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In this paper, the development of piezoelectric transducers based on periodically poled ferroelectric

domains is investigated. Optical quality Z-cut LiNbO3 wafers have been used for the fabrication of

test devices operating in the range of 10–100 MHz. The fabrication process is detailed and the

characterization results are reported. A very good agreement between theoretical predictions

achieved by periodic finite element analysis and experiments is observed, allowing for a precise

identification of the excited modes. Elliptically polarized modes as well as quasipure longitudinal

waves are pointed out. The robustness of the devices to lapping and polishing operations has also

been tested. The possible utilizations of such transducers are discussed to conclude the paper.

© 2007 American Institute of Physics. �DOI: 10.1063/1.2802566�

I. INTRODUCTION

The possibility to manufacture elastic waveguide based

on a thin ferroelectric film deposited on a single crystal sub-

strate and periodically poled to enable the excitation of sur-

face acoustic waves has been demonstrated recently.
1,2

The

so-called piezoelectric interdigital transducer
2

simply con-

sists in a periodically poled ferroelectric layer grown on a

conductive substrate. A metal coating is deposited atop this

structure and used as an active electrode, the substrate being

grounded, allowing for the excitation of the guided wave

within the film. It has been successfully implemented and

tested for the excitation of elliptically polarized waves in the

frequency range of 1–3 GHz.
2

Also in optics,
3

periodically

poled devices are widely used for signal processing applica-

tions. For instance, an extensive literature has been produced

in that domain for the development of electro-optical and

nonlinear devices for optical frequency converters and mul-

tipliers �see, for instance Ref. 4�.

In this work, the possibility to develop periodically

poled transducers �PPTs� on LiNbO3 is investigated, since

this material is classically identified as well adapted for very

high frequency applications.
5

The first experiments have

been performed on 500 �m thick 3 in. Z-cut wafers of opti-

cal quality answering severe specifications on total thickness

variation and side parallelism.
6

The fabrication of PPTs on

such wafers allows for the excitation of symmetrical Lamb

modes with an operating frequency twice higher than those

obtained using standard interdigital transducers. An insulat-

ing pattern is defined on one side of the wafer, enabling the

implementation of a poling process using a liquid electrode.

A poling sequence
6

�maximum electric field of about

21 kV mm−1� was applied to fabricate 100 and 200 �m pe-

riod PPTs �50 and 100 �m linewidths, respectively�. The

corresponding devices exhibiting, respectively, 500 and 400

periods have been successfully manufactured and tested and

the measured electrical admittances compared to theoretical

predictions. The latter were obtained using our periodic finite

element code
7

providing a harmonic admittance when con-

sidering a synchronous excitation of all the PPT cells com-

parable to the admittance of our implemented �very long�

PPTs. An excellent agreement is found between both results,

enabling one to analyze almost all the peaks of the experi-

mental setup response. Even low frequency parasitic signals

were analyzed by the theoretical analysis. The LiNbO3 wafer

then was lapped and polished to check the robustness of the

PPTs to this kind of operation. The PPTs still operate after

reducing the wafer thickness by a factor of 2. As in the case

of classical Lamb waves, the fundamental mode is almost

insensitive to the wafer thickness. The frequency control is

then totally achieved by the poling period for that mode,

offering attractive perspectives for the development of reli-

able high frequency devices.

In the first section of the paper, some design consider-

ations are reported concerning the excitation of the Lamb

modes, based on simple Green’s function analyses. The fab-

rication process then is described, pointing out specific diffi-

culties related to the use of LiNbO3. The second part of the

paper is dedicated to the characterization of the devices and

to theory/experiment assessment. The evolution of the spec-

tral behavior of the device versus its thickness is theoreti-

cally and experimentally investigated and the mode shape

and polarization are deduced from theoretical calculation. As

a conclusion, the possible applications of devices based on

PPTs on LiNbO3 are briefly discussed.

