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a b s t r a c t 

Niobium doped lead zirconate titanate (PNZT) films show potential in piezoelectric microelectromechan- 

ical systems (piezoMEMS); their long-term reliability is important for successful application. This work 

describes how variations in the doping profile through the film depth can significantly increase the long- 

term reliability of PNZT films, while retaining excellent piezoelectric properties. Chemical solution derived 

{100} textured PNZT films were prepared with a Mn-doped lead zirconate titanate (PMZT) layer at the 

film top or bottom surface (PNZT + x mol% PMZT, or x mol% PMZT + PNZT). No significant differences 

were found in the baseline dielectric, ferroelectric and piezoelectric properties of the films. As the Mn- 

doping concentration increased, the medium time to failure (t 50 ) of PNZT + x mol% PMZT and x mol% 

PMZT + PNZT films gradually increased from 14.4 h to 93.9 hours, and from 27.7 to 94.6 hours, respec- 

tively, under aggressive test conditions (20 0 °C, 30 0 kV/cm) where the Mn doped layer served as the cath- 

ode. Current – voltage measurement on pristine PNZT + 2 mol% PMZT films showed Schottky emission- 

controlled conduction. After a 23 hours degradation period at 200 °C, 300 kV/cm (field up), Poole-Frenkel 

conduction became dominant. The trap energy level increased from 0.45 ± 0.01 eV for PNZT to 1.27 ±
0.03 eV for the PNZT + 2 mol% PMZT film. Furthermore, Ti 4 + reduction was found in degraded PNZT 

near the top electrode, but not in degraded PNZT + 2 mol% PMZT, as recorded by electron energy loss 

spectroscopy data. Electron trapping by Mn ions showed strong contributions to suppression of the con- 

duction and improvement of long-term reliability for the PNZT film with a PMZT (top or bottom) layer. 

© 2021 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Lead zirconate titanate films with compositions near the mor- 

hotropic phase boundary (Pb(Zr 0.52 Ti 0.48 )O 3 , PZT) are widely uti- 

ized in microelectromechanical systems (MEMS), including actua- 

ors [1] , ultrasonic transducer arrays [2] , and inkjet printer heads 

3] . In MEMS applications, both the piezoelectric properties and 

ong-term reliability depend on the defect chemistry and crystal- 

ographic orientation of the films. Much of the published literature 

4-6] shows that {100}-oriented PZT films display a higher trans- 

erse piezoelectric coefficient e 31,f , compared to films of the same 

omposition with either random or {111} orientation. In addition, 

onor doping of PZT with ions like Nb on the B site has been

hown to increase the electrical resistivity [7] , increase the mobil- 
∗ Corresponding author. 
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ty of domain walls [8] , decrease the oxygen vacancy concentration 

 9 , 10 ], and minimize local stresses [11] , thus increasing the piezo-

lectric response [12] . In contrast, acceptor doping raises both the 

xygen vacancy and the hole concentration (and hence the electri- 

al conductivity), provides local electric fields associated with de- 

ect dipoles such as Mn ′′ 
T i 

−V ••
O 
, F e ′ 

T i 
−V ••

O 
[ 13 , 14 ], and reduces the

obility of domain walls [ 15 , 16 ], producing smaller but more sta- 

le [7] piezoelectric coefficients. 

PZT is normally a p-type semiconductor due to loss of Pb dur- 

ng sample preparation [17] , with an n-type interface due to oxy- 

en vacancy formation at the surfaces [ 18 , 19 ]. The leakage current 

f PZT films is often controlled by Schottky emission at the elec- 

rode/PZT interface as a result of this n-type layer [20] . In some 

ases, transitions between conduction mechanisms develop as a 

unction of the applied electric field [21] ; the details of this are 

xpected to vary with the doping type, doping concentration and 

egradation states. 

In many electroceramics, including Pb(Zr,Ti)O 3 and BaTiO 3 , oxy- 

en vacancy migration controls the long-term reliability under DC 

https://doi.org/10.1016/j.actamat.2021.117251
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117251&domain=pdf
mailto:wuz14@psu.edu
mailto:wanlinzhu0927@gmail.com
https://doi.org/10.1016/j.actamat.2021.117251
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Table 1 

PZT E-1 chemical solutions used for film deposition. 

