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(57) A composite photonic structure element com-
prises a photonic crystal and multilayer films. The phot-
onic crystal is formed by alternately laminating a plurality
of sets of an active layer having a nonlinear effect for
converting a fundamental wave into a second harmonic
and an inactive layer having no nonlinear effect, and is
constructed such that the energy of the fundamental
wave coincides with a photonic bandgap end. Each of
the multilayer films is formed by laminating a plurality of
sets of two kinds of thin films having different refractive
indexes and reflects the fundamental wave. The multi-
layer films are connected to both ends of the photonic
crystal. The fundamental wave enters one of end faces
and is reciprocally reflected between resonators having
the multilayer films, so that the intensity of the fundamen-
tal wave is enhanced within the photonic crystal. The
fundamental wave is converted into a second harmonic
in the active layer, and the second harmonic is taken out
from the other end face.
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Description

Technical Field

[0001] The present invention relates to a composite photonic structure element which converts the wavelength of a
laser beam into a double harmonic or generates a third-order nonlinear signal, a surface emitting laser using the composite
photonic structure element, a wavelength conversion element, and a laser processing device using the wavelength
conversion element. Nonlinear elements have widely been used to convert a fundamental wave (at a wavelength of 1.06
Pm) of a YAG laser into a double harmonic (532 nm), so as utilize it for laser processing. That is a laser processing
device comprising a laser for generating a fundamental wave, a wavelength conversion element for converting the
fundamental wave into a second harmonic, and an optical system for converging the second harmonic and irradiating
an object therewith. Materials which are transparent to the fundamental wave but nontransparent to the double harmonic
can be processed by the double harmonic. Though the double harmonic is not a laser beam itself, its fundamental wave
is a laser beam, whereby devices utilizing the former are also often referred to simply as laser processing devices. The
double harmonic is also referred to as second harmonic, double wave, and the like.
[0002] The nonlinear optical effect is that a certain transparent crystal generates a dielectric polarization proportional
to the square or higher power of an electric field. In practice, the dielectric polarization higher than the second order is
very small, whereby the second-order polarization is taken into consideration. The triple harmonic can be generated by
joining the double harmonic and the fundamental wave together.
[0003] The proportion of the magnitude of polarization to the square, cube, or higher power is referred to as a nonlinear
optical coefficient χ. There are various kinds of χ. In the case of a square component to be joined, for example, when a
polarization Pk occurs in a k direction with respect to m and n components of an electric field Em(ω1), En(ω2), it is
expressed as Pk(ω1 + ω2) = χ(2)

kmnEm(ω1)En(ω2). ω1 and ω2 are angular frequencies of light. χ(2) is a third-order tensor.
In order for such values to exist, the crystal must be free from inversion symmetry.
[0004] For example, GaAs has χ(2)

14 which satisfies Pz =χ(2)
142EyEx. This allows a second-order polarization to

generate in the z direction by making a fundamental wave propagating in a direction tilted against three axes of x, y,
and z enter a GaAs crystal such that a plane of polarization exists in the xy directions. For simplification, without considering
orientations, the following will assume that the z direction is a propagating direction of the fundamental wave and double
harmonic while the electric field has an x component.
[0005] There are many crystals without inversion symmetry. Nevertheless, those having small χ(2) cannot be utilized.
Only those having large χ(2) are useful. It is also necessary for them to be transparent to the fundamental wave and
harmonics. They are also required to be free from deliquescence and stable for long terms. Only very limited crystals
have a high nonlinear optical coefficient χ(2) while being transparent and exhibiting no changes over years.
[0006] There is a further difficult condition. A dielectric polarization proportional to the square of an electric field occurs
along an advancing direction of light (fundamental wave with an angular frequency ω), which further produces radiation.
This radiation has a doubled angular frequency (2ω). The fundamental wave advances in the crystal while inducing the
second-order dielectric polarization and generating the double harmonic. In the crystal, the fundamental wave and the
double harmonic coexist and advance in the same direction. As this conversion progresses, the fundamental wave and
the double harmonic must decrease and increase, respectively, thereby keeping the total electric power constant. Since
the conversion to the double harmonic is small, however, the intensity of the fundamental wave is assumed to be stable
in the whole length of the nonlinear crystal. The second-order dielectric polarization caused by the fundamental wave
is also assumed to be stable. This becomes a source term in a wave equation, whereby the double harmonic increases.
In the following, the double harmonic will simply be referred to as double wave.
[0007] If the fundamental wave (ω) and the double wave (2ω) advance in the same direction while having the same
spatial periodicity, the conversion from the fundamental wave into the double wave will progress unidirectionally. The
double wave will be accumulated in proportion to the length of the crystal. The double wave will be enhanced as the
crystal length L is longer. This is hard to occur, however.
[0008] The light velocity in a material having a refractive index of n is c/n. The electric field of light satisfies a wave
equation whose velocity coefficient is c/n. The wave number k of light at an angular frequency ω is ωn/c. The wave
number k is a phase angle change at the time when light advances by a unit length in a medium. It can also be called
a spatial angular frequency. The wave number k has a relationship of k = 2π/λ with respect to the wavelength λ in
vacuum. It also has a relationship of k = ωn/c with respect to the angular frequency ω.
[0009] Let ω be the angular frequency of the fundamental wave. Let n(ω) and n(2ω) be the respective refractive indexes
of the fundamental wave and double wave. The wave number k of the fundamental wave is ωn(ω)/c, while the wave
number w of the double wave is 2ωn(2ω)/c. Since the angular frequency with respect to time is doubled, if the spatial
angular frequency is doubled (w = 2k), the phase of the double wave will always be twice that of the fundamental wave,
whereby they will exhibit the same periodicity. Only in this case, the double wave will increase as the fundamental wave
progresses. For this, it is necessary that n(ω) = n(2ω). That is, the fundamental-wave refractive index equals the double-
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wave refractive index. For simplicity, n(ω) and n(2ω) will also be referred to as n1 and n2, respectively.
[0010] However, any crystal has a finite refractive index dispersion (dn/dω). There is no material in which n(ω) = n
(2ω). In most cases, dn/dω is positive, whereby n(2ω) is greater than n(ω). For example, a YANG laser has the fundamental
wave λ1 = 1.064 Pm and the double wave λ2 = 0.532 Pm. Optical material crystals hardly exhibit the same refractive
index for such greatly differing wavelengths.
[0011] Since the fundamental wave and double wave have different refractive indexes (n1 ≠ n2), w - 2k = 0 does not
hold. Though the time frequency is doubled, the spatial frequency is not doubled. w - 2k > 0. There is a discrepancy
between time and space.
[0012] Let ∆k be the difference between the double harmonic wave number w and 2k which is two times the fundamental-
wave wave number k. ∆k = w - 2k. This is not 0 in a nonlinear optical crystal. Since this is not 0, the double waves that
have managed to increase cancel each other out. The intensity of the double wave only vibrates with a period of 2π/∆k
in the advancing direction. The double wave will not increase no matter how long the nonlinear crystal is.
[0013] Even when there is a strong transparent monocrystal having a high nonlinearity without deliquescence, it incurs
a refractive index dispersion (n1 ≠ n2) and thus is unusable as an element for generating harmonics.

Background Art

[0014] For generating a harmonic at a high efficiency, it will be sufficient if ∆k = 0 in a nonlinear optical element. For
this purpose, a method using a crystal exhibiting different refractive indexes for extraordinary and ordinary beams has
been proposed. The fact that the refractive index differs between extraordinary and ordinary beams is referred to as
birefringence. In the case of a particular crystal having a uniaxial or biaxial anisotropy, its extraordinary-beam refractive
index ne and ordinary-beam refractive index no differ from each other. These also vary depending on the angular frequency
ω.
[0015] The direction of incidence of the incident fundamental wave with respect to the crystal axis is selected suitably
such that the fundamental wave has an extraordinary beam component and an ordinary beam component. The double
wave occurs in any of ordinary and extraordinary beam directions. The direction of occurrence depends on the nonlinear
coefficient χ.
[0016] In a certain birefringent crystal, the extraordinary beam refractive index ne changes like a spheroid depending
on the orientation (xy, z in the case of uniaxial anisotropy), for example. The ordinary beam refractive index no takes a
fixed value like that of a spherical surface independent of the orientation (xy, z).
[0017] Let ne = no in the z-axis direction and ne > no in the rest. Because of the refractive index dispersion, ne(2ω) >
ne(ω), and no(2ω) > no(ω). For example, one direction in which ne(ω) = no(2ω) exists. There is also an orientation in
which ne(ω) + no(ω) = 2no(2ω). Setting the direction of polarization in an appropriate direction between the xy plane and
the z axis and making linearly-polarized light enter in a direction orthogonal thereto satisfies such a condition.
[0018] It necessitates very complicated setting and adjustment of an orientation, which is very hard to do. However,
only those utilizing this birefringence have been put into practice substantially uniquely as harmonic generating elements.
Crystals yielding high nonlinear effects are made, and birefringence is utilized so as to approximate ∆k = 0. Non Patent
Literatures 1 to 7 mention various nonlinear materials. Various crystals such as LN (LiNbO3), KTP (KTiOPO4), BBO (β-
BaB2O4), and CLBO (CsLiB6O10) have been proposed. The latter three are considered to be materials having a large
nonlinear coefficient and birefringence, but are new materials whose crystals are very hard to grow. Since their crystal
growth has a low yield, a number of crystals must be made, from which a small number of crystals exhibiting favorable
performances will be chosen. The yield is very low. This incurs a high cost.
[0019] Using birefringence so as to yield ne(ω) = no(2ω) or ne(ω) + no(ω) = 2no(2ω) makes it very hard to set a surface
angle for cutting out the crystal. If the crystal plane shifts a little, the above will not be obtained even when there is
birefringence. The plane of polarization of light must be located in a certain intermediate direction, while a laser beam
is often kept from being incident on the crystal plane at right angles, which makes it hard to control the orientation of the
beam and the plane of polarization. Even when once adjusted to an optimal orientation, the laser has such a high power
for laser processing that optical components may be heated intensively in working environments with a lot of vibrations
and noises, whereby positional and directional relationships may become out of order. Laser processing must be carried
out while cooling the nonlinear optical elements and strictly managing the temperature of the working environment.
[0020] Another candidate is quasi-phase matching. It is proposed in Non Patent Literatures 6 and 8 and the like. Since
the power of the double wave changes with a period of 2π/∆k as mentioned above, a multilayer film in which crystal films
having their polarity reversed at intervals of π/∆k which is half the above-mentioned period are arranged is made. Since
the crystal film has a polarity, the double wave advancing its phase ahead of two times the fundamental wave in the
upward polarity drastically changes from sin(kz) to sin(-kz) when in the inversion polarity, whereby two times the funda-
mental wave advances its phase ahead of the double wave.
[0021] The double wave is also faster in an inverted crystal, so that the phase advances, but the polarity of the crystal
is inverted again. The reciprocating path is inverted in the middle, so that the slower one goes ahead. Inverting the
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polarity at intervals of 2π/∆k as such exchanges the winner and looser. Lower and higher speeds alternate, so that the
double waves are kept from cancelling each other out and becoming 0. Though ∆k is not 0, changing the polarity reverses
the lower and higher speeds, so as to effect quasi-phase matching, thereby increasing the double wave. This occurs
when alternately laminating (0001) and (000-1) thin films of GaN which is a polar dielectric, for example. Such is proposed
in Non Patent Literature 8.
[0022] Thin films of (0001) and (000-1) planes of a GaN crystal are laminated at a period of Λ = 17.2 Pm. That is, C
and -C thin films inverting the polarity at intervals of 8.1 Pm are laminated. This inverts the polarity for each thin film, so
as to retard the advancement of the phase in the z direction, thereby reversing the order of the double wave and the
fundamental wave. Even if the wave number of the double wave is so large that the phase change is two times or more,
it will be cancelled. The fundamental wave and double wave are thus subjected to quasi-phase matching.
[0023] Non Patent Literature 9 has proposed the concept of photonic crystal for the first time. This is a crystal in which
two kinds of transparent crystals having different refractive indexes and thicknesses are alternately laminated, so that
light in a certain wavelength band cannot pass therethrough. The wavelength band that is not transmissible is called a
photonic bandgap (PBG). Non Patent Literature 9 calls it so because it is a forbidden band where no light can exist in
analogy with states of electrons in semiconductors. One laminating layers alternately in one dimension as mentioned
above is a one-dimensional photonic crystal. A two-dimensional photonic crystal in which two kinds of transparent crystals
having different refractive indexes are arranged in longitudinal and lateral directions has also been proposed. A three-
dimensional photonic crystal in which two kinds of transparent rectangular parallelepiped crystals having different re-
fractive indexes are arranged in longitudinal, lateral, and height directions has also been proposed. The present invention
uses a one-dimensional photonic crystal.
[0024] Forgetting the difficult phase-matching condition for a while, it has also been proposed to convert the wavelength
without using nonlinear effects of nonlinear crystals. Patent Literature 1 produces a multilayer thin crystal film alternating
two sets of titania and silica having different photonic bandgaps (PBG), forms a layer therebetween which changes its
refractive index with time, and makes light having a wavelength λ = 915 nm (f = 328 THz) incident thereon, so as to
change the refractive index of the intermediate layer, thereby changing the light into one having a wavelength λ = 700
nm (f = 429 THz). None of titania and silica has a nonlinear effect. This is listed here because of its statement that a
wavelength is converted by a crystal having no nonlinear effect.

