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ABSTRACT

In this work, we show the epitaxial growth of (111)-oriented EuTiO; thin films on (001)-oriented silicon with an in situ grown
yttria-stabilized zirconia (YSZ) buffer layer by pulsed laser deposition. X-ray diffraction measurements revealed a homogeneously
strained EuTiOj; thin film with a strain dependency on the laser fluence during the film growth. From magnetization vs temperature
measurements, we confirmed that the strained EuTiO; films have an antiferromagnetic to ferromagnetic transition at 3.7 K, which dis-
appeared for unstrained films. Furthermore, we used electron backscatter diffraction to analyze the columnar growth of EuTiO; on

YSZ, which showed four in-plane orientations.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0092582

I. INTRODUCTION

The perovskite-type EuTiO3; (ETO) is a well-known G-type
antiferromagnetic material below a Neél temperature of Ty =5.3K.'
It shows a variety of fascinating physical properties like a giant spin-
lattice coupling,” a crossover from negative to positive magnetostric-
tion,” an anomalous Hall effect,’ a magnetocaloric effect,”® and a
magnetodielectric effect.””” ETO has also drawn much attention as a
potential thermoelectric oxide material due to its n-type semicon-
ducting behavior in combination with a large Seebeck coefficient
and considerably high electrical conductivity.”'® The mechanical
strain was found to play an important role in many of these proper-
ties, especially in the observation of a ferromagnetic transition at low
temperatures in strained ETO thin films grown with pulsed laser
deposition (PLD).''™"* Research was mainly done on polycrystalline
samples and epitaxial thin films on SrTiO; (STO) or LaAlOs
(LAO),"""™"” whereby STO prevents a thermoelectrical characteriza-
tion of the grown ETO layer due to an increase in the electrical con-
ductivity of STO originating from oxygen vacancies, generated by
reducing ETO growth conditions.'™"” LAO shows a structural
phase transition from rhombohedral to the cubic perovskite-type
structure around 534 °C,”>*' resulting in a potential problem for the
LAO-ETO interface due to increased strain.

In this work, we present the epitaxial growth of ETO on
(001)-Si substrates with a yttria-stabilized zirconia (YSZ) buffer
layer. This allows the integration of the functional material ETO
into silicon technology, and the electrically insulating YSZ
buffer layer enables an electrical decoupling of the ETO layer
from the substrate. This might, for example, allow the construc-
tion of a high-temperature oxide thin film-based thermoelectric
generator (TEG) together with p-type Ca3Co,Oo, which was
already proven to grow on YSZ’’ epitaxially. We focus in this
work on the expansion of the ETO unit cell depending on the
laser fluence, as already observed in the growth of ETO on
STO,"® and the columnar growth mechanism of ETO on YSZ in
the (111) direction.

Il. EXPERIMENTAL

YSZ/ETO heterostructures were grown epitaxially on (001)-Si
substrates by pulsed laser deposition (PLD). The YSZ target was a
commercially available sintered target with the composition (Y203 )0.09
(ZrO3)0.91- The ETO-target was a single-phase EuTiOs_,-target
synthesized by a solid-state reaction using high purity (99.99%)
Eu,03 and (99.99%) TiO,. The two educts were stoichiometri-
cally mixed and sintered at 1100°C for 2h in a reducing
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FIG. 1. XRD ©-20 scan of an ETO film grown on YSZ/Si with a laser fluence
of 1.5 to 11 J cmy and a substrate temperature of 830 °C. * is the Cu K reflection
of (002)ysz. ** is the forbidden (002)s; reflection.

atmosphere (10% H,, 90% Ar). The product was ball milled and
sintered again under the same conditions. This procedure was
repeated until the powder diffractogram showed a single-phase
EuTiOs diffraction pattern. After the final calcination step, the
powder was ball milled again, pressed in a cylindrical form with
a diameter of 20 mm, and sintered a last time, leading to a high-
density black target disk.

The PLD chamber is equipped with multiple targets on a
holder that can move the selected target into the laser focus spot
to enable in situ heteroepitaxial layer growth. During ablation,
the target rotates for efficient and homogeneous use of the target
area. The distance between the target and the substrate was
50 mm. The PLD chamber was evacuated to a base pressure of
3% 10°° mbar and the (001)-Si substrate heated up to a tempera-
ture of 830 °C. The growth of YSZ on (001)-Si has been opti-
mized in previous works and can be found in the literature.”**
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The YSZ layer has a thickness of 100 nm for all samples. To
avoid the formation of Eu*" during the ETO growth, the oxygen
flow was stopped after the YSZ growth leading to a pressure of
8 x 10° mbar.

