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[57] ABSTRACT

A method of manufacturing large ferroelectric crystals
having desirable uniform characteristics throughout
the crystal from heterogeneous ferroelectric crystals in
which only natural faces having the lowest surface en-
ergy are allowed to grow while preventing other faces
from growing, or theé heterogeneous ferroelectric crys-
tals are subjected to a heat treatment so that the entire
crystal comes to have the desirable characteristics.

14 Claims, 9 Drawing Figures
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METHOD OF MANUFACTURING TRIGLYCINE
SERIES FERROELECTRIC CRYSTALS

CROSS REFERENCES TO RELATED
- APPLICATIONS '

The present application is ‘a contmuatlon in- part
application of application Ser. No. 800, 637 filed Feb
19, 1969 now abandoned

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention relates to a method of manu-
facturing ferroelectric crystals, and more particularly
to a method of manufacturing ferroelectric crystals, for
example, tri-glycine series ferroelectric crystals having
characteristics suitable for use in various appllcatlons
in electronics from heterogeneous crystals. -

2. Description of the Prior Art :

There are various ferroelectric crystalswwhlch are
recently found not to be homogeneous such as tri-gly-
cine sulphate, guanidine aluminum sulphate hexahy-
drate, tri-hydrogen lithium selenite, di-calcium stron-
tium propionate, and their isomorphous ferroelectric

crystals. All of these crystals are water soluble. The’

manufacturing method according to the present inven-
tion hereinafter described is applicable to all these
ferroelectric crystals. However, the following descrip-
tion of the method according to the present inverition
will be made with reference to tri-glycine sulphate and

its rsomorphous ferroelectric crystals only for the sake-

of simplicity.

- 'Tri-glycine sulphate (heremafter referred to as TGS),
tri-glycine selenate (hereinafter referred to as TGSe),
tri-glycine fluoberyllate - (hereinafter referred to as
TGFB), deuterated TGS (hereinafter referred to as
DTGS) and deuterated TGSe (hereinafter referred. to
as DTGSe) are known as tri-glycine series (hereinafter
referred to as TG series) ferroelectrics.: All of these
ferroelectrics are water soluble crystals having similar
crystal structures. Their Curie temperatures are be-
lieved to be around 49°C, 22°C, 70°C, 60°C and 34°C,
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respectively. These crystals are promising in the appli-

cation to electronic elements such as ferroelectric DC
- AC converters, acoustoelectric transducers, infrared
ray detectors, memory storage devices and the like.
However, since crystals produced by a conventional
water solution method have disadvantages as described
later, they have seldom been used in practice.

"When TG series ferroelectric crystals are employed

able in practice to produce a single crystal having a
b-plane large in area because a b-plate crystal in which
the ferroelectric axis (b-axis) is perpendicular to the
plane -of the .plate is employed for such- electronic ele-
rments.

A b-plate crystal of TG series ferroelectric material
can be obtained by producing an idiomorphic single
crystal by a rotatory cooling method. or circulating

method similarly to ordinary water soluble crystals and

by cleaving the .crystal perpendicularly to the b-axis.
However, this method has the disadvantage that the
area of the b-plane necessary for technological applica-

tion is not so large. Accordingly, the following non-stir-.
ing cooling method is usually practised for obtaining a.

large b- plate crystal.

That is, two glass plates are posmoned horizontally’
and parallel with each other. The lower glass plate is
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provided at its center portion with a recess in which a
seen crystal is fixed with its b-axis bemg directed verti-
cally. Then, the glass plate assembly is submerged in a
mother liquid and cooled qmetly to grow the crystal in
directions perpendicular to the b-axis. By this method a
b-plate crystal having a large area of b-plane, of the
order of several cm in the direction of the a-axis, can be
provided relatively easily.

The appearance of a large size b-plate crystal obd-
tained as stated above is generally as shown in the
central portion of FIG. 1. In FIG. 1, reference numeral
1 designates the seed crystal, and 2 designates the b-
plate crystal. Arrows a, b and ¢ at the upper left indi-
cate directions of the crystal axes.

