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We have proposed a lattice matching mechanism for the sdection of (111) PZT orientation,
based on the experimental evidence of the formation of cubic TiO on the Pt dectrode surface
in the earlier stages of thermal processing of PZT layers .Thus, afitting of TiO with Pt and,
consequently of PZT (Ti-rich) with TiO (orientation relationship:TiO (111)//Pt(111) and
respectively PZT (111)//TiO(111) ) has been evaluated. Similar mismatch degree values were
obtained comparatively with the classical cases of intermetallic layer “templates” (for example
Pt«Pb, Pt3Ti,etc). The very good latti ce matching supports the proposed mechanism, consisting
in the formation of cubic TiO on Pt and, later, of the nucleation and growth of PZT
(tetragonal) of cubic TiO, where is formed. In comparison with the case of TiO(rutile)
matching, previously proposed by other groupshaving larger mismatch values;the cube-to-
cube orientation relationship could explain the sdlection of (111) orientation as amajor onein
some specific conditions affected by some parameters especialy rel ated to solution chemistry
and thermal processing steps.
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1. Introduction

PZT nuclegtion and texture appeared to be controlled by the dectrode system and the
interface properties. (111) textured Pt € ectrodes have favoured a high degree (111) orientation of PZT
layers but other different orientations could be obtained on Pt (111) [1].

The essentid role of Ti, TiOx or TiO,, played in the nucleation of the perovskite phase was
underlined previously [2-4].Theinitia presence of Ti, TiO, or TiO, on the Pt surface or appearance of
Ti or Ti oxides at Pt/PZT interface, due to Ti diffusion through Pt and later oxidation in the case of
Pt/Ti dectrodes, have a crucial role in the orientation selection of PZT layers.

For sol-gdl layers, <111> texture of PZT was obtained by using nanometer thick Ti layers[2],
TiO;, films on Pt films [1], TiOy films on Pt [5] or after the TiO, layer occurrence on Pt surface in
Pt/Ti —d ectrode system [4].In the first case, even alowering of PZT crystallization temperature at 460
°C was obtained as compared to the case of template layer absence. However, highly (100)-oriented
PZT films could be dso crystallized, for similar compositions and experimental parameters, on TiO,
and PbTiO; seed layers [6].

These different conclusions seemed to be related to the oxidation degree of Ti present or
diffused on Pt surface, the crystallization degree of Ti oxides and the thermal budget and atmosphere
used for bottom dectrodes and PZT layers therma treatments.Also, the deposition method and
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solution chemistry have also an essential role in the evaluation of Ti oxides involvement in PZT
nucl eation and ori entation sel ection.

For sputtered PZT layers on TiO, seed films, the PbTiO; texture could be turned from (100)
to (111) orientation [7]. However, the authors have observed that TiO, is effective only when it is
ordered before nucleation starting and a strong evidence for a strained rutile (110) structure is
observed and, thus, the matching with perovskite structure increased.

The am of this work is to propose a mechanism for the seection of <111> orientation based
on the earlier formation of cubic TiO oxide in the pyrdlisis or in the first steps of the PZT
crystallization.

2. Experimental

The PU/Ti eectrodes were prepared using RF sputtering deposition of 10 nm Ti followed by
100 nm Pt on thermally oxidized (100) Si wafers. Thereactive Pt/Ti stack was subsequently stabilized
by rapid therma annealing (RTA) a 700 °C for 5 minutes in O,.The resulting layers are columnar
with astrong (111) fiber texture.

A PZT precursor solution with Zr/Ti ratio 30/70, was deposited by spin coating onto the
preannealed Pt/Ti bottom dectrodes. To compensate for Pb evaporation during thermal treatment, a
Pb excess of 15% with respect to the stoichiometric amount was added. Three layers were deposited,
resulting in atotal film thickness of approximatdy 200 nm, with the pyrolysis step carried out after
each layer on atemperature controlled hot plate. In our experiments, we studied the effect of varying
pyrolysis temperature (between 350 and 450 °C), pyrolysis duration (10 s or 2 min), as wel as the
effect of a preiminary drying step a 200 °C. The crystallization treatment of the layers was always
performed at 600 °C, 30 min on hot platein air.

TEM, SAED and EDX investigations were performed by means of a Philips CM-30 eectron
microscope. Plan view and cross section specimens were prepared by the usual dimpling and ion
milling techniques or by using FIB.

