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Abstract. This study is focused on the link between the structural and electric properties of BaTiOs5 thin films
grown on SrRuOs-buffered (001) SrTiO3 substrates, StTRuOj3 acting as bottom electrode. The growth regime and
film structure are here tuned through the growth pressure for pulsed laser deposition in the 1-200 mTorr range.
The dielectric, ferroelectric and leakage current properties are systematically measured for the different strain
states of the BaTiOj thin films on StRuQO3. The results are discussed with the help of ab initio calculations on the
effects of Ba- and Ti-vacancies on BaTiO3 lattice parameters. A sharp increase of the dielectric constant is
evidenced in the high pressure region, where the tetragonality of the BaTiOj is decreasing rapidly with growth
pressure. We interpret this divergence of the dielectric function as the signature of the vicinity of the phase
boundary between the out-of-plane and in-plane orientations of the tetragonal BTO films.

1 Introduction

Barium titanate or BTO (BaTiOs) is widely encountered both
in experimental and theoretical works because of its
ferroelectric properties, allowing its use in many applications.
Among them are ferroelectric tunnel junctions [1,2], non
volatile ferroelectric random access memories [3,4], micro-
wave devices [5-7], and thin film optical waveguide
modulators [8,9]. A key issue for the integration of epitaxial
oxide thin films in general, and of ferroelectric BT O layers in
particular, is the strong influence of the growth parameters on
the physical properties. In the case of pulsed laser deposition
(PLD) [10] of BT'O thin films, with oxygen used as background
gas, it has been reported that oxygen pressure [11-15] but also
laser fluence and substrate temperature [16,17] all have a big
impact on the structural and ferroelectric properties of the
films. Using X-ray diffraction (XRD), [12] evidenced for BTO
thin films deposited directly on a SrTiOz (STO) substrate a
transition, upon increasing the growth pressure, from the so-
called c-axis orientation of the tetragonal phase (with the
BTO c-axis = [001]|gro aligned along the surface normal) to
the a-axis orientation (with the BTO a-axis = [100|pto along
the surface normal, and the c-axislying in-plane). This change
of growth orientation is also observed on a MgO substrate [15].
However, when an epitaxial STRuOj3 (SRO) metallic electrode
isinserted between the insulating STO substrate and the BTO
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ferroelectric layer, the latter is then always found c-axis-
oriented [11], even after growth at the high oxygen pressure of
230 mTorr [18]. Still, both tetragonality (c¢/a ratio) and out-
of-plane lattice parameter (¢, with a the in-plane one) do
decrease with increasing oxygen pressure during growth of
BTO on SRO/STO [11]. This observation is usually traced
back to a variation of the Ba/Ti cation ratio, due to oxygen
pressure or laser fluence affecting the plasma (plume)
dynamics, and to its effect on the lattice parameters
[11,16]. Indeed, it was shown for BTO by Gonzalo et al
[13,19] that the gas pressure during PLD affect the Ba/Tiratio
through mass-dependent scattering processes between the
ablation plume species and the background gas. An optimum
growth pressure is typically found in the 10-100 mTorr range
[11,14], depending on the experimental setup and the target-
substrate distance, and ascribed to the obtention of
stoichiometric BTO layers.

On the one hand, it has been evidenced that a cation non-
stoichiometry of the order of 1% can already modify the
strain relaxation of a BTO layer [16], and that there is a
direct correlation between Ba/Ti ratio and c¢ lattice
parameter [11,16]. On the other hand, it is known that
interfacial layers [20], point and extended defects [11], or the
vicinity of a strain-driven transition of the polarization
orientation [21] are key elements to interpret the ferroelec-
tric, dielectric and leakage current properties. The control of
these properties is thus experimentally challenging, and in
particular the interplay between stoichiometry, strain
relaxation and growth has to be explicitly considered.
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In this work, we have chosen the background gas
pressure during PLD as handle to tune the Ba/Ti cation
ratio and the strain state of BTO thin films deposited on
SRO-buffered STO. The structural and electrical proper-
ties of the BTO/SRO heterostructures were systematically
investigated as a function of oxygen pressure. In order to
disentangle the influence of non-stoichiometry from the one
of growth kinetics on BTO lattice parameters, we have
performed ab initio calculations to estimate the former in
the case of Ba or Ti vacancies. Based on distinctive strain-
relaxation mechanisms evidenced from XRD and atomic
force microscopy (AFM) data, we distinguish between a
low pressure (1-10mTorr) and a high pressure (100-
200 mTorr) growth regime. Focusing on the latter, we are
able to link the dielectric properties with the strain
relaxation of the BTO layer.

