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X-ray photoelectron spectroscopy has been used to investigate the existence of Ti** on
the surface of La,0s-doped strontium titanate and to determine its surface characteristics.
The surfaces, having Sr/Ti ratios significantly varying from the stoichiometric ratio,
revealed the presence of carbon and suggested the presence of hydroxyl groups on the
surface, whose concentration largely decreased in the bulk. Ti* species existed as a
function of the sintering conditions and were detected on the surface of (La, Sr)TiO3
sintered in air or in N, by natural cooling. These samples had a lower electrical resistivity,
especially when sintered in a N, atmosphere. The surfaces of air oxidized SrTiO3; and
quenched from high temperature contained no detectable amount of Ti®*, resulting in
higher resistivity. However, the N,-sintered samples were dark blue in color and exhibited
lower resistivity, semiconductivity, and lower valence oxidation state Ti existed when
sintered above 1350°C. © 1999 Kluwer Academic Publishers

1. Introduction stituent elements on the surface. Recently, a series of
The titanyl acylate precursor made from chelatingXPS studies were reported by scholars. Hendthl.
acetic acid with titanium alkoxide, precipitated in a [16] discussed the effect of surface defects on the elec-
strong alkaline solution and reacted with alkali earthtronic structure and reactivity of SrTi@nd TiG.. They
metal ions, St*, to yield strontium titanate above room concluded that the reactivity of these surfaces are re-
temperature [1-3]. One can obtain a powder of unidated to the presence of such surface defects. Further-
form chemical composition, and this route of prepa-more, S. Ferreet al.[17] used UPS and XPS to study
ration is valuable when only small amounts of thethe chemisorption of @ H, and HO on reduced and
dopant have to be dispersed homogeneously [4]. Kastoichiometric SrTi@ (111) surfaces. They found that
and Yang [5] have prepared ultrafine SrgiPowder a high concentration of ¥t could be detected by XPS
of 0.04-0.05.m particle size by modifying the above on the surface of the reduced oxide, but the stoichio-
sol-precipitate method, and the powder sintered for foumetric SrTiQ surface showed no detectable amounts
hours at 1300C was very dense, about 98% of its the- of Ti®*. Comparison of these two extremes of surface
oretical density. chemical activities for the reduced and stoichiometric
Strontium titanate is a ceramic used in electron-oxides clarifies the roles of ¥ and surface hydroxy-
ics. Applying its semiconducting properties, it is being lation during the photochemical dissociation of water.
widely used for capacitors [6—-8] and photoelectrodesdNagarkaret al.[18] studied the reoxidation kinetics of
[9-11]. The semiconducting behavior is achieved aboth mechanically and chemically polished and freshly
room temperature by reduction or by doping wittfta  fractured SrTiQ surfaces. Both adsorbed hydroxyl and
etc. [12, 13]. Frederikset al.[14] indicated that incor- carbonate O 1s levels, showing that hydroxyl adsorp-
poration of L&"-ions in strontium titanate results in tion occurs very rapidly. Furthermore, Carletyal.[19]
Lad*Sit TiS+Tith 05~ under oxidizing conditions. discussed the methodology of extracting informatation
The substitution of St by the L&*-ion in the crystal  on the presence of &, Ti*t and T from an analysis
lattice is compensated by the formation ofTions. As  of the Ti (2p) spectra observed during the formation of
the lanthanum content is increased, the amount®df Ti  thin oxide films.
should also increases, resulting in a higher conductivity However, the influence of $ on the bulk’s electri-
of the material [15]. cal properties has not been reported. In this work, we
X-ray photoelectron spectroscopy (XPS) can be usethvestigated the surface of a sol-precipitatedQa
to study the chemical state and abundance of the cordoped SiTiQ ceramic sintered in air and in,Nising
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XPS. Two different cooling methods were used: nat-of 0.2 eV. In addition, the spectra were deconvoluted for

ural cooling in the furnace and quenching from highchemical identification using 100% Gaussian peaks.

temperatures. The experimental data for materials sin- For measurement of the electrical properties, the sin-

tered in a N atmosphere suggest that théTspecies tered bulks were coated with conductive silver paste

existing on the surface is responsible for the ceramic’sas electrodes. The electrodes, after coating at Q0

semiconductive properties. were used to measure the A.C. electrical resistivity and

dielectric constant with a HP LCR analyzer 4284A at
room temperature.

