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1.0 INTRODUCTION

The present work on ferroelectric tungsten bronze crystals for the
acoustical surface wave project was initiated with the specific objective of
developing a superior material for SAW device studfes. These SAW devices are
very important and are commonly used to solve problems in the technological
areas of bandpass filters, resonators, oscillators, and discriminators. All
of these devices are, however, 1imited in their performance by SAW materials
availability. A large number of ferroelectric crystals have been grown and
characterized, and many of these have properties that are extremely attractive
for SAW device applications. 1In particular, many of the ferroelectrics have
high surface acoustic wave velocity and possess temperature compensated orien-
tations. However, only a few ferroelectrics such as LiNbO3, LfTaO3, and
a-5i0, have found wide application in the acoustica) area. Other ferroelec-
tric materials which exhibit much higher piezoelectric, elastic and acoustical
properties, as well as temperature compensated orientations (e.q., PbZKNbsols,
BazNaNbsols), have not been fully exploited on a practical basis because of
difficulties in growing large and good quality single crystals.

The present research and development work was undertaken with the
goal to identify and establish suitable tungsten bronze ferroelectric crystals
which possess high surface acoustic wave electromechanical coupling constants
(KZ) with a sufficiently Tow temperature coefficient of SAW velocity. The
recent success at our laboratory in growing large single crystals of SBN:60,
SBN:50, BSKNN, KLN and PBN could represent a major breakthrough in new mater-
fals development for potential SAW device applications. We recently demon-
strated that both SBN:60 and SBN:50 composition crystals exhibit high SAW
electromechanical coupling constants, e.g., 180 x 10‘4 and 230 x 10'4. respec-
tively. These constants were measured for (001)-plates propagating along the
(100) direction. These values are smailer than the best known piezoelectric
Y-Z cut LiNDO; crystal (480 x 10'4). but they are similar to the best known
piezoelectric tungsten bronze PbyKND5O; ¢ crystal {188 x 10'4). Furthermore,
both orthorhombic Pb,KNbgOy5 and tetragonal SBN:60 and SBN:50 crystals exhibit

1
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temperature compensated orientations, indicating that there is a possibility
of another tetragonal bronze crystal which may show suitable piezoelectric and
acoustical characteristics.

The results of the present investigations indicate that the bigger
unit cell tetragonal tungsten bronze crystals such as KLN, BSKNN and PBN show
better ferroelectric and pfezoelectric properties (e.q., di5. Kigs K33» elas-
tic and other) as compared to the smaller unit cell bronze crystals such as
SBN:60 and SBN:50. Although the growth of the bigger unit cell bronze crys-
tals has been found to be difficult, the size of current crystals is suffi-
cient to conduct all of the necessary acoustical and piezoelectric character-
ization. The goals of the present work were as follows:

. Establish crystal chemistry control for different bronze
crystals to optimize the piezoelectric and acoustical
properties.

. Establish the Czochralski bulk crystal growth technique for
bigger unit cell bronze compositions, e.g., KLN, BSKNN and PBN.

° Determine the pfezoelectric, piezoelastic and acoustical
properties of these bronze compositions.

' Based on these results, establish the optimum bronze composi-
tions with high electromechanical coupling constants (KZ) and
sufficiently low temperature coefficient of SAW velocity.

2
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2.0 MATERIALS DEVELOPMENT

2.1 Tungsten Bronze Family

The aim of the present research work has been to establish a suitable
class of tungsten bronze materials with good SAW electromechanical coupling

constants K2 and low temperature coefficient SAW velocities suitable for
further surface acoustic wave device development.

In seeking new materials which have high dielectric constants, high
coupling constants or possibly high electro-optic coefficients, it is impor-
tant to look for families which originate from high prototype symmetry with
the possibility for low temperature ferroelectric:ferroelastic phase transi-
tions. 1In this regard, the tungsten bronze structural family is potentially
jmportant and hence it could be used as principal host material. The bronze
compositions can be represented by general formulae (A;),(A,),(8);405, and
(A1 14(A5)9C4(B) 19039, Ay, Ay, C and B are 15-, 12-, 9- and 6-fold coordinated
sites in the structure (Fig. 1). Table 1 shows the structural transition and
ferroic behavior of this family when different ions are substituted in the
various crystallographic positions. This family embraces some 120 or more
known compounds and various solid solution systems, and hence there is a good
possibility of obtaining suitable compositions of the desired properties.
Within this very extensive group, several members have high Curie
temperatures, and have high dielectric, piezoelectric, electro-optic and
pyroelectric coefficients.l’12 According to work by Neurgaonkar et a1.,2'13
some of the bronze compositions such as Srl_xBabezos possess temperature-
compensated orientations and are potentially important for surface acoustic
wave (SAW) device applications.

