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This article describes the low-temperature synthesis of new multiphase ferroelectrics containing an
inorganic ferroelectric phase entrapped in amorphous silica or in an organically modified silicate
(ormosil). Sol gel derived LiINb@ and BaTiQ crystals were grown in SiQand in RSIiQ 5 glass

where R contains a chromophofEDP) insensitive to hydrolysis and condensation reactions. The
LiINbO3;—SiO, and BaTiQ-SiO, compositions as well as the TDP-LiNROSIO, and
TDP-BaTiG— SiO, ormosils exhibit ferroelectric-like properties. This unusual characteristic is due

to the presence of small, partially ordered crystallites of the ferroelectric, dispersed in the
amorphous matrix. In addition to their ferroelectric properties, the ormosils also exhibit interesting
optical characteristics: the TDP—-BaTROSiO, materials are red, whereas the TDP-LINb&IO,

are yellow. The materials described in this article are representative of two new classes of weak
ferroelectrics. In the first class, a ferroelectric is dispersed in an amorphous matrix. The second class
may be called “organically-modified crystals”: small ferroelectric crystals embedded in an
organically modified matrix. The fabrication of such materials is possible for inorganic crystalline
phases forming at temperatures below the decomposition temperature of the ¢apanitc250 °C.

This article also contains some theoretical considerations explaining why these materials, although
amorphous by x-ray diffraction, exhibit ferroelectric-like properties. 2@01 American Institute of
Physics. [DOI: 10.1063/1.1364647

I. INTRODUCTION such as LiNbQ ferrons dispersed in a silica matrix. Also,

The sol—gel method has been widely utilized to preparéPtically active phases were incorporated into the
both oxide glasses such as silica and silicates and crystallifdNPOssilica phase to give a new family of inorganic—
oxides such as alumina and titania. When the starting liqui®9anic hybrid materials. Many of these new multiphase ma-
solution solidifies, the gel formed is invariably a porous'€als have been prepared in the form of thin films and

amorphous solid, regardless of chemical composition. Afteshown to exhibit ferroelectric-like behavibiThe objectives

drying and heating to higher temperatures, one type of oxia@f this art|_cle are tq present a summary O_f the preparathn,
rroelectric properties, and current theoretical understanding

system will give a solid dense glass whereas another typt? _ ) X _
will give a crystalline material. The tendency towards glas<! 1€s€ new multiphase ferroelectric materials which can be
formation or crystallization from an amorphous gel is goV_fabrlcated in the form of thin f|!ms at low tempgratures. It

erned primarily by the coordination number of the cations. Itshould also be noted that traditional ferroelectric glass ce-

has been shown that the Zachariasen rules for melt-formel@Mics are well known, and require high processing tempera-

glasses are applicable also to gel-derived glasses. It is re/4irés- They are not amenable to the kind of organic modifi-
tively easy to obtain a ferroelectric crystal such as Bahip ~ cation we are exploring in this study.

heating an amorphous oxide gel containing the appropriate

cations in the proper ratidsindeed, many ferroelectric ma-

terials have been made by the sol-gel method, including

single crystal film€~* For the synthesis of single crystals in ||. PREPARATION METHODS

particular, the use of “double alkoxides” is preferred. The

reason is that the most important chemical bonds such as BaTiO;—SiO, films where fabricated by stirring tetra-
Ba—O-Ti in thecase of BaTiQ are already present in the ethylorthosilicatg TEOS (99.99% from Aldrich Chemicals
precursor. This would facilitate the growth of Bai©rys-  with barium—titanium methoxyethoxide from Gelest Inc.
tals when the amorphous gel is heated. Recently, through th&ullytown, PA) for 30 min in air prior to spin coating.
use of such double alkoxides, we discovered that a LINDOLINbO;—SiO, films where fabricated using TEQ89.99%)