Non Patent Literature 1: Jun Sakuma, "Wavelength conversion to infrared and deep UV regions", Journal of Japan
Laser Processing Society, Vol. 8, No. 2 (2001) p129-134
Non Patent Literature 2: Takashi Kondo, "Wavelength conversion using nonlinear optical crystal", Journal of Japan
Laser Processing Society, Vol. 8, No. 2 (2001) p139-143
Non Patent Literature 3: Yusuke Mori, Masashi Yoshimura, Tomosumi Kamimura, Yap Yoke Khin, and Takatomo
Sasaki, "Present state and problems of wavelength conversion crystal for generating UV laser beam", Journal of
Japan Laser Processing Society, Vol. 8, No. 2 (2001) p109-113
Non Patent Literature 4: Naotada Okada, Michio Nakayama, Ryuichi Togawa, and Hiroshi Yuasa, "SHG-YAG laser
and its application", Journal of Japan Laser Processing Society, Vol. 8, No. 2 (2001) p114-118
Non Patent Literature 5: Tetsuo Kojima, Susumu Konno, Shuichi Fujikawa, and Koji Yasui, "THG and FHG lasers
for fine processing", Journal of Japan Laser Processing Society, Vol. 8, No. 2 (2001) p119-123
Non Patent Literature 6: Sunao Kurimura, Martin M. Fejer, Takunori Taira, Yoshiaki Uesu, and Hirochika Nakajima,
"Twin-controlled crystal quartz for quasi-phase-matched wavelength conversion in ultraviolet region", OYO BUTURI,
Vol. 69, No. 5, (2000) p548-552 Non Patent Literature 7: H.Yang, P.Xie, S.K. Chan, Z.Q. Zhang, LK. Sou, G.K.L.
Wong, and K.S. Wong, "Efficient second harmonic generation from large band gap II-VI semiconductor phtonic
crystal", Appl. Phys. Lett. vol. 87, 131106 (2005)
Non Patent Literature 8: Aref Chowdhury, Hock M. Ng, Manish Bhardwaj, and Nils G. Weimann, "Second-harmonic
generation in periodically poled GaN", Appl. Phys. Lett. Vol. 83, No. 6, (11 August 2003) p1077-1079
Non Patent Literature 9: Eli Yablonovitch, "Inhibited Spontaneous Emission in Solid-State Physics and Electronics",
Phy. Rev. Lett. Vol. 58, No. 20, (May 1987) p2059-2062
Patent Literature 1: Japanese Patent Application Laid-Open No. 2007-206439

Disclosure of Invention

Technical Problem

[0025] The sole technique put into practice for generating a double harmonic by using a nonlinear optical element is
one utilizing the birefringence caused by a difference between index ellipsoids of extraordinary and ordinary beams.
This is a matured technique, while being improved by manufacturing and using new kinds of crystals having higher
nonlinear coefficients χ(2). This is only one with practicality. By utilizing the difference in refractive index between ex-
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traordinary and ordinary beams in a crystal having a nonlinear effect, ∆k = w(2ω) - 2k(ω) = 0. The adjustment of orientation
is so subtle that the crystal is hard to manufacture. The yield in manufacturing the crystal is so low that the crystal is
expensive.
[0026] Even when the crystal is formed, orientations of the laser beam and crystal are hard to adjust. Even a slight
temperature change alters the refractive index and optical path length, whereby ∆k shifts from 0. Strict temperature
adjustment is necessary. No vibrations and shocks are allowed, since they alter relative orientations of the light and
crystal. Such conditions are hard to fulfill in a laser processing device which processes a material by concentrating an
enormous power at the material. The quasi-phase matching method has not been put into practice, though various
proposals have been made.
[0027] The wavelength conversion element combining two sets of photonic bandgap layers with the intermediate
refractive index changing layer in Patent Literature 1 is questionable in terms of its principle. The fundamental wave and
converted wave are said to have substantially the same intensity. This is because the nonlinear effect is not used.
However, changing the refractive index of the intermediate layer with time alone cannot alter the light wavelength. Patent
Literature 1 seems to be wrong in its principle.
[0028] A photonic crystal is a dielectric multilayer crystal in which two different kinds of materials are repeatedly
laminated with their appropriate thicknesses d1 and d2 on a substrate, and is an artificial crystal. It does not transmit
therethrough light in a certain wavelength region. The range of wavelength of light that cannot pass is called a photonic
bandgap in analogy with energy gaps of semiconductors and insulators. Light having other wavelengths passes there-
through well.
[0029] There are many articles and patent applications concerning the photonic bandgap such as Patent Literature
1. None of them is completely clear in terms of the processing and grounds of calculations. Their accomplishments are
just results of calculations. There are many inferences, which are not confirmed, often incur errors, and are not always
reliable. None has been put into practice in those carrying out wavelength conversion by using the photonic bandgap.
[0030] Putting aside the problem of phase matching, the present invention aims at enhancing the field intensity by
using a photonic crystal, so as to generate a double harmonic efficiently.

