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Abstract

The focus of the present paper is to describe the preparation procedure and to investigate the microstruc-
tural characteristics and the electrical properties of Co-doped PZT films deposited by rf-sputtering by using
a “mixture” target system onto Au-electroded Al2O3 ceramic substrates. The X-ray diffraction patterns of the
Co-doped PZT thin films as a function of the annealing temperature confirmed the formation of pure per-
ovskite phase started with temperatures of 600 °C, but a perfect crystallization was achieved at a temperature
of ∼700 °C. The microstructures strongly depend on the thermal treatment temperature and indicated a dis-
continuous surface without large pores and with a bimodal grain size distribution. The XPS analysis demon-
strated that the dopant element is present mainly in its Co2+ state. The macroscopic P(E) hysteresis loops were
recorded in different locations of the films surface and demonstrated ferroelectric behaviour with a resistive
leakage contribution.
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I. Introduction

In the last years, there is a great interest in prepara-
tion and investigation of different types of ferroelectric
films for devices fabrication due to the search of techno-
logical applications, such as: piezoelectric devices [1,2],
non-volatile random access memory devices [3], surface
acoustic wave filters (SAW), micro-electromechanical
systems (MEMs) and nano-electromechanical systems
(NEMs) [4,5]. Among the ferroelectric materials, lead
zirconate titanate (PZT) thin films are intensively stud-
ied in the literature as promising candidates for all these
applications due to their quick and intense response.
The large applicability of PZT family is related to the
fact that possess a suitable combination of a few basic
properties such as (i) high electromechanical coupling
coefficient; (ii) wide range of values for the material
constants (dielectric, ferroelectric, piezoelectric, piro-
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electric); (iii) relatively high Curie temperature, allow-
ing a wide operating temperature range for applications
and ferroelectricity at room temperature; (iv) capability
to form easy solid-solutions with various compositions,
thus allowing a wide range of properties values [6].

It is known that the doping can improve the electric
properties of ferroelectric materials in ceramic or thin
films form [7–9]. The Co-doping PZT thin films are in-
vestigated in the present paper. The Co2+ (ionic radius,
R = 0.75 Å) will occupy the Pb2+ (R = 1.26 Å) sites [10]
in PZT materials. The smaller Co2+ ions will occupy
less space and this was expected to lead to enhanced
ferroelectric properties. To the best of our knowledge,
there are very few papers which reported properties re-
garding the Co-doped PZT thin films [11,12]. Conse-
quently, it is worthy of investigating such films in order
to establish and to understand the functional properties,
which were not yet reported. In addition, for higher Co
amounts, ferromagnetic properties at room temperature
might be induced, thus turning the material into a room
temperature multiferroic.
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PbZrxTi1-xO3 thin films of various compositions
have been prepared using different deposition tech-
niques, such as metal organic chemical vapour depo-
sition (MOCVD) [13], chemical routes with metal or-
ganic precursors (sol-gel processing) [14,15] and by
physical deposition routes as laser ablation [16–19]
and rf-magnetron sputtering [20–22]. The method of
rf-sputtering has gathered considerable interest, given
the high quality of the resulted films, the relative
low surface roughness, high crystallinity and easy ad-
justable stoichiometry [23–25]. Due to its versatility, rf-
sputtering method was proposed even for mass produc-
tion of PZT films [26–28]. In the present paper, the Co-
doped PZT films were prepared by using a “mixture” of
targets of Co small pellets onto a large ceramic target,
as already proposed in the Ref. 29, where it was applied
because the co-sputtering from multiple target arrange-
ments provided the formation of special alloys in the
hard disk media. The advantage of this method is that a
plurality of sputtering target arrangements are disposed
concentrically in one system, wherein independent mag-
netic fields can be generated at least partially above the
respective target arrangements.

The focus of the present paper is to describe
the preparation procedure and to investigate in detail
(by X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM) and P(E) hys-
teresis loops) the Co-doped PZT films deposited by rf-
sputtering by using a “mixture” target system onto Au-
electroded Al2O3 ceramic substrates.

