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Introduction

Liquid-phase deposition of ferroelectrically
switchable nanoparticle-based BaTiOs films
of macroscopically controlled thicknessT

D. Erdem,” Y. Shi,” F. J. Heiligtag,® A. C. Kandemir,“ E. Tervoort,® J. L. M. Rupp® and
M. Niederberger*®

BaTiOs films are extensively used in many electrical devices, because they offer remarkable dielectric and
ferroelectric properties. Here, we demonstrate a powerful, nanoparticle-based deposition route towards
BaTiOs films with systematic thickness control over a wide range up to several microns. The unusual
control over the film thickness with the maintenance of crack free nanostructures, phase and ferroelectric
properties of the BaTiOs films allows us to fabricate various future devices of different thicknesses by a
single deposition method. For this, films are deposited from stable dispersions of BaTiOs nanocrystals,
synthesized via an efficient microwave-assisted non-aqueous sol-gel approach. Crack-free films of
controlled thickness are obtained by a carefully elaborated, alternating process of spin-coating and
intermediate drying. According to X-ray diffraction and confocal Raman microscopy, the final, sintered
films consist of BaTiOs nanocrystals of about 20 nm in a hexagonal-tetragonal phase mixture. The nano-
particulate films display outstanding optical characteristics exceeding 90% transparency above 500 nm
and a band gap of 3.5 eV. The latter, band gap, is larger than the classic bulk material's band gap of 3.2 eV,
indicating a more electrically insulating nature of the films. Piezoresponse force microscopy gives evidence
for potent ferroelectric switching. This newly accessible film processing route with wide film thickness
tuning allows for desired ferroelectric response with the advantage of a wide film thickness to implicate
building blocks for various applications e.g. ferroelectric random access memory devices, microelectro-
mechanical system devices or Bragg reflectors.

to operation voltage'> and information storage density
concerns, whereas film devices of micrometer thicknesses are
desired for MEMSs. In these applications the dielectric,

Driven by the rapid development of our digital information
era and the demand for transfer and computation of data at
low energy consumption, developing new functional thin film
memory devices represents one of the major scientific challenges
of our century. An important material in the pursuit of this
quest is BaTiO3, which has a variety of engineering applications
such as high & dielectric in field effect transistors,”* in ceramic
capacitors,®” ferroelectric based random access memory devices,”
resistive random access memory devices,® microelectromecha-
nical system (MEMS) devices, multiferroics” ® and planar Bragg
reflector waveguides.'”'! Among them, capacitor and memory
based applications require thin films in sub-micron ranges due
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ferroelectric and multiferroic responses exhibit pronounced
size effects and it is important that the BaTiO; nanoparticles
are larger than the ferroelectric limit."* Additionally, the com-
position should be phase pure to reach the targeted ferro-
electric functionality."*™®

State-of-the-art BaTiO; deposition techniques succeed in
producing nano-grained structures with large effective surface
area to sample volume ratios. Yet, these methods are often restricted
to the sub-micron film thickness ranges due to slow deposition
rates and cost limitations."” ™ In principle, wet chemistry-based
approaches are superior to vacuum-based techniques in terms of
costs.>*>* However, traditional approaches such as the sol-gel
technique or pyrolysis reveal severe limitations for films thicker
than one micrometer due to solvent evaporation.”* Additionally,
they often show non-desired phases such as biphasic amorphous-
crystalline structures™ or difficulties in controlling the phase-
stability.”® The reason for all these problems in depositing a
crack-free film is that pyrolysis, crystallization and grain growth
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proceed in parallel, involving evaporation of solvents to drive
the kinetics.>> Cracking of the films due to internal crystal-
lization processes and grain growth stresses are particularly
pronounced above a critical film thickness, leading to failure in
device processing. Therefore, the utilization of dispersions
containing crystalline nanoparticles should represent a promising
strategy to produce films with a greatly enlarged thickness range,
because crystallization processes and the associated tensile stresses
during sintering are avoided. In this aspect, doctor blading of
nanocrystal slurries, assisted by plasticizers for green strength,
performs well for micrometer thick films, but fails to produce films
of nm thickness.”” Other approaches to make nanocrystalline
BaTiO; films with thicknesses from some tenths of nanometers to
several microns include colloidal film deposition techniques such
as spin and dip coating of nanocrystal dispersions. Typically, the
dispersion media are organic due to their good substrate wetting
properties and high volatility.”® Although non-aqueous sol-gel
methods often lead to well-dispersible nanoparticles and thus
are widely employed,®*? additional surface functionalization
with sterically stabilizing molecules to improve the stability of
the dispersions might be required.*

