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Abstract

Ferroelectric thin films have been investigated intensely by many researchers over the past decade, but some important phenomena tha
influence the electrical properties have been overlooked. This work addresses the lead enrichment, which is observed on the surface of lead
zirconate titanate films.

The XPS compositional profiles of PZT films prepared using different thermal treatments are presented and correlated with the preparation
conditions.

The segregation profiles are explained in terms of a simple oxidation model that induces the diffusion of lead to the surface. The ionic
diffusion also induces self-polarisation, commonly seen in ferroelectric films. The implications on the electrical properties of ferroelectric
films, particularly, imprint of the polarisation state, are also discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction The data are compared with bulk polycrystalline material as
standard. A model is described briefly that accounts for the
Ferroelectric thin films have been studied intensely over diffusion and surface enrichment in the films.
the last 15 years, however, an aspect of their solid state
chemistry, notably the enrichment of various at the top
surfacé-? exposed to the ambient during heat treatment has o Experimental method
been overlooked. This is surprising since defects, chemical

homogeneity and phase separation are important to the The films were deposited on platinised silicon substrates
properties of the films. (Si/SiOx/TiN/Pt) by sol-gel methods using a synthesis and
Lead enrichment is commonly observed at the top surface gescribed in detail previousi# A combined pyrolysis and

of Pb(Zr, Ti)G3 (PZT) films which seems to contradict claims  crystallisation at 600C in a tube furnace was used for each
that evaporation causes Pb depletion after high temperaturef the five layers deposited.

annealiljg. Bulk, polycrystalline PZT was used as a reference sample
In this work the results of X-ray photoelectron spec- to standardise the XPS results. These were prepared using
troscopy (XPS) performed on Pb@Z,Tio.4g03 thin films normal ceramic methods including, ball milling, calcination

are reported. Compositional profiles have been determinedpressing and sintering under an overpressure of Pb.
along with an analysis of the state of oxidation of the lead. ~ An Escalab Mkil (VG Scientific), equipped with a
5-channeltron detection system and a standard Al Ka

* Corresponding author. Tel.: +39 0521 269207; fax: +39 0521 269206. €Xcitation source (hn=1486.6eV), was employed for the
E-mail addressleccabue@imem.cnr.it (F. Leccabue). XPS experiments. Selected-area XPS depth profiles were
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70 T 5780 are relative concentrations of Pb, Zr and Ti determined by
65 prof. 1keV XPS for the bulk sample. It shows that the surface concen-
604 .. s vt e . tration of Pb is higher, but, after removing the top layer by
557 O1s sputtering or lapping, the atomic ratios approach the nom-
50 inal composition. Hence, there is some surface segregation
457 on the bulk sample but it is not as high as on the film. An
‘E’ :(5): apparent surface enrichment in Pb could be also caused by
£ 30 preferential sputtering. Depth profiling of the same sample
2 o ] op a Zr3d was carried ogt using ion energies of 1 and 2keV to F:heck
201, . . this. Both profiles start from the same lead concentration on
15 13 the surface, but the higher energy (2 keV) did result only in a
10da e et N . ) slightly lower lead amount in the film volume (after 30 min
5] Ti2p T of sputtering time). This small difference between the pro-
o — files, obtained at different energies, allows one to affirm that
0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 the surface segregation is really present in thin films and is
Sputtering time (min) of a higher magnitude than on the surface of bulk ceramics.

