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A crucial role in the miniaturization of electronic and photonic components is played by the integration

of ferroelectric thin films on silicon (Si) or silicon nitride (SiN) based platforms. Since the properties
of ferroelectric thin films strongly depend on their texture quality and crystallographic orientation,
the integration of thin films on these platforms is far from trivial. Consequently, this leads to slow,
complex and expensive integration processes. To bridge this gap, a high-throughput method for
the integration of highly textured ferroelectric thin films on Si or SiN-based platforms is needed.
Therefore, we have investigated a method to facilitate the integration of fiber textured ferroelectric
thin films by using an ultrathin (~7 nm) self out-of-plane oriented La;,0,CO3 template film. In this
paper, we report a local deposition route of the LayO,COj3 thin film by the scalable inkjet printing
method, its inherent out-of-plane crystal orientation, and its lattice match with various ferroelectric
thin films. The use of the La;0,CO3 template film as an integration tool for (Pb(Zr,Ti)O3, BaTiOs3,
and BiFeO3) thin films eventually results in strongly fiber-textured ferroelectric stacks, regardless of
substrate type. Consequently, the La0,COj5 thin film has the potential to serve as a high-throughput
integration tool for fiber textured ferroelectric thin films on Si or SiN-based platforms. Moreover, this
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integration tool could pave the way for large-scale miniaturization of photonic or electronic devices
such as phase modulators, resonators, capacitors, etc.

1 Introduction their excellent performance, the integration of thin films is far

High-quality ferroelectric thin films have the potential to pave from trivial, as the inherent anisotropy of ferroelectric materials

the way for miniaturization of electronic and photonic devices
due to their nanoscale thickness, versatile functionalities, and
wide applicabili. For this reason, various ferroelectric thin
films such as HfO,, LiNbOs, Pb(Z;Ti)O3, BaTiOs, BiFeOs, and
(Ba,Sr)(Z5,Ti)O3 have already been integrated on silicon (Si)
or silicon nitride (SiN) platforms to build thin film capacitors[-zf],
piezoelectric actuators®, and electro-optic modulators®. Despite
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requires high-quality textured thin films. Consequently, current
integration methods for ferroelectric films can typically be
divided into two distinct integration pathways. One is the ex situ
preparation of high quality textured films by methods such as
molecular beam epitaxy (MBE), pulsed laser deposition (PLD),
and chemical solution deposition (CSD), after which subse-
quent integration by complex processes such as wafer bonding
approaches is required?. In this way, the high processing
temperatures are applied externally, eliminating the risk of
damage to the underlying Si-based platform. However, despite
the high quality achieved, their applicability for large-scale,
high-throughput processing is hindered by the subsequent need
for very complex integration methods. Alternatively, textured
ferroelectric thin films can be formed in situ using template films
such as SrTiO3, SiO, or metal-based thin films1912, Although in
situ film formation limits the complexity of integration compared
to its ex situ counterpart, ferroelectric films formed in situ often
perform less well. This can be attributed to incompatibility issues
related to the template film such as film thickness, optical absorp-
tion, or the required (high) thermal processing conditions of the
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ferroelectric films, which can lead to diffusion phenomenal3!14,

Nevertheless, promising results have been obtained recently by
introducing a lanthanide (La)-based thin template film deposited
by CSD route to integrate ferroelectric Pb(Zr,Ti)Og thin films for
both electronic and photonic applications!12"22, Unlike other
template films, this La-based film has several advantages. First,
the thickness of the La-based film can be limited to 5-15 nm
instead of using thick intermediate films that severely limit the
performance in electro-optical devices. Second, the La-based film
is compatible with both electronic and photonic components due
to its low optical absorption. Third, this film can be fabricated at
relatively low temperatures (475 °C) by wet chemical processes,
which is scalable and faster compared to vacuum deposition
methods. Fourth, the template film is compatible with various
substrates. This enables in situ processing routes (f.e. front-end-
of-line) on a Si-based platform that can withstand the higher
annealing temperatures required to integrate the ferroelectric
layer. Alternatively, the film can also serve as an alternative
template film in ex situ processing routes when in situ processing
is not an option due to the thermal budget of the processed
Si-based platform. In this way, integration flexibility and/or
compatibility with the thermal budget during the different
processing stages of Si-based platform can be achieved. However,
realizing the full potential of the La-based template film as a
general integration tool for ferroelectric thin films is currently
hindered by the lack of a local deposition route on the Si and SiN-
based platform and the unknown crystallographic template film
properties. Consequently, there is a need for compatibility with a
deposition method that allows local integration of the La-based
film, determination of the crystal structure and orientation of the
template film, and evaluation of its compatibility with various
ferroelectric materials. Understanding the inherent template
properties of the film can advance its use as a generic integration
tool for various high-quality ferroelectric thin films, while local
integration by direct deposition of suitable 2D patterns can
exclude the need for additional lithographic and etching steps
on the platforms. In this work, local deposition was performed
using the inkjet printing method, in which the fluid properties of
the inks were optimized along with the ink-substrate interactions
to achieve reproducible printing and compatibility with different
substrates. Then, the La-based film was structurally characterized
to investigate its unit cell structure and orientation. Finally,
various ferroelectric thin films were integrated on the La-based
template film to evaluate its general use as an integration tool
for ferroelectric thin films.

