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Epitaxial integration of improper ferroelectric hexagonal YMnOj thin films in heterostructures

J. Nordlander ®,!"* M. D. Rossell®,2 M. Campanini 2 M. Fiebig ,Land M. Trassin®!-*
1Department of Materials, ETH Zurich, CH-8093 Zurich, Switzerland
2Electron Microscopy Center, Empa, CH-8600 Diibendorf, Switzerland

® (Received 23 June 2020; revised 12 October 2020; accepted 22 October 2020; published 7 December 2020)

‘We report on multiple fundamental qualitative improvements in the growth of improper ferroelectric hexagonal
YMnO; (YMO) thin films and heterostructures by pulsed laser deposition (PLD). By a combination of pre-
growth substrate annealing and low-energy-fluence PLD, we obtain a two-dimensional growth mode of the YMO
films on yttria-stabilized zirconia (YSZ) with ultralow roughness and devoid of misoriented nanocrystalline
inclusions. By inserting a hexagonal manganite buffer layer capped with conducting indium-tin oxide between
the substrate and the final film, the latter is grown in a fully lattice-relaxed mode and, thus, without any misfit
dislocations while maintaining the extraordinary flatness of the films grown directly on pre-annealed YSZ.
This provides a template for the fabrication of heterostructures based on hexagonal manganites as a promising
class of multiferroics with improper room-temperature ferroelectricity and the implementation of these into
technologically relevant epitaxial metal|ferroelectric-type multilayers.
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I. INTRODUCTION

Materials possessing coexisting ferroelectric and mag-
netic orders are interesting for their rich physics and the
great potential for novel technological applications resulting
from magnetoelectric cross-coupling effects. The hexagonal
rare-earth manganites, RMnO3; (RMO) with R = Sc, Y, In,
Dy-Lu, are textbook examples of such so-called multiferroic
compounds. Here, improper ferroelectricity emerges between
1250 and 1650 K [1,2] through its coupling to a nonferro-
electric lattice trimerization. A coexistence of this improper
ferroelectric state with antiferromagnetic Mn** order is seen
below temperatures between 65 and 130 K [3]. The hexagonal
manganites have been studied as bulk crystals and are particu-
larly famous for their characteristic, topologically protected
sixfold vortex trimerization-polarization domain configura-
tion [4,5], unconventional domain-wall conductance [6], and
coupling of ferroelectric and antiferromagnetic domains [7].
Hence, these materials can be the source of exotic ferroelectric
functionalities not found in conventional ferroelectrics. Ex-
ploiting such phenomena in applications, however, depends
on the implementability of RMO as single-crystal thin film
in epitaxial heterostructures. In the technologically relevant
ultrathin regime, it was shown that the epitaxial constraints
imposed by the substrate on YMO films can significantly alter
the structural distortions related to the primary lattice trimer-
ization, which in turn affects the emergence of the improper
electric polarization [8]. The main challenge in studying such
nanoscale effects and putting these films to use in devices
resides in the difficulty to find lattice-matching substrates and
suitable electrode materials promoting high-quality epitaxy of
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the hexagonal phase. So far, epitaxial hexagonal RMO films
have been realized on substrates including (111)-oriented
yttria-stabilized zirconia (YSZ), Si, Pt, MgO, and c-cut Al,O3
[9-17]. However, in many of these cases, the films exhibited a
tendency to form secondary crystalline phases or orientations.
Because the hexagonal manganites are uniaxial ferroelectrics
with polarization along the ¢ axis, strictly c-axis-oriented
films are required, in addition to precise control of layer
thickness at the nanoscale, for optimal implementation in
heterostructures for oxide-electronics applications.

Here, choosing YMO as model compound, we demonstrate
a route towards layer-by-layer growth of c-oriented, single-
crystal ultrathin hexagonal manganite films on (111)-oriented
YSZ, both with and without use of a conducting indium-tin-
oxide (ITO) buffer layer.

