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Abstract. Thin films of bismuth-layered perovskites such Ferroelectric thin films are a topic of current research both
as SrBi TapOg, BisTizO12, andBaBisTisO15 with preferred under applied and fundamental aspects [1-3]. Thin films
orientations were grown by pulsed laser deposition on epitavef Pb(Zr, Ti)Os (PZT) andSrBi;Ta,Og (SBT) are already
ial conductingLaNiO3 electrodes on single-crystalline (100) in use in commercial products, and SBT thin films are
SrTiO3 or on top of epitaxial buffer layers on (100) sil- particularly promising as the functional elements of ferro-
icon. A morphology and structure investigation by X-rayelectric random access memories (FERAMS) [1,4,5]. SBT
diffraction analysis, scanning probe microscopy, and scarfilms are advantageous over PZT films in that they do not
ning and transmission electron microscopy showed that theuffer from fatigue [6, 7], whereas PZT films show consid-
films consisted of bottc-axis-oriented regions and mixed erable fatigue if used together with metallic electrodes [8,
(110)-, (100)-, and (001)-oriented regions. The regions witl®]. This advantage of SBT films is a consequence of the
mixed orientation featured rectangular as well as equiaxednique crystal structure of the class of materials SBT be-
crystalline grains protruding out of a smoatoriented back- longs to: the bismuth-layered perovskites (also called Au-
ground. A closer examination revealed that the regions withivillius phases). The unit cell of the lattice of this type of
mixed orientation actually consisted otaxis-oriented sub- compounds consists of perovskite blocks sandwiched be-
layer growing directly on the epitaxi&laNiO3 electrode, on tween Bi,O, layers [10-12]. The low fatigue and its re-
top of which the growth of either (110)-, (100)-, or (001)- lation to the crystal structure has made thin films of the
oriented grains took place. Macroscopic as well as microAurivillius-type ferroelectric bismuth-layered perovskites
scopic measurements of the ferroelectric properties of regiorss most interesting object of investigation during recent
with pure c-orientation and of regions with mixed orienta- years [5, 6, 13—-28].
tions showed a clear relationship between their ferroelectric The ferroelectric films so far used for storage purposes in
properties and their morphology and crystallographic orienintegrated solid-state memories are entirely polycrystalline in
tation. In the regions with mixed orientation, the films exhib-nature, i.e. they are characterised by a random distribution of
ited saturated ferroelectric hysteresis loops with well-definedrain orientations. The consequences of this random orienta-
remnant polarisatior, and coercive fieldE.. The regions tion distribution for the ferroelectric properties are rather well
havingc-axis orientation with a smooth surface morphologyunderstood in the case of PZT, the crystal lattice of which
in contrast exhibited a lined? — E curve with no hysteretic is almost cubic. PZT can thus be considered fairly isotropic,
behaviour forSrBi, TaxO9 andBaBis Ti4O15 and a weak fer-  which facilitates the quantitative discussion of the properties
roelectric behaviour foBisTizO12. This clearly showed that of polycrystalline PZT films [29]. In contrast, SBT has an
the ferroelectric properties of bismuth-layered ferroelectri@rthorhombic crystal lattice and is characterised by a strong
oxides depended on the crystalline orientation of the film andnisotropy of its crystal structure and thus also its ferroelec-
that the observed ferroelectric hysteresis loofBrBi, Ta,Og  tric properties. The consequences of this strong anisotropy for
and BaBiyTi4Os5 films were solely due to the (100)- and the properties of thin SBT films are, however, not yet well
(110)-oriented grains. The size of the (110)- and (100)understood [24,27,28, 30].
oriented grains being of the ordert®0 nmand spontaneous Studies of crystal orientation and structure—property re-
polarisation having been observed and switched in a corationships of Aurivillius-type ferroelectric thin films are,
trolled manner is a demonstration that ferroelectricity carhowever, also important under fundamental aspects. Early
exist in structures of submicrometer size. These results mightork reported the direction of the spontaneous polarisa-
have a technological impact due to the relevance of bismuttiion in the Aurivillius-type compounds to be in th@-b)
layered ferroelectric oxides for the fabrication of non-volatileplane [31]. Later on Cummins and Cross, and Aurivillius and
FeRAM memories. Fang found that the spontaneous polarisatioBiafTizO;2

and Ba;BisTisO15 has at least a measurable component in
PACS: 68.55-a; 77.80-e; 81.15.Fg thecdirection [11, 13].



