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GUEST EDITORIAL

The Second European Meeting on the Applications of Polar Dielectrics was held
in April 1992 to celebrate the 25th Anniversary of the Dielectric Society. Recog-
nising the rising importance of thin films of ferroelectrics for a wide range of
applications, the meeting also incorporated the 1st International Workshop on
Integrated Ferroelectrics. To facilitate international participation the meeting was
held at Imperial College, London.

Over 150 delegates registered for the meeting from 27 countries. Unfortunately,
attendance from Eastern Europe was limited by the present economic and political
problems. However, the generous financial support provided by our sponsors en-
abled the organisers to assist the attendance of many from this region and to provide
reduced attendance costs for students.

Reflecting the current extent of interest in dielectric materials, 175 abstracts were
submitted. Topics ranged from stable ceramics for microwave applications to or-
ganic crystals and polymers with high non-linear electro-optical coefficients. About
one sixth of the contributions were concerned with the preparation and properties
of thin films, particularly those involving ferroelectric materials. A wide range of
sol-gel and vapour phase methods are still under development for piezoelectric,
pyroelectric, electro-optic and information storage devices.

In the case of thin films for electro-mechanical applications, processes are sought
which will yield multilayer structures that give large movements for small applied
voltages. For information storage, it is already possible to deposit high permittivity
layers on silicon, but it is proving more difficult to produce materials exhibiting
switchable polar states that retain this property after prolonged exposure to the
large variety of switching pulse sequences that may be experienced in storage
systems. The great improvements already achieved promise eventual success.

For electro-optical applications, the possibilities of non-linear behaviour have
been expanded by the use of organic compounds for which the Langmuir Blodgett
technique remains an important means of obtaining large areas of oriented mole-
cules.

The uses of ferroelectric ceramics in electro-mechanical transducers continue to
expand with, for instance, the possibility of efficient small motors based on surface
waves. New compositions offering improved electrostrictive and piezoelectric prop-
erties are being developed. The behaviour of domain walls underlying such phe-
nomena as the poling of ceramics and the changes in dielectric properties with time
are under scrutiny. Models explaining the interaction of lattice defects with walls
are increasingly successful. High permittivity dielectric ceramics that can be sintered
with base-metal electrodes in situ are being further improved by combining donor
with acceptor substituents so as to minimise the concentration of vacant oxygen
sites and thereby prolong life at high temperatures under high fields. High stability
dielectrics continue to be studied for microwave applications and thin organic
polymer films as constituents of silicon circuits.

The main objective of such occasions is the interchange of ideas between indi-
viduals and the encouragement of a feeling of common purpose among scientists
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and engineers. This was enhanced by the informal atmosphere at the poster sessions,
the introductory buffet and banquet.

The organisers would particularly like to thank the financial sponsors (DARPA,
ONR Europe and Gordon and Breach Science Publishers) for their support and
the Dielectric Society for sponsoring and underwriting the conference, and allowing
the occasion of their 25th anniversary to be used for ECAPD-2.

Grateful thanks are also due to all those who gave their time in the organisation
and execution of the meeting and to their partners for patient forebearance and,
in many cases, active assistance on registration desks, poster assembly, etc.

Finally, the programme chair would like to add a personal word of thanks to his
friends and colleagues who assisted with the production of the abstract book and
spent much time refereeing and commenting upon manuscripts.

We all look forward to ECAPD-3, to be held in Germany in 1996.

J. M. Herbert
R. W. Whatmore
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EoC21

STRONGLY TEMPERATURE DEPENDENT ELECTRO-OPTIC
COEFFICIENTS IN BaTiO;

F. ABDI, M.D. FONTANA, M. AILLERIE

Groupe Matériaux Optiques 4 Propriétés Spécifiques-C.L.O.ES., Université de
Motz et Supelec, 2 rue E. Belin, 57078 Metz Cedex 3, France

G. GODEFROY

Laboratoire de Physique des Solides-UA CNRS 785, Université de Bourgogne,
B.P. 138, 21004 Dijon Cedex, France

Abstract : By means of a Sénarmont set up and a very sensitive method, electro-
optic coefficients in BaTiO3 are accurately determined from the phase
measurement of the retardation I' due to the electric field induced birefringence
of the crystal. Electro-optic properties are investigated as a function of
temperature around room temperature. A very large value of the coefficient rqy
is found, in agreement with previous investigations. In addition, this coefficient
is shown to be very semsitive to temperature even for a very smsll change. The
importance of both the thermo-optic effect and the thermal variation of electro-
optic properties is pointed out for device applications of BaTiO3.

INTRODUCTION

Perovskite oxide crystals are well known materials with large non-linear optical and
electro-optical (EO) coefficients!. Among this family, BaTiO3 exhibits the largest EO
coefficient which has been detected]. It leads this compound to be promising for
various optical applications. In particular, it can be favourably wused for
photorefractive applications such as light diffraction, two- or four- wave mixing,
phase conjugating mirror2, or for EO applications, such as bulk or waveguide
modulators or switches3:4.

EO properties are known to be strongly affected by impurities specially iron
doping®3 or oxygen vacanciesS. The accurate determination of the EO coefficients is
needed for the various reasons as follows i) the knowledge of the figures of merit and
switching voltage4 ii) the relative contribution of electrons and holes in the
photorefractive properties’ iii) the influence of the nature and concentration of
defects”. We have recently shown that the thermal variation of the refractive index
via the thermo-optic effect has to be accounted for in order to obtain correct values

of the EO coefficients8. Therefore the results previously reported?:10 in BaTiO3 may
B3
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be questionable. Further the potential applications of BaTiO3 require that the
coefficients have to be independent of temperature.

Our study therefore concerns the accurate determination of the EO coefficients in
BaTiO3 and their temperature dependence with a new and very sensitive method.

ELECTRO-QPTICAL EFFECT IN BaTiO3

Electro-optic properties in BaTiO3 (C4y point group) can be described by the three
components ry3, r33 and rq of the EO tensor.

With the applied electric field E=(E|,E9,E3) the optical indicatrix is given in the
principal axis system of the crystal without field by :

1 1 1
(E +1,,E, )x’ +(;:- +1,E, )y’ 4{;—3- +1,E, )z’ W
+2r,xzE, +2r,yzE, =1

where n, and n, are respectively the ordinary and extraordinary refractive indices.

The EO r4qs coefficient is determined in the transverse configuration when the electric
field is along the x axis and the light propagation along the y axis.
With E=(E,0,0), eq 1 becomes :

2 2

2
Lz' "“y'z’ ' zz +2rox2E =] (2)
no n° n.

The indicatrix can be expressed in a new axis system (primed axes) by a rotation
through an angle 0 around the y axis :

x'=(°°8’ (% +§n’(% +2r4,EcOS(0)sin(0)) Y 4

Z,z(sin’(% +°os‘(% -zr.,scos(o)smw))+

2X'Z'(cos(0)sin(0)(%, —){1,) +1,E(cos? (8) —sin’(O))) =1 ®
where the axis X',Y" and Z' are the principal axes of the indicatrix if the last term of
the right member of equation 3 is equal to zero, or if :

2r,E
1 _1 )

7 2
n, n;

tan(20)
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Introducing the condition eq 4 into eq 3, we obtain :

1 , le 1 ,
[n—:' +I'QE tan(O)]X 2 +n—: *['n—:- -TQEM(O)]Z = )

Since the rotation angle is necessarily very small, the change in the refractive indices
can be therefore written :

32E? 322
én, (E) = RfaF én (E) =0 , 4n,(E) = DefaB
1 1 1 1 )
1ty S

Consequently, the phase shift between the x and z light polarization components is :

2+ =L 3 3
o (E) =2 an ()= 22t hLP

2 EZ
(1 1)° @
2 n?

where Ly is the crystal length along the laser propagation direction and A is the laser
wavelength. The phase shift induced by the external electric field is thus a function
which is quadratic in field magnitude. The r4qy coefficient is determined from the
measurement of I',, (E) as function of DC applied voltage V=Ed, where d is the
electrode spacing.

EXPERIMENTAL

The BaTiOj crystals used for this study were grown by the Czochralski method.
Particular attention was paid in order to obtain single domain crystals with good
optical quality by the application of appropriate electric field and thermal gradient
during the cooling process through the cubic tetragonal phase transition. A nominally
pure sample of 4.15x2.96x2.07mm3 size and a 0.135% iron-doped sample of
4.87x3.92x2.85mm3 size were used. They were cut normal to the principal axes,
polished and electroded with evaporated gold.

EO coefficients were determined with a new method described elsewherell
which is based upon the Sénarmont compensating set-up. The optical transmission of
such a system follows the general law : I = I, sin2 ([/2-8+x/4) if the optical
absorption is neglected. In this equation I, and I are respectively the input and output
laser intensity and I the phase shift introduced by the sample. I' can be caused by the
natural birefringence and/or by its variation due to a change of the temperature,
electric field or strain applied to the sample. The method consists of adding an AC
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voltage with a frequency f to the DC voltage and to measure the angle Syp of the
analyser corresponding to the detection of the output signal with the frequency 2f.

RESULTS

The EO r. and rqy coefficients are determined in the "pure” and the iron-doped
samples for various modulation frequencies. Complete results are presented and
discussed elsewhere. Here we focus our attention on the rqy coefficient obtained in
the "pure” crystal as a function of temperature for a modulation frequency f=ikHz
and a laser wavelength A=633nm.

Figure 1 exhibits the value of the angle S7((E)=I'(E)/2 as function of the DC
voltage amplitude V=Ed. Data obtained for increasing and decreasing V are similar,
which is indicative that no memory effect or optical damage is induced by the field.
Fit of the data to eq 7 yields the value of the rqy coefficient for a given temperature.
The values of the indices ny and n, sre taken in Ref. 12. At 19.1°C, we find the
value r4o= 1776 pmV-1.

+F *
++
- 20} +
+
g +
D +
Q15
Q +
~—
+-
Nio0+
+
s-
+
‘ 1 A 1 t L 1
] 20 0 140

40 0 80 100 12
Applied Voltage ( V)

FIGURE 1 Variation of the retardation angle S5¢ due to the applied DC voltage

To obtain the temperature dependence of the rqy coefficient, we repeat the

same measurements around room temperature. This requires a perfect stabilization of
the temperature for each data. Indeed the measured phase shift I' includes the value

I'(O) wich is due to the natural birefringence together with the value I'(E) which is

induced by the field via the EO effect. It is necessary to discriminate between both
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these contributions during the measurements of I' = 28, particularly if each one
depends on the tempersture. For the first contribution we find 882¢(0)/8T=167
degrees*C~1, which corresponds to a thermal dependence of the natural birefringence
of 3An,,(0)/8T=1.42 *10-4C-!. This very large dependence determined from our
modulation technique is in good agreement with the resuits previously measured by
other techniques!3. This shows that the determination of the rqy coefficient versus T
requires, for each temperature, the measurement of the difference between 38>¢ and
882¢(0)., or the measurement of S5((E) after a perfect temperature stabilization. In
our data, the temperature is assumed to be coastant within a 0.01°C shift. The
temperature dependence of the ryy coefficient is illustrated in figure 2. A very large
variation of the value of rq is pointed out, eveu for a very small temperature shift.
A change of 1°C can thus lead to a multiplication of the value of rqy by two. A
smaller dependence was reported in Refs 14 and 15, when a wide temperature range
was considered. The undet;mding of such dicrepancies is actually in progress and
involves various elasto-optic, thermo-optic effects.

3.8

ra (10 pm/V)
L
———

o
—r—
——
—-’—
e

‘.‘ s
b
1 : i .
LS 18.78 1 19.28 19.5

[ )
Temperature ( C)
FIGURE 2 Temperature dependence of the rqy EO coefficient of pure BaTiO3
DRISCUSSION

The extremely large dependence on the tempersture of both the natural birefringence
An,,(0) and the electric-field induced birefringence An,y(E) constitutes the main
results pointed out in our investigations. The first consequence concerns the necessity
to insure a perfect temperature stabilization for a determination of EO coefficients as
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well as for the use of BaTiO; in optical devices. Concerning the thermo-optic effect,
it could be compensated by associating with a first crystal of Ba‘l‘i03‘ s second one
with the same dimensions but the axes crossed relative to the axes of the first
crystal!6. In fact, this possibility is doubtful from a practical point of view since a
temperature shift of 0.1°C between both crystals should be sufficient to lead a change
in the birefringence of 1.4 *10~3 while the same variation in An can be caused by an
applied electric field of 47.2 kV/m. The variation of temperature can be due to the
laser beam itself. Thus one needs to wait a sufficient time to obtain a temperature
stabilization after application of the laser. This was previously mentioned for 2 or 4
wave mixing experiments”' where only the thermo-optic effect was considered. In
fact, we have shown that the thermal dependence of the electro-optical effect causes
an additional problem. The determination of precise values of figures of merit of
BaTiOj3, for instance the driving voltage required in a switcher or modulator is very
delicate. This limits the use of BaTiOj crystals for various applications in optical
devices.
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Abstract The new photoconducting ferroelectric poly-
mer 1s prepared by means of dye sensitization of ferro-
electric vinylidene fluoride-trifluoroethylene copolymers
P(VDF-TrFE). The photoconductivity, the bulk photovoltaic
effect and photochromic effect have been observed in the
spectral bands connected with dye molecules absorption.
The new photoconducting ferroelectric polymer may be used
as the photorefractive material. By means of the photo-
chromic effect in the ferroelectric copolymer doped by
indolynospiropyran the transmission gratings were recei-
ved. At the ferroelectric phase transition the sharp chan-
ges of the dye energy level and oscillator strength are
revealed.

Photoferroelectrics have been studied for the past 30
years.1 One of the most remarkeble phenomena in this
field is the bulk photovoltaic effect, that is a characte-
ristic of photoconductive crystals without the center of
symmetry.2

The other important phenomenon is the photorefractive
effect.3

The investigations of ferroelectric polymers lead us
to design new materials - the photoconducting ferroelect-
ric polymers, This idea was performed in 1990 by means of
optical sensitization of the ferroelectric vinylidene flu-
oride~trifluoroethylene copolymers (VDF/TrFE).4 Thus, all
known photoferroelectric phenomena, including the bulk
photovoltaic and photorefractive effects, may be observed

[319)7
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in the photoconducting ferroelectric polymers. In® we had
really observed the bulk photovoltaic effect in VDF/TrFE,
doped by rhodamine dyes. Some recent pa.persG'8 show the
possibility of the photorefractive films production by
means of photcconducting piezoelectric polymers.

This paper describes the properties of the polymer
photoferroelectrics, namely opticalliy sensitized ferro-
electric vinylidene fluoride-trifluoroethylene copolymers.
In contrast to the homopolymer PVDF copolymers VDF/TrFE
show the ferroelectric phase transition below the melting
point. That makes it possible to study the influence of
the phase transition on the dye electronic absorption
spectra end to prove the effect of optical sensitization
for ferrvelectric polymers,

EXPERIMENTAL

This paper reports results on two copolymers VDF/TrFE
(70/30 and 60/40 mol.%), which structure and ferroelect-
ric phase transition have been widely investigated9’1o.
The raw material of copolymer was donated by Atochem Com-
pany, France. The sensitized copolymer films 20-30 Mm
thick were prepared from the solution of copolymer and
dye in acetone. Subsequent annealing was performed at

400 K in oder to eliminate possible remaining solvent.
The dye concentration in copolymer is equal to 1 wt.%.
The optical absorption spectra and their temperature de-
pendences were measured by means of spectrophotometer
Specord UV-VIS in unpolarized light. The accurancy of the
measurements of the band shift AV = 5.10"% eV and optical
density A =~ 2-10"°.

The photoconductivity was measured by usual technique.
A two-electrode sandwich sample was used to determine the
dc conductivity change resulting from illumination with
a 500-W Xe lamp or an Ar-leser ( A =514nm )e

Semitransparent gold electrodes were evaporated on the
film surfaces. The speriral distribution of the photocon-
ductivity was measured tvv means of a monochromator and
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5 au,eV 25 FIGURE 1
;a* = Absorption spectra of VDF/

TrFE (70/30) copolymer, un-
doped (dotted line), doped
by spiropyran (1,2).

Curve 3 - the spectral dis-
tribution of photoconducti-
vitye 1,3,T = 300 K; 2,400K.

FIGURE 2

The temperature dependence
of SP dye optical transi-
tion energy ( A= 370 nm)
in VDF/TrFE (70/30) copoly-
mer (1) and in PMMA (2)(a);
the temperature dependence
of the optical density D of
SP absorption band at A =
= 550 nm in VDF/TrFE (b).
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and modulated light.
OPTICAL ABSORFTION AND PHOTOCONDUCTIVITY

The spectral sensitization and structural chromic ef-
fect were performed for VDF/TrFE (70/30) films, doped by
3',3'-dimethyl-1'-( B -hydroxyethyl)-6-ritrospiro (2H-1-
benzopyran-2,2!' indoline)(SP). SP is the photochromic com-
pound, which exists in two forms A and B.11 The correla-
tion between A and B form concentrations changes under il-
lumination and depends on the polarity of medium. The cur-
ve 1 on Fig.1 shows the SP spectral absorption in the
ferroelectric phase of copolymer at T = 300 K. The absorp-
tion curve consists of two bands at 370 and 550 nm,
which correspond to the B form of SP. At the transition to
the paraelectric phase the dye form B transforms to form
A (curve 2, Fig.1). The absorption band at A = 370 nm
disappears and the intensity of the opticel band at A =
= 550 nm decreases. At the same time the film is observed
to change color, The purple color of the film appears
again when the reversal transition to the ferroelectric
phase occurs. The observed structural chromic effect in
the VDF/TrFE films, doped ty SP, follows the temperature
hysteresis (Fig.2a)e. It is seen that B and A dyes corres-
pond to the ferro- and parselectric phases of polymer. At
the ferroelectric phase transition there is the tempera-
ture hysteresis loop, where A and B forms coexiste The
analogous temperature hysteresis in the region of the
phase transition is observed for the intensity of the ab-
sorption band at A = 550 nm and connected with the tran-
sition B to A (Fig.2b). This hysteresis correlates with
the temperature hysteresis of the dielectric constant1o
and confirms the existence of the first-order phase tran-

sition,.

The curve 2 on Fig. 2a shows the temperature dependen-
ce of the SP dye spectrum in polar polymethylmethacrylate
(PMMA), which does not show the phase transitions. In con-
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trast to the ferroelectric polymer the temperature depen-
dence of the optical absorption spectrum is linear and
corresponds to form B.

The ferroelectric copolymer VDF/TrFE doped by SP re-
veals the photoconductivity. Fig.1 (curve 3) shows the
spectral distribution of photocurrent., The photoconducti-
ve sensitivity J,/I = 1,7+1078 A/W for A = 370 nm. The
spectral absorption of the nonsensitized copolymers is
shown by the dotted line (Fig.1). Accordingly there is no
photoconductivity in the copolymer in absence of the opti-
cal sensitization.

PHOTOCHROMIC GRATINGS

By means of the photochromic effect in the ferroelectric
copolymer doped by SP the transmission gratings were re-
ceived.s Two coherent beams at A = 514 nm with equal in-
tensities of 5 mW-cm™2 were intersected in the sample,
thus producing interference bands with spacing A=>15 um.
The grating is caused by the photochromic effect in SP.
The light exposure time was ~ 30 min, The life time of
the photochromic grating was not less than 102 hours.

The diffraction was observed from the grating. The
application of the external electric field to the semi-
transparent electrodes leads to the change of A due to the
electrostriction in the ferroelectric copolymer. This
change is determined by the component of the piezoelectric
tensor eqq = 1.10™2 ov? ana appears to be small.

These results show that optically sensitized ferro-
electric copolymers may be used for the optical processing
and optical storage.

THE INFLUENCE OF PHASE TRANSITION ON THE SPECTRA OF MERO-
CYANINES

The copolymers VDF/TrFE (60/40) were doped by mero-
cyanines with different number of conjugated double

bondsl2
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(CH,).N (CH = CH)_¢i = C
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n =1 Ry = ocn3 R, = OCH (MC1)
na= 2 R, = OCH3 R, = OCH3 (MC2)
na=3 Ry = OCH3 R, = ocn3 (MC3)
na=2 R, = OCH3 R, = CH3 (MC4)

It is known, that the merocyanines molecules exist in
two mesomeric forms, nonpolar I and bipolar II. In gene-
ral, in polar medium merocyanines exist in form II, its
absorption band is red-shifted with respect to the form I,

1/2
//g“‘R1 ' s
(CH,) JN(CH=CH) CH = ~—~(CH,) JN=(CH-CH)  =CE]
—R —R
] 2 2
1/2-
I II

The copolymer films with merocyanines show the absorp-
tion bands in UV and visible regions. The absorption maxi-
mum changes with n and medium polarity (Table).

TABLE A mex of merocyanines absorption bands, nm
Solvent, Material MC1 MC2  MC3 MC4_
Toluene ( €= 2,24) 367 421 462 446
Acetone { €= 21,5) 367 433 471 458,476
Ethanol ( & = 27,8) 376 456 493 490
Copolymer VDF/TrFE (60/40)

( € =15) ‘ 370 _ 450 507 476
Polymethylmetacrylate
L €=23,5) 367 433 471 458

For example, for MC4 the bathochromic shift of ‘a‘max from
446 to 490 nm is observed in different solvents (toluene-
acetone —eethanol). This effect is connected with the

fact that the ground state of MC in nonpolar medium
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exists in structure I, but polar medium leads to the in-
termolecular displacement of charges and to the bipolar
structure II respectively. The absorption maximum of MC4
in acetone split in two, one .is of shorter and the other
of longer wavelengths (see Table). This can be explained
by putting form I spectrum on the spectrum of form II,

Fig.3a shows the optical absorption spectra of copo-
lymer film doped by MC4 at different temperatures, At
room lemperature the speutrum shows an absorption maximum
at 476 nm and a shoulder in the 450-460 nm region, connec-
ted with bipolar form II and nonpolar form I correspon-
dingly. For VDF/TrFE (60/40) the region of phase transi-
tion from ferroelectric (polar) phase to paraelectric
(nonpolar) AT == 345 + 365 K and temperature hysteresis
is ~10°, As seen from Fig.3a the transition from polar
phase to nonpolar in copolymer is accompanied by the re-
distribution of band intensities in spectra, We explain
this as being due to the increasing of form I and to the
decreasing of form II contributions, and therefore the
absorption intensity of longer wavelengths region changes.

Fig.3b shows the optical absorption spectra of form
IT at different temperatures which are received by gra-
phic subtracting of the form I spectrum (curve 7, Fig.3a)
from the total spectrum, It is seen, that the intensity
of band absorption of bipolar form II changes with tem-
perature, Fig.4 shows the temperature dependence of oscil-
lator strength f of absorption of molecular bipolar
form at the phase transition. This dependence reveals the
temperature hysteresise.

Thus, the essential difference of merocyanine absorp-
tion spectra in polar and nonpolar phases of copolymer is
determined by the collective influence of the surrounding
molecules on the dye molecules, Unlike4’5 in the case of
dopping of VDF/TrFE by merocyanines the structural optic
effect appears as the change of oscillator strength £ at
the phase transition in copolymer,




14/326] KeA.Verkhovskaya, V.M.Fridkin, A.V.Bune

A4 22 I10°m!
[) T - - r
o 8
1
6
r—
6
400 450 500 Anm
2 -
3
.d.,
4 -
300 ' 350 TR

FIGURE 3

The optical absorp-
tion spectra of
VDF/TrFE (60/40)
doped by MC4 (a)
and absorption
spectra, correspon-
ding to bipolar
form (b),.

1 - 2963 2 ~ 309;

3 -~ 326; 4 -~ 339;

5 « 349; 6 - 364;

7 - 371 K.

FIGURE 4

The temperature de-
pendence of oscil-
lator strength f
of absorption of

MC molecular bipo-
lar form at the
phase transition in
copolymer VDF/TrFE
(60/40).
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The ferroelectric copolymers VDF/TrFE doped by merocy-
anines reveal the photoconductivity, which spectral dist-
ribution coincides with the dye absorption bande. The pho-~
toconductive sensitivity (J h/intensity) changes with n.
Iop/1 = 2,5.107%; 8.10"8; 2+10"1! A/W for VDF/TrFE, doped
by MC1 (n = 1), MC2 {n = 2) and MC3 (n = 3) correspon-
dingly. We observe the decrease of photocurrent by seve-
ral orders of magnitude with increaging n from 1 to 3,
e.8e. With lengthening conjugated system of MC molecule,

The optical sensgitization is confirmed by the crea-
tion of new absorption bands and photoconductivity ones,
The optically sensitized ferroelectric VDF/TrFE is the
new perspective photoconducting material and may be used
for creation of new photorefractive films and photovol-
taic elements.
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Abstract = We describe our study of the spatial resolution of a phase-
conjugating ring-resonator (PCR) consisting of a Sagnac interferometer and a
phase-conjugating mirror (PCM) based on four-wave mixing in photorefractive
BaTiO3. The use of optical image processing systems depends on the amount
of information channels and the nonlinear coupling between the channels. We
examined the contrast function of a set of incoming signals which depends on
the gain of the PCR and the feedback ratio of the whole system. We obtained
about 10° independent channels within our system. Additionally, we tried to
investigate the transfer function of the system by comparing the power spec-
trum of the incoming signal and the output signal. By changing the geometrical
setup of the system it should be possible to observe a higher resolution. On the
other hand it is possible to control the coupling strength by varying the linear
feedback part of the PCR.

INTRODUCTION

For any application of an image processing system, the spatial resolution is one of the
most important informations to characterize the system. There exist many ap{lica-
tions of feedback systems for optical image processing or optical computing. 1,2,3.4
The advantage of an active feedback system is the possibility to exceed the losses of
the feedback path. Moreover, with a nonlinear feedback system like the PCR we are
able to use the nonlinearity for optical processing and we can vary it by changing
the feedback ratio.

EXPERIMENTAL SETUP

We investigate a phase-conjugate ring resonator consisting of a PCM and a Sagnac in-
terferometer. The PCM is realized by four-wave mixing in a photorefractive BaTiO,
crystal, which provides phase conjugation and a high, nonlinear amplification. The
signal is focused into the crystal with lens L, (Figure 1). The distance between the

(329117
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crystal and the lens is approximately the focal length of the lens, so that the crystal
is working in the Fourier plane of the signal. With perfect alignment of the resonator
each pixel of the signal is imaged into itself. In this way, the phase conjugate ring
resonator is an active feedback system with a large image plane and high resolution.

S, BS p1\ FIGURE 1: Experimen-

tal setup of the PCR

-1 /AN | \ with input i,, output i,
I . .

Ly PCM\P2 round propagating image

\ i3, mirrors S; and S;, and
3 beam splitter BS. L,, lens.

S;

ol

All experiments were performed using a TEMgo single-mode argon ion laser at a
wavelength of 514.5 nm. The stabilized output power was approximately 150 mW.
The reflectivity of the resonator was Rg., = 0.86; therefore an amplification of the
PCM of Rpcar 2 1.2 compensates for resonator losses. In the experiments the am-
plification for small signals was up to 10.

THRESHOLD OF SELF-OSCILLATION

The veflectivity of the phase-conjugating mirror (PCM) is given by 3,

Rpcrp= Reflectivity of the

__gplL le 14el) crystal
RPCM f4(1- 5) p2l*(1-¢) Ip1l?,|p2|?= Intensity of the
pump waves
with
|s1]?= Intensity of the
€= ezp(}é(lpl 1 +1s11*) signal wave

4l= Coupling coefficient
of the crystal

Without an external signal and the PCM gain high enough to compensate the reso-
nator losses, the effect of self-oscillation occurs and a pattern arises. It starts from
self-induced gratings in the crystal formed by scattered light from pump beams P,
and P,. The threshold of self-oscillation 9 is given by
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Rpcum(lsi|? = 0) = RL' Rpes= Reflectivity of the
Res resonator
which leads to
RRe: J'Plp

" IpaP(-ezp(IBE))?

The self-oscillation pattern dominates in the resonator and destroys any information
given by an external signal. That means, for image processing the system has to be
under the threshold of self-oscillation. On the other hand, the amplification has to
be as high as possible. By varying the reflectivity of the Sagnac interferometer, it
becomes possible to use a large range of amplification of the PCM. So, we are able
to change the nonlinear characteristic of the PCR in a wide range.

1 FIGURE 2: Experimental
setup of the PCR withk the
interferometer to produce
the phase grating.

ST/AN

P

To measure the spatial resolution of the PCR, we produce a variable phase grating
by the interference of two plane waves (Figure 2). First we estimate the smallest
structure which can be transfered by the system. The incoming signal is Fourier
transformed by the lens. The active region in the crystal is limited by the crystal’
dimensions and the diameter of the pump waves . Because of the high Fresnel-
number of our Sagnac interferometer (the smallest aperture is about 25 mm wide),
the limiting component is the interaction region of the BaTiOs-crystal. From the
Fourier transfomation we obtain:
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f: focal length

A: wavelength of laser

>

I
{8y
>

: wavelength of the signal
structure (grating)

z;: position of the spatial
frequency in the Fourier
plane

With the data of our setup: f = 180 mm, x; = 1.2 mm (diameter of pump waves),
A = 514 nm we get A =~ 13 pu. That means, we are able to transfer about 10°
channels within our system.

EXPERIMENTAL RESULTS

The output signal of the PCR (i; in Figure 2) was detected by a linear CCD array.
The camera consists of a CCD-line with 3456 elements and a distance of 10.7 um
between each diode. The output was recorded by a PC. The amplification of the
PCM during all measurements was just under the threshold. The two pump waves
had an intensity of approximately 5 mW each, and the intensity of the signal beam
was about 0.7 uW.

FIGURE 3: Contrast func-
tion of the output signal of
the PCR over the spatial fre-
quency of the grating of the
input signal. The gain of the
PCM was constant.

Contrast

0.1¢ h
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1
asf ] FIGURE 4: Contrast func-
as} | tion of the output signal of
ol . the PCR over the amplifica-
A— . ] tion of the PCM. The input
1% . 1 signal was in the first case a
g il | /———\'\ { phase grating with a period
a4} | of 8.4 lias (the upper graph)
ol and in the second case a grat-
oah ing with 12.4 tpg (the lower
ul graph).
0
1 2 3 4 s 6 7
amplification

The contrast function is defined by K = -nn-—'_-%gtn

The contrast function of the PCR with constant amplification (Figure 3)
shows that the limit of the resolution is in the range between 12 and 14
tna. Up to about 10 Lz the contrast is nearly constant. The sy-
stem is not able to amplify structures that are smaller than approximately
12 tne:. Additionally to the contrast function, the Fourier transform of the output
signal is a good proof for the spatial resolution. In Figure 5 we see the powerspec-
trum of an output signal with 4.5 tass. There can be clearly seen a peak at that
value. In contrast the powerspectrum with 14 tne in Figure 6 shows a wide range
of spatial frequencies, only a small part of the power is contained in the peak of the

signal frequency.

1 1
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o8t uL
0.7} - QI}
3
0.6} KT
os £ of
ek E g o4}
o3 E 3 %13
O.IL 02y
[ 81 ¢ / LA 9 ol
0 4 . s 6 12 1 16 1 2 % 2 4 6 8 [ T T ]
lines per mm

FIGURE 5: Powerspectrum of the output FIGURE 6: Powerspectrum of the output
of the PCR for a signal of 4.5 lipss of the PCR for a signal of 14 i
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CONCLUSION

We have shown that the spatial resolution of the PCR with our setup is about 13
kiags, which corresponds exactly to the calculated value. As a result we can see, that
the resolution is not limited by the crystal, but by the experimental setup at the
moment. On the other hand, it is not clear up to now, whether the calculated 10°
channels are independent and how strong the coupling of the pixels is 7,
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Abstract The circular photogalvanic (CPG) effect was investigated on
three kinds of optically active crystals Bij2SiO20, Bij2GeO20 and

PbsGe301 . For this purpose, we constructed an apparatus which detects
the CPG current synchronously with the phase modulation of the inci-
dent light. The magnitude and direction of the current were observed to
vary depending on the polarization state of the incident light. Bij2SiO20
and Bi12GeOyo produced the CPG current with opposite sense although
their chirality was same. In PbsGe3Oj], the sense of the CPG current

could be reversed by the external electric field.

LINTRODUCTION

When light enters a crystal, an electric current is induced inside the crystal

depending on the polarization state of the incident light.] The current
density J is expressed by the following expression.

Ji = {Bijk € ex* +iyyle xe*))l )
Here e denotes the unit vector of the electric field of the incident light, i, j,
k and 1 suffix representing the cartesian coordinate, I the intensity of the

incident light. The first term represents the linear photogalvanic effect and
the coefficient p is the third-rank polar tensor, while the second term is

B3sy3
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called the circular photogalvanic (CPG) effect and is characterized by the
coefficient y which is the second-rank axial tensor. According to the
symmetry of the coefficient y, the CPG effect is allowed only in gyrotropic
(optically active) crystals. According to Eq.(1), right-handed and left-
handed polarized light generate currents with opposite sense, while
linearly polarized light induces no current This phenomenon is promising
especially in the application to new phase-detectors of the light in opto-
electronics. Although measurements have been made on the CPG effect by
using several kinds of chiral crystals,2.3 it seems to us that experimental
conditions,i.e., the power density of the incident light, magnitude of the
CPG current, wavelength dependence, etc., have not been precisely
reported. The main reason for the ambiguity of reports can be attributed to
the smallness of the effect; the usual photocurrent has a magnitude which is
104 times larger than that of the CPG effect. Then special apparatus which
can discriminate the extremely weak CPG current from the ordinary
photocurrent is necessary in the study of the CPG effect.

In the present study, we constructed an apparatus which realizes
accurate measurements of the CPG effect by modulating the phase of the
incident light and applied it to 3 kinds of optically active crystals;
Bi12S8i020 (BSO), Bi12GeO329 (BGO) and ferroelectric PbsGe3Oj g
(5P3G).

2. EXPERIMENTAL METHQOD

The block diagram of apparatus for measuring the CPG effect is shown in
Fig.1. The polarization state of the incident light from Ar ion laser (A=

v \

COMPUTER Power supply |Reference jlLock in Amplifier

'PG signal

Sample

1Electrooptical

Ar LASE R——4 modulator }—-- ""“J

Fig.1 Block diagram of the apparatus for measuring the circular
photogalvanic effect.
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488 nm, maximum power 60mW) was modulated with a frequency of 70Hz
by exploiting the electrooptic effect of LiINbO3:MgO crystal. Then the
CPG current was detected synchronously with the polarization state of the
incident light by a lock-in amplifier as a function of the phase shift of the
lock-in amplifier. An examination was made whether this phase shift really
corresponds to the change in polarization state of the incident light, by
inserting a Babinet-Soleil compensator between the phase modulator and
the crystal: the additional phase shift of 180° produced by the compensator
changed the sign of the CPG current without change in its magnitude. We
also measured the circular dichroism (CD) of each crystal in the
wavelength region from 370 nm to 570 nm to clarify the relation between
the chirality of the crystals and relative sign of the CPG current.

The dimension and orientation of the specimens are illustrated in Fig.2.
Transparent electrodes of InyO3 were sputtered on the surfaces of the

specimens.
| [100] I [100]
NN

d d
Bi;2Si040 Bi2GeOzq PbsGey0,,
d 0.55nm d 1. 05em d 0. 932mm

Fig.2 Dimension and orientation of the specimens used in the present
experiment.

BSO and BGO belong to the same point group T-23 and have one
independent y tensor component y;;, which can be determined by
measuring the CPG signal along the [100] with the light incident along the
[100] direction. Results of the CD and the CPG effect are shown in Fig.3
and Fig.4, respectively. The CD spectra indicate that BSO and BGO used in
the present experiment were both laevo-rotatory. The CPG current was
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measured with an incident light power density of 400mW/cm2. Fig.4
clearly shows that the CPG signal induced by the incident light varies
depending on the polarization state of the incident light. It should be noted
that the sense of the CPG signal was opposite in BSO and BGO, although
the chirality of these crystals was same. The origin of the different sign of
the y tensor of these crystal is an open question at present.

Ellipticity (x 10-3 °/mm)

450
Wavelength(nm)

550

Fig.3 The circular dichroic spectra of BSO and BGO crystals.

CPG signal (pV)

Fig.4

100
o°°°°
[ [+]
4 [ o
° o
s e o
eet T T, o °
0 °® ... 5 ... 0.
o ooo’.. . °*
° ooooo Coo0®
4 ° Oo
%0400 * BSO
° BGO
-100 T Y T
-200 -100 0 100 200

Phase shift (deg)
The circular photogalvanic effect observed in BSO and BGO crystals.
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CIRCULAR PHOTOGALVANIC EFFECT OF CRYSTALS (33927
3.2, Ferroelectric SP3G

SP3G belongs to the point group C3-3 and exhibits ferroelectricity at room
temperature. We measured the CPG effect related to the y33 component
with the incident light along [001] direction and the CPG current along
{001] direction. The chirality of 5P3G can be changed by the application of
an external electric field as shown in the CD spectra(Fig.5), and it is also
expected that the sense of the CPG current can change its sense by
accompanying the transformation of the enantiomorphic state by the
electric field. This phenomenon really occurred and the result is indicated
in Fig.6. We could reverse the sense of the CPG current under an electric
field of above 750V/cm. On the other hand, the virgin specimen did not
show the CPG effect, as it contained almost equal number of regions with
opposite chirality. This fact indicates that the CPG effect can be used as a
sensitive tool for discriminating the enantiomorphic state of crystals.

CD of Dextrorotatory

CD signal(A.U)
o

‘.

-1" A‘
5

-2 1

3' CD of levorotakory

380 400 420 440 460 480
wavelength(nm)

Fig.5 Circular dichroic spectra of ferroelectric 5P3G measured in the room
temperature. Sign of the CD spectra can be changed by the
application of the electric field.
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0°%°% * +5.4kVicm
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= . 8
m 0 [ XY _l_v
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> o’ . %
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0 -2 - °o [+}
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Fig.6 The circular photogalvanic effect observed in ferroelectric SP3G.
The CPG current can be reversed by the application of the electric
field.
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RECENT ADVANCES IN TRANSPARENT FERROELECTRIC CERAMICS
RESEARCH AND APPLICATIONS

ANDRIS STERNBERG
Institute of Solid State Physics, University of Latvia,
Riga, Latvia

Abstract. The studies of field-induced lattice rear-
rangement and field-induced phase tramsition (PT),
laser hcam e¢ttects in transparent ferroelectric ce-
ramics (TFC), dopant and radiation effects in PLZT,
Kerr ettect demonstration and application ot an intra-
cavity matrix-addressed spatial-time modulator are dis-
cussed,

INTRODUCTION

Most of TFC, being typical relaxor materials have offered
opportunities for new methods (optical, electrooptical,
non-linear optical) in studies of ferroelectricity, provi-
ding as results essential tor understanding the nature ot
pTls2,

STRUCTURE, PROPERTIES AND PHASE TRANSITIONS

A complex X-ray study of the crystallographic characteris-
tics of PLZIT with respect to temperature, applied field and
kinetics are considered from a common viewpoint on the
9/65/35 compound as a test material3. Thus, the X-ray data
confirm a complete reversibility of the induced polar phase
at 22°C (Figure 1) and so the unpolarized state at 22°C
(from kinetic studies of the induced polar phase) is essen-
tially permanent.

Kinetics of the field induced PT has been studied
(with 8,5/65/35 compounds 4). variation of the average size
and volume concentration of polarized submicroregions with
the field 1is obtained by two independent methods -~ IR

341)29
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20y, , dey. FIGURE 1. The change of the
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st cycling of the applied
field tor PLZT 9/75/35;
T=22°C.
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birefringence and scattering studies (CO laser; A=5.56 um).
Appearance ot quasi-single domain FE clusters is suggested
near the critical field.

To explain the memory effects observed 5,6 in PLZT
ceramics and its display in the behaviour of ¢£°w,t) the
distribution of relaxation times in the region of diffused

PT is assumed to follow the Vogel-Fulcher law

Teut-oftt=To ©XP T-Tg ’

the interaction with wultra-slow defects resulting in
gradual treezing of relaxators at v ;. (Fig.2)7. The
approach has allowed to do without proposed anomalies of
structure and static properties not observed in the region
of ditfused PT and to explain the change of P(E) at PT in
PLZT X/65/35 ceramics with X>8 at.%.

The temperature vs.time rise profiles in the bulk have
been calculated (numerical simulation)® (Figure 3) from the
results of thermal self-focusing, self-deflection of laser
beams and induced transparency in PLZT ceramics?; the
thermooptical constant has a rather high value in PLZT
(~1073 cm?/W). A laser beam thermally induced PT from
strongly to weak scattering state (in coarse-grained PLZT
8/65/35) followed by drastic increase of sample
transparency has been achieved by Ar- and CO- lasers.
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FIGURE 2. Distribution function of relaxation times g(1) at

ageing at T«&T E=0).
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DOPING AND DEFECTS

Essential specific changes of structure and properties
(dielectric, optical, elastic) of the PLZT 8/65/35 ceramics
doped by 3d elementsl0 have suggested to undertake more
comprehensive examination of the materials to reveal the
micromechanism of dopant effects - EsMll: Raman scattering
(RS)12 and EPR!3 studies were provided.

The most essential contribution to the change of RS is
due to Jahn-Teller, i.e., d% of Mn2* configurations.
Appearance of new bands about 660 and 960 cm™! is related
to localized defects like Mnd*-Ti3t, Hn2+-V°, Mn3*t-La3*
a.o.,

We identify the absorption in the region of 0.1<B$0.2 T as
the spin transition -3/2 —» -1/2 of Mn4*t (d3) ions, and that
in the region of 0,255B£0,40 - as the spin transition -
1/2 - 1/2 of Mn?* (d5) ions (Fig.4). It is reasonable
to assume the presence, along with Mn2* and Mn4*, of Mn3*
(d%) not detectable by EPR, particularly responsible for
the evident shift of T
changes in RS.

m to a higher temperature 10 and

We have detected significant alterations in the
optical and dielectric properties of PLZT X/65/35 and PSN
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aT=38.1
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t=0.38 s

FIGURE 3. Temperature rise protiles in the bulk of PLZT
8/65/35 sample. Ar-laser beam intensity - 1 kW/cm?; e~!
radius - 0,2 mm. Solid lines - transparent state; dotted

lines -strongly scattering state.

0 ar [ ™
8(r)——

FIGURE 4. EPR spectra of Mn in PLZT 8/65/35+ X wt.%Mn.
1 - Xr0; 2 - X=0.1; 3 - X=0.3; A=3 cm; T=20°C.
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FIGURE 5. Optical density difference 4D vs. wavelength:

a) of PLZT 10/65/35 irradiated by: 1 - neutrons (2-1018
n/cm2); 2 - electrons (8,4°1017 electr./cm?); 3 - J-rays
and neutrons (5°109 rad; 2°1016 n/cm?); 4 - [-rays (9:108
rad);

b) PSN: 1 - electron irradiated (fluence g8-4-1017
electr/cm?); 2- annealed up to 150°C (2 deg/min.); 3 -
annealed up to 250°C.

ceramics, following irradiation by neutrons, electrons and

14,15 The change in optical properties of PLZT

gamma-rays
8-11/65/35 ceramics is mainly observed near absorption edge
- a characteristic maximum in the absorption difference AD
(prior to and after irradiation) at waveleungth of 380-
390 nm is estimated, irrespective of the type of radiation
employed (Figure 5,a). Intensity of coloring (the value of

AD) depends on the type of irradiation and fluence.

Defects can be annealed at temperatures between 400-600°C.
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In the case of electron-irradiated PSN ceramics
(fluence 8.4'1017 electr./cnz) - AD maximum is observed at
~490 nm, however completely annealed at temperatures abhout
2309C (Fig. 5,b).

APPLICATION

PLZT frequency stifter (20 kHz) as well as a voltage-
controlled PLZT A/4 phase plate have been introduced in

the laser heterodyne interterometer for an automatic
16
. A

displacement mcasurements with the accurancy 210 nm
low voltage PLZT ceramics Kerr cell and computer controlied
DC and AC voltage sources are developed for didactic use
and classroom demonstration, for transfer of inforwation by
laser beams 17,

An intracavity watrix addressed (30x30 programmable
scanning elements) PLZT spatial-time modulator is

18 pitraction

demonstrated with a pulse YAG:Nd laser
limited beam quality and 10 us direction exchange time have

been achieved.
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THE ANALYSIS OF ELECTRIC FIELD FOR A PERIODIC
ELECTRODE WITH A DIELECTRIC BUFFER-LAYER

GEN-SIN LIN', JANG-JENG LIANG®, WEI-YU LEE!

PING—OU CHEN' AND CHI-CHIEN CHEN"
t Dept. of Elec. Eng., Tatuni Institute of Technology, Taipei, Taiwan
* Chunghwa Picture Tubes, Ltd.

ABSTRACT Several types of intg?ated optical modulating and switching
devices are based on the change of the refractive index while applying a
voltage between electrodes fabricated on the crystal. Many solutions of the
electric field are proposed. However, most of them focus on the single pair of
electrode. In this paper, we analyze the periodic electrode with a dielectric
buffer—layer and sucoessftﬂly solve the potential‘s equation by DFT ( discrete
Fourier transform ). The DFT is a correct and simple technique for dealing
with the problem of periodic pattern. On the other hand, the method is
efficient for solving the differential equation directly. We present the results
of estimation for the electric field of periodic electrodes with a buffer—ayer
83102) evaporated on z—cut LiNbO3; and suggest some considerations of
esign for electrodes.

INTRODUCTION

For the z—cut LiNbO3 waveguides, we tend to use the largest electro—optic
coefficients, ras, 8o the electrodes are evaporated on the wave guides directly.
However, the metal—clad waveguide may lead to large attenuations [1]. In order
to reduce the attenuation, a dielectric buffer—layer is added between the
waveguides and electrodes, shown in fig.1. We can easily apply the conformal
mapping method to analyze the electric fields of the structure without buffer
layers, but can't apply that method to solve the fields distribution of the
configuration with buffer layersl. Another solution was proposed by means of
Fourier transform? but it also resulted in some difficulty : requiring guessing the
potential on the electrodes surface in advance and repeating an iterative procedure
to approach the exact answer. Recently, a few authors analyze the electrode on
the dielectric waveguides by the method of line3'4¢. However, they are also unable

[347)35
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to deal with a periodical electrode pattern such as spectrum analyzer$'6, tunable
polarization converter?'8, wavelength filter9 etc..

In this paper, we make use of DFT to calculate the electric field distribution
directly through a series of matrix operations. Comparing the results of periodic
electrodes with that of a single pair obtained by conformal mapping method, we
show that the electric field intensity of the former is a little larger than the latter.
This is owing to the influence of periodicity and the simulation results also meet
our prediction. Frequently, we must trade off several factors such as the width of
a gap, the thickness of the dielectric buffer and the problem of fabrication etc. So,
we analyze the two most important parameters, the gap between electrodes and
the thickness of a buffer-layer and then suggest some considerations for the
optimum design of periodic electrodes.

ANALYZING THE ELECTRIC FIELD BY DFT

The electrodes are assumed to be infinitely thin compared to the width of gap, 2a.
One electrode is at zero potential while the other has applied an voltage , U, and
the z—cut orientation of the LiNbOj; crystal and TM mode propagating wave are
assumed, shown in fig.1. The changes of dielectric constants which are introduced
by the Ti—diffusion are small and can be neglected in the computations. The
electrostatic potential ¢ is a solution of the differential equations2'é

P, Yy fory<o (1a)
ox? ay2

2
€x gxzf + ¢y ny =0 fory>0 (1b)

According to our assumptions above, the ¢x and ¢y are the ordinary and
extraordinary dielectric constants respectively. Now, we transfer the problem to
another domain by DFT. First, we define the discrete Fourier transform as

#i(vy) = Y ¥ilxy) exp( —RFE) @)
X
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where N is the period of electrode and v x = — N/2..N/2—1. The index 'i'
represents the region 'l' , '0' or '-1'. The & denotes the DFT of the electric
potential ¢ along the x—coordinate at y. Then, applying the boundary conditions
of Ex and Dy at the interfaces, we derive the potential in the substrate as below

W(cy) = Y, hi(nd) exp BFE ) exp( R |- () [-2-) (3)
v

and

#0(1,0) = #1(3,d)- { con(-ZR—|5]) + (JTETT‘“—)' sinh(-ZF8— 1) } (4

If #9(1,0) can be found, #1(v,d) is easily calculated. So we must calculate &o(»,0) in
advance. Another boundary condition between air and buffer yields

Y, 14 #0(4,0)- H)- exp( E2FE-) = 0 (5)
14

where ord 9rd
inh(—=¥ X
H) = e - — (—;1::(”‘) M M[.’Sh(?::'”” +e (6)
COSh(—N—'IVI) + a-smh(—N—lul)
and

b

Once #y(v,0) is found and then we use eq.(3) and eq.(4), the electric field in the
waveguide can be calculated.

IM TS AN $
In this section, we simulate different conditions for z—cut LiNbOj substrate with
dielectric constants €e=28 ,6,0=43. The wavelength A=0.6328 ym, N=80um and
the electrode width 20um are assumed. The conformal mapping method is used to
to calculate the electric field of a single pair of electrode and is regarded as a
precise method!'2. For the periodic electrodes, we may predict that the electric
field is larger than that of a single pair of electrodes because of the influence of the
neighboring pattern. In fig.2(a) and (b), we calculate the electric fields of the
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electrodes separating from each other by 8 um at the depth y=1.5 um and it is
found that the electric field calculated by DFT is always a little larger than that
by conformal mapping method. It fits our prediction. So the DFT method is also
reliable.

For design considerations, we tend to place the strongest electric field on the
waveguides in order to obtain the best modulation effect. There are many facts
influencing the intensity of electric fields. It is easy to understand that the
waveguides near the electrodes edges have larger electric fields. The separation of
electrodes is one important fact decreasing the lateral and vertical electric fields.
It is obvious at the inner edges of electrodes. In order to get stronger electric
fields, the narrower gaps are suggested but it may result in the difficulty of
fabrication.

Another dominant fact is the thickness of the dielectric buffer—layer which
may considerately attenuate the electric fields. The distributions of Ex and Ey
electric fields are presented in fig.3 at the depth of 1.5 um with different
thicknesses of buffer layers ( d=0.05, 0.3 and 0.8 um). The attenuation is obvious
at the electrodes gap, shown in fig.3(a). The changed effective propagation
constant 58 according to the electric field is

68 = —— ko 33 ne>- Ey ()

The decrease of §8 with increasing the widths of gaps and the thicknesses of buffer
layers at y=2um are shown in fig.4. This is a useful reference figure when we
design the electrodes. Because, frequently we need to trade off between the higher
electric fields for modulation and the thicker buffer to decrease the power
attenuations. If the thickness is larger than 0.4 um, the 64 is smaller than 3.5- 10-4
rad/cm. Then, a period of phase variation requires about a centimeter when we
apply 10V. The smaller gap between electrodes tends to give a larger electric field
but is more difficult in manufacture. The optimum thickness of gap we suggest is
about 4um because of easy performance and larger electric field.

CON ION

In this paper, we have analyzed the periodical electrode pattern having a
buffer—layer and directly calculated the electric field by DFT. From our
simulation results, there are two important facts influencing the modulation effects
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— the width of gap and the thickness of the buffer layer. Some references of
design are suggested in this paper. Now, we are interesting in the attenuations of
the planar and channel optical waveguides for the metal/buffer/guide/substrate
four—layer structure which are generally used in integrated optics.
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FIGURE 3 The electric field distribute for different thicknesses of buffer layers at
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FIGURE 4 We show the variations of §f V.S. the widths of gaps at y=2um.
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A NUMERICAL TECHNIQUE FOR ANALYSIS OF ARBITRARILY
SHAPED INHOMOGENEOUS OPTICAL WAVEGUIDES

HUEY-MIN WANG!, WEI-YU LEE', JANG-JENG LIANG"
AND SHUG—JUNE HWANG!

t %epotc of Elec. Eng., Tatung Institute of Technology, Taipei, Taiwan,
* Chunghwa Picture Tubes, Ltd.

Abstract A six;xrle and efficient procedure for determining the propagation
characteristics of arbitrarily shaped inhomogeneous wa de is described.
This _d)tocedure was mainly based on effective-index method! and
Ritz—Galerkin method.2 Our procedure can be easily implemented on a small
personal computer. We compared the results with those obtained by other
method.3 It was shown that the results obtained for mode spectra and field
distributions are also accurate even in the case closed to the cutoff region.

INTRODUCTION

Dielectric waveguides are useful components for realizing integrated optical
devices. In order to properly design and use an optical channel waveguide link, the
propagation characteristics and field distributions of the guided modes must be
known.

Except for a few special refractive index profile shapes that allow explicit
analytic solution of this scalar wave equation (step index and parabolic index.
fibers4's), the guided modes capable of propagating along the fiber must be
determined by approximation. However, due to fabrication techniques and other
applications, the methods which can cope with both the problem of arbitrary index
profile and arbitrary cross—sectional shape of the waveguide are required. We
mentioned here the finite element® and finite difference” methods and
effective—index method!.

In this paper, we adopt Ritz—Galerkin formalism to extend Chiang's model
for arbitrarily shaped inhomogeneously optical waveguides. The results of our
procedure are accurate both in the low frequency and high frequency region. Even
for the fundamental mode with frequency very near to the cutoff value, the mode
still can be followed by our method.

[353p41
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IHEORY

The mode field of the fiber satisfies the 2—D scalar wave equation:

I ) + [ n 2 — 42 =0 1
ot =S4 =0 1)
where ¢ is the field, x is the wave number, § is the propagation constant, and
n(x,y) is the refractive index distribution. For weakly guiding fiber, the field can

be expressed as:

¢(x1Y) = ¢X(x)' ¢XY(X’Y) (2)

while @xy(x,y) i8 assumed to be a slowly varying function of x.

Substite Eq. (2) into Eq. (1), neglect some terms reasonably in the process of
derivation, and define an effective index profile nesr(x), we can obtain the followed
two 1-D scalar wave equations:

—‘;%H + [W(x,yw? — nér(x)A%xy = 0, (3)
Bz 1 [ ad(x)s2 — B2 4 = 0, 4
dx?

Eq. (4) is just the scalar wave equation for an inhomogeneous slab waveguide with
index profile neff(x). This means that once the effective index profile nefr(x) has
been determined, the propagation constant § in the original two dimensional
waveguide can be obtained from a one dimensional waveguide with index profile
nere(x). Then the original 2-D problem i3 converted into 1-D problem. The
effective index profile nefr(x) can be obtained by calculated propagation constant
B = ness(x;)x at each point x;.

For arbitrarily shaped inhomogeneous optical waveguides, the effective index
profile nefr(x) must be pointwise determined. We used Ritz—Galerkin formalism?
to solve the problem of one dimensional waveguide with inhomogeneous refractive
index profile. The schematic representation of our method is shown in Fig. 1.

By Ritz—Galerkin method, the mode field ¥o(x) was expanded by a suitable
finite set of known basis functions { ¥,y } :
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(3] Y Ritz-Galerkin
A Negg (xid
> X
Pl
|
Ritz-Golerkin -—p Propagation constant

FIGURE 1 The schematic representation of our method
N
Va(x) = £ Cy ¥o,u(x) (5)
u=0

where C, are coefficients which are initially undetermined. The eigenvalue o was
refered to the propagation constant for the mth order mode, C, is the
corresponding eigenvector. Since the S and the C, can be obtained
simultaneously, the field distributions can be easily generated by Eq. (5).
Therefore we can obtain both the propagation constant f and the field
distributions for the original two dimensional waveguide.

Because the effective index method is derived in the Cartesian coordinate

system, it can only be applied to waveguide modes which can be designated as E¥;

(or EYj) modes. For these E}; and EYj; modes, the field configuration in each
coordinate axis is well discussed in Ref. 8. The general symbolic formula3 for each
1D process can be given as followed:

n2
A(Ep) = { TEn-l[ % ] » TMu-y( n2|net'f|n2 ) ] (6)
n2
B(Edn) = [TMH( n2nljn2 ), TE..l[ %] } (7)

For a weakly waveguide, Ef, and E{, modes are approximately degenerate,

the waveguide modes can be denoted as EJY and the general notation then
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becomes:
n2
A(EX) = [TEn-l[ g] » TEn-1( n2|neff|n2 ) J (8)
Numerical Results

In order to show the accuracy of the results of our method, we consider the circular
graded index waveguide with refractive index profile given as followed:

n2(r)=n03 {1-2- A- f(r/ro) }, r<rg
=0}, 2T

A = Beolal (9)
2n2

cO
where nc, and ng are the refractive indices at the axis and in the cladding
respectively, and r, is the radius of the waveguide, for the waveguide of this kind

index profile possesses exact solutions for the propagation constant £ of the guided
modes.? We use:

V=~oro(n%o—n%1)1/2,6=ﬂ/~o

Beo = 1.4516
ne = 1.4473
ro=5x10"5m.

The following notations will be used:

Seh Theoretical value of é. This is the exact analytical solution for this

geometrical shape and refractive index profile.?
JEVM Value of § obtained by Velde et al.3
SERG Value of § obtained by the present method.

The propagation constants of Efy mode and E¥; mode for various V-number
are displayed in Table I and in Table II. In the Table, the error is called
procentual error3 and is defined as followed:

percent error = 100 x (S&n—bapproximated) / &b (10)
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TABLE I Comparison of the propagation constant § for Ef; mode

\Y &h ERG EVM E—4% ERROR
ERG EVM

125 1447355  1.447309 1.447455 32 70

4.00 1.449482 1.449488  1.449393 3 60

6.00 1.450170 1.450170  1.450037 ex 90

ex : the result is equal to the theoretical value of 4.

TABLE II Comparison of the propagation constant § for Ef; mode

v &b SERG SEVM .E—4% ERROR
ERG EVM

'3.50 co co 1.447385

3518 1.447300 1.447352 1447392 35 64

4.00 1447578 1447619  1.447615 27 25

6.00 1448757 1448763  1.448760 3 2

co : the mode is found to be in cut off.

Oapproximated =§EVM  for Velde et al. method
=6ERG for our present method

Di . { Conclusi
The effective index method itself has limitations and restrictions. Most of these
have already been mentioned by Chiang!, and some of the important restrictions

are emphasized by Velde et al.3. One of them should be especially noted is the
intrinsic restriction which is due to the central assumption that ¢xy is a slowly
varying function of x in the average sense. It implies that the mode field spreads
over the entire cross section of the fiber should let d¢xy/x and HP¢yy/dx2 become
negligible in comparison with d2¢y/dx2 and #¢xy/dy2. Therefore for higer order
modes this assumption would lead to a decrease in the accuracy. If we choose one

frequency ( from V = 4.00, 6.00 ) and check the error of the results for Ef; mode

and E¥; mode, we could find that our results meet the expected result of this
intrinsic restriction, however the results from Ref. 3. did not meet.

From Table I and Table II we could find that in the low frequency region our
results are better than those of Rel. 3., even in the region very near to cutoff ( V <
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1.5 ), this cannot be done by any other procedure. Also we found that as the
frequency is away from the cutoff value, the error of our results will become
smaller gradually. This means that in the high frequency region the accuracy of
the results can also be obtained by our procedure, but this can not be obtained by
Ref. 3.. Moreover we has led to an procedure to find the field distribution for
guided modes. Therefore our procedure is reasonable and powerful.
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LATTICE SITE OF TRANSITION METAL AND RARE-EARTH IMPURITIES IN
I.:I.lll)()3 SINGLE CRYSTALS. AN EXAFS STUDY

C. Zaldo and C. Prieto

Instituto de Ciencia de Materiales de Madrid. C.S.I.C.
Campus Universitario de Cantoblanco. C-IV. 28049 Madrid. Spain.

Abstract: Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy has been used to study the lattice site of
impurities in lithium niobate single crystals. The determination
of the distances from the impurity to the first oxygen
coordination sphere and to the niobium neighbours gives the
lattice site of the impurity and its displacement along the
c-axis of the lattice. In this way, it has bgen detgmined %he
position of transaitlon metal (Ni Fe* , " and Ta>")
and rare-earth (Er™, Nd>*) impurities

INTRODUCTION

Lithium niobate single crystals have found application in the
optoelectronic area as wavegulde subtrates, photorefractive devices
and solid state laser matrices. These applications are related to the
properties of the impurities introduced. Waveguides are commonly
produced by diffusion of Ti in LiNb03 subtrate’. Photorefractive
properties are due to the incorporation of Fe and other transition

metal 1onsz.

Nd and other rare-earth ions have been used to 1induce
laser action in LiNbO, bulk single crystals® and waveguides®.

In spite of the important roles of the impurities in LiNbOa,
their lattice locations have been ignored until very recently. The
reason of that fact has been that the first coordination sphere of the
three possible lattice locations (Li, Nb or vacancy lattice sites) are
rather similar.

EXAFS spectroscopy may provide direct information on the nature,
number and distance of the neighbors around of the atoms tested. From
this information the lattice site location of the impurity may be
inferred and compared with the information gliven by the other
[359y47
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techniques applled recently to investigate the lattice site of
impurities in LleOaz Rutherford backscattering (RBS), Proton Induced
X-ray Emission (PIXE)/channeling spectroscopiess and ENDOR®.

EXPERIMENTAL TECHNIQUES

Congruent L1Nb03 single crystals have been grown by the Czochralskl
method with different impurities of transition metals and rare-earth
elements. As a general rule, to obtain a signal to nolse ratio which
allows us the analysis of the spectra a minimum of 0.5%4 molar
concentration of impurity in the crystal was required.

Fluorescence EXAFS spectra were acquired at room temperature at
the K-edge of the first series of transition metal and at the
Lnl-edge of the rare-earth and third series of transition metal ions.
We used synchrotron radliation emitted by the L.U.R.E. (Orsay) D.C.I.
storage ring running at 1.85 GeV, with an average current of 250 mA.
X-rays were monochromatized wusing a Si(311) double-crystal
spectrometer. Detection of the total fluorescence yield has been made

using a plastic scintillator attached to a photomultiplier.

EXPERIMENTAL RESULTS AND DISCUSSION

The method for the analysis of the experimental data has been
described previouslyv’a. The atomic Radial Distributlion Function (RDF)
is related to the fourier transform of the EXAFS signal, x(k),
weighted by the third power of the photoelectron momentum, k.

As an example, Flg. 1 shows the RDF around the Fes’ impuritles in
LleOs. Peak I 1s related to the first oxygen coordination sphere and
peaks II and III to the niobium neighbors. The contribution of Li
neighbors to the RDF has been Iignored because of {ts low
backscattering amplitude. On the other hand the contribution of oxygen
shells different from the first one has been found to be minor
compared with the contribution of niobium’*8,

In order to determine the actual distances from Fe  to oxygen
and niobium neighbors we have fitted the experimental data with the
well known EXAFS expresslon9:
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N
J
x(k) = T — exp(~2k%*?) exp(-T' R /k) f (k) sin(2kR +¢ (k)) [1]
3 kR J 3 J SIS

J
where J 1indicates different coordination shells, IlJ is the
coordination number, RJ is the neighbor distance, cj is the
Debye-Waller disorder parameter, t‘j is the backscattering amplitude of
the neighbors, l" is related to the mean free path of the
photoelectron and ¢ s is the phase shift.
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Fig. 1. Fourier Transform of Kx(k) from k=4 to 10 A™! of the
EXAFS signal of Fe  1in LiNbOa.

In the fitting procedure a filtering has been performed in order
to fit each peak of the RDF separately. Peak I has been fitted with
two different oxygen distances, though in most cases there was a
convergence to a unique one, on the other hand peaks II and III have
been fit with two different niobium distances. N ] was assumed
according to the expected coordination of the LINbO3 lattice. The
values of RJ, 0’2 and l‘j obtained from the best fits are summarized in
Table I.

In order to decide the lattice site of the impurity and its shift
along the c-axis, the impurity-neighbor distances obtained from the
fits of the EXAFS spectra must be compared to those expected from the
LiNbO A lattice. Fig. 2 summarizes the distances from the center of the
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TABLE I. Summary of results obtalined from the fittings of the
the EXAFS spectra using Eq. [1].
Ion Pair N R(A) ¢%(A%) r(A™%) &(A) (site/technique)
2+ Ni-O 6 2.01 0.08 1.8
NM™ M- 6 3.1 o009 1.8 O (LI/EXAFS)
Fe-0 3 2.041 0. 086 1.0
3+ Fe-0 3 2.298 0.105 1.0
Fe" re-Nb 4 3.199 0.06 1.0 05 (LI/EXAFS,PIXE)
Fe-Nb 3 3.398 0.049 1.0
4+ Ti-0 6 1.97 0.08 1.9
M 1w 7 318 o006 1.9 0 (LI/EXAFS)
. HE-0 6 2.065 0.094 2.2
Hf Hf-Nb 1 2.57 0.089 2.2 0 (L1/EXAFS, RBS)
Hf-Nb 6 3.30 0.085 2.2
e Ta~-0 3 1.93 0.08 4.75
Ta Ta-0 3 1.99 0.08 4.75 +0.25 (Nb/EXAFS,RBS)
Ta-Nb 6 3.68 0.09 4.75
3 Er-0 6 2.00 0.067 2.8
Er Er-Nb 4 3.05 0.108 2.8 0 (L1/EXAFS, RBS)
Er-Nb 3 3.60 0.022 2.8
Nda’ Nd-O 6 2.03 0.077 2.0 O (Nb/EXAFS)
Nd-Nb 6 3.65 0.082 2.0 (L1 and Nb/RBS)
6.0

RADIAL DISTANCES , £

0
2.7

Fig.

2.

-0.28 0.28 0.76

X:

1'90.75 -0.25 0.26 0.78

SHIFT FROM THE CENTER , &

Impurity host 1ions radial distances calculated for

oxygens (dashed lines) and niobium (continuous lines) in the
lithium niobate lattice as a function of the shift, &, from the
centre of the octahedron. a) Li-site. b) Nb-site.
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oxygen octahedra to the oxygen and niobium lons. The distances are
given as a function of the displacement, 3, from this center.

From the inspection of Table I, it may be observed that the L1
site is commonly found for transition metal ions with a valence equal
to or less than 4+. Only Tas' replaces lattice niobium cations.

This experimental conclusion agrees with the theoretical
expectation on the incorporation of impurities in LiNbOam. It has
been concluded that the incorporation of 2+ and 3+ ilons removes the
nioblums antisited in L1 sites. However the rare-earth impurities do
not seem to follow this rule and they are found in L1 and Nb sites.

Though our results indicate a well defined lattice site for the
impurities reported in Table I, a minor fraction of those impurities

in other lattice environments can not be excluded.

