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Abstract

BiFe®: (BFO) thin films were grown by chemical solution deposition on a range of electrodes to
determine their role in controlling phase formation and microstructure. The crystallization on
oxide electrodes folload the sequence: amorphous — Bi2O2(COz) — perovskite, while those on

Pt crystallized directly from the amorphous phase: e@ctrodes promoted perovskite phase
formation at the lowest temperature and Lapa@ditionally induced local epitaxial growth. All
compositions exhibited fully cohereriterich precipitates within the grain interior of the
perovskite matrix, whereas incoherdBitFesO9 second phase was also observed at the grain
boundaries of BO grown onPt electrodes. The latter could be observed by X-ray diffraction as
well as transmission electron microscopy (TEM) but coherent precipitates were only observed by
TEM, principally evidenced by their Z contrast in annular dark field images. These data have
pronounced consequences for the extended usd-Offlins under applied field for actuator,
sensor and memory applications.

I ntroduction

In recent years, attention has been paid to materials possessing two or more of the following
ferroic properties: ferroelasticity; ferroelectricity and (anti)ferromagnetism, a class of materials
now referred to as multiferroics. Due to their potential technological applications in modern

electronic devices, such as memory elements, sensors, and spintronics, they have become the
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subject of intense reseaﬁrRich in properties and functionality, bismuth ferrite (BigeBFO)

has been studied more extensively than any other multiferroic, being hailed the most promising
lead-free single phase multiferroic candidate for devices due to its intrinsic multiferroic nature
above room temperatyfeHowever, its compositional instability, often resulting in variation in

functional properties is mgor obstacle to full practical utilizati

Early studiesdating back to the 1960’s, pointed out the difficulties in the preparation of BFO
free from non-perovskite, parasitic phEﬁesMoreover, BFO exhibits high electrical
conductivity, creating difficulties in applying large electric fiE'dsThis high electrical
conductivity is mainly attributed to the presence the Bi-rich sillenite tBigFeGo (or
Bi2sFeOyo) phase and the Fe-rich mullite-tyd®i-FexOs, and to defects in the crystal structure,
such as oxygen vacancies originating from the reduction &f ﬂéeFé*lj Preparation of
monophasic BiFe®is extremely difficult due to the thermodynamics and kinetics eDBi
FeOs system. Based on studies by Selbach i BlixsFeQo and BpFesOg phases are slightly
more stable thermodynamically than Bikei® the temperature range 447 - 767°C. During the
solid state reaction betwe@&mn0Os andFe03, BisFeQyg forms at the shell whereas B0y is
formed at the reaction/diffusion front towards the iron oxide core. Once crystallizEBe;@iis
stable and consequentlihe reaction is arrested so thaE@ coexists with small amounts of
Bi2sFeQss and BizFez;Oﬂ Furthermore, sublimation or evaporation of volatileBiat elevated

temperatures may also resultBiFe;Oq formatiorﬂ

In contrast to bulk materials described above, the crystallization pathway to form thin films of
BFO is quite different. BFO thin films have been grown via numerous methods including
physical vacuum-based and chemical-based techniques but each deposition technique has
drawbacks. BFO thin films grown by pulsed laser deposition (PLD) under incorrect oxygen
pressures can develop parasitic iron oxide phases, suetyps FeOs or y-type FeOe,EI and in

some cases nano-scale precipitationBofFeGsx, an Aurivillius compound (n = 1) with an
orthorhombic crystal structure has been reported. More recently, using advanced transmission
microscopy (TEM), the existence of a new®erich perovskite nanophase, fully coherent with

the matrix of Ti and Nd doped BiFeOwas reported with an approximate formula,
(Feo.eBio.23Ndo 19" Fe3+oﬂ



Similarly the preparation of monophasic BFO thin films by chemical solution deposition) (CSD
requires accurate control of the processing parameters and Bi:Fe stoichiometry. Bi deficiency in
the starting composition or from volatilization of Bi during the annealing steps leads to the
formation of secondary phases and highly conductive @né’o compensate for th8i
volatility, Bi excess is normally used in CS[F8 films. However, in the case of high Bi excess
phases such aBe substituted a-Bi-Oz are formed at the BO/Pt interface. Moreover, other

common impurity phases such as;®@j, FeOs, Bi:FesOg, BissFeO72 and BpsFexOsg, have also

been reportddF*¥l This broad spectrum of possible secondary phases in BFO thin films,

sometimes difficult to detect by X-ray diffraction, due to their small particle size and volume

fraction, determines the reproducibility of the electrical response.

