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Achieving a large field-induced polarization and energy density
in BaTiO; films sputter-deposited on Si at 200 °C via a buffer-
layer technique
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ABSTRACT: Ferroelectric oxide films with a large field-induced (a)
polarization can be used in dielectric capacitors for charge or
energy storage in microelectronic systems and hence have
attracted intense research interest. A high processing
temperature is usually required to produce a well-crystallized
polar phase and hence a large polarization in the film,
corresponding to a high charge or energy density. However, high
processing temperature not only reduces the charge—discharge
efficiency by producing a sizable remnant polarization but is also
incompatible with the integration process. In this study, we
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corresponding to the aforementioned polarization and energy storage performance, not only ensures proper crystallization in the
BaTiO; film, but also leads to an optimal combination of polycrystalline grains with a high dielectric constant. The latter accounts for
the majority of the field-induced polarization. Our results revealed the key role of a buffer layer in tuning the microstructure of a low-
temperature deposited ferroelectric oxide film. Furthermore, the excellent charge/energy storage performance of these 200 °C-
deposited BaTiO; films has provided many opportunities for this simple dielectric in microelectronics.
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component [7] and composite materials [8], as well as devices [9].
The integration of perovskite ferroelectrics on Si was explored
long before the upsurge of research interest in dielectric energy
storage. Non-volatile ferroelectric random-access memory

1 Introduction

Recently, dielectric energy storage using ferroelectric ceramic
capacitors has become a research frontier because of the

combination of high power density, superior thermal stability and
high cycling capability in such electrical devices. Among various
ferroelectric ceramics, perovskite ferroelectrics such as BaTiOs
[1-3] and Pb(Zr,Ti)O; [4-6] have been the most investigated.
This can be attributed to their large ferroelectric polarizations,
high dielectric constants, and a rich knowledge base formed
during previous studies. This knowledge base covers single-

(NVFeRAM) [10-12] and piezoelectric micro-electro-mechanical
system (Piezo-MEMS) [13-15] are two major technological drives
for the development of Si-based perovskite ferroelectric films.
These early integration attempts have revealed that the high
processing temperature, used to achieve good crystallization in the
film, enables the film to display long-range ordered
ferroelectricity, i.e., a parallelogram-shaped polarization—electric
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field (P-E) hysteresis loop. Such a P-E loop is believed to be the
key for realizing the traditional functional properties of a
ferroelectric film, such as data storage [10-12] and piezoelectric
sensing/actuating properties [13—15]. However, with the rapid
development of new applications, including high dielectric
constant (high-k) charge storage capacitors or gate layers [16,17]
and high-density energy storage capacitors [18-23], “reverse
engineering” of the ferroelectric behavior, i.e., the P-E loop, has
gained broad interest among researchers of ferroelectric ceramics
and films. This method aims at creating a large field-induced
polarization while minimizing the remnant polarization,
eventually creating a pseudo-linear P-E loop with a significantly
reduced hysteresis.

With the recent developments in power and energy buffering
systems for microelectronics [24,25] and in integrated charge
storage [16,17] or memory devices [26-28], the call for thin-film
perovskite ferroelectrics with a reversely engineered P-E loop has
arisen among the material scientists in electroceramics. A
trilemma between thermal budget, polarizability, and energy
efficiency has emerged for ferroelectric films (Fig. 1). A low
substrate temperature during deposition is desirable for seamless
integration of ferroelectric films into current and future
microelectronics (preventing the proliferation of thermal defects,
e.g, those due to accelerated inter-diffusion at a high
temperature). However, this low-temperature process inevitably
leads to poor crystallization and weakened polarizability (small
electric polarization and dielectric constant) of the film. On the
other hand, well-crystallized films do show a high polarizability,
but at the same time, the remnant electric polarization, a measure
of how difficult a ferroelectric can be depolarized/discharged by
the withdrawal of an applied electric field, increases with
improved polarizability/crystallinity, leading to a low energy
efficiency of the ferroelectric film capacitor. In this work, we
propose a solution to this trilemma by using a simple prototype
perovskite BaTiOs.

