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Short-time piezoelectric measurements in ferroelectric thin films
using a double-beam laser interferometer
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An evolution of the double-beam laser interferometer used for piezoelectric measurements in
ferroelectric thin films is reported. Measuring tdg; hysteresis of a ferroelectric material using
lock-in technique with large time constants requires a varying bias field to be applied to the sample
over a long period of time. This long-term application leads to electrical stress during the
measurement. We present a measurement technique using a different source for the applied field and
a varied method for averaging the interferometric response. The measurement time for a complete
da3 hysteresis will be shortened down to several seconds. Also, the cycle frequency becomes
comparable to electrical hysteresis measurements. Experimental results on quartz and
Pb(Zrxy,Ti1-x)) O are given to demonstrate the capabilities of the interferometer and the new
measurement method. ®003 American Institute of Physic§DOI: 10.1063/1.1544415

Piezoelectric and ferroelectric thin flms are used in amotion into account, it is prone to errors resulting from
wide spectrum of micro-mechanical applicatidndTo inte-  sample bending. Therefore, the double-beam techfifu&
grate these thin films and microdevices into integrated ciris the superior method for measuring ferroelectric thin fifms.
cuitry (IC), complementary metal—-oxide—semiconductor-  The conventional technique for measuring the behavior
compatible deposition methods must be ubédence, the of weak-signal responses at different applied electrical fields
films are preferable manufactured by low temperature depotds;; hysteresisuses a bias field with a superimposed, weak-
sition and micro-machining techniques. The thin films usedsignal ac field. To achieve the high resolution needed for this
in this work are therefore fabricated by chemical solutionmeasurement, a lock-in-amplifier with a large time constant
deposition. is used. Therefore the measurement time for a complgte

A thorough investigation of these materials is necessarysteresis is in the magnitude of several minutes, resulting in
in order to use the materials to their full potential. For piezo-electrical stress in the sample. This Note presents a technique
electric characterization, the resonance techniquaich is  to shorten the time needed for the measurement down to the
widely used for bulk samples, is not applicable for thin films. magnitude of seconds by using different means of averaging
Since the techniqgue measures the natural frequency of without reducing the accuracy of the interferometer. Several
sample, the characterization of thin films would require fre-measurements are shown to display the possibilities and lim-
guencies in the GHz range due to the small sample geonits of the technique.
etries. The double-beam(Mach—-Zender interferometer has

Another approach is to measure the piezoelectric propbeen proven to be superior to the single-beam Michelson
erties at subresonance frequencies far below the characteristerferometet ! when used to measure piezoelectric thin
tic frequency. Both the direct piezoelectric and the converséilms2 The disadvantage of this technique is a reduced reso-
piezoelectric effect are used to evaluate the piezoelectritution (10 3-10"2 A).® The optical path of the double-
propertie$’ However, measurements using the direct piezobeam laser interferometer used in this work is equal to the
electric response induce too much mechanical stress in thione used in Ref. 8 and will not be discussed in detail.
films 2 Using a photodetector, whose output voltage is propor-

Using the converse piezoelectric effect, the electric fielctional to the measured light intensity and using the point of
induced displacements of the sample are measured. Since theximum sensitivity at a phase shift @f2 as the operating
small thickness of thin films limits the voltage applicable to point, the displacement change of the observed sample sur-
the samples, the displacements are in the angstrom rangece is proportional to the measured voltage chahye®
The nonlinear piezoelectric response of ferroelectric materi-  If the sample is driven by a sinusoidal voltagey can
als for different applied electric field requires an even higheibe measured by a lock-in amplifiéPerkin Elmer 7280 wide
resolution of about 1-10 pm. Interferometric techniques aréandwidth DSP lock-in amplifi¢r which calculates the am-
one approach to achieve such high resolutfohs. plitude of AV and the phase shift between the driving volt-

Since single-beam techniqde' do not take sample age andAV. Using high time constants for the lock-in am-
plifier, resolutions up to 10° A can be achievef.

