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Sm-doped BiFeO; thin films were fabricated on platinized silicon substrates via the sol-gel method. Sm contents and

thicknesses were varied in a wide range to investigate their effects on phase structure and piezoelectricity. X-ray
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diffraction and Raman spectroscopy experiments revealed a rhombohderal to orthorhombic phase transition and the co-

existence of both phases in a certain compositional vicinity. It is found that the proportion of rhombohderal phase

increased with film thickness at the compositions corresponding to the phase transition boundary, indicating the influence

of film thickness on the phase structure. Phase transition phenomenon and film thickness effect on the boundary were

also studied by piezoresponse force microscopy. Based on the structure analysis and piezoelectric characterization results,

a phase diagram of thickness versus composition was proposed, in which morphotropic phase boundary located at 9% to

11% in thinner Sm-doped films and shifted towards Sm-rich side with increasing thickness.

1 Introduction

BiFeO; has been drawing prosperous attention as the only
room-temperature multiferroic material discovered so far,
which also manifests good photovoltaic and photocatalytic
properties.l'5 BiFeO; is reported to possess a high remnant
polarization up to ~100 puC cm'z, so it is also expected to be
one of the promising lead-free ferroelectric and piezoelectric
materials with high Curie temperature (7.~830 °C).1’2'6'8
piezoelectric materials, the morphotropic phase boundary
(MPB) as firstly discovered in Pb(Zr,Ti)O; system is

fundamentally important because of its existence resulting in a
9,10

For

two-phase co-existing state for enhancing piezoelectricity.
Additionally, compositions at MPB where two different phase
structures are both thermodynamically stable and more
flexible polarization orientations are brought in for the co-
existence of the mixed phases.

Recent studies have been devoted to the rhombohedral-
orthorhombic (R-0) phase transition, which is induced by the rare-
earth element substitution at A-site of BiFeO;. The smaller radius of
rare-earth elements than that of Bi were thought to be the origin of
the phase transition."*" For the Sm-substituted BiFeO;, Takeuchi et
al. reported that the MPB position is located at 14% Sm where R3c,
a PbZrOs-like phase and Pnma coexist, and the phenomenon of
antiferroelectric property was ascribed to the PbZrOj;-like anti-polar
phase. These works were mainly based on thin films grown on
SrTiO; by pulse laser deposition (PLD) mehtod.”® Most recently,
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similar phase transition was also discovered in sol-gel-processed
Sm-doped BiFeO; thin films on conventional Pt/Ti/SiO,/Si wafers,
which has been widely used in microelectronic devices nowadays.19
However, the compositional location of MPB in the sol-gel-
processed thin films grown on Pt/Ti/SiO,/Si is not consistent with
the reported SrTiO; substrate ones by PLD method. Obviously, it
indicates the complexity of phase structures in Sm-doped BiFeO;
thin films. Actually, the previous studies showed that the phase
structures of Pb(Zr,Ti)Os-based piezoelectric thin films might
differentiate from that in bulk materials even for the same
composition and hence the shifting of phase boundary could occur
in the films due to the substrate’s clamping effect.”* Furthermore,
it has been reported that a rhombohedral-tetragonal MPB can be
created by strain engineering in epitaxially grown BiFeOj; thin films
on single crystal substrates.> 2% Generally, the clamping effect in
non-epitaxial thin films on silicon wafers should be weaker as
compared with epitaxial ones, but it is also quite significant to the
identical phase transition within certain range of compositions in
the doped BiFeO; thin films.

In this work, we prepared a series of Sm-doped BiFeOj; thin
films of a wide Sm content range from 9% to 15% with various
thicknesses on platinized silicon substrates via a sol-gel
method. R-O phase transition was found with increasing Sm
contents but the phase boundaries were thickness-dependent.
Piezoelectric test was performed and demonstrated the MPB
behaviours. A thickness-composition phase diagram was
proposed based on the experiments and a thermal contraction
model was illustrated to explain the thickness dependent
phase boundary.

