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Abstract The effect of ion implantation on strontium
titanate has been extensively investigated. It has
The oxygen tracer diffusion coefficient has been been shown that crystallization kinetics of SrTiO,
measured across the interface in a SrTiQ; bicrystal is affected by the presence of water vapor.®® Simpson
by secondary ion mass spectrometry (SIMS). One et al.'® have shown that water vapor reduces the
part of the faces of the bicrystal were carried out on activation energy of crystallization from 2-1 to 1-0
Cu implantation prior to joining. The determined eV. Moreover, a study involving the implantation
volume and grain boundary diffusion coefficients are of 2 MeV Ar or F ions, suggested that the oxygen
14 X 107" m’/s and 4-5 X 107" m’/s, respectively. vacancies remained in the implanted layer after
The enhancement of oxygen grain boundary diffu- complete recovery of radiation damage by the
sion is found. Dislocation networks and precipitates thermal annealing."!
at the interfuce are observed using a transmission The objective of this study is to investigate the
electron microscope (TEM ). This observation sug- effect of the implanted layer on the oxygen grain
gests that the predominant diffusion path is along boundary diffusion at the joining interface in a
the dislocation networks. The enhancement of the SrTiO; bicrystal with secondary ion mass spec-
oxygen diffusion in the grain boundary is due to the trometry (SIMS) and transmission electron micro-
effect of the Cu-implanted layer. scopy (TEM).
1 Introduction 2 Experimental

Strontium titanate (SrTi0O;) is widely known as an Single-crystal SrTiO, plates with (110) polished
oxygen sensor at high temperature. The response surface and doped with Nb in 1000 ppm (Earth

time depends on oxygen bulk diffusion and the Jewelry Co.) were used in this study. The Cu ions
surface exchange processes. Therefore the oxygen were implanted at an energy of 462 keV with a
diffusion in SrTiO, is being studied intensively dose of 1-4 X 10" ions/cm® The implanted sam-
these days. The dependence of the oxygen diffusiv- ples were joined in the same crystallographic
ity on the oxygen vacancy concentration has been planes by hot isostatic pressing (HIP). The HIP
measured in polycrystalline SrTiO; with the vari- was completed in 2 h at a temperature of 1573 K
ous dopants'? and in the single crystal as well.>” and a pressure of 130 MPa.'? The preparation of
High diffusivity paths for the oxygen in single- SrTiO, bicrystals has been described by Watanabe
crystal SrTiO; have been shown to play an impor- et al.'? The joined bicrystal was cut perpendicular
tant role in the redox reaction.® Oxygen grain to the joining interface with a low speed diamond
boundary diffusion in (110)-(110) and (100)-(100) saw and was polished using a sequence of various
bicrystal SrTiO;, joined by hot isostatic pressing grades of diamond pastes to obtain a mirror finish.
(HIP), has been investigated using secondary ion Immediately after polishing and cleaning, the
mass spectrometry (SIMS).” The data show that sample was loaded into the exchange apparatus.
the oxygen grain boundary diffusion along the The system was then closed and evacuated, and
(110) joined sample is one order of magnitude enriched '*0, was introduced into the manifold at
larger than that in the (100) joined sample. This 130 torr pressure. The temperature was increased
difference in oxygen grain boundary diffusion is to 1325 K and maintained at that value for 1800 s.
explained by the difference in the grain boundary After isotopic exchange of the '*0O between the
orientation. gaseous phase and the samples, the furnace was
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switched off. The '*0, was recovered by opening
the manifold to an absorption pump which was
cooled with liquid nitrogen.

Oxygen isotope profiles were obtained by a
CAMECA IMS-4f instrument equipped with a
cesium ion source, using a 10 kV, 5 nA, Cs* pri-
mary ions. The rastered area was 100 X 100 pm.
The Cameca normal-induced electron gun was
used to stabilize the charge build-up at the sample
surface. '%0” and '°O, signals from the crater were
acquired using a resistive anode encoder (RAE).
The ratio of '®*O7/'®*0,” was measured using an
electron multiplier (EM). The measured bicrystal
sample is illustrated in Fig. 1. The spatial resolu-
tion of the RAE in this measurement was 3 pm.
This value is much larger than the thickness of
grain boundary and the Cu-implanted layer. The
oxygen profile was collected from the area of 20 X
20 pm including the joining interface in '%0~ and
%0, images measured by RAE. The oxygen
isotope concentration was evaluated as follows;
C = I("*0) / [I("*0) + I('*0)], where I('*O) and
I("*0) are the intensities of '°O~ and *O~ signals,
respectively. Depth calibration was performed
with a Dektak 3030 surface profiler.

Transmission electron microscopy (TEM) was
used to characterize the morphology in the joined
interface in bicrystal sample. The sample for TEM
observation was first mechanically polished to 30
pm and then ion-milled at room temperature with
4 kV argon ions. TEM images were obtained
using a JEOL 2000 EX transmission electron micro-
scope operating at 200 kV,

3 Results and Discussion

The oxygen diffusion profile in the sample
annealed at 1325 K for 1800 s is shown in Fig. 2.
The oxygen diffusion profile comprised of two
parts: volume diffusion up to a depth of 200 nm
from the surface and the grain boundary diffu-
sion from a depth of 700 nm. The volume diffusion
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Fig. 1. Schematic diagram of a bicrystal sample.

contribution in the profile was fitted to a solution of
diffusion equation for a constant concentration at
surface as follows:"?

