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Abstract Single-layered Pb(Zry;Tip3)O3 and Pb(Zry3
Tig7)O;5 thin films and heterolayered Pb(Zr;_,Ti,)O3 thin
films consisting of alternating Pb(Zry,Tip3)03 and
Pb(Zry5Tip7)O3 layers were studied for their microstruc-
ture and texture development. The texture in the single-
layered PZT films is affected by the Zr/Ti ratio as they
have different crystallization behavior depending on the Zr/
Ti ratio. With increasing film thickness, the average grain
size of Pb(Zr,_,Ti,)O5 increases. An unusually large grain
size of 1-3 pm together with a strong (001)/(100) preferred
orientation were observed for the heterolayered PZ;oT3o,
whereby Pb(Zr( 7 Tiy 3)O3 was used as the seeding layer, for
film as thin as 150 nm. The film microstructure is refined
drastically when the stacking sequence is changed, i.e.,
when Pb(Zry3Tip7)O5 is employed as the seeding layer.
Thermal treatment of the PZ,oT3, seeding layer also plays
an important function in the microstructure development of
the heterolayered PZ,(T5q film. The formation of the large-
grained film is correlated to the lowered nucleation energy
of crystallizing Pb(Zry;Tip3)O3 by the top Pb(Zrg3Tig7)
O3. The Pb(Zry5Tip7)O3 layer facilitated the nucleation
and crystallization of the Pb(Zry,Tip3)O3 amorphous
seeding layer, whereby the overall microstructure of the
heterolayered thin film was dictated by the Pb(Zr( ;Tig3)O3
seeding layer leading to the growth of larger PZT grains.
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Introduction

In recent years, there has been extensive investigation into
ferroelectric thin films, whereby their microstructure and
orientation are properly controlled to optimize their elec-
trical behavior [1-5]. Indeed, a proper control in thin film
texture and microstructure is very important, as they
strongly influence the ferroelectric and dielectric proper-
ties, such as relative permittivity (&), remanent polarization
(P,), coercive field (E.), and fatigue endurance. For
example, it has been reported that ferroelectric films with
properly controlled large grains exhibit better electrical
properties as compared to those of the small-grained films,
due to the high mobility of domain walls movement in
large-grained films [6, 7].

The processing parameters that affect the microstructure
and texture of ferroelectrics films include the substrate
materials [8—10], seeding layer [11-13], thermal processing
conditions (e.g., temperature and heating rate) [2, 14-16],
film thickness [14, 17], and the composition represented by
the ratio of Zr to Ti for PZT [3, 18-20]. As PZT thin film is
known to nucleate heterogeneously at the substrate/film
interface, the texture of PZT film can be tailored by
choosing an appropriate substrate material. For example,
PZT thin films with (100), (110), and (111) orientations can
be obtained using single-crystal STO of the same orienta-
tion [10]. Seeding layer has also been shown to play an
important role in affecting the microstructure development
of PZT films. Doi et al. [13] reported that the insertion of
(Bag 551 5)TiO5 or PbTiO; seeding layers gave rise to a
reduction in grain size of PZT (53/47) film. For the film
deposited on platinized silicon substrate, it has been
reported that the very thin films (<100 nm) exhibited (100)
preferred texture, while the relatively thick films demon-
strated (111) preferred texture or random orientation
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[14, 17]. It has been proposed that (100) texture is formed
due to the energetically favored growth of (100) plane in
PZT [1, 21]. However, several investigators showed that an
oxidizing or reducing atmosphere during thermal treatment
could affect the final texture of the thin film [22—24]. Under
an oxidizing atmosphere, PbO(100) is formed and (100)-
oriented PZT nucleates at the PbO(100) buffer layer due to
the lattice matching. The (111)-oriented PZT nucleates on
Pt,Pb buffer layer, which is formed when a reducing
atmosphere is employed, due to the identical (111) lattice
[23, 25, 26]. Thermal processing is another parameter in
fabricating ferroelectric thin films with different micro-
structure and textures. For example, the PZT (52/48) thin
film formed by pyrolysis at intermediate temperature fol-
lowed by a thermal treatment at high temperature demon-
strated a high degree of (100) texture with sub-micron-
sized fine grains, while the PZT (52/48) thin film directly
annealed at high temperature exhibited a strong (111)
texture with fine grains [14, 15, 27]. It has been suggested
that at the intermediate pyrolysis temperature, the forma-
tion process for PZT is rather slow, whereby the initially
formed Pt,Pb undergoes decomposition to form PbO and
becomes the seeding layer for PZT(100). The crystalliza-
tion of amorphous PZT to perovskite structure is initiated
by the formation of fluorite/pyrochlore structures, where
both exhibit an fcc structure for cations and therefore are
closely related to each other. However, the two phases are
differentiated in the ordering of A*" and B*" cations,
which is present in pyrochlore and absent in fluorite
structure. The lattice parameter of pyrochlore is about
twice that of fluorite [28, 29]. In this article, the term
“fluorite” is used to refer to the intermediate PZT phase.
The nucleation and growth of perovskite phase from the
intermediate fluorite/pyrochlore phase may also be
involved at different temperature stages, depending on the
composition of PZT film. It has been reported that the
transformation to perovskite phase in PZT is nucleation-
dependent, due to the high activation energy of nucleation
[30]. However, the activation energy for nucleation
decreases with increasing Ti content in PZT composition.
Therefore, rather different film textures and microstruc-
tures have been reported for different PZT compositions.
The Zr-rich PZT films tend to lead to large perovskite
grains, while Ti-rich films tend to give rise to small, sub-
micron perovskite grain sizes [3, 18, 20, 31].

