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ABSTRACT
Nb-doped lead zirconate titanate (PZT) films with up to 12 at. % of Nb were co-sputtered from oxide PZT and metallic Nb targets at a
substrate temperature of 600 ○C. Up to 4 at. % of Nb was doped into the perovskite structure with the formation of B-site cation vacancies for
charge compensation. The preferential (111) PZT orientation decreased with Nb-doping within the solid solution region. The ferroelectric
response of the films was affected by the large values of the internal field present in the samples (e.g., −84.3 kV cm−1 in 12 at. % Nd doped
films). As-deposited unpoled films showed large values of the pyroelectric coefficient due to self-poling. The pyroelectric coefficient increased
with Nb-doping and showed a complex dependence on the applied bias. The photovoltaic effect was observed in the films. The value of the
photocurrent increased with the A/B ratio. The combined photovoltaic–pyroelectric effect increased the values of the measured current by up
to 47% upon light illumination.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0039593

INTRODUCTION

Lead zirconate titanate (PZT) perovskites with the general for-
mula Pb(ZrxTix−1)O3, PZTx/(1 − x), are used extensively in a vari-
ety of device applications, such as piezoelectrics and pyroelectrics.
Enhanced piezoelectric properties are observed in the compositions
close to the morphotropic phase boundary (MPB) at x = 0.53, where
rhombohedral and tetragonal phases coexist. The properties of the
material can further be tailored by the doping on either A or B sites
in the perovskite structure.1,2 Isovalent doping (e.g., Ba2+ on the
Pb2+ site or Sn4+ on the Ti4+/Zr4+ site) lowers the Curie tempera-
ture, TC, and increases the permittivity. Acceptor doping (e.g., K+

on the Pb2+ site or Fe3+ on the Ti4+/Zr4+ site) increases the concen-
tration of oxygen vacancies, which are regarded as efficient pinning
sites, and decreases domain wall movement. Consequently, permit-
tivity and dielectric losses decrease and the mechanical quality factor
of piezoelectric materials increases. Donor doping (e.g., La3+ on the
Pb2+ site or Ta5+ on the Ti4+/Zr4+ site) reduces oxygen vacancy
concentration and increases domain wall movement. As a result,
the permittivity and piezoelectric coefficient increase and leakage

current decreases. Donor doping of Nb5+ in PZT is usually reported
to occur on the B-site and is accompanied by the creation of a
positively charged defect, Nb⋅Ti. The defect charge compensation is
achieved by the reduction in the concentration of oxygen vacan-
cies and/or formation of cation vacancies (e.g., V′′Pb). A decrease in
the oxygen vacancies on the surface was observed from XPS mea-
surements of PZT52/48 sputtered films3 and by photoluminescence
in 13 at. % Nb-doped sputtered PZT52/48 films.4 A-site doping
of Nb in PZT has also occasionally been proposed.5–7 Nb-doping
in PZT increases the dielectric constant and remanent polariza-
tion, reduces the leakage current,8 and improves the fatigue per-
formance.4,9 Enhanced performance of Nb-doped PZT devices due
to higher values of piezoelectric10,11 and pyroelectric coefficients12,13

has been reported.
Nb-doping in bulk PZT has been extensively studied.14,15 Thin

films typically showed better properties as compared with the bulk.
In most cases, Nb-doped thin films were prepared by the sol–gel
method due to its simplicity.5,6,9,10,12,13,16–25 However, physical vapor
deposition methods offer an alternative that fits better with well-
established industrial process lines. Methods include pulsed laser
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deposition13,26 and (predominantly) sputtering.27 Due to volatility
of Pb at sintering or crystallization temperatures, an excess of lead
is usually employed during the synthesis. Sputtering from single
ceramic targets3,4,8,27,28 or reactive sputtering from individual metal
targets29,30 has been performed. Compositions of single ceramic tar-
gets are selected to be close to the intended compositions of the
deposited films, with the exception of the Pb content. 30 at. % Pb
excess was used in the targets for 13 at. % Nb-doped PZT52/48 film
deposition.4 No Pb excess was employed in the targets for 14 at. %
Nd doped PZT52/48 deposition at 660 ○C for 4 h in Ar.3 Pb defi-
ciency was intentionally introduced in the target compositions dur-
ing the deposition of PZT54/46 films based on the assumption that
Nb⋅Ti defects are compensated by Pb vacancies.8,28

In this work, the effect of Nb-doping in Ti-rich tetragonal
PZT30/70 composition was evaluated to assess the potential of such
compositions for pyroelectric applications. The films were grown by
co-sputtering from ceramic PZT and metallic Nb targets. A detailed
evaluation of the ferroelectric and pyroelectric properties is provided
as well as photovoltaic response.

EXPERIMENTAL

Nb-doped PZT films were co-sputtered using a “HEX” mod-
ular deposition system (Korvus Technology, UK). PZT was sput-
tered from a 2-in. Pb1.3Zr0.3Ti0.7O3 oxide target at 150 W RF power
(13.56 MHz, 17.7 W cm−2) from an R301 power supply (Seren IPS,
Inc., USA). The Pb excess was incorporated into the PZT oxide tar-
gets to compensate for the Pb losses normally observed with evap-
oration at high substrate temperatures. Nb was co-sputtered from a
2-in. high purity (>99.9%) Nb metal target at 5–20 mA DC (Table I)
current from a GEN600 power supply (TDK Lambda, USA). The
substrates were 2 × 2 cm2 Pt/TiO2/Si wafers. The substrate tem-
perature was calibrated using an Optris PI 1M IR camera (Optris
GmbH, Germany), and substrates were allowed to dwell for 30 min
prior to film deposition to attain a constant temperature. A substrate
temperature of 600 ○C was used, as it was shown to be optimum
for the formation of single phase PZT films.16 The deposition was
done in an oxidizing gas atmosphere of 80:20 Ar/O2 mixture at
6.1× 10−3 mbar for 4 h, and samples were allowed to cool in the same
gas atmosphere after the deposition. No post-growth anneals were
performed.