—r TERE  —cmm——— - ———
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Fig. 1
Crystal structures.
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The composition Sr0.618a0.3 szoc in particular shows an excellent SAW
coupling coefficient Kz of 188 x 107" and a low temperature coefficient of SAW
velocity at room temperature.2 However, modelling studies under DARPA Con-
tract13 have shown that these qualftfes can be substantially improved by select-
ing other bronze compositions with higher Curie temperatures than SBN. In
particular, the compositions KiLi,Nbg0,¢ (KLN), Pb, _,Ba,NbyPc (PBN), and
Ba,_, ST, Ky_yNayNbsOg (BSKNN), are similar to SBN but have much higher Curfe tem-
peratures and better piezoelectric properties. The present work on the growth
and characterization of these materials is given in the following sections.
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Table 1

The Structural Sequences and Ferroelectric Behavior of the
Yarious Tungsten Bronze Phases

e

e ask

No. of
Compound Transitions Transitions Sequences
K3Nbs013F2 None 4/mom Paraelectric/Paraelastic
4w 4 /mom
Sr2KNbs 015 One Ferroelectric
KalizNbsOrs Paraelectric/Paraelastic
Bag Ti2Nbg 03¢ Ferroelastic
[ 4 /e
Sr2Ko,sLiog 5NbsO1s  One Ferroelastic Paraelastic
ferroelastic Paraelastic
"2 4 /e
Pb2KNb5015 One Ferroelectric Paraelastic
Ferroelastic Paraelastic
2 L) Ly,
SroKTas01y Two Ferroelastic Paraelastic Paraelectric
>
Ferroelastic Ferroelastic Paraelastic
w2 L] 4 /moem
Pb,, 7Kg, 56Nbg, 91~ Two Ferroelectric Paraelectric Paraelectric
Tay, 15015 -
Ferroelastic fFerroelastic Paraelastic
4mm .2 4 m & /oo
BazNaNbs 0,5 Three Ferroelectric Ferroelectric Ferroelectric Paraelectric
-»> R d
Paraelastic Ferroelastic Ferroelastic Paraelastic
Amm m2 4m 4 /mom
8az, 10l 10,71~ Three Antiferroelectric Ferroelectric Paraelectric Paraelectric
Nbz, sTaz 5015 > -
Ferroelastic Ferroelastic Paraelastic Pargelastic
2.2 Bulk Single Crystal Growth of 7.8, Family Crystals

2.2.1

Growth Problems

The materfals used for growth were specpure K,C05, Li2c03. Nazc03,
BaC0,, Src0,, PbO, and Nb,Og. Table 2 summarizes the compositions of the

5
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Table 2

Czochralski Growth Data for Tetragonal Tungsten
Bronze Compositions

Growth Growth Growth Crystal
Composition Temperature Direction Habit Diameter Remarks
(*c) (cm)
Srg.gBag 4Nby0g 1510 (001) Cylindrical ~3.0 Crack-free and
excellent or~lity
a'z-xs'x“l-y"‘y"bsols 1480 (001) Square ~0.8 to 1.0 Crack-frr  .1d good
quality
(100) Square 0.5 to 0.8 Crack-f: « ~gonable
quality
(110) Square 0.5 to 0.8 Crack-free, reasonable
quality
K3LisNdbg_, Ta, 045 1000-1250 (001)  square 0.5 to 1.0 Reasonable quality
(110) with excellent
properties
Pb°.338.0.7oubl.987°6” ~1350 (001) 0.8 t0o 1.0 Few C".Cks, but
excellent propertfes

*Difficult to grow
**Grown at Penn State, difficult to grow.

individual crystals and their growth conditions, The starting materials were
weighed out according to stoichiometry and then ball-milled in acetone for 10-
15 hrs. The resulting slurry was air dried and then fired in a platinum dish
at 1000-1300°C for 24 hrs. The growth furnace was R.F. induction heated and
the crystals were grown by the Czochralski technique, The crystal growth
procedure for the bronze crystals has been discussed in our earlier reports,

Since all of the compositions selected in this investigation are
typically solid solution systems, single crystal growth by the Czochralski
technique was found to be difficult, particularly for the K*- and N*-
containing bronze compositions., The yrowth problems can be briefly summarized
as follows:

6
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1. Solid solution systems: difficult to determine the true
congruent melting composition, hence optical striation problems.

2. Container contamination, specifically when an iridium cricible
is used (inclusion of IrOZ in grown crystals).

3. Cracking of crystals when cycling through the paraelectric/
ferroelectric phase transition temperature. This transition is
often accompanied by a structural transition.

4, Exchange of crystallographic sites, e.g., for 15- and 12-fold
coordinated sites under different growth conditions; hence
difficult to maintain reproducible results.

In spite of these difficulties, several bronze composition crystals,
e.g., KLN, BSKNN and PBN, have been successfully grown. Their growth problems

and ferroelectric properties are discussed in this report.

2.2.2 Growth of KLN Crystals

K3LigNbg0, 5 (KLN) {s tetragonal at room temperature with a point
group 4 mm, and is typical of a completely filled tungsten bdronze ferroelec-
tric structure. It is well known that filled tungsten bronze compounds have
high immunity to intense laser radiation damage and also exhibit interesting
ferroelectric properties.

The KLN solid solutfon exists on the ternary phase diagram KZO-Lizo-
szos and, as shown in Fig. 2, this solid solution extends over a wide compo-
sitional range. The phase relation in this system has been studied by several
workers3+4 and, based on these investigations, it is clear that KLN single
crystals with varying K:Li:Nb ratios can be grown. ("KLN" is the generally
referred to name for the tungsten bronze solid solution within the composi-
tional range shown in Fig. 2.) The Curie tempertaure shifts from 540° to 326°

1
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Fig. 2 Partial diagram of L120-K20 NbyOg system in the region of the
tungsten bronze field.

as the szos concentration changes from 0.50 to 0.55. Recently, Adachi et

al. 1 studied the single crystal growth of the composition K2 89L11 55Nb5 11015
and reported the successful growth of this composition (8-10 mm in diameter).
These crystals showed excellent pfezoelastic properties. Since this result
seemed to be promising for this work, the composition K2_39L11.55Nb5.11015 was

8
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chosen, and single crystals have been grown by the Czochralski technique from

both iridium and platinum crucibles with successful results,

For iridium

crucibles, argon pressure had to be used to prevent loss of iridium, and as-

grown crystals were found to be purple or coal black in color,

However, the

color changed to deep yellow when the crystals were subsequently annealed in

oxygen above 800°C.

