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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] This invention relates to an optical wavelength
conversion element with an optical waveguide which
converts a fundamental wave to a second harmonic,
and more particularly to an optical wavelength conver-
sion element in which an optical waveguide is formed in
a ferroelectric crystal substrate and periodic domain re-
versals are formed in the optical waveguide. This inven-
tion further relates to a method of manufacturing such
an optical wavelength conversion element and an opti-
cal wavelength conversion module employing such an
optical wavelength conversion element.

Description of the Related Art

[0002] There has been proposed by Bleombergen
and et al. a method of converting a fundamental wave
to a second harmonic by use of an optical wavelength
conversion element formed with a region where the
spontaneous polarization (domain) of a ferroelectric ma-
terial having a nonlinear optical effect is periodically re-
versed. (See Phys. Rev., vol. 127, No. 6, 1918 (1962))
In this method, by setting pitches Λ of the domain re-
versals to an integer multiple of the coherence length
Λc given by formula

wherein β(2ω) represents the propagation constant of
the second harmonic and β(ω) represents the propaga-
tion constant of the fundamental wave, phase matching
(artificial phase matching) between the fundamental
wave and the second harmonic can be obtained.
[0003] Further there have been made attempts to ef-
ficiently obtain the phase matching in an optical wave-
length conversion element, which has an optical
waveguide formed of a nonlinear optical material and
converts the wavelength of a fundamental wave guided
along the optical waveguide, by forming the domain re-
versals described above. See, for instance, Japanese
Unexamined Patent Publication No. 5(1993)-29207.
[0004] Such conventional optical wavelength conver-
sion elements with periodic domain reversals are broad-
ly classified into two types depending on the orientation
of the spontaneous polarization of the substrate. In one
type, as shown in Figure 3, the orientation of the spon-
taneous polarization (shown by arrow P) of the substrate
2 is normal to the substrate surface 2a along which the
optical waveguide 1 extends, and in the other type, as
shown in Figure 4, the orientation of the spontaneous
polarization (shown by arrow P) of the substrate 2 is par-
allel to the substrate surface 2a along which the optical

Λc=2π/{β(2ω)-2β(ω)},

waveguide 1 extends.
[0005] The optical wavelength conversion element of
the former type is disclosed, for instance, in Japanese
Unexamined Patent Publication No. 5(1993)-29207 and
is advantageous in that the domain reversals can be
formed sufficiently deep into the substrate. However the
optical wavelength conversion element of the former
type is disadvantageous in that when it is used in com-
bination with a semiconductor laser, the fundamental
wave input optical system is complicated. This will be
described in detail hereinbelow.
[0006] In the arrangement shown in Figure 3, the
beam pattern of the guided light is such that the beam
diameter is small in the direction parallel to the orienta-
tion of the vector of polarization shown by arrow R in A
in Figure 3 and large in the direction normal thereto. Fur-
ther the orientation of the vector of polarization is equal
to the direction of spontaneous polarization of the sub-
strate 2 (in ferroelectric material such as LiNbO3, the
direction of spontaneous polarization is generally paral-
lel to Z-axis) and the waveguide mode is a TM mode.
On the other hand, the beam pattern of a laser beam 4
emanating from a semiconductor laser 3 is such that the
beam diameter is large in the direction parallel to the
orientation of the vector of polarization shown by arrow
Q in B in Figure 3 and small in the direction normal there-
to.
[0007] Accordingly when the directions of polarization
are matched with each other in order to input the laser
beam 4 emanating from the semiconductor laser 3 into
the optical waveguide 1, the beam diameters are mis-
matched and the laser beam 4 cannot be efficiently input
into the optical waveguide 1, which results in poor power
of the second harmonic obtained.
[0008] In order to rotate the direction of polarization
of the laser beam 4 by 90° with the beam pattern of the
laser beam 4 kept unchanged, a complicated funda-
mental wave input optical system comprising a λ/2 plate
7 disposed between a collimator lens 5 and a condenser
lens 6 becomes necessary.
[0009] To the contrast, in the case of the optical wave-
length conversion element shown in Figure 4, the direc-
tion of linear polarization of the laser beam 4 can be
matched with the direction of Z-axis of the substrate 2
without λ/2 plate and accordingly the fundamental wave
input optical system may be simple in structure, where-
by the semiconductor laser 3 can be directly coupled to
an end face of the optical waveguide 1. The waveguide
mode in this case is a TE mode.
[0010] However the optical wavelength conversion el-
ement shown in Figure 4 is disadvantageous in that the
domain reversals 8 cannot be formed sufficiently deep
from the substrate surface 2a. This will be described in
detail with reference to Figure 19, hereinbelow.
[0011] In Figure 19, D denotes an electrode for form-
ing the domain reversals 8. The domain reversals 8 are
arranged in the direction of X-axis and the thickness of
the substrate is parallel to Y-axis. When the actual wave-
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length of the fundamental wave to be wavelength-con-
verted is taken into account, the pitch of the domain re-
versals 8 indicated at a in Figure 19 is in the order of
several µm. Assuming that the pitch a of the domain re-
versals 8 be 5µm for the purpose of simplicity, the width
b of a domain reversal 8 should be 2.5 µm in order to
set the ratio of the width of the domain reversal 8 to that
of the non-reversed portions to 1:1 so that the wave-
length conversion efficiency is maximized. At present it
is difficult to produce an electrode D which is smaller
than 0.5 µm in width c and accordingly when it is as-
sumed that the electrode D is 0.5 µm in width c, domain
reversals 8 which are 2.5 µm in width b can be obtained
by causing the domain reversal 8 to grow by a distance
d (=1 µm) in the direction in which the domain reversals
8 are arranged from each edge of the electrode D.
[0012] The growth rate of the domain reversed region
is large in a direction parallel to the orientation of the
spontaneous polarization and small in directions normal
to the orientation of the spontaneous polarization (i.e.,
in the direction of X-axis and Y-axis). The growth rate in
the directions of X-axis and Y-axis are equal to each oth-
er. Accordingly, when domain reversals 8 2.5 µm wide
are produced in the manner described above, the depth
(the dimension in the direction of Y-axis) of the domain
reversals 8 becomes about 1 µm.
[0013] Thus in the optical wavelength conversion el-
ement of the type shown in Fig. 4, the depth of the do-
main reversals 8 is limited to about 1 µm which is smaller
than the field distribution of the guided light, which re-
sults in a small overlap integral of the domain reversals
8 and the guided light and in a poor wavelength conver-
sion efficiency.
[0014] In EP 0 592 226 A1 it is described that relatively
deep domain reversals can be obtained along the sub-
strate surface when the domain reversals are formed
using the so-called proton exchange method (rather
than using electrodes) followed by a thermal diffusion
process, with the direction of spontaneous polarization
of the substrate being inclined to the substrate surface.
The reason therefor is that an internal electrical field
having a component in a direction opposite to the direc-
tion of the spontaneous polarization is induced in bound-
ary regions between the substrate and the proton ex-
change layers, which layers have been created in the
substrate by the proton exchange method. By this inter-
nal electrical field component, an inverted polarization
kernel is formed in the boundary regions, which kernel
is caused to grow by thermal ion diffusion.