Deposition for Composition 

Seed Layer 12wt.% Pb 1.20 (Zr 0.44 Ti 0.56 ) 0.98 Nb 0.02 O 3.2 
12wt.% Pb 1.19 (Zr 0.44 Ti 0.56 ) 0.99 Mn 0.01 O 3.19 
12wt.% Pb 1.20 (Zr 0.44 Ti 0.56 ) 0.98 Mn 0.02 O 3.2 

Bulk Layer 15wt.% Pb 1.14 (Zr 0.52 Ti 0.48 ) 0.98 Nb 0.02 O 3.14 

Top Layer 15wt.% Pb 1.13 (Zr 0.52 Ti 0.48 ) 0.99 Mn 0.01 O 3.13 
15wt.% Pb 1.14 (Zr 0.52 Ti 0.48 ) 0.98 Mn 0.02 O 3.14 
15wt.% Pb 1.15 (Zr 0.52 Ti 0.48 ) 0.97 Mn 0.03 O 3.15 
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lectric fields. For example, Waser et al. [22-24] reported that oxy- 

en vacancy migration towards the cathode side is a primary cause 

f resistance degradation. Warren et al. determined that for BaTiO 3 , 

otion of oxygen vacancies within the oxygen octahedron had an 

ctivation energy of 0.9 eV [25] . Long-range motion of oxygen va- 

ancies typically has an activation energy of ∼0.6 eV in PZT [26] . 

he long-term reliability (lifetime) of PZT films is affected by their 

efect population, doping, interface asymmetry, and charged point 

efect trapping, and migration of both electronic and ionic species 

 27 , 28 ], including oxygen vacancies , V ••
O 

[ 15 , 29 ]. It was recently

emonstrated that the lifetime of PZT films under DC electric field 

s mainly governed by the long-range migration of oxygen vacan- 

ies, with associated changes in the film-electrode interface state 

21] . 

Many researchers claimed that donor doping of perovskites 

educes resistance degradation by reducing the concentration of 

xygen vacancies. In contrast, acceptor doping tends to increase 

he degradation rate in ferroelectric materials like BaTiO 3 and 

b(Zr,Ti)O 3 due to the higher initial concentration of oxygen vacan- 

ies [30–32] . Intriguingly, however, Akkopru-Akgun et al. [ 21 , 33 ]

bserved higher lifetimes under highly accelerated lifetime testing 

HALT) conditions in Mn-doped PZT films, relative to donor doped 

lms. It was hypothesized that multi-valent Mn ions allow electron 

r hole trapping, resulting in improved resistance degradation be- 

avior and lifetimes of Mn doped PZT films. Eichel [34] confirmed 

he existence of Mn ′′ 
T i 

−V ••
O 

defect complexes in PbTiO 3 ; multiple 

xidation states for the Mn ions also provided trapping centers for 

lectrons. 

In this study, PZT films with graded doping concentrations were 

tudied to understand whether it is possible to prepare films which 

ombine high piezoelectric properties and excellent long-term re- 

iability. The intent was to utilize donor doped films for their high 

iezoelectric responses, with a thin layer of Mn-doped material to 

ncrease the lifetime. Both the location of the Mn-doped layer in 

he stack and the concentration of Mn were varied so that the ef- 

ect of this layer on the functional properties could be assessed. 

he d 33,f and median time to failure (t 50 ) was measured by a 

ighly accelerated lifetime test (HALT) to characterize the effect 

f different doping sequences on the piezoelectric response and 

ong-term reliability. Based on the conduction mechanism analy- 

is, transmission electron microscopy (TEM), electron energy loss 

pectroscopy (EELS), a working model of the lifetime in PZT films 

ith a graded doping profile was developed. 

. Experimental procedure 

To study the influence of a graded doping layer on the long- 

erm reliability of Nb-doped PZT (PNZT) films, two sets of sam- 

les were prepared: (1) PNZT films covered by a Mn-doped PZT 

PMZT) layer with different Mn doping concentrations; (2) PNZT 

lms grown on a PMZT seed layer with different Mn doping con- 

entrations. The commercial chemical solutions (PZT-E1, Mitsubishi 

aterials Corporation, Tokyo, Japan) used for the seed layer, bulk 

ayer and top layer are shown in Table 1 . For all films, Si wafers

ith a 30 nm TiO 2 adhesion layer and 150 nm Pt deposited at el-

vated temperatures were utilized. 

