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Characterization of Ferroelectric-Ferromagnetic Multilayered
Nanocomposite Films Using a Modified Sol-Gel Process
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Abstract: Polymer-assistant polyvinylpyrrolidone (PVP-K30) was introduced to the sol-gel processing
route, and multilayered nanocomposite films of Pb(Zry 5; Tig 45 ) O3-(Nig 5 Zno. 5 ) Fe; O, (PZT-NZFO) were
fabricated on Pt/Ti/SiO,/Si substrates successfully by spin-coating at low firing temperatures 600°C.
Structural characterization by X-ray diffraction and electron microscopy techniques reveals good surface and
well-controlled cross-sectional morphologies of these films. Coexistence of ferromagnetic and ferroelectric
phases with obvious ferromagnetic and ferroelectric hysteresis loops are observed at room temperature. An
appropriate dielectric constant with low loss tangent is obtained in low frequency exhibiting excellent die-
lectric properties. The dielectric properties of nanocomposite thin {ilm shows at 1kHz and room tempera-
ture, the dielectric constant and loss tangent for the nanocomposite films are about 165 and 0. 02. While
the room-temperature magnetization values ( M, ) is about 2.6 X 10’ A/m, and the intrinsic coercivity
( Hg) is about 1.19 X 10" A/m, respectively. The combination of high permeability and permittivity in
the nanocomposite films presents potential applications in of the fields of microelectronic devices and inte-
grated units.

Key words: nanocomposites; polymer-assistance; sol-gel process; ferroelectric  hysteresis;
ferromagnetic hysteresis
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Ferroelectric-ferromagnetic materials are particularly appealing because they have the properties of
both parent compounds, but also because interactions between the magnetic and electric polarizations lead
to their multifunctionality’’!. Moreover, they have high dielectric permittivity and magnetic permeability,
and could therefore replace the inductor and capacitor in resonant circuits with a single component, further
miniaturizing portable cellular technologies'® . Recently, the Ferroelectric-ferromagnetic composite materi-
als were found that elastic deformation is potential applications in actuators, transducers, field sensor and

\[3-6]

data storage devices"™™ . Importantly, motivated by on-chip integration in microelectronic devices, nano-

structured composites of ferroelectric and magnetic composites have recently been deposited in a film-on

[7-10]

substrate geometry , however, the availability of high-quality nanostructured composites is premium

importance, which makes it easier to tailor their properties, offering a technical way to study the physical

L Additionally, as for inte-

mechanism in nano-scale and potential applications in microelectronic devices
grated circuit in the case of silicon substrates, it would be better to maintain the firing temperature of the
films lower than 750°C in order to avoid apparent chemical reactions between the film and the silicon sub-
strate. Unfortunately the multilayer multiferroic thin films reported in the literatures was fired at least or
over 750°C by solution processing, which is absolutely strict to the films application furthermore” ™.
The objective of the present work is to fabricate multilayered structured nanocomposites films of Pb
(Zro. 55 Tig.45) O3 (PZT) and (Niy 5 Zn, ;) Fe; O (NZFO) on Pt/Ti/SiO,/Si substrates via a sol-gel process
modified by polymer-assistant polyvinylpyrrolidone cofiring at low temperature annealing of 600°C. Piezoe-
lectric PZT ceramics having the composition at the morphotropic phase boundary (x =0. 52) normally have
a higher permittivity, larger losses and much higher piezoelectric coupling. And inverse spinel nickel ferrite
NZFO has good magnetostrictive properties which are dependent on composition and preparation meth-
od™¥, Due to its properties, this system ((Niy ;Zn,s)Fe, O,) was often used as magnetic component in

magnetoelectric composites ¥ "

. and also chosen in this work to form ferroelectric and ferromagnetic nano-
composite thin films.

We have achieved levels of the crystalline phase that are higher than any previously reported with a
dense, crack-free microstructure of a nano-scale multilayered structured films with a thickness of about
1pm . The processing route, crystallization behavior and microstructures, dielectric properties, magnetic

properties and ferroelectricity are investigated in detail in the following sections.