According to the investigation made by the inven-
tors, the entire surface of the b-plate crystal does not
have a uniform property: This is the case also for the
b-plate crystal obtained by cleaving the aforemen-
tioned idiomorphic crystal. According to the results of
observations of the growth pattern, cleavability, do-
main structure, dislocation density, etc., the b-plate
crystal seems to be substantially separated into four
pairs of regions as indicated by chain lines in FIG. 1,
that is, four pairs of sector regions connecting the seed
crystal .and (001) plane, the seed crystal and (101)
plane, the seed crystal and (1 10) and (110) planes, and
the seed crystal and (T11)and (11T) planes which will
hereinafter be referred to as (001) region, (101) re-
gion, (1]0) region, and (111) region, respectively. If
these regions are observed from the view point of lat-
tice defects, (001) region is the one having the least

lattice defects, (110) and (T11) regions are those hav-.

ing the most lattice defects, and (101) region is the one
having intermediate Iattlce defects. ,
Furthermore, electrical and dielectric characterlstlcs
also show a marked difference from region to region.
For example, polarization (P) versus electric field (E).

hysteresis loops, i.e. dielectric hysteresis loops mea-

sured on- a b-plate crystal of TGS show marked differ-’

. ence from region to region as indicated by (a,), (a,) - -

-(ag)in FIG. 1. In (111) and (110) regions, the sponta-
neous polarization P; is small and the internal biased
field E, is large, and hence the hysteresis characteristic
is poor, while in (001) region the spontaneous polorlza-
tion P, is large and the internal biased field E,is small,

and hence the hysteresrs characteristic is excellent. In
(101) region, the spontaneous polarization P and in-
ternal biased field E, show intermediate values. For
example, on an average P, (111)=(1/5) —(1/10) X P
(001), P, (110)=(2/3) —(1/5) X P, (001), P, (001) =
3.3 p coulombs/cm? at room temperature. Conse-
quently, (001) region is among the four regions the
most . suitable for various applications in electronics.
For example, in second harmonic type modulators, the.
fact that the internal biased. field E, is small is a neces-
sary condition for an element because the internal
biased field E, is a main cause for the offset. In pyro-
electric infrared ray detectors, the sensitivity thereof
corresponds to the magnitude of the spontaneous po-
larization P,.

Furthermore, (001).region is low in density of lattlce_ |
defects and excellent in its electrical characteristics as
compared with other regions., These. facts can be seen
from the followmg consideration. The surface .energy

.of a natural face is determined mainly be the state of

chemical bond in a cuboid corresponding to the unit
cell of the TGS series ferroelectric material. In regard .
to (001) plane, among the six planes of the unit cell the
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bond of only one of (00!) planes is disconnected. In
regard to (101) plane, among the six planes, the bonds
of each one of (100) and (001) planes are discon-
nected. In regard to (110) plane, among the six planes,
the bonds of each one of (100) and (010) planes are
disconnected. Since the b-axis is the ferroelectric axis
in TGS series ferroelectrics, electric charges appear at
(010) plane and the electrostatic energy is large. In
regard to (111) plane, among the six planes, the bonds
of each one of (100), (010) and (001) planes are dis-
connected. Consequently, the relation between the
amounts of surface energies U of natural faces is

U1001)<U(lOl]<U(|!0).~<U(I_Il)
Since the density of lattice defects in a crystal face

depends on the surface energy, the density is lowest in
(001) face and highest in (111) face. Since a bulk of

crystal is the stacking of planes, the relation between.

the bulk densities n of lattice defects is

Ruon<M1on<Nuioy<"mn

Also, since the elecrical characteristics depend on the
density of defects, in particular impurity ions and
charge jogs, the region having the least defects has the
best electrical characteristics. Thus, (001 ) region is the
least in point type (impurities, vacancies, etc.), linear
type (dislocations), and planar type (domain walls,
stacking fault) defects, and, as a result, the best in
electrical characteristics. Consequently, it is good to
cut out crystals for use as electronic elements from
(00T1) region.

Further, according to measurements by the inven-
tors, (001) region is large in maximum value of the
dielectric constant, large in pyroelectric coefficient and
piezoelectric constant, and uniform in its characteris-
tics throughout the region.

The abovementioned characteristics are recognized
not only in TGS, but also in TGSe, TGFB, DTGS and
DTGSe.

However, in a b-plate crystal provided by the conven-
tional method of fabricating smgle crystals; a region
having favorable characteristics is only a portion of the
crystal as seen from the above description, and hence
there is the disadvantage that practically the yleld is
very low.

SUMMARY OF THE INVENTION

Therefore, it is an object of the present invention to
provide a method of manufacturing a large ferroelec-
tric single crystal the greater part of which has desir-
able characteristics.

