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ABSTRACT: Ferroelectric thin films have received significant attention in view of
their applications in microelectromechanical systems. Correlations between micro-
structure and polarization behavior have not been established. Polycrystalline
(PboosLagos)(ZeoeoTlo40) O3 thin films with thicknesses ranging from 100 to 400 nm
were prepared on the Pt(111)/Ti/SiO,/Si(100) substrates by a sol—gel method.
Synchrotron X-ray diffraction results revealed that the films thinner than 150 nm
possess an asymmetry-allowed monoclinic (M,) phase and undergo a M,—monoclinic
M;z—R phase sequence with increasing thickness. It was found that longitudinal
piezoelectric coefficient dy; optimizes at 128 pm/V for 150 nm thick film. Above this
thickness, a simple decreasing trend was observed. The presence of the monoclinic
phase and (100) preferred orientation as well as crystalline quality are considered to
play key roles in enhancing piezoelectric properties of the 150 nm thick film.
Piezoelectric materials show a composition-related transition region where the crystal
structure changes abruptly and the piezoelectric properties are maximal. In this study,

an alternative approach is proposed in achieving excellent piezoelectric properties via a thickness-dependent constrain effect.

I. INTRODUCTION

Ferroelectric thin films including PbTiO5(PT), Pb(Zr,_,Ti,)O;
(PZT), La-doped PZT (PLZT), and Pb(Mg, ;;Nb,,;0;)-
x«PbTiO; (PMN-xPT) are of practical and academic interest
because of their excellent piezoelectric, ferroelectric, electro-
optic, and pyroelectric properties.' > Excellent properties often
tightly link with those coupling between polarization and
thermodynamic “forces” such as temperature, stress, and
electric field which makes them both interesting and very
useful. Several researchers have explored the effects of these
parameters on the phase diagram of epitaxial thin films,
predicting new phases and piezoelectric properties and
demonstrating changes in transition temperatur-
e.* %Subsequently, for PZT-like perovskite ceramics, an
intermediary monoclinic M, phase between the tetragonal
(T) and rhombohedral (R) phase near the morphotropic phase
boundary (MPB, with a Zr/Ti ratio around 52/48) has been
believed to be the origin of excellent piezoelectric properties of
PZT bulk ceramics.’”” Further studies on bulk ceramics
emphasize the significance of obtaining desired phase
sequences under some conditions including the applied electric
field direction and preferred orientation. There is a R—M,—
Mc—T phase sequence for applying electric field along the
[001] direction in contrast with a field-induced R—M,—O phase
transformation for (110)-oriented PMN-30%PT ceramic.'”"" It
is also confirmed that the phase sequences in PMN-30%PT are
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distinctly different with the applied electric field along different
crystallographic orientations including [001] and [110]
directions.'” Thus, it is important to establish correlations
between microstructure and piezoelectric properties of ferro-
electric thin films.

Generally, factors such as misfit strain/stress, grain size, and
growth orientation are inevitable and significantly influence
polarization and piezoelectric properties as dimensions
continue to shrink.”™"* It was found that niobium-doped
PZT (PNZT) thin films exhibited a superior piezoelectric ds;
coefficient of 307 pm/V near the so-called MPB (R—T phase
boundary), and the MPB was shifted toward 70/30 instead of
52/48 due to the misfit compressive stress.'® Further studies
proposed that even for an identical 52/48 composition a
thickness-dependent R—T phase transition can be induced in
[100]-textured PNZT films where the di; value reaches a
maximum of 220 pm/V for an intermediate thickness around
350 nm."” Experimental studies confirmed that large remnant
polarization changes can be induced by a thickness-
independent mixture of (110) and (111) orientations for the
BiFeO; thin films deposited on SrRuO;/Pt/TiO,/SiO,/
Si(100) substrates."® Surely, studies on thickness-dependent
piezoelectric properties as well as a R—T phase transition give
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inspirations on optimizing piezoelectric properties of thin films.
However, phase structures considering low-asymmetry mono-
clinic phases near the MPB of PZT-like films have not been
carefully investigated. Actually, experimental studies aiming at
condition-dependent phase sequences of ferroelectric thin films
are made difficult by the limited sensitivity of various
characterization techniques.

