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Effects of ferroelectric switching on the piezoelectric small-signal response
(d33) and electrostriction (Mj3) of lead zirconate titanate thin films
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The effects of an increasing small signal amplitude on the piezoelectric small-signal response and
electrostriction of tetragonal Fhr,, Ti;_,)O; thin films are investigated. The piezoelectric
small-signal coefficientl;;, piezoelectric large signal-stra) and electrostriction coefficieM g3

are measured using a double-beam laser interferometer. A continuously increasing influence of the
small signal amplitude is found starting at very low values. In particular, the impact on the measured
coercive fieldg, is found to be stronger than the impact of the cycling frequency of the applied bias
field. Also, unexpected electrostrictive behavior is investigated and explained by the influence of
ferroelectric switching on the intrinsic piezoelectric lattice strain. Furthermore, the influence of an
applied small-signal on the piezoelectric large-signal response is investigateZO0®American
Institute of Physics.[DOI: 10.1063/1.1690098

I. INTRODUCTION fluence of increasing small-signal amplitudes on the piezo-
electric small-signal coefficiend;; and the electrostrictive
Ferroelectric P{Zr,,Ti;—,)O3 (PZT) ceramics exhibit coefficient M3;. For amplitudes above a certain critical
superior ferroelectric, piezoelectric, and pyroelectric propervalue, we expect the ferroelectric switching starting to influ-
ties. Therefore, these materials are used in a wide range @hce the measurements, resulting in a strong variation of the

applications such as actuators, force sensors, optical infraregize and/or shape of the measurement curves.
sensors, and ferroelectric memories. In order to use these

ceramics to their full potential, thorough research of their
properties is needeld? Il. SAMPLE PREPARATION AND PROPERTY
One object of the research done up to now was to diSMEASUREMENT

tinguish the intrinsic and extrinsic contributions to the ferro- o ) ) .
electric and piezoelectric response of the matéril This The PZT thin films are prepared using chemical solution

can be achieved by measuring the small-signal response §£POsition on double side polished Pt(111)/FISi0,/Si
the material mainly caused by intrinsic effects and compargubstratesl in.x1 in.). After spin coating and pyrolysis of
the result of the integrated measurement data with the medrée coatings, the films are annealed using rapid thermal
sured large-signal response, which is additionally caused bg§nealing at 700° for 5 min in oxygen. This results in a film
reversible and irreversible extrinsic effects. By doing so, théhickness of 130 nm. Pt top electrodes are sputter deposited
intrinsic and extrinsic contributions can be separafed. with electrode areas ranging from 0.1 to 1.4 fnifhe back-

The piezoelectric large signal strain of highlgll)- S|de. is flnall_y vapor deposne_d with Au to achieve better re-
oriented, tetragonal PZT thin films is caused mainly by in-fléctivity during interferometric measurements.
trinsic effects® For this orientation, the motion of 180°- and __Film orientation was determined by standae20 x-ray
90°-domain walls has nearly no effect on the piezoelectridiffraction (XRD) and sample thickness is measured by a
induced strain in 3-direction, due to the possible orientation®EKTAK profilometer. The effective piezoelectric small-
of the polarization vectors inside the fiftl.Hence, piezo- Signal coefficientss, large-signal strairg, and electrostric-
electric strain is mainly caused by a shift of the Ti/Zr ions Ve CoefficientM s are measured using a double-beam laser
out of their equilibrium state in combination with a geomet- Intérferometer with a minimum resolution of 0.2 pm. For
ric distortion of the unit cells. This can be considered as @Mall-signal measurements, the fast measurement method
shift of the Ti/Zr sublattice against the Pb/O sublattice.Proposed in Ref. 11 is used. The piezoelectric coefficient is

Therefore, these sublattice shifts can be investigated witf@lculated according to
only minor contributions caused by domain wall motion. Al