Solution to Problem

[0031] For achieving the object mentioned above, the composite photonic structure element of the present invention
comprises a photonic crystal formed by alternately laminating a plurality of sets of an active layer having a nonlinear
effect for converting a fundamental wave into a second harmonic and an inactive layer free of the nonlinear effect, the
photonic crystal being constructed such that an energy of the fundamental wave coincides with a photonic bandgap end;
and multilayer films, each formed by laminating a plurality of sets of two kinds of thin films having different refractive
indexes, for reflecting the fundamental wave; wherein the multilayer films are connected to both sides of the photonic
crystal; wherein the fundamental wave enters from one of end faces and is reciprocally reflected between resonators
equipped with the multilayer films so as to enhance an intensity within the photonic crystal; and wherein the fundamental
wave is converted into the second harmonic in the active layer, and the second harmonic is taken out from the other
end face.
[0032] Preferably, in the composite photonic structure element of the present invention, the photonic crystal is con-
structed such that an energy of the second harmonic, in addition to the energy of the fundamental wave, coincides with
a photonic bandgap end.
[0033] Preferably, in the composite photonic structure element of the present invention, the active layer is a GaAs
layer, while the inactive layer is an AlxGa1-xAs layer.
[0034] Preferably, in the composite photonic structure element of the present invention, the inactive layer is an
Al0.82Ga0.18As layer.
[0035] Preferably, in the composite photonic structure element of the present invention, the multilayer film is a laminate
of AlyGa1-yAs and Al2Ga1-zAs layers.
[0036] Preferably, in the composite photonic structure element of the present invention, the multilayer film is a laminate
of Al0.82Ga0.18As and Al0.24Ga0.76As layers.
[0037] Preferably, in the composite photonic structure element of the present invention, the fundamental wave has a
wavelength near 1864 nm, while the second harmonic has a wavelength near 932 nm.
[0038] Preferably, in the composite photonic structure element of the present invention, the active layer is a ZnO layer,
while the inactive layer is an SiO2 layer.
[0039] Preferably, in the composite photonic structure element of the present invention, the multilayer film is a laminate
of Al2O3 and SiO2 layers.
[0040] Preferably, in the composite photonic structure element of the present invention, the multilayer film is a laminate
of MgO and SiO2 layers.
[0041] Preferably, in the composite photonic structure element of the present invention, the multilayer film is a laminate
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of Ta2O5 and SiO2 layers.
[0042] The surface emitting laser of the present invention is a surface emitting laser using the composite photonic
structure element described in the foregoing.
[0043] A wavelength conversion element of the present invention comprises a bipolar multilayer crystal H formed by
alternately laminating a plurality of sets of an active layer having a nonlinear effect for converting a fundamental wave
into a second harmonic or generating a third-order nonlinear signal and an inactive layer free of the nonlinear effect;
and first and second reflector multilayer films K1, K2, each formed by laminating a plurality of sets of two kinds of thin
films having different refractive indexes, for reflecting the fundamental wave; wherein the first and second reflector
multilayer films K1, K2 are connected to both sides of the bipolar multilayer crystal H; wherein the bipolar multilayer
crystal H is constructed such that the alternately laminated plurality of sets of the active and inactive layers invert layers
therewithin; wherein the fundamental wave enters from one of end faces and is reciprocally reflected between resonators
equipped with the first and second reflector multilayer films K1, K2 so as to enhance an intensity within the bipolar
multilayer crystal H; and wherein the fundamental wave is converted into the second harmonic in the active layer, and
the second harmonic is taken out from the other end face.
[0044] Preferably, in the wavelength conversion element of the present invention, the bipolar multilayer crystal H is
constructed such that the alternately laminated plurality of sets of the active and inactive layers invert layers in an
intermediate portion located near a center in the length of the bipolar multilayer crystal H.
[0045] Preferably, in the wavelength conversion element of the present invention, the bipolar multilayer crystal H and
the first and second reflector multilayer films K1, K2 are constructed such that, when the fundamental wave enters from
the one end face, an electric field is increased in the first reflector multilayer film K1, the electric field is increased on the
first reflector multilayer film K1 side of the bipolar multilayer crystal H, the electric field is maximized in the intermediate
portion of the bipolar multilayer crystal H, the electric field is decreased on the second reflector multilayer film K2 side
of the bipolar multilayer crystal H, the electric field is decreased in the second reflector multilayer film K2, and a transmitted
wave having substantially the same intensity as that of the fundamental wave having entered therein is emitted from the
other end face.
[0046] A laser processing device of the present invention comprises a laser for generating a fundamental wave having
a wavelength λ, the wavelength conversion element described in the foregoing, and an optical system for converging
the second harmonic and irradiating an object therewith.
[0047] Another wavelength conversion element of the present invention comprises a bipolar multilayer crystal H formed
by alternately laminating a plurality of sets of an active layer having a nonlinear effect for converting a fundamental wave
at a wavelength λ into a second harmonic at a wavelength λ/2, a refractive index n with respect to the fundamental wave,
and a thickness d and an inactive layer, free of the nonlinear effect, having a refractive index m with respect to the
fundamental wave and a thickness e, the plurality of laminated sets being joined together such as to invert layers in an
intermediate portion located near a center; and first and second reflector multilayer films K1, K2, each formed by laminating
a plurality of sets of two kinds of thin films having different refractive indexes and being free of the nonlinear effect, for
reflecting the fundamental wave; wherein the first and second reflector multilayer films K1, K2 are connected to both
sides of the bipolar multilayer crystal H, so as to constitute a K1HK2 structure; wherein the bipolar multilayer crystal H
and the first and second reflector multilayer films K1, K2 are constructed such that, when the fundamental wave enters
from one of end faces, an electric field is increased in the first reflector multilayer film K1, the electric field is increased
on the first reflector multilayer film K1 side of the bipolar multilayer crystal H, the electric field is maximized in the
intermediate portion of the bipolar multilayer crystal H, the electric field is decreased on the second reflector multilayer
film K2 side of the bipolar multilayer crystal H, the electric field is decreased in the second reflector multilayer film K2,
and a transmitted wave having substantially the same intensity as that of the fundamental wave having entered therein
is emitted from the other end face; and wherein the fundamental wave enhanced in the active layer in the bipolar multilayer
crystal H is caused to generate the second harmonic, and the second harmonic is taken out from the other end face.
[0048] Preferably, in the wavelength conversion element of the present invention, the phase change of the fundamental
wave per active layer p = 27πnd/λ, the phase change of the fundamental wave per inactive layer q = 2πme/λ, and the
refractive index difference square fraction b = (m - n)2/mn obtained by dividing the square of the refractive index difference
by the product of the refractive indexes satisfy cos(p + q) > 1 + (b/2)sinpsinq or cos(p + q) < -1 + (b/2)sinpsinq.
[0049] Preferably, in the wavelength conversion element of the present invention, the sum (p + q) of the phase changes
p and q is near an integer multiple of 2π (2πv where v is a positive integer), while the absolute value of the difference |
(p + q) - 2πv)| between the sum (p + q) and 2πv is smaller than the square root b1/2 of the refractive index difference
square fraction b.
[0050] Preferably, in the wavelength conversion element of the present invention, the sum (p + q) of the phase changes
p and q is near 2π, the phase change p is near 3π/2, the phase change q is near π2, the absolute value of the difference
between the phase change p and 3π/2 satisfies |p - 3π/2| < b1/2, and the absolute value of the difference between the
phase change q and π/2 satisfies q - π/2| < b1/2.
[0051] Preferably, in the wavelength conversion element of the present invention, the sum (p + q) of the phase changes
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p and q is near 4π, the phase change p is near 7π/2 or 5π/2, the phase change q is near π/2 or 3π/2, the absolute value
of the difference between the phase change p and 7π/2 or 5π/2 is less than the square root b1/2, and the absolute value
of the difference between the phase change q and π/2 or 3π/2 is less than the square root b1/2.
[0052] Preferably, in the wavelength conversion element of the present invention, the sum (p + q) of the phase changes
p and q is near a half-integer multiple of 2π((2v + 1)π where v is 0 or a positive integer), while the absolute value of the
difference |(p + q) - (2v + 1)π| between the sum (p + q) and (2v + 1)π is less than the square root b1/2 of the refractive
index difference square fraction b.
[0053] Preferably, in the wavelength conversion element of the present invention, the sum (p + q) of the phase changes
p and q is near π, the phase change p is near π/2, the phase change q is near π/2, the absolute value of the difference
between the phase change p and π/2 satisfies |p - π/2| < b1/2, and the absolute value of the difference between the
phase change q and π/2 satisfies |q - π/2| < b1/2.
[0054] Preferably, in the wavelength conversion element of the present invention, the sum (p + q) of the phase changes
p and q is near 3π, the phase change p is near 3π/2 or 5π/2, the phase change q is near 3π/2 or π/2, the absolute value
of the difference between the phase change p and 3π/2 or 5π/2 is less than the square root b1/2, and the absolute value
of the difference between the phase change q and 3π/2 or π/2 is less than the square root b1/2.
[0055] Preferably, in the wavelength conversion element of the present invention, combinations of two kinds of thin
films in the first and second reflector multilayer films K1, K2 are in reverse to each other, the combination of two kinds
of thin films is reversed in the intermediate portion of the bipolar multilayer crystal, the first reflector multilayer film K1
and the bipolar multilayer crystal have a common order of higher and lower refractive indexes in a front portion located
closer to the first reflector multilayer K1 than the intermediate portion, the second reflector multilayer film K2 and the
bipolar multilayer crystal have a common order of higher and lower refractive indexes in a rear portion located closer to
the second reflector multilayer K2 than the intermediate portion, and the relationship between the higher and lower
refractive indexes is reversed between the front and rear portions.
[0056] Another laser processing device of the present invention comprises a laser for generating a fundamental wave
having a wavelength λ, the wavelength conversion element described in the foregoing, and an optical system for con-
verging the second harmonic and irradiating an object therewith.
[0057] In one aspect of the present invention, the composite photonic structure element of the present invention
comprises a photonic crystal formed by alternately laminating two kinds of thin films constituted by an active layer having
a nonlinear effect and an inactive layer free of the nonlinear effect, and reflectors which are disposed on both sides
thereof and each formed by alternately laminating two kinds of inactive thin films. This is a nonlinear optical element
having a structure in which the photonic crystal is held between resonators. This forms a triple structure of reflector +
photonic crystal + reflector.
[0058] A fundamental-wave laser beam is introduced from one side, so as to generate a strong electric field of the
fundamental wave in the active layer of the photonic crystal held between the resonators, such that a second harmonic
nonlinearly changed in the active layer is efficiently taken out from the other side.
[0059] The photonic crystal has such a property as to keep light in a certain wavelength range from passing there-
through, while thus forbidden wavelength band is called a photonic bandgap (PBG). For enhancing the fundamental-
wave electric field, the wavelength of the fundamental wave is caused to coincide with a photonic bandgap end. The
present invention may solely be based on the condition that the fundamental-wave wavelength = photonic bandgap end.
More preferably, the wavelength of the second harmonic is also caused to coincide with another photonic bandgap end.
Depending on the refractive index of thin-film materials, the second harmonic wavelength may fail to coincide with the
photonic bandgap end. In this case, the condition that the fundamental-wave wavelength = photonic bandgap end is
sufficient. The thickness and refractive index of the resonators (reflectors) in which two kinds of thin films are laminated
are determined such as to reflect the fundamental wave selectively.
[0060] In another aspect of the present invention, the wavelength conversion element of the present invention com-
prises a bipolar multilayer crystal H constituted by a multilayer film, formed by alternately laminating two kinds of thin
films made of an active layer having a nonlinear effect and an inactive layer free of the nonlinear effect, exhibiting an
amplitude enhancing effect; and reflectors K, K disposed on both sides thereof and each made of a multilayer film formed
by alternately laminating two kinds of inactive thin films. This is a nonlinear optical element having a KHK structure in
which the bipolar H is held between the resonators K, K. This has a triple structure of reflector K + bipolar multilayer
crystal H + reflector K. The bipolar multilayer crystal H is a temporary name as will be explained later.
[0061] The wavelength conversion element of the present invention is constructed such that a fundamental-wave laser
beam is introduced from one side of the composite crystal KHK having such a triple structure, a strong electric field of
the fundamental wave is generated in the active layer of the bipolar multilayer crystal H held between the resonators K,
K, and a second harmonic nonlinearly changed in the active layer is efficiently taken out from the other side.
[0062] In still another aspect of the present invention, the laser processing device using the wavelength conversion
element of the present invention comprises a laser for generating a fundamental wave; a wavelength conversion element,
constituted by a bipolar multilayer crystal held between resonators, for converting the fundamental wave emitted from



EP 2 224 284 A1

8

5

10

15

20

25

30

35

40

45

50

55

the laser into a second harmonic; and an optical system for converging the second harmonic and irradiating an object
therewith.
[0063] The bipolar multilayer crystal having a nonlinear effect is formed by alternately laminating two kinds of thin films
transmitting the fundamental wave and second harmonic therethrough (transparent to the fundamental wave and second
harmonic) and acts to enhance the electric field amplitude of light in a certain wavelength range when the refractive
index and film thickness satisfy a certain condition. Since the fundamental wave is enhanced, the second harmonic
manyfold greater than that available when simply inputting the fundamental wave into a nonlinear crystal is obtained.
However, the condition that no backward wave exists at the end limits the enhancement of the electric field amplitude.
Therefore, the bipolar multilayer crystal is held between the reflectors of multilayer films. Each of the bipolar multilayer
crystal and reflectors is a dielectric multilayer film in which two kinds of dielectric thin films are combined. Two kinds of
thin films having different thicknesses and refractive indexes are laminated on a substrate. Each of them is required to
be an optical crystal transparent to the fundamental wave and second harmonic.
[0064] One kind of thin films constituting the bipolar multilayer crystal H has a nonlinear effect, while the other is free
of the nonlinear effect. For distinguishing them from each other, thin films having the nonlinear effect are referred to as
active layers, while those free of the nonlinear effect are referred to as inactive layers. Both of the two kinds of thin films
constituting the reflectors are free of the nonlinear effect.
[0065] A fundamental-wave laser beam entering one reflector K from an end face thereof is converted into a second
harmonic by the active layer of the bipolar multilayer crystal H. Since the fundamental wave is enhanced, a strong second
harmonic is generated. The strong second harmonic is taken out from an end face on the opposite side. The active
layers are confined in the bipolar multilayer crystal. The second harmonics cancel each other out because of the wave
number difference ∆k between the fundamental wave and second harmonic only in the thickness of the active layer.
The layers free of the nonlinear effect are not concerned with the cancellation of second harmonics. The mutual can-
cellation of second harmonics due to ∆k ≠ 0 is lower when the total thickness (total length) of active layers is smaller.
Therefore, phase mismatching is smaller.

