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ABSTRACT 

     SrTiO3 (STO) and Co-doped SrTiO3 (Co-STO) sintered targets were synthesized at 1573 K, 

then underwent pulsed laser ablation (PLA) to prepare their thin films. The targets showed 

clear XRD peaks of the STO until the doped Co amount reached 30% denoted as Co(30)-STO. 

Doped Co ions were substituted with octahedrally coordinated Ti ions as the Co2+ state, which 

was proved by the Co 2p satellite peaks in the X-ray photoelectron spectroscopy (XPS) spectra. 

The STO and Co(30)-STO targets were treated to evaluate their charge compensation as 

follows; sputtered by an Ar ion gun, exposed to air, reduction with hydrogen at 1073 K, then 

exposed to air, and oxidized at 1073 K. Following exposure of the Ar-sputtered target to the air, 
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charge transfer reactions occurred among Co2+,Ti3+, O2- and Sr2+ species which were clarified 

by their XPS spectra. The origin of two kinds of O 1s spectra detected at 530 and 533 eV was 

studied by these five treatments and was assigned to the bulk and surface oxygen species, 

respectively. The PLA of the STO and Co-STO targets was carried out in water at 355 nm and 

with a constant laser fluence. The atomic ratios of the Ti/Sr and Co/Sr as well as that for the 

two kinds of O 1s spectra of the PLA thin films were studied. The effect of the doped Co ions in 

the crystal structure of the thin films was studied by the XRD peak shift of the SrTiO3 (110) 

face. Diffuse reflectance spectra revealed a quantum-sized effect for the r.t. deposited STO thin 

film, and a d-d transition and charge transfer band for the Co-STO targets. Photo-degradation 

of methylene blue was carried out on the PLA thin films under very weak power (0.7 mW) 

visible light at 460 nm from which a quantum yield was obtained to evaluate the role of the 

doped Co ions in the STO. 
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INTRODUCTION 

Strontium titanate (SrTiO3: hereafter denoted as STO) has been widely studied as a 

significant n-type semiconductor because of its stability, electronic properties and band-gap 

energy control by heteroatom doping, and as a result has been found to be applicable to oxide 

electronics1,2, water splitting into H2 and O2 under UV light3-6, one of the photo-catalysts with 

a perovskite structure7 and an anode material for fuel cells.8-11 The indirect band gap of the 

STO (3.1-3.7 eV) is too high to expect a response to visible light if we consider the advantage of 

solar energy use from the viewpoint of environmental benign technology. So far, many 

applications have been performed to control the band gap for the visible light response. For the 

photo-degradation of the dye molecules, visible light sensitive materials, such as CeO2, were 

added12,13 or Ag nanoparticles were added to the STO by surface plasmon resonance.14 While 

doping hetero atoms into the STO has been done using the analogy with technologies found in 

TiO2 systems15,16, a bandgap (Eg) decrease was detected both experimentally17 and 

theoretically.18 In addition, the photo-catalytic activities have been successfully observed by 

doping. H2 formation from methanol was found under visible light irradiation by co-doping 

Sb/Cr with the STO.19 Visible light mediated photocatalytic activities were found in the 

co-doping systems such as S/C20, La/N21, Ag/Pb22 and Cr/Ta.23 An interesting question has 

arisen as to whether the doped Cr ions are substituted at both the A and B sites24 or with only 

the A site.25 Recently, it was reported based on EXAFS experiments and theoretical 

calculations that according to their thermal stability, La and Cr ions were substituted at the A 

and B sites into the STO, respectively.26 

     Many cations have already been doped into the STO. The A site substitution has been 

tried by doping Ca2+27,28, Ba2+29, Pb2+30, Bi2+31 and Mn2+32 for phase transition and ferroelectric 

behavior, and Ba2+33 for tunable microwave applications. Considering the ionic radii of these 

cations, which can be substituted with Sr2+ (A site) coordinated with 12 lattice oxygen atoms, 

the relation between the antiferro distortive transition temperature and tolerance factor was 
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considered, and the Sr vacancies were suggested by doping La3+, Gd3+ and Y3+ into the STO.34 

Because of the presence of other perovskite structure materials, such as SrFeO3 and SrCoO3, 

Fe and Co ions have been tried to be substituted at the B site (Ti4+) in the STO. In the Fe ion 

doped STO, the bandgap values gradually decreased as a function of the Fe content.35-37 

Whereas the oxidation state of the Fe ion should be 4+ in SrFeO3
38, oxygen vacancies have 

been assumed in these Fe doped STO systems. It was reported that oxygen vacancies formed in 

the Fe doped STO will act as an electron trap which retards recombination of the photo-excited 

e-h pairs.35 At the same time, shake-up satellite peaks detected in the Fe 2p XPS spectra were 

explained due to Fe3+, which was responsible for the oxygen vacancies. In the Co doped STO 

systems, it has been reported that Co ions are doped in the B sites of the STO structure.39-42 It 

seems conclusive that Co ions are doped in the divalent state (Co2+) at the Ti4+ sites with 

octahedral coordination since the Co4+ state can be restrictively present at an extremely high 

pressure (6 GPa) in SrCoO3
43, and strong Co 2p XPS satellite peaks detected in Co-STO system 

can be assigned due to the high-spin Co2+ state (d7: 4 e in t2g and 3 e in eg).44 It is reported that 

Co ions can be substituted at the B sites in BaTiO3 with a perovskite structure, in which Co2+ 

ions with a paramagnetic (high spin) configuration coexist with the diamagnetic Co3+, and 

after annealing, and the Co ions are stabilized as Co2+ species with mainly an octahedral and 

trigonal symmetry (about 5%).45 Although no oxygen vacancies are expected for the 

stoichiometric SrSixTi1-xO3 system46, oxygen vacancies with the same amount as the doped 

Co2+ should be formed in the STO. So far, the oxygen vacancy has been suggested to be 

responsible for the ferromagnetism (FM) in the Co-doped TiO2
47, In2O3

48 and STO 

systems.44,49-52 Based on density functional calculations, FM is sensitive to the arrangement of 

most adjacent Co ions and oxygen vacancies and the presence of an oxygen vacancy makes 

both Eg and the lattice parameter larger.51 It was also suggested that the charge-compensating 

oxygen vacancies should be located outside the B site surrounding octahedral.45 Therefore, the 

relaxation effect on the Co-STO bulk by the formation of oxygen vacancies is one of the most 
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significant subjects to study. In the present study, we specially focused on (i) how the STO bulk 

is charge compensated in the presence of Co ions after Ar sputtering, exposed to air and 

reduction with hydrogen at high temperature, (ii) the role of the Co content on the stability of 

the STO bulk and the surface. At the same time, we prepared thin films of STO and Co-doped 

STO by PLA in water for the visible light photo-degradation of organic dye molecules. The 

focused points are (iii) the effect of Co ions on the preparation of the PLA thin films, (iv) 

stability of the studied thin films by annealing at high temperature, (v) assignment of two 

kinds of O 1s species detected at different BE values, and (vi) visible light photo-degradation 

activity of the PLA thin films.  

