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A B S T R A C T   

Lead-free ferroelectric sol-gel thin films derived from barium strontium titanate (Ba0.85Sr0.15Zr0.1Ti0.9O3, BSZT) 
were deposited onto two types of electrode: (i) noble metallic Pt- and (ii) conductive oxides LaNiO3- and SrRuO3- 
coated silicon substrates. The present studies demonstrate that electrode materials impact significantly on 
morphology, crystallographic orientation, lattice mismatch-induced microstrains and electrical properties of 
BSZT thin films. Highly (100)-textured BSZT thin films with the highest crystallinity and lowest microstrain were 
found on conductive oxide electrodes, whereas Pt electrodes showed polycrystalline. Capacitors with oxide 
LaNiO3 electrode display predominated Schottky emission with a rather low leakage current density ~4.68 ×
10− 8 A/cm2, while Pt electrode capacitors indicate space-charge limited conduction. Dielectric characterizations 
in the frequency range of 103–5 × 106 Hz and the dc electric field up to ±800 kV/cm show that the permittivity, 
loss tangent, and tunability of BSZT films also strongly depend on the electrode materials used. The optimal 
dielectric tunability with a large figure of merit (FOM ≈ 22.53) and low dielectric loss (tanδ ≈ 2.9%), was found 
to be 66% for BSZT thin films on the conductive LaNiO3 electrode, suggesting that the as-deposited ferroelectric 
films are promising candidates for applications in tunable microwave elements and related electronic devices.   

1. Introduction 

The current trend in minimizing size of electronic devices has spur-
red the research and development of nanostructured materials. 
Perovskite-structured ferroelectrics have drawn much attention owing 
to their excellent piezoelectric and ferroelectric properties, such as large 
remnant polarization and relative permittivity, and, especially, very low 
dielectric loss. Such variety has made them suitable for numerous 
commercialized and advanced applications in electronic devices, 
including microwave tunable phase shifter, field-dependent capacitor, 
high-frequency filter, and oscillators which are the key components in 
high-Q resonator antenna for communications and radar systems [1–6]. 

Among many ferroelectric materials, environment-friendly barium- 
strontium titanate ((Ba1-x Srx)TiO3, BST) and barium zirconate-titanate 
(Ba(Ti1-yZry)O3, BZT) thin films are two of the most important mate-
rials for tunable microwave components, owing to their highly non- 
linear dielectric responses to external bias voltages. In order to apply 
these materials in practical devices, however, electrical properties, 

including low leakage current, high dielectric tunability, low dielectric 
loss tangent, and long life-time in the operation frequency and tem-
perature ranges, are critical issues from the reliability point of view [7]. 
Many efforts now focus on improving the dielectric characteristics of 
these thin films. In BST, temperature stability and dielectric properties 
can be tailored by adjusting Ba/Sr concentration gradients [8,9], 
annealing processes [10,11], using buffer layers [12,13], and altering 
the film crystallographic structure [14]. Furthermore, doping with 
various oxides, such as MgO, Al2O3, and other multivalent metals (e.g. 
Sn, Fe and Mn), which typically sit in the B-sites of the octahedral 
perovskite structure, replacing the Ti4+ ion, can also reduce dielectric 
loss and modify the dielectric constants [15–17]. Because of the charge 
difference, the above-mentioned acceptor-type dopants improve the 
insulating properties of BST films and can hinder the reduction of Ti4+ to 
Ti3+ by neutralizing electrons released from oxygen vacancies. For BZT 
film, titanium atoms are partially replaced by zirconium. Because Zr4+ is 
better chemical stability than Ti4+, thus, the substitution of Zr4+ also 
gives rise to conduction suppression, induced by electronic hopping 
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between Ti4+ and Ti3+ [18]. 
Either mixing conventional BST and BZT or concurrently doping Sr2+

