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In this work, calcium-modified lead titanate (RRCa)TiO3 (PCT) precursor solutions with different
amounts of C& substituting PB"™ (x = 0.24 and 0.50) have been prepared for the first time by an
entirely agueous solutiergel route. The use of water as a nonhazardous and inexpensive solvent, together
with the easy handling of the technique (no inert atmosphere is required), are the major advantages of
this method. A stable citrato-peroxo complex of Ti(IV) was synthesized first and subsequently combined
with the PB* and C&" reagents (citrates) in the desired molar ratio to obtain the aqueous precursor
solutions. The stability of these solutions with time is slightly influenced by the amount?ofi@eoduced
in the PCT system. Gels were obtained from these solutions and subjected to thermogravimetric analysis
coupled on-line to Fourier transform infrared (TGATIR) and mass spectroscopy (T&GMS) techniques.

To prepare thin films, we had to improve the hydrophilicity of the Pt{I830,/Si substrates and hence

their wetting by the aqueous solutions using a wet chemical treatment of cleaning. Crystallization of the
films was carried out by rapid thermal processing (RTP) in air at®€&d-ilms with a single perovskite
phase and a homogeneous microstructure were thus obtained, as deduced by X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The ability of this solution method to obtain PCT films with
ferroelectric and dielectric responses is also demonstrated in the present work.

1. Introduction the applied bias field. These are characteristics that can be
exploited in dynamic random access memories (DRAMS)

Ferroelectric_compositions based on the lead titanate o, oparge storage and voltage-tunable devices (e.g., varac-
perovskite, PbTi@(PT), day after day continue generating tors)

a great deal of research in both bulk ceramic and thin film he fabricati ¢ hiah ; .
forms because of their potential applications in functional ~ However, the fabrication of high-performance ceramic
materials usually involves environmental and economical

electronic devices. The partial substitution oPPby C&"
at the A site of the perovskite leads to calcium-modified lead COStS related to the use of hazardous substances, energy

titanate, (Pb.Ca)TiOs (PCT), which presents different consumption, and waste generation during the whole process.
properties as a function of the degree of substitution In the case of the electronic industry, environmental aware-

introduced into the systefrCompositions of PCT with Ca ness is demanded ever ménestricting particularly the use
contents below 35 at. % (< 0.35) in thin film form have of lead in electrical and electronic equipment, although lead

been extensively studied because of their ferro-, pyro- andm electronic ceramic parts is exempt from these restrictions
piezoelectric responsésyhich are of interest in nonvolatile &t the moment. As long as a viable lead-free replacement is
ferroelectric random access memories (NVFeRAMs), infra- Nt fully developed and compositions based on lead (mainly
red sensors or microelectromechanical systems (MEMs), répresented by Pb(Zr, Ti}and PbTiQ) remain the most
respectively. Furthermore, PCT films with larger amounts important alternatives in the fabrication of dielectric, ferro-

of P+ substituted by C% (x > 0.40) have recently been  €lectric, or piezoelectric materidisthe environmentally
shown to possess relaxorlike charaétexjth a diffuse friendly trend must also target the development of low-

ferroparaelectric transition, high values of permittivity at tOXicity processes (low-toxicity solvents and reagents, low
room temperature, and a large nonlinearity of this value with thermal budgets, etc.).
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For the synthesis of such ceramic materials, chemical from these solutions turns into a difficult task that requires
solution deposition (CSD)methods are low-energy processes the enhancement of the solution rheology by the addition of
compared to solid- and/or vapor-state reactions, which is oneorganic solvents, normally alcohols.

of the key advantages of soft solution processing of advanced - yntil now, the synthesis of the PCT perovskite composi-
materials? However, one of the major problems concerning tjon by an entirely aqueous solution method has not been
most CSD methods is the toxicity of the solvents and reagentsattempted. Precursor solutions of PCT with?Caontents
normally used in the laboratory. The majority of the works |ess than 40 at. %x(< 0.40) have been synthesized using
reporting about chemical solution preparation of multimetal organic solvents such as methoxyethafatethanoR!22
precursor§ !t use organic solvents that are recognized as ethylene glycol? or 1,3-propanediét=26. For C&* contents
highly toxic (carcinogens (benzene), reproductive hazards greater 40 at. %, only some of the authors of this work have
(2-methoxyethanol, 2-ethoxyethanol), neurotoxins (toluene, tested the preparation of (PRCas9)TiOs (X = 0.50)
n-hexane), or depressants of the central nervous systemsg|ytions using a diol-based sajel route?’” The low
(xylene, buthoxyethanol)), and therefore involve health risks solubility that the calcium compounds exhibit in the organic
in addition to the environmental impact they might have. splvents normally used is one of the major problems found

Other handicaps, such as, for example, the hydrolysisn the synthesis of precipitate-free solutions of PCT, mainly
sensitivity of the alkoxides used as starting reagents, addywhen Ca&+ contents over 40 at. % are us&d.

