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We apply the cantilever deflection technique to measure stress in nm thin BaTiO3 and SrTiOs films during
pulsed laser deposition on a Pt(0 0 1) single crystal cantilever substrate. We find a compressive film stress
of —4.2 GPa for BaTiO3; on Pt(00 1) (misfit = —2.3%), whereas the deposition of SrTiO; (misfit = +0.4%)
induces a tensile stress of +1.5 GPa. The stress measurements are augmented by in situ low energy electron
diffraction experiments which indicate an epitaxial order of the films. We apply continuum elasticity to
calculate film stress. We conclude that sign and magnitude of the measured stress are due to the epitaxial
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1. Introduction

Thin films of perovskite oxides attract considerable attention
in the field of superconductivity [ 1], and for photovoltaic [2], stor-
age and micro-structured electronic devices [3-6]. This is also due
to their intriguing coupling between mechanical, structural and
electronic properties [7].

Structure studies of bulk BaTiO3; and SrTiO3 started some 70
years ago [8-10], and thin film growth by pulsed laser deposition
(PLD) was realized more than 20 years ago [11-13]. In spite of this
long tradition of the study of these prototypical perovskite mate-
rials, many fundamental question are still open, especially for thin
films in the nm thickness range. Recent investigations focus, e.g. on
their structural [14-17] and electronic properties [18-20].

Current interest is spurred also by the coupling between strain
and stress in perovskite oxide films, which is pivotal for their mul-
tiferroic properties [21]. For these applications a characterization
of the mechanical properties of nm thin perovskite films is manda-
tory. One issue in this respect is whether atomic layers of just a
few unit cell thickness show the same elastic behavior as their bulk
counterparts. Stress measurements [22] have established a quanti-
tative understanding of stress—strain relations in molecular beam
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epitaxial growth of metallic atomic layers [23-27], in sputtered
films [28] and in PLD grown metallic atomic layers [29,30]. These
previous studies indicate that nm thin metallic films can be reli-
ably characterized by their bulk elastic properties. Corresponding
measurements for oxide films are scarce [31].

In this study we extend the application of the cantilever cur-
vature stress measurements to PLD growth of the prototypical
perovskite oxides BaTiO3 and SrTiO3 on Pt(00 1) [14,16]. This appli-
cation of the stress measurement is experimentally challenging,
as it involves stress measurements at a high sample tempera-
ture of order 900K, in a substantial oxygen partial pressure of
order 10~4 mbar. The high temperature and the appreciable oxygen
partial pressure deviate sharply from the typical UHV growth con-
ditions of metal films of previous stress studies, but nevertheless
reliable quantitative stress data were obtained and are presented
here.

We combine stress measurements by the crystal curvature tech-
nique with medium energy electron diffraction (MEED) intensity
measurements during film growth. This allows to characterize the
growth behavior and to monitor the film thickness with high pre-
cision [26,32]. The epitaxial order of the films is examined by in situ
low energy electron diffraction (LEED).

In this work we answer the following as-of-yet open questions:
(i) What is the magnitude of film stress in epitaxial BaTiO3 and
SrTiO3 films? (ii) Does continuum elasticity apply to BaTiO3 and
SrTiO3 single layers? (iii) What is the proper reference state for the
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structure of BaTiO3? This question is highly relevant, as BaTiOs,
in contrast to SrTiOs3, exhibit a structural phase transition as bulk
material from a tetragonal to a cubic phase at the temperature of
film growth. (iv) How does the oxygen partial pressure during PLD
influence film stress?

We find that epitaxial growth of these perovskite films induces
considerable stress of several GPa, where sign and magnitude of the
stress indicate epitaxial misfit as a dominant factor for the resulting
stress magnitude.

