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ABSTRACT

As of now, KNN is the most viable alternative to PZT. Sputtering deposition is very suitable for large-scale
production of thin films, but some challenges need to be overcome. We deposited KNN films on 8” wafers by
using an EVATEC’s Clusterline-200E sputtering machine. Lower growth pressure and high annealing tempera-
tures promote larger deposition rates, higher crystallinity, and larger c-lattice parameters of the perovskite phase.
KNN films thus obtained display a general {001} preferred orientation out of plane with evident appearance of
the (001) polar direction. Therefore, ferroelectric response is observed in most films, with a maximum 2Pr = 21
uC/cm? for films grown at low pressure and annealed at 700 °C under No+0, atmosphere. Depending on growth
and annealing conditions, however, initially amorphous KNN films crystallize into segregated Na-rich polar
perovskite and spurious pyrochlore phases. A Na-rich perovskite ferroelectric phase forms into “volcano-like”
islands with composition KyNa; xNbO3, where x = 0.2-0.3. The stoichiometry aligns with other known non-
equimolar KNN morphotropic phase boundaries and is supported by first-principles calculations. As K diffuses
away from the islands and escapes from films at a higher rate than Na, the remaining part of the film forms a
chemically unstable K-rich pyrochlore phase, of the type K4NbgO;7, that easily degrades during lithographic
patterning. We suggest that enhanced KNN films can be produced by RF sputtering not only by counteracting Na
and K loss by using alkali-excess targets, but also by employing over-stoichiometric targets with compositions
richer in Na (70-80 at%).

1. Introduction

vacancies [8-11]. These factors can significantly reduce the operational
voltage of devices and result in critical failure [12]. For KNN thin films,

In recent years, KyNa;_yNbOs (KNN) has been regarded as a prom-
ising replacement for PZT, the most widely used piezoelectric material
whose applications span in several fields, such as aerospace, telecom-
munications and diagnostics [1,2]. Extensive research has been done for
bulk KNN ceramics, achieving very good properties, like a high Curie
temperature of 400 °C [3] and ds3 coefficient of 416 pC/N, demon-
strated by Saito et al. for KNN textured ceramics with (001) NaNbOg
seed layers [4]. Record values of 570 pC/N have been reached by Wu
et al. [5]. Despite its promise, KNN faces significant challenges that
hinder its widespread application. Key issues include the high temper-
atures required to achieve the polar tetragonal or orthorhombic phases
(500°C-700°C) [6,7] and the high leakage caused by A-site and oxygen
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in addition to these problems, a major obstacle is the scale-up from small
research samples to wafer-scale production. For industrial purposes, the
material should be grown at possibly at low temperature, uniform at
large scale and with a reasonably high growth rate [13]. Achieving those
requirements, however, can have significant side effects on KNN films
quality. For example, the literature reports the formation of unwanted
pyrochlore secondary phases at low processing temperatures. Pyro-
chlore phases are non-polar and therefore they do not contribute to the
piezoelectric performance of KNN. The presence of such phases has been
studied extensively in PZT thin films [14-17]. In fewer numbers, similar
studies also exist for KNN, for example, the work by Ahn et al. [10], Kim
et al. [18] and Jacques et al. [19]. An aspect that has rarely been
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explored or reported in the literature is the diffusion of Na and K in KNN
during processing and its influence on the formation of perovskite and
pyrochlore phases in KNN films.

In this paper, we discuss the growth of KNN films on 8’ wafers with
an industrial RF sputtering in Ar atmosphere from a stoichiometric
Ko.sNag sNbO3 target. We show that, starting from amorphous films,
annealing in a Ny + Oy atmosphere at high temperature promotes a
partial crystallization of KNN films, resulting in (100/001) preferential
orientation and in ferroelectric behavior, superimposed to leaky
dielectric characteristic. We demonstrate that KNN films properties are,
in general, dependent on the Ar flow during the growth and on the
annealing temperature. On average, all the films are characterized by a
deficiency of alkali ions, resulting in the ratio (K+Na)/Nb around 0.8.
Potassium tends to evaporate at high annealing temperatures, while
sodium follows an opposite trend. In particular, we observe the nucle-
ation of a segregated Na-rich KyNayNbOs perovskite phase (0.2 <
x < 0.3) in the form of islands, together with an unwanted pyrochlore
phase with a composition close to A4NbgO17, where A = K+Na and A/Nb
= 0.67. The composition of the segregated perovskite phase
KxNa; _xNbOjs is close to the other two morphotropic phase boundaries
with x = 0.17 and x = 0.35, that are seldom reported in literature
[20-22], and matches our first-principles results favoring a concentra-
tion of x = 0.17. By C-AFM and local IV measurements, we demonstrate
that the ferroelectric response of the films is given, as expected, by the
perovskite segregated regions, while the pyrochlore displays a leaky
dielectric behavior. Given a better retention of Na at high temperatures,
and the natural evolution of the film towards a Na-rich perovskite, we
predict that a Na-rich target may facilitate better control over the
perovskite crystallization, preventing phase segregation and unwanted
pyrochlore phases. Additionally, our analysis suggests the need to
compensate for alkali loss by incorporating extra alkali into the targets
and growing KNN films in an oxygen-rich atmosphere to further stabilize
the perovskite phase.

2. Methods

Nominal Ko sNag sNbOs films were deposited on 8” wafers with an
industrial EVATEC Clusterline®-200 machine. The single target used for
KNN deposition was a 4”, stoichiometric Ky sNagsNbO3 target bought
from JX Nippon Mining & Metals. Growth was achieved by radio-
frequency (RF) confocal sputtering at 500 °C in argon atmosphere. The
KNN films were grown at three different argon flows, i.e. 30 sccm, 60
scem, and 90 scem that will be addressed as low (KL), medium (KM), and
high flow pressure (KH) regimes during the analysis. We fabricated KNN
films with a thickness spanning from 350 nm (high pressure regime) to
400 nm (low pressure regime). KNN was grown on Pt(111)/TiO2/SiOy/
Si(100) templates. As top electrode, 30 nm of Pt were grown on all
wafers after KNN deposition. The as-deposited KNN films were amor-
phous. Hence, the wafers were annealed to promote crystallization in a
quartz tubular furnace (Carbolite Gero KST 12/600). Samples from all
three different pressure-regimes were annealed at 500 °C, 600 °C and
700 °C for 2 h in a semi-open Ny + O atmosphere. The growth and
annealing conditions, together with the names of the films, are sum-
marized in Table 1.

