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a b s t r a c t
Barium titanate (BTO) is a promising perovskite-like material, exhibiting interesting functionalities, such as ferroelectricity, piezoelectricity, high dielectric constant, and electrooptic coeﬃcients. All these properties are closely
related to the orientation, density of linear defects and the stability of the tetragonal phase, which depends in
turn on its fabrication conditions.
High-vacuum Chemical Vapor Deposition (HVCVD) is a method allowing to deposit epitaxial BTO thin ﬁlms on
suitable substrates. In this study, we correlate the microstructure of BTO thin ﬁlms to the Ba and Ti precursors
ﬂow parameters applied in the HVCVD process. In particular, strain, texture, and mosaicity of the crystalline
blocks of BTO are investigated in both out-of-plane and in-plane orientation to assess the epitaxial relationships
and the crystalline quality. The size of the BTO crystalline domains that scatter the X-ray radiation coherently
is calculated using three methods. The mosaicity of the ﬁlms has been correlated to the concentration of line
defects. The value of the screw-type dislocations density has been derived and we discuss its close relationship
with the coating deposition conditions.

1. Introduction
Perovskite-like materials, such as BTO, exhibit a wide range of properties, such as piezoelectricity, pyroelectricity, ferroelectricity, high dielectric constant and large electrooptic coeﬃcients. These properties
make this material suitable for many applications such as non-volatile
memories, sensors, actuators, energy storage, and high-bandwidth and
low power-consuming devices for optical communication [1–5]. Especially the large Pockels coeﬃcient enables BTO to vary its refractive
index when a relatively low voltage is applied, which is particularly
interesting for the fabrication of high-speed optical signal modulators.
Additionally, the recent integration of BTO on silicon has enabled the
Pockels eﬀect on silicon photonic platforms potentially improving devices in terms of power consumption, reduced insertion losses and modulation speed [6,7].
The crystalline BTO structure is tetragonal at room temperature, with
a tetragonal/cubic phase transition temperature around 125 °C [8–10].
The exploitation of BTO ﬁlms in memories or photonic devices [8,9] re∗

quires a deep understanding of the ﬁlm microstructure [11] and domain
structure. In fact, piezoelectric and ferroelectric properties are strictly
dependent upon the density of dislocations, as previously shown [6,12].
Dislocation cores distort the original symmetry of the structure, thus
changing the polarization properties accordingly. In comparison to bulk
materials, thin ﬁlms of perovskite materials scaled down to nano-scale
with strong interfacial eﬀect, can present a high concentration of a various type of dislocations as an eﬀect of the interface strain. Additionally,
the quality of BTO thin ﬁlms grown by metal-organic chemical vapor
deposition (MOCVD) is often inferior to that of semiconductors grown
by the same method, such as GaN, which is likely due to defects generated at the interface [13]. Thus, controlling the microstructure of BTO
thin ﬁlms in terms of crystal orientation [3,14], crystalline domain sizes
[11] and the stability of the tetragonal phase play a fundamental role
in the integration of these ﬁlms into photonic devices.
In this work, four BaTiO3 thin ﬁlms were grown on SrTiO3 -buﬀered
silicon substrates by high-vacuum chemical vapor deposition (HVCVD)
using diﬀerent sets of deposition parameters. In particular, we stud-
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ied the impact of the Ba and Ti organic precursors ﬂow rates and ratios on the BTO ﬁlm microstructure. The thin ﬁlm texture, mosaicity,
dimension of the coherence lengths, homogeneity of crystalline features and density of defects were investigated by high-resolution X-ray
diﬀraction (HRXRD) methods. Furthermore, the Scherrer equation and
the Williamson–Hall plot methods, usually exploited on polycrystalline
ﬁlms, are applied in our approach for epitaxial ﬁlms with respect to the
determination of the coherence lengths, the gradient of the strain and
mosaicity.
2. Theoretical approach to the calculation of coherence length,
mosaicity, strain gradient and dislocation densities
There are several causes for the broadening of XRD line proﬁles, including instrumental contributions, ﬁnite-size crystalline domains, and
the presence of lattice defects within the grains and sub-grains, which
contribute to generate and modulate the strain ﬁeld inside the crystalline domains. Scherrer derived an equation [15] relating the broadening of the Bragg peak in radial scans (𝜔-2𝜃) to the size of the crystalline
domains,
𝛽𝐷 =

