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Abstract
The studies on the effect of simultaneous doping of donor (Nb) and acceptor (Fe) (0–8 at.% of each dopant) in PLZT 
 (Pb0.97La0.02Zr0.52Ti0.48O3), on the dielectric response, ac conductivity and ferroelectricity are reported in this article. It is 
observed that the value of dielectric constant decreases, dielectric loss increases (moderately) and coercive field increases 
upon doping of Nb and Fe together. These indicate a hardening like effect as a result of the donor–acceptor co-doping. The 
ferroelectric to paraelectric phase transition occurs at lower temperatures for higher doping concentrations. For undoped 
PLZT the Curie temperature is around 353 °C which shifts to 305 °C for 8% Nb–Fe co-doped PLZT. Microstructure studies 
on the surface, as well as the interior of the samples are carried out which reveal a clear difference. The grain size is observed 
to decrease with doping concentration. The “true switchable polarization” is deduced by positive up negative down (PUND) 
tests and found to decrease with doping. Fatigue behavior is found to be positively enhanced upon co-doping of 2% Nb and 
Fe. Leakage current tests are carried out and it is found that the samples become more ‘leaky’ upon co-doping of Nb and Fe. 
The energy storage density is also investigated for these Nb–Fe co-doped PLZT ceramics. The highest recoverable energy 
storage density is observed for 2% Nb–Fe co-doped PLZT sample and it is around 134 mJ/cm3 with an efficiency of 0.28.

1 Introduction

The study reported by Carl and Hardtl in Ref. [1], on internal 
bias field induced by the incorporation of various dopants 
in PZT (Pb(Zr,Ti)O3), resulting as constriction of hysteresis 
loop or increase in dielectric and mechanical losses due to 
pinning of domain walls or rising anisotropy is considered 
as the discovery of the soft and hard PZT [2]. The acceptor 
doping (i.e. a monovalent cation replacing Pb or a trivalent 
replacing Zr/Ti) leads to the stabilization of domain wall 
that makes poling and depoling processes difficult, thereby, 
increasing the coercive field. On the other hand, donor dop-
ing (i.e. a trivalent cation replacing Pb or a pentavalent 
replacing Zr/Ti) exhibits low coercive field, high piezoelec-
tric coefficient, high dielectric loss, low conductivity and 

does not show hardening effect. This is how the acceptor 
and donor doped PZTs are termed as hard and soft PZTs 
respectively [3].