and Zr4+ into the Ba2+ and Ti4+ sites of BaTiO3 leads to the formation of 
a complex four-component (Ba1-x, Srx)(Zry, Ti1-y)O3 system. This system 
is a feasible strategy for tuning structural modifications and, therefore 
more flexible in property optimization because of the structural simi-
larity to the high performance (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 
ceramic system at around the morphotropic phase boundary (x = 0.5) 
[19]. Until now, a number of works on ((Ba1-x, Srx)(Zry, Ti1-y)O3, BSZT) 
thin films with various compositions have been reported [20–25]. 
However, most attention has concentrated on the influence of deposition 
condition and Ba/Sr or Zr/Ti ratio composition on BSZT thin film 
properties. So far, the influence of different electrode materials on the 
behavior of leakage current as well as dielectric tunable characteristics 
of BSZT films are not yet well studied. Since the presence of any im-
perfections, for instance, the formation of dead layers or electronic 
trapping states at or near the ferroelectric film and the electrode inter-
face strongly affects the electrical properties of the capacitors, then the 
working performance of the device [26]. Hence, an requirement for the 
choice of electrode material for the capacitor obiviously become a 
critical issue. Electrode materials must be highly conductive and simu-
taneouly, well compatible with ferroelectric and the existing semi-
conducting & integrated circuit technology. Finding a suitable electrode 
material for ferroelectric capacitors will reduce lattice mismatch and 
instability due to the work function difference at the interface, then, an 
improvement in their electrical properties can be expected. Wang et al. 
reported that ultilizing conducting oxide La0.5Sr0.5CoO3 layers for both 
top and bottom electrodes in combination with optimizing the fabrica-
tion process, it is possible to fabricate epitaxial ferroelectric lead-based 
PbZr0.56Ti0.44O3 thin films, with significantly enhanced life-time and 
piezoelectric properties [50]. 

In the present study, we aim towards the fabrication of BSZT thin 
films via a cost efficient sol-gel technique on various electrode materials 
including metal Pt and conductive oxide LaNiO3 (LNO) & SrRuO3 (SRO) 
coated Si substrates. The microstructures of BSZT films fabricated onto 
different types of electrodes were examined, and the choice of electrode 
was found to strongly influence the electric properties, such as con-
duction mechanism, dielectric constants, loss tangent, and tenability. 
The results provide a helpful reference for studying microstructures 
based on barium titanate thin films via the sol gel process, and offer 
useful guidance toward optimizing BSZT thin film properties as well. 

2. Materials and methods 

Precursors for the sol preparation were selected from acetate salts 
and alkoxides including (Ba(CH3COO)2, p. a 99%, Merck), (Sr 
(CH3COO)2, 99.95%, Sigma Aldrich), zirconium(IV)-propoxide (Zr 
(OCH2CH2CH3)4, 70% in 1-propanol, Merck), and titanium(IV)- 
isopropoxide (Ti(OCH3(CH3)2)4, 98%, Merck). Glacial acetic acid 
(CH3COOH) and 2-methoxyethanol (CH3OCH2CH2OH, 2-MOE) were 
used as solvent, while formamide (NH2CHO) and acetylacetone 
(CH3COCH2COCH3) were chosen as additives to stabilize the precursor 
solution. Ba(CH3COO)2 and Sr(CH3COO)2 were weighted to a pre-
determined mol ratio, Ba/Sr ≈ 85/15. This solid mixture was then dis-
solved completely in acetic acid under heating at 100 ◦C for at least 3 h 
with constant stirring. Zr- and Ti-propoxides were also mixed with a 
predetermined molar ratio, Zr/Ti ≈ 10/90, and, then, diluted by 2-MOE 
in a separate double-necked flask. The two precursors were cooled down 
to room temperature, and then, mixed together. Acetylacetone and 
formamide were added to stabilize and increase the viscosity of the 
solution, as well as avoid further film cracking. The resultant solution 
was refluxed at 80 ◦C for 5 h. The final concentration of the solution was 
obtained about 0.25 M. 

