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Abstract – The in-plane dielectric and ferroelectric properties of preferentially oriented lead zirconate 

titanate (PZT) thin films are characterized using interdigitated transducers (IDTs). By combining finite 

element method simulations and capacitance measurements, values of the dielectric constant of films with 

thicknesses between 150 nm and 800 nm are obtained. A modified Sawyer-Tower circuit is used to 

investigate the polarization loops measured in-plane using IDT electrodes. A well-defined hysteresis loop is 

obtained demonstrating the switching of the polarization of the ferroelectric domains. Leakage current 

measurements reveal high resistivity and are an indication of the high quality of the PZT film. The obtained 

characteristics are used to determine the total impedance of the IDT-PZT structure. Here, the structure is 

represented by an equivalent ladder circuit using the inductance and resistance of the IDT electrodes and 

the capacitance and conductance of the PZT film. The obtained total impedance matches low frequency 

measurements. 

Introduction 
Ferroelectric thin films can be found in numerous applications ranging from electro-optic modulation 

[1], [2], non-volatile memories [3], [4], microelectromechanical systems (MEMS) [5], [6], sensor 

applications [7] to the generation of surface acoustic waves [8] and even photovoltaics [9]. In many 

applications interdigitated transducers (IDTs) are used as an aid to convert electrical energy into 

mechanical energy in the form of Surface Acoustic Waves (SAWs) [10], [11]. Since the electrode 

structures can be created on top of the ferroelectric film, IDTs have many advantages compared to the 

use of bottom and top electrodes, such as a larger voltage response since the maximal voltage which can 

be applied is not limited by the film thickness. 

Lead zirconate titanate (PZT, PbZr1-xTixO3) is a ferroelectric material frequently used due to its large 

dielectric constant, electro-optic and piezoelectric coefficient [12], [13]. Since PZT thin films exhibit 

excellent piezoelectric properties, they are frequently used in MEMS applications. Additionally, it is a 

suitable material for acoustic wave devices due to its high electromechanical coupling coefficient [14]. 

An interesting property of PZT is the existence of the morphotropic phase boundary (MPB) which 

occurs around x = 0.48 [15]. At the MPB, the ferroelectric and piezoelectric properties of PZT are 

superior and the polycrystalline materials can be switched more easily into a poled state. Unfortunately, 

PZT thin films do not grow spontaneously in the preferred direction. To grow high-quality thin films on 

non-lattice matched substrates an intermediate layer is used which acts as a seed layer. In a previous 

work [16], a novel technique to obtain textured PZT thin films on different substrates using an ultrathin 

(5 nm – 10 nm) dielectric intermediate layer was presented. The ferroelectric films are highly textured 

with the c-axis perpendicular to the substrate and random in-plane orientation. Previous performed out-

of-plane measurements indicate excellent electrical performance: a strong remanent polarization, high 

dielectric constant, low leakage current and high breakdown field are observed. 

Accurate determination and prediction of the IDT impedance is indispensable in for example SAW 

sensor applications [7]. If the pressure, temperature, mass, or liquid on top of the device changes, the 
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dielectric properties of the device will change which results in an impedance change that can be 

measured [17], [18]. Therefore, a characterization of the dielectric properties of the ferroelectric material 

is necessary for the creation of a general impedance model. Additionally, the model can be used in 

designing the IDTs in such a way the impedance matches these of the measurement equipment [19]. 

In this paper, we will discuss the in-plane ferroelectric and dielectric properties, such as dielectric 

constant, capacitance, polarization and leakage current, of preferentially oriented PZT thin films 

deposited on glass substrates characterized using IDTs. Since the electric field in between the IDT 

fingers is no longer linear but curved, the relationship between the capacitance and dielectric constant 

becomes more complex. In the first part of this paper, the in-plane dielectric constant will be determined 

by the combination of finite element simulations and capacitance measurements. Thereafter the results 

will be compared to existing theoretical models [20]–[22]. Additionally, polarization loops are measured 

in-plane by an extended Sawyer-Tower circuit. Values for the remanent and saturation polarization are 

obtained together with a value of the dielectric constant of the material. Furthermore, the parasitic 

resistance of the ferroelectric thin film is obtained from hysteresis measurements at low frequencies 

[23]. IV-measurements are performed to determine the steady state leakage current, which is different 

from the leakage current affecting hysteresis loop measurements [24]. Once the PZT layer is fully 

characterized, a general impedance model of the IDT-PZT device will be discussed and will be 

compared to measured data. 

Experiments 
The PZT (52/48) films are deposited using a chemical solution deposition technique as described in [16]. 

