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Microstructure and electric properties of BCZT thin
films with seed layers

Xin Jiang, Dan Wang, Mingzs\e Sun, Ningjing Zheng, Shengwei Jia, Huanhuan Liu,
Dongxu Zhang and Wei Li{*

Lead free Bagp.99Cag 01Tin.08Zr0.0203 (BCZT) thin films with seed layers were prepared by using sol-gel
processing technique. The seed layers, ranging from 10 nm to 40 nm, were introduced between the
BCZT films and the Pt(111)/Ti/SiO,/Si substrates. The effects of seed layer thickness on the structure and
dielectric properties of the thin films were investigated. With the increase of seed layer thickness, the
grain size of the BCZT thin films increases from about 100 nm to 300 nm, accordingly, the dielectric
constants decrease at lower frequency. The highest dielectric tunability is 34.5% for the films with a 20
nm-thick seed layer. Improved effective piezoelectric coefficients (ds3) were observed in the BCZT thin
films. The maximum ds3 value of BCZT thin films with a 30 nm-thick seed layer is approximately
70 pm V7! which is comparable to that of polycrystalline PZT thin films. The seed layer thickness
dependence of the electric properties is attributed to the dipole polarization. This demonstrated the
possibility to control the microstructure and improve properties of BCZT thin films, which could be
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Introduction

Lead zirconate titanate (PZT) systems, which exhibit a remarkable
piezoelectric effect and high dielectric permittivity, have been
widely studied for application for many functional devices such as
electric, optical, and microwave devices.'” In view of environ-
mental concerns and sustainable development, researchers are
making intensive efforts to replace PZT materials with lead-free
compositions.**

Recently, (1 — x)Ba(Zr,,Tiyg)Os—x(Bay,Caoy 3)TiO; materials
have seen a flurry of research interest because of their excellent
piezoelectric properties in bulk form at an optimal composi-
tion.*® The 0.5BaZr,,Ti, 30;—0.5Ba, ;,Ca, ;TiO; ceramics exhibi-
ted the highest dielectric constant (¢ ~ 3060) and piezoelectric
responses (ds3 ~ 620 pC N~ ').° The Bag.oeCag 01Ti0.05Zr0.0203
(BCZT) composition exhibited not only high piezoelectric
responses but also high Curie temperature (T ~ 115 °C).** It was
proposed that the superior piezoelectric effect stemmed from the
Morphotropic Phase Boundary (MPB) of a cubic-tetragonal-
rhombohedral triplepoint, giving rise to a very low energy
barrier to facilitate the polarization rotation and lattice distor-
tion.>"* The processing and properties of BCZT single crystals
and ceramics have been innovatively developed. In contrast to the
numerous studies on BCZT bulk materials, BCZT thin films have
been lagging far behind.*” Piezoelectric thin films offer a number
of advantages in micro-electromechanical systems (MEMS), and
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exploited for functional devices that demand high quality.

the preparation and characterization of piezoelectric thin films
will be hot topics in the present microelectronic industry.**** The
lack of progress in BCZT thin films may be attributed to the
challenges associated with the deposition of high-quality thin
films. Enormous efforts have been undertaken to innovate new
piezoelectric films and improve their properties by varying the
compositions and configurations.’>"” Sol-gel process is widely
employed as a relative easy, flexible and cost effective method of
thin film fabrication. This technique consists of depositing
a precursor solution by dip or spin coating followed by a thermal
treatment to crystallize the desired phase. The use of a simple
equipment, homogeneity at the solution stage, high reactivity of
starting materials, a wide flexibility in choice of the chemicals,
accurate stoichiometry control, capability for uniform large-area
coatings are the advantages of CSD sol-gel process are to phys-
ical coating methods.” In terms of configuration, layered
structure with two components connected alternatively in series
have been mostly considered.*® Highly (111)-oriented tetragonal
Nb-doped Pb(Zr,,Tip )O3 (PNZT) films with Pb,gLag Cag ;-
Tip.97505 (PLCT) seed layers of variant thickness were deposited
on the Pt(111)/Ti/SiO,/Si substrates by sol-gel processing.>* The
lead-free 0.5Ba(Zr,Tip)03-0.5(Bay;Cay 3)TiO; thin film was
grown on LaNiOj; bufferd Si substrate.?

So far, the studies on seed layered thin films have mainly
focused on heterostructure, relatively few reports on homoge-
neous seed layers are available in the literatures.'®** In this
attempt, the BCZT thin films with homogeneous structure seed
layers were explored. The structure and properties of the thin
films are improved by inducing the optimal sead layers

This journal is © The Royal Society of Chemistry 2017
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thickness. In this study, the structure and dielectric properties
of the thin films with different thickness of seed layers were
investigated. We believe that this work has broad implications
for electroceramic thin film synthesis.