BSZT thin films were fabricated onto Pt-, LNO-, and SRO- coated 
silicon substrates (Ti/SiO2/Si(100)) using spin coating process at 4000 
rpm for 30 s. Each spin-coated thin film layer was heated by a four-step 

heat treatment using a programmable tube furnace (TF55030C, Lind-
berg/Blue M). First, it was set at 150 ◦C for 5 min in order to dry the gel 
and, then, pyrolyzing at 450 ◦C for 15 min to remove organic com-
pounds. Lastly, BSZT films were sintered at 650 ◦C (with a flow rate of 
~10 

◦

C/min) for 30 min. In order to prevent film cracking, an extra 
annealing step was carried out at 550 ◦C prior to the final sintering at 
650 ◦C. This extra heating step is proved to effectively get rid of the 
cracking phenomena, due to the abrupt shrinkage of the films prepared 
by the sol gel method at elevated temperature. By repeating the coating 
and heat treatment procedures from 6 to 10 times, the final film thick-
ness can be obtained about 200–400 nm. 

Pt, LNO, and SRO bottom electrodes were the same thicknesses of 
approximately 120 nm and prepared under the same conditions by 
pulsed laser deposition [27]. Before spin-coating the BSZT thin films, 
Pt-, LNO-, and SRO-coated Si substrates were pre-annealed around 
700 ◦C in 15 min for promoting grain growth. 

Crystal structures of the BSZT films were studied by X-ray diffraction 
(XRD; BRUKER-D8). The thickness and surface morphology of the BSZT 
thin films on different substrates were evaluated by scanning electron 
microscopy (SEM; HELIOS 650, FIB-SEM, USA). For measuring electrical 
properties, Pt top electrodes (~100 nm thick) with 0.01, 0.0225, and 
0.04 mm2 in areas were patterned using a traditional photo-lithography 
technology. The leakage current (I–V) and capacitance (C–V) measure-
ments were investigated via a four-probe station and Keithley 4200SCS. 
The maximum internal dc bias voltage for I–V and C–V measurements 
are ±20 and ± 30 V, respectively. 

3. Results and discussion 

3.1. Crystalline structures 

The XRD patterns of BSZT thin films coated on various electrodes, 
and the corresponding powder one fabricated from the same precursor 

Fig. 1. XRD patterns of (a) BSZT thin films and (b) corresponding sol- 
gel powders. 

P.T.M. Nguyen et al.                                                                                                                                                                                                                           



Ceramics International 47 (2021) 23214–23221

23216

solution are displayed in Fig. 1. No impurities or secondary phases were 
detected from the XRD datas, which reveals that BSZT thin films and 
powder formed a single perovskite phase. The BSZT thin films present 
four well-defined diffraction planes, marked as the (100), (110), (200), 
and (211) of tetragonal perovskite structures with space group of Pmm4 
according to analysis of the Synchrotron X-ray diffraction (SXRD) datas 
from the BSZT powder (see supporting information, SI, Figs. S1 and S2). 
The various intensity of the XRD peaks in BSZT films indicates that the 
crystallization of the samples was strongly affected by the electrode 
materials, and the film on LNO shows the best crystallinity. Approximate 
crystal size of the BSZT thin films can be calculated from the XRD data 
using the Debye-Scherrer formula, as given in equation. (1). 

d =
K λ

βcosθ
(1) 

Microstrain (εmicrostrain) existed in the BSZT films is estimated using 
equation (2) as follows [28]: 

εmicrostrain =
βcosθ

4
(2)  

where β is the full width at half maximum (FWHM) of (110) or (100) 
diffraction peaks in radians, θ is the Bragg angle, λ is 1.54 Å (the 
wavelength of CuKα) and Kis Scherrer constant assumed to be 1. The 
calculated datas for crystallite sizes and microstrains of the BSZT films 
on three electrodes are listed in Table 1. Crystallite sizes for BSZT films 
on Pt and SRO electrodes are rather similar (25.18 and 23.11 nm) and 
smaller than that of the film on LNO (29.54 nm). This result implies that 
improving crystallinity leads to increased crystallite sizes of the thin film 
samples. As a consequence, the obtained microstrains for BSZT films on 
Pt, LNO, and SRO electrodes are 1.53 × 10− 3, 1.31 × 10− 3, and 1.67 ×
10− 3, respectively. These values indicate that increasing crystallite size 
and crystallinity, thereby, decreasing the number of grain boundaries 
per unit volume, resulting in decreased microstrain in the BSZT thin 
films. As expected, the microstrain of BSZT film on LNO is the lowest, 
which implies lower defect concentration. 

