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bstract

i6Ti5TeO22 (BTT) thin films were grown on a Pt/Ti/SiO2/Si(1 0 0) substrate under various conditions and the valence state of the Te ion was
nvestigated. For the BTT films grown at 300 ◦C, most of the Te ions existed as Te4+ ions. However, for the 10 mol% Mn-added BTT films grown
t 300 ◦C, Te6+ ions were found even in the film grown under low oxygen partial pressure (OPP) and their number increased with increasing OPP.
his increase was attributed to the presence of Mn2+ ions, which assisted the transition of Te4+ ions to Te6+ ions in order to maintain the charge

alance of the Ti4+ sites. Furthermore, in the films grown at 300 ◦C under a high OPP of 80.0 Pa and subsequently annealed at 600 ◦C under a high
xygen pressure of 101 kPa, most of the Te ions existed as Te6+ ions. However, for the film grown at 300 ◦C under low OPP, even though the film
as annealed under a high oxygen pressure of 101 kPa, only a few of Te6+ ions were formed, whereas most of Te ions remained as the Te4+ ions.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The Bi2O3–TiO2–TeO2 compounds such as Bi2Ti3TeO12,
i2TiTeO8 and Bi6Ti5TeO22 (BTT) ceramics have been inves-

igated for the application to low temperature co-fired ceramics
ecause of their low sintering temperature and high dielectric
onstant (εr).1,2 Moreover, due to the low sintering temper-
tures of the BTT ceramics, the BTT films with a high εr
ere easily grown at low temperatures (≤300 ◦C).3–5 There-

ore, their electrical properties have been studied for application
o the embedded decoupling capacitors for printed circuit boards
nd the radio frequency (RF) metal–insulator–metal capaci-
ors in semiconductor devices which require low processing
emperatures.3–5

It was reported that Te4+ ions in the Bi2O3–TiO2–TeO2 com-
ounds were easily oxidized and transformed to Te6+ ions when

xposed to an oxidizing atmosphere and that this transition
nduced a phase change.1,2 The changes of the crystal struc-
ure and electrical properties were also observed for the BTT
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lms grown under various oxygen partial pressures (OPPs) and
hey were explained by the variation of the valence state of the Te
ons.3–5 Therefore, it is important to investigate the valence state
f the Te ions in order to understand the variations of the struc-
ural and electrical properties of the BTT films. For Te-based
eramics, the oxidation of the Te4+ ions was indirectly identi-
ed by the mass gain resulting from the Te4+–Te6+ oxidation.2

owever, for the BTT films, the valence state of the Te ion
as not been investigated systematically despite its considerable
nfluence on the type of phase formed in the BTT films and
heir electrical properties.4,5 In this work, therefore, BTT films
ere grown under various process conditions using RF mag-
etron sputtering or pulsed laser deposition (PLD). The valence
tate of the Te ions in these films were investigated using X-ray
hotoelectron spectroscopy (XPS) and the relation between the
rystal structure of the films and the valence of the Te ions was
lso studied.
. Experimental procedures

The BTT or the 10 mol% Mn-doped BTT films were grown at
00 ◦C on a Pt/Ti/SiO2/Si(1 0 0) substrate using RF magnetron
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variation of the crystalline phase formed in the film was consid-
ered to be related to the valence of the Te ions. XPS analysis
was conducted on these films to clarify the valence state of the
Te ions and thereby to understand the phase change of the film.
ig. 1. XPS spectra of the Te 3d5/2 spin-orbital taken from the BTT films grown
t 300 ◦C under an OPP of (a) 0.21 Pa, (b) 0.32 Pa, (c) 0.48 Pa and (d) 0.59 Pa
y using RF sputtering.

puttering and PLD. Three-inch diameter BTT or 10 mol% Mn-
oped BTT targets for the sputtering were synthesized using the
onventional solid-state method. Deposition was carried out at
00 ◦C in various mixed oxygen and argon atmospheres with
total pressure of 1.07 Pa and a sputtering power of 100 W.

or the PLD, a Nd-YAG laser beam (NL303HT, EKSPLA,
ithuania) with a wavelength of 266 nm (the fourth harmonic
eneration, FHG), a repetition rate of 10 Hz and an energy flu-
ncy of 4 J/cm2 was focused on the sintered BTT ceramic target
otating in a vacuum chamber under OPPs of 9.3–80.0 Pa. The
lms were annealed at 600 ◦C under various oxygen pressures.
he film structure was examined by X-ray diffraction (XRD:
igaku D/max-RC). XPS (VG Scientific, ESCALAB250) mea-

urements were conducted to obtain information on the valence
tate of the Te ion.

