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Abstract 

The influence of growth co,nditions and post-anneal- 
ing treatments on radio frequency (r.f.) magnetron 
sputtered lead zirconate titanate (PZT) thin films 
have been investigated. By adjusting the plasma dis- 
charge parameters, it is possible to control, with 
stoichiometric single oxide target, the film composi- 
tion precisely. No excess lead was used either during 
sputtering (in the target) or during post-deposition 
annealing. The structural, microstructural and elec- 
trical properties have been systematically examined 
as a function of the annealing treatments. Perovskite 
structure was obtained by conventional annealing as 
well as by rapid thermal a)nnealing. The films were 
dense and crack-free; the film orientation, the 
microstructure and the surface morphology are 
directly related to the thermal processes. The ferro- 
electric properties in terms of coercive field and 
remanent polarization are also very sensitive to the 
annealing treatments. 0 199? Elsevier Science Limited. 

Resume’ 
L’intuence des conditions de depot et de recuit 

post-depot sur la croissance, par pulve’risation cath- 
odique (r.f) magnetron, de films minces de titano- 
zirconate de plomb est ktudie’e. En ajustant les para- 
metres de la de’charge, il est possible de controler 
precistment, h partir d’une cible d’oxydes multi-e’le- 
ments, la composition des films. L’ajout d’un exces 
de plomb, aussi bien dans la phase de depot (au 
niveau de la cible) que darts la phase de recuit post- 
depot s’est ave’re inutile. Les proprie’tes structurales, 
microstructurales et tjlectriques ont e’te’ 
systematiquement examinees en fonction des traite- 
ments thermiques. La structure ptrovskite a e’td 

obtenue aussi bien par recuit conventionnel que par 
recuit rapide. Les films sont denses et sans fissure; 
l’orientation des films et leurs microstructures sont 
directement relies ci la nature du traitement thermi- 
que. Les proprietes ferrotlectriques sont egalement 
etroitement correllees au traitement thermique post- 
depot. 

1 Introduction 

Lead zirconate titanate [Pb(Zr,Ti)03 or PZT] is a 
well-known ferroelectric and piezoelectric material. 
PZT films have attracted great attention in recent 
years as promising material for use in nonvolatile 
memories1,2 and in microelectromechanical sys- 
tems.3T4 The growth of PZT thin films has been 
realized by various methods.5,6,7 Single target 
sputtering is likely to be a dominant growth tech- 
nique for PZT thin films because the simplest pro- 
cess meeting the device fabrication requirements is 
the most desirable. However this method presents 
some disadvantages,* such as compositional chan- 
ges in the film from the target. 

One of the primary factors in the synthesis and 
crystallisation of PZT films is proper control of the 
lead content of the films. This is due to the fact that 
lead tends to re-evaporate easily at elevated tem- 
peratures and currently targets with excess 
amounts of PbO are used in order to compensate 
for the loss that may occur during heating deposi- 
tion or post-deposition annealing.9 While the 
majority of previous depositions were with targets 
containing excess lead oxide, only a few reportslo 
are available regarding the sputter deposition of 
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stoichiometric single-oxide targets without excess 
lead. Recent results suggest that a mechanism of 
perovskite formation may depend on the target 
composition. l1 In the present work, the composi- 
tional modifications of PZT films with sputtering 
conditions are investigated and the above problem 
in single target sputtering process is solved. No 
excess lead was used during sputtering. 

The influence of post-deposition annealing treat- 
ments and conditions on structural and micro- 
structural properties have also been investigated. 
Conventional heating (tubular furnace) and Rapid 
Thermal Annealing (RTA) have been compared. 
The main advantage of the RTA process is to 
avoid (or to limit) the eventual degradation of the 
film-substrate interface12 (interdiffusion of lead). 
The RTA was found to have significant influence 
on the crystallisation behavior. Either (110) or 
(100) highly oriented PZT films can be obtained 
depending on the annealing treatments. The ferro- 
electric properties have been measured; they are 
very sensitive to the annealing treatments. 

2 Film preparation 

PZT thin films, with composition near the mor- 
photropic phase, were prepared on Si/Si02/Ti/Pt 
substrates by r.J magnetron sputtering; the system 
deposjtion has been described previously.13 On a 
5000A thick thermal oxide, a Ti/Pt bottom elec- 
trode was deposited by sputtering without sub- 
strate heating. Their thicknesses are respectively 
200A and 2000A in order to suppress the forma- 
tion of hillocks.14T15 The single oxide target was 
cold pressed powder whose diameter and thickness 
were 75mm and 3 mm respectively. The powder 
used was a stoichiometric mixture of the three oxi- 
des in the composition 54/46 (Zr/Ti). The chamber 
is evacuated with a turbomolecular pump to a 
pressure below 5.10e7Pa before deposition. The 
films were performed at room temperature; in 
order to stabilize the target composition (forma- 
tion of the ‘altered layer’)16 a pre-sputtering is 
necessary. The pre-sputtering conditions are simi- 
lar to those used during the film deposition. 