Experimental procedure

The Bay.99Cag.01Ti0.08Z10.02,03 thin films were prepared by using
a sol-gel processing technique. Barium acetate [Ba(CH;COO),]
(99%, Alfa Aesar), calcium acetate [Ca(CH3COO),], zirconium
propoxide [Zr(OC;H5),] (70% w/w in propanol, Alfa Aesar) and
titanate isopropoxide [Ti(OC4Hs),] (97%, Alfa Aesar) were used
as starting materials. The 2-methoxyethanol (99%, Sinopharm
Chemical Reagent Co., Ltd) and acetylacetone (99%, Sinopharm
Chemical Reagent Co., Ltd) were added to control the viscosity
and cracking of films while ammonia solution was chosen as
ligand. The solution was mixed and refluxed for 1 h and the
concentration of the final solution was adjusted to about 0.1 M
and 0.3 M by adding acetic acid (99.5%, Sinopharm Chemical
Reagent Co., Ltd), respectively. For the BCZT thin film with seed
layer, the first processing step was to deposit a thin BCZT seed
layer onto the Pt(111)/Ti/SiO,/Si (Pt: 150 nm/Ti: 20 nm/SiO,: 300
nm/Si: 525 pm) substrate with the solution of 0.05 M. The
solutions were deposited onto Pt(111)/Ti/SiO,/Si substrate via
a spin casting technique. It was deposited on the Pt (111)/Ti/
SiO,/Si substrates by spin coating each layer at 3000 rpm for
20 s. Each spin-coated layer was subsequently heat treated at
700 °C for 5 min in the preheated furnace. The coating and heat
treatment procedures of seed layer were repeated 1-4 times. The
next processing step was to repeatedly deposit BCZT layers on
top of the seed layer with the solution of 0.3 M. It was deposited
on the Pt (111)/Ti/SiO,/Si substrates by spin coating each layer
at 3000 rpm for 20 s. Each spin-coated layer was subsequently
heat treated at 500 °C for 10 min in the preheated furnace. The
coating and heat treatment procedures were repeated until the
BCZT thin film reached the desired thickness (total thickness
~500 nm and each individual seed layers thickness ~10 nm,
~20 nm, ~30 nm and ~40 nm, respectively). Finally, the
samples were annealed at 700 °C for 30 min in air for crystal-
lization. Crystallization behavior of the films was examined with
an X-ray diffraction (XRD) meter with a Cu Ka radiation (A =
1.54178 A) (D8 Advance, Bruker Inc., Karlsruhe, Germany).
Surface morphology and cross-sectional images of the films was
observed by a field emission scanning electron microscope
(FESEM) (Merlin Compact, Carl Zeiss, Germany) at 5 kV accel-
erating voltage. The surface microstructure of these films was
observed by scanning probe microscopy (AFM) (SPA 400,
SPI3800N, Seiko, Japan). For electrical measurements, gold
pads with 0.50 mm in diameter were coated on the films surface
as the top electrodes by DC magnetron sputtering (10 maA,
300 s). At least 10 efficient top electrodes selected randomly were
measured per sample. The results between samples are statis-
tically significant. Dielectric constant and dielectric loss [tan(d)]
were measured at the AC voltage of 0.5 V by using an impedance
analyzer (4294A Agilent Inc., USA). Displacement induced by the
converse piezoelectric effect was measured applying an AC
voltage with amplitude of 10 V via the piezoresponse force
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microscopy (PFM) (SPA 400, SPI3800N, Seiko, Japan) tipping
directly on the film surface without the top electrodes.

Results and discussion

The XRD patterns of the BCZT thin films with different seed
layer thickness are shown in Fig. 1. It is found that all the films
are well crystallized with pure perovskite structure, and the
(110) diffraction intensity is dominant as that of random-
oriented BCZT films. The seed layer thickness do not influ-
ence the crystal structure of the thin films. The full width at half
maximum intensity of the characteristic peaks decrease with
the seed layer thickness, which means the grain size become
larger with the increase of seed layer thickness according Debye
Scherrer.>® Broadening of the XRD peaks could also be strain
related which is due to the lattice mismatch between the thin
film and Pt substrate.””® The strain effect on the structure and
electric properties of the BCZT thin films will be systematically
investigated in the future.