Very low oxygen pressure was directly used when the

platinum crucible was used as a container for crystal growth; crystals thus

obtained were pale yellow in color,
Sr0.50830_4Nb206 (SBN) (a = 12,478 and ¢ = 3.9473)

Since the lattice mismatch between
and KLN bronze composi-

tions is minimal, SBN single crystals were used in the initial growth experi-

ments as seed material,

After achieving reasonable size KLN crystals, the KLN
crystal itself was used as seed material in the subsequent experiments.

This

proved to be very successful, and crack-free KLN single crystals as large as
5-10 mm in diameter and 30-40 mm long have been successfully grown along the

(100) direction (Table 3).
{100) and (001) directions.

Figures 3-5 show typical crystals grown along the
In the course of this study, it was clearly

observed that the rate of crystallization along the c-axis was much faster
than for any other direction; the crystals, however, cracked when grown along

the c-axis.

This cracking problem was essentially eliminated when the

crystals were grown along the a-axis, and such crystals are of excellent

quality., Optimum growth conditions were found to be as follows:
Pulling Rate: 2-3 mm/hr
Rotation Rate: 20-30 rpm

Growth Direction

Growth temperature: 1000°C

Along the a-axis

The single crystal growth of KLN compositions has also been studied
and reported by various other workers3=12 and the results of this investiga~

tion are in close agreement with their findings.

Although the KLN crystals

obtained in the present work have been sufficiently large to initiate char-
acterization studies, we have done considerable additional work on the

9
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Growth Conditions for Tungsten Bronze K3L1‘2Nb5015 Single Crystals

Diameter Growth Crystal Curie Dielectric Lattice Constant
Composition of Direction Quality Teng Constant
Crystal (°C K33 8 Y
K3L12Nb5015 8-9 mm {100) Excellent 408 105 12.585 4.015
KL Nbg0yg  10-11 mm {100) Few Cracks 408 105 12.585 4.015
K3L12N65015 2-4 mm (001) Excellent 408 550 12.585 4.015
K3L12Nb5015 5-6 mm (001) Cracked - - 12.585 4,015
KaLigNbeOig 57 wm (110) Excellent 408 - 12.585 4.015
&lf{
e
e 2. 8
.~
-
—
«llw
e
-
-
-t
-

-’ K L1 oNb 0 sing1e crystal
- grown a?ong the [100
- direction, 6-7 mm in
PRS- diameter-
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Fig. 5

KqLioNbg0; ¢ single crysta)
grown a?ong the [100]
direction, 3 mm 1n
diameter.
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Czochralski growth technique in an attempt to obtain larger diameter, crack-free
crystals. Based on our on-going research work on tungsten bronze family single
crystals, it has been found that the growth of large-sized crystals depends
strongly on the ability to control the diameter of the crystal and the thermal
gradient in the crystal near the solid-1iquid interface. However, in the case
of KLN, we have not been able to grow crystals of > 1 cm diameter without
considerable cracking.

2.2.3 Growth of BSKNN Crystals

Barium potassium niobate, BayKNbg0,r, s a well known ferroelectric
tetragonal bronze composition and has been considered to be useful for high
frequency and electro-optic studies. However, this composition has received
very little attention since it melts incongruently. Our recent work on this
system shows that the addition of Sr2* for Ba2* and Na* for K* as
Baz_xerKI_yNabesols (BSKNN) not only changes the congruency situation (compo-
sitions of interest are congruent melting), but also improves the dielectric,
piezoelectric and electro-optic properties of this solid solution system. Al-
though BSKNN is not considered to be a completely filled tungsten bronze like
KLN, the 15- and 12-fold coordinated sites in this compositions are considered
to be filled.

Recently, we studied the phase equilibria relation for this solid
solution system and found that the compositions close to the
Bal.ZSro.8K0.75Na0.25Nb5015 region are congruent melting and appeared to be
suitable for the proposed research work. Although the growth of several dif-
ferent composition crystals from this system with varying x and y have been
planned, the work in this report is confined to the growth of
Bay 257080, 75N, 25N0501 5 (BSKNN) crystals.

Single crystals of BSKNN have been grown by the Czochralski technique
from a platinum crucible. Although the lattice match between the bronze crys-
tals SBN and BSKNN fs not close, SBN crystals were used inftially as seed mater-
{a) for the growth of BSKNN crystals. This proved to be successful in growing
small crystals of BSKNN which were then used as seed material in subsequent
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experiments to grow bigger and better quality crystals. BSKNN single crystals
as large as 0.7 to 1.1 cm in diameter and 3-4 c¢m long have now been grown.
Current growth parameters are as follows:

Pulling Rate: 6-8 mm/hr
Rotation Rate: 5 rpm

Growth Direction: Along the c-axis
Growth Temperature: 1480°C

A1l of the Bal.25r0_8K0'75Na0.25Nb5015 crystals to date have been grown using a
platinum crucible with an oxygen atmosphere. The resulting crystals are opti-
cally transparent and essentially colorless in appearance.

