J Mater Sci (2007) 42:6696-6700
DOI 10.1007/s10853-007-1495-z

Effects of oxygen partial pressure control on the microstructure
and PTCR properties of Ho doped BaTiO;

Soo Kyong Jo - Young Ho Han - Kwang Hwi Choi

Received: 14 June 2006/ Accepted: 2 January 2007/ Published online: 26 April 2007

© Springer Science+Business Media, LLC 2007

Abstract Effects of oxygen partial pressure (Pp,) control
on the electrical properties and microstructural develop-
ment of (Ba;_ Ho,)g997TiO5; were studied. An oxidation
condition (Po, ~ 1.0 atm) was maintained during the
heating process, and then the specimen was sintered in a
reducing atmosphere (Po, < 107 atm) at 1350 °C, fol-
lowed by the annealing process at 1000 °C and
Po, =1 atm. The switching temperature (Ts) from the
oxidation atmosphere to the reducing condition was chan-
ged from 1100 to 1350 °C. A significant decrease in the
room-temperature resisitivity (p,s) was observed as Tg was
increased. The temperature coefficient of resistance (TCR)
was independent of the change in Ts, and closed pores
decreased with increasing Ts.

Introduction

Considerable attention has been paid to the electrical
properties of BaTiOs-based materials over the last several
decades. One of the most important applications involves
the positive temperature coefficient of resistivity (PTCR)
behavior in the donor doped BaTiOs; ceramics which
exhibit an anomalous increase in the resistivity near the
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ferroelectric Curie temperature, Tc [1-6]. This property
has been proven useful in many temperature sensing
applications, including temperature-regulated cooking
appliances, automatic chokes in automobiles and self-reg-
ulating household heaters [7]. The decrease in room-tem-
perature resistivity could broaden the applications of the
semiconducting BaTiO5 ceramics to electronic devices [8].
A number of reduction—reoxidation sintering methods have
been investigated to achieve such a characteristic with a
low resistance of grains and a high potential barrier at grain
boundaries above the Curie point [9-10].

The PTCR effect can occur only in polycrystalline Ba-
TiO; doped with small amount of donor. Donor additives
are trivalent ions (e.g. La>*, Sb>*, Ho") substituting on
Ba®" sites, or pentavalent ions (e.g. Nb>*, Ta>*) substitut-
ing on Ti** sites of the perovskite ABOj lattice [11-12].
Single crystals or acceptor doped BaTiO3 do not exhibit
PTCR behaviors. Thus, the nonlinear change in resistivity
has been understood as a combination of ferroelectricity,
semiconducting and grain boundary effects [6]. Sintering
atmosphere is another factor which influences the PTCR
effect. A low oxygen partial pressure is required during the
sintering process and then the oxygen pressure should be
increased to 1 atm to promote the grain boundary oxidation
which is essential to the pronounced PTCR effect [13].

Numerous studies have been conducted to confirm the
effects of processing conditions on the microstructure and
electrical properties of donor doped BaTiO; [9-11, 14-17].
Al-Shahrani et al. [14] reported the effects of Ho,O3
addition on the DC resistivity, and identified the optimum
Ho,03 concentration for PTCR effects. Jeong et al. [11]
studied the defect chemistry of Ho doped BaTiOs that
Ho,03 additions to BaTiO3 up to 0.3 mol% were com-
pensated by electrons under all oxygen partial pressures,
exhibiting a low insulating resistance at room-temperature.
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The effect of cation nonstoichiometry (Ba/Ti ratio), on the
microstructure and PTCR behaviors of BaTiOs ceramics
was investigated by Lin et al. [15]. The relationship be-
tween relative density and PTCR effect of Sb doped Ba-
TiO; confirmed that the smaller grain size of these
materials, the larger was the PTCR effect as far as the
ceramic bodies have relatively high bulk densities (=90%)
[16—17]. The sintering process without atmosphere controls
left the residual pores trapped in large grains [9]. Those
microstructures are unfavorable for applications such as
thin film device and high withstand voltages. The effects of
the oxygen atmosphere control on the densification of
ceramic bodies revealed that the resistivities of the dense
sample were lower by about one order than those of the
porous samples [9-10]. It is thus required that the ceramic
grain size, the oxygen pressure control and the cooling rate
should be simultaneously controlled.

