depends on relaxation kinetics of tapped charges,
defect dipoles, or ionic space rather than background cur-
rent arising from the pyroelectric effect. 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 colleagues. (0.58 ev).!”

In contrast to Mn-doped PZT films, TSDC results of
degraded Nb-doped PZT films indicate two distinct relax-
ation current peaks with maxima around 220°C and 280°C
(Figure 6). The electric field dependence of the TSDC peaks
in Nb-doped PZT films is remarkably different: 7;,,, of the
low-temperature peak shifts to higher temperature with
increasing electric field, which is characteristic of space
charge polarization. The position of the high-temperature
peak shifts slightly to lower temperatures with increasing
electric field. A linear relation was found between the peak
temperature 7,,,, and the square root of 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 ox-
ygen vacancies and electron hopping between Ti** and Ti*
in the perovskite structure, respectively.15 16 No significant
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variation in the amplitude of TSDC peaks for different heat-
ing rates (4-8°/min) was observed in Nb-doped PZT films.
This might be related to the increased contribution of py-
roelectric current to the depolarization current at tempera-
tures higher than 200°C-220°C. (Figure 1)

TSDC was also carried out on undoped PZT films an-
nealed at varying PbO pressures, where the only source
of oxygen vacancy formation is the possibility of PbO
loss either to the bottom electrode or to the atmosphere
during the high-temperature crystallization steps. The
PbO partial Schottky defect concentration of films in the
undoped PZT films was adjusted using the PbO control
furnace, where the lead oxide partial pressure is con-
trolled using a tetraethyl lead source. Figure 7 indicates
TSDC data for undoped PZT films with low, medium,
and high PbO contents. The magnitude of the TSDC peak
attributed to the 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 ex-
pected 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 (Equation 5).“'14’31’32

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 accu-
mulates near the cathode of PZT films with low PbO contents
during electrical degradation. These vacancies are charge
compensated by electrons trapped on Ti sites. It is possible
that the inability to detect this signal in undoped PZT films
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FIGURE 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/cm at 180°C for 12 h. A 6°/min heating rate was used to attain TSDC peaks [Color figure can be viewed at
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dopant concentration. The films were degraded at 180°C under an electric field of 350 kV/cm for 12 h. TSDC data were obtained using a ramp rate

of 8°C/min [Color figure can be viewed at wileyonlinelibrary.com]

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**.

Pbl +0X = V! + V" +PbO(g) 5)

2[Vp ] +[€'1=2[V 1+ (7] ©6)

After identifying relaxation current peaks for undoped
and doped PZT films, the TSDC peak associated with re-
laxation of mobile oxygen vacancies was further studied in
Mn—doped and Nb—doped PZT films as a function of dop-
ant concentration, as presented in Figure 8. The total amount
of charge that relaxes due to diffusion of ions can be ex-

1
pressed as 3,

H ) anp ) anp
Orspc ~ 2avNgt,exp (— kb_T> sinh (2ka > = Q,sinh <2kap

p
@)

where N is the density of diffusing ions, v is ion jump fre-
quency, k is the Boltzmann constant, ¢ is the ionic charge, a is
the ionic hopping distance between potential wells of depth H,

TP, EP, and 1, are the degradation temperature, electric field, and
time, respectively.

The concentration of oxygen vacancies that undergo long-
range migration during degradation at 180°C under an elec-
tric field of 350 kV/cm for 12 h was calculated by integrating
the depolarization current peaks (Table 1). The magnitude of
the depolarization current peak increases with increasing Mn
concentration, suggesting that (a) any defect dipoles that might
be present, such as (Mng; — V")* and/or (Mn7, — V'), dis-
sociate during electrical degradation, and (b) the concentra-
tion of mobile oxygen vacancies that give rise to the ionic
space charge peak increases with increasing Mn concentra-
tion. When Mn is incorporated into PZT, it occupies the B
site (Ti or Zr) of the perovskite lattice and is ionically com-
pensated by oxygen vacancies. Thus, an increase in the mag-
nitude of ionic space charge peak with increasing acceptor
ion concentration is reasonable.

In contrast, the concentration of mobile oxygen vacancies
decreases with increasing Nb concentration (Table 1). This
trend is reasonable, as Nb is a donor (Equation 8). The source of
the remaining mobile oxygen vacancies in Nb-doped PZT films
is likely to be the loss of the PbO during high-temperature treat-
ment. This creates lead and oxygen vacancy partial Schottky
defect pairs.
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TABLE 1 The concentration of

polarized oxygen vacancies, Ty, relaxation N (em™) Tinax (K) 7 (107s) D, (cm’fs)

time, and diffusion coefficient of TSDC 0.5% Nb 21401 x 10" 498 8.1+0.1 8.8+0.1x 107"

results in Nb- and Mn-doped PZT films 1% Nb 1.1 +0.1x 10" 502 8.3 +0.1 8.6 +0.1x 107"
2% Nb 48 +0.1x10" 507 8.6 + 0.1 85+0.1x107"
4% Nb 15+0.1x10" 514 9.5+0.1 82+0.1x107"
0.5% Mn 3.1+£0.1x10" 491 49 +0.1 9+0.1x107"
1% Mn 5.8+0.1x10" 488 45+0.1 9.1+0.1x107"
2% Mn 14+0.1x10% 486 42+0.1 92+0.1x107"
4% Mn 2.7 +0.1 x 10 483 3.8+0.1 93+0.1x107"

