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Abstract The effects of stacking sequence and thickness
toward the texture and electrical properties of heterolay-
ered PbZr,Ti;_,O; (PZT) films, consisting of alternating
PbZr, 7 Tip 303 and PbZr, 5Ti ;05 layers, have been stud-
ied. Thickness dependence is observed in the ferroelectric
and dielectric behavior of the heterolayered PZT films
whereby the remanent polarization (P,) and relative per-
mittivity (¢) increase with thickness, while coercive field
(E.) decreases. When baked at 500 °C and thermally
annealed at 650 °C, the heterolayered PZT films regardless
of their stacking sequence exhibit perovskite phase with
(001)/(100) preferred orientation. Interestingly, the stack-
ing sequence of the heterolayered PZT films dictates the
morphology of the films which eventually affects the fer-
roelectric and dielectric performance. The heterolayered
PZT film with PbZr,;Tig305 as the first layer (heterolay-
ered PZ;oT3( film) exhibits a large grain size in the range of
1-3 pm and shows superior properties as compared to the
heterolayered PZT films with PbZrg3Tip;05 as the first
layer (heterolayered PZ;yT7, film), which exhibits a much
smaller grain size. From the sub-switching field measure-
ment according to the Rayleigh law, there appears a lower
concentration or mobility of domain walls in the small-
grained heterolayered PZ;yT5q films.
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Introduction

There have been intensive on-going investigations into
novel ferroelectric thin films, in attempts to find better
materials or to improve the electrical properties of the
existing ferroelectric thin films via novel processing routes,
motivated by the expectation that they revolutionize the
performance of various devices such as sensors, actuators,
NVRAM, and MEMs [1-5]. Recently, the research on
multilayered ferroelectric structures, which are formed by
stacking different ferroelectric materials, such as epitaxial
PbTiO3/PbZrO; [6] and BaTiO3/SrTiO; [7, 8] films or by
stacking compositionally graded layers such as (Pb,,Ca,_,)
TiO;3 [9] and Pb _3,,La,(Zry 4Tip ¢)O [10], has been carried
out extensively. It has been reported that these multilayered
structures exhibit outstanding electrical properties which are
much better than those of its single ferroelectric constituent
or they can effectively combine the desired properties
of the ferroelectric layers. For example, (Bi,La),TizO,/
Pb(Zry.4Tip6)03/(Bi,La)4Ti30;, trilayered thin film is
reported to exhibit a high fatigue resistance up to 10'°
switching pulse accompanied with excellent ferroelectric
properties [11]. Zhong et al. [12] reported that the compo-
sitionally graded multilayered BST film shows a high tun-
ability over a wide range of temperature. The effect of
sequence in multilayered thin films has also been brought to
attention by several researchers whereby they observed that
desirable properties could be obtained by tailoring the
sequence of the constituent layers in the multilayered
structure [13, 14].

More recently, investigations have been made into het-
erolayered PbZr,Ti;_,O3 (PZT) thin films, whereby much
improved ferroelectric and dielectric properties have been
demonstrated [15-18]. For example, Zhou et al. [18]
reported on a giant P, value of 71.9 pC/cm? and a relative
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permittivity of 905 for heterolayered PZT films consisting
of alternating PbZr(gTip,03 and PbZr(,Tigg03 layers
with PbZrygTip,0O; as the first layer. We have also
reported that the heterolayered PZT film consisting of
alternating PbZr,;Tip O; and PbZr(;Tip,0;3 layers with
PbZr(;Tip303 as the first layer shows much improved
ferroelectric and dielectric properties as compared to the
PbZr( ;Tip O3 and PbZr( 5Tig ;O3 thin films [15].

PZT was chosen for study because it has long been known
for its excellent dielectric, large spontaneous polarization,
and desired piezoelectric behavior [19, 20]. However, it is
also associated with a couple of limitations when fabricated
into thin film forms. Among others, it has been reported that
the ferroelectric and dielectric properties of PZT film
degrade with decreasing thickness [21-23]. This phenome-
non is observed especially when Pt is used as the electrode.
The interface space charge layer, formed as a result of the
interaction between the dielectric film and the top/bottom
electrodes, plays a dominant role as the thickness of the film
decreases to below 100 nm resulting in a reduction in the
relative permittivity of the capacitor structure. This study is
aimed at fully understanding the ferroelectric and dielectric
behavior of the heterolayered PZT films consisting of
alternating PbZr;Tip O3 and PbZr,3Tip;05 layers, as a
function of thickness and different stacking sequence of the
heterolayered structure.