Pulsed laser ablation (PLA) has been used for the thin film preparation. For instance, 

STO53,54 and other perovskite compound55-57 thin films were prepared by PLA in an ultra-high 

vacuum system and/or at ambient gas pressure. It will be possible to prepare multi-component 

thin films by PLA methods using many target source materials. In addition, this method has 

the advantage which can make a large area thin film from a bulk material. Recently the PLA 

method has been extensively developed to prepare size-controlled ultrafine particles in an 

aqueous solution. For instance, titania nanoparticles applicable for the photo-catalytic reaction 

have been synthesized in water media.58 Whereas PLA has been normally extended to prepare 

fine particles in solutions, however, the PLA of STO or Co-STO in water has not yet been 

applied. We prepared STO and Co-STO sintered targets and characterized them by XRD and 

XPS, and in addition, PLA in the solution was tried using these targets and obtained PLA thin 

films that were characterized and used for the photo-degradation of an organic dye under 

visible light irradiation. 

 

EXPERIMENTAL 

     The STO target for the PLA in water was prepared as follows; initially pre-heating a 

mixture of a 1:1 molar ratio of SrCO3 and TiO2 at 1273 K for 12h. The obtained STO powder 
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was then pressed as a pellet with a 20-mm diameter, then post-heated at 1573 K for 24 h in air 

using our electronic oven (max temp: 1773 K). The Co-STO samples were prepared by adding 

the corresponding amount of Co3O4 to a mixture of SrCO3 and TiO2, in which the Co (Ti) 

amounts were 1 (99), 3 (97), 5 (95), 10 (90), 20 (80) and 30 (70) % of the Sr amount. The 

corresponding Co-STO targets were denoted as Co(1), Co(3), Co(5), Co(10), Co(20) and 

Co(30)-STO, respectively. The procedures for the heating and pressing to prepare the Co-STO 

targets were the same as those for the STO target. 

     The core level and valence band photoelectron spectra were recorded by X-ray 

photoelectron spectroscopy (XPS; VG-ESCA Mark II), in which Al K radiation (1486.6 eV) and 

a pass energy were employed at 100 W and 50 eV, respectively. The charge-up of the binding 

energy (BE) values was referenced to the C 1s peak at 285.6 eV as the internal standard. The 

BE values of Ti 2p3/2 and O 1s on the STO and Co-STO were 458.6 and 530.0 eV, respectively. 

These values are quite reasonable and almost the same values as reported for TiO2.58,59 The BE 

value of O 1s was reported to be 529.85 eV for SrTiO3.60 In BaTiO3 with the same perovskite 

structure, the BE values of Ti 2p3/2 and O1s XPS spectra were reported to be 459.8 and 531.0 

eV61 and 459.0 and 530.3 eV, respectively.62 The difference in the BE values between O 1s and 

Ti 2p3/2 was almost constant at 71.2-71.4 eV even under a different Fermi edge. In the present 

paper, the BE values of Ti 2p3/2 for Ti4+ in STO and Co-STO were referenced to be 458.6 eV. One 

of the O1s signals showed a peak at 530 eV. Ar sputtering was carried out using the same XPS 

system.  

     The pulsed laser ablation (PLA) in water was carried out to prepare STO and Co-STO 

thin films by the same method as previously reported for preparing titania nanoparticles 

except for the laser wavelength.58 The third harmonics (355 nm, 10 Hz) of a Nd:YAG pulsed 

laser (Continuum,Surelite-10) were reflected with the mirror and vertically supplied to the 

STO and Co-STO pellets in distilled water through a quartz lens with a focal length of 150 mm. 

The energy density focused on the target, the so-called fluence, was estimated from the 
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supplied laser energy and the spot size, which were measured by a laser power meter (OPHIR, 

model AN/2) and a burn paper, respectively. In the present study, a constant fluence of 0.5 

J/cm2 and a constant water layer thickness (distance between the target surface and water-air 

interface) of 0.6 cm were used. The nanoparticle solvated water solution was dropped on the 

10x10x1 mm3 quartz substrate and dried in air at a temperature controlled below 323 K. The 

obtained thin films were denoted as “r.t. prepared PLA thin films” in the present study. The 

SrCO3 peaks could be detected in the XRD experiments of the r.t. prepared PLA thin films so 

that they were annealed in air or reduced with H2 at 873 to 1073 K, at which the SrCO3 XRD 

peaks completely disappeared.  

     The photo-catalytic activity was studied by the photo-degradation of methylene blue 

under visible light irradiation. The PLA thin films were deposited on the quartz substrates and 

were placed in the bottom of plastic cells. A methylene blue (MB) water solution (1x10-4 M) 

filled the cells and a blue photodiode light at 460 nm irradiated the PLA thin films through the 

MB solution at the power of 0.7 mW. The photo-degradation activity was measured using the 

Lambert-Beer law at 667 nm (MB absorption maximum) by a ultraviolet-visible (UV) 

spectrometer (Jasco V-660). Blank experiments were simultaneously carried out under the 

same conditions except for the PLA thin films. 

 

RESULTS and DISCUSSION 

1. Characterization of STO and Co doped STO targets 

     The crystal structure of the targets for the PLA in water, STO and Co(1) to Co(30)-STO 

were studied by X-ray diffraction. As shown in Fig. 1, sharp and intense peaks were detected at 

2of about 32, 39, 46, 57 and 68 degree, which were assigned to the (110), (111), (200), (211) 

and (220) faces of the perovskite STO structure, respectively. These spectra indicated sufficient 

crystallinity to use then for the PLA experiments as the targets. The XRD peaks of the STO 

shifted to higher 2 values by the Co doping, which implies that the inter-planar distance 
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diminishes by the Co doping. The ionic radii of Sr2+, Ti4+ and Co2+ were reported to be 0.118, 

0.068 and 0.074 nm, respectively.63 The ionic radius of the Co ions depends not only on the 

oxidation state, but also whether in the high spin (HS) or low spin (LS) states. It was reported 

that ionic radius of the HS state of Co4+ was 0.053 nm whereas the Co3+ and Co2+ ions had 

radii of 0.061 and 0.075 nm for the HS states and 0.055 and 0.065 nm for the low spin (LS) 

states, respectively.64 The lattice parameter decreased when the Sr vacancy was formed or the 