The integration of various ferroelectric thin films such as
Pb(ZyTi)O3, BaTiO3, and BiFeO5 is demonstrated using a self
out-of-plane oriented ultrathin (~7 nm) La;,0,CO3 template film.
The template film is locally deposited by inkjet printing, which
requires optimization of the ink formulation and surface tuning
of the substrate to achieve uniform and homogeneous coatings.
Subsequent appropriate thermal treatment of the wet film leads
to the formation of the monoclinic La;0,CO5 phase (Type Ia),
which exhibits a b-axis fiber texture by self-orienting its unit
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Fig. 1 lllustration of the integration principle using the La;,0,CO3 tem-
plate film. The unit cell of the La;0,CO3 film (red block) self-orients out-
of-plane, while there is no in-plane orientation. Moreover, the La;0,CO3
film exhibits a lattice parameter that yields a high lattice match with the
unit cell of the ferroelectric film (blue block). Consequently, this ferro-
electric stack exhibits a general fiber texture.

cell out-of-plane regardless of the substrate type. Moreover, the
in-plane monoclinic lattice parameters show high lattice match
with various ferroelectric materials. The subsequent integration
of ferroelectric thin films leads to a fiber-textured thin film
stack (Figure [1). This comprehensive study can initiate the
use of the La;0,CO3 template film as a generic integration tool
for high-quality ferroelectric thin films on various platforms.
In this way, this tool has the potential to pave the way for
large-scale miniaturization of photonic or electronic devices such
as capacitors, resonators, optical phase modulators, etc.

2 Experimental

2.1 Ink formulation and characterization

The polyvinylpyrrolidone (PVP) polymer based inks are prepared
by dissolving 0.05 g of 40 wt% PVP (Alfa Aesar, 8000 g/mol)
solution in H,O in 10, 20, 40 or 60 mL n-propanol. The inter-
mediate La;0,CO3 precursor solution is prepared by dissolving
La(NO3)3-6H,0 (Merck, > 99.99 %) in n-propanol (Merck, >
99.5 %). The molarity of the solution is 0.15 mol L~! for de-
position via ink-jet printing yielding a film thickness of 10 nm
after annealing. To make the ink suitable for ink-jet printing, the
rheological properties of the ink were adjusted by adding ethy-
lene glycol (EG) (Merck, > 99.5 %) to obtain the appropriate
jettability. The rheological properties that are measured are the
surface tension, viscosity and density of the ink. The surface ten-
sion and contact angles are measured with a Kriiss GmbH DSA30
instrument, the viscosity with a Brookfield DV-E viscometer (25
°C) and the density is calculated by a threefold weighing mea-
surement of 1 mL ink. The perovskite based inks are prepared
based on inks formulations reported in literature: Pb(Zr,Ti)041°,
BaTiO32Ll, BiFeO422, All the inks were filtered with a 0.2 um filter
prior to deposition.

2.2 Chemical solution deposition and thermal treatment

Prior the deposition, the substrates are ultrasonically cleaned with
acetone and isopropanol, followed by a heat treatment at 400 °C
on a hot plate in order to remove adsorbed organics?3. Con-
sequently, the PVP polymer film is deposited via means of spin-