To attain the above-mentioned object, in the method
of producing TG series ferroelectric crystals according
to the present invention a cuboid having (001) faces,
(010) faces and two other faces perpendicular to the
(001) and (010) faces and elongated in a [100] direc-
tion is first cut out from a (001) region of a b-plate of
a TG series ferroelectric material. The cuboid is of a
single domain and used as a seed crystal. The two faces
perpendicular to the (001) and (010) faces of the cu-
boid or seed crystal are fitted in grooves in a breeder
frame. Glass plates are adhered to the (010) faces,
respectively, of the seed crystal and the breeder frame
so that the seed crystal can grow only at the (001)
faces. The resulting structure is immersed in a breeding

mother liquid. The temperature of the breeding mother

liquid at the time of start of growth is sufficient to lie
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within ranges of 25° to 90° C, 25° to 90° C, 25° to 90°
C, 25° to 80° C and 25° to 80° C and preferably within
ranges of 35° to 60° C, 35° to 50° C, 35° to 60° C, 35°
to 40° C and 35° to 40° C for TGS, TGSe, TGFB, DTGS
and DTGSe, respectively. The breeding mother liquid
is then cooled gradualily so that the seed crystal grows
in a direction perpendicular to the (001) face. The
fluctuation or accuracy of temperature and the cooling
rate are desirably not higher than 0.05° C and 0.5°
C/day, respectively. If the starting temperature of
growth i1s higher than the Curie temperature of the
material to be grown, it is necessary to expose the
grown crystal to a DC electric field of from 300 V/cm
to 10 kV/cm, preferably about 1 kV/cm, in a direction
of the b-axis for about 10 minutes through, for exam-
ple, electrodes provided on the (010) faces of the crys-
tal. If the above growth condition is not satisfied, no
good quality crystal can be prepared.

BRIEF DESCRIPTION OF THE DRRAWING

FIG. 1 is a schematic diagram of a b-plate crystal of
tri-glycine sulfate manufactured by a conventional
method and variations in dielectric hysteresis loops at
various regions.

FIG. 2 is a perspective view of a seed crystal em-
ployed in the present invention.

FIG. 3 is a perspective view of breeder frames em-
ployed in the invention.

FIG. 4 is a schematic diagram of an arrangement of
breeder frames employed in the present invention.

FIG. § is a perspective view of a b-plate crystal of

~ tri-glycine sulphate manufactured by the arrangement
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of FIG. 4.

FIGS. 6a and 6b are schematic diagrams showing
domain structures of a b-plate crystal before and after
a heat treatment according to the invention.

FIG. 7 is a diagram showing a fine structure of the
domain of a b-plate crystal subjected to a treatment
according to the invention.

FIG. 8 isa graph showing the relatlon ‘between an-
nealing and aging.

FIG. 9 is-a diagram showing fine domains caused by
a heat treatment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

From (001) region of a b-plate crystal as shown in
FIG. 1 a cuboid elongated in a [ 100] direction having
(001), (010) and (100)* faces as shown in FIG. 2 is cut
out, (100)* faces being perpendicular to (001) and
(010) faces. An example of the dimension of the cu-
boid is 100 X 10 X 3 mm?3,.

Each (100) face edge of the seed crystal is fitted in a
groove provided to a breeder frame as shown in FIG. 3,
and bonded thereto with an adhesive. An example of
the breeder frame is a 100 X 10 X 5 mm? glass block
with a groove 2 mm deep and 3 mm wide. Glass discs
having a diameter of, for example, 150 mm are then
bonded to the upper and lower ends of the structure
and several of them are stacked as shown in FIG. 4.
Thus, the faces of the seed crystal capable of growing
freely are only the (001 ) faces. Next, the arrangement
is submerged in a TGS breeding mother liquid and
cooled gradually Then large (001) crystals of the

shape as shown in FIG. § having excellent electrical
characteristics are obtained. Of course, a seed crystal
may be again prepared frqm the thus obtained crystal.
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An example of the growth condition is as follows:
The initial or starting temperature of growth is 40° C.
The accuracy of the temperature control of the liquid is
0.01° C. The cooling rate is 0.2° C/day. Then, with 10
] of mother liquid and five seed crystals, (001) crystals
having a dimension of 10 cm X 10 cm >< l cm were
obtained after 30 days.

The thus obtained large b-plate crystal is substan-
tially of a single domain and has a substantially uni-
formly distributed density of dislocations less than
100/cm?. The hysteresis characteristic is.also substan-
tially uniform corresponding thereto, the biased field
E, is very small, and the spontaneous polarization P, is
substantially the same as.that of an ideal crystal. Also
the dielectric properties thereof are desirable ones in

10

15

that a maximum of dielectric constant near the Curie -

temperature is a very sharp, as high as several hundred
thousands, and the dielectric loss is very low.