II. DESIGN CONSIDERATIONS

We first recall here the overall principle of the PPTs. It is

fundamentally based on a periodically poled piezoelectric

medium. Each side of this medium is metallized, providing a

capacitive dipole in which elastic waves can be excited by

phase construction. Such a periodically poled structure can

be advantageously achieved on ferroelectric materials such

as Zirconium - Titanium - Lead�Pb� �PZT� �Refs. 1 and 2�

because of the rather small value of its coercive electric fielda�
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�the absolute value of the electric field above which the

ferroelectric poling can be controlled�. The principal advan-

tages of PPTs compared to standard periodic interdigital

electrode transducers �IDTs� deposited atop piezoelectric ma-

terials are, first, the robustness of the excitation versus de-

fects or surface contamination �no passivation is required to

avoid short circuit as for standard IDTs� and, second, the

opportunity to excite waves exhibiting a wavelength equal to

the poling period, contrarily to standard IDTs for which the

wavelength is equal to twice the mechanical period �Bragg

condition�. One can also note that comparably to film bulk

acoustic resonators,
8

it can operate with large excitation

powers as the electrodes are separated by a bulk material

layer. Figure 1 schematizes the general outlook of such a

device and points out the benefits of the PPT compared to

standard IDTs. As explained in Sec. I, the excitation and

detection of guided elastic waves using PPTs have been dem-

onstrated on an epitaxial PZT layer deposited on SrTiO3.
2

We inspect here the capability of the structure to excite el-

liptically polarized plate waves �Lamb modes� as the PPT’s

operation principle should be compatible which such an ap-

plication.

In that purpose, the dispersion curves of Lamb modes on

a Z-cut LiNbO3 plate have been computed first along Green’s

function approach
9

and are plotted in Fig. 2, giving a clear

idea of the Lamb wave characteristics on such a substrate.

This allows us to point out the operating frequency of the

excited modes for each sample configuration. A simple geo-

metric construction gives the operating frequencies for each

excited Lamb mode.
10

For a given plate thickness h, the

slope m of a straight line passing through the origin is equal

to the wavelength-plate thickness ratio �m=� /h�. In our

case, the thickness of the wafer is 500 �m, a standard value

for commercially available material �e.g., Crystal Tech Inc.�.

We then made a trade-off between the difficulty to achieve

very thin poled lines on thick wafers and the possibility to

excite spectrally well separated modes. We consequently

have considered periods equal to 200 and 100 �m, respec-

tively, yielding values of m equal to 0.4 and 0.2 �remember

that in our devices, �= p�. Projecting the corresponding lines

on the Lamb wave dispersion curves allows for the predic-

tion of the wave velocity and hence of the operating fre-

quency for each mode. Since the values of m are always

smaller than 1 �i.e., the frequency-thickness products corre-

sponding to the test device are in the range of 5–50 km s−1�,

we could not take advantage of the high velocity of the S0

mode. As a consequence, the first coupled mode on our de-

vice should always exhibit a wave velocity close to

3750 m s−1, yielding operating frequencies, respectively,

equal to about 19 and 38 MHz. As shown further �Sec. IV�,

this first order prediction nicely meets the experimental val-

ues. Note that the corresponding coupling coefficients gener-

ally remain moderate, between 1% and 1‰. As explained

above, practical implementation only should reveal the sig-

nature of symmetrical modes, assuming perfectly symmetri-

cal transducer structures. The corresponding frequencies are

compared to experimental values in Sec. IV.

III. FABRICATION OF PPTS ON Z-CUT LINBO3

PLATES

As mentioned in Sec. I, the poling process can be rather

easily applied to PZT for which the coercive field is small

enough for an efficient control of the domain polarity. In the

case of lithium niobate, this situation is quite different be-

cause of the large value of its coercive field �21 kV mm−1

compared to 5–10 kV mm−1 for PZT�. As a consequence,

the development of a dedicated poling bench was required to

control the poling of thick �500 �m� Z-cut LiNbO3 plates.

See, for instance, Ref. 11 for specific details on thick LiNbO3

Z-cut wafer poling process.

The poling bench mainly consists in a high voltage am-

FIG. 1. �a� Comparison between prin-

ciples of standard IDT-based devices

and �b� poled ferroelectric film trans-

ducers. The polarity of the ferroelec-

tric domains is indicated by gray lev-

els and arrows the orientation of which

corresponds to the direction of the Z

axis �+Z , ↑ ;−Z , ↓ �.

FIG. 2. �Color online� Dispersion curve of Lamb waves on a Z-cut LiNbO3

plate; frequency-thickness product ranges from 0 to 25 km s−1. The straight

lines indicate the expected operating rules of the experimental PPT-based

devices.
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plifier used to apply an electric field to the LiNbO3 wafer

strong enough to invert the spontaneous polarization of the

material �see Figs. 3�a� and 3�b��. The domains to be poled

are defined by a photoresist pattern on top of a plate surface.

