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Abstract

PZT (54/46) thin ®lms were deposited by r.f. mag-
netron sputtering followed by a post-annealing
treatment on silicon substrates. The crucial role of a
Ti adhesion layer on the Ti/Pt bottom electrode is
presented. The deposition conditions and the thick-
ness of Ti have dominant e�ects on the interactions
between Ti and Pt during the annealing treatment.
The Pt layer, whatever its thickness, did not act as a
barrier against Ti-out di�usion. The stability of the
bottom electrode was achieved by using a TiOx layer
instead of a pure metallic Ti adhesion layer. The
electrical properties of PZT ®lms in terms of dielec-
tric and ferroelectric performance were evaluated,
particularly as a function of the PZT ®lm thickness.
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ResumeÂ

Des ®lms minces de PZT (54/46) ont eÂteÂ deÂposeÂs
sur des substrats de silicium par pulveÂrisation cath-
odique r.f. magneÂtron. Le roÃle de la couche d'ac-
crochage de titane au niveau de l'eÂlectrode infeÂrieure
Ti/Pt est preÂsenteÂ. Les conditions de deÂpoÃt et
l'eÂpaisseur de la couche de Ti ont des e�ets impor-
tants sur les interactions entre le titane et le platine
durant le traitement thermique du PZT. Le ®lm de
platine, quelle que soit son eÂpaisseur ne joue pas le
roÃle de couche barrieÁre aÁ la di�usion du titane. La
stabiliteÂ de l'eÂlectrode infeÂrieure est obtenue en
remplacant le Ti par TiOx. Les proprieÂteÂs eÂlectriques
des ®lms de PZT en termes de performances dieÂlec-
triques et ferroeÂlectriques sont eÂvalueÂes. En particu-
lier, nous avons eÂtudieÂ leur deÂpendence avec
l'eÂpaisseur des ®lms de PZT.

1 Introduction

Ferroelectric lead zirconate titanate Pb(Zr, Ti)O3

(PZT) ®lm is one of the promising materials
applicable to a variety of devices including semi-
conductor non-volatile memories,1 piezoelectric
ultrasonic micromotors,2 pyroelectric detectors3 and
capacitors in Dynamic Random Access Memories.4

For these applications, it is imperative, therefore, that
the characteristics of the metal±ferroelectric±metal
(MFM) structures be investigated systematically to
determine the in¯uence of the bottom electrode on
the ®lm properties and their dependence on the
PZT ®lm thickness.
The electrode material plays an important role in

determining ®lm performance. In thin ®lm form,
the in¯uence of the electrode±ferroelectric interface
is more pronounced when compared with bulk
ceramic.5 A Ti/Pt bilayer is the most widely chosen
electrode for Si-based devices because Pt is rela-
tively inert to oxygen. The Ti layer is necessary to
promote the adhesion of Pt to SiO2.
The major problem associated with using plati-

num bottom electrodes is the interaction with the
titanium adhesion layer during the post-annealing
treatment of the PZT ®lms.6,7

In this study, the Ti and Pt atoms movements
were examined before and after di�erent annealing
treatments for various deposition conditions of the
Ti ®lm. Auger electron spectroscopy (AES) has
been applied to clarify the di�usion behavior of
each element: Ti, Pt, Si, O. These experimental
results are used to de®ne a stabilized bottom elec-
trode where Ti is replaced by TiOx.
Thickness dependencies of relative permittivity

and ferroelectric properties (coercive ®eld, rema-
nent polarization) of sputtered PZT ®lms deposited
on stable electrodes were explored through appro-
priate electrical measurements. The reduction in
®lm thickness leads to a decrease of the permittiv-
ity and an increase of the coercive ®eld. We have
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also observed a disappearance of the internal elec-
tric ®eld when the PZT ®lm thickness increased.

2 Experimental procedure

PZT thin ®lms, with a (Zr, Ti) ratio equal to (54/
46) were prepared on stabilized platinized silicon
(Si) substrates by r.f. magnetron sputtering; the
system deposition has been described previously.8

Titanium and platinum ®lms were deposited on
(100)-oriented Si substrates passivated with a ther-
mally grown silicon dioxide layer of 3000AÊ . The
bottom electrodes were grown by r.f. magnetron
sputtering without substrate heating. They were
fabricated by a sequential deposition process in a
single pump-down cycle without breaking the
vacuum. The growth conditions were ®xed in order
to have a slow growth rate to produce dense Pt
®lms: an r.f. power of 50 and 70 W for the Ti and Pt
®lms, respectively (the target diameter is 150mm)
and a working pressure (Ar gas) of 5mT for the
two materials. The thickness of the Ti/Pt bilayers,
varied between 60 and 240AÊ for Ti and 1000 and
2500AÊ for Pt. Figure 1 shows a cross-section of the
studied structure showing the sequence of layers. The
as-deposited Pt layer exhibited a strong (111)-pre-
ferred orientation before annealing; this orientation
is maintained (reinforced) after processing (see
Fig. 8). The evolution of these Ti/Pt electrodes

(element di�usion) before PZT deposition was
investigated using Auger electron spectroscopy
(AES) for di�erent post-annealing treatments and
in particular for the annealing treatment used to

Fig. 1. Cross-section showing the sequence of layers of the
substrate used in this study.

