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0.7Pb(Mg, sNb,/3)03—0.3PbTiO; (PMN-PT) ferroelectric thin films with thickness ranging from
28 to 110nm were sputter deposited onto LaNiOs/SiO,/Si substrates. Optical properties were
determined by spectroscopic ellipsometry. We found B =4.6 and 4y =209 nm, which is consistent
for all PMN-PT samples with previous results shown in the literature. Nanoscale electromechanical
activity was probed by using piezoresponse force microscopy in imaging and spectroscopic modes.
Both piezoresponse images and local piezoloops recorded on each film highlighted an enhancement
of piezoelectric vibration amplitude when the film thickness increased from 28 to 62 nm (~1.06 to
~1.34mV), then saturation was observed for thicker films. This specific evolution was explained
taking into account the low-permittivity interfacial Pb,Nb,O; layer existing between bottom elec-
trode and PMN-PT layer. Higher leakage current when thickness is decreasing was shown, which
could also explain the particular behavior of the local electromechanical properties. © 2011
American Institute of Physics. [doi:10.1063/1.3660526]

. INTRODUCTION

Ferroelectric thin films are attracting increasingly attention
on account of the current development of highly minimized
and integrated devices. In fact, their dielectric, piezoelectric,
and ferroelectric properties were found to be promising for
micro-/nanoelectronic technologies and micro-/nanomechanical
applications.! However, progress in the elaboration of nanosys-
tems, as well as the emergence of size effects caused by the
miniaturization of devices, require the study and understanding
of piezo-/ferroelectric properties of these films at the nanometer
scale. In this respect, atomic force microscopy (AFM) in pie-
zoresponse mode, i.e., piezoresponse force microscopy (PFM),
has been developed as a powerful tool for imaging and control
of submicron-scale domain structure in ferroelectrics.>* It has
thereby naturally emerged as the most appropriate technique
for high-resolution electrical properties measurement of
ferroelectric thin films. Among relaxor ferroelectric materials,
Pb(Mg;3Nb,/3)O5-PbTiO; (PMN-PT) compounds have
received special attention because of their better dielectric and
electrostrictive/piezoelectric properties.*”’ The properties of
such ferroelectric films strongly depend on many parameters,
including preferred crystallographic orientation, composition,

YAuthor to whom correspondence should be addressed. Electronic mail:
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microstructure, thickness, existence of buffer layer, doping, do-
main configuration, etc.

In previous studies, we have investigated PMN-PT films
deposited on conductive LaNiO; (LNO) electrodes with
thickness ranging from 200 to 600 nm.*° Nanoscale piezo-/
ferroelectric properties were characterized by means of PFM
technique. An interesting result was the similar local piezo-
electric activity measured whatever the PMN-PT layer
thickness. From this finding, we planned to synthesize thin-
ner PMN-PT films in analogous experimental conditions to
evaluate the piezoelectric vibration response when the ferro-
electric layer thickness is reduced.

Therefore, in this paper, we report on PFM investiga-
tions focused on the role played by the film thickness, when
reduced down to 28 nm, on the nanoelectromechanical prop-
erties of 0.7PMN-0.3PT ferroelectric films deposited onto
LaNiO3/Si0,/Si substrates.

Il. EXPERIMENTAL

0.7PMN-0.3PT thin films were deposited by sputtering
on Si0,/Si substrates coated with conductive LNO bottom
electrodes. As-deposited, PMN-PT films are amorphous and
a conventional post-annealing performed at 450 °C is neces-
sary to crystallize PMN-PT in perovskite phase. PMN-PT
films with thicknesses ranging from 28 to 110nm were

© 2011 American Institute of Physics
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grown. Process parameters and details for growth could be
found elsewhere.®

PMN-PT crystalline structure was investigated by x-ray
diffraction (XRD) in the 6/20 scan mode using a Rigaku
Miniflex+ diffractometer with filtered CuK,; radiation
(4 =1.5406 A). The scan covered the 20 range of 20-50°
with steps of 0.01°.

