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1. Introduction

Influence of K4NbgO1; secondary phase on
ferroelectric behavior of Ky s5Nag sNbOz thin films

@ T. Rotrou,® S. Ollivier, (22
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B. Carrefio-Jiménez, (2 *® H. Kuentz, (22° K. Kpoton,
V. Demange, (2¢ L. Joanny, 29 L. Rault,® G. Taupier,
G. Le Rhun@°® and M. Guilloux-Viry () *

KNa;_,NbOz (KNN) perovskite thin films deposition by various methods poses significant challenges due
to alkali cations losses, which result in vacancies or secondary phases. In this study, KNN thin films were
obtained by pulsed laser deposition using a stoichiometric commercial target and a 60% potassium-
enriched target on platinized silicon substrates. Potassium-enrichment target was used as an alternative
to obtain a pure perovskite phase and enhance piezoelectric and ferroelectric behavior of the thin films.
It was observed that the alkali losses during the deposition of KNN thin films mainly promote the
formation of the secondary phase K4NbgO;7; and its hydrated form. Importantly, K4NbgO;; adversely
affects ferroelectric and piezoelectric properties owing to its high sensitivity to moisture. It was observed
that these KNN films grown from a stoichiometric commercial target (denoted as KNNs) present
a perovskite structure and K4NbgO;; secondary phase presence, while thin films deposited with a
K-enriched target (denoted as KNNe) show a single perovskite structure. The topography and
piezoresponse force microscopy amplitude exhibit topographic differences and a null-piezoelectric
response in large and flat grains in KNNs, disrupting the distribution of small and rounded grains
associated with piezoelectric signal. Meanwhile KNNe films present strong piezoelectric behavior. Null-
piezoelectric response in KNNs agree with scanning electron microscopy and energy-dispersive X-ray
spectroscopy analysis, where areas exhibiting such large and flat grains displayed a pronounced
deficiency in alkali cations. In addition, characterization by using X-ray diffraction, Raman spectroscopy,
scanning and transmission electron microscopy coupled to energy dispersive X-ray spectroscopy
showed the presence of low amount of sodium incorporated into the K4NbgO;; structure during KNN
films deposition, although only the K4NbgO;; was reported. On the other hand, thin films deposited
from a K-enriched target presents a single perovskite phase devoid of any secondary phase. Their
electrical measurements, performed on 0.25 x 0.25 mm? capacitors, show a dsz¢ value ~40 pm vt
and typical ferroelectric behavior with saturation polarization = 20 pC cm™2, remnant polarization (2P,) =
17.5 uC cm™2 and coercive voltage (2V.) = 3 V, comparable to earlier works reported in the literature,
making KNNe thin films suitable candidates for further engineering applications through their
optimization, contrary to KNNs thin films.

type materials the lead-free KNN ceramics present a perovskite
structure with an orthorhombic crystallographic phase at room

K,Na; ,NbO; (KNN) thin films have a wide applicability in
diverse microelectromechanical systems (MEMS). Their ferro-
electric and piezoelectric properties which are attractive to use
in sensors, actuators or transducers in diverse fields encourage
the growing research.’™ As a potential alternative to PbZr,Ti; ,O;
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temperature, and a high thermal stability due to its Curie tem-
perature around 400 °C.* Some electrical characterizations of
Ko .5Nay sNbO; thin films reported in the literature shows a P, =
12.6 HC cm 2, Py = 25.0 pC em 2, and d33¢= 58 pm V! of films
deposited by PLD on Pt/Si(100)," P, = ~40 pC cm 2 of textured
films deposited by PLD on SrRuO,/SrTiO5(001),” d33¢=30 pm V7,
and P, = 2.34 uC ecm™ 2, of films deposited by spin-coating on Pt/
Si(100).%” However, the formation of secondary phases during the
deposition of KNN thin films is still a critical challenge
that significantly affects their piezoelectric performance. Some
secondary phases, such as K¢Nby 9030, K;NbgO,, K,NbO5; and

