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Pb0.8Ba0.2ZrO3 (PBZ) thin film with a thickness of about 320 nm was fabricated 

on Pt(111)/TiOx/SiO2/Si substrate by a sol-gel method. The analysis results of XRD, 

SEM and dielectric propertities revealed that this thin film is a (111)-oriented 

nano-scaled antiferroelectric and ferroelectric two-phase coexisted relaxor. 

Calculations of dielectric tunability (η) and figure-of-merit (FOM) at room 

temperature display a maximum value of 75% at E = 560 kV/cm and ~ 236, 

respectively. High temperature stability (η > 75% and FOM > 230 at 560 kV/cm in 

the range from 300 K to 380 K) and high breakdown dielectric strength (leakage 

current < 1 nA at 598 kV/cm) make the PBZ thin film to be an attractive material for 

applications of tunable devices. 
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I. Introduction 

Dielectric tunable materials have recently received renewal attention due to the 

potential applications in filters, phase shifters, wireless communications, etc.1-23
 These 

applications demand dielectric materials possessing not only high dielectric tunability, 

but also low dielectric loss, high figure-of-merit and high temperature stability.1-23 To 

accomplish these requirements, most research efforts in this area are focused on 

investigating titanium-containing perovskite ferroelectric materials such as 

(Ba,Sr)TiO3 (BST),15 Ba(Zr,Ti)O3 (BZT),16 (Ba,Sn)TiO3,
22

 and (Pb,Sr)TiO3 (PST),9 

Pb(Zr,Ti)O3
23, (Pb,Ca)TiO3,

7 etc. Due to the oxidation state of titanium being easily 

reduced from Ti4+ to Ti3+,24-29 the dielectric tunable properties of these 

titanium-containing ferroelectrics usually undergo degradation (dielectric loss 

increasing and figure-of-merit decreasing) at high temperature.  

Many efforts have been made to improve the temperature stability of these 

dielectric tunable materials, such as doping with various oxides (MgO, Al2O3, ZrO2, 

etc.) and elements (Mn2+, Mn3+, Fe2+, Fe3+, Co2+, Co3+, Ni2+, etc.).30-39 For thin films, 

in addition to the above-mentioned methods, many strategies, such as post thermal 

annealing, uses of buffer layers and/or oriented single-crystal substrates, and 

compositional gradation,40-45 have been adopted to reduce the dielectric loss, modify 

the dielectric constants and improve the temperature stability. Additionally, the 

temperature stability can also be improved by making the materials behave as a 

relaxor with the diffuse phase transition46 represented by the wide dielectric peak and 

frequency dependence.  
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In order to keep the reliabilities of tunable devices during the operations, 

traditional approaches, such as hermetic and robust packing,47 were used to address 

the temperature instability issue of tunable devices based on a single composition of  

ferroelectric material. Robust packaging serves to protect tunable devices from harsh 

environmental conditions. This hermetic or robust packaging would add significant 

cost, size and weight to devices. Another approach is to use curve fitting (or look-up 

table).47 Curve fitting approach uses the formulation of a temperature dependent 

mathematical expression to describe the drift of each tunable unit. A microprocessor 

inputs the ambient temperature data obtained by a thermocouple mounted on the 

printed circuit board in this mathematical expression to calculate tuning voltages, so 

that a stable tuning magnitude can be maintained. Obviously, these methods are too 

complex, time consuming and inaccurate.  

In contrast to the engineering approaches, optimizing the response of materials to 

temperature variation is more convenient and effective. Adoption of double-phase, 

multi-phase or compositionally graded phase structures47,48 may be a useful approach 

to design the material and thus realize the device temperature stability. In this work, a 

(111)-oriented nano-scaled antiferroelectric and ferroelectric two-phase coexisted 

relaxor Pb0.8Ba0.2ZrO3 thin film was fabricated by a sol-gel method, and high 

temperature stability (η > 75% and FOM > 230 at 560 kV/cm in the range from 300 K 

to 380 K) was achieved, making this thin film comparable with those 

titanium-containing ferroelectric materials.  

II. Experimental procedure  
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Pb80Ba20ZrO3 (PBZ) thin film was fabricated by a sol-gel method. 

Pb(OAc)2·3H2O and Ba(OAc)2 were dissolved in glacial acetic and deionized water. 

In order to compensate the Pb loss during sintering, 20% excess Pb was added. 