We have previously reported that heterolayered PZ,(T5o
films with (001)/(100) preferred orientation can be suc-
cessfully deposited [32, 33]. These heterolayered thin films
demonstrated unusually large grain sizes in the range of
1-3 um, regardless of the film thickness. The large grains
in the heterolayered film structure have demonstrated a fur-
ther interesting phenomenon. As reported by Anbusathaiah
et al. [34], a complex nanoscale ferroelastic-domain
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arrangement in the top PZ3(T, layer of bilayered hetero-
structure was observed by piezoresponse force microscopy
(PEM) and cross-sectional transmission electron micros-
copy (TEM). These domains were susceptible to external
field and led to a giant piezoelectric coefficient of
220 pm V. Further observations with the single-layered
PZ;9T30 and PZ3yT; confirmed they did not have the same
complex domain arrangement as the bilayered film;
although, the single-layered PZ;¢T3¢ thin film was elec-
troactive, whereby it was easily movable under external
electric field.

On the basis of these previous understandings, the
objective of this study is to investigate the formation and
development of film texture and microstructure of hetero-
layered PZT. For comparison purposes, single-layered PZT
film which consists of Zr-rich PZT (Pb(Zr,;Tio3)O3) layer
and Ti-rich PZT (Pb(Zry5Tio7)O3) layer are first studied
for their phase transformation behavior, microstructure,
and texture development. As discussed later, the informa-
tion gained with these single-layered thin films provide
useful insight into the texture and microstructure devel-
opment of the heterolayered PZT thin films. The texture
and microstructure development are studied by looking at
both the structural and the processing parameters such as
the stacking sequence, substrates, and the thermal treat-
ment conditions. By comparing the effects of these
parameters involved, the mechanisms behind the formation
of unusually large grain and (001)/(100) preferred orien-
tation in the heterolayered PZ,(T5¢ is discussed.

Experimental section

The single-layered and heterolayered PZT thin films were
prepared by a sol—gel process and deposited onto Pt(111)/
Ti/Si0,/Si(100) substrate by spin coating. The thickness of
the Pt layer is ~ 150 nm and that of Ti is ~50 nm. Two
PZT precursor solutions, namely Pb(Zrq;Tip3)O5 (coded
as PZ,oT3g) and Pb(Zrg5Tip7)O5 (coded as PZ3¢T5), were
synthesized from Zr[OCH(CHj3),]4, Ti[OCH(CHj3),]4, and
Pb(CH;CO0),-3H,0 as the starting materials. The single-
layered and heterolayered PZT thin films were prepared by
a sol-gel process and deposited onto Pt/Ti/SiO,/Si sub-
strate by spin coating. The starting chemicals were dis-
solved in a mixture consisting of ethylene glycol
monomethyl ether (C3HgO,) and acetic acid (volume
ratio = 5/1.3), where acetic acid acts as chelating agent to
the metal alkoxides and reduces their sensitivity toward
hydrolysis. The precursor solutions were 0.4 M in con-
centration with 10 mol% excess lead. For the single-
layered PZT, the respective PZT precursor solution was
spin-coated onto the platinized Si substrate, followed by
drying at 300 °C for 5 min, baking at 500 °C for 7 min on
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a hot plate, and then annealing at 650 °C for 1 h by RTA.
The heterolayered PZT films were deposited by spin
coating the PZ,;yT3y and PZ;yT;y precursor solutions
alternately. After each spin coating, the film was subjected
to the same heat treatment as single-layered PZT film.
After the required numbers of layer were obtained, the
films were then annealed at 650 °C for 1.0 h by RTA. The
heterolayered PZT thin film with PZ;T3q as the first layer
is coded as heterolayered PZ,(T5, thin film. Similarly, the
heterolayered PZT thin film with PZ;3T;q as the first layer
is coded as heterolayered PZ;yT5( thin film.

