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X-ray photoemission spectroscopy characterization of the electrode-ferroelectric
interfaces in PtÕBi4Ti3O12ÕPt and PtÕBi3.25La0.75Ti 3O12ÕPt capacitors:

Possible influence of defect structure on fatigue properties

M.-W. Chu,* M. Ganne, M. T. Caldes,† E. Gautier, and L. Brohan
Institut des Mate´riaux Jean Rouxel UMR 6502, Laboratoire de Chimie des Solides,

2 rue de la Houssinie`re B. P. 32229, 44322 Nantes Cedex 3, France
~Received 5 July 2002; published 8 July 2003!

The interaction between Pt electrodes and ferroelectrics in Pt/Bi4Ti3O12(BTO)/Pt and
Pt/Bi3.25La0.75Ti3O12(BLT)/Pt capacitors was investigated byex situx-ray photoelectron spectroscopy studies.
The bare surface of crystals in BTO thin films consists of the regular Aurivillius structure, whereas that in BLT
is composed of the intergrowth defects. At the annealed Pt-BTO and Pt-BLT interfaces,the Pt substitution at the
BTO and BLT lattices results in Pt impurity defects, which can combine with oxygen vacancies (VO

¨ ) resulting
in complex metal-impurity-oxygen-vacancy defect pairs. The complex defect pairs at the Pt-BTO interfaces are
polar, nonswitchable, and able to pin polarizations of surrounding lattices inducing fatigue. In contrast, the
intergrowth defects of BLT crystals behave as an intrinsic diffusion barrier to Pt, and therefore, the harmful
defect pairs occurring at the Pt-BTO interfaces are practically absent for the Pt-BLT interfaces, which could be
relevant to the reported different fatigue properties of BTO and BLT capacitors.

DOI: 10.1103/PhysRevB.68.014102 PACS number~s!: 61.72.Ji, 61.72.Hh, 68.35.Dv, 68.35.Fx
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I. INTRODUCTION

The ferroelectric random access memory has attra
much attention during the last few decades due to its lo
power requirements, faster access speed, and nonvolatili1,2

Early studies were primarily dedicated to th
Pb(ZrxTi12x)O3 ~PZT! solid solution because of their larg
remanent polarization, low processing temperature, and c
patibility with silicon technology.1,2 However, PZT suffers
fatigue failure, namely the decrease in switchable polar
tion, on metal electrodes~usually Pt! after bipolar
reversals.1,2 Although the fatigue properties of PZT can b
significantly improved via the use of conductive-oxide ele
trodes, e.g., RuO2 ~Ref. 3! and La-Sr-Co-O,4,5 the leakage
current of such devices is relatively high~detailed reviews
have been reported by several authors, e.g., Tagan
et al.6!.

The ferroelectric Aurivillius phases SrBi2Ta2O9 ~SBT, n
52) ~Ref. 1! and Bi3.25La0.75Ti3O12 ~BLT, n53),2 which
consist of ‘‘n’’ layers of perovskite-like blocks sandwiche
between two consecutive fluorite-like (Bi2O2)21 layers,
have been recently explored as substituting materials
PZT, because they show good fatigue resistance and
leakage current on Pt electrode~s!. In particular, BLT is re-
garded as a promising candidate due to its high rema
polarization.2,7 Figure 1 shows the monoclinic crystal stru
ture of Bi4Ti3O12 ~BTO, space groupB1a1, No. 7!,8 which
is the parent phase of monoclinic BLT.9,10

Although the origin of fatigue in Pt/PZT/Pt capacitors r
mains controversial,6,11 two different mechanisms wer
claimed to be responsible for this phenomenon:~i! domain
wall pinning within ferroelectrics by oxygen vacancies (VO

¨ )
and~ii ! electron injection near interfaces.6 However, a num-
ber of experiments~reviewed in Ref. 6! indicated that fatigue
properties did not show monotonical dependence on the
centration increase ofVO

¨ . Instead, the existence of a low
0163-1829/2003/68~1!/014102~11!/$20.00 68 0141
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dielectric constant or nonswitching layer in the nearby
PZT interfacial region appears to be associated w
fatigue.3–6,12–16This interfacial layer behaves as an effecti
electron injection site, and the injected electrons are trap
by ferroelectrics, leading to defects. Such defects then
ticipate in the suppression of switchable polarization that
sults in the fatigue of PZT.6,12,13 This electron-injection
model, i.e., mechanism~ii !, is also referred to as ‘‘the inter
face scenario’’.6,12–14Nevertheless, the detailed defect che

FIG. 1. The monoclinic crystal structure of Bi4Ti3O12 ~BTO!,
viewed along@100# ~Ref. 8!.
©2003 The American Physical Society02-1
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istry of this interface scenario was first reported in Po¨ykkö
et al.’s first-principles total energy study,15 which indicated
that defects at the Pt-ferroelectrics interface~s! consist of di-
polar metal-impurity-oxygen-vacancy pairs (PtTi92VO

