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ABSTRACT: Functional oxide films were obtained at low
temperature by combination of aqueous precursors and a
UV-assisted annealing process (aqueous photochemical
solution deposition). For a PbTiO3; model system, func-
tional ferroelectric perovskite films were prepared at only
400 °C, a temperature compatible with the current Si-
technology demands. Intrinsically photosensitive and envi-
ronmentally friendly aqueous precursors can be prepared for
most of the functional multimetal oxides, as additionally
demonstrated here for multiferroic BiFeOs;, yielding vir-
tually unlimited possibilities for this low-temperature fabri-
cation technology.

Metal oxide films are indispensable in modern nanoelectro-
nic, memory, biosensing, energy storage, and photovoltaic
applications. To manufacture such a large variety of functional
films, chemical solution deposition (CSD) routes, which require
postdeposition annealing at high temperatures (>600 °C), are
often the method of choice because of easy composition control,
low cost, and large-area deposition." However, in view of today’s
environmental and economic solicitude, as well as to ensure
technical compatibility with thermally unstable Si-based semi-
conductor substrates and stacks, thermal budgets should be kept
as low as possible. Low-temperature processing is a critical issue
that constitutes a technological milestone for the realistic inte-
gration of any functional metal oxide into electronic devices.
Metal alkoxide-based CSD routes use organic solvents such as
2-methoxyethanol, which is a possible human teratogen, con-
tributes to photochemical smog, and is listed in the U.S. Clean
Air Act as a substance to be avoided. Although less hazardous
media have been reported,” > the issue of solvent toxicity has
been largely overcome by the recent development of aqueous
CSD. Previous work has demonstrated that many (multi)metal
oxide systems can be synthesized from these innocuous water-
based precursor systems.’ ® Insensitivity of the metal ions
toward hydrolysis and condensation is ensured by the formation
of water-soluble o-hydroxycarboxylato metal complexes using
chelating carboxylic acids such as citric acid. Although aqueous
CSD is a potent replacement for traditional sol—gel systems
from the toxicity point of view, high annealing temperatures
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typical for any CSD route are still required for aqueous-pre-
cursor-derived films.

The use of UV irradiation during the thermal decomposition
of solution-deposited films in a photochemical solution deposi-
tion (PCSD) process has been demonstrated to be a valuable
technique for reducing annealing temperatures of sol—gel-
processed ferroelectric oxide films while preserving their functional
properties.'””'* However, until now it has only been applied to
conventional alkoxide-based precursors containing external UV
absorber species.'”'® The present study demonstrates that the
undesired and superfluous addition of photosensitive compounds
is not needed for water-based precursor systems. Aqueous carbox-
ylato precursors have an enhanced and intrinsic UV sensitivity in a
wide temperature window, resulting in a significant reduction of the
thermal requirements when they are subjected to a PCSD process.
Low-temperature processing avoids the emission of toxic volatiles
from the precursors'* and makes the integration of functional
multimetal oxide systems in complementary metal oxide semicon-
ductors (CMOS) feasible.

The potential of aqueous citrato(-peroxo) precursors in UV-
assisted photoannealing processes is demonstrated herein for the
first time using lead titanate (PbTiOs) as a model system.'
Although some lead-free compounds appear to be promising,'”
lead-based perovskites still dominate the market of ferro-piezo-
electric components.'® To date, few publications have demon-
strated adequate functionality for (multi)metal oxide thin films
using a maximum temperature below 450 °C.'"'*'92°

The thermal decomposition of aqueous ammonium metal
citrate precursors has been studied previously.”' ~** In a first tem-
perature region (T < 270 °C), the uncoordinated ammonium
citrate matrix surrounding the metal ion complexes decomposes,
while the direct coordination of metal ions does not change.
Several endothermic processes occur, including decomposition of
noncoordinated ammonium carboxylate groups into carboxylic
acids and NHj, amide formation, dehydroxylation of -hydroxy-
carboxylates followed by anhydride formation, and decarboxyla-
tion of the remaining unsaturated carboxylic acids and their
evaporation,”" all of which result in the formation of UV-absorbing
carboxylate derivatives, (cyclic) anhydrides, amides, and imides
[Figure S1 in the Supporting Information (SI)]. However, UV
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Scheme 1. Thermal Decomposition of an Aqueous Precursor
Gel®
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Figure 1. (a) UV—vis absorption spectra of PbTiO; precursor films
after each step of the optimized thermal profile. UV absorption is
ensured in the wavelength region of the UV source (222 nm). (b)
GATR-FTIR spectra of PbTiO; precursor films on platinum-coated
silicon substrates after various thermal and UV treatments. Almost all of
the organic compounds are eliminated for films treated using the optimal
thermal profile. Brackets indicate UV irradiation.

irradiation in this temperature region results in film blistering due to
the excessive decomposition of UV-absorbing compounds (Figure
S2). At higher temperatures (270 °C < T < 420 °C), breakdown of the
0O-hydroxy coordination of the metal ion occurs, producing carboxylate
derivatives comparable to those formed during the decomposition of
pure citric acid and ammonium citrate (Scheme 1).