Further, the crystal is not only excellent in electrical
properties such as hysteresis, dielectric, and conductive
properties, but also it has favorable features from a
crystal working point of view. For example, since the
crystal is of a single domain, and moreover, it has only
a few lattice defects, the cleavage thereof is very easy.
In addition, when the crystal is made thin by an etching
method, thinning is far easier than with the convention-
ally obtained crystals because the entire body becomes
thin .uniformly keeping surfaces parallel. The easiness
of the thinning is practically very effective because
electronic elements often require a thin plate of crystal.
For example, the sensitivity of a pyroelectric infrared
ray detector is inversely proportional to the thickness
of the element thereof, and the conversion efficiency of
a second harmonic type modulator is also inversely
proportional to the thickness of the element thereof.

According to the results of employment of a crystal
obtained according to the method of the present inven-
tion as a second harmonic type modulator, the drift was
less than 100 uV/day which is better than the drift of a
vibrating reed type modulator. The drift of the conven-
tionally obtained crystal was about several hundreds of
mV/iday.

When crystals obtamed according to the present
invention were employed as infrared ~10 detectors, the
ones having an excellent noise equivalent power com-.
parable with a Goley cell, 5 X 1016 1* W/ VHz, were.
obtained with a yield of 70 %. In contrast, the yield of
crystals having a comparable performance obtained by
the conventional method was less than 10 %. 1t is desir-
able that the seed crystal employed in the present in-
vention is one which is cut from the crystal prepared by
the method according to the present invention. If the
starting temperature of growth is lower than the Curie
temperature of the material to be grown, the seed crys-
tal has, of course, to be of single domain. However, a
seed crystal having uniform desirable properties can
also be obtained from a conventionally prepared heter-
ogeneous crystal by subjecting the heterogeneous crys-
tal to a heat treatment.

As has been stated, the conventionally prepared b-
plate crystal shown in FIG. 1 has different dielectric
properties from region to region as is evident from
dielectric hysteresis loops (a,), (az), - - - , (ag) shown in
FIG. 1. Not only the dielectric hysteresis loop, but also
the domain structure varies from region to region as
well. An example of the domain structure is shown in
FIG. 6a.
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The conventionally prepared b-plate crystal is main-
tained for a certain time at a temperature higher than
the Curie temperature, and then cooled to room tem-
perature gradually. Such crystal has a substantially
uniform domain structure throughout the crystal as
shown in FIG. 65, and the difference between regions is
not recognized. When observed through an: optical
microscope, it can be seen that such domain structure
consists of fine domains elongated in a {201 ] direction
as shown in FIG. 7. Also dielectric hysteresis loops
change to those indicated by (b,), (b;), - - -, (bg) in
FIG. 1, and the difference between regions is hardly
recognized. Moreover, the internal biased ficld E,
barely exists at any portion, and the spontaneous polar-
ization P, is substantially the same as the value of an
ideal crystal At (111) region where the spontaneous
polarization P, was small, the polarization P, becomes
enhanced by as high as one order of magnitude. Thus,
the b-plate crystal has desnrable propertles throughout
the crystal.

However, a crystal which was subjected to a heat
treatment at low temperatures shows, when left at
room temperature for a long time, aging namely the
spontancous polarization P; lowers gradually. FIG. 8
shows the aging of poor property (111) and (110)
regions in terms of the spontaneous polarization P;
under various heat treatment conditions. As:is evident
from FIG. 8, for a heat treatment at temperatures lower
than 100° C, there arises aging namely the spontaneous
polarization P; lowers with time, while for a heat treat-
ment at temperatures higher than 100° C, the polariza-
tion hardly lowers even after two months. Thus, the
lower limit of the temperature of a preferable heat
treatment is 100° C. On the other hand, if the tempera-
ture of the heat treatment is higher than 160° C, the
crystal alters and the hysteresis characteristic deterio-
rates. However, no deterioration has been recognized
by a heat treatment at 150° C. Consequently, the upper
limit of the temperature of the heat treatment is 150°C.’
A still better result can be provided if the crystal is
further subjected to the following electric field treat-
ment after the heat treatment. A DC electric field of
from 300V/em to 10 kV/cm, preferably about 1
kV/cm, is applied cross the cuboid for.about 10 min. in
a direction of the b-axis through electrodes provided,
for example, on the (010) faces. By this process .the
cuboid becomes of a more perfect single domain.