technological problems to the fabrication process. Both
ecological and/or technical aspects hamper the application
of these processes in the industrial sector and necessitate th
search for alternative processing routes for the fabrication

of d|electr|c and ferroelectric ceramlc thin films. the use of water instead of any organic solvent, and
An entirely aqueous synthetic route would solve the . qinating ligands such as citrates and peroxié@shese
aforementioned problems, because water is used instead Ofpe|ating agents show the ability to coordinate the different
organic solvents, promoting ecological benefits and even o5 cations present in the solution, hence preventing their
reducing the costs associated with the technique (chemicalsyy)atation by the water molecules that would lead to the

and equipment). However, to the best of the authors’ \,,-onrolled hydrolysis and subsequent precipitation of the
knowledge, few works report on the successful preparation hydroxides/oxides forme#.The reliability of this aqueous
of multimetal dielectric and ferroelectric thin films by an ¢ tion method has been previously proved in other mul-

entirely aqueous solution methét=Films of (Pb,La)(Zr-  timetal oxide compositions such as PZT, S0, (SBT),
Ti)Os (PLZT) and Pb(Zr, T)@ (PZT) compositions have 5.4 (Bj_,1 a),Tis0:, (BLT), among others. The feasibility

been prepared by an alternative MOD process, using theqs yhis process obtaining PCT crystalline films with ferro-
deposition by aqueous acetate solution (DAAS) tech- giactric and dielectric responses will be also discussed. The
nique*> However, to obtain crackfree films or improve importance of this aqueous solutiegel method as an
surface wetting adhesion, one must add alcohols such asinteresting approach to minimizing the amount of toxic

methanol® or polyvinyl alcohol (PVA)/glycerdP to the hamicals during solution processing is therefore addressed.
respective aqueous precursor solutions prior to film deposi-

tion. Also, in the Pechini proced$, despite an alpha
hydroxycarboxylic acid (citric acid) being used instead of
any organic solvent to chelate with the cation precursors, a 2.1. Solutions and GelsAqueous precursor solutions of PCT
polyhydroxy alcohol (ethylene glycol) must be subsequently were obtained by the route shown in the schematic diagram of
added to promote polyesterification and formation of a Figure 1. First, a stable aqueous Ti(IV) precursor was synthesized
spineable sol network after heating. Therefore, although

multimetal oxide precursors can be obtained by aqueous(ig) aAsai, T.; Camargo, E. R.; Kakihana, M.; Osada,Malloys Compd.

solution methods}1° the preparation of high-quality films 200Q 309 113.
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In this work, the development of an entirely aqueous
solution—gel method for the synthesis of precursor solutions
§f (Pb._,Ca)TiOs, with 0 < x < 0.50, is presented for the
first time. This aqueous solutiergel process is based on
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Figure 1. Schematic diagram of the aqueous solutigel synthetic
route.

according to the procedure described in ref 32. Titanium (IV) tetra-
isopropoxide (Ti(OCH(CH),)s, Acros Organics, 98%) was
hydrolyzed in water, leading to the formation of a precipitate
(titanium hydroxide) that was filtered and washed with deionized
water. Citric acid (HOOCCKC(OH)(COOH)CHCOOH, Aldrich,
99%), hydrogen peroxide @@, solution in HO, Acros Organics,
35 wt %, stabilized p.a.), both in a molar ratio of 2:1 against Ti-
(IV), and water (25:1 KHO:Ti(IV) molar ratio) were added to the
wet titanium hydroxide precipitate. The mixture was refluxed in
air at~80°C for 2 h. A clear, red-colored citrato-peroxo precursor
solution of Ti(IV) was thus obtained with a metal ion concentration
of ~0.86 M.

Lead(ll) and calcium(ll) citrate precursors were added to the
former Ti(IV) solution at room temperature to obtain a transparent
(Ph—«Ca)TiO3 precursor solution with the desired nominal com-
position. Commercially available calcium citrate tetrahydrate
(Cay(O,LCCH,C(OH)(CG)CH,CO,)»4H,0, Aldrich, 99%) was used

Bretos et al.

of ~0.35 and~0.25 M (referred as the equivalent molarity of PCT)
were thus obtained. Aliquots of the former solutions were dried on
Petri dishes in a furnace at 6C for 24 h, obtaining transparent
and glassy gels.

For the preparation of the films, stock solutions were diluted
with distilled water (PCT24 solution) or concentrated by water
evaporation (PCT50 solution) to a concentration~¢9.30 M.
Previous to the film deposition, these solutions were refluxed at
100°C for 1 h todecompose the excess®}.

2.2. Thin Films. Pt/TiOJ/SIO,/Si substrates were used for the
deposition of the films. These substrates were previously subjected
to a wet chemical treatméftin order to improve their wetting by
the aqueous solutions.