Studies on soft PZTs in which  Pb2+ replaced by  La3+ 
and Zr/Ti4+ replaced by  Nb5+ and hard PZTs where Zr/Ti4+ 
replaced by  Fe3+ are reported in literature several times. Nb-
doping was found to influence dielectric and ferroelectric 
properties by altering microstructure and pyrochlore phase 
formation [4]. In fact, Nb-doping was proved to be helpful in 
enhancing the dielectric and piezoelectric properties [5]. In 
addition, improvement in fatigue behavior and a decrease in 
the coercive field due to Nb-doping were also reported [6]. 
In the case of  La3+ incorporated PZT, the doping modifies 
domain walls and also improves the remnant polarization, 
coercive field, shape of the hysteresis loops, dielectric and 
piezoelectric properties [7]. Lee et al. reported that complex 
doping of La and Nb together in PZT (53/47) improves the 
piezoelectric effect while the addition of Fe to these com-
positions leads to decrease in dielectric constant and planar 
coupling factor [8]. However, this report demonstrated the 
doping of La, Nb and Fe up to 1.8, 2.2 and 2% respectively 
only in three complex combinations. Hence, it remains dif-
ficult to understand the effect of the complex doping.
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Considering the above facts, it is important to study the 
effect of systematic and simultaneous doping of both donor 
and acceptor in PZT. The properties of pure PZTs are often 
affected by defects related to oxygen vacancies and lead vacan-
cies. Oxygen vacancies occur as a result of charge imbalance 
due to Pb-loss [3]. A suitable amount of  La3+ incorpora-
tion reduces these defects and increases tetragonality. Thus 
2% La-doping in bulk PZT [9] and 0.5% La doping in PZT 
thin film [10] show enhanced ferroelectricity. In our pre-
sent work, keeping these into account, Nb and Fe co-doped 
 Pb0.97La0.02Zr0.52Ti0.48O3 (PLZT) are studied. Here, it is worth 
to mention that in 2009, Kleebe et al. reported successful prep-
aration and characterization of 3% Fe-doped  PbZr0.6Ti0.4O3 
which is greater than the solubility limit (approximately 1% 
 Fe3+ in  PbZr0.6Ti0.4O3) [11]. However, up to 8% of Fe-doping 
is possible (as co-dopant with Nb of the same amount as Fe) 
in PLZT [12]. The  Nb5+ and  Fe3+ have crystal ionic radii ~ 78 
and 69 pm, respectively (effective ionic radii ~ 64 and 55 pm, 
respectively), while the corresponding values for  Zr4+ and  Ti4+ 
are 86 and 74.5 pm, respectively (effective ionic radii ~ 72 and 
60.5 pm, respectively). The ionic radius of  Fe3+ is smaller than 
that of the average radius of  Zr4+ and  Ti4+ but the ionic radius 
of  Nb5+ is comparable to the average radius of  Zr4+ and  T4+. If 
only  Fe3+ is doped, the charge imbalance causes stoichiometric 
change thereby inducing oxygen deficiency. Sufficient amount 
of oxygen deficiency promotes structural instability. Hence, 
the addition of  Nb5+ helps reducing charge imbalance and 
thereby stabilizing the structure. This could be the probable 
cause of how the effective solubility of Fe increases while co-
doped with Nb. However, as the ionic radius of  Fe3+ is smaller 
than that of  Zr4+ and  Ti4+, there must be a certain limit for 
doping. In our study, it appears to be around 8%, but detailed 
investigations regarding this are required to confirm the above 
facts. The preparation and characterization (structure, lattice 
vibration and band gap) of these Nb and Fe co-doped PLZT 
are reported in our previous paper [12]. In the present article, 
the studies on the dielectric response, ac conductivity, ferro-
electricity and energy storage density of those Nb and Fe co-
doped PLZT are presented.

2  Experimental procedure

Pb0.97La0.02(Zr0.52Ti0.48)1−2x(Nb0.5Fe0.5)2xO3 for x = 0.00, 
0.02, 0.04, 0.06 and 0.08 (will be denoted hereafter as NF0, 
NF2, NF4, NF6 and NF8, respectively) are prepared by 
sol–gel synthesis. Lead(II) acetate trihydrate (99.999%), 
Lanthanum(III) acetate hydrate (99.9%), Niobium(V) eth-
oxide (99.95%), Zirconium(IV) propoxide solution (70 wt% 
in 1-propanol), Titanium(IV) isopropoxide (97%) and 
Ferric(III) nitrate nonahydrate (99.95%) are used as precur-
sors. Details of the alkoxide based sol–gel synthesis and 
the flowchart can be found elsewhere [12]. The powder 
obtained by the above synthesis is pressed at 100 kg/cm2 
pressure to get them into pellet form. These green bodies are 
solidified by a “double atmospheric layer protected sinter-
ing (DALPS)” method [9]. The sintered pellets are used for 
scanning electron microscopy (FEI Inspect F). Silver paste 
(SPI high purity silver paint) was applied on the flat surfaces 
of the pellets to get proper electrode contacts for electrical 
measurements. The dielectric and ferroelectric studies are 
carried out using Broadband impedance analyzer (Novo-
Control Technology) and Precision Premier II (Radiant 
Technology).

3  Results and discussion

3.1  Microstructure

In general, the morphology of a sintered pellet surface is 
different from that of the interior of the sample though most 
of the reports show the morphology of either the as-sintered 
surface or polished one. We have investigated microstruc-
ture on the surface as well as the interior of the sample. 
Figure 1a–e show the SEM micrographs of the surface of 
the samples NF0, NF2, NF4, NF6 and NF8, respectively. 
The surface microstructures consist of grains of random 
shapes. Defects such as pores, cracks or discontinuities are 
rarely observed. The size of the grains on the surface is 
observed to decrease with increasing doping concentration. 
On the surface of NF0, the grain size varies between 1 and 
19 µm whereas the grains are 0.5–10.5 µm on the surface of 
NF8. The average grain sizes are 7.92, 7.15, 6.71, 5.02 and 
4.52 µm for NF0, NF2, NF4, NF6 and NF8, respectively. 
Elemental presence is observed from the ‘eZAF quantization 
results’ on the Energy dispersive X-ray spectroscopy (EDS) 
recorded on the cross-sectional surfaces of the samples. The 
EDS spectra are shown in Fig. 2. The presence of Nb L and 
Fe K in these spectra confirms the incorporation of Nb and 
Fe in PLZT. The systematic increase in the atomic % of Nb 
and Fe is also notable from NF0 to NF8 samples.