¨ ), and
PtTi92VO

¨ pairs arise from the electron trapping on virg
doubly-charged PtTi92VO

¨ centers.
Concerning the fatigue resistance of Aurivillius-bas

ferroelectric capacitors using Pt electrode~s!, four possible
mechanisms have been reported:~a! the oxygen stability of
perovskite-like slabs being favored by Bi-fre
environment,17 ~b! domain wall unpinning happening at lea
as rapid as domain wall pinning,18–21 ~c! the self-regulating
(Bi2O2)21 layer compensating for space charges near th
electrode~s!,1 and ~d! surface configurations of crystals in
ducing specific Pt-ferroelectrics interface properties.22,23The
first and second mechanisms are inferred from the dom
wall pinning ~by VO

¨ ) model of Pt/PZT/Pt capacitors,17–21

andVO
¨ in Aurivillius phases are indicated to result from th

fragility of Bi-O bonds and the volatilization of bismuth.17

Parket al.17 thus claimed that the absence of bismuth in
perovskite-like slabs of Aurivillius phases, e.g., SBT, is c
cial for obtaining fatigue-free properties, which is referred
as mechanism~a!. However, this mechanism fails fo
fatigue-resistant BLT, which contains a significant amount
bismuth in its perovskite-like slabs, (Bi1.25La0.75Ti3O10)

22.
Taking the failure of mechanism~a! into account, we can
suggest that domain wall pinning may not play the predo
nant role in fatigue properties of the Aurivillius compound
Consequently, a further examination of the correlation
tween the dielectric constants and fatigue properties of S
and BLT would be essential to confirm mechanism~b!, be-
cause domain wall pinning within ferroelectrics would rai
domain density, leading to an increase in the dielec
constant.6,13,14 Furthermore, mechanism~c! should not be
taken into further consideration, since Pt/BTO/Pt capacit
exhibit fatigue degradation.24,25 In contrast to mechanism
~a!–~c! derived from macroscopic electrical1,18–21 and
spectroscopic17 studies, the atomic-scale characterization
defect structures on the crystal surfaces of SBT~Ref. 22! and
BLT ~Refs. 10 and 23! gives rise to mechanism~d!. The
surface structure of SBT was reported to consist of an inc
plete (Bi2O2)21 layer with a top surface of oxygen atoms,22

and that of BLT is composed of an ordered stacking
(Bi,La)BiO3 and (Bi,La)TiO3 deficient perovskites@see Fig.
2, and compare Fig. 2~a! with Fig. 2~b!#.10 Note that the
defect structure of BLT appears within a thickness of;5 nm
from the crystal surface to bulk, whereas the BT
~fatigue!24,25 surface always exhibits the regular Aurivilliu
structure.10 The surface defects of SBT and BLT local
change the chemical composition of crystal surfaces, and
physical characteristics of the SBT and BLT crystal surfa
are thus different from those of the bulks with the regu
Aurivillius structure. Consequently, the Pt-SBT and Pt-B
interfaces should possess different properties compare
those of Pt-BTO. This feature could be associated with
distinct fatigue behaviors of SBT,18–20 BLT,2,21 and BTO
~Refs. 24 and 25! capacitors. Therefore, mechanism~d! is
relevant to ‘‘the interface scenario’’ of Pt/PZT/P
capacitors,6,12–14and Pt-SBT, Pt-BLT, and Pt-BTO interfac
01410
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studies are indispensable to give a further insight into
defect chemistry of this mechanism.

This paper concentrates on BTO and BLT, i.e., the Aur
illius phases withn53, and reports concrete evidence f
distinct defect structures at the Pt-BTO and Pt-BLT int
faces viaex situ X-ray photoelectron spectroscopy~XPS!
studies~described in more details in Sec. II!, and the Pt-SBT
interface study is already in progress.

II. EXPERIMENT

Ferroelectric BTO and BLT films with a thickness o
;300 nm were prepared via chemical solution deposition
Pt(111)/TiO2 /SiO2 /Si(100) substrates, which were the
crystallized at 650 °C for 10 min in flowing O2, leading to
polycrystalline and stoichiometric films.26

For Aurivillius phases, the ion sputtering can result
reduced bismuth species17,23then inducing undesirable mod
fications to the physical and chemical natures of the Pt-B
and Pt-BLT interfaces, and the conventional depth-profile
terface study is thus not suitable. Consequently, we simula
top-and bottom-electrode interfaces in Pt/BTO/Pt and
BLT/Pt capacitors by sputtering thin Pt overlayers of;5, 10,
and 20 Å on the surfaces of bare BTO and BLT films. T
as-prepared samples were thermally equilibrated for1

2 h in
the sputtering apparatus, and then immediately inserted
the XPS apparatus for ‘‘virgin’’ interface studies, qualit
tively equivalent to top-electrode interfaces. To further an
lyze the effects of post-annealing on top-electrode interfa
~generally performed after deposition of the top electrode!,
the as-analyzed ‘‘virgin’’ samples were heated at 400 °C fo
min in flowing O2 in a preheated tubular furnace, then im
mediately studied by XPS. These analyzed samples then
derwent a second heat treatment at 650 °C for 10 min
flowing O2 in order to create the equivalent bottom-electro