Advantageous Effects of Invention

[0066] In one aspect of the present invention, the present invention sets a photonic crystal formed by laminating a
plurality of thin films constituted by two kinds composed of active and inactive layers having different refractive indexes
and thicknesses such that the fundamental-wave energy coincides with a photonic bandgap end or the fundamental-
wave energy and the second harmonic energy coincide with two photonic bandgap ends and uses an optical crystal in
which resonators, constituted by dielectric multilayer films, for reflecting the fundamental wave are disposed on both
sides of the photonic crystal, whereby the electric field of the fundamental wave can be multiplied remarkably.
[0067] From the enhanced fundamental wave, the second harmonic is produced under action of the active layer having
the nonlinear effect. Since the electric field of the fundamental wave is strong, a considerably large second harmonic
can be obtained even when lowered by phase mismatching.
[0068] In still another aspect of the present invention, the present invention holds a bipolar multilayer crystal H formed
by laminating a plurality of thin films constituted by two kinds composed of active and inactive layers having different
refractive indexes and thicknesses such that the sum of phase differences is near an integer multiple of π while each
phase difference is near a half-integer multiple of π and that the front and rear sides thereof are conjugate to each other
(the relationship between the front and rear sides of two layers is reversed) between reflectors K1, K2 formed by laminating
a plurality of two kinds of inactive thin films having different refractive indexes and thicknesses such that the sum of
phase differences is near an integer multiple of π while each phase difference is near a half-integer multiple of π and
that they are complex conjugate to each other, so as to yield a K1HK2 structure, thus absorbing the whole incident wave
G, thereby enhancing the electric field in the first half portion, maximizing the electric field in the center portion, and
lowering the electric field in the second half portion, so as to emit a transmitted wave T having the same intensity as
that of the incident wave.
[0069] The nonlinear conversion active layer in the middle outputs a double wave. Since the fundamental wave is
large, the double harmonic also becomes large. Since the total thickness of the active layers (Σd) is small, however, the
product ∆k(Σd) of the wave number difference ∆k = w - 2k and the total thickness of the active layers (Σd) can be made
smaller than π. Since the phase mismatch ∆k(Σd) can be made small, a strong second harmonic can be taken out.

Brief Description of Drawings

[0070]

[Fig. 1] is an explanatory view for illustrating the structure of a monolayer film in which an active layer having a
refractive index n, a thickness d, and boundaries z0, z1 is held between vacuums 1, 2 on both sides and notations
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of parameters;
[Fig. 2] is an explanatory view for illustrating definitions of a forward-wave electric field Fj, a backward-wave electric
field Bj, a wave number kj, and the like in the jth thin film in a multilayer crystal having N thin layers with boundaries,
at z0, z1, ..., zj, ..., zN;
[Fig. 3] is an explanatory view for illustrating wave numbers, refractive indexes, and the like of a first kind thin film
Ui (odd number) and a second kind thin film Wi (even number) in the ith set of multilayer crystals in which M sets of
first kind thin films Ui and second kind thin films Wi are alternately laminated, where n, d, Fui, and Bui are the refractive
index, thickness, forward-wave electric field amplitude, and backward-wave electric field amplitude of the first kind
thin film Ui, respectively; m, e, Fwi, and Bwi are the refractive index, thickness, forward-wave electric field amplitude,
and backward-wave electric field amplitude of the second kind thin film Wi, respectively; s = n/m and r = m/n; g is
the wave change g = exp(ip) caused by the phase change p = ωnd/c = 2πnd/λ of the electric field intensity in the
first kind thin film Ui; and h is the wave change h = exp(iq) caused by the phase change q = ωme/c = 2πme/λ of the
electric field intensity in the second kind thin film Wi;
[Fig. 4] is a graph illustrating a change in a second harmonic caused by a GaAs nonlinear effect due to the thickness
of a GaAs monolayer film when a fundamental wave is incident thereon, where the abscissa and ordinate indicate
the thickness (nm) and the intensity of the second harmonic, respectively;
[Fig. 5] is a schematic structural diagram of a photonic crystal formed by laminating a plurality of GaAs layers having
a nonlinear effect and Al0.82Ga0.18As layers free of the nonlinear effect; for actual calculations, 40 cycles of GaAs
(active layer) having a thickness of 82 nm and AlGaAs (inactive layer) having a thickness of 215.5 nm are alternately
laminated so as to yield a photonic crystal having a total thickness of 11900 nm; the substrate is undepicted;
[Fig. 6] is a transmission spectrum of the photonic crystal of Fig. 5, where the abscissa and ordinate indicate the
light energy (eV) and the transmission, respectively; a continuous band near 0.7 eV where the transmission becomes
0 and a continuous band near 1.35 eV are photonic bandgaps;
[Fig. 7] is a graph illustrating a power distribution (square of the electric field) of a fundamental wave (0.665 eV)
within the photonic crystal of Fig. 5 when light having an energy corresponding to the photonic bandgap of 0.665
eV enters from one end thereof, where mountains and valleys of gratings represent GaAs (active layer) and AlGaAs
(inactive layer); the mountains indicate GaAs (active layer) enhancing the fundamental-wave power correspondingly;
the valleys indicate AlGaAs (inactive layer) lowering the fundamental-wave power;
[Fig. 8] is a graph illustrating a power distribution (square of the electric field) of a second harmonic (1.330 eV)
within the photonic crystal of Fig. 5 when light having an energy corresponding to the photonic bandgap of 0.665
eV enters from one end thereof, where mountains and valleys of gratings represent GaAs (active layer) and AlGaAs
(inactive layer); the mountains indicate GaAs (active layer) enhancing the double-harmonic power correspondingly;
the valleys indicate AlGaAs (inactive layer) further enhancing the double-harmonic power in synchronization there-
with; it is substantially 0 at boundaries;
[Fig. 9] is a schematic structural view of a photonic crystal equipped with resonators in accordance with an example
of the present invention, in which reflective films formed by alternately laminating AlGaAs/AlGaAs films are attached
to both sides of a photonic crystal formed by alternately laminating GaAs/AlGaAs films; it is constituted by a photonic
crystal having a total thickness of 11900 nm formed by alternately laminating 40 cycles of GaAs (active layer) having
a thickness of 82 nm and AlGaAs (inactive layer) having a thickness of 215.5 nm and two reflectors each formed
by laminating 20 cycles (6310 nm) of Al0.24Ga0.76As having a thickness of 155.3 nm and Al0.82Ga0.18As having a
thickness of 160.2 nm, so as to have a structure (with a total thickness of 24200 nm) in which the photonic crystal
is held between the reflectors on both sides);
[Fig. 10] is a graph illustrating, when light having an energy of 0.6 eV to 0.74 eV enters from one end of a crystal
element in accordance with the example of the present invention having a structure in which the photonic crystal is
held between the reflectors illustrated in Fig. 9 on both sides, the transmission and the second harmonic intensity
at the other end; the abscissa is the energy (eV) of light; the left and right ordinates indicate the transmission and
the second harmonic intensity, respectively; the photonic bandgap is at 0.655 to 0.72 eV; only one second harmonic
peak exists at 0.665 eV within the photonic bandgap; the harmonic intensity is represented by coordinates of the
fundamental-wave energy; all the remaining peaks are transmission peaks;
[Fig. 11] is a graph illustrating, when light having an energy of 0.665 eV enters from one end of the crystal element
in accordance with the example of the present invention having a structure in which the photonic crystal is held
between the reflectors illustrated in Fig. 9 on both sides, the intensity (power) of the fundamental wave (0.665 eV)
within the photonic crystal; mountains and valleys of gratings indicate where GaAs (active layer: mountain) and
AlGaAs (inactive layer: valley) exist; the fundamental-wave power is high in the active layers (mountains) but near
0 in the inactive layers.
[Fig. 12] is a schematic structural view of a crystal in accordance with a comparative example forming a combined
structure (having a total thickness of 24520 nm) of a monolayer film and resonators in which a GaAs (active layer)
monolayer film having a thickness of 3280 nm held between Al0.82Ga0.18As (inactive layers), each having a thickness
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of 4310 nm, on both sides so as to yield a total thickness of 11900 nm is further held between two reflectors, each
formed by laminating 20 cycles of Al0.24Ga0.76As having a thickness of 155.3 nm and Al0.82Ga0.18As having a
thickness of 160.2 nm, on both sides; the substrate is not depicted;
[Fig. 13] is a graph illustrating, when light having an energy of 0.6 eV to 0.74 eV enters from one end of the crystal
element in accordance with the comparative example having a structure in which a GaAs/Al0.82Ga0.18As film is held
between reflectors on both sides as illustrated in Fig. 12, the transmission and the second harmonic intensity at the
other end; the abscissa is the energy (eV) of light; the left and right ordinates indicate the transmission and the
second harmonic intensity, respectively; the photonic bandgap at 0.655 to 0.72 eV is lost; only one second harmonic
peak exists at 0.665 eV within the photonic bandgap; the peak is about 1.6 � 10-5; it is about 10-3 of that in the
example of the present invention (photonic + resonators) illustrated in Fig. 10 and weak;
[Fig. 14] is a graph illustrating, when a fundamental wave having an energy of 0.665 eV enters from one end of the
crystal element in accordance with the comparative example having a structure in which a GaAs/AlGaAs film is held
between reflectors on both sides as illustrated in Fig. 12, the electric field intensity of the fundamental wave in the
GaAs/AlGaAs layer; mountains and valleys represent GaAs/AlGaAs; the mountains indicate GaAs, where the fun-
damental-wave intensity is uniform and weak; the valleys indicate AlGaAs, where the fundamental-wave intensity
is uniform and stronger; the fundamental wave is seen to be weaker, i.e., about 1/9 that of Fig. 11;
[Fig. 15] is a graph studying how the second harmonic increases/decreases when, to both sides of a basic photonic
crystal made of 40 cycles of GaAs/AlGaAs, the same combinations of photonic crystals or resonators (reflectors)
are added so as to yield a total of 150 cycles; the lower broken curve G1 represents a change in the electric field
of the second harmonic when the cycles of the photonic crystal in the same set are increased, while the upper solid
cure G2 represents a change in the electric field of the second harmonic when the cycles of reflectors in the same
set are increased;
[Fig. 16] is a graph studying how the second harmonic increases/decreases when, to both sides of a basic photonic
crystal made of 40 cycles of GaAs/AlGaAs, the same combination of photonic crystals or resonators (reflectors) are
added to a total of 150 cycles, and a fundamental wave is incident on a (100) GaAs plane so as to form 45° therewith;
the lower broken curve G3 represents a change in the electric field of the second harmonic when the cycles of the
same combinations of photonic crystals are increased, while the upper solid cure G4 represents a change in the
electric field of the second harmonic when the cycles of reflectors are increased;
[Fig. 17] is a view illustrating a composite photonic structure in a second embodiment;
[Fig. 18] is a chart illustrating performances of the composite photonic structure in accordance with the second
embodiment;
[Fig. 19] is a chart illustrating performances of a structure constituted by a ZnO monolayer film [Performance
Comparison A];
[Fig. 20] is a chart illustrating performances of a structure constituted by a photonic crystal of ZnO layer/SiO2 layer
without DBR resonators [Performance Comparison B];
[Fig. 21] is a chart illustrating performances of a structure in which a ZnO monolayer film having a total film thickness
equivalent to that of the photonic crystal is held between DBR resonators [Performance Comparison C];
[Fig. 22] is a chart illustrating performances of a quasi-phase matching ZnO bulk structure [Performance Comparison
D];
[Fig. 23] is a view illustrating a composite photonic structure in a third embodiment;
[Fig. 24] is a chart illustrating performances of the composite photonic structure in accordance with the third em-
bodiment;
[Fig. 25] is a view illustrating a composite photonic structure in a fourth embodiment;
[Fig. 26] is a chart illustrating performances of the composite photonic structure in accordance with the fourth
embodiment;
[Fig. 27] is an explanatory view for illustrating definitions of a forward-wave electric field Fj, a backward-electric field
Bj, a wave number kj, and the like in the jth thin film in a multilayer crystal having N thin layers with boundaries at
z0, z1, ..., zj, ..., zN;
[Fig. 28] is an explanatory view for illustrating wave numbers, refractive indexes, and the like of a first kind thin film
Ui (odd number) and a second kind thin film Wi (even number) in the ith set of multilayer crystals in which M sets of
first kind thin films Ui and second kind thin films Wi are alternately laminated, where n, d, Fui, and Bui are the refractive
index, thickness, forward-wave electric field amplitude, and backward-wave electric field amplitude of the first kind
thin film Ui, respectively; m, e, Fwi, and Bwi are the refractive index, thickness, forward-wave electric field amplitude,
and backward-wave electric field amplitude of the second kind thin film Wi, respectively; s = n/m and r = m/n; g is
the wave change g = exp(ip) caused by the phase change p = ωnd/c = 2πnd/λ of the electric field intensity in the
first kind thin film Ui; and h is the wave change h = exp(iq) caused by the phase change q = ωme/c = 2πme/λ of the
electric field intensity in the second kind thin film Wi;
[Fig. 29] is a graph illustrating that, when an incident wave G = 1 is incident on one end in a bipolar multilayer crystal
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H constituted by a (UW)M(WU)M or (WU)M(UW)M multilayer film, the electric field of a forward wave increases
therewithin like a bipolar function in the first half, so as to reach its maximum value coshMΦ in the Mth set, and
thereafter decreases like a bipolar function, so that a transmitted wave T = 1 exits from the other end;
[Fig. 30] is a graph illustrating that, when an incident wave G = 1 is incident on one end of conjugate reflectors K1K2
constituted by an (XZ)N reflector and a (ZX)N reflector or a (ZX)N reflector and an (XZ)N reflector, the electric field
of a forward wave increases therewithin like a bipolar function in the first half, so as to reach its maximum value
coshNΘ in the Nth set, and thereafter decreases like a bipolar function, so that a transmitted wave T = 1 exits from
the other end;
[Fig. 31] is a graph illustrating that, when an incident wave G = 1 is incident on one end of a K1HK2 multilayer film
of the present invention constituted by a reflector K1, a bipolar multilayer crystal H, and a reflector K2, the electric
field of a forward wave increases therewithin like a bipolar function in the first half, so as to reach its maximum value
cosh(NΘ + MΦ) at the center of the bipolar multilayer crystal H, and thereafter decreases like a bipolar function, so
that a transmitted wave T = 1 exits from the other end;
[Fig. 32] is a view illustrating a mirror-symmetric composite photonic structure in Example 2 of a fifth embodiment;
[Fig. 33] is a view for explaining a third-order nonlinear effect generated by the mirror-symmetric composite photonic
structure in Example 2 of the fifth embodiment;
[Fig. 34] is a view illustrating a surface emitting laser using the composite photonic structure element in accordance
with any of the first to fourth embodiments; and
[Fig. 35] is a laser processing device equipped with a wavelength conversion element having the mirror-symmetric
composite photonic structure of the fifth embodiment.