gel although still amorphous by x-ray diffraction, exhibited from Aldrich Chemicals and lithium—niobium methoxy-
ferroelectric-like behaviot.Careful electron microscopy re- ethoxide from Gelest Inc. The BaTi®SiO, and
vealed the presence of extremely smalfew tens of A LiNbO3/SiO, molar ratio was 1 for all samples. The tem-
LiNbO4 crystallites which were named “ferrons.” Ferroelec- perature programed desorpti6hDP) (Fig. 1) was also ob-
tric behavior can be ascribed to the interaction of ferrondained from Gelest Inc. The organically modified ferroelec-
through the distorted Nb{of the amorphous matrix. This trics were investigated using samples of molar composition
led to this study of some new multiphase inorganic materialgl5TDP—-45BaTi@-10SiG, and 45TDP-45LiNbg@-
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FIG. 1. 3-N{3-triethoxysilylpropy) 2,4 dinitrophenylamine.

10Si0,. Hence, the TDP/metal oxide molar ratio was 1 for
all samples. The 10% mole. Sj@vas used to provide cross
linking with the TDP.

TDP was first hydrolyzed in acetone[ Acetond/
[ TDP]=20) with water apH=1 ([H,O]/[ TDP]=2) for 30
min prior to addition of the TEOS and the Li—Nb or Ba—Ti
alkoxide. The solution was then stirred for another 30 min.
For transmission electron microscoyEM) characteriza-
tion, thick films were made by pouring an appropriate
amount of solution on a glass slide, and using the cracked-up
materials for various heat-treatment temperatures, up to
800 °C for inorganic samples, up to 200 °C for organic—
inorganic samples. For optical characterization, the films
were fabricated by spin coating onto quartz. For dielectric
and ferroelectric characterization, films were spun on highly

x-axis: B 2.72kV.cm™ per division
y- axis: P 0.10 uC cmper division
50%LiNbO,-50% SiO, heat-treated at 200°C for 2 hours

doped silicon substrates. The films were then fired at the x-axist E 2.91 kV.em™ per division
desired temperatures in air, and a 4000 A thick gold coating y- axis: P 0.06 pC cm per division
was sputtered onto the film using a mask. Polarization— 50%BaTi0,-50% SiO, heat-treated at 200°C for 2 hours

electric (P—B) loops were measured using a standard bridge

setup described in a previous papefhe thickness of the FIG. 2. P—E loops in LiINb@-SI0, and BaTiQ-SiO, heat treated at
. . ) . - 200°C 2 h.
films was measured using a Dektak profilometer. UV-visible

spectra were measured on a Hewlett-Packard spectrophotom-

eter HP 8452. materials are therefore smaller but reasonable, considering
that LiNDbO; is mixed with SiQ. The coercive field for
IIl. EXPERIMENTAL RESULTS BatiO; single crystal is 1 kV/cmt, and increases to about 5

kVem™! for a high quality BaTiQ polycrystalline ceramic.
The values obtained here are therefore higher, which is a

LiINbO3;—SiO, and BaTiQ-SiO,, fired as low as reflection of the higher complexity of the systeimerhaps
200°C, exhibit polarization—electric fiel@P—-E loops as due to surface effects or porosityout on the order of mag-
shown in Fig. 2. In order to establish with certainty that thenitude of results obtained for sol-gel derived stoichiometric
loops were not spurious, a control experiment had been caBaTiO; (E.=10.5kV cni ). The remanent polarization for
ried out. For this control experiment, a field was applied to aBaTiO;—SiO, is smaller than in pure, sol-gel derived
highly doped silicon wafer on which a thi-500 A) layer ~ BaTiO,. This is due to the presence of Si@s a dielectric
of SiO, had been deposited by the sol—gel process, and sulpatrix which separated the ferrons. However, the fact that a
sequently coated with gold. No P—E loop was observed foremanent polarization is observed is a clear indication that
this material, indicating therefore that the neither the amordipoles in the ferrons are able to interact with each other.
phous SiQ matrix, nor junction effects were responsible for It should be pointed out that such an interaction is prob-
the loops observed for LiNbG SiO, or BaTiO;—SiO,. ably possible because the matrix separating the dipoles is a