FIG. 2. Schematic structural models for~a! the regular and~b!
the surface intergrowth defects of Bi3.25La0.75Ti3O12 ~BLT! ~Ref.
10!. For simplicity, all perovskite blocks are drawn in cubic sym
metry and cation vacancies (VBi- and/or VLa-) in ~Bi,La!O and
BiO2 planes of the intergrowth defects are not indicated.
2-2
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interfaces for further XPS studies. Since the deposition
heat treatments of the thin Pt overlayers were not carried
in the XPS apparatus, we refer to this as anex situ XPS
study. In each case, the three steps—‘‘virgin’’, 400 °
annealed, and 650 °C-annealed Pt-BTO and Pt-BLT interf
studies—were performed on the same sample, which ens
the fixed initial Pt thickness. These ‘‘ex-situ’’ XPS studies
were repeated several times, and the good reproducibilit
core-level spectra suggests that these simulated interface
a priori representative of the actual ones.

XPS measurements were recorded on an ESCA L
BOLD LH12 apparatus~Universitéde Nantes-CNRS! using
Mg Ka radiation~1253.6 eV!, and the nominal energy reso
lution was set to 0.89 eV, allowing the escape depth~l! of
;15 Å for Pt 4f photoelectrons.27 The operating vacuum
pressure was always maintained at less than 1029 Torr. The
C 1s ~284.6 eV! peak28 of the surface carbon contaminatio
was taken as the internal reference for spectral calibration
the charging effects of dielectric materials are difficult
overcome.23,29All core levels were subjected to satellite su
traction and linear background removal before spectrum
convolution. In addition, no surface cleaning by Ar1 sputter-
ing was performed.

III. RESULTS

A. Quantitative XPS study of bare BTO and BLT films

The integrated intensities of O 1s, Bi 4 f , Ti 2p3/2, and/or
La 3d core-level peaks, as well as their corresponding s
sitivity factors with reference to the analyzer were used
determine the surface compositions of bare BTO and B
films. The results shown in Table I indicate considerable b
muth and/or lanthanum excesses, and titanium deficie
with respect to the nominal compositions. According to t
high-resolution electron microscopy~HREM! study of BTO
and BLT powder compounds,10,23 the surface nonstoichiom
etry of BTO originates from a very thin amorphous bismu
oxide layer enclosing the crystal edge, and that of BLT
sults from specific surface configurations that consist of
outermost Bi-rich region followed by a La-rich region befo
arriving at the stoichiometric bulk. The significant surfa
excess of lanthanum tends to occupy the cation site
fluorite-like (Bi2O2)21 layers, leading to the surface inte
growth defects of BLT as shown in Fig. 2~b!.10 Since the
surface nonstoichiometries in the powder compounds

TABLE I. XPS quantification results of bare BTO and BL
films.

Samples Bi~at. %! La ~at. %! Ti ~at. %! O ~at. %!

BTO nominal 21.1 - 15.8 63.1
BTO powdersa 33.1 - 4.1 62.8
BTO 33.1 - 7.5 59.4
BLT nominal 17.1 4.0 15.8 63.1
BLT powdersa 28.0 5.5 3.9 62.6
BLT 24.9 8.0 7.8 59.3

aData from powder compounds in Ref. 23.
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thin films are rather similar, the intergrowth defects of cry
tals characterized from the surface of powder compound10

are also expected to exist in thin films. However, some mo
fications of the thickness and form of the intergrowth defe
in crystals of BLT films are probable, and a further HRE
study is in progress in order to give a detailed insight in
this feature.

Another characteristic of Table I is the noticeable oxyg
deficiencies of BTO and BLT film surfaces, which can
related to the emergence of reduced bismuth species~see
componentB in Fig. 3; componentA represents the lattice
Bi3128! under ultra-high vacuum~UHV!.23 This correlation
can be expressed as follows:

Bi311xe2↔Bi132x,

OO↔ 1
2 O2~g!1VO

¨ 12e2,

where 0,x,3. The bismuth reduction on exposure to UH
was also reported in XPS studies of Bi42xLaxTi3O12 powder
compounds,23 BTO single crystals,29 SBT ceramics,30 and
SBT thin films.31,32These features indicate that the formati
of VO

¨ in Aurivillius phases should be related to the fragili
of Bi-O bonds rather than the volatilization of bismuth,18–21

as bismuth deficiency was never characterized
previous23,31 or present XPS studies.

