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Abstract

Chemical solution deposition (CSD) methods for ferroelectric thin films make higher reliability and lower processing temperatures feasible.
Different reactivities of the constituent transition metal alkoxides may decrease the homogeneity on the molecular level in the ceramic
precursors during the synthesis and subsequent processing steps: deposition of the film, drying, consolidation and crystallization of the target
ferroelectric phase.

In the 2-methoxyethanol based synthesis of Pg{Aiio 47) O3, a selective modification of the reactive Zr alkoxide by acetic acid results in
a more homogeneous distribution of constituent metal atoms in the sol as compared to the sol prepared from the as-received Zr-propoxide.
The improved chemical homogeneity is reflected in the improved functional response of the films.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction by either ester elimination and/or addition leading to the for-
mation of oxo or acetate bridges between the métafs®
Research on chemical solution deposition (CSD) meth-  From the early days of CSD the problems of local hetero-
ods for Pb(Zr,Ti)Q (PZT) ferroelectric thin films is ori-  geneities in the films, expressed, for example, as the appear-
ented towards higher reliability and lower processing ance of the non-ferroelectric surface pyrochlore pkagéor
temperature$:® Various CSD methods are broadly divided zirconium-rich region¥’” have been recognized. Approaches
into those involving a reaction leading to a heterometallic leading to an improved response of the films preferentially
precursor, such as (organic) sol—gel, or polymeric precursorat a lower crystallization temperature have included solu-
routes in water-based media or those based on mixing oftion synthesis modifications such as introducing a vacuum
non-reactive organic compounds, i.e. metalloorganic decom-distillation'® or increasing the number of distillatioA®2%in
position (MOD)®7 In the first group, the 2-methoxyethanol both cases a more effective removal of acetate groups was
based route, originally used by Gurkovich and Bfimcase achieved. The reactivity of the TM alkoxides towards water
of powders and Budd et &lfor thin films is probably the  has been recognized also as a problem in terms of exper-
most widely spread. It is based on the reactions of transition imental requirements, as dry atmosphere had to be main-
metal alkoxides TM(ORy) (TM =Zr, Ti) with soluble lead tained during solution processing. Therefore, the alkoxides
compounds, such as acetate, in 2-methoxyethanol resultinghave been modified by substitution or addition of ligands
in stable polymeric sols. The reaction between an alkoxide less reactive towards hydrolysis such as chelating acetylace-
and an acetate (Pb(OAG)OAc—: CH3COO-) can proceed  tone (CHHCOCH,COCHg), or bidentate, bridging acetic acid
(CH3COOH)2122 Examples include the use of acetylace-
tone to stabilize Ti alkoxide in the synthesis of PbJitBin
* Corresponding author. Tel.: +386 1 4773 431; fax: +386 1 4263 126. films 2% orzlz_oztg Zr and Ti alkoxides in the synthesis of PZT
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0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2005.03.039



2242 B. Malic et al. / Journal of the European Ceramic Society 25 (2005) 2241-2246

the pyrolysis temperature of the PZT precursor solution and coupled with a mass spectrometer, Balzers thermostar, for the
consequentially influence the crystallization of the respective analysis of evolved gases, heating raté @min, flowing air
thinfilm; however, in this case it was added to the already syn- atmosphere, Pt crucibles).

thesized PZT solution prior the film depositiéh28 Acetic The PZT sols were characterized by EXAFS (Zr K-edge,
acid has also been used in PZT thin film processing in the Pb L3 edge) analysis. Pb and Zr EXAFS spectra were mea-
role of a solvent and modifiér.2° sured in a standard transmission mode at the X1 station