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-9805-8328
https://orcid.org/0000-0002-1086-2961
https://orcid.org/0009-0004-3906-8704
https://orcid.org/0000-0003-3060-7236
https://orcid.org/0000-0002-8153-2660
https://orcid.org/0000-0001-8923-2366
https://orcid.org/0000-0002-5965-4979
https://orcid.org/0000-0002-0705-9967
https://orcid.org/0000-0002-4373-0041
https://orcid.org/0000-0001-7773-1643
http://crossmark.crossref.org/dialog/?doi=10.1039/d5tc02808f&domain=pdf&date_stamp=2025-10-17
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02808f
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC013045

Open Access Article. Published on 10 October 2025. Downloaded on 12/17/2025 10:01:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

K,;NbeO;7, have been reported in KNN thin films deposited by
pulsed laser deposition (PLD) varying the oxygen pressure or
temperature, as well as films obtained by chemical solution
deposition.®* Among the most commonly reported secondary
phases, whose phase is close to perovskite according to the K,O-
Nb,Os phase diagram,"” K,NbgO;- is particularly detrimental. Its
presence disrupts the perovskite structure of KNN and increases
dielectric losses and reduces ferroelectric and piezoelectric
responses. Structurally, K,NbsO;, shares some similarities with
KNN, as exhibit NbO4 octahedron. However, while KNN crystallizes
into a perovskite structure with a long-range ordered ferroelectric
domain arrangement, K,NbsO,, adopts a layered structure, which
consists of corner- and edge-sharing NbOg octahedra in layers and
the K" ions are located between the layers to compensate for the
negative charges.”'* Some studies of its electrical properties on
single crystal have shown a lack of ferroelectric and piezoelectric
activity."”>™"” Consequently, the presence of K,;NbsO;, secondary
phase in KNN thin films hinders domain alignment and charge
transport, resulting in degraded electrical properties. In addition,
it has been reported that K,Nb¢O; is highly sensitive to moisture,
since it has been observed that if it is exposed to an environment
with humidity between 25 and 85% it easily hydrates to become
K,;NbgsO,,-3H,0.'® Specifically, when using physical vapor deposi-
tion methods, such as PLD, it is necessary to consider that
secondary phases are influenced by targets features, substrate
temperature, oxygen pressure and fluence. In literature, some
approaches have been studied to avoid secondary phases, such
as using K- or/and Na-enriched targets in sputtering deposition"
and PLD,* or introduction of an alkali cations excess into the
solution used for spin coating method,>* which compensates for
the alkali volatilization. For PLD method, K,O particularly exhibits
a higher tendency to evaporate compared to Na,O due to its lower
melting point (740 °C and 1132 °C, respectively) and its higher
vapor pressure at elevating temperature.” Then, providing that
suitable deposition parameters are used, PLD targets with only
K-excess compensate well for the losses, stabilizing the perovskite
phase during thin film growth.”*?* In this work, the detrimental
influence of the secondary phase K;NbsO;; presence on ferro-
electric and piezoelectric performance of K, sNa, sNbO; thin films
obtained by PLD was studied, analyzing their structural and
microstructural characteristics as a resulting of the use of stoichio-
metric and enriched targets.

2. Experimental methods

2.1 KNN target sintering

Ko.5Nay sNbO;3 (KNN) thin films were obtained by pulsed laser
deposition (PLD) using a commercial stoichiometric target
provided by JX Nippon Mining & Metals and a K-enriched target
fabricated in our laboratory. Ceramic powders synthesis was
carried out by solid-state reaction. The reagents used were
K,CO; (99.0%, Acros Organics), Na,CO; (99.8%, NORMAPUR®),
and NDb,Os (99.5%, Thermo Scientific), which were weighed
in stoichiometric ratio and grounded in a planetary ball-mill at
400 rpm for 30 min. Subsequently, the mixture was pressed into a
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Table 1 Main features summary of the K-enriched and commercial KNN
targets

Relative
density (%) Details

Enrichment Average composition
Target of KNO; (%) by SEM/EDXS

1 60 (Ko.65Nag 35)1.16NbO;  ~60 Conventional
Sintering
2 0 (Ko.55Nap.45)0.85NbO3  ~97 Commercial

disk and calcinated at 940 °C for 4 h in air. Afterward, the target
sintered by conventional method was prepared grounding the
ceramic powders obtained from the previous calcination in a
planetary ball-mill at 400 rpm for 30 min with a 60% KNO;
(99%, Alfa Aesar) mol excess. Later, the mixture was compacted
into a disk at 170 kg cm > and annealed in two stages: (1) 350 °C
for 6 h; (2) 500 °C for 6 h. Despite achieving a low final density,
these temperatures were deliberately chosen to take benefit of the
low melting point of KNO;, which enhances the strengthening of
the target material and prevents potassium loss due to decom-
position of KNO;. For the commercial KNN target, the supplier
reports a stoichiometric composition and high densification.
Targets features are summarized in Table 1.

