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ABSTRACT: In this work, strain engineered polycrystalline thin films (~250 nm)
of bismuth layer-structured ferroelectric (BLSF) CaBi,Nb,0, (CBNO) were
prepared by using a radio frequency (RF) magnetron sputtering technique. XRD
analysis revealed that the films were (200)/(020) and (00!) textured with a large
in-plane tensile stress. Cross-sectional TEM analyses confirmed the bismuth
layered-structure, as well as crystalline orientations and a strain-controlled growth
mode of the grains. Result of a quantitative XPS analysis revealed that the

composition of the film is close to the chemical stoichiometry. Excellent electrical [

properties were achieved in the CBNO films, including a high dielectric constant
(~280 @S kHz), a small dielectric loss (tg6 < 1.6% up to an applied electric field
of ~1200 kV/cm) and a large polarization (P, ~ 14 uC/cm* @ 1 kHz).

[1-10]
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1. INTRODUCTION

Since 1949, when Aurivillius discovered bismuth layer-
structured ferroelectrics (BLSFs),' this type of ferroelectric
has attracted significant amount of research interest because of
to their unique features, such as a high fatigue resistance,” a low
aging rate, as well as a good temperature stability of properties
endowed by a high Curie temperature (T.).””> These features
are desirable for the development of ferroelectric-based
electrical devices working under severe conditions. FeRAM
for military mobile electronics and high- temperature piezo-
electrics are two examples of such devices."™® However, with
large anisotropies in the ion displacements, the spontaneous
polarization of a BLSF mainly exists in the a—b plane and is
generally quite small along the ¢ axis.”” Unlike the pseudocubic
perovskite ceramics whose polarizations can be easily
reoriented under an applied electric field, BLSFs’ unique
layered structure (a &~ b << ¢) makes it difficult to realign their
crystallites with different orientations. Therefore, the electrical
displacement and electromechanical responses are usually small
for a BLSF ceramic.”™”

Calcium bismuth niobate (CaBi,Nb,O,, or CBNO), which
consists of alternative (CaNb,0,)?™ and (Bi,0,)*" layers in its
lattice, is a member of the BLSFs.”~"” It has a very high Curie
temperature (T, ~ 943 °C), one of the highest in its family
and among all ferroelectrics.*'* After the early works by L. G.
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Ismailzade'® and S.M. Blake,"* H. X. Yan et al. reported for the
first time a systematic study on preparation of textured and
randomly oriented CBNO ceramics via spark plasma smtermg
(SPS) and ordinary firing techniques, respectively.” The
measured remnant polarization (Pr) was ~7.5 puC/cm? for
the textured ceramic and ~2.5 uC/cm? for a random one, both
bemg small as compared with the theoretical value (~24.4 uC/
cm?).® This indicates that there’s still plenty of room for
property enhancement. Later on, electrical properties of CBNO
ceramics, especially dielectric and piezoelectric 5pr0pert1es, were
intensively investigated by several groups.”~'>">~*' Most of the
reported work focused on modification of the unit cell of
CBNO via doping or substitution, which have led to substantial
yet not decisive property enhancements. For example, the
reported dielectric constants and piezoelectric moduli are more
or less in the same range as those of undoped CBNO ceramics.
The relative dielectric constants &, are between 80 and 100
while the piezoelectric moduli dy; are between 10 and 20 pm/
V.

Growth of oriented films, while meeting the ever-increasing
demand of device miniaturization and integration, provides a
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solution for the enhancement of electrical properties of
ferroelectrics.”” Cho and Desu””*’ and A. Z. Simdes et
al.**=*” are the two major groups who reported preparations of
CBNO thin films and investigated their electrical properties.
The former fabricated highly c-axis oriented CBNO films with a
remnant polarization ~3.6 uC/cm® using a pulsed laser
deposition method,”** while the latter prepared highly a-
and c-axis oriented thin films with a remnant polarization ~4.2
uC/cm? via a polymer precursor method.”* >’ Their results
confirmed that with an increasing amount of g-axis oriented
grains (a-grains), that is, the (200)/(020) crystallites, ferro-
electric and piezoelectric properties of a CBNO film showed a
clear trend of improvement. Recently, Y. Ahn et al. prepared
epitaxial c-axis oriented (c-grain) and highly a-axis oriented
CBNO thin films via pulsed laser deposition.”**” The remnant
polarizations of their films were improved to ~10 xC/cm®.