In our previous work, we have observed clustering of zir- of HASYLAB synchrotron facility, DESY (Hamburg, Ger-
conium species in the amorphous alkoxide precursors of PZTmany). Experimental details are described in R&fSS
by extended X-ray absorption fine structure spectroscopy The films were characterized by a diffractometer with Cu
(EXAFS) 30 Sengupta et &l observed M-O-M (M =Ti or Ka radiation. The thickness of the films determined by Rank
Zr) linkages as a result of preferred homocondensation of ti- Taylor Hobson profilometer was in all cases around 250 nm.
tanium and/or zirconium species in an EXAFS study of pre- After applying Au top electrodes, dielectric constant was de-
hydrolyzed amorphous precursors of PbZi®Z), PbTiQ termined by an impedance analyzer (HP4192) at 1 kHz and
(PT) and PZT. Feth et & found no structural similarites ~ P—E hysteresis loops by a FE-tester (Aixacct).
between the amorphous precursor and crystalline PZT. In
an EXAFS and XRD study of crystallization of Ca(zr, T§O
prepared by a variety of solution synthesis routes, Xu&tal. 3. Results and discussion
noted that the perovskite phase never crystallized directly,
transitory calcium-rich and fluorite phases typically formed The thermal decompositions of the dried PZT precur-
in the process of annealing. sors reveal the mass losses of 18, 20 and 22% upon heating
Zirconium alkoxides are more reactive than titanium to 670°C for PZT, PZT—-OAc and PZT-Acac, respectively
alkoxides due to their lower electronegativity and higher (Fig. 1). The increase in mass losses of the three precursors
coordination number (CN¥ Therefore, a selective modifi- is in accord with the expected increased organic contents.
cation of zirconium alkoxide with the aim of decreasing its The thermal decompositions occur in three steps: the mass
reactivity relative to titanium alkoxide prior the PZT sol syn- loss of 3-5% from RT to 200C for PZT and PZT-OAc and
thesis should improve the homogeneity of the PZT sol and as170°C for PZT—Acac is accompanied by a broad endother-
a consequence influence the thin film evolution and response mic peak and is attributed to evaporation of residual solvents
This contribution gives an overview of our work in this and water as confirmed by mass spectrometry of evolved
field. gases (EGA, spectra not shown here). The mass loss of about
12% upon heating to 35 is accompanied by a group of
strong exothermic peaks and evolution of £@ve 44) and
2. Experimental H>0 (m/e 18) attributed to oxidation of organic species, i.e.
alkoxide, acetate and/or acetylacetonate groups. Note that in
PZT sols corresponding to the composition of thecase of PZT—Acac the evolution of acetone {CBCHg,
PbZip.53Tio.4703 with 10mol% PbO excess were prepared m/e58), the decomposition product of acetate grétipskes
in 100 ml batches by diluting zirconium and titaniuma place in two steps with peaks coinciding with the major DTA
propoxides (Zr(OPg}PrOH, Ti(OPr)) in 2-methoxyethanol peaks at 247 and 28€. For PZT and PZT-OAc, the ace-
(CH3—0O—-C;H4—OH) and by adding anhydrous lead ac- tone peak is observed in a narrower range, between 270 and
etate (Pb(CHCOOY) in the required quantity. The metal 350°C.
contents of all compounds were determined gravimetri- In the third step of thermal decomposition, upon heat-
cally. The reaction mixtures were heated to approximately ing to 600°C, the mass loss of 4-7% is again accompa-
60°C to get clear solutions. After 2h of refluxing and nied by a group of exothermic peaks at 470, 500 and°&20
distillation of the by-products, stable 0.5M sols were and evolution of CQand traces of KO, therefore predomi-
obtained. All manipulations were performed in dry nitrogen nantly carbonaceous residues are decomposed. A three-step
atmosphere. thermal decomposition has been also reported for Pb—Ti
Zirconium n-propoxide was either used as-received or acetate—alkoxide precursots3® At about 650°C, a weak
modified. As modifiers acetic acid (GBOOH) or acetylace-  exothermic peak without any weight loss is observed for PZT,
tone (CHCOCH,COCH;) were admixed to Zr alkoxide in  and a strong one for PZT-OAc, while for PZT—-Acac it is
the molar ratio of 2 to 1. The unmodified sol is further denoted hardly discernible, and it is attributed to crystallization of the
as PZT and the modified ones as PZT/OAc and PZT/Acac. perovskite phase. On the basis of the observed differences in
PZT thin films were deposited on TIPt/TIO,/SIO,/SI the thermal decomposition pathways of the three precursors
substrate¥ by spin-coating, pyrolyzed at 35C for 1 min we conclude that both Zr alkoxide modifiers, acetic acid and
and annealed at 500—700 for 15 min. acetylacetone, incorporate into the structure of the original
Thermal decomposition of the sols, dried at@) was fol- PZT sol.
lowed by simultaneous thermal analysis (thermogravimetry  Here, we summarize and discuss the results of EX-
and differential thermal analysis TG/DTA, Netzsch STA 409, AFS spectroscopy studies of the local neighborhoods of
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1004—_ The second shell of zirconium neighbors is composed of
zirconium and carbon atoms, the latter stemming from the
95+ loa functional groups. No heterometallic correlations could be
—_ PZT = determined in the examined zirconium neighborhood. The
& 901 . £ . : o .
< [ % existence of ZrO—Zr linkages is important from the view-
g 854 | - = point of homogeneity: a large number of-L—Zr linkages
=l " CH.COCH 1B points to the segregation of zirconium speéfeand can thus
801 - —00 be used as a measure of homogeneity of the PZT sol. The ten-
s H.0. co, o dency for homocondensation of zirconium species in sol—gel