In the present study, by means of high-resolution
synchrotron X-ray diffraction (XRD), thickness-dependent
microstructure including phase structure, preferred orientation,
and surface morphology and their possible influences on the
piezoelectric properties of the (Pbgg4Lago4)(Zroe0Tio40)-
O;(PLZT) films are investigated. It is evidenced that the
films can undergo a thickness-dependent R—My—M, phase
sequence and possess as high as 128 pm/V piezoelectric
coefficient d; for the 150 nm thick film. The possible impact of
phase sequence, preferred orientation type, and surface
morphology on piezoelectric properties is discussed. The La/
Zr/Ti composition of 4/60/40 is selected corresponding to the
pure R phase in the composition phase diagram of PLZT/PZT
bulk ceramics'® based on our previous studies on PZT(55/45)
and PZT(58/42) films* and PLZT (4/60/40) thick film.”" It is
demonstrated in this work that thickness-dependent new
polarization rotation can occur in the films regardless of
whether its Zr/Ti ratio is near the MPB composition. An
alternative approach is proposed in achieving high quality thin
films in terms of piezoelectric properties by means of thickness-
dependent constrain effect.

Il. EXPERIMENTAL METHODS

The sol—gel method was used in preparing thin films with
thicknesses ranging from 100 to 400 nm on Pt(111)/Ti/SiO,/
Si(100) substrates, which has been described elsewhere.””*’
10% excess lead was added to the precursor solution to
compensate for the loss of lead oxide during the annealing
process. The composition of the precursor solution was
designed as atomic ratios of La 0.04:Zr 0.60:Ti 0.40 which
can ensure it lay in the pure phase region in the phase diagram
of PLZT bulk ceramics. This composition is approximately
consistent with the experimental analysis value of La 1.85:Zr
19.31:Ti 5.75 (wt %) measured by an atomic emission
spectrometer (ICP-AES) suggesting an easy stoichiometry
control for the sol—gel method. The thicknesses of the films
were measured by a surface profile meter (Alpha-Step D-100,
KLA-Tencor). Film crystalline structure was done by using a
Philips X’pert XRD with Cu Ka radiation at 40 kV and 40 mA.
For discriminating the possible phase coexistence, synchrotron
XRD measurements were performed to characterize the
overlapping profiles of (IIO)PC, (IIO)PC, and (200)PC diffractions
at the beamline of 4B9A at the National Synchrotron Light
Source (NSLS) with X-ray of about 15 keV from a Si(111)
double-crystal monochromator. A Ge(111) double-crystal
monochromator was used to provide an incident beam with a
wavelength close to 0.54 A giving an energy resolution of 3 X
107*. The surface morphology of the thin films and Raman
spectra (532 nm in wavelength) were examined by using an
atomic force microscope (AFM) integrated with confocal
Raman microscopy (NT-MDT). The piezoelectric response of
the thin films was observed by a commercial scanning force
microscope (CSPM 5600 of Being Nano-Instruments, Ltd.)

equipped with a lock-in amplifier (model SR530, Stanford
Research Systems, Inc.). All scans were performed using a
conductive Pt-coated monolithic silicon probe with an elastic

constant of 40 N/m, a resonant frequency of 300 kHz, and an
integrated tip of about 10 nm in diameter. The top platinum
electrode with the same size of 3.14 X 10™* cm® to the film
under measurement was contacted with the conductive tip.

In our measurement, a sine voltage signal with an amplitude
range between 0.5 and 3.5 V was input. By multiplying the
deflection signal, the amplitude of the tip vibration was derived.
The piezoelectric ds; coefficients were calculated from strain—
voltage curves measured by applying the tip voltage pulses with
variable amplitudes at a frequency of S kHz and by acquiring
the piezoelectric response during each pulse. In the poling
process, an electric field of 500 kV/cm was applied on a thin
film for 10 min.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD 6—20 scan patterns of the films
with thicknesses ranging from 100 to 400 nm. One can see that

Figure 1. (a) XRD patterns of the films and (b) enlarged (200),.
diffraction. Inset shows typical XRD patterns of the stress-free PZT
powder.