This yields a dielectric barrier strong enough to prevent any

electric field to be located underneath the resist. The high

poling voltage is applied to the plate following the sequence

shown in Fig. 4 and using liquid electrodes made with a

saturated lithium chloride solution. This sequence is de-

signed to favor the domain nucleation, to stabilize the in-

verted domains �i.e., to avoid backswitching of the domains�,

and to avoid electrical breakdowns.
11

The poling process is

monitored by the measurement of the electric current cross-

ing the wafer during the sequence. The signature of a suc-

cessful domain inversion corresponds to the current dis-

charge observed in Fig. 4. The poling can be easily

FIG. 3. �Color online� �a� Scheme of the ferroelectric

plate poling bench and �b� photo of the experimental

setup.

FIG. 4. �Color online� Domain inversion monitoring:

probed high voltage applied on the wafer �green curve,

poling sequence� and resulting crossing current �red

curve�. Voltage and current gain are, respectively,

1 V /5000 V and 1 V /5 mA. First step: the applied

electric field is smaller than the coercive limit to pre-

pare the sample for the nucleation step. Second step: the

applied field overcomes the coercive limit, yielding

nucleation and consequently poling �this step lies be-

tween the two dashed cursors�. Third step: linear de-

crease of the field to finish the nucleation �self-

termination step, exponential decrease of the current�.

Fourth step: stabilization of the poling by applying a

field smaller than the coercive limit �Ref. 11�.
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controlled by a simple optical postobservation, as it gener-

ates an optical contrast between and at the edge of the poled

domains �see Fig. 5�.

Figure 6 shows the implantation of the periodically

poled structures on the wafer and of the top side electrodes

�the wafer back side is totally metallized�. Note that the back

side electrical contact is reported on the top surface by the

metallization of the wafer sides �naturally induced by the

sputtering process used to metallize the wafers�.

The fabricated devices correspond to periodic transduc-

ers exhibiting periods p equal to 200 and 100 �m, respec-

tively, with a volume fraction ideally equal to 50%. The

achieved transducers exhibit 400 and 500 periods each,

yielding quite long structures preventing the fabrication of

more than three devices on a 3 in. wafer. The acoustic aper-

ture was 10 mm for each device in order to avoid any dif-

fraction effect. This kind of structure is assumed to only

exhibit symmetrical modes, as there is no source of geomet-

TABLE I. Resonance frequencies of the 200 �m period device.

Lamb modes Green �MHz� FEA �MHz� Experiments �MHz�

S0 18.9 19.0 18.92

A1 20.74 ¯ ¯

S1 21.66 21.9 21.9

A2 22.24 ¯ ¯

S2 22.86 22.9 23.11

A3 23.92 ¯ ¯

S3 24.66 24.79 24.9

FIG. 5. �Color online� Optical checking of the poling efficiency: �a� In the

case of a 100 �m period device, evidence of contrast changes between Z+

�native polarization�, and Z− �switched polarization� domains. �b� Evidence

of contrast modification is in the vicinity of the poled domain walls at the

poled strip edge �the whole plate is Z+ oriented, the poled strips are Z−

oriented�.

FIG. 6. �Color online� Implantation of the �a� periodically poled sequences

and �b� top side electrode on the Z-cut LiNbO3 wafer �the bottom side is

fully metallized�.

FIG. 7. �Color online� Comparison between theoretically predicted and ex-

perimental admittances for the two test vehicles for periods of �a� p

=200 �m and �b� p=100 �m.
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ric nor material-related asymmetries. It is expected to behave

in a very close way to the one simulated by our own periodic

finite element analysis �FEA� code which is devoted to the

simulation of infinite periodic transducers.
7

We also assume

that edge effects should remain small enough to prevent ma-

jor signal pollution, as there is no in-phase reflection effects

on the wafer sides.

IV. EXPERIMENTAL RESULTS

In this section, we present the electrical measurements of

our PPT devices, obtained using a Süss Microtec radio fre-

quency probing bench equipped with the so-called Z probes

connected to a Rohde & Schwarz ZVRC network analyzer.

The electrical admittances of the test devices have been mea-

sured and are compared to the theoretical harmonic admit-

tances of the corresponding configurations. For the corre-

sponding computations, finite elements based on second

degree interpolation polynomials with four degrees of free-

dom were used �displacements along x, y, and z, and the

electric potential� to obtain a high accuracy prediction. As it

is shown further, this suggests that the excited modes may

exhibit significant shear displacements contrarily to Lamb

waves in isotropic media. These results are reported in Figs.

