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Abstract

The effects of strontium doping (0-2 mol%) on structure, microstructure and functional properties of potassium
sodium niobate (KNN) thin films deposited on Pt(111)/T iO)/S i0,/Si substrates were investigated. Incorporation
of Sr up to 1 mol% into the KNN crystal lattice hindered the grain growth, vertical roughness and contributed
to the fine-grained and dense thin film microstructure with monoclinic crystal syngony. This effectively reduced
leakage current and improved ferroelectric characteristics. Higher doping content (2 mol%) led to the forma-
tion of secondary phases and complete deterioration of functional properties. Stabilization of 1 mol% Sr-doped
KNN solution with diethanolamine resulted in the film with dielectric constant and losses of 394 and 0.018 at
100 kHz, respectively, leakage current of 3.8 - 1078 Ajem? at 100 kVjem and well saturated ferroelectric hys-
teresis with P, of 6.8 uClem? and low E.. of 85 kV/cm. Benefiting from improved leakage current characteristics
at high electric fields and less defect structure, the film showed maximal local piezoelectric coefficient, dz; ~
110 pm/V determined by piezo-response force microscopy (PFM), ability to reach fully saturated local hys-
teresis under low switching DC voltage of 15V, and good ferroelectric domain mobility proven by successful
in-situ poling of chosen area using PFM lithography.

Keywords: KNN films, doping, microstructure, ferroelectric properties, piezoelectric properties

I. Introduction measure of technological advancement in the field of
microelectromechanical systems, energy harvesters and
sensors, the interest for the piezoelectric materials in
thin film form has rapidly increased. Although the lat-
est results on piezoelectric activity of KNN ceram-
ics revealed that this material can compete with lead-
based ones, certain concerns with regard to quality and
possible application of KNN-based films in miniatur-
ized devices still exist. No matter if they are processed
by one of the physical or chemical vapour deposition
methods or derived from chemical solutions, their func-
tional properties can be hardly compared to the ce-
ramic counterparts. A leaky polarization vs. electric
field dependence and low piezoelectric activity, usually
reported for solution derived KNN films [5,6], could
be related to the large leakage current that can arise
from the emergence of alkali and oxygen vacancies
and moisture sensitive secondary phases, all induced by

Potassium sodium niobate, K, ;Na, ;NbO, (KNN),
is the one of the most intriguing and often investi-
gated lead-free materials with reversible hysteretic de-
pendence of polarization under applied electric field,
with orthorhombic/monoclinic symmetry at room tem-
perature and phase transitions (rhombohedral (R) —
orthorhombic/monoclinic (O/M) — tetragonal (T) —
cubic (C), with corresponding transition temperatures
Trom ~ —153°C, To/mr ~ 200°C and T¢ ~ 420°C)
similar to those in BaTiO,. It possesses a piezoelec-
tric coefficient d33 ~ 80-160pC/N, and in contrast
to BaTiO,, a high Curie temperature, T¢c of ~420°C
[1-4].

