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ABSTRACT

Hexagonal ferrites—magnetic insulators with large anisotropy
fields and 4#M values—are extremely attractive candidates ¥~ mm-wave
devices such as circulators, phase shifters, tunable filters, and oscil-
lators. The apolication of these materials in thin film form has been
hindered by thLe lack of lattice-matched substrate materials for film
growth and because the epitaxy process itself is only partially under-
stood. The objectives of this program were to develop improved
substrate materials and a more detailed knowledge of conditions favoring
epitaxial growth of hexagonal ferrites.

During this program we surveyed a number of new substrate and
solvent solution systems for epitaxial ferrite growth. The growth of
single crystals of two new materials, cobalt gallate and Ta-substituted
barium vanadate, was successfully demonstrated. Compositions lattice-
matched to the ferrites were demonstrated, and ferrite films were grown
on cobalt gallate. Interdiffusion of barium hexaferrite and barium
vanadate prevented high-quality hexaferrite film growth on the latter
substrate.

A new ternary flux for barium hexaferrite film growth, Bi203—
BaO- 8203, was identified. Liquidus curves were developed for the BaD-
Ba203 join and for ferrite-saturated ternary solutions. Using this
flux, smooth, low defect density films of Al-doped barium hexaferrite
were grown on Mg,Zr-substituted strontium hexagallate substrates. The
lattice mismatch between the film and substrate was reduced to 0.37% and
0.36% for the a and ¢ directions, respectively. X-ray reflection topo-
graphs for the films indicate that the lowest defect densities were

achieved for 5 to 10 um thick layers.
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FMR linewidths measured at 50 GHz indicated generally broad
resonances. The lowest values were 280 Oe and 550 Oe for pure barium

ferrite films grown on cobalt gallate and strontium gallate,

respectively. While these values compare favorably with those in the
literature, they indicate that further improvements in substrate-film
matching are required to provide device-quality films. Further
substrate development studies, improvements in flux-substrate

compatibility, and the use of other epitaxial techniques seem warranted.
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- 1. INTRODUCTION

d‘,‘
i
s 1.1 OBJECTIVE
% The objective of this program was to study and advance the
o understanding of the heteroepitaxial growth of hexagonal ferrite
|
$§; compounds. The approach was twofold: to synthesize lattice-matched
X
%&? substrate materials and to explore epitaxial growth methods which yield
B "" . . - - . . . 13
:33 ferrite thin films with uniaxial anisotropy fields of up to 35 kOe and

narrow resonance linewidths.

it

?‘y"&.z‘o -
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1.2 FERRITE APPLICATIONS

Today, single and poly-crystal garnet or spinel ferrites find

widespread use as tunable microwave filters and resonators in applica-

O . . .

:;; tions ranging from test equipment to radar and ECM systems. They are

i . . . ..
;%ﬁ also used as nonlinear devices (e.g., in pcwer limiters) and are
N . . . . .
:.. employed extensively in microwave systems—radar, satellites, communi-

¥

?) cation, ECM, etc.—as circulators, isolaters, and phase shifters.
qu‘ Increasingly, however, emphasis is being focused on the development of
Héﬁ millimeter-wave devices for many of these applications. Systems in this
LN . .
:;‘i:. frequency range have wide bandwidths and a narrow beamwidth for a given
L}

A antenna size. In addition, mm-wave systems can be small in size and
&5& light in weight.
N To operate close to resonance at such high frequencies in

; P g q
aﬁa magnetic devices requires extraordinarily high magnetic fields which are
)

it extremely difficult to attain with a compact permanent magnet or elec-
ﬁzﬁi tromagnet when materials like garnets with sm 11 internal crystalline
¥ . .
.'. anisotropy fields are used.
) [}
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;A Hexagonal ferrites with their large anisotropy fields—=~17 k0e
for M-type BaFel2019, for example—offer an attractive alternative for
i mm-wave systems operating close to resonance with relatively small (0 to
5 kG) fields. These devices could match future needs for small, low-
cost, millimeter-wave ferrite control cousponents such as circulators,
phase shifters, isolators, limiters, and switches, as well as for

tunable filters and oscillators.
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a2y 2. RESEARCH APPROACH

30

el ]

ool Devices using hexagonal ferrites were demonstrated more than
A,

v 20 years ago; however, their systems implementation has long been
23 hampered by difficulties in reproducibly growing high-quality crystals,
"y P y P g

o cops . :
A and by the difficulties encountered when processing the bulk crystals
) N
',. irto the desired device geometry [1-7]. Epitaxial hexagonal ferrite
L)
{ﬁ* films are, however, compatible with planar transmission lines such as
" dielectric waveguides and allow the use of photolithography to define
.l . .
:;ﬁ the ferrite device geometry.
:\ The lack of a suitable low defect density lattice-matched

)
N single-crystal substrate has been a crucial limitation to growing
. smooth, chemically homogeneous hexaferrite layers [8-17]. 1In addition,
2: typical flux systems are not always compatible with available
"ﬁ substrates. Thus, two requirements must be met before hexagonal

’ . . .
?ﬁﬁ ferrites can become successful candidates for mm-wave devices in

: eritaxial film form: (1) improved substrate materials must be
-W$‘ synthesized and grown as single crystals, and (2) the epitaxial growth
¥ [
bﬂ“ zust bte better understood and perfected. Research in each of these

L
" topics formed major activities in this program. The results of the

L

- resear-h in each follows.
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3. SUBSTRATE MATERIAL STUDIES

3.1 SUBSTRATE CRITERIA
The growth of good-quality hexaferrite epitaxial films has been

R R R R

dominated by the search for suitable substrate materials and studies to
define growth conditions which produce crystals of suitable size and

quality. A survey of the pertinent literature [8-17,18,19] indicates

- P
o O o o

that improvements in ferrite film quality result from improvements in
the preparation of the substrate material, but that no truly lattice-
matched compound has been grown as large, low defect density, single
crystals. Criteria for selecting a substrate material can be summarized

as follows:

- -,

* Growth of large, homogeneous, high-quality single crystals.

; * Cell dimension and thermal expansion coefficient similar to
§ those of the hexaferrite film.
‘ * Paramagnetic or diamagnetic, and a good insulator.
* Low dielectric losses at microwave frequencies.
5 * Mechanically strong, and chemically and thermally stable.
3 The two promising apprcaches for substrate development were:
¥ 1. To find compounds which display lattice symmetries and
. interatomic distances similar to those of the hexaferrites along
specific crystallographic planes, e.g., (111) of cubic spinels [8-12].
« 2. To find compounds with comparable lattice dimensions in
%’ crystal systems of the same material class as the hexaferrites, e.g.,
Y hexagallates [16,17,21,22]. Investigations of each approach were
: carried out.
$ The search for new substrate was guided by the known crystallo-
d graphic relations between the hexaferrites and potential substrate
2 candidates. BaFel2019 is a prototype of the hexaferrite compounds
. desired 2s epitaxial files. It displays hexagonal symmetry with lattice H
. dimensions a2 = 5.89 A and ¢ = 23.20 A. The hexaferrites share a
1
4 4
[
: e e
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ﬁﬁ‘ crystallographic kinship with the cubic spinel family. The cubic

o . . . .
;';d spinels can be visualized as layers of close-packed oxygen ions stacked
:?‘ along the <111> cube direction (the smaller metal ions completing the
v structures fit in the interstices between the oxygen ions) [20]. 1In
32' contrast, the hexaferrites (and their aluminum and gallium analogs) are

formed by stacking the oxygen layers along the hexagonal ¢ direction.
Distributed periodically in the hexagonal structure are layers in which
one-quarter of the oxygen ions are replaced by the alkaline earth atoms,
g for example, Ba or Sr (Figure 1).

gﬁ{ The crystallographic relationships between the two families can
N be expressed as

éat. <101> spinel parallel to <1010> hexagonal ferrite

< - (111) spinel parallel to (0001) hexagonal ferrite

Dwg. 7770462

; 40 30, 18a
o 14.5 A
30, 1Ba 11.6A| 30.18Ba

o L 40 40
4.8 A
% 40 | 40 40

b@ a0 40 40

S M Y
=
4 Me.Fe,0g BaFe;20)9 BaMeFe12022

Figure 1 — Oxygen layer stacking in cubic spinel and hexagonal M and Y
5 ferrites (after Reference 23).
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Clearly, the nonmagnetic spinels can serve as substrates for
magnetic hexaferrite layers (or vice versa) if the appropriate lattice
matching between the cube face diagonal and hexagonal a dimension
exists; that is, if g/Jé spinel = a hexagonal. For barium ferrite, a =
5.89 A so that a spinel substrate with a cube edge of 8.33 & is
required. Alternatively, a nonmagnetic hexagallate or hexaluminate with
a ~ 5.80 A would be suitable for epitaxial film growth.

Based on the above relationships, we focused our studies in two
areas: (1) identification of new nonmagnetic spinel or hexagonal com-
pounds which lattice-match barium ferrite (or lithium ferrite, also of
interest for advanced device applications) and (2) extension of our
previously developed YIG liquid phase epitaxial (LPE) growth techniques
to ferrite films, using as test vehicles substrates which previously had
been investigated by others. This step was then followed by film growth
on the new substrate materials as they were identified, and the explora-
tion of new oxide solvents which offered advantages for hexaferrite LPE

over those previously reported in the literature.

3.2 SUBSTRATE MATERIAL SURVEY

A preliminary survey was conducted to identify likely compounds
from which single crystals could be grown for epitaxial substrates. The
survey was conducted first by searching for nonmagnetic analogs that
exhibited lattice size close to that of the hexaferrites and for cubic
raterials displaying a cell diagonal clcse in size to the hexagonal a
direction, as noted above.

Components of each candidate compound were weighed to stoichio-
metric proportions, mixed in a ball mill, and fired at a temperature
compatible with solid state reaction. X-ray powder diffraction patterns
of reacted samples verified both the ccmpleteness of the reaction and
confirmed the crystal structure. Diffraction patterns for melted
samp.es were employed to evaluate phase stability, structure, and cell
dimension.

Table 1 is the result of the comj.aud sarvey. it lists the

candidate compound name, crystal structure, cell dizersici, and comments
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.ﬁhf Table 1 —Compound Survey
'»f'fl
G

s Cell

. Compound Structure Dimension Results
o
T
?ga ZnGa204 Cubic-Spinel 8.33 Decomposes.
REX CoGa,0, Cubic-Spinel 8.326

MgGa.204 Cubic-Spinel 8.28 Decomposes.
o NiGan0, Cubic-Spinel 8.25
bxh CuGa,0, Cubic-Spinel 8.39 «Too large.
R CdGa204 Cubic-Spinel 8.59 Too large.
LX)

n'. NiCr,0, Cubic-Spinel 8.32 Bigh melting.
- HgCr204 Cubic-Spinel 8.32 Righ melting.
D‘y,‘_\"

{Sf LngsTil 50 Cubic-Spinel 8.37 Decomposes.
:$§ LiMnTi0, Cubic-Spinel 8.30 Decomposes.
'&g{ LiGaTi0, Cubic-Spinel Two phases.

' LiAlTiO4 Cubic-Spinel 8.34 Two phases.
s LiCrTi04 Cubic-Spinel 8.32 Two phases.
!'.'

’k&“ C02Ge04 Inverse-Spinel 8.32 Decomposes.
;35: Cozsnﬂ Inverse-Spinel 8.63 Too large.

R CozTiO Inverse-Spinel 8.445 Too large.

e Co2V04 Inverse-Spinel 8.328

LR

,?ﬂ: Mg, Gel, Inverse-Spinel 8.245 Decomposes.
ﬂsg Mg2Sn04 Inverse-Spinel 8.60 Too large.

R Mngi04 Inverse-Spinel 8.44 Too large.

- Mg2V04 Inverse-Spinel 8.403 Too large.
._"l \

?&?a Mn, V0 Inverse-Spinel 8.575 Too large.
;"l‘. 2 4

N
)ﬁfi KGa 1019 Hexagonal a=5.800 +Too small.
.iﬁﬁ BaAilzolg Hexagonal a=5.587 Too small.
i SrGa12019 Hexagonal a=5.794 Too small.
H'\: 530312019 Hexagonal a=5.850 Too small.
E’::::: Sr(Ga,Mg,Zr) 0,4 Hexagonal a=5.82 Too small.

Y .’ Y

;ﬁg; Bas(V04)2 R-Hexagonal a=5.78 Too small.

v BaQ(VO4)1 2(Ta04) 8 R-Hexagonal a=5.803 Exact match for
g - ‘ ’ bariur ferrite.
ol

ﬂﬁf »Cell dimension too great (small) for effective epitaxy.

L

K 7
.

;"r':’i
t"r\:;, rn A A ARSI A L AU W T T T T e T e .!'-;".; '-"'.:~'{




Fm"m_ A d ey gt and dad Snd ekt W ww—w T ——T— —--‘I

on properties. The table includes hexaferrite analogs, cubic spinels,
and inverse spinel compounds. Some of the materials, such as ZnCa204
and CoZGe04, decompose at their melting points while some exhibit such
high melting points that crystal growth is difficult (NiCr204 and
MgCr204). Some, when synthesized as powders, have the proper structure,
e.g., LiCrTiO4 and LiGaTi04, but when melted decompose to two phases.
From this survey, four promising candidates based on structure, cell
dimension, and melting behavior were selected for crystal growth experi-
ments: barium aluminate, strontium hexagallate, cobalt gallate, and

barium vanadate.

3.3 SUBSTRATE CRYSTAL GROWTH AND CHARACTERIZATION
3.3.1 Barium Aluminate

Barium aluminate (BaA112019) is the aluminum analog of barium
hexaferrite. Its cell dimensions are a = 5.587 A and ¢ = 22.68 A.
Figure 2 illustrates the partial phase diagram of the BaO-A1203 system
[23]. It shows that the hexaluminate melts noncongruently and that
growth takes place in a phase field bounded by a eutectic (B) and a
peritectic (A). Attempts to increase the cell dimensicns by chemical
substitution to more closely match that of barium ferrite (a = 5.893 };

c = 23.194 A) were unsuccessful.

