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Short-time piezoelectric measurements in ferroelectric thin films
using a double-beam laser interferometer

P. Gerber,a) A. Roelofs, O. Lohse, C. Kügeler, S. Tiedke, U. Böttger, and R. Waser
Institute of Materials in Electrical Engineering and Information Technology 2, (IWE2),
RWTH Aachen University, D-52074 Aachen, Germany

~Received 2 July 2002; accepted 9 December 2002!

An evolution of the double-beam laser interferometer used for piezoelectric measurements in
ferroelectric thin films is reported. Measuring thed33 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
d33 hysteresis will be shortened down to several seconds. Also, the cycle frequency becomes
comparable to electrical hysteresis measurements. Experimental results on quartz and
Pb(Zr(X) ,Ti(12X))O3 are given to demonstrate the capabilities of the interferometer and the new
measurement method. ©2003 American Institute of Physics.@DOI: 10.1063/1.1544415#
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Piezoelectric and ferroelectric thin films are used in
wide spectrum of micro-mechanical applications.1–3 To inte-
grate these thin films and microdevices into integrated
cuitry ~IC!, complementary metal–oxide–semiconduct
compatible deposition methods must be used.4 Hence, the
films are preferable manufactured by low temperature de
sition and micro-machining techniques. The thin films us
in this work are therefore fabricated by chemical soluti
deposition.

A thorough investigation of these materials is necess
in order to use the materials to their full potential. For piez
electric characterization, the resonance technique,5 which is
widely used for bulk samples, is not applicable for thin film
Since the technique measures the natural frequency
sample, the characterization of thin films would require f
quencies in the GHz range due to the small sample ge
etries.

Another approach is to measure the piezoelectric pr
erties at subresonance frequencies far below the charac
tic frequency. Both the direct piezoelectric and the conve
piezoelectric effect are used to evaluate the piezoelec
properties.6,7 However, measurements using the direct pie
electric response induce too much mechanical stress in
films.8

Using the converse piezoelectric effect, the electric fi
induced displacements of the sample are measured. Sinc
small thickness of thin films limits the voltage applicable
the samples, the displacements are in the angstrom ra
The nonlinear piezoelectric response of ferroelectric mat
als for different applied electric field requires an even hig
resolution of about 1–10 pm. Interferometric techniques
one approach to achieve such high resolutions.6,8,9

Since single-beam techniques9–11 do not take sample
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motion into account, it is prone to errors resulting fro
sample bending. Therefore, the double-beam technique8,12–14

is the superior method for measuring ferroelectric thin film8

The conventional technique for measuring the behav
of weak-signal responses at different applied electrical fie
(d33 hysteresis! uses a bias field with a superimposed, wea
signal ac field. To achieve the high resolution needed for
measurement, a lock-in-amplifier with a large time const
is used. Therefore the measurement time for a completed33

hysteresis is in the magnitude of several minutes, resultin
electrical stress in the sample. This Note presents a techn
to shorten the time needed for the measurement down to
magnitude of seconds by using different means of averag
without reducing the accuracy of the interferometer. Seve
measurements are shown to display the possibilities and
its of the technique.

The double-beam~Mach–Zender! interferometer has
been proven to be superior to the single-beam Michel
interferometer9–11 when used to measure piezoelectric th
films.8 The disadvantage of this technique is a reduced re
lution (1023– 1022 Å).8 The optical path of the double
beam laser interferometer used in this work is equal to
one used in Ref. 8 and will not be discussed in detail.

Using a photodetector, whose output voltage is prop
tional to the measured light intensity and using the point
maximum sensitivity at a phase shift ofp/2 as the operating
point, the displacement change of the observed sample
face is proportional to the measured voltage changeDV.8

If the sample is driven by a sinusoidal voltage,DV can
be measured by a lock-in amplifier~Perkin Elmer 7280 wide
bandwidth DSP lock-in amplifier!, which calculates the am
plitude of DV and the phase shift between the driving vo
age andDV. Using high time constants for the lock-in am
plifier, resolutions up to 1025 Å can be achieved.8

The performance of the system can be evaluated by m
suring the piezoelectric displacement of quartz, as itsd33

il:
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value is well known. The measured driving field depende
of the piezoelectric response of anX-cut quartz sample
manufactured by Crystec (10 mm310 mm31 mm) is given
in Fig. 1. The measurement shows a linear behavior even
displacements near the resolution of the interferometer.
fining resolution as the minimum displacement measura
due to noise, 231021 pm can be achieved using a time co
stant of several seconds. The calculated piezoelectric co
cient corresponds well to the literature value of 2.3 pm
Measuring the dependence from the driving frequency, o
minor deviations are found until the beginning of samp
resonance at 40 kHz.