As a lead-free perovskite ferroelectric, eco-friendly barium
titanate BaTiO; (BTO) has gained intensive research attention in
the last few decades because of its excellent dielectric, ferroelectric
and piezoelectric properties [7-9,11,15]. It has been widely used in
electronic and electro-optic film devices, such as capacitors
[9,29,30], sensors [3,31,32], memories [8], and resonators [33,34].
The efforts in lowering the processing temperature of BTO films
dated back to 1996, when Chang et al. [35] sputter-deposited BTO
films on p-Si substrates at 500 °C and studied the performance
and stability of Au/BTO/Si (metal-ferroelectric-semiconductor)
capacitors. Later, in 2002, Law et al. [36] prepared BTO films via
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Fig.1 “Polarizability-thermal budget-energy efficiency” trilemma in

preparation of integratable high energy density ferroelectric film capacitors.
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the sol-gel method, which resulted in a dielectric constant of ~26
at a processing temperature of 300 °C. A year later, Wen et al. [37]
reported a polycrystalline perovskite phase in sol-gel-deposited
BTO films via a hydrothermal process at 200 °C. A dielectric
constant of ~20 was achieved in such films with a thickness of
approximately 500 nm. Nam et al. [38] prepared thick BTO films
via aerosol deposition in 2004, which showed a dielectric constant
of ~140 after being annealed at 300 °C for 2 h. Zhu et al. [39]
prepared BaTiO; films on LaAlOj; substrates via molecular beam
epitaxy (MBE) in 2006, and they discovered a novel approach to
prepare a buffer layer of BTO consisting of 8 monolayers with a
decreasing deposition temperature from 600 to 300 °C. This BTO
buffer layer promotes the growth of crystalline BTO films at
temperatures as low as 280 °C. In 2009, Xu et al. [40] prepared
highly (001)-oriented BTO films via a sol-gel-hydrothermal
process in combination with a buffer layer technique. When the
annealing temperature was set at 400 °C, the BTO film exhibited a
high dielectric constant (g, = 276@E ~ 0) and a small remnant
polarization (P, = 2.5 pC/cm’). However, the field-induced
polarization was also small and saturated at a small electric field
(~10 pC/em’@E = 0.3 MV/cm). These hydrothermally processed
BTO films also showed relatively high dielectric losses due to
residual functional groups.

In our previous investigations, we used industrially scalable
radio frequency (RF) sputtering as the deposition technique, for
the preparation of BTO films with a low thermal budget to be
compatible with the complementary metal oxide semiconductor
(CMOS)-Si process (T < 500 °C) [41-47]. We started with the
deposition of BTO films directly on the platinized Si substrates
[44]. Later, the optimized BTO films with a submicron thickness
grown on Pt/Ti/(100)Si substrates at 500 °C showed a high field-
induced polarization (Pg) of ~40-50 pC/cm’ at ~3 MV/cm, while
1-2 um thick films showed a higher P; of ~55-65 uC/cm’ at
~2 MV/cm [45]. However, owing to their large grain size, the
remnant polarizations of these films are sizable (~10-15 pC/cm’),
and the breakdown fields are not high, leading to mediocre energy
storage densities and low charge-discharge efficiencies (7). On the
other hand, by using a buffer layer of LaNiO; (LNO), which
promoted the (001)-textured growth of BTO, we not only
maintained a high field-induced polarization in BTO films
deposited at 500 °C [45,46] but also increased their breakdown
fields Ey by reducing the average grain size. Consequently, higher
charge and energy storage densities were achieved in these LNO-
buffered BTO films. BTO films deposited at even lower
temperatures (~350-400 °C) with a LNO buffer layer are still well
crystallized with smaller grains, resulting in better overall energy
storage performance (higher E;, smaller P, and higher #)[43,47]. A
record-high capacitive energy density on Si of ~229 J/cm’ with an
energy efficiency of ~69.2% (at 8.75 MV/cm) was achieved in
BTO films deposited on LNO-buffered platinized Si at 350 °C,
with the thicknesses of the BTO and LNO layers being optimized
to achieve a small grain size and a desirable compressive residual
strain [47]. In this case, the field-induced polarization is as high as
~75 uC/em’ at ~8.75 MV/cm. Overall, the sputter-deposited BTO
films are compatible with the CMOS-Si process, with high charge
and energy densities desirable for integrated capacitor
applications.

In this work, we successfully pushed the low-temperature
threshold for deposition of ferroelectric BTO films down to
200 °C, an achievement desirable for the future development of
microelectronics. Furthermore, we demonstrated that the charge
and energy storage performances of BTO films can be optimized
by engineering the buffer layer thickness. The use of a LNO buffer
layer with an intermediate thickness of ~50 nm resulted in a
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large field-induced polarization (~55.8 uC/cm’@4 MV/cm) and a
high energy density and efficiency (W, = 947 J/em’, n =
78.2%@4 MV/cm).

