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The strain dependence of the apparent activation energy of desorption of H,O on epitaxial, TiO,-terminated, out-
of-plane polarized, BaTiO3(100) thin films has been investigated using X-ray diffraction, X-ray photoelectron
spectroscopy and temperature-programmed desorption. The apparent activation energy of desorption increases
significantly with the in-plane strain, suggesting that the strain-induced ferroelectric distortion determines the
strength of the chemical bond between the dissociatively adsorbed water and the surface.

1. Introduction

Strain and polarization are closely linked in ferroelectrics. In the
typical perovskite oxide ferroelectric BaTiOs the bulk ferroelectric
tetragonal phase shows an in-plane distortion of 0.2% with respect to the
centrosymmetric cubic phase. Increasing the distortion increases the
tetragonality and therefore the Ti off-centering, leading to stronger
polarization. High-quality, epitaxial growth can be used to impose
strains an order of magnitude greater than those possible in bulk crystals
enhancing the film polarization. On the other hand, ferroelectric sur-
faces are also very reactive and stronger polarization will enhance the
reactivity with for example, ambient water, significantly modifying the
surface properties.

Water can exist at the surface in molecular form or dissociate into
hydroxyl (OH™) groups and protons (H"). As they are both polar en-
tities, they can interact with the polarity at the surface of a ferroelectric
material to form a particular electrical boundary condition and influ-
ence the polarization [1]. OH™ groups can fill lattice oxygen vacancies
(Vo) or form on-top chemical bonds with surface cations while H" can
bond to lattice oxygen. Indeed, the presence of hydrogen in ferroelec-
trics is known as a leading factor in imprint effects [2]. The tetragonal
distortion determines the polarization, therefore, the interaction of an
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out of plane polarized surface should also vary with strain. In this article,
we investigate the influence of the tetragonal distortion in epitaxially
strained, out of plane polarized BaTiO3 (BTO) thin films on the strength
of the chemisorption sites and the apparent activation energy of
desorption (Eqpp).

Previously, we studied the chemisorption sites of water on fully
strained 8 nm BaTiOs films with varying Vi concentration and showed
that OH™~ groups can either fill surface Vo or on-top bond to surface
cations [3]. Here we have tuned the in-plane strain by varying the film
thickness from 8 (fully strained) to 30 nm (fully relaxed)to probe the
influence on the apparent activation energy of desorption.

We have used X-ray diffraction (XRD) to characterize the strain of the
BTO films as a function of thickness. Then, X-ray photoelectron spec-
troscopy (XPS) is used to characterize the number and type of adsorption
sites. Finally, thermally programmed desorption (TPD) allows to extract
the apparent activation energy of desorption (E,,). The results confirm
the presence of OH™ groups chemically bonded on-top of surface Ti
atoms and probably to Ba atoms at step edges. They show that E,, of
water decreases with increasing of film thickness and is correlated with
the strain-induced polar distortion.
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2. Experiment

A TiO,-terminated SrTiO3 (001) surface composed of single unit cell
steps and atomically flat terraces was prepared following the established
protocol using a commercial substrate [4]. After heating the substrate to
650 °C for 1 h under an oxygen partial pressure of ~ 10~ Pa to remove
carbon contamination on the surface, 8, 15 and 30 nm TiO,-terminated
BTO films were grown by molecular beam epitaxy with a growth rate of
~1 ML/min as previously described [3]. The unique TiO, surface
termination is confirmed by the integral number off RHEED oscillations
observed during growth and the systematic unit cell step height
observed by Atomic Force Microscopy [3]. Before XPS analysis, the films
were heated to remove any surface contamination resulting from sample
transfer in air but the annealing temperature of 600 °C was below that
used in the molecular beam epitaxy growth, making unlikely any
possible surface phase separation.

The in and out of plane lattice constants were determined from XRD
using a high-resolution x-ray diffraction (six-circle Rigaku SmartLab
diffractometer with rotating anode using Cu Ka; line, 2 = 1.5406 A).
Water exposure was performed in a dedicated ultra-high vacuum
chamber. Pure H,O was obtained by freeze-pump-thaw cycles and then
introduced at 1x 1072 Pa for 1 h, equal to 4.7 x 10° langmuir. After
exposure, samples were transferred under vacuum to the analysis
chamber for the XPS measurements.