Ra; mme &

Figure 2 — Partial phase diagraz of BaﬂfAIQOq (Reference 23).
&
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Figure 3 — Barium hexaluminate single crystal.

Figure 4 — BaA112019 substrates.
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Unsubstituted crystals of barium aluminate were successfully

-

s

grown by the Czochralski technique in an iridium crucible at a tempera-

- s

-
-

ture of 1950 *# 25°C. The growth rate was 1 mm/hr and rotation rate was

100 rpm. Figure 3 shows a boule of BaAllzﬂlg, and Figure 4 shows sub-

)

J-“’J-‘ R

strates cut from it. The substrates were polished with Syton on a

politex pad. The substrates have a very low defect density as measured

-~
-

by etchpit density techniques.

3.3.2 Strontium Hexagallate

Early attempts to grow 5’0312019 crystals met with limited

success because of incongruent melting of the compound and small solid

Y v

-

solution range. Figure 5 shows the phase diagram of the Sr0-Ga203

, system in which SrGalzﬂ19 crystallizes. From it we see an even narrower
b phase f.eld than BaA112019. By adopting the strategy of Mateika and
Laurien [24] and substituting magnesium and zirconium to broaden the
gallate stability region, we were able to grow small crystals using a
conventional crystal puller with pyrometer temperature control.

Figure 6 is a ternary phase diagram of the SrD—Ga203-(Mg,Zr) oxide

system showing the boundaries of the hexagallate growth. Compositions

IR 2 Y
. 3

marked a, b, and ¢ were used for crystal growth by us. Composition ¢

was most successful.

The Mg,Zr-substituted strontium hexagallate cozposition was

- WM e T

successfully grown as single crystals using an Autox automated crystal-

growth furnace. This system controls crystal diameter by the crystal-
weighing technique. With this system growth could be continued at slow
L rates for several days, thus minimizing interface instability associated
© with solid solution melts. Crystals to 7 cm in length and 1.5 cm in

\ diameter have been grown, as in Figure 7 for example. Growth rarameters
were 1 mm/hr growth rate and 10 rpm rotation rate. The growth direction
was perpendicular to 0001’ to avoid ¢ face cleavages.

The crystals as grown were greenish in color asd had specks of
iridium metal on their surfaces. Some polished slices from some por
tions o f the crystals contained white, derndritic incl.si s bLut did aot
" contain iridium particies. Ce.l d:mensions measured cn sampies taken
I3

from both ends of a crystal <how Tittle differer e /Table 2}
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Figure 5 — Phase diagram of SrO—Ga203 (Reference 25).
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Figure 6 — A portion of the pseudo-ternary system SrO—Ga203— (MgO-Zr02).
- After reference 24.
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Table 2

Cell Dimensions for the Top and
Bottom cf a Strontium Gallate Crystal

a, A c, A
Top 5.8199 23.060
X Bottom 5.8205 23.059

o

-
-

‘§
¥
v

3.3.3 Cobalt Gallate

Cobalt gallate [26) is a congruently melting, cubic material
with a spinel structure having a cell dimension of 8.326 A. The melting
point is 1825 # 5°C requiring that an iridium crucible be used for
crystal growth. The crystals are deep blue due to their high cobalt
concentration (see Appendix I for details).

Two difficulties were overcome in developing a successful crys-
tal growth technique. (1) Because of its strong optical absorption,
heat is not readily dissipated through cobalt gallate crystals. As a
resu.t, the sclid-liquid interface was concave under most conditicrns of
puil and rctation rate. (2) Sigrificant loss of cobalt galliate can
occur by evaporaticn from the melt.

To minimize melt evaporation, growth was accomplished in an ADL
model MP pressurized Czochraliski puller. Overpressures of 5C psi argon
significantly reduced the loss of cobalt gallate from the melt during
grewth.,  In gereral, we found empirically that slow growth and rotation
rates, coupled with the use of a water-cooled pull rod and the position-
ing ¢f the 1:cp heat reflector 2 to 3 irches from the melt surface,
produced flat to convex crystal-liquid interfaces. Under these condi-
ticrs, we achleved improved diameter stability. Crystals up to 2.5 co

crg by 1 cn diameter were grown.

A number of the properties of C002204 were peasired to charac-

<.

terize its suitability as a substrate. The measured ce.l dizersion of

-'-"f‘
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SrGaIZOIQ-(Mg.Zr)

Figure 7 — A single crystal of Mg,Zr-substituted strontium gallate.
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J: undoped CoGa204 is 8.323 # .005 A, slightly smaller than the value
re

g: required for hexaferrite epitaxy, 8.336 A. Figure 8 shows that the cell
i dimension can be increased to produce lattice matching by the

‘ replacement of gallium with indium.

3

§' The average thermal expansion coefficient for cobalt gallate
‘i' measured by quartz tube dilatometry was 9 x 10-6. This is comparable to
", that of the hexaferrites.

The dielectric constant and loss tangent were measured on sam-

:5 ples of CoGa204 (see Table 3). The relative permittivity of cobalt
A
l;'

¥ Table 3
ﬁQ' Dielectric Constant and Loss Tangent

v of CoGa204 Crystals

1)

b1

Dimensions Frequency Er Tan 6e

P Sample (mm) (GHz)

]
Kh

Y 1 1.15 x 0.8 x 14.1 9.169 9.24 0.0030
20

* 2 1.15 x 0.7 x 14.1 9.173 9.08 0.0024
e 3 1.15 x 0.7 x 14.1 9.178 g.26 0.0015
e
f‘l
0y

b

oY

c?'
o -l
:}* gallate, about 9.2, is comparable to values for other nonmagnetic

»
&e insulators like alumina or gadolinium garnet. The tan 6e values 0.0015
PN
o to 0.003 are higher than the value of <0.001 desired for a millimeter-
~ wave ferrite in order to minimize device losses.
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The optical transmission between 0.3 and 1.5 gm is virtually
featureless, showing almost no transmission at any wavelength except
between 0.7 and 0.9 um, where the transmission peaks at 50%, then falls
back to zero. The spectrum between 1.5 and 12 pm is illustrated in
Figure 8. Again, the material transmits relatively poorly except for a
window between about 3 and 5 um.

Further details of the cobalt gallate growth and properties are

given in Appendix I and reference 26.

3.3.4 Barium Vanadate

Barium vanadate is a congruently melting compound which can be
lattice-matched to barium ferrite by substitution of vanadium by tanta-
lum. The compound is synthesized by weighing stoichiometric portions of
barium carbonate and vanadium oxide, then mixing and firing the powders
at 600°C for 12 hours. Crystals are grown by the Czochralski technique.
The melting temperature of barium vanadate is 1625 + 25°C, Typical
growth parameters are 1 to 6 mm/hr withdrawal rates and between 20 and
60 rpm rotation rate. Figure 10 is a sectional view of the growth
furnace configuration we employed (see Appendix II for details).

As-grown crystals varied in color from smokey to rose. Fig-
ure 11 illustrates a crack-free, tantalum-substituted barium vanadate
crystal, 5 cm long by 2 cm in diameter.

A number of physical properties were measured to characterize
the crystals. Cell dimensions of the unsubstituted barium vanadate were
a =5.790 + .001 X and ¢ = 23.340 + .001 A, which poorly match those of
barium ferrite (a = 5.893 A, ¢ = 23.194 A). When 40% of the vanadium is
replaced by tantalum, the "a" parameter then exactly matches the
ferrite. Table 4 shows the variation of cell dimension with tantalum

substitution.

15
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Figure 9 — Optical transmittance of CoGa20
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crystal from 1.5 to 12 um.
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Table 4

Variation in Cell Dimensions of Barium
Vanadate with Tantalum Substitution

Baa(V04)2_x(Ta04)x

x a c

0 5.790 21.340
.2 5.810 32.430
.4 5.838 21.315
.6 5.865 21.306
.8 5.893 21.303

1.0 5.920 21.302+

1.2 *

*Presence of extra lines on the x-ray
pattern indicating that a phase
transformation or phase separation
takes place.

Thermal expansion measurements on Ba3(V04)2 illustrate the
material’s anisotropy. The average thermal expansion parallel to the
"c" axis is 10 x 10-6 'C_l; perpendicular to the "c" axis it is

19 x 1078 *¢7L,

are comparable to those measured for hexaferrites. Figures 12 and 13

The exact value depends on temperature. These values

are plots of the thermal expansion from room temperature to 1000°C for
directions parallel and perpendicular to the "c¢" axis.

Measurements of the dielectric constant, loss tangent, and
magnetization were made on samples of Ba3(V04)2; Table 5 presents the
results of the determination. The magnetization is lower than that of
gadolinium gallium garnet (+49 G), which is the standard substrate for
yttrium iron garnet epitaxial film growth. The dielectric constant is
slightly larger than values for standard insulators such as alumina
(about 9), and the loss tangent is also higher than that of alumina
(0.0001) .
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Figure 12 — Thermal expansion of barium vanadate parallel to "c"

direction cycled from RT to 1000°C to RT in air.
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Table 5

Dielectric and Magnetic Properties
of Unsubstituted Barium Vanadate

Dielectric Loss

Constant Tangent Magnetization
Er tan 6 47M (G)
12.0 0.0016 +3.8

As noted, we found variations in the color of crystals grown
from melts of the same nominal composition and produced with the same
growth conditions. To gain insight into this phenomena, optical trans
mission measurements were made on polished, 1 mm thick crystal slices.
The transmission spectrum between 0.3 to 1.5 um was featureless with
transmission (uncorrected for reflection) of about 80%. Figure 14
illustrates the transmission spectra between 2.5 and 10 pm. Spectra of

other crystals were similar, and the origin of the color variation was

not clearly resolved.
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'Y 4. LIQUID PHASE EPITAXY

f

5 OF HEXAFERRITE FILMS

'o“;

b Previous sections of this report describe the synthesis and

o crystal growth of new substrate materials such as CoCa204, Ba3(V02)4,

.i‘; the soiid solution 833(vo4)1.2(T304)0.8’ and Sr(Ga,Mg,Zr)lzﬂlg. A

g , number of initial tests were also done on readily available MgQ sub-

s strates. These helped to identify the breadth of growth conditiors.

'y Here we summarize the liquid phase epitaxy (LPE) experiments performed

: ;: on these substrates under various growth conditions. Details are given

-};' ir. Appendices II1 a:d IV.

" 4.1 INTRODUCTION

f?i In LPE, a small lattice mismatch between filmx and substrate is

»,C; trucia. tc grow good-qua.ity filems. However, it i1s also impertant to

ff:‘ vtcose a flux system which is chezically and thermally compatible with
*hrse euherrates. Most of the reported work or the LPE growth of Lexa

bw; ferrite filzs employs flux systems similar to those which have been used

:**: frr LPE garret (YIG) film growth. However, in the present investiga-

}::: ticn, we fournc that the conventicnal fluxes were not satisfactory for
scece of the new substrates. resulting either in chemica. attack of the

ﬁl” substrates or restricted film nucleation. Therefore, emphasis was

‘ﬂ': flared on idertifying soluticns which favor chemical and thermal cczcat-

;; » itiiity with the substrate materials, as well as facilitating hexafer-

A rite filg growth

g?“ We initially surveyed substrate behavior during the LPE grewth

' : of bariuz nexaferrite filws from a variety of flux systems. The results

:: : are s.rrzarizec in Tab.e 6. During these pre..minary stucies of tie

e stiverts, *he Bi203~830»8203 flux svstes emerged with *he hest overa..

ccgtiratior of progerties,
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Qualitative measurements of the melting temperature and the
degree of supercooling of the various hexaferrite-solvent solutions were
performed by observing the appearance and disappearance of spontaneously
nucleated crystallites in each melt during repeated sluw cooling and
heating cycles. Crystallites were then collected from each melt using a
platinum basket in order to facilitate the analysis of their phase com-
position by x-ray diffraction measurements. The phases identified in
the collected crystals, the liquidus temperature, and the degree of
supercooling for each solution composition were tabulated. As an exam-
ple, data for the Bi203—Ba0—B203 system are shown in Figure 15. The
barium hexaferrite-saturated solutions based on this latter solvent
exhibited relatively larger degrees of supercooling than the other sys-
tems, e.g., up to 65°C. Thus, it was possible to choose a low growth
temperature below 1000°C without any spontaneous nucleation.

We were able to grow hexaferrite films successfully on three
substrates: Sr(Ga,Mg,Zr)lZOIQ, CoGa204,and Ba3(V04)1_2(Ta04)00_8.

Table 7 summarizes the typical film growth conditions on these sub-

strates. The films were grown by two different methods: (1) vertically
dipped, stationary substrate; and (2) horizontally dipped, rotated

substrate. The hexaferrite films were characterized for surface struc-

ture, composition, cell dimensions, and interface behavior. The hexa-

ferrite filp composition was also adjusted in some cases by replacing Fe

by Al in order to reduce lattice mismatch betweer the film and sub-

strates. Table 8 shows the cell dimensions of three different film

compositions measured by x-ray diffraction.