2 Experimental
Synthesis
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Bismuth nitrate [Bi(NO3)3;-5H,0] (99.99%), samarium nitrate
[Sm(NO3)3-6H,0] (99.9%) and iron nitrate [Fe(NO3);-9H,0]
(99.99%) were used as the starting materials and dissolved
into 2-methoxyethanol and citric acid (99.995%) was then
added as the chelating agent. The mixed solution was stirred
for 4 h at room temperature and then aged for 72 h. The
solutions corresponding to 9-15% Sm-doped BiFeO; were
prepared in this way and 7% bismuth was added in each
solution to compensate for the loss during the heat treatment.
The solutions were deposited onto Pt/Ti/SiO,/Si substrates by
spin coating and then dried at 100 °C, pyrolyzed at 380 °C and
annealed at 550 °C in an ambient atmosphere. After going
through the deposition-pyrolysis-annealing process, one layer
of Sm-doped BiFeO; was deposited onto the substrate with a
thickness of ~60 nm according to scanning electron microscopy
(SEM) observation. For each composition, this process was
repeated for one to seven times to prepare the samples with
multiple thicknesses. The sample with x mole percent Sm and y
nm thickness was represented as BSxF-ynm for abbreviation in
the following sections.

Characterization

The crystallographic structure of thin films was characterized
by X-ray diffraction (XRD, D/max-RB, Rigaku) using Cu-K,
radiation (A=1.5406A). Step scanning of {200}, peaks was
performed at the BL14B1 Beamline of Shanghai Synchrotron
Radiation Facility (SSRF) with A=1.2398A. Raman spectrum was
performed on a Raman spectrometer (LabRAM HR Evolution,
HIROBA) at the wavelength of 532 nm. The cross-section
morphology was observed via a field-emission scanning
microscope  (FE-SEM, LEO1530). Rutherford
backscattering spectrometry (RBS) measurement was
performed with 2022 keV He' beam provided by the 5SDH-2
Tandem accelerator made by NEC at Peking University. The
surface morphology and piezoelectric property were detected

electron

by using an atomic force microscope (AFM, MFP-3D, Asylum
Research) with a functionality of piezoresponse force
microscopy (PFM). A Pt-coated cantilever (Olympus AC240,
nominal spring constant 2 N m™, resonant frequency 70 kHz)
was used with platinized silicon substrates acting as the
counter electrodes.

3 Results and Discussion
Microstructure and morphology

According to XRD patterns, all the samples demonstrate only
BiFeO; perovskite phases without impurities. Fig. 1(a)-(c)
display the step scanning patterns of {200},. peaks of BS10F,
BS11F and BS12F samples with different thicknesses. Three
space groups, R3c, Pbam and Pnma, have been reported in
Sm-doped BiFeO; system.m'26 The bars at the bottom indicate
the ideal peak positions and intensities of {200},. of different
space groups.19 Both rhombohedral (R) and orthorhombic (O)
phases border each other at 36.8°. Due to weak intensity and
peak broadening resulted from small grain size, it is difficult to
distinguish Pbam from Pnma.

2| J. Name., 2012, 00, 1-3
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Fig. 1. XRD profiles of step scanning of {200},. peaks from (a) BS10F, (b) BS11F and (c)

BS12F with various thicknesses. Histograms in the bottom indicates the ideal peak
positions of {200},. in R3c, Pbam and Pnma. Contributions from R and O phase are

indicated by red and green diagonal lines respectively.

For the BS10F composition, the peaks from both phases
were detected at the film thickness of 60 nm. As thickness
increases, the left peak becomes stronger while the right peak
becomes weaker. For the thickness larger than 120 nm, the
intensity of left peak is always stronger than the right peak;
the O phase almost disappears for the films over 300 nm. For
the BS11F samples with 11% Sm, only O phase exists in 60-nm-
thick film. R phase emerges in the films thicker than 180 nm. It
can be regarded as that both R and O phases exist in these
samples, whereas the proportion of R phase is higher than that
of O phase in 360-nm-thick and 420-nm-thick films since the
left peak is more intensive than right one. However, for the
BS12F samples, R phase existed only when the film thickness
exceeds 300 nm with O phase being dominating in all the
samples. It is worthwhile noting that similar XRD peaks could
be found among all three compositions by only changing the
film thickness. For example, the peak shape of BS11F-420nm is
very similar to the case of BS10F-180nm, and the peak shape
of BS12F-420nm is the same with BS11F-240nm. Therefore, it
is clearly indicated that the phase structures are fundamentally
affected by the film thickness in the Sm-doped BiFeO; films.
For the films with lower Sm content like BS9F samples, the XRD
patterns revealed that R phase is the majority, being similar to
that of BS10F-420nm shown in Fig. 1. On the other hand, when
Sm contents are over 13%, only O phase was observed, whose
XRD patterns are similar to BS12F-60nm sample shown in Fig.
1. The XRD results revealed that the phase transition from R to
O occurs at 10% to 12% Sm doping contents. Both phases can
be found in the same sample, which suggests an MPB region.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Raman spectrum of (a) BFO and (b) BS15F thin films; (c)-(h) Raman maps
collected from (c) BS10F-420nm, (d) BS11F-420nm, (e) BS12F-420nm, (f) BS10F-120nm,
(g) BS11F-120nm and (h) BS12F-120nm. Limits were set in the Raman shift between
approximately 120 to 160 cm™ and 260 to 320 cm™ to define contributions from the R
and O phases respectively.