CONCLUSIONS

We have shown that EXAFS spectroscopy may determine the lattice
location of transition metal and rare-earth ions in Lle03 crystals.
For the impurity concentrations considered in this work (= 0.5-1%
molar) the impurities are found in a well defined lattice site.
Transition metal ions with valence =4+ are found in the L1 site,
however 3+ rare-earth ions (Er and Nd) are found in Li or Nb sites.
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NEWLY DEVELOPED MULTICOMPONENT PIEZOCERAMIC SYSTEM FOR
ALTERNATING PRESSURE SENSORS

S.A. GRIDNEV, N.G. PAVLOVA, V.V. GORBATENKO
Polytechnical Institute, Voronezh 394711, Russia
L.A. SHUVALOV

Institute of Crystallography of Russian Academy
of Sciencies, Moscow 117333, Russia

Abstract In multicomponent ferroelectric solid solu-

tion system based on PbZrO_ - (K Bi )TiO_ with pe-
rovskite-type structure, successful results gph as

high piezoelectric modulus * (120 - 200)- <107 °° C/N,
wide operating temperature (238 - 300 C), suitable di-
electric constant (150 - 550) and high piezoelectric
modulus ratio d /d 31> {3.8 - 6.5) have been obtained.
Piezoceramics weie udéd in diminutive sensors for the
measurement of dynamic pressures.

INTRODUCTION

In spite of a number of evident advantages, widely
used PZT ceramics (1] have some shortcomings which prevent
them from being used in special sensors. Namely, they very
associated with small anisotropy of the piezoelectric modu-
lus, low operating temperatures, low temperature stability
of piezoelectric modulus and high dielectric permittivity.

The aim of this paper is to show the experimental re-
sults of the piezoelectric and dielectric properties of
multicomponent system based on PbZrO3 - (Ko.saio.s)Tioa and
to discuss the use of these materials in the alternating

pressure sensors.

1. EXPERIMENTAL PROCEDURES

1.1. Sample Preparation

All the starting oxide powders, in stoichiometric ra-
tio, were mixed in a polyethylene jar with agate balls in
distilled water for 16 hours. The mixed reagents were dried
and pressed under a pressure of 1000 kz/cnz. Having been
calcined at 850°C for 3 hours in air, the pellets were cru-

[365)53
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shed in a mortar and ball-milled in a jar. After drying and
dry-pressing, the samples were finally fired at 1050°C for
1.5 hours in lead oxide atmosphere. The samples were poled
at 150°C and d.c. field strength of = 30 kV/cm in polysi-

licone liquid medium.

1.2. Methods of Dielectric and Piezoelectric Measurements

Dielectric parameters ( € and tgd ) and their tempera-
ture dependences were measured using the bridge method at
% 1 kHz and measuring field strength = 3 V/cm, and over a
temperature range of 20° to 500°C.

Piezoelectric modulus d33 was defined using the qua-
sistatic method [1] at = 20 Hz but piezomodulus dat’

romechanical coupling coefficient Kp and mechanical quality

elect-

factor Q_ were estimated from resonance and antiresonance

frequencies.

2. EXPERIMENTAL RESULTS

2.1. Binary Piezoceramic System
The study of the (1 - x) PbZrOa- X Ko.sBio.sTloa solid

solutions showed the morphotropic phase transition near the

concentration x # 0.3, in the vicinity of which the cera-
mic materials have good piezoelectric and dielectric pro-
43 ® (100 - 200)-107* C/N, d_, = (20 - 50) x
C/N and € = 600 - 2100. Such a combination of good

perties (2]: d

10°12
parameters is favourable for the use of the materials in
the piezoelectric sensors, since the materials with high ¢
are usually characterized by the negligible parameter
drifts taking place under the influence of great mechanical
stress. However the Curie points of this binary system are
not high (Tc = 140 - 270°C) that restricts the scope of the

piezoelectric sensor.

2.2. Ternary Piezoceramic System

To extend the range of working temperatures and to in-
crease the anisotropy of piezoelectric modulus, keeping the
high piezoelectric characteristics of the material practi-

cally unchanged, an addition of PbTiO3 was made to binary
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ceramic system.

In the (0.7 PbZrOa + 0.3 Ko.saio.srioa) + x PbTiO3 sys-
tem, where PbTiO3 content was changed in the range from
0.25 to 0.30 mol %X, a morphotropic phase transition was ob-
served between the composition with the tetragonal struc-
ture at x > 0.30 mol X and rhombohedral one at x < 0.25
mol %¥. The experimental results showed the effect of the
third component doping on the increase of T_up to 270 -
- 410°C, the decrease of ¢ down to 157, the increase of
d,/¢ ratio up to (4.56 - 11.95)-10°' C/N and d_/d_
ratio up to 3 - 4. So, new piezoceramic materials of terna-
ry system are of a considerable interest for dynamic pres-

sure sensors.

2.3. Piezoelectric-Polymer Composites Based on Ternary

System

To be used in broadband electromechanical transducers

and in piezoelectric sensors with narrow beam, the piezoac-
tive materials must have high anisotropy of piezoelectric
moduli, low values of €, high hydrostatic piezomodulus
dv= d33 + 2d31 and high piezoelectric sensitivity to the
volume strain g, = dvler.

To improve the material characteristics mentioned abo-
ve, piezoelectric-polymer composites with connectivity 1 -
- 3 were developed.Such composites are based on the ternary
o.sTioa) + 0.6 PbTiOa

and the epoxy resin as a binder. Table 1 shows the dielect-

ceramic system (0.7 PbZrO3 + 0.3 K0 5Bi

ric and piezoelectric properties of the composites obtained.

Table 1 Properties of 1 - 3 piezoelectric-polymer

composites
Volume E s d ! d ; d : £
Ve ! 33,2 1 310, 4 T Y12

fraction | ro ) (x10 ,7 ) (x10 ", ! (x10 ,7 !} (x10 ,
(%) ! ! C/N) ! C/N) ! C/N) ! C/N)
40 74 46 -5 36 0.49
55 160 57 -7 43 0.27
90 240 85 -11 63 0.25
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As seen, the piezoelectric properties of the composite
materials, such as dv. d33/d31 and g, were much higher
than that of the piezoelectric bulk ceramic. Because their
characteristics are better than that of PZT and epoxy resin
composites (¢ x 300, g = 0.05-10"'% c/N, d_ = 17-10"'% c/N),
therefore the developed materials are very useful for the

different applications.

2.4. Four-component Piezoelectric Ceramic System

With a view to developing a new material, the influ-

ence of PbNb2/3Zn“303 doping on the electrophysical proper-

ties of ternary PbZrO3 - Ko 5Bio 5Tio3 - PbTiO3 system has
been studied. The main parameters of the ceramic system

studied are given in Table 2.

Table 2 Dielectric and piezoelectric properties of
four-component ceramics

1] [} ] 1) [} ]

Dope E T E 5 daa E d31 i dv 5 daa
I (xlO-lz ! (xlo"z ! (.10"2 !

(wt.%) ! ('K) ! ' ' " oy dg,
! ' ! C/N) ' C/N) ' C/N) '

1 650 460 154 30 7,6 5,1

5 630 370 169 26 8,1 6,5

10 600 470 169 317 7.7 4,6

20 570 630 185 43 7,6 4,3

40 530 850 195 46 6,5 4,2

Note that the materials obtained are characterised by
23 x 3,8 - 6.5, high values of
piezomoduli d, = (125 - 200)-10"'* ¢/N, d & (30 - 47)-107"?
C/N and d, /Y€ = (6 - 8)-10"'2 ¢/N.

large values of ratio d33/d

3. DIMINUTIVE PIEZOELECTRIC SENSOR FOR ALTERNATING PRESSURE

On the basis of new piezoelectric materials mentioned
above, a diminutive sensor ( diameter 3.5 mm, length 10 mm)
has been worked out for the dynamic pressure measurements
{ from 10°2 to 2.5 MPa) in suction and compression chambers
of compressors of refrigeration plants with operating fre-
quency (5 - 20)-10° Hz.
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FIGURE | The construction of the sensor for
alternating pressure

The construction of the sensor is shown in Figure 1. A
measuring pressure is acting on the thin membrane ( thick-
ness 0.1 mm ) 1 and hemisphere element 2 which transfer
an alternating load to the piezoceramic disk 3. The hemi-
sphere 2 provides the uniform distribution of forces all
over the whole plate of the piezoelement. Piezoelectric
charge, proportional to the pressure applied, is removed
from the silver electrodes by a contact 4, separated from
the body 6 by the insulator 5 (6 is the second contact).
The signal obtained is subjected to some analysis by the
measuring apparatus.

Tests show that the temperature error at a temperature
change up to 600 K and a time error of piezoceramic alter-

nating pressure sensor is not more than 1 %.

ACKNOWLEDGEMENT

The authors deeply acknowledge Mr. P.C. Osbond for his
help in improvement of the English of this manuscript.

REFERENCES

1. B. Jaffe, W.R. Cook, H. Jaffe, Piezoelectric Ceramics,
(Acad. Press., London and New York, 1971).
2. S.A. Gridnev, N.G. Pavlova et al., USSR Pat. ¥ 939425,




SECTION III
CONTRIBUTED PAPERS

Ille. Piezoelectric Composites




Ferroelectrics, 1992, Vol. 134, pp. 59-64 © 1992 Gordon and Breach Science Publishers S.A.
Reprints available directly from the publisher Printed in the United States of America
permitted by license only
PcC2
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Abstract 1.3.1 piezolectric-polymer composites are made on the
basis of non-mechanical contact between the polymer matrix and the
PZT rods within the transverse directions. The gh.dh hydrostatic
figures of merit lie between 10.10° 22 Pa"! and 27.10 'Zpa-?.

A gh.dh of 19.10 *%2pa”! is obtained with variations lower than 1dB
from the room pressure to 10 MPa. The great influence of the
uniaxial stress-dependence of the P2ZT longitudinal figure of merit
is analysed and is considered as the basis of the optimalisation
of the piezocomposite.

IRTRODUCTION — 1.3.1 PIERIOCOMPOSITES

The 1low hydrostatic coupling efficiency of PZT
is a well-known problem. Lead titanates,
modified lead titanates or lead metaniobates
are interesting solutions because of their high
hydrostatic figures of merit and their large
pressure stabilities. Piezocomposite materials,
despite their difficult elaboration, are even

more interesting because they reach very high MATRX PLATES
hydrostatic figures of merit with a reasonable FIGURE 1 :
pressure stability. The highest figures of A 1.3.1 composite
merit have been obtained by Newnham and device

co-workers on the 1.3 piezocomposite basis®.
Hydrostatic figures of merit up to 100.10"2pa“!have been reached with

complex 1.3 composite devices. Foamed polyurethane matrices®, matrices
with a single large void 3 or fiber reinforced matrices* are some
technical solutions to reach high hydrostatic figures of merit, but
all the previous realizations are based on needle shaped PZT rods.
This fine rod shape, of which the fabrication is delicate, is the
solution for an accurate stress-transfer from the compliant phase to
the stiffer one. 1In order to make a 1.3 composite with a more common
PZT rod shape, a transducer was designed with the rod shape not so
much involved in the stress-transfer accuracy . This device presents
the general properties of a 1.3 piezocomposite but without lateral
contact between the polymer matrix and the PZT rods.No charges are
then generated by the lateral coupling of the PZT. The stress transfer
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between the P2Tand the polymer is carried out by two metallic armature
plates also used as electrodese. A 1.3.1 composite transducer is drawn
on Figure 1. The second number "1" in the "1.3.1" connectivity
designation stands for the air surrounding the P2T rod.

Three shapes of sample have been tested :
- 30x30 mm square, 5mm thick with 4 to 25 rods, each rod is
inserted in a 4 mm diameter hole ( perforated matrix type).
= 30x30 mm square, Smm thick with a single 22x22 mm square
large void where the rods are inserted in (shell matrix type).
~ 10mm in diameter, Smm thick cylindrical sample with only
one PZIT rod.
The polymer matrix is made with epoxy resin (Araldite D + HY956 from
Ciba-Geigy ) or polyurethane resin (Flexcomet 80 or 94 SA). The matrix
is cut to the desired size, the holes are then drilled as numerous as
it is necessary to get the right volume ratio.
The armature plates are cut in sheet steel of various thicknesses.
The piezoelectric rods, 2.7mm in diameter and 5mm high are used. This
is the smallest size industrially manufactured in quantities for
impact high voltage ignitors. It is a Navy I type PZT : TDK FM9le .

PIT-Epoxy composite realizations

Figure 2 shows the variations of the gh.dh figure of merit as a
function of the P2T volume fraction. These results are obtained with
square shaped samples for various plate thicknesses. The ratio of the
hole radius to the rod radius is constant and equal to 1.5 . Figure 3
shows the variations of the gh.dh figure of merit as a function of the
matrix hole diameter. The rod diameter is held constant and equal to
2.7 mm. These results are obtained with cylindrical samples for
various plate thicknesses. Very low pressure-dependences have been
measured on these samples presenting too low hydrostatic figures of
merit. Some variations have been observed caused by assembling

defects.
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FIGURE 2 Square samples FIGURE 3 Cylindrical samples
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PET-Polyurethans composite realiszations

In order t. increase the figure of merit, it is necessary to increase
the matrix hole diameter or to increase the polymer compliance. As it
is rather difficult to bond correctly the armature plates on a small
area of epoxy , we experimented with polyurethane resins. The results
obtained with the perforated type matrices are reported on table 1.
P is the streas amplification ratio defined afterwards.

TABLE 1 PZT-polyurethane composite with a perforated watrix

P2T nuabihole|gh.dh a(gh.dh) la(gh.dh) |a(gh.dh) JA(gh.dh)
sasple] PU |volume | of | ¢ B |to 10MPajto 15MPa}ldS cycles|35 cycles
number [type Y rods| (@) T to 10MPa [to 15MPa

3129 |94sA 15.9 25 4 ]116.7 (3.4] +0.754B / / /
3150 |80sa 15.9 25 4 |24.0 4 +0.35d8] -0.8dB / /
3185 |80sa 15.9 25 4 ]25.5 |4.2] +0.41dB| -0.94dB / /
3192 [94SA 10.2 16 6 27 5.4] +0.0dB -3 d8 -1.7dB /
3193 (94s8A 15.9 25 4 15 3.3] +0.7d8 +0.0dB -0.1d8 /
3202 |80OSA 15.9 25 4 §19.3 13.7| +0.6dB -0.2dB -0.1dB -1.2d8

The results obtained with the shell type matrices are reported on
table 2. As the bonding of steel on a polyurethane matrix is less
homogeneous than on epoxy, it was necessary t. embed completely the
device in polyurethane resin to avoid oil penetration between the
matrix and the plates. The first samples, not embeded, have been
filled up with o0il during the first pressure testing cycles.

Hydrostatic figures of merit up to 27.10"*2pa"! have been reached.

TABLE 2 P2ZT-polyurethane composite with a shell type matrix

PZT |numb|gh.dh al{gh.dh) |a(gh.dn)|a(gh.dh) |a(gh.dh)
sample PU volume] of B |to 10MPa|to 15MPa|35 cycles|35 cycles
nunber| type L] rods TPa"?} to 10MPa [to 15MPa

3156 | 94sa | 10.2 16 |18.2 |4.3] -1.94dB / / /

3157 94SA 15.9 25 115.3 |3.1] +0.4dB -1.3dB / /

3158 | 94sSA | 22.9 | 36 [10.9 |2.3] +0.5dB | +0.2dB / /
Pigure of merit variations with the hydrostatic pressure

The composite pressure stability is evaluated as follows. At first, a
measurement under atmospheric pressure is made. The hydrostatic
pressure is slowly increased at a 7.5MPa/h speed until 10MPa . It is
then symetrically decreased until the atmospheric pressure. Gh.dh
measurements are made continuously during this cycle. Another pressure
cycle until a 15MPa hydrostatic pressure is similarly driven. Then 35
cycles, 20 minutes long, are applied until 10 MPa followed by 35
cycles until 15 MPa. During these two tests the gh.dh measurements are
made on the highest and lowest pressure steps. These 4 tests are
separated by at least a 24 hours recovering period under atmospheric
pressure.The gh.dh under pressure are reported on tables 1 and 2 and
are expressed in dB relatively to the first gh.dh measurement without
pressure. PFigure 4 shows typical variations for dh and ¢r as a
function of the hydrostatic pressure for a 1.3.1 piezocomposite.
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PIT LONGITUDINAL CHARACTERISTICS DEPENDENCE ON UNIAXIAL STRESS

As a result of the stress transfer, the longitudinal stress applied to
the P2T rods can be several times the hydrostatic pressure applied to
the composite. For the sample number 3192 under a 15MPa hydrostatic
pressure, a 81MPa uniaxial stress is applied to the rods along the
polarization direction. Then, the stress dependence of the PZT 933-999

figure of merit is the keystone of the composite hydrophone design.
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FIGURE 4 pressure dependence of #IGURE 5 Uniaxial stress depen-
the piezocomposite. dence of the PZT.

Thies stress dependence has been evaluated by Kruegers for PZT-4, PZT-5
and P2T-8 materials. A special device allowing d ,, and e ;3
measurements under high uniaxial stress is built and used to
characterize the PZT TDK FM9le. The g,,.d,, changes are evaluated with
a slowiy applied stress until 140MPa. The g,,.d,, figure of merit and

e ;3 versus the uniaxial stress T, are plotted on figure 5. The PZT

figure of merit is also measured during multiple stress cycles up to
40, 60, 80 and 100MPa. These repeated stress cycles proved that even
if the PZT shows a rather weak 9gq-d,4 decrease during the first slow
stress cycle (corresponding to Figure 5), multiple stress cycles are
able at long duration to decrease it more significantly. Figure 6 is a
plot extrapolated from stress cycle measurements presenting the gaadas
changes versus the stress cycle amplitude. The continuous curve
corresponds to measurements made on the lowest stress steps (1 MPa)
and the dotted curve to measurements made on the highest stress steps
(40,60,80 or 100 MPa depending on the stress cycle amplitude). It is
noticed that the main decrease begins near 40MPa, the same stress
corresponding to the maximum of the 94q-dgq versus stress plot. The
PZT material will then be considered as stable only until the stress

corresponding to this maximum, noted Tomax’ here equal to 40MPa.

PIEZOCOMPOSITE OPTIMALIZATION WITH PLT TDK FMSle

Theoretical model for 1.3.1 piezocomposites
The theoretical model is based on the following assumptions:
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* No transverse stress applied to the piezoelectric rods

* Cylindrical geometry of the assembly.

* Uniform strain of the polymer matrix.

* Stress transfer assumed by the rigid plates.

* Cylindrical symetric flexure strain of the plates.

* The matrix-plate and rod-plate bondings are perfect.
The stress transfer is calculated for only one elementary cell: a rod
in a matrix hole. To simulate the hydrostatic properties of a
multi-rod composite, we formulated the assumption that an assembly
made with many cells presents the same behavior as one cell. The model
allows to calculate an amplification coefficient P which is the
uniaxial stress to the hydrostatic pressure ratio. As no transverse
stress is applied to the rods, the expression of the resulting gh.dh
can be summarized as follows:
gh.dh = p¥ . g .. d .. v
where g,, and d,, are the PIT piezoelectric coefficients and v is the
PZT volume fraction.

Partitioning the plane defined by gh.dh and the PET volume fraction
Now the B constant locus in the plane de»“.ined by gh.dh and the PIT
volume fraction is considered. It is a straight line. 1cs slope is
proportional to @ 2, According to the PZT stability criterion defined
previously, a maximum useful hydrostatic pressure allows to calculate
a B,;n1¢ Vvalue equal to T,, . . divided by this maximum pressure (for
PZT TDK FM9le T,, .. = 40MPa). By this way, the upper straight line on
Figure 7 corresponds to a maximum hydrostatic pressure equal to 10MPa
while the lower one is representative of a 15MPa limit. Above the
line, the composite transducer is unstable. Also plotted on Figure 7
are some of the experimental PZT-Polyurethane composite representative
pointse .

x10-1'  PZT TDK PM91e / EPOXY COMPOSITE OPTIMALISATION
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1.3.1 PET-epoxy composite pressure-dependence optimalisation

Finally, the theoretical gh.dh versus the PZT volume fraction curves
given by our model are superimposed on figure 7. Those curves are
calculated for idealized 1.3.1 composites ( the matrix holes, the
largest possible, are tangent to each other in a square arrangement)
and give an upper limit for various plate thicknesses. The maximum
gh.dh for high pressure applications are established near 25.10"%2pa"?

for a 10 MPa use and near 19.10°'2 pa~! for a 15 MPa use by the
intersections between the theoretical curves and the straight lines.
These optimums are obtained for a lmm thick armature plates and with
18% and 29% PZT volume fractions. Note that only theoretical plots for
PZT-epoxy composites are proposed because difficulties were
encountered to caracterize accurately the polyurethane resin. Slight
changes of these limits could occur when using polyurethane .

CONCLUSION

It is experimentally and theoretically shown that no lateral contact
between the PZT rod and the matrix allows high hydrostatic figures of
merit without using very small diameter PZT rods. Industrial PZT rod
shapes permit a gh.dh equal to 19.10"*2pa”! under a 15 MPa hydrostatic
pressure with a good stability. It is pointed out that the
pressure-dependence of those composites is directly connected with the
longitudinal stress dependence of the PZT. A characterization of the
PZT TDK FM9le rods under high stress established that a maximum
uniaxial stress equal to 40MPa must not be overtaken in order to
conserve a good stability along stress cycles. According to that
limit, the highest figure of merit with PZT TDK FM9le-epoxy composites
are 25.10°%2 pPalunder a 10 MPa hydrostatic pressure and 19.10 *Zpa”?
under a 15MPa pressure. This simple 1.3.1 piezocomposite application
allows to approach the optimized figures of merit.

A similar calculation based on Navy III type PZT coefficients
dependence on the uniaxial stress showed the possibility to reach
higher figures of merit to an even higher hydrostatic pressure.
Further experiments are in progress to verify that point.
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Abstract Piezoelectric 0-3 ceramic—glass composites have been
developed by firing a mixture of modified Lead Zirconate Titanate
(PZT) and a lead based glass powder. Composites with 58 to 92
volume percent PZT were fabricated and their dielectric,
piezoelectric and hydrostatic properties have been determined.
The hydrostatic properties were pressure independent and the
material showed good mechanical stability. The measured
properties of the composites suggest that they could be useful in
hydrophones and also as acoustic backing material.

INTRODUCTION

Electroceramic composites are today being increasingly used as
transducer materials. By a suitable choice of the phases and
connectivities, the properties of the composites can often be tailored
to meet design requirements!. The preparation and properties of a
large variety of piezoelectric ceramic-polymer composites have been
reported?. However, the use of a polymer matrix restricts the use of
these composites to relatively low temperatures. Grain-oriented
glass—ceramics, based on fresnoite, have been developed for
piezoelectric applications3, but they show poor mechanical integrity
and their fabrication requires temperature gradient crystallisation
vhich is inconvenient. Conventional glass—ceramic processing has also
been used to fabricate piezoelectric glass—ceramics based on Lead
Titanate4. Ve have used similar techniques to fabricate piezoelectric
glass—ceramic composites using a mixture of Lead Zirconate Titanate
and lead based glass powders and, in this paper, we report on the
dielectric, piezoelectric and hydrostatic properties of these
composites.

MATERIAL FABRICATION

The piezoelectric material chosen was a Navy Type V modified Lead
Zirconate Titanate (PZT) composition marketed by Sensor Technology
Ltd. as BM 532 material. This material has a high dielectric constant
(~3250) and good piezoelectric properties (dss ~ 580 pC/N). The glass
used in our composites is a proprietary lead based composition

[377)65
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developed by Sensor Technology Ltd. (BM1000) for the production of
polarisable glasses. This glass has a relatively low softening
temperature, which makes for easier processing; it is chemicall
compatible with the ceramic particle and it has good electrica
insulation properties vhich makes poling easier.

The PZT and glass powders had a particle size of 2 to 4 um. The
povders vere mixed in the desired composition and the mixture was
milled in methanol for two hours and pan dried. A 5% solution of
poly-vinyl-alcohol (Air Products 107) was added to the powder as a
binder and discs, 25 mm in diameter and 2.5 mm thick, vere pressed
at a pressure of 20 MPa. The binder was burnt out by heating at
5000C and the discs were fired at temperatures of between 550 to
6000C. These sintering uemperatures were sufficiently lowv that no
additional precautions were taken regarding the atmosphere during
sintering; however, the firing was carried out in covered alumina
crucibles. The fired discs were ground to produce uniform dimensions
and a silver composition, with a low firing temperature, was applied
to form the electrodes. The discs were poled for 30 minutes vith an
electric field of 5 KV/mm at a temperature of 1200C.

Since the properties of 0-3 composites are known to be a function
of their composition, a total of 6 compositions were fabricated with
their PZT content in the range of 58 — 92 volume percent.

MATERIAL PROPERTIES

The dielectric constant and the dissipation of our samples were
measured at room temperature and at a frequency of 1 KHz. Their
values are shown, as a function of PZT content, in Figure 1. The
dielectric comstant is found to be much lower than the value for the
bulk PZT (~ 3250) while the dissipation also is somewhat reduced when
compared with bulk PZT value (~ 0.02).

The piezoelectric djy coefficients of the discs were determined
by using a Berlincourt type dj; Meter. As shown in Figure 2(a), the
d3s values of the composites show a roughly linear increase as a

Volume % PZT
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FIGURE 1. The dielectric constant and the dissipation of the
composites as a function of PZT volume percent.
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FIGURE 2. The piezoelectric dss coefficient and the coupling constants
of the composites as a function of PZT content.

function of the PZT content until the latter reaches about 80%; but
for higher PZT content the ds; values increase much more sharply to
reach a maximum of about 68 pC/N for the specimen with 92 volume
percent of PZT.

The thickness mode electromechanical coupling constant, k;, and
the planar coupling constant, kp, of the composites were determined
from resonance measurements, and the values are shown in Figure 2£bgu;

A technique similar to that developed by Sims and Henriquez 8
been used to measure the hydrostatic voltage coefficient, gy, of our
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FIGURE 3. The hydrostatic voltage coefficient, gn, and the figure of
merit, gndy, of our composites as a function of PZT content.
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composites, at a pressure of 2 MPa, and the variation of gn as a
function of PZT content in the composites is shown in Figure 3(a).
The product of the hydrostatic voltage coefficient and the hydrostatic
charge coefficient, gndn, is commonly used as a figure of merit for
hydrophone materials and has been determined for our specimens. As
shown in Figure 3(b), the best figure of merit has been obtained for
the sample with 85 volume percent PZT, for which gpdy is 68 x 10-15
m3/N. gy has been measured as a function of hydrostatic pressure and,
for pressures up to 14 MPa, g, has been found to be independent of
pressure to within experimental uncertainty.

The acoustic velocity and attenuation of the composites were measured
using standard transmission techniques. The discs were precision
lapped to provide good contact with the transducers and a standard
metal plate was used to calibrate the system. The results are shown
in Table 1 which provides a summary of the properties of the PZT-glass
composites; for purposes of comparison, the table also gives published
data on a fev other types of composites and polar glass ceramics.

TABLE I Characteristics of the PZT-glass composites.

Vol 7 Diel. das gh gndn  Acoustic  Attenuation
PZT Const. 10-3Vm/N Velocity dB/cm
10-12C/N 10-a2/N =/sec
58 62 1.00 1.3 0.9
64 104 2.11 1.5 2.0 3395 26
71 183 5.5 2.6 10 3490 26
7 319 8.6 2.4 15 3520 27
85 598 33 3.6 68 3215 30
92 738 68 2.4 36 3340 30
0-3 ceramic-—
glass comp.
with 49 vol. 52 8
% PbTil;.4
Polar Glass

Ceramics.® ~10 ~8-10 83 747 ~5000

0-3 PbTils -
rubber 54 60 47 1000
composite.?
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CONCLUSIONS

Piezoelectric 0-3 ceramic-glass composites have been fabricated b{ the
conventional firing of a mixture of powders of PZT and a lead based
glass. The best dj; values obtained were comparable to those of some
0-3 ceramic-polymer composites and vere an improvement over the ds3 of
similar composites made with Lead Titanate and those of polar glass
ceramics. The hydrostatic properties of the composites were pressure
independent and they showed good mechanical stability. This type of
ceramic-glass composite is easier to fabricate than polar flass
ceramics, their dielectric dispersion is less than that of polymer
based composites. They can also be used over a much wider temperature
range than polymer based composites since the elastic properties of
lasses are much less temperature dependent than those of polymers.
addition to their possible use in transducers, the relatively large
acoustic attenuation of these materials suggests their possible use as
acoustic backing material.
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Abstract Five different composite films of
Polypropylene-Ceramic (both ferro- and antiferroelectric)
materials were prepared by introducing fine grain ceramic powder
in the matrix of pclypropylene. The dielectric and charge
storage properties of these composites were studied. The
results show that an introduction of fine powder of
appropriately modiflied ferroelectric ceramics in a
polymer-ceramic composite enhances its charge storage
properties.

INTRODUCTION

The use of polymer-ceramic composites which combine the superior
mechanical and electrical strength of the insulating polymer with the
advanced dielectric properties of suitable ceramics is considered to
be a possible approach to the high energy storage capacitors. The
manufacturing flexibility of the composite makes it possible to
produce thin film capacitors with high capability of energy storage
while this 1is difficult to achieve with the multilayer ceramic
capacitors due to the complicated fabrication process and their

inevitable structural defects.

In the present work, several ferro and anti-ferroelectric
ceramic materials were introduced into matrix of polypropylene. An
[383)71
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investigation of the influence of the ceramics on the dielectric and
the charge storage properties of the composites were made.

EXPERIMENTS

Three ferroelectric and two antiferroelectric ceramic materials were
prepared (Table 1). BT and BST were produced by liquid phase
coprecipitation technique, while the other three by the traditional
ceramic preparation process. The ceramics were quenched from the
firing temperature and then milled with absolute alcohol for 72
hours. The ceramic powder of fine particle size was obtalned by a
floating segregation method. The particle size of BT and BST were
0.05-0.5Sum, and that of the others was around 1lum.

TABLE 1 The Ceramic Materials for Composites

Code Specifications

BT BaT103 doped by Nbaos, szoa
BST (Ba,Sr)T103 system

PMN Modifie~ Ft(Mq,Nb)O3 system
PZSTN Pb(Zr.Sn,Tx)O3 doped by szos
PZSTL Pb(Zr.Sn,Ti)O3 doped by L.203

The composites were prepared on a hot roller machine by mixing
the ceramic powder with prolypropylene (PP) polymer pellets at 400K
and then pressing into films of approximately SO um thickness in a
temperature controlled hydraullc press as described in the previous
work.''® The fraction of ceramics in the composites was 30 percent
by volume. After depositing an aluminum electrode on each surface of
the films, the samples were cured at 343K for 12 hours to release the
strain and electric charges accumulated in the process of their

fabrication.

The dielectric data were obtained in an evacuated measurement
chamber using a General Radio Bridge (Type 1621 with a 1238 detector
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and a 1316 oscillator) or using a Solartron Frequency Response
Analyser (Model 1250)

RESULTS AND DISCUSSION

In order to observe the effects of ceramics on the composites, both
high and low permittivity ceramic materials were selected for the
present work. Figure 1 shows the temperature dependence of
permittivities of the ceramics. BT is modified by Niobium Pentoxide
and Antimony Oxide. PZSTN and PZSTL have the same antiferroelectric
composition Pb(Zr,Sn,T1)03 but doped by Nb'> and La*> ions
respectively. In the test temperature range, they behave like linear
materials only showing a slight increase of permittivity with the
increase of temperature. PMN shows a higher permittivity and a
larger variation with temperature, whlle BST gives a moderate

permittivity and limited variation with the temperature.
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Fig.l Temperature dependence of permittivities
of ceramics f=1,000(Hz), V=1(V)

Figures 2 and 3 show the nature of permittivitles and
dissipation factors respectively of the composites as a function of
the temperature. It is noticeable that the composite PP-PMN shows
highest loss factor (figure 3) but not the highest permittivity
(figure 2) as expected although PMN possesses highest permittivity
within the materlals selected.
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Figure 4 shows the AC measuring field dependence of dielectric
properties of the three composites. The dielectric properties of the
composite PP-PZSTN is observed to be constant with the AC field. In
contrast, the composite PP-PMN shows a significant increase of the
dissipation factor with the increase of the AC field. It should be
noted that PMN has stronger ferroelectric characteristics compared
with other selected ceramicsa, whereas PZSTN behaves practically like
a paraelectric dlielectric within the measuring range.
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The dielectric strengths of the composites are given in Table 2.

TABLE 2 The Dielectric Strengths of Composltes

Composite Dielectric Strength(KvV/cm)
PP-BT 800
PP-BST 750
PP-PMN 700
PP-PZSTN 650
PP-P2ZSTL 400

The composites containing BT and BST which were produced by

coprecipitation method and possessing ultra-fine particle size,

appear to have the higher dielectric strength than the other

composites.

The density of energy stored in a linear materlal J is glven by,

J=1/2¢e ¢ E
Oor

s 0 o .
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where €, is the permittivity of the vacuum, € the relative
permittivity and E is the electric field. whereas in a non-linear
material it is expressed by,
3= f eeEdE .. (2)

Figure 5 shows the calculated energy storage densities of the
composites as a function of the electric fleld, using equation 2.
The efficiency of energy storage in the composites appears to be
higher than that of Polypropylene.

-~04r

-PP-BT

e
w

ENERGY DENSITY ( J/cm?
9 -4
- ~

PP

o 200 400 600 800
ELECTRIC FIELD { kV/cm.)

Fig.5 The properties of energy storage vs,
electric field Volume fraction of ceramics:

30%, T=20°C
The present results indicate that the ferroelectric ceramics are

more effective than the antiferroelectric ceramics to enhance the
energy storage capabilities of the PP-ceramic composites. However,
appropriately modified ferroelectric ceramics should have fine

particle size to serve this purpose.
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MICROSTRUCTURAL DEPENDENCE OF PIEZOELECTRIC PROPERTIES OF
CERAMIC-GLASS COMPOSITES

L. Pardo, F. Carmona, C. Alemany and B. Jimenez.
Instituto de Ciencia de Materiales (Sede A). C.S.I.C.
Serrano, 144. 28006 - MADRID (SPAIN).

ABSTRACT

Glass matrix composites of different connectivities have been prepared from Ca-
modified lead titanate ceramics and boron-lead glasses. Microstructural
characterization reveals that the processing methods minimize the chemical
interaction between the phases. Different microstructures are obtained by using
diverse processing methods, giving rise to related electromechanical properties
through the influence of the microstructure on the polarizability of the materials.

I. INTRODUCTION

The enhancement of the strength characteristics with respect to the ceramics
has been one of the reasons used to justify glass matrix piezoelectric composites
[1,2]. Also, the authors found recently that inorganic glass matrix composites are
potencially attractive as ultrasonic transducers at higher temperatures than their
polymer counterparts, since both types of composites have similar advantages
over ceramics [3].

The preparation of composites from boron-lead glass and Ca-modified lead
titanate ceramic was analyzed in a previous paper paying attention to the
influence of the crystalline anisotropy of the ceramic on the thermomechanical
matching of the composite phases [3]. Here a microstructural analysis is carried
out on these composites to explain the differences observed in their piezoelectric
behaviour for the different processing methods, which give place to diverse
composite connectivities, i.e., number of dimensions in which each composite
phase is seif-connected [4,5].

il. EXPERIMENTAL PROCEDURES

The piezoelectrically active phase of the composite is a Ca-modified lead
titanate ceramic with a ratio Ca/Pb=35/65 (PTC35) prepared by a reactive
process [6] and the matrix is a boron-lead glass( B,O,-PbO-Na
48/50/2 weight %).

Composites of 1-3 connectivity, according to the extensively used
Newnham's nomenclature [4,5], where the first digit refers to the piezoceramic,
were prepared. Deep groves were cut into the ceramic in two perpendicular
directions to obtain a regular structure of square pillars. This ceramic structure
was dipped into the melted glass (750°C), that fills the groves, and quenched to
room temperature to avoid the reactions between the phases. Details of the
method are given elsewhere [3]. Ceramics with different densification were used
in this process.

Composites were prepared from ceramic particies [7] by mixing with finely
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powdered glass, uniaxial press moulding and further thermal treatments: a) hot
pressing and b) heating to meit the glass. 0-3 and mixed 0-3/1-3 connectivities
were prepared by changing the ratio G/t between the average particle size
(G=1-2 mm) and the composite thickness, t [8]. When G/t< 1 particles are not
self-connected between the composite surfaces (0-3 connectivity), whereas when
G/t>1 only a fraction of the particles is self-connected between the electroded
surfaces of the composite due to the random distribution of the particles in the
glass matrix (0-3/1-3 mixed connectivity).

Considered as 3-3 connnectivity composites, glass bonded ceramics of
PTC26 were also obtained by adding a 4% by weight of finely powdered glass
to the precursor ceramic powder, moulding and sintering.

SEM and compositional analysis by EDX were carried out on the composites
obtained. Cutting, lapping and polishing of the materials allowed the preparation
of composite disks of, typically, 10mm diameter and 0.5mm thickness, onto
which Ag vacuum evaporated electrodes were deposited. The composites were
poled at 30-40 KV/cm -120°C , cooling down to room temperature with the
electric field applied to the sample Permittivity at 1 KHz, K:,s was determined.
Thickness electromechanical coupling factor, K, frequency number, N,
mechanical quality factor, Q,, and acoustic impedance, Z,, were measured at
room temperature by the resonance method [9).

ili. EXPERIMENTAL RESULTS

Composites of 1-3 connectivity, prepared from PTC35 ceramics characterized
by their density and diameter contraction during sintering, which will be refered
to as dense and less dense ceramic, were analyzed. Mlcrostructures of these
two types of ceramics are shown in Fi gures 1 (density = p = 6.18 g.cm™
contraction = 15. 2%) and2(p = 6 10 g.cm™ - contraction = 11 5%).

Figure 2
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The formation of intermediate zones has been observed only when forming
composites from less dense ceramics. These zones are due to diffusion of glass
in the ceramic through the open porosity (Figure 3). A common fact in
composites prepared from the two types of ceramics is the appearance of a thin
(< <1um) interphase between the ceramic and the glass (Figure 4). EDX analysis
of the ceramic and the glass in the intermediate zone as well as the interphase
is shown in Table |. The dielectric and piezoelectric parameters of the composites
in comparison with those of the ceramics are shown in Tabile Ii, where n,, is the
volumetric fraction of ceramic in the composite and the rest of the symbols have
the ususal meaning, which has been explained in the text.

Figure 3 Figure 4

0-3 and mixed connectivity composites present different microstructures
when prepared by hot-pressing (15MPa-550°C) of the moulded mixture (Figure
5) or by heating at 600°C. Less dense structures and crystallization of the matrix
is observed (Figure 6) when the second method is used. The results of the
characterization of these composites are shown in Tabile Il.

The 3-3 composites present the peculiar structure shown in Figure 7, which
is constituted by cubic shape grains surrounded by a continuous glass phase.
Dielectric and piezoelectric parameters of this material are shown in Table |l.

IV. DISCUSSION AND CONCLUSIONS

The results of the EDX analysis carried out on the 1-3 connectivity
composites (Table 1) show that the glass diffusion into the porosity of the less
dense ceramic occurs during the composite preparation without a chemical
reaction between the two phases, and, therefore, leaves unchanged the
composition of the ceramic in the intermediate zone with respect to that found
inside the piezoelement of the composite.
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Figure 5
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15.70 |6.02 NO 24.69 |4.91 J152 |21.7 [2094 29 110.28
16.00 |6.19 NO 25.77 |4.97 |152 |10.5 [2180 [115[10.83
17.68 |6.27 NO 28.47 }5.04 |154 }28.4 }2160 18 ]110.88
15.79 |6.18 NO 35.00 {5.12 161 |11.3 ]2049 105 {10.49
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11.23 |6.36 YES |31.11 |5.11 |117 [24.8 (1970 35]10.07
12.4 16.39 YES [38.09 |[5.25 (151 [34.0 {1920 9110.06
12.4 16.29 YES |[41.76 |5.27 |175 |36.5 |1858 411 9.79
TYPE OF COMPOSITE p(g.cm™d) KaaT Ke(8) [Ny (KHz.mm)
3-3 connectivity 5.0 130 -- .-
PTC26 + 4% glass
PTC26 ceramic 6.7 197 46.5 2158
0-3 connectivity 4.2 40 3.1 1971
PTC35 hot-pressed
0-3/1-3 mixed (G/t=2.3-3.7) 4.1 56 15.8 1908
PTC35 hot-pressed
0-3/1-3 mixed (G/t=1.2-1.8) 3.9 51 14.7 1940
PTC35 simply heated




82/[394] L. Pardo, F. Carmona, C. Alemany and B. Jimenez

These resuits (Table f) show also that composites prepared from both types
of PTC35 ceramics have present only a very thin interphase, whose composition
presents a deficiency of Pb and Ca with respect to Ti. The preparation process,
therefore, minimizes the chemical interaction between the ceramic and the glass
providing, in the case of the less dense ceramics, a stronger adhesion between
phases through the formation of a intermediate zone.

As shown in Table Il all the composites presemt lower density, and,
consequently, lower acoustical impedance, Z,, and permittivity, K,,', than the
corresponding ceramics.

it is interesting that 1-3 composites prepared from the less dense PTC35
ceramics present higher K, values. Polarizability of this ceramic is higher [10],
because their remanent porosity reduces intergranular stresses arising on poling,
allowing easier 90° domain orientations. The intergranular clamping effect that
appears in dense ceramics of high crystalline anisotropy is enhanced in the
composite, because the piezoelements of ceramic are surrounded by a stiffer
glass matrix (Young's Modulus =E (ceramic) = 100-150 GPa ;E (glass) = 50
GPa).

The decrease of the properties when the connectivity changes from mixed
0-3/1-3 to 0-3 by changing the ratio G/t [8] is clearly shown for the particle
composites prepared by hot-pressing from results in Tabie |I.

Similar K, values were found (Table Il) for the mixed 0-3/1-3 composites
prepared by hot pressing and simple heating. Since the ratio G/t is higher in hot-
pressed composites, higher K, values could be expected. This leads to the
conclusion that composites obtained by heating are more polarizable. A similar
reasoning than the one used in 1-3 composites could explain that the less dense
structure, and, consequently, less clamped, that is found in mixed connectivity
composites prepared by simple heating, results more polarizable.
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PIEZOELECTRIC MICRO-MOTOR

Munekazu KANNO, Hiroshi OKABE and Susumu SAKANO
College of Engineering, Nihon University
1 Nakagawara, Tokusada, Koriyama-shi, Fukushima 963, Japan

Abstract This paper describes a new piezoelectric micro-sotor based
on a piezo - resonator and explains the mechanise of motion and the
motor’s basic characteristics.

INTRODUCT 10N

Piezoelectric elements are expected to become increasingly popular
and to be used as actuators in fields such as medicine, precision instru-
ments and mechatronics. There are many kinds of actuator elelentgfausing
thermal strain, magnetic strain and electropneumatic power etc. However,
they have some probleas with size, precision and motion response.

Recently, many studies'have been carried out on ultrasonic motors. These
are better than electro - magnetic motors for some applications in mecha-
tronics. An ultrasonic motor is driven by the friction between the rotor
and stator. Conventional ultrasonic motors use an ultrasonic wave of
20-50 kliz . Piezoelectric elements have many possible applications for
small actuators and micro - actuator . Many studieg'%n piezoelectric ele-
sents have carried out for actuators , but there have been no studies on
piezoelectric motors.

We have developed a new type of piezoelectric micro-motor. It can be
rotated clockwise or counter-clockwise by the piezoelectric element. This
is one of its main features. The principle of the motion is different
from the usual ultrasonic motor. The driving frequency of the piezo -
electric motor ranges from 130 Hz to 1500 Hz, and it can rotate smoothly
at low speeds.

This paper describes the new piezoelectric motor and explains its
mechanises of the motion, and gives experimental results for its dynamic
response characteristics and efficiency.

(395)83
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MECHANISY OF THE MOTOR

Principle of Motion
Figure 1 shows the basic structure of the piezoelectric wmotor. It

consists of a piezoelectric reed, a tresbler and a rotor. The piezo -
electric reed is made of a bimorph piezoelectric element. It is clamped
at one end and free at the other. The treambler is fixed to the free end
of the reed, and touches the rotor. Voltage from the power supply causes
the reed to vibrate. Vibration of the reed and trembler cause the rotor

to rotate.
¥Wave Generator

NN

— |

NN

Pl

v‘\w
///, Treabler
Bimorph Piezoelectric Element Rotor = je=>

Rotation

Vibration

FIGURE 1 Basic structure of sotor

Figure 2 shows the principle of sotion. For exasple , if the rotor
rotates clockwise at the first resonance mode of the reed , then it will
rotate counter- clockwise at the second sode of vibration. The rotor can
be rotated clockwise or counter ~ clockwise by selecting the vibration
resonance mode.

Bimorph Piezoelectric Element

First Mode ~

Tresbler

Rotor ==> Rotation
Second Mode

FIGURE 2 Resonance modes of piezoelectric reed
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Characteristics_of Piezoelectric Element

The piezoelectric element is a brmorph PZT 28 am long x 10 mm wide x
G.5 sm thick. Figure 3 shows its piezoelectric properties. A driving
voltage of 200 v produces 970 um of displacement and 35 g of power.

~ ~ at200v
X 1000 {1000 |26aa
= 800 v/ < 800
§ o[ § o0
= 400 A4 S 400 <
a 200 & 200 AN
[~ [~
0 100 200 0 20 40 60
Driving Voltage (v) Power (g)

FIGLRE 3  Piezoelectric properties of element
PROTOTYPE PIEZOELECTRIC MOTOR

Figure 4 schematically shows a prototype of the piezoelectric motor.
The piezoelectric reed is supported by two sheets of acrylic resin plate,
and they are fixed by screws to the holder . The holder can move along

the x, ¥ and z axes.

Wave Generator Bimorph PZIT Reed

X-Y-Z Axes Micro Stage ??
e Lun Treabler
-(P LJél Rotor

=\

¥ 4 I l
‘h Holder $18an
]/ |

-

FIGURE 4 Prototype of piezoelectric motor

The trabler is bonded onto the free end of the piezoelectric reed. It is
a steel needle with a diameter of 1 wm. The rotor is designed to be small
and light and require little driving force. The rotor is supported with
steel ball bearings to reduce friction as amuch as possible . The rotor
face is made of plastic, and is 18 as in diameter.
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Figure 5 shows the driving, control and measuring equipment. Three
types of driving voltage waves were used in this experiment , sine , tri-
angle and square waves. The wave generator has ranges of 0-13 V, 0-200 mA
and 0 - 20,000 Hz. The driving voltage of the piezoelectric reed is am-
plified by a booster amplifier.

wave Booster PZT Tremsbler Rotor
Generator Amplifier Reed
Oscil loscope Dynamometer
Tachometer

FIGLRE 3 Block diagram of driving test

EXPERTMENTAL RESULTS

Rotational Speed

The rotational speed of the piezoelectric motor was measured with a
noncontact tachometer. Figure 6 shows one example of the rotational speed
when driven at 40 V and in the frequency range 0-300 Hz. The rotor rota-
ted counter-clockwise at 133 Hz and clockwise at 1333 Hz, corresponding
to the first and second resonance modes of the PIT reed , respectively.
The maximusm rotational speed was 1700 rpm clockwise and 500 rpe counter-
clockwise , and the shape of the driving wave , i.e., sine , triangle or
square wave, had little effect on the rotational speed.

0
2000 Voltage:40V
o
?. @ 1500 o
& 3 -
§ E 1000 Y.
[}
g © 500} £ '%% o
g o
13 . 0 e 4 T
o)
s é a O:Sine Wave
% _g 5001 a A:Triangle Wave
8 1000 O:Square Wave
0 1000 2000 3000

Frequency (Hz)
FIGURE 6 Speed of motor
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Torque, Output Power and Efficiency

The output power was measured from the torque applied by the piezo-
electric sotor to a weight hanging from a string attached to the motor
shaft. As shown in Figure 7 , there are differences in torque , output
power and efficiency between counter - clockwise (133 Hz) rotation and
clockwise (1333 Hz) rotation . This difference is drives from the number
of the contacts per second between the trembler and the rotor of the mo-

tor. The maximum efficiency was about 18 % for clockwise rotation.

Voltage:40Y Square Wave

150~ 15
5 W
~
=
e
(*]
==
1N Q
~ 100F = 1O} 20 O
3
35 ii (ﬂ!:%} - K
a - - §
g m Y
: | g
50~ § 10 =
ﬁ&
-, 1334
ol- 0 ] 1 | .14 0
0 100 200 300 400 500

Rotation Speed (rpm)
FIGURE 7 Performances of motor

Motion of The Trembler and The Rotor

The motion of the trembler and rotor was studied with an ultra- high
speed video camera (Figure 8). The treabler touches the rotor and pushes
its surface in the rotational direction. This motion can rotate the pi-
ezoelectric motor steadily and its rotational speed smoothly.

Voltage:40V Square Wave Frame Rate:1/2066sec

Clockwise (1300Hz) Rotation

FIGURE 8 Motion of oscillating treabler
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Figure 9 shows a magnified view of the motion of the trembler tip . The
tip moves counter - clockwise at 133 Hz and clockwise at 1333 Hz, corres-
ponding to the rotational directions of the piezoelectric amotor.

1=26am Voltage:40Y Square Wave Frame Rate:1/2066sec
Tip of Tresbler

N3
S % 0%

500 X
Counter-Clockwise, (133Hz) Clockwise, (1300Hz)

FIGLRE 9 Tip motion of trembler

A piezoelectric micro-motor has been developed. The rotor is driven
by a bimerph PZT reed with a trembler . which pushes the surface of the
rotor toward the direction of rotation . The motor can be made to rotate
clockwise or counter-clockwise ; the first resonance mode of the P/T reed
gives clockwise rotation and the second resonance mode counter-clockwise.
Rotation is smooth and steady. This micro-motor, which is small, is sui-
table for movable devices , such as a micro-mobile robot , a micro-robot
hand or a manipulator , which cannot use conventional electro - magnetic
motors. It shoud also be useful in micromachines where space is limited.
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THE ACTIVE CONTROL OF SOUND REFLECTION/TRANSMISSION
COEFFICIENTS USING PIEZOELECTRIC COMPOSITE MATERIALS

A J Salloway, R C Twiney, R W Whatmore and R Lane*, GEC-Marconi
Materials Technology Lid, Caswell, Towcester, Northants, NN12 8EQ, UK
*DRA Maritime Division, Holton Heath, Poole, Dorset, BH16 6JU, UK

Abstract An active noise control device has been fabricated using a 0-3 piezo-
composite sensor and actuator. This device has been used with a fast feedback
clectronic system. The reflection and transmission coefficients have been
measured in a pulse tube. The energy was reduced by up to 0.5 in active noise
reduction mode and increased by up to 0.17 in active noise enhancement mode
from 1.5 to 8.5kHz. With an air backed noise control device, the echo
reduction was increased by up to 12dB from 1 to 8kHz.

INTRODUCTION

The principles of active noise control (ANC) have been known for many years (ref
Olson), but their practical application in-air was largely limited by the available
transducers and drive electronics. Major advances have been made in signal
processing electronics which combined with new transducer technologies has led to the
current emergence of a number of useable systems such as ear defenders using the
principles of ANC. In water acoustics, the application of the principles of ANR has
had similar problems. Relatively fast signal processing chips are now available, but
large area transducers suitable for conformally coating a surface have been i.icking.
Advances in piezoelectric materials have opened up the possibility of active control of
sound on relatively large area interfaces.

TRANSDUCER MATERIALS

For the sensor, a material is required which will respond to the sound pressure wave.
Thus, a material with a high hydrostatic voltage coefficient (gp) is a fundamental
requirement. Further, a material which will give an output only to a hydrostatic
pressure and not to other vibrational modes is important. 0-3 piezoelectric composite
materials are a good choice as their hydrostatic voltage coefficient is high and so well
suited to use with a head amplifier and their output due to flexure is low.

SYSTEM OVERVIEW

It is envisaged that the outside of underwater structures could be covered with the
noise control system to control the degree of reflection or transmission of sound. This
would require the structures to be conformally coated with the transducers. The
underwater sound would be detected by the sensors which would cause the actuator to
be driven. The system acts to modify the acoustic impedance mismatch at the
water/material interface and can work to either reduce or enhance reflected or
transmitted sound at the interface.

[401)/39
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SENSOR TRANSDUCER

The sensor was manufactured from 2 pieces of 0-3 piezocomposite material. A bilayer
sensor was formed with the poling directions opposed. The output has been measured

in water to be broadband with an output level of -201.5dB re 1V pPa-! at 400Hz.
ACTUATOR TRANSDUCER

The actuator was manufactured with the same material and in the same way as
described for the sensor. The output in water has been found to increase with

frequency with an output level of 100dB re 1uPaV-! at 2.5kHz.
NOISE CONTROL SYSTEM

A noise control system has been constructed by connecting the sensor to analogue
electronics which provides a phase invertion, gain and stabilising electronics. The
phase of the system may be switched to allow either in phase or out of phase
operation.

NOISE CONTROL MEASUREMENTS
Pulse Tube Measurements

The noise control system has been measured in a 7.6m long pulse tube with a diameter
of 70mm. The sample was positioned half way up the pulse tube. A sound pulse was
generated at the bottom of the tube and this wave travelled towards the sample. The
reflected pulse was compared with the incident pulse to obtain the reflection
coefficient. Similarly, the transmitted pulse was compared with the incident pulse to
obtain the transmission coefficient. The reflection coefficient was measured with the
system off and operating in both phases. With the system operating in either phase,
the reflection coefficient was increased by up to 0.06 from 1.5 to 4.5kHz. Above
4.5kHz, the coefficient was reduced in ANR mode by up to 0.22 and increased in
ANE mode by up to 0.05.

The changes in the transmission coefficient were larger than those for the reflection
coefficient. From 1.5 to 9kHz, the transmission coefficient was reduced by up to 0.42
in ANR mode and increased in ANE mode by up to 0.22.

The energy, represented by the square of the transmission and reflection
coefficients, can be seen to be reduced by the noise control device in active noise
reduction (ANR) mode between ~1.5 and 8.5kHz and increased in active noise
enhancement (ANE) mode over the same bandwidth as compared to the off state.
These results are presented in Figure 1.

The noise control device was backed with a closed cell foam so that virtually all the
sound would be reflected from the noise control device. Figure 2 presents the changes
in echo reduction achieved with the system off and in both ANE and ANR modes. An
active noise reduction between 4 and 12dB was observed from 1.5 to 8kHz and an
enhancement of up to 4dB between 2 and 9.75kHz.

The time responses showing the incident and reflected signals with the system off
and in ANR mode are presented in Figure 3. The reflected pulse can be observed to be
reduced by more than 6dB with the system operating.

CONCLUSIONS

A noise control device has been manufactured using 0-3 piczocomposite material as
both the sensor and the act:zior. Noise control has been demonstrated in both the tank
and the pulse tube. Tr.e echo reduction has been increased by up to 12dB from 1.5 to
8kHz in ANR mode in the pulse tube.
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INVESTIGATIONS INTO PIRIORELECTRIC SPARK GENERATORS

P. GONNARD, C. GARABEDIAN, H. OHANESSIAN, L. EYRAUD
Laboratoire de Génie Electrigue et Ferroélectricité, INSA
20, avenue A. Einstein, 69621 VILLEURBANNE PRANCE

Abstract : The theoretical energy conversion under uniaxial stress
is studied. A theoretical model is based on an electrical
equivalent circuit of the whole system. The experimental results
are compared to the simulated ones which show anomalously high
electromechanical values (d e and losses (tg8)

during the impact.

T £
33 ¢+ &3 ¢ 835 )

I - INTRODUCTION

Physical phenomena occuring during a mechanoelectrical conversion
are complex due to the simultaneous occurence of high stresses,
high electric fields and resonant phenomena in the case of dynamic:
compression. The purpose of this paper is to present the modeling
of a piezoelectric spark generator using classical mechanocelectri-
cal analogies. Some fundamental aspects of a dynamic compression
(pulsed stress generated by impact) are analysed. Experimental
results are compared to the modeling and discussed.

II - ARALOG MODELS AND PFIGURES OF MERIY

II-1 Bquivaleat circuit for length expander bar with parallel me-
chanical stress

The piezoelectric element (area A=5.72.10"¢ n?, length £=5 am) ie
assumed to be excited only on a longitudinal mode (L>>Diameter).
One face of the bar is in contact with a base having an infinite
stiffness and mass and the mechanical force is applied to the
other face (Fig.la).

oYy

o ZoA
. m’-T *ﬂ' 1: N
! S — . !
rl LT Ve
r4 o
)
/7 > 0! b.

L
FIGURE 1 : The piezoelectric bar and its equivalent circuit.
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The equivalent circuit for the bar is developed using the
motionnal equation and the piezoelectric equation [1]), [2] with
the hypothesis of a constant electric field in the bar (Fig.1b)

r,,F, and 61,6’ are respectively the forces and particle veloci-
ties on each face,

Mechanical force (F) Blectric current (I)
N = - is the

Blectric voltage (V) Face velocity (6)

transformer ratio. All these terms can be expressed as a function
of the usual piezoelectric and mechanical coefficients [1] :

e? a da

29 - A T3
co. P Vo© (o ':3) 1ot zc»- LA™ N-= ; T
S33

Both terms of the mechanical section can be further simplified
A
near the fundamental resonance corresponding to £ = : (vibration

node on face 2). They are equivalent to first order with lumped
circuit values given by :

« oAl Mass
Gt atE SRl

“zA
The equivalent network of the piezoelectric bar working as a

mechanoelectrical converter is given in Figs.2a and 2b after
transforming the mechanical elements L, and C, across the

electrical side.

5 c . . I.-._:l. c.cN
A -I.c. A N -r-. Ye
- a, - b,

FIGURE 2 : Equivalent networks a) with and b) without the
electromechanical transformer.

The low frequency capacitance is Cre = Coa *+ Co with Cc, = x? Cor
where k is the dynamic coupling factor.

I1-2 Pigures of merit in short and open circuit

The dynamic compression is generally achieved by the impact of a
mas:>. So the resulting frequency of the stress will be the whole
syste.. r3sonance frequency.

Under short circuit counditions the electric charges are li-
mited only by the mechanical resistance R, in series in the mo-
tionnal branch ar1 under open circuit conditions, the voltage is
controlled by botr of the mechanical resistance R and the elec-

trical resistance R, (Fig-3).
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Q b
Ry
V. V. .. V. 1 ol:C.E:
[ N b. [ 3

FIGURE 3 : Equivalent circuits for : a) General case ; b) Short
circuit at f‘ 3 ©) Open circuit at fP

At the resonance frequency f. (LoCm u: = 1) the electric
charges in short circuit are given by : Qcc = Q.d’o F,.

The classical figure of merit d,s is multiplied by the
mechanical quality factor Q = L o /R,

At the resonance frequency f’ the output voltage Vo is given

by :
o Jl*tg'&

<

° ;' T,

. 2 —, a5
k* tgs + (1+tg® 3)g;?

where tg8 = (R, Co o, )%, @ =L o /R,

The classical figure of merit g,, is multiplied by an
expression depending on the loss tangent tg3 and the mechanical
quality factor Q, -

II -~ 3 ELECTRICAL EQUIVALENT CIRCUIT EXTENDED TO THE WHOLE SYSTEM

In industrial applications, the piezoelectric ceramic is inserted
into mechanical environments in order to hold it correctly on one
hand and to produce the impact on it on the other hand.

The mwechanical pulse is achieved by a spring loaded hammer or
a falling steel ball striking an anvil located at the top of the
ceramic, the bottom being clamped (Fig.4a). Taking into account
these new mechanical parts constituting the high voltage generator
a complete equivalent circuit is established corresponding to the
mechanical equations at the two interfaces (Fig.4b) [3].

Anvil-falling ball interface : F =m, X = -ky (x-y)
Anvil-ceramic interface : Eg=PF, -k, (x~y) = Mx - ky (x-y)

The initial conditions are given by the initial velocity V = ia
of the mass m, which transfers its kinet.c energy to the system.

x(0) = y(0) = 0, x(0) =V, , x (0) = O
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FIGURE 4 : Bquivalent circuit of the spark generator

Finally, the equivalent electrical circuit of Fig.4b is given
in Pig.5 in which the losses are introduced.

E. I

(] v [ 4 v -'4 C R v°
-m‘ - ‘g- A= © o
La.-", l’iunT N L] T

FIGURE 5 : Electrical equivalent circuit of the whole generator

III - THRORRTICAL MODELING

III - 1 GENERAL METHODS

Usual networks resolution methods yield a differential equation of

nt® order in the general case (here n = 9) describing the evolu-
tion of the S signal with the time at the ends of the piezo bar

n

> al s(t)

a, =0 (1)

=1 ac!
where a, are a function of network parts.

Laplace transforms have been largely used in order to solve
the differential equation (1). A computer program solving an nth
order s-polynomial expression has been performed using the mathe-
matical tools supplied by the MATLAB environments. The final
solution S(t) then can be written as a finite sum of exponential
terms (2).
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n
S(t) = :: 51 exp (-r1 .t) {2)
i=1

where A, are the i*" rank coefficients of the exponential
A, are a function of network parts and initial conditions

ith

T, are the rank roots.

I1I - 2 PARTICULAR TIMES t, AND t,

The description of pulsed stress phenomena can be split into three
distinct time intervals.
a~ from ¢t=0 to t=t, , the hammer applies a force onto both anvil
and ceramic. The electrical equivalent scheme is given Pigure 5.
The force applied by the hammer to the anvil reaches a maxi-
mum value then dJdecreases until O at t=t,. The solution 8, (t) is
given by (2).
b~ From t-t1 to t-tz s, no force is now applied to the anvil but
the piezobar keeps on being stressed by the anvil within a decrea-
sing force. (Fig.6b). At t=t, this force F_ equals zero. In this
time interval, the solution S(t) has the same expression as rela-
tion (2) where only the indices are changed.
c- At t>t, , as hypothesis we take into account the fact that no
tensile forces can be applied to the piezo bar. This yields a
third electrical equivalent scheme given Fig.6c.

L, L. G R, e S a |
| vl C.-—R Ve Ce —r .. v,
)
b. €.

PIGURE 6 : Equivalent schemes at : b) t‘<t<tx c) t>tz

The solution S(t) is expressed by (2) where only the indices are
changed again.

Note : Both open circuit and short circuit conditions can be simu-
lated, short circuit conditions just being the limit case of open
circuit conditions when R, = O.

IV - EXPERIMENTAL RESULTS AND DISCUSSION

The pulsed stress is performed by a 21.6 g steel ball falling
from a 33 cm height on the anvil . The open and short circuit cha-
racteristics are recorded by a digitizing oscilloscope and loaded
by the computer. The fine adjustment of time and amplitude parame-
ters constituting the equivalent electrical scheme yields both ex-
perimental characteristics. Pig.7 shows the accuracy of the
simulation.




98/{410] P. GONNARD, C. GARABEDIAN, H. OHANESSIAN, L. EYRAUD

OUTPUT VOLTACE (V)
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2 i — 0.0 T, | —
T T 1 | 1 [ ] : ;
. —O-O-Eupersiment _‘ =00~ Experiment
! cemeee- Simulated [ L Y O N Simulated —|
1 ~ -
\ b
0,5 - E °
i F|
0 - o
‘\ i -0,01
0,5 RN ~ .
- | ! 41 1T -0,02 L i L l
6 0,2 0.4 0,6 0,8 1 1,2 1,5 1.6 "0 0,2 0.4 0,6 0,8 1 1,2 1,6 e
-l
=10 %10
TIME (S) TINE (S)

FIGURE 7 : Experimental and simulated characteristics

The mechanical and piezoelectric coefficients values measured at
low level (LL) following the IEEE standards [4] are compared to
those obtained by the simulation (HL). For samples # 1 and § 2,
the results are given in table 1. It shows that the real part of

e;, is largely increased as well as the loss tangent tg3. Moreover

the ratio dss(HL)/das(LL) may be greater than 2 and non lineari-

ties on the 5:3 coefficient are observed. By the same time, the

increase of the coupling factor is less in the case of sample # 1.

In terms of open circuit voltage Vo, available total charges
Q and energy W, it seems that large non linearities would yield
larger values of Q and W. However the voltage Vo is limited by the
large increase of the loss tangent.

T T L 3
dyq * PC/N 933|933 €33 | %23, kya| Kaa| tIB] ta¥| s,4] 84,

e I
€ a2z 2oofen oL | o B | o | B L | mL
ag * 107 “m°/N L | HL

Sample #1 245410 930]2418]0.67}0.69| 0.7]16.6]16.1] 16
Sample #2 210|550 714]1928|0.67]0.83]0.65]9.47}15.6]129.6

TABLE 1 : Mechanical and piezoelectric coefficients at low and
high levels

CORCLUSION :
Using an analog model the experimental behaviour of a piezoceramic
subjected to a resonant uniaxial stress is fully described. It is
confirmed that both of the mechanical and piezoelectric coeffi-
cients and the loss tangent present very high values during the
compression.
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Abstract

The transmission matrix, that depends on frequency, has been proved to
be useful to characterize piezoelectric transformers behaviour at low
signal. It shows at which frequency the device 1s able to step up the
voltage and which parameters describe its behaviour, taking into account
not only the voltage but also the output current.

In order to compare their performances, these parameters were measured
or computed for ceramic disc-shaped transformers, working in their first
or higher modes, and also for plate-shaped ones. Parameters Go and 2
allow an analysis of the suitability of a device for each application,
depending on input-ocutput lmpedance and voltage gain required.

An analysis of the validity boundaries of this model has been made,
taking into account that mechanical quality Q falls down when stress and
temperature increase.

INTRODUCTION

Some types of the plezoelectric transformer have been proposed"s. The basic
aim of them was a higher voltage gain, not taking Into account the load
current capability.

In this paper we propose the transformer analysis considering equally
both aspects. The use of the transmission matrix in order to describe linear
behaviour has been proposed in a previous paper s

In contrast to resonators, these bi-port devices have four characteris-
tic frequencles for each mode, instead of two. Each coefficient of the
transmission matrix becomes equal to zero at a different characteristic

frequency.

CHARACTERISTIC PARAMETERS

Maximum gain of the transformer corresponds to the frequency fA. at which
the coefficient A, of the transmission matrix, takes its minimum value,
specifically the real part of A is null and the imaginary one is nearly
constant. This sltuation corresponds to resonance when the primary is shor-
ted and the secondary open.

[411)/99
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Close to f‘. coefficients B and C are almost purely imaginary and they
obey the relationship B-C = -1. We define mean impedance Z as the reciprocal
of the transadmittance modulus at frequency f‘ , € =1/j3-C.

If Zg is the generator output impedance and Yl is the load admittance,
the voltage gain G = Vz/8, defined as the ratio between the output voltage
and the e.ma.f. of the generator ls:

1/G = A +BY +C-2 +D:2"Y
1 g g 1

In the most advantageous case in which Zq= 0 and Y|= 0, we have:

- Maximum gain Go = 1/|Amin|

- Input impedance Zln = Z/Go

- Output impedance Zmns Z.Go

The bandwidth Af is the allowed deviation from fA without losing the
gain. Reactive component of Y‘ and Zq can be compensated by properly shif-
ting the frequency.

Coefficient D, reclprocal of the current gain, ought to be small
|D|<<G° in order to increase the range of load impedances.

In order to decide the best electrode arrangement, all these parameters
can be obtained by numeric calculation using a simplified model. Here it is
assumed that the device is infinitely thin. The wave function is the super-
position of the two functions that we would obtain shorting the primary or
the secondary respectively. For both functions, primary and secondary char-

ges are calculated, which furnishes us the admittance matrix.