Since the miniaturization has become an important
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the volatilization of alkaline species during heating. In
spite that the sol gel method provides a variety of op-
tions to overcome such problems, namely through ad-
justment of solution chemistry (choice of reagents, use
of chelating agents), alkali excess and chemical mod-
ification, or even through the impact on thin film ori-
entation and microstructure, some remarkable improve-
ment in functional properties has been rarely observed.
The films derived from the KNN sols with 10 mol%
K and Na excess resulted in saturated hysteresis loops
with 2P, ~ 14 uC/cmz, 2E. ~ 140kV/cm and effecti-
ve piezoelectric coefficient, d3; of 46 pm/V measured
by the scanning-probe microscope, SPM [6]. A large
effective piezoelectric coefficient, ds3 of 83 pm/V was
demonstrated for the KNN films derived from solu-
tions in which the combination of ethylenediaminete-
traacetic acid-diethanolamine-monoethanolamine stabi-
lizing chemical agents was introduced to supress the
loss of volatile alkali species and reduce the leakage cur-
rent [7]. On the other hand, the shifting of To_r phase
transition to room temperature by Li- and Ta- modifica-
tion of the KNN films followed by reduction of the leak-
age current density due to simultaneous co-doping with
Mn allowed a significant improvement in ferroelectric
properties (P, = 16.1 uC/cm?, E. = 22.2kV/cm) and re-
sulted in local piezoelectric coeflicient, d33 of 61 pm/V
[8]. In 2009, one of the rare examples of an excellent lo-
cal piezoelectric coefficient, d33 of 192 pm/V measured
by the SPM with a conductive Rh-coated Si tip in the
piezoresponse mode was reported by Li et al. [9] for the
KNN films with 6 mol% Li introduced as an equipol-
lent A-site dopant. The same author recently investi-
gated the thermally induced domain evolution in a high-
quality epitaxial Li-doped KNN/STO(001) thin films
suggesting that the enhanced piezoelectric response ob-
served across the thermotropic phase boundary can be
associated with a change in structure from a typical
monoclinic M¢ (cubic-like) to a monoclinic M, one
(tetragonal-like, ¢ > a) [10]. However, the influence
of the partial replacement of A-site ions from the per-
ovskite KNN lattice with aliovalent dopants, and espe-
cially with alkaline-earths, on functional properties of
the sol-gel derived KNN films has been scarcely in-
vestigated. To the best of our knowledge, the changes
in microstructure, electrical and piezoelectric properties
were followed only in Mn-doped (1-x)K, sNa, sNbO;-
xCaZrO;, (x =0, 0.05, 0.1 mol) thin films, where adding
CaZrO; up to 10mol% was effective in achieving of a
dense microstructure with small grains <100 nm, while
Mn co-doping contributed to improved leakage current
properties. The 0.95K, sNa, sNbO,-0.5CaZrO, compo-
sition with 1 mol% Mn showed the highest effective
piezoelectric coefficient, dz3 of 32 pm/V measured by
the double beam laser interferometer [11]. Unfortu-
nately, the individual doping effect of Ca or other alka-
line earths on microstructure and functional properties
of KNN thin films were not commented in literature.
From that point of view, the purpose of this study is
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to examine the Sr-doping effect on microstructure, di-
electric, ferroelectric and leakage current properties of
the KNN thin films, and to determine the optimum Sr-
doping amount. Single-phase films are derived from the
alkali-acetate and niobium ethoxide based solutions. It
is shown that 1 mol% Sr is sufficient to reduce the leak-
age current due to the electron-hole recombination and
improve the ferroelectric properties of the KNN film.
In addition, the role of diethanolamine as a stabilizing
agent in improvement of functional properties of the
KNN film with 1 mol% Sr is presented. The low volt-
age induced polarization switching and a distinct lo-
cal piezoresponse with a maximum value of ~110 pm/V
suggest that piezoelectric properties of KNN thin films
can be boosted through Sr-doping and adjustment of so-
lution chemistry.

II. Synthesis and methods

For the processing of KNN sols with the nominal
composition (K, sNa, 5), . Sr NbO;, x = 0, 0.005, 0.01
and 0.02, the following reagents were used: potassium
acetate (CH,COOK, >99%, Sigma-Aldrich), sodium
acetate (CH;COONa, 99.9%, ChemPur), water-free
strontium acetate ((CH,COO),Sr, 99.81%, Alfa Ae-
sar) and niobium pentaethoxide ((CH,CH,O),Nb,
99.99%, Alfa Aesar). The 2-methoxyethanol
(CH,0OCH,CH,0H, anhydrous, 99.8%, Sigma-
Aldrich) was selected as a solvent for all reagents
except for the strontium acetate, where glacial acetic
acid (CH;COOH, 100%, Merck) was chosen for its
dissolution at room temperature.

All steps involved in processing of 0.2M KNN sols
are schematically presented in Fig. S1 and explained
in Electronic Supporting Information (ESI, Section S1,
Fig. S1). In some experiments, diethanolamine (DEA:
HN(CH,CH,0H),, 99%, Alfa Aesar) was introduced in
Nb:DEA = 1:2 molar ratio to the system in order to sta-
bilize niobium pentaethoxide through the formation of
a cage-like ligand. The procedure is explained in ESI,
Section S1.

The approximately 250nm thick Sr-doped KNN
thin films on Pt(11 1)/TiOy/SiOQ/Si substrates were
obtained through eight repeated spin-coating, drying
(150 °C/2 min) and pyrolysis steps (300 °C/2 min) fol-
lowed by the rapid thermal annealing of the last de-
posited layer at 650 °C in air for 5 min with heating and
cooling rates of 12 °C/s.

All sols and films were denoted as KNNg-xSr and
KNNEg-xSr (S - sol, F - thin film, x = 0, 0.5, 1 and 2
corresponding to the concentration of Sr in mol%), re-
spectively, while in the case of chemical modification
with diethanolamine, the abbreviation DEA was added
at the end of the product name.

The X-ray powder diffraction (XRD) patterns were
recorded by X-ray powder diffractometer (PANalytical
X’Pert PRO MPD, Almelo, the Netherlands) by using
the monochromatic CuK,,; radiation (1 = 0.15406 nm)
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with an operating voltage of 45 kV and current of 40 mA
in the angular range 260 = 10-65°, with a step scan A(26)
= 0.034° and integration time of 100 s, and further anal-
ysed by Jana2006 software. The background was mod-
elled by Legendre polynomial function, a shift correc-
tion was made, and the lattice parameters were obtained
from the peak positions and Miller indices of mono-
clinic structure.

