
lable at ScienceDirect

Current Applied Physics 11 (2011) S82eS85
Contents lists avai
Current Applied Physics

journal homepage: www.elsevier .com/locate/cap
Chemical changes of PNN ceramics induced by ion bombardment
and characterized by X-ray photoelectron spectroscopy

La-ongnuan Srisombat a,*, Supon Ananta b, T. Randall Lee c, Rattikorn Yimnirun d

aDepartment of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
bDepartment of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
cDepartment of Chemistry and the Texas Center for Superconductivity, University of Houston, 4800 Calhoun Rd, Houston, TX 77204-5003, USA
d School of Physics, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand
a r t i c l e i n f o

Article history:
Received 26 June 2010
Received in revised form
3 October 2010
Accepted 13 January 2011
Available online 22 January 2011

Keywords:
Lead nickel niobate
Sputtering
Ion bombardment
X-ray photoelectron spectroscopy
* Corresponding author. Tel.: þ66 53943342; fax: þ
E-mail address: slaongnuan@yahoo.com (L. Srisom

1567-1739/$ e see front matter � 2011 Elsevier B.V.
doi:10.1016/j.cap.2011.01.013
a b s t r a c t

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
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(Ni1/3Nb2/3)O3 (PNN) perovskite are widely employed in micro-
electronics as multilayer capacitors, actuators, and components
that operate via the induced piezoelectric effect [1e3]. Applications
involving thesematerials varywith 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
themicrostructure [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 known. Zhu and Lu [8] used XPS to investigate changes in
the chemical state and composition of the perovskite Pb(Zr0.52
Ti0.48)O3 system after bombardment with argon ions. These studies
found a change in the chemical state only of Pb2þ to Pb0, with no
concomitant change on the chemical states of Zr or Ti ions. Also, the
atomic ratio of Pb/(Pb þ Zr þ Ti) was observed to decrease upon
sputtering. Mukhopadhyay and Chen [7] studied the surface
properties of the perovskites SrTiO3 and Pb(Zr,Ti)O3 and their
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response to ion bombardment. Here, changes in the chemical states
of Pb and Ti were observed, but no changes were observed for the
other elements. Further, it was found that ion bombardment caused
almost no change in the surface composition of SrTiO3, 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. Specifically, 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, Singhet al. [10]usedXPSto study theBaSn1�xNbxO3
system. The studies found no change in the chemical states of Ba and
Sn,but thechemical stateofNbwas reduced fromNb5þ toNb4þ athigh
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 subtlemodification upon argon ion
bombardment, and the titanium ions undergo a small fractional
reduction of Ti4þ to Ti3þ.

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
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Fig. 2. Narrow-scan XPS spectra of Pb 4f for PNN ceramics (a) before Arþ sputtering,
and after Arþ sputtering for (b) 5 min, (c) 15 min, and (d) 30 min.
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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

2.1. Sample preparation

Pb(Ni1/3Nb2/3)O3 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 Ka X-ray source (hn ¼ 1486.7 eV) incident at
90� relative to the axis of a hemispherical energy analyzer. The
spectrometer was operated at high resolutionwith 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�10�9 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
GaussianeLorentzian 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 pattern shows a 100% perovskite phase of
Pb(Ni1/3Nb2/3)O3 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.
2e5 show the narrow-scan XPS spectra of Pb, Ni, Nb and O core
level, respectively. The line position of non-sputtered Pb 4f7/2
(Fig. 2a) appears atw138.0 eV, which can be assigned to Pb2þ in the
perovskite structure [14]. After sputtering with argon ion for 5 min
(Fig. 2b), the second component corresponding to metallic Pb (Pb0)
appears at w136.5 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 Pb2þ to Pb0, which
Fig. 1. The X-ray diffractogram of Pb(Ni1/3Nb2/3)O3 ceramics.
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 2p3/2 for the non-sputtered sample
(Fig. 3a) isw855.3 eV, which is consistent with the value previously
reported for the perovskite structure [17]. Fig. 3bed 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 3d5/2
at w206.4 eV, which corresponds to Nb5þin the perovskite struc-
ture [18]. After sputtering the sample for 5 and 15 min (Fig. 4b and
c), slightly/almost no second peak of Nb 3d5/2 was detected. After
sputtering the sample for 30 min (Fig. 4d), the Nb 3d5/2 peak shows
asymmetry and broadening. The peak can be deconvoluted into
two components. The first peak atw207.2 can be assigned to Nb5þ,
Fig. 3. Narrow-scan XPS spectra of Ni 2p for PNN ceramics (a) before Arþ sputtering,
and after Arþ sputtering for (b) 5 min, (c) 15 min, and (d) 30 min.



