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Abstract

Project Code : MRG5280012

Project Title: Effect of Surface Characteristics on Electrical Properties of Smart
Perovskite Piezoceramic Materials
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Associate Professor Dr. Supon Ananta
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University

E-mail Address : slaongnuan@yahoo.com

Project Period: March 16, 2009 to March 15, 2011

In this research, lead nickel niobate Pb(Ni;sNb,;3)O; or PNN ferroelectric ceramics
have been fabricated from a modified mix-oxide B-site precursor technique and BaTiO;
doped with Fe,O; and Nb,Os has been prepared by conventional mixed oxide method. In
order to determine the chemical composition of these samples, a combination between X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) techniques has been
performed. XRD analysis revealed that the PNN ceramics consist of pure perovskite
Pb(Ni;sNb,;3)O5; phase. The narrow-scan XPS spectra of each element indicate that Pb, Ni
and Nb compose of a single component which is assigned to the component in the
perovskite structure. The narrow-scan XPS spectrum of oxygen composes of two
components. The first component is assigned to the oxygen in the perovskite structure while
the second component is assigned to contamination in the ceramics in the form of hydroxyl
species. XPS study of BT dope with Fe,O3; and Nb,O5; showed that the binding energy of Ti
indicates more than one component of Ti presented in doped BT while that of undoped BT
ceramics show only one component. This might response for the change of electrical

property of doped BT.

Keywords:Ferroelectrics, Lead Magnesium Niobate, Barium Titanate, X-ray photoelectron

spectroscopy.
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Executive Summary
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ABSTRACT

Perovskite relaxor ferroelectric lead nickel niobate (PNN) ceramics were fabricated
by using B-site precursor method, in which columbite-NiNb, O, was employed as key precursor.
It has been found that optimization of sintering condition can successfully lead to highly
dense PNN ceramics. Although XRD analysis revealed that the ceramics consist of pure
petovskite phase, significant fluctuation in chemical composition, precipitation of unreacted
precursor and the formation of unwanted phases were found via a combination berween

SEM EDX and XPS techniques.

Keywords: lead nickel niobate, perovskite, columbite precursor, chemical characteristic.

1. INTRODUCTION

Lead nickel niobate, Pb(Ni, Nb, )O, or
PNN, is one of the significant Pb-based
perovskite relaxor ferroelectric materials
which has been widely investigated as potental
candidates for electroceramic components
such as actuaror, transducer, capacitor and
sensor applications [1-3]. However, as is well-
known, a practical limitation to the utilization
of this compound in device applications has
been the lack of a simple, reproducible
prepatation technique for a pure perovskite
phase with consistent properties. The
formation of perovskite PNN is often
accompanied by the occurrence of one or
morte undesirable phases, which significantly

-15-

degrade the overall electrical properties of the
materials [4-7]. In order toavoid the formation
of unwanted phases, several methods have
been introduced [6-10]. So far, the columbite
method [4-7], in which prefabricated NiNb,O,
is reacted with an appropriate proportion of
PbO, has been widely accepted as one of the
promising methods for the preparation of
phase-pure PNN-based materials. There has
beena great deal of interestin the preparation
of single phase PNN powders as well as in
the sintering and electrical properties of
PNN-based ceramics [3-10]. As is well known,
Pb-based perovskite relaxor materials
prepared by a mixed oxide method have spatial
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fluctuatons in their chemical compositions.
The extent of the fluctuation depends on the
characteristics of the starting powders as well
as on the processing schedule [4,5,11].
Interestingly, the study of the chemical
characteristic i.e. chemical composition/
distribution especially at the sutface of the
PNN ceramics has not been widely reported.
Thus, in the present study, an attempt has been
made to fabricate and characterize the
perovskite PNN ceramics by using a
columbite-NiNb,O, B-site precursor method.
Their phase formarion and chemical
composition were examined by using a
combination of several chemical characteriza-
tion techniques including XRD, SEM, EDX
and XPS.

2. MATERIALS AND METHODS

Pb(Ni, ;Nb, )O, powders were syn-
thesized by employing B-site precursors
(i.e. columbite-route) mixed oxide synthetic
route, as reported earlier [5]. Starting
precutsors were as follows: PbO (JCPDS file
no. 77-1971), NiO (JCPDS file no. 73-1519)
and Nb_O, (JCPDS file no. 30-873) (Aldrich,
99% purity). These three oxide powders
exhibited an average particle size in the range
of 3.0-5.0 pm. First, an intermediate phase
of nickel niobate: NINb,O, was prepared by
the solid-state reaction method previously
reported [12]. The appropriate amount
of PbO was then added to the NiNb,O,,
vibro-milled and calcined in closed alumina
crucible. All powders were prepared by using
a simple mixed oxide method via a rapid-vibro
milling technique for 30 min (instead of 2 [5]
or 12 h [3]) with corundum media inisopropyl
alcohol, as detail descrbed in eatlier works
[5,11,12]. Columbite-toute mixtures wete then
calcined at 950 °C for 2 hwith heating/cooling
rates of 10 °C/min [12]. Ceramic fabrication
was achieved by adding 3 wt-% polyvinyl
alcohol (PVA) binder, prior to pressing as

Chiang Mai J. Sci. 2009; 36(1)

pellets in a pseudo-uniaxial die press. Each
pellet was placed in an alumina crucible
together with an atmosphere powder of
identical chemical composition [13,14]. After
the binder burn out at 500 °C for 1 h, sintering
was cartied out with constant heating/ cooling
rates of 5 °C/min at various temperatures
(1100-1250 °C) and dwell ime (1-2 h) [3,15].

