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Abstract The study highlights the effect of donor (Sr**)
and acceptor (Zr**) co-doping on phase formation, micro-
structure, density, ferroelectric, dielectric, piezoelectric,
fatigue and aging properties of (Nag 5, K 45)(Nbg 95 Sby ¢5)
O;, abbreviated as NKNS, lead free piezoelectric ceramics.
The composition (1-x)(NKNS)—xSrZrO; (where x=0.0,
0.02, 0.04, 0.06 and 0.08) were synthesized by mixed oxide
route. The doping drastically affected the phase formation
and the microstructure. The poling studies suggested that
the material requires higher poling temperature (120 °C) for
optimum properties. At the small concentration of StZrO;,
the dominant effect of acceptor doping induced ‘hybrid’
piezoelectric behavior which improved fatigue, ageing
and piezoelectric properties. The mechanical quality fac-
tor (Q,,) more than doubled (96) and piezoelectric charge
co-efficient peaked to 157 x 10 ~'2 C/N for 2% StZrO,. The
study of Raman spectra ascertained that the doping influ-
enced the nature of B—O bonding. The electrical fatigue
behavior in conjunction with ferroelectric studies con-
firmed that due to complex doping different mechanisms
work to stabilize the polarization state which influenced the
ageing and fatigue behavior.
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1 Introduction

Piezoelectric lead zirconate titanate (PZT) ceramics are
widely used in many applications like sensors, transducer
and actuators because of high piezoelectric and dielectric
properties [1]. However, the use of lead based ceramics has
caused serious environmental problem. The toxicity of lead
containing piezoceramics is a serious issue. Hence, there
was a great need to replace PZT with lead free piezoelectric
material having good piezoelectric and dielectric properties
[2, 3]. Along with it, good resistance to ageing and electri-
cal fatigue is also desired for electronics application [1].
Alkaline niobate based materials are one of the prom-
ising candidate, among the lead free materials, to replace
lead based piezoelectric materials. But still the piezoelec-
tric properties of NKN materials are inferior to the PZT.
The piezoelectric properties of (ks Nag 5)(Nb(_,)Sb,)O5
was studied by Gong et al. [4], which confirmed good pie-
zoelectric properties with a ds; of 134x 107! C/N. How-
ever, the properties can be modulated, as required, for dif-
ferent application by incorporating “hard” or “soft” dopant
in the perovskite NKNS materials. The addition of accep-
tor “hard” dopant, like Zr ** [5] replacing Nb°* or Sb>*
in NKN perovskite structure, creates oxygen vacancies
which enhances coercive field (E.) and electromechanical
quality factor (Q,,) due to the formation of defect dipoles
between the acceptor ions and charge compensating oxygen
vacancies [6-9]. On the other hand, donor “soft” dopant,
like Sr** [10] replacing K™ or Na*, inhibits oxygen vacan-
cies formation which decreases E- and Q,, and enhances
piezoelectric properties [7, 11]. As compared to PZT,
co-doping of acceptor and donor has not been studied so
elaborately in NKN based system [12, 13]. The ageing and
fatigue behavior plays a pivotal role in fabrication of sensor
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devices as these may alter the properties and functionality
significantly.

Therefore, in our study, there is a co-doping of Sr at
A-site and Zr at B-site in NKNS, which acts as a soft and
hard dopant, respectively, and efforts have been made to
unravel the effects of such co-doping on the properties of
NKNS through ferroelectric, microstructural and phase for-
mation studies. Due emphasize has been given on fatigue
and ageing characteristics of co-doped samples. We have
endeavored to explain how it influences the poling behav-
ior, ferroelectric, piezoelectric, electrical fatigue, ageing
properties etc. and the mechanisms involved.

