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/Abstract: (KosNays)NbO5 (KNN) is a promising lead-free alter-
native for ferroelectric thin films such as Pb(ZrT)O,. One
main drawback is its high leakage current density at high
electric fields, which has been previously linked to alkali
non-stoichiometry. This paper compares three acetate-based
chemical solution synthesis and deposition methods for
0.5 mol% Mn-doped KNN film fabrication, using lower crys-
tallization temperature processes in comparison to the sin-
tering temperatures necessary for fabrication of KNN ceram-
ics. This paper shows the crucial role of the A site homogeni-
zation step during solution synthesis in preserving alkali
chemical homogeneity of Mn doped KNN films. Chemically

homogeneous films show a uniform grain size of 80 nm and\
a leakage current density under 2.8x 108 Acm 2 up to elec-
tric fields as high as 600 kVcm™, which is the highest break-
down strength reported for KNN thin films. Solution synthe-
sis involving two-step pyrolysis resulted in films with dense,
columnar microstructures, which are interesting for orienta-
tion control and enhancement of piezoelectric properties.
This study reports detailed solution synthesis and deposition
processes with good dielectric, ferroelectric and breakdown
field properties. An optimized fabrication method that
should couple low leakage current density with dense and
oriented microstructures is proposed. D

Introduction

Potassium sodium niobate (KNN) is an interesting alternative
for lead-based ferroelectric thin films because it combines a
high Curie temperature and good piezoelectric properties.'?
However, KNN is often reported to have higher leakage current
densities®™ than films based on PbZr, ,Ti,O;. One cause of the
high field conductivity in KNN is the presence of secondary hy-
groscopic phases that result from non-stoichiometry, due to
the alkali loss during the deposition process.” This issue can
be at least partially resolved by optimizing deposition condi-
tions, utilizing excess alkali, and doping.®* High insulation re-
sistance at high fields is essential in piezoelectric microelectro-
mechanical systems (piezoMEMS) actuators in order to maxi-
mize displacement. Thus, there is an on-going need to further
improve the insulation resistance in Ky,sNay,sNbO; films so that
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high fields can be used to offset the smaller e;,; piezoelectric
coefficients relative to PbZr,,Tiy 4305 piezoMEMS.

Several deposition methods have been explored to manu-
facture KNN: physical vapor deposition techniques such as
sputtering,’®® pulsed laser deposition (PLD),®® metalorganic
chemical vapor deposition (MOCVD),"” and chemical solution
deposition (CSD)."""'® The CSD method is cost effective, facile
in the ability to rapidly change solution stoichiometry and
doping, and is readily scalable to large or unusual (metal foil)
substrates. Therefore, this paper discusses optimization of KNN
deposition using the CSD method, with the intent of identify-
ing factors that control the high field leakage current density.

Solution methods for KNN deposition are categorized ac-
cording to the starting alkali precursors into acetate-
based!""'*141820-331 3nd alkoxide-based™ '®?*3% approaches. In
both cases, niobium ethoxide is usually employed as the Nb
precursor and 2-MOE (2-methoxyethanol) or 1,3-propanediol as
solvents."®3" Acetate-based solutions have been shown to
crystallize into single-phase perovskite KNN at lower tempera-
tures than alkoxide-derived films."? This is useful as the ther-
mal stresses in the piezoelectric film are reduced for lower
crystallization temperatures. Therefore, the CSD methods dis-
cussed here are all acetate-based.

It has previously been reported that homogenization of the
alkali concentration in the solution itself is critical to the prepa-
ration of high-quality KNN films. Several groups suggest that
this is facilitated if the alkali precursors are dissolved and re-
fluxed together in order to promote A site homogeneity prior
to adding the Nb precursor. When this is not done, a longer
reflux time is needed to reduce alkali segregation.”®*? Howev-
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er, Chowdhury et al. reported that chemical segregation occurs
in KNN gels even after long reflux times. As a result, alkali
metal carbonates and bicarbonates developed after the pyro-
lyzed sample was exposed to air.>?