. Results and discussion

Fig. 1(a)–(d) shows the XPS spectra of the Te 3d5/2 spin-
rbital taken from the BTT films grown at 300 ◦C under various
PPs using RF magnetron sputtering. The peaks at 576.6, 575.9

nd 572.8 eV correspond to TeO3, TeO2 and metallic Te, respec-
ively. For the films grown under OPPs <0.59 Pa, only the TeO2
eak was observed, indicating that most of the Te ions existed as
e4+ ions in these films. However, when OPP was increased to
.59 Pa, the TeO3 peak appeared, as shown in Fig. 1(d), suggest-
ng that some of the Te4+ ions were transformed to Te6+ ions in
he film grown under 0.59 OPP. According to our previous work,
or the films grown at 300 ◦C, an amorphous phase was observed
ith a small amount of crystalline phase which was considered

o be a cubic BTT phase, in which Te ions existed as Te6+ ions.3

owever, since the XPS results implied that most of the Te ions

xisted as Te4+ ions for the films grown at 300 ◦C, the possibility
hat some of this crystalline phase may have been a bismuth-
ayered, orthorhombic Bi4Ti3O12 (pseudo-Bi4Ti3O12) phase
ith the composition of the Bi4(Ti3−xTex)O12 cannot be ignored.
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d
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The valence state of the Te ions in the 10 mol% Mn-doped
TT films grown at 300 ◦C under various OPPs was also inves-

igated, as shown in Fig. 2(a)–(d). Contrary to the pure BTT
lms, a TeO3 peak was observed, even for the film grown under

he low OPP of 0.21 Pa, as shown in Fig. 2(a), and its intensity
ncreased with increasing OPP. This result indicated that Te6+

ons already existed in the film grown under the low OPP. In
eneral, Mn ions take one of three valence states, Mn2+, Mn3+

nd Mn4+, and the Mn ions in the BTT film were known to exist
s Mn2+ and acted as acceptors, thereby decreasing the leakage
urrent density.5 Therefore, when Mn2+ ions occupied the Ti4+

ite, some of the Te ions in the Ti4+ sites were considered to
xist as Te6+ ions instead of Te4+ ions so that the charge valence
f the Ti4+ site was maintained. Therefore, the presence of the
n2+ ions expedited the transition of Te4+ ions to Te6+ ions.
The relation between the phase change and the valence of

he Te ions was investigated using the BTT films grown by PLD
ecause it was relatively easy to obtain a homogeneous BTT
rystalline phase for the film grown by PLD. Fig. 3(a) shows
he XRD pattern of the BTT film deposited at 300 ◦C under
0.0 Pa OPP using PLD. No peaks for the crystalline phase were
bserved in this film, but a broad peak was found at around
8 degree, indicating that this film consisted of an amorphous
hase with a small amount of small crystals. When this film was
nnealed at 600 ◦C under a high oxygen pressure of 101 kPa,
he crystalline BTT phase was formed, as shown in Fig. 3(b).
owever, for the film grown under a low OPP of 53.3 Pa and

ubsequently annealed at 600 ◦C under a high oxygen pressure
f 101 kPa, peaks for both BTT and pseudo-Bi4Ti3O12 phases
ere found. According to the previous works, Te6+ ions in a Te-
ased compound are easily transformed to Te4+ ions under low
xygen pressure and induced phase transition.6–8 Therefore, the
ig. 2. XPS spectra of the Te 3d5/2 spin-orbital taken from the 10 mol% Mn-
oped BTT films grown at 300 ◦C under an OPP of (a) 0.21 Pa, (b) 0.32 Pa, (c)
.48 Pa and (d) 0.59 Pa by using RF sputtering.
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Fig. 3. (a) XRD pattern of the films deposited at 300 ◦C under 80.0 Pa OPP
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sing PLD and XRD patterns of the films deposited at 300 ◦C under various
PPs using PLD and subsequently annealed at 600 ◦C under 101 kPa oxygen
ressure: (b) 80.0 Pa and (c) 53.3 Pa.

