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The ultraviolet and visible cathodoluminescence �CL� emitted at room temperature from bulk hard
lead-zirconate-titanate polycrystalline perovskite has been systematically collected before and after
an annealing cycle conducted in a reducing atmosphere. Spectroscopic assessments have been made
of the in-depth stoichiometric profile developed upon annealing from the sample surface toward the
subsurface. Trapping of electronic charge and local atomic scale distortions in the perovskite oxygen
octahedron influences the variation observed in visible CL emission, while lattice distortions upon
annealing directly arise from the formation of oxygen vacancies. © 2009 American Institute of
Physics. �doi:10.1063/1.3245317�

Since Jaffe et al.1 reported the piezoelectric behavior of
lead-zirconate-titanate �Pb�ZrxTi1−x�O3 �PZT�� perovskites, a
large amount of research has been performed to explain the
reasons for the unusually high piezoelectric response of their
polycrystalline structures.2 Nowadays, the high number of
possible polarization directions around the morphotropic
phase boundary is believed to be one major factor for effec-
tively increasing the polarization directions. However, the
presence of oxygen vacancies has also been proved to play a
fundamental role and vacancy concentration can be used for
finely tuning the piezoelectric response of PZT materials.3

Vacancies have a tendency to stabilize the domain motion
resulting in ferroelectrically harder materials �i.e., with
higher coercive field strengths, lower permittivity, and lower
losses�. In most recent applications,4 the presence of oxygen
vacancies has been related to the imprint mechanism of
ferroelectric memory through their effect on interface charge
density and, in turn, on the offset bias. Despite the impor-
tance of the vacancy issue, however, local vacancy gradients
are hard to visualize and quantify with high spatial reso-
lution. Most recently, Zhang et al.5 have reported a depth-
profiling characterization of defects in SrTiO3 single-crystal
films by cathodoluminescence �CL� spectroscopy. In this
study, we propose the use of a spectrally resolved �visible�
CL method as a means to elucidate, on the microscopic scale,
the topographic location of electrically active point defects in
PZT.

A polycrystalline unpoled hard PZT �Pb�Zr0.52Ti0.48�O3�
on the tetragonal side of the morphotropic phase boundary
with 5 �m of grain size �K270, Piezo Technologies, India-
napolis, IN� was used in this investigation. A heat-treatment
at 600 °C in a reducing Ar /H2 atmosphere �4% H2 gas com-
position; also simply referred to as annealing cycle, hence-
forth� was carried out for 4 h in order to create a chemical
gradient from the bulk toward the sample surface. A further
reannealing cycle in air �4 h at 600 °C� was made on a piece
of the Ar /H2 annealed sample, in order to check about the

reversibility of the vacancy gradient. The sample was con-
firmed to be a pure perovskite phase before and after anneal-
ing by x-ray diffraction analysis. A field emission gun scan-
ning electron microscope �FEG-SEM� device �S-4300SE,
Hitachi, Tokyo, Japan� equipped with a high-sensitivity CL
detector unit �MP-32FE, Horiba Ltd., Kyoto, Japan� was em-
ployed for CL spectroscopy measurements. Spectra were al-
ways collected at room temperature. Throughout the experi-
ments the FEG-SEM magnification was kept at 20 K, the
acceleration voltage used was 10 kV, and the spectral accu-
mulation time was 15 s. A 600 grooves/mm grating was used
for the analysis of the luminescence emission. Under these
experimental conditions, the spatial resolution of the electron
probe was of the order of 0.58 �m, as calculated according
to the Kanaya–Okayama equation.6 The collected CL spectra
at each location were averaged to obtain a statistically rep-
resentative morphology for each given location, and then de-
convoluted into five symmetrical Gaussian subcomponents.

Figures 1�a� and 1�b� show experimentally retrieved CL
spectra and their subband structures after deconvolution �i.e.,
according to Eqs. �1� and �2��, as collected on the surface of
the PZT sample before and after annealing in reducing atmo-
sphere, respectively. A clear morphologic alteration can be
observed, especially in a comparison among the five Gauss-
ian subbands before and after annealing. The valence band
top in PZT mainly consists of Pb 6s states and the conduc-
tion band bottom consists of empty Ti 3d states. The band
gap between the valence band top and conduction band bot-
tom is about 3.2 eV, and this wide gap makes the PZT ma-
terials transparent to visible light.7 The energy gap was lo-
cated as the subband I in Fig. 1. A broad blue emission band
peaking at about 2.6 eV �referred to as subband II, hence-
forth� was clearly observed; the relative intensity of this lat-
ter emission band visibly increased after annealing in reduc-
ing atmosphere �cf. Figs. 1�a� and 1�b��. Such a behavior
supports the relation of this Gaussian subband to the pres-
ence of oxygen vacancies.8 The investigated PZT sample
was indeed a “hard” material, thus already containing a large
concentration of oxygen vacancies in its as-sintered state, as
confirmed by the spectrum in Fig. 1�a�, in which subband II
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was already pronounced. An increase of the observed blue
luminescence is correlated with the increase of the TiO5
and/or ZrO5-type structures, and thus with the resulting
population of oxygen-excess defects, whose density should
be thus related to the observed intensity of the CL signal. A
population of positively charged defects leads to possibly
different valence states of the clusters �TiO5