Preferential orientation onto the Corning Boro-Aluminosilicate glass substrates (Delta Technologies) of 

the PZT film is obtained using a lanthanide-based seed layer and is verified through XRD measurements. 

By using a non-conductive substrate, the parasitic capacitance between the electrodes and the substrate 

can be neglected, which is not the case when using a Si substrate [21]. By repeating the spin coating 

process, films with thicknesses varying between 150 nm and 800 nm are achieved. IDT electrodes 

consisting of an Au/Ti alloy and a thickness of 400 nm are developed on top of the PZT film using UV 

lithography. The spatial wavelength (λ0) of the IDTs varies between 42 and 84 µm and the width of the 

gap and the fingers are equal (0/4). 

In-plane characterization of the dielectric constant 
 

The relation between the in-plane dielectric constant of PZT and the capacitance of an IDT-PZT-glass 

structure is obtained by combining a FEM simulation in MATLAB and low frequency capacitance C(f) 

measurements performed using an LCR tool (HP 4192 ALF impedance analyser) with frequencies 

varying from 1 kHz to 1 MHz. Due to the periodicity of the IDT structure, it is sufficient to simulate 

only one period, consisting of one-half positive and one-half negative electrode, as shown in Figure 1a. 

The periodicity is implemented by applying Neumann boundary conditions to the left and right edge of 

the simulation domain. First, the partial differential equation (PDE) solver is used to solve the Laplace 

equation ∇. ϵ∇V = 0 in the structure, after which the electric field can be calculated by E =  −∇V. In the 

next step, the charge (q) is determined by calculating the Gauss integral along a smooth curve around 

one half electrode (black line in Figure 1a). Finally, once the charge at one half electrode is known, the 

capacitance per unit length can be obtained using c = q/V (in F/m). Multiplying c with 2N-1, where N 

is the number of finger pairs, and the aperture of the IDT (overlap length of the electrode fingers) gives 

the capacitance (in F) of the total structure.  
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(a) 
 

(b) 

Figure 1: Simulation result of the electric field of the structure. The PZT layer is a 440 nm thin layer 

just below the electrodes, which are modelled as perfect electric conductors. (a) Representation of 

electric field vectors in the simulated structure, the black line indicates the smooth curve along which 

the Gauss integral was calculated. (b) Electric field amplitude in the structure. 

This simulation is performed for a 440 nm PZT structure using IDTs with a spatial wavelength 0 of 50 

or 45 m consisting of 20 finger pairs and an aperture of 360. Figure 1(b) shows the result of the electric 

field simulation for 45 m IDTs. Due to the high dielectric constant of the PZT layer, the electric field 

is quasi-parallel to the PZT layer and almost constant in-between the electrodes. Only near the edges of 

the electrodes (see Figure 1b) there is a stronger electric field. C(f) measurements of different IDTs with 

sizes of 50 and 45 m are performed to obtain the dielectric constant. The measured capacitance at 10 

kHz is 25 pF and 25.5 pF for the 50 and 45 m IDTs, respectively. Comparing this to the simulated 

relation between the dielectric constant and capacitance gives an in-plane dielectric constant of about 

1000. 

The same process of simulations and capacitance measurements is performed in order to obtain the in-

plane dielectric constant for films with thicknesses varying between 150 and 800 nm, shown in Error! 

Reference source not found.. As this figure indicates, the dielectric constant decreases with increasing 

thickness of the PZT layer and values between 400 and 2000 are obtained. The large variation of the 

dielectric constant is probably caused by a deterioration of the film quality of the thicker layers [25]. 

XRD measurements presented in figure 2(b) indicate excellent preferentially oriented films, irrespective 

of the layer thickness. XRD measurements are performed using a D8 Discover diffractometer (Bruker 

technologies Ltd.,) with CuKα radiation. The peaks in the XRD graph are the (001) and (002) lines of 

PZT. However, the difference in lattice constant of PZT for the (001) and (100) direction is quite small. 

As a result, the (001) and (100) lines are very close to each other and this cannot be resolved by the 

XRD measurements in Figure 2(b). This means that the peaks visible in Figure 2(b) may also be the 

(100)/(200) peaks of PZT. It is our assumption that a virgin PZT film consists of a mixture of (100) and 

(001) oriented domains. Thicker films are obtained by the repetition of the spin coating process (one 

cycle deposits about 50 nm PZT), which may result in a reduction of the film quality [26] although, even 

the thicker films do not indicate any crack formation. 

(a)    (b)   
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(c)   

Figure 2: Dielectric constant obtained by combining C(f) measurements with FEM simulations for different 

thicknesses of the PZT layer (a). XRD measurements for samples with different film thickness (b). Cross-sectional 

SEM image of PZT film on corning glass substrate (c). 