Film thicknesses were measured with a D-600 profilometer
(KLA-Tencor, USA) and were found to be around 620 nm, cor-
responding to a deposition rate of about 2.6 nm/min. The crys-
tallinity of the films was studied by XRD using an X’Pert diffrac-
tometer (Malvern Panalytical, Netherlands) equipped with a 4 axis

goniometer using CuKa radiation. Film composition was measured
with an Epsilon 3 X-ray Fluorescence (XRF) spectrometer (Malvern
Panalytical, Netherlands) using the Stratos software module for
thin film analysis. Au(40 nm)/Ti(10 nm) top electrodes of 0.5, 1,
2, and 3 mm diameter were sputtered at room temperature from
metal sources. Dielectric properties were measured with a 4263B
LCR meter (HP, USA), and ferroelectric characterization was per-
formed using a ferroelectric tester with a Trek high voltage amplifier
(Radiant Technologies, USA). Small thermal oscillations (±2 K)
were generated using a Peltier element, and the resulting pyroelectric
current was measured using a 6517B electrometer (Keithley Instru-
ments, USA). At least five thermal cycles were used for the calcu-
lation of the pyroelectric coefficient. The frequency of the thermal
oscillations (0.05 Hz) was selected in order to achieve uniform heat
propagation in the film thickness.31 Several measurements were per-
formed under light illumination provided by a 150 W halogen spec-
trally broad lamp probe illumination (ACE Light Source, Schott).
The optical power was measured with an optical power meter
(PM100A, ThorLabs).

RESULTS AND DISCUSSION

The XRD patterns of the deposited films (Fig. 1) show pre-
dominant formation of the tetragonal PZT phase with very strong
(111) crystal orientation. Occasionally, the “forbidden” (200) Si
reflection was detected due to multiple diffraction.32 Pyrochlore
phase peaks were also present. The fraction of the pyrochlore phase
was calculated as ∑ I(pyrochlore)

∑ I(pyrochlore)+∑ I(perovskite) , where I(pyrochlore) and
I(perovskite) are the integrated intensities of pyrochlore and per-
ovskite peaks, respectively, and is shown as a function of Nb-doping
in Fig. 2. Nb-doping resulted in a decrease in the pyrochlore frac-
tion to a minimum value (0.5%) at 4 at. % Nb-doping, which is
estimated as the Nb solubility limit in these co-sputtered PZT30/70
films. This value for the Nb solubility limit agrees reasonably well
with the values reported in the literature. In the bulk, the extent of
Nb-doping was 7 at. % in PZT65/35.14 For sol–gel PZT films with
compositions near the MPB, the solubility limits were reported as
3 at. % Nb for PZT53/47 grown at 680 ○C,25 4 at. % for PZT53/47
grown at 700 ○C,5 and 5 at. % Nb for PZT53/47 grown at 60022 and
700 ○C.17 Higher solubility limits were observed for sputtered films:
7 at. % Nb for PZT54/46 films grown at 625 ○C28 and 13 at. % Nb
for PZT52/48 films grown at 525 ○C.27 In the Ti-rich PZT com-
positions, sol–gel films with the solubility limits of 4 at. % Nb in
PZT40/60 grown at 650 ○C21 and 4 at. % Nb in PZT20/80 grown
at 650 ○C12 were prepared. An increased amount of the pyrochlore
phase observed in 8 and 12 at. % Nb films was caused by the

TABLE I. Thickness, composition, and dielectric properties of deposited films.

Nb-doping (at. %) DC current of Nb source (mA) Film thickness (nm) Composition εr tan δ

0 0 623 ± 54 Pb1.01Zr0.31Ti0.69O3 192 0.015
1 5 602 ± 47 Pb1.03Zr0.30Ti0.69Nb0.01O3 181 0.024
4 10 625 ± 17 Pb1.05Zr0.29Ti0.67Nb0.04O3 243 0.019
8 15 622 ± 53 Pb1.03Zr0.28Ti0.65Nb0.08O3 241 0.016
12 20 683 ± 54 Pb1.00Zr0.26Ti0.62Nb0.12O3 280 0.019
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FIG. 1. XRD scans of Nb-doped PZT films grown at 600 ○C.

stabilization of the pyrochlore phase with Nb-doping in sol–gel
films.17,18

The degree of preferred (hkl) orientation in the PZT films was
calculated as I(hkl)

∑ I(perovskite) , where I(hkl) is the integrated intensity
of the perovskite PZT (hkl) peak and is shown for (111) and (101)
peaks as a function of Nb-doping in Fig. 2. Undoped PZT films show
a significant fraction of grains with (111) orientation perpendicular
to the film surface. Nb-doping resulted in a decrease in (111) frac-
tion up to 4 at. % Nb-doping followed by an increase. An opposite
trend was observed for the (101) fraction, which reached a maxi-
mum at 4 at. % Nb-doping. The degree of preferred orientation in
the deposited films is influenced by the kinetics of nucleation and
grain growth, which are determined themselves by the orientation

