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Epitaxial Kq7Nag3;NbOj5 thin films are grown via metal-organic chemical vapor deposition on
(110)-oriented TbScOj3. The films are strained due to the substrate—film lattice mismatch and there-
fore exhibit a strong and anisotropic modification of all its ferroelectric properties. The compres-
sive in-plane strain leads to a reduction of the ferroelectric transition temperature from
approximately 700 K for unstrained K, ;Nag;NbOj3 to 324 K and 330 K with maximum permittiv-
ities of 10270 and 13 695 for the main crystallographic directions [001]rso and [110]rse, respec-
tively. Moreover, the quite thin films (approx. 30nm thick) exhibit very large piezoelectric
properties. For instance, surface acoustic waves with intensities of up to 4.7 dB are recorded for
wave propagation along the [110]rso direction. The signal is smaller (up to 1.3dB) along
[001]1so, whilst for the intermediate direction [112]1so, the signal seems to vanish (<0.1 dB). The
results indicate that the choice of material, (K,Na)NbO3, in combination with strain-engineering
via epitaxial growth onto lattice-mismatched substrates represents a promising way to optimize fer-
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roelectric materials for piezoelectric thin-film applications. Published by AIP Publishing.
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Surface acoustic wave (SAW) devices are widely used
today in communications and signal processing, transducers,
actuators, and sensors. Recently, novel concepts for bioappli-
cations ranging from highly sensitive and selective QCMs or
biosensors, microfluidics, and microactuation to complex
lab-on-a-chip devices are increasingly becoming the focus of
research on piezoelectric materials and SAW devices.'™®
One of the main aims of these research activities is to find
and optimize systems for various applications. This involves
the demand of integrating piezoelectric or SAW components
into complex devices. The obvious solution here would be to
develop thin-film piezoelectric components that are compati-
ble with other electronics. Obviously, toxic materials should
be avoided. PbZr,_,Ti,O3-based ceramics are widely used in
modern electronic devices due to their excellent piezoelectric
properties.” However, the use of lead has been restricted by
the EU, for instance, due to its toxic effects on human health
and the environment.® Other materials with suitable piezo-
electric properties must therefore be found. Finally, these
materials have to be fabricated, characterized, and optimized
for the given application. This ultimately requires the devel-
opment and optimization of suitable ferroelectric materials
in the form of thin films.

In this study, we demonstrate that extremely thin films
of epitaxially grown (K,Na)NbO; might be suitable for SAW
applications. We chose (K,Na)NbQOs, a lead-free piezoelec-
tric ceramic with a high piezoelectric performance.’™"
Values for the piezoelectric constant of ds; ~ 416pCN""
have been reported for Li, Ta, and Sb-modified (K,Na)NbO;
ceramics.'* Thin epitaxial films of this material are deposited
on single crystalline substrates. By choosing a stoichiometry
of K¢ 7Nag3NbOs3, we ensure a large piezoelectric effect, and
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the application of metal-organic chemical vapor deposition
provides well-ordered epitaxial film growth.'> Furthermore,
by using adequate substrates, in this case (110)-oriented
TbScO3, we can induce the adequate strain in the film to adjust
the transition temperature from ~700K (Refs. 10, 16, 17) for
the unstrained material to 324-330K depending on the direc-
tion of the electric field."®'? This leads to an optimized perfor-
mance of the thin films around room temperature. Finally, the
small anisotropy in the strain leads to a large anisotropy in the
propagation of SAWSs, which might also be significant for a
number of applications.

Ko 7Nap3NbO; films with a thickness of 25-35nm are
deposited via liquid-delivery spin metal-organic chemical
vapor deposition at a temperature of 700 °C onto (110)-ori-
ented single crystalline TbScOj substrates following the pro-
cess described in Ref. 15. The structural and stoichiometric
properties of the films are analyzed by means of high-
resolution X-ray diffraction experiments and time-of-flight
secondary ion mass spectrometry (TOF-SIMS), respectively.
The structural and compositional analysis reveals that the
Ko .7Nag 3NbO; films grow epitaxially in a perfect manner on
TbScO5 with the intended stoichiometric composition.?’

The surface of (110)-oriented TbScOs is defined by the
lattice parameters 2 x 3.960 Aand 2 x3.959 A along the two
in-plane orientations, [110]tso and [001]tso,>" whereas the
pseudocubic lattice parameters of bulk Ky ;Nag;NbOj3 using
Vegard’s law are a,. = 3.954 A and bpe = Cpe = 4.014 A
with a monoclinic distortion angle o = 89.7° between the by,
and cpc axes.””>* As a consequence of the epitaxy, the
Ko 7Nag 3NbO3 film grows cpc-axis-oriented with a strongly
compressed by, axis and a slightly enlarged a,. axis.
Moreover, due to the highly regular formation of
“superdomains” in the K, ;Nag3NbO; film,?’ the orientation
of the by, and a,. axes of the film regularly changes from
[110]rso to [001]tso. As a consequence of the elastic lattice
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relaxation, the resulting effective in-plain strain in the
Ko 7Nag3NbO; film is compressive and differs slightly
(0.025%) for the [110]rso and [001]tso orientations. The
observed domain structure and film symmetry are investi-
gated in detail in Ref. 20.