all the films crystallize in a single perovskite phase without an
unwanted pyrochlore phase. Compared with the intensity of
the (111) reflection, a higher intensity of (100)/(200)
reflection suggests that the films thinner than 250 nm have a
(100)-preferred orientation. However, it is found that the films
thicker than 300 nm tend to have an increasing (111) reflection
intensity as well as (IIO)Pc reflection, suggesting an increasing
dominant (111)-preferred orientation. In the past, the
mechanisms of preferred orientations in PZT thin films have
been investigated by some researchers.”"**Generally, ferro-
electric PZT thin films have (111) preferred orientation on the
Pt/Ti/SiO,/Si substrates when nucleation and growth occur on
the substrate surface. Possible reasons for the (100)-preferred
orientation observed in the thinner films may be related to an
enhanced self-textured growth in accordance with minimum
surface energy conditions followed by La substitution. In
contrast, (111)-oriented thick films could be attributed to those
factors such as the lattice matching between substrate and the
films, reducing interface effects, and an intermetallic phase
Pt;_,Pb. In Figure 1(b), (200)pc diffraction profiles for the thin
films are asymmetric and with multiple peaks which differ from
its R-structured bulk counterpart characterized by a singlet
(200),, diffraction peak (as shown in the inset). Also, the
location of the (200),. peak apparently shifts rightward in
accordance with thickness alternation suggesting the thinner
films are subject to large misfit strain as compared with those of
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the thick films and the stress-free powder. For sol—gel-derived
PZT thin films, large tensile stress generally builds up in the
thinner films due to the lattice mismatch and different
coefficients of thermal expansion between the film (6 x 107°
K!) and the substrate (3.4 x 107° K™!).*°

Figure 2 illuminates the 3D surface morphology of all the
films. A loose porous surface and defects such as cracks can be

Figure 2. 3D surface morphology of the films with thicknesses ranging
from 100 to 400 nm, in which the scan region includes (a) S ym X §
um and (b)—(f) SO gm X SO pm, respectively.

clearly observed in the 100 nm thick films as seen in Figure
2(a). As the thickness is slightly increased, the thin films
thinner than 150 nm were grown into fine grains (~18 nm)
and improved in surface uniformity in Figure 2(b),(c). A
further increase in thickness leads the films with coarse grains
(~35 nm) together with denser surfaces observed in Figure
2(d)—(f). Strikingly, the thicker films have regular and periodic
stripelike surface structure with an approximate roughness S,
value of 32 nm. Possible reasons behind this stripe-like
structure may connect to energetically favorable misfit-strain
relaxation in the thicker films, followed by growing grain size
once a film surpasses a critical thickness.”’

For (100)-oriented polycrystalline thin films, the crystal
phase can be characterized by three diffraction profiles
including (110),. at y = 45° (111),. at y = 54.7°, and
(200),, at y = 0° in a pseudocubic coordinate system. Figure 3
shows synchrotron XRD profiles on the (110)Pc and (111)Pc
diffraction peaks of the films. As compared with those of the
400 nm film, either of the 100 nm film and 200 nm film exhibits
broadening (110),. and (111),, diffraction profiles and has a
location shifting toward low 26 angles. For PLZT bulk
ceramics, it is known that the R phase structure should exhibit
double (111),, peaks with an intensity ratio of 1:3 as well as
singlet (200),. diffraction. However, highly overlapping multi-
ple peaks make it quite difficult to be used in determining
possible phase structure of the films. Thus, asymmetric (200),,.
diffraction profiles for the films at y = 0° were carefully
examined.

Figure 4 shows asymmetry (200),. diffraction peaks for the
films at y = 0°. Several features can be described as follows.
First, for the 100 nm and 150 nm thick films, an asymmetric
(200), profile from Figure 4(a),(b) can be easily identified as
double peaks with an intensity ratio of (002),./(200),
diffraction close to 1:2. Because the (111),. and (110),
diffraction profiles are not pure singlet, it excludes the
possibility of the T phase and can be considered as M, phase
with Cm space group. Second, as the thickness is slightly
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Figure 3. Synchrotron XRD experimental profiles on the (110),.
diffraction given by (a)—(d) and the (111)PC diffraction given by (e)—
(h) for the films with thickness ranging from 100 to 400 nm.