The microstructures of the films’ surfaces and cross-
sections were analysed by the field emission scan-
ning electron microscope, FE-SEM (JEOL JSM7600F,
Tokyo, Japan) operating in secondary electron imaging
mode at accelerating voltage of 5kV and at a working
distance of 4.5mm. The mean grain size in all KNN
films was determined with a stereological analysis by
adopting the Image Tool software, where at least two
digitalized surface microstructures were processed in
order to extract the Feret diameters from the areas (4 um
X 3 um in total) with more than 700 grains.

For thermal analysis (TA), the solutions were dried
at 60 °C for 30 min, at 90 °C for 60 min and at 110°C
for 60 min. The thermal decomposition of the KNN gels
was followed by a thermogravimetric-differential ther-
mal analyser (TG-DTA, NETZSCH STA 409 C/CD,
NETZSCH-Geritebau GmbH, Selb, Germany) by heat-
ing ~0.05¢g of the gel in a Pt crucible to 750°C at a
heating rate of 10 °C/min in an air under a flow rate of
40 cm?/min.

For electrical characterization, approximately 100 nm
thick Cr/Au top electrodes with the diameter 0.2 mm
were applied through a shadow mask onto the thin film
surface by DC sputtering, and post-annealed at 400 °C
for 15min. The frequency dependent dielectric prop-
erties (Impedance analyser HP 4192A) were measured
from 1kHz to 1 MHz at room temperature. The Aix-
ACCT TF Analyser 2000 was used to follow the polar-
ization versus electric field dependence by using a tri-
angular AC-electric field at 1 kHz and at room tempera-
ture, as well as for the evaluation of the leakage current
density of films within the voltage range up to +5V, or
up to £10V for the evaluation of leakage-current mech-
anism.

The topography-height and the piezo-response force
microscope (PFM) images were recorded using an
atomic force microscope (AFM; Asylum Research,
Molecular Force Probe 3D, Santa Barbara, CA). The
electric field was applied between conductive AFM tip
and sample’s bottom electrode. A Pt-coated Si tip with
a radius of curvature ~10nm (OMCL-AC240TM-R3,
Olympus, Japan) was used. The spring constant and the
resonance frequency of the cantilevers were 2 N/m and
70kHz, respectively. The out-of-plane amplitude and
phase PFM images were measured in the Dual AC reso-
nance tracking (DART) mode applying AC voltage with
the amplitude 1V and frequency ~300kHz. The local
hysteresis loops were measured in the Switching spec-
troscopy (SS) mode with the pulse DC step signal and
overlapped drive AC signal (off-loop mode; applying
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a pulse voltage and measuring the piezoelectric signal
at zero DC bias voltage) to minimize the electrostatic
interactions between the tip and the sample [12]. The
waveform parameters were: the sequence of increas-
ing DC electric field steps was 20 Hz with a maximum
amplitude of 35V or 15 V. The frequency of the trian-
gle envelope was 0.2Hz, with an overlapping AC si-
nusoidal signal of amplitude 5V or 3V and frequency
300 kHz. Local piezoelectric values were determined in
a PFM Single frequency mode by applying AC voltage
with the amplitude 1V and frequency 280 kHz, which
is approximately 30 kHz below the contact resonant fre-
quency (off-resonance measurement). The most com-

monly measured local d;gf value was determined from
PFM maps by program Gwyddion 2.41. Prior to mea-
surements the PFM response was tested by standard
quartz sample (SiO, crystal, x-cut, MTI Corporation,
Richmond, CA, US) with the known piezoelectric co-
efficient. In-situ poling experiment was done by PFM
lithography mode using a square pattern divided to two
halves. In each half the DC voltage of the opposite sign
was applied. DC poling voltages of £12V, £16V and
+25V were applied on the same area of thin-film sam-
ples with intermediate PFM scanning by AC voltage
with the amplitude 3 V and frequency 300 kHz.