COMPARATIVE ANALYSIS AMONG DIFFERENT TYPES OF TRANSFORMERS

In order to compare them, we may represent each device as a point in a
log(Go)-log(Z) plot that also gives us Zin and Zout directly (see Figure 1).
The parameters GB and 2 must be related with the kind of transformer, the
characteristics of the material it is made with, the sizes and electrode
arrangement.
-Material characteristics:
G° depends on Q (mechanical quality factor)
and on k> (electromechanical coupling coeficient)
2 depends on ¢ ' (electrical permitivity)

and on ¢ 1”2 (elastic coeficient)
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~Sizes: (it depends on type of transformer)

For the Rosen-Jaffe transformer':

G° depends on the ratio L/t (length / thickness)

2 depends on the ratio L/w (length / width)

For a disc-shaped transformer working on its radial mode:

G° does not depend on size

2 depends on the ratlo t/D (thickness / diameter)
and on the working mode.

~Electrode arrangement:
Both parameters depends on them, but the relation is not easy.

Numerical calculation must be done in order to decide the

best arrangement.
Different transformers, with extremes sizes within each type of trans-

former, are described in the figure 1. Radial modes in disc shaped trans-
formers have been included, working in fundamental, first and second over-
tones, as will be described later. In all cases PXEAl materlal has been

used, because of its good quality factor.

*
* ° X
-~ »,
N, 7 “5. a° s
m‘% . L ¢ B 14 e
.
K'4
k)
Ao Bo
10? ,
i, 1, 4%
o .
9 Fa X Fy
co
o
162
100 2 1% 10 kg 100 K0 :

FIGURE 1 : Plot of maximum gain Go, and main impedance Z for the follo-

wing devices:

ROSEN- JAFFE : RADIAL 1st MODE RADIAL 20n MODE RADIAL 3rd MODE
[! [L Iw t o t D t D

A:: Imm SOmm 2Smm ! E;: '3mm ISOmmﬁ l” rZ!mm 1SOmm L”'3mm 'SOmmjﬁ

B)) 1 s0 s Fo 1 50 12 50 M3 50

cl 10 so 25 G2 12 50 k¥ 1 10 N 16

0¥ | 4 2 H? 1 4

1) Measured experimentally
2) Calculated from measures over similar transformers
3) Calculated theoretically from the model.
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USING HIGHER MODES IN A DISC TRANSFORMER

Mean impedance 2 must be decreased when higher current is required. This can
be obtained by increasing diameter/thickness ratio or by using higher over-
tones, due to their higher working frequencies. The decrease of Z 1ln these
cases can be appreciated in the GO-Z representation {see Figure 1).

Design of electrode arrangement must take into account the presence of
nodal lines which are characteristic of the higher overtones. Figure 2 re-
presents stress field as a function of the radius for the second overtone.
The primary electrodes must be split in accord with that line, and electric

interconnection between the two zones must be inverted.

T

Figure 2: plot of stress Tr+To versus the radius r, and electrode arrange-

ment for the second overtone in a radial transformer.

In the Figure 2 the central zone 1s completely occupled by the seconda-
ry. This assignation is more adequate because stress is higher in that zone.
The stress is weaker near the nodal line, so a reduction in secondary elec-
trode extension could be convenient In order to maximize voltage gain. In
this case, the rest of the internal zone could be used also as a primary.

The order of the mode is limited by the fact that wavelength must be
rather higher than device- thickness.

NON LINEAR BEHAVIOUR

In order to obtain a high voltage between secondary electrodes it is inten-
ded to have an amplitude of stress T as great as possible. So, it will be
strong enough to produce non-linear effects. Then, the behaviour of a trans-
former can be described by the preceding linear analysis only as a first

order approximation .
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Moreover, power dissipation can notably increase the temperature of the
ceramic. Both facts will decrease the mechanical quality factor Q, decrea-
sing the gain G;. Furthermore, they modify the elastic constants, shifting
the optimum working frequency.

Stress strong enough to depolarize the ceramic must never be applied,
but the reasonable limit of T becomes from the stress dependence of Q.
Taking into account that E2 is proportional to E"Q(T). the relation between
E1 ( « T/Q(T) ) and E2 ( « T ) can be obtained, as it is shown in Figure 3.

a) b)

U/un

) -d—"'-ﬁ—;-’-’- L i Il I
10 T(NPa) 160 E2 (V/mn)

FIGURE 3: a) Stress dependence of mechanical qual‘ty factor Q.
b) Dependence between the electric fields in the primary and

the secondary, El and Ea'

It can be seen that EE cannot be higher than a saturation value Es in
spite of the increase of E:' If a device must keep a high gain and low
dissipation power, the fileld Ez must be lower than Es.

Es is a characteristic value of the materlal, so the highest output
voltage 1is proportional to the distance between the secondary electrodes
(the thickness for the radial transformer).

The rate of heat generatlon 1is proportional to Tz/Q(T), so it can be
strongly increased by a rise of stress T. The resulting temperature increase
46 will produce an additional decrease of Q. Since A6 depends also on the
external thermal conductivity, which is weak due to mechanical uncoupling of
the device, the time needed to reach thermal stability 1s often long (10

minutes for a 3 mm. thickness device).
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According to that, two kinds of analysis must be done: the first one
can be applied just after turning on the transformer, when only a stress-
dependence of Q must be considered, and the second one must be applied at
the steady state, when the temperature effect is also important.

The working frequency shifting, due to the dependence c(T), force us to
use the transformer also as an osclillator. To serve this function, a third
pair of electrodes may be useful to feedback the osclllator circuit. The
dependence of the frequency with the amplitude makes unstable the optimum
point, leading to a frequency where performances are slightly worse than the
optima.

CONCLUSIONS

In the design of a plezoelectric transformer, it must be taken into account
the following facts:

The most appropriate working frequency in order to increase voltage, is
fA, which corresponds to the resonant frequency when the primary is shorted
and the secondary is open.

Linear behaviour is mainly characterized by the parameters G° and 2,
and also by Af and D.

Radial transformers are adequate if the required gain is not too high.
Output current can be increased using higher overtones.

Linear analysis cannot glve the working boundaries of the device. Maxi-
mum output voltage depends on the distance between secondary electrodes and
on the function Q(T), characteristic of the material.

Heat dissipation must be considered in devices continuously working. It

will determine the working temperature and the value of Q.
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PIE20ELECTRIC THICKNESS MODE RESONATORS WITH IMPEDANCE ANALYZERS.
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Abstract

The resonance method allows the determination of different
elastic, dlelectric, and plezoelectric constants of the
material using an adequately shaped sample. The accuracy of
the relationships between the measured electrical input
impedance quantities and the material constants is of capital

importance.In the International Standards’“? these relations,

and consequently the derived formulas, are based elther on the
exact one-dimensional expression of the input impedance of an
ideal lossless resonator, or on the simplified (Butterworth-Van
Dyke) equivalent circuit. In this paper, the accuracy of
equations frequently used gor the measurement of the longitudinal
acoustic velocity, Voo the thickness electromechanical

coupling coefficient, kt .,and the mechanical quality factor, Q-

are analyzed. The exact one-dimensional model of a thickness
expander plezoelectric resonator,with a rigorous account of the
internal mechanical losses, ls taken as a reference.

INTRODUCTION.

Disk shaped plezoelectric ceramics and composite plezoelectric
materials play an important role in the development of transducer
devices. The material constants of the piezoelectric resonator and the
'effective’ material parameters of the conposlte53 (considered as a
new homogeneous piezoelectric material) are a key in the global
performance of the transducers. Some of these relevant constants and
parameters, can be obtained from the measurement of the electrical
input impedance of a material sample using an impedance analyzer.
Formulas relating the measured impedance quantities to the material
constants and parameters, are derived from the analytical expression
of the electrical- input impedance of a vibration mode assuming
different approximations.

In this work, the expression of the electrical input impedance of the
lossy plezoelectric resonator4, shown in the Apendix (Eq. (A1)), is

[417)/105
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taken as a reference 1In the analysis of the accuracy of
well-known characterization formulas. This expression is exact under
the following assumptions: 1linear theory of plezoelectricity,
one-dimensional mode of vibration and negligible dielectric and
plezoelectric losses. The complex propagation wave number (1./d) and
the complex electromechanical coupling coefficlent k: account for the
mechanical losses. In the particular case of tan 6- = 0, equation (Al)
reduces to the well-known expression for the 1deal lossless
thickness plezoelectric resonator5
The procedure used to analyze the accuracy of some frequently used
characterization formula, is as follows:

a) Assumed values of the parameters kz . Q. . Cz ,and f2 = v: /7 24,
are used to generate impedance data using Eq. (Al). These assumed
values are the "input" or "exact" parameters.

b) The conventional material characterization formula are applied to
the previously generated impedance data in order to calculate the
"approximate" values of the parameters.

c) The comparison between the “approximate” and the “input”
parameters gives the accuracy of the characterlization formula.

d) The percent of the relative error, with respect to the initial
"input” parameters is taken as a figure of merit, defined as:

%( .) = 100 (“true"” value - "approximate" value) / "true" value.

A similar procedure ,for the analysls of the accuracy of some
relationships between resonator parameters and impedance quantities,
has been previously used by Hart1n6 and Shibayana7, taking as a
reference the expression of the input impedance of the simplified
(Butterworth-Van Dyke) RLC equivalent circuit. It has also been used
to test the accuracy in the determination of radial mode constants8

In the following, an attenuation coefficlient directly proportional to
the frequency, and consequently a mechanical loss tangent independent
of frequency ls assumed. The case of small values of lct and Q_ is
speclally considered.

MEASUREMENT OF v: AND K,

In the International St:andardsl_2 the equations for the measurement of
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the wave velocity v: ,» and the electromechanical coupling coefficient
k‘ ;are both derived from the expression of the input impedance of an
ideal lossless resonator.

When the dissipative terms are null (tan 8. = 0 ,in Eq. (Al1)), there
are only two single frequencies of interest around each resonance,
which correspond to the admittance and impedance maxima (f ' and f2
respectively). The following conventional equations are obtained froam
2 (f) =0, and Y (f ) = 0, after the substitution of f for f and
in 1 in 2 1

f for f

[ 2

wWe2f d (1)

t P

2 x f x (f -f)

k‘ = b tan ——2_2%_ (2)
2 fp 2 fP

being fp the frequency of the maximum Iinput resistance and f. the
frequency of the maximum input conductance.

1-5 Le L L] L]
< ' )
>
?
0.5} 1
0 , N
0 20 40 60 80 100
Qm

FIGURE 1. Percent error %(v:) as function of Q .

Figure 1 shows the percent error x(fp) when using Eq.(1) for the
determination of v:
between fP and f2 , since the possible inaccuracy in the measurement
of the thickness d 1s not considered in this analysis. The percent

error , increasing with the mechanical losses, is less than 1.5% 1in

This error depends only on the discrepancy

the extreme case of Q_- 3. In addition the error is independent of
kt.'l'he deterri\ination of f" from high overtone resonances is sometimes
recommende? *, being v.”= 2 £ d / m , with m = 3,5,7 .The percent
error in f P (and therefore in v: ) when using the overtone m=5 |is
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2.5% for Q_ = 3 .The good accuracy of Eq. (1) can be noticed.

Figures 2.a and 2.b show the percent error x(kt) when using Eq. (2)

for the determination of the electromechanical coupling coefficient.

The percent error is function of both kt and Q. “input” constants. A

strong increase of the error In the case of high mechanical losses and
low coupling coefficient can be noticed (52X when kz = 0.3 and Q‘ = 3).
However, for a normal PZT ceramic material (1i.e., k‘ = 0.5, Q- = 100)
the error is completely negligible (0.038%). In the case of a typical
ceramic-polymer composite (i.e., k‘ = 0.7 and Q- =20 ) the error 0.16%
,i8 also very low.

40 ‘ T T T 70 — —T T — —
b I co b \ (o) |
or h 50 = 4
-~ 25} . <
z x oF 1
— 20"' -y * 30.- 4
* 15+ -
ol A 20 - '1
5k . 10} -]
L . T oL__.._-' . - A
0 5 10 15 20 0.2 0. ©0.4 0.3 0.8 0.7
Qm Kt
FIGURE 2. Percent error %(k‘) as function of the \input
parameters. a) kz =0.5 ; b) Q. =3 .

A frequency sweep with 1900 data points, in the frequency Interval
(0.7f2 - l.Olfz ) has been used in the computation of the percent

errors previously presented. The same frequency sweep will be used in
the following.

MEASUREMENT OF Q.

The mechanical quality factor Q. is a parameter of key importance for
the plezoceramics gharacterlzat!on and, consequently, for the design
of ultrasonic transducers.. The accuracy of the following expressions
is analyzed in thils paper:

Q = f2/7(@2xf z:c -2y (3)
[ ] P s [ 0 P ]

Q = f /A&f (4)
a .
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where :2.: is the minimum of the impedance module at the fundamental
resonance, C: is the free capacitance, and Af is the bandwidth at
half of the maximum input conductance. Eq. (3) is the expression for
Q. proposed by the (1961) IRE Standards on Plezoelectric Crystalsz.
Eq. (4) corresponds to the ratio of the frequency f to the power
bandwidth 1'% )
Figures 3.a and 3.b show the percent errors x(Q_) in the determination
of the mechanical quality factor Q. when using Eq. (3). C: has been
deternined from the computed input reactance at 1kHz.Figures 3.c and
3.d show the percent error in the determination of Q_ with Eq. (4).
After the determination of t" ,the frequency intervals (O.sz-f.).
and (f.-l.sz) ,with 1900 data points in each case, have been used for
the determination of the half bandwidth frequencies.

so L] LA L L] m L v L2
(a) ©)
4}
1
_ 2o}
3 4
S ot
* -
_zo =
-a0} 4
i
—60 e A A J
0.2 0.2 0.4 0.8 0.8
Kt
40 T T T - (b) 47 v T T '/
20 s (¢) -
_ 0 a5 .
§ % 1 ¢ 44
2 40 {1 §
-80 4 # 43 -
-80 1 1
-400 b 41 ﬂ
_’zo 4 4 4 s . I 1 3
0 20 40 60 80 100 ‘°o 20 40 60 80 nQ
om am

FIGURE 3. Percent error %(Q-) as function of the input
parameters. ; a) Eq. (3) and Q. = 20 ; b) Eq.(3) and kt = 0.5 ;
c) Eq. (d)andQ.aloo ; d) Eq. (A)andktso.'l.

A notable inaccuracy of the two characterization formula can be
noticed. In the two cases, the percent error increases strongly for
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materials with high electromechanical coupling coefficients. For a
typical ceramic-polymer composite (i.e., kt = 0.7 and Q_ = 20) the
percent error is 45.4% with Eq.(3) and 46.2X with Eq. (4).

APPENDIX.
The electrical input impedance of a thickness extensional plezoelectric
resonator, including the internal mechanical losses4 is given by:

2 () = _ ( 1-&)? tan (17/2) ) (A1)
n Jo C: ¢ (1. /2)
where:
ki =k 7/ (1+Jtand)® ;3" =q/ (1+)tan s )
¥y=wd/ vt : v: = (Re(cl::s)'/p)'/2

D ,* D ,*
tan 6_ =1 / Q. = I.(caa) / Re(caa)

and where Cz is the clamped capacitance, d is the thickness of the
plezoelectric disk, kt the electromechanical coupling coefficient, Q.
the mechanical quality factor, v: the sound veloclty, (cga). the
complex elastic stiffened constant, and p the density of the material.
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NON-ITERATIVE EVALUATION OF THE REAL AND 1NAGINARY
NATERIAL CONSTANTS UF P1EZOELECTRIC RESUNATURS

S. SHERRIT, H.D. VIEDERICK, B.K. MUKHERJEE
Royal Military College of Canada, Kingston, Ont., Canada K7K 5LO

Abstract Ve describe a new method for determining the real and
imaginary parts of the material constants of piezoelectric
resonators. Our method is applicable to any of the common
resonator geometries, it is non-iterative and its accuracy is
comparable to that of other methods which are currently in use.

INTRODUCTION

The recent past has seen the introduction of new lossy piezoelectric
materials such as ceramic-polymer composites. The proper calculation
of the transducer transfer function of such materials requires the
determination of both the real and imaginary compbnents of the
material constants. The IEEE standard! on %&ezoelectricity ives the
standard methods for measuring the material constants from the
electrical resonance curves, but these methods are of limited value in
determining the imaginary parts of the constants. Smits? has
described an alternative method using an iterative' technique to
determine the complex material constants. This method is normally
very accurate and useful in research work. However, it requires the
gudicious choice of three admitiance or impedance data points and this
ecomes tedious vhen a large number of samples need to be evaluated.
Besides, around resonance, the low sample impedances may overload the
voltage source and distort the impedance data thus reducing the
accuracy of the measurements. Holland* has shown how the
piezoelectric phase angle may be found by analysing the real parts of
the material constants obtained by using the methods of the IEEE
standard! or by applying the results of the gain-bandwidth® method to
a Taylor’s series expansion of the resonance equation. However, once
again the data has to be judiciously chosen and a complex equation has
to be solved so that the method is rather cumbersome to use.

In this paper we present a simpler technique to determine the
complex material constants for a piezoelectric resonator. fur
technique is easy to use and it only requires frequency data around
resonance and admittance or impedance data away from resonance.
Besides, the method only requires data at certain critical frequencies
and does not involve the experimenter in making a suitable choice of
data points. In an earlier paper we have reported on the application
of this method to the particular case of radial mode resonances.

[423)111
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METHOD

Ve illustrate our method by considering the thickness mode resonance
of a plate resonator of thickness t and electrode area A. The
impedance of the plate is given by!

tan(w/4fp)

Z(U) = (t/lﬂ(;,A) [1 .- kz —ﬂzrp—- N (1)
vhere ¢ is the clamped permittivity, k; is the electromechanical

coupling constant for the thickness mode and f, is the parallel
resonance frequency. Ve define the parallel and series resonance
frequencies, f, and f,, as the frequencies which correspond to maxima
in the real parts of wZ(v) and Y?v)/v respectively, and not in the
real parts of Z(v) and Y(¢) as in the IEEE method. Our
definitions are mathematically more correct since f,, for example, is
the frequency at which the expression in square brackets in }1) has a
maximum in its real part. The difference between the two definitions
is only significant for materials with a low mechanical { vhich is
defined as the ratio of the real part of the elastic constant to its
imaginary part. Land et al? have shown that the bandvidth at
resonance, defined as the frequency of maximum reactance minus the
frequency of minimum reactance, is related to the mechanical § of a
resonator. While the IEEE method uses critical frequencies from the
real impedance and admittance data, we have used Land et al’s result
to define frequencies, with complex arguments, which combine the
critical frequencies from both the real and imaginary parts of the
impedance and admittance spectra. Thus, the first series, the second
series and the first parallel resonance frequencies are respectively
defined by
P p
£ - f.;[l i e Nia 2]"/2
£1
) U (R
i) f,l[l —i _JLL_M] ,
f3
fa - 12 -2
fg[1 - _.IA’_;_M] :
f3
where all the particular freguencies are shown in Figure 1.
The complex elastic stiffness is then given by

3 = 4p(E)yn? (5)
vhere n has the values 1, 3 or 5 for the first, the second or the
third resonance respectively. The complex value of the thickness mode

electromechanical coupling constant, ki, may be evaluated in one of
tvo vays. The first way is to follow the 1EEE standard! but replace

£, and f, vith f} and f respectively, which gives

(2)

(3)

f2

(4)

1 1 f} r £} - f)
k = g Y tan [g -EE;--] y (6)

vhere the tan function may be gvaluated using the identity
tan(a+ib) = (sin2a + isinh2b)/(cos2a + cosh2b).
Alternatively, k, may be determined using the technique suggested by




MATERIAL CONSTANTS OF PIEZUELECTRIC RESONATORS [a2sy113

"

4

‘2

wX

iy

i
,r/\ wR
(1]

f

[4

hy
‘n

FIGURE 1. The «critical frequencies determined from the modified
admittance and impedance locus diagrams which are plots of
B(w)/v vs. G(w)/v and of ¢X(v¢) vs. wR(w).

Onoe et al® who have presented a numerical table of the coupling
constant k as a function of the ratio of the second series resonance
frequency to the first series resonance frequency. We have used a
least squares technique to fit their table to a polynomial of the form

k3=a°+§1+9_2+_8_§+34+_3_s
rs r3 3 rf =1}
5 5 5
. 2 an(rs) D - Zan(r,)‘“ cos(nf) - iZan(r,)"‘ sin(nd),  (7)
n=0 0 0

vhere rs = f§ / f} is a complex series frequency ratio wvith =m
representing the order of the resonance. The values of the
coefficients are shown in Table I. In the range 0 < k < 0.8 the
polynomial fits are valid to within an average error of 0.0147 and the
fit has been illustrated in an earlier publication?. (Onoe et al’s
method and, hence, the above polynomial are applicable to the length
extensional and the thickness shear modes in addition to the thickness
extensional mode under discussion here. Table II shows the
relationship between the coupling coefficients in each resonance
geometry and the k given in Equation (7). In the thickness mode of
materials with large k;, sideband resonances are common and these
cause a shift in the critical frequencies which introduces a

TABLE I. Coefficients for the polynomial in equation (7).

an £/} £3/£} £4/£}

ag 2.6027556 1.3600551 1.2470973
a; —30.879689 ~11.956448 ~11.627842
az 231.71003 140.14918 180.95922
as -925.12604 -1085.1453 ~2121.5036
aq 1800.5885 3674.9833 10130.643
as -1463.0141 -5542.2805 -22071.221
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TABLE II. Formulae for calculating the elastic and electromechanical
coupling coefficients for the various resonance geometries.

Thickness Extensional

-

oy = 4pt2f} K = k: = ; f& tan[% iiﬂ—;—fil]

fp fp
Length Extensional

8 = —L- k’:ki,:%ﬁtu[gﬁ;isl]

4p12£2 fp f,
Length Thick?ess Extensional
831 = 4p11’f3 ;—k_-i-k‘-:: = ; i—: tan[% (fp — 1) f;f ]
Thickness Shear

chs = dpt2f3 k- k:s = ; ;J- ta.n[% -(—f-D—;-—!)-]

P P

significant error in the argument of the tan function in Equation
§6 and hence an error in the value of k = k; obtained by using the
EEE equation, and so in this case the technique of Onoe et al is the
more accurate one. For materials with low ki, the sideband resonances
are insignificant and in this case the IEEE equations are adequate
vhen k is small. Onoe et al have found that their method is suitable
for the thickness shear mode and the thickness mode provided that the
lenfth or diameter of the specimen is at least 10 times its thickness.
Table II shows all the equations required to find k by the IEEE method
as well as by using Onoe et al’s technique.

Vith k; and fﬁ known, the clamped permittivity e; may be found
by choosing one impedance data point Z(v) and rearranging Equation (1)
to give
tan(w/4f})
e = (t/ivAZ(u))[l—k: ——l] 8)
3 w/4f}

Vhile there is no particular criterion for choosing the data point
Z(UZ’ it is advisable to avoid choosing a point near resonance where
small errors can get magnified in the analysis; we suggest choosing
the point at a frequency f = (n+1)f, so that it is between the
fundamental and the second resonance and so that the mode couplin

between the free and the clamped boundary conditions is complete ans
the data is that of a clamped resonator.

The piezoelectric constant is given by!

" k;(cgse;,)h”. 9)

SPECIAL CASES

For materials which exhibit a strong dielectric dispersion, such as
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polyvinylidene difluoride or some ceramic-polymer composites, the
value obtained for e:‘ at f = (n+1)fp will be different from the value

of ¢:3 at resonance. To ensure that material constants are evaluated

at the same frequency, ve suggest that, for these materials, the real
part of ‘:a derived at f =(nf%3fp be adjusted to give the best fit to

the imaginary data B(w) around resonance and that the imaginary part
of € be adjusted to give the best fit to G(v). Alternatively,

equations (6) and (8) can be used to find the clamped complex
permittivity ¢:’(u) as a function of frequency.

As ve have mentioned earlier, Equations (5) and (6) were derived
from the piezoelectric—elastic term in brackets in equation (1) and
their derivation assumed that ¢:3 is real, since a complex ‘;3 shifts

the critical frequencies. For materials with low k¢ (k¢ < 0.3), the
seperation between the series and parallel resonance frequencies is
small and the shifts due to a complex € may introduce significant

errors in the calculated values of c?; ard k;. Ve have found that if
ki is low, or if the imaginary component of €5 is large, then a

second set of critical frequencies must be determined. The value of
e¢s , found from the first set of critical frequencies, is used to

3
offset the shift in critical frequencies by determining the new sets
of critical frequencies (fp,, fr , fglz) from plots of X’(v¢) vs.

-2 /
R (s) and (s, £, £, ) trom plots of B’(s) vs. G’(s) with the new
impedance and admittance functions being defined as

6 (o) = (G(w)ex; * B(o)es?) / w((e37)2 + (1))
B'(v) = (G(e)es? - B(o)est) / w((e3))2 + (1))

R (6) = (R()e3; - X(0)es") (10)
X7 (¢) = (R(w)es? + X(0)es)w

Z'(v) = R (v) + iX/ (@) ,
Y (¢) = 6'(0) + iB"(¥) .

In the above equations, R(v), X(¢), G(v) and B(w) are the measured
resistance, reactance, conductance and susceptance respectively, while

€ and e:: are the real and imaginary parts of € vhich has been

determined earlier. The calculation follows the method outlined

previously: f} is calculated from a plot of X‘(#) vs.R’(¢), f!, and f2
are calculated from a plot of B/(v) vs. G’(¢) and these lead to new

values of c?;, ki, e;3 and ej;.
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Finally, ve note that when k; and § are both low, the seperation
between f, and f; is again small while f, and fs can only be measured
to an accuracy determined by (. So the larger error in f,-fs will
produce a larger error in the calculated value of k.

EVALUATION OF QUR METHQD

Ve have evaluated our method as follows. We have used the known
material constants of a niobium doped lead zirconate titanate (PZT),
taken from Jaffe!, wvith the imaginary part of the piezoelectric
constant assumed to be e" = -0.02 e;s, to generate the impedance and

33
admittance spectra and we have then used our technique to determine
the material constants from these spectra for final comparison with
the original values. We have done this assuming two different sets of
values for § and for k, to check the accuracy under differin
conditions. We have also applied our method to determine the materiaf
constants of a 1-3 ceramic-polymer composite and we have compared the
results with those obtained by using Smits’ technique.

Case 1: Q = 50 and k; = 0.4807(1 — 0.02i)

In this case the dielectric dissipation is lov enough and k; is high
enough for the critical frequencies to be found directly from Y(w)?w
and ¢Z(w) and ve have used the polynomial form of Fquation (7) to find
ki. Our results are compared to the input values of the material
constants in Table III and we note that the largest error of 0.27%
occurs for the piezoelectric constant and the coupling constant.

TABLE III. Comparision between the input material .constants
and the values derived by our method.

Material Input Calculated Error 7
Constant Value Value from Real Imag
Y(w)/v and vZ(w) part part

k, 0.4807(1-0.02i) 0.4818(1-0.02002i) 0.2 0.2
c23(10-11N/m2) 1.47(1+0.02i)  1.469(1+0.02000i)  0.04 0.04
€2 (10%F/m) 7.345(1-0.02i)  7.349(1-0.01999i)  0.05 0.01
e33(C/m?) 15.8(1-0.02i)  15.84(1-0.01999i) 0.2 0.2

Case 2: Q = 10 and k; = 0.04788(1-0.05990i
In this case ki is low and the small § implies that e;s has a

significant imaginary component. As explained earlier, this requires
the determination of a second set of critical frequencies using the
set of Equations (10), and the results obtained by using this method
are shown in Table IV. The maximum error of 2.17% is to be found for
the imaginary component of the piezoelectric constant e3;; and it
should be noted that, for real materials with such low values of § and
ki, it is unlikely that the material constants could be determined to
such a precision due to the limited accuracies to which the critical
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frequencies could be measured. It should also be noted that had the
calculations been carried out directly with the first set of critical
frequencies, determined from Y(vw)/v and vwZ(v), the errors in the real
parts of k; and esy vould be as large as 46/ and their imaginary parts
vould have even larger errors; however such a calculation would have

TABLE IV. Comparision between the input material constants
and the values derived by our method.

Material Input Calculated Error 7
Constant Value Value from Real Imag.
Y’ (v) and Z’(w) part part
k. 0.04788(1-0.05990i)0.04879(1-0.05934i) 1.9 1.0
c23(10-N/m3)  1.47(1+0.10i)  1.454(1+0.10026i) 1.1 0.8
¢ (10%/n) 7.345(1-0.02i)  7.359(1-0.01981i)  <0.01 0.01
es3(C/m?) 1.58(1-0.02i)  1.601(1-0.01932i) 1.4 2.1

given reasonable values of c3; and ¢ . Thus our use of the second
set of critical frequencies yields much better results.

Case 3: 1-3 ceramic—-polymer composite

Ve have used our technique to determiie the material constants of a

1-3 connectivity ceramic-polymer composite with lead zirconate
titanate (PZT) as the ceramic material. Table V shows the data

TABLE V. Measured data for the 1-3 PZT-polymer specimen.

Diameter D = 0.03143 m. Thickness t = 0.00203 m.
Density p = 4170 kg/m? Z(3 Mliz) = 2.27 + 29.34i ohms
Resonance f (kHz) f‘L/z(kHz) f_le(kHz)
First series 698.2 663.1 723.6

First parallel 895.4 878.8 911.3

TABLE VI. Material constants for the 1-3 composite calculated
by our method and by Smits’ technique.

Material Constant Our method Smits’ method
k 0.6670(1 — 0.03516)  0.6681(1 - 0.08232i)
c3(10-1N/m2) 5.49(1 + 0.0363i) 5.503(1 + 0.0370i)
¢t (10%F/n) 5.336(1 — 0.0582i) 5.096(1 — 0.163i)

e33(C/m?) 11.4(1 - 0.0455i) 11.2(1 - 0.145i)
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measured by us for this specimen. Since the impedance spectrum was
clean and since there was no evidence of coupling to the lower modes,
we have used Equation (6) to determine k;,. The material constants
obtained by the use of our method are shown in Table VI which also
gives the values of the same constants obtained by using Saits’
technique. Figure 2 shows the fit to the impedance data given by our
method as well as by Smits’ method; both methods give very good fits

and their curves overlap for the most part. MNowever, Smits’ method
gave different material constants depending on the data points that
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FIGURE 2. Impedance data points for a 1-3 PZT-polymer composite
compared with curves derived from the material constants

calculated by our method and by Smits’ method.
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vere used in the calculation; in particular, the imaginary parts of
ky, es;s, and ‘:3 changed . appreciably depending on the data points used

even though the fit remained good.

The three cases which we have evaluated show that our
non-iterative method gives unique values of the complex material
constants with an accuracy that is comparable to other methods
currently in use.
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Appiication of Piezoelectric Actuator to Bumr-Free Blanking

YUKINORI KAWAMURA AND KOZO MATSUMOTO

Fuji Electric Corp. R & D Lid., 2-2-1, Nagasaka, Yokosuka, Japan
MITSUHARU NONAMI AND FUMISATO NIINO

Fuji Electric Co. Ltd. Fukiage Factory, 1-5-45, Minami, Fukiage-Cho, Kitaadachi-
Gun, Saitama Pref., Japan

Abstract A high power, multilayer piezoelectric ceramic actuator has been
developed and has been applied to bumr-free blanking of thin foil using the
reciprocating blanking method. A temary system, Pb(Ni,,Nb,,)0,-PbZrO,-PbTiO,,
was selected for piezoelectric ceramics prepared using the conventional method.
The following results were obtained from this study.

(1) The maximum force and displacement of the actuator (D=35mm) induced by
an applied voltage of 400V were 2.8x10‘°N and 50um respectively.

(@) it was possible to blank foil 13 - 80um thick using piezoelectric ceramic
actuators with this method, and obtain burr-free edges.

As a result, it was confimed that burr-free blanking of thin foil can be done
with a multilayer piezoelectric ceramic actuator.

INTRODUCTION

The blanking process includes intrinsic problems of shear drop and burrs generated
during the shearing process. Many efforts'® have been made particularly to suppress
or remove burrs, which have greatly influenced product reliability. Few reports, however,
seem to have been made on burr-free blanking or blanking equipment for foil less than
100um thick.

To achieve buir-free precision blanking of very thin metal foil (100um or less)
with the reciprocating blanking method developed by Maeda®, the authors have
developed a new system of blanking equipment which directly uses the force induced
by the electric field of piezoelectric ceramics as a shearing force and controls the
punch position with micron-level precision through generated strain.

Reciprocating blanking deforms foil to a certain extent with the first-process
punch and die; then does so again in reverse with the second-process punch and die.
When the proper penetration depth is obtained with the first-process punch, the shear
drop remains on both sides of the sheared surface and no burmr is generated. In this
process for thin foil, stroke control at the micron level during first-process punch is
essential.

This paper introduces the construction of the actuator and this new blanking
equipment and reports test results obtained for blanking of 13-80um stainless steel foil.

[433)121
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CONSTRUCTION OF THE ACTUATOR AND EQUIPMENT

Piezoelectric ceramics

A temary system, 0.5Pb(Ni,,Nb,;)0,-0.15PbZr0,-0.35PbTiO, with perovskite structure,
was selected for the plezoelectric ceramics, because ik generates a fairly large field
induced strain. They were prepared using the conventional method’ in which the
microstructure of the ceramics was controlled. The properties of the piezoelectric
ceramics are shown in Table |.

Table | Properties of plezoelectric ceramics

Coupling factor 0.60
Relative dielectric const. 5700 (at room temp.)
Mechanical quality factor 70

Piezoelectric const. dy,(107°“mp) 650
dy,(107°mA) -280
Young's modulus Y, F(10"°"N/m?) 6.8

Poisson's ratio 0.34

Curie temp. (°C) 130

Density (10°kg/m®) 8.0
Mt : lactic_actuat

The muttilayer piezoelectric actuator consists of 101 piezoelectric ceramic disks 0.7mm
in thickness and 20 - 60mm in diameter, and intemal Ag paste electrodes altemately
arranged and insulated by small gaps filled with epoxy resin and electrically connected
in paraliel with an extemnal electrode. The actuator makes use of strain in the thickness
direction induced by an electric field in the piezoelectric ceramics. Figure 2 shows the
construction and appearance of the actuators which we have developed.

—{ inactive layer }——
1

ij - {nsulator
L

[T T~ Internal electrode

J

. P External electrode
Active
layer<

1~ External insulation &8
layer '

S—
Se—
[
\\3———_—
:——-———C
———

\q Lead wire

inactive fayer - FIEICHEY  ERr DT PO NI L7 Y GBT R T o R v

FIGURE 2 Construction and appearance of actuators
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Table Il shows the properties of the multilayer piezoelectric actuator 35mm in diameter
used in this study.

TABLE I Properties of multilayer piezoelectric actuator

Diameter (mm) 35
Length (mm) 90
Max. force (10* N) 28
Max. displacement (um) 50
Driving voltage (V) 400
Capacltanca (uF) 7.0

Figure 3 shows the relation between the vollage applied to the actuator and
displacement. When the actuator is mounted on the equipment, a preloading spring is
incorporated to give a compression load to the actuator, but the relation between
applied voltage and displacement remains aimost the same. Hysteresis, an intrinsic
property of piezoelectric ceramics, is a big problem in servo control. However, in the
case of repeated digital two-point positioning, R is enough to provide a displacement
sensor for the condition setting and punch position monitoring.

Figure 4 shows the relation between the force caused by the volage applied
to the actuator and displacoment. When the actuator is mounted on the equipment, it
cannot be used in the range near the maximum force corresponding to displacement
zero, sO it is used at less than half of the maximum force.

thhcunu.,; (um)

30
Force {10° N)

FIG. 3 Relation between applied FIG. 4 Relation between force and
displacement.

recpmeatmblankhgsystanhascyluﬂersmmom&wgmeabmmenﬁoned
actuator and a preloading spring, which are arranged on the upper and lower sides of
the blanking die. The actuator controis punches for the first and second processes
when the system is operated. We have named this system a PIEZOPRESS.
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Figure 5 shows the construction of the PIEZOPRESS. To increase displacement,
two units of the actuator are amanged in series vertically. The stripper in the die is of
a movable type using small multlayer piezoelectric actuators, so the electromagnetic
noise source can be eliminated, resulting in a quiet, low-noise, high—precision blanking
press. Figures 6 and 7 show the appearance of the PIEZOPRESS.

An eddy-current type displacement meter provided in the cylinder is used for
monitoring punch displacement. A high-speed control system where a sequencer and
power transistors are combined is used to control the volage applied to the upper and
lower actuators and the movable stripper. Figure 8 shows a typical example of the
punch action and operation sequence.

AN

/

Spring
Movable stripper N

e

Fol,

r—;
oo e
=

qm,.ﬂQF;:M L

[ ]

FIGURE. 5 Construction of PIEZOPRESS

FIG. 6 Appearance of the system FIG. 7 Inner view of PIEZOPRESS
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e s l_ﬂ’ !_'
W

N
Lower punch _H_

First process Second process

’ .
Movlbbstmpun[ L? :
mm'u ) So—
¢ : i .
Lovnrpmch! I ’

FIGURE 8 Typical punch action and operation sequence

BESULT OF RECIPROCATING BLANKING, AND DISCUSSION

A reciprocating blanking test was carried out using stainless steel foil 13 - 80um thick
and 20mm wide as sample material and a blanking circle with a 10mm diameter. Die
clearance was less than 10% of foil thickness for both the upper and lower dies. The
number of blanking strokes per minute, depending on foll feed speed, was set at about
60 in this test. Single blanking was caried out under the same conditions for the
purpose of comparison.

Figure 9 shows a typical sheared surface obtained with the blanked samples.
The single blanking sample(a) shows that only one edge drops smoothly and, therefore,
it is probable a burr will be left on the opposite side of the edge. On the other hand,
the reciprocating blanking sample() shows that both edges drop smoothly and that a
burr is prevented from occurring. We obtained the same results on the blanking of
other samples 13 - 80um thick.

FIGURE 9 Typical sheared surfaces. (Stainless steel foil 50um thick)
(a): Single blanking (b): Reciprocating bianking
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Figure 10 shows a sectional view of a typical haif-blanked sample taken out
to determine the degree of penetration after the first-process punch. The samples were
plated with Ni for the observation.

Figure 11 shows the sheared surface of stainiess steel foil 13um thick. in this
case, we used reciprocating blanking with slight vibration, because die clearance
became more than 10% of foil thickness. No burr can be observed on either edge.

FIG. 10 Sectional view of half-blanked FIG. 11 Sheared surface of stainless
sample. (50um thick) steel foil. (13um thick)

CONCLUSION

This paper describes the construction of a piezoelectric actuator and a new type of
blanking equipment, PIEZOPRESS. In this system, the reciprocating blanking method is
applied to obtain burr-free blanking of thin metal foil. A force induced by the electric
field of piezoelectric caramics is used directly for the shearing force, and micron-level
punch position control is obtained with generated strain. A burr-free blanking test with
stainless steel foil 13 - 80um thick confirmed that reciprocating blanking is practicable
with this system.

The new equipment characterized by high precision, small size, and
cleanness. Therefore, it can be built in a precision device assembly line. We also
expect that new and unconventional uses will be found for this equipment.

From now we will try to improve the actuator and equipment and also
investigate the optimum punch stroke for the first process and die clearance matching
materials, o enhance the equipment's reliability.
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THE INFPLUENCE OF THE ELECTRIC STIPFENING ON THE RESO-
gﬁggagkaUBNCY TEMPERATURE DEPENDENCE OF QUARTZ RESO-

Jiri ZELENKA
Technical University of Liberec, Halkova 6, Liberec
Czechoslovakia

Abstract Holland, Sinha and Tiersten, Lee and Yong
groposed a new method for the more precise determina-

ion of the temperature dependence of the resonant
frequency of quartz resonators in the period from 1976
to 1984. The method is based on the proposition that
the small vibrations of the Tuaxtz late are super-
posed on the large thermally induced deformation. The
extension of the Lee and Yong's method is explained in
the paper. The piezoelectric properties and the
temperature dependence of the iezoelectric constants
and permitivities are considered by the description of
the modified method.

INTRODUCTION

Lee and Yong presented 1 one set of the first temperature
derivatives c;:’ and one set of the effective second tem-

perature derivatives ¢'!’ of quartz. The mentioned sets of
the first and second temperature derivatives were calcula-
ted from the temperature coefficients of the frequency mea-
sured by Bechmann, Ballato and Lukaszekz. By the derivation
of the temperature derivatives ¢'"™ Lee and Yong considered
the linear field equations for s%gll vibrations superposed
on thermally induced deformations by steady and uniform
temperature changes. They derived the deformation caused by
the temperature changes from the nonlinear field equati-
ons of thermoelasticity in Lagrangian formulation. The in-
clusion of the nonlinear effects to the expression of the
thermally induced deformation makes it possible to describe
more precisely the resonant frequency temperature behaviour
of the quartz resonators.

When Lee and Yong derived the sets of the temperature
derivatives ¢'™ they neglected the influence of the pie-
zoelectric properties of the quartz plates on the resonant
frequency. As it was shown by Zelenka and Lee3 neglecting

(439127
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the piezoelectric properties of the plates and bars caused
in some cases a large difference between the calculated and
measured values of the resonant-frequency-temperature cha-
racteristic of the quartz resonators. To remove the discre-
pancy the modification of Lee and Yong's procedure is given
in this paper.

INCLUSION OF PIEZOELECTRIC PROPERTIES TO THE EQUATIONS OF
MOTION FOR SMALL VIBRATIONS SUPERPOSED ON THERMALLY-INDUCED
DEFORMATION

We will consider, similarly as Lee and Yong, three states
of crystal:

(1) A natural state when the crystal is at rest, free
of stress and strain, has a uniform temperature To- Let »,
denotes the position of a generic material point, Py the
mass density, Ctht' c Elmn’ and c the second,
third, and fourth order e astlc stiffness of %he crystal.

(2) An initial state when the crystal is now subject
to a steady and uniform temperature increase from T, tor,
and is allowed to expand freely. At this state, the positi-
on of a material point is moved, due to the thermal expan-
sion from w, to y, (y = # + U ), where U, denotes initial

displacement.

(3) A final state when small-amplitude vibrations are
superposed on thermally induced deformations. The position
of the material point is moved from y, tosx (v =3-v),
where v, 1is the incremental displacement due to vibrations.

The behaviour of the crystal in the initial state can
be described by the same set of equations as in Lee and
Yong's paper (Egs.(1) to (8)). The additional stress
appears in the crystal caused, due to 1its piezoelectric
properties by the changing of the thermally-induced defor-
mation. But if the temperature changes very slowly, the
additional stress will be very small and in the steady sta-
te diminished (the electrical charges which caused the
additional stress reach zero).

The governing equations in the final state are given
as follows:

U =0, +u =32

v Y cXe B =0+,

)
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where Ui, Z‘J, T;J, P{ and $ are total displacement,
strain, stress, traction and potential respectively.

The incremantal strain ('t ), stress (t ), traction

(p ) and potential (y) give the governing equa ions for in-
cremental fields:

_ 1

®ou T2 Myt U gy T Yy )
= e 1 8

ti.J - (CuJH. c"i..lll.lm‘l‘:'m+ 2 LJttlnpqanngpq

1 .8 )
28, 0 ey (o] 4 2 ’ra..m. Eyy,) @,

+

)
.rivJ¢.r
(o3 0l Tl ), g = 0%, .

Py = (b ¢t U Ty ,) ons,

] -] e e =
LIRS ST L AN O R MY SO I
= (o7 y+ 209 0 00 g+ (020 280 10 ), (2)

The material property-temperature relation can be ex-
pressed as follows
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where c?J are values of the linear thermal expansion
e ]
coefficient, *n and ® ki denote linear and quadratic

piezoelectric stress tensor components and cf and '?Jl are

the components of the tensor of linear and quadratic
permitivities.

The plate in the initial state is at rest and allowed
free expansion, that is

. o8
Ugoo =V g =By = oy

b
T, =0 U =0, ¢, =0. (4)

The substitution from relations (4) into (3) gives the
incremental strain-displacement relations

1 8 8
NI B A P ML WL DA A R K °)

the stress-strain-temperature relations

( 2 (1)
tog = (€ gpt Oy 8 * D G0 ey (e e FLUE)

| 3 v ik X i
(6)
the charge equation of electrostatics
e 8 B . g8 =
O i e ™ )%y, %% g = O (7)
and stress equations of motion
8 = o
(g aytyn), g = Pl (8)
= e
where
(1) [ 38 IR ] (5)
Diaxv = Cuani® Cignimn®en ¢
tey _ 1 e ¢t
Poixe = 2% e Soinimnan -
(1) . Jt1) 1 (1)
Fard %000 " 2%, 5%y -
~‘2) - (2) {1) (1) (1) (1)
ctJht CLJkl * 2cthlnnann * ctJltnnpq“nn “pq . (10)
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® J, can be expressed from Eq. (7)
= p@ ) o
®, 5e " PBegleg chkt“ut) e ()
where 9 are the components of the tensor of linear im-

permeability

By substituting Eqs. (6), (10) and (11) into Eq. (8)
we obtained the incremental displacement equations of
motion

Gyxiy, Jy = Po% | (12)
where
= 2 (1) (2)
Gouxy = Cunt Pyt t G 8 »tha

- (1 1) (1)
vare = (Coyny*By e er) , Vs C»J-t“( D jxv *

+

2 (1), 3

(1
(BrJ'rtJ (13)

2B, %05 L i

and é}}t is the same as in Lee and Yong's paper.

CONCLUSION

The piezoelectric terms in Eqgqs. (13) are necessary to
be considered only when the guided displacement Y, of the
vibrations is coupled to the electric field.
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PIEZOELECTRIC PROPERTIES OF
Pb(Zn,;Nb,;)0;-PbTiO; PREPARED BY HIP

Tadashi TAKENAKA, Ken-ichi MURAMATSU® and Takamitsu FUJIU®

Faculty of Science and Technology, Science University of Tokyo,
Noda, Chiba-ken, 278 Japan
* Opto-clectronic Materials Lab., Nikon Corporation,
Sagamihara, Kanagawa, 228 Japan

Abstract Piczoelectric properties of the solid solution, (1-x)Pb
(Zn,/3Nby/3)0; - x- PbTiO; (PZN-PT100x ), synthesized by hot isostatic
pressing (HIP), are intensively studied from a standpoint of applications to
piczoelectric actuator materials. Electromechanical coupling factors and
piezoelectric strain constants are reported on the perovskite-type PZN-PT
ceramics. For example, coupling factors, k33=0.455 and k;,=0.148, are
obtained for PZN-PT0 (PZN) ceramics. The data are comparable with those of

the single crystal. The value of d;; for PZN-PT12 (HIP) is 235x10-12 C/N.

INTRODUCTION

Lead niobate relaxor family such as lead magnesium niobate, Pb(Mgmme)O:;
(PMN), lead zinc niobate, Pb{Zn;,;Nb,,3)O; (PZN) or lead nickel niobate,
Pb(Ni, ;Nb,,3)O;3 (PNN), give growing attractive interest for electronic applications
such as piezoelectric actuators and multilayer ceramic capacitors!»2. Among the family,
PZN3:4 is known to form only the pyrochlore structure when sintered as ceramics under
atmospheric pressure, though perovskite PZN single crystal with high piezoelectric
activities can be synthesized by a PbO flux method3:4. Also perovskite-structured PZN-
based ceramics can be stabilized by substituting for 6~7 mol % BaTiO3 or for 10 mol %
KNbO,5. Single crystal data on solid solution”8 of PZN and lead titanate, PbTiO, (PT),
shows remarkable enhanced diclectric and piezoelectric properties at a morphotropic
phase boundary (MPB) with 10~12 mol% PT content. Perovskite PZN-PT ceramics of
low PT content including the MPB composition, however, are difficult to obtain by the
usual sintering process since the pyrochlore formation is mainly recognized during
calcination and sintering under conventional conditions.

Recently, we reponed’:lo a two-step process for fabricating perovskite PZN

(445133
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ceramics. The first step is to calcine the mixture of component oxides with the pyrochlore
structure by the usual conditions. Secondly, the pyrochlore PZN is converted to the
perovskite phase by using hot isostatic pressing (HIP) under 200 MPa at 1150 °C for 1 h.

In this paper, we utilize the two-step process?» 10 for fabricating perovskite-type
(1- x)Pb(Zn,,3Nb,/3)0;-x-PbTiO, [PZN-PT100x ] solid solution ceramics.
Piezoelectric and related properties of the PZN-PT ceramics are discussed as compared
with the results of the single crystal data and the conventional method.

EXPERIMENTAL

Perovskite PZN-PT ceramics were fabricated by means of the two-step process,
described in detail elsewhere9:10, The first step is the formation of pyrochlore PZN-PT
powders under atmospheric pressure with § wt% excess PbO by the conventional
ceramic technique from reagent-grade starting powders of PbO, ZnO, NbyOg and TiO,.
The second is the conversion-step of the pyrochlore PZN-PT to the perovskite PZN-PT
by applying high pressure (150~200 MPa) at high temperature (1150~ 1200 °C) using a
commercial HIP (Kobe Steel Ltd.). Conventional firing (CF) ceramics were also
prepared for comparisons to the HIPped samples.

The characterization of the pyrochlore to perovskite transformation was carried out
by X-ray powder diffraction (XRD). The ratio of the perovskite phase to pyrochlore
phase present in a specimen was defined as the ratio of the respective intensities, I, of
the main peaks in X-ray patterns for both phases as follows.

. . I (110) perovskite
Perovskite content (%) I (110) perovskite + I (222) pyrochlore x

Au-sputtering was used as electrodes for the measurements of the dielectric and

100

piczoelectric properties. Temperature dependences of dielectric constant, €, and loss
tangent, tand, of unpoled samples were measured at 10 kHz, 190 kHz and IMHz by a
multifrequency LCR meter (YHP 4275A). D-E hysteresis loops were observed by a
standard Sawyer-Tower circuit at S0 Hz.

Specimens for piezoelectric measurements were poled at 25~50 °C in a stirred
silicone oil bath by applying a dc electric field of 3 kV/mm for 5~ 10 minutes.
Piezoelectric properties were measured by the resonance-antiresonance method on the
basis of IEEE standards using an impedance analyzer (YHP 4192A). The
electromechanical coupling factors, k33 and k3, were calculated from the resonance
and the antiresonance frequencies using Onoe’s formula.

RESULTS AND DISCUSSION

The perovskite phase of the obtained (1- )Pb{(Zn;3Nb,/3)03- xPbTiO; [PZN-
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PT100x] system was confirmed by X-ray diffraction patterns. Figure 1 shows X-ray
diffraction patterns for (a) perovskite PZN-PT20 with tetragonal symmetry, (b)
perovskite PZN-PT10 with rhombohedral symmetry and (c) pyrochlore PZN-PT10,
respectively. Figure 2 shows the effects of HIP processing on the perovskite formation in
PZN-PT system. The perovskite content of the HIP treated and the normal sintered
ceramics are evaluated as a function of PT content where HIP conditions are 1150~1200
°C and 200 MPa for 1 h. Addition of 5 % excess PbO enhanced the perovskite contents
of PZN-PT10 ceramics to almost 100 % while the content of the ceramics without excess
PbO was 82 %. Excess 5 wi% PbO was used to compensate the loss for the evaporation
of PbO during sintering. Figure 3 shows the unit cell parameters of the PZN-PT as a
function of PT content. The morphotropic phase boundary (MPB) between the
rhombohedral region of PZN side and the tetragonal region of PT side was confirmed to
lie around 12~13 mol% PT content. This composition shifts slightly to PT side as
compared with that of the single crystal data’:8. The lattice constant, a= 4.06 A, of
PZN-PT0 (PZN) presents a reasonable agrecment with the result of the single crystal4,7.
Amount of the perovskite present in the PZN ceramics after the post-hip heating?
changed from 96 % without heating to 95 %, 92 %, 42 % and 2 % under heat treatment
at 700, 800, 900 and 1000 °C, respectively. The heating treatment converted the

2;?}; PZN-PT20
(Perovakite/Tetragonal)
kHO)
. M
=
& (110) PZN-PT10
8 (Perovskite/Rhombobedral)
=,
A T |
(222) PZN-PT10 (Pyrochlore)
1 1] i t ol [ 1 A
20 30 40 50 60

20 (deg) [Cu:Kd]

FIGURE 1  X-ray diffraction patterns for (a) PZN-PT20 (perovskite/tetragonal),
(b) PZN-PT10 (perovskite/rhombohedral), and (c) PZN-PT 10 (pyrochlore) of the

(1-9 Pb(Zn, 3Nb,3)0; - xPbTiO; [PZN-PT100x].
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FIGURE 2 Effects of the HIP on the FIGURE 3 Unit cell parameters of the
perovskite formation in the PZN-PT PZN-PT solid solution as a function of
system as a function of PT content. PT content .

perovskite phase to the pyrochlore phase. This means that the perovskite phase in PZN
ceramics is essentially metastable.

Figure 4 shows temperature dependence of dielectric constant, &g, of perovskite-
type (a) PZN (HIP) and (b) PZN-PT12 (HIP) and PZN-PT10 +MnCO; (3 wt%) (CF).
The values of eg in PZN and PZN-PT12 near the MPB measured at 1 MHz is about 800
and 1420 at room temperature and reach 7110 and 10730 at 175 °C and 222 °C -€ the
respective Curie temperature, T¢. The T of conventionally fired PZN-PT10+}%4CO3
(3 wWt%) with 5 wt% excess PbO (CF) is 173 °C. Single crystal data3,8 show the T¢ of
PZN and PZN-PT12 are 140 °C and 192 °C, respectively. On the other hand, the T of
the high-pressure-synthesized PZN3,4 was 188 °C owing to Zn-rick ratio of Zn/Nb while
it was estimated3 to be 170 °C for stoichiometric Zn/Nb ratio (=0.5). The higher value of
T in the high-pressure-synthesized PZN by about 30 °C compared to the single crystals
data seems to be caused not only by a slight variation3-4 in the atomic ratio of Zn/Nb but
also by an internal stress. For examplel!, a pressure effect on the transition
temperature,T, for strontium titanate, SrTiO;, indicates that the shift of T to higher
temperatures is proportional to the magnitude of applied pressure above 150 MPa.

D-E hysteresis loops could be easily observed, as shown in Fig. 5. For example,
the loop of PZN-PT12 has a remanent polarization, P ;=16.9 uC/cm? and a coercive
field, E ¢=9.8 kV/cm. Smaller P, than that of single crystal may be caused by the lower
density ratio, po/py, to the theoretical density because the loop has no saturation owing
to the breakdown.

Table 1 summarizes the results of piezoelectric and related measurements of PZN-
PT ceramics prepared by HIPping. The electromechanical coupling factors, ky; and
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FIGURE 4 Temperature dependence of dielectric constant,
&g, of the perovskite-type PZN-PT ceramics.

ks1, in the longitudinal expansion and the transverse modes, of PZN are 0.455 and
0.148, respectively. The values are almost the same as those of the expected values
which are estimated from the single crystal data. Piezoelectric strain constants, dy3=155
and d,=49.4 x10°12 C/N, can be calculated from the values of a free permittivity,
€331/€g=690 and the respective coupling factors. Piezoelectric constants, d33=235 and
dy=135 x10712 C/N of PZN-PT12 near the MPB were about twice higher than those of
CF PZN-PT10+Mn (3 wt%) with excess 5 wt% PbO. However, the values were slightly
lower than the expected values from the single crystal data because of the lower coupling
factors.

CONCLUSIONS

The two-step pro °ss for fabricating the perovskite-type (1-x)Pb(Zn, 3Nb,;)0;-
x-PbTiO; [PZN-PT100x ] ceramics was developed by using hot isostatic pressing
(HIP) under 150~200MPa at 1150~1200°C for 1 hour. PZN-PT10 ceramics containing
82% perovskite phase were obtained without excess PbO. Addition of 5 % excess PbO
enhanced the perovskite contents to almost 100 %. The MPB between PZN and PT solid
solution was found to lie the composition between 12 mol% and 14 mol% PT content.

Coupling factors, k33=0.455 and k3,=0.148, of the perovskite-type PZN are
comparable with those of the single crystal. However, the composition near the MPB,
PZN-PT12 gave slightly lower piezoelectric constants, d33=235 and d31=135 x 10-12
C/N, than those of the single crystal because of the lower coupling factors.
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FIGURE 5
PZN-PT12 ceramics at 50 Hz.

(X: 8.2 kV/cm/div, Y:9.5 pC/cm2/div)

D-E hysteresis loop of

TABLE I Piezoelectric properties of the
perovskite-type (1-x)Pb(Zn,,3Nb,;3)04

- x - PbTiO, [PZN-PT100x ] ceramics.

PZN PZIN-PT12

Curie temperature

Tec (O 175 222
Dielectric constant at 20 °C

€137 /e 690 1660
Coupling factor

ki (%) 45.5 48.0

k31 14.8 28.3
Frequency constant

N33 (Hz'm) 1478 1600

N3 1339 1440
Piezoelectric constant

dy3 (10-12¢/N) 155 235

d3 49.4 135

833 (103 v'm/N) 253 16.0

g3 8.07 9.18
Elastic compliance

suEaoizmyN) 189 163

s 1B 18.3 15.5

T. TAKENAKA, K. MURAMATSU and T. FUJIU

Future work is needed to obtain the
thermally stable PZN-PT solid solution
with the MPB composition. Also, the
detailed relation between the Curie
temperature, T, and the ratio of Zn/Nb
to Ti should be investigated.
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GIANT ELECTROSTRICTION OF PERROELECTRICS WITH DIFFUSE
PHASE TRANSITION - PHYSICS AND APPLICATIONS

V.V.lLemanov, N.K.Yushin, E,P.Smirnova, A,V.Sotnikov,

E.A.Tarakanov, and A.Yu.Maksimov
ghysical-Technical Institute, 194021 St. Petersburg,
ussia

Abstract Giant Electrostriction (GE) of disordered
Terroegectrics such as Perroelectrics with Diffuse
Phase Transition (FDPT) is noteworthy for application
and basic researches. We present experimental data on
the electrostrictive strain in FDPT. The description
of the peculiarities of the electrostrictive strain
is given. Some possible applications of the materials
with GE are reviewed.,

INTRODUCTION

Electrostriction means the appearence of the strain of the
sample under action of an external electric field, the
strain being proportional to the field squared. This ef-
fect is observed in all solids including centrosymmetric
ones in contrast to piezoelectric effect which exists only
in noncentrosymmetric crystals, the piezoelectric strain
being linear function of the field. For linear dielectrics
the electrostrictive strain has value of 10~ for the
field E about 10 kV/cm. The electrostrictive strain is
described by

S = Q-P?, (1)

where P is the electric polarization of the sample, Q is
electrostrictive coefficients, Since P = XE (here X is
the dielectric permittivity) the electrostrictive strain
S grows due to increasing )X near the ferroelectric phase
transition. In FDPT for a wide temperature interval the
strain can achieve the value of 0.1 % for the field E

[451)139
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about 10 kV/cm,In addition to the large value the strain
in PDPT is characterized by a very slim electromechanical
hysteresis loop S(E). Therefore we can speak about GE in
such materials.Cross et al! have been the first to pro-
pose to use the GE for practical devices.

The aim of this report is to present the data on GE
strain and to discuse possible technical applications of
these materials.

EXPERIMENTS ON THE ELECTROSTRICTION IN FERROELECTRICS
WITH DIFFUSE PHASE TRANSITION

The most part of the experiments on the GE was performed
for the lead magnesium niobate, Pblg1/3Nb2/303 (PMN),and
its solid solutions.

The temperature dependences of S(E,T), H(T?), and re-
sidual strain Srare shown in Fig.1 for PMN-PSN solid so-
lution (PSN = PbSc1/2Nb1/203). Here H is the valu; of the
electromechanical hysteresis introduced by Uchino“. One
can see the wide temperature interval of coexistence of
the large strain S(E) and the small hysteresis H along
with the negligible residual strain Sr.When the tempera-
ture goes down parameter H becomes as large as in piezo-
ceramics.

It is very important to note that the experimental
S(Pa) dependence shows a complicated shape3, only for
small P and high T the strain S being proportional to P2
(see Fig.2). The S(P) dependence can be described by poly-
nom:

S(P) = QiP2+QéP4+Q5P6 ’ (2)
where Q2 and Q3 are the forth and the sixth order nonline-
ar coefficients,respectively, Since S(P) is even function
of P (the strain ig not changed when the field is in-
versed), only even powers of P have been taken into ac-
count in Eq. (2). It should be noted that the nonlinear
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coefficients Q and Q3 become negligible for the temper-
aturea higher than the mean Curie temperature T, ( T, =
25°C for this PMN-PSN solid eolution ). It means that for

these temperatures Eq. (1) is practically valid.
s,1073

8t 10 T sof
é ' 6o}
A 4 o}

=+55°C ;
++29° 0+ 42%C
*-7°C ;®-35°C

-l

-A0 20 0 20 40 ) 0020030.
o2 °4'

T, °C
FIGURE 1 S(E), H, and PIGURE 2 S(Pz) ve szor
Sr ves T for ceramics various temperatures

0.55PMN+0.45PSN. E=10kV/cm shown by numbers>.

PHYSICAL MODELS OF GIANT ELECTROSTRICTION

FDPT were discovered about thirty years ago4'6. Here we
omit the discussion of physical models of FDPT to refer
to Refs.%"13,

On the basis of these models we propose that the elec-
trostrictive strain is due to pure electrostriction of the
disordered matrix and the structurely ordered microregions
7'10, the reversible changes of polar clusters consisting
of groups of strongly correlated polar microregions, the
spontaneous strain induced by phase transitions in the
ordered microregions, and the rearrangement of ferroelec-
tric domains appearing in homogeniously ferrcelectric
ordered structure which can be created by field cooling.
These types of the strain give various contributions to
the total effect for different temperature intervala13.

As far as the nonlinear dependence S(Pz) is concerned,
it could be explained as follows. In the experiment only
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values of P averaged over the sample can be measured ’
but the total strain is the sum of the local strains, each
of them being proportional to the local electrostrictive
constant by the local polarization squared (according to
Eq. 1). It is clear that the total strain <€ S) is not
equal to the average electrostrictive coefficient ¢Q)> by
square of the average polarization { P>, i.e. ¢S s(Q-Pz)ﬁ
(Q)(P)z. It should be pointed that the nonlinear -coupling
betgeeg'<P)'and E is the reason of the nonlinearity of
S(EF) ~.

ELECTROSTRICTIVE DEVICES

The applications of the materials with GE include mainly
actuators for deformable mirrors for adaptive optics and
lasers, precise displacement micropositioners for scan-
ning microscopy and lithography, linear and rotational
motors for machine tools and electric contact systems,
impact devices for a printing head matrix, etc.14

The electrostrictive actuators are widely used in var-
ious devices. We have studied static and dynamic characte-
ristics of different types of actuators. The stack-type
actuators provide displacements up to 100}Im under the
control voltage 800 V, loads up to 1000 kgf, the hystere-
gis less than 2 %, a time response shorter than 1 msec,
and no residual strain. As far as the thickness of the
layers is concerned, the compromise must be found between
lowering of the driving voltage and increasing of the
electric capacity of the actuators. The bimorphous and
multimorphous actuators give chance to obtain displace-
ments to several hundreds Mm, but with a noteceable
hysteresis, worse time responces, less loads.

The linear motor involves a number of electrostrictive
stack actuators which sequential elongations/restorations
give a step-by-step motion in accordance with the control
electric pulses ~nwplied to these actuators. The pass dis-
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tance of the motor is to several cm with accuracy of the
installation about 1 pm (it is possible to use an additi-
onal actuator for precise correction), the step frequency
is up to 30 Hz, the loads are up to 100 kgf, the velocity
is up to 0.5 mm per min,

The goniometric devices with the electrostrictive
actuators were proposed for driving systems and angular
measurement systems adopted for coaxial mounting. Absolute
accuracy of angular measurements in 0°...360° range is de-
fined by the accuracy of the angular sensor, while the
minimum linear step is not more than 0.01mm, the maximum
rotation speed is 40 deg. per min.. on 30 cm diameter base.

Another valuable application of GE ceramics is in de-
formable adaptive monolithic mirrors., Por such mirrors it
is very important to have no residual strain after switch-
off the driving voltage because it is difficult to use
any feed-back electronics to suppress the hysteresis phe-
nomena. There are two types of these mirrors. In the mir-
rors with integrated electrodes the mirror surface is
changed as.a whole.For example the Fig. 3 shows the change
of the focus distance R of the mirror with uniform
electrodes as a function of the voltage. In the mirror

R,m with N separate electrodes

800 one can control the local
position of the mirror sur-

oot face beneath the electrode
applying the driving voltage

° L s to it. The 52 mm diameter

200 400 V' Volts mirror with 97 electrodes

FIGURE 3 The focus R has provided the local displa-

ve voltage V for the cement up to 4Mm for the
60 mm mirror. voltage less than 600 V and

no mechanical resonance up

to 10 kHz.

The electrostrictive ceramic precise micromanipulators
can be used in the tip of scanning tunneling microscopes.




144/{456] V.V.Lemanov et al

The hysteresis-free motion of the needle increases the
resolution of the devices. We have a success in using
PMN-PSN ceramics in the manipulator of the microscope
which can resolve the carbon atoms on the graphite sur-
face.

The main advantages of the electrostrictive devices
in comparison with piezoceramic ones are smaller electro-
mechanical hysteresis, higher temperature and temporal
stabilities and absence of aging. Using materials with
GE in all tipes of the microdisplacement devices allowes
to shorten response times of the system, to simplify the
control electronics, to avoid the deterioration in the
characteristics after high-temperature heating and during
the operation.
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MAXIMAL ELECTROMECHANICAL COUPLING IN PIEZOELECTRIC CERAMICS
— ITS EFFECTIVE EXPLOITATION IN ACOUSTIC TRANSDUCERS

WALLACE ARDEN SMITH
Office of Naval Research, Materials Division, Arlington, Virginia 22217
Naval Research Laboratory, Underwater Sound Reference Detachment, Orlando, Florida 32856

Abstract The stress pattems—iwo shears and one direct stress—that are maximally coupled
1o the clectric field in piezoelectric ceramics are identified. This i3 achieved by a simplifying
initial choice of coordinate axes in the ceramic’'s thermodynamic phase space and by a
subsequent sequence of elementary coordinate changes—rotations and scale changes; simpie
physical arguments lead (o the new coordinates. The utility of this perspective is pointed out in
two important applications of piezoceramics in acoustic transducers: naval hydrophone sensors
and pulse-echo ultrasonic transducers used in medical diagnostic imaging.

INTRODUCTION

More than three decades ago, Baerwald!? presented an incisive analysis of electromechanical coupling
in piezoelectric materials. Baerwald’s essential point was that in all piczoelectric materials there are
three stress patterns which couple to the electric field—called piczoelectrically ‘live’—and three stress
combinations which only have an clastic effect—called piczoelectrically ‘dead’. Despite the
considerable use of piezoelectric ceramics in applications, only modest attention has been paid to this
insight? perhaps because the analysis was presented in a mathematical language of symmetry group
invariants not commonly spoken by scientists and engineers concerned with practical applications of
piezoelectric ceramics. While isolating the maximally coupled stress patterns is quite complex for an
arbitrary piezoelectric material of low symmetry, the high symmetry—axial com—of piezoelectric
ceramics allows one to proceed using elementary mathematical methods.