The phases present in and crystallinites of the films were
characterized using X-ray diffractometer (Bruker AXS D8
Advanced, Karlsruhe, Germany) with a glancing/incident
angle of 1.5°, which is a technique that is widely employed
for characterization of thin films where the film thickness is
smaller than the substrate thickness. SEM (Philips, XL 30,
Hillsboro, OR) and AFM (Digital Instruments Multi-Mode
Nanoscope III, Santa Barbara, CA) were employed to study
the film morphologies and surface roughnesses. Raman
(HORIBA Jobin—-Yvon Labram HR800, Edison, NJ) mea-
surements were performed at room temperature using
514.5 nm Argon laser as excitation source. The chemical
states in the thin films were analyzed by X-ray photo-
electron spectroscopy (Thermo Fisher Scientific Theta
Probe A1333, Newington, NH). The elemental depth pro-
filing of the heterolayered PZT thin films was also studied
using secondary ion mass spectroscopy (ION-TOF-SIMS
IV, Miinster, Germany).

Results and discussion
Single-layered PZT thin films
XRD phase analyses

The film texture and phases present in the single-layered
PZT were investigated by XRD as shown in Fig. 1. Upon
drying at 300 °C, both of the single-layered PZT films were
largely in the amorphous phase form. With increasing
annealing temperature, there is a phase transformation in
the single-layered PZT, the temperature of which is
dependent on the composition (Zr/Ti) ratio. The single-
layered PZ,(T5y formed fluorite phase as indicated by
humps at 20 of 29.5°, 33.5°, 49°, and 57.8° which corre-
spond to (111), (200), (220), and (311) planes, respectively,
after baking at 500 °C [35-37]. The fluorite structure was
maintained even when the baking time was prolonged to
14 min as shown by the XRD traces in Fig. 2, demon-
strating the stability of fluorite phase in PZ;oT3o. It was
developed into a single perovskite phase when the
annealing temperature was raised to 650 °C. The Ti-rich
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Fig. 2 XRD traces of the single-layered PZ;(T3, thin film after
baking for 14 min

single-layered PZ;yT5o has a lower crystallization temper-

ature as compared to that of the single-layered PZ;yT3o
film, whereby the perovksite structure can be steadily
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Table 1 FWHM of (100) peaks and crystallite size calculations for
single layered PZ;(T7q thin films after thermal annealing at 500 and
650 °C

Temperature 500 °C 650 °C
FWHM (rad) 0.006431 0.005162
Crystallite size (nm) 21.7 27.1

formed after baking at 500 °C. The crystallinity of the
PZ;0T7o film increases with rising annealing temperature as
shown by the increase in the intensities of XRD traces. The
full-width at half maximum (FWHM) of XRD peak cor-
responding to (100), which is the strongest peak of the
perovskite phase in the single-layered PZ3oT;o film was
analyzed. The crystallite sizes were calculated using the
Debye—Scherer equation, as summarized in Table 1. It is
observed that the peak width of (100) becomes narrower
and sharper as the annealing temperature increases,
showing that the crystallite size of the film increases.
Crystallite sizes of 21.7 and 27.1 nm were calculated for
the PZ3¢T7o film thermally annealed at 500 and 650 °C,
respectively. For PZT thin films, the formation of crystal-
line perovskite phase from amorphous phase follows the
sequences of: amorphous — fluorite/pyrochlore — perov-
skite. The Ti-rich PZT can form perovskite easily due to
lower activation energy to nucleate the perovskite phase
[3], while Zr-rich PZT form metastable fluorite/pyrochlore
phase which then transforms to perovskite phase at higher
temperature, since the stability of fluorite/pyrochlore phase
is higher in Zr-rich PZT film [18].

A strong (100) preferred orientation is observed in the
single-layered PZ;yT;( film together with the formation of
perovskite phase at 500 °C. As mentioned above, one of
the plausible causes of the (100) preferred orientation in
PZT films is due to the low interfacial energy of (100)
making it the energetically favored growth plane [1, 21].
Another consideration was suggested by Chen and Chen
[14], who studied the film pyrolized at an intermediate
temperature such as 500 °C, the Pt,Pb interfacial layer that
was formed readily could undergo oxidation and gave rise
to an PbO(001) seeding layer for PZ3¢T7¢(100) to crystal-
lize due to the similar lattice. Unlike the single-layered
PZ30T7 film, upon annealing at 650 °C, perovskite phase
was formed in the single-layered PZ,T5( film with random
orientation similar to that in a ceramic bulk. The likely
cause for this is due to the high volatility of PbO in PZ;¢T3q
at high temperatures such that the nucleation at (100) is
reduced and the nucleation occurred randomly with (101)
as the highest peak. The high volatility of PbO in Zr-rich
PZT that led to Pb-deficiency is also known to be
responsible for the formation of the rosette structure in PZT
[13, 38], which will also be discussed in “Film
microstructure.”