𝑘𝜆
𝐷 cos𝜃

(1)

where 𝜆 is the wavelength of the radiation, D the average size of crystalline domains in the direction parallel to the diﬀraction vector, k the
constant of proportionality being a numerical factor frequently referred
to as the crystallite-shape factor [16], and 𝜃 the Bragg angle. Furthermore, if one takes the logarithm of both sides of the Eq. (1) and by using
the least square method, a reduction of the error on the average size of
crystalline domains is achieved. Thus, the previous Scherrer formula is
modiﬁed and writes,
ln 𝛽𝐷 = ln

𝐾𝜆
1
+ ln
𝐷
cos𝜃

By plotting (ln 𝛽𝐷 ) as a function of (ln

(2)
1
),
cos𝜃

a linear behavior is ob-

𝜆
tained. The intercept to the y-axis is equals to (ln 𝐾∗
), from which the
𝐷
average size of crystalline domains can be derived. However, the broadening of an XRD line is not only due to the ﬁnite size of the domains
scattering coherently the radiation. Depending on the type of the scan,
radial or angular, other contributions such as the strain ﬁeld due to the
presence of defects, the tilt- and twist-mosaicity, and the instrumental
broadening have to be taken into account. All these contributions are
resumed as follows:

𝛽𝑇 = 𝛽𝜀 + 𝛽𝐷 + 𝛽𝑖

(3)

where 𝛽𝑇 is the width of the XRD peak, 𝛽𝜀 is the broadening due to
the strain ﬁeld, 𝛽𝐷 is the broadening due to the ﬁnite size of crystalline
domains, and βi is the instrumental broadening.
In this regard, a method to determine the vertical and lateral size
of the crystalline domains from the broadening of diﬀraction peaks, at
the same time separating this from the strain or mosaicity contributions,
is the Williamson–Hall plot method. Vertical and lateral directions are
related to the directions perpendicular and parallel to the growth plane,
respectively. This method applies to both the broadening of the Bragg
peaks in radial and angular scans.
In the case of a radial scan, the broadening of the Bragg peak follows
Eq. (3), and the scattering vector representing the gradient of the strain
ﬁeld in a speciﬁc direction is the only component that depends on the
diﬀraction order. Therefore, the eﬀects can be separated with respect to
each other by collecting higher-order reﬂections.
If the broadening due to the limited size of crystalline domains is
taken from Eq. (1), the broadening due to the strain ﬁeld caused by the
presence of defects can be written as:
𝛽𝜀 = 4 ∗ 𝜀 ∗ tan 𝜃

(4)

where 𝜀 is the strain in the material. If the instrumental broadening can
be neglected, like in the case considered in this study (XRD peak widths

of epitaxial ﬁlms are typically 20–100 times larger than the instrumental
broadening when high-resolution optics are exploited), thus the plot of
(𝛽𝑇 ∗ cos 𝜃) vs (4 ∗ sin 𝜃) for higher-order reﬂections is ﬁtted by a linear
behavior. The slope of the line ﬁt directly gives the value of the strain
gradient, while the vertical coherence length, in other words the size of
the crystalline domains along with the direction normal to the surface
normal scattering coherently the radiation, is given by
𝐷=

𝑘𝜆
𝑦0

(5)

where 𝑦0 , is the intercept with the y-axis. In the case of a radial scan,
D is the vertical coherence length. It may be worth it to note that in
this study we applied the Scherrer equation and the Williamson Hall
plot method on symmetrical reﬂections, with the scattering vector normal with respect the surface normal of samples; thus, the size of the
crystalline domains calculated by the Scherrer equation and the vertical
coherence length are the same by deﬁnition.
The Williamson–Hall method can also be used to separate the broadening of the rocking curve (angular scan) due to the out-of-plane tilt
spread (mosaicity of the crystalline blocks) from the component ascribable to the lateral coherence length, that is to say the size of the crystalline domains along with the direction parallel to the surface normal
scattering coherently the radiation. Again, this is enabled by the fact
that only the mosaicity contribution to the Bragg peak broadening is
proportional to the diﬀraction order. In the case of an angular scan,
Eq. (3) rearranges into:
𝛽𝑇 = 𝛽𝛼 + 𝛽𝐷 + 𝛽𝑖