A site in the STO structure was substituted with another ion of a much smaller radius.65 

Similarly, for the B site substitution in the STO, Co4+ ions could replace with Ti4+ to decrease 

the lattice parameter of STO. However, it may be crucial to expect the Co4+ in STO since high 

oxygen pressure is required to prepare the stoichiometric perovskite SrCoO3 containing Co4+.43 

It is difficult to explain the substitution of Co2+ for Ti4+ in the STO by taking only the ionic 

radius into account. Lattice parameters were refined by the Rietvelt method to explain the 

statistical distribution of the Ti and Co species of the B site in the STO.39 In addition, the 

cationic substitution did not significantly change the structure because lattice parameter 

monotonously diminished as a function of x in SrTi1-xCoxO3-obeying Vegard’s law which was 

expected for a solid solution.  

STO and Co(30)-STO were treated in order to study the charge compensation among the 

constitutional ions. Co 2p, Ti 2p, O 1s, Sr 3d and their valence spectra are shown in Figs.2, 3, 4, 

6 and 7, respectively. Notations in the figures show the XPS spectra of samples treated in the 

sequence as follows: a) heated in air at 1073K, b) Ar sputtered at 5 kV, 20 A for 3 min., c) then 

exposed to air, d) reduced with H2 at 1073K, and e) re-heated in air at 1073K. The samples 

following Ar sputtering were measured by XPS in situ without exposure to air. The other 

samples were exposed to air after each treatment, then transferred to the XPS chamber to be 

analyzed.  

The Co 2p spectra of the Co(30)-STO target are shown in Fig. 2. On the target, which was 

oxidized in air at 1073 K, the binding energies (BEs) of the Co 2p peaks were detected at 780.0 
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and 795.9 eV which were accompanied by broad signals that peaked at 786.0 and 804.6 eV 

(spectrum a). The first two peaks correspond to Co 2p3/2 and 1/2, while the broad signals are 

assigned to satellite peaks. After the Ar sputtering, the Co 2p peaks shifted to the lower BE 

side and detected at 777.7 and 792.6 eV, however, the satellite peaks almost disappeared 

(spectrum b). When the sputtered sample was exposed to air, two Co 2p3/2 peaks were detected 

at 777.8 and 780.7 eV (spectrum c). Compared to the spectrum after the Ar sputtering, the 

former decreased and the latter increased the peak intensity which accompanied the nearby 

satellite appearance at around 785 eV. Next, the Ar sputtered Co-STO sample was reduced 

with H2 at 1073K, then exposed to air at r.t. The Co 2p XPS spectrum showed two kinds of 2p3/2 

signals at 777.8 and 780.7 eV (spectrum d). The intensity of the latter species was dominant. 

The XPS spectrum for the sample re-oxidized at 1073 K (spectrum e) was very similar to that 

recorded for the oxidized sample (spectrum a). A broad signal at around 770 eV corresponds to 

the Co LMM Auger transition by the Al K radiation. 

The BE values of Co 2p3/2 for the Co2+ (780 eV) and Co3+ ions (780.2 eV) in the perovskite 

structure are very close.66 The spin-orbit sprit that is the BE difference between the 2p3/2 and 

1/2 is one of the significant results to distinguish Co2+ and Co3+. The value is 15.5-16 eV for the 

high spin Co2+, while 15 eV for the low-spin Co3+.67-71 In our experiments, the value of about 16 

eV was observed. Whereas only small satellite peaks can be detected in the low-spin Co3+72, 

strong satellite peaks have been detected in the high-spin Co2+ (d7).73,74 While the origin of the 

Co2+ satellites is explained by the change in the d-d coupling due to a strong electron-electron 

interaction caused by the high spin state, that is, the interaction between the O 2p electrons 

and Co valence electrons causes charge transfer from O 2p to Co 3d which produces many 

possibilities for the final states with respect to the photoelectron ejection.75 It has been 

reported that the tetrahedrally coordinated Co2+ shows peaks at 780.5 eV for the 2p5/2 without 

satellites.76,77 Base on these results, we conclude that Co ions in the STO are octahedrally 

coordinated in the high spin Co2+ state, which the Ti4+ sites in the STO are replaced. 
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The Co 2p3/2 was detected at 777.7 eV after Ar sputtering. The Co 2p3/2 of the metallic Co 

is reported to be 778.2 eV78 Therefore, the species at 777.7 eV will be assigned to the Co0+ state. 

The Co0+ species were partially observed on the sample reduced with H2 at 1073 K as well as 

on the air-exposed Ar sputtered sample. The species could only selectively be produced by 

severe reduction after Ar sputtering. The metallic Co species could be changed to octahedral 

Co2+ species in the STO after exposing the sputtered sample to air. The reversibility between 

Co0+ and Co2+ in the octahedral sites of STO is one of the striking results in the present study. 

Charge compensation in the STO and Co-STO after Ar sputtering is also one of the more 

interesting results. 

The Ti 2p spectra of STO and Co(30)-STO are shown in Fig. 3. The Ti 2p3/2 and 1/2 peaks 

were detected at 458.6 and 464.3 eV, respectively, which were assigned to Ti4+. The broad Ti 

2p3/2 and 1/2 signals due to Ti3+ were observed on the lower BE side of the Ti4+ signals both in 

the STO and Co(30)-STO samples after Ar sputtering (spectrum b of both STO and Co-STO in 

Fig.3). A trace amount of Ti3+ species remained after exposing the Ar sputtered STO sample to 

air (spectrum c of STO). They will remain in the STO bulk. Considering that the spin-orbit 

sprit value is 5.7 eV between the Ti 2p3/2 and 1/2 and the BE value of Ti 2p3/2 for Ti3+ is 2.5 eV 

lower than Ti4+59, the Ti 2p spectra after Ar sputtering were deconvoluted to Ti4+ and Ti3+. The 

concentration of Ti3+ was 26.0 and 20.5 % for STO and Co-STO, respectively. It was noted that 

Co2+ replaced from the octahedral Ti4+ species was almost completely reduced to metallic Co 

after the Ar sputtering in Co-STO as shown in Fig. 2. In other words, the amount of Ti3+ in the 

Co-STO seems to be compensated for by the metallic Co. The electrons to reduce the octahedral 

Co2+ species are produced by the reaction from Ti3+ to Ti4+.79 Trivalent Ti ions can reduce Fe3+ 

to Fe2+ in solution.80 Therefore, the overall reaction can be descried as follows.  

