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Cantilever stress measurements for pulsed laser deposition of perovskite
oxides at 1000 K in an oxygen partial pressure of 10−4 millibars
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An in situ stress measurement setup using an optical 2-beam curvature technique is described which
is compatible with the stringent growth conditions of pulsed laser deposition (PLD) of perovskite
oxides, which involves high substrate temperatures of 1000 K and oxygen partial pressures of
up to 1 × 10−4 millibars. The stress measurements are complemented by medium energy electron
diffraction (MEED), Auger electron spectroscopy, and additional growth rate monitoring by a quartz
microbalance. A shielded filament is used to allow for simultaneous stress and MEED measure-
ments at high substrate temperatures. A computer-controlled mirror scans an excimer laser beam
over a stationary PLD target. This avoids mechanical noise originating from rotating PLD targets,
and the setup does not suffer from limited lifetime issues of ultra high vacuum (UHV) rotary
feedthroughs. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913946]

I. INTRODUCTION

The preparation of nanometer thin films has reached a
high level of perfection. This is the basis for the reliable
production of omnipresent devices in the areas of elec-
tronics1–3 and data storage.4 Here, perovskite oxide films,
based on their multiferroic functionality, play a pivotal role
with promising applications, including sensors and actuators.5

However, the functional properties of films are affected
by numerous factors. One potentially detrimental aspect is
film stress. Film stress may induce structural defects6,7 and
may ultimately lead to delamination of the film from its
substrate.8 Thus, quantitative film stress measurements are
highly beneficial to complement film characterization.9

An established procedure to measure film stress during
growth exploits the stress induced curvature of a thin substrate.
Capacitive10–12 and optical measurements13–20 of the resulting
substrate deflection are used. We apply an optical two-beam
curvature measurement,21 which was initially developed for
applications at room temperature under ultra high vacuum
conditions.22 The application of this technique to pulsed laser
deposition (PLD) of pervoskite oxides is challenging, as here
high substrate temperatures of order 1000 K and significant
oxygen partial pressures of 10−4 millibars are routinely
applied.23–27 These operation conditions render thermal drift
and oxidation processes of the sample holder as significant
experimental challenges.

We successfully modified our stress measurement setup21

by introducing extended shielding of the filament and the
sample heating stage to ensure reliable stress measurements
under these conditions. In addition, we combined PLD and
stress measurements with an in situ medium energy electron
diffraction (MEED) experiment. The shielding at the sample
stage suppresses light emission from the bright sample and
its glowing filament to facilitate MEED measurements at high
sample temperature. This allows to monitor the film deposition
rate, which is mandatory for the reliable determination of film
thickness, and consequently of film stress. The growth rate is

cross checked against results obtained by a quartz crystal film
thickness monitor.

We present the first examples of stress and MEED
measurements during PLD growth of BaTiO3 and SrTiO3
atomic layers at high sample temperatures of 1000 K and in
oxygen partial pressures of up to 10−4 millibars. We measure
film stress of order GPa, which is quantitatively ascribed to the
epitaxial misfit between film and the Pd(001) substrate. The
stress results indicate pseudomorphic growth in 5 unit cell
thick films (2 nm), which marks the upper thickness range of
this study.

In Sec. II, we provide an overview of the experimental
setup and present details on the sample holder design.
Section III presents results of stress and MEED measurements
during SrTiO3 growth by PLD on Pd(001).

II. EXPERIMENTAL SETUP

A. PLD setup, target, and substrate

PLD of BaTiO3 and SrTiO3 films is performed with a
KrF excimer laser (Coherent COMPex Pro 50, wavelength
248 nm)29 with 2 J/cm2 laser fluence and 2 Hz repetition rate.
We use a F, Kr, He, Ne premix gas37 for filling the excimer
laser. PLD is performed from stoichiometric BaTiO3 and
SrTiO3 targets.32,33 We use 0.1 mm thin Pt(001) and Pd(001)
single crystals as substrates,38 which are 12 mm long and
2.5 mm wide. A detailed description of the substrate cleaning
procedure by Ar-ion bombardment and annealing is given in
a previous publication.39 The PLD target and the substrate
surface are aligned at an angle of 39◦, as indicated in Fig. 1.