The thickness and the optical properties of the ferroelectric
layers were studied by spectroscopic ellipsometry (SE). SE
measurements were performed at room temperature using a
phase-modulated ellipsometer (UVISEL HR460 from Horiba
Scientific) at wavelengths ranging from 400 to 800nm with
1-nm intervals. An incidence angle of 70° was used for all
measurements. The raw signal measured by SE has the follow-
ing form: I(¢) = I(Ip + I sin(d(¢)) + I cos(6(r))), where o(f)
is a phase shift. In our experimental configuration, the value of
Iy, I, and I are linked to the ellipsometric angles (A and W)
by the following relations: [y =1, Ig =sin2%¥sinA, and
Ic =sin2W¥cos A. The ellipsometric angles A and ¥ are
related to the complex reflection coefficients of polarized light:
R, and R, for a polarization parallel and perpendicular to the
plane of incidence, respectively. For each sample, the measured
spectra may be analyzed using an appropriate fitting model
based on sample structure. All fitting steps were performed
using the Delta-Psi 2 Horiba software. '

Surface morphology and associated roughness of the
films were determined by AFM in contact mode. The piezor-
esponse mode of a modified commercial atomic force micro-
scope (Multimode, Nanoscope Illa, Digital Instruments) was
used to get ferroelectric domain patterns. The spectroscopic
tool of the PFM is used for measuring local amplitude piezor-
esponse loops.>>®*!"~13 In PEM imaging mode, an ac voltage
is applied between the AFM conductive tip and grounded bot-
tom electrode; whereas, for piezoloop measurements an ac
signal superimposed on a dc bias voltage is applied between
the tip and bottom electrode. Further experimental details
about piezoloops recording can be found elsewhere.'*

lll. RESULTS AND DISCUSSIONS

XRD patterns for 28-, 53-, 62-, and 110-nm-thick
PMN-PT films are given in Fig. 1(a). From the XRD experi-
ments, all PMN-PT samples appear to be polycrystalline.
(100), (110), and (111) peaks associated with the perovskite
phase are observed in the 20 range; no peak corresponding
to the pyrochlore phase can be noted. A 4.05-A out-of-plane
lattice parameter is calculated, independently of film
thickness.

Figure 1(b) presents typical AFM image of the PMN-PT
films surface. The topographic image reveals a dense micro-
structure and a surface described by rounded grains with mean
diameters slightly increasing with ferroelectric layer thickness,
from 45 to 50nm as reported in Table I. Values for similar
PMN-PT films with thickness included between 200 and
600nm and published in previous papers™ are also indicated.
Such an increase in grain size with thickness is commonly
observed for grain structured ferroelectric thin films and could
be associated with an uphill Ehrlich-Schwoebel-like growth
mechanism, which tends to increase the growth of hills

J. Appl. Phys. 110, 104101 (2011)
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FIG. 1. (Color online) (a) X-ray 0/20 diffraction patterns of 0.7PMN-0.3PT
films with thickness of 28, 53, 62, and 110nm. (b) Typical AFM image of
0.7PMN-0.3PT thin films.

compared to valleys.'>'® The root mean square roughness was
measured over 5 x 5 um? surface area. A slight increase from
4.2 to 4.6nm is observed when the thickness is ranging from
28 to 558 nm (see Table I).

To get information on the thickness of the synthesized
PMN-PT layers, SE experiments were performed. From
these measurements, optical properties have also been
determined. From an optical point of view, PMN-PT films
deposited on LNO bottom electrode were considered by a
four-layers model (Fig. 2(a)): a silicon substrate covered by
a passivation layer of SiO,, the LNO electrode, and the
PMN-PT film (we neglected the influence of the roughness
layer). To obtain a reliable model, the first step consisted of
finding the optical functions of each layer. The optical func-
tions of Si and SiO, were found in the database of the Horiba
Delta-Psi 2 software.'® On the other hand, optical function of
LNO layer was determined by fitting the ellipsometric spec-
tra obtained by a sample of LNO layer deposited onto SiO,/
Si substrate. According to Hu ez al.'” and Mistrik et al.,'® we
can represent the optical function of LNO by a sum of a
Drude function and double Lorentz oscillators as the follow-
ing form:

TABLE I. Average lateral diameter of grains and root-mean-square rough-
ness (R.ms) of the surface for 28-, 53-, 62-, 110-, 220-, 497-, and 558-nm-
thick 0.7PMN-0.3PT films.