(6)

where 𝛽𝛼 is the component of the broadening dependent from the mosaicity and 𝛽𝐷 is the lateral coherence length (in the direction normal
to the scattering vector).
Similarly to the previous case, the instrumental broadening can be
often neglected in the case of epitaxial ﬁlms measured by HRXRD. Thus,
the plot of 𝛽𝑇 ∗ sin𝜆 𝜃 vs sin𝜆 𝜃 for higher-order reﬂections is again ﬁtted
against a straight line, the slope of which gives the mosaicity.
The lateral coherence length or size of the crystalline domains in the
direction normal to the diﬀraction vector is given by
𝐷=

𝐾
2𝑦0

(7)

Where 𝑦0 is the intercept with the y-axis. These analytical methods
are usually applied to polycrystalline materials. From the methodological point of view, this work aims at proving their applicability to epitaxial ﬁlms.
According to the mosaicity model, the broadening of the rocking
curve can be used to quantify the density of screw and edge dislocations
depending on the orientations of the diﬀraction vectors and burger vectors with respect the surface normal. If both are oriented parallel to the
surface normal, the mosaicity model relates them to screw-type dislocations. If the Burgers vector is inclined with respect to the diﬀraction
vector, the mosaicity relates to the misﬁt edge dislocations.
The relationship between the tilt- and twist-mosaicity and the screwand edge-dislocations densities is obtained by the equation of Gay,
Hirsch, and Kelly, successively modiﬁed by Dunn and Koch [17]:
𝜌𝑠 =

𝛼 2 (tilt )
2𝜋 ln (2) 𝑏2

(8)

𝜌𝑒 =

𝛼 2 (twist )
2𝜋 ln (2) 𝑏2

(9)

where the tilt- and twist-mosaicity 𝛼(tilt/twist) are expressed in radians in this study, and b is the burger vector amplitude that deﬁnes the
magnitude of the dislocation.
3. Epitaxial deposition on STO-buﬀered Si
The diced silicon wafer substrates (10 × 10 mm2 in size) were initially coated with a buﬀer layer of epitaxial, 4-nm-thin SrTiO3 using
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Table 1
Precursor ﬂuxes in the HVCVD process of BTO synthesis.
Sample

O2 ﬂux [1016 cm−2 s−1 ]

Ba(i Pr3 Cp)2 ﬂux [1014 cm−2 s−1 ]

TTIP ﬂux [1014 cm−2 s−1 ]

Ba(i Pr3 Cp)2 :TTIP ﬂux ratio

Ba(i Pr3 Cp)2+ TTIP ﬂux sum [1014 cm−2 s−1 ]