In the next section the constitutive matrix for a piezoceramic is explicitly reduced to a standardized
form by clementary rotations and coordinate scale changes. This process yields the desired maximally
coupled stress patterns. The concluding section presents examples involving the conventional
piezoelectric ceramic PZTSH. First we point out what limits its performance in hydrostatic and pulse-
echo applications, and then show how structures have been designed using PZTSH which overcome
these limitations snd provide excellent electromechanical coupling in both naval hydrophone sensors
and pulse-echo ultrasonic transducess.

ELECTROMECHANICAL COUPLING IN PIEZOELECTRIC CERAMICS

As formed, piezoelectric ceramics are macroscopically isotropic, nonpolar materials; their microscopic
polarreglonspomtmmndandnecuom Amacmaoop:cpolmmummpmdwedbyapplymga
strong clectric field to orient the microscopic polarizations preferentially along a fixed direction in
space—the direction of the poling electric field. Papendiaﬂzmomispolingaxis.evenunpoled
ceramic is macroscopically isotropic. The piczoceramic’s com macroscopic symmetry si.aplifies
consideral..y cataloging its properties®*> The conventional choice is to align the ‘z-axis’ or ‘3-axis’ of
the coordinate system along the ceramic’s polar axis, thereby exploiting the symmetry in physical
space to minimize the number of independent material parameters. For the thermodynamic
coordinates, the most natural choice is the extensive thermodynamic parameters—the components of
the stress, T, and electric field, E,. Using these coordinates, we can expand the internal energy, U, as,
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M

1 35 L 2
U= 2 BT, + X d,ET, + 2 Y efEE;, (1)
= 1= =1

)

where s} is the elastic compliance, 4;, are the piezoelectric coefficients, and e is the dielectric
permittivity. The abbreviated matrix notation is used to index the six components of the stress tensor
with one index. The elastic, dielectric and piezoelectric propertics are usually summarized in a 9x9
constitutive matrix shown in Figure 1A. This choice of coordinales—based on the ceramic’s
symmetry in physical space—yiclds a constitutive matrix populated mostly by zeros. The thrust of
this section is to show how this matrix can be simplified even futher by changes in the coordinates,
and thereby provide insight into the fundamental electromechanical coupling. The first step is to
rearrange the order of the coordinates to produce the matrix shown in Figure 1B. This makes evident
that: first, the shear in the horizontal plane, T, has no electrical interaction—it produces no electric
response and no electric field can produce such a shear; second, the vertical plane shears, T, and T,
couple to electric fields in the horizontal plane, E, and E,, which lie in the plane of the respective
shears; and third, the direct stresses, T, T,, and T, couple to a vertical electric field, E,.

An instructive digression at this point is to rescale the lengths of the coordinates, namely, set
T = (s§H%T,, and E, = (e])*E,, yielding the matrix shown in Figure 1C, containing one’s along the
diagonals, the Poisson’s ratios, of =-sh /5% and of =-s§, /(s5, s5)* and the electromechanical
Coupling constants, k, = dll /("l‘l Sé)". kg = dn/(si EA)“, and ku = du/(sfg E‘T‘)'A. NomliZing out the
elastic and dielectric response of the medium, reveals that the electromechanical coupling factors
measure the true strength of the piezoelectric interaction.

The ceramic’s isotropy perpendicular to the polar axis helps us isolate the one direct elastic
deformation that couples to E,. Namely, both the stresses T, and T, produce the same electric effect,
if one has an opposite sign to the other, they just cancel out, producing no electric effect. Thus we
choose new axes in the T,-T; plane rotated by 45°, defining, for the uncoupled coordinate,
To = (T\~T2¥2%, and for the coupled planar coordinate, T, = (T,+T,¥2", (0 yield the constitutive matrix
given in Figure 1D. This is not a rotation in physical space; E, and E, do not change; the rotation is
carried out in the thermodynamic phase space of the system. The resulting constitutive matrix makes
clear that only the isotropic component of the planar stress has an electric ~f*act, the anisotropic
component produces an elastic deformation only. Normalizing the coordinates, i'o = (s§, -5, )4T,, and
T, = (sf+s%)"T,, casts the constitutive matrix into the form shown in Figure 1E. This
renormalization brings out two important material parameters: the planar Poisson’s ratio,
of = ofjV2(1-oF), and the planar electromechanical coupling factor, k= k,pl]?/(l-cﬁi.

In typical piezoelectric ceramics, the sign of &, and &, are opposite, so an appropriately weighted sum
of an isotropic planar stress, 7,, and axial stress, T,, will cancel each other out and produce no
electric effect. The reverse combination of a planar stress with sign opposite to the axial stress then
provides the maximal coupling to £5. This coordinate change can be done in three steps. First, rotate
by 45° in the 7,-T, plane. This produces a constitutive matrix with a zero in the place of of, but
changes the diagonal elements from one. Next, renormalize the diagonal elements to one, making a
total coordinate change to T, = (f,+T (I -0}¥2, and T_= (f,-T;W(1+0f¥2. Finally, rotate by «,
where tana = [(k, + kn)(kss — &) + 0f¥(1 — o5)]%, and reverse the sense of the maximal axis (to
conform to convention), to yield the final axes, T, = 7T, cosa + T_sina, and T, =7, sinx — T_cosa.
This produces the final constitutive matrix shown in Figure 1F, where the maximal coupling factor,
kiy = (62 + kn? + 205k, ky)/(1 - af D)%, links 7,, and E;.

Thus, we have an explicit route to construct the three maximal coupling stress patterns in a
piezoelectric ceramic. These are the two vertical plane shears, T, and Ts, which couple to the
horizontal electric fields, E, and E,, respectively, with strength kys=k;=ka=k,, and
T = (k1) Vs 45T, T, + (kay/kis) V5% T5 which couples to the vertical field, E,, with strength k5. Other
stress patterns, the horizontal shear, T, the anisotropic horizontal direct stress, To=(T,~T,¥2%, and
T = [(kss+0 5, WI-0F ki3] Vs +5T: T, - [(0fksytk, WW1-0F2 ki3] V3% T3 — all these three have an elastic
effect only. Any arbitrary stress pattern has an electric effect only to the extent that it overlaps the
maximally coupled stresses. Such a general stress will have a lessened electromechanical coupling
coefficient to the extent that mechanical energy is wasted in its purely elastic components.
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A. CONVENTIONAL FORM
T\ T, Ty T. Ts T¢ E, E; E;
r-’fn sk % - - - - dn1
s st SR - - - - - dy
s sh & - - - - - dy
: s - dys
- s - dis
s
dys - &y
ds - - - €
Ldn dy dy - - - - - &b

B. REARRANGE COORDINATE ORDER
T, T, Ty Es T, E; Ts E; Ts

r 4
sfi sh b da
shoshosh dy
sh sh & dn
dy dy dy £ - -
: sh dis
dys el
st dis
dis € -
L ss

D. ROTATE 45° in T,-T, PLANE
To T, Ty Ey Ty E; Ts E, T

C. NORMALIZE COORDINATES
Tl T; T, Eg T‘ Ez Ts El f‘

1 -of-off ky
-ofy 1 -of ky

ks 1

FIGURE 1. Reduction of the constitutive matrix to a standardized form by a succession of coordinate
transformations. In each siep the coordinates are given as a row vector, then the constitutive matrix; a dot
denotes a zero matrix element and s& = 2(s%, ~s5). (A) The conventional form of the constitutive matrix.
(B) Coordinates listed in a new order to make explicit the decoupling of the shear and direct components of
stress. (C) Coordinates normalized to show the significance of coupling coefficients. (D) Unnormalized coor-
dinates rotated by 45° in the T,-T; to uncouple the anitsymmetric planar stress from the symmetric planar
stress and axial stress that couple to E;. (E) Normalized rotated coordinates. (F) Transformation to final

. 5
‘fl-‘fz . . . .
shi+sty 24sf, 244, -
My, s dyp
Pdy  dw eh
sh dis
dys ey
sk dys
. . . . . dys e{i
- ) Y

E. NORMALIZE ROTATED COORDINATES
fo 1, Ty By 1. B, 15 B, T

[, . . )
1 -of &
-of 1 ky
k kyy 1
. 1 ky
ky 1
1 ks
ks 1
L . . l J

F. 1,-Ty TRANSFORM; RENORMALIZE
7, 1. T. By 1T, E; 15 &, Ts

ky 1

coordinates and final renormalization: the maximal stress, 7,,, which couples to E is isolated explicitly.
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EXAMPLES

To make concreie these rather abstract coordinate changes, this section considers a specific
piezoclectric ceramic, Vemitron's PZTSH? whose properties arc listed in Table I. This material is
typical of the lead zirconate titanate ceramics; in particular, all the primary coupling factors have
magnitudes greater than 65% and fall in the sequence, ks = ky > ky = ks > L.

Figure 2 illustrates the final coordinate change in the T, -Ts plane 10 the new axes, T, a stress patiern
having no piezoelectric coupling, and 7,,, the stress pattern having the strongest electromechanical
coupling factor, k,, linking it to the electric ficld along the polar axis, E,. Both T, and 7, have
appreciable overlap with T, and, consequently, have clectromechanical coupling factors, ks, and &,
respectively, whose magnitudes are substantial.

A hydrostatic stress pattern, T,=T,=T,, lies along the axis labeled T, in Figure 2. This axis is nearly
collinear with the uncoupled 7, axis having only a modest overlap with the maximally coupled stress
pautern, T,,. This is reflected in the fact that the hydrostatic coupling constant, &,, in this material is
nearly zero; lead zirconate titanate ceramics are, by themselves, not very effective transducers for
hydrostatic pressures.

The other direction depicted in Figure 2, labeled T,, corresponds to the stress pattern in the ceramic in
pulse-echo ultrasonic transducers where thin plates are used near their thickness-mode resonance to
generate or detect high frequency sound waves. The plate’s thickness dimension lies near the acoustic
wavelength, while the plate’s lateral dimensions are much larger than that wavelength. Because of
this large lateral dimension the plate’s lateral motion is effectively inertially clamped, namely, in one
acoustic cycle the plate simply does not have time to expand or contract laterally. In such
transducers, the incoming pressure wave, an applied stress T, causes the plate to oscillate in its
thickness direction. The lateral inertial clamping results in an oscillating internal stress, T,, in the
plane perpendicular which is in phase with the applied T,. The ceramic experiences both the applied
and internal stress, so 7, has components along both 7, and 7,. The precise magnitude of the
internally generated stresses in the plane of the plate depends on the electrical boundary conditions; in
Figure 2, T, corresponds to the open circuit, D,=0, case, in  which
Ty=Ty=— (s —dndunefV(sf +55% -2d%/e5)Ts. The electromechanical coupling factor for the
thickness mode oscillation is appreciable, approximately 50%, but still has room for improvement.

FIGURE 2. The T,-T plane for PZTSH piezoceramic showing: (a) the T, axis that represents the stress
pattern with maximal electromechanical coupling; (b) the T, axis that represents a stress pattern with no
electromechanical coupling; (c) the T, axis that corresponds to the hydrostatic stress pattern; and (d) the T,
axis that corresponds to the stress pattem for thickness-mode oscillations in a plate with open circuit
electrical boundary conditions.
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TABLE 1. PZTSH Material Parameters®

£ Q02 mYN) 16.5 dy (103CIN) 274 ky 0.389
shh 10 2m¥N) 4.78 dy (10°3C/N) 593 ks 0.751
8 102m¥N) 845 dis (103C/N) 741 ks = &y 0.675
sh (103 m¥N) 20.7 ks 0.761
s& 102 mYN) 435 off 0290 k -0.653
efi/eo 3130 off 0.457 ky 0.081
elve, 3400 of 0.767 k 0.505

FIGURE 3. Cut away depicticn of a miniature composite hydrophone sensor consisting of & piezoceramic
disk, electroded on its faces and poled through its thickness, sandwiched between two arched metal disks.
When subject to a compressive hydrostatic stress the metal disks not only compress the ceramic where they
touch it on its rim, but also push radially outward on the ceramic disk.

To fully exploit lead zircomate titanates ceramics in hydropone transducers, structures have been
devised to redirect the hydrostatic stress. Figure 3 illustrates a recent innovation”® that incorporates
the principle of macroscopic flexteasional transducers—devised for high power actuators—into small
hydrophone sensors. In this design, the metal disks transform the vertical, Ty, componeat of an
external hydrostatic compressive stress into an tensile isotropic planar stress that overwhelms the
external compressive isotropic planar stress, 7,. The net stress on the piezoceramic disk is then a
compressive T, transmitted directly to the rim of the disk, plus a tensile 7, acting throughout the disk.
Since the coupling factors, &y and &,, have opposite signs, the electrodes on the disk faces sum in
unison the charge from these two opposite stresses—one compressive, the other tensile. Moreover,
the electrical response is indeed appreciable since both coupling factors are large in magnitude.

To enhance the performance of lead zirconate titanates in pulse-echo applications, composite materials
have been devised which combine the piezoceramic with a passive polymer. Figure 4 illustrates a 1-3
or rod piezocomposite material design that has seen practical commercial application®!? in the
ultrasonic transducers used in medical diagnostic imaging. In the rod piezocomposite plates the thin
rods can expand or contract laterally at the expense of the surrounding softer polymer even though the
plate as a whole is laterally clamped. The resulting thickness-mode coupling constant of the composite
exceeds that of its constituent ceramic, ranging up to nearly the ceramic’s ky,. The resulting increased
bandwidth and higher sensitivity are important advantages for pulse-echo transducers used in medical
diagnostics.
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FIGURE 4. Schematic representation of a 1-3 or rod piezoelectric composite plate, consisting of long thin
piezoceramic rods, poled along their axis, held parallel to cach other and perpendicular to the faces of the
plate by a piezoelectrically passive polymer. The soft polymer allows the piezoceramic rods to expand and
contract laterally when the plate is used near its thickness-mode resonance, thereby yielding en enhanced
thickness-mode electromechanical coupling factor.

CONCLUSIONS

The explicit identification of the stress pattems that provide maximal electromechanical coupling in
piezoelectric ceramics provides insights into how these materials have been used effectively in
hydrostatic sensors for naval hydrophones and in pulse-echo transducers for medical diagnostic
imaging. Moreover, this perspective can guide our thinking in fruitfully exploiting piezoelectric
ceramics in future acoustic transducer applications.
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EFFECTS OF DOPANT Nb*® ON LEAD ZIRCONATE-TITANATE
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Nagoya Municipal industrial Research Institute, electrical
Division.
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Abstract impurity effects of Nb*® dopants were investigated on optimum
caicination tem tures and grain growth in sintering process. As the
amount of Nb™ dopant increased, optimum calcination temperatures
increased. Grain slzes in sintered ceramics decreased In Inverse
proportion to the amount of Nb**. Experimental results were expressed in
terms of the volume ratio between grain boundary region and grain.
Thickness of grain boundary region is estimated to be about 40 A, that
corresponds to about 10 lattice layer.

1. INTRODUCTION

Lead Zirconate-Titanate (PZT) with composition near the morphotropic phase
boundary are important ferroelectric ceramics, which are widely used for
plezoelectric devices.” Defect structures in PZT have been reported upon the
eftects on electrical properties and sintering kinetics.>” Several workers reported
electrical resistivities for PZT ceramics containing various metal oxides as
dopants.***” Gerson and Jaffe” proposed that the p-type electrical conduction in
PZT resuited from vacancies on the lead sites, which were caused by partial loss
of lead during sintering process. In this report, the effects of Nb** dopant have
been investigated on the synthesis of the perovoskite structure during the
calcination process and grain growth during the sintering process.

2. EXPERIMENTAL PROCEDURE
The reagent grades of PbO, TIO,, ZrO, and Nb,O, were used as raw materials.

[463)151
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Starting materials, in proper ratios corresponding to the compositions near the
morphotopic phase boundary, were mixed in a bail mill with water for 20 hours by
using nylon balls as grinding media. The dry powders were press-formed into
pellets of about 3 mm thick and 20 mm in diameter at 1 ton per cm’. After
calcining, the samples were milled in water and dried. The dry powders were
again press-formed into peliets of about 3 mm thick and 20 mm in diameter at 1
ton per cm’. Al sintering runs were conducted at a constant heating rate of
300°C/h to the sintering temperature of 1280°C. Samples were held for 3 hours at
the sintering temperature and were cooled at the natural rate of the furnace. The
high vapour pressure of PbO made it necessary to use muitiphase pellets, lead
zirconate-titanate plus 50 mol% PbO, to keep a PbO atmospheres during the
sintering process.>'*'". Samples were always sintered with the multiphase peliets
in the container to maintain the PbO vapor pressure for the samples. Grain sizes
on the ceramics were observed with Scanning Electron Microscope (SEM).

3. RESULTS AND DISCUSSION

Although it has been discovered that the fabrication process determines the
electrical properties,’? phenomena involved in the process of calcination have
not been fully understood. It is necessary to distribute ur’..rmly elements of the
composition in this process. Figure 1 shows the relation between the calcination
time and changes in the rate of the pellet's diameters with Nb** concentration

20

“ Nb" 1.5%
Nb~ 1.0% !
O——O—L—’—O———" —0
- ———— 00— -0—

10

Elongation Ratio (%)
(-]

=20 . I 1 1
[+] S 10 15 20
TIME (hour)

FIGURE 1 Relation between calcination time and changes of pellet’s
diameters in the case of calcination at 800°C.
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in the case of the calcination at 800°C. Diameters changed with amounts of Nb**
dopant, but those did not change so much in the time region over 10 hours. This
shows that most of the raw materials are reacted with a short time. Figure 2
shows the X-ray diffraction patterns of powders caicined at 750°C, 780°C and
800°C for 20 hours. Figures 2(a) and (b) show that calcination powders consist
of the tetragonal phase (PbTiO,) and the rhombohedral phase (PZT). However,
figure 2(c) shows that the sample aimost has the single rhombohedral PZT phase.

calcination powdex

™0, o8
(101)

T: Tetragonak(PoTI0,)
(001) R: Rhombohedral(PZT)

(¢) 800°C i
®) 780°c T:}

(a) 750°C

20 [0 © [
20

FIGURE 2 X-ray ditfraction patterns of Intrinsic PZT powders that were
calcined at several temperatures (a) 750°C, (b) 780°C, (c) 800°C.

Thus the optimum temperature for calcination of un-doped PZT was determined
to be 800°C. Optimum calcination temperatures of Nb* doped PZT were
determined by the same manner as the un-doped PZT’s. Figure 3 shows that the

'Cllciutto-n temperature of PIT doped by "

5 108 o p2r
X PT(+PIT)

Calcination Tempe

I
0 0.5 1.0 1.5 . 2.0
x mole percent of dopsnt Nb"

FIGURE 3 Relation of optimum calcination temperature to obtain the PZT
single phase and amounts of Nb*® dopant.
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optimum calcination temperature increases linearly with amounts of Nb** dopant.
Relation between T, the calcination temperature and Xmol% dopant Nb*, can be
formulated as follows;

T, =800 +100X. (1)

Figure 4 shows the microstructure of ceramics sintered at 1280°C for 3 hours.
Grain sizes were measured from Figure 4 and plotted against amounts of Nb**
dopants in Figure 5. Grain sizes were in inverse proportion to the amount of the
dopant. It is possible that when the samples were heated to the sintering
temperature, the high vapour pressure of PbO created Pb vacancies near the
surface of each grain. For compensating the inbalance of the ionic valence, Nb**
lons substituted for Zr* near the boundary surface of each grain.'”

FIGURE 4 Microstructure of PZT ceramics doped Nb*®

Here It Is assumed that the diffusion rate of Nb*®, which is substituted for Zr** in
each PZT grain, is low and then Nb*® lons localize at the grain boundary region,
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of which the thickness is indicated by 3. If grain boundaries are surrounded with
PZT substituted by Nb* ions, vapour pressures of PbO might be decreased and
grain growth should be inhibited. One lead ion vacancy corresponds to two Nb**
ions substituting for Zr* ions. As a result, Pb,,, .Nb,,, T1,0, phase is formed in
the surface region, of a sintered PZT grain. If Nb*® ions substitute for all Zr*! in the
surface region with thickness 3, the relation X, 5 and grain diameter D is
expressed as
X =6x100 &/D. @
In figure 5, the grain size data at each amount of dopant Nb** was fitted to

20r
18}
16
14t ——— Calcuiated Curve
Eﬂ o O-—0Grain sizes measured from SEM
§ 1o}
£ 8
[
o 6}
4
2
0 : . s . : N . : o
00 02 04 08 08 10 12 14 16 18 20

ND™* X (%)

FIGURE 5 Relation of grain sizes and amounts of dopant Nb*.

equation (2), and grain boundary thickness was determined to be 40 A. That
corresponds to 10 unit cell distances. The real thickness of the region containing
Nb** may be larger than 5, because residual Zr** ions exist even at the grain
boundary region.

4. lusion

The optimum calcination temperature increases linearly with amounts of Nb**
dopant. Nb*® dopant obstructs the progress of reaction steps. Relation between
T., the optimum calcination temperature and X mol% amounts of dopant Nb**, can
be formulated as follows;

T, =800 +100X.
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According as the increase of the dopant amounts, grain sizes of sintered ceram-
ics were decreased.

Grain surfaces include lattice defects and lost balances of ionic valence
between cation and anion. Amounts of the dopant can be related to ratio of grain
boundary volume and grain volume on the assumption of lead vacancy and Nb**
in grain boundary region. Thickness of the grain boundary corresponds about
40 A, that is about 10 lattice layers.
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ABSTRACT

Measurements have been made of the complex piezoelectric coefficient (d,,), by
a quasistatic method, so as to determine its real and imaginary components as

a function of frequency (f = 10° - 10° Hz) and temperature. Results obtained
with Ca-modified lead titanate and lead lanthanum titanate-zirconate ceramic
samples reveal the existence of relaxations at a very low frequency for the former
and at frequencies of tens of hertzs for the latter. Tetragonal distortion and polar
microregions could be considered as the respective causes of such relaxation
processes.

1.-INTRODUCTION

Some technological applications require piezoelectric materials in which the
ratio of electromechanical coupling factors (K,/K.) is high. Such is the case, for
instance, in echographic imaging, as regards the improvement of resolution.

The direct relation that exists between K, and the piezoelectric coefficient d,,
has promoted many studies aimed at understanding the behaviour of dy, and its
influence on K. The materials that have been mainly studied are those with a
small K, such as samarium-modified lead titanate (PTS) and calcium-modified
lead titanate (PTC)"", and lead-lanthanum titanate-zirconate (PLZT)?. In these
materials the piezoelectric coefficient, d,,, can be written in the form®:

d'y = dy' + Ady -] dy” 4)

[469)157
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where d’;, corresponds to values of the coefficient at frequencies well over
relaxation, and is the intrinsic contribution of the piezoelectric material. The term
A dy,’ is the extrinsic contribution from several types of effects that, in some
cases, can be of the same order as d’;, and of different sign.

The relaxation character of the extrinsic contributions through the terms A d,,’
- ] d5," has been confirmed, both in some piezoelectric polymers and in single
crystals of Rochelle salt and silver-sodium nitrite®.

In ceramics, there are no clear results as to the existence of relaxation in
some frequency region. In the present work, a study is made of the coefficient
ds,, as a function of frequency between 5*10 and 10° Hz, and as a function of
temperature for several frequencies, so as to gather information towards a better
understanding of the piezoelectric relaxational processes, and of the extrinsic
factors contributing to the final values of d,,. The materials that have been
studied are lead-caicium titanate and lanthanum-lead titanate-zirconate ceramics.

2.- EXPERIMENTAL METHOD

2.1.- Piezoelectric ceramics
Ceramics of nominal composition
Pb,,C8,(C0o W sTie)O0; + MNO(1%)  (PTC)
with x = 0.20 and 0.30 were prepared by a reactive chemical method, as
described eisewhere®.
Ceramics of composition
Pb 6,8 oo (Tl ge2 50)O; (PLZT-8)
were obtained by coprecipitation from alkoxides, synthesized at 750 °C and
afterwards sintered at 1250 °C. From these ceramics pieces of dimensions
13x5x0.5 mm were cut; electroded with silver paint, sintered at 600 °C and
polarized to saturation at temperatures 120°C (PTC samples) and 80°C (PLZT
samples).
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2.2.- Plezoelectric current

Theequivalemwwitofapiezoelectricmateridsubjecttoasnsoidal
mechanical stress™ is shown in Fig. 1, with an impedance Z and a phase such

that
ér fx =
Fig. 1.- Equivalent circuit
1z| =R/ + «?CRA? g8 =1/(wRC) )
The piezoelectric current is given by:

ip = S (dD/dt) = dy, (dT,/dt) = w dy, T,y sen(wt+6) =i, sen(wt+6) ()]
Between the piezoelectric current i, and the mechanical stress T, there is a
Iagesuchmatmerealandimaginaryoommnentsofl,eanbewrittenas

i)y =i,co88 " =i,sin® @)
and, from the relation between i, and dj, (i, @ dj,(dT,/dt)) we have:
gy’ ~ iy dg,” ~ ip" ®)

Now, the current ampiifier also introduces a lag v, and thus the total lag
betweenT,andi,measuredbymeosciloscopeisdh =0+ d + y, and mustbe
taken care of by a previous calibration of the system. This calibration has to be
done for each sample. The error in the measurement of ® is of * 1°,

Measurements of i, as a function of temperature were made with the sample
in an electric oven up to 150°C. The temperature of the sample was measured
with a chromel-alumel thermocouple with an error of + 1°C.

3.- RESULTS AND DISCUSSION

In Figs. 2 and 3 we shows the results obtained, for the real and imaginary
components of coefficient d,,, (or, rather, peak values of i,/w , which are
proportional to ds,) with PTC and PLZT ceramics, as a function of frequency.
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Fig. 2.- Real part of dy, vs. frequency. (1a.u=310"%C)
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Fig. 3.- Imaginary part of dy, vs. frequency.(1 a.u;310%C)
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Fig. 4.- Real and imaginary parts of dy, vs. temperature.(1a.u-3-1 0'%C)
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A marked increase of dy, components is observed, in PTC ceramics, for
frequencies under 1 Hz. In tum, PLZT shows a slight and gradual increase, down
to the limiting frequency (5*10° Hz).

Tashiro et al.® have studied the transverse mechanical displacement in PTC
24 (c/a=1.039) and in PZT (c/a-~1.002) as a function of time for different values
of an applied DC field. The resuits of this study show that Ca-modified ceramics
behave according to a transverse displacement mechanism, with long relaxation
time, that does not exist in PLZT ceramics. The d,, coefficient in PTC 24
depends on the amplitude of the AC electric field. The time that PTC 24 ceramics
take to reach the equilibrium value is larger than 60 sec. in PZT the equilibrium
is reached almost instantaneously.

The results of Figs. 2 and 3 show a behaviour of d;, (d,,’, d;,”") in clear
agreement with those of Tashiro®. The strong increase of these components in
PTC -mainly in PTC 20 (c/a=1.045)- in the very low frequency region suggests
the existence of a piezoelectric relaxation below 10" Hz. The behaviour of PLZT-
8 is in agreement with that of PZT in ref. (8).

Figures 2 and 3 also show relaxations for PTC-30 and PLZT-8 at frequencies
of the order of tens of hertzs. According to the relation d” = d,,’+ A d,,- ] d3,",
these relaxations can be ascribed to extrinsic contributions of defects (A dj,- |
d;,"). 90° domain walls have been claimed as being responsible for this
contribution® but they would probably have a relaxation frequency higher than
those obtained in this work.

A possible explanation for the piezoelectric relaxation observed in PLZT-8
(Figs. 2 and 3) could be the contributions to d,, of polar microregions® ' that
exist in ferroelectric materials with a diffuse phase transition (which is the case
of PLZT-8). These microregions could also explain the behaviour of the
components of PLZT-8 with temperature that is shown in Fig. 4. The temperature
for a maximum of piezoelectric losses is lower than that corresponding to the
disappearance of the real part of d,, (ferroelectric transition temperature). This
result is also in agreement with the behaviour of relaxor ferroelectrics as a
function of temperature. The apparently anomalous thermal variation of the real
component (which decreases with increasing temperature) is very similar to that
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of remanent transverse deformation vs. electric field derived from butterfly loops
in PLZT ceramics'""). The variation of the components of d,, with temperature for
the PTC-30 ceramic (a continuous increase with change of sign of the real
component) is similar to that of PTC and PTS ceramics''®. Studies of the
components of d,, vs. frequency above the temperature where d’y; = 0 in PTC
ceramics are in progress to understand the extrinsic contibutions.

4.- CONCLUSIONS

The relaxational behaviour of the piezoelectric coefficient d,, has been
determined by quasistatic measurements. The relation between transverse
deformation, tetragonal distortion and d,, could explain the very low frequency
relaxations of PTC ceramics. Polar microregions in PLZT could be responsible
for the thermal relax:* on behaviour of this ferropiezoelectric ceramic.
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PROPERTIES OF SUBSTITUTED PbNb,O, CERAMICS AND MEASUREMENT OF
THEIR LOW ELECTROMECHANICAL COEFFICIENTS

ROLAND BRIOT, NEJIB GLISSA, MICHEL TROCCAZ
INSA, Laboratoire de Génie Electrique et Perroélectricité,
69621, Villeurbanne, FRANCE

Abstract Ceramics of the PbNb,O, type with substitutions on Pb
276

and Nb sites are studied. The firing conditions - various cycles
of temperature and time - are carefully examined. The main elec-
tromechanical coefficients are given. The weak QO and kp coeffi~

cients are calculated from a method perfected in our laboratory.

In the last few years, materials of PbNb,O, type have been developed
for electroacoustical applications, because these piezoelectric cera-
mics have the advantage to exhibit a large anisotropy in electromecha-
nical coupling factors between thickness mode k, and planar mode kp
(the largest possible kt/kp ratio with a kp factor as low as possible)
and simultaneously a low mechanical quality factor Q. These compounds
seem promising if the relatively difficult manufacturing process can
be properly controled. In addition, the measurement of their very low
coefficients poses problems.

Niobium metaniobate can present

Tetragonal

two crystallographic forms at room
temperature, a rhombohedral one
(non ferroelectric), and an ortho-
rhombic one (ferroelectric). In or-
der to obtain polarisable samples,
indeed crystallised in the ortho-
rhombic phase, the sintering tempe-
ratures must reach at least 1250°C'.
For the ferroelectric material the
structure is tetragonal above the
Curie Point (570°C)2, but the pre-
paration of the polarisable mate-
rial becomes complicated owing to

25°C 25°C the reversibility of the transition
Rhombohedral Orthorhombic

ferro-non ferroelectric for tempe-
FIGURE 1 Schematic diagram of the ratures not much higher than the
PbNb,0, transformations Curie temperature.

[475)163
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These transformations are summarized in Figure 1. Apart from this
condition on the sintering temperature, the difficulties encountered
during the preparation of PbNb,0, type ceramics are closely related to
the tungsten bronze structure and the weak diffusion of niobium oxi-
de : that is to say the lack of homogeneity, densification and aging.

All the tests have been carried out with a S & Sr substitution on
the Pb site in order to obtain better piezoelectric characteristics
without increasing the Q factor.

PREPARATION OF HOMOGENEQUS SINTERED CERAMICS

As reported by Roth3, six coumpounds are known to exist in the system
Pbo-Nb203= P3N, PSN2, P2N, P3N2, with a pyrochlore structure and PN,
PN2 with a tungsten bronze structure (P = PbO, N = Nb,Og ) .

However, except for P3N2 and PN, results concerning composition
and crystallography of the various compounds are conflicting‘. For a
mixture corresponding to a ratio PbO/Nb,0; = 1, the more stable pyro-
chlore phase formed is P3N2 and rhomboedral PbNb,0, would be formed

via the processs :
500-700°C
3 PbO + 2 Nb,Og fast 3 PbO 2 Nb,Oq (1)
as
3 PbO 2 Nb 759-1000°C" 4 pob,0 2
2% sluggish 276 ®

According to Yamaguchi‘ PN2 can be formed from 600°C and combines

with P3N2

700-900°C
3 PbO 2 Nb,Og + PbO 2 Nb,0Og ——— 4 PbNb,O, (3)

Another reaction can also occurs if an excess szog exists :

> 900°C
PbNb,O, + Nb,0; ———— PbO 2 Nb,0, (4)

X Ray analysis performed on powders fired at 650°C and 1000°C du-~
ring 10 hours confirms these results (Figure 2)6".

* At 650°C, presence of P3IN2 phase according to (1). PbNb,O, is al-
ready formed, at a lower temperature than that given by reaction (2),
perhaps through the reaction (3), although the diffraction lines of
PN2 don‘t appear on the pattern.

¢ At 1000°C, the pattern corresponds only to the rhombohedral phase
PbNb,O, ' .

Tests carried out at temperatures between 650 and 1000°C show the
progressive decrease of the P3N2 phase and never the diffraction li-
nes of the PN2 compound.

So in order to obtain homogeneous sintered ceramics several kinds
of firing at 1000°C were performed, summarized on Table 1.
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FIGURE 2 X~-Ray powder diffraction pattern at various temperatures

TABLE 1 Conditions of firing and resultant characteristics

Firing 1000°C/10 h 1000°C/20 h 1000°C/40 h |2 x (1000°C/10h)

White . . .
Powder wWhite white wWhite
yellow traces
appearance not compact not compact compact
not compact
Sintered |
pl inhomogeneous | inhomogeneous | inhomogeneous homogeneous
sample

It seems that a second rise in temperature at 1000°C finishes the
reaction (3) or (2) without going through the reaction (4). A test ma-
de with a powder containing 0.01 mole excess Nb,O;, which leads to in-
homogeneous ceramics, confirms this explanation.

INCREASE OF IC SI i

A notable improvement of the density of the sintered samples is obser-
ved when some compounds are added in small amount to the firing powder
before grinding, for example MgF, or CaF,. This improvement occurs
without changing the piezoelectric characteristics.

Other additives, such as BaF,, NiO, WO;, have been tested but
the samples recrystallize very easily to form coarse-textured cera-
mics. Sintering tests with glasses have also been performed. Unfortu-
nately the sintering temperatures are too low, and so the well sinte-
red ceramics obtained are not in the ferroelectric state.

The operations of mixing and grinding the powders have been first
carried out in agate jars with ethylic alcohol. It can be observed in
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3 Figure 3 that the dielectric
2 260 losses (tanf) have doubled one
§ 220 month after the ceramic polari-
3 1% zation. The other dielectric
§ 140 properties are not modified. On
c§ 100 | /o the other hand if the operations
- Pobeob—-¢ | are performed with water as the

0 20 40 60 30 100 120 dispersing medium, tanf remains

(days) stable with time (Figure 3).
FIGURE 3 Time dependence of tand

IONS

Several tests have been performed with various substituting ions on
the B site, such as Ni’*, Fe’*, W but the piezoelectric coefficients
are too weak because of the difficulty in poling these ceramics.

On the other hand it is possible to prepare well sintered cera-
mics, easy to pole, with a Ti’* ion substitution or an addition of
Nb>* ion. The following formulae have been manufactured and their main
characteristics measured (Table 2).

A Pby g5 Srg g5 Nb; O
Pby g5 STy g5 (Nby 99 Tig g9) Os5 995
Pby 95 Srg s (NDy 95 Tig g2) Os g9
Pby g5 Srg gs (NDy g7 Tip g3) O5 ggs
Pby 95 Srg o5 NPy g2 9 .05

Mo O w

It can be seen that until a 2 % Ti substitution the electromecha-
nical coefficients are unchanged. Moreover this substitution allows a
decrease of the sintering temperature, an easier poling and results
are more repetitive.

Ceramicse with a Nb excess (E) are quite good, but show some inho-
mogeneities certainly due to the presence of the PbO 2 Nb, Oy compound
which is also ferroelectric with a tungsten bronze structure.

TABLE 2 Main characteristics of substituted PbNb,0, samples

Sample |Dopant 8| p [T, °C| €. |tgé s|dy5 PC/N k, QQ k, Q.
A o] 5.9 | 1290 | 242 | 4.5 72 ‘0.037 10 | 0.28 8
B 1Ti 5.6 | 1270 | 240 | 2.6 70 0.048 | 10 | 0.27 | 10
c 2 Ti 5.9 | 1270 | 236 | 2.6 74 0.063 | 11 | 0.36 8
D 3Ti 6.1 | 1250 | 345 | 2.5 72 0.114 ] 24 | 0.34 | 23
E 2™ 5.7 1270 | 240 | 1.8 70 0.069 [ 11 | 0.33 7

p = density (103xg.m'3), T, = sintering temperature (time = 6 h)
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The characterization of piezoceramics with low electromechanical cou-
pling coefficient and high mechanical quality factor Q is largely des-
cribed in IEEE standard on piezoelectricity’.

The lead metaniobate structure studied in this paper present high
mechanical losses with very weak electromechanical coupling especially
in radial mode. The experimental method for the determination of elec-
tromechanical coefficients derived from G. Martin® has been described
by R. Briot?.

A piezoelectric ceramic without dielectric losses can be repre-
sented by an equivalent electrical circuit consisting of a series con-
nection (motional resistance R,, motional capacitance Ca and motional
inductance L_,) in parallel with a capacitance at constant strain Co-
The admittance |Y| for this circuit may be written as a function of
the normalized frequency x = f/f  (f is defined as the frequency of
maximum conductance), the capacitance ratio r = C,/Cy and the quality
factor Q9.

For each pair (r, Q) selected, it is possible to calculate the
ratio |y |/|Y,| and f_/f, where |Y | (resp. |Y,|) represents maximum
(resp. minimum) of admittance for the frequency f, (resp. £ ).

The experimental method consists in measuring from a network ana-
lyser HP 4194 &, |y |, |¥,|, £, and £ .

A computer program has been developed in order to calculate r and
Q. Then the electromechanical coupling coefficient can be determinated
according to the vibration mode :

£
. 10 . 2 . s
Radial mode : I/kp 0,398 z f + 0,574

[ s

-1
fs n ft
;— tan E-E—

P ]

where fp is defined as the frequency of maximum resistance of piezo-
electric ceramic for this vibration mode : f: I~ ff (1 +1/r - 1/2 Qg).

From the network analyser it is aleo possible to evaluate f,  and
fp and to calculate the electromechanical coupling coefficient, but
for lossy material the determination of Q is very difficult.

Figure 4 represents with good accuracy, experimental (points) and
simulated electrical (solid line) admittance against frequency.

Experimental and simulated phase curves show the validity of this
experimental method which is based only on two experimental points mea-~

sured from the electrical admittance.

Thickness mode7 : kf =

A
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FIGURE 4 Resonance curves - Admittance and phase - versus frequency

CONCLUSION

A manufacturing process of PbNb206 type ceramics has been performed.
Samples with 5 % Sr and various amounts of Ti substitutions have been
prepared and studied. The main characteristic coefficients are presen-
ted, in particular the low electromechanical coefficients Q and kp
measured with a method described in this paper.
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STUDIES ON FLAWS IN PZT CERAMICS USED IN UNDERWATER DETECTION
TRANSDUCERS

MARIE MADELEINE GUILLEMOT-AMADEI, PAUL GONNARD, MICHEL TROCCAZ
INSA, Laboratoire de Génie Blectrique et Perroélectricité,
69621, Villeurbanne, FRANCE

Abstract Experiments on a piezoelectric Tonpilz power transducer

show the importance of the quality of the ceramic active material.
In order to determine if internal defects appear in PIT ceramics

owing to the working of the transducer, two methods of investiga-

tion are proposed : an electrical one by measurement of the ad-

mittance versus frequency and an ultrasonic one. These two methods
lead to identical results for eliminating defective ceramics.

INTRODUCTION

Most of the transducers well suited to underwater detection use the
piezoelectric effect to convert an electric signal into an acoustic
wave. During the last years many studies have been carried out on so-
nars in order to lower the working frequencies for an increased detec-
tion range and also to increase the radiated power and the working du-
ration. For this purpose we studied a Tonpilz type transducer' which
has a configuration depicted in Figure 1.

PIGURE 1 : Schematic representation of the studied Tonpilz
transducer

(481)/169
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It is a longitudinal vibrator consisting of :

- & piezoelectric ceramic stack (a) made of 7 independent pairs (ex-
ternal diameter 50 mm and a 15 mm diameter central hole). In each
pair, the piezoceramics are organized with opposed polarities and
electrically driven with parallel connection

- a nodal electrode (b)

- a head mass (c) made up of a light material which is in contact with

water, the propagation medium

a tail mass (d) made up of a heavy material in order to absorb the

back vibration.

The whole device is glued and held in position by a pre-stressing
rod (e) which imposes a 300 bars pre-stress.

The electrical, mechanical and thermal characterization of this
transducer has been carried out in air, with the aim to research and
identify the different sources of losses and working limitations? :

- losses are due to the assembly itself

- but for repetitive tests performed on the same transducer, different
results have been obtained. As the only active elements are the
piezoceramics, we were induced to study and test these materials.

The ferroelectric compositions used for transducers working under
high acoustic load and therefore high electric field are "hard" P2T
ceramics. The main characteristics at low level of industrial "hard”
P2T ceramics are the followi.ng3 :

€, = 1200

tgd (%) = 0,2 - 0,4

kyy = 0,62 - 0,66

dys (PC/N) = 230 - 270

The study was carried out as follows :

® test of each piezoceramic ring

¢ assembly in the transducer

e operating (nominal speed 0.16 m/e at 3 kHz in the center of the
head mass)

® test again of each ceramic element after the disassembly.

Two methods of investigation are used in order to check the satate
of the ceramic rings : an electrical and an ultrasonic one.
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RLECTRICAL MEASUREMENTS

Using a HP Analyzer 4294 A, the admittance curve of each ceramic is
drawn versus frequency under low electric field (1 V/cm). The first
resonance in radial mode lies about 35-45 kHz. The typical curve of a
good ceramic is given on Pigure 2. PFigure 3 shows the admittance of
two bad ceramics : interfering resonance frequencies appear which can
be due to microcracks in the ceramic. These defects are found again on
resonances at higher frequencies.

{Y] (mS)
P ! [ Bl 1
10
1
0.1
0.0l
1 | | 1 |
36 38 40 kHz
FIGURE 2 : Admittance versus frequency for a good ceramic
[Y]| (mS)
o i I [ T
10
1
0.1
0.01
[ N I A5
36 38 40 kHz

FIGURE 3 : Admittance versus frequency for bad ceramics:
a) small defect
b) important defect
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ULIRASONIC ANALYSIS

The principle of the measurement method is the well known immersion
technique.

The piezoceramic is placed in a tank filled with water. The ultra-
sonic beam passes through the ceramic and this beam which has come
through the thickness of the ceramic will be representative of its in-
ternal state ; for instance if there is an horizontal microcrack the
part of the beam which will reach the backwall will be attenuated. For
example, using an on-off method to measure the echo amplitude it is
seen on Figure 4a that the defects are located :

- n® 1 along a radius and around the central hole
- n® 2 along two radii.

Another method, taking into account a greater number of threshold

values, gives the mapping of the ceramics as shown on Figure 4b.

Central holes

FIGURE 4a FIGURE 4b

FIGURE 4 : Ultrasonic visualization of defects
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With the help of the ultrasonic apparatus, the position of a de-

fect found with the electrical method is located, and a slice of the
ceramic is sawn. Then an optical photograph of the microcrack is made

as shown on Figure 5.

FIGURE 5 : Photograph of a microcrack

QRIGIN OF THE FLAWS

Two main causes can be distinguished :

- Defects due to the piezoceramics

4,5

- Defects due to the assembly and working of the Tonpilz transducer.

1) Flaws can occur during the fabrication process. Local stresses are

2)

developed near discrete defects, such as impurities, porosity or
too large grains, and these are responsible for microcracks located
near these defects. Microcracks can also appear during the polari-
zation treatment. All these flaws are distributed at random in the
volume or at the surface of the ceramic. Other defects are created
in the course of machining during the grinding and polishing of
the surfaces and the drilling of the central hole.

some systematic studies have been performed with the Tonpilz in or-~
der to test the influence of the pre-stress and to measure the maxi-
mum dynamic stress :

- a pre-stress of approximatively 300 bars is applied on the cera-

mics, and after the Tonpilz has been working, it can be seen :

e if ceramics are good ones, nothing happens

e if ceramics are bad ones, as verified by electrical or ultraso-
nic method, the defects are amplified

~ the maximum dynamic stress of about 100 bars peak is weak and has

no effect on the ceramic quality.
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CONCLUSION

Defects on ceramic materials influence the properties of the Tonpilz

transducer causing :

- a bad matching with the power supply because the characteristics ha-
ve changed

- an increase of mechanical losses, hence a decrease of the transducer
efficiency.

However neither the static nor the dynamic stress seem directly
accountable for the flaws achieved after working. But the stress can
amplify the defect if it is already present in the piezoceramics. The
smallest fault on the admittance curve may be the evidence of flaws
into the material which will increase during the transducer‘’s working.

So, before utilization it is very important to test the piezoce-
ramics by using one of the two methods described. Nevertheless with
ferroelectric materials the electrical method is easier to implement.
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PIEZOELECTRIC CERAMICS FOR HIGE-TEMPERATURE
TRAN EDUCERS

L.KORZUNOVA
Riga Technical University, Riga, Latvia

Abstract The ferroelectrics of the Aurivillius fami-
ly having Tc> 700°C are investigated from the point of
view of their application as high-temperature transdu-
cers. The value of piezoelectric modulus d33 and it s
stability are the basic parameters determining the ran-
ge of application.

The bismuth-conteining layered perovskite compounds of
the Aurivillius femily and of a general formula
3125-13n°3n+3 are distinguished by a high value of Te

(n is the number of BO6 octahedra in the perovekite-like
1ayer).l

There is a series of bismuth layered compounds with an
even number of layers,the T, of which is beyond 700°C.

It includes familiar compounds of n=2: B:l;'.l':llbo
(1,=940°0), BisTiTalq (T=870°C) and CaBi, 11,0, (T=790°)
with n-4.2 We have obtained 5 new bismuth layered com-
pounds with n=2 the T, of which is between 720 and 750°C:
Bilelsnisﬁri4/5l2/30 ’ 31211/535,5Tm’2/3"1/5°9’

Biall /5315 ﬁnraz /5'1 ,509, BiyPby /3312 /3114 /5'2 /309 and
Bizrbl /3312 BTiKba /5W1 /30 . They have been produced by
80lid state reaction between two bismuth laminated com-
pounds of different number of the perovskite layers n,and
by iso- and heterovalent ion substitution in A and B sudb-
lattices of the perovekite~like layers. Besides, we have
found the T, for compounds CaBingeog,CaBi'eTaeog,SrBiZszog.
SrBizTa209 with n=2 azd SrBi.q_Tiq_Ol5 (n=4). Their T, values
reported by Subbarao are related to the first order phase
transition, the nature of which is not clear. The true

[487)175
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values of Tc for these ferroelectrics are considerably hig-
her and, according to our data 5, equal to 825°C for

CaBi Nb,0q, 810°C for CaBi Ta 0, 775°C for SrBi Nb,0q,
730°C for 8rBiNb,0q, 730°C for 8rBi,Te,0y and 775°C
for SrBi4T14015. The temperatures have been determined
from dielectric permittivity maxima measured at 1 kHz fre-
quency and dilatometric experiments (Figure 1).

£ |tan é
500110 a

250

200

0 200 400 600 800 T,°C
PIGURE 1 Dielectric properties (a) as function

of temperature and dilatometric curve(b) of Sr312Nb209

ceramics: l-dielectric permittivity, 2-dielectric
losses.

The piezoactivity of Ca312Nb209 and CaBiaTazog ceramics
is rather low = the value of piezoelectric modulus d33

equals 3,3°10"12 C/N and 1,5-10"12 /N, respectively. It
is an order higher in the case of Sr312Nb209,
SrBigT3209 and SrBi,T1,0,5 ceramics - 11‘10‘12; 12,5-10-12
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and 11,2'10'12 C/N. However, because of rather a low sta-
bility of d33 these compounds cannot be used to make ele-
ments for high-temperature transducers (Figure 2).

4h"~---—-¢4-"""--‘\‘2
i b
0 T 200 800 T.°

FIGURE 2 Thermal behaviour of piezoelectric modulus
d33 of SrBiENbeog(a) and SrBi4T14015(b) ceramics:
l-the first cycle, 2-the seocond cycle

For the same reason the new layered compounds mentioned
above can neither be used though amongst the known ferro-
electrics of T »700°C they are distinguished by the high-
est values of the piezoelectric modulus d33 ranging from
14°10712 to 24°10~12 c/x.3

Modification of layered bismuth compounds by various oxi-
des and substances may essentially improve the whole com-
Plex of electrophysical properties of the ceramic materi-
als. Thus, an over-stoichiometric amount of Bizqu of 7=
10 wt % and 0,2 wt % of C::'203 in Ca314214015 has re-
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duced the sintering temperature, broadened the operating
range and, most important, increased the value of d33
from 4,4°1012 up to (10-14)-10"12 CA 1ts stability be-
ing improved (FPigure 3). The material is stable up to

7200°C. 12
d,, 10,

C/N 12

. N -
0 400 800 T,°C
FIGURE 3 Thermal behaviour of piezoelectric modulus

d33 of CaBiuTiuol5 ceramics modified by Bi,WOg and
Cr203: l=-the first cycle, 2-the second cycle.

To develop piezoelectric elements operating at the tempe~-
rature of 800°C and higher, Bi;TiNbOg has been used.”»8The
value of the piezoelectric meZalus of the 313T18b09 cera-
mics is 5'10‘12 C/N, reversible change of d33 comprising
75 %, irreversible - 25 % at 400°C.

The piezoelectric 313T1Nb09 cersmaics modified by chromium,
bismuth, molybdenum or antimonium oxides is more resistent
to high temperature and pressure (Figure 4).

Properties of materials obtained by conventional ceramics
technology at sintering temperatures 1040-1060°C are gi-
ven in Table 1 and Table 2.

An increased stability of ceramic polarization at high
temperature and pressure is due to lattice distortion of
bismuth titanate-niobate caused by over-stoichiometric
amounts of introduced ions resulting in an enhancement of
the internal field of polarized ceramics and the stabili-
ty of electrophysical parameters.
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FIGURE 4 Thermal behaviour of piezoelectric modulus
d33 of 313T1Nb09-(1) and Bi;TiNbOg ceramics modified
by Cr203, looa, Sb202-(2)

TABLE 1 Properties of modified BiBTINbog ceramics

e of ope-~ Piezo~ Change of d
Modifier rating tempe- modulus at T, 33
rature d33.101% rever- {irrever-
C/N sible sible
Cr203 from +2ogc
to +800°C 12,0 18 8
Cr,0,+Bi,0; from +20°C
273777273 10 +800°C 14,0 6 1
Cry0;+M005;  from -1962C 7 4
to +850°C 15,2 10 5
Cr,0;+Mo0z+  from -196°C 14,7 6 4
Sb203 to +850~C 8 4

TABLE 2 Piezoelectriﬁiodulus d33 of 313T1Nb09 cera-
mics modified by Cr205 and loO3

*oc 25 0 -25 <50 =100 =150 =19

dzx.10 12
38/1‘ ' 15,2 15,3 15,4 15,5 15,7 15,9 16,0
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These materials may be used for different high-tempera-
ture piezoelectric sensors of vibrations, shock, trans-

mitters of acoustic signal and other devices.
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PmP262
THE TRANSIENT PIEZOELECTRIC RESPONSE OF IMPACT
LOADED PZT CERAMICS

JULIAN A.CLOSE, R.STEVENS
Division of Ceramics, School Of Materials, University of Leeds,
England.

Abstract Samples of commercially produced, poled lead zirconate titanate
piezoceramics were subject to impact loading by a free falling striker.
Samples were sandwiched in-between a split Hopkinson pressure bar which
allowed for characterisation of the tailored, planar strain wave, 20-80us in
duration. The piezoceramic was discharged onto a relatively large capacitor
ie;under short-circuit conditions. From these data, a value of the
piezoelectric charge coefficient, d,, was derived and compared with that
derived via the conventional method. Early results indicate that values
obtained from the impact rig are substantially higher than those quoted in
manufacturers data. It is proposed to analyse a range of materials in an
effort to predict behaviour in relation to impact duration, magnitude and
resulting deterioration of poling.

INTRODUCTION

A study is made of the transient electrical response of commercial lead
zirconate titanate (PZT) piezoceramics, subject to rapid impact loads. The
objective is to draw a distinction between these results and those derived
from conventional "resonant” characterisation methods. Four PZT
compositions are under test, namely: PC4, PC4A, PC5 and PCSH.’

The data derived from the study are relevant to situations in which
piezoceramics are utilised as high voltage generators, in active automobile

suspension systems and in impact detonation devices.

* Materials supplied by Morgan Matroc, Unilator Division, Ruabon, Wrexham,

Clwyd, LL14 6HY.
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EXPERIMENTAL TECHNIOUE

The "drop weight impact” testing rig comprises a free falling striker, running
on an air-bearing providing an impact of approximately 20us duration (This
can be controlled within certain limits by altering the striker length, whilst
the rise time can be controlled by altering the geometry of the striker facing).
The piezoelectric device under test (DUT) is situated in a vertically mounted
split Hopkinson pressure bar (SHPB) arrangement instrumented with
miniature foil strain gauges. The strain gauges monitor the passage of the
ensuing stress wave after the striker impacts the top of the "impact” bar and
its subsequent passage into the "receiver” bar. The two strain gauge signals
received from the SHPB are sent to a custom made high frequency
(approximately 2.5MHz bandwidth) virtual-earth pulse amplifier. The
amplifier output is then appropriated for analysis by a PC controlled digital
storage adaptor (DSA). The two "captured” waveforms allow examination and
comparison of the stress wave before and after transmission through the
DUT.

A schematic diagram of the impact testing rig is illustrated in Figure 1.

EN24 Steel
Striker |
om air
bearing

{Silicon Nitride facing

Plotter

Rubber ‘0’ ring support—5:
Silicon Nitride impact bar 5
(or EN24 Steel) |

Discharging piezoelectric sample
EN24 steel mounting stud

o +ve
o wd I

auge
Leve Amplifier

. 0.2mm fotl
Strain gauges

EN24 steel receiver bar

FIGURE 1. Impact testing rig setup
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PLATE 1. The SHPB and striker

PLATE 2. The impact testing rig
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The eiectrical discharge from the DUT (in the range of 2-3kV) is transferred
to a capacitor large enough so that discharge under short-circuit conditions
may be assumed, as is the convention for charge output characterisation of
piezoelectric devices as it makes no assumptions about permittivity or
capacitance changes in the sample during the experiment.

A high frequency 100:1 attenuating oscilloscope probe delivers the charge
stored on the capacitor to the DSA for analysis.

INTERPRETATION OF RESULTS

From the "captured” data, it is possible to correlate both the amplitude and
duration of the piezoelectric output from the DUT with that of the stress
wave passing through it. An estimation can therefore be made of the
piezoelectric charge coefficient (d;; CN') and also the conversion of input
mechanical energy into electrical energy ie: ky,, the coupling

coefficient.

viz:

and

kaza . {output electrical energy)
(input mechanical energy)

where D is the dielectric displacement, X is the stress, the subscripts E and
T denoting constant field and temperature respectively, whilst "33" indicates
the direction of applied stress and that of the charge flow ("3" being the
polarisation direction in the ceramic device).

For each composition, two sample thicknesses (2mm and Smm) are tested
with a view to verifying suspected thickness effects arising from stress wave
reflections. An aim of the study is to quantify the finite time taken for the
onset of charge flow after application of stress to the DUT ie: t, the
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"relaxation time” due to domain mobility effects.

Ageing resulting from decay of polarisation can be monitored by the
influence on the piezoelectric coefficient values of repeated impacts. An
examination by scanning electron microscopy might also reveal microcracking
at grain boundaries leading to short-circuiting within the DUT and
consequently to a drop in electrical output.

RESULTS

Results obtained from the SHPB rig are shown in Figure 2 and are typical of
the responses gained; the upper curve is that of the strain "seen” in the
receiver bar whilst the lower is that of the electrical output from the DUT.
The evident time difference is due to the time taken for the-stress wave to
reach the strain gauge, remote from the DUT, on the receiver bar. It is
straightforward to compensate for this lag. Preliminary calculations from
these data suggest that the PCS5 DUT used, (Smm thick; 10mm diameter) was

subject to a stress of 54.04 MPa and developed a charge of 16.8 xC.
[ TRA=CH1 120mV 1 [TRB=CHZ 12600V ] [THMB=2BuS :SROFF 1
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FIGURE 2. Results gained from the SHPB and PCS5 sample
The upper curve is a measure of the strain in the sample, the lower, the
output from the DUT.
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Using these data the "33" charge coefficient for the PCS material is estimated
to be:

dy; = 3.96 nCN'"
Compared with 340 pCN" derived from conventional measurements.

UNDERLYING THEORIES

The theories below are based on the assumption that the system obeys
the laws of linear elasticity ie: that initial and final body configurations are
identical. The duration of the impact is dependent on the time taken for an
(acoustic) stress wave, travelling at a speed C, (where C, is the longitudinal
acoustic wave velocity in the material), to traverse the striker twice'" and the
rise time of the stress, by the geometry of the striker facing. The stress wave
originates from a point source producing a radial wave, but as this propagates
down an impact bar of specific aspect ratio, the axial stress wave assumes a
planar, one dimensional profile®™. The stress pulse duration as already noted
is solely dependant on the striker geometry (neglecting dispersive effects,
which are negligible), though the pulse length is intrinsically dependant on
the value of C, in the SHPB. The stress wave passes through the DUT with
minimal reflection at the interfaces and is passed into the receiver bar. From
the signal picked up by the strain gauge on the receiver bar, a measure of the
stress put on the DUT can be derived. The axial stress on the DUT, X, is
directly related to the strain, x, measured in the receiver bar and is obtained
from the balance of the total force between the sample and the receiver bar®.

ie:

where A, is the area of the cross section of the sample and A, is that of the

receiver bar whose Young modulus is E,.
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“In situ” calibration of the SHPB is also to be carried out by using X-cut
quartz discs of known characteristics in place of the piezoceramic specimens.

The DUT itself cannot be strain gauged directly due to extremely adverse
effects arising from capacitive coupling between the discharging piezoceramic

and the strain gauge filameu.:.

CONCLUSION

From this experiment the following will be examined.

1) The relationship between values of dy; and ky, derived from impact testing
and those obtained from conventional methods.

2) The effect of impact duration, energy and repetition on the performance
of piezoceramic devices.

3) A microstructural analysis to assess the degree of damage generated by

the impacting process.

** This work is supported by the National Physical Laboratories, Teddington,
Middlesex, England. TW11 OLW.
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PcP151
THIN-FILM PYROELECTRIC INORGANIC/ORGANIC COMPOSITES

C.E. MURPHY, T. RICHARDSON?, G.G. ROBERTS?
gepartmc3 nt of Engineering Science, University of Oxford, Parks Road, Oxford,
X1 3P], UK.

Abstract Current methods of pyroelectric composite production are incompatible with
microelectronics fabrication techniques. Thin-film (1-5um) inorganic/polymer composites have
been produced using a spin-coating method. In the thickness range attainable a quarter-wave cavity
for the enhanced absorption of infra-red radiation may be formed. Barium titanate, Jead titanate,
PZT and lithium tantalate have been incorporated as inorganic dispersoids. A vinylidene
fluoride/trifluorocthylene copolymer acts as the host matrix. After the requisite poling procedure
the thin film composite materials exhibit pyroelectric coefficients significantly greater than that of
70:30mol% vinylidene fluoride:trifluoroethylene copolymer. They also possess low values of
relative permittivity due to the low volume percentages of inorganic material incorporated. As a
result the dielectric noise figure of merit is greatly enhanced over conventional polymer
pyroelectric materials. These materials are therefore suitable candidates for use in an integrated
thermal imaging device.

1. INTRODUCTION

Pyroelectric materials have been extensively investigated recently for use in
integrated thermal imaging devices. Inorganic single crystal and ceramic materials!
possess large pyroelectric coefficients, but their overall performance is limited by high
relative permittivity and thermal conductivity. It is also difficult to produce optimum film
thicknesses due to the mechanical properties of the materials. Ferroelectric polymers,
including polyvinylidene fluoride? and associated copolymers3, possess moderate
pyroelectric activity, but have low relative permittivity and thermal conductivity. It is
possible to produce thin films using these polymers of the optimum thickness for infra-
red radiation absorption. In order to overcome the limitations inherent in these single-
phase materials, composite materials were proposed whose properties are described in
terms of the connectivity concept4. Thick film composites consisting of a ferroelectric
ceramic powder phase dispersed in a host polymer matrix (0-3 connectivity) have been
produced’-7. These composites contain a large percentage of inorganic material and are
fabricated by tape-casting or hot-pressing methods. This results in film thicknesses from
50um to S00um. The pyroelectric coefficients are large compared to polymers and the
relative permittivity values small compared to ceramics. Therefore the figures of merit are
enhanced over conventional single-phase polymer materials.

In an integrated thermal imaging device the pyroelectric material is in intimate
contact with the readout and analysis electronics in the form of an integrated circuit. The
processing of the pyroelectric material must therefore be compatible with microelectronics
fabrication techniques. This paper describes thin-film composite materials which have
been produced by a spin-coating method. This technique is regularly used to yield
polymer films in the thickness range 0.1um - Sum. By producing pyroelectric composite
films of this thickness a quarter wavelength cavity for the enhanced absorption of infra-
red radiation may be realised®. In a staring array of pyroelectric elements the low thermal

2 Dr. T. Richardson is now at the Department of Physics, University of Sheffield, Sheffield, U.K.
b Prof. G.G. Roberts is now Vice-Chancellor at the University of Sheffield, Sheffield, U.K.
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conductivity of the matrix polymer phase will effectively reduce pixel crosstalk to an
acceptable level.

The polymer utilised as the matrix phase is a 70:30mol% vinylidene
fluoride:trifluoroethylene copolymer (Attochem, France). This polymer may be spun
effectively to form highly uniform films and has been extensively studied as a
ferroelectric material. Barium titanate (TAMTRON X7R422H from TAM Ceramics, Box
C, Bridge Station, Niagara Falls, N.Y. 14305, U.S.A.), lead titanate (Aldrich Chemical
Company, The Old Brickyard, New Road, Gillingham, Dorset, SP8 4JL, U.K.), lead
zirconium titanate or PZT (Ferroperm, Stubbeled 7, DK-2950 Vedbaek, Denmark) and
lithium tantalate (Johnson Matthey, 78 Hatton Garden, London ECIN 8JP, UK.) were
incorporated as the inorganic ferroelectric phase. We describe the preparation and
assessment of test structures made with these new composite materials.

2. EXPERIMENTAL

The thin-film pyroelectric composite material is incorporated as the dielectric into a
capacitor device structure. Glass microscope slides are ultrasonically cleaned in a
detergent solution (Decon 90) and then in high purity deionised water (Millipore Milli-Q
system). An aluminium substrate (typically 100nm thick) is thermally evaporated onto the
glass slide at a pressure of ~10-émbar.

A matrix polymer solution is produced from 2.1g 70:30mol% vinylidene
fluoride:trifluoroethylene copolymer [70:30 p(VDF:TrFE)] pellets dissolved in 20ml
butanone (ethyl methyl ketone). This solution is magnetically stirred at room temperature
for 12 hrs. A predetermined volume percentage of the selected ferroelectric inorganic
powder is then added to the polymer solution. The resulting suspension is agitated
vigorously for several hours to ensure homogeneous dispersion of the powder in the
polymer solution.

A thin-film composite is then produced by spin-coating the composite suspension
onto the Al/glass substrate using a photoresist spinner. Typically a rotation speed of 2000
RPM and duration of 100 seconds has been used. The resultant composite film thickness
m measured by a scanning optical microscope (Lasertech) in comparative reflectance

e.

A pattern of gold top electrodes (typically 60nm thick) was then thermally
evaporated onto the surface of the thin-film composite to produce the desired capacitor
structure.

2.2 Ferroclectric Poling

In order to impart a macroscopic electrical polarisation to the composite material, it must
be poled such that the dipolar entities are aligned perpendicular to the substrate plane of
the film. In this work a DC thermal poling technique has been utilised.

The sample is heated to a temperature of 373K on a hotplate using heatsink
compound to provide an effective thermal contact. A DC voltage (typically E=20-30
V/um) is then applied between the device electrodes via tinned copper wires attached by
air-dried conducting silver paint (Acheson Colloids Electrodag 915). The sample is held
at elevated temperature for a specific period (times used were 20min and 165min), then
fan-cooled to room temperature. When the sample has returned to room temperature, the
applied voltage is removed.

iel
The capacitance and dielectric loss tangent of the composite device structure are measured
using an impedance analyser (Hewlett Packard 4192A). The frequency range scanned
was 200Hz to 1IMHz. The relative permittivity is then calculated using the active upper
electrode area and film thickness.
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The pyroelectric activity of the compositc materials is determined using the quasi-static
measurement method. A triangular temperature profile of amplitude 0.5°C is applied to
the sample via a Peltier thennoelectric heat pump and the resultant current is measured by
an clectrometer (Keithley 614). The temperature of the pyroclectric material is detected by
a thermocouple affixed to a dummy substrate adjacent to the device under test.
Temperature and current readings are plotted as functions of time on a chart recorder.

FIGURE 1 Photograph (50 x magnification) of BaTiO, (8% vol)/70:30 p(VDF:TrFE) thin-film composite
(thickness = 1.7 um) with Al base electrode (at left) and Au top electrode. (See Color Plate II).

3. RESULTS

Ivsi
Optical microscope studies (Figure 1) showed that composites containing barium titanate
powder exhibited good dispersion with a fine particle size (material specification indicates
an average particle size of 1.3um). PZT / 70:30 p(VDF:TrFE) composites showed a
lesser degree of uniform dispersion. Composites incorporating lead titanate exhibited a
certain amount of particle agglomeration. Those composites consisting of lithium tantalate
in a 70:30 p(VDF:TrFE) matrix showed severe non-uniformity due to the broad particle
size distribution of the powder (0.2um - 30um).

3.2 Dielectric Resul
Figure 2 shows the relative permittivity and dielectric loss tangent spectra from 200Hz to
100kHz of two barium titanate/70:30mol% vinylidene fluoride:trifluoroethylene
copolymer thin-film composites. A significant reduction in the relative permittivity after
poling is apparent from the 8% inorganic composite data. According to these results the
dielectric constant after poling appears to scale linearly with volume percentage of
inorganic phase.

Figure 3 illustrates the effect of poling field on the pyroelectric coefficient for two thin
filr. . omposites with barium titanate as the inorganic dispersoid. The composite with the
grea.cr inorganic volume fraction exhibited the higher activity. The pyroelectric
coefficient increases as the electric field increases for both materials and tends to a limit at
It:gl;_ﬁr poling fields. The maximum field applicable is limited by electrical breakdown of

m.

All composites examined displayed a large temperature dependence of the
pyroelectric coefficient. The pyroelectric coefficient rises sharply as T increases from
room temperature.
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FIGURE 2. Graph of dielectric constant and dielectric loss tangent versus frequency for two (8%
and 15% by volume) BaTiQ3 / 70:30 p(VDF:T(FE) thin-film composites at T=293K.