2. Stress and PLD experiment

We combined an optical stress-induced crystal curvature mea-
surement [25,36-38] with a PLD experiment. Sample preparation,
film growth and stress measurements are performed in the same
UHV chamber. Thin single crystal substrates (thickness ts =0.1 mm)
are used for our stress measurements [39]. They have lateral
dimensions of 12 mm x 2.5 mm. The sample has a large length-
to-width ratio of 4, which minimizes clamping effects on the
stress-induced curvature, and this ensures accurate stress mea-
surements [25,40,41].

Crystal curvature stress measurement require fairly thin
(~0.1 mm) substrates. We tried SrTiO3 and BaTiO3 substrates, but
the brittle nature of these materials was incompatible with the
cantilever clamping and heating process of the curvature measure-
ment, and the substrates broke repeatedly. Thus, we revert to metal
single crystals, which do not suffer from these limitations. We use
Pt single crystals as substrates. The lattice constant (3.920 A) allows
us to probe the effect of positive and negative misfit on the result-
ing stress for the film materials SrTiO3 and BaTiOs3, respectively.
The Pt(00 1) crystal was cleaned by sputtering with Ar* ions (beam
energy 1.5keV, sample current 1 . A, 30 min), annealed in oxygen
(po, =5 x 107 mbar at 800K for 30's) and heated to 1300K for 5.

Low energy electron diffraction (LEED) measurements show in
Figs. 1(b) and 2(b) the diffraction pattern of the clean Pt(00 1) sur-
face with its well known Pt(00 1)-hex reconstruction [42]. Auger
electron spectroscopy reveals a clean surface, where the contami-
nation level is below 1% surface coverage.

BaTiO3; and SrTiOs films were grown by PLD from stoichio-
metric targets [43,44] on Pt(001). We used an KrF excimer laser
[45] with a wavelength of 248 nm, pulse energies of 120-150 m]
and a frequency of 2Hz. The laser fluence at the target surface
was in the range of 2.0-2.7]/cm2. The PLD target and the Pt(001)
substrate are aligned at an angle of 39°. We use a computer-
controlled mirror to scan the PLD laser beam across the stationary
target.

The film thickness was monitored in situ by MEED intensity
oscillations and independently by a quartz microbalance [46]. This
gives a film thickness accuracy of + 0.2 ML. The film thickness is
given in unit cells (uc), where one uc corresponds to the BaTiO3 or
SrTiOs lattice constant, respectively, i.e. 1 ucgatio, = 0.4012 nm and
1 ucSrTiO3 =0.3905nm [47]

PLD of BaTiO3 and SrTiO3 is performed at substrate tem-
peratures of 900K at an oxygen partial pressure of pg, =1 x
10~* mbar. Similar preparation conditions were reported in litera-
tures [48-50]. Deposition temperature and oxygen partial pressure
have been optimized to give the sharpest LEED diffraction spots.

Note that the experimental conditions to prepare epitaxial
BaTiO3 and SrTiO3 films are challenging for stress and MEED mea-
surements. High substrate temperatures of 900K require large
heating powers of 100 W, which unavoidably lead to thermal drift
and light emission. The first is detrimental for stress measurements,
the latter for MEED intensity measurements. An elaborated fila-
ment shielding was successfully implemented to ensure reliable
stress measurements at these conditions.
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Fig. 1. Stress change At (black squares) and MEED intensities (blue line) during
PLD growth of BaTiO3; on Pt(001). Vertical lines indicate when the PLD deposi-
tion started and stopped (Tgrowth = 900K, po, = 1 x 10~* mbar). The LEED diffraction
image below the stress measurement shows the clean substrate surfaces before PLD
growth (b). Additional diffraction spots along [0,1] and [1,0] indicate the so-called
hexagonal reconstruction of Pt(00 1) [42]. The diffraction pattern after growth (c)
shows a c(2 x 2) superstructure (red square), where the 1 x 1 mesh is indicated in
black. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

We extract film stress from the stress-induced curvature change
of the substrate. After reaching thermal equilibrium at the sub-
strate temperature of 900 K within 1 h of sample preparation, film
stress was measured [25,36-38] during PLD of BaTiO3 and SrTiOs.
Eq. (1) is applied [25,40,41] to obtain the stress change Ats from
the curvature change Ax = A(1/R):

yt2

Ats= ATt = g4

Ak, (1)
where the Young modulus Y and the Poisson ratio v are calculated
for the specific surface orientation of the sample [51]. Table 1 gives
the respective values. The film stress 7 is derived from the slope
(red line in Figs. 1-3) of the stress curves as a function of film
thickness.