Separately, acetylacetone was added to a mixture of Zr(OnPr)4 and 2-methoxyethanol 

and the resulting solution was stirred for 30 min at room temperature. The Pb/Ba and 

Zr solutions were then mixed and stirred for 2 h at room temperature. The final 

concentration of the synthesized PBZ sol was 0.3 M. After aging the sol for 24 h, the 

PBZ sol was passed through a 0.2 μm filter and spun onto Pt(111)/TiOx/SiO2/Si(100) 

substrates at 4000 rpm for 30 s. The substrates were rinsed with acetone and 

1-propanol before use. Each layer was pyrolized at 350 °C for 3 min and then heated 

at 550 °C for 3 min on hotplates, and finally annealed at 800 °C for 3 min in a tube 

furnace in air. The above-mentioned procedure was repeated several times to obtain 

the desired thickness. Cr/Au top electrodes of 150 μm diameter were evaporated 

through a patterned photoresist mask.  

The structure of the PBZ film was monitored by X-ray diffraction (XRD; 

Bruker-AXS D5005, Siemens, Munich, Germany) on a diffractometer, using Cu Kα 

radiation (=1.5406Å). The cross-sectional and surface morphologies of the film were 

examined by scanning electron microscope (SEM; FEI XL30 SFEG, Philips, 

Edihoven, The Netherlands). Dielectric permittivity measurements were carried out 

using an impedance analyzer (Wayne-Kerr Electronics, UK) at V = 100 mV. Electric 

field dependences of polarization hysteresis (P-E) loop and leakage current (I(t)) were 

obtained by means of a ferroelectric tester (RT66A, Radiant Technologies Inc., 
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Albuquerque, NM, USA). The temperature of the sample was controlled via feedback 

from a thermocouple, accurate to 0.1 °C, in contact with the sample.    

III. Results and discussions 

Fig.1(a) shows the cross-sectional morphology of PBZ thin film, where uniform 

thickness (about 320 nm), and clearly visible layers were observed. XRD result 

(Fig.1(b)) further indicated that PBZ thin film was well crystallized into the pure 

perovskite phase with a higher intensity (111) orientation. Superlattice reflections 

with indices (130)/(112) and (014) indicate the existence of orthorhombic 

antiferroelectric phase49 in the PBZ thin film. Refined lattice parameters for the 

orthorhombic antiferroelectric (OAFE) phase are determined to be aO = 5.83009 Å, bO 

= 11.71391 Å and cO = 8.31277 Å by using the software JADE. In addition to the 

OAFE phase, a rhombohedral ferroelectric (RFE) phase with lattice parameters aR = 

4.12483 Å and αR = 90.9463 ° can also be detected. The SEM surface image (inset in 

Fig.1(b)) also revealed that the microstructure of PBZ thin film was uniform, 

homogeneous, and crack free, with average grain size of 20 nm.  

To further study the morphology and microstructure of PBZ thin film in details, 

the TEM characterization was carried out. Numerous dispersed nanocrystals 

corresponding to those subgrains in the SEM were observed again in the TEM bright 

field image (Fig.1(c)). In the inside of some nanocrystals, lamellar nanodomains with 

about 2 nm wide (see the red dot circles) and lamellar nanodomains with about 1 nm 

wide (see the blue solid circles) are clearly visible. The latter can be attributed to the 

antiferroelectric domains with 1 nm wide close to its cell parameters, which is 
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consistent with the report by Viehland[50] in PZT. Inset of Fig. 1 (c) shows the selected 

area electron diffraction (SAED) pattern of PBZ thin film. For simplicity, the lattice 

indices for SAED were labeled as the pseudo cubic structure rather than the 

orthorhombic or rhombohedral structure. Circular rings correspond to the (111), (220), 

and (311) plane reflections (from inside to outside), respectively. The discontinuity of 

diffraction rings indirectly revealed the nanocrystalline characteristics of PBZ thin 

film.[51] It is well known that the polarization vector for the RFE phase is <111>,[52] 

and the rotation between neighboring domains depends on the cell angle α. For 

PZT,[52] the rhombohedral angle α is 91°, and the possible types of domain can be 

calculated as 109°, 71°, and 180°. The orientation of permissible uncharged walls is 

{110} for 109°, {001} for 71° and the plane parellel to the polarization vector is 180° 

domain. According to the refined α value (90.9463°) of the RFE phase and the feature 

of the SAED pattern of PBZ thin film, lamellar nanodomains with about 2 nm wide 

probably is due to the exisitence of 180° ferroelectric domains, which need to be 

further confirmed by the piezoresponse force microscopy (PFM).  