Reference Signs List

[0071] λ...wavelength of light; c...light velocity in vacuum; ω... angular frequency of light; E... electric field (x-directional
component alone); j...layer number; Ej...fundamental-wave electric field of the jth layer; Di... second-harmonic electric
field of the ith layer; G... incident-wave amplitude; R... reflected-wave amplitude; T...transmitted-wave amplitude; F...
forward-wave amplitude; Fj...forward-wave amplitude of the jth layer; B...backward-wave amplitude; Bj...backward-wave
amplitude of the jth layer; Ui...frst layer of the ith set; Wi...second layer of the ith set; n...refractive index of the first layer;
m...refractive index of the second layer; k...wave number of the fundamental wave; w...wave number of the second
harmonic; p...phase change in the first layer; q...phase change in the second layer; g...wave change caused by the
phase change in the first layer; h...wave change caused by the phase change in the second layer; r...m/n; s...n/m;
z...coordinate of the advancing direction of light; L...effective thickness of the crystal (excluding the substrate); G(z, ξ)...
Green’s function
[0072] K...reflector multilayer film (dielectric multilayer film); K1...first reflector; K2... second reflector; λ... wavelength
of light; c...light velocity in vacuum; ω...angular frequency of light; k...wave number of the fundamental wave; w...wave
number of the second harmonic; E... electric field (x-directional component alone); j ... layer number; Ej...fundamental-
wave electric field of the jth layer; Di... second-harmonic electric field of the ith layer; H... bipolar multilayer crystal; G...
incident-wave amplitude; R...reflected-wave amplitude; T...transmitted-wave amplitude; F...forward-wave amplitude;
Fj...forward-wave amplitude of the jth layer; B...backward-wave amplitude; Bj...backward-wave amplitude of the jth layer;
U...first kind layer of the bipolar multilayer crystal; W...second kind layer of the bipolar multilayer crystal; Ui...first kind
layer in the ith set of the bipolar multilayer crystal; Wi...second kind layer in the ith set of the bipolar multilayer crystal;
n...refractive index of the first kind layer in the bipolar multilayer crystal; m...refractive index of the second kind layer in
the bipolar multilayer crystal; p... phase change in the first kind layer in the bipolar multilayer crystal; q...phase change
in the second kind layer in the bipolar multilayer crystal; g...wave change caused by the phase change in the first kind
layer in the bipolar multilayer crystal; h...wave change caused by the phase change in the second kind layer in the bipolar
multilayer crystal; r...m/n; s...n/m; b...(m - n)2/mn; Φ...multiplication factor by one set in the bipolar multilayer crystal; X...
first kind layer of the reflector; Z... second kind layer of the reflector; Xi...first kind layer in the ith set in the reflector;
Zi...second kind layer in the ith set in the reflector; ν...refractive index of the first kind layer of the reflector; P....refractive
index of the second kind layer of the reflector; a...phase change in the first kind layer in the reflector; y...phase change
in the second kind layer in the reflector; ξ...wave change caused by the phase change in the first kind layer in the reflector;
η...wave change caused by the phase change in the second kind layer in the reflector,; ρ... P/ν; σ...νP; β...(ν-P)2/νP;
Θ...multiplication factor by one set in the reflector; κ... -[2π(2ω)2χ(2)]/[w(2k - w)c2]; χ(2)...second-order nonlinear coefficient;
z... coordinate of the advancing direction of light; L... effective thickness (length) of the crystal (excluding the substrate);
G(z, ξ)...Green’s function

Description of Embodiments

[0073] In the following, preferred embodiments of a composite photonic structure element in accordance with the
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present invention, a surface emitting laser and wavelength conversion element using the composite photonic structure
element, and a laser processing device equipped with the wavelength conversion element will be explained in detail.

First Embodiment

[0074] To begin with, the first embodiment of the present invention will be explained. The following explanation will
start from a model which is easy to see for understanding the present invention.