Furthermore, we examined the preferred orientation of BSZT films 
on three electrodes. According to Harris’s analysis, the preferential 
orientation of the film can be gained by calculating the texture co-
efficients, P(hkl) as shown in equation (3) [29]: 

P(hkl)=
I(hkl)
Io(hkl)

1
N

∑ I(hkl)
Io(hkl)

(3)  

where I(hkl) and Io(hkl) are the integrated intensities of the (hkl)
diffraction peaks of the BSZT thin films and corresponding sol-gel 
powder, respectively. N is the number of diffraction peaks. The value 
of the texture coefficient P(hkl) reflects the degree of preferential 
orientation along a specific plane of the film compared to that of the bulk 
BSZT. Table 2 shows the variation of P(hkl) of the BSZT thin films on Pt, 
LNO and SRO electrodes. It is well known that, XRD intensity is a 
function of atomic structure; hence, the texture coefficients deviating 
from 1 for a particular Miller-plane correspond to a change in atomic 
density with respect to that plane [28]. The result of texture analysis 
shows that the BSZT film deposited on Pt electrode is polycrystalline 
with a random orientation. Meanwhile, BSZT films on SRO are highly 
textured along the (100) plane, and films on LNO also show slight (h00) 
orientations, as the texture coefficients increase to ~1.62 and 1.85 for 

(100) and (200) planes, respectively (Table 2). These results indicate 
that conductive perovskite oxide LNO and SRO electrode layers are 
generally beneficial to (100)-texture in BSZT films. The texture selection 
and development in thin films can be favored by minimizing surfa-
ce/interface energy and strain energy [30,31]. Both these categories of 
energy minimization support the development of crystallographic 
orientation via the preferred grain growth with particular orientations. 
Nevertheless, the mechanism for texture development driven by the 
minimization of surface or interface energy and strain energy is not 
similar [30]. While the surface/interface energy depends mainly on the 
thickness of the film, strain energy is attributed to be dependent on the 
thermal strain due to different thermal expansion coefficients between 
the film and substrate. For BSZT films fabricated under the same con-
ditions in our case, the thickness of films is nearly the same, as measured 
by SEM cross-section profiles in the following section; thus, strain en-
ergy minimization might dominate the surface-interface energy. How-
ever, detail of mechanism for selecting oriented grains during the 
growth of grains, is not yet clearly understood. The as-coated (110) and 
other random orientations, in the case of BSZT films on Pt electrodes, are 
speculated due to high strain energy which comes from the different 
thermal expansion coefficient of the metal and silicon substrates. Also, 
elastic isotropy of Pt can, hence, result to high yield stress resemblance 
to all grains, as observed in Cu films [32,33]. However, elastic anisot-
ropy and the strong orientation of SRO and LNO pure electrodes will 
lead to a change of preferred orientation from (110) to (100)/(200) 
planes [30,34,35]. 