2.2 KNN thin films deposition

The Pt/TiO,/SiO,/Si (100) substrates were prepared at CEA-Leti,
where SiO,/Si (100) wafers were successively coated with 20 nm
TiO, and 100 nm Pt by sputtering. Then, KNN thin films
deposition were performed at ISCR, using a KrF excimer laser
(Coherent company, pulsed duration 20 ns, A = 248 nm) with an
energy laser of 210 mJ and 4 Hz frequency, under 0.3 mbar
oxygen partial pressure, 55 mm substrate-target distance, and
~650 °C substrate temperature. It is important to remark that
substrate dimensions were 10 x 20 mm?, which is large for a
standard small surface laboratory PLD. It has been observed
that the homogenous area from a composition point of view is
typically 10 x 10 mm?, without the need for any movement of
either the laser beam or the substrate during deposition.
Therefore, in this work, the characteristics of the films were
investigated on the whole surface in a combinatorial approach.
Obtained thin films have been labeled through the paper as
KNNe for thin films realized from the potassium enriched target
sintered by conventional method, and KNNs thin films, which
were deposited using the stoichiometric commercial target.

2.3 Characterization methods

KNN targets and thin films were characterized by X-ray diffraction
(XRD) by using a 6-26 diffractometer (D8 Advance, BRUKER) with
a monochromatized Cu Ko, wavelength (4 = 1.54056 A) to deter-
mine their crystallographic characteristics. XRD characterization
was performed from 5° to 80° 2theta, 40 kV and 40 mA. The
microstructural characterization of thin films was carried out by
scanning electron microscopy (SEM, JSM 7100F, JEOL) and the
average grain size was determined by Image] measuring the length
of grains in different directions. The statistical analysis was carried
out by Origin plotting the corresponding histograms and obtained
the average grain size and their standard deviation. Composition
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measurements of targets and thin films were performed by scan-
ning electron microscopy with a coupled X-ray energy dispersive
spectroscopy detector (SEM-EDXS, SDD X-Max 50 mm?, Oxford
Instruments). Transmission electron microscopy (TEM) was car-
ried out by a LaBgs JEOL JEM-2100HR instrument equipped with an
EDXS Oxford Instruments X-Max 80 mm® SDD device. Samples
preparation for TEM observation consists of scratching the surface
of thin films with a diamond tip and collecting the particles on
a carbon copper grid. Bright field and dark field transmission
electron micrographs, and electron diffraction patterns were
recorded by a GATAN Orius 200D CCD camera. Additional struc-
tural study was done by Confocal Raman Spectrometry using a
LabRAM HR-Evolution spectrometer, Horiba Scientific. The size of
analyzed zones was 60 x 60 um?, while mapping was performed
with a 1 pm diameter laser beam in 10 um steps using a laser
wavelength of 532 nm, ~6 mW power, and a x100 objective.
Deconvolution of Raman peaks was carried out by OriginLab,
using a Gaussian peak function®*® and Levenberg Marquardt
iterative algorithm. Piezoresponse force microscopy (PFM) was
performed with an NTEGRA NT-MDT system using the so-called
“Dual Frequency Resonant Tracking” mode, with an external
Zurich Instrument HF2LI system. Platinum-iridium tips have been
used, with stiffness in the 2-10 N m™" range. Micro capacitors
were prepared by successively depositing 5 nm of RuO, and
100 nm of Pt by sputtering and then patterning top electrodes
via photolithography and dry etching steps. Ferroelectric and
piezoelectric characterization were carried out by using the double
beam laser interferometer (DBLI) coupled with the TF analyzer
2000 from aixACCT.