coating using a KLM SCC-200 model with a spin rate of 2500 rpm
and spin time of 30 s. The deposited PVP polymer film is dried at
200 °C for 10 min on a hotplate before ink-jet printing. The ink
was printed using a piezoelectric Dimatix DOD Material Printer
DMP-2800 (Dimatix-Fuijifilm inc.) equipped with a Samba car-
tridge with a 16 um orifice and 16 nozzles. Homogeneous layers
were obtained with the use of 1-16 nozzles, a drop space of 40 um
in x- and y- position, a hotplate temperature of 28 °C, and a print
height of 300 um. A printing waveform with maximum voltages
of the waveforms, both jetting and non-jetting, were 33.0 V and
4.29 V, respectively. Together with a jetting frequency of 10 kHz,
good jettability is ensured. Afterward, the printed layers were
dried at 200 °C for 5 min in order to evaporate the solvent and
annealed in a dry static air atmosphere with a heating ramp of
12.5 °C min~! to a final temperature of 475 °C for 20 min. In the
case of the ferroelectric thin films, the inks were spin-coated at a
spin rate of 3000 rpm for 30 s. Afterwards, they are dried at 200
°C for 10 min and annealed at 550 - 800 °C for 60 min in a tube
furnace under a flowing O, atmosphere of 1 L. min~! in order to
obtain the desired crystal orientation on the La;0,CO5 film.

2.3 Textural characterization

Texture and phase composition of the La;0,COj5 thin films were
characterized by means of FTIR, GIWAXS, 6 — 20 measurements,
and phi scans. FTIR measurements in the mid infrared were per-
formed in transmission at normal incidence on layers deposited
on FZ silicon substrates, using a Bruker Vertex-80v vacuum spec-
trometer (1.5 mbar dynamic vacuum, mid infrared Globar source,
KBr beam splitter, DLaTGS detector). Spectra were recorded with
5 cm~! resolution, in order to largely suppress the Fabry-Perot
interference effect of the Si substrate, and divided by the trans-
mission spectrum of an uncoated substrate. The GIWAXS data
was obtained at NCD-SWEET beamline at the ALBA Synchrotron
Radiation Facility (Spain). The incident X-ray beam energy was
set to 12.4 keV (A = 0.9998 A) using a channel cut Si (111)
monochromator. An array of Be lenses was employed to collimate
the beam, obtaining a beam size at sample position of 50 x 150
um? (V x H). The angle of incidence o; was screened between 0°
and 1° and was finally set at 0.25°, ensuring surface sensitivity
and using an exposure time of 10 s. The scattering patterns were
recorded using a Rayonix LX255-HS area detector, which consists
of a pixel array of 1920x5760 pixels (HxV) with a pixel size of
44.27x44.27 um?. The scattering vector |q| was calibrated us-
ing Cry,O5 as a standard sample, obtaining a sample-to-detector
distance of 201.65 mm. The intrinsic 2D GIWAXS pattern is cor-
rected as a function of the components of the scattering vector
and was integrated or remapped in polar coordinates. It was re-
ported here after integration, yielding the azimuthal angle in the
function of the scattering vector (q). 6 —26 measurements were
performed on a Bruker D8 Advance diffractometer (Cu-Kae A =
1.54184 A) equiped with a LynxEye XE-T Silicon strip line de-
tector. The diffraction was measured between 26 = 10° and 45°
with a step width of 0.02° and step time of 10 s for the La;0,CO3
films. The ferroelectric films were measured with an additional
Ni filter. Measurement parameters were adjusted to 26 = 20° -

50° with a step width of 0.02° and step time of 4 s. The in-plane
texture of the ferroelectric films was determined with a Panalyt-
ical Empyrean x-ray diffractometer with Cu K, radiation, Bragg-
Brentano HD beam conditioning, five axis goniometer and Pix-
Cel3D detector. The La;0,CO5 (130) measurements were done
on the XMa$S -BM28, the EPSRC-funded UK-CRG beamline at the
European Synchrotron Radiation Facility (France)2%. A Dectris -
Pilatus3 x 300k detector (487 x 619 pixels, pixel size 0.172 x
0.172 mm?) was used to record scattering patterns of the (130)
reflection in an azimuthal range of 168 degrees. At each step, an
exposition time of 3 seconds was used to collect the data.

2.4 Microstructural characterization

The surface roughness of the La;,0,CO3 films and the thickness of
the PVP polymer film was determined by atomic force microscopy
(AFM) on a Bruker Dimension Edge system operating in tapping
mode in the air. The Root Mean Square (RMS) roughness values
were calculated on 3 um x 3 wum micrographs. The thickness
of the polymeric layers was estimated by producing a scratch
with a sharp needle, recording the thickness profile across the
scratch with AFM, and subtracting the height differences. Struc-
tural properties and thicknesses of the functional films were char-
acterized with a JEOL FEG SEM JSM-7600F operating at an ac-
celeration voltage of 10 keV. For the TEM measurements, a cross-
sectional lamella was cut via the FEI Nova 600 Nanolab Dual
Beam FIB-SEM in situ lift out procedure with an Omniprobe ex-
traction needle and top cleaning. HRTEM images were taken on
a JEOL JEM-2200FS TEM operated at 200 kV and equipped with
Cs corrector.