2. Experimental

(Lag.005,Sto.905) TiIO3 powder was prepared by the sol-

precipitation method using acetic acid to chelate tita-3. Results and discussion

nium isopropoxide. The preparatory procedures are ddJsing X-ray diffraction, the (110) plane and (200)

tailed in reference [20]. The bulks made from the aboveplane of the bulks sintered at 1430 were detected.

powder were being compacted at 110 MPa; three difThey present two principal reflections of the cubic

ferent sintering methods were used in this study. Theperovskite structure of SrTigd(not shown). Though

pressed discs were sintered at temperatures betweether phases, such as Ti@nd Magreli phases (BOs,

1300 and 1456C for two hours in either air or N Ti4Oy7,..., TinO2,_1), also existed in same bulks, com-

And the above bulks were cooled to room temperabined XRD and XPS measurements showed that the

ture in the furnace under the respective atmosphereurfaces contained mainly SrTiO

To investigate the existence of*fion the surface, we

chose a (La,Sr)Ti@bulk which was sintered in air and

qguenched into water from high temperature. We refe3.1. Survey scan of the surfaces

in this article to the three kinds of sintered samples agypical XPS surveys of 0-1000 eV for (La,Sr)H6ur-

air, N, and quench types. faces are shown in Fig. 1, revealing only the existence
Surface analysis of the titanate samples was camf Sr, Ti, O, and C signals in the samples. The carbon

ried out using a V.G. Instruments X-ray photoelectroncontamination largely decreased after ion sputtering,

spectrometer. M, radiation was used as the X-ray suggesting that it was produced by atmospheric carbon

source and the photoelectron peaks from the sampleompounds when the surface was exposed to air.

were numerically fitted using Lorentzian curves with  The bulks were sintered using the above three meth-

an integral background subtraction and analyzed at ands at 1450C, and sputtered with Ar for 15 minutes.

angle of 45 to the surface. The adventitious C 1s sig- The atomic percents of La, Ti, Sr, and O on the surface,

nal at 284.6 eV was used to calibrate the charge-shiftedalculated from the corresponding photoelectron peak

energy scale. The X-ray spot size was 600 mm and tharea sensitivity factor corrections are listed in Table I.

resolution was about 0.8 eV always, the spectra repre- The results show that the unpolished surfaces con-

sent original experimental data recorded to an accuractained a lot more carbon and oxygen than the polished
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Figure 1 XPS survey of (La,Sr)Ti@surfaces: (A) sample sintered in air at 1480for 2 h without sputting and (B) sample sintered in air at 1450
for 2 h and sputtered by Ar for 15 min.
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TABLE | Surface stoichiometries (XPS) in percent for La-doped SgE@face

Samples La(3d) O(1s) Ti(2p) C(1s) Sr(3d) Ti/Sr O/Sr
Air unsputtered 0.5 26.7 5.9 56.1 10.8 0.5 25
Air sputtered 1.3 34.3 20.3 32.7 115 1.7 3.1
N2 unsputtered 0.2 23.1 3.3 60.7 12.7 0.3 1.8
N2 sputtered 3.2 41.8 5.9 35.8 13.3 0.5 3.1
Quenched unsputtered 0.5 52.4 21 40.5 55 0.4 9.5
Quenched sputtered 0.3 18.9 4.8 70.6 5.4 0.9 35

surfaces. The excess carbon on the unpolished surfacerresponding XPS spectrum is shown in Fig. 2C.;TiO

is assumed to be carbonate (Yowstal. [21]). It was and SrTiQ are detected on the surface with mol frac-

shown that SrTi@has a strong tendency to chemisorbtions of 16% and 84%, respectively. Since there is no

carbon dioxide, and the excess oxygen on the bulk'visible peak emerging from the background in the 1 eV

surface is attributed to surface sensitivity of adsorbedegion, this surface has no detectable concentration of

H,0. lower oxidation state titanium (¥7). The surface XPS
Although the bulks’ compositions were very close studies indicated that the Mintered bulk contained

to stoichiometric, mesured by AA, the surfaces weremore lower oxidation state Ti (37).