Despite these significant improvements on the properties of
CBNO films, there have been very few investigations focusing
on enhancing their electrical performance via strain engineer-
ing, which has been broadly adopted in the design and
preparation of perovskite ferroelectric thin films. This method
utilizes the misfit strain imposed by an underlying substrate or a
buffer layer to select grain orientation of a polycrystalline
film,*>*! or to enhance electrical properties of a single-domain
epitaxial film.>* Moreover, this method can also be used to
design domain architectures in a polydomain epitaxial film.** In
this work, the effectiveness of strain engineering for textured
growth and property enhancement of a CBNO thin film is
demonstrated.

Commonly used substrates for epitaxial or highly textured
growth of BLSFs are single crystalline perovskite oxide
substrates including NdGaOj;, SrTiO;, LaAlO; etc.”*® Such a
substrate has a lattice parameter either well matched with the
a/b-axis of a BLSF like CBNO (a ~ 5.5 A & acgno) (Figure
la), or matched with the diagonal of the BLSF’s (00!)-plane (a
~ 384 A~ aCBNO/\/Z) (Figure 1b), both leading to a
(100)//(001) heteroepitaxy. In either case, a conductive
perovskite oxide like SrRuO; (agro & 4 A), can be used as
the bottom electrode layer preserving the aforementioned
heteroepitaxy (Figure 1c).** However, BLSF films grown on
such substrates are c-axis oriented, which have shown small
ferroelectric polarizations and unimpressive electromechanical
properties. To obtain a high quality a-axis oriented film of
BLSF, a complex thin film heterostructure including a special
buffer layer is required.””” In our study, CBNO thin films were
sputtered on unbuffered, single crystalline MgO substrates with
a lattice parameter of 4.2 A. The MgO substrate was chosen not
only for its excellent properties (low dielectric loss, for
example®’) and cost-effectiveness as compared to complex
oxide substrates, but also for an increased lattice mismatch with
the c-grain of a CBNO film. The computed lattice mismatches
(unrelaxed misfit strains) are listed in Table 1. Since the a, b-
axis of CBNO showed about twice as large lattice mismatch
with [101]y,0, as compared to that between the c-axis and
[404]yg0, it is expected that abundant a-grains and grains
tilting away from the c-axis can be created in the CBNO films
grown on MgO at the expense of the c-grains. In addition, the
in-plane stress will be predominantly tensile (for both a- and ¢-
gains), which can significantly enhance longitudinal electro-
mechanical properties of a ferroelectric film (dielectric constant
€, and piezo modulus ds;), as have been reported by Li and
Nagarajan et al. on thin films of barium strontium titanate and
lead magnesium niobate-lead titanate.*”*"*"
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Figure 1. Illustration of lattice matching between a c-axis oriented
CBNO grain (c-grain) and a perovskite oxide substrate with (a) a ~
5.5 A; (b) a~ 4 A; (c) a perovskite bottom electrode layer of SrRuOs,
acgno/ V2 ® aggo< ~4 A; where a, acgno, and agro are the substrate
lattice parameter, a-axis lattice parameter of CBNO and lattice
parameter of SrRuOj, respectively.

Table 1. Lattice Constants of Relevant Materials and Their
Mismatches

CBNO SrRuO; and CBNO
materials ceramic' % MgO (100) film on MgO
lattice constants  a = 0.5435 \/Zu = 0.5957 SRO, \/Za = 0.5629

(nm) b = 0.5466 CBNO,
a="b=05260 (a-
grain)

c=24970  4v/2a=23829 ¢ = 2465 (c-grain)
lattice mismatch with M%O at a-axis = 8.78
room temperature (%)>° b-axis = 8.26
c-axis = —4.77
thermal expansion coefficients 13.5% a/b-axis = —2.5

(x107%/K) between room c-axis = 1238

temperature and growth

temperature

lattice mismatch with MgO at a-axis = 9.63
growth temperature” (%) b-axis = 9.11
c-aixs = —4.68

out-of-plane film strain (%) a-axis = —3.22
b-axis = —3.77

c-axis = —1.27

“Extrapolated to growth temperature.