FIG. 2. The effect of Nb-doping in PZT films on the ratio of pyrochlore peak inten-
sities to the combined perovskite and pyrochlore peak intensities (left) and the
perovskite (111) and (101) peak intensities to the total perovskite peak intensities
(right). Solid lines are guide for the eye.

and nature of the substrate, thermodynamics of the film termination
surface of the film under the deposition and/or annealing conditions,
etc. As a result, PZT film orientations strongly depend on the experi-
mental conditions with the strong effect of the orientation of the sub-
strate. On Pt (111) surfaces, a preferential (111) PZT orientation was
reported in Nb-doped sol–gel PZT53/47 films17,25 and sputtered Nb-
doped PZT54/46 films.28 It was suggested that the (111) orientation
has higher crystallization energy and require a seed layer to become
preferential during the growth.12 The nucleation of the (111) PZT
orientation is facilitated by the (111) layer of the Pt3Pb intermetallic
compound usually observed during the growth on (111) Pt.17,33,34 In
addition to the strong (111) orientation on (111) Pt peaks, the (100)
orientation was also observed in sol–gel PZT53/4716 and sputtered
PZT45/55 films at 600 ○C.35 The predominant (100) orientation of
PZT on the Pt (111) substrate can be achieved either by intentional
deposition of the PbO seed layer on Pt (111) prior to sol–gel depo-
sition of PZT30/70 films10 or by assumed pre-deposition of Pb-rich
phases (e.g., PbO2) during sputtering of PZT52/48 films at around
600 ○C.4 Nb-doping has also been reported to affect the preferred
orientation in the films. An increase in Nb-doping changed the film
orientation from (110) at 0.5 at. % Nb to (100) at 1 at. % Nb in
sol–gel PZT40/60 films grown at 700 ○C.23 The maximum degree
of the (100) orientation in PZT52/48 films was observed at 4 at.
% Nb with the decrease at higher doping levels explained by the
accumulation of PbO on the grain boundaries, thus impeding the
grain growth of the (100) orientation.9 At the same time, the change
from the (100) orientation on Pt (111) in undoped sol–gel PZT52/48
films to randomly orientated grains upon Nb-doping was observed
in PZT52/48 films and was related to the extended (4 h) deposition
time.3

The lattice parameters as a function of Nb-doping are shown in
Fig. 3. The a-lattice parameter decreased up to 4 at. % doping and
then increased, whereas the c-lattice parameter exhibited an oppo-
site trend. As a result, the tetragonality, expressed as c/a, reached
maximum at 4 at. % Nb-doping. The unit cell volume decreased with
Nb-doping (Fig. S1 of the supplementary material). This agrees with

FIG. 3. Lattice parameters and c/a ratio (inset) as a function of Nb-doping.
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previous work, which showed that doping of the smaller Nb5+ ion
onto the B-site resulted in a decrease in unit cell volume, in general.
However, individual reports on lattice parameter dependences with
doping showed some complexity. For example, in sol–gel PZT53/47
films grown at 700 ○C, the a-lattice parameter increased slightly
and the c-lattice parameter significantly decreased with Nb-doping,
resulting in the decrease in c/a ratio,17 whereas in sol–gel PZT53/47
films annealed at 700 ○C, the a-lattice parameter decreased up to 8 at.
% and then increased with Nb-doping.5 The attempted Nb-doping
on the A-site in PZT53/47 ceramics resulted in non-monotonic
changes in lattice parameters with the minimum value of c/a ratio
at 4 at. % Nb-doping.7

The compositions of the films are shown in Table I assum-
ing that Nb-doping is entirely on the B-site, which is normalized
to 1. The Zr/(Zr + Ti) ratio is constant at 0.3 and agrees with the
value in the PZT sputter target. The Pb/(Zr + Ti) ratio increased
monotonically with Nb-doping from 1.01 in undoped PZT to 1.14 in
12 at. % Nb-doped films. The Pb/(Zr + Ti) ratio observed in the films
is lower than the one in the PZT target [Pb/(Zr = Ti) = 1.3], even
though the operational parameters of the RF magnetron used for
the PZT target were kept constant. Previous work showed that sput-
tering from a single target with Pb/(Zr + Ti) = 1.3 resulted in the
deposition of films with a lower Pb/(Zr + Ti) ratio of 1.1, without
observation of any Pb-rich secondary phases.27 The observed lower
Pb content in the films compared with the target compositions is due
to the increased volatility of Pb at high temperatures. In addition,
self-stabilization of the Pb content during the deposition of PbTiO3
films has been observed, whereby an increase in Pb flux does not lead
to an increase in Pb content in the films. This was due to a higher rate
of PbO evaporation when the A/B ratio in formed films exceeded
1.30 The A/B ratio Pb/(Zr + Ti + Nb) observed in our films is close
to 1 and showed the maximum value of 1.05 at 4 at. % Nb-doping.
A maximum Nb-doping of 12 at. % was achieved (Table I) when a
20 mA current was applied to the Nb metal target.