2 Experimental details

The (001) BTO/SRO bilayers were deposited on single-
crystalline STO (001) substrates by PLD. A KrF excimer
laser (A = 248 nm, fluence 3 J/cm?, 4 Hz repetition rate) was
used to ablate stoichiometric ceramic targets of SRO and
BTO with spot sizes of 1.8 mm? and 1.2 mm?, respectively.
Target-substrate distance is fixed at 5 cm. The 50 nm-thick
SRO electrode layer was first grown on STO at 650 °C under
an oxygen pressure of 120mTorr, and the BTO layer was
then deposited at the same temperature with a fixed
thickness of 70nm and an oxygen pressure chosen between
1mTorr and 200 mTorr. The fully strained SRO film takes
an out-of-plane lattice parameter cgro= 3. 95A with the
same in-plane parameter as the cubic STO substrate
(asTo = 3.905 A) In bulk form, BTO is tetragonal at room
temperature 0=3.99%4A, cgro=4. 038§ and cubic
(agro™™ = 4. 012‘: above the Curie temperature. In thin
film forrn when deposited on SRO/STO, it is tetragonal
with a strain relaxation depending on the oxygen pressure,
as shown in the Results section. After growth, the
temperature was decreased slowly to room temperature
under 300 Torr of pure oxygen, to insure stoichiometric
oxygen content. AFM (Innova, Bruker) was used to image,
in contact mode, the surface topography of deposited thin
films. XRD scans (PANalytical X'Pert Pro diffractometer in
parallel beam configuration) confirmed the epitaxy and
crystalline quality of all layers. The thicknesses were
measured by X-ray reflectometry on the same instrument.

To manufacture a set of microscale capacitors of
different areas (10 x 10-200 x200 pm?), a 200 nm-thick Pt
top electrode was sputter-deposited on the BTO surface
with a conventional lift-off process. This parallel-plate
capacitor structure, Pt(top)/BTO/SRO(bottom), allows
for the characterization of the electrical and dielectric
properties of the BT'O thin films. Capacitance (C), current
(I) and ferroelectric polarization (P) were measured as a
function of applied voltage (V) using an impedance-meter
(LCR Hightester, Hioki), a sourcemeter (Keithley 2400),
and a ferroelectric tester (TF Analyzer 1000, aixACCT),
respectively. The voltage bias was applied between top and
bottom electrode, and defined so that positive voltage gives
an electric field pointing downward.

3 Computational details

First principle calculations within density-functional
theory (DFT) were performed using the full potential
linearized augmented plane wave (FP-LAPW) method
as implemented in the wien2k [22] code. Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-
GGA) was used [23], which is based on exchange-
correlation energy optimization to calculate the total
energy. A supercell of 40 atoms is constructed with
2x2x2 BTOunit cells, with PAmm space group in
tetragonal structure, with one Ti or Ba atom removed to
simulate the effect of Ti or Ba vacancies on the
structural properties. The total energy was minimized
using a set of 63 k-points in the Brillouin zone equivalent
to a 5 x 5 x 5 Monkhorst—Pack [24] grid in the unit cell.
The cut-off energy was set at the value of 8 Ry. The self-
consistent calculations are considered to be converged
when the total energy of the system is stable within
0.1 mRy.

