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Abstract
Ferroelectric (FE) ceramics with a large relative dielectric permittivity and a high dielectric strength have the 
potential to store or supply electricity of very high energy and power densities, which is desirable in many modern 
electronic and electrical systems. For a given FE material, such as the commonly-used BaTiO3, a close interplay 
between defect chemistry, misfit strain, and grain characteristics must be carefully manipulated for engineering its 
film capacitors. In this work, the effects of grain orientation and morphology on the energy storage properties of 
BaTiO3 thick films were systematically investigated. These films were all deposited on Si at 500 °C in an oxygen-
rich atmosphere, and their thicknesses varied between ~500 nm and ~2.6 μm. While a columnar nanograined 
BaTiO3 film with a (001) texture showed a higher recyclable energy density Wrec (81.0 J/cm3 vs. 57.1 J/cm3 
@3.2 MV/cm, ~40% increase) than that of a randomly-oriented BaTiO3 film of about the same thickness 
(~500 nm), the latter showed an improved energy density at a reduced electric field with an increasing film 
thickness. Specifically, for the 1.3 μm and 2.6 μm thick polycrystalline films, their energy storage densities Wrec 
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reached 46.6 J/cm3 and 48.8 J/cm3 at an applied electric field of 2.31 MV/cm (300 V on 1.3 μm film) and 1.77 
MV/cm (460 V on 2.6 μm film), respectively. This ramp-up in energy density can be attributed to increased 
polarizability with a growing grain size in thicker polycrystalline films and is desirable in high pulse power 
applications.

Keywords: Energy storage, ferroelectric, grain engineering, BaTiO3, film capacitors, Si

INTRODUCTION
With the development of various energy-harvesting technologies and associated applications, devices that 
can provide both high-density storage and rapid electricity supply have become increasingly important. 
Dielectric capacitors using ferroelectric (FE) ceramics with a high relative dielectric permittivity have 
demonstrated such a potential[1-5]. However, there are compromises that hinder the further development of 
FE ceramic capacitors for energy storage applications. These compromises include complex compositions, 
high composition sensitivity, and high processing temperatures, which are especially challenging for 
integrated film capacitors[6-8]. Therefore, the development of simple composition FE film capacitors with a 
high energy density, such as BaTiO3, has become an emergent challenge for the future of electric energy 
storage using dielectric capacitors.

Once a manufacturable composition was selected, the performance of FE film capacitors was mostly 
affected by the substrate, which imposes a clamping effect[9] and a residual strain[10], the deposition 
chemistry[11], and the crystalline or grain characteristics[12,13]. These factors are usually intertwined, and hence 
it is difficult to separate out their contributions to the energy storage performance of the film. In this work, 
we chose the prototype FE of BaTiO3 for its simple composition and broad application in electro ceramics, 
especially ceramic capacitors. Established deposition chemistry, i.e., sputtering deposition in an oxygen-rich 
atmosphere, was used for the preparation of BaTiO3 film capacitors on a Si substrate[13]. Therefore, in this 
work, we were able to focus on the grain effects on the energy storage performance of the FE film capacitors, 
including the effects of grain orientation and grain morphology.

Our previous investigations on preparing high energy density BaTiO3-based film capacitors[13-15] have 
focused on a columnar nanograin design via a low-temperature process (350-400 °C) and a buffer-layer 
technique. This approach resulted in a densely-packed nanograin array, which shows a (001)-texture, an in-
plane grain diameter down to 10-20 nm, and a grain length extending through the thickness of the film. Due 
to periodic gradients in the electric polarization and relative dielectric permittivity, the total dielectric 
displacement of such a film is confined and experiences a significantly delayed saturation under an external 
field. Consequently, such a grain structure is endowed with a high breakdown field and a large energy 
storage density. For example, a recyclable energy density of ~130 J/cm3 at ~650 MV/m[13] and ~229 J/cm3 at 
875 MV/m[15] was achieved in columnar-grained BaTiO3 films of ~350 nm and ~160 nm thick, respectively. 
However, these high energy densities were achieved under very large electric fields, corresponding to a 
much-reduced relative dielectric permittivity. This is not always the optimum solution for the storage and/
or supply of electric energy, especially in cases where high pulsed power is demanded under middle-to-low 
electric fields.