SUMMARY OF THE INVENTION

[0015] In view of the foregoing observations and de-
scription, the primary object of the present invention is
to provide an optical wavelength conversion element in
which domain reversals are formed sufficiently deep
and at the same time a high wavelength conversion ef-
ficiency can be obtained without necessity of a compli-

cated fundamental wave input optical system when a
semiconductor laser is employed as a fundamental
wave source.
[0016] Another object of the present invention is to
provide an optical wavelength conversion module which
employs an optical wavelength conversion element de-
scribed above and can generate a high-power wave-
length-converted wave with a high wavelength conver-
sion efficiency.
[0017] In accordance with a first aspect of the present
invention, there is provided an optical wavelength con-
version element comprising an optical waveguide which
is formed in a ferroelectric crystal substrate having a
nonlinear optical effect and extends along one surface
of the substrate, and domain reversals which are peri-
odically formed in the optical waveguide and arranged
in a direction, the orientation of the spontaneous polar-
ization of the substrate being reversed in the domain re-
versals and the optical wavelength conversion element
being for converting the wavelength of a fundamental
wave travelling in the direction in which the domain re-
versals are arranged under the guidance of the optical
waveguide, wherein

the orientation of the spontaneous polarization of
the substrate is at an angle θ larger than 0° and smaller
than 90° to said one surface' of the substrate in a plane
normal to the direction in which the fundamental wave
is guided, wherein each domain of reversed polarization
("domain reversal") extends in the direction of orienta-
tion of spontaneous polarization.
[0018] When the optical waveguide is formed by pro-
ton exchange, it is preferred that said angle θ be smaller
than 70° and when the optical waveguide is formed by
proton exchange and annealing, it is preferred that said
angle θ be smaller than 20°.
[0019] Preferably the angle θ should be larger than
0.2° and more preferably should be larger than 0.5°.
[0020] As the ferroelectric crystal substrate, a sub-
strate of LiNbxTa1-xO3 (0≤x≤1) doped with nothing,
LiNbO3 doped with MgO or the like are preferred as well
as a substrate of LiNbxTa1-xO3 doped with Zn,
LiNbxTa1-xO3 doped with Sc and MgO, KTiOP4, KNbO3
or the like. A substrate of LiNbO3 doped with MgO is
resistant to optical damage and is preferable to a sub-
strate of LiNbxTa1-xO3 doped with nothing.
[0021] In accordance with a second aspect of the
present invention, the optical wavelength conversion el-
ement is obtainable by a method comprising the steps of

forming a substrate by cutting a single domain fer-
roelectric crystal having a nonlinear optical effect along
a plane at an angle θ larger than 0° and smaller than
90° to the orientation of spontaneous polarization of the
ferroelectric crystal,

forming periodic domain reversals in the substrate
by applying an electric field in a predetermined pattern
to the substrate from outside the substrate, the thus ob-
tained domains of reversed polarization ("domain re-
versals") extending along a direction parallel to the ori-
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entation of spontaneous polarization in the substrate,
and

forming on the substrate an optical waveguide
which includes the domain reversals and extends along
a surface of the substrate parallel to the cut surface.
[0022] It is preferred that said electric field be applied
through electrodes in a predetermined pattern mounted
on the substrate.
[0023] It is further preferred that an electric voltage is
directly applied to the substrate through the electrodes.
[0024] The electric field may also be applied by a co-
rona charging method or an electron ray irradiation
method.
[0025] In accordance with a third aspect of the present
invention, there is provided an optical wavelength con-
version module comprising an optical wavelength con-
version element described above and a semiconductor
laser for inputting a laser beam as a fundamental wave
into the optical waveguide of the optical wavelength con-
version element so that the laser beam is guided in a
TE mode through the optical waveguide of the optical
wavelength conversion element.
[0026] In the optical wavelength conversion element
of the present invention, the orientation of the sponta-
neous polarization of the substrate 2, i.e., the direction
of Z-axis, is not normal to the substrate surface 2a as
shown in Figure 1, and accordingly even if the laser
beam 4 emanating from the semiconductor laser 3 en-
ters the optical waveguide 1 with its direction of linear
polarization (the direction of arrow Q) in parallel to the
substrate surface 2a, wavelength conversion can be re-
alized by use of nonlinear optical constant d33. In this
case, the orientation of the electric-field vector of the la-
ser beam 4 is parallel to the substrate surface 2a and
the laser beam 4 is guided in a TE mode through the
optical waveguide 1. At this time, the effective nonlinear
optical constant is d33cosθ. In Figure 1, the elements
analogous to those described above in conjunction with
Figures 3 and 4 are given the same reference numerals.
[0027] When the laser beam 4 enters the optical
waveguide 1 with its direction of linear polarization in
parallel to the substrate surface 2a, the aforesaid λ/2
plate for rotating the direction of linear polarization be-
comes unnecessary and the optical system for inputting
the fundamental wave can be simple in structure, which
makes it feasible to directly couple the semiconductor
laser 3 to an end face of the optical waveguide 1. Further
when the laser beam 4 enters the optical waveguide 1
in this manner, the efficiency in inputting the laser beam
4 into the optical waveguide 1 becomes high.
[0028] Further when the orientation of the spontane-
ous polarization of the substrate 2, that is, the direction
of Z-axis, is at an angle θ to the substrate surface 2a,
the depth d of the domain reversals 8 is basically equal
to Ltanθ as shown in Figure 2. However when expansion
of the domain reversals, 1 µm, described above in con-
junction with Figure 19 is taken into account, the depth
d of the domain reversals 8 is as represented by the fol-

lowing formula (1).