2 Methods and characterizations

BaTiO; films were deposited by using the RF-magnetron
sputtering technique. The vacuum chamber was pumped down to
a base pressure of 2x10* Pa prior to film deposition. Next, a
bottom electrode layer (Pt/Ti), a LaNiO; buffer layer (0, 25, 50,
and 100 nm), and a ferroelectric BaTiO; film (thickness targeted at
300 nm) were consecutively deposited on a SiO,/(100)Si substrate
(length x width x thickness: 10 mm x 10 mm x 0.5 mm) from
corresponding metallic or ceramic targets with a 2-inch diameter.
The platinized Si substrate, ie, Pt/Ti/SiO,/(100)Si, is also
commercially available. The metallic targets were purchased from
Zhongnuo Advanced Material Technology Co., Ltd., China, with
99.99% (4N) purity, while the ceramic targets were provided by
the Anhui Institute of Optics, Chinese Academy of Sciences,
China, with 99.9% (3N) purity. The deposition parameters are
summarized in Table 1. Notably, owing to a reduced substrate
temperature, shorter target-substrate distances were used to
promote nucleation and growth of the ceramic layers. Notably, the
compatibility temperature (highest temperature) of the whole
deposition process is 300 °C, which is the deposition temperature
of Pt/Ti electrode.

The information on phase structures and crystalline
orientations of the thin film heterostructures was collected via
normal X-ray diffraction (XRD) 260-scans and grazing incidence
X-ray diffraction (GIXD) (parallel beam, incidence angle of 0.4°)
20-scans (Rigaku Dmax-2500PC, equipped with a Ni-filtered Cu-
Ka radiation source, Rigaku, Japan). The surface morphology of
the BTO films was analyzed via an atomic force microscope
(AFM; Cypher ES SPM, Oxford Instruments, UK), using an AD-
2.8-SS scanning probe (tip curvature radius r < 5 nm, Adama
Innovations, Ireland). The cross-sectional morphology,
nanostructure, and elemental composition of the BTO/LNO/Pt/Ti
thin film heterostructures were investigated via a transmission

electron microscope (TEM; JEM-2010, JEOL, Japan, equipped
with an energy dispersive spectrometer (EDS)). For electrical
measurements, circular Au top electrodes (with a diameter of
200 pm and a thickness of approximately 100 nm) were sputtered
onto the BTO films at room temperature with the aid of a shadow
mask. The pseudo-static ferroelectric hysteresis (50-5000 Hz) and
polarization fatigue behavior of the BTO films were measured by
using a ferroelectric tester (Precision Premier II, Radiant
Technology, USA). The frequency-dependent dielectric properties
were obtained from small-field capacitance—frequency tests
(e,~fItgd—f) by using a high-precision LCR meter (Quad-Tech
7600 plus, Chroma Systems Solutions, USA).

3 Results and discussion

The XRD and GIXD 26-scan patterns of the BTO/LNO/Pt/Ti thin
film heterostructures deposited on SiO,/(100)Si are displayed in
Fig. 2(a) and 2(b), respectively. BTO films with different
thicknesses of the LNO bulffer layer (0, 25, 50, and 100 nm) were
named BTO/LNO-0, BTO/LNO-25, BTO/LNO-50, and
BTO/LNO-100. Figure 2(a) shows that the BTO/LNO-0 and
BTO/LNO-25 films were poorly crystallized, which can be
attributed to a zero or weak buffering effect with a diminishing
LNO thickness. On the other hand, the BTO/LNO-50 and
BTO/LNO-100 films clearly presented diffraction peaks
corresponding to the perovskite LNO and BTO, indicating
successful buffered growth of crystalline films on platinized Si.

To better analyze the crystalline orientations and estimate the
relative volume fractions of the grains in the crystalline phase,
GIXD 26-scans were carried out in a 20 range between 25° and
50°, which revealed the existence of (110)-, (111)- and (002)-
oriented grains in all the films. Fittings of these diffraction peaks
were carried out using the Lorentzian function. Furthermore,
the volume fraction of grains with a certain crystalline orientation
was estimated by using its orientation degree [48], ie., the
areal integral of its fitted peak weighted over the sum of areal
integrals of the fitted peaks for all grains. For example, the
volume fraction of the (002) grains is estimated according to

Table1 Sputter-deposition parameters of BTO/LNO/Pt/Ti thin film heterostructures

Layer Ti Pt LNO BTO
Deposition temperature (°C) 300 300 200 200
Deposition atmosphere (mL/min) Ar, 39 Ar, 39 Ar, 60; O,, 15 Ar, 60; O,, 15
Target-substrate distance (cm) 5 5 4.5 4
Deposition power (W) 55 55 100 100
Deposition time (min) 5 15 0, 5,10, 20 80
Deposition pressure (Pa) 0.3 0.3 0.3 1.2