Films from the PCT24 and PCT50 aqueous solutions with a
concentration 0of~0.3 M were deposited onto these substrates by
spin-coating at 3000 rpm for 30 s. Each film comprised 4 layers.
The as-deposited layers were successively dried and pyrolyzed
for 2 min on each of three hot plates stabilized at temperatures of
200, 300, and 45CC. The crystallization of the layers was
carried out by rapid thermal processing (RTP) in air at 66Gor
50 s, with a heating rate of30 °C/s. A total of 4 layers was
successively deposited, dried, pyrolyzed, and crystallized. The
last deposited layer was treated by RTP at 660but for a time
of 1 h.

2.3. Characterization TechniquesThe thermal decomposition
mechanism of the PCT gels was studied by means of thermogravi-
metric analysis (TGA 9532000, TA instruments) coupled on-line
to a Fourier transform infrared spectrometer (Bruker IFS 48) or to
a quadrupole mass spectromé&téFhermolab VG Fisons), working
in the temperature range of 2350 °C with a heating rate of 10
°C/min in a dry air flow rate of 100 mL/min. Both complementary
techniques (TGAFTIR and TGA-MS) allowed us to determine
the nature of the evolved gases emitted during the thermal
decomposition of the gels. In the TGAMS analysis, the ionization
energy was set to 20 eV in order to avoid the fragmentation of
H,O (m/z = 18) into OH fwz = 17), which would interfere with
the signal of NH (m/z = 17)32 lons with m/z values between 15
and 115 were collected by this technique, whereas infrared
vibrations in the range of 4006400 cnT! were detected by TGA

as the calcium reagent. In the case of the lead citrate reagent, thid" TIR.

compound was obtained through the reaction of lead acetate(ll)

trinydrate (Pb(OCOCH)»3H,0, Aldrich, 99%) with citric acid.

X-ray diffraction with grazing incidence (GIXRD) geometry was
carried out to study the structure of the crystalline films, using a

Both reagents were dissolved at room temperature in a flask with powder Siemens D500 diffractometer with a Cu anode. A 0.4

plentiful deionized water in a 1:2 lead acetate: citric acid molar
ratio. The resulting reaction mixture was stirred for 5 min and settled

for 15 min. The precipitated lead compound was filtered, washed,

and dried in a furnace at 6@ for 24 h. The empirical formula of

Soller slit and a LiF monochromator were used for the GIXRD
analysis, with a grazing incidence angle 6f 2

The microstructure of the film surface was observed by scan-
ning electron microscopy (JSM 6335F NT) with an acceleration

the lead(ll) citrate reagent thus synthesized corresponds to Pb-voltage of 10 kV working under field emission conditions

(CsHeO7)H,0.33
As summarized in Figure 1, aqueous solutions with nominal
compositions of (Pd7éCa 249 TiO3 and (Pl s{Ca 50 TiO3 (herein-

(FEG-SEM). Cross-section images of the films were also ob-
tained and their average thickness was calculated from these
images.

after denoted as PCT24 and PCT50, respectively) were synthesized Using a shadow mask, top dot Pt electrodes of 50 nm thickness

containing a 10 mol % excess of PbThe pH of these solutions
was adjusted te-8.5 by the addition of ammonia (N+$olution in
H,0, Merck, 32 wt %) and/or monoethanolamine;XH,CH,-
OH, Aldrich, 99.5+%), because lower pH values lead to the
precipitation of lead citraté® A volume of additional water, up to

and ~0.2 mn? surface area were deposited on the film surfaces
using a sputter instrument (BAL-TEC SCD 050) working at 80
mA for 300 s. The capacitors thus obtained were subsequently RTP
annealed in oxygen at 50C for 10 min. Dielectric and ferroelectric
characterization of the films was performed by parallel plate

a 65:1 water:Ti(IV) molar ratio, was necessarily added to the PCT50 capacitor-type electrical measurements. The variation of the

solutions to obtain a transparent and precipitate-free solution.

dielectric constantl() with temperature at various frequencies was

Aqueous PCT24 and PCT50 stock solutions with a concentration measured for the PCT films with a LCR-meter HP 4284A

(32) Hardy, A.; Van Werde, K.; Vanhoyland, G.; Van Bael, M. K.; Mullens,
J.; Van Poucke, L. CThermochim. Act2003 397 (1—2), 143.

(33) Kourgiantakis, M.; Matzapetakis, M.; Raptopoulou, C. P.; Terzis, A.;
Salifoglou, A.Inorg. Chim. Acta200Q 297, 134.

