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(Nag 5Kg.5)NbOs-based materials are promising lead-free piezo-
electrics because of their relatively high Curie temperatures and
piezoelectric coefficients. Using precursor powders made by a
coating method, (NagsKo s)o.945Lig.055Nbp.96Sbo.04O03  thick
films were successfully fabricated by pressureless sintering.
Large high-field —d3; value of 1700 pm/V, >20 times larger
than that of the bulk counterpart, was observed at an applied dc
electric field of 6-8 kV/cm. In situ X-ray diffraction study
showed that the large piezoelectric response was partially due to
non-180° domain switching under the electric field. Further in-
vestigation is needed to elucidate this enhancement effect. The
enhanced high-field piezoelectric property observed should en-
courage the use of lead-free piezoelectrics.

L

PIEZOELECTRIC films are widely used in piezoelectric micro-
electromechanical systems (PMEMS). Most of the PMEMS
devices are made of lead-based piezoelectric materials such as
lead zirconate titanate. Because of the toxicity of lead, there
have been intensive efforts around the globe to limit the use of
lead. For instance, the European Union has established envi-
ronmental guidelines to prohibit lead-containing materials in a
majority of electronics starting from 2006." Several Asian coun-
tries have taken similar measures because they export electronics
to European countries. Because of the reduced size and power
consumption, and improved performance, PMEMS have en-
joyed steadily increased applications. However, in many appli-
cations especially biomedical applications the presence of lead is
unacceptable. There is a need to develop lead-free PMEMS for
biomedical applications. For PMEMS applications, thick films
made by tape casting and sintered without a substrate are most
suitable because thin films made on a substrate exhibit a much
reduced piezoelectric coefficient due to pinning by the substrate
and material interdiffusion with the substrate. Ease of device
fabrication is another benefit of substrate-free films.

So far, much of the lead-free piezoelectric research has been
devoted to developing the bulk materials and substrate-based
thin films; very few studies were carried out for thick films with-
out a substrate’ due to the difficulty in preparing good sub-
strate-free lead-free piezoelectric films. Sodium potassium
niobate, Nag sKq sNbO; (NKN)-based piezoelectrics are among
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the most studied lead-free piezoelectrics.> Numerous studies
have tried to improve the piezoelectric coefficient of NKN-based
piezoelectrics by solid solution and doping.*> While NKN-
based solid solutions offer promising piezoelectric coefficients,
the difficulty of making NKN-based films without a substrate is
that they require pressure-assisted sintering, which is incompat-
ible with substrate-free processing. Recently, we have shown
that by doping antimony in the solid solution of NKN and
LiNbO; (LN) and with a precursor coating approach, bulk
pieces of (Nag sKo.5)0.945Li0.055Nbo.96Sb0.0403 (Sb-NKN-LN)
could be sintered at 1120°C without pressure with a grain size
> 5 m that exhibited a ds3 >240 pC/N, and a dielectric constant
of 1000.® With a processing route permitting pressure-less sinte-
ring, it is then possible to make lead-free piezoelectric substrate-
free films by tape casting for potential PMEMS applications.

The purpose of this study is to fabricate lead-free Sb-NKN-
LN films without a substrate using the precursor coating and a
pressureless sintering process and evaluate their piezoelectric
performance.

II. Experimental Procedure

The Sb-NKN-LN film made without a substrate (freestanding
film hereafter) was made from the Sb—-NKN-LN precursor
powder prepared by coating sodium and potassium precursors
on the Nb,Os and Sb,Os particles in an aqueous solution.> After
calcination at 850°C for 2 h, the powder was ball-milled for 24 h
and sieved using #45 and #100 meshes. The powder was then
mixed with a proprietary dispersing resin and ball-milled in an
alcohol-ketone mixture for 24 h. With the remaining resin and a
phthalate-based plasticizer, the precursor powder was further
ball-milled for 24 h, deaired, and cast into tapes of desired
thickness. The green tapes were then placed in an alumina cru-
cible sealed with packing powder that had the same composition
as the tape and sintered at 1120°C for 2 h. A photograph of a
40 pm thick thus sintered Sb-NKN-LN freestanding film is
shown in Fig. 1(a). As observed in the figure, the film was trans-
lucent with a yellowish tint. The scanning electron microscopy
(SEM) (FEI/Phillips XL30, FEI, Hillsboro, OR) cross-section
micrograph of the film is shown in Fig. 1(b).