20 40 60
20 (°)

Fig.2 (a) XRD and (b) GIXD 26-scan patterns of BaTiO; films deposited at 200 °C with different thicknesses of the LaNiO; buffer layer.
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G002y = Loory/(Tcoozy + Iy + Iomy).  The  estimated volume
fractions of the (002), (110), and (111) grains in the crystalline
phase are listed in Table 2 for the four BTO films. As the LNO
thickness was increased, the dominant grain orientation(s)
evolved from (110) and (111) in BTO/LNO-0 to (111) in
BTO/LNO-25 and BTO/LNO-50 and finally to (002) in
BTO/LNO-100.

This orientation evolution can be attributed to the competing
effects between a buffering (111) Pt electrode, which promotes
(111) BTO grain growth [44], and a buffering (100)-textured LNO
layer, which promotes the (001) BTO grain growth [43,45-47],
and lastly the natural tendency of BTO grain growth along its
most densely packed plane [44], ie., (110) for perovskite films.
The dielectric properties of the BTO films, therefore, are highly
dependent on the thickness of the LNO layer. This is due not only
to improved crystallinity with an increasing buffer layer thickness,
but also to the orientation-dependent ferroelectric polarization
and dielectric constant. Although showing a lower ferroelectric
polarization in tetragonal BaTiO; than in the (001) polar
orientation, the non-polar orientations of (111) and (110) have
shown much higher dielectric constants than that of the (001)
orientation [49], making it possible to optimize the overall
polarization response with both ferroelectric and linear dielectric
contributions [50]. Notably, except for the BTO/LNO-100 film, all
the other films showed a dominant grain population in non-polar
orientations, ie., 70%-80% of their grains are (111)/(110).
However, the overall polarization response also depends on the

degree of crystallinity, which will be re-evaluated via TEM
analyses.

The cross-sectional film morphology and nanostructures of the
BTO films were analyzed via TEM. Representative low-resolution
cross-sectional TEM images of the three LNO-buffered BTO films
are displayed in Figs. 3(a)-3(c). First, all the BTO films showed a
dense columnar nanograin morphology, which was induced by
the underlying LNO buffer layer, as can be visualized by their inter-
connected grains (especially in Fig. 3(c)). The thicker the LNO
buffer layer is, the denser the BTO nanograins are packed, i.e., the
crystallinity of the BTO film improves with an increasing LNO
layer thickness. Notably, these BTO nanograins did not follow a
continuous growth pattern, as reported previously for those
grown at 350 °C or a higher temperature [43]. This is due to a
greater degree of “undercooling” (the temperature difference
between the substrate and vapor phase) [43], which has led to
repeated nucleation throughout the film growth process, resulting
in a tilted and broken columnar nanograin morphology. The
clean-cut interfaces between BTO and LNO, as well as those
between LNO and Pt/Ti, Pt/Ti and SiO,, indicate smooth and
uniform growth of these thin film heterostructures. The thickness
(~150 nm) and grain morphology of the Pt electrode layer are
approximately the same for the three thin film heterostructures, so
are the thicknesses of the BTO films (~300+50 nm). Therefore,
the crystalline nanostructures of the BTO films are determined
mostly by the LNO buffer layer. In Figs. 3(a)-3(c), an initial
amorphous LNO layer of ~10 nm thickness was observed in all

Fig.3 Cross-sectional (a—c) low-resolution and (d-f) high-resolution (taken from (a-c) and marked by red boxes) TEM images of (a, d) BTO/LNO-25,
(b, ¢) BTO/LNO-50, and (c, f) BTO/LNO-100 bi-layer films grown on Pt/Ti/SiO,/(100)Si. The insets in (d-f) and (g-i) are FFT-SAED patterns taken from near
BTO/LNO interface (insets in (d-f)) and film surface ((g-i) marked by yellow boxes in (a~c)). The zone axis is [110] for (d-i) all ED patterns. Subscripts L and B denote

LNO and BTO, respectively.

747wt | Sci@pen

Tsinghua University Press

J Adv Ceram 2025, 14(3): 9221038



Achieving a large field-induced polarization and energy density in BaTiOj films sputter-deposited on Siat 200 °C viaa ...

three thin film heterostructures (its interface with the crystalline
LNO region is marked by a white dashed line). This is consistent
with the low substrate temperature at 200 °C. Such an amorphous
layer will deter the consequent nucleation and growth of
perovskite BTO grains [51], and its effect strengthens with a
reducing total thickness of LNO.