4 Results and discussion

4.1 Structural analysis

Typical XRD 6—26 scans around the (002) reflection of the
BTO/SRO bilayer deposited on STO substrate at
different growth pressures are displayed in Figure la.
No secondary phases are seen on larger scans (not shown),
and in particular the pressure-dependent peaks in the 41—
45° 20 range all stem from the structure of the BTO thin
film, comprised of several layers. First, the most intense
BTO peak at all pressures is ascribed to the relaxed part of
the film [16], with a peak position shifting to higher angles
when the oxygen pressure increases, in agreement with
previous works [11]. Another, more diffuse peak is seen at
lower angles for pressures of 14 mTorr and above. This
component is ascribed to the strained part of the BTO film
[16], being clearer here at 120mTorr and above. We
interpret this signature in the high pressure range (100—
200 mTorr) as coming from the presence of two layers in
the film, as observed in the transmission electron
microscopy study of [25] and confirmed by the X-ray
reciprocal space maps (RSM) measured in the present
work (see below).

Both at 1 and 14 mTorr, one observes intensity on the
low angle side of the relaxed peak, corresponding to lattice
expansion in the direction perpendicular to the sample
surface. While this is only a diffuse background at 1 mTorr,
fringes appear at 14 mTorr between 41° and 44° in 26 with a
fringe spacing getting smaller closer to the (002) Bragg
peak of the relaxed BTO layer. These fringes stem from an
area of inhomogeneous strain relaxation in the BTO film, a
region with expanded lattice spacing probably on the SRO
side. The fringe spacing in reciprocal space gives an
indication on the extent of this strained area [26], here at
the 10 nm scale. This behavior hints at a transition towards
the high pressure regime, where the strained layer peak is
well defined. We thus identify two growth regimes
with distinctive strain-relaxation mechanisms, one in the
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Fig. 1. (a) 6—26scans of the BTO/SRO/STO heterostructure for the BT O thin films deposited at different oxygen pressures. (b) RSM
around the asymmetric STO (103) Bragg reflection of the heterostructure grown at low, intermediate and high oxygen pressure. (c¢) In-
plane (a), out-of-plane (c) lattice parameters and ¢/aratio from XRD data of the relaxed BTO layer. Dotted lines are the a and c values

of bulk BTO.

so-called low pressure range (~1-10mTorr) and one in the
high pressure range (~100-200 mTorr), with a transition
between the two already started at 14 mTorr.

To further assess the strain relaxation in the BTO film,
RSM were recorded around the STO (103) peak. The RSM
for the heterostructures with BTO grown in the different
regimes are plotted in Figure 1b, confirming the interpre-
tation above with a strained and a relaxed part in the BTO
film. The peak associated with the relaxed BTO layer is not
aligned vertically with the STO substrate and is always
found at different values of both in-plane and out-of-plane
parameters [11,16]. This is at variance with the contribu-
tion to the XRD signal from the strained BTO, which is
aligned at the same in-plane lattice constant as STO (103)
on the RSM for 14 and 170 mTorr in Figure 1b. This finding
is in agreement with the interpretation suggested by [25]
who described a similar picture for epitaxial BTO
deposited on a SRO-buffered STO substrate by PLD:
Due to several strain relaxation mechanisms, a layered
structure of the BTO film is obtained with a strained layer
(~3nm thick in Ref. [25]) at the interface and a relaxed
layer above, incorporating misfit dislocations. It was noted
that upon reducing the misfit strain with the substrate, the
thickness of this dislocation-free, strained layer should
increase [25], similar to what is observed for BT'O deposited
on GdScO3z with a critical thickness increasing with
decreasing lattice mismatch [16]. From the XRD data of
Figure la, b it is clear that the strained layer is better
defined, at the crystallographic level, upon going from
14mTorr to 200mTorr, hinting at a thicker and more
homogeneous layer between SRO and the relaxed BTO

layer. This behavior is consistent with previous work
[16,25] and a decreasing misfit strain with increasing
growth pressure.

The lattice parameters of the relaxed BTO layer are
plotted as a function of growth pressure in Figure lc. As
noted previously, the out-of-plane parameter decreases
with increasing oxygen pressure from 1mTorr to
200mTorr. On the other hand, the in-plane parameter
has a non-monotonous behavior with growth pressure.
Nevertheless, the former is here always found greater than
the latter, as illustrated through the ¢/a ratio at the top of
Figure 1c, and in agreement with previous studies for BTO
grown on SRO/STO [11,18]. The BTO layer is thus c-axis
oriented on the whole investigated pressure range. From
RSM around STO (002) (not shown), we checked that
there was indeed no measurable a-axis orientation even for
the highest investigated oxygen pressures.

