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Abstract
Pb(NbxZr0.52Ti0.48)O3 (PNZT) (x = 0 %, 1 %, 2 %, 3 %, 4 %, 5 %) thin films were prepared in a sol-gel process to

investigate the effects of Nb doping on the crystalline orientation, electric and fatigue properties of lead zirconate
titanate (PZT) films. X-ray diffraction (XRD) and scanning electron microscope (SEM) analyses showed that PNZT
films with Nb doping concentration below 5 % exhibited a dense perovskite structure with (100) preferred orientation.
The maximum dielectric constant was obtained in 4 % Nb-doped PZT film with a precision impedance analyzer.
Remnant polarization and fatigue resistance were enhanced significantly with 2 % Nb dopant.
Keywords: PNZT thin films, (100) preferred orientation, microstructure, fatigue resistance, sol-gel process

I. Introduction
PZT thin films have been extensively studied owing to

their excellent dielectric, ferroelectric and piezoelectric
properties, which has made various applications such as
random access memory, ferroelectric capacitors and mi-
cro-electro-mechanical systems (MEMS) possible in re-
cent years 1 – 4. The common methods for fabricating PZT
thin films are sputtering, metal-organic chemical vapor de-
position, chemical solution deposition, pulsed laser abla-
tion deposition and the sol-gel process 5 – 9. Among these,
the sol-gel process has aroused popular interest because of
its precise composition control, low-temperature process-
ing, low cost of fabrication and ease of doping modifica-
tion.

It is widely accepted that the properties of PZT films de-
pend strongly on many parameters, including stoichio-
metric composition, sintering conditions, preferred ori-
entation and doping 7, 10, 11. Some researchers have in-
dicated that the piezoelectric response of (100)-oriented
PZT films in the vicinity of morphotropic phase bound-
ary composition could be greatly enhanced 12, 13. In addi-
tion, PZT thin films suffer significant ferroelectric fatigue
when subject to repeated polarization switching because
of the long-range migration of space charge. In order to
obtain (100)-oriented PZT thin films and resolve the fa-
tigue problem, many efforts have been focused on intro-
ducing a seed layer to induce the growth of PZT films, such
as LaNiO3, PbTiO3 and PbO seed layers 9, 14, 15. Howev-
er, introducing a seed layer leads to an increase in process
costs and a longer fabrication time.

Doping is often used to enhance the properties of PZT
thin films. Many researchers have done a great quantity
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of work to evaluate the electric properties and fatigue re-
sistance of PZT films doped with La, Gd, Nd, Nb, Mn,
etc. 9, 16 – 19. Donor doping is one effective way to pre-
vent the formation of oxygen vacancies due to charge com-
pensation. In particular, niobium additive is considered as
donor dopant to improve the dielectric, ferroelectric and
piezoelectric properties of PZT films. Zhang 9 et al. fab-
ricated (100)-oriented PNZT films by introducing a Pb-
TiO3 seed layer prepared by means of chemical solution
deposition. Pintea 20 and Thakur 21 investigated the effect
of Nb doping on the grain size, dielectric and ferroelec-
tric properties of PZT ceramics. Nevertheless, there has
been only few studies discussing the effect of Nb dop-
ing on the fatigue resistance of PZT films. Furthermore,
preparing (100)-oriented PNZT thin films on Pt(111)/Ti/
SiO2/Si(100) substrates remains a challenge.

In this paper, Nb-doped PZT thin films with the concen-
tration of 0 %, 1 %, 2 %, 3 %, 4 % and 5 % were deposit-
ed on Pt(111)/Ti/SiO2/Si(100) substrates by means of the
sol-gel process. (100)-oriented PNZT thin films with ex-
cellent fatigue resistance were obtained by using conven-
tional furnace heat process and appropriate doping con-
centration. Simultaneously, the effects of Nb doping on
crystalline orientation, microstructure, dielectric, ferro-
electric properties and fatigue resistance of PZT thin films
were investigated.

II. Experiments
The PNZT precursor solutions were prepared with

nominal compositions of Pb(NbxZr0.52Ti0.48)O3 (x =
0 %, 1 %, 2 %, 3 %, 4 %, 5 %). The raw materials used
for preparing the precursors were lead acetate trihydrate
((Pb(CH3COO)2⋅3H2O), zirconium nitrate (Zr(NO3)4
⋅5H2O), tetrabutyl titanate (C16H36O4Ti) and niobium
ethoxide (Nb(C2H5O)5). 2-methoxyethanol (C3H8O2)
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was selected as the solvent and acetylacetone (C5H8O2)
as the chelating agent. The lead acetate trihydrate, zir-
conium nitrate, tetrabutyl titanate, niobium ethoxide and
acetylacetone were dissolved in 2-methoxyethanol and re-
fluxed for 24 h. 20 % excess lead was used to compensate
for the lead loss during the sintering process. Formamide
(CH3NO) was selected to prevent cracks and acetic acid
(C2H4O2) to adjust the pH. The ratio of Zr/Ti was kept
at 52/48 and the concentration of precursor solutions was
at 0.33 M. Before being used for coating, the PNZT pre-
cursor solutions were filtered through syringe filters of
0.22 lm pore size.