One point to be taken into consideration, when measur- d33=V—, (1)
ing the piezoelectric small-signal response, is to use small- ac
signal amplitudes far below the coercive voltage of the mawhere Al is amplitude of the piezoelectrically induced
terial. This is to minimize the effects of ferroelectric sample strain and,. is the small-signal amplitude. Since

switching on the measuremeftwe will investigate the in-  ferroelectric thin films not only exhibit piezoelectric but also
electrostrictive behavior, the sample strain can be written as
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FIG. 1. X-ray diffraction scan of 130 nm PZ®5/55 measured after com-
plete sample preparation. ﬂ':{;%";'\:/ s Increasing
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. . . L . FIG. 2. Influence of increasing small-signal amplitudés.: (a) on the
Using the lock-in in second harmonic mode, it is possible tOpiezoelectric small-signal respondss; (b) on the electrostrictioM 4 of

suppress the linear and the constant contribution to th@30 nm PZT(45/59 (fyi.=1 Hz, f.=8 kHz).
sample strain and therefore to calculate the electrostrictive

coefficientM 33 b . L
33 0¥ have a large impact on the measured coercive field, as can be

Al Al -l seen when the values for 50 and 100my 43.35 and
M33=2 = 2 V2 (5)  40.485 kv/cm, respectively, are compared.
“ac ac Also, the measured; in saturation starts to increase
slowly for increasing small-signal amplitudes. However, this
Ill. RESULTS AND DISCUSSION influence is not as strong as the observed drop of the coer-
cive voltage. Coming from saturation, the material seems to

Figure 1 depicts the XRD measurements done to dEters'tart and end switching earlier for larger amplitudes, result-

mine the orientation of the fabricated sample. The measureﬁi]g primarily in a slimming of the measured curve. For very

PZT (45/55 sample is highly(111)-oriented and shows an |, 06 ampjitudes this slimming migrates finally into a tiltin
a/c ratio >1.021 (calculated peak positionsNo secondary g P gmyg y ¢

orientation peaks are found, indicating no rhombohedral

phase is present in the sample. Also, the absence@dh-
peak and the low intensity of tHa00)-peak lead to the con- - 120f
clusion, that most cells involved in switching af&11)- E, _100¢
oriented. All measurements investigate P@%/55, since its ,>_< :2 sof
piezoelectric response is larger than that of, e.g., RIOIG0 u_'o:E 60
or PZT (30/70 and its composition is far enough from the s 2
morphotropic phase boundary to exhibit only tetragonal % 540'
switching??13 = =20t

Figures 2a) and Zb) show the influence of the small- 8 0 : s =
signal amplitude on the measured piezoelectric small-signal ) 500
cgefficient%% and the absolute valupe of the electrostrictig\jle @ Weak signal Amplitude [mV,rms]
coefficientM 53, respectively, measured on PZ45/55. As [ =
can be seen, the shape of the curves is comparable for all Z 40 —_— —
measured small-signal amplitudes. Only ttig; measure- uP 385 s s
ments show a slight tilting behavior for amplitudes far above (b) Bias cycle frequency [mHz)

the coercive voltage of 380 m49.4 kV/cm. The coercive

voltage was estimated with the lowest small-signal amplitud&!C- 3. (& Influence of increasing small-signal amplitudés, on charac-

used[20 mV, as depicted in Fi (B)] teristic values of the piezoelectric small-signal respahgend electrostric-
- ms i P . g. ’ tion Ma3 (friae=1 Hz, f,=8 kHz); (b) influence of the bias cycling fre-

First, we will discuss the influences on the measuredyency f,.. on the coercive voltage of 130 nm PZW®5/55 (V..

piezoelectric coefficient. Even low small-signal amplitudes=100 mV,,, f.=8 kHz).
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of the curve. We believe that, using a proper model, the a) b) 0L © ©

influence of low small-signal amplitudes can be calculated -|—

and eliminated. In the present work, however, we will con- T

centrate on the effects leading to this behavior. / => |
Regarding the measured electrostictive behaykig. ’

2(b)], the strong influence of the small-signal amplitude on J_ J_

the coercive voltage can also be found. Additionally, the CRCHCKC)
measurements show large peaks near the coercive voltage.