The electrical properties of ferroelectric capacitors are not only affected by the intrinsecafatur
the ferroelectric films but also by the electrediie to differences in chemical nature, lattice
parameter, work function and surface roughsﬁ' he bottom electrode also serves as a
template for growth and promotes phase staﬁtﬁottom electrodes for ferroelectric thin films

can be either metal or oxide-based. The former group includes: platinum; iridium; ruthenium and
copper, most commonly used due to their chemical and thermal stability. The latter group
includes the rutile-type iridium (Ir§) and ruthenium oxides (RuPand perovskite-structured
oxides, such as strontium ruthenate (SrRUERO) and lanthanum nickelate (LaNjQ.NO).
Among them, IrQ is easily and reproducibly deposited on Si substrates on a large scale at low
cosEI Generally, Pt is used asbottom and top electrode for thin film ferroelectric capacitors
due to its high electrical conductivity, good stability at high temperatures and high Schottky
barrier which lowers leakage currﬁtvvhereas RO, IrO2, RuG and LNO have been reported

to offer lattice matching, structural and chemical compatibikiyhigh diffusion barrier for
oxygen, phase stability at high temperatures, and superior fatigue properties over Pt eiﬁttrodes
It is believed that oxygen vacancies in PZT thin films can easily be filled with oxygen from the
oxide-based electrodes, resulting in a reduction in their build up at intﬁHﬁsCxide
electrodes also have an important role in the processing of other lead-based and lead-free
ferroelectric thin films. Ir@ enhances the electrical performance of 0.37 B}Sr63 PbTiQEI

and LNO interlayers promote (001) texture and improve the dielectric properties of
Bao,5Sro_5TiO3EI



The use of oxide electrodes for fabrication of BFO thin films has to date been mainly limited to
epitaxial thin films grown on SRﬁl with only a few reports describing BFO films grown on
oxide electrodes such as LNO andArONO and IrQ electrodes were studied for La and Nb co-
doped B-O (BLNF) thin films fabricated by PLDBLNF films on LNO/Si substrates showed
strong (012) texture due to the lattice matching between BLNB &1R2LNO (001) whereas no
preferred orientation was observed for##®. Moreover, BLNF films using NO as the bottom
electrode showed well-saturated ferroelectric loops with large remanent polarization, but poor
fatigue resistance. BLNF thin films using b@s the bottom electrode dispéalferroelectric

loops with high leakage current, but better fatigue resisﬁw&omparaﬁve studies between Pt

and LNO electrode for BFO films produced by RF-sputtering showed that LNO reduces
crystallization temperature and improves the crystallinity of BFO films. Moretweelectrical
conductivity is greatly reduced due to improvements in the film/electrode interface, chemical
homogeneity and surface roughness of the BFO on LNO inteIﬁYéne reduction of electrical
conductivity in BFO films prepared by CSD was also suggested to originate from the absence of
parasitic phases and better quality of film/electrode interface, due to the use of LNO as bottom
electrode but no preferred orientation was repei-:llthough, oxide electrodes such as LNO
have been shown to improve crystallinity and chemical homogeneity of BFO, reduce the
crystallization temperature and induce texture and improve film/electrode interfaces in BFO

thins films, the microstructure and phase formation have not been addressed.

In this paper, we use annular dark field (ADF) scanning transmission electron microscopy
(STEM), high resolution TEM, energy dispersive X-ray spectroscopy (EDX) complemanted
grazing incident XRD to identify the crystallization pathway and microstructurag=6f fBms
prepared by a chemical solution deposition route on PU#F®IO/(100)Si,
LNO/PYTIO./SiO/(100)Si and Ir@TiO2/SiO/(100)Si electrodes.