A
B
C
D

3.96
3.93
3.90
3.96

1.17
1.05
1.02
0.91

1.39
1.42
1.27
1.13

0.84
0.74
0.80
0.81

2.56
2.46
2.30
2.05

Molecular Beam Epitaxy (MBE) as presented and discussed previously
[14,18]. This enables the subsequent epitaxial growth of the BTO. The
BTO ﬁlms were deposited using the combinatorial high vacuum chemical vapor deposition method (HVCVD). The process has been carried
out in a custom-made HVCVD reactor described in more detail in previous works [19–22]. The setup is equipped with three concentric eﬀusion
rings in a showerhead-like geometry, one for each of the BTO synthesis
precursors: bis(triisopropylcyclopentadienyl)barium (Ba(i Pr3 Cp)2 , supplied by Air Liquide), titanium tetraisopropoxide (TTIP, supplied by
Sigma Aldrich) and oxygen (O2 ). Each eﬀusion ring has 24 oriﬁces
of 500 𝜇m diameter each. During the synthesis, the Ba(i Pr3 Cp)2 and
TTIP reservoirs were heated to 167 °C and 35 °C, respectively. The precursor pressure in the eﬀusion rings was automatically maintained at
1.52 × 10−2 mbar for Ba(i Pr3 Cp)2 and 1.20 × 10−2 mbar for TTIP by
numerically-controlled valves with a feedback system. The O2 feed was
set at 1.8 sccm with a mass ﬂow controller. The temperature of the effusion rings was set to 185 °C. The substrate was exposed to the precursor ﬂuxes and heated by a molybdenum inductive-heated element. The
substrate temperature was measured by a thermocouple in contact with
the substrate holder, showing 465 °C throughout the synthesis. In the
combinatorial HVCVD conﬁguration, the opening or closing of individual oriﬁces of the eﬀusion rings of the barium and titanium precursors
was set to obtain a range of varying precursor ﬂuxes in a single synthesis, depending on the location of substrates on the sample holder.
While the system remains at high vacuum during the synthesis (below
6 × 10−6 mbar), the gas transport occurs in a Knudsen regime, i.e. the
mean free path of the precursor molecules in the gas exceeds the length
of the molecule trajectory [23], which in this case corresponds to the
distance between the eﬀusion ring oriﬁce and the substrate. Therefore,
the molecule trajectories are ballistic, which allows for an analytical calculation of the precursor ﬂuxes on the substrates [24–28]. The samples
analyzed in this study were synthesized at Ba(i Pr3 Cp)2 :TTIP ﬂux ratios
optimized for stoichiometric BTO ﬁlms. The respective precursor ﬂuxes,
ﬂux ratios, and sums are summarized for each sample in Table 1. The
duration of the deposition was 50 min for all the samples, with a target
thickness of 100 nm. The layers stack is depicted in Fig. 1(a).
3.1. HRXRD characterization approach
The texture of all ﬁlms, as well as the out-of-plane lattice parameter,
were investigated by collecting symmetric 𝜔-2𝜃 scans. The crystalline
quality of the ﬁlms was analyzed by looking at their mosaicity: rocking
curves (RCs) were collected for the BTO reﬂections out-of-plane, and Reciprocal Space Maps (RSMs) were collected to highlight the diﬀerences
between measured samples.
The in-plane investigation was accomplished in Edge-geometry, by
rotating the sample holder of 90° around the 𝜓-angle, in order to expose
the cross-section of the samples to the X-rays beam. At the same time,
the X-rays tube was rotated by 90° in order to increase the beam footprint on the edge of the sample and obtain a suﬃcient intensity (look
at Fig. 1(c)). Out of the four samples, only the sample which showed
the best crystallinity in the out-of-plane direction was analyzed also inplane. The in-plane texture of the BTO ﬁlm was investigated by collecting 𝜔-2𝜃 and 𝜔-2𝜃/Φ maps.
XY maps over the entire 1 × 1 cm2 samples were collected by measuring the intensity of the BTO(200) reﬂection in coplanar geometry, at
diﬀerent X and Y positions. X and Y represent here the directions along

with the sample holder can move in the instrument cradle. The step size
of the scans was 0.6 mm and 1 mm, respectively, along with the X and
Y directions. The size of the X-ray beam was reduced to the same values
by implementing horizontal and vertical slits. Thus, the superposition
of measurements at the same point of samples was avoided. Additionally, to avoid the variation in the intensity of the Bragg reﬂection at
diﬀerent spatial coordinates due to the bending of the samples along
the Y-direction, the alignment with respect to the Si(004) reﬂection was
performed at each Y-position.
Measurements were performed with a BRUKER D8 Discover DaVinci
diﬀractometer equipped with high-resolution optics of the incident
beam. In particular, a Goebel mirror is used to collimate the beam, and
a 2xGe(022) crystal monochromator was used to improve the angular
and energy resolution. Vertical and horizontal slits were used to reduce
the beam footprint to the samples surfaces.