3 Experimental results and discussion 

3.1 Composition 
The chemical composition of the PZT films was 
determined by energy dispersion spectroscopy 
(EDS). The compositional changes of PZT films 
with sputtering conditions are investigated; the 
major objective is to determine the ‘working point’, 
i.e. the sputtering parameters which provide a film 

composition similar to the target composition, i.e. 
PZT (54/46). The lead content in the films was 
found to change with sputtering gas pressure, as 
show in Fig. 1. Sputtered at a lower gas pressure 
(in the range 10-25 mT) the lead content in the film 
is less than that of the target. It approaches the 
target composition as the pressure is increased; at 
30 mT the ratio Pb/Zr + Ti is nearly equal to 1. For 
higher pressure ( > 50 mT) the composition is con- 
stant (Pb/Zr + Ti = 1.2). On the other hand, the Zr/ 
Ti ratios of the films were almost equal to that of 
the target, irrespective of the sputtering gas pres- 
sure. This compositional change may be caused by 
preferential resputtering by accelerated negative 
ionsI and by a dispersion effect of the sputtered 
species in the plasma. l8 The film composition is 
also affected by r.J power; Fig. 2 shows r.jI power 
dependence of film composition. The lead content 
in the films increases with the r.f power; the Zr/Ti 
ratios were constant. We have fixed the r.J power 
density to 2.36 W cmp2; for higher power, cracks 
appear at the surface target in the erosion area 
(magnetron cathode). 

The target-substrate distance is an important 
parameter which also controls the film composition 
(Fig. 3). It should be noted that the Zr/Ti ratio 
changes only slightly, while the lead content chan- 
ges strongly over the interelectrodes distance range 
which is from 40mm to 70mm. This behavior is 
also directly related to the scattering effect of the 
species in the plasma;19 it is more pronounced for 
heavy ions such as lead ions.20 In order to have a 
good thickness homogeneity, we have fixed the 
target-substrate distance to 60 mm. 

The selected sputtering conditions are summar- 
ized in Table 1; with theseOparameters the growth 
rate is in the order of 50A/min. Nearly stoichio- 
metric films were obtained with simple single-oxide 
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Fig. 1. Sputtering gas pressure dependence of film composition. 
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targets. More precisely, the films contain a small 
excess of lead (Pb/Zr + Ti = l-1). We have made 
this choice since in general it has been observed 
that the presence of excess Pb in the film favors 
perovskite phase formation. The lead excess is 
evaporated during the annealing treatments. 

These results show that the PZT film composition 
and in particular the lead content in the film can be 
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Fig. 2. R.F. power dependence of film composition. 
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Fig. 3. Interelectrodes distance dependence of film composition. 

Table 1. Optimized sputtering conditions for preparation of 
PZT (54/46) films 

R.F. power density 
Target diameter 
Target composition 

Interelectrodes distance 
Gas pressure 
Sputtering gas 
Substrate temperature 

:!.36 W cmP2 
75 mm 
PZT (54/46) without lead 
excess 
60 mm 
30 mT 
Ar 
Ambiant 

easily and precisely adjusted (and controlled) by 
way of the plasma discharge parameters. This is an 
important advantage of the sputtering deposition 
technique. 

3.2 Crystallographic structure 
As we have mentioned previously, deposition of 
PZT film was performed at room temperature and 
consequently the films are amorphous. A post- 
deposition annealing is then required to achieve a 
well-crystallized perovskite structure. This thermal 
treatment also allows the removal of the porosities 
in the film (densification). We have compared this 
situation with the structural properties obtained on 
PZT films annealed with conventional treatment 
(tubular furnace) and rapid thermal process, Rapid 
thermal processing (RTP) of ferroelectric films is 
found to have advantages over conventional fur- 
nace annealing. 21 Rapid annealing of films at a 
high temperature for very short periods (a few sec- 
onds) may reduce the reaction between the film and 
the substrate.22v23 The capability of controlling 
grain size by RTP is also of interest for non-vola- 
tile memory since smaller grain sizes offer a higher 
dielectric constant.24 The crystallographic structure 
of the films was examined by X-ray diffraction 
(XRD) in a 8-28 system using Cu-Ka! radiation. 