To detect the influence of the seed layer on the surface
topography of the BCZT thin films, the surface morphologies and
cross-sectional images of BCZT thin films with various seed layer
thickness were examined by FESEM, as shown in Fig. 2. The grain
sizes of the BCZT thin film with 10 nm-thick, 20 nm-thick, 30 nm-
thick and 40 nm-thick seed layer are about 100 nm, 150 nm,
200 nm, 300 nm, respectively. Cross-sectional FESEM images are
shown in Fig. 2(e)-(h). All BCZT thin films are composed of
relatively dense microstructures in depth, consisting of two
distinct layers with the thin films of about 460-490 nm and the
seed layers of about 10-40 nm separated by clear interfaces. Total
thickness of the BCZT thin films are about 500 nm. The grain size
of the thin films increase with the thickness of the seed layer
increasing. Moreover, the films become more smooth with the
thickness of the seed layer increasing. It is found that seed layer
thickness has a great influence on surface morphology and
roughness of film. In the process of spin coating the surface
energy of the seed layer is very large, and the residual stress in the
seed layer may be also very large, the process similar to “Ostwald
ripening” may occur.** The growth rate of the larger grains is
much higher. When the seed layer is comparatively thick, and the
process similar to “Ostwald ripening” does not occur, therefore,

* Pt substrate

Log (Intensity a.u.)

Fig.1 XRD patterns of the BCZT thin films 10 nm-thick, 20 nm-thick,
30 nm-thick and 40 nm-thick seed layers.
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Fig. 2 FESEM images of the BCZT thin films with (a) 10 nm-thick, (b) 20 nm-thick, (c) 30 nm-thick and (d) 40 nm-thick seed layers, cross-
sectional FESEM images of the BCZT thin films with (e) 10 nm-thick, (f) 20 nm-thick, (g) 30 nm-thick and (h) 40 nm-thick seed layers.

roughness of the seed layer is much lower. Fig. 3 show the surface
images of the seed layers by AFM measurement, respectively.
Root Mean Square (RMS) surface roughness of the seed layers are
8.2 nm, 4.3 nm, 4.1 nm and 3.7 nm for the 10 nm-thick, 20 nm-
thick, 30 nm-thick and 40 nm-thick seed layer, respectively. With
the increase of thickness of the seed layer, the grain size of the
seed layer increase, the surface morphology of the seed layer
becomes smooth and the RMS surface roughness of the seed
layer decreases. Therefore, the seed layer could be conducive to
obtain good grain growth and smooth surface morphology for
the BCZT film, and it is associated with the rough surface
structures of seed layer, which can offer nucleation sites and
reduce the activation energy for the crystallization of BCZT films,
forming small uniform grains and low surface roughness.

49964 | RSC Adv., 2017, 7, 49962-49968

Fig. 4 shows the dielectric constant and dielectric loss versus
the applied electric field of the BCZT thin films with different
seed layer thickness. The dielectric constant and loss exhibit
butterfly shape, which due to the well-known ferroelectric
hysteresis. Under zero bias, the dielectric constant ¢y of BCZT
thin films with 10 nm-thick, 20 nm-thick, 30 nm-thick and 40
nm-thick seed layer are 1260, 1130, 1100 and 740, respectively,
which are more remarkable than that of BCZT thin films without
seed layer.” The dielectric constants decrease with the thickness
of seed layer. Films prepared on Pt/Ti/SiO,/Si substrates at 700 °C
could have increased titanium concentrations near the film/Pt
interfaces, and the source is shown to be titanium diffusing
from the substrate metallization stack.** Each BCZT seed layer
was heat treated at 700 °C for 5 min in this work, and thermal

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 AFM topography images of the (a) 10 nm-thick, (b) 20 nm-thick, (c) 30 nm-thick and (d) 40 nm-thick crystallized BCZT seed layers on the

substrate.

treatment times are 5 min, 10 min, 15 min, 20 min for the 10 nm-
thick, 20 nm-thick, 30 nm-thick and 40 nm-thick seed layers,
respectively. The thermal treatment times may induce different
Ti gradients through the films and are responsible for the
observed changes in film dielectric performance.** The dielectric
constant has strong field dependence, where typically the
dielectric constant decreases with increasing field. At the bias
electric field of 400 kv em ™!, the dielectric constant &w) of 900
render to tunability of 28.5%, defined as [¢() — £v))/¢0) X 100% for
the film with 10 nm-thick seed layer. The tunability of BCZT thin
films increase to the maximum value of 34.5% for the film with
20 nm-thick seed layer and then decrease with seed layer thick-
ness. The ¢y mainly contributes to the extrinsic response, while
the ¢ to the intrinsic response because of the suppressed
extrinsic response under high electric field.*” The relative high
tunability makes the films suitable for microwave and electrically
tunable radio frequency applications.

