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Stabilization of mixed-phase structures in highly strained BiFeOj thin films

via chemical-alloying
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Chemical-alloying is demonstrated to stabilize the mixed-phase structure of highly strained epitaxial
BiFeOs/LaAlO; (001) heterostructures. Such mixed-phase structures are essential for the large
electromechanical responses (4%—5% strains under applied electric field); however, films with
thickness exceeding 250nm undergo an epitaxial breakdown to a non-epitaxial bulk-like
rhombohedral-phase. Such an irreversible transformation of the mixed-phase structure limits the
magnitude of the net surface displacement associated with these field-induced phase transformations.
Using high-resolution x-ray diffraction reciprocal space mapping and scanning-probe-based studies, we
show that chemical-alloying of BiFeOj thin films can stabilize these mixed-phase structures and delay
the onset of epitaxial breakdown. © 2012 American Institute of Physics. [doi:10.1063/1.3688175]

BiFeO; is a room temperature multiferroic exhibiting
antiferromagnetism that is coupled with ferroelelectricity'?
and is a candidate material for the replacement of lead-based
ferroelectrics.>® In the recent years, it has been shown that
thin films of BiFeO3 under ~4.5% or more compressive strain
undergo a strain-induced structural phase transition from a
bulk-like rhombohedrally distorted perovskite structure (R3c)
to a tetragonal-like phase (monoclinically distorted structure,
derived from a P4mm parent-phase with c/a ~ 1.23).>~ More-
over, as the thickness of the BiFeOs/LaAlO; (001) hetero-
structure increases, the onset of complex mixed-phase
structures in addition to the highly distorted, tetragonal-like
phase has been observed. These mixed-phase structures con-
sist of highly distorted and tilted monoclinic polymorphs of
BiFeO; and are essential for the large electromechanical
responses in this material.'”'" These mixed-phase films ex-
hibit an enhanced piezoelectric coefficient (d33 ~ 115 pm/V)
compared to the parent rhombohedral-like (d33~ 53 pm/V)
and tetragonal-like (d3; ~ 30 pm/V) phases.lo’12 The enhanced
electromechanical response in these mixed-phase films has
been attributed to the presence of complex structural phase
boundries present in these highly strained BiFeOs films and its
ability to reversibly transform between structural polymorphs
under applied electric field.'""'? The electric field modulated
switching between the various polymorphs has been shown to
be completely reversible and is accompanied by large surface
displacements exceeding 4%-5% of the film thickness. Such
observations have significant implications for applications in
electromechanical devices including possibilities of ultra
high-density probe-based data storage systems.'*™"

A breakdown in epitaxy and an irreversible transforma-
tion to a non-epitaxial bulk-like thombohedral phase, how-
ever, has been observed in films in excess of ~250nm
thick.'® This epitaxial breakdown and loss of the mixed-
phase structure, in turn, impose strict limits on the magnitudes
of electromechanical response that can be obtained in this
material. In this letter, we explore chemical-alloying routes to
further stabilize and extend the stability of the sought-after
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mixed-phase structures. Using epitaxial thin-film growth, and
detailed chemical, structural, and scanning-probe studies, we
report on lattice engineering via Pb-alloying as a route to
manipulate the structure and strain that stabilizes the highly
distorted, tetragonal-like phase and mixed-phase structure to
a thickness of greater than 500 nm.

Epitaxial Bi; _,Pb,FeO; (x =0, 0.01, and 0.03) thin films
between 20 and 600 nm were grown via pulsed-laser deposi-
tion on LaAlO5; (001) substrates from (Bi;_,Pb,); FeO, ce-
ramic targets. Growth was carried out at 700 °C, at an oxygen
pressure of 100 mTorr, and at a laser fluence and repetition
rate of 1.45J/cm® and 10 Hz, respectively. Following growth
the films were cooled at an oxygen pressure of 760 Torr.
Detailed chemical and structural information, including the
extent of Pb-incorporation, overall cation stoichiometry, lat-
tice parameter variation, and the evolution of structural distor-
tions, was obtained using high-resolution x-ray diffraction and
reciprocal space mapping (RSM) (X’Pert MRD Pro equipped
with a PIXcel detector, Panalytical), x-ray photoelectron spec-
troscopy (XPS, Kratos Axis XPS, monochromatic Al x-ray
source with charge neutralization during collection via elec-
tron beam bombardment), and Rutherford backscattering
spectrometry (RBS). The topography of the films was studied
with atomic force microscopy (AFM), and piezoelectric
switching studies were completed using piezoresponse force
microscopy (PFM) (Cypher, Asylum Research).