3.2. Surface morphologies 

Typical SEM images of BSZT thin films coated on the three electrodes 
and their corresponding cross-sectional profiles are presented in Fig. 2. 
All the BSZT films, in general, show smooth and dense surface 
morphology, even though there are a few pinholes and voids. However, 
BSZT films show different grain sizes and shapes depending on the 
electrode materials. The BSZT film deposited on LNO produces 
ellipsoidal-like grains with sizes in the range of 31 to 50 nm, whereas, 
the films on Pt and SRO show rather round grains with slightly smaller 
sizes in the range of 27 ÷ 49 nm and 25 ÷ 44 nm, respectively. As 
estimated from the cross-section profiles in Fig. 2, the thickness of BSZT 
films is 235 nm for 8 layers, which turns out to be approximately 29 nm 
per each coating layer. Additionally, the BSZT film on LNO presents a 
distinct interface and clear grain boundary, while films on Pt and SRO 
show fuzzy interfaces between the films and electrodes. The state of the 
interface is noted to cause a remarkable influence on electrical proper-
ties of the film. Since BSZT films are grown directly on electrode layers, 
these interfaces greatly affect the phase formation sequence and, 
consequently, film structure. From Figs. 1 and 2 and Table 1, the BSZT/ 
LNO thin film possesses larger grain sizes, the most distinct interface, 
and the lowest microstrain compared to the other two thin films, which 
are expected to enhance electrical properties [36]. 

Table 1 
Microstrains and crystallite-sizes of BSZT films on Pt, LNO, and SRO electrodes 
as estimated from XRD datas.  

Samples crystallite size, d (nm)  εmicrostrain × 10− 3  

BSZT/Pt 25.18 1.53 
BSZT/LNO 29.54 1.31 
BSZT/SRO 23.11 1.67  

Table 2 
Texture coefficients, P(hkl) of BSZT thin films on Pt, LNO, and SRO electrodes.  

Planes 
(hkl) 

2θ P(hkl) 

BSZT/ 
Pt 

BSZT/ 
LNO 

BSZT/ 
SRO 

BSZT 
Powder 

BSZT/ 
Pt 

BSZT/ 
LNO 

BSZT/ 
SRO 

(100) 22.13 22.21 22.28 22.00 1.15 1.85 5.99 
(110) 31.56 31.58 31.63 31.28 1.03 0.75 0.12 
(111) – – – 38.62 – – – 
(200) 45.23 45.28 – 44.91 1.02 1.62 – 
(210) 50.95 50.89 50.69 50.64 1.27 1.06 0.85 
(211) 56.20 56.22 56.23 55.88 1.28 0.75 0.36  

P.T.M. Nguyen et al.                                                                                                                                                                                                                           

https://www.sciencedirect.com/topics/chemistry/thermal-expansion


Ceramics International 47 (2021) 23214–23221

23217

3.3. Dielectric tunable and leakage current properties 

Ferroelectrics are known for their highly nonlinear dielectric prop-
erties, which are owing to the domain wall motion and polarization 
switching under drive electric field. Therefore, their ferroelectric char-
acteristics depend upon the external electric field as well as the ampli-
tude of the ac measurement signal [7]. Fig. 3 displays the dependence of 
capacitance densities on dc bias voltage for three capacitor structures: 
Pt/BSZT/Pt, Pt/BSZT/LNO, and Pt/BSZT/LNO at 100 kHz. The mea-
surements were carried out by a full sweeping cycle. The bias voltage, at 
first, was swept from negative to positive direction and, then, back to 
negative up to a maximum value of ±30 V with an ac signal of 50 mV (SI, 

Figure S3). The corresponding dielectric constant (ε) and dielectric loss 
(tanδ) were estimated from these capacitance measurements based on 
the formula of the parallel plate capacitor structure assuming homoge-
neous film thickness, as shown in Figs. 4 and S4. 

At a low applied voltage (V ≤ 15V ≈ E ≤ 400 kV/cm), the capaci-
tance density curves for all capacitors exhibited apparent hysteresis, the 
so-called “butterfly shape.” This indicates that BSZT films are intrinsi-
cally ferroelectric in nature at low applied voltages, since the process of 
ferroelectric polarization switching is mainly responsible for the hys-
teresis phenomenon in C–V curves. However, when increasing the dc 
bias voltage, the hysteresis gradually trails-off and even disappears in 
some curves. Bao et al. noted a similar observation for BZT-xBCT thin 

Fig. 2. Typical SEM images of BSZT thin films on: A) Pt, B) LNO, and C) SRO electrodes.  