In this paper, the room-temperature resistivities and the
PTCR effects of Ho-doped BaTiO5; will be discussed in
terms of switching temperature (Ts) of oxygen partial
pressure (Po,) control and microstructural development.

Experimental procedure

(Ba;_Ho,)p.097TiO3 (Ba/Ti < 1) powders were prepared by
the liquid-mix method developed by Pechini [18]. Hol-
mium was added as weighted amounts of a solution of
holmium chloride (HoCls) in deionized water. Each sample
composition was prepared by polymerization and calcina-
tion of an organometallic solution containing precisely
determined amounts of the metallic components, as de-
scribed in the previous study [19]. The calcined powders
were pulverized into fine particles. The powders were
uniaxially pressed into disks of 4.98 mm in diameter and
0.8 mm in thickness at a pressure of 400 MPa.

In Fig. 1, an oxidation condition (Pp,~1.0 atm) was
maintained during the heating process in order to obtain a
dense ceramics body [9]. And then the specimen was sin-
tered in a reducing atmosphere (Pg, < 107 atm) at
1350 °C for 4 h in a mixture of 1.5% H5-98.5% N,. The
switching temperature (Ts) from the oxidation atmosphere
to the reducing condition was changed from 1100 to
1350 °C, followed by the annealing process at 1000 °C for
10 h and Po, = latm. Gallium alloy electrodes (High Pur-
ity Chemistry, 75.5% Ga—24.5% In) with an ohmic contact
to the PTCR ceramics were formed on the major surfaces
of the sample disks.

The temperature dependence of resistance was measured
by the 2-probe method in a temperature-programmable
chamber, with a heating rate of 1 °C/min from 0 to 150 °C.
The temperature coefficient of resistance (o) was calculated
by the following equation,
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Fig. 1 Sintering profile for reduction-reoxidation method

o= [In(p,/py) /(T2 — T1)] x 100 (%/°C),

where p; and p, are the resistivity corresponding to T,
(2 X pas) and T, (10 X p,s), respectively. Microstructures
were investigated using a scanning electron microscope
(SEM, Hitachi-S2150). For microstructure observation,
sample surfaces were polished to 0.04 pm and chemical
etching was performed for 40-50 s, using an etchant of
H,0, HCI and HF [20].

Results and discussion

Electrical resistivities of (Ba;_xH04)g097TiO; (x =0,
0.001~0.01) at room-temperature are shown in Fig. 2. The
resistivity decreased with increasing Ho contents with the
lowest resistance at 0.8 at% Ho, whereas an abrupt resis-
tivity increase was observed with Ho > 0.8 at%, which is
similar to the previous results of highly donor-doped
BaTiOj; (Lay0;) sintered at a low oxygen partial pressure
[20, 21]. The nominal composition, (Ba;_ Hoy)p.997TiO3
indicates that the Ba/Ti ratio (0.997) is supposed to force Ho
ions to occupy Ba sites instead of Ti sites, where Ho>" ion is
amphoteric and occupies both Ba and Ti sites depending on
the Ba/Ti ratio. When Ho>* is substituted for Ba®* as a
donor impurity, Ho,O3 has an extra oxygen compared with
2Ba0 and the released extra oxygen preferentially fills the
oxygen vacancies accompanied by the background acceptor
impurities normally included in BaTiOs5 [11]. At lower Po,,
the excess oxygen contained in Ho,Oj is lost, and the donor
(Ho>") impurities are compensated by electrons.

H0203 + 2Ti02 — 2H01.3a + 2TiTi + 600 + 1/202 + 26/.
(1)

The defect notation is suggested by Kroger and Vink
[22]. The augmentation of conductivity with decreasing
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Fig. 2 The room-temperature resistivity of Ho doped BaTiO3

Po, is also attributed to the reduction of oxygen in the
BaTiO; lattice.

