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350 nm-thick Perovskite PbZr0.54Ti0.46O3 (PZT) thin films were deposited on Al2O3 substrates by

sputtering with and without an additional 10-nm-thick TiOx buffer layer. X-ray diffraction pat-

terns showed that in presence of TiOx buffer layer, PZT film was highly oriented along the (111)

direction film, whereas the unbuffered, counterpart was polycrystalline. A full wave electromag-

netic analysis using a vector finite element method was performed to determine the tunability and

the complex permittivity up to 67 GHz. A comparison between the electromagnetic analysis and

Cole-Cole relaxation model was proposed. Through an original study of the relaxation time as a

function of the electric field, values, such as 2 ps and 0.6 ps, were estimated for EDC¼ 0 kV/cm

and 235 kV/cm, respectively, and in both cases (111)-PZT and polycrystalline-PZT. The distribu-

tion of relaxation times is found to be larger for (111)-PZT film, which is probably related to the

film microstructure. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904514]

I. INTRODUCTION

Perovskite structure-type oxides exhibit a wide range of

functionality owing to their outstanding ferroelectric, piezo-

electric, and pyroelectric properties.1–4 Since several years, the

development of ferroelectric thin films of high quality, such as

Pb(Zr,Ti)O3 (PZT), SrBi2Ta2O9 (SBT), and (Ba,Sr)TiO3

(BST), has allowed the integration of ferroelectric-based devi-

ces in microelectronics for different kinds of applications. For

example, BST has stimulated considerable efforts in designing

microwave electric field-agile devices without resorting to

active components.5–7 Likewise, PZT plays an important role

in piezo-MicroElectroMechanical Systems (PiezoMEMS),

such as actuators/micro-sensors and also in non-volatile mem-

ory applications, such as ferroelectric random access memory

(FRAM), where the storage data cells are obtained by means

of PZT-based capacitors.8,9 So, one can say that in recent

years, studies have been mainly dedicated to the development

of devices. Many theoretical investigations have been achieved

to explain some specific behaviour observed in thin film form,

such as fatigue or domain switching, as for example, for mem-

ory applications. But a limited number of works about the

relaxation time of ferroelectric materials in thin film form have

been published except studies concerning the temperature

effect on the dielectric relaxation. In bulk form (ceramic), the

dielectric response of ferroelectric materials has attracted

much more attention in the past, in particular, because of their

interesting dielectric relaxation properties. It is well known

that for this kind of materials, the dielectric relaxation

mechanisms are very sensitive to parameters, such as tempera-

ture, electric field, structural, and micro structural aspects

(defects, grain size, charge carriers…).10–13 To describe the

behaviour of such materials, relaxation models have been

developed and among them, the Debye’s model was the first

one proposed to evaluate the dielectric behaviour by using a

single relaxation time approach.14 Then this model has been

modified by introducing a correction factor considering a dis-

tribution of relaxation times to obtain the Cole-Cole’s model.15

In this study, our work is focused on ferroelectric oxides

that present a perovskite structure. PZT material with a com-

position near the morphotropic zone was chosen for the

experiments. We were interested in PZT because its level of

losses is sufficient to perform a characterization in a large

frequency range. In the study, the frequency band selected

spans from 1 GHz to 67 GHz. It should be mentioned that we

have already qualified BST thin films in terms of permittivity

and tunability at microwave frequencies.16–18 So it would

have been interesting to complete the dielectric characteriza-

tions by studying the relaxation time. Nevertheless, given the

low level of losses in the case of BST, frequencies in the

range of several hundred of GHz would have been required

(about 800 GHz) to make the relaxation time measurable.

Taking into account this constraint, and in order to demon-

strate the performance of the method we developed, we pro-

pose in this paper a complete characterization of

polycrystalline and (111)-oriented PZT films, namely, per-

mittivity, tunability, and loss angle up to 67 GHz. The re-

trieval of the dielectric properties from S-parameters

measurements is based on a full wave 2D-vector finite ele-

ment method. The results of extraction and the measurement

of the dielectric infinite permittivity (e1) together with a
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Cole-Cole approach are then used to estimate the characteris-

tic relaxation time of the thin film as a function of the

applied electric field.