Following growth, the stoichiometry of these films was
probed via XPS and RBS. Due to the similar masses of Pb and
Bi, RBS alone was not sufficient to accurately probe the cation
chemistry of these samples. Calibrated XPS studies revealed
stoichiometry transfer of species to the target, but the combi-
nation of high growth temperature, the high vapor pressure
and, in turn, volatility of Pb, and the re-evaporation of Pb
from the films as a self-compensation mechanism leads to con-
siderable Pb-loss. Growth from (Bi; _,Pb,); |FeO, targets with
x =0, 0.25, and 0.50 resulted in final films with [Pb]/[Bi + Pb]
fractions of 0%, 1%, and 3%, respectively. The overall chemi-
cal composition of the films, in particular the [Bi+ Pb]:[Fe]
ratio was then probed via RBS. Films grown from all target
compositions showed a 1:1 [Bi 4 Pb]:[Fe] ratio.

© 2012 American Institute of Physics
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FIG. 1. (Color online) Atomic force microscopy images of 100 nm thick (a) BiFeOs, (b) Big.99Pbg 01FeOs, and (¢) Big 97Pbg 03FeO; thin films on LaAlO; (001)
substrates. (d) Evolution of the areal percentage of the mixed-phase regions on these samples as a function of Pb-content. (e)—(g) are reciprocal space maps of
the 103-diffraction condition for BiFeO3, Big 9oPby o1 FeO3, and Big ¢7Pbg 03FeO3, respectively. (h) In-plane (¢ and b) and out-of-plane (c) lattice parameters of
the Mp-phase as a function of Pb-content as determined from the reciprocal space maps.

Structural studies were also completed. Following the
nomenclature laid out in recent studies,'' the various phases
present in these highly strained films are expected to be the
rhombohedral parent phase (R-phase, ¢ =3.96 A), the highly
distorted intermediate monoclinic phase  (Mj-phase,
c=4.17A, tilted ~ 2.8° from the substrate normal), the highly
distorted tetragonal-like phase (My-phase, ¢ =4.67 /&), and a
tilted version of the My-phase (Myy 4-phase, ¢ =4.67 A tilted
~1.6° from the substrate normal). Previous studies have
shown that the mixed-phase regions of these samples are
made up of an intimate mixture of the M;- and My ;,-phases.
As evidenced by AFM images of 100nm thick films of
Bi;_Pb,FeO; (x =0, 0.01, and 0.03) [Figs. 1(a)-1(c), respec-
tively], the surface areal fraction of the mixed-phase regions
(stripe-like features) is observed to scale inversely with the
Pb-content [Fig. 1(d)]. Upon introducing only 3% Pb into the
system, the areal fraction of the mixed-phase regions is
observed to decrease by ~12% from that of the BiFeOj; film.

In order to better understand this effect, we have under-
taken a series of high-resolution RSM studies of a number of
diffraction peaks to develop a complete picture of the struc-
tural changes induced by the Pb-alloying. RSMs of the 103-
diffraction peaks [Figs. 1(e)-1(g)] for the My-phase of the
100nm thick Bi;_,Pb,FeO5; (x=0, 0.01, and 0.03) films
reveal a splitting of the peak into three-peaks. These results
are consistent with prior studies of this phase and confirm
that the My-phase is monoclinically distorted, with a small
tilt along the (100) in-plane directions.”'""'"~'* Furthermore,
we note that the side-lobes on either side of the main diffrac-
tion peak in Q,-space are observed to greatly decrease in in-
tensity with increasing Pb-content. This corresponds to a
systematic reduction in the fraction of the My -phase
observed in these films and is consistent with the AFM anal-
ysis and with an overall decrease in the fraction of the
mixed-phase regime with increasing Pb-content. From these
(and other RSM studies, not shown), we can summarize the
effect of Pb-alloying on the unit cell of the Mjy-phase

[Fig. 1(h)]. Overall, the addition of Pb to the BiFeO; struc-
ture results in an increase of the a- and b- and a decrease of
the c-lattice parameter of the material. Such a change in the
structure could be the consequence of both the larger ionic
radius of Pb>" (assuming 12-fold coordination, 149 pm com-
pared to 138 pm for Bi*") and/or the formation of oxygen
vacancies that could accompany the introduction of the
Pb> . Key to the enhanced stabilization of the My-phase is
the fact that the Pb-alloying seems to predominantly mani-
fest itself in the form of an increase in the in-plane lattice
parameters. The a-lattice parameter, for instance, is 3.74 A
3.75A, and 3.76 A for the Bi, ,Pb,FeO; films for x =0,
0.01, and 0.03, respectively. Thus, the Pb-alloying reduces
the lattice mismatch between the My-phase and the LaAlO;
substrate (a=3.79 A), further stabilizing the My-phase,
allowing thicker films to be produced prior to relaxation and
promoting thicker films with the sought after mixed-phase
structures. We note that among the common Bi-site dopants
studied for BiFeO;, only Pb>" and Ba®" (ionic radius of
161 pm, 12-fold coordination) should provide the impetus to
further stabilize the tetragonal-like phase of BiFeO;. This is
consistent with the work of Christen et al. who observed that
Ba-alloying upwards of 8% resulted in a decrease of the
monoclinic distortion in the My-phase and a change in the
lattice parameters.’

