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Lead-rich intermediate phases, in particular Pt,,Pb and 
PbO, are found to form on Pt(ll1) atop Ti-buffered Si sub- 
strates prior to formation of Pb(Zr, -*TiX)O3 (PZT) thin 
films. Pt,_,Pb is a [ill] textured transient intermetallic 
phase that nucleates PZT[111] texture. PbO is a [OOl]  tex- 
tured layer compound that nucleates PZT[100] texture. The 
formation conditions and lattice matching of these inter- 
mediate phases have been examined. The presence of other 
possible intermediate phases, such as pyrochlore and Zr 
and Ti-rich phases, has also been investigated but found 
unrelated to the texture selection of perovskite PZT. 

I. Introduction 

HIN FILMS of Pb (Zr, - tTi r )03  (PZT) with preferred crystal- T lographic orientations are currently being considered for 
applications in electro-optical devices, nonvolatile memory, 
and dynamic access memory.'.' Some recent studies have 
shown that different preferred orientations of Pb-based perov- 
skite films can be obtained on a common substrate. For exani- 
ple, PZT films can be grown on Pt(l1 1)/Ti/Si0,/Si',4 and 
sapphire.' Also Pb(Mg,,,Nb,,,)O, films with both [ 1 113 and 
[ 1001 textures can be obtained from Pt( 11 1)6 substrate. The 
[l 1 I ]  and [ IOOJ textures emerge from these studies as the most 
preferred orientations. The development of [ 1 1 I] texture for 
perovskite on Pt( 11 I )  should come as no surprise. Perovskite 
has an ABO, formula (A = Pb and B = Zr/Ti in PZT) in which 
AO, forms a face-centered cubic sublattice. For PZT, the ( I  11) 
planes of AO, and Pt are reasonably well-matched, both haviag 
a hexagonal pattern with an interatomic spacing around 2.77 A. 
The development of [IOO] texture, on the other hand, is less 
obvious. However, since the [loo] texture can grow not only on 
Pt, but also on the other substrates such as sapphire (Al,0,)s.7 
and even fused silica, which is noncrystalline,x it might be 
regarded as one of the intrinsic habits of PZT growth. For a fur- 
ther understanding of these phenomena, the detailed mecha- 
nisms of texture selection and formation need to be identified. 
The present study describes a set of specially designed experi- 
ments that attempt to identify such mechanisms. In the compan- 
ion paper: we also identify, for metallorganic PZT solutions 
deposited on a Pt( 11 l)/Ti/SiO,/Si substrate, the broad rang,e 
of heat-treatment conditions that lead to the two textures. A 
temperature-time transformation texture (TTT) diagram is con- 
structed to summarize such results," and the shape of the trans- 
formation curves in the diagram suggests the operation of 
diffusion-controlled nucleation and growth reactions. 

The texture selection and formation mechanisms are closely 
related to the composition and phase identity at the ceramic/ 
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substrate interface. Since the organic solution undergoes com- 
plex decomposition and phase evolutions during pyrolysis and 
crystallization, it is necessary to definitively identify the critical 
step for interfacial phase formation that dictates the subsequent 
texture evolution. We recently reported an intermetallic Pt-Pb 
transient phase that forms epitaxially on the Pt(1 I 1) substrate."' 
Although this intermediate interfacial phase is only a transient 
phase, it leads to the selection of PZT [ 1 1 11 variant because of 
the good lattice matching between itself and the PZT variant. 
This finding has encouraged us to examine other possibilities of 
Pb-rich intermediate phases which may influence the selection 
and formation of PZT orientations. Simulation experiments 
which isolate the critical intermediate phases pertinent to subse- 
quent texture evolution have been performed. The micro- 
structural/kinetic model constructed from these experiments is 
applied in the companion paper to understand the various com- 
positional and heat-treatment effects on texture development. 