III. Results

3.1. Structure and microstructure of Sr-doped KNN
thin films

In order to follow the influence of the Sr-doping con-
tent (0, 0.5, 1 and 2mol%) on the phase composition
of the KNN thin films deposited onto Pt/TiO,/SiO,/Si
substrates and thermally treated at 650 °C for 5 min, the
XRD patterns are collected and presented in Fig. 1a. All
films up to 1 mol% Sr crystallize in a pure perovskite
structure without secondary phases and they all pos-
sess {100} preferential orientation. While the preferen-
tial orientation is still present in KNNg-2Sr, the small
reflection detected at 28.914° 26 indicates the appear-
ance of the trace amount of secondary K;NbO, phase
(cubic F23, PDF 00-052-1895). Except of the slight
asymmetry, a splitting of the {h0O} reflections at ~22°
and ~46°, which is typical for the KNN powder with
monoclinic structure (cell parameters: a = 0.40046 nm,
b = 0.39446nm, ¢ = 0.40020nm and § = 90.333°,
[24]), was not observed in Fig. 1a. Such appearance is
connected with a small crystallite size and fine-grained
structure [13]. A closer inspection of the {100} reflec-
tion at ~22° in XRD patterns of KNNg-xSr films (Fig.
1b) confirms its systematic upshift with the increase of
Sr doping content from 0 to 2 mol%. A slight broaden-
ing and progress in reduction of the {100} peak asym-
metry are also observed and they can be connected with
lattice distortion and decrease in crystallite size induced
by Sr** incorporation into KNN crystal lattice.

A degree of the preferred orientation in the thin film
samples shown in Fig. 1a was quantified by Lotgering
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Figure 1. XRD patterns (a), evolution of the {100} reflection (b) and Lotgering factor F (c) of the KNNg-xSr films, annealed
at 650 °C for 5 min (red dashed lines indicate positions of additional Si and Pt reflections from the substrate,
while the top of {100} reflection in KNNp film is depicted by a green dashed line)

factor Fyjo0y and presented in Fig. 1c. The observed in-
crease from 0.30 to 0.39 with increasing amount of Sr
from O to 2 mol% indicates that doping with Sr favours
the KNN structure in which the surface energy of the
{100} faces is the lowest. In addition, it was experimen-
tally confirmed by the TG-DTA analysis (Fig. S2, ESI,
Section 2), that doping with Sr decreases a crystalliza-
tion temperature of the KNN films. Consequently, when
the KNNg-xSr films are annealed under the same condi-
tions (650 °C/5 min), the film with 1 mol% Sr exhibits a
better crystallinity and higher degree of preferred {100}
orientation compared to other KNNg-xSr films. Doping
with 1 mol% Sr was found to be the optimum, since fur-
ther increase in doping content (2 mol%) resulted in ap-
pearance of the secondary K;NbO, phase and decrease
in Lotgering factor to 0.32.

The cross-sectional and the surface microstructures
of the KNNg-xSr films along with the grain size dis-
tributions determined from the surface microstructures
are presented in Fig. 2. A carefully tuned thermal treat-
ment conditions allowed the control over the nucleation
and grain growth rates, which resulted in prevailing ho-
mogeneous nucleation and fine-grained microstructure,
in accordance with results of Kupec ef al. [13]. A rela-
tively broad grain size distribution from a few 10 nm to
about 160 nm, and with an average grain size of 69.5 nm
was typical for the 250 nm thick KNNF. film. In contrast,
the microstructures of about 240 nm and 230 nm thick
KNNg-0.5Sr and KNNg-1Sr films reveal more uniform
size distributions and decrease in average grain size to
the values of 55.9 nm and 45.6 nm, respectively. The ob-
served narrower grain size distribution and lower value
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Figure 2. Surface FE-SEM (a) and cross-sectional images (b) along with the grain size distribution (c) of the KNNp,
KNNFg-0.5Sr, KNNg-1Sr and KNNg-2Sr films annealed at 650 °C for 5 min. KNNg, KNNg-0.5Sr, KNNg-1Sr and
KNNg-2Sr micrographs of surfaces, cross-sections and corresponding grain size distribution plots
are arranged in order from top to bottom in 2a-2c, respectively
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Table 1. Cell parameters of KNNg-xSr films annealed at 800 °C for 90 min

Sample a ~ ¢ [nm] b [nm] alb

KNNg 0.3990(2) 0.3933(3) 1.0145
KNNg-0.5Sr  0.3986(5) 0.3936(2) 1.0127
KNNE-1Sr 0.3974(3) 0.3939(2) 1.0089
KNNEg-2Sr 0.3966(2) 0.3945(4) 1.0053

of the average grain size compared to the KNNg film
could be related to the partial substitution of alkaline
ions with Sr2+, for which it was confirmed that it hin-
ders grain growth in KNN ceramics [14-16]. Modified
thermal decomposition paths of the KNNg-0.5Sr and
KNNs-18r sols (Fig. S2, ESI, Section 2), i.e. observed
shifting of the first thermal event toward high temper-
atures and subsequent shifting of the second and third
thermal events toward low temperatures, obviously con-
tributed to more narrow temperature ranges of nucle-
ation of the KNNg-0.5Sr and KNNg-1Sr films compared
to the KNNF film, which can additionally explain nar-
rower grain size distributions in the doped films. As the
consequence of Sr doping, the vertical roughness de-
creased from 15.6 nm (KNNg) to 3.5 nm (KNNg-1Sr),
as confirmed by the AFM measurements (not shown
here). A slight change in the film thicknesses from
250 nm (KNNFE) to 230 nm (KNNg-1Sr) observed in FE-
SEM cross sectional micrographs can be connected with
increased Sr content, which can contribute to enhanced
grain boundary mobility [14-16]. The thickness of the
KNNEg-2Sr was even lower (210 nm) with average grain
size of 39.7 nm; however, a porous microstructure was
typical for this composition.