∼60 nm thick Ti-rich PNZT or PMZT seed layers were used to 

inimize formation of any pyrochlore phase [ 28 , 35-37 ] and facil- 

tate strong {100} orientation of the films. The seed layers were 

pin coated at 3500 rpm for 45 sec., pyrolyzed at 200 °C for 150
ec, and then crystallized at 700 °C for 60 sec. with 2 slpm O 2 flow

nd 10 °C/sec. ramp rate in a rapid thermal annealer (AccuThermo 

W 810 RTP, Allwin21 Corp.). After the seed layer, PNZT bulk lay- 

rs with 2 mol% Nb were prepared by spinning the solutions at 

750 rpm for 45 sec. The films were then pyrolyzed sequentially 

t 100 °C for 60 s and 300 °C for 240 s, crystallized at 700 °C using
2 
he same conditions as for the seed layer. The process was subse- 

uently repeated to build up the bulk of the film. The PMZT top 

ayer was prepared by a process similar to that used in the PNZT 

ulk layer, except with a 4500 rpm spin-coating speed, resulting in 

 film thickness ∼ 60 nm. The films final thickness are shown in 

able 2 . 

X-ray diffraction (XRD, Empyrean & X’Pert pro MPD, PANalyt- 

cal, Almelo, The Netherlands, Cu K α radiation), and Field Emis- 

ion Scanning Electron Microscopy (FE-SEM, Merlin & Sigma, ZEISS, 

berkochen, Germany) were employed to check the phase, orien- 

ation, and microstructure. (Supplemental materials) 

For electrical characterization, an array of 100 nm thick plat- 

num top electrodes with a diameter of 0.5 mm were deposited 

y RF-sputtering and patterned through a standard lift-off process. 

ilms were post annealed in air for 60 sec. at 550 °C to improve the

nterface adhesion between the film and Pt electrode prior to elec- 

rical measurements. The relative permittivity and dielectric loss 

f the films were measured using an LCR meter (Hewlett Packard 

284A, Palo Alto, USA) from 1 kHz to 1 MHz with a 30 mV AC sig-

al. The polarization-electric field hysteresis loops (P-E loop) were 

ollected using a Multiferroics Analyzer (Radiant Technologies, Al- 

uquerque, USA) with a 100 Hz ac signal and a 400 kV/cm maxi- 

um field. Before the piezoelectric measurements, the films were 

oled at 150 kV/cm for 20 min at 150 °C. Two polarities were used 

or the poling study: field up (the electric field is directed towards 

he top electrode) and field down (the electric field is directed to- 

ards the bottom electrode). A double beam laser interferometer 

aixDBLI, aixACCT Systems, Aachen, Germany) was used to obtain 

oth the remanent piezoelectric coefficient (measured at zero DC 

eld from the decreasing field arm of the d 33,f loop measurement 

rom 0 to 100 kV/cm with a superimposed 500 mV, 1 kHz ac sig- 

al) and the large signal d ∗33,f under a 100 Hz 100 kV/cm trian- 

ular waveform signal. 0.5 mm circular top electrodes (1.25:1 di- 

meter: substrate thickness ratio) were used to obtain the piezore- 

ponse measurements, eliminating the effects of Poisson’s ratio of 

he substrate on the measurements [ 38 , 39 , 55 ]. 

For HALT measurements, the films were cleaved into 7 mm × 7 

m pieces and adhered to a 24-pin DIP package using silver epoxy. 

he top electrodes were wire bonded to the contact pads of the 

IP package with Au wire. A Keithley picoammeter was used as the 

C source and leakage current measurement tool. Labview based 

oftware monitored the leakage current across the films as a func- 

ion of the time under HALT degradation conditions (200 °C, with 

00 kV/cm electric field applied). 

The leakage current of the films was measured using a 4140B 

ewlett-Packard Agilent pA meter, Santa Clara, CA at varying tem- 

eratures (room temperature to 250 °C), for conduction mechanism 

nalysis. The pA meter combined with a high temperature DIP 

ackage socket was used to record current-voltage (I-V) measure- 

ents at different temperatures for PNZT and PNZT with top and 

ottom 2 mol% PMZT before and after degradation. In all cases a 

tabilization time of 60 sec was used before the leakage current 
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Table 2 

PNZT films with/without graded doping layer. 