II. Experimental details

Prior to the films deposition, Au bottom electrode
was deposited onto optically polished Al2O3 ceramic
substrates. The Co-doped PZT films were deposited by
using a rf-magnetron plasma deposition facility with a
3 inches Torus magnetron (K.J. Lesker, Pittsburgh, PA,
SUA) powered by a Huettinger PFG 300 RF-generator
(Farmington, CT, USA). Argon (99.99% purity) was
used as sputtering gas under a total pressure of 1.5 ×
10−2 mbar. The films were deposited from a 3.00" di-
ameter× 0.125" thick Pb(Zr0.54Ti0.46)O3 ceramic target
(Kurt J. Lesker) onto the Au/Al2O3 substrates (Fig. 1).
The Co pellets with 8 mm diameter× 2 mm thickness
have been prepared by cold isostatically pressing at
p = 300 MPa from Co powders (Aldrich 60784, purity

Figure 1. The “mixture” targets system

99.8%) and then radially placed in the deposition sys-
tem. Distance from targets to substrate was about 6 cm,
the sputtering was carried out for 300 minutes under
a fixed power of 80 W. The substrate temperature was
kept at the temperature of 300 °C during the entire depo-
sition process. The amorphous as-deposited films were
then subjected to a post-deposition annealing in air with
a heating rate of 5 °C/min up to various temperatures
in the range of 600–700 °C, with 1 hour plateau at these
temperatures and then slowly cooled down to room tem-
perature. The annealing was performed in order to allow
the full crystallization into the perovskite phase.

The perovskite phase formation of the Co-doped PZT
thin films after the calcination step were checked at
room temperature with a Shimadzu XRD 6000 (Kyoto,
Japan) diffractometer in geometry (θ − 2θ) using Ni-
filtered CuKα radiation (λ = 1.5418 Å), with a scan step
of 0.02° and a counting time of 1 s/step. The films mi-
crostructures were examined by using a scanning elec-
tron microscope (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX) (Vega/Tescan instrument,
Cranberry TWP, USA). The surface morphologies were
studied by using an atomic force microscope (AFM,
NanoSurf EasyScan 2 Instruments, Woburn, MA, SUA).

The XPS spectra were measured using a PHI 5000
VersaProbe XPS instrument, (Minnesota, USA). The
pressure in the chamber was of 2 × 10−6 Pa and the
conditions used for all of the survey scans were: en-
ergy range of 130–750 eV, 117.4 eV pass energy, 0.5 eV
step size and time/step of 20 ms. XPS spectra were
recorded by using PHI Summitt XPS software and the
data were analysed with MultiPak Spectrum software.
All the spectra were calibrated using the C 1s peak with
a fixed value of 284.5 eV.

Impedance spectroscopy characterisation was per-
formed in the frequency in the range of 20 Hz to 2 MHz
by using an impedance bridge type Agilent E4980A
Precision LCR Meter (Santa Clara, CA, SUA).

In order to examine the macroscopic ferroelectric
behavior of the Co-doped PZT films, the polarization
switching P(E) characteristics were determined by us-
ing a Radiant EDU Kit system (Albuquerque, NM,
SUA).

III. Results and discussion

3.1. The structural investigation

Figure 2 shows the X-ray diffraction patterns of the
obtained Co-doped PZT thin films as a function of the
annealing temperature. The annealing was performed in
order to eliminate the pyrochlore phase and to allow
the crystallization into the perovskite phase. It can be
clearly seen that the formation of perovskite phase it is
formed even at ∼600 °C, but the highest crystallization
was achieved at the higher temperatures of about 700 °C
proved by the lowest intensities of the pyroclore phases,
still present in this film. The pyrochlore phase amount
decreases with the increasing of the annealing temper-
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Figure 2. XRD patterns of the Co-doped PZT thin films
annealed at different temperatures

ature. The XRD patterns for all the Co-doped PZT thin
films still shows trace amounts of pyrochlore phases
due to the PbO volatilization but clearly demonstrated
the formation of the perovskite phases. The films are
polycrystalline, with a strong (111) crystalline orienta-
tion. No secondary phases (as Co oxides) are identified,
showing that Co entered into the perovskite cell and did
not segregate as a separate phase in the film.

3.2. Surface morphology

The surface morphology of the Co-doped PZT films
(Fig. 3) shows the presence of two morphological struc-
tural units observed at different magnitude levels. The
microstructures clearly depend on the thermal treatment
temperature and show a discontinuous surface with a bi-
modal size distribution, without large pores and cracks.
The SEM images indicated a typical behaviour of a
system with two components with different diffusion

(a) (b)

(c) (d)

Figure 3. SEM micrographs of the rf-sputtered Co-doped PZT thin films annealed at
650 °C (×10000 (a) and ×200000 (b)) and 700 °C (×10000 (c) and ×200000 (d))
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(a) (b)