@ Springer

Raman studies

The Raman spectra of the single-layered PZT films are
shown in Fig. 3. Typical Raman modes for rhombohedral
and tetragonal structures are observed for single-layered
PZ;0T30 and PZ30Tg film, respectively. For PZ;oT3g, the
rhombohedral phase with C3,(R3m) space group shows the
Raman active modes of [39, 40]:

FRaman-aclive = 3Al +4E.

The Raman active modes for PZ3;yT; in tetragonal
structure with CA{D(P4mm) space group are [39—41]:

FRaman-aclive =3A1+4E + Bl.

The Raman modes are assigned in accordance with the
Raman studies of Burns and Scott [42] whose results are
similar to those of other reports [39, 40]. The Raman peaks
of the single-layered thin films were slightly shifted to
lower frequencies when compared to those of the PZT in
powder form [43]. It has been suggested that both the
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Fig. 3 Raman spectra of the single-layered PZ;,T;o and PZ(T3

as a function of thermal treatment. (a) 300 °C, (b) 300 — 500 °C,
(¢) 300 — 580 °C, (d) 300 — 500 — 650 °C
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crystallite size and the residual stresses in the films play an
important role in affecting the positions of Raman peaks
[44]. In an agreement with the XRD studies, the single-
layered PZ,(T3, film shows an amorphous structure after
drying at 300 °C, as a broad shoulder is observed at
746 nm. With increasing temperature, the Raman spectra
gradually changed and after annealing at 650 °C, the five
Raman modes attributed to the rhombohedral structure
were developed. Similarly, the Raman spectra for single-
layered PZ;¢T;, show that with increasing temperature
from 300 to 650 °C the amorphous phase was gradually
transformed to tetragonal perovskite phase. The Raman
modes were observed upon heating at 500 °C indicating
that it crystallized at a lower temperature than PZ,yT3
film, in an agreement with the XRD studies. With
increasing temperature, the intensities of the Raman
peaks increases showing an increase in film crystallinity
(Fig. 4).

Comparing between single-layered PZ,(T3o and PZ3¢T7g
after annealing at 650 °C, the Raman peaks of PZ,oT3q
were broader and had lower intensities than those of
PZ30T7, showing damping effect with increasing Zr/Ti
ratio. It is also observed that the three Raman modes,
namely E(2TO), B1 + E, and A1(2TO) formed a broad
phonon band. Similar observation has been reported by
Meng et al. [41].

Film microstructure

From the AFM images shown in Fig. 5a—f, it is observed
that after baking, single-layered PZ;¢T;, film exhibited
well-defined and homogenous nanograins, while the single-
layered PZ,;¢T3p film did not demonstrate well-defined
grains. This is corresponding to the XRD traces discussed
above, where the single-layered PZ3(T( film layer showed
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Fig. 4 Raman spectra of the single-layered (a) PZ30T, and (b)
PZ70T3 films after annealing at 650 °C
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Fig. 5 AFM images of the single layered a—¢ PZ3oT;o and d-f
PZ,¢T3( after thermal treatment at a, d 300 °C, b, e 300 — 500 °C,
¢, £ 300 — 500 — 650 °C

fully crystallized perovskite phase and the single-layered
PZ;9T39 film was a fluorite at 500 °C. Upon thermal
annealing at 650 °C, the single-layered PZ;yT;o film
showed densely packed grains due to grain growth as
shown in Fig. 5¢ with roughness of 4.004 nm, which was
much lower than that of single-layered PZ,(T3( film. The
latter had crystallized into perovskite and formed nano-
grains as shown in Fig. 5f, with a surface roughness of
4.843 nm. By increasing the film thickness from ~75 to
~450 nm, it is observed that the grain size increases, as
shown in Fig. 6a—f. This is consistent with what has been
reported by Park et al. [45], who observed that the grain
size increases with increasing PZT film thickness. The
composition dependence of PZT film microstructure is
observed in this study, especially in thicker films. For
single-layered PZ3yT5, the grain size increased from an
average of (119 &+ 31.7) nm to (138.1 &+ 21.3) nm together
with a decreasing film roughness to 2.307. A much sig-
nificant increase in grain size is observed for PZ;oT5q film,
together with an increasing film roughness to 13.237 nm as
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Fig. 6 AFM images of a—c¢ PZ;yT;o and d-f PZ;,T3, films of
different number of layers a, d single layer, b, e two layers, and
¢, f six layers after thermal annealing at 650 °C

