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We present a technique based on ultrafast acoustics which permits us to measure the electrical de-
pendence of the elastic properties of a thin piezoelectric layer. Ultrafast acoustics offers a unique
way of measuring elastic properties of thin-layer in a non-destructive way using ultrashort optical
pulses. We apply this technique to a thin layer to which a dc voltage is simultaneously applied. Both
the film thickness and the sound velocity are affected. The two effects can be separated by use of a
semi-transparent top electrode. A demonstration is made on a thin aluminum nitride (AIN). From that
the d33 piezoelectric coefficient and the stiffness variation induced by the bias in AIN are measured.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788936]

I. INTRODUCTION

When a piezoelectric material is submitted to a force, it
generates an electrical voltage proportional to the magnitude
of the force. Conversely, when a voltage is applied to the same
material, it is submitted to a deformation. Both effects have
been used for a long time to convert mechanical energy into
electrical energy in transducer.

Recently, thin film piezoelectric materials have attracted
much attention due to their wide applications such as microac-
tuators, microsensors, motors or pumps, medical transduc-
ers, and filters. Devices based on thin piezoelectric films can
be integrated in microelectronics processes especially since
the introduction of aluminium nitride (AIN) as piezoelectric
material.

In designing such devices it is required to know the elas-
tic and piezoelectric properties of the material which can dif-
fer from the macroscale material. Most of the piezoelectric
thin films are polycrystalline materials. The piezoelectric ef-
fect is averaged over all the grains. Elasticity and piezoelec-
tricity depend on the material growth process and dedicated
characterization techniques have to be developed. An accurate
method to determine the piezoelectric coefficient ds3 is to use
a double side laser interferometer, which measures the thick-
ness change unambiguously and avoids errors due to sample
deflections.? Elastic properties of thin AIN films can be mea-
sured using ultrafast acoustics an optical technique’

Being able to tune the AIN elastic properties using a bias
would find interest in many other applications such as micro-
and nano-resonators, tunable filters, phononic crystals electri-
cally controlled by a dc field. Consider for example a bulk
acoustic wave resonator which is very similar to the basic
quartz crystal scaled down in size. It is commonly used in
filtering components for wireless communications* and fre-
quency oscillators.> An important limitation of such acoustic
devices is that after elaboration the frequency of the device
cannot be tuned.

3)Electroinc mail: arnaud.devos @isen. fr.
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Chen et al. have shown that the resonance frequency of
an AIN resonator is shifted by superimposing a dc voltage
to the radio-frequency signal.® Lanz et al. attributed the ef-
fect to a linear change in the elastic constant of the piezoelec-
tric material due to the electrical bias (known as elastoelectric
effect).” A similar effect was observed in a quadratic manner
for electrostrictive resonators including perovskite materials
as SrTiOs or (Ba,Sr)TiO;.8 Up to now no direct measurement
has confirmed this point.

In this paper we describe an optical technique for mea-
suring the elasticity changes induced by a dc voltage on a
thin piezoelectric film. The technique is derived from the so-
called ultrafast acoustics (UA) which is an optical technique
that permits to implement a sonar at nanoscale. Using a semi-
transparent top electrode and some specific wavelength condi-
tions, we can access to piezoelectric and elastoelectric effects.
A demonstration is made on AIN for which the ds3 piezo-
electric coefficient and the elastoelectric coefficient are inde-
pendently measured. The results we obtained are compared to
those previously published and obtained on acoustic devices.

Il. EXPERIMENTAL SETUP
A. Ultrafast acoustics

UA is an optical technique which uses a femtosecond
laser to excite and to detect acoustic waves at very high fre-
quency (100 GHz to 1 THz). Such an optical setup offers an
unique way of implementing a sonar at nanoscale. By mea-
suring the time-delay between successive echoes it is basi-
cally possible to access to the thickness or to the longitudi-
nal sound velocity in films whose thickness can be as small
as 5 nm. The UA capabilities can be enhanced if one uses
several laser wavelengths. More parameters are measurable,
for example, thickness and sound velocity are simultaneously
reachable and the measurement accuracy can be significantly
enhanced.