The P-E loops in themselves prove that permanent, remixture of amorphous silica and still amorphous ferroelec-
versible dipoles are present in the material, and the remanefric. The space between the ferrons is filled with a still large
polarization P, shows that such dipoles interact with eachfraction of amorphous BaTiQor LiINbO;. At 200 °C, fer-
other to spontaneously align even in the absence of an apens represent only a small fraction of the 50 mole percent
plied external field. The values obtained from the experi-present in the original solution. Most of the Ti—O octahedra,
ments areV, and Vg, as described in Ref. 7. For the for example, are present in the structure in an amorphous
LiNbO3/SiO, sample, we obtaine.=0.54kVcm 1l and phase not detectable via high-resolution TENRTEM) or
P.=0.15uCcn?. For the BaTiQ/SiO, sample, the mea- x-ray diffraction. The distorted Ti-O and Nb—O octahedra
sured values were P,=0.24uCcm? and E. which separate the ferrons can contribute to an interaction
=8.74kVcm L, between ferrons too far apart for a direct interaction.

The P, value for single crystal LiNb@are reported to P—E hysteresis loops were also observed in the ternary
be between 40-7QC cm 2, and for amorphous sol—gel de- BaTiO;—TDP-SiQ and LiNbO,—TDP-SiQ systems,
rived LiINbO;, about 5.C cm 2. The values obtained for our which were only cured at 200 °C for 2 h. They are shown in

A. Ferroelectric properties
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FIG. 4. Color change for TDP-doped ferroelectric films on quartz substrates.

x-axis: B 0.04 kV.cm™ per division

y- axis: P 0.03 uC cm™per division
orless, the TDP-doped samples were colored. The
TDP-LINbO;—SiO, samples exhibited the characteristic
yellow color of TDP with a maximum of absorption at
around 350 nm. The TDP-BaTi© SiO, samples were red.
Figure 5 shows that the TDP—-BaTjOSIO, samples exhibit
an additional absorption peak at around 520 nm. This color
change is not observed with the lithium—niobium double
alkoxide. The color change occurs upon mixing in the solu-

—t—— tion and is maintained through the gelation into the heat-
treated material. Preliminary studies have shown that the in-
tensity of the absorption peak at 520 nm varies as a function
of the TDP/Ba ratio, and is maximal for a TDP/Ba ratio of 1.
Similar color changes have also been observed when TDP is
mixed with other organo—metallic compounds such as ce-
rium, lanthanum methoxywthoxide, tin isopropoxide, and

x-axis: E 0.96 kV.cm per division various other alkoxides. The color change is most likely due
. » o to a Lewis base interaction between the amine group in the
y-axis: P 0.02 pC cm™ per division TDP and the empty orbitals of the metal, which leads to a

perturbation of the system of delocalized electron in the TDP
FIG. 3. P-E loops in 45% TDP-45% LiNO10SIQ (top) and 45%  molecule.

TDP-45% BaTiQ-10SiQ (bottom) heat treated at 200 °C for 2 h. Using a technique described by Kiret al 8 it was

shown that it is possible to orient the TDP molecules in the

Fig. 3. These were observed in spite of the presence in th@irection of an externa_l electric field.. Using a corona po!ing
structure of the materials of a large fraction of organicsfield of 10 kv/em applied at 90 °C, it was possible to align
which may contribute to conduction processes. These loopaPout 30% of the TDP molecules in the direction of the
show that the materials contain dipoles, and that these d@Pplied —electric field, or 20% in the case of
poles are able to align reversibly under an electric field. It isT DP—LINbO;—SiO, or TDP-BaTiQ-SiO,, which was re-
difficult, however, to saturate the alignment of the dipolesflected in a decrease in the absorption maxima under polar-
This is reflected in the shape of the loops, which are Symized light. This illustrates the possibility of inducing noncen-
metrical but do not reach horizontality at high fields. In fact,
when higher fields were applied across the films, the loops
did tend to exhibit a semi-conducting natuiee., P would 4
increase significantly as a function Bj. if Y
The spontaneous polarization of the 45LINBO f
45TDP-10SiQ@ samples was 0.44Ccm 2 and that of a 30
45BaTi0—45TDP-10Si@ sample was 0.27uCcm 2 i