Grazing-angle attenuated total reflection Fourier transform IR
(GATR-FTIR) spectroscopy confirms that UV irradiation results
in a decrease in the organic content of the film (Figure 1b).
Moreover, UV absorption spectra of lead titanate precursor films
treated at 270 and 350 °C show that absorption at ~222 nm is
ensured at all stages before the final temperature treatment
(Figure 1a). Closer to and above 400 °C, both the metal ion
carboxylates and the residual organic matrix in the gel further
decompose, and metal oxide bonds are formed.

During the UV-assisted thermal decomposition in oxygen, UV
photons form ozone (O;) and active oxygen [0('D)]. 04
advances the oxidation of organic compounds present (i.e.,
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Figure 2. XRD peaks of single-phase tetragonal PbTiO; (JCPDS no.
06-0452) on platinum-coated silicon substrates: (a) UV-irradiated film
treated at 400 °C; (b) non-UV-irradiated film treated at 400 °C.

ozonolysis), whereas active oxygen improves the stoichiometry
of the crystalline phase and decreases the amounts of defects,
vacancies, and leakage currents in the film.>*?5 As a result of the
photosensitivity of the precursor system, the excitation of
photoactive groups formed during decomposition also induces
the dissociation of chemical bonds and the low-temperature
formation of metal—O—metal bonds.*® Because of the precur-
sors’ intrinsic UV absorption originating from (partially de-
composed) citrato(-peroxo) metal ion complexes (Scheme 1
and Figure 1a), the addition of any external photoinitiator becomes
superfluous. As a result of dehydroxylation and combustion reac-
tions occurring during precursor decomposition,n’z‘?”27 water is
released in a wide temperature window. Photolysis of water leads
to the formation of highly reactive atomic hydrogen and hydroxyl
radicals.”®* Also, photolysis of ammonia released during the
decomposition of ammonium carboxylates or amides”' leads to
the formation of reactive H, NH, and NH, radicals.*>*° In contrast
to other precursor systems,'”'"'*" films derived from aqueous
precursor systems are thus UV-active in a wide temperature window.

Following an optimized thermal profile, all of the films
(deposited on Pt/IrO,/Ir/SiO,/Si) are UV-irradiated at 270
and 350 °C and annealed at 400 °C (Scheme 1; also see page S7
in the SI). To benefit from the enhanced decomposition of
organics and the formation of O('D) radicals, treatments are
carried out in oxygen. X-ray diffraction (XRD) indicates single-
phase PbTiO;, with no different orientation or phase purity for
films treated with or without UV irradiation (Figure 2 and Figure
S3). The crystallite sizes and microstrains derived from XRD data
are identical, and narrow grain size distributions are obtained
according to atomic force microscopy (AFM) topography anal-
ysis of the films (Table 1; AFM images are shown in Figure S4).

However, the relative intensities of the perovskite diffraction
peaks are clearly higher for the UV-treated film, indicating a
larger amount of crystalline phase (Figure 2 inset and Table 1).In
addition, the irradiated film is thinner than its nonirradiated
counterpart, suggesting a larger degree of crystallization/sintering.
The greater thickness of the nonirradiated film may indicate a
lower bulk density due to a larger porosity or greater amounts of
amorphous or poorly crystallized phases of lower density arising
from the low-atomic-weight carbonaceous compounds that are
still not decomposed (Figure SS).

A film with a higher percentage of fully crystallized phase and
degree of sintering is associated with improved functional
properties. For all films annealed at 400 °C, ferroelectric behavior
is confirmed by the shape of the experimental hysteresis loop
(black curves in Figure 3a—c), from which the ferroelectric
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Table 1. Film Thickness, Grain Size Measured with AFM,
and Crystalline Characteristics Obtained from XRD Patterns
of PbTiO; Films on Platinum-Coated Silicon Substrates
Prepared at 400 °C with and without UV Irradiation

XRD

characteristics

film  AFM lateral

. N o . L o b
thickness® grain size” crystallite size” microstrain intensities

uv 155 60—80 1141 —37%x10°* Iy, A~ 37.1
Iigo &~ 137.7

noUV 250 60—80 11+1 —37%x 10 Ipp ~ 162
T1o0 & 722

“In nm. ® Intensities (counts) of the (001) and (100) peaks.

switching contribution can be extracted (red lines).*" The film
obtained from a 16 mol % excess lead precursor solution that was
UV-irradiated and crystallized in oxygen has the most advanta-
geous ferroelectric properties: P, = 8.8 uC cm™ % Pg= 104 uC cm ™2,
and E, = 320 kV cm ' (Figure 3a). The corresponding film
without photoactivation shows a much weaker response:
P.=13uCcm % Pg=17uC cm % and E. = 278 kV cm ™'
(Figure 3b). In the absence of UV light, no reactive species are
formed, no photolysis of water or ammonia occurs, and no carbox-
ylates (derivatives) are photoactivated. Overall, more organics or
amorphous phases remain present at the same temperature, resulting
in smaller amounts of perovskite phases and a larger number of defects.