2 Experimental

Lead free (1-x) (Nags, Kggg) (Nbpgs Sbyps)O3—x
S1ZrO; ceramics, x=0.00-0.08, were produced by con-
ventional solid state reaction method. The (Nays, K 4g)
(Nbg g5 Sby ¢5)05 was prepared from powders of Potassium
carbonate (K,CO;), Sodium carbonate (Na,CO;), Anti-
mony pentoxide (Sb,0Os) and Niobium pentoxide (Nb,Os),
(Sigma-Aldrich, purity >99.8%), which were mixed in
planetary ball mill with zirconia grinding media for 24 h.
Subsequently, the powder was calcined at 800°C for 5 h.
Similarly, SrZrO; (abbreviated as SZ) was prepared sepa-
rately from Strontium carbonate (SrCO;) (Sigma-Aldrich,
purity >99.8%) and Zirconium oxide (ZrO,) (IRE, purity
99.5%) by calcining at 1070°C for 3.5 h. Then the NKNS
and SZ powders were mixed and milled for 24 h in stoi-
chiometric ratio and calcined at 800 °C for 3 h to form
(Nag 5o Koag) (Nbggs Sby5)O3, 0.98(Nay 55 Ko ag) (Nbg g5
Sbg 95)03—0.0251ZrO;, 0.96(Nays5, Kj4g) (Nbyos Sbygs)
0;—0.04S51Zr0O5, 0.94(Nays5, Kgag) (Nbgos Sbyos)O03—
0.06S1rZrO; and 0.92(Nays, Kgag) (Nbggs Sbyos)O3—
0.08SrZrO; ceramics, henceforth referred to as NKNS,
287, 457, 6S and 8SZ, respectively. Samples in the form
of disc of diameter 10 mm were pressed by double acting
hydraulic press (Make GMT) at 110 MPa. Then disc were
sintered at 1140°C for 3 h in closed alumina crucible. The
sintered samples were lapped to the thickness of 1.2 mm
and the densities were determined by Archimedes method.
The crystalline phase formation was analyzed using X-ray
diffractometer, D8 Advance (Make Bruker AXS GmbH).
The microstructure of the fractured surface of the sintered
samples was explored using FESEM, Merlin (Make Carl
Zeiss) and the Quantimet software was employed to carry
out the grain size measurements. For the electrical meas-
urements, silver electrodes were applied on both the sur-
faces of the sintered samples. The ferroelectric and fatigue
behavior were determined at room temperature using aix
ACCT TF 2000 analyzer. Dielectric constant and loss tan-
gent (tan ) was measured using LCR HiTESTER (HIOKI

3532, Japan). Samples were poled at different poling tem-
peratures using high DC power supply (Glassman). The
piezo ds; meter (Piezotest PM300) was engaged to measure
piezoelectric charge coefficient (d;;) and the same instru-
ment was used for carrying out the aging study by meas-
uring the d;; at different time intervals after poling. The
Raman spectroscopy was conducted using the 514 nm line
of an Ar—Ilaser (300 mW) (inVia Reflex, Renishaw UK) at
the room temperature.

3 Results and discussion

The X-ray diffraction profiles of SrZrO; and NKNS-SZ
compositions are shown in Fig. 1. SrZrO; belongs to the
perovskite family. It has an orthorhombic structure with
space group Pbnm and xrd pattern was matching JCPDS
card No. 70-0283, thus, indexed accordingly [14, 15]. XRD
profile shows pure perovskite phase formation without any
presence of secondary phases, implying that the Sr and Zr
are fully soluble in the NKNS lattice in the range studied.
The substitution of Zr** (R, ** =72 pm) having larger ionic
diameter than the cations Nb°* (Ry,>" =64 pm) and Sb>*
(RSb5Jr =60 pm) [16], is expected to shift the peaks at lower
20 value due to increase of the lattice volume. Whereas,
Sr** (Rg,*"=144 pm) substitution at A-site should yield
opposite trend as interplanar spacing (d) will get shortened.
It is observed that the peaks shift to higher 20 values as SZ
content increase and then starts decreasing beyond 4SZ,
which suggests that effect of Sr>* substitution at A-site for
Na*/K" yields more influence at lower doping percentage.
Figure 2a—e shows scanning electron microscopy
(SEM) of the fractured surface of the samples sintered at
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Fig.1 X-ray diffraction profile of SrZrO; (calcined) and (1-—x)
NKNS-xSZ ceramics sintered at 1140°C
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Fig. 2 a-e Scanning electron micrograph of fractured surface of (1 —x)NKNS-xSZ ceramics sintered at 1140°C

1140°C/3 h. The SEM of NKNS shows typical morphol-
ogy having bimodal grain size distribution with cubical
grains. Coarse grains with average size of 1.678 um are
found interspersed between fine grains having an average
size of 0.788 um. As can be seen, as the concentration
of SZ increases, the grain size as well as the number of
coarse grains starts decreasing. The grain boundaries are
not sharp and average size of grains is about 1.3127 um
for 2SZ sample. In 4SZ sample, grain size further reduces
to 0.4768 um. Reducing grain size with increasing SZ

@ Springer

content implies that donor effect are more prominent here
[11, 12]. With the further increase of the SZ content,
microstructure hints of particle amalgamating together
to form bigger particles of average size 1.417 um which
points toward increased acceptor dopant .i.e. Zr** influ-
ence. The morphology of grains, however, remains cubi-
cal only. This shows that the grains are heterogeneously
distributed in the matrix. The uneven grain growth may
also be due to contest between liquid phase sintering,
encouraging densification and A-site cation vacancies
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which promotes fine grains’ growth and inhibits densifi-
cation [17].

