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X-ray photoemission spectroscopy characterization of the electrode-ferroelectric
interfaces in PYBIi,Ti3;O4,/Pt and P¥BIj ,d.a4 75T13045/ Pt capacitors:
Possible influence of defect structure on fatigue properties
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The interaction between Pt electrodes and ferroelectrics in if8,,(BTO)/Pt and
Pt/Bi; »dag 75Ti3045( BLT)/Pt capacitors was investigated by 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 vacaigigsesulting
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.
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[. INTRODUCTION dielectric constant or nonswitching layer in the nearby Pt-
PZT interfacial region appears to be associated with
The ferroelectric random access memory has attractethtigue®=®*?~**This interfacial layer behaves as an effective
much attention during the last few decades due to its loweglectron injection site, and the injected electrons are trapped
power requirements, faster access speed, and nonvolafility. by ferroelectrics, leading to defects. Such defects then par-
Early studies were primarily dedicated to the ticipat_e in the su_ppression of sz\ii;ECha-ble polariza_tiqn that re-
Pb(ZxTi,_,)Os (PZT) solid solution because of their large Sults in the fatigue of P_Z‘F.  This electron‘-‘ln]e(_:tlon
remanent polarization, low processing temperature, and conjfedel, i-e., _rqgfzhjg'sm')' is also referred to as “the inter-
patibility with silicon technology:2 However, PZT suffers face scenario™ Nevertheless, the detailed defect chem-
fatigue failure, namely the decrease in switchable polariza-
tion, on metal electrodes(usually Pj after bipolar
reversals-? Although the fatigue properties of PZT can be
significantly improved via the use of conductive-oxide elec-
trodes, e.g., RuQ(Ref. 3 and La-Sr-Co-d;° the leakage
current of such devices is relatively higbetailed reviews
have6 been reported by several authors, e.g., Tagantsev
et al’). )
The ferroelectric Aurivillius phases SrHia,O4 (SBT, n Bi(2) P _' =
=2) (Ref. 1 and Bi 48975113012 (BLT, n=3)2 which os).06) & ){ T
consist of ‘n” layers of perovskite-like blocks sandwiched ’ \ 4 A
between two consecutive fluorite-like (8,)%" layers, /
have been recently explored as substituting materials for o(1)
PZT, because they show good fatigue resistance and low Bi(1)
leakage current on Pt electrdde In particular, BLT is re-
garded as a promising candidate due to its high remanent
polarization®’ Figure 1 shows the monoclinic crystal struc- 0(4)” y 0
ture of Bi,TizO;, (BTO, space groulal, No. 7.2 which e o
is the parent phase of monoclinic BEF° O O
Although the origin of fatigue in Pt/PZT/Pt capacitors re-
mains controversidl!! two different mechanisms were
claimed to be responsible for this phenomen@h:domain
wall pinning within ferroelectrics by oxygen vacancieéd
and(ii) electron injection near interfacEddowever, a num-
ber of experimentgreviewed in Ref. Hindicated that fatigue
properties did not show monotonical dependence on the con- FIG. 1. The monoclinic crystal structure of BizO;, (BTO),
centration increase o¥. Instead, the existence of a low- viewed along100] (Ref. 8.

"1 (Bi,0.)**
layer

Perovskite-like
slabs
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istry of this interface scenario was first reported inylm (a) (b)
et al’s first-principles total energy study,which indicated e OD=®- (Bila)0
that defects at the Pt-ferroelectrics interf@&onsist of di- 2 . T &
polar metal-impurity-oxygen-vacancy pairs {Pt Vo), and J Ok fff/_[}‘,; }(Bi202) @p|o| - sio,
Pt;"— Vg pairs arise from the electron trapping on virgin ' ar AT 0900
doubly-charged Rf'—V, centers. \ j ' S
Concerning the fatigue resistance of Aurivillius-based T"“F D (BiLa)BiOs
ferroelectric capacitors using Pt electrégle four possible OEEE0H€) - (BiLa)o OO
mechanisms have been reportéa): the oxygen stability of  C dlexbo | - Tio, T VI _
perovskite-like slabs being favored by Bi-free 2 N 1 TP (BiLa)TiO,
environment, (b) domain wall unpinning happening at least @ @9 EiLaO OHO
as rapid as domain wall pinnirt§; ! (c) the self-regulating dlonh 11, G
(Bi,0,)2" layer compensating for space charges near the P \/ 2 N
electrodés),! and (d) surface configurations of crystals in- 29 o 09— ® =2 b
ducing specific Pt-ferroelectrics interface propertes The Todo=od . T i
first and second mechanisms are inferred from the domair ) 2 ”’%""a
wall pinning (by V() model of PY/PZT/Pt capacitofs; 2 et oo Qo

andVg in Aurivillius phases are indicated to result from the
fragility of Bi-O bonds and the volatilization of bismutf. FIG. 2. Schematic structural models f@ the regular andb)
Parket all’ thus claimed that the absence of bismuth in they o surface i h def ¢ B :
perovskite-like slabs of Aurivillius phases, e.g., SBT, is cry-e surface intergrowth defects of f3il-ao7sTisOs, (BLT) (Ref.