4.2 Growth morphologies

The surface topographies of the BTO thin films were
imaged by AFM as presented in Figure 2. The root-mean-
square surface roughness (R,,;) was computed from
1 x 1 wm? images and indicated on top of the topographs,
together with the growth pressure. The surface after
growth at 170 mTorr was found very similar to the one
shown for 200 mTorr. Again, following on the XRD results,
two distinct behaviors are identified at low (~1-10 mTorr)
and high (~100-200mTorr) pressure, respectively. Here
both at 1 and 14mTorr, the surfaces are smooth with
R,..s~0.5nm and isotropic islands observed at the 25 nm
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14 mTorr / SRO/STO

14 mTorr / STO
=0.3 nm

120 mTorr

Rims = 1.3 nm
Fig. 2. AFM images of BTO surface after growth at different
oxygen pressures. The topography after growth of BTO on STO,
without the SRO bottom layer, is shown for comparison at
14 mTorr next to the one obtained with SRO layer.

200 mTorr
Rims = 1.0 nm

scale (nearest neighbor distance) on the atomic terraces.
Note that with the same growth parameters, a BTO film of
the same thickness grown directly on STO, without the
SRO electrode layer, has an even smoother surface (Fig. 2,
top right), identical to the one found after a so-called layer-
by-layer growth mode in [27]. In the high pressure range,
the surface roughness has increased to R,.,;~ 1 nm, and the
AFM images show the formation of square islands at the
40nm scale (Fig. 2, 120mTorr), coalesced into mesa
patterns after growth at 200 mTorr. Increasing the growth
pressure thus leads to a coarsened morphology of BTO
films [27], in line with the strain relaxation mechanism in
this pressure range [25].

4.3 Discussing the growth pressure effect on lattice
parameters

We now turn to the possible origins of the observed two
different growth regimes of BTO films. We note that in the
low pressure range, the plume extends up to the substrate,
while at high pressure the plume length is smaller than the
target-substrate distance and actually does not vary much
in the 100200 mTorr range. Given this difference,
coinciding with the aforementioned growth regimes, the
pressure-dependent behavior of the energetic species
ablated from the target should be considered.

First, the kinetic energy of the particles impinging on
the surface is higher at low than at high pressure. In the
latter case, when the ablated species reach the substrate
they have lost most of their energy, and are transported to
the surface by gas phase diffusion [13]. This kinetic effect
can also affect the lattice parameters of the growing film, as
it modifies the surface diffusion processes and thus the
strain relaxation. Second, the different angular spreads of
the heavy (Ba) and light (Ti) species in the plume as a
function of background gas pressure [28,13] lead to the Ba

Table 1. Lattice parameters (A) for bulk BTO from DFT
calculations.

¢ a c/a
Stoechiometric 4.040 4.010 1.007
V(Ti) 4.066 4.044 1.005
V(Ba) 4.040 4.017 1.006

and Ti excesses observed at low and high pressure,
respectively [10,11,13]. This non-stoichiometry then gives
a strong variation of the lattice parameters [11,14,16]. With
the growth pressure affecting both panels, Ba/Ti ratio and
impinging particle energy, further inputs are needed to
distinguish between the two effects.

In order to quantify the lattice parameter change with
Ba/Ti ratio, we conducted numerical simulations using ab
initio calculations. A neutral vacancy was created by
removing one atom of Ti in the first case, and one atom of
Ba in the second case, corresponding to a vacancy
concentration of 12.5% for each case. The calculated
lattice parameters are reported in Table 1. As the vacancy
concentration is arbitrarily very high, due to computation-
al constraints, the resulting lattice changes for Ti- and Ba-
vacancies are to be taken as upper limits.