Fig. 1  Microstructure of Nb and Fe co-doped PLZT. a–e show SEM 
images of the surface of the samples at ×6000 magnification. f–j 
show SEM images of the cross-sections of the samples at ×50,000 
magnification. The alphabets “S” and “C” represent surface and 
cross-section respectively. k–o are the histograms of grain size as 
observed in cross-sectional micrographs

◂
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Fig. 2  Energy dispersive X-ray 
spectroscopy (EDS) spectra 
with elemental presence, 
recorded on the cross-sectional 
surfaces of NF0, NF2, NF4, 
NF6 and NF8
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To observe the microstructure deep inside the samples, 
the samples are broken and SEM is carried out on the 
points approximately at the midway of the thickness. The 
micrographs obtained are shown in Fig. 1f–j. The grain size 
distribution in the interior of the samples is analyzed with 
the help of ImageJ software and the histograms are shown 
in Fig. 1k–o. One can clearly see that there is a difference 
between the surface morphology and the interior micro-
structure. The grains inside the sample are much smaller 
than those on the surface. Grains of size 0.3–2.1 µm with an 
average size of 0.82 µm are observed inside NF0. For NF2 
sample, the grain size range is the same but the number of 
smaller grains is marginally higher and hence the average 
size reduced to 0.76 µm. With increasing Nb–Fe co-doping 
concentration, the grain size decreases gradually. Grains are 
of size 0.1–1.7 µm and 0.1–1.5 µm inside NF4 and NF6 in 
which average grain size is observed to be 0.61 and 0.69 µm 
respectively. Though the change in grain size with doping 
concentration is small, it has consistency and shows the 
effect of the doping.

3.2  Dielectric properties

Dielectric responses of NF0, NF2, NF4, NF6 and NF8 sam-
ples are recorded from 30 to 370 °C for frequencies between 
100 Hz and 1 MHz. The room temperature tests are made 
for 10 Hz to 10 MHz. The dielectric behavior is shown in 
Fig. 3a. The value of dielectric constant (εr′) decreases with 
frequency. It drops sharply at lower frequencies but the 
rate of decrease is less at frequencies higher than  103 Hz. 
On the other hand, the value of loss tangent (tan δ) falls 
rapidly up to  105 Hz and suddenly increases afterwards. 
The value of εr′ decreases (1368 for NF0 to 858 for NF8 
at 1 kHz) when 8% of Nb and Fe is incorporated, whereas 
tan δ shows a clear increase from 0.049 to 0.112 for a fre-
quency of 100 Hz. However, at 1 kHz the values of tan δ are 
0.016, 0.014, 0.016, 0.019 and 0.021 for NF0, NF2, NF4, 
NF6 and NF8 respectively i.e. it does not increase systemati-
cally (like it does at 100 Hz) owing to a crossover between 
 103 and  104 Hz, above which tan δ appears to decrease upon 
increase in doping. The high value of tan δ at lower frequen-
cies may be due to the large contribution of loss from the 
Maxwell–Wagner interfacial polarization [7]. Thus, as inter-
facial polarization decreases with frequency, the tan δ also 
decreases with frequency up to  104–105 Hz. At higher fre-
quencies, the value of tan δ increases as dielectric constant 
decreases and the frequency dependent conduction increases 
with frequency. Sometimes this relaxation at higher frequen-
cies are considered as the glass transition relaxation [13, 14]. 
The decrease in the value of εr′ with doping concentration 
at room temperature observed from Fig. 3a could be due to 
the decrease in grain size with doping along with the other 

causes like a change in defect dipole formation and lattice 
structural change due to doping.