The target materials were ablated with a KrF excimer laser
with a wavelength of 248 nm (COMPex 205 F from Coherent). To
assure homogeneous irradiation of the target material, the laser
beam is directed through a focusing lens, a rectangular aperture,
and an imaging lens, creating a focused image of the aperture on
the target surface.

For the YSZ layer, a laser fluence of 3.5J cm™ and a pulse
repetition rate of 3 Hz were used, the laser fluence for the ETO
layer growth was varied between 1.5 and 11Jcm > by a fixed
laser pulse repetition rate of 2 Hz. The laser fluence was calcu-
lated by measuring the laser energy inside the deposition
chamber and the dimensions of the well-defined rectangular spot
on the target. X-ray diffraction (XRD) measurements were per-
formed with a Seifert 3003 PTS equipped with a Cu-tube, and
atomic force microscopy (AFM) images were taken with a Bruker
Dimension Icon. A superconducting quantum interference device
(SQUID) from Quantum Design was used to determine the mag-
netic film properties.

Scanning electron microscopy (SEM) and electron backscat-
ter diffraction (EBSD) imaging were carried out to elucidate the
crystallinity and crystal orientation of the ETO layer. They were
taken with a Zeiss Merlin electron microscope equipped with a
Gemini 2 electron gun and an EBSD system from Oxford
NordlysNano. The multilayer system was characterized by scan-
ning transmission electron microscopy (STEM) with a Jeol
NEOARM F200. The cross-sectional sample preparation for the
STEM analysis was done by cutting and gluing the sample
face-to-face into a brass ring, followed by dimple-grinding and
finished by Ar*-ion milling.

lll. RESULTS AND DISCUSSION

Figure 1 shows the ©-20 diffractogram of a 200 nm thick
ETO layer on YSZ/Si. The ETO layer shows a pronounced peak
at 20 =39.56°, which is shifted by §=0.4° with respect to the
(111)gro diffraction peak position calculated from the bulk lattice

14.0 nm
12.0
10.0
8.0

6.0

4.0

0.0

FIG. 2. AFM-scan of the 200 nm thick ETO layer on YSZ/Si from Fig. 1 with some 60°-angles marked in (b).
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FIG. 3. XRD ©-26 scan of ETO films grown on YSZ/SI with different laser
energy fluences.

parameter of 0.3905 nm” of ETO. Also visible is the (002)ys
reflection, and the corresponding Cu Kg-peak of this reflection is
marked with *. The sharp peak at 20 =32.98° marked with ** is
the forbidden (002)s; peak.”® To analyze the ETO surface morphol-
ogy, an AFM-image of the 200 nm thick ETO layer from Fig. 1 was
taken, as shown in Fig. 2(a). The image shows a granular surface
topography with a surface roughness of Rgpygs=1.74nm. The
majority of the grains have a pyramidal form and triangular base
area shape due to (111)gro layer orientation, which is marked with
60°-angles in Fig. 2(b).

For a more detailed understanding of the shift of the (111)gro
diffraction peak in Fig. 1, six samples were grown in which the
laser fluence was increased from sample to sample from 1.5] cm™
to 11Jcm™ during ETO layer preparation. The number of pulses
per ETO layer was reduced with increasing laser fluence. All other
growth parameters were maintained fixed. Figure 3 shows high res-
olution ©®-20-scans around the diffraction angles of the (111)gro-
and (101)gro diffraction peaks. The absence of (101)gro diffraction

a 4.b
“J @:

FIG. 4. Scheme of the (111) and (101) direction with respect to the (111)
direction in a EuTiO3 unit cell.
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FIG. 5. XRD ©-20 scan of the ETO layer from Fig. 1 tilted by 54.74° (top)
and 35.26° (bottom) along y.

peaks proves that an entirely (111)-oriented layer of ETO was
grown on YSZ.