However, this additional amount of organics introduces
capillary stresses during its thermal removal, already resulting in
premature cracking in films of just sub-micrometer thickness.**

While colloidal dispersion techniques have been applied to
Si0,,%%%7 Ti0,,*®*° and Sn0,*>*! based films with thicknesses
in the sub-micron range, no deposition technique is available
to produce one of the most relevant electroceramics, namely,
BaTiO;, with a broader range of film thicknesses. As a matter of
fact, wet chemical deposition routes bridging the gap between the
different methods and thus covering a broad range of thicknesses
would be highly beneficial from a technical as well as from a
scientific point of view (Fig. 1). Moreover, the integration of
nanoparticle thin films into devices is often problematic and it
is challenging to achieve the targeted functionality due to
unwanted size effects and film quality issues related to impurities,
surface roughness, porosity, cracks and other inhomogeneities.

In this paper, we describe a simple liquid phase deposition
route towards BaTiO; films with controlled thicknesses up to
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Feéroelectric & multiferroic devices MEMS devices
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This work

Fig. 1 Overview of various device applications with their required film thick-
nesses and the corresponding liquid phase deposition for BaTiOs thin films.
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the micron range using BaTiO; nanoparticle dispersions. Phase-
pure BaTiO; nanoparticles with high crystallinity and larger than
the ferroelectric size limit are obtained through an efficient
microwave-assisted non-aqueous synthesis, offering well-defined
nanoparticle building blocks for achieving the targeted ferro-
electric functionality. The films prepared from these disper-
sions by spin coating were sintered and thereby enlarged
volume fractions of grain boundaries can be realized, which
is of great interest to tune the dielectric and ferroelectric
properties over a wider range when compared to classical wet
chemical methods such as sol-gel based deposition methods,**™*>
or spray pyrolysis.*® One of the main parameters on the way to
widen the accessible film thickness range is the optimization of
the drying process. For this reason, we had a closer look at the
drying process and based on these investigations we developed
engineering guidelines for the selection of the optimal drying
temperature regime to ensure the removal of the organic impu-
rities without cracking. For the deposition Si and Pt/SiO,/Si
substrates were chosen, because they are compatible with the
conventional Si semiconductor technology. As a proof-of-concept
for the functionality of the films, the ferroelectric and optical
responses were tested, representing a first step toward future
integration of these films into ferroelectric/multiferroic devices.