1 Experimental

1.1 Processing route for preparing polymer-assistant sol precursor

The Pb(Zry. 5, Tig.45) Os (PZT) and (Niy5Zng ;) Fe, O, (NZFO) sol precursor solutions were modified
by polymer-assistant polyvinylpyrrolidone ( PVP-K30 with number-average molecular weight of
10 000)™51%  PZT films were prepared from solutions of molar compositions, n (Pb(CH; COO),) :
n (Zr[ CH,C(O)CHC(O)CH; ],): n(Ti(OC,Hy) ) : n(PVP) : n (C, H, OH) =1:0.52:0.48:1: 20, where

moles of PVP represent those of the monomer (polymerizing repeating unit) of PVP. The procedure for
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preparing the starting solutions is described as follows. PVP was firstly dissolved in C; H; OH thoroughly;
then, the Ti(OC,H,), solution chelated by a mixture of 2-Methoxyethanol and acetylacetone was added to
the PVP-C; H; OH solution successively under stirring at room temperature for 30min. Commercial Pb
(CH,;CO0), * 3H,0 and Zr[ CH,C(O)CHC(O)CHS, ], powders in proper molar ratio were dissolved in hot
2-Methoxyethanol. Then, the Pb(CH;COOH),-Zr[ CH,C(O)CHC(O)CH, J, solution was added in drop
wise to the Ti(OC,H,),-PVP-C, HY OH solution under vigorous stirring at 80°C for 2h, the concentration
of the PZT sol precursor was 0. 4mol/L. A light yellowish and transparent solution was then obtained, and
served as the coating solution.

Similarly, NZFO films were prepared from solutions of molar compositions, n (Ni(CH; COO),) :
n(Zn(CH;CO0),) :n(Fe(NO;) ;) :n(PVP):n(C; HLOH) =0.5:0.5:2:1:20, in this experiment, a small
mount of Ti(OC,H,),was employed in order that the polymer-assistant (PVP) can be introduced in the
NZFO sol precursor. And the mass ratio of the Ti(OC,H,), to the PVP was 0.1% to give a balance be-
tween the processing behavior and properties of the resulting thin films. PVP was firstly dissolved in
C,HyOH, then, the Ti(OC, Hy), was added to the PVP-C; H; OH solution thoroughly. Commercial
Ni(CH;COO0), « 6H,0, Zn(CH;CO0O), « 4H,0, and Fe(NO;); * 9H, O powders were dissolved in hot 2-
Methoxyethanol for 2h, then, the PVP-C; H; OH-Ti(OC, Hy), solution was added in drop wise to the
Ni(CH;CO0);-Zn(CH;COO),-Fe(NO;); with vigorous stirring at 50°C for 2h. The concentration of the
NZFO sol-gel precursor was 0. 4mol/L. The PZT and NZFO sol precursors were sealed in glass containers

at room temperature, respectively, which was ready for further processes.

1.2 Synthesis of multilayered nanocomposites thin films

The multilayered PZT/NZFO nanocomposite thin films were deposited with a simple spin-coating deposition
on the Pt/ Ti/Si0O,/Si substrate at 3 000r/ min for 20s alternatively, and each layer of film (the pure PZT and pure
NZFO thin films successively according to the designed film patterns) was preheated at 110°C, 400°C for 5min to
remove organic components. The spin coating process was repeated by coating 9 layers until desired thickness about
1 pm was reached. The resultant films were then fired at 500—600°C for 30min at air in muffle furnace to crystal-
lize the films. The structure of the nanocomposite films is 2PZT/CFO/2PZT/CFO/2PZT/CFO (denoted as PZT-
NZFO), referring to the PZT as the first layer deposited on the substrate with double layers, subsequently, the
NZFO as the second layer with one layer deposited on the preheated PZT layer alternatively.) Moreover, for com-
parison with the nanocomposite films, the pure PZT and NZFO thin films were also deposited on the Pt/ Ti/SiO, /
Si substrate by spin-coating with the above-described PZT and NZFO sol precursors with the thickness of about 1

pm respectively.