3 Results and discussion

3.1 Jettability and wettability of La-containing inks

The integration of La-containing films via the inkjet printing
method is only possible if proper droplet formation (jettability)
over time is achieved. For this, stable inks with suitable physical
fluid properties must be developed. These properties are well-
defined and can be related through the dimensionless Ohnesorge
number (Oh). It is defined as:

_.n _1!
Oh=—m=7 (D

Where 1 (Pa-s) is the viscosity, a (m) is the orifice diameter
of the nozzle, p (kg-m~3) is the density, and y (J-m~2) is the
surface tension of the fluid. For stable droplet formation in a
drop-on-demand (DOD) printhead, the inverse of the Ohnesorge
number, the Z-number being independent of the droplet velocity,
should be in the range of 1 - 1422 At low values of Z, viscous
forces in the solution prevent droplet formation, while at high
values the primary droplet is accompanied by satellite droplets.
In addition, the ideal fluid properties of the ink are also affected
by the ideal fluid mechanics in the selected ink-jet printing set-
up. Therefore, the previously formulated ink for spin-coating in
the work of George et al.2®, using a La-nitrate precursor in n-
propanol (P) as a solvent, could not be used directly because its
viscosity (1.951 mPa s) is too low to achieve stable droplet for-
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Table 1 Fluid properties of propanol (P) and ethyleneglycol (EG) determined at 20 °C. The Z-number is calculated for an orifice diameter of 16.5 um

Inks p [kgem™] n [mPa:s] y[mJm~2] boiling point [°C] Z-number
n-propanol (P) 803.2 1.95 20.9 97 8.53
ethylene glycol (EG) 1111.0 18.38 48.3 197 1.62
a 0s 180 ps
4 inks = . - . - = = =
15 —{ © n-propanol * Nozzle/" 0 mm
N g
©
frodo 5
= 2
S . a
!P
b.
35 ¢
T [T o 1 mm
%30_ 777777777777777777 !77»1 77777777 Time =—
£ 3
2543 * Fig. 3 Drop visualisation using the Dimatix drop watcher. Jetting of
spherical droplets from the nozzle in the air. Tail formation is observed,
c. but no satellite droplets are formed. After drop formation, the droplet
54 travels at a speed of 5.55 m/s and remains stationary in flight.
810
5 $ of 5.55 m/s and remains stationary in flight. It is noteworthy that
5 . . . .
N ¢ . . the ink in the cartridge was jettable for at least 5 months when
P *- stored in the closed container, indicating the high stability of the
T T T T T .
0.0 0.2 0.4 0.6 0.8 SOlVent mixture.

Volume fraction of EG

Fig. 2 a. Viscosity, b. Surface tension, c. Z-number of the modified La
containing inks as a function of the added volume fraction of EG. Only
the fluid properties of a EG volume fraction of 0.6 are all in accordance

with the optimal fluid property intervals (horizontal dashed lines) as rec-

ommended by the printer manufacturer28.

mation during inkjet printing2®. For this reason, the viscosity of
the n-propanol based ink is increased by admixing a more vis-
cous solvent, ethylene glycol (EG, 16.1 mPa s). The physical fluid
properties of the respective solvents are collected in Table