For the electronic characterization (SAW and permittiv-
ity) of the films, interdigitated electrodes are fabricated by
means of a lift-off technique using electron-beam lithogra-
phy and metallization consisting of the 5 nm-thick adhesion
layer of Ti and a 50 nm-thick layer of Pt.

The layout and orientation of the interdigital transducers
(IDT) for the surface acoustic wave experiments are shown
in Fig. 1(a). The complete device consists of a generator IDT
(input) and a analyzer IDT (output) with identical structures,
i.e., 4 finger pairs with 3 um width and gap size [as shown in
Fig. 1(b)], yielding a SAW wavelength of A = 12 um, an
effective (free) finger length of 500 um, and a propagation
distance for the SAWs (center-to-center distance between
the generator and the analyzer) of L =500 um [see Fig. 1(a),
the arrows indicate the propagation direction of SAW]. The
input IDT is driven by an rf signal generator (HP E4422B or
Keithley 2920A) in a frequency range from 50MHz to
3 GHz whilst an input power of typically 0 dBm, and a spec-
trum analyzer (Anritsu MS2661C or Keithley 2820A) is
used to measure the SAW frequency response.

For the investigation of the in-plane dielectric proper-
ties, larger interdigitated electrodes (IDE) are added. These
IDEs have 32 finger pairs with a width of 10 um, an effective
length of 700 um, and a gap size of 5 um.> Permittivity is
derived from the capacitive signal of the planar IDE capaci-
tor using the partial capacitance model.*®

All electronic characterizations are performed in a cryo-
stat operating in a temperature range of 5 K to 500 K.

Figure 2 summarizes the SAW data obtained at room
temperature for a 27nm-thick Kg;Nag3;NbO; film on
TbScOj3. A complete frequency scan of the response of the
interdigital transducers oriented along the [110]so direction
is shown in the main plot; the details of the 3rd harmonic,
the largest SAW signal, are given in the inset. The figure
reveals a number of interesting aspects.

First, only the fundamental and odd harmonic excita-
tions are visible—not the even harmonics. The fundamental
SAW signals at the first center frequency f; ~ 275 MHz are

FIG. 1. (a) Layout and (b) partial image of the interdigital transducers
(IDTs) on the Ky 7Nag3NbO; for the SAW experiments including the crys-
talline orientation of the different IDTs with respect to the (110)-oriented
TbScO; substrate and the important design parameters. Similar but more
extended interdigitated structures and geometric arrangements are used for
the measurement of permittivity.”>
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FIG. 2. Frequency dependence of the transmission signal of a SAW struc-
ture, where 4 = 12 um and L=500 um (see Fig. 1), on a 27 nm-thick
Ko.7Nag 3sNbOj; film on (110) TbScO3; measured at room temperature, which
exhibits SAW signals for the odd harmonics marked st to 9th for the small-
strain direction [110]1so. The inset shows a detailed plot of the signal at the
3rd harmonic (center frequency f3 indicated by arrows) for the [110]rgo,
[001]1so, and [112]1so directions of the SAW propagation with respect to
the crystalline orientation of the (110) TbScOj; substrate. For better visibil-
ity, the signals are shifted by 2 dB for the different directions in (b).

followed by further SAW signals at the odd harmonics 3 to 9
(marked 3rd, 5th, 7th, and 9th in Fig. 2) at center frequencies
of about 824 MHz, 1.37GHz, 1.86 GHz, and 2.34 GHz,
respectively. This agrees with the expectation for strong-
coupling material and “conventional” IDTs, i.e., IDTs with
an identical finger width and finger spacing.”’-*® The electro-
mechanical coupling coefficient K* can be obtained from the
radiation resistance G, and susceptance B via the crossed-

field model according to K? = (ﬁ %)f*f with N represent-

ing the number of IDT finger pairs.29 The resulting K? values
for our film are (1.4 = 0.2)% and (0.6 = 0.1)% for the direc-
tions [110]pso and [001]rso, respectively. Considering (i)
the thinness of our piezoelectric layer (30 nm) and (ii) that
the K value strongly decreases with the ratio h/4 (h: thick-
ness of the layer represents an excellent value. The compari-
son of 800nm thick LiNbOj3 films and 500 nm thick ZnO
films showed K2 factors of 0.52% and <1%, respec-
tively.”>?'  We can therefore conclude that the
Ko .7Nag 3sNbO;3 film is a material with a strong piezoelectric
coupling expressed by a large coupling coefficient.