A second approach to minimizing leakage current densities
is to reduce alkali loss from the film on crystallization. Perov-
skite KNN is a stable phase.”"” However even a small non-stoi-
chiometry®? gives rise to alkali rich or deficient secondary
phases such as K;NbO, K,NbsO,,, K,Nb,0,; KNb,,0;3>>"
and Ks 7sNb;05030, KsNb;O;4, K;NbgO,,, KNb,O;5 and KNb,;05; in
ceramics and thin films.2*% K,Nb,O,, easily forms stable hy-
drates, with water molecules intercalated in its layered struc-
ture.® Reported sodium niobate secondary phases are
Na;NbO, NaNbO;, Na,NbgO,;, NaNb,0,;, and NaNb;,0,."*"
These secondary phases could dramatically increase the leak-
age current of KNN."? To reduce this problem, solution stabiliz-
ers such as acetylacetone, acetic acid,””? ethylenediaminetetra-
acetic acid (EDTA), monoethaloamine (MEA), diethanolamine
(DEA),” and polyvinylpyrrolidone (PVP)'"*Y have been report-
ed to increase deposition thickness per layer and to reduce
alkali loss upon heating, improving leakage current density. Al-
ternatively, in order to compensate alkali volatility, Na and K
excess up to 20 mol % is utilized.® 1>

A third approach to reducing leakage current is to dope the
film to compensate for the as-produced carrier concentration.
For example, it has been reported that manganese or lithium
doping decreases leakage current densities in  KNN
films."®2" 1% The fact that acceptor doping decreases the
leakage current densities suggests that many KNN films are n-
type as prepared.“® This differs from most reports on KNN ce-
ramics, which tend to be p-type.**®

While some authors claim excellent environmental stability
in their KNN films, Kupec et al., show that secondary phase can
develop over time in some KNN films. Due to hydration and
carbonization after 6 months of exposure to ambient air, some
films become too conductive for characterization as dielec-
trics.?

Nonetheless, the functional properties of KNN films are inter-
esting for piezoMEMS applications. The relative permittivity for
undoped KNN films prepared by either acetate- and alkoxide-
based routes was reported to range from 490 to 725 with die-
lectric loss ranging from 1.5 to 8% at 1 kHz.'*'*'%%% |ee et al.
reported relative permittivity values as high as 1050 for
0.5 mol% Mn-doped KNN films made by an acetate route. Ad-
ditionally, it has been stated that relative permittivity increases
with film thickness.?" The remanent polarization in undoped
KNN has been reported to range from 5 to 16.9 uCcm 2 with
coercive fields from 42 to 100 kVcm ™" .25 Mn-doped KNN
films have been reported to have remanent polarization
from 7.5 to 15uCcm ? with coercive fields from 36 to
100 kVem .22 Wang et al. reported a piezoelectric coeffi-
cient di3¢ as high as 78 pmV~" in an undoped, strongly {100}-
oriented KNN film synthesized by an acetate route using
PVP.'”" Some sol-gel processes result in very good piezoelectric
film properties such as ey =-12Cm™ for 0.5mol% Mn-
doped KNN, though these results were given without many
processing details."” As a result, it is not possible to directly re-
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produce the results. One of the lowest-reported leakage-cur-
rent values for undoped KNN fabricated by sol-gel process is
1.8x10°Acm? at 50 kVcm ".#? Ahn et al. reached currents
below 107 Acm™? for fields under 80 kVem™' for 20 mol%
alkali excess.”) More insulating properties are achieved with
Mn, Li or Ta doping.""?>%¢0=2 0.5 mol% Mn-doped KNN films
were reported to exhibit leakage current densities of around
36x107Acm 2 with breakdown fields of around
200 kVem '™ and 1x1077 Acm ™2 at 100 kVcm ™ '."¥ Matsuda
etal. showed that a 1 mol% Mn-doped solid solution of
95 mol % K,;Na,sNbO; and 5 mol% CaZrO; exhibit leakage cur-
rent densities of around 1x 1077 Acm 2™

What is then essential, for piezoMEMS actuators, is the de-
velopment of environmentally stable, electrically insulating
KNN films with high dielectric breakdown strengths. This paper
compares three acetate-based solution-synthesis methods for
0.5 mol% Mn-doped KNN films fabrication and provides a de-
tailed description of the synthesis processes. The microstruc-
tural quality, crystal orientation, dielectric, ferroelectric proper-
ties, breakdown strength and dielectric aging of films are
given and correlated with different synthesis methods.

Experimental Section

0.5 mol% Mn-doped K,:Na,sNbO; (KNN) thin films were prepared
by three chemical solution deposition (CSD) methods. In each case,
10 mol% K and 5 mol% Na excess was used to compensate for
alkali volatilization, as K loss has been reported to be more severe
than Na loss."*' The precursors for the solutions include potassi-
um acetate (CH;COOK, 999%, Sigma Aldrich), sodium acetate
(CH;COONa, 99%  Alfa  Aesar), niobium pentaethoxide
(CH;CH,0)sNb, 99.9%, Strem Chemicals Inc.) and manganese ace-
tate ((CH;COO),Mn-4H,0, 99.99%, Sigma Aldrich). 2-methoxyetha-
nol (CH;O0CH,CH,OH, 99%, Sigma Aldrich), acetic acid (CH;CO,H,
99%, Sigma Aldrich) and acetic anhydride ((CH;CO),0) were em-
ployed as solvents.