1.3 Property Measurements

The X-ray diffraction (XRD) patterns of the films at room temperature were characterized using an X-
ray diffractrometer (Philips X'Pert-Pro MPD) with CuKal radiation (0.154 06nm, 40kV, 30mA).
Atomic force microscopy (AFM, Nanoscope IV di Digital Instruments) and a field-emission scanning elec-
tron microscope (SEM) (JEOL JSM-6335F) were used for observation of the film microstructures. Differ-
ential Scanning Calorimeter and Thermal-Gravimetric Analysis (DSC-TGA, Netzch STA 449C, Jupiter)
was introduced to analyze the sol precursors (i. e. the precursor solutions of PZT & NZFO) at a heating
rate of 10°C /min.

The magnetization-magnetic field in-plane hysteresis loops were measured using a vibrating sample
magnetometer (VSM) (Lakeshore 7 300 series) at room temperature. The sample dimension is 10 mm X

10 mm with the thickness of 1pm.
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All samples were coated by a top gold (Au) electrode with a 0. 5 mm X 0.5 mm square for electrical
performance measurements. The dielectric properties dependence on the frequency were measured with
Agilent 4 294 A impedance analyzer. A TF Analyzer 2 000 (aix ACT, Co. ) was employed to investigate

the polarization-electric field (P-E) hysteresis loops at a frequency of 1kHz at room temperature.

2 Results and Discussion

2.1 Crystallization behavior and microstructure

Figure 1 shows the DSC and TGA plots of the PVP-containing (a) PZT and (b) NZFO precursor gel
dried at 120°C in the air, respectively. In Fig. 1(a), two exothermic peaks (DSC) were observed at round
250°C and 475°C, respectively. The exothermic peak at 250°C reflects the decomposition of the organic
products, including polymeric PVP, carbon dioxide and nitrogen dioxide"™. At the same time, compared
with the final residual mass (%) shown in plot of TGA, a large mass loss of 28% was occurred. And the
exothermic peak observed at 475°C is the crystallization temperature of PZT precursor gel, along with the
minor mass loss of 4%, and no weight loss is observed above 500°C , suggesting that PVP decomposition is
completed at this temperature, when the PZT crystallization starts. Therefore, the crystalline PZT phase
can be derived from the PZT film sol precursor at a low temperature annealing of 500°C.

As shown in Fig. 1(b), three exothermic peaks were observed at about 250°C, 300°C and 430°C, re-
spectively. Similarly, the exothermic peak of 250°C is recognized as the decomposition PVP and
combustion of bound organics, and the exothermic peak of 300°C is attributed to thermoxidative degrada-

.

tion of and ferric nitrate"'®, and the crystallization temperature of NZFO is occurred at 420°C with the

mass loss of 0. 33%, and above 450°C , practically weight loss could not be observed any more. Hence, the
annealing temperature is selected at 500°C, which is enough for the formation of spinel structure NZFO

crystal phase from the NZFO sol precursor.

100 100
Pb(Zr, ,Ti, )0,
\ 1 o fa (Ni, Zn, JFe,0,
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(a) PZT gel (b) NZFO gel

Fig.1 The DSC and TGA curves of the PVP-containing gel dried at 120 ‘C , respectively

Figure 2 shows the X-ray diffraction (XRD) patterns: Fig. 2(a) pure PZT films annealing at 600°C , Fig. 2(b)
pure NZFO annealing at 500°C , together with Fig. 2 (c) the PZT-NZFO nanocomposite thin films annealing at
600°C. As shown in Fig. 2, the crystallization behavior observed by XRD agrees with DTA-TAG results. For ex-
ample, in Fig. 2(a), all the peaks indicate the presence of pure PZT film with a perovskite structure, and in the
curve of Fig. 2(b), the pure NZFO thin film is characterized as a pure, crystalline Ni-Zn ferrite with a spinel struc-
ture except for the 2 theta equal to 46°, we contribute to the introduction of the minor mount of Ti'" in the NZFO
precursor solution"’). In Fig. 2 (¢), all the peaks are superimposed from both PZT phase and NZFO phase. The

result indicates the multilayered nanocomposite films can be obtained firing at 600°C via the sol solutions modified
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by the polymer-assistant PVP. Therefore, the preparation
of PZT-NZFO multilayered nanocomposite is successful
using the polymer-assisted sol-gel processing route.

