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Abstract High-temperature X-ray diffraction, absorp-
tion—reflection infrared spectrometry and thermal analysis
coupled on-line to mass spectrometry, were applied to
citratoperoxo precursor gels and films of (Bi,Nd)4TizO;,
(BNAT). A slow heating rate resulted in secondary phases
(Bi,Ti,O5 and Bi,03) while a high rate yielded phase pure
layered perovskite BNdT. Comparison of the evolved gas
profiles from the bulk gel and thin film, showed complete
decomposition of the film at lower temperature than
expected from thermogravimetric and evolved gas analysis
of the bulk gel. Thermal methods adapted to thin films,
therefore are crucial for understanding and controlling the
oxide formation in the film.

Keywords Sol-gel - Thermal treatment - TG -
In situ HT-XRD - FTIR - MS

Introduction

Neodymium substituted bismuth titanate (Bi,Nd),Ti30,,
BNdT) is a layer-structured perovskite material, character-
ized by the so-called Aurivillius crystal phase [1]. The
material shows interesting ferroelectric properties, such as a
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relatively high remanent ferroelectric polarization, fatigue
resistance on Pt substrates and a relatively low processing
temperature in the order of 650 °C [2—4]. The fatigue
resistance is engineered by the substitution of Bi’*" with
lanthanide ions, and is explained by the non volatility of
lanthanide oxide, as opposed to bismuth oxide, thus con-
tributing to the reduction of the number of oxygen vacan-
cies. This was first demonstrated for the case of La*" and it
inspired research efforts towards other lanthanides as well
[5]. Another advantage of (Bi,Nd)4Ti;0;, is its lead-free
composition. Together, these properties make it a candidate
for commercial applications, e.g., for the production of non-
volatile ferroelectric random access memories (FeERAM) or
metal ferroelectric insulator semiconduction field effect
transistors (MFIS-FET) [6].

In our laboratory, an entirely aqueous chemical synthesis
route is researched for the preparation of metal oxide
materials [7—11]. In this method, the metal ions are stabi-
lized in an aqueous solution by complexation with chelating
ligands such as peroxide and citrate. These homogeneous
precursor solutions are stable in ambient conditions for
extended periods of time. The optimized solutions can be
evaporated and then transform to an amorphous, solid gel
precursor or alternatively they can be applied for spin
coating onto a suitable substrate in order to obtain thin films.
To achieve a good wettability, the substrate needs to be
subjected to a chemical pretreatment turning it hydrophilic
[12]. After gelation or deposition, organic components are
thermo-oxidatively removed by an optimized thermal
treatment to yield the phase pure metal oxide. The route
provides excellent composition control, due to the high
degree of homogeneity, is inexpensive and allows uncom-
plicated deposition of films with a thickness ranging from
several hundreds of nm down to a few nm [13] and even
segregated islands [14].
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Here, we present a study of the formation of neodymium
substituted bismuth titanate thin films from an aqueous
solution—gel route, by using hyphenated thermal analysis,
infrared spectroscopy and X-ray diffraction. The effec-
tiveness of thermal methods for the purpose of studying
oxide formation in films has been illustrated limitedly
before [15-17], in contrast with the synthesis of powders
where these methods are well established [18-21]. Here,
we focus mainly on the differences between decomposition
of bulk gels compared to thin films. The thermal methods
applied here, play a pivotal role in understanding the dif-
ferent stages of the fabrication process of phase pure
(Bi,Nd)4Ti3012 films.