To measure the d3; piezoelectric coefficient, the 40-pum-thick
Sb—NKN-LN freestanding film was first coated with Pt/Pd elec-
trode by sputtering, and then cut to an 11-mm-long, 1.6-mm-
wide strips (the inset of Fig. 2) by a wire saw (WS22, Princeton
Scientific Corp., Princeton, NJ). A microscope glass slide was
glued to one end of the strip with a nonconductive epoxy. The
sample was poled at 25 kV/cm and 120°C for 30 min on a hot
plate, and then aged for over 24 h before the piezoelectric mea-
surements. A small titanium foil (0.5 mm x 0.5 mm x 0.025 mm)
was attached at the free end as a mirror for a Keyence LC-2450
laser displacement meter that had a 0.5 pm resolution (Keyence
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Fig.1. (a) A photograph and (b) an ESEM cross-section micrograph of a 40-um-thick Sb-NKN-LN freestanding film.

Corporation, Woodcliff Lake, NJ) to focus on. During the mea-
surement, the sample and the laser head of the displacement
meter were fixed on a floated Newport optical table (RS1000,
Newport Corporation, Irvine, CA). A direct current (dc) electric
field was applied across the thickness of the strip and the lateral
displacement was directly measured with the laser displacement
meter. For comparison, similar direct lateral displacement mea-
surements were also carried out on strips cut from bulk Sb—
NKN-LN pieces that were also made by the precursor-coating
and the pressureless sintering process and of the same compo-
sition and microstructure and poled with the same field and
temperature conditions. The bulk Sb-NKN-LN strips were
10 mm long, 1.9 mm wide, and 550 pum in thickness (not shown).

III. Results and Discussions

The d3; piezoelectric coefficient was deduced by dividing the
lateral strain by the applied electric field. The resultant lateral
strain and —ds; vs E of the Sb-NKN-LN freestanding film strip
and the bulk strip are plotted in Fig. 2, where E is the dc electric
field. Note that no data points below 3 kV/cm for the freestand-
ing film strip and 6 kV/cm for the bulk strip were included as the
displacement in these ranges was outside of the resolution of the
displacement meter. As can be seen, the freestanding Sb-NKN—
LN film exhibited a —d5; of about 100 pm/V at £=3 kV/cm,
which was comparable to the bulk —d;; of 82-116 pm/V
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Fig.2. —d5; and lateral strain versus E of a 40-pm-thick Sb-NKN-LN
freestanding film strip (full squares and full circles, respectively), and a
bulk Sb-NKN-LN strip of the same composition (open squares and
open circles, respectively). The insert is a photograph of a Sb-NKN-LN
freestanding film strip.