Results and discussion

BaTiO; with crystal sizes in the range of 10 nm is synthesized
in acetophenone as the solvent.*” The nanoparticles are large
enough to exhibit pronounced ferroelectric properties in con-
trast to BaTiO; nanoparticles prepared in benzyl alcohol*®
(although also these small particles of 5 nm exhibited some
ferroelectric properties*®). The as-synthesized nanoparticles are
functionalized with 2-(2-(2-methoxyethoxy)ethoxy)acetic acid
(MEAAA),>® transformed into stable dispersions and then used
for the deposition of BaTiO; films with varying thicknesses by
several spin-coating and drying cycles. These steps are repeated
until the desired thickness is reached. Finally, all films are sintered
at 700 °C. The film preparation procedure is summarized in
Fig. 2a. A transmission electron microscopy (TEM) image of the
as-synthesized nanoparticles and a cross-sectional scanning
electron microscopy (SEM) image of the resulting film after
sintering are shown in Fig. 2b and c, respectively. X-ray diffraction
(XRD) and Raman spectroscopy are employed for the structural
analysis of both the as-synthesized nanoparticles and the nano-
particle thin films. All diffraction peaks in the XRD of the
nanoparticles and the films can be indexed to the cubic BaTiO;
phase without any crystalline side phases such as BaCO3, Fig. 2d,
in agreement with the literature.>® For comparison, XRD patterns
of both powder and thin film samples are recorded using thin
film optics to have the same instrumental contribution to peak
broadening which, however, reduces the signal-to-noise ratio.
The average crystallite size is estimated to be 13 nm and 20 nm
using the Scherrer equation on the (110) reflection® for the
nanoparticles and the films, respectively. In this size regime, it
is not possible to differentiate between tetragonal and cubic

This journal is © The Royal Society of Chemistry 2015
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(a) Flowchart of the film deposition process, (b) TEM image of the as-synthesized BaTiOz nanoparticles, (c) cross-sectional SEM image of a 1 um thick

BaTiOs nanoparticle film, (d) XRD of BaTiOz nanoparticles and nanoparticle films, and (e) Raman spectra of BaTiOz nanoparticles and nanoparticle films.

BaTiO; due to the peak broadening at sub-140 nm grain size.”*”’

Hence, we perform Raman spectroscopy to further elucidate the
near order characteristics, Fig. 2e.

The nanoparticles and films are characterized by three broad
Raman modes at 170 cm™ " (A1 mode of T1), 307 cm ™" (TO mode of
B1),530 cm ™' (TO mode of A1) and 740 cm™* (LO mode of E). These
Raman bands are in agreement with the stretching and bending
modes for tetragonal BaTiO3, Table 1 and ref. 51. The small Raman
peak assigned to the TO mode of B1 exhibits broadening and a
lowered intensity in comparison to the Raman spectrum of bulk
BaTiO;, indicative for small tetragonal distortions and a generally
small particle size. We observe a blue shift for the TO mode of A1
and the LO mode of E in comparison to the single crystal BaTiO;
data pointing to lattice strain.>> Additional E,, and A;, Raman
vibrations marked with an asterisk originate from the presence of
additional hexagonal phases of BaTiO3, Table 1.

The co-presence of the hexagonal and tetragonal BaTiO;
phases is reported in the literature for particles with an average

This journal is © The Royal Society of Chemistry 2015

Table 1 Assignment of the observed Raman bands

Raman Crystal Thin

shift (cm™") Symmetry structure Nanoparticles films Literature
307 B1, E(LO + TO) Tetragonal * * 51

488 E, Hexagonal * * 52

530 E(TO), A1(TO) Tetragonal * * 53

640 A Hexagonal * * 52

740 E(LO), A1(LO) Tetragonal * * 53

size of below 40 nm.>® The Raman bands marked with a dot in the
film spectrum originate from the substrate. We summarize the
assignment of all Raman vibrations together with a comparison of
literature data in Table 1.

In the following section, we investigate the complex inter-
play between the organic residues and the drying kinetics for
the fabrication of nanoparticle-based BaTiO; films to elaborate
the upper limit of the film thickness accessible by this process.
As it is typical for a non-aqueous synthesis route and for a
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dispersion based on organic solvents, all kinds of organic
residues have to be carefully removed to avoid capillary stresses
and subsequent cracking of the films during sintering.