II. EXPERIMENTAL DETAILS

To grow our YMO films, we use pulsed laser deposi-
tion (PLD) with a 248-nm KrF excimer laser at a repetition
rate between 4 and 8 Hz. Laser fluences in the range of
0.7-1.6 J/cm? were set using a beam attenuator while keeping
the laser spot size constant. The samples are kept at 750—
800 °C in an oxygen partial pressure of 0.10-0.12 mbar.
The growth mode is monitored in situ using reflection high-
energy electron diffraction (RHEED). The topography of the
films is measured using atomic force microscopy (AFM) in
tapping mode (Bruker MultiMode 8). The crystalline struc-
ture of the films is characterized by x-ray diffraction (XRD)
using a Panalytical X’Pert> MRD four-circle diffractometer
and by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). Samples for STEM
analysis are prepared by means of a FEI Helios NanoLab 600i
focused-ion beam (FIB) instrument operated at accelerating
voltages of 30 and 5 kV. A FEI Titan Themis microscope with
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a probe CEOS DCOR spherical aberration corrector operated
at 300 kV is used for atomic-resolution HAADF-STEM data
acquisition. A probe semiconvergence angle of 18 mrad is
used in combination with an annular semidetection range of
the HAADF detector set to collect electrons scattered between
66 and 200 mrad. Geometric phase analysis of the HAADF-
STEM images is performed using the GPA tool contained in
the FRWRtools plugin [18] for Gatan Digital Micrograph.
The g(004)YMO and g(030)YMO peaks are used for anal-
ysis with a reference lattice set in the YSZ substrate and
the following parameters: resolution = 1.2 nm, smoothing =
5.0. We finally probe the improper ferroelectric polarization
of the YMO films using optical second harmonic generation
(SHG). A pulsed Ti:Sapphire laser at 800 nm with a pulse
duration of 45 fs and repetition rate of 1 kHz is converted
using an optical parametric amplifier to a probe wavelength
of 860 nm. This probe beam is incident on the sample with
a pulse energy of 20 uJ on a spot size 250 um in diameter.
The frequency-doubled light is subsequently detected using a
monochromator set to 430 nm and a photomultiplier system.

III. RESULTS

We first optimize the YMO growth parameters on as-
received, commercial (111)-oriented YSZ substrates (CrysTec
GmbH). We use a stoichiometric ceramic target for laser abla-
tion where the substrate is kept at 750 °C in an oxygen partial
pressure of 0.1 mbar. While the (111)-oriented cubic lattice
has a hexagonal surface symmetry, perfect matching with the
(001)-oriented hexagonal lattice of the manganites remains
challenging. For example, the presence of nanoinclusions of
the hexagonal phase with a misoriented c axis due to multiple
options for lattice matching on the YSZ substrate has been
reported [19,20]. Such nanoinclusions are also observed in
some of the earlier films in this work, see Fig. 1(a). Given the
correlation between such misoriented grains inside the films
and the presence of nanocrystals on the thin-film surface (see
Fig. 1(a) and 1(b) and Fig. S1 in the Supplemental Material
[21]), we thus start our investigation by tracking their density
as a function of the deposition conditions using AFM. The
surface topography of 30-nm YMO films grown at different
laser fluences is shown in Figs. 1(b)-1(d). We find that a high
laser fluence results in a rough surface with a high density
of misoriented nanocrystals that increases with film thickness
(see Fig. S2 [21]). As the fluence is decreased, less nanocrys-
tals are observed and below 1 J/cm? per pulse they are hardly
detected anymore. In this state, we also find a smooth surface
with a roughness of 0.34 nm, which therefore is likely to be
correlated to the reduction in the density of misoriented grains
inside the films. Note that the grain density appeared to be
independent of the growth rate.

In order to improve the smoothness and single crystallinity
of the films further, we investigate the influence of the sub-
strate surface topography on the YMO film growth. Even
though the as-received YSZ substrates already have a low
roughness of 0.16 nm, further improvement of the surface
quality may facilitate island nucleation for a layer-by-layer
growth mode [22]. While partial surface reconstruction does
occur in situ while heating the substrate to the thin-film growth
temperature (see Fig. S3 [21]), we ensure full surface recon-

vez

FIG. 1. (a) HAADF-STEM image of a YMO thin film showing
the presence of a misoriented grain, outlined in yellow. (b)—-(d) AFM
topography scans of YMO films that were grown on as-received YSZ
substrates at different laser fluences. The corresponding growth rates
are (b) 2.7, (c) 1.1 and (d) 0.6 nm/min. The films in (b)—(d) have a
thickness of 30 &£ 3 nm, where the scan in (b) is acquired on the same
sample as in (a). The scale bars in (b)—(d) are 200 nm.

