SCIENTIFIC

REP{?RTS

SUBJECT AREAS:

FERROELECTRICS AND
MULTIFERROICS

CONDENSED-MATTER PHYSICS
ELECTRONIC DEVICES

SURFACES, INTERFACES AND
THIN FILMS

Received
5 October 2012

Accepted
12 October 2012

Published
7 December 2012

Correspondence and
requests for materials
should be addressed to
J.-H.C. (choijh@kist.re.
kr) or C.S.H. (cheolsh@

snu.ac.kr)

Strain evolution of each type of grains in
poly-crystalline (Ba,Sr)TiO3 thin films
grown by sputtering

Woo Young Park', Min Hyuk Park', Jong Ho Lee', Jung Ho Yoon', Jeong Hwan Han', Jung-Hae Choi?
& Cheol Seong Hwang'

"WCU hybrid materials program, Department of Materials Science and Engineering, and Inter-university Semiconductor Research
Center, Seoul National University, Seoul 151-744, Korea, 2Electronic Materials Research Center, Korea Institute of Science and
Technology, Seoul 136-791, Korea.

The strain states of [111]-, [110]-, and [002]-oriented grains in poly-crystalline sputtered (Ba,Sr)TiO; thin
films on highly [111]-oriented Pt electrode/Si substrates were carefully examined by X-ray diffraction
techniques. Remarkably, [002]-oriented grains respond more while [110]- and [111]-oriented grains do less
than the theoretically estimated responses, which is understandable from the arrangement of the TiOg
octahedra with respect to the stress direction. Furthermore, such mechanical responses are completely
independent of the degree of crystallization and film thickness. The transition growth temperature between
the positive and negative strains was also different depending on the grain orientation. The unstrained
lattice parameter for each type of grain was different suggesting that the oxygen vacancy concentration for
each type of grain is different, too. The results reveal that polycrystalline (Ba,Sr)TiOj3 thin films are not an
aggregation of differently oriented grains which simply follow the mechanical behavior of single crystal with
different orientations.

he mechanical properties of materials are one of the fundamental material parameters, which are generally

represented by the relationship between the strain (&) and stress (¢). Sometimes, the ¢ and ¢ influence other

fundamental properties of the materials, such as the electrical properties (piezoelectric effect) and defect
distribution (piezochemical effect), as well as the mechanical response of the materials. Perovskite structured
materials are a typical example showing such a correlation between the different fundamental properties due to
their high ionic polarizability. Many perovskite oxide thin films, such as (Ba,Sr)TiO; (BST), showed a crucial
influence of the ¢ and accompanying ¢ on the functionality of the films, such as the dielectric constant, polar-
ization, Curie temperature, and piezoelectric coefficient''°. The strain can even transform the non-ferroelectric
phase to the ferroelectric phase and vice versa''. Recent theoretical calculations indicated that the strain also
provides an important contribution to the dielectric and ferroelectric properties of the perovskite oxide/metal
interfaces, which mostly govern the functionality of the nano-meter scale thin films'>".

The strain in thin films is induced by various intrinsic factors, such as the misfit strain and the thermal
expansion mismatch with the substrate, as well as extrinsic factors, such as the impurity/vacancy incorporation
and shot-peening effect in sputtering'®. In many cases, many of these factors simultaneously influence the strain
state of the perovskite oxide films, which renders the fundamental understanding on the influence of these factors
on the properties of the films complicated and often disagree with the theoretical expectations.

The recent development in the fabrication techniques for the epitaxial perovskite oxide thin films'*?* has
greatly improved the experimental verification for the influence of the strain. However, the epitaxial systems often
have limited usefulness regarding their use in many important applications, such as random access memory
devices and integrated electro-mechanical systems, which are usually formed on Si substrate for commercial
reasons. Siis very vulnerable to the chemical reaction and poorly lattice-matched with these perovskite oxides. Its
thermal expansion mismatch is also non-favorable for improving the functionality. Due to these non-desirable
factors of Si substrate, it is usually passivated with amorphous SiO, films and a poly-crystalline bottom electrode,
typically Pt, which inevitably results in poly-crystalline perovskite thin films.