As shown in Figs. 3(d)-3(f), high-resolution TEM (HRTEM)
images were taken from the interfacial regions of BTO/LNO-25,
BTO/LNO-50 and BTO/LNO-100 bi-layer films (marked by red
boxes in Figs. 3(a)-3(c)), respectively. The improved crystallinity
of the bi-layer film with an increasing LNO thickness can be
clearly observed from these HRTEM images. As shown in
Fig. 3(d), the lattice fringes in both LNO and BTO layers are
discontinuous and surrounded by an amorphous matrix,
indicating a low degree of crystallinity in BTO/LNO-25. The
SAED patterns taken from the two layers display the coexistence
of a non-crystalline phase (diffused ring pattern) and a textured
perovskite phase of (100);no and (001)gro The growth
relationship is (100);x0//(001)gro with [100];50//[001]ro and
[011];50//[110] 510, which is as expected because of the close lattice
matching between the two perovskite oxides. As the thickness of
the LNO layer was increased to 50 and 100 nm, the lattice fringes
became continuous and dominant in the HRTEM images as
shown in Fig. 3(e) and 3(f), indicating a high degree of
crystallization. The SAED patterns for LNO and BTO layers
displayed dominant textured perovskite phases of (100);yo and
(001)gro, with the same growth relationship as that shown in
Fig. 3(d). In addition, there was a minority population of non-
crystalline phases in both layers, as revealed by the diffused ring
patterns superimposed on the diffraction patterns of (100); 5o and
(001)gro. The amorphous phase almost disappeared in the
BTO/LNO-100 heterojunction, as evidenced by the weak diffused
ring patterns in Fig. 3(f). These observations clearly indicate a
(100) texture in the LNO buffer layer, which promoted a (001)

9221038-5

textured growth in the BTO film near the BTO/LNO interface.
The degree of crystallinity was improved with an increasing LNO
thickness, and the BTO/LNO-50 and BTO/LNO-100 films were
well crystallized.

Figures 3(g)-3(i) display fast-Fourier transformed selected area
electron diffraction (FFT-SAED) patterns for the local BTO film
away from the BTO/LNO interface in the BTO/LNO-25,
BTO/LNO-50 and BTO/LNO-100 films, respectively. The
BTO/LNO-25 film exhibited superimposed diffraction patterns
consisting of weak (002)zro along the film normal and strong
diffraction rings of (110) and (111), indicating its inclusion of all
three major grains and the dominance of the latter two. Moreover,
the BTO/LNO-50 film showed strong diffraction ring patterns of
(110) and (111), supplemented by an enhanced (002)grq along the
film normal. Finally, the BTO/LNO-100 film displayed a
dominant (002)gro ED pattern along the film normal (Fig. 3(i)),
together with weak diffraction rings of (110) and (111). These
observations are consistent with the results of GIXD analysis
(Table 2). Overall, the BTO/LNO-50 and BTO/LNO-100 films
displayed considerably higher levels of crystallinity, which is
evidenced by the presence of brighter and sharper diffraction
spots and rings in their respective SAED patterns.

EDS analysis was carried out to investigate the elemental

Table2 Estimated volume fractions of (002), (110), and (111) grains in the
crystalline phase of the BaTiO; films with different thicknesses of the LaNiO;
buffer layer

Orientation\film BTO/ BTO/ BTO/ BTO/
LNO-0 LNO-25 LNO-50 LNO-100

110 0.389 0.287 0.266 0.154

111 0.402 0.498 0.438 0.379

002 0.209 0.215 0.296 0.467

Fig.4 (a) Low-magnification cross-sectional TEM image of BTO/LNO-50 film and (b-g) EDS elemental plane-scan profiles; (h) EDS elemental composition analysis.
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composition of the BTO thin film heterostructures. Figures 4(b)-
4(g) show the EDS elemental scan profiles of BTO/LNO-50 film
on its cross-sectional plane (Fig. 4(a)), while Fig. 4(h) gives the
elemental compositions. A chemically stoichiometric BaTiO; film
was revealed, and the cross-sectional elemental scan profiles
correlated well with the layered structure (the cap layer used for
FIB preparation of the TEM sample was Pt). There was no severe
interdiffusion of the constituent elements, which is an advantage
of low-temperature processing [47]. Notably, Ba and Ti elements
have very close EDS peaks, and in this case, the Ba “footprints” in
the bottom half of Fig. 4(e) are actually from Ti (Fig. 4(f)).