In this study, three alkali-based synthesis routes were investigated.
In the first method, referred to as route A, alkali acetates were dis-
solved in acetic acid in a glove box. The solution was then refluxed
at 105°C for 10 min under an argon blanket for A site homogeniza-
tion. A complete vacuum distillation of acetic acid from the mix-
ture for 20 min followed. Nb ethoxide was combined with 2-MOE
and stirred in the glove box separately at room temperature for
30 min. Nb ethoxide and 2-MOE solution was then combined with
the precipitated alkali residue. Subsequently, a 4 h reflux under Ar
at 105°C helps improve mixing of the precursors at a molecular
level and formation of oligomer cross-linking in the sol.®? Finally,
0.1 mol of acetylacetone (CH;COCH,COCH,;, 99%, Sigma Aldrich)
was added to the solution as a chelating agent, followed by
10 min stirring under Ar at room temperature. The final molarity of
the solution was 0.4 M. The solution was aged in a refrigerator for
one week, following recommendations in the literature.”® This
preparation method was inspired by work of Kupec et al. and Ahn
et al®1320

In the second method, referred to as route B, 50 mL 2-MOE and
5 mL of acetylacetone were combined at the beginning of the syn-
thesis process and were homogenized by stirring at 80°C for
20 min. Then, the Nb ethoxide precursor and the alkali acetate pre-
cursors were added one at a time to the solution and refluxed at
80°C under Ar for 20 min. The mixture was refluxed in Ar for 4 h at
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80°C and then stirred under Ar for 24 h at room temperature. The 100

molarity of the final solution was 0.4 m. One week of aging fol- —Solution A
lowed.”™ This method allows investigation of the effect of the 90 - -solution B
alkali homogenization step replacement by a longer solution stir- T
ring. X 80 °

In the third method, referred to as route C, alkali acetate precursors & | N\ "' ~'--

were combined with acetic anhydride within the glove box. The -%f 70

acetic anhydride reacts with water, producing acetic acid and = "~ | NN\ T 7-
therefore protects the precursors from being hydrated.®**" After

refluxing at 105°C for 10 min in Ar and complete vacuum distilla- 60 o S —
tion for 20 min, 20 mL of acetic anhydride was added into the

alkali precipitate. Nb ethoxide and 30 mL 2-MOE were combined 50

and stirred within the glove box, and then added to the alkali and 0 200 400 600 800

acetic anhydride solution. The following steps were identical to the
solution A route. Route C is similar to the Pechini method for solu-
tion preparation®"*® since acetic anhydride combined with 2-MOE
leads to the formation of esters at temperatures above 120°C.5"
The principal interest of this method is to investigate the effect of
acetic acid replacement for acetic anhydride as well as the effect of
esterification. Figure 1 summarizes the three synthesis routes.

Powders were prepared for differential thermal analysis—thermog-
ravimetric analysis (DTA-TGA) in order to determine an optimal py-
rolysis conditions for films prepared from each solution. The solu-
tions were dried in a glass container on a hotplate at 150°C while
stirring at 225 rpm to hasten evaporation. The dried powders were
ground by hand with a metal spatula, then stored in a glass con-
tainer and sealed with Parafilm®.

TGA was performed with a Discovery Series TGA Q600 by Texas In-
struments. Approximately 10 mg of powder from each solution
was placed in platinum crucibles. Powders were heated from room
temperature to 800°C at a rate of 10°Cmin~' under 100 mLmin™"
of flowing air. The % weight loss as a function of temperature was
recorded and is shown in Figure 2. All solutions show two mass
drops, one centred at 280+20°C and a second centred at 560+
20°C. Since 560°C is above the crystallization temperatures for

Temperature (°C)

Figure 2. Thermo-gravimetric analysis profiles for solutions.

KNN secondary phase,®® the pyrolysis temperature was set to

300°C for all solutions. For the solution C process, a second step
pyrolysis was added at 430°C for 3 min to try to better eliminate
organic compounds. A comparable 2 step pyrolysis was also uti-
lized for some solution A films.