It must be quite a natural consequence that the strain state of the poly-crystalline film has a much more
complicated pattern due to the non-uniform structure and crystallographic direction of each grain. It appears that
there are two fundamental questions regarding the strain status of poly-crystalline films; what is the strain state of
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each grain, and is the strain state of each grain influenced by the
strain state of neighboring grains? The other question is what is the
defect (typically oxygen vacancy) concentration in each grain and
does this have a certain relationship with the strain state of each
grain? These questions are difficult to answer even when using the
state-of-the-art spectroscopic tools having high spatial resolutions
since the defect concentrations are generally very low.

In this report, the authors attempted to answer these two import-
ant questions by adopting the X-ray diffraction (XRD) technique to
the poly-crystalline BST thin films with a thickness of 120 nm which
were deposited on highly [111]-orientation preferred poly-crystal-
line Pt thin film electrodes by an rf magnetron sputtering technique
at substrate temperatures (T;) ranging from 338 to 505°C. The dif-
ferent T, results in the different stress state of the films; low and high
T induced the overall in-plane compressive and tensile stresses,
respectively, due to the dominance of the shot peening effect (at
low T;) and the mismatch in the thermal expansion coefficients of
Si substrate and BST film (at high T,). In addition, BST films with
thicknesses ranging from 29.6 to 155.8 nm were deposited at 505°C
in order to understand the influence of the film thickness on the
stress and defect states of each grain. The strain state of each grain
with different orientations was estimated by a careful XRD analysis
using the sin®}y method. The results are compared with the expected
strain-stress relationship from the bulk compliance values. Semi-
quantitative discussions on the reason for the evolution of different
stress-strain states based on the crystal structure of the perovskite
material are presented.

Results

First, the influences of T on the structural properties of BST films are
discussed. Experimental details and detailed information on the
accurate thickness and cation compositions of each BST film are
shown in the methods section and in on-line supplementary informa-
tion (table SI), respectively. The films are usually slightly Ti-rich (Ti/
(Ba+Sr+Ti) ~ 0.52) and Ba-deficient (Ba/(Ba+Sr) ~ 0.48). XRD
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spectra in ®-20 mode of the BST films showed relatively random
growth directions with (110), (111) and (002) peaks. Although the
diffraction peak intensity generally increases with the increasing T,
suggesting better crystalline quality and less mosaicity, the relative
peak intensity ratio did not vary significantly. (See Fig. S1 of on-line
supplementary information) The peak position generally shifts into
the high 20 direction with the increasing T, suggesting that the films
undergo more in-plane tensile stress due to the thermal expansion
mismatch between the BST (~ 10 x 107° °C')?' and the Si substrate
(~ 2.62x107° °C™")* while cooling down after the film deposition.
Detailed strain evolutions for each type of grain in the different films
were examined by the sin* method. Here  is the angle between the
direction normal to the film surface and the direction of the specific
crystallographic orientation where the inter-planar spacing was mea-
sured (ex, (112), (110), and (—112) planes for the [111]-oriented
grains). Details for the sin®y method can be found from Ref. 23
and its principle can be represented by Eq. (1) shown below.

Figures la-d show the variations in the lattice parameters of the Pt
electrode film, [111]-, [110]-, and [002]-oriented BST grains,
respectively, as a function of sin*\s for the BST films grown at differ-
ent T,. The data points were best linear fitted (lines) according to the
Eq. (1);

VIR + 2+ Pd =211+ BdY (59 —e.) sin® ¥
+Vh2 4k + lzd‘é’(sz +1)a’ = ag (g9 —e&,) sin® Y +ag’(ez +1)

where, h, k, 1, d'l: dg’, &y, &, and g;are the three Miller indices, mea-
sured inter-planar spacing at the measurement angle , and the
calculated out-of-plane inter-planar spacing (\y = 0), strain along
the measurement direction \, in-plane strain, and out-of-plane
strain, respectively. a” and a,” are measured lattice parameters at
the measurement angle s, and the calculated out-of-plane lattice
parameter (Y = 0). The positive and negative slopes correspond to
in-plane tensile (g5 > 0, 1. e. ¢, > ¢,) and compressive (5y < 0, 1. €. &,
< &,) stress states, respectively. From the extrapolation of the linear
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Figure 1 | Variations in the lattice parameters of (a) the Pt electrode film, (b) [002]-, (c) [110]-, and (d) [111]-oriented BST grains as a function of sin*{s

for the BST films grown at different Ti.
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fitting to sin®y = 1 and 0, &, and &, can be estimated for each sample.
There are several notable findings from the data sets shown in Fig.1
which could be more evidently seen in Fig. 2.