XPS was carried out using a hemispherical analyzer with a 128-chan-
nel strip anode detector and a monochromatic Al Ka (1486.7 eV) X-ray
source (ScientaOmicron GmbH). The analyzer pass energy of 20 eV gave
an overall energy resolution (photons and spectrometer) of 0.35 eV. The
binding energy scale was calibrated using the C 1s line at 284.6 eV as a
reference. The data were analyzed using the CasaXPS software (N.
Fairley, http://www.casaxps.com/) which employs a linear least
squares optimization with a peak fitting algorithm including a Shirley
background as part of the curve fitting process. A 30% Gaussian/70%
Lorentzian peak shape was used.

For the TPD analysis, the samples were fixed on a stainless steel
holder suspended in the center of a cylindrical quartz reactor by K-type
thermocouple wires, 50 pm in diameter, spot-welded on the sample
holder [5]. Heating (20 °C/min) was achieved by a (1.1 MHz, 6 kW)
high-frequency system (EFD Induction S.A.) with an 6-turn inductive
coil placed around the reactor. Analysis of species released during TPD
runs was carried out by a quadrupole mass spectrometer (Thermo
Smart-IQ"). Prior to measurements, samples were annealed in the
reactor to remove the contamination on the surface, checked for by
quadrupole mass spectrometer indicating the CO, and H,O signal above
baseline level.

3. Results

The out of plane (6 — 20) XRD scans around the (002) reflection and
around the (202) reflection for the 8, 15 and 30 nm thick films are shown
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in Fig. 1(a) and (b). The out of plane scan intensities show a rising
background with scattering angle due to the proximity of the intense
(002) substrate peak. Nevertheless, the evolution in the lattice param-
eters with film thickness can be clearly observed. The in-plane a
parameter is extracted from dgoz and dygy values since the lattice is
tetragonal.

The results are plotted in Fig. 1. Following Choi et al. the biaxial
strain ¢, is defined as (a-ag)/ap where ay is the lattice parameter in the
unstrained bulk phase and a is the in-plane parameter of the strained
film [6]. For the 8 nm film the in-plane lattice constant, a, is the same as
that of the substrate (0.391 nm) indicating that the film is fully strained
(2.2%) whereas the in-plane lattice constant for the 30 nm film is close
to that of bulk BTO (0.400 nm) with a residual strain of only 0.2%. The
out-of-plane tensile strain measured from the (001) peak and deduced
assuming constant unit cell volume under strain is a maximum for the 8
nm and a minimum for the 30 nm film. These results are consistent with
previous studies on epitaxial BTO films which start to relax above 8 nm
when grown on SrTiO3 [7].

Fig. 2 shows the c/a ratio or tetragonality. Tetragonality and hence
out of plane strain are clearly anti-correlated to the film thickness.
Higher strain means higher c/a ratio and therefore bigger ferroelectric
distortion. Indeed high compressive strain favours strong out of plane
polarization [8]. Choi report a remanent polarization of 50 uC/cm? for
es = — 1.0% and 70 uC/cm? for ¢, = — 1.7% [6]. However, as film
thickness decreases the depolarizing field resulting from the out of plane
polarization also increases and for very thin films can easily destabilize
the ferroelectric state [9]. For the biaxial strains observed here, a critical
thickness between 3 and 8 nm is expected. The films are therefore
thicker than the critical thickness but lower out of plane film polariza-
tion might be expected due to the non-negligible depolarizing field [9].

On the other hand, following the model of Kim et al. [10] and based
on the measured c/a ratios, the average film polarization in a capacitor
geometry can be estimated to be 30, 40, 45 uC/cm? for the 8, 15 and 30
nm films, respectively, i.e. the polarization increases with film thickness.
However, the model of Kim et al. is valid for polarization measurements
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Fig. 2. Lattice parameters a (squares), c¢ (small circles) and c/a (large circles)
ratio as a function of thickness.
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Fig. 1. 6-20 XRD scans of BaTiO3 (a) 002 reflection and (b) 202 reflection of 8 (black), 15 (red) and 30 (blue) nm films. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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in a capacitor geometry with strong screening by metallic electrodes. For
our bare films, the effect of the depolarizing field could be much
stronger and closer to the behavior described by Pertsev and Kohlstedt
[9]. We have shown that in the absence of extrinsic screening such as
that provided by a metallic electrode, the depolarizing field in ultra-thin
films induces surface relaxation and the formation of a surface dipole
opposite to the film polarization [3]. This provides an intrinsic screening
mechanism and partially compensates the depolarizing allowing stabi-
lization of the ferroelectric state. We conclude that the polarization of
the thin film is correlated with strain, as suggested by Choi et al. [6],
rather than thickness.