B. Ex-situ XPS studies of Pt-BTO and Pt-BLT interfaces

1. Ti 2p andÕor La 3d core levels

Figure 4 shows Ti 2p core levels at the Pt-BTO and P
BLT interfaces, and Fig. 5 exhibits La 3d core levels at the
Pt-BLT interfaces. Note that the Ti 2p and La 3d core-level
states at the Pt-BLT interfaces cannot be observed when
Pt coverage takes place@see ‘‘virgin’’ 5, 10, and 20 Å in
Figs. 4~b! and 5#, whereas they become visible after he
treatments. In contrast, Ti 2p core levels at the Pt-BTO in
terfaces are not screened by thin Pt overlayers. These
tures may arise from the poor Pt thickness control, thus
will re-examine the overlayer thickness by the followin
equation:33

FIG. 3. Bi 4f core levels of bare~a! BTO and~b! BLT films.
Dots correspond to experimental data; dashed lines to deconvo
components; and solid lines to the sum of the deconvoluted c
ponents. Components:A, lattice Bi31; B, reduced bismuth species
2-3
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FIG. 4. Ti 2p and Bi 4d core levels at the~a!
Pt-BTO and~b! Pt-BLT interfaces with different
degrees of Pt coverage and heat treatments
well as those of bare BTO and BLT films are als
shown. The intensities of core-level states at t
‘‘virgin’’ Pt-BTO interfaces are multiplied by 2
due to their low intensities.
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BLT
I d5I `@12exp~2d/l sinu!#,

whereI d is the integrated intensity of the thin overlayers,I `

is the integrated intensity of an infinitely thick pure substra
d is the thickness of the thin overlayers,l is the escape dept
of outgoing photoelectrons, andu is the photoelectron take
off angle relative to the sample surface.I ` is taken from the
Pt 4f integrated intensity of a freshly sputtered Pt~111! film
with a thickness of;200 nm,l of Pt 4f photoelectrons is
close to 15 Å,27 andu is equal to 90°. The as-calculated
thicknesses of the various samples are given in Table II,
the results are self-consistent. They do not represent the
act thickness of the thin Pt overlayers, because~a! it is dif-
ficult to estimate the effects of surface contamination~carbon
and adsorbed oxygen species! sandwiched between the P
and complex oxide film surfaces,~b! further O2 annealing
could complicate the influences of~a!, and ~c! Pt 4f core
levels at the interfaces include various Pt species~see Sec.
III B 2 ! that could lead to an overestimation or underestim
tion of the Pt thickness. In spite of these potential difficulti
the calculated Pt thickness at the ‘‘virgin’’ Pt-BTO and P
BLT interfaces is in fair agreement with the nominal valu
estimated by the quartz balance installed in the sputte
apparatus. With O2 annealing, the Pt thickness decreas
which corresponds to the interdiffusion of Pt into the fil
interior, i.e., the thermal drive-in.

These characteristics indicate that the absence of Tip
and La 3d core levels at the ‘‘virgin’’ Pt-BLT interfaces
arises from the collective effects of Pt screening and spe
surface configurations of the BLT crystals. The Pt covera
shadows Ti 2p and La 3d information in BLT films prior to
O2 annealing, but the thermal drive in of Pt on anneali
leads to less significant screening effects. Consequently
Ti 2p and La 3d core levels can again be observed. Due
the absence of intergrowth defects in BTO crystals,10 the Ti
2p core-level states are always visible. From Table II we c
also note that the Pt overlayers at the annealed Pt-BLT in
faces~400 and 650 °C! are always thicker than those at th
annealed Pt-BTO, which implies that the specific surfa
configurations of BLT crystals behave as anintrinsic diffu-
sion barrier to Pt.
01410
,

d
x-

-
,

g
,

c
e

he
o

n
r-

e

2. Pt 4f core levels

Figures 6 and 7 show characteristically asymmetric Ptf
core levels at the Pt-BTO and Pt-BLT interfaces, resp
tively. The Doniach-Sˇunjić function34 coupled with a reason
able Gaussian contribution was used to deconvolute th
core-level states that are elucidated as follows:

a. ‘‘Virgin’’ interfaces Both the regular line shapes i
Figs. 6~a!–6~c! and 7~a!–7~c! and the peak positions~Pt
4 f 7/2) at 71.3– 71.660.1 eV indicate that the as-deposite
thin Pt overlayers are in a pure metallic state~indicated as
componentA!.27,28,35–38 However, another component,B,
with lower binding energy~BE; Pt 4f 7/2 at 67.1 and 67.6
60.1 eV for the Pt-BTO and Pt-BLT interfaces, respective!
emerges when the Pt coverage reaches;20 Å @see Figs. 6~c!
and 7~c!#. Note that no impurity state other than surface c
bon and oxygen contamination was observed, and no Pt
cies with corresponding BE has been reported in
literature.27,28,35–40Further examining their chemical shift
with respect to componentA, significant shifts of 4.3 and
3.660.1 eV towards the low BE side were determined f
Pt-BTO and Pt-BLT interfaces, respectively, which sugge
that componentB originates from metallic compounds. Als

FIG. 5. La 3d core levels at the Pt-BLT interfaces with differen
degrees of Pt coverage and heat treatments. That of the bare
film is also shown.
2-4
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TABLE II. The calculated thickness of thin Pt overlayers.