In this work, we aimed to manipulate the grain characteristics, including grain orientation and morphology, 
to achieve a high energy density at a reduced electric field in BaTiO3 film capacitors. To achieve this goal, a 
higher growth temperature at 500 °C was used, and a compromise was made between improved 
crystallinity, which enhances the dielectric response, and increased average grain size, which reduces the 
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maximum applicable electric field. By using a thick LaNiO3 buffer layer (~110 nm) on platinized Si and a 
fast deposition rate, we successfully suppressed the growth of randomly-oriented, discontinuous columnar 
grains in the BaTiO3 film directly deposited on the Pt electrode. Instead, we achieved a (001)-textured, 
continuous columnar nanograin structure. This structure is similar to those obtained at low deposition 
temperatures[9,10] but with an increased average grain size (~50-60 nm vs. 10-20 nm), resulting in an 
enhanced dielectric response. In comparison to the unbuffered films, the LaNiO3-buffered BaTiO3 films 
exhibited a higher dielectric polarization under the same applied electric field (320 MV/m), leading to a 
~40% boost in the recyclable energy density of a film capacitor (81.0 J/cm3 vs. 57.1 J/cm3 @3.2 MV/cm). 
Furthermore, to break down the aspect-ratio conservation of the continuous columnar nanograin 
microstructure and its associated thickness scalable energy storage performance[13], we went back to the 
classic random polycrystalline BaTiO3 film directly deposited on platinized Si. The rapid growth of its grain 
size with deposition time led to an increasing polarizability/relative dielectric permittivity with the film 
thickness. Consequently, an enhanced energy storage density close to 50 J/cm3 was achieved in device-level 
thick BaTiO3 films (46.6 J/cm3 @300 V on a 1.3 μm thick film and 48.8 J/cm3 @460 V on a 2.6 μm thick film). 
These values are ~25 times higher than those of the BaTiO3 ceramics and serve as an important benchmark 
for the future development of multilayer ceramic capacitors (MLCCs).

MATERIALS AND METHODS
For the preparation of the platinized Si substrate, a Pt/Ti bilayer bottom electrode was used. The Ti layer, 
with a thickness of ~10 nm, is the adhesion layer to bond with the Si substrate. The deposition process was 
carried out on a (100) Si substrate at 300 °C via dc magnetron sputtering in a pure Ar atmosphere. The 
resulting Pt layer showed a high degree of (111) texture. It is noteworthy that these platinized Si substrates 
are also commercially available for this purpose. The (100) Si substrates (10 mm × 10 mm) and ceramic 
targets of BaTiO3 and LaNiO3 (Φ = 50 mm, t = 5 mm, 99.9% purity) were purchased from the Anhui 
Institute of Optics, Chinese Academy of Science. The Pt and Ti sputtering targets (Φ = 50 mm, t = 3 mm, 
99.99% purity) were purchased from Zhongnuo Advanced Material Technology Co. Limited (Beijing, 
China). The key deposition parameters of the LaNiO3-buffered and unbuffered BaTiO3 film heterostructures 
are summarized in Table 1. Dot-shaped Au top electrodes (Φ = 0.2 mm) were sputtered through a masked 
plate at room temperature for electrical measurements.

The microstructure of the two types of BaTiO3 thin film heterostructures was characterized by using X-ray 
diffraction (XRD) θ-2θ scans in a commercial Rigaku Dmax-rc XRD diffractometer equipped with a Ni-
filtered Cu K radiation source. The surface morphologies were analyzed via atomic force microscopy (AFM) 
on a MicroNano D-5A scanning probe microscope (Shanghai, China). The layer thicknesses and 
nanostructures of the BaTiO3 thin film heterostructures were analyzed via transmission electron microscopy 
(TEM) using a JEM-2010 microscope (JEOL, Japan). The room temperature FE hysteresis loops (P-V) were 
measured at 100 Hz via a commercial MultiferroicTM FE tester (Radiant Technology, USA). The voltage-
dependent capacitance (C-V) curves, from which the relative dielectric permittivity and loss tangent as 
functions of the applied voltage/field were obtained, were measured by using a B1505A impedance analyzer 
(Agilent Technologies, USA) at 5 kHz by applying a small ac signal of 50 mV. The voltage was swept from 
negative maximum to positive maximum and vice versa during the measurements.