instrument working with an amplitude signal of 10 mV. Leakage

(34) Mullens, J. EGA-Evolved Gas Analysis. Iidandbook of Thermal
Analysis and CalorimetryGallagher, P. K.; Brown, M. E., Eds;
Elsevier Science: Amsterdam, 1998; Vol. 1: Principles and Practice.
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Table 1. Physicochemical Properties of the Aqueous PCT Precursor Solutions

solution aging

physicochemical with temp
composition reagents and solvents molar ratios characteristics with time (60°C)
(Py.76Ca.29 TiO3 HOOCCHC(OH)(COOH)CHCOOH citric acid:Ti(IV) 2:1, ~0.35M,~1 mg/L,~8.5 stable solution gelation (24 h),
(PCT24) H20,, H20, NHz H202:Ti(IV) 2:1, (up to a year) transparent gel;
Ti(OCH(Cl'b)z)4, Pb(QHeOﬁz'Hzo Hzo:Ti(|V) 25:1 gelation PZ4 h),
Ca3(O,CCH,C(OH)(CQ)CH,COy)2-4H,0 transparent gel
(PhysdCa 59 TiOs HOOCCHC(OH)(COOH)CHCOOH citric acid:Ti(IV) 2:1, ~0.25 M,~1 mg/L,~8.5 precipitation of gelation (24 h),
(PCT50) H205, H,0O, NHs H202:Ti(IV) 2:1, calcium citrate in tran sparent gel;
Ti(OCH(CH)2)4, Pb(GHeO7) -H20 HO:Ti(IV) 90:1 the solution after gelation &24 h),
Ca3(O,CCH,C(OH)(CQ)CH,CO,)2:4H,0 2 weeks translucent gel

aValues represent concentration (referred to as the equivalent moles of PCT per liter of solution), density, and pH, respectively.

a)

current densities were also measured in the films by the step 100 1800
relaxation techniqu® using a Keithley 6512 electrometer and a 90{ TGA 460°C r 700 _
HP 3325A pulse generator. Ferroelectric hysteresis loops were ~. 804 1600 £
obtained in the films by means of a modified Sawy@bwer circuit j’?} 704 500 2
using a HP 8116A pulse generator of sinusoidal waves with 1 kHz S 601 21|°°C 1400 ®
frequency and an amplitude of 3.5 V. 2 50 A s45°C { sa0ec 1300 é,
401 12 (PTeH200 ¢

3. Results 301 1100

20 T r " — 0
0 1000 2000 3000 4000

The main physicochemical properties of the PCT24 and Time (&)

PCT50 solutions prepared by the aqueous solutged b)

method are summarized in Table 1. Both solutions were 138' 1800
stored at room conditions in simple glassware. However, the so: 1700 _
PCT50 solution was stable for only a few weeks, whereafter s 70l :283 %
a precipitate was formed. The supernatant was decanted and £ 6ol 1400 2
the precipitate was dried (8@/24 h) and subjected to X-ray B 50 1300 g
diffraction; we observed that it is mainly formed by crystal- = 401 s 605°C p1G|200 5
line calcium citrate. On the other hand, the PCT24 solution e S G P
remained stable even up to a year, and neither gelation (sol 20 . . . —10

gel transition) nor precipitation was observed. Concerning o 1000 2$?n2e (s?ooo 4000

the sol-gel transition with temperature, the formation of
transparent glassy gels was observed for both solutions aftefFigure 2. TGA—DTG curves of the (a) PCT24 and (b) PCT50 gels.

a treatment of 24 h at 6TC in an open container. If longer

heating times were applied, the PCT50 system changes fronfcoupled FTIR and MS techniques. The most representative
a transparent to a translucent gel. IR bands and mass fragments analyzed, together with the

Figure 2 shows the TGA and the corresponding derivative temperatures at which the corresponding peaks were detected,

(DTG) curves measured during the thermal treatment of the &€ Summarized in Table 2.
PCT24 and PCT50 aqueous gels (panels a and b of Figure Figure 3 shows the evolution with time of some charac-
2, respectively). Five steps can be distinguished in the teristic IR bands analyzed during the T&GATIR analysis
thermal decomposition of both gels, centered at temperaturesf the PCT24 (Figure 3a) and PCTS50 (Figure 3d) gels. These
of ~75, ~210,~345,~460, and~540°C (PCT24) or 605  are 946-913 cn1* (6(NHa) of ammonia, NH), 2217-2137
°C (PCT50). Respective associated weight losses with thesecm™ (v(C—0) of carbon monoxide, CO), and 2268395
steps are~2.8, ~26.4,~16.9,~19.6, and~1.5 wt % for ~ cm* (v(C=O0) of carbon dioxide, Cg). Furthermore, the
the PCT24 gel and-2.9, ~33.7,~14.4,~20.7, and~1.9 total amount of the evolved gases collected in the spectrum
wt % for the PCT50 gel. Attending to the DTG data, the range of 408-4000 cm® as a function of time is also
broad peak attributed to the second step (2TPindicates depicted (total integrated signal). The evolution with time
that various overlapping processes may occur at this tem-of certain ions fragments as a function of their mass/charge
perature interval. On the contrary, a more homogeneousratio (Wz) is also shown in this figure (panels b and c of
decomposition process is found during the fourth step, which Figure 3 for the PCT24 gel and panels e and f of Figure 3
results in the sharp peak observed at 460Regarding the ~ for the PCT50 gel). Thusyz values of 17, 18, 30, and 44
last step of the decomposition process of both gels, thecorrespond to fragments of NH H,O*, NO*, and CQ",
temperature at which it is developed differs as a function of respectively. Citric acid and its intermediates produce ions
the PCT composition (540C for the PCT24 gel and 605  With m/z values of 39 (@Hs"), 40 (GH4*"), 41 (*CsHs),
°C for the PCT50 gel). 68 (GH40"), and 112 (GH4O5%).%2 In panels ¢ and f of
Analysis of the evolved gases emitted during the decom- Figure 3, the fragments of citric acid are representechizy
position of the gels was carried out by means of on-line values of 41 and 68.
Below 140°C, a slight peak in the TGAMS curve of
(35) Waser, R.; Klee, Mintegr. Ferroelectr.1992 2, 23. the water signalr(yz = 18) can be discerned in the PCT24
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Table 2. TGA and EGA Data of the Aqueous Solutions derived PCT Gels