45% TDP-45% BaTiO,- 10% SiO,

45% TDP-45% LiNbO.- 10% SiO,

Y 2.5

(Figs. 4 and k The BaTiQ-TDP-SiQ sample, as ex- § 5

pected, had a higher coercive field. It was also found that itz F 25% TDP-75% SiO,
< 1.5F

was possible to align the TDP dipoles in a 108i{®@0TDP .
sample, but that the coercive field necessary to do was quite 1F
high (20 kV cm™ ). :

. ) 0 F | | o Ay
B. Optical properties 200 300 400 500 600 700
Wavelength (nm)

Films of all compositions, spun on quartz substrates,

were transparent after firing at 200°C. Although therig, 5. spectral characteristics of TDP-SiOTDP—-LINbO,-SIiO,, and
BaTiO;—SiO, and the LiNbQ- SiO, compositions were col-  TDP-BaTiQ-SiO,.
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FIG. 7. Ferrons in TDP-LINb@-SiO,, heat treated at 200 °C.

pure LINbG; is diluted with SiQ. A dilution of 50 mole per-
cent results in a delay in crystallization of about 400 °C for
LiNbOs,.

It is interesting to note that the ferroelectric phases are
the only ones to crystallize from the amorphous Si@atrix,
and that no “foreign” phases such as,0, TiO,, or BaO,
etc., are formed. It has been established already that the
structures of any double alkoxides such that the local envi-
ronment of the metals in the alkoxides is very similar to that
of the final oxide, leading to low crystallization tempera-
tures.

Crystallization of S0 mole%LiNbOJ-SO mole%SiO2

FIG. 6. Ferrons in LINb@-SiO,, heat treated at 200 °C.
2
=
. . . 8 8o0°C
trosymmetry in the materials, and demonstrates theirg L )
potential usefulness as a nonlinear optical média. 3 . e
400t t I " i
P . “ 600°C
zoo—mwm R - 500°C
C. Microstructures 0y TR oy 300°C
) L . . 10 20 30 40 50 60 70 80
HRTEM investigation of the LiNb@-SiO, and 2 Theta
BaTiO;—SiO, mixtures, heat treated at 200 °C for 200 °C
revealed the presence of small, ordered clusters of crystalline Crystallization of pure LiNbO,
materials, dispersed throughout an amorphous matrix. Figure )
6 shows a typical microstructure for a LINGOSIO,. Such
small crystallites have previously been observed in single
phase, sol-gel derived BaTj®r LiNbO,.1° Electron dif- i
fraction of such small crystals revealed a tetragonal crystal = & ;”"*w ﬁ
i o S o rosap | w
structure for the ferrons observed in BaEiBiO, and a s f bt e b Mo 800°C
hexagonal crystalline structure for the ferrons observed in £ ¢
LiNbO3—SiO,, for materials heat treated at 400°C. These 2 F
X . O hipns .
are single crystals. Figure 7 shows that the ferrons are alsc ; 600°C
observed in the TDP-doped materials. WWMW 500°C
At 200 °C, however, materials were amorphous by x-ray i ! . ‘ b A M mary 300°C
diffraction, as shown in Fig. 8. Crystallinity by x-ray diffrac- 10 20 30 40 50 60 70 80