Table 1 displays pyroelectric performance data for various thin-film composites
which have been produced. The dielectric noise figure of merit, Fp, is quoted since the
greatest noise contribution is due to the dielectric loss of the material. This is given by :-

F =P 1
D ( €rtand )1/2 M

where p is the pyroelectric coefficient, €r the relative permittivity and tand the dielectric
loss tangent of the pyroelectric material. For a pure 70:30 p(VDF:TrFE) film of thickness
1.6um the corresponding values for the dielectric noise figure of merit are Fp(200Hz) =
86 and Fp(1kHz) = 82. The poling field for the copolymer film is 150 V/um which is
substantially greater than the fields used to pole the composite materials.

4. DISCUSSION

4.1 Poling Considerai
The poling procedure must be designed such that a large fraction of the applied field is
dropped across the inorganic dispersoid and sufficient ferroelectric domains align such
that a large stable, macroscopic polarisation is achieved.

At clevated temperature the matrix polymer phase exhibits increased conductivity
and therefore a significant fraction of the applied electric field is dropped across the
inorganic dispersoid phase. This results in more effective poling of the inorganic material
than at room temperature wh.re there is a large mismatch between the respective
resistivity values. At 100°C the posymer is well above its glas- aansition temperature, Tg
(-40°C), but is still below its melting point, Tm (~150°C). In this region the polymer is
‘soft’, that is its chains are free to move, and thus the orientation of sub-micron inorganic
particles under the influence of the applied fie: ! is facilitated. The matrix polymer is also
affected by the poling field. Orientation of chains occurs and a reduction in relative
permittivity is observed due to an induced increase in crystallinity®.
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FIGURE 3. Graph of pyroelectric coefficient versus poling electric field for barium titanate /
70:30 p(VDF:TrFE) thin-film composites at T=293K.

Inorganic Material BaTiO3 BaTiO3 Pb(Zr, Ti)O3 | PTIOs LiTaO3
(Volume Percentage) || (8%vol) (5% vol) |(71%vol) | (8% voi) (6% vol)
" -1
:t(T"f”Z"K’ 429 434 510 503 596
Poling Ficld ( V/um) 25 20.8 25 62.5 22
Film Thickness (um )|l 1.7 1.8 28 08 18
€l 8.37 16.8 203 8.26 124
f=200Hz| and 0.0150 0.0145 0.0217 0.0196 0.0180
Po 121 879 768 125 126
€l 8.23 16.5 8.10 122
f=1kHz | tand 0.0206 0.0186 0.0236 0.0220
o 104 78.3 115 115

TABLE 1. Pyroelectric coefficient, diclectric data and pyroelectric figure of merit for inorganic /
70:30 p(VDF:TrFE) thin-film composites.

A poling duration of greater than 104 seconds is required in order to obtain a stable
polarisation. This is due to the existence of a broad distribution of particle and domain
switching times in the inorganic phase!0. Long-term poling results in the majority of
domains being preferentially oriented and stability is then maintained by co-operative
alignment. In short-period poling stresses due to non-aligned domains force aligned
domains to relax to their initial positions resulting in a reduction in polarisation. It may
alsg‘ lbc speculated that polymer/particle interactions lead to enhanced polarisation and
stability.
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The poling field applicable is limited by clectrical breakdown of the thin-film
composites. The inherent inhomogeneities, air trapped at interfaces, absorbed moisture
and grain boundaries all represent low strength clectrical pathways. Increased fractions of
incorporated inorganic powder also result in a greater frequency of low field breakdown.

4.2 Diclectric R
All of the composites display similar dielectric spectra. The general form is compatible
with a Debye-type dipolar relaxation mechanism. However, since the materials are two-
phase composites it is more likely that the response is due to interfacial polarisation as
described by the Maxwell-Wagner effect!!,

The values of relative permittivity are smaller than expected. This may be due to
errors in the thickness determination or an uncertainty in the thickness due to a high
degree of surface roughness. A inore likely explanation of the effect is the existence of
the thin layer of native oxide on the aluminium base electrode and the presence of some
trapped air within the films.

The reduction in relative permittivity on poling is probably due to an increase in the
polymer crystallinity and alignment of the low permittivity inorganic polar axes.

The dielectric loss tangent of the materials is dominated by the loss mechanisms of
the matrix polymer phase. For the low percentages of inorganic powder used here there
is not expected to be any marked effect due to the losses in the particles.

5. CONCLUSIONS

Thin-film composite materials have been produced by a spin-coating method. This
technique resulted in robust, good quality films with thicknesses from 0.5um to 3um.
This is in the correct thickness range for optimum absorption of infra-red radiation. The
composites consist of a highly active, ferroelectric inorganic powder dispersed within a
70:30mol% vinylidene fluoride:trifluoroethylene copolymer matrix. After poling the
materials exhibit pyroelectric activity which is appreciably greater than that of the pure
70:30 VDF:TrFE copolymer at room temperature. As a result the dielectric noise figure of
merit for the pyroelectric performance is up to 45% greater than that for the pure
copolymer material. Therefore thin-film pyroelectric composites are good candidates for
possible use in an integrated thermal imaging device.
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PYROELECTRIC PROPERTIES OF RAPID GROWTH ATGSP CRYSTALS

FANG CHANGSHUI, WANG QINGWU, ZHUO HONGSHENG, WANG MIN
Institate of Crystal Materials, Shaadeag Uviversity
Jinaa 260100, P.R. China

Abstract The growth rate of medified TGS (ATGSP) crystal 1las
beea increased from 1mm/day te OGmm/day by ivcreasing the
stability and quickening the convection of the solution. The
pyroelectric, dielectric and ferroelectric prepertios of the
rapid growth ATGSP erystals have been measured. The quality of
the crystal is good. The pyroelectric figure of merit of ATGSP
erystal growa by rapid growth rates is the same as that of
slow growth erystal. However the rapid growth erystal has mere
L-alanine coateat snd lewer tand than that of the slow grewth
crystal and it has very high bias field (By).

I. Intredaction

L-alanine and phesphoric acid deped TGS Crystal (ATGSP) is the
medified TGS Crystal with excelleat preperties. It Rhas 1lighk
pyreelectric coefficiont p and internal bias field (Bs) and ecan
loek the polarisation. Its pyreelectric figure of merit is higher
than that of TGS erystal®? 8¢ ATGSP ecrystal is an optiml
material for the fabriecation of IR detectors sad vidicon target
surface.

This erystal is cultivated in squeous selution. Generally,
the growth rate of ATGSP crystal aleag the polar axis ( b axis)
direction is ealy Imm/day. With the fast develepmeat of science
aad techaelogy, there is an urgeat demand feor suck deped TGS
erystal with o large (8X8cm®) section. Accordiag to nermal
growth rate, it will take ss leag as several meaths te finish s
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growth peried, which is far froem satisfying the demand for the
quiekly develeping IR devices. Therefere, the research of the
rapid growth of deped TGS crystale has an importast practeal
sigaificance and aiso becomes an important research direction for
water soluble erystals. '™

This paper reperts, for the first time, the results eof the
studies of rapid grewth of ATGSP ecrystal. By imecreasing the
stability and quickening the convection of the selutien, the
growth rate of ATGSP crystal has been incressed frem lmm/day to
more than Smm/day. The pyroelectric, dielectric and ferreelectric
properties of rapid grewth ATGSP crystal have been determised
systematically. It is found that the rapid growth ATGBP erystal
has more L-alanine content than that of slow growth ATGSP erystal.
Moreover the rapid growth crystal has very high interaal Dias
field and very low dielectric loss. These all have important
sigaificance in the fabrication of high quality IR devieces.

I Experiments and Results:
1. Single Crystal grewth

The starting materials are made up according to the following
chemical equation :
31 (1-x) NHyCH,COOH+xCH,CH (NH,) COOH] + (1-y) H380,+yHsP0( =

[ (N\H3CH5COOH) , - » (CHoCH (NH,) COOH) .] 5 H380,) ;-5 HsPO0() ,

where x=10% y=30%. The PH value of the solution is 2.4. The
erystal growth conditions are the same as those of pure TGS. The
crystal seed was prepared by cleavage of an ATGSP ecrystal with
good monodomsin characteristics. The area of the seed section is
6X 65 em®. The rapid growth of doped TGS family erystals has been
realized preliminarily by using unidirectional growth techaique
under the conditions of fixing the seed without rotation and by
inereasing the supersaturation and convection of the solution.
The growth rate along the polar axzis inereased from 1mm/day to
Sum/day. By adeptiang this technique, we can make the erystal
grow by pushing forward slong (010) er (010)face. The area of
erystal thus growa is not decreased ebviously.

3. The measurement of properties

The samples used for measurement were cleaved frem the rapid
growth sad slew growth ATGSP crystals respectively. The section
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areas of the crystal slices processed were about 40mm® and

thickness 0.6mm. Alumizium electrodes were evaporated oo them .
The pyroelectric coefficiont of ATGBP crystal were measured

by charge integral method. !®) The temperature-rising rate was

1° /win. Pig. 1 is the temperature (T) dependence of pyroelectric

coefficiont P of the erystals grown by different growth rates.

From Fig.1 we can see that the pyroelectric coefficionts of the

P (107Y/0u™X )

Fig. 1 Temperature T dependence of
pyroelectric coefficient P

20 30 40 50 80 %)

crystals grown by different growth rates are identical at room
temperature stage. When the temperature is higher than 30°C, the
P of the rapid growth crystal is slightly smaller than that of
the slow growth crystal. At Curie temperature, the pesk value of
the former is evidently smaller than that of the latter. When
temperature is higher than Te, the decreasing of P of the rapid
growth crystal becomes slower and it decresses to sero at 70T,
Vhereas the decreasing of P of the slow growth crystal is rather
quick, it decreases to zero very quickly at temperature higher
than 56°C. This is decided by the different bias field of these
two crystals,

The electric hysteresis loop of the crystal was measured by
using Model TRC-1 psudo-static eleetric hysteresis loop meter.
This meter was designed on the basic of Sayer- Tower circuit
principle and has very high measuring accuraey. *** The electrie
hysteresis loops of the crystals grown from the same solution
(containing 10%M L-alanine) by different growth rates are shown
in Fig.2 . It can be seen from this figure that the internal
bias field Bb of the siow growth (1mm/day) erystal is about
1. 3kv/em while that of the rapid growth (5mm/day) crystal is as
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high a8 11kv/em.  This is Decause the magaitude of Bd is
prepertional to the content of L-slsaine ia the erytals phase. '
Prem snalysis, it is found that the L-alanine coeateat ia rapid
growth erystal is mere than 60% higher than that ia the slew
growth erystal.

) 3

P P
WA > 7?’
—LJ B(V/ca) 4 W eavien
(a) 1sw/day (b)Sam/day

Fig. 2 Hysteresis loops of the differeat growth rate erystals

The dielectric constant ¢ and dielectric loss tan 8  were
measured by using HP4374A Bridge at frequemey 10 KHs.  The
electric field exerted on the samples was less than §5V/em. The
results of measurement are shown in Fig. 3 and Pig. 4. Frem ¢ - T
curve in Fig. 3, we can see that the z’s of slow growth crystal
and rapid growth erystal are approximately the same at roem
temperature stage. When the temperature is higher than 30TC, the
¢t of the latter begins to decrease and its value becomes smaller
than that of the former. The closer the tempersture towards Te,
the more evident is the difference of ¢ betwesn the two erystals.
Moreover, the Te’s of the crystals growa by different growth
rates are also different. The Te of the rapid grown erystal is
60.6°C, which is slightly higher than that of the slow growth
crystal (whose Te=49.3C). From Fig. 4, it can bo seen that the
dieleetric loss of the rapid growth crystal is smaller than that
of the slow growth erystal. In the vicinity of Te, tand of the
slow growth crystal has very large peak value while that of the
rapid growth erystal is rather samll. These results are quite
contrary to that of pure TGS crystal. '™ The ¢ and tan &  of
rapid growth pure TGS erystal are all larger than these of slow
growth pure TGS, This difference is attributed to the high
internal bias field existing in the doped erystal and its Dbeing
completely monodomainsed.

For the convenience of comparing the pyroelectric preperties
of ATGSP crystals growh by different growth rate, we summarise
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the results of measurements in Table |.

Table 1. Pyroelectric properties of the different growth rate

ATGSP(25°C)
Growth rate Te | € | tand P Fb M( p/e)
o (107%c/ce® * K) | (kv/em) | (107%c/ca®K)
1an/d 49.3]130]0.004 4.3 1.2 1. 43
Sen/d 50.8 | 28 | 0.0021 4.0 ~10 1. 42

From the above table, we can see that the pyroelectric figure
of merit of the rapid growth crystal is basically the same as
that of the slow growth ecrystal , but it has & far higher
interna] bias field and a far smaller dielectric loss. The rapid
growth erystal is completely in monodomain state. The
modification of these properties plays an important role in the
improvement of the quality of the IR devices.

There is evideat difference between the properties of the
rapid growth doped TGS and pure TGS crystals. So far as the
Iatter is concerned, the dielectric constant ¢ and dieleetric
loss tan 8 are all incressed, while those of the ATGSP erystals
are all decreased. This is owing to the fact that the rapid
growth rate leads to the inerease of L-slanine content iz the
crystal and increased monodomainization of the crystal.
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In order to preveant depolarization of the erystal, it usually
demands that the content of L-slanine in the selution should
keop at about 230%WM. The higher the coatent of L-slanine is, the
more difficult is the erystal growth, Howover, after we adopted
the rapid growth method, it is pessible to grow crystal which
has higher internal bias field frem the solution deped with less
amount (10% M) of L-alanine. This results in the prevestion of

depolarization. The techaique of rapid growth azd the
comprehensive appraisal of its influence on ecrystals will be
reported in snother paper.
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INFLUENCE OF SURFACE LAYERS AND ELECTROTHERMAL COUPLING
ON DIELECTRIC LOSS OF THIN CHIPS MADE FROM MODIFIED
TRIGLYCINE SULPHATE

NORBERT NEUMANN and GONTER HOFMANN
Technische Universitiit Dresden, Institut fir Feskorperelektronik,
Dresdner Institut filr angewandte Sensorik (DIAS),

0-8027 Dresden, Mommsenstrae 13, Bundesrepublik Deutschland

Abstract Diclectric loss tand is an essential source of noise in pyroelectric detectors. In reflecting
on the dielectric loss of thin chips made from modified triglycine sulphate (TGS), it has been
found out and experimentally shown that surface effects and electrothermal coupling effects cause
a considerable increase in dielectric loss. The publication gives data on temperature and frequency
dependence of dielectric lcss, depending on mounting, chip thickness, surface treatment regime,
and electrode patterning technique.

INDRODUCTION

Modified TGS (deuterated, doped with L-a-alanin or L-a-alanin+Cr3* respectively, and y-irradiated) is
applied preferably in pyroelectric sensors because of its favourable pyroelectric and dielectric properties
of attaining high sensitivity and a high signal-to-noise-ratio. !

The dielectric loss tandp of the sensor element plays an important role as a source of noise within
the frequency range from 10 cps to some 1.000 cps. With a large number of certain data available, the
temperature and frequency dependences of the permittivity's real part &' are understood, while the
behaviours of the permittivity’s imaginary part £" and the dielectric loss tand=¢c"/¢’ arc less known,
particularly within the mentioned frequency range.

Of the various mechanisms contributing to the dielectric loss the influence of surface layers and
electrothermal coupling effects will be considered. These mechanisms appear much stronger than for
nstance dc conductivity, parasitical parts of sample impedance, domain wall motions, soft mode, and

piezoelectric resonances, if measuring conditions and sample preparations are chosen accordingly?

SURFACE LAYER

It was found out that the dielectric loss tandp of pyroelectric elements, made from modified TGS is
heavily dependent on element thickness3 This fact is also true for the complex permittivity of BaTiO, 4,

the real part £’ of TGS %+ 6 , spontancous polarization, and coercive field strength” It can be explained on
[513)201




202/{514) N. NBUMANN AND G. HOFMANN

the basis of a model where the sample is considered as nonuniform and the properties of surface layers
are different to the bulk values®

A simple model of surface layers, consisting of ferroclectric bulk and thin nonferroelectric surface
layers with low permittivity (a B-type layer 8), is also able to reveal the thickness dependence of tanb.
Figure 1 shows the simplified model of a pyroelectric element with surface layers on both sides.

o~ -
Jols Jalg
i —i
e‘;- Cb C& O ——0
tan & tandy tandy
A L '—'.Tf
1
% L wigtandy,  wlgtondy

FIGURE 1 Simplified model of a pyroelectric element with surface layers and equivalent circuit

With
A\ : -—A—-
Cs =&os g m
A
Co=¢ofhg, @
from the equivalent circuit, the dielectric loss is obtained

&5 dg ( 1+ tan2s;)
tands + ep dgU1 + tan?by) ' 0B

tand = £ dp (1 + anog) @

I+ e dg (1 + tan%sy)

Provided that magnitudes £5/dg , tandg and tandy are independent of temperature, the loss dependences
on temperature and thickness can be calculated. Figures 2 and 3 show the calculated temperature and
thickness dependences of dielectric loss of DTGS:L-A for tanby = 0,001, e5 = 7, tandg = 0,1 and the
parameter dg. On the given conditions, three limitations can be deduced from Eq. (3), premised that
tanZdg « 1 :

C'SdB m&s ) _ 4
epds ” tansg( 1+ tan2sg) + tand = tandp @)

] &g dg tandg 1 [ g dp

1 [sd% ) 1
(1 +an2dg) 395 * tandy(1 + tantsg) “tang = | cpds* ! tandg ©)

-y
e

II:
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N 1 S .
m: sads * (1 + oty : tand = tandg ©)

These limitations are illustrated in Figs. 3 and 4. At Curic point temperature, where values of 103-106
for ¢, are measured, or if the quotient dg/dg is small, surface determines total diclectric loss, whereas at

low temperatures or with a large quotient dg/dg bulk determines loss. In some case, the temperature
dependence of 1/eg ~ T -T! typical of ferroelectrics involves just such a one of 1/tab.

B Nl
LN RN
N\

0 50 t W v’ v’ o yn o

o —

1000

FIGURE 2 Theoretical behaviour of tand as a func- FIGURE 3 Theoretical behaviour of tanb as a func-
tion of temperatur (parameter dg/nm; dp = 20um) tion of thickness (parameter dgfam; 8 = 25 °C)

In Fig. 4 this is illustrated by samples of TGS prepared in various ways. Samples 1, 2, and 3 were made by
cleavage and treated by glow discharge before depositing the electcrodes by high vacuum evaporation.
The unfavourable effect of glow discharging on the TGS surface is clearly visible . Indeed the adhesion
on untreated TGS surfaces, of metal layers deposited by high vacuum evaporation is . >t satisfactory. An
alternative method was found by cleaning the surfaces with ion beam milling, which was used for sample
4. Interpreting the ascent, one obtains an effective thickness of surface layer 4y/ey of about 6 nm for

sample 4, compared with about 40 nm for the glow discharged sample 2. Applyingey = 7. 10 one arrives

at a thickness of surface layer dg/2 of about 20 nm, which shows the superiority of ion beam milling.

If the sample surface is treated by glow discharge before evaporating electrodes, the thickness
dependence of dielectric losses of TGSy and DTGS:y shown in Fig. 5 is observed in contrast to the
DTGS:L-A-samples treated by ion beam milling. The thickness dependence that was measured on
samples with surfaces treated by glow discharging can be clearly attributed to the influence of surface
Iayers, wich confirms Eq. (3). With dp > 100 um, the value tandy of 1..2:10* of bulk determines the
measured loss tand of ion beam milled chips.
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FIGURE 4 Dielectric loss vs. temperature of sam- FIGURE 5 Dielectric loss vs. thickness of samples
ples with various ways of surface treatment with various ways of surface treatment
ELECTROTHERMAL COUFLING

Figure 6 shows the frequency response of a freely suspended sample of TGS:L-A+Cr3* for various
measuring conditions. There is a typical minimum of loss between 03 cps and 104 cps; its value is
determind by crystal growth and samples preparation. The increase found at lower frequencies is due to
the transition from adiabatic to isothermal measuring conditions.!!

’ —c—  Yocuum
2 -l l/?
o S |
tan 6 d
2
170

w2 5022 5102 5024 10

f——
FIGURB 6 Dielectric loss vs. frequency of samples of TGS:L-A+Cr3* measured in N, and high

vacuum

In high vacuum there is no thermal conduction 1o surrounding gas layers and so the increase found at
lower frequencies is not so pronounced. The frequency response of complex permittivity caused by
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thermal conduction between sample or sensor element respectively and surrounding can be calculated, in
regarding the pyroelectric as a thermodynamic system in stress-free state :

e=(c -je") =gt -% Tr(jw) y)]

where in contrast 1o Stokowski !2 the complex normalized current responsitivity Tp(jw) 13 is used to
describe the thermal conduction between chip and surrounding. Hence the dielectric loss caused by
thermal conduction with the surrounding is

€
tandy == ky? Im| TpGw) } ®)
with the electrothermal coupling coefficient

In Fig. 7 the measured and calculated diclectric losses tand are represented as a function of frequency for
two different arrangements. The measurement of dielectric loss was not only taken directly by a capaci-
tance measuring bridge HP 4275 but also indirectly by pyroelectric sensors in determining the normdized
noise voltage with Eq. (10)

e - D 1) 2_"’_M
tandr = (7,2 - U2 - Uy 2 - Upny )4kT Cp (10)

where u;, is the normalized noise voltage of the sensor,u;, g, U},;. and W, are the normalized noise
voltages caused by input resistance, current and voltage noises of the preamplifier integrated in the
sensor, and Cp and C;p are the capacitance of the pyroelectric element and the input capacitance of the
preamplifier; and in measuring the phase shift ¢ and amount of normalized current responsitivity Mgl
with Eq. (11)

1andy = k2 sing MMy an

The complex normalized current responsitivity Tp(jw) is calculated on the basis of the thermal conduc-
tion equation of a sensor with layer structure. The part tandy. can be determined with the help of Eqgs. (8)
and (9).1* In both variants of mounting, an increase in dielectric loss tarb is found at lower frequencies;
it is pronounced with element 33. The very good coincidence of measured and calculated values of
sample 3,3 shows that Eq. (8) car be applied for calculating the part of loss taB; at frequencies
£ 5 lupdpl (up =(jw/ap)'? , ap...ther::af ifussivity of the pyroelectric), where a homogenous change of
the pyroelectric’s temperature can be sugposed. Also with the freely suspended chipS44 the mro:ndm;
gas layers and the carrier made of a polymer cause the loss part tarBy at f = 10 Hz to be dominant.
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FIGURE 7 Influence of DTGS:L-A sensor clement mounting on frequency response of dielectric
loss

CONCLUSIONS

The experimental results are in accordance with the theoretical considerations, showing that surface
layers and electrothermal coupling effects can cause an increase in dielectric loss. The thinner the pyro-
electric chip is, the stronger both effects will appear. This has to be taken into account in design and
production techniques, since thin pyroelectric chips with low losses are prefered for pyroclectric sensors.
Dielectric loss can be influenced not only in TGS, but also in other pyroelectrics, for instance thin ferro-
electric layers on substrates.
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PYROELECTRIC RESPONSE OF PIEZOELECTRICS

Yu.M. POPLAVKO, M.E. ILCHENKO, L.P. PEREVERZEVA
Kiev Polytechnical Institute, 37 Pobedi ave. Kiev
Ukraine 252056

Abstract It has been originally shown that uniform
elastic or thermal perturbation may induce volume
piezoeffect or pyroelectricity correspondingly in all
20 plezoelectric classes of crystals if they are
partially clamped. The last of these effects may be
named "thermopiezoelectric” response - TPER. It has the
same value of magnitude as the usual pyroelectric
response but TPER can be essentially amplified in the
vicinities of SHF-electromagnetic or (and) electrome-
chanical resonances. Piezoelectric crystals significan-
tly extend the choice of pyroelectric materials and the
possibilities of its applications. For instance. the
semiconductors of GaAs type gives rise to a new genera-
tion of pyroelectric sensors being microelectronics
processors in which thermal transducers, amplifiers and
commutation system could be integrated in the space of
the same crystal.

INTRODUCTION

The extraordinary pyroelectric responses have been observed
in piezoelectricsi-2 and even in pyroelectrics in the direc-
tion perpendicular to the unique axis4.8. As a rule these
responses were associated with temperature gradient!.® and
explained as tertiary pyroelectricity2. Linear electrome-
chanical response (piezoeffect) may be considered as the
linearization of electrostriction by intercrystal electric
bias depending from polarity®. The intrinsic polar structure
is noncompensated in 10 pyroelectric classes of crystals
but is exactly compensated in the other 10 piezoelectric
classes.

For instance, planar neutralization of intrinsic pola-
rity takes place in crystals of point group 32 such as
quartz. It has three polar axes of two-fold symmetry cross-
ing at on angle of 1209 and being perpendicular to the non-
polar axis of three-fold symmetry. The spatial self-compen-
sation of electric polarity can be observed in cubic crystal

(519207
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classes I3m and 23 point groups. Thay have four polar axes
of three-fold symmetry crossing at on angle of 109°. That
is why piezoelectrics could be described as “antipyroelect-
rics”. Prefix “anti-" acquires sense only if the compo-
nents of electric polarity can be detected.

TABLE 1 Charge separation phenomena in insulators.

The type of charge response Elastic constraints
according to the crystal symmetry of samples

1.UNIFORM CHANGE OF TEMPERATURE

1.1. Primary pyroelectricity - thermal From completely
disodering and the change of spon- free to totally
taneous polarization in 10 polar clamped crystal
classes of crystals.

1.2. Secondary pyroelectricity - Stress-free
piezoelectric transduction of crystal or
thermal strain in 10 pyroelectric partially
(polar) classes. clamped one

1.3. THERMOPIEZOELECTRICITY - piezoelec- Partially
tric transduction of anisotropic clamped crystal
limited thermal strains in 20 non- solely

centrosymmetric classes of crystals
2.GRADIENT CHANGE OF TEMPERATURE
2.1. Tertiary pyroelectricity in 20 non- Spatial

centrosymmetic crystals nongomogeneously
2.2. Thermopolarization in any dielect- stressed
rics noticeable when & = 103-10+. crystal

But it is well known that uniform change of temperature
can not generate any charge in "antipyroelectrics” because
piezoelectrically transduced thermal strains are compensated
totally. Nevertheless recently we have found the conditions
in which scalar (uniform) thermal or elastic influences
induce pyroelectricity or volume piezoeffect in all 20 pyro-
electric classes of crystals3. It is anisotropic limita-
tion of thermal strain that we propouse to prove the polar
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motivation of piezoelectricas = “antipyroelectrics”. As shown
further, partially clamping may be realized.

This new THERMOPIEZOELECTRIC RESPONSE (TPER) gives “pyro-
coefficient” p = (10-¢-10-3)C m-2 K-1 in various piezoelec-
trics. The TPER has been confirmed by experiment in SiO2,
NH4H2PO4 and Bii2GeOz0 crystals3. The place of TPER amidst
the related properties is shown in the Table 1.

The secondary pyroelectricity looks like thermopiezo-
electricity but it is inherent only to 10 pyroelectric clas-
ses. It may be observed both in partially clamped condition
and in stress-free crystals. Apparently, it is the spontane-
ous strains that plays a part of “partial clamping” in pyro-
electrics. Both TPER and secondary pyroelectricity are im-
possible in totally clamped crystals.

The special interest is to compare TPER and tertiary
pyroelectricity. Both of them are inherent to piezoelectric
classes of crystals and may be excited by elastic stresses
which are thermally induced. Nevertheless, the reason for
the tertiary effect is the spatially nonhomogeneous tempe-
rature distribution while the source of TPER is the aniso-
tropic boundary conditions. The last leaves the possibility
of only one type of thermal strains, just in the direction
of a piezoelectric axis. The other strains are forbidden.

BASIC RELATIONS

To obtain the formula of TPER coefficients we used thermody-
namic equations of a short circuited piezoelectric crystal?:
dSn = smn’ dTm + ©<a'T ar, .

dP,

dIn dTn. , 1=1,2,3, =m,n=1,2,...6,

where E- electric field, T- temperature, Pi- electrical po-
larization, Sn and Tm - the components of strain and stress
tensors, smn', dim and 2% the components of elastic comp-
liance, piezoelectric strain coefficient and the thermal
expansion coefficient respectively.

The solution of these equations depends on crystal sym-

metry and the partial elastic constraints. There were consi-
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dered: tangentially clamped plate and longitudinally clamped
rectangular rod.The following boundary conditions were used:

1.Very thin but “"endless” plate of piezoelectric crystal,
which must be cut perpendicularly to one of the crystal polar
axis, then covered by electrodes and stuch to the substrate.
The plate’s thickneas has to be much less then the thermal
diffusion wave lengh so that the temperature gradient is neg-
ligible and tertiary pyroelectricity is practically absent.

No-bending comparatively thick substrate obtained from
the §i02 glass for instance, must be characterized by very
small thermal expansion coefficient to provide the tangen-
tial clamping of the plate. But the plate is free to expand
in the normal direction corresponding to the polar i-axis.
At such condition the TPER coefficient pi for piezoelectrics
of trigonal and hexagonal systems equals

dPs 9y, (0 85, -8, ,)
Py = = (2)

dT s s - s2
11 as 13

where i=1 for the 32 and 3 point group of symmetries and i=2
for the 6m2 and E groups.
The crystals of cubic system of 43m and 23 point group
of symmetries shows
24/3'a, o
P = (3)

3 4s + 8s + s
11 12 44

2. Thin but very long rectangular piezoelectric rod may
be clamped by the longitudinal electromechanical resonance.
The piezoactive facets have been covered by the electrodes.
In this case the TPER coefficients equal

d. . (o, + )
P = 14 t c(s (for 622 and 422 groups),
1 s + s + s + 28
11 as 44 13
dag( o€ + oK) -
p. = —0 1 (for 42m and 222 groups),
s s + s + 28 + s
11 22 12 6s
and p =d o s (for Z group of crystal symmetry).

3 31 b 8 11
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XPERIMENT

Partial clamping which causes the anisotropic limitation of
thermal strains may be realized:

-in static experiment by fastening a thin plate of
Plezoelectric crystal on a stiff subatrate which restricts
the planar strain components but leaves free the thickness
strain;

-in the dynamic case one may use the electromechanical
resonance clamping in piezoelectric transducer such as a
thin disk or long but thin rectangular rod.

In both cases the allowed part of elastic strains must
correspond to one of the polar axes directions. It is trans-
formed to unique polar axis. Consequently, the partially
clamped piezoelectric crystal decreases the symmetry of its
response and acquires pyroelectricity and volume piezoeffect.

The temperature dependence of such artificial
pyroelectric response was used to obtain the components of
intrinsic polarisation P+ which is totally compensated in
a free piezoelectric crystal. For example, quartz has AP1 =
o.z‘ﬁp cm—2 at 300K which linearly decreases with temperature
(P1 ~(© - T) and vanishes at o( -JB transition (O = 846K)).
So due to partially clamping we obtained one of three compo-
nents of intrinsic polarization APi.

Above the Curie point piezoelectrics of KDP type shows
another temperature change of intrinsic polarizations AP~
(8 - T)2, Here © is the point of the high temperature
transition (8 = 484 K for KH2PO4, 428 K for RbH2PO4 and 398 K
for KD2PO4). When T = 6 the dielectric permitivity &1 in
these crystal decreases approximately two times®. In ADP
crystal the low AP ~ (8 - T)2 is justified with 6 = 680 K.

APPLICATION

The value of TPER coefficient of piezoelectrics is the same
magnitude as in usual pyroelectrics. For instance,at 300K
ADP has ps=17 10-¢ C m-2K-1, BiizGe0z0 has 30 10-6C m-2K-2.
In berlinite p1=5.3 10-6, quartz 2.7 10-8, gallium arsenide
has 1.5 10-% C m~2K-1 and so on. In the vicinity of electro-
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mechanical resonance with the quality Qm TPER can be ampli-
fied proporticnally to Qm= 103-10%. We have shown that it is
possible to excite SHF electromagnetic resonance in TPER ele-
ments simulteneously with the electromechanical one®. The re-
sult is the additional increase of detector sensitivity. In
non-polar piezoelectrics microwave dielectric dispersion is
absent and loss tangent tan§~10-4 unlike a ferroelectric
pyroelectric with microwave tan §= 0.1 - 1.That provides the
high electric quality of such piezoelements as SiO2, GaAs,
Bi4(SiO4)s. Bi12GeOz0 which are characterized Qei=(tand )-3=
= 104, It is possible to create one-crystal pyroelectric
infrared sensors using piezoactive semiconductors such as
GaAs. Their voltage sensitivity S = 0.01 - 0.1 V m2 J-3
corresponds to pyroelectric one. There could be a new
generation of uncooled wideband pyroelectric sensors.

Their main advantage is the possibility to manufact the TPER
transducers, amplifires and commutation system in a single
semiconductor. Nothing but microelectronics technology can
guarantee the same properties of each elementary cell of
such transducers containing 102 - 106 cells. As a result
high uniformity and resolution can be obtained.
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THE RLECTROCALORIC COEFFICIENT OF LATGS CRYSTALS
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Dpto. Fisica de la Materia Condensada. P.B. 1065
41080-Sevilla. Spain.

Abstract: The specific heat and the pyroelectric coefficient of a
TGS crystal doped with L-alanine are measured. With the data the
electrocaloric coefficient is obtained. The behaviour of the
crystal is similar to he behaviour of TGS under an external elec-
tric field. The results are compared with the thermodynamic
theory.

INTRODUCTION

Since the introduction of the ferroelectric triglycine sulphate
(TGS) as a pyroeiectric material a great part of the work on
pyroelectric detectors has been based on itl. The major disadvantage
of using TGS is the possibility of a single crystal becoming multido-
main or depoling in use. To avoid this the crystal is grown from a
solution containing L—alaninea. The introduction of L-alanine molecules
in the lattice of TGS (LATGS crystals) causes an internal bias field
which makes the crystal permanently single-domaina.

Since the parameters involved may differ from sample to sample, it
is important that all measurements are performed on the same sample.
In this work we have measured the specific heat and the pyroelectric
coefficient of a sample and with the data we obtain the electrocaloric
coefficient.

EXPERIMENTAL

The sample, 0.8 cm2 in section and 3 mm high along the ferroelectric
axis, was cut from a single crystal of LATGS grown in water solution
of TGS containing 1 mol of l-alanine per 8 mol of glycine. The
experimental device is based on the rotating disc method and the
growth procedure is described elsewhere4.

Measurements of the specific heat were taken by means »f a con-
duction calorimeter designed for the study of ferroelectric materials
under applied electric fields. A constant power is supplied to two
heaters during a period of 9 min. A stationary regime is obtained in
which the sample reaches a uniform temperature. THe power is then cut

[525)213
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off for a second period of 9 min.,, during which the e.m.f. of a
thermopile (96 thermocouples of chromel-constantan) caused by the heat
flux exchanged between the sample and the calorimeter block is
measured with a HP Data adquisition system. The e.m.f. is previously
amplified by a Keihtley 148 Nanovoltmeter.

The pyroelectric coefficient was measured by a dynamic method. The
experimental cell for the measurements was used previouslys. A block
of aluminium holds two rectangular surfaces of brass, each containing
an electric heating element. The temperature ig measured by two
platinum thermometers. The output of one is directed to a Stanton-
Redcrof temperature programmer which enables us to work with a thermal
rate of 1 K/min. The pyroelectric signal was measured with a Takeda
Riken TR-8651 electrometer. The other thermometer and the electrometer

were connected to a HP-Data acquisition system.

RESULTS

In figure 1 the pyroelectric coefficient p:(dP/dT)E and the
specific heat (C) are shown versus the temperature. The maximum value
of the pyroelectric coefficient (.7 pC/cmZK) and the maximum gpecific
heat jump (-~ .16 J/g.K) are lower than in pure TGS (~1 yC/cmZK and
.28 J/g.K). This effect is due to the internal bias field (B=311V/cm,
measured by hysteresis loop) induced by the L-alanine molecules inside
the crystala'7.

According to the thermodynamical model of an uniaxial ferroelectric

crystal the following relations can be obtained:

-T.p
e= —-ﬁ- (1)
1/e= f. P + C,. ( p.('r-'ro) + 3.V.P2)/[5.P.T (2)

Where e = (dT/dE)S is the electrocaloric coefficient, p the
pyroelectric coefficient, p the density of the crystal, To the critical
temperature, p and ¥ are coefficients, C the specific heat and Co the
non singular part of the specific heat. The values of the polarization
P are obtained from the state equation E = f.(T_-T).P + V.P>. The
electric field acting on the crystal is E = Eex* B, where Eex(=0) is
the external applied electric field and B is the internal bias
associated with the L-alanine contenta.

The magnitude of B shows a remarkable temperature dependences’8
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within 1 K of To' In this region B decreases in the form B=a.(Tf-T)1/2

Tfis a temperature slightly higher than To. In this case the electro-

caloric coefficient is:
1/e = B.P + € . B.(T-T_) + 3.V.P%)/(p.P-dB/dT).T (3)

In figure 2 the electrocaloric coefficient obtained from (1), (2)

and (3) are shown versus the temperature. We have used the values:
p=1.69 g/cma, To = 322.6 K, Tf = 323.5 K, P= 6.25x103Vcn5/ 03,
a= 220 V/em kM2, p= a.2x10% ven/ C.K., C = 1.33 J.g7 K}

The behaviour of the electrocaloric¢ coefficient of LATGS can be
explained by the fenomenological theory of ferroelectricity using the
equivalence between the internal bias and an external electric field.
Near T° the experimental values of e are higher than that predicted
by equation (2). The discrepancy is solved using the fact that the
internal bias decreases near the transition and then the equation (3)

must be used.
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FIGURE 1 The specific heat and the pyroelectric coefficient
of a LATGS crystal versus the temperature
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FIGURE 2 The electrocaloric coefficient of LATGS:
+) Experimental data eq. (1).
-) Theoretical results eq. (2).
.) Theoretical results eq. (3).
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Department of Physics, IIT Delhi,
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Abstracts (Pby _,Gd,,) (Z2r GTi. 4)03 was prepared using the
solid solution ltechnique ‘with diiferent Gadolinium ratios
(x=0.0 & 0.5); variation of Dielectric constant of the
pellets prepared from these powders was studied as a
function of temperature and frequency. The results on
piezo- and pyro-electric coefficients, after suitable
corona poling, are encouraging. The X-ray diffraction
patterns were studied and the results are included in the
paper.

A considerable amount of work is being done on
Ferroelectric Ceramics both on preparation and
characterisation becauff 3f their use in piezo and
pyroelectric devices =2], Poling is an important
criterion for their device applications. Lead Titanate is
a highly anisotropic material but its device application
is restricted due to the difficulty :H' poling the ceramic.
This is because of high c/a ratio { in PbLTiO;. Normally
solid solutions of PbTiO; with PbZrOo; are made with
different amount of lanthanum doping. The lanthanum doping
has a marked effect both on the dielectrlj.f constant and
ferroelectric coefficients of P2T ceramic 1.

In the present work, PZT has been doped with
Gadolinium. (Gd). The preparation technique, pyroelectric,
dielectric and structural characteristics of Gd doped P2ZT,
are reported. Gd is a member of the Lanthanide series and
is expected to yield interesting results.

The Chemical formula of the ceramic is (Pb,_,Gd,)
(2r gTi ,)0, Where x = 0.0 & 0.5. This substitu%ion Xs
assumed":o occupy vacancies in the Pb position, so that
the structure would be electrically neutral. The starting
materials were PbO, 2ro,, '1‘102, Gd203~ obtained from
Aldrich Chem. Co. USA. These oxides were mixed in
stoichiometric proportions. Extra lead oxide (4% by weight
to the lead oxide required to form stochiometric ratios)
was added in the mixture before calcination. This is to
avoid lead losses during calcination and sintering. It was
then dried and calcined at 800 C for two hours. To the
calcined powder 4% by weight Polyvinyl alcohol (PVA) was

(5291217
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added as a binder and mixed thoroughly. The mixture was
compacted to form pellets of 1cm diameter, using a die and ‘
hydraulic press, under, a load @of 10 tons. The pellets were ?
then sintered at 950 C, 1150 C and 1250 ¢ in different !
batghes. During sintgring the samples were heated upto |
600 C very slowly (3 C/min) to aviod bending or cracking ‘\
of the samples. The samples were then taken to final
sintering temperature at a heating rate of 5 C/min and
were maintained at that temperature for two hours. The
sintering was done in a closed Alumina crucible in lead
atmosphere. P2T samples were also prepared in the same
way. The dengities of differgnt samples were:

(950 C) (1150 C) (1250 C)
PZT 6.47 6.625 6.984
PGZT 5.57 5.797 5.912

As the density of samples prepared at 1250°C is
maximum the data given is for these samples unless
otherwise me¢ :-ioned.

The X-iLay diffractograms of these samples were taken
using Cu radiation on a Rigaku diffractometer. The
voltage an current ratings used for the present
experiment were 40 KV and 30 mA respectively. X-ray scan
speed was 10 /minute. Dielectric measurements were done
using a Hewlett-Packard impedance analyser model no.
4192A. Quick drying silver paint electrode was used for
these and other electrical measurements. Samples were {
corona poled at a corona voltage of 7 kV and current 50 uA
for pyroelectric coefficient measurements. The
pyroelectric current was measured at a heating rate of
4 C/min on a Keithley 610C electrometer. The pyroelectric
coefficient was calculated using the relation:

P = (I/A)/(de/dt)
Where I is the pyroelectric current; A is the sample
electrode area; de/dt is the heating rate.

d measurements on the corona poled samples were
done on a Pennebaker Model 8000 Piezo d,5 tester. The d)
measurements were done on an indegeniously designed d
measurement assembly. It has a hydrostatic pressure vesse
containing the sample holder. The charge that develops on
the sample charges a standard capacitor (.1pmF). The
voltage on the capacitor is recorded on an Omniscribe
recorder and the corresponding pressure change is !
monitored on a manometer.

Differential scanning calorimetric thermograms of the
samples were taken on a DuPont DSC meter.

Results & Discussjon:-

Representative X-ray diffractograms of PZT and PG2T
are shown in Fig.1 and 2 respectively. P2T and PGZT plane
giving rise to diffraction peaks are also identified in
these figures. The presence of well resolved peaks due to
(002) and (200) g?ane indicates that the material is in
tetragonal formn(®], The c/a ratio for PZT and PGZT was
found to be 1.02 and 1.01 respectively. No appreciable

-
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Pig 1. X-ray diffractogram of PZT
ceramic.
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Pig 2. X-ray diffractogram of PGIT
(5% G4 doped) ceramic
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change in the peak positions was observed. The absence of
any new peak in PGZT indicates that Gd goes into the lead
vacancies without distorting the PZT lattice. Here it is
pertinent to note that although 4% by weight extra lead
was introduced in the sample before sintering, we cannot
rule out the possibilities of lead vacancies due to the
evaporation of lead.

The Differential scanning calorimetric thermogram of
PGZT sample is shown in Fig.3. The curie transition
temperature of the sample is as indicated by Fig.3. is
around 323.97 C. The curie tcnpgraigse for 60:40 ZrTio, :
PbTiO0; composition is above 400 C . This suggests t
Gd doping decreases the curie transition temperature of
iZT. Similar results were also observed in La, Sm doping

n P2T

The representative curves showing dielec{ric constant
€’ versus frequency at Room temperature (30 C) for both
P2T and PGZT are shown in Fig.4 , while the variation of
€’ with temperature at 1 kHz is shown in figures 5 & 6.
The effect of sintering temperature on E’is also shown in

Pyro coelficient (uC/K/m )

SOOW

250 v

200 -+

yroelectric

of
r1G 7. Variation P S pezT with

coefficient of PZT an
temperature
100+

50 1+

0 + + + t $
35 48 ) -3 7% L) %
Temperature C

these figures. It can be seen from these graphs that the
variation of dielectric constant with temperature and
frequency shows normal behaviour of a dipolar material and
is s&%ﬁlar to PZT in this temperature and frequency
range . The value of dielectric constant of the Gd doped
PZT is lower than that of undoped PZT. This could be due
to the smaller tetragonal distortion in PGZT samples
compared to P2T, which may lead to lesser dipole moment of
PGZT unit cell. Moreover, the lower density of PGZT may
also contribute to the observed low value of E’ compared
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to PZT. The effect of density on &’ is evident from the
increase in E’ with the increase in sintering temperature.

The variation of pyroelectric coefficient with
temperature for both PZT and PG2ZT is shown in Fig.7. It
was found that the pyro coefficient increases with the
increase in temperature. The piezoelectric d and d,
coefficients of P2T were found to be 125 and‘, 15 pC/N,
while for GA doped PZT these values were 200 pC/N and 26
pC/N respectivsly. The voltage sensitivity g, for Gd doped
P2T was 12x10 Vm/N which is higher than at of undoped
PZT.(5.64x 10~3 vm/N). This suggests that Gd doping
facilitates the poling of PZT. The results are compared
with Lanthanum doped PZT in table 1.

Table 1. Comparison of PGZT with PLZT

e st e, | o | on | neon |
P2T 826 | 8.20 1.154 41 |1.34] s4.94
przT(7]] 1200 | 17.4 1.638 40 |3.76] 150.49

\ PGZT 521 | 20 4.332 21 |5.23| 13s5.93 )

* The unit for dy, is pC/N

9h is x10~ /
dy. 9h is x10~ g‘ g/N

It can be concluded on the basis of these results that
Gd doped P2ZT is a better material than PLZT for the
development of pyroelectric devices. The above result also
indicates that the piezoelectric figure of merit is
comparable with that of PLZT and hence a good candidate
for its use in piezoelectric devices.
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CHARACTERIZATION OF FERROELECTRIC LIiT203 THIN FILM
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J.Stefan. Institute, University of Ljubljana, Ljubljana, Slovenia.

Abstract Ferroelectric LiTaO5 thin films were grown using an RF
sputtering method from a moriocrystalline target on heated substrates of
LiTaO4, silicon and sapphire. The strutture and composition of obtained
films were checked by means of XRD, AES and RBS spectroscopies. The
analysis of results showed that the films were preferentially oriented with
the c-axis perpendicular to the surface of substrates and stoichiometric.

INTRODUCTION

For sensitive pyroelectric detectors, crystalline LiTaO- is a material of choice due
to excellent figure of merit and other desirable fabrication characteristics.1'2 With
the advances in the methods of depositior of thin film ferroelectrics, the situation
should be reconsidered. The main thrust of research in thin film and integrated
ferroelectrics has been directed toward the nonvolatile ferroelectric memories,
which do not require the preferentially oriented material as it is the case with
pyroelectrics.34 For this orientation requirement the reactive RF sputtering
deposition method has been selected. Ideally, one should aim for the perfect
epitaxial film growth with the figure of merit equal to the bulk crystalline material.

Excellent thin film pyroelectric detectors have been obtained by Takayama
et al.5, made from La-modified PbTiO3, deposited on oriented Pt film and cleaved
MgO. On the other hand, reported LiTaO3 detectors have been made from
polycrystalline films.5-7 Their performance so far does not match comparable
detectors made from thinned crystalline material.

While there are reports on the growth of oriented LiNbO; film, there is
little on LiTaO489 , which has similar properties. It may not be always the case as
[s35)223
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far as the film formation is concerned.l9 The emphasis of this report is on the
growth of LiTaO4 thin films on various substrates and their structural composition.

EXPERIMENTAL

We employed the RF magnetron reactive sputtering method (see conditions in
Table I). For the target we used monocrystalline LiTaO block of 45 mm diameter
and 8 mm thickness. The substrates used were (111) silicon, fused sapphire,
metallic Pt, and (001) LiTaO3 and deposition was made on cold and 600 °C
heated surfaces.

Due to our target - substrate separation, the RF power was important
parameter. Lowering the power tends to increase the quality of films!0 until
reaching the range of nonstoichiometry. The structural characteristics and
compositions were checked by means of XRD, AES, RBS and SEM methods. The
thickness of films were checked by means of a profilometer and were measured to
be 200 - 250 nm.

TABLE 1. Deposition parameters.

Parameter Value
Target dia. 45 mm
Separation 20cm
RF power 350w
Pressure O, 4-4.6x104 mbar
Pressure Ar 2x10"3 mbar

Deposition rate 60 nm/h
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RESULTS AND DISCUSSION

The degree of crystallinity and orientation was checked by XRD. Fig.1 shows the
film deposited on the cold (111) silicon and then thermally treated for 1 hour at
600 °C. The film was amorphous after deposition and clearly reverted to
polycrystalline form after treatment with the residual amorphous phase that is
rather weak. The analysis of this spectrum shows identical peaks with the single
crystal powder result. The (006) peak is much smaller that the (104) peak. We
have also tried various heat treatment regimes as well as the deposition on
sapphire substrate. The resuiting XRD peaks were slightly shifted from the powder
diffraction peak positions due to internal stresses. The treatment used in Fig.1
showed the least deviation from the single crystal powder.

{104}

{nel
{o24)

()
(300)

intensity (arb. units)

ol LM
5 i) 5 K | 35 40
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FIG.1. XRD diffraction spectrum of LiTaO, po
annealed film grown on (111) silicon.
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The film obtained on the 600 °C heated (111) silicon produced XRD
spectra as shown in Fig.2. Comparing this result with that of Fig.1 we find that the
spectrum exhibits only prominent peaks at (104) and (006), thus indicating the
preferred c-axis orientation of grown film perpendicular to the surface of the
silicon. It should be noted the markedly different peak ratio as obtained in Fig.1.
Now the (006) peak is very prominent. The spurious ® = 13.5 ° peak (labeled with
X) has been discussed earlierl0 and was then attributed to silicon substrate. We
have found this peak in the case of both silicon and (001) LiTaO4 substrates.

{121
(10¢)

intensity (arb. units)

5 i) 25 0 35 W
© (degrees)

FIG. 2. XRD diffraction spectrum of LiTaO; oriented film grown on
(111) silicon at 600

Due to reports on possible stoichiometric composition problems%-10 we
performed careful checks on the films deposited on cold and heated silicon
surfaces. Fig.3 shows the Auger electron spectroscopy (AES) depth profile for the
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latter surface. The result shows that the obtained film bad the ratio for Li:Ta:O
calculated to 1:1:3 by taking into account the relative Auger sensitivities of the
elements.1l The same result was obtained also for the unheated surface. The
depth profile indicated homogeneous composition throughout the thin LiTaO4
film as well as the residual carbon impurities.

To further determine oxygen and tantalum contents the Rutherford
backscattering spectroscopy (RBS) with 1.3MeV hydrogen ions was used, Fig.4.
The spectrum shows strong tantalum and much weaker oxygen peaks (lithium
could not be resolved). The solid lines represents the model calculation from
which we could determine that the tantalum vs. oxygen ratio should be placed
between 1:2.5 and 1:3.

100 - % wygen .
o tontalum
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80 ® carbon
&  silicon
a
g, 60 ?*M‘—-——*\*—-*—M\*
w »*
- *
= 40 - *
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FIG. 3. AES depth profile obtained from LiTaO; thin film deposited
P pon (111) silicon at 600 ‘C(.)3

In conclusion: we have grown the polycrystalline and oriented LiTaO4 thin
films with a good stoichiometric composition. At presently it is not entirely clear
why such composition is found with single crystal targets while in the case of usual
powdered ones10 the excess of Li0 was required.
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FIG. 4. RBS spectrum obtained from LiTaO; thin film deposited on
(111) silicon at 600 *C. ge slohd line represents the model
culation.

REFERENCES

LS.B.L';S 4)1:n«.-_mmnmmmmm (Gordon & Breach, New York,

2.B.B.I.(aivgr§9néié, J.Polanec, P.Cevc, and A.Kandu3er, Ferroelectrics, 91, 323
3.JF.Scott, axpu da Araujo, Science, 246, 1400 (1989).

4.Proc. Sec. Symp. Integrated Ferroelectrics, Ferroelectrics, Vol.116 (1991).
S.R.Takayama, Y.Tomita, K.lijima, and .Ueda, L, Appl.Phys., 61, 411 (1987).
6.D’ Amico, G.Petrocco, A.Lucchesini, and F.Giannini, Materials Letters, 3, 33

1984).

7.8.W. §(im, }.Y.Song, Korean Aggl._khmg, 3, 229 (1990).

8.T.Kanata, Y.Kobayashi,and K.Kubota, 62, (1987).

9.R.C.Baumann, T.A.Rost, and T.A.Rabson, pLPhys., 68, (1990).

10.P.W.Haycock and P.D.Townsend, Lett,, 48, (1986).

11.Handbook of Electron Spectroscopy, L.E. Davies et al. editors, published by
Phys. Electron. Ind. 1976.




SECTION III
CONTRIBUTED PAPERS

IITh. PVDF and Copolymers




Ferroelectrics, 1992, Vol. 134, pp. 229-234 © 1992 Gordon and Breach Science Publishers S.A.
Reprints available directly from the publisher Printed in the United States of America
Photocopying permitted by license only

PvP127

EFFECT OF MOISTURE ON THE ELECTRICAL PROPERTIES OF BIAXIALLY
STRETCHED POLYVINYLIDENEFLUORIDE (PVDF) FILMS

PAULO ANTONIO RIBEIRO, M. RAPOSO and J. N. MARAT-MENDES

Faculdade de Ciéncias e Tecnologia ¥, Universidade Nova de Lisboa.
Torre, 2825 Monte da Caparica- PORTUGAL

Abstract Fﬂmsofbhxlaﬂystretched?olyvinyudeneﬂuondemﬂpdymen
were charged by corona discharge under humidity controlled atmospheres. The
surface potential builup is observed to have a first increase followed by a plateau
like region, after which a later stage the surface potential grows again reaching
a maximun value and decreasing again slowly. ’lhemaxnnumvaluemached
depends on the humility content. The higher the humidity content, the lower
the value of the maximum observed. This behaviour is explained in terms of
protonic motion due to water absorved in the bulk of the sample.

INTRODUCTION

The effect of moisture in the electrical properties of polymer films has been
reported before. It was shown, for a- PVDF samples, that the evanescent transient
current in step-voltage measurements! and also the buildup potential in corona
charging measurements for a and $ PVDF2-5 are strongly dependent of moisture. The
results were partly explained by the drift of charges generated by the fonic
dissociation of the absorbed water molecules in the bulk of the sample.

A sistematic study of the potential buildup curves of constant current charging
biaxially stretched PVDF samples in different humidity atmospheres was first
camedons.mepresenceofasatunuonvoltagemanmumandasuboequentﬂow
decay was attributed ito ionic conductivity due to water dissociation and the

equilibrium of water molecules and its ionic species. In this work we studied further
the humidity induced conductivity in PVDF samples.

EXPERIMENTAL SETUP

Figure 1 shows the corona triode we have developed in order to study the buildup
of the surface potential of samples charged with a constant corona current for
various degrees of humidity.

# and Centrg de Fisica Molecular das Universidades de Lisboa (INIC)
[541)229
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_v‘ Ve

Controtier

e

FIGURE 1 Schematic circutt of the corona triode for charging samples with
constant current. Vg and Ve are high voltage power supplies.

The triode is basically formed by a corona point, a metallic plate and a grid in
between. A guard ring on the plate prevents the surface currents from reaching the
measuring electrode (plate). The grid is a stainless steel mesh of 750 um spaced wire of
160 um in diameter. The grid to point distance was 11 mun and the distance plate to
grid was 2 mm. The plate current lo, was kept constant by means of a proportional
integral controller driving the gird voltage Vg, and the corona current I¢, was allways
kept at 4 pA by the supply Ve.

The sample potential Vit), is determined by means of the grid voltage using the
equation®:

Vi) = Vgrt) - Vp b))

where Vg(t) and V; are the grid voltage and the potential difference across the air gap.
respectively. For each set of experimental conditions - values of Ip, Ic. humidity
content . Vy was determined before the charging process with a bare sample older ( in
this case, V=Vyg).

The samples were 12 um thick, circular foils of biaxially stretched PVDF film
manufactured by Kureha Chemical Industries Company Ltd. The foils have a degree of

crystallinity of about 509 with cristalline parts consisting of nominaly equal
amounts of aand 8 phases. Circular aluminium electrodes of 15 mm diameter and
500 A thick were vacuum evaporated on one side of the samples. The samples were

kept stretched with the help of a metallic ring (holder) during the charging process.




P. A. RIBEIRO, M. RAPOSO AND J. N. MARAT-MENDES [543)231
EXPERIMENTAL RESULTS AND DRISCUSSION

Potential Buildup Curvea in Different Atmoapheres

Figure 2 shows typical curves of the potential bufldup versus time of positively

charged samples in dry air (O % H.R\) and in various degrees humidity atmospheres
with a constant current density of Jo = 17nA/cm2. Each sample was previously

charged in a dry atr and afterwards its surface charge was neutralized by exposing the
sample to the corona ions of opposite polarity, then it was submited to a new
charging process in the required humidity content. Similar results are obtatned for
negatively charged samples.

I"""""

0%

20%

0%

(4] 1000 2000 3000 4000
Time (s}

FIGURE 2 The buildup of the surface potential for samples positively charged
under different humidity conditions. Prior to the measurement, each sample was

previously charged under dry air with negative corona.

Dry air curve plainly shows the ferroelectric behaviour of PVDF sample . One
can distinguish three distinct regions: i) a initial fast increase of the potential
associated with the capacitive behaviour of the sample; i) a plateau like region due to
dipole orientation and 1if) another region of fast potential increase since the dipoles
had already been oriented.

By opposition curves of potential buildup in humid air present lower values of
the potential for stmilar times and a maximum potential value Vp, 1s attained. Also a
slow decay 1is observed after this maximum.

Since no surface current is observed or charge injection from the corona wind
speciesS it should be concluded that the effect is due to jonic conduction.

This decrease on the saturation of the surface potential with the humidity
content is interpreted as an increase in the conductivity of the sample, which should
be linked to the conduction due to the presence of the water in the bulk of the polymer.
This can be clearly seen if one writes that the total current density Jo, which is

constant during the charging process components:
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JoaaEk.ﬁ*ﬂ’h.ﬂ +debxl) @

where e—a——t'u and w_(%u are the displacement current components due to free

charge and dipoles and Jeix.t) is a conduction current through the sample. The
displacement terms explain the continuous increase of the surface bufidup potential
regions and the plateau like region in dry air, where no significant conduction is
taking place. On the other hand for PVDF charging in humid afr a conduction current
term is necessary to explain the saturation of the surface potential.

It has also been observed that a strait line is obtained if one plots the
maximum surface potential values versus the chamber relative humidity content,

Figure 3.

>

—6— Negative
...... & Positive

Maximum Surface Potential [kV]
Ulwﬂughﬂﬂ

=
S

2 30 40 50 60 .Y 80
Relative Humidity P}

FIGURE 3 The maximum voltage, Vi, attained during the charging process
as a function of the relative humidity.

This effect is similar to that occuring in porous ceramics where the electric
resistivity decreases lineary with relative humidity?-8. As in ceramics the increase
of the conductivity may be related to the water adsorbed in the walls of the pores of the
material. The dissociation of the water uslecules into H* and OH" ion may lead to an
fonic conductivity process .

In the polymer the water molecules may be adsorbed on the interfaces of the
lamellar folded crystalline chains of the polymer and with increasing humidity,
further layers of water are adsorbed and dissociated.

The conductivity should then be due to proton exchange according with the
equation:

HaO* + H20 & H20 + H3O* (3
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This process has also been suggested for ceramics? and is a characteristic
conduction fenomena in a medium where water is present.

This one carrier transport process is compatible with the similarity of the
surface potential buidup curves for positive and negative charging as reported 4.5,

Since surface buildup curves are similar for samples charged either positively
or negatively, we believe that we are in the presence of one carrier conduction process
associated to a proton tranfer in the sample.

Protonic conduction in PVDF has been reported before?. According to this
reference, it has been suggested that protons generated by dissociation of adsorbed
water molecules penetrate in the polymer. Since PVDF charging in a dry atmosphere
of 7.5% hidrogen, 92.5% nitrogen does not show charge tnjectionS, the proton tranfer
must be associated with the water of the sample.

Potential Buildup Curves for Differents Charging Currents

We also studied the effect of the charging current on the buildup of the polymer
surface potential at constant relative humidity. Figure 4 shows results for negative
charging of PVDF samples in 60% H.R.

4"""""""""'7

50nA

1] 1000 2000 3000 4000
Time [s}

FIGURE 4 The buildup of surface potential for negatively charged samples with
different charging currents under 60% R.H. atmosphere.

As usual these samples were previously charged in a dry air atmosphere. Results
for positive charging are stmilar.

If one plots the maxtimum of the surface potential attained in each charging
process versus current, a square root dependence is found for both positive and
negative charging processes2:6, which means a process of excess of charge carrier
transport. Calculations of the carrier mobilities under 60% H.R., give values of 4.8
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*10-16 m2/vs and 3.5 °10-16 m2/vs for positive and negative charging processes
respectively. The similarity of these values support the one carrier ides.

The authors are grateful to Junta Nacional de Investigacfio Cientifica ¢

Tecnoldgica (JNICT-Portugal) for the financial support.
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INTERACTION OF CORONA DISCHARGE SPECIES WITH TEFLON-FEP
(FLUOROETHYLENEPROPYLENE) FOILS

MARIA RAPOSO, P. A. RIBEIRO and J. N. MARAT-MENDES

Faculdade de Ciéncias e Tecnologia ¥, Universidade Nova de Lisboa.
Torre, 2825 Monte da Caparica, P.

Abstract Negatively corona discharge is a practical method of introducing electrical
charges in dielectrics to produce electrets. Results have shown that the Teflon-FEP
(fluoroethylenepropylene) electret charge stability is dependent on the corona
atmospheres. We have carried out charging experiments on atmosphere of CO2, 02, N2,
dry air and humid air. The charge stability has been studied by surface charge and
thermally stimulated discharge (I'SD) measurements. The corona process produces
electrons, meneuw-mmchﬁd-mmmm

to polymer surface traps. The activated neu

polymer
crea new traps or modifying the ting ones, being responsible for the decrease
of t:::g electret charge stability. ‘l'g:e?ﬂbct is strongly dependent on the corona
atmosphere and charging time.

INTRORUCTION

Corona charging in air is one of the most used methods for introducing electrical charges
Inpolymentoproduceelectretsl-z.mech&rgeomkmwntoumalnatthepolyma:mﬁceot
near it3. Studies of the electrets charge stability using thermally stimulated depolarization
current measurements (TSD) of Teflon-FEP (fluoroethylenepropylene) polymen‘. show that the
corona polarization time and current influence the charge stability and therefore the electret
lifetime. This was attributed to the molecular species, formed the process of in corona
discharge. impinging on the surface of the polymer. In order to further understanding this
process it is necessary to study the effect of the interaction of the various corona molecular
species with the polymer surface.

In this way we carried on corona charging experiments ‘of Teflon-FEP samples in various
controlled atmospheres (Ng, COg. O, dry air and humid ain5. Thermally stimulated
depolarization current measurements of these samples show that different molecular species
formed in the corona discharge have an effect on the polymer modification of surface states in
different ways.

EXPERIMENTAL SETUP

A special corona setup was developed for discharges under controlled atmospheres. This
setup is schematically represented in Figure 1. It consists essentially of a cylindrical vacuum

# and Centro de Fisica Molecular das Universidades de Lisboa (INIC)
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chamber 50 cm high and 30 cm in diameter. The chamber is connected to a high vacuum
system. with a link-up for gas admittance. A horizontal flange. with coanections for high
voitage, current, a humidity sensor, heating resistances, electrical motors and feedthroughs for
thermocouples, joining the lower and the upper parts of the chamber. This flange also holdes the
mechanical supports for a corona triode, a fan, and a shutter. The corona triode is composed of
a flat, horizontal metallic plate (sample holder). 15 mm in diameter, electrically isolated from
the chamber, a grid 30 mm in diameter, made of a mesh of 750 um spaced steel wires of 160 um,
and a corona tip made of a stainless steel sewing needle (Figure 1). The distance between tip to
grid and grid to sample is 6 mm and 5 mm respectively. The triode was used in the constant
voltage mode as indicated in Figure 1. with a negative high voltage regulated power supply
connected to the tip. A voltage of 350 V was applied to the sample holder. All the charging
experiments were performed under 1 atm pressure.

-4

w»

FIGURE 1 a) - The Corona Chamber: 1-manometer; 2-Corona tp (sewing needle); 3-
Metallic Grid: 4- Electret ; 5-Metallic sample holder (Back electrode); 6- to vacuum pump and
gas inlet: 7- Hortzontal flange. b) - The Corona Triode.

A metaliic shutter operated by remote controle is placed between the grid and the sample
to allow the control of the charging time. A gas flux with a speed of 5 ms~! could be forced
between the grid and the sample, when required, by a fan conveniently placed inside the
chamber. Samples were fllms of Teflon-FEP (Dupont), 12.7 um of thickness, with a 15 mm
diameter 500 A vacuum evaporated aluminium electrode in one side. The films were kept
slightly stretched by two concentric stainless steel rings with an internal diameter of 25 mm.
The unmetallized surface was exposed to the corona discharge. Measurements of the samples
surface potential were performed with a electrostatic capacitive probe, Trek Model 344-3 ata 2
mm distance from the sample. TSD current measurements were performed with an air gap.
using a low noise system. This set up is encloscd in a long and heavy metallic cylinder with the
connection to the electrometer far away from the heating source. An heating rate of 3.5 °C/min
was used. The distance between the sample and the upper measuring electrode was 1 mm.
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Corona Charging Experiments in Various Atmospheres

Samples of Teflon-FEP were corona charged, with a surface potential of 350 V, under
atmospheres of N2, CO2, O3, dry air and humid air for various time periods. Negative corona
currents of 20 pA were used in all experiments. Results of charge stability, obtained by the
thermally stimulated depolarization technique of samples charged under different
atmospheres during 10 seconds and 30 minutes are shown in Figures 2 and 3. respectively.

0.8

llllLLlllllllll lllllllll‘lllJl

Ol,e 110 15 190 230 70 110 150 190 230
Temperatura {°C} Temperature [°C]

Fl(;gij TSD resuilts of Teflon- FIGURE 3 TSD results of Teflon-

FEP sam| charged during 10 seconds FEP samples charged during 30 minutes
under various gas atmospheres. under various gas atmospheres.

These results show that for short charging time (108). independently of the corona
discharge atmospheres, all thermograms present a single current peak centered at 200°C. This
current peak is interpreted by assuming the release of electrical charges from the surface traps
during the heating process. The existence of a single current peak means that a singie type of
traps is involved. Calculation of the activation energies, using the initial current rise
method!+2:6 give a value of 1.9 eV. For longer charging times, only for polarization under Ng
atmosphere the thermogram presents the single current peak. while for the others
atmospheres, the thermograms present new peaks. Therefore the atmosphere of corona
charging has an influence on the charge trapping by the samples for longer exposure times. For
charging in CO2 during 30 minutes the results show a clear peak with a maximum at 120°C, to
which corresponds an activation energy of 1.4 eV. For other gas atmospheres a broad band
appears between 100 °C and 180 °C.