The Aurivillius compounds are described by the generabilayer serves as a template to promote the epitaxial growth
formula (Bi,02)%t (An_1BnOsny1)?~, Wheren is the number  of the LNO electrode layer oi(100), which in turn pro-
of oxygen octahedra between tB&O, layers and is some- motes the epitaxial growth of the bismuth-layered perovskite
times called the Aurivillius parameter. The direction of thefilm [26, 27, 37].
spontaneous polarisation in the bismuth-layered compounds All the films and layers were grown by PLD employ-
has been reported to depend on the numberl of per- ing a KrF excimer laser X = 248 nn) at a laser repetition
ovskite blocks between thgi,O, layers, and on whether it rate of 5 orl0Hz The large-area pulsed laser deposition
is even or odd [28, 32, 33]. Recently, artificial superlattices obystem, as well as the rocking-target and off-axis methods
bismuth-based ferroelectric oxides witk= 1 to 3 perovskite used to grow epitaxieBiT, SBT, and BBIT films and to pro-
layers sandwiched betwe®&i,O, layers and with the axis  duce SBT/LNO/CeG,/YSZ and BBiT/LNO/CeG,/YSZ
normal to the substrate were grown by Tabata et al. They reneterostructures [24, 26, 27], as well as the details of PLD of
ported ferroelectric hysteresis loops foe= 1 or 3 whereas epitaxial LNO thin films and their properties [38], have been
superlattices witln = 2 showed a lineaP — E curve. Tabata described earlier. The depositions of all the films were per-
et al. therefore claim that for eventhe vector of the sponta- formed in pure oxygen atmosphere in a continuous sequence
neous polarisation is completely within theb plane, while  without breaking the controlled atmosphere conditions. The
a small component of the spontaneous polarisation is presefiltns were grown on substrates heated at high temperatures
along thec axis for oddn [32, 33]. estimated to lie betweef75°C and 685°C for YSZ and

Independent experimental confirmation of this observabetween650°C and 670°C for the other materials. The
tion is highly desirable, if the properties of thin films of substrate temperature was computer-controlled via a thermo-
SBT and other bismuth-layered compounds are to be quareuple located inside the heater. The set-temperature and tem-
titatively understood. However, SBT thin films with a uni- perature displayed are therefore higher than the true substrate
form orientation different from the (001)-orientation (from temperature. In order to assess this difference, the actual tem-
the ‘c-orientation’) have to our knowledge been preparederature of the substrate was directly measured under the
only once [21]. In that work the ferroelectric propertiesvarious conditions used for film deposition attaching thermo-
were not measured, because the films had been grown aouples to several places on the substrate aprarotating
a non-conducting substrate. More detailed studies of strusubstrate. At a set-temperature880°C, the measured sub-
ture, morphology, and orientation of SBT thin films, as well strate temperatures were indeed smaller by ak80¢C to
as the impact of the latter on the ferroelectric properties, ar&50°C than the nominal set-temperature. These measured
thus required. temperatures were used as an estimation of the true substrate

To contribute to a better understanding of the aboveéemperature in the actuabtating substrate configuration.
problems and to study structure—property relationships of\fter the deposition of the bismuth-layered perovskite film
Aurivillius-type ferroelectric thin films, we performed a com- the epitaxial heterostructure was slowly cooled down to room
parative study of crystal orientation and orientation-dependetemperature in3.3 Paof pure oxygen. The deposition pa-
ferroelectric properties of well-oriented thin films of threerameters used as well as the typical thicknesses obtained
different Aurivillius-type compounds, vidrBi, TaxOg (SBT,  for the different materials deposited, i.e.YSZeO,, LNO,
n= 2), BisTi3O12 (BlT, n= 3), and BaBisTizO15 (BBIT, BisTiz0O12, SrBi,TapxOg, and BaBisTi4O15, are summarised
n =4). The films were grown by pulsed laser depositionin Table 1.
(PLD) on epitaxial conductind.aNiO3 electrodes [24, 26, The structure of the films was studied by X-ray diffrac-
27,34]. Structure and morphology of the films were studiedion (XRD) using a Philips X’Pert MRD four-circle diffrac-
by X-ray diffraction (XRD), scanning electron microscopy tometer and plan-view and cross-section transmission elec-
(SEM), scanning force microscopy (SFM), and plan-viewtron microscopy (TEM). The film morphology was probed
and cross-sectional transmission electron microscopy (TEMRhy scanning electron microscopy (SEM) and scanning force
whereas the ferroelectric properties were determined both byicroscopy (SFM). Macroscopic ferroelectric measurements
macroscopic measurements and at the submicroscopic lewgere carried out on planar capacitor structures employing
by SFM in the piezoresponse mode [35, 36]. a RT66A ferroelectric tester and a mercury probe. The spa-