By conventional annealing (the ambiant gas is 
air) the films are amorphous below 500°C and the 
perovskite phase appears at 500°C when the 
annealing time is fixed to 2 h (Fig. 4). The crystal- 
lisation was initiated directly in the perovskite 
phase, the pyrochlore phase did not appear.25p26 
The presence of lead excess in the film favors per- 
ovskite temperature phase formation. The phase 
transformation depends on the initial nature of the 
as-deposited films such as lead stoichiometry of 
films27,28 The direct transformation between amor- 
phous through perovskite phase is directly related 
to the presence of lead excess in our as-deposited 
films. When the annealing temperature increased, 
the crystallinity of PZT films increased, indicated 
by higher and sharper peaks. Figure 5 shows the 
XRD patterns of films annealing at 625°C (over 
30 min); the film presents a (110) preferred orien- 
tation. The ramp down is fixed to l”Cmin-l; for 
higher values micro-cracks appear on films. At 
higher annealing temperatures and annealing 
times, the peaks’ intensity decreases and the lead- 
deficient pyrochlore phase appears. The optimized 
conventional annealing parameters are summarized 
in Table 2. 

The PZT films’ crystallisation was also studied 
by rapid thermal annealing (RTA). The rapid 
thermal processor essentially contains a bank of 12 
tungsten halogen lamps placed above a quartz 
window, which provide the energy required for 
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Fig. 4. XRD pattern of PZT film (annealing temperature 
= 500°C - annealing time = 2 h). 

heating the sample. The sample was attached to a 
susceptor (silicon wafer); the temperature of the 
system was monitored using a chromel-alumel 
thermocouple placed on the susceptor. Since PZT 
is transparent in the infrared region, the film 
annealing was induced by the heat transfer from 
the silicon which absorbs most of the incident 
radiation with wavelength less than 1 pm. 

We have optimized the RTA process; more pre- 
cisely we have determined the annealing profiles to 
obtain crystallized PZT film (1 pm thick) crack-free 
and dense. 

The perovskite structure, without any second 
phase, appears at 550°C for 120s as shown in 
Fig. 6. At 625°C which corresponds to the 
annealing temperature of the con%ntionnal treat- 
ment, the film is very well crystallized (Fig. 7). In 
this example, the annealing time is limited to 60 s; 
the heating and cooling rates are 7°C s-i and 
100°C s-’ respectively. For higher values micro- 
cracks appear in the films probably due to the 
existence of stresses in the film and to the significant 
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Fig. 5. XRD pattern of PZT film (annealing temperature 
= 625°C - annealing time = 30 min). 

mismatch in the thermal expansion coefficients 
between the film and the substrate. The film is 
highly (100) textured. By increasing the annealing 
temperature, it is possible to decrease the annealing 
time. For example, at 700°C pure perovskite phase 
was obtained for an annealing time as low as 5s 
(Fig. 8); the films are also (100) oriented. 

The pure perovskite phase is obtained for a very 
short annealing duration; this is the most signifi- 
cant of the RTA process which has important 
effects on the film-substrate interface quality.i2,21 
The influence of the atmosphere during annealing 

(02, N2, . . .I is now in progress. 
The microstructure of the PZT films, obtained by 

the two processes, has been systematically observed 
by scanning electronic microscopy. In general, the 
films are dense, smooth and crack-free. The most 
important difference between the two processes is 
the smaller grain size for films annealed by the 
RTA process. In RTA, the films are heat-treated 
for very small durations and therefore the grain 
growth is limited. 

3.3 Ferroelectric properties 
The ferroelectric nature of the films was examined 
by observing the hysteresis loop, taken at room 
temperature, by means of a RT6000 standard test 
system. The test capacitors were fabricated with a 
Si/Si02/Ti/Pt/PZT (1 pm thick)/Pt structure. Pt 
top electrodes were fabricated by photolithography 
and sputtering (lift-off process). Depending on the 
annealing processes, some differences have been 
observed in the ferroelectric performance. 

Figure 9 shows a typical polarization versus 
applied voltage measurement result for a sample 
conventionally annealed at 625°C over 30min. It 
shows a maximum polarisation of 38 PC cme2, a 
remanent polarisation of 16 PC cmp2 and a coercive 
field of 30 KV cm-i. This polarisation value is less 
than that for the bulk ceramics but is comparable to 
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Fig. 6. XRD pattern of PZT film (RTA process - annealing 
temperature = 550°C - annealing time = 120 s). 
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those reported for thin fihn PZT. The coercive field 
was larger than those of PZT ceramics; this is 
essentially due to the small grain size and the large 
stress induced by the thermal expansion mismatch 
between the film and the substrate. The hysteresis 
loop showed a small shift along the axis of the 
electric field. Asymmetric hysteresis loops have 
been observed by many workers in both bulk 
ceramics and thin films and originate from internal 
fields due to space-charge accumulation at the 
grain boundaries and at the filmelectrode inter- 
face 29 Figure 10 shows an hysteresis loop relative 
to a’rapid thermal annealed sample (625°C - 30 s). 