3. Results and discussion
3.1 X Ray diffraction analysis

Structural analysis of KNN thin films by XRD requires particu-
lar attention to the angular range 20 examined due to the
possible presence of the layered K,;NbgO;; (JPCDS 04-010-
2507, P2,nb, a=7.83 A, b = 33.21 A, ¢ = 6.46 A) and its hydrated
form K,NbgO,,-3H,0 (JCPDS 00-21-1297, a = 7.85 A, b = 37.67 A,
¢ = 6.46 A) as secondary phases in the KNN films.?”-*® These
phases are present when the films are potassium-deficient,
in accordance with the K,0-Nb,Os; phase diagram, which
shows that the stable K,NbsO;, appears for slight potassium
deficiency,"” but when it is present in very small quantities,
only the most intense 0k0 diffraction peaks are visible in the
pattern at low angles in the diagram, i.e. around 5° for 020 and
10° for 040 reflections, respectively. For this reason, it is
recommended to record XRD patterns from lower angles
(20 ~ 5°) to verify the presence of the single perovskite phase
in the films. Fig. 1(a) shows the XRD patterns with 20 = 5° to
80° of KNNe and KNNs thin films obtained from an enriched
and commercial stoichiometric target, respectively. In addition,
the reflection positions of K, sNa,sNbO; (JPCDS 04-25-7609
Amm2, a, = 3.9475 A, b, = 5.6267 A, ¢, = 5.6633 A), K,NbsO;,
and K,NbgO;;,-3H,0 phase are included. The orthorhom-
bic KNN phase can also be described with a pseudo-cubic
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lattice, i.e. ape = Ao = 3.9475 A, by = bol\/2 = 3.978 A, ¢pe =
Col/2 = 4.004 A.

KNNe thin films obtained with an enriched target present
only the perovskite structure with peaks around 20 = 22.4°,
45.9° and 70.6° corresponding to a preferential (001)/(010),
orientation (marked by a dashed line) induced by the crystal-
lographic characteristics of the Pt/TiO,/SiO,/Si(100) substrate.
This preferential orientation can be confirmed from the inten-
sity ratio of the (001) orientation with respect to (110), where
L10/Ioo1 = 0.02. Structurally, it has been reported that the KNN
thin films with non-preferential orientation present split dif-
fraction peaks, meanwhile a preferential grown film in (001)
orientation exhibit merged peaks describing as a pseudo-cubic
perovskite structure.?* However, this structural behavior is not
observed in KNNe thin films shown in Fig. 1(b). The peak at
260 ~ 22° exhibits a slight split of the peak, which indicate the
contribution of both (001) and (010) orientations, which is
more evident at 20 ~ 45° and 70° (Fig. 1(b)).

On the other hand, KNNs films deposited with a stoichio-
metric commercial target consisting of the perovskite structure
and the two secondary phases K,;NbsO,; and K,;NbsO,,-3H,0
(peaks marked by circles and triangles in the pattern, respec-
tively). This is due to the volatilization of alkali cations promot-
ing deficiency. In addition, the diffraction peaks of the
K,;NbsO;; phase are shifted towards higher angles, indicating
a decrease of the lattice parameter b (Fig. 2(c)). This effect may
be induced by the insertion of Na* in this secondary phase. The
layered structure of K,NbgO;, has a coordination number of 8
for K" with ionic radii of 1.51 A, while for Na" it is 1.18 A,* thus
reducing its lattice parameter.

3.2 Raman spectroscopy investigation

A couple structural study using Raman and XRD offers an
ensure description due to their complementarity. In the experi-
mental conditions of this work, XRD provides precise crystal-
lographic data on phases, crystallinity, and lattice parameters
for large-scale samples. Meanwhile, Raman spectroscopy deli-
vers information about chemical bonding, orientation and
nonuniform distortion of the crystal lattice on local microscale.
Moreover, Raman has a high sensitivity of structural changes,
allowing us to observe slight distortion of the cell or the
presence of secondary phases possibly even if XRD patterns
exhibit a single phase.