. . . . - ' 10). For simplicity, all perovskite blocks are drawn in cubic sym-
cial for obtaining fatigue-free properties, which is referred tornetry and cation vacancies/” and/orV,,”) in (Bi,La)O and
as mechanism(a). However, this mechanism fails for ' g '

) ! : : Hialt BiO, planes of the intergrowth defects are not indicated.
fatigue-resistant BLT, which contains a significant amount of

bismuth in its perovskite-like slabs, (Bid-ao75Ti3010°".  studies are indispensable to give a further insight into the
Taking the failure of mechanisre) into account, we can defect chemistry of this mechanism.

suggest that domain wall pinning may not play the predomi-  Thjs paper concentrates on BTO and BLT, i.e., the Auriv-
nant role in fatigue properties of the Aurivillius compounds. jllius phases withn=3, and reports concrete evidence for

Consequently, a further examination of the correlation begistinct defect structures at the Pt-BTO and Pt-BLT inter-
tween the dielectric constants and fatigue properties of SBTaces viaex situ X-ray photoe|ectr0n spectroscor(y(PS)

and BLT would be essential to confirm mechani@im be-  studies(described in more details in Sec),land the Pt-SBT
cause domain wall pinning within ferroelectrics would raiseinterface study is already in progress.

domain density, leading to an increase in the dielectric

consta{nﬁ”'14 Furthermore, mechanisrtc) should not be L. EXPERIMENT

taken into further consideration, since Pt/BTO/Pt capacitors

exhibit fatigue degradatioff:?® In contrast to mechanisms  Ferroelectric BTO and BLT films with a thickness of
(@—(c) derived from macroscopic electricaf~2* and  ~300 nm were prepared via chemical solution deposition on
spectroscopid studies, the atomic-scale characterization ofPt(111)/TiQ/SiO,/Si(100) substrates, which were then
defect structures on the crystal surfaces of $B&f.%?) and  crystallized at 650 °C for 10 min in flowing 0 leading to
BLT (Refs. 10 and 2B8gives rise to mechanisrtd). The  polycrystalline and stoichiometric filnfs.

surface structure of SBT was reported to consist of an incom- For Aurivillius phases, the ion sputtering can result in
plete (BLO,)2" layer with a top surface of oxygen atorffs, reduced bismuth specfé$3then inducing undesirable modi-
and that of BLT is composed of an ordered stacking offications to the physical and chemical natures of the Pt-BTO
(Bi,La)BiO5 and (Bi,La)TiQ; deficient perovskitegsee Fig. and Pt-BLT interfaces, and the conventional depth-profile in-
2, and compare Fig. (8 with Fig. 2(b)].1° Note that the terface study is thus not suitable. Consequently, we simulated
defect structure of BLT appears within a thickness-& nm  top-and bottom-electrode interfaces in Pt/BTO/Pt and Pt/
from the crystal surface to bulk, whereas the BTOBLT/Pt capacitors by sputtering thin Pt overlayers-s, 10,
(fatigue®*?° surface always exhibits the regular Aurivillius and 20 A on the surfaces of bare BTO and BLT films. The
structure!® The surface defects of SBT and BLT locally as-prepared samples were thermally equilibratedsfrin
change the chemical composition of crystal surfaces, and thidae sputtering apparatus, and then immediately inserted into
physical characteristics of the SBT and BLT crystal surfaceshe XPS apparatus for “virgin” interface studies, qualita-
are thus different from those of the bulks with the regulartively equivalent to top-electrode interfaces. To further ana-
Aurivillius structure. Consequently, the Pt-SBT and Pt-BLT lyze the effects of post-annealing on top-electrode interfaces
interfaces should possess different properties compared tgenerally performed after deposition of the top electrpdes
those of Pt-BTO. This feature could be associated with théhe as-analyzed “virgin” samples were heated at 400 °C for 5
distinct fatigue behaviors of SB'2° BLT,%?* and BTO  min in flowing O, in a preheated tubular furnace, then im-
(Refs. 24 and 2bcapacitors. Therefore, mechanidia) is  mediately studied by XPS. These analyzed samples then un-
relevant to “the interface scenario” of Pt/PZT/Pt derwent a second heat treatment at 650 °C for 10 min in
capacitor$*>~4and Pt-SBT, Pt-BLT, and Pt-BTO interface flowing O, in order to create the equivalent bottom-electrode
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TABLE |I. XPS quantification results of bare BTO and BLT

films. Bi 4f @ (b)
Samples Biat.%) La(at.% Ti (at.% O (at.%

fut
BTO nominal 21.1 - 15.8 63.1 g
BTO powder8 33.1 - 4.1 62.8 i
BTO 33.1 - 7.5 59.4 =
BLT nominal 17.1 4.0 15.8 63.1 5
BLT powder$ 28.0 5.5 3.9 62.6 v \ !
BLT 24.9 8.0 8 593 168 166 164 162 160 158 156 166 164 162 160 158 156

Binding Energy (eV) Binding Energy (eV)

@Data from powder compounds in Ref. 23.