1. Electric field of a monolayer film

[0075] First, a steady-state electric field relationship occurring in the case of a monolayer film will be studied. As
illustrated in Fig. 1, there are a vacuum 1, an intermediate layer, and a vacuum 2. Let z, x, and y axes be the advancing
direction of light, the upward coordinate, and the coordinate upward perpendicular to the paper plane. Here, for simpli-
fication, layers are supposed to align in the z direction with their boundaries being parallel to the xy plane, though oblique
incidence may occur. A plane wave is given, whereby only an x component Ex exists in the electric field. Since there is
no contortion, only Ex exists in all the layers. Variables do not include x and y, since they are the same in the x and y
directions. Letting t be time, the electric field can be expressed as Ex(z, t). Without dealing with transient phenomena,
steady-state solutions are determined. Therefore, only steady-state solutions of a wave equation are concerned. The
time dependency is exp(-jωt) in each layer. Here, j is an imaginary unit, while ω is the fundamental-wave angular
frequency. This time term is common and thus will not be denoted here. It will be sufficient if only a spatial amplitude Ex
(z) relationship is determined.
[0076] No current flows through the boundaries, whereby curlE = 0, curlH = 0. The connecting condition at the boundary
layers (parallel to the xy plane) is that the tangential directions of the electric and magnetic fields are reserved. The
electric field is Ex, which is continuous at the boundary layers. As the magnetic field, only Hy exists. This is given by the
partial differential of Ex with respect to z and reserved, whereby the differential of Ex with respect to z is continuous.
That is, the electric field Ex and the first-order differential dEx/dz are reserved at the layer boundaries.
[0077] Subscripts are hard to write in patent specifications. For simplifying the descriptions, the sign of component x
will be omitted. Let the electric fields in the vacuum 1, intermediate layer, and vacuum 2 be E0, E1, and E2, respectively.
Electric field amplitudes will be expressed by signs other than E.
[0078] Let G and R be the x-directional electric field amplitudes of the incident wave (forward wave) and reflected
wave (backward wave) in the vacuum 1 (on the entrance side), respectively; F and B be the electric field amplitudes of
the forward and backward waves in the intermediate layer, respectively; and T be the electric field amplitude of the
transmitted wave (forward wave) in the vacuum 2 (on the exit side). The advancing directions of wave fronts are indicated
by arrows. These are directions of wave-number vectors k. The electric field direction is the x direction. The arrows must
not be taken as electric field vectors.
[0079] Let the vacuum light velocity be c, the refractive index in vacuum be 1 (n0 = 1), the wavelength of light be λ,
the angular frequency be ω, and the wave number be k = ω/c = 2π/λ. Let the refractive index of a medium be n, the wave
number in the medium is nk = ωn/c. Let the refractive index and wave front of the intermediate layer be n and nk (=
ωn/c), respectively. Let the two boundaries be z0 (= 0) and z1, respectively. Assuming that the thickness of the intermediate
layer is d (which must not be mixed up with the differential sign), z1 = d.
[0080]

[0081] The backward wave B in the intermediate layer and the forward wave (transmitted wave) T in the vacuum 2
occur from the second boundary z1, whereby (z - z1).
[0082] From Maxwell’s connecting conditions (E0 = E1 and dE0/dz = dE1/dz) at the first boundary (z0 = 0): 
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[0083] Here, for simplification, g = exp(jnkz1) = exp(jnkd). Thus:
[0084]

[0085] From Maxwell’s connecting conditions (E1 = E2 and dE1/dz = dE2/dz) at the second boundary (z1 = d): 

The simultaneous equations composed of expressions (6) to (9) are solved:
[0086]

[0087] Even when the incident wave G is constant, the values of F, B, T, and R vary depending on g. The forward
wave F and backward wave B in the intermediate layer and the forward wave (transmitted wave) in the vacuum 2 attain
the minimum values at g2 = -1. This means that the thickness d of the intermediate layer is a (1/4 + integer) multiple of
the wavelength. By contrast, the reflected wave R attains its maximum value. Light is hard to enter the intermediate layer.
[0088] That is, the thickness d is an integer multiple of the wavelength 2πc/nω when g2 = +1 and g = +1. At this time,
F, B, and T attain their maximum values: 
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The square (power) of the electric field in the intermediate layer is maximized here. The reflected wave R is 0. The light
quantity (square of amplitude) in the intermediate layer is determined by F and B, but cannot exceed G even at the
maximum. When g2 = +1 and g = -1, F is at its maximum, whereas B and T are minimized. When g = -1, the thickness
d is a half-integer (1/2 + integer) multiple of the wavelength.
[0089]

[0090] The reflected wave R becomes 0 when g2 = 1. Here, the whole light reaches the intermediate layer. Even in
this case, the incident wave power is not exceeded. When there is only one intermediate layer, the light power (the
square of the electric field) in the intermediate layer cannot be made higher than that of the incident wave G.
[0091] Increasing the number of thin films may enhance the electric field in the intermediate layer. Based on such an
expectation, a dielectric multilayer film structure will be considered.

2. Dielectric multilayer film

[0092] Suppose that N layers having different refractive indexes n and thicknesses d exist between vacuums on both
sides as illustrated in Fig. 2. The layers are sequentially numbered 1, 2, ..., j, ..., N. The j in the jth and that of the imaginary
unit must not be mixed up with each other. Let kj, Fj, and Bj be the wave number of light, forward-wave amplitude, and
backward-wave amplitude in the jth layer, respectively. The electric fields Ej, Ej+1 in the jth and (j + 1)th layers are: 

Since the left boundary (start point) and right boundary (end point) of the jth layer are zj-1 and zj, respectively, the forward
and backward waves employ their shifts (z - zj-1), (z - zj) from the start and end points, respectively, as variables, thereby
expressing wave functions.
[0093] It may be a little hard to understand because of different starting points of wave functions but can intuitively be
said that, when the backward wave B and the forward wave F are the same (B = F), the square (power) of the electric
field is a cos function whose center coordinate is the midpoint (zj-1 + zj)/2 of the jth layer. The square power is large in
this case. When the backward wave B and the forward wave F have opposite polarities (B = -F), the power is a sin
function whose center coordinate is the midpoint. The square power is near 0. When the backward wave B is faster than
the forward wave by 90° (B = -jF), their electric fields enhance each other. When the backward wave B is slower than
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the forward wave by 90° (B = +jF), their electric fields suppress each other.
[0094] In view of reservations of electric field values and differentials, the boundary condition at the boundary zj
between the jth and (j + 1)th layers is: 

There are (2N + 1) boundaries, so that the number of boundary conditions is 2N + 1. Only the incident wave G is known,
while 2N of Fj and Bj and the transmitted wave T are unknowns. Since the number of unknowns is 2N + 1, all the
unknowns can be determined by solving them. Letting sj = nj/nj+1, the following recurrence formulas are obtained:
[0095]

[0096] They hold true from j = 0, assuming that the amplitudes at j = 0 are F0 = G and B0 = R.
[0097]

[0098] Since there is only the transmitted wave T after the Nth layer, FN+1 = T and BN+1 = 0 when = N + 1.
[0099]

[0100] In this way, expressions (24) and (25) are recurrence formulas holding true when j = 0 to N + 1. Since R has
not been known in practice, the condition that j = N + 1 (29) retroacts, so as to determine R.
[0101] Such accurate recurrence formulas are obtained. Since {nj}, {dj}, and G have been known, (2N + 1) amplitudes
should be calculable.
[0102] Though {nj} and {dj} can be given arbitrarily, this will complicate calculations and yield only numerical solutions.
The numerical solutions cannot easily change the condition. They do not clarify principles. Analytical solutions are
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demanded.
[0103] The present invention combines a photonic crystal with reflective layers. Each of them is formed by alternately
laminating two kinds of thin films having different refractive indexes and thicknesses. The layer structures of both of
them will be explained.
[0104] A case where two kinds of thin films U, W having different thicknesses are alternately laminated by the respective
same thicknesses will now be considered. When the two kinds of thin films are alternately laminated, accurate calculations
can be performed. Assume that the ith set of thin films is constituted by Ui and Wi, while there are M such sets. Since
each set is constituted by two layers, the number of layers is 2M. The set number i ranges from 1 to M.
[0105] The first kind thin film U has a refractive index n and a thickness d, while Fui and Bui denote its forward- and
backward-wave amplitudes in the ith set, respectively. The second kind thin film W has a refractive index m and a
thickness e, while Fwi and Bwi denote its forward- and backward-wave amplitudes in the ith set, respectively.
[0106] Fig. 3 illustrates this case. U and W are odd- and even-numbered layers, respectively.
[0107]

Here, sr = 1; g denotes the wave change caused by the phase change of light ωnd/c = 2πnd/λ in the odd-numbered film
(first kind); h denotes the wave function change caused by the phase change of light ωme/c = 2πme/λ in the even-
numbered film (second kind).
[0108] Let the respective phase changes in the first and second kind layers U, W be: 

They allow g and h to be written as: 

Each of the absolute values of phase components g and h is 1.
[0109] By rewriting sj, gj, and gj+1 in expressions (24) and (25) as s, g, and h, respectively, the recurrence formulas
determined from the boundary condition between the Ui and Wi layers are: 
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[0110] This means that the relationship of the two is determined by a matrix of 2 � 2. The value of the relational
determinants is gs/h. By rewriting sj+1, gj+1, and gj in expressions (24) and (25) as r, h, and g, respectively, the recurrence
formulas determined from the boundary condition between the Wi and Ui+1 layers are:
[0111]

[0112] This also means that the relationship of the two is determined by a matrix of 2 � 2. The value of the relational
determinants is hr/g. The recurrent formulas between the Ui and Ui+1 layers are determined while skipping Wi therebe-
tween. This can be seen from the product of matrixes of expressions (38) to (41).
[0113] Thus: 

The recurrent formulas between the Ui and Ui+1 layers can simply be expressed by a matrix of 2 � 2, too.
[0114]

[0115] Those marked with * on their shoulders are complex conjugates. r + s = (m/n) + (n/m) > 2. Hence, the absolute
value of diagonal terms is greater than 1. The value of the determinant is 1. Therefore, it can be written by sinh and cosh
as follows:
[0116]



EP 2 224 284 A1

18

5

10

15

20

25

30

35

40

45

50

55

[0117] cosh2Θ - sinh2Θ = 1 holds. By introducing an angle u: 

[0118] Since g = exp(jp), the determinant for determining the relationship between Uj and Uj+1 is:
[0119]

This is a unitary matrix of 2 � 2.
[0120] Its characteristic equation is: 

Depending on whether the value of cos(u + p)coshΘ is greater than 1 or not, there are two cases.
[0121] (a) Where cos(u + p)coshΘ < 1
The characteristic value in this case is: 

Since |Λ| = 1, N conversions are expressed by Λ|N by appropriate conversions, which just indicates rotations because
the absolute value is constant.
[0122] (b) Where cos(u + p)coshΘ > 1
The characteristic value in this case is: 

The greater characteristic value Λ is greater than 1, whereas the smaller characteristic value (Λ|-1]) is between 0 and
1. Therefore, N conversions are expressed by Λ|N or Λ|-N by appropriate conversions, while the value of amplitude keeps
increasing as N rises, since Λ is a real number greater than 1 so that there is no rotation. This provides a photonic
bandgap (PBG).
[0123] The present invention provides resonators combining two dielectric multilayer reflectors on both sides of a
photonic crystal. Therefore, a condition under which reflection is caused in a multilayer film is considered. This is when
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each of U and W layers has a thickness of a 1/4 wavelength. Here, p = π/2, q = π/2, g = exp(jπ/2) = j, and h = j. Taking
only the U layers into consideration, the relationship between the Ui+1 and Ui layers is determined. In the matrix of
expression (44), g = j, g* = -j, sinq = 1, and cosq = 0.
[0124]

[0125] This is a matrix for determining the relationship between the Ui+1 and Ui layers in the reflection (g = j, h = j, p
= π/2, and q = π/2). The value of the determinant is 1. The expression becomes simple in the case of reflection. Assuming
that coshΘ = (r + s)/2 and sinhΘ = (r - s)/2, the above-mentioned matrix becomes: 