tial distribution of the ferroelectric properties, the domain

1 Experimental procedures

Table 1. Summary of the deposition conditions used for the growth of epi-
Ferroelectric thin films ofBisTizO12 (BIiT), SrBi;TapOg  taxial YSZ, CeQ, LaNiOg (LNO), BigTisOy2 (BIT), SrBi,TapOg (SBT),
(SBT), andBaBisTi4O15 (BBIT) were epitaxially deposited andBaBisTi4O15 (BBIT) films
by pulsed laser deposition (PLD) onto epitaxial layers of — _ _
electrically conductive_aNiOs (LNO). The epitaxial LNO ~ Deposition parameters vS&LeQ LNO BIT  SBT BBIT

layers served bot_h as template favouring the epitaxial grow_t,_gepetition rate/Hz 10 10 5 10 10 10

of the ferroelectric films and as bottom electrodes for theipse energymJ 450 350 350 350 350 350
subsequent electrical characterisation. The conductive LN@nergy density/J/cn? 3 27 27 27 27 27
epitaxial layers were grown either on top of (100)-orientedon the target)

SrTiO; single crystals or on top of (100)-oriented single- Heater temperaturg”C 820 800 800 800 800 800

singe . . bstrate t tupeC 680 665 655 665 665 665
crystalline silicon substrates previously coated with a stac@itﬁn;at:d)empera ure

of epitaxial CeQ, and YSZ buffer layers. YSZ stands for oyygen pressure7.5/Pa 10-2 100 300 100 100 100
yttria-stabilised zirconia, i.eZrO, stabilized in its cubic

phase by means of aboti® mol% Y,03. The CeQ,/YSZ Film thickness/nm ~50 ~20 ~50 ~400~ 150~ 300




structure and the local hysteresis loops were investigated ahowed mainlc-oriented growth. The epitaxial nature of the
the sub-microscopic level using piezoresponse scanning foré#ms composing the heterostructures was shown by establish-
microscopy (SFM). The experimental set-up was describeihg both their good out-of-plane and in-plane orientations.
elsewhere [35, 36] and was very similar to that reported by-ray diffraction (XRD) 6 — 20 scans showed overwhelm-
other authors [39, 40]. Briefly, for the piezoresponse invesingly (00) peaks. Figure la shows the X-ray spectrum in
tigations reported here, a Dimension 5000 scanning probie 6 — 20 Bragg—Brentano geometry for an epitaxial SBT
microscope from Digital Instruments equipped with a highlyfilm on an epitaxial LNQCe(Q,/YSZ/Si(100 heterostruc-
doped silicon conductive tip-cantilever assembly was usedure. The spectrum displays only SBT (P(peaks besides

A small ac-testing signal with a frequencybf2 kHzand an the (00) peaks of the epitaxial electrode and buffer layers
amplitude smaller than the coercive voltage of the film undeclearly demonstrating the good out-of-plane orientation of the
test (typically2—3 V) was applied between the conductive tip SBT film. The in-plane orientation was verified by means of
and the bottom electrode of the sample. The mechanical oscik-ray @-scans. Figure 1b showsiascan for the (208) peak
lations of the sample surface induced by the ac field, via th€® = 43.69) of the same film as in Fig. 1a. It exhibited four
converse piezoelectric effect, were transmitted to the tip andell-resolved peaks separated 8¢ revealing a good in-
were extracted from the global deflection signal using a lockplane orientation as well as the pseudo-tetragonal character
in technique (EG&G lock-in amplifier, model 7620). The of the crystallographic unit cell. Having a good out-of-plane
topographic image and the domain structure image were sinand a good in-plane orientation, the good epitaxy of the SBT
ultaneously displayed by monitoring both the usual deflectiorfilms of Fig. 1 is established. The epitaxial nature of the dif-
signal and the first harmonic of the small signal induced byferent layers forming the various heterostructures presented
the ac-testing voltage (referred to as the piezoresponse sigraatd discussed in this study was verified and was equivalent
in the following). Local piezoelectric hysteresis loops wereto that of the SBT films of Fig. 1. More detailed XRD texture
acquired by superimposing a dc-bias voltage to the ac signal.
Note that each point of the hysteresis loops was takeeio

field conditions after having applied a poling voltage of the 33000 a e
desired amplitude for a duration @00 ms then suppressing 30000 ; @
the bias voltage and waiting f@&s before finally measuring T
the piezoresponse. The use of this procedure avoided seve~ 25000 [ 2
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profilometry, ex-situ spectroscopic ellipsometry, or constant
angle reflectance interference spectroscopy (CARIS) and wi 1000 . . . . . . .
locally confirmed by cross-sectional SEM. For films de- b
posited on large areas the relative thickness variation of th 200 ]
whole heterostructure was strongly depending on the matel 800 - q
als, but smaller thah5% of the average thickness over entire 700 L ‘ ]
3-inchwafers in the worst case. The thickness uniformity was = ol \ | h 1
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Fig. 1. aX-ray ® —2@-scan of a SBT film deposited onto an epitaxial LNO
2.2 Structure and morphology electrode layer on an epitaxi@eQy/YSZ buffer layer stack on a Si(100)