3. Experimental results

In Fig. 1, atypical cross section of a PZT layer subjected to drying (200 °C, 2 min) and a
short time pyralisis (350 °C, 10 sec) is shown. Since after crystalization treatment (600 °C, 30 min),
PZT layer has a highly <111> orientation, the formation of an intermediate layer (PtsTi, Pt«Pb) could
be expected. Ti layer, initidly present at the limit Pt/SiO, was vanished by diffusion, especially
through Pt grain boundaries, to the Pt surface. EDX anaysis has shown the presence of Ti and some
small amounts of Pb and Pt intheinterfada layer formed at the PZT/Pt interface.

Fig. 1. Cross section TEM image of aPZT layer subjected to drying (200 °C, 2 min) and to a
short pyrolisis (350 °C, 10 s).
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SAED patterns of some areas, observed in plan view for the same sample, showed the presence of
some faint rings of a nanocrystalline pyrochlore (Fig. 2) accompagnied by the occurrence of two rings
(d=2.10A and d = 2.40 A) of anew crystallized phase which could be TiO (space group Fm3m-225)
having alattice parameter a= 4.17 A (JCPDS file no. 8-0117). The cubic TiO oxides having the same
structure exhibit a lattice constant varying, probably as a function of oxygen stoichiometry degree,
between 4.17-4.29 A. Since the strongest lines of Pt occurred for d=2.25 A and d=1.95 A, no possible
overl gpping would be expected in our case for ardativey thick PZT layer.

Fig. 2. SAED pattern of the same specimen from Fig. 1, observed in plan view, allowing the
detection of weak rings of nanocrystalline pyrochlore and of two rings of cubic TiO.

Also, the main rings associated to Pt,Pb or Pt;Ti are not very far localized but a good
distinction could be made. Moreover, in the areas containing a very well crystallized pyrochlore, these
two rings, associated to cubic TiO dissppeared (Fig. 3), suggesting an important role of this
compound, formed after pyrolisis at Pt interface in the intermediate phase crystallization and
perovskite nucl eation.

Fig. 3. SAED pattern showing the vanishing of cubic Ti O rings and the presence of a
perovskitic or intermediate phase with aweak crystallization.

For the same specimen, but in cross section, bright and corresponding dark field images (Fig.
4aand Fig. 4b), taken with the strongest spot (111) of Pt, have confirmed the presence of some grains
limited by [110] walls. Simultaneously, there are many small grains having 7-12 nm grain size) out in
theinterfacia layer, formed at the PZT/Pt limit (the PZT layer was in this area sweeped out due to the
ion milling preparation), which appeared as reflecting particles. Taking into account also the EDX
results, we supposed that the objective aperture has included not only the Pt diffraction spot for dark
field imaging but also the very d ose weaker spot (200) of TiO (1=100) (dago' © = 2.12 A chy,™ = 2.25
A). In a plan view specimen of a PZT layer , subjected only at pyrolisis a 450 °C, 2 min, without
drying) out, SAED patterns contains besides of a quasi-amorphous ring of intermediate fluorite-like
phase) out, and a very weak ring of the strongest line of TiO, but also some spots of rd atively strong
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intensity associated to cubic TiO (Fig. 5). However, a coherent and indexable pattern of cubic TiO
was not found.

50 nm

Fig. 4. (a) Bright field image of a PZT layer deposited on Pt ; (b) Dark field image of the same
area, imaged by means of (111) Pt and cubic TiO (200) spots

Fig. 5. SAED pattern of aPZT layer observed in plan view, subjected only at aapyrolisis step
(450 °C, 2 min), without drying. Besides the quasi-amorphous ring of an intermediate fluoritic
phase and the very weak ring associated to TiO,, some strong spots of cubic TiO are present.

On the other part, in many SAED patterns of PZT layers subjected to the crystallization
treatment, the strongest rings of TiO, (rutile) were detected ether in plan view but also in cross
section samples.

For the case of a PZT layer, subjected to drying (200 °C, 2 min), pyradlisis (350 °C, 10 s) and
annealing (600 °C, 30 min) and having a very good <111> orientation, a thin layer of about 20 nm
thickness was observed between PZT and Pt layers. Excepting some contamination € ements related
to specimen preparation (Cu, Si), EDX analysis evidenced only the presence of Ti and a small Pb
amount. It is interesting that, although TiO was expected to have only a transient role in pyrolisis
stage, a SAED pattern of this annedled specimen, assodated to PZT/Pt interface, evidenced the
occurrence of the strongest three lines (dhyy = 2.47 A; dhoo = 214 A; do = 1.52 A) of cubic TiO
(&= 4.29 A) but, in the first case, an overlapping with (101) TiO, line was possible.

Many references [8-11] have reported the detection by EDX, AES, RBS of the presence of Ti
oxides in and over Pt grains, after the bottom dectrode annealing. This evidence is cited as to be
related to TiO,., oxides but, unfortunatdy, the exact oxidation state was not found.