Fig. 4(a) shows the XPS spectrum of the film deposited at
00 ◦C under 80.0 Pa OPP using PLD. The observed TeO2 peak
ndicated that the Te ions existed as Te4+ ions. However, when
his film was annealed at 600 ◦C under a high oxygen pressure
f 101 kPa, most of the Te ions existed as Te6+ ions and only a
ew as Te4+ ions, as shown in Fig. 4(b). According to the XRD
esult, the cubic BTT crystalline phase was observed in this film,
ndicating that the Te4+ ions in the film grown at 300 ◦C were
ransformed to Te6+, resulting in the formation of the BTT crys-
alline phase. On the other hand, for the film grown under a low

PP of 53.3 Pa and annealed at 600 ◦C under a high oxygen
ressure of 101 kPa, most of the Te ions existed as Te4+ but a
ew Te6+ ions were also found, as shown in Fig. 4(c). Accord-

ig. 4. XPS spectra of the Te 3d5/2 spin-orbital taken from (a) the film deposited
t 300 ◦C under 80.0 Pa OPP using PLD and the films deposited at 300 ◦C under
arious OPPs using PLD and subsequently annealed at 600 ◦C under 101 kPa
xygen pressure: (b) 80.0 Pa and (c) 53.3 Pa.
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ng to the XRD result, both BTT and pseudo-Bi4Ti3O12 phases
ere observed in this film and their formations were attributed

o the Te6+ and Te4+ ions, respectively. These results confirmed
he presence of Te4+ ions even though the film was grown under
high OPP of 80.0 Pa. However, they were transformed to Te6+

ons, thereby forming the BTT crystalline phase, after anneal-
ng under high oxygen pressure of 101 kPa. However, for the
lm grown under a low OPP of 53.3 Pa, even though this film
as annealed under a high oxygen pressure of 101 kPa, most
f the Te4+ ions maintained their valence, thereby forming the
seudo-Bi4Ti3O12 phase, although a few of the Te4+ ions were
ransformed to Te6+ ions and developed the BTT crystalline
hase. Therefore, the OPP during the growth stage consider-
bly influenced the valence state of the Te ions and hence the
rystal structure of the films.

. Conclusions

Te ions existed as Te4+ ions in films grown at 300 ◦C under
ow OPPs (≤0.59 Pa) using RF magnetron sputtering but a few
f the Te4+ ions were transformed to Te6+ ions for the film
rown under a high OPP of 0.59 Pa. However, for the 10 mol%
n-doped BTT films, Mn2+ ions in the Ti4+ sites assisted the

ransition of Te4+ ions to Te6+ ions in order to maintain the charge
alance of Ti4+ sites, so that Te6+ ions were formed in the film
rown under a low OPP of 0.21 Pa and their number increased
ith increasing OPP. The Te ions also existed as Te4+ ions for

he films grown at 300 ◦C under an OPP of 80.0 Pa using PLD.
hen this film was subsequently annealed under a high oxygen

ressure of 101 kPa, most of the Te4+ ions were transformed to
e6+ ions during the annealing, resulting in the formation of the
TT phase with cubic structure. However, for the film grown at
low OPP of 53.3 Pa, even though the film was annealed under
high oxygen pressure of 101 kPa, only a few of the Te4+ ions
ere transformed to Te6+ ions, thereby forming the cubic BTT

rystal, but the remnant Te4+ ions formed the pseudo-Bi4Ti3O12
rystalline phase. Therefore, the level of OPP during the growth
tage considerably influenced the valence of Te ions and thereby
he crystal structure of the film.
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