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Abstract  

Lead-free Barium Zirconate Titanate thin films synthesized by sol-gel process were deposited 

on platinized silicon substrates. Atomic and piezoresponse force microscopies analysis have 

revealed low values for the surface roughness and local piezoelectric loops, respectively. 

Nanoscopic piezoelectric and ferroelectric properties decrease with zirconium content 

increasing. Dielectric measurements were made up to 1 MHz at room temperature. The highest 

dielectric permittivity and tunability are obtained for 10% of zirconium. Dielectric loss tangent 

decreases with frequency, zirconium content and electric field increasing. Thin films with 20% 

of zirconium could be particularly interesting for electronic applications.  
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 1-Introduction 

Ferroelectric materials have enabled significant technological advances in electronics in recent 

years. The development of components such as resonators, capacitors, sensors, memories, or 

tunable microwave devices, has contributed significantly to innovating in computing, 

microelectronics and telecommunications in both the military and civilian fields [1-3]. 

Fundamental and applied research in materials is therefore an important objective for the future. 

The aim of this work is to realize and optimize frequency tunable systems for electronic 

applications. In this view, the simplest structure is capacitor tunable with continuous voltage 

that can be afterwards integrated in tunable or reconfigurable high frequency devices such as 

high frequency filters or resonators [4-5]. In this sense, thin films derived from the barium 

titanate (BaTiO3) ferroelectric material still generate a lot of work for the development of 

integrated components for microelectronics such as flat capacitors, coplanar waveguides or 

tunable filters [6]. Indeed, BaTiO3 has good dielectric properties, which make it the most used 

base material to elaborate high dielectric permittivity capacitors [7]. In particular, the lead-free 

environmentally friendly barium zirconate Titanate BaZrxTi1-xO3 (BZT) material obtained by 

substituting BaTiO3 at B sites with zirconium has been suggested as an alternative to the barium 

strontium Titanate Ba1-xSrxTiO3 (BST) material for the fabrication of capacitors, because 

zirconium ion Zr4+ is chemically more stable than titanate ion Ti4+ [8–10]. Additionally, the 

relatively large dielectric loss and the limited figure of merit (FOM) of BST restrict the practical 

applications in tunable microwave devices [11]. The interest of the BZT material lies in the fact 

that it has a high dielectric permittivity, low dielectric losses and a high tunability of the 

dielectric permittivity [11]. Moreover, depending on the zirconium content, this material 

presents different dielectric properties because it can exhibit either a classical ferroelectric or 
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relaxor behavior [12]. This material offers opportunities for the development of various 

microwave devices such as tunable filters, resonators, phase shifters and microstrip lines and 

so on. For the improvement of the dielectric properties of BZT thin films, different methods of 

elaboration have been used: Chemical solution deposition [13], sputtering [14], pulsed laser 

deposition (PLD) [15], sol-gel [16], hydrothermal techniques [17] and recently plasma 

electrolyte oxidation [18]. Various works of the literature have focused on the choice of the 

substrate [19], optimizing deposition parameters [20], doping [21], buffer layer insertion [22]. 

Works on BZT thin film synthesis continue to draw the interest of the scientific community as 

evidenced by recent works in the literature, such as the deposition of BaZr0.35Ti0.65O3 thin film 

by radio frequency magnetron sputtering technique for making capacitors with high energy 

storage density [23]. It can be also mention the development of lead-free nanogenerators in the 

conversion of mechanical energy with the Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (BZT-xBCT) 

system which shows impressive piezoelectric properties (d33 ~ 620 pC/N) because they are 

comparable to those of the lead zirconate PbZrO3 conventional material [24-26]. These results 

position the BZT-xBCT system as a serious alternative to lead-based piezoelectrics and pave 

the way for investigations of this lead-free ferroelectric system for other compositions and 

synthesis methods. [27]. 

In addition, with the development of nanotechnologies, current miniaturization requirements 

lead to the reduction of the size of components to dimensions below one micron. This has led 

to a strong interest in size effects and studies of the local ferroelectric and piezoelectric 

properties of materials. Non-destructive atomic force microscopy (AFM) and piezoresponse 

force microscopy (PFM) measurements allow access to the local piezoelectric and ferroelectric 

properties and to the architecture of ferroelectric domains with high resolution [28]. 

This work is a contribution to the development and study of lead-free materials for electronic 

applications. BaZrxTi1-xO3 thin films have been synthesized by sol-gel process with x varying 
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from 0 (BaTiO3) to 0.35 by step of 5%. Electrical characterizations were also done as a function 

of ziconium content at both the nanoscopic and macroscopic scales. Actually, AFM and PFM 

analysis were used for revealing the surface properties and local hysteresis loops, respectively. 

Moreover, dielectric measurements with and without bias were done for the study of the 

dielectric constant, losses, loss tangent and tunability.  