To obtain thick films, several spin coating and drying steps are
required. Using a dispersion with a nanoparticle concentration
of 60 mg ml ™" every spin contributes to about 100 nm to the film
thickness. According to SEM cross-sectional analysis, a crack-free,
approx. 450 nm thick film composed of BaTiO; nanoparticles
was deposited via four cycles of spin coating-intermediate
drying at 200 °C, followed by a single final sintering at
700 °C, Fig. 3a. The intermediate drying temperature was high
enough to ensure evaporation of the dispersing medium (e.g.
ethanol), enabling the stacking of the BaTiO; nanoparticles
without dissolution of the previous coatings into a multilayer
structure. However, delamination between the layers becomes a

View Article Online
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problem, when a critical thickness of approx. 500 nm is exceeded
after deposition in the 5th cycle, as revealed by the SEM cross-
sectional image in Fig. 3b.

To gain a fundamental understanding of the role of drying
and compaction in this particular case of nanoparticle depos-
ited films and to give hands on engineering guidance on how to
deposit crack-free and micrometer thick films, thermogravi-
metric analysis (TGA) and Fourier transform infrared (FTIR)
spectroscopy were carried out, Fig. 3c and d. In the TGA, up to a
temperature of 500 °C, a weight loss of approx. 15 wt% is
measured, Fig. 3c. The onset temperature of the main weight
loss is around 300 °C, and it is attributed to the outgassing of
organics without affecting BaTiO;, which is stable in this
temperature range.”® We analyze the organics in an as-deposited
film and in a film dried at 200 °C by transmission FTIR, Fig. 3d.
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Fig. 3 Cross-sectional SEM images of (a) 450 nm and (b) 600 nm thick film. (c) TGA graph, (d) FTIR spectra of the films dried at different temperatures,
and (e) cross-sectional overview and magnified SEM images of a 3 pum thick film. (f) Schematic drawings showing the effect of incomplete removal of the

organics during drying on the microstructure of the films.

Both spectra reveal three absorption bands at 3500 cm ',

2880 cm ™' and below 2200 cm ™" (below 2200 cm™" the glass
substrate absorbs). We ascribe the first two IR absorption
bands observed at higher wavenumbers to the O-H stretching
vibrations of adsorbed water,’® and to aliphatic C-H stretching
vibrations®® originating from the stabilizing agent MEEAA.
For comparison, the FTIR spectrum of MEEAA is also shown
in Fig. 3c, revealing two additional strong absorption bands in
the glass absorption region. These bands at 1735 cm ™' and
1100 cm " belong to C=0 and C-O-C vibrations.®® It is inter-
esting to note that the absence of any absorption bands from
the aromatic ring of acetophenone between 3000-3100 cm
indicates that no acetophenone is bound to the surface of
the BaTiO; nanoparticles. Accordingly, acetophenone does not
play any significant role in the drying chemistry. Heating the
as-deposited films to 200 °C results in a significant reduction
of the IR absorption band intensity for the aliphatic species and
for the water vibrations. These absorption band intensities are
even more reduced in the sample dried at 500 °C. The outgassing
of organics is responsible for the great amount of weight loss
observed in Fig. 3c. When dried at 200 °C, MEEAA is still present
on the BaTiO; nanoparticle surfaces. The decomposition of
MEEAA mostly takes place during the subsequent sintering of
the thin films. Based on TGA and FTIR data we can reasonably
relate the premature cracking of the BaTiO; films during sinter-
ing to tensile stresses as a result of the removal of organics.
Obviously, a drying temperature of 200 °C is not high enough to
remove enough organics to ensure a sintering process without
crack formation. On the other hand, for drying or calcination
temperatures higher than 500 °C, most organics are removed
and the weight loss is below 1 wt% up to a temperature of 800 °C,
Fig. 3c. At this point, due to the minor amount of organic