We have then investigated the chemistry of water adsorption as a
function of strain. Sharp, (1 x 1) low energy electron diffraction patterns
were obtained before and after water exposure, as shown in Fig. 3(a) and
(b) indicating an unreconstructed surface with ordered, single mono-
layer adsorption on all three films.

Fig. 4 shows the XPS survey spectra for the 8, 15 and 30 nm films.
The survey spectra are virtually identical and, importantly, the C 1s
intensity is weak, close the XPS detection limit. We note that the C 1s
core level, acquired with higher statistics and better resolution allow
calibration of the binding energy scale as described in the experimental
section. We conclude that the film surface are clean with a (1 x 1)
reconstruction giving well-defined adsorption sites for water. The C 1s
intensities (not shown) are less than 1% of the Ba 3d although the
relative cross-section does imply a non-negligible surface carbon con-
tent. The 1s spectra have a main component due to adventitious C, and
two weaker components typical of C-OH and carbonate bonding. The
total C 1s intensity decreases by up to 25% for all three films after water
exposure, due mainly to the attenuation of the main peak, which we
ascribe to gradual desorption in UHV. The freeze-pump-thaw cycling has
therefore introduced very little additional carbon. On the other hand,
there is a slight increase in the C-OH intensity. C~-OH bonding envi-
ronment would typically be part of a larger entity such as CH3—(CH)-
OH. CHj3 fragments (15 amu) are characteristic of hydrocarbon thermal
desorption, however, the signal at 15 amu is three orders of magnitude
below that of water at 18 amu at all temperatures. We conclude that the
thermally induced desorption of species including C-OH does not
contribute to the 18 amu signal and that the latter is due to desorption
from Ti and Ba.

Fig. 5 shows the Ba 3ds 2, Ti 2p3/2 and O 1s XPS core level spectra on
the 8, 15 and 30-nm BTO films before (upper panels) and after (lower
panels) exposure to water. The Ba 3ds/; spectra have two components.
The main peak, labeled I, is from the bulk-coordinated barium. Each
spectrum also has a high binding energy (HBE) component labeled II,
which is thought to be due to Ba(OH); bonding in the near surface re-
gion [3]. The ratios of the Baj/Ba; peak areas before and after water
adsorption are given in Table 1.

The Bay increases by 1-2% of the overall 3d intensity on water
adsorption. We suggest two possible routes for the formation of Ba~-OH
bonds. Firstly, the TiO,-terminated surface is actually more open, less
dense, than the BaO surface. As a result, the first BaO underlayer is
exposed through the interstices of the TiO, surface [11]. Secondly, the
films have terraces between 100 and 200 nm wide. The step edges
therefore provide further Ba adsorption sites and the proportion of such

(b)

Fig. 3. Low energy electron diffraction image on 30-nm-thick BTO surfaces at
130 eV (a) before and (b) after water exposure.
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Fig. 4. XPS survey spectra for 8, 15 and 30 nm BaTiO; films. The level of
carbon contamination is low, close to the XPS detection limit but still allows
calibration of the binding energy scale.
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Fig. 5. XPS Ba 3d, Ti 2p and O 1s core level spectra on BTO thin film with
different thickness before (top) and after (bottom) water exposure.

Table 1
Bay/Ba; core level intensity ratios before and after water vapor adsorption for
the three film thicknesses.

Thickness (nm) Before After

8 0.152 0.173
15 0.193 0.219
30 0.211 0.236

sites is consistent with the increase in Bay intensity. Adsorption at step
edges might even explain the Ba;; component before water adsorption
since step edge migration is one way for layer-by-layer growth.
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The O 1s spectra have three components, peak I has a BE of 529.1 eV,
corresponding to oxygen in the bulk perovskite structure [12], as well as
peaks II (BE 530.3 eV) and III (BE 531.6 eV), referred to as Oy and Oyy.
Oy component is due to a lattice oxygen coordinated with a proton and
the Oy component is due to an OH™~ group bonding [3]. The Oy can be
due to H" bonding to a surface oxygen or to OH™ filling a surface V. In
each case the intensity of the H" and OH™ related components increases
after adsorption, as expected. The O 1s shift for molecular water is
greater than 3 eV [13,14], thus, we do not think that Oy and Oy are due
to molecular H>O. The quantitative results for the O 1s spectra are re-
ported in Table 2.