Raman spectroscopy is effective in distinguishing tiny
differences in phase structure. To assure the MPB position,
Raman spectroscopy mapping was done on six film samples
with three compositions (BS10F, BS11F and BS12F) and two
thicknesses (120 nm and 420 nm). For reference, Fig. 2(a) and
2(b) show the Raman spectra of BiFeO; (BFO) which possesses
a R3c distorted perovskite structure and BS15F which has an
orthorhombic distorted perovskite structure, respectively.27'28
The strongest peaks correspond to Ag-1 and Ag-4 vibration
modes in R and O phases, respectively, which were used as an
indicator for each phase. During the Raman mapping, limits
were set in the Raman shift from approximately 120 to 160 cm’
' and 260 to 320 cm™ to define contributions from R and O
phase respectively, as were hatched in Fig. 2(a) and Z(b).13
Then Raman spectra were collected in 5 um x 5 um area from
100 points for selected samples and the results are shown in
Fig. 2(c)-(h). The area with more R phase contributions is
marked as red while that with more O phase is marked as
green. It should be emphasized that the colour separation
does not mean phase segregation. Raman mapping results in a
phase-mixed appearance are shown in Fig. S1.

Fig. 2(c) and 2(h) are Raman mapping results of BS10F-
420nm and BS10F-120nm, respectively. It should be noted that
colours in the figures just represent the phase whose intensity
is higher at certain point than the other phase. The thicker film
is of R phase across the entire scanned region, while in the
thinner film the two phases have almost equal share. For
BS11F, both phases can be found in 420 nm and 120 nm films.

This journal is © The Royal Society of Chemistry 20xx

Fig. 3. (a) Cross-sectional SEM image and (b) surface morphology image of BS10F-
420nm thin film.

Nevertheless, R phase is dominative in the thicker films but O
phase is in the majority in the thinner films. For the
composition of BS12F, almost a single O phase was found in
the thinner film of 120 nm, but in the thicker film of 420 nm, R
phase surpasses the O phase in some areas. From the Raman
mapping results that both R and O phases were found in 10%
to 12% Sm doping samples, the MPB position was again
confirmed. It can be concluded that with increasing Sm
content, the thin films tends to be O phase. For a fixed
composition at MPB, the thicker the film is, the more R phase
components there are.

The cross-sectional SEM image of BS10F-420nm sample is
displayed in Fig. 3(a). The Sm-doped BiFeO; thin film is flat on
surface and dense, and the polycrystalline structure on
columnar platinum electrode can be seen clearly. Some
regions showing layered structures might be related with the
layer-by-layer coating process. Fig. 3(b) shows the surface
topographic image of the same sample whose roughness is
4.2 nm. AFM images of BS10F samples with other thicknesses
are displayed in Fig. S2, which again confirms the
polycrystalline behaviour and the grain sizes are ~80 nm to 100
nm regardless of thickness. AFM images of other compositions
also revealed the polycrystalline feature. The small differences
on roughness and grain size among all the samples should
have little influence on crystal structure and electric property.
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Fig. 4. RBS spectra of (a) BS11F-120nm, (b) BS12F-120nm, (c) BS11F-360nm and (d)
BS12F-360nm thin films
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RBS can provide quantitative results of elemental
compositions and depth profiling of heavy elements without
reference sample, besides, the measurement is
destructive. We performed RBS on four samples: BS11F-
120nm, BS12F-120nm, BS11F-360nm and BS12F-360nm,
whose spectra together with computational simulations using
the SIMNRA code are displayed in Fig. 4(a)-(d), respectively.
The peaks at high energies (channel number) correspond to
scatterings from the heavy elements, while the step at lower
energy corresponds to scatterings from Si and O. According to
simulation, signals contributed from Bi, Sm, Fe together with
Pt electrode are depicted in the figures. The widths of the
peaks are directly proportional to the thickness of the thin
films. Experimental data are almost completely consistent with
the simulation using nominal composition as shown in the
figures, implying that the accurate atomic constituents in these
four samples agree well with raw materials. In addition, by
comparing samples with the same composition and different

thicknesses, it can be concluded that thickness had little

non-

influence on the elemental distribution of thin films.