substrate. The spectrum displays only SBTIYQfeaks besides thén@0)
All the bismuth—layered thin films. i.e. BiT. SBT. and BBIT Peaks of the epitaxial electrode and buffer layers and clearly shows that the
. . - A vt ST film has a good out-of-plane orientatidm X-ray @-scan for the (208) peak
in this StUdy’ depos_lted on (100.) oriented epltaX|aI I‘NO( ® = 43.69) of the same film as ia demonstrating a good in-plane orien-
electrodes on STO single-crystalline substrates or on top @ftion, and revealing together witia)(the good epitaxial character of the

an epitaxial buffer layer stack on single-crystalline siliconsBT film



analysis showed, however, regions with a small film fractiordisplayed a highly smooth surface morphology with a root
having(110),r1n and (100) oy Orientations beside the mostly mean square (RMS) surface roughnes&.6fnm over areas
(001)-oriented (i.ec-oriented) film. It will be shown in the of about 25 x 2.5um. All these features were observed in
following that this observation is fully consistent with the SBT, BiT, and BBIT epitaxial films on both STO and Si-based
SEM, SFM, and TEM investigations. substrates.

The morphology of the films were observed by means of TEM cross-section (XTEM) images were taken from
SEM and SFM. Both SEM and SFM investigations revealedegions where a high density of rectangular-shaped and
the same surface morphology of the epitaxial bismuth-layeredquiaxed protruding crystallites were observed by SEM and
films: the film exhibited rectangular as well as equiaxedSFM. The XTEM images (Fig. 3) clearly confirmed the very
grains protruding out of a flat background. Depending orflat nature of the background and the protruding character
the materials deposited and on the deposition conditions thef the grains. A closer examination revealed that the re-
density of these protruding grains differed. Although thegions with mixed orientation actually existed in most of the
thickness and composition were uniform across the wholeases of two sublayers (cf. below). Higher resolution XTEM
samples (see above), the surface morphology and the film nmpictures of the same epitaxial SBT film as in Fig. 2b (not
crostructure was not uniform across the sample area. Even fshown here) also exhibited periodic fringes with a spacing
substrates of 18 10 mm BiT, SBT, and BBIT films had re- of 125A, corresponding to the distance between BigO,
gions of severamn? having a smooth surface and regionsplanes in the SBT crystal structure. These fringes were run-
of severalmm? with equiaxed and rectangular grains pro-ning parallel to the surface in the matrix indicating that the
truding out of the smooth background. This difference in thecrystallographicc axis is normal to the surface. The fringes
film morphology across the substrate is very probably dueorresponding to thBi,O, planes were running perpendicu-
to a thermal gradient across the substrate during the filar to the surface in the embedded grains [28]. Together with
deposition, but the exact mechanism responsible for the nothe presence of a fraction of SBT with (110)- and (100)-
uniformity of the microstructure is still under investigation. orientation inferred from the detailed analysis of the XRD
Figure 2 shows a scanning force microscopy topographic
image of a region of an epitaxial SBT film with mixed orien-
tation which exhibited a typical surface morphology. The
equiaxed grains are protruding ab&0tnmout of the flat sur- ¢y
face, whereas the rectangular grains are protruding out on
20 to 30 nm The rectangular grains are oriented with their
long axis along two mutually perpendicular directions, an
a similar preferred in-plane orientation seems to exist for th@®
equiaxed grains as well (Fig. 2). SFM images of the regionf*
without the rectangular-shaped crystallites (not shown herg

1Please note that the bismuth-layered perovskites have been described
the published literature either using a pseudo-tetragonal unit cell or usin
a unit cell with the actual orthorhombic symmetry. In all generality the
“tetr.” and “orth.” subscripts should indicate whether the pseudo-tetragona
or the orthorhombic description, and indexation, is used. However, in th
following only the orthorhombic description, corresponding to the actual
symmetry, will be used, and the subscript “orth.” will be omitted.

200]
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% 0
0 2.50 ™ s.00 Fig. 3a,b. Cross-section TEM images of a BiT film on top of an epitax-
Fig. 2. Scanning force microscopy topographic image of an epitaxial SBTial LNO electrode on &rTiOs single crystalline substrata)( and a SBT
film showing rectangular and spherical grains protruding out of a flat backfilm deposited onto an epitaxial LNO film on an epitax@¢CG,/YSZ buffer
ground. The rectangular grains are oriented with their long axes along twtayer stack on a Si(100) single crystalline substrafe Both films exhibit
mutually perpendicular directions grains aboutl00 nmin size protruding out of a flat background



data, this implied that the crystallograpli@xis of SBT in  the selected-area electron diffraction (SAED) patterns of the
the grains was lying parallel to the surface in the plane of100)-oriented square grain “A” and the (110)-oriented rect-
the figure. A more careful analysis of the XTEM images, to-angular grain “D”, respectively.