This journal is © The Royal Society of Chemistry 2015

residues cracking stresses are not to be expected anymore.
As a proof-of-concept we deposited successfully a crack-free,
3 micrometer thick BaTiO; film in four consecutive spin
coating-calcination steps at a temperature of 500 °C, as shown
in the SEM cross-sectional image, Fig. 3e. In general, several
experimental parameters have an influence on the final film
thickness, for example the spinning speed and time, dispersion
concentrations, the number of spin coating-drying cycles, etc. In
this study, a spinning speed of 1000 rpm and a spinning time of
20 s were found to be optimal and thus kept constant for all
films. Higher spinning rates disrupt the film uniformity in the
case of low boiling point dispersion media such as ethanol.
Therefore, the film thickness was tuned via the number of spin
coating-drying cycles and/or via the concentrations of the dis-
persions in the range from 50 nm up to 700 nm per deposition
(see ESL,T Fig. S1). Atomic force microscopy (AFM) images of the
films indicate that the surface roughness is typically in the range
of 10 nm, but can be as low as 5 nm (see ESL} Fig. S2).

Optical band gap and optical properties

The optical properties of the heated BaTiO; nanoparticle thin
films in the visible range are examined via their reflectance
spectra and compared to the as-synthesized nanoparticles,
Fig. 4a. The BaTiO; nanoparticles exhibit a maximum diffuse
reflectance of 75%, whereas the 250 nm thick BaTiO; films
exhibit 23% maximum diffuse reflectance. We calculate the
band gaps for the BaTiO; nanoparticle powder and the films
by Tauc plots of (f(x)kv)* and Kubelka-Munk calculations for
the absorption coefficients,®* Fig. 4b. Using this approach, the
band gap of the as-synthesized nanoparticles is 3.8 eV and
3.5 eV for the films. Obviously, the BaTiO; nanoparticles have
a significantly increased band gap compared to the bulk value

J. Mater. Chem. C, 2015, 3, 9833-9841 | 9837
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Fig. 4 (a) UV-vis reflectance spectra, and (b) corresponding Tauc plots of
BaTiO3z nanoparticles and nanoparticle-based films. (c) Schematic drawing
representing the band gaps Eg of the as-synthesized nanoparticles and
sintered thin films.

of 3.2 eV.®® The nanoparticle powder and the nanoparticle-
based films show an increased band gap of +0.3-0.6 eV and are
thus of a more electrically insulating nature.

Several effects may play a role in band gap widening in
nanomaterials,®*®* however narrowing of conduction and
valence bands originating from the nanocrystalline nature
of the films is believed to be the most relevant mechanism
for the wider band gap of our system.®® The large band gap also
implicates that the sample is chemically pure, because foreign
atoms would decrease the transparency range.®®

The large band gaps E, of the BaTiOj; thin films result in
outstanding transparency in the visible range, exceeding 90%
transparency above 500 nm for films approx. 200 nm and
100 nm thick (Fig. S3a, ESIt). Such optical properties make
both, the BaTiO; nanoparticles and the nanoparticle-based
films promising candidates for future devices in the field of

9838 | J. Mater. Chem. C, 2015, 3, 9833-9841
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electrooptics®” and integrated optics, as the single phase as well
as the constituent in multiferroic composite materials.®® A more
detailed discussion of the optical characterization and porosity
of BaTiO; films fabricated from dispersions with varying nano-
particle concentrations is given in the ESLf{ Fig. S3b and c.
The refractive index of the films can be tuned in the range from
1.5-1.8 via altering the concentration of the initial colloidal
dispersion, while maintaining the extinction coefficients low.
Films with different porosities and thus different refractive indices
can be deposited by our method. This flexibility facilitates further
applications as Bragg-stacks, enables variation of the refractive
index contrast by liquid impregnation of the pores and opens up
possibilities for sensing.

