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Doping effect of Dy on leakage current and oxygen sensing 
property of SrTiO3 thin film prepared by PLD
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Polycrystalline Dy-doped SrTiO3 thin films deposited by pulsed laser deposition (PLD) on CeO2-buffered yttria-stabilized 
zirconia (YSZ) single crystal substrates showed oxygen sensing characteristics at room temperature. The oxygen gas sensing 
characteristics depended on the amount of Dy-doping, and 1.5 mol% Dy-doping was most effective. The oxygen gas sensing 
characteristics were closely related to leakage current characteristics of Dy-doped SrTiO3 thin film deposited on ZnIn2O4/YSZ/
Si(001) substrates. The suppression of leakage current by Dy-doping suggests that Ti4+ is substituted by Dy3+, and the Dy3+ acts 
as an acceptor. Further doping of Dy3+ brought about the increase of the leakage current, and it lowered the oxygen gas 
sensitivity.
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1. Introduction
Oxygen sensors can be classified into two categories. One cat-

egory is a solid electrolyte type using an yttria-stabilized zirconia 
(YSZ) and a calcia-stabilized zirconia (CSZ).1) Although YSZ 
and CSZ are the most popular materials, they have a common 
problem that the operation temperature as the oxygen sensor is 
limited at around 700–800°C, and it is impossible to use at much 
higher temperature due to a coexistence of an electron conduc-
tion. Another category is a resistive type.2) For the category, 
oxide semiconductors such as ZnO,3),4) TiO2,5) V2O5–TiO2,6)

WO3,7) Gd2O3,8)–10) and SrTiO3
11),12) have been used. The merit of 

these semiconductor-type oxygen sensors is a wide-range oper-
ation temperature from room temperature to around 1000°C. 
Among these materials, a SrTiO3 is receiving increased attention 
because the SrTiO3 is stable over a large temperature range. 
Moreover, the SrTiO3 is expected to be used as an oxygen sensor 
material in a lean-burn engine system that suppresses a NOX gen-
eration, and improves an energy efficiency simultaneously.13) The 
SrTiO3 shows oxygen sensing properties in both p- and n-type 
semiconductor states. As p-type oxygen sensors, Mg-doped 
SrTiO3

13),14) and Fe-doped SrTiO3
15),16) have been reported and as 

a n-type sensor, SrTiO3 without dopant17) has been reported. In 
an n-type semiconductor, the resistivity decreases with decreas-
ing an oxygen partial pressure, and in a p-type semiconductor, 
the resistivity increases with decreasing an oxygen partial 
pressure. In any cases, the SrTiO3 thin films can be used as the 

oxygen sensors. For an n-type SrTiO3 thin film, it has been 
shown that a control of the resistance is important for an oxygen 
gas sensitivity, and the sample having low resistance does not 
show the oxygen sensing properties.17) This suggests that the 
control of the carrier concentration is important.

On the other hand, SrTiO3 thin films have attracted a great 
attention for use as new capacitor due to high dielectric constant. 
It is known that the control of an oxygen nonstoichiometry is 
significantly important for the electrical properties of the films, 
and if SrTiO3 thin film contains oxygen vacancies, the leakage 
current is enhanced according to following equation:

(1)

The defect notation is that proposed by Kröger and Vink.18) To 
suppress the leakage current, an acceptor doping of Fe or Cr19)

and Mn20) has been carried out. In this work, the effect of Dy-
doping on the electrical and oxygen sensing properties of SrTiO3

thin film was examined.
Thus far, the effect of Dy-doping on the properties of SrTiO3

has been reported from the point of diffusion and thermoelectric 
properties. Yamaji measured a self diffusion coefficient of 
SrTiO3 ceramics doped with Dy, and reported that an activation 
energy of the diffusion increased with the amount of Dy.21) He 
also reported that a grain size of SrTiO3 ceramics decreased with 
the amount of Dy due to a segregation of Dy at grain boundaries 
of SrTiO3. Muta et al. examined an effect of Sr substitution with 
a rare earth (Y, La, Sm, Gd and Dy) on thermoelectric properties 
of SrTiO3, and they found that a sample doped with Dy 
(Sr0.9Dy0.1TiO3) showed the highest figure of merit.22) On the 
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other hand, there are many reports concerning the effect of Dy-
doping on the properties of BaTiO3.23)–27) Kim et al. and Kishi et 
al. reported that the Dy-doping helped a microstructural devel-
opment with fine grains23) and enhanced a core-shell structure,27)

respectively. In any cases, the effect of Dy-doping on the oxygen 
sensing properties is not clarified thus far.