2-Experimental procedure  

BaZrxTi1-xO3 solutions with x=0 to 0.35 with a 5% step were prepared by sol-gel process [29] 

using barium acetate (C4H6BaO4), zirconium (IV)-butoxide (Zr[O(CH2)3]4), and Titanium (IV) 

n-butoxide (C16H36O4Ti) as starting materials. BZT films were deposited onto platinized silicon 

substrates by spin coating. Crystallization was achieved via post-deposition annealing at 750°C 

for 1 hour for all the samples. To determine the electrical properties, metallic electrodes were 

deposited on BZT films: gold has been evaporated through a shadow mask to realize the upper 

electrode with circular patches ranging from 150 µm to 500 µm in diameter. The film thickness 

was measured with a Talysurf intra 150 profilometer and is of about 500 nm. Electrical 

properties were determined at room temperature in the frequency range 102-106 as function of 

the DC bias (-10 V, +10 V) with an Agilent HP4284A impedance analyser coupled to low 

frequency Cu/Be microprobes. 

For nanoscopic measurements, a commercial atomic force microscope (AFM) (Multimode, 

Nanoscope IIIa, Bruker) working under environmental conditions was used for both surface 

morphology and local piezoelectric response of the BZT thin films. For topography imaging, 

AFM measurements were performed in the contact mode with micro-fabricated Si3N4 

cantilevers and Si ultralever tips using a small repulsion force [30-31]. For domain imaging, 

piezoelectric response of the surface which form is Acosφ (the amplitude A defines the local 

electromechanical response, the phase φ yields information on the polarization direction below 

the tip) was carried out using platinum/iridium coated silicon tip with spring constants of 0.2 
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N/m [32]. For measurements of local piezoelectric hysteresis loops, the spectroscopic tool of 

PFM was used. The applied DC voltage was gradually swept from +10 V down to -10 V then 

from -10 V up to +10 V within a period of 200 s. The frequency and the amplitude of the driving 

AC voltage were f = 2 kHz and Vac = 1.5 V, respectively. The piezoloops were obtained by 

plotting the phase and the amplitude as a function of the DC voltage. The phase and amplitude 

hysteresis loops were recorded simultaneously for each probed grain. 

3-Results and discussions 

3-1 Nanoscopic properties 

3-1-1 Atomic force microscopy measurements  

Surface roughness is an important parameter in the production of thin film dielectric capacitors 

since dielectric properties depend not only on the microstructure of the thin film but also on the 

interface between the electrode and the dielectric material. This interface strongly influences 

parameters such as the leakage current and the breaking electric field of the thin film [33]. 

Roughness is also an important parameter in multilayer systems where dielectric properties are 

strongly influenced by the mismatch at the interfaces between alternating layers of different 

materials. Figure 1 shows AFM images from 2 μm x 2 μm BZT thin films for x=0, 0.05, 0.15, 

0.25 and 0.35. These images taken on the surface of the films show that the films are all granular 

with clear differences between the morphologies of their surfaces. The root mean square (RMS) 

roughness values measured over 20 x 20 µm2 scan areas decrease as the zirconium content 

increases: from 6.0 nm for the BaTiO3 film to 1.4 nm for the BZT0.35 film. The decrease in 

RMS roughness with increase in zirconium content seems to be associated to the slow diffusion 

of the Zr4+ ion (0.087 nm), which has a larger ionic radius than Ti4+ (0.068 nm). Indeed, it is 

well known that barium zirconate (BaZrO3) is a difficult refractory oxide (Tfusion =2600 °C), 

which leads to a gradual decrease in grain size as the zirconium content in the material increases. 

The morphology of these films is therefore strongly dependent on the zirconium composition. 
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It can be also note that as a first approximation, the measured BZT thin films roughness is 

almost linear as a function of zirconium content starting from x=0.15 (figure 2). Values of 

surface roughness can then be controlled by adjusting the Ti/Zr ratio. For comparison, the RMS 

roughness value obtained for x=0.1 (2.5 nm) is significantly lower than that (10 nm) obtained 

for a BaZr0.1Ti0.9O3 thin film synthesized using the RF magnetron sputtering system [11]. This 

would be in favor of a smaller interfacial layer between the ferroelectric material and the lower 

electrode in the thin film. This should also be favorable for the realization of multilayer 

capacitors with BZT films synthesized by sol-gel process. 

3-1-2 Piezoresponse hysteresis loops 

Figure 3 presents local piezoelectric hysteresis phase-recorded loops at the surface of a grain 

with an average diameter of about 50 nm for BZT thin films with x=0.05 (a), x=0.15 (b), x=0.25 

(c) and x=0.35 (d). During these measurements, the tip has been placed at the center of the grain 

to avoid grain boundaries contributions. All the BZT compositions studied respond well to the 

excitation of the applied electric field and well-defined hysteresis loops are obtained. For these 

zirconium contents (0≤x≤0.35), local piezoelectric phase responses degrade depending on the 

increasing zirconium content: from 140° for x=0.05 to 120° for x=0.35 for phase difference. 

Moreover, the cycles become more and more inclined as the zirconium rate increases, in 

accordance with the paraelectric state of the material at room temperature for high zirconium 

rates (x≥0.35). 