Figure 3b exhibits the temperature dependence of εr′ at 
different frequencies for NF0. The value of εr′ is observed 
to increase with temperature and above 200 °C, a sharp 
increase followed by a dramatic fall can be noted. The peak 
at 353 °C corresponds to the ferroelectric to paraelectric 
transition. The transition temperature i.e. the Curie tempera-
tures  (TC) for NF2 (Fig. 3c), NF4 (Fig. 3d), NF6 (Fig. 3e) 
and NF8 (Fig. 3f) are 335, 325, 314 and 305 °C respectively. 
This indicates that the Nb and Fe co-doping advances the 
ferro-para transition and around 48 °C decrements happen 
due to 8% of Nb and Fe present in the lattice. It is also nota-
ble that the value of εr′ at  TC i.e. εr′max decreases from 25,385 
(for NF0 at 1 kHz) to 6054 (for NF8 at 1 kHz). The peaks 
in tanδ versus temperature profiles follow a similar trend as 
that of the εr′. The degradation in εr′ values with increase in 
frequency is more at higher temperatures. The similar trend 
is observed in all the samples. The frequency dispersion of 
dielectric constant has four distinct ranges of temperature. 
At temperatures below 200 °C, the variation with tempera-
ture is minimal and above 200 °C, the frequency depend-
ence becomes prominent and stronger as temperature rises. 
Around  TC, the dielectric constant has a stronger dependence 
on frequency, while above  TC the behavior is the same as 
that observed between the temperature range 200 °C and 
 TC. This happens due to (i) dipole formation from dopant 
ions and defects, (ii) behavior of oxygen vacancies as charge 
carriers, and (iii) thermally activated conductions being 
both frequency and temperature dependent. The observed 
frequency dispersion is the outcome of complex effects of 
these factors [15]. The change in tan δ value with frequency 
is higher at high temperatures but shows dissimilar trends at 
a different range of temperatures though not exactly similar 
to that of dielectric constant. In the temperature range − 100 
to 70 °C, the degree of changes with frequency are very 
marginal with respect to the changes observed at other tem-
peratures. In the temperature range between 70 and 280 °C, 
for higher frequencies the values of tan δ are higher whereas 
above 280 °C, the value is lower for higher frequencies. The 
amount of change is also higher in this temperature range. 
The above-described behavior is consistent for all doping 
concentrations.

For samples with higher doping concentrations (NF4, 
NF6 and NF8), a raising part in tanδ versus temperature 
could be observed after the transition around 355 °C (NF4) 
which shifts towards lower temperatures for higher doping 
i.e. 343 °C for NF6 and 338 °C for NF8. This rise may be 
due to the fact that the dielectric loss could increase due 
to the thermally activated conduction because of which the 
materials lose energy as heat. Thus, this process is promoted 
by the doping, and as a result, it becomes visible at lower 
temperatures (lower than 355 °C) for a higher amount of 
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doping. Here, it should be noted that for NF0 and NF2 sam-
ples this may happen at further higher temperatures, which 
are beyond our experimental limit.

3.3  AC conductivity and specific resistance

The frequency dependence of conductivity, suggested by 
Jonscher’s power relation [16, 17] is

(1)�
T
(�) = �(0) + K�

n

Fig. 3  Dielectric properties of Nb and Fe co-doped PLZT. a Frequency dependence of dielectric constant (εr′) and loss tangent (tan δ). b–f Tem-
perature dependence of εr′ of NF0, NF2, NF4, NF6 and NF8. Insets are corresponding temperature dependence of tan δ
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where, σT, σ(0), K, n and ω are total conductivity, dc conduc-
tivity, pre-exponent, exponent and frequency respectively. 
Generally, the value of σ(0) is several orders smaller than the 
ac conductivity in a ferroelectric material. Such a material 
can be considered as randomly connected series and parallel 
RC network formed by the microstructures. The grains act 
as capacitors (C), while the grain boundaries are resistors 
(R). In such a case it follows a logarithmic mixing rule. If α 
is the fraction of capacitors then the complex conductivity 
σ* can be written as [18]

(σ′, σ′′, Z*, d and A are the real part of conductivity, the 
imaginary part of conductivity, complex impedance, elec-
trode spacing and electrode area respectively). The tempera-
ture dependence of σ′, σ′′ and ρ (specific resistance) for NF-
samples at different frequencies are shown in Fig. 4. Both 
the σ′ and σ′′ values are observed to increase with tempera-
ture with a peak around the Curie temperature. There can 
be several mechanisms involved in the conduction process 
in a ferroelectric material. One such process is ionic con-
duction which becomes effective at high temperatures [19], 
and is termed as “thermally activated conduction”. Addi-
tionally, the sharp increase in conductivity around the Curie 
point could be due to the increase in polarizability at the 
ferro-para phase transition [20]. The temperature response 
of specific resistance is shown in Fig. 4k–o. The specific 
resistance decreases with temperature which (except in the 
region around ferro-para phase transition) is similar to the 
behavior of a semiconductor. In this context, it is worth to 
recall that these samples are wide band gap semiconductor 
with the values of band gap around 2.6–3.2 eV [12].