found to have Ti/Sr ratios that varied significantly from

the stoichiometric ratio. The Ti/Sr, and O/Sr ratios of

the quenched surface are shown in Table I. These ratiog, 2. 2. Sr surface analysis

reveal that the surface of the quenChEd Sample Containﬁ]e asymmetric Sr3d peak shownin F|g 3is consistent
relatively more oxygen than the other surfaces. Thisith those reported for the 3r states [18]. This Sr core
can be explained by the fact that oxygen can easilyeve| of the air-sintered surface can be split into two
diffuse to the surface when SrTiGs quenched from  components by Gaussian analysis as shown in Fig. 3A.
high temperature. The peak having a higher binding energy at 134.3 eV,
with a FWHM of 1.2 eV, is identified as the Sr 3¢l
peak of SrTiQ. The other peak on the lower energy side

3.2. Detailed XPS surface analysis is centered at 132.6 eV, with a FWHM of 1.8 eV, and
3.2.1. Ti surface analysis assigned as the Sr gd peak of SrTiQ. The binding
The asymmetric Ti 2p peaks of surfaces sintered agnergies of the Sr 3d peaks were consistent with those
1450°C are shown in Fig. 2. Fig. 2A shows that the Ti reported for strontium ions in SF states [24-26].
core level of the air-sintered SrTiQurface simulated ~ Fig- 3B shows the Sr 3d binding energy of ap-N
by Gaussians resolves into three components. One pe&kitered surface. The Sr 3d signal displayed peaks at
at the highest binding energy, centered at 459.5 eV, i$33.8 and 132.2 eV, showing a slight change in line
attributed to TiQ [22, 23]. The second peak, centered atshape with respect to the surface Sr 3d peak shown
457.8 eV, with a full-width at half maximum (FWHM) in Fig. 3A. However, these peak positions, line shapes
of 1.6 eV, is assigned to the“Ti 2p;/». The peak posi- andline spllttlng_s are aIso_ln accordance with the values
tion and line splitting are in accordance with the valueg'eported for SrTi@ in the literature [21]. However, an
reported for SrTiQ[18]. A third peak is centered at the additional peak centered at 135.6 eV, which suggeststhe
binding energy of 455.0 eV, with a FWHM of 1.2 eV, higher binding energy peak with a FWHM of 1.3 eV,
at2.8 eV from the Ti 2, peak. The presence of lower t0 be SrO. The peak (peak A) is in accordance with the
oxidation states would be expected to result in addistudies of Youngt al.[21], who reported Sr 3d spectra
tional contributions on the low binding energy sides offor SrO pellets, and the Sr 3d peaks were identified by
the 2p peak. The binding energy of the third peak isdgconvolutionto be atbinding energies ofabout1.4 eV
identified as T&* 2ps/2 in TiO [19]. The area ratio of higher than that of the Sr 3@ in SrTiOs.
these three peaks is estimated as 2:90: 8, SuggestingAdditiona”y, similar SpeCtl‘a were obtained from the
that the Ti peak of SrTi@is greater than that of lower quenched samples and are shown in Fig. 3C. It sug-
oxidation state titanium. gests that the sample surface contained less C (1s), and

Fig. 2B shows that the Ti 2p line of the,Msintered ~ the peak having a higher binding energy centered at
titanate surfaces resolves into three peaks. The first ond35.9 €V with a FWHM of 1.3 eV, might be attributed
at 459.3 eV, with a FWHM of 1.8 eV, having a higher t0 SrO [24]. The area percentage of this peak is esti-
binding energy than Ti 2, of SITiO is attributed to  Mated to be 5%. The energy separation between the
TiO,. And the second one, centered at 457.4 eV, is atSr 3t/2 and Sr 3¢, peaks of SrTi@is also shown in
tributed to SrTiQ, having a FWHM of 1.3 eV. The this figure. The two main peaks were well defined with
last one, positioned at 456.1 eV, with a FWHM of the same FWHM of 1.7 eV.
1.2 eV, is attributed to 303. According to the peak
areas the ratio of TiQ SrTiOs, and TpOs3 is calculated
to be 46:36:18. 3.2.3. Oxygen surface XPS analysis