[0126] Since cosh(A + B) = coshAcoshB + sinhAsinhB, and sinh(A + B) = sinhAcoshB + coshAsinhB, the ith power
of the reflection matrix is:

[0127] This is a matrix for combining Fi and Bi of the ith set layer with G and R of the incident light. One set of reflective
layers (Ui + Wi) increases Θ by 1. The inverse matrix of expression (55) is one substituting Θ with -Θ. The first, second, ...,
ith, ..., and Mth reflective layer sets simply act to set variables of sinh and cosh in the matrix to Θ, 2Θ, ..., iΘ, ..., and MΘ,
respectively. Θ increases one by one as the reflective layer advances rightward, and decreases one by one as the
reflective layer goes back leftward. Whether the amplitude increases or decreases is determined by whether Θ is positive
or negative in the reflective layer. Let (r - s) be positive. Since r = m/n, s = n/m, and rs = 1, r > 1 > s, whereby m > n.
That is, the refractive index n of the first kind layer U is lower than the refractive index m of the second kind layer W. As
i increases, coshiΘ and sinhiΘ become greater. They attain substantially the same value. Let incident light enter from
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the left side. The light is transmitted to the right side of the reflector having the M sets of layers.
[0128]

[0129] All the matters are determined from the fact that the transmitted wave T is constituted by a forward wave alone
without a backward wave. The vector of the transmitted amplitude is t(T, 0), where t is a sign of a transposed matrix.
When the incident-wave vector is 

there is no transmitted backward wave. Also, 

Though the incident wave G = coshMΘ and thus is a value much greater than 1, the transmitted light T = 1. This means
that the former is substantially reflected. That is, the layers in the Mth set function as a reflector.
[0130] However, the present invention is constructed such that a photonic crystal is disposed behind one reflector,
and another reflector is disposed behind the photonic crystal. There is a condition that no backward wave exists behind
the last reflector. There is no condition that no backward wave exists behind the photonic crystal, since the reflector is
disposed there. A backward wave can exist behind the first reflector (left side), since the photonic crystal is there. Then,
a condition that the reflected wave amplitude is 0 (R = 0) can be imposed on the entrance side. This makes: 

in the last stage of the Mth set in the reflector, so that they are multiplied instead of decaying. This means that the first
reflector does not reflect the input wave anymore. The whole incident wave power is fed into the reflector. The latter
does not function as a reflector but as an absorption plate. The fundamental-wave power absorbed by a large amount
is further multiplied by the photonic crystal. The photonic crystal by itself yields a low multiplication factor, since the
condition that the backward wave is 0 exists immediately thereafter. However, the second reflector is placed behind the
photonic crystal in the present invention. Though the fundamental-wave intensity is restored at the end of the second
reflector where the backward wave is 0 and the forward wave is 1, the amplitude is increased as coshMΘ and -jsinhMΘ
at the beginning of the second reflector. When seen from the photonic crystal, forward and backward waves having
large amplitudes such as F = coshMΘ and B = jsinhMΘ exist at the beginning, and those having large amplitudes such
as F = coshMΘ and B = -jsinhMΘ also exist at the end. This means that the end amplitude of the photonic crystal alone
is greatly released from the condition of (1, 0). This enhances the amplification effect by the photonic crystal. The gist
of the present invention lies in this point. This is so, though it may seem hard to see.
[0131] Meanwhile, the fundamental-wave power is converted into a second harmonic in proportion to the nonlinear
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optical coefficient χ(2). How the second harmonic can be produced from the fundamental wave will now be explained.
A Maxwell’s equation is written in the cgs system of units and formed into a wave equation. The electric flux density is 

Since the wave is assumed to be a plane wave propagating in the z direction, x- and y-directional differentials are 0,
whereby it can be written as

This is an equation for determining a second harmonic, while its left side represents the electric field of the second
harmonic. While the electric field of the fundamental wave has been studied so far, the second-wave electric field will
now be taken into consideration. Since the fundamental-wave electric field has been expressed by E so far, the second-
harmonic electric field will be denoted by D so as not to be mixed up with the former. D is for double. This D differs from
the electric flux density mentioned above. Since the number of signs is limited, the electric field of the double harmonic
will be denoted by D but must not be mixed up with the electric flux density. Since the second-harmonic electric field
has only the x-directional component, x will be omitted. The time derivative is -2jω. Since the wave number of the
fundamental wave is k, the wave number of the second harmonic will be denoted by w in order to distinguish it from the
former. Second-order differentiation with respect to time gives -4ω2. The wave number of the second harmonic is w =
2nω/c. Here, n is the refractive index with respect to the double wave B. However, the right side of expression (62) is
the dielectric polarization P(2ω) of the double harmonic produced by the fundamental wave. The dielectric polarization
P(2ω) of the double frequency produces the double-harmonic electric field by radiation.
[0132] The right side is a source term of the light propagation expression on the left side. It is concerned with a steady-
state solution. The time derivative is determined. Expression (62) becomes 

The right side is a δ function. Since both sides should equal each other when integrated, the first-order derivative of G
must have a certain discontinuity. Under the condition that the integral of δG/δz is 1, Green’s function G(z, ξ) becomes 

[0133] The second harmonic E(z) is calculated by integrating source 4π/c2(δ2P/δt2) multiplied with Green’s function. 

[0134] P is the second-order dielectric polarization caused by the nonlinear effect and thus yields only a multiplier (-
2jω) upon second-order differentiation with respect to time. The inside of the integral becomes -4π(2ω)2P/c2. The second-
order dielectric polarization P can be written as 
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E(z) is the fundamental-wave electric field calculated so far. The second harmonic D(z) at z is given by superposing
electric fields caused by the springing of the second-order dielectric polarization from all the active layers.
[0135] The contribution of the jth layer will be considered. The electric field Ej of the jth layer is constituted by a forward
wave Fj and a backward wave Bj. It looks like expression (19), but the subscript j in Ej, Fj, Bj, and kj is omitted in order
to reduce complexity. When calculating the second harmonic within the jth layer, both of the cases where z - ξ is positive
and negative must be calculated. 

However, the second harmonic by the forward wave on the outside (z > L, where L is the crystal length) is important.
Therefore, only the square of the forward wave Fj is taken into account.
[0136] Hence, the second harmonic caused by the forward wave is calculated. The dielectric polarization of the jth
layer by the forward wave is given by 

[0137] Its resulting second harmonic Dj(z) at z point (z > zj) is calculated by 

[0138] Substituting Green’s function G(z, ξ) into the above yields 

[0139] The integration range is from zj-1 to zj. Since the second harmonic is determined where z is greater than zj, z
- ξ > 0 in the integration range. 

[0140] Since zj - zj-1 is the thickness dj of the jth layer (zj-1 - zj = - dj), 

[0141] In practice, F has the subscript j attached thereto. Summing with respect to j can yield the intensity D(z) of the
second harmonic at z. Letting
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[0142] The denominator of b includes (2k - w). If 2k - w = 0, the denominator becomes 0. At this time, the inside of
[...] also becomes 0, thereby yielding no divergence. Expression (75) is a strict equation. However, it includes the square
of amplitude Fj

2, which is not a fixed value, and thus cannot easily be integrated.

Example 1

[0143] Example 1 of the first embodiment of the present invention will now be explained.
[0144] If the example of the present invention is explained from the beginning, its effects will be hard to see. Therefore,
cases of a monolayer film and a photonic crystal will be explained preliminarily before setting forth the composite photonic
crystal of photonic + resonators in accordance with the present invention. Further, a comparative example holding a
GaAs monolayer film between resonators will be explained.

1. Case of a GaAs monolayer film (Fig. 4)

[0145] Fig. 4 illustrates a change in the intensity of a double harmonic obtained when varying the thickness L of a
GaAs monolayer film. The abscissa is the film thickness L (nm). The ordinate is the intensity of the double harmonic.
The fundamental wave is an infrared beam at a wavelength of 1864 nm (161 THz) having an energy of 0.665 eV. The
double harmonic is a near-infrared beam at a wavelength of 932 nm (322 THz) having an energy of 1.33 eV.
[0146] GaAs has refractive indexes n1 = 3.37 and n2 = 3.44 with respect to the fundamental wave and the double
harmonic, respectively. The fundamental-wave wave number k = 1.136 � 107 m-1, while the double-wave wave number
w = 2.319 � 107 m-1. ∆k = w - 2k = 4,7 � 105 m-1. 2π/∆k= 1.33 � 10-5 m = 13300 nm.
[0147] The second harmonic increases with the film thickness L while vibrating. Such fine waves occur because of
the interference effect. The intensity of the second harmonic in the monolayer film is maximized near the film thickness
of 7000 nm. It becomes about 2.3 � 10-7. This is the intensity of the double wave normalized by assuming that the
intensity of the fundamental wave is 1. It starts to decrease at 7000 nm or above. The double wave becomes 0 at 13300
nm. Thereafter, it starts to increase again.
[0148] Even when a nonlinear effect exists, the monolayer film of GaAs cannot generate a sufficient double wave
under strong influence of the fact that ∆k is not 0. The most favorable nonlinear element as the monolayer film is obtained
when a GaAs thin film whose L = 7000 nm is used. Even in this case, the intensity of the second harmonic is only 2.3
� 10-7 times that of the fundamental wave, which is insufficient.

2. GaAs/Al0.82Ga0.18As alternate multilayer photonic crystal (Figs. 5, 6, 7, and 8)

[0149] Fig. 5 is a schematic view of a photonic crystal formed by alternately laminating thin films of GaAs and
Al0.82Ga0.18As. Though not depicted, there is a substrate in practice. GaAs and Al0.82Ga0.18As (hereinafter simply
abridged as AlGaAs) have thicknesses of 82 nm and 215.5 nm, respectively. The thickness of one cycle is 297.5 nm.
They were laminated by 40 cycles. The phase angle is obtained by multiplying the quotient of the effective thickness
(nd) divided by the wavelength λ with 2π (360°). The phase angle = 364 nd/λ.
[0150]

[0151] Assuming that light having an energy of 0.6 eV (λ = 2060 nm) to 1.46 eV (λ = 840 nm) is incident on one end
of the photonic crystal, Fig. 6 illustrates the results of calculation concerning the ratio (transmission) of the power of light
exiting from the final end to that of the incident wave. The abscissa is the photon energy (eV).