gether with the surface morphology observed by SEM and From a detailed analysis of these SAED patterns, the
SFM gave evidence that some grains had tleedixis par-  following conclusions were drawn. ThieaNiO3z electrode
allel to the surface but normal to the plane of the figurelayer (LNO), if considered as pseudo-cubisas the follow-
Most of these deductions have already been confirmed kipg cube-to-cube orientation relationship with respect to the
taking selected-area electron diffraction (SAED) patterns o6rTiO; substrate (STO):

the lower and upper sublayers and of the embedded grai )
(not shown here). It clearly showed that the lower Iayerr,zaol)l‘NOII (00DSTO;  [10QLNO|| [100STO. 1)

growing directly on the epitaxidlaNiOs electrode, was ex- Thec-oriented BiT film matrix (“MBiT”) obeys the following

clusively ¢ axis oriented. On top of the-oriented sublayer orientation with respect to tH8rTiO; substrate:
the growth of (110)- and (100)-oriented protruding grains

took place, giving rise to a completetyoriented matrix with ~ (00DMBIT || (00)STO;  [100MBIT || [110STO.  (2)

a flat free surface with embedded grains protruding out of,pedded into this matrix are grai ; ;
. i grains of two different orienta-
the surface [28]. As XTEM images @iT/LNO/STOand  yiqng each of them existing with two mutually perpendicular

of BBIT/LNO/STO [24] were showing the same features 5,imthal orientations. The more or less square-shaped BiT
(a complete analysis of all the images is under process), it Wasg 5ins (“SQBIT") (for example, “A” and “B” in Fig. 4b)
concluded that these features are common to all our bismutfzhich in the SEM images show,up as round-shaped.(“spheri-

layered epitaxial films. cal”) grains, obey the following orientation relationships with

Plan-view TEM images were also taken in order to deyegpact 1o the STO substrate and theriented BiT film
termine the epitaxy relationships existing between the emg o+iv:

bedded grains having different orientations and the under-

lying epitaxial layers as well as their orientations relative(100SQBIT|| (001)STO|| (00)MBIT;

to the single crystalline substrate. Figure 4b shows a pla”[001]SQBiT|| [110/STO|| [LOOMBIT: (3a)
view TEM image of the same BIT film as in Fig. 3a. The

image shows equiaxed “square” grains (labelled “A” and “B” 100)SQBIT|| (001)STO|| (00)MBIT:

in Fig. 4b) and rectangular-shaped grains (labelled “C” ancg _ '

“D”") embedded into thec-oriented BiT film matrix. This  [001SQBIT|| [110]STO|| [010MBIT . (3b)
morphology clearly reflects the one of the SFM image ofT
Fig. 2 and is consistent with the cross-section TEM micro-
graph of Fig. 3a. It can be noticed that both the “square” an
the “rectangular” grains are single crystalline. The diffraction,; ; b :
patterns (a), (c), and (d) were evaluated in detail: The diffragté?-lr-] ?ﬁ%p ?nv;/llttr?xr_espect o the STO substrate and:theented
tion pattern (a), corresponding to the left part of the image, ’

shows (i) the strong square pattern of the reflections fromi110)RGBIT || (001)STO|| (001)MBIT;

theLaNiO3(001) electrode layer, (ii) a weaker square patter ; T
from the c-oriented BiT(001) film matrix, (iii) the rows of 'l001IRGBIT]| [100STO | [110MBIT: (4a)

(00) reflections running from top left to bottom right corres- : .

ponding to the (110)-oriented rectangular grain “C” on the(llo)RGBITII (OODSTOl (0_01)MBIT’

left, and (iv) the two mutually perpendicular rows of (0 [001JRGBIT || [010]STO|| [110]MBIT . (4b)
reflections corresponding to the (100)-oriented square grains

“A” and "B .m the middle. The diffraction patterns (c) and 2 Although almost cubicLaNiOs has actually a rhombohedral symmetry.
(d), taken with the smallest selected-area diaphragm and rg@oth cubic and rhombohedral description and indexation.aNiOs may
duced in scale by a factor of two with respect to (a), shownherefore be found in the literature.

he rectangular-shaped grains (“RGBIT") (for example, “C”
nd “D” in Fig. 4b), which in SFM images also show up
ith rectangular shape, obey the following orientation rela-

Fig. 4a—d. Plan-view TEM image Ilf) of the
same BiT film as in Fig.3a. The image
shows (100)-oriented square grains (“A”,
“B") and (110)-oriented rectangular shaped
grains (“C”, “D") within a flat (001)-oriented
film matrix. This morphology corresponds to
that of the SFM image of Fig. 2. Details of
the selected-area diffraction patterra, ((c),
and (@) are explained in the text. Note tha (
and @) are reduced by a factor of two with
respect to )