RESULTS AND DISCUSSION
Figure 1 shows the XRD θ-2θ scan patterns of the BaTiO3/Pt/Ti/Si [Figure 1A] and BaTiO3/LaNiO3/ Pt/Ti/Si 
[Figure 1B] thin film heterostructures, respectively. It can be clearly seen that while the unbuffered BaTiO3 
film showed a typical polycrystalline structure, the LaNiO3 buffered BaTiO3 film was (001)-textured, as 
reported in our previous publications[13-15]. Furthermore, the degree of crystallinity was significantly 
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Table 1. Magnetron sputtering parameters of BaTiO3 film heterostructures

Structure type BaTiO3/Pt/Ti BaTiO3/LaNiO3/Pt/Ti

Base pressure 2 × 10-4 Pa 2 × 10-4 Pa 

Pt/Ti layer sputtering pressure 0.3 Pa 0.3 Pa

Pt/Ti layer thickness ~150-200 nm

Buffer layer sputtering temperature N/A 500 °C

Buffer layer sputtering atmosphere N/A Ar:O2 (4:1)

Buffer layer sputtering pressure N/A 0.3 Pa

Buffer layer thickness N/A ~100 nm 

BaTiO3 sputtering temperature 500 °C 500 °C 

BaTiO3 sputtering atmosphere Ar:O2 (4:1) Ar:O2 (4:1)

BaTiO3 sputtering pressure 0.3 Pa 1.2 Pa

BaTiO3 deposition rate ~7 nm/min ~10 nm/min

BaTiO3 layer thickness (nm) 435 nm, 845 nm, 1,305 nm, 2,610 nm 510 nm

Cooling atmosphere (pressure) Pure O2 (2.5 Pa) Pure O2 (2.5 Pa)

Figure 1. XRD θ-2θ scan patterns of the thin film heterostructures of (A) BaTiO3/Pt/Ti/Si (with various thicknesses of the BaTiO3 layer) 
and (B) BaTiO3/LaNiO3/Pt/Ti/Si (with a 510 nm thick BaTiO3 layer).

improved in the thicker polycrystalline BaTiO3 film, as evidenced by their stronger and sharper diffraction 
peaks. The preferred crystalline orientation, which was (110) in the 435 nm thick film, changed into (111) in 
the 845 nm and 1,305 nm thick films and finally became (001) in the 2,610 nm thick film. The degree of 
grain (00l)-orientation of unbuffered BaTiO3 film was evaluated using the Lotgering factor F(00l) = 64.7% 
[Figure 1A][16] and compared with those of the standard powder XRD pattern of BaTiO3 (JCPDS 05-0626). 
The growth of BaTiO3 on (111) Pt involves a competition between various factors, including the channeling 
effect[17], interface energy, and surface energy. The dominance of the channeling effect is evident in the 
thinnest film, leading to a preferred orientation of the closest-packed plane of (110) in perovskite. As the 
film thickness increases, the interface energy, primarily influenced by misfit strain energy, becomes more 
significant. This leads to the (111) orientation, which is the best match to the (111) Pt base plane, taking 
over as the preferred crystalline orientation. Lastly, in the thickest film where the residual misfit approached 
zero, (001) crystalline planes with the minimum surface energy emerged as the preferred orientation. On 
the other hand, in the LaNiO3-buffered BaTiO3 film, since the (100)-textured growth of LaNiO3 on Pt[18] has 
been preset, the (001) orientation of the BaTiO3 film satisfies the requirement of minimum energy, which is 
now dominated by the interface/surface energy term. The Lotgering factor F(00l) for buffered BaTiO3 film is 
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Figure 2. AFM surface scan images of (A) the 435 nm thick BaTiO3 film grown on Pt/Ti/Si and (B) the 510 nm thick BaTiO3 film grown 
on LaNiO3/Pt/Ti/Si.

Figure 3. Cross-sectional TEM images of (A) the BaTiO3 (435 nm) /Pt/Ti/Si and (B) the BaTiO3 (510 nm)/LaNiO3/Pt/Ti/Si 
heterostructures.

87% [Figure 1B].

According to the study by Zhang et al., the relative dielectric permittivity of a polycrystalline BaTiO3 film 
deposited on a Pt electrode[19] is expected to be higher than that of the (001)-textured film. Moreover, the 
presence of larger grain sizes in the thicker films warrants an improved dielectric response, which can be 
attributed to extrinsic sources such as domain wall movements[20] and grain re-orientations. Next, we will 
compare their nanostructure characteristics, including grain and interface morphologies, of the 510 nm 
thick buffered and the 435 nm thick unbuffered BaTiO3 film samples to complement the XRD results.