Top graded doping layer Bottom graded doping layer 

Film Thickness (μm) Film Thickness (μm) 

PNZT ∼1.50 PNZT ∼1.50 

PNZT + 1 mol% PMZT ∼1.56 1 mol% PMZT + PNZT ∼1.55 

PNZT + 2 mol% PMZT ∼1.56 2 mol% PMZT + PNZT ∼1.52 

PNZT + 3 mol% PMZT ∼1.56 
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easurement was taken. The piezoresponse, HALT t 50 , and leakage 

urrent were measured in two polarities: field up and field down. 

Modulus spectroscopy[40] was performed using a Solartron An- 

lytical Modulab XM (Oak Ridge, USA). Films in both pristine and 

egraded states were heated up to a series of constant temperature 

rom 180 °C to 340 °C, and were then measured using a 100 mV AC

ignal from 1MHz to 1mHz. 

Transmission electron microscopy (TEM) and high-angle annu- 

ar dark-field (HAADF) scanning transmission electron microscopy 

STEM) were performed at 200 kV using a FEI dual aberration cor- 

ected scanning/TEM (S/TEM). After a thick protective amorphous 

arbon layer was deposited, cross-sectional TEM specimens were 

repared by an in situ milling and lift-out procedure in a focused 

on beam (FIB, Helios NanoLab DualBeam 660, FEI Company, Hills- 

oro, OR). To minimize damage and thin the specimen to electron 

ransparency, the FIB-TEM membrane was fabricated using an ini- 

ial milling accelerating voltage of 30 kV which was then stepped 

own to 2 kV. 

Ti valence states for the PNZT and PNZT with top 2 mol% PMZT 

lms before and after degradation were studied using electron en- 

rgy loss spectroscopy (EELS) in STEM mode. A GIF Quantum 963 

ystem was used to collect all the EELS data. By using a X-FEG 

igh brightness electron gun with a monochromator, the energy 

esolution was ∼0.1 eV. EELS spectra were collected using a beam- 

efining aperture (C2 aperture) size of 70 μm, camera length of 38 

m, entrance aperture of 2.5 mm, and a dispersion of 0.1 eV/pixel. 

his corresponds to convergence and collection semi-angles of 9.3 

nd 18.7 mrad, respectively. 

. Results and discussion 

As shown in Fig. 1 (a), the low field permittivity and dielec- 

ric loss are weakly frequency dependent from 1 kHz to 1 MHz. 

ll films show a similar permittivity around 1500 and a loss tan- 

ent close to ∼0.02 at 1 kHz ( Fig. 1 (a), (b)). No significant change

as found in response to the Mn doping concentrations in the top 

r bottom layer. Fig. 1 (c) and (d) show a group of well saturated

olarization-electric field loops (P-E loops) in PNZT and PNZT films 

ith Mn doped top or bottom layers, measured at 400 kV/cm. For 

he PNZT with 1, 2 and 3 mol% Mn doped top layer films, the 

emanent polarization P r was 14 ± 0.4, 14 ± 0.5, and 15 ± 0.2 

C/cm 
2 , and the coercive field E c was about 25 ± 0.6 kV/cm. For 

 and 2 mol% Mn doped bottom layers, the P r was 15 ± 0.4, 14 ±
.3 μC/cm 

2 , and E c was ∼ 27 ± 0.5 kV/cm. The Pr and Ec for PNZT

lms with a Mn-doped near either the top or bottom electrode are 

ssentially identical to the values for PNZT films (P r = 13 ± 0.5 

C/cm 
2 , 24 ± 0.3 kV/cm). 

A poling study was done for all six films; Fig. 2 presents the 

iezoelectric properties of the films with the graded doping con- 

entrations. No significant differences were found in either the re- 

anent d 33,f or the large signal d 
∗
33,f based on the Mn doping 

oncentration of the top layer. Similarly, no obvious changes were 

ound in the large signal d ∗33,f as a function of the Mn doping con-

entration of the bottom layer, although the remanent d 33,f slightly 

ncreased as the Mn doping concentration increased in the bot- 

om layer. Thus, although Mn-doped PZT films typically show com- 
3 
aratively smaller piezoelectric coefficients than donor doped films 

7,14], since the volume of the film that was Mn doped here was 

mall, there was no adverse effect on the actuator properties. To 

aintain good piezoelectric response, the Mn doping concentra- 

ion was limited up to 3 mol%. 