In addition, the structure and microstructural changes
of the KNNg-xSr thin films upon heating within the tem-
perature interval 650-800 °C and for a different holding
time (5 min and 90 min) were followed, and here we pre-

sented the results for the KNNg-1Sr composition (see
Fig. 3). The splitting of {h00} reflections was observed
only in the sample annealed at 800 °C/90 min (see Fig.
3a), revealing their monoclinic structure, similar as re-
ported by Kupec et al. [13]. From the positions of {100}
+ {001} and {010} reflections, the lattice parameters a
and ¢ were calculated, see Table 1. At the same time,
the abrupt change in microstructure from a fine-grained
(~50nm) to the columnar one (~250 nm) was detected,
as it was shown in Fig. 3b. In contrast to the KNNg-1Sr
film annealed at 650 °C/5 min, the poor functional prop-
erties of the KNNg-1Sr annealed at 800 °C/90 min were
detected due to the specific structure, which provided
direct path for the current [13]. The similar structure
and microstructural changes were observed for other
KNN compositions. The a and b lattice parameters, and
a/b ratio for all KNNg-xSr thin films are shown in Ta-
ble 1. An observed decrease in a/b ratio confirmed a
pronounced tendency of the KNNg-xSr films towards a
pseudo-cubic structure as the result of incorporation of
Sr** into the KNN crystal lattice.

3.2. Functional properties of Sr-doped KNN films

The frequency dependent dielectric properties, leak-
age current density (J) vs. electric field (E) and polar-
ization (P) vs. electric field (E) of the KNNg-xSr were
followed and presented in Fig. 4.

The room temperature dielectric permittivity (g’)
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Figure 3. XRD patterns and cross-sectional micrographs of the KNNg-1Sr annealed at different temperatures and holding
times, revealing the structural and microstructural changes induced by thermal treatment conditions
(red dashed lines indicate positions of additional Si and Pt reflections from the substrate)
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Figure 4. Dielectric properties (a) and J-E measurements (b) of KNNg, KNNg-0.5Sr, KNNg-1Sr and KNNg-2Sr films; P-E
hysteresis loops of KNNg, KNNg-0.5Sr, KNNg-1Sr (c) (the inset in 4c shows the leaky P-E hysteresis loop of the KNNg-2Sr)

and losses (tan6) of KNNg, KNNg-0.5Sr, KNNg-1Sr
and KNNg-2Sr measured at 100kHz are 261/0.031,
334/0.024, 347/0.022 and 309/0.042, respectively (Fig.
4a). The observed increase in & and decrease in tand
up to 1 mol% Sr is in accordance with reported re-
sults on frequency dependent dielectric properties of Sr-
doped KNN ceramics [10,17], and it can be attributed to
improved density and narrower grain size distribution
compared to the un-doped KNNE film. Further increase
in Sr content (2 mol%) resulted in deterioration of mi-
crostructure and consequently in poor dielectric proper-
ties.

The Sr-doping up to 1 mol% had two significant ef-
fects on KNN thin film properties: it decreased J from
1.2 - 107° A/em? (KNNg) to 4.6 - 1078 A/em? (KNNg-
1Sr), both measured at the electric field of 100kV/cm
(Fig. 4b), and gave rise to improved ferroelectric be-
haviour of the Sr-doped KNN films. However, a rela-
tively abrupt increase in J at high electric fields £ >
150kV/cm still can be seen in all films including the
KNNE-1Sr film with the best J-E characteristic (see Fig.
4b). This indicates the change in conduction mecha-
nism, which can limit their application. The problem
can be overcame by further modification of the KNNg-
1Sr, and it will be commented later in the text.

As it can be seen in Fig. 4c, the KNNg-xSr films
with Sr-doping <1 mol% possess well saturated ferro-
electric hysteresis loops. Maximal values of remnant po-
larization (P,) and coercive field (E.) observed in the
un-doped KNNg film were 5.5 va/cm2 and 157kV/cm,
respectively. The Sr-doped films up to 1 mol% showed
improved ferroelectric properties, so the highest P, of
7.2 pLC/cm2 and the lowest E. of 102kV/cm were mea-
sured in the KNNg-1Sr film. Doping with 2mol% Sr
was exaggerated, since the leaky P-E loop was observed
for the KNNEg-2Sr film (see inset in Fig. 4c).