Since the electrostrictive response is measured using a c)
lock-in amplifier in second harmonic mode, only the absolute T
value of the electrostrictive coefficieM 55 is given. How-

ever, any nonzero value ®fl 35 indicates a nonlinear strain b
curve, e.g., positive or negative strain contributions indepen- J_ J—

dent of the sign of the applied small signal, but only depend- ®0 08

ing on the sign oM 33 [see Eq(5)]. The direct effect causing FIG. 4. Unit cell of a Perovskite material in tetragonal phase with the center
the peaks cannot be the motion of 180°- or 90°-domainon switched in uppef(a),(b)] and lower[(c),(d)] position without[(a),(c)]
walls, since all cells involved in switching cannot contribute and with[(b),(d)] application of a static electric field5(< Esyjer) -

to sample strain, as shown earlier. Additionally, the peaks

broaden for increasing small-signal amplitudes and decrease

in distance, reflecting the decrease of the coercive voltag®f small-signal application is much higher than that caused
Finally, the maximums of the peaks increase with increasin@y switching the sample with the higher frequencies used by
amplitudes. The measurement done with 30Qm\ampli-  the fast measurement method proposed in Ref. 11.

tude is the first one showing the peaks. As can be seen, the Summarizing the results so far, the material shows a
electrostrictive behavior in saturation is increased in comfapid decrease of the coercive voltage combined with unex-
parison to the other measurements. This could be due @ected_ electrostrictive behavior near this \{oltag_e. _Wlth the
noise impact on the measurement resulting in a lower resd2xception of the steep decreasedgf, no defined limit can
lution regarding the calculated coefficient. Since the satural€ found for the small-signal amplitude.

tion levels for amplitudes larger than 500 iy are equal,

the electrostrictive behavior of the sample is measured withyy THEORETIC DISCUSSION

sufficient accuracy above this small-signal amplitude. o )

In Fig. 3(a), the above observations are depicted quanti-A' Electrostrictive behavior
tatively with the coercive fieldE,. calculated by arithmetic We will now continue exploring the electrostrictive be-
averaging of the positive and negative coercive field. Thenavior near the coercive voltage. Since no domain wall mo-
slight decrease of remanedt;, and maximumds; ma fOr — tion should be involved, the effect causing the observed elec-
small-signal amplitudes ranging from 20 to 100 jpMs due  trostrictive behavior has to be explained by another
to the decreasing noise for measurements with increasingpproach. In Fig. 4, the Perovskite unit cell is depicted for
amplitude. In reality, the maximum af;; nacShould increase  two different states. For better understanding of the model,
nearly linear with increasing amplitudes. The remartg  the cells are depicted if00D-orientation.
starts with a slight decrease with increasing amplitudes fol-  With the center ion being switched in the upper position
lowed by a steep drop above the coercive voltage of 380 mVa) and deformed to the lengtly, an applied small-signal
(268 mV,g. In order to determine these two values, thefield in the same direction causes the ion to move upwards
lowest amplitude resulting in a good signal-to-noise ratioout of its stable positionb). This causes the cell to be
(SNR) should be used (100 mys in our casg stretched to the length,=1,+ Al or, macroscopically ob-

The measured remanent and maxinMk; increases served, a lengthening of the sample, if all cells switched in
steeply with increasing small-signal amplitudes and saturatthe upper position. For cells switched to the lower position
far above the coercive voltage. For very large amplitudes, théc), the initial cell deformation is the sanig. Therefore, the
values seem to decrease again. In order to measure thesaitching between both positions causes no deformation of
values, the voltage given the highest values should be chose¢he sample by itself. However, if a small-signal field pointing
(800 mV,,9 . However, if only the characteristics of the elec- upwards is applied to the celk), the center ion is also
trostrictive behavior in the saturation of the sample should benoved upwardgd), back to the center of the cell. This re-
measured, it is better to use amplitudes with a good SNRults in a shortening of the cell to the lendth=1,— Al or,
ratio (400-500 mY,o. Using such amplitudes, the peaks macroscopically observed, a shortening the sample, if all
near the coercive voltage are smaller and narrower, resultingells switched in the lower position.
in a larger saturated area. The aforementioned behavior is true during either posi-

Considering the coercive voltage, the lowest small-tive or negative saturation of a sample, where most cells are
signal amplitude should be selected to achieve the most aswitched in the same direction and reflects normal piezoelec-
curate result. As can be seen, when comparing the rapid déric behavior. If the field in caséd) increases, however, the
crease of the coercive voltage to its slight increase caused ell will be shortened further and, if the field passes certain
variation of the bias cycle frequeng¢ifig. 3b)], the impact critical strengthEg,;.n, Switched upwards accompanied by a

doooo

T

=> /2
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lead to a different means of investigating reversible domain
wall movements.