To assess the lifetime of PNZT with/without a graded doping 

ayer, HALT measurements were done on all six films under ag- 

ressive conditions (300 kV/cm, 200 °C). The time dependence of 

he leakage current density ( J cap ) was measured for degradation 

n both field up and field down polarities. A sample population 

f more than 20 capacitors was used for each HALT measurement. 

he failure time for each capacitor was defined as the time the J cap 
ncreased two orders of magnitude with respect to the minimum 

eakage current density value. The time at which 50% of the capac- 

tors failed was defined as the median time to failure (t 50 ) [ 41 , 42 ].

Fig. 3 shows the effect of Mn doping concentration on t 50 for 

NZT films with top or bottom graded doping layers. For field 

p measurements, t 50 increased from 14.4 to 34.7 to 65.0 to 93.8 

ours as the top layer Mn doping concentration increased from 0, 

, 2, to 3 mol%. There was no change in t 50 with an increase in bot-

om layer Mn doping concentration for HALT measurements in the 

eld up configuration. When in the field down configuration, there 

as no consistent change in t 50 in films with a top Mn doped layer. 

owever, in films with a bottom Mn doped layer t 50 increased sig- 

ificantly from 27.2 to 68.1 to 94.6 hours with an increase in Mn 

oping concentration. Thus, the long-term reliability of the films 

howed a substantial increase when the Mn doped layer appeared 

n the cathode side. The lifetime increased further as the Mn con- 

entration of this layer rose from 0 to 3 mol%. There are multiple 

dditional potential sources for asymmetry in the HALT lifetimes, 

ncluding Zr/Ti gradients [21] and gradients in the lead or oxygen 

acancy concentration [21]. As shown in Table 3 , these factors may 

e responsible for the field dependence of the HALT lifetimes for 

NZT films without a Mn layer. It is important to note, though, 

hat the addition of a Mn layer leads to significantly greater polar- 

ty dependence to the HALT lifetimes, and produces higher abso- 

ute lifetimes as well. 

In order to assess whether the significant improvement in long- 

erm reliability of PNZT films with a PMZT layer on the cathode 

ide implied a change in the interface related conduction mecha- 

ism, the conduction mechanism of these films in pristine and de- 

raded states was investigated by three different methods: temper- 

ture dependence leakage current measurements, imaginary mod- 

lus spectroscopy and STEM EDS and EELS investigation. A PNZT 

lm with 2 mol% PMZT top layer was used for this study. 

The leakage current was measured at different temperatures, 

eld polarities (field up or field down) and degradation states 

pristine or degraded state). Schottky emission ( Eq. 1 ) and Poole 

renkel conduction ( Eq. 2 ) were found to be the dominant mech- 

nisms, respectively, in pristine and degraded PNZT with a 2 mol% 

MZT top layer film [ 6 , 43 , 44 ]: 

Schottky (interface controlled) 

 s = A T 2 exp 

[ 

−q φB + 

√ 

q 3 E/ 4 πε 0 ε i 
kT 

] 

(1) 
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Fig. 1. Mn doping concentration dependence of permittivity (a), (b), and polarization-electric field hysteresis loops (c), (d) for the films with top PMZT and bottom PMZT 

layer, respectively. 

Fig. 2. Mn doping concentration dependence of remanent and large signal d ∗33,f of the PNZT films with (a) (c) top PMZT and (b) (d) bottom PMZT layer, respectively. 

4 
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Fig. 3. Dependence of t 50 on the Mn doping concentration of PNZT films with (a) a top PMZT layer and (b) a bottom PMZT layer. 

Table 3 

Median time to failure of PNZT films with/without graded doping layer. 

Film t 50 (hours) Film t 50 (hours) 

Field Up Field Down Field Up Field Down 

PNZT 14.4 27.2 PNZT 14.4 27.2 

PNZT + 1 mol% PMZT 34.7 48.7 1 mol% PMZT + PNZT 16.8 68.1 

PNZT + 2 mol% PMZT 65.0 33.5 2 mol% PMZT + PNZT 18.2 94.6 

PNZT + 3 mol% PMZT 93.9 10.7 
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Poole-Frenkel (bulk controlled) 

 p f = qμN C E exp 

[ 

−q φT 

kT 
+ 

q 
√ 

qE/πε i ε 0 

kT 

] 

(2) 

here J is the current density, q is the electronic charge, μ is the 

lectronic drift mobility, Nc is the density of states in the conduc- 

ion band, E is the electric field, k is the Boltzmann’s constant, T 

s the temperature, A is the effective Richardson constant, q φB is 

he Schottky barrier height, q φT is the trap energy level of Poole 

renkel conduction, ε 0 is the permittivity in vacuum, and ε i is the 
ptical dielectric constant. 