Experimental details

The heterolayered PZT films were deposited through a
multi-step sol-gel processing route, by spin coating the
Pb(Zry7Tip3)03 and Pb(Zry3Tiyp7)O3 precursor solutions
with 10 mol% excess lead and concentration of 0.4 M. To
fabricate the heterolayered PZ;0T3¢ film, the Pb(Zrg-
Tip 3)O3 precursor solution was first made and spin-coated
onto the Pt/Ti/SiO,/Si substrate at 3000 rpm for 30 s, fol-
lowed by drying and thermal baking at 300 and 500 °C,
respectively. The Pb(Zr(5Tig7)O5 precursor solution was

then prepared and spin-coated as the second layer by fol-
lowing the same procedure. The stacking sequence was
switched for the heterolayered PZ;(T;( thin films, which
means that Pb(Zry;Tip7)O3 was spin-coated as the first
layer followed by Pb(Zry,Tip3)Oz as the second layer.
These procedures were repeated several times until the
desired number of layers was obtained, before it was finally
annealed for 1.0 h at 650 °C in a RTP chamber. Hetero-
layered PZ,(T5 and heterolayered PZ3yT films consisting
of two (coded as 2-heterolayer, thickness ~ 150 nm) and
six layers (coded as 6-heterolayer, thickness ~450 nm)
were deposited for investigation, as illustrated in Fig. 1.

X-ray diffraction (XRD) was employed to study the
phases present in and crystallinities of the heterolayered
films. The surface morphologies were characterized using
Atomic Force Microscopy (AFM). Solartron impedance
analyzer and Radiant Precise Workstation were employed
to study their dielectric and ferroelectric behavior, respec-
tively. The compositional depth profiling of the hetero-
layered PZT thin films was investigated by using secondary
ion mass spectroscopy (SIMS).

Results and discussion

The XRD traces of the heterolayered PZ;oT3q and PZ;3T5q
thin films after thermal annealing at 650 °C are shown in
Fig. 2. The respective phases of PZ; T3y and PZ;yT5g
layers are well-retained in the heterolayered films and they
are fully crystallized into perovskite, as the pyrochlore
phase identifiable at 29.5° is not observed in the XRD
traces. It is of interest to note that the heterolayered films
show the high intensity of (001)/(100) peaks, regardless of
the stacking sequence. It has been reported that at a baking
temperature of 500 °C, PZ;,T;q layer was crystallized into
perovskite phase with the (100) orientation [24, 25]. It is
suggested that in the heterolayered configuration, the
PZ5,T;q layer dictates the crystallization and orientation of
PZ,oT5y layer which exhibits a higher crystallization
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Fig. 2 XRD traces of the heterolayered PZ;oT3, and heterolayered
PZ;0T7 thin films after thermal annealing at 650 °C for 1 h

temperature. This resulted in the (001)/(100) preferred
orientation of heterolayered PZT films when baked at
500 °C, regardless of the stacking sequence.

The preservation of the PZ;qT3¢ and PZ;yT;q layers in
the heterolayered PZT films is further confirmed by the
SIMS profiles for PZ,T5y 6-heterolayer and PZ3yT;o
6-heterolayer, as shown in Fig. 3a and b, respectively. The
regions with higher Zr intensity correspond to PZ,;yT;q
layers and regions with higher Ti intensity correspond to
PZ;0T7 layers. The coexistence of the alternating PZ,(T3
and PZ;¢T;, layers in the heterolayered thin films are
indicated by the well-defined boundaries between Zr and Ti
elements from Zr-rich layer of PZ,yT5o and Ti-rich layer of
PZ;,T79. From the SIMS traces, it is also observed that
there is a notable degree of inter-diffusion at the interface
of the first and second layers as compared to the sharp
interface between the subsequent layers in both hetero-
layered PZT films. The observed SIMS profiling is due to
the surface roughness effect. Based on surface roughness
measurement by AFM, the first layer is found to exhibit a
rougher surface as compared to other layers, which causes
the observed gradual change in Zr and Ti intensities from
the first to second layer. Increasing the number of layers
deposited leads to a film with smooth interface, which
gives a sharp SIMS interfacial profiling.