Fig. 4. Narrow-scan XPS spectra of Nb 3d for PNN ceramics (a) before Arþ sputtering,
and after Arþ sputtering for (b) 5 min, (c) 15 min, and (d) 30 min.

Table 1
Atomic composition of the PNN ceramics before and after Arþ bombardment.

Sample Atomic percentage

Pb 4f Ni 2p Nb 3d O 1s

Before sputtering 22.3 1.4 8.6 68.7
After sputtering for
5 min 29.8 4.5 9.8 55.9
15 min 26.9 8.2 13.8 51.2
30 min 17.6 10.5 22.8 48.1
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while the second peak at w205.6 eV suggests that Nb4þ was
generated by a chemical reduction of Nb5þ to Nb4þ 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 w529.5 eV, which is usually assigned to oxygen in
the PNN lattice [22]. The second peak appears at w531.4 eV, which
might be attributed to absorbed oxygen species as suggested by
several researcherswho investigated similar perovskite ferroelectric
ceramic systems [15,19,22]. After Arþ bombardment, the intensity of
higher binding energy peak, which is assigned to hydroxyl absorbed
species, 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
Fig. 5. Narrow-scan XPS spectra of O 1s for PNN ceramics (a) before Arþ sputtering,
and after Arþ sputtering for (b) 5 min, (c) 15 min, and (d) 30 min.
Nb, but not the chemical state of Ni. Second, bombardment by
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 PbeO bond is brokenmore easily than the NbeO
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.

Acknowledgment

This work was supported by the Thailand Research Fund (TRF),
the Commission on Higher Education (CHE), and Chiang Mai
University. Partial support was provided by the Robert A. Welch
Foundation (Grant No. E-1320) and the Texas Center for
Superconductivity.



L.-o. Srisombat et al. / Current Applied Physics 11 (2011) S82eS85 S85
References

[1] A.J. Moulson, J.M. Herbert, Electroceramics, second ed. Wiley, Chichester,
2003.

[2] G.H. Haertling, Ferroelectric ceramics: history and technology, J. Am. Ceram.
Soc. 82 (1999) 797e818.

[3] E.F. Alberta, A.S. Bhalla, Low-temperature property investigation of the lead
indium-niobate-lead nickel-niobate solid solution, J. Phys. Chem. Solids 63
(2002) 1759e1769.

[4] S. Ananta, R. Yimnirun, O. Khamman, Effect of nickel niobate B-site precursors
on phase formation, microstructure and dielectric properties of perovskite
PNN ceramics, Funct. Mater. Lett. 1 (2008) 229e233.

[5] O. Khamman, R. Yimnirun, S. Ananta, Effect of calcination conditions on phase
formation and particle size of lead nickel niobate powders synthesized by
using Ni4Nb2O9 precursor, Mater. Lett. 61 (2007) 4466e4470.

[6] Y.-C. Liou, Y.-C. Huang, C.-T. Wu, Preparation and phase formation of perov-
skite Pb(Ni1/3Nb2/3)O3 by a reaction-sintering process, J. Mater. Sci. 42 (2007)
2612.

[7] S.M. Mukhopadhyay, T.C.S. Chen, Surface properties of perovskites and their
response to ion bombardment, J. Appl. Phys. 72 (1993) 872e876.

[8] T.J. Zhu, L. Lu, X-ray diffraction and photoelectron spectroscopic studies of
(001)-oriented Pb(Zr0.52Ti0.48)O3 thin films prepared by laser ablation, J. Appl.
Phys. 95 (2004) 241e247.