The value of L is not determined solely depending upon
the size of the means for applying an electric field for
reversing the domain (in Figure 2 a comb-shaped elec-
trode 10 and a planar electrode are shown by way of
example) but tends to be increased with increase in the
value of the angle θ. In the conventional element shown
in Figure 4, the domain reversals 8 are formed with the
angle θ of 0° and accordingly L is minimized. In the con-
ventional element shown in Figure 3, the domain revers-
als 8 are formed with the angle θ of 90° and accordingly
L is maximized, that is, the domain is reversed over the
entire area opposed to the electrodes for applying the
electric field.
[0029] Thus by increasing the angle θ to some extent,
the depth d of the domain reversals 8 can be sufficiently
large. When the depth d of the domain reversals 8 is
sufficiently large, the overlap integral of the domain re-
versals 8 and the guided light can increased, which re-
sults in a high wavelength conversion efficiency.
[0030] In the wavelength conversion module of the
present invention, a semiconductor laser is coupled to
the optical wavelength conversion element so that the
laser beam is guided in a TE mode through the optical
waveguide of the optical wavelength conversion ele-
ment. Accordingly the efficiency in inputting the laser
beam into the optical waveguide becomes high, the op-
tical system for inputting the fundamental wave may be
simple in structure and a high wavelength conversion
efficiency can be obtained as described above.
[0031] It has been said that a light beam is guided in
a TE single mode through a proton exchange optical
waveguide when the angle φ between Z-axis and the
substrate surface is between 0° and 70° (0° <φ<70° ).
For example, see "Journal of Optical Communications",
5(1984)1, pp. 16 to 19. In the present invention, the an-
gle θ corresponds to the angle φ, and accordingly when
the optical waveguide is formed by proton exchange, it
is preferred that the angle θ be smaller than 70° in im-
proving the wavelength conversion efficiency.
[0032] Further it has been known that a light beam is
guided in a TE single mode through an optical
waveguide formed by proton exchange and subsequent
annealing when the angle φ between Z-axis and the sub-
strate surface is between 0° and 20° (0° <φ<20° ). Ac-
cordingly when the optical waveguide is formed by pro-
ton exchange and subsequent annealing, it is preferred
that the angle θ be smaller than 20° in improving the
wavelength conversion efficiency.
[0033] Further it has been found that when a domain
reversal structure having an optimal duty ratio to maxi-
mize the wavelength conversion efficiency (where the
ratio of the width of the domain reversals to that of the
non-reversed portions is 1:1) is formed, the dimension

d=Ltanθ+1 µm (1)
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L shown in Figure 2 becomes about 50 µm so long as
the angle θ is within several degrees. Generally the field
distribution of the waveguide mode can be as thin as 1.2
µm. Accordingly, when the angle θ is set to 0.2°, the
depth d of the domain reversals becomes 1.2 µm as can
be seen from formula (1), i.e., becomes substantially
equal to the field distribution of the waveguide mode.
That is, when θ>0.2, the domain reversals can never be
smaller than the field distribution of the waveguide mode
and the wavelength conversion efficiency becomes
high.
[0034] Though the field distribution of the waveguide
mode can be as thin as 1.2 µm, external light can enter
the optical waveguide more stably as the field distribu-
tion increases. Actually external light can stably enter
the optical waveguide when the field distribution of the
waveguide mode is larger than 1.4 µm. According to for-
mula (1), the depth d of the domain reversals becomes
1.4 µm when the angle θ is 0.5° . Therefore when θ>0.5,
the fundamental wave can stably enter the optical
waveguide and at the same time, the domain reversals
sufficiently overlap the field distribution of the
waveguide mode, whereby the wavelength conversion
can be effected efficiently.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035]

Figure 1 is a schematic view showing an optical
wavelength conversion element in accordance with
a first embodiment of the present invention,
Figure 2 is a view for illustrating the orientation of
polarization of the substrate in the optical wave-
length conversion element in accordance with the
present invention,
Figure 3 is a schematic view showing an example
of the conventional optical wavelength conversion
element,
Figure 4 is a schematic view showing another ex-
ample of the conventional optical wavelength con-
version element,
Figure 5 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with the first em-
bodiment of the present invention,
Figure 6 is a schematic view for illustrating the man-
ner of slicing the substrate used in the optical wave-
length conversion element shown in Figure 5,
Figure 7 is a schematic perspective view showing
the domain reversals formed in the optical wave-
length conversion element shown in Figure 5,
Figure 8 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with a second
embodiment of the present invention,
Figure 9 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength

conversion element in accordance with a third em-
bodiment of the present invention,
Figure 10 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with a fourth em-
bodiment of the present invention,
Figure 11 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with a fifth em-
bodiment of the present invention,
Figure 12 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with a sixth em-
bodiment of the present invention,
Figure 13 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with a seventh
embodiment of the present invention,
Figure 14 is a schematic perspective view for illus-
trating the manner of forming the optical wavelength
conversion element in accordance with an eighth
embodiment of the present invention,
Figure 15 is a schematic side view showing an ex-
ample of an optical wavelength conversion module
in accordance with the present invention,
Figure 16 is a schematic side view showing another
example of an optical wavelength conversion mod-
ule in accordance with the present invention,
Figure 17 is a microphotograph of the pattern of the
domain reversals formed on the substrate of the op-
tical wavelength conversion element in accordance
with the present invention,
Figure 18 is a microphotograph of the pattern of the
domain reversals formed on the substrate of a con-
ventional optical wavelength conversion element,
and
Figure 19 is a view for illustrating the problem inher-
ent to the conventional optical wavelength conver-
sion element.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0036] An optical wavelength conversion element in
accordance with an embodiment of the present inven-
tion was formed. In Figure 5, reference numeral 2 de-
notes a substrate of LiNbO3 doped with 5 mol% MgO,
which is a ferroelectric material having a nonlinear op-
tical effect. This ferroelectric material will be referred to
as "MgO-LN", hereinbelow. The MgO-LN substrate 2
was formed by slicing a MgO-LN ingot 2' along planes
at an angle of 3° (θ=3° ) to Z-axis as shown in Figure 6
and polishing the same. The accuracy in the polishing
angle θ (=3° ) was within ±0.1°. The MgO-LN substrate
was single domain ferroelectric crystal and was, for in-
stance, 0.3mm in thickness.
[0037] The direction which is parallel to the surfaces
2a and 2b of the MgO-LN substrate 2 thus obtained and
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normal to X-axis is at the angle θ (=3° ) to Z-axis and
the direction which is normal to the substrate surfaces
2a and 2b is at the angle θ (=3° ) to Y-axis. These direc-
tions will be respectively referred to as "Z'-direction" and
"Y'-direction", hereinbelow, for the purpose of conven-
ience in description.
[0038] Comb-shaped electrode 10 and a planar elec-
trode 11 were mounted respectively on the upper and
lower substrate surfaces 2a and 2b and pulse voltages
were applied between the electrodes 10 and 11 so that
the comb-shaped electrode 10 on the +Z side was at a
positive potential and the planar electrode 10 on the -Z
side was at a negative potential. This causes the orien-
tation of spontaneous polarization of the substrate 2,
which has been directed to +Z direction, to be reversed
in the portion applied with the voltage as shown in Figure
7, whereby domain reversals 8 are formed. Since the
orientation of spontaneous polarization is inclined at θ
(=3°) to the substrate surface 2a, the orientation of po-
larization of the domain reversals 8 is also inclined at θ
(=3° ) to the substrate surface 2a.
[0039] Though, in this embodiment, the electrodes 10
and 11 were formed of Cr, they may be formed of any
material so long as it is sufficiently lower than the
MgO-LN substrate 2 in electric resistance. The elec-
trodes 10 and 11 may be formed by known photolithog-
raphy. They may be, for instance, 20 to 100 µm in thick-
ness and 6mm in length L1. The gap G between the
electrodes 10 and 11 may be 100 to 500 µm, for in-
stance. The pitch Λ of the fingers of the comb-shaped
electrode 10 was 4.75 µm, and the fingers were 1000
µm in length and 0.5 µm in width. The width of the planar
electrode 11, i.e., the dimension in the Z'-direction, was
100 µm.
[0040] Application of the electric voltage was carried
out under vacuum, for instance, not higher than 5x10-5

torr. in order to prevent leak of electric current. Other-
wise application of the electric voltage may be carried
out in electrical insulating oil. The pulse width of the
electric voltage may be 1 to 10 seconds.
[0041] Each of the domain reversals 8 spreads wider
in the direction normal to Z-axis as the electric voltage
applied increases. As is well known, the wavelength
conversion efficiency is maximized when the ratio of the
length (measured in the direction in which light is guided
through the waveguide) of the domain reversals 8 to that
of the non-reversed portions is 1:1. The ratio becomes
1:1 when the electric voltage applied is about 4000V in
the case the gap G is 200 µm and when the electric volt-
age applied is about 3500V in the case the gap G is 400
µm. The values of the voltage are for the substrate at a
room temperature, and when the temperature of the
substrate is, for instance, 200° C, the electric voltages
may be about one third of the value described above.
[0042] The MgO-LN substrate 2 thus formed with the
domain reversals 8 was cut along a plane normal to Z'-
direction and the cut surface was subjected to selective
etching for 20 minutes by use of etching liquid of a 1:2