The influence on the viscosity (a), the surface tension (b), and
Z number (c) of the P-EG inks are present in Figure[2] Compared
to the intrinsic properties of P (black circle), the viscosity and
surface tension slightly increased upon dissolving the La-nitrate
precursor (red square), resulting in a slightly lower Z-number.
The EG exhibits a higher density and surface tension compared
to P. All fluid properties show an increasing trend with increasing
EG/P ratio. The simultaneous strong increase in viscosity with
a slight increase in surface tension is reflected in a decrease in
Z-number, which is proportional to ,/p/n according to equation
(1). Although all Z-numbers of the EG/P ratios are in the ideal
printing range, the viscosities and surface tension measurements
indicate that only a EG volume fraction of 0.6 meets the ideal
printing requirements. The actual jetting behaviour of this opti-
mal EG/P ratio can be seen in Figure|3| Here, a tail forms when a
droplet is expelled from the nozzle during droplet formation. This
tail merges with the droplet after 60 us to form a single spherical
droplet, while no satellite droplets form. Once a spherical droplet
is formed, it continues on its path with a vertical traveling speed
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In addition to proper jettability, the interaction between the
substrate and the droplet upon impact (wettability) plays a crit-
ical role in the formation of a homogeneous and uniform coat-
ing. Since the print resolution depends on the surface proper-
ties, reproducible printing on different Si and SiN-based plat-
forms can only be achieved if there is a similar interaction be-
tween ink and substrate. Therefore, the interaction between ink
and substrate is tailored by the prior deposition of an amphiphilic
polyvinylpyrrolidone (PVP) (~ 8000 g mol~!) polymer film. By
applying the polymer film to the substrate, the surface free energy
(SFE, %) of a substrate is modified based on the chemical nature
of the polymer, while the surface morphology remains unaffected.
In other words, the surface properties depend on the chemical
nature of the polymer and are independent of the nature of the
substrate®728, In figure [4] this principle is shown by calculating
the SFE of a Si substrate before and after coating with PVP. Addi-
tionally, a comparison with different PVP-modified substrates (Si,
SiO,, SiN, Indium Tin Oxide (ITO), and glass) is also provided.
The two-component (polar and dispersive) Owens-Wendt-Rabel-
Kaeble (OWRK) model is used to calculate the SFE based on the
contact angles of at least two probe liquids (H,O and CH,I,) with
known 7., 7P and 7/ %°.

Comparing the contact angles of a pristine Si substrate with
those of a PVP-treated Si substrate, it is clear that the use of a
polymer film is an effective means of altering the ink-substrate
interaction, and so to adjust the SFE of a substrate. The chemi-
cally amphiphilic nature of the polymer film leads to a preference
for both polar and dispersive interactions, resulting in low con-
tact angles of 19.4° with H,O and 25.3° with CH,l,. In particu-
lar, the strong decrease in the contact angle with CH,I, after PVP
treatment indicates an increased preference for dispersive interac-
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Fig. 4 The ink-substrate interaction can be modified by prior deposition of a PVP polymer film on the substrate, as shown by the different measured
contact angles with H,O and CH,l, of an untreated Si and a PVP-treated Si substrate. Moreover, surface tuning by prior deposition of a PVP polymer
leads to a similar SFE, which ensures reproducible ink-substrate interaction, regardless of the substrate type.

tions. This large decrease contributes significantly to the increase
in SFE (75.95 mN/m) and ensures adequate wettability with both
apolar and polar solvents. The calculation of the contact angles
of the different PVP-treated substrates resulted in almost identi-
cal values, leading to a similar SFE for the different PVP-treated
substrates. This verifies that the surface properties depend on
the chemical nature of the polymer and are independent of the
substrate. Consequently, setting the SFE by prior PVP film depo-
sition will ensure identical interaction between ink and substrate,
resulting in identical print resolution. Additionally, the effect of
PVP thickness on surface properties is evaluated, but since simi-
lar SFEs are obtained (Figure S1), PVP thickness does not seem
to have an impact. For this reason a PVP solution of only 0.0625
wt% is used in this work, as this still ensures reproducible surface
modification without the formation of precipitates or inhomoge-
neous coatings after deposition of the La-containing inks. The
thickness of the PVP film could not be accurately determined, as
the film thickness for a 0.5 wt% PVP solution is only about 5 nm.
Therefore, it is concluded that the PVP film thickness is less than
5 nm.

In addition to ensuring a reproducible ink-substrate interac-
tion, the chemical nature of the PVP polymer exhibits another
crucial functionality: complexation of the free La3* ion<8:3031,
Complexation is required because inks containing free La’* ions
tend to make the surface hydrophobic after interaction, which
could lead to dewetting phenomena at the surface interface=233,
This can be overcome by the presence of amide groups in the PVP
polymer, which tend to form complexes due to the interaction

a. b.
40 x 40

Wet La based film g
NO; e 00y
2 5 0 g0 " d
NOg o ° : iy s
Pl 6.0, o 2iett
PVP film Qd O,Q i e