100 200 300 400 500 800 derived precursors has been observed in a number of EXAFS
T¢0) analyses of amorphous precursors of B231Ca(zr, Ti)0s33
and ZrTiQ..*% Compositional heterogeneity in sol-gel de-
rived PZT has been detected by neutron scattering studies
1004 ) and attributed to segregation taking place upon early stages
a of processing?

In acetic acid-modified PZT sol the number of Zr-
neighbors is 0.8, noticeably less than 2.9 and 2.5 for unmodi-
fied and Acac-modified PZT, respectively. For the acetic acid-
modified PZT sol, the dimeric zirconium units with bridging
alkoxide groups are assumed in agreement with the struc-
ture proposed by Peter et‘for the Zr-propoxide in parent
, : : ‘ : : alcohol solution.

100 200 300 400 500 600 In PZT sol, the first shell of Pb neighbors consists of two
T(0) oxygen atoms at slightly different distances, and the second
shell of one carbon and 0.5 titanium atoms, but the model with
110 two carbon atoms also fits the da&faln the Acac-modified
A sol, the local Pb neighborhood consists of two oxygen atoms
T in the first shell and only carbon atoms in the second shell
‘ of neighbors. The acetic acid-modified PZT sol has a quite
differentlocal lead environment: two oxygen atoms in the first
. shell and an increased numbers of both carbon and titanium
{00 atoms in the second shell. The increase in the number of
T carbon atom neighbors could be tentatively explained by a
100 200 300 400 500 600 higher degree of polycondensation. No Pb-Zr correlations
T(¢C) could be determined in the samples.
The choice of the starting zirconium compound there-
Fig. 1. TG/DTA curves of the PZT, PZT/OAc and PZT/Acac precursors, fore influences the local lead environment. Similarly, we
dried at 60°C. The regions of evolution of COH,0 and CHCOCH; are have observed that different lead sources, namely oxide and
marked with arrows. acetate, have a major impact on the local zirconium envi-
ronment while they only weakly influence the local lead
zirconiun®® and lead® atoms in unmodified and modified environment'! Although the EXAFS study elucidates only
PZT sols up to 3.7 and 4k, respectively Fig. 2, Table J). the close neighborhoods of Zr and Pb atoms of the three lig-
The local environment of zirconium atoms consists of two uid precursors, it definitely confirms the structural differences
broad shells of neighbors. The first shell is composed of six induced by the addition of the modifiers, acetylacetone and
to eight oxygen atoms at two slightly different distances. The acetic acid.
lower, octahedral coordination is more probable for the acetic ~ While the two modifiers do not influence significantly
acid modified PZT while in unmodified and Acac-modified the microstructure and the crystallization of PZT films de-
PZT the coordination is close to 8. The coordination number posited on platinized silicon substrate: the films consisting of
of zirconium exceeding 6 in amorphous zirconate precursors 100 nm columnar grains are perovskite at 330 their ori-
has been also proposed by Xu ef&f? while Sengupta et entation strongly depends on the choice of the’36lor ex-
al 3% reports the CN 6 for amorphous PZT precursor, dried at ample, at 500C the PZT—-OAc is predominantly (10 0), the
425°C. We also observed distorted octahedral coordination PZT—Acac predominantly (1 1 1) and the unmodified PZT is
of oxygens in concentrated PZT stisnd in the amorphous (1 00)/(1 1 1) oriented with traces of a pyrochlore-type phase,
PZT precursors prepared in aliphatic alcoffblThese dif- at550 and 600C both modified PZT films are predominantly
ferences may arise from the different synthetic routes and (1 00) and the unmodified PZT is (11 1) oriented. These re-
thermal budgets. sults are rather surprising in view of the fact that the substrate
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Fig. 2. Thek® weighted Fourier transforms of Pl [EXAFS spectra (left, after RefS) and of zirconium EXAFS spectra of PZT sols (right, after R&j.
Solid line, experiment; dotted line, model.