2. Experimental
In this work, all films were prepared by pulsed laser deposition 

(PLD) using a KrF excimer laser (λ = 248 nm). At first, 300 nm-
thick Dy-doped SrTiO3 (Dy–ST) thin films were deposited on 
(In2O3–ZnO)(IZO)/YSZ buffered Si(001) substrates. The deposi-
tion conditions were shown in Table 1. The thicknesses of the 
IZO oxide bottom electrode layer and YSZ buffer layer were 200 
and 50 nm, respectively. After deposition of the Dy–ST layer, Au 
top electrodes (200 μmφ) were fabricated by dc sputtering using 
a metal mask. Electrical properties (current-voltage (I–V) char-
acteristics, polarization-electric field (P–E) characteristics, and 
dielectric constant measurements) were measured. The amount 
of Dy-doping was 0.4–2.0 mol% of SrTiO3. In this work, sintered 
ceramic discs were used as the targets of PLD. To synthesize the 
targets, reagent grade SrCO3 and TiO2 powders with stoichiomet-
ric composition were weighted and prescribed amount of DyCl3

ethanol solution (0.5 M) was added, and mixed with a pestle and 
a mortar. The powder mixture was calcined at 800°C for 2 h in 
air. Calcined powders were ground and pressed into pellets, and 
sintered at 1450°C for 8 h in air.

The deposition conditions of the YSZ, IZO and Dy–ST layers 
were shown in Table 1. The I–V and P–E characteristics were 
measured using a ferroelectric testing system (Model 6252 Rev.C 
with HVA–400, Toyo Corp.) and the dielectric constant was mea-
sured by an impedance analyzer (4194A, Agilent Technology).

To measure an oxygen sensing property, 300 nm-thick Dy–ST 
films were deposited on 200 nm-thick CeO2-buffered YSZ(001) 
single crystals. The deposition conditions for the films were 
shown in Table 2. The amount of Dy-doping was same as men-
tioned above. Deposition conditions of CeO2 were also shown in 
Table 2. After deposition of the Dy–ST films, Pt surface elec-
trodes were fabricated using a metal mask. Detailed measure-
ment conditions were described in our previous paper.17) In this 
work, the resistance of the films was measured at room temper-
ature both in air and in He atmosphere, then the sensitivity was 
calculated as the difference of resistance (R(in air)–R(in He)). 
The crystal structure of the films was measured using an X-ray 

diffraction (Rint 2200, Rigaku Co.). The composition of the film 
was examined using an energy dispersive X-ray fluorescent 
spectroscopy (Minipal + FP Multi, PANalytical).

3. Results and discussion
Figures 1(a) and (b) show XRD patterns of 2 mol% Dy-doped 

ST thin films deposited on the IZO/YSZ/Si(001) and CeO2/
YSZ(001), respectively. These figures indicate that the Dy-doped 
ST thin films are polycrystalline. Figure 1(a) also indicates that 
a coexistence of In2O3 is observed. Note that the coexistence was 
not observed for the IZO/YSZ/Si(001) thin films. Therefore, the 
coexistence of the In2O3 indicates that a partial decomposition of 
the IZO occurred during the deposition of Dy–ST. The partial 
decomposition of the IZO is caused by the difference of deposi-
tion temperature between the IZO and Dy–ST. As shown in 
Table 1, the IZO film was deposited at 300°C while Dy–ST film 
was deposited at 700°C. Resultant phases after the deposition of 
Dy–ST thin film were unchanged irrespective of the amount of 
Dy-doping up to 2 mol%. In this work, a further doping of Dy 
into ST (over 2 mol%) was also tried; however, the further dop-
ing caused a lowering of sinterability of the pellets that were 
used as the target. Therefore, it was impossible to prepare the 
thin film with further Dy-doping. For the ST thin film without 
Dy-doping, we measured the composition of the film using an 
XRF. The analytical composition was Sr/Ti = 1.26. This means 
that the film has a Sr-rich composition. However, as shown in 
Fig. 1, the XRD pattern indicates that a single phase SrTiO3 film 
was prepared irrespective of the Sr-rich composition. This means 
that an excess Sr is incorporated into the SrTiO3 lattice. Such 
wide range of solid solution is frequently observed in the case of 
thin film.28)