Concerning the film texture studied by using AFM, a
comparison of the surface morphology between the het-
erolayered PZ,(T5¢ and heterolayered PZ3,T7 thin films is
presented in Fig. 4. They both show a rather compact and
dense film texture and microstructure. Both PZ,yT5q
2-heterolayer and PZ,oT3o 6-heterolayer are observed to
have unusually large grain size, in the range of 1-3 pm.
However, in comparison to the heterolayered PZ;oT5, film,
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Fig. 3 SIMS compositional depth profiling of a PZ,oT;y 6-hetero-
layer and b PZ;(T;o 6-heterolayer

the heterolayered PZ30T;o thin films show much refined
grain size in the range of 80-250 nm. By changing the
stacking sequence of the layers, the film texture is changed
significantly. The first layer deposited, which acts as a
seeding layer, has an important role in dictating the overall
film texture of the heterolayered PZT thin films. In the
heterolayered PZ;yT7, films, the top PZ,(T5, layer follows
the texture of the PZ3,T;, seeding layer which has a smaller
grain size as compared to PZ;oT3o. This results in the
overall small-grained microstructure as observed in the
heterolayered PZ3yT7( thin films. The refinement in grain
size for the heterolayered PZ33T7( films leads to a smoother
surface as the PZ33T layer beneath PZ,oT3( layer reduces
the surface roughness of the heterolayered PZT film. For
example, the surface roughness of PZ3,T;, 6-heterolayer is
almost 45% lower than that of PZ;oT5, 6-heterolayer film.
The heterolayered PZT film surfaces also smoothen with the
increasing number of layers deposited. For example, the
surface roughness of heterolayered PZ,T3( films decreases
from 3.841 to 2.453 nm, when the number of layers is
increased from two to six layers, while for the heterolayered
PZ5¢T films, it changes from 2.649 to 1.071 nm.
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Fig. 4 AFM images showing
the surface morphology of

a PZ;,T3p 2-heterolayer,

b PZ,yT5 6-heterolayer,

¢ PZ3yT; 2-heterolayer, and
d PZ;yT;y 6-heterolayer thin
films

Figure 5 shows the hysteresis loops of the heterolayered
PZT films measured with increasing electric field from 300 to
1000 kV/cm. It is observed that with increasing thickness, P,
increases while the E. decreases. For example, the PZ;oT5,
2-heterolayer film exhibits a P, value of 19.4 pC/cm” and a
E. value of 249 kV/cm, while the PZ,T5, 6-heterolayer film
exhibits a P, value of 41.3 uC/cm2 and a E, value of 131
kV/cm at an electric field of 1000 kV/cm. Similar observa-
tion is noted with the heterolayered PZ;yT, films whereby
the P, increases from 15.3 to 24.2 nC/cm? and E, decreases
from 163 to 74 kV/cm with increasing thickness. The
thickness dependence of coercive field in ferroelectric films
has been commonly observed. The explanation behind this
phenomenon is attributed to the drop in voltage across the
space charge depletion layer which exists at the interface
between the ferroelectric film surface and the electrodes [26—
28]. The open hysteresis loops observed in Fig. 5 is sug-
gested to be due to the incomplete domain back-switching
related with slow domain wall movement as it is pinned by
defects [29]. A more interesting observation is noted when
one compares the ferroelectric properties between hetero-
layered PZ,T50 and heterolayered PZ3yT;o films. By
changing the stacking sequence of the heterolayered PZT

@ Springer

films, the ferroelectric properties are affected greatly. Indeed,
the P, and E_ values of PZ,yT3, 6-heterolayer are almost
double of those of PZ3¢Tq 6-heterolayer film.