Thickness (nm) 28 53 62 110 220 497 558
Mean lateral diameter of 45 45 45 50 50 65 70
grains (nm)

R (nm) 42 42 42 4.3 43 4.4 4.6
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FIG. 2. (Color online) (a) Four-layers model of PMN-PT samples consid-
ered in spectroscopic ellipsometry measurements. (b) Example of ellipso-
metric spectra with the parameters /; (from experiment and model) and /.
(from experiment and model) as a function of photon wavelength for a
70PMN-30PT thin film.
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We obtained the following parameters for the optical
function of LNO: ¢,=4.6, &=5.89, ,=2.67¢eV,
w,=429eV, T,=129eV, Ip=122eV, fi=175,
71 =2.62, and wy; =1.91eV. Where ¢,, and ¢ are, respec-
tively, the high-frequency and low-frequency dielectric con-
stants; I'g, I'p, and y; are the damping frequencies; w,
represents the plasma frequency of the Drude model; w, and
wo represent the resonant frequency of the two oscillators;
and fj is the strength of the second oscillator. These parame-
ters were then included in the four-layers model to gain access
to the thicknesses and the optical function of PMN—PT film.
DiDomenico and Wemple'??® have previously demonstrated
that the optical function of oxygen-octahedral ferroelectrics
can be modeled by a Sellmeier dispersion function without
absorption. Moreover, the optical function of PMN-PT com-
pound determined by SE in the visible spectral range was
reported by various authors.?'2® They also used a transparent
Sellmeier function (Eq. (2)) as a model. In addition, we can
mention the work of Chan et al.,26 which demonstrated the
extinction coefficient £ of PMN-PT is fairly flat below 2.5eV
and thus can be neglected in the visible range. In this context,
we adopted a transparent Sellmeier relation for our films by
considering the fact we investigated the optical properties of
ferroelectric layers in the visible optical range:

Soly 2
pi
2

In this relation, 4y and S represent the oscillator position and
the average oscillator strength, respectively. The thicknesses of

=1+

2
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Si0,, LNO, and PMN-PT layers and the optical function of
PMN-PT film were obtained by fitting the ellipsometric spectra
(Marquardt minimization algorithm). An example of result of
the fit procedure is depicted in Fig. 2(b). The thicknesses of the
films deduced from SE experiments are 28, 53, 62, and 110 nm.
Each PMN-PT layer is thinner than previously studied films
(i.e., 220, 497, and 558 nm for thick films in the range 200 to
600nm as measured by SE), as expected for this work. The
results (with notations in accordance with Fig. 2(a)) are sum-
marized in Table II. Concerning the optical function of PMN—
PT, we get a good agreement for all samples with the previous
results shown in the literature. Indeed, we found B =4.6 and
Jo=209nm, whereas Tsang e al.** obtained B=4.66 and
Ao =216 nm for 0.65SPMN-0.35PT.

Nanoscale electrical properties measurements have been
carried out by means of PFM. Ferroelectric domain pattern
was observed by measuring the piezoresponse signal of
the samples. Figure 3 depicts out-of-plane PFM images
(OP-PFM), which were recorded on the surface of the
PMN-PT films with 28, 53, 62, and 110nm of thickness.
Black, white, and intermediate contrasts are observed, what-
ever the film thickness. Such contrasts clearly demonstrate
the presence of ferroelectric domains oriented normal and
parallel to the film surface, and between these two perpen-
dicular directions. This result is in a good agreement with
the polycrystalline structure of the films. Indeed, domains
with several directions for spontaneous polarization are
expected when various oriented lattices exist in the ferroelec-
tric layer.8 In addition, such contrasted OP-PFM domains
for all the films reflect the piezoelectric and ferroelectric
state, whatever the thickness of the PMN-PT layer. As a
result, PMN-PT films grown onto LNO bottom electrode are
ferroelectric for thicknesses as small as 28 nm. However, it
is interesting to note that the OP-PFM image corresponding
to the thinner film (Fig. 3(a)) is less contrasted than those
obtained for thicker films. Regions with intermediate con-
trasts are more important for 28-nm-thick PMN-PT film.
This contrast difference may be explained by an upper den-
sity of domains where polarization vectors are deflected
from film surface normal, or by a lower nanoscale piezoelec-
tric activity. As the structure of thinner film is similar to one
of thicker films (polycrystalline), the most reasonable expla-
nation should be the lower vibration amplitude.