Raman characterization of six different areas and the decon-
voluted spectra for KNNe (Fig. 2(a) and (b)) and KNNs (Fig. 2(c)
and (d)) thin films were performed. The areas are illustrated in
the film schematic in Fig. 2(f). According to earlier crystal-
lographic studies, KNN exhibits the crystal space group Amm2
(C32) with Raman-active optical modes of 4A; + 4B; + 3B, + A,.
These modes can be separated into translational modes
of isolated cation (K" and Na") observed in the region before
200 ecm™ ', and internal modes of coordination polyhedral
(NbOg)."*! NbOg octahedral vibrational modes are present in
both KNN and K,;NbeO,;, phase, but with different arrange-
ments. K,NbsO;, presents an orthorhombic P2,nb space group
with shared NbOg octahedra at edges and vertices, separated by

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) XRD patterns of KNNe and KNNs thin films obtained using an enriched target and a stoichiometric commercial target. In addition, reflection

positions of the perovskite structure KqsNagsNbOsz (JPCDS 04-25-7609), and the secondary phases K4NbgO;7 (JPCDS 04-010-2507) and K4NbgO17—
3H,0 (JPCDS 00-21-1297) are presented at the bottom of the patterns. Zoom in (b) of KNNe pattern between 20 values from 21°-24° and 44°-47.5°,
corresponding to the perovskite structure, and (c) of KNNs pattern between 20 from 5°-5.8° and 10°-11.5°, corresponding to the secondary phase.

two types of potassium-filled interlayers.'® In the literature, a
study on single crystals of K,;NbsO,; revealed weak peaks
around 200-240 cm™}, which get more intense for K,NbsO,,-
3H,0 phase due to a partial depolarization induced by the
intercalated water, as well as large peaks around 400 cm™ ' and
900 cm ™' Raman shifts.>” Furthermore, a study of nanocrystal-
line films and nano laminas of K;NbsO,, reports bands at 843,
877,909 cm ™" for stretching mode of the shorter Nb-O bonds,
and at 538, 584, 643 cm ' for larger Nb-O bonds, as well as
peaks between 200 to 480 cm ' range assigned to bending
vibrational modes of NbOg octahedra.'”** Raman spectra of
KNNe films (Fig. 2(b)) obtained from an enriched target and
KNNs films (Fig. 2(d)) obtained from a stoichiometric commer-
cial target show the characteristic vibrational modes labeled v,,
Vy, V3, V4, Vs, Vg, V1 + V5 Of the NbOg octahedra in the perovskite
structure.’’*' For KNNe thin films, spectra of all the analyzed
areas confirm a single perovskite phase since no additional
peaks were observed. However, KNNs thin films present two
additional signals around 400 cm ™" and 878 cm ™, which were

This journal is © The Royal Society of Chemistry 2025

increased from area 1 to 6. These signals were identified as
vibrational modes of K,;NbgO;;, which agree with previous
reports in thin films obtained by chemical solution deposi-
tion."™*”** This explains the doublet peak in the region around
850-900 cm ', where there is an overlap between the NbOg
signal from the perovskite around 843 cm™ ' and the signal
from the secondary phase K ;NbsO;;. In addition, multiple
peaks in the 190-250 cm ' range were observed in spectra
from areas 5 and 6, which were associated to K,;NbsO;; and
K,NbgO;,-3H,0 (mark with green dots). The summary of the
center and FWHM of Raman peaks for KNNe and KNNs thin
films are in Table 2. Fig. 2(e) shows an example of Raman
mapping typical of the bottom area of the sample with a color
code indicating the intensity of the K,NbsO,, secondary phase
in KNNs. The dark red spots represent the most intense
secondary phase signal, while the dark blue spots are asso-
ciated with a weaker signal. K,;NbsO;; phase seems to be
randomly spread across the entire probed zone without segre-
gation. Therefore, it can be expected that KNNe films present

J. Mater. Chem. C, 2025,13, 22712-22721 | 22715
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Fig. 2 Raman spectra mapping and deconvolution of (a) and (b) KNNe and (c) and (d) KNNs thin films obtained using an enriched target and a
stoichiometric commercial target, respectively. (e) Raman mapping of KNNs recording in zone 5, the color code indicates an intense signal of the
K4NbgO17 secondary phase in red and weak signal in blue. (f) Scheme of the thin film and the areas analyzed by Raman on a 10 x 20 mm? substrate.

Table 2 Summary of the center and FWHM of Raman peaks for KNNe and

KNNs thin films

v; (em™) v, (em™) vs (em™Y) v (cm ™) v, +v5 (em™h)
Thin film Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM
KNNe 612 38 600 116 254 56 200 54 863 46
KNNs 609 108 546 51 225 52 181 57 859 68

strong homogeneous piezoelectric behavior through the sam-
ple, while KNNs thin films exhibit a weak behavior that may
degrade along the films, according to the increment of the
secondary phases.

