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Abstract

Low levels ofso-called ‘donor-doping in titanate-based perovskite oxides such as La for
Ba,Sr and Nb for Ti in (Ba,Sr)Tigxan significantly reduce the resistivity of these typ{d
dielectric materials and expand application areas to positive temperature coefficient resistors,
thermoelectrics, conductive wafers as thin film substrates and solid oxide fuel cell anode
materials. Here we show low levels of Nbping (<1 at%) on the Ti-site in the well-known
lead-free piezoelectric perovskite oxideoMsiosTiO3 (NBT) produces completely different
behaviour whereby much higher resistivity is obtained, therefore indicating a different donor-
doping (substitution) mechanism. There is a switch in conduction mechanism from oxygen-
ions in undoped NBT with an activation energy)(Bf < 0.9 eVto electronic (band gap)
conduction in 0.5-1 at% Nb-doped NBT with £1.5-1.8 eV. This demonstrates the necessity

of further systematic doping studies to elucidate the defect chemistry of NBT which is clearly
different to that of (Ba,Sr)Ti® This defect chemistry needs to be understood if NBT-based
materials are going to be manufactured on a large scale for commercial applications. This
study also illustrates different donor-doping mechanisms to exist within the famil§ of d

titanate-based perovskites.
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Titanate-based(d”) perovskite oxides (Ba,Sr)TiQare an important family of
ferroelectric materials that have been widely used as ceramic capacitor materiats f60 ov
yearﬂ Their technical importance has led to extensive studies on the effscicafled
‘donor and‘acceptot doping on the electrical properties and the associated defect chemistry
in these titanatﬁ.This has resulted in improved dielectric performance via optimised
manufacturing processes with lower cost as well as discovery of new electrical phenomena
and new application areas. For example, acceptor doping (replacing a host ion with a dopant
of lower valence) in BaTi@can improve the resistance to reduction when fired at low
oxygen partial pressure (p| |thus making it possible to use base-metal electrodes (such as
Ni, Cu) as compared to noble metals (such as Pt, Pd). This led to a revolution in the
manufacturing of multilayer ceramic capacitor (MLCC) in the 1ﬁos.the other hand, low
levels (typically < 1 at%) of donor-doping (replacing a host ion with a dopant of higher
valence) such as La at the Ba-site or Nb at the Ti-site in Bada® dramatically transform
this dielectric material into a n-type semiconductor with room temperature (RT) resistivity <
100Qc This phenomenon has been explored to develop positive temperature coefficient
resistors (PTCR)|For SrTiQ, much lower resistivity (< 0.0@cm at RT) can be achieved
by donor-doping]Nowadays highly conductive Nb-doped SrfwWafers are widely used as
thin film substrates. The extremely high conductivity also makes donor-doped;SaTiO
promising candidate as an oxide-based thermoelectric mptefidbre recently, A-site
deficient La-doped SrTiQhas been developed as a solid oxide fuel cell anode miaterial.

Although debates on the origin(s) of the high conductivity reﬁv,it is clear that

electrons are the dominating charge carrier.

We recently reported the’ grerovskite titanatéNay sBiosTiOs (NBT) to behave very
differently from (Ba,Sr)Ti@l":lTwo types of electrically distinctive NBT compositions exist.
Stoichiometric NBT exhibits intrinsic (band gap) electronic conduction with an activation
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energy for conduction (g~1.7 eV. The stoichiometric NBT composition can be obtained by
adding small amount of excess Bi (2 at%) in the starting composition to compendaite for
loss during sample processing. If the starting composition is stoichiometric or slightly Bi-
deficient (2 at%), the final composition in the processed ceramics is Bi-deficient. The Bi
deficiency in the final composition is low, as suggested by the preseacecbndary phase

for a starting composition with 2 at% Bi deficiency. Nevertheless, such small compositional
variations dramatically switch the electronic conduction in stoichiometric NBT to oxide-ion
conduction in Bi-deficient NBT, accompanied withdecrease of Efor the grain (bulk)
conduction to <0.9 eV and with a significant increase in conductivity by more than three
orders of magnitude below 600 °C. This behaviour was unexpected and demonstrated NBT to

have very different defect chemistry compared to (Ba,SgTiO

Over the past decade, there has been sharp increase in studies on NBT and related

material$.” | Most of the reports in the literature focus on optimisation of dielectric and

piezoelectric properties by developing solid solutions with other ferroelectric materials. There
are few reports on the dielectric and piezoelectric properties in donor (Nb, Ta)-dopNBT.
31 Here we report the effect on the electrical properties of Nb donor-doping on the Ti-site in

NBT ceramics.

