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bstract

e review our significant results concerning pulsed laser deposition (PLD) of some ferroelectric compounds: (i) lead magnesium niobate
b(Mg1/3Nb2/3)O3 (PMN); (ii) lead magnesium niobate–lead titanate Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT), with variable PT contents; (iii)
a-doped lead zirconate titanate (Pb1 − xLax)(Zr0.65Ti0.33)O3 (PLZT); and (iv) Nb-doped lead zirconate titanate Pb0.988(Zr0.52Ti0.48)0.976Nb0.024O3

PNZT). A parametric study has been performed in order to evidence the influence of the deposition parameters (laser wavelength, laser fluence,

xygen pressure, substrate type and temperature, RF power discharge addition, etc.) on the film properties and to identify the best growing con-
itions. Techniques including atomic force microscopy (AFM), X-ray diffraction (XRD), scanning electron microscopy (SEM), secondary ions
ass spectroscopy (SIMS), transmission electron microscopy (TEM), electrical and ferroelectric hysteresis measurements have been used for layer

haracterization.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Pulsed laser deposition (PLD) is an attractive technique for
hin films growth. It consists in material removal by bombarding
he surface of a target with short energetic pulses of a focussed
aser beam of proper wavelength (laser ablation). Due to the
igh power density of the beam, plasma having a plume shape
erpendicular to the target surface is generated at the incident
oint. The plasma contains ions of the target and of the gas
tmosphere. The substrate to be coated is placed a few centime-
res away from the target facing the top of the plasma plume.
he condensation of the particles ejected from the target pro-
uces the growth of a thin film on the substrate surface. The
ossibility of transferring complicated stoichiometries directly
rom the target to a collector situated at a certain distance and

osition with respect to the target pushed this method to the
op position, starting with the discovery of high temperature
uperconductors, in the late 1980s. Different classes of mate-
ials, including metals, semiconductors, and dielectrics were
uccessfully deposited by PLD in vacuum or in various inert
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r chemically active atmospheres.1,2 Ferroelectrics are a class
f materials intensively studied in the form of thin films. They
re characterized by a spontaneous polarization, which can be
witched by applying an electric field.3 This class of materials
s very much investigated nowadays because of the large range
f applications. Ferroelectrics can be used as capacitors, sen-
ors and actuators, MEMS, optoelectronic devices, ferroelectric
onvolatile random access memories (FERAM), etc.3,4

Relaxor ferroelectric materials have a high dielectric con-
tant and a broadened dielectric maximum compared to the
ormal ferroelectrics.5 These properties make this kind of mate-
ial suitable for dielectric, piezoelectric and electrostrictive
pplications.6,7 Pb(Mg1/3Nb2/3)O3 (PMN) is the most known
nd studied relaxor ferroelectric, which exhibits high dielec-
ric constant, with a maximum value of 15,000 at −15 ◦C, high
lectrostrictive coefficient and diffuse phase transition around
15 ◦C. For increasing the Curie temperature, a new material
as synthesized, namely a combination of Pb(Mg1/3Nb2/3)O3

nd PbTiO3 (PT). PT is a highly anisotropic ferroelectric with

arge tetragonal distortion and a typical ferro–paraelectric transi-
ion at Tc = 490 ◦C, and with long range spontaneous ferroelec-
ric order occurring below Tc.3,5 The solid solutions between
MN and PT tend to combine properties from relaxor PMN

mailto:dinescum@ifin.nipne.ro
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.027
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Fig. 1. Experimental set-up: (a) RF beam assi

nd ferroelectric PT. Single crystals of PMN–PT have been
eported to exhibit extremely large piezoelectric strain (>1%)
nd a very high electromechanical coupling factor (k33 > 90%).
or small PT amounts, the composition presents large elec-

rostrictive strain, and for about 35% PT, the PMN–PT system,
ear the phase boundary (MPB), presents significant piezoelec-
ric effects.5

Lead titanate zirconate (PZT) materials are used both in
ulk and as thin films, due to their interest for applications in
iezoelectric transducers, ferroelectric memories, electrooptical
evices, etc.3,8 The variation of Zr/Ti ratio allows the structure
odification from orthorhombic to rhombohedral and tetragonal

nd the modification of the physical properties.3 Moreover, the
oping with impurities like La or Nb can introduce big changes
n their proprieties. For example, La substitution allows the grad-
al change in the material from ferroelectric to relaxor.

