Nonlinear piezoelectric properties of epitaxial BaTiOs thin film
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The piezoelectric properties of epitaxial BaZidm were studied by double laser Doppler vibromeAs
expected for a ferroelectric material, the piezckele response of the structure is hysteretic. dhealue is
reduced from a maximum 42 pm/V to 25 pm/V whenéasing the DC bias, indicating the large influeote
extrinsic effects close to the coercive fields.ndgsa Rayleigh approach, the slight nonlinearityhef
piezoelectric response as a function of the AGIfighs attributed to irreversible domain wall digglaents. At
high AC electric fields the strain saturates. Téeomid harmonic response of the system was assbtiatiee

piezoelectric activity.

Introduction

The last decades showed an increased interest otetielopment of integrated piezoelectric thin dilfor
sensor, actuator and transducer applications [E¥8n the materials point of view, perovskites esdre
optimal choices as they can show excellent pieztriteproperties. Some of the perovskites oxides ar
ferroelectric below their Curie temperature and cae distinguish several mechanisms contributinip¢o
piezoelectric character, such as the polarizati@iching, the rotation of the polarization veatoithe domain
wall motion. When the electric field is applied alel to the polarization vector, the lattice elates in the
direction of the field, so inducing an extensiortted polarization. This mechanism can be defineal msterial
intrinsic piezoelectric effect. The rotation of thelarization vector is usually observed in morpbpic phase
boundary systems where two phases with differelarization directions coexist. In these conditicthe& energy
barrier between the different directions of polatian is reduced and the polarization rotatioraisofed [4].

Other mechanisms can also induce the rotationeopttarization vector, as the epitaxial strain [He
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displacement of the ferroelectric domain wallsssaiated with local shape changes of the crysgtafthic
structure and it is considered as an extrinsic ni@teontribution to the piezoelectricity.

The piezoelectric coefficients measured in thiméilare generally much lower than those obtainduliik
materials, mostly for two reasons: one is thaffilhes are clamped by the rigid substrates andattee cannot
extend as in a free piezoelectric structure [3] tuedother is that the mobility of the ferroelagt@main walls is
reduced by defects or interfacial pinning [6,7] tethe extrinsic contribution to the piezoelecéfiect is
smaller than in bulk material.

Here we investigate the piezoelectric propertiespifaxial BaTiQ (BTO) thin films. BTO is a lead free
material showing piezoelectric coefficients of 98/§ in the single-crystal forms [8] that can be anted up to
500 pm/V in optimized ceramics [9]. BTO thin filmgere extensively studied mostly from the viewpaihtheir
dielectric, ferroelectric and electro-optic projest(for some examples see [10-12]) while quite feports are
published on their piezoelectric properties.

Among the various thin film fabrication methods|gad laser deposition (PLD) is widely used to prepa
epitaxial oxide layers and heterostructures. Is thchnique the oxygen pressure and the laserciustnongly
influence the film stoichiometry and thus the résgl physical properties [13-18]. In this study #keD
technique was used to deposit epitaxial BTO filrthwaiptimal parameters that were extracted fromiphét
literature. The piezoelectric properties of thisteyn were studied in order to distinguish betwéerirtrinsic
and the extrinsic effects and to identify the iefige of each of these two contributions on theineatity of the

piezoelectric response.

Experimental

100 nm thick BaTi@film was epitaxially deposited on (100) Srgi(3TO) single crystalline substrate by
PLD technique using a KrF excimer laser working48 nm. The laser fluence was set to 1.5 3ama the
substrate temperature to 700°C. The oxygen pres@s&ept at 0.1 Torr during the deposition themaased at
300 Torr for the cool down period. For 2 Hz repetitrate of the laser pulses and a target-samptardie of 5
cm, the deposition rate is 0.7 A/sec. As bottoratetele, a 34 nm thick STRUQSRO) film was deposited with
the same laser conditions, 625°C substrate temperahd 0.15 Torr £pressure. The growth of the film was
monitored in-situ by RHEED. Ni (30nm) covered by @ nm) top electrodes were prepared by lift off

technique and e-beam evaporation.



The ferroelectric properties were studied usingexBion LC Radiant tester and 1(V) curves measwiglal
an Agilent precision source/measure unit. The peidric characterization was realized with a M) faser
Doppler vibrometer from Polytech using a VD-06 hpglecision velocity decoder that gives a detection
resolution in the pm range. A differential measuzatrealized with 2 beams, the measuring beamiposit on
top of the electrode and the reference beam situatéhe vicinity of the top electrode, allow taweve the
substrate bending effects [19,20]. The internakgator allows to apply simultaneously an alterreaiignal and
a DC bias with a maximum total value of 10 V. Thegliency used for the excitation signal was 15 &htt the

response of the system was measured either at 2%1RHarmonic) or at 30 kHz [2harmonic).