Compositions based on the general formulgB& sTi1xNbO3 (x=0.005, 0.01, 0.02,
0.03) were prepared using the solid state reaction method. Raw materials were predried
before weighing and appropriate mixtures of powders were ball milled. Calcination was
carried out at 806C with a further heat treatment 850 °C, both for 2 h each. Pellets were
sintered at 1150 °C for 2 h. More details can be found in a previousﬁbase purity was
examined by X-ray diffraction (XRD) using a high-resolution STOE STADI-P diffractometer

equipped with a linear position sensitive detector and operated with ,CuaHiation.



Ceramic microstructure and compositional anedysvere performed using scanning
electron microscope (SEM) JEOL 6400 equipped with an Oxford Link ISIS energy dispersive
x-ray spectroscopy (EDS) detector. High temperature Impedance Spectroscopy (IS)
measurements were performed in a non-inductively wound tube furnace using an Agilent
E4980A, an HP 4192A impedance analyser and a Solartron 1260 system. Au paste (fired at
800 °C for 2 h) electrodes were used and IS data were corrected for sample geometry
(thickness/area of pellet) and analysed using ZView software. Polarisation-Electric field (P-E)

measurements were performed using an aixACCT TF Analyzer 2000 E system.

Similar to that observed in a previous repdrthe Nb-doping limit inNag sBigsTi1-
xNbOs is low. XRD and SEM/EDS data (not shown) reveal the presence of small amount of
Bi,Ti,O;-related secondary phase forx.02. However, even 1 atdh-doping significantly
increase the bulk resistivity gRat 600 °C from ~ 80@2 cm for undoped NBT to ~ 620
kQ cm, as shown by the diameter of the high frequency arc in the impedance complex plane
(Z*) plots, Fig.1a. A typical Z* plot for x = 0.01 at 600 °C consists of a single arc with an
associated capacitance (C) of ~ 88 pF'ceorresponding te, ~994. The highe; value is
consistent with the ferroelectric behaviour of NBT, confirming the arc is associated with the
grain (bulk) response. The Z* plot of undoped NBT at 600 °C in air (see Fig. 2a-bm Ref.
consists of bulk, grain boundary and electrode responses. With 1 at% Nb doping, the ceramic
becomes electrically homogeneous, as shown by the frequency coincidence for the Z" and M"

Debye peak maximum in the combined spectroscopic plot, Fig. 1b.

The Z* plot at 700 °C under different atmospheres for the Nb-doped ceramic siows R
decreases with measuring pfdom ~56 K2 cm in flowing O, to ~ 3 kQ cm in Ny, Fig 1c. IS
measurements were performed down to 0.01 Hz and there was no clear evidence for the

presence ol spike and/or arc associated with Warburg diffusion and oxide ion conduction in



the Nb-doped ceramic. The pQependence of Rand absencefoany low frequency
Warburg response suggests the dominance of n-type electronic conduction in the Nb-doped

sample.

The temperature dependence @ffB all samples are summarisedan Arrhenius
plot of the bulk conductivityd,) whereoy, = 1/R,, Fig. 2. Clearly, Ris very sensitive to Nb-
doping and increases by more than thnelers of magnitude at temperatures < 500 °C and k
increases to ~1.5 eV with only 0.5 at% Nb dopinginEreases to ~ 1.8 ed higher doping

levels. An E of 1.5-1.8 eV is about half the optical band gap of ~ 3.0-3.5 eV reported in the

S52-54

literaturg;““"|suggesting the electronic conduction is close to intrinsic (band gap) behaviour.

The relative permittivity maximume(may decreases from ~ 3000 for undoped NBT
to ~ 2800 for x = 0.005 and 0.01. Further increasing of x to 0.02 and 0.03 deergasks
~2400; however the temperature @fax (Tmay iS Similar for all samples. A significant
change is observed for the dielectric loss @awhere it increases sharply above ~ 30@or
undoped NBT due to the high level of oxide-ion conductivity, Fig 3b. In contrast, Nb-doped
samples exhibit taB < 0.005 at 300 - 600 °C, Fig. 3b-c. The loss peak maximum shifts to
lower temperature from ~ 220 °C for undoped NBT to ~ 125-130° for x = 0.005 and 0.01 and

to 80-90 °C for x = 0.02 and 0.03, Fig. 3b.

Careful examination of loss data at ~ 500 °C reveals ibereother loss peak in=x
0.01- 0.03. A highest loss peak maximum of ~0.005 is observed for x = 0.03. In less
resistive samples, such a loss peak, if present, is masked by the high loss associated with high
leakage current and is therefore not observable. The origin of this loss peak is presumably

associated with the tetragonal-cubic phase transition in NBT that has been reported to occur

at ~ 500-540 °C?[*°




Hysteresis loops from P-E measurements show Nb-doping to influence the remanent
polarization (P and coercive field (& R initially increases from 38.8 pC/énfor undoped
NBT to 40.2 uC/crhfor x = 0.005 and to 42.8 pC/érfor x = 0.01, then it decreases to 37.8
uClent for x = 0.02 and 34.5 pC/cnfor x = 0.03. E decreases with increasing x, from ~ 53

kV/cm for undoped NBT to ~ 37 kV/cm for x = 0.03.