Crystals grown along the c-axis are usually faceted, which is quite
exceptional for Czochralski-grown crystals. Figure 6 shows a typical crystal
grown along the c-axis. In the course of this study, it was clearly observed
that the rate of crystallization along the c-axis was greater than those along
other directions (100, 110, etc.).

Fig. 6 Shows a typical 1 cm in diameter BSKNN single crystal grown along

-~ TR e ccammmae

the C-axis.
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2.2.4 Growth of Pb,_,Ba Nb,0c Compositions

Compositions in the Pbl_xBabeZOG system belong to the tungsten bronze
family and exhibit both orthorhombic and tetragonal structures as a function of
Baz+ concentration. Figure 7 shows the phase boundary conditions for these two
phases. It can be seen that the substitution of Baz* for Pb2+ first decreases
the orthorhombic distortion, and then induces a tetragonal structure at x =
0.37, with the polar axis along c-axis rather than along the orthorhombic b-
axis. The second phase is tetragonal both above and below the ferroelectric
Curie temperature, with a largely discontinuity in cell parameters at the Curie
temperature. The substitution of Ba2* in PbNb206 also causes remarkable changes
in the ferroelectric properties, specifically at the morphotropic phase bound-
ary (x = 0.37). The dielectric, electro-optic, piezoelectric, electromechanical
and other ferroelectric properties are exceptionally large as one approaches
this morphotropic phase boundary (MPB) region, and this offers an excellent
opportunity to develop suitable materials from this system not only for SAW
applications, but for several other potential applications including optical
signal processing and pyroelectric thermal detectors.

Table 4 summarizes the ferroelectric structural properties for the
Pbl-xBabe206 system compositions. A1l of these compositions look promising;
however, compositions close to MPB region have been selected in this work to
study their SAW and optical properties. Although the compositions in this
system melt congruently, bulk single crystal growth is difficult for the
following reasons:

° Excessive loss of Pb2* by evaporation, specifically for Pb2*.
rich compositions.

. Cracking of crystals when cycling through the ferroelectric/
paraelectric phase transition. This transitfion is often
accompanfed by a structural transftion.

e  Reduction of Pb2* to metallic lead to form a Pb-Pt alloy when
inert or reducing conditions are used for growth.
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Fig. 7 Phase diagram for ferroelectricity in the solid solution _
system Pbl_xBabezosc

Recently we developed the ternary phase diagram Pb0-Ba0-NbyOg , \
(Fig. 8) and found that the stoichiometric compounds exhibit better properties )
as compared to lead-rich or lead-deficient compositions. However, the |
stoichiometric compounds were extremely difficult to prepare since control
over lead 1osses was a major problem. However, it was also found that these
lead losses were considerably suppressed when La3* was added to these compos{-
tions. In our IR&D program, the hot pressing technique has been established
for La3"-doped and undoped compositions and found that these dense grain
oriented samples are very promising for several applications. Samples as
large as 1 to 2 in. in diameter have been hot-pressed successfully and these

samples have been used for ferroelectric characterization. The compositions -
of the hot-pressed samples are as follows:

o  Pby 60Bag 4oND20g> ;:traggnal (close to MBP condition) .
o Pbg goBag.4Nba0g:La”", La’* = 2, 4, 8 moles.
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Table 4
Properties of Pbl_xBabezos and Other Bronze Crystals
Melting T Dielectric
Composition Tempsrature . Lattice Parameters Constants
(°C) (°C) g0 byo €h0 ky ky ke
Pb0.308a0.70Nb206 1380 350 12.450 3.995 340 - 95
Pbo_z78a0_73Nb205 1380 350 12.500 2.975 360 - 140
Pbo.483a0'52Nb206 1360 407 12.493 3.987 - - -
Pbo_508ao.4oNb205 1350 345 12.495 3.990 1600 - 200
Pbo.878a0_13Nb206* 1350 430 17.670 17.92 3.890 1200 225 1900
Baz_xerKI_yNabesols 1480 203  12.506 - 3.982 450 - 250
Sro.58a0'5Nb205 1520 125 12.483 - 3.95%6 -~ 500
*Orthorhombic bronze composition.
szOs

Fig. 8 PbO0-Ba0-Nb,0c.
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It was found that the fabrication of orthorhombic Pb;_,Ba,Nb,0g was
more difficult since samples cracked while cycling through the orthorhombic/
tetragonal phase transition temperature. Because of these difficulties, the
work in the present research was confined to only the tetragonal Pb;_,Ba,Nby0g
compositions.

At Penn State University (under DARPA Sponsorship), the growth of
these compositions has been attempted using the Czochralski technique to
develop small size crystals for SAW applications. Since the loss of Polt is a
severe problem in this system, the work at present has concentrated on the
BaZt rich compositions, typically Pb0'38ao_7Nb206. The growth of 1 cm diam-
eter crystals has been possible, but the crystals have cracked somewhat when
cycling through the phase transition, However, crystals recovered in this
growth are sufficiently large to study their ferroelectric, acoustical and
electro-optic properties. Efforts are underway at Penn State as well as in
our own laboratory to establish the growth technique for this composition and
another important composition, Pb0'63a0_4Nb206. It is expected that the addi-
tion of Lad* or other dopants might reduce PbZ* losses in these compositions.