Experimental details

The synthesis of the precursor solution for the composition
Bi3 sNdg sTi4O,, was carried out entirely analogously to the
route reported previously [22], except for replacing La®*
with Nd**. Commercial bismuth citrate (Bi(C¢HsO-)s,
99.99%, Aldrich) is dissolved in water by addition of NH3,q)
(32%, Merck, extra pure) and stabilized by monoethanola-
mine (C,H;NO redistilled, 99.54+%, Aldrich). Neodymium
citrate, synthesized from Nd,O3 (Alfa Aesar, 99.9%) and
citric acid (CgHgO7, 99%, Aldrich), is dissolved in water
using ammonia and monoethanolamine. Citratoperoxo-
Ti(IV) is synthesized by hydrolyzing Ti(IV)isopropoxide
(Ti(iOPr),4, 98+%, Acros), in water, reacting the hydrolysis
product with hydrogen peroxide (H,O,, 35% wt in H,O, p.a.,
stabilized, Acros) and citric acid and increasing pH with
NHs(aq). All the monometal ion solutions have a pH ~
7-7.5 and their exact concentration is verified using ICP-
AES (Optima 3000, Perkin Elmer). They are combined in the
desired ratio in order to obtain the stoichiometric multimetal
ion precursor solution. The solution can be gelled upon
evaporation in a furnace at 60 °C (24 h typically) or alter-
natively applied for spin—coating of thin films. The sub-
strates used were Pt/BKB (best known barrier), chemically
pretreated using a sulfuric acid—peroxide mixture, followed
by an ammonia—hydrogen peroxide mixture, to render them
hydrophilic. Depositions were carried out by spinning at
3,000 rpm during 30 s with a ramp of 1,000 rpm s~ '. Each
layer was subjected to a stepwise thermal treatment on hot
plates at increasing temperature in ambient air (160 °C—
1 min, 260 °C—2 min, 480 °C—2 min). For the absorp-
tion—reflection Fourier transform infrared (AR-FTIR) study,
the films were heat treated on hot plates up to the tempera-
tures specified below. Finally, the films optionally are crys-
tallized by rapid thermal processing in dry air up to a
temperature of 650 °C (heating rate 50 °C s~ ', isothermal
period 30 min).
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In situ study of the phase formation in thin films was
carried out using a modified Siemens D5000 (Cu K, radi-
ation). Here, the films were heated at a heating rate of
10 °C min~" with an isothermal period of 130 min in order
to collect the diffraction pattern with a sufficiently high
signal to noise ratio. XRD patterns were collected at 376,
424, 472, 520, 570, 620, 670, and 721 °C. FTIR spectra are
obtained using a Bruker IFS48 spectrometer, equipped with
an absorption—reflection accessory for measurement of thin
films (resolution 4 cm™"). KBr pellets were prepared to
study the solid gel powder. Thermogravimetric analysis
was carried out using a TA Instruments TGA 951-2000.
For evolved gas analysis, this was coupled on-line to a
quadrupole mass spectrometer (Thermolab, VG Fisons).

Results and discussion

Generally, in wet chemical synthesis routes such as sol-
gel, metalorganic decomposition, Pechini routes, etc. [23]
the temperatures for the hot plate steps in film deposition
are selected based on thermal analysis of a bulk gel or
precursor powder. This approach is usually justified by the
similarity of the chemical structure of a bulk precursor gel
and the dried gel film, which are obtained by evaporation
or chemical crosslinking of a precursor sol(ution), or by
spin drying and subsequent heating steps, respectively.

Chemical structure of the precursor

The chemical structure of the Bis sNdgsTi;Oq, precursor
gel, obtained by evaporation of an aqueous citratoperoxo
precursor solution, was studied using FTIR (Fig. 1).

O-H, N-H, and C-H stretching vibrations are observed
in the wavenumber region from 3,500 to 2,800 cm™ !,
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Fig. 1 FTIR spectrum of a BNdT precursor gel dried at 60 °C—24 h
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Ammonium carboxylates are identified from their asym-
metric and symmetric stretching vibrations at 1,580 and
1,390 cmfl, respectively. Around 1,080 cm'a sharp C-O
vibration is observed, which could be ascribed to the o —C—
O(-H or —M) in citrato-ligands and ammonium citrate,
possibly coordinating the metal ions. The chemical struc-
ture of citratoperoxo gels has been extensively studied in
our research group, e.g., [7, 24]. It consists of metal ion
complexes, surrounded by and bonded to a network formed
of the excess ammonium citrate [25]. The ammonium ions
allow the formation of hydrogen bridges between the
excess citrate molecules and chelates, thereby ensuring the
gel’s amorphous and homogeneous nature.

The precursor gel’s FTIR spectrum can be compared to
the dried gel film, heat treated on a hot plate at 60 °C in
ambient air (Fig. 2). The similarity of the chemical struc-
ture in the film and the gel is clearly demonstrated. A
vibration at 1,720 cm™" which is present in the film but not
in the gel, is indicative of —-COOH groups, formed by NHj3
loss from —COONH,. Furthermore, the vibration centered
at 2,345 cm™ ! are ascribed to artifacts from ambient COs,.