Op — 1/202 + V5. +2¢. (2)

At the low doping level of Ho (<0.8 at%), the electron
compensation as written in Eqgs. 1 and 2 contributes to the
increase in charge carrier concentration, leading to the low
resistivity at room-temperature. However, as the doping
level is increased (>0.8 at%), there is an evident switch of
the compensation mechanism from electrons (¢’) to cation
vacancies (Vj,, Vi"). When Ho’" ions are substituted for
Ba?", the possible compensation modes by cation vacancies
may be written as follows:

H0203 + 3Ti02 — 2H0;?a + 3TiT[ + Vga + 900 (3)

2H0,053 + 3TiO, — 4Hoy, + 3Tiy; + V3 + 1200
(4)

3H0,05+ 6TiO, — 6Hoy, + 6Tir; + Vg, + V' + 2100
(5)

Equations 3 and 4 represent the compensation of donor
(Hoy,) impurities by Ba and Ti vacancies, respectively.
The incorporation reaction in Eq. 5 could support the
Schottky-type disorder which is more energetically favor-
able than a single type of vacancy formation at higher

@ Springer

temperatures [11]. However, none of the above expressed
incorporation modes has been confirmed to be exclusively
predominant. At Ho > 0.8 at%, the compensation mode
switching from electrons to cation vacancies in (Baj.
xH0x)0.097Ti03 makes the material insulating. Thus, the
resistivity behaviors with varying Ho,O3; contents are
comparable with the incorporation modes of Ho* ions into
the Ba site, as described in Egs. 1 and 3-5.

Figure 3 shows bulk densities of (Bag99:H0g 008)0.997-
TiO;5 as a function of sintering temperature. The density
increased stiffly up to 1200 °C and then leveled off,
approaching to a density (~95% theoretical density). Fig-
ure 4 shows the microstructures of the samples sintered at
various temperatures from 1100 to 1350 °C. The micro-
structure development is compatible with the bulk density
at the corresponding temperature. The specimen sintered at
1100 °C included pores with open channels, whereas the
specimens sintered at higher temperatures (>1200 °C)
showed denser microstructures with negligibly small dif-
ference between them. Such a little difference in micro-
structures at >1200 °C is in good agreement with the slight
increase in density shown in Fig. 3. As the temperature was
increased to 1300 °C (Fig. 4c), most of pores diminished,
resulting in few isolated pores left. This result would give a
hint for the optimum switching temperature (Ts).

Figure 5 shows a typical PTCR effect of (Baggos-
Hog.008)0.997Ti05 at various switching temperatures (Ts).
The switching temperature (Ts) from the oxidation atmo-
sphere to the reducing condition was changed from 1100 to
1350 °C. The room-temperature resistivities are strongly
dependent on the switching temperature (Ts). A significant
decrease in the room-temperature resisitivity (p,s) was ob-
served as Tg was raised. The specimen with Tg= 1300 °C
showed the lowest value of room-temperature resisitivity.
The room-temperature resistivity ranged from 2 to 11 Q cm,
depending on Ts. However, the temperature coefficient of
resistance (o) was hardly dependent on the change in Ts.
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Fig. 3 Bulk density of (B304992H00'008)0.997Ti03
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Fig. 4 Microstructures of
(Bag 992H00,008)0.997Ti03 at
various sintering temperatures
for 4 h: (a) 1100, (b) 1250, (c)
1300, and (d) 1350 °C
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Fig. 5 Resistivity versus Temperature curves of (Bag 992H0g 008)0.997-
TiO5 with various 1.5H,—98.5N, gas switching temperatures

Figure 6 summarizes the variation of the room-temperature
resistivity (p,s) and temperature coefficient of resistance (o)
as a function of switching temperature (Ts) from O, to
1.5H,-98.5N,. The room-temperature resistivity (p,s) ini-
tially decreased as the switching temperature was increased
and then rose up at Tg = 1350 °C, whereas TCR (o) slightly
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Fig. 6 Room-temperature resistivity (p,s) and TCR (a) characteris-
tics of (B30‘992H00_003)0‘997T103 with various 15H2—985N2 gas
switching temperatures

decreased with increasing temperature. The experimental
results demonstrate that the optimum switching temperature
(Ts) could improve the PTCR properties, particularly low-
ering the room-temperature resistivity of the BaTiO; system
with only a small change in the PTCR jump characteristics.