struction by annealing the substrates ex sifu in air at 1250 °C
for 12 hours [23] before deposition. As seen in Fig. 2, this
annealing step significantly improves the surface morphology
of the YSZ substrates. Specifically, it results in the formation
of terraces with the step height of about 0.3 nm, corresponding
to the distance between the (111) lattice planes in YSZ.
Applying the same growth protocol as with the as-received
substrates, we use RHEED monitoring to assess the growth
mode for the deposition of YMO on the annealed YSZ
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FIG. 2. AFM topography scans of an YSZ substrate in as-
received condition (a) and (b) after subjecting it to thermal annealing.
The scanned area is 1 um?. Line scans at the locations of the white
lines are shown in (c) and (d), respectively. After annealing, the
substrate exhibits a strikingly improved surface quality with steps
of a height of about 0.3 nm, corresponding to the distance between
the (111) crystallographic planes.
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FIG. 3. (a) RHEED intensity during YMO growth. The layer-by-
layer-type growth mode is seen by the intensity oscillations, where
each period corresponds to half a unit cell at a growth rate of 0.9
nm/min. The large initial intensity drop is attributed to the initial
increase in surface roughness for the YMO film compared to the
ultraflat, single-crystal substrate. The subsequent increase in inten-
sity indicates the gradual recovery of a smoother surface. (b) AFM
topography scan of a 20-nm YMO film. (c) /26 XRD scan showing
hexagonal (00/) peaks only. (d) High-resolution 6/26 scan around
YSZ(111) and YMO(004). Laue oscillations around the film peak
confirm the exceptional smoothness of the interfaces. (e) Rocking
curve of YMO(004) with a narrow FWHM of 0.05°, further indi-
cating a highly oriented YMO film. The corresponding FWHM of
YSZ(111) is 0.009°.

substrates. The RHEED intensity oscillations in Fig. 3(a)
indicate a layer-by-layer type growth mode, which has re-
mained elusive in earlier work on YMO epitaxy by PLD.
Film-thickness calibration by post-deposition x-ray reflec-
tivity measurements reveals that each deposited monolayer
is half a unit cell in height. Hence, in this growth mode,
we achieve thickness control with sub-unit-cell precision.
Most strikingly, the surface of the YMO films grown on the
annealed YSZ substrates, in contrast to those grown on as-
received substrates, preserves the steplike morphology of the
substrate and thus exhibits an ultralow roughness of less than
0.3 nm (see Fig. 3(b) and Fig. S4 [21]). Furthermore, x-ray

TABLE 1. Bulk lattice parameters of the substrates (S) with rela-
tion to the YMO lattice for (001)ymo|[(111)s and (120)ymol|(110)s.
The equivalent hexagonal lattice parameters of YMO for both sub-
strates are given as well as the corresponding lattice mismatch.

Param. Cubic a (A) Hex. a (A) Lattice mismatch (%)
YMO 6.14

YSZ 5.12 6.27 +2.1

In, O3 10.117 6.20 +0.98

0/26 scans reveal a c-oriented YMO film with no trace of
secondary phases or orientations [Fig. 3(c)]. The high quality
of the film is further confirmed through XRD characteriza-
tion. The visibility of thickness (Laue) oscillations around the
YMO film peaks indicates sharp interfaces and the narrow
rocking curve with a full width at half maximum (FWHM)
of 0.05° points to a low mosaicity, see Figs. 3(d) and 3(e).

Having optimized the growth of ultrathin YMO films di-
rectly on YSZ, we now move on to identify a bottom-electrode
material that allows us to preserve the excellent epitaxy and
the layer-by-layer growth mode of the YMO. Here we propose
Sn-doped In, 03, ITO (using In,O3 doped with 10 wt% SnO,
as target), as the material of choice. As seen in Table I, the
bulk lattice constant of ITO, here taken as that of In,O3, lies
close to that of YMO, with a lattice mismatch of less than 1%,
suggesting enhanced compatibility with the YMO lattice. As
described in Ref. [8], the YMO films grown directly on YSZ
are not strained to the substrate but rather adopt bulklike in-
plane lattice parameters by forming misfit dislocations at the
YSZ interface. Remarkably, despite these local lattice defects,
our YMO films maintain a smooth surface. This opens up
a strategy towards obtaining YMO films of a fundamentally
improved epitaxial quality. The strategy is as follows. We first
grow an ultrathin rare-earth hexagonal manganite buffer layer
on top of the YSZ. The purpose of this RMO layer, which is
not limited to R=Y, is to accommodate to the intrinsic lattice
constants of the hexagonal manganites through the develop-
ment of misfit dislocations but keep the surface flatness of the
substrate. On top of this RMO buffer layer, we deposit the ITO
with a threefold purpose. First, with its small lattice mismatch
to the RMO compounds, it can adapt to the lattice constant
and the surface flatness of the RMO layer below. Second, it
poses a barrier against propagation of the misfit dislocations
from the RMO buffer layer into the final YMO layer grown
on top. Third, with its high conductivity, it acts as bottom
electrode of an YMO heterostructure. With this strategy, the
final YMO layer, deposited on top of ITO, will grow with full
lattice relaxation and, most importantly, without misfit dislo-
cations. We will hence complete our YMOI|ITO|RMO||YSZ
heterostructure with a YMO layer of expected drastically
improved quality. At the same time, we note that the option
to choose the RMO compound acting as buffer layer from
the series of hexagonal manganites with slightly differing
in-plane lattice constants [3] further presents an opportunity
to introduce a controlled, moderate lattice strain into the final
YMO layer.