Thermo-oxidative decomposition of the precursor

In Fig. 3 curves and derivative curves of the BNdT pre-
cursor gel are shown, measured at different heating rates.
In accordance with previous experience, e.g., [25, 26] with
the thermo-oxidative decomposition of citratoperoxo pre-
cursor gels for different metal oxides, in the case of BNdT
the decomposition occurs in three distinct steps as well.
The first step is ascribed to the decomposition of the excess
of ammonium citrate, the second step to the decomposition
of the chelating ligands and the third step to the removal of
residual organic derivatives formed from the partially
decomposed organic matrix. The selection of the hot plate
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Fig. 2 Absorption-reflection FTIR spectra of BNAT films hot plate
treated up to the indicated temperatures (ambient air)
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Fig. 3 Thermogravimetric analysis of BNAT precursor gel as a
function of heating rate, illustration of the selected hot plate steps
(100 mL min ™! dry air) in the derivative curve

treatment steps is illustrated in Fig. 3 as well. As expected,
the individual decomposition steps shift towards higher
temperature with increasing the heating rate from 5 to 20 to
50 °C min_l, e.g., for the third step from 438 °C to 465 °C
to 493 °C (the reported temperature is at the maximum
decomposition rate). A direct study of the BNAT film using
TG was not feasible. First of all, the mass of a thin film (in
the order of 100 nm final oxide thickness) is very small and
changes due to thermal decomposition would be most
difficult or impossible to detect. Furthermore, at high
temperatures in oxidative environment, Si from the sub-
strate would oxidize as well. This would lead to a mass
increase, interfering with the mass decrease from the
decomposition of the organic film components.

In order to still be able to study the thermo-oxidative
decomposition of a thin BNdT film in a direct manner,
here we applied evolved gas analysis by mass spectrom-
etry. For the precursor gel, TG-MS measurements were
carried out as normal, while for the films, the TG was
simply applied as a furnace to heat the film. The sample
was cut into pieces of the right size and placed inside the
tube near the thermocouple. Mass spectra of the evolving
gases were recorded without registering the mass changes
(Fig. 4).
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Fig. 4 Evolved gas analysis of dried a BNdT precursor gel, b BNAT precursor film showing the temperature profile and traces of m/z = 17
(NH3), m/z = 43 (CH5CO), m/z = 44 (CO,), m/z = 41 (CH;CN) and m/z = 27 (HCN) as a function of time (100 mL min ™" dry air, 20 °C
min~"; isothermal periods simulating the stepwise film heat treatment temperatures of 160, 260, 480, and 650 °C)

A detailed discussion of the typical decomposition of
citratoperoxo precursor gels has been given in a previous
paper, e.g., for the case of lanthanum substituted bismuth
titanate [25]. The general decomposition scheme applies
for the neodymium substituted bismuth titanate gel as well,
due to the similarity of the precursors and lanthanide ions.
Therefore, here we only focus on comparing the evolved
gas analysis (EGA) of the BNAT bulk precursor gel to the
thin film. The EGA results are also linked to the residual
organics present in the solid phase, which were studied
using AR-FTIR (Fig. 2). In the first decomposition step,
NH; is evolved due to the decomposition reaction of
—COONH, yielding .COOH groups. This reaction is mainly
occurring at a temperature around 160 °C, for both the gel
and the film. It can be linked to the increased intensity of
the —COOH vibration at 1,720 cm™"' in AR-FTIR (Fig. 2)
and changes in the spectral region around 3,250 cm™',
after heat treatment of the film at 160 °C. At the same time,
a competitive dehydration of ammonium carboxylate leads
to the formation of amides, but the amide I and II bands are
overlapping with the remaining carboxylates and carbox-
ylic acids. The onset of decomposition of these —-COOH
groups by decarboxylation, is observed at slightly higher
temperatures, as is indicated by the first evolution of CO,
around 260 °C for both the gel and the film. Furthermore,
decomposition products of citric acid, indicated by CH;CO
(m/z 43), are observed in this temperature region for both
samples as well, extending up to slightly higher tempera-
tures for the gel. In the solid phase, the AR-FTIR spectra
after heat treatment at 210 and 260 °C support the con-
clusions concerning the decomposition of the carboxylate
and formation of nitrogen containing organic derivatives,
which were based on the EGA. A decrease of the O-H,
N-H, and C-H bands in the 3,500-3,000 cm™! region is
evident. Changes are observed in the carboxylate region
such as decreasing intensity and peak shifts caused by the
formation of decomposition products of the ammonium
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carboxylates and complexes. During the temperature
increase between 260 and 480 °C, the evolution of CO,
intensifies and N-containing decomposition products such
as CH3CN and HCN are observed for both the gel and the
film. When 480 °C is reached, in the case of the film the
evolution of volatile organic decomposition products is
nearly ended, with only a small amount of CO, and pos-
sibly also still some CH;CO being observed. The AR-FTIR
spectra show virtually no organic components from 370 °C
onwards (note an artifact due to ambient H,O vapor in the
broad region around 1,500 cm_l). This is a contrast with
the bulk gel, where organics are still decomposing up to
around 450 °C at the same heating profile, which leads to
the evolution of the largest amounts of CO,, CH3CN and
HCN. This difference between the bulk gel and film is
ascribed to the different surface to volume ratio, which
leads to a more efficient decomposition product removal in
the film. Possibly, the formation of thermostable nitrogen
containing organic derivatives in the film subsequently
could be less pronounced than in the bulk gel. To these
differences, the film’s lower apparent decomposition tem-
perature could be ascribed.