II. PZT PREPARATION AND STRUCTRAL ANALYSIS

PZT films were deposited on (0001) Al2O3 substrate by

RF-magnetron sputtering. In order to estimate the influence

of the crystallographic orientation on the dielectric proper-

ties, two PZT films with different crystallographic orienta-

tions were fabricated. Previous studies have already shown

that the introduction of a TiOx buffer layer could enhance

the (111)-orientation of PZT films.19,20 In this study, the idea

was to make use of this experience, thus on the one hand, a

10 nm-thick TiOx buffer layer was sputter-deposited on

Al2O3 substrate before depositing the PbZr0.54Ti0.46O3 thin

film. On the other hand, no buffer layer was inserted between

the Al2O3 substrate and the PbZr0.54Ti0.46O3 layer. After

deposition of the TiOx buffer layer onto Al2O3 substrate and

before deposition of PZT, the TiOx/Al2O3 sample was

annealed at 700 �C in air, the objective of this treatment was

to bring the degree of oxidation of the TiOx film at or close

to its stoichiometric value: x¼ 2. Table I summarizes the

sputtering conditions used to simultaneously fabricate PZT/

Al2O3 and PZT/TiOx/Al2O3 structures.

The as-deposited PZT films were amorphous because

substrates were not heated during deposition. So after depo-

sition, the films were post-annealed at 625 �C during 30 min

for crystallization in perovskite phase.21 The thickness of

both PZT films, measured thanks to a Veeco Dektak 150 pro-

filometer, was 350 nm. Structural analyses were performed

through X-ray diffraction (XRD) using a Siemens D5000 dif-

fractometer with filtered Cu Ka1 radiation (k¼ 1.5406 Å).

Figure 1 shows the X-ray diffraction diagrams of the PZT

films. The h-2h scan covered the range 20�–60� with steps

size of 0.02�.
It is clearly observed (Figure 1) that the PZT film depos-

ited directly on Al2O3 (black line) was polycrystalline,

whereas the one deposited on TiOx/Al2O3 (blue line) was

oriented along the (111) axis. These results are in perfect

agreement with the literature.

III. MICROWAVE MEASUREMENTS AND DIELECTRIC
PROPERTIES EXTRACTION

The method used to determine the dielectric properties

(relative permittivity, loss factor, and tunability) of PZT in

the high-frequency domain is based on the fabrication of

microgap coplanar waveguides (M-CPW) deposited directly

on the material to be tested. The microgaps were obtained by

365 nm UV photolithography using a negative imaging photo-

resist. The thickness of the photoresists layer was 800 nm, the

exposure energy was 38 mJ/cm2, and no adhesion promoter

was necessary on the PZT samples. The planar electrodes con-

sisting of a 50 nm Ti adhesion layer and 450 nm Au layer were

obtained by evaporation process. Figure 2 shows a scanning

electron microscope (SEM) view of one of the realized copla-

nar waveguides (top view, zoomed top view, and cross section

view). The cross section view reveals that the thin film is not

fully dense (presence of porosity observed on the two samples:

PZT/Al2O3 and PZT/TiOx/Al2O3). This porosity effect on the

effective permittivity has been investigated and different nu-

merical methods and analytical models have been proposed in

the literature.22 Although our study was not focused on this

effect, we believe that the final result of the permittivity modu-

lus je*j is potentially lower than that of a fully dense PZT.

Nevertheless, according to the literature, we can estimate that

the extracted thin film permittivity modulus je*j represents

more than 90% of a fully dense PZT. Note that the porosity

has no impact on the ratio e00/ e0 and the relaxation parameters.

The optical masks used during exposure include several

hundred of M-CPWs collected in sets of 10 pieces. Within

TABLE I. Sputtering parameters used for TiOx and PZT layers.

TiOx deposition

parameters

PZT deposition

parameters

Target composition PZT 54/46

Target diameter 152.4 mm (6") 76.2 mm (3")

Distance target-substrate 50 mm 60 mm

Gas ArgonþO2 Argon

Pressure 2� 10�2 mbar 10�2 mbar

RF power 1.6 W/cm2 2.36 W/cm2

Substrates Al2O3 Al2O3 and TiOx/Al2O3

FIG. 1. X-ray diffraction patterns of 350 nm-thick PbZr0.54Ti0.46O3 films de-

posited on Al2O3 substrate annealed at 625 �C during 30 min. Black line:

PZT without a TiO2 buffer layer. Blue line: PZT with a TiO2 buffer layer.

FIG. 2. SEM view (top and cross section) of the 1.7 lm slot width coplanar

waveguide. The total length of the structure is 3 mm.