11. Experimental Procedure 

( I )  Preparation of Stock Solution 
The precursor solutions used to prepare Pb(Zr, j2Ti0,4X)Oi 

were lead 2-ethylhexanoate (Pb(C,H,,O,),), zirconium octoate 
(Zr(C,H,,COO),) (commercial solution from Pfaltz & Bauer), 
and titanium-diethoxy-dineodecanoate (Ti(OC,H,),(C,H,,COO),). 
Niobium triethoxy dineodecanoate (Nb(OCH,H,),(C,H,,COO),) 
was also prepared. The general procedures used to fabricate 
titanium-diethoxy-dineodecanoate and lead 2-ethylhexanoate 
were described by Vest.'' Titanium ethoxide liquid was first 
mixed with benzene, and then neodecanoate acid was added 
into the solution. The mixture solution was heated and refluxed 
for 5 h under nitrogen atmosphere to avoid the absorption of 
moisture from air. It was then subjected to distillation using a 
rotary vacuum. After that, xylene (C,H,,) was added to adjust 
the viscosity of the solution. The formula reaction is 

The precursor to synthesize the niobium triethoxy dineodeca- 
noate is niobium pentaethoxide, and the process is very similar 
to the one described above. For lead 2-ethylhexanoate, the 
2-ethylhexanoic acid was first added to ammonium hydroxide 
to form an ammonium soap solution. Ledd nitrate was dissolved 
in deionized water, then added dropwise into the ammonium 
soap to form a pale-yellow gummy substance. After that, 
xylene was added to dissolve the lead 2-ethylhexanoate. The 
formula reactions are 

C,H,,COOH + NH,OH + C,H,,COONH, + H,O 

Pb(NO,), + 2C,H,,COONH, + Pb(C,H,,COO), 

+ 2NH,NO, 

To determine the yield of these solutions, a known quantity of 
the solution calcined and the product oxide was weighed. The 
solutions were then mixed at various ratios to obtain preceramic 
PZT solutions of a given stoichiometry. 
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(2) Preparation of Thin Films 
Thin films were fabricated on silicon wafers and Pt( 11 l)/Ti/ 

SiO,/Si substrates by spin coating. The viscosity of the solution 
was around 4.5 cps, and a single coating was used. After depo- 
sition, samples were placed into a preheated tube furnace, held 
at 300" to 700°C for various times, and rapidly withdrawn after- 
wards. Typically, after full pyrolysis, a crack-free film ranging 
from 0.1 to 0.3-km thickness was obtained. To evaluate the 
effect of oxidation conditions, both air and a gas mixture 
(2% 0, and 98% Ar) were used in the above procedure. Typi- 
cally, the PZT films produced were of the composition 
Pb(Zr,, ,,Ti0 ,,)O,. In addition, we evaluated the effect of a thin 
pure oxide (PbO, TiO,, and ZrO,) buffer coating (0.05 km) 
between PZT and Pt. A single thick PbO layer and a single 
Pb,Nb,07 pyrochlore layer were also separately studied. 

(3) Characterization 
The phase and orientation of the films were determined by 

standard 6L2 8 and asymmetric 0,-2 0 X-ray diffraction (XRD) 
methods. In the latter method, 0, was set at 5" and 2 0  was 
scanned to reveal reflections from crystallographic planes not 
parallel to the substrate surface. Both the microstructure and the 
thickness of the films were examined using scanning electron 
microscopy (SEM). Differential thermal analysis (DTA) and 
thermogravimetry (TG) were performed to provide supplemen- 
tary information of phase evolution. 

111. Results and Discussion 

(1) 
An epitaxial Pt,,Pb phase was identified in our previous 

work for PZT films heated over a wide temperature range but 
for a very short time (e.g., 600°C for 2.5 min).'" This intermetal- 
lic phase was found to precede the formation of perovskite 
[ 11 I ]  texture. To isolate the source of this intermediate phase, 
we coated lead 2-ethylhexanoate solution to a Pt( 11 l)/Ti/SiOJ 
Si substrate and followed its pyrolysis using XRD. As shown in 
Fig. I ,  PbO (both tetragonal and orthorhombic structures) and 
Pt,,Pb (fcc structure) reflections are identified in the XRD pat- 
terns after 2 min at 550°C in 0,-Ar atmosphere. The above 
XRD pattern was obtained using the 0-2 8 method in which the 
highly [ 11 11 textured gt,-,Pb phase produced only one reflec- 
tion at 38.5" (d = 2.34A). This corresponds to the (1 11) diffrac- 
tion plane of an fcc cell of a lattice parameter a, = 4.05 A. 
Using the asymmetric diffraction method, we also obtained 
other allowable reflections for an fcc lattice with the above lat- 
tice parameter." 