Experimental Section

Lanthanum nitrate hexahydrate (La(®J© - 6HO, Merck, 99%) and nickel (II) nitrate
hexahydrate (Ni(N@)2 - 6HO, Fluka, 98.5%) were dissolved in 5 ml of deionized water, and
mixed in the stoichiometric ratio of La:Ni=1:1. To improve the solution wettability and avoid

film cracking during heating, 1 ml of formamide (Merck, 99.5%) was used. Finally, ethanol



absolute (Merck, 99.8%) was added until the resultant concentration of LNO solution was
diluted to 0.2 M. The LNO films were deposited by spin-coatikgV{4A Spin Coater) the
solution on PU/TIQSIO,/Si substrates at 2500 rpm for 45 s and annealed by rapid thermal
processing (Qualifllow JetFirst 1pat 700 °C for 5 min in @atmosphere.

BFO precursor solutions were prepared using bismuth nitrate (B)eNBO, Sigma Aldrich,
99.99%) and iron acetylacetonate (Fe§CBCHCOCH)3, ABCR, 99%). Acetic acid (§1402 —

AcOH, Merck, 100%) and 1,3 propanediolzHgO», Aldrich, 98%) were used as solv

Bismuth nitrate and iron acetylacetonate were dissolved in a mixture of glacial acetic acid and
1,3 propanediol (4:1 vol. ratio) separately room temperature. Individual solutions were poured
into a beaker and stirred for 12 h to foarsolution with the concentration of 0.125 M. Solutions
were prepared with 5 mol% of Bi(lll) excess. Precursor solutions were deposited onto
PUTIO/SIO/(100)Si  and  Ir@QTiO2/SiOx/(100)Si  (Inostek Inc) and NO coated
PUTiIO/SiO/(100)Si, cleaned in acetone (&EBODCH;, Panreac) and in 2-propanol
(CH:CHOHCH;, Panreac, for analysis). The deposition of the BFO thin films was carried out by
spin-coating at 2500 rpm for 45 s. Wet films were dried and pyrolysed on a hot-plate (IKA C-
MAG HS7) at 350 °C for 1 min, followed by rapid thermal processing at 500 °C for 1 min.
Deposition, drying and annealing was repeated 10 times to fabricate films with the desired

thicknesses.

A grazing incidence (2° X-ray diffraction (XRD, GIXRD, PANalytical X’Pert Pro
diffractometer, Cuka radiation, 45 kV and 40 mA, 10° to 50226, step size 0.025°;) was used to

assess the phase assemblage and crystal structure. Residual stress analysis was carried out by
XRD usingsin2y methodlflwhich is based shifts in the diffraction ang) due to changes in

the interplanar spacing, Ad. A number of XRD tracesvere made at different Psi (y) tilts.

Interplanar spacing is plotted in ardsin2y plot. Assuming a zero stress at d 7, dvhere d is the

y-intercept, stress is given by:

% = (1iv)m @)

where m is the gradient of thewd sin2y plot. The stress value for each film is obtained by
substituting E= 133 GPa and v = 0.25E| Using this method, we assume the films are isotropic,

and stresses normal to the substrate are zero.



The microstructure of the thin films was observed at low resolution using an Hitachi SU-70
scanning electron microscope (SEM). Specimens for TEM were prepared by a gallium focused
ion beam (FIB) using Helios 450S (FEI). Bright-field (BF) and dark-field (DF) TEM images
were taken using a JEOL, 2200FS electron microscope at 200 kV. High-resolution (HR) TEM
and ADF micrographs were obtained on Titan 200 kV ChemiStem (FEI). Energy dispersive X-
ray (EDX) spectroscopy was perform using the Oxford INCA Energy TEM 250 spectrometer.