As the XRD shows that there is practically one single perovskite
phase in the 4 at. % Nb-doped film, we need to assign the Pb/(Zr
+ Ti + Nb) ratio of 1.05 to the perovskite phase. The generally

accepted defect model of Nb-doped PZT includes formation of neg-
atively charged Pb vacancies, V′′Pb, to compensate positive defects,
Nb⋅Ti, when Nb5+ replaces Ti4+ on the B-site, resulting in the for-
mula Pb1− x

2
(Zr, Ti)1−xNbx O3 and Pb/(Zr + Ti + Nb) ratios less

than 1.24,28 The Pb/(Zr + Ti + Nb) ratio in our films is greater
than 1, and no formation of Pb-rich secondary phases (e.g., PbO
when exceeding solubility limits in PZT53/4722) was observed by
XRD. Pb/(Zr + Ti + Nb) ratios greater than 1 can be achieved by
redistribution of Pb on B-sites as Pb4+. The accommodation of Pb
excess by the formation of Pb4+ on the B-site was shown in sputtered
PbSc0.5Ta0.5O3 films.36 In sputtered PZT45/55 films with a large A/B
ratio of 1.38, the presence of Pb on the B-site was confirmed from
the calculated neutron scattering factors assuming that Pb is dis-
tributed on both A and B sites.35 In the PZT52/48 film sputtered
at 525 ○C in an Ar/O2 mixture with a Pb/(Zr + Ti + Nb) ratio of
1.1, a charge compensation of Nb⋅Ti by Pb vacancies is suggested
with the redistribution of Pb on the B-site as Pb4+, resulting in the
formula (Pb2+

0.94V′′′Pb)(Pb4+
0.076Zr0.388Ti0.416Nb0.12)O3.27 However, the

introduction of larger Pb4+ ions (ionic radii of 0.775 Å37) on the B-
site with the average ionic radii of 0.64 Å in PZT30/70 is expected
to increase the cell volume, as was observed in PbSc0.5Ta0.5O3

36 and
PZT45/55,35 whereas the introduction of Nb5+ (0.64 Å) is likely to
cause negligible volume changes. No unit cell volume increase was
observed in this work; indeed, we see a slight decrease (Fig. S1 of the
supplementary material). As a result, we could speculate that Nb⋅Ti
defects are compensated by the formation of vacancies on the B-site,
presumably due to the large Pb excess in the PZT target [Pb/(Zr
+ Ti) = 1.3] used in this work. The presence of B-site vacancies
was detected by positron lifetime measurements in PZT40/6038 and
lanthanide-ion-doped PbTiO3

39 ceramics. Furthermore, the associ-
ation of the point defect into clusters is possible at the doping levels
studied in this work. For example, the formation of VPb–nVO defect
clusters was suggested in 8 at. % Ln (La–Eu) doped PbTiO3 ceram-
ics39 and that of NbTi,Zr–VPb clusters was suggested in 12 at. % Nd
doped PZT52/48 sputtered thin films.3

The capacitance–voltage (C–V) curves measured at 100 kHz
are shown in Fig. 4(a). The butterfly like curves are shifted to the

FIG. 4. (a) Dielectric constant as a function of the applied field. (b) Dielectric constant and tan δ at the crossover point as a function of Nb-doping. Measurements are at
100 kHz.
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positive field direction due to the internal field, as will be discussed
below. The dielectric constants, εr, and losses, tan δ, measured at the
crossover point as a function of Nb-doping are shown in Table I
and Fig. 4(b). There appeared to be a slight increase in the value of
the dielectric constant with the extent of Nb-doping. The values are
close to those measured previously on thin films with similar com-
positions: sputtered PZT25/75 (εr = 300)29,40 and PZT24/76 (εr = 246
and tan δ = 0.06).41 The low value of tan δ could be attributed to the
stabilization of domain wall movement by the internal field (as will
be discussed below). The dielectric constants appeared to be lower
than in bulk ceramics,14 although it has been shown that the values
of the dielectric constant close to the bulk were measured when the
thickness of the films exceeded 3–4 μm in 62/38 PZT films.42 The
increase in the dielectric constant with the film thickness formed
by sol–gel was attributed to the increased density with increasing
thickness.16 The contradictory behavior of Nb-doping on the values
of the dielectric constant and tan δ has been reported. Nb-doping
has been reported to monotonically increase the dielectric constant
in sputtered PZT52/4827 and sol–gel PZT40/60,21 PZT20/80,12 and
PZT40/6023 films. The dielectric constant maximizes in PZT com-
positions close to MPB: at 1 at. % (εr = 689) of Nb in PZT53/47
films,16 2 at. % (εr = 1100) in sputtered PZT54/46 films,28 3 at. %
(εr = 2684) in sol–gel PZT52/48 films,43 4 at. % (εr = 1412.5) in
PZT52/48 films,9 and 4 at. % (around εr = 600) in bulk PZT53/47
ceramics.7 The increase in εr is explained by a decrease in the oxy-
gen vacancy concentration with Nb-doping and thus a reduction in
the number of domain pinning sites. The observed decrease in the
dielectric constant in PZT53/47 films was explained by the increased
content of the pyrochlore phase and/or reduction in grain size lead-
ing to relaxor type behavior.5 However, the decrease in εr was often
observed within the solid solution region where no pyrochlore phase
was detected.28 Alternately, the decrease in εr was explained by the
formation of the PbO phase, which inhibited domain wall move-
ment.9 In several studies, dielectric properties degraded with Nb-
doping: the values of εr decreased whereas tan δ increased with Nb-
doping in PZT53/47 sol–gel films17 and both εr and tan δ decreased
with Nb-doping in sol–gel films with similar MPB composition
PZT53/47.20

Leakage currents measured at 8 kV cm−1 were within the range
10−8–10−7 A cm−2 for films with up to 8 at. % Nb (Table II) and
did not show any clear dependence on Nb-doping up to this level.
Typically, a decrease in the leakage current with Nb-doping was
observed28 related to the charge compensation of Nb5+ ions by the
decrease in oxygen vacancies and thus a reduction in the number of
free electrons caused by oxygen vacancies.21 This would agree with

our observations up to 8 at. % Nb. There is a significant increase in
leakage current at 12 at. % Nb, but this could be associated with an
increase in second phases at such high doping levels. No clear depen-
dence of the leakage current with the applied voltage was observed
(Fig. S2 of the supplementary material).