Often, rotating targets are used in PLD applications
to ensure a homogeneous ablation process.40 We follow a
different approach, as shown in Fig. 1. We use a computer
controlled mirror and a stationary target. This allows to
scan the laser beam across the target. Thus, ultra high
vacuum (UHV) rotary feedthroughs for the target are obsolete.
Consequently, vibrations, originating from target movements,
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FIG. 1. Schematic overview of the UHV chamber28 (1) and the excimer
laser29 (2) for PLD. We use PLD with a computer controlled mirror30 (3)
to scan the excimer laser pulses through an UV-transmitting window31 (4)
across the target surface32,33 (5). The dashed blue line indicates the light path
of the UV light used for PLD. The optical curvature measurement is mounted
outside the UHV at the window flange (6).21,34 The red line indicates the
light path of the optical curvature measurement. The substrate surface faces
flange (6). The chemical composition of film and substrate are examined by
an AES35 mounted at flange (7), epitaxial order is investigated by LEED36

at flange (8), where the screen is also used for MEED (8), with the electron
beam of the AES.

are avoided and this helps to ensure low noise stress
measurements. Also, we do not suffer from the limited lifetime
of an UHV rotary feedthrough under continuous rotation. A
further benefit of the stationary target is that we can use split
targets, which contain different materials at different target
locations. Thus, multilayers of different film materials can be
produced by scanning the laser accordingly.

B. Sample holder for stress measurements

We modified the optical stress measurement setup over
the last years, starting with a single beam,17 followed by a
2-beam curvature measurement43,44 where measurements at
low temperatures (30 K) and in high magnetic fields21 are
possible. With the sample holder described in Fig. 2, we now
extend the temperature range to 1000 K.

An advantage of the 2-beam measurement over the
single beam or capacitive deflection measurement is the
direct determination of the stress induced curvature from
the difference of two deflection signals. This ensures highly
accurate results as this approach is much less affected by
detrimental clamping effects.45 Also, the inherent difference
measurement of the two beam curvature measurement reduces
noise and thermal drift effects markedly, leading to an
improved signal-to-noise ratio.46

The typical growth conditions for PLD of BaTiO3 and
SrTiO3 films differ substantially from that of metal epitaxy,
as high temperatures and high oxygen partial pressures are
used.23–27 These conditions are experimentally demanding in
view of thermal drift and oxidation of the sample holder.

Substrate temperatures of 1000 K in connection with the
fairly large sample size applied here require heating powers

FIG. 2. (a) Schematic of the W-filament (Ø=0.375 mm), (b) filament shield-
ing (0.25 mm Ta-foil, laser cut, and laser welded (shown also as (1) in (d)),
and (c) W-foil placed between the filament and the sample rear side (0.1 mm,
laser cut). (d) Schematic front view of the sample holder and (e) photograph
with sample (2) and quartz oscillator (3) for thickness calibration.41 The
sample holder provides a tilt for adjusting the sample normal, and it is part of
a LHe cooled manipulator.42

of order 100 W. To reach such high temperatures, high voltage
(1000 V) assisted e-beam heating is usually applied, where the
sample surface is at high positive potential and the filament
is at ground potential. However, this heating method cannot
be applied straightforwardly during MEED measurements.
This is due to the deflecting action of the electrical potential
applied to the substrate on the grazing electron beam of the
MEED experiment. Therefore, the sample holder is modified
such (see Fig. 2) that temperatures of 1000 K are reached by
radiative heating only. With applied high voltage even higher
temperatures of up to 2000 K can be reached.

High heating powers in addition to high oxygen partial
pressures of pO2 = 1 × 10−4 millibars lead unfortunately to
a rapid oxidation of the W-filament, leading to a reduced
lifetime. Furthermore, the substantial heat emitted by the
filament does not only heat up the substrate, but it also leads
to a slowly increasing sample holder temperature, causing
thermal drift.

To address these experimental challenges, we designed a
special W-filament (Ø 0.375 mm) shown in Fig. 2(a) with a
corresponding shielding. The large W-wire diameter ensures
an extended filament lifetime at 1000 K sample temperature of
the order of several hours. Our filament shielding screens the
filament thermally, electrically, and optically from the sample
holder. We designed a shielding-“cage” (Fig. 2(b)) made of
a 0.25 mm thin Ta-foil, which surrounds the filament. The
opening of the “cage” in the direction to the substrate is closed
by a 0.1 mm thick W-foil, see Fig. 2(c), without touching the
“cage.” This part of the shielding is used for indirect radiative
heating. The W-foil can be biased at a positive high voltage
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for sample preparation, when no MEED experiments are
performed. The low vapor pressure of W ensures a negligible
evaporation of W onto the rear side of the substrate even at
high temperatures. This is essential as we want to avoid stress
variations with no deposition on the front substrate surface.
The radiation shield is approximately at 1500 K for a sample
temperature of 1000 K.