Figures 2a-d show the variations in the ¢, and ¢, values as well as
the variation of the effective Poisson’s ratio, v (=—g¢,/¢,), of the Pt
film and those of the three differently oriented BST grains as a func-
tion of Tj. In this paper, the positive and negative strains denote the
tensile and compressive strains, respectively. The Pt film has only
[111]-oriented grains and shows in-plane positive strain at all T due
to the thermal expansion mismatch with Si (thermal expansion coef-
ficient of Pt ~ 9.6 x 10~ ° °C™")**. However, the BST films show
complicated development of strains depending on the T and types
of grains. The [002]- and [110]-oriented grains grown at 505°C show
in-plane positive strain, but the same type of grains grown at lower T
show in-plain negative strains. The cross-over from the positive to
negative strain occurs at ~ 460°C. After the abrupt change in the
strain state near the transition temperature, the negative strain fur-
ther develops rather slowly with the decreasing T for the [002]-
oriented grains. However, that of [110]-oriented grains are rather
complicated, which is not yet clearly understood. In addition, the
magnitudes of &, and ¢, are symmetric and generally high in [002]-
oriented grains due to the higher compliance (S;;) and high v along
[002] direction®**. Nevertheless, they are rather asymmetric in
[110]-oriented grains along the tensile and compressive directions
probably due to the different crystallographic structures. [111]-
oriented grains also show in-plane positive strain at the highest T
but with a smaller magnitude of in- and out-of-plane strains.
Interestingly, the transition into the negative strain state occurs at
much lower T, (~ 400°C). Therefore, the [111]-oriented grains dem-
onstrate an in-plane negative strain state only at the lowest T with a
much smaller magnitude of ¢, and ¢,. For this case, the magnitude of
&, is generally smaller than that of &,. The variations in v appears to be
related with the strain state in Figs. 2 (b) and (c), but it is not the case
in Fig. 2 (d). Such variations in v are actually related with the change
in Ba/Sr ratio with the varying T, and the relative comparison with
the theoretically calculated values for the given Ba/Sr ratio has a
higher significance as discussed below.

The in-plane tensile stress (positive strain) in BST grains can be
generally understood from the thermal expansion mismatch between
the film and Si substrate. The influence of Pt and SiO, films is neg-
ligible due to their much thinner thickness (~ 0.1 pm) compared to
that of Si substrate (~ 600 pm). The higher in-plane tensile stress
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state at higher T, can be understood from the thermal effect. The in-
plane compressive stress (negative strain) in sputtered films could be
understood from the shot-peening effect'. The energetic bombard-
ment of the sputtered particles (especially negatively charged oxygen
ions) onto the growing film surface imparts the in-plane compressive
stress'®. Therefore, the increasing in-plane negative strain with the
decreasing T can be understood from the domination of the ion
bombardment effect of the sputtering process over the thermal
expansion mismatch. Given the low compliance along the [111]
direction of the perovskite BST material***, the out-of-plane strain
(e,) of the [111]-oriented grains must be smallest at the lowest Tj
(338°C), which is indeed the case as shown in Fig. 2d. The same
argument can be applied to the in-plane tensile cases; out-of-plane
negative strain along the [111] direction is quite small at 505°C, due
to the lower in-plane tensile strain at the same temperature com-
pared to the other types of grains. In addition, the lower evolution of
compressive stress by the larger decrement of the shot-peening effect
in [111]-oriented grains compared to the grains with different orien-
tations decreases the transition temperature from ~ 460 to ~ 400°C.
In other words, the thermal effect dominates the mechanical bom-
bardment effect even at lower T in [111]-oriented grains. These
results must be a natural consequence of the crystallographic-dir-
ection specific mechanical properties of the BST material; lower and
higher compliance along the [111] and [002] orientations, respect-
ively (See on-line supplementary information for the calculation
along different directions, and the text below for more discussions.
The calculated values are included in Table 1.).