The P–E loops of sputtered films are shown in Fig. 5. No depen-
dence of the measurement frequency (1–100 Hz) on the shape of
the P–E loop was observed, suggesting negligible contribution of
the leakage and fast domain switching. The maximum polariza-
tion, Pmax, and remanent polarization measured upon a decrease in
field, P+r , and an increase in field, P−r , increased with Nb-doping up
to 4 at. % (Table II). A further increase in doping resulted in the
decrease in the polarization parameters. The polarization param-
eters were shown to exhibit maximum with Nb-doping: at 1 at.
% Nb in sol–gel films grown at 600 ○C (Pr = 20 μC cm−2);16 at
2 at. % Nb in sol–gel PZT53/47 (Pr = 25 μC cm−2) films,18 in
sol–gel PZT53/47 (Pr = 30 μC cm−2) films,25 in sol–gel PZT52/48
(Pr = 14 μC cm−2) films,9 and in sputtered PZT54/46 films
(Pr = 21 μC cm−2);28 at 3.5 at. % Nb in sol–gel PZT52/48
(43.4 μC cm−2) films;43 at 4 at. % Nb in bulk PZT53/47 (Pr
= 17 μC cm−2) ceramics;7 and at 12 at. % Nb in sputtered PZT52/48
(40 μC cm−2) films.3 However, sol–gel grown PZT53/47 films
showed a decrease in Pr with Nb-doping, from 31 μC cm−2 in
undoped PZT to 17 μC cm−2 at 5 at. % Nd.17 The degree of pre-
ferred orientation in crystallites affects the values of polarization.
Pr was shown to decrease linearly with the decrease in the fraction
of c-oriented grains. This is to be expected in a tetragonal com-
position as the displacement along the c-axis contributes directly
to the film polarization.44 Large values of Pr (70 μC cm−2) and Ec
(110 kV cm−1) were measured for (100) oriented 2 at. % Nb-doped
sol–gel PZT30/70 of composition similar to the one used in this
work.10 In order to minimize the effect of the degree of preferred
orientation in the films on the polarization, the polarization values
were normalized to 100% (111) orientation (inset of Fig. 5). The
observed trend of the polarization exhibiting maximum values at
4 at. % Nd-doping is clearly demonstrated. Alternatively, the
observed decrease in Pr and Pmax in PZT53/47 sol–gel films with Nb-
doping was related to the decrease in BO6 octahedral volume upon
substitution of smaller Nb on the B-site.5 Finally, the decrease in Pr
was associated with the presence of the pyrochlore phase.18

In this work, due to the asymmetry P–E loops, the average
value of the coercive field is assessed as (E+ + E−)/2. This exhib-
ited a maximum value at 4 at. % Nb (Fig. 6). The increase is likely
to be caused by the increased fraction of (100) orientation and/or
the number of B-site vacancies, which may be effective pinning sites.

TABLE II. Effect of Nb-doping on the leakage current density, parameters of P–E loops, and photocurrent.

Nb-doping Leakage current
(at. %) density (A cm−2) Pmax (μC cm−2) P+r (μC cm−2) P−r (μC cm−2) E+C (kV cm−1) E−C (kV cm−1) Ei (kV cm−1)

0 1.9 × 10−7 24.8 10.4 −14.7 154.8 −103.8 −25.5
1 2.5 × 10−7 27.3 11.4 −17.8 162.4 −106.8 −27.8
4 2.3 × 10−7 37.8 13.5 −20.1 184.6 −106.4 −39.1
8 1.1 × 10−8 27.0 6.2 −17.2 191.9 −40.8 −75.6
12 9.6 × 10−7 26.5 3.2 −16.9 179.2 −10.6 −84.3
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FIG. 5. P–E loops of Nb-doped PZT films. Measurement at 1 Hz. The inset shows
polarization values normalized by the degree of (111) preferential orientation of
PZT.

Previous reports showed maximum values of the coercive field at
2 at. % Nb in sol–gel PZT53/47 (100 kV cm−1) films,18 3 at. % Nb
in sol–gel PZT53/47 (43 kV cm−1) films,16 and 5 at. % in sol–gel
grown PZT53/47 (52 kV cm−1) films17 and decreased upon further
doping. However, in most studies, the coercive field decreased with
Nb-doping in PZT films 7,9,19,23,43 or was independent of doping as
in sputtered PZT54/46 films (EC = 38 kV cm−1).28 The decrease in
the coercive field was attributed to the increased mobility of domain
walls resulting from the decreased concentration of oxygen vacan-
cies. In the vicinity of the MPB composition, Nb-doping promoted
the formation of the rhombohedral phase with eight equivalent
polarization orientations as opposed to 2 in tetragonal phase, thus
reducing Ec.22 In 2 at. % Nb-doped PZT60/40 films, higher values of
Pr and Ec were measured in (001) oriented films as compared to the

FIG. 6. (E+ + E−)/2 and Ei as a function of Nb-doping.

(111) oriented films: 71.9 μC cm−2, 63.7 kV cm−1 and 65.3 μC cm−2,
41.3 kV cm−1, respectively.6

The P–E hysteresis curves show a shift in the positive direction
due to the presence of the internal field. The internal field, Ei, was
calculated as follows45 and is shown in Fig. 6:

Ei = −E+c + E−c
2

.