tion does not develop clearly until 700 °C for LiNROSIO, 2 theta

mixtures, or 300 °C for pure LiNb9 Figure 8 also shows Fig. g. crystallization of LiNbQ in silica (top) compared to the crystalli-
the delay in crystallization temperature observed when theation of pure LiNbQ (bottom).
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These materials are good representatives of two new classdga, in the network of amorphous structure. An example is
of materials. In the first class, a ferroelectric is dispersed irBaTiO; prepared from metal alkoxidé$.It is likely that
an amorphous inorganic matrix. The material is transparerdome short range order formed during gelation. After heat
and behaves as a weak ferroelectric. This concept may petreatment, the water and the organic, are evaporated, and an
haps be extended to other oxides such as ferromagnetic amorphous film with a random network is formed. In our
semiconducting oxides. previous papet! we discussed that in all the systems the
In the second class of materials, the ferroelectric phase isost stable state is Ba[DR),g entity which is similar to a
now embedded in an organically modified matrix. The or-cell of crystalline BaTiQ but not symmetrical. When this
ganic modification may involve a covalently-attached opti-amorphous film is further heated near 400 °C, some small,
cally active moleculgsuch as TDR a molecule with high ordered clustergferrong form. If the heat treatment tem-
hyperpolarizability, a liquid crystal, a conducting polymeric perature is controlled below the temperature of the formation
chain, or even an organic chain which would improve theof embryos in the amorphous matrix, e.g., 400 °C in our case,
mechanical properties of the composite. The organic modifinucleation should not happen.
cation may also be applicable to other inorganic phases As reported in our papét,the most important finding is
(ferroelectric, ferromagnetic, semiconducting, etmd may that amorphous PZT and BaTj@hin films exhibitP—E hys-
lead to interesting phenomena as is the case with theeresis loop and stable pyroelectric current. These ferroelec-

TDP-BaTiG, combination. tric P—E hysteresis loops indicate that there is a permanent
polarization, which can be reversed by an external field, in
IV. THEORETICAL UNDERSTANDING the amorphous PZT and BaT{@iIms.

The peaks observed in the dielectric spectruimere
aused by piezoelectric resonance effects. These resonance

published theoretical treatment explaining the interaction .eakBs 2"?“/(3 b%erFl)t()j_I(::‘_scnlI)ed n sevgral refereI£§?§ for crystal-
between dipoles in sol—gel derived ferroelectrics such a ne BaTio; an IQ glass-ceramics samples.

Pb(ZxTi,_,)O5 (PZT) and BaTiQ. The following treatment Traditional beliefs are that ferroelectricity exists only in

may be applied to many ferroelectric oxides such as LiflNbO ::rystr:;lllnei mzt(:-rzlals but not |r; allmorplrt\ou.s mlstl;erl]?ls. Inl or?gr
or BaTiO; previously discussed. o understand the experimental results, i.e., the ferroelectric-

like properties of amorphous ferroelectrics, a theoretical ex-
A. Ferron model and calculation planation is needed. A proper theory can answer following

In a previous papét we reported experimental results questions: Are the experimental results really contrary to the
on amorphous thin films of Pb(ZFi, ,)O; (PZT) and classical theory of ferroelectricity? What is the origin of the
BaTiO, prepared by the sol—gel techniqae. The most imporjerroelectric—like properties in amorphous ferroelectrics? Is it
tant finding is that amorphous PZT and BaZi@in films possible to develop amorphous ferroelectric materials? A
exhibit P—E hysteresis loop, stable pyroelectric current, andiheoretical modefferrons modelis needed, based on experi-

piezoelectric resonance peaks in dielectric spectrum. Thid'€ntal observations, to attempt to give some solutions to
ferroelectric-like properties indicate that there is a permaneri{!€S€ duestions. A statistical physics approach in accordance
polarization, which can be reversed by an external field, ipvith the above ferron model has been used for calculation.

the amorphous PZT and BaT@ilms. In addition, the mi- o )
crostructure of the film showed the presence of “ordered” - Statistically averaged dipole moments and Lorentz