Densities of the final sintered products
were measuted by using the Archimedes
principle. Sintered ceramics were examined by
room-temperature X-ray diffraction (XRD,
Siemen D-500 diffractometer) using Cuk,
radiation to identify the phase formed. The
microstructural development was characrerized
using a scanning electron microscopy (SEM,
JEOL JSM-840A). Mean grain size of the
sintered ceramics was subsequently estimated
by employing the linear intercept method [16].
The chemical composition of the ceramic was
also elucidated by an energy-dispersive X-ray
(EDX) analyzer with an ultra-thin window.
EDX spectra were quantified with the virtual
standard peaks supplied with the Oxford
Instruments eXL software. In order to
evaluate the sutface chemistry of the sintered
PNN ceramics, XPS spectra were collected
using a PHI 5700 X-ray phoroelectron
spectrometer equipped with PHI 04091
neutralizer and a monochromane Al Kot
X-ray source (hv = 1486.7 eV) incident at 90°
relagve to the axis of a hemispherieal energy
analyzer. The spectrometer was operated at
high resolution with a pass energy of 23.5 eV
a photoelectron takeoff angle of 45° from the
sutface, and an analyzer spot diameter of 1.1
mm. The base pressure in the chamber during
measurement was 1 = 107 Torr. After
collection of the data, the binding energies
were referenced by setting the C 1s binding
energy to 284.8 eV. All peaks were fir with
respect to spin-otbit splitting,

-16 -
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3. RESULTS AND DISCUSSION

The X-ray diffraction patterns of
columbite-route PNN ceramics sintered at
vatious temperatutes for 1 and 2 h are given
in Figure 1. (a-c) and 1{e-f), respectvely. In
general, all XRD patterns show 100%
perovskite Pb(Ni, ;Nb, )O, phase and could
be matched with JCPDS file no. 34-103 [17],
in agreement with other works [5,79]. To a
first approximation, this phase has a cubic
perovskite-type structure with cell parameter
a = 403 pm in space group pmim (no. 221). It
should be noted that no evidence of either
unreacted precursors or pyrochlore-type
phases such as Pb, , Nb,O,,, Pb.Nb,O,,
Pb Nb,O, , and Pb NiNb O, has been

found here whereas these phases were found
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in other works [7,10,18]. Therefore, XRD
results clearly show that, in general, the
methodology employed in this work provides
a simple method for the production of pure
perovskite PNN ceramics via a solid-state
mixed oxide synthetic route in which
columbite-NiNb,O  was employed as key
precursor together with the optimized
sintering conditions without the addition of
PbO and NiO in excess [7-8].

The densification data of all samples is
shown in Table 1. It is observed that the
density of about 93-96% of the theoretical
value can be achieved for the columbite
mixed-oxide route PNN ceramics. Density

increases as sintefing temperature increases
from 1100 to 1200 *C, consistent with Alberta

=)
T R o ®
g : § ¢ § § g:%
¥a x 1 ¢ | 3 P& =
(&)
L A A | " A
; Jl (d)
g L n A ! A s
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Figure 1. XRD patterns of the columbite-route PNN ceramics sintered for 1 h at (a) 1100,
(b) 1150 and (c) 1200°C,and for2 hat (d) 1100, (¢) 1150 and (£) 1200 °C, with the corresponding

JCPDS pattern.
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Table 1 Physical properties of the columbite-route PNN ceramics sintered ar various conditions.

Sintering condition

Dwell-time (h) 1 2

Temperature (C) 1100 1150 1200 1100 1150 1200 1200
[Ref. 3]

Physical properties

Relative density (Ya)* 93 94 95 94 05 96 94

Grain size range 0.7-3.3 | 1.2.55 | 1.5-10 | 1242 | 1.3-50 | 2.0-13 -

(mean) (um)* an (62 | ¢4 | e | 63 | 65 | 67)

Perovskite phase (%o | 100 100 100 100 100 100 100

* The estimated precision of the relative density density is = 0.1%.
* The estimated precision of the grain size is + 10%.

< Calculated from XRDD dara [11, 12]

and Bhalla [3]. However, further increase in
the sintering temperature up to 1250 °C caused
the critical damage of the PNN samples (with
some melted areas), in contrast to earlier
report [3]. This may be attributed to the loss
of lead oxide at high sintering temperatures,
which is similar to the results found in other
Pb-based perovskite systems [14,15,18]. In
addition, in the present study, it was found
thar apart from the sintering remperarure, the
effect of dwell ime was also found to be quite
significant for the densification of PNN
ceramics (higher density values were observed
after longer dwell time applied). Based on the
results obtained here, it may be concluded that
the optimal sintering condition for the
production of columbite-route PNN ceramics
with maximum bulk density is 1200 °C for 2
h (in good agreement with other researchers
[3,6]), with heating /cocling rates of 5 *C/ min.

SEM micrographs of as-fired (i) and
fracture (i) surfaces of columbite-route PNN
ceramics sintered at various conditions are
compared in Figure 2. The influence of
sintering conditions on grain size of these
PNN ceramics is also given in Table 1. In
general, typical perovskite-type PNN ceramic

microstructures consisting of highly dense

grain-packing are observed in both samples
and in good agreement with literarure [3,6,7].
The grain sizes are in the range of 1.5to 10
mm, which is slightly lower than those
observed in the typical columbite-route PNN
ceramics [6,7]. The results also indicate that
average grain size tends to increase with
sintering temperature and dwell time, as also
found in other perovs kite materals [13,14,19].
Micrographs of fracture surface (Figure 2(ii))
show highly dense microstructures consisting
of equiaxed grains, in agreement with other
researchers [7]. The PNN ceramics also have
an intetgranular fracture mechanism,
indicating that the grain boundaries are
mechanically weaker than the grains [20],
similar to the results previously observed in
the relaxor perovskite ceramic systems [4,19].