In the future, we are planing further improvements of our
setup by implementing a transferable sample holder which
includes the W-filament and the shielding parts. This will be
beneficial in view of filament lifetime and maintenance.

Figure 2(d) shows schematically the present sample
holder design without substrate crystal. The W-filament is
located behind the shielding and remains invisible in this

FIG. 3. (a) Stress change ∆τ (open black squares) and MEED intensities
(solid blue line) during PLD growth of 5 unit cells (uc) SrTiO3 on Pd(001).
Vertical lines indicate when the PLD deposition started and stopped (400
laser pulses, 2 Hz, Tgrowth= 1000 K, pO2= 1×10−4 millibars). The blue ar-
rows indicate relative MEED maxima, indicative of filled layers. In regime I,
a tensile stress change is observed, which changes to compressive in regime
II after completion of the first unit cell. The slope of the dashed red line
indicates a film stress of −1.4 GPa. Auger electron spectra obtained from
the clean Pd substrate (Pd: 330 eV) and after SrTiO3 film growth (Sr: 65 eV,
76 eV, 103 eV, 110 eV, Ti: 387 eV, 418 eV, O: 510 eV) are shown in (b). The
LEED diffraction image (c) shows the characteristic 1×1 diffraction pattern
of the clean substrate surface before PLD growth. (d) The diffraction pattern
after growth shows a c(2×2) superstructure (smaller red square), where the
1×1 mesh is indicated (bigger black square).

sketch. The back of the sample holder is also covered by
additional shielding parts, which are not shown here for
clarity. A picture of the sample holder is given in (e) where
substrate crystal (2) is mounted in front of the filament
shielding. A quartz microbalance (3) is mounted at the lower
end of the sample holder, and it allows independent growth
rate measurements. This is beneficial in case that no MEED
oscillations are observed during film growth and also for cross-
checking the growth rate as derived from the MEED data.

This setup gives reliable stress measurements under
typical PLD growth condition, as discussed next.

III. RESULTS AND DISCUSSION

A. Stress in SrTiO3 films on Pd(001)

Figure 3(a) presents stress and MEED data taken during
PLD of a SrTiO3 film on Pd(001). The vertical dashed lines
indicate when the PLD growth process started and stopped.
In total, 400 pulses were fired onto the target within roughly
200 s. The stress curve (black, left scale) indicates an initial
positive stress change in regime I for the first 40 s, before an
almost constant negative slope of the stress signal is observed
in regime II up to the end of deposition near 200 s.

The stress measurements are complemented by simul-
taneous MEED measurements (blue curve, right scale). We
ascribe the local maxima of the MEED curve, as indicated
by the vertical arrows, to the completion of a SrTiO3 layer.
The initial deposition in regime I leads to a sharp reduction
of the MEED intensity, which recovers, giving rise to a
first small relative maximum near 100 s, and showing slight
local maxima with ongoing deposition, as indicated by the
blue arrows. Ascribing tentatively the first maximum to the
deposition of 2 unit cells (1 unit cell (uc) = 3.905 Å), we
conclude that the total film thickness is 5 unit cells. This
conclusion is corroborated by the thickness measurement by
the quartz oscillator, presented in Fig. 4, which identifies a

FIG. 4. Thickness measurement by the quartz oscillator.41 Vertical lines
indicate when the PLD deposition started and stopped. A total of 1200
laser pulses on the SrTiO3 target produce a thickness increase of 57 Å. This
translates into a deposition rate of 0.048 Å per pulse (1 uc in 41 s at a
repetition rate of 2 Hz). The SrTiO3 film on Pd(001) in Fig. 3 is deposited
with 400 pulses, which corresponds to 19.2 Å or 4.9 unit cells SrTiO3.
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TABLE I. Compilation of lattice misfit η and calculated film stress τcalc based on room temperature bulk lattice constants and linear elasticity. The measured
film stress τexp is given for comparison. The data for growth on Pt(001) are taken from another publication.39,47

Stress in BaTiO3 and SrTiO3 films

Film thickness Lattice constant af η =
as−af
af

τcalc=
Y

1−ν ·η τexp

Substrate Film (uc) (Å) (%) (GPa) (GPa)

Pt(001) BaTiO3cub 18 4.012 −2.3 −4.3 −4.2 ±0.4
aPt= 3.920Å SrTiO3 7.5 3.905 +0.4 +1.4 +1.5 ±0.2
Pd(001) SrTiO3 5 3.905 −0.4 −1.4 −1.4 ±0.2
aPd= 3.890Å

deposition rate of one unit cell in 41 s. Thus, we obtain the
thickness scale given at the top of the plot.