Figure 1(a) gives a schematic diagram of the experi-
mental setup which is a two-color pump-probe experiment

© 2013 American Institute of Physics
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FIG. 1. (a) Scheme of the experimental setup, the probe beam is focused in
a BBO crystal to generate the second harmonic. (b) Top view of the studied
sample, showing the pattern of the ITO layer. The two surfaces (designated
as XL and S, with a 30:1 surface ratio) realize in-series capacitors connected
by the full-sheet Mo layer. The measurements are performed on the small
capacitor. (c) Cross section sketch of the sample.

associated with a tunable femtosecond laser. Details can be
found in Ref. 9. The absorption of a first optical pulse (the
pump pulse) generates a thermal strain pulse whose extension
can be less than ten nanometers. The resulting acoustic pulse
propagates in the sample normally to the surface at the lon-
gitudinal sound velocity. The reflection at the film/substrate
interface yields returning echoes which are detected at the sur-
face by another delayed optical pulse (the probe pulse). From
an accurate measurement of the echo delay, one can deduce
the sound velocity or the thickness of the film.'”

In transparent media, the reflectivity can also present an
oscillating part so-called Brillouin oscillation, which is the re-
sult of interferences between the probe that is reflected from
the interfaces of the sample and the light partially reflected
from the strain pulse. Brillouin oscillation permits to measure
the sound velocity and the thickness from the optical index.’

In case of a strain pulse generated in a buried layer, a third
acoustic contribution appears in the reflectivity curve known
as a reflectivity step. It is a step, experienced by the transient
reflectivity when the strain pulse enters or is reflected within a
transparent layer.'! The probe beam is reflected at both inter-
faces of the transparent layer and these reflections interfere. If
the thickness is slightly modified the phase relation between
both reflections is modified and so is the resulting intensity of
the reflected probe. Due to the interferometric nature of the
effect, displacements as small as those carried by picosecond
acoustic pulses can be detected. The sound velocity of the film
and the thickness determine the delay at which the step is ob-
served which is the acoustic time-of-flight. But it is important
to point that the step magnitude does not depend on the sound
velocity. It is determined by the optical path namely the film
thickness, the film optical index and the probe wavelength.!?
As shown in the following, we can take advantage of the high
sensitivity of such a contribution to measure the small thick-
ness change induced by the electric field on the piezoelectric
film.

Rev. Sci. Instrum. 84, 015007 (2013)

B. Ultrafast acoustics under electric field

In this paper, we present a technique for measuring the ef-
fect of an electric field on the elastic property and on the thick-
ness of a thin piezoelectric film. To apply the electric field, the
piezoelectric layer must be sandwiched between electrodes. A
first basic idea would be to take advantage of the high sensi-
tivity of the ultrafast acoustic technique to generate acoustic
wave in the top electrode and to detect the returning echoes
issued from the interface between the piezoelectric layer and
the bottom electrode. Measuring the time-shift induced by the
dc voltage would lead to an estimation of the impact of the dc
voltage on the piezoelectric layer elasticity.

But one cannot be satisfied with such a basic ultrafast
acoustic measurement in the top electrode for the following
reason. The electric field affects simultaneously the sound ve-
locity and the film thickness. Indeed, the electric field changes
the Ci3 elastic constant through the elastoelectric effect and
thus the longitudinal sound velocity. It also modifies the film
thickness through the inverse piezoelectric effect. Both effects
affect the acoustic propagation and measuring a shift of the
echo delay does not permit to separate the two contributions.

We propose to use the acoustic detection through the
reflectivity step to isolate the thickness change induced by
piezoelectric effect. The time-delay at which such a step is
detected is as for an echo only dependent on the ratio between
thickness and sound velocity. But, the magnitude of a reflec-
tivity step is strongly dependent on the film thickness and a
tiny change in thickness can induce a sign change of a reflec-
tivity step. So, by combining a measurement of the time-shift
and a measurement of a magnitude change both induced by
the dc voltage, one can separate both effects.

A condition concerning the top electrode is needed. As
reflectivity steps are detected only in transparent layers, we
cannot use an absorbing layer as a top electrode. That is the
reason why we propose to use a thin indium tin oxide (ITO)
layer as top electrode which combines transparency and elec-
trical conductivity.