To further investigate the decrease of permittivity in thicker PZT layers, a cross-section of a thick PZT 

film was performed by first making a cross section using a Focused Ion Beam (FIB) (FEI Nova 600 

Nanolab Dual-Beam FIB) and then Scanning Electron Microscopy (SEM) was used to determine the 

thickness from the cross-sectional views and to study the morphology of PZT film. The PZT layer with 

a thickness of 630 nm (shown in Figure 2(c)) is fairly dense, but voids can be detected. It is a well-

known effect that when going towards thicker layers the chance of voids appearing is becoming larger. 

In this work, this is most probably due to gas release during the thermal processes. Also from a thickness 

of 250 nm and higher secondary phases appear (seen as the darker spots in Figure 2(b)). At this moment 

we do not know yet which exact phase this is as we did not yet perform extensive XRD analysis to 

identify this phase. It is also well known that the formation of secondary phases is becoming more likely 

when moving towards thicker layers. Both voids and secondary phases reduce the quality of the PZT 

layer and subsequently result in lower permittivity. The optimization of the deposition process for 

obtaining higher quality thick PZT layer is part of future research and is out of the scope of this article. 

For the hysteresis measurements, the relation between the geometrical and material parameters and the 

charge is required to calculate the electric displacement field [27]. This can be achieved by interpolating 

the results of a limited set of simulations or by using approximate analytical models. Multiple analytical 

descriptions exist for the relation between the capacitance and dielectric constant, taking the electric 

field lines into account [20], [21], [28]. The simplest description is the parallel-plate electrode (PPE) 

model which extends the electrodes through the ferroelectric thin film. The capacitance per unit finger 

length is then given by 

 
𝑐 =

𝜖0𝜖𝑟𝑡𝑓

𝑎
 (1) 

where εr is the dielectric constant of PZT, tf is the PZT film thickness and a is the distance between the 

electrodes. 

More extended descriptions are given by the Gevorgian and Igreja model [20], [21], which also take the 

stray fields at the end of the fingers and first and last finger into account. It is assumed that the PZT thin 

film is homogeneous and isotropic, and the presence of the dielectric anisotropy and domain walls is 

negligible [20]. If the electrode width and gap are much larger than the ferroelectric film thickness, the 

capacitance per unit length for both models is given by [21]  

 
𝑐 =

𝜖0𝜖𝑟𝑡𝑓

𝑎 + 𝛥𝑎
 (2) 

where for the Gevorgian capacitance model (full calculation given by Nigon et al. [20])  

 
𝛥𝑎𝐺 =

4 𝑙𝑛(2√2) 𝑡𝑓

𝜋
 (3) 
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and for the Igreja model (full calculation given by Nguyen et al. [21]) 

 
𝛥𝑎𝐼 =

4 𝑙𝑛(2) 𝑡𝑓

𝜋
 (4) 

The PPE, Gevorgian and Igreja models can be compared to the results of the FEM simulation for the 

capacitance and dielectric constant relation for 45 m IDTs and 440 nm PZT on glass, as shown in 

Figure 3a. For these relatively large structures and thin films, the PPE model gives the best estimation 

of the capacitance-dielectric constant relation. This differs from the electric field calculation inside the 

PZT layer between the finger electrodes where the PPE model overestimates the electric field and the 

Igreja model is more suited (see Figure 3b). It is possible that the PPE model gives a better estimation 

to the simulation since for larger gaps and thinner films the Igreja model underestimates the capacitance, 

as is discussed by Chidambaram [28]. For smaller IDT structures, the Igreja and Gevorgian model are a 

closer estimation of the simulation. Furthermore, capacitance measurements of IDTs on glass (without 

a PZT film) are in agreement to simulation results for the same structure, which proves that any parasitic 

influence of the electrodes can be neglected.  

 

(a) 

 
(b) 

Figure 3: (a) Comparison of the simulated capacitance-dielectric constant relation with the different theoretical 

descriptions. (b) Simulated electric field for different voltages applied to 45 µm IDTs compared to the electric 

field calculated using the PPE and Igreja model. 