4.2 FILM CHARACTERISTICS
4.2.1 Growth or CoGa,0

274
Hexaferrite films were produced on CcGa204 substrates from a
. Ran . } R
: conventional BaF2 Bal 8203 flux, {rom B1203 B203. and from the new
) Bi203 Bal 3203 flux. In gereral, the results were sizilar. The filzs
*’

. exhibited patches of matte finish and sccoth regions te the unaided eve.




j Biy03

5

o

i COMPOSITION (MOLE %)

! B L.T. AT

tL 1,0, Bao Fe,0, (°¢) (°C) CRYSTALLITE

oS

] A 67.3 14.9 17.8 874 36 BaFeO

b 2.8

gy B| 60 15 25 973 58 BaFe02.8

Wy c| ss 15 30 1035 65 BaFe ,0.0  pireo

w D| 50 15 35 1113 58 BaFe ,0,4 2.8
E 35 25 40 1136 27 BaFe12019, Fe30§

:|'l F 50 20 30 1010 38 Bal“elzo19

:;‘}l G 68.5 4.5 27 960 45 BaFe12019 BiFeO3

' H 69.7 4.3 26 938 50 BaFe ,0,4, BiFeO,

o

.-,.; L.T. : Liguidus Temperature

»

N AT : Degree of Supercooling

W

'.

a:::b

L Figure 15 — Observed behavior of hexa.ferrite—(Bi203—Ba0—B20.‘\ solutions
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e Table 7
LPE Growth Condition and Characteristics

S

of Barium Hexaferrite Films

Flux: Bi, 0,-B,0, and Bi203-Ba0—B203

)y 273 273

{

)

i)

Y Super Film

Sample Cool- Growth Thick- Growth

o Desig- ing Temp. ness Rate Surface

' Substrate nation (°C) (°C) (pm) (um/min) Morphology Remarks

iy

&

R CoGa,0 BFOS 9 981 7.5 0.23 Considerable

38 274 . X

- diffusion at

2 interface.

% BFO9 24 966 N.M. -

- BFO17 8 932 3.5 0.35 Some smooth, Less interdif-

‘ some terraced fusion than

areas. BFO5 film

N peeling.

y

¢ BF021 23 959 10 0.5  Structured Same as BFO19.

> surface.

[}

i Doped- BFOI0 22 968 18 1.2 Mainly smooth

b? SrGal20lg with a few

& terraces.

N

f_ BFO11 21 969 2.8 0.56 Relatively No interdiffu-
smooth all sion; film is
over. cracked.

A BFO1§ 23 959 « Corresponds Horizontal dip

o0 2-3 0.1-0.15 to substrate at 50 rpm.

' 10 0.5 consisting of Film lattice
three differ- parameter :is

o ently orient- adiusted by Al

i; ed sections. doping.
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< Table 7 (Continued)
5
,,'»
' Super Film
-~ Sample Cool- Growth Thick- Growth
T Desig- ing Temp. ness Rate Surface
o Substrate nation (°C) (°C) (pm) (pm/min) Morphology Remarks
W a
Doped- BF052 27 911 40 2.8 Hexagonal Horizental dip
. SrGa, 0 islands with at 50 rpm.
- 12719 K
e cracks.
'.._~
:- BFO53 24 914 40 2.8 Dense and ad- Horizontal dip
::; herent with- at 50 rpm.
b out cracks. BaFe10’7A11.3019
=5
b BFO58 34 1001 40 2.8 Cracks with Horizontal dip
terraced at 50 rpm.
A}
E‘ surface. BaFeg AL, ;0.4
ool
oYy BFO59 27 1008 10 2 Very smooth Same as BFO58.
with a few
e cracks.
-
s BFOSO 27 1008 5 1.6 Very smooth  Same as BFOS8.
o all over.
N
< : T,
Faul Bag VU4 o(Talylg g
f.“‘
s BF037 41 984 120 13 Orthcferrite  Horizontal dip
:t{ layer. at 50 rpm.
) Considerable
a interdiffusion
— at interface.
’tf BFO62 27 1008 40 8 Structured Same as BF038.
o surface.
o
o
=
'f:'.
-’."
/"
v
i 30
'\..
- ..-\.-".. e IO :.-,‘_.-,_.-‘.-;.._~_-;:_-'_:.-_"“»-::.-_:.;_:.-::.-;':;':".r_'.-3‘3{'
,'. b ..‘ .‘..;-.'i i\:;-': 'i '.A"'.a '_A :_J‘:: ‘i' .\.




R ‘. Y B aa. - T TTwenTTwrwew A Ak A A Ll A AL 4l an sl 4

Ry
N9
“"i"
s
5:_\
L&
‘\-g
S
.;.\
o
ol Table 8
"~::
;f?. Cell Dimensions of Barium Hexaferrite Films
L
> L)
R Film Composition Cell Dimensions
N BaFel2019 a = 5.893, c, = 23.191
- BaFe Al 0 a = 5.845, ¢ = 22.988
A BaFer AL, 0. & = 5.801, c = 22.884
e ®9.3%"2.7"19 By T 2 EVE Gy = Ll
N
A
W
T At high magnification, the matte regions were composed of small hexa-
iﬁ gonal facets (Figure 16), a feature of hexagonal ferrite films well

documented in the literature.
Occasional fine cracks were observed which apparently propagated

from the substrate. This was attributed to the remaining swall mismatch

Ly between the substrate and BaFe12019 film. Complete lattice matching was
‘.}ﬁ! not achieved during this study due to the difficulty in growing In-doped
o
1 é CoGa204.
'“3' A characteristic feature of the films we grew on C003204 was the
e forzation of an interdiffusion layer between the film and substrate.
':f: (see Figure 17). Microprobe measurements indicated that iron had
ot
, :ﬁ diffused during the film growth process, introducing an iron-rich region

~
a‘ in the substrate. This layer apparently weakened the bond at the
Ve interface, in some cases leading to film peeling. The interdiffusicrn
:ﬁfi: layer also led to a broad resonance linewidth in the film.

(fjj Spinel layers were also successfully deposited epitaxially cn
nie CoGa204. For details, see Appendix I. ‘
uic‘ 4.2.2 Growth on Substituted Barium Vanadate Substrates
o
:;}: Figure 18a and 18b are, respectively, the optical and SEM
P L . . .
P micrographs taken from the cross section of an LPE film grown on a
= Y . 5 raphe " . igrit
=i Ba3 04)1.2(T304)0.8 substrate. These ricrographs show that a sign:i’:
SO cant interdiffusion layer was fournd between the two. Electron micrc
'iii probe scans of these samples showed that vanadiug and tantalum diffused
1A
f Te*
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Figure 16 — Photomicrographs of barium hexaferrite LPE layer on CoGa
~ substrate. Some areas of the film exhibit a terraced
d 'i.: structure.
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Figure 17 — (a) Layer-substrate interface for CoGa.0, substrate.

(b) For comparison, a sharply delineated4LPE layer-
- SrGa12019 interface is also shown.
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interdiffusion layer 1

(a) Optical Micrograph

AOO i

(S interdif fusion layer

(b) SEM

Figure 18 — Film-substrate interface for Ba (V04) (TaO ) 0.8 substrate
taken by (a) optical microscopy and (b) scann1ng electron
' q microscopy. Film was grown for 15 min at 994°C (Table 7).
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%:2 to the film from the substrate. This film was grown for 15 min and the
;\}. film thickness was about 120 gm. In an attempt to minimize the inter-
}Lﬁ diffusion, a film was grown for 3 min and examined by optical microscopy
vael (Figure 18). As shown in the figure, no significant interdiffusion
fﬁg layer was observed. However, the interface between film and substrate
szﬁ was not smooth, and apparently chemical attack on the substrate had
iy occurred.
= Analysis by x-ray diffraction of samples taken from the filwms
&y indicated that the layers were composed of at least two phases, a
:iﬁ bisauth orthoferrite and an unidentified tantalum-rich oxide. Either
&;g the substrate nucleated the orthoferrite directly or interdiffusion and
> 2 chemical reaction with the flux caused the initially nucleated hexafer-
. 3 rite to convert to orthoferrite.
\?{
i
ol 4.2.3 Growth on Substituted Hexagallate Substrate
) The best quality barium hexaferrite films were grown on
%:ﬂ? Sr(Ga,Mg,Zr)l2019 substrate? using compositions in the PizosjBaU—B203
.:%: flux system. This combination produced the lowest lattice mismatch
0 a\ between substrate and film in our studies. The detailed results are
J)' described in the paper 28 of Appendix IV and summarized here. The

control of the lattice mismatch was approached in two different ways—by

.,-.
» "f «
.')'.'\" b

adjustirg the lattice parameter of substrate as well as that of the

'EjE film. As shown in Table 8, the replacement of Fe by Al in barium hexa-
,F% ferrite brings the Sr(Ga,Mg,Zr)mO19 substrate and film lattices into

. better registry.
;f}ﬁ The film microstructures of five typical samples grown on stron-
iiﬁ& tium gallate and examined by optical microscopy and x-ray topography are
s described here. Figure 20a and 20b are Berg-Barrett surface reflection
7 x-ray tcpographs taken from an unsubstituted BaFe12019 film and a

il BaFe Al. 0., film. The x-ray topograph of the unsubstituted barium
“Ej: hpxa}S;Ziti.?i%: exhibits large rumbers of white line irages. However
o ge rumbe g .
;Jg‘ the file structure of BaFelO.7All.3019 shows none ¢f the line defect
L images. The line defect izages, which are out of x ray diffraction
,wzg contrast, are due to the cracks in the film.




A

SUBSTRATE

Figure 19 — An optical micrograph of film-substrate interface for
Ba (VO ) (Tal )0 8 substrate. Film was grown for 3 min
at 1008 C Table 7.
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(a) BaFelzﬂ19 Film

10.7211 3019

Figure 20 — Berg-Barrett surface reflection x-ray topographs taken from
(a.)BaFe12019 film and (b) BaFe10.7A11.3019 film on
Sr(Ga.,llg,Zr)12019 substrates.

(b) BaFe
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Both x-ray topographs also show one or two areas without x ray
diffraction contrast. These are probably regions where the films did
not grow epitaxically, or where the substrate was misoriented with
respect to the film matrix. The optical microscopic observation of
these films indicated that the unsubstituted barium hexaferrite film
exhibited hexagonal island structure in the presence of large numbers of
cracks. In contrast, the aluminum-doped BaFeIO.7A11.3019 film appears
dense, adherent, and without cracks.

Figure 2la, 21b, and 21c are optical micrographs taken from
Ba.Fe9 3A12 7019 filws having film thicknesses of 40 um, 10 pm, and 5 um,
respectively. The 40 pm thick film exhibits a "roofing shingle" type
structure with a large number of cracks. The 10 gm thick film shows
fewer cracks, and the surface appears topographically very smooth. The
structure of the 5 pm thick film appears very smooth and crack-free.

Collectively, the results indicate that the best films were
obtained from the composition BaFe10.7A11.3019, which has the lowest
lattice mismatch among the three film compositions examined. For
example, Ba.FelO.7A11'3019 and BaFe9.7A12'3019 films have a very close

lattice mismatch to the "

a" substrate direction, i.e., 8a/a = 0.37% and
0.38%. However, they make a mismatch in the "c" direction of Ac/c =
0.36% for BaFelO.7A11.3019 and 0.83% for BaFeg.3A112.7019. As indicated
by Rinaldi et al.[29], since the "c" cell dimension is larger than 20 A
in the hexaferrites (corresponding to at least ten atomic layers), this
mismatch will not be well compensated by strains or local aefects such
. . . "

as dislocations. The large mismatch along "c" in BaFeg 3 112 7019 films
must contribute to form cracks, in contrast to the BaFe Al1 3019

film.

10.7

Also, the terraced structure of the BaFeg.7Al2_3019 film shown
in Figure 20a is probably caused by the combined effects of the slight
misalignment of the substrate surface with respect to the "c" plane and
the relatively large lattice mismatch. However, the important observa-
tion here is that the microstructure of films also depends on the {ilm
thickness as shown in the series of optical micrographs in Figure 20.
Very smooth films of BaFe Al were grown up to 5 pm thickness

12. 3 19
even with their particular latt1ce mismatch.




(a) 40 pm thick

% (b) 10 pm thick

I?'l
() l’

(c) 5pm thick

%
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Figure 21 — Optical micrographs of BaFe A12 701 films having film
thicknesses of (a) 40 um, (b) 10 sm, and (c) 5 ym.

39

§.'. RM-12886

e TR, R A AN AN
DA OOt OO 10 G




el a s e .

O A, Y Y,

gy

I

.
>
f\ =,
)

It has been demonstrated that barium hexaferrite films of good
quality can be grown from compositions in the Bi203—Ba0—B203 flux system
under conditions of good lattice mismatch between substrate and film.
The lattice mismatch between substrate and film has been reduced by the
substitution of Ga by In in cobalt gallate, V by Ta in barium vanadate,
and Ga by Mg and Zr in the strontium hexagallate substrates. The sub-
stitution of Fe by Al in barium hexaferrite films is also very benefici-
al. The surface structures of the films grown in this program showed
that relatively large lattice mismatches favor formation of large num-
bers of hexagonal islands and cracks. However, the Al-doped barium
hexaferrite films of the best quality having topographically very smooth
surfaces without cracks were grown by reducing the lattice matches to
Aa/a = 0.37% and Ac/c = 0.36%.
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5. MAGNETIC MEASUREMENTS

The measurements reported on in this section fall into two to
classes: those pertaining to the substrate materials and those used to
evaluate the ferrite films per se. Although some results are reported
in other sections of this final report, they will be included here also

for the sake of completeness.

5.1 SUBSTRATE MEASUREMENTS

The measurements done on the substrate naterials were primarily
to assess two factors: {a) their possible magnetic influence on the
epitaxial barium-ferrite due to a high magnetic moment or anisotropy
field; (b) their suitability as substrate materials from a micrcwave

point of view, specifically loss tarngent and dielectric ccnstant. The

Ta
th

5]

gretization data were taken cn agproxiczately 1 @3 sqguare sacples using
e a

.e
Faraday balance techrique with a standard nickel value of 6083 gauss

vsed as a reference value. The values of 47\ <hown in Table § are the
averages from two or three samples. All values are substant:ially less
thar the ncminal 5000 gauss value fcr barium-ferrite and therefore

should hLave little influence on the magnetic prcperties of the epitaxial

files. In fact, all three substrate materials have ragretizaticns less

-

~han that of gadoliniur gallium garnet, the conveaticnal substrate
z2terial for yttrium ircr garnet.
The dielectric cecnstant and lcss tangent data were measured with

sazrles irn the form of reedles 2t 1 mm in zross section irserted intc

abo
a cicrcwave cavity resonant at @ GHz. They were placed at e.ectric

c
ield cmaxiza positions in the cavity and thus *he lcss *angent da‘a does

S . - - . . :
LU AnC.Ule Any Zagnelic centriuutions. The tulues showr dn Tanle ©oane

again averages fror twec or three carples. The cielectric coretant

va.use are coxparable to alurira and thus wou.d pose noopartiicciav
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problems in any microwave applications. Loss tangent values are about
20 times higher than that for alumina (tan 6 - 0.0001) but are not felt
to be excessive. The values would not preclude the materials being used

at microwave or mm-wave frequencies.