Analogous to the growth of ETO on STO,'>'” ETO shows a
similar out-of-plane lattice constant expansion with increasing laser
fluence. The out of plane lattice constant increased from the bulk
value of 0.3905nm at 1.5 and 3Jcm™ to 0.3946 nm at 11Jcm™>
The variation in the diffraction peak intensity is caused by a
decrease in the film thickness with decreasing laser fluence. To
exclude a correlation between the ETO layer thickness and the
lattice expansion, we further grew a series of samples with varying
thicknesses at a constant fluence, showing no dependency of the
shift with the layer thickness. To further analyze the deformation of
the unit cell, we measured ©-20-scans of the (100)gro and
(101)gro planes of the ETO layer shown in Fig. 1. This was achieved
by aligning the samples along the (002)s; reflection and tilting the
sample by 54.74° along the y-axis for the (100)gro plane and 35.26°
along y for the (101)gro plane (see Fig. 4). The ©-20-scans are
shown in Fig. 5. Analogous to the (111)gro plane, both orientations
show shifted peaks. Since both the (100)gro and (101)gro planes
carry information about the in-plane lattice, the shifted peaks lead
to the assumption of an isotropic expanded unit cell and to an alter-
ing of unit cell volume, which is in contrast to the uni-axial strain
found along the c-axis in the growth of ETO on STO in (001) direc-
tion."” The measurements of the (100) and (101) plane for the
ETO-layers grown with 1.5 and 3Jcm™ showed no shift of the
peak from the peak position of the bulk value. The resulting strain

TABLE |. Lattice plane, peak position, lattice parameter, and strain calculated from
the ©-20-scans of the (111), (101), and (100) orientations.

(hkl) 20 (°) a (A) Strain (%)
(111) 39.56 3.944 0.97
(101) 32.04 3.949 1.10
(100) 2244 3.960 1.38
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FIG. 6. Temperature dependence of the magnetic moment with varying laser

energy fluences under field cooling conditions for the ETO-films.
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FIG. 7. XRD ¢-scan of the (100)gro-reflection in Fig. 5.
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FIG. 8. (a) SEM image of the ETO
layer surface revealing a slightly granu-
lar surface, (b) in-plane
crystal-orientation measured by the
in-plane Euler angular ¢ with bandcon-
trast in the background. The color-code
is generated by assigning each crystal
orientation a color. (c) Pole figure cal-
culated from the EBSD-mapping and
color code of the orientation from (b).
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calculated in all three directions based on the XRD measurements is
summarized in Table L. It was theoretically calculated by Craig and
Rabe”” and later on shown by several groups,' '™ that
growth-related strain in epitaxial ETO-films show an antiferromag-
netic to ferromagnetic transition below 4 K. We used this antiferro-
magnetic to ferromagnetic transition to further show the correlation
between strain in the ETO films and the laser fluence. Figure 6
shows the temperature dependence of the magnetic moment for the
sequence of samples grown with increasing laser fluences as shown
in Fig. 3. All measurements were done under field cooling condi-
tions with a magnetic field of 10 mT. The ETO-layer grown with
1.5Jcm™ shows a vanishingly small magnetic moment, which
would be expected from a non-strained and, therefore, antiferro-
magnetic ETO-layer. The ETO-layer grown with 3 Jcm™ shows a
gradual increase in the magnetic moment below 4 K. Significant
changes are visible in the ETO-layers with 5Jcm™ and higher.
Visual is here the antiferromagnetic to ferromagnetic transition
around 3.7 K.

We further analyzed the in-plane orientation of the growth of
ETO on YSZ/Si measuring the (100)gro-reflection along the ¢ axis.
The resulting ¢-scan is shown in Fig. 7. The measurement shows a
12-fold symmetry around the (111)-axis with an equidistant peak
distance of A¢ = 30°. The enveloping curve on the peaks shows a
slight oscillation which could be the result of a non-uniform distri-
bution of ETO in-plane orientations. The 12-fold symmetry indi-
cates four in-plane orientations rotated by 30°, respectively.

To analyze the epitaxial relationship between YSZ and ETO, we
used SEM combined with an EBSD detector. The resulting measure-
ment is shown in Figs. 8(a) and 8(b). The SEM image in Fig. 8(a)
reveals a uniform textured surface with a grain size of around 50 nm,
which is in agreement with grains observed in the AFM-scan in
Fig. 2. The EBSD mapping in Fig. 8(b) was generated by overlaying
the bandcontrast with the local orientation from the in-plane Euler
angles. Additionally, a pole figure was generated from the in-plane
Euler angles, as shown in Fig. 8(c), where the coloring is done accord-
ing to Fig. 8(b). The pole figure shows analogous to the ¢-scan in
Fig. 7, a 12-fold symmetry around the (111)gro-axis. The pole figure
and the EBSD-scan show a slightly preferred growth direction
(green). Due to the small scan area, this could not represent the
entire layer, although the oscillation of the enveloping curve in Fig. 7
also suggests a slightly preferred in-plane orientation of ETO. The
available data do not permit final judgment on this matter.