Pt ;5 Åa Pt ;10 Åa Pt ;20 Åa

Samples Pt-BTO Pt-BLT Pt-BTO Pt-BLT Pt-BTO Pt-BLT

‘‘virgin’’ 6.0 b 6.2 8.6 8.4 19.5 19.1
400 °C annealed 2.8 4.0 5.8 7.7 13.7 15.0
650 °C annealed 1.7 3.0 2.6 3.7 5.6 6.3

aThe nominal thickness of thin Pt overlayers estimated by the quartz balance installed in the spu
apparatus.

bThe estimated thickness in Å, calculated from Ref. 33.
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t
iv-
taking into account the reduced bismuth species emer
with increased Pt coverage~see componentB in Fig. 8; com-
ponentA represents contributions from lattice Bi3128!, this
metallic Pt species is related to the formation of a Bi-Pt all
however, its exact composition is unclear due to the lack
knowledge of Bi-Pt solubility.41 Note also that componentB
is absent in Figs. 6~a!, 6~b!, 7~a!, and 7~b!, while consider-
able reduced bismuth species can be observed in Figs.~a!,
01410
g

,
f

8~b!, 8~d!, and 8~e!. This feature may arise from that th
empirical atomic sensitivity factor of Bi 4f photoelectrons is
superior to that of Pt 4f .40

The emergence of a Bi-Pt alloy was first suggested
Gutleben31,32 in XPS studies of the Pt-SBT interface. How
ever, we first report Pt 4f core-level evidence for a Bi-P
alloy, and suggest that the strong Bi-Pt interaction in Aur
illius phases can lead to the formation of a Bi-Pt alloy.
in each
convoluted
FIG. 6. ~a!–~i! Pt 4f core levels at the Pt-BTO interfaces with different degrees of Pt coverage and heat treatments as indicated
subset. Dots correspond to experimental data; dashed lines to deconvoluted components; and solid lines to the sum of the de
components. Components:A, pure metallic Pt;B, metallic Pt attributed to Bi-Pt alloy;C, Pt21; D, Pt41.
2-5
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CHU, GANNE, CALDES, GAUTIER, AND BROHAN PHYSICAL REVIEW B68, 014102 ~2003!
FIG. 7. ~a!–~i! Pt 4f core levels at the Pt-BLT interfaces with different degrees of Pt coverage and heat treatments as indicated
subset. Dots correspond to experimental data; dashed lines to deconvoluted components; and solid lines to the sum of the de
components. Components:A, pure metallic Pt,B, metallic Pt attributed to Bi-Pt alloy;C, Pt21.
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b. 400 °C-annealed interfacesThe intensity ratio of Pt
4 f 7/2 and Pt 4f 5/2 in Fig. 6~d!–6~f! and 7~d!–7~f! deviates
from the normal case for pure metallic Pt as shown in Fi
6~a!, 6~b!, 7~a!, and 7~b!, which suggests that Pt species wi
higher oxidation state appear after O2 annealing.27,35,36The
curve deconvolution further indicates the emergence of c
ponentC possessing chemical shifts of (1.1– 1.3)60.1 eV
with respect to pure metallic Pt. Oxidized Pt species w
similar chemical shifts, 1.5~Ref. 27! and 1.3 eV~Ref. 36!,
have been assigned to PtO by Le´garé et al. and Peuckert
et al., respectively. However, this does not mean that PtO
formed at the interfaces, since pure metallic Pt exhibits g
oxidation resistance in flowing O2 with atmospheric
pressure.36

c. 650 °C-annealed interfacesUnder these annealin
conditions, the Pt 4f core levels at the Pt-BTO and Pt-BL
interfaces show very different line shapes@see Figs. 6~g!–
6~i! and 7~g!–7~i!#. One more set of oxidized Pt specie
~componentD! appears exclusively at the Pt-BTO interfac
with chemical shifts of (3.0– 3.2)60.1 eV with respect to
01410
.

-

h

is
d

pure metallic Pt. Note that componentD corresponds to P
species with an oxidation state of14, as the chemical shif
of PtO2 has been recorded from 2.4 to 3.4 eV depending
the compositions of studied samples.35 Furthermore, Peuck-
ert et al.36 have indicated that the formation of Pt oxides is
very slow process that blocks the deep oxidation of b
metallic Pt, and their growth rate is trivial at temperatur
lower than;900 K ~at an O2 pressure in 0.1 MPa in Ref
36!. In our case, this means that the formation of Pt oxid
should eliminate Pt interdiffusion. The Pt thermal drive-
determined in Table II therefore definitively indicates th
componentsC andD cannot be attributed to PtO and PtO2,
respectively. However, they do belong to the oxidation sta
of 12 and14, respectively. It is thus reasonable to sugg
that componentsC (Pt21) and D (Pt41) should arise from
the substitution of Pt for lattice cations. More insights a
given in Sec. IV.