In order to confirm whether the different responses of each type of
grain to the external stress coincides with the bulk properties of the
material, v under biaxial stress was calculated for the different orien-
tations of the crystals where in-plane biaxial stress () was applied to
the isolated [111], [110], and [002]-oriented gains, respectively, and
the results are compared with the experimental results. These calcu-
lations were based on the elastic theory of cubic crystal and compli-
ance tensors of the material with the same cation composition®>*. It
has to be noted that each type of grain must have a completely
random in-plane orientation for this comparison to hold its validity,
which was indeed the case for [111]- and [002]-type grains but not
for [110]-type grains (See Fig. 3), because the film is of the poly-
crystalline nature. Table I shows the variations in the calculated
compliance (gy/0y and ¢,/gy), and the v of the crystal with the
[111], [110], and [002] directions normal to the stress plane, as well
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Figure 2 | Variation of in-plane and out-of plane strain as a function of substrate temperature of (a) [111]-oriented grain of Pt, and those of (b) [002]-,

(c) [110]-, and (d) [111]-oriented grains of the (Ba,Sr)TiO5 thin films.
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Table | | Comparison between the calculated and experimental Poisson’s ratio for 120-nm-thick (Ba,Sr)TiOs films with Ba/Sr ratio of 48/52
and 47/53, respectively
Ba/Sr = 48/52
g0/ o0 &,/ 50 —&,/¢0

Cale. (1072 m2/N) Cale. Meas. (at 338°C) Meas. (at 402°C) Meas. (at 431°C)
[002] 4.076 —3.476 0.853 0.947 0.947 0.947
[110] 3.254 —-1.832 0.563 0.531 0.531 0.531
[111] 2.980 —-1.284 0.431 0.344 0.344 0.344
Ba/Sr = 47/53

g0/ 00 &,/ 5o —£,/¢0

Cale. (1072 m2/N) Cale. Meas. (at 462°C) Meas. (at 505°C)

[002] 4.047 —3.439 0.850 0.942 0.942
[110] 3.240 —-1.824 0.563 0.454 0.454
(111] 2.971 ~1.286 0.433 0.342 0.342

as the v measured experimentally for the three different types of grain
of the BST films grown at the various T,. Due to the slightly different
compositions of the different samples, Ba/Sr ratio of the films grown
at 338, 402 and 431°C was taken as 48/52, and that of the other two
samples was taken as 47/53.

It is notable that the measured v of each type of grains is comple-
tely independent of T for the given Ba/Sr ratio, suggesting the ident-
ical mechanical responses of the different grains irrespective of the
crystalline quality of the polycrystalline BST films. For the [002]-
oriented grains, the measured V’s are generally larger than the the-
oretically calculated values, suggesting that these grains have higher
strains than the theoretically expected values along the out-of-plane

direction. In contrast, the measured v of the [110]- and [111]-
oriented grains is smaller than the theoretical value, suggesting that
these grains strain less along the out-of-plane direction. In fact, there
are several data sets on the value of compliances of BaTiO; and
SrTiOs3, from which the compliance values of 48/52 and 47/53 mate-
rials are calculated (see table S III of on-line supplementary informa-
tion). Therefore, the theoretical v’s are certainly with some degree of
uncertainty. However, the relative comparison between the mea-
sured and calculated values is certainly correct. Such a discrepancy
between the theoretical and measured values of the v’s and different
relative tendency suggest the following. The differently oriented
grains experience a significant mechanical confinement effect due

Pt/Al,O4/SiO./Si BST/Pt/ALL,O,/SiO,/Si
Pt(111) grain BST(110) grain
(a) (b) ¥ 35.26°
90° 4'\\ ety 1ol
{111} . s
Pole figure
(2@=3912°) 180“: 180°
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Figure 3 | (a) {111} pole figure of Pt substrate, and (b) {111} pole figure, and (c) {110} pole figure of (Ba,Sr)TiO; thin films.
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to the densely packed columnar microstructure (see fig. S2 of on-line
supplementary information for cross-section transmission electron
microscopy image) and smaller strain of the [110]- and [111]-
oriented grains to the external biaxial stress is compensated by the
larger strain of the [002]-oriented grains.