The surface morphology of the LNO-buffered BTO films was
investigated via AFM, and the results are shown in Fig. 5. A
smooth surface with a fine-grained morphology was observed for
all the films. The root-mean-square surface roughness values were
1.39, 1.96, and 1.93 nm for BTO/LNO-25, BTO/LNO-50, and
BTO/LNO-100 films, respectively. Furthermore, the average
surface grain size of the BTO films increased with an increasing
buffer layer thickness, which was approximately 20.56, 28.72, and
30.15 nm for the three BTO films, respectively. These results are
consistent with the estimated grain sizes from the TEM images
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(Figs. 3(a)-3(c)). The insets of Figs. 5(a)-5(c) present statistical
analyses of the surface grain size, which were obtained by using
the Nano Measurer™ software (Fudan University, China).

The polarization—electric field (P-E) hysteresis loops of these
BTO films were measured at 1 kHz with an increasing maximum
electric field until the P-E loop became leakage-dominant. The
P-E loops are shown in Fig. 6, and the insets are the
corresponding half P-E loops, which are used to simulate the
charge-discharge process and evaluate the energy storage
performance. Both the remnant (P) and field-induced
polarization (P;) increased as the LNO thickness was increased
from 0 to 50 nm. The BTO/LNO-0 film showed an unsaturated,
pseudo-linear P-E loop with the smallest P, (~1.0 uC/cm?) and P
(~144 pC/em’) at E,, = 4 MV/cm, indicating a weak or zero
ferroelectricity. This is consistent with its poor crystallinity, as
revealed by the XRD analysis (Fig. 2(a)). On the other hand, when
the LNO layer thickness was increased to 25 and 50 nm, P,/P;
increased and reached 3.8/32.4 and 5.9/55.8 pC/cny’, respectively,
under the same maximum electric field (E,,, = 4 MV/cm). The
P-E loops now became typical ferroelectric ones, showing a
saturation trend of the polarization at the high-field end. These
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Fig.5 (a—c) AFM surface scan images of BTO/LNO-25, BTO/LNO-50 and BTO/LNO-100 films, respectively, where the insets are the grain size distribution charts.
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behaviors are consistent with the improved crystallinity of BTO
films as a LNO buffer layer was added. However, a further
increase in the LNO thickness of the BTO/LNO-100 film not only
reduced its dielectric strength E, (from 4 to 2.8 MV/cm), but also
decreased the field-induced polarization Py compared with that of
the BTO/LNO-50 film under the same electric field. This decrease
in performance can be attributed to a change in the grain
population, ie., an increase in the (002) grain population at the
cost of high dielectric constant grains of (110) and (111) [49].
While the reduced E, in the BTO/LNO-100 film can be attributed
to an early polarization saturation (Fig. 6(d)) due to a high degree
of crystallization, as well as its larger and non-uniform grains
(Fig. 5(c)), the energy storage performance needs to be further
analyzed.

As shown in Fig. 7(a) and Table 3, we separated out the
ferroelectric (P, W) and linear dielectric (Py, W) contributions
to the charge and energy storage performances by analyzing the
half P-E loops of BTO/LNO-50 and BTO/LNO-100 at the same
E, o (~2.2 MV/cm). The maximum polarizations (P,,,) of the two
films were 37.8 and 30.5 pC/cm’* while their remnant polarizations
(P) were 26 and 28 pC/cm’, leading to field-induced
polarizations (Pg) of 35.2 uC/cm? (BTO/LNO-50) and 27.7 uC/cm’
(BTO/LNO-100) (P = Py — P,). The 7.5 pC/cm’ increase in Py of
the BTO/LNO-50 film came from its large (linear) dielectric
contribution Py (Py = Py + Py, Py = Pyux — Py), which shows an

max

improvement of ~10.7 uC/cm’ over that of the BTO/LNO-100
film (22.9 vs. 12.2 pC/eny’).