mixture of HF and HNO3 after optical polishing. By the
selective etching, the domain reversals 8 and the non-
reversed portions are etched to different extents due to
difference in chemical properties, and the state of the
domain reversals 8 can be observed through a micro-
scope.
[0043] Figure 17 is a microphotograph of the cut sur-
face and Figure 18 is a microphotograph of a similar cut
surface of the conventional optical wavelength conver-
sion element shown in Figure 4 (having a MgO-LN sub-
strate). The microphotographs are at x2000 magnifica-
tion. As can be seen from the comparison of the micro-
photographs, the domain reversals are deeper in the
MgO-LN substrate 2 formed with the domain reversals
8 in the manner described above.
[0044] That is, the depth of the domain reversals 8
formed in the manner described above is 2 to 3 µm,
which is 2 to 3 times as deep as that (about 1 µm) of the
conventional optical wavelength conversion element
shown in Figure 4.
[0045] Then an optical channel waveguide was
formed in the MgO-LN substrate 2 in the following man-
ner. A metal (Ta in this particular embodiment) mask 5
to 9 µm wide in Z'-direction was formed by known pho-
tolithography in the vicinity of the front end of the comb-
shaped electrode 10, where the domain reversal was
the deepest. Then the substrate 2 was subjected to pro-
ton exchange in pyrophosphoric acid at 160° C for 64
minutes. The Ta mask was removed by use of an etching
solution and the substrate 2 was subjected to an anneal-
ing treatment at 350° C for one hour in the atmosphere.
Thus an optical channel waveguide 1 extending in the
direction of arrangement of the domain reversals 8 was
formed.
[0046] Thereafter -X face and +X face of the MgO-LN
substrate 2 including the end faces of the optical chan-
nel waveguide 1 were subjected to optical polishing,
whereby an optical wavelength conversion element 20
was obtained. Then the optical wavelength conversion
element 20, a semiconductor laser 3 as a fundamental
wave source and a fundamental wave inputting optical
system comprising a collimator lens 5 and a condenser
lens 6 were assembled into an optical wavelength con-
version module shown in Figure 1. A semiconductor la-
ser emitting an wavelength of 950nm or so was em-
ployed as the semiconductor laser 3 and the laser beam
4 emitted from the semiconductor laser 3 was caused
to enter the optical wavelength conversion element 20,
thereby generating a second harmonic whose wave-
length was one half of the laser beam 4.
[0047] Due to the domain reversal structure where the
domain reversals 8 are periodically arranged in the di-
rection of travel of the fundamental wave (laser beam
4), the laser beam 4 and the second harmonic are
matched with each other in phase (so-called artificial
phase matching). In this particular embodiment, a band
pass filter 9 was disposed between the collimator lens
5 and the condenser lens 6 in order to lock the longitu-
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dinal mode of the semiconductor laser 3.
[0048] In the optical wavelength conversion module,
since the orientation of the spontaneous polarization of
the substrate 2, i.e., the direction of Z-axis, is not normal
to the substrate surface 2a, even if the laser beam 4
emanating from the semiconductor laser 3 enters the
optical waveguide 1 with its direction of linear polariza-
tion (the direction of arrow Q) in parallel to the substrate
surface 2a, wavelength conversion can be realized by
use of nonlinear optical constant d33. In this case, since
the beam pattern of the laser beam emanating from the
semiconductor laser 3 is matched with that of the laser
beam travelling through the optical waveguide 1, the la-
ser beam emanating from the semiconductor laser 3 can
be input into the optical waveguide 1 at a high efficiency,
whereby intensity of the second harmonic generated
can be high. The laser beam 4 is guided in a TE mode
through the optical waveguide 1, and the effective non-
linear optical constant at this time is d33cosθ.
[0049] The conversion efficiency of wavelength con-
version in this case is 180%/Wcm2, which is greatly
higher than that, 55%/Wcm2, obtained in a conventional
optical wavelength conversion element formed by form-
ing an optical waveguide and a periodic domain reversal
structure on a X-or Y-cut LiTaO3 substrate described,
for instance, in "Technical Digest Of The Fourth Micro-
optics Conference And The Eleventh Topical Meeting
On Gradient-index Optical Systems" (page 154).
[0050] A second embodiment of the present invention
will be described with reference to Figure 8, hereinbe-
low. In Figure 8, elements analogous to those shown in
Figure 5 are given the same reference numerals and will
not be described here.
[0051] The second embodiment differs from the first
embodiment only in that both the comb-shaped elec-
trode 10 and the planar electrode 11 are mounted on
the same electrode surface 2a. Pulse voltages were ap-
plied between the electrodes 10 and 11 in the same
manner as the first embodiment. The shapes of the elec-
trodes 10 and 11, the gap G therebetween and the like
were the same as those in the first embodiment.
[0052] However in this embodiment, the ratio of the
domain reversals 8 to that of the non-reversed portions
becomes 1:1 when the electric voltage applied is about
1500V in the case the gap G is 200 µm and when the
electric voltage applied is about 3000V in the case the
gap G is 400 µm. The values of the voltage are for the
substrate at a room temperature, and when the temper-
ature of the substrate is, for instance, 200° C, the electric
voltages may be about one third of the value described
above.
[0053] Also in this embodiment, the depth of the do-
main reversals 8 formed was 2 to 3 µm, which was 2 to
3 times as deep as that (about 1 µm) of the conventional
optical wavelength conversion element shown in Figure
4.
[0054] Then an optical channel waveguide was
formed in the MgO-LN substrate 2 in the same manner

as in the first embodiment and -X face and +X face of
the MgO-LN substrate 2 including the end faces of the
optical channel waveguide 1 were subjected to optical
polishing, whereby an optical wavelength conversion el-
ement 20 was obtained. When the optical wavelength
conversion element 20 thus obtained was employed to
generate a second harmonic in the manner described
above in conjunction with Figure 1, the conversion effi-
ciency of wavelength conversion was 180%/Wcm2,
which was sufficiently high.
[0055] A third embodiment of the present invention
will be described with reference to Figure 9, hereinbe-
low.
[0056] The third embodiment differs from the first em-
bodiment only in that the planar electrode 11 is mounted
on one end face between the electrode surfaces 2a and
2b. Pulse voltages were applied between the electrodes
10 and 11 in the same manner as the first embodiment.
The shapes of the electrodes 10 and 11, the gap G ther-
ebetween and the like were the same as those in the
first embodiment.
[0057] In this embodiment, the ratio of the domain re-
versals 8 to that of the non-reversed portions becomes
1:1 when the electric voltage applied is about 1500V in
the case the gap G is 200 µm and when the electric volt-
age applied is about 3000V in the case the gap G is 400
µm. The values of the voltage are for the substrate at a
room temperature, and when the temperature of the
substrate is, for instance, 200° C, the electric voltages
may be about one third of the value described above.
[0058] Also in this embodiment, the depth of the do-
main reversals 8 formed was 2 to 3 µm, which was 2 to
3 times as deep as that (about 1 µm) of the conventional
optical wavelength conversion element shown in Figure
4.
[0059] Then an optical channel waveguide was
formed in the MgO-LN substrate 2 in the same manner
as in the first embodiment and -X face and +X face of
the MgO-LN substrate 2 including the end faces of the
optical channel waveguide 1 were subjected to optical
polishing, whereby an optical wavelength conversion el-
ement 20 was obtained. When the optical wavelength
conversion element 20 thus obtained was employed to
generate a second harmonic in the manner described
above in conjunction with Figure 1, the conversion effi-
ciency of wavelength conversion was 180%/Wcm2,
which was sufficiently high.
[0060] A fourth embodiment of the present invention
will be described with reference to Figure 10, hereinbe-
low.
[0061] The fourth embodiment differs from the first
embodiment in the manner of applying an electric field
to the MgO-LN substrate 2. That is, in this embodiment,
the electric field is applied by corona charging. For this
purpose, a comb-shaped electrode 10 the same as that
used in the first embodiment was mounted on the sub-
strate surface 2a and was grounded. Further a corona
head 30 was opposed to the other substrate surface 2b,
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and an electric voltage was applied between the elec-
trode 10 and the corona head 30 so that the comb-
shaped electrode 10 was at a positive potential and the
corona head 30 was at a negative potential, thereby ap-
plying an electric field by corona charging.
[0062] This causes the orientation of spontaneous po-
larization of the substrate 2, which has been directed to
+Z direction, to be reversed in the portion applied with
the voltage, whereby domain reversals 8 the same as
those shown in Figure 7 are formed. Since the orienta-
tion of spontaneous polarization is inclined at θ (=3° ) to
the substrate surface 2a also in this case, the orientation
of polarization of the domain reversals 8 is also inclined
at θ (=3° ) to the substrate surface 2a.
[0063] Application of the electric field by corona
charging was carried out with the comb-shaped elec-
trode 10 disposed in vacuum and the corona head 30
disposed in the atmosphere in order to prevent leak of
electric current. Otherwise the comb-shaped electrode
may be disposed in electrical insulating oil. It is preferred
that the electric field be applied in a pulse like fashion
with the pulse width set to 1 to 10 seconds.
[0064] The domain reversals 8 thus formed were ob-
served through a microscope. Also in this embodiment,
the depth of the domain reversals 8 formed was 2 to 3
times as deep as that (about 1 µm) of the conventional
optical wavelength conversion element shown in Figure
4.
[0065] Then an optical channel waveguide was
formed in the MgO-LN substrate 2 in the same manner
as in the first embodiment and -X face and +X face of
the MgO-LN substrate 2 including the end faces of the
optical channel waveguide 1 were subjected to optical
polishing, whereby an optical wavelength conversion el-
ement 20 was obtained. When the optical wavelength
conversion element 20 thus obtained was employed to
generate a second harmonic in the manner described
above in conjunction with Figure 1, the conversion effi-
ciency of wavelength conversion was 180%/Wcm2,
which was sufficiently high.
[0066] A fifth embodiment of the present invention will
be described with reference to Figure 11, hereinbelow.
[0067] The fifth embodiment differs from the preced-
ing embodiments in the manner of applying an electric
field to the MgO-LN substrate 2. That is, in this embod-
iment, a comb-shaped electrode 10 and a planar elec-
trode 11 which were the same as those shown in Figure
5 were respectively mounted on the substrate surfaces
2a and 2b. The comb-shaped electrode 10 was ground-
ed and electron rays 40 were irradiated onto the planar
electrode 11 in a pulse like fashion, whereby an electric
field was applied so that the comb-shaped electrode 10
on the +Z side was at a positive potential and the planar
electrode 11 on -Z side was at a negative potential.
[0068] This causes the orientation of spontaneous po-
larization of the substrate 2, which has been directed to
+Z direction, to be reversed in the portion applied with
the voltage, whereby domain reversals 8 the same as