Figure 3 shows the pole figures of [111]-oriented Pt electrode
grains (3a, where in-plane distribution of (11-1) type plane is shown),
[110]-oriented BST grains (3b, where in-plane distribution of (111)
type plane is shown), and [111]- and [002]-oriented BST grains (3c,
where in-plane distribution of (110) type plane is shown). The ran-
domness of the in-plane distribution for Pt grains is almost perfect as
can be understood from the almost constant distribution of the (11-
1) X-ray diffraction peak intensity along the ¢ angle. This was also
the case for the [111]- and [002]-oriented grains so that the (110) X-
ray diffraction peak intensities along the ¢ angle are almost constant.
However, the [110]-oriented grains have a much more non-random
in-plane orientation compared to the other cases. Although the exact
reason for such an extraordinary behavior is not clearly understood,
it might be related with the highly anisotropic nature along the
crystallographic directions on the (110) plane compared to the more
isotropic nature of the (111) and (002) planes. This may explain the
peculiar variations in &, and &, of this type of grain shown in Fig. 2c.
However, it appears that such a discrepancy in the degree of random-
ness of the in-plane orientation does not influence the mechanical
confinement effect largely.

The different mechanical responses of the different types of grains,
shown in Fig. 2, can be understood from the calculated compliance
values and Poisson’s ratio along the different directions of the bulk
crystal shown in table I. The absolute value of the out-of-plane com-
pliance along the [111] is the smallest and that along the [002] is the
largest. The possible reasons for such a discrepancy was considered
from the possible distortion of the TiOg octahedra, which are the
building blocks of the BST material in response to the external stress,
and the results are included in the Fig. S3 of on-line supporting
information. Due to the different compliance values along the differ-
ent crystallographic directions, the different types of grains response
differently to the mechanical stress along the in-plane direction;
under the given (in-plane) compressive stress, for example, the smal-
ler compliance of the [111]-oriented grains results in the smaller
elongation along the out-of-plane direction than the theoretical value
because the other type of grains elongate more than the theoretical
value due to their higher compliance along those directions.

Next, the defect (mainly oxygen vacancy) concentrations of each
type of grain are considered. Various thin films processing tech-
niques of oxide films usually induce oxygen vacancy generation for
various reasons. In the sputtering process of BST films, the low
oxygen partial pressure and shot-peening effect generally induce
high oxygen vacancy concentration'>***. The average oxygen
vacancy concentration, therefore, must be specifically determined
by the adopted process conditions. However, due to the oxygen
vacancy being generally low in density, it is often difficult to measure
them by available spectroscopic means. In addition, it has not been
feasible to estimate the oxygen vacancy concentrations in each type
of grain within poly-crystalline oxide films. However, the accurate
determination of the lattice parameters for each type of grain makes
this possible as shown below. This is based on the work by Kim et al.
where the lattice parameters of oxygen-deficient bulk BST material is
reported to be determined by the oxygen vacancy concentration,
which was controlled by the equilibrium oxygen partial pressure
during annealing, for the given cation composition®. One possible
problem in applying the same method to the thin films, as in this
work, is to achieve an unstrained lattice parameter (a,) for the dif-
ferently oriented grains, which are free from the influence of any
strain. This becomes possible by adopting the sin®\y method again.
Details for the determination of a, using the sin*y method were also,
and the calculated sin*\s values for each type of grain for the cases of

Ba/Sr ratios of 48/52 and 47/53 are included in the table S IV of on-
line supporting information.

Figure 4 shows the variation in the measured a, of the differently
oriented BST grains as well as the Pt as a function of T,. There are
three notable findings; first, they are generally much larger than the
bulk lattice parameter with the same cation composition (a, of bulk
Ba 5819 5Ti05 is 0.3947 nm, being indicated by a dashed line in
Fig. 4). Second, the a, for each type of grain generally decreases with
the increasing T, having a different decreasing rate. Third, the a, for
each type of grain are not the same. At Ty = 338°C the difference is
quite small. The largest a; was achieved from the [111]-oriented
grains but the difference with a, of [002]-oriented grains, which is
the smallest, is only ~ 0.002 nm. (See Table S V of on-line supporting
information for the detailed numbers of ay) As T increases, the a, of
the [111]-oriented grains decreases more significantly than the
others and it becomes the smallest when T is > 400°C. In addition,
the difference with the other types of grains becomes larger as T
increases. At T; = 402°C, the a of [110]-oriented grains is the largest
but that of [002]-oriented grains becomes the largest at 505°C.
Overall, the difference between the [002]- and [110]-oriented grains
are generally smaller than that with [111]-oriented grains. It needs to
be stressed that these lattice parameters are not influenced by the in-
and out-of-plane strains.