Measured coercive voltages (2Vc=Vc1-Vc2) are of 3.2 V, 2.5 V, 2.8 V and 2.0 V for 

compositions x=0.05, 0.15, 0.25 and 0.35, respectively. The phase responses of BZT thin films 

show a shift towards the positive or negative values of the applied voltage. This asymmetry is 

usually attributed to an internal electric field at the interface between the platinum electrode 

and the BZT layer and/or to the heterostructure of the tip/film/electrode system, which provides 

its own asymmetry [34-37]. This is because charges could fill band gap states in films near the 
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surface where the tip is located or at the lower film/electrode interface. In particular, electrons 

trapped in these bandgap states would form a negative spatial charge near the film surface, 

leading to the voltage shift observed over the loops [28]. 

Figure 4 shows local amplitude loops simultaneously recorded at the center of individual grains 

of BZT thin films with x=0.05 (a), x=0.15 (b), x=0.25 (c) and x=0.35 (d) thin films. As the 

signal comes from a synchronous detection, the amplitude of the signal is in absolute value and 

the phase gives information about the direction of the mechanical variation of the grain. A 

memory effect, linked to the ferroelectric character is recovered which gives the signal its 

butterfly-winged appearance. These results confirm the ferroelectric and piezoelectric character 

of BZT grains. Curves clearly show a mechanical deformation in the grain under a DC voltage 

owing the converse piezoelectric effect. This effect decreases with increasing zirconium content 

as shown by the decrease in the total measured amplitude from 0.8 mV for x=0.05 to 0.25 mV 

for x=0.35. The BZT thin films piezoelectric character decreases then with increasing zirconium 

content in the composition, but it is still present for x=0.35. 

If it can be estimated that at zero voltage there is no mechanical movement of the grain, a 

relative variation in the amplitude and therefore in the piezoelectric activity of the grain is 

observed. For example, this variation is more than 100 % for the BZT film with 35% of 

Zirconium under a positive voltage of 10 volts. It can be observed that the amplitude variation 

is slightly different for positive and negative polarization. This may be due to the interface 

effect and/or the instrumental electrostatic contribution, which is quite common in such devices. 

[28].  

Acosφ piezoelectric response (Figures 5-a and 5-b) show typical piezoelectric loops of a 

ferroelectric material for BZT thin films with x<0.25.  The width of the loops decreases as the 

zirconium content increases. For x=0.25, the hysteresis loop is barely open, which shows that 

the ferroelectric to paraelectric transition of this film is very close to room temperature, at which 
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the measurements were made. During the acquisition of a local piezoelectric loop, the 

measurement is well localized on the surface of the sample using a tip (analyzed surface ~ π.302 

nm2, 30 nm corresponding to the tip’s apex). Nanoscale analysis then only provides information 

on the area below the tip. Thus in our case it is noticed that the analyzed domain presents an 

asymmetric piezoelectric loop where the negative part is less pronounced than the positive part. 

However, it should be noted that this piezoresponse loop is saturated both for positive 

polarization from 7 V and from -5 V for negative polarization. 

 3-2 Macroscopic properties 

3-2-1 Dielectric measurements without DC polarization 

Figure 6 shows the frequency dependence of BZT thin films dielectric permittivity in the range 

[1 kHz-1 MHz] at room temperature. The dielectric permittivity is derived from the capacitance 

measurement of the parallel electrical model of the Metal-Insulator-Metal (MIM) structure and 

after measuring the film thickness. The relative dispersion of the dielectric permittivity, given 

by Equation 1, is between 7% and 13% for all the studied BZT compositions. This dispersion 

is due to oxygen gaps, BZT film-electrode interfaces and impurities and mainly attributed to 

the dipoles that could not follow the rapidly alternation of the electric field in the whole 

frequency range [38]. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 =  
ε′(1 kHz) − ε′(1 MHz)

ε′(1 kHz)
    (1) 

The evolution of the dielectric permittivity as a function of the zirconium content at 1 MHz and 

room temperature is shown in Figure 7. The dielectric constant increases and passes through a 

maximum for a zirconium content of 10% and then gradually decreases with the zirconium 

content increasing. Similar results were obtained for BZT thin films synthesized by soft 

chemical spin-coating technique, rf magnetron sputtering or metalorganic chemical vapor 

deposition (MOCVD) [39]. Indeed, in BZT material, paraelectric-ferroelectric, quadratic-

orthorhombic and orthorhombic-rhombohedral transition temperatures become confused at 
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about 280 K, i.e. close to room temperature, for a zirconium content of 10%. At higher 

zirconium contents, the paraelectric-ferroelectric transition temperature decreases, resulting in 

a decrease in dielectric permittivity [40]. Additionally, at the nanoscopic scale (figure 2) an 

increase in zirconium content induces a reduction in RMS roughness, which suggest that Zr4+ 

ions can decrease dielectric permittivity. 

The dielectric loss tangent tg (Figure 8) gradually decreases with frequency increasing, except 

for x=0.05. This decrease is due to the space charge polarization effect when frequency is below 

1 MHz [41-42]. Indeed, space charge polarization is related to the macroscopic movement of 

charge carriers easily captured by defects, impurity, phase boundary, and so on. Mobile charge 

carriers are then impeded by the grain boundary that is a physical barrier inhibiting charge 

migration. The charges pile up at the barrier, producing a localized polarization within grains. 