Results and discussions

0 — 29 diffractograms (fig.1a) and mapping of the recgaiospace (fig. 1b) were used to characterize the
crystallographic structure of the samples. Bhe26 XRD pattern shows only the (00L) reflections orafing
from the substrate, the SRO electrode and the BIO Two peaks are observed for the BTO film. Thens
contributions are identified in the reciprocal spatap (RSM) around the (103) reflection. The lattic
parameters calculated from these scans are prdseantable I. The less intense BTO peak has thane
parameter identical to that of the STO substra@0@A), therefore it comes from a strained patheffilm
(BTO —s). The second peak is assigned to a relBX&2 component (BTO - r) that has lattice paransetéyse
to those of the tetragonal bulk BT@+% 3.994 Ac = 4.038 A). The relative intensity of the BTO psakiggest
that most of the film is in the BTO-r state. Thessults indicate a tetragonal growth of the BT@fikith the ¢

axis oriented perpendicular to the substrate.

Table I: Lattice parameters extracted from the 6 — 26 scan and the RSM.

ad | c@

STO 3.905 | 3.90%

SRO 3.905 | 3.949

BTO-s| 3.9047, 4.149

BTO-r | 3.984 | 4.032

As often reported in the literature [21,22] a ctafrgm 2D to 3D growth mode is observed for BTO

films onto STO substrates after just a few monalsyelated to the relaxation of the epitaxialistrahis



growth mode is confirmed by the RHEED analysis ffpelc). The 2D streaks observed before the BTO
deposition are transformed in spots after a fewutais of deposition and the RHEED intensity os@bBabnly
during the first unit cells. Figure 1d shows thpdgraphy of the film for a 3x3 pisurface, obtained by atomic
force microscopy (AFM) in tapping mode. The topgdmameasured on the film that have a thicknesdobia
250 unit cells shows a grainy surface, with smedirgs of a few tens of nanometers in diameter.rolghness
analysis of the surface gives 2.5 nm RMS.

The ferroelectric character of the film was evideheither by quasistatic P(V) and I(V) measurements
or by dynamic piezoelectric measurements (figi2these experiments the bias is applied on thelegrode
while the bottom electrode is grounded. A hysterte¢havior is observed in all the measurements, avshift
of the loops towards the negative bias region. Fhift is generally related to an internal builtfield due to the
screening of the depolarization field and/or iodiigble defects in the film [23, 24]. One can notikat the P(V)
loop is not only shifted on the field axis but al&ymmetrical. This irregular shape can be analgzseal
measurement artefact due to leakage currents.eAs@hester measures the electrical charge, tiponsg of a
lossy sample is dependent not only on the polaozd&S, but also on the leakage current densityrihgl the

measurement [25, 26] :
Q/S=2-Pg+ [ Jdt 1)

As the leakage current is larger in negative vetdgn in the positive region (fig 2b), asymmepratarization
loops can be obtained in this kind of measurenmiémg. (V) curve also confirms the ferroelectric daer of the

film since peaks in the current, correspondingetodelectric switching, can be seen at the coeffads.

The vibrometer measures the vertical displacemfettitectop electrode under a certain excitatiordfiel
Several harmonics are observed and the piezoelegiparameter is obtained by dividing the displacement
value, measured for thé harmonic, by the amplitude of the AC excitatiortage. Fig. 2c presents the
piezoelectric response of the sample measureduasion of the DC bias with an excitation voltagfed.25 V
at 15 kHz. The minimum values ofsre associated with the polarization switchingdBeWe note that the
coercive field obtained from this dynamic measunetn@.5 MV/m, is much smaller than the value obddiim
the quasistatic measurements that gives about ¥/mMThis difference probably comes from the valsed

for the excitation field (0.25 ¥=2.5 MV/m), which is higher than that of the quagist coercive field.

The &3 value in positive bias decreases slowly with thkkage from a maximum value of 42 pm/V to

26 pm/V at 7V (not shown here). In negative biasdf value stabilizes at 25 pm/V for voltages below {2\t



shown here). The maximumasdsalue measured in our film is comparable to thasiained in equivalent
systems but with thicker films: 50 pm/V for 400 tinick BaTiO;-CoFeO4 nanostructured films [27], 62 pm/V
for 700 nm thick RF sputtered epitaxial Ba%i®ms [28] and 50 pm/V for 180 nm thick epitaxB&TiO; films

[29].