The filtered PNZT precursor solutions were spin-coated
on Pt(111)/Ti/SiO2/Si(100) substrates at 800 rpm for 9 s
and 3000 rpm for 30 s. The films were dried at 150 °C
for 5 min to eliminate moisture, pyrolyzed at 450 °C for
5 min to remove the organics, and then annealed at 600 °C
for 10 min to induce complete crystallization. The above-
mentioned steps were repeated 16 times to obtain about 1-
lm-thick PNZT thin films. And then the Pt top electrodes
were sputtered onto the PNZT films. The top electrodes,
bottom electrode and PCB circuit board are connected by
means of gold wire welded with silver paste.

The crystalline structure and preferential orientation of
the PNZT thin films were analyzed with an X-ray diffrac-
tometer (D8 Bruker, Bruker, Germany) with CuKa radia-
tion in a wide range of Bragg angle (20° ≤ 2h ≤ 60°) at room
temperature. In order to evaluate the degree of the (100)

preferred orientation, the volume fraction a is calculated
using the following equation 22:

α =
I100)

I(100) + I(110) + I(111)
x 100% (1)

where I(100), I(110) and I(111) are the diffraction intensi-
ties of (100), (110) and (111) peaks, respectively. The mi-
crostructure of PNZT films was observed with a scanning
electron microscope (S-4800, Hitachi, Japan). The dielec-
tric constant of the films was obtained using a precision
impedance analyzer (4294A, Agilent Technologies, US),
as a function of frequencies varying from 0.1 to 100 kHz
at ambient temperature. The P-E hysteresis loops and fa-
tigue resistance were characterized by means of a modified
Sawyer-Tower circuit.

III. Results and Discussion

(1) The orientation and microstructures
Fig. 1 shows the XRD patterns of undoped and Nb-

doped PZT thin films with different Nb doping con-
centration. It can be noted that all films are complete-
ly crystallized in polycrystal perovskite and scarcely
any pyrochlore phase is observed. The crystal struc-
ture of the PNZT thin films is closely related with the
doping concentration. When the concentration of Nb
dopant is below 5 %, the PNZT films exhibit combined
orientations of the (100), (110) and (111) directions,
in which the (100) orientation is the dominant growth

Fig. 1: XRD patterns of (a) undoped, (b) 1 % Nb-doped, (c) 2 % Nb-doped, (d) 3 % Nb-doped, (e) 4 % Nb-doped and (f) 5 % Nb-doped
PZT thin films.
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direction. After the Nb doping concentration had been in-
creased to more than 2 %, (110), (111), (200), (201) and
(211) orientation diffraction peaks increased while (100)
orientation diffraction peak gradually weakened. 5 % Nb-
doped PZT films are presented with random crystalline
orientation and the (211) orientation dominates crystal
growth orientation.

Fig. 2 shows the (100) preferential orientation degree (a)
as a function of Nb doping concentration. It can be seen
that the degree of (100) preferred orientation first increas-
es and then decreases as the Nb doping concentration in-
creases from 0 % to 5 %. The maximum (100) preferred
orientation degree (80.3 %) is obtained in 2 % Nb-doped
PZT film, an increase of 34.3 % compared with the un-
doped PZT film. The degree slightly decreases to 77.6 %
at the doping concentration of 3 %. As the Nb doping
concentration increases to 5 %, the a value is reduced to
42.1 %.

Fig. 2: The (100) preferential orientation degree (a) of PNZT thin
films as a function of Nb doping concentration.