The larger a, values for the various types of grains in BST thin film
correspond to the higher oxygen vacancy concentration®. The esti-
mated identical a, of the Pt electrode to that of the bulk Pt material
(down triangle symbol in Fig. 4) irrespective of the processing con-
ditions suggests that other effects, such as strain and sputtering
damage, can hardly influence the unstrained lattice parameters of
the materials in the system. The different a, values of the BST grains
with different orientations suggest that the oxygen vacancy concen-
tration is also different. According to the results given by Kim et al.
the oxygen vacancy concentration for the lattice parameters of
0.4020 nm is three times larger than that of 0.3970 nm. (It must be
noted that the absolute values of the oxygen vacancy concentration
cannot be compared but only relative values can be estimated in this
way.) In other words, the different oxygen vacancy concentrations in
different types of grains results in the different a, values even when all
the grains were formed simultaneously under the given sputtering
conditions. In general, the larger a, values compared to the bulk value
of all cases suggest that all the films are generally oxygen deficient by
the knock out effect from the energetic particle bombardments dur-
ing the sputtering.

—=—BST(002
= 0.404¢ XBSTEHO;
BST(111)
@ 0.400}
=
s 0.398}
£ 0.396/
L e SR S AT
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©
- 0.392} 7
350 400 450 500
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Figure 4| Variation in the measured unstrained lattice parameter, ao, of
the differently oriented (Ba,Sr)TiO; grains as well as the Pt as a function
of substrate temperature. Dashed line indicates the bulk value of
(Ba,Sr)TiOs.
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The different variations in a, for the three types of grains with
increasing T, are understood as follows. The almost identical a, at the
T, of 338°C suggests that the vacancy concentration is dominantly
determined by the knocking out effect during the sputtering process,
which must be identical for all the three types of grains. The surface of
the BST film was quite smooth demonstrating a highly uniform grain
size irrespective of the types of grain due to the relatively incomplete
crystallization at this low T (See Fig. S 2b of on-line supporting
information). It can be also understood that the in-plane compressive
stress does not influence the vacancy concentration since the three
types of grains have different levels of strains (Fig. 2). As the T,
increases, the thermal healing effect appears to work and the vacancy
concentration generally decreases. The larger decrease in the vacancy
concentration for the [111]-oriented grains compared to the other
two cases cannot be explained by the in-plane tensile stress effect,
although this can be thought to be the case because the transition into
the in-plane tensile stress state already occurs at ~ 400°C for this case
while the other two types of grains still remain in the in-plane com-
pressive state up to ~ 460°C. This can be understood from the fact
that the positive strain of the [111]-oriented grains is the lowest
among the three but the vacancy concentration was the lowest (smal-
lest ap) for this case at the T of 505°C. In fact, given the finding that
the negative in-plane strain does not invoke any difference in the
vacancy concentration between the different types of grains (338°C),
it may not be reasonable to consider that the tensile stress induces the
difference. Therefore, there must be some other factors, which influ-
ence the degree of oxygen vacancy healing depending on the types of
grains.