For crystallographic characterization, we utilized a Rigaku SmartLab
XE X-ray diffraction system, equipped with a copper (Cu) anode of
1.5406 A X-ray radiation. To assess the ferroelectric properties and
leakage currents in KNN films, square platinum (Pt) contacts measuring
200 pm x 200 pm were fabricated using maskless lithography and ion
beam etching. The ferroelectric properties were characterized using an
aixACCT’s TF Analyzer 2000 instrument. Dynamic Hysteresis Mea-
surements (DHM) and Positive-Up Negative-Down (PUND) software
modules were used. Leakage currents were evaluated using a Keithley
2612 System voltage source on a SUSS MicroTec PM5 Probe Station. The
measurements were made by applying bipolar sweep pulses ranging
from —5-5 V. A scanning electron microscope (SEM) LEO 1525 was used
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Table 1

Growth, annealing conditions, and resulting thickness of RF-sputtered films. The
acronyms KH, KM, and KL represent KNN films grown at relative high, medium,
and low argon pressure, respectively.

Sample Annealing Ar flow Growth Thickness
code temperature (°C) (sccm) temperature (°C) (nm)
KH 500 90 500 350
600
700
KM 500 60 500 400
600
700
KL 500 30 500 400
600
700

to image the surface and cross-section of the films. A quantitative
composition analysis of the processed films was done with a Bruker
Quantax energy dispersive x-ray spectroscopy system (EDS). To under-
stand the relationship between morphology of the films and their con-
ductivity, Atomic Force Microscopy (AFM) and Conductive Atomic
Force Microscopy (C-AFM) measurements were done with a NX10-AFM
from Park Systems. Moreover, to assess the local switching properties,
local IV curves were taken in regions of the samples with different
morphologies and compositions.

DFT simulations were performed with the Vienna Ab-initio Simula-
tion Package (VASP) [23] using the PBEsol exchange-correlation func-
tional [24]. Projector-augmented wave (PAW) [25] pseudopotentials
were used, with the following valence states: K 3 5,3p,4 s; Na 25,2p,3 s;
NbD 4p,5 s,4d; O 2 s5,2p. In all the systems, the kinetic energy cutoff was
set to 800 eV and the Brillouin zone was sampled with a 3x3x4 k-point
mesh. The chemical disorder on the A sublattice was modelled by means
of the Special Quasirandom Structure (SQS) technique [26] as imple-
mented in the software ICET [27]. For each fixed 1, the system having x
atoms of Na and y atoms of K and its mirror image share the same SQS
supercell (with the two species exchanged) and thus the same random-
ness. Different SQS were necessarily generated for different values of .
The cluster expansion, common to all systems, was constructed with
cutoffs (13 A for doublets, 8.5 A for triplets) chosen such that the
number of effective cluster interactions be in the order of 40. The initial
lattice parameters were prepared according to the Vegard law as a linear
interpolation between the (suitably multiplied) equilibrium values of
KNbO3 and those of NaNbQs, as obtained in separate simulations for
their tetragonal unit cells (KNbOg3: a = 3.973 1°\, c=4.053 /0\; NaNbOs: a
=3.918 A, c = 4.021 A). All systems were then fully optimized to their
own equilibrium structure. Convergence threshold for energies were set
to 107 and 10~* eV concerning electronic and structural optimization,
respectively, which yielded residual forces no larger than 0.03 eV/A.

3. Results
3.1. Crystalline phases, orientations, and spurious phases

Out-of-plane XRD measurements were done for KNN films grown at
different Ar pressures and annealed at temperatures of 500, 600 and
700 °C. Conditions were summarized in Table 1. Fig. 1 shows the cor-
responding diffractograms. Overall, several reflections coincide with the
ABOs3 structure of KNN’s perovskite phase, and the films are {001}
preferentially oriented. In most cases, however, the peaks are broad-
ened, pointing out to a mixture of (001) and (100) orientations, i.e.
crystallites of the perovskite with long-c axis oriented both in plane and
out of plane. The c-axis (001) is regarded as the polar direction of pe-
rovskites in orthorhombic and tetragonal phases [3,28]. From the XRD
diffractograms, the appearance of double peaks at 20 = 22° and 46°
related to (001)/(100) and (002)/(200) orientations depends on the
deposition conditions and on the annealing temperature. For the
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Fig. 1. Symmetric XRD 0-20 plots of KNN films grown at high (yellow), me-
dium (red) and low (blue) Ar flows and annealed at a) 500 °C, b) 600 °C or c)
700 °C. The intensity is in logarithmic scale, and it was normalized to the
thickness of the films. The asterisks mark the peaks related to spurious pyro-
chlore phases in KNN films.

high-pressure regime (KH), a (100) almost-single peak is observed for
annealing temperatures of 500 °C and 600 °C, while a (001) shoulder to
the left appears at 700 °C. In addition, for the KH condition, the XRD
intensity of {001} reflections is rather low, which might point out to a
reduced crystallinity and/or small crystallites. The structural quality at
higher argon (Ar) flow can be attributed to a low energy of Ar ions at
higher pressure regime, which results in limited diffusivity of the sput-
tered elements. Consequently, the atoms attain a short-range arrange-
ment and crystallinity is low. Under conditions of high Ar flow, growth
rate estimations indicate that we are not operating within the minimum
zone of the Paschen curve [29]. When the Ar flow is too high, the
increased collision rate between Ar atoms reduces the mean free path of
the sputtered atoms. This reduction in the mean free path leads to lower
sputtering efficiency compared to lower pressure regimes (KL), causing
atoms to impinge on the substrate with reduced momentum. Conse-
quently, a substrate temperature of 500 °C under high-pressure plasma
conditions, followed by annealing temperature of 500 °C are insufficient
to induce extensive crystallization in the film. In contrast, for medium
(KM) and low-pressure regimes, the structural quality improves since
the Ar plasma is more energetic. The {001} diffraction achieves higher
counts per second and the reflection attributed to polar (001)
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orientation becomes present for all annealing temperatures.