weight loss (%) peak (°C)
TGA-FTIR TGA-MS
Tinterval CC) PCT24 PCT50 PCT24 PCT50 bands (cm1l) (m/2) fragment processes
Step 1
<105 ~2.8 ~2.9 ~105 ~105 18 HO evaporation of residual selent
Step 2
140-250 ~26.4 ~33.7 ~210 ~205 9406-913 17 NH decomposition of organic
constituents of the gel
~205 ~205 41 13C3H, ammonium citrate— citric acid+ NH3
~225 ~225 18 HO citric acid— aconitic acidt+ H,O
~225 ~225 68 GH.O aconitic acid— itaconic acidt+ CO,
~230 ~240 2268-2395 44 CQ
Step 3
250-400 ~16.9 ~14.4 ~300 ~310 41 GHsN decomposition/combustion of
organics bonded to the metal ions
(citrateperoxo ligands)
~300,~355 ~310,~370 41 13C3H, amided — CoH3N
~345 ~355 18 HO CHyO, — CO+ CO; + H0 + COg2~ P
~350 ~365 2268-2395 44 CQ Ca&" + COz>~ — CaCQ
~375 ~375 22172137 CcO
Step 4
400-500 ~19.6 ~20.7 ~450 ~460 41 13C3H, decomposition/combustion of
remanent organics
~455 ~465 946-913 17 NH amides— NHs, NO
~455 ~465,~500 30 NO GHyO;— CO+ CO; + H0
~455 ~465 2268-2395 44 CQ
~455 ~465 18 HO
~455 ~465 22172137 CcO
Step 5
>500 ~15 ~1.9 ~540 ~620 44 CQ decomposition of calcium carbonate
CaCQ— CaO+ CO,

aFrom the reaction of NElwith carboxylate groups (e.g., aconitic/itaconic acfffrom the pyrolysis of calcium citrate.

a) b) ©)
’5 Total integrated signal 4800 800 2250C 450°C 4800
L 700 - J700 5 | i 700
5 600 ;‘3 8 600 § S . 1600 ©
% — 500 3| 1500 o 8 i ,l}j\ﬁﬁﬂ,&‘;\f»\;\.‘{ﬂé‘h}f‘_‘ 500 ©
5 c 5 c
3 405 8 s o8 80400 B
5 3008 3 s0¢g 32 Js0 &
© 200 5 hd 200 E) s ("CH) CHNY 200 &
E) 1100 o 100 S miz=41 100
£ 0 10 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s) Time (s)
d) €) f)
—~ [Totalintegrated signal ) 14659 41800 41800
3 otal integrated signa 4ssC 800 o |§465 C T
S \ 700 S |mz=s0 225°C | 700 3 700 =
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Figure 3. TGA—FTIR analysis of the (a) PCT24 and (d) PCT50 gels. FOAS analysis of the (b,c) PCT24 and (e,f) PCT50 gels.

and PCT50 gels (panels b and e of Figure 3). Similar weight decomposition of ammonium citrate, formed from the
losses of~2.8 and~2.9 wt % are associated with this ammonia and the excess of citric acid present in the
process in the TGA curves of both gels (Figure 2). In the Ti(IV) solution. In the 205-225°C interval, peaks ascribed
temperature range between 140 and 250several processes  to water (Wz = 18) and ion fragments of 423CsH,*") and

are developed that lead to the largest weight loss measured8 (GH,O"), corresponding to fragments derived from
in the TGA curves of the PCT24 and PCT50 gei26.4 decomposition of citric aciéf can be observed in the TGA
and ~33.7 wt %, respectively). At 205210 °C, the first 26 Ve Worde. K. Mongel  Venhovand G- Nele. b
peak of ammonia can be observed in both TEATIR and (9 yan werde: i Mondelaers, b vanhoyan, G s, -
TGA—MS of the gels. This signal corresponds to the 37, 81.
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MS graphs of both gels. This decomposition occurs as
follows

0 o o +H,0 o +CO,
H H H OH H
0o —> OH — OH
" ' . d"
L L . S =
Citric acid Aconitic acid Itaconic acid L.MJL

o +HO Q 20 25 30 35 40 45 50

100

Pt111 + Pv 111

101

Intensity (a.u.)