Ferroelectric switching of nanoparticle-based films

We exemplify and confirm, as a proof-of-concept for the applic-
ability, the local ferroelectric switching behavior of the BaTiO;
films and the corresponding hysteresis loops via switching
spectroscopy piezoresponse force microscopy (PFM), Fig. 5.
For the longitudinal piezoelectric strain coefficient ds; (respon-
sible for the longitudinal strains in the case of vertically applied
electric fields) a maximum value of 5 pm V™' is measured
for ca. 200 nm thick BaTiO; films, Fig. 5a. Despite the crack
free microstructure, ds; values are limited to a few picometers
per volt in this grain size regime, as reported previously for
sol gel deposited nanocrystalline BaTiOj3 thin films of similar
grain sizes,*® and our findings perfectly agree with the given
particle size — piezoresponse arguments. An exact calculation of
the piezoelectric coefficient ds;; from the piezoresponse data
is difficult due to the inhomogeneous electric field between
the PFM tip and the sample.”® Additionally, the relatively high

1Y)
N

[

o

50

Piezoresponse Amplitude
(pm)

Applied Voltage (V)

8 6 4 2 0 2 4 6 8
Applied Voltage (V)

Fig. 5 (a) Amplitude and (b) phase shifts of the piezoresponse local
hysteresis loops of BaTiOz nanoparticle thin films.
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shear piezoelectric coefficient, d;s, for these materials especially
in the case of nanocrystalline thin films” causes a significant
piezoresponse in the lateral directions in the case of a vertically
applied electric field. The full phase shift in the piezoresponse
proves that complete switching over 0-180° takes place along the
x-axis upon changing the bias polarity, as seen from the response
versus applied potential curve, Fig. 5b.

In contrast to macroscopic ferroelectric switching measure-
ments reported in the literature,”> PFM measurements on
the films in this work reveal an asymmetric switching profile
for which the coercive voltages are close to 1 V for positive bias,
and increased coercivity towards a negative bias of 2 V (Fig. 5b).
Accordingly, the amplitudes are increased for positive and
reduced for negative bias switches (Fig. 5b). We attribute the
asymmetric switching profiles to the asymmetric electrical
contact during the measurements, where a micro-contact is
applied to the top of the film-air interface, and a partial coverage
of the macro-contact is employed for the bottom electrode.
Hence, work functions of the electrodes may differ for the top
and the bottom surface of the film.”*

Conclusions

This work shows that a colloidal route based on preformed
nanoparticles can successfully be applied to the preparation of
BaTiO; films of a broad range of thicknesses from some tenths
of nanometers up to a few micrometers. Unlike classic wet-
chemical techniques, crystallization is already accomplished by
deposition due to the nanocrystalline nature of the colloidal
dispersions. Correlation between the dispersing medium ethanol,
the dispersant MEEAA and the drying conditions is observed
and engineering guidance on how to make crack-free films is
provided. An increase in the electronic band gap in comparison
to bulk indicates that the films are more insulating, and thus
reach an outstanding transparency of more than 90% in
the visible range for several hundred nanometer thick films.
Such improved characteristics enable a wider operation range
for electro-optical devices. A first proof-of-concept for the ferro-
electric nature of the nanoparticle-based films is evidenced
by switching spectroscopy PFM measurements. The fact that
nanoparticle-based films can now be produced over a wider
range of thicknesses without cracking, but with high grain
interconnectivity and desired ferroelectric and optic properties
represents a promising step towards the fabrication of multi-
ferroics and ferroelectrics and applications thereof in random
access memory devices by low-cost wet-chemistry approaches.

Experimental procedure

Materials

Dendritic metal pieces of barium (99.99% purity), titanium(v)
isopropoxide (99.999% purity), 2-[2-(2-methoxyethoxy)ethoxy]-
acetic acid (technical grade) and hexane (>95% purity) were

purchased from Aldrich fine chemicals and used without
any further purification. Ethanol of 99.8% purity was obtained

This journal is © The Royal Society of Chemistry 2015
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from Fluka. Acetophenone (98% purity) was obtained from
Acros organics and degassed via 3 freeze-thaw cycles before
the synthesis. Fused silica, (100) oriented p-type Si wafers, and
Pt/Ti0O,/Si0,/Si wafers (MTI Corp, USA) were used for film
deposition.