Mechanism that lies behind reduction of E. and leak-
age current can be explained by the Sr>* incorporation
into the KNN crystal lattice during the thermal stage
of film processing. Having in mind the convenient size
of Sr** ionic radius, i.e. rys (1.39A, CN12) < rgp:
(1.44 A, CN12) < rg- (1.64 A, CN12) [14], it can re-
place both Na* and K* from the KNN perovskite struc-
ture and donate an extra electron, e~ to the system. This
kind of doping can be compensated by the formation
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of A-site vacancies during the thermal treatment, which
provide the free carrier holes to the system by the fol-
lowing formula (Eq. 1):

VK or Na = Vll(orNa+h+ (D

where Vi, Vna are neutral K and Na vacancies, Vfo Vl’\]a
are ionized K and Na vacancies and h* is free carrier
hole. The e”—A* recombination leads to the decrease of
conductivity and consequently contributes to the reduc-
tion of both leakage current and coercive field in the
KNNEg-xSr films with Sr-doping <1 mol%.

In addition, the small ionic radius of Sr** compared
to the ionic radius of K* most probably favours its off-
center position [18] in KNN Ilattice. Since the Sr-donor
dopant has more positive charge than the replaced K
(A-site atom), it can induce the higher distortion of the
structure, and it can have the positive influence on do-
main motion and their easier orientation under applied
electric field. In addition, when the dopant concentration
exceeds the concentration of the intrinsic defects in the
matrix material, the introduced impurity gives rise to a
compensating defect. All of these can be used to explain
the enhancement of ferroelectricity in the KNNg-0.5Sr
and KNNg-1Sr films. Similar was observed in the (1-
x)(Na, 5K, s)NbO;-xAZrO, (A = Ca**, Sr**) solid so-
lutions [19].

Obviously, the KNNg-1Sr thin film showed the best
microstructure and functional properties, thus it was
chosen for further improvement.

3.3. Functional properties of KNNg-1Sr-DEA film

Modification of KNN solutions by stabilizing chemi-
cal agents, such as polyvinilpyrrolidone, ethanolamine,
diethanolamine, ethylenediamine-tetra-acetic acid, was
reported to have a positive influence on microstruc-
ture and overall functional properties of KNN thin film,
including leakage current density [7,20,21]. In fact,
chemical modification can suppress reactivity of nio-
bium ethoxide in hydrolysis and polycondenzation re-
actions through shielding of the metal atoms by non-
hydrolysable ligands, and even it can suppress the evap-
oration of potassium and sodium due to their better im-
mobilization into organic matrix [7].

Microstructure and functional properties of the
KNNEg-1Sr-DEA film derived from diethanolamine sta-
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Figure 5. FE-SEM images of the surface microstructure (a) and cross-section (b) with a grain size distribution (c), dielectric
properties (d) J-E measurement (e) and P-E hysteresis loop (f) of the KNNg-1Sr-DEA film annealed at 650 °C for 5 min
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Figure 6. InJ vs. In E characteristics for the KNNg-1Sr and
KNNg-1Sr-DEA films (the thick solid lines correspond to the
best linear-fit drawn through the experimental points
(U or A) within the fitting regions, for which
the values of the slopes a; are given)

bilized solution are presented in Fig. 5. The fine-grained
microstructure with a very flat surface and narrow grain
size distribution with average grain size of 59.3nm
is typical for the film (see Fig. 5a), the thickness of
which is 250nm, Fig. 5b. The microstructure with a
slightly lager grains compared to KNNg-1Sr film con-
tributed to improvement of all functional properties. As
it can be seen from Figs. 5c-5f, the KNNg-1Sr-DEA
film possesses the dielectric permittivity, & and dielec-
tric loss, tan ¢ of 394 and 0.018 at 100 kHz, respectively,
leakage current of 3.8 - 1078 A/cm? at 100kV/cm and
well saturated ferroelectric hysteresis loop with P, of
6.9 pLC/cm2 and relatively low E. of 85kV/cm. Com-
pared to the KNNg-1Sr film, a low leakage current den-
sity of 1.6 - 1077 A/cm? was measured at 250kV/cm,
which is one order lower than in the KNNg-1Sr mea-
sured at the same electric field.