             2 Ti3+ + Co2+ → 2 Ti4+ + Co0+    (1) 

As a result, the reduction of Co2+ could proceed by the formation of Ti3+ during Ar sputtering. 
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The O 1s spectra of STO and Co(30)-STO are shown in Fig. 4. These O1s spectra could be 

analyzed by the two species with the full width at half maximum (fwhm) values of 2.6-2.8 eV 

and 2.3-2.5 eV, respectively. The two species were deconvoluted into two peaks at 530 and 

532.5-533.0 eV. Hereafter, they are denoted as O(I) and (II), respectively. The change in the 

relative intensity of the O(II) to O(I) species following the a-e sequence in Fig. 4 is plotted in 

Fig. 5. The intensity ratio of the two species, hereafter denoted as II/I, was higher than 1.0 in 

the STO and decreased to about 0.6 in the Co-STO. The II/I ratio decreased after the Ar 

sputtering both in the STO and Co-STO. It is significant to note that the peak position of O(I) 

shifted to the higher BE side with about 1 to 2 eV but that of O(II) showed no shift after the Ar 

sputtering for both the STO and Co-STO, as shown in Fig. 4-c. Regarding the air exposed 

samples, whereas the II/I ratio was almost the same as that of the Ar sputtered sample for the 

STO, the II/I ratio increased from 0.31 to 0.44 for the Co-STO. The O(II) peak position did not 

change at all in all the experiments as well as the following Ar sputtered sample that was 

exposed to air. 

     The Sr 3d spectra of STO and Co(30)-STO are shown in Fig. 6. The Sr 3d5/2 and 3/2 peaks 

were not well analyzed because the fwhm of the peaks was comparable to the spin-orbit sprit 

value (2 eV). The Ar sputtered STO and Co-STO samples did not show a BE shift as shown in 

Fig.6-c. However, the Sr 3d spectra shifted to the lower BE side about 0.3 eV when the Ar 

sputtered samples were exposed to air. The BE value of Sr 3d5/2 was observed at 134 eV for the 

STO and Co-STO in Fig. 6. The BE value of Sr 3d5/2 for the metallic Sr is reported to be 133 

eV.81 Therefore, the 0.3 eV shift to the lower BE side implies that the oxidation state of the Sr 

ions is 1+(0<<1). The STO and Co-STO showed different Sr 3d spectra after the H2 

reduction at 1073 K followed by exposing them to air at r.t. The metallic Co was detected on 

Co-STO (Fig. 2-d). This implies a charge compensation or a redox mechanism between the Sr, 

Ti and Co ions in the surface region, which will be discussed later.  
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     The valence band spectra of STO and Co(30)-STO are shown in Fig. 7. Two peaks were 

observed at 5-8 and 20 eV in all the spectra. One can see the shoulder at 21-22 eV on the STO 

in Fig. 7-a so that at least one more species is present that overlaps with the intense peak at 20 

eV. The peaks at 20 and 23 eV were assigned to the O 2p and the overlapping of Sr and O 2s, 

respectively.82 At the same time, the O 2p at 5-8 eV was deconvoluted into two species at 4.9 

and 7.3 eV which were assigned as the O 2 and  bonding orbitals, respectively. Two states 

were also detected in BaTiO3 which were attributed to the pure oxygen states and O 2p-Ti 3d 

mixed states.62 One another valence band species was detected at 7.8 eV, which was mainly 

assigned to the pd interaction in BaTiO3.61 The peak at 26 eV was very intense in the STO 

treated with O2 at 1073 K (Fig. 7-a) and re-oxidized with O2 (Fig. 7-e) at the same temperature. 

In Fig. 4, the O(II) species was most intensively detected in both samples. Therefore, the peak 

at 26 eV will be associated with the O(II) species. A signal was detected near the Fermi edge in 

the Ar sputtered Co-STO sample as shown by the arrow in Fig. 7-b. It was assigned due to the 

metallic Co. The peak was attenuated in the air exposed Co-STO sample, but was still present 

as a weak signal near the Fermi edge in Fig. 7-c. The same peak was detected in Co-STO 

reduced with H2 at 1073 K in Fig. 7-d. It should be noted that the H2 reduced sample was then 

exposed to air and transferred to the XPS chamber. 

The obtained experimental results are summarized in Figs. 3-6. In the STO and Co-STO 

after Ar sputtering, a) Ti4+ species were reduced to Ti3+, b) the intensity of the O(II) species 

decreased, c) the O(I) peak position shifted to the higher BE side, and d) the Sr 3d peak 

position showed no BE shift. In addition, the Co2+ species were reduced to metallic Co in the 

Co-STO. When the Ar sputtered samples were exposed to air, e) the Ti3+ species were oxidized 

to Ti4+, f) the O(I) peak position showed no BE shift, and g) the Sr 3d peak shifted to the lower 

BE side for both the STO and Co-STO. The difference between the air-exposed STO and 

Co-STO was observed for the II/I ratio, that is, the ratio increased on Co-STO although the 
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ratio showed no change on STO. After the Ar sputtering, the following reaction will occur, 

where corresponds to unity. 

             Ti4+ +O2- → Ti3+ + (x)O(2-)- + (x/2)O2  (2) 

The O(II) species decreases about half after the Ar sputtering so that the remaining O(I) 

species are charged + as a result of the charge compensation. Simultaneously, the reduction 

reactions of Ti4+ to Ti3+, and Co2+ to Co cause a decrease in the O(II) species, whereas the 

charge distribution of Sr 3d is not affected. The behavior of O(II) seems to be related to the 

oxygen atoms surrounding the octahedral Ti4+ sites, which can be substituted by the Co2+ 

species. 

The shift of the Sr 3d spectra to the lower BE side observed in the air exposed samples in 

Fig. 6 will imply the electron transfer from the Ti3+ to Sr2+ ions. The BE shift of the O(I) species 

was simultaneously detected with the electron transfer. Accordingly, the O(I) and O(II) species 

will be assigned to the bulk and surface oxygen, respectively. Because electrons should be 

supplied from the bulk of the Ar sputtered samples after exposing them to air where oxygen 

vacancies are recovered as lattice oxygens, the following reaction will explain the electron 

transfer by the formation of O2- species. In the assumed reaction, monovalent a Sr ion is 

required whereas the observed valence state will be 1+. 