To confirm this assumption, measurements of local ampli-
tude piezoresponse loops were carried out on each film. During
loop recording, the AFM tip was located over the center of the
small rounded grains observed at the film’s surface, and whose
PFM domain was the most contrasted on the corresponding

TABLE II. Results of ellipsometric measurements: d,, d,, and d5 represent
the thicknesses of SiO,, LNO, and PMN-PT layers, respectively. The aver-
age error for the thicknesses determination is around 5 nm.

Sample Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6 7

dy (nm) 339 339 339 339 339 339 339
d, (nm) 45 45 45 48 45 45 45
d; (nm) 28 53 62 110 220 497 558
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0.0V

FIG. 3. (Color online) Out-of-plane PFM images recorded over the surface
of (a) 28-, (b) 53-, (c) 62-, and (d) 110-nm-thick 0.7PMN-0.3PT films. The
bar scale (0.0 V=1.0 V) is similar for the four images.

piezoresponse image (black region). Figure 4(a) shows a repre-
sentative local amplitude piezoloop measured on the films. Spe-
cific dc voltages for domain switching under the tip were
applied in respect to the film thickness. Indeed, for 62-, 53-,
and 28-nm-thick films, dc voltages higher than =5V, more or
less 5V and *£3V, respectively, could not be applied because

(a) 0.002

0.001

Amplitude (V)

-10

b) [T

1.50F

(mV)

ude

1.25} .
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1.00} .
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FIG. 4. (Color online) (a) Typical local amplitude piezoresponse loops
recorded on 28-, 53-, 62-, and 110-nm-thick 0.7PMN-0.3PT films. (b) Evo-
lution of local electromechanical activity of 0.7PMN-0.3PT thin films as a
function of thickness.
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of electrical breakdown effects that damaged the tip. Such
effects are commonly obtained on films with such small thick-
nesses. For thicker films, dc voltage of =10 V was applied. No
significant effect of maximum dc voltage magnitude applied on
the films was observed in local electromechanical activity
measured on these PMN-PT films. Therefore, it is possible to
compare the various piezoloops recorded on all the films,
regardless of maximum and minimum dc signal value applied.
The results show an enhancement in local piezoelectric vibra-
tion amplitude of PMN-PT layer when the thickness is increas-
ing, until reaching saturation for a film thickness of 62nm.
Whereas the films having thicknesses from 62 nm present simi-
lar local average vibration amplitudes (~1.48 mV), the two
thinner films (28 and 53 nm) are characterized by lower average
piezoelectric activities (~1.06 and ~1.34mV, respectively).
Average values of vibration amplitude for 28-, 53-, 62-, and
110-nm-thick films studied in the present work and for thicker
similar PMN-PT films already published®® are reported in Ta-
ble III. Evolution of these local electromechanical properties as
a function of thickness of ferroelectric layer is plotted in Fig.
4(b). Increase of local piezoelectric response until film thick-
ness is 62nm, and then saturation above this characteristic
thickness is clearly observed.

According to the literature, various behaviors were
observed for local piezoelectric properties as a function of
ferroelectric layer thickness. Nagarajan e al.*’ have shown
for 0.9PMN-0.1PT films, that the piezoelectric coefficient
ds3 (pm/V) was multiplied by a factor ~8 for thicknesses
varying from 100 to 400 nm. Hong et al.*® have also shown
that the vibration amplitude of the tip gradually increased
from simple to approximately double with the PbZrTiO;
(PZT) film thickness ranging from 40 to 152 nm. Meanwhile,
Kim et al.?® presented an increase of the longitudinal piezo-
electric response ds; depending on the thickness of PZT
films (thicknesses from 40 nm to 4 um) deposited on SrTiO3
substrates (ds3 increasing from 20 to 330 pm/V) and on
silicon (ds3 enhancing from 10 to 200 pm/V). In contrast,
Kim et al.*® revealed an opposite evolution for piezoelectric
coefficient d3; with the thickness of PbTiOj films: ds3 is
decreasing from the simple to triple when the film thickness
is increasing from 60 to 200 nm. Finally, Nagarajan et al.>'
have shown that the ds; coefficient of PZT thin films was
constant (60 pm/V) for a thickness larger than 20nm,
whereas the coefficient falls to 7 pm/V for 5-nm-thick films.
These contrasted results reveal that no clear evolution is
established for local electromechanical activity behavior as a
function of ferroelectric film thickness.