The film shows an epitaxial order, as indicated by the
low energy electron deflection (LEED) image of Fig. 3(d),
obtained after deposition of 5 unit cells. The growth is
characterized by a compressive misfit, see Table I, and a
compressive stress, i.e., a negative stress would be expected
from the beginning of growth for epitaxial growth. The
deposition of 5 uc SrTiO3 leads to a stress change of−2.7 N/m.
The average film stress is given by the slope of the red dashed
line in Fig. 3 and it amounts to −1.4 GPa. This average stress
is in quantitative agreement with the value calculated from
epitaxial misfit as given in Table I.

Table I compiles the results of recent experimental film
stress measurement τexp, lattice misfit η, and calculated film
stress τcalc

39 and the result presented in Fig. 3. Tabulated
film and substrate bulk lattice spacings (af,as) and elastic
compliance constants si j of the film material were used to
calculate η and τcalc.39

The epitaxial growth of SrTiO3 on Pd(001) gives rise to a
lattice misfit between SrTiO3 and Pd(001) of −0.4%, which is
due to the size mismatch between the respective surface unit
cells of film and substrate. As a result, SrTiO3 is expected to
grow under compressive film stress with a calculated negative
stress change of −2.65 N/m in a five unit cell thick film. This
stress change is indeed observed quantitatively. This identifies
lattice misfit as the dominant source of lattice stress in a 5 unit
cell film, where the film maintains its integrity and epitaxial
order at least to a thickness of five unit cells.

The observation of a non-monotonic stress change with
tensile stress during deposition of the first unit cell of SrTiO3
on Pd(001) comes as a surprise. In this thickness range,
interface stress may dominate the stress response. A structural
analysis by surface X-ray diffraction48 for the similar system
BaTiO3/Pd(001) indicates an on-top bonding of O-atoms
on Pd-atoms. We may assume the same interface structure
and epitaxial order for SrTiO3/Pd(001). This atomic arrange-
ment of epitaxial growth gives rise to a c(2 × 2)-diffraction
pattern,48 in agreement with the LEED measurements of
Fig. 3(c). It seems plausible, that the formation of O-metal
bonds at the interface may lead to a stress, which deviates from
misfit arguments. Possibly, this interface formation drives also
the reduction of MEED intensity.

Auger electron spectroscopy (AES) shown in Fig. 3(b)
confirms clean surface conditions of the Pd substrate before
growth, and the typical AES spectra for SrTiO3 are observed

after growth.39 Thus, we rule out a surface contamination as
the origin of the unexpected stress behavior in regime I.

The initial tensile stress and the sharp decay of the MEED
intensity in regime I up to one unit cell suggest an interface
formation which deviates from a simplistic expectation of
strained layer-by-layer growth, which is the basis of the stress
calculation. A change of growth mode leading to flat film
layers seems to be favored after the deposition of one unit cell
SrTiO3. We conclude that misfit is the decisive contribution to
film stress only in films thicker than one unit cell. The stress
change induced by the first deposited unit cell is governed by
interfacial stress of as of yet largely unexplored origin. Further
studies are currently under way to elucidate the structural
details of the SrTiO3-Pd interface formation, where additional
interfacial oxygen might play a dominant role.48

IV. CONCLUSIONS

Optical cantilever curvature measurements are well suited
to provide quantitative data on film stress during PLD of
perovskite materials where high temperature and large oxygen
partial pressures are required to ensure epitaxial growth. We
find film stress of magnitude GPa in several unit cells thin films
of the prototypical perovskite materials BaTiO3 and SrTiO3
on Pd(001) and Pt(001). The magnitude of stress in several
unit cell thick films is ascribed to epitaxial misfit between
film and substrate. In one unit cell thin films, other, up to
now, unidentified stress contributions need to be considered
to explain the observed stress. Stress measurements during
film growth can be used to monitor the growth process in situ
with sub-unit cell thickness sensitivity. This gives quantitative
insights into stress-strain relations in atomic layer thin
films.
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