An attempt was made to reproduce the work of Impey ét al.
but the periodic fluctuations were not seen. The conditions
needed to produce these variations are particular and in our
case the intermediate segregation was probably removed by

Fig. 1. Compositional profile for PZT thin film determined by XPS.

acquired by using 1.0 and 2.0 keV energy Aeam, rastered
over an area of the window in the Au mask. In selected-areasubSequent thermal treatments.

mode, the photoelectrons were collected from the sample Fig. 3shows the Pb 4f spectrum, determined using XPS

area of diameter 1 mm. More experimental details on XPS ¢ - p7T fiim after 80 min sputttering. The fitted Ppeak

depth profiling have been published elsewtiere. _ is of similar magnitude to the Bbpeak. This might suggest
X-ray powder diffraction patterns were recorded with @ h4¢ there is a considerable amount of reduced lead in this

Philips PW 1050r25 modified diffractometer, using Ca K gampje hut such spectra should be carefully interpreted as

radiation to confirm the presence of perovskite PZT. some metals can be reduced as a consequence of the sput-
tering. Fig. 4 shows how the Pb 4f spectrum in the bulk
sample changes with sputtering time. Clearly, the lead is re-
duced but even after 240 min of sputtering the first peak due

) i ~ to the P8 species is lower than iffig. 3 Therefore, it is
The X-ray diffraction analyses shower the crystallisation qjite |ikely that some amount of metallic lead is present in
of the prevalent perovskite phase in the films deposited. Thene fiim.

film was well oriented having an intense (111) peak. Although surface enrichment of some elements has been

_ The congentration profile of the PZT film is shown _in reported by many authdr@©there are few explanations for
Fig. 1 The film has been etched and analysed progressivelyinis phenomenon. An analogy may be drawn with the oxi-

down to the Pt electrode. The histograms presentéign2 dation of metals such as Cu and Sn where the metals dif-

3. Results and discussion
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Fig. 2. Composition of a bulk ceramic determined by XPS: before sputtering;
after lapping the surface; after different sputtering times, using an energy of Fig. 3. Peakfitting of the Pb 4f spectrum, recorded after sputtering for 80 min
2keV. at 1.0keV performed on a PZT film.
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PZT bulk It is difficult to separate the contributions of the thermo-
Pb 4f Pb, Zr,.Ti, 0, dynamically driven diffusion o kinetic demixing as the low
oxygen content in the film promotes both processes. Indeed,
it is likely that both are taking place.

The consequences of surface segregation have been dis-
240 min. — cussed previoush? As illustrated inFig. 5, the migration of
cations in the film at high temperatures sets up an electrical
potential that polarises the ferroelectric as it cools through
the Curie temperature. The spontaneous polarisation in turn
— as allows the cations to diffuse faster and is the reason why

received surface enrichment is so marked in ferroelectric films. The
—slﬁﬁgig ferroelectric polarisation induced electrochemically by this
mechanism is in the direction observed experimentally by
Impey et ak and by Okamura et &f
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Fig. 4. Comparison of Pb 4f spectra of a bulk ceramic after different sput-
tering times. 4. Conclusions

fuse towards the reacting surface. This has been described XPS depth profiling shows lead segregation at the surface
by Wagnef and by Cabrera and MéttThe data presented  of PbZi 55Tio.4g03 thin films, prepared by sol-gel methods.
here indicates that the pyrolysis and crystallisation steps re-Evidence for oxygen deficiency has been found although the
sult in incomplete oxidation. In fact, sol gel methods are no- reduction of PB* to P caused by of the preferential sput-
torious for the reducing conditions that are present during tering of oxygen is also high.
pyrolysis®? In this case, the diffusion is driven by the oxi- These experiments suggest that the diffusion of lead to the
dation of Pb at the PZT/oxygen interface. A second, closely surface in PZT filmsis a result of oxidation of the Pb or kinetic
related mechanism that could explain this type of segrega-demixing, both of which would be favoured by incomplete
tion is kinetic demixing'® If an oxygen concentration gra-  oxidation of the film during deposition.
dient exists then the metallic species will diffuse at different Hypotheses are proposed for surface segregation mecha-
rates, usually in the direction of higher oxygen potential even nisms thatimply the presence of an oxygen potential gradient.
though the phase is thermodynamically stable under all these(The diffusion of PB* may also lead to self-polarisation and
oxygen pressures. Kinetic demixing is often treated for solid imprint.)
solutions but it has been shown that a single phase can de-
compose under a chemical potential gradiént.
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