To deposit films, solutions were spun on platinized silicon wafers
(Nova Electronics, Richardson, TX) at 3000 rpm for 30 s. Solution A
and B layers were dried at 200 °C for 2 min and pyrolyzed at 300°C
for 3 min on hot plates. Solution C, and a subset of solution A
layers underwent a second step pyrolysis at 430°C for 5 min. All
samples were crystallized at 750 °C for 5 min in air in a rapid ther-
mal annealing (RTA) furnace. It is worth noting that temperatures
involved in fabrication of KNN films by the sol-gel method are
much smaller than that utilized for conventional sintering of KNN
bulk ceramics.*® The deposition process steps were repeated until
the desired thickness was achieved. The final thickness of all films
was 1 um.

Manganese acetate Manganese acetate
. - Acetylacetone B
Sodium acetate + Acetic acid 2-methoxyethanol | ‘ ty Sodium acetate + | Acetic anhydride
Potassium acetate \/ Potassium acetate
[ [
] 1. Stir - 20 min atR.T. }

1. Dissolve in a glove box

2. Reflux for 10 min in Ar and distill at
105°C for 20 min. under vacuum at 100 rpm

Niobium(V)ethoxide |+

2-methoxyethanol

3. Stir for 30 min in glove box at R.T.

4. Combine Nb ethoxide/2MOE solution
and alkali acetate/acetic acid solution

5. Reflux with addition of 2 MOE at 105°C 4 hrs.

2. Add and reflux for 20 min at 80 °C in Ar

Niobium(V)ethoxide
3. Add and reflux for 20 min at 80 °Cin Ar

i Sodium acetate -
'

4. Add and reflux for 20 min at 80 °Ciin Ar
Potassium acetate

l 5. Add and reflux for 20 min at 80 °Cin Ar

Manganese acetate . "
5. Reflux with addition of 2 MOE at 105°C 4 hrs.

1. Dissolve in a glove box
2. Reflux for 10 min in Ar and distill at
105°C for 20 min. under vacuum at 100 rpm
then addition of acetic anhydride

Niobium(V)ethoxide

+‘ 2-methoxyethanol

!

3. Stir for 30 minin glove box at R.T.

4. Combine Nb ethoxide/2MOE solution and
alkali acetate/acetic anhydride solution

! '
6. Evaporate to adjust molarit: ; : ;
P ) Y 6. Reflux all mixed solution for 4 h in Ar at 80 °C 6. Evaporate to adjust molarity
(M=0.4M) 7. Stir all mixed solution for 24 h at R.T. (M=0.33 M)
7. Add acetylacetone and stir 10 min. (M =04 M) 7. Add acetylacetone and stir 10 min.
Route A Route B Route C
Figure 1. Solution synthesis process summary for route A, B and C.
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High-resolution micrographs of the surface and cross-section of
the KNN microstructure were obtained using field emission scan-
ning electron microscopy (Zeiss Leo 1530 or Zeiss Merlin). A 5 kV
accelerating voltage was used. Grain size was calculated by averag-
ing seven measurements of the number of grains per linear dis-
tance across FESEM surface micrographs.

X-ray diffraction patterns for each film were collected with the Em-
pyrean PANalytical laboratory diffractometer and Malvern Panalyti-
cal XPert Pro MPD in Bragg-Brentano geometry. The 26 range was
set from 10° to 70°. The degree of the {100} texture was estimated
with the Lotgering factor,® calculated from integrated areas of
pseudocubic peaks {100}, {110}, {21 0} and {211} from diffraction
patterns using program PyMCA®" and the Pseudo-Voigt function
for profile fitting and PDF files 00-065-0276"? corresponding to the
tetragonal P4mm KNN phase. Note that diffraction peak {111} and
{200} are omitted in the calculation because they are convoluted
with {111} Pt peak and a substrate peak.

A Thermo Scientific Q250 SEM with an Energy Dispersive Spectros-
copy (EDS) attachment was used to generate composition maps of
the KNN films. An electron beam with 10 kV accelerating voltage
and beam current of 100 nA were incident on the sample.

To pattern top electrodes for electrical measurements, a lift-off pro-
cedure was employed. LOR 5 and SPR 2013 positive photoresists
were spun on to the sample surfaces and patterned by photoli-
thography to create features with diameters of 200, 400, 500 or
600 pm. 100 nm thick Pt layer was deposited by RF sputtering
(Kurt Lesker CMS-18 sputtering tool). After a standard lift-off pro-
cess, Pt top electrodes were post-annealed in RTA at 500°C, for
1 min in air to improve interface adhesion between the Pt electro-
des and the KNN films.