Fig. 3. Capacitance densities as a function of dc bias voltages of BSZT films on Pt, LNO, and SRO electrodes.  
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films [37], Dejneka et al. for BaTiO3 thin films [38], Zhai et al. for 
Ba0.85Sr0.15Zr0.18Ti0.82O3 thin films [24], and Raju et al. in 
Ba0.60Sr0.40ZryTi1-yO3 ceramics [39]. According to Xu et al. and those 
authors aforementioned, this behavior is due to the electric field induced 
redistribution of local polar nanoregions (PNRs) or micropolar clusters 
with the surrounding lattice environment, which are very typical for 
relaxor ferroelectrics [40]. Additionally, capacitance densities of the 
three capacitors were revealed decreasing nonlinearly with an incre-
ment of bias voltage, and capacitance densities of Pt/BSZT/SRO were 
always largest over the measured bias voltage ranges, compared with 
the other two capacitors. Consequently, the dielectric constants of the 
BSZT thin films on Pt, LNO, and SRO electrodes were obtained to be 
~215, 373, and 559, respectively. These higher dielectric constants are 
consistent with the previous microstructure observations, which show 
crystallinity and (100)-orientation enhancements in the BSZT films 
using conductive oxide electrodes. The polar axis of polarization vector 
in the (100)-textured films was attributed to enhance easily under an 
external electric field, which led to increased dielectric constant in the 
BSZT films. 

Fig. 4 displays the dc bias voltage vs. dielectric loss for the three 
capacitor structures. The results show that the overall loss tangent 
behavior varies remarkably with electrode materials. Tanδ is rather 
small in the low external applied electric field region (− 400 < E < 400 
kV/cm). Upon increasing the electric field, the dielectric loss increases 
rapidly, especially for BSZT films on SRO. The tanδ of Pt/BSZT/SRO is 
about 0.203, which is 1.62 times greater than for Pt/BSZT/Pt (0.125) 
and 6.8 times greater for Pt/BSZT/LNO (0.029) films at zero bias. Many 
sources are known to contribute to dielectric loss in ferroelectric films. 
In sol-gel BSZT thin films, it is very difficult to rule out the existence of 
defects, for instance, typical point defects as oxygen vacancies. Besides, 
the presence of strain, mobile charged carriers, and interface effects all 
can be additional sources contributing to higher losses [41]. As a result, 
the BSZT film on LNO with minimal microstrain understandably exhibits 

the lowest loss in comparison with the BSZT films on SRO and Pt (Fig. 4 
and Table 1). Furthermore, we found that the sweeping bias voltage 
range also strongly depended on the type of electrode contact. A lower 
breakdown voltage was often observed in the Pt/BSZT/SRO film ca-
pacitors, suggesting an outgrowth of the film conductance, which stems 
from the SRO electrode underneath (SI Fig. S3). Therefore, an additional 
contribution to the high loss of the BSZT films deposited onto SRO can be 
intimately correlated to the conduction pathways via the dielectrics. 

The frequency dependence of the dielectric constant and loss tangent 
of BSZT films coated on Pt, LNO and SRO electrodes were also investi-
gated with a small ac signal of 50 mV. Fig. 5 provides the obtained re-
sults for three capacitor structures in the frequency range of 103 − 5 ×
106 Hz. As seen in Fig. 5, ε and tanδ of BSZT film on LNO were obtained 
to be ≈ 393 and 0.022, respectively. These values are a bit better but still 
in the same magnitude with those calculated from the capacitance 
measurements aforementioned. More importantly, those values are very 
stable almost over the entire measured frequency range. In contrast, 
there was a noticeable dielectric relaxation occurring from 103 to 105 Hz 
for BSZT films on SRO and Pt electrode contacts. The phenomenon of 
dielectric relaxation in ferroelectrics is actually due to the phase delay in 
the frequency response of dipoles as subjected to the applied alternating 
electric field. It is well known that there are four different types of po-
larization mechanism in dielectric materials: electronic/atomic, ionic, 
reorientation-related dipole, and interface/space-charged polarization, 
in which each polarization mechanism dominates at certain applied 
frequencies [43,44]. Electronic and ionic polarizations often involve 
dipoles that can follow the oscillation at rather high frequencies from 
GHz to PHz (109–1015 cycle/s). Reorientation-related dipolar polariza-
tion can be detected in the frequency range from MHz to GHz (106–109 