Fig. 2a shows the dependence on the annealing temperature of
thickness-normalized intensity of the (001)/(100) reflection for
different Ar flows. The dependence is weak for the KH regime as the
intensity of (001)/(100) remains, overall, constant. Nevertheless, for KM
and KL pressure regimes, a minimum point at 600 °C and then a sub-
stantial increase at 700 °C are found. The general trend is consistent
with an expected increase in crystallinity at more energetic conditions.
Interestingly, the highest intensities are found for medium pressure
deposition and high temperature annealing, signaling a more balanced
grain nucleation and growth. The out-of-plane c(001) and a(100) lattice
parameters as a function of increasing deposition pressure and annealing
temperature were calculated and they are displayed in Fig. 2b. The
values were estimated from the deconvolution of the (100) and (001)
peaks. The a and c lattice parameters show a net increase at 700 °C,
while a minimum at 600 °C can be spotted for all three regimes.
Moreover, the values are also dependent on the deposition pressure as
the largest increases are found for the low-pressure regime. This might
be related to a more energetic plasma in, otherwise, analogue condi-
tions. For ferroelectric perovskite films, the enlargement of the out-of-
plane lattice parameter is important because it can give rise to a reor-
dering from the non-polar (100) orientation, to the polar (001) one [9].
Regarding crystallinity and (001) orientation of the KNN perovskite cell,
our results suggest that deposition in low pressure conditions and a high
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Fig. 2. (a) KNN {001} and pyrochlore peak intensities (I) normalized (cps/nm)
to the thickness of the KNN films for KL (30 sccm Ar), KM (60 sccm Ar) and KH
(90 scem Ar) growth conditions. (b) Out-of-plane a and c lattice parameters as a
function of annealing temperature. The c¢(001) of KH is not present, as it is
predominantly (100) oriented.
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annealing temperature of 700 °C are beneficial. It must be noted,
nevertheless, that reported values of a-axis for bulk KNN in pseudo-cubic
structure are around 3.94 A, while reported values for the c-axis are
around 4.016 A [30]. Thus, in comparison, all our KNN films exhibit
lower lattice parameters values. The lower values can be ascribed to
in-plane tensile stress of the perovskite cell due to the substrate, or to the
loss of alkali ions during deposition and annealing [9].

Further analysis of Fig. 1 reveals that the perovskite (001)/(100) and
(002)/(200) reflections are not the only signals present in our KNN
films. Even though only Pt (111) and {001} perovskite-related re-
flections are all present in the diffractograms at annealing of 500 °C, at
600 °C and 700 °C, evidence of (110) orientation of perovskite KNN is
also found but with small intensity (20 = 32°). More importantly,
however, a pyrochlore spurious phase with high crystallinity is found at
260 = 29.4° when KNN films are annealed at 600 °C. Unexpectedly, the
signal is even higher than the {001} reflection of the perovskite-KNN
and confirms the presence of a pyrochlore phase in our KNN films.
Interestingly, the spurious phase also seems oriented with regards to Pt
(111), as polycrystalline pyrochlore phases should display several re-
flections in the range of our XRD measurements. Pyrochlore phases can
exist in several compositions like A4Nb6017, Asz4011, A2Nb6016,
A,NbgOo;, etc., where A can represent Na, K, or a stoichiometric com-
bination of both [31,32]. A common feature of spurious phases is that
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they are all alkali and oxygen deficient when compared to desired
perovskite ANbO3 phases. In Fig. 2a, the intensity of crystalline pyro-
chlore phase is shown with respect to deposition pressure and annealing
temperature. At 500 °C there is no evidence of it and at 700 °C there are
just minor indications. At 600 °C, however, their high presence co-
incides with an intensity drop from (001)/(100) reflection of the KNN
perovskite phase and with an inflection point for the lattice parameters
of Fig. 2b. Moreover, the pyrochlore is even more present for low
pressure growth conditions of KNN.

The coexistence of perovskite and pyrochlore phases has been
studied in detail for PZT ferroelectrics. It has been shown that Pb-
deficient phases are more stable below 650 °C, while the perovskite
becomes relevant at high temperatures, when oxidation is extensive and
it stabilizes the ABO3 composition [33,34]. In the field of PZT, a pyro-
chlore to perovskite transformation during annealing is achieved by
increasing processing temperature and by adding excess PbO to the
mixture films during growth or processing [35]. Like K and Na, Pb can
evaporate from films in the form of volatile oxides. For our KNN films,
the pyrochlore is highly favored at 600 °C, but transforms to the
perovskite at 700 °C. Nevertheless, in this study, we have not used
excess alkali to compensate for a full phase transformation and thus the
perovskite forms at the expense of the pyrochlore phase. We will discuss
later on the dynamics and chemical nature of the perovskite and
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Fig. 3. Current - electric field characteristics of KL, KM, and KH films annealed in N»+O, at different temperatures. On the y-axis, deposition pressures: (a, b, c)
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spurious phases of KNN caused by segregation.

3.2. Leaky ferroelectric KNN capacitors

Since mixed (001)/(100) orientation for perovskite KNN films was
observed, some ferroelectric behavior was expected. Thus, Dynamic
Hysteresis Measurements (DHM) were performed by applying triangular
+ 5 V signals at 1 kHz to the top Pt electrodes of the samples. The cur-
rent vs electric field characteristics are reported in Fig. 3. Different
deposition conditions and annealing temperatures produced varying
electrical responses from the KNN films. Except for only-capacitive KH-
500, and for short-circuited KL-500, all prepared films behaved like
leaky ferroelectric capacitors with evident switching peaks [36].