group which we named ferrons in amorphous matrix. Thecorrect/on

ferrons have typical dimension of 3—5 nm. A ferron can be  Based on the ferrons observed in HRTEM patterns, we
regarded as a nanocrystallite with aligned electric dipolespropose an independent system consisting of ferrons sepa-
These ferrons are separated from one another by disordereated by a distance large comparable to ferron dimensions, so
regions but apparently can give rise to long-range interacthat the ferron system can be seen as an independent system
tions to produce permanent dipoles. Obviously, the advanwithout interaction. Therefore, the energy of the ferron sys-
tages of ferroelectric-like amorphous materials are low protem can be calculated by using a Boltzmann distribution
cessing temperatures, low dielectric permittivity and goodaw.!® Every ferron may have a net dipole moment which is
transparency without grain boundaries. caused by the distortions from the prototypic B&tahedral
From the HRTEM pictures of amorphous PZT filfds, unit, and the contribution of & cations(Ba, P is very
we observe that there are many small ordered clugteta ~ small'® and can be neglected. In this model the magnitude
the average size between 3 to 5)ndistributed in a disor- and direction of dipole moment in each ferron may differ, as
dered matrix. These ordered clusters are called ferrons. Th&hown in Fig. 9a). However, we can consider, mathemati-
volume fraction of ferrons to matrix approximates 10%. Fer-cally, that each dipole moment consists of some basic dipole
rons could be distinguished clearly in amorphous HRTEMmoments with the same magnitude of a dipole moment of a
picture due to their partially ordered pattern. In an amor-BOg octahedral unituz, but with differing directions. A
phous ABQ oxides, this ordered structure consists of dis-basic dipole moment should be the dipole moment of a unit
torted BQ (e.g., TiQy) octahedra with permanent dipole mo- cell in ferroelectric crystal. Since the dipoles in a ferron dif-
ment. From experimental results, it has been identifieder from the dipoles in crystals, the ferroelectric-like amor-
that!2'3there are some permanent dipoles, which should behous material can be treated as an ensemble of many ran-
the distorted Ti—oxygen octahedra and Zr—oxygen octahedomly oriented dipoles.

In order to explain the observation of P—E loops in these
multiphase materials, it is necessary to extend a previousl|
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@ = TiOg octahedron

Permanent
A o\ dipole

Ferrons

Matrix

FIG. 9. lllustration for poling ferrons in amorphous ferroelectric thin film.
(a) Before poling dipoles are random afin) After poling dipoles are pref-
erentially oriented.
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wherek is Boltzmann’s constant=1.380 662 10 22J/K),
and T is the absolute temperature. The fididin Eq. (1)
should be a local fieldE, . We assume that the electrical
interaction between the dipoles of ferrons is very small so
that a “Lorentz correction” can be used, i.€&, is equal to
the external fieldE,,p plus a “Lorentz correction factor”:

EL = Eapp|+ Pa/3€0 y (2)

whereP, is the polarization of other poled molecules around
a pue, andeg is the electric permittivity of vacuum. Combin-
ing Egs.(1) and(2), we have

(o) = (pEIKT)E [ (& a+2)/3], 3)

where €, (5 is the permittivity of the amorphous matrix.
Equation(3) is a basic equation for calculatiqge,), an av-
erage of the dipole moment for Bctahedral unit, by a
statistical physics approach.

Further, ifN is the number of B@octahedral units per
unit volume of sample, according to the basic definition of
polarization'® we have

P= N<”’Z>'
Assuming that the density of a ferron is approximately equal

to p, the density of the polycrystalline material having the
same composition\ can be calculated from the formula

N=pXNa/Wpg, (4)

where N, is Avogadro’'s number £6.022045
X 10?°mol™?Y), and W,,, is one mole weight of the com-
pound.

The remanent polarizatid®, of an amorphous ferroelec-
tric film can be calculated as follows:

When the system which contains randomly oriented di-

poles u¢ is in a thermal equilibrium state at room tempera-

Pr=Nvy(a), ®)

ture without an external field, the thermally averaged valugyherey, is the volume fraction of ferrons.
of dipole moments is zero. When a fieldl (assumeE is

along thez axis) is applied, these dipole moments are poled

and oriented preferentially, as shown in Fig(Q0If #is the
angle between the axis andug, the component of the di-
pole moment in thez direction is u,= ur cOsh. Based on
Langevin and Debye’s theorié$,the thermally averaged
value of dipole moments is

Permittivity
of amorphous matrix

90 ¢

[02]
(@]
1

~
o
1

2
(K2)=(pEIKT)E, (1)
4
&
§S
s S5
L = m
& )
2 ~3
82
T2
L4 gg
S
O
Q. o
60 T T T T T T T T 0
0.00 0.05 010 0.15 0.20 025 0.30