 

 

 

In-plane hysteresis measurements 
To measure the hysteresis loop a modified Sawyer-Tower circuit is used, consisting of a triangular AC 

voltage source and a known standard capacitor (C0) in series with the IDT-PZT-glass sample (device 

under test, DUT). The measurements are performed using a RS Pro RSDG2000X signal generator 

combined with a 100x amplifier and a Tektronix TDS7104 oscilloscope which are both connected to a 

computer and operated by a LabVIEW program. The oscilloscope is used to measure the input voltage 

(Vin) and voltage across the standard capacitor (V0). Knowing the voltage across the DUT (Vin – V0) and 

the distance between the electrodes, the electric field can be calculated using the Igreja model (as is 

discussed in the previous section). The electric displacement field is obtained by assuming the 

instantaneous charge stored by the DUT (QDUT = D(t)ADUT) and the reference capacitor (Qc = C0V0(t)) 

are equal:  

 
𝐷(𝑡) =

𝐶0

𝐴𝐷𝑈𝑇
𝑉0(𝑡) (5) 

Since the IDT electrode can be seen as multiple PPE’s in parallel, the thickness of the capacitor is equal 

to the gap between the electrodes and the area ADUT = tfW(2N − 1), where W is the aperture length of 

a single IDT electrode and N the number of electrode finger pairs.  
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Different hysteresis measurements are performed using varying IDT sizes and layer thicknesses, C0 

values, amplitudes and frequencies of the AC signal. Figure 4a shows the obtained D-E and P-E loop 

measured using 50 m IDTs and a 440 nm thick PZT layer. The frequency and amplitude of the 

triangular AC signal are 10 kHz and 200 V, respectively. The value of the capacitor in series (C0) is 2 

nF, which is about 100 times larger than the capacitance value of the PZT device. At first the D-E loop 

was calculated (light blue curve in Figure 4a). Next a line was fitted to the linear curve at large electric 

fields to obtain the dielectric constant. The obtained value of the dielectric constant is 1055, which is in 

agreement with the results of the capacitance and dielectric constant simulation. The ferroelectric part 

P(t) of the instantaneous total polarization Ptot(t) due to the domain switching is then obtained from 

 𝐷(𝑡) =  𝜖0𝜖𝑃𝑍𝑇𝐸(𝑡) + 𝑃(𝑡)  (6) 

and the P-E loop can be plotted (dark blue curve in Figure 4a). The remanent polarization is about 19.5  

µC/cm2 and the spontaneous polarization is about 24 µC/cm2, where the small difference between these 

values indicates that the shape of the loop is close to a square. The coercive field is about 45 kV/cm. For 

PZT films with a smaller thickness, the spontaneous and remanent polarization values are similar to the 

440 nm sample but the coercive field is much smaller, as shown in Figure 4c. These values can be 

compared to the out-of-plane measurements performed before using 600 nm thick PZT films of the same 

composition [16] where a remanent polarization of 19 µC/m2 and a coercive field of 68 kV/cm were 

measured. The samples in [16] were fabricated using the same deposition procedure and showed the 

same crystallographic properties as the current samples as confirmed by XRD. The difference is that the 

glass substrate is coated with an Indium Tin Oxide (ITO) layer before PZT deposition to enable out-of-

plane electric fields to be applied. The similarity of these results indicate that the films can be poled 

equally well in-plane and out-of-plane. We believe that the PZT film goes from an initial mixed 

(100)/(001) orientation to a dominant (100) orientation in the case of in-plane poling or a dominant (001) 

orientation in the case of out-of-plane poling. 

Additionally, hysteresis measurements are performed using different sizes of the standard capacitor 

using a frequency of 1 kHz. Since most measured hysteresis loops are not fully symmetric but shifted 

to the right (indicating a preferential polarization direction [29]) and up or down, the values for 2 Pr, 2 

Ps and 2 Ec are plotted in Figure 4b. As this figure shows, the size of the standard capacitor has to be at 

large enough so the voltage over the DUT is large enough to obtain maximal polarization [27].  

 
(a) 

  
(b) 
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(c) 

Figure 4: (a) In-plane measured P-E and D-E loop 

using 50 µm IDTs on a 440 nm thick PZT layer 

measured at 10 kHz. (b) hysteresis characteristics 

(2Pr, 2Ps and 2Ec) for different sizes of the standard 

capacitor (CDUT = 25 pF) measured at 1 kHz and (c) 

for different thicknesses of the PZT layer measured at 

1 kHz using a 2 nF standard capacitor. 

 

At the metal-PZT interface a Schottky junction will be formed. The study of band alignment between 

ferroelectric materials is complicated as the polarization may influence the band bending. Thanks to X-

ray photoelectron spectroscopy (XPS) it is possible to characterize the band bending due to the Schottky 

mechanism. The band bending at PZT interfaces is in the order of 1.09 to 1.37 eV with a depletion layer 

of 3 nm to 35 nm, for metal contacts like Pt, ITO or SrRuO3 [30], [31].XPS analysis of Au contacts on 

BaTiO3 revealed an apparent built-in potential of 0.3 eV and a depletion width of 6 nm [32]. The 

apparent built-in potential for Au contacts on PZT is similar (0.28 V) but with a much smaller depletion 

width of about 2 nm [33]. Due to the fact that the dimensions of the electrode gap (12.5 µm or 11.25 

µm) are much larger than depletion width and due to the fact that the required voltages for obtaining the 

hysteresis loop (in the order of 200 V) are much larger than the apparent built-in potential, we do not 

expect any appreciable influence of the Schottky barrier on the measurement results. 