The IS results reveal NBT ceramics become significantly more resistive and

electrically homogeneous by low levels of Nb-doping, Figs. 1 and 2. This behaviour is

strikingly different from that commonly observed in (Ba,Sr)Fi®lated titanateq,’| |where

low levels of donor-doping induces substantial levels of semiconductivity. In a previous
studﬁ we confirmed the high leakage current in NBT is associated with oxide ion
conduction rather than electronic conduction. Bismuth and oxygen vacancies are generated
through a loss of a small amount of ED; during ceramic processing, as given in the

following Kroger-Vink equation:

2Big; +305 — 2Vg; + 3V + Bi, 04 1)

Donor-doping (such as Nbat Ti-site) can fill up the oxygen vacancies according to equation:
Nb,Os + Vi’ — 2Nby; + 505 (2)

The overall reaction is:

2Big; +305 + 3ANb,Os —» 2Vg; + 6Nby; + 1503 + Bi, 05 (3)

Thus the oxide ion conductivity is suppressed and Nb-doped ceramics exhibit near intrinsic
electronic conduction. It is interesting to note that the presence of oxygen (and also bismuth)
vacancies in NBT is effective in switching the Nb donor-doping substitution mechanism from

electronic as observed in (Ba,Sr)Ei@ ionic compensation. A further contributing factor is



the difference in their band structures. Th&dsctron lone pairs associated with the Bi-ions

are involved in hybridisation with the 2p orbitals associated with the O-ions and therefore the
valence band in NBT has significant cation character. In (Ba,Sf)fi€e are no electron

lone pairs associated with the A-site cations and the valence band is based only on anion
character. As shown by Klein efalthis influences the relative energy levels of the valence
and conduction bands and may inhibit the formation of Nb electronic donor-states and

therefore high level of n-type electronic conductivity in NBT.

The BpOs loss in NBT during sample processing is ‘accidental’ and therefore difficult
to control in a reproducible manner. The loss is also very small and is challenging to quantify.
Equation (3) can be used to estimate the bismuth and oxygen vacancy concentration. Our
results show NBT (under the processing conditions employed in our studies) becomes highly
resistive for x = 0.005-0.01 iN&y sBigsTi1xNbOs. Based on equation (3), the bismuth and
oxygen nonstoichiometry in NBT is in the range of 0.0017-0.0033 for bismuth and 0.0025-
0.0050 for oxygen, corresponding to a formula ofy 888 4967-0.4983102.995-2.9975 This
demonstrates again the highly sensitive relationship between nonstoichiometry and electrical

properties in NBT.

The extensive studies on NBT and related materials over the past decade have

optimised solid solutions between NBT, Bafi@nd KNN for piezoelectric and high

temperature capacitor applicatipris? The development history of (Ba,Sr)Ti®/pe

devicﬂ is based on the crucial importance of understanding the defect chemistry to
optimise and accurately control the compositipm{gh various donor and acceptor dopants

for better performance and low cost and for reproducible, large scale manufacturing. This
work and our previous st how NBT has a different defect chemistry to (Ba,Sr)&Ead

is presumably linked to small but significant variations in A-site non-stoichiometry in NBT



that doesn’t exist to any appreciable extent in (Ba,Sr)TiOs-based systems. The knowledge of
defect chemistry accumulated for (Ba,Sr)Ji€n’t therefore be direlst applied to NBT-
related materials. Clearly more systematic work on the defect chemistry of donor and
acceptor doping in NBT-based solid solutiaasheeded prior to any large scale industrial

manufacturing of NBT-based devices in the near future.
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Figure captions:

FIG.1. (a) Z* plots and (b) combined Z" and M" spectroscopic plots of x = 0.01 at 600 °C.
Inset in (a) shows the bulk response of undoped NBT (x = 0) on an expanded scale. (c) Z*
plots for x = 0.01 at 700 °C under different atmospheres. Inset shows the data for

measurements in\on an expanded scale. Filled symbols indicate selected frequencies.

FIG.2. Arrhenius-type plots of bulk conductivity for Bl& sBio sTi1xNbyO3 samples.

FIG. 3. Temperature dependence ofgagnd (b) tard at 1 MHz. (c) expanded view of tan

at 300-600 °C for alNay sBig 5Ti1.xNbO3 samples.

FIG. 4 Polarisation-electric fiel@P-E) hysteresis loopsneasured at 0.1 Hz and up to010

kV/cm for all Nay sBig sTi1.xNbO3 samples.
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