Measurement of the sample surface potential distribution taken immediately after the
charging process, show that a good charge uniformity is obtained in every experiment.
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The Effect of Samplc Treatment

in the process of the corona discharge there is the formation of charged particles and
neutral acttvated specles7'1°- In order to account for the effect of each we carried out
experiments with a gas flux forced tangentially to the electret surface during the charging
process. The charged particles follow the electric fleld 'ines. The species without charge
deviated from their normal trajectories, not interacting with the polymer surface.

Figure 4 shows thermal stimulated current curves of two samples charged during 30
minutes in a CO2 atmosphere. Curve | refers to a sample charged in the normal way L.e. as that
of Figure 3. Curve Il was cbtained from a sample charged under the forced gas flux. The major
differences between the two curves is the 120°C current peak which is absent in the
thermogram of the sample charged under the forced gas flux. Therefore we associate that
current peak with the neutral activated species impinging upon the polymer surface and which
are believed to change the physical properties of the surface 11 by the formation of new traps.
The blowing of the gas flux over the sample surface during the charging process under other
corona atmospheres leads also to thermograms with a single peak as in Figure 2. This suggests
that for short charging times under these atmospheres and for the corona current used, the
amount of neutral species interacting with the sample surface might be small.

025 110 150 190 230 18 75 0 75 15
Temperature [pA} Distance [mm)]
FIGURE 4 TSD results of the samples FIGURE 5 Surface Potential profiles

charged during 30 minutes in CO2 . Curvel - of samples treated under various
usual charging. Curve II - using a forced gas atmospheres.
flux during the charging process.

We have observed that the effects of the neutral activated species in producing new traps
can occur either during or before the charging process. Experiments were carried out on
samples exposed to the neutral activated species produced by a 20 pA negative corona current,
with the metallic sample holder connected to ground during 30 minutes, followed by a 10
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seconds charging process with the sample holder connected to +350 V. TSD measurements on
these samples give similar resuits to those obtained for samples charged during 30 minutes
under the corresponding gas atmospheres (Figure 3). The surface potential measurements
show also a good charge uniformity over the sample. As in these experiments the charging time
was only 10 seconds one would expect to get the typical results of 10 seconds charging (Figure
2). However the results obtained are comparable to those of Figure 3. Therefore one has to
assume that the exposure of the samples to the neutral activated species before charging
introduced surface modifications that are responsible for the low temperature current peaks
obeerved in Figure 3.

We also carried out experiments to study the effect of the activated species upon
precharged samples. The samples were charged for 10 seconds and consecutively exposed
during 30 minutes to the neutral activated species of the same gas atmosphere of the charging
process. Thermograms obtained from these samples are also qualitatively similar to those
presented in Figure 3. However in this case the surface potential measurements do not show
the usual charge uniformity for all samples. Namely, samples treated in No, dry air and
laboratory air atmospheres show a clear potential decay in the center of the sample surface
(Figure 5). This effect is very strong for samples treated in N9, and if the experiment proceeds for
longer time than 30 minutes the potential decays to 0 V. No-difference in this behaviour was
observed when a forced gas flux was blown tangential to the sample surface. Furthermore, TSD
measurements on theses samples show a corresponding decrease in the 200 °C current peak
that becomes null when the potential is O V. Experiments of polymer surface potential decrease
has been reported before and tentatively explained in terms of f) corona produced excited
molecules and photons inducing charge from surface states to enter the bulk of tﬁe polymer
(polyethylene)lz'13: if) excited molecules emptying of surface traps by energy transfer in low
density polyethylene 10; 411) an electronic current made of hot electrons passing through the
grid of the corona triode that may create pairs when loosing their energy, the positive lons being
driven to the sample surface by the electric fiekdi?. The possibility of such an electronic
current in a corona triode has also been lnveeugatedm. The results presented on Figure 5 show
also that for samples exposed to COg and O2 corona atmospheres there is no decay in the
surface potential. However these corona atmospheres seems to be good sources of excited
species, since they induce modifications on the polymer surface as can be concluded from the
TSD curves of Figure 3. These results together with the above mentioned ones for N3 and air
atmospheres cannot be explained in terms of charge injection into the sample. They seem
however to be compatible with an interpretation where the excited species indeed play a role
in the surface modifications, but the cause of the potential decay is linked with positive jons
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produced between the grid and the electret surface and being driven to the sample by the
electric flekd.

CONCLUSIONS

The atmoephere of negative corona charging of Teflon-FEP fiims influence the charge
stability of produced electrets.In the corona discharge process charged particles and neutral
excited species are produced. The production of these excited molecules seems to be very
efficient in CO2 . much less in O . humid air and dry air and almost null in N2, These excited
molecules interact with the polymer surface, being absorbed on it or reacting with the polymer
molecules producing new traps or modifying the preexisting ones The arriving corona charges
fill in both the preexisting traps and the new formed ones. Corona charges (an electronic
component} passing the grid of the coronatrlodeanthought'to produce ions pairs in the gap
grid-electret, the positive ions being driven to the sample and removing the negative charge
from the trape decreasing the surface potential.
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STUDY OF THE POLARIZATION OF VDF-TIFE 75%-25% COPOLYMER FILMS USING
THE PRESSURE WAVE PROPAGATION METHOD

Christine LABURTHE TOLRA, Claude ALQUIE, Jacques LEWINER
Laboratoire d'Electricité Générale, E.S.P.C.I, 10 rue Vauquelin, 75005 - Paris,
France

Abstract The PWP method allows the non-destructive measurement of the
homogeneity of the piezoelectric coefficient. The influence of the conditions of
polarization (amplitude of the poling field, temperature and duration of the
polarization process), associated to various thermal treatments, is investigated
in the case of VDF-TIFE 75%-25% copolymer samples. From these results, we
show that the thermal treatment has a large influence both on the kinetics and on
the homogeneity of the polarization. This is attributed to the variation of the
amount of ferroelectric phase resulting from thess treatments. It has also been
observed that the injection of electrons at the cathode plays an important role in
the build up of the polarization.

INTRODUCTION

The pressure wave propagation method (PWP)1-4 is well suited to study the
mechanisms involved in the polarization of piezoelectric polymers such as PVDF or
copolymers of vinylidene trifluoroethylene (VDF-TrFE)3-6. In this paper, the PWP
method is used to determine the amplitude and homogeneity of the piezoelectric
coefficient ezz in VDF-TrFE 75%-25% copolymer samples for various conditions of
polarization. First, the influence of thermal treatment before polarization, of the value
of the poling field and of the duration of the polarization process is analysed for thin
films poled at room temperature. Second, we analyse the build up of the polarization
when the polarization is performed at 100°C.

IHE PWP METHOD

We will only briefly recall the principle of this method applied * piezoelectric
materials3:4:7. We consider a plane sample containing a distribution of dipoles which
is supposed to be uniform in a plane parallel to the surface of the film and

perpendicular to the z axis. The propagation of a short pressure pulse traveliing at the
[553)241
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velocity of sound v along this axis produces a varialion of the image charges on the
electrodes which results, in short-circuit conditions, in a current i(t). Time t is
related 1o the position of the wave front by t=z/v. For very short pressure puises, the
current measured during the penetration of the pulse in the sample or its exit is
directly proportional to the piezoelectric coefficient ezz at the interfaces. During its
propagation in the bulk, I(t) is proportional to dezz(z)/dz.

EXPERIMENTAL

The samples are typically 120 to 170 um thick VDF-TrFE 75%-25% films. They have
been made by mold injection.

After polarization, ezz and dezz(z)/dz are measured using the PWP method. Short
pressure pulses (1ns duration) are generated by the impact of a 35 ps laser pulse on a
thin absorbing layer covering one of the electrodes. The current I(t) is measured using
a fast transient recorder.

BESULTS AND DISCUSSION

Polarizati I
The samples, metallized on both sides, are poled at room temperature by applying a
high voltage between these electrodes. Various conditions of poling are used and in each
case, the resulting polarization is determined by the PWP method.

Thermal treatment

In a first series of experiments, virgin samples are poled without previous thermal
treatment. In a second series, the samples are heated during 10 mn up to 140°C, that is
to say slightly above the Curie temperature (120°C) and then cooled down to 20°C
before poling.

The evolution of the polarization as a function of the duration of the poling process is
studied by measuring the distribution of ezz at different steps.

On FIGURE 1, the results obtained for a low value of the electric field E, equal to
0,3MV/cm, are presented. For the samples with no prethermal treatment (FIGURE
1a), the polarization develops slowly near the anode, while, in annealed samples
(FIGURE 1b), a uniform polarization is observed.
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(a) Without annealing (b) After annealing

FIGURE 1 Evolution of the distribution of dezz/dz with the duration of
polarization (E=0,3MV/cm). The position of the electrodes
during the polarization is indicated.

For larger poling fields (E = 0,7 MV/cm), the polarization is uniform in the two
series of experiments but the kinatics of the build up of the polarization are different.
For annealed samples (FIGURE 2b), the build up is faster than for samples without
previous thermal treatment (FIGURE 2a).
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(a) Without annealing (b) After annealing

FIGURE 2 Relative amplitude of ezz in the case of uniform distributions, versus
duration of poling (E=0,7MV/cm)
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it can be concluded that, in VOF-TIFE 75%-25% samples, annealing above the Curie
transition before poling at room temperature leads to a fast response to the poling field
and to a more homogeneous polarization.

Hysteresis cycle

The samples are first heated above the Curie temperature at 140°C and poled during
10s, at room temperature, with ditferent values of E. The polarizations observed by the
PWP method are uniform. Thus, it is possible to plot the piezoelectric coefficient ez2
versus E (FIGURE 3). The resulting curve is an hysteresis cycle which shows that ezz
goes to saturation for an applied field equal to 0,6 MV/cm and that the inversion of the
polarization is possible with a field equal in absolute value to 0,5 MVicm.

® 22
0,2 m?>

1
E (MV/cm)

FIGURE 3 Hysteresis cycle of VDF7s - TrFE25

Polarization at 100°C

The samples, non metallized, are first heated above the Curie temperature. They are
polarized at 100°C and ez(z) is measured at room temperature.

A typical evolution of the signal I(t) as a function of the total duration of polarization at
0.3 MV/cm is shown on FIGURE 4a, and the corresponding distributions of e, are
presented on FIGURE 4b.

At 100°C, a non uniform polarization develops. After a few seconds, the polarization is
localized in a thin region of width Az, close to the anode. For longer durations of
polarization, this region spreads toward the cathode, first rapidly, then slowly. We
have also observed that the spread of Az is faster for increasing poling fields.
Moreover, Az depends on the thermal history of the sample : if the polarization at
100°C occurs after a heating process, from 20°C to 100°C, Az spreads out faster than
if it is done after a cooling process, from 140°C to 100°C8.
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This difference in the kinetics of the spreading of the polarized region is due to the
hysteresis of the temperatures of the ferroelectric to paraelectric and paraelectric to
ferroelectric transitions : 100°C is intermediate between the exothermic and
endothermic Curie temperatures of the copolymer®. Consequently, the amount of
ferroelectric phase is larger in the first case than in the second one.

2
110 mn
7 20 mn
2mn
<. 10s
1110 um) z
8 :polarized region
(a) (b)

FIGURE. 4 : Evolution of the distribution of dezz/dz as a function of the duration of
polarization.

Discussion

According to the history of the sample, the amount of the ferroelectric phase varies.
The polarization is more homogeneous when the ferroelectric phase is dominant. This
also explains why the the build up of the polarization is larger at room temperature
than at 100°C.

The partial polarization observed at 100°C can be attributed to the presence of a
negative space charges which enhances the applied field in the region close to the anode
and stabilizes the oriented dipoles. Such a space charge can originate either from the
migration of internal charges due to the applied field or from injection of electrons at
the cathode, also followed by a migration towards the anode. In the first case a symetric
distribution of positive charges close to the cathode should also accelerate the
orientation of dipoles and lead to a more symetrical build up of the polarization.

Moreover, the experiments prove that charge injection at the cathode plays a very
important role in the polarization of the copolymer. The injected charges migrate
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towards the anode, accelerate and stabilize the orientation of dipoles. Such a iarge
influence of injection of electrons was previously observed’:10 in the case of
polarization at room temperature.

CONCLUSION

The pressure wave propagation method was used to measure non destructively the
distribution of the piezoelectric coefficient ezz(z) through the thickness of VDF-TrFE
copolymer films. A fast response to the poling field is observed in films previously
heated above the Curie point and for applied fields equal to 0,6MV/cm. In this case, the
polarization is uniform. The polarization which develops when the poling is performed
at 100°C, is very inhomogeneous and originates at the anode. The kinetics of the
spreading of the polarized region towards the cathode depends on the applied field and on
the thermal treatment applied to the samples. According to the history of the sample,
the amount of the ferroelectric phase varies. The influence of the morphology of the
samples, and the role of injection of charges at the cathode explain the observed
behaviours.
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DIFFUSE PHASE TRANSITION IN FERROELECTRIC POLYMERS
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Depto. de Fisica, ICEx, UFMG, C.P. 702, CEP 30161, Belo
Horizonte, Brazil. E-mail: OPTIKA@BRUFMG.BITNET

Abstract The first order ferroelectric-paraelectric
transitions in ferroelectric polymers are discussed in
the framework of the Diffuse Phase Transition models.
In order to describe these transitions, we use the
classical Landau-Devonshire treatment for the sample
micro-regions undergoing normal phase transition and
look for a critical temperature distribution function.
Thus, this model is applied to study the phase
transition of a vinylidene fluoride-trifluoroethylene
copolymer. We show how to obtain the correct behaviour
of the spontaneous polarization and of the dielectric
constant besides the Landau expansion parameters.

INTRODUCTION

Poly(vinylidene fluoride - trifluoroethylene) copolymers
{P(VDF~TrFE)] present a first order ferroelectric transi-
tion, for trifluoroethylene (TrFE) contents ranging from 18
to 48 mols.'”?
large temperature intervals, reflecting a distribution oi
critical temperatures (TC) for the different regions of the
material.*> Due to this diffuse character of the PT, the
anomalies of the physical properties at the transition are
smeared out into the phase coexistence region.

Diffuse phase transition (DPT) is a very common
occurrence in solid solutions and other disordered
610 In the systems presenting DPT, the
macroscopic properties can be described as weighted sums of

contributions from a large number of micro-regions
7,11-13

The Phase Transition (PT) occurs over very

structures.

undergoing normal PT at different T..

In this work, we use the basic ideas developed to study
DPT in disordered materials, in order to obtain a better
understanding of the dielectric behaviour of ferroelectric
polymers, near their transitions.

(559)/247
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EXPERIMENTAL

Differential Scanning Calorimetry (Dsc), Dielectric
susceptibility and Thermally Stimulated Depolarization
Current (TSDC) data have been used to investigate the DPT
of a P(VDF-TrFE) copolymer with 30 molts TrFE (sample
reference: ATOCHEM P997). These data have been published in
previous works.'*: 'S

Since the transition presents a strong dependence on
the thermal history,s"‘ all data correspond to the first
thermal cycle. The heating/cooling rates were +- 20°C/min
for DSC and + 1.9°C/min for TSDC runs. For the latest
measurements, the samples (with 2.5 cm® of area and 50 um
thick) were previously polarized by a 500 KV/cm electric
field at 65 °C for 20 min. For more experimental details,
including sample handling, see the references 14 and 15.

RESULTS AND DISCUSSION

In the case where the macroscopic properties of a sample
with DPT are seen as an envelope of normal PT from its
micro-regions, the Landau’s parameters are the same for
each micro-region (only T, varies).""a Thus, this
approach assumes an entropy change (per unity volume) and a
polarization jump at T. constant for all micro-regions. The
macroscopic spontaneous polarization and the reciprocal
dielectric susceptibility are given by

P(T) = J P'(T,Tc) f(Tc)ch and (1)
[+]
x"H(T) = J x'"'(T,T,) £(T AT, (2)
0

where P/(T,T ) and x"'(T,Tc) are the classical Landau-
Devonshire expressions for first order normal PT at
Tc,la"‘ and f(Tc) a particular critical temperature
distribution function.
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Let us now investigate the DPT of a 30 mol% TrFE
copolymer. For this material, the DSC thermograms show an
interesting profile, with the presence of two anomalies at
the pr.'*' 7 Assuming that the doubling of the DSC peaks is
originated by sample inhomogeneities, we use these data to
generate our £(T,) functions. The assumption of a constant
entropy change for the different micro-regions allows us to
obtain, in a first order PT, an isoentropic function by:

£(T) =N 1 o _aH (3)

Tc ch

where N is a normalization factor, and dH/ch the
calorimetric curve, after baseline subtraction. Figure 1
presents the obtained f(Tc) functions for the 30 molt TrFE
copolymer, for heating and cooling runs.

0.10

coofing

heoting

0.00
30 50 70 90 110 130

Te(%C)

FIGURE 1 Critical temperature distribution functions for
the DPT of a 30 mol% TrFE copolymer, obtained from the
first DSC heating and cooling runms.

Using the f(Tc) functions of Figure 1 in Egs. (1) and
(2), we have generated theoretical curves for the
macroscopic sample polarization and dielectric
susceptibility, shown with the corresponding experimental
data in Figures 2 and 3, respectively. Note that the
theoretical curves display the main features of the
macroscopic behaviour of the polymer - a smooth decrease of
the spontaneous polarization at the PT and a very good
fitting of the dielectric response.

The higher experimental values of the polarization at
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lower temperatures should be linked to the contributions of
sample heterocharges. In fact, since this sample has been
polarized at 65 °C, its TSDC thermogram contains a
contribution of space charges (heterocharges), with a
maximum around the polarization temperature, as in other
PVDF copolymers, irrespectively of the PT.'® In the present
case, the high value of this contribution (about 15% of the
total sample polarization) shows the important role played
by other kinds of heterocharges, besides the space charges
(naybe some orientation of the strained amorphous phase).

The dielectric constant curves, besides the f(Tc) ones,
show a large thermal hysteresis presented by this polymer.
This had been taken into account on the theoretical
fittings, leading us to four adjustment parameters: 8, AT
(=T_-T,), AT: and AT: . These parameters come from the
conventional free energy expansion

g= 8 (T-T) P/2 + €pP'/a + C P’ ; (4)

T, being the Curie-Weiss temperature, and 8, £€ and ({ the
Landau coefficients. AT: (AT:) represents the difference
between the temperature where the transition occurs in
heating (cooling) and the critical temperature (where the
energy of the ferro and para phases are equal). AT is
linked to the expansion parameters by

2
aT = 3 & . (5)
16 B¢

So, for the complete determination of £ and { we need to
use another expression, as for instance

As = -2 g 3%
2 4

(6)

-,

for the entropy change per unit volume at Tc. Using this
equation the sample crystallinity must be taken into
account. For our material, we estimate a value of 80% for
it. Thus, with AS = 1.36 cal/gK (from our DSC data, after
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correction due to the diffuse nature of the PT), we can
propose the expansion and adjustment parameters presented
in Table I. These results are to be compared with the
Furukawa'® ones, obtained for a polarized 35 mol% TrFE
sample with a small diffuse character. Note, in both cases,
the high values of the expansiggﬂséoetficients, which
explain the high coercive fields in these materials.

P(uC/cm?)

FIGURE 2 Experimental
(circles) and calculated
(continuous line)
thermal dependence of
the sample polarization.

measured at 10 KHz
(circles) and that
derived from the model
(continuous line).

€
o
g FIGURE 3 Temperature
© dependence of the
% dielectric constant
:
o

25 50 75 100 126
T(°C)

TABLE I Adjustment and expansion parameters for the 30
mol% TrFE copolymer (a), compared with the Furukawa ones
for a 35 mol% TrFE polarized sample (b). In MKS units.

+

B AT AT, AT; € Z

2.6x10" 40 8 -3 -4.2x10'! 3.ix10'?  (a)
3.5%x10" 63 - - -1.5x10'? 1.9x10'*  (b)
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In conclusion, the use of an extended Landau-Devonshire
model to study the DPT of a ferroelectric polymer allows us
to describe correctly its main dielectric properties. The
critical temperature distribution function has Dbeen
obtained from calorimetric measurements. The Landau
coefficients have also been evaluated, besides the
heterocharge contribution for the sample polarization.

This work has been partially supported by the Brazilian
agencies CNPq and FAPEMIG.

REFERENCES

1. T. Furukawa, M. Date, E. Fukada, Y. Tajitsu and A.
Chiba, Jpn. J. Appl. Phys., 19 (2), L109 (1980).

2. T. Yagi, M. Tatemoto and J. Sako, Polymer J., 11, 209
(1980) .

3. for a recent review see: T. Furukawa, Phase
Transitions, 18, 143 (1989) and K. Tashiro, ibid, 18,
213 (1989).

4. K. Tashiro and M. Kobayashi, Polymer, 29, 426 (1988).

5. R. L. Moreira, A. Almairac an M. Latour, J. Phys.:
Condens. Matter, 1, 4273 (1989).

6. G. A. Smolensky and V. A. Isupov, Soviet Journ. Techn.
Phxs., 24, 1375 (1954).

7. V. V. Kirillov and V. A. Isupov, Ferroelectrics, 5, 3

(1973).

8. R. Clarke and J. C. Burfoot, Ferroelectrics, 8, 505
(1974).

9. N. Setter and L. E. Cross, J. Appl. Phys., 51, 4356
(1980).

10. V. A. Isupov, Ferroelectrics, 90, 113 (1989).

11. H. Diamond, J. Appl. Phys., 32, 909 (1961).

12. J. Kuwata, K. Uchino and S. Nomura, Ferroelectrics, 22,
863 (1979).

13. R. P. S. M. Lobo, R. L. Moreira, N. D. S. Mohallem and
B. V. Costa, submitted to Ferroelectrics.

14. R. L. Moreira, P. Saint-Gregoire and M. Latour, Phase
Transitions, 14, 243 (1989).

15. M. Latour, R. M. Faria and R. L. Moreira, Proceedings
of the Sixth Intern. Symp. on Electrets (ISE6), Oxford,
sept. 1988 (New York, USA: IEEE 1988), pp. 467-471.

16. J. Grindlay, An Introduction to the Phenomenological
Theory of Ferroelectricity (Pergamon Press, Oxford
1970), 198-202.

17. R. L. Moreira, P. Saint-Gregoire, M. Lopez and M.

Latour, J. Polym. Sci.: Polym. Phys. Ed., 27, 709 (1989).

18. R. M. Faria and M. Latour, J. Polym. Sci.: Polym.

Phys. Ed., 27, 913 (1989).

19. T. Furukawa, Ferroelectrics, 57, 63 (1984).




SECTION III
CONTRIBUTED PAPERS

IIli. Phase Transitions/General




Ferroelectrics, 1992, Vol. 134, pp. 253-258 © 1992 Gordon and Breach Science Publishers S.A.
Reprints available directly from the publisher Printed in the United States of America
Photocopying permitted by license only

PtP240

PHASE TRANSITIONS IN PLZT CERAMICS
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Institut fiir Werkstoffe der Elektrotechnik, Aachen University of
Technology, W-5100 Aachen, Germany

Abstract A set of the complex dielectric, piezoelectric and elastic constants of
lead lanthanum zirconate titanate PLZT 9/65/35 were measured under different
electric d.c. bias fields in the temperature range 77K - 380K with regard to
the polarization history. The polarization was determined by the piezoelectric
coefficient g and by TSDC spectra. We observed field iuduced ferroelectric
phase transitions from a probably rhomboedral structure to an orthorhombic
between 150K and 220K. If an electric bias field E > 3kVcm™! is applied during
cooling the rhomboedral phase is suppressed.

INTRODUCTION

Numerous investigations of ferroelectric ceramics with diffuse phase transition like
PLZT 9/65/35 have been reported [e.g.1]. All these materials show in the temperature
range a characteristic broadening of the maximum of the dielectric constant ¢. This
behaviour can be due to different local Curie temperatures caused by composition
fluctuations [2]. Therefore, between the ferroelectric and the paraelectric phase an
intermediate phase results consisting of stastistical orientated polar microregions or
clusters in an surrounding non-polar matrix. The macroscopic parameters of this
phase are generally non polar (polarization, X-ray structure{3]). By applying an
electric field, the favourable orientated clusters grow until the ferroelectric phase
is induced [4]. If the field is removed, the material returns into the macroscopic
unpolarized state.

In this paper we report about the dielectric, piezoeletric and elastic properties
of PLZT 9/65/35 in the ferroelectric and the intermediate phases under different
applied electrical fields with special regard to the polarization history.

[565)253




254/566} U.BOTTGER,A.BIERMANN and G.ARLT

EXPERIMENTAL

The measurements were performed on non-transparent PLZT 9/65/35 ceramics
prepared by mixed oxide method and conventional sintering techniques. The grain
size is about 2um. Bars with dimensions 10mm x 2mm x 0.6 mm were cut out of the
ceramics and coated at the major faces with Ag/Au electrodes. The samples were
deaged at 470K and following aged for one week at room temperature.

A resonance technique by Smits [5] allows to determine simultaneously the
complex dielectric £33, piezoelectric dj; and elastic constant s;; in a temperature
range between 77K and the depolarization temperature. The samples were cooled
down under an applied electric d.c. field Ex- > 2kVcm™! to ensure a sufficient
remanent polarization at 77K. When the samples are heated the complex admittance
was measured at typical frequencies of about 180 kHz by a HP 4192A LF-Impedance
Analyzer. During heating and measuring an electric d.c. bias field E 1, is applied.
To avoid damage of the analyzer input, a guard circuit with Z-diodes was used. The
upper limit of voltage was restricted to 400 V (- ~ 7kVem™! ).

Thermally stimulated depolarization current (TSDC) spectra were taken in
order to calculate the remanent polarization as a function of temperature. The
samples were cooled down to 4K under an applied electric field and heated without any
field under short—circuit conditions. At a constant heating rate the current measured

by an electrometer is proportional to the pyroelectric coefficient.

RESULTS AND DISCUSSION

Different cycles of measuring the constants £33, d3; and 83, in the temperature range
were performed with varying electric bias fields up to 4kVcm™!. Figure 1 shows
the known dielectric behaviour of poled and aged PLZT 9/65/35 as a function of
temperature [6]. The spectra are formed by the phase transitions of the material
(ferrolectric - intermediate - paraclectric). Generally there is no influence of the
electric field strength during cooling and heating on the dielectric constant. Only the
transition temperatures slightly increases with increase of E1, .

Quite different results compared with £33 were obtained for the piezoelectric

(Figure 2) and elastic constant. In the ferroelectric phase we observed two states
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depending on the applied electric field E1_, when the sample is cooled. If
Et- > 3kVem™! the piezoelectric behaviour measured during heating corresponds

to the upper branch (B) in Figure 2. We found no influence of the bias field E ;. For

Et- < 3kVem™!, d3; starts in the lower branch (A). If the bias field during heating
is high enough (> 1kVcm™!), the material jumps from state A into B. This process
is thermally activated. In the intermediate phase the piezoelectric constant is only
determined by the actually applied field.

Relative dielectric constant

-
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FIGURE 1 Dielectric constant £33 as function of temperature under

Piezoslectric constantd [pm/V]

different applied electric bias fields
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FIGURE 2 Piezoelectric constant d3; as function of temperature under

different applied electric bias fields
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A more detailed discussion is allowed considering the piezoelectric coefficient
g defined as the proportional factor between the deformation and the dielectric

displacement :

S$1=gaDs with g3 = :% =2Qa Ps
The g coefficient can be calculated by the dielectric and the piezoelectric constant.
Furthermore it is related with the spontaneous polarization Ps by the electrostrictive
coefficient Q3;. Assuming Q3; = 0.025 m*C~? and temperature independence of Qs;,
we found a good agreement between the calculated polarization Ps(g31(T)) and the
polarization obtained by integration of the TSDC spectra (Figure 3). Because of the
linear relation between g and Ps, it is reasonable to describe in the following the

behaviour of the polarization by the behz: inur of the g coefficient.

TSD current [nA)

Polarization [uClcm?]

% 1o 150 200 2% a0 o 8
Temperature (K]
FIGURE 3 Temperature dependance of polarization calculated by

g coefficient and by integration of TSD current

Two ferroelectric states are distinguished in the low temperature range (Figure
4). If the applied electric field during cooling ET_ > 3kVcm™!, the material occupies
the high polarization level B. The polarization seems to be frozen, because the
g coefficient will not be influenced by changes of the temperature or the electric
field Et,. The phase transition (ferroelectric - intermediate) is shifted to higher

temperatures with increase of Et,.
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FIGURE 4 Piezoelectric coefficient g as function of temperature under
different applied electric bias fields
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FIGURE 5 Dielectric constant and g coefficient as function of the applied

bias field at room temperature

Considering the dielectric and piezoelectric behaviour at T = 300K as a function

of the bias field (¥"igure 5), we identify the state B as a ferroelectric orthorhombic

phase.We observed a field-induced phase transition at Ec; = 5.5kVcm™1, when the

dielectric constant has a maximum. When the field is decreased, the depolarized state

is restored at Ec; = 3kVem™!. These results are in a good agreement with X-ray

studies of Shebanov reporting about this field-induced . eversible transition in PLZT
9/65/35 at Ec; = 5.8kVem™! at room temperature [3]. Therefore, we conclude that
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an electric field applied at 300K in the intermediate phase causes a certain degree
of orientation of the cluster, i.e. a certain polarization (see g coefficient in Figure
5). When the temperature is decreased the material undergoes a ferroelectric phase
transition. If the degree of cluster orientation is high, i.e. the applied field is not far
away from induced phase transition at 300K, the orthorhombic state will be saved in
the ferroelectric phase.

For ET_ < 3kVcm™! the polarization at temperatures below 150K (state A)
reaches only half the value of state B. We assume that by the smaller orientation
of the polar clusters their interaction is high enough to favour a reorientation of the
structure, when the phase boundary is passed during cooling. It is probable that
the material has a rhomboedral structure. By applied electric fields during heating
Et4+ the phase changes into the orthorhombic one. Even the transition happens
for Et, < Et-. Therefore, we can exclude that the state A is an incomplete
orthorhombic phase. The low temperature phase transition depends strongly on the
field strength. In contrast to the transition (ferroelectric - intermediate) the transition

temperature Tr_,o diminishes with the increase of the applied bias field.
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PLUCTUATIONS OF INCOMMENSURATE WAVE NEAR
PARABLECTRIC-MODULATED PHASE TRANSITION IN
RboZnCl,

M.P.TRUBITSYN, V.V.SAVCHENKO
Physical Department, State University,
Dniepropetrovsk, Ukrain

e o et e o e

investigated in the temperature interval including
paraelectrio-incommensurate phase transition point '1'i
of Rb22n014. Near below Ti we have measured the
temperature dependence of position of the
inhomogeneously broaden ESR line. On the basis of the
simple model it is shown that ESR spectrum is
influenced by phase and amplitude fluctuations of
modulation wave.

INTRODUCTION

Reocently a great deal of attention has been paid to
radiospectroscopic investigations of excitation spectra of
incommensurate oompounda1 -3, These spectra are
characterized by additional modes ocorresponding to
oscillations of amplitude A and phase ¢ of incommensurate
atomic displacement wave U = Acos(P). Particularly phase
fluoctuation effects were observed in a number of
inocommensurate materials through oomplete (NMR in
Rb,ZnBr 4, ESR in ThBr,, Te1,%*®) or partial (MR, NGR 1in
Rb,ZnCl 4 s ) motional averaging of magnetic resonance
lineshape.

In this paper we report the data on ESR measurements
of In2+ probe in Rb2chl 4 orystals undergoing transition

[571)/259
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from paraeleotrio phase (space  group Pnma) to
incommensurate one at T;=302,5 K. Investigated orystals
doped with manganese were grown from the melts by
Czoohralskii method. ESR speotra were recorded using X-band
speotrometer equipped with a regulated nitrogen gas flow
cell. The temperature stability was controlled to within
0.1 K.

EXPERIMENTAT, RESULTS

ESR s8peotra observed in the paraelectric phase of
Rb22n014:!ln2+ are associated with two inequivalent ln2+
sites and well desoribed elsewhere’ ''. To avoid the
overlapping of the absorption lines ocorresponding to the
different probe sites and fine struoture groups we have
measured the temperature dependence of the 1lowfield
hyperfine sextuplet IB = -3/2 5 -5/2 for the magnetioc field
orientation H || a. As T; 1is approached from above the
single sextuplet observed at T > Ti splits into
inhomogeneously broaden singularity speotrum restricted by
the highfield Hp and the lowfield H, singulari-
ties??3:12 mme experimental dependence of the singularities |
positions is presented on Fig.1a.

It is known that (a,b) is a mirror plane for the
positions ooccupied by Hh?+ ions. Therefore for the
orientation ohosen the expansion of resonance fields on the
powers of the order parameter U = Acos{¢$(z)} oconsists of
only even terms and the second term is the lowest one. To
interpret the experimental results presented we have used
the following expression given in"*® for the oase of
motional narrowing of singularity speotrum due to phase

fluctuations ("floating phase" model)

H=H, + %h2A2[1 + ooa(2¢)exp(-202)]. (1)

Here Ho desoribes the line position in the paraeleotrio
phase and does not depend on the temperature, h2 denotes
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PIGURE 1. Temperature dependence of the singularities
positions (M, = -3/2 5 -5/2 at H || 8) :

(a) in a broad interval of incommensurate phase;

(b) near incommensurate-paraelectrio transition point
‘1'1. The pluses represent experimental data, solid 1line

represents

(7), Ha(tl') caloulated on the basis of (1),

dashed line ocorresponds to the static ocase (0=0, A=0).
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the expaneion coefficient depending on the paramagnetio
ions position and external field orientation, o ~ (1‘1—1')'ﬁ
- mean square phase fluctuation, f - oritical exponent for
the order parameter. Acoording to (1) well below Ty (0=0)

(P=2%/2) = H, does not depend on the temperature while
B, (¢=0,%)= H, + 1/2h2A2 shifte in acoordance with inorea-
sing of amplitude A = a(Ti—T)p on cooling. At T » TE(O - ®)
the singularities tend to the oenter of the resonance
fields distribution H ,H, = H, + 1/40,4°.

As ocan be seen from Pig.1a below T;-15 K Hp is
practiocally independent on temperature. Hence non-looal
effeots can be neglected 13 and "local approximation® (1)
is valid. In this interval experimental behavior of
singularities positions ocan be desoribed by (1) with
parameters H, = 1162 Gs, a°h, = -8,3 Gs/KP, T, = 302,5 K,
g = 0,37, 0=0.

On approaching Ti from below the experimental position
Hp significantly shifts from stationary value H° (Pig.1b).
According to the "floating phase" model this behavior ocan
be attributed to inoreasing of phase (fluctuations o©. The
lowfrield singularity ourve Ha(T) deviates from the solid
line caloulated by using mentioned model (1) and behaves
itself as in the static case (Fig.1b).

DISCUSSION

The discrepancy obtained ocan be overoome by taking into
aocount the amplitude fluctuations of incommensurate wave.
Considering usual quadratio expansion of resonance fields

B = B, + 3h,A%008°(¢) (2)

one oan express A and ¢ as a sum of statio and fluctuating
parts

A(t) = A + BA(t), P(t) = &, + OP(t).
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Inserting this expressions into (2) we average expansion in
time and neglect all terms of orders higher then quadratio
in 04 and 8¢. Pollowing ref.! one oan assume that the
fluotuations are fast oomparing with frequenoy analogue of
singularities separation AH = 1/2h2A2 and substitute time
average by gaussian distribution of phases and amplitudes
H = H, + $h,0%008%(¢,) +
+ %h2A§{1 + oos(2¢°)exp(-202)} (3)

where A2 = <OA2>,02 =<0¢?>. Therefore for the singularities
positions one can get

B, =[5 ]+[ 1,421 - exp(-20%)) Ik (48)

1, .2
H, = [Ho+ 21;240] +
+ [%th"- - %thﬁu - exp(-20°)} ] (4b)

Here the static and fluotuation ocontributions are separated
and included into square brackets. Comparison of the
expression obtained (3,4) with (1) shows that including of
amplitude fluotuations into oconsideration results in
appearing of the new term 1/2h2A2 in the expression for H_
while Hp ie uneffected by A. For the small ¢ <fluctuation
contribution in (4b) is approximately equal to
1/2h2(A2 - Agoz). Thus amplitude and phase fluctuation
contributions to Ha are partially oompensated by each
other. One may expect that Ha(T) deviates from the solid
line caloulated using (1) and tends to the entirely statio
behavior (Fig.1b) due to amplitude fluctuation influence.
In Rb22n014 crystals ESR spectra of lh2+ are sensitive
to tilting of ZnCl4 complexes around b axis and the tilt
angle @ = & cos(§) oorresponds to the local order parameter
09. Although the above expressions (3,4) may only provide
the qualitative explanation we have tried to estimate the
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ocharacteristic values of amplitude fluctuations <6a§>1/ 2.

This rough estimation yields that <da2>'/Zohanges from 1,2°
to 0,7° on cooling from T,-3K to T;-10K.

It seems important to note that in the ocase of 1linear
coupling between resonance fields and order parameter H =
= Hy + hydcos(¢p) the amplitude fluotuations should not
influence on the positions of edge singularities Hé’ )’3;2) .
In this sense ESR experiment with orientations of magnetio
field providing the quadratioc connection H ~ 02 may be more
informative then the experiment with general orientations
providing linear low H ~ U.
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PHASE TRANSITIONS IN HIGHLY DISORDERED FERROELECTRICS

NIKOLAI K. YUSHIN and SERGEI N. DOROGOVTSEV
A.P, Toffe Physical Technical Institute
St.Petersburg, Russia

Abstract Critical properties of disordered ferroe-
Tectrics are reviewed. The broad spectrum of the rela-
xation times and the nonergodicity have been observed
in these materials. The proposed phase diagrams in-
cluding polar glassy states are discussed.

INTRODUCTION

Highly Disordered Ferroelectrics (DF) include such materi-
als as Ferroelectrics with Diffuse Phase Transition (FDPT)
- compounds with considerable nonhomogeneity of some com-
ponents ( Mg and Nb ions in such classical FDPT as PMN =
Png1/3Nb2/303 , for instance ), highly polarizable crys-
tals with impurities which induce the ferroelectric or-
dering in the centrosymmetric host lattice ( KTaOB:Li, Na,
Fb ), solid solutions of hydrogen-bonded ferroelectrics
and antiferroelectrics ( RbH2P04 - NH4H2P04 = RADP and ites
deuterated analog, for instance ). DF become frozen into
the new inhomogeneous state below the Phase Transition
(PT) temperature, which posesses different static and dy-
namic properties than the homogeneous ordering state.
The aim of this paper is to present some common fea-
tures of the disordered ferroelectrics.

THE SPECTRA OF RELAXATION TIMES

The dielectric permittivity of DF is characterized by
strong dispersion14()and may be described by the distribu-
tion of relaxation times g(T ,T). For the sufficiently
smooth distribution function one can calculate the spec-
trum as11--12 . "

g(T=w ',T) =(X/2) e(w,T)/ (& - €a)s (1)

[577)265
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taking into account that actually all anomalies of €(w,T)
are presented in g(T ,T) in a strong smeared form.

The distribution functions for PMN and KTaO3:Li cry-
stals were calculated using Eq. (1) from the data of ima-
ginary part of the permittivity E.'(w,'l‘)z’ 3 and €o as the
lowest frequency permittivity & ( 0.1 Hz,T)4, Eoo K &,
For PMN at higheet temperatures the spectrum is narrow,
with the temperature reduction the distribution function
broadens and becomes almost flat,‘t’min being of the or-
der of 10712 & for all temperatures ( See Figure 1 )12, 13

The spectrum of KTaO3:Li spreads with cooling and the
additional bands appear. These additional relaxation re-
gions can be connected with the ferroelectric domains ex-
isting in the low-temperature phase for 10 at.% Li concen-
trations’ 6. It should be noted that for lower Li concen-
trations the well separated peaks were also observed.7

The spectrum of RADP system was also described by the
homogeneous~distribution. of relaxation times between T:min
and T max® 1P common with other DF the spectrum of RADP
spreads with the temperature reduction,8 10

NONERGODICITY AND LONG-TIME RELAXATION

When the maximum relaxation time'T!max reaches the macro-
scopic values compatible with the duration of the experi-
ment, the response of the system for the equilibrium con-
dition has to differ from one measured for an extermal in-
fluence which affects on the system during time less than
\ max® To confirm it the measurements were performed for
Field-Cooling (FC) and Zero-Field-Cooling (ZFC) conditions.
The results have shown that there is the specific tempera-
ture T, below which the nonlinear electroacoustic coeffi-
cients of PHN14 differ for FC and ZFC measurements as well
as the Bragg peak intensities of neutron scattering15. The
distinction between the FC and ZFC results can be inter-
preted as the manifestation of nonergodicity at DPT, what
indicates an anomalously slow relaxation process in the

low~-temperature phase of these materials,
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FIGURE 1 The spectrum of relaxation times for
PMN crystal12.

The existence of such broad spectrum must be revealed
as the long-time relaxation., Indeed such processes were ob-
served for PMN in the neutron scattering experiments15 and
the dielectric measurements16.

The history dependent behavior of the static polari-
zation was also observed for KTaO; + 1.6 at.% 1417, 1t
should be noted that the maximum of nonlinear dielectric
permittivity takes place in KTaO3:Na at T818 as well as
in PMN19,

Unfortunatelly there are no experiments which show
the long-time relaxation or the nonergodicity in RADP,

PHASE DIAGRAMS

The phase diagram of KTaOB:Li is rather questionable, the-
re are two critical concentrations of Li : Cy = 2.2 and

c, = 4 at.% 20» 21, e pure polar glass state is realized
for concentrations less than Cqo for concentrations bet-
ween c, ggd s the random-field-induced domain state is
achieved™ . The crystals with Li concentrations more than
Cy become ferroelectrics with PT temperatures more than

65 K 55 6, 21. The alternative point of view is supported
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by Hochli7’ 17 who believes that for all concentrations
this system undergoes the PT into glassy state, being the
polar glass for the concentration less than cs and the
quadrupole glass for the higher concentrations.

The phase diagram of Rb,  (NH,) H,PO, includes the
ferroelectric state for x< 0.23, the antiferroelectric
state for x>0.74, the polar glassy state for the inter-
mediate concentrations (0.23¢ x <0,74) when there are two
specific temperatures : Ty ( about 100 K ) connected with
the onset of the local ordering and TF consistent with
the static glass transition (Tp = 10 K for RaDP),5710

FDPT can be characterized by three specific tempera-
tures such as below. The mean Curie temperature Tm ( or
the temperature of the maximum low-frequency dielectric
permittivity),Td which markes an appearence of the local
polar moments in the materials ( Td manifests the breaking
of linear temperature dependences of many physical para-
meterszz_z4 ), the polar glassy PT temperature T _ which
coincides with thebeginningcﬂ‘nonergodicity14. For PMN
these temperature are T, = 265, Ty = 600, and Tg = 220 K
( See Refs. 1, 22, 14 ).

Recently the microscopic experimentszs'27 have re-
vealed in FDPT the nanometer scale domains of the ordered
structure surrounded by disordered matrix, These ordered
nanodomains have either another chemical composition than
the disordered matrix25"26
of lead atomses’ 27.

or regular off-center shifts

On base of these data the following phase diagram of
FDPT can be proposed ( See Figure 2 ), At highest tempera-
tures (T> Td) all the structurely ordered nanodomains are
in the parselectric state, While cooling below Td the
ferroelectric PT takes places in them with PT temperatures
different for each domain. The spontaneous polarization
appearing in these regions bears the polar distortion in
the surrounding disorder matrix, forming the polar cluster
which can include several neighboring ordered domains with
correlated polarizations. These distortions will grow up
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FIGURE 2 The phase diagram of FDPT for ZFC.

as temperature goes down, when the disturbed volume
reaches a noticeable fraction of the sample the interac-
tion of the polarized clusters suppresses their free re-
orientations and motions. At T8 the clusters are frozen,
the glassy state may be presented as ensemble of static
polar clusters, each of them having an arbitrary orienta -
tion of the polar moment so that the resulting polariza-
tion is zero. By the same reason the slowing down of the
relaxations takes place in DPT’tmax being of the order of
the inverse measuring frequency at Tm and infinity at Tg.

It should be noted that the homogenious polar state
can be created by FC below T_ if the field exceeds some
threaholdza’ 16. 8

SUMMARY

The common features such as the spread spectra of relaxa-
tion times, long-time relaxations, the nonergodicity beha-
vior are revealed for highly disordered ferroelectrics,
All of them have similar phase diagrams which include the
polar glassy state, The reason of the appearence of the
glassy phase is believed to be connected with the inter-
nal heterogeneity of the composition of these materials.
It may be noted that acoustical properties of DF are sem-
ilar to the properties of other glassy eystems.13 However
the glassy state in DF is different from the polar glass
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1

as a simple analog of spin glasses .

We thank Prof. V.V, Lemanov for discussions.
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PRESSURE-ELECTRIC EFFECT IN POLAR DIELECTRICS
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ABSTRACT

A phenomenological description of physical effects occurring
in polar dielectrics under hydrostatic pressure has been
presented. Pressure-electric effect consisting in an electric
charge generation on the dielectric surface due to pressure
has been shown to be observed in polar dielectrics only.
Pressure-electric properties of 1l1inear pyroelectrics and
ferroelectrics with first- and second-order phase transitions
have been discussed. Conclusions coming from phenomenological
solutions have been illustrated by experimental results for
potasium pentaborate - a 1inear pyroelectric, (CH3NH3)SBizBr11
crystals - a ferroelectric with a second-order phase
transition, and NH4HSeO4 crystals - a ferrocelectric with a
first-order phase transition.

Possibilities of application of the pressure-electric
effect to prepare a hydrostatic pressure sensor have been
also discussed.

1. INTRODUCTION

Pyroelectric coefficient defined as a temperature
derivative of spontaneous polarization 1“£Ps‘/aT describes
a change in the vector quantity (spontaneous polarization)
induced by a change of the scalar quantity (temperature). The
definition shows that +the pyroelectric coefficient 1is a

[s83)21
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vector, therefore the pyroelectric effect can be cbserved in
crystals belonging to one of ten polar classes of symmetry.

When investigating an impact of hydrostatic pressure on
phase transitions 1in polar crystals either temperature
changes of spontaneous polarization can be measured for a
fixed pressure (isobars) or pressure changes of spontaneous
polarization (isotherms). In the latter case the change in
spontaneous polarization

4P, = n,dp, €D}

where p denotes pressure, whereas n‘aaP‘/ap can be treated

as a pressureelectric coefficient with the pressureelectric
effect definition given in Eq.(1). It should be pointed out
that the pressureelectric coefficient 1is a vector so it
transforms ditself 1in the same way as the pyroelectric
coefficient. Therefore the pressureelectric effect can be
observed exclusively din crystals showing pyroelectric
properties1.

Despite a similarity between pressure- and piezo- electric
phenomena there is an essential difference between the two.
The piezocelectric effect cragsists in polarization changes due
to mechanical stress so the piezoelectric coefficients form a
symmetric tensor of the third order. It 1s sufficient that
the crystal possess no symmetry cent re to be a
piezoelectric. It can be stated that the pressureelectrics
are a sub-group of piezoelectrics (the same as
pyroelectrics).

2. THERMODYNAMIC RELATIONS

Let’s consider the Gibbs function to show relations
between the pressureelectric effect with other phenomena
occuring in polar crystals for a constant mechanical strain:

G(p,.t,E) = U ~ TS - pV - EP (2)

where: U - internal energy, T - temperature, S - entropy, V -
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volume, p - pressure, E - electric field dintensity, P -
polarization.
In a differential form we have

-dG = SdT + Vdp + PdE 3)

and expanding the entropy, volume and polarization we get

_ as as as

ds = §T|p.E dT + aplr.e dp + EE|T,p dE (4.1)
av aVv aVv

av = §¥, e 97 + Flre e ¢ By, € (4.2)
aP aP aP

dP = 51'|p,:-: dT + sslp.e dT + 5e|r. pdE (4.3)

The respective terms in Eq. 4.1 are connected with the
specific heat, pressurecaloric and electrocaloric effects,
the ones in Eg. 4.2 are connected with the thermal volume
expansion, compressibility and electric-field-inducted change
of the crystal volume (reversed phenomenon to the
pressureelectric effect), while in Eq. 4.3 the terms describe
pyroelectric, pressureeﬁectr1c effects and electric
susceptibility of the crystal. E€qs. 4.1 - 4.2 give that
coefficients in the pressurecaloric effect and volume thermal
expansion coefficients are equal, coefficients in the
electrocaloric and pyroelectric phenomena are the same, and
coafficients in the straight and reverse pressureelectric
effects are also equal to each other. Moreover, Eq. 4.3 shows
for constant electric field E that

apP ap

In p,T coordinates the polarization can be +treated as a
unique function of p,T variables so that the pressure
-temperature dependence of polarization is represented by a
plane which 1ies in p-T elevation in the case of non-polar
crystals, whereas the plane 1s inclined both towards p as
well as T in the case of polar crystals.
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3. PRESSUREELECTRIC EFFECT IN LINEAR PYROELECTRIC

(CASE STUDY FOR POTASSIUM PENTABORATE)

Potassium pentaborate (KPB) applied to oloktroopt1c32
belong to P point groups. therefore it should show
pyroelectric properties. Unpublished studies 4 revealed that
KPB 1s a pyroelectric with no phase transition in temperature
range of 4.2 to 430 K. Pressure and temperature dependence of
spontaneous polarization change in KPB crystal 1s presented
in Fig.1 for pressure range of 0 - 250 MPa and temperature
range of 203 - 233 K. As seen from the figure the crystal
shows simultaneously pyro- and pressureelectric properties.
Pyroelectric coefficient increases from 9*10°° Cm ? at 203 K
to 9.9%10°° Cm~? at 233 K. Relation between the spontaneous
polarization and pressure is non-1inear. Coafficient
dP/dplp_oincroasos with temperature (cf. Fig.2). This
increasing can be assumed linear in the analyzed temperature
range. Moreover, it can be concluded that the spontaneous
polarization is a monotonic function of both pressure and
temperature. The remaining coefficients in Egs. 4.1 - 4.3 may
also be expected to be monotonic functions of pressure,
temperature and (or) electric field.

An unexpected result, however, 1is that the pressure
increase causes polarization changes of the same direction as
these inducted by the temperature rise. The pressure increase
should have decreased the 1inter atomic distance, so the
effect similar to that due to lowering of temperature.

4. PRESSUREELECTRIC EFFECT IN FERROELECTRIC WITH THE SECOND
ORDER PHASE TRANSITION (CASE STUDY FOR(CH_NH_) _Bi_Br . )

At 311 K methyl ammonium bismuthate (MAPCB) crystals show
the second order phase transition from PcaZ‘— symmetry phase
to Pcab - symmetry ones. We have found6 that the phase
transition temperature increases linearly with pressure 1n
range 0 - 170 MPa, and pressure dependence of elactric
permittivity satisfies a relation similar to the Curie-Weiss
rule. Taking the above into a count the Gibbs function for
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MAPBB c¢rystals can be rewritten in the form similar to that
used by Jona and Schirano7 for TGS crystals

G(P.T.p) =G, +3 AP? + J B P* +. . .-EP (6)

where: A = A(T,p) = o (T - Tt). Tt = Tto +0p, 0= aT‘/ap.

Tm is a normal pressure phase transition temperature. Thus
we get temperature and pressure dependence of electric

permittivity. For T > T‘

1 .32 - (1o - '¢h)
x ap?2 = a(¥ Tco op)

reverse electric permittivity 4s a linear function both
pressure and temperature. From the condition of the minimum

Gibbs function with respect to the polarization we get

temperature and pressure dependence of spontaneous
polarization in the form 1/2
= [« -1 (9)
P = [E[Tmi»()p T]]

Therefore in ferroelectrics with the second order phase
transitions the second powder of th.: spontaneous polarfizatfon
is a linear function of both temperature and pressure.

Ps(T,p) relation for MAPBB crystals is shown in Fig. 3 for
data taken from6 and8 . As seen 1in the figure the
polarization is a continuous Ffunction of temperature and
pressure in accordance with Eq. 8. The pressure derivative of
Eq. 8 gives the pressure-electric coeffictent in the form

« a -1/2
n=fps/®=*zo E(Tt0+op-T] (9)

Fig.4 shows pressure dependence of the pressure-electric
coefficient for MAPBB crystals at 317 K, six degrees above
the phase transition temperature. As seen from the figure the
pressure-electric effect is not observed for p <« (Tto—T)/o.
Relation n(p) reminds the temperature dependence of the
pyroelectric coefficient which can be expected from Eq.9. It
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is worth mentioning that aPs/ap around the phase transition
is four orders higher for MAPBB crystal than that for linear
pyroelectric such as KPB. MAPBB crystals are a good example
for preservation of pressure-electric properties during the
second-order phase transition from the non-polar phase to the
ferrcelectric one, the phase transition temperature being
increasing with pressure.

5. PRESSURE-ELECTRIC EFFECT IN FERROELECTRICS WITH THE
FIRST-ORDER PHASE TRANSITIONS (CASE STUDY FOR NH, HSeO,)

First-order transition from the Tlow-temperature polar
phase with unknown symmetry to the ferrocelectric triclinic
phase was observed in NH4HSeO4 (AHSe) crystals at about 105K.

A step-like change in the ferroelectric component

(electric-field reversible) and in the pyroelectric
component9 (being the subject of the dinvestigation) took
place in the above transition. Temperature-pressure

dependence of changes 1in pyroelectric component of the
spontaneous polarization is shown in Fig.5 for AHSe c¢rystals
around the above phase-transition temperature. The
spontaneous polarization changes in a step-like manner in
this transition showing a temperature-pressure hysteresis
characteristic for first-order transitions. This is an
example of pressure-electric properties of crystals showing
first-order transition between two polar phases, the phase
transition temperature being decreasing with the pressure.
The pressure-electric effect can be observed in both phases
(Fig.6).

It should be pointed ocut that for the described phase
transition in AHSe dT,/dp < O which remains contrary to
results of Krasikov16. However, taking account of
ca'lor-!metric11 and dilatometric data12 we can obtain
negative th/dp from the Claussius-Clapeyron equation.
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6. PRESSURE-ELECTRIC-EFFECT-BASED SENSOR FOR HYDROSTATIC
PRESSURE CHANGES

The pressure-electric effect can be employed to measure
pressure changes due to the direct relation between changes
in hydrostatic pressure and electric energy. In the commonly
used pifezoelectric pressure sensors the pressure change is
transformed into a mechanic strain. This i1s done usually by a
sensing membrane pushing the piezoelectric crystal through a
piston. Such a construction is complex and slow in operation
due to membrane-piston inertia which is an essential drawback
of the sensor.

When employing the pressure-electric effect these
disadvantages will be eliminated. A schematic view of such a
sensor is shown in Fig.9. This is a plane-parallel wafer cut
out of the pyroelectric crystal in the way that the largest
surface with electrodes is perpendicular to the polar axis of
the crystal. The electrodes are connected through load
resistance, Ro' When in the surrounding medium (gaseous or
Jiquid) the prevailing pressure changes, then the current, I
flowing through the load resistance is the following:

apP 2 3p
ap at

(10)

The current 1s proportional to the electrode area S, the
pressure-electric coefficient ( n = aPas/3p) of the sensor
material and the pressure change rate. As mentioned before
the n coefficient for ferroelectrics (around the phase
transition temperature) is three to four orders of magnitude
greater than that for 1linear pyroelectrics. This 1is why
ferroelectrics such as L-a-alanine-doped TGS crystals are
more recommended for pressure-electric sensors. The electric
charge flowing through the load resistance betng equal to:
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t P
Q=Ildt=snfdp (1)
[¢] (o]

is proportional to the pressure change. Thus measuring the
charge flowing through the load resistance we directly have
the pressure change.

Based on the relation between the phase transition
temperature and the pressure, sensors can be prepared which
detect a certain pressure limit excess, the pressure
threshold being widely adjusted by the sensor temperature.
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Fig.1. Pressure-temperature dependence of the spontaneous
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RAPID THERMAL PROCESSING OF PZT THIN FILMS

Y. HUANG, LM. REANEY and A .J. BELL
Laboratoire de Céramique, EPFL, MX-C Ecublens, 1015 Lausanne, Switzerland

Abstract Thin films of Pb(Zrp s3Tig 4703 on Pt-coated Si substrates were prepared
by sol-gel deposition. The dielectric properties and polarization reversal
characteristics were measured as a function of sintering conditions using a rapid
annealing technique. The results are interpreted with respect to the phase and
microstructural development of the films. Their suitability for incorporation into
semiconductor devices is discussed, with particular attention given to the possibility
of low temperature processing.

INTRODUCTION

Ferroelectric thin films deposited on semiconductor substrates are of interest for a number
of applications, including non-volatile memories!, pyroelectric detectors? and
micromechanical devices3. Due to their favourable polarization reversal, pyroelectric and
piezoelectric properties, films based upon the Pb(ZrTi).x)O3 system [PZT] have been the
focus of many studies. A variety of vacuum?® and liquid phase or solution deposition’
techniques have proved successful in producing films which show adequate properties for
the demonstration of these applications. However, the logistics of the semiconductor
industry demand that for the fabrication of a device, the ferroelectric film is deposited after
completion of the semiconductor processing. Annealing temperatures required for the
realization of high quality PZT films are often quoted to be in the region 600 to 850°C.
Exposure of a processed semiconductor wafer to temperatures in this range may result in
distortion of the dopant profiles, causing damage to the semiconductor circuit. In addition
this temperature range is not consistent with the use of aluminium metallisation (melting
point 659°C). Present research work is therefore targeted at minimizing the thermal energy
required in the preparation of PZT thin films. In this paper we report on the sol-gel
deposition of Pb(ZrxTi1-x)O3 films in conjunction with the use of a rapid thermal
annealing technique and assess the possibilities of low temperature processing.

A sol-gel technique, similar to that reported by Gurkovich and Blum® and later by
Budd et al.7, was selected because of its potential to form Pb-Ti-Zr-O molecular units
within the gel before film deposition. Dif?lfsion distances may therefore be minimized,
consistent with the requirement for minimal thermal treatment. However, other factors
such as the mass of organic groups within the gel, the crystallization temperature of the
perovskite phase and the densification of the microstructure are important considerations in
obtaining short, low temperature annealing cycles. "Rapid thermal annealing”8 was
selected as a means of reducing the total annealing cycle time.

EXPERIMENTAL

Precursor stock solutions were prepared by a method similar to that of Budd®. Lead
acetate tetrahydrate was dissolved in 2-methoxy ethanol in a molar ratio of 1:8. The
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solution was fractionally distilled at 110°C to remove the water of crystallization of the lead
acetate. 0.47 moles of titanium iso-propoxide and 0.53 moles of zirconium n-propoxide
were mixed with 8 moles of 2-methoxy ethanol. The solution was heated to temperatures
up to 125°C to remove the propyl alcohol fractions which resulted from replacement of the
alkoxide propyl groups with the 2-methoxy-ethyl groups. The two solutions were mixed
and boiled to promote reaction between the lead acetate and the alkoxides; the resulting
ester was removed by distillation together with excess solvent. The solution concentration
was adjusted to 1 molar; this stock solution was then stored under anhydrous conditions.

Portions of the stock solution were hydrolyzed by the addition of equal volumes of
a 1 molar solution of water in 2-methoxy ethanol and then immediately deposited upon a
substrate by spin casting at 2500 min-1. The substrates consisted of device quality silicon
with a 1000 A layer of SiO; grown by dry oxidation, upon which a 200 A layer of
titanium and a 2000 A layer of platinum were deposited by sputter deposition. The gel
films were dried on a hot-plate at 250°C for 10 mins, before further gel layers were
applied. Normally, five gel layers are applied by spin casting with a drying stage between
each layer.

Annealing was carried out using a rapid heating module? consisting of 18 x
1500 W lamps inside a gold plated reflective quartz chamber. The sample holder is such
that the wafer is exposed to radiation on both sides. The sample temperature is controlled
by a thermocouple in contact with one side of the wafer, in this case the side without the
gel coating. The chosen temperature profile consisted of a 40 s ramp to the annealing
temperature, with a dwell at temperature in the range 30 to 300 s and a 300 s forced cool 10
approximately 300°C. The sample was allowed to cool naturally from 300°C to room
temperature. Comparisons were made with conventionally annealed samples which were
subjected to a ramp of 10°C min-! and a dwell of 60 min. at temperature, before cooling at
a rate of approximately 1°C min-1. In addition, thermogravimetric analysis of samples of
dried gel was carried out.

The phase content of the films was determined using X-ray diffractometry. The
volume fraction of a "parasitic” pyrochlore type phase was estimated from a comparison of
the peak X-ray intensities of perovskite and pyrochlore reflections.

Thin foils were prepared in transverse section for transmission electron microscopy
(TEM) using initially a Gatan 'dimpler’ to reduce the thickness to 50 um and then a Gatan
ion beam thinner operated under conventional conditions to perforate the sample. A more
detailed experimental method has been described previously10. The foils were investigated
using Philips EM430 and CM20 microscopes.

For the electrical characterization, the films were sputtered with gold electrodes
0.5 mm in diameter. The complex impedance as a function of frequency from 10 Hz to
1 MHz was measured with an HP4192A impedance analyzer with a test signal of 5 mV.
The polarization as a function of field was measured with a virtual Sawyer-Tower circuit at
a frequency of 10 Hz and a maximum applied voltage of 15 V.

RESULTS

The X-ray diffraction »* .he analysis of the films r- seals an interesting comparison
between rapid thermal annealing and conventional annealing process. All films annealed
below 400°C appear amorphous. For conventionally annealed samples, by 450°C
crystallization of the films has already :*arted, but with the presence of a large fraction of
pyrochlore phase. A steady decrease in pyrochlcre content is observed with increasing
annealing temperature, with no pyrochlore being detected for annealing temperatures of
600°C or above. In the rapid annealed samples no pyrochlore is observed above 600°C.
However, for films annealed below 600°C, the volume of pyrochlore varies considerably
with the age and history of the stock solution. In certain cases no pyrochlore could be
detected by X-ray diffraction in films which were rapid annealed at 450°C
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Figure 1 shows the results

of the thermogravimetric analysis

of the gel. A large, rapid weight 115 [ errer T

loss is exhibited up to 150°C, with 1 ! 1 ]

the rate of loss slowing down 1k Rfgo = SCmin’_

between 150 and 300°C. is 4 3

no weight loss between 300°Cand 495 b\

approximately 440°C, when again ¢

there is further loss. There are no 510:

weight changes above 600°C. 3 t \ ]
Figure 2 is a TEM image 9.5 | 3

which shows part of a transverse s \___\ ]

section through a PZT thin film 9F :

which has been annealed at 600°C. s N 3

mmﬁlmshowsweu&ﬁnd a.s WY FUWWE FRWTE FUWTE SUWEE Wwews

grains at the PfZ}'(/)Pt inta')faoe wgth S0 252 (.g" 650

a grain size o to 100 nm, but o A

near the surface a layer can be FIGURE 1. chghtlossasafunctlon of

observed which has only a poorly temperature for a gel sample.

defined grain structure (verging on

amorphous). Inserted in the image is a selected diffraction pattern from the film which
shows rings which have arisen from the outer layer along with individual maxima from the
grains near the PZT/Pt interface.

Figure 3 is a transmission electron mi h showing part of transverse section
through a PZT film that has been annealed at 700°C. In contrast to the film annealed at
600°C, the whole film has developed well defined grains. However, pores which are
approximately S0 nm in size can be observed in the interior of the film. Inserted in the
micrograph is zone axis diffraction pattern which can be indexed according to a primitive
cubic lattice were a = 0.40 nm.

Figure 4 is a TEM image of a PZT film anncaled at 850°C. The film is completely
crystalline. Pores can be observed in the interior of the film as in the 700°C film, but are

FIGURE 2. TEM image showing FIGURE 3. TEM image of a PZT
a transverse section through a PZT thin film annealed at 700°C. Inset is
thin film annealed at 600°C. a <110> ZADP from a perovskite
Inset is a selected area diffraction grain.

pattern from the film.
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also seen at the PZT/Pt interface.
Deterioration of the PYTi/SiO2
clectrode interfaces may also be
observed at this temperature; this
phenomenon was not seen in
films annealed at 800°C. Inserted
in the micrograph is a dark field
imh:geofaymn' obtained using a
{hkO} reflection.

Figure 5 shows the
polarization-field hysteresis loops
for two differently annealed thin
films. That shown for the film
annecaled at 800°C is typical of
films anncaled at temperatures
between 650°C and 800°C. The

remanent polarization s FIGURE 4. TEM image of PZT film annealed
approximately 0.35 C m-2 with a at 850°C. Inset is a DF {hk0) image of a
coercive field of 5t0 7MV m-l. single grain.

The series capacitance as a

function of frequency for samples
annealed at different temperatures
is shown in Figure 6. The films

for the lowest and highest 08 o sl _4-=PC
annealing temperatures show very 06 P G S
different behaviours; that annealed  _ g4 [=——80cR0s |7 3
at 600°C has a low capacitance % | nle'd '
(= 600 pF), but a relatively flat ¢ %2} 7

frequency characteristic, whilst § o + *
that annealed at 850°C has a 02t ]
capacitance at 10 kHz of almost I /f ,’

8000 pF which falls to less than 0.4 F P
1000 pF at 1 MHz. The two .06 [ 4 27

intermediate temperature 0.8 TR TR TR T TV TV TR
specimens show increasing -0.8 =4 7 0 e,
capacitance with increasing 4100 210 Ny 210 410
temperature but without the large . .
decrease in capacitance above FIGURE 5. P-E hysteresis loops for two

100 kHz as shown by the 850°C PZT thin films.
annealed sample.

DISCUSSION

The X-ray diffraction results seem to emphasize one of the major findings in this work,
that the quality of the films is strongly dependent upon the history of the stock solution.
Post-hydrolysis reproducibility for individual stock solutions was good, therefore the
effects described here appear to be a function of the pre-hydrolysis chemistry. More
detailed studies of the stock solution chemistry are now in s. Variations in the
pyrochlore content of the films rapid annealed at less than C are thought to arise from
incomplete reaction or partial distillation of the products from the alkoxide radical
interchanges or the lead acetate/alkoxide reactions. In view of this, it is perhaps surprising
that the thermogravimetric analyses display a far greater degree of consistency; the result
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shown in Figure 1 is typical. The
large weight loss up to 300°C is
thought to be associated with the
loss of hydroxyl and alcohol 8000 ¢
groups from the gel, whereas it is 5
suggested that the weight loss 3
above 400°C is due to the 5 6000}

pyrolysis of the acetate groups. If 3
this interpretation is correct then ]
the presence of acetate in the gelis  § 4000
one of the limitations to reducing 3
mmg temperature of the i 2000 E

The observation that 3
hysteresis loops may be obtained 0
for films annealed at 450°C, with
fields approaching those of films FIGURE 6. Capacitance of films as a
temperatures  (800°C), s temperature.
encouraging and may be indicative

of the formation of perovskite at

relatively low temperatures. However, the complete dev: nt of the perovskite phase,
together with a dense microstructure, requires higher ing temperatures, as shown by
the X-ray diffraction analysis and the TEM investigations. The low capacitance exhibited
by films annealed at C and below may be interpreted as due to both the presence of
pyrochlore and the limited degree of crystallization in the films. Above this temperature
full crystallization of the films is observed, but the capacitance is limited by the presence of
porosity. At 800°C, the large value of relative permittivity of 1250 at 1 kHz, similar to that
of dense bulk samples of PZT, suggests that near to the optimum density of the films has
been achieved, despite the observation of some remaining porosity. The large decrease in
capacitance at high frequency, for samples annealed at temperatures above 800°C, may be
due to the presence of a high resistance in scries with the film. The degradation of the
electrode region observed in these samples is consistent with this interpretation.