2. EXPERIMENTAL SECTION

A cylinder shape (® = S0 mm, t = S mm) CaBi,Nb,O, target was
calcined at 1120 °C for 10 h using a reactive sintering method and
annealed at 700 °C in air for 6 h to stabilize its structure and
properties. The starting materials were CaCO; (99.9% purity), Bi,O;
(99.9%), and Nb,Os (99.5%), with molar ratios determined by the
stoichiometric ratios of metal ions in CaBi,Nb,Oy, except that 5% mol
excessive bismuth oxide was added to compensate its evaporation loss.

DOI: 10.1021/acsami.6b00298
ACS Appl. Mater. Interfaces 2016, 8, 16744—16751


http://dx.doi.org/10.1021/acsami.6b00298

ACS Applied Materials & Interfaces

Research Article

The CBNO films were sputtered on single crystalline (100) MgO
substrates in a vacuum chamber with a base pressure of 2.5 X 107* Pa
at 600 °C. Prior to the film growth, a conductive oxide bottom
electrode of SrRuO; was deposited under similar conditions as the
CBNO film. Details of the sputtering process were summarized in
Table 2. It is noted that to minimize deviation from the stoichiometry

Table 2. Deposition Parameters of the Sputtering Process

sputtering parameters SrRuO; CaBi,Nb,0q
thickness (nm) S0 250
substrate temperature (°C) 600
sputtering power (W) 70
deposition atmosphere Ar:0, = 32:8 (sccm)
deposition pressure (Pa) 1.2
cooling atmosphere Ar:0, = 32:8 (sccm)
holding time (min) 10
heating/cooling rate (°C/min) 6-8
target-substrate distance (mm) Nu

of CaBi,Nb,0y, we chose a moderate sputtering power and an optimal
sputtering atmosphere with an Ar/O, flow ratio of 4:1. While the
former limits the bulk diffusion of the target and hence help maintain
its self—compensatin; mechanism of stoichiometry in a preferential
sputtering process,* the latter has been proven to yield sputtered
peroskite films with both a dense microstructure and a good chemical
stoichiometry.*>**

The phase structure and crystallographic orientations of the films
were analyzed by using X-ray 6—26 scans (via a commercial Rigaku
Dmax-rc XRD diffractometer equipped with a Ni-filtered Cu—Ka
radiation source) and pole figures (via a Rigaku SmartLab XRD, R-
Axis Spider, 40 kV, 200 mA). Transmission electron microscopy
(TEM, via a JEOL JEM-2100HR) was used to investigate
nanostructures of the film. Chemical composition and valence states
of the elements were analyzed via X-ray photoelectron spectroscopy
(XPS) using an ESCALAB 220i-XL electron spectrometer (VG
Scientific) equipped with a 300W Al Ka radiation source. Room-
temperature pseudostatic ferroelectric hysteresis loops were measured
by using a Radiant Precision Premier II ferroelectric tester, while the
dielectric properties (C—V characteristics) of the films were obtained
by using an impedance analyzer (HP4194A, Hewlett—Packard Ltd.).
Prior to the electrical characterizations, circular Au top electrodes (® =
200 pm) were sputtered at room temperature via a shadow mask.

3. RESULTS AND DISCUSSION

XRD 26 scan spectrum of the CBNO film is shown in Figure 2,
which was indexed according to refs 8 and12. The CBNO film
showed a polycrystalline structure with main diffraction peaks
located at (200)/(020), (001) (I = 4, 6, 8, 10, 14), (111), and
(119). It is noted that the (200) and (020) diffraction peaks
could not be distinguished from each other due to the similar

200/020

Intensity

10 20 30 40 50 60
2¢(Degree)

Figure 2. XRD 26 scan spectrum of the CBNO films sputtered on
SrRu0,/(100)MgO.

lattice parameters of a- and b-axis. From the XRD pattern, the
lattice parameters of a/b-axis and c-axis were computed and
listed in Table 1. These out-of-plane lattice parameters were
slightly smaller (1—3%) than those of the CBNO ceramics,
indicating a dominant tensile residual stress in the growth plane
(along the in-plane a/b axis). This residual stress is a collective
result of multiple sources of misfit strains, including an initial
lattice misfit and a postgrowth thermal strain, which was
developed during cooling down of the thin film heterostructure.
From the XRD data, it can be concluded that we have
successfully prepared a tensile strained CBNO film with
substantial amount of a-grains.