It was found that Schottky emission was the dominant conduc- 

ion mechanism in pristine state films from 100 °C to 250 °C for 
oth polarities. For the PNZT and PNZT films with 2 mol% PMZT 

op layer, the Schottky barrier height (SBH) varied around 0.62 ±
.09 eV in the field up measurements, and increased from 0.46 ±
.03 to 0.69 ± 0.04 eV in the field down measurements, as the Mn 

oncentration in the top layer increased. 

It is hypothesized that the anisotropy in Schottky barrier height 

or the PNZT films arises from a gradient in the lead content. That 

s, there are more V ′′ 
Pb 

near the top interface (caused by using a 

ead-rich seed layer, coupled with loss of lead from the top surface 

f the films during crystallization). This produces a lead gradient 

hich would be expected to be opposite of that of the films re- 

orted by Akkopru-Akgun et al. [ 21 , 33 ]. Their films should have

ore V ′′ 
Pb 

near the bottom interface (because in that case the films 

ere prepared using a PbO capping layer on the top surface after 

he last PNZT crystallization step; there was no additional lead in- 

roduced near the substrate). It is notable that they report the op- 

osite anisotropy in the Schottky barrier height with voltage polar- 

ty for their films relative to this work. The location of the V ′′ 
Pb 

rich

egion (top surface or bottom interface of the films) significantly 

ontributed to the different trends of these two sets of SBH values. 

lso, these very different SBH values compared to the values re- 

orted by Akkopru-Akgun et al. [ 21 , 33 ], could strongly dominated 

y the possible very different defect populations and distribution 

n those films, which were made by different solution with differ- 

nt pyrolysis steps and crystallization environment. 
5 
After 23 hours of degradation with 300 kV/cm electric field ap- 

lied at 200 °C, in both PNZT and PNZT + 2 mol% PMZT films, 

oole-Frenkel conduction became the dominant mechanism, rather 

han Schottky emission. The trap energy level for these two films 

n the field down direction was 0.65 ± 0.05 eV and 0.59 ± 0.03 eV, 

espectively. In field up measurements, the trap energy level for 

NZT was 0.45 ± 0.01 eV, similar to the values found in the field 

own direction. However, in the field up direction PNZT + 2 mol% 

MZT trap energy levels were 1.27 ± 0.03 eV, almost two times 

igher than the field down direction. This result implied that the 

dded Mn-doped layer of this film became dominant. In PZT, V ′′ 
Pb 

nd V ••
O 

are the main types of ionic defects. V ••
O 

can migrate [29] in

ZT under DC voltage towards the cathode side, leaving V ′′ 
Pb 

at the 

node side. For charge compensation of the ionic defects, electrons 

nd holes accumulate around the PZT cathode and anode regions, 

espectively. The electrons are trapped by the Ti 4+ ion, causing re- 

uction to Ti 3+ ( Eq 3 ) [45] . 

 i 4+ + e ′ → T i 3+ (3) 

This is confirmed by the STEM EELS data. The difference, �, be- 

ween the positions of the Ti L 3 edges was defined as ( Eq. 4 ): 

= P ( e g ) − P 
(
t 2 g 

)
(4) 

P ( e g ) : is the e g edge energy P ( t 2 g ) : is the t 2g edge energy.

ig. 4 (a) (b) shows � values for the top to bottom of PNZT and 

NZT + 2 mol% PMZT films before and after 23 hours degrada- 

ion at 200 °C and 300 kV/cm (field up polarity). In degraded PNZT 

lms, the layer contacting the cathode (top electrode) after degra- 

ation showed a smaller � compared to the layer underneath, or 

o the same position in pristine PNZT films. 

In contrast, in the degraded PNZT + 2 mol% PMZT film, � at 

he cathode interface was slightly larger than was found for the 

osition underneath or for the PNZT films (See Fig. 4 (c) and (d)). 

ang et al. showed that � is reduced when Ti 4+ is reduced to Ti 3+ 

n BaTiO 3 multilayer ceramic capacitors close to the Ni inner elec- 

rode, due to the low oxygen content in that region [ 46 , 47 ]. There-

ore, the smaller � in the top layer of degraded PNZT implies that 

here are electrons trapped on some of the titanium sites. 