It should be noted a slight dielectric relaxation for x=0.1 and x=0.2. For x=0.05, dielectric 

measurements beyond 1 MHz are required to confirm possible dielectric relaxation. 

As a comparison for x=0.2, a tg value of 1.8 10-2 at 1 MHz is obtained. This value is 5 times 

lower than the one obtained recently (0.093) by Guo et al. for a BZT thin film of the same 

composition and synthesized by sol-gel process [43].  

Figure 9 shows the evolutions of the dielectric losses (ε’’) and loss tangent (tg) as a function 

of the zirconium content at 1 MHz and room temperature. Dielectric losses evolve in the same 

way as the dielectric constant: they increase and go through a maximum for a zirconium rate of 

10% and then decrease. It is interesting to notice the continuous decrease of the dielectric loss 

tangent with the zirconium content increasing: tgmin = 1.4 10-2 for x=0.35 at 1 MHz. If the 

dielectric loss tangent continues to decrease beyond 1 MHz, this composition would be 

interesting for radiofrequency and microwave applications. It would also be interesting to carry 

out similar investigations on BZT thin films with zirconium contents higher than 0.35.  

3-2-2 Dielectric measurements with DC polarization 
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Figure 10 shows the evolution of the BZT thin films dielectric permittivity as a function of the 

applied electric field at 1 MHz and room temperature. The electric field was applied from -250 

kV/cm to +250 kV/cm. There is a "butterfly wing" shape characteristic of ferroelectric behavior, 

indicating the strong ferroelectric property of BZT thin films. The evolution of the dielectric 

permittivity depends strongly on the zirconium content: it remains higher for x=0.1 and the 

hysteresis effect is even more attenuated with the zirconium content increasing. Nevertheless, 

the "butterfly-wing" shape is still present up to x=0.35. These macroscopic results are in perfect 

agreement with the nanoscopic measurements carried out at the level of a grain (Figure 3, 4 and 

5). In addition, the dielectric permittivity evolutions are not symmetrical with respect to the 

vertical axis at 0 V/cm. This effect may stem from various causes such as the different nature 

of the planar capacitor electrodes, since the lower electrode is made of platinum while the upper 

electrode is made of gold, or interface effects between the different thin films layers, or the 

distribution and/or generation of space charges created by the electric field. Dielectric losses 

(figure 11) follow the same evolution as the dielectric permittivity. The dielectric losses 

nonlinearly decrease with the electric field increasing, which can be attributed to the 

anharmonic interaction of Ti ions at the paraelectric phase [44]. This decrease with the electric 

field increasing is particularly interesting for applications and shows that such samples have a 

very good resistance to breakdown.  

Figure 12 shows the BZT thin films tunability as a function of the applied electric field from -

250 kV/cm to +250 kV/cm at 1 MHz and room temperature. The highest tunability is achieved 

for the BZT0.1 thin film. Indeed, the highest tunability is obtained at the ferroelectric-to-

paraelectric phase transition. When the material is in the paraelectric state but at a temperature 

far from the Curie temperature, no tunability is observed [45]. The evolution of tunability as a 

function of the zirconium content for an applied electric field of 240 kV/cm at 1 MHz and room 

temperature is shown in Figure 13. The measured tunability is of 11% for the BaTiO3 thin film. 
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It increases with the zirconium content increasing, passes through a maximum of 32% for 

x=0.1, then decreases to reach 17.5% for x=0.35. It is known that the quality of a material 

depends not only on its tunability but also on the losses, which must be as low as possible. A 

figure of merit (FOM), taking into account the relationship between these two quantities, is 

defined by Equation 2.  

𝐹𝑂𝑀 =  
𝑇𝑢𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦

tgδ (%)
 (2) 

The higher the FOM factor, the more advantageous the sample characteristics are for 

applications requiring high dielectric permittivity tunability. FOM calculations display a 

maximum value of 15 for x=0.2 at 240 kV/cm and room temperature. This composition could 

therefore be used for frequency agility electronics applications.  

4-Conclusion 

BaZrxTi1−xO3 (x=0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.35) thin films with a typical thickness of 0.5 

μm were deposited via sol–gel process on platinized silicon substrates. AFM analyses showed 

homogenous and dense microstructures for all the  BaZrxTi1−xO3 thin films and low values for 

the surface roughness decreasing with the zirconium content increasing, from 6.0 nm for x=0 

to 1.4 nm for x=0.35. This shows the interest of the sol-gel process, known as "soft chemistry", 

which has the additional advantage of being very inexpensive. Electric characterizations were 

performed on BZT films at both the nanoscopic and macroscopic levels. On the nanoscale level, 

local piezoelectric hysteresis phase- and amplitude-recorded loops at the surface of a grain with 

an average length of about 50 nm were produced by PFM over the center of the grain. They 

have evidenced the ferroelectric and piezoelectric character of BZT thin films grains at the 

nanoscopic scale, showing that ferroelectricity exists at dimensions of the order of 50 nm. PFM 

measurements showed a decrease in local responses with the zirconium content increasing. 