For KH-500 (Fig. 3a), even though a distinctive capacitive behavior
is observed, its reduced capacitance (look at y-scale) points to a low-k
insulator with dielectric constant of 10. Such value deviates from the
high-k values typically observed for perovskite KNN, spanning from
around 200-1200 [32,37-39]. This is further supported by XRD, where
low crystallinity was observed. Similarly, low k-values can be inferred
from the narrow current loops in Fig. 3b and c, corresponding to samples
deposited at KH conditions and annealed at 600 and 700 °C. Yet also
small ferroelectric switching peaks are found in the loops of these
samples accompanied by evidence of leakage. More favorable conditions
for ferroelectricity are found when the sputtering pressure is reduced
and the annealing temperatures are increased. The more prominent
switching peaks are those obtained for films deposited at low pressure
and annealed at 600 and 700 °C (Fig. 3h, i). As the (001) oriented
perovskite should give rise to a polarization in the out of plane direction,
the ferroelectric switching responses from samples grown at KM and KL
conditions are consistent with the mixtures of (001)/(100) orientations
found in XRD of Fig. 2a. Moreover, the increased ferroelectric responses
also are in correspondence with larger out-of-plane c-lattice parameters
[28,40].

To reduce the large effect of leakage on polarization measurements,
we performed positive-up negative-down (PUND) measurements for the
KL-700 sample. The polarization-electric field hysteresis loop is reported
in Fig. 4. Asymmetric polarization with P, = 12.7 pC/cm? and P,. = 8.5
HC/em? (2Pr of 21.2 uC/cm?) was estimated. While polarization values
of our KNN film are lower than those reported in literature for optimized
KNN films (20-25 pC/cm2 [39,41]) the coercive fields instead align well
with reported values [39,42,43].

Leakage measurements were done by using a bipolar, triangular
+5V signal (£3V for KL-500 that showed exceptionally high
leakage). Analysis performed on the KNN films annealed at 500 °C are
displayed in Fig. 5 (other annealing temperatures are included in sup-
plementary material). It is evident that leakage decreases dramatically

E,=-53.6, +37.4 kV/cm
20 P, =-8.52,12.68 pC/cm? —

P (uClcm?)
o

10+ 1

-20 ‘ : - : :
150 100 -50 0 50 100 150
E (kV/cm)

Fig. 4. P-E hysteresis loop obtained by PUND method for a KNN film grown
with Ar flow of 30 sccm (KL) and annealed at 700 °C in N»+O, atmosphere.
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Fig. 5. Leakage current density as a function of the electric field in KL (30
scem), KM (60 scem) and KH (90 scem) films annealed at 500 °C.

from deposition at low pressure (30 sccm of Ar) towards higher pressure
(90 sccm of Ar). The values confirm both the insulative behavior of KH-
500 and the short circuit produced in KL-500. Therefore, even though
energetic deposition of KNN in low Ar conditions produces higher
crystallinity and bigger lattice parameters for the perovskite phase, it
also brings about higher leakage currents. In previous studies, we dis-
cussed how oxygen and alkaline vacancies produced at high plasma
energies and high annealing temperatures largely contribute to leakage
in KNN films [8,9]. Furthermore, leakage in the present paper can also
be attributed to gross morphological defects resulting from phase
segregation that in turn depend on growth and annealing conditions [8].

3.3. Morphology of films

Fig. 6 shows the morphology of KNN films obtained from SEM
measurements as a function of Ar pressure during sputtering deposition
and annealing temperature. At high pressure (high Ar flow) and
annealing temperature of 500 °C, a uniform, continuous film is observed
(Fig. 6a). However, the morphology becomes uneven for higher
annealing temperatures, and it is significantly affected in KNN films
deposited at low pressure and high temperature (Fig. 6e, f, h, i). As
introduced in the previous section, despite the flat morphology and low
leakage of KH-500, it also comes with low crystallinity, lack of (001)
orientation, no ferroelectricity, and low-k value. Some of these charac-
teristics cannot be attributed to a proper perovskite phase.

In SEM images (Fig. 6a and d), small white dots can be found for high
pressure and low temperature annealing conditions. The nucleation sites
soon evolve into circles that grow radially away from the center in films
annealed at higher temperatures. These effects are ever more present in
KNN films deposited at lower pressures and high annealing tempera-
tures. Beyond the circular regions, the surrounding material acquires an
irregular morphology, with evidence of pinholes, cracks, and general
physical degradation. In the next section, we will show how such a
microstructure is related to chemical segregation in the films. Due to
their distinct shape, and reminiscence of collapsed volcanic cones, the
circular features observed in our KNN films have been termed "vol-
canoes'". Fig. 7a shows a typical volcano feature: it has a central "crater",
which is characterized by a rough morphology. Also, the film develops
stripes in all directions away from the crater (Fig. 7b), ranging from as
small as 2-3 pm, to as large as 70 pm. Surrounding the crater, the
"flanks" of the volcano are raised, forming elevated borders around the
circular defects (cross section image in Fig. 7¢). From such a micrograph,
it arises that volcanoes represent an accumulation of material with
crystalline characteristics. They act as nucleation growth centers where
the crystalline KNN perovskite phase starts to develop and grow,
recruiting alkali elements from peripheral areas to achieve the ABO3
composition (demonstrated in the next section). The volcanoes are
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Fig. 6. Morphology SEM images of KL, KM and KH films annealed at 500, 600 or 700 °C in N,+0, atmosphere. On the y-axis, deposition pressures: (a, b, ¢) grown
with 90 sccm of Ar; (d, e, f) with 60 scem; (g, h, i) with 30 sccm. On the x-axis, annealing temperatures in No+ O, atmosphere: (a, d, g) annealed at 500 °C; (b, e, h) at

600 °C; (c, f, i) at 700 °C.

bigger and more numerous for KNN films grown at low pressure and
annealed at high temperatures. This also coincides, in general, with
higher crystallinity and ferroelectricity observed for films prepared in
the mentioned conditions. The regions surrounding the volcanoes,
however, acquire a degraded morphology. Fig. 8 shows how such alkali
deficient regions can change with increasing annealing temperature for
a KNN film deposited at low pressure. At 500 °C (Fig. 8a), the area is
uniform and presents itself with few crystallites. At 600 °C (Fig. 8b) the
film crystallizes better and thus shows several crystalline cubes (it is also
at 600 °C that a large increase of a pyrochlore phase is observed in XRD
measurements). At 700 °C (Fig. 8c), the cubes seem bigger, but the
material also suffers extensive degradation due to mass migration to-
wards the volcano features. According to film composition analysis, the
degradation corresponds to phase segregation in the KNN films, as it will
be explained next.