Temperature dependences of dielectric permittivity (ε) and dielectric loss (tan δ) at 

100 Hz, 1kHz, 10kHz and 100 kHz are shown in Fig.2(a). Typical ferroelectric relaxor 

character can be observed around the dielectric permittivity peak, in contrast, the 

same character cannot be detected in Pb(1-x)BaxZrO3 bulk ceramics with Ba2+ 

substitution at x < 0.3.53 This difference can be attributed to the mismatch effect 

between the film and substrate and the smaller grain size. 54-56 Although the dielectric 

permittivity (εm ~ 1650 at 100 Hz) is higher compared with those found in PZT-based 
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compositions, it is rather lower than that obtained in corresponding sintered bulk PBZ 

ceramics with the same composition (εm ~ 12000),53,57
 which may most probably be 

due to the limited film thickness. Likewise, the maximum dielectric permittivity is 

observed at 433 K (Tm at 100 Hz), rather than at 425 K reported in PBZ bulk 

material.53,57 The antiferroelectric to ferroelectric (AFE-FE) phase transition (see the 

red arrow) can be detected at 354 K, which can also be observed on the P-T 

(polarization vs temperature) curve plotted from the P-E (polarization vs electric field) 

loops at 10 kHz and 156 kV/cm, as shown in the inset of Fig.2 (a).  

To further describe the dielectric relaxor behavior of PBZ thin film at T > Tm, the 

well-known empirical Lorentz-type relation was employed.58-61 

22 2/)(1/
AAA

TT                                                ( 1 ) 

where TA (TA ≠ Tm) and εA are the temperature of the dielectric permittivity peak and 

the extrapolated value of ε at T = TA, respectively. The parameter δA is almost 

temperature and frequency independent, reflecting the relaxor diffuseness of the 

dielectric peak. The greater the relaxor dispersion is, the bigger δA is. The colored 

solid lines in Fig.2(a) exhibit the best results of Lorentz fitting using Eq.(1). It was 

found that the Eq.(1) can describe the high temperature (T > Tm) dielectric 

permittivity quite well both at the high temperature range of T > TAFE-FE (the 

temperature of antiferroelectric to ferroelectric phase transition). Accordingly, the 

Lorentz fitting parameters δA for 100 Hz, 1 kHz, 10 kHz and 100 kHz are 100.69, 

98.68, 97.73 and 97.62, respectively, indicating that the degree of relaxor dispersion 

decreases slightly with the increasing of frequency. Meanwhile, the δA of PBZ thin 
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film is close to that (103.6) of the prototypical relaxor Pb(Mg1/3Nb2/3)O3 (PMN) 

ceramics,61 indicating that the large relaxation of the dielectric permittivity and typical 

relaxor behavior in the PBZ film. Furthermore, it can be clearly seen that the gap 

between the extrapolated value of Lorentz fitting and the experimental data increases 

gradually with the decrease of temperature from the TAFE-FE to Troom, further revealing 

the coexistence of antiferroelectric and ferroelectric phases in PBZ thin film at room 

temperature.  

Dc bias electric field dependences of dielectric permittivity (ε(E)) and dielectric 

loss (tan δ(E)) at 10 kHz at room temperature are shown in Fig.2(b). Both ε(E) and tan 

δ(E) exhibit butterfly-shaped curves, indicating a nonlinear electric field dependence. 

Negligible electrical hysteresis can be observed during the polarizing and depolarizing. 

Electric field induced AFE-FE (polarizing) or FE-AFE (depolarizing) phase transition 

occurs at about 75 kV/cm, which is revealed more clearly in the double P-E loop (see 

the inset of Fig.2(b)). Moreover, no degradation (dielectric loss increasing) undergoes 

even under a large external electric field (> 500 kV/cm) except in the process of 

AFE-FE or FE-AFE phase transition, in contrast, a terrible degradation usually caused 

by the reduction of Ti4+ to Ti3+ takes place in those of titanium-containing dielectric 

materials, which cannot be acceptable for the application of tunable devices.  

Dielectric tunability (η) and Figure-of-merit (FOM) can be defined,2 respectively, 

as follows: 

100)0(/))()0(((%)   E                                        ( 2 ) 

 tan/FOM                                                     ( 3 ) 
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where ε(0) and ε(E) represent the dielectric permittivity at zero and a certain electric 

field, respectively. Fig. 3(a) illustrates the dielectric tunability (η(E)) and 

Figure-of-merit (FOM(E)) dependences of the dc bias electric field at 10 kHz at room 

temperature. It was found that the tunability increases with E and a 75% tunability are 

achieved at E = 560 kV/cm in both polarizing and depolarizing branches. Similar to 

tunability, FOM also increases with E and a maximum value of 236 is obtained, 

indicating that the PBZ thin film can be a very promising material for dielectric 

tunable device applications.  