FIG. 3. Bi 4f core levels of baréda) BTO and(b) BLT films.
interfaces for further XPS studies. Since the deposition an@®ots correspond to experimental data; dashed lines to deconvoluted
heat treatments of the thin Pt overlayers were not carried outomponents; and solid lines to the sum of the deconvoluted com-
in the XPS apparatus, we refer to this as ensitu XPS  ponents. Components, lattice BF*; B, reduced bismuth species.
study. In each case, the three steps—*"virgin”, 400 °C-
annealed, and 650 °C-annealed Pt-BTO and Pt-BLT interfacthin films are rather similar, the intergrowth defects of crys-
studies—were performed on the same sample, which ensuréals characterized from the surface of powder compotinds
the fixed initial Pt thickness. TheseeX-sitd XPS studies are also expected to exist in thin films. However, some modi-
were repeated several times, and the good reproducibility dications of the thickness and form of the intergrowth defects
core-level spectra suggests that these simulated interfaces amnecrystals of BLT films are probable, and a further HREM

a priori representative of the actual ones. study is in progress in order to give a detailed insight into
XPS measurements were recorded on an ESCA LEVYthis feature.
BOLD LH12 apparatugUniversitede Nantes-CNRSusing Another characteristic of Table | is the noticeable oxygen

Mg K« radiation(1253.6 eV, and the nominal energy reso- deficiencies of BTO and BLT film surfaces, which can be
lution was set to 0.89 eV, allowing the escape depthof  related to the emergence of reduced bismuth spesies
~15 A for Pt 4f photoelectrond’ The operating vacuum componentB in Fig. 3; componeni represents the lattice
pressure was always maintained at less thar® Trr. The  Bi®*28) under ultra-high vacuuntUHV).?® This correlation

C 1s (284.6 eV} peak® of the surface carbon contamination can be expressed as follows:

was taken as the internal reference for spectral calibration, as

the charging effects of dielectric materials are difficult to Bi®" +xe - Bit3X,

overcomé&?°All core levels were subjected to satellite sub-
traction and linear background removal before spectrum de-
convolution. In addition, no surface cleaning by'Asputter-
ing was performed.

OoH %OZ(Q) +Vo+ 28_ ,

where 0<x< 3. The bismuth reduction on exposure to UHV
was also reported in XPS studies of;BjLa,Ti;O;, powder

. RESULTS compound$? BTO single crystal$® SBT ceramics? and
. _ SBT thin films3*2These features indicate that the formation
A. Quantitative XPS study of bare BTO and BLT films of V¢ in Aurivillius phases should be related to the fragility

The integrated intensities of Gs1Bi 4f, Ti 2ps,, and/or  ©f Bi-O bonds rather than the volatilization of bismdfh?t

La 3d core-level peaks, as well as their corresponding senS 'blsn;l;'gh deficiency was never characterized in
sitivity factors with reference to the analyzer were used toprevioug®*t or present XPS studies.

determine the surface compositions of bare BTO and BLT

films. The results shown in Table | indicate considerable bis- B. Ex-situ XPS studies of Pt-BTO and Pt-BLT interfaces

muth and/or lanthanum excesses, and titanium deficiency
with respect to the nominal compositions. According to the
high-resolution electron microscogiiREM) study of BTO Figure 4 shows Ti P core levels at the Pt-BTO and Pt-
and BLT powder compound$;?the surface nonstoichiom- BLT interfaces, and Fig. 5 exhibits Lad3core levels at the
etry of BTO originates from a very thin amorphous bismuthPt-BLT interfaces. Note that the Tipzand La 31 core-level
oxide layer enclosing the crystal edge, and that of BLT restates at the Pt-BLT interfaces cannot be observed when the
sults from specific surface configurations that consist of arPt coverage takes pladsee “virgin” 5, 10, and 20 A in
outermost Bi-rich region followed by a La-rich region before Figs. 4b) and 5, whereas they become visible after heat
arriving at the stoichiometric bulk. The significant surfacetreatments. In contrast, TiR2core levels at the Pt-BTO in-
excess of lanthanum tends to occupy the cation site iterfaces are not screened by thin Pt overlayers. These fea-
fluorite-like (Bi,O,)?" layers, leading to the surface inter- tures may arise from the poor Pt thickness control, thus we
growth defects of BLT as shown in Fig(18.1° Since the will re-examine the overlayer thickness by the following
surface nonstoichiometries in the powder compounds andquation®

1. Ti 2p andor La 3d core levels
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(b)
Tizp,, Bi4d

N N7 - FIG. 4. Ti 2p and Bi 4d core levels at th¢a)

o~ 20h; a06C_ /N Pt-BTO and(b) Pt-BLT interfaces with different

7 A\ 20 “virgin>” degrees of Pt coverage and heat treatments, as
,,.,/\/MB%;GEE'E.//\}A well as those of bare BTO and BLT films are also
AN 104; 400 shown. The intensities of core-level states at the
o ok g S “virgin” Pt-BTO interfaces are multiplied by 2

sA; 650 C ) ) !
sA; 400°C due to their low intensities.