 

Leakage current 
Leakage current measurements are performed on the 440 nm thick PZT sample using both the 50 µm 

and 45 µm IDTs. Two different voltage sweeps are used during the IV measurements: the first one is a 

step sweep where the voltage alters from 0 V → + x V → 0 V → – x V, where x varies between 1 V and 

120 V and the second one is a staircase sweep where the voltage goes from 0 V to 120 V, then from 120 

V to – 120 V and finally from – 120 V to 0 V in steps of 5 V. During both sweeps the voltage was 

applied for 10 s and the current was measured. Figure 5 shows the results of the 50 µm IDT for the 2 

different sweeps (other measurements give similar results). Each point on the graph represents the 

current obtained 10 s after applying the DC voltage. As this figure shows, the leakage remains below  

100 pA which is very small and close to the noise region of the detector and the obtained resistivity is 

about 2 TΩ. This indicates the high quality of the PZT layer. 

 

Figure 5: IV measurements of 50 µm IDTs up to 120 V measured using a staircase sweep and a step sweep. 
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The DC leakage current measured is different from the one affecting the hysteresis loops. In the latter, 

the short measurement time can cause current transients [24]. It is possible to estimate the leakage 

current during hysteresis measurements. At low frequencies, the P-E loop can be distorted as the result 

of a phase shift between the applied voltage and measured output voltage caused by the finite 

conductivity of the ferroelectric sample [34]. If the PZT layer is sufficiently insulating the measured P-

E loop can be twisted, whereas for samples with a lower resistivity the loop can be distended [23]. This 

implies that the charge on the electrodes of the DUT and standard capacitor are no longer equal and  (5 

is not valid anymore. The finite resistance of the ferroelectric sample can be taken into account by 

placing a resistor RPZT in parallel with the DUT. The relation between the charge on the two components 

is then given by 

 
𝑄𝐷𝑈𝑇 + ∫

𝑉𝑖𝑛(𝑡) − 𝑉0(𝑡)

𝑅𝑃𝑍𝑇(𝑡)

𝑑𝑡 = 𝑄𝑐 (7) 

Combining (6 and (7 together with the instantaneous charge equations, the polarization can be calculated 

as 

𝑃(𝑡) = (
𝐶0

𝐴𝐷𝑈𝑇
+

𝜖0𝜖𝑃𝑍𝑇

𝑎 + Δ𝑎
) 𝑉0(𝑡) −

𝜖0𝜖𝑃𝑍𝑇

𝑎 + Δ𝑎
 𝑉𝑖𝑛(𝑡) −

1

𝐴𝐷𝑈𝑇
∫

𝑉𝑖𝑛(𝑡) − 𝑉0(𝑡)

𝑅𝑃𝑍𝑇(𝑡)

𝑑𝑡 (8) 

  

Measurements performed at 10 Hz, using 50 μm IDTs on a 440 nm thick PZT film, show indeed a 

twisted hysteresis loop, as is displayed in Figure 6. Using (8 with a resistance value of the PZT equal to 

620 MΩ, the twisted P-E loop becomes an untwisted hysteresis loop which has the same saturation 

polarization as the one measured at 1 kHz. However, the remanent polarization and coercive field are 

smaller compared to the measurements performed at larger frequencies. The relatively high value of the 

resistance of the PZT obtained from the low frequency hysteresis measurements demonstrates the 

insulating properties of the PZT layer, which was also observed during DC measurements. Although the 

leakage current at these higher frequencies is larger compared to the steady state one as the result of 

current transients due to the short measurement times caused by charges that may not have enough time 

to settle after polarization switching [24]. 

 
Figure 6: Twisted P-E loop measured at low frequency (10 Hz) can be corrected to the light blue curve by 

taking the finite resistivity of the ferroelectric layer into account. 

Impedance model 
The total impedance of the IDT-PZT structure using a glass substrate is determined by a quasi-static 

model. In this model, the electrodes of the IDT are represented by a resistance and inductance and the 

effect of the PZT layer in between the IDT fingers is replaced by a conductance and capacitance. The 

total impedance of the IDT-PZT device can be obtained using an equivalent ladder network. 
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IV model IDT-PZT structure and voltage along an IDT finger 
Representation of the PZT layer  

As discussed before, the PZT-IDT structure can be seen as a set of capacitors in parallel. Assuming the 

electrodes are perfect conductors, only the PZT layer will influence the voltage along the electrodes. 