In addition, the O2 annealing qualitatively annihilates th
Bi-Pt alloy at the interfaces, whereas the Pt thermal drive
would allow it to form at relatively deeper interfaces. Due
2-6
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FIG. 8. Bi 4f core levels at the~a!–~c! Pt-BTO and~d!–~f! Pt-BLT interfaces with different degrees of Pt coverage as indicated in e
subset. Dots correspond to experimental data; dashed lines to deconvoluted components; and solid lines to the sum of the de
components. Components:A, lattice Bi31; B, reduced bismuth species.
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minimal Pt screening,;1.7 Å ~see Table II!, at the Pt~5
Å!-BTO interface, the Bi-Pt alloy~componentB! can be ob-
served as shown in Fig. 6~g!. The relatively thick Pt coverage
at Pt~10 Å!-BTO, Pt~5 Å!-BLT, and Pt~10 Å!-BLT interfaces
may make this component unobservable@see Figs. 6~h!, 7~g!,
and 7~h!, respectively#. For Pt~20 Å!-BTO and Pt~20 Å!-BLT
interfaces@see Figs. 6~i! and 7~i!#, the concentration of the
Bi-Pt alloy should be very considerable, and the Pt screen
is thus less important.

In summary, a Bi-Pt alloy always occurs in the vicinity
‘‘virgin,’’ 400 °C-, and 650 °C-annealed interfaces due to t
strong Bi-Pt interaction. In terms of charge balance, t
characteristic would enhance the formation ofVO

¨ . Further-
more, the Bi-Pt alloy could increase the leakage curren
BTO and BLT capacitors with Pt as electrode~s!.

IV. DISCUSSION

In ex situ XPS studies, Pt impurity defects (Pt21 and
Pt41) are indicated to arise from the substitution of Pt f
lattice cations, and Pt41 is present exclusively at the Pt-BTO
interfaces in samples annealed at 650 °C. Detailed forma
mechanisms of these impurities and their possible effects
ferroelectric degradation are elucidated as follows:

A. Pt impurity defects at the Pt-BTO interfaces

1. Isolated Pt impurity defects and spontaneous polarization
degradation

Under O2 annealing, the substitution of Pt for lattice ca
ions occurs preferentially on sixfold symmetry sites,42 and
01410
g

s

f

n
n

there are two sixfold sites, Ti~1! and Ti~2! ~see Fig. 1!, suit-
able for Pt substitution on the crystal surface of BTO. A
cording to size arguments (Pt2150.80 Å, Pt4150.625 Å,
and Ti4150.605 Å),42 Pt41 should be the dominant impu
rity defects at 400 °C-annealed interfaces. However, it
Pt21 that is observed@see Figs. 6~d!–6~f!#, which suggests
that the bonding characteristics of the perovskite-like sl
do govern the Pt/Ti substitution. From Postnikovet al.’s29

electronic structure study of BTO, the strong hybridizati
between 3d and 2p states of Ti~2! and the apical O~4!, re-
spectively, plays an important role in its ferroelectricity.
contrast, Ti~1! does not show such strong hybridization wi
its coordinated oxygen ions.29 In other words, Ti~1! is rela-
tively more ionic, and Ti~2! is more covalent. Therefore, th
substitution for Ti~2! qualitatively needs more driving force
e.g., higher annealing temperature, than for Ti~1!; and the
relatively ionic Pt21 species will substitute preferentially fo
Ti~1!, while the relatively covalent Pt41 will replace Ti~2!.
This feature successfully interprets the exclusive presenc
Pt41 at the 650 °C-annealed Pt-BTO interfaces. Pt21 and
Pt41 can be thus labeled as PtTi(1)9 and PtTi(2) , respectively.
However, the closely filled 5d states of PtTi(1)9 (5d8) and
PtTi(2) (5d6) do not favor hybridization with O 2p states.
PtTi(1)9 and PtTi(2) thus tend to occupy the center of the o
tahedral clusters~schematized in Fig. 9!. For simplicity, the
structural model shown in Fig. 9 is in the idealized tetrago
symmetry (I4/mmm, No. 139! of Aurivillius phases,
whereas the real symmetry of BTO is monoclinic includi
octahedral distortion anda-direction displacement of Bi31 in
the perovskitelike slabs.8 In addition, one has to note that th
polarizing effect of PtTi(2) is superior to that of PtTi(1)9 result-
2-7
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ing in its relatively off-center shift with respect to PtTi(1)9 .
The tendency of PtTi(1)9 and PtTi(2) to occupy central posi-
tions would lead to a partial degradation of spontane
polarization.43 This ferroelectric degradation is primaril
dominated by PtTi(2) defects, because the relatively ion
Ti~1! environment is not responsible for the ferroelectric
of BTO.29 Since PtTi(2) only appears at the 650 °C-anneal
Pt-BTO interfaces that are equivalent to the bottom-electr
interfaces of Pt/BTO/Pt capacitors, we suggest that top-
bottom-electrode interfaces should play different roles in
degradation of spontaneous polarization.