7�a� and 7�b� for both considered devices. It shows that all

the mode contributions to the electrical admittance are cor-

rectly predicted by the model. Tables I and II show the ac- curacy of the predictions based on Green’s function �Figs.

2�a� and 2�b�� and on the harmonic admittance. As explained

above, antisymmetrical modes do not contribute to the trans-

ducer response since they do not comply with the excitation

conditions.

We have related the contribution on the experimental

curves near 7 MHz of Fig. 7 to parasitic bulk waves due to

the actual volume fraction of positively and negatively poled

domains of the period. In the case the volume fraction would

not rigorously equal 50% �for instance, 45% Z+ /55% Z-

within the period�, the longitudinal bulk wave and its odd

harmonics �see the contribution at 21 MHz in Fig. 7�b�� can

be weakly excited. This was simulated for the 100 �m pe-

riod device and is reported in Fig. 8.

Thanks to the very good agreement between theory and

experiments in Fig. 7, one can easily identify the shape of the

modes of the different Lamb wave contributions, allowing to

select one of those for its particular properties and polariza-

tion. Figures 9�a�–9�e� show some examples of modes ex-

cited in the plate for a 200 �m period transducer. It can be

seen on these graphs that elliptical, longitudinal, and gener-

ally polarized modes can be excited in the plate by our PPTs,

FIG. 8. �Color online� Influence of a volume fraction defect on the 100 �m

period transducer response �40%/60% instead of 50% as expected�. Spuri-

ous signals due to nonzero bulk wave excitation arise at low frequency

�fundamental mode close to 7 MHz, third and fifth harmonics in the vicinity

of 21 and 35 MHz, respectively�.

FIG. 9. �Color online� Shape of given modes of the 200 �m period trans-

ducer �Fig. 5�b��: �a� fundamental at 19 MHz, elliptically polarized; �b�

mode 2 at 21.9 MHz, mainly shear polarization; �c� mode 6 at 28, 9 MHz,

high order elliptically polarized; �d� mode 7 at 31.8 MHz, pure longitudinal

polarized; �e� mode 9 at 33.1 MHz, mainly longitudinal polarized �plus el-

liptical motion at the plate surfaces�.

TABLE II. Resonance frequencies of the 100 �m period device.

Lamb modes Green �MHz� FEA �MHz� Experiments �MHz�

S0 37.75 38.3 37.9

A1 40.52 ¯ ¯

S1 41.12 41.19 41.22

A2 42.12 ¯ ¯

S2 43.16 43.45 43.53

A3 43.88 ¯ ¯

S3 44.72 44.7 45.0
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as they do respect the symmetric boundary conditions of the

device. We have reported in Tables I and II a comparison

between experimental frequencies of the device admittance

contribution with those predicted by the FEA model and

those deduced by the analysis in Sec. II. The very good

agreement between these different results is again empha-

sized, allowing for accurate design and analyses of such de-

vices.

The last experimental work that has been achieved for

this paper was to test the robustness of the polarization fac-

ing lapping and polishing techniques. These operations are

required in order to fabricate LiNbO3/silicon waveguides, as

expected as a future development of our work. We conse-

quently have lapped down the plate to a thickness of 250 �m

and then achieved new admittance measurements after pol-

ishing and metallization of the wafer. Again, the very nice

theory/experiment agreement is met, as shown in Fig. 10,

proving that the poling is strong enough to persist even after

such treatments.

V. CONCLUSION

Periodically poled transducers have been successfully

manufactured on LiNbO3 Z-cut plate, allowing for a very

nice demonstration of the operation of periodically distrib-

uted piezoelectric domain transducers on such a material.

Almost all the contributions to the electrical admittance of

the two tested devices have been predicted by FEA, valuable

for the mode shape identification. Elliptical, shear, and gen-

erally polarized waves are excited, demonstrating the capa-

bility of PPTs to excite any kind of plate waves. The poling

process is found to be very resistant to lapping and polishing

treatments, allowing for numerous kinds of process sequenc-

ing. This will be exploited for the fabrication of waveguides

consisting of thinned Z-cut lithium niobate plates on silicon

in a further development of this work. These waveguides

could be used for sensor applications, but also for signal

processing comparable to standard surface acoustic wave de-

vice achievements, provided the modes can be efficiently

separated �i.e., the plate could be thin enough compared to

the wavelength�. Also acousto-optic devices could take ad-

vantage of such a transducer configuration to favor a strong

interaction between optic and acoustic waves, provided the

wavelength of both propagation can be properly matched.
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