oWos e 58
%CHzféHft;HQ—éHﬁ} oS i e 0
5.0 o8

Substrate

between the C=0 groups of PVP and the free La’* ion. The gen-
eral principle of the complexation reaction initiated at the surface
interface is shown in Figure [5| (a). By triggering complexation
only at the interface, the PVP concentration can be kept very low,
which is necessary because PVP cannot otherwise be used as a
complexing agent due to precipitation of the La-PVP complex in
our ink. The actual effect of PVP complexation at the surface
interface on the wetting behaviour is shown in Figure |5| (b, c),
where the La-based ink was deposited in a square pattern of 40
x 40 drops on an untreated SiO, (b) and a PVP-treated SiO, sub-
strate (c). In the first case, the lack of complexation led to the for-
mation of solvent islands, and no uniform coating was obtained.
In contrast, when the substrate was modified by the PVP polymer,
the complexation reaction at the interface resulted in a uniform
coating with a print resolution of 90 um. The uniformity of the
coating was quantified by surface analysis using atomic force mi-
croscopy (AFM) at the centre of the printed film after annealing
(Figure 5| (d)) and revealed a very low root mean square rough-
ness (RMS) of 0.176 nm for a 10 nm thick film.

3.2 The self-oriented nature of the La,0,CO3 film

After subsequent annealing of the printed film in dry static air
at 475 °C, a La;0,CO3 film is expected to form according to
George et al1%. The La,0,CO5 phase can have three polymorphic
structural variants: tetragonal Type I, monoclinic Type Ia, and
hexagonal Type II. In Figure [f] (a), the formed La;0,CO3 poly-
morph is determined by comparing the azimuthal integration of
the 2D Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

Fig. 5 a. The PVP polymer film induces a complexation reaction at the surface interface. b. A printed square pattern of 40 drops x 40 drops without
prior PVP film deposition shows dewetting phenomena. c. A printed square pattern of 40 drops x 40 drops with prior PVP film deposition results in
adequate ink-substrate interaction d. The inkjet printed La;0,COj3 film exhibited very low roughness (RMS of 0.176 nm) for a 10 nm thick film after

annealing.
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Fig. 6 a. The 1D azimuthally integrated GIWAXS data of the La;0,COj3 film is compared with the different La,0,CO3 types: tetragonal Lay0,CO3
Type | (PDF: 00-023-0320), monoclinic Type la (PDF: 00-048-1113), and hexagonal Type Il (PDF: 00-037-0804). The Lay,0,CO3 film shows a high
match with both La,0,C0O5 Type | and la. b. FTIR spectrum of La;0,COj in the region of the v;_3 bands of CO372. The three-fold splitting of the
v, and V3 bands is indicative of the monoclinic La;0,CO3 Type la. c. In the 6 - 260 measurements, only the (0kO) planes are visible, indicating the
inherent preferential orientation of the b-axis out-of-plane. The reflections marked with an asterisk are associated with the substrate. d. No in-plane
orientation is present because the (130) plane has no in-plane correlation over a ¢ interval of 168°.

recorded images of the film with the different powder diffrac-
tion files (PDF) of the La;0,CO5 types. The broad additional
peak (26 ~ 23°) can be attributed to the amorphous nature of
the SiO, substrate and is not related to any crystal plane of the
filmB4. The reflections are assigned to the tetragonal Type I phase
and/or the monoclinic Type Ia, since they do not show any corre-
spondence with the hexagonal Type II. The reflections could not
be assigned to only one of the two types, since Type Ia is the
monoclinic distortion of Type I, resulting in a very similar crystal
structure and thus an almost identical PDF. However, a distinc-
tion between these two La;,0,CO3 polymorphs can be made by
analysing the carbonate species in the film using Fourier Trans-
form Infrared Spectroscopy (FTIR) in the mid IR. In Figure@] (b),
the characteristic CO5~2 bands (v; = 1063 cm™!, v, = 879 cm™!
and v; = 1415 cm™!) are indicative of the Lay0,CO5 phase®”. As
the threefold splitting of the v, and v3 modes is assigned to the
unique carbonate vibrational mode of the monoclinic La;05,CO5
Type Ia phase. The peak splitting itself is attributed to the three
nonequivalent carbonate groups in type Ia, since there are only
two nonequivalent carbonate groups in Type I. Thus, the FTIR
spectrum indicates that the La;0,COj5 film exhibits a monoclinic
type Ia phase, which according to the work of Hirsch et al.*® has
a space group P21/c (No. 14) with lattice parameters a = 4.076
A,b=13.489A c=5803A, a=y=90° f = 135.37°. In addi-
tion to identifying the La;0,CO3 polymorph, the films also exhibit
a high degree of texture. In Figure [f] (¢), 6 —26 measurements
of the La;,0,CO5 film deposited on different substrates show only
diffraction peaks along the [0kO] direction. Consequently, the
La,0,COs film exhibits a preferential out-of-plane b-axis orienta-
tion. This preferred orientation is not affected by the type of sub-
strate, since both crystalline (Si and ITO) and amorphous (SiO,
SiN, and glass) substrates show the same (0OkO) planes. In con-
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trast to the preferred out-of-plane orientation, no in-plane orien-
tation was present. In FigureE] (d), the (130) plane at 260 = 29.6°
and y = 48° was rotated over a ¢ angular range of 168°. Since
the signal intensity is independent of the ¢ angle, no in-plane tex-
ture is present. Small variations in signal intensity are related to
the integration of the 2D (130) signal at different ¢ angles (Fig-
ure S2). In summary, the La;0,CO3 film has a self-oriented fiber
texture with the b-axis oriented perpendicular to the substrate
surface.