A benefit of the 2-beam curvature measurements over a single
beam deflection measurement is the improved noise reduction by
subtracting both position signals from each other, and this makes
the stress measurements also more robust against thermal drift.
Reliable results are obtained with a very high sensitivity even dur-
ing growth at 900 K. A more detailed description of the technique
can be found in [25,36,38,52,53].

3. Results

In the following we present results on BaTiO3- and SrTiOs-
induced film stress on Pt(001) in Figs. 1(a) and 2(a). BaTiO3
and SrTiO3 are chosen as film materials in order to clarify the
role of misfit, which is positive and negative with respect to
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Table 1

Elastic compliance constants s;;, Young modulus Y, Poisson ratio v and biaxial modulus Y/(1 — v) for substrate and film. Y and v are given for the [10 0]-direction, since they
are anisotropic within the (00 1)-plane. The biaxial modulus Y/(1 —v) is isotropic in the (00 1)-plane.

Substrate or film s11 (TPa™1) s12 (TPa™1) s13 (TPa™1) s33 (TPa™!) s44 (TPa™ 1) se6 (TPa™ 1) Y (GPa) v % (GPa) Reference
Pt(001) 735 ~3.08 13.1 136 042 234 (33]
BaTiO3(001) cup 8.7 _335 8.9 115 039 187 [34]
BaTiO3(00 1) etr 7.35 -1.39 —4.94 14.95 18.21 8.33 136 0.19 168 [35]
SITiO3(00 1) cup 375 ~0.92 8.15 267 025 353 (34]

Pt(001), respectively. We also present stress measurements for
SrTiO3/Pt(00 1) grown under different oxygen partial pressures in
Fig. 3(a) to elucidate the partial pressure influence on film stress.

All the figures are organized in the same way. Stress changes
are plotted as black data points. The blue lines show the simulta-
neously obtained MEED intensity, where small blue arrows are a
guide for the eye to identify periodic changes, which are related
to increments of the film thickness by one uc. This interpretation
is supported by independent thickness measurements by a quartz
microbalance. Quartz microbalance data were used for the thick-
ness calibration in cases where only small MEED oscillations could
be obtained.

Fig. 1(a) shows a monotonic negative stress change upon BaTiO3
growth on Pt(001). The slope of the stress curve indicates a
compressive film stress of —4.2GPa. In contrast, Fig. 2(a) for
SrTiO3/Pt(00 1) shows a tensile stress change, where the slope gives
a film stress of +1.5 GPa. The LEED images indicate pseudomor-
phic growth for both films. The white and the red squares show
the fcc Pt lattice unit cell and a ¢(2 x 2) superstructure of the film,
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Fig. 2. Stress change At (black squares) and MEED intensities (blue line) during
PLD growth of SrTiO3 on Pt(001). Vertical lines indicate when the PLD deposi-
tion started and stopped (Tgrowth =900K, po, =1 x 1074 mbar). The LEED diffraction
image below the stress measurement shows the clean substrate surfaces before PLD
growth (b). Additional diffraction spots along [0,1] and [1,0] indicate the so-called
hexagonal reconstruction of Pt(00 1) [42]. The diffraction pattern after growth (c)
shows a c(2 x 2) superstructure (red square), where the 1 x 1 mesh is indicated in
black. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

respectively. This epitaxial order was also found in previous works
[15,17].