To understand the existence of surfac& Tat high  Fig. 4 shows the binding energies of O 1s spectra for
temperatures, we did an experiment on an air-firedLa,Sr)TiO; surfaces as a function of the different sin-
(La,Sn)TiGs, quenched into water from 145C. The tering conditions. Fig. 4A shows the O 1s spectrum
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Figure 2 Ti 2p spectra for the unsputtered samples sintered at1@5@®\) sintered in air, (B) sintered in\land (C) the quenched sample.
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Figure 3 Sr 3d;,2 and 3d,> peaks for bulks sintered at 1450: (A) sintered in air, (B) sintered inNand (C) the quenched sample.
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Figure 4 Oxygen 1s spectra for La-doped Srgi@A) sintered in air at 1450C for 2 h, (B) sintered in Mat 1450°C for 2 h, and (C) sintered in air
at 1450°C for 2 h and quenched to room temperature.
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for the SrTiQ oxidized in air. The O 1s spectrum for |entlanthanum and 3t the L&t ion can be expected to
SrTiO; resolves into three peaks centered at 529.3pe incorporated at Sr sites. To achieve electrical neutral-
531.6 and 533.4 eV, respectively. The main peaks argy the substitution of strontium by lanthanum is com-
the ones at 531.6 and 533.4 eV. Fig. 4B shows gensated by the creation of*Ttions. Fig. 5A shows
spectrum for N-sintered SrTiQ. It displays peaks sim-  the Ar-sputtered air-sintered surface. The atomic per-
ilar to the ones of Fig. 4A of an air-oxidized surface, centage of Ti 3p at 456.2 eV decreases and is com-
except that the area of the peak centered at 531.8 eV [sensated by the existence of Ti 3p binding energy at
larger than the area of the peak centered at 529.3 eV.459.2 eV with a mol fraction of 9%. The binding en-
The O 1s binding energies of a quenched surface argrgy of 459.2 eV is higher than the binding energy of
shown in Fig. 4C. This shows resolution of binding en-SrTiO; at 457.8 eV, and was assigned to the character of
ergies into three peaks, similar to those seen in Fig. 4ATi*t in the TiO,. From this observation, one postulated
the first peaks of Fig. 4A, B and C are centered athat the surface contains relatively moréT{Ti,Os)
529.3, 529.3, and 529.0 eV, respectively, suggesting tithan the inner profile material which is rich in TO
tanate oxygen. These results are in good agreement withyjimoto et al. [28] used HRTEM and SEM to reveal
the air-oxidized fracture surface of Sri@ported by  Ti,0,,_; Magréli phases (O, TisOg and others).
Nagarkaret al.[18]. The Magreli phases exist at the multiple grain junc-
Both the surfaces of air-sintered and quenched santions in SrTiQ. We suppose that Magti phases were
ples contain a large amount of the O 1s species (cefformed by complexes of TiPand TpO3 at the grain
tered about 529.3 eV), revealing that Srfi©the main  poundary inside of the bulk.
component of these surfaces. This is also in good agree- The Ar-sputtered Bsintered surface contains less
ment with the Ti XPS analysis described above. On theTj3+ |ocated at 455.8 eV (shown in Fig. 5B). This shift
contrary, the N-sintered surface, probably due to the agrees quantitatively with previously reported data on
lack of oxygen, contains lower valence oxidation stat&jtanium suboxides [29]. And the Tihad an assigned
titanium, such as . SrTiO; is not the main compo-  peak centered at 460.0 eV making up 12.2%. Compared
nent of the surface, and therefore it contains less O 1 the unsputtered surface (Fig. 2B), the amount &f Ti
of SrTiO; centered at 529.3 eV. noticeably decreased, whereas the main Ti (SsYi®
The second oxygen peak in Fig. 4B at a binding encreased to 57%, suggesting the inner material contained
ergy of 531.6 eV, about 2.3 eV higher than the titanatemore SrTiQ.
oxygen peak, is a big peak. Knotek [27] revealed that Comparison of the above two sintering conditions
high levels of contaminant hydroxyl species exist onshowed titanium in both thedand 3+ states, but the
SrTiO; surfaces, were associated primarily with tita- proportion of T#+ was more in the sample reduced
nium rather than strontium cations. Furthermore, thén N, atmosphere. The sputtered air-sintered surface
results of the XPS study of Ti are shown in Fig. 2. causes an attenuation of théTpeaks and the appear-
Fig. 2B shows that the surface of the-sintered bulk  ance of a peak at459.2 eV is assigned to thé Species
contains a higher percentage of Ti bonded in variousf TiO,. Furthermore, a peak at 461.4 eV is assigned
TiOx-structures and relatively less Ti bonded as SgTiO to the corresponding §t (2py/2) level. Therefore, N
compared to the air-sintered sample. That means thgintering caused a decrease of th&tTpeak intensity
overall percentage of Ti-ions on the surface of this sam¢39%) and a corresponding increase in th& peak in-
ple is higher. The hydroxyl species is preferable bondensity. However, small shifts to higher binding energy
to Ti. It explains the big peak at 531.6 eV (Fig. 4B, (centered at 458.1 eV) of the 2p peak of T+ of the
peak B), represents surface-adsorbed hydroxyl speciegtanate are also observed in the inner profile material.
A third oxygen peak is seen at a binding energy of Fig. 5C shows the XPS region around the Ti(2p)
533.4 eV, about 4.1 eV higher than the titanate oxycore levels for the quenched bulk obtained after Ar-
gen peak. This peak is thought to be related to a sursputtering. There are two peaks centered at 459.0 and
face carbonate species [25]. Perhaps, SrO is a basifs8.0 eV, assigned to the 2p core levels of TiQ and
oxide and shows a strong tendency to chemisorb cai3TiO;, respectively. The Ti core level of the quenched
bon dioxide and water vapor. The peak near 533.4 eV ofnner profile material can be simulated by single
the air-sintered sample greatly decreased (not showr@aussians, clearly showing that no other lower valence
after Ar-sputtering. The survey scan (Fig. 1B), alsogxidation state is detectable.
shows that the carbon content greatly decreased after
Ar-sputtering, indicating that results for the air- sintered