These qualitative piezoelectric results are very encouraging for lead-free piezoelectric 

applications.  
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On the macroscopic level, dielectric measurements carried out on BZT thin films up to 1 MHz 

at room temperature confirmed the observed ferroelectric properties at the grain level. Every 

film studied displays a non-linear variation in dielectric permittivity and losses as a function of 

the applied DC electrical field. The BZT thin films’ dielectric permittivity and tunability are 

maximal for x=0.1 and decrease with the zirconium content increasing. The dielectric loss 

tangent tg gradually decreases with frequency and the zirconium content increasing. Dielectric 

losses decrease with the electric field increasing, which is particularly interesting for 

applications and shows a very good resistance to breakdown.  

FOM calculations show that the BaZr0.2Ti0.8O3 thin film is of great interest for the development 

of monolithic ceramic capacitors dedicated to radiofrequency and microwave electronic 

applications. This work is part of an international context that aims to exploit the physical 

properties of ferroelectric materials in the field of telecommunications in order to finalize an 

application such as that of tunable capacitors. 
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Figures Captions 

Figure 1 

RMS – root mean square; BZT – barium zirconium titanate; x – zirconium content; nm – 

nanometers; µm – micrometers; AFM – atomic force microscopy.   

Figure 1:  2 µm x 2 μm surface AFM images of BZT thin films with different zirconium 

contents.  

Images taken on the films surface show granular films with clear differences between the 

morphologies of their surfaces. Root mean square (RMS) roughness values decrease with the 

zirconium content increase due to the gradual decrease in grain size since the barium zirconate 

(BaZrO3) is a difficult refractory oxide (Tfusion =2600 °C). 

Figure 2 

RMS – root mean square; nm – nanometers; Zr – zirconium; BZT – barium zirconium titanate; 

AFM – atomic force microscopy. 

Figure 2: BZT thin films roughness measured by AFM microscopy as a function of zirconium 

content.  

Root mean square (RMS) roughness values decrease with the zirconium content increase due 

to the slow diffusion of the Zr4+ ion of larger ionic radius than that of Ti4+ ion. As a first 

approximation, the measured BZT thin films roughness is almost linear as a function of 

zirconium content starting from x=0.15, which could make possible the surface roughness 

control by adjusting the Ti/Zr ratio. 

Figure 3 
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x – zirconium content ; V – Volt ; (°) – degree ; BZT – barium zirconium titanate ; BZT0.05 – 

BZT thin film with x = 0.05 ;  BZT0.15 – BZT thin film with x = 0.15 ;  BZT0.25 – BZT thin 

film with x = 0.25 ;  BZT0.35 – BZT thin film with x = 0.35. 

Figure 3: Local piezoelectric hysteresis loops phase-recorded at a grain of BZT0.05 (a), 

BZT0.15 (b), BZT0.25 (c) and BZT0.35 (d) thin films. 

The phase gives information about the direction of the mechanical variation of the grain under 

a DC voltage. Well-defined hysteresis loops are obtained for all compositions under the applied 

electric field excitation. Loops are more inclined as the zirconium rate increases since the 

material tends to become paraelectric for x higher than 0.35 at room temperature. Local 

piezoelectric phase responses also degrade: from 140° for x=0.05 to 120° for x=0.35 for phase 

difference. Asymmetry observed over the loops due to the shift to positive or negative values 

of the applied voltage is attributed to the internal electric field at the film/electrode interface or 

the tip/film/electrode system. 

Figure 4 

x – zirconium content ; V – Volt ; BZT – barium zirconium titanate ; BZT0.05 – BZT thin film 

with x = 0.05 ;  BZT0.15 – BZT thin film with x = 0.15 ;  BZT0.25 – BZT thin film with x = 

0.25 ;  BZT0.35 – BZT thin film with x = 0.35. 

Figure 4: local amplitude recorded loops at the center of individual grains of BZT0.05 (a), 

BZT0.15 (b), BZT0.25 (c) and BZT0.35 (d) thin films. 

The measured amplitude defines the local electromechanical response of the grain under a DC 

voltage owing the converse piezoelectric effect. The amplitude decreases from 0.8 mV for 

x=0.05 to 0.25 mV for x=0, showing that the BZT thin films piezoelectric character decreases 

with increasing zirconium content in the composition. The butterfly-wing appearance of the 

curves confirms the ferroelectric and piezoelectric character of BZT grains. Observed 
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differences in the amplitude variations for positive and negative polarization may be due to the 

interface effect and/or the instrumental electrostatic contribution. 

Figure 5-a 

x – zirconium content ; V – Volt ; BZT – barium zirconium titanate ; a.u. – arbitrary units; A –  

amplitude; φ – phase. 

Figure 5-a: Acosφ piezoelectric response recorded at a grain of BZT thin films with x ≤ 0.25.  

Typical piezoelectric loops of a ferroelectric material are obtained for BZT thin films with 

x<0.25.  The width of the loops decreases as the zirconium content increases. The low hysteresis 

loop opening observed for x=0.25 shows that the ferroelectric to paraelectric transition of this 

film is very close to room temperature, at which the measurements were made.  

Figure 5-b 

x – zirconium content ; V – Volt ; BZT – barium zirconium titanate ; a.u. – arbitrary units; A –  

amplitude; φ – phase. 