. . bare BT‘ ; . ; . bare BLT' .
472 464 456 448 440 472 464 456 448 440
Binding Energy (eV) Binding Energy (eV)

INTENSITY

lg=I1.[1—exp(—d/\sing)], 2. Pt 4f core levels

Figures 6 and 7 show characteristically asymmetric Pt 4
_ _ ) ) . core levels at the Pt-BTO and Pt-BLT interfaces, respec-
wherel 4 is the integrated intensity of the thin overlayers, tively. The Doniach:anié functior™ coupled with a reason-
is the integrated intensity of an infinitely thick pure substrate gple Gaussian contribution was used to deconvolute these
dis the thickness of the thin overlayetsis the escape depth core-level states that are elucidated as follows:
of outgoing photoelectrons, artllis the photoelectron take- a3 “Virgin® interfaces Both the regular line shapes in
off angle relative to the sample surfade.is taken from the  Figs. ga)—6(c) and 7a)-7(c) and the peak position&Pt
Pt 4f integrated intensity of a freshly sputtered ) film  4f,,) at 71.3-71.6:0.1 eV indicate that the as-deposited
with a thickness 0~200 nm,\ of Pt 4f photoelectrons is thin Pt overlayers are in a pure metallic stéitedicated as
close to 15 A2,7 and @ is equal to 90°. The as-calculated Pt ComponentA)_27~28v35_38 However, another componenB,
thicknesses of the various samples are given in Table I, anglith lower binding energy(BE; Pt 4f,, at 67.1 and 67.6
the results are self-consistent. They do not represent the ex-0.1 eV for the Pt-BTO and Pt-BLT interfaces, respectiyely
act thickness of the thin Pt overlayers, beca(@at is dif- emerges when the Pt coverage reached A [See F|gs ®)
ficult to estimate the effects of surface contaminaticarbon  and 7c)]. Note that no impurity state other than surface car-
and adsorbed oxygen spegiesandwiched between the Pt hon and oxygen contamination was observed, and no Pt spe-
and complex oxide film surfacegh) further G, annealing cies with corresponding BE has been reported in the
could complicate the influences &, and(c) Pt 4f core |iterature?’?835-4OFurther examining their chemical shifts
levels at the interfaces include various Pt spe¢se® Sec. with respect to componerd, significant shifts of 4.3 and
1B 2) that could lead to an overestimation or underestima3.6+ 0.1 eV towards the low BE side were determined for
tion of the Pt thickness. In spite of these potential difficulties,pPt-BTO and Pt-BLT interfaces, respectively, which suggests

the calculated Pt thickness at the “virgin® Pt-BTO and Pt- that componenB originates from metallic compounds. Also
BLT interfaces is in fair agreement with the nominal values

estimated by the quartz balance installed in the sputtering
apparatus. With © annealing, the Pt thickness decreases,
which corresponds to the interdiffusion of Pt into the film

interior, i.e., the thermal drive-in. e 20K 680G N
These characteristics indicate that the absence ofpTi 2 ‘_‘

and La 3 core levels at the “virgin” Pt-BLT interfaces o

arises from the collective effects of Pt screening and specific

surface configurations of the BLT crystals. The Pt coverage

shadows Ti p and La 3 information in BLT films prior to

O, annealing, but the thermal drive in of Pt on annealing

leads to less significant screening effects. Consequently, the
Ti 2p and La 3 core levels can again be observed. Due to

La 3d5/z

10A; 650°C
; 400°C
P 10A; 40

INTENSITY

the absence of intergrowth defects in BTO cryst8ithe Ti bare BLT
2p core-level states are always visible. From Table Il we can 860 855 850 845 840 835 830
also note that the Pt overlayers at the annealed Pt-BLT inter- Binding Energy (eV)

faces(400 and 650 °Care always thicker than those at the

annealed Pt-BTO, which implies that the specific surface FIG. 5. La 3 core levels at the Pt-BLT interfaces with different
configurations of BLT crystals behave as iafrinsic diffu-  degrees of Pt coverage and heat treatments. That of the bare BLT
sion barrier to Pt. film is also shown.
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TABLE 1l. The calculated thickness of thin Pt overlayers.