-Gy _ erfe| —= 1)
C,- Gy 4D.1

v

where C is the '*O concentration at depth x, Gy,
the background natural abundance of 30, and C
the surface concentration of '80. This equation
assumes equilibrium between the gas phase and
the crystal surface and hence a constant C; value.
D, and ¢ are the volume diffusion coefficient and
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Fig. 2. Oxygen diffusion profiles obtained by SIMS. The solid

squares show the oxygen isotope fraction corrected by SIMS.

The solid lines indicate the theoretical curves for volume and

grain boundary diffusion, respectively. The B factor is obtained
from the analysis of reference.'*
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annealing time. The grain boundary diffusion
coefficients were determined from the grain
boundary model of LeClaire.!*

dInC) %3( 4D, 2
Sng:0~66[~ dij [ : j )

where 8 and D, are grain boundary width and
grain boundary diffusion coefficient. The fitted
curves shown in Fig. 2 are calculated from the
above equations. The values of D, and 8Dy, thus
obtained are 1-4 X 107!® m%s and 4-5 X 102" m?/s,
and are shown in Fig. 3. The oxygen grain bound-
ary diffusion along the joining interface in SrTiO,
bicrystal has been reported in our previous study.’
The value of D, in this study is in good agreement
with the previous result. However, the D, on oxygen
in 1000 ppm Nb-doped SrTiO; is 4 orders of mag-
nitude smaller than those in pure material.> Chan
et al." have reported the defect chemistry of poly-
crystalline SrTiO;. At 1000 ppm Nb-doped SrTiO;,
the replacement by Nb,O; can be written;

Nb,O; + Vg(=2TiO,) — 2Nby, + 50, (3)

This suggests that the oxygen vacancy concentra-
tion decreases with the increase in the amount
of Nb,Os content. We believe that the difference
on D, between the pure and 1000 ppm Nb-
doped SrTiO; can be explained by the above
equation.

As shown in Fig. 3, the value of 8D, is one
order of magnitude larger than the previous result.
In order to find out the characteristics of the join-
ing interface in the bicrystal sample, a transmis-
sion electron microscope analysis (TEM) was
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Fig. 3. Temperature dependence of oxygen diffusion coeffi-

cient for Nb-doped SrTiO;. The solid and dashed lines show

the temperature dependence of volume and grain boundary
diffusion of oxygen in our previous result.’

carried out. The cross-sectional TEM micrograph
near the joining interface in the bicrystal sample is
shown in Fig. 4. In this micrograph, dislocations
and small precipitates with diameters ranging
from 20 to 60 nm are located in the band at a
depth of 700 nm below the joining interface. The
region from the joining interface to the band has a
homogeneous texture. This TEM micrograph indi-
cates that the damaged region of Cu-implantation
clearly recovers during the HIP. The dislocation
networks at the joining interface were also observed.
These dislocation networks were deformed by
reacting with the other dislocations. Large cubic
precipitates of size 200 nm were observed to be
situated mostly at the torsion point of the disloca-
tion networks. The precipitates at the dislocation
networks were formed due to the mass transport
by the dislocation pipe diffusion. In the implanted
sample, small precipitates were located between
the large cubic precipitate on the dislocation net-
works and the defect band. In the non-implanted
sample, the large cubic precipitate on the disloca-
tion networks was surrounded by numerous
smaller precipitates. There was no precipitate on
both sides near the dislocation networks. These
precipitates in non-implanted samples seem to
suggest that the mass transport between the
implanted and non-implanted samples is carried
out through the large cubic precipitate on disloca-
tion networks. The formation of dislocation net-
works at the joining interface relates to the
following factors: the misalignment of two sam-
ples or the recovery of a Cu-implanted layer. The
misalignment of samples occurs due to the rota-
tion of samples for the HIP process. According
to previous study,'? the angle of misalignment in
several HIP experiments is about 2°. The effects of

Fig. 4. Cross-sectional TEM image in bright field at the join-

ing interface. The upper and lower sides of the joining inter-

face indicate the Cu-implanted and non-implanted samples.

The symbols: JI, LP, and SP are the joining interface, large

precipitate on the dislocation networks, and small precipitates.
respectively.
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Cu-implantation are considered to be that the
surface region is turned into the amorphous or
large amount of dislocation are introduced. The
surface state after Cu-implantation has not been
investigated. However, the HIP process causes the
amorphous region to crystallize epitaxially with
the underlying substrate when the surface is
turned into the amorphous. The orientation of
crystallization is same as that of the substrate.
When the surface contains a large amount of dis-
locations, the HIP process occurs, due to the anni-
hilation of dislocations because the interface acts
as the sink for defects. In this case, the orientation
of the implanted layer is also same as that of the
substrate. It is considered that the formation of
dislocation networks at the joining interface is due
to the misalignment of the samples.

From the above discussion on the dislocation
networks, it is clear that the mechanism of oxygen
diffusion at the joining interface is the same as
that of the non-implanted SrTiO; bicrystals (dislo-
cation pipe diffusion).” The extent of dislocation
pipe diffusion for other diffusion mechanisms are
dependent on its density.'® The dislocation density
depends on the tilt angle and i1s deduced to be of
the same order in several HIP experiments. There-
fore, the value of the grain boundary diffusion of
oxygen in this result is due to the effect of the
Cu-implanted layer.

4 Conclusions

The oxygen tracer diffusion across the interface in
the SrTiO; bicrystal has been measured by SIMS
and TEM analysis. The determined volume and
grain boundary diffusion coefficients are 1-4 X
10'® m¥s and 45 X 1072 m¥s, respectively. The
enhancement in the oxygen grain boundary diffu-
sion is one order of magnitude. The dislocation
networks and precipitates at the joining interface
have been observed. The enhancement of the oxy-
gen grain boundary diffusion is due to the effect of
the Cu-implanted layer.
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