244108-2 Ponchel et al. J. Appl. Phys. 116, 244108 (2014)



the same group, the microgap slots present different widths

(from 1 lm to 2 lm with steps of 0.2 lm and from 2 lm up

to 4 lm with steps of 0.5 lm). This allows adjusting the

effective permittivity of the structure (depending on the rela-

tive permittivity of the material under test and its thickness)

and consequently leads to the best design that takes into

account both frequency and biasing (VDC) criteria. All other

dimensions of M-CPWs were fixed; the central conductor

width was set to 30 lm, the ground plane’s width is adjusted

to 190 lm, and the total length of each M-CPW is chosen to

be equal to 3 mm. One can note that the smallest achievable

gap by using UV-360 nm optical lithography to fabricate

CPW was 1 lm. So, beyond this limit, it is necessary to

switch to electron beam lithography.

Microwave measurements were carried out at room-

temperature (22 �C) using an Agilent E8361A Precision

Network Analyzer (PNA) coupled to a Cascade Microtech

ground-signal-ground probe station. The scattering parame-

ters were measured in the frequency range 1–67 GHz for a

�10 dBm input power. Given the remarkable stability and

reproducibility of the measurements, no averaging was

applied. Each measurement was performed with an interme-

diate frequency bandwidth of 10 Hz in order to have a maxi-

mum dynamic range and a minimum uncertainty on the

transmission and reflection coefficients (uncertainty less than

0.2 dB for a dynamic range between 0 and �35 dB). These

measurement characteristics result in a relative uncertainty

of approximately 2% on the final results. For DC electric

field control, an Agilent E5263A 2-Channel High Speed

Source Monitor Unit was used. The measurement station set

is driven by IC-CAP device modeling software v2009. For

each tested coplanar structure, the characterization protocol

consisted in measuring the S-parameters for 41 bias voltage

points following the sequence 0! 40V! 0! �40 V! 0

(if jVDCj< 10 V, the step is 2.5 V, if jVDCj> 10 V, the step is

5 V). Note that this value of 40 V corresponds to the maxi-

mum voltage possible with the internal PNA bias tee.

Finally, the experimental reference planes for wave port 1

and wave port 2 are determined using a SEM photograph of

the G-S-G tips marks on the gold electrodes (Fig. 2). The dis-

tance between the marks and the edge of the central line (for

wave port 1 and wave port 2) is measured for each tested co-

planar structure and taken into account in our home made

software.

It should be mentioned that a complete study was car-

ried out for the considered structures, namely, polycrystal-

line and (111)-oriented PZT films. Indeed, characteristics of

interest, such as permittivity, tunability, and loss angle, were

investigated in a large frequency range, up to 67 GHz, in

both cases. For readability, we have chosen to present the

whole development of the method for only one situation, the

(111)-oriented PZT films. Nevertheless, for comparison pur-

pose, the Cole-Cole parameters extracted for polycrystalline

and (111)-oriented PZT films are summarized at the end of

the paper.

Figure 3 shows the S-parameters measured for the 11

first VDC points (from 0 V up to 40 V). Figure 3(a) reports the

reflection coefficient on wave port 1, S11 measured on the

(111)-PZT sample from a 1.7 lm slot width M-CPW (identi-

cal results were obtained on polycrystalline film). The reflec-

tion coefficient on port 2 (not represented here) was strictly

the same. Note that the examination of the difference

between S11 and S22 is a good way to verify if the layer

below the M-CPW has a constant thickness. The selection of

FIG. 3. (a) Frequency dependence

until 67 GHz of the reflected S-

parameter (a) and transmitted S-

parameter (b) for VDC from 0 V up to

40 V (if jVDCj< 10 V, the step is 2.5 V,

if jVDCj> 10 V, the step is 5 V). (c)

Meshed SEM view used for the PZT

complex permittivity extraction. (d)

Confined electric field solution taken

during the computational phase in one

CPW-slot.
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the devices was made on this basis. A few key points should

be considered in interpreting these results. Sii (i¼ 1, 2) is the

sum of two independent contributions. First, the average

value hSii(f)i that reveals the impedance mismatch between

the device under test and the reference impedance of the

measurement system (Zref¼ 50 X) which is a quasi-constant

on all the frequency range. For VDC¼ 0 V up to 40 V, hSii(f)i
evolved from �4.7 dB to �6.5 dB, the corresponding charac-

teristic impedances are approximately 14 X and 17 X,

respectively. The second point to be considered is the oscil-

lating phenomenon due to the proximity of the second wave

port. Indeed, the waveguide boundaries may be seen as a par-

tially reflecting mirror like in a Perot-Fabry photonic cavity.