Figure 2 appears to show that in the rapid annealing process, crystallization of the
perovskite phase commences, or proceeds most quickly, close to the PZT/Pt interface;
Conventional annealing cycles are thought to be too slow for this inhomogeneous phase
development to be observed. It is not known whether the effect is due to a catalytic or
epitaxial influence of the Pt electrode which promotes the growth of the perovskite phase,
or whether it may be attributed to the transparency of the film. In the latter case, the
radiation would initially be absorbed or reflected at the filmyPt interface, causing a thermal
gradient from the electrode to the surface of the film, with the highest temperatures in the
region of the electrode. Further experiments are being carried out on a variety of substrates
and electrodes which may resolve this issue.

In summary, the following scheme may be proposed for the evolution of PZT
films produced from the above sol-gel method by rapid annealing: pyrolysis of the film is
complete by 450°C, firstly by removal of hydroxyl and alcohol groups, secondly by
pyrolysis of acetate groups. Crystallization of the PZT perovskite phase has started at this
temperature and proceeds from the electrode towards the film surface, however the
presence of a pyrochlore phase in greater or lesser amounts is determined by the history of
the stock solution reactions. Conversion to 100 % perovskite is complete by 700°C.
Densification of the film progresses to 800°C, above this temperature electrode and
substrate interactions degrade the contact resistance between the Pt electrode and the film.
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The thermal treatment needed to produce device quality films is determined by two
requirements: the pyrolysis of the acetate groups in the gel and the elimination of porosity
from the films. Althou'gl‘\ the drying processes in the gel undoubtedly contribute to the
porosity, it is probable that the pyrolysis of the acetate groups in the gel may itself result in
the formation of micro-pores which on coalescence limit densification until higher
temperatures. It would seem that to reduce processing temperatures significantly, attention
should first be focused upon the possibility of the elimination of acetate groups from the
gel before deposition.

Previous workers have shown that the likely reactions during formation of the
stock solution are the replacement of the alkoxide propyl groups by 2-methoxy ethyl
groups and then reaction of the resulting methoxy ethoxides with Pb acetate. Dekeleva et
alll carried out analysis of the distillation products to show that in the first case the
complete removal of n-propyl groups is not achieved until temperatures approaching the
boiling point of the 2-methoxy ethanol. This is possibly one source of variation between
batches of stock solution. Secondly they found that only half the acetate groups present
could be removed from the stock solution by distillation in the form of 2-methoxy ethyl
acetate. This suggests that the result of the reaction between lead acetate and the 2-methoxy
cthoxides is (OR)3M-O-PYCH3COQO), in which M is cither Zr or Ti and R is 2-methoxy
ethyl, and that further reactions of this molecule, resulting in removal of the acetate, do not
occur. A partial charge model, as proposed by Livage and Henry!2, has been used to
estimate the relative probability of possible reactions within the stock solution. In keeping
with the findings of Dekleva, the above mentioned reaction between the alkoxide and lead
acetate was shown to be likely, whereas the probability of the removal of the remaining
acetate group from the product by further reaction was shown to be highly dependent upon
the mixture of alkoxy groups attached to the tetravalent cation.

Further partial charge calculations and experiments are in progress to determine the
;orég:',?ons required to remove all the acetate groups from the stock solution before

ydrolysis.
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GROWTH OF PARA- AND FERROELECTRIC EPITAXIAL
LAYERS OF KTay.xNbxOs BY LIQUID PHASE EPITAXY

ROLAND GUTMANN, JORG HULLIGER and HERMANN WUEST
Institute of Quantum Electronics, ETH Honggerbesg, CH-8093 Zilrich

Abstract Para- and ferroelectric layers of KTa;.xNbxO3 (KTN) could be grown on
pure and Sn-doped (100) KTaO3; substrates by liquid phase epitaxy from
KF/KTN, K2MoO¢/KTN and KTN/K;O solutions. Depending on the required
layer thickness either dilute solutions of KTN and KF, K;M004 or a KTN melt
with an excess of K20 were used. Lattice fitting could be achieved by the growth
of KTN:Na layers. The epitaxially grown samples were analysed by optical
microscopy, wavelength dispersive electron probe microanalysis, scanning
electron microscopy, x-ray and dielectric measurements. Ferroelectricity at room
temperature was demonstrated by hysteresis loop measurements.

INTRODUCTION

The growth of homogeneous epitaxial layers of KTa;.xNbzO3 (KTN) by liquid phase
epitaxy (LPE) for pyroelectrical, ferroelectrical or optical use is a challenge in regard to
existing growth problems for homogeneous KTN bulk crystals. Depending on possible
applications either thin (1 - 10 um) or thick (> 50 pm) monocrystalline layers are
necessary. Such thickness requirements cannot be fulfilled by only one solvent because
the growth time in case of a dilute solution (necessary for thin layers) would be too long
to obtain thick layers of a homogeneous thickness. In contrast, from concentrated
solutions the reproducible growth of layers with thicknesses h < 10 um seem not to be
possible.

For optical investigations any kind of lattice defects related to misfit relaxation
should be avoided. This implies a reduction of the lattice misfit between the cubic
KTaO3 substrate and the KTN(x) layers. For um thick paraelectric and cubic
KTN(x = 0.29) layers a misfit of 10-3 exceeds a critical value and creates dislocations
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due 10 a lattice relaxation of the epitaxial system. Various approaches for the reduction of
the lattice misfit are possible. An increase of the substrate lattice constant as well as the
growth of buffer layers scems more difficult than a reduction of the layer constant
achieved simply by exchanging the A-ion of the ABO; latiice by a smaller isovalent ion.
Solid solution formation of KTN with Na was successfully performed and the
replacement of a relatively small amount of K by Na (y < 0.15) did not change the
dielectric or ferroelectric behaviour of the K, yNayTa; ;Nb,O; layer effectively.

GROWTH OF SUBSTRATE CRYSTALS

LPE investigations will need KTaO; crystals of a low defect density. Both, pure and
doped crystals were grown from a high temperature KT203/K70 solution with 5 mol%
K20 by the top seeding method. After a superheating period (~ 4 h, 1370 °C) a (100) or
(110) KTaOj3 seed was brought in contact with the melt. Pulling rates of ~ 0.3 mm/h and
a temperature decrease of ~ 0.04 °C/h lead to transparent and colourless crystals of up to
2 cm®. To control the growth rate and crystal diameter the weight change was recorded
by a digital balance. The addition of 500 to 2000 ppm SnO; to the solution increased the
crystal quality and reduced the electrical resistivity from o= 1.2 x 10!! Om for pure
crystals 10 o = 3.6 x 10° Qm for a crystal grown from a solution containing 1000 ppm
SnO;. The effective distribution coefficient for Sn is approximately Kefr(sn) = 0.44. The
reduction of the resistivity will facilitate the use of the substrate as a back electrode for
dielectric measurements, poling experiments and for device applications, where the
physical propertics are controlled by electric fields.

EPITAXIAL EXPERIMENTS

Epitaxial growth from dilute solutions using KF or K;M00, as a solvent were
performed in a highly temperature stabilized, 3 zone, resistor heated furnace!. The
growth from a concentrated solution with K2O as solvent was done in a Czochralski
apparatus with temperatures of up to 1400 °C. In this case the growth was controlled by
a digital balance with mg resolution. To ensure homogenization of the solution both set-
ups were equipped with the accelerated crucible rotation technique (ACRT).

Growth experiments from KF solutions

Preliminary dissolution, crystallization and epitaxial experiments with KTN in a
KF/KTN solution gave promising results in regard to the dissolution and crystallization
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behaviour of KTN2. Homogencous and heterogeneous nucleation produced blue
coloured crystals or layers of um thickness. The blue colour could be completely
removed by O, annealing at 950 °C for 20 h. To elaborate the suitable concentration
range and the width of the metastable regions the corresponding part of the
KF/KTN(x = 0.68) phase diagram for 92 < cxr £ 99.5 moi% was determined. The
liquidus and solidus temperature, shown in Figure 1, was obtained with a heating and
cooling rate of 2 °C/min.
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FIGURE 1 Partial phase diagram of KF/KTN(x = 0.68).

Epitaxial growth on cm? sized (100) KTaOj3 substrates gave um thick paraelectric
KTN(x = 0.29) layers from a KF/KTN(x = 0.68) solution. Ferroelectric KTN(x = 0.45)
layers were obtained from a KF/KTN(x = 0.82) solution. Lattice misfit induced defects
could be avoided by the incorporation of Na, which reduced the lattice constant(s) in the
cubic and tetragonal phases. A misfit minimum without lattice relaxation defects could be
achieved by the use of a solvent mixture of 88.5 mol% KF and 11.5 mol% NaF for
cubic layers (x = 0.29), and 87.9 mol% KF and 12.1 mol% NaF for tetragonal layers
(x = 0.45). For growth temperatures between 870 and 945 °C growth rates of
0.1 - 2 yum/min for pure and Na enriched layers were found. Detailed information on the
growth of lattice fitted para- and ferroelectric KTN layers will be published elsewhere3.

Growth experiments from KMoO, solutions

Epitaxial experiments growing KTN from K,MoO4 solution gave colourless layers of
good crystal quality showing a higher distribution coefficient for Nb in comparison to
KEF solutions. In contrast to KF solutions, substrate orientations other than (100) c.g.
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(110) could be used to obtain flat layers by post-growth polishing. The growth rates for
a solute concentration of cxry S 2 mol% and growth temperatures between 910 and
960 °C varied between 0.1 and 1 ym/min. The main problem with the use of KzMoOy is
the low solubility of KTN (cxtn < 2 mol%) and the dependence of the distribution
coefficient for Nb on the growth temperature. An effective lattice fitting was not
possible, because the addition of Na,MoO, to the solution changed the layer
composition (x) and reduced the already small solubility of KTN.

Growth experiments from K70 solutions

The cpitaxial growth behaviour of KTN from concentrated K,O solutions with
ckTN = 95 mol% showed a different behaviour with regard to a variation of the growth
rate from 2.5 to 30 um/min. Also, the supercooling temperature was only a few degrees
above the temperature where heterogeneous nucleation occured. At a growth temperature
of ~ 1190 °C and growth times of 1 - 10 min layers with thicknesses between
15 - 150 um were typically obtained. For layer thicknesses above 20 um a slightly milky
appearance was created by domains. Solutions containing 68 and 72 mol% Nb produced
KTN(x) layers with x = 0.37 and x = 0.41, respectively. These samples were
completely colourless and showed the known misfit induced defect pattern at the
substrate/layer boundary. This defect region did not extend through the whole layer
thickness but was restricted to a few um near the interface. Therefore, lattice fitting
experiments (e.g. by the addition of NaO or Li;O) seem not to be necessary. In the top
part of such a 50 um thick KTN layer a 7 um thick optical waveguiding structure was
produced by He* implantation®.

ANALYSIS

The investigation of the KTN layers was performed by a variety of analytical methods
including optical microscopy (OM), scanning electron microscopy (SEM), wavelength
dispersive electron probe microanalysis (EPMA), Rutherford backscattering (RBS),
x-ray diffraction measurements, channeling experiments with electrons and a-particles,
Auger electron spectroscopy (AES), x-ray photoelectron spectroscopy (XPS), dielectric
and hysteresis measurements.

At first the quality of the as grown layers was investigated by OM and SEM. OM
with polarized light or differential interference contrast showed defects like domains,
lattice misfit relaxations at the substrate/layer interface and macrosteps at the surface. For
KF/KTN solutions layers of optical quality can only be obtained for (100) substrates.
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For surfaces without macrosteps the misorientation should be < 0.5° 1.

The layer thicknesses were measured either mechanically or by RBS in cases of
thicknesses below 5 um. The dependence of the thickness on the growth time and
supersaturation gives information on the growth mechanism and the thermodynamical
behaviour of the growth system.

Further work concentrated on the determination of the lattice quality of the layers.
Extensive x-ray diffraction measurements of 00/ peaks with / = 1 to 8 established
monocrystalline epitaxial layers. A high resolution x-ray diffractometer system allowed
the determination of the lattice misfit f < 10-4. For cubic layers the 00! reflections were
sufficient but for ferroelectric (tetragonal) layers the asymmetric Bragg diffraction
technique had to be applied3. In addition, the crystal quality of the substrate and the layer
was inspected by x-ray rocking curves and channeling experiments3.

The chemical composition and homogeneity of the KTN layers was investigated by
FPMA, AES, XPS as well as by dielectric permittivity measurements. EPMA enabled a
precise quantitative determination of the main elements including F and O if appropriate
reference samples were used. The chemical homogeneity was explored by AES and
XPS5. XPS also offers the possibility of checking the chemical oxidation state of the
layer forming ions. This was applied to blue layers before and after the discolouration by
O, annealing5. The fact that KTN bulk crystalss.?7 and also thin layers! exhibit
composition dependent phase transitions (Figure 2) leads to a further method to
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FIGURE 2 Phase transitions of a KTN(x = 0.45) layer, grown on a (100) KTaO3
substrate from a KF-KTN(x = 0.82) solution with cxtny =8 mol%, h = 12 um.

determine the Nb content of discoloured layers. The discolouration is necessary since
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blue layers show a low resistivity of ¢ ~ 5 Om, while for the colourless state a value of
o=2.9 x 10° Om was measured. The influence of Na doping on the physical properties
of KTN layers was also investigated by dielectric measurements. Beside a small increase
in T of 0.9 °C/mol% due to Na incorporation, no degradation effects were evident.

Ferroelectricity for epitaxial KTN layers was demonstrated by diclectric hysteresis
measurements. With 2 parallel strip gold electrodes placed on the layer surface
(separation 0.2 mm) and the application of an ac voltage of 110 V, 50 Hz a hysteresis
loop as shown in Figure 3 could be recorded.

~

FIGURE 3
Ferroelectric hysteresis loop of
a KTN (x = 045, y = 0.125)
layer with h = 28 ym and
Tec =61 °C; Ec ~ 2 kV/cm at
T=23°C.

Further analytical and material specific measurements such as the determination of the
pyroelectric coefficient and an analysis of the domain structure are in process.
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GROWTH OF PEROVKSITE PLZT THIN FILMS BY DUAL ION BEAM
SPUTTERING

D.A. TOSSELL, N M.SHORROCKS, J.S.OBHI & R.W. WHATMORE
GEC-Marconi Materials Technology Lid, Caswell, Towcester, Northants,
NNI12 8EQ, UK.

Abstract PLZT thin films have been deposited using the emerging PVD technique
of dual ion-beam sputtering (DIBS). The DIBS process produces high quality
orientated perovskite films of bulk refractive index, good stoichiometry and fuil
density, i.e., few pinholes. Films have been formed at 500-600°C onto sapphire,
fused silica, MgO and silicon substrates by sputtering from an adjustable
composite PLZT ceramic/Ti and Pb metallic target. Some substrates were coated
with platinum prior to deposition to allow longitudinal electrical measurements on
the films. Perovskite lead titanate PLZT (0/0/100), PLZT (10/0/100) and PLZT
(28/0/100) films have been grown, the former two are of interest for thin film
pyroelectric detectors whereas the latter is a quadratic electro-optic suited to optical
waveguide, shutter and switching applications.

INTRODUCTION
The quarternary solid solution of PLZT(x,y,z)

is a well known ferroelectric material that exhibits piezoelectric, pyroelectric, linear and
quadratic electro-optic properties depending on the composition. In bulk form, it has
been applied to a wide variety of ferroelectric devices!. Thin films of PLZT are of
interest for enhanced pyroelectric detectors?, optical waveguides and switches3 and
non-volatile memory applications4. In particular, full monolithic integration of such
films with semiconducting materials would yield significant advantages in terms of
increased speeds, reduced voltages and enhanced response. Due to the high
temperatures required for the formation of the ferroelectric perovskite phase and the
complex stoichiometry, the production of thin film PLZT has not proved easy and, at
present, a wide variety of thin film synthesis techniques, such as MOCVD, sol-gel, RF
magnetron and ion beam sputtering, and laser ablation are subject to intensive
research. In this paper, we report the use of the emerging PVD technique of dual ion
beam sputtering (DIBS) for the synthesis of PLZT thin films. The compositions PLZT
(0/0/100) (i.e. pure lead titanate), PLZT (10/0/100) and PLZT (28/0/100) have been
selected. The former two have been reported as useful for thin film pyroelectric
detectors2 and the latter for a large quadratic electro-optic effect relevant to optical
shutter and waveguide applications?.
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FIGURE 1 Schematic diagram of the DIBS system.

EXPERIMENTAL PROCEDURE

The Nordiko 3450 DIBS system, Figure (1), is composed of a cryo and turbo-
molecular pumped chamber, base pressure 5 x 10-8torr, a target turret, an 800°C
rotating heater platen and two RF plasma driven ion guns capable of generating ion
beams from reactive or inert gases for extended periods of time. The chamber is also
fitted with two filamentless electron sources for beam neutralization and two faraday
cups for measurement of beam current density. Generally, a high energy argon ion
beam in the range 600-700eV, 80-100mA and beam current density (BCD) 1-5mA/cm?
is used to sputter material from a target while the substrate is immersed in a pure
oxygen ion beam of 0-100eV, 0-40mA and BCD 0-0.2mA/cm2. More energetic
oxygen or argon ion beams can be used to clean the substrate prior to film growth. A
neutralisation level of 110% is used to ensure stability during the deposition of
electrically insulating films. The DIBS process has a number of advantages, including:

low pressure deposition (typically 10-4torr); low film contamination (no filmaments);
excellent film adhesion; high film density and refractive index; and full anion
stoichiometry for reactive deposition.

For PLZT deposition, an adjustable composite target has been developed and is
depicted in Figure (2). Pieces of titanium metal and PLZT ceramic are bolted to a
copper backing plate through a lead sheet using high purity titanium bolts (>99.9%
punty). By varying the configuration and utilising various PLZT ceramic
compositions, films of the desired stoichiometry were obtained.

PLZT films have been grown onto (1102) sapphire, (100) Mg0, alumina capped
silicon and plain silicon substrates. Films of interest as thermal detectors have been
grown onto substrates previously coated with 1500A of platinum to act as a bottom
electrode. Films aimed at optical applications were deposited on double polished
sapphire or fused silica to allow transmission measurements.

Film composition has been determined by microprobe EDAX using 7.5 or 10 keV
clectrons over a 100um square; in combination with film of thickness in excess of
0.5um, the signal from the substrate could be minimised. Structure was determined
by X-ray diffraction (XRD) using Cuq radiation. Optical properties have been
assessed by UV/visible spectrophotometry. Electric and pyroelectric properties were
determined either from surface interdigitated electrodes or top and bottom electrode
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FIGURE 2 Typical Target Configuration for PLZT Sputtering.

using standard bridge techniques.

Some films were annealed after deposition in a tube furnace at 550-750°C in static
air or flowing oxygen for 10 hours to induce or improve the perovskite phase. In
some cases, PLZT spacer powder was placed around the film during annealing.

RESULTS

For all PLZT films it has been found that the DIBS process suppresses the formation
of the pyrochlore phase. Generally, most deposition processes produce the pyrochlore

phase in the 450-550°C range and perovskite between 500-650°C5. DIBS films are
amorphous up to 400°C above which perovskite peaks begin to appear. Above 550°C,
the perovskite phase becomes dominant. Trace pyrochlore peaks occasionally
appeared on Si, Si0p and Mg0 substrates, but never on sapphire. It is suggested this
effect is due to the oxygen ion bombardment which prevents oxygen deficiency. In
flowing molecular oxygen (ie, no plasma or ion beam) films were virtually lead free
(51.0At%) above 450°C and were amorphous. Thus, the effect of the oxygen plasma

was retention of significant quantities of lead in the film even up to 6500C. Up to
beam energies of 150eV, above which the film growth rate was reduced, the
generation of an ion beam from the plasma had little effect on film stochiometry, phase
or growth rate, although the refractive index of bombarded films tended to be higher.

In all cases, the dominant parameters controlling the lead content of a film were the
target configuration and the substrate temperature. The temperature dependence is an
effect common to all vacuum based PLZT thin film deposition processes and is caused
by the high volatility of Pb and Pb0. Since perovskite formed only above 550°C, the
target configuration was adjusted to give the correct composition in this temperature
regime. For example, for lead titanate at S80°C a metallic Pb/Ti target that gave a 9:1
Pb:Ti incident atom:ic: {i:3x on the substrate (as measured cold) was required to give 1:1
stoichiometry in the fi'm.

For PLZT (10//1%)) an PLZT (28/0/100), it has been found that an increase in the
La dopant level occurs between the target ceramic and the film. A PLZT (28/0/100)
target gives PLZT (35-40/0/100) films. Extra titanium on the target or a lesser La
doped target ceramic were used to correct this problem. Growth rates have been in the
range 0.1-0.25um/hour. Surprisingly, in view of their relative known sputtering
rates, the faster growth rates occurred for ceramic dominated targets and the slowest
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FIGURE 3 XRD traces of lead titanate films on silicon (i), sapphire (ii) and MgO (iii).

for fully metallic targets. Growth rates for films grown below 400°C were of order
0.Sum/hour, but this needs to be offset against the required annealing time.

Figure (3) shows the XRD traces for 1.0um thick lead titanate films grown onto
platinum capped (100) silicon, (1102) sapphire and (100) Mg0. A measure of film

orientation has been defined?

= FEOTy @

For lead titanate powder o = 0.33, for a film on platinum on silicon a = 0.10, for
sapphire or platinum on alumina capped silicon a = 0.51 and for Mg0 a = 0.80. The
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orientation behaviour is attributed to thermal expansion mismatch stress between film
and substrate. The high thermal expansion coefficient of Mg0 (14 x 10-6K-1) places
the film in compression on cooling and at the cubic-tetragonal phase change forces the
longer (001) c¢ axis out of the plane. This is beneficial to thin film pyroelectric
properties, but implies that a lead titanate film on silicon for integrated devices tends
towards the unwanted (100) orientation due to the small thermal expansion coefficient
of silicon. However capping silicon with alumina does force the orientation towards
(001) as compared with plain silicon.

To examine the electrical properties of the film Imm diameter chrome/gold
electrodes were applied to the top of the film. For thin films (<0.5 micron) most
clectrodes were found to have shorts to the bottom electrode but once the film
thickness approached 1 micron this proved less of a problem. For the lead titanate
films the room temperature dielectric constant was 300 and the loss was 0.033. For La
doped films the dielectric constant was higher at 450 and a loss of 0.015. Some
pyroelectric activity was observed in films as deposited but this was improved by

poling with fields up to 7 kV/mm. Pyroelectric coefficients in the range 0.5-2.5 x104
Cm2K-! have been measured which translate into a figure of merit Fp of 2.6 x10-5Pa-

0.5 for both pure and La doped lead titanate films.

The effect of La doping on lead titanate is to reduce the tetragonality at a given
temperature and for PLZT (28/0/100) the structure remains cubic at room temperature.
Figure (4(1)) shows an XRD pattern for randomly orientated polycrystalline PLZT
(28/0/100). For post annealed films, the XRD trace reveals an identical randomly
oriented polycrystalline structure. For in-situ grown perovskite films, the crystalline
quality is much higher, but the orientation behaviour is complex. Figures (4(ii), (iii)
and (iv)) show XRD traces for (100), (110) and (111) orientated 1um thick films
grown under near identical conditions onto (1102) sapphire. Generally, films with
two of these orientations in any combination can occur but complete random
orientation never occurs. There is some critical process parameter that controls the
resultant film orientation which remains to be identified.

In appearance in-situ depositied perovskite films are smooth, highly transparent
with a slight yellow tinge with the PLZT (28/0/100) having a short wavelength
transmission limit of 330nm and a refractive index of 2.5-2.6. The PLZT(28/0/100)
films have a dielectric constant of 1500 at room temperature but as yet no electro-optic
activity has been observed. The reasons for this are unclear but it is suggested that the
nature of the DIBS process produces an unusual morphology that inhibits activity; the
process has not yet been fully optimised in this respect. Annealed films have a much
poorer morphology with a rosette-like structure, extensive cracking and a dielectric
constant half that for in-situ deposited films. Uniformity of thickness and composition
of the order 2% over SOmm has been achieved for both types of film.

Part of this work has been carried out with the support of the Procurement
Executive Ministry of Defence.
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Absiract Thin lead zirconate titanate (PZT) ferroelectric films are currently being
used in a variety of applications. One of the more novel uses is in non-volatile
random access memory devices. In this study, polycrystalline ferroelectric thin
films were rf-sputtered on Pt-metallized Si wafers. La-doped as well as undoped
PZT films were analyzed. The microstructure was examined by X-ray diffraction
and TEM. The electrical characterization was carried out on discrete capacitors
by using switching measurements between 20 and 150° C. Nanoprobe analysis of
the composition of the films has also been performed and the difficulties of
obtaining reliable analytical results are explored in detail. The data obtained from
these electrical and microstructural studies were correlated and modeled in order to
directly relate switching to the microstructure required for improved device

INTRODUCTION

Thin film PZT ferroelectrics are currently being used as elements in non-volatile
memories!. In this application, their thickness is usually less than 0.5 micron. The most
important issue in semiconductor memory fabrication is the integration of the ferroelectric
films in a complete process without significant degradation. For example, in a typical
semiconductor process flow, PZT will experience a variety of anneals in several
ambients. Thus, stability in morphology and composition is of utmost mmnoe

In this study, various PZT compositions have been analyzed at room and
elevated in order to understand any degradation mechanisms that may occur
in the thin with thermal cycling. The sample compositions are described by the
standard PLZT formalism (La/Zr/Ti at%). A, stands for a PZT sputtering process using
an ¢ight inch ceramic target and B stands for a PZT sputtering process using a five inch
target. Both undoped and La-dopecl2 'ssamples have been incl in this analysis. Based
on the bulk ceramic phase diagrams<-, these compositions should produce the tetragonal
paml/{skim ferroelectric g:‘nase hot used 10 anal hol ]

oom temperature and in-situ hot stage TEM was to analyze the morphology o

all the films and to record any structural changes with temperature. Only a La-doped
sample was heated in the microscope for this study up to 500° C. Several other PZT

films have been thus analyzed and results have been reported in an earlier papert.
Detailed nanoprobe analyses were carried out on all samples to investigate any
compositional i ties. Accurately measuring the Pb content in the films is quite
difficult. Only thicker areas of the samples give a more reasonable measure of Pb. The
very thin, ion-milled areas are always Pb-poor, so they cannot be used for analysis.

(615303
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There is quite a variability in the lead content of the samples which also affects the
measured Zr/Ti ratios obtained. However, if all the potential problems are recognized,
reasonable analyses can be obtained.

TEM and X-ray diffraction (XRD) show that all rf-sputtered samples are amorphous
in the as-deposited state. XRD has been performed at temperatures between 400-650° C
in order to document the perovskite formation. Interesting differences have been
recorded on the formation temperature of the perovskite phase. In this investigation, La-
doped films develop the perovskite phase at a lower temperature than the undoped
samples.

Electrical characterization was performed on all films from 20° C to 150° C.
Significant degradation with temperature was found on films sputtered under the same
conditions using S inch targets. This degradation is characteristic of an increased non-
ferroelectric "gap” region in series with the ferroelectric material and a decrease in the
spontaneous polarization (Ps) and coercivity. This occurs only when the films are heated
in a poled state and is fully recoverable when the samples are rapidly annealed at 550° C.
The film sputtered under different conditions using an 8 inch target exhibited much less
demdaﬁon which was characterized by only a slight reduction in the spontaneous
polarization. Although the specifics of the above sputtering processes cannot be
disclosed, the most significant point to be made is that the processing variables are as
important as the film compositon. The above mentioned degradation has also been
interpreted by an electrostatic model’ (conceptually similar to that reported earlier by
Selyuk$) which agrees with the data reported in this study.

EXPERIMENTAL

PZT films were rf-sputtered on Pt-metallized Si wafers. The thickness of the ferroelectric
films varied between 2,500 and 3,500 A. Pt was also used to form the top electrode
material for electrical characterization. TEM and AEM examinations were performed
using a JEOL JEM 200CX AEM operating at 200 kV. The 200CX is equipped with a
KEVEX System 8000 and two X-ray detectors: (1) a high angle EDS detector and (2) an
ultra thin window EDS detector for light elements (Z = 6 and up). Further, the hot stage
work was done using a Ta heated specimen holder Gatan 628-Ta. The samples used for
the TEM work were first mechanically polished, and then ion milled from the substrate
side. The sputtering rates of the various components in PZT differ appreciably from each
other and it is possible that any kind of sample prm;ion process that involves
sputtering will cause some degradation or artifacts. , milling was kept to a
minimum whenever possible. All TEM samples were mounted on Molybdenum grids.

All PZT samples were further analyzed by in-situ hot stage XRD as a function of
temperature. As-deposited samples were heated in air on a Ta strip heater with a
thermocouple attached. Temperature control was better than +/- 1° C. Traces were
started after about two minutes at temperature and run at a rate of § degrees per minute
over a 20 range of 20 to 60 degrees. The samples were then ramped up to the next
temperature and the traces repeated. The total annealing time at each temperature was 10
minutes per sample.

Electrical characterization was carried out on 100 x 100 pm2 discrete capacitors
using an HP 8175A arbitrary waveform generator and a Tektronix 2430A digital
oscilloscope. Hysteresis loogs were measured with a 3 cycle 50 kHz triangular wave
burst starting and ending at 0 V. Pulse switching measurements were witha §
pulse sequence consisting of one pulse at the measurement potential to set the state
followed by a switching pulse, a non-switching pulse of the same polarity, a switching
pulse of opposite polarity and a non-switching pulse. All pulse widths were 1 yis with a
delay between pulses of 1 s. Switching kinetics were sufficiently fast to obtain saturated
charge values in the requisite times. Measurement configuration was a simple Sawyer-
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Tower capacitor divider with load capacitance 100x the ferroelectric capacitance, thereby
ensuring that the applied potential dropped primarily across the ferroelectric capacitor.
The charge was calculated from the potential across the load capacitor, 0.8 ys after the
leading edge of the pulse.

RESULTS AND DISCUSSION

Mi L Analysi
Representative XRD spectra and the corresponding TEM micrographs of all les
analyzed are included in Figure 1. The mi smshowingtheﬁnalpe:;:r?iine
phase after annealing at 650° C in oxygen. There is grain size variability between the
samples. Sample A(0/48/52) has well fc:xaed, uniform grains with clean grain
boundaries. Grain sizes vary between 3-5 kA. The domains are clearly seen in this
sample. B(0/48/52) has smaller grains (1-2.5 kA) and a significantly different
morphology. This is important to note since the two above-mentioned films come from
targets with the same composition but different processing. Sample A(0/48/52) has better
overall ferroelectric characteristics than sample B(0/48/52). The two La-doped samples,
B(1/48/52) and B(3/30/70) show relatively non-uniform grain size with several grains in
the range of 1-2 kA and then some large grains r:xging between 4-5 kA. It is interesting
to note that only in the larger grains (close to S kA) domain structure can be seen. This
might indicate the existence of a critical grain size for twinning (and domain formation) to
occur. Thus far, results have been quite consistent in a variety of films analyzed. Out of
the B-process samples, the best morphology is exhibited by sample B(3/30/70).

Analysis of the XRD spectra in Figure 1 shows that at 400° C there are no perovskite
peaks. However, there might be a hint of a peak (visible only after expanding the spectra
significantly) at about 30° 29 (for clar'ty, the (111) and (200) platinum bottom electrode
peaks have been removed). Wi.a a subsequent increase in temperature to 500° C, the
peak at 30° 20 increases although it is still very broad. Also, very small peaks begin to
appear near 22° and 45° 20. For the B(3/30/70) le at this temperature, the latter two
peaks are distinctlg better defined than for the other samples. A further increase in
temperature to 525 g?ogrodncammh larger and sharper peaks at 22°, 38° and 45° 20, but
the broad peak near 30° actually shrinks. mcreasingthetempemnnetossmc,%gdwes
even larger peaks at 22°, 38° and 45°, with the complete disappearance of the 30° peak.
Proceeding to 650° C does not change the traces appreciably.

Although it is difficult to identify a phase from only one peak, the breadth of the 30°
peak indicating high disorder and the lack of stability above 550° C strongly suggest that
this peak belongs to the pyrochlore phase. The other peaks are readily identified as
belonging to the perovskite phase. Since these films have a composition on the titanium
rich side of the morphotropic phase boundary (MPB), one would expect to see the
tetragonal phase for bulk samples . Near the MPB, g and ¢ lattice constants differ by
approximately 3%2. This is easily determined by pairs of peaks such as (100) and (001)
near one another. However, in thin films there is only one peak. This could
to a cubic phase but the ferroelectric behavior seen in all these films rules this out. It
would be tempting to conclude that the film is rhombohedral, in which case the resolution
of XRD is incapable of seeing the pairs of peaks. It is also possible that the small grain
sizes and effects of stress cause the small difference in g and ¢ values to be
indistinguishable. It is not possible to resolve this difficulty at the present time.

The formation of perovskite at slightly lower temperatures for sample B(3/30/70)
could be due to either the 3% La, or the difference in Z1/Ti ratio or even to the different
amounts of excess PbO in the various films which can act as a flux during grain growth.
At this time, the exact cause for this lower formation temperature is not certain. In fact,
it is highly likely that this would also be a function of the film deposition conditions, the
machine and the technique used for sputtering, and the overall processing of the films.
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FIGURE 1 XRD spectra and correspondingTEM micrographs of samples

analyzed (a,b,c,d). See text for details.




CHARACTERIZATION OF THIN PZT FILMS {619)307

10000
] Sample
B(1/48/52)
8000 -
y (1&‘
(001 (200}
6000 - (082)
4 (110) (111)
o1
4000 - e 5500
: " ) 550C
2000 - — —A- A 5250
| R ~ S00C
ﬂ T T 7y ¥ 9 T T ¥ T L] T T | ¥ ¥ L f@
c 20 30 40 50 60
20
10000
1 _Sample
B(3/36/70)
8000 -
‘ o0z
6000 - (100)
(00t1)
4000 1 850¢
N o~ i 525C
- ) s00¢
J n 4750
o 1 § L A 1 LA 1 4 ¥ ¥ L 1) 1 ’ ¥ L] 1 B ¥ ¥ ¥ ¥ @
d 20 30 40 50 60
26

FIGURE 1 continued




308/[620) M. HUFFMAN et al.

The compositional characterization of all films was carried out by nanoprobe EDS. All
analxscs were performed at room temperature. Electron beam sizes of 65, 100, 150 and
200A were used. In this study, some hydrocarbon build-up was seen on the specimens
examined at room temperature but it was not serious. The analyses were pe-formed
either with spot mode or rastered beam conditions. At least three different areas were
analyzed per sample. Good counting statistics were difficult to obtain from very thin
areas. Also, these arcas were consistently Pb deficient and thus not reliable for analysis.
Good data were obtained from relatively thicker areas of the foils. The matrix in all the
PZT samples is Pb-rich and it absorbs X-rays. Thus, significant errors can be introduced
in the absolute concentration of each element.

A

FIGURE 2 TEM micrograph of sample B(3/30/70) at 500° C. A: degraded
area and B: remaining PLZT area.

Figure 2 is a plan-view of sample B(3/30/70) at 500° C. Part of it has been
transformed to a Ti-Zr-O containing material and all the Pb has been completely removed
from the original sample. This can be compared to Figure 1d, where the same sample is
shown at room temperature and before any heating. It is obvious that the sample at 500°
C and by further local heating from the beam has been irreversibly changed. This is
interesting for two reasons. Firstly, when an analysis was performed on sample
B(3/30/70) before the hot stage treatment, the Zr/Ti ratio was close to 40/60. La was
very close to the expected 3%. The Pb concentration was a bit higher than stoichiometric
as expected since all sputtering targets have excess PbO. However, after the heating run
in the microscope, and since all the Pb was lost, a repeat analysis of the same sample
produced Zs/Ti ratios of about 30/70, the nominal composition. The La was basically the
same. Thus one can easily experience an error of 10 atom % in the Zr and Ti
concentrations due to the Pb influence. In general, variability in the Pb content in the
films will also cause Zr/Ti variabilities in the EDS measurements. In this study, the best
results were obtained by analyzing thicker areas of the samples where milling had not
significantly altered the Pb content. After all the above-mentioned problems were taken
into account, all samples showed Zr/Ti ratios reasonably close to nominal for each
composition with slight variability which is not totally unexpected for these films4. The
La in the doped PZT samples was fairly uniformly distributed and no indication of
segregation was found. Depending on the process and deposition conditions for each
sample, the Pb content is the most variable and difficult to control and analyze reliably.

The second reason the complete Pb loss in sample B(3/30/70) is interesting is the
fact that this may be associated with the amount of excess PbO in PZT thin films. PZT
should not break down to its component oxides at temperatures less than at least 1200-
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1300° C2. It is doubtful that the temperature reached locally on the sample was that high.
However, local heating by the electron beam could aid the melting and evaporation of any

significant excess PbO and the subsequent breakdown of the perovskite. This
phenomenon is still under investigation.

i
Films were characterized with pulse switching and hysteresis loops as a function of both
potential and temperature. Figure 3 (Q vs. V vs. T) shows the results of these
measurements for all films. The upper surface in these plots shows the switching results
for a single polarity while the lower surface shows the non-switching results for the same
polarity. The procedure used was to measure Q vs. V characteristics at 20° C then
increase the temperature in 30° C increments to 150° C. After taking measurements at
150° C, the temperature was decreased using the same steps back to 20° C. Note that loss
of switching with temperature is essentially recoverable for A(0/48/52), but is not
recoverable for the other samples. B(0/48/52) has the same nominal composition as
A(0/48/52). Note that the decrease in switched charge (2Ps) and the increase in non-
switched charge for A(0/48/52) is linear with temperature as has been reported previously

]
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GURE 3 Qvs. V vs. T plots for: a) Sample A(0/48/52); b) Sample B(0/48/52);
Fl Q c) Sample B(1/48/52) and d) Sample B(3/30/70).
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for other samples®. The linear Q vs. T characteristics for switched and non-switched
charge intersect at the Curie point where the switched charge goes to zero. Recovery
upon temperature lowering is greatly reduced for the samples sputtered from the smaller
targets. Representative room temperature hysteresis loops for B(0/48/52) and B(3/30/70)
are shown in Figure 4 for the same triangular pulse voltage sweep both before and after
thermal cycling.
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FIGURE 4 See text for details.

To first order, the dominant switching effects for the samples in this study are the
ones resulting from the particular sputtering conditions and are composition independent.
However, there seems to be a correlation between grain size of the films and observed
switching characteristics. Sample A(0/48/52) has the best morphology and the best
characteristics. Out of the B-process samples, B(3/30/70) shows the best properties.
The hysteresis loops shown in Figure 4 are consistent with capacitor degradation as an
increasing non-ferroelectric "gap" region (slope of the hysteresis loop) and a decrease in
the spontaneous polarization and coercivity.

The working hypothesis is that the B-process samples are sputtered under conditions

resulting in a highly defected perovskite. As in the case of other perovskites’, vacancy
defects are charged and migration is fast under the large fields present in these thin films.
As these defects segregate to the electrode and grain interfaces, they cause more disorder
and the ferroelectric lattice distortion disappears. This increases the non-ferroelectric
"gap" in these regions. As the.bulk is depleted of vacancies, compensating interstitials
and anti-site defects form and reduce the ferroelectric distortion thereby making the
material easier to switch and Pg smaller.

The changes in switching characteristics at constant temperature were simulated
using a multi-grain, one-dimensional, quasi-static model by increasing the non-
ferroelectric interface "gap” and decreasing the spontaneous polarization, coercivity, and
bulk permittivity while maintaining constant film thickness. This simulation is shown in
Figure 5. Note that both upper surface (switched charge) and lower surface (non-
switched charge) are consistent with the measured data before and after the temperature
excursion.
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FIGURE 5 Switching surfaces simulated as a function of increasing non-
ferroelectric gap and potential for a coercivity and Ps fit to the
room temperature data shown in Figure 3b. See text for details.

CONCLUSIONS

1) In ferroelectric memory fabrication, processing is the major factor affecting the
properties of thin PZT films.

2) Depending on the film, there is degradation with temperature characterized by both an
increased "gap" region in series with the ferroelectric material and a decrease in Ps. In
good quality samples, the degradation mechanism is mostly manifested as a slight
reduction of Pg.

3) There are slight compositional inhomogeneities in the films analyzed and the Pb is the
most variable and difficult to control and to analyze reliably. La does not segregate in the
samples used in this study.

4) Hot stage XRD analysis has revealed that in the La-doped samples (especially sample
B(3/310ﬂ0)) the perovskite forms at a slightly lower temperature than in the undoped
samples.

5) A multi-grain, one-dimensional, quasi-static model of the observed decrease in
switched charge with thermal cycling shows a good fit to experimental data.
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Abstract The system considered is a ferroelectric film
between metal electrodes with polarization normal to the
interfaces. The critical temperature T, is depressed by the
depolarization field, the film thickness ¢ for T, to be reduced
to zero being or order 103 times the Thomas-Fermi screening
length of the electrodes. For a film with no electrodes the
ferroelectric phase is completely suppressed. The variation
of T with ¢ > ¢, follows a simple hyperbolic law which
should be open to experimental test.

INTRODUCTION

The experimental evidence concerning the influence of surfaces
and sample size on ferroelectric phase transitions, reviewed briefly
elsewhere,! does not exhibit any simple uniformity of results. In
some materials, it appears that a surface layer orders before the bulk
of the sample,2 whilst in others34 the opposite seems to occur. The
influence of depolarization in reducing the critical temperature of a
film was studied by Wurfel and Batra,5 following earlier theoretical
work,6 in a study of a TGS film between one metal and one
semiconducting electrode.

Two different mechanisms have been investigated
theoretically. As mentioned, Batra et al6 studied the influence of
depolarization. They stressed that the phase transition is that of the

[625)313
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complete system of ferroelectric film plus electrodes and showed
that semiconducting electrodes lead to a depression of the critical
temperature and can change the nature of the phase transition from
second order to first. Somewhat later, various authors?-10 studied
the implications for phase transitions within the Landau-
Devonshire theory of the symmetry-allowed boundary condition

n VP+§'P=0 )
The extrapolation length 8 can have either sign. If it corresponds to
an increase of P at a surface then on a semi-infinite sample a
separate surface-ordered phase appears at a higher initial
temperature than that of the bulk material, and in a thin film the
critical temperature is enhanced above the bulk value. If P
decreases at a surface there is no separate surface phase transition on
the semi-infinite material and the critical temperature of a thin film
is depressed. A fuller summary of the results has been given
recently.l

Depolarization effects for the special case of perfectly
conducting electrodes have been included previously within the
Landau theory.%.10 The free-energy expression for a ferroelectric
film between metallic electrodes in which screening is described
within Thomas-Fermi theory has been derived and applied to show
that depolarization generally reduces the critical temperature.l This
expression contains as a special case a description of a film in which
no boundary condition like Eq.(1) is assumed. This is of interest
since there is as yet no experimental evidence to support Eq.(1),
whereas the influence of depolarization is obvious on general
grounds and is also experimentally established.5 Furthermore, the
question has some practical significance for ferroelectric thin film
devices. In this paper, therefore, we consider the effects of
depolarization alone by studying the implications of the previous
formalism in the limit 8 — e.

FORMALISM

The starting point is the general expression for the free energy of a
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ferroelectric film of thickness ¢ between metallic electrodes of
thickness } (L-0); this is given as Eq.(35) of ref.1. We take the
special case of zero applied voltage, Vo = 0, and thick electrodes,
L >> ¢ and L >> ¢, where ¢; is the Thomas-Fermi screening length.
This means that the quantities & and P of ref.1 are both equal to
unity. As stated previously, it is also assumed that 8 —» «s, 30 that
the condition at the film-electrode interface is simply dP/dz = 0.
Thus P is independent of z within the film and the integrals

appearing within the free-energy expression become constants. The
expression for the free energy per unit area of the film-electrode

system reduces to
(X

F _,Cap2 .1 B
3 l(,AP +‘BP‘)+%£F(u.+oP2
2,

¥ de €, (2, + )2 P @
Here A and B are the usual Landau-theory expansion coefficients, A
= Ao(T/Tco - 1) and B > 0, where T, is the bulk critical temperature.
It is assumed that the bulk phase transition is of second order; the
potentially impor.ant extension to first-order phase transitions
would require B < 0 and the addition of a term GP6 with G > 0. ep
and e, are the background dielectric constants of the film and
electrodes, and ¢ and ¢, are the film thickness and the Thomas-
Fermi screening length. The second and third terms in Eq.(2),
which are both positive, resuit from incomplete compensation of
the polarization charge> They increase the coefficient of P2 in
Eq.(2) and since the critical temperature T¢ is found by equating this
coefficient to zero their effect is to reduce T¢ below the bulk value
Tco. This is the same effect as occurs with semiconducting
electrodes.6 The explicit equation for T is
Te 24, e

Ao(Tco- )+(2l,+l)e°ep+ 2, + 022¢e, =0 @

Two limits of Eq.(3) are immediately apparent. First, for
¢, — 0, corresponding to infinite conductivity in the electrodes and
perfect charge compensation, the second and third terms vanish so
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that T is not shifted from Tco. Second, for ¢, — s,in effect the
absence of electrodes,

Ao(7S-1)+ e:_ep -0 @
This can be derived in a more elementary way.!l For a free-
standing film with polarization normal to the interfaces the salient
terms in the free energy are

F=) AP2-EP+{BP¢ )
Since D = 0 outside the film the boundary condition is
P+eyegE=0 (6)

Substituting for E from Eq.(6) into Eq.(5) and equating the coefficient
of P2 to zero one recovers Eq.(4).

One further result may be derived from Eq.(3). It is clearly of
interest to know the thickness ¢, for which T, is reduced to zero.
This follows from putting T¢ = 0 in Eq.(3):

2¢ £l

)
(2¢, + £ Jeep * (2¢, + £ )22, €, =4

@

RESULTS

The susceptibility for T > T is x = Ag~1 (T - To)"1, 80 Ao is just the
Curie constant; a typical value for a displacive ferroelectric is
2 x 105 JmK-1C-2 (J.F.Scott private communication). With ep = 1000,

Eq.(7) yields

2 & __xXx

where x¢ = ¢./¢,. Clearly the solution is xc >> 1, so it is satisfactory
to retain only the leading terms in x¢; this gives
4 +egp/e,
T 2a0eep
Here the main uncertainty is the value of e,. It is the long-
wavelength limit of the Thomas-Fermi static dielectric function,
which is formally infinite.12 It enters Eq.(2) via the boundary

)
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condition on normal D at the dectrode-ferroelectric interface. Since
this could be modified by trapped charge we take the view that

ep/ e, should be treated as a parameter. With ep/e, = 0 and the
values in Eq.(8), Eq.(9) gives xc = 1.13 x 103. For Au electrodes, for
example, in which ¢, = 0.83A, this gives a citical value ¢, = 940A.
The variation of T, with ¢ is given by Eq.(3). With the
retention of only leading terms in x = £/¢,, Eqs.(3) and (9) lead to
1-t= % (10)
where t = T/Tco. This simple variation is illustrated in Fig.1.
For the film without electrodes, the value of Aoe ep

appearing as the left-hand side of Eq.(8) means that Eq.(4) becomes

T 1 = 565102 an
[« 4]

which clearly has no solution T, > 0, so the phase transition is
completely suppressed in this case.

1.00 -

0.5 |

0 500 10.00

FIGURE 1 Variation of film critical temperature T¢/Teo
with thickness ¢/¢., where ¢, is the thickness for which T, =0,

given by Eq.(9).
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DISCUSSION

The influence of depolarization on the critical temperature of a
ferroelectric film encased in metal electrodes is described by Eq.(3).
The critical value of thickness ¢, at which the critical temperature
vanishes is given by Eq.(9), in which it is suggested that ep/e, may be
treated as a parameter. Typical numerical values give ¢, ~ 103 ¢,,
where ¢, is the Thomas-Fermi screening length in the electrodes.
For a good metal ¢, is of order 05 to 1A, giving ¢_ < 1000A, which it
is hoped might be accessible to experiment. The variation of critical
temperature with thickness ¢ > ¢, is given by Eq.(10) and illustrated
in Fig.1. The slow approach to the bulk value arising from the x~1
dependence in Eq.(10) should also be capable of experimental test.
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PREPARATION OF LEAD TITANATE THIN FILMS BY REACTIVE ELECTRON
BEAM COEVAPORATION USING OZONE

SHOICHI MOCHIZUKI, TOSHIYUKI MIHARA, SABURO KIMURA
and TADASHI ISHIDA

Government Industrial Research Institute, Osaka,
Ikeda, Osaka 563 Japan

Abstract Lead titanate(PbTi04) thin films were prepared by
reactive coevaporation of lead and titanium with an electron beam
gun. Each of evaporation rates of lead and titanium was independ-
ently controlled by each quartz crystal thickness monitor. To
promote oxidation of deposited films, a mixed gas of oxygen and
ozone was used. When the ratio of lead to titanium was controlled
properly, perovskite phase PbT105 was obtained at substrate
temperature of 550°C without post thermal annealing on glass
substrates. The deposition rate was 110nm/min, which was larger
than that of prepared by sputtering method and that of prepared
by coevaporation without ozone. The ratio of lead to titanium of
the perovskite phase films was nearly equal to that of standard
PbTi0, powder sample. The film prepared without post thermal
annealing had a smooth surface and was transparent in the visible
region.

INTRODUCTION

In recent years, ferroelectric thin films, such as lead titanate
(PbT103). PZT and PLZT, have been fabricated for the purpose of infra-
red sensors, electro-optic devices and so on. Usually they were
deposited by sputtering lethodl'z. but there were some disadvantages
as follows, (1)high substrate temperature, (2)stoichiometric change,
(3)1ow deposition rate. Several authors were engaged in other methods,
such as metal-organic CVDs, sputter assisted plasma CVD4. laser abla-
tion® and activated reactive coevaporatlons.

7, we reported high deposition rate(l . m/min)
of PbT103 films by coevaporation with post thermal annealing. But to
obtain a transparent film, it was necessary to avold post thermal
annealing and to keep deposition rate very low(1i3nm/min). In this
report, to promote oxidation of deposited films, a mixed gas of oxygen
and ozone was used.

In previous paper
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EXPERIMENTAL

Figure 1 is schematic diagram of the reactive coevaporation apparatus
for preparation of PbTiOq films. Pb metal and Ti metal were used for
evaporation sources because of their stability and their small impuri-
ties’. Lead and titanium were evaporated simultaneously by an electron
beam gun which had triple source controller. Each of evaporation rates
of lead and titanium was Independently controlled by each quartz
crystal thickness monitor. The substrate temperature was measured by
thermocouple which was located near the substrate. Typical deposition
conditions are listed in Table 1.

TABLE 1 Deposition conditions of
the PbTiO4 films.

0.+0 WV"..‘.'
=—;_O:=bnnu

-D¢#=——— v Vacuum chamber 520mm ¢ x800mmh

] Z> <$ ] Diffusion pump 1700 1/sec

Moniter | Shutter . Evaporation Ti metal (99.98%)
n ro source Pb metal(99.99%)
cijt:f].J-t:f— Electron beam gun max 10kWw,
Z %. Gun triple source
Substrate Corning 7059 glass
I ' Oxygen pressure max 0.1Pa
te Vacuum Substrate temperature max 550°C
Fila thickness 0.2-1unm
FIGURE 1 Schematic diagram of Ozone concentration max 5 %

the reactive coevaporation
apparatus.

RESULTS AND DISCUSSION

Crystal Structure

Crystal structure of deposited films was investigated X-ray diffrac-
tion(XRD) method. Figure 2 shows examples of XRD patterns of the films
deposited on glass substrate at substrate temperature of 550°C with
various conditions. The crystal structure was sensitive to the ratio
of lead to titanium. When oxygen pressure was small, the XRD pattern
contained Pb metal peaks((FIGURE 2(a)). When Pb was a little excess,
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the XRD pattern contained pyrochlore phase lead titanate and PbO(red)
(FIGURE 2(b)). When the ratio of lead to titanfum was kept moderately
close, a tetragonal perovskite phase was obtained at substrate temper-
ature of S550°C(FIGURE 2(c)). When Ti was in excess, signal intensity
of XRD pattern was very small((FIGURE 2(d)).

(a)
~ o
§ | gt
®) £
g 100} o
P
o o . i i 1
0 50 100
Ti Evaporation Rate{nm/min)
26(CuK.)
FIGURE 2 X-ray diffraction FIGURE 3 Plots of deposition

patterns of the films deposited rates of perovskite films vs. Ti
at substrate temperature of 550°C. evaporation rates.

Deposition Rate

Deposition rate of the films was changed by the various experimental
conditions such as evaporation rate, oxygen pressure, substrate tem-
perature and so on. FIGURE 3 shows the deposition rates of the perov-
skite phase PbT103 films vs. titanium evaporation rates. Pb evapora-
tion rate was controlled to obtain the perovskite phase for the
respective Ti evaporation rate. Oxygen pressure and substrate tempera-
ture were 0.1Pa and 550°C, respectively. When the deposition rate was
170nm/min, diffraction peaks of other phases were present. When depo-
sition rate was smaller than 110nm/min, perovskite phase films were
obtained. This rate was much larger than that possible by sputtering
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and that of coevaporation without ozone6'7.

Chemical Composition

In order to study the chemical composition of the films, X-ray photo-
electron analysis was carried out. Figure 4 shows example of the X-ray
photoelectron spectrum of the perovskite phase PbTi0; film. Binding
energy of Ti and Pb were similar to that of T102 and Pb0O, respective-
ly.

The compositions of titanium and lead were determined from
T12P(459eV) and Pb,e(138eV) peak areas in X-ray photoelectron spectra.
PbT104 powder sample was used for a standard. Figure 5 shows Pb/Ti
atomic ratio of deposited filmus vs. Pb/Ti evaporation rate. When Pb/Ti
evaporation rate was greater than 2.3 and smaller than 3.1, perovskite
phase films were obtained.

3
o
Po o o r
o _ 2} of
w 2 ° @
z g~ °
[ 1 ° o
c E °
a
1 [ L—JL a
600 400 200 0 0 1 i 1 L
Bndng Energy(eV) 1 2 3 4 5 6
Pb{g /cm 2 sec)/Tig /om 2 sec)

FIGURE 4 X-ray photoelectron FIGURE 5 Plots of Pb/Ti atomic
spectrum of the perovskite phase ratio of deposited films vs. Pb/
PbTi04 film. Pb/Ti atomic ratio Ti evaporation rate. o;perovskite
of the film was 0.94. PbT104, O;Pb rich, A;Ti rich.

Optical Properties

The surface of the perovskite phase Pleoa film prepared without
thermal annealing was smooth and this film was transparent in visible
region. FIGURE 6 shows transmission spectrum of a 200nm thick PbTiO4
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film.

20-
oL i L L I 1
400 600 800
Wave Length(rem)

FIGURE 6 Transmission spectrum of a perovskite phase PbTi05 film of
which film thickness was 200nm.

CONCLUSION

PbT103 thin films were obtained by reactive coevaporation method.
Using ozone to promote oxidation of the films, high speed formation
was achieved. Maximum deposition rate of perovskite phase films was
110nm/min, which was much larger than that of prepared by sputtering
method and that of prepared by coevaporation without ozone.
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Abstract Thin-film ZnO ultrasonic transducer arrays for operation at 100
MHz were developed and evaluated. Epitaxial, high acoustic quality ZnO film
layers of 10 um thickness could be produced by sputter deposition on well
(111)-oriented gold films with chromium sublayers evaporated on (0001)
sapphire. Using a photoresist etching mask of the desired pattern, the upper
Au/Cr electrode and subsequent ZnO film were etched to form grooves
separating the muiti-layered film into array elements with a 100 pm pitch.
It was found that the uitrasound beam in the azimuth plane for a 32-element
array could be electronically focused in the 100 MHz range to obtain a half-
amplitude width of 60 um at the focal depth in water. This value reasonably
agrees with the theoretically calculated value.

INTRODUCTICN

High-frequency transducers are currently being developed to obtain high image
resolution in nondestructive evaluation! and in medical diagnosis.2 A fast imaging
time is also required for most applications and can be achieved by electronic scanning
with a linear array transducer.

Although linear array transducers operating at frequencies as high as 30 MHz3.4
were successfully produced, none operating at higher frequencies have been reported.
The authors have developed thin-film ZnO linear array transducers operating in the
100 MHz range. The use of thin-film ZnO is favored because it can be easily formed
into a very fine array using photolithographic techniques and has no adhesion layer to
the substrate, allowing for high uniformity in response.S

This paper describes the preparation procedure and crystal quality of ZnO films
which are well suited for fabrication of transducer arrays. It also describes the
structure of the transducer and its electronic beam focusing characteristics in the
azimuth plane at a frequency of 100 MHz.

[637)325
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EXPERIMENTAL

Figure 1 shows the schematic structure of a thin-film ZnO transducer array and an
SEM micrograph of a part of a fabricated array. The array consists of thin-film ZnO
sandwiched between two metal electrodes; the lower electrode is deposited on a
sapphire plate whose front surface is shaped in the form of a cylindrical acoustic lens.
The sapphire plate was 0.5 mm thick and had a 5.5 mm radius of curvature. As the
lower electrode, a chromium layer was first formed on the (0001) sapphire surface
and gold film was successively deposited over the chromium layer by vacuum
evaporation at 200 to 300 °C. The thickness of the chromium film and gold film were
2 - 5 nm and 150 - 200 nm, respectively. Details on the film preparation procedure
were presented previously.® A 10 um thick ZnO film was then grown on the gold
electrode by rf magnetron sputtering. The sputtering was done with a 100 mm
diameter ZnO ceramic target under a gas (50%Ar-50%02) pressure of 2 Pa and at a
substrate temperature of 260 °C. The rf input power was 75 W, resulting in a
deposition rate of 0.7 um/h. On top of the ZnO film, a gold/chromium film was
vacuum deposited at room temperature to form the upper electrode. In addition , a 12
um thick SiO2 matching layer was deposited on the curved lens surface by sputtering
at room temperature, giving rise to the improvement of the transmission of acoustic
energy into water.

0.5 mm

/&

Acoustic lens

Array elemems

10 90 um
Au_ el -

o == g
Zn0 10 pum
Au‘_M___LI

cr”

Sapphire

FIGURE 1 Structure of a thin-film ZnO transducer array and SEM micrograph
of a part of an array




THIN-FILM ZnO ULTRASONIC TRANSDUCER ARRAYS FOR OPERATION AT 100 MHz  {639)/327

The division of the multi-layered film into array elements was performed as
described in the following. Using a photoresist etching mask of the desired pattern, the
upper AuCr electrode and subsequent ZnO film were etched to form grooves (gaps
between elements). For pattern definition of ZnO, HCl and HNO3-based solution was
used at room temperature. The etching rate was about 0.15 umvs.

After each element was wire-bonded to a focusing circuit, experiments were
conducted to determine the beam focusing characteristics in the azimuth plane by
applying each array element with appropriately phased, time-delayed signals at a
frequency of 100 MHz. The transducer array emitting a beam was mechanically moved
across a knife-edged reflector in water and the variation in signal amplitude of the
reflected echo was plotted against the position of the transducer. Then, the beam width
profile was obtained by differentiating the plotted curve with respect to the position.
In this experiment, the elevation direction of the array was adjusted to be exactly
paraliel to the edge of the reflector.

BESULTS AND DISCUSSION
200 thin il

To obtain ZnO thin films, the most suitable growth conditions were determined. it was
reported by the authors! and other researchers’:8 that highly c-axis oriented ZnO
films having good acoustic qualities could be produced on a well crystaliine (111)-
oriented gold film with chromium sublayer evaporated on a quartz or a (0001)
sapphire substrate. The standard deviation, o, in the X-ray rocking curves of the
(002) plane of ZnO films is shown as a function of that in the X-ray rocking curves of
the (111) plane of gold films in Figure 2. The ¢ of ZnO decreases almost linearly with
decreasing o of gold. Thus, well (111)-oriented gold films must be produced. It was
reported previously® that the degree of a preferred orientation of gold films
remarkably depends on the thickness of the chromium sublayers formed prior to the
gold deposition. In particular, chromium sublayers with a thickness of iess than 5 nm
gave rise to a significant improvement in the alignment of the gold films. This could be
explained in terms of the formation of the epitaxial CrpO3 thin layers. In this way,
gold films with ¢ of 0.2 to 0.5 ° were successfully produced to allow the formation of
ZnO films with ¢ of 0.3 to 0.5 °.

Cross-sectional high resolution transmission electron microscope lattice images
of the interface regions between sapphire substrate, gold/chromium and ZnO film are
shown in Figure 3. It can be seen that each layer is well epitaxially grown from the
sapphire substrate to ZnO. The lateral 0.26 nm periodicity present in the ZnO layer
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region corresponds to the (002) lattice plane of ZnO. The 0.24 nm layer spacing in
the gold region is consistent with the growth of a (111) oriented goid film. The 1.8
nm thick layer between the gold film and sapphire substrate is composed of Cr203, as
reported recently.® In this multilayered epitaxial system, the misfit of ZnO, Au and
Cra03 overgrowth arrays of atoms at the interface against the sapphire substrate are
21, 7 and 4 %, respectively. Consequently, it is concluded that both the Au layer and
Cro203 layer act as buffer layers between ZnO and sapphire to induce the easy epitaxial
growth of ZnO films.
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FIGURE 2 Standard deviation o in the
X-ray rocking curves of the (002) plane
of ZnO films versus that of the (111)
plane of gold films.
FIGURE 3 Cross-sectional transmission
electron microscope lattice images of the
interface between sapphire (a-Al203)
substrate, gold/chromium and ZnO film.

Transducer arrays

An array was constructed using the ZnO thin film by photolithographic techniques. The
dimensions of individua! array elements were 90 um wide, 100 um pitch, 3.2 mm
long and 10 um thick, as given in Figure 1. Each element had a capacitance of 2.8 pF.
A V-shaped groove bounded by the {1701} or {1122} planes of ZnO was formed as a
gap between adjacent elements. The grooves were obtained using an anisotropic
etchant, HCl and HNO3-based solution, which preferentially etches the c-plane of ZnO.
An array with well V-shaped grooves could be produced, when such highly epitaxial
ZnO films as mentioned above were employed. When poor c-axis oriented ZnO films
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were used, the shape of the grooves became irregular. The response of individual
elements received through an echo from the back of the sapphire plate varied within
1 dB over 160 elements. The small amount of scatter in the response is an excellent
characteristic of the present thin-film ZnO array. This characteristic is very
important for ultrasound beam forming of the transducer array.

\lirasound beam focusing

We carried out ultrasound beam focusing experiments using the present thin-film ZnO
transducer arrays operating in the 100 MHz range. !n the azimuth plane of the array,
focusing was accomplished by applying each array element with appropriately phased,
time-delayed signals. The beam profiles were measured as the number of elements
employed for the beam forming was varied. In this experiment, the focal length was
chosen to be 2.0 mm in water. The measured half-amplitude beam widths are plotted
against the number of elements in Figure 4. In the figure, the calculated widths are
also given. it is clear that the beam width decreases with increasing number of
elements. All experimental values agree well with the theoretically calculated values.
This result indicates that the beam in the azimuth plane of the transducer array can be
electronically focused. Finally, the ultrasound beam profile measured in the azimuth
plane for a 32-element array at a focal depth of 6.4 mm in water is shown in Figure 5.
It was found that the half-amplitude width was 60 um. This value reasonably agrees
with the theoretical value of 57 um.

200 1.0 Q
\
o\ O Experimental
- \ == Theoreticsl
§ N
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FIGURE 4 Measured and caiculated FIGURE § Ultrasound beam profile in
half-amplitude beam width in the the azimuth plane for a 32-slement
azimuth piane versus the number of amray at the focal depth.

elements employed.
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CONCLUSION

The fabrication procedure and beam focusing characteristics of thin-film ZnO ultra-
sonic transducer arrays for operation at 100 MHz were shown. Epitaxial, high
acoustic quality ZnO film layers with a thickness of 10 um could be produced by
sputter deposition. An array was successfully constructed using photolithographic and
chemical etching techniques. It was found that the ultrasound beam in the azimuth
plane for a 32-element array with a pitch of 100 um was electronically focused to
produce a half-amplitude wid*h of 60 um at the focal depth in water. This value
reasonably agreed with the theoretical prediction. The results indicate that the
present transducer arrays could possibly lead to electronic scanning in the 100 MHz
range and are promising for nondestructive evaluation as well as for medical imaging.
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Abstract Films of PbZr, s3Tig 4705 (53/47 PZT) were prepared by the metallo-
organic decomposition (MOD) technique on platinum coated silicon wafers. The
films were nearly pin hole free with uniform composition and thickness. The
crystal structure and the polarization reversal characteristics which are
important for memory applications were studied. The switching characteristics
with § V pulses both initial and after 10' reversals were promising.

INTRODUCTION

The potential application of ferroelectrics for the non-volatile storage of information
has long been recognized, as the polarization state can correspond to binary digital
information. The most recent approach to ferroelectric memories has been using
ferroelectric thin films to construct semiconductor random access memory (RAM) into
a non-volatile form. The PbZr,,Ti,O; (PZT) material is a very stable and refractory
ferroelectric, and has been intensively studied for such applications'.

The metallo-organic decomposition (MOD) process is a technique for producing
inorganic films without processing in vacuum or going through a gel or powder steps.
The advantages of the MOD processing of ferroelectric films include: low processing
temperature, near theoretical density, easy control of stoichiometry, uniform
composition, grain size control, and high volume output®. This paper describes the
application of the MOD process to 53/47 PZT films, with the composition near the

morphotropic phase boundary, on silicon substrates.
[643)331
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EXPERIMENTAL

The metallo-organic compounds used in this study for PZT were lead di-ethylhexanoate
Pb(C,H,;,CO0),, Titanium di-methoxy-di-neodecanoate Ti(OCH,),(C,H,,C0O0),, and
zirconium tetra-neodecanoate Zr(C,H,,COO),, all in xylene solution. The compounds were
synthesized following the procedures given by Vest and Singaram’. The thermal
decomposition behaviour of the compounds was studied using thermo-gravimetric analysis
(TGA). Figure 1 shows the thermogram of a Pb(Zr, s, Tiy ;)O; formulation solution at a
heating rate of 2°C/min in air with a flow rate of 75 ml/min. At a temperature below
150°C, the weight loss of the sample was due to evaporation of the xylene solution. The
precursor compound began to decompose at about 200°C, the decomposition being
completed by 320°C.