The lattice constants for these compositions, as given in Table 4,
are close to those for tetragonal BSKNN crystals; hence one would expect that
these crystals should grow square with four well-defined facets. Since the
Czochralski technique has not yet been fully established for these composi-
tions, it is very difficult to state the growth habit for this particular
system. Over the last several years, we have grown a number of bronze
crystals and it has been shown that the existence of facets depends strongly
on the thermal gradient near the solid-l1iquid interface. Once this problem is
resolved for these compositions, it will be possible to establish the growth
habit and other characteristics in detail, The current growth results (hot-
pressing and crystal growth) are promising and we intend to continue this work
for future electro-optic and pyroelectric research,
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3.0 FERROELECTRIC PROPERTIES OF TUNGSTEN BRONZE CRYSTALS

Several techniques have been utilized to fully characterize the tung-
sten bronze single crystals and using such diverse techniques, it has been
possible to optimize materials characteristics and performance for a given
device application. The physical properties of these materials have now been
established as a function of growth parameters.

3.1 Growth Habit and Structural Characteristics

As discussed in an earlier section, several bronze composition crys-
tals, e.g., KLN, BSKNN, PBN have been grown successfully by the Czochralski
technique. The results of this study indicate that the growth of K* and Na*-
conaining bronze crystals is difficult, and crystal size has been restricted
to approximately 1 cm in diameter and 2 cm long. The crystals grown are
fracture-free and are of good quality for SAW device studies. Although the
growth of 1 c¢cm diameter crystals is possible in the present set-up, the tech-
nique is confined to small size crystals basically due to a Tack of complete
understanding of these compositions. The phase diagram work on these systems
needs to be studied further in order to establish the true congruent melting
compositions in these systems. The crystals are usually colorless or pale
yellow. KLN and BSKNN crystals grown along the c-axis are square and exhibit
four well-defined facets (100). It is interesting to note that smaller crys-
tals such as Sry_,Ba,Nb,0¢ (SBN) or SryKNbg0O;5 (SKN) have cylindrical growth
habits and exhibit 24 well-defined facets. Figure 9 shows the growth habit
for these smaller and bisger unit cell bronze crystals.

Structural analysis by the x-ray diffraction technique for ceramic
and single crystals reveals that both powder and crystal forms show a room
temperature tetragonal tungsten bronze structure and, according to the struc-
tural refinements, possess 4 nmm point symmetry.

18
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Fig. 9 Crystallographic features of small and large unit cell
tungsten bronze crystals.

3.2 Ferroelectric Characteristics

3.2.1 Sample Preparation

Because of the large number of parameters needed to fully character-
fze the tetragonal (4 mm) bronze crystals, which include two dielectric, three
piezoelectric and six elastic constants, several specimens with various shapes
and orfentatfons were used in the present investigation. Figure 10 shows the
shapes and orientations of the crystals used for character{ization. Prior to
all ferroelectric measurements, the crystals were poled by the field-cooling
method under a dc field of 5 to 10 kV/cm along the (001) direction. The
temperature-time conditions for poling changes slightly when going from one
bronze crystal composition to another. However, in general the bronze crys-
tals were found to be relatively easy to pole as compared to perovskite
crystals such as BaTi03 and PbTi03.
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Fig. 10 Shapes and orientations of specimens.

The procedure for determining the elastic piezoelectric constants
were similar to those described by Berlincourt and Jaffe in the case of BaTio3

utilizing the resonance-antiresonance transmissfon method.

The dielectric

constants were measured on (001) and (100) plates at 1 kHz, 100 kHz and 1 MHz
using a Hewlett Packard 4270A automatic capacitance bridge.
polarization (Ps) as function of temperature was determined statically. An
electrically poled sample befng equilibriated at some temperature T (T < Tc)
was thermally depoled by quenching in a 200°C sflicone 011 bath while the

charge was collected using an electrometer.

3.2.2 Dielectric Properties

The spontaneous

Table 5 summarizes the results of several measurements, including
structural, dielectric, ferroelectric and electro-optic, for KLN, BSKNN, PBN
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Table 5

Important Piezoelectric Properties of Tungsten Family Crystals

Property PO KNGO 5 BagNadgOyg Srg gBag (Wb Og K3lipbglig Bap ,Sr.Ky Na NGO g Py 383 4ND,0¢
(PN} {8NN) {s8N) (KLN) {BSKNN) {PBN)
Electromechanical Coupling
Constant gy --- 0.45 0.45 0.52 Ky = 0.47 ky3 = 0.52
ks 0.69 0.12 0.24 0.3 kyg = 0.28 Kyg = 0.25
'™ 0.73 0.25 Ky = 0.15
Piezoelectric Constant dy3 = 62 ‘15 = 32 dyy = 130 dy3 = 57 433 = 80 "33 = 60
110712 ¢/m) dyg = 470 Gy =4  dyg =3l dyg = 68 dyg = 70 45 = 50
doy 470 431 s 12
SAN-Electromechanical 188 = 1074 --- 180 x 10-4 - .- e

Coupltng Constant (k%)