those shown in Figure 7 are formed. Since the orienta-
tion of spontaneous polarization is inclined at θ (=3° ) to
the substrate surface 2a also in this case, the orientation
of polarization of the domain reversals 8 is also inclined
at θ (=3° ) to the substrate surface 2a.
[0069] Irradiation of electron rays 40 was carried out
under vacuum, for instance, not higher than 5x10-5 torr.
in order to prevent leak of electric current. The pulse
width of the electron rays may be 1 to 10 seconds.
[0070] When the domain reversals 8 are formed in this
manner, the ratio of the domain reversals 8 to that of the
non-reversed portions becomes 1:1 when the electric
voltage applied is about 4000V in the case the gap G
between the electrodes 10 and 11 is 200 µm and when
the electric voltage applied is about 3500V in the case
the gap G is 400 µm. The values of the voltage are for
the substrate at a room temperature, and when the tem-
perature of the substrate is, for instance, 200° C, the
electric voltages may be about one third of the value de-
scribed above.
[0071] The domain reversals 8 thus formed were ob-
served through a microscope. Also in this embodiment,
the depth of the domain reversals 8 formed was 2 to 3
times as deep as that (about 1 µm) of the conventional
optical wavelength conversion element shown in Figure
4.
[0072] Then an optical channel waveguide was
formed in the MgO-LN substrate 2 in the same manner
as in the first embodiment and -X face and +X face of
the MgO-LN substrate 2 including the end faces of the
optical channel waveguide 1 were subjected to optical
polishing, whereby an optical wavelength conversion el-
ement 20 was obtained. When the optical wavelength
conversion element 20 thus obtained was employed to
generate a second harmonic in the manner described
above in conjunction with Figure 1, the conversion effi-
ciency of wavelength conversion was 180%/Wcm2,
which was sufficiently high.
[0073] A sixth embodiment of the present invention
will be described with reference to Figure 12, hereinbe-
low.
[0074] The sixth embodiment differs from the fifth em-
bodiment in the position of the planar electrode 11. That
is, in this embodiment, the planar electrode 11 is mount-
ed on the surface 2a of the MgO-LN substrate 2 together
with the comb-shaped electrode 10 and electron rays
40 are irradiated onto the planar electrode 11 to form
the domain reversals 8.
[0075] A seventh embodiment of the present inven-
tion will be described with reference to Figure 13, here-
inbelow.
[0076] The seventh embodiment differs from the fifth
embodiment in the position of the planar electrode 11.
That is, in this embodiment, the planar electrode 11 is
mounted on an end face of the MgO-LN substrate 2 be-
tween the surfaces 2a and 2b and electron rays 40 are
irradiated onto the planar electrode 11 to form the do-
main reversals 8.
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[0077] An eighth embodiment of the present invention
will be described with reference to Figure 14, hereinbe-
low.
[0078] The eighth embodiment differs from the fifth to
seventh embodiments in that the planar electrode 11 is
not provided and electron rays 40 are irradiated onto the
surface 2b of the MgO-LN substrate 2 to two-dimension-
ally scan the surface 2b to form the domain reversals 8.
[0079] Though the longitudinal mode of the semicon-
ductor laser 3 is locked by the band pass filter 9 in the
wavelength conversion module shown in Figure 1, it is
possible to lock the longitudinal mode by other methods.
For example, in the wavelength conversion module
shown in Figure 15, the laser beam 4 and the second
harmonic thereof 4' emanating from the optical wave-
length conversion element 20 are collimated by a colli-
mator lens 50 and then the second harmonic 4' is re-
flected at a dichroic mirror 51 while the laser beam 4 is
transmitted through the dichroic mirror 51 and reflected
at a grating 52 to return to the semiconductor laser 3.
That is, the longitudinal mode the semiconductor laser
3 is locked by virtue of wavelength selecting effect of the
grating 52.
[0080] In the wavelength conversion module shown
in Figure 16, the semiconductor laser 3 is directly cou-
pled to an end face of the optical wavelength conversion
element 20 and the longitudinal mode of the semicon-
ductor laser 3 is locked by a DBR (distributed Bragg re-
flection) grating (not shown) formed in the active medi-
um of the semiconductor laser 3.
[0081] Further the method of applying an electric field
to the MgO-LN substrate 2 need not be limited to those
described above, directly applying an electric voltage
through electrodes, corona charging and irradiation of
electron rays. For example, an electric field may be ap-
plied by irradiation of a focusing ion beam.
[0082] Though, in the MgO-LN substrate 2 described
above, Z-axis and Y-axis are offset respectively from the
directions parallel and normal to the substrate surface
2a, the similar result can be obtained when at least Z-
axis is offset from the direction parallel to the substrate
surface 2a.
[0083] In place of the optical waveguide formed by
proton exchange and annealing, an optical waveguide
formed by diffusing Ti may be employed.