Pb-Pt Intermetallic and PZT [ l l l ]  Orientation 
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Fig. 1. 
(heated at 550°C for 2 min in 2% 0,-Ar). 

XRD pattern of PbO film on Pt(lll)/Ti/SiO,/Si substrate 

The behavior diagram of Pt,-,Pb phase formation is con- 
structed in Fig. 2 for two atmospheres, air and 2% 0,-Ar. 
As is evident in Fig. 2, the formation regime of Pt,_,Pb is nar- 
rower in air than in 2% 02-Ar. This is because both lead 
2-ethylhexanoate and Pt,,Pb are easier to oxidize in air. 
Indeed, the Pt,.,Pb phase is only a transient phase, stable for 
a short period of time.9 It forms by reducing Pb2+ to Pb, 
which can be effected at arelatively high Po>, around lo-' atm, 
between 400" and 700°C. (This estimate is based on an Elling- 
ham diagram.") This modestly reducing atmosphere can be 
attained because of the depletion of oxygen within the ceramic 
film during the initial stages of pyrolysis, when oxygen intake 
from the atmosphere has not yet reached very far beneath the 
film outer surface. Since the condition is most reducing at the 
buried ceramics/Pt interface, the Pt,,Pb intermetallic forms 
there first. Over time, oxygen intake from the atmosphere reoxi- 
dizes Pb back to Pb2+, and the intermetallic phase disappears. 

We also investigated single coatings of titanium-diethoxy- 
dineodecanoate and zirconia octoate on the substrate and fol- 
lowed their pyrolysis. Under the same set of conditions as 
described above, no intermediate compounds other than the 
expected TiO, (amorphous or both rutile and anatase) and ZrO, 
(amorphous or tetragonal) phases were found. This can be 
understood from the same thermodynamic consideration above, 
because both Ti and Zr are much more difficult to reduce. The 
partial pressure of 0, required for Ti4' + Ti is lo-" atm and 
for Zr4+ + Zr even lower." (Thermodynamic data for this 
reaction are not available.) These extreme reducing conditions 
are not likely to be attained during pyrolysis in air or in a 
slightly reducing atmosphere. 

The Pt-Pb epitaxial layer was also found in the early stage 
pyrolysis of PZT films. Its importance to the PZT texture is 
illustrated in Fig. 3 for a PZT coating, which clearly shows that 
the PZT[ 11 11 orientation follows that of Pt,-,Pb[ 1 1  I ] .  From the 
relative peak positions, it is also evident that a goo4 matching 
of d-spacing i s  obtained between Pt (2, = 3.922 A), Pt,_,Pb 
(a, = 4.050 A) and PZT (a ,  = 4.077 A). Since all three com- 
pounds are fcc or fcc-like, we can expect good matching on 
their (1 11) planes. For further comparison, the behavior dia- 
gram of Pt,-,Pb formation in air for the PZT film reported in 
Ref. 7 is replotted in Fig. 4. The close resemblance of Figs. 2 
and 4 leaves no doubt that the phase in question is Pb-rich. The 
PZT[111] texture is thus controlled by the formation of the 
Pt,-,Pb intermetallic. 

(2) PbO/Pyrochlore and PZT(100) Orientation 
The formation of a tetragonal PbO compound occurs above 

300°C. This is verified by coating lead 2-ethylhexanoate onto a 
Pt( 11 I)lTi/SiOJSi substrate, followed by pyrolysis and XRD. 
A series of diffraction patterns at increasing temperatures is 

"I 700 Pb5.7Pt. in air 

300 'I 
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Time (min) 

Fig. 2. 
Si SubStrdte. Solid curve for 2% 0,Ar and broken curve for air. 

TTT diagram for Pt,,Pb phase formation on Pt( I 1 IVTUSiOJ 
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shown in Fig. 5. At higher temperatures, the dominant phase is 
the orthorhombic type. At even higher temperatures, PbO reacts 
with the substrate and the (PbO), reflections disappear. It is also 
found that for both (PbO), and (PbO),, the [OOl] texture is 
favored. The behavior diagram of these phase evolutions is 
shown in Fig. 6. 