It is well known that (100) preferred orientation is de-
pendent on the natural growth of the perovskite struc-
ture. The (100) crystal orientation has the lowest interfa-
cial energy at crystallization temperature, which makes
the (100) oriented nuclei grow more rapidly than other

orientations and then inhibits the growth of other crys-
tal orientations 23. Besides, there is a positive effect on
the (100)-oriented crystal growth of PNZT films under
low Nb doping concentration. Therefore, the lowest in-
terface energy and the positive effect of Nb dopant dom-
inate the preferred texture of the PZT films. The ionic ra-
dius of Zr4+, Ti4+ and Nb5+ in the octahedral coordina-
tion are 0.072, 0.0605 and 0.064 nm, respectively. There-
fore, the Nb dopant acted as donor dopant and occupied
the Zr or Ti position because of the similarity in ionic radii,
which generated additional positive charge. To maintain
charge neutrality, lead vacancies were then created. When
the Nb doping concentration was relatively high, on the
one hand, the generation of excessive lead vacancies result-
ed in PbO accumulation at the grain boundaries, which
impeded grain growth 24. On the other hand, the further
addition of Nb ions would aggregate near the grain bound-
aries and inhibit grain growth 19. Thus, the (100) prefer-
ential orientation degree decreased and the film displayed
random crystalline orientation.

The surface and cross-section SEM images of PNZT thin
films with different Nb doping concentration are shown
in Fig. 3 and Fig. 4. When the doping concentration is
less than 5 %, all the films reveal no cracks, distinct grain
boundaries (as shown in Fig. 3) and dense columnar mi-
crostructure (as shown in Fig. 4(a) – (e)). As the Nb doping
concentration increases to 5 %, the PNZT film is present-
ed with an unclear grain boundary, which may be due to
the non-dense perovskite structure of the film (as shown
in Fig. 4(f)). In addition, the grain size of 4 % Nb-doped
PZT film is found to be larger than that of the other films.

(2) Dielectric and ferroelectric properties
Fig. 5 shows the dielectric constant of PNZT thin films

with different Nd doping concentration as a function of
frequency ranging from 0.1 to 100 kHz at room temper-
ature. It can be observed that the dielectric constant of
all the films decreases as the frequency increases. At low-
er frequencies, the higher value of the dielectric constant
is due to simultaneous presence of all types of polariza-
tions like electronic, ionic and space charges polarization.
But at higher frequencies, some polarizations become
ineffective and only electronic polarization works 25.

Fig. 3: The surface SEM images of (a) undoped, (b) 4 % Nb-doped PZT thin films.
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Fig. 4: The cross-section SEM images of (a) undoped, (b) 1 % Nb-doped, (c) 2 % Nb-doped, (d) 3 % Nb-doped, (e) 4 % Nb-doped and (f)
5 % Nb-doped PZT thin films.

In addition, there is a dramatic increase in the dielectric
constant with the doping of niobium ions in the PZT per-
ovskite structure. As the Nb doping concentration in-
creases, the dielectric constant first increases and then de-
creases. The maximum dielectric constant is obtained in
4 % Nb-doped PZT film, reaching 1412.5 at 100 Hz, an
increase of 46.9 % compared with undoped PZT films. Be-
cause niobium mainly substituted for the Zr4+ or Ti4+ ions,
lead vacancies were created to maintain charge neutrali-
ty. The lead vacancies could reduce local stresses in the
lattice, which in turn promoted the mobility of domain
walls and accounted for the improved dielectric proper-
ties 19. As the Nb doping concentration increased to 5 %,
on the one hand, excess Nb dopant segregated at the grain
boundaries and prohibited grain growth, thus reducing
the domain wall motion. On the other hand, the forma-
tion of PbO owing to excessive lead vacancies assembled at
the grain boundaries weakened the movement of domain
wall. Furthermore, the formation of impurity phases and
the presence of non-dense perovskite structure, possible
pyrochlore phase, decreased the dielectric constant of the
film.

The ferroelectric properties of PNZT thin films are plot-
ted in Fig. 6 and Fig. 7. Fig. 6 shows the P-E hysteresis
loopsofundoped, 2 %Nb-dopedand5 %Nb-dopedPZT
thin films at ambient temperature. As can be seen, all films
show well-saturated polarization hysteresis loops, while
the asymmetries on both polarization and electric field ax-
es appear in the undoped PZT film. It was reported that
the space charge accumulation at electrode-ferroelectric
interface was considered as the major reason for the po-
larization asymmetry, while the electric field asymmetry
could be associated with the presence of internal electric
field 26. We speculate that the improvement of asymmetric

behavior with the doping of niobium ions in the PZT films
is due to a modification of the internal electric field.

Fig. 5: The dielectric constant of PNZT thin films with different Nb
doping concentration as a function of frequency.