contains a 2 nm thin Ti@layer that should act as a nucle- acetic acid modified PZT sol; the XRD pattern of the film an-
ation site for the (1 1 1) orientatioi.In fact, the unmodified ~ nealed at 550C reveals predominantly (1 1 1) texture for the
PZT filmis (11 1) oriented at 600C. We speculate thatthese stoichiometric PZT in relation to the film with PbO-excess
differences stem from a more homogeneous arrangement ofFig. 3).
metal atoms in the case of acetic acid modified PZT solthatis  We assume to an extent a similar reasoning for PZT-Acac
closer to the stoichiometry of the perovskite phase. Note thatalthough the EXAFS results do not support it; nevertheless,
the bulk compositions contain 10 mol% lead oxide excess. we should keep in mind that we lack insight into more distant
Based on the EXAFS results, we assume that the PZT-OAcsurroundings of the Pb and Zr atoms.
sol should exhibit a high level of homogeneity. It is possible The unmodified, Acac- and OAc-modified PZT films on
that the perovskite phase from this sol crystallizes without the platinized silicon substrates annealed at 80Gxhibit the
typically encountered losses of PbO, that is reaction with the values of remanent polarizatioR{ 17, 21 and 22.C/cn?,
Si-substrate and/or evaporation from the surfec¥.There- coercivefieldEg) 73, 66 and 52 kV/cm, and dielectric permit-
fore, the film contains a secondary, lead-oxide rich phase thattivity (¢) 1088, 1145 and 1444, respectivéiNote however,
can cover or react with the Tilnhucleation layer yieldinga  that the PZT-OAc films annealed at as low as 500@each
nucleation site for (100) orientation in concordance with almost the same values as at 6@0while the response of
earlier studies on nucleation of (100) PZ71%6 To verify unmodified PZT is noticeably reducet@iaple 2. Only after
this assumption, we deposited a film from the stoichiometric annealing at a higher temperature, and therefore, promoted
diffusion and homogenization, this film exhibits the response

Table 1 comparable to that of acetic acid modified PZT, annealed at
Neighbors of lead (after Re36) and zirconium (after ReB5) atoms in PZT 500°C, taking into account to an extent the differences due
sols: atomic species, average numliemd distanc® to the different orientations of the two filmfg:4
PZT PZT-Acac PZT-OAc
N R(A) N R(A) N R(A) o
Pb neighbor — (11
O 11() 223(2) 154 230(1) 153 223(1) .
O 08() 23712 - - 09(3) 242(1) 5
C - - 12@3) 325(2) - - 5 Stoichiometric PZT-OAc
C 09(3) 340(6) 20(3) 348(22 39(7) 342(1) = -
c - - 20(3) 3802 - - = 50004 (% (200)
Ti 05(1) 38@3) - - 16(3) 3.81(1)
Zr neighbor _ﬂ PZT-OAc with 10% PbO
O 42(5) 210(4) 58(9) 213(4) 404 214(1) 5

O 36(5) 220(4) 320 225@) 224 228(2

C 22(@4) 325(1) 27(9) 329(4) 3.8(7) 3.30(4)

Zr 29(B) 349(22) 2509 34722 08(4) 3444

C 42(7) 362(5) 48(9) 365(5) 6.5(8) 3.68(4)
Uncertainty of the last digit is given in parentheses.

20 30 40 50
2-theta (deg.)

Fig. 3. XRD patterns of PZT-OAc films with and without 10 mol% PbO
excess annealed at 500 for 15 min.
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Table 2
The values of remanent polarizatid® ), coercive field E), dielectric per-
mittivity (&) of PZT and PZT—OAc films annealed at 500 and 600

PZT PZT-OAc
11.
500°C 600°C 500°C 600°C
P (uClcnt) 17 17 20 22
Ec (kV/cm) 137 73 68 52
e 448 1088 998 1444 12.
13.
4. Summary

In the 2-methoxyethanol-based chemical solution deposi-
tion of Pb(Zp 53Tip.47)O3 thin films, a selective modification
of the reactive Zr alkoxide by acetic acid results in a homoge-
neous distribution of constituent metal atoms in the sol. The

improved chemical homogeneity is reflected in the improved 15

functional response of the films.
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