Figure 5-b: Acosφ piezoelectric response recorded at a grain of BZT thin films with x ≥ 0.25  

Acosφ piezoelectric response show that the room temperature is very close to the ferroelectric 

to paraelectric transition for x=0.25 as the hysteresis loop is very little open. Nevertheless, for 

x≥0.3 no hysteresis loop is observed, which shows that for these compositions BZT films are 

in the paraelectric state at room temperature.  

Figure 6 

ε’ – dielectric permittivity; x – zirconium content ; BZT – barium zirconium titanate. 

Figure 6: Frequency dependence of the BZT thin films dielectric permittivity ε’ at room 

temperature.  

The dielectric constant is very sensitive to stoichiometry with for each composition, a slight 

decrease of 7% to 13% in the range [1 kHz-1 MHz]. This decrease is due to oxygen gaps, 
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extrinsic effects such as electrode interface effects and impurities and also to the dipoles that 

could not follow the rapidly alternation of the electric field in the whole frequency range. 

Figure 7 

ε’ – dielectric permittivity; x – zirconium content ; BZT – barium zirconium titanate; Zr (%) – 

zirconium percentage; MHz – Megahertz. 

Figure 7: BZT thin films dielectric permittivity ε’ as a function of zirconium content at 1 MHz 

and room temperature.  

The dielectric constant increases and passes through a maximum for a zirconium content of 

10% and then gradually decreases with the zirconium content increasing. The maximum value 

is obtained for x=0.1 as the Curie temperature for this composition is close to room temperature 

at which measurements are made. For higher zirconium contents, the paraelectric-ferroelectric 

transition temperature decreases, resulting in a decrease in dielectric permittivity.  

Figure 8 

tg – dielectric loss tangent; x – zirconium content ; BZT – barium zirconium titanate. 

Figure 8: Frequency dependence of the BZT thin films dielectric loss tangent tg at room 

temperature.  

High losses observed at low frequencies are due to space charges polarization losses attributed 

to the macroscopic movement of charge carriers captured by defects, impurity, phase boundary, 

etc… The dielectric loss tangent tg gradually decreases with frequency increasing, except for 

x=0.05 due to a possible dielectric relaxation to be confirmed by measurements beyond 1 MHz. 

A slight dielectric relaxation is noted for x=0.1 and x=0.2.  

Figure 9 

ε’’ – dielectric losses; tg – dielectric loss tangent; x – zirconium content ; BZT – barium 

zirconium titanate; Zr (%) – zirconium percentage; MHz – Megahertz. 
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Figure 9: BZT thin films dielectric losses ε’’ and dielectric loss tangent tg as a function of 

zirconium content at 1 MHz and room temperature.  

Dielectric losses increase and go through a maximum for a zirconium rate of 10% and then 

decrease, in the same way as the dielectric constant evolution.  The maximum value is obtained 

for x=0.1 as the Curie temperature for this composition is close to room temperature at which 

measurements are made. The dielectric loss tangent continuously decreases with the zirconium 

content increase: tgmin = 1.4 10-2 for x=0.35 at 1 MHz, which is interesting for electronic 

applications.  

Figure 10 

ε’ – dielectric permittivity; x – zirconium content; BZT – barium zirconium titanate; Zr – 

zirconium; E – electric field; V – Volt; cm  – centimeter; MHz – Megahertz. 

Figure 10: BZT thin films dielectric permittivity ε’ as a function of the applied electric field for 

different zirconium contents at 1 MHz and room temperature.  

The observed "butterfly wing" shape on the curves attests to the BZT thin films ferroelectric 

behavior. The highest dielectric permittivity values are obtained for x=0.1 as expected. The 

hysteresis effect decreases with the zirconium content increasing, as more x increases, the closer 

the material gets to the paraelectric state at room temperature. Nevertheless, the "butterfly-

wing" shape is still present up to x=0.35.  

Figure 11 

ε’’ – dielectric losses; x – zirconium content; BZT – barium zirconium titanate; Zr – zirconium; 

E – electric field; V – Volt; cm  – centimeter; MHz – Megahertz. 

Figure 11: BZT thin films dielectric losses ε’’ as a function of the applied electric field for 

different Zr contents at 1 MHz and room temperature. 

Dielectric losses show a "butterfly wing" shape indicating the BZT thin films ferroelectric 

behavior. The highest dielectric losses values are obtained for x=0.1 as expected. Dielectric 
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losses nonlinearly decrease with the electric field increasing, due to the anharmonic interaction 

of Ti ions at the paraelectric phase. This shows that such samples have a very good resistance 

to breakdown.  

Figure 12 

x – zirconium content; BZT – barium zirconium titanate; Zr – zirconium; E – electric field; V 

– Volt; cm  – centimeter; MHz – Megahertz. 

Figure 12: BZT thin films tunability as a function of the applied electric field for different Zr 

contents at 1 MHz and room temperature.  

The tunability increases monotonically as the applied electric field increases for all the BZT 

thin films compositions. The highest tunability is achieved for the BZT0.1 thin film, which has 

the highest dielectric permittivity and dielectric losses at room temperature.  

Figure 13 

x – zirconium content; BZT – barium zirconium titanate; Zr – zirconium; E – electric field; V 

– Volt; cm  – centimeter; MHz – Megahertz. 