To explain our results, we have considered the existing
interfacial layer between LNO bottom electrode and PMN—
PT film, as demonstrated in previous study.>* This interfacial
layer, identified as Pb,Nb,O-, plays the role of buffer layer.
Its thickness is about ~5nm, as determined from HR—XRD

TABLE III. Average values for local piezoelectric vibration amplitude of
0.7PMN-0.3PT films with thickness ranging from 28 to 558 nm.

Thickness (nm) 28 53 62 110 220 497 558
Average amplitude (mV) 1.06 1.34 147 148 145 146 1.50
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and transmission electron microscopy (TEM) measurements,
whereas the permittivity is in the order of 65, as published
elsewhere.’*?? A relative permittivity value of around 1280
has been determined for PMN-PT films when the interfacial
layer is not considered. Thus, the interfacial layer has to play
a major role because of the small permittivity of this zone in
comparison with the film. The thickness of the buffer layer is
found to be constant whatever the thickness of the PMN-PT
films. It is well known that the influence of the interfacial
layer on the electrical properties of the films is directly
related to the ratio between the ferroelectric layer and the
interfacial layer thicknesses.>*% Hence, higher influence of
the interfacial layer is expected for the thinnest films. This
later consideration was established in a paper by Detalle et
al.,>* where relative permittivity of PMN—PT/Pb,Nb,O- het-
erostructure is decreasing with the PMN—PT layer thickness.
In addition, it is established that the local piezoelectric prop-
erties are directly related to the permittivity of the ferroelec-
tric film.?® Indeed, the higher the dielectric permittivity, the
larger the piezoelectric coefficient. As a consequence, an
assumption to explain the smaller local electromechanical
response measured in the case of thinnest films (28- and 53-
nm-thick) would be the stronger influence of the low-
permittivity interfacial Pb,Nb,O; layer. The fall of potential
in this buffer layer would lead to a decrease of local piezo-
electric response probed by the AFM tip.

In addition, we have not excluded the existence of a
higher leakage current in thinner films for interpreting the
specific local electromechanical behavior with film thick-
ness. Indeed, effect of leakage current in thin films is more
significant for small thicknesses. In our case, when PMN-PT
thickness reaches values below 62 nm, the probing AFM tip
could be more sensitive to the leakage-current effect in the
ferroelectric layer, inducing the drop of local piezoelectric
activity and thus the upper density of intermediate contrasts
in OP-PFM image. This consideration is experimentally
confirmed by both the need to apply specific lower dc volt-
age during the piezoloops acquisition in the case of thinner
films, and by the impossibility to measure local current—
voltage (I-V) curves by conductive-AFM because of the
systematic electrical breakdown effects.

Consequently, the low-permittivity interfacial layer exist-
ing between bottom electrode and PMN-PT layer, associated
with higher leakage current, could explain the electromechan-
ical behavior of the PMN-PT films at such nanometer scale.

IV. CONCLUSION

In this paper, we have dealt with polycrystalline
0.7PMN-0.3PT films of 28-, 53-, 62-, and 110-nm-thickness
deposited onto LNO/SiO,/Si substrates. The optical proper-
ties determined by spectroscopic ellipsometry are consistent
for all PMN-PT samples with the previous results shown in
the literature. OP—PFM images demonstrated the coexistence
of many types of ferroelectric domains, as expected in poly-
crystalline films. The PMN-PT films are ferroelectric for
thickness as small as 28 nm. Local piezoelectric activity
measured by piezoresponse loops was found to increase with
the thickness for films from 28 to 62 nm, then saturation was

J. Appl. Phys. 110, 104101 (2011)

observed until 558nm. Such specific evolution was
explained taking into account both the low-permittivity inter-
facial layer existing between bottom electrode and PMN-PT
layer and the higher leakage current when thickness is
decreasing. Further, the influence of a top electrode between
the AFM tip and the ferroelectric film during measurements
will be investigated in future work. Indeed, by considering
that the electric field under such a top electrode is more ho-
mogeneous than under the AFM tip, fundamental in view of
applications is to get information on the role played by a top
electrode (with various lateral sizes) on “local” electrome-
chanical activity as a function of the active layer thickness.
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