Table 9

Electric and Magnetic Measurements of Three Substrates Studied

Material Dielectric constant Los tangent Magnetization
Er tan 6 4rM
Sr-gallate 9.8 0.0019 -0.1
Cc-gallate 9.2 0.023 -18.0
Ba-vanadate 12.0 0.0016 +3.8

5.2 BARIUM-FERRITE FERROMAGNETIC RESONANCE (FMR) MEASUREMENTS

FMR iz barium-ferrite is cozplicated by the presence cf a large
‘riaxial anisotropy field, and the "safest" way to get equations for the
resonance data is from the free-energy expressicn. This avecids having
tc create heuristic arisotropy fields both ac and cc to analyze the

ericen situation. Interral magnetic fields synthesized to accournt

1]
b
o

tal
frr =rystal anisotropy appear rnaturally in the free-energy approach.

Referring to Figure 22a, the free energy may be expressed as:
g g gy P

F=12 (41M2ccs29) - K sin2€ - HoM (sinf ccs, sina « cosf cosa),

1

«tere F is the {ree energy and Kl the first order arisotropy constant.

Tre terws in the above eguation from left to right are: the

Srnert i ig frorgy, the first crder anisctropy energy. anc the pclar
ereryy We regard the zagnetic field as Tixed at scme zngie @ tc the z
yi= o rtainothe eguilibrioz rhientation of the magietizetion W oby
eguat g tre derivatives dF/dS5 and cF.do to zero. Frez tlese two
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Figure 22a — Coordinate system for a thin platelet of Ba-ferrite
shewing the static magnetization vector, M, under the
influence of an external field, Ho, and a crystal
anisotropy field, BRa.
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conditions we obtain (a) ¢=0, and (b) an equation for the equilibrium

value of 6 given below.

EERA P A

sind cecsh (2k1/M - 47M) - Ho (sinf cosa - cosf sina) = O,

&
A ‘e

AP

where Ha 2K, /M.

1/
Figure 22b plots the ecquilibrium value of 9 as a functicn of the
applied magnetic field angle a. A number of facts emerge ‘ron the

discussion so far. M, Ho, and Ha are always coplanar; however, they are

RS

‘

)

niy colinear for a=0. For a=90°, M and Ho are rot colinear urless Ho

.,‘,
-‘o

equals or exceeds Ha-47M.

FMR freguencies are given by the small argle precession
frequencies of M about its equilibrium value of §. This precession
angle 1s obtained from the second derivatives of F with respect to 6 and
¢. In general there is no explicit expression for the FMR freguency, f,
at a particular 8, @, and Hc and the eguations below zust be solved

sinultaneous.y.
e 2 ’ ! 0y ’ \ . .
(£, = [Ha <-<26 - Ho cos {f - a)) Ho sina sinf,
i f
w«here Ha = Ha - 47M and 7 = 2.8 MHz fe.
Par<‘r:lur Cases are of experimental interest:

{a) a=0, f=7 (Ha-47M-Hc};
(b; @-90°, HocHa-47¥, f vy i Hz 47M-Ho, (Ha 47V Ho)

{c) a=90°, HcyHa 47M, 7 +He

Ho Fa-47V.

-2
.~

Fig.re 2a pl-ts the applied fielc Ho as a funcvicn of it=s angle a for an

VR fressercy of f:50 GhHz, wrere for otarian ferrite we put Ha 17 kle ucd
2

bis a plot in plane 7a-%0
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At the start of this program the FMR equipment consisted of a
9 GHz facility with an electromagnet capable of fields up to 10 kOe.
Fror Figure 23b it is evident that no resonance would be observable 1in
bariuz ferrite for any orientation of Ho. The first imprcvement to the
test facility was to add tapered pole pieces to the electromagnet,

leaving a central uniform field region in the air gap of the wmagnet.

This enabled fields up to 13.8 kOe to be achieved before the magnet
power suppiy capacity was exceeded. Hence, from Figure 23b, in-plane
resorance should have been cbservable although not at an ideal part of
the graph. Unforturately, none of the samples examined showed an FMR
response at this 9 GHz frequency. In fact, no resonance was observed
even in a test sample kindly given to us by Bill Wilber (Department of
the Army, Ft. Monmouth). This sample was known to be a high-quality,
single-crystal platelet of barium-ferrite.

A second imprcvement in measurement was a meve to a higher
eguency; here twc cptions were available. Sarcples were sent to Prof.
Joe Artzan at Carregie-Mellcr University (CMU), who kindly agreed to
exazine thexr in his rescrant cavity FMR equipment at 33 GHz. As it
turred out, this equipzernt was probably the most sensitive available to
us and could detect FMR iines with widths in excess of 2 kOe. The
serind cpticn #as tC use a re.entiy rcaified Hewiett Packard &40%
vzer could provide waveguide transrissicr arnd

o
data from 26.5 to 40 GHz. A -

#as placed in a WK-28 waveguide structure with small he
aril.ed al 1ts enc wa..s tc provide weak coupling tc tnie wavegulde.

ane and perperdicular resornance was locked for, alttcugh

Py

vow.uld suggest that ornly the perpendicoliar ge netry was

W

ibeilt at a rather low applied field, which wculd zost

Cively c f mzpgnertically enturate tre carr.e)l . Whetter shic wne troe or

Ok K onse
T

aresther “ne cavity had tor low a @ vaiue Is unknown, but agair no

. - . . .
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batch #1) gave no results either. Thus all data reported below at Ka
band were obtained from CMU at 33 GHz.

A final decision was made to corncentrate on perpendicular
resorance only and to establish an FMR facility at 50 GHz. This allcwed
us to use the fields obtainable from the existing electromagnet — up to
13.8 k0e. WR-19 waveguide, a 50 GHz Gunn diode oscillator, directional
coupler, attenuator, circulator, and diode detector were all purchased
from MA/COM of Burlington, Mass. The assembled pieces are shown in
Figure 24 with the older 9 GHz equipment in the backgrcound. Samples
glued on the end of a quartz rod were placed at an rf H-field maxima 5/2
wavelengths from the end of a shorted waveguide section. Using the
field modulation technique and phase sensitive detection system of the
9 GHz rig, measurements were possible on samples with linewidths up to
500 Oesteds.

Figure 25a and 25b shows the results of measurements on the Ft.
Monmouth test sample, Sample G Batch 51, where Figure 25a is a
reproduction of the data kindly supplied by Bill Wilber. His results
gave a linewidth of 17 Oe, whereas our value from Figure 25t was 20 Oe.
We regard this as satisfactory agreemert, particularly since our sample
was broken during the mounting process and tlhis damage may have
brouzdered the linewidth. The main value of Figure 25 is that it
corfirred the preparaticn of the 50 GHz equipment.

Figures 25, 27, 28, ard 29 ii.ustrate FMR results fcr several
films. Table 10 sumzarizes the data. Magnetically, great
ili%y was found in the films; mary filps gave nc rescrance data.

Those that did (Table 10) exhibited linewidths from cver 2000 Oe wide to

The lowest mairn rescrnance linewidth measured was that for sacple
BED 58, «itn a va.ue of 64 Oe. Hoiwever, an examinatinn of Figure 20
sto#s evidence of line broadening due to multiple rescnance, which we

zees 1ate with tre precenre o f large stresses due to lattice Tisrat-b

In Figire 26 tie lirewidth of a seccndary resanarce marked ty arrows ic




Figure 24 — A photograph of the equipment for the FMR measurements at

50 GHz. Some waveguide from the 9 GHz equipment is also
visible.
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Figure 26a — Ft. Monmouth FMR data on sample BFD-5 with a Co-gallate
substrate.
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Figure 27a — Ft. Monmouth data on sample BF0-17 with a Co-gallate
substrate.
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55 0Oe, suggestirg that the intrinsic quality of the barium ferrite is
quite promising, but that lattice mismatch is sufficiently large to
substantially degrade the overall film quality. This at a minimum
substantially broadens the FMR linewidths anc in scme cases renders the
films incapable of showing a measurable resorance.

In addition, the Al-doped films which had the lcwest measured
lattice mismatch would produce resonances out of the range of our
current measuring capability. The conclusior here, therefore, is that
barium-ferrite can be grown epitaxially on Co and Sr gallate substrates
in a way which offers the promise of providing magnetically useful

filws. The presently used substrates, however, have too large a lattice

pismwatch, and this degrades the magnetic qualities of the films; further

work is needed before the promise can be realized.

Table 10
Sample Substrate Linewidth, Oe (Frequercy, GHz & Field, Oe)
CMU Ft. Monzouth w
BF0-5 Co-gallate - - ~280 (50 ~6000)
BF0-17 ’ - - 310 (50 5700)
BF0-16 Sr-gallate  >2000 (33.3 6000) »>1000 (99 10670) -
BF0-56 " - - 94 (50 5780)
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6. SUMMARY AND RECOMMENDATIONS
)

:a ] Over 30 candidate compounds were surveyed to develop new

R substrates for ferrite epitaxial film growth. The goal was to identify
) materials with superior lattice match to the hexaferrite film, and which
f;ﬁ could be grown as large single crystals by the standard Czochralski

5#% crystal-pulling technique required ultimately to provide large wafer

e areas.

fnz Two new substrate materials, cobalt gallate and barium varadate,
‘}:? were identified, successfully grown as good-quality single crystals, and
';;i demonstrated to lattice match barium hexaferrite (with appropriate solid
N solution doping). Key physical properties of these waterials, thermal
- expansion, cell dimension, dielectric constant, loss tangent, and

$3 optical transmittance, were zeazsured and were found consistent both with
.{; epitaxial growth requirements, and with microwave and zz-wave

:}4 application requirements. Studies of various compositions from which
'3‘ Vg. Zr-doped strentium hexagallate crystals could be grown were also
'2;: carried out. This substrate, while nct capable of lattice matching to
;% pure bariur hexaferrite, served as a baseline for the exploration of
‘éj ioproved epitaxial flux systems.

All substrates were characterized in detail by optical and

electron metallography, x-ray tcpography, x-ray diffractien analysis and

eiectror micrcprote aralysis to assess chemical and structural
romcgeniety. Polished and charccterized substrates were used toc grow
ritaxial hexzferrite films fror a variety of flux systers by

hzse epitaxy. The object cf the studies was to identify flux systezs

Ty

that were cherizally and therzally compatitble with the cibstirates, and
‘e el e rarge of L e S SN gt e PR LTl -
OogelLine e ralge O growil uCrnailiivns CELpeTe LT LTle DT LT,
time and flux cozposition — for whick gocd guality filoe could be
formod Fliy systens tected ir-ludec a now <rernary 700w, Kol B0

Y ‘4'.;-'.'.- ._. "‘v.
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well as others previously described in the literature: Pb0 PbFz,
Baf 8203, Bal BaF2 8203, 81203-8203830—\205, and \a 0 8203
The test-quality films, thcse free frocm crarks, exhititing

rfare textures, and with low defect densities in x ray

graphs, were produced under conditicns cf mirimal substrate filnm
attice mismatch. These were Al-substituted barium hexaferrite films
grown on strontium hexagallate which yielded lattice mismatchs of about
0.4%. Sligh+ly textured films were grown on cobalt gallate, but flux-
substrate reaction and film interdiffusion limited epitaxy on the
Ta-substituted barium vanadate substrates. The best film growth was
obtained using Bi203—based fluxes, in particular the newly developed
Ba0-Bi, 03 8203 flux.

A systex tc zeasure ferromagnetic resonance (FMR) at frequercies
up to 50 GHz was assembled and used to characterize the magnetic
properties of the epitaxial films. This system was calibrated with a
high-quality piece of bulk bariumr ferrite kindly supplied by W. Wilber
of Fort.

of

In addition to our tes's, supplementary zeasurement

films were carried out at Ft. Msnmouth ard by Prof. J. Ariman at
Carnegle Melion University.
The best FMR lirewidth

anc 280 Qe

values were Oe fer films on strontiun

for fi

i -

ics on cobalt ga.late. hewever,

2000 e +-

In general,
linewidths of

telow 100 QOe.