The increased value of the piezoelectric coefficanund the switching field can be attributed to
extrinsic effects related to the presence of domaills (DW) in the film. As the sample has a tetnagl
structure with the polarization c axis orientedgegrdicular to the film surface, only 180° polariaatdomains
are expected in the film. Since 180° DWs are nbdastic, they should not contribute to the pedeotric
effect. Nevertheless, 90° DW can still be presenhé film as already observed in c-oriented tetrad PZT
films [30] where the mixture of a and ¢ domainsxpected to accommodate the epitaxial strain. aépapers
[31, 32] argued that 180° DWs patrticipate to thezpelectric response of a system mainly through two
mechanisms: converse piezoelectric effect in the ihder electric field and substrate clamping. Titet €an be
understood as induced strain inside the 180° DWerwvgome domains are extending while the adjacesd are
contracting. The second mechanism suppose that¥80fmotion can lead to substrate bending contrivuti

that enhances the piezoelectric response of thetste.

In order to distinguish extrinsic effects from ingic ones, the sample was driven in different
ferroelectric states by applying DC bias and tlezpelectric response was measured while varying@éeld
amplitude. Fig. 3 presents the variation of the@ldisement as a function of the AC voltage amplitimtehe
first and second harmonics at several values ob@€. Two regimes can be distinguished from thesees. At
low excitation fields a linear increase of the thggment as a function of the AC voltage is obstinghe T
harmonic whereas a parabolic curve is obtainethi®2“ one. At high excitation fields, the displacement
reaches a plateau in th& Harmonic measurement while a fast increase isrobdén the 2¢ harmonic signal.
For a given bias value, the onset of this secogihme takes place at the samg:\or both harmonics and it is
correlated to the switching of the polarizationr Eample, the change between these two reginmserved at
4V xc in the case of measurements done alcias (indicated by arrows in Fig. 3). Accordinglye voltage
varies from -1V up to +7V during the measurement imduces the polarization switching (see fig 2vagn
approaching -1V. In conclusion, the main differebeéween the two vibrational regimes is the feeotlc state
of the sample: poled for low excitation fields amtpoled for the high excitation field regime. Tharelation
between the two harmonics indicates a common odfjboth signals. The plateau in thiéHarmonic

measurement can be understood as a dynamic degdiawg, like the one observed in poled ceramicenwh



measured in high fields [33]. In parallel, the pidation switch can be responsible for tHé2armonic response

enhancement, as already reported for Pb(Zr JI{IRZT) films measured close to the coercive fiddl]]

In the following part we will focus on the low fatregime. It is established by several studiesnipai
realized on PZT materials, that DWs induce a nealiresponse of thé'harmonic piezoelectric response as a
function of the AC excitation [35 - 37]. This namdiarity is not directly visible in our measuremehswever it
can be easily identified in fig. 4a as the deviaid calculated gfrom a constant value. The curves in fig. 4a
show a weak linear variation ofzdvith the AC field, linearity that depends on th€ Dias used during the
measurements. This linear variation can be explairsing a Rayleigh model that is usually applied fo
subswitching conditions in hysteretic materials][3®he Rayleigh model describes the weak field depace of
the strain by a polynomial function, which givelingar variation of the 4 parameter as a function of the
applied field:

dys = dt+ -V 2)
where @‘3“ is the reversible Rayleigh coefficient which itated to the intrinsic response of the system tiias

reversible DW displacement ands the irreversible coefficient, associated toitheversible motion of DWs.

Accordingly, the data in fig 4a are fitted usinfjreear function. The iﬂ;t and thex values extracted from the fits
are reported in fig 4b as a function of the DC billgh increasing bias field the DW density is redd, hence
both the initial ds value and the irreversible term are decreasinmndthe same Rayleigh approach, the
influence of the DC bias on the nonlinearity of thelectric coefficient was already evidenced ifTRE&in films
and revealed much smaller effect in the case ohthifilms than for the thick ones [39]. This resuhs
explained by the reduced DW motion in films thintean 1um.

The weight of the irreversible DW motion effectie piezoelectric response can be quantified by the
U.'V/digngit fraction. In our system, this contribution attammaximum value of 5% for low bias values while it
stays under 1% for 53¢ bias. For comparison, 35% irreversible DW motiffects were measured on ceramic
BTO materials [40]. This result sustain the idest W mobility is reduced in thin films.

The Rayleigh model describes correctly the piezgteresponse of the sample, however its
mathematical expression allows only odd harmomid&é strain [41]. The question then arises as vghhe
origin of the 29 harmonic signal measured experimentally. The afergioned interconnection between the two
harmonics sustain the idea that both signals atgifrom the piezoelectric activity. Recently, tagsumption
was demonstrated for ferroelectric materials usimgodified Rayleigh model (the dynamic poling mgdéLl].