A review of our most important results concerning PLD and
adiofrequency beam assisted PLD of thin films of the above-
entioned materials are discussed in this paper.

. Experimental set-up

In Fig. 1 the deposition system for PLD and RF-PLD is pre-
ented. The beam from a Surelite II Nd:YAG laser was focused
hrough a spherical lens on the target at 45◦ incidence. The pulsed
aser can work at four wavelengths: 1064 nm (infrared radia-
ion), 532 nm (green), 355 and 266 nm (ultraviolet radiation);
he pulse duration is 5–7 ns and the repetition rate can be varied
etween 1 and 10 Hz. Ceramic pellets of PMN–PT with different
T compositions and of La- and Nb-modified PZT were used as

argets.4,6,7,9,10
The laser fluence, oxygen pressure, and substrate temperature
ere varied in order to achieve the best deposition configuration.
he films were deposited on different substrates: Si, Pt-coated
i, MgO, LSCO-coated MgO.

l

g
a

LD general system; (b) RF beam generation.

The difference from a classical PLD system is the presence
f the RF discharge produced by a CESAR 1310RF generator
orking at 13.56 MHz and a maximum power of 1000 W. The
ischarge is generated in flowing oxygen between two paral-
el electrodes (16 mm diameter). It expands into the ablation
hamber as a plasma beam through an aperture (∼2 mm diam-
ter) formed in the bottom electrode, which acts as a nozzle.
he enhanced reactivity at the substrate surface between the
blated species and the ionized and excited species coming
rom the plasma beam may lead to improved characteristics
f the deposited films, e.g. to prevent oxygen vacancies at the
lectrode-film interface and oxygen deficiency in the films. The
eposition temperature may be also reduced because the RF dis-
harge supplies additional energy, so the structures can be easily
ntegrated in Si technology.

Thin films have been deposited starting from PMN–xPT tar-
ets, with different PT compositions (0, 10 and 20%).

Different target compositions were used for La-doped
ZT: Pb1 − xLax(Zr0.65Ti0.35)1 − x/4�x/4O3, x = 0.02 (PLZT-B
/65/35); Pb1 − xLax(Zr0.65Ti0.35)1 − x/4�x/4O3, x = 0.09 (PLZT-

9/65/35), Pb1 − 3x/2Lax�x/2(Zr0.2Ti0.8)O3, x = 0.22 (PLZT-A
2/20/80) and Pb0.988�0.012(Zr0.52Ti0.48)0.976Nb0.024O3 (PZTN
2/48). The symbol � indicates the vacancies.

For PLZT-B 2/65/35, La3+ ions substitute Pb2+ in the A
ites of the perovskite lattice. According to this stoichiometry,
he charge compensation is ensured by the formation of B-site
acancies (one B-site vacancy for four La3+ substituted ions).
rom these targets a set of films has been deposited on Pt/Si
ubstrates by RF-assisted PLD in the following optimized condi-
ions: target–substrate distance 5 cm, oxygen pressure 0.6 mbar,
ubstrate temperature 650 ◦C, laser fluence 5 J/cm2, laser wave-

ength 355 nm, RF power 100 W.

PZT 65/35 is rhombohedral, but the substitution of La3+

radually decreases the distortion up to the formation of
cubic lattice for x = 0.09. From ferroelectric it becomes
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Table 1
The deposition conditions for PMN-PT films3

Sample Laser wavelengths
(nm)

Reactive (oxygen)
pressure (mbar)

Substrate
temperature (◦C)

Buffer layer (elec-
trode)/substrate

φlaser

(J/cm2)