Pt ~5 A2 Pt ~10 A2 Pt ~20 A2
Samples Pt-BTO Pt-BLT Pt-BTO Pt-BLT Pt-BTO Pt-BLT
“virgin” 6.0° 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

&The nominal thickness of thin Pt overlayers estimated by the quartz balance installed in the sputtering
apparatus.

bThe estimated thickness in A, calculated from Ref. 33.

taking into account the reduced bismuth species emerging(b), 8(d), and 8e). This feature may arise from that the
with increased Pt coveragsee componerB in Fig. 8; com-  empirical atomic sensitivity factor of Bi#4photoelectrons is
ponentA represents contributions from lattice®8?%), this  superior to that of Pt #°

metallic Pt species is related to the formation of a Bi-Pt alloy, The emergence of a Bi-Pt alloy was first suggested by
however, its exact composition is unclear due to the lack ofsutleberi*3?in XPS studies of the Pt-SBT interface. How-
knowledge of Bi-Pt solubility* Note also that compone®  ever, we first report Pt # core-level evidence for a Bi-Pt
is absent in Figs. @), 6(b), 7(a), and Tb), while consider- alloy, and suggest that the strong Bi-Pt interaction in Auriv-
able reduced bismuth species can be observed in Figs. 8 illius phases can lead to the formation of a Bi-Pt alloy.

(@ sA; | () 104; | (0)

"virgin"” “virgin”

20A;
"virgin”

e

(d) . 5A; 400°C

L] 20A; 400°C

INTENSITY

(@ sA;es50°c| (h) 10A; 650°C| (i) 20A; 650°C

80 76 70 80 75 70
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

86

80 66

FIG. 6. (a)—(i) Pt 4f core levels at the Pt-BTO interfaces with different degrees of Pt coverage and heat treatments as indicated in each
subset. Dots correspond to experimental data; dashed lines to deconvoluted components; and solid lines to the sum of the deconvoluted
components. Componenta; pure metallic PtB, metallic Pt attributed to Bi-Pt alloyC, PE™; D, Pt.
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(@ sh; | ® 10A; | © 20A;

~virgin"

"virgin”

(1] 20A; 400°C

(d) sA; 400°C
>
=
[72]
4 A
[11]
'—
F4
B
v
(@) sA;650°c| (h) 10A; 650°¢c| (i) 20A; 660°C

“ XN

R o ./:\\/}:‘T\
: N AN Bl AN G
8 _ 8 76 70 80 76 70 80 76 70 66
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

FIG. 7. (8—(i) Pt 4f core levels at the Pt-BLT interfaces with different degrees of Pt coverage and heat treatments as indicated in each
subset. Dots correspond to experimental data; dashed lines to deconvoluted components; and solid lines to the sum of the deconvoluted
components. Components; pure metallic PtB, metallic Pt attributed to Bi-Pt alloyC, PE™.

b. 400 °C-annealed interfacesThe intensity ratio of Pt pure metallic Pt. Note that componebtcorresponds to Pt
4f,, and Pt 45, in Fig. 6(d)—6(f) and 7d)—7(f) deviates species with an oxidation state ef4, as the chemical shift
from the normal case for pure metallic Pt as shown in Figsof PtO, has been recorded from 2.4 to 3.4 eV depending on
6(a), 6(b), 7(a), and 7b), which suggests that Pt species with the compositions of studied sampf@surthermore, Peuck-
higher oxidation state appear aftep @nnealing®’>>3®The ertet al® have indicated that the formation of Pt oxides is a
curve deconvolution further indicates the emergence of comvery slow process that blocks the deep oxidation of bulk
ponentC possessing chemical shifts of (1.1-13).1eV  metallic Pt, and their growth rate is trivial at temperatures
with respect to pure metallic Pt. Oxidized Pt species withlower than~900 K (at an Q pressure in 0.1 MPa in Ref.
similar chemical shifts, 1.5Ref. 27 and 1.3 eV(Ref. 36, 36). In our case, this means that the formation of Pt oxides
have been assigned to PtO bydage et al. and Peuckert should eliminate Pt interdiffusion. The Pt thermal drive-in
et al, respectively. However, this does not mean that PtO igletermined in Table Il therefore definitively indicates that
formed at the interfaces, since pure metallic Pt exhibits gopodomponentsC andD cannot be attributed to PtO and BtO
oxidation resistance in flowing £ with atmospheric respectively. However, they do belong to the oxidation states
pressure® of +2 and+4, respectively. It is thus reasonable to suggest

c. 650°C-annealed interfacesUnder these annealing that component€ (P£") andD (Pt") should arise from
conditions, the Pt #i core levels at the Pt-BTO and Pt-BLT the substitution of Pt for lattice cations. More insights are
interfaces show very different line shapeee Figs. @)—  given in Sec. V.