+re films were brcadered ranging
The brcadened lirewidths
S o e . nqu OQ- matcne fi‘ " 3
difficiity in growing truly lattice-matcehea films and, in
interdiffusicn betweer the filz znd
our eguipzent).

improvezents in both s.hsirzte

Gt uXla, el lales TI1LE Vhls sty However, Nt
ol vantage of the rew substrate materia.s recuires ei‘her an
ERRII ve +- Tiaid phaee epitavy v 1ower tenpematire . lose renot
Flxes o eliziqgte the filz sthetrate Interacticns we slrerved
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t : Alternative approaches include: 1) compositional modifications of
o
"
,;: current LPE fluxes to lower the growth temperature; 2) further
LY AN
A/ develcpment of new fluxes to reduce substrate-flux reactivity:; 3) the
" use of pbuffer layers to reduce flux attack of the substrate; or 4) the
yf% application of other film deposition techniques, such as sputtering or
Ly
%:i ferrite plating, which avoid fluxes.
¥
ﬁﬂ:f Films with linewidths as low as 55 Qe were grown on strontium
gallate despite some degree of lattice mismatch. Further improvements
L R
o 1 . - . . . . .
" in lirewidth could be gained by refinements to better match strontium
".- . .
,\i gallate to barium ferrite. For example, other dopants, such as
"
”: scandium, might be employed to further increase the cell dimension of
»
W strontium gallate. Alternatively, the growth of intermediate layers of
’:j: higher cell dirension on strontium gallate could be used as a transition
190 . . . . .
AN structure to bring the gallate and ferrite lattices into registry.
, ~;: OQur studies indicate that ferrite epitaxy is still very
n ronising for mm-wave device applicaticns, and that focused research can
.- bring clear improvements in the substrate and film technolecgy. We have
$=i‘ defined directicns for further studies which should lead to improved
I .. . . . . ,
F A0 resonance linewidths required for eventual systems applications. We
PR ~ . . . .
teiieve such studies are warranted and should be carried out.
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ITHF GROWTH OF (o0Ga. 0, SINGLE CRYSTALS AS SUBSTRATES FOR THE EPITANIAL
N\ GROWTH OF FERRITES
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Xy W E KRAMER. AM STEWART and R H HOPKINS
LaSL
“' Y Woovonmgh ua RAD Corier 10 muren Pennviognig [3208 1S
\l..
%]
Recenved 20 NMay Tens mugnusenipt recened in inal form 12 August 1982
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\'.:-" W report here amit g stad 2v o develop o lathice-matched substeate matenial for epitavaal fernte gromth Single onvstais of
K 1.: CoGa -0, have successtuils been grown by Czochraishs puliing und characterized with respect 1o latwe dimensien  thermal
",.'\,). aapansion diefetrie constent and loss tangent Epitanaal bithium ferrre films have been grown to demonstrate the petentia’ toe
:‘.:' / epitany
) 1. Introduction melung spinel compound which appears attractine
£ for the epitaxial growth of both hithium fernite and
; In todav’s military sostems. single and pols- the hexagonal ferrites. We have successfully grown
,. crystalline garnet or spinel ferrites find widespread 111 -oniented single crvstals of CoGa.0O; by
o e use as tunable microwdse filters and resonators in Czochralski pulling and have demonstrated the
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apphcations ranging from test equipment to radar
and ECM systems They dre alseused as nonhnear
devices and are emploved extensnely in miero-
wave svstems as arcelaters solatorss and phase
~hifters

For these apphcations. ssstems operating at
higher frequencs offer wider bandwidths nar-
roaer beamwidtne ror o given antenna size. smaller
size and lighter weight than therr microwave coun-
terparts Howewer 10 operate magnetic devices
hose oo resenance st sudh high freguencies re-
quires farge mazrete b frields when materials
with small internal anisotropy fiekds Tike garnets
are used These bras fields are net casiv attamahle
with compadt permanent mugnets or electromuag-
nets

In contrast hevas

nal territes wath arge ame
sotrops frelds e g 17 kg tor Bale O can
Operdte hose eoresonanee al mmeswane freguenaes
with stmiah ficids 0 S ks spuned Ternites can be
used ar lower trequencies Thus devices based o
filmis of these maaterials masy mateh future neads
for small fewcost renaaane fernite orvstal oo
ponents tunctic toters and osallators

This paper reperson CoGa O congraenthy
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epitantal growth of ithium fernite lavers on ot

2. Faperimental
21 Svnthesis

CoGa-0; s reported (1] to have g spines struc-
ture @ = N 32 A The matertal was svnthesized by
blending poswders of the onide constituents weighed
Lo storchtometrie proportions and reacting them at
high temperatures The product was tested by X
rav powder diftraction analvsis (monackromat
Cu N, radiatien, Phahips APD 360t Svaem The
matertdl was melted 1inoan aindium cruathle and
crvstathized The temperature was moenitored 7o
matinaihy and o freesmg pomt ot 1828 -0 0w
measured A poartion of the melt was rem ved b

Noray powder diffraction and o lattoe paramete

Daoed A was deternaned
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v, l"-_ Lot g conttos ed atmesphere
b
DL visthle and near infrared spectra rezion This prop- The advantages of this approach are the small
- erty was used teoadvantage moevploratory growth amount of material required o feature which
:- studies using w focussed hight float-zone orvatal facthitates surves work). the freedom from crucihle
O grower pictured schematically in fig 10 to produce contamination. and the abihity to control caretulls
:r-{ NS ARSI the furnace atmosphere f necessary e mantam
.C' CoGa-0, powder pressed and sintered inte o onde storchiometry or valence state Crvstals are.
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Growth rates in the range 1 to S mm h were
emplosved and a gas ambient contaiming a few
percent of ovygen appeared necessary o suppress
the formation of volatide suboxtdes of gallium
Fhese orvstals ares howeser. too small in diameter
tor direct device appheation
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S8 Czochralshe ervstal growth

Cryvstal growth from the melt by the Czochral-
skt process i the preferred technigue for the pro-
duction of large-diameter. low  defect denuin
crvstals Crastal growth 1s achieved by dipping an
onented crystal seed into a container of the melted
oude compound  Cobalt gallate crvstals were
grown at 1 to 6 mm  h and rotated at 20 to S0 rpm
to assure thermal ssmmetry

Cobalt gallate melts at 18257C o that indium
metal crucibles (MP 24507 Cy are used 10 hold the
molten  oxide during  crystal growth The
crucible-refractory geometrs 1s tllustrated in fig 2
The crucible. insulated by crushed zircoma ceramic.
s surrounded by a zirconta crucible. A ceramic hd
rests on top of the airconua crucible To adjust the
swatem thermal gradient. the height / of the Iid
above the melt v varied by inserting seeves of
different thicknesses hetween 1t and the crucihle
Not shownan the sketeh is g water-cooled induc-
tion ¢oil which surrounds the crucaible and refrac-
tory and provides power for melungz the oxide by
couphing energs from a 10 kHz generator directls
into the crucible. Two tvpes of furnaces. conven-
tuondl and pressurized. as well us different refrac-
tory cruathle configuratons, were emploved 1o
tdenufy appropriate growth conditions for cobalt
gallate The main differences between the conven-
tonal and the pressurized turnace 1~ that an the
latter. the melt. cruaible. and refractonies are main-
tained inoa stanfess steel enddosure operated at
internal processes up to 2ooatm e300 pay W
found that overpressure significanthy reduced the
evaporation rate of cobalt gallate from the meh

4 Cnvsial growth resuln
Imtial ~studres in the convenuonal puller which

emploved o ceramie puli rod and ceramic bid
Jocated close 1o the melt surface. were hampered

bo— ZrO2 Crucidle

Irgium Crucidle

Z2r0, Crushec

2
J Cerarmic
!
[
i [T
I
| f
i ke Alumina Suppert
: ? T.te
' i
I

Fro 2 Detwds of Crucbie refracton and support swatem tor
CoGia O growth This assembly was inserted inade conver-
tonar or pressunized growth furnaces

by two difficulties, The sohd-hguid interface was
concave under most conditions of pull and rota-
ten rate. and g agnificant foss ot cobalt gallate
from the melt by evaporation was noted. The
former conditon made diameter control difficult.
sothat crastals tended to grow suddeniy outward
or terminate by abrupt melting off. Because the
evaporated ovide made deposts on the under
surfuace of the Iid. gallate particles often fell back
into the melt. causing new crvstallites to grow on
the melt surface which interrupted orvaal growsh

Toomeimize melt evaporation further studies
were transferred tooan ADE Maode! MP precaure
puller Tt was found that overpressures of 30 py
stpmficantiy reduced the Joseof oty pallate from
the mett during growth In general under these
condinons we found empincally tha dow growh
and rotation rates coupled with the use of o
water-conled pull rod and the peationimg o1 e
top hd 2t Yanches from the melt surface led o
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~ crnstat frguid anterfaces that were fhat o convey
- B
o and toamproved doimeter stability Cevstals up o
N . .
:, I omieng by bomon diameter were grown
s Saerpies trom these onvstals were emploved o
Charactenize the lttice parameter, thermal expan-
oo cthaent eptical transnittance. and Jdieled-
N v prepertios of cobalt zallate Shees from these
. , £
&, covstady were used teocarny out higund-phase epr-
. Cavaad zrosth studies
X :
2. Phyvsical properties
Y
. Saveral of the orstal properties of CoGa .0,
] -
4 were measured to charactenee the suitabihis of the
g .
¥y mualeron s a substrate for the epitavaal growth of
3
2 cabic hthium fernite or the henaterrnites
’,
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VoCell dimension

For epitany the substrate and tidm Laoee G-
mensions should be closels matched  The cell di-
mension or - Jattice constant - of g powdered
CoGa O onatal was measured using Cu Ka radr-
ation on o Phihips APD 2600 qutomated powder
diffractometer The data from reflections were in-
deved automatically and g least squares refine-
ment was completed using the software package
dassocnated with the ditfractometer We found o
value of @ = K323 < 0005 A an fair agreement
with the value for the melted polverssualline
matenal. This value falls below the ideal 8 336 A
value required to march hithium ferrite or the
hevafernites

V2 Thermal expansion constant

To minimuze thermaliv induced strans Juning
coohing of the film substrate composite from the
film growth temperature. the thermal expansaon
difference between the two compaonents shoutd be
small Fig Xallustrates the thermal expansion of o
avhindrnical CoGa -0, single-crvatal test piece 13
mm long - 76 mm n diameter. The data repre-
senting the temperature interyai from 20 to Tooec ¢
were collected with a quartz tube dilatometer.

The measured average thermal expansion coef-
ficient for CoGa O, about 9 7 107 -C 7 de-
pending o0 the temperature. s comparable to that
for gadolhimum gallium garnet and smaller than
the value of 12 - 10 7 °C for hithium fernite
between toand Tt O The hyvsteresis exhibited
fig. ¥ mav be an arufact of the measurement or
couldindicate that some cracking developed in the
sample dunmg testing
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big 4 Optical transmittance of CoGu Oy eovstal from 1310 12 ym

S5 Dielecrric constun:

Rectangular rods of CoGa.O; approximately
113 <07 x 141 mm 1n size were attached to
alumina rods using Duco cement. Therr dielectnic
constant and loss tangent were measured using the
ASTAM method “Complen Dielectric Constant of
Non-Metallic Materials (C325)7, which 1s a mucro-
wane cavity perturbation techmique. Results ob-
taned for three different samples are shown in
table 1

The relative permittivity value of about 9.2 is
comparable to values tor other nonmagnetic insu-
fators hike alumina or gadohinium garnet: The tan §,
salues of 00013 to 0.003 are significantly above
the goal of < 0061 desired for a millimeter-wave
ferrite 1in order to mummize device losses. Further
improvement in crystal quahts is expected o lower
the current tan 8 values into the acceptable range

S Optical transmirtance

At high temperatures radigtion v g dominant
heat Toss mechanism durning ervstal growth, so that
the ptical properties of g matenal can stronghy
intiuvence the control of the eryvstal growth proceas
Togmn imsightinto the causes for erratic diameter
control and the coneave sohid hiquid interface
shape chserved imomany of our imtial experiments
we medasured the optical tansmittance of 4 0 429
mm thick CoGa O, crvstdl shice The slice was

optically polished prior to the measurements. which
were taken in a Perkin-Elmer 320 spectrometer
The transmission spectrum between 0.3 and 1.5
pm 1s virtually featureless. showing almost no
transmission at any wavelength except between 0.7
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Fig ¢ Latuee parameter versus composition for CoGa
In O, Arrow denotes cell size for matching o bthim fernte

and 09 um. where the transmission nises to S0%
(0% umyand then falls back to zero. The spectrum
between 1.5 and 12 pm is illustrated in hig. 4
Again. the matenal transmits relatisely poorly ex-
cept for a window hetween about Yand Sum.

25 Liguid phuse epita

The degree of substrate to film matching re-
quired for good epitaxy s comparable for hthium
ferrite and banum fernte Because hithium fernite
film growth 1s currenthh more advanced. the poten-
tual of the CoGa.0, substrates was tested by
growing hthium fernite films on them

The hithium fernite s dissolved 1in g flux com-
posed of PRO and B O untl saturatien s achieved
for temperatures in the range 73000 S0 Coade
pending on the melt compositon {3 The melt s
undercocled about 300 C below the sataranon tem-

GRFTEL T R Tt m T YT R TT TR TR T W RTe W

(RS B E Aramer et at Growth of CoGa (), single crysals

perature and the substrate s inserted below the
melt surface. The substrate. while being rotated in
a horizontal plane, 1s held in the melt for a fixed
ume period dunng which the film grows, Our films
are typreally S 10 20 um thick for growth umes in
the range 25 to 100 min.