100

Relative Welght

1
H N e ; -
i T
] : N ) 3
g T R 1=
i LI I i
1 N t H
. e ;
* .S
¥ o) ~B08

TEMPERATURE *C

Fig. 1. Thermogram of 53147 PZT solution heated 2°C/min in air.
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A conventional spinning technique was used to form uniform wet films on (001)
single-crystal silicon substrates. The substrates were coated with a titanium layer and then
with a platinum layer on the top, each layer being about 100 nm thick. The wet film was
then pyrolysed in a fused quartz tube furnace at 350°C for 10 minutes, which produced
crack-free single-layer films. The film thickness was measured using a Tencor Alpha Step
200 surface profilometer. A Siemens D500 X-ray diffractometer was used to analyze the
crystalline phases and preferred orientation in the films. The pulse polarization and fatigue
were measured using a RT66 Ferroelectric Test System made by Radiant Technologies,
Inc. Figure 2 shows the pulse train used to obtain pulse polarization data. As shown in
Figure 2, a capacitor is first set in the negative -P, state. The first positive pulse applied
(P") switches the polarization vector from this negative state to a positive polarization state.
The second positive pulse (P*) is then applied. The difference between P* and P* equals
P,”. This value is important for memory application since it corresponds to the total

remanent polarization.

Fig. 2. Pulse train for switching tests.

RESULTS AND DISCUSSION

A 53/47 PZT film deposited on a silicon (001) substrate with a spinning speed of 1500 rpm
for 15 seconds was amorphous to X-ray after pyrolysis. The film was then annealed in air
at 600°C for 10 minutes. The thickness of the fired film was 210 nm. Figure 3 shows the
X-ray diffraction pattern of the fired film. The intensity of the (111) peak is low as
compared to the (100) and (200) peaks, indicating that the 53/47 PZT film is near the
morphotropic phase boundary*”. T rve also shows a good structural development of
the film, even though the sample was annealed in such a short period of time.
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Fig. 4. Ferroelectric hysteresis loop of the fired 53/47 PZT film.
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Figure 4 gives a ferroelectric hysteresis loop of the fired film before cycling. The
curve shows that the 53/47 PZT film has higher initial polarizations than those of 60/40
films®, indicating ferroelectric contribution from the tetragonal field at the morphotropic
phase boundary. The value of coercive field is about 52 kV/cm calculated from the
coercive voltage value of 1.1 V and the thickness of 210 nm. This E, value is about 3 to
4 times larger than that of PZT bulk material with the same composition®. The value of the
coercive voltage shows that 1.5 V is sufficient to switch the polarization states of the 53/47
PZT films. The lower value of the coercive voltage is compatible not only with the current
Si-based semiconductor technology, but also with the GaAs.

The fatigue behaviour of the film was studied using a square wave at S V and 1
MHz frequency. After cycling each decade from 107 to 10'°, the film was measured using
the RT66 Ferroelectric Test System. The fatigue behaviour of P* and P,”, which represents
the total remanent polarization, is presented in Figure 5. This figure shows a general
decrease of P* and P,” with a number of polarization reversals and a steeper slope than that
of 60/40 PZT films®. It is encouraging to note that the value of P,” after 10'° cycles is of
3.2 uC/cm?, giving the promise of the utilization of 53/47 PZT films for non-volatile
memory applications.
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Fig. 5. Fatigue behaviour of P* and P,” for the fired 53/47 PZT film.
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SUMMARY

Nearly pin hole free ferroelectric 53/47 PZT films were obtained by the metallo-organic
decomposition process. The films were uniform in composition and thickness. The
structure of the crystalline PZT films was well developed even when annealed in a very

short period of time. The value of the total remanent polarization after 10'° reversals was

3.2 uC/cm?, giving the promise of the utilization of 53/47 PZT films for non-volatile

memory applications.
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TIP25S
MAGNETOELECTRIC EFFECTS IN FERROELECTROMAGNETIC FILMS

I.E.CHUPIS
Institute for Low Temperature Physics and Engineering, Ukrainian
Academy of Sciences, Kharkov, Ukraine.

Abstract Magnetoelectric susceptibility have been studied in fe-
rramagnetic and ferroelectric-ferramagnetic films. The existence
of the surface ferroelectricity and surface linear magnetoelect-
ric effect (IMEE) is predicted in magnetics of any symmetry. The

largest value of ILMEE is supposed in ferroelectramagnetic films.
The temperature dependence of IMEE is studied near magnetic and
ferroelectric transition temperatures supposing different rela-
tions between them.

Keywords: magnetoelectric effect, polarization, surface, film.

INTRODUCTION

The linear magnetoelectric effect (LMEE) was predicted by Landay 'for
the hamogeneous state of some magnetics without the centre of the sym-
metry. In our work it is shown that the electric polarization and IMEE
exist in magnetics of any symmetry near their surface in the magnetic
order state. These effects are induced by the change of the value of
exchange energy and hence an effective magnetic moment near the surface.
They are described by the scalar energy P(dM2/dn) where P -elecric
polarization vector, M - magnetic moment, p -the vector of the normal
to the surface. This expression is the inhomogeneous exchange magneto-
electric ME) energy. The induced surface ferroelectricity and IMEE we-
re studied in ferromagnetic and ferroelectric-ferramagnetic films.
Moreover,the contribution of the hamogeneous exchange ME interaction
in IMEE was calculated in a ferroelectric-ferramagnetic film in the
case when the ferroelectric (FE) transition temperature 6,, and the
magnetic transition temperature 9... are close. The temperature depen-
dence of IMEE near 9¢and 8,.. was shown in the general case of
different relations between O and 6, .

SURFACE FERROELECTRICITY AND IMEE IN A CENTROSYMMETRICAL FERROMAGNETIC
FIIM

we shall consider the centrosymmetrical monodomain ferromagnetic film
[649)337
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which has a thickness 2L in the normal direction Z to the surface.
The direction of the magnetic moment ( in the film's plane or perpen-
dicular to it ) is unimportant later on. The functional of the free
energy is the following-

S{ ZepM?s foM' i{jﬂ) -MH + &R+ 3P Aé.,

-pE+ix~P;M tep M}dz+ (Mi+M)+A (B+P'

(1)

Here S - the film's aren, coefficients §,, 3:, d, A are positive, a.=45(9_;'l'\ ,
8,,, is the magnetic transition temperature in an unlimited crystal.
The terms with the coefficients § and A are the surface energies2 '
M,= M (Z=2L), P,= P (2=tL).The inhomogeneous exchange ME energy in
(1) has the coefficient ¥’ , homogeneous one has the coefficient Y .
Here we consider X, 0 (spontaneous polarization is absent).

After the variation of the functional (1) with respect to M and
P=p, we find the following differential equations and boundary condi-
tions for the moments:

M +a M- gM + ¢MP' +,MP*= - H
AP -2,P-&pP° - MM+ PM=-E
=FfM p'=:4'P

(Z=tL)

(2)

It is seen from the equation (2) that the electric polarization is in-
duced by magnetic moment in the regions of its inhomogenety. We shall
calculate the induced polarization near 9,,. in the first approximation
by the ME interaction using the following expressions for M and 9,,,
in the film® if J<0 :

M= m_chgz, K m.=C_(6, .,.)4/2 g- 2<%
Lm"zx-t'hx, 0 9,”0 > (320).

Fram (2) ard (3) we find :
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P= % [( 2gch2gL +4 ihzgl.)(ﬁdzm. +A"46.fi'1.3‘4/t iZ2- (4)
- th2gz]

Here 2 =N If 7> 0 it is necessary to change m_ by m,, q,bya‘y.
We see that electric polarization (4) arising under magnetic phase
transition is the odd function of the coordinate Z and has an opposi-
tive sign on opposite sides of the film.

The other aspect of the described phencmenon is the existence of
the IMEE near the surface of the magnetic (it may be ferro-, ferri-~
or antiferramagnetic) of any symmetry. IMEE is characterized by ME
susceptibilities XT ap/dH and X ™% AM/GE . The equations for these
differential susceptibilities and boundary conditions to them may be
obtained by the differentiation of equations (2) by E and H . We rece-
ive in the first order by ME interaction the following expressions:

rm rgm X" [zjc/»zqul'ﬁm shixz —MM?J

T A(x-4g)chgl | VR chTZL AN MTEL
me 2 1 gehrEL (5)
x =¥m. [d&’o("W‘aB)(EAMm*C&M)] {?}T_}’ Ez""

+7 (-2 R VR g2 +Rg Mg chiz2 -TECAG2IAIZ2

where X'~ (8= T )~' is the magnetic susceptibility.

The change of the magnetic moment near the surface occurs in the
layer of the thickness ~]§| << L. Hence the predicted ME effects are
the surface effects. If L»|§| ,lal >> a_( a.- the lattice constant)
X%Q:, ®o~1 , we have from (4) the following order of the
surface polarization P ~ #M*j  .The order of the ME susceptibility
will be estimated below.
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IMEE IN A FERROELECTRIC-FERROMAGNETIC FIIM

In a ferrcelectramagnetic crystal, the FE phase transition exists,
hence Z,= k,(T-8,,) where 6, is the temperature of the FE transiti-
on in an unlimited crystal.The expressions for 9¢ and P are similar
to those in (3) if we change M=P, 6,760, J2A ,§+g, oiK, 0% A,
The existence of the spontaneocus polarization in the ferroelect-
ric-ferramagnetic state leads to the contribution of the hamogeneous
exchange ME interaction to IMEE in the first approximation over the
ME interaction. The inhomogeneous ME interaction leads to an odd
(with respect to Z) effect, and the hamogeneous ME interaction induces
an even effect. In the case when D¢ and 0, are close and taking
§ < 0, <0, L >>iAl,l§l>» a, near the phase transition we have:

X7= Cshgz +Cchg 2, X7 (Mhge +6 chga,

me YL EHE+245-84)) - -
€ = .%zix.&(r 4% e [« &16; Tﬂ (6e°T)"

(6)

1A &bl GT
T 7 v7 7y B
. 6*[3 & 5.8 (6-THEL-TY) ’ﬁ =C o)
2 9(Aﬂ) ° d (asy

The total susceptibilities X =(2L) 1lez)da are the following :

-— ¢M g -
-g-(—zr) Ba‘o Ko &(9 T)(e T’] ( A®r f) .

RESULTS_AND DISCUSSION

The surface electric polarization and IMEE in a ferromagnetic film near),
have the following cr1t1cal behavior (see (3)-(5)) : P~ (6,T),

X% (Ow=T )2, X2(6,~T )™/2, e total values of P and ME sus-
ceptibilities are zero.
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In a ferroelectromagnetic film under T <8¢ 6, there are odd (sur-
face) effects (terms with coefficients €, in (6) and even (volume)
ME effects (temms with coefficients ¢ ). Fram (7) we see that ME su-
sceptibilities of the volume effect have the temperature dependence
(0"7‘71/2 near & .The temperature dependences of the surface LMEE
near 8.. in a ferrcelectramagnetic film are similar to those in a
ferromagnetic film. If 6,<6, the value of the surface susceptibility
X*" has no ancmaly near 8, meamhile X'~ (§T )™ (T<&). Hence,
the FE order ( just the large values of the dielectric susceptibility)
intensifies the surface ME effect. Our analys shows that the described
critical behavior of LMFF near the phase transition temperatures takes
place in the general case when &, and 6),, are not close as well
( see Table 1, where X is the surface ME susceptibility, X is
the volume one).

TABLE I 'Darperaturedepa‘dexnesofﬂ@near& ande,,,inafilm.

me ~e
Temperature sz X:" Xs Xy
9¢<T‘$GM (Q"T )—1/2 - (O.'T )1/2 -
without
T% 6, < Om anomaly  (8,-T) 2 (@T)' (7))
-1/2
Té@m<ee (q"--r )-1/2 (9;1' ) / (q-'f')"/Z (e..'r’-vZ

Before to estimate the value of IMEE we note that the constant
of the inhamogeneous exchange ME interaction ¥~ l'a, where I
is the coefficient in the homogeneous ME energy 'PM> . The
last energy appears in the lower order of the perturbation theory
than the energy ¥, P°M* |, hence YoP<<I", ¥>>Y¥,Pa..

We shall compare the value of the predicted surface ME effect
with the volume ME effect in the case when these effects have similar
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critical behavior near ;91.., Ou <6, . using (6) , (7) and consi-
dering JAj~13] P‘VZ.&- we have:

LT e

i"" ~ ;‘:P_a‘ a‘ ;<o) A<O (8)

If A >0, the exponential multiplier in (8) is absent but as 4>> &,
> ¥sPa. the value of the surface ME susceptibility is significan-
tly larger than volume ME susceptibility. This fact raises hopes in
the experimental discovery and use of the predicted ME effects.
For example, the change of the electric surface state under the mag-
netic order temperature would use for the definition of magnetic
phase transition temperature.

Note that the scalar energy P(dp’/dn) exists in any finite
system where » is the order parameter ( for example, it may be
a superconductive parameter, strain etc.). Hence, any ordering in the
system is accampanied by electric polarization near the surface in
the direction perpendicular to it.
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PHYSICOCHEMICAL PROPERTIES OF SOL-GEL DERIVED LEAD SCANDIUM
TANTALATE Pb(Sco,sTag.5)03 THIN FILMS

ANIL PATEL, NICHOLAS SHORROCKS & ROGER WHATMORE
GEC-Marconi Materials Technology Lid, Caswell, Towcester, Northants, NN12 8EQ

Abstract Thin films of lead scandium tantalate Pb(Scg sTag.5)03 (PST) have been
prepared by a novel sol-gel process. The process involves two deposition steps. In
the first, layers of ScTa04 are deposited by spin coating a solution of metallorganic

of scandium and tantalum. A film of lead oxide is deposited intermittently
onto the surface using a solution of lead acetate, and the process repeated to obtain
thicker films. After firing, the composite film, a transparent film of PST is obtained.
The crystallographic and morphological properties of the films have been analysed by
X-ray diffraction and SEM and clemental analyses determined using EPMA. The
films' electrical properties have been measured against field and temperature, showing
a strong induced pyroelectric response (3.8 x 10-3Cm-2K-!1), peak permittivities of
4500 and low loss. A high material figure-of-merit (11 x 10-5Pa-1/2) was obtained.
Results are presented which illustrate the relationships between the properties and the
observed structure of the films, with the processing conditions. A possible mechanism
for the formation of perovskite PST is outlined.

INTRODUCTION

Ferroelectric materials have attracted considerable interest recently, due to their unique
range of dielectric, pyroelectric and optical propertics. Due to the need for
miniaturisation and integrated processing, techniques have been developed to deposit
these materials as thin films directly onto a given substrate. Conventional routes to thin
film production rely on complex mixing and chemical reactionof the appropriate oxides at
elevated temperatures and subsequent lapping and thinning operations. This is costly and
time consuming and in cases, not particularly suited to complex specifications.
Consequently, there has been renewed interest in the deposition of thin films directly by a
variety of means, including physical vapour deposition (eg, sputtering), chemical vapour
deposition (CVD), and solution methods (sol-gel). The method described below involves
film deposition by sol-gel processing!, which is attractive because of its simplicity. Films
can be readily deposition from partially polymerised solutions by spinning or dip-coating
techniques followed by pyrolysis of the film in air. In this present study, the sol-gel
process has been utilised for the deposition of PST, by spin-coating a stable sol onto
substrates such as sapphire, GGG (Gd3Gas02) and magnesium oxide.

[655)/343
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PST is a perovskite structured relaxor ferroelectric oxide, and is an important member of
a class of ferroelectric compounds exhibiting diffuse ferroeiectric-paraelectric phase
transitions. These so-called relaxor materials are the subject of considerable interest on
account of their novel dielectric behaviour, and their potential applications. PST
conforms to the general formula (A(B'xB"1.x)03) with the lead atoms occupying the A-
sites and the scandium and tantalum atoms located on the B-site2 (Figure 1).

-0 e¢-@ F-O o-@
Figure 1 : Structural model of ordered PST
EXPERIMENTAL PROCEDURE

Various types of precursors have been used previously, to deposit a wide range of
materials by several groups. These include organic acids, metal B-diketonates and most
popularly, metal alkoxides. A combination of materials have been used here, mainly
limited by the availability of a suitable scandium precursor. Previous studies by Shrout et
al3, have shown that conventional processing of A(B1B2)03 type ceramics invariably lead
to the formation of a detrimental pyrochlore type phase. Therefore, a similar approach
was used to that pertaining in bulk PST ceramic4, whereby the two B-site elements are
prereacted first to form the wolframite phase (ScTa04) before reaction with lead oxide. A
flow diagram for the preparation of a typical PST film is shown in Figure 2.

Scandium acetylacetonate was prepared according to the method of Morgan & MossS.
Tantalum ethoxide was obtained commercially and distilled prior to use. The reaction
between Sc(acac)3 and Ta(OEt)s leads to the formation of a complex whose structure as
yet has not been identified. The lead sol was prepared by dissolving lead acetate in 2-
methoxyethanol and refluxing. The films were processed by multiple depositions with
pyrolysis of 'organics’ at 450°C between layers. Using this novel process, a composite
film structure consisting of ScTa04 interspaced with Pb0 layers was sintered in a lead rich
environment to attain the correct film stoichiometry.
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SciR')y + TalOR" )5 ROH - (“RO);TalOR),Sc(R')," Stock Solution

R = -CH CH,0OCH, _
R = OCHCOCH:, Spin Cast 2000 rpm
Substrate Coating-----‘
. Repeat
Pb Stock Solution Bake 450°C ---~--- f
(Single Coating) ------- —‘ Repeat
Bake at 450°C _____. )

|

Sinter in Air, Upto 900°C in PbZrO4 Spacer
Figure 2: Flow diagram for the preparation of PST thin films

The PST films were characterised by a number of techniques including (XRD), Scanning
Electron Microscopy (SEM) and Electron Probe Microanalysis (EPMA). The films'
dielectric properties were measured using Cr/Au interdigitated, and simple wire-mask
patterns on the surface. Measurements were obtained using a General Radio bridge type
1615A and Wayne Kerr 6425 LCR meter.

RESULTS AND DISCUSSIONS

As shown below (Figure 3), a cubic perovskite phase was obtained for a film grown on
GGG substrate. The lattice parameter value of ao=4.075A was obtained, which agrees
with values obtained for bulk ceramic4. Additionally, there was evidence of superlattice
reflections at (111) and (311), indicating some degree of ordering between Sc3* and
Ta5*, ie, in a fully ordered system Sc and Ta alternate with each other in 3D, effectively
doubling the lattice parameter. All the films, irrespective of substrate, show a high degree
of preferred orientation along the (200) axis; this is probably related to the layering
process and the film thickness, leading to different film textures. The surface and cross-
sectional microstructure of a 2.7um PST film grown on GGG are shown in Figure 4(a)
and (b). The film exhibited a typical granular morphology with an average grain size of
1.5um. The films were also fully dense and exhibited none of the fine scale porosity
normally observed in sol-gel derived thin films. EPMA analysis on the deposited and

fired film gave typical values of Pbg.98(Sco.sTag 49)03.
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Figure 3 : X-ray diffraction pattern of 2.7um thick PST film on GGG

The mechanism of film formation has, as yet, not been fully elucidated, but from the
results obtained thus far, and from high resolution cross-sectional TEM analysisS, the
mechanism involves the formation of a weak ScTa04 phase which has some degree of
inherent porosity. At the reaction temperature used (900°C), above the melting point of
lead oxide, a liquid phase is formed, which diffuses through the ScTa04 layers, reacting
to form PST. Any remaining Pb0 is lost to the surrounding atmosphere, as equilibrium is
achieved.

Figure 4 : SEM micrographs of (A) surface, and (B) cross-section
of a PST film grown on GGG

The variation of dielectric properties of a 2.7um thick PST film on GGG at zero bias field
against temperature are shown in Figure 5. The relatively sharp characteristic in the
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dielectric constant is indicative of first order type behaviour. The peak at 4500 is lower
than expected, for example, average bulk ceramic values are close to 15000. Increase in
the bias field shifts this peak towards higher temperatures, with a slight increase in the
permittivity. The dissipation factor (tand) had a minimum value of ~0.2% at 70°C, which
is higher than expected, and the increase with applied field is probably due to domain wall
motion. The measured induced pyroelectric coefficient (P) at 30°C and 5V/um gives a
val¢ of (3.8 x 103Cm-2K-1), which compared to conventional pyroelectrics such as
PbTi037, is over a magnitude greater. The material figure-of-merit (Fg) described as Fg =
P/(CV(e,tan8)), where C = volume heat capacity (2.7 x 105Jm-3K-1) was calculated to be
11 x 10-5Pa-122 where equivalent bulk ceramic values can be as high as 17 x 10-5Pa-/12,
A comparison of Fq value's for typical pyroelectric materials is given in Table 1. In
addition, the PST films also show high dc resistivity and dielectric strength, typical values
of >101°Qm and 105V/m respectively.
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Figure 5: Variation of permittivity and dissipation factor, under bias
Vs emperature for a 2.7um thick PST film
CONCLUSION

The preparation of suitable sols for the deposition of PST thin films has been made
possible by the availability of suitable precursors. A novel 2-stage deposition process has
been devised to produce good quality highly preferred orientation perovskite PST films
on sapphire, and GGG substrates. The dielectric properties of the films indicate
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behaviour similar to bulk ceramic, and relatively high material figure of merit's have been
obtained. With further development, this is likely to come a preferred route for the
fabrication of large 2-D arrays, suitable for IR applications.

TABLE 1 Comparison of Materials Merit with Conventional Pyroelectric Materials

TGS SBN P2 PST SOL-DERIVED
FAMILY FAMILY CERAMICS CERAMIC PSTFILM

T°C 49-75 70-120 166-230 20-30 0-20
Fp (10-5Pa-12) 6-8.3 6-9.8 3.5-6 12-15 5-11
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GROWTH OF PLZT THIN FILMS USING CLUSTER MAGNETRON TECHNIQUES

K F Dexter, K L Lewis and ] E Chadney
DRA Malvern, St Andrews Road, Malvern, Worcs WR14 3PS, UK

Abstract

The deposition of PLZT thin films by cluster magnetron techniques is described.
X-ray photoelectron spectroscopy has been used to determine film composition
over a range of substrate temperatures. As-deposited films have been studied
by X-ray diffraction techniques and the role of post deposition annealing has
been assessed. The morphology and growth rates have been determined.

INTRODUCTION

Thin films of PLZT have been studied extensively in order to exploit their ferroelectric
and electro-optic properties [1,2]. Deposition of PLZT (x/y/z), where x, y and z are
defined by:

Pb) x/100 L2x/100 (Zry/100 Tiz/100M -x/40003 31

is achieved in this study using r.f.cluster magnetron sputtering. This technique offers
advantages over other routes in terms of film quality, surface morphology and
compositional control. In commen with other methods, such as sol-gel deposition [4,5),
and single target r.f. sputtering [6,7,8] control of lead stoichiometry is a key issue and
using a cluster magnetron (Fig 1), we report incorporation of Pb into our PLZT films up
to and in excess of the chosen stoichiometric value. This allows the exploration of two
step deposition/anneal processes, where films containing an excess of Pb can be
sputtered at room temperature and annealed into the perovskite phase {9}

EXPERIMENTAL

The work was carried out in a UHV system with 50mm planar magnetrons (Fig 1). The
sputtering targets used in this work are PLZT (8/75/31.5) ceramic and metallic lead
(99.9% purity). Polished c-piane sapphire substrates, 25mm diameter, were positioned
at 110mm from the targets. A calibrated substrate heater was used to generate
temnperatures of up to 640°C. Sputtering was carried out in mixtures of argon and

(6611349 -
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oxygen, whose composition was controlled using Brooks 5850R series mass flow
controllers. The effect of plasma thermalisation was studied by variation in deposition
pressure over the range 1x10°3 to 8x10 2mbar. All experiments reported in this work
were carried out at 2x10 3mbar. The composition of the films was determined after
deposition by X-ray photoelectron spectroscopy (XPS). These measurements were
calibrated using a PLZT 9/65/35 optical grade ceramic standard. All surfaces were
etched in Ar® at 5000gA, 2.5kV for 30 mins to remove surface contamination before
analysis. Studies of films deposited in situ in the UHV system used for XPS anslysis
confirmed the reliability of this technique, and demonstrated the absence of
preferential sputtering effects. One particular advantage of using this technique is the
ability to determine reliably the oxygen content of the films. The crystal structure was
determined using a Siemens D5000 diffractometer, using Ni filtered CuKoa radiation.

A Wyko TOPO 3 white light interferometer was used to assess the effects of a post-
deposition anneal on film morphology. Growth rate data has also been determined using
this technique and cross-referenced with a Dektak 2000 step meter. Annealing
experiments were carried out using a fused silica resistive heater furnace with /n situ
temperatures monitored by a Pt:Pt/Rh thermocouple.

RESULTS AND DISCUSSION

The effect of power applied to the secondary lead source can be seen in Fig 2. The Pb
content value required for stoichiometric 9/65/35 PLZT is 0.91 (for oxygen =3}, and so
an excess of lead can clearly be incorporated into the films, provided that 5% oxygen
is added to the sputtering gas. The importance of oxygen in coantrolling the
incorporation of lead into the films is clearly evident from Fig 3. This is fundamental
to the achievement of the correct stoichiometry of films at growth temperatures in
excess of 600°C (Fig 4). However, both the input of oxygen during deposition, and the
application of power to the secondary lead target have the effect of reducing the
growth rate. Films deposited at room tempersture are amorphous. At intermediate
temperatures (<500°C), mixed phase deposits are obtained, but even at the highest
temperatures examined it has been difficult to produce 100% phase pure perovskite
material. Films of highly oriented pyrochlore (Fig 5) are readily obtained at
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temperatures between 500 and 640°C.

The ability to deposit films containing excess Pb allows the exploration of 2-step
annealing for the production of perovakite films. This process uses a room temperature
growth stage followed by post deposition anneal. Films deposited at room temperature
can have lead contents in excess of 200% of the required value, and in common with the
higher tempersture deposition excess lead films, they are black in colour. Subsequent
annesling at 600°C for 2 hours in air produced single phase 110 perovskite films (a, =
4.153A). The films then have an optical transmission close to the Fresnel limit of 75%
at 632.8nm.

Studies of surface morphology using whi.e light interferometry have highlighted an
increase in surface morphology produced as a result of the anneal process. This is
related to the exact amount of lead present in the as-deposited films, and in the worst
cases can be in excess of Snm, with pinholes 2-3um in diameter. These are clearly the
result of grain growth phenomena and the ensuing crystallisation of the film.

SUMMARY

Cluster magnetron techniques have proved to be a very effective method for controlling
the incorporation of lead in PLZT thin films. As-deposited films can be either
amorphous or pyrochlore phase. Subsequent annealing of films can produce single phase
perovskite layers.
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Fig. I: UHYV cluster of 50mm magnetron sputter sources with shutters, gas rings
and a fast atom source {courtesy of Atom Tech Ltd).
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to Pb source for films grown with and without oxygen, substrate
temperature 540°C. This emphasises the role of oxygen in controlling the
Pb content of PLZT films.
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X-ray diffraction spectrum of a thin film of PLZT grown at 560°C,
showing the high level of preferred orientation found in pyrochlore films.

© Controller, HMSO, London, 1992.




Ferroelectrics, 1992, Vol. 134, pp. 355-363 © 1992 Gordon and Breach Science Publishers S.A.
Reprints available directly from the publisher Printed in the United States of America
Photocopying permitted by license only

TdC20

HIGH BSPEED OPTO-ELECTRONIC NON-DESTRUCTIVE READOUT
FROM FERROELECTRIC THIN FILM CAPACITORS

sarita Thakoor

Center for 8Space Microelectronics Technology
Jet Propulsion Laboratory

California Institute of Technology

Pasadena, California 91109

Abstract Polarization dependent photoresponse from
ferroelectric lead zirconate titanate (PbZr, ;Tij (/05)
thin films sandwiched between metal electrodes in a
capacitor configuration is reported. This phenomenon
has potential application as a non-destructive
readout (NDRO) of nonvolatile polarization state of thin
film ferroelectric memories. High speed readout using
laser pulses with full width at half maximum of ~10ns,
at 532 nm wavelength is demonstrated. The polarization
direction of the ferroelectric capacitor is reflected in
the direction of the photocurrent response. The rise
time of the photocurrent response is as fast as 25 ns
and the relaxation time is fraction of a microsecond.
The readout signal from individual polarized elements is
repeated over a million times with no detectable
degradation in the photoresponse or the remanent
polarization as verified independently by the
conventional destructive readout technique. In
principle, both electronic as well as thermal mechanisms
could be triggered by such photon exposure of
ferroelectric thin films. Comparison of the
photoresponses from a device with a semitransparent top
electrode and an opaque top electrode respectively
suggests that the observed NDRO signal is predominantly
due to thermally triggered mechanisms.

INTRODUCTION

Compact on-chip, radiation hard, non-volatile memory storage
with high speed interactive access is desired in a wide
variety of applications that need ‘power-off’ memory
maintenance. Such applications appear in all spheres ranging
from alternatives for battery backed defense needs, power-
off memory maintenance aboard space missions, and in the
commercial arena for a wide variety of needs including data
[667)/355
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storage for intelligent navigation in the automotive
industry, notebook computers, solid state voice messaging
systems for telephones/pagers, frame and configuration memory
for high definition television. Ferroelectric non-volatile
memories are promising for these applications. With the
advances in technology to deposit thin films of PZT (lead
zirconate titanate) and integrate them with conventional
silicon technology, ferroelectric non-volatile memories are
now well into their development phase's?:3, The memory
element consists of a thin film ferroelectric capacitor, in
which the non-volatile storage is based on the remanent
polarization within the ferroelectric thin film. The
established readout technique relies upon the transient
displacement current (or absence thereof)induced by polariza-
tion reversal under applied switching pulse. However, such
a process destroys the stored information, which necessitates
a rewrite operation after every read cycle and complicates
the hardware.

Alternatively, a "poled" ferroelectric thin film
element, when illuminated with photons, generates a small
photocurrent proportional to the remanent polarization
(stored memory). There are two broad classes of possible
mechanisms that could be triggered by such photon exposure of
ferroelectric thin films (a) photocarrier generated responses
such as photovoltaic effect*®, or 1localized electronic
transitions*’, or transient space charge currents®'; and
(b) effects arising due to heating of the device such as
pyroelectric effect’ 1213 (associated with temperature
change) or a piezoelectric effect™' (associated with
propagation of an acoustic deformation wave through the
ferroelectric film). If radiation-hard, nonvolatile,
ferroelectric memories could be read non-destructively in
terms of the photoresponse (photocurrent or photo-emf) with
such contact-~less optical addressing, they would clearly have
a major impact on the growing need for rugged and robust
solid state memory systems. Furthermore, a strong motivation
for such a readout arises from the fact that the highly
parallel photoresponse output from an array of memory pixels
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would be ideally suited for high performance computing
applications® ‘¢, especially those involving parallel
processing and architectures such as large scale artificial
neural networks. In addition, such a non-destructive
readout (NDRO) may allow use of the ferroelectric capacitor as
a nonvolatile analog memory. Non-destructive readout from
bulk ferroelectric ceramic elements has been demonstrated®
utilizing the remanent polarization dependent photovoltaic
photo-emf. The polarity of the photo-emf depends on the
direction of the remanent polarjzation.

This paper reports the observation of repetitive, high
speed polarization dependent directional photocurrent
response, generated from ferroelectric thin film capacitors
of sol-gel deposited PZT at zero applied bias. The
applicability of such photoresponse to non-destructive
readout of the stored memory is further demonstrated.

EXPERIMENTAL DETALILS

The sol-gel lead zirconate titanate (PbZr, ;Ti, /0s) thin
films (provided us by Raytheon Equipment Division, Sudbury,
MA) were deposited by a modified Sayer’s Technique'’ on
oxidized silicon substrates covered with an evaporated Ti/Pt
(~1000 A/1oooA) base electrode. The lead zirconate titanate
(PZT) film contained ~18% excess lead and were ~1700 A thick.
Crystallization of the as deposited PZT was accomplished by
annealing the films at 550°C for 10 minutes in oxygen
ambient. To complete a standard sandwich capacitor test
structure'®, thin transparent films of platinum (~ 100A -
150A) were deposited as the top electrode. The top
electrodes were patterned by conventional lift-off techniques
as dots of 100um to 250um diameter. Optical transmission
through the top electrode films (A = 300 to 800 nm) was about
30%. The high speed photoresponse from the thin film
ferroelectric capacitor (TFFC) is measured using a coherent
energetic laser pulse that is capable of heating the device.
A Nd-YAG pulsed laser at the wavelength of 532 nm is utilized
for these experiments. The incident photon energy is lower
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than the P2T bandgap (3.5 eV, as determined from optical
transmission studies'™'® on the P2T film on sapphire
substrates) and is therefore weakly (< 1%) absorbed by the
PZT. The laser pulse, with a full width at half maximum of
10 ns, has a winged profile and delivers ~10 uJ per pulse at
532 nm at a 10Hz repeat frequency. For the measurement of

1 (a) POSITIVELY
POLED CAPACITOR

PHOTORESPONSE CURRENT (mA)

(b) NEGATIVELY
' t POLED CAPACITOR |

———bOnsF——‘
TIME (ns)

FIGURE 1 First readout of photoresponse current from
thin film ferroelectric capacitor (TFFC) with
semitransparent top electrode (a)’positively polarized
state (b) negatively polarized state
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the photocurrent, the top and bottom electrodes of the TFFC
are short circuited across the 500 internal impedance of an
oscilloscope, which records the zero bias photoresponse from
the TFFC on illumination with the laser pulse. The capacitor
was poled positively by using a +4 V pulse for 1lusec or
negatively by a -4 V pulse for the same duration.

RESULTS AND DISCUSSION

PHOTORESPONSE CURRENT (mA)

(a) POSITIVELY
POLED CAPACITOR

{b) NEGATIVELY
POLED CAPACITOR

——*450nsF»— A

TIME (ns)

FIGURE 2 Millionth readout of photoresponse current
from TFFC with a semitransparent top electrode '
(a) positively polarized state (b) negatively polarized

state.
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Figures 1(a) and 1(b) respectively show the first readout of
the photoresponse current from a TFFC in its positively and
negatively poled states respectively. The polarization state
of the TFFC is clearly reflected in the direction of the
photoresponse current. The laser pulsing was continued
repetitively at a 10 Hz frequency. Even after over a million
readouts from the TFFC, the photoresponse was virtually
unchanged, and the polarization state (as verified by the
conventional DRO technique) was unchanged. Figures 2(a) and
2(b) show the millionth readout of the photocurrent response
from the TFFC in its positively and negatively poled states
respectively. No degradation on the amplitude of the peak
photoresponse in either direction is observed. The asymmetry
in the magnitude and the shape of the photoresponse signals
in the two oppositely poled cases (Figs. 1 a and 1 b and/or
2(a) and 2(b)) could be due to a photocurrent offset *'°, a
photovoltaic contribution from the pair of asymmetric (back
to back) Schottky junctions at the two P2ZT-electrode
interfaces of the TFFC. In fact, the photoresponse from a
device with an opaque top electrode (Pt thickness ~ 3000 A)
shown in figure 3 (replotted for a longer duration) is
observed to be almost symmetric mirror images for the
positively and negatively poled cases respectively. The
opaque electrode prevents light from reaching the PZT, thus
avoiding any photocarrier generation and consequently the
photovoltaic component is absent.

Furthermore, figure 3 shows that the charge flown in one
direction giving rise to the photocurrent, when the light
pulse is turned "ON", is essentially matched in magnitude (-~
0.12 * 0.02 nC) by charge flowing in the opposite direction
(current in opposite direction), following the end of the
primary photoresponse signal, due to turn "OFF" of the laser.
This current reversal at the end of the primary signal takes
place in case of both polarization directions. The observed
response profile with charge conservation confirms that the
phenomenon is a thermally triggered pyroelectric® 2.1
(associated with temperature change within the P2T) and/or
piezoelectric effect' '3 (due to propagation through PZT of
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FIGURE 3 Replots on a larger time scale of the

photoresponse current readout from a TFFC with an opaque

top electrode (a) positively polarized state

(b) negatively polarized state.
an acoustic deformation wave, initiated by sudden thermal
expansion of the platinum top electrode, in response to the
short energetic photon pulse: photostimulated deformation
wave initiated piezoelectric response ). Similar charge
conservation between the total charge out within the
transient photoresponse at turn on of the optical
perturbation signal and the oppositely directed transient at
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the turn-off of the optical signal was attributed to a
pyroelectric effect by Chynoweth'’. However, it is possible
that the pyroelectric response from P2ZT in our experiment
may be blocked by the highly reflective, opaque top
electrode. On the other hand, based on the reported'
piezoelectric coefficient of P2T, the observed AQ could arise
due to an estimated stress of ~ 10’ N/m?’. Assuming the
Young’s Modulus for Pt top electrode to be identical to the
reportedzo bulk value, even a small fraction (~1%) of the
incident energy being absorbed could result in stress levels
as high as 9x107 N/m?.

The rise time of the photocurrent response is as short
as ~25 ns, whereas the relaxation time is a fraction of a
microsecond. More study of the rise time and relaxation time
of the primary photoresponse as a function of the top
electrode thickness and the illumination wavelength is
underway to establish the exact nature of the underlying
mechanism, and to differentiate between the pyroelectric
effect and/or photostimulated deformation initiated
piezoelectric effect.

CONCLUSION

In conclusion, this paper presents a clear observation of a
high speed, repetitive, polarization dependent non-
destructive-readout signal (a photocurrent), with a rise time
as short as ~25 ns from thin film ferroelectric capacitor
structures, when illuminated with laser (A = 532 nm) pulses.
Comparison of readout signals from devices with
semitransparent and opaque top electrodes respectively
suggests that the observed NDRO signal component is primarily
due to thermally triggered mechanisms.
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PERROELECTRIC THIN FILMS FOR MICROELECTRONIC
APPLICATIONS

E.V. ORLOVA, V.I. PETROVSKY, E.F. PEVTSOV,

A.S. SIGOV, AND K.A. VOROTILOV

Mosoow Insiitute of Radioengineering, Eleotronios and
Automation,117454, Vernadsky prosp.,78, Moscow, Russia

Abstract Some mioroelectronic appliocations of ferro-
electric films, such as MISFET, CCD, memory, and solid
state image sensor are disoussed. Certain results on
prepaﬁtion of thin films by sol-gel method are given
as well.

INTRODUCTION

Having unique physical properties ferroelectrics are promi-
sing ocandidates for mioroelectronioc applications in data
processing and memory devioces. However, their integration
with siliocon technology had been hampered, mainly, due to
worse film performance oompared to bulk ones. A sufficient
progress in PZT film technology achieved during last few
years opens new ways, and some first FeRAM are entering the
market nowadays.1 In the present paper we try to give a
review of some our results concerning microelectronic ap-
pliocation of thin ferroelectric layers in metal/ferro-
electrio/semiconductor devices, such as MISFET, CCD, MFeS
memory, and also in solid state image sensors. Certain re-
sults on preparation of ferroeleoctrio films by the sol-gel
method are disocussed as well.

HIGH DIELECTRIC CONSTANTS OF FERROELECTRICS FOR MISFET
AND CCD

In this seoction we oconsider possibilities of increasing the
dieleotrio constant &; of gate dieleotriocs in MIS transis-
tors and CCDs. In ocontrast to memory applioations, it is
desirable that one deals with a paraeleotric phase, other-
wise a semioonductor surface potential may be changed owing

[677)365
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to carriers motion ocaused by the spontaneous polarization.
For MISPET we have caloulated maximum channel oonduoc-
tance g(L/Z) (Figure 1)(or the transoonductance coinoiding

T T L 1 N
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Q
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10-6 i 1 ] I
10 102 163 104 g
FIGURE 1 The dependencies of g(L/Z) on the dieleotrio
oonstant &4 with the surface state density NBB as a
parameter.

with the oonductance to the first approximation) normalized
%o the gate length L and width Z.In MOS technology low &4
of silicon dioxide requires small ( £ 1 010 cm—aev-1) values
of Nss to obtain acoeptable transistor oharaoteristios:
8(IL/Z) »~ 3.1074 071, Purther deorease in N g doesn't impro-
ve devioe performance significantly. It can be seen in Fi-
gure 1 that essential inorease in transistor amplification
(power) characteristics ocan be reached if 84 > 100 even for
high values of Ny (N . > 10'2-10' om™2ev™"). In tnis case
one ocan obtain very high values of the parameters (up to
8(L/2) 1071 0'1), whioch are almost inaccessible by other
means (e.g., by Inoreasing the eleotron mobility W). For
the sake of illustration, we expose in Figure 1 extreme va-
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lues of 8(L/Z) of MISFET on the base of some semioconductor
compounds with high . In caloculations we have used the
bulk low-field mobility, while real values of surfaoe mobi-
l1ity in such structures are 2-3 times smaller.? Trapping
has not been accounted as well. In addition, it should be
only noted, but not enumerated, a great number of wellknown
difficulties existing in MISFET semioonduotor oompounds
teolmology.3

One of the most important practical applications of
CCDs are readout registers of solid-state image sensors. To
improve picture quality in this devices it is required to
increase the amount of information transferred through the
register during frame socanning (B). B is defined by the CCD
cell data-storage capacity (i.e., the dynamic range Y) and
data-transfer rate (i.e., the register olock frequency [f):

B=17f.

We have ocaloulated maximum B - Bmax as a funotion of
€y for different N., a8 it is shown in Figure 2. It oan be

B:nax' { I T |

Bit/sec

1012

1

|
10 102 103 104 &

FIGURE 2 The dependencies of

on the €4 with Nss
as a parameter.

Bmax
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seen that at N o 10'° om2ev™! and €4« 1000, the amount
of information transferred through the register during fra-
me soanning may reach 1012-1013 bits/second, what is comp-
letely inaccessible by other means.

The oaloulations above relate to one CCD register
cell. Charaoteristios of the CCD matrix depend on its spe-
oifio design. PFor example, for standard matrix 320 x 512
and B = 1013 bits/second the ocontrast level number is
5-103. that essentially exoceeds the up-to-date level and
can be important, for instance, for increase of color pio-
ture transmission quality in high-definition television.

METAL-FERROELECTRIC-SEMICONDUCTOR MEMORY

Integrated ferroeleotric memory is now a reality, but to
our surprise, the main attention foocuses on memory devioces
using ferroeleotrio oapacitor struoture, and a negligible
attention is devoted to devices with ferroeleotrios as gate
dielectrios, suoh as MFeS transistor. It is oconneoted, on
the one hand, with sufficient problems of interaction bet-
ween ferroeleotric and semioonduotor and interfaocial per-
formance, which are arisen in the last case. But on the
other hand, nondestruotive data reading in WPeS memory
gives 1t obvious advantages over ferroelectrioc oapacitor
memory: more reading/writing oyoles, lower time and power
spending during reading, eto.

The operation of MPeS memory is based on changing se-
miconductor surface potential by alteration of spontaneous
polarization veotor direotion. An example of suoch a devioe
is a wellknown MPeS transistor shown in FPigure 3a. Prinoip-
le of reading, used in MFeS transistor, is not the unique
one. Figure 3b shows MPeS memory with COD reading. A signal
ocharge moves under the first transfer eleoctrode and is
transferred along the interface for further prooessing.

Analysis of operation of MFeS memory cell will be per-
formed in terms of charaoteristic fields that enables us to
remove from oonsidering its dimensions. Characteristio
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PIGURE 3 Prinociples of data reading in MFeS memory
a) MPeS transistor
b) MPeS memory with the CCD reading
fields in MPFeS memory must be tied up with the following

relation:
By < Pg/(€,8y) <Ey < B, <Ky, (1)

where Eg=[4kTN In(N/n,)/(g,€,)1'/2 1s the field at the
interface, ocorresponding to the change in surface potential
of semioconduotor by the value needed for distinot informa-
tion reading (in this ocase, from flat band to strong inver-
sion), k is the Boltzmann oonstant and N, ny, §, are oon-
oentration, intrinsioc oonocentration and dieleotric constant
of silioon; Pg is the spontaneous polarisation; §,+€y are
dieleotrio oonstants of vacuum and ferroeleotrio; lc is the
ooercive field; B, is the field in ferroeleotrio, oreated
by applied voltage; 'B is the breakdown field.

Thus, the figure of merit of MPeS memory is Ps/ (eoei)
desoribing the eleotrioc field at the ferroeleotrio/semiocon-
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duotor interface and, therefore, the effioiency of ferro-
eleotrio layer influence on the semioconduotor. A similar
figure of merit is found for pyroelecotrio devices. But for
ferroeleotrioc ocapacitor memory an appropriate figure of me-
rit for ferroelectric material is the ratio Ps/(soeisc)
characterizing the ratio of nonlinear switohing response to
linear nonswitching responsa.4 Thus, different principles
of data reading in capaoitor and MPeS memories lead to dir-
ferent requirements to ferroceleotrio performanoce.

Relation (1) is displayed in Pigure 4. The upper limit

T
E, ! By

105r

108

Eo84  CM

FIGURE 4 The representation requirements to

MFeS memory
of permissible values of Ps/(eosi) is defined by Ec, and
the lower one by Bs. The whole permissible area is shown
for By = 5+10% v/om, B, = 10° v/om, B, = 5:10° V/om, By =
4410 Vom (8 = 10'4 on™?), when one finds Pg/(e.E,) =
4+10°- 5.10° V/om.

Por a real MPFeS structure it is necessary to take into
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aocount the quality of interface between semioonductor and
ferroeleotrio, and one obtains the following relation:
- +
Py~ Gptsg) @
€84
where Q’ is the. fixed oharge, and st is the charge
captured in surface states.

Usually, a mechanism of Qll and st generation is oon-
nected with broken and weakened bonds at the dielectrioc/se-
mioconduotor interface strongly depending on prooessing ocon-
ditions. Por example, for films déposited by sputtering
techniques it is difficult to provide appropriate quality
of the dielecotrio/semioconductor interface due to bombard-
ment of the substrate by high energy pa.rtioles.s

But there may exist a generation mechanism of Qgg that
is directly oconneocted to ferroelectric nature of the film.
It is known that the charge in dieleotric of MIS struoture
can generate surface states at the interface. For instanoce,
the interface trap density inoreases with the number of mo-
bile ocharges driven to the S:l--Sio2 interfaoce when the oapa-
oitor is bias-temperature stressed or exposed under the
fonizing radiation.® To interpret this fact the charge mo-
de1” introduoing the interface states by semiconductor mo-
bile charge ocarriers binding to charge centers in the oxide
in the immediate vioinity of the interface have been sug-
gested. The fluotuation model of surface states,a develo-
ping this approach, deals with the interface three-
dimensional potential pits ocaused by space fluotuation of
fixed charge. The influenoce of the spontaneous polarization
in ferroelectrios induoces a number of surface stat939=

1 (Py/ x)>/8 b/ -
Ngg= g e g oh 9 - % y (3)
A (4%%)3/8

4 A 2 A
where A = [q2/(41:s°z)]-('l: Ps/q)1/2. is the ocharecteristio
energy soale of fluotuations; 2 = (81 + es)/ag 8, &, are

eleotron and hole Bohr radii; ws is the gap energy; § is
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the difference between the oonduotivity gzone and the Permi
level energies at the interface; ¢, is the minimum of the
surface states energy distribution. It oan be seen (Figure
5) that PS can ocause intensive generation of surface states

K ' y ]
0 ! 10 pg, uCocm?

PIGURE 5 Dependencies of N at the middle of the
&8P Nas % = ¢,) on Pg for d:lrrerent values of &,.

s P 103 om2ev~? for €; = 20). But if &; inocreases the
inrluenoe of Ps upon N diminishes.
For small fluotuations A <« '8 and § = 0, the induced

charge st may be estimated as

5/8
Qg A Pg

= ’ (4)

where A = q/8/(x%/8a 3/4¢ 3/8) < 5535 for tne Bohr radius
o = 5.29+1077 om

The oorresponding changes of permissible values Pg/ (eosi)
found from Eqs.(1-4) are shown in Pigure 4. The influence
of surface states induoced by spontaneous polarization is
suffiocient at £, £ 500. So if € £ 20, the density of indu-
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oed traps is s0 high that the most part of spontaneous po—
larization field is baffled and the required ochange in the
surface potential is not realized. With inoreasing &4 the
influence of induced traps falls down. Therefore for opera-
tion of MFeS memory device it is practically necessary to
provide gy »? 100.

PYROELECTRIC IMAGE SENSORS

Pyroeleotric properties of ferroeleotriocs are widely used
in thermal image sensor.'s.10 One of the key problems is to
provide a good ocoupling between detectors and signal pro-
cessing IC with keeping high thermal insulation of the sen-
sitive layer. For this purpose, the integrated solid-state
pyroelectric CCD sensor was analized and some its fabrioa-
tion teochniques based on deep ohemiocal etohing were
developed. "

Pyroeleotric signal has a differential nature and
brings a very low voltage on deteotor ocells, therefore, an
input signal is usually transformed before it enters CCD.12
We proposed a simple detector input stage”, whose ocharge
diagrams are shown in Figure 6. During a time period ty,
the chopper opens incident radiation and the detector (D)
charge ochange is compensated by the charge transferred from
diode Vs under Lhe input diode VI. During a period ta, when
the oharge on the deteotor reaches its maximum value, the
voltage is applied to the diode VS and the oharges undesr
the gates Vp» 1 and @2 are deleted. Thus the potentials of
the deteotor and the nearest gate Vp become equal. During a
period t3. the diode vs is isolated from the gate @2. After
olosing the incident radiation, the polarization of the de-
teotor ochanges and the corresponding signal charge 1s gene-
rated under the gate ®. During the next period 1:4 this
oharge 1s olocked into the line register &3 and the deteo-
tor input stage returns in its initial state.

Perroeleotrios offer new feasibility for thermal ima-
ging arrays. Por instance, it is possible to ocarry out pre-

liminary signal processing in the input circuit by changing
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g}:ﬂg!(g % dli:gnm the deteotor input estage
spontansous polarization of each deteotor aue to oharges
from CCD registers. We have used this prinoiple for sensi-
tivity correotion of eaoh deteotor element in order to de-
crease signal non-uniformity at uniform illumination. Such
an idea may be used also for imege storage and oconvolution

of two imeges.

SOL-GEL PREPABATION OF THIN PILMS

We have investigated general phenomena of film formation,
inoluding influence of initial sol ocomposition and film
formation oonditions on morphology, microstruocture and
eleotrio properties of different films, inoluding some
simple oxides (310,, T10,, eto.)'4”'7 as well as ocomplex
ones (e.g., ferroeleotrios). It should be noted, that sol-
gel 8102 and 1'102 films are not only appropriate model
objeots, but also have practical importance in mioro-




FERROELECTRIC THIN FIIMS ... (687)375

eleotronios technology, for instance, for planarization of
interlevel dielectric of multilevel metallization of
VISI18. for tapered etohing of silioon oxids’g, and as pas-
sivation layers on Gau.zo At the same time '.Bio2 films, ha-
ving high dieleotrio oconstant from 20 up to 150, ocan be
used as a gate dleleotrio in MISPFET or CCD as it was men-
tionod earlier. We have also investigated proocesses of f£ilm
preparation and examined eleotrical properties for a number
of thin ferroelectrio films, including l}ithium niobate?!,
barium titanat922 and PZT. Common problems of these films
formation on silioon substrates are a growth of S:lO2 sub-
layer on the film/substrate interface due to siliocon oxida-
tion and ohemical interaotion between film and substrates.
The role of these processes inoreases with growing tempera-
ture of annealing (the thiokness of 510, sublayer can reach
up Lo near hundred mn22) and deterioration of MPeS structu-
re performances takes place. To prevent this, it is neces-
sary to form a barrier layer. For example, the proteoting
813N 4 layer is appropriate to prevent growth of 8102 sub-
layer during BaT:lo3 £ilm formation.?? This leads also to
deoreasing the surface state density on ferroeleotrio/semi-
oconductor interface, and, moreover, the interfacial per-
formanoce of sol-gel films beoomes better than that of sput-
tered ones.2!722 mme preparation of ferroeleotrio films on
metallized substrates is an easier task. Thus, PZT films
with the thiokness 0.2-0.4 pm prepared by in ocooperation
with M.I. Yanovskaja (L.Ya. Karpov Institute of Physiocal
Chemistry) on Pt and 81-8102-1’1: substrates have ooero:lve
voltage » 1 V, spontaneous polarization ~ 20 p.c/om and
dieleotrio constant ~ 500.

1. Prooeedings 2nd S{::gggx)l Integrated Perroeleotrios,

2. D.IL. Lfle Y Compound
Sﬂlmndmfnz ?mndon. 1989& P 527,
3. J.P. Wager, and C.W. Wilmsen, ibidem, p. 165.
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Call for Papers

Special Issue on Piezoelectric
and Electrostrictive Actuators

A special issue of the international journal Ferroelectrics is scheduled for 1992 on the
subject ‘“Piezoelectric and Electrostrictive Actuators.”

Recent developments in piezoelectric and electrostrictive ceramics are remarkable,
especially in the field of optics and precision machinery. Camera shutters, dot-matrix
printers, and air valves have been widely commercialized. Ultrasonic motors will
partially replace conventional electromagnetic motors in the future.

This special issue will cover the fundamental studies of ceramic actuators and ap-
plications:
1. Ceramic actuator materials — piezoelectrics, electrostrictors, phase transition —
related ceramics
2. Fabrication processes — powders, tape casting
3. Micro/macrostructure — grain size dependence, monomorph, electrode
configuration
4. Control technique — polarization control, pulse drive method
5. Applications — deformable mirrors, positioners, pulse drive motors
6. Ultrasonic motors
Invited and contributed papers are welcome. All manuscripts will be reviewed.

Manuscripts should be prepared according to the instructions on the inside back
cover of “Ferroelectrics.”

Authors are cordially invited to submit their papers to the Guest Editors below:

Professor Kenji Uchino
Department of Physics
Sophia University
Kioi-cho 7-1, Chiyoda-ku
Tokyo 102, Japan

or
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802, USA
(July 1-September 30)

Professor L. Eric Cross

Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

For further information, please feel free to contact the Guest Editors.




First Announcement

The Eighth
INTERNATIONAL MEETING OF FERROELECTRICITY

8-13 August 1993
National Institute of Standards and Technology
Gaithersburg, Maryland USA

The scope of the conference will be similar to that of the preceding IMFs. Both invited and con-
tributed papers will be presented on fundamental and applied research on ferroelectrics, including
but not limited to:

Phase transitions and critical phenomena Disordered and glassy systems

Electronic structure, quantum effects Domains, domain boundaries, and imperfections
Lattice dynamics, lattice instabilities, and soft modes Raman, Brillouin, IR, and submillimeter

First principles calculations spectroscopy
Low-temperature properties NMR, ESR, PAC, and other types of spectroscopy
Superconductivity in oxides Electron microscopy
Charge der~*y waves, polarization fluctuations High-pressure effects
Structure and crystal growth Polymers and liquid crystals
X-ray and neutron scattering Ceramics and composite materials
Acoustic and ferroelastic properties Sensors, actuators, and transducers
Dielectric, piezoelectric, and pyroelectric properties Thin films and surfaces
Optical properties and phase conjugation Ferroelectric/semiconductor integration
Modulated and incommensurate systems
Wallace A. Smith L. Eric Cross George W. Taylor
Office of Naval Research Pennsylvania State University Princeton Resources
IMF8 Chairman IMF8 Vice Chairman IMF8 Vice Chairman

Ms. Kathy Kilmer, IMF8 Conference Manager

To receive future announcements, National Institute of Standards and Technology
send your name and address to: Administration Building, Room A917
Gaithersburg, MD 20899

TEL (301) 975-2776; FAX (301) 926-1630

Title and Name
Institution
Department
Street
City/State/Zip
Country

Phone

FAX

O1 will present a paper entitled:
O 1 will be accompanied by ____ guests.

O I will attend, but will not present a paper.

O 1 will not attend, but would like to be kept informed.
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First Announcement

Magnetoelectric Interaction
Phenomena in Crystals

2nd International Conference
September 13-18, 1993

Centro Stefano Franscini, Monte Verita
Ascona (Ticino), Switzerland

GENERAL INFORMATION
Conference Site

The conference will be held at the Centro
Stefano Franscini, Monte Verita, Ascona, on
the banks of Lago Maggiore in the Italian-
speaking part of Switzerland.

Accommodation

The possibilities of getting suitable accom-
modation are limited. Lodging facilities are
available at the Centro itself for about 60
participants. For the others, hotels in nearby
Ascona are foreseen, but it cannot be guar-
anteed that accommodation can be found for
all participants. Moreover the lecture room
available also limits the total number of par-
ticipants.

Second Circular

A second circular with a call for papers and
more detailed information will be sent in De-
cember 1992 to all those returning the at-
tached form to:

Mme Odile HirthYMEIPIC
Secrétariat de Chimie appliquée
Université de Genéve, Sciences 11
30, Quai Ernest Ansermet

CH-1211 Gentve 4
Suisse/Switzerland

E-mail: MEIPIC@sc2a.unige.ch
Phone: (+41)22-702-6408(Hirth)

-6419 (Rivera)
-6418 (Ye)
-6111 (Exchange)
Fax:  (+41) 22-329-6102
Telex: 421.159 SIAD

Organization

Organized by the Department of Mineral,
Analytical and Applied Chemistry of the
University of Geneva, in collaboration with
the Laboratory for Neutron Scattering at the
Paul Scherrer Institute, Wirenlingen and
Villigen, Switzerland and with the Institute
for Theoretical Physics, University of Nijme-
gen, The Netherlands.

Financial support

Swiss Federal Institute of Technology,
Ziirich.

Motivation

The magnetoelectric effect foreseen by Lan-
dau and Lifshitz in 1956 has been predicted
to occur in chromiumoxyde Cr,O, by Dzy-
aloshinskii (1960). It is characterized by the
appearance of an electric polarization on ap-
plying a magnetic field and a magnetization
on applying an electric field. The experi-
mental observation of the effect in Cr,QO, fol-
lowed rapidly (Astrov 1960, 1961; Folen, Rado
and Stalder 1961). Thereafter the effect was
observed and studied in many more mate-
rials.

The status of theoretical understanding and
experimental work after the first decade of
research in magnetoe :ctricity is well re-
flected by the book 1ne Electrodynamics of
Magneto- Electric Media of O’Dell (1970) and
the p: -ceedings of the conference Magne-
toelectri. Interaction Phenomena in Crystals
held in 1973 (Freceman and Schmid 1975).
During the following two decades of research
more theoretical and experimental know-how
has been accumulated, but many problems




still remain unsolved. It has become clear.
however, that the magnetoelectric effect is
an invaluable tool for studying materials, for
example the magnetic symmetry and phase
transitions of magnetically ordered phases.
These facts are to a great extent still ignored
by the scientific community working in solid
state physics.

Organizing Committee

H. Schmid (chairman),
A. Janner, H. Grimmer. J.-P. Rivera,
Z.-G. Ye.

International Advisory Board

Czechoslovakia: V. Janovec.
France: F. Bertaut, M. Clin, P. Tolédano
Germany: H. G. Kahle
Great Britain: G. Gehring, D. Tilley
Israel: S. Shtrikman, R. M. Hornreich
Japan: J. Kobayashi, K. Kohn, K. Siratori
The Netherlands: T. Janssen
Poland: J. Barnas
Russia: M. 1. Bichurin,

A. S. Borovik-Romanov,

R. V. Pisarev,

Yu. Venevtsev
Switzerland: E. Ascher, P. Fischer,

P. Giinter
Ukraine: 1. E. Chupis
USA: 1. Dzyaloshinskii, G. T. Rado,
J. F. Scott

SCIENTIFIC PROGRAM

Fields and Special Topics

* Linear and higher order magnetoelec-
tric, piezomagnetoelectric and other
magnetoelectrically related effects.

* Relation between symmetry and mag-
netoelectric properties (tensorial, crys-
tallographic, relativistic).

» Phenomenological and microscopic the-
ories (Landau theory of phase transi-
tions, exchange effects).

» Frontier fi=lds (toroidal moments, ki-
netoelectric and kinetomagnetic effects.
problems of magnetoelectricity and re-
lated symmetry phenomena in quantum
magnets, ¢.g. anyonic systems and chiral
phases).

» Synthesis. structural and physical prop-
erties of magnetoelectric materials (sin-
gle crystals, ceramics, composites): or-
dinary magnetoelectrics and complex
ones, such as ferromagnetic, ferrimag-
netic or antiferromagnetic ferroelectrics.
antiferroelectrics and ferroelastics
(**Seignettomagnetics’).

» Magnetoelectric effect in incommensu-
rate crystals (modulated, intergrowth and
quasicrystals).

» Magnetoelectrically monitored magnetic
phases and phase transitions.

* Field induced effects. Static magnetic field
induced polarization, electric field in-
duced magnetization, quasistatic, pulsed,
dynamic and high frequency.

* Optical properties (crystal optics of mag-

netoelectric materials in transmission and

reflection; magnetoelectrically genei-
ated non-linear optical effects).

Domains and domain walls (switching,

symmetry aspects, coupling with applied

fields, stress, etc.).

Elementary excitations in magnetoelec-

tric materials.

« Inhomogeneity and defect induced mag-
netoelectric effects.

» Measuring techniques.

* Applications.

Contributions and Proceedings

Plenary sessions of tutorial expositions and
invited lectures selected among the contrib-
uted papers are foreseen, as well as posters.
Conference proceedings are planned to be
published. Invited lecturers and ¢ ‘ntributing
participants are asked to have their manu-
scripts available at the beginning of the con-
ference.

All papers will be refereed.




ARrnouncement

Sth International Symposium
on Integrated Ferroelectrics

April 19, 20, 21, 1993

Antlers Doubletree Hotel
Colorado Springs, Colorado

Chairman: Prof. C. A. Paz de Araujo
Co-chairman: Prof. R. Panholzer

General Technical Program Coordinator:
Prof. J. F. Scott

Symposium Sponsors
Office of Naval Research
Defense Advanced Research Projects Agency
Naval Postgraduate School
University of Colorado at Colorado Springs

Call for Papers

Deadline for abstracts—
September 30, 1992

This is the Sth Annual International Sym-
posium dedicated to ferroelectric thin-film
materials integrated with semiconductor cir-
cuits.

Over the past few years, interest in this
field of integrated ferroelectrics has grown
beyond all expectation and the 1993 sym-
posium should attract an even larger number
of participants.

Authors are invited to submit a 300-word
abstract by Seprember 30, 1992. Topics in-
clude but are not limited to:

« ferroelectric memories

* ferroclectric and pyroclectric CCDs

* high dielectric constant materials for inte-
grated circuits (64 Mbit DRAM, etc.)

« ferroelectric and pyroelectric sensors

* integrated optics

* optical storage

« radiation-related subjects, such as radiation
hardness

+ fundamental properties

« process and substrates

* process integration

+ new devices and architecture

* device modeling

* materials processing and integration

» supporting circuitry and applications

+ ferroclectric ASICs

+ smart tags

 RF identification

« neural networks

» bypass capacitors

Abstracts should be submitted on 8'2 X
11 paper with the title centered in upper case,
leaving two line spaces, then the author’s
name and affiliation, centered. Up to two
pages of pictures or figures of supporting data
may be included.

Abstracts will be juried and authors will
be informed of acceptance at a later date.




Deadline for Abstracts
September 30, 1992 Antlers Doubletree Hotel

Registration Fee 4 South Cascade Avenue

Before After Colorado Springs. Colorado 80903

April § April 5 (719) 473-5600
General $275.00 $350.00 Send check or money order made payable
Government $225.00 $300.00 to Antlers Doubletree Hotel or guarantee
All students $ 40.00 $ 60.00

One copy of the Symposium Proceedings
is covered by the registration fee. Additional
copies will be available at $55.00 each.

Hotel Accommodations
Antlers Doubletree Hotel

Single Double
General $72.00 $82.00
Government $51.00 $71.00

Please make hotel reservations for the
Symposium before April S, 1993 directly with:

your reservation with a major credit card.

A limited number of economy accommo-
dations are available in the proximity of the
Antlers Doubletree Hotel.

Mail Abstracts to:

Alona S. Miller, Symposium Coordinator
University of Colorado at Colorado Springs
1420 Austin Bluffs Parkway

P.O. Box 7150

Colorado Springs. Colorado 80933

Phone: 719-593-3488

FAX: 719-594-4257




FERROELEGTRICS

and related materials

NOTES FOR CONTRIBUTORS

Manuscripts should be typewritten with double-spacing and submitted in triplicate. Authors are re-
quested to forward their manuscripts to either the Editor:

G. W. Taylor

Princeton Resources,

P.O. Box 211,

Princeton, New Jersey 08540, USA

or one of the Associate Editors:

Peter Giinter Sidney B. Lang Koichi Toyoda
Institut for Depertment of Chemical Research Institute of
Quantenelektronik Engineering Electronics
ETH Ben Gurion University of Shizeoka University
CH 8093 Ziirich the Negev Hamamatsu 432
Switzeriand Beer Sheva 84120, Israel Japan

Submission of a paper to Ferroelectrics will be taken to imply that it represents original work not
previously published, that it is not being considered for publication elsewhere, and that if accepted it
will not be published elsewhere in the same form, in any language, without the consent of the editors.

It is a condition of the acceptance by the editor of a typescript for publication that the publishers acquire
automatically the copyright in the typescript throughout the world.

Manuscript length: The maximum length preferred is 35 units, where a unit is a double-spaced typewritten
page or one figure. Longer papers, or papers not following the prescribed editorial format, cannot be
guaranteed prompt publication.

Abstracts and Key Words: Each manuscript should contain a leading abstract of approximately 100-
150 words and be accompanied by up to six key words which characterize the contents of the paper.

Figures shouid be given numbers and captions, and should be referred to in the text. Captions should
be collected on a separate sheet. Please label each figure with the figure number and the name of the
author. Line drawings of high enough quality for reproduction should be prepared in India ink on white
paper or on tracing cloth; coordinate lettering should be included. Figures should be planned so that
they reduce to a 64 cm column width. The preferred width of submitted figures is 12 to 15 cm, with
lettering 4 mm high, for reduction by one-half. Photographs intended for halftone reproduction should
be good, original glossy prints, at roughly twice the desired size. Redrawing, and author’s alterations
in excess of 10%, will be charged.

Color Plates: Whenever the use of color is an integral part of the research, or where the work is
generated in color, the journal will publish the color illustrations without charge to authors. Reprints
in color will carry a surcharge. Please write to the Editor for details.

Egquations should be typewritten wherever possible, with subscripts and superscripts clearly indicated.
It is helpful to identify unusual symbols in the margin.

Units: Acceptable abbreviations will be found in the Style Manual of the American Institute of Physics
and similar manuals. Metric units are preferred.

References and Notes are indicated in the text by superior numbers; the full list should be collected and
typed on a separate page at the end of the paper. Listed references are arranged as follows:

1. J. C. Slater, J. Chem. Phys. 9, 16 (1941).
2. F. Jona and G. Shirane, Ferroelectric Crystals (Pergamon Press, Oxford, 1962), pp. 186-7.

Proofs: Page proofs, including figures, will be forwarded by air mail to authors for checking.
Reprints: Reprints may be purchased; a reprint order form will be sent with page proofs.

There are no page charges to authors or to institutions.




COLOR PLATE L
See Hofmann et al., Figure 2.
FERROELECTRICS, Volume 133(1-4).

COLOR PLATE II.
See Murphy et al., Figure 1.
FERROELECTRICS, Volume 134(1-4).
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