We examined also the influence of the oxygen partial pressure
on film stress, as shown in Fig. 3. In comparison to the stress curve of
Fig.2(a) with a film stress of +1.5 GPa, we find a remarkable increase
of stress for oxygen deficient growth, as indicated by the green
data points. We observe a monotonic positive stress change up to
6 uc followed by a constant stress level. The slope of the first part
of the curve corresponds to a film stress of +3.5 GPa and an aver-
aged value of +2.7 GPa is obtained based on the total film thickness
of 8uc.

In all stress measurements we observe slight undulations of the
stress signal during the measurement, which are not related to the
PLD growth. Rather, they are ascribed to small thermal drift related
variations of the curvature signal.
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Fig. 3. Stress change At during PLD growth of StTiO3 on Pt(00 1) under different
oxygen partial pressures (Tgowt =940K), black data points: po, =1 x 10~* mbar,
green data points: po, < 1 x 10~'° mbar. Vertical lines indicate when the deposition
started and stopped. The upper MEED intensity curve (blue line) is obtained during
oxygen deficient growth, the lower one is measured during growth at po, =1 x
10~* mbar. The LEED diffraction images show in (b) and (c) diffraction pattern of
SrTiO; growth with and without additional O, pressure, respectively. The 1 x 1 Pt
substrate unit cell is indicated by the black square, and the c(2 x 2) superstructure
mesh is shown in red. No clear diffraction pattern is observed without O, in (c). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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4. Discussion

The quantitative analysis of film stress requires the knowledge
of the specific film-substrate epitaxial orientation, as elasticity
shows pronounced anisotropy. A hard spheres model of the atomic
arrangement between film an substrate was presented in previous
LEED, STM and XRD structural investigations [14,15,17]. Our LEED
results are in agreement with this model, and we apply it here to
analyze our data.

According to this structural model, the [100] direction of the
epitaxial BaTiO3 and SrTiOs3 films is aligned along the [1 0 0] direc-
tion of the fcc Pt substrate. The oxygen atoms of the film are located
on top of the Pt atoms [14]. The main characteristic of the struc-
tural model is a cubic (001) film orientation, in agreement with
the observed LEED patterns.

To appreciate the measured stress values we compare experi-
mental film stress with the calculated stress, based on continuum
bulk-like film elasticity and epitaxial misfit. To this end we define
the epitaxial misfit as n =(as — ar)/as. We assume a biaxial isotropic
film strain which is given by this misfit. This induces a film stress of
Teale =(Y/(1 —v))-n, where Y and v are the Young modulus and the
Poisson ratio of the film, respectively. An overview of the substrate
and film elastic constants is given in Table 1. All elastic constants
are given at room temperature. Literature values for the tempera-
ture dependence of the elastic constants are given for Pt [54], but
not for cubic BaTiO3. However, in view of the sizable error bars, we
prefer to use room temperature values instead for both film and
substrate. As temperature effects affect both substrate and film, we
expect only a small correction of the calculated film stress of less
than 10%.

Table 2 summarizes the experimental film stress 7exp, the lattice
misfit 7 and the calculated film stress 7,.. Tabulated film and sub-
strate bulk lattice spacings (ayr, as) and elastic compliance constants
s;j of the film material were used to calculate 7 and 7¢,. We find
for both films a favorable agreement between calculated and mea-
sured film stress. We conclude that epitaxial misfit is the dominant
origin of film stress in these examples. For these specific cases,
interfacial stress and surface stress changes are negligible in view
of misfit-induced stress [37,40].

Our stress curves show a constant slope during deposition. This
indicates that all film material contributes identically to the stress
change. This speaks in favor of pseudomorphic growth, where
the film strain remains constant throughout the film thickness.
Thus we deduce that the critical thickness for epitaxial growth
on Pt(001) under our growth conditions is larger than 18 uc
(7.2nm) for BaTiO3 and larger than 8 uc (3.1 nm) for SrTiO3. Pre-
vious work reported film strain relaxations in BaTiO3 for growth
on SrTiO3 starting around 5 nm film thickness [55]. In this former
work BaTiO3 was exposed to a larger misfit of —2.7% as com-
pared to —2.3% for the growth on Pt(00 1) studied here, and the
observation of a larger critical thickness here appears plausible. A
detailed study of stress in thicker films and the study of the role
of temperature for the resulting film stress are topics of future
work.