Similar phenomena appear not only in TGS, but also
in TGSe, TGFB, DTGS and DTGSe. Preferable tem-
peratures of the heat treatment are 90° to 120° C for
TGSe, 100° to 160° C for TGFB, 100° to 180° C for
DTGS and 90° to 130° C for DTGSe.

Generally, the heat treatment is not only very effec-
tive in improving the electrical properties of TGS crys-
tals, but also alters the mechanical properties thereof in
compliance with certain purposes. For example, the
entire face of the crystal splits into five domains as is
shown in FIG. 9. As a result, the cleavability becomes
very poor which leads to an improvement in the me-
chanical strength. This is advantageous for the applica-
tion to stress-electric converters because the cleavage
of the crystal is most detrimental to such converters.

The above description has been made about the case
in which the starting temperature of growth is lower
than the Curie temperature of the material to be grown.
In this case the resulting crystal can be employed as it
is without subjecting to any further process. However,
when the starting temperature of growth is higher than
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the Curie temperature, it is desirable to expose the
grown crystal to a DC electric field similar to. that ap-
plied to the seed crystal.
We claim: : :
1. A method of manufacturing a tri-glycine series
ferroelectric crystal comprising the steps of:
cutting out a cuboid elongated in [100] direction
having surfaces of (001) and (010) and two sur-
faces which are opposite to each other and which
are perpendicular to said surfaces of (001) and
(010), from a (001) region of a b-plate crystal of a
tri-glycine series ferroelectric material selected
from the group consisting of tri-glycine sulfate,
tri-glycine. selenate, tri-glycine fluoberyllate, deu-
terated tri-glycine sulfate, and deuterated tri-gly-
cine selenate, said cuboid being of a single domain;
fitting each- of said two surfaces of said cuboid in a
groove provided to a breeder frame, said cuboid
being utilized as a seed crystal,;
bonding glass plates to the upper and lower ends of a
structure consisting of said breeder frame and said
cuboid seed crystal so that said seed crystal is capa-
ble of growing freely only on said (001) surfaces;
submerging said seed crystal mounted on said
breeder frame together with said glass plates in a
breeding mother liquid at a temperature in a range
of from 25° to 90° C. for tri-glycine sulfate, in a
range from 25° to 90° C. for tri-glycine selenate, in
a range from 25° to 90° C. for tri-glycine fluoberyl-
late, in a range from 25° to 90° C. for deuterated
tri-glycine sulfate and in a range from 25° to 80° C.
. for deuterated tri-glycine selenate;
subjecting said cut out seed crystal to a DC electric
field before submerging said seed crystal in said
breeding mother liquid when the starting tempera-
ture of growth is higher than the Curie temperature
of the crystal to be grown; and
cooling at a rate not higher than 0.5° C./ day said
breeding mother liquid together with said structure
and said glass plates so that said seed crystals grows
in directions perpendicular to said (001 ) surfaces.
2. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, comprising
the step of subjecting said cut out seed crystal to a heat
treatment at a temperature of between 90° and 180° C.
for tri-glycine sulfate, of between 90° and 120° C. for
tri-glycine selenate, of between 100° and 160° C. for
tri-glycine fluoberyllate, of between 100° and 180° C.

10

15

20

25

30

35

40

45

50

- 55

60

65

8
for deuterated tri-glycine sulfate and of between 90°
and 130° C. for deuterated tri-glycine selenate before
submerging said seed crystal in said breeding mother
liquid..

‘3. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 2, wherein said
cut out seed crystal is made of tri-glycine sulfate.

4. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 2, wherein said
cut out sced crystal is made of tri-glycine selenate.

5. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 2, wherein said
cut out seed crystal is made of tri-glycine fluoberyllate.

6..- A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 2, wherein said
cut out seed crystal is made of deuterated triglycine
sulfate. '

7. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein a
plurality of the structures each consisting of said seed
crystal and breeder frames and a plurality of glass
plates are alternately stacked to simultaneously pro-
duce a plurality of ferroelectric crystals.

8. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 2, wherein said
cut.out seed crystal is made of deuterated tri-glycine
selepnate. - - '

9. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein the
accuracy of temperature control of said breeder
mother liquid is at least 0.05° C.

10. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein the
crystal is made of tri-glycine sulfate.

11. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein the
crystal is made of tri-glycine selenate.

12. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein the
crystal is made of tri-glycine fluoroberyllate.

13. A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein the
crystal is made of deuterated tri-glycine sulfate.

14." A method of manufacturing a tri-glycine series
ferroelectric crystal according to claim 1, wherein the

crystal is made of deuterated tri-glycine selenate.
' . % ] % ® %