the film thickness increases. The grain size was increased
from (87.3 £ 22.9) nm to 1-2 um. However, the thicker
film was identified with rosette structure. The increase in
roughness of PZ;oT3, was due to the formation of the
rosette structure in association with the volatility of Pb in
PZT. The PZT film with Ti-rich composition showed a
smaller grain size than that of the PZT film with Zr-rich
composition. According to Kwok et al. [3], the low
nucleation energy of PZ3gT;, enables a high density of
nuclei to form at lower temperature and the grain size is
largely determined by the spacing between nuclei. The
high nucleation energy of PZ;oT3y in contrast enables
fewer nuclei to form, where the nuclei can grow into much
larger grains.

XPS studies
Figure 7 shows the XPS survey spectra for single-layered

PZ;0T30 and PZ;(T films, respectively, after annealing at
650 °C. The high-resolution scan spectra of Pb 4f, Zr 3d, Ti
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2p, and O 1s from both the films are shown in Fig. 8. The
binding energies were corrected by taking C ls signal at
285.0 eV as a reference. An individual element has only
one spin—orbit doublet indicating that each element is in
one chemical state. After the correction, the binding energy
of Pb 4f7/2, Zr 3d5/2, and Ti 2p3/2 for PZ70T30 and PZ30T70
films are located at 137.8, 181.4, 458.1 eV, respectively.
These are in agreement with previous reports, which
indicate that the Pb, Zr, and Ti are in the Pb>*, Zr*T, and
Ti** states [46-48]. The O 1s spectra can be decomposed
into two peaks, the first peak of which is located at
529.6 eV corresponding to the binding energy of lattice
oxygen in PZT. The second peak is located at 530.8 and
531.2 eV for PZ;¢T5o and PZ;T30, respectively, which is
the binding energy of adsorbed oxygen at the surface [48].
There are no significant differences in XPS spectra
between PZ,0T5o and PZ3(T5( films, in terms of the binding
energy. In terms of intensity, the Pb peaks for PZ;(T3, are
lower indicating that there is higher degree of volatility of
Pb in PZ70T30 film.

Heterolayered PZT thin films
Effect of seeding layers

XRD phase analyses Figure 9 shows the XRD traces of
heterolayered PZT, after thermal baking at 500 °C and
annealing at 650 °C. Upon baking at 500 °C, both films
have been crystallized forming perovskite structure. While
PZ5yT;o 2-heterolayer has crystallized with no detectable
fluorite phase, the PZ,,T;o 2-heterolayer still shows a
fluorite phase as indicated by the hump at 20 of 29.5°. With
further annealing at 650 °C, the film crystallinity was
enhanced and both the film samples showed crystallized
perovskite phase with (001)/(100) preferred orientation.



J Mater Sci (2010) 45:6187-6199

6193
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The stacking sequence of layer deposition causes little
texture change in the heterolayered films.

SIMS The SIMS profiles of heterolayered PZT films are
shown in Fig. 10, whereby the PZ,(T5, layer is indicated
by the region with higher Zr intensity and PZ3,T;q layer is
indicated by the region with higher Ti intensity. The pro-
files confirm the individual PZT layer is retained whereby a
boundary is established between the alternating PZ,(T3
and PZ30Tg layers. There was a degree of inter-diffusion at
the interface between the first and the second layers of the
heterolayered films, which is due to the surface roughness
effect. The interface was well established with the
increasing number of layers in the heterolayered film as the
subsequent layer exhibited a smoother interface as we have
previously reported [6].

Film microstructure and dielectric properties A large
grain size in the range of 1-3 um was observed for PZ;oT3q
2-heterolayer as shown in Fig. 11a and b. Although coarse-
grained PZT film of 1.5-3 um has been reported in pre-
vious studies, they are normally formed in relatively thick
films, >300 nm to 2.4 pm in thickness [3, 45]. The coarse-
grained structure is often accompanied by the presence of
cracks, which degrade the electrical behavior of PZT thin
films. In the case of the heterolayered thin film, the large
grains could be obtained in the film as thin as 150 nm, and
they could be retained up to 450 nm in thickness for
PZ,(T5o 6-heterolayer with no crack formed [6]. Further-
more, the large grains in the heterolayered PZ;oT3( thin
film appear smooth with no occurrence of rosette structure,
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Fig. 10 SIMS depth profiling of PZ;yT-o 2-heterolayer and PZ,T3
2-heterolayer

Fig. 11 SEM and AFM
micrographs of a, b PZ(T3
2-heterolayer and ¢, d PZ30T7o
2-heterolayer thin films
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which was observed for six-layered PZ;¢T3, film shown in
Fig. 5f. Hence, by forming the heterolayered structure, the
volatility of Pb especially from Zr-rich PZ;(T5, layer can
be suppressed and the rosette formation can be avoided.
Interestingly, for the PZ;yT;o 2-heterolayer, very fine
grains were observed as shown in Fig. 11c and d, which is
very different from the heterolayered PZ;oT;o film.
Increasing the film thickness to 450 nm, the PZ3yT5
6-heterolayer retained the small grain size which is similar
to PZ3¢T7o 2-heterolayer in the range of 80-250 nm, as
reported in our previous studies [6].