B. Decrease of E,.

Strain

In order to explain the decrease of the measigand
the remanentl;;, the influence of irreversible domain wall
motions has to be investigated. Coming from positive satu-
ration and approaching the negative coercive field, some

T E ' cells start to switch to negative polarization, which can also
sw‘é"igs ﬁse“l’g“h be considered as domain wall motions. To a certain degree,

these motions are reversible and irreversible, respectivly.
FIG. 5. Theoretical piezoelectric large-signal response of a single Perovskittlence, additional application of a small-signal field switches
unit cell in tetragonal phase. additional cells to negative polarization during the negative

small-signal cycle Eappiied, mir=Ebias— |Esmal) but is inca-

pable of switching all cells back during the positive small-
rapid lengthening lg— Al switches toly+Al, resulting in ~ Signal cycle Eappiied maic Eviast |Esmal)- The cells remain-
Al gyien=2Al1). Turning off the applied field, the cell will be ing in their negative polarization state counteract the rest of
deformed to the same length as before field application. the cells and therefore decrease the measured small-signal
Application of a field in the opposite direction will result into response as long as less than 50% of all cells are switched to
the same behavior concerning geometric deformation per atitegative polarization. If half of all cells are switched down-
solute value of the field amplitude. Therefore, the piezoelecward, the net polarization reaches zero the effect is inversed,
tric behavior(Fig. 5 of a single cell reflects the large-signal @s the upward switched cells now counteract the cells
behavior of the sample, resulting in a butterfly curve. Theswitched downward. For increasing small-signal amplitudes
effect causing the abrupt changes in cell deformation at théhe irreversible switching of cells starts and ends at higher
switching points could be described as deformation inducedfrge signal fields, sincaypiieq, minf€aches the coercive volt-
indirectly by switching. Regarding the whole sample, me-a2ge earlier. Thus, the measured curve of the piezoelectric
chanical strain can be caused by motion of 180°-domairsmall-signal response starts to slim and the measured rema-
walls during field application. The remanent strain, howevernent piezoelectric small-signal coefficied$; and coercive
is not influenced by this effect. The described behavior idield E; decreases. Since this behavior will be caused even
also applicable fox111)-oriented, tetragonal materials with by application of low small-signal amplitudes, characteristic
the additional benefit of eliminating direct sample strain in-values €. and remanentis3) gained by small signal mea-
fluences of 90°-domain wall motions. If however, the motionsurements are always influenced by the measurement itself.
of a 90°-domain wall changes the polarization fraction of
some cells along the-axis P,, this motion will also induce
mechanical strain as described earlier.

Observing a sample with an applied bias field near the  Also, for increasing small-signal amplitudes, more cells
coercive fieldE., approximately half the cells is switched are switched reversible by the small signal, as can be seen by
upwards and the other half downwards. In this case, slighthe increasing pseudo electrostrictive behavoir described ear-
variations of the applied field can cause some cells to béer. Theoretically, using small-signal amplitudes far beyond
switched (reversible domainwall motign Superimposing a the large-signal coercive voltage, all the cells participate in
small-signal field to a bias field near the coercive field will small-signal induced reversible switching. This will result in
cause the same effect. the material to become apparently dielectric and showing