It is notable that � is unchanged in PNZT + 2 mol% PMZT 

lms, which experience similar aggressive degradation as for the 
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Fig. 4. TEM EELS � before and after degradation of pure PNZT and PNZT + 2% PMZT (a) (b) layer by layer ( � = edge position difference between the e g and t 2 g of the Ti L 3 
edges); (c) (d) comparison of EELS signals at positions 1 and 2. (The dot rectangle box in TEM HAADF cross-section images in (b) marked the 2 mol% Mn doped PZT layer). 

P

e

M  

fi  

e

f

fi

P

w

NZT films. The only explanation is that the electrons are trapped 

lsewhere. Mn ions have multiple valence states, like Mn 2+ , Mn 3+ , 

n 4+ [ 22 , 4 8 , 4 9 ], and can act as charge trapping centers in PZT

lms. Due to lower energy levels in the band gap [50] , the injected

lectrons are trapped more easily by Mn than Ti ions in PZT. There- 
6 
ore, no obvious Ti ion reduction in degraded PNZT + 2 mol% PMZT 

lm is shown. 

The different trap energy levels seen in Table 4 for PNZT and 

NZT + 2 mol% PMZT films in the field up direction are consistent 

ith a change in the hopping species in the most resistive part of 
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Table 4 

Schottky barrier heights (SBH) and Poole-Frenkel trap energy level of PNZT films with/without a 

graded doping layer. 

Film Pristine Degraded (300 kV/cm, 200 °C, 23 hr) 

SBH (eV) 

Field Up 

SBH (eV) 

Field Down 

PF Trap (eV) 

Field Up 

PF Trap (eV) 

Field Down 

PNZT 0.64 ± 0.09 0.46 ± 0.03 0.45 ± 0.01 0.65 ± 0.05 

PNZT + 2 mol% PMZT 0.60 ± 0.01 0.69 ± 0.04 1.27 ± 0.03 0.59 ± 0.03 

t  

P

c

i

t

p  

l

M  

t

d

P

t

l

t  

o

d

m

d

t

m

c  

p

m

e

t

a

a

w

w  

q

M

fi

p

p

o

±
t

h

t

o

l

m

t

f

F

P

he films from Ti 4+ /Ti 3+ to Mn 4+ /Mn 3+ /Mn 2+ ( Eq 5 ), after adding a

MZT top layer. The Mn concentration is lower than that of Ti, in- 

reasing the carrier hopping distance, causing a higher trap energy 

n the film and slowing down the electronic migration. It indicates 

hat the PMZT layer reduces the maximum electric field in the de- 

letion region by trapping electrons [ 21 , 33 ], and so improves the

ong-term reliability of the film. 

 n X T i + e ′ → M n ′ T i M n ′ T i + e ′ → M n ′′ T i (5)

To further understand how the PMZT layer enhances the long- 

erm reliability of PNZT films, modulus spectroscopy was used to 

etect the bulk conduction mechanism [51] , in pristine state PNZT, 

NZT with 1 mol% PMZT top layer film, PNZT with 3mol% PMZT 

op layer film, pristine and degraded PNZT with 2 mol% PMZT top 

ayer films. Fig. 5 shows the measurements for the case in which 

he PMZT layer was on the cathode side. As seen in Fig. 5 (a), only

ne peak is observed, which indicates a narrow distribution of con- 

uctivities and implies that defects, like oxygen vacancies, are ho- 

ogenously distributed. The activation energy of the modulus peak 

etected in pristine PNZT film is 1.46 ± 0.01 eV, which is related 

o hole migration between V ′′ 
Pb 

[ 52 , 53 ] 

In contrast to the data of pristine PNZT films, the imaginary 

odulus spectroscopy of the pristine PNZT with a PMZT top layer 

onsist of two or three peaks ( Fig. 5 (b), (c), (d)), indicating the
ig. 5. Imaginary modulus plotted as a function of frequency at different tem perature

NZT + 2mol% PMZT film, (d) PNZT + 3mol% PMZT film. 