As a resume, we propose to deposit a thin ITO layer on
top of the studied thin piezoelectric film to be characterized.
Then we perform ultrafast acoustic experiments under various
dc voltages. An acoustic pulse is emitted from the buried elec-
trode due to the transparency of the piezoelectric layer and
ITO electrode. Its arrival at the free surface is detected as a
reflectivity step whose time-delay and magnitude are studied
as a function of the dc voltage. In the following we illustrate
the technique by applying it on a thin AIN film.

lll. DEMONSTRATION ON ALN
A. Sample description

In the following we present the results obtained on a
thin AIN film to which an external electric field is applied.
From that we deduce the d33 piezoelectric coefficient and the
stiffness variation in AIN induced by the electric field. The
studied sample is composed of the following stack, from the
top layer to the substrate: ITO(200 nm)/AIN(1 pwm)/Mo(150
nm)/Si substrate. All the layers were sputtered on a 200
mm (100) Si substrate. The AIN is strongly c-axis oriented,
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exhibiting a rocking curve as low as 1.2°. A cross section of
the sample is sketched in Fig. 1(b). The ITO layer is a semi-
transparent and conducting layer that has been patterned by
wet etching, providing the top electrode of the capacitors. As
the AIN and Mo layers are not patterned, there is no direct ac-
cess to the bottom Mo layer. The dc voltage is applied to two
ITO top electrodes exhibiting very different surfaces which
defines two in-series capacitors. As the surface ratio is huge,
the voltage is mainly applied to the small capacitor, which is
the device under study. The size of the capacitor where the
laser probe is focused is 0.25 mm?. The dc voltage range is
£150 V.

B. Results with no dc voltage

Figure 2(a) presents two transient reflectivity results ob-
tained on the sample probed at 440 nm without any dc volt-
age. The first signal has been measured on a part of the sample
where there is no ITO, the second on the whole stack. In the
first case the pump light is absorbed only in the Mo layer and
two acoustic pulses are emitted, one towards the free surface
and the second towards the substrate. The propagation of a
strain pulse within the AIN layer is evidenced by the detec-
tion of a Brillouin oscillation immediately after the genera-
tion. When it reaches the free surface, the pulse is reflected
and the strain is sign changed and a strong reflectivity step is
detected close to 90 ps. The smaller step detected near 75 ps
results from the entrance of the other strain pulse in AIN after
one round trip in the Mo bottom electrode.

The signal measured on the whole sample is slightly
more complicated due to some slight absorption of the pump

(a) 2T,
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FIG. 2. (a) Transient reflectivities obtained on the sample, beside and on the
ITO layer, pumped at 880 nm and probed at 440 nm (the thermal background
has been substracted). (b) Cross section of the sample and acoustic path of the
pulse that is responsible for the studied reflectivity step on the ITO/AIN/Mo
stack. (c) Zoom of the studied reflectivity step detected at three different dc
voltages (+150 V, 0 V, —150 V).
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pulse in the ITO. This is supported by the detection of a small
reflectivity step near 20 ps [referred as t in Fig. 2(a)]. Both
signals have also many points in common. First, one retrieves
a Brillouin oscillation in AIN. Second, the step due to the en-
trance of the echo issued from the Mo electrode is still visible
at the same time-delay. One also detects a strong reflectivity
step but it is time-delayed compared to first experiment (from
90 to 125 ps). The delay (27) is due to propagation of one
round trip in the ITO layer [illustrated in Fig. 2(b)]. In the fol-
lowing we focus on this step and we measure the effect of an
electric field on its time-delay and on its magnitude.

C. Acoustic measurements under electric field

We performed three experiments at —150 V, 0 V, and
4150 V and we focus on the temporal drift of the strong re-
flectivity step induced by the dc voltage as shown in Fig. 2(c).
One can note that the time of flight # decreases for a positive
voltage. The time of flight variation is df = —0.85 ps when
the dc polarization varies from —150 to +150 V. The relative
change in time-of-flight per volt is —23 ppm/V. It is important
to note that this variation results from a change of the thick-
ness (induced by the piezoelectric effect) and a change of the
sound velocity (induced by the elastoelectric effect).

To separate the thickness and the stiffness effects, we take
advantage of the sensitivity of the magnitude of a reflectivity
step to the optical path in the transparent layer. Furthermore,
for some given probe wavelengths, it is particularly sensitive
around some specific thicknesses of the AIN layer. Thus we
select a probe wavelength around which a tiny change in the
AIN layer thickness can change the reflectivity step sign. In
the present case we retain 435 nm as a probe wavelength.
Figure 3(a) shows the step’s magnitude detected at 435 nm
versus the AIN thickness. We perform experiments at 4150,
0, and —150 V. The application of a dc voltage significantly
changes the step’s magnitude, as shown in Fig. 3(b). Accord-
ing to the sign of the applied bias, the step is positive or neg-
ative. That means that the bias induces a change in the film
thickness. In the present case, a positive bias gives a negative
step and following the curve reproduced in Fig. 3(a) it means