Claims

1. An optical wavelength conversion element compris-
ing an optical waveguide which is formed in a fer-
roelectric crystal substrate having a nonlinear opti-
cal effect and extends along one surface of the sub-
strate, and domain reversals which are periodically
formed in the optical waveguide and arranged in a
direction, the orientation of the spontaneous polar-
ization of the substrate being reversed in the do-
main reversals and the optical wavelength conver-

sion element being for converting the wavelength
of a fundamental wave travelling in the direction in
which the domain reversals are arranged under the
guidance of the optical waveguide, wherein the ori-
entation of the spontaneous polarization of the sub-
strate is at an angle Θ larger than 0° and smaller
than 90° to said one surface of the substrate in a
plane normal to the direction in which the funda-
mental wave is guided, characterized in that each
domain of reversed polarization extends in the di-
rection of orientation of spontaneous polarization.

2. An optical wavelength conversion element as de-
fined in claim 1 in which the optical waveguide is
formed by proton exchange and said angle Θ is
smaller than 70°.

3. An optical wavelength conversion element as de-
fined in claim 2 in which said angle is 3°.

4. An optical wavelength conversion element as de-
fined in claim 2 in which the optical waveguide is
formed by proton exchange and annealing and said
angle Θ is smaller than 20°.

5. An optical wavelength conversion element as de-
fined in any one of claims 1, 2 or 4 in which said
angle Θ is larger than 0.2°.

6. An optical wavelength conversion element as de-
fined in claim 5 in which the optical waveguide is
formed by proton exchange and annealing and said
angle Θ is larger than 0.5°.

7. An optical wavelength conversion element as de-
fined in anyone of claims 1 to 6 in which the ferro-
electric crystal substrate is formed of LiNbxTa1-x O3
(0ξO≤X≤1).

8. An optical wavelength conversion element as de-
fined in anyone of claims 1 to 6 in which the ferro-
electric crystal substrate is formed of LiNb03 doped
with MgO.

9. An optical wavelength conversion module compris-
ing an optical wavelength conversion element ac-
cording to any of claims 1 to 8 and a semiconductor
laser for inputting a laser beam as a fundamental
wave into the optical waveguide of the optical wave-
length conversion element so that the laser beam
is guided in a TE mode through the optical
waveguide of the optical wavelength conversion el-
ement.

10. A process for obtaining an optical wavelength con-
version element as defined in anyone of claims 1 to
8, said process comprising the steps of:
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forming a substrate by cutting a single domain
ferroelectric crystal having a non-linear optical
effect along a plane at an angle Θ larger than
0° and smaller than 90° to the orientation of
spontaneous polarization of the ferroelectric
crystal;

forming periodic domain reversals in the sub-
strate by applying an electric field in a prede-
termined pattern to the substrate from outside
the substrate, the thus obtained domains of re-
versed polarization ("domain reversals") ex-
tending along a direction parallel to the orien-
tation of spontaneous polarization in the sub-
strate, and

forming in the substrate an optical waveguide
which includes the domain reversals and ex-
tends along a surface of the substrate parallel
to the cut surface.

Patentansprüche

1. Optisches Wellenlängenwandlerelement, umfas-
send einen optischen Wellenleiter, der in einem fer-
roelektrischen Kristallsubstrat mit nicht-linearem
optischen Effekt ausgebildet ist und sich entlang ei-
ner Oberfläche des Substrats erstreckt, und Domä-
nenumkehrungen, die in dem optischen Wellenlei-
ter periodisch ausgebildet und in einer Richtung an-
geordnet sind, wobei die Orientierung der sponta-
nen Polarisation des Substrats in den Domänenum-
kehrungen umgekehrt ist und das optische Wellen-
längenwandlerelement dazu dient, die Wellenlänge
einer sich in Anordnungsrichtung der Domänenum-
kehrung unter Führung des optischen Wellenleiters
ausbreitenden Grundwelle umzuwandeln, wobei
die Orientierung der spontanten Polarisation des
Substrats einen Winkel θ von mehr als 0° und we-
niger als 90° zu der einen Oberfläche des Substrats
in einer Ebene bildet, die lotrecht zu der Richtung
verläuft, in der die Grundwelle geführt wird, da-
durch gekennzeichnet, daß jede Domäne umge-
kehrter Polarisation ("Domänenumkehrung") sich in
der Richtung der Orientierung spontaner Polarisa-
tion erstreckt.

2. Optisches Wellenlängenwandlerelement nach An-
spruch 1, bei dem der optische Wellenleiter durch
Protonenaustausch gebildet ist und der Winkel θ
kleiner als 70° ist.

3. Optisches Wellenlängenwandlerelement nach An-
spruch 2, bei dem der Winkel θ 3° beträgt.

4. Optisches Wellenlängenwandlerelement nach An-
spruch 2, bei dem der optische Wellenleiter durch

Protonenaustausch und Wärmebehandlung gebil-
det ist und der Winkel θ kleiner als 20° ist.

5. Optisches Wellenlängenwandlerelement nach ei-
nem der Ansprüche 1, 2 oder 4, bei dem der Winkel
θ größer als 0,2° ist.