From ab initio calculations, we found that the lattice
parameters of BTO are affected by the Ti and Ba
vacancies, in agreement with the available experimental
data [11]. The lattice expansion in both out-of-plane and in-
plane directions is found much larger in the case of a Ti
vacancy than around a Ba vacancy. Thus, Ti vacancies
contribute to an increased misfit strain at low pressure (Ba-
rich region), and, together with the high kinetic energies in
the plume, can explain a more strained layer in this
pressure range. In other words, we can not discriminate
here between the effects of plume dynamics and Ti
vacancies. However, we note that the measured c-
parameter for 1mTorr is much larger than the one
calculated for an unrealistically high concentration of Ti
vacancies (Tab. 1). The non-stoichiometry alone can thus
not explain the lattice expansion in this direction. In
addition to the kinetic effect, at this low oxygen pressure a
high concentration of oxygen vacancies can be expected
[14], which in turn can affect the lattice parameters [29].

In the high pressure range, the (Ti-rich) BTO thin films
present a Ba deficiency [11,13]. From our calculations, Ba
vacancies induce only a slight change of the in-plane lattice
parameter. They can hardly explain the experimental
quick drop of the ¢/a ratio with increasing pressure in the
100200 mTorr range (Fig. 1c), because the a-parameter
indeed increases but with a matching decrease of the c-
parameter. Since, as mentioned before, the plume length
does not change much in this pressure range, the ¢/a ratio
dropping towards 1 does not seem to stem directly either
from the Ba/Ti ratio or from the kinetics in the ablation
plasma. Instead, we trace back the drop of the ¢/a ratio to
the vicinity of the transition towards a-axis orientation.
This is supported by our XRD data hinting at a decreased
in-plane strain in the high pressure range, thus allowing for
the film to approach the transition. In this picture, the
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Fig. 3. (a) Capacitance measured at 100 kHz as a function of applied bias on BTO films grown at different oxygen pressures. Curves at
P=14-200 mTorr have been shifted (2 wF/cm? shift between data sets) for clarity. (b) Variation with oxygen pressure (pOs) of the
coercive electric field (top panel) and of the dielectric constant at the maximum of C-V curve (squares) and at maximum applied

voltage (triangles).

decrease of the ¢/a ratio should be concomitant with an
increase of the dielectric constant, as the signature of this
kind of phase boundary with misfit strain is a diverging
dielectric constant [21]. This is indeed confirmed by the
dielectric characterizations, as shown in the following part.

4.4 Dielectric characterization

To assess the dielectric properties and ferroelectric
character of the samples deposited at different pressures
in the 1-200 mTorr range, the capacitance at 100 kHz was
measured as a function of the DC voltage bias (V). The
results are summarized in Figure 3a. We underline that the
BTO films are found ferroelectric over the whole
investigated oxygen pressure range (from 1mTorr to
200mTorr). It can be seen from our C-V measurements
that the capacitance tends to increase with the oxygen
pressure [14], especially in the high pressure region, where
BTO thin films present a maximum value of capacitance
around 17 wF/cm?.

The dielectric constant ¢, and coercive electric field AE,
(measured here as peak separation divided by film
thickness) are shown in Figure 3b as a function of gas
pressure. The dielectric constant was determined from the
capacitance measurement, knowing the area of the
capacitor in parallel-plane geometry. The dielectric
constant varies slightly in the low and intermediate
pressure ranges, and exhibits a sharp increase at high
pressure to reach a maximum value (¢.=875) at the
highest explored pressure of 200 mTorr. The coercive field
follows the opposite trend, going down from 140kV /cm at
ImTorr to reach 30kV /cm at 200 mTorr.

In line with the conclusions of the structural analysis,
we suggest that the diverging dielectric constant in the high
pressure range is the signature of the BTO film approach-
ing the phase boundary between c-axis and a-axis
orientations [21]. From studies on BTO ceramics, it is
known that a Ti-excess, while the cause of drastic changes
of the microstructure, does not impact noticeably the
dielectric properties of BTO grains [30]. On the other hand,
a similar growth pressure dependence was found for the
dielectric properties of epitaxial BTO films on LaNiOz/

STO [14], and an increasing dielectric constant when the ¢/
a ratio tends to 1 was reported for polycrystalline, highly
textured BTO films on MgO [15]. To further check our
interpretation, we compare in Figure 3b the values of the
dielectric constant at the maximum applied voltage of 4 V
with that measured at the coercive voltage. Far from the
ferroelectric switching peak, the dielectric constant shows a
much smaller variation with pressure (less than 25%) than
the one around the coercive voltages (about 250%). The
pressure thus mostly affects the non-linear, ferroelectric
part of the permittivity. This supports the picture of a
diverging dielectric constant, reminiscent of a Curie-Weiss
law [21], approaching the critical strain (in the high
pressure range) for in-plane polarization.