2. Complex metal-impurity-oxygen-vacancy defect pairs
and fatigue of BTO

In titanate perovskites,VO
¨ can combine with metal-

impurity defects resulting in stable complex metal-impuri
oxygen-vacancy defect pairs.15,43–45 Pöykkö et al.15 further
indicated that the defects pairs, PtTi92VO

¨ , in ferroelectric
titanate perovskites are strongly polar and able to pin
polarizations of surrounding lattices inducing fatigue.

Taking these features into account,VO
¨ ~mobile point de-

fects! induced by the formation of the Bi-Pt alloy can stat
tically meet immobile PtTi(1)9 and PtTi(2) in the nearby inter-
face region in the absence of the switching bias, leading
PtTi(1)92VO

¨ and PtTi(2)2VO
¨ defect pairs.15,43–45 Under the

switching bias,VO
¨ can move and redistribute throughout th

films.43 Therefore, moreVO
¨ encounter PtTi(1)9 and PtTi(2) re-

sulting in more PtTi(1)92VO
¨ and PtTi(2)2VO

¨ defect pairs, i.e.,
complex defect pairs becoming the dominant defects a
bipolar reversals. Note that the primary driving force for t
formation of these pairs is the atomic relaxation and rebo
ing in (PtTi(1)9O5VO

¨ )82 and (PtTi(2)O5VO
¨ )62 clusters.15

FIG. 9. The schematic geometry of PtTi(1)9 (Pt21) and PtTi(2)

(Pt41) in the perovskite-like slabs of Bi4Ti3O12 ~BTO; crystallo-
graphic data from Ref. 29 inI4/mmm).
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Consequently, the movement of PtTi(1)9 and PtTi(2) towards
their nearest-neighborVO

¨ induces the formation of comple
defect pairs. This procedure qualitatively does not consu
energy, sinceVO

¨ is a vacant site.15 However, the doubly
charged PtTi(2)2VO

¨ pairs are relatively unstable in lattice
so they would capture two electrons during bipolar revers
in order to maintain the charge balance of the nat
(PtTi(2)O6)82 clusters, leading to PtTi(2)92VO

¨ pairs. This be-
havior qualitatively makes the degree of atomic relaxat
and rebonding more significant, thus leading to more po
PtTi(2)92VO

¨ pairs. These polar PtTi(1)92VO
¨ and PtTi(2)9

2VO
¨ pairs are schematized in Figs. 10~a!–10~c! and their

respective polarizations are indicated asP1 and P2 . In fer-
roelectrics, such polar defect pairs are strongly bound o
being formed, and therefore, they are nonswitchable un
bipolar reversals.15,46,47This feature makes the environme
surrounding the defect pairs more rigid. Therefore, the
gree ofa-direction displacement of Bi31 is reduced, while
this cation displacement is crucial for the polarization
BTO.8 Consequently, these polar defect pairs could pin
polarizations of surrounding lattices, qualitatively leading
the fatigue of BTO. Note that the more polar PtTi(2)92VO

¨

pairs should have more significant effects on fatigue co
pared to PtTi(1)92VO

¨ . In addition, the PtTi(1)92VO
¨ 2PtTi(2)

defects@schematized in Fig. 10~d!# should have less influ-
ences on fatigue, because the reverse polarizations of
PtTi(1)92VO

¨ and PtTi(2)2VO
¨ centers make their global polar

ity relatively insignificant.
The characteristics elucidated above are closely relev

to ‘‘the interface scenario’’ of Pt/PZT/Pt capacitors,6,12–14

and strongly refer to that BTO capacitors with Pt as el
trode~s! can be immune to fatigue by inserting a diffusio
barrier between BTO and the Pt electrode or by replacing
Pt electrode with a conductive oxide. This idea is suppor
by Watanabeet al.’s study48 that Pt/BTO//CaRuO3 and
Pt/BTO//SuRuO3 capacitors annealed at 800 and 880 °C,
spectively, in flowing O2 ~without post-annealing after th
deposition of the Pt top electrodes! exhibited good fatigue
endurance up to 7.831010 switching cycles. Although inter-
facial phases and/or defects might exist in BTO//CaRu3
and BTO//SrRuO3 interfaces, their effects on fatigue shou
be insignificant. This fair agreement suggests that the fati
properties of BTO can be attributed to ‘‘the interfac
scenario,’’6,12–14 and that top- and bottom-electrode inte
faces should play different roles in fatigue. In addition, th
interface scenario indicates that fatigue resistance of fe
electric capacitors with conductive oxides as electrode~s!
arises from the absence of metal-impurity defects at the
terfaces rather than the conductive oxides behaving as thVO

¨

sink.15

B. Pt impurity defects at the Pt-BLT interfaces

Due to the surface intergrowth defects of BLT crysta
@see Fig. 2~b!#, Pt would substitute for cations in BiO2 ,
TiO2 , and ~Bi,La!O planes, and/or insert into cation vaca
cies, VBi- and/or VLa- , in the ~Bi,La!O and BiO2 planes
upon annealing in O2. These sites should be relatively ioni
thus leading to the exclusive presence of Pt21 @see Figs.
2-8
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FIG. 10. The schematic geometry of~a! PtTi(1)92VO
¨ , ~b! and~c! PtTi(2)92VO