Figure 4. (a)—(g) Synchrotron XRD experimental profiles on the
(200),,. diffraction of the films with thickness ranging from 100 to 400
nm, in which calculated profiles based on phase models and singlet
(200),, location for PLZT bulk ceramic with R phase are provided,
and (h) thickness-dependent ratio of fwhm (200)/fwhm (111), and
calculated phase fraction of the films corresponding to M,, Mg, and R,
respectively.

increased beyond 200 nm, the diffraction shape shown in
Figure 4(c) changes abruptly with an obvious intensity ratio of
(OOZ)PC/ (200)PC diffraction close to 1:1 which suggests a phase
transition from M, to another phase. An intermediate My phase
with an identical Cm space group is assumed if results are
referenced to that of Singh et al.**Third, for the films thicker
than 250 nm shown in Figure 4(d)—(g), (200)Pc diffraction
profiles change again, and a third shoulder is observed with
much lower intensity than those of the others. Typically,
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(200), diffraction profiles for the 300 nm film can be
distinguished as three peaks. Because the films have a similar
20 angle (~44.3°) with its bulk counterpart, the “R-like” phase
(R3c space group) coexisting with the Mg phase is reasonably
considered, assuming that an infinite thick film exhibits
reducing misfit strain/stress and similar phase component to
its bulk ceramics.”’For the 350 nm and 400 nm thick films, the
(200) diffraction peak shapes in Figure 4f,g are stable and
similar to that of the 300 nm thick film suggesting an identical
coexistence of R and My phases.

By using a Psdvoigt2 peak-fitting function, (200) profiles of
the films are calculated based on proposed phase models. As
seen in Figure 4(a)—(g), the fit errors between the
experimental and the calculated profiles are quite small,
which support proposed phase models. Figure 4(h) gives the
phase fraction and fwhm (ZOO)PC/ fwhm (111)Pc ratio depend-
ence on thickness of the films. It is seen that the films above
200 nm have an increasing R phase fraction from 30% to 80%.
Additionally, with the increasing thickness, the ratios of fwhm
(200),/fwhm (111),, also change, suggesting different phase
structures. Thus, the critical thicknesses for the films
corresponding to M,—Mj (dominant) and Mz—R (dominant)
phase transitions are 200 and 300 nm, respectively.

To see clearly the appearance of a small third shoulder at
room temperature, Figure S provides typical temperature-

Figure S. Temperature-dependent synchrotron XRD profiles for the
300 nm thick film.

dependent synchrotron XRD (200),. profiles for the 300 nm
thick film. As temperature is raised above 200 °C, the third
peak can be seen and has a 20 shifting trend toward low angles
in accordance with temperature-related strain/stress modifica-
tion. Besides, there is no abrupt change on the shape of (200)Pc
diffraction suggesting identical phase components.

Figure 6 shows the Raman spectrum of the PLZT samples at
room temperature with the modes identified according to the
Raman spectra of PbTiO; (PT) tetragonal material.”’ From
Figure 6(a), it is obviously observed that all the films and stress-
free PLZT powder display wide Raman spectra as compared
with sharp and well-defined Raman bands of PT tetragonal
single crystal. For the thick films with thickness higher than 300
nm, more broad Raman bands including E(2TO), E + B1, and
A;(2TO) in the range of 100—400 cm™' cause an obvious
overlapping in Raman soft modes as observed in PLZT(4/65/
35) bulk ceramics.’*> Marssi et al.*’ predict that oxygen
octahedral tilt disorder together with more complex domain

Figure 6. (a) Raman spectra of the PLZT powder including the results
obtained in the present work and results from Eflmov et al.** and (b)
of the films with different thicknesses ranging from 100 to 400 nm.

