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ABSTRACT

In this work, we demonstrate the electronic tunability of surface acoustic waves (SAWs) in epitaxially strained relaxor-type ferroelectric thin
films. Epitaxial Ko ;Nag3NbOj3 thin films of typically 30 nm in thickness are grown via pulsed laser deposition on (110)-oriented TbScO;. A
partial plastic lattice relaxation of the epitaxial strain in these samples leads to a relaxor-type ferroelectricity of these films, which strongly
affects the SAW properties. Without electronic bias, only tiny SAW signals of ~0.2dB can be detected at room temperature, which can be
boosted up to ~4 dB by a static voltage bias added to the high frequency driving current of the SAW transducers. Upon field cooling below
the freezing temperature of polar nanoregions (PNRs), this strong SAW signal can be preserved and is even enhanced due to a release of the
electronically fixed PNRs if the bias is removed. In contrast, at elevated temperatures, a reversible switching of the SAW signal is possible.
The switching shows relaxation dynamics that are typical for relaxor ferroelectrics. The relaxation time 7 decreases exponentially from several
hours at freezing temperature to a few seconds (<5 s) at room temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140259

As surface acoustic wave (SAW) devices are presently widely used
in communications nowadays, signal processing, and transducers,
actuators, and sensor technologies, novel concepts for innovative appli-
cations ranging from highly sensitive and selective biosensors, micro-
fluidics, and microactuators to complex lab-on-a-chip devices are
increasingly becoming the focus of research on piezoelectric materials
and SAW devices."” The main aims of this reinforcement of research
activities are as follows: (i) the miniaturization and integration of SAW
devices in complex systems, (ii) the replacement of PbZr; Ti;Os-based
ceramics,” and (iii) the search for novel functionalities (for example,
the tunability of SAWSs) of piezoelectric materials that could broaden
the range of applications.”'* An appropriate solution would be to
develop thin-film piezoelectric components with suitable properties. In
previous work, we demonstrated the ability to tailor the properties of
(K,Na)NbO; via epitaxial strain and thus generate strong SAWs in
extremely thin films."”

In this work, we demonstrate that in relaxor-type (K,Na)NbO;
thin films, SAW signals can be tuned and even switched on and off via
a DC bias field. The strain-engineered (K,Na)NbOj; films are partially
relaxed and therefore show a broad and frequency-dispersive phase
transition, which is a clear indication of relaxor-type ferroelectrics.
The resulting SAW signal depends strongly on the orientation and

mobility of the polar nanoregions (PNRs) of the relaxor state, which
can be electronically manipulated.

Ko 7Nag sNbOs (KNN) films of 25-30 nm in thickness are depos-
ited via pulsed laser deposition (PLD) onto (110)-oriented single crys-
talline TbScOj; substrates using the following deposition parameters: a
substrate temperature of 600 °C, an O, pressure of 0.3 mbar, a laser
energy of 2.0 J/cm?, a laser pulse frequency of 5 Hz, and a growth rate
of 0.125nm/pulse. For the electronic characterization of the films,
interdigitated electrodes (IDEs) and transducers (IDTs) are fabricated
using electron-beam lithography and the lift-off technique. The struc-
tures and parameters of IDEs and IDTs are the same as in our previ-
ous work."”"* They consist of a 5nm thick Ti adhesion layer and a
45nm thick Pt layer. The IDEs for the investigation of the dielectric
properties of the KNN layer have 32 finger pairs with a width of
10 pum, a gap size of 5 um, and an effective length of 700 um, whereas
the IDTs for SAW experiments consist of 4 finger pairs with 3 um
width and gap size, yielding a SAW wavelength of 1=12 um, an
effective finger length of 500 um, and a propagation distance (center-
to-center distance between the generator and the analyzer) of L
=500 um (see also the inset of Fig. 2).

X-ray reciprocal space maps (RSM) confirm the epitaxial growth
of our KNN films, while at the same time, they indicate an onset of
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plastic lattice relaxation of the strained films [Figs. 1(a) and 1(b)]. The
maxima of the g positions of the KNN reﬂectif)r}? coincide with the
substrate re{lgcltions (620)1s0 (g =3.1733A °) and (444)150
(g =3.1745A ). However, both the absence of satellite patterns
(indicative of a regular arrangement of domains'”) and especially the
broadness of the KNN layer reflection and its distortion in the direc-
tion of unstrained KNN are clear indications of a plastic relaxation of
the strained KNN layer structure.