Electrical measurements were made to assess the low and high
field dielectric responses as well as the leakage currents of the
films. The films' relative permittivity and dielectric loss were mea-
sured using an LCR meter (Hewlett Packard 4284A, Palo Alto, USA)
from 50 Hz to 500 kHz with a 30 mV AC signal. A Multiferroic Test
System (Radiant Technology, Inc. Albuquerque, NM) was used to
perform high field polarization—electric field hysteresis loops (P-E
loop) at 1 kHz and a maximum field of 400 kVcm™". The steady-
state leakage current was evaluated as a function of the DC ap-
plied voltage by stepping up the voltage and waiting for a delay
time (tp) of 60 s prior to measuring the current with a Hewlett-
Packard 4140 PA meter (Agilent Technology, Palo Alto, CA). Aging
measurements were performed with 8 capacitors per DIP package
for statistical data using a Hewlett-Packard 4284A precision LCR
meter. Before the aging measurements were taken, the samples
were poled at 150 kVcm™' (two times the coercive field) for 10 mi-
nutes at 150 °C and cooled to room temperature while maintaining
the dc voltage. Changes in the dielectric constant were monitored
while probing samples at 10 kHz at 30 mV AC signal.”®”

Results and Discussion

Figure 3 displays the FESEM surface and cross-section images
taken after deposition. Solution A films show a uniform 80 nm
average grain size without a columnar microstructure and ex-
hibit pores between grains. Solution B films show an average
grain size of 230 nm with a nonuniform grain size distribution
and porous microstructures. The cross-section for solution B
films show larger grains but not a clear columnar microstruc-
ture. Solution C films show dense, columnar grain growth with

(a) Sol. A

Figure 3. FESEM images showing surface and cross section for films pre-
pared from solution A (a), B (b) and C (c) route.

an average grain size of 170 nm. However, the grain size distri-
bution is not uniform.

The Nb and alkali chemical homogeneity of all films was in-
vestigated using EDS analysis. This technique has previously
been used to quantify Na, K and Nb amounts in KNN films.”)
The qualitative results in Figure 4 show that solution A films
are chemically homogeneous, but solution B and C films show
Na and K rich regions. Since Nb concentration is homogeneous
in all films, it is presumed that the effects of microstructural
features on the EDS mapping are not dominant. It is worth
noting that films with alkali chemical inhomogeneity also ex-
hibit larger variations in grain size. Homogeneous grain size
seems to be one of the signs of chemical homogeneity of
films.

It is believed that the alkali segregation is directly traceable
to the solution preparation procedure. The Solution A method
includes an alkali homogenization step in acetic acid before
addition of the niobium; this produces the most homogene-
ous alkali concentration in the resulting films. Solution B omits
the alkali homogenization step. It is hypothesized that chemi-
cal inhomogeneity in the precursor solution produces the Na
and K rich clusters in the dried gel and thus the chemical inho-
mogeneity in the films. Chowdhury etal. also combined all
precursors without A-site homogenization, which led to Na
and K segregation. Note that the segregation was diminished
by a long reflux time up to 60 h.”®3¥ The Solution C process
replaces homogenization in acetic acid with homogenization
in acetic anhydride. It must be noted that acetate alkali precur-
sors do not dissolve in acetic anhydride; therefore, the homog-
enization of the perovskite A-site is not expected to be com-
plete at this step. This is likely to be the reason for Na and K
chemical segregation in the solution C films. To mitigate this, it
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Solution A film: Solutions A, B and C had different molarities and different
FESEM - deposition conditions. Solutions A and B had a molarity of

0.4 molL™" and the same deposition conditions, leading to a

deposition thickness of 70 and 60 nm per layer, respectively.
Solution C films had a molarity of 0.33 molL™" and two-step
pyrolysis leading to a deposition thickness of 42 nm per layer.
In order to achieve 1 um thickness 15 layers need to be depos-
ited from solution A, 17 layers need to be deposited from solu-

G o tion B and 24 layers need to be deposited from solution C.
Na Kal.2 K Kal . . . .
Figure 5 shows the X-ray diffraction patterns of films from

- solutions A, B and C. All films crystallized in the perovskite
“5am

phase. No secondary phase is observed. Diffraction peaks were
indexed using the pseudocubic perovskite phase.