It has been reported that the in-situ well-crystallized polycrystal-
line SrTiOs, BaTiO3 (BTO), and BST films tend to have roughened
surface morphology due to the different growth habit planes of each
grain®. Hwang et al. reported that the [111]-oriented grains of BTO
on the highly [111]-oriented Pt thin film electrode grows only on the
vicinal planes of the [111]-oriented Pt grains while the [002]- and
[110]-oriented grains grow on the (111) plane of the Pt grains®. They
invoked different surface charges and surface energies of the BTO
materials depending on the types of crystallographic surfaces for
such peculiar behavior of (local) epitaxial growth for such ionic oxide
(BTO) on the metal (Pt) surface although the lattice mismatch is
generally favorable for the usual epitaxial growth. Furthermore, the
emergence of the three types of grains in this work is also believed to
be due to such surface and interface-charge related arguments. As a
result, the [002]- and [110]-oriented BST grains tend to have a flat
surface as they may grow on the flat surface region of the [111]-
oriented Pt grains, while the [111]-oriented BST grains tend to grow
on the vicinal area of the Pt grains, which eventually results in the
larger specific surface area of the [111]-oriented grains compared to
the other two types of grain. (See Fig. S2 of on-line supporting
information for TEM and atomic force microscopy (AFM))
Although this cannot be directly confirmed due to the lack of crys-
tallographic information in the AFM images, the relatively rough
surface morphology of the Pt electrode and several protruded grain
shapes of BST films revealed by AFM (Fig. S2 of on-line supporting
information) revealed that the specific surface area of the [111]-
oriented BST grains is larger than those of the two others. TEM also
confirmed this (See Fig. S2 of on-line supporting information). The
larger surface energy of (111) planes also contribute to the suppres-
sion of the flat (111) surface in [111]-oriented BST grains. With this
assumption, the faster healing effect of the [111]-oriented grains can
be understood; the larger surface area of this type of grain enhances
the vacancy annihilation during the growth at a higher T. At lower
T, the generally less evident evolution of grain morphology of the
different grains makes this difference less evident and thus the
vacancy healing effect must be averaged out.

Up to now, the influences of T on the evolution of strain and
oxygen vacancy concentration for each type of BST grains have been

discussed. Next, the effects of film thickness (t;) on the evolution of
the strains will be discussed for the films grown at 505°C. t; was
varied from 29.6 nm to 155.8 nm, and the detailed information of
these films, such as the ®-2@ XRD data and cation composition are
included in the on-line supporting information (Figures S4 and S5).
All the films showed identical crystallographic growth behavior and
cation compositions irrespective of the t; within the experimental
error (< ~ 1 at. %).

The in- and out-of-plane strains of the [111]-, [110]- and [002]-
oriented grains are also examined by the sin®y method, and the
variations in the lattice parameters of Pt electrode film, [111]-,
[110]-, and [002]-oriented BST grains, respectively, as a function
of sin*s for the BST films with different t; are included in Fig. S6
of on-line supporting information. The results for the BST grains are
summarized in Fig. 5. Figures 5a-c show the variations in the gy and ¢,
values as a function of the t¢ for the three differently oriented grains.
The ¢ and ¢, values generally decrease with the increasing tg
However, the overall difference between the different types of grains
is quite identical to that shown in Fig. 2; the strain of [002]-oriented
grains is symmetrical and largest while that of [111]-oriented grains
is asymmetrical and smallest. Table II shows the same comparison
between the calculated and measured v values of the three types of
grains at two representative tr. The experimental v of the other t¢films
are exactly the same as those shown in table II. A same tendency as
that in table I can be found.

Figure 5d shows the variations of unstrained lattice parameter (a,)
for the different types of grains as a function of t. Bulk a, value
(0.3947 nm) of the (Bag 5,51y 5)TiO5 is indicated by dashed line in
the figure. The a, for each type of grain is almost independent of the t¢
but only depends on the type of the grain. This means that the overall
oxygen vacancy concentration is not dependent on ty while the strain
is dependent on it. Moreover, this suggests that the strain relaxations
shown in Fig. 5a-c are not due to healing out of the oxygen vacancies
or agglomeration of the oxygen vacancies to form the dislocations.
Conversely, this also coincides with the fact that the film stress hardly
has an influence on the vacancy concentration, as discussed above.

Discussion

In this work, the strain state of in-situ crystallized poly-crystalline
BST thin films on Pt electrodes was carefully examined using the
sin® method in the X-ray diffraction technique. The poly-crystalline
BST thin films deposited at substrate temperatures ranging from 338
to 505°C showed a relatively random orientation with [002]-, [110]-,
and [111]-oriented grains along the normal direction to the surface,
of which strain states are different although they were grown simul-
taneously. In addition, the transition temperature where the strain
state of each grain changes from the in-plane compressive state,
which is believed to be due to the shot-peening effect of the sputtering
process, to the in-plane tensile state, which is due to the thermal
expansion mismatch between the BST film and substrate, was also
different. This is a highly unexpected result as opposed to the general
conjecture that the every grain in poly-crystalline film has an ident-
ical strain (and stress, too) under the given growth conditions due to
the strong mechanical confinement between the neighboring grains.
The different compliances along the out-of-plane direction of the
different types of grains resulted in the different strains responding
to the external in-plane stress.