Figure 2A and B displays the surface AFM image of the two films. Both films showed a dense and granular 
surface, with a root mean square roughness (Ra) of 2.868 (A) and 2.007 nm (B), respectively. 
Figure 3A and B presents the cross-sectional TEM image of the two BaTiO3 films. The unbuffered film 
consists of discontinuous columnar nanograins, occasionally displaying twisted or canted orientations. In 
contrast, the bi-layer film of BaTiO3/LaNiO3 constitutes continuous arrays of columnar nanograins that 
extend from the LaNiO3/Pt bottom electrode interface to the surface of the BaTiO3 layer. These 
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Figure 4. High-resolution TEM images near (A) BaTiO3/Pt and (B) BaTiO3/LaNiO3 interfaces in the unbuffered and buffered BaTiO3 
film heterostructures, respectively. Insets are Fast-Fourier-Transformed (FFT) selected area electron diffraction (SAED) patterns of the 
local BaTiO3 film and its underneath LaNiO3 buffer layer.

nanostructures are characteristic of sputtered perovskite/Pt[17] and perovskite/perovskite heterostructures[13].
For the BaTiO3/Pt case, the XRD analysis revealed the competition between multiple crystalline
orientations, leading to a “broken” nanograin morphology with twisted/canted grain variants. In contrast,
the presence of the lattice-matched, (100)-oriented LaNiO3 buffer layer provides local coherency within
each grain nucleus of BaTiO3. This has promoted a (001)-textured, continuous growth of the columnar
nanograins in the LaNiO3/BaTiO3 bi-layer film[13]. From TEM images, the unbuffered and LaNiO3-buffered
BaTiO3 films showed an average grain diameter (in-plane) ~50-60 nm and ~30-40 nm, respectively. These
grain sizes are much larger than those of the low-temperature deposited BaTiO3 films with a superfine
columnar nanograin structure[13-15], which showed a boosted energy storage density at a high field by
sacrificing their relative dielectric permittivity. Therefore, these two types of BaTiO3 films deposited at
500 °C are expected to show an enhanced dielectric response and boosted energy storage performance at
middle-to-low electric fields.

In Figure 4, we present the high-resolution TEM images near the BaTiO3/Pt (A) and BaTiO3/LaNiO3

interfaces in the unbuffered and buffered BaTiO3 film heterostructures, respectively. The BaTiO3/Pt
interface exhibits a clean-cut interface with a narrow boundary layer of ~1-2 nm, indicating a limited degree
of interdiffusion. This is consistent with the medium deposition temperature (@500 °C) and is supported by
an elemental line scan analysis via energy dispersive spectroscopy (EDS) in a Scanning Transmission
Electron Microscope. In Figure 4B, the imaged section of the BaTiO3 film, located inside a single grain,
showed an “atomically smooth” and locally-coherent growth on the underlying LaNiO3 layer. This indicates
a locally coherent or “heteroepitaxial” growth inside the grain. The Fast-Fourier-Transformation of
Figure 4B led to a selected area electron diffraction (SAED) pattern that complements the XRD results. It
not only verifies an out-of-plane (001)BaTiO3//(100)LaNiO3 crystalline correlation but also reveals an in-plane
crystalline correlation of [100]BaTiO3//(010)LaNiO3. Overall, the high-quality surfaces and interfaces, together
with the dense nanograin morphology, will contribute to a high breakdown strength and a large energy
storage density of the BaTiO3 films. Specifically, for the unbuffered BaTiO3 films, since the grain shape is
irregular and preferred grain orientation varies with film thickness, the energy storage density at a given
field will be thickness-dependent. Taking into consideration that the degree of crystallinity, especially the
grain size, increases with the film thickness, we would expect a higher relative dielectric permittivity in a
thicker film, together with a higher energy density at a low electric field. This is due to an enhanced
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“polarizability”, i.e., early saturation of the electric polarization in comparison to that of the low-
temperature deposited BaTiO3 films.

In Figure 5A, we present typical polarization-electric field (P-E) hysteresis loops of the LaNiO3 buffered
BaTiO3 film at successively increasing voltages of 100 V, 120 V, and 160 V. The P-E loops did not show
signs of saturation until under the largest applied voltage of 160 V, at which the applied electric field
approached 314 MV/m and the electric polarization reached ~75 C/cm2. The recyclable energy densities
Wrec as functions of the applied electric field were computed via the integration of the P-E loops