“Author to whom correspondence should be addressed; electronic mail: 1 h€ performance of the system can be evaluated by mea-
gerber@iwe.rwth-aachen.de suring the piezoelectric displacement of quartz, asdys
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FIG. 1. Linearity of the interferometer responde=@3 kHz) measured with  F|G, 3. Piezoelectric weak signal response of a 130 nm RBI55 thin
an X-cut quartz sample in comparison to literature valdetted ling. film sample measured with continuously changed bias field using 0.5 ms
(black ling, 20 ms(gray line, and 50 mggray dotted ling time constants
value is well known. The measured driving field dependencd®” the lock-in (fias=1 Hz, Vae=100 MVis, fae=8 kHz).
of the piezoelectric response of atrcut quartz sample
manufactured by Crystec (10 m&l0 mmx 1 mm) is given filtering of the interferometric response signal should be
in Fig. 1. The measurement shows a linear behavior even farsed. Combining the internal oscillator of the lock-in ampli-
displacements near the resolution of the interferometer. Defier with a bias voltage generation by a wave form generator
fining resolution as the minimum displacement measurabléWavetek 395 unlocking of the lock-in from the signal is
due to noise, X 10~ pm can be achieved using a time con- prevented. Thus, the measurement time per defined state is
stant of several seconds. The calculated piezoelectric coeffieduced below the millisecond range and the bias voltage can
cient corresponds well to the literature value of 2.3 pm/V.be changed continuously. In order to achieve a better resolu-
Measuring the dependence from the driving frequency, onlyion, several cycles are measured and averaged. This idea
minor deviations are found until the beginning of samplecorresponds to the technique proposed for measuring strain
resonance at 40 kHz. curves in Ref. 8, but is refined using the lock-in to reject
The conventional technique for studying the piezoelecimost of the noise.
tric weak-signal behavior useslZCR bridge to generate a An example measurement for Lead Zirconate Titanate
stepwise changed electric fieldiag which is superimposed (PZT) (45/59 is shown in Fig. 2(gray dot3. The sample
by a small ac field. The resulting deformation caused by thevith a film thickness of 130 nm was prepared on a double
ac field is determined via a lock-in amplifier and measured aside polished silicon substrate (131 in.X 0.5 mm) using a
different defined statés:®~*214The lock-in amplifier re- chemical solution deposition. Its backside is vapor deposited
quires several seconds of measurement time to achieve vaith Au to achieve better reflectivity. For direct comparison
high-resolution measurement of the electric field inducedhe measurement was also done using the old technique
displacement per defined state of the sample. Depending dblack stars As can be seen, the results from both measure-
the number of states measured, the complete measuremenents fit very well and are comparable to measurements
requires a minimum time of several minutes. During thispublished in Refs. 8 and 14.
long period, a relatively high unipolar electric field is applied Another advantage of the new technique is the higher
to the sample, resulting in stress and imprint effects. Anotheaccuracy due to the high number of measurement points,
disadvantage is the slow frequency of the bias changewhich is 5000 points for the measurement using the new
Therefore, direct comparison and calculations using electritechnique in comparison to 80 points measured by the classic
cal and mechanical measurements is diffictff technique. In particular the vicinity of the coercive field is
In order to decrease the measurement time per definemieasured accurately, which is very difficult using the old
state or voltage stepping, new methods for averaging antéchnique due to the high steepness of the curve. The short-
time measurement was done with a bias frequency of 10
sooF mHz in order to achieve comparable results. Therefore, a
M time constant of 50 ms was chosen and one bias cycle was

50} x sufficient for the measurement. Hence, the measurement time
g was decreased from several minutes to 100 s.
2 of | Using lower time constants the frequency of the bias
o sof % voltage cycle can be raised up to 1 Hz, which was done in
""'iﬂ' Fig. 3 (black line. Above that frequency the lock-in ampli-
-100f fier cannot follow the displacement change fast enough and
400300200100 0100 200 300 200 produces errors, as seen in Fig(@ay lines. Even when

Bias field [kV/cm] averaging several bias voltage cycles becomes necessary due
FIG. 2. Piezoslecti « sianal 4130  thi to low time constants, the measurement time is reduced to
. £. Plezoeleclric weak signal response or a nm %]5 n .
film sample measured with both the ¢BD points acquired in 15 min, black several seconds. Therefore, stress to the sample is reduced

stars and new(5000 points acquired in 100 $,,.=10 mHz, gray dots while _the_ resolution is still adequate for studying ferroelec-
technique ¥ac=100 MVins, fac=8 kHz). tric thin films.
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3.0 1100 number of measurement points was enlarged by a factor of

2.5¢ 60, which corresponds to an increased resolution. Also, the
= SOF 1s0 large and weak signal response can be recorded synchro-
© 15 3 i
= T nously, due to the faster method for weak signal measure-
& ;'g 1o &g ments. Therefore, better comparison of the results is now
@ - © possible.
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