Usually, epitaxially strained films exhibit relaxor-type ferroelec-
tric behavior.'® This is even more likely for strained films showing
plastic strain relaxation. The relaxors possess peculiar features that are
correlated with the formation of polar nanoregions (PNRs). At high
temperatures, relaxors exist in a non-polar paraelectric phase, which is
similar to the paraelectric phase of ordinary ferroelectrics. Upon cool-
ing, they transition into an ergodic relaxor state, in which polar regions
are formed on the nm scale with a random orientation of dipole
moment. Since relaxor-type behavior can strongly affect the ferroelec-
tric properties, we first analyze the temperature and frequency depen-
dence of the KNN film and demonstrate its textbook relaxor behavior.

Figure 1(c) shows the temperature dependence of the permittivity
at the vicinity of the ferroelectric—ferroelectric transition from the
monoclinic Mc to the orthorhombic c-phase’” measured at different
frequencies.

First, the broadness of the transition peak can be scaled according
to the empirical Lorentz relation'® &/ /&' = 1+ (T — Tpay)’ /262 for
T > Typax Where &, is the maximum permittivity at Ty 7 is the
degree of dielectric relaxation, and ¢ is the degree of diffuseness of the
phase transition. A sharp transition peak near y=1 indicates a
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FIG. 1. X-ray reciprocal space maps (RSMs) in the vicinity of the (a) (444) and (b)
(620) Bragg reflections of the TbScO; substrate, (c) temperature dependence of
the real part of the dielectric permittivity for a 25 nm-thick Ky 7Nag3NbO3 film on
(110) TbScO; at different frequencies, (d) Vogel-Fulcher fit (solid line) using a rea-
sonable range for the attempt frequency (1-4 THz), and (e) Lorentz fit (solid line) of
the permittivity measured at 100 kHz. The dashed white lines and white dots in (a)
and (b) mark the g position of ThScO; and the expected position of unstrained
KNN, while the reddish shaded area in (c) marks the temperature regime of maxi-
mum permittivity.
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conventional ferroelectric behavior, whereas the relaxor-type phase
transition is usually characterized by a broad peak with y ranging from
1.5 to 2. Our KNN film shows a broad peak with y 2 1.9 [see Fig. 1(e)].

Second, not only the frequency dispersion of the permittivity but
also the frequency dependence of the temperature T,y is a clear indi-
cation of a relaxor-type ferroelectric behavior. The frequency depen-
dence of Ty, [marked in Fig. 1(c)] of a relaxor typically obeys the
empirical Vogel-Fulcher law'””’ f = f; exp[—E,/kg(Tmax — Tvr)),
with activation energy E,, Vogel-Fulcher freezing temperature Typ,
attempt frequency f;, and Boltzmann constant k. By choosing a rea-
sonable attempt frequency f; (typically in the range of 1-4 THz""*%),
we can extract E, =~ (113 = 9) meV and Tyg =~ (211 * 26) K for our
KNN film from the resulting Vogel-Fulcher fit [Fig. 1(d)]. The former
describes the energy needed for the reorientation of the PNRs’ polari-
zation, while the latter characterizes the temperature below which the
PNRs start to freeze, i.e., become immobile.

We therefore conclude that our PLD-prepared KNN films are
textbook examples of relaxor-type ferroelectrics.

Figure 2 summarizes SAW data obtained at room temperature
for a 25 nm-thick KNN film. A first complete frequency scan of the
response of the IDTs oriented along the [110], direction shows a
disappointingly small signal. As shown in previous work,"” due to the
thinness of the film and the design of the IDTs, only odd harmonic
excitations are visible and the largest SAW signal is expected for the
third harmonic at a center frequency of f; = 828.8 MHz. However, in
these samples, the signal is hardly measurable for the first harmonic
and very small for the third harmonic [e.g., AS,;/0.2 dB in Fig. 2(a)].