Synthesis of particles and dispersions

The synthesis is a combination and adaptation of previously
reported protocols.””””* In a typical synthesis, 137 mg of den-
dritic Ba is dissolved in 5 ml of degassed acetophenone at 80 °C
in an argon filled glove box, followed by dropwise addition
of a molar equivalent of titanium isopropoxide. The mixture is
transferred to a microwave vial, sealed and exposed to micro-
wave irradiation for 30 minutes at a synthesis temperature of
220 °C using a CEM Discovery reactor.

The nanoparticles are centrifuged off, washed twice with
ethanol and finally sonicated for 45 minutes in 5 ml of 0.3 M
ethanolic MEEAA solution using a Branson B3510 ultrasonic
cleaner. After sonication, the nanoparticles are stirred overnight
in this mixture to ensure sufficient binding of the stabilizing
molecules to the nanoparticle surfaces. In the following step,
an excessive amount of hexane (5:1 hexane to ethanol ratio
in volume) is added and the mixture is centrifuged in order
to separate the nanoparticles from excess stabilizing agents.
Afterwards, the BaTiO; nanoparticles are re-dispersed in ethanol
with a subsequent sonication step.

Synthesis of films

BaTiO; nanoparticle thin films are fabricated using spin coat-
ing with intermediate drying at 200 °C or 500 °C at a maximum
spinning speed of 1000 rpm in a total spinning period of
20 seconds using a Laurell WS650 spin coater. Typically, the
concentrations of the nanoparticle dispersions are altered
between 30 and 250 mg ml~" to obtain thickness values per
spin coating between approx. 50 and 750 nm. To deposit a 3 pm
thick film, 4 spin coating cycles with 500 °C intermediate drying
are carried out, followed by a final sintering step using nano-
particle dispersions of 250 mg ml™' initial concentration.
All film deposition processes prior to sintering are carried out
in a laminar flow controlled, synthetic air filled glovebox. The
sintering step at the very end of all spin coating-drying cycles
was performed at 700 °C for 2 hours in air with 4 hours of
ramping (approx. 2.8 °C min~ ' ramping rate) in a Nabertherm L
3/11/B170 laboratory muffle furnace.

Characterization

SEM images were obtained from films deposited on Si wafers at
an operational voltage of 3-5 kV using a LEO 1530 scanning
electron microscope. Transmission electron microscopy (TEM)
studies were performed on a FEI Tecnai F30 FEG operating at
300 kv. Powder and film XRD patterns were obtained using a
PANalytical X’Pert Pro diffractometer with a Cu Ka source in
grazing incidence geometry between 20-85° using 50 seconds
per step and a step size of 0.01° and 0.0065° for thin films and
powders, respectively. To investigate the near order character-
istics of the films and nanoparticles, a WITec CRM200 Confocal
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Raman Microscope with a green laser of 532 nm was employed.
Thermogravimetric analysis was carried out on post-synthesis
functionalized powders and films dried at 200 °C using a
Mettler Toledo TGA/SDTA851. Samples were heated from
50 °C to 800 °C at a heating rate of 5 °C min~"' under air. FT-IR
spectroscopy was performed on a Bruker Alpha FT-IR Spectrometer
on undried, and 200 °C and 500 °C dried thin film samples on
glass substrates. UV-vis spectra were obtained using a JASCO V-770
spectrophotometer with an ILN-725 integrating sphere accessory
with background subtraction and with respect to standard BaSO,
powder. Topography images were obtained in intermittent contact
mode AFM of an Asylum Cypher™ using AC160TS-R3 tips and
surface roughness was calculated accordingly. The ferroelectric
properties were investigated in DART-SSPFM mode of an Asylum
Cypher™ using doped diamond PFM tips from NDMDT on films
deposited on Pt/TiO,/SiO,/Si substrates with the Pt bottom
electrode being ground during the measurements. Deflection
in volts and thermal calibration of the tips were done prior to
PFM measurements and the presented hysteresis curves were
obtained in the remnant mode to minimize electromechanical
tip-sample interactions with an ac reading voltage of 1 V.
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