In conclusion, by comparison of the bulk and thin film
decomposition behavior using evolved gas analysis and
absorption—-reflection FTIR, it becomes clear that important
differences can exist. This has interesting implications for
the selection of the heat treatment of the film.

Oxide phase formation

The in situ HT-XRD measurement (Fig. 5a) showed that
the BNAT film remained amorphous up to 424 °C, while
the formation of the crystalline BNdT Aurivillius phase
(JCPDS card 35-0795) is observed from 472 °C onwards.
This crystallization is seen to immediately follow up on the
temperature at which the CO, volatilization from the film
ended according to evolved gas analysis. However, a
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Fig. 5 Crystalline phase formation of the BNdT film a in situ HT-XRD in static air, b room temperature XRD after RTP up to 650 °C in

dynamic dry air

secondary pyrochlore phase, of the composition Bi,Ti,O-,
is observed as well. This parasitic phase remains present up
to the high temperature of 721 °C, where the substrate
structure is destabilized as evidenced by the increased
intensity of IrO, adhesion layer peaks. Furthermore, start-
ing from 570 °C a secondary bismuth oxide phase is
observed from the growing intensity of its diffraction peak
at 27.6° 260, which also remains up to high temperature.
Though IrO, from the substrate also shows a diffraction
peak around this position, other IrO, peaks at 53.7°2 6 and
57.7°2 0 are not observed until 721 °C. This indicates that
it is rather Bi,O3, which is formed at 570 °C. In contrast
with the HT-XRD measurement, after hot plate treatment
as described in the experimental section and rapid thermal
processing of a film up to 650 °C, a phase pure Aurivillius
oxide is obtained in the BNAT film (Fig. 5b). The differ-
ence in both results is ascribed to the strong difference in
heating rate. While the RTP treatment heats the BNdT film
up to 650 °C in 2 min and 3 seconds (2 min up to 500 °C,
50 °C s~! from 500 to 650 °C), the HT-XRD measure-
ments were carried out in a much longer time span
(1,111 min) due to the requirement of obtaining a sufficient
signal to noise ratio. The kinetics of the oxide formation
affect the nucleation phenomena, determining the forma-
tion of a phase pure BNAT thin film. A fast heating rate is
sufficient to avoid nucleation of secondary phases, based
on a comparison of Fig. 5a and b.

Conclusion

The formation mechanism of BNdT in thin films on plat-
inized silicon was studied by applying thermal methods,
specifically adapted to coatings.

Crystalline phase formation was studied using in situ
HT-XRD and off-line XRD, which demonstrated that
Aurivillius phase BNdT can crystallize in the film at a tem-
perature as low as ~470 °C. Though phase pure films were
obtained after RTP treatment, in HT-XRD secondary phase
formation was observed. The latter was ascribed to the much
slower heating profile leading to different nucleation phe-
nomena. Therefore, HT-XRD with the current technical
setup can only be applied to estimate a possible minimum
temperature for oxide crystallization, but conclusions con-
cerning phase purity should be drawn with due care.

The thermal decomposition leads to chemical structural
changes in the solid phase of the films, and to gas evolu-
tion. These were studied by absorption-reflection FTIR and
by evolved gas analysis through MS. A comparison with
TG-MS of a bulk BNAT gel precursor showed that the
thermo-oxidative decomposition of the thin films is more
efficient than that of bulk powders. As a consequence,
starting from 370 °C, virtually no more organics are
observed in the FTIR spectra of thin BNdT films, while the
evolved gas analysis of the bulk powder indicated that at
least 450 °C is needed (heating rate 20 °C/min with
intermediate isothermal steps). Therefore, we conclude that
using TG and evolved gas analysis of a bulk precursor, to
select a heat treatment scheme for thin films can lead to
overestimation of the actual required temperatures. Thin
film evolved gas analysis in combination with AR-FTIR
study of the chemical structural evolution in the solid
phase, may provide a more solid base for this.
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