Since this phase formation and fiber texture is independent of
the nature of the substrate, these must be related to the formation
of the La;,0,CO5 material itself. Phase formation is attributed to
the transformation of the LaONO; intermediate phase during the
decomposition of the original La(NO3)3-6H50 precursor, due to
its sensitivity to gases such as CO, and H,02739, To evaluate if
the PVP polymer acts as the CO, and H,O source, the wet film was
annealed with and without the underlying PVP film. As both films
yielded self out-of-plane oriented La;0,COs films, it is concluded
that the PVP film only serves as an adhesive and will thermally de-
compose during the annealing step (Figure S3). Since annealing
in ambient air is crucial for the formation of the La,0,COj3 phase,
it is very likely that phase formation occurs by reaction with CO4
and H,O in ambient air via the formation of surface carbonates
and hydroxycarbonates?.
plane orientation is attributed to the La;,0,CO3 material forma-
tion. Since all three La,0,CO3 polymorphs are assumed to have
a layered structure with alternating Lay,O,>" and CO5~2 layers,
differing only by local coordination around the La atom or CO3 2
order331364142 1 Figure [7| (a), High-Resolution Transmission
Electron Microscope (HRTEM) measurements clearly show the
presence of the layered structure in the La;0,COj film, with the
Lay0,>* and CO5~?2 layers aligned parallel to the substrate sur-

Moreover, also its inherent out-of-
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Fig. 7 a. Layered structure visualised by HRTEM on a ITO substrate. b.
The alternating Lay0,%" and CO3~2 layers cause the b-axis out-of-plane
orientation of the unit cell. ¢c. The in-plane monoclinic lattice parameter
can be converted to a distorted tetragonal lattice. Visualisation of the
unit cell was based on the refined data of Hirsch et al. B8

face. The film thickness is around 7 nm for a concentration of
0.15 mol L~! deposited via inkjet printing (experimental infor-
mation). The importance of this layered structure for the self-
orientation of the unit cell is shown in Figure [7| (b). The layered
structure causes the b-axis of the unit cell to be out-of-plane. This
concept is supported by the measured interplanar CO5~2 distance
value of 6.815 A in HRTEM, which agrees very well with the (020)
planes of the monoclinic Type Ia La;0,CO3 phase (dgpo = 6.745
R). Consequently, the inherent layered structure of the Lay05CO5
phase and its parallel orientation to the surface substrate lead to
an out-of-plane orientation of the b-axis. In addition, this gives
that the in-plane lattice constants are a = 4.076 A, c = 5.803
A, and B = 135.37°36l. For further lattice mismatch calculations,
these monoclinic in-plane lattice parameters will be converted to
their distorted tetragonal counterparts based on the strong crys-
tallographic relationship between La;0,CO5 Type I (tetragonal)
and Ia (monoclinic) mentioned earlier. Figure (c) shows the in-
plane relation between the monoclinic (black lines) and distorted
tetragonal (dashed yellow) crystal parameters. The monoclinic
lattice parameter a (4.076 A) remains the same, while the longer
¢ parameter (5.803 f\) can be converted to a lattice parameter c*
(4.077 A) via a factor sin(135.37°). Note that the difference be-
tween the two parameters is very small, suggesting that the mon-
oclinic parameters can be viewed as a tetragonal distortion (Type
Ia) of the original tetragonal unit cell (Type I). For the following
lattice mismatch calculations, the lattice parameter a (4.076 A)
is used. It should be noted that this lattice parameter is close to
other template materials such as LaA103 (3.787 A), SrTiO3
(3.905 lo\), and MgO (4.216 f\). However, compared to these
single crystal substrates, the La;0,COj film is randomly oriented
in-plane.