Figure 3 shows the natural surface morphologies
for the typical PZT-NZFO nanocomposite thin films
firing at 600°C. As shown in Fig. 3(a), a high dense,
uniform, and crack-free nanocomposites films are ob-
tained, the average grain size in the surface NZFO
layer is about 35nm and the roughness is about 80nm
shown in Fig. 3(b).

As shown in Figure 4, the well-controlled and u-
niform nanocomposite films with the thickness of
1200nm are observed. For PZT-NZFO nanocomposite
thin films, the thickness of double PZT phase layers

Intensity/a.u.

Fig. 2

(¢)PZT-NZFO
[ ]

20 40

200(°)

30

The XRD patterns of PZT, NZFO and PZT/NZFO
films , Note that P, N, Pt, and SP symbol PZT,
NZFO, Pt-substrate and Stray-phase phase peaks,

respectively

is about 300nm (i. e. each layer of about 150nm), and the thickness of one NZFO phase layer is about

110nm. Note that the thickness of one layer can be reproducible and controlled in a simple and easy way.,

which is one merit of the sol-gel precursors modified by the polymer-assistant. We contribute to the poly-

mer-assistant PVP-K30 employed in the investigation, which enhances the adhesion of the PZT and NZFO

films depositing on the substrate with an optimum viscosity of PZT and NZFO film sol precursor solu-

tions, respectively.

FE_SEM

SEI 5.0 kVx 20 000 1T 1, mWVD8.0 mn
(a) The image of SEM

Digital instruments nanoscope

Scan size 752.0 nm
Scan rate 0.5003 Hz
Number of samples 512
Image data Height
Data scale 80.00 nm

% view angle

light angle

o
e

X 200.000 nm/div 0°
7 80.000 nm/div

(b) The image of AFM

Fig.3 The SEM and AFM images of the surface of PZT-NZFO films firing at 600 C

Figure 4 shows the cross-sectional backscattering
electron (BSE) images for the nanocomposite films
firing at 600°C. Because the average atomic number of
PZT is larger than that of NZFO, therefore, in the
BSE images the PZT layer appears lighter in color than
the NZFO layer.

2.2 Magnetic properties

Figure 5 shows the magnetic-hysteresis loops of
the pure NZFO film and multilayered nanocomposite
films firing at (a) 500°C, and (b) 600°C respectively,
measured by applying magnetic fields parallel to the

Fig.4

20kV %20 000 10 48 BEC

1 pm

The cross-sectional backscattering electron images

of PZT-NZFO film firing at 600°C
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. . . - . Pure NZFO
Shown in Figure 5, all the film samples exhibit typical fer- 2+
romagnetic hysteresis loops, indicating the presence of ordered b
__PZINZFO

magnetic structure in the films. It is obvious that the magneti-
zation values ( M, ) of the multilayered films are lower than the
counterpart of the pure NZFO films due to the effect of the
nonferromagnetic PZT layers, for example, for the pure NZFO
film at 500°C, the M, 1is 1. 81 X10° A/m, and 2. 6 X10" A/m for
nanocomposite films respectively. While for the intrinsic coerci-
vity C Hy ), 4. 69X10° A/m for the pure NZFO film, and 1. 19
X 10" A/m for PZT-NZFO films, which is attribute to the PZT

Magnetization/(104 A - m™')

-3 1 1 1 1
-6 -4 -2 0 2
Magnetic field/(10°A + m™)
Fig.5 Magnetic hysteresis loops of the pure

NZFO films firing at 500°C and the

As
compared with the pure NZFO, the magnetic properties of the

grain size layer existing in the nanocomposite films. multilayered structured PZT-NZFO

films at 600°C , respectively
PZT-NZFO nanocomposite thin films are decreased illustrating the effect of the layer thickness of PZT. In
fact, as shown in Figure 5, it denotes that the firing temperature of 500 —600°C is high enough for the

multilayered nanocomposites films to obtain good magnetic properties.