The structural complexity of bulk BaTiO3 gives rise to an
important question regarding the proper reference state for the
calculation of misfit. Bulk BaTiO3 shows a phase transition [56]
from a tetragonal to a cubic lattice structure with increasing tem-
perature near 400 K. This raises the question which reference state
should be used for a few atomic layer thin film grown at 8370-1000 K
under compressive strain of —2%? This is a priori not clear. The high
growth temperature may speak in favor of a cubic lattice. How-
ever, theory predicts [18,57] a substantial increase of the transition
temperature in strained films as compared to bulk. Thus, tetragonal
BaTiO3 might be the proper reference state for our growth even at
900K.

The resulting misfit strain depends on the reference state. In the
case of cubic BaTiOs, an in-plane misfit of 7 =(as — Aref)/Arer = —2.3%
results. Reference to the tetragonal lattice leads to a smaller in-
plane and a larger out-of-plane lattice constant (a=b=3.992A and
c=4.036A) [58], which results in a smaller misfit of n=—1.9%.

Our stress measurements open an independent approach to
identify the proper reference state. The film stress, which is cal-
culated for the cubic and the tetragonal case by t=(Y/(1—v))-n!
amounts to —4.3 GPa and —3.2 GPa, respectively. The comparison
with the experimental value of —4.2 4+ 0.4 GPa leads to a very good
quantitative agreement with the calculation for the cubic refer-
ence structure. This speaks in favor of a cubic lattice structure as
the proper reference state.

Finally, we address the role of oxygen partial pressure during
PLD for the resulting film stress. The application of an oxygen par-
tial pressure during PLD growth of perovskite oxides is a common
procedure to account for oxygen deficiencies which would other-
wise result during PLD growth [59]. A detailed understanding of
the underlying processes, which leads to the notion that an oxy-
gen partial pressure ensures stoichiometric and epitaxial growth
during PLD, is still under debate [50,60], and the applied growth
procedures reflect the best outcome based on empirical findings.

The oxygen partial pressure during film growth influences both
epitaxial order and stress substantially, as shown in Fig. 3. It is
apparent, that in the oxygen deficient case no long range epitaxial
order was obtained by LEED, although thickness and growth tem-
perature were comparable to the growth conditions with O, partial
pressure. Furthermore, a two times larger stress change of +8.4 N/m
was found in the absence of an oxygen background pressure, as
compared to +4.4 N/m with oxygen partial pressure.

How can we understand film stress in the absence of a LEED
pattern? The stress measurement is sensitive to any local variation
of forces acting in the film, and it averages over the whole crystal
surface. The observation of a LEED pattern implies that on a larger
lateral scale of order of the transfer width (10-100 nm), an ordered
atomic arrangement is observed. Thus, the absence of a distinct
LEED pattern indicates that no long range order is established. How-
ever, locally, on the atomic scale, still atomic bonds may be strained,
giving rise to film stress. Further structural characterizations, also
by e.g. HR-TEM would be helpful to characterize the film structure.
However, corresponding studies have not been performed yet.

PLD growth with and without oxygen partial pressure, as pre-
sented in Fig. 3, leads to different film stress. The question arises to
which extend a different film stoichiometry can be hold responsi-
ble for this. To offer some first qualitative insights we present Auger
electron spectroscopy (AES) data in Fig. 4. We observe a slightly
smaller oxygen intensity ratio for oxygen deficient growth as com-
pared to growth under oxygen partial pressure. Interestingly, also
the Ti/Sr AES intensity ratio differs slightly for both preparation
conditions. A quantitative analysis of these findings and further
stoichiometric characterization of the films would be beneficial,
but this goes beyond the scope of this work. We conclude that the
preparation conditions influence the stoichiometry of the film.