Second, the largest signal is observed for the 3rd har-
monic. This is rather unusual at first glance. The SAW signal
at the different harmonics generally depends on the ratio
between the width w and spacing s of the electrode’s fingers.
For w/s =1, which agrees with our design, the fundamental
excitation should generate the largest SAW signal and the
intensity should decrease with the order of the higher har-
monic.?’ Moreover, in thin-film SAWs, high-order harmon-
ics are usually quite weak.® One explanation for this would
be the existence of high-order Sezawa-mode waves, which
are observed in layered structures in which the substrate has
a higher acoustic velocity than the overlaying film.***? The
appearance of this type of wave is determined by the ratio of
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the piezoelectric film thickness h and the SAW wavelength
J. Sezawa waves are usually observed when h/J > 0.15.34°
However, in our case, #/2 = 0.0025 is extremely small, and
thus, higher-order Sezawa waves are very unlikely to occur.

Another explanation might be the extreme thinness of
the piezoelectric layer compared to that of typical thin film
SAW devices. At the fundamental frequency, the wavelength
(12 pm) is much larger than the film thickness (27 nm). Since
the SAW typically penetrates about one wavelength into the
free surface, only a small fraction of the mechanical energy
can be stored in our very thin K, ;Nag3NbOj film, whilst a
large fraction is damped in the non-piezoelectric TbScOj;
substrate. This situation changes with the higher harmonics.
At the 3rd harmonic, the wavelength is already 3 times
smaller and the energy is generally more concentrated at the
surface, meaning that a larger amount of the SAW energy is
concentrated in the film. As a result, the percentage of SAW
energy stored in the thin film increases with the order of har-
monics, whilst the general signal height decreases with
increasing order. This leads to a maximum of the SAW sig-
nal for the 3rd harmonic.

Third, the SAW signal is strongly anisotropic. The inset
of Fig. 2 provides detailed plots of the device signal at the
3rd harmonic for SAWs propagating along different orienta-
tions of the device. For better visibility, S,; is normalized
and vertically shifted for the different measurements. The
black arrows denote the respective center frequencies f; for
the different directions. The velocity v of the SAW is
obtained from the center frequency and the wavelength 4
according to v = (f, - 4)/n with n representing the order of
harmonics. According to this equation, we obtain slightly
different SAW velocities for the different directions: 3277
m/s, 3296 m/s, and 3419 m/s for [001]tso, [110]rso, and
[112]so, respectively. Furthermore, the velocity slightly
decreases with the harmonic order (see details in the supple-
mentary material). These values are comparable to the veloc-
ities measured for classical SAW materials such as LiNbO3,
LiTaOs;, and quartz.

The SAW spectrum around the center frequency shows
the typical interference pattern with a periodicity of about
6.7 MHz. This can be attributed to the interference of acous-
tic and electromagnetic waves. The signal at the output IDT
consists of two components: the directly coupled electro-
magnetic signal from the input IDT and the electric signal
converted from the acoustic wave. The difference in velocity
between acoustic and electromagnetic waves leads to a phase
difference between the two components and therefore to the
observed interference pattern with a periodicity of Af = v/L,
where L represents the distance between input IDT and out-
put IDT. Inserting the SAW velocity yields an expected peri-
odicity of (6.68 * 0.15) MHz, which agrees perfectly with
the experimental observation.

In order to analyze the SAW signal and its anisotropy
further, we plotted the amplitude of the SAW interference
pattern around the 3rd harmonic (Fig. 3). The amplitude
AS3; is defined by the peak-to-valley value within the inter-
ference pattern (see inset of Fig. 3). The parameter AS,;
directly provides the intensity of the SAW signal at given
frequencies, whilst the center frequency is given by the fre-
quency at which AS;; reaches its maximum. The SAW
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FIG. 3. Amplitude of the SAW signal (4 = 12 um and L =500 um) at the
3rd harmonic at frequency f; for the different directions—[110]rso,
[001]rso, and [112]rso—of the SAW propagation for a 27 nm-thick
(Kp.7Nag 3)NbO; film on (110) TbScO; measured at room temperature. The
insets sketch the definition of the amplitude AS,; (left) and the possible
explanation of the anisotropy of the SAW signal (right) due to two types of
domains with different polarizations in [110]rso and [001]pso directions,
respectively.””

bandwidth B is generally expected to be inversely propor-
tional to the number of IDT cells®® according to B = 2f, /N,
where f, and N represent the fundamental frequency and the
number of finger pairs, respectively. In our case, the
expected bandwidth is (139 = 3) MHz, which corresponds
quite well with the experimental value B =~ 138 MHz
observed for all directions.