It should be noted that some minor
phases can be found in these micrographs
(circled), in particular at the grain boundaries
and at the triple point junctions. In general,
EDX analysis using a 20 nm probe from a
large number of areas of these sintered PNN
ceramics confirmed the parent compositon
to be Pb(Ni , Nb 1O, in agreement with
XRD result. However, a combmaton of SEM
and EDX techniques has also demonstrated

-18 -
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(b-i)
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Figure 2. SEM micrographs of (i) as-sintered and (ii) fracture surfaces for columbite-route
PNN cetamics sintered for 1 h at (a) 1100 °C and (b) 1200 =C.

that the chemical compositions of the minor
phases, neighbouting the parent PNN phase
(marked as “1”), are identified as pyrochlore-
type Pb(Ni, ,Nb, JO, . (dark area; marked
as “2”), and unreacted precutsor NiO (bright
area; marked as “3"). As expected, based on
the SEM-EDX data, it may be concluded that,
single-phase perovskire PNN ceramics cannor
be straightforwardly fabricated by sintering
pure PNN powders derived from a well-
known mixed oxide columbite B-site
precursor method. However, these minor
phases could not be detected by XRD tech-
nique (one of the most widely used techniques
to characterize ceramics), suggesting low
concentration of those components which 1s
consistent with eatlier work [9].

So far, the employed characterization
techniques explore both the surface and the
bulk information. As is well documented,
whether the sample is crystalline or not, the

nature of the surface is ofren important.
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Is the chemical composition the same
throughout the PNN sample, especially at the
surface? In connection with this, X-ray
photoelectron spectroscopy (XPS) which is
one of the most used sutface-sensitive
techniques [21-25] was adopted to obtaining
data on the chemistry and bonding close to
the surface. A wide energy range of XPS
spectrum of the PNN ceramics (Figure 3)
shows all elementary compositions of the
PNN compound including the Auger lines.
Carbon peak was found in the spectra due ro
contamination in the samples, which is
generally found in ceramic materials [21-23].
The binding energy of all compositions was
referred to C 1s line ar 284.8 eV. The core
levels of Ph, Ni, Nb and O are presented in
Figure 4. The line position of Pb 4f
(Figure 4(a)) shows ar 138.1 €V, which is
consistent with Pb in the Pb(Mn,  Nb, 30,
cetamics [22]. The binding energy of Ni 2p_,
(Figure 4(b)) is 8553 eV, which is in good
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Figure 3. The XPS spectrum measured in the wide energy range of the surface of
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agreement with Rivas ¢7 a/ [24]. In the present
study, the satellite peaks (sat) of Ni 2p which
is the typical charactenstic of Ni 2p peak, are
also found in the PNN spectrum, as shown
in Figure 4(b). From Figure 4(c), it is seen
that the binding energy of Nb 3d, , is 206.4
eV and the spin-orbir splitting is 2.8 V. The
binding energy of Nb 3d here is slightly
lower than those obtained from the typical
telaxor perovskite Pb(Mg  Nb, JO_ ceramics
(206.8 eV) [25]. This could be artributed to
different environment of Nb in the crystal
structure. ‘The O 1s core level spectrum of
sintered PNN is shown in Figure 4{d) wath
two peaks, in good agreement with literature
[23-26]. The first peak at 529.6 eV is typically
assigned to O,* and the second peak at 531.6
eV commonly found at the surface of several
perovskite ceramics might be attabuted to the
hydroxyl species [24-26].

To the author’s knowledge, the present
data are the first results for the surface
chemistry analysis of relaxor perovskite PNN
ceramics fabricated via a columbite B-site
precursor method. The results obtained in this
study suggest that a systematic study of the
chemical (elemental) distribution for each layer
from the ceramic surface deep down into the
bulk (chemical depth profile) are further
required for better understanding the chemical
characteristics and the homogeneity of the
well-known mixed-oxide derived PNN

ceramics.

4. CONCLUSIONS

Evidence gained from a typical XRD
analysis technique revealed that single-phase
of perovskite PNN ceramics can be
successfully formed by employing a mixed
oxide columbite B-site precursor method
under optimized sintering conditions.
However, fluctuation in chemical
composition, precipitation of unreacted

precursor and the formation of unwanted
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pyrochlore phases different from perovskite
PNN especially at the surface were detected
by a combination of SEM, EDX and XPS
techniques.
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ABSTRACT

Perovskite ferroelectric PNN ceramics have been obtained from oxides by sintering in air, using a
two-stage process with corundum NuNbiOg precursor. Under suitable firing condition. XRD
analysis revealed that the ceramics consist of 100% perovskite phase. The SEM, EDX, and XPS
techniques were employed to investigate the chemical composition of the surfaces of the PNN
ceramies. Fluctuation in chemical composition. precipitation of NiO and the Pb-Ni-Nb-O phase
different from perovskite were found.

INTRODUCTION

Perovskite relaxor ferroelectric lead nickel niobate Pb(NijsNby3)O3; or PNN. based-ceramics are
widely employed for electronic applications [1]. However, these applications have limitation due to
the lack of a simple, reproducible preparation method for a pure perovskite phase with consistent
properties [1-3]. It has been known that electrical properties of relaxor ferroelectric materials are
related to the bulk as well as the interfacial characteristies [2. 3]. However. a limited number of
studies have been paid on pure PNN ceramies unlike that of PNN-based systems [1]. Moreover, the
study of the surface characteristies of the PNN ceramics derived from corundum B-site precursor
has not been reported. Thus, the aim of this work is to characterize chemical composition of PNN
ceramics especially at the surfaces by using a combination of several techniques mecluding XRD.
SEM. EDX. and XPS.