A significant difference is also observed in the dielectric
behavior of the 2-heterolayered PZT films as shown in
Fig. 12. PZ;9T5¢ 2-heterolayer has better dielectric prop-
erties with relative permittivity of 325 and dielectric loss of
0.03 than PZ;(T;o 2-heterolayer with relative permittivity
and dielectric loss of 221 and 0.04, respectively. Since both
the films have been crystallized under the same heat
treatment forming perovskite phase with (001)/(100) pre-
ferred orientation, the higher dielectric properties in
PZ,9T30 2-heterolayer is caused by the significantly larger
grain size of the film which facilitates domain wall
movement. A detailed study on the effect of microstructure
on the electrical properties of heterolayered PZT films has
been reported in a separate paper [6].

The low permittivity observed for the 2-heterolayered
film is due to the presence of an interfacial layer of low
permittivity formed between the film and the top/bottom
metal electrodes (electrode/film interfacial layers). In our
previous studies, we compared the relative permittivity
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Fig. 12 Dielectric properties of PZ;(T3o 2-heterolayer and PZ;,T
2-heterolayer thin films

calculated on the basis of the capacitance series connection
model with the experimentally measured values. It was
concluded that the electrode/film interfacial layers had a
dramatic effect in lowering the permittivity of thinner PZT
films, which is the case for the 2-heterolayered PZT film.
The relative permittivity of the heterolayered PZT film
increases with increasing film thickness, and it approaches
the theoretically calculated value, where a relatively
smaller interfacial layer effect is expected [6, 32].

Effect of substrates

To confirm the minor effect played by the substrate on the
microstructure for the heterolayered PZT thin films, het-
erolayered PZ,oT;o films were deposited on other two
different types of substrates, i.e., STRuO;/Pt(111)/Ti/SiO,/
Si(100) and SrRuO3/SrTiO3(100) (SRO/STO) with SRO
thickness of ~50 nm. The SRO has s random orientation
on both substrates. The textures of the heterolayered
PZ;¢T30 films deposited on these substrates are shown in

Intensity (a.u.)

L}
20 30 40 50 60
20 (degree)

Fig. 13 XRD spectra of PZ;¢T5, 2-heterolayer on (a) SRO/STO and
(b) SRO/Pt/Ti/Si0,/Si substrates

Fig. 14 SEM micrographs of PZ;oT5, 2-heterolayer thin films on a
SRO/Pt/Ti/Si0,/Si and b SRO/STO substrates

Fig. 13. They are crystallized and exhibit a polycrystalline
structure with random orientation. Figure 14 shows the
SEM images of the PZ,yT5o 2-heterolayer films deposited
on SRO/Pt/Ti/SiO,/Si and SRO/STO, respectively. The
heterolayered PZT films apparently maintained the large
grain sizes despite the usage of different substrates. The
grain size of heterolayered PZT deposited on SRO/Pt/Ti/
Si0,/Si was in the range of 0.8-2.5 pm and the grain size
of heterolayered PZT deposited on SRO/STO shows a
similar grain size range. The observed little change in grain
size of the heterolayered PZ;oT3, films confirms that sub-
strates have little significance in the formation of large
grains in heterolayered PZ,T3q film.

Effect of thermal treatment

To look at the possible effect of thermal treatment on the
microstructure development, the PZ;,T3o layer of hetero-
layered PZ,yT5o film was subjected to different thermal
treatment. The first sample was prepared only by drying the
PZ,yT5o layer at 300 °C. For the second sample, the
PZ;,T3o layer underwent drying at 300 °C and then baking
at 500 °C. For the third sample, the PZ,oT5o layer under-
went drying at 300 °C, baking at 500 °C, followed by
further annealing at 650 °C. Each film sample was then
spin-coated with PZ;,T;, layer that was dried at 300 °C,
baked at 500 °C, and finally annealed at 650 °C. From the
SEM images, it is observed that the unusually large grain
size can be obtained for heterolayered PZ;qT3q films
with amorphous and metastable fluorite phase with no
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Fig. 15 SEM micrographs of PZ;(T;¢ 2-heterolayer after annealing
with PZ;0T5, layer undergoing different thermal treatment a 300 °C,
b 300 — 500 °C, ¢ 300 — 500 — 650 °C, d PZ3,T;o 2-heterolayer
after annealing with PZ;(T;, layer undergoing thermal treatment at
300 °C