Temperature Coefficifent of Y-cut,+24 ppm Close to Z-cut,-50 ppm  --- .- -

SAW Velocity I-cut,-30 ppm  a-quartz (110),-18 ppm
Curfe Temperature (°C) 460 560 72 405 203 ---
Crystal Symmetry Ortho T.8. Ortho T7.8. Tetra T.B. Tetra T.8. Tetra T.8. Tetrs T.8.
Dielectric Constant €33 * 43 €33 = 880 €33 = 100 €33 * 250 €33~ %
0 23°C €y * 248 €y " 450 €y " 309 €y " 450 €y " 340
Electro-optic Coefficient --- rg ® 95 rgq = 420 ry3 * 80 ry3 = 360 ,
x 10712 ayy r32 0 ryy e r3 =10 }
T80  rgpe 80 !
Pyroelectric Coefficient - 420 850 .- 440 170
10712 ¢/
’ i

and also for PKN, BNN and SBN crystals. The temperature dependence of the
dielectric constants €33 and ey, (zero stress) and loss (tans) were determined \
from poled and unpoled plates for all of the crystals listed in Table 5.

Figures 11 and 12 show the temperature dependence of the dielectric constant ‘
for BSKNN. These measurements were made from room temperature up to 600°C

with nominal heating and cooling rates of 2-4°C/min. Both €33, and to a

lesser extent ey,, showed marked anomalies at the Curie transition at 203°C. i
The general temperature behavior and large anisotropy of €33 and €11 are l
typical of most tetragonal ferroelectric bronzes. However, the magnitude of
the dielectric constant at a given temperature is markedly different for each ‘
composition, and seems to strongly depend on the size of the unit cell of the
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Fig. 11
Dielectric constant vs
temperature for
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single crystal, measure
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Fig. 12 Dielectric constant vs temperature for Bap »Srg K Na Nbe0
single crystal, measured along [100] axis?'2 0.870.75770.2575715
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particular bronze crystal. For example, at room temperature €33 is large
while e1) small for the smaller unit cell bronzes, e.g., Sry_,Ba Nb,0¢ (SBN)
and SrZKNb5015 {SKN), primarily as a result of the relatively low Curie
temperature for these bronzes. On the other hand, the situation is reversed
in the case of the bigger unit cell bronzes where €33 is smaller than €11 at
room temperature, as in the present case of BSKNN. The dielectric losses
(tans) at room temperature over the frequency range of 100 Hz-1 MHz are on the
order of 0.05 or less for the c-axis, and 0.01 or less for the a and b axes of
material which has not been poled. With poling, the c-axis losses and £33
decrease, whereas ¢ and tan5 remain essentially unchanged for the a and b
axes.

The dielectric properties were further studied by cooling below room
temperature, and it was found that in case of bigger unit cell bronzes the
dielectric constant ¢y, gradually increases with decreasing temperature, in-
dicating the existence of another ferroelectric-ferrolectric or ferroelectric-
ferroelastic phase transition. This type of behavior has also been noted for
another bronze composition, BazNaNbsols, and other ferroelectric families in-
cluding perovskite (BaTi03, PZT, KTN, etc.), KDP, and others. Further work is
in progress on BSKNN, KLN and PBN crystals to establish the existence of a Tow
temperature transition and the ferroelectric properties below room
temperature.

The electromechanical coupling, piezoelectric, electro-optic and
pyroelectric coefficients for the bronze crystals are summarized in Table 5.
It can be seen that the piezoelectric coefficients are different for bigger
and smaller unit cell bronzes. For example, dig s large while dy3 is smaller
for the BSKNN, KLN and PBN compositions. On the other hand, the piezoelectric
d33 coefficient is large while d); is smaller for smaller unit cell bronzes,
e.g., SBN and SKN. Similarly, although k15 is smaller than k33 for all
bronzes, the value of this coefficient is generally larger for the bfgger unit
cell bronzes. However, other properties such as the electro-optic and pyro-
electric coefficients are large for all bronzes and appear to be less affected
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when going from smaller to bigger unit cell bronze crystals. These results
are interesting, and further work is in progress to examine the correlation of
these characteristics with the piezoelectric and dielectric properties. At
the present time, PBN, BSKNN, SBN and PKN crystals appear to be more interest-
ing for SAW device studies and work should continue in that direction. Table
6 summarizes the classification of tungsten bronze crystals based on their
unit cell dimensions, growth habit and ferroelectric properties. It is
expected that this classification will be found useful for the selection of
proper bronze compositions for new device applications.

Table 6
Classification of Tungsten Bronze Family
T.B. Compositions with Smaller T.8. Compositions with Larger
Unit Cell Dimensions Unit Cell Dimensions
e.g., Srl_xBabezos e.qg., BaGTisz8030,Sr2T12Nb8030
SrzKNbsols Baz_xserNbsols, etc.

o Crystal habit is cylindrical with o Crystal habit square with 4 well-

24 well-defined facets defined facets
e High electro-optic and pyroelectric e High electro-optic coefficient

effects
. High delectric constant e Relatively low dielectric constant
e High piezoelectric d33 coefficient e High piezoelectric d15 coefficient,

but low d but Tow d3

15 3

e Large crystals with excellent quality e Moderately large crystals are

are available (2-3.0 cm in diameter) available (~ 1-1.5 cm)
e Low phase transfition temperature e High phase transition temper-