Additionally, the leakage current mechanisms of the
KNNEg-1Sr and KNNg-1Sr-DEA films were analysed in
the field range up to 500kV/cm by plotting the exper-
imental data with respect to space charge limited cur-

rent model (SCLC), i.e. as InJ vs. In E (Fig. 6) [22].
As it can be seen, the experimental data reveal the lin-
ear InJ vs. In E dependence at low and high fields and
they are well fitted by the three linear segments in both
cases. The low increase in conductivity up to 150kV/cm
with the slope of 1.16 (KNNg-1Sr) and 1.28 (KNNg-
1Sr-DEA) indicates that the ohmic conduction (J ~ a@E;
a ~ 1) is the dominant factor at low fields. With further
increase of the electric field, the InJ vs. In E profiles
of the films become steeper (@, @z > 2), confirming
the change in conduction mechanism to SCLC. Accord-
ing to the SCLC model, the free carrier concentration
increases by increasing the electric field due to the in-
jected carriers, and when the magnitude of the injected
carriers is larger than its thermal equilibrium value, the
conduction mechanism turns from ohmic to SCLC. The
presence of the localized defect states or traps within
the band gap significantly influences the transport of
injected electrons and current-electric field profile. As
long as the injected electrons fill all the trapping sites,
shallow trap square low is dominant (¢ ~ 2), and when
the entire trap population is filled, further injection of
carriers leads to the abrupt increase in current, and the
current-electric relationship is further characterized by
the trap free square low (@ > 2) [23,24]. Thus, accord-
ing to SCLC theory, the steeper InJ-In E dependence
observed in the KNNg-1Sr above 150kV/cm can be cor-
related with its more defect structure compared to the
KNNEg-1Sr-DEA, with large amount of A-site and oxy-
gen vacancies, which can act as the space charge carri-
ers, lower the barrier for carrier injection and contribute
to conduction at high fields. The similar was reported
for Bi(Zn, /ZZrl /2)03-PbTiO3 films [25] and for KNN-
based thin films [9,26,27].

3.4. Ferroelectric domain structure and polariza-

tion switching in KNNg-1Sr and KNNg-1Sr-DEA
films

Local piezoelectric responses were mapped using

PFM imaging as shown in Fig. 7. In the PFM ampli-
tude images the bright regions correspond to the areas
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Figure 7. Topography - height image (a,d), out-of-plane PFM amplitude image (b,e) and PFM amplitude line-profiles
(see lines in the panels b and e) (c,f) of the KNNg-1Sr and KNNg-1Sr-DEA thin films, respectively

with enhanced piezoelectric response in comparison to
the dark regions. Dark regions mainly correspond to the
non-active grain boundaries or porosity. At large scan-
ning area (3 wm X 3um in Figs. 7b and 7e) it seems that
the films contain mono-domain grains, however scan-
ning at smaller area (1 um X 1 wm in Figs. 7b and 7e) re-
veals regions of different piezo-activity inside one grain.
For clarity, the inserted boxes in Fig. 7 highlight the in-
dividual grains in the topography and PFM amplitude
images emphasizing regions of different piezo-activity.
In these samples, the average grain size is ~50nm,
which is only ~5 times larger than radius of PFM tip.
Therefore, individual domains inside grain cannot be

KNN.-1Sr
N ©O NoB
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o M B oY
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KNN:-1Sr-DEA

clearly distinguished due to the resolution limit of the
PFM technique.

In order to determine the local piezoelectric coef-
ficient dg’;f of the prepared thin films, line-profiles
were extracted as shown in Figs. 7c and 7f. Note
that more than 10 line-profile analyses were made
for each sample. Figure 7 contains the line-profiles
with the maximum local responses (marked with ar-
rows). The maximum response was higher in the
KNNEg-1Sr-DEA thin film than in the KNNg-1Sr thin
film, namely 110 pm/V and 90 pm/V, respectively. Note
that the maximum local piezoelectric coefficient d?;f
of the KNNg-1Sr-DEA was significantly higher than

PFM phase
response (a.u.)
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Figure 8. Topography - height image (a,d), out-of-plane PFM amplitude image (b,e) and local hysteresis loops (c,f) obtained
from the areas marked by the cross in panels b and e, of the KNNg-1Sr and KNNg-1Sr-DEA thin films, respectively
(the £V py is marked by vertical dash lines in the panels ¢ and f)
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in-situ poling

Figure 9. Topography - height image (a), PFM out-of-plane phase (b) and amplitude images (c) before in-situ poling
experiment in KNNg-1Sr-DEA thin film. PFM out-of-plane phase images (d,e,f) after applying the DC poling voltage of
+12V, £16 V and £25V, respectively and corresponding PFM out-of-plane amplitude image (g) after DC poling by
+25V (two areas of different poling regimes (opposite sign of voltage) are marked in d by dotted line)

in (K 4gNay 4gLij o) (Nb 995 Mny 55T, )O; thin films
[8]. Furthermore, in the KNNg-1Sr films the most com-
monly measured local dg’;f value is 10 pm/V, while in
the KNNg-1Sr-DEA films this value is 26 pm/V, which
is more than 150% higher.