The magnitudes and the broadenings of these oscillations

grow with increasing VDC. Thus, with increasing VDC, effec-

tive permittivity decreases implying a reduction in the total

losses and the electrical length of the waveguide. Figure 3(b)

shows the Sij-parameters (i¼ 1, 2, j¼ 1, 2, i 6¼ j), i.e., the

total insertion loss into the device. The inset in Figure 3(b)

exhibits the VDC dependence of Sij-parameters at 30 (blue

line), 45 (green), and 60 GHz (red). It illustrates the impact

of the material on the wave behavior. Indeed, this underlines

the hysteresis loop that characterizes a ferroelectric phase

material.

The S-parameters were measured using a 1.7 lm M-

CPW but this dimension is not actually the optimal one to

obtain a maximum electrostatic field and consequently, a

maximum dynamics for the tunability measurement.

However, it permits to obtain acceptable Sij-parameters up

to 67 GHz. For example, in these conditions, S12 reached

�45 dB at 67 GHz. Admittedly, this value is extremely low

and close to the limits of the PNA. Actually, among all the

measurements on different slot widths (1 lm up to 4 lm),

this result was the best compromise between frequency de-

pendence and VDC dependence. Under these conditions

(VDC¼ 40 V, slot width¼ 1.7 lm), the maximum electro-

static field inside the thin film was EDC¼ 235 kV/cm.

From these measured S-parameters and the precise geo-

metrical characteristics obtained through SEM imaging, the

dielectric characteristics were extracted by a full wave elec-

tromagnetic analysis. We make use of a homemade software

based on a two-dimensional vector finite element method

especially developed for microwave characterizations of

materials. Special care is given to the mesh operation which

is adjusted from a mapping process directly on the SEM pic-

ture (see Figure 3(c)). Figure 3(d) shows the confinement of

the transverse electric field at 10 GHz. Note that with this

electrode topology, the electric field in the thin film is

located only in the 1.7 lm-microgap spacing. Compared to

M-F-M (Metal/Ferroelectric/Metal) structure, where the

electric field is below the metallic electrodes, a planar propa-

gation device is more convenient because it is less sensitive

to parasitic effects, in particular, to the Schottky effect on

the apparent permittivity with respect to the film thickness as

described in Ref. 23. In the following results, we do not rep-

resent error bars mainly for readability reasons and we prefer

to point out here that all results have a relative uncertainty of

less than 2% (including measurement uncertainty and com-

putational errors in numerical analysis).

The inversion-based computational procedure provided

complex permittivity e*¼ e0 � je00 of the PZT layer from the

S-parameters measurement for each frequency point and

each DC applied voltage point. Figure 4(a) represents the

frequency dependence of the complex permittivity for the 11

first DC applied voltages, i.e., from 0 V up to 40 V corre-

sponding to electric field of 0 kV/cm and 235 kV/cm, respec-

tively, into the 1.7 lm-coplanar slot. These results were then

interpolated by using the Cole-Cole function and plotted in

Figure 4(b) as a function of frequency. The inset (Figure 4(c))

shows the same information in a e00-e0 graph. A description

FIG. 4. (a) Frequency behaviour of the

complex permittivity (e*¼ e0 � je00) of

a 350 nm-thick PZT layer deposited on

Al2O3 substrate. These values have

been computed by 2D Full-wave elec-

tromagnetic field simulator (home

made) from 401 [S] parameter mea-

surement points and for each frequency

points, 41 bias voltage points follow-

ing the sequence 0!40!0!�40!0.

(b): Interpolation of the PZT complex

permittivity results in (a) using the

Cole-Cole function and a method

described in Sec. III. The inset (c)

present the Cole-Cole interpolation in

a e00- e0 graph.