Fig. 7 shows the remnant polarization and coercive field
of PNZT thin films as a function of Nb doping concentra-
tion at 1 kHz. As the niobium dopant percentage contin-
uously increases, the remnant polarization of PNZT films
increases and then decreases, while the coercive field de-
creases and then increases. The maximum value of remnant
polarization is produced in 2 % Nb-doped PZT thin film
and the lowest value of coercive field is generated in 3 %
Nb-doped PZT film. When the Nb doping concentration
was relatively low, oxygen vacancies induced domain wall
pinning and limited domain wall motion. In contrast, lead
vacancies, to maintain charge neutrality, could facilitate
the motion of domain walls. The concentration of oxy-



December 2017 Effect of Nb Doping on Crystalline Orientation, Electric and Fatigue Properties of PZT Thin Films 523

gen vacancy was lower in the PNZT films, so lead vacan-
cies determined the domain wall mobility and improved
the ferroelectric properties 19. When the concentration of
Nb doping was increased to more than 3 %, first, excessive
Nb dopant gathered at the grain boundary and resulted in
lower levels of domain wall motion. Second, there was the
development of residual stress in the PNZT films, which
could act as energy barrier and impede the domain wall
from moving swiftly 27. Third, a higher amount of niobi-
um led to excessive lead vacancies, which resulted in PbO
gathering at the grain boundaries and inhibiting the move-
ment of the domain wall. Thus, these three mechanisms re-
duced the ferroelectric properties of PNZT thin films.

Fig. 6: P-E hysteresis loops of undoped, 2 % Nb-doped and
5 % Nb-doped PZT thin films.

Fig. 7: The ferroelectric properties of PNZT thin films as a function
of Nb doping concentration.

(3) Fatigue resistance
The fatigue resistance of undoped and 2 % Nb-doped

PZT thin films as a function of the cycle number is shown
in Fig. 8. Fatigue behaviors caused by polarization switch-
ing were tested at 10 kHz with bipolar sine wave ampli-
tude of ± 20 V. As can be seen, there is no evident polariza-
tion switching loss in any of the films below 106 switch-
ing cycles, which indicates all films exhibit good fatigue
endurance. The fatigue test shows the typical decrease in

remnant polarization, but the fatigue resistance of 2 %
Nb-doped PZT film is clearly improved compared with
undoped PZT film. After 108 cycles, the remnant polariza-
tion of 2 % Nd-doped PZT thin film decreases to 88 % of
its initial value, while that of undoped PZT film decreases
to 57 % after 107 cycles. It is notable that the results of this
paper are quite comparable to the results reported by oth-
er researchers. Griswold 28 et al. reported that Nb doping
could improve the fatigue resistance of undoped PZT thin
films prepared by means of the dc magnetron-sputtering
technique, and the remnant polarization of PNZT films
dropped by 20 % after 108 cycles. Ryder 24 et al. found that
Nb doping did not have any observable effect on the fa-
tigue resistance of sol-gel-derived PZT films.

Fig. 8: The fatigue behaviors of undoped and 2 % Nb-doped PZT
thin films.

The fatigue resistance of PZT thin films can be improved
by doping niobium ions, which may be attributed to the
following several factors. First, Nb doping was an effective
way to prevent oxygen ions separating from perovskite
structure, thus the accumulation of space charge associ-
ated with oxygen vacancies at Pt/PZT interface was al-
leviated, which was usually believed to play a dominant
role in the fatigue phenomenon 29. Second, the introduc-
tion of niobium ions in PZT films induced a modification
of the internal electric field, which had a great effect on
electromigration of charged defects 30. Third, additional
lead vacancies were created to maintain charge neutrality
in PNZT films, which could facilitate the domain wall mo-
tion and accounted for the improved fatigue resistance 19.

IV. Conclusions
The PNZT thin films with Nb doping concentration

of 0 %, 1 %, 2 %, 3 %, 4 % and 5 % were fabricated on
Pt(111)/Ti/SiO2/Si(100) substrates in a sol-gel process. Si-
multaneously, the effects of Nb doping on crystalline ori-
entation, electric properties and fatigue resistance of PZT
films were investigated. When the Nb doping concen-
tration was below 5 %, the PNZT films exhibited (100)
preferred orientation with distinct grain boundaries. The
maximum dielectric constant of 1412.8 at 100 Hz was ob-
tained in 4 % Nb-doped PZT film, an increase of 46.9 %
compared with undoped films. The maximum remnant
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polarization is produced at 2 % Nb dopant and the lowest
coercive field is generated at 3 % dopant. The fatigue re-
sistance was clearly improved in 2 % Nb-doped PZT film.
It is expected that PNZT thin films with highly (100) pre-
ferred orientation and enhanced fatigue resistance can be
widely utilized in piezoelectric devices, such as piezoelec-
tric inkjet printheads and piezoelectric actuators.
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