4. Results and discussion
First, the texture of the samples was investigated by collecting 𝜔-2𝜃
scans in the range 10°–80° range, as it is shown in Fig. 2. To ﬁnd out
the exact position of the BTO reﬂections, the samples were aligned to
the Si(004) reﬂection from the substrate at 69.13°. Besides, to assess the
accuracy of our measurements, the width of the Si(004) RC from the substrate was measured. We measured a width of 0.01°, noticeably larger
with respect to the theoretical value for this peak. Thus, we can suppose
the Si(004) RC width is determined by the instrumental broadening. In
this light, the value of 0.01° was used as the maximum precision, even
if the ﬁttings of the experimental curves gave smaller errors. In the case
of larger errors extracted from the ﬁttings, they are reported each time.
From the analysis of the 𝜔-2𝜃 scans, in Fig. 2(a), all samples display
a single phase with only (k00) orientations from the ﬁlms; thus, all samples are highly a-textured in the out-of-plane direction. The peak at 33°
in Fig. 2(a) is related to the Si(002) reﬂection from the substrate. In
Fig. 2(b), one can notice that the BTO(200) reﬂection presents a shoulder on the right-hand-side; it is likely due to the superposition of the
STO(002) reﬂection from the buﬀer layer [4]. The buﬀer layer is too
thin to be visible as a separated peak, only appears as a shoulder of the
much more intense BTO(200).
From the 2𝜃 position of the BTO reﬂections, the lattice parameters
are determined equal to a = 4.010 ∀, 4.003 ∀, 3.996 ∀, and 4.006 ∀,
respectively for samples from A to D, using the well-known Bragg equation. The standard uncertainty associated with our determination of the
lattice parameter is ±0.003 ∀. As a reference, we found the lattice parameters for bulk BTO being aBTO = bBTO = 3.991 Å and cBTO = 4.042 Å
[29].
The evaluation of the crystalline quality of the ﬁlms was taken from
the rocking curve of the BTO(200) reﬂections, then ﬁtted by a pseudoVoigt function. The RCs were initially measured in the center of each
sample. Fig. 3 shows that sample A presents the largest mosaicity, equal
to 2.08°. The mosaicity decreases progressively in samples B and C, respectively to 1.73° and 1.49°. The BTO ﬁlm in sample D shows the same
spread of the tilt as the sample C. One can notice that the width of the
RCs is large enough to neglect the instrumental broadening (0.01°).
The broadening of the lattice points related to the <200> planes is
observed in the reciprocal space, both in the 𝜔-2𝜃 and 𝜔 directions. Fig. 4
shows the RSMs around the BTO(200) lattice points for all samples.
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Fig. 1. Samples schematic and D8 Discover
DaVinci HRXRD instrument employed in this
study. (a) Sketch of the layers stack, deﬁnitions
of lateral and vertical coherence lengths and
the diﬀraction geometries applied in this work;
(b) the experimental setup used for the coplanar diﬀraction analyses with (hkl) parallel to the
surface normal; (c) in-plane Edge-geometry with
(hkl) orthogonal to the surface normal, and the
X-ray source rotated of 90°.

Fig. 2. XRD 𝜔-2𝜃 patterns of the samples: A (black); B (red); C (blue); D (green).
(a) Wide angular range 10°–75°; (b) focus on the BTO(200) reﬂection.

Fig. 3. RCs of the BTO(200) reﬂection: sample A (black); B (red); C (blue); D
(green). The arrows on the right represent the width of the peak obtained by
ﬁtting each curve with a pseudo-Voigt function.

The broadening of the BTO(200) lattice point in the angular direction (omega relative) is caused by the out-of-plane tilt spread of the
crystalline blocks. The BTO(200) lattice point is visibly broader in the
sample A and B than in sample C and D. This points out the larger mo-

saicity of the BTO ﬁlms in samples A and B, thus conﬁrming the results of
the RCs shown in Fig. 3. The broadening of the BTO(200) lattice point
along with the 𝜔-2𝜃 is caused by the strain distribution of the crystal
in the out-of-plane direction. In Fig. 4 one can observe as the broad-
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Fig. 4. Reciprocal Space Maps around the BTO(200) lattice point. (Top left) sample A; (top right) sample B; (bottom left) sample C; (bottom right) sample D.

ening in this direction is asymmetric, being the lattice point of each
sample broadened towards higher angles. This is in agreement with the
𝜔-2𝜃 scans in Fig. 2(b), and may be related to the superposition of the
STO(002) reﬂection from the buﬀer layer [4].
To visualize the diﬀerence in the homogeneity of the BTO ﬁlms as
a function of their deposition conditions, the intensity of the BTO(200)
Bragg reﬂection in 𝜔-2𝜃 scans was mapped over the entire surface of
each sample. In particular, scans along the X-direction were collected at
diﬀerent Y-positions to generate a 2D map of the intensity of the Bragg
reﬂection, shown in Fig. 5.
The alignment with respect to the Si(004) reﬂection from the substrate was performed for each Y-position at the X = 14 and X = −10
positions for samples A and C, and B and D, respectively. This in order
to avoid the bending of the sample along with the Y-direction inﬂuences the intensity of the BTO(200) reﬂection. As far as the bending
along the X-direction, it may also provoke the misalignment of the crystalline plane with respect to the Bragg conditions, causing the intensity
to decrease. It constitutes a possible explanation for the inhomogeneity
of intensities between the center and external parts of each sample along
with the X-direction. Close to the center of samples, where the alignment
with respect to the Si(004) from the substrate was accomplished at each
Y coordinate, the alignment is optimized and the intensities are higher
than in the parts closer to the edges, where it is possible being slightly
oﬀ from the Bragg conditions due to samples bending. For this reason,
it appears reasonable not to compare the central parts to the external
ones. Nevertheless, even when comparing only the central regions in
X-coordinates of each sample, samples A and B appear visibly less homogeneous in terms of the BTO(200) reﬂection intensity with respect
samples C and D.
The diﬀerence in the BTO(200) diﬀraction peak intensity may be related to (i) a diﬀerent thickness of the ﬁlms, (ii) the presence of inhomogeneous strain gradient, and/or (iii) an inhomogeneous mosaicity of the
ﬁlm. From growth conditions, ﬁlms are expected to have homogeneous
thickness. This was also conﬁrmed by post-deposition X-ray reﬂectivity