Results and discussion

Figure 1 shows the XRD traces of BFO/Pt, BFO/LNO and BFQ/lins. All peaks for
BFO/IrO,;, BFO/LNO may be indexed according to either the electrode or a rhombohedrally
distorted perovskite phase with R3c symnﬁlﬂ with no evidence of any second phase. In
addition to perovskite and electrode peaks, films prepared on Pt, exhibited a weak broad peak at
20 ~ 28.2° (marked with an asterisk Figure 1, attributed to a low volume fraction of a
nanocrystalline BFesOs (JCPDS PDF #01-080-8638) phase.

To study the phase formation on each type of bottom electrode, BFO films were deposited on a)
Pt, b) LNO, and c) Ir@and annealed at 500 °C for periods of 1, 2 and 3 s with a heating rate of
100 °C/s, and 1, 5 and 30 s with a heating rate of 30 °C/s. BFO/Pt films (Figure 2a) were initially
amorphous (1 s, 100 °C/s) as indicatedtzypresence of the broad hump centered at 20 ~ 29°

but as annealing time increased3 s (100 °C/s), they began to crystallize into perovskite BFO
with complete conversion at longer times. In BFO films deposited on LNO ang &rO
intermediate BXO>(COs) phase wasletected at 20 ~ 12.9 and 30.3°. Bi2O2(CO3) is a mineral

with a tetragonal structure (a=b=3.867 A and ¢=13.686 A) and space group l14/mmm (JCPDS
PDF #04-017-6012). Sun et al. identified®4(COs) as an initial phase which nucleates at pre-

existing metal-organic clusters in amorphous films prepare@roalectron-transparent SiN
membrane by sol-ﬂ
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Figure 1. X-ray diffraction traces of BFO films fabricated by chemical solution deposition on
Pt/Si (BFO/Pt), LNO/Pt/Si (BFO/LNO) and Igf®i (BFO/IrGy) and annealed at 500 °C. All
peaks associated with BFO/kf@nd BFO/LNQmay be attributed either to the electrode or a

BFO perovskite phase whereas BFO/Pt also exhibits a weak, broad peak attributed to
Bi2FeyOg(*).

The crystallization of BFO films deposited on the oxide electrodes (Figure 2b) and c)) appears to
follow the same sequence: amorphous — Bi2O2(COs) — perovskite. However, the conversion to
perovskite occurs more rapidly on k@an LNO. Perovskite peaks appear after 1 s (100 °C/s)
for BFO/IrQ; but only after 2 s (100 °C/s) for BFO/LNO. It is proposed that the relatively slow
amorphous to perovskite conversion for BFO/Pt alleM@nger time for Bi volatilization since

the vapour pressure of ) above an amorphous phase is higher than that above an equivalent
crystalline composition, similar to PbO above TAs a consequence, BFO films on Pt may

be Bi deficient despite 5 % excess adttethe precursor solution. This results in the presence of

broad peaks in XRD traces arising from Bi deficient phases, Figure 1.
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Figure 2. XRD patterns of BFO thin films annealed at 500 °C for different times using heating
rates of 30 and 100 °C/s. a) BFO/Pt, b) BAHOO, and c) BFO/IrQ. * denoteBi>O2(CO:s).

Figure 3 shows images of cross-sections BOBNO, BFO/Pt and BFO/Ir@ thin films. The
thickness of BO layers measured from TEM images is 150, 170 and 200 nm with a columnar
microstructure in each case with lateral grain size, 80, 140 and 200 nra@dcNBO, BFO/Pt

and BFO/IrO2, respectively. The smallest grain size of BFO/LNO indicates that BFO has lower
nucleation barrier while deposited on LNO comparing to Pt ang du@ to the same crystal
structure and small lattice mismatch,%3In such case, the large density of formed nuclei leads

to a development of smaller grain size. In the case of BFO/Pt and BE@ilr€h fewer nuclei

are formed, thus they grow into much larger grains. The columnar grains extend through the
entire film thickness which indicas layerby-layer homoepitaxy for BO growth within a
grairEI As discussed in the literature, crystallization of solution-based films is characterized by

competition between bulk nucleation within the amorphous matrix, and heterogeneous



nucleation at the interfaﬁ Columnar grain growth in thin films can only be achieved if
interface nucleation is favoured over bulk nucleﬁ)mow solution concentration and the
thermal treatment conditions at which each layer is crystallized before the next layer is
deposited, promotes interfacial nucleation and columnar grain growth. Fors&iaCBaTiQ

films, depositing thin layers (10-20 nm) and annealing induces nucleation at the interfaces
between the layers and encourages local epitaxial gﬁ}/\m this study, 10 layers were spin
coated onto the substrates, dried and annealed at 500 °C, leading to columnar grain growth with

layer thicknesses of 1P8 nm, as deduced from TEM images in Figure 3.