The conventional technique for studying the piezoel
tric weak-signal behavior uses aLCR bridge to generate a
stepwise changed electric field~bias! which is superimposed
by a small ac field. The resulting deformation caused by
ac field is determined via a lock-in amplifier and measured
different defined states.8,10–12,14 The lock-in amplifier re-
quires several seconds of measurement time to achie
high-resolution measurement of the electric field induc
displacement per defined state of the sample. Dependin
the number of states measured, the complete measure
requires a minimum time of several minutes. During th
long period, a relatively high unipolar electric field is applie
to the sample, resulting in stress and imprint effects. Anot
disadvantage is the slow frequency of the bias chan
Therefore, direct comparison and calculations using elec
cal and mechanical measurements is difficult.15,16

In order to decrease the measurement time per defi
state or voltage stepping, new methods for averaging

FIG. 1. Linearity of the interferometer response (f 53 kHz) measured with
an X-cut quartz sample in comparison to literature value~dotted line!.

FIG. 2. Piezoelectric weak signal response of a 130 nm PZT~45/55! thin
film sample measured with both the old~80 points acquired in 15 min, black
stars! and new~5000 points acquired in 100 s,f bias510 mHz, gray dots!
technique (Vac5100 mVrms, f ac58 kHz).
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filtering of the interferometric response signal should
used. Combining the internal oscillator of the lock-in amp
fier with a bias voltage generation by a wave form genera
~Wavetek 395!, unlocking of the lock-in from the signal is
prevented. Thus, the measurement time per defined sta
reduced below the millisecond range and the bias voltage
be changed continuously. In order to achieve a better res
tion, several cycles are measured and averaged. This
corresponds to the technique proposed for measuring s
curves in Ref. 8, but is refined using the lock-in to reje
most of the noise.

An example measurement for Lead Zirconate Titan
~PZT! ~45/55! is shown in Fig. 2~gray dots!. The sample
with a film thickness of 130 nm was prepared on a dou
side polished silicon substrate (1 in.31 in.30.5 mm) using a
chemical solution deposition. Its backside is vapor depos
with Au to achieve better reflectivity. For direct compariso
the measurement was also done using the old techn
~black stars!. As can be seen, the results from both measu
ments fit very well and are comparable to measureme
published in Refs. 8 and 14.

Another advantage of the new technique is the hig
accuracy due to the high number of measurement poi
which is 5000 points for the measurement using the n
technique in comparison to 80 points measured by the cla
technique. In particular the vicinity of the coercive field
measured accurately, which is very difficult using the o
technique due to the high steepness of the curve. The sh
time measurement was done with a bias frequency of
mHz in order to achieve comparable results. Therefore
time constant of 50 ms was chosen and one bias cycle
sufficient for the measurement. Hence, the measurement
was decreased from several minutes to 100 s.

Using lower time constants the frequency of the b
voltage cycle can be raised up to 1 Hz, which was done
Fig. 3 ~black line!. Above that frequency the lock-in ampli
fier cannot follow the displacement change fast enough
produces errors, as seen in Fig. 3~gray lines!. Even when
averaging several bias voltage cycles becomes necessar
to low time constants, the measurement time is reduce
several seconds. Therefore, stress to the sample is red
while the resolution is still adequate for studying ferroele
tric thin films.

FIG. 3. Piezoelectric weak signal response of a 130 nm PZT~45/55! thin
film sample measured with continuously changed bias field using 0.5
~black line!, 20 ms~gray line!, and 50 ms~gray dotted line! time constants
for the lock-in (f bias51 Hz, Vac5100 mVrms, f ac58 kHz).
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To enable direct comparison between weak and la
signal measurements, as done by Bolten in Ref. 16, a
channel digital oscilloscope, like the Tektronix TDS 684A
TDS 744, is used. With this setup, it is possible to meas
the weak signal behavior of the piezoelectric displacem
synchronous or at similar conditions to the displacement
duced by the large bias signal, as shown in Fig. 4.

In conclusion, this measurement method to investig
the piezoelectric properties of ferroelectric thin films reduc
the dc field stress during weak signal measurements du
lower measurement times of several seconds instead of
utes. Thus, imprint effects can be reduced significantly. T
resolution of the double-beam laser interferometer used
demonstrated to be better than 0.2 pm. Furthermore,

FIG. 4. Piezoelectric weak~solid line! signal response and piezoelectr
strain ~dotted line! of a 130 nm PZT~45/55! thin film sample measured
synchronous (f bias52 Hz, Vac5100 mVrms, f ac58 kHz).
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number of measurement points was enlarged by a facto
60, which corresponds to an increased resolution. Also,
large and weak signal response can be recorded sync
nously, due to the faster method for weak signal measu
ments. Therefore, better comparison of the results is n
possible.

The authors wish to thank D. Damjanovic of the EPF
Lausanne for helpful suggestions.
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