The Lotgering factor was used in order to compare the
strength of the {100} texture in films. Table 1 shows the calcu-
lated Lotgering factors for {100} family of diffraction planes for
the three films. All films have some degree of [100] orienta-

}l

25um

Solution B film: tion. Films from the solution C route are the most {100} tex-
FESEM Nb Lt tured. This observation correlates with the degree of columnar
character in the microstructure. Columnar grains result from a
preferential grain growth over nucleation during crystallization,
and favour a preferential orientation of crystals. Films from sol-
ution C had the densest and the most homogeneous columnar
grain microstructure, which results in the most {100} textured
films.
i Na Kel_2 Y K Kal

* . substrate
—
=
<
'
>
25um 25um :
Solution C film: 2
FESEM _ [eid 9
i s £
o
(@)
-
um Na Kol 2 220 K Kal ’ T Y T T T T T T T r

200
Figure 5. X-ray diffraction patterns for films from solution A, B, C routes and
the substrate. Peaks at 20 values of 33.02°, 36.00° and 61.75° correspond, re-
spectively to the substrate, (111) Pt and (400) Si.
e, — 1

25um ! 25um

Figure 4. EDS analysis of film surface prepared from solution A, B and C
routes. Table 1. Lotgering factor for {100} planes for films from solution A, B
and C.
Film Lotgering factor {00}
is proposed that a combination of acetic acid with acetic A 0.31
anhydride should be used to reduce alkali segregation in KNN g g'g?
films. i
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The second pyrolysis step used in solution C films leads to a
denser microstructure with columnar grains (Figure S1 in Sup-
porting Information). This change in microstructure due to py-
rolysis could be due either to a change in the nucleation densi-
ty or potentially to improved removal of organics. It is notable
that when a 2-step pyrolysis was used for solution A, the densi-
ty was also improved, as described below.

Films from solution C showed the highest relative permittivi-
ty of 970, in comparison to films from solution A and B, which
are both 750 measured at 1 kHz as shown in Figure 6a; this
permittivity is comparable to prior reports in the literature, and
is consistent with the observation of residual porosity in both
sets of films. Films A and C show low dielectric losses of
around 1.6%; dielectric losses for solution B film are higher,

4 1300 - 0.20
—@— Solution A
- 1200 - —0— Solution B
£ 1100 —A— Solution C
> 10.15

juadue} ssoq

400 T r 0.00
10° 10° 10* 10°
Frequency (Hz)
b 40
Ng 101:'! A_:’
] 1
'&" 1074 f
= 10"} °
@ 1 ©
g1 0y &
o
= 107 o
g 10'*'1 @ Soluti
= 14 olution A
3 1 O~ Solution B
O 10" A Solution C
0 200 400 600 800 1000
Electric field (kV/cm)
C. 30
- —— Solution A
o ——— Solution B
E 201 ggiution €
%)
310+
=
25 /
I %
‘IE 10 4
2.
o
20
-30 v T L T . v T T
-600 -400 -200 0 200 400 600
Electric field (kV/cm)

Figure 6. Relative permittivity and dielectric loss as a function of frequency
(a), current density as a function of electric field (b) and polarization as a
function of electric field (c) for films deposited from solution A (black), B
(red) and C (blue) routes.
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2.5%, at 1kHz. Solution C films are close to the reported
values for relative permittivity of dense Mn-doped KNN
films.[2"4¢

Current density measurements as a function of electric field
are shown in Figure 6b. Solution B had the highest leakage
current density; solution C films typically failed at 270 kVem™'
whereas solution A films typically failed at 610 kVcm™'. More-
over, the Solution A films conserved a low leakage current den-
sity of 2.8x108Acm™? up to electric field of 600 kVcm™',
which is the highest electric field among the three solution
preparation methods. It is also notable that the breakdown
strengths of solution A films exceed prior reports for KNN
films. For example, 0.5 mol% Mn doped KNN films were report-
ed to exhibit leakage current densities of around 3.6x
1077 Acm ™2 with breakdown fields of around 200 kVcm".H9 |t
is worth noticing that solution A films exhibits low leakage cur-
rent density up to large electric field despite the porous micro-
structure.

Figure 6 c shows the polarization versus electric field data for
films from solutions A, B and C. All films exhibit ferroelectricity.
The coercive fields are 50, 36, and 25 kVem™' for films A, B
and C respectively. The remanent polarization is 5.7, 6.6, and
4,0 uCecm2 for films from solutions A, B, and C, respectively.
Note that values of remanent polarization are lower than
values reported previously for Mn-doped KNN films®"#%! on
Si substrates; the reason for this discrepancy is not known.
Films from solution A have a larger coercive field and slightly
asymmetric P-E loop in comparison to solution C and B films.
Films from solution B and C show an imprint off-centring their
P-E loop by 6 to 8 kVcm™', respectively. This imprint might be
related to existence of internal electric fields due to the chemi-
cal inhomogeneity of the films.