Figure 2 shows the change of lattice parameter of Dy–ST thin 
film with the amount of Dy-doping. This figure depicts that the 
lattice parameter increases with the amount of Dy-doping. The 
ionic radius of Sr2+ (12-fold coordination), Ti4+ (6-fold coordina-
tion), and Dy3+ (6-fold coordination) is 0.144, 0.0605 and 0.0912 
nm, respectively.29) On the other hand, that of Dy3+ in 12-fold 
coordination has not been reported. For Dy3+, ionic radii have 
been reported for 6, 7, 8 and 9-fold coordinations. In this work, 
the ionic radius of Dy3+ in 12-fold coordination was estimated 
from the extrapolation as shown in Fig. 3. As the result, the ionic 
radius was estimated as 0.1255 nm. Note that both ionic radii of 
Dy3+ in 6- and 12-fold coordinations are larger than that of Ti4+

Table 1. Deposition Conditions of Dy–ST/IZO/YSZ Thin Film on 
Si(001) Substrate

Deposition 
temperature (°C)

Deposition 
pressure (Torr)

Thickness
(nm)

YSZ 800 5.5 × 10–6 50

ZnIn2O4 (IZO) 300 5.5 × 10–6 200

Dy-dopedSrTiO3 (Dy–ST) 700 1.0 × 10–2 300

Table 2. Deposition Conditions of Dy–ST/CeO2 Thin Film on 
YSZ(001) Substrate

Deposition 
temperature (°C)

Deposition 
pressure (Torr)

Thickness
(nm)

CeO2 800 5.5 × 10–6 200

Dy-dopedSrTiO3 (Dy–ST) 700 1.0 × 10–2 300
Fig. 1. XRD pattern of (a) Dy–ST/IZO/YSZ/Si(100) and (b) Dy–ST/
CeO2/YSZ(100).
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(6-fold coordination), and are smaller than that of Sr2+ (12-fold 
coordination). The fact that the lattice parameter of SrTiO3

increases with Dy-doping suggests that the Ti4+ predominantly 
substituted by Dy3+. To consider the possibility of B-site substi-
tution, electrical properties of the film was also examined.

After fabrication of Au top electrodes on the surface of Dy–
ST/IZO/YSZ/Si(001) thin film, the change of current-voltage (I–
V) characteristics with the amount of Dy was measured between 
the Au top and IZO bottom electrodes, and the I–V curves were 
shown in Fig. 4. The ST thin film without Dy-doping showed a 
significant amount of leakage current (4.4 × 101 A/cm2 at 100
kV/cm) as shown in Fig. 4(a). The doping of 1.0 and 1.5 mol% 
Dy brings about the decrease of leakage current (5.0 × 100 A/cm2

and 3.5 × 10–1 A/cm2, respectively at 100 kV/cm) as shown in 
Figs. 4(b) and(c). On the other hand, further Dy-doping brings 
about the increase of leakage current. Figure 4(d) indicates that 
the doping of 2 mol% Dy brings about a higher leakage current 
(3.0 × 100 A/cm2 at 100 kV/cm). To consider the effect of Dy-
doping into SrTiO3 on the leakage current, previously reported 
data are also shown as the insets of Fig. 4 for comparison. The 
inset (1) shows the change of I–V curves with the amount of Mn-
doping into SrTiO3 thin film prepared by RF sputtering.20) This 
figure indicates that small amount of Mn-doping (0.2 mol%) 
brings about the decrease of leakage current and further doping 

(5 mol%) brings about the increase of leakage current. This 
behavior is very close to our results shown above. Note that Mn3+

has been believed to be incorporated into the Ti4+ site to act as 
an acceptor.20) The fact that the Dy-doping into SrTiO3 showed 
a similar tendency with the Mn-doping into SrTiO3 suggests that 
the Dy3+ is incorporated into the Ti4+ site. This consideration 
agrees well with the discussion mentioned to explain the result 
of Fig. 2. On the other hand, the inset (2) of Fig. 4 shows the 
change of resistivity of BaTiO3 ceramics with the amount of Dy-
doping. This figure indicates that a small amount of Dy-doping 
up to 0.2–0.3 mol% drastically decreases the resistivity of 
BaTiO3, and further Dy-doping increases the resistivity. This 
dependency is the opposite of our results. For the Dy-doped 
BaTiO3, Ba2+ is substituted with Dy3+ to act as a donor.24) There-
fore, our consideration that the Ti4+ is substituted with Dy3+ for 
Dy-doped SrTiO3 thin film is plausible.