Capacitance simulations indicate the capacitance p.u.l. of one finger pair can be represented as if this 

were a PPE electrode. Beside the capacitance there is also a conductance contribution due to the losses 

of the PZT layer: there is the dielectric loss which is frequency dependent and given by  

 
𝑔′ = 𝜔𝜖𝐼𝑐0 =

𝜔𝜖0𝜖𝑃𝑍𝑇𝑡𝑎𝑛𝛿𝑡𝑓

𝑎
 (9) 

where 𝜖𝐼 is the complex part of the permittivity which is obtained from the dielectric loss measurements 

tan 𝛿 =
𝜖𝑃𝑍𝑇

𝜖𝐼
 which is frequency dependent, however measurements have shown that in the chosen 

frequency range the value is almost constant and about 0.02 (see [16]). The second contribution is the 

leakage current represented by the resistance of the PZT achieved from hysteresis measurements at low 

frequencies. This makes the total conductance 𝑔 = 𝑔′ +
1

𝑅𝑃𝑍𝑇
. 

If one assumes perfect electrodes, the voltage-current relation for periodic signals for the 2 electrodes 

(see Figure 7) is given by 

 𝐼1 = 𝐼2 = (𝑗𝜔𝑐 + 𝑔)(𝑉1 − 𝑉2) = 𝑌𝑃𝑍𝑇(𝑉1 − 𝑉2) 

 
(10) 

Influence non-perfect electrodes 

Using Ohm’s law the current-voltage relation in the electrode fingers due to finite conductivity is given 

by (see Figure 7)  

 𝐼1 =  −𝜎𝑐𝑑𝑐𝐿𝑐
𝑑𝑉1

𝑑𝑦
  (11) 

 𝐼2 =  −𝜎𝑐𝑑𝑐𝐿𝑐
𝑑𝑉2

𝑑𝑦
  

(12) 

 

where 𝜎𝑐 is the conductivity, dc the thickness and Lc the length of the electrodes. Due to the capacity of 

the PZT film, charge conservation states that the surface charge density (𝐾𝑥 = 𝑌𝑃𝑍𝑇(𝑉1 − 𝑉2)) will be 

conserved between the two finger electrodes: 

 𝑑𝐼1

𝑑𝑦
=  −𝐾𝑥 (13) 

 𝑑𝐼2

𝑑𝑦
=  𝐾𝑥 (14) 

Combining (11-(14 results in two coupled differential equations 

 𝑑2𝑉1

𝑑𝑦2
= 𝑟𝑒𝑙𝑌𝑃𝑍𝑇(𝑉1 − 𝑉2) (15) 

 𝑑2𝑉2

𝑑𝑦2
= −𝑟𝑒𝑙𝑌𝑃𝑍𝑇(𝑉1 − 𝑉2) (16) 

where 𝑟𝑒𝑙 =
1

𝜎𝑐𝑑𝑐𝐿𝑐
 is the p.u.l. resistance. 

Next to the resistance of the electrodes, there will also be an inductance contribution as a result of the 

magnetic field induced by the current along the electrodes. The inductance contribution exists of both 

an internal inductance term (Lin) and external inductance (Lex), where the last one has only a physical 

meaning if there are at least two electrodes [35]. 
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In contrast to the internal inductance of a round wire, which is well known [36], the internal inductance 

of an electrode which has a rectangular cross-section is more complex and can no longer be calculated 

analytically. Therefore, the internal inductance is calculated using a MATLAB simulation where the 

PDE toolbox is used to calculate the magnetic vector potential inside the electrode [37]  

 – 𝛻2𝐴𝑦(𝑥, 𝑦) + 𝑗𝜇0𝜎𝜔𝐴𝑦(𝑥,𝑧) = 𝜇0𝐽𝑎𝑝𝑙 
 (17) 

and applying Dirichlet boundary conditions at the four edges. The current is defined along the y axis 

hence the simulation can be defined as a 2D problem. Once the magnetic vector potential is known, the 

magnetic field is obtained by 𝐵 = 𝛻 × 𝐴𝑦1𝑦 = 𝛻𝐴𝑦 × 1𝑦 and the p.u.l. internal inductance can be 

calculated as 

 
𝑙𝑖𝑛 =

∫ |B|2𝑑𝑆

𝜇0|𝐼|2
 (18) 

The p.u.l. external inductance for very thin electrodes depends only on the width and distance between 

the electrodes and is given by [38] 

 
𝑙𝑒𝑥 =

𝜇0𝐾(𝑘)

𝐾(√1 − 𝑘2)
 

  
(19) 

where 𝑘 =

𝑎

𝐿𝑐

2+
𝑎

𝐿𝑐

 and K is the complete elliptic integral of the first kind. 