6. Optisches Wellenlängenwandlerelement nach An-
spruch 5, bei dem der optische Wellenleiter durch
Protonenaustausch und Wärmebehandlung gebil-
det ist und der Winkel θ größer als 0,5° ist.

7. Optisches Wellenlängenwandlerelement nach ei-
nem der Ansprüche 1 bis 6, bei dem das ferroelek-
trische Kristallsubstrat aus LiNbxTa1-xO3(0≤X≤1)
gebildet ist.

8. Optisches Wellenlängenwandlerelement nach ei-
nem der Ansprüche 1 bis 6, bei dem das ferroelek-
trische Kristallsubstrat aus LiNbO3, dotiert mit MgO,
gebildet ist.

9. Optisches Wellenlängenwandlermodul, umfassend
ein optisches Wellenlängenwandlerelement nach
einem der Ansprüche 1 bis 8 und einen Halbleiter-
laser zum Einleiten eines Laserstrahls als Grund-
welle in den optischen Wellenleiter des optischen
Wellenlängenwandlerelements derart, daß der La-
serstrahl in einem TE-Modus durch den optischen
Wellenleiter des optischen Wellenlängenwandler-
elements geführt wird.

10. Verfahren zum Herstellen eines optischen Wellen-
längenwandlerelements gemäß einem der Ansprü-
che 1 bis 8, umfassend folgende Schritte:

Ausbilden eines Substrats durch Schneiden ei-
nes ferroelektrischen Einzeldomänenkristalls
mit nicht-linearem optischen Effekt entlang ei-
ner Ebene unter einem Winkel θ, der größer als
0° und kleiner als 90° ist, gegenüber der Orien-
tierung der spontanen Polarisation des ferro-
elektrischen Kristalls;

Ausbilden von periodischen Domänenumkeh-
rungen innerhalb des Substrats durch Anlegen
eines elektrischen Felds in einem vorbestimm-
ten Muster an das Substrat von außerhalb des
Substrats, wobei sich die so erhaltenen Domä-
nen umgekehrter Polarisation ("Domänenum-
kehrungen") entlang einer Richtung parallel zur
Orientierung der spontanen Polarisation in dem
Substrat erstrecken; und

Ausbilden eines optischen Wellenleiters inner-
halb des Substrats, welcher die Domänenum-
kehrungen beinhaltet und sich entlang einer
Oberfläche des Substrats parallel zu der
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Schnittfläche erstreckt.

Revendications

1. Elément de conversion de longueur d'onde optique
comprenant un guide d'onde optique qui est formé
dans un substrat de cristal ferroélectrique ayant un
effet optique non linéaire et s'étendant le long d'une
surface du substrat, et des inversions de domaine
qui sont périodiquement formées dans le guide
d'onde optique et agencées dans une direction,
l'orientation de la polarisation spontanée du subs-
trat étant inversée dans les inversions de domaine
et l'élément de conversion de longueur d'onde op-
tique étant prévu pour convertir la longueur d'onde
d'une onde fondamentale se déplaçant dans la di-
rection dans laquelle les inversions de domaine
sont agencées sous le guidage du guide d'onde op-
tique, dans lequel l'orientation de la polarisation
spontanée du substrat est à un angle θ supérieur à
0° et inférieur à 90° par rapport à ladite une surface
du substrat dans un plan perpendiculaire à la direc-
tion dans laquelle l'onde fondamentale est guidée,
caractérisé en ce que chaque domaine de polari-
sation inversée s'étend dans la direction de l'orien-
tation de la polarisation spontanée.

2. Elément de conversion de longueur d'onde optique
selon la revendication 1, dans lequel le guide d'on-
de optique est formé par échange de protons et ledit
angle θ est inférieur à 70°.

3. Elément de conversion de longueur d'onde optique
selon la revendication 2, dans lequel ledit angle θ
est de 3°.

4. Elément de conversion de longueur d'onde optique
selon la revendication 2, dans lequel ledit guide
d'onde optique est formé par échange de protons
et recuit et ledit angle θ est inférieur à 20°.

5. Elément de conversion de longueur d'onde optique
selon l'une quelconque des revendications 1, 2 ou
4, dans lequel ledit angle θ est supérieur à 0,2°.

6. Elément de conversion de longueur d'onde optique
selon la revendication 5, dans lequel le guide d'on-
de optique est formé par échange de protons et re-
cuit et ledit angle θ est supérieur à 0,5°.

7. Elément de conversion de longueur d'onde optique
selon l'une quelconque des revendications 1 à 6,
dans lequel le substrat de cristal ferroélectrique est
formé de LiNbxTa1-xO3 (0≈0≤X≤1).

8. Elément de conversion de longueur d'onde optique
selon l'une quelconque des revendications 1 à 6,

dans lequel le substrat de cristal ferroélectrique est
formé de LiNbO3 dopé avec du MgO.

9. Module de conversion de longueur d'onde optique
comprenant un élément de conversion de longueur
d'onde optique selon l'une quelconque des reven-
dications 1 à 8 et un laser semi-conducteur pour fai-
re entrer un faisceau laser comme onde fondamen-
tale dans le guide d'onde optique de l'élément de
conversion de longueur d'onde optique de sorte que
le faisceau laser soit guidé dans un mode TE à tra-
vers le guide d'onde optique de l'élément de con-
version de longueur d'onde optique.

10. Procédé d'obtention d'un élément de conversion de
longueur d'onde optique selon l'une quelconque
des revendications 1 à 8, ledit procédé comprenant
les étapes consistant à :

former un substrat en découpant un cristal fer-
roélectrique individuel ayant un effet optique
non linéaire dans un plan à un angle θ supérieur
à 0° et inférieur à 90° par rapport à l'orientation
de polarisation spontanée du cristal
ferroélectrique ;
former des inversions de domaine périodiques
sur le substrat en appliquant un champ électri-
que selon un motif prédéterminé au substrat
depuis l'extérieur du substrat, les domaines de
polarisation inversés ("inversions de domaine")
ainsi obtenus s'étendant selon une direction
parallèle à l'orientation de la polarisation spon-
tanée dans le substrat, et
former sur le substrat un guide d'onde optique
qui inclut les inversions de domaine et s'étend
sur une surface du substrat parallèle à la sur-
face de coupe.
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