By the comparison of our data (Dy-doped ST) with the inset 
(1) (Mn-doped ST), the magnitude of the leakage current density 
of our data is much larger than that of the Mn-doped ST. As the 
reason of the difference, two possibilities can be considered. One 
possibility is due to the composition that our film has Sr-rich 
composition mentioned above. If the excess Sr is incorporated 
into the interstitial site, the leakage current increases due to the 
generation of electron as

(2)

Another possibility is due to the difference of the thin film 
deposition method. In general, the films prepared by PLD 
include considerable amount of oxygen vacancies, and the oxy-
gen vacancies bring about the electron according to the Eq. (1) 
shown in the introduction session. In any possibilities, our ST 
thin film includes considerable amount of electrons that increase 
the leakage current. The decrease of the leakage current by Dy-
doping up to 1.5 mol% as shown in Fig. 4 can be interpreted that 
the Dy3+ acts as an acceptor and hole is recombined with elec-
tron;

(3)

Fig. 2. Change of lattice parameter of Dy–ST thin film with the 
amount of Dy -doping.

Fig. 3. Estimation of ionic radius of Dy3+ in 12-fold coordination by 
extrapolation of ionic radii reported by Shannon.29)

Fig. 4. Change of current-voltage characteristics with the amount of 
Dy-doping. (a), (b), (c) and (d) denote that the amount of Dy-doping is 0, 
1.0, 1.5 and 2.0 mol%, respectively. Inset (1) shows change of current-
voltage characteristics of Mn-doped SrTiO3 thin film prepared by RF 
sputtering reported by Morito et al..20) Inset (2) shows change of resistivity
for Dy-doped BaTiO3 ceramics reported by Lee et al..24)
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(4)

The reason why leakage current was increased by 2.0 mol% Dy-
doping can be explained by following three possibilities.

The first is the generation of a hole according to Eq. (3), and 
the second is generation of an electron according to Eq. (5).

(5)

The third is due to the change of microstructure by the Dy-
doping. To determine which possibility is most plausible, addi-
tional methods such as Seebeck coefficient measurements and 
microstructure observation is needed.

Figure 5 shows the change of a frequency dependency of 
dielectric constant of the Dy-doped ST thin film. This figure indi-
cates that 1.5 mol% Dy-doped ST thin film has small frequency 
dependencies in ε’ and low ε’’. The P–E curve of 1.5 mol% Dy-
doped ST was also shown as the inset of Fig. 5. The facts that 
1.5 mol% Dy-doped ST thin film has low ε’’ and paraelectric 
characteristics agree that the film has the lowest leakage current 
as shown in Fig. 4. The fact that the 1.5 mol% Dy-doped ST thin 
film showed paraelectric characteristics means that a local 
ferroelectricity30) is not brought about by the Dy-doping.

The effect of the Dy-doping on the O2 gas sensor characteris-
tics was measured after fabrication of Pt surface electrodes on a 
Dy–ST/CeO2/YSZ(100) thin film. In this work, the resistance of 
the film surface was measured both in air and in He atmosphere. 
Figure 6(a) shows the change of the resistance with the amount 
of Dy-doping. This figure indicates that no change in surface 
resistance was observed for the ST thin film without Dy-doping, 
and the change was observed by the Dy-doping. In this work, the 
sensitivity for an oxygen gas was defined by a difference of resis-
tance:

(Sensitivity) = R (in air) – R (in He) (6)

The change of the sensitivity with the Dy content was shown in 
Fig. 6 (b). This figure clearly shows that a maximum sensitivity 
was observed at 1.5 mol% of Dy-doping. By comparison of Figs. 
4, 5 and 6, it can be mentioned that the sensitivity for an oxygen 
gas is closely related to the leakage current, and to improve the 
oxygen sensitivity, it is important to suppress the leakage current. 
Hara et al.17) examined the effect of Nb-doping into a SrTiO3 thin 

film on the oxygen sensitivity, and they found that the sensitivity 
decreases by a carrier doping. The result of the Dy-doping agrees 
well with the report. Therefore, to improve the oxygen sensitiv-
ity, we believe co-doping of other elements such as Mn3+ and 
Fe3+ with Dy3+ is effective.

4. Conclusions
PLD prepared Dy-doped SrTiO3 polycrystalline thin films 

were investigated for their potential application as an oxygen gas 
sensor operated at room temperature. The experimental results 
revealed that the oxygen gas sensitivity was close to the leakage 
current of the film and the maximum oxygen sensitivity was 
obtained at 1.5 mol% of Dy. At the Dy content, the leakage cur-
rent showed minimum value. The suppression of the leakage cur-
rent by Dy-doping suggests that Ti4+ is substituted by Dy3+, and 
the Dy3+ acts as an acceptor. Further doping of Dy3+ brought 
about the increase of leakage current and lowered the oxygen gas 
sensitivity.
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