This advantage in the dielectric contribution overcompensated
for its small disadvantage in the field-induced ferroelectric
polarization P, (P, = Ps — P,), which is ~3.2 uC/cm* smaller than
that of the BTO/LNO-100 film (12.3 vs. 15.5 pC/cmy’). Notably,
the spontaneous polarizations Ps of the two films were obtained
by extrapolating their P-E curves near saturation to the zero field,
as shown in Fig. 7(a). The energy storage densities of the two films
at 2.2 MV/cm, including the total recyclable energy density W,
(due to Pj) and its two components Wy, (due to Pg,) and Wy (due
to Py), followed the same trend as their corresponding
polarizations. The BTO/LNO-50 film showed a recyclable energy
density due to the linear dielectric response, ie, Wy
approximately twice as large as that of the BTO/LNO-100 film
(27.5 vs. 14.0 J/cm’), while for the ferroelectric component of W,
(Wr), the two films had a closely matched performance (13.1 vs.
14.9 J/cm’), with the latter slightly leading the way. From the
above analysis, it can be concluded that the optimal charge and
energy storage performances of the BTO/LNO-50 film are due to
its large linear dielectric response, which is correlated with its
grain population. Although having led to an enhanced
ferroelectric contribution to the recyclable charge/energy density,
the improved ferroelectricity in the (001)-dominant BTO/LNO-
100 film resulted in early saturation of the ferroelectric
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Fig.7 (a) Polarization—electric field (P-E) hysteresis loops of BTO/LNO-50 and BTO/LNO-100 films, (b) P-E loops and associated capacitive energy densities and
efficiencies, (c) dielectric constants, and (d) dielectric loss tangents as functions of the measuring frequency for the four BTO films.

Table3 Polarizations and energy densities of BTO/LNO-50 and BTO/LNO-100 films at 2.2 MV/cm

Film P, Ppw P, Pi(=Pp—P) P (=P,—P,) Py(=Pnyx—P) W, (duetoP;) Wi (duetoP,) Wy (dueto Py)
BTO/LNO-50 26 378 14.9 35.2 12.3 22.9 40.6 13.1 27.5
BTO/LNO-100 2.8 30.5 18.3 27.7 15.5 12.2 28.9 14.9 14.0
Note: the units for polarization charges (P) and energy densities (W) are uC/cm’ and J/cm’, respectively.
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polarization and hence a lower breakdown field. More
importantly, its lack of high dielectric constant grains has led to a
reduced linear dielectric response and hence small dielectric
contributions to the field-induced polarization charge (Py) and
recyclable energy density (Wg). This is the main reason for its
mediocre charge and energy storage performances, as detailed in
Table 3.

As shown in Fig. 7(b), we put the half P-E loops of the four
BTO films side by side, all at their corresponding maximum
applicable fields. The recyclable energy storage density (W, )
peaked at a LNO thickness of 50 nm (~94.7 J/cm’), while the
energy efficiency slightly decreased with an increasing LNO
thickness. The BTO/LNO-100 film, with a smaller maximum
applicable electric field at ~2.8 MV/cm, not only presented a
mediocre W, of ~42.2 J/cm’ but also the lowest energy efficiency
1 at ~76.9%. On the other hand, the BTO/LNO-50 film showed
the highest W, together with a decent # of 78.2% under a large
electric field of 4 MV/cm. Notably, such energy efficiency is
among the highest reported for undoped BaTiO; films [43,46,47].
The dielectric constants (¢,) and loss tangents (tgd) as functions of
the measuring frequency (f) of the four BTO films are displayed in
Figs. 7(c) and 7(d), respectively. Similar to the polarization
performance in Fig. 7(b), ¢ increased with an increasing LNO
thickness until the latter reached 50 nm. At 1 kHz, ¢ was
approximately 64 for BTO/LNO-0 and ~85 for BTO/LNO-25 and
then reached a maximum at ~164 for BTO/LNO-50. A further
increase in LNO thickness resulted in a reduced ¢, (~124) in
BTO/LNO-100. These observations are consistent with the P-E
results shown in Figs. 6, 7(a), and 7(b). Moreover, all the BTO
films showed weak frequency dependence in their dielectric
constants in the measuring frequency range of [1 kHz, 1 MHz],
indicating insignificant polarization relaxations associated with the
interface and bulk charge carriers [44]. Such ¢~f curves have been
observed in our low-temperature-sputtered ferroelectric oxide
films [42,43,46], which contain a much reduced amount of
thermally induced charged defects. Similarly, the dielectric losses
of the BTO films are relatively low and flat with varying
frequencies except near the high-frequency end. For example, the
BTO/LNO-50 film has a tgd of ~0.037 at 1 kHz, which increases
to 0.046 at 100 kHz and finally to ~0.083 at 1 MHz. Thus, a large
dielectric constant (comparable to those (001)-textured BTO films
deposited at temperatures 150 to 200 °C higher [42,43,45,47,52])
and a low dielectric loss of the BTO/LNO-50 films, have ensured
their excellent charge and energy storage performances with a
good reliability against common capacitor failure modes (self-
heating, thermal runaway, etc.) [53,54]. Finally, the electrical
properties in Fig. 7 are well correlated with the results of the

structural analyses in Fig. 2 through Fig. 5. To achieve optimal
energy and charge storage performances in polycrystalline
ferroelectric films, it is critical to find a delicate balance between
crystallinity and grain orientation. Specifically, predeposition of a
buffer layer promoted the growth of a crystalline BTO film at a
low substrate temperature. However, too thick a buffer layer will
lead to a high degree of crystallinity with a dominant (001)
orientation, which not only results in an improved ferroelectricity
with an early polarization saturation and dielectric breakdown,
but also leads to a significantly reduced dielectric constant. Both of
these consequences deteriorate the energy and charge storage
performances of the film.