3.4. Segregation of Na and K in KNN films

We performed Energy-Dispersive X-ray Spectroscopy (EDX) analysis
on all samples annealed at various temperatures. Our analysis focused
on overall and local elemental distributions of sodium (Na), potassium
(K), and niobium (Nb) within the KNN films. Oxygen (O) was also
considered but only qualitatively because EDX is less accurate for low-
mass elements. For this section, due to strong segregation effects but
higher ferroelectric response, KNN films deposited at low pressure were
taken as detailed analysis example. A full scenario of segregation of

phases for all films can be found in the Supplementary material. Fig. 9a
shows elemental distribution maps for Nb, Na, and K in a large area of a
KNN film annealed at 700 °C (KL-700). While Nb seems to be homoge-
neously distributed on the substrate, Na and K elements are not. Visibly,
Na-rich, yet K-deficient, islands are observed in the image. These Na-
rich, K-deficient regions correspond exactly to the volcano features
found in morphological analysis (Fig. 9b top). The accumulation of so-
dium and depletion of potassium that characterizes the volcanoes is also
evident when looking at an elemental line scan across one of these
features (Fig. 9b down). It is obvious that within the volcano region
there is an accumulation of Na, and a spike of O and Na at the very
center. This is accompanied by a depletion of K in the volcano. At the
very center of the volcanoes, the increase of oxygen and sodium points
out to a sodium oxide phase, which might be acting as nucleation center
for the growth of the Na rich perovskite phase.

Fig. 10 shows elemental atomic ratios between K, Na, and Nb across
three different regions of films deposited at low pressure and annealed at
various temperatures: 1) overall region comprehending whole SEM-EDX
area of around 1 mmx 1 mm (green lines); 2) Na-rich, K-deficient vol-
canoes (blue lines); and 3) peripheral areas of the volcanoes (magenta
lines). Ideally, the (Na+K)/Nb ratio in zone 1 (whole area) would be
expected to be one, denoting a fully stoichiometric, perovskite
Ko.sNag sNbOs film. Instead, the green line in Fig. 10a shows a (Na+K)/
Nb < 1 for all annealing temperatures, thus evidencing a general loss of
alkali elements. While undesired, this is a common feature of KNN [10,
44,45]. Interestingly, the retention/loss of alkali elements seems to have
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Fig. 7. SEM images taken from sample KM annealed at 600 °C. (a) Volcano
defect (b) close-up on the volcano’s center (c) cross section of the film with a
volcano defect.

opposing behaviors for higher annealing temperatures. While the
(Na-+K)/Nb ratio remains somewhat constant at around 0.8, the Na/K
ratio (which should also be ideally of one for Ky sNag sNbO3), increases
above one by increasing the annealing temperature (Fig. 10b). This is
not simply due to a higher evaporation rate of K in comparison to Na
(which is true anyway), but because of an enhanced retention of Na with
increasing temperature (Fig. 10c), and concomitant faster loss of K in the
overall film (Fig. 10d). This finding might seem counterintuitive for Na,
as annealing temperature is expected to assist the evaporation of both
Na and K in the form of oxides. Nevertheless, the annealing of our KNN
films is performed in parallel and not in sequence, for which results
cannot be regarded as chronological in nature. Therefore, the Na/K ratio
shows that, starting from the same KNN films, higher annealing tem-
perature ensures a better retention of Na but further loss of K. The effect
might be related to a higher ionization energy of Na compared to K [46]
and enhanced by higher diffusivity and reactivity of oxygen at higher
temperature. Oxygen would compensate for oxygen vacancies produced
during deposition at low pressure [47]. The varying elemental mass loss
also reflects in the segregation of the elements as obtained from local
EDX measurements.

In region 2 (Na-rich, K-deficient volcanoes), marked with blue color
in Fig. 10a, the (Na+K)/Nb ratio is close to one, which is expected for a
proper perovskite phase with stoichiometric values for all elements. This
in turn confirms a mass diffusion of alkali elements toward the volcano
features. Yet, the migration is highly uneven because the Na/K
(Fig. 10b) ratio is well above 1 for all annealing temperatures, increasing
above 3 by raising the annealing temperature. This can also be corrob-
orated by the increasing Na/Nb ratio of Fig. 10c, and by the decreasing
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Fig. 8. SEM morphology of the alkali deficient region in a KM film annealed at
(a) 500 °C, (b) 600 °C, (c) 700 °C.

K/Nb ratio in Fig. 10d. It becomes thus clear that Na is easily diffusing/
segregating and forming Na-rich circular regions, while K is both
diffusing away from the volcanoes and being lost to evaporation faster
than Na. It is interesting, however, that in the volcano region the
chemical proportions of elements are fairly constant, lying between
Ko.3Nag.7yNbO3 and Ko 21Nag 79NbOs. In this regard, EDX results suggest
that a Na-rich KyN1xNbO3 (x < 0.5) composition could be chemically
and thermodynamically more stable when deposited by RF sputtering
than the commonly reported KgsNagsNbOs composition. This is
coherent with previous studies where other morphotropic phase
boundaries of Ky 17Nag gsNbOs and Kg 35Nag ¢sNbO3 were found to be
beneficial for KNN-based systems [20,22]. On a related note, it is also
important to state that in the centers of large volcanoes, particularly in
those observed in the KL-700, stress occasionally leads to cracking. For
large volcanoes, the center often appears as holes consisting entirely of
silicon oxide, indicating that even the platinum seed layer was removed
due to the induced built-in stress, coinciding with larger c-lattice
parameter in the out-of —plane direction.