well-defined grains PZ,(T5q seeding layer as in the case of
the first and second samples shown in Fig. 15a and b,
respectively. When the crystallized perovskite structured
PZ,9T30 was used as the seeding layer, much smaller grains
was observed for the heterolayered PZ,(T3( film, as seen
from Fig. 15c. Indeed, the top PZ3¢T-o layer was crystal-
lized following the annealed single-layered PZ,,T3, layer
and the average grain size of the third sample was
(160.6 £ 31.0) nm, which is similar to that of the two-
layered PZ;0T30 film (Fig. 6e). This confirms that in the
third sample, the crystallized perovskite structured PZ-yT5q
provides a large number of nucleation sites for the top
PZ30T79 and the overall film microstructure is dictated by
the crystallized PZ,oT5, seeding layer.

Further thermal treatment study was also done for the
heterolayered PZ;3T7q films, whereby a film with PZ3,T5,
seeding layer was heat treated only at 300 °C to form
amorphous PZ3yT5o. After the heterolayered PZ;yT;, was
annealed at 650 °C, the overall film microstructure was
refined as shown in Fig. 15d with an average grain size of
(41.7 £ 7.5) nm, smaller than that of the heterolayered
PZ30T7o with crystallized PZ;,T;( layer baked at 500 °C.
This suggests that by heating at lower temperature, in this
case at 300 °C, the nuclei of PZ3,T5o could not grow larger as
in the case for PZ;,T( layer baked at higher temperature,
causing the overall grain size to be smaller. Thus, the thermal
treatment has rather different effect to the microstructure
development of heterolayered PZ;oT3q and PZ3¢T( films.

Microstructure and texture development
in heterolayered PZT films

It has been observed that by changing the stacking
sequence, the microstructure of heterolayered PZT films

@ Springer

can be changed significantly. The observation indicates that
the microstructure development of the heterolayered PZT
film is largely dependent on the choice of the first PZT
layer which acts as the seeding layer. As has been men-
tioned briefly, the overall microstructure of the PZT film is
closely related to the grain size of the seeding layer as it
affects the kinetics of crystallization. Hence, in the seeded
PZT film of heterolayered structure, the film microstructure
can be controlled by choosing a seeding layer with desired
grain size.

In the heterolayered PZ,oT3o film, the unusual large
grain size occurred for film thickness as thin as ~ 150 nm,
regardless of the substrates used. It has been further
observed that the large grain size can be formed upon
baking at 500 °C, although the grain boundaries were not
as well defined as that of the annealed heterolayered
PZ,(T5q film, as shown by the AFM images in Fig. 16. A
significant change in the overall film texture is observed
when the stacking sequence is changed, i.e., when PZ3,T7o
is employed as the seeding layer. In addition to the seeding
layer effect, the heat treatment of the PZ,(T3( seeding layer

Fig. 16 AFM images of PZ,;yT5p 2-heterolayer before and after
annealing at 650 °C
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also plays an important role. The amorphous with no well-
defined grains PZ;oT3q seeding layer facilitates the devel-
opment of large grains, which are not observed for the
heterolayered PZ,3T5o with a highly crystallized and well-
defined grains PZ,,T5, seeding layer.

It is then suggested that by stacking PZ,;yT3, and
PZ;¢T7o together in the heterolayered PZ,(T3, structure,
the top PZ30T7 layer facilitates the crystallization of the
PZ,(T;5q seeding layer during the baking process at 500 °C.
This is apparently shown from the XRD traces of PZ;(T3
2-heterolayer film after baking shown in Fig. 9a, where the
majority of the PZ-,T3( 2-heterolayer had been crystallized
into perovskite phase with a small amount of fluorite phase
being present. The PZ;(T;( layer promoted the nucleation
of PZ;,T5¢ seeding layer into perovskite phase by lowering
the nucleation barrier such that the nucleation could occur
at lower temperatures. The lower nucleation barrier could
be explained by the similar lattice parameters between

(a) (b)
=
300°C 500°C

() (d)

300°C 500°C

(e) (f)
500 — 650°C 650°C
s (R

Fig. 17 Schematic diagram for microstructure development of
PZ;0T3p 2-heterolayer. a The PZ;yT3, layer is dried at 300 °C
forming amorphous phase, followed by b baking at 500 °C forming
the fluorite phase. ¢ The PZ;,T;, was deposited and dried at 300 °C,
followed by d baking at 500 °C whereby it promoted the crystalli-
zation of the PZ;oT3o seeding layer, e, f with further baking and
annealing processes the film became fully crystallized and the grains
became larger resulting in the unusually large grained heterolayered
film