SrTiOg are consistent with this interpretation. ] )
3.3. The effect of sintering temperatures

The bulks were sintered at various temperatures be-

tween 1300 and 145 for two hours. The samples
3.2.4. Ti depth profile sintered in air at 1450C were bluish-gray in color,
The three bulks sintered at 1450 were sputtered with  but another sample sintered below 14@was buff
Ar for 15 minutes, and the corresponding XPS analy-brown in color. The samples sintered i Bt 1300—
ses of the Ti 2p binding energies are shown in Fig. 51450°C were also blue in color. However, the samples
As shown above in Fig. 2A, the air-sintered unpolishedquenched from high temperature were all brown. The
sample contains lower valence Ti at a binding energy otlectrical resistivity (A.C.) of the bulks measured at a
455.0 eV. T# amounts to 8 at% of the sample. Be- frequency of 100 Hz with an LCR Analyzer are shown
cause of the similarity of the ionic radii of stable triva- in Table II. Obviously, the bluish-gray samples show
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Figure 5 Ti 2p spectra for the sputtered samples: (A) sintered in air at 1856r 2 h, (B) sintered in Mat 1450°C for 2 h, and (C) sintered in air
at 1450°C for 2 h and quenched to room temperature.
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TABLE Il The A.C. electrical resistivity measured i€( cm) at 100 Hz of the bulks (color of sample is given in parentheses)

Sintering temperatures 130G 1350°C 1400°C 1450°C
Air-sintered 160 x 107 (brown) 132 x 107 (brown) 102 x 107 (brown) 247 x 10° (gray brown)
Ny-sintered &4 x 10° (gray blue) 157 x 10° (blue) 230x 10° (blue) 112 x 10° (blue)
Quenched 22 x 100 (brown) 841 x 10° (brown) 65 x 108 (brown) 830x 107 (brown)
5
10 | I 1
(A)

10 (B)

DIELECTRIC CONSTANT

©)

102 1 | 1 | 1 { !
1250 1300 1350 1400 1450

TEMPERATURE, °C

Figure 6 Dielectric constant of (La,Sr)Tibulks sintered at various temperature: (A) sintered in(B) sintered in air, and (C) the quenched bulk.