EXPERIMENTAL

Perovskite Pb(N115Nb3)03 ceramics were prepared by a similar methodology of B-site precursor
mixed oxide synthetic route, as reported earlier [4. 5]. Starting materials were as follows: PbO, NiO.
and NbyOs (Aldrich, 99% purity). Corundum NiyNbyOg precursor was separately prepared by the
solid-state reaction method previously reported [5]. employing an optimized caleination of 1050 °C
for 2 h. After mixing NiyNby;Og and PbO via a rapid vibro-milling technique for 30 min. the
mixtures were calcined at 950 °C for 1 h to generate PNN powder [4]. The PNN ceramics were
sintered in air at 1200 °C for 2 h. with heating/cooling rates of 5°C/min.

Phase formation. densification, microstructure. and chemical composition of the ceramics were
examined by using X-ray diffraction (XRD: Philips PW 1729 diffractometer). the Archimedes
prineiple. scanning electron microscopy (SEM: JEOL JSM-840A). and an energy-dispersive X-ray
(EDX) analyzer, respectively. In order to examine the surface characteristics of the ceramics, XPS
spectra were collected using a PHI 5700 X-ray photoelectron spectrometer equipped with PHI
04091 neutralizer and a monochromatic Al Ko, X-ray source (hv = 1486.7 V) incident at 90°

All rights reserved. Mo part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzeriand, www.ttp.net. (ID: 202.28.27 3-24/07/09,06:04:14)
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relative to the axis of a hemispherical energy analyzer. The spectrometer was operated at high
resolution with a pass energy of 23.5 €V, a photoelectron takeoff angle of 45° from the surface, and
an analyzer spot diameter of 1.1 mm. The base pressure in the chamber during measurement was 1
% 107 Torr. After collection of the data. the binding energies were referenced by setting the C 1s
binding energy to 284.8 ¢V. All peaks were fit with respect to spin-orbit splitting. Standard
curve-fitting software (Multipak V5.0A: Physical Electronics, Inc.) using Shirley background
subtraction and Gaussian-Lorentzian profiles was used to determine the peak intensities.

RESULTS AND DISCUSSION

XRD and Microanalysis

X-ray diffraction pattern of the corundum-route PNN ceramics sintered at 1200 °C for 2 h is given
in Fig. 1(a). indicating the formation of the Pb(Nij;sNby;)O; perovskite phase. which could be
matched with JCPDS file no. 34-103. in agreement with other works [6. 7]. It is observed that the
density of about 95% of the theoretical value can be achieved in this study. In general. SEM
micrograph of the PNN ceramics (Fig. 1(b)) exhibits dense microstructure consisting of equiaxed
and clongated grains with abnormal grains of size around ~7-10 pm, probably due to the
reerystallization during firing and variation of stoichiometric compositions [8]. in agreement with
other works [1. 6]. The grain size is in the range of 1 to 10 pm. which is significantly lower than
those observed in the typical columbite-route PNN ceramies [6. 7]. Minor phases can be found in
this micrograph. in particular at the grain boundaries and at the triple point junctions. By using EDX
analysis. the chemical compositions of these minor phases. neighbouring the parent PNN phase
(marked as *17). are identified as Pb(Nig 120Nb1 65)O3 33 (dark area: marked as “27). and NiO (bright
area: marked as “3"). However. these minor phases could not be detected by XRD technique.
suggesting low concentration of those components which is consistent with earlier work [9].

()
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— 100
— 111

20
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2 Theta (deg)

Fig. 1 (a) XRD and (b) SEM analysis of PNN ceramics

XPS Analysis

A wide energy range of XPS spectrum of the PNN ceramics is shown in Fig 2. The peaks were
labeled on the spectra. showing all elementary compositions of the compound. The Auger lines also
present in the spectrum. Carbon peak was found in the spectra due to contamination in the samples.
which is generally found in ceramic materials [10-12]. The binding energy of all compositions was
referred to C 1s line at 284.8 V. The core levels of Pb. Ni. Nb. and O are shown in Fig. 3. The line
position of Pb 4f7, (Fig. 3(a)) shows at 138.1 eV. It should be noted that there has been no previous
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investigation on perovskite PNN ceramics using XPS analysis. However. the line position of Pb |
417 obtained in this study is in agreement of Pb in the perovskite Pb(Muny;3Nba3)O;5 ceramies [11]. 3

Pb 4f
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Fig. 2 The XPS spectrum measured in the wide energy range of the surface of PNN ceramics.
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Fig. 3 The XPS (a) Pb 4f. (b) Ni 2p. (¢) Nb 3d. and (d) O 1s lines of PNN ceramics.
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The binding energy of Ni 2p3n (Fig. 3(b)) is 855.3 eV, which is consistent with the value previously
reported by Rivas er al. [13]. In this work. the satellite peaks of Ni 2p. characteristic of Ni 2p peak.
are also found in the PNN samples. The XPS spectrum of Nb 3d is shown in Fig. 3(c). The binding
energy of Nb 3dsp is 206.4 €V and the spin-orbit splitting is 2.8 V. The binding energy of Nb 3d
here is slightly lower than those obtained from the typical relaxor perovskite Pb(Mg1:3Nbas)O;3
ceramics (206.8 €V) [14]. This could be attributed to different environment of Nb in the erystal
structure. The O 1s core level spectrum of sintered PNN is shown in Fig. 3(d) with two peaks. in
good agreement with literature [12-15] The first peak at 529.5 eV is typically assigned to 0" and
the second peak at 531.4 ¢V might be attributed to the hydroxyl species commonly found at the
surface of the perovskite ceramies [13].