This situation changes significantly with the application of a DC
bias. The amplitude of the SAW Fraunhofer pattern at the odd har-
monics, which is attributed to the interference between acoustic and
electromagnetic waves at the output IDTs,”” is greatly boosted by the
DC field. As shown in Fig. 2(b), AS,,(f;) increases from ~0.2 dB for
zero-field to ~4 dB at a DC bias of 20 V. The latter value is comparable
to results obtained without bias for metal organic chemical vapor
deposition (MOCVD)-grown KNN films with comparable thickness
and stoichiometry but better crystallinity."”
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FIG. 2. Frequency dependence of the transmission signal of a SAW structure
(inset) with IDTs with a periodicity =12 um and a distance L =500 um on a
25nm-thick Ko 7NagsNbOs film on (110) ThScO; measured along the [110]rso
direction at room temperature. (a) shows the signal including the first (fundamental)
and third harmonics for zero DC bias, whereas (b) provides a comparison of the
zero bias and 20 V-bias signal at the third harmonic. The resulting SAW signal is
characterized by the analysis of AS,; as indicated in (b).
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Since the impact of the DC bias on the SAW signal might be
attributed to the relaxor-type behavior of the KNN film, especially the
arrangement and alignment of the PNRs, we examined the bias depen-
dence of the SAW signal as well as its temperature dependence and
relaxation behavior in more detail.

DC-bias dependence: Fig. 3 shows the DC-bias dependence of
the SAW signal. We analyzed the electric field dependence of the max-
imum amplitude AS,;(f;) by modifying the bias incrementally by
*2V (ie, £4V/mm) between —20 and 20V starting at zero field.
The DC field and SAWs are oriented in the [110];4 direction. The
sample shows a butterfly-type tunability of the SAW signal.

(1) Generally, the SAW signal increases with the DC field for
positive and negative biases. This increase seems to level off
for a large field. Furthermore, a small asymmetry can be
observed (i.e., the signal is larger for a positive field).

(ii) The bias dependence shows slight hysteretic behavior
although all data points were recorded after a long stabiliza-
tion (~20 min) at a given DC field.

The schematics in Fig. 3 illustrate the mechanism of the tunabil-
ity of SAWs, which is believed to be related to the reorientation of the
PNRs under the DC field. At a low DC field [inset (a)], the PNRs are
randomly distributed in the matrix, and the disordered polarization
state dramatically attenuates the generation and propagation of SAWs,
resulting in a very weak SAW signal. Meanwhile, at a high DC field,
the PNRs become oriented (or better oriented) by the E-field, inducing
an ordered polarization state, which facilitates the generation and
propagation of SAWSs and thus a strong SAW signal.

Temperature dependence: Fig. 4 shows the temperature depen-
dence of the SAW signal for the 25 nm-thick KNN film. Starting in the
orthorhombic c-phase (T >> T,,.), no SAW signal can be detected
without DC bias. An SAW signal only becomes visible after the DC
bias is switched on (here, 40 V/mm at ~380 K). In terms of our expla-
nation, this indicates that there are still a few PNRs at this temperature
and that the polarization vectors of the normally randomly distributed
and highly mobile PNRs will be oriented by the DC field, resulting in
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FIG. 3. DC-bias dependence of the SAW intensity for a 25 nm-thick Ko 7Nag sNbO;
film on (110) TbScO; at room temperature. The red arrows reveal the sequence of
applying the DC field; the dashed lines act as a visual guide.
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FIG. 4. Temperature dependence of SAW intensity for a 25 nm-thick Ko 7Nag sNbO3
film on (110) TbScO;. First, the sample is cooled from 400K to 20 K with a DC bias
of 40 V/mm, then the DC E-field is removed at the minimum temperature of ~20K,
and finally, the sample is heated up to room temperature again. The schematics
illustrate the evolution of the PNR orientation for different states.

an ordered state [see inset (a) of Fig. 4] and a detectable SAW signal
(e.g., ~0.2dB at 380 K). Upon cooling, the size and amount of PNRs,
and thus the SAW signal, increase.”” At 253.6 K, slightly below the
phase-transition temperature, the SAW signal reaches a first maxi-
mum of 2.97 dB. At even lower temperatures, the PNRs start to freeze,
i.e,, they become immobile. As a result of the reduced mobility of the
PNRs, the SAW signal strength decreases. At the lowest temperature
(here, ~20K), we remove the DC bias. This removal of the field leads
to a sudden increase in the SAW signal. At this temperature clearly
below Ty, it is expected that the ordered state of PNRs is preserved.
However, tiny rearrangements of the PNRs might still be possible. By
removing the restriction imposed by the DC field on the oriented
PNRs, these small changes might be responsible for the significant
increase in the SAW signal. We will see this release mechanism again
in Fig. 5.