To further investigate the film’s texture, X-ray pole figures
were recorded by using the (200)/(020) and (0010) reflection
peaks and are shown in Figure 3a and b, respectively. During
the measurement, the samples were rotated by varying the tilt
angle (0°< y < 70°) and the azimuthal angle (0°< ¢ < 360°)
with respect to the scattering vector. The (200)/(020) pole
figure consists of three distinct sets of peaks. The central
diffraction spot surrounding y = 0 came from the {200} grains
(a-grains), which shows the maximum diffraction intensity.
This indicates that the films are highly a-axis textured. The 4-
fold diffraction peaks at y &~ 26° correspond to the {315} plane,
and another set of 4-fold diffraction peaks at y = 65°
correspond to the {119} plane. The X-ray diffractions were
concentrated in the tilt angles between y = 0° and y = 30°,
suggesting a sizable remnant polarization with contributions
from not only the a-grains, but also grains slightly tilting away
from the main polarization axis. On the other hand, the (0010)
pole figure shows a very strong and sharp central diffraction
spot together with a set of 4-fold diffraction peaks at y ~ 57°,
which corresponds to the {103} plane. Together with the 20
scan results, the pole figure analyses indicate that the c-grains
are epitaxially grown on the (100) MgO substrate with a
mixture of other grains, including textured a-grains and those
tilting away from the main axis.

Nanostructures of the CBNO films were analyzed via TEM
and the representative results are shown in Figure 4. Figure 4a
is a cross-sectional bright field TEM image of the film, which
showed periodically aligned nanosized c-grains (numbered from
1 to 10 in the figure). These columnar grains grew across the
whole film thickness with an increasing lateral radius (from ~20
nm near the bottom electrode to ~50—70 nm near the film
surface). The growth mode of the c-grains can be clearly
observed in Figure 4b. Near the bottom electrode where a c-
grain started an epitaxial growth due to a good lattice matching
with SrRuOj; (as shown in Figure 1a), elastic energy dominated
and restricted its lateral expansion. As the film thickness was
increased, the misfit strain was relaxed and hence the c-grain
grew with an increasing lateral radius. Moreover, a layered-
structure of the CBNO film is clearly observed in Figure 4b.
The average (002) spacing, or the c-axis lattice parameter, can
be directly measured from the high-resolution TEM image
(inset of Figure 4b), which is about 2.47 nm and consistent
with the XRD data. The in-plane growth geometry of the -
grain was revealed by the attached FFT patterns, which is
[110]cpno//[010]sro/mg0, and consistent with the literature
(Figure 1). Furthermore, the average lattice parameters
computed from the line scan of several unit cells were
compared to validate the strain-controlled growth mode.
Region 2 far away from the bottom electrode showed ~0.8%
increase of the c-axis lattice parameter as compared with that of
region 1, the neck region of the up-side down bottle-shaped c-
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Figure 3. X-ray pole figure analyses by using the (a) (200)/(020) and
(b) (0010) reflections of the CBNO film.

grain where the stress is concentrated. This corresponds to a
reduction of the in-plane tensile strain by ~1.2% in the fully
grown part of the c-grain (assuming Poisson ratio ~1/3). On
the other hand, a typical cross-sectional TEM image of an a-
grain is shown in Figure 4(c), which grew from the side of a
neighboring c-grain instead of the interface with the bottom
electrode, owing to its poor lattice matching with the SRO
electrode layer. Moreover, an g-axis lattice parameter of ~0.53
nm was measured from the high resolution TEM image, which
is also consistent with the XRD data and supports our design of
a tensile-strained CBNO film.