(below 200°C) ature (over 200°C)
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3.2.3 Acoustical Characteristics

The acoustical properties of the tungsten bronze compositions are of
significant interest from the device point of view, and this work should
continue to establish suyitable materials from this family. We believe that
the current bronze compositions based on the KLN, BSKNN and PBN systems will
satisfy current needs. Recently we successfully demonstrated the usefulness
of tungsten bronze SBN:60 and SBN:50 crystals for acoustical device studies.
Table 7 summarizes the acoustical characteristics for these crystals studied
under DARPA contract. The electromechanical coupling constants (Kz) for the
(100), (110) and (001) orfentations of SBN:60 and SBN:50 bulk crystals has
been establisted. These constants have been shown to be substantially larger
for the (001)-plate propagating along the {100) direction with a value of
230 x 10”%. This value is smaller than the best known piezoelectric Y-Z cut
LiNb03 crystal (480 x 10'4), but it s similar to the best known piezoelectric
tungsten bronze, Pb,KNbc0;g (188 x 10'4). Measurements on (100) and (110)
plates propagating (001) directions show large coefficfents, but they are
lower than for the (001) plate. The temperature coefficient of SAW velocity
for the three different cuts are also given in Table 7.

Both PKN and SBN crystals now appear to be important materials for
SAW device studies; however, PKN crystals are not available due to the extreme
difficulty in obtaining good quality crystals of sufficient size. PKN crys-
tals often crack (practically shatter) while cycling through the paraelectric/
ferroelectric phase transition temperature, thus rendering them useless for
any device studies. On the other hand, the growth of tetragonal tungsten
bronze crystals has been shown to be more feasible, and crystals such as
SBN:60, SBN:50, KLN, BSKNN and PBN of suitable size and quality have been
grown in this study and in other programs. The acoustical characteristics of
SBN:60 and SBN:50 crystals are generally comparable to those of PKN. It has
been shown that the physical properties of significance for SAW applications
are the electromechanical coupling and piezoelectric coefficients and the
dielectric constants. A1l of these properties have been shown to be better
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Table 7
Acoustical Characteristics of the SBN:60 and SBN:50 Single Crystals
SAW-Electromechanical Temp. Coef. of
Crystal Composition Coupling, Constant SAW-Yelocity SAW-Yelocity, at
(x2) m/s Room Temperature
SBN:60-(001) Plate 180 x 1074 3300 -50 to -140 ppm/°C
Propagating along the
[100] direction
SBN:60-(100) Plate 55 x 1074 3193
Propagating along the
[001] direction
SBN:60-(100) Plate 60 x 10~4 3173 -18 ppm
SBN:50-(001) Plate 230 x 1074 3270 -33 ppm/°C
Propagating along the
{1003 direction
SBN:50-(110) Plate 30 x 1074 3120 -17 ppm/°C

Propagating along the

{001] direction

for KLN, BSKNN and PBN, making these crystals potentially important for the
future acoustical work. It is expected that the continuation of present work
on these tungsten bronze crystals should result in the production of
interesting and suitable compositions for SAW and other device applications.
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4.0 SUMMARY AND RECOMMENDATION

During the course of this investigation over the past three years, we
have successfully demonstrated the growth of good quality and crack-free
medium size tungsten bronze crystals of various compositions including KLN,
BSKNN, and PBN, by the Czochralski technique. Although further improvements
are necessary in the current growth technique, specifically for the PBN system
crystals, these crystals have created new interest in this family for various
applications which include SAW, electro-optic, pyroelectric, photorefractive
and millimeter wave, as summarized in Table 8.

Table 8
Applications of T.B. Crystals
L Applications Key Characteristics* Device
SAW [ Large d15, d33, k33,€33
e Temperature compensated
orientations

Thermal Detector

Large pyroelectric coef.

Vidicon and focal plane

{Pyroelectric) o Low dielectric loss (tans) arrays
Optical e Large r33, r'gp e Modulator and wave guides
(Electro-optic) e Photorefractive e Holographic storage and
sensitivity and speed optical signal processing
e Structure flexibilfty e SIM and filters
for doping
High Frequency s Llarge dn/dE e Millimeter wave shifter

e Low tans (0.03)
e Complete transmission

Optical modulators
Frequency doubler

*A11 of these characteristics are large and adjustable with device needs.
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The main objective of the present research has been to investigate

the SAW properties of these bronze crystals and examine their applicability
for device usage. The results of this study indicate that the piezoelectric
properties of the bigger unit cell bronzes are superior since d;g, d33, k15,
k33, and the dielectric constants are quite different from the smaller unit
cell bronzes, with resultant lower acoustical losses. Although all of the
acoustical characteristics of the bigger unit cell bronzes are not yet known,
it 1s expected that crystals from the PBN system should prove to be important
for SAW device studies. As reported in eariier sections, both PKN and SBN are
also useful for SAW applications. However, it must be stated that in the case
of SBN crystals the ferroelectric phase transition temperature is quite low,
and this may be a problem for device applications. On the other hand, all of
the bigger unit cell bronzes have their phase temperature over 200°C, and can
therefore be easily processed. This {is an unique advantage for these mate-
rials and appears to be important for any future device study considerations.
Furthermore, the excellent lattice match of these crystals to a number of
other bronze compositions also make BSKNN and PBN potentially useful as sub-

strate materials for liquid phase epitaxial (LPE) growth of bronze composition
thin films.