Lithium fernite lavers (fig. S)yup to 15 pm thick.
grown on CoGa.0,. are relauvely smooth and
terrace-free. Although some cracking in the sub-
state near the film substrate interface took place in
the first runs. no film flaking was observed. Crack-
ing in these first films depends on one or more
factors: (1) the c¢ell dimension of undoped
CoGa-0, 1 slightly smaller than that of hthium
fernte. (2) there 1s a shght thermal expansion
mismatch between the fernte and gallate. and ()
the epitaxial growth conditions are as vet unopu-
mized

An ideal latuce match for hthium fernite would
require an increase of the CoGa -0, latuce from
8.323 A. This can be accomplished by solid solu-
tion doping. A studs of the lattice parameter as 4
function of indium substutution 1n the svstem
CoGa, . In Oywas made by powder svathesis At
v = 0.03 a good latuce match for hthium fernite s
obtamned (hg 6 Future growth experiments will
assess the growth of «olid solution crvstals

4. Discussion

Some of the difficulues in growing CoGua Q)
can be understood in the context of svstem heat
flom Dunng growth heat v carned to the anvaal
by conduction from the melt in which 1t grows
from the latent heat of crvstathzation. and also by
radration from hot surrcundings such as the meh
or cructble Heat 1v disapated through the el
by conduction and ot from the enstal surtace
and top by radiaticn and by comvection e the gas
phase At steady state these flows are in balance
and the orvstal grow s with g constant diameter

At slow preactn rgtes ceommien for o eaade
materialsy the Bior nomber Aoroughls the ratie o
heat disapated e the onvstal surtace o that
comducted avalin trroweh the ol Char

actertzes the hear oo the ot Metais

with ther Jow oo eesand eh thermal von
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ductivin tvpify low Biot number maternals. while
ovides exhubiting low thermal conduction might be
cvpedted o exhibit high Biot numbers,

Both mathematical simulation and empinicat re-
sults suggest that high Biot number matenals will
evhitit concave sohid hgquid interfaces (4] and un-
stable diameter control due to radiative interaction
with the surroundings

In fact. most transparent oxade ervstals grow
with convey anterfaces unless very high ervsual
rotation rates are apphed The reason iy that heat
transport is dominated by radiation through these
transparent high melting point matenals (sapphire.
sttrium aluminum garnet. gadohimum gathum
garnet. et b giving them a very high effecine
thermual conductivty The rauo of lateral to avial
heat foss iy low and the effective Biot number s
correspondingly small However the additon of 4
stronghy absorbing species to the orvstal reduces its
transparendy ciower effectne conductivity) and
rarses atsoemissivity. resulting 1in the behavior
evpedted for g high Biot number matenal

This 1+ the situation for CoGa Oy where the
transmittance of the matenial over all but g narrow
window between 3 and ¥ pm s nedrly zero At the
meiting point of CoGa O, 18257°C, the peak of
the Plack body spectrum s 139 amoand S0% of
the radiatnion energy falls at wavelengths below 3
um  Thus we evpect that a substantial portion of
the radiation reaching the crvatal will be absorbed
and reradiated rather than transmitted (A simular
situaten exists for Dy doping in vttrium aluminum
garned ST

Modit caten of the gallate optical properties
thus explumn its tendency to form a concave inter-
Face and to exhibit diameter instabihiies The Tatter
oot when small protrusions form on the crvstal
sarfuce whick enhance radiative heat loss, Since
the cristas s o poor thermal condudtor. attempts
Cocento s apad dumetral expansion by raising
the meit temperature often cause the sudden melt-
coft ot the onvstal

Tre concavity of the interface can be reduced
b
ooemploang an after heater or radiation shield.
cloueng g lareer cruable
ro docrcasing the growth rate,

4 reduaing the rotation rate

ftems 1 and 2 fead to improved diameter stabil-
1y by favorabhy modifving the radiative view fac-
tor for the ervstal surface Utihzing these methods.
we have improved the stabibity of growth leading
to the ¢rvstals descenibed in thispaper

The prehimunary expeniments in the liqud
phase-epitaxial growth  of  hithwum  fernte on
CoGa O, indicate that aside from lattice mis-
muatch. the gallate v o good substrate for fernite
epitany Lavers of controlled thickness could be
grown with neghgible auttack of the substrate
However. o better latuce parameter match s
required

8. Conclusion

CoGa O, v a promusing substrate for  the
liquid-phase eprtavial growth of fernites for future
mm-wave devices Liguid-phase epitaxy of 15 ym
thick hithium fernite films has been demonstrated.

The crvstal growth of CoGa .0y 1< complicated
by the strong visible and near infrared absorption
bonds attnbutable to Co doping i the gallatwe
latiwe Modifications to the growth avstem cou-
pled with slow growth and rotaton rates have
produced envstals up to o centimeter in diameter
and 2% ¢m leong. and turther opumuzation ot
growth conditions should lead to larger crnvstals

The latuce parameter and thermal expansion
coefficients of CoGa, O, are in a range compatihle
with epitanial growth Some doping of CoGa-Q,
toncrease 1ts cell dimension is required 1o improne
lattice matching to hithiwm fernte Indium v o
suttable dopant for this modification

Although the permuttivity of CoGua O s suita-
ble for mme-wave devices, further reductions i oss
tangent will be required to make low-loss devices
Thewe are expected to be obtaned from improve
ments in orvstal quahty
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N Epitaxial Growth of Ferrites
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: ABSTRACT

A novel substrate material for the epitaxial growth of ferrite

P4

1,2 S
AT

layers is presented. Single crystals of barium vanadate (BaB(V04)2) and
tantalum-substituted Ba3(V04)2 have been grown by the Czochralski growth

technique. The crystals were characterized with respect to lattice
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constant, thermal expansion, hardness, dielectric constant, and loss
tangent.
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1. INTRODUCTION

Hexagonal ferrites with large anisotropy fields can operate
) close to resonance at mm-wave frequencies. Since these materials are
difficult to grow as high-quality single crystals and then to shape for

' devices, thin-film ferrite growth on a lattice-matched substrate pro-

P

-
'an,'.gfk

e

vides an attractive approach for mm-wave applications. Devices based on

7
2

these films can be used as the crystal components in tunable filters and

A

2By
2

oscillators.

-,’5";-
AKX

A number of substrates have been reported for epitaxial ferrite

(1)
12%19°
film quality had been restricted by imperfect lattice matching or chemi-

growth, among them Mg- and Zr-substituted SrGa In many cases,

aE‘J>
PRl ATNE

cal incompatibility with these substrates.

. We report the growth of a new material, Bas(VO a congruernt

4>2’
compound that can be lattice-matched to barium hexaferrite by replacing

vanadium with tantalum.
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2. EXPERIMENTAL

2.1 SYNTHRSIS

Barium vanadate (Bas(V04)2) was synthesized by weighing stoi-
chiometric portions of barium carbonate and vanadium oxide, blending in
a mechanical mixer, and firing the powders at 600°C for 12 hours. The
product was tested for completeness of reaction by x-ray powder diffrac-
tion analysis using a Philips APD 3600 system. The fully reacted

material was then melted in an iridium crucible and crystallized. The

freezing point measured with an upcorrected optical pyrometer was 1625 =

- =
,,

-~ .
NG 10°C.
\l.-
N
i 2.2 CRYSTAL GROWTH

The sharply defined melting point and lattice parameter data

suggested that the compound melted congruently and was suitable for

(2)

crystal growth from the melt by the Czochralski technique,‘™  a pre-
ferred method to produce large-diameter, low defect density crystals.
Crystal growth with this method is achieved by dipping an oriented seed
into a crucible containing the molten compound; the seed is then simul-
taneously rotated and withdrawn to form a crystal. Barium vanadate may
be grown at withdrawal rates of 1 to 6 mm/hr with 20 to 60 rpm rotation
rates.

Figure 1 illustrates the furnace configuration used for crystal
growth. Tt consists of the iridium crucible surrounded by crushed z:r-
conia ceramic contained in a girconia crucible resting on an alumina
pedestal. A protective argon atmosphere prevents oxidation of the
crucible. A zirconia cylinder and lid form the upper chamber, which is
used to generate the necessary temperature gradient for growth and siow

post-growth cooling.
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> A quartz tube with built-in sight port envelopes the ceramic

s assembly and contains the argon atmosphere. A water-cooled induction

,¢t coil surrounding the quartz tube provides power for melting the oxide by
\ coupling energy from a 10 kHz generator directly into the crucible.

D Output from an Ircon automatic optical pyrometer focused at the crystal

N periphery generates a signal for controlling the crystal diameter via

automatic adjustment of the generator output.
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3. PHYSICAL PROPERTIES

. s aham B Ry S LRl ale = ol ok B A

A number of physical properties of Ba3(V04)2 was measured to
characterize the crystals and to determine their suitability for epitax-

ial growth of hexaferrite films.

3.1 LATTICE PARAMETER

Matching of the crystal cell size between substrate and film is
one of the most important parameters for epitaxy. Poor lattice matching
pay limit film growth completely or cause cracking of the film and
substrate. The cell size of BaS(VO4)2 was measured using CuKe radiation
on a Philips APD 3600 automated power diffractometer. The data from
individual reflections were indexed automatically, and least squares
refinement was completed using software provided with the diffractom-
eter.

The cell size (a = 5.790 *+ .001 A and ¢ = 21.340 # 0.008 &) for
the pure compound was found to be a relatively poor match for barium
hexaferrite, for which the reported cell dimensions are a = 5.893 A and

= 23.194 A. We found that a partial replacement of vanadium with
tantalum in the compound increases its "a" dimension (see Table 1). The
table indicates the variation in cell dimensions with the parameter "x"
in BaB(VO4)2_x(Ta04)x.

Examination of the data indicates that the reported "a" param-
ete: of barium hexaferrite and that of the substituted vanadate are

essentially matched at a composition of BaB(V04)1.2(Ta04)0.8.

3.2 THERNAL EBIPANSION
To minimize thermally induced strains during cooling from the

film growth temperature, the substrate and film should have similar
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KX, Tabie 1
A "\i‘_\
:&’: Measured Cell Dimensions of
t:ih Ta-Substituted Barium Vanadate
Ky

' Ba3(VD4)2_x(Ta04)x

b
. -::~“: X a [

A \‘_:

LW\

0 5.7980 21.340

M,

N .2 5.810 21.320
:}, 4 5.838 21.315
i , .6 5.865 21.306
;;f .8 5.893 21.303
O 1.0 5.920 21.302+
::'-.‘: 1.2 *
o

_?.f_’.

sPresence of extra lines on the x-ray
- pattern indicating phase transforma-
. tion had taken place.
«

by xS thermal expansion behavior. Figure 2 shows the thermal expansion
J plotted from room temperature to 1000°C for a sample 1-1/2" x 1/4" x
4'23 1/4" cut parallel to the "c" direction. Figure 3 is the thermal
[) -
; ;j expansion from room temperature to 1000°C for a similar sample cut
~'.; perpendicular to the "c" axis. The data were collected with a quartz
:‘gi tube dilatometer.
:i:{ The average thermal expansion for barium vanadate parallel to
i:xf "c" is 10 x 10-6’0_1, and perpendicular to "c" is 19 x 10°%¢c!. The
SN
1r’:} exact values depend on the temperature and are comparable to those of
41 the hexaferrites.

. .
K -":"-
SO 3.3 DIELECTRIC CONSTANT AND MAGNERTIZATION

o”
iy
) _:: Samples of Ba.3(V04)2 1.15 x 0.7 x 14.1 mm in size were attached
& 'f
AN 3N

to alumina rods using Duco cement. Their dielectric constants and loss
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Curve 753173-A
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Figure 3 — Thermal expansion o. Ba,(V0,), perpendicular to "c"
direction cycled from RT to 1000°C to RT in air.
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tangents were measured using the ASTM Method, "Complex Dielectric
(onstant of Non-Metallic Materials (C525)," which is a microwave cavity
perturbation technique. Magnetization samples 1 mm square were measured
using the static Faraday balance technique and referenced tc a standard
nickel value of 6083 gauss. Table 2 shows the result of these measure-

rents.

Table 2

Dielectric and Magnetic Properties
of Barium Yanadate

Dielectric Loss

Constant Tangent Magnetization
Er tan 6 4 7 (G)
12.0 0.00186 + 3.8

It should be noted that the magnetization is lower than that of
gadolinium gallium garnet (+48 G), which is the standard substrate for
yttrium iron garnet film growth. However, the dielectric comstant is
slightly higher than standard insulators such as alumina (about 9), and

the loss tangent is also higher than that of low-loss alumina (.0001).

2.4 OPTICAL TRANSMITTANCE

A color variation was found for crystals of the same nominal
melt composition--some were a smoky quartz gray, some were rose in
color. To gain insight into this phenomena, optical transmission
measurements were made on polished slices of crystal. Slices were cut

and polished to 1 mm thickness, and measurements were made with a

Perkin-Elmer 330 spectrometer.
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The transmission spectrum between 0.3 to 1.5 pm is featureless

with transmission uncorrected for reflection of about 80%. Figure 4 is

XX

a tracing of the spectra between 2.5 and 10 uym. Spectra of other

crystals were similar, and the origin of the color variation was not

a

clearly resolved.

5%
AT

3.5 HARDNESS

et o
-
b

While hardness is not necessarily a major qualification for a
s good substrate material, knowledge of that property is important to

‘ - optimize surface polishing before epitaxial growth. A Tukon microhard-
1 ness tester was used on a 2 cm2 polished sample of Bas(V04)2. Several
3 indentations were made over the surface of the sample, the measurement
of which relates to the sample’s hardness.

‘:e The average hardness measured in five tests was 307 Knoop, or
£ between 4-5 on the Mohs scale. The material is harder than CaF2

. (163 Knoop), but softer than Mg0 (370 Knoop).
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Figure 4 — Optical transmittance of Baa(V04)2 crystal, 2.5-10 pm.
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4. DISCUSSION

Unsubstituted barium vanadate is not an ideal substrate for
epitaxy of barium ferrite. The lattice match of the stoichiometric
composition is too small to match barium hexaferrite. However, substi-
tution of up to 40% tantalum for vanadium in barium vanadate by solid
solution raises the cell dimension linearly to match the "a" parameter
of barium ferrite. The "c" parameter decreases slightly. (Since we
grow films on the "c" face of the substrate, the ®a" dimension
substrate-film match is most critical for epitaxy.) Additions of larger
amounts of tantalum cause x-ray line splitting, indicating a phase
change or phase separation. Figure 5 is a plot of the oxide cell dimen-
sion variation as a function of tantalum concentration.

Besides the relatively good lattice matching to the ferrites,
the Ta-substituted barium vanadate remains relatively homogeneous during
growth. For example, only a slight deviation in lattice parameter is
observed along the length of a 12.5 cm crystal: a = 5.881 and c =
21.306 at the crystal top; and a = 5.864 and c = 21.303 at the crystal
bottom. These values suggest that the distribution coefficient of

tantalum in Bas(V04)2 is near unity. PFigure 6 illustrates a crack-free

barium vanadate crystal with 40% tantalum substitution.
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- Figure 6 — Czochralski crystal.
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5. CONCLUSIONS

;. Ba3(V04)2 is a promising substrate material for liquid phase

b epitaxy of ferrites for mm-wave devices. It can be doped with tantalum
¥~ to adjust the cell dimension to match that of barium hexaferrite films.
is Czochralski crystal growth of barium vanadate-tantalate is

i: favored because the unsubstituted compound is congruent and the composi-
if tion change of the Ta-substituted crystal is small along its length.