For region 3 (periphery of volcanoes), marked by magenta lines in
Fig. 10, the situation is decisively different. The reduced ratios of
(Na+K)/Nb = 0.59 + 0.01 for 500 °C, 0.56 + 0.06 for 600 °C, and 0.58
=+ 0.07 for 700 °C of annealing temperature (Fig. 10a) show a general
deficiency of alkali elements in these areas. Moreover, regarding
annealing temperature, the (Na+K)/Nb ratio remains fairly constant.
Nevertheless, magenta lines in Fig. 10b, ¢, and d show that, in region 3,
potassium exists in major proportion with respect to sodium. Yet, this
cannot be regarded as a K-rich perovskite region because, in any case,
considering a composition of KysNagsNbOs, the K/Nb ratios remain
always under stoichiometric (< 0.5). As mentioned earlier, all pyro-
chlore phases are alkali-deficient, thus it is logical to think that in region
3 a K-rich pyrochlore phase develops. The elemental ratios in these
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Fig. 9. (a) elemental EDX maps of Na, K, and Nb of a large area of sample KL 700.
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The red arrow is pointing to the same Na-rich volcano region in every image, while

the green at an alkali deficient region (volcanoes periphery). (b) Top image, EDX line scan of K, Na, Nb of a volcano and surrounding regions; bottom image,

elemental maps of Na, K and Nb for a single volcano feature.

zones of our films are close to a pyrochlore composition of A4JNbgO17,
where A = K+Na and A/Nb = 0.67 [18,48,49].

General compositional analysis for the other two pressure growth
conditions is shown in Table 2. Even though the physical and chemical
behavior of KNN films grown under varying argon flow was similar,
better (Na+K)/Nb ratios were obtained for lower deposition pressures.
Other than the expected higher plasma energy at low pressure, a higher
mass transfer rate from target to wafer also occurs (Table 2). Both
conditions might reduce the loss of alkali elements resulting in a
(Na+K)/Nb ratio closer to the perovskite ratio. On the contrary, lower
plasma energy and higher deposition pressure reduce the efficiency of
mass transfer and allow for significant alkali loss. The (Na+K)/Nb
= 0.65 ratio in the last case is closer to that of a pyrochlore phase, which
would produce no ferroelectric response and low-k values (indeed
observed for KL-500 in Fig. 3a).

The analysis of the various regions highlights that, on the whole film,
there is a high deficiency of K. This can be explained by a higher vapor
pressure of K with respect to Na [50]. Therefore, K evaporates faster
than Na during deposition, and even more easily at high annealing
temperatures. Locally, however, the loss of K, and of Na to a minor
extent, leads to the formation of undesirable pyrochlore phases in the
films. Yet, while K is lost during the entire process, Na migrates and
accumulates forming nucleation centers and a chemically more stable
Na-rich KNN perovskite phase. These perovskite regions take the form of

volcanoes that might suffer from increased stress leading sometimes to
delamination at the center of the features. Regarding the alkali-deficient
regions, depending on KNN growth and annealing conditions, they can
suffer from structural failure of the material. In Fig. 11a and b, an EDX
compositional map overlayed on a SEM image is displayed. The sample
has been patterned by lithography, developed in aqueous TMAH base,
and etched by ion beam etching to define individual top Pt electrodes.
The Pt region on the right of the images corresponds to a section of the
top metal layer. In general, the Na-rich perovskite regions (volcanoes)
are stable and survive well the lithographic processes (Fig. 11a).
Nevertheless, the alkali-deficient zones are subject to physical degra-
dation upon exposure to basic aqueous environment (more dramatic for
films annealed at 700 °C). This is evident when looking at the Nb signal
in Fig. 11b, where Nb is maintained in the perovskite islands, but eroded
away completely in the alkali-deficient areas. Beneath the platinum top
Pt-electrode, which serves as a protective capping layer, the film
maintains mass-integrity yet displaying phase segregation. The findings
strongly indicate that a larger Na/K ratio could lead to KNN films with
increased chemical stability and limited segregation. Indeed, a practical,
ferroelectric 70/30 Na/K composition for KNN has already been re-
ported in literature for KNN films [20,22].
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Fig. 10. a) (K+Na)/Nb, (b) Na/K, (c) Na/Nb and (d) K/Nb atomic ratios for the sample KL at different annealing temperatures. In green, the average films
composition (region 1); in blue, the Na-rich volcano zone (region 2); in magenta, the alkali deficient K-rich zone (region 3).

Table 2
General (Na + K)/Nb ratios found for KNN films grown at different Ar flows and
annealed at different temperatures.

Ar flow Growth rate (Na+K)/Nb (Na+K)/Nb (Na+K)/Nb
(sccm) (nm/h) 500 °C 600 °C 700 °C

30 (KL) 800 0.80 + 0.03 0.78 + 0.03 0.81 + 0.02
60 (KM) 800 0.77 + 0.01 0.78 + 0.02 0.82 + 0.05
90 (KH) 600 0.65 + 0.02 0.78 + 0.02 0.78 + 0.03

3.5. Local electrical response of segregated phases

To further corroborate the perovskite nature of the volcano features
in our films, we conducted Atomic Force Microscopy (AFM) and
conductive-AFM analysis on a KL-700 sample (Fig. 12a and b, respec-
tively). Areas where both Na-rich perovskite and alkali-deficient pyro-
chlore phases appear were analyzed. Topography shows that, as was
found from cross-section SEM (Fig. 7c) the center regions of the vol-
canoes are elevated, but the immediate surroundings lie relatively flat.
This demonstrates, except for the center of the circular features, a good
adherence and stability of the underlying material. Instead, the alkali-
deficient areas are rough and, in general, elevated. Some visible
cracks even appear in the borders between the two regions, thus indi-
cating poor material coherence. An electrical current map was obtained
in the same area by applying a tip voltage during C-AFM measurements
(Fig. 12b). In general, both the Na-rich perovskite and the alkali-
deficient pyrochlore display an insulative behavior, which is, in any
case, better for the former. Nevertheless, while the current map is more
uniform in the Na-rich region, on the alkali deficient region some
localized conduction spots are produced. Some of the spots clearly
coincide with morphological features, in particular cracks on the film,