Volume fraction of ferrons, v,

FIG. 10. Graphic solution for volume fraction of ferrons, permittivity of
matrix, and polarization of amorphous BaTiO

2. Dielectric permittivity of a two phase material

According to the ferron model of amorphous metal ox-
ides, a macroscopic property of the material can be calcu-
lated using a mathematical method, as in the case of a par-
ticulate composite. Based on Maxwell-Wagner effeth
the dielectric permittivity of two phase mixture materials can
be expressed as follows:

(—1<n<+1), (6)

where the indexn=1 corresponds to the extreme case of
“parallel connectivity,” andn=—1 corresponds to the ex-
treme case of “series connectivity £, is the dielectric per-
mittivity of the overall two-phase materiad; ande, are the
permittivities of both phase§.e., ferrons and matrjx re-
spectively,v, the volume fraction of ferrons, and,(=1
—v4) the volume fraction of matrix. Each term in E()

can be expanded as the form of a power seriesAf.” If n

is small, the square term and higher power terms can be
neglected, thus, we have

n_ n n
€ =V1€,T V26

@)

The above formula is call the “logarithmic mixture rulé®
and is one of the basic equations in this theoretical calcula-

In €r:U1|n €1+Uzln €r.
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tion. In this equation the permittivity of the overall thin film, Substituting this value of,uﬁ into Eqg. (3), and taking
€, is an experimental result, ang is the permittivity of a  3kT(atT=300K)=1.24+0.001x10 2°J=1.24+0.001
ferron which should be approximately equal to that of ax10 2V C, €(a) (of the overallamorphous samptep0+ 2

polycrystalline film of the same composition. Equatitf) (at 1 kH2, andE,~1.1+0.2x 10° V/cm, the statistically av-
can be rewritten as eraged value of the dipole moment of BGctahedra unit in

e,=ex(In e, — v, Ine)/(1—vy)]. ) BaTiO; ferrons from the Eq(3) is
<l‘z>BT:(M|2:/3kT)Ec[(Er(a)+2)/3]

3. Solution for the volume ratio of ferrons ey
~(3.12-0.14 10 %x1.1+0.2- 10°x 31+ 1)/

Examining the experimental data in Ref. 11, the dielec-
tric permittivity of amorphous piezoelectric transdu¢@zT) (1.24+0.001x 10729 ~7.8+0.8x 10" **(C cm).
and BaTiQ is less than that of crystalline PZT and BaiO  Fjpally, from Eq.(5), we have
Amorphous films have smaller permittivity, smaller rema-
nent polarization, and smaller pyroelectric coefficients than ~ P(v1)=NXv1X{p)gr~v1X 11.551.2X 10 ° Clent.
those of polycrystalline films with the same composition. (93
This is understandable, because there is only a small volum@quation (9) will be plotted in order to obtain a graphic
fraction (estimated around 10 volume % from HRTEM im- solution.
age of the ordered structure in the amorphous samples. Another curve for the graphic solution is obtained from
However, the volume fraction of ferrons,, is not easily Eq. (8), taking the permittivity of overall amorphous,
obtained from the HRTEM image because the image is that90+2 and that of ferrone;=210+5 (to approximate
of only a small region~0.1umx0.1xm. polycrystalline BaTiQ film), i.e.,

To obtain thev;, a graphic method is used. The graphic

method includeg1) plotting the curve of, as a function of e=exfl(Ine—viine)/(1-vy)]

v, from Eq.(8), (2) plotting the curve o, as the function =exp{[IN(90%2) — v, IN(210£5)]/(1—vq)}
of v4 from Eq. (5), (3) combininge,(v4) andP,(v4) curves
into a double lines graphic with same horizontal axi f ~exp(4.5-v,X5.39/(1~vy). (84

and(4) solutions fory, €;, andP; can be obtained from the sjngy, as the variable on the horizontal axis, with values
point of intersection of the two curves. The two basic equafom 0.00 to 0.30, the corresponding value @f{v,) and

tions are repeated: P.(v,) can be calculated and scaled on two vertical axes

P,=Nuv(m,), (99  with adding boundary conditionP, =26+ 0.5Clcn? (v,
=1); we obtain two curves as shown in Fig. 10. Conse-

e=exg(Ine,—viIne)/(1-vy)]. (8  quently, solutions fow;, e,, andP, can be obtained from