PMN 1064 0.2 500 Au/Pt/NiCr/Al2O3 25
PMN 1064 0.2 400 Pt/Si 25
PMN–10%PT 266 0.4 500–600 LSCO/MgO 2
PMN–10%PT 266 0.4 500–600 LSCO/Si 2
PMN–10%PT 266 0.4 500–600 LSCO/Pt/Ti/MgO 2
PMN–10%PT 355 0.1 600 Pt/Ti/SiO2/Si 3
PMN–10%PT 355 0.1 650 Pt/Ti/SiO2/Si 3
PMN–10%PT 355 0.1 700 Pt/Ti/SiO2/Si 3
PMN–10%PT 532 0.4 500–600 LSCO/Si 2
PMN–10%PT 532 0.4 500–600 Pt/Ti/Si 2
PMN–10%PT 1064 0.2 400 Pt/Ti/Si 25
PMN–10%PT 1064 0.4 600 LSCO/Si 2
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MN–10%PT 1064 0.6
MN–20%PT 1064 0.2

elaxor with nanodomains instead of normal ferroelectric
omains. Films have been deposited on Pt/Si substrates in
he following optimized conditions: target–substrate distance
cm, oxygen pressure 0.3 mbar, substrate temperature 600 ◦C,

aser fluence 3 J/cm2, laser wavelength 355 nm, RF power
00 W.9,10

For PLZT-A 22/20/80, La3+ ions are substituted for Pb2+ in
he A site of the perovskite structure with charge compensation
iven by the formation of A-site vacancies (one vacancy for
ach two La atoms). The introduction of La gradually decreases
he tetragonality up to a cubic lattice for x = 0.22. This has
een confirmed by XRD analysis of the target. Samples with
his composition are relaxors. Films with this composition have
een deposited on Pt/Si substrates in the following optimized
onditions: target–substrate distance 5.3 cm, oxygen pressure
.4 mbar, substrate temperature 650 ◦C, laser fluence 2 J/cm2,
aser wavelength 266 nm, RF power 200 W.10–12

For PZTN 52/48, Nb5+ enters in the B-site position substitut-
ng for Zr4+ (or Ti4+) ions. Charge compensation is ensured by
he formation of A-site vacancies (each pair of Nb ions produce
ne lead vacancy). Films have been deposited on Pt/Si sub-
trates in the following optimized conditions: target–substrate
istance 5 cm, oxygen pressure 0.4 mbar, substrate tempera-
ure 650 ◦C, laser fluence 2 J/cm2, laser wavelength 266 nm, RF
ower 200 W.

Compositional, structural and morphological investigations
f the deposited films have been performed by secondary ion
ass spectrometry (SIMS), X-ray diffraction (XRD), scanning

lectron microscopy (SEM), transmission electron microscopy
TEM) and atomic force microscopy (AFM). Metallic Au/Cr top
lectrodes with diameters of 0.5–3 mm have been deposited by
hermal evaporation for electrical measurements. Ferroelectric
ysteresis loops have been obtained using a Radiant Technolo-
ies RT66A device in the automatic virtual ground mode, at
ifferent temperatures. Dielectric measurements have been per-

ormed as a function of frequency, AC driving field intensity and
emperature using a HP4194A impedance analyzer and a Delta
esign 9023 test chamber working at temperatures between 300

nd −50 ◦C.

i
P
o

500 LSCO/Si 25
400 Au/Pt/NiCr/Al2O3 25

. Results and discussions

.1. PMN and PMN–PT thin films deposition

The conditions for PMN–PT thin films deposition are pre-
ented in Table 1. Structural investigations have shown that
he best results have been obtained for films deposited on
SCO electrodes, which have been grown by PLD on Si sub-
trates in the same experimental set-up as the PMN–PT thin
lms (Fig. 2a–c). It has been previously observed that per-
vskite oxide LSCO electrodes, in addition to their high elec-
rical conductivity and good lattice matching with PMN–PT,
re good buffer layers and prevent oxygen vacancies at the
nterface.13 Our experimental results have also shown that the
aser wavelengths and substrate-buffer layer-electrode com-
ination strongly influence the structural properties of the
lms. Better properties have been obtained for films deposited
sing ultraviolet radiation. In order to increase the deposi-
ion efficiency we have also used high laser fluence in the
nfrared region, but in this case, in addition to a rougher sur-
ace morphology, a pyrochlore phase is obtained (Fig. 2d).
his is probably due to modification of the target compo-
ition at the surface during ablation with the high-energy
nfrared laser beam. All films were crystalline and randomly
riented.4