The presence of a PbO layer on the Pt( 11 l)/Ti/SiO,/Si sub- 
strate has a definitive effect on the texture of the PZT overlayer. 
To demonstrate this effect, we prepared samples with a thin 
(0.05 pm) coating of lead 2-ethylhexanoate, then pyrolyzed 
them at 400°C for 1 h to obtain PbO, then recoated them with 
the metallorganic solution corresponding to PZT stoichiometry, 
and finally pyrolyzed them again using two heating schedules. 
For comparison, samples without the first PbO layer were also 
prepared and heat treated using the same schedules. The first 
schedule used was 400°C for 0.5 h, then 650°C for 0.5 h. As 
shown in Fig. 7(a), this produces a strong PZT[l00] texture 
with and without the PbO buffer. The second heating schedule 
used was annealing at 650°C for 0.5 h without intermediate 
pyrolysis at the lower temperature. From past experience, this 
heat treatment consistently favors a strong PZT[ 1 1 11 texture. 
Indeed, in the PZT film without the PbO buffer, this produces a 
strong PZT[ I 1 I ]  texture, as shown in Fig. 7(b). With the PbO 
buffer, however, the PZT(111) peak is much weaker, and a 
strong PZT[100] texture is obtained instead. Thus the PbO 
buffer favors PZT[ 1001 texture and suppresses PZT[ 1 1 11 
texture. 

Fig. 3. XRD pattern of PZT film heated at 600°C for different times. 
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Fig. 5. 
1 h. 

XRD patterns of PbO films held at different temperatures for 

Evidence for PbO formation in pyrolyzing the metallorganic 
solution of the PZT stoichiometry was found using DTA. As 
shown in Fig. 8, solvent and organic evaporatioddecomposi- 
tion is largely complete at around 350°C. Toward the end of this 
process, a small but sharp endothermic peak at 325°C can be 
identified. Powders heated to just above this temperature 
showed (PbO), reflections in XRD and no other crystalline 
phase reflections. In fact, the fornation of PbO was actually fol- 
lowed by another organic decomposition peak at 350°C, then 
pyrochlore formation over a broad temperature range at around 
430"C, before the final appearance of a perovskite phase above 
500°C. In thin films, these reaction temperatures are believed to 
be somewhat different but should follow the same sequence. 

Broad pyrochlore reflections were readily identified on the 
films with the PZT composition pyrolyzed above 400°C for suf- 
ficient time (5  inin to 2 h). Unlike PbO, pyrochlore reflections 
were not sharp enough to allow texture identification. The 
broadening in this case is usually attributed to the small crys- 
tallite sizes and the broad compositional range over which pyro- 
chlore is expected to form. Pyrochlore crystallites cannot be 
coarsened enough before their disappearance because of the 
formation of PZT in this system. Hence, it is difficult to ascer- 
tain their effect on PZT texture. However, we also prepared a 
specimen with a solution corresponding to Pb,Nb,O, stoichi- 
ometry. Since Pb,Nb,O, is also a pyrochlore of the same cubic 
structure as Pb,Tj,O, that presumably exisis in PLT/PZT sys- 
tem (a  = 10.40 A for Pb,Ti,O, and 10.508 A for Pb,Nb,0,),'3 it 
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Fig. 4. TTT diagram for crystallization of PZT films on Pt(l1 l)/Ti/ 
substrate. 

Pb0[0011 o+ Pb0[001 J 

400 

300 Pb 2-ethylhexanoate 

1 
5 6  0 1 2 3 4 

Ln (Annealing Time (min)) 

Fig. 6. TTT diagram for PbO phase formation. 
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With PbO Buffer 

20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60 

20 20 

(a) (b) 
Fig. 7. Effect of PbO buffer laver on texture formation of PZT films (a) pyrolized at 400°C and then fast annealed at 650"C, and (b) fajt heated 
directly to 650°C. 
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Fig. 8. 
rate = 10"C/min. 