6(i) and 7g)-7(i)]. One more set of oxidized Pt species In addition, the @ annealing qualitatively annihilates the
(componenD) appears exclusively at the Pt-BTO interfacesBi-Pt alloy at the interfaces, whereas the Pt thermal drive-in
with chemical shifts of (3.0—-3.290.1 eV with respect to would allow it to form at relatively deeper interfaces. Due to
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@ 5A; (b) 104; |© 20A;

"virgin” "virgin” "virgin"

INTENSITY

A pi
%, =2

165 166 164 162 160 188 106 186 164 162 160 168 | 166 164 162 160 188 186
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

FIG. 8. Bi 4f core levels at théa)—(c) Pt-BTO and(d)—(f) Pt-BLT interfaces with different degrees of Pt coverage as indicated in each
subset. Dots correspond to experimental data; dashed lines to deconvoluted components; and solid lines to the sum of the deconvoluted
components. Components; lattice BF*; B, reduced bismuth species.

minimal Pt screening;~1.7 A (see Table )|, at the P6  there are two sixfold sites, T) and T(2) (see Fig. 1, suit-
A)-BTO interface, the Bi-Pt alloycomponen®) can be ob-  aple for Pt substitution on the crystal surface of BTO. Ac-
served as shown in Fig(@). The relatively thick Pt coverage cording to size arguments @t=0.80 A, Pt*=0.625A,
at P{10 A)-BTO, P(5 A)-BLT, and Pt10 A)-BLT interfaces  and T+ =0.605 A)*2 P+ should be the dominant impu-
may make this component unobservelisiee Figs. ), 7(9), ity defects at 400 °C-annealed interfaces. However, it is
and 7h), respectively. For P{20 A)-BTO and P20 A)-BLT  pg+ that is observedsee Figs. &)—6(f)], which suggests
interfaces[see Figs. 6) and 7i)], the concentration of the hat the bonding characteristics of the perovskite-like slabs
Bi-Pt alloy should be very considerable, and the Pt screeningg govern the Pt/Ti substitution. From Postniketal’s?®
is thus less important. electronic structure study of BTO, the strong hybridization
In summary, a Bi-Pt alloy always occurs in the vicinity of petveen @ and 2 states of Ti2) and the apical @), re-
“virgin,” 400 °C-, and 650 °C-annealed interfaces due to thespectively, plays an important role in its ferroelectricity. In
strong Bi-Pt interaction. In terms of charge balance, thiscontrast, Til) does not show such strong hybridization with
characteristic would enhance the formationwy. Further-  its coordinated oxygen iorfS.In other words, Til) is rela-
more, the Bi-Pt alloy could increase the leakage current ofively more ionic, and TR) is more covalent. Therefore, the

BTO and BLT capacitors with Pt as electr¢gle substitution for T§2) qualitatively needs more driving force,
e.g., higher annealing temperature, than fail)fiand the
IV. DISCUSSION relatively ionic Pt* species will substitute preferentially for

Ti(1), while the relatively covalent Pt will replace Ti2).

In ex situ XPS studies, Pt impurity defects ¢Ptand  This feature successfully interprets the exclusive presence of
Pf") are indicated to arise from the substitution of Pt for Pt'" at the 650 °C-annealed Pt-BTO interfaces’‘Pand
lattice cations, and Pt is present exclusively at the Pt-BTO Pt'™ can be thus labeled as{Rft)” and P¥,), respectively.
interfaces in samples annealed at 650 °C. Detailed formationowever, the closely filled & states of Ry;y” (5d°) and
mechanisms of these impurities and their possible effects oRtr(2) (5d°) do not favor hybridization with O @ states.

ferroelectric degradation are elucidated as follows: Ptr1)” and P¥,) thus tend to occupy the center of the oc-
tahedral clustergschematized in Fig.)9 For simplicity, the
A. Pt impurity defects at the Pt-BTO interfaces structural model shown in Fig. 9 is in the idealized tetragonal

symmetry (4/mmm No. 139 of Aurivillius phases,
whereas the real symmetry of BTO is monoclinic including
octahedral distortion ana-direction displacement of Bf in
Under GQ annealing, the substitution of Pt for lattice cat- the perovskitelike slafIn addition, one has to note that the
ions occurs preferentially on sixfold symmetry sifésand  polarizing effect of Pf(2) is superior to that of R§,)" result-

1. Isolated Pt impurity defects and spontaneous polarization
degradation
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Consequently, the movement ofry” and P,y towards
their nearest-neighbdr induces the formation of complex
defect pairs. This procedure qualitatively does not consume
energy, sinceVy is a vacant sité® However, the doubly
charged R{;)— Vo pairs are relatively unstable in lattices,
so they would capture two electrons during bipolar reversals
in order to maintain the charge balance of the native
(Ptr2y06)® clusters, leading to Rt)”— V¢ pairs. This be-
havior qualitatively makes the degree of atomic relaxation
and rebonding more significant, thus leading to more polar
Ptri2)" —Vo pairs. These polar R)"—Vo and Pt,)”
-V pairs are schematized in Figs. (23-10c) and their
c respective polarizations are indicatedRsandP,. In fer-
‘ roelectrics, such polar defect pairs are strongly bound once
being formed, and therefore, they are nonswitchable under
b bipolar reversald®*44’This feature makes the environment
surrounding the defect pairs more rigid. Therefore, the de-
gree ofa-direction displacement of Bi is reduced, while
QPtTiu)” this %ation displacement is crucial for the_ polarizatio_n of
BTO.° Consequently, these polar defect pairs could pin the

polarizations of surrounding lattices, qualitatively leading to
the fatigue of BTO. Note that the more polarmBt”—Vg