02/200

ol

[6) > (6] i 20 . .
H,C Figure 4. GIXRD patterns of the PCT24 and PCT50 films (Pv, perovskite;
o) e} Pt, platinum).
Itaconic anhydride Citraconic anhydride

The dehydration of citric acid into aconitic acid with the
subsequent evolution of a molecule of water occurs at this
temperature (205225°C). The subsequent decarboxylation
of aconitic acid into itaconic acid is observed at 2330
°C, where the first peak in the profile of G@& detected in
both TGA-FTIR and TGA-MS graphs of the gels. Note
that the maximum of this peak does not match with that
associated with the elimination of water-a225°C, which
is indicative that a decarboxylation indeed occurs instead of
a combustion. Itaconic acid can react further to form the
cyclic itaconic anhydride and/or citraconic anhydride, as
shown above. However, amides can also be formed by the
nucleophilic reaction of NElwith carboxylate groups (e.g.,
itaconic acid), finally leading to the formation of nitrilés. b)
This could explain the peak of¥z = 41 at 300-310 °C
that might be ascribed to,83N* (panels ¢ and f of Figure
3). Organic compounds in the sample are eliminated further
during the third step of the decomposition pathway of the
PCT24 and PCT50 gels, around45°C. The simultaneous
evolution of water and C§ observed in both TGAFTIR
and TGA-MS analyses, is ascribed to the combustion of
organics. At~460°C, combustion of residual species takes
place with a large amount of oxygen consumed (the signal
at m'z = 32 (O") reveals a strong decrease below the
background level in the TGAMS curve, not shown). This
leads to the formation of volatile species such agN¥D,

and CO (panels b and e of Flgure 3) in this step. Fma”y' Figure 5. SEM micrographs of the (a) PCT24 and (b) PCT50 films (plan-

during the last step, a weak peak can be discerned in theview). Insets show cross-section images of the (i) PCT24 and (ii) PCT50
DTG curves of the PCT24 and PCT50 gels~a40 and films.

~605 °C, respectively, with small associated weight losses

of ~1.5 and~1.9 wt %, respectively. The smaii'z = 44 calculated from the cross-section images shown in the insets

signal observed in the TGAMS analysis (panels b and e of this figure. An estimated error 6¥5% nm should be taken

of Figure 3) at this temperature indicates that,@Jeleased ~ into account in these values (thicknesses measured by

during this process. profilometry, ~245 nm for both films, are within this
Figure 4 shows GIXRD patterns of the PCT24 and PCT50 experimental error).

crystalline films. All of the peaks could be indexed according  Figure 6 shows the variation of the dielectric const&ht (

to the perovskite crystalline phase. No crystalline secondary with temperature of the PCT24 and PCT50 films measured

phases, at least none greater than 1 wt %, can be observedt various frequencies. Insets in the figure correspond to the

in the diffractograms, thus indicating the presence of a single variation of the loss tangent (tad) with temperature. It

perovskite phase under X-ray diffraction. should be noticed that permittivity values are subjected to a
The micrographs of the films surfaces obtained by FEG  slight fluctuation {10%) according to the experimental error

SEM (Figure 5) show a homogeneous microstructure in both introduced by the thickness and top electrode surface area

films. The microstructure consists of spherical grains with calculations. A characteristic ferroparaelectric transition can

an average grain size 6100 and~50 nm for the PCT24  be observed in the PCT24 film (Figure 6a) with values of

and PCT50 films, respectively. Thicknesses~a240 and the dielectric constant of 1350 &, (temperature at which

~250 nm for the PCT24 and PCT50 films, respectively, were k' is maximum, 340°C) and 920 at room temperature,

100 nm
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Figure 8. Ferroelectric hysteresis loop of the PCT24 film. The nonswitching
contribution to ferroelectric domains is also depicted.

b)
220+

210+

was carried out on the PCT50 film, because this perovskite
composition shows a relaxor-ferroelectric behavior (shown
above for these films) with a low ferroelectric respofsaA.

200+

150100 -50 0 50 100 150
Te (°C)

TSk Ry slanted, asymmetric, low-remand®(E) loop was obtained

sk —— 1M for the PCT24 film. Values of remanent polarizatidh)(of

150-100 80 0 50 100 150 200 ~1.0 uClcn? and coercive field &) of ~40 kV/cm were
Temperature (°C) measured at a maximum amplitude of 3.5 V. Larger voltage

Figure 6. Variation of the dielectric constank’} with temperature of the ~ bias could not be applied in the measurement because high

(a) PCT24 and (b) PCT50 films, measured at various frequencies. leakage conduction resulted in the film, thus preventing us
Continuous lines are depicted as a guide for the eye for the temperature '