2V ]+ [Nby ]+ [h°] = oAV 4 1] ®) films shown in Table 1 are in the range of 8-9 x 107> cm?s.
. =

The maximum temperature, 7,,,,, of the TSDC peaks
for relaxation of mobile oxygen vacancies is higher for
Nb—doped PZT films than their Mn—doped counterparts
(Figure 8). T, is closely related to the characteristic re-
laxation time for polarized species and can be described

35332
E E :
2
e e (et | I

where E, is the activation energy, f is heating rate, k, is
Boltzmann's constant, and T, is the relaxation peak tempera-
ture. As can be seen in Table 1, the characteristic time, 7, for
relaxation of the migrated oxygen vacancies decreases with
increasing Mn concentration or decreasing Nb concentration.
Long-range migration of oxygen vacancies upon electrical deg-
radation results in depletion of oxygen vacancies in the anodic
region and accumulation of oxygen vacancies in the cathodic re-
gion. 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 den-
sity; high oxygen vacancy concentrations are correlated with
shorter relaxation times. In Nb-doped PZT films with lower
oxygen vacancy concentrations, however, stronger degradation
conditions are required to achieve the same magnitude of de-
polarization current density. The diffusion coefficient for long-
range migration of oxygen vacancies was calculated using the
Nernst—Einstein equation assuming that the velocity is given by
L/, where L is the film thickness and 7 is time that is required
for oxygen vacancy migration across the sample thickness of L.

D, =—u,= ——, == (10)
V' 2e "y 2etE "y E

where k is Boltzmann's constant, v and uy, 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 oxygen vacancies in Nb- and Mn-doped PZT

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 assump-
tion that the activation energies for oxygen vacancy migration
in these two systems are similar, a diffusion coefficient value
of 7.2 x 107" 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 charge compensated by two electrons
(n~2[Vy']), 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
SrTiO; single crystals.15 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 de-
polarization current peak arising from a relaxation of trapped
charges, though the concentration of mobile oxygen vacancies
and hence the amount of compensating electronic charge is
much 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 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 lower energy loss value was observed for the Ti L, ;
edge of Nb-doped PZT films. Moreover, Ti L, ; data taken
close to the cathode show that the t,, and e, peaks develop
noticeable shoulders (see Figure 9B). Both the chemical shift
of the Ti L, ; to lower energy losses and the appearance of
shoulders on t,, and e, imply the reduction of Ti cations.**¥
This shows a gradual change in the Ti valence state toward
the bottom electrode (cathode), suggesting more electrons
near the cathodic region of Nb-doped PZT samples. In Nb-
doped PZT films, long-range migration and a subsequent pile
of oxygen vacancies are believed to be responsible for electri-
cal degradation. This leads to an increase in the concentration
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of compensating electrons near the cathodic region and re- Mrl. + ¢’ = Mn/” Mn~. + ¢ = Mn’ (11)
duction of Ti** to Ti** % Ti oo oo
For Mn-doped PZT, on the other hand, no apparent chem- " ) , , ) .
Mn, +h° 2 Mnj; Moy, +h° 2 Moy, (12)

ical 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. A schematic
of the fully conceptualized model, including Ti and Mn trap
states, accumulation of oxygen vacancies and band bending
at the electrode interface is shown in Figure 10.38 The pres-
ence of Mn in both the 24 and 3+ valence states in the PZT
films was demonstrated in another study using deep level
transient spectroscopy (DLTS).* Since the Mn, and Mn’Ti
ions are more reducible than Ti’Ti, the electrons 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 in-
terface, which suppresses the potential barrier height lowering
and subsequent leakage current rise upon degradation. This
leads to a longer lifetime and lower electrical degradation rate
in Mn-doped PZT films.

5 | CONCLUSIONS

It was demonstrated that TSDC is a useful technique to un-
derstand the type of defects leading to to DC resistance deg-
radation in PZT films. Only one relaxation current peak near
200°C was observed for Mn-doped PZT samples; this is as-
sociated with space charge polarization. Three distinct meth-
ods: the initial rise model, heating rate, and FWHM methods
all gave activation energy of the TSDC peak in the range
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of 0.6-0.8 eV. This peak was attributed to the migration
of oxygen vacancies. The magnitude of the depolarization
current peak increases with increasing Mn concentration. A
similar but smaller TSDC peak attributed to the 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°C-300°C, was ob-
served 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 Ti/; and Ti},. EELS results confirm the
chemical shift in Ti L, 5 to lower energy losses and appear-
ance of shoulders on the t,, and e, peaks, implying reduction
of Ti cations; this was observed only in degraded Nb-doped
samples. It is believed that free-electron generation from the
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 the reduc-
tion in Ti in Mn-doped PZT films, consistent with the loca-
tion of the energy levels in the band structure.
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