Figure 4. Surface SEM image showing the grain size in the range of (10–90) nm (a) and a cross-sectional SEM image
of a 516 nm thick Co-doped PZT thin films onto Au/Al2O3 substrate annealed at 700 °C (b)

coefficients (long range order, LRO). These patterns are
formed due to a combination of the reaction and dif-
fusion processes giving rise to patterns of labyrinthine
instabilities type [30]. These patterns can arise as a re-
sult of instabilities in the diffusion of the Co ions into
the PZT thin films during non-equilibrium conditions of
the deposition stage. The slowly propagating diffusion
(due to the LRO) of a chemical substance has the effect
over space and the local reaction. Patterns are formed
by chemical kinetics of the two components (Co and
PZT), which may have the role of an activator, A and
inhibitor, B. Their concentrations, A(z, t) and B(z, t), at
a specific location z on the surface determine the state
(or contrast) at a given time t [31]. The way such pat-
terns form and evolve in time is vitally important for
many key technologies related to sensors, memory and
recording devices.

In spite of the grain structure of the thin films deposi-
ted by rf-magnetron sputtering is not clearly visible,
small grains below 40 nm beside a few larger grains of
∼85 nm or agglomerations of smaller grains were ob-
served (Fig. 4a). Fig. 4b shows the cross-sectional SEM
image of the Co-PZT thin films deposited onto Au/Al2O3
ceramic substrates and annealed at 700 °C. The figure re-
veals that the thickness of the Co-doped PZT thin films
is approximately 517 nm. The films annealed at tempera-
tures of 600 °C and 650 °C have a similar thickness.

In order to examine the phase formation of the films
and the homogeneity distribution of the corresponding
elements onto the film surface, SEM investigations cou-
pled with X-ray energy dispersive spectroscopy (EDX)
analyses were carried out. Several regions were chosen
to be analysed from the chemical point of view and thus,
to estimate the local phase composition.

(a) (b)

Figure 5. EDX elemental analysis for a region from the surface of Co-doped PZT thin films annealed at:
a) 650 °C and b) 700 °C
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(a) (b)

(c) (d)

Figure 6. AFM topography of the Co-doped PZT thin films annealed at 700 °C for: a) 2D top film surface at 2µm, b) 3D film
surface at 2µm, c) 2D top film surface 5µm and d) 3D film surface at 5µm

The EDX analysis performed in various films surface
positions (Fig. 5) revealed that only Co, Pb, Zr, Ti and
O elements are present (besides the conductive carbon
traces) and they are homogeneously distributed onto the
film surfaces. Therefore, no segregation of Co species
as secondary phases was present, as also confirmed by
the XRD analysis.

In order to better analyse the surface morphologies of
the Co-doped PZT thin films, atomic force microscopy
(AFM) technique was further employed. Figure 6 shows
AFM images of the Co-doped PZT thin films annealing
at 700 °C for different magnitudes in 2D and 3D rep-
resentation. The AFM micrograph reveals that the Co-
doped PZT thin film has nearly uniform grain distribu-
tion and is well crystallized and cracks free. In general,
the surface is extremely dense and smooth.

Surface roughness is a commonly used measure of
thin-film surface morphology and is defined as the root-
mean-square (rms) of surface height profile as follows:

Rrms =

√

√

√

√

√
N
∑

i=1

(

hi − havg

)2

N
(1)

where Rrms denotes surface roughness, hi (i = 1, 2 . . .N)
is the surface height at the i position in the unit of layer
and havg the mean value of h. The calculated Rrms rough-
ness value of the Co-doped PZT films is 2.6 nm over a
2 × 2 µm2 scan area, which confirms the fact that the
films present a smooth and compact surface.

3.3. X-ray photoelectron spectra

In order to obtain more information about the Co-
doped PZT thin film surface and to check the oxida-
tion state of the Co dopant, a detailed X-ray Photoelec-
tron Spectroscopy (XPS) analysis was performed. XPS
depth profiling revealed that Co species are homoge-
neously distributed throughout the films surface. Figure
7 shows the XPS spectra of Co2p for thin films annealed
at 600 °C and 700 °C. Due to higher noise, data for the
films annealed at 650 °C were not good for fitting. The
Co element is present mainly in the Co2+ state. When
the films are annealed at the temperatures of 600 °C and
700 °C, the Co2p3/2 peak is located at almost the same
position of ∼779.9 eV and 780.05 eV respectively, while
the Co2p1/2 is located at 795.7 eV and 796 eV. These
values are in good agreement with literature reports on
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(a) (b)