semiconducting behavior. The resistivity was aboutair-sintered ceramics formed a liquid phase at the grain
101 ©-cm, for the bulks sintered in Nor in air  boundary. The SEM micrograph of theintered bulk
at 1450°C. Although all bulks were doped to the sameis shown in Fig. 7B, the bulk has a similar microstruc-
extent, the quenched bulks were brown in color andure to the bulk of Fig. 7A, but was denser. However,
had a high resistivity, about $910'* Q@ -cm. Owingto  the ceramic obtained from the quenching process was a
the high resistivity, the quenched bulks exhibited chargeglassy material, less dense and showed large cavities in
effects in the photo beams of the XPS analysis. Furtherits microstructure. SEM suggests that the intergranular
more, after polishing the surface, the dielectric properporosity of the quenched sample (Fig. 7C) is respon-
ties of the bulks were measured at a frequency of 1 kHzsible for the lower dielectric constant. It also shows
with an LCR Analyzer. Results are shown in Fig. 6. Theclearly that the glassy material at the grain boundary of
N»-sintered bulks displayed higher dielectric constantsthis sample results in a higher brittleness as compared
up to 51 x 10* for the sample sintered at 1450.  to SrTiOs.
Bulk (A), sintered in an air-atmosphere, lacked semi- The XPS core levels of the samples sintered at var-
conducting behaviour, and had a lower dielectric condious temperatures are shown in Fig. 8. Fig. 8A shows
stantthan sample (B) (sintered inN\but the dielectric  the sample sintered in air at 1400, with binding en-
constant for the sample sintered in air at 1460vas  ergies at 459.6 and 457.4 eV, assigned to,T&dd
anomalously large. Finally, all the bulks (C) were brown SrTiOs, respectively. No other peak at a lower energy
in color and highly resistant, so SrTi@isplayed atyp- was detected. ¥ did not exist in the bulk. Fig. 8B
ical dielectric constant of 300-1000. shows the sample sintered i ldt 1300°C. Peaks at
Fig. 7 shows the SEM micrographs of the ceramicsA59 and 457.6 eV, again, prove the existence of,TiO
sintered at 1450C for 2 hrs. According to Fig. 7A, the and SrTiQ. Additionally, another peak was registered
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at 456.9 eV, hinting at the existence ofTi Finally,

©

Figure 7 SEM micrographs of the bulks sintered at 1480for 2 h: (A) sintered in air, (B) sintered indNand (C) the quenched bulk.

bulks sintered in N above 1300C contain consider-

the quenched sample (shown in Fig. 8C) sintered a&ble amounts of P, which causes the bulks to have
1400°C was similar to the air-sintered sample, peakssemiconducting properties and a higher dielectric con-
were centered at459 and 457.5 eV, and, asin Fig. 8A, netant. The quenched samples, sintered between 1300—
peak for the lower valence oxidation state titanium wasl450°C, contain only Tt and the bulks are highly
detected. The Ti binding energy data of the samples areesistant.

tabulated in Table IlIl. In conclusion, combining the re-

The Np-sintered or air-sintered (145C) SrTiO;

sults from the electrical property and XPS studies it carconsists of semiconducting grains which are sepa-
be said that the samples sintered in air below 4D0 rated by an insulating material (Maginphases). The
do not contain T, but possess a high resistivity. The “brick-wall’-like microstructure of the Mageli phases

TABLE |1l Ti binding energy data of the samples

Sample

Ti(2g/2) TiO2

Ti(2ps/2) SITiO3

Ti(2p3/2) Ti203

Remark

1400°C air
1450°C air
1300°C Ny
1350°C N,
1400°C N,
1450°C N,
1400°C quench
1450°C quench

459.6 [41.4%] (1.8)
459.5 [2%] (1.0)
459 [12.3%)] (1.0)
458.7 [44.7%] (0.5)
458.7 [44.7%] (2.0)
459.3 [46%] (1.8)
459.4 [18%)] (1.3)
459.316% (1.2)

457.4 [58.6%] (2.0)
457.8 [90%] (1.6)
457.6 [69%)] (1.4)
457.5 [67.6%] (1.3)
457.3 [16%)] (1.8)
457.4[36%] (1.3)
457.5 [82%)] (1.5)
457.8 84% (1.3)

456.9 [18.7%] (1.0)
456.4 [16%] (1.1)
456.4 [39.3%] (2.0)
456.1 [18%] (1.2)

Fig. 8A
Fig.2A
Fig. 8A

Fig. 2B
Fig.8C
Fig. 2C

[]: mol%; (): FWHM.
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Figure 8 The Ti core levels of XPS of samples sintered at various conditions: (A) the sample sintered in aira 1#Hthe sample sintered inN
at 1300°C, and (C) the quenched sample sintered at 2400
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surrounds the SrTi@grain, resulting in a have a high 3
dielectric constant [30].
4.
5.

4. Conclusions

By chelating titanium alkoxide with acetic acid through .
the sol-precipitation process, highly dense strontium7-

titanate ceramics were obtained after sintering the ul-g' N

trafine powders. X-ray photoelectron spectroscopy was
used to investigate the k@3z-doped SrTiQ surface to

reveal the surface compositions and investigate the exigo.
tence of T+, which is responsible for the semiconduct- 11.

ing properties. The surfaces were found to have Sr/Tt?
3. N. H. CHAN,R. K. SHARMA andD. M. SMYTH, J. Elec-

ratios varying significantly from the stoichiometric ra-

tio. Carbon contamination of the surface was revealed,.

and suggested the presence of hydroxyl groups on the
surface, which largely decreased in side the bul®: Ti
in the form of TbO3 has been monitored as a function

15.