SIMS analysis of selected samples revealed a small amount
f interdiffusion between the PMN–PT film, the substrate and
he buffer layer, and a uniform distribution of elements, espe-
ially for the PMN–PT film. The sharp interface was also
onfirmed by cross-section transmission electron microscopy
nalysis. A cross-sectional TEM image of a PMN film deposited
n LSCO/Si is presented in Fig. 3. It can be observed that the
MN film growth was quasi-columnar: this is probably due to the
olumnar growth of LSCO film and to the small misfit between
he two lattice parameters.4
AFM studies revealed rather smooth surfaces. The AFM
mage in Fig. 4 shows a typical image taken from the surface of a
MN film deposited on LSCO/Si at pO2 = 0.4 mbar, laser fluence
f 2 J/cm2, T = 600 ◦C and a laser wavelength of 266 nm. The
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3.2. PZT-based thin film deposition
ig. 2. X-ray diffraction spectra of PMN–10%PT films deposited at pO2 = 0.4 m
c) LSCO/Si; (d) PMN film deposited at pO2 = 0.2 mbar, laser fluence of 25 J/cm

eight scale is 250 nm and the film has a roughness of approxi-
ately 11 nm.
The dielectric permittivity of PMN samples showed a broad

aximum of the dielectric constant at the temperature Tm
f approximately 0 ◦C (Tm is about −5 ◦C for bulk sam-
les used as targets). The maximum relative dielectric con-
tant was approximately 4000. The highest values of the real
art of the dielectric constant at Tm have been obtained for
MN–10%PT films (approx. 4500). Room temperature values
re shown in Table 2. The small dielectric constant values can

e explained by the presence of a very thin interface layer
etween the PMN–PT and the electrode layers, with modified
roperties.4

ig. 3. Cross-section transmission electron microscopy image of a
MN/LSCO/Si heterostructure deposited at pO2 = 0.4 mbar, laser fluence of
J/cm2, T = 600 ◦C, λ = 266 nm.3

t

F
d
λ

ser fluence of 2 J/cm2, T = 600 ◦C, λ = 266 nm: (a) LSCO/MgO; (b) Pt/Ti/MgO;
= 500 ◦C, λ = 1064 nm, on Au/Pt/NiCr/Al2O3.3

All samples show a slim ferroelectric hysteresis loop (with
remanent polarization of approx. 1 �C/cm2 and a coercive

eld of approx. 50 kV/cm) at ambient temperature (above Tm)
s typically found for relaxors. The remanent polarization was
ncreased at temperatures below Tm (approx. 11 �C/cm2 at

10 ◦C). A piezoelectric response (d33 = 40–60 pm/V) was mea-
ured at ambient temperature on all types of samples, showing
he existence of intrinsic polarization.4
XRD analysis shows that all deposited layers were polycrys-
alline and randomly oriented. PLZT-B 9/65/35 films present

ig. 4. Atomic force microscopy image of a PMN film surface for a layer
eposited on LSCO/Si at pO2 = 0.4 mbar, laser fluence of 2 J/cm2, T = 600 ◦C,
= 266 nm.3
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Table 2
Dielectric properties of PMN–PT thin films at ambient temperature3

Sample Buffer layer (electrode)/substrate Dielectric constant (at 25 ◦C) Resistivity (� cm)

PMN Au/Pt/NiCr/Al2O3 880 1011

PMN Pt/Si 500 1012

PMN–10%PT LSCO/Si 250 109

PMN–10%PT Pt/Ti/SiO2/Si 470 109

PMN–20%PT Au/Pt/NiCr/Al2O3 730 109

�m ×
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capacitance and a is a constant, dependent on temperature and
sample properties. The linear decrease of the capacitance with
Fig. 5. AFM 3D images (a) 6 �m × 6 �m on PZTN 52/48 and (b) 5

slight (1 1 0) preferred orientation. The obtained films were
lmost pure phase with some small amount of pyrochlore. AFM
mages show similar morphology for PLZT-B 2/65/35, PLZT-

9/65/35 and PZTN 52/48 films, with uniform platelet-like
rains with dimensions 500–800 nm (Fig. 5).8 Films produced
rom PLZT-A 22/20/80 targets showed much smaller grains
100–200 nm) (Fig. 6).8 The AFM-3D images presented in
ig. 5 were taken on (a) 6 �m × 6 �m on PZTN 52/48 and (b)
�m × 5 �m on PLZT-B 9/65/35 samples, while the image in
ig. 6 shows a 10 �m × 10 �m surface of PLZT-A sample.