We have also investigated the effect of Pb-alloying on
the electromechanical properties of the mixed-phase films
using PFM-based local switching studies. We reiterate that
large surface strains of 4%-5% are obtained upon electric-
field switching of mixed-phase BiFeO5; samples. Our studies
have revealed that the key parameter at play in allowing for
the large electromechanical responses is the relative ratio of
the various phases in the mixed-phase structures. Since the
Pb-alloying alters the areal fraction of the mixed-phase
regions significantly, it is important to normalize data appro-
priately—here we use the areal fraction of the mixed-phase
regions as a means of normalization. Thus, we report the
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response both in total magnitude and in nanometers per areal
percent of mixed-phase. We have completed local poling on
100 nm Bi;_,Pb,FeO3/LaAlO; (001) films with x =0, 0.01,
0.03 [Fig. 2]. Consistent with prior results, we observe re-
versible electromechanical deformations of 4%-5% for
BiFeOs thin films as we transition from the as-grown [Fig.
2(a)] to the electrically poled state [Fig. 2(b)]. Line traces
across the electrically poled region are provided in Fig. 2(c).
Similar results are obtained for the Bigg9Pbgo1FeOs thin
films where we can likewise electrically transform the
mixed-phase regions [Fig. 2(d)] to a region of pure My;-phase
[Fig. 2(e)] resulting in a net surface displacement [Fig. 2(f)].
We note that the absolute magnitude of the response is
diminished slightly, but the response normalized to the total
fraction of the mixed-phase is the same if not slightly

(b)
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enhanced as compared to the BiFeO; sample. This same
trend is further observed in the Biyo7Pbgg3FeOs films
[Figs. 2(g)-2(i)]. We observe that the surface strain per unit
areal fraction of the mixed-phase region increases from
0.13nm/% for BiFeO5; films to 0.16nm/% nm for
Pbg.97Big o3FeO5 films. This is an indication that thicker
films of Pb-alloyed BiFeO5; with similar surface fractions of
mixed phase regions will yield a higher net surface displace-
ment in electric-field-induced switching experiments and
comparable, if not improved, overall displacement.

To investigate this idea, we studied thick films (300-
500 nm) of Bio_ggP boAOIFeO3 and Bi0A97Pb0_03FeO3 to pI'ObC the
evolution of phase stability. Fig. 3(a) shows a 10 x 10 micron
scan of a 500 nm Big g9Pbg o;FeO3/LaAlO; (001) sample that
reveals the presence of the commonly observed mixed-phase
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FIG. 3. (Color online) (a) Large scale and (b) zoom-in atomic force microscopy image of a 500 nm thick Big 9oPbg o1 FeO3/LaAlOz (001) thin film revealing
the ability to stabilize the mixed-phase structures necessary for large electromechanical response into thick films. Line-trace across the mixed phase region
reveals a surface depression of ~23nm and the capacity for large electromechanical responses. (c) X-ray diffraction results from a (orange data) 300 nm
BiFeO; film showing complete breakdown and a 500 nm Big 99Pbg o;FeO; film showing the presence of the My-phase.
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regions required for the large electromechanical response.
Upon closer inspection [Fig. 3(b)], however, it is evident that
these mixed-phase regions possess dramatically increased sur-
face depressions compared to other samples studied. Line
traces across a mixed-phase region on this 500 nm thick film
reveal surface depressions of ~23 nm. This implies that sig-
nificantly enhanced surface height changes can be observed in
these films. To date, we have observed the ability to reversible
switch films upwards of 300-350 nm thick (resulting in elec-
tromechanical responses as large as 12—14 nm) but have been
limited by the lack of a bottom-electrode to enable switching
of films in excess of 400-450 nm. Nonetheless, x-ray diffrac-
tion studies reveal that 350 nm thick BiFeOj thin films possess
no evidence of the My;-phase and the mixed-phase structures,
while 500 nm thick Big 99Pby ;FeO; thin films possess a large
fraction of the Mj- and mixed-phase structures [Fig. 3(c)].
Overall, Pb-alloying, even in very small amounts, can exact a
strong impact on the structure of these materials and helps to
stabilize the structures and could enhance overall material
performance.

These results have added to our understanding about
these complex and technologically exciting phase boundaries
in highly strained BiFeOj; thin films. We have identified that
strain engineering via suitable chemical-alloying can delay
the onset of epitaxial breakdown in these films and stabilize
the necessary nanostructure to assure strong electromechani-
cal responses. By alloying the BiFeO5; with Pb (1%—-3%), we
have stabilized the mixed-phase structures to film thick-
nesses in excess of 500 nm and have demonstrated surface
height depressions greater than 20 nm. These observations
provide insight into the nature of the phases of BiFeO3 and
their stability and routes to further utilize these materials.
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