2.3 Ferroelectric properties 40 - Pure PZT
Figure 6 shows the ferroelectric loops of these —
£ 20
multilayered nanocomposite films, together with the 3
. . o 2 PZT-NZFO
pure PZT film firing at 600°C at 1kHz and room tem- T 9
perature. K
. . k| L
As shown in Figure 6, well developed =20
ferroelectric loops are observed in the pure PZT and
. . . -40 [ 1 1 1 1 )
the nanocomposite films. For the PZT-NZFO thin 300 200 100 0 00 200 300
films, the remnant polarization P, and saturated po- Electric field/(kV - em™)

larization P are 15. 7 and 20. 95uC/cm’ , respectively. Fig.6 Polarization-electric field hysteresis loops of multi-

However, for the pure PZT film, the values of P, and layered structured PZT-NZFO films, together with
P, are 24.02 and 35. 4uC/cm’, respectively. Because the pure PZT films firing at 600°C

of the effect of the nonferroelectric NZFO layers, the

polarization values for the nanocomposite films are relatively lower than those pure PZT derived by the

same processing.

500
2.4 Dielectric properties _ 400
=1
<
Figure 7 shows the room-temperature dielectric £ 300
properties as a function of frequency between 1kHz— £ TP R
: £ 500 100100 10° 10
10MHz for the multilayered PZT-NZFO 3 Frequency/Hz
a
nanocomposite film firied at 600°C , including the loss 100 |
tangent shown in the inset, respectively. As shown in
0 Ll Ll Ll Ll
Figure 7. 102 10° 10* 10° 10°
. . . Frequency/Hz
In Figure 7, the dielectric constant decreases
Fig.7 Frequency variation of dielectric constant of multi-

with the increase of the frequency, revealing with die-
. . . . . . . layered structured PZT-NZFO films, and the loss
lectric dispersion, at the same time, with increasing )

tangent in the inset firing at 600 C
frequency, the loss tangent remains nearly constant
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value during the frequency range of 100Hz to 1MHz. The high dielectric constants measured at low fre-
quencies might be attributed to the interfaces between the ferroelectric and ferromagnetic phases which
have significantly different conductivities. These interfaces cause an additional polarization, the interfacial
polarization, which boosts the dielectric constant and is in agreement with Koop’s phenomenological theo-

ry'**’. And the constant value of loss tangent is assumed to be caused by the dipoles contributing to the po-

larization, indicating there is no diffusion phenomenon occurred in thin films firing at 600°C "

. In Figure
7, at 1kHz and room temperature, the dielectric constant and loss tangent for the nanocomposite films are

165 and 0. 02, respectively.

3 Conclusion

Multilayered PZT/NZFO nanocomposite films have been prepared successfully using the polymer-as-
sistant PVP-K30 sol-gel route, and the crystallization of the films can be realized firing at 600°C with a
dense and well-controlled microstructure. Coexistence of ferroelectric and ferromagnetic properties at room
temperature is confirmed by the P-E hysteresis loop and M-H hysteresis loop, respectively. Moreover, the
appropriate dielectric constant with the low loss tangent at 1kHz and room temperature is obtained for the
PZT/NZFO nanocomposite films fired at 600°C. More importantly, with the help of the PVP-K30, the
phase composition of the multilayered structured multiferroic films can be easily controlled at nanoscale,
offering a technical way to study the physical mechanism in nano-scale and potential applications in micro-

electronic devices.
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