FIG. 9. The schematic geometry ofpy" (PE*) and P§;  pairs should have more significant effects on fatigue com-
(Pt") in the perovskite-like slabs of BTizO,, (BTO; crystallo- pared to Pﬁ(l)”_vb- In addition, the Fﬂ(l)”_vé_ Ptri2)

(Bi,02)%*

Perovskite-
like slabs {

tri)

graphic data from Ref. 29 itd/mmm). defects[schematized in Fig. 16)] should have less influ-
ences on fatigue, because the reverse polarizations of the
ing in its relatively off-center shift with respect toRy”.  Phrir)’ ~ Vo and Ptz — Vo centers make their global polar-

The tendency of Rg;)” and P, to occupy central posi- ity relatively insignificant.

tions would lead to a partial degradation of spontaneous The characteristics elucidated above are closely relevant
polarizatior®® This ferroelectric degradation is primarily to ‘the interface scenario” of PYPZT/Pt capacitdrs;**
dominated by Ry, defects, because the relatively ionic @nd strongly refer to that BTO capacitors with Pt as elec-
Ti(1) environment is not responsible for the ferroelectricitytmdﬁ(s) can be immune to fatigue by inserting a diffusion
of BTO.2° Since Pf2) only appears at the 650 °C-annealed barrier between BTO and the Pt electrode or by replacing the
Pt-BTO interfaces that are equivalent to the bottom-electrod&' €lectrode with a conductive oxide. This idea is supported
interfaces of PUBTO/Pt capacitors, we suggest that top- anBY Watanabeet al’s study*® that PYBTO//CaRu@ and
bottom-electrode interfaces should play different roles in thd®/BTO//SuRuQ capacitors annealed at 800 and 880 °C, re-

degradation of spontaneous polarization. spectively, in flowing @ (without post-annealing after the
deposition of the Pt top electrodesxhibited good fatigue

endurance up to 7:810% switching cycles. Although inter-
facial phases and/or defects might exist in BTO//CaRuO
i and BTO//SrRu@ interfaces, their effects on fatigue should
In titanate perovskitesVo can combine with metal- pe insignificant. This fair agreement suggests that the fatigue
impurity defects resulting in stable complex metal-impurity- properties of BTO can be attributed to “the interface
oxygen-vacancy defect pait$’*~*>Poykko et al”® further  scenario,”12-14 and that top- and bottom-electrode inter-
indicated that the defects pairs,Pt-Vo, in ferroelectric  faces should play different roles in fatigue. In addition, this
titanate perovskites are strongly polar and able to pin thenterface scenario indicates that fatigue resistance of ferro-
polarizations of surrounding lattices inducing fatigue. electric capacitors with conductive oxides as electfsde
Taking these features into accoulfly (mobile point de-  arises from the absence of metal-impurity defects at the in-
fects induced by the formation of the Bi-Pt alloy can statis- terfaces rather than the conductive oxides behaving agghe
tically meet immobile Rf)” and P, in the nearby inter-  sjnk®
face region in the absence of the switching bias, leading to
Ptr1y” — Vo and Piyp)— Vo defect pairs>#=* Under the
switching biasV can move and redistribute throughout thin
films.*® Therefore, mord/(, encounter Ri1)” and P,y re- Due to the surface intergrowth defects of BLT crystals
sulting in more Py;,"— Vo and P, — Vo defect pairs, i.e., [see Fig. 2)], Pt would substitute for cations in BiO
complex defect pairs becoming the dominant defects aftefiO,, and(Bi,La)O planes, and/or insert into cation vacan-
bipolar reversals. Note that the primary driving force for thecies, Vg;” and/orV,,”, in the (Bi,La)O and BiG planes
formation of these pairs is the atomic relaxation and rebondupon annealing in @ These sites should be relatively ionic,
ing in (Ptn(l)"og,vg,)S* and (P$i(2)O5V5)6* clusters®®  thus leading to the exclusive presence of Pisee Figs.