The dielectric behavior of the heterolayered PZT films
were studied for the relative permittivity (¢) and dielectric
loss (tan 0) as a function of frequency (100 Hz-300 kHz)
under an applied ac field of 0.1 V amplitude, as shown in
Fig. 6. Similar to the ferroelectric behavior, there is a
thickness dependence of relative permittivity for both the
heterolayered PZ,,T5o and heterolayered PZ3gT; thin
films. At a frequency of 1 kHz, the relative permittivity
increases from 325 to 710 for heterolayered PZ,(T5, and
from 221 to 602 for heterolayered PZ;yT;y when the
number of layers increases from two to six layers. The
thickness dependence of the relative permittivity in het-
erolayered PZ;T5( thin films has been suggested to be due
to the presence of low-¢ interfacial layer between the top/
bottom electrodes with the ferroelectric PZT films [30]. To
investigate the influence of electrode/film interfacial layers
toward the relative permittivity of heterolayered PZ;yT5q
films, the capacitance series connection can be applied
[31-33]. Two scenarios are considered in this study. In the
first scenario, no electrode/film interface layer is assumed
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Frequency (Hz)

Fig. 6 Dielectric behavior of heterolayered PZ,(T3, and heterolay-
ered PZ3gTothin films. (filled square) PZ,oT3, 2-heterolayer and
(filled triangle) PZ;0T3o 6-heterolayer, (filled circle) PZ;yT7g
2-heterolayer and (filled star) PZ3yT7o 6-heterolayer

and the capacitance is thus contributed only from the fer-
roelectric PZ;T3y and PZ3¢T;o layers which can be
described with the following equation

1 d 1 (dPZsto + dPZson) 7 (1)

€PZ3T7o

CZE()AE{:M

€PZ7 T3

where C is the theoretical capacitance of the film, d and
¢ are the thickness and relative permittivity of the

1 4
E B 8()A8f

_ 1 (dipypz,t o Bz, | ezt eri,PZngg/Au

€A &iPt/PZyTyg  SPZpTso  €PZ3Tr  &iPZ;Ty/Au

(3)

Based on our previous study, the relative permittivity of
PZ70T5¢ and PZ5yTqo films are calculated to be 705 and
662, respectively, by plotting the reciprocal of the film
capacitance as ;1 function of dthe film thickness [30]. The
total value of 8‘://:2’::2 and E‘EZSI:S//AA” is calculated to be
0.1876. The comparison of the relative permittivity for the
heterolayered PZ;(T;, films between the experimental and
predicated values are shown in Fig. 7. It is observed that

with increasing thickness, the relative permittivity of the
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Fig. 7 Comparison of the theoretical values calculated from scenario
1 and 2 with experimental results for the heterolayered PZ;,T5 thin
films. (filled square) Theoretical values based on scenario 1, (filled
circle) theoretical values based on scenario 2, and (filled star)
experimental values

heterolayered PZ3,T( film is closer to the theoretical value
of scenario 1 where no electrode/film interfacial layer is
considered. The electrode/film interfacial layer is suggested
to be the cause of the thickness dependence in the het-
erolayered PZ;,T7( thin films. Comparing the heterolay-
ered PZ,(T3 films with heterolayered PZ;,T7, films, it is
also observed that heterolayered PZ;oT3¢ films exhibit

400

higher relative permittivities than those of the heterolay-
ered PZ3¢T5( films with similar thickness.

Further studies at sub-switching field by implement-
ing the Rayleigh law provide useful information on
the respective contributions of intrinsic lattice and domain
walls movement toward the relative permittivity at sub-
switching field. The Rayleigh law is given as the following
equation:

& = &init + OF, 4)

whereby ¢;,;; relates to the reversible contribution and o
relates to the irreversible contribution toward the relative
permittivity of the films [34, 35]. By looking at the Ray-
leigh coefficient o, one can obtain useful information on
the domain walls mobility or the number of mobile domain
walls present in the heterolayered PZT films [36]. Figure 8
shows the relative permittivity of the heterolayered PZT
films as a function of applied ac field (0-30 kV/cm) at
different frequencies (10-10° Hz). It gives a linear rela-
tionship that follows the Rayleigh law as equated in Eq. 3.
The values of &,;; and o of the film can then be determined
from the y-intercept and gradient of the linear fit, respec-
tively. The values of o and a/e;,;; at 1 kHz for each of the
heterolayered PZT films are plotted in Fig. 9. Comparing
the values of « of the heterolayered PZT films, one can
observe that there is a film thickness dependence of «,
where o increases with increasing number of layers. The