For verifying the proposed growth strategy, we grow the
ITO films at a substrate temperature of 800 °C and at a
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FIG. 4. (a) RHEED oscillations during growth of a 30-nm ITO
bottom electrode on a RMO (R=Tb) buffer layer indicate a layer-
by-layer growth mode where an initial increase in surface roughness,
leading to a drop in RHEED intensity, is recovered within the de-
position of the first few unit cells. The growth rate is 3 nm/min. A
schematic of the layer stack is shown as inset. (b) AFM topography
scan of the ITO film in (a). The cross section reveals a topography
with step heights corresponding to the distance between the (222)
planes. (c) RHEED oscillations during growth of an 11-nm YMO
film on ITO at a growth rate of 0.5 nm/min, indicating the preserva-
tion of the layer-by-layer growth mode. The overall intensity increase
can be attributed to an overall difference in surface morphology of
the YMO film compared to the underlying ITO layer. A schematic
of the layer stack is shown in the inset, here with R=In. (d) AFM
topography scan of the YMO film in (c). (e) High-resolution 6 /26
scan of reveals Laue oscillations around the ITO(222) reflection. (f)
Reciprocal space mapping of the YMO(308) reflection in the vicinity
of the YSZ and ITO peaks. ITO and YMO adopt the same in-plane
lattice parameter, yet relaxed against the YSZ substrate.

laser energy fluence of 0.7 J/cm? per pulse with an oxygen
partial pressure of 0.12 mbar. We find that ITO films grown
on top of an ultrathin (< 2 unit cells) RMO buffer layer on
the YSZ(111) substrate exhibit a 2D growth mode [Fig. 4(a)]
and indeed adopt to the lattice constant of the RMO buffer
layer (here, equivalent results were obtained for R = Y, Tb,
In). In this case, no strain relaxation is seen with increasing
ITO thickness and ultraflat, (111)-oriented ITO films were
obtained up to a thickness of at least 50 nm (see Fig. 4(b)

h-YMnO,

+30%

-30%

FIG. 5. (a) HAADF-STEM image along the [100] zone axis of
an 11-nm YMO thin film on RMO-buffered In,Os, here with R = In.
Corrugation of the Y plane characteristic of the lattice trimerization
driving the ferroelectric order is seen in at high magnification (inset).
(b) In-plane strain map by geometric phase analysis of the image in
(a). Misfit dislocations are only seen in the buffer layer, such that
the lattices of the ITO layer, here shown for isostructural In,Os3, and
the top YMO layer are decoupled from the YSZ substrate, yet both
are lattice matched to the buffer layer, in agreement with the XRD
analysis [Fig. 4(f)].

and Fig. S5 [21]). We note that the route presented above
to achieve ultraflat ITO films that are lattice matched to
the hexagonal manganites may also find its application in
achieving improved surface quality of epitaxial ITO-based
transparent electrodes in general [24,25].

As the next step, we find that our YMO films grown on
top of this ITO conducting layer, still at 800 °C and an
oxygen partial pressure of 0.12 mbar, retain a similar layer-
by-layer growth mode and low surface roughness as on YSZ
[Figs. 4(c)-4(e)]. Thus, growth of highly oriented hexagonal
YMO with smooth interfaces is obtained also in the case
of an RMO-buffered ITO film as growth template. Indeed,
x-ray reciprocal space mapping around the YMO(308) reflec-
tion confirms the epitaxial relationship in the trilayer system
[Fig. 4(f)]. In contrast to ITO-based heterostructures grown
without the RMO buffer layer (Fig. S6 [21]), we find that our
growth strategy yields thin-film layers that all have matching
in-plane lattices, yet relaxed against the YSZ substrate.

We further confirm this structural quality by HAADF-
STEM imaging (see Fig. 5). We find sharp interfaces between
the constituent layers, where, indeed, misfit dislocations me-
diating the lattice mismatch between YSZ and RMO are
confined to the buffer layer. In contrast, such discontinu-
ities of in-plane lattice parameters are not seen at the top
interface between ITO and YMO, where both layers retain
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the lattice parameter of the buffer layer without signatures
of thickness-dependent strain relaxation. In addition to this
structural quality, the characteristic ferroelectric trimeriza-
tion of the hexagonal manganites is seen in the film as an
up-up-down displacement pattern of Y atoms along the ¢
axis [see inset in Fig. 5(a)]. We hence note that our growth
strategy not only leads to YMO film of significantly im-
proved crystalline quality; the demonstration of mutual lattice
matching between ferroelectric YMO and conducting ITO
films furthermore presents a route to construct coherently
strained (metal|improper ferroelectric)-type multilayers com-
bining hexagonal and cubic thin-film oxides.