3.3 The Lay0,CO;3 layer as integration tool

To evaluate the La;,0,CO5 film as a general integration tool, vari-
ous ferroelectric thin films were integrated. Based on the approx-
imate in-plane lattice parameter of 4.076 A, the film exhibits very
little mismatch with the ferroelectric films: Pb(Z5Ti)Os3, BaTiO3,

Table 2 Theoretical lattice mismatch of ferroelectric materials
Pb(Zr,Ti)05%6, BaTiO;%7, BiFe03%8 with the Lay,0,CO; film

lattice parameter ’a’ lattice mismatch

La;,0,C04 4.076 A -
BiFeO, 3.965 A 2.713%
BaTiOs 3.999 A 1.879%

Pb(Z5,Ti)O5 4,055 A 0.505%

BiFeOs. Table[2]lists the lattice parameters of these materials and
their respective lattice mismatch with La;0,CO3. In all cases, the
lattice mismatch was less than 3%, giving a good theoretical lat-
tice match with the various ferroelectric materials.

The different ferroelectric thin films (~ 50 nm) were integrated
on the Lay0,CO;3 film using the CSD method (see experimental
section). In Figure (8 (a), all ferroelectric films show only strong
diffraction peaks along the crystallographic direction [001]. The
small shift of the reflection positions is due to the different unit
cell parameters of the ferroelectric materials. Consequently, all
the studied films exhibit a preferential out-of-plane orientation
when La;0,COj is used as the template film. Moreover, this in-
duced orientation is also obtained after integrating Pb(Zr,Ti)O5
films on different substrates (Figure S4). This also confirms the
inherent self-orientation of the La;0,CO3 film and highlights the
compatibility of the La;,0,CO5 film with oxides of other chemi-
cal nature such as titanates, zirconates and ferrites. In addition
to the out-of-plane texture, no in-plane texture was expected in
the functional film because the La,0,CO5 film itself also has no
in-plane texture. In Figure [8| (b), a pole figure measurement of
the (101) plane in the Pb(Zr,Ti)Oj film at 26 = 31.23° shows two
circles at y values of 45° and 90°. Consequently, the Pb(Zr,Ti)O5
film does not exhibit an in-plane texture, which is consistent with
the corresponding fiber texture orientation of the La;0,COj5 film.
This is partly due to the good lattice match between the La,0,CO5
and Pb(Z5,Ti)O5 films and partly due to the lack of a driving force
for the in-plane orientation of the La;0,CO3 film. Figure [§] (c)

a. b.

”\ Pb(2Zr,Ti)O, (101)

Lin. intensity (a.u.)

20 25 30 35

Fig. 8 a. Different ferroelectric materials are integrated on the La,0,CO3
film exhibiting out-of-plane texture. b. No in-plane orientation is present
as circles are present in the pole figure measurement. c. Dense mi-
crostructures with a morphology inherent to the ferroelectric material.
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shows planar scanning electron microscopy (SEM) of the respec-
tive films deposited on the La;0,COj films. The surface morphol-
ogy of the films is dense and smooth, but the microstructure is
inherent to the functional material. In summary, the ferroelectric
thin films are epitaxially integrated on the La;0,COs5 film, but the
whole ferroelectric stack has a fiber texture.

4 Conclusion

Compatibility with a local deposition route is achieved by the
inkjet printing process. Here, surface tuning through prior de-
position of a PVP thin film is critical to achieve reproducible ink-
substrate interaction on different substrates and the necessary La-
complexation leading to a print resolution of 90 um. Subsequent
annealing of the La-based ink results in monoclinic La;0,CO4
thin films (Type Ia) that exhibit out-of-plane self-orientation of
the crystallograhpic b-axis caused by the formation of a layered
structure of alternating La,05>t and CO5~2 layers. Unlike out-
of-plane orientation, the layered structure does not induce an
in-plane orientation, resulting in a general fiber texture in the
films. Moreover, the in-plane lattice parameter of 4.076 A yields
high theoretical lattice match with various ferroelectric materials.
Integration of these materials by wet chemical methods reveals
epitaxially integrated films that exhibit the same fiber texture as
the La;0,CO3 film. This comprehensive study of the La;0,CO3
template may initiate its use as an integration tool for various
ferroelectric materials requiring texture or as an alternative tem-
plate film for SrTiO5, MgO, and LaAlO; since the lattice parame-
ter is quite similar. In addition, various metal oxides such as ti-
tanates, zirconates, and ferrites can be integrated. Therefore, the
La;05CO5 can be used as a general integration tool for solution-
derived ferroelectric thin films. This tool can pave the way for
large scale integration of ferroelectric thin films in various appli-
cations.
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