The aging rate of the dielectric constant for films from solu-
tion A, B and C routes were measured by monitoring the
change in dielectric constants over time after the poling field
was removed. Figure 7 shows that the aging rates of ¢, are
1.4%, 1.6% and 1.7 % per decade for films from solutions A, B,
and C, respectively. The decrease in the dielectric constant
might be related to partial de-poling or reorientation of do-
mains in KNN films over time. The slightly lower aging rate for
the most chemically homogeneous film may be associated
with reduced local fields in the sample, although in the future,
this should be verified with denser films.

The correlation between low breakdown strength and large
grains, as seen here in solution B and C films, has already been
reported in the literature. Kupec et al. observed increased KNN
grain size related to 10 mol% excess of Na or K in the films.
The corresponding films also exhibited large leakage current
densities. The grain boundaries of those samples were subse-
quently investigated with transmission electron microscopy
and conductive atomic force microscopy.*' Results show an
amorphous material that wetted the grain boundaries, forming
low resistance conduction paths through the film. The compo-
sition of this material is reported to be non-stoichiometric.
Note that this material is not visible in X-ray diffraction pat-
terns. On the other hand, Tanaka et al. observed that abnormal
KNN grains are related to alkali ratio inhomogeneity."

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Aging of the dielectric constant (¢,) for films from solution A (a), B
(b) and C (c) routes. All samples were poled at two times the coercive field
for 10 minutes at 150 °C. Changes in dielectric constant over time were
monitored in order to determine the aging rate.

In order to assess whether low leakage current in case of
solution A films is related to solution homogeneity or conduc-
tive grain boundaries, and in order to try to induce {100} tex-
ture in solution A films, an experiment using two-step pyrolysis
on solution A, was performed (Figures S2 to S4 in the Support-
ing Information). 15 layers were deposited in order to achieve
1 um film thickness. As expected, introduction of the second
pyrolysis step at 430 °C, resulted in improvement in film densi-
ty. An FESEM image of the film surface in Figure S2¢, shows
fewer pores and a larger average grain size of 132 nm. The film
cross-section image in Figure S2d shows fewer pores and
larger grains. Even though the microstructure in not columnar,
the film cross-section contains fewer grains through the thick-
ness. The grain size distribution is homogeneous, which was
previously linked to alkali chemical homogeneity in the solu-
tion A films. It is noted that the modified deposition condition
does not seem to affect alkali chemical homogeneity. There-
fore, the hypothesis of alkali chemical homogeneity linked to
solution synthesis process seems to be verified here. In addi-
tion, since second step pyrolysis resulted in denser microstruc-
ture and larger grains, it is possible that porous microstructure
in films from solution A with one step pyrolysis were related to
insufficient organics removal before crystallization.

Figure S3 compares the XRD patterns for films from solution
A with one- or two-step pyrolysis. One can notice emergence
of a peak at 28° in the pattern for solution A with two-step py-
rolysis, which corresponds to the K,NbsO,; secondary phase,
that is known for formation of hydrates” The Lotgering
factor for {100} orientation of the film from solution A with
two-step pyrolysis is 0.27. This might be related to the lack of
columnar microstructure. According to the TGA data, solu-
tion C experiences smaller weight loss in comparison to solu-
tions A and B, which means that samples from solution A and
B may need longer thermal treatments in order to burn organ-
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ics. It is hypothesised that a columnar microstructure could be
achieved in solution A with longer pyrolysis steps.

Electrical measurements shown in Figure S4a show that the
additional pyrolysis step results in a small increase of the rela-
tive permittivity from 750 to 780 measured at 1 kHz for the
same film thickness, presumably due to a denser microstruc-
ture. The dielectric loss decreased slightly from 1.6% to 1% at
1 kHz for the same film thickness.

The leakage current measurements in Figure S4b show that
two-step pyrolysis on solution A decreases the film’s break-
down voltage from 600 to 230 kVcm™'. The two-step pyrolysis
in solution A results in similar leakage current profile as for sol-
ution C films. Solution C and solution A films with two-step py-
rolysis result in larger grain size. These results favour a hypoth-
esis linking high leakage current to larger grain size forming
more conductive pathways between the electrodes."” Consid-
ering the observation of secondary amorphous phase located
at the KNN grain boundaries reported by Kupec et al.," result-
ing in high leakage currents in KNN films, it is hypothesized
that either optimization of the solution composition to avoid
as much alkali excess or additional thermal treatment to crys-
tallize the secondary amorphous phase might be efficacious.