CONCLUSIONS

For the first time. the chemical composition of the perovskite relaxor ferroelectric PNN ceramics
derived from a corundum B-site precursor route were investigated by using a combination of XRD.
SEM. EDX and XPS techniques. The results indicate the significant fluctuation in chemical

composition especially at the surface of the PNN ceramics which could not be solely distinguished
by XRD.
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Pyrochlore-type PZN ceramics have been obtained from a two-stage process with
columbite B-site precursor. In order to determine the chemical composition of these
samples, a combination between X-ray diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS) techniques has been performed. XRD analysis revealed the coexistence
of unreacted PbO starting precursor and major phase of the pyrochlore-type PZN
phase as average composition from the bulk volume. While different binding energies
(multicomponents) of each chemical element e.g. Pb, Zn, Nb and O from the surface
of PZN ceramics were identified by XPS, indicating inhomogeneous surface chemical
distribution within these columbite-route samples.

Keywords Lead zinc niobate; columbite precursor; surface characterization; X-ray
photoelectron spectroscopy

Introduction

Complex perovskite relaxor ferroelectric lead zinc niobate, Pb(Zn;3Nby3)O3 or PZN,
based-ceramics are widely employed as the key components for electronic applications such
as capacitors, sensors, acluators and transducers [1-6]. However, these applications have
limitation due to the lack of a simple. reproducible preparation method for a pure perovskite
phase with consistent properties [ 1-3]. It has been known that electrical properties of relaxor
ferroelectric materials are related to the bulk as well as the interfacial characteristics [2. 3].
Moreover, it has been noticed that the performance of these relaxor perovskite materials
during practical applications depended on the behavior of oxygen on the surface of the
materials [1, 2]. Therefore, it is useful to examine the chemical state of oxygen on the
surface to increase the understanding about surface kinetic process of the materials during
applications. It should be noted that the XRD and other crystallographic techniques used
to examine the pure perovskite ferroelectric materials may only provide information of
bulk structure, not the surface composition, which may lead to a clue of why the PZN
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always forms in pyrochlore type. Hence this study is aimed to provide more information
on the material. Moreover, so far the study of the surface chemical characteristics of the
PZN ceramics derived from columbite B-site precursor method has not been reported. In
addition, X-ray photoelectron spectroscopy (XPS) which is an effective surface analytical
technique for providing qualitative and quantitative information about chemical states of
constituents has been successfully performed for the characterization of the chemical states
of oxygen on the surfaces for various perovskite ceramics [7-9]. Thus, the aim of this work
is to characterize chemical composition of PZN ceramics especially at the surfaces by using
X-ray photoelectron spectroscopy (XPS).

Experimental

Samples (both powder and ceramic forms) with general formula of Pb(Zn3Nb3)03 were
prepared by a similar methodology of B-site precursor mixed oxide synthetic route, as
reported earlier [4, 5]. Starting materials were as follows: PbO, Zn0O, and Nb;Os (Aldrich,
99% purity). Columbite ZnNb; O precursor was separately prepared by using a rapid vibro-
milling technique previously reported [3], employing an optimized calcination of 1100°C
for 2 h. After mixing ZnNb;Og and PbO, the mixtures were calcined at 1100°C for | h to
generate PZN powder [4]. The PZN ceramics were sintered in air at 1100°C for 2 h, with
heating/cooling rates of 10°C/min.

Phase formation of the ceramics were examined by using X-ray diffraction (XRD;
Philips PW 1720 diffractometer). In order to examine the surface characteristics of the
ceramics, XPS spectra were collected using a PHI 5700 X-ray photoelectron spectrometer
equipped with PHI 04001 neutralizer and a monochromatic Al Ko X-ray source (hy =
1486.7 eV} incident at 90° relative to the axis of a hemispherical energy analyzer. The
spectrometer was operated at high resolution with a pass energy of 23.5 eV, a photoelectron
takeoff angle of 45° from the surface, and an analyzer spot diameter of 1.1 mm. The base
pressure in the chamber during measurement was 1 » 1077 Torr. After collection of the
data, the binding energies were referenced by setting the C Is binding energy to 284.8
eV. All peaks were fit with respect to spin-orbit splitting. Standard curve-fitting software
(Multipak V5.0A: Physical Electronics. Inc.) using Shirley background subtraction and
Gaussian-Lorentzian profiles was used to determine the peak intensities [6].

Results and Discussion

XRD Analysis

X-ray diffraction pattern of the columbite-route PZN ceramics sintered at 1100°C for 2
h is given i Fig. 1. In general, this pattern indicates the formation of the Pb 33 Zngxn
Nby.71 Ogas pyrochlore-type phase, which could be matched with JCPDS file no. 34-0315.
Moreover, it should be noted that the small amount of PbO (JCPDS file no. 77-1971
and 35-1482) starting material was also detected by XRD. These observations could be
attributed mainly to the PbO volatilization effect during high finng temperature [1, 3] and
poor degree of mixing derived from a mixed oxide method [1. 3]. So far, XRD data obtained
in this work may only show the bulk composition, not surface, which is more important
and critical in further development of the material during grain-growth process. In order to
provide the chemical information of surface of these PZN ceramics, the XPS analysis has
been performed on these Columbite derived PZN ceramics.

-28 -



Z December 2010

[Chiang Mai miversity Libraryl At: 0428

Downloaded By

7811047 L. Srisombat et al.

PZN-C
mw W—L;—JJL—-\A——IK.—

PbO JCPDS File no. 77-1971

3
1)
Z | S — J ||T|JJTJ |lJ ‘,|“].|'1.
..‘II%
£ PbO JCPDS File no. 35-1482
= |
e I | ¥ | || | |
T T T T d T T T ' 1
rmhh, 1220, 5 JCPDS File no. 34-0374
| | 1l |1
ad I = T v I L] T L 1
10 20 30 40 50 80

20 (degrees)

Figure 1. XRD pattern of PZN ceramics prepared by a columbite B-site precursor method.