244108-4 Ponchel et al. J. Appl. Phys. 116, 244108 (2014)



of the method used to achieve this Cole-Cole fitting is

detailed in Sec. IV. From both Figures 4(a) and 4(b), it can

be seen that whatever the external electric field, the real part

of the relative permittivity (e0) is continuously diminishing

with a very important slope. At 0 kV/cm for instance, e0 has a

value of 452 at 1 GHz, 408 at 5 GHz, and drops to 255 at

67 GHz (red curve on Figures 4(a) and 4(b)). This

corresponds in average to a 44% relative dispersion on the

complete frequency band (�0.67%/GHz). The maximum

decreasing (0.7%/GHz) was observed for the maximum

modulus of complex permittivity which corresponds, for this

PZT thin film, to an applied electric field of 30 kV/cm. At

235 kV/cm, e0 has a value of 197 at 1 GHz, 182 at 5 GHz, and

141 at 67 GHz, and the relative dispersion is about 28%

(�0.4%/GHz). As a comparison, in previous studies, for

example, in the case of the characterization of BST thin

films, we have obtained a maximum of 5% relative disper-

sion on the same frequency band (0.08%/GHz).16 Of course,

this very high dispersion is directly related to the dielectric

losses. Indeed, the dielectric losses that we display in terms

of loss tangent (tan d¼ e00/ e0) exceed 50% in the worst case.

Again, the maximum losses are obtained for an applied elec-

tric field of 30 kV/cm.

We present the behavior of the relative permittivity

(Fig. 5(a)) and the loss tangent (Fig. 5(b)) as a function of

EDC at 1 GHz, 5 GHz, and 67 GHz. The tunability is

defined as {(max(e0)–min(e0))/max(e0)} � 100 (in %). In the

present case, the maximum and minimum permittivities

correspond to applied electric fields of 30 kV/cm and

235 kV/cm, respectively. As we can observe in the table

included in Figure 5(a), the tunability is close to 60% up to

5 GHz and about 47% at 67 GHz. This behavior is directly

related to the DC field dependence of the dispersion as

pointed out above (0.7%/GHz at 30 kV/cm, 0.4%/GHz at

235 kV/cm).

IV. COLE-COLE MODEL FITTING: RELAXATION TIME
ESTIMATION

In the results presented in Figure 4(a), the level of losses

at 67 GHz suggests that we should be close to the character-

istic relaxation time of the PZT thin film. It is of interest to

relate these experimental data with a physical relaxation

model in order to estimate this characteristic relaxation time.

An initial analysis was investigated using the Debye model.

However, in the results presented in Figure 4 (for example,

the curve e0 (30 kV/cm)), the variation of e0 observed for the

lowest frequencies (typically between 1 GHz and 10 GHz)

indicates that Debye relaxation model is not sufficient. For

example, the differentiation, with respect to x de0Debye/dx
approaches 0 when x approaches 0 and this is not consistent

with our results (de0Measure/dx< 0 in our case). The results

presented by Hassen et al.12 (notably Figure 4) are a good

illustration of these remarks. Indeed, it was well established

that the Debye expression with a single relaxation time can-

not describe the dielectric response of the majority of com-

plex systems (complex microstructures, presence of grain

boundaries, and different grain sizes/orientations). In order

to better explain the experimental observations, we make use

of the Cole-Cole’s model that allows describing a spectral

distribution of relaxation times thanks to an additional pa-

rameter a. We note e*C-C this complex permittivity

e�C�C x; hð Þ ¼ e0C�C x; hð Þ � je00C�C x; hð Þ ¼ e1 þ
eS � e1

1þ jxsð Þa ;

(1)

h ¼ ðeS; e1; s; aÞ is a set of parameters. eS and e1 are,

respectively, the static and optic dielectric permittivity. The

parameter s is the central value of the symmetric spectral

distribution of relaxation times and a characterizes the

broadening of this distribution. In this formula, a must be

FIG. 5. Real part of relative permittiv-

ity (a) and loss tangent (b) versus EDC

(the electrical applied field) measured

for F¼ 1, 5, and 67 GHz.

244108-5 Ponchel et al. J. Appl. Phys. 116, 244108 (2014)



between 0 and 1. If a¼ 1, expression (1) corresponds to the

Debye model with a single relaxation behavior. The case

a¼ 0 represents an infinitely broad and continuous distribu-

tion. Note that for a particular value of s, there is a particular

peak loss frequency fpeak¼ (2ps)�1 for which e00 passes

through a maximum.

The purpose of the computational method developed is

to fit the Cole-Cole parameters h to the experimental data.