In the case of ε >> 1, the ε(E) for perovskite-structure ferroelectric materials could 

be interpreted by the phenomenological theory proposed by Johnson, and is expressed 

as62:                                                  

3/12
)(

3
0 ]})0(1/{)0()( EE

T
                                       ( 4 ) 

where ε0 is the vacuum dielectric permittivity, )(T the temperature-dependent 

constant which provides information on the degree of enharmonic contributions of the 

polarization to the free energy. Combined with Eq.(2) and Eq.(4), a linear expression 

between dielectric tunability and dc bias electric field square (E2) can be derived: 

2
)(

3
0

3 ])0([1)1( E
T

                                             ( 5 ) 

The inset of Fig.3(a) shows the E
2 dependence of (1-η)-3. It can be found that the 

experimental data are in a good agreement with Eq. (5) when E > 200 kV/cm 

(R-square > 99.9%), indicating that the dielectric tunable performance is mainly 

ascribed to the intrinsic lattice phonon polarization11, 63. Meanwhile, we found that the 

experimental data largely deviated from Eq.(5) when E < 200kV/cm (R-square < 
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80%), indicating that the re-orientation63 of the nanopolar clusters64 (in ferroelectric 

phase) and (or) the nanononpolar clusters (in antiferroelectric phase) plays an 

important role in the high dielectric tunability property (η is about 50% at 200 kV/cm) 

of PBZ thin film, in addition to the intrinsic lattice phonon polarization.  

For a competent dielectric tunable material, not only high value of tunability and 

high Figure-of-merit are required, but also high temperature stability is necessary. 

Fig3.(b) presents the temperature dependences of the tunability and Figure-of-merit at 

E = 560 kV/cm and 10 kHz. With the increase of the temperature, the tunability first 

increases and reaches a maximum (about 84%) at 430 K, close to the Tm in Fig. 2(a), 

and then decreases. Different to the tunability, the maximum FOM (about 268) was 

observed at 345 K, close to the TAFE-FE (see Fig.2(a)), which can be ascribed to the 

smaller dielectric loss at TAFE-FE. These results indicate the high temperature stability 

of tunable property of PBZ thin film, and are desired for the application of tunable 

devices, because of the FOM and tunability for dielectrics used in their paraelectric 

state usually tending to be deteriorated during the operations, caused by a rise of 

temperature, especially for those titanium-containing dielectric materials.  

Moreover, a low leakage current (I(t)) during the operation is also another 

important qualification for thin films. For PBZ thin film, the measurement of leakage 

currents (see the inset of Fig.3 (b)) was carried out at 598 kV/cm at room temperature. 

It is found that no breakdown occurs (breakdown at 688 kV/cm) after repetitive 

testing even in the observed transients persisting up to 1000 ms, and the maximum 

value of leakage currents is below 1 nA, indicating the high dielectric strength of PBZ 
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thin film.  

IV. Conclusions 

(111)-oriented nano-scaled antiferroelectric and ferroelectric phases coexisted 

relaxor Pb0.8Ba0.2ZrO3 thin film was successfully prepared by a sol-gel method. The 

dielectric relaxor dispersion character of this film can be well described by the 

Lorentz-type relation. The high dielectric tunability (η ~ 75%), figure-of-merit (FOM 

~ 236), temperature stability (η > 75% and FOM > 230 at 560 kV/cm in the range 

from 300 K to 380 K) and high dielectric strength (leakage current < 1 nA at 598 

kV/cm) make it a promising material for applications of tunable devices. In addition 

to the contribution from intrinsic lattice phonon polarization, the re-orientation of 

nanoclusters in ferroelectric and antiferroelectric phases plays a crucial role in the 

high dielectric tunability.  
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Captions 

Fig. 1. (a) SEM cross-sectional morphology of the PBZ thin film; (b) XRD patterns 

and SEM surface image (inset); (c) TEM image and SAED pattern (inset).  

Fig. 2. (a) ε(T) and tan δ(T) of PBZ thin film. The colored solid lines are the results of 

Lorenz fitting and the inset is P(T) at 156 kV/cm; (b) ε(E) and tan δ(E) at 10 kHz at 

room temperature, the inset is P-E loop.  

Fig. 3. (a) η(E) and FOM(E) at 10 kHz at room temperature, the inset is the (1-η)-3 vs 

E
2/1000; (b) η(T) and FOM(T) at 562 kV/cm in the range from 298 K to 478 K, the 

colored solid lines represent fourth order polynomial fits to experimental data and the 

inset is I(t) at 598 kV/cm.  
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Figure 2 

(a) ε(T) and tan δ(T) of PBZ thin film. The colored solid lines are the results of Lorenz fitting 

and the inset is P(T) at 156 kV/cm; (b) ε(E) and tan δ(E) at 10 kHz at room temperature, the 

inset is P–E loop. 
 

 



 
Figure 3 

(a) η(E) and FOM (E) at 10 kHz at room temperature, the inset is the (1−η)−3 versus E2/1000; 

(b) η(T) and FOM(T) at 562 kV/cm in the range from 298 to 478 K, the colored solid lines 

represent fourth-order polynomial fits to experimental data and the inset is I(t) at 598 kV/cm. 
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