1904

maximum shift. Insets show the variation of the loss tangent §anith from obtaining larger polarization values. The asymmetry
temperature for the (i) PCT24 and (i) PCT50 films. of the loop is corroborated by the high bias displacement
. obtained 20 kV/cm). The nonswitching contribution to this
1x10 o PCT24 . . . . . .
& POTS0 ferroelectric hysteresis loop is also displayed in this figure.
<€ 1x10°
< 1x10° 4. Discussion
8 1x107 OQ%% Air-stable and precipitate-free stock solutions of calcium-
3 o 8 5 modified lead titanate, (RbCa,)TiOs, with C&" contents
o 1X10°{ ., o _
g 10 - f - of 24 and 50 at. %X = 0.24 and 0.50) were obtained by
3 the aqueous solutiergel method here reported. The proper-
-13 . . . . . .
O 300 200 100 & 100 200 300 ties of thgse solutions differ depending on their respective
Applied field (kV/cm) compositions (PCT24 or PCT50). Although both solutions
Figure 7. Field dependence of leakage currents for the PCT24 and PCT50 Were obtained by the same synthesis route (Figure 1), a larger
films. amount of water had to be added to the PCT50 system in

order to obtain a clear and transparent solution (see Table

measured at 10 kHz. A displacement of the dielectric constant1) The reason lies in the low solubility that the calcium
maxima toward lower temperatures as the measuring fre-citrate reagent exhibits in the aqueous media (solubility of
quency increases is also observed in this figure (see solidg.g g/L at room temperature for pH levels above 4.5). This
line). In the case of the PCT50 composition, a clear relaxor- fact strongly influences the stability of the PCT50 precursor
like ferroelectric behavior is observed in Figure 6b. Note spjutions obtained, because precipitation of calcium citrate
how the temperature of the maximum of the dielectric in this solution leads to a short-term aging (2 weeks), whereas
constant shifts to higher values when the frequency increasesihe PCT24 solution remains stable with time (more than a
which is characteristic of relaxor materials. A diffuse ferro- year). This effect is also observed when studying the gelation
paraelectric transition aroune55 °C (Tr) is observed from  penavior of these solutions with temperature, because the
data measured at 10 kHz, with an associatadlue of 215.  glassy and transparent gels obtained from the PCT50 solution
At room temperature, this value slightly decreases to 205. (60 °C/24 h) become translucent once the amount of solvent
Both PCT24 and PCT50 films show low values of taat evaporated has reached a certain critical value (longer aging
room temperature and 10 kHz (0.015 and 0.005, respec-times at 60°C, see Table 1), that is, the supersaturation of
tively), as observed from the respective insets of this figure. the solution. Among the different calcium reagents tested in

Figure 7 shows the field dependence dc leakage currentsthe literature for the synthesis of (PRCa)TiOs solutions?®
of the PCT films at room temperature. Large and asymmetric the incorporation of C& contents over 40 at. % (> 0.4)
leakage currents are observed for the PCT24 film. However, was achieved only by the use of calcium acetawlith the
this effect is not observed in the PCTS50 film, and a low aqueous solutiongel method, successful partial substitutions
leakage current density is obtained here (values below 1 of P?* by C&* up to 50 at. % in the PCT system have
10°° Alcm?). been carried out using calcium citrate as thé'Gaecursor.

The ferroelectric character of the PCT24 film was analyzed The thermal decomposition of both PCT24 and PCT50
by the ferroelectric hysteresis loop of Figure 8. No analysis gels is carried out through a five-step mechanism (Table 2).
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Below 140°C, the evaporation of residual water still present ~ From the electrical data obtained, the potential applications
within the gel network takes place. Organic constituents of of the PCT films obtained through the aqueous solution
the gel are decomposed during the second step at temperagel method in the technology of functional microelectronic
tures between 140 and 25C. The decomposition of the  devices are evaluated. In the PCT24 film, the displacement
ammonia and nonmetal coordinated citrates begins here.of the dielectric constant maxima toward lower temperatures
During the third step (258400 °C), the combustion of the  upon increasing the measuring frequency (Figure 6a) can
citrate and peroxo ligands bonded to the metal ions in the be observed, similar to that expected for the polar domain
PCT gel takes place. Furthermore, the decomposition of therelaxation but at rather low frequenci#sThe appearance
amides formed during the former step also happens here Of this relaxation could be related to the presence of extrinsic
Further elimination of residual organics occurs during the defects in the film (e.g., low-quality interfaces) that yield
fourth step at temperatures between 400 and° 80 inally, an increase in the series resistance of the sample producing
the small weight losses observed above 30((fifth step) the observed effect. Despite this, acceptable values of the
associated with the COevolution are attributed to the dielectric constant and loss tangent were measured in the
decomposition of calcium carbonate (Cagi@ormed in the PCT24 films. The dielectric constant values of these films
previous steps from the pyrolysis of calcium citré&tdhe are similar to those obtained in films with the same
difference in the temperature at which this decomposition is composition (PCT24) prepared by other-sgel methods?
produced in both PCT gels could be related to the different However, the low difference between the dielectric constant
nature of the respective carbonates formed (purity, polymor-at Tm @nd that at room temperature-1350 and~920
phism/allotropy, etc). As the concentration of?Can the respe_ctively, at 10 kHz) _is an indif:ation (_)f the low content
(Pby_,Ca)TiO3 composition of the gel is bigger, the amount  ©f switchable ferroelectric phase in the film and the larger
of CaCQ formed is therefore larger, which explains the Presence of non;wnchable p_hase (porosity, grain boundaries,
larger weight loss detected in the PCT50 gel at these tC:) dispersed in the bulk film.