The addition of excess lead to a stoichiometric PbTiO;
precursor usually helps reduce the crystallization temperature of
the film and increase the amount of perovskite phase, improving its
ferroelectric properties."* However, even UV-treated films pre-
pared from a nominally stoichiometric precursor solution at
400 °C show a ferroelectric response: P, = 3.0 uC cm % Pg =
52uCcm 2 and E. = 165kV cm ™' (Figure 3c). These values are
better than those obtained from the 16 mol % solution without UV
irradiation, indicating the superior effect of UV irradiation.

Films with excess lead and UV irradiation crystallized at
temperatures below 400 °C (375 °C) are not ferroelectric at
all (Figure 3d), despite the fact that XRD indicates the presence
of a (less) crystalline perovskite phase (Figure S3d).

AFM and XRD analyses indicate that films prepared at 400 °C
(16 mol % excess lead) have grains of similar size irrespective of
the use of UV irradiation but more crystalline phase when UV is
applied (Table 1 and Figure 2). This can also be inferred from the
cross-sectional scanning electron microscopy (SEM) images in
Figure S$ and is reflected in the different thicknesses of the two
films (Table 1). The lower crystallinity in the nonirradiated film
is associated with a higher porosity and the presence of organics/
amorphous phases still remaining in the bulk film. Nonferro-
electric phases and organic compounds damage the ferroelectric
response of the film, but in addition, the low degree of sintering
and low density imply poor contact among the ferroelectric
grains. This impedes the growth of ferroelectric switching
domains throughout the grain boundaries and results in a lower
polarization value. Although the ferroelectric responses for the
UV-irradiated films are inferior to those obtained after conven-
tional crystallization (>600 °C), they do fulfill the requirements
needed for a realistic integration of this multifunctional oxide
film at 1t;:mperatures compatible with current silicon technology
trends.
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Figure 3. Ferroelectric responses for different PbTiO; films on plati-
num: black [J, experimental loop; red O, ferroelectric switching con-
tribution; blue A, nonferroelectric conductivity contribution.

To illustrate the general applicability of the aqueous PCSD
method to the low-temperature fabrication of oxide films, multi-
ferroic bismuth ferrite (BiFeO;) was investigated. UV—vis
absorption spectra of solution-deposited BiFeO; precursor layers
show that UV-absorbing films are obtained during all stages of
the thermal profile of Scheme 1 (Figure 4a). UV absorbance is
connected to ;T — ¥ transitions inside the aqueous citrato
complex (and its decomposition products) and thus is intrinsi-
cally linked to the chemical nature of the ligand coordinated to
the metal ion. The general behavior of these aqueous systems is
thus independent of the oxide composition. As for the PbTiO;
precursor, GATR-FTIR spectra of BiFeO; precursor films on
platinum-coated silicon substrates indicate the effectiveness of UV
irradiation on the early decomposition of organics (Figure 4b).
Moreover, the metal oxide film is crystallized at a lower temperature,
as shown by the XRD patterns of the BiFeO; film prepared at
400 °C with and without UV irradiation (Figure 4c).

To summarize, functional thin films can be fabricated at a low
temperature compatible with the current Si-technology demands
using Q-hydroxycarboxylato-based aqueous precursors in a
photochemical solution deposition (aqueous PCSD) process.
In these systems, the formation of chemical species with strong
UV absorption is ensured by the chemical nature of the pre-
cursor. Intrinsically photosensitive products are formed during
thermal decomposition of the films, making external photoini-
tiators superfluous. An appropriate design of the thermal profile
used for the crystallization of the films results in efficient UV
irradiation in a thermal window between 270 and 350 °C. In this
region, water, ammonia, (cyclic) anydrides, amides, and imides
are formed that enhance the absorption of UV light and the
amorphous-to-crystalline conversion of the film. In addition,
ozonolysis resulting from UV irradiation in an oxygen atmo-
sphere enhances precursor decomposition and crystallization of a
less-defective perovskite phase. Therefore, PbTiO; perovskite
films with ferroelectric properties appropriate for their integra-
tion into functional microelectronic devices can be fabricated at
only 400 °C. Since this final temperature is below standard
CMOS requirements (<450 °C), processing issues such as
dopant diffusion in Si, NiSi junction contact destruction, and
the emission of toxic compounds are avoided. Furthermore, the
reported preparation method employs purely water-based
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Figure 4. (a) UV—vis absorption spectra of BiFeOj; precursor films
after each step of the thermal profile. (b) GATR-FTIR spectra of BiFeO5
precursor films on platinum-coated silicon with different thermal and
UV treatments. Brackets indicate UV irradiation. (c) XRD patterns of
BiFeO3 (JCPDS no. 86-1518) films annealed at 400 °C (oxygen, 1 h)
with and without UV treatment.

systems that make the overall process economically and ecolo-
gically appealing. The intrinsic photosensitivity of a-hydroxy-
carboxylato metal complexes and their decomposition products
make this synthesis route generally applicable to any metal oxide
compound, as shown for the multiferroic BiFeO3 precursor
system. Therefore, we envisage a wealth of applications for the
aqueous PCSD method in the fabrication and integration of all
kinds of (multi)metal oxides into microelectronics.
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