Table 1. Sputtering and post-annealing conditions for fabri-
cation of PZT (54/46) ®lms

R. F. power density 2.36 W cmÿ2

Target diameter 75mm
Target composition PZT (54/46) without lead excess
Inter-electrodes distance 60mm
Gas pressure 30mT
Sputtering gas Ar
Substrates temperature Ambiant
Annealing temperature 650�C
Annealing time 30min
Heating rate 3�C minÿ1

Cooling rate 1�C minÿ1

Gas ambiant Air

Fig. 2. AES depth pro®les of Ti (60AÊ )/Pt (1000AÊ ) electrode:
(a) as-deposited, (b) after annealing (650�C, 30min).

Fig. 3. AES depth pro®le of Ti (240AÊ )/Pt (1000AÊ ) after
annealing (650�C, 30min).
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crystallize the PZT ®lms. In order to stabilize the
electrode, i.e. to suppress the interactions of Ti
with the Pt layer, we have modi®ed the Ti layer
growth conditions with the introduction of O2 in
the process to form titanium oxide. The PZT ®lms
were deposited at room temperature; the selected
sputtering conditions are summarized in Table 1.
No lead excess was used in the target. With these
parameters, the growth rate is in the order of
50AÊ minÿ1 and the ®lms contains a little excess of
lead (Pb=Zr� Ti � 1�1). We have made this choice
since in general it has been observed that the pre-
sence of lead excess in the ®lm favors the per-
ovskite phase formation.9,10 The lead excess is
evaporated during the annealing treatment. The
post-annealing parameters are listed in Table 1; the
ramp down is ®xed to 1�C minÿ1, for higher values
microcracks appear in the ®lms.
The structural phase of the PZT ®lms deposited

on di�erent bottom electrodes were compared. The
electrical properties of PZT ®lms deposited on sta-
bilized electrodes (Si/SiO2/TiOx/Pt) were evaluated

and we have studied the evolution of the dielectric
constant, the ferroelectric properties (coercive ®eld,
remanent polarization. . .) and the leakage currents
with the PZT ®lm thickness.

Fig. 4. AES depth pro®les of: (a) Ti (240AÊ )/Pt (200AÊ ), (b) Ti
(240AÊ )/Pt (2500AÊ ) electrodes after annealing (650�C, 30min).

Fig. 5. AES depth pro®les of Ti/Pt electrode after annealing
at: (a) 550�C, (b) 600�C.

Fig. 6. AES depth pro®le of TiOx (100AÊ )/Pt (1200AÊ ) after
annealing (650�, 30min)
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3 Results and Discussion

3.1 Post-annealing e�ects on Ti/Pt bottom
electrode stability
To investigate the substrate evolution during the
PZT post-annealing treatment, Si/SiO2/Ti/Pt sub-
strates were annealed at 650�C (in air) during
30min (which are the conventional PZT annealing
treatment parameters) and analysed by AES.
In Fig. 2 the AES depth pro®les of an as-depos-

ited [Fig. 2(a)] and annealed [Fig. 2(b)] Ti/Pt elec-
trode are shown; the Ti and Pt layers thicknesses
are 60 and 1000AÊ , respectively. The post-annealing
treatment causes oxidation of the intermediate Ti
layer and its migration into Pt. Some Ti atoms
reached the opposite surface of the Pt layer and
®nally accumulated there. This e�ect is more pro-
nounced by using thicker Ti ®lms as shown in Fig. 3;
the Ti layer thickness is 240AÊ in this example. The
Pt layer was encapsulated by a thin layer of TiOx;
identical results were observed by Sreenivas et al.11