Figure 13: BZT thin films tunability as a function of Zr content at 1 MHz, 240 kV/cm and room 

temperature.  

The tunability increases with the zirconium content increasing, passes through a maximum of 

32% at 240 kV/cm and 1 MHz for x=0.1 at room temperature, then decreases. The composition 

with the highest tunability is indeed the one for which the ferroelectric-to-paraelectric phase 

transition temperature is the closest to room temperature at which measurements are made. 
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Figure 1:  2 µm x 2 μm surface AFM images of BZT thin films with different zirconium 

contents. RMS – root mean square; BZT – barium zirconium titanate; x – zirconium content; 

nm – nanometers; µm – micrometers; AFM – atomic force microscopy.   

Images taken on the films surface show granular films with clear differences between the 

morphologies of their surfaces. Root mean square (RMS) roughness values decrease with the 

zirconium content increase due to the gradual decrease in grain size since the barium zirconate 

(BaZrO3) is a difficult refractory oxide (Tfusion =2600 °C). 
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Figure 2: BZT thin films roughness measured by AFM microscopy as a function of zirconium 

content. RMS – root mean square; nm – nanometers; Zr – zirconium; BZT – barium zirconium 

titanate; AFM – atomic force microscopy. 

Root mean square (RMS) roughness values decrease with the zirconium content increase due 

to the slow diffusion of the Zr4+ ion of larger ionic radius than that of Ti4+ ion. As a first 

approximation, the measured BZT thin films roughness is almost linear as a function of 

zirconium content starting from x=0.15, which could make possible the surface roughness 

control by adjusting the Ti/Zr ratio. 
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Figure 3: Local piezoelectric hysteresis loops phase-recorded at a grain of BZT0.05 (a), 

BZT0.15 (b), BZT0.25 (c) and BZT0.35 (d) thin films. x – zirconium content ; V – Volt ; (°) – 

degree ; BZT – barium zirconium titanate ; BZT0.05 – BZT thin film with x = 0.05 ;  BZT0.15 

– BZT thin film with x = 0.15 ;  BZT0.25 – BZT thin film with x = 0.25 ;  BZT0.35 – BZT thin 

film with x = 0.35. 

The phase gives information about the direction of the mechanical variation of the grain under 

a DC voltage. Well-defined hysteresis loops are obtained for all compositions under the applied 

electric field excitation. Loops are more inclined as the zirconium rate increases since the 

material tends to become paraelectric for x higher than 0.35 at room temperature. Local 

piezoelectric phase responses also degrade: from 140° for x=0.05 to 120° for x=0.35 for phase 

difference. Asymmetry observed over the loops due to the shift to positive or negative values 

of the applied voltage is attributed to the internal electric field at the film/electrode interface or 

the tip/film/electrode system. 
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Figure 4: local amplitude recorded loops at the center of individual grains of BZT0.05 (a), 

BZT0.15 (b), BZT0.25 (c) and BZT0.35 (d) thin films. x – zirconium content ; V – Volt ; BZT 

– barium zirconium titanate ; BZT0.05 – BZT thin film with x = 0.05 ;  BZT0.15 – BZT thin 

film with x = 0.15 ;  BZT0.25 – BZT thin film with x = 0.25 ;  BZT0.35 – BZT thin film with 

x = 0.35. 

The measured amplitude defines the local electromechanical response of the grain under a DC 

voltage owing the converse piezoelectric effect. The amplitude decreases from 0.8 mV for 

x=0.05 to 0.25 mV for x=0, showing that the BZT thin films piezoelectric character decreases 

with increasing zirconium content in the composition. The butterfly-wing appearance of the 

curves confirms the ferroelectric and piezoelectric character of BZT grains. Observed 

differences in the amplitude variations for positive and negative polarization may be due to the 

interface effect and/or the instrumental electrostatic contribution. 
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Figure 5-a: Acosφ piezoelectric response recorded at a grain of BZT thin films with x ≤ 0.25.  

x – zirconium content ; V – Volt ; BZT – barium zirconium titanate ; a.u. – arbitrary units; A –  

amplitude; φ – phase. 

Typical piezoelectric loops of a ferroelectric material are obtained for BZT thin films with 

x<0.25.  The width of the loops decreases as the zirconium content increases. The low hysteresis 

loop opening observed for x=0.25 shows that the ferroelectric to paraelectric transition of this 

film is very close to room temperature, at which the measurements were made.  
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Figure 5-b: Acosφ piezoelectric response recorded at a grain of BZT thin films with x ≥ 0.25. 

x – zirconium content ; V – Volt ; BZT – barium zirconium titanate ; a.u. – arbitrary units; A –  

amplitude; φ – phase. 

Acosφ piezoelectric response show that the room temperature is very close to the ferroelectric 

to paraelectric transition for x=0.25 as the hysteresis loop is very little open. Nevertheless, for 

x≥0.3 no hysteresis loop is observed, which shows that for these compositions BZT films are 

in the paraelectric state at room temperature.  
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Figure 6: Frequency dependence of the BZT thin films dielectric permittivity ε’ at room 

temperature. ε’ – dielectric permittivity; x – zirconium content ; BZT – barium zirconium 

titanate. 