             3 Ti3+ + [  ] + Sr2+ + (1/2)O2 → 3 Ti4+ + [O]2- + Sr+   (3) 

The O1s spectra of Co containing oxides were observed as a single peak at 530 eV for 

CoO(100) and a main peak at 530 eV with a shoulder at around 531.5 eV for the Co3O4 single 

crystal cracked in ultra-high vacuum (UHV) chamber, while some peaks appeared at 529.6, 

531.2 and 533 eV for NiCo2O4.83 Three O 1s peaks of NiCo2O4 were assigned to the lattice, 

intrinsic surface species and OH groups. Similarly, three O 1s species were detected at 529.9, 

531.7 and 532.5 eV for the SrTiO3 nanoparticles, which were assigned to the lattice oxygen, 

oxygen ions in the oxygen vacancies and adsorbed H2O, respectively.42 Two peaks were 

apparently observed for the O1s species in La1-xCaxCoO3, which were analyzed with four 
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species at 528.6, 530.6, 531.6 and 533.1 eV for the lattice oxygen, adsorbed O2
2-/O- species, OH- 

and molecular water, respectively.84 While, the O 1s spectra were analyzed for species with BE 

values at 528.6, 529.8 and 532.5 eV in LaxSr1-xCoO3-.85 The lowest BE species could be 

assigned to the lattice, while the intermediate species was detected after deconvolution and 

the highest BE species was assumed to be surface oxides. It has been suggested that such 

species are associated with the surface termination layer of the perovskite structure layer 

(Sr-O) and surface oxygen species such as secondary phases and/or adsorbates, respectively.81 

Simultaneously, two Sr 3d species due to the lattice and surface were detected in 

LaxSr1-xCoO3-.85 Two O1s signals were observed at 528.5 and about 531-532 eV for the lattice 

oxygen and surface phases such as hydroxides and carbonates with the BE separation of about 

3 eV in LaxSr1-xCoO3-.86 BE values for the Sr 3d and O 1s in LaxSr1-xCoO3 were 1.5 eV lower 

than those in SrTiO3 at 131.6 and 530.7 eV.81 According to these references, the O 1s species 

detected on the higher BE side at around 533 eV have been assumed to be surface OH groups. 

The structure of STO is shown in Fig. 8. It is difficult to distinguish oxygen atoms 

surrounding the Ti4+/Co2+ sites and Sr2+ sites because they are equivalent. To evaluate the 

origin of the O(II) species at 533 eV, two important results must be taken into account. a) The 

O(II) species diminished the intensity after substituting Co2+ ions for Ti4+ species, and b) the 

II/I intensity decreased after Ar sputtering for both the STO and Co-STO. In our experiments, 

the STO and Co-STO targets were sintered in the air at 1473 K so that the surface area of our 

targets should be too low to form OH groups of a comparable amount with bulk oxygen by 

exposing the targets to ambient water. Therefore, it is crucial to assign the O(II) species at 533 

eV to the OH groups. The third significant result was that a charge density decrease of O(I) 

species which was represented as the higher BE side shift was only detected after Ar 

sputtering (Fig. 4-b). The formation of O vacancies and Ti3+ species should be significant as 

additional information for above mentioned cases a) and b), respectively. It is noted that the 

formation of O vacancies is not necessarily simultaneously accompanied by that of Ti3+ in the 
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Co-STO samples. There are two kinds of truncated surface structures for SrTiO3, that is, the 

Sr ion terminated surface and Ti/Co terminated surface. They are denoted as the Sr-O and 

Ti-O surface for convenience. Assuming the STO surface to be exposed with the x-y plane in 

Fig. 8, the O(1) and O(2) ions are the surface oxygen in Sr-O and Ti-O surface, respectively. The 

substituting Co2+ for Ti4+ can be explained by one oxygen atom removal per one TiO6 unit in 

the STO as follows.  

             Ti4+O6 → Co2+O5 + (1/2)O2    (4) 

However, the oxygen vacancy is not necessarily formed in the Co(II)O6 octahedra because the 

Co ion should be reduced. It is reported that Co2+ should work as an isolated defect in the bulk 

and charge compensating oxygen vacancies will be formed outside of the (Ti/Co)O6 octahedra in 

BaTiO3.45 If our Co-STO system is in such a situation, the reversible redox reaction between 

the Co metal and Co2+, which was detected in Fig. 2 after Ar sputtering and air exposure, will 

be possible and also reasonable. After Ar sputtering, the Ti3+ species will be formed by the 

following reaction. 

             Ti4+―[O2-]―Ti4+ → Ti3+―[  ]―Ti3+ + (1/2)O2  (5) 

If the Sr-O plane composed of Sr(1) and O(1) is the outermost surface, O(1) should not be a 

candidate for reaction (5) since no connected Ti site to form Ti3+ exists. O(2) and O(3) are then 

the candidates. When the Ti-O plane composed of Ti ions and O(2) sites constitutes the 

outermost surface, not only O(2), but also O(3) in the bulk side will be a candidate for an 

oxygen vacancy for reaction (5). As a result, it is crucial to elucidate whether the outermost 

truncated surface is the Sr-O or Ti-O surface because of the high crystal symmetry of the cubic 

structure. Following Ar sputtering, the perovskite structure will probably be so damaged in 

the surface region that the valence states of the Sr and O ions should be compensated to 

maintain charge neutrality in the bulk since the conductivity in the surface region should be 

very high. Therefore, it is reasonable to explain the higher BE side shift of O(I) by reaction (2). 

It also infers that the surface oxygen O(II) decreased by the Ar sputtering and the bulk oxygen 



 

16 

 

O(I) should play a significant role in the charge compensation for reduction. The former and 

the latter explain the II/I ratio decrease and the higher BE side shift of the O(I) species. The 

surface region should have a higher conductivity than the bulk so that the surface O(II) species 

is not involved in the charge compensation as detected in the bulk O(I) species. 

 

2. Characterization and photo-degradation activity of thin films prepared with PLA in water 

     The atomic ratios of Ti and Co to Sr in both r.t and 873 K prepared PLA thin films were 

studied by XPS. Not only these values, but also those measured in the targets for the PLA are 

shown in Fig. 9. The horizontal scale indicates the Co percentage n in the Co(n)-STO targets. 