The negative values of Ei (when the DRIVE port of the Radi-
ant tester is connected to the top electrode) observed in this work
implied that the direction of the internal field was oriented toward
the top electrode. The negative values of Ei increased with the
Nb-doping range studied in this work (up to 12 at. %). The mag-
nitude of the internal field observed in this work is close to the
values reported for PLD grown films where Ei decreased with the
increase in Zr content (Ei = −47.8 kV cm−1 for PZT20/80 and
Ei = −16.7 kV cm−1 for PZT40/6026) and for sputtered41 PZT films.
Negative Ei of 70 kV cm−1 was observed in (111) PZT25/75 films,46

whereas positive values of Ei were reported for sol–gel PZT53/47
films. 16,17 Nb-doping resulted in an increase in the negative values
of Ei in sputtered PZT52/48 films.4,27 The internal field increased
monotonically from −1 kV cm−1 for undoped sputtered PZT54/46
to −3.5 kV cm−1 for 7 at. % Nb-doped PZT54/46 films.28 No internal
field was observed in undoped sol–gel PZT20/80 films, whereas neg-
ative Ei was observed upon 4 at. % Nb-doping.19 The internal field
in Nb-doped PZT changed sign from positive to negative when the
thickness of the film increased in sol–gel PZT30/70 films.10

Several mechanisms have been proposed to explain the ori-
gin of the internal field. It has been suggested that the induced
stresses in the film align the polarization axis to a particular direc-
tion.27 Alignment of the dipoles consisting of positively (e.g., oxy-
gen vacancy or Nb⋅Ti) and negatively (cation vacancies) charged
defects in the bulk was reported as the origin of the internal
field.16,26,28,47 Finally, the origin of the internal field was attributed
to the asymmetry of the Schottky contacts between the film and
the top and bottom electrodes. The internal field increased when a
Ba(Mg1/3Nb2/3)O3 buffer layer was deposited on a Pt electrode in
sol–gel PZT52/48 films.43 The internal field observed in PZT45/55
thin films grown by sol–gel and sputtering was related to the
Schottky barrier at the bottom Pt–PZT interface.48 The presence
of negative Pb vacancies close to the top electrode was suggested
as the origin of the polarity dependence in the dielectric constant
in PZT40/60 sol–gel films.21 In this study, the film growth condi-
tions (including the film thickness) and electrode fabrication tech-
niques were similar for all films and were unlikely to cause sys-
tematic changes in the stresses and/or asymmetry of the Schottky
barriers. As a result, we believe that the monotonic increase in neg-
ative values of Ei with Nb-doping is likely to be caused by the
alignment of the increased number of oppositely charged defects
(e.g., Nb⋅Ti and V′′′′Ti,Zr).

The time dependence of the temperature gradient, ∂T
∂t , and

pyroelectric current, I, are shown for a 4 at. % Nb-doped sample
biased by −30 V [Fig. 7(a)]. The negative minimum of the current
is slightly shifted from the maximum value of the temperature gra-
dient. The shift is thought to be caused by a small time lag in heat
propagation between the Pt-resistive thermometer and the thin film.
It was assumed that the negative minimum value of the measured
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FIG. 7. Pyroelectric measurements of 4 at. % Nb-doped PZT films poled at −30 V (a) and poled at +30 V (b). Phase shift (in degree) between the maximum of ∂T
∂ t

and the
maximum/minimum of the pyroelectric current is given.

current corresponded to the maximum value of the temperature
gradient, resulting in negative values of the pyroelectric coefficient.
On few occasions, the maximum values of the temperature gradient
corresponded to the positive maximum of the current, resulting in
positive values of the pyroelectric coefficient, as shown in Fig. 7(b)
for a +30 V biased 4 at. % doped film. The pyroelectric coefficient, p,
is calculated as follows:

p = I
A × ∂T

∂t

,

where I is the pyroelectric current and A is the surface area of the
top electrode. The values of the pyroelectric coefficient were inde-
pendent of the top electrode surface area (0.5, 1, 2, and 3 mm in
diameter). However, in this study, results for 0.5 mm electrodes
are present as larger electrodes occasionally exhibited short-circuit
behavior presumably due to the presence of the defects in the grown
films. The pyroelectric coefficients of unpoled films are shown in
Fig. 8. The pyroelectric coefficient of the undoped film measured in
the work (−7.7 × 10−5 C m−2 K−1) is lower than the reported values
of −2 × 10−4 C m−2 K−1 of self-poled sputtered PZT25/75 films with
close composition.29,40 The pyroelectric coefficient of the unpoled
film increased with Nb-doping and reached constant values at 8 at. %
Nb-doping. This increase could be related to the increase in Ei
caused by Nb-doping [Fig. 8(b)] and thus increased self-poling of
the films. The pyroelectric coefficient exhibited maximum with Nb-
doping at 1 at. % Nb (−4.6 × 10−4 C m−2 K−1) in sol–gel films,12

at 2 at. % Nb (−3.5 × 10−4 C m−2 K−1) in PZT53/47 films,25 and
at 4 at. % Nb (−1.02 × 10−4 C m−2 K−1) in doped PZT53/47 bulk
ceramics.7