Figure 7. Deconvolution of the XPS spectra for Co-doped PZT thin films annealed at the temperatures of:
a) 600 °C and b) 700 °C

Figure 8. Frequency dependence of the capacitance and
tangent losses for the rf-sputtered Co-doped PZT

thin films measured at room temperature

similar systems containing Co element [32]. The rest
of the peaks together with their satellites possible cor-
respond to very small amounts of oxidized cobalt and
metal cobalt (but with small amounts, below the XRD
detection limit of 5%). This is the reason for which a
concentration of ∼67% of Co2p for both thin films an-
nealed at 600 °C and 700 °C temperatures was obtained.
In the total atomic concentrations of the film, Co2+ ions
entered with an estimated level of about 10% in the Pb
sites (generic formula Co0.10Pb0.90(Zr0.54Ti0.46)O3).

3.4. Dielectric and ferroelectric properties

The frequency dependence of capacitance, dielectric
losses and complex impedance at room temperature for
the sample annealed at 700 °C are summarized in the
Fig. 8. It is seen that the measured capacitance val-
ues decreased monotonously with frequency increasing.
The capacitance value for the film annealed at 700 °C
was found to be around 8.5 pF at 1 kHz. An increasing of
losses to 2.5% is observed at low frequencies, although
in the high frequencies range the losses are below 1%.
This is because at lower frequency the dielectric losses
are mainly induced by leakage conduction which lead
to the decrease of the dielectric losses when increasing
the frequency.

The P(E) hysteresis loops (Fig. 9) were measured for
different locations of the films surface and at an applied
voltage of 8 V amplitude. For the sample annealing at
700 °C was obtained a closed P(E) loop, less affected
by leakage, but still unsaturated, due to the low avail-
able voltage. Extrinsic factors as local compositional
inhomogeneities and grain size, but also intrinsic ran-
dom site substitutional impurities may be also respon-
sible for such behaviour of this thin film. Although the
non-linearity P(E) features seem to demonstrate ferro-
electric properties of this thin film, due to the resistive
leakage and to the fact that the maximum field available
in this experiment of E = 150 kV/cm was not enough to
saturate the sample annealed at 700 °C, it is impossible
to appreciate their macroscopic switching performances
and it is improper to speak about true remanent po-
larisation and coercive field values. Better ferroelectric
characterisation by PUND (positive-up/negative-down)
measurements at higher voltages [33] together with lo-
cal AFM piezoresponse analysis is expected to offer a
better ferroelectric characterisation of these films.

Figure 9. Room-temperature P(E) hysteresis loops of
Co-doped PZT thin films at the frequency of 1 Hz
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Further investigations will be performed for a full un-
derstanding in interpreting the properties of such films
and for optimising the deposition parameters in order
to accomplish saturated P(E) loops with high polari-
sation and high permittivity. In addition, magneto-optic
Kerr effect (MOKE) experiments are under way in order
to check the possible multiferroic behaviour of the Co-
PZT films, since the magnetic measurements by a Vi-
brating Sample Magnetometer MicroMag™ VSM sys-
tem model 3900 (Princeton Measurements Co.), did not
reveal a relevant ferromagnetic behaviour, due to the
lack of sensitivity for such a low level of ferromagnetic
contribution.

IV. Conclusions

Co-substitutted PZT thin films with composi-
tion Co0.10Pb0.90(Zr0.54Ti0.46)O3 and thickness around
517 nm were deposited by rf-sputtering onto Au-
electroded substrates of Al2O3. The formation of per-
ovskite phase started at 600 °C, but a perfect crystalliza-
tion was achieved at higher temperature of 700 °C. The
films show a (111) predominant orientation. Irrespec-
tive of the annealing temperature, the films morphology
present typical features resulted from the deposition of
a binary system with components with dissimilar diffu-
sion coefficients. The local EDX analysis performed in
various positions of the film surface revealed that only
Co, Pb, Zr, Ti and O elements are present (besides the
conductive carbon traces), homogeneously distributed
onto the film surface. The AFM micrographs reveals
that the Co-doped PZT thin films are well crystallized
and cracks free with uniform grain distributions and an
Rrms roughness value of about 2.57 nm. The Co element
is present mainly in the Co2+ state as it was showed by
typical results of XPS Co2p spectra. The macroscopic
P(E) hysteresis loops were measured for different loca-
tions of the films surface and demonstrated ferroelectric
properties influenced by a resistive leakage.
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