The Co percentage n corresponds to ten times as much of mole fraction x in chemical formula 

SrCoxTi1-xO3-. The Co/Sr ratios in the Co(n)-STO targets were almost the same as one tenth 

the Co percentage n, and as a result, showed a linear relation to n. The Co/Sr ratios detected in 

both the r.t. and 873 K prepared PLA thin films were also the same as those in the Co-STO 

targets. This result implies that the Co/Sr atomic ratio of the species formed during the PLA 

process will be the same as those in the corresponding Co-STO target. The Ti/Sr ratio in the 

STO target was 1.0 and the value in the Co-STO targets gradually decreased as the Co 

percentage n increased. The Ti/Sr ratio was 0.7 and the Co/Sr ratio was 0.3 in the Co(30)-STO 

target, whereas the former and the latter values were 0.8 and 0.2 in the Co(20)-STO target, 

respectively. These results clearly imply that the amount of Sr ions is equal to the summed 

amount of the Ti and Co ions in the Co-STO targets. This fact clearly indicates that Co ions can 

be substituted for the Ti ion sites, which proves that it is correct to represent our Co-STO 

target as SrCoxTi1-xO3-. However, the Ti/Sr ratio was 2.57 for the r.t. prepared STO thin film, 

which increased to 2.11 after annealing at 873 K. The values of the Ti/Sr ratio in both the r.t. 

and 873 K prepared Co-STO thin films were also much higher than the stoichiometric value 

(1.0) in the STO and the value monotonously decreased as the Co percentage n in the 

Co(n)-STO target increased.  
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     As mentioned in the PLA target section, two O 1s species were detected at 530 and 

532.5-533.0 eV, not only in the STO target, but also in the Co(30)-STO target. These two 

species denoted as O(I) and O(II) species could be assigned to the bulk oxygen and surface 

oxygen, respectively. These two species were also observed in the PLA thin films. The values of 

the II/I ratio in the targets as well as the thin films are shown in Fig. 10. The value was 1.09 in 

the STO target and decreased to 0.35 in the Co(1.0)-STO target. The ratio gradually increased 

from 0.36 in the Co(10)-STO to 0.53 in Co(30)-STO target. While the ratio was 0.73 in the r.t. 

prepared STO thin film, the value decreased to 0.4 after annealing at 873 K. In the r.t. 

prepared Co-STO thin films, the values were 0.58, 0.23, 0.29, 0.45 and 0.5 in the thin films 

with n=3, 5, 10, 20 and 30 of Co(n)-STO, respectively, whereas the value was 1.36 at n=1. 

These II/I values decreased when the r.t. prepared PLA films were annealed at 873 K. These 

results are summarized as follows. (i) The II/I ratio in the STO decreased when the Co ions 

were doped. (ii) The minimum value was detected at a doped Co amount below 5 %. (iii) The 

ratio gradually increased at the Co content above 10%. (iv) The II/I ratio in the r.t. prepared 

PLA thin films decreased after annealing at 873 K. It is noted that (i), (ii) and (iii) hold true not 

only for the targets, but also for the PLA thin films. These four summarized results are studied 

based on the assignment of the O(I) and O(II) for the bulk and surface oxygen, respectively. It 

is deduced from (i) that the surface region is stabilized by the doped Co ions. It is suggested 

from (iii) that a new crystal phase, such as SrCoO3, may appear to segregate, which will make 

the surface become less stable. In fact, very weak but sharp XRD peaks could be detected at 2 

degrees of 44 and 65 in the Co-STO targets with the Co content n greater than 10% in Fig. 1. In 

this sense, the most stable surface could be obtained in the Co(1)-STO and Co(3)-STO targets 

as an optimum condition, which is responsible for result (ii). The stability enhancement of the 

surface region by the presence of a small amount of Co ions and the suppression of the crystal 

stability caused by an extra amount of Co ions are responsible for the presence of the optimum 

Co amount in the Co-STO structure. Result (iv) is very significant in order to support the 
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validity of our assignment for O(I) and O(II), because the surface of the r.t. prepared PLD films 

should be stabilized and can be partially converted to that like the bulk after annealing at 873 

K. The minimum value of the II/I ratio in the Co-STO thin films was much lower than that in 

the corresponding Co-STO targets, which will be discussed later.  

     The narrow region XRD spectra for the perovskite STO (110) face of the PLA thin films 

are shown in Fig. 11. Although the r.t. prepared STO thin film showed no typical signal, the 

STO (110) phase was clearly detected in the Co-STO thin films. When the r.t. prepared STO 

thin film was annealed in air at 873 K, the (110) peak clearly appeared at 32.15 degrees. These 

two results are significant regarding the role of Co in the PLD targets for the thin film 

preparation. The (110) peak position of the Co-STO thin films was elucidated. The (110) phase 

was detected at 32.3 to 32.32 degrees for the Co-STO thin films prepared from the PLA of the 

Co(1)-, Co(3) and Co(30)-STO targets, while the peak was detected below 32.3 degrees on those 

from the Co(5), Co(10) and Co(20)-STO targets. When these thin films were annealed at 873 K 

in air, the (110) peak was detected at 32.2 degrees in the Co-STO thin film prepared with the 

Co(1)-STO target and the peak position gradually shifted to higher 2 values in the Co-STO 

thin films as the doped Co amount in the target increased. It is significant to note that whereas 

the SrCO3 phase was clearly detected in the wide region XRD spectra of the r.t. prepared thin 

films, the corresponding XRD peaks disappeared after annealing at 873 K in air (data not 

shown). 

The effects of theCo ions in the targets on the crystal structure of the prepared thin films 

are discussed. The first result to note is that the (110) XRD peak appeared when the r.t. 

prepared STO thin film was annealed at 873 K. The result implies that the precursor species 

for the STO structure formation or the very small-sized clusters, whose size are too small to be 

detected by XRD, are clearly formed. In other words, the presence of Co ions in the PLA targets 

will enhance the probability of the STO cluster formation increase and/or the size of the STO 

cluster under the PLA in water. This is one of the most significant effects of Co on the PLA in 
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water. The second result to note is that the (110) peak shift to the higher degree side was not 

monotonous in the r.t. prepared Co-STO thin films. The r.t. Co-STO thin films prepared from 

the Co(1) and Co(3)-STO targets showed a sharp (110) peak at 32.30 to 32.35 degrees that was 

the highest of all, which corresponded to that observed in the 873 K prepared thin film using 

the Co(30)-STO target. This result implies that the stable structure with the chemical formula, 

such as SrCo0.3Ti0.7O3-, can be formed in part and reveals the intense XRD peak. As the 

average Co/Sr ratio was quite low (~0.06), however, the Ti/Sr ratios were 2.2 to 2.4 for the r.t. 