[9] J.-N. Kim, K.-S. Shin, D.-H. Kim, B.-O. Park, N.-K. Kim, S.-H. Cho, Changes in
chemical behavior of thin film lead zirconate titanate during Arþ-ion
bombardment using XPS, Appl. Surf. Sci. 206 (2003) 119e128.

[10] P. Singh, B.J. Brandenburg, C.P. Sebastian, D. Kumar, O. Parkash, XPS and
Mössbauer studies on BaSn1�xNbxO3 (x � 0.100), Mater. Res. Bull. 42 (2008)
2078e2084.

[11] S. Kumar, V.S. Raju, T.R.N. Kutty, Investigation on the chemical states of sin-
tered barium titanate by X-ray photoelectron spectroscopy, Appl. Surf. Sci.
206 (2003) 250e261.
[12] O. Khamman, R. Yimnirun, S. Ananta, Phase and morphology evolution of
corundum-type Ni4Nb2O9 powders synthesized by solid-state reaction, Mater.
Lett. 61 (2007) 2565e2570.

[13] L. Srisombat, O. Khamman, R. Yimnirun, S. Ananta, T.R. Lee, Lead nickel
niobate ceramics fabricated via a columbite precursor method, Chiang Mai
J. Sci. 36 (2009) 69e76.

[14] A. Molak, E. Talik, M. Kruczek, M. Paluch, A. Ratuszna, Z. Ujma, Character-
ization of Pb(Mn1/3Nb2/3)O3 ceramics by SEM, XRD, XPS and dielectric
permittivity tests, Mater. Sci. Eng., B 128 (2006) 16e24.

[15] V.R. Mastelaro, P.N. Lisbao-Filho, P.P. Neves, W.H. Schreiner, P.A.P. Nascente,
J.A. Eiras, X-ray photoelectron spectroscopy study on sintered Pb1�xLaxTiO3 ferro-
electric ceramics, J. Electron. Spectrosc. Relat. Phenom. 156e158 (2007) 476e481.

[16] B.E. Watt, F. Leccabue, G. Bocelli, G. Padeletti, S. Kaciulis, L. Pandolfi, Lead
enrichment at the surface of lead zirconate titanate thin films, J. Eur. Ceram.
Soc. 25 (2005) 2495e2498.

[17] M.E. Rivas, J.L.G. Fierro, R. Guil-Lopez, M.A. Pena, V. La Parola,
M.R. Goldwasser, Preparation and characterization of nickel-based mixed-
oxides and their performance for catalytic methane decomposition, Catal.
Today 133e135 (2008) 367e373.

[18] S.M. Gupta, A.R. Kulkarni, M. Vedpathak, S.K. Kulkarni, Surface study of lead
magnesium niobate ceramic using X-ray photoelectron spectroscopy, Mater.
Sci. Eng., B B39 (1996) 34e40.

[19] Q.N. Pham, C. Bohnke, O. Bohnke, Effect of surface treatments on
Li0.30Ln0.57TiO3 (Ln ¼ La, Nd) perovskite ceramics: an X-ray photoelectron
spectroscopy study, Surf. Sci. 572 (2004) 375e384.

[20] Z. Xia, Q. Li, M. Cheng, Role of oxygen vacancies in the coloration of 0.65Pb(Mg1/
3Nb2/3)O3e0.35PbTiO3 single crystal, Cryst. Res. Technol. 42 (2007) 511e516.

[21] C.R. Cho, Surface chemical bonding states and ferroelectricity of
Pb(Zr0.52Ti0.48)O3 thin films, Cryst. Res. Technol. 35 (2000) 77e86.

[22] C.J. Lu, A.X. Kuang, G.Y. Huang, X-ray photoelectron spectroscopy study on
composition and structure of sol-gel derived PbTiO3 thin films, J. Appl. Phys.
80 (1996) 202e206.


	Chemical changes of PNN ceramics induced by ion bombardment and characterized by X-ray photoelectron spectroscopy
	1 Introduction
	2 Experimental
	2.1 Sample preparation
	2.2 XPS measurements

	3 Results and discussion
	3.1 Changes in chemical states
	3.2 Change in chemical composition

	4 Conclusions
	Acknowledgment
	References