At low frequencies, both the resistance and internal inductance are frequency independent as the current 

is uniformly distributed across the conductor. For larger frequencies, the skin depth becomes important 

since the current density will be larger near the surface of the conductor and smaller towards the centre. 

At a certain frequency, the skin depth will become smaller than the dimensions of the conductor. The 

frequency at which this occurs is defined as the break-point and depends on the geometry and material 

of the electrodes [37]. For these high frequencies, the internal inductance will vanish due to the skin 

effect [39] and the resistance increases with the square root of the frequency 𝑟𝑒𝑙 =
1

2 𝜎𝑐 𝛿 (𝐿𝑐+𝑑𝑐)
 where 

𝛿 =  √(
2

𝜔𝜎𝑐𝜇
)  is the skin depth. In our designs, the breakpoint is expected to occur at 150 GHz, as 

shown in Figure 8. This frequency is higher than our experimental setup can reach (order of 100 MHz) 

and for these frequencies, the resistance can thus be assumed to be frequency independent. 

Including the inductance contribution, the two coupled differential equations (15 and 16) for the voltage 

along the IDT fingers of the network shown in Figure 7 are 

 𝑑2𝑉1

𝑑𝑦2
= 𝑟𝑒𝑙 + 𝑗𝜔(𝑙𝑖𝑛 + 𝑙𝑒𝑥𝑡))𝑌𝑃𝑍𝑇(𝑉1 − 𝑉2) = 𝑍 𝑒𝑙𝑌𝑃𝑍𝑇 (𝑉1 − 𝑉2) (20) 

 𝑑2𝑉2

𝑑𝑦2
= −(𝑟𝑒𝑙 + 𝑗𝜔(𝑙𝑖𝑛 + 𝑙𝑒𝑥𝑡))𝑌𝑃𝑍𝑇(𝑉1 − 𝑉2) = −𝑍 𝑒𝑙𝑌𝑃𝑍𝑇 (𝑉1 − 𝑉2) (21) 

These equations are similar to the Telegrapher’s equations for a transmission line, but the boundary 

conditions are different from these of transmission lines, as will be discussed in the next section. Th
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Figure 7: Schematic representation of the different parameters, impedances and network representation of the 

IDT-PZT structure, including the ladder network representation of the device. 

 

(a) (b) 

Figure 8: Simulation results of the impedance (a) and admittance (b) variables of the PZT-IDT finger structure 

for different frequencies 

 

Simulation of the voltage along the IDT electrodes  

The two coupled differential equations (Eq. 20 and Eq. 21) are evaluated using a solver for ordinary 

differential equations with known boundary value conditions. If the interval over which the equations 

are solved is defined as [0,L] with L the length of the electrode finger, the boundary conditions are 

𝑉1(𝑥 = 0) = 𝑉0, 𝑉2(𝑥 = 𝐿) = 0 𝑉 and 
𝑑𝑉1

𝑑𝑦
(𝑥 = 𝐿) = 

𝑑𝑉2

𝑑𝑦
(𝑥 = 0) = 0 (the current at end of electrode 

needs to be zero). 

Using the parameters obtained from the in-plane characterization, the differential equations can be 

solved and the voltage along the electrodes is obtained as shown in Figure 9. As one can see, there is a 

frequency range in which the voltage at the end of the line is slightly larger than the applied voltage. 

This occurs for frequencies higher than 22 MHz (up to several GHz) and is the result of a resonance 

along the electrode finger since a similar LCR network has a resonance frequency of about the same 

value and a damping factor smaller than one. However this voltage increase is very small and in general 

it can be said that the voltage along the electrode in the MHz range is constant. For frequencies above 

10 GHz, a notable voltage drop is observed. 
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Figure 9: Simulation of the voltage along one IDT electrode finger. For frequencies higher than 22 MHz, a 

small increase of the voltage is observed. In the MHz range the voltage along the finger can be assumed to be 

constant.  

Knowing the voltage and impedance values of the electrodes and PZT, the total impedance of the 

electrode fingers with PZT in between can be calculated. Figure 10 presents the real and imaginary part 

of the impedance for low frequencies. As expected, the imaginary part of the impedance is negative and 

in absolute value larger than the real part proving the structure behaves as a capacitor.  