. C. F. KAO andw. D. YANG, Ceramics Internationa22(1996)
57.

F. CHAPUT andJ. P. BOILOT, J. Mater. Sci. Lett6 (1987)
1120.

C. F. KAO andwW. D. YANG, Mater. Sci. Eng. B338 (1996)
127.

P. E. C. FRANKEN, J. Amer. Ceram. S064(1981) 687.

D. E. RASEandR. ROY, ibid. 38(1955) 102.

S. WAKU, N. T. T. Res. Appl. Ref#t6(1967) 975.

G. SARKISYAN, V. M. ARUTYUNYAN, V. E.
MELIKYAN andE. V. PUTNYN, Elektrokhimiya22 (1986)
511.

B. T. CHANG, Solid State Comnm3(1982) 335.

T. R. N. AVUDAITHAI , Mater. Res. Bull25(1990) 821.

A. MACKOR andG. BLASSE, Chem. Phys. Let#7(1981) 6.

trochem. Soc128(1981) 1762.

H. P. R. FREDERIKSEandw. R. HOSLER, Phys. Rev155
(1967) 796.

U. BALACHANDRAN andN. G. EROR,J. Electrochem. Soc.:
Solid-State Science and Technold@p (1982) 1021.

16. V. E. HENRICH, Rep. Prog. Phy18 (1985) 1481.

of the sintering conditions, and could be detected at thg,
surface of (La,Sr)Ti@sintered in either air or in Nand

cooled naturally. T was present, especially when the 18.

samples were sintered in,Nitmosphere. Finally, the

quenched samples had a high resistivity, and clearly®:

showed a glassy material at the grain boundary, result-
ing in brittleness. Noticeable amounts of Tiwere not
detected in these samples.

Theresistivity of the bulks decreased with anincreasé!-
of the TP*-surface concentration, leading to semicon-2%

ductivity of the samples. Out of the air-sintered sam-,,
ples, only the one sintered at 148Dwas deeply blue-

gray in color and exhibited a relatively low resistivity, 24.
25.

owing to the presence of ¥i on its surface. The N
sintered samples also had a low resistivity when sin-26
tered above 135TC. They were dark blue in color and

semiconducting, which again was due to the presencg;.

of lower valence oxidation state Ti detected by the XPS
surface analysis.

29
30.
References
1.J. M. WILSONandD. L. COLLER,U.S. Patentno. 4,670,243
(1987).

2. P. P. PHULE andS. H. RISBUD, Mater. Sci. Eng. BB (1989)
241.

3544

20.

28.

. S. FERRERandG. A. SOMORJAI, Surface Science4 (1980)
41.

P. V. NAGARKAR,P. C. SEARSONandF. D. GEALY,
111, J. Appl. Phys69(1991) 459.

A. F. CARLEY, P. R. CHALKER,J. C. RIVIERE and
M. W. ROBERTS J. Chem. Soc., Faraday Trans88 (1987)
351.

C. F. KAO andwW. D. YANG, Mater. Trans. JIM37 (1996)
142.

V. YOUNG andT. OTAGAWA, Appl. Surf. Sci20(1985) 228.
N. R. ARMSTRONGandR. K. QUINN, Surface Sciencé7
(1977) 451.

.M. E. LEVIN,M. SALMERON, A. T. BELL andG. A.
SOMORJAI, ibid. 195(1988) 429.

R. P. VASQUEZ, J. Electron Spectros&6 (1991) 217.
M. E. PILLEUX, C. R. GRAHMANN and V.
FUENZALIDA, J. Amer. Ceram. So@.7 (1994) 1601.

.S. MYHRA,J. C. RIVIERE, K. HAWKINS andT.
WHITE, J. Mater. Res7 (1992) 482.

D. S. KNOTEK andR. M. GLAISTER, Proc. Inst. Electr.
Eng. Part B109(1961) 423.

M. FUJIMOTOandM. WATANABE, J. Mater. Sci20 (1985)
2683.

. G. ROCKERandw. GOPEL, Surface Scienc&8 (1987) 530.
M. V. RAYMOND andV. R. W. AMARAKOON, J. Amer.
Ceram. Soc73(1990) 1308.

M.

J.

Received 19 August 1997
and accepted 27 January 1999