- The dielectric constant is in the range for mm-wave devices, but
{; the loss tangent of current crystals may need to be reduced for low-loss
:j devices. Improved crystal quality may resolve that problem.
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INVESTIGATION OF HEXAGONAL FERRITE SUBSTRATE AND FILM GROWTH

W. E. Kramer, A. M. Stewart, R. H. Hopkins, Z. K. Kun, R, P, Storrick, and M. R. Dantel
Westinghouse R&D Center
Pittsburgh, PA 15235

Abstract ~ Hexagonal ferrites with large anisotropy
fields can operate close to tesonance at mm-wave
frequenclies. The growth of device-quality hexagonal
ferrite films depends on the availability of latrice~-
matched substrates and optimized film deposition
methods. Several potential substrate candidates were
!dentified and characterized., Two promising materials,
Baq(V0,), and CoGa,0, were chosen for detailed study by
LPE growth of hexaferrite films. Under the LPE growth
conditions so far investigated, either no film
nucleated on the Baj(V0,); or the substrates reacted
with the melts. LPE layers were successfully grown on
CaGay0, substrates. There was an interdiffused layer
at the interface of the hexaferrite film and CoGay0,
substrate. To obtain device-quality films on SrGanOlg
substrates (used for comparison), both film and
substrate lattice parameters had to be adjusted by
~hemical substitution.

INTRODUCTION

Hexaxonal ferrites with large anisotropy fields
~an operate close to resonance at mm-wave frequencies.
Thus, devices based on fiims of these materials may
match future needs for small, low-cost, mm-wave ferrite
cevstal components, tunable filters, and oscillators.
“nis paper reports on the search for and growth of
uitable substrates for both spinel and hexagonal
farrites and their behavior in LPE growth, A require~
rent for device-quality film growth is the availability
of lattice-matched substrates which are chemically and
thermall, compatible. Selection criterfa for substrate
saterials are as follows:

» lattice parameter and thermal expansjion
coefficient matching those of the ferrite film

» phase behavior: phase diagram containing
sections where large, homogeneous, high-quality
single crystals can be grown

+ good mechanical strength (for slicing and
polishing) and chemical and thermal
compatib{lity with melt constituents: no
dissolut{on, no diffusion

« good electrical i{nsulator and paramagnetic or
diamagnetic behavior

« low dielectric loss at microwave frequencies

For lattice matching the candidate substrate
materials need not belong tn the same material class as
the film to be grown. For example, nonmagnetic spinels
can serve as suhbstrates both for magnetic spinels or
for magnetic hexaferrites {f the appropriate lattice

matching between the cube face diagonal and hexagonal a

Aimension exists; f{.e., if a / /2 spinel = a hexagonal.
For barium hexaferrite, a = 5.89 A so that a spinel
subhstrate with a cube edge of 8.33 & {s suftable,
Alternatively, a nonmagnetic material with the hexafer-
rite crystal structure and a = 5.89 X {s also suftable.
The currently used substrate materfal reported in the
literature is SrGa;;0;q, lattice adjusted bv Mg and Zr

substitution.

SUBSTRATE CRYSTAL GROWTH

Lattice parameter was used as the first criterion
for notential substrate material selection. Table 1|

contains a list of compounds we synthesized in which
the lattice dimensions are sufficliently close to those
of the ferrite that modest alloying of either the film
or the substrate could produce lattice registry.

TABLE 1}

Some Cubic (Spinel) and Hexagonal Compounds
Surveyed for Epitaxial Substrates

Cubic Hexagonal
Co,Ge0, Mg,Vo,
c°25“°b HgZGeOL Ba;év ;
CoyT10, Mg,Sn0,
COzvok nﬁzT‘.o“
anVOA

X-ray diffractograms indicated that the cubic
compounds are all spinels with a8 values ranging from
8.326 A to 8.60 A, The lattice parameters for the
hexagonal compounds were as follows:

C
KGa10y7 5.80 A 23.5 A
533%\/04)2 5.79 A 21.36 A

The next selection criteria were compound melting
point and phase behav!.or. The melting points ranged
from 1600°C for CoyGel,, Sn0,, and Bay(V0,),, to
1800°C for Mg,GeOy, 1900 C %or xca“o”, and over
2000°C for Mg,Sn0,. These melting points place most of
the potential substrate candidates within the practical
range of the Czochralski crystal growth process.

Czochralski pulling from the melt is the preferred
crystal growth technique when large, homogeneous, high-
quality crystals are needed. For survey purposes,
however, we also used float zone and flux growth tech-
niques. Table 2 lists the melting behavior, crystal
quality, and lattice size of the most attractive candi-
date substrates. For comparison, ,Zr=substituted
SnGalzolg crystals were also grown. Instead of
Czochralski pulling, ZnGa,0, was grown from the flux to
minimize its decomposition by reducing the partial
pressure of Zn0 over the melt.

Appendix III

TABLE 2
c-U-B-1-C
Melting Crystal Lattice Growth
Crystals Rehavior Quality Size Me t hod
ZnGa,0, Incongruent  Low defect 8.33 A Flux
CoGajy0, Congruent Low defect .32 A cz

H-E-X-A-G-0-N-A-L

Core
SrGa ;049 Incongruent Structure a 5.82 cz
¢ 23.06
Baj3(V0,),  Congruent Low defect a 5.78 cz
¢ 2136

3spinel S 8.33 A
/2 /2

s Mexaferrite

A publication on the crystal growth of B“J(VOu)Z
cryvstals (Figure 1) is planned and a parer on the
growth of gocazoa crystals has heen published
elsewhere.
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Figure 1., Czochralski pulled Ba3(VO,), boule.

LPE Growth of Films and Substrate Characteriza-
tion. Substrates were prepared bv orienting the single
crystals, cutting wafers from them, and then lapping
and polishing them (Figure 2). The suhstrate materials
were evaluated using various epitaxial growth condi-

o e e

! tions. Four different fluxes were chosen based_ on
\‘ literature datt. They were PbO-PbF,, 530-3203,
, Ba0-BaF,-B,03,  and Bi,0N3-B,0;.
!
[}
o
Ln
£,
4
¢
L]
" Co Ga, O, Sr Ge,, O,
%
‘ ——
’f:
; '
4 Figure 2. Two substrates prepared for LPE growth.
3
% Most of the LPE growths were attempted in the
* vertical dip configuration, either under isothermal
ﬁ conditfons or hy cooling over a temperature {nterval.
= At-doped (lattice pvarameter adjusted) film samples were
grown on horiznntallv dipped substrates, rntatine at
o S0 rpm. Table 3 gives a summary of substrate behavior
;. during the LPE growth of bar{um hexaferri{te fi{ims.
§‘ Inder the growth conditions tried, there was efther no
K nucleation on the Bay(V0,), suhstrates or the substrate
X dissolved. LPE growth was accomplished on CoGa,0, and
b on Sr(Ga, Mg, 7%r));0,9 substrates. Tahle 4 summarizes
. the LPE growth conditions.
A typical appearance of the LPE layer on a CoCazﬁb
g sithatrate {s shown {n Figure 3 (BF05). The surface
iy morphology of the LPE layers was examined by optical
i microscone, Layers on hoth kinds of substrates
ﬁ contained smooth and terraced areas suegesting small
'| orientation variations across the substrate faces, The
¢
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Figure 3.

LPE layer on CoGay0,. (BFO5)

LPE layers were analyzed chemically by electron micro-
probe to verify their composition as compared to bulk
hexaferrite, and to detect residual impurities
originating from the flux and platinum ware. Laue
photography was used to verify that epitaxial growth
had occurred.

Microscopic examination of the LPE layer-CoGazoa
interface showed that there the flux reacted with the
substrate (Figure 4). Electron microprobe scans showed
an interdiffused layer of flux and substrate consti-
tuents at the interface (Figure 5) in which the
thickness was time and temperature dependent. The
interdiffused laver was ~ 10 ym thick in sample BFO5
(Table 4) and 5 ym thick in sample RFO!7, As a result
of the interdiffusion, the hexaferrite lavers tended to
peel off the CoGa,0, substrate, apparently by crack
formation.

Quantitative electron microprobe analysis of
cation concentration, normalized to iron, gave a film
composftion of 5‘0.8831?.085F912 with only traces of
platinum in sample BFOll, which was grown on Srca,20|9
substrate. Since bismuth increases the lattice
narameter of the LPE layer, we expected to find cracks
in BFOll due to increased film~substrate mismatch.
Measurements confirmed that the lattice parameters of
the LPE layer were a = 5.8933 A, ¢ = 23.1909 A, and
those of the hexagallate substrate were a = 5,8245 A
and ¢ = 23,081 A,

To reduce the influence of bismuth, Af was substi-
tuted in the LPF laver (BFO!9 and 21). At the rela-
tively low growth temperature of 959°C, the substituted
aluminiem concentration was higher than required.
Preliminary measurements of HA - 4aM of At-substituted
films indicated this. It {s expected that an LPF laver
grown at higher temperatures véll contain more nearlv
the required A2 concentration.

The substrate materfals were measured for magneti-
zation and dielectric losses. Table 5 lists the
measurements made at room temperature on the candidate
substrate materials. The dielectric and loss tangent
data were measured with samples in a microwave cavity
resonant at 9 GHz. They were performed at a microwave
electric field maximum in the cavitv and hence do not
{nclude any magnetic contributions to tan &. The
numerical values are averages of measurements on two Or
three samples.

The magnetizatinn data were taken on small
(apnrox. | mm square) samples using the static Faradav
balance technique and references to a standard mickel
value of 6083 gauss. Again, the quoted numbers in
Table 5 are averages of results on two or three
samples. It {s {nteresting to nnte that all of the
magnetization values are below the value for gadolinium
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Table 3

Substrate Behavior During the LPE Growth
of Barium Hexaferrite Films

Temperatute
Flux Molel (Range) of Substyate Behavior in LPE Growth
Constituents Solute LFE Growth CoCa,0, StGa 09 Fa3(V0.7;
PBO
PbF 1309 928°C No tile
3al0yimad) 3.2 1007°¢C
971°¢C No fils
l-lz
8,05 6.8 1025°C Fils Grown,
1000°¢C Matt Surtace w tile
29.5 922-932°C Pils Grown
84,0, (BF017)
8,03 3.2 96 7-98%°C fils Grown Fila Grown Substrate
{sro 5) (pFO 11) Dissolved
(s¥0 9) (BP0 19)
(8F0 21)
Table 4

LPE Growth Conditions and Charascteristics
of Barium Hexaferrite Films

The flux used was 31203—5203

983

LPE Layer

" «—— Substrate

Ssapie Super- Crovth Ml Crowxh
Deelg- tooling Tewp. Thichnass Rate Serface
Sebstrete wmstion ) (&3] (vm) (va/uta.) Merphelegy
Cotages w103 N P s o0 Figure 4. Layer-substrate interface for CoGa,0, (top)
substrate. For comparison, a sharply delineated LPE
layer-Sanlzolg interface 18 also shown (bottom).
[ 146 2s ”*s [ B} ~
wro1? . " 5 0.3% Some swooth end TABLE S
Some teftoced
aress
»on 3] [10) 1 0.9 Structered Dielectric Loss
Same as BFOIY surtface Material Constant Tangent Magnetization
$rGey 0y #1010 n % 1. 12 Rataly emooth vith Er tan § 4w (G)
» tew cerreces Strontium 9.6 0.0019 - 0.10
a0 ! " 2.0 0.% Relotively smmoth gallate
ol over Cobalt 9.2 0.0023 +16.0
woe ) "e < Cotreaponds ta galllte
seriiea f w0 e D e g 12.0 0.0016 .38
1o sdleated by AL deping. Gitlorans ertoned vanadate
REFERENCES

galltum garnet (+49G), which is the substrate material
employed for the eptitaxial yctrium {ron garunet.,
Additionally, the loss tangent data are about 20 times
larger than that for the microwave ultra low-loss
material alumina (tan & = 0,0001).

CONCLUSIONS

Among the potential substrate materials surveyed
for ferrite epitaxy, large single crystals of Ba;(VOb)z
and c°°°2°a were grown. For comparison, Mg,2r-
subst{tuted s:c-lzol9 wvas also grown. All substrates
were employed in the LPE growth of barium hexaferrite
films. Of the fluxes so far studied, Ba;(V0,), has
efther diseolved or no film nucleation occurred. LPE
layers were successfully grown on CoGa,0, substraces.
However, there was en interdiffused layer in which the
thickness depended on the time and temperature of the
LPE growth., For good-quality layer growth on (Mg,2r)
SrGalZOl9 substrates, Al was substituted to compensate
the size effect of Bl incorporating from the flux.
Magnetization and lose measurements showed that the
studied substrate aaterials are sultsble for use at
sm~vave frequencies.
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Appendix IV

Investigation of Growth Conditions for
the Liquid Phase Epitaxy of Hexaferrite
Films Using a Big0g3-Ba0-B503 Flux
K. C. Yoo, R. P. Storrick, W. E. Kramer,

A. M. Stewart, and R. H. Hopkins
Crystal Science Technology

ABSTRACT

Conditions favoring the liquid phase epitaxy (LPE) growth of
barium hexaferrite films have been investigated using the 81203-BaO—B203
flux system. The barium hexaferrite-saturated solutions based on this
flux system exhibit relatively large degrees of supercooling (up to
65°C). However, the BaFemOlg phase field occupies a limited region of
the B1203 Ba.O-B203 pseudo ternary phase diagram. LPE films of pure
barium hexaferrite and aluminum-substituted hexaferrite were success-
fully grown on Sr(Ga,Hg,Zr)mOl9 substrates using this flux system.
Microstructural evaluation of the films by x-ray topography and optical
microscopy indicates that smooth, uncracked barium hexaferrite films can
be grown on strontium hexagallate substrates from selected compositions

in the ternary system under conditions which minimige lattice mismatch
between film and substrate.