XPS analysis was carried out to estimate chemical
composition of the film and investigate valence states of the

elements. The base pressure in the sample chamber of the XPS
spectrometer was 3 X 107 mbar and no Ar" etching was used
prior to the collection of photoelectrons to avoid reduction of
the oxides.”*® Figure 5a is the XPS spectrum of the original
surface of CBNO film in the energy range between 0 and 600
eV. It clearly shows the existence of Ca, Bi, Nb and O in their
corresponding valence states in CBNO (Ca’*, Bi**, Nb*" and
O?7). It should be noted that, except for some adventitious C
which is used for calibration of the binding energies (C 1s line
at 284.8 eV), there is no clear signature of other elements, or
different valence states of the cations. The trace of carbon
comes from two possible sources, carbon in the air and surface
carbon contamination during sample preparation for XPS. EDS
spectrum obtained for the bulk of the film showed no
detectable amount of carbon, indicating that carbon only exists
as surface contaminant. Since the electrical properties were
measured from top electrode-covered CBNO capacitors, effects
of surface carbon contaminant on the electrical properties were
minimized.

The film’s composition near the surface was estimated to be
Nca: Mgt Nyt Mo & 0.9:1.8:2.4:9.6 via quantitative analysis of
Figure Sa, which is close to the stoichiometric ratio of the
elements. Furthermore, photoemissions of Ca 2p, Bi 4f, and Nb
3d core levels were performed, and the results are shown in
Figure 5b—d, respectively. In Figure 5b, the binding energies of
Ca 2p;), and Ca 2p,, are revealed to be 346.8 and 350.9 eV,
respectively, matching those of the Ca—O bond in CaO. This
indicates that the Ca element exists in the form of Ca** in the
CBNO film. Similarly, the binding energies of Bi 4f;,, and Bi
4f;,, (159.0 and 164.3 eV, respectively, as shown in Figure Sc)
and of Nb 3d;, and Nb 3d,, (2067 and 209.51 eV,
respectively, as shown in Figure Sd), are all consistent with
those reported in literature for the valence states of
Bi*254540, 1 1 NBS*+ 2545

Figure 6 showed the voltage dependent dielectric constant
(£,~V) and loss tangent (tg6—V) of the CBNO film measured
at 5 kHz. The &~V curve exhibited a typical butterfly shape,
indicating a sound ferroelectricity which manifested itself via
domain switching. The maximum value of the dielectric
constant (~283) appears near the zero field, a nearly 100%
improvement against the best reported values (~140—150) in
the literature.” A sizable dielectric tunability 77 = [1 — &,(Ep,.)/
£,(0)] X 100% = 47% was achieved in the CBNO thin film,
where £,(0) = 283 and &/(E,,) = 150 are the dielectric
constants at zero field and the maximum bias field E,,, = 1200
kV/cm, respectively. Furthermore, the dielectric loss tangent
tgo is <~1.6% at E_,, resulting in a superior figure of merit
(FOM) for the dielectric tunability, FOM = tunability/loss
tangent ~30, significantly higher than those of the CBNO films
reported in the literature (FOM ~ 10—15).”%*” The greatly
enhanced dielectric properties can be understood by the
combination of the two effects from strain engineering. First,
the strained growth of the film on the chosen substrate of MgO
results in reduction of c-grains, which were replaced by a-grains
and grains tilting away from the a/b axis, leading to a better
average polarization and a larger dielectric constant, as
evidenced by the pioneering work on textured CBNO
ceramics.® Second, according to the work by Li and Nagarajan
et al. on dielectric properties of stressed ferroelectric
films,”>*>*" an in-plane tensile stress can further improve the
longitudinal dielectric response. This is the case for our CBNO
films.
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Figure 4. (a) Cross-sectional bright field TEM image of the CBNO thin film heterostructure with c-grains being marked from “1” to “10”, and typical
cross-sectional TEM images of (b) a c-grain and (c) an a-grain. High-resolution TEM images of the lattices and FFT patterns from different regions

of the films are inserted in panels b and c.