Table 2. Selected conventional annealing parameters for PZT 
films (1 LLrn thick) 

Annealing temperature 625°C 
Annealing time 30 min 
Heating rate 3°C min-’ 
Cooling rate 1°C min-’ 
Gas ambiant Air 

I’ ” ” ” ‘I ’ ” 
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PZT(100) 
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Fig. 7. XRD pattern of PZT film (RTA process - annealing 
temperature = 625°C - annealing time = 60 s). 
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Fig. 8. XRD pattern of PZT film (RTA process - annealing Fig. 9. Typical hysteresis loop of conventionally annealed 
temperature = 700°C -- annealing time = 5 s). (T = 625°C - t = 30 min) PZT film. 

The calculated maximum and remanent polarisa- 
tions are 38 PC crnp2 and 2OpC cmd2 respec- 
tively; the coercive field is 53 KV cm-‘. The 
saturation polarisation is not reached for PZT- 
RTA films at 20V. By comparison with conven- 
tional annealing, more important bias voltage is 
necessary to attain the saturation, typically 35V. 
At this voltage important leakage current appears. 
The high value of the coercive field (53 KV cm-‘) 
shows that it is more difficult to switch the domains 
for PZT-RTA films rather than PZT convention- 
ally annealed films (30 KV cm-‘). 

This could be a consequence of a smaller grain 
size in comparison with conventional treatment 
(for the faster heating rate, a smaller grain size is 
obtained) and important stresses stored in the 
RTA films (high-heating rate). Identical results 
have been obtained on films and doped bulk cera- 
mics.30 The different alignments of the films (100) 
and (110) for rapid thermal and conventional 
annealing respectively also have an important 
effect on the ferroelectric properties of the films.31 

Loss of polarization with repetitive voltage 
switching, which is called fatigue, has been an 
important issue related to the reliability of ferro- 
electric thin film devices such as nonvolatile ran- 
dom access memories. We have compared the 
fatigue characteristics of PZT films annealing by 
the two processes. The capacitors under test were 
subjected to a sinusoidal voltage of 20V at fre- 
quency of 1 kHz with intermittent interruptions for 
hysteresis measurement. Since the bias voltage is 
limited to 20V (experimental set-up limitation) the 
PZT-RTA films were not allowed to reach their 
saturation polarisation. So, the experimental 
results obtained in these films were not representa- 
tive of their fatigue characteristics, Fig. 11 shows a 
typical fatigue characteristic of the films. The P, 
values reduced by 17% after lo7 cycles and 21% 
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Fig. 10. Typical hysteresis loop of rapid thermal annealed 
(T = 625°C - t = 30 s) PZT film. 

after log cycles for conventionally annealed films 
and the coercive field increased by 30% after log 
cycles. This result is in perfect agreement with most 
previous works performed on PZT films with Pt 
electrodes, which reported a large loss of polariza- 
tion after 106-log cycles. 32 Pt electrodes (top and 
bottom) are not well adapted for memories appli- 
cations, new electrodes such as Ru02, LaSrCo03, 
present better fatigue characteristics.33T34 We have 
made some annealing treatments on the top sput- 
ter-deposited Pt electrode. Recent results show that 
the ferroelectric properties can be improved during 
annealing of the top electrode.35 Two annealing 
temperatures have been tested: 450 and 500°C; the 
annealing time was fixed to 1 h. The asymmetry of 
the hysteresis loop tends to disappear when the top 
electrodes are annealed but any modification of the 
fatigue characteristics have been observed. Studies, 
such as optimization of annealing Pt electrodes 
(top and bottom), modification of the structure (in 
particular the presence of a buffer layer between 
the film and the electrode) are now in progress. 
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Fig. 11. Fatigue characteristics of conventionally and rapid 
thermal annealed PZT films. 

4 Conclusion 

Precise composition control was achieved in a 
stoichiometric single-oxide target sputtering pro- 
cess for ferroelectric PZT thin films. Since lead 
content in the films changes in proportion to gas 
pressure and r.J power, we can adjust the film 
composition accurately by way of the sputtering 
parameters. The crystallisation of the films has 
been studied in relation to conventional annealing 
as well as rapid thermal annealing. The structure 
and the microstructure of the films are very sensi- 
tive to the post-thermal process. Highly (100) 
oriented films are obtained by RTA and (110) 
oriented films are obtained by conventional 
annealing. 

The ferroelectric properties are also directly 
related to the annealing processes.The coercive 
field of the PZT-RTA film is much higher than that 
of conventionally annealed films. The grain size, 
the stresses stored in the films and the films’ orien- 
tation are essentially responsible for this increase. 
The fatigue characteristics show a degradation of 
the ferroelectric properties which can be attributed 
to the presence of the Pt electrodes (top and bot- 
tom). New structures such as Si/Si02/Ti/Pt/ 
PbTiOs/PbZrTiOs/Pt are now in progress; recent 
publications show that the presence of a PbTiOs 
buffer layer improves the fatigue characteristics. 
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