Finally, the three XPS spectra of Ti 2p3/, before exposure to water
have identical shapes with a main component due to Ti with a formal
valency of 4+ as in the perovskite structure, and a weak, low binding
energy (LBE) component corresponding to reduced Ti, often described as
Ti*. The latter usually occurs due to charge transfer from a neigh-
bouring oxygen vacancy, reducing two Ti** ions to Ti*. There are two
energetically favorable sites for dissociative HoO desorption, oxygen
vacancy site and on-top surface Ti site [3]. Dissociation near an oxygen
vacancy transfers a proton to an adjacent O atom, forming two OH™
pairs, one of which fills the Vo, the other appearing at an adjacent lattice
oxygen site, reducing the Ti®* intensity. Assuming that each oxygen
vacancy is responsible for reducing two Ti** to Ti*, then water
adsorption leads to a reduction in the Vg concentration of 0.16%, which
is quite significant in terms of defect concentration but, nevertheless,
difficult to detect in a change of the O 1s intensity. Both adsorption sites
contribute to the Oy peak. On top bonding to surface Ti gives rise to four
fold coordinated Ti and a proton bonding to a nearby lattice oxygen.
3.5% of the Ti ions are in the Ti* state for all films, decreasing to 2.5%
after water adsorption. Mainly dissociative adsorption giving rise to
OH™ groups bonding on-top to surface Ti atoms is predicted by theory
[1] and corresponds to the Oy peak in the core level spectra. On the
other hand, there is no significant difference in the Ti**/Ti*>* intensity
ratio as a function of film thickness. Thus, strain does not change the
preferred chemisorption sites or increase their number, but as will be
seen it does influence the bond strength and adsorption energies, most
likely due to strain induced atomic distortion and polarization.

We have used the core level intensities to calculate the near surface
stoichiometry of the three films. Assuming a perfect TiO, surface
termination, in the [001] direction the atomic layers alternate TiO,/
BaO/TiO2/ The layer attenuation factor k = exp{ — c¢/(24)}, where c is
the unit cell length along [001] and the values of the inelastic mean free
path, 1 are calculated from the NIST database, 0.83 nm, 1.1 nm and 1.04
nm for Ba, Ti and O, respectively. The total Ba, Ti and O intensities are
then given by Ig,k/(1 — k?), Iti/(1 — k3), Io(k + 2)/(1 — k?), where
Ig,io are the Ba, Ti and O core level intensities expected from a single
atomic layer [3]. The measured intensity is corrected by the relative
cross-sections (O: 0.6036, 0.1069 and 0.04005 for Ba, Ti and O,
respectively), and the stoichiometry deduced from Ig, 1i 0.

For the O 1s intensity we use O; + Oy since both are due to emission
from oxygens in lattice sites. Setting the Ti stoichiometry to unity, we
obtain Bal_()o] Ti02_883 (8 Ill'[l), Bal_006Ti02.391 (15 nm) and
Bal_oozTi02_904 (30 nm) before and Ba1_002T102_925 (8 IlIIl),
Baj 006 Ti02.943 (15 nm) and Baj go3TiO2943 (30 nm) after exposure to
water. After growth the oxygen sub-stoichiometry is between 3.2 and

Table 2
Oy/0; and Oy core level intensity ratios before and after water vapor adsorption
for the three film thicknesses.

Before After
Thickness (nm) On/Ox Om/O; Op/O; Om/Or
8 0.152 0.047 0.201 0.054
15 0.125 0.039 0.165 0.045

30 0.134 0.037 0.177 0.042

Thin Solid Films 717 (2021) 138428

3.8%. Slight sub-stoichiometry is often observed for growth by molec-
ular beam epitaxy.

Water exposure reduces the oxygen sub-stoichiometry to on average
2.1%. This implies a higher Vi concentration than that estimated from
the intensity of the Ti*>* component in the Ti 2p spectra, indicating that
both neutral and positively charged Vi are present but only the latter
reduce Ti*". Importantly, despite slight variations in the sub-
stoichiometry, the change in V,, as estimated from the Ti®* intensity is
the same after exposure to water. The surface chemistry is therefore the
same for all three films and all are slightly Ba rich. We note that this is
also consistent with the hypothesis of the formation of Ba(OH), com-
plexes in the near surface region.