Step’s magnitude (u.a.)

e

100 _ 120 140 160
Time (ps)

AIN thickness (nm)

FIG. 3. (a) The plain line is the model for the reflectivity steps’ magnitude,
probed at 435 nm, as a function of the AIN thickness. The inset is a zoom
around 1 pm, where the steps’ magnitude at +150, 0, and —150 V has been
reported. (b) Evolution of the reflectivity step’s magnitude, pumped at 870
nm and probed at 435 nm, for three different dc voltage (+150 V, 0 V, —150
V).
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that the thickness increases. Assuming no change in the AIN
refractive index, it can be converted in a thickness change of
1.4 nm for a voltage varying from —150 V to 150 V. This
value can also be given in meter per volt as 4.7 x 1073 nm/V.

IV. DISCUSSION AND SUMMARY

First, the thickness change induced by the dc voltage is
a direct measurement of the ds3 piezoelectric coefficient. In-
deed, due to the inverse piezoelectric effect, when the layer is
submitted to a voltage U, the thickness e is expected to change
as de = dy3U. From the de reported in Sec. III we obtain
dy3 = 4.7 x 1073 nm/V. This value is in very good agree-
ment with literature 5 x 1073 nm/V."® It is important to
know the sign of d3; which depends on the direction of
AIN polarization. In a previous study it was observed that
the AIN under study has a downward polarization which
means that the thickness increases when a positive bias is
applied.'

From the measured d33 we can now separate the two con-
tributions of the time of flight variation. Indeed, the stiffness
C33 = pv?, where p is the mass density and v is the longitu-
dinal sound velocity. The sound velocity is given by v = e/1,
e being the AIN film thickness and ¢ the time-of-flight of the
longitudinal acoustic wave in the AIN. A change in the film
thickness also induces a change in the mass density. Combin-
ing both effects we can write

dCy, de _dt
»_de_ 4 1)

Cs; e t

From that expression and from the measured values, it is pos-
sible to get the relative change of Cs3 which is 51 ppm/V. This
value has been obtained on a 1 um thick layer with a dc volt-
age of 300 V. In order to get an intrinsic value of the material,
we divide this relative stiffness change by the electric field.
We thus obtain 51 ppm.um/V = 51 x 10~ nm/V for the in-
trinsic change in stiffness induced by the bias.

We can compare our results to those obtained by Lanz
et al. from electrical measurements.” They studied the fre-
quency shift induced by a dc voltage on the antiresonance of
a AIN-based resonator. The antiresonance frequency f, of the
first thickness mode can be written as

1 /C2

fazze ,0,

@)
where e is the thickness of the AIN layer, C2 is the stiffness
at fixed D, and p is the mass density. The stiffness variation
can be extracted from the antiresonance frequency f, shift ex-
perienced by a resonator induced by a bias is applied. A dif-
ferential calculation on Eq. (2) gives

dck U df.,
_033 =dy3—+2 f .
C33 t .fa

Lanz reported a f, variation reaching 72 ppm/V for a 380
nm thick AIN film.” By reporting this result in Eq. (3) and as-
suming that ds3 is identical to ours, the relative stiffness vari-

3
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ation is 59 ppm.um/V. This result is also in good agreement
with the value obtained by our technique.

We presented an ultrafast optical technique for measur-
ing the effects induced by an electric field on a thin piezoelec-
tric layer. First, the inverse piezoelectric effect induces a tiny
change in thickness which has been measured directly using
a transparent top electrode and ultrafast acoustics at a spe-
cific wavelength. From that, we measured the d33 piezoelec-
tric parameter in AIN which has been found to be in very good
agreement with literature. This is a first interest for the pre-
sented method, being able to measure d33 on thin film which
is known to be different from bulk. In this work, the technique
has been applied to AIN a material which has attracted con-
siderable attention recently. It is important to note that ds3 in
AIN is about twenty times smaller than in PZT that demon-
strates the high sensitivity of the method.

Secondly, the electric field also affects the sound veloc-
ity and the corresponding elastoelectric coefficient has been
measured from di3 and the change in the time-delay propa-
gation. The linear elastoelectric effect is found to dominate
significantly the piezoelectric effect in AIN which is consis-
tent to what has been proposed by Lanz from electrical mea-
surements. This work also demonstrates that it is possible to
electrically tune the elastic properties of a thin piezoelectric
material. That suggests some promising applications such as
tunable radio-frequency filters or switchable phononic crys-
tals filters.
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