PZoT3 (a ~ 4.111 A) [49] and PZ3oT7o (@ ~ 3.967 A
and ¢ ~ 4.125 10\) [50]. Previous studies have reported that
a seeding layer could lower the nucleation activation
energy in association with the lattice matching and thus,
lower the transformation temperature to perovskite [51,
52]. In this study, it is the top PZ;¢T7, layer which facili-
tated the nucleation of the PZ,;oT;3, seeding layer, as
PZ;¢T7o exhibits lower nucleation energy than PZ;,T3¢. As
PZ5yT7o with (100) preferred orientation promotes the
crystallization of the PZ;¢T3¢ seeding layer, it also at the
same time influences the texture of PZ,(T5,. With further
thermal baking and annealing, the nuclei of PZ;oT3q grew
larger and dictated the microstructure development of the
PZ;3(T7g layer, resulting in the unusually large grained film
with high crystallinity, and at the same time maintaining
the (001)/(100) preferred orientation, as shown schemati-
cally in Fig. 17.

In the heterolayered PZ;yT5q films, the PZ;,T; seeding
layer which exhibits a low nucleation energy, could form

(

i PZacTioo ’
-
(

a)

300°C
c)

300°C
e)

500°C

500°C

500°C

650°C

Fig. 18 Schematic diagram for microstructure development in
PZ;30T;9 2-heterolayer. a The PZ;yT;o layer is dried at 300 °C
forming amorphous phase, followed by b baking at 500 °C forming
crystallized perovskite phase. ¢ The PZ,(T5o was deposited and dried
at 300 °C, followed by d, e baking at 500 °C whereby it crystallized
following the microstructure of PZ3¢T5q. f The heterolayered PZ;,T-
was annealed at 650 °C forming fully crystallized film with small
microstructure
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more nuclei and eventually crystallized forming small
grains with (100) preferred orientation as the film is baked
at 500 °C. These crystallized grains provided nucleation
sites for the top PZ;oT3o and the overall texture of het-
erolayered PZ;yT,, followed that of PZ;,T,, layer,
resulting in fine grain sizes in the range of 80-250 nm with
(001)/(100) preferred orientation. The proposed texture
development of heterolayered PZ3gT;o film is shown in
Fig. 18.

Conclusions

Single-layered PZ;oT3q thin film exhibits a higher crystal-
lization temperature than that of the single-layered PZ;,T7o
film, as shown by both XRD phase analysis and Raman
studies. While PZ;,T;y could crystallize at 500 °C with
(100) preferred orientation, PZ;oT3¢ could only be crys-
tallized to perovskite phase upon thermal annealing at
650 °C with random texture. The (100) preferred orienta-
tion in the single-layered PZ;,T;o can be accounted for by
the formation of PbO(100) seeding layer due to the oxi-
dation of Pt,Pb phase at the intermediate pyrolysis tem-
perature. The random film texture of the single-layered
PZ,(T; is related to the volatility of PbO, giving rise to a
large number of random nuclei to form and grow. The
highly volatility of Pb in PZT was revealed by XPS study
whereby the intensity of Pb peaks of single-layered
PZ;0T30 was lower than that of single-layered PZ;yT5.
When the film thickness is thin (~75 nm), the two single-
layered films show similar film microstructures. However,
with increasing film thickness, PZ,(T5, grew into much
larger grain sizes as compared to PZ3¢T(, accompanied by
the formation of a rosette structure due to the Pb volatility.
An unusually large grain size in the range of 1-3 pm has
been observed for the heterolayered PZ;¢T3, film for film
thickness as thin as ~ 150 nm. The unusually large grain
sizes were identified as arising from the PZ,(T3, seeding
layer, the phases present in which are largely dictated by
the thermal treatment temperature. The coarse-grained film
is developed when the PZ,(T3, seeding layer is retained at
amorphous or fluorite phase with no well-defined grains,
rather than in a crystallized perovskite phase. In the het-
erolayered PZ,yT5q film, the PZ;yT,y layer lowers the
nucleation barrier of PZ;(T3, layer, causing it to crystallize
to perovskite phase at lower temperature following the
texture of PZ39T;( layer. This gives rise to the formation of
large-grained film with (001)/(100) preferred orientation
upon further annealing at 650 °C. When PZ;,T;, layer acts
as the seeding layer, the heterolayered film is developed
into an overall, refined grain structure with (001)/(100)
preferred orientation as the top PZ;oT3q layer nucleates

@ Springer

following the small grain-sized PZ3¢To seeding layer with
(100) preferred orientation.
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