XPS Analysis

A wide energy range of XPS spectra of the pyrochlore-type PZN ceramics prepared by
columbite method is shown in Fig 2. The peaks were labeled on the spectra, showing all
elementary compositions of the compound. The Auger lines also present in the spectra.
Carbon peak was found in the spectra due to contamination in the samples, which is
generally found in ceramic materials [7-9]. The binding energy of all compositions was

referred to C 1s line at 284.8 eV.

Pbar

Intensity (a.u.)

Binding Energles (eV)

T T T T
1400 1200 1000 BO0 GO0 400 200 L]

Figure 2. The XPS spectrum measured in the wide energy range of the surface of PZN ceramics

prepared by columbite B-site precursor method.
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Figure 3. The XPS (a) Pb 4f, (b) Nb 3d. (c) Zn 2paz. and (d) O 1s lines of PZN ceramics prepared
by columbite B-site precursor method.

The core levels of Pb, Ni, Nb, and O of the pyrochlore-type PZN ceramics prepared by
columbite method are shown in Fig. 3. The bands of Pb 4f77 and 4f52 (Fig. 3(a)) exhibit
shoulder peaks. After performing peak deconvolution, it was found that Pb 4f77 bands
compose of two components at approximately 138.0 eV and 136.2 eV. The first band is
assigned to Pb2+ which is in agreement of Pb in Pb(Mn;Nby3)0; ceramics [8, 10]. The
assignment of second peak is slightly difficult because it 1s near the binding energies of both
Pb® (~136 &V) which is in agreement to that reported by Mastelaro ef al. [11] and Pb*
(136.7 eV) which reported by Gupta er al. [ 10]. From Fig. 3(b). it can be seen that the bands
of Nb 3ds; and 3dsy, also show shoulder peaks. After performing peak deconvolution,
it was found that Nb 3dspz bands exhibit two components at approximately 204.6 eV
and 206.3 ¢V. The component at higher binding energy 1s associated with Nb located in
the lattice, which is slightly lower than that obtained from the typical relaxor perovskite
PbiMg3Nby3)0;5 ceramics (206.8 e V) [10]. This observation could be attributed mainly to
different crystal structure and environment. From the first approximation, the lower binding
energy component could be assigned to NbO [12]. Furthermore, the XPS spectrum of Zn
2psn (Fig. 3(c)) also exhibits two components at approximately 1019.3 eV and 1021.1 eV.
Since the binding energy of the latter component is close to that of Zn** in ZnO (1021.8
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eV) [12], we may assign the latter component to Zn®+, However, the first component cannot
be correctly indexed due to no related information is available so far. The O 1s core level
spectrum of the sintered PZN is shown in Fig. 3(d) with broad peak. After performing
the peak fitting, it was shown that this peak composes of 4 components at approximately
527.2,529.4 531.1 and 532.6 eV. The component at 529.4 eV is similar to general oxygen
component which 1s commonly found in ceramics [13, 14]. The other components might
be related to surface contaminations [10, 13, 14].

Finally, it should be noted here that the common XRD analysis employed in this
study indicates that the columbite derived PZN ceramics compose of the pyrochlore-type
PZN as major phase and small amount of PbO precursor. Whilst XPS results provide
complementary information that all elements (Pb, Zn, Nb and O) compose of more than
one component or more than one chemical state. It might be due to the oxygen vacancy
in the crystal structure of the pyrochlore-type PZN phases or the forming of other phases
aside from Pby g3 Znp 20 Nby 71 O 30 and PbO. Such crucial surface information cannot be
determined directly by using only XRD technique. Hence, a combination of both XRD and
XPS techniques was found very useful for the chemical characteristic measurement of such
inhomogeneous samples, in analogous to a combination of SEM-EDX commonly used for
the microstructural investigation. Hence, in order to clarify the difference in chemical state
or binding energy of each element, further study employing a powerful technique such as
X-ray absorption spectroscopy e.g. EXAFS or XANES will be very helpful.

Conclusions

Even though a columbite method, which is generally used to obtain single perovskite phase
of ceramic materials, was applied to the fabrication of PZN ceramics, the pyrochlore-type
PZN phases are still obtained and coexist with minor amount of unreacted PbO precursor.
For the first time, the chemical composition of pyrochlore PZN ceramics derived from a
corundum B-site precursor route were investigated by using XPS technique. The results
indicate that for all compositions, the Pb 4f, Nb 3d, Zn 2p and O [s spectra compose of
more than one component. Even though XRD technique can be use to obtain the bulk
information, the surface information and some small impurity could not be detected by
XRD. This information could be obtained by using XPS technique.
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In this work, the surface composition and chemistry of perovskite PNN ceramics obtained from
a columbite precursor were investigated using X-ray photoelectron spectroscopy. The PNN ceramics were
bombarded with argon ions, after which the chemical state and composition were determined. The
results show that the sputtering technique caused substantial changes in the chemical states of Pb and
Nb, but no detectable change in the chemical state of Ni. Notably, ion bombardment led to the removal of

absorbed oxygen species. Furthermore, the chemical composition of the PNN ceramics was altered by the
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sputtering process, where decreases in the atomic percentages of Pb and oxygen were observed, while
increases in the atomic percentages of Ni and Nb were observed.

©@ 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ceramics based on the relaxor ferroelectric lead nickel niobate
Pb(Niq3Nby3)0s (PNN) perovskite are widely employed in micro-
electronics as multilayer capacitors, actuators, and components
that operate via the induced piezoelectric effect [1-3]. Applications
involving these materials vary with their mechanical, electrical, and
piezoelectric properties, which depend on the composition and the
nature of the defects in the sample. Several studies have focused on
the microstructure [4], morphology [5], and electrical properties [6]
of this material.