By substituting the experimental data listed in Ref. 11 intothe point of intersection of the two curves. The result is:

Eqgs. (8) and (9), we obtain two sets oPr(vl)_ and e,(v4) v1=(17.6£0.3%, e,=75*1,

equations for amorphous ferroelectric materials. For calcula-

tion, we take amorphous BaTi@s an example. and

P,=(2.1+1) uClcnt.

4. Calculation for amorphous ~ BaTiO film They are very cloge to the_experimental data in Ref._ 11.
For BaTiO;—SiO, materials, the model also explains the
The weight per mole of BaTiQWm,~233.21 opserved ferroelectric properties, and the addition of,SiO
+0.05g/mol. The density of BaTibulk ceramic can be merely leads to a dilution of the dielectric constant. One may
taken approximately as the density of ferrop~5.7  yndertake similar calculation taking into consideration the
+0.05g/cnd. Substituting the above data in to Ed), the  gielectric constant of a BaTiOferron (90), the dielectric
number of BQ octahedral unit per cfin BaTiO, ferron can  constant of amorphous BaTi@210), and the dielectric con-
be calculated to be approximately 1:48.001x 1°%9cm”.  stant of SiQ.# Assuming that about 10 vol. % of the BaTiO3
We assume the density of a ferron to approximate that of thes found in the materials as ferrons, the dielectric constant of
polycrystalline ceramic. Therefore, the dipole moment ofihe BaTiO3 component of the material ég,ri0s=98. The
BOg octahedra unit in BaTigferron, ur should approximate  gjelectric constant of the BaTi@SiO, mixture, assuming a
the dipole moment unit of the corresponding ceramic. If the1:1 molar ratio hence 40 vol % SiO2- 60 vol % BaTids
remanent polarization of bulk ceramic Ba®i® =26  |n gy, 10350~ 0.4In4+0.61n98=27. Taking into account
+0.5uClent (in Ref. 1D, is taken instead of that of the the porosity of the material around 50 vol@ince the ma-

polycrystalline film, we then have terials have not been heat treated above 200 fi@ total
pe=P, IN~(26+0.5x 10~® C/cn?)/(1.47+0.001 permivittivity of the mixture is €;,=5.19. Although the
molar ratio of BaTiQ-SiO, is 1, the dielectric constant re-
X 10°%cm?)~17.7+0.4x 10" *2C cm, mains very close to that of SiO
and thus A theoretical remanent polarization for a

5 e 50BaTiO;—50SiG sample can easily be calculated using the
pi~312+ 14X 107%°C?en?. model. Assuming that 10 vol %. of the BaTj@an be found
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as ferrons, a porosity of 50%, the total ferron volume in thematerials also offer exciting prospects as new transparent
material is 2%. Hence, the theoretical remanent polarizatiofilms for integrated optics and nonlinear optics.

is P,=0.2uCcm 2. This value is in excellent agreement
with the experimental value of 0.24uCcm 2 for
BaTiO;—SIiO, films, as measured above. It must be note
that the effects of organic modification by TDP were not  The authors wish to acknowledge the support of the Air
taken into account in the model. It is clear, from the opticalForce Office of Scientific Research.

characteristics of the films, that there is interaction between

TD.P .and On.e of t.he metals of the ferroelectfid or Ba). 1J. D. Mackenzie, inUltrastructure Processing of Advanced Ceramics
This interaction might involve partial electron transfer from  ggiteq by J. D. Mackenzie and D. R. Ulridkviley, New York, 1989,

the TDP to the emptd orbitals of the metal. The nature and p. 589.

the extent of this influence are not clear yet, and will require?Y- H. Xu, C. H. Cheng, Y. D. Lou, and J. D. MacKenzie, Ferroelectrics

. 195, 288(1997.
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