To that end, an algorithm based on the least squares method

was implemented in Matlab environment. In the least-

squares sense, the best solution minimizes the squared sum

of the scalar residue Fn(h). In our case, the total residue at

the i-th iteration can be described by the following

expression:

FiðhiÞ ¼
XN

n¼1

FnðhÞ ¼
XN

n¼1

je�measðxn;VDCÞ � e�C�Cðxn; hiÞj2;

(2)

where e�measðxn;VbiasÞ represents the experimental data pre-

sented in Figure 4, N is the total number of measured fre-

quency points provided by the network analyzer. For any

value of n, FnðhÞ represents the error between the observed

value e�measðxn;VDCÞ and the fitted value e�C�Cðxn; hÞ pro-

vided by expression (1).

In this algorithm, each parameter h is a random variable

taken in the closed interval [ha, hb], where ha and hb (ha< hb)

are real values defined beforehand. Note that the length of

the segment [ha, hb] can be reduced under certain conditions

tested during the calculation phase. This obviously leads to a

significant performance increase. Thus, for the i-th iteration,

a new set of parameter hi is drawn lots and a new residue

Fi(hi) is computed. If Fi(hi) is greater than a reference value,

nothing happens, and the algorithm goes to the next iteration.

On the contrary, if Fi(hi) is smaller than the reference value,

then Fi(hi) becomes the new reference. Of course, in this last

condition, the corresponding set hi is saved. A validation

phase was carried out to evaluate the fit quality as a function

of the iteration number Ni. This study shows that in this sit-

uation where four random variables are present, Fi(h) is con-

stant for Ni� 5 � 103 for any VDC. Of course, the value of

this constant is directly related to the noise measurement.

This simple approach based on the least squares method

coupled to a dynamic interval of random variable is the basis

of a reliable and efficient tool to fit experimental data.

An interval for most of Cole-Cole parameters can be

derived directly from measurements except for the optical

dielectric permittivity e1. In order to obtain an experimen-

tal interval for e1, the elliptic constants of the PZT thin

film were measured by using spectroscopic phase modu-

lated ellipsometer. Preliminarily, a chemical etching using

a 36% hydrochloric acid solution was carried out to remove

PZT at an edge of the sample and allowed obtaining the

elliptic response of Al2O3 substrate only. The measure-

ments were performed at room-temperature (22 �C like for

microwave measurements) using a Horiba Jobin Yvon

instrument and DeltaPsi2 software. The photon energy

region is from 0.75 to 4.75 eV by step of 0.02 eV with an

incident beam angle of 60�. The results of the complex opti-

cal index are given on Figure 6(b) for Al2O3 substrate only

and for PZT onto Al2O3.

In the investigated zone, the PZT thin film has a thick-

ness of 300 nm (profilometer measurement). All these data

allowed extracting the complex index of PZT layers. Many

dispersion models offered by the DeltaPsi2 software were

compared and the best matching was obtained by using the

Adachi-New Forouhi model. The result is presented Figure

6(a) in terms of complex permittivity versus frequency. This

experiment also allowed defining an experimental interval

for optic dielectric permittivity e1. The photon energy

region used here has brought out the photonic gap of our

PZT thin film which is estimated here at 4.1 eV, a value close

to the result of Lee et al.24 This value is the same whatever

the crystallographic orientation of the film.

Finally, the algorithm was initialized with a fixed inter-

val wide enough to include all the experimental data of

FIG. 6. Dielectric function of the PZT layers (a) and refractive index func-

tion measured on Al2O3 substrate and (111)-PZT/Al2O3 sample in the spec-

tral range of 0.75–4.75 eV.

FIG. 7. (a) Comparison between FEM direct-extraction from S-parameters (dot-

ted lines) and fitted Cole-Cole relaxation model (continuous lines) on a large fre-

quency logarithmic-scale obtained on the (111)-PZT sample. (b) Cole-Cole
parameters (s: the central relaxation time and a: the distribution broadening)

obtained on the two samples: (111)-PZT and polycrystalline-PZT.
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Figure 4. Thus, the starting point is the same for any VDC.

The static dielectric permittivity eS is bounded by [1; 1000],

the central relaxation times s is bounded by [0, (2p50� 109)�1],

the broadening a is free to act on its maximum range [0; 1]

and finally, e1 is bounded by [1; 5]. The real part e0C�C and

imaginary part e00C�C are presented on Figure 7(a) on a loga-

rithmic frequency axis from 1 GHz up to 10 THz.