Co-STO thin films prepared from the Co(1) and Co(3)-STO targets as shown in Fig. 9, and the 

SrCo0.3Ti0.7O3- species and chemical formula, such as SrTi1.1-1.2Ox, should be present at about 

1: 0.7. Such a SrTi1.1-1.2Ox species can be assumed to be STO and will be homogeneously 

present. If we could assume that the SrCo0.3Ti0.7O3- core is covered with amorphous STO, the 

surface should be unstable, and as a result, could make the II/I ratio of the O1s spectra the 

highest (~1.35) in the r.t. Co-STO thin films prepared from the Co(1)-STO target. It is noted 

that the II/I ratio was minimum (0.2-0.3) in r.t. thin films prepared from the Co(5) and 

Co(10)-STO targets, in which the XRD peak positions (32.25-32.30) were the same even after 

annealing at 873 K. These results infer that the surface is stabilized as the Co amount in the 

target increased and the homogeneous intermediate SrCoxTi1-xO3- will be formed by the aid of 

the Co ions. The STO(110) face shifted to the lower 2 degree side following annealing at 873 

K.  

     Assuming that our samples obey the indirect transition, the Tauc plots of the r.t. 

prepared and 873 K prepared STO thin films, Co(20)-STO target, and the 873 K prepared thin 

film are shown in Fig. 12. The optical band-gap (Eg) of the r.t. prepared STO film was 3.6 eV. 

However, it shifted to 3.4 eV after annealing at 873 K. These results clearly imply that the 

quantum confinement effect could be detected in the r.t. prepared STO thin film. It is 

significant to note that no clear XRD peak was detected in the STO thin film in Fig. 11. 

Therefore, it is reasonable to conclude that the presence of the STO cluster with a size smaller 
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than the limit of the XRD detection is responsible for these results. In addition to a band at 3.4 

eV, a broad and intense absorption was observed at around 2-3 eV for the Co(20)-STO target. 

Such an absorption was not clearly detected on the 873 K prepared PLD film using the 

Co(20)-STO target, but absorption continued in this region.  

Regarding the absorption bands at 2-3 eV and 3.4 eV for the Co(20)-STO target, two 

possibilities will be considered as originating from the transition metal ions; one is the d-d 

transition due to the ligand field transition and the other is the charge transfer transition from 

the ligand to transition metal ions. The former could be detected in the lower energy regions 

than the latter for the Co(II) ions. In the Co2+ ortho-diphenolate complexes, absorption bands 

at 0.8, 1.5, 1.9 and 2.2 eV were assigned as ligand field transitions, and that at 3.3 eV was 

assigned as a charge-transfer transition from the ligand O pto Co2+.87 The transition energy 

for the d-d transition depends on the coordination number of the centered transition metal ions. 

For instance, the d-d transition was detected at 2.0 and 2.5 eV for the five-coordinate, while at 

0.8 and 1.9 eV for the four coordinate Co2+ azo complexes.88 It seems significant to compare the 

d-d transition energy of the tetrahedral to that of the octahedral coordination. The high spin 

state of Co2+ in thepseudo tetrahedral complexes shows 1.1-1.2 and 2.1-2.3 eV for d-d 

transition.89 The d-d transition can be detected for Co2+ at 0.9-1.0, 1.6-1.7 and 2.1-2.3 eV in the 

tetrahedral complexes90 and at 0.8-0.9 and 1.8-1.9 eV in the trigonal-planar mononuclear 

complexes.91 Ab initio calculations explained the spin allowed ligand field transition energy in 

the octahedral transition-metal oxide clusters, and reported the calculated values of 0.81, 1.81, 

2.69 and 2.57 eV for the experimentally detected values at 1.02, 1.98, 2.41 and 2.67 eV in the 

octahedral [Co(H2O)6]2+.92 As a result, it seems difficult to distinguish the coordination state of 

the centered Co2+ ions as to whether tetrahedral or octahedral from the viewpoint of the 

transition energy. However, it will be reasonable to assign the oxidation state of the Co ion to 

be divalent since their calculations reported the d-d transition energy at 1.45 and 2.65 eV 

instead of the experimental values at 2.06 and 3.09 eV for the octahedral [Co(H2O)6]3+.92 
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Therefore, it will be reasonable to assign the absorption band at 2-3 eV in the Co(20)-STO 

target as the d-d transition due to octahedral Co2+ ions and that at 3.4 eV as the 

charge-transfer band due to the Op to Co2+ transition.  

     Finally, the photo-catalytic activities of the PLA thin films were studied under very weak 

visible light irradiation using a blue LED (460 nm, 0.7 mW). The samples were STO, Co(3)-, 

Co(10)- and Co(30)-STO, which were reduced with hydrogen at 873 K and transferred to the 

reaction vessel in air. The reason why we chose the 873 K reduced PLA thin films is shown in 

Fig. 13. The XRD intensities of the H2 reduced PLD thin films were most intense of all the 

treatments, oxidized in O2 at 873 and 973 K, and reduced with H2 at 873, 973 and 1073 K. As 

shown in Table 1, the decomposed methylene blue (MB) was on the order of 10-2 mol for each 5 

h intervals since our visible light source power was very low (0.7 mW), but the reaction 

catalytically continued. More than one order less MB was decomposed at 460 nm as the blank 

experiments. Based on the results in Table 1, it is noted that the photo-catalytic activity of the 

STO thin film was enhanced on the Co-doped STO thin films by more than twice, and the 

activity increased as the Co content was increased. The photo-catalytic activity corresponded 

to the order of 0.65-5.76 x 10-4 as the quantum yield (photo-decomposed MB molecules per one 

photon of 460 nm) as shown in Table 2. It is noted that the quantum yield number is 

comparable to that for powdered visible-light sensitive photo-catalysts such as MgIn2O4 and 

reduced CaWO4.93,94 The crystal growth should increase the mobility of photo-generated 

electrons and holes, and as a result, enhance the photo-catalytic activity. The appearance of 

catalytic activity under visible light irradiation on the 873 K reduced STO thin film will be 

induced by the formed oxygen defects sites, of which the energy states could be formed in the 

position about 0.5-1.0 eV below bottom of the conduction band. These oxygen defect sites will 

be responsible for the visible light response, as suggested in above mentioned 

photo-catalysts.93,94 The enhancement of photo-degradation activities on the 873 K reduced 

Co-STO thin films will originate from the aid of the Co ions. 



 

22 

 

 

 

 

Table 1. 

Photo-catalytic activities for MB degradation under visible light irradiation at 460 nm with 0.7 

mW on PLA thin films prepared using STO, Co(3)-, Co(10)- and Co(30)-STO targets which were 

reduced with hydrogen before use. The total photo-decomposed MB molecules for every 5 h 

reaction time are presented in the 10-2 mol range.  