4.5 Ferroelectric polarization

As a change of the oxygen pressure during deposition affects
cation stoichiometry and strain relaxation of the BTO layer,
a modification of the ferroelectric behavior is expected due to
modified charge distributions and ferroelectric domains. In
order to confirm that growth pressure affects polarization,
we measured P-V for BTO deposited in the different
pressure regions. Ferroelectric P-V hysteresis loops have
been extracted from voltage sweeps using PUND (Positive
Up Negative Down) method. The hysteresis cycles measured
by PUND and classic methods, for a BTO thin film grown at
1l4mTorr, are displayed in Figure 4a. The shape and
magnitude of the loops depend upon the measurement
technique. As PUND gives the pure ferroelectric remnant
polarization, without the linear relaxation component, the
remnant polarization P, for 14mTorr film measured by
PUND technique is 6.5wC/cm? lower than the one
measured by classic technique of 10.4 nC /cm2. This is of
the same order of magnitude as reported in previous work
[11]. The ferroelectric switching peaks are visible in the I-V
curves obtained by PUND (Fig. 4b) for BTO grown at all
investigated pressures except at the lowest one (1 mTorr).

When the growth pressure is different from 14 mTorr,
we see an increasing asymmetric response depending on
voltage sign, with a sharper and larger polarization
switching peak at negative voltage than at positive
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voltage. The asymmetry is most pronounced at 120 mTorr,
while leakage current becomes an issue at 200 mTorr (Fig.
4b). This asymmetry can come from different positive
(down) and negative (up) polarizations due to a strong
internal field effect at high oxygen pressure. Crucially, for
the films deposited at 1 mTorr, the leakage current is too
high to ascertain the ferroelectric polarization (Fig. 4b),
and probably does not allow for a stable remnant
polarization through the film.

4.6 Leakage current

For BTO thin film integration in devices, leakage current is
an important parameter. For this, we measured I-V
characteristics for BTO grown at different pressures as
presented in Figure 5. In order to limit the transient
contributions to the current due to ferroelectric switching
and dielectric relaxation, I-V was measured with a 30s pre-
polarization step at the maximum applied voltage.

There is an important difference between the leakage
currents of BTO thin films deposited at different oxygen
pressures. A very high current is observed for BTO
deposited at low oxygen pressure (1mTorr). Oxygen
deficiency was used as the main reason to explain this
observation [31]. At high oxygen pressure, with a close to
stoichiometric oxygen content [11,14], we also found that
BTO films present high leakage currents, while films grown
in the intermediate pressure range (~10-100mTorr)
achieved very low leakage currents. This illustrates the
fact that while non-stoichiometry, whether cation or
oxygen, can have a positive effect on structural or dielectric
properties, it also drastically increases the leakage current
through the films.

5 Conclusions

Epitaxial BTO thin films were grown on SRO-buffered
STO at different oxygen pressures in the 1-200 mTorr
range, in order to tune their Ba/Ti cation ratio and strain
state. Combining XRD measurements with ab initio
calculations, we have studied the strain relaxation and
lattice parameter dependence with oxygen pressure. From
the structural analysis, we were able to identify two growth
regimes, in the low (1-10mTorr) and high (100-
200mTorr) pressure ranges, respectively. In the former,
we can not discriminate between the effects of Ti-
vacancies, oxygen content and kinetics of the ablated
species, all concurring for a highly strained film. In the high
pressure range, we found a decreasing c¢/a ratio together
with an increasing dielectric constant. We suggest that this
behavior comes from the vicinity of the strain-driven phase
transition between c-axis and a-axis oriented BTO films.
While the film was always found c-axis oriented up to
200mTorr, the decreasing in-plane strain makes it
approach the transition upon increasing the growth
pressure.

This work has been supported by the Tassili Hubert Curien
Partnership of Campus France [grant number 13MDU885].
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