Piezoelectric response

PFM was used to attain direct evidence of piezoelectric
response to assure the MPB position. The piezoelectric
properties of Sm-doped BiFeO; thin films were characterized
by using the local switching spectroscopy piezoresponse force
microscopy (SS-PFM) technique. In this mode, a step-varying
DC voltage ranging from -30 V to 30 V was applied to the
sample to pole the ferroelectric films. During the PFM testing,
a modulated AC voltage of 3 V was applied on the DC signal so
that the resonant piezoelectric response was acquired.zg'31 The
acquired signal includes two parts: amplitude and phase,
which manifest butterfly loop and hysteresis loop as indicators
of displacement and domain switching, respectively. The
amplitude at +30 V represents the displacement of a sample
when all the domains are switched, corresponding to the
magnitude of reverse piezoelectric coefficient. The average
value of this maximum displacement was calculated to denote
the piezoelectric response of each sample. The piezoresponse
test was performed within a 2 um x 2 um sized mesh of 144

points for all the samples to ensure the reliability of our
comparison.

Four samples, BS9F-180nm, BS11F-420nm, BS13F-360nm
and BS15F-120nm, were chosen for comparison with their
amplitude and phase loops plotted in Fig. 5(a) and 5(b). XRD
and Raman profiles of these four samples are presented in Fig.
S4. For BS9F-180nm and BS11F-420nm, the amplitudes are
much stronger than that of BS13F-360nm. Phase image reveals
180° contrast indicating complete polarization switching in
these three samples. However, for BS15F-120nm sample, the
phase signal shows no hysteresis loop and the amplitude signal
is chaos implying no piezoelectric response in it. Asymmetric
butterfly shape was found during the tests, particularly
obvious in the BS13F-360nm sample. This may be due to the
static electricity and imprint electric field originated from
space charge accumulation.®?

According to the relative intensity, the piezoelectric
responses of the samples were drawn in a two-dimension
colour filled graph as shown in Fig. 5(c). The four selected
samples were denoted in the figure with the corresponding
graphical symbols. It can be concluded that piezoelectric
performances show good accordance with structure analysis
that MPB gives rise to the piezoelectricity as denoted by light
yellow band. Among samples of MPB region, the highest
piezoelectric response was achieved at BS11F-420nm. This can
be ascribed to the large thickness of this sample in which more
effective volume deformed under electric field. Generally, a
thicker film always reveals stronger piezoelectric response.33
The very thin films with compositions of BS14F and BS15F
display no piezoresponse. It can be reasonably estimated that
these samples are entirely made up of Pnma phase, a
centrosymmetric space group which demonstrates no
ferroelectric and piezoelectric properties. For the samples
belonging to O phase but manifesting piezoelectricity, such as
BS13F, BS14F-360nm and BS14F-420nm, the phase structure
may be Pbam or the combination of Pbam and Pnma or a
more complex structure as will be discussed later>**® 1t is
worth noting that the phase boundary of Pnma region, where
no piezoresponse was obtained, also leans towards right side,
implying that the thickness effect plays an important role not
only in MPB region, but in all the films.
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Fig. 5. (a) Amplitude and (b) phase loops of BS11F-420nm, BS9F-180nm, BS13F-360nm and BS15F-120nm. (c) Two-dimension colour filled graph of relative piezoelectric
performance as functions of thickness and Sm contents. The yellow band indicates the MPB position and the four selected samples in (a) and (b) are also depicted with

corresponding symbols.
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Fig. 6. Proposed schematic thickness-composition phase diagram for Sm-doped BiFeO;
thin films with vertical viewings of R3¢, Pbam and Pnma atomic structures embedded.

Discussion of phase transition

Based on XRD, Raman and PFM results, here a schematic
thickness-composition phase diagram is proposed and
displayed in Fig. 6. The three kinds of crystal structures viewed
along the pseudo-cubic [001] direction are also shown in the
figure. Eight oxygen octahedrons are retained to clearly reveal
the phase transition though they are not the complete unit
cell.’® The pink region at left side represents the rhombohedral
phase and the space group is R3c. The yellow region in the
centre corresponds to the MPB region in which both R and O
phases coexist and the phase boundary leans toward right
side. MPB locates at 9 to 11% in thinner films and shifts
towards right side with increasing thickness and finally locates
at 10% to 12% Sm doping contents at 420 nm. Deduced from
piezoelectric properties, the blue region ranging from 14% to
15% in thinner films manifests paraelectric property and
corresponds to the centrosymmetric phase Pnma, as can be
seen from atomic structure in which the Bi atoms located in
the centre of FeOg octahedrons. The phase boundary of Pnma
is also a slanting one, indicating that the thickness effect
prevails in all the compositions.