KNN film Pt

(a) Na+ K 50 pm
Pt

(b) Nb 50 ym_

Fig. 11. EDX elemental maps of a) Na (blue) + K (magenta), and b) Nb (yel-
low) superimposed to the same SEM image of KM-700 film annealed in N,
+ O, atmosphere.
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Fig. 12. a) Topography AFM and b) conductive AFM of KL-700. Local I-V measurements on c) Na-rich perovskite and d) alkali deficient regions. The crosses indicate

the local I-V measurement positions on the film.

that become paths to conduction towards the bottom electrode. We
have, in the past, studied this situation in KNN films deposited by PLD
[8]. Local I-V measurements were made in both Na-rich and alkali
deficient regions, indicated by green and magenta crosses in Fig. 12b,
respectively. Fig. 12c shows characteristic ferroelectric-switching of the
Na-rich perovskite. Fig. 12d, instead, shows only a capacitive behavior
of the alkali-deficient pyrochlore region, yet with more leakage with an
applied negative voltage. Thus, the C-AFM measurements further
demonstrate that the Na-rich KNN volcanoes are constituted from a
polar perovskite phase of KNN, which is sufficiently insulating. This
comes, however, at the cost of segregation, physical damage, and high
leakage in the peripheral, alkali-deficient areas.

3.6. DFT calculations

We performed Density Functional Theory simulations with the aim of
giving theoretical support to the observed segregation, by means of total
energy comparisons. We considered for all our calculations a 90-atom
supercell — namely, a 3x3x2 multiple of a 5-atom perovskite unit cell —
18 of which therefore lie on the A-site sublattice (more details to be
found in the methods section). Within such common framework, we
considered different systems by tuning the relative percentages of Na
and K atoms on the A sublattice, with the constraint Ny, + Nx = 18, to
reproduce different concentrations, ranging from the perfectly mixed
50 %/50 % Na/K (9 atoms of each species) to the fully segregated (18
atoms of one species only). In fact, the primary aim of the simulations is
to compare the reference case of perfectly mixed 50 %/50 % alloys with
the situation in which (full or partial) segregation occurs.

In order to allow for meaningful total energy comparisons, the same
number of atoms is required, not only overall, but also species by spe-
cies. Therefore, for each structure having x atoms of Na and y atoms of K

10

we also considered its mirror image (with y atoms of Na and x atoms of
K) and looked at the average of the total energies of these two structures.
Specifically, we considered the total energy difference:

_ ENa:x.K:y + ENa:y.K:x _

2 Eo

AE = E(x,y) —Ey
where Ey = Eng—9 k-9, i.€., the energy of the perfectly mixed structure
(which by construction needs no mirror image), is chosen as reference.
This can be seen as a function of x and y in the range 0-9 for x (or
mirrored for y) with the constraint x + y = 18 (for each case), or alter-
natively as a function of the miscibility index (n):

_ =yl
18

defined so as to range between 0 (complete miscibility) and 1 (complete
segregation).

We considered the two endpoints n = 0 (fully mixed) and n = 1 (fully
segregated) together with four different in-between concentrations (n =
0.33, 0.44, 0.55, 0.66). As shown in Fig. 13, AE(n) reaches a minimum in
the intermediate regime, namely at n = 0.66, which for the Na-rich
phase corresponds to Na/Nb and K/Nb ratios of 0.83 and 0.17 respec-
tively, reasonably close to the experimental values shown in Fig. 13.

We remark that our aim here was to target specifically the energy
differences induced by the amount of disorder on the A sublattice,
neglecting all other non-idealities, such as the onset of a pyrochlore
phase in the K-rich systems and the overall deficiency of alkali atoms
with respect to Nb (an ideal perovskite structure with tetragonal phase is
assumed everywhere). The structural modelling we adopted here is not
necessarily guaranteed to reproduce experimental findings accurately.
Also, considering the small energy differences at stake, even with a more



G. Pavese et al.

Fig. 13. AE(y) renormalized per unit cell. The inset table shows the mapping be-
tween values of n and concentrations in K.Na; ,NbO3s. Exemplarily, Na-rich com-
positions are depicted in the inset table, but in this DFT analysis they are
accompanied by mirrored K-rich compositions. This is different from the complex
experimental observation that Na-rich KNN is accompanied by alkali-poor (yet K-
rich) pyrochlore phase.

realistic model DFT results at zero temperature would unlikely provide
definitive conclusions. A proper treatment would necessarily involve
thermodynamic aspects, such as mixing entropies and chemical poten-
tials, which however exceed the scope of the present work. What we
ultimately stress is, however, that already at the T = 0 K level a ten-
dency to a partial segregation into Na-rich and K-rich phases is revealed.

4. Discussion

Throughout this work, it has been shown that RF-deposited KNN
films display characteristics that depend on deposition pressure (Ar
flow) and post-processing conditions (annealing temperature). As
deposited, KNN films are amorphous and develop crystalline features
only upon annealing at 500, 600, or 700 °C. Despite achieving the
required perovskite ABO3 phase with controlled (001)/(100) orientation
and large out-of-plane c-parameter, several measurements evidenced
various levels of crystallinity, ferroelectricity, segregation, and
contamination with spurious phases. Deposition of KNN in low and
medium-pressure regimes promotes higher crystallinity, more (001)
orientation, and correspondingly higher switching currents. This phe-
nomenon can be attributed to the higher energy and enhanced diffu-
sivity of Ar ions at lower pressures. Annealing at high temperatures can
further enhance the crystallinity and ferroelectricity of the perovskite
phase. Yet, this is accompanied by diffusion and unequal evaporation of
alkali elements. In turn, segregation into two very different composi-
tions occurs, giving rise to a stable Na-rich KNN perovskite phase and an
unstable alkali deficient pyrochlore phase.