The frequency-dependent P-E loops of the BTO/LNO-50 film,
measured at half of its maximum applicable electric field
(2 MV/cm), are presented in Fig. 8(a) in the frequency range of
50-5000 Hz. Both the maximum (P,,) and remnant
polarizations (P,) increase with a decreasing measuring frequency,
as is expected for the collection of polarization charges over an
extended time period. Consequently, both the field-induced
polarization (Pg) and the recyclable energy density (W) showed
very small variations when changing the measuring frequency
(inset of Fig. 8(a)). This observation reveals the good frequency
stability of the charge/energy storage performance of the
BTO/LNO-50 film. Moreover, the electric field cycling stability,
i, fatigue resistance, of the BTO/LNO-50 film was investigated,
and the results are shown in Fig. 8(b). After up to 10° times of bi-
polar switching using an alternating current (AC) square wave of
500 kHz and a 2 MV/cm amplitude, the 1 kHz P-E loops
measured after different cycling counts (1, 10°, 107, 10% and 10°)
showed negligible differences, indicating an outstanding fatigue
resistance. This finding is consistent with previous reports using a
LNO buffer layer/buffered electrode [46,55].

Finally, Table 4 compares the dielectric energy storage
performance of our polycrystalline BaTiO; films with those of the
leading BaTiO; dielectric films [43,45-47,49,56—58]. In addition
to the lowest processing temperature of 200 °C, our BTO film
capacitors exhibit a strong overall performance including a large
field-induced polarization (P;, 55.8 uC/cmy’), a large recyclable
energy density (W, 94.7 J/cm®), and a high energy efficiency
(77, 78.2%), all at a large fixed electric field of 4 MV/cm.

4 Conclusions

In summary, polycrystalline BaTiO; films were successfully
sputter-grown on platinized Si (Pt/Ti/SiO,/(100) Si) via a buffer
layer technique at a low substrate temperature of 200 °C. Our
results reveal the importance of the buffer layer thickness on the
charge and energy storage performances of low-temperature
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Fig.8 P-E hysteresis loops of BTO/LNO-50 film measured (a) at different frequencies and (b) after different numbers of electrical cycles. The inset in (a) shows
frequency dependence of field-induced polarization (P ) and recyclable energy density (W,.).
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Table4 Comparison with leading BaTiO; dielectric films for capacitive energy
storage in terms of processing temperature, field-induced polarization (Py),

recyclable energy density (W), and energy efficiency (1)

Deposition Megsuring p w

tempoerature electric field, E (uC /é‘mz) g /C;;;) n Ref.
(°C) (MV/cm)
700 2.6" 31.7 35.4 71.0% [56]
650 2.6" 25.5 28.6 76.0% [57]
500 2 24.8 33.8 61.0% [58]
500 3.14" 62.6 81.0 69.6% [45]
500 4 78.5 132.8 65.5% [46]
400 4 30.8 56.7 92.2% [50]
350 4 36.6 63.9 79.5% [43]
350 4 47.6 82.1 86.3% [47]
200 4 55.8 94.7 78.2%  This work

Note: “ These electric fields are the maximum ones reported for the correspond-
ing films.

deposited ferroelectric films. A large field-induced polarization
(~55.8 pC/cm’@4 MV/cm) and an excellent energy storage
performance (W, = 94.7 J/em’, = 782%@4 MV/cm) were
achieved in the BaTiO; films with an optimized thickness of the
buffer layer LaNiO; (~50 nm). Proper crystallization with a small
grain size, together with a grain population dominated by highly
polarizable (111) and (110) grains, are the key factors for the
charge/energy storage performances of the BTO/LNO-50 film.
This work provides an integration-friendly sputter-deposition
route (200 °C for the ferroelectric film and 300 °C for the entire
process, including Pt/Ti deposition) for the growth of high-quality
BaTiO; films on Si, which is a promising material candidate for a
variety of microelectronic technologies, especially those aimed at
energy buffering, charge or energy storage and supply. The
strategy we proposed in this work also applies to other dielectrics
for integrated applications.
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