In addition to the individual layers, Figure 3 revealed inclusions of bright contrast in the interior
of the BFO grains, often between the deposited layers. This contrast could arise due to the
segregation of light elements, the formation secondary phase with high quantity of lighter
elements, or the formation of pores. Porosity has been previously reportedgel pobcessed
0.9PMN-0.1PT thin films and attributed to fast crystallizan

1C



c)

Figure 3 Bright-field TEM images of cross-secsafia) BFO/Pt, b) BFO/LNO and c) BFO/IrO2
thin flmsshowing a columnar grain structure. The average width of the columnar grains is 80,
140 and 200 nm for BO/LNO, BFO/Pt and B-O/IrO2, respectively.

Figure 4 however, presents higher magnification annular dark field (ADF) images in which the
brightness at each atomic position is approximately proportional to the square of atomic number
(Z)Ifl Therefore, the bright areas in Figure 3 correspond to scattering from Bi atoms with the
highest Z and the darkest to Fe atoms with lodieFhe bright contrast inclusions in Figure 4
exhibit dark contrast in the ADF images, indicating that these regions are defici@mt in
compared with the neighboring bright contrast areas. For BFO enth®precipitates are <10

nm and generally located away from the grain boundaries, Figure 4c. For BFO films on LNO,
larger inclusions (10-15 nm) are present within the film interior, whereas smaller inclusions
(5nm) exist at the interfaces between the crystallization layers (Figure 4b). BoorBPt, small
inclusions (10 nm) are present in the grain interior but larger elongated inclusions with dark

contrast occuat the grain boundaries, Figure 4a.
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Figure 4. ADF TEM cross-sectional micrographs of the @p®t, b) BFO/LNO and c)
BiFeQs/IrO> thin films. A grain boundary with second phase (indicated by the arrowhead) is
shown in Figure 4a. Inclusions inside the columnar grains exhibit dark contrast in ADF images,
indicating that these regions are poor in heavier elements compared with the bright contrast in

neighboring areas.

To clarify the chemical composition of the grain boundary secondary phase in BFO on Pt, EDX
line-scans were performed, as denoted by the white line in Figure 5a, with the traces inset. The
line-scans reveal that the particles are poor in Bi and rich in Fe with respect to the matrix,
corroborating theXRD data (Figure 1) and ADF images (Figure 4) which suggests the presence
Bi deficient phases. High resolution images (Figure 5b) ree#tade fringes with a measured
spacing of 0.552 nm, consistent witfug@(0.579 nm) of orthorhombic BtesOs (JCPDS PDF
#01-080-8638).

12



a)

Figure 5. a) STEM micrographs of second phase at the grain bounaeBy6iPt thin film
with inset line-scalDX plots obtained along the white line. The grain boundary phase is poor
in Bi and rich in Fe with respect to the matrix, b) high resolution lattice imagsemfond phase,

grain boundary particle whose d-spacings are consistent witfOcb79 nm) BiFesOg phase.