Therefore, measuring the second harmonic of the straielectrostrictive behavior, if the small-signal influence is ig-
induced by an applied small-signal will result in an unex-nored and only the large-signal behavior is concerned.
pected response near the coercive field since the appli- In Fig. 6, the piezoelectric large signal response is de-
cation of positive and negative small-signal fields will resultpicted for different additionally applied small-signal ampli-
in sample lengthening, while the small-signal field returningtudes. Where possible, the sample strain caused by the small-
to zero will result in the sample shortening to a remanensignal has been smoothed out to accentuate the remaining
deformation. Even if the response is not truly quadraticallylarge-signal response. For small-signal amplitudes above the
dependent of the applied field, the lock-in will approximatelarge-signal coercive field, however, this becomes difficult
and measure the response to be quadratically dependent. THee to the noise generated by small-signal switching. As can
higher the small-signal amplitude, the more cells arebe seen, the primarily butterfly shaped curve develops into a
switched. Hence, for increasing small-signal amplitudes, thigurve similar to the large-signal response expected for solely
pseudo electrostriction will appear in a broader area Bgar electrostrictive materials, e.g., barium strontium titanate at
and will result in an increasing maximum. Due to the in-room temperaturé.However, the large-signal response is
creased noise level at lower small-signal amplitudes, thstill caused by intrinsic piezoelectric effects. Since nearly all
peaks cannot be detected for such amplitudes up to nowswitching is done by the high small signal, the response only
Improvement of the measurement method, however, couldppears to be electrostrictive. Another point worth mention-

C. Futher impacts of switching
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2ok Small-signal: age, the subcycle curve starts first to flatten at one end and
-+ o 200mV,ms later to bend slightly upwards. This will be measured as a
> = = -400 mV,rms .
S 1.5¢ —— 600 mV.rms decrease odl;5. At the same time, the curve starts to open up
S ol and to show hysteresis behavior. For offset fields near the
c coercive voltage, the curve finally shows the expected but-
£ 05} terfly behavior with an asymmetry depending on the cur-
@ ! rently used offset field. Thdss will be measured as low as
0.0¢ \\ increasing zero and a maximum ol 3 [see also Figs. (@) and 2b)]
05— . small-signal | will be measured. However, this does not reflect real elec-
-200 -100 0 100 200 trostrictive behavior, as shown earlier. Passing the coercive
Bias field [kV/cm]

field, the subcycle curve straightens out again, resulting in
FIG. 6. Influence of increasing small-signal amplitudég on the piezo-  the measurement of an |ncr.eaS|dg; and decrea$|ngﬁ 33
electric large signal response of 130 nm P@B/55 (f,.=123Hz, f,.  Therefore, the effects explained by our theoretical explana-
=8 kHz) when the small-signal is additionally applied. tion are confirmed by the large-signal measurements.

V. CONCLUSIONS
ing is the decrease of the absolute negative strain measured The influence of the small-signal amplitude on piezo-

for increasing small-signal amplitudes, which also corre-gjecqric small- and large-signal measurements as well as on
sponds to the switching starting earlier.

. electrostrictive measurements was observed and explained.
In order to explain some of the measurements made b

%ven low small-signal amplitudes were found to have an

forehand, we will continue by discussing piezoelectric 1argenhact on the measurements. Unexpected electrostrictive be-

signal mea_surements of subcycles dor_1_e with different 01Lrser'iavior was discovered and explained by an interpretation for
voltages (Fig. 7). For better observability, the curves are gy isching (extrinsio influences on the intrinsic piezoelectric

spread along the st_rain_axis. Th_e used offsets were select_edéﬂ,la”_ and large-signal response. Using this approach, the
order to reflect a bias field coming from negative saturatlon_theory of domain wall motion induced mechanical strain was

passing the positive coercive voltage and continuing to POSigerived. Using this theory, the motion of a 180°-domain wall

tive saturation of the sample. Since large-signal measurgyas shown to have an indirect impact on the sample strain in

ments are done without using the lock-in amplifier, theieyaqonal(111)-oriented materials. Another approach was

signal-to-noise ratio of the measurement is significantly reysed to explain small-signal amplitude influences on the co-

duced compared to'smaII-S|gnaI measu.remen'ts. Nonetheleggiive field and piezoelectric small-signal behavior. Both ap-
the_ following behavior can be observe_:d. Comlng from _Satu'proaches were verified by measurements of subcycles of the
ration, the sample shows nearly a linear piezoelectric re

piezoelectric large-signal response and large-signal measure-

sponse. Lock-in measurements on such a response will resiltanis done with an additionally applied small signal.
in a high piezoelectric coefficierd;; and a very low elec-

trostrictive coefficientM ;3. Approaching the coercive volt- N. Setter, Piezoelectric Materials for the End User, conference notes, In-
terlaken, 2002.
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