DTA and TGA curves of PZT precursor solution. Heating 

can be used to simulate the Pb,Ti,O, texture. Figure 9 shows the 
XRD pattern of a Pb,Nb,O, film heated to 750°C. The pattern 
matches well with that of Pb,Ti,0,'4 and is nearly indistinguish- 
able from that of powder diffraction patterns of the same com- 
position, indicating the lack of texture. Assuming the same for 
Pb,Ti,O,, we suggest that the PZT[100] texture is related to 
PbO and not inherited from pyrochlore, even though the latter 
always precedes PZT[ 1001 formation. 

(3) Model f o r  Texture Formation 
Based on the above observations, we now propose a model 

that rationalizes the formation of intermediate phases and final 
textures. First, the PZT[ 11 I ]  texture forms on the Pt,,Pb buffer 
layer. This intermetallic phase is epitaxial with Pt( 1 1 1) sub- 
strate and has good lattice matching with PZT( 1 1 l ) ,  as shown 
in Fig. 10(a). The formation condition requires either firing in a 
reducing atmosphere or rapid heating to high temperatures. 
Otherwise, oxidation of the intermetallic film takes place before 
the perovskite PZT has time to grow onto the buffer layer. Sec- 
ond, the PZT[ 1001 texture forms on the PbO buffer layer. The 
PbO(001) plane matches reasonably well with that of PZTQOO) 
(a, = 3.9723 A for 0-sublattice in PbO versus a, = 4.0.5 A for 
0 or cation sublattices in PZT), as shown in Fig. 10(b). The ori- 
gin of Pb0[001] texture is attributed to the layerlike structure of 
this compound which contains Pb with lone-pair electrons. 
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Fig. 9. XRD pattern of Pb,Nb,O, on Pt( 11 l)/Ti/Si02/Si substrate. 

(Note the large off-plane c-spacing (5.019 A) because of Pb.) 
The formation condition is not stringent, and PbO tends to be 
the first phase formed on the substrate at lower temperature, 
leading to subsequent PZT[lOO] selection. Third, pyrochlore 
forms at a lower temperature than perovskite but does not have 
a special texture and probably does not originate from the sub- 
strate interface. It has a lattice structure which does not provide 
any special plane for good matching with PZT( 100). It is also 
rather ionic in nature and has little tendency to grow in a layer- 
like pattern. Therefore, it has no influence on the selection 
of PZT texture and will decompose at higher temperature to 
reform perovskite PZT. 

Additional microstructural observations are noted below. 
Typically, the formation of PZT[ I I I ]  on Pt,_,Pb can occur eas- 
ily, and the microstructure of the PZT[111] film obtained is 
rather uniform with good transparency. The PbO coverage on 
the Pt-Si substrate, however, is not very uniform. The 
PZT[ 1001 crystal habit is probably heterogeneously nucleated 
onto PbO(001) at many sites, and these nuclei spread out radi- 
ally into the matrix, which is already partially decomposed into 
pyrochlore, until impingement. The microstructure of the 
PZT[100] film obtained thus contains more grain boundaries 
and porosity. Lastly, we found that, after long annealing, other 
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(a) PZT[111] (b) PZT[100] 

Pt(ll1) 

Pb 0 0 @ Pt,,Pb 8 Pt QP Zr,Ti 

Fig. 10. 
and (b) [ 1001 texture. 

Schematic structure of PZT films and substrate for (a) [ l  I 1  I 

PbO orientations began to form, especially if PbO evaporated. 
Thus, Pb0[001] texture is not stable against prolonged heat 
treatments. These microstructural features are discussed in the 
companion paper.’ 

IV. Conclusions 

An intermetallic phase of good lattice matching with 
Pt(l11) precedes the formation of PZT( 11 1). This intermetallic 
phase is definitely Pb-rich and not related to Ti or Zr. XRD 

(1) 

identifies it as Pt,-,Pb. This phase is transient and forms under 
reducing atmosphere. 

PbO is a layer compound that forms readily on a PdSi 
substrate that has a [OOI] texture at lower temperatures. It pro- 
vides a good lattice-matching substrate for forming PZT( 100). 
The Pb0[001] texture is unstable after prolonged annealing. 

Pyrochlore rich in Pb and Ti is not textured and does not 
provide lattice-matching planes for nucleating either [ 1001 or 
[ 1 I 11 perovskite textures. 

(2) 

(3) 
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