In practical electronic devices, the sputtering of noble gas ions is
used to etch the surface of these materials [7]. Therefore, the
chemical composition and chemical states of the surface must be
precisely kmown. Zhu and Lu [8] used XPS to investigate changes in
the chemical state and composition of the perovskite Pb(Zrpsy
Tip4s)03 system after bombardment with argon ions. These studies
found a change in the chemical state only of Pb?* to Pb°, with no
concomitant change on the chemical states of Zr or Ti ions. Also, the
atomic ratio of Pb(Pb + Zr + Ti) was observed to decrease upon
sputtering. Mukhopadhyay and Chen [7] studied the surface
properties of the perovskites SrTiO3 and Pb(ZrTi)03 and their

* Corresponding author. Tel.: +66 53943342, fax: 466 53892277
E-muail address: slaongnuan@yahoo.com (L Srisombar).

1567-1739/§ — see front matter © 2011 Elsevier BV, All rights reserved.
doiz10.1016/j.cap2011.01L013

response to ion bombardment. Here, changes in the chemical states
of Pb and Ti were observed, but no changes were observed for the
otherelements. Further, it was found that ion bombardment caused
almost nochange in the surface composition of 5rTiO3, while that of
PZTwas substantially altered. Similarly, XPS studies by Kim et al. [9]
revealed changes in the chemical behavior of PZT during argon ion
bombardment. Speafically, it was found that the chemical states of
Pb and Ti changed upon argon ion bombardment, while the
chemical state of Zr remained constant. Also, the relative percent-
ages of all elements were altered by ion bombardment due to the
preferential removal of oxygen.

More recently, Singhetal. [ 10] used XPS to study the BaSn; _,Nb,03
system. The studies found no change in the chemical states of Ba and
Sn, but the chemical state of Nb was reduced from Nb** to Nb** at high
energy argon sputtering at 140 K, which disappeared at 298 K. Sepa-
rately, Kurmar et al. [11] used XPS to investigate the changes of sin-
tered barium titanate induced by argon ion sputtering. The studies
found that the Ba spectra undergo subtle modification upon argon ion
bombardment, and the titanium ions undergo a small fractional
reduction of Ti** 1o Ti**,

These studies and others have shown that each chemical/subs-
tance responds to ion bombardment differently. To our knowledge,
there are no prior reports of the influence of argon ion bombard-
ment on PNN ceramics. Here, our attention focuses on changes in
the surface properties of pervoskite PNN ceramics induced by

Please cite this article in press as: La-ongnuan Srisombat, et al,, Chemical changes of PNN ceramics induced by ion bombardment and char-
acterized by X-ray photoelectron spectroscopy, Current Applied Physics (2011), doi:10.1016/j.cap.2011.01.013
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bombardment with argon ions. The influence of ion etching on the
surface chemical composition and chemical states of the perovskite
PNN ceramics are specifically investigated.

2. Experimental
21. Sample preparation

Pb{Ni; 3Nb;3)0; ceramics were synthesized using a method-
ology similar to the B-site precursor mixed oxide synthetic route, as
reported earlier [12]. Details of the synthesis and sample prepara-
tion are described in a previous report [13]. The perovskite PNN
ceramics were characterized by X-ray diffraction (XRD) before
analysis by XPS.

2.2, XPS measurements

XPS spectra were collected using a PHI 5700 X-ray photoelec-
tron spectrometer equipped with PHI 04091 neutralizer and
a monochromatic Al Ke X-ray source (hv = 1486.7 V) inddent at
90° relative to the axis of a hemispherical energy analyzer. The
spectrometer was operated at high resolution with a pass energy of
235 eV, a photoelectron takeoff angle of 45° from the surface, and
an analyzer spot diameter of 1.1 mm. The base pressure in the
chamber during measurement was 1 x 10~ Torr. After collection of
the data, the binding energies were referenced by setting the C 1s
binding energy to 284.8 eV. All peaks were fit with respect to spin-
orbit splitting. Standard curve-fitting software (Multipak V5.0A;
Physical Electronics, Inc.) using Shirley background subtraction and
Gaussian—Lorentzian profiles was used to determine the peak
intensities. The XPS results have been collected from non-sputtered
and sputtered PNN ceremics with 0.5 keV argon ion.

3. Results and discussion
3.1. Changes in chemical states

From Fig. 1, the XRD pattem shows a 100% perovskite phase of
Ph(Nij3sNbzj3)03 that could be matched with JCPDS file no. 34-103,
in agreement with a previous report [13]. Survey spectra of sput-
tered PNN ceramics showed the presence of all elements of the PNN
ceramics, with no significant differences from that of non-sputtered
surfaces that have been reported earlier [13] (data not shown). Figs.
2-5 show the narrow-scan XPS spectra of Pb, Ni, Nb and O core
level, respectively. The line position of non-sputtered Pb 4f;;
(Fig. 2a) appears at ~ 138.0 eV, which can be assigned to Pb** in the
perovskite structure [14]. After sputtering with argon ion for 5 min
(Fig. 2b), the second component corresponding to metallic Pb (Pb®)
appears at ~136.5 eV, consistent with observations by Kim et al.
9], Mastelaro et al. [15], and Watt et al. [16]. The presence of
metallic Pb can be attributed to the reduction of Pb%* to Pb®, which
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Fig. 1. The X-ray diffractogram of Pb{Ni;sNba3 )05 ceramics.
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Fig. 2. Narrow-scan XPS spectra of Ph 4f for PNN ceramics (a) before Ar' sputtering,
and after Ar* sputtering for (b) 5 min. () 15 min, and (d) 30 min.

is caused by the argon ion sputtering as earlier suggested by
Masterlaro et al. [15]. The intensity of the latter component
increases with sputtering time as shown in Fig, 2c and d.