Table 2
Average mosaicity of the BTO ﬁlms
deposited at diﬀerent conditions. The
width reported is the average of 10 RCs
collected in diﬀerent points of the samples. The standard deviation (SD) over
the ten measurements is also reported.
Sample

Average width (°)

SD (°)

A
B
C
D

2.00
2.00
1.54
1.58

0.10
0.20
0.05
0.07

measurements. Accordingly, the thicknesses of ﬁlms do not represent an
explanation of the topographic inhomogeneity of samples. Furthermore,
no trend revealing for the presence of a strain gradient (evaluated by
considering the broadening of the Bragg reﬂection in radial scans) was
found. Accordingly, the 2D maps point out an inhomogeneous spread
of the tilt of the mosaic blocks to explain the diﬀerent intensity of the
BTO(200) Bragg reﬂection in diﬀerent points. To obtain a conﬁrmation,
10 rocking curves were measured for each sample. The measurements
were collected at each Y coordinate, in the central part of samples (precisely at the same X coordinate where the alignment with the Si(004)
reﬂection was performed). Table 2 reports the average width of the RCs
for each sample, calculated by ﬁtting each RCs by a pseudo-Voigt function, analogously to what is shown in Fig. 3. The average mosaicity is
2.00° for both samples A and B, and clearly smaller for samples C and
D, respectively 1.54° and 1.58°. The homogeneity of the samples C and
D is also visible from the much smaller standard deviation over the RCs:
it varies from the 0.2° of sample B to only the 0.05° of sample C.
To assess the epitaxial growth of BTO ﬁlms onto the STO-buﬀered Si
substrate, HRXRD analyses in edge-geometry were performed on sample D. Unfortunately, this geometry is associated with a large divergence

A. Borzì, S. Dolabella, W. Szmyt et al.

Materialia 14 (2020) 100953

Fig. 5. XY mapping of the BTO(200) reﬂection intensity in 𝜔-2𝜃 scans over the entire 1 × 1 cm2 samples. They were obtained by collecting scans along the X
direction, at diﬀerent positions in the Y-axis.

of the primary beam in the scattering plane, causing the broadening of
the peaks. As a reference, the rocking curve of the Si(220) reﬂection
from the substrate was measured with a width equal to 0.80°. Since the
theoretical value for this peak is much smaller, we assumed all broadening is due to instrumental eﬀects. In this light, we considered 0.80° as
the maximum precision associated with our measurements in the edge
geometry.
Even if we estimated the c lattice parameters of the tetragonal cell
from the 2𝜃-position of the BTO(002) reﬂection and the mosaicity from
the width of the RCs, it is necessary to be cautious about these values
because of the instrumental broadening eﬀects.
In Fig. 6(a) and (b), at Φ = 0° the and BTO(001) and (002) reﬂections
are visible respectively at 20.95° and 43.86°, together with the Si(022)
from the substrate. As expected from the geometry of the tetragonal
ﬁlm and cubic substrate, for a rotation of 45° around the Φ-angle, the
BTO(011) and (022) reﬂections, respectively at 30.35° and 64.44°, are
accompanied by the Si(400) one. The presence of this Si(400) reﬂection,
with low intensity, also in the pattern collected at Φ=0° can be explained
with the roughness of the edges of the sample, which are not polished.
According to the measured BTO(002) Bragg angle, the c parameter of
the tetragonal BTO lattice was determined equal to 4.13 Å, however
with a standard uncertainty of ±0.07 ∀ due to the instrumental broadening. The in-plane strain cannot be determined accurately from the
experimental data because of the large standard uncertainty associated
with the measurements in edge-geometry. Nevertheless, the epitaxial
relationship between the BaTiO3 ﬁlm and the STO-buﬀered-Si substrate
were determined: in the out-of-plane direction, BaTiO3 (100) || Si(001),
while in-plane BaTiO3 (001) || Si(220) and BaTiO3 (022) || Si(400).