Knowing that the secondary phase is located at the grain
boundaries, one can consider the amount of secondary phase
and the available surface area in each case. Films with smaller
grains contain more grain boundary surface area thus the
amount of secondary phase at the grain boundaries is diluted
over more surface area. These grain boundaries might appear
to be less conductive. The film with larger grains contains less
available grain boundary surface area, thus similar or larger
amount of secondary phase is more concentrated, which can
result in more conductive grain boundaries. According to this
hypothesis, a lower leakage current would be achievable with
careful tuning of excess of alkali in KNN solutions.

All in all, this paper provides detailed process descriptions
for KNN films fabrication using the CSD method, resulting in
very good dielectric, ferroelectric and excellent insulating prop-
erties that are indispensable for piezoelectric MEMS actuators.
The solution A synthesis route and associated deposition con-
ditions led to chemically homogeneous films with high break-
down strength of about 600 kVcm™ and low leakage current
density of 2.8x 1078 Acm ™2 The downside of this method is a
porous microstructure, lacking columnar grain growth and
only a small degree of {100} orientation. The solution B syn-
thesis route led to films with larger remanent polarization and
larger Lotgering factor for {100} texture than the solution A
process. However, this method also resulted in chemically het-
erogeneous films that had higher dielectric losses and lower
breakdown strength than films A and C. The solution C synthe-
sis route and deposition process gave rise to films with dense
columnar microstructures. Films were {100} oriented with a
Lotgering factor as high as 0.81. These films also exhibited
high relative permittivity and low dielectric losses. On the
other hand, solution C route resulted in chemically heteroge-
neous films, lower relative permittivity than reported 0.5 mol %
Mn-doped KNN films and lower breakdown strength than solu-
tion A route films. Solution A with two-step pyrolysis resulted

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in a denser microstructure linked to higher relative permittivity
in comparison to films from solution A with one step pyrolysis.
However, these films did not conserve high breakdown
strength. The breakdown strength of solution A with two-step
pyrolysis is of the similar magnitude as that of the solution C
films. It is hypothesized that fine-tuning of alkali excess is re-
quired in order to achieve low leakage currents in KNN films
with columnar grain microstructure.

Based on this work, process modifications are suggested in
order to achieve better microstructural and electrical proper-
ties in KNN films. EDS images show that A-site homogenization
step in either acetic acid or a mixture of acetic acid and acetic
anhydride in needed in order to achieve KNN films with uni-
form alkali concentrations and uniform film surface topogra-
phy. In order to favour {100} orientation in pore-free KNN
films, columnar grain growth will be important. This in turn
will favour piezoelectric coefficients; the two-step pyrolysis is
preferred for this purpose. According to the literature, high
leakage currents in films are related to the secondary amor-
phous phase located at the grain boundaries. Denser and col-
umnar microstructure favours high concentration of secondary
phase at the grain boundaries. Therefore, in order to reduce
the leakage current, a fine-tuning of alkali excess in solutions
will be necessary. Thus, it is suggested that in the future, ad-
justed alkali excess in the solution A preparation method with
longer 2-step pyrolysis or fine-tuned alkali excess in solution C
preparation method with an improved alkali homogenization
step could be modified, such that high breakdown strength,
high density, and high levels of orientation can be combined
in a single KNN film.

Conclusions

This paper compares in detail three solution synthesis methods
for KNN films. Solution A produced chemically homogeneous
films with homogeneous grain size and with the lowest leak-
age current density at high fields reported for KNN thin films.
Highly insulating KNN films are an important achievement for
lead-free piezoelectric MEMS actuator applications. Solution B
films exhibited Na and K rich regions, large average grain sizes
and porous microstructures. These films have high leakage cur-
rent density and low electric breakdown strength. This sug-
gests that the alkali homogenization step during solution syn-
thesis is crucial in order to achieve homogeneity in films. The
solution C route utilized a two-step pyrolysis. This method led
to a dense, columnar-grain microstructure with {100} preferred
orientation. Since the chemically homogeneous solution A film
with two step pyrolysis resulted in films with lower breakdown
strength than films with one step pyrolysis, it seems that fine
adjustments of alkali excess are necessary to achieve low leak-
age current density in KNN films with large-grain microstruc-
ture. Important conditions for KNN films fabrication include an
A-site homogenization step, two-step pyrolysis and fine alkali
tuning which enables pore free columnar grain microstructure
with low leakage current densities in KNN films.
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