The second important observation from Fig. 4 is the fre-
quency dispersion of both σ′ and σ′′. The conductivity is 
observed to increase with frequency. From the microstruc-
tural view, as discussed above, an increase in ac conductiv-
ity with frequency is expected as the complex conducting 
paths in materials increase with frequency [18]. At higher 
frequencies, the ac current flows through the complex sets of 
the network connecting all the components. The frequency 
response of conductivity differs at different temperatures. At 
lower temperatures, conductivity increases faster with fre-
quency. For example, at room temperature, it increases from 
 10− 8 to  10− 6 S/cm two orders in magnitude, for a change of 
frequency from 100 Hz to 1 MHz for the NF0 sample. As the 
temperature increases, the frequency dispersion decreases. 
For the same sample, the change is less than one order at 
the highest temperature (370 °C which we could obtain). 
According to the power law relation: at lower frequencies, 
ac conductivity is strongly sensitive to temperature but at 

(2)�
∗ = (i�C)�(R−1)(1−�)

(3)�
∗ = �

� − i�
�� =

1

Z∗(�)

d

A

higher frequencies, it is comparatively less affected by tem-
perature. Hence, the behavior observed is as expected [21].

3.4  Ferroelectricity

NF0 sample shows very high polarization value with high 
remnant. For an electric field of 35 kV/cm, the observed 
maximum polarization  (Pmax) and remnant polarization 
 (Pr) are respectively 43.52 and 38.45 µC/cm2. The reasons 
behind the observation of this high polarization values in 
NF0 (i.e. 2% La-doped PZT(52/48)) are the precise amount 
of La-doping in the morphotropic phase boundary composi-
tion and the use of the highly efficient atmospheric sintering 
process [9]. La-doping increases the domain wall mobility, 
compensates charge loss due to Pb-loss and increases the 
tetragonality, when incorporated with the precise amount. It 
is found that for thin films 0.5% [10] and for bulk 2% [9] of 
La-doping shows enhancement in ferroelectricity.

Upon incorporation of 2 at.%, of Nb and Fe, the polari-
zation sharply falls from the above said values (P–E loops 
are shown in Fig. 5). The observed  Pmax and  Pr for NF2 
are 33.38 and 22.01 µC/cm2 respectively. With increasing 
doping concentration both these polarizations are found to 
decrease. The values of  Pmax are 27.49, 22.25 and 18.89 µC/
cm2 for NF4, NF6 and NF8 respectively. Similarly, the val-
ues of  Pr observed are 20.47, 15.13 and 15.49 µC/cm2. The 
value of  Pr for NF8 is almost the same as that of NF6 which 
is probably a direct consequence of the fact that the tetrago-
nality of NF8 is nearly equal to that of NF6 [12]. In addition, 
the polarization maximum for NF8 sample occurs around 
20 kV/cm and at further higher fields, the value decreases. 
A similar observation can also be found in the leakage cur-
rent discussed later. This increase in the leakage current for 
higher doped samples at higher fields causes the decrease 
in the polarization as observed in NF8 at fields higher than 
20 kV/cm. A similar observation can also be noted from 
earlier reports [22, 23].

Donor doping (such as Nb-doping) increases the domain 
wall mobility by reducing the polar defect complexes and 
hence by lowering the oxygen vacancies. As a result, the 
softening happens. On the other hand, acceptor doping such 
as Fe-doping creates a defect complex between Fe-substitu-
tional defects and charged oxygen vacancies. This leads to a 
hardening effect [2]. From the results presented here (Fig. 5), 
an increase in the coercive field with doping concentration 
is observed. The values of 2 × Ec are found to be 25.54, 
28.80, 30.32, 32.85 and 35.39 kV/cm for NF0, NF2, NF4, 
NF6 and NF8 respectively. In dielectric response study, it is 
observed that the value of dielectric constant decreases and 
dielectric loss increases (at lower frequencies but decreases 
at higher frequencies) with doping concentration though the 
change in the loss with frequency is not as high as expected 
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for the softening effect. Hence, both these observations on 
polarization and dielectric response indicate the hardening 
effect [24–27].