The spread of the twist of the ﬁlm was measured from the mosaicity of the BTO(002) and (022) rocking curves, respectively showed in
Fig. 7(a) and (b); they were ﬁtted by a pseudo-Voigt function and the
width resulted in 1.80° for both the reﬂections, thus larger than the instrumental broadening. An interesting observation can be done here:
the twist-mosaicity of the two plane families is the same representing
an additional proof of the epitaxial growth of the BTO ﬁlm.
4.1. Analysis of crystalline domains size, strain gradient, and dislocation
densities
One aim of this work is to verify the applicability of the W–H
plot method for our BTO ﬁlms. In fact, this method is commonly used
for polycrystalline materials and seemed to be unsuitable for epitaxial
BTO/STO multilayered structures [29]. Here, the W–H plot was performed in sample C to determine the tilt mosaicity. For performing this
analysis the BTO(100), (200), and (300) RCs were measured at the same
positions were the analyses to extract the mosaicity value reported in
Table 2 were collected. According to what discussed in Section 2, the
plot of 𝛽𝑇 ∗ sin𝜆 𝜃 vs sin𝜆 𝜃 for higher-order (k00) reﬂections is ﬁtted by a
straight line, if the conditions of applicability of the W–H plot method
are fulﬁlled. The average mosaicity is then extracted from the slope of
the linear ﬁt. Fig. 8 shows the W–H plot for three higher-order (k00)
BTO RCs of sample C. The behavior is highly linear, and the slope is
determined being 1.54°, a value equal to the one calculated from the
RCs statistic and reported in Table 2 (1.54° ± 0.05°).
The total agreement between the tilt-mosaicity calculated by the
(200) RCs and the Williamson–Hall plot method translates into two ob-
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Fig. 6. Analysis of the texture in-plane of the sample D; (a) 𝜔-2𝜃 patterns at Φ = 0° and Φ = 45°; (b) 𝜔-2𝜃/Φ map.

Fig. 7. RCs of the BTO(002) (a) and BTO(022) (b) in-plane reﬂections. The grey lines represent the experimental data. The red lines represent the ﬁtting by a
pseudo-Voigt function.

Table 3
Vertical coherence lengths are calculated employing diﬀerent methods.
Vertical coherence length (nm)

Fig. 8. Williamson–Hall plot of the angular scans for the BTO(100), (200), and
(300) reﬂections of sample C. Each point is the average value over ten RCs
collected. The red line represents the linear ﬁt.

Sample

Scherrer

Mod. Scherrer

W–H plot

A
B
C
D

37.3
35.7
39.0
31.8

35.6
33.4
36.8
29.9

29.5
28.3
36.5
25.7

servations: (i) the BTO(200) tilt represents a reliable ﬁgure of merit for
the mosaicity of the crystalline blocks; (ii) the Williamson–Hall method,
commonly used on polycrystalline ﬁlms, applies to these epitaxial BTO
thin ﬁlms.
The size of the crystalline domains in the out-of-plane direction was
determined by three methods: the Scherrer formula (Eq. (1)), the modiﬁed Scherrer formula (Eq. (2)), and the Williamson–Hall plot method
of radial scans. In Table 3 the vertical coherence lengths calculated by
these methods are compared.
The values extracted using three diﬀerent methods are in good
agreement with each other. In particular, the simpler Scherrer formula
slightly overestimates the size of crystalline domains because it in-
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Table 4
Strain gradient in BTO ﬁlms calculated using the Williamson–Hall
method.
Sample

Strain gradient (±0.0001)

A
B
C
D

0.0005
0.0004
−0.0001
0.0003

Fig. 9. The density of screw dislocations calculated for each sample, according
to Eq. (8) from the mosaicity values reported in Table 2.