In contrast, high resolution images of the grain interior (Figure 6a) illustrate that the small
inclusions are fully coherent with the matrix, despite being Fe rich according to the contrast
within ADF images, Figure 4. Their location, primarily at the layer interfaces, suggests that the
occurrence relates to Bi loss at the surface of each individual layer, the mechanism lioswhic
illustrated in Figure 6b. The high surface/volume ratio of thin films make givene to Bi loss

In layer by layer deposition used in this study, the perovskite crystals in lower are nucleation
sites forthose in upper layers and grains transmit their orientation, leading to columnar growth.
The precijtates do not disrupt this epitaxial nucleation process, consistent with the notion that

they are fully coherent.
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b)

Figure 6. a) HRTEM micrograph of the inclusion in the grain interior which indicates that they
are coherent (marked by dashed line) and b) proposed mechanism of inclusion formation (with
bright-field TEM micrograph embedded).
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During the preparation ddi-containing films, problems relating to interdiffusion and chemical
fluctuations have been previously repﬁd’akovlev et al. using XPS analysis, showed a wide
film—electrode interface reaction due to interdiffusion FCBfilms grown on Pt/Si substrates,
pointing to the formation of PBi and P+Fe intermetallic compounds at the bottom electrode
film interfacﬁl High-magnification ADF images ofiB)/Pt, BFO/LNO and B-O/IrO; interfaces

are shown in Figure 7. TheFB/Pt interface (Figure 7a) appears sharp with the Pt relatively flat
compared to Ir@and LNO. Figure 7b shows that theFB/LNO interface is broadened by the
slight curvature of the grain boundaries Q. Figure 7c reveals that the BFO/pr@dterface is

not flat but consists of a series of roughly curved boundaries reflecting the topography of
columnar grains of Ir@ Experimental and theoretical studies have demonstrated that the
interface roughness has a great influence on the electrical properties of dielectric films,
especially leakage currﬁ All interfaces between BFO films and electrodes are free from

interaction layers and secondary phases.

Figure 7. ADF TEM micrographs of a) BAY/ b) BFO/LNO and c) BFO/Ir@interfaces

(marked by dashed line). No secondary phase was detected at the interface between BFO and

bottom electrodes.

The effect that the bottom electrode has on residual stress in BFO films was also addressed. In a
film, the total residual stress consists of: i) intrinsic stress induced by the formation of the grain
boundaries during the crystal grain growth; ii) thermal stress due to the difference between

thermal expansion coefficients of the film and the substrate and iii) extrinsic stress that originates

15



from the lattice parameter mismaﬁ] The average residual stresses calculated by XR® sin
method are 0.72, 0.49 and 0.77 GPa for BFO/Pt, BFO/LNO and BEOHeSpectively, as
presented in Figure 8. The stresses are tensile in all cases. Thermal stress and extrinsic stress are
strongly related to the parameters listed in the embedded table in Figure 8. Based on the
difference in thermal expansion coefficient between BFO and Si, tensile thermal stress in BFO
films is expected, although the effect of bottom electrode (P4, ll®O) on BFO residual stress
cannot be ignored. On the other hand, the lattice parameter mismatch is the smallest between
BFO and Pt however only BFO and LNO holds the same crystallographic structure
(rhombohedral perovskite) that can be responsible for the lowered residual stress in BFO/LNO.
Moreover, grain growth can substantially contribute to tensile stresses in a constilaned
through elimination of the excess volume associated with grain boundaries and grain size has a
dominant impact on the residual stﬁﬁ Indeed, in our BFO thin films residual stress
decreases with decreasing grain size. The highest residual stress was observed fop BRO/IrO
which has the largest grain size. In contrast, the stress state in BFO/LNO is lowered due a

smalkr lateral grain size.

o~0.72 GPa o~0.77 GPa o~ 049 GPa

Uit Ll Lattice parameters [nm]
coefficient [x10°6 K-1] P

BFO 10.9 0.396
Pt 8.8 0.392
Iro, 48 0.451 (a=b)
0.316 (c)
LNO 8.2 0.384
Si 2.4 0.543

Figure 8. Schematic illustrating the average residual stresses calculated by ZRmestod

for BFO films on distinct electrodes. The lattice and thermal expansion coefficient of the BFO



and bottom electrode materials were |[§té€l The stresses are tensile in all cases. The highest
residual stress was observed for BFO{led the lowest in BFO/LNO thin films.

Figure9 is a dark-field image of one of the columnar graina BFOfilms on LNO. This grain
has an epitaxial relationship with a grain in theQ.layer. In contrast, flms grown on Pt and
IrO2 did not exhibitan epitaxial orientation relationship with the electrode. Unlike; la@d Pt,
LNO has the perovskite structure with lattice parameter0a384 nm, compatible with that of
BFO, a = 0.396 nm and thus epitaxy is more Iﬁ&nd may contribute to lowering of residual

stress.