cycle/s) [3]. In fact, dielectric characteristics of materials are signifi-
cantly affected by many extrinsic factors including the presence of 
moisture, complexity of porosity, densities of grain boundary, domain 
wall motion, crystallographic orientation, and space charge carriers [7]. 
Therefore, we believe that the dielectric relaxation observed in Fig. 5 is 
correlated to interface/space charge carrier, for instance, oxygen va-
cancy and imperfection induced during the growth of thin film, interface 
polarization at the grain boundaries as well as the contact between the 
film and electrode. Park et al. reported that PNR which intimately 
stemmed from oxygen vacancies and related defects play an important 
role in relaxation frequency of (Ba,Sr)TiO3 thin films [45]. The 
competition between nanopolar reorientation and other dielectric ori-
gins including multi-phonon interactions of crystal lattices, Quasi-Debye 
contributions, and acoustic vibrations of defect dipoles will decide the 
degree of dielectric relaxation (i.e. relaxation time and range of relaxa-
tion frequency). Changing in these localized states (reducing defect and 
disorder in the materials) both in distribution and concentration will 
shift the contribution between the intrinsic and extrinsic losses to the 
total dielectric relaxation at microwave frequency [45]. 

In order to learn more about the contribution of those extrinsic 
sources for the dielectric degradation in the present cases of BSZT thin 
films, we investigated the leakage current density-external electric field 
measurements (J-E) for the two selected Pt/BSZT/Pt and Pt/BSZT/LNO 
capacitors. Fig. 6a displays the leakage current densities of these two 
capacitors measured in different positive bias regions. At a very low bias 
electric field, current densities, J of BSZT films on both Pt and LNO 
electrodes are rather small about 10− 8A/cm2. However, upon increasing 
the electric field, the current densities increase exponentially. At the 
electric field, E of 100 kV/cm, the leakage current density of BSZT film 
on Pt electrode was approximately 8.68 × 10− 4A/cm2. This value is 
more than two orders of magnitude larger than that of the BSZT film on 
LNO (~4.17 × 10− 6 A/cm2). The obtained lower leakage current den-
sities are consistent with the assumption of less defect concentration and 
good quality of the BSZT/LNO interface as expected from the micro-
structural results studied above. Since the J vs E behavior of BSZT films 
on Pt electrodes varied significantly different from the LNO contact, the 
dominated conduction mechanisms in these two capacitor structures 

Fig. 4. Electric field dependence of dielectric losses of BSZT films on three 
bottom electrodes: a) Pt, b) LNO, and c) SRO. 
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might be different. Closer inspections reveal that BSZT film on Pt elec-
trode exhibited a space charge limited conduction (SCLC), whereas 
Schottky emission was responsible for the BSZT film with oxide LNO 
electrode. As depicted in Fig. 6b and c, logJ− logE2and logJ-E1/2 plots 
yield a good linearity at higher bias voltages (E ≥ 100 kV/cm). The fitted 
slopes produce n ≈ 1.53 for Pt/BSZT/Pt capacitors indicating the SCLC 
conduction mechanism, while those values of logJ− E1/2 plots for Pt/ 
BSZT/LNO capacitors are ≈0.35. Space-charge region in Pt/BSZT/Pt 
capacitors is attributed to originate from traps mainly generated by the 
point defects such as oxygen vacancies and accumulated near or at the 
interface of ferroelectric thin films [46]. In these cases, applying oxide 
electrodes e.g. LNO is found to play a role as a sink for oxygen vacancy 
[47]. Because, conductive oxide electrodes can absorb and eliminate the 
oxygen vacancies by changing their oxygen nonstoichiometry, thus, the 
accumulation of space-charge layers at the interface is prevented. 