In Fig. 7 is shown the variation of capacitance C as a function

f frequency f for PLZT-A 22/20/80 films, for different values
f the AC driving field E, up to 20 kV/cm. A similar dependence
n frequency was registered also for the other samples.

ig. 6. AFM 3D image (10 �m × 10 �m) on a PLZT-A 22/20/80 (film of about
00 nm thickness).8

l

F
s
o
6

5 �m on PLZT-B 9/65/35 films (film of about 500 nm thickness).8

The coercive field, determined from ferroelectric hystere-
is loops, is above 50 kV/cm for all the ferroelectric films and
bove 30 kV/cm for the relaxor films, thus the AC field ampli-
ude is in the sub-switching regime. Therefore, the employed
henomena correspond only to movements of normal domain
alls (in ferroelectric PLZT-B 2/65/35 and PZTN 52/48 films)

nd nanodomain walls (in relaxor PLZT-B 9/65/35 and PLZT-A
2/20/80 films). It can be observed that the capacitance follows
he relation C(f, E) = C0(E) − |a|/ln (f), where C0 is the static
og frequency can be ascribed to a domain wall pinning phe-

ig. 7. Capacitance vs. frequency for different ac electric field amplitudes mea-
ured on a PLZT-A 22/20/80 (film of about 500 nm thickness). The amplitude
f the driving field for the different displayed curves from bottom to top is: 1–4,
, 8, 10, 12, 14, 16, 18 and 20 kV/cm.8
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ig. 8. Capacitance vs. driving field amplitude for a PLZT-B 9/65/35 film.8

omenon in ferroelectrics, due to interaction of pinning centers
ith moving interfaces.14,15 This corresponds to more gen-

ral phenomena also found in magnetic materials and other
ystems.16

When plotted as a function of the ac field amplitude the
apacitance of the investigated samples shows very different
ehaviour. Fig. 8 10 presents results obtained for PLZT-B 9/65/35
amples for different frequency values up to 1 MHz. Similar
ehaviour but with different capacitance values was found for
he PLZT-B 2/65/35 sample. Fig. 9 shows the same curves
or PLZT-A 22/20/80; a similar behaviour is found for PZTN
lms. As observed in Fig. 8, the capacitance of PLZT-B 9/65/35
and PLZT-B 2/65/35) films exhibits almost no variation with
c field amplitude up to 20 kV/cm, except for a small “thresh-
ld” at about 2.5 kV/cm. The capacitance of PLZT-A 22/20/80
and PZTN 52/48) films have instead a nonlinear variation
ith E, as can be observed in Fig. 9. There are many differ-

nces in the chemical composition, crystal structure, morphol-

gy and domain configuration between the investigated films,
ut what is common to samples with C–E behaviors displayed
n Figs. 8 and 9 is the vacancy types: PLZT-B 9/65/35 and PLZT-

2/65/35 have B-site vacancies, while PLZT-A 22/20/80 and

ig. 9. Capacitance vs. driving field amplitude for a PLZT-A 22/20/80 film.8

1

1

1

eramic Society 26 (2006) 2937–2943

ZTN 52/48 have A-site vacancies. B-site vacancies are stronger
inning centers than A-site vacancies. The threshold in Fig. 8
ould be due to a minimum energy value, which must be given
o obtain the depinning of some domains. Further increase of
he field amplitude up to 20 kV/cm does not alter the permittiv-
ty value. On the other side, A-site vacancies facilitate domain
oundary motion and stress relief, so that small electric fields can
isplace domain walls. This could explain the high nonlinearity
n the ac field behaviour of PLZT-A and PZTN samples.10

. Conclusions

PLD and radiofrequency beam-assisted PLD were demon-
trated to be effective for obtaining crystalline, stoichiometric
MN–PT, La- and Nb-doped PZT films on different substrates
ithout post-deposition annealing.
Even if there is interest in replacing the lead-based mate-

ials in a large variety of areas like food industry, envi-
onmental monitoring, health care and biomedical diagnosis
ith lead-free compounds like LaTaO3, SrxBa1 − xNb2O6 or

Na1/2Bi1/2)TiO3–BaTiO3 instead of PZT, the Pb-based oxides
till remain the materials with most attractive ferroelectric and
elaxor properties.
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