It can be noted that XRD, SEM, SFM, cross-sectionand plan 3 . T T — T T T T
view TEM results, including the epitaxy relationships given 41 o mixed orientation ]
above, are fully consistent with each other, giving them a higl v c-orientation
degree of credibility and reliability. T w.w‘:::o" ]
‘s 2} o LR .
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2.3 Ferroelectric properties — 0..‘ Vvv%qez;;gngg
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Layer-structured ferroelectric oxides exhibit a high degree o g bk . stwswfixsg v ::‘ ]
anisotropy in their electrical properties due to their crysta K= R ‘0"
structure. For instance a high dielectric constant inahe &~ [ o ]
plane and a comparatively low dielectric constant along th -3 | i .
c axis have been observed in BBIT single crystals [30]. As [ W ]
mentioned in the introduction there is a belief that bismuth.
layer-structured ferroelectric oxides with an even Aurivilius > s~ "5 5 0 o 1 2 3 4 s
parametemn exhibit absolutely no spontaneous polarisation Voltage (V)

along thec axis whereas those with oddo exhibit a small Fig. 5. Macroscopic ferroelectric hysteresis loop of an epitaxial SBT film on
but non-zero Spomanequs.pOIa”Satlon alongdfeis [32, ang pitaxialLNOBCeQ/YSZ/Si(l())IQ hetereosﬁ’ucture, I?aken in a region
33]. Spontaneous polarisation has indeed been measured mixed orientation (high density of protruding epitaxial grains) and in
reported forc-axis-oriented BiT § = 3) films [6], supporting  a mostlyc-oriented film, respectively
the second part of the statement. On the other hand, some ev-
idence to support the first part of the statement was presented
by Desu et al. [41], who reported an orientation dependencgoriented regions, whereas in the regions with (110)- and
of the ferroelectric properties @rBi,Ta;Og (SBT) ("'=2)  (100)-oriented grains the films exhibited saturated ferroelec-
thin films grown onPt electrodes, observing a decrease intric loopswith a remnant polarisation of 1 ®uC/cm? and
polarisation and coercive field values with an increase in thg coercive field betweeR0 kV/cm and 60 kV/cm depend-
degree ofc-axis orientation. The experimental evidence re4ng on the materials. These observations clearly prove that the
ported by Tabata et al. [32, 33] remained however the moshacroscopic polarisation strongly depends on the density of
convincing confirmation to date. The results reported in théon-c-orientectrystallites, and also on the degree of orienta-
following sections are a further and definitive confirmationtion of these crystallites with respect to the crystallographic
that the bismuth-layered perovskites with even Aurivillius pa-direction along which the spontaneous polarisation lies, viz
rametem have no spontaneous polarisation along their crysfor SBT most probably tha axis [23]. The optimisation of
tallographicc-axis, at least for epitaxial films of SBTi& 2)  the film orientation, i.e. the exact crystallographic direction of
and BBIT (1= 4). the spontaneous polarisation in bismuth-layered perovkites as
well as the growth of bismuth-layered perovskite films only
2.3.1 Macroscopic ferroelectric hysteresfss described possessing this optimal orientation or having a predominant
above, the BiT, SBT, and BBIT films had regions of severalvolume fraction of it are under investigation. The dependence
mn? having onlyc-axis-oriented grains with a smooth sur- of both fatigue and retention of thin films of bismuth-layered
face, and regions of severain? regions with (110)- and materials on their crystallographic orientation is an issue of
(100)-oriented crystallites embedded in theriented film.  fundamental interest and has also a strong potential impact on
The macroscopic ferroelectric characteristics of the epitaxtheir applications. Further investigations should be carried out
ial bismuth-layered films were measured using the underlying order to clarify these questions.
conductive epitaxial LNO layers as bottom electrodes. Fer-
roelectric hysteresis measurements were carried out on tf2e3.2 Domain switching and ferroelectric properties on the
bismuth-layered perovskite films, separately accessing diffesubmicron scaleThe sizes of the (110)- and (100)-oriented
ent regions showing different morphologies by using a Hggrains embedded in tleeoriented film matrix are of the order
probe with a contact area 6f08 mn¥. Figure 5 shows typ- of 100 nm well in the submicrometer range (Figs. 2 to 4). To
ical ferroelectric hysteresis loops of a SBT film in a regiondate, only one methdds able to locally analyse the ferro-
with a high density of protruding (110)- and (100)-orientedelectric properties at this scale, and is able for instance to dis-
crystallites, rectangular shaped and equiaxed, respectivelytiminate the ferroelectric properties of the grains from those
dispersed in a flat-oriented background, and in a region of the matrix viz.scanning force microscopy (SFM) in the
almost purelyc-oriented, respectively. It can be seen thatpiezoresponse mod#4—-47]. Harnagea et al. have refined the
also the ferroelectric properties of epitaxial SBT films aremethod in order to be able to extract quantitative information
strongly related to their microstructure. The ferroelectricwith a resolution of some tens afn[36]. Only the compon-
properties of regions of mixed orientation are weaker thamnt of the polarisation normal to the electrodes was investi-
for a polycrystalline film [17,41] but the loop is saturated, gated, which is the most common use of piezoresponses SFM.
the remnant polarisatioR; ~ 1 .C/cn? and the switching —
voltage smaller thard V are still suitable for applications. 30n extremely flat surfaces the changes in electrostatic force induced by