The microstructures of (Bagg9sH0g 008)0.997Ti03 pro-
cessed with P, control at various switching temperatures
(Ts) are shown in Fig. 7. When the furnace atmosphere
was switched at 1100 °C, the specimen included numerous
small pores trapped in large grains, whereas the samples
with switching temperatures of 1250-1350 °C had few
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Fig. 7 Microstructure of
(Bag.992H00,008)0.997T103 with
various 1.5H,—98.5N, gas
switching temperatures: (a)
1100, (b) 1250, (¢) 1300, and
(d) 1350 °C

pores within grains and exhibited minor pores normally
occurring in sintered ceramic bodies. It should be noted
that the closed pores within grains diminished in numbers
with increasing Tgs. These results are in good agreement
with the PTCR property profiles shown in Figs. 5 and 6.
Pores are open at 1100 °C, as shown in Fig. 4 and filled
with nitrogen. Such pores are too sluggish to diffuse out
through the further sintering processes because the diffu-
sion rate of nitrogen is significantly low in oxide materials,
pores remaining trapped in the ceramic body. This result
leads to the increase in resistivity. Above Tg = 1250 °C, all
pores are mostly closed and filled with oxygen before
switching to the nitrogen gas atmosphere. Oxygen in the
pores diffuses easily out of the ceramic body in the pro-
gress of densification, where the diffusion rate of oxygen is
much greater than that of nitrogen in oxide ceramics.

Conclusions

Room-temperature electrical resistivities decreased with
increasing Ho contents and the lowest resistance with 0.8
at% Ho. At Ho > 0.8 at%, the compensation mode swit-
ched from electrons to cation vacancies. The bulk density
of Ho-doped BaTiO; gradually increased above 1250 °C,
and the relative densities were about 95% of the theoretical
density. Upon increasing the switching temperature to
1300 °C, almost all pores gradually diminished in number
with few closed pores. The specimen with switching at
1300 °C exhibited the lowest room-temperature resistivity,
with the temperature coefficient of resistance (x) value of
7.4%/°C. The experimental results demonstrate that the

@ Springer

optimum switching temperature (Tg) could improve the
PTCR properties, particularly lowering the room-temper-
ature resistivity of the BaTiO; system with only a small
change in the PTCR jump characteristics.

References

. Heywang W (1964) J] Am Ceram Soc.47:484
. MacChesney JB, Potter JF (1965) J Am Ceram Soc 48:81
. Jonker GH (1964) Solid State Electron 7:895
. Chiang YM, Birnie DP, Kingery WD (1997) Physical ceramics.
John Wiley & Sons, New York, p 230
5. Daniels J, Hardtl KH, Wernicke R (1978/79) Philips Tech Rev
38:73
6. Lewis GV, Catlow CRA, Casselton REW (1985) J Am Ceram
Soc 68:555
7. Moulson AJ, Herbert JM (1993) Electroceramics—materials,
properties, applications. Chapman & Hall, London, p 167
8. He Z, Ma J, Qu Y, Feng X (2002) J Euro Ceram Soc 22:2143
9. Tashiro S, Ishiya T, Igarashi H (1996) Jpn J Appl Phys 35:5074
10. Osonoi A, Tashiro S, Igarashi H (1997) Jpn J Appl Phys 36:6021
11. Jeong J, Lee EJ, Han YH (2005) Jpn J Appl Phys 44:4047
12. Smyth DM (2000) The defect chemistry of metal oxides. Oxford
University Press, New York, p 276
13. Kahn M (1971) Am Ceram Soc Bull 50:676
14. Al-Shahrani A, Abboudy S (2000) J Phys Chem Solids 61:955
15. Lin Tsai-Fa, Hu Chen Ti, Lin I-Nan (1990) J] Am Ceram Soc
73:531
16. Kuwabara M (1981) J] Am Ceram Soc 64:639
17. Kuwabara M (1984) Solid-state Electronics 27:929
18. Pechini M (1967) U. S. PAT. NO. 3,330,697
19. Sharma RK, Chan NH, Smyth DM (1981) J Am Ceram Soc
64:448
20. Urek S, Drofenik M (1999) J Euro Ceram Soc 19:913
21. Makovec D, Ule N, Drofenik M (2001) J] Am Ceram Soc 84:1273
22. Kroger FA, Vink HJ (1956) Seitz F, Turnbull D (eds) Solid state
physics. Academic Press, New York, vol 3, p 307

RO I S R



	Effects of oxygen partial pressure control on the microstructure and PTCR properties of Ho doped BaTiO3
	Abstract
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