The effect of poling on the pyroelectric coefficient was stud-
ied by applying consequently 10, 20, and 30 V to the top elec-
trode as positive and negative bias for 3 min followed by the pyro-
electric evaluation (Fig. 9). Dielectric properties, leakage currents
(at 8 kV cm−1), and P–E loops were re-measured after the
pyroelectric evaluation of poled samples. A slight decrease in εr
and increase in tan δ were observed after poling (Fig. S3 of the

supplementary material). No changes in the P–E loop shape were
observed after poling, and only a slight increase in the leakage cur-
rent was detected. The pyroelectric coefficient increased with the
negative bias and reached a plateau. During the positive poling, the
pyroelectric coefficient decreased and in several cases became posi-
tive. The observed behavior could be related to the presence of the
internal field in the films. The large negative values of the inter-
nal field present in the as-deposited films enhanced the pyroelectric
response due to self-poling, which showed only a small increase (less
than 20%) during negative biasing. Previously, it was shown that
self-poled sputtered (111) PZT25/75 films could not be poled further
by application of 250 kV cm−1 field.46 The values of the pyroelectric
coefficient approaching zero were attained when the applied positive
bias was close to the compensation of the negative internal potential.

FIG. 8. Pyroelectric coefficient of unpoled samples as a function of doping (a) and
internal field, Ei (inset).
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FIG. 9. Pyroelectric coefficients of Nb-doped PZT films as a function of the applied
field.

This position shifted to more positive values of bias with doping,
concurrent with the increasing negative values of the internal field.
Further positive biasing caused the reversal of the polarity of the
electrode polarization, which led to the change of sign [Fig. 7(b)]
and the increase in the pyroelectric coefficient. Pyroelectric coeffi-
cients did not appear to increase linearly with the remnant polar-
ization in contrast to the observed linear increase in sputtered (111)
PZT15/85 films.49 During heating, positive current was observed to
flow from the bottom electrode and the direction of polarization
was attributed from the bottom to the top electrode.41 A similar
effect of the applied bias on the values of the piezoelectric coeffi-
cient, d31, was observed in Pb1.1Nb0.04Zr0.2Ti0.8O3 sol–gel films with
the relatively close Zr/(Zr + Ti) ratio.19 However, the polarity of
the top electrode appeared to be opposite to the one found in this
study.

Several electrodes showed the formation of small circular
defects concentrated close to the edge of the top electrode after pol-
ing at ±30 V (Fig. S4 of the supplementary material). The leakage
current and P–E loops collected after the bias did not show deterio-
ration of properties due to the electrical breakdown process. It is pos-
sible that the defects resulted from a self-healing breakdown, where
the heat generated by the localized breakdown resulted in local evap-
oration of the electrode material, thus preventing short-circuiting
through the damaged region.50

Recently, the photovoltaic response in perovskite ceramics has
attracted renewed interest.51 The effect originates from the produc-
tion of an electron–hole pair upon irradiation with phonon energy
higher than the bandgap of the material followed by their sepa-
ration under an electric field. The nature of this electric field is
still not fully resolved. It can be developed in the bulk of a ferro-
electric material, at domain walls, or caused by the difference in
Schottky barrier heights at metal/ceramic interfaces or the depolar-
ization field.51,52 No changes in the P–E loop shape were observed
when measured under illumination (Fig. 10). The measured light
intensity as a function of wavelength is given in the supplementary

FIG. 10. P–E loops of the 4 at. % Nb doped sample with and without light irradiation.

material (Fig. S5). A reduction in the saturation polarization and a
shift of the loop along the y axis was reported previously in sol–gel
deposited (Pb0.93La0.07)(Zr0.6Ti0.4)O3 thin films when irradiated with
3.4 eV Hg lamp light at a slightly lower frequency of P–E loops of
0.1 Hz as compared to the one used in this work (−1 Hz).53 The
ferroelectric (FE) loop was reported to become leakier, with
increased values of both polarization and coercive field upon illu-
mination of Pb[(Mg1/3Nb2/3)0.68Ti0.32]O3 crystals.54

Photocurrent (Iphoto = Ilight − Idark) was detected in all the films
studied. Before the effect of light irradiation on various properties of
PZT films are discussed, we need to consider light pathways to the
PZT material located between the electrodes. We expect significant
light absorption and reflection in the top electrode formed of 40 nm
of Au and 10 nm of Ti layers. For example, for thinner 33 nm Au
films, the maximum transmission was only 15% at 500 nm and sig-
nificantly decreased with the wavelength, especially in the vicinity of
the PZT bandgap region (309 nm as discussed below).55 In addition
to the light penetrating through the top electrode, some waveguid-
ing effects to the PZT material positioned between the electrodes
from the electrode edge are expected as an extended light source was
employed at about 10 cm from the film surface. However, the irra-
diated area is expected to be small due to the extensive light absorp-
tion in PZT. In both cases, the amount of light reaching the PZT
layer is thought to be small. As a result, the photovoltaic response
described in this work is expected to increase when transparent
electrodes are employed (e.g., ITO). In order to evaluate the effect
of the Au thickness on the photovoltaic properties, we deposited
Au(13 nm)/Ti(10 nm) electrodes (0.5 mm in diameter). An increase
in the photocurrent (up to 69% for the 8 at. % Nb-doped sample)
was observed except for the 4 at. % Nb-doped sample. However, due
to mechanical damage by the measuring probes, no further evalua-
tion using thin Au(13 nm)/Ti(10 nm) electrodes was performed. No
correlation was observed between the magnitude of photocurrent
with Nb-doping and the internal field, Ei. However, the magnitude
of the photocurrent appeared to increase with the A/B ratio (inset of
Fig. 11). The magnitude of the photocurrent is proportional to the
rate of photocarrier generation and thus the width of the bandgap in

APL Mater. 9, 041108 (2021); doi: 10.1063/5.0039593 9, 041108-8

© Author(s) 2021

https://scitation.org/journal/apm
https://www.scitation.org/doi/suppl/10.1063/5.0039593
https://www.scitation.org/doi/suppl/10.1063/5.0039593
https://www.scitation.org/doi/suppl/10.1063/5.0039593


APL Materials ARTICLE scitation.org/journal/apm

FIG. 11. Iphoto as a function of Nb-doping of unpoled samples. The inset shows
Iphoto as a function of Pb/(Zr + Ti) ratio. 13 nm Au thick top electrodes were
employed.