geometries (71°/109°) presenting for rhombohedral-structured
PLZT ceramics prevent any partial Raman selection rules
(RSR) from occurring. Also effects including high internal
stresses, polarization nonuniformity, and size-related effects
play roles in broadening the Raman bands.**** Typically, for
the 400 nm thick film, the A; (TO,) peak related to the
displacement of Ti and O atoms relative to Pb atoms along the
opposite direction disappears and evolves into a broad R-
structured transverse mode. Moreover, the A,;(3TO) mode also
has a shifting trend toward low wave numbers with an
increasing thickness, which might be in accordance with a
relaxed misfit strain between the film and the substrate.*® In
contrast, this mode of the R-structured PLZT(4/60/40) and
PLZT(6/65/35) powder locates at high wavenumber around
550 cm™!. Thus, in light of studies on PLZT ceramics, these
changes on Raman bands can be taken as a signal of R phase
existing in the films with thickness above 300 nm. Additionally,
the R-structured powder exhibits poor similarity on the Raman
spectrum with those of the thick films. We suspect that more
complicated contributions for the Raman spectrum than XRD
analysis might play roles, although possible mechanisms are still
lacking. However, the A; (TO,) peak (~330 cm™) for the thin
films becomes sharper with higher Raman intensity than that of
the thick films. According to Filho et al,” this increase is
related to changes in the polarization implying the existence of
a tetragonal phase for the PZT system. Especially, the 100 nm
thick film has similar Raman profiles with that of monoclinic-
structured Pb(Zr, <3 Ty 47) O bulk ceramics. So, this observation
also predicts the presence of monoclinic Cm symmetry in the
thin films (typically for the 100 nm thick film).

Figure 7 gives the thickness-dependent d;; values and
possible strain-driven polarization rotation of the films. It can
be seen that in thin films prepared there is a decreasing
piezoelectric coefficient dy; tendency in which an optimal value
obtained for the 150 nm film is around 128 pm/V. Although d;
values observed in PLZT thin films are not ideal as compared
with those of the PNZT films,'*'” they remain higher than
those of 60 pm/V reported in PZT thin films with 52/48
composition.””~** If compared with the 100 nm film, the d;;
value slowly decreases to 17% for the thickness below 250 nm
and decreases to 88% for the thickness below 400 nm. Besides,
as compared with that of the 150 nm thick film, a slight
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Figure 7. (a) Thickness-dependent piezoelectric coefficients in the
films and (b) scheme of the polarization directions of the films.

decreasing ds; value for the 100 nm thick film can be attributed
to its poor quality and inferior (100)-preferred orientation due
to its porous surface, defect, and intermediate layer.*"

Higher piezoelectric coefficients of the (100)-oriented thin
films can be explained by the polarization rotation mecha-
nism.42Figure 7(b) illustrated several polarization directions of
the films. For the thicker films with (111)-preferred orientation,
because its (111) surface lies parallel to the surface plane and
polarization component of R phase component is fixed along
(111),. directions, it is rather difficult to adjust itself to applied
electric field along the z-axis direction, resulting in poor
piezoelectric dy; values. In contrast, for the (100)-preferred thin
films, although the spontaneous polarization of the thinner
films with larger misfit strain/stress may not change absolute
magnitude, it can be rotated out-of-plane through the
monoclinic (M, or My) symmetry plane. Specially, in terms
of monoclinic phase, although monoclinic M, and Mg phases
belong to the same space group Cm and similar unit cells, their
magnitudes of polarization components (P) are different: for
the M, phase, P, = P, < P, but for the My phase, P, =P, > P,.
Thus, for the (100)-oriented films under large misfit strain,
more in-plane polarization increments can be expected for the
M, phase along the c-axis direction than the My phase as well as
R phase under an applied electric field. These observations lend
further support to the results by synchrotron XRD in PbTiO;
thin films under tensile strain which possess stripe domains and
a polarization rotation away from the tetragonal axis.*’

IV. CONCLUSIONS

PLZT (4/60/40) thin films with thicknesses ranging from 100
to 400 nm deposited on Pt(111)/Ti/SiO,/Si(100) substrates
were prepared by using sol—gel methodology. For films thicker
than 300 nm, regular periodic stripe-like surface structures are
observed partly due to internal stress alternation of the thick
films followed by grain size increase. Synchrotron XRD data
suggested the presence of a thickness-dependent R—My—M,
phase sequence, and the fraction of monoclinic phases
decreases with increasing thickness. Piezoelectric measurements
suggest that the 150 nm thick film exhibits an optimal
piezoelectric coefficient of 128 pm/V. The presence of low
symmetry monoclinic M, phase and (100) preferred
orientation as well as crystalline quality are considered to be
crucial in enhancing piezoelectric properties of the thin films.
Our studies present an alternative approach for achieving good
piezoelectric thin films just by means of thickness-dependent
constrain effect. This could have important practical
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implications since these phases are known to be responsible
for piezoelectric responses in complex systems.
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