cludes both the broadening eﬀects due to the ﬁnite size of crystallites
and strain. Additionally, it takes into account only one reﬂection, the
BTO(200). The modiﬁed Scherrer method slightly corrects this overestimation because it exploits a least square regression over three reﬂections. However, it still includes the broadening due to the strain ﬁeld.
Once we proved the suitability for our BTO epitaxial ﬁlms, and according to Eq. (4), the Williamson–Hall plot of higher-order reﬂections in
radial scans allows separating the eﬀect of the strain gradient from the
coherence length on the total broadening of the XRD peak. Accordingly,
it seems to represent the most accurate method for determining the crystalline domain size. Whichever method is used, the ﬂux ratio of Ba:Ti
precursors does not seem to impact the size of the crystalline domains;
samples C and D, deposited at a similar ﬂux ratio, display respectively
the largest and the smallest crystalline domain dimensions.
Strain gradient values have been calculated for all samples according
to Eq. (4) and are reported in Table 4.
The thin ﬁlm samples A, B, and D show a positive strain gradient in
the out-of-plane direction (along the a-crystalline direction). The BTO
ﬁlm in sample C is unstrained along the same crystalline direction.
Finally, we approached the quantitative determination of the dislocations densities. According to Eq. (8), the tilt-mosaicity of crystalline
blocks is related to the concentration of linear defects in the crystal,
screw dislocations. As the measure of the mosaicity for each sample, we
used the values reported in Table 2. The screw-dislocation densities are
shown in Fig. 9. For samples A and B the density of screw dislocations
was determined equal to 1.7 × 109 cm−2 , while both samples C and D
show a smaller defects density around 1.0 × 109 cm−2 .
5. Conclusions
In this work, HRXRD methods were used to evaluate the impact of
the deposition conditions on the microstructure of epitaxial BaTiO3 thin
ﬁlms on SrTiO3 -buﬀered Si substrates. Furthermore, our work proved
the applicability of the Scherrer equation, modiﬁed Scherrer equations
and the Williamson–Hall plot analysis to epitaxial BTO ﬁlms.

Related to the investigated BTO layer systems, the chosen parameter matrix for the HVCVD deposition and our ﬁndings concerning the
respective thin-ﬁlm microstructures, the Ba(i Pr3 Cp)2 :TTIP ﬂux ratio as
the most inﬂuencing parameter and with a value around 0.80 (samples
C and D) guarantees the highest crystalline quality of epitaxial BaTiO3
thin ﬁlms on STO-buﬀered Si substrates.
All ﬁlms are highly textured and a-oriented in the out-of-plane direction, but the crystalline quality in terms of mosaicity and topographic
homogeneity of the tilt proved sensitive to the organic precursors ﬂux
ratio. Once the best deposition parameters have been identiﬁed, the microstructure of ﬁlm deposited at this optimized conditions was also investigated in-plane. The investigated samples proved highly textured
and oriented along with the b and c crystalline directions, thus we assessed the BTO ﬁlm epitaxial growth.
We applied the Williamson–Hall plot method to determine the tilt
mosaicity of the BTO crystalline blocks, and this was compared to the
average value of the RCs. An excellent agreement between these two calculations of the tilt mosaicity was found. Accordingly, the applicability
of the W–H plot method (commonly used for polycrystalline materials)
to these epitaxial ﬁlms was proved.
The size of the crystalline domains that scatter X-rays coherently
was determined by applying three diﬀerent methods: the widely used
Scherrer formula, a modiﬁed Scherrer formula and the Williamson–Hall
plot method. The latter revised the overestimated domain size calculated
by the classical Scherrer formula, allowing the separation of the diﬀerent
contributions to the Bragg peak broadening. The precursor ﬂux ratio
does not seem to inﬂuence the size of the crystalline domains.
The Williamson–Hall method applied to the radial scans also allowed
to calculate the inhomogeneous strain gradient in the out-of-plane direction.
The density of screw dislocations, proportional to the ﬁlm mosaicity,
was calculated. The optimization of the precursors ﬂux ratios allowed to
reduce the density of linear defects in BTO thin ﬁlms around 60% with
respect to samples deposited at lower or higher ﬂux ratios.
The here applied methods (Scherrer, Williamson), generally known
and applied for poly-crystalline thin ﬁlms, have proven to be valid also
for the determination of important structural parameters of epitaxial
ﬁlms. Consequently, our outcome could serve as a reference to the crystallographic community.
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