For readability purpose, only a few results were selected

for their relevance. The dotted lines denote the already dis-

cussed experimental data of Figure 4 and which served to the

fitting procedure. The continuous lines symbolize the Cole-
Cole fitting results. Table II summarizes the set of Cole-Cole
parameters for some electric field values.

According to these results and in both cases (111-PZT

and polycrystalline-PZT), the central relaxation time appears

to be similar and close to 2 ps for low VDC values. When

VDC reaches its maximum value, this relaxation time is di-

vided by 4 (see Figure 7(b)). One can note that a is quasi

constant whatever VDC is. Nevertheless, it is interesting to

observe a significant shift between a(111) and a(poly). Then, a

larger relaxation times distribution is observed in the case of

111-PZT case. This result could be directly related to the

micro-structure of the film as we can see on Figure 8.

Actually, from the SEM photography, we note that for

(111) and polycrystalline films, the grain sizes are completely

different. Typically, a size of 1–2 lm for (111)-PZT film and

about 10 lm for polycrystalline film is observed. Note that as

the gap in the coplanar lines is in the order of 1 lm, the elec-

tromagnetic wave is very sensitive to the micro-structure of

the films.

Finally, from these results, the VDC dependence of the

relaxation time is reminiscent of the Arrhenius law which

relates relaxation time and temperature. Thus, it is tempting

to write like already proposed by Glinchuk et al.13

s � s0e
U�u EextþEintð Þ

kBT

� �
; (3)

where s0 is a pre-factor, U is the barrier height between dif-

ferent dipole orientations, u is a normalization coefficient,

kB is the Boltzmann’s constant, T is the absolute temperature,

Eext the energy provided by external voltage source, and Eint

denotes the internal energy of the ferroelectric material under

test.

V. CONCLUSION

In this paper, we have presented a complete characteri-

zation of (111)-oriented (using TiOx buffer layer) and poly-

crystalline Pb(Zr,Ti)O3 thin films grown on Al2O3 substrates

by RF-magnetron sputtering. The microwave properties of

TABLE II. Synthesis of Cole-Cole fitted parameters.

eS e1 s (ps) (2ps)�1 (GHz) a

EDC (kV/cm) (111) poly (111) poly (111) poly (111) poly (111) poly

0 453.80 395.69 4.59 4.86 1.84 1.85 86.63 85.89 0.66 0.75

30 490.67 406.02 4.60 4.97 1.99 1.91 79.74 83.16 0.67 0.76

88 358.91 350.32 4.81 4.82 1.51 1.74 105.35 91.49 0.60 0.70

147 268.37 245.97 4.96 4.92 0.97 1.15 164.04 138.41 0.57 0.68

235 199.15 171.86 4.96 4.85 0.56 0.69 283.26 229.64 0.53 0.65

FIG. 8. SEM top view on PZT layers.

(a) polycrystalline-PZT: grains sizes are

about 10 lm and (b) (111)-PZT films,

grains sizes are typically 1–2 lm.
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the films were evaluated using a two-dimensional vector fi-

nite element method in a large frequency range [1 GHz–67

GHz]. This work highlighted a very large dispersion of the

relative permittivity with a maximum value of 0.7%/GHz

when DC field is approximately 30 kV/cm and 0.4%/GHz

when DC field reaches its maximum value of 235 kV/cm.

The losses tangent exceeded 50% at 60 GHz without applied

DC field and decreases to 27% for maximum applied DC

field. The tunability was close to 60% at 1 GHz and reaches

47% at 67 GHz. Then, the result of the full wave analysis

was fitted using a dielectric relaxation approach. The Cole-
Cole relaxation model appeared as the simplest model able

to meet our experimental needs. To the best of the author

knowledge, it is the first time, in thin film form, that the

relaxation time and its dependence with the applied electric

field are determined. An experimental interval for the optical

dielectric permittivity e1 was determined by using spectro-

scopic ellipsometer in the 0.75–4.75 eV photon energy

region. Through this relaxation function, it appeared that the

central relaxation time was close to 2 ps when no external

electric field was applied and reaches 0.6 ps under a DC field

of 235 kV/cm. This result was similar for the both samples

(111-PZT and polycrystalline-PZT). Nevertheless, a signifi-

cant shift between the distributions broadening a(111) and

a(poly) is observed. The methodology developed in this study

is applicable to a wide class of materials in thin film form.
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