90

. . -~ L el "-"\..‘-_ - o
A " \._.\._.‘_n.-.«\_\.\-\\\.‘ R .&51\‘

- P < ¢
“'\""i""‘"«' "'to't"u"" RTINS AR MR N T b e R etk

......
.....

= SR o g s o Jrd &-A-AWM_—

L &

<, A



R 1. INTRODUCTION

o Hexagonal ferrites exhibit a large anisotropy field and magneti-
O gation and thus can operate close to resonance at mm-wave frequencies
with a small field. For this reason, hexaferrite films have been

attractive candidates for mm-wave device applications.

'%5. The first attempt to grow hexaferrite films by LPE was reported

,i#: by Sterns and Glass in 1975 [1]. Since then numerous efforts have been

ROt made to grow hexaferrite films using a variety of substrates including
ﬁwt MgA1204, lgG3204, Ig(In,Ga)zo4 [2,3], SrGa.12019 (4,5], Sr(Ga,lg,Zr)12019

Sg& 8,71, Sr(Ga,In,Zr)mU19 F7], 0063204 (8], ?nd.Ba3(Y04)!.2(TaO?).8 [9].

.ﬁ?: The results of these studies suggest that difficulties in growing good-

Tfﬁf quality films can be attributed both to the lack of suitable, lattice-

e matched substrate materials, and to unoptimized solvent systems (fluxes)

gﬁﬁ for hexaferrite depositions.

g&% Recently we evaluated potential substrate materials for the LPE

ékg growth of hexaferrites under various epitaxial growth condipions [8,9].

J Among those candidate substrate materials, large, low defect density

'§?1 single crystals of CoGa204, Ba3(V04)2, and the solid solution

2%4 Bas(V04)1.2(TaO4).8 having relatively small lattice-mismatch with

Ek&ﬂ BaFe12019 were successfully grown. LPE experiments on these substrates

- indicated that they are chemically and thermally unstable in conven-

523 tional flux melts such as B1203 3203 and PbO- 8203, they dissolve during

;ﬁﬁ the LPE film growth process or form interdiffusion layers. On the other

;%? hand, the use of Mg,Zr-substituted SrGa12019 crystals which are chemi-

%I cally and thermally stable often result in highly facetted films of poor

RIX morphological quality [6].
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Because of these difficulties, development of new flux systems
which avoid structural deterioration in some potential substrate materi-
als, operate at temperatures where thermal instability is minimiged, and
can produce good-quality LPE films was undertaken. Thus, in the present
investigation, emphasis has been placed on a systematic study of the new
Bi203-Ba0-3203 flux system for the growth of hexagonal ferrite films.
The structural quality of the films produced using this new flux system
was examined by x-ray topography and optical microscopy.
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2. Big0g-Ba0-B,0; FLUX

i The general requirements for choosing a flux system for LPE film

232 growth are that the solution must exhibit: (1) a large degree of super-
cooling to drive film deposition without spontaneous crystalliszation,

M (2) » low melting point, and (3) a low viscosity at the growth tempera-

é%} ture. During our preliminary studies of several other solvents, includ-
;§x ing Baﬂ-3203, Ba0- V205, Nazﬂ B2 30 and Ba0- BaF2 3203, 81203 -Ba0- B203

- proved to be the most successful solvent for the LPE growth of barium
‘éﬁ' hexaferrite film.

;%ﬁv Development of the ternary flux was initiated with studies of
;%‘ melting relations along the binary join, Bi203-BaO. To minimise the

" growth temperature during LPE, emphasis was placed on identifying the
g lowest liquidus température of the solvent. The liquidus temperatures
;35j at the different Ba0 compositions for the B1203-BaO system were measured
:ﬁ%; as shown in Figure 1. Based on these measurements, the composition with
f“h, the lowest liquidus temperature (764°C at 15 mole¥ Ba() was selected to
‘fﬁ make the initial barium hexaferrite saturated solutions.

j“‘ The solutions were prepared from the 15 mole% Ba.O-—Bizo3 solvent
§3$ by adding hexaferrite (Ba0 + 6F9203) to form a series of compositions in
f%ﬁ which the mole ratio of ferrite to the solvent was varied. The liquidus
- temperature of the ferrite-flux solution was measured for each ferrite
;33 composition. The measurements indicate that the liquidus temperature
;sg increases nearly linearly with the ferrite composition as shown in

fan Figure 2.

S Qualitative measurements of the degree of supercooling of the
ﬁﬁﬁ ferrite solutions were performed by observing the appearance and disap-
i?@; pearance of spontaneously nucleated crystallites in each melt during

ﬁh& repeated slow-cooling and heating cycles. Crystallites were collected

from each melt using a platinum basket in order to determine composition
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of the precipitating phase(s) by x-ray diffraction measurements. Fig-

ure 3 shows the crystallite phases identified, the liquidus temperature,
and the degree of supercooling for each solution composition.

The data indicate that the barium hexaferrite field-in the
pseudo-ternary phase diagram is quite limited to liquidus temperatures
near 1000°C. Because high degrees of supercooling are observed in these
solutions, it has been possible to choose actual growth temperatures
below 1000°C without any spontaneous nucleation. The addition of 8203
(5 mole%) to the B1203—B30 system also appears to enhance the capability
for supercooling by about 5°C.
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3. GROWTH AND CHARACTERIZATION OF FILMS

' The solutions having compositions C, D, F, and H of Figure 2

i with the addition of 5 mole% B203 were chosen to perform the LPE film
growth of barium hexaferrite. A Sr(Ga,,llg,Zr)lzﬂ19 substrate was mounted

i horizontally and slowly lowered into a furnace after thermal equilibrium

B, had been established in the solution. The solution was contained in a

platinum crucible in a controlled constant temperature zone with the
furnace set at a growth temperature.

The substrate was held for 2 min just above the surface of the
solution, then immersed horizontally with axial rotation (50 rpm). The
deposition time was varied from 3 min to 15 min. The thickness of the
films was measured by microscopic examination of the cleaved interface
| between the film and the substrate.

In the present investigation, three different film compositions,
N BaFe12019, BaFelo.7A11.3019, and BaFe9‘3A12'7019, were chosen for

5 growth. Although spontaneous precipitation of two different types of

- crystallites was observed in solutions C and H when no substrate was
present, only barium hexaferrite films grew on the strontium hexagallate
substrates.

In LPE, minimizing the lattice mismatch between substrate and
film is crucial to grow good-quality film growth. The control of this
particular parameter has been approached in two different ways--by
adjusting the lattice parameter of the substrate as well as that of the
film. Considering the strontium hexagallate a promising substrate
- material, Mateika and Laurien [10] studied Czochralski growth of

strontium gallate solid solutions in which partial substitution of the :
film parameters :
W
98
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cations in the host composition was employed to match the substrate and
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< Based on this study, Sr(Ga.,llg,Zr)mO19 crystals were grown by
Ny Czochralski crystal pulling using weight control of the crystal diam-

& eter. The lattice parameters of typical samples grown by us and
analyzed by x-ray diffraction measurements were close to a = 5.823 A and
= 23.073 X. Since the lattice parameters of stoichiometric BaFe12 19

are a = 5.892 X and ¢ = 23.198 R, the expected lattice mismatches are

o Aa/a = 1.17% and Ac/c = 0.54%. Further decrease in the lattice mismatch
! by substrate composition adjustment proved difficult due to phase
separation in the crystals.

R o

Replacement of Fe by Al in barium hexaferrite, however, can
bring the substrate and film lattices into better registry. Aluminum-
substituted film compositions were adopted from the work done by
Coutellier et al. [7]. Lattice parameters of BaFe10.7A11.3019 and
BaFeg.aAlz..,O19 films grown here and measured by x-ray diffraction were,
respectively: a = 5.845 &, c = 22.988 A, and a = 5.801 &, c = 22.884 1.
The lattice mismatches of BaFe10.7A11.3019 and BaFe9'3A12.7019 films
with Sr(Ga,lg,Zr)mOlg substrates are, respectively: Aa/a = 0.37%,
Ac/c = 0.36%, and Aa/a = 0.38%, Ac/c = 0.83%. Thus, the composition

';: BaFe,, ,Al; 30,0 has the best lattice match with Sr(Ga,Mg,2r) 50,4 in
both the "a® and "c" directions.

-
-

Te el
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The film structures of five typical samples were examined by
optical microscopy and surface reflection x-ray topography. The growth
conditions of these samples are shown in Table 1. Figures 4a and 4b
are, respectively, optical micrographs taken from a barium hexaferrite
film of stoichiometric composition and a BaFe10.7A11.3019 film grown on
Sr(Ga,lg,Zr)12019 substrates. These films were grown from the same
solution at the composition H of Figure 2 (with the addition of 5 mole%
ratio of 8203 to the 312 3-BaU solvent).
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The unsubstituted barium hexaferrite film shows hexagonal
islands in the presence of large numbers of cracks. In contrast, the
aluminum-doped BaFe10.7A11.301g film appears dense and adherent without
cracks. Figures 5a, 5b, and 5c are optical micrographs taken from
! BaFe9.3A12.7019 films having different film thicknesses: 40 gm, 10 um,
k> and 5 pm, respectively. As shown in these figures, the 40 pm thick film
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10.7771.3719

[
g' Figure 4 — Optical micrographs of (a) Bal"elzﬂl9 film and

5. (b) BaFe,, Al 3019 film. Growth conditions of these

films are shown in Table 1.
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Figure 5 — Optical micrographs of BaF09 7A12 30
(é? 10 pym, and (c) 5 um.

different thicknesses: (a) 40 pym,
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Table 1

Growth Conditions of Five Typical Samples

Flux Growth Growth
Film Composition Composition Temperature Time Thickness

BaFe, 0,9 H 911°C 15 min 40 um
BaFe10.7A11_3019 B 914°C 15 min 40 um
BaFeg aAl, 50,9 c 1001°C 15 min 40 um
BaFeg ,Al, 50,0 c 1008°C 5 min 10 4m
BaFeg ,Al, 40,0 c 1008°C 3 min 5 un

exhibits a "roof shingle" type structure with large numbers of cracks.
The 10 pm thick film also shows a number of cracks; however, the surface
appears topographically very smooth. The structure of 5 pm thick film
appears very smooth and without cracks.

These results indicate that the best films are obtained from the
compdsition BaFelo.7A11‘3019, that with the lowest lattice mismatch
among the three film compositions examined. For example, the
BaFelO.7A11.3019 and BaFe9.3A12.7D19 films have a very similar lattice
mismatch in the "a" direction, i.e., Aa/a = 0.37% and 0.38%. However,
they have larger mismatch in the "c¢" direction: Ac/c = 0.36% for
BaFe10_7A11‘301g and 0.83% for BaFeg.3A12.7019. As indicated by Rinaldi
et al. [11], since "c" is larger than 20 X in hexaferrites corresponding
to at least ten atomic layers, this mismatch is not easily compensated
by strains or local defects such as dislocations. This suggests that
the larger mismatch along "c" in the B‘F’9.3A12,7019 films contributes
to forming cracks (Figure 4) in contrast to the BaF°10.7A11.3019 film.
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N The terrace structure of the BaFe9 3A12 7019 film shown in

.5t Figure 5a is probably caused by the combined effects of the slight mis-
::‘. alignment of the substrate surface with respect to the "c" plane and the
N relatively large lattice mismatch. However, the important observation
»Rﬁ here is that the microstructure of the films also depends on the film
1o

$5 thickness. This is illustrated in the series of optical micrographs of
iy

gg Figure 5. VYery smooth films of BaFe9.3A12.7019 are grown up to 5 um

-t thick even with their particular lattice mismatch.

34 X-ray topographic techniques can offer very useful information
ﬂ on microdefect distributions in epilayers. Figure 6a and 6b are Berg-
':.'l. . _ .

, Barrett surface reflection x-ray topographs taken from a barium

1 .08

X hexaferrite film of stoichiometric composition and a BaFelo 7A11 3019
:s. film grown on Sr(Ga,lg,Zr)lzolg. These are the same films shown in the
::: optical micrographs of Figures 4a and 4b. In contrast to the optical
:: micrographs of Figure 4, the x-ray topographs show the overall

iﬁ microstructure of the films at a low magnification.

] The x-ray topograph of the unsubstituted barium hexaferrite film
fi* exhibits a large number of white lines in the film. However, the struc-
:xé ture of Al-substituted film appears free of line defect images. The
.+ detailed structures of the films are compared at a higher magnification
Mj in Figures 7a and 7b. These line defect images, which represent areas
ﬁf, out of diffraction contrast in the x-ray topograph, are due to the .

2% cracks in the film. Also, both x-ray topographs show relatively large
ré areas without diffraction contrast. These are probably regions where
"y the films did not grow epitaxially, or where the substrate is mis-

F’{ oriented with respect to the film matrix.
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Figure 6 — (a) Berg-Barrett x-ray topograph of a Ba.Fe12019 film.

i (b) Berg-Barrett x-ray topograph of a BaFe Al, 0

10.7A11 30,9 film.
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(a)

(b)

Figure 7 — The same x-ray topographs that are shown in Figure 86 at a

higher magnification.
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4. CONCLUSIONS

It has been demonstrated that barium hexaferrite films of good
quality can be grown from compositions in the 31203-330-3203 flux system
under conditions producing good lattice match between substrate and
film. The Bi203-—Ba0-B203 flux system has the advantage that it facili-
tates relatively large degrees of supercooling combined with a relative-
ly low growth temperature. In these experiments, the lattice mismatch
between substrate and film has been reduced by the substitution of Ga by
Mg and Zr in strontium hexagallate and the substitution of Fe by Al in
barium hexaferrite. X-ray topographic and optical microscopic observa-
tion of the film structures indicated that a relatively large lattice
mismatch tends to favor large numbers of hexagonal islands and cracks in
the films. Al-substituted barium hexaferrite films produced the best
quality films. These exhibit topographically very smooth surface with-
out cracks by reducing the film-substrate lattice mismatch to Aa/a =
0.37% and Ac/c = 0.36%.
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