Sreenivas et a [11] have shown that, besides rutile TiO,, in Pt/Ti bilayer metdlization may be
present various phases with the general non-stoechiometric formula of TiO,, and that the driving
force for the Ti diffusion is the formation of areduced oxide at the interface. Also, encapsulation of a
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Pt film by athin layer of TiO ,.x has been reported by Sun et a [12] and was attributed to the diffusion
of O, and Ti-O through the Pt grain boundaries.

A very comprehensive analysis of the oxidation state of Pt/Ti bottom dectrode [13] has
shown that, even for short thermal treatments a 650 °C in oxygen, the O/Ti ratio decreases very
rapidly on a depth of about 20 nm from the initial hypotetical vaue 2 on the Pt surface. In a layer,
inside Pt grains, of about 40 nm thickness, the ratio O/Ti is constant, having a value of about 1.2. This
is the stability range of a-Ti.xO, which represents a low temperature modification of TiO () [14].
Findly, in the last 30-40 nm of Pt layer, in the stability range of TiO (a) phase, according to the
equilibrium diagram Ti-O [15], the decrease of the O/Ti ratio is drastic.

4. Model

Therefore, we suggest that the cubic TiO, resulted from an incomplete oxidation of diffused
Ti from the Pt/Ti bottom dectrode on the Pt surface, has a crucia role , starting from the initia
pyrolisis and/or in the first stages of annealing, in the selection of <111> orientation of PZT layers. A
very good lattice matching of TiO with Pt and of PZT (especidly Ti-rich) with TiO could be
estimated (Figs. 6-8). Inthelast case, the mismatch degree has similar val ues as compared to the case
of intermetallic template layers (PtPb [16], PtsTi [17], etc).

In comparison with TiO, (rutile) case, having a worser mismatch, in each case a cube-to-cube
orientation rdationship: TiO(111)// Pt(111) and PZT (111)// TiO(11l1) respectivedy, could be
expected.

From Fig. 6, which show the possible orientation relationship between (111) TiO planes and
(111) Pt planes, some observations are evident:

-the mismatch degrees of TiO with (111) Pt are: Ad (o1 = +5.4% S Ad [211) = 6.0%

-a comparison of the fittings existing for cube-to-cube orientation relationship TiO(111)//Pt(111) with
the corresponding one of TiO, (rutile) reveds that in the last case the mismatch degrees of TiO, with
Pt(111) [13] aresimilar or larger comparative to the case of TiO:

TiOL(100)//Pt(111) — ( Ad o1 =6.8%;Ad 010 =-4.3 %)
Ti02(110)//P[(111) — (Ad 001 =6.8%;Ad 2/3[110] = - 9.8 %)

In Fig. 7, we have evaluated the fitting degrees of (111) PZT (“Ti planes’) with (111) to
planes. For the lattice matching of PZT with TiO and respectively Pt, the results are the following:

PZT(].].].)//TI O(lll)—> (Ad [011]: - 17%, Ad [211) =-25 %)
PZT (111)//Pt(111)—) (Ad [o11) = +38%, Ad [211] = +3.8 %)

wheress in the case of the lattice matching of (111) PZT to TiO,(and aso , as a comparison, to
Ru0O,), theresults are:

PZT (111) //TiO,(110) (PZT [011]//TiO-[001];PZT[211]//TiO,{110] )—
(Ad o1y =-2.7%; Ad [211) = + 15.0 %)

PZT (111) //TiO5(100) (PZT [0L11]//TiO,[001];PZT[211]//Ti0[010] )—
(Ad jo11) = -2.7%;Ad 219 = + 8.5 %)

and respectivdy:

PZT(111)//RUO,(100) (PZT[011]//RUO,[001]:PZT[211]//RuO,[010] ) —>
(Ad 011 = -8.0%; Ad [211) = + 10.6 %)
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Fig. 6. Possible orientation relationship between (111) TiO planes and (111) Pt planes.

Findly, in Fig. 8 is shown the epitaxia reationship between (111) PZT planes (“PbOy”
planes) and cubic TiO (111) planes. The eval uation results of the mismatch degree are the following:

PZT(111)//TiO(111)— (Ad o1y = -1.7%;Ad (21 = -2.5%)
PZT(111)//Pt(111)— (Ad (o1 = +3.8 %Ad 211 = +3.8%)
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Fig. 7. (111) PZT planes (“Ti” planes) on (111) TiO planes.