3.3 SEM/EDXS

Fig. 3 shows the surface and cross-section SEM micrographs of
the KNNe and KNNs thin films. The grain morphology of the
films exhibits differences according to the target used. KNNe

22716 | J. Mater. Chem. C, 2025,13, 22712-22721

thin films obtained by a potassium enriched target presents
round-like grains with 141 + 33 nm average grain size
(Fig. 3(a)), while KNNs films deposited with a stoichiometric
commercial target show two different morphologies, small
round-like grains with 93 + 13 nm size and big cubic-like
grains with 256 + 55 nm (Fig. 3(c)). Corresponding histograms of
the grain size distribution are shown as inset in Fig. 3(a) and (c).
Cross-section micrographs show a dense columnar growth for
both KNN thin films, the thickness for KNNe was 600 nm

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Surface and cross-section SEM micrographs of (a) and (b) KNNe,

and (c) and (d) KNNs thin films deposited using a K-enriched target and a

stoichiometric commercial target, respectively. Histograms of the grain

size distribution are shown as inset in each surface micrograph. (e)

Deposition ratio of KNNe and KNNs thin films.

Table 3 Summary of compositional analysis performed by EDXS/SEM and
cross-section of KNNe and KNNs thin films obtained by an enriched and
stoichiometric commercial target, respectively

Average Deposition
Average grain size Average rate (nm
Sample composition (nm) thickness (nm) min ")
KNNe  (Ko57Nag43)1.1oNbO; 141 + 33 600 + 31 20+ 1
KNNs  (Ko.54Nag46)0.syNDO; 93 + 13 660 + 21 33+2

(Fig. 3(b)), while KNNs thickness was 660 nm (Fig. 3(d)). This
columnar growth was observed in another research works using
PLD."® Table 3 summarizes the average grain size and thick-
ness obtained using the software ImageJ. Rounded morpho-
logy, observed mainly in KNNe films, has been reported in
previous works for KNN single perovskite phase. On the other
hand, big cubic grains were identified previously in our
research group as K;NbsO;, secondary phase.>*?*

The EDXS analysis reveals a slight excess of alkali,
(Ko.55Nag.45)1.12NbO3, for KNNe films, and an alkali cations
deficiency for KNNs, (Ko.54Nag.49)0.s,NbO3z. This deficiency is
caused by the volatilization of alkali cations, inducing second-
ary phases, such as K,Nb¢O;, and K,NbsO;,-3H,0, which were
observed in XRD patterns. In contrast we have observed that
a slight excess of alkali cations typically with an alkali/Nb
ratio between 1.04 and 1.12 ensures the absence of secondary
phases.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, Fig. 3(c) shows the thickness of KNN thin
films deposited at different durations. It is observed that the
deposition rate is around 20 nm min~* and 33 nm min~* for
KNNe and KNNs, respectively.”® This difference is mainly
attributed to the density of the targets. The enriched target
has a density of approximately 60% with respect to KNN
perovskite, which is lower than the commercial target with
97%. A high density offers more materials per volume, which
increases the ablation rate. On the other hand, this behavior
has been related to the small grain size, microcracks and lattice
defects in the target, which facilitate the extraction of atomic-
sized particles during the PLD process.’® In addition to the
target density, other parameters can influence the deposition
rate, including target composition, laser fluence, target-
substrate distance, background gas pressure and substrate
temperature,*® which were not investigated in this work.

3.4 TEM

Fig. 4 exhibits TEM micrographs and electron diffraction
pattern of KNNs thin films deposited from the commercial
stoichiometric target. Fig. 4(a) shows the TEM micrographs of
five grains numerated from 1 to 5, the EDXS analysis of the
grains are listed in Table 4. The grain 5 presents a close
stoichiometric composition (alkali/Nb = 0.94), which can be
identified as KNN perovskite phase. On the other hand, grains
1-4 show a deficiency in alkali cations in a range 0.62-0.85
alkali/Nb, which agree with SEM/EDXS analysis on larger scale.
As mentioned in the XRD section, this deficiency is responsible
for the formation of the K,Nb¢O;, phase according to the K,O-
Nb,O; phase diagram." However, grains 3 and 4, even though
they present a similar total alkali ratio, their potassium and

b=34.33A
c=6.78A

Fig. 4 (a) TEM micrograph of five grains from KNNs thin films deposited
using a stoichiometric commercial target, which were analyzed by EDXS.
(b) and (c) TEM images and (d) electron diffraction pattern of K4NbgOy7
phase along the [001] zone axis.
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Table 4 TEM/EDXS analysis for KNNs thin film