reported in the literature’ and also comparable to —ds; = 80—
100 pm/V of the bulk strip at £ = 6-7 kV/cm. In many studies,
thick films were shown to exhibit inferior microstructures and a
lower piezoelectric coefficient to the bulk.®® That the present
freestanding Sb-NKN-LN film exhibited a low-field d3, close to
that of its bulk piece and also close to the bulk values reported in
the literature, indicates that the present freestanding Sb-NKN-—
LN films were well sintered without pressure. Furthermore, the
—d5; of the freestanding film increased rapidly with an increas-
ing E and reached a maximum of about 1700 pm/V at around
E=7kV/cm, more than 17-fold enhancement over the low-field
value. In comparison, the bulk strip did not exhibit such a large
enhancement. Although the —d5; of the bulk strip also increased
with an increasing E, it only increased to about 100 pm/V at
E=7 kV/em. Comparing the —d3; = 1700 pm/V of the free-
standing film at £="7 kV/cm to —d3; = 100 pm/V of the bulk at
the same electric field, one can see, again, that the freestanding
film exhibited a >17-fold enhancement in ds5; over the bulk
strip. The d3, enhancement observed in the present freestanding
Sb—NKN-LN films over their bulk counterpart clearly indicated
that they behave very differently from the bulk. It is of interest
to note that previous experiments on freestanding (Pb(Mg; 5Nb,/3)
03)0‘65—(PbTi03)0'35 (PMN—PT) films 8-75 Hm in thickness also
exhibited electric-field-enhanced piezoelectric performance'®!":
The —d5; of freestanding PMN-PT films increased from around
300 pm/V at zero field to about 2000 pm/V at E=5 kV/cm.
In situ X-ray diffraction (XRD) analysis and piezoelectric force
microscopy indicated that the enhanced piezoelectric response
of these freestanding PMN-PT films at higher E was the result
of the sheet-geometry-enhanced polarization orientation switch-
ing in these freestanding films at an elevated electric field, i.e.,
due to the depolarization effect of the sheet geometry of the
freestanding films, more lateral polarization was retained after
poling. As a result, more polarization switching occurs in a
freestanding film than in the bulk at a high enough field, result-
ing in a large enhancement of the lateral strain, and hence the
—ds coefficient. Although the present —d5; was derived from
the strain method involving high fields, which is different from
the typical resonance method involving a low alternating current
(ac) field, it was still a —ds; albeit at a higher field. To distinguish
the —ds; coefficient measurement by the current direct strain
method from those obtained by the typical resonance method,
we will refer to the piezoelectric coefficient obtained bg the pres-
ent method as “high-field piezoelectric coefficient.”'*! In the
following, we will simply call the “high-field —d5;” obtained in
the present study “—d3,” for convenience.

Domain switching in ferroelectrics can be classified into two
types: 180° domain switching and non-180° switching. Only the
non-180° domain switching induces strain in the material. Mea-
suring the change in the XRD pattern around 002/200 peak as a
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function of applied electric fields provides information about the
non-180° domain switching. In an attempt to find out how the
ds; of the present freestanding Sb-NKN-LN film was enhanced
by the electric field, in situ XRD experiments were carried out in
a dc electric field. For a tetragonal phase, the integrated inten-
sities of the (200) and (002) peaks are related to the populations
of a-domains (corresponding to the in-plane polarization) and
c-domains (corresponding to the polarization normal to the film
plane), respectively.'* Meanwhile, for the orthorhombic phase,
the integrated intensities of the (020) and (002) peaks are related
to the populations of orthorhombic a-domains and c¢-domains,
respectively. As an example, the in situ XRD patterns of a poled
40-pm-thick Sb-NKN-LN film at 0 and 10 kV/cm are shown in
Fig. 3(a) as thick dashed and solid lines, respectively. Because of
the coexistence of the orthorhombic phase and tetragonal phase
in this material,’ the XRD pattern of the Sb-NKN-LN film in
the range 45°<20<46.5° can be deconvoluted into four indi-
vidual peaks: tetragonal (200), tetragonal (002)7, orthorhombic
(020)0, and orthorhombic (002),, with the two tetragonal peaks
on the outside bracketing the two orthorhombic peaks in the
middle.’ The deconvoluted peaks at 0 and 10 kV/cm are shown
as the thin dashed and solid lines, respectively. As can be seen,
mostly (002), and some (002)7 grew at the expense of (200)7. A
schematic depicting the orientation switching in the freestanding
film is shown in the insert of Fig. 3(a). The weight fraction of
each of the four peaks at 0 and 10 kV/cm as obtained by inte-
grating the area under each peak is listed in Table I. Quantita-
tively, with a 10 kV/cm dc electric field, the weight fraction of
the (002)4 peak increased from 0.27 to 0.29 and that of (200),
decreased from 0.49 to 0.43, while the weight fraction of the
(002)p peak increased from 0.12 to 0.19 and that of the (020)o
peak changed from 012 to 0.11. This result indicates that the in-
plane polarization such as (200); switched to out-of-plane di-
rections such as (002), and (002)7. For comparison, Fig. 3(b)
shows the XRD patterns of a bulk sample at 0 and 10 kV/cm as
thick dashed and solid lines, respectively. The deconvoluted
peaks at 0 and 10 kV/cm are shown as thin dashed and solid
lines, respectively. In contrast to the freestanding film, at 10 kV/
cm, there was negligible switching from the (200)7, only some
(020)p was converted to (002),. This indicates that robust po-
larization domain switching via field-induced phase transforma-
tion only occurred in the present Sb-NKN-LN films but not in
the bulk and that the switching at £= 10 kV/cm was mostly
from the in-plane polarization of the tetragonal a-domain to a
partially vertical, face diagonal polarization of the orthorhom-
bic phase (orthorhombic ¢-domain) instead of a complete con-
version to a vertical polarization of the tetragonal c-domain as
was the case in the PMN-PT films. Furthermore, it is known
that dielectric constant is higher when the field is normal to the
polarization and lower when the field is parallel to the polariza-
tion.'” In Fig. 4, we plot the dielectric constant versus the ap-
plied electric field. As can be seen that the dielectric constant
decreased with an increasing electric field, supporting the XRD
results of Fig. 3 that non-180° domain switching occurred in the
freestanding Sb-NKN-LN film.