The unstrained lattice parameter, which is dominantly governed
by the oxygen vacancy concentration for each type of grain, was
also different suggesting the vacancy concentration is different.
Interestingly, such a discrepancy has no correlation with the different
strain state for each type of grain but appeared to be related with the
specific surface area, which provides the grains with oxygen atoms at
higher growth temperatures.

The trends of the orientation-specific strain state was maintained
in a wide thickness range (29.6 ~ 155.8 nm) although thicker films
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Figure 5 | Variation of in-plane and out-of plane strain as a function of film thickness for the cases of (a) [002]-, (b) [110]-, and (c) [111]-oriented grains
of the (Ba,Sr)TiO; thin films, and (d) comparison of lattice parameter (Ba,Sr)TiO; grains with different orientations. Dashed line indicates the bulk

value of (Ba,Sr)TiOs.

generally show decreased strains perhaps due to the generation of
misfit dislocations. However, the orientation-specific unstrained lat-
tice parameter was constantly maintained suggesting that the differ-
ent vacancy concentration for each type of grain is independent of
the film thickness.

Perhaps the most striking feature that this work figured out from
the detailed X-ray study on such an ionic crystalline material is
different oxygen vacancy concentration in each type of grains.
Even further unexpected finding is that the oxygen vacancy concen-
tration has nothing to do with the strain state of each grain.

It is believed that this work may invoke a new aspect of mechanical
and chemical nature regarding poly-crystalline thin films. However,
it must be noted that there could be many other thin film systems that
show different levels of mechanical interactions between the grains
(perhaps metals or covalently bonded materials have different tend-
ency), which could be checked by the same X-ray technique. It is
hoped that this technique can be more widely applied to many other
poly-crystalline material systems in order to elucidate their mech-
anical and chemical nature of different grains.

Methods

After the Si substrate was cleaned, 100-nm-thick SiO, was thermally grown and
10-nm-thick amorphous Al,O; layer was deposited by an atomic-layer-deposition
process in order to improve the adhesion between the substrate and the Pt electrode
that was deposited on top by a dc sputtering technique. The Pt electrode thickness was
100 nm and had a highly [111] preferred growth behavior in the out-of-plane dir-
ection while the crystallographic direction in the in-plane direction is completely
random. BST films with thicknesses ranging from 29.6 to 155.8 nm were deposited by
an rf sputtering technique using a ceramic target under a sputtering pressure of

10 mTorr (O,/Ar gas ratio = 10%). The substrate temperature was varied from 338 to

Table Il | Comparison between the calculated and experimental
Poisson’s ratio for the cases of 29.6-nm- and 155.8-nm-thick
(Ba,Sr)TiO;3 films grown at 505°C

eo/co /00 —¢&./¢0
Meas. (at Meas.
Cale. (1072 m?/N)  Cale. 29.6 nm) (155.8 nm)
[002] 4.047 —3.439 0.850 0.942 0.942
[T10] 3.240 -—1.824 0.563 0.454 0.454
[t} 2971 -1.286 0.433 0.342 0.342

505°C. 338°C was just enough T, to grow the in-situ crystallized poly-crystalline BST
film. Film cation composition ratios, [Ti]/[Ba+Sr+Ti] and [Ba]/[Ba+Sr], were
estimated by X-ray fluorescence spectroscopy (See on-line supporting information).

X-ray diffraction was performed using a Cu ka radiation, which was monochro-
matized by a curved graphite monochromator. A Hybrid Mirror type X-ray detector
was used to enhance the resolution and minimize the measurement error and analysis
time. The ®-20 scan was used to determine the crystallographic orientation of the
film. The sin*y method was used in order to detect the strain and unstrained lattice
parameter of each grain. Lastly, the X-ray pole figure measurement was also used to
determine the degree of randomness of the in-plane crystallographic direction for
each type of grain.

The microstructure of the film was observed using high-resolution transmission
electron microscopy (HRTEM) and atomic force microscopy (AFM) (See on-line
supporting information).
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