The TPD spectra acquired from room temperature to 700 °C, using
mass-to-charge ratio (m/e) = 18, are presented in Fig. 6. The relative
intensities are directly related to the water desorption rate. Fig. 6(a)
compares the TPD spectra of the 8, 15 and 30 nm films. The TPD data
show a two stage water desorption process, one at low temperature
(around 100-120 °C) and the second, more important stage with a strain
dependent onset between 315 and 350 °C. This is clear evidence for the
presence of dissociatively adsorbed water on the surface whereas the
smaller proportion of physisorbed molecular water is desorbed at
100-120 °C [15,16]. Similar desorption features are observed for the
three films except for a variation in the onset of the main peak. The onset
of desorption peaks decreases from ~ 350 °C on 8-nm-thick sample to
~330 °C on 15-nm-thick sample, and finally ~315 °C on 30-nm-thick
sample, suggesting there is a systematic variation in E,,, as a function
of strain.

The mass spectrometry signals at 16, 17 and 18 mass to charge ratios
(amu) were recorded simultaneously during TPD. They ratios are con-
stant and correspond to H,O fragmentation in the ion source of the MS.
No predominant signal at 17 amu was observed which suggests that
desorption of dissociated species is rapidly followed by recombination to
give molecular water. Indeed, the recombination of adsorbed OH™~ and
H* to form water during the desorption process has been described on
many surfaces [14,17,18].

The apparent activation energy of desorption can be calculated from
aplot of In p vs. 1/T of the desorption onset [5,19], where p is the partial
pressure of the desorbed species and T the temperature, as presented in
Fig. 6. The 8-nm-thick sample has the maximum slope, then the slope
decreases on the 15-nm-thick sample, and is lowest for the 30-nm-thick
sample. E,y, is 1.28, 0.70 and 0.41 eV for 8, 15 and 30 nm films,
respectively. The results are reported in Table 3 together with the biaxial
strain deduced from XRD.

It is clear that the desorption energies vary with the strain, which
also correspond to differences in film polarization [6,20]. The mecha-
nism behind this effect can be considered from either an atomistic or a
continuum perspective [21]. From the atomistic point of view, differ-
ences in the surface atomic structure of different strains must be
considered. In order to stabilize polarization in the thin film, the first
TiO; atomic layer corrugates and creates a dipole opposite to the bulk
polarization to compensate the surface polarization charge [3]. It has
been shown that the magnitude of the dipole varies with strain [22].
From the continuum perspective, the BTO thin films can be seen as
polarized dielectric slabs in which the surface polarization charge may
be screened by electrons and holes as well as surface specific atomic
buckling. Thus, the electrostatic fields caused by different strains at the
surface may influence the geometry and strength of adsorbate surface
interactions and hence the screening of the surface polarization. The
strain dependence of E,, is plotted in Fig. 7 and shows a linear rela-
tionship. As previously reported, OH™~ on-top chemisorption at Ti site
screens the surface charge better than rumpling of the dry surface [3]
and has even been reported to be more efficient than metal electrodes
[23]. We suggest that increased strain amplifies this effect giving rise to
strain-dependent Egp,.

Both atomic structure and surface electric fields certainly play a role
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Fig. 6. TPD spectra on (a) BTO thin films with different thickness, and (b) Plot of In p versus 1/T corresponding to the onsets of desorption at the low temperature tail

of desorption spectra in (a).

Table 3
Bi-axial strain, e, (%), and apparent activation energy of desorption, E,,, (eV), as
a function of thickness (nm).

Thickness (nm) e (%) Eqpp(eV)
8 2.2 1.28
15 0.9 0.70
30 0.2 0.41
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Fig. 7. Desorption energy as a function of in-plane strain.

for the strain dependence of E,,,. The efficient screening of the surface
charge by OH~ bound to on-top surface Ti means that as strain and
therefore ferroelectric distortion increases, E,,, increases since the en-
ergy gain for the system is greater.

4. Conclusions

We have studied the adsorption and reaction of H,O on TiO»-
terminated BaTiO3(001) surfaces with different strains by using X-ray
diffraction, X-ray photoelectron spectroscopy and temperature-
programmed desorption spectroscopy. The predominance of dissocia-
tive adsorption is supported by the two stage TPD spectra and the
attenuation of the Ti®* XPS component after water adsorption. The on-
top OH™-Ti plays an important role in the chemisorption process. The
apparent activation energy for water desorption decreases with the
increasing of thickness, showing a strain-dependent chemisorption
process. The dominant effect in determining E,, is the strain state of the
film.
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