• or ZrO5
• , and

TiO6
� or ZrO6

� �; the loss of symmetry associated with the
change from sixfold-oxygen coordinated Ti �Oh symmetry�
to fivefold-oxygen coordinated Ti �symmetry C4� or D4h�
creates new electronic states; consequently, additional CL
bands can also be observed.9,10 Eglitis et al.10 investigated
the photoluminescence of undoped PLZT and reported about
a band centered at 552 nm �corresponding to the Gaussian
subband III observed in this study at around 2.2 eV�. By
comparing luminescence, lifetimes and excitation spectral
properties of various samples, this band was assigned to
structures of octahedral geometry with a sixfold oxygen-
coordinated Ti ion. The CL band in the red region at around
1.9 eV �i.e., band IV in Fig. 1� has been suggested to arise as
a result of charge-transfer vibronic exciton �CTVE� radiative
recombination.11 The CTVE in ABO3 ferroelectric oxides
with partly covalent chemical bonding consists of spatially
well-correlated pairs of electronic and hole polarons forming
a metastable intrinsic quasicenter due to a bipolaron self-
trapping in the strong field of the lattice distortion.12,13 Inter-
estingly, the relative intensity of subband IV also decreases
upon annealing in reducing atmosphere. As far as the CL
subband V, observed in the near-infrared spectral region, is
concerned, we might tentatively assign it to self-trapped ex-
citon emission of the oxygen deficient octahedral Ti3+Vo,
according to Teepakov et al.14 As shown in Fig. 2, the optical
band gap apparently increased �3.22–3.26 eV� with distance
from the free surface. On the other hand, no appreciable band
shift could be observed for the subband II with increasing
distance from the free surface of the heat-treated PZT
sample. The intensity trend of the excess-oxygen-related sub-
band II from the edge toward the bulk might be directly
assumed to represent a change in concentration of oxygen
vacancies, whose density should be related to the diffusion
length from the free surface of the sample. It should be noted
that, after re-annealing in air a piece of the same sample
previously annealed in hydrogen, the intensity of the sub-
band II �i.e., as collected at about 100 �m from the free
surface� could be only partly recovered to the initial �low�
intensity of the as-sintered sample �subband II and IV show-

ing about the same intensity�. Data on the reannealed sample
show the possibility of tailoring vacancy concentration gra-
dients using annealing in controlled atmosphere.

The increase in vacancy concentration in the PZT lattice
is revealed by the appearance of a shoulder located in the UV
region of the CL spectrum, whose intensity increases with
increasing vacancy concentration. The observed energy value
at shoulder maximum is dictated by the variation in relative
intensity of subbands II and, to a minor extent, to the ob-
served variation of band-gap energy �cf. Fig. 2�. This latter
variation is indeed quite small and can be attributed to a
residual stress gradient nearby the free surface. The spectrum
collected at the center of the sample was found to systemati-
cally coincide with spectra randomly collected on the same
sample before annealing. Figure 2 also shows the relative
intensity ratio III / IIV retrieved from CL spectra collected
from the PZT sample after annealing as a function of dis-
tance, x, from the sample edge. This latter plot directly
shows how the defect population dramatically changes with
annealing the sample.

It is known that conventional photostimulated spectros-
copy works poorly for stoichiometric evaluations of ferro-
electrics and other wide-band-gap materials because the vis-
ible photon energy is much smaller than the band gap. For

FIG. 1. Experimental CL spectra of the PZT sample and their deconvolution: �a� before and �b� after annealing in reducing atmosphere.

FIG. 2. Apparent optical band gap shift �3.22–3.26 eV� with distance, x,
from the free surface �a� and the relative intensity ratio III / IIV retrieved from
CL spectra collected from the PZT sample after annealing as a function of
distance, x, from sample edge. The scatter in the best-fitting curves was
below 5% �at any measurement location� in comparing five profiles col-
lected at different locations.
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CL excitation, the excitation energy is above the band gaps
of ferroelectrics, leading to a much stronger absorption and
to a significantly shorter probe penetration depth; preventing
light emission from deep regions allows probing with high
spatial resolution. This study demonstrates the feasibility of
highly spatially resolved assessment of oxygen vacancy gra-
dients in PZT by means of CL spectroscopy. The CL proce-
dure may be useful for vacancy control, thus enabling fine
tuning of macroscopic coercive field strengths and permittiv-
ity in PZT materials.
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