Finally, we probe the improper ferroelectric polarization
in the epitaxial YMO thin films by laser-optical SHG in
reflection, see Fig. 6. SHG denotes a frequency doubling
of light which is especially sensitive to inversion-symmetry
breaking in a material, thus relating the SHG signal directly to
the presence and magnitude of the spontaneous polarization
as ferroelectric order parameter [26-28]. In particular, the
light-polarization dependence of the SHG response is dictated
by the point-group symmetry of the material, which for the
ferroelectric phase of YMO is 6mm. The emission of SHG
light from the YMO thin films indicates that, indeed, these
films exhibit a macroscopic polarization. Polarimetry of the
SHG signal, shown in Figs. 6(b)-6(d), shows that while films
with a high density of misoriented grains exhibit a reduced
SHG symmetry [19], the SHG response of the optimized
films is compatible with the expected 6mm point group and
further confirms an out-of-plane-oriented polarization in the
film [here corresponding to the contribution emitted under
£90° in Fig. 6(c)]. Note that the SHG polarimetry signal
of the optimized film is identical to that of a bulk YMO
crystal [Fig. 6(d)]. We further compare the total SHG yield
obtained on YMO films grown under different conditions in
Figs. 6(e) and 6(f). Evidently, the improved crystalline quality
of the YMO films at optimal growth conditions also leads
to a larger SHG intensity in general, both for films grown
directly on YSZ and for films grown on RMO-buffered ITO.
This confirms the crucial role of a well-defined epitaxy in
accomplishing bulklike improper ferroelectric functionality.

IV. CONCLUSION

In summary, we have demonstrated layer-by-layer growth
of ultrathin YMO thin films on insulating YSZ, with and
without insertion of an electrode layer. We find that an ultraflat
substrate surface, achieved by YSZ substrate pre-annealing, in
combination with a low energy fluence during PLD is key to
achieving layer-by-layer growth of epitaxial YMO films with
sub-unit-cell thickness control. We have further demonstrated
a route to preserve this excellent thin-film quality even after
insertion of an intermediate ITO electrode layer. Moreover,
with use of a RMO buffer layer between the ITO and the
substrate, ITO adopts the RMO lattice constant so that strain-
relaxed YMO free of misfit dislocations can be grown on
top. Hence, we have demonstrated multifold fundamental im-
provements in the crystalline quality and polarization-related
SHG response of epitaxial hexagonal manganite films. This
approach further suggests the feasibility of constructing epi-
taxial superlattices of metal|ferroelectric|metal type using the
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FIG. 6. (a) Experimental geometry for room-temperature SHG
characterization of the improper ferroelectric state of the YMO films.
(b)—(d) The SHG polarimetry is measured by rotating the light
polarization of the incident beam (A = 860 nm) from 0° to 360°
and detecting the component of the SHG light polarized parallel
(black) and perpendicular (orange) with respect to the polarization
of the incoming light. Here, 0° and 90° correspond to light polarized
parallel and perpendicular, respectively, to the plane of light reflec-
tion. (b) For a YMO film with high density of misoriented grains,
SHG polarimetry reveals contributions not compatible with a fully
out-of-plane oriented polarization. (c) In contrast, for the growth-
optimized YMO films, a symmetry compatible with the point group
6mm, and therefore with a spontaneous polarization strictly along the
normal of the film, is observed. (d) Observation of the qualitatively
identical SHG response as in (c) from a c-cut YMO bulk crystal. (e)
Comparison of SHG intensity from 30-nm YMO films on YSZ at
different growth conditions, where (1) corresponds to the sample in
(b) and (2) a growth-optimized film as in (c). (f) Comparison of SHG
intensity from two 10-nm YMO films grown at optimized conditions
on 30-nm-thick ITO, in the absence and presence of the RMO buffer
layer (here R=Tb) between the ITO and the pre-annealed YSZ.

hexagonal manganites as improper room-temperature ferro-
electrics. Improper ferroelectrics are presently recognized as
a promising class of functional materials because of a variety
of properties surpassing those of conventional ferroelectrics.
Here our work can advance the implementation of improper
ferroelectrics into functional devices considerably.
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