7 
resence of different regions with different conductivities. The 

ultiple modulus peaks also suggest that the PNZT and PMZT lay- 

rs are electrically connected in series [ 40 , 54 ]. The calculated ac- 

ivation energy of the low frequency modulus peak (Peak 1) for 

ll three PNZT with PMZT was around 1.45 ± 0.01 eV, which is 

lso related to hole migration between V ′′ 
Pb 
. This activation energy 

as found to be independent of the Mn doping concentration, and 

as similar to that in the pristine PNZT film [53] . The higher fre-

uency modulus peaks should relate to the higher conductivity 

n-doped top layer. For the PNZT with 2 mol% PMZT top layer 

lm, the activation energies of the medium and high frequency 

eaks are 1.13 ± 0.02 eV and 1.04 ± 0.06 eV, respectively. For sam- 

les in which the Mn doping concentration was 3 mol%, there is 

nly one peak at high frequency with the activation energy 0.61 

0.01 eV. The activation energy change suggests that the charge 

ransport mechanism changed from hole migration between V ′′ 
Pb 

to 

ole hopping/trapping between Mn ions [51-53] as the Mn concen- 

ration increased in the top layer. With addition of the PMZT layer 

n the PNZT films, Mn 2+ /3+ ions start to act as hole trapping sites, 

eading to enhancement in the electronic conduction. 

Based on the combination of results from leakage current 

easurements, TEM EELS analysis, and imaginary modulus spec- 

roscopy, it is proposed that PNZT film with PMZT as the cathode, 

ormed different regions with different conductivities electrically 
s measured on pristine state (a) PNZT film, (b) PNZT + 1mol% PMZT film, (c) 
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onnected in series. Addition of PMZT layers significantly increases 

he contribution of electronic conductivity to the total conductivity 

ince Mn ions serve as charge hopping/trapping sites. In the degra- 

ation process of PNZT with PMZT layer film, the electrons trap- 

ing and hopping sites changed from Ti 4+ /Ti 3+ to Mn 4+ /Mn 3+ /Mn 2+ , 

hich increased the trapping energy level, decreased electron mi- 

ration, reduced the maximum electric field in depletion layer and 

liminated Ti ion reduction. Due to the combination of these fac- 

ors, which induces a more uniform conductivity of the film, the 

ong-term reliability of PNZT film with PMZT layer as the cathode 

reatly improved, resulting in dramatically increased film Highly 

ccelerated Lifetime Testing (HALT) lifetime values. 

. Conclusions 

PNZT, PNZT with 1, 2, 3 mol% PMZT top layer (PNZT + x 

ol% PMZT), and PNZT with 1, 2 mol% PMZT seed layer (x mol% 

MZT + PNZT) films with Zr:Ti ratio = 52:48 were deposited on 

latinized Si wafers by chemical solution deposition with com- 

ercial precursor solutions. All the films show similar dielec- 

ric and ferroelectric properties and comparable piezoelectric re- 

ponse. With the addition of a PMZT layer on the top or bottom 

f the films, the medium time to failure (t 50 ) in Highly Accelerated 

ifetime Testing (HALT) under aggressive conditions (300 kV/cm, 

00 °C) shows a dramatic increase from 14.4 to 93.9 hours, or 27.7 

o 94.6 hours, in the field up or field down polarity, respectively. 

n the degraded state, the conduction mechanism of PNZT and 

NZT + 2 mol% PMZT films are dominated by Poole-Frenkel emis- 

ion. The trap energy level is 0.45 ± 0.01, 1.27 ± 0.03 eV when 

easured in the field up direction; they have similar trap energy 

evels in the field down direction. In the TEM EELS data, PNZT films 

hows Ti reduction in the top layer after degradation. However, de- 

raded PNZT + 2 mol% PMZT films do not show Ti reduction. These 

ata suggest that the trapping sites of the electrons change from 

i ions to Mn ions after the addition of 2 mol% PMZT top layer on

he cathode side. This slows down electron migration in the film 

nd slows down degradation of the PNZT film. According to the 

maginary modulus spectroscopy data, PNZT and PMZT layers are 

lectrically connected in series. In PNZT with PMZT layer films, Mn 

ons starts to contribute to the electronic conduction (in addition 

o lead vacancies and Pb 2+ /3+ hopping/trapping sites). Thus, adding 

 PMZT layer with a suitable doping concentration and thickness 

n the cathode end of the PNZT film could greatly increase film 

ifetime, without obvious degradation of its ferroelectric and piezo- 

lectric properties. 
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