Figure 9. Dark-field image of a columnar grain in tHeHilm on LNO. Local epitaxial growth
of BFO on LNO was observed.

17



Conclusions

In summary, ADF imaging, STEM{IRTEM and EDX complemented with grazing incident
XRD were used to analyze the microstructure and phase formation of BFO thin films prepared
by the chemical solution deposition on Pt/Z®0,/(100)Si, INO/Pt/TiOx/SiO/(100)Si and
IrO2/TiO2/SiO/(100)Si substrates. All the BFO films shesa columnar structure with the grain

size depending on the bottom electrode. Formation efel8Dy was observed at the grain
boundaries of BO/Pt but cohererfee-rich precipitates were observed in the grain interior for all
studied films. The crystallization of BFO films deposited on the oxide electrodes édlkne
sequence: amorphous — Bi2O2(COz) — perovskite, while BFO on Pt crystallized directly from
amorphous phase. IsQvas the most effective at promoting transformation to perovskite whilst
LNO induced local epitaxial growth. Residual stress analysis of BFO films revealed thatethey ar

subject to tensile stress whose magnitude depends on the bottom electrode.
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Figure Captions:

Figure 1. X-ray diffraction traces of BFO films fabricated by chemical solution deposition on (a
Pt/Si (BFO/Pt), (b) LNO/Pt/Si (BFO/LNO) and (c) #Si (BFO/IrG) and annealed at 500 °C.

All peaks associated with BFO/Is@nd BFO/LNO may be attributed either to the electrode or a
BFO perovskite phase whereas BFO/Pt also exhibits a weak, broad peak attributed to
Bi2FesOo(*).

Figure 2. XRD patterns of BFO thin films annealed at 500 °C for different times using heating
rates of 30 and 100 °C/s. a) BFO/Pt, b) BROQ, and c) BFO/Ir@. * denoteBi>O2(COg).

Figure 3 Bright-field TEM images of cross-sectiongpBFO/Pt, b) BFO/LNO and c) BO/IrO>
thin films showing a columnar grain structure. The average width of the columnar grains is 80,
140 and 200 nm for BO/LNO, BFO/Pt and B-O/IrO2, respectively.

Figure 4. ADF TEM cross-sectional micrographs of the &0t b) BFO/LNO and c)
BiFeQy/IrO> thin films. A grain boundary with second phase (indicated by the arrowhead) is
shown in Figure 3a. Inclusions inside the columnar grains exhibit dark contrast in ADF,images
indicating that these regions are poor in heavier elements compared with the bright contrast in
neighboring areas.

Figure 5. a) STEM micrographs of second phase at the grain boundary of a BFO/Pt thin film
with inset line-scan EDX plots obtained along the white line. The grain boundary phase is poor
in Bi and rich in Fe with respect to the matrix, b) high resolution lattice image of a second phase,
grain boundary particle whose d-spacings are consistent with d110 (0.579:RmPBphase.

Figure 6. a) HRTEM micrograph of the inclusion in the grain interior which indicates that they
are coherent (marked by dashed line) and b) proposed mechanism of inclusion formation (with
bright-field TEM micrograph embedded).

Figure 7. ADF TEM micrographs of a) BFO/Pt, b) BFO/LNO and c) BFQ/In@erfaces
(marked by dashed line). No secondary phase was detected at the interface Bé&t@emm
bottom electrodes.
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Figure 8. Schematic illustrating the average residual stresses calculated by XkRbnsih@d

for BFO films on distinct electrodes. The lattice and thermal expansion coefficient of the BFO
and bottom electrode materials were I The stresses are tensile in all cases. The highest
residual stress was observed for BFOZla@d the lowest in BFO/LNO thin films.

Figure 9. Dark-field image of a columnar grain in tHeBfilm on LNO. Local epitaxial growth
of BFO on LNO was observed.
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