In order to find out the “true switchable polariza-
tion”, also called as “non-volatile polarization” (as the 

2 × Pr = Pr − (− Pr) is practically not the actual switchable 
polarization). Positive up negative down (PUND) test is car-
ried out. In contrast with the general hysteresis measure-
ment, for PUND test, the signal consists of five sharp pulses 
(one preset and four measurements) are used (Fig. 6a). 

Fig. 4  AC conductivity and specific resistance of Nb and Fe co-
doped PLZT. Temperature dependence of ac conductivity (real part) 
(a–e), ac conductivity (imaginary part) (f–j) and specific resistance 

(k–o) for different frequencies. (color legends/frequencies are the 
same for all parts of the figure)
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These pulses are: one negative preset pulse followed by 
two positive pulses (positive switched pulse and positive 
unswitched pulse). The positive unswitched pulse is fol-
lowed by two negative pulses (negative switched pulse and 
negative unswitched pulse). The PUND test results for the 
pulses of the magnitude of 35 kV/cm are shown in Fig. 6b. 
The polarizations measured at those pulses are termed as 
switchable polarization (P*), remnant switchable polariza-
tion (P*R), non-switchable polarization (P^) and remnant 
non-switchable polarization  (P^R), following the convention 
as described in the “Understanding Ferroelectric Materials” 
by Evans Jr [28].

The true switchable polarization  (Psw) is defined as, 
 Psw = P* − P^. The calculated values of  Psw are plotted w.r.t. 
doping concentration and are shown in Fig. 7. It is found that 
the value of  Psw decreases with doping and the values are 
76.57, 42.73, 37.49, 27.93 and 25.38 µC/cm2 for NF0, NF2, 
NF4, NF6 and NF8 respectively. Generally, the ± P^R (s) are 
expected to be equivalent to the loop-gap (gap between the 
start and end points of the hysteresis loop). The observed val-
ues of ± P^R are 0.58(− 0.76), 2.12(− 2.74), 2.54(− 2.87), 
1.42(− 1.68) and 0.97(− 1.32) µC/cm2 while the values of 
loop-gap are 0.66, 2.38, 2.72, 1.50 and 1.06 µC/cm2 for NF0, 
NF2, NF4, NF6 and NF8 respectively. Hence, this indicates 
a reasonable agreement with the expectation. In the case of 
a leakage-free material,  Psw = (2 × Pr − loop-gap) can be 
expected. In our study, the values of  Psw are marginally less 
than the values of (2 × Pr − loop-gap). The differences between 
these two quantities (i.e. (2 × Pr − loop-gap) − Psw) are 0.41, 
0.97, 1.37, 2.02 and 4.41 µC/cm2 for NF0, NF2, NF4, NF6 and 

Fig. 5  Ferroelectric hysteresis (P–E) loops recorded at room tempera-
ture for Nb and Fe co-doped PLZT (NF0, NF2, NF4, NF6 and NF8)

Fig. 6  a Input signal used for PUND measurement (representative 
only). b PUND test results for Nb and Fe co-doped PLZT (NF0, NF2, 
NF4, NF6 and NF8)

Fig. 7  Change in “true switchable polarization”  (Psw) with doping 
concentration for Nb and Fe co-doped PLZT (NF0, NF2, NF4, NF6 
and NF8). (The solid line is to guide the eyes)
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NF8 respectively. This signifies the effect of increasing leakage 
current. However, fatigue behavior is found to be improved 
with doping. Lowest fatigue is observed for NF2 (Fig. 8). The 
value of  Psw for NF2 is decreased by 5% at 7 × 105 cycles of 
switching whereas the decrement is 15% in case of NF0. The 
samples NF4 and NF6 show values between that of NF0 and 
NF2. NF8 performs lower than NF0. The enhancement in the 
resistance against fatigue observed for 2% Nb–Fe doping is 
somewhat similar to the behavior observed for single element 
doping. Haccart et al. reported enhanced fatigue behavior for 
2% of Nb doping in PZT(54/46) [29]. Doping of  WO3 (used 
for ferroelectric softening) in PZT(52/48) thin film resists 
fatigue up to  108 cycles but similar doping of CuO (for harden-
ing) doesn’t show such improvement, moreover shows fatigue 
at  105 cycles where undoped one shows at  106 cycles [30]. 
Hence, the enhanced fatigue resistance in NF2 could be due to 
the presence of 2% Nb; but as doping concentration increases 
the effect of Fe becomes dominant over the other.