We have increased the Pt layer thickness with the

hypothesis that Pt acts as a barrier layer against Ti
di�usion and thus prevents the formation of a
TiOx layer at the Pt surface. Figure 4(a) and (b),

relative to Pt layer thicknesses of 2000 and 2500AÊ ,
respectively (the Ti layer thickness is maintained
constant around 240AÊ ), shows that, whatever the
Pt thickness, the Ti atoms migration occurs and we
can conclude that the Pt layer does not play the
role of e�ective di�usion barrier for Ti and oxygen.
It is interesting to note that even for lower anneal-
ing temperatures [550 and 600�C in Fig. 5(a) and
(b), respectively] a redistribution of Ti through Pt
was also observed.
These experimental results shows that during the

post-annealing treatment, the Si/SiO2/Ti/Pt sub-
strate was altered into the Si/SiO2/TiOx/Pt or Si/
SiO2/TiOx/Pt/TiOx structure depending on the Ti
®lm thickness. Decreasing the annealing tempera-
ture was ine�ective to prevent the migration of Ti
through Pt.
Since this modi®cation is essentially attributed to

the Ti-out di�usion into the Pt layer, some authors

Fig. 7. SEM of the surface morphology of: (a) stabilized, (b) encapsulated electrodes.
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have proposed to replace the Ti adhesion layer by
TiO2 (or TiOx). With the modi®ed Si/SiO2/TiOx/Pt
structure no signi®cant interdi�usion was observed
during the annealing treatment.12,13 We have tested
this structure and the results are illustrated by the
AES spectrum presented in Fig. 6. We have rea-
lized the electrode with two deposition steps.
Firstly, we have deposited a Ti layer (100AÊ ) fol-
lowed by an annealing treatment (680�C in air) in
order to form TiOx and in a second step a Pt layer
(1200AÊ ) was deposited. Figure 6 shows a stable
TiOx-Pt interface after the annealing treatment of
the complete structure, no interdi�usion was
observed even for thicker TiOx ®lm thickness.
Stability of the bottom electrode was achieved by

stabilizing the interface chemistry with the formation

of a TiOx layer at the interface instead of pure
metallic Ti thin ®lms.
The procedure used to stabilize the bottom elec-

trode is too long (two deposition and annealing
steps) and so we have deposited directly TiOx on
SiO2 by reactive sputtering of a Ti metal target in
oxygen. The TiOx, ®lm thickness is ®xed to 300AÊ .
The surface morphology of a stabilized electrode is
presented Fig. 7(a). The surface is smooth without
defect. The situation is radically di�erent for an
encapsulated electrode [Fig. 7(b)], where the sur-
face is very rough due to the existence of a non
continuous TiOx layer which causes hillock and
microcracks formation.14,15 Platinum hillocks
caused some shorting during electrical measure-
ments.16,17

Fig. 8. XRD patterns of a PZT ®lm deposited on: (a) encapsulated, (b) stabilized electrodes.
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3.2 Crystallization of PZT ®lms

Amorphous PZT ®lms deposited on encapsulated
electrodes, i.e. Si/SiO2/TiOx/Pt/TiOx substrates,
and on stabilized electrodes (Si/SiO2/TiOx/Pt) were
post-annealed at 650�C (during 30min). A repre-
sentative XRD of a 2500AÊ ®lm is shown in
Fig. 8. The presence of TiOx at the interface
between Pt and PZT ®lms inhibits the perovskite
phase formation [Fig. 8(a)]; the ®lm is poorly crys-
tallized. Some other authors have also observed
this behavior;18,19 the crystallization quality of the
PZT ®lms seems directly related to the titanium
oxydation degree. On a stabilized electrode, pure
perovskite phase was obtained and the ®lm is well
crystallized [Fig. 8(b)]. It has become evident that
the underlying metallization can signi®cantly in¯u-
ence the crystallization of the PZT ®lms.

3.3 Electrical measurements
Pt top electrodes with a diameter of 150�m were
deposited on the PZT ®lms (lift-o� process) to
measure the electrical properties.
The PZT ®lms deposited on encapsulated bot-

tom electrodes cannot be characterized since all the
contacts displayed a tendency for electrical shorts
induced by the presence of platinum hillocks and
so the electrical measurements are focused on ®lms
deposited on stabilized electrodes. We have deter-
mined the relative dielectric constant and the dis-
sipation factor of PZT ®lms as a function of ®lm
thickness. The relative dielectric constant and the
dissipation factor of ®lms between 0.15 and 3.3�m
thick is shown in Fig. 9 measured at 1 kHz by a
multifrequency LCR meter. The relative dielectric
constant ("r) increases with thickness, saturating at
750 for ®lm thicknesses of 1.3�m and above. A

drop in dissipation factor is noted with increasing
®lm thickness. A similar dependence has been
observed by other authors who attributed this
phenomenom to the presence of a transition layer
between the ®lm and the substrate.20,21 In a more
general sense, the presence of a very thin layer
with a low "r will have a very large e�ect on the
net "r.
The relative dielectric constant and the dissipa-

tion factor were also measured as functions of fre-
quency (LCR meter, model HP4284A) and the
results are summarized in Fig. 10(a) and (b),
respectively. In this example, the PZT ®lm thick-
ness is 0.53�m. We can observe a slight decrease in
the dielectric constant at higher frequencies which
is consistent with the expected normal frequency
dependence.22 The dielectric loss factor was nearly
constant; tan � varied between 2 and 5% in the
frequency range 1 kHz±1MHz.
Figure 11 represents the current density±voltage