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

B. Pt impurity defects at the Pt-BLT interfaces
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O o

© Ptriny”
@ Ptriz)
@ Pty

FIG. 10. The schematic geometry @ Ptr1)"— Vo, (b) and(c) Pty,)"— Vo, and(d) Ptyy)” — Vo— Pty defects in the perovskite-like
slabs of BjTizO;, (BTO); P, andP, represent local polarizations of{fy” — Vg and P;)" — Vo pairs, respectively. Crystallographic data
from Ref. 29 inl4/mmm

7(d)—7(i)]. In addition, Pf;;)” and P,y might occur at the faces of PYBLT/Pt(Ref. 21 capacitors. Meanwhile, elec-
deeper interface$>5 nm, beyond the depth limit of XPS tronic charge carriers move slower, which givegBt-Vo
analyses where the regular Aurivillius structure exisfs. more time to trap electrons, leading to more; Rt'— Vg
Further taking into account the thicker Pt overlayers at anpairs. Consequently, Rt)"—Vo and P¥,)"—Vq pairs at
nealed Pt-BLT interfaceg400 and 650 °C compared to the bottom-electrode interfaces would induce the cycling
those at annealed Pt-BT(@ee Table I, we suggest that the field- and frequency-dependent fatigue properties of Pt/
bonding environments around the surface intergrowth defect8LT/Pt capacitors(Ref. 21. It is worth noticing that Pt/
should be less preferable for Pt. SBT/Pt capacitors post-annealed at 900 and 950 °C after the
Since the Pt impurities of BLT predominantly localize in deposition of the Pt top electrodes were reported to exhibit
the surface region exhibiting intergrowth defects rather thadatigue degradation, while those post-heat-treated at 800 °C
the regular Aurivillius structure, their effects on the ferro- are immune to fatigu&’ This phenomenon is similar to the
electric degradation should be qualitatively limited. As afatigue failure of Pt/BLT/Pt capacitors post-annealed at
consequence, BLT shows good fatigue endurance. In addf50 °C (Ref. 21, and may also arise from the formation of
tion, the surface intergrowth defects of BLT should intrinsi- defect pairs at the relatively deeper Pt-ferroelectrics inter-
cally degrade its spontaneous polarization. faces. Note also that the bare surface of crystals in SBT thin
Nevertheless, Wit al?! reported that Pt/BLT/Pt capaci- films was indicated to consist of surface defééts.
tors annealed at 650 °C in flowing,@nd then post-annealed ~ In summary, fatigue in BTO and BLT capacitors with Pt
at 650 °C after the deposition of the Pt top electrodes are nds electrode) should result from that the polar metal-
immune to fatigue, and the switchable polarization reducegmpurity-oxygen-vacancy defect pairs pin the polarizations
upon decreasing the cycling field and cycling frequencyof surrounding lattices. Béko et al™® first proposed this
Since the bottom-electrode interfaces were subjected twice t@echanism for fatigue in simple titanate perovskites,
heat treatments at 650 “metallic Pt from the bottom elec- Whereas the currenéx situ XPS study suggests that this
trode and Pt" from the bottom-electrode interfaces can dif- mechanism should also hold in Aurivillius BTO and BLT
fuse further into the BLT film interior. Therefore, 1), ~ (layered titanate perovskitesin extensive HREM study of
Ptri2), Plicy” — Vo, and Py — Vo defects may occur at Pt-BTO and Pt-BLT interfaces is under way in or_der to con-
the relatively deeper bottom-electrode interfaces. Due to thérm the defect-pairs model proposed by the situ XPS
similarity in crystal and electronic structures of BTO and study.
BLT,* “the interface scenario” of BTO should also hold for
BLT. Therefore, mobileV, would have more time to com-
bine with Pt impurities by decreasing the cycling field and
cycling frequency, leading to moreR1)"—Vo and P Pt-Bi, TizO15(BTO) and Pt-Bi »d-ag 75Ti301-( BLT) inter-
-V pairs at the relatively deeper bottom-electrode interfaces in Pt/ferroelectrics/Pt capacitors were simulated and

V. CONCLUSION

014102-9



CHU, GANNE, CALDES, GAUTIER, AND BROHAN

PHYSICAL REVIEW B58, 014102 (2003

studied byex situXPS analyses. Three important results aresurrounding lattices inducing fatigue. The intergrowth de-

summarized.

fects of BLT crystals behave as an intrinsic diffusion barrier

(1) The bare surface of crystals in BLT thin films consiststo Pt, and therefore, the harmful defect pairs occurring at the

of intergrowth defects.

Pt-BTO interfaces are practically absent for the Pt-BLT in-

(2) The strong Bi-Pt interaction always induces Bi-Pt al- terfaces, which could be associated with the reported differ-
loy at the interfaces, leading to the accumulation of oxygerent fatigue properties of BTO and BLT capacitors.

vacancies Y¢).

(3) At the 400 °C- and 650 °C-annealed Pt-BTO and Pt-

BLT interfaces, the Pt substitution at the BTO and BLT lat-
tices results in Pt impurity defects, which can combine with
V resulting in complex metal-impurity-oxygen-vacancy de-
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