In the region almost purelg-oriented, almost no hystere- the spontaneous polarisation could be recorded, in the so-called resonance
! method [42, 43]. This method is extremely sensitive to the electric fringing

SIS_lOOp IS observed, as is the ca_se of Complectejyl_ented fields, as for instance the one produced by edges of three-dimensional struc-
BBIT reported ear“e_r [24]. The important re_SU“ IS the_re'tures. Therefore, and to the best of our knowledge, the piezoreponse SFM
fore thatno hysteresis loops were observed in the entirelys the only method to be used on rough or structured surfaces.



Although the detection of the in-plane components of the pothe flat entirely c-axis-oriented regions, whereas in the re-
larisation is also possible, yet more complicated, it will notgions with (110)- and (100)-axis oriented protruding grains
be discussed here. In the case of bismuth-layered perovskitee films exhibit a piezoresponse induced by their ferroelec-
materials only18C® domains have been reported and this lim-tric spontaneous polarisatiorThese results are valid on the
itation is therefore not a major concern. Figure 6a,b showscale of the individual (110)- and (100)-oriented grains which
a topographic image A4 4 um in area and the simultaneously are aboufL00 nmin size.
acquired piezoresponse image of a region of the epitaxial Tabata et al. grew natural and “artificial” bismuth-layered
SBT film of Figs. 2 and 3b. The piezoresponse image reperovskites using a layer-by-layer deposition technique in
veals the ferroelectric initial domain structure of this regionorder to control both the composition and the number of
of the film. The phase and offset voltage of the lock-in am-the perovskite blocks between twBi,O, layers [32,33].
plifier were adjusted so that positive polarisation appears iithey obtained bismuth-layered perovskite films having com-
white and negative polarisation appears in black. A positivgositions occurring in nature (they call it “natural” bismuth-
polarisation corresponds to a polarisation vector pointing udayered perovskites) as well as compositions that are not
towards the top electrode (in our case the conductive SFMccurring in nature (they call it “artificial” bismuth-layered
tip) whereas a negative polarisation corresponds to a polarisperovskites), and showed that the films with an even Au-
tion vector pointing down, towards the bottom LNO electroderivillius parametem exhibited no ferroelectricity along their
and substrate. A grey colour indicates a piezoresponse at orystallographic axis normal to thBi,O, layers, whereas
below the detection limit and is therefore ascribed to a zerdilms with an odd numben showed a spontaneous polarisa-
polarisation. tion along this axis. It has to be noted that in their work, even
A striking feature of the piezoresponse image of Fig. 6ithe “natural” films were grown by extremely well-controlled
is that only the protruding grains give a net piezoresponskyer-by-layer growth. Unlike Tabata et al. who showed it
signal. The flat-oriented background is uniformly grey, i.e. for engineered layers, we demonstrated here that this result
does not exhibit a normal polarisation. The protruding grainsis true also for bismuth-layered perovskite films epitaxially
in contrast, exhibit a very strong and well-contrasted piezoregrown by PLD from stoichiometric ceramic targets, i.e. with-
sponse (white or black, with few intermediate grey levels)out any engineering of the structure of the films.
demonstrating a measurable spontaneous polarisation normal Figure 6¢ represents a higher magnification topographic
to the film surface. In full accordance with the results ofimage of alumx 1um region, and the corresponding
the macroscopic ferroelectric measurements presented abopégzoresponse image (Fig. 6d) shows the initial domain struc-
these results demonstrate timat polarisation is observed in ture of the singl&850 nmx 250 nm(100)-oriented SBT grain

Lot o~
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. ! 1 Fig.6. Hysteresis loop of a400 nmx