( )[13]. The relative dielectric permittivity , where EdP is the total
stored electric energy under field E, was obtained from monopolar P-E loops (not shown here). Figure 5B
presents the Wrec and εr values of the LaNiO-buffed BaTiO3 along with those of a BaTiO3 ceramic[21]. Under
an applied maximum field of ~314 MV/m, the electric energy density Wrec of the buffered BaTiO3 film
reached ~81 J/cm3, and the relative dielectric permittivity εr ranged between 470 (@low field) and ~215
(@low field). In contrast, the maximum electric energy density Wrec of the BaTiO3 ceramic, which has the
largest reported bulk dielectric strength[21], is only ~1.8 J/cm3. The Wrec-E curves of the two materials overlap
fairly well at low electric fields (< ~50 MV/m), but the corresponding εr-E curves are quite different. In the
BaTiO3 ceramic, εr quickly drops to ~200 at E = 30 MV/m and remains constant as the field increases until it
reaches the breakdown limit of ~90 MV/m. In contrast, in the BaTiO3 film, εr gradually decreases from ~300
at E = 30 MV/m to ~215 at E ~314 MV/m, indicating a much slower saturation of the electric polarization
compared to the bulk BaTiO3. The grain size of BaTiO3 thin films is only several tens of nanometers, which
is much smaller than that of its ceramic counterpart (ranging from a few micrometers to tens of
micrometers). Due to this extremely small grain size, a full polarization alignment in BaTiO3 thin films
becomes very difficult under an intermediate electric field (~10 MV/m). In bulk ceramics, this level of field
is usually sufficient to saturate the electric polarization. However, in the nanoscale grains of the BaTiO3 thin
films, a field level of about one order of magnitude higher (~100 MV/cm) is required to align all accessible
polarization vectors, resulting in a slow electric polarization saturation. The delayed saturation of the
electric polarization enables the absorption of additional electrical energy and greatly extends the electric
breakdown limit. Consequently, our BaTiO3 films exhibit outstanding energy storage capacities under
electric fields of several hundred MV/m.

Furthermore, the unbuffered, randomly oriented BaTiO3 films (on Pt/Ti/Si) showed a distinct energy
storage feature compared to the (001)-textured, LaNiO3-buffered BaTiO3 films. Unlike the latter, which have
shown a thickness-scalable relative dielectric permittivity εr/energy density[13] by maintaining an aspect-ratio
of in-plane diameter/grain length, the randomly oriented films demonstrate an increasing energy density
Wrec and εr at a given low field with the film thickness [Figure 6A and B, Table 2]. These behaviors, as
predicted by the microstructural analyses, can be attributed to the discontinuous columnar nanograin
morphology with mixed crystalline orientations and the growth of these nanograins with the film thickness.
It is worth noting that at a high voltage of 460 V, the 2,610 nm thick film showed a low dielectric loss (< 3%)
and a high electric polarization (> 75 C/cm2). This can be attributed to its large thickness (460 V
corresponding to a low field of ~117 MV/m) and good film quality/robust insulation.

CONCLUSIONS
In summary, the study investigates the energy storage capabilities of BaTiO3 thick films (~0.5 μm to 
~2.6 μm) deposited at 500 °C, with two types of engineered grain structures. The films with a (001)-textured, 
continuous columnar nanograin structure showed a high recyclable energy density Wrec of ~81 J/cm3 at 
E = 314 MV/m. This represents a substantial improvement compared to films of the same type of films 
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Table 2. Energy storage densities of various BaTiO3 film capacitors

BaTiO3 thin film heterostructures 
sputter-deposited on Si Applied voltage (V)/Field (MV/m) Wrec (J/cm3)

Au/BaTiO3 (510 nm)/LaNiO3/Pt/Ti 160/314 81.0

Au/BaTiO3 (435 nm)/Pt/Ti 140/322 57.1

Au/BaTiO3 (845 nm)/Pt/Ti 260/308 50.4

Au/BaTiO3 (1,305 nm)/Pt/Ti 300/231 46.6

Au/BaTiO3 (2,610 nm)/Pt/Ti 460/177 48.8

Figure 5. (A) Typical polarization-electric field hysteresis loops of the LaNiO3 buffered BaTiO3 film (~510 nm) and (B) the 
corresponding energy storage density Wrec and relative dielectric permittivityof the film in (A), as well as those of a BaTiO3 ceramic, 
plotted as functions of the applied electric field.

Figure 6. (A) Typical polarization-electric field (P-E) hysteresis loops of the four unbuffered BaTiO3 films directly deposited on Pt/Ti/Si, 
with thicknesses ranging between 435 nm and 2610 nm; (B) The relative dielectric permittivity and loss tangents as functions of the 
applied voltage for the four films in (A).

prepared at lower temperatures[13-15], making them promising for energy storage under middle-to-low 
electric fields. Meanwhile, films consisting of discontinuous columnar nanograins with mixed crystalline 
orientations showed an improved relative dielectric permittivity and a higher energy storage density at low 
fields, with increasing film thickness. Both types of BaTiO3 films have shown good potential for dielectric 
energy storage applications under middle-to-low electric fields. However, the randomly-oriented films are 
better material candidates in high-voltage applications (several times the commercially used voltage of 
220 V).
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