Even though domain switching is responsible for the high-
field d5; enhancement, the domain switching in the present
Sb—NKN-LN freestanding film goes mostly from tetragonal a-
domains to orthorhombic ¢-domains, which is different from the
PMN-PT freestanding films where the polarization domain
switching goes from the tetragonal a-domains to the tetragonal
c-domains. The situation in the Sb-NKN-LN freestanding films
are more complex and involves phase transformation. Further
study is needed to fully understand the role of the phase trans-
formation to the large strain enhancement.

III. Summary

In summary, 40-pm-thick lead-free Sb—-NKN-LN freestanding
films were successfully fabricated. Direct lateral displacement
measurements indicated that at zero electric field the Sb-NKN-LN
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Fig.3. (a) In situ XRD of a poled 40 um Sb-NKN-LN freestanding
film at 0 kV/em and 10 kV/em (b) In situ XRD of a poled 550-pm-thick
Sb-NKN-LN bulk sample at 0 and 10 kV/cm. The insert in (a) is a
schematic of the polarization switching from the in-plane tetragonal a-
domain at £=0 kV/cm to mostly orthorhombic ¢-domains and some
tetragonal ¢ domain at £= 10 kV/cm.

freestanding films exhibited a similar —d5; of about 100 pm/V to
that of its bulk counterpart as well as the bulk ¢s; reported in the
literature. Interestingly, the —ds3; of the Sb-NKN-LN freest-
anding film increased rapidly to about 1700 pm/V at 7 kV/cm,
while the same measurement on the bulk sample of the
same composition exhibited no such dramatic enhancement.
In Situ XRD studies indicated that the field-induced polariza-
tion domain switching was mainly from the in-plane tetragonal

Table I. Weight Fractions of the (002)7, (002),, (020)0, and
(200) 7 Peaks the XRD Patterns in Fig. 3(a) obtained by
Peak Deconvolution Analysis

Weight fraction

E (kV/cm) (002);- (002)0 (020) (200);-
0 0.27 0.12 0.12 0.49
10 0.29 0.17 0.11 043
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Fig.4. Dielectric constant behavior of the 40 pm Sb—-NKN-LN free-
standing film as a function of applied dc field.

a-domain to a face diagonal polarization of the orthorhombic
c-domains. Consequently, the domain switching in Sb—-INKN-
LN freestanding films involves phase transformation and is
different from the field-induced piezoelectric enhancement ob-
served in PMN-PT freestanding film where the domain switch-
ing goes from tetragonal a-domains to tetragonal c-domains
without phase transformation. The large piezoelectric response
enhancement in the Sb-NKN-LN freestanding films should
allow lead-free piezoelectrics and PMEMS to be used more
widely.
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