temperatures compared to the PCT24 gel. The elucidation High leakage currents are measured in the PCT24 film
of the thermal decomposition pathway of the PCT gels and (Figure 7) that suppose an important drawback for the
the understanding of the different processes that are carriedntegration of these films into microelectronic devices.
out during the thermal treatment allowed us to establish the Furthermore, he strong asymmetry of these data denotes the
Optimum temperatures at which the as-deposited films mustdifference in the nature of top/bottom electrode junctions in

be treated: 200, 300, and 450 for the drying and pyrolysis  this film. The experimental setup of the leakage current
of the films and 650°C for their crystallization. density measurements indicates that leakages are higher at

the top electrode, which could be an indication of roughness
at the top surface of the filrf. But leakages are also quite
high at the film-bottom electrode junction, indicating the

In this way, single perovskite films were obtained at 650
°C (Figure 4). The PCT24 films show a pseudocubic

structure, where the characteristic doublets of the tetragonal . X
presence of a defective layer here as well. These detrimental

structure observed in the counterpart bulk cerafhia® here : . .

. interfaces formed in the heterostructure of the PCT24 film
overlapped (001/100, 101/110, and_ 002/200). Thls IS becauseWould be responsible of the dielectric relaxation discussed
of the development of stresses in the material produced

. ) : : Fi . Both I I f th
during the film processing® For the PCT50 film, the above (Figure 6a). Both asymmetry and large values of the

Kite reflect hould be adiusted t thorhombi leakage current densities of the PCT24 film prevent the
perovskite retiections should be adjusted 1o an ortornombIC ., .o oy polarization of the film, leading lower values than
structure that has been previously observed by neutron

diffracti ) d ¢ th o those that would be obtained if the film could be better
! raction on ceramic powders o 1 € Same composition. polarized (Figure 8). Values & near 2QuC/cn? have been
Differences in the grain size as a function of the composition

) i reported for PCT24 films prepared by other-sgkl meth-
of the PCT crystalline film are deduced from the surface

_ : ods?® Here, the aqueous-derived PCT24 film showed a low
micrographs of Figure 5100 and~50 nm for the PCT24 o yanent polarization value that at first sight discourages
and PCT50 film, respectively). The influence of the’Ca

. __ _ its application in ferroelectric devices.
content in the PCT composition on the nucleation and crystal . . .
) . . On the other hand, the relaxorlike behavior observed in
growth of films obtained by RTP has been previously

reported for PCT films prepared with other sglel meth- Egg;_czzgc; fg:)nngggrir; S\?Izh\/\;m;ze g?l?)?;]/zlry 2:322?#;?:
ods?! obtaining a trend similar to that shown here. This

indicates that grain size of these films is mainly related to oxides® and the low tano (0.005) measured at room
" temperature, shows the viability of this material for applica-
the C&" content of the PCT composition rather than to the P y PP

tions in DRAMSY and high-frequency components (con-
solution process followed. g d 4 P (
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sumer portable communications and radar systems). Fur-structure can be obtained after RTP treatment at G50

thermore, the low leakage current densities measurdd (  The PCT50 films develop microstructures formed by grains
x 107° A/lcm?) would prevent the thermal breakdown of the smaller than those of the PCT24 films. A clear relaxor-
film when the capacitor is successively charge-injected/ ferroelectric character with a diffuse ferroparaelectric transi-
released (refreshed), making the role of the system not onlytion and a high dielectric constant at room temperature is

feasible but also effectivé. obtained for the PCT50 films. Both characteristics, together
with the low leakage currents measured (below’&'cn??),
Conclusions indicate the suitability of this composition for its potential

use in DRAMSs and high-frequency components. The PCT24
films present a low polarization value-(.0 ©C/cn¥) and

high leakage current densities that suppose critical drawbacks
for their application in ferroelectric devices. Further inves-

route. However, the stability of the precursor solutions yigations are in progress to improve the electrical properties
strongly decreases when large amounts of calcium citrate ¢ ihase films.

have to be incorporated to the solution.
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Air-stable and precipitate-free solutions with compositions
of (Phy76Ca 24 TiO3 (PCT24) and (PésCa 59 TiO3 (PCT50)
have been synthesized by an entirely aqueous sotldgieh