Grain K Na Nb (K + Na)/Nb
1 34.17 4.14 61.69 0.62
2 40.37 3.60 56.03 0.78
3 42.13 3.88 53.99 0.85
4 23.93 21.36 54.71 0.83
5 20.99 27.59 51.43 0.94

sodium content vary, suggesting different structures. In the
case of grain 4, its stoichiometry is (K¢.53Na.47)0.¢3, Showed to
be associated here with the perovskite structure, in agreement
with electron diffraction and with our previous works.>®?”
While grain 3 presents a large Na deficiency, this low solubility
is characteristic of the lamellar K,NbO;, secondary phase, as
was observed in this work. So, it is important to highlight this
slight presence of Na in grains 1-3 as a K, ,Na,NbgsO;- solid
solution not previously reported in K, sNaysNbO; thin films.
This insertion of Na'* was also proposed in XRD analysis of
KNNs thin films, where the peaks corresponding to the sec-
ondary phase are shifted toward larger angles due to a decre-
ment in its lattice parameter. Fig. 4(b) presents a typical TEM
micrograph of another grain. The d spacing measures ~8 A,
which corresponds to a lattice parameter of the orthorhombic
phase of K;NbgO;,. Fig. 4(c) and (d) shows a micrograph of a
K4NbgO;; crystal, and the corresponding electron diffraction
pattern indexed along the [001] zone axis. Well-defined diffrac-
tion spots are observed, 1nd1cat1ng a high crystalllnlty In
addition, d spacings around 34.33 A and 6.78 A were deter-
mined, which agree with » and c¢ lattice parameters of
K,NbgO,.

3.5 Piezoresponse force microscopy

PFM measurements of KNNe and KNNs thin films were per-
formed in different areas according to the scheme in Fig. 5. The
amplitude response of KNNe (Fig. 5(a) and (c)) is typical of a
layer whose all grains are piezoelectric, leading to a strong
(bright) contrast all over the surface and well-defined grain
boundaries (visible on Fig. 5(b), where the scale is smaller
compared to other images: grain boundaries appear as dark
thin lines that surround grains). Meanwhile, the response of
KNNs films is not homogeneous, and the percentage of grains
showing a piezoelectric activity is not the same depending on
the studied area. From region A to C, fewer and fewer piezo-
electric areas are detected. In Fig. 5(f), a very small percentage
of the total area shows a piezoelectric response. These results
agree with Raman spectroscopy investigation, where six differ-
ent areas in the films were analyzed, observing that K,NbsO;-
secondary phase signal increased from area A to F, according to
the thin film scheme in Fig. 2(f). In addition, the compositional
analysis by EDXS/SEM showed a deficiency on alkali cations,
which promotes the formation of the K,NbsO;, secondary
phase. Moreover, Fig. 6(a)-(f) presents the topography (error
signal), PFM amplitude and phase images of KNNe and KNNs
thin films from a 2 x 2 um? area. KNNe films present a highly
polydomain surface with domains’ frontier clearly visible, and
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Fig. 5 PFM vertical amplitude images in different areas of KNNe (a)-(c)
and KNNs (d)—(f) thin films using an enriched target and a stoichiometric
commercial target, respectively: (a) and (d) top, (b) and (e) center, (c) and (f)
down. Bright zones indicate large piezoelectric activity (all images
5 x 5 pum?, except (b) 2 x 2 pm?, where domain boundaries are visible).

high roughness around 8.6 nm RMS (Fig. 6(a)-(c)). KNNs films
exhibit some flat grains (enclosed in white circles) with a dark
contrast in amplitude image, which indicate non-piezoelectric
response (Fig. 6(d)—(f)). All piezoelectric grains in KNNs films
seem to be oriented in the same way: apart from the non-
piezoelectric regions where the phase PFM signal is noisy, only
one sense of polarization can be detected contrary to KNNe,
where both polarities can be easily found (dark and bright
zones in the PFM phase image).