This theoretical approach takes into account tlzagéa in volume fraction of two adjacent 180° dorealne to



the reversible motion of their separating DW drigrthe alternative field. The change of volumefian is
assumed to be linear with the AC field amplitudd egsults in an alternative variation of the pideotric

coefficient around its equilibrium value, expresssd

d5i=do |1+ (p+B 2) sin(ot) | 3
with B andp’ two scaling parameters and | the thickness ofitre tJsing a Fourier expansion of the strain, a

guadratic field-dependent second harmonic ternbigined:
Al~ (B—;’O VAC+BT‘:°V,§C) cos(@t) )

wereAl represents the vertical displacement.
The dynamic poling model was successfully appl@BZT and to PYbN-PT thin films with no
ferroelastic DW mobility [41, 42]. In order to véyriif this theoretical approach applies to the Bfiléh studied

here, the Z harmonic experimental results were fitted witteasd order polynomial function and thg 8land

' parameters extracted from the fits were impleradrih Eqg. (3) to calculate the variation é‘gdas a function
of Vac. The fits are represented by the lines in Figaéthe polynomial parameters are presented irbbigs
a function of the DC field. The data are fittedreatly, with a R value larger than 0.994, except for the curve
obtained for 1\c where the values of the displacement, close ta¢tection limit, coupled with a smaller
number of points gives a lowef R 0.982. Despite the good quality fits, the caited @‘3“ values are
systematically larger than the measuregdTdis isdue to the values of the quadratic coefficight, /1 that are

practically twice larger thaa values from fig 4b.

The model can still be enriched by taking into actdhe effect of electrostriction. For an AC
excitation fieldE,csin(wt) the strain in the film can be written as:

2
ATI = M33[Epcsin(wt)]? = Mg, V}%sinz(wt) o Al = %Vﬁc[l —cosRwt)] (5)

with M33 the electrostriction coefficient. Note that theattostriction effect should be independent ofbive
density so this phenomenon could not be the odfihe observed™ harmonic signal. The electrostrictive
displacement given by Eq. 5 was added to Eq. 4lamexperimental data were fitted with the new fiamc
To estimate the value of theshparameter we considered that at high DC biasl#erestriction effect is

predominant as the DW density is reduced. TRUsjas considered zero for ¥ giving M3 = 7,6 -
10%°m2/V2. Even if with this new fitting function the value$thep’d,/1 parameters are decreased compared to

those presented in fig. 5b, the correspondﬁ’ibualues are still higher than the measurgdvaues. This



inconsistency suggests that other mechanisms rsaycahtribute to the"®harmonic response of the sample. In
conclusion, the dynamic poling model describesegily the experimental data from a qualitative poiiview

but overestimates the effect of the reversible D¥pldcement on the"2harmonic response.

Conclusion

The piezoelectric properties of epitaxial tetragdeliOs film are studied and the nonlinearities in the
piezoelectric response are attributed to extriaffiect of DW motion. The extrinsic contribution mehe
polarization switching field induces a large in@e®f the ¢k coefficient that reaches a maximum value of 42
pm/V. In the high DC field regime, where DW cohtriion is reduced, the piezoelectric coefficiertprto 25
pm/V. The influence of the irreversible DW displa@nt on the piezoelectric response of the film agtgnated
by a Rayleigh approach at a maximum of 5% in the D field regime. The second harmonic respongbef
film is attributed to piezoelectric effect rathbanh to electrostriction, as suggested by the ioterection
between the two harmonics. Th¥ Rarmonic measurements were qualitatively descrityeal modified

Rayleigh model that takes into account the piezdeteactivity of the 180° DWSs.
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Figure caption:

Figure 1 ap — 26 scan showing the (001) and (002) reflectionsglojprocal space map around the (103) Bragg
reflection; c) RHEED intensity oscillations durittee BTO deposition and the RHEED patterns alondSth@
[110] azimuth at the beginning and after 3 minaEeBTO deposition; d) AFM topography image on a 382

surface of BTO.

Figure 2 a) Ferroelectric hysteresis loop. b) Quirdensity variation as a function of the DC bigs;

Piezoelectric hysteresis loop measured with 0.2%8/eXcitation.

Figure 3 a) T harmonic vertical displacement as a function ef A€ excitation for several DC biases.
(excitation & detection at 15 kHz); by%harmonic displacement as a function of the ACtaticin for several

DC biases. (excitation at 15 kHz and detectior0ski3z).

Figure 4 a) gk variation as a function of the AC excitation vgkafor several DC bias. The points are

experimental data and lines are linear fits; b) fith@arameters from a) as a function of the DGsbia

Figure 5 a) Vertical displacement measured at thbaa@monic as a function of the AC excitation fovesal DC
bias. The points are experimental data and the kne parabolic fits; b) Fit parameters from ad &snction of

the DC bias.
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Figure 2

Bias Voltage (V)
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Figure 3
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Figure 4
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Figure 5
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