Figure 3 shows the piezoelectric charge coefficient (d;3)
for different compositions, poled at various temperature rang-
ing from room temperature (RT) to 140°C. The poling field
applied was 3 kV/mm for 1 h. The dj; increased for all the
samples with increase in poling temperature. After reach-
ing maxima at 120°C it saturates and does not show any
significant increase at higher temperature. The highest dj;
of 157x10 ~'? C/N was observed for the 2SZ sample. It is
clearly observed from the studies that the material requires
higher poling temperature. The NKNS-SZ ceramics gives
optimal properties at higher poling temperature due to favora-
ble lattice distortion and ease of reorientation of domains
which maximizes the number of dipoles aligned in the poling
direction [18, 19]. However, there is no significant change in
property beyond 4SZ.

The ferroelectric behavior of the ceramics samples at
room temperature along with the switching current pattern of
the respective loop is shown in Fig. 4 and its inset. All the
samples exhibited unsaturated ferroelectric loop and slight
lossy capacitor behavior. The NKNS displayed coercive
field of (E,) of 0.87 kV/mm and remnant polarization (P,)
of 31 uC/em?, respectively. By increasing the concentration
of SZ mol% from 2 to 4, E increases to 1.46 kV/mm with
a decrease in P, value to 20 uC/cm?. The reason for this is
probably that, at lower concentration of SZ, St is utilized in
filling up the vacancies created due to volatilization of A-site
cations, having low atomic mass, during sintering. While,
Zr** replaced Nb>*/Sb>* and generated negatively charged
centers (Zr.. .., and to counter-balance it the positively

Sb/Nb
charged oxygen vacancies (V) are formed as follows:
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Fig. 3 Piezoelectric charge co-efficient (dj;) of (1 —x)NKNS-xSZ
ceramics after poling at different temperatures. (Color figure online)

where ¢’ represents an electron andV is oxygen vacancy
with two effective positive charges. Therefore, the defect
dipoles were formed with the charge compensating oxygen
vacancies which acts as pinning centers, thereby restricting
the domain motion leading to the hard ferroelectric effect
[20, 21]. An inner bias field is also formed which tends to
reverse the switching polarization leading to a decreased
value of P, [22]. The fact that the 2SZ sample has highest
mechanical quality factor (Qm) value, as can be seen in
Table 1, lends more credibility to above proposition. This
implies that the domain wall pinning is strongest in it and
reduces as SZ content increases. On comparing the piezo-
electric and ferroelectric properties it can be concluded
that complex doping of acceptor and donor has bestowed
“hybrid” properties to 2SZ samples [12]. At still higher
doping of SZ, E_ and Pr decreased to 0.7 kV/mm and 2 uC/
cm?, respectively, which are less than the undoped sam-
ples. The decrease in E values can be attributed to the
decrease of oxygen vacancies due to the reduction in oxy-
gen vacancies by the donor effect because as the concentra-
tion of SZ increases more and more Sr’ a/KHsites are created
due to substitution of S+ at Na'*/K!* site. The decrease
in P, however, can be attributed to the fact that the over-
all effect of SZ doping leads to decrease in spontaneous
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Fig. 4 Ferroelectric loop (Polarization vs. Electric field) of sintered
(1 =x)NKNS-xSZ samples. (Inset shows the switching current behav-
ior for same ceramic samples). (Color figure online)

Table 1 Dielectric constant (KT3), Tan §, Q,, and electromechanical
coupling coeft. (kp) for (1 —x)NKNS-xSZ samples

Composition KT, Tan & Qm k, (%)
NKNS 927 0.125 44 41
2S7Z 760 0.71 96 35
487 642 0.82 86 33
6SZ 536 0.59 51 30
8SZ 488 0.19 32 29
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polarization (Pg) of the samples, probably because more
and more distortion is created in the lattice structure as Sr**
(Rg,>" =144 pm) and Zr** (R, *" =72 pm) gets substituted
in place of Na*/K* (Ry,"=139 pm, R¢*=164 pm) and
Nb>#/Sb>* (R, v =64 pm ,Rg, > =60 pm), respectively
[16]. The folerance factor values can shed some light on
this aspect which was given by Goldschmidt in 1926 [23]
as:

1= (Ry+ R)/V2(Ry+ Ry) @)

where R, R, and Ry are the ionic radii of A, B and O
atom in ABO; perovskite formula. For (1 —x)((Nag 5, K 43)
Nbyg 95 Sby 5)0;—xSrZrO; ceramic, tolerance factor equa-
tion takes the following form:-

[Roz, + {(0.52 _ g)RNa+ + <O.48 - g)R,<+ + xR }]

to rotation of BOg octahedra and translation modes of
ionic A-site cations [24]. It can be seen that as SZ con-
tent increases the broadness of the bands increases from
NKNS to 8SZ which can be assigned to the random ori-
entation of grains, disorder at A-site and overlapping of
the Raman bands. At higher SZ concentration there is a
decrease of intensity of the bands above 200 cm™! which
indicates that the B—O bond is becoming less polarizable.
This is primarily because as Zr*", which is more elec-
tropositive than Nb>*/Sb>", is getting substituted in the
lattice, the covalent nature of B—O bond reduces making
it less polarizable, which consequently diminish the fer-
roelectric characteristics and dips the scattering inten-
sity [25]. However, the decrease in intensity of the bands
below 200 cm™! is due to the heavier mass of Sr** ion as