The segregation of polar and non-polar phases in KNN films has not
been widely addressed in literature. In some reports, segregation has
been observed to depend on process parameters such as, growth tem-
perature, plasma composition and annealing atmosphere [18,51]. For
example, Mahesh and Pamu [32] observed secondary peaks of K;NbgO16
in XRD 6-260 spectra in KNN films grown at 400 °C by sputtering at
reduced amount of oxygen. Tian et al. found K;NbgO2; and K4NbgO17
pyrochlore phases in PLD-grown KNN films, which do not appear at high
deposition temperatures (> 680 °C). Also, Anh et al. found K4NbgO;7
spurious phases in alkali deficient KNN films ((Na+K)/Nb = 0.85)
deposited by chemical solution deposition from precursor solutions with
stoichiometric amounts of Na and K [52]. When films are produced with
alkali excess, higher perovskite fractions are obtained [49,53].

Regarding morphological and crystallization features, in chemically
deposited KNN films, Jacques et al. [19,54] observed “rosettes”, i.e.
circular-shaped perovskite disks around nucleation centers, growing in
area and numbers with increasing annealing time within a pyrochlore
amorphous matrix. Similar to our case, they found that Nb remains
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uniformly distributed in the film, while K and Na segregate. Although
they did not pursue estimation of stoichiometry, the rosettes were
measured to be Na rich, like the volcano features we observed in our
KNN films. They hypothesized that the composition of the perovskite
phase, unbalanced towards Na, could be due to a higher diffusion co-
efficient for Na through Nb,Os, with respect to K. Other than our report
and those of Jacques et al., the nucleation and growth of featured pe-
rovskites phases has only been studied for PZT films [55,56]. For
instance, Kwok and Desu have observed that circular shapes, identified
as the perovskite phase, nucleate in a pyrochlore matrix. The nucleation
sites increase in number as a function of annealing time and temperature
above 525 °C, underlining the strong dependence of perovskite forma-
tion with temperature [15,33]. The formation of rosettes has been
explained using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model,
that describes, in general, phase transition kinetics and can also be
applied to thin films. The mechanisms are well explained in the work of
Tomellini and Fanfoni [57,58]. According to this model, phase trans-
formation occurs by nucleation, and the nucleation sites are distributed
in the volume in a random fashion. Therefore, the centers of the rosettes
are the nucleation points, and the circles surrounding them, the grown
phase.

From the cited KNN and PZT studies, we can suggest that when KNN
films are deposited amorphous, at a relatively low temperature of
500 °C, and in oxygen-deficient atmosphere, annealing in a partial ox-
ygen atmosphere initiates crystallization of the film into the desirable
KNN perovskite phase. However, due to evident alkali deficiency and
insufficient temperature, only certain regions can reach the correct
stoichiometry to form the ABOs perovskite composition [49]. The
characteristic volcano features are due to the appearance of nucleation
centers initiated by oxygen and alkali diffusion. These regions, however,
do not exhibit the 50/50 Na/K ratio of the KNN parent target but rather
a 70/30 composition, which appears to be thermodynamically favored
as Na migrates within the film. This consequently produces significant
alkali deficiency in other regions, and secondary phases that easily
degrade in wet environments. The formation of Na-rich and K-rich
perovskite phases starting from a stoichiometric Ky sNagsNbO3 system
was also suggested by our initial DFT studies, which showed a tendency
for partial segregation at T = 0 K. Future studies will also include
thermodynamic considerations to study the most stable compositions.

Even though we have already mentioned the importance of oxygen,
its role in segregation and perovskite formation must be further
emphasized and studied. Preliminary studies of us indicate that if oxy-
gen is removed from the annealing atmosphere, the films remain very
uniform and homogeneous, both compositionally and morphologically.
Nonetheless, they do not achieve crystallization and do not exhibit
ferroelectric response. Segregation happens because, for an oxygen-
deficient film, addition of oxygen at high temperature ignites the seed-
ing of a sodium rich perovskite phase, which is the preferred thermo-
dynamic phase in these conditions. By adding oxygen during the KNN
sputtering stage, we have recently observed that segregation can be
partially reduced in Ky sNagsNbOs films. We argue that potential im-
provements for large-scale fabrication of KNN films will come from fine
tuning of oxygen in the plasma atmosphere, adoption of Na-rich com-
positions, increase in alkali ion content in the parent KNN target, better
control of annealing conditions, and doping for enhanced stability and
performance.

5. Conclusions

Initially amorphous Kq 5sNag sNbOj films were deposited at 500 °C on
Pt(111)/TiO2/SiO4/Si wafers by RF sputtering. Post-annealed samples
showed varying degrees of ferroelectricity due to crystallization of the
films in (001)/(100) mixed-orientation. Annealing, however, also
caused varying degrees of segregation of phases. The strongest ferro-
electric responses were obtained in significantly segregated KNN films
fabricated in highly energetic conditions (low Ar pressure and high
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annealing temperature). Compositional analysis performed by EDX,
coupled with C-AFM electrical imaging and local measurements, evi-
denced two very distinct regions. Crystalline, stable Na-rich islands
resembling volcanoes with perovskite compositions ranging from
Ko.3Nag 7NbO3 to Kg 21Nag 70NbO3 were found to be the origin of the
macro ferroelectricity (2Pr = 21 pC/cmz); these compositions are near
to the other two morphotropic phase boundaries of KNN. On the con-
trary, surrounding areas correspond better with a K-rich A4NbgO;7
alkali-deficient pyrochlore phase that is non-ferroelectric, morphologi-
cally rough, electrically leaky, and chemically unstable. A favorable Na
accumulation into circular spots occurs spontaneously during annealing
in partial O2 atmosphere, while K is lost extensively. This suggests that
Na-rich perovskite phases are inherently more stable for KNN film sys-
tems grown at relatively low temperature under high plasma energy
conditions. Initial DFT assessment also supports that segregation in KNN
might be favored towards Na-rich and K-rich combinations. Further
studies will be directed at understanding the ferroelectric performance,
chemical uniformity, and thermodynamic stability of several Na-rich-
KNa; xNbOs solid solutions deposited by large-scale co-sputtering.
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