(J±V) characteristics of 0.15�m [Fig. 11(a)] and
0.53�m [Fig. 11(b)] thick PZT ®lms. An initial
leakage current density of less than 10ÿ7 A cmÿ2

was measured on PZT ®lm 0.53�m thick and a ¯at
and saturation region in this J±V curve appears in
the range 4±10V. Even under an applied voltage of
10V, the leakage current density is limited to 10ÿ7

A cmÿ2. With decreasing thickness, the leakage
current density was increased; at 2V, J was higher
than 10ÿ6 A cmÿ2 for a 0.15�m thick PZT ®lm
(instead of 10ÿ8 A cmÿ2 for 0.53�m thickness).
To examine the ferroelectric behavior of ®lms

and in particular their dependence with the ®lm
thicknesses, the polarization switching was
observed using a RT6000 standart test system
(from Radian technologies).

Fig. 9. Relative dielectric constant and dissipation factor as a function of PZT ®lm thickness at 1 kHz.
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The averaged values of the coercive ®eld Ec

(more precisely Ec
+) and the remanent polariza-

tion Pr (more precisely Pr
+) are shown versus

thickness in Fig. 12. The remanent polarization
increased with the ®lm thickness while the coer-
cive ®elds decreased; if the ®lm thickness is
higher than 1.4�m Ec and Pr are constant: 25 kV
cmÿ1 and 19�C cmÿ2, respectively. These results
con®rm the expectation that the ®lm properties
improve with increasing thickness. The measured
values in the ®lms are higher for Ec and lower
for Pr than those of ceramics with the same

composition. These characteristics have been
attributed to the e�ects of clamping of the ®lm to
the substrate and to the in¯uence of the boun-
dary between the ®lm and the substrate (existence
of a transition layer).
The hysteresis loops for all the ®lms characterized in

this study showed a shift along the axis of the electric
®eld. Asymmetric hysteresis loops have been observed
by many workers in both bulk ceramics and thin ®lms
and originate from internal ®eld due to space-charge
accumulation at the grain boundaries and at the ®lm±
electrode (top and bottom) interfaces.23

Fig. 10. Frequency dependence of: (a) dielectric constant and (b) dissipation factor of PZT ®lm. Film was approximately 0.53�m.
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Fig. 11. Leakage current characteristics of PZT ®lms: (a) 0.15�m, (b) 0.53�m thick.

Fig. 12. Thickness dependence of hysteresis properties of PZT ®lms.

Fig. 13. Thickness dependence of the internal electric ®eld magnitude.
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We have observed that the magnitude of the
internal ®eld, i.e. the magnitude of the asymmetry,
measured byEc

++Ec
ÿ/2, whereEc

+ andEc
ÿ are the

positive and negative coercive ®eld, respectively, is
thickness dependent (Fig. 13). Its magnitude varied
from about 25 to about 2 kV cmÿ1 when the
thickness varied from 0.15 to 2.2�m. The direction
of the internal ®eld was the same in all measured
samples directing from the bottom to the top elec-
trode. The disappearance of the internal ®eld when
the ®lm thickness increased could be a consequence
of the grain size variations with the ®lm thick-
ness24,25 and the stresses stored in ®lm which varied
also with the ®lm thickness. We have shown
recently that this behavior can be related to the
space charge located at the ®lm±electrode inter-
faces.26

4 Conclusion

Si/SiO2/Ti/Pt substrates undergo chemical and
microstructural changes during annealing at tem-
peratures typically utilized for the preparation of
PZT thin ®lms. These include the migration of Ti
through the Pt layer and the formation of defects
(hillocks). The movement of Ti may be deleterious
to the observed structural and electrical properties
of the PZT thin ®lms. The stabilization of the bot-
tom electrode was achieved by replacing TiOx layer
instead of Ti layer. The study of the thickness
dependence of the electrical properties of the PZT
®lms has demonstrated that reduction in ®lm
thickness leads to the following: reduction in the
relative dielectric constant and remanent polariza-
tion and increase in the loss tangent and coercive
®eld. Nearly symmetric hysteresis loops, i.e. a
reduction of the internal electric ®eld, were
observed when the ®lm thickness increased.
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