3

= [ \/5( Roo + {(0.95 - g)RN,,5+ + (0.05 - §>RS,,5+ + xRy })]

where Ry>" =140 pm, Ry,*=139 pm, Ry*=164 pm,
Ry, t=64 pm, Ry =60 pm, Rg**=144 pm and
R, *"=72 pm [16]. The tolerance factor for pure NKNS
is 1.009809 which decreases continuously and reaches the
value of 1.004632 for 8SZ. It implies that, theoretically, the
lattice is progressing towards centrosymmetric cubic struc-
ture. This can be corroborated from the switching current
behavior also which displays decreased switching current
value, indicating that the number of switchable domains is
reduced.

The Raman spectrum of different compositions is
shown in Fig. 5 where vl(1A;,)+02(1E,) +v3 (F,,) are

stretching and v5 (F,,) is bending modes of BO, octa-
1

hedra. The peaks below wavenumber 200 cm™ are due
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Fig. 5 Raman spectrum of (1 —x)NKNS- xSZ ceramics
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compared to Na*/K* which makes the translational move-
ment difficult. The decrease in scattering intensity also
points to the fact that the strength of p—d hybridization
is reduced. Perhaps, the electrons generated on acceptor
doping are occupying the d-orbital of B-cation, thereby,
reducing the bonding between 4d orbital of B-site cat-
ion and 2p orbital of O anion which is highly essential
for ferroelectricity [26]. The absence of p—d interaction
favors the cubic structure [26], as was observed through
tolerance factor values too, which encourages non-ferroe-
lectric characteristics.

Figure 6 shows the aging of the d,; for all SZ doped
NKNS material poled at 120°C. The degradation of the
piezoelectric properties with time, in the absence of any
mechanical or electrical load [27], is called as ageing. All
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~ 1001
e
= 80-
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Fig. 6 Ageing behavior of (1 —x)NKNS-xSZ ceramics
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Fig.8 P-E loop of (1—-x)NKNS-xSZ ceramics after electrical
fatigue. (Color figure online)

the samples exhibited stable piezoelectric properties for the
studied time, which is quite promising for device applica-
tion. As compared to NKNS, SZ doped samples are more
stable because of generated defect dipoles which stabilize
the polarization state of domains by clamping them [28].
These defect dipoles resist the crystal spontaneous polari-
zation from switching back to original state when the elec-
tric field is removed.

Figure 7 exhibits the electrical fatigue behavior for
NKNS-SZ ceramics. Similar to ageing, the fatigue behav-
ior also improved for higher SZ content. To understand
the results better, polarization studies were carried out on
fatigued samples. Figure 8 exhibits the polarization loops
of fatigued samples. Prima facie, it can be seen that elec-
trical fatigue has influenced the ferroelectric loop drasti-
cally, especially for NKNS. The lossy capacitor behavior
has vanished after exposing the samples to cyclic electrical

loading because during electrical fatigue cycle there is
generation as well as redistribution of oxygen vacancies
which has clamped the charge carriers. Slight loop relaxa-
tion behavior was seen in 6SZ and 8SZ samples [29], prob-
ably due to unpinning and redistribution of vacancies and
charge carriers during cyclic loading. As was expected, the
2SZ exhibited least deterioration in properties because of
its hybrid behavior with maximum Q,, due to clamping of
domain walls, which resisted the drop in P,.. Despite hav-
ing softness with low Q,, value (32) the 8SZ sample dis-
played superior fatigue resistance which suggest that rather
than domain pinning mechanism it is the reduced number
of ferroelectric domains which led to fatigue-free behavior
in 8SZ sample [30].

4 Conclusion

The SZ doping in lead free NKNS based piezoelectric
material has substantial effects on phase formation, micro-
structure, piezoelectric and dielectric properties. The
material required higher poling temperature to achieve
maximum piezoelectric properties. The lower SZ dop-
ing increases piezoelectric properties, coercive field and
mechanical quality factor. The ageing and bipolar fatigue
resistance improved tremendously by SZ doping. Two dif-
ferent mechanisms were identified behind this improved
resistance: first, effect of Zr** as acceptor at low dopant
concentration, and second, the reduced number of ferro-
electric domains at higher level. The properties are influ-
enced by the number of space charge or vacancies gener-
ated at different concentration. It was concluded that a
small concentration of SZ produces “hybrid’ effect while
higher concentration endows ‘“‘soft” properties to ceram-
ics. The doping elements alter the nature of B—O bonding
which influences the overall properties.
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