The leakage current vs. electric field data is plotted in 
Fig. 9. The leakage current density is found to increase with 
co-doping of Nb and Fe in PLZT lattice. Leakage current 
sharply increases with the electric field up to the field close to 
the coercive field. On further rising of the field, it decreases 
marginally followed by an increase in higher fields. The rate 
of increment at the higher field is higher for higher doping. 
For NF8, sharp increase at field above 20 kV/cm is noticeably 
higher than that of other samples. This can be correlated to the 
observation of decreasing polarization at the higher field for 
NF8 (as explained before).

3.5  Energy storage density

The energy storage density is calculated following the method 
reported by Zhao et al. [31]. The energy input during charging 
to the maximum polarization is defined as

where P is the polarization at an electric field E. The recov-
erable energy ΔJ after charging to the maximum polarization 
is defined as

Hence, the efficiency η is defined as

The sample NF0 exhibits recoverable energy storage 
density of 58.84 mJ/cm3 with an efficiency of 0.24. The 
comparable remnant and maximum polarization and the 
large hysteresis loss is the reason for this low value of ΔJ 
and η. But, in the case of NF2, as the  Pr becomes lower 
than the  Pmax, the values of ΔJ and η become greater 
than that of NF0. The observed values of ΔJ and η for 
NF2 are 134 mJ/cm3 and 0.28. The values are shown in 
Fig. 10. Upon increasing the doping concentration both 

(4)ΔJ
in
=

Pmax

∫
0

EdP

(5)ΔJ = −

P
r

∫
Pmax

EdP

(6)� =
ΔJ

ΔJ
in

Fig. 8  Fatigue behavior (“true switchable polarization”  (Psw) vs 
switching cycles) for Nb and Fe co-doped PLZT (NF0, NF2, NF4, 
NF6 and NF8)

Fig. 9  Leakage current (J) versus electric field (E) at room tempera-
ture for Nb and Fe co-doped PLZT (NF0, NF2, NF4, NF6 and NF8)
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the polarization values decrease further and coercive 
field increases. As a result, both the ΔJ and η are found 
to decrease for NF4. Though for NF6, both the  Pr and 
 Pmax decrease, due to the internal bias field the asymme-
try arises in the coercive field, which causes an increase 
in ΔJ and η with respect to those of NF4. It was observed 
earlier that internal bias field at higher fields (above 20 kV/
cm) affect the polarization of NF8; hence, polarization at 
higher fields become lower than the polarization observed 
around 20 kV/cm. This leads to a decrease in ΔJ and η. As 
a result of the complex effect of several factors, the values 
of ΔJ and η do not follow any regular trend of change with 
Nb–Fe co-doping in PLZT.

4  Conclusions

Temperature and frequency dependence of dielectric 
response, ac conductivity, specific resistance are studied 
for Nb and Fe co-doped PLZT ceramics. Ferroelectricity 
and dielectric properties are correlated with microstruc-
ture. The microstructures, both on surface and interior 
(well below the surface) are investigated. Microstructure 
inside the samples is different from the surface morphol-
ogy and grains are much smaller inside the sample with 
respect to that on the surface. Polarization is found to 
decrease with doping, while the coercivity increases. The 
true switchable polarizations are calculated from the data 
obtained by PUND tests. The 2% Nb and Fe codoping 
show enhancement in fatigue resistance. Leakage current 

is observed to increase with doping and the effect of 
internal bias field at the higher fields for higher doping 
is also seen. The recoverable energy storage density and 
efficiency do not follow any regular relation with doping 
concentration. The change in these quantities is directly 
depending on maximum polarization, remnant polariza-
tion, coercive field and hysteresis loss. The highest recov-
erable energy storage density is 134 mJ/cm3 with an effi-
ciency of 0.28 for 2% Nb–Fe co-doped PLZT.
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