Fig. 8 Field dependence of the
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Fig. 9 The irreversible parameter () and ratio of the irreversible to
the reversible Rayleigh coefficient (a/e;,;) for the heterolayered PZT
thin films at 1 kHz according to the Rayleigh law

value of « for PZ,¢T5, 2-heterolayer is observed to be 0.77,
while the value of a for PZ,T5y 6-heterolayer is 7.35 at
frequency of 1 kHz. This observation suggests that there is
higher mobility of domain walls or in other words, a lower
degree of domain wall pinning with increasing layer
thickness. Comparing the heterolayered PZ;y,T7q films with
the heterolayered PZ-(T5, films, it is also noted that the
heterolayered PZ;(T7( films exhibit smaller o values than
those of heterolayered PZ,(T5, films. At the frequency of
1 kHz, the o value of PZ,(T5o 6-heterolayer is 1.5x of the
o value of PZ;yT5o 6-heterolayer. This suggests that there is
a fewer number of mobile domain walls or a lower degree
of or mobility present in heterolayered PZ;,T, relative to
the heterolayered PZ,oT5q thin films. This is further sup-
ported by the ratio of the irreversible to the reversible
Rayleigh coefficient (o/¢;,;;), where it is observed that the
o/ ;i ratio for heterolayered PZ;,T7( is also lower than that
of heterolayered PZ,(T5q thin film.

Based on the observation presented above, the hetero-
layered PZ30T;o film shows inferior electrical behavior
when compared to the heterolayered PZ;oT3, thin film. As
all films undergo the same heating treatment and they show
the perovskite phase with (001)/(100) preferred orientation,
the differences in dielectric and ferroelectric behavior are

attributed to the significant difference in grain sizes
between the two films. The average grain size of PZ,yT5q
6-heterolayer film is indeed 12x larger than that of
PZ3¢T79 6-heterolayer film. There are previous reports that
the grain size can strongly affect the physical behavior of
ferroelectric films, whereby the ferroelectric and dielectric
properties are improved with increasing grain size [37—40].
According to Arlt et al. [41], a decrease in grain size cor-
relates to an increase in the number (density) of ferro-
electric 90° domains as the domain width is proportional to
the square root of grain size which can be equated as
follows:

1 1

Ng ~ e N (5)
where Ny is domain density, w is the domain width, and a is
the grain size. On the basis of this correlation, the contri-
bution of 90° domain toward the relative permittivity
increases with decreasing grain size, and thus an increase
of relative permittivity should be observed as the grain size
becomes smaller. However, the repulsive force between the
neighboring domain walls also becomes more important as
the number of domains increases with decreasing grain size
[37]. It restricts the movement of the domain walls which
leads to a decrease in relative permittivity and P,, as
observed in the heterolayered PZ;yTo thin film. This
phenomenon is supported by the observation made with the
sub-switching field measurement discussed previously,
which shows that the heterolayered PZ;yT;o thin films
exhibit smaller values of « and o/g;,;; as compared to the
heterolayered PZ;oT5o thin films due to the lower con-
centration or mobility of domain walls that attributed to the
small grain size of these films. There is a higher mobility of
domains in the large-grained heterolayered PZ;oT3o thin
film as the large grains facilitate the movement of domains
enhancing the ferroelectric and dielectric behavior.

Conclusions

Heterolayered PZT films, fabricated by sol-gel route, have
been investigated for their thickness and stacking sequence
dependences of the film texture and electrical behavior.
When baked at 500 °C, the PZ;,T;, layer was crystallized
with (100) orientation, which then affected the crystalli-
zation and orientation of PZ,yT3y layer such that the
heterolayered PZT films exhibit a (001)/(100) preferred
orientation, regardless of their stacking sequence. Signifi-
cant differences due to the difference in stacking sequence
are observed with the heterolayered PZ,(T3, and hetero-
layered PZ;,T7, films in both film texture and electrical
behavior. Heterolayered PZ,;oT3, films are observed to
exhibit a large-grained texture, 12x larger in size than the
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heterolayered PZ3oT7, thin film. The refined grain micro-
structure in the heterolayered PZ;yT;o films causes
restriction in the domain mobility as supported by the
observation from sub-switching measurement, whereby the
heterolayered PZ;(T;o films show lower Rayleigh con-
stants (o) than those of heterolayered PZ,;oT3q films. The
overall film texture plays a key role in determining the
electrical properties of the heterolayered PZT films of
different stacking sequence. The thickness dependence of
ferroelectric and dielectric behavior in heterolayered PZT
films can be correlated to the presence of low-¢ film/elec-
trode interfacial layers as revealed by the capacitance series
connection model.
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