The XPS narrow-scan spectrum of Ni 2p is presented in Fig. 3.
The binding energy of Ni 2p3;» for the non-sputtered sample
(Fig. 3a)is ~855.3 eV, which is consistent with the value previously
reported for the perovskite structure [17]. Fig. 3b—d shows the
narrow-scan XPS spectra of Ni 2p for argon ion-bombarded PNN
ceramics, The data demonstrate that no other component of Ni was
observed here, but the intensity of the peak increases with sput-
tering time. This trend might indicate an increased relative
concentration of Ni.

The XPS spectrum of Nb 3d for the non-sputtered ceramics is
shown in Fig. 4a. The spectrum shows only one signal for Nb 3dsp
at ~206.4 eV, which corresponds to Nb®'in the perovskite struc-
ture [18] After sputtering the sample for 5 and 15 min (Fig. 4band
¢), slightly/almost no second peak of Nb 3ds» was detected. After
sputtering the sample for 30 min (Fig. 4d), the Nb 3d s, peak shows
asymmetry and broadening The peak can be deconvoluted into
two components. The first peak at ~207.2 can be assigned to Nb™,

Ni 2p 2p,,

- 2p,,
3
o
= (d)
2
[
8 hal®
E

(b)
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Binding Energies (eV)

Fig. 3. Narmow-scan XPS spectra of Ni 2p for PNN ceramics (a) before Ar* sputtering,
and after Ar* sputtering for (b) 5 min, {c) 15 min, and (d) 30 min.
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Fig. 4. Narrow-scan XPS spectraof Nb 3d for PNN ceramics (a) before Ar' sputtering,
and after Ar* sputtering for (b) 5 min, (c) 15 min, and (d) 30 min

while the second peak at ~205.6 eV suggests that Nb* was
generated by a chemical reduction of Nb”" to Nb* during ion
bombardment, which can be regarded as sputtering-induced [10].

The narrow-scan of O 1s core level spectrum of as a sintered
sample in Fig. 5a shows two peaks, which agrees with studies
reported by Pham et al. [19], Xia et al. [20], and Cho [21]. The first
peak appears at ~529.5 eV, which is usually assigned to oxygen in
the PNN lattice [22]. The second peak appears at ~531.4 eV, which
might be attributed to absorbed oxygen species as suggested by
several researchers whoinvestigated similar perovskite ferroelectric
ceramic systems [15,19,22]. After Ar™ bombardment, the intensity of
higher binding energy peak, which is assigned to hydroxyl absorbed
spedies, decreases as a function of sputtering time. This trend indi-
cates that the absorbed oxygen species can be removed by the
sputtering process. A shift in the binding energy is also observed,
which is in agreement with observations by Lu et al. [22].

From the overall results here, the interesting points are, first of
all, that the sputtering process affects the chemical states of Pb and
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Fig. 5. Marrow-scan XPS spectra of O 15 for PNN ceramics {a) before Ar* sputtering,
and after Ar* sputtering for (b) 5 mim, (c) 15 min, and (d) 30 min.

Table 1
Nb 3d 3d Atomic composition of the PNN ceramics before and after Ar* bombardment,
3d
e Sample Atomic percentage
Pb 4f Ni2p Nb 3d 01s
- Before sputtering 223 14 BB 68.7
=5 (d) After sputtering for
© 5 min 98 45 98 55.9
= 15 min 69 82 138 51.2
=y (c} 30 min 176 105 28 481
2
£
= .o
Nb, but not the chemical state of Ni. Second, bombardment by
(a) argon ions can eliminate absorbed oxygen species. Third, it is easier
to induce a change in the chemical state of Pb than it is to induce
a change in the chemical state of Nb. This phenomenon might due

to the fact that the Pb—0 bond is broken more easily than the Nb—0O
bond.

3.2. Change in chemical composition

Using sensitivity factors, the atomic percentages of the elements
can be obtained from the area of each photoelectron peak. Using
the Multipak Physical Electronics program, the surface chemical
compositions of the PNN ceramics are shown in Table 1. Sputtering-
induced changes in the chemical compositions are observed. In
particular, the atomic percentages of Ni and Nb increase with the
sputtering time, while those of Pb and oxygen decrease with
sputtering time. These results are in agreement with those
observed from PZT ceramics, where the sputtering process causes
a decrease of Pb and oxygen percentages and an increase of Zr and
Ti percentages |7]. The decrease in oxygen percentage is due to
preferential removal of oxygen atoms [8,11). The fractional
concentration of Pb diminishes with increasing sputtering times
due to the loss of Pb ions, since the sputtering process often
generates heat. Lead is a relatively volatile component in the solid,
which is known to evaporate during high temperature sintering of
lead-based materials [2]. The decrease in the atomic percentages of
Pb is likely responsible for the observed increase in the atomic
percentages of Ni and Nb.

4. Conclusions

The XPS studies presented here show that the sputtering
process can cause changes in both the chemical states and the
chemical compositions of PNN ceramics fabricated via the colum-
bite route, However, the sputtering process affects each element
differently. The chemical states of Pb and Nb change due to the
sputtering process, while that of Ni is unaltered. In addition,
absorbed oxygen species are removed by the sputtering process.
The chemical compositions of PNN ceramic can also be altered by
the sputtering process. The compositions of both Pb and oxygen
decrease, while those of Ni and Nb increase. Even though the
sputtering process can be used to clean the ceramic surfaces,
compositional and electronic changes induced by the sputtering
might affect the electrical properties of the materials. These
potential effects warrant additional investigation.
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