The green region is denoted as “complex phase” since we
cannot determine the accurate structure based on existing
experimental results. The XRD patterns suggest an
orthorhombic phase and complete polarization switching
indicates a non-centrosymmetric structure in this region. This
complex phase was also discussed in other rare-earth-doped
BiFeO; systems including Sm-doped BiFe03.13’26’35’36 A PbZrOs-
like anti-polar phase has been proposed in rare-earth doped
BiFeO; system, or sometimes denoted as Pbam space group
whose vertical view is also drawn in Fig. 61018 However, we
found no direct evidence, for example, the double hysteresis
loop during PFM test to confirm the existence of
antiferroelectricity.37 Besides, the PbZrOs-like phase is
unstable and tends to transform from R3c to Pbam or vice
versa under different strain states.>® Even if the complex phase
was Pbam, there might be a region located beside the Pnma
region in which Pbam and Pnma phases coexisted, but we
could not figure it out yet. Further study is needed to
determine the structure of this complex phase, yet

This journal is © The Royal Society of Chemistry 20xx

polycrystalline behaviour and phase segregation increase the
di1°ficulty.19'39

For the slanting phase boundaries of MPB and Pnma,
compositional analysis by RBS has ruled out the possibility of
compositional change for thin films with different thicknesses.
Here we propose a phenomenological model concerning about
thermal expansion coefficient to explain the thickness effect.
The slanting phase boundary should be related with residual
stress in the films. Since there is a big difference between the
thermal expansion coefficient of Si (2.GX1O'6 K*-4.0x10°® K'l)
and BiFeO; (6.5><10'6 K'-13x10°® K"l),2 resulting in an in-plane
tensile thermal stress when the sample was cooled to room
temperature after annealing for crystallization.20 Besides, the
in-plane tensile stress is equivalent to the out-of-plane
compressive stress. This stress reserved in the films would be
released gradually with increasing thickness. According to first-
principles calculation, the in-plane tensile stress is in favour of
(0] phase.40 So compared with the reported 14% MPB
position,ls'18 less Sm is needed to induce the phase transition
in the present films. As thickness increases, the out-of-plane
compressive stress and the in-plane tensile stress are released
so that more Sm is needed to induce the R-O phase transition.
It can be concluded that the MPB position is sensitive to the
strain state of thin films. The constraint effect also works in the
same way to shift Pnma phase boundary.

Fig. 7 shows the peak position of A;-4 mode of O phase (the
peak overlapped by green stripes in Fig. 2(b)) in samples with
different compositions and thicknesses. For BS9F samples of
300 nm and thicker, they demontrate completely R phase and
the A,-4 peak at 300 cm™ can hardly be seen so there are only
4 points for this composition. With increasing Sm contents, the
Ag4 peak shifts towards higher wavenumber, corresponding
to the stronger Sm-0O bonding than Bi-O. The peak position of
Ag4 shows an overall trend of shifting towards lower
wavenumber with increasing thickness, corresponding to a
decreasing out-of-plane compressive stress,“’42 hence the
model of stress relaxation was affirmed. Besides, as thickness
increases, the XRD peaks of {200}, also show a tendency of
left shifting, indicating that the lattice constant increases along
out-of-plane direction.
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Fig. 7. Peak position of A;-4 mode of O phase in BS9F, BS10F, BS11F and BS12F samples.
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Another possible explanation to the thickness effect is
flexoelectricity since a strain gradient generates when stress is
relaxed with thickness. Flexoelectric field will give rise to self-
polarization and make contributions to the piezoelectric
response. In thicker films, the contribution from
flexoelectricity to the polarization is much greater than the
clamping effect which plays a major role in thinner films.*?
What is more, the flexoelectricity can be applied to explain the
imprinting field emerged during PFM tests.”® Nevertheless,
there lack of effective method to measure the

flexoelectricity precisely by far.

is a

4 Conclusion

In summary, 9% to 15% Sm doped BiFeO; thin films with
various thicknesses ranging from 120 nm to 420 nm were
fabricated via a sol-gel method. MPB was found at 9% to 12%
Sm and the phase boundary is thickness-dependent. For
thicker films, more Sm is needed to induce the phase
transition. At MPB region, significantly enhanced piezoelectric
performance was achieved. A thickness-composition phase
diagram is presented based on XRD, Raman and PFM results.
The slanting phase boundary can be related with the in-plane
tensile thermal stress induced by the difference between
thermal expansion coefficient of BiFeO; and substrates. Peak
shifting of Raman vibration mode illustrated stress relaxation
with thickness.
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