Figure 7 showed pseudostatic P—E hysteresis loops of the
CBNO films measured at 1 kHz and different maximum electric
fields (E,.), demonstrating the process of pseudostatic
saturation of the polarization.”” A “saturated”/maximum
polarization (P,) of ~60 xC/cm? a remnant polarization (P,)
of ~14 uC/cm?, and a coercive field (E_) of ~330 kV/cm were
obtained for the CBNO films (@ E,,,, = 2600 kV/cm). The
improvements in electrical polarizations Pg and P, are due to
different reasons. The improved iPg is indeed an improved
electrical displacement (Pg = Dg = P+¢,E, where P is the self-
polarization under a field E and P =~ P, for ferroelectrics), which
can be attributed to the strain-enhanced dielectric constant &,

and hence reflects an improved dielectric property. On the
other hand, the improved P, shows an enhanced ferroelectricity,
which can be explained by the increased amount of g-grains in
our strain-engineered CBNO films. Compared with the results
reported by Y. Ahn et al. for their highly a-axis textured CBNO
films,” the polarization responses of our CBNO films were
significantly improved by applying higher electric fields. At E =
2600 kV/cm, the observed polarization values (P, & 14 uC/cm?
and P, ~ 60 uC/cm?) are the highest reported for CBNO
materials, including both films and ceramics.

The good quality of our films results in a high breakdown
electrical field, which is higher than 2600 kV/cm or 2.6 MV/
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cm, beyond which the P—E hysteresis loop showed a clear sign
of conduction behavior. In addition, it is easy to notice the
shrinking and tilting of the P—E loops. This tyzpe of P—E loops
are commonly observed in CBNO materials®** >’ and can be
attributed to the effect of a space charge layer."’~* Figure 8
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Figure 8. Fitting of leakage current densities via the modified Schottky
contact model for J-V curves of the CBNO film.

shows a good fitting of the leakage current density-electric
voltage curve (J—V curve) of the CBNO film to a modified
Schottky contact model."”*° The space-charge density (N,g) of
the film can be estimated from the fitted J—V curve using the
formula In (J) = b (V + Vi£)"* where b is the fitted slope and

3
b= %4 82%1\@47’50 Here Vi is the built-in interface
€y €4y €,

potential related to the height of the interface energy barrier
between the CBNO film and the electrode layer, and the value
of Vi is about 0.5 V. g is the electron charge, k is the
Boltzmann constant, and T the temperature in Kelvin (T = 298
K is used for room temperature). &, €4, and ¢, are the vacuum
permittivity, dynamic, and static dielectric constants of the
CBNO film, respectively. The static dielectric constant can be
obtained from the £,—V curves under zero bias (~280). The
value of dynamic dielectric constant &4, of the CBNO film is
estimated to be in the range of [4,30].>" On the basis of the
fitted value of b (see Figure 8) and measured/estimated
dielectric constants, a space-charge density N in the range of
[3.5 X 10” em™, 2.0 X 10 cm™ ] was estimated for the
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CBNO films. As Scott et al. reported in the literature,” the P-E
hysteresis loop of a ferroelectric film would shrink and tilt
substantially with a space-charge concentration on the order of
10" ecm™ or above. Our CBNO films fall into this special
category of ferroelectric films, that is, space-charge dominated
ferroelectric films.

4. CONCLUSION

In conclusion, strain engineered CaBi,Nb,Oy thin films were
deposited on MgO substrates via RF magnetron sputtering.
The films exhibited a 2-fold increase in dielectric constant (&, ~
283) as compared to previously reported results. This high
dielectric constant can be attributed to the two effects from
strain engineering, that is, an increased amount of a-grains, and
an in-plane tensile stress. Moreover, the increase in dielectric
constant comes with a low dielectric loss tangent (tgé < 1.6%)
and a high dielectric tunability (~47%), indicating a good
potential of the CBNO films to be used as high-performance
thin film dielectric capacitors, phase shifters and varactors. On
the other hand, although the P—E hysteresis loops showed
shrinking and tilting characteristics due to a high space-charge
density, a substantial improvement in ferroelectric property (P,
~ 14 uC/cm?*) was achieved in the CBNO films, due to an
increased amount of electrically active grains. Meanwhile, the
increase of maximum polarization, Ps, was mostly due to a large
linear contribution from the high dielectric constant.
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