 

      Sample         0 – 5 h        5 – 10 h       10 – 15h 

       STO            1.97           3.25           2.15 

     Co(3)-STO        3.53           3.32           3.50 

     Co(10)-STO       4.93           5.26           5.80 

     Co(30)-STO       5.14           5.18           5.97 

      

Table 2.  

Quantum yield for MB photo-degradation activity under visible light at 460 nm with 0.7 mW  

on PLA thin films prepared using STO, Co(3)-, Co(10)- and Co(30)-STO targets which were 

reduced with hydrogen before use. 

 

 Quantum yield x 104     

 STO   Co(1)   Co(3)   Co(5)   Co(10)   Co(20)   Co(30) 

      0.65    1.67    2.97    3.25    5.30     4.64     5.76 

 

 

 

CONCLUSIONS 

 

1. The amount of Sr ions is equal to the summed amount of Ti and Co ions in the Co-STO 

targets and doped Co ions are substituted for the octahedral Ti4+ sites as the divalent state 

in the STO, which proves that it is correct to represent our Co-STO target as SrCoxTi1-xO3-. 
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Oxygen vacancies simultaneously formed by Co-doping will not necessarily be formed in the 

Co(II)O6 octahedra.  

2. Ar sputtering causes severe reduction of Co-STO to form zero-valent Co and Ti3+ species. 

The percentage of Ti3+ formed in the Co-STO is lower than in the STO, which will be 

explained by the following reaction. 

       2 Ti3+ + Co2+ → 2 Ti4+ + Co0+ 

At the same time, further oxygen vacancies should be formed. After exposing the Ar 

sputtered STO and Co-STO targets to air, a kind of redox reaction proceeds between the 

Ti3+ and Sr2+ by covering the oxygen vacancies as followed.  

3 Ti3+ + [  ] + Sr2+ + (1/2)O2 → 3 Ti4+ + [O]2- + Sr+ 

3. Two kinds of oxygen species, O(I) and O(II), detected with the BE values at 530 and 533 eV 

will be assignable to the bulk and surface oxygen, respectively. The surface oxygen species 

O(II) diminishes by Co-doping and probably are stabilized as in the STO bulk. 

4. The conductivity will be high enough in the surface for the surface oxygen to show no shift 

after Ar sputtering. However, the bulk oxygen shows an O 1s value shift to the higher BE 

side based on the following reaction, which will contribute to charge compensation by the 

formation of Ti3+.  

       Ti4+ +O2- → Ti3+ + (x)O(2-)- + (x/2)O2 

5. The r.t STO thin film with no XRD peaks shows a quantum size effect with a 0.2 eV 

band-gap shift. The r.t. thin films prepared by PLA using Co present targets show an STO 

crystal phase. 

6. The Co/Sr atomic ratio of the species formed during the PLA process is the same as that in 

the corresponding Co-STO target, while the Ti/Sr ratios in both the r.t. and 873 K prepared 

Co-STO thin films are much higher than the stoichiometric value (1.0) in the STO.  

7. The stability of the surface region for the Co containing r.t. prepared thin films, which can 

be evaluated by the II/I ratio of the two O 1s species, is less than that in the STO thin film 



 

24 

 

for the 1-3 %Co content, in which a mixture state of crystalline SrCo0.3Ti0.7O3-and 

amorphous STO is present. It is enhanced by the doped Co ions at more than a 5 % content, 

however, as the Co content increases from 10 to 30 %, a new crystal phase, such as SrCoO3, 

may appear and segregate to make the surface become unstable. The stability 

enhancement of the surface region by the presence of a small amount of Co ions and the 

suppression of the crystal stability caused by the extra amount of Co ions are responsible 

for the presence of the optimum Co content at 5-10 % in the thin films. 

8. The absorption bands at 2-3 eV and at 3.4 eV in the Co-STO target are assigned as the d-d 

transition due to octahedral Co(II) ions and as charge-transfer bands due to Op to Co(II) 

transition, respectively. 

9. The photo-catalytic activity under very weak visible light irradiation with a blue LED (460 

nm, 0.7 mW) of the STO thin film is enhanced two times by the presence of Co. The 

quantum yields of Co-STO thinfilms correspond to the order of 1.67-5.76 x 10-4.  
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Figure Captions 

FIG. 1. X-ray diffraction spectra of STO and Co-STO targets with Co contents of 1, 3, 5, 10, 20 and 30%. 

FIG.2. Co 2p XPS spectra of Co(30)-STO target oxidized by O2 at 1073K (a), after Ar sputtering (b: in situ), then 

exposed to air (c), reduced with H2 at 1073 K (d) and re-oxidized with O2 at 1073 K (e).  

FIG. 3. Ti 2p XPS spectra of STO and Co(30)-STO targets. Treatments for notations a-e are the same as in Fig. 2. 

FIG. 4. O 1s XPS spectra of STO and Co(30)-STO targets. Treatments for notations a-e are the same as in Fig. 2. 

FIG. 5. The II/I intensity ratio for two kinds of O1s species, O(I) and O(II) at 530 and 533 eV, detected on STO and 

Co(30)-STO targets. Treatments are the same as in Fig. 2.  

FIG. 6. Sr 3d XPS spectra of SrTiO and Co(30)-STOtargets. Treatments for notations a-e are the same as in Fig. 

2. 

FIG. 7. Valence band spectra of STO and Co(30)-STO targets. Treatments for notations a-e are the same as in Fig. 

2. 

FIG. 8. Structure of STO  

FIG. 9. Atomic ratio of Ti/Sr and Co/Sr on Co-STO targets, and PLA thin films prepared at r.t. and 873 K as a 

function of the Co content. Note that these values for the target and PLA thin films of the STO are shown as 

double marked symbols. 

FIG. 10. The II/I intensity ratio for two kinds of O1s species, O(I) and O(II) at 530 and 533 eV, detected on the 

Co-STO targets, and PLA thin films prepared at r.t. and 873 K as a function of the Co content. Note that these 

values for the target and PLA thin films of STO are denoted as black symbols. 

FIG 11. X-ray diffraction spectra of SrTiO3(110) face for PLA thin films prepared at r.t. and 873 K using STO and 

Co(30)-STOtargets with Co contents of 1, 3, 5, 10, 20 and 30%. 

FIG. 12. Tauc plots of r.t. and 873 K prepared STO thin films, Co(20)-STO target and the 873 K prepared thin 

film.  

FIG. 13. The XRD intensities of PLA thin films prepared at r.t., then oxidized in O2 at 873 and 973 K, or reduced 

with H2 at 873, 973 and 1073 K. Targets used for PLA were STO and Co-STO targets with Co contents of 3, 10 and 

30%. 
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