200 o 200 200 250 nm (100)—or|ente_d crystallite of SBT.
Electric field (kV / em) The image shows simultaneously acquired
topographic fop-middlg and piezoresponse
(top-right) images of a4 x 4pum? area of
the sample. A higher magnificatidhpum x
1um topographic imaget¢p-lef) as the
corresponding piezoresponse images (1 to
4) show the domain structure of the crys-
tallite before (1) and at various stages (2
to 4) of the local hysteresis loop taken at
the place marked with a cross in ttap-left
topographic image. The different stages at
which the piezoresponse images were taken
are also indicated on the hysteresis loop




marked with a cross in Fig. 6¢. The whole grain was in a negdayers: the lower sublayer, growing on top of the epitaxial
tive polarisation state. The conductive tip was then locatetiNO electrode layer, was fullg-oriented whereas the upper
exactly at the point marked by the cross in Fig. 6¢ and a sdayer consisted of (110)- and (100)-oriented grains embedded
guence of dc-bias voltage pulses was applied in order tm ac-oriented matrix. The-oriented matrix had a flat surface
record a local remnant hysteresis loop as explained in the e&nd the (110)- and (100)-oriented grains were protruding out
perimental section. The recording was paused in the pointsf the matrix surface. The (110)- and (100)-oriented grains
marked 1 to 4 in the hysteresis loop of Fig. 6e, and piezorewere single crystalline and had well-defined epitaxy relation-
sponse images revealing the domain structure of the sanships with the underlying layers and with the substrate.
region as that of Fig. 6¢,d were acquired. Figure 6f shows The ferroelectric properties were determined both by
for instance that after applying a voltage pulset#f2 Vthe = macroscopic measurements and at the submicroscopic level
entire grain which had a negative polarisation in Fig. 6d beby piezoresponse SFM. Saturated ferroelectric hysteresis
came positive. Figures 6g,h show again the switching of thibops were obtained for macroscopic regions with (110)- and
grain in the negative and positive state, fat2 Vand+12V,  (100)-oriented crystallites, whereas perfectlgxis oriented
respectively. It has to be noted that such locally resolvednascroscopic regions exhibited almost lin€ar E curves.
piezoresponse images at the submicron scale have been dthwe same behaviour was observed by piezoresponse SFM for
tained for epitaxial BiT and BBIT films as well, extending SBT at the level of the individual protruding grains demon-
the present discussion to bismuth-layered perovskites with astrating thatonly the grains were responding, and therefore
Aurivillius parametem = 2 to 4 [35, 36]. Moreover, for BiT possess a spontaneous polarisation normal to the surface.
(n = 3), the only bismuth-layered perovskite with odd Auriv- These results were the same for BiT, SBT, and BBIT, al-
illius parametem in this study, a small but still measurable though for BiT a small component of the polarisation along
polarisation has been detected also-mriented regions [36], the ¢ axis has also been evidenced. These significant re-
in full accordance with the early macroscopic determinatiorsults show that the ferroelectric properties in bismuth-layer-
of the polarisation component along thexis of BiT by Au-  structured ferroelectric oxides for SBT and BBIT with an
rivillius and Fang as well as by Cummins and Cross [11, 13]even Aurivillius parameten (n =2, 4) aresolely due to
It can therefore be seen that grains as smallGnmin  (110)- and (100)-oriented grains, and that they are as well
size exhibit measurable spontaneous polarisation and that thegongly or mostlygoverned by the nog-oriented grains in
polarisation can beeadily switchedby means of an exter- BIiT (odd Aurivillius parameten). As the macroscopic fer-
nal electric field. Moreover, a careful observation of Fig. 6groelectric properties of these layer-structured oxide thin films
reveals that a domain structure can still be obsew#hkin  strongly depend on the crystalline orientation of the films, it is
the grain itself, meaning that a stable domain configuratiodesirable indeed to grow fullg- or b-axis-oriented epitaxial
with domains smaller thahOO nmcan exist. Similar results films of bismuth-layer-structured ferroelectric perovskites.
have been reported for arrays of artificial structures of PZT This study also delivered convincing evidence that fer-
100x 100 nmin size, extending the generality to other mate-roelectricity still exists in structures with sizes as small as
rials and nanostructures [48]. The significance of these resuli®®0 nm and that polarisation can be readily switched by
is far reaching and the experimental results reported here aneeans of an external electric field. Moreover, evidence was
a contribution to the study of the fundamental problem of theprovided that even in single-crystalline grains ab®0® nm
minimum size of a stable ferroelectric structure. As in thein size a stable domain structure exists, with domain sizes
case of macroscopic polarisation, a nanoscale-level investigaf the order of magnitude of 20 t80 nm These results
tion of fatigue and retention remains to be performed. Thihave a large significance both in addressing the fundamental
would give very useful information on the local mechanismsproblem of size-effects in ferroelectrics and also with re-
responsible for fatigue and retention loss, such as local inspect to applications of ferroelectric thin films in high-density
print, domain pinning, etc. FeRAM memories. Further investigations on fatigue and re-
tention both at the macroscopic and submicron level follow-
ing the methodology of this work should now be performed.
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