These val ues are much lower (indicating a more perfect epitaxia relationship) than in the case
of therdationship wth TiO,, respectivey RuO,:
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PZT(111) /TiOy (110) (PZT [011] //TiO, [001]; PZT [211] // TiO, [110])—
(AQjo11) =-2.79%0;Ad|211) =+15.0%0)

PZT(111)//TiO,(100) ( PZT [011] //TiO, [001]; PZT [211] // TiO, [010] ) —
(AQo11; =-2.7%;Ad211] =+8.5%)

and, respectively:

PZT(111)//RuO,(100) (PZT[011] // RuO, [001];PZT [211] //RuO, [010]) —
(Ado11) =-8.0 %;Ad|219; =+10.6 %)
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Fig. 8. (111) PZT planes (PbOj; planes) on (111) TiO planes.

5. Discussion

For short time and/or low temperature of pyrolisis and thermal annealing, eventually coupled

with a reducing atmosphere(used for annealing or created at the P/PZT interface due to the solution
chemigtry [18], the presence of cubic TiO appears as a very important factor which promote <111>
PZT texture.ln many cases, when it is claimed the importance of the presence of TiO..x or TiO; for to
promote <111> orientation, initially present as seeds or formed during earlier stages of thermal
treatments of PZT layers, it would be possible that a very thin TiO layer (formed on Pt grains a the
interface with PZT) to beresponsible for the ori entation sdection.
The presence of oriented TiO, layers or amixing of TiO,4 (x > 1)and TiO, (eventuadly amorphous)
could lead to <100> texture or random orientation. In fact, for higher temperature and long time
annealing, oxidizing annealing atmospheres or for oxidizing conditions at the interface PZT/PY,
especially during drying or pyrolisis, these last two textures will be preval ent.

Although the (100) PZT planes have the lowest activation growth energy, the existence of a
good lattice matching between crystaline TiO and PZT will decrease the high active nucleation
energy of PZT. The nudeation on the cubic TiO will mainly yidd thus <111>-oriented perovskite
grains. In the case of the presence of TiO, islands or films on Pt grains, the texture will be finaly
dominated by <100> orientation. The presence of an amorphous layer of Ti oxides or a mixing of
small particles of various Ti oxides, having different structures could leaded to a random orientation.
All these facts are aso sustained by the lack of direct influence of Pt<111> oriented layer in the
<111> orientation sd ection.

It is very important to emphasize that these conclusions could be valid only for sol-gd PZT
layers and for Ti-rich compositions. Other mechanisms for the orientation seection could be
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operational for other physica deposition methods (sputtering, laser ablation,etc) and for Zr-rich
compositions. This statement could easily explain the texture change of the sputtered PbTiO; from
(100) to (111) orientation by adding 1-5 nm thick TiO, layers, having a strained rutile (100) structure
[7] or the orientation control provided for Zr-rich compositions by using of some template layers [6].
Even for the same Zr/Ti ratio and deposition method, the pyralisis treatment and solution chemistry
could be decisive, fact which can explain the reported existence [16,17] or the absence of some
intermetallic layers in various cases.

Therefore, we have proposed a lattice matching mechanism for the sdection of (111) PZT
orientation , based on the experimental evidence of the formation of cubic TiO on the Pt dectrode
surface in the earlier stages of therma processing of PZT layers. The cubeto-cube orientation
relationship could explain the selection of (111) orientation as a major one in some specific conditions
affected by some parameters especidly rdated to solution chemistry and thermal processing steps
[18].

6. Conclusions

1) Some “lattice matching” models have been developed in order to explain the sdection of
some preferential orientation on a given substrate. TEM, HREM, SAED and EDX measurements have
pointed out the of current formation of substoichiometric TiO,, oxides on the Pt surface dectrode
during the sol-gel PZT thermal processing. In this aim, we have proposed a fitting (“l attice matching”)
of TiO with Pt and, consequently, of PZT (Ti-rich) with TiO. In the last case, the deviation degree
from an ideal fitting (“mismatch’) has similar values comparatively with the classica cases of
intermetallic layer “templates’ (for example Pt Pb, Pt3Ti,etc)

In comparison with the case of TiO,(rutile) matching, previously proposed by other
groups,having larger mismatch values, it would be expected in each case a cube-to-cube orientation
reationship: TiO (111)//Pt(111) and PZT (111)//TiO(111) respectively.

The very good lattice matchi ng supports the proposed mechanism, consisting in the formation
of cubic TiO on Pt and, later, of the nudl eation and growth of PZT (tetragonal) or cubic TiO.

2) The proposed “lattice matching” relationships suggests the following orientation selection
mechanism for sol-gel PZT layers:

-nucleation on cubic TiO oxide yieds mainly <111> oriented perovskitic grains
-when TiO, islands or films are presented on the Pt surface, the final texture will be dominated by the
<100> orientation.
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