Finally, C–V measurements performed on the BSZT film capacitors 
were utilized to explore the effect of different substrates on their 
dielectric tunabilities. Dielectric tunability, K(%), is defined as K(%) =
Co − Cdc

Co
, where Co and Cdc are capacitances at zero and non-zero bias 

voltages, respectively. The obtained results show that all the BSZT ca-
pacitors provide excellent tunability under applied dc bias voltages (SI, 
Fig. S5). K(%) of the Pt/BSZT/SRO (72%) is larger than that of the Pt/ 
BSZT/LNO (66%) and Pt/BSZT/Pt (62%) capacitors, since its dielectric 
constant is the greatest (Table 3). However, for practical applications, 
materials with both high tunability and low dielectric loss are desirable. 
Thus, the figure of merit (FOM= K(%) /tanδ) is commonly used to 

characterize the overall performance of dielectric materials. Fig. 7 dis-
plays the relation between FOM, K(%), and electrode materials. Not 
surprisingly, the FOM is the best for BSZT film grown on LNO electrodes 
even though its tunability has not reached the highest value. In litera-
tures, FOMs of ~6–17 and K(%) values of ~40–74.4% were reported for 
(Ba,Sr)(Zr,Ti)O3 thin films [23,24,48,49]. Here, if ones consider the 
trade off between K(%), ε and tanδ, the BSZT thin film on LNO offers the 
best choices for application in tunable devices. 

4. Conclusions 

Lead-free BSZT ferroelectric thin films were fabricated on metal (Pt)- 
and conductive oxide (LNO and SRO)- coated silicon substrates by a 
simple sol-gel method. We investigated the effects of a variety of 

Fig. 5. Frequency dependence of (a) dielectric constant and (b) loss tangent of BSZT films on various electrodes.  

Fig. 6. (a) Dependence of leakage current density on various bias voltage ranges for Pt/BSZT/Pt and Pt/BSZT/LNO capacitors. Fits of leakage current data at positive 
biases: (b) SCLC mechanism (logJ vs logE2 plots) for BSZT films on Pt and (c): Scottky emission (logJ vs E1/2 plots) for BSZT films on LNO electrode. 

Table 3 
Summary of dielectric properties for BSZT thin films on different electrodes.  

Samples Capacitance 
density (μF/ 
cm2) 

Permittivity 
(zero bias) 

tan δ 
(zero 
bias) 

K(%) at 
bias 
(±25V)  

FOM 

BSZT/Pt 0.4999 215 0.125 62% 7.80 
BSZT/ 

LNO 
0.8693 373 0.029 66% 22.53 

BSZT/ 
SRO 

1.2853 559 0.203 72% 2.23  
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electrode materials on the microstructure, dielectric and leakage current 
properties of the overlying BSZT thin films. Depending on the ultized 
electrodes, BSZT thin films exhibit very different electrical behaviors. 
The variation of measured dielectric properties and leakage current for 
BSZT films on various electrodes are attributed to the combined effects 
of crystallinity, preferred crystallographic orientation, surface 
morphology, and strain. The BSZT thin films with preferred (100)- 
orientation exhibited an increase in dielectric constant. Microstrain and 
interface state of the film-electrode contacts resulted in the variation of 
dielectric properties. Subsequently, dielectric relaxation was observed 
in the film on SRO and Pt in the low frequency region. Among them, the 
BSZT thin film deposited on LNO, possessing a low leakage current 
~4.68 × 10− 8A/cm2, large figure of merit (FOM) of 22.53, high 
tunability of 66%, moderate dielectric constant of 373, and lowest 
dielectric loss of 2.9%, was considered to be the optimal choice for 
electrically tunable device applications. 
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