The EBSD-scan shows mainly areas with the size of 100-200 nm?
with the same orientation.

Figure 9 shows a high-resolution, unfiltered STEM image of a
cross section of the ETO layer. At the bottom, a few unit cells of
YSZ are visible. The brightness contrast in both layers originates
from the difference in the atomic number. It represents, therefore,
the location of Eu- in the upper layer and Zr-atoms in the bottom
layer. The sample was orientated along the (010)s;-axis. Due to the
sample preparation process and, especially, Ar*-ion milling, an
amorphized layer on the ETO-layer is formed, recognizable in the
top part of the image by a 10 nm thick granular layer. In the left
part of the image, equidistant layers are visible with a distance of
2.282 A, which corresponds to the (111) lattice plane distance of
ETO. On the right side, two single crystalline grains are visible in
which the corresponding crystal orientations could be determined.

ARTICLE scitation.org/journalljap

High-resolution STEM images with corresponding unit cell orien-
tations are shown in the insets above. The STEM analysis supports
the findings from the XRD and EBSD analyses of a growth of ETO
on YSZ in (111)-orientation with in-plane rotated grains. The anal-
ysis also shows that the four different orientations have no offset in
in-plane rotation concerning the YSZ layer. Together with the
results from the EBSD- and ¢-scan, the epitaxial relationship
between ETO and YSZ can be summarized in Fig. 10. All four ori-
entations have an equivalent lattice mismatch *2-%1% in both
directions of 6.53 % and —7.93 %. The lattice mismatch in Fig. 10
applies only for the unit cells where the lattice mismatch is marked
in gray. All neighboring unit cells increase the lattice mismatch
with increasing distance from this initial ETO unit cell. The lattice
mismatch leads to fast relaxation within a few unit cells in the
out-of-plane direction, as seen in the STEM image and XRD mea-
surements. In the in-plane direction, the mismatch is most likely

FIG. 9. STEM image of the ETO-layer and a few unit cells of YSZ at the
bottom. The insets show the magnified rectangular areas and the corresponding
crystal orientations with the overlayed unit cells of ETO and crystal axes with
miller indices.
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FIG. 10. Scheme of the unit cell arrangement of the EuO-sublattice and the YSZ-surface. The lattice mismatch is equivalent in all four arrangements. The gray shaded %
areas of the EuO-sublattice go into the plane of the drawing and the white areas out of the plane. =
FIG. 11. EBSD-scan of the sample surface of a 50 nm (a) and 100 nm (b) thick layer of ETO grown on YSZ. For both images, the local orientation from the in-plane Euler
angle was layed on top of the bandcontrast.
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the reason for the formation of grains in the ETO film. We further
analyzed ETO grain size dependency on the layer thickness. This
was achieved by comparing the EBSD-scans of three different ETO
layer thicknesses of 50, 100, and 200 nm. The EBSD-scans of 50 and
200 nm thick ETO layers are shown in Figs. 11(a) and 11(b). The
50 nm thick layer shows grain diameters of 10-50 nm and a rather
homogeneous distribution of different orientations. The EBSD-scan
in Fig. 11(b) with an ETO layer thickness of 100 nm shows much
bigger grain diameters of 50-100 nm and also no significantly pre-
ferred orientation. The EBSD-scan of the 200 nm thick ETO layer is
shown in Fig. 8(b), and it shows the largest grain diameters with
100-200 nm. This columnar growth with an increase in grain
surface with increasing columnar length can also be seen in the
STEM image as shown in Fig. 9.

IV. CONCLUSION

We have demonstrated the successful growth of ETO on a
(001)-orientated silicon substrate with a YSZ buffer layer by PLD.
ETO grows epitaxially on YSZ in the (111)-direction with a
12-fold in-plane rotational symmetry. We could identify the four
different in-plane orientations via EBSD-scans and show a colum-
nar growth of different orientations with an increase in the grain
surface with increasing columnar length. With XRD and SQUID
measurements, we could prove that it is possible to control a
homogeneous strain in ETO with the laser fluence during the
ablation process. In contrast to the uni-axial strain found along
the c-axis in the growth of ETO on STO in the (001) direction,”
ETO on YSZ shows an almost homogeneous strain along the
(111)-, (101)-, and (100)-axes.

The growth of ETO on silicon via PLD allows the integration
of the functional material ETO into silicon technology. It presents
a tool to control a homogeneous strain in the ETO layer and the
magnetic properties.
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