We are continuing our efforts in the growth and characterization of

large diameter, crack-free single crystals of PBN and BSKNN, and anticipate
that both of these bronze compositions will find interest in a number of
device applications as outlined in Table 8. It should be noted that the ap-
plication of these crystals is suggested based on the figures of merit in each

case.

For future work, we offer the following recommendations:

o Establish the phase relation work for the BSKNN and PBN systems
to establish true melting compositions. This will allow the
growth of better gquality and larger size crystals.
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Establish the low temperature ferroelectric properties of the
bigger unft cell bronzes, so that one can correlate the

significance of higher piezoelectric properties for these bronze
compositions.

Establish the acoustical properties of these bronzes with
respect to Tow and high frequencies.

Establish the electro-optic and pyroelectric properties of these
crystals with respect to temperature.

29
CS767A/bw

e . - ———




A

5.1

5.2

‘l Rockwell International

Science Center

SC5346.1FR

5.0 PUBLICATIONS AND PRESENTATIONS

Publications

R.R. Neurgaonkar, W.K. Cory and J.R. Oliver, "Growth and Applications of
Ferroe;ectric Tungsten Bronze Family Crystals," Ferroelectrics, 5 (1-4),
65, 1983. -

R.R. Neurgaonkar, J.R. Oliver and W.K. Cory, "Single Crystal Growth and
Piezoelectric Properties of Tungsten Bronze Baz_xerKI_yNabesols
Crystals," submitted to Mat. Res. Bull.

R.R. Neurgaonkar, J.R. Oliver and W.K. Cory, "Single Crystal Growth and
Piezoelectric Properties of K3L12Nb5015 Crystals,” to be submitted to J.
Cryst. Growth.

Presentations

R.R. Neurgaonkar, W.K. Cory and J.R. Oliver, "Growth and Applications of
Ferroelectric Tungsten Bronze Family Crystals," presented at IEEE Intl.
Symposium on Applications of Ferroelectrics, Gaithersberg, M0, June 1-3,
1983,

R.R. Neurgaonkar, J.R. Nliver and L.E. Cross, "Growth and Applications of
Ferroelectric Tungsten Bronze Family Crystals," presented at the 5th
turopean Meeting on Ferroelectricity, Benalmadena, Spain, September 26-30,
1983.

30
CS767A/bw

- ——r e n

e TR . -cecnmm—




1.

10.

1.

12.

13.

14,

‘l Rockwell International

Science Center

SC5346.1FR
6.0 REFERENCES

M. Adachi and A. Kawabata, "Elastic and Piezoelectric Properties of
K3LioNbg0y5 Crystals,” Jap. J. Appl. Phys. 17, 1969 (1978).

. R.R. Neurgaonkar, M.H. Kalisher, T.C. Lim, E.J. Staples and K.L. Keester,

“Czochralski Single Crystal Growth of Sr Bag 3gNb,0g for SAW Device
Applications,” Mat. Res. Bull. 15, 1235 11840)°"

. B.A. Scott, E.A. Giess, B.L. Olson, G. Burns, A.W. Smith and D.F.0. Kena,

“The Tungsten Bronze Field in the System K20-L120-Nb205,“ Mat. Res. Bull.
5, 47 (1970).

. F.W. Ainger, J.A. Beswick, W.P. Bickley, R. Clarke and G.V. Smith,

“Ferrolectrics in the Lithium Potassium Niobate System,” Ferroelectrics 2,
183 (1971).

. T. Yamada, "Elastic and Piezoelectric Properties of PbKNb5015,“ J. Appl.

Phys. 46, 2894 (1975).

. Paul H, Carr, "New Temperature Compensated Materials for SAW Devices,"

Proceedings of IEEE Ultrasonic Symposium, 286, (1974).

. T. Nagai and T. lkeda, "Pyroelectric and Optical Properties of

KaLiNbg0yg," Jap. J. Appl. Phys. 12, 199 (1973).

. T. Fukuda, "Growth and Crystallographic Characteristics of K3Li,Nbg0; ¢

Single Crystals,” Jap. J. Appl. Phys. 8, 122 (1969).

. T. Fukuda, "Growth and Crysallographic Characteristics of K3L12Nb5015

Single Crystals,” Jap. J. Appl. Phys. 9, 599 (1970).

T. Fukuda, H. Hirano and S. Koide, "Growth and Properties of Ferroelectric
KaLi,(Nby _ Ta )s0yc," J. Cryst. Growth 6, 293 (1970).

Y. Uematsu and S. Koide, "Piezoelectric Properties of Ferroelectric
K3Li2(Nb1_xTax)5015.“ Jap. J. Appl. Phys. 9, 336 (1970).

W.A. Bonner, W.H. Grodfewicz and L.V. Van Uitert, "The Growth of
KqLi,NbgOy g Crystals for Electro-Optic and Nonlinear Applications,” J.
Chyst. Grduth 1, 318 (1967).

R.R. Neurgaonkar, "Temperature Compensated Piezoelectric Materials," Final
Report, DARPA Contract No. F49620-78-C-0093 (1982).

E.A. Gless, G. Burns, D.F. 0'Kane and A.W. Smith, "Ferroelectric and
Optical Properties of SrZKNbsols," Appl. Phys. Lett. 11, 233 (1967).

31
C5767A/bw