 

Figure 10: Simulation of the real and imaginary part of the impedance of the electrode fingers with PZT for 

low frequencies 

From the calculation of the voltage along the electrodes at different frequencies, the simulations show 

that it is possible to determine the impedance of one finger pair, even with the high permittivity of the 

PZT layer. Knowing this, the model can be extended to calculate the total impedance of the IDT-PZT-

glass structure.   

Total impedance of the IDT-PZT on glass structure 
The total impedance of the IDT-PZT-glass structure can be seen as a ladder network as shown in Figure 

7. There are 3 different types of impedances: Zc for the contact electrodes towards the IDT, Ze represents 

the horizontal connecting electrodes between the fingers and Z0 the impedance of the electrode fingers 

with PZT in between. To calculate the last one, half a positive and half a negative electrode are used 

with the PZT in between, since the capacitance of the IDT structure can be seen as 2N-1 capacitors in 

parallel, where N is the number of finger pairs.   

Figure 7 shows the network equivalent of the PZT-IDT finger structure. If Zel is the impedance of the 

electrode fingers given by 𝑍𝑒𝑙 = (𝑗𝜔(2𝑙𝑖𝑛 + 𝑙𝑒𝑥) + 𝑟𝑒𝑙) 𝐿𝑓𝑖𝑛𝑔𝑒𝑟 and YPZT the admittance equivalent of 

the effect of the PZT layer in between given by 𝑌𝑃𝑍𝑇 = (𝑗𝜔𝑐 + 𝑔) 𝐿𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 , the impedance of this 
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section Z0 = Zel + (1/YPZT). Here the assumption is made that the capacitance between the end of the 

finger and the bus bar electrodes is much smaller than the one between the two fingers and can be 

neglected. 

Similarly, the inductance of the electrode (bus bar) between 2 fingers 𝑍𝑒 = (𝑗𝜔𝑙′𝑖𝑛 + 𝑙′𝑒𝑙)
𝜆0

2
 where l’in 

and r’el are p.u.l. values calculated using the thickness and width of the electrodes (here dc = 400 nm, 

width = 200 µm). Finally, Zc represents the long contact electrodes towards the structure and is given 

by 𝑍𝑐 = (𝑗𝜔𝑙′𝑖𝑛 + 𝑟′𝑒𝑙) 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠. For Zc, only the internal inductance is used since the distance between 

the two contact electrodes is quite large and can be neglected.  

Using the ladder network presented in Figure 7, the total impedance of the structure can be calculated 

by a continued fraction  

 
𝑍𝑡𝑜𝑡 = [2𝑍𝑐;

1

𝑍0
, 2𝑍𝑒 ,

1

𝑍0
, 2𝑍𝑒 , … , 𝑍𝑒 ,

1

𝑍0
] 

(22) 

 
 

The total impedance for a 50 µm IDT with 20 finger pairs can be calculated using the parameters 

mentioned earlier. At 100 MHz, the total impedance Ztot = 11.27 – 72.71j Ω. Here, the capacitance 

behaviour of the IDT is the main factor given the negative and large value of the imaginary part.  

The calculated impedance for different frequencies, thicknesses of the PZT film and IDT sizes can be 

compared to impedance measurements which are performed using a LCR tool measuring the 

capacitance, conductance and admittance (absolute value and phase). Due to the frequency limit of the 

LCR tool, it is only possible to measure in the kHz-frequency range. Figure 11 shows the measured 

impedance (absolute real and imaginary part) and the simulated one. As one can see, at these frequencies 

the measured real part is similar but slightly smaller than the simulated impedance and the measured 

imaginary value matches the simulation result for frequencies above 100 kHz but overestimates the 

reactance value for lower frequencies. The close agreement between the simulation and measurements 

indicates the accuracy of the presented model for frequencies above 100 kHz. 

(a) (b) 

Figure 11: Comparison simulated and measured impedance (a) real part and (b) imaginary part of Ztot  

Conclusion 
We have shown that in-plane dielectric characterization is possible using IDT electrodes. The dielectric 

constant obtained from FEM simulations and low frequency capacitance measurements is in agreement 

with the value obtained from hysteresis measurements and is about 1000 for 440 nm thick PZT films 

but increases for thinner films. Hysteresis measurements indicate the switching of the polarization of 

the ferroelectric domains, showing the possibility to pole the ferroelectric PZT film in-plane. 

Furthermore, the low leakage current measured during steady state IV measurements indicates the high 
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quality of the film. Using the measured characteristics, we were able to develop a general impedance 

model of the IDT-PZT structure. Comparing the obtained admittance of this model to low frequency 

measurements gives an excellent fit to the measurement data. 
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