Upon heating, now without the DC field, the SAW intensity
increases due to the increasing mobility of the PNRs. It reaches a max-
imum at approximately Tyg [AS,;(f;) ~ 3.8dB]. In the temperature
regime below Ty, the SAW intensity is significantly higher than dur-
ing cooling with the DC bias. This again can be attributed to the
above-described release mechanism. Above the freezing temperature
Ty, the PNRs are no longer immobile, and the thermal motion leads
to an order-disorder transition for the relaxor [inset (c) of Fig. 4]. As a
consequence, the SAW intensity drops precipitously and can no longer
be detected above room temperature.

Relaxation behavior: Finally, we investigated the dynamics of the
bias release and relaxation of the PNRs. For this purpose, the sample is
first heated to approximately 380K (c-phase) and then cooled to a
given temperature while applying a DC bias of 40 V/mm. After stabi-
lizing at a given temperature, the bias is removed and the SAW signal
is recorded for 1h. Figure 5 shows the resulting development of the
SAW signal for different temperatures. Generally, we observe (i) an
initial sudden and significant increase in the signal (first data point
recorded after ~5 s), (ii) followed by a more gentle increase toward
(iii) @ maximum in AS,; (at time t,eqx), and (iv) henceforth a decrease
in the SAW signal. The dynamics of the process strongly depend on
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FIG. 5. Time dependence of the SAW signal after removing the DC bias (40 \//mm)
at t=0 for different temperatures for T < Tyg, T & Tyr, and T > Ty Prior to each
experiment, the sample was heated to an elevated temperature (380 K) and subse-
quently cooled to a given temperature with an applied DC bias. The inset shows
the temperature dependence of the relaxation time <, which describes the exponen-
tial decay of the signal after the release of the electric field.

the temperature. At low temperatures (T < Tyg), we do not reach the
maximum in AS,; within the measuring time. At Ty, the maximum
is reached after tpeak A 0.2 h, whereas for 220 K and 270 K, the peak is
observed at ~1 min and ~5 s, respectively. The subsequent decrease
in signal strength behaves similarly. It starts gently at low temperatures
and becomes more rapid as the temperature increases.

Specifically, at higher temperatures (see curves for T > Tyg in
Fig. 5), a typical relaxation behavior toward a finite value can be
observed. An exponential fit of this part of the curve (for t > t,eqi) pro-
vides a characteristic relaxation time 7 of the relaxation process. The
inset of Fig. 5 shows the temperature dependence of 7 and tpe,i. First,
the relaxation time seems to be correlated with the freezing process of
the PNRs. Far above the freezing temperature Tvyp, it is extremely
small (e.g., T(270K) ~ 150 s); close to Ty, it rapidly (exponentially)
increases (e.g. from 7(230K) ~ 22min to 7(200K) ~ 9.8 h); and
finally, below Ty, the relaxation is no longer recorded. Second, tpeak
shows a very similar temperature dependence, i.e., it increases rapidly
upon approaching the freezing temperature. Therefore, we conclude
that, except for the initial jump in AS,, (release mechanism), the fur-
ther development of the SAW signal is caused by one and the same
relaxation mechanism, which first (t < t,eax) leads to an increase and

ARTICLE scitation.org/journal/apl

then (t > tpea) to a decrease in AS,;. The temperature dependence of
7 and t,eqx indicates that this mechanism is based on the relaxation of
PNRs, i.e., a consequence of the relaxor-type behavior of the film.

In conclusion, our PLD-grown KNN films on (110) TbScO;
show very promising SAW properties. The SAW response of the only
~30 nm-thick films is quite strong compared to other piezoelectric
film systems,”” ** which are typically several um thick. Moreover, in
contrast to comparable MOCVD-grown stained KNN films with a
more perfect crystallinity,”” the plastic relaxation in these samples
leads to an electronic tunability of the SAW signal, which is ascribed
to the relaxor-type ferroelectricity of these films. Without electronic
bias, only tiny signals (~0.2 dB) can be detected. However, a DC bias
of just 40 V/mm can boost the signal up to ~4 dB, which is even com-
parable to bulk SAW devices based on other relaxor systems such as
KNN-SrTiO3 and PMN-PT.”>” At temperatures below the freezing
temperature for PNR motion, this strong SAW signal can be preserved
and can even be enhanced due to a release of the electronically fixed
PNR. At elevated temperatures, in contrast, a reversible switching of
the SAW signal is possible. The switching shows relaxation dynamics
that are typical for relaxor ferroelectrics. The relaxation time t
decreases exponentially from several hours at the freezing temperature
to a number of seconds at room temperature. The use of epitaxially
strained relaxor-type ferroelectric films could represent an option for
the development of electronically tunable SAW devices.
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