Examples of the local domain switching experiments
are shown in Figs. 8c and 8f. In the KNNg-1Sr-DEA
sample the local hysteresis loops were obtained already
at 15V (maximum amplitude 15V of pulsed DC step
signal overlapped by AC sinusoidal amplitude of 3 V),
while in the KNNg-1Sr sample no hysteresis loops were
measured at such low voltage. To obtain the local hys-
teresis loop in the KNNg-1Sr sample higher voltage
(maximum amplitude 35V of pulsed DC step signal
overlapped by AC sinusoidal amplitude of 5V) was
needed. In both samples the domain nucleation voltage
(Vpy) is similar, namely ~5V and ~6 V for the KNNg-
1Sr and KNNg-1Sr-DEA sample, respectively. There-
fore, all the PFM scans presented in this work were done
with the AC amplitude between 1 and 3 V not to mod-
ulate the domain structure of the samples during scan-
ning.

The result of the PFM in-situ poling experiment in
the KNNg-1Sr-DEA sample is shown in Fig. 9. A se-
lected 5 um X 5 wm virgin area of the sample was firstly
scanned by AC amplitude of 3 V (Figs. 9a-9c). After, the
3um X 3um area was in-situ poled, meaning that the
area was scanned with PFM tip under DC poling volt-
age of £12V (applied to the tip). This voltage is much
higher than Vpy of the sample in order to switch the do-
mains during poling experiment. After the in-sifu pol-
ing the similar scanning conditions as the ones before
poling were applied (Fig. 9d). The in-situ poling exper-
iment was then repeated with the DC poling voltages
of +16V and +25V (Figs. 9e-9g). As it can be clearly
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observed in Figs. 9f and 9g, good domain mobility and
successful in-situ poling were achieved in the prepared
thin film.

High local piezoelectric coefficient and good domain
mobility raise the interest for investigation of macro-
scopic properties of ~1 pm thick KNNg-1Sr-DEA films
in order to prove the quality of this lead-free material to
be used as a transducer layer in energy harvesters.

IV. Conclusions

In this contribution, the effects of Sr-doping on mi-
crostructure, structure and functional properties of the
(K, sNay 5)1 = xSr, NbO,; (KNNg-xSr, x = 0, 0.005, 0.01
and 0.02) thin-films synthesized from alkali acetate-
alkoxide based solutions, were studied. The Sr incor-
poration up to 1 mol% into the perovskite A-sublattice
was followed by X-ray diffraction analysis, where the
change of the a = ¢ and b lattice parameters revealed
the monoclinic structure, and where the reduction of a/b
ratio confirmed its tendency to pseudo-cubic syngony at
higher Sr-doping levels. This kind of doping hindered
the grain growth and subsequently vertical roughness of
as prepared films. It contributed as well to the soft fer-
roelectric characteristics (KNNg: P, = 5.5uC/cm?, E.
= 157kV/cm and KNNg-1Sr: P, = 7.2uC/ecm?, E, =
102kV/cm) and significant reduction of leakage com-
ponent due to e"—h* recombination induced by incorpo-
ration of Sr** into KNN crystal lattice. The doping with
1 mol% Sr was the optimum for improvement of func-
tional properties; higher doping content (2 mol%) led
to deterioration of microstructure and contributed to the
high leakage component and leaky P-E loops. Consider-
ing the problems with high leakage current observed at
high electric fields (>150 kV/cm) in the KNNg-1Sr film,

~
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an improved synthesis procedure of the KNNs-1Sr solu-
tion with diethanolamine was of great benefit to the con-
duction mechanism of the KNNg-1Sr-DEA film. The
ohmic conduction was the dominant leakage current
mechanism at low fields (<150kV/cm), and it changed
to the space charge limited conduction at high fields
(I50kV/cm < E < 500kV/cm) in both KNNg-1Sr and
KNNEg-1Sr-DEA films. However, the less steep In J-In E
profile of the KNNg-1Sr-DEA at high fields, strongly
confirmed a significant reduction in space charge de-
fects (A-site and oxygen vacancies), supporting at the
same time the key role of DEA in formation of less de-
fect structure compared to the KNNg-1Sr film. At the
same time, the KNNg-1Sr-DEA film showed high local
piezoelectric coefficient, d33 of 110 pm/V and good do-
main mobility, which open the possibility for the practi-
cal application of such prepared films.
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