The dielectric constant and dielectric loss measured at room
temperature as a function of frequency ranging from 1 kHz to 2
MH?z for BCZT thin films with different seed layer thickness are
shown in Fig. 5. The dielectric constants exhibit a slight
decrease, whereas dielectric losses show an opposite tendency
in the frequency range between 1 kHz and 2000 kHz. The

This journal is © The Royal Society of Chemistry 2017

frequency dispersion could be due to space charge polarization
or Maxwell-Wagner type interfacial polarization.®® The space
charge polarization is inherently related to the nonuniform
charge accumulation near the interfaces between the film and
electrode.® Our experimental results on the thin film show
quite interesting seed layer thickness dependence on dielectric
properties as a function frequency. The drastic depressions in
the dielectric constant at about ~2 MHz, 1 MHz, 100 kHz and 10
kHz for the film with 10 nm-thick, 20 nm-thick, 30 nm-thick and
40 nm-thick seed layer associated with the relaxation of the
dipole polarization, that is, to dipole fluctuations. It fits
between the measured and calculated dielectric data for
modified Kohlrausch Williams Watts properly which describe
the dielectric relaxations in the normal and relaxor ferroelectric
films.* The dipole polarization (egipoie), the combined ionic and
electronic polarizations (gjonic+e1,) and the combination (i.e., the
total permittivity; eworai) are quantified by the extended Debye
function eqn (1) and (2)

() — ionicrel, _ J: [— d(p(t)] exp[—iwr]dz 1)

Edipole dr

where éjgnicrel, is the permittivity at high frequency, egipole is the
permittivity from the dipole polarization, « is the angular

RSC Adv., 2017, 7, 49962-49968 | 49965
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Fig. 4 Dielectric constant and dielectric loss versus applied electric field of the BCZT thin films with (a) 10 nm-thick, (b) 20 nm-thick, (c) 30 nm-

thick and (d) 40 nm-thick seed layers.
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thick and (d) 40 nm-thick seed layers.

frequency, and ¢(¢) is a decay function of the polarization. The
¢(t) is approximated as:
n
o(t) = Y giexp(—t/u) 2)
=1
where 1; is the relaxation time and g; is the set of coefficients
representing a distribution of relaxation times.*® The grain size

and internal stress could lack the dipole interactions with the
increase of seed layer thickness, leading to the significant

49966 | RSC Adv., 2017, 7, 49962-49968

depression in the permittivity. The future investigation of the
internal stress in the polarization contribution will yield to
better understanding of the polarization mechanism.

The typical D-V loops and the corresponding ds;-V loops of
the BCZT thin films with different seed layer thickness are
plotted in Fig. 6(a)-(d), respectively. The displacements of the
BCZT thin films locate in the range of 0-0.5 nm calculated from
the D-V curves, and the d;; values of the corresponding seed
layer thickness (10 nm-thick, 20 nm-thick, 30 nm-thick and

This journal is © The Royal Society of Chemistry 2017
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Fig.6 Electric field induced displacement and effective piezoelectric constant of the BCZT thin films with (a) 10 nm-thick, (b) 20 nm-thick, (c) 30

nm-thick and (d): 40 nm-thick seed layers.

40 nm-thick) thin films are 40 pm V!, 60 pm V™, 70 pm V"
and 50 pm V', respectively. The BCZT thin films exhibiting
good piezoelectric properties is due to the morphotropic phase
boundary. Moreover, the d;; coefficients of BCZT thin films with
seed layer are significantly improved compared with that of the
thin films without seed layer (50 pm V~').2° The larger grain size
of the BCZT thin film with seed layer, which facilitate the
domain to rotation, could contribute to the improvement of the
ds; value. These results indicate that BCZT thin film with 30 nm-
thick seed layer may be a promising candidate as lead free
piezoelectric devices.

Conclusions

The BCZT thin films with 10 nm-thick, 20 nm-thick, 30 nm-
thick and 40 nm-thick seed layer were prepared. The grain
size increase from about 100 nm to 300 nm with the thickness
of seed layer. The dielectric constant of BCZT thin films with 10
nm-thick, 20 nm-thick, 30 nm-thick and 40 nm-thick seed layer
are 1260, 1130, 1100 and 740, respectively. The highest dielec-
tric tunability of the BCZT thin films is 34.5%. The drastic
depressions in the dielectric constant as a function of frequency
associated with the relaxation of the dipole polarization are due
to the grain size and increased titanium concentrations near the
film/substrate interfaces. The highest effective piezoelectric
coefficients is 70 pm V™. The results indicated that the electric
properties of films could be further improved by the
configuration.
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