PZT. The bandgap showed a weak dependence on the Zr/Ti ratio in
sol–gel PZT films56 and was calculated from optical measurement to
be about 4 eV (309 nm) for PZT30/70.26 Occasionally, the photocur-
rent was observed when epitaxial PZT films were irradiated using
light with sub-band photon energy26 and was assigned to the release
of trapped carries from deep trapping levels. The defects can reduce
the bandgap by introducing acceptor or donor states. For example,
the doping of Ni2+ on the B-site of [KNbO3]1−x[BaNi1/2Nb1/2O3−δ]x
introduced hybridized Ni 3d and O 2p states in the valence band
and reduced bandgap57 and the oxygen vacancies in BaTiO3 intro-
duced donor states in the bandgap, reducing it from 3.3 to 2.75 eV.58

Contradictory reports on the effect of Nb-doping on the bandgap
in PZT have been published. The bandgap decreased during 2 at.
% Nb-doping in sol–gel PZT52/48,59 increased during 4 at. % Nb-
doping in sol–gel PZT65/35,60 or was not significantly affected by
a small degree of Nb-doping in sol–gel PZT20/80 (4 at. %).56 The
weak dependence of the bandgap on the extent of Nb-doping is
consistent with the observation that photocurrent did not show a
linear dependence with Nb-doping in our films. We can speculate
that the observed increase in photocurrent with the A/B ratio was
related to the increased number of B-site vacancies when the A/B
ratio was greater than 1. The dielectric constant and tan δ increased
slightly upon irradiation, especially at lower frequencies, presumably
due to the photocurrent contribution to the losses (Fig. S3 of the
supplementary material).

Within the narrow temperature range close to RT (16–32 ○C),
the temperature dependences of the photocurrent can be assumed to
be linear (Fig. 12). The negative values of the temperature gradient
of the photocurrent monotonically decreased with the magnitude
of the photocurrent (inset of Fig. 12). The temperature dependence
of the photocurrent affected the results of pyroelectric measure-
ments when measured under continuous light illumination (Fig. 13).
The temperature of the sample stage due to the light illumination
increased by only 0.4 K as the lamp was fitted with an IR filter and
no effect on the magnitude of temperature oscillations was observed.

FIG. 12. Iphoto as a function of temperature. The inset shows the temperature gra-
dient of Iphoto as a function of Iphoto at 25 ○C. 13 nm Au thick top electrodes were
employed.

However, in several experiments, the magnitude of the pyroelectric
current oscillations was increased and the values were shifted toward
more negative values. The magnitude of the shift was close to the
value of the photocurrent. The combined current oscillations calcu-
lated by the addition of thermally induced changes in the photocur-
rent and the pyroelectric current (52.3 pA for 4 at. % Nd doped film)
agreed reasonably well with the experimentally measured current
oscillations upon illumination (54.1 pA). Furthermore, the increase
in the phase shift between the minimum of the current and the max-
imum of the temperature gradient was assigned to the increased
contribution of the 90○ phase difference between the changes in
pyroelectric current and photocurrent. In several cases, the phase
difference of the pyroelectric current and the photocurrent resulted
in the decrease in the current oscillations. The largest contribution

FIG. 13. Current as a function of time for an unpoled 4 at. % Nb-doped sample
during pyroelectric measurements with and without illumination. A 13 nm Au thick
top electrode was employed.
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of the photocurrent was observed in 4 at. % Nb-doped films poled
at −30 V, resulting in a 47% increase in the magnitude of the cur-
rent oscillations upon light illumination. The combined pyroelectric
and photovoltaic effect may be used to enhance the sensitivity of
pyroelectric devices when appropriate background illumination is
used. For example, the combination of photovoltaic and pyroelectric
effects in BaTiO3 was exploited as a self-powered photodetector58

where the increase in the sample temperature upon pulsed light
irradiation resulted in increased combined photovoltaic and pyro-
electric current.

CONCLUSIONS

PZT30/70 thin films with up to 12 at. % Nb were grown by
co-sputtering from ceramic PZT and metallic Nb targets at 600 ○C.
Within the solid solution region (up to 4 at. %), Nb-doping
decreased the preferred (111) orientation, increased c/a tetrago-
nality, and enhanced remanent polarization. The measured A/B
perovskite ratio was greater than 1 and was assigned to the for-
mation of B-site vacancies. Internal fields produced asymmetric
FE loops and increased with the extent of Nb-doping. Pyroelec-
tric coefficients increased with Nb-doping and showed a complex
dependence on the applied bias due to the presence of the inter-
nal field. Photocurrent was detected in all films and increased
with the A/B ratio. The combined photovoltaic–pyroelectric effect
increased the values of the measured current by up to 47% upon light
illumination.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional characterization
of dielectric and photovoltaic properties.
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