However, the signal height is very different for the vari-
ous directions. For example, AS»; is the largest for the SAW
orientation along [110]rso (AS2;(f;) = 3.6dB), whilst the
maximum is significantly smaller (AS,,;(f;) = 1.1dB) along
the direction [001]tso. For the intermediate direction
[112]rso, it is hardly measurable (AS;(f;) ~ 0.1dB). This
means that SAWs propagate along the major crystallo-
graphic directions at different intensities but hardly do so in
the intermediate direction. This anisotropic behavior could
be explained by the polarization and structural anisotropy of
the sample. In Ref. 20, it was shown that K -;Nay3NbO;
films on (110) TbScO; develop a regular domain structure
consisting of four variants of “superdomains” with domain
wall alignment under *45° with respect to [001]rso.
Nevertheless, due to charge neutrality reasons, there are only
two possible in-plane directions of the electrical polarization
vector: P || [001]rso and P || [110]1so (see sketch in Fig. 3).
As a result, we only expect measurable SAW signals in these
two directions. Furthermore, the polarizability and the devel-
opment of SAWs are slightly different in the major direc-
tions [001]rso and [110]tso due to the slight structural
anisotropy of ~0.025% provided by the difference of the in-
plane lattice parameter of the substrate. This difference is
also visible in the measurements of permittivity and the
resulting ferroelectric transition temperature, which are dis-
cussed within the context of Fig. 4.

Finally, Fig. 4 reveals the temperature dependence of
the SAW signal at the 3rd harmonic and the corresponding
permittivity for the different electric field and SAW propaga-
tion directions.
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FIG. 4. Temperature dependence of the SAW signal (4 = 12pum and
L =500 pum) at the 3rd harmonic (a) and dielectric permittivity (b) for the
different directions of the electric field and SAW propagation for a 27 nm-
thick (K¢ 7Nag 3)NbO; film on (110) TbScO;. The arrows denote the temper-
ature of the ferroelectric phase transition.

The permittivity measurements demonstrate the large
polarizability of the K, ;Nag;NbOj3 film. The temperature
dependence resembles the typical behavior of a ferro-to-
paraelectric transition with a peak in the permittivity ¢ at the
transition temperature 7,. Due to the compressive stain, T, is
reduced from approximately 700K for unstrained bulk
Ko 7Nag ;NbO;'%117 0 324K and 330K for the directions
[110]1so and [001]yse, respectively. The reduction of T,
agrees with similar experiments on strained NaNbO;'®!'?
and the small difference in T, obtained for both directions
results from the small difference in the strain. As a result of
the shift of T, the peak in the permittivity also shifts towards
room temperature. For instance, a permittivity of &gy
=3970 and &to) = 5160 is measured at room temperature,
which rises up to gpo = 10270 and €170/~ 13695 at the
respective T,.

A similar behavior is visible in the SAW experiments
[Fig. 4(a)]. The anisotropy is even more pronounced for the
SAW signal compared to the permittivity measurement. For
both major directions, the SAW signal AS,;(f3) exhibits a
maximum slightly below the ferroelectric phase transition
T,, reaching maximum values of 1.3dB and 4.7 dB for the
different directions. Since the transition temperature is
adjusted via strain to a temperature slightly above room tem-
perature, the room temperature values for AS,;(f;) were
found to be close to the maximum values. Above T,, the
SAW signal declines rapidly and finally vanishes slightly
below 400 K.

In conclusion, thin epitaxial K ;Nag3;NbOj films were
grown on (110)TbScO; substrates exhibiting encouraging
dielectric and piezoelectric properties. Permittivities of up to
13700 and SAW signals of up to 4.7dB were observed at
the temperature around the ferroelectric phase transition.
First, the SAW response of our only ~30nm-thick films is
very strong compared to that of other piezoelectric film sys-
tems,®>**7*® which are typically several um thick. Second,
the phase transition temperature is shifted towards room tem-
perature due to the compressive strain imposed on the film
by the lattice mismatch between the film and the substrate,
thus making these optimized ferroelectric properties

Appl. Phys. Lett. 113, 052901 (2018)

accessible for room temperature applications. Finally, the
ferroelectric properties were found to be strongly aniso-
tropic. For instance, SAWs propagate along the major crys-
tallographic  directions—but not in the intermediate
direction. Therefore, the strain-engineered thin epitaxial
Ko 7Nag 3NbOj; films might be a promising way to adjust and
optimize ferroelectric and piezoelectric properties for vari-
ous room-temperature applications of ferroelectric films
especially for highly sensitive sensors,””* integrated micro-
electronics,*' or hybrid systems.***¢

See supplementary material for the harmonic order
dependence of the surface acoustic wave velocities.
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