The observed increase of film stress upon oxygen partial pres-
sure reduction is remarkable and contra-intuitive in view of
previous work. In previous investigations it was reported that a
reduced oxygen partial pressure increases the out-of-plane film lat-
tice parameter for homoepitaxy of SrTiO3 [48] and SrTiO3/BaTiO3
superlattices [49]. These results imply that oxygen deficiency leads
to an enlarged lattice.

! The in-plane biaxial modulus for cubic and tetragonal BaTiOs is 187 GPa and

168 GPa, respectively. The corresponding misfit values are —2.3% for the cubic case
and —1.9% for the tetragonal case under the assumption of c-domains perpendicular
to the substrate surface.
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Table 2
Overview of lattice misfit n and calculated film stress 7, based on room temperature bulk lattice constants and linear elasticity. The measured film stress Tep is given for
comparison.

Substrate Film Film thickness (uc) Lattice constant a (A) n= asﬂ—’f"f (%) Taale = 755 -7 (GPa) Texp (GPa)

Pt(001) BaTiOscup 18 4.012 -23 -43 —42+04

ap=3.920A SrTiO3 7.5 3.905 +0.4 +1.4 +1.5+0.2

T T T T T 5. Conclusions
sr Ti O]
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Fig. 4. (a) Auger electron spectra (AES) of the clean Pt substrate and after SrTiOs
growth presented in Fig. 3. Green and black curves correspond to oxygen-deficient
growth and to growth with an oxygen partial pressure, as outlined in Fig. 3. The
spectra are shifted vertically for clarity. (b) AES intensity ratios of the elements Sr,
Ti and O, normalized to Ti, are extracted from (a). The data are grouped within a
rectangular box according to the preparation conditions, as outlined in Fig. 3. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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Thus, an increase of the in-plane lattice constant for oxygen defi-
cient growth would be expected. This implies that the misfit for
SrTiO3 on Pt(00 1) would be reduced from its tensile value. This
is at variance with our stress measurements presented in Fig. 3. If
we tentatively ascribe the observed stress variation by a factor of
two to a change of misfit, then an increase of the misfit from +0.4%
to +0.8% should be considered to explain the stress result, in sharp
contrast to the argument presented above.

This surprising result may indicate that in addition to lat-
tice distortions upon oxygen partial pressure variations also other
mechanisms need to be considered. One possible aspect is the
change of the elastic properties of the film. In view of our
example we may speculate that the biaxial modulus becomes
stiffer upon oxygen deficiency. However these considerations
appear to be a bit far-fetched in regard of the absence of
long-range epitaxial order for oxygen deficient growth. Thus we
cannot discriminate between oxygen-induced strain and elasticity
variations.

In addition, the PLD process itself is expected to be susceptible
to partial pressure effects. Any variation of the partial pressures will
influence the moderating function of the gas phase, which might
impact implantation effects in the growing film, caused by high
energetic particles originating from the PLD plasma near the target
[48]. At present, we cannot offer any insights into the respective
stress variation.

Although we are not able to provide a definite explanation for
the impact of oxygen partial pressure on film stress in PLD growth
yet, our results show the crucial role of oxygen for modification
of the film structure indicating the high complexity of these sys-
tems. A comparison between experimental observations, where
experimental parameters, including oxygen partial pressure are not
identical, appears questionable.

This work provides quantitative data on film stress in BaTiO3
and SrTiO3 films, which may serve as reference for future the-
oretical investigations. We find film stress of the order of GPa,
which can be quantitatively described by misfit strain, using con-
tinuum elasticity. The quantitative analysis of stress identifies cubic
BaTiO3/Pt(00 1) as the proper reference state. Oxygen partial pres-
sure was identified to play a very important role for the resulting
film stress. A thorough understanding of the relation between stress
and strain and preparation conditions is still at its infancy and fur-
ther experimental and theoretical investigations are called for.
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