The dielectric constant is very sensitive to stoichiometry with for each composition, a slight 

decrease of 7% to 13% in the range [1 kHz-1 MHz]. This decrease is due to oxygen gaps, 

extrinsic effects such as electrode interface effects and impurities and also to the dipoles that 

could not follow the rapidly alternation of the electric field in the whole frequency range. 
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Figure 7: BZT thin films dielectric permittivity ε’ as a function of zirconium content at 1 MHz 

and room temperature. ε’ – dielectric permittivity; x – zirconium content ; BZT – barium 

zirconium titanate; Zr (%) – zirconium percentage; MHz – Megahertz. 

The dielectric constant increases and passes through a maximum for a zirconium content of 

10% and then gradually decreases with the zirconium content increasing. The maximum value 

is obtained for x=0.1 as the Curie temperature for this composition is close to room temperature 

at which measurements are made. For higher zirconium contents, the paraelectric-ferroelectric 

transition temperature decreases, resulting in a decrease in dielectric permittivity.  
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Figure 8: Frequency dependence of the BZT thin films dielectric loss tangent tg at room 

temperature. tg – dielectric loss tangent; x – zirconium content ; BZT – barium zirconium 

titanate. 

High losses observed at low frequencies are due to space charges polarization losses attributed 

to the macroscopic movement of charge carriers captured by defects, impurity, phase boundary, 

etc… The dielectric loss tangent tg gradually decreases with frequency increasing, except for 

x=0.05 due to a possible dielectric relaxation to be confirmed by measurements beyond 1 MHz. 

A slight dielectric relaxation is noted for x=0.1 and x=0.2.  
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Figure 9: BZT thin films dielectric losses ε’’ and dielectric loss tangent tg as a function of 

zirconium content at 1 MHz and room temperature. ε’’ – dielectric losses; tg – dielectric loss 

tangent; x – zirconium content ; BZT – barium zirconium titanate; Zr (%) – zirconium 

percentage; MHz – Megahertz. 

Dielectric losses increase and go through a maximum for a zirconium rate of 10% and then 

decrease, in the same way as the dielectric constant evolution.  The maximum value is obtained 

for x=0.1 as the Curie temperature for this composition is close to room temperature at which 

measurements are made. The dielectric loss tangent continuously decreases with the zirconium 

content increase: tgmin = 1.4 10-2 for x=0.35 at 1 MHz, which is interesting for electronic 

applications.  
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Figure 10: BZT thin films dielectric permittivity ε’ as a function of the applied electric field for 

different zirconium contents at 1 MHz and room temperature. ε’ – dielectric permittivity; x – 

zirconium content; BZT – barium zirconium titanate; Zr – zirconium; E – electric field; V – 

Volt; cm  – centimeter; MHz – Megahertz. 

The observed "butterfly wing" shape on the curves attests to the BZT thin films ferroelectric 

behavior. The highest dielectric permittivity values are obtained for x=0.1 as expected. The 

hysteresis effect decreases with the zirconium content increasing, as more x increases, the closer 

the material gets to the paraelectric state at room temperature. Nevertheless, the "butterfly-

wing" shape is still present up to x=0.35.  
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Figure 11: BZT thin films dielectric losses ε’’ as a function of the applied electric field for 

different Zr contents at 1 MHz and room temperature. ε’’ – dielectric losses; x – zirconium 

content; BZT – barium zirconium titanate; Zr – zirconium; E – electric field; V – Volt; cm  – 

centimeter; MHz – Megahertz. 

Dielectric losses show a "butterfly wing" shape indicating the BZT thin films ferroelectric 

behavior. The highest dielectric losses values are obtained for x=0.1 as expected. Dielectric 

losses nonlinearly decrease with the electric field increasing, due to the anharmonic interaction 

of Ti ions at the paraelectric phase. This shows that such samples have a very good resistance 

to breakdown.  
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Figure 12: BZT thin films tunability as a function of the applied electric field for different Zr 

contents at 1 MHz and room temperature. x – zirconium content; BZT – barium zirconium 

titanate; Zr – zirconium; E – electric field; V – Volt; cm  – centimeter; MHz – Megahertz. 

Figure 12: BZT thin films tunability as a function of the applied electric field for different Zr 

contents at 1 MHz and room temperature.  

The tunability increases monotonically as the applied electric field increases for all the BZT 

thin films compositions. The highest tunability is achieved for the BZT0.1 thin film, which has 

the highest dielectric permittivity and dielectric losses at room temperature.  
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Figure 13: BZT thin films tunability as a function of Zr content at 1 MHz, 240 kV/cm and room 

temperature. x – zirconium content; BZT – barium zirconium titanate; Zr – zirconium; E – 

electric field; V – Volt; cm  – centimeter; MHz – Megahertz. 

The tunability increases with the zirconium content increasing, passes through a maximum of 

32% at 240 kV/cm and 1 MHz for x=0.1 at room temperature, then decreases. The composition 

with the highest tunability is indeed the one for which the ferroelectric-to-paraelectric phase 

transition temperature is the closest to room temperature at which measurements are made. 

 

 

 

 