Topography Amplltude

Fig. 6 Topography, amplitude and phase images from 2 x 2 um? area of
(a)—(c) KNNe and (d)—-(f) KNNs thin films obtained using an enriched target
and a stoichiometric commercial target, respectively. White circles
enclose flat grains, which present nonpiezoelectric response.

This journal is © The Royal Society of Chemistry 2025
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3.6 Electrical characterization

Ferroelectric and piezoelectric measurements were performed
on capacitors of 0.25 x 0.25 mm? in area, based on both KNNe
and KNNs thin films. Fig. 7(a) and (b) shows the ferroelectric
hysteresis loops and the associated current measured with a
triangular bipolar signal (10 V, 3 kHz). KNNe film shows typical
hysteresis shape characteristic of ferroelectric material. The
maximum polarization reaches 20 pC cm > for an applied
voltage of 10 V, while the remnant polarization (2P,;) and
coercive voltage (2V,) are 17.5 pC cm ™2 and 3 V, respectively.
On the contrary, KNNs film does not show obvious ferroelectric
behavior. The measured polarization-voltage loops are system-
atically more or less inflated so that we do not clearly see the
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Fig. 7 (a) Ferroelectric hysteresis loops (b) current curves and (c) displa-
cement response of KNNe and KNNs thin films at 3 kHz and 10 V.
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two current peaks corresponding to dipoles switching on
current-voltage curves, like KNNe. Moreover, the current
increases dramatically under high voltage. In the worst case,
where the secondary phase is abundant, like at the bottom of
the sample (film scheme in Fig. 5 region C), the capacitors
appear more often in short circuit, which agree with PFM
results illustrated in Fig. 5(e) and (f) where the piezoelectric
areas gradually disappeared. We thus assume a possible corre-
lation between the presence of K,Nbs0,; phase and the leaky
behavior of the film. Indeed, it has already been reported that
high conductivity in non-stoichiometric KNN film can result
from the presence of secondary (hygroscopic) phases, thus like
K,NbgOy, in our case.*® Fig. 7(c) shows the large-signal dis-
placement response of the KNN films measurement with the
DBLI. Both films show the butterfly loop characteristics of
ferroelectric domain switching. However, KNNe films presents
higher displacement than KNNs counterpart. The dj; ¢ coeffi-
cient obtained by fitting the slope of wings in the displacement
loop reaches ~40 pm V™ for KNNe and ~30 pm V" for KNNs.
We can notice that the properties of our KNNe film are quite
similar to those reported by M. D. Nguyen, et al.," which is also
a PLD deposited KNN 50/50 on platinized silicon substrate.

4. Conclusions

The influence of the secondary phase K;NbsO;, on piezoelectric
and ferroelectric KNN thin films deposited with stoichiometric
and K-enriched targets was studied. It was observed that good
stoichiometric control of KNN thin films is possible by adding
an excess of 60% mol K into the target to compensate for alkali
cation losses during PLD deposition, such as KNNe thin films.
On the contrary, KNNs films obtained by a stoichiometric target
present alkali deficiency, which promotes mainly the formation
of secondary phase K;NbsO;; and due to its highly sensitivity to
moisture, K,;NbsO;,-3H,0 phase was formed. It is worth noti-
cing that such secondary phases can form easily even for quite
low alkali deficiency typically ~0.83 mol, as was observed in this
work. In addition, the secondary phase K,;NbsO;; presented a
slight shift in its characteristics X-ray diffraction peaks suggesting
a shrink of their lattice parameters due to the incorporation of
sodium in its structure. This finding was validated by analyzing
their compositional and structural characteristics by TEM/EDXS,
corroborating a slight solubility of sodium into the secondary
phase K,;Nb¢O;7, which has not been reported previously. There-
fore, one cause of the high field conductivity in KNN is the
presence of secondary hygroscopic phases that result from non-
stoichiometry, due to the alkali loss during the deposition process,
while the use of K-excess into the target ensures strong ferroelectric
and piezoelectric behavior (2P, and dj;¢ are 17.5 pC cm 2 and
~40 pm V', respectively).
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