¨ , and~d! PtTi(1)92VO
¨ 2PtTi(2) defects in the perovskite-like

slabs of Bi4Ti3O12 ~BTO!; P1 andP2 represent local polarizations of PtTi(1)92VO
¨ and PtTi(2)92VO

¨ pairs, respectively. Crystallographic da
from Ref. 29 inI4/mmm.
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7~d!–7~i!#. In addition, PtTi(1)9 and PtTi(2) might occur at the
deeper interfaces~.5 nm, beyond the depth limit of XPS
analyses!, where the regular Aurivillius structure exists.10

Further taking into account the thicker Pt overlayers at
nealed Pt-BLT interfaces~400 and 650 °C! compared to
those at annealed Pt-BTO~see Table II!, we suggest that the
bonding environments around the surface intergrowth def
should be less preferable for Pt.

Since the Pt impurities of BLT predominantly localize
the surface region exhibiting intergrowth defects rather th
the regular Aurivillius structure, their effects on the ferr
electric degradation should be qualitatively limited. As
consequence, BLT shows good fatigue endurance. In a
tion, the surface intergrowth defects of BLT should intrin
cally degrade its spontaneous polarization.

Nevertheless, Wuet al.21 reported that Pt/BLT/Pt capac
tors annealed at 650 °C in flowing O2 and then post-anneale
at 650 °C after the deposition of the Pt top electrodes are
immune to fatigue, and the switchable polarization redu
upon decreasing the cycling field and cycling frequen
Since the bottom-electrode interfaces were subjected twic
heat treatments at 650 °C,21 metallic Pt from the bottom elec
trode and Pt21 from the bottom-electrode interfaces can d
fuse further into the BLT film interior. Therefore, PtTi(1)9,
PtTi(2) , PtTi(1)92VO

¨ , and PtTi(2)2VO
¨ defects may occur a

the relatively deeper bottom-electrode interfaces. Due to
similarity in crystal and electronic structures of BTO a
BLT,49 ‘‘the interface scenario’’ of BTO should also hold fo
BLT. Therefore, mobileVO

¨ would have more time to com
bine with Pt impurities by decreasing the cycling field a
cycling frequency, leading to more PtTi(1)92VO

¨ and PtTi(2)
2VO

¨ pairs at the relatively deeper bottom-electrode int
01410
-

ts

n

di-

ot
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.
to
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faces of Pt/BLT/Pt~Ref. 21! capacitors. Meanwhile, elec
tronic charge carriers move slower, which gives PtTi(2)2VO

¨

more time to trap electrons, leading to more PtTi(2)92VO
¨

pairs. Consequently, PtTi(1)92VO
¨ and PtTi(2)92VO

¨ pairs at
the bottom-electrode interfaces would induce the cycl
field- and frequency-dependent fatigue properties of
BLT/Pt capacitors~Ref. 21!. It is worth noticing that Pt/
SBT/Pt capacitors post-annealed at 900 and 950 °C after
deposition of the Pt top electrodes were reported to exh
fatigue degradation, while those post-heat-treated at 80
are immune to fatigue.50 This phenomenon is similar to th
fatigue failure of Pt/BLT/Pt capacitors post-annealed
650 °C ~Ref. 21!, and may also arise from the formation o
defect pairs at the relatively deeper Pt-ferroelectrics in
faces. Note also that the bare surface of crystals in SBT
films was indicated to consist of surface defects.22

In summary, fatigue in BTO and BLT capacitors with P
as electrode~s! should result from that the polar meta
impurity-oxygen-vacancy defect pairs pin the polarizatio
of surrounding lattices. Po¨ykkö et al.15 first proposed this
mechanism for fatigue in simple titanate perovskite
whereas the currentex situ XPS study suggests that th
mechanism should also hold in Aurivillius BTO and BL
~layered titanate perovskites!. An extensive HREM study of
Pt-BTO and Pt-BLT interfaces is under way in order to co
firm the defect-pairs model proposed by theex situ XPS
study.

V. CONCLUSION

Pt-Bi4Ti3O12(BTO) and Pt-Bi3.25La0.75Ti3O12(BLT) inter-
faces in Pt/ferroelectrics/Pt capacitors were simulated
2-9
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studied byex situXPS analyses. Three important results a
summarized.

~1! The bare surface of crystals in BLT thin films consis
of intergrowth defects.

~2! The strong Bi-Pt interaction always induces Bi-Pt
loy at the interfaces, leading to the accumulation of oxyg
vacancies (VO

¨ ).
~3! At the 400 °C- and 650 °C-annealed Pt-BTO and

BLT interfaces, the Pt substitution at the BTO and BLT la
tices results in Pt impurity defects, which can combine w
VO

¨ resulting in complex metal-impurity-oxygen-vacancy d
fect pairs. The complex defect pairs at the Pt-BTO interfa
are polar, nonswitchable, and able to pin polarizations
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