[Table 1]

Refractive index n Thickness d Phase angle

GaAs 3.37∼3.44 82nm 53.3°∼109°

AlGaAs 2. 92∼2.98 21.5. 5nm 121°∼248°
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[0152] The wavelength of light λ (nm) is the quotient of 1239.8 divided by the photon energy (eV). When the photon
energy is changed, the transmission varies by vibrating strongly. The transmission is 0 within the range of 0.66 eV to
0.72 eV. Such a wavelength band where the transmission continuously becomes 0 is called a photonic bandgap (PBG).
The transmission is also 0 within the range of 1.33 eV to 1.39 eV. This range is also a photonic bandgap. The present
invention makes the energies of the fundamental wave and second harmonic coincide with photonic bandgap ends,
thereby enhancing the electric field. Alternatively, as a second-best solution, only the fundamental-wave energy is caused
to coincide with a photonic bandgap end, so as to enhance the electric field.
[0153] This is a photonic crystal designed for a nonlinear element whose fundamental wave and double harmonic are
at 0.665 eV (λ = 1860 nm) and 1.330 eV (λ = 930 nm), respectively. Hence, it is designed such that the fundamental-
wave energy and double-harmonic energy just coincide with the ends ofphotonic bandgaps (PBG).
[0154] The refractive indexes of GaAs and AlGaAs with respect to light whose wavelength/energy falls within this
range are unclear. There are no reliable measurement values of refraction with respect to all the wavelengths in this
range. Therefore, the following changes in the dielectric constant are assumed. The dielectric constant is the square of
the refractive index.
[0155]

[0156] In the case where the light energy is 0.665 eV (fundamental wave at 1.86 Pm), for example, the GaAs dielectric
constant is 11.37. Its square root yields the refractive index, which is 3.37. At 0.665 eV (1.86 Pm), the AlGaAs dielectric
constant is 8.53. Its square root yields the refractive index, which is 2.92.
[0157] In the case where the light energy is 1.33 eV (double wave at 0.93 Pm), for example, the GaAs dielectric
constant is 11.83. Its square root yields the refractive index, which is 3.44. At 1.33 eV, the AlGaAs dielectric constant is
8.86. Its square root yields the refractive index, which is 2.98. It is unclear whether or not the dielectric constants are
represented by linear expressions of light energy such as those mentioned above in practice. However, the refractive
indexes of GaAs and AlGaAs at these wavelengths are still uncertain. Calculation is not able when the refractive index
is unknown. Therefore, the above approximation formulas are used.
[0158] When the light energy ranges from 0.665 eV to 1.33 eV, the refractive index of GaAs varies from 3.37 to 3.44.
The refractive index of AlGaAs varies from 2.92 to 2.98.
[0159] The phase angle is obtained by multiplying the quotient of the effective thickness (nd) divided by the wavelength
with 360°. This is 360nd/λ. Light within the range inside of the photonic bandgap cannot be transmitted. Here, the
fundamental wave and the double harmonic are caused to coincide with respective ends of two photonic bandgaps
(PBG1, 2). It is designed such that the fundamental wave = PBG1 end, while the double wave = PBG2 end. From this,
the GaAs thickness of 82 nm and the AlGaAs thickness of 215.5 nm are determined.
[0160] Fig. 7 is a graph illustrating a change in the electric field of the fundamental wave occurring within the layers
when the fundamental wave is made incident on one side of the GaAs/AlGaAs photonic crystal produced as mentioned
above such that the fundamental wave and the double wave coincide with the photonic bandgap ends. The abscissa is
the total thickness of thin films. The fundamental wave is an infrared beam having an energy of 0.665 eV and a wavelength
of 1864 nm (frequency of 161 THz). GaAs is an active layer having a nonlinear effect. AlGaAs is an inactive layer free
of the nonlinear effect.
[0161] With respect to light at 0.665 eV (wavelength of 1864 nm), GaAs and AlGaAs have refractive indexes of 3.37
and 2.92, respectively.
[0162] On the background of the same graph, raised and depressed gratings are illustrated. Mountain and valley
portions represent the active GaAs and inactive AlGaAs layers, respectively. The fundamental-wave electric field is
made greater and smaller in the active GaAs and inactive AlGaAs layers, respectively. They are determined such that
the forward-wave amplitude F and the backward-wave amplitude B have the same polarity (substantially B = F) in the
active layers. The forward-wave amplitude F and the backward-wave amplitude B have different polarities (substantially
B = -F) in the active layers. The electric field thus becomes stronger and weaker alternately, since the purpose is to
enhance the electric field in the active layers.
[0163] As the film thickness (number of layers) increases, the fundamental-wave electric field becomes stronger. Here,
the incident fundamental-wave power G = 1. At 5 cycles (about 1300 nm), the fundamental wave within the GaAs active
layers is about 2 times. At 8 cycles (about 2000 nm), the intensity of the fundamental wave in the GaAs active layers is
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about 3 times. At 20 cycles (a thickness of about 6000 nm), the intensity of the fundamental wave is about 5 times that
of the incident wave. The maximum value of the fundamental-wave intensity is 5 times. When the fundamental-wave
intensity is 5 times, the double-wave intensity should become 25 times. Though such enhancement is obtained, the
fundamental-wave intensity starts to decrease when 20 cycles are exceeded. At 29 cycles (a thickness of about 8200
nm), the intensity decreases to 4 times. At 40 cycles (about 12000 nm), the intensity decreases to 1. This yields no
multiplication effect at all.
[0164] This element is not effective in enhancing the fundamental wave, since the fundamental wave finally exits
therefrom at 1. The double wave is a superposition of portions issued from the individual layers. Since ∆k is not 0, the
double harmonic cannot be enhanced by increasing the length L of the element. Since this is a photonic crystal having
a total length (total thickness) of 12000 nm, cutting it in the middle (at 6000 nm) may appear to be appropriate, which is
not so in reality. Cutting in the middle changes the boundary condition, whereby the fundamental wave at the final end
is still small when cut in the middle.
[0165] Fig. 8 is a graph illustrating the magnitude of the second harmonic produced by the fundamental wave in the
layers of the GaAs/AlGaAs photonic crystal illustrated in Fig. 5. The abscissa is the z-directional position in the length
(total thickness) L of the crystal. The ordinate is the intensity of the second-harmonic (double-wave) electric field. The
double wave is produced by the fundamental wave within the layers. Therefore, its distribution is the same as that of
the fundamental wave in Fig. 7. Taking the double harmonic in the single GaAs layer as 1, the intensity is expressed
relative thereto. The double waves advance rightward to the outside while being superposed on each other.
[0166] The double-harmonic intensity increases with the distance z while vibrating. Mountains and valleys of gratings
are also written on the background. The mountains represent the GaAs active layers, while the valleys represent the
AlGaAs layers. The fundamental-wave electric field is greater in the active layers, but smaller in the inactive layers. On
the contrary, the double wave is weaker in the GaAs active layers, but stronger in the AlGaAs inactive layers.
[0167] Since the active layers change the fundamental wave into the double harmonic, it will be better if the fundamental
wave is stronger. The double harmonic is only required to occur, and may exist greatly in the AlGaAs layer. It advances
in the direction of increasing z and exits to the outside.
[0168] The intensity of the double harmonic increases along the z direction. At about 6000 nm (about 20 cycles), it
attains the maximum value (about 12 times). At 12000 nm, the double harmonic becomes substantially 0. This does not
mean that the double harmonic fails to exit to the outside. The double wave of Fig. 8 is produced by the fundamental
wave within the same layer, and is a superposition of such in practice. At 6000 nm, however, the double harmonic is
about 12 times and thus is still insufficient.

3. Photonic crystal with resonators (present invention: Figs. 9, 10, and 11)

[0169] Resonators (two reflectors) are further attached to both sides, so as to yield a photonic crystal with resonators.
Fig. 9 is a view of such a photonic crystal equipped with the resonators (reflectors) on both sides.
[0170] That is, the photonic crystal with resonators illustrated in Fig. 9 comprises a photonic crystal and reflectors.
The photonic crystal is formed by alternately laminating a plurality of sets of an active layer with a fixed thickness having
a nonlinear effect for converting a fundamental wave into a second harmonic and an inactive layer with another fixed
thickness free of the nonlinear effect, while being constructed such that the energy of the fundamental wave coincides
with a photonic bandgap end. In this embodiment, the active layer is a GaAs layer, while the inactive layer is constituted
by an AlxGa1-xAs layer, which is more specifically an Al0.82Ga0.18As layer. The photonic crystal may be constructed
such that the second-harmonic energy coincides with a photonic bandgap end in addition to the fundamental-wave
energy. The reflectors, each of which is made of a multilayer formed by laminating a plurality of sets of two kinds of thin
films having different refractive indexes and is adapted to reflect the fundamental wave, constitute the resonators. In
this embodiment, the multilayer film is constructed as a laminate of AlyGa1-yAs and AlzGa1-zAs layers, more specifically
as a laminate of Al0.82Ga0.18As and Al0.24Ga0.76As layers.
[0171] As illustrated in Fig. 9, the reflectors (multilayer films) are connected to both sides of the photonic crystal. A
fundamental wave near a wavelength of 1864 nm is incident on one end face of the photonic crystal with resonators
and reciprocally reflected between the resonators having the multilayer films, thereby enhancing its intensity within the
photonic crystal. The fundamental wave is converted into a second harmonic near a wavelength of 932 nm in an active
layer which is a GaAs layer, and the resulting second harmonic is taken out from the other end face of the photonic
crystal. Here, "near" in the description "near a wavelength of 1864 nm" means a wavelength region obtained by adding
a full width at half maximum to each of the front and rear sides of a center wavelength where the transmission of the
element attains a peak value when changing the wavelength. The same holds in the following explanations. The photonic
crystal with resonators in accordance with the first embodiment of the present invention will now be explained in further
detail with reference to Fig. 9.
[0172] Each resonator is constructed as a multilayer film formed by alternately laminating 20 cycles (20 + 20 layers)
of Al0.24Ga0.76As and Al0.82Ga0.18As layers.
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[0173] Let the dielectric constant of Al0.24Ga0.76As be 0.6 � (energy) + 9.8. At 0.665 eV (λ = 1864 nm), the dielectric
constant is 10.199, whereby the refractive index is 3.19. At 1.33 eV (λ = 932 nm), the dielectric constant is 10.598,
whereby the refractive index is 3.26.
[0174] Let the dielectric constant of Al0.82Ga0.18As be 0.5 � (energy) + 8.2. At 0.665 eV (λ = 1864 nm), the dielectric
constant is 8.532, whereby the refractive index is 2.92. At 1.33 eV (λ = 932 nm), the dielectric constant is 8.865, whereby
the refractive index is 2.98.
[0175]

[0176] With respect to the fundamental wave (1864 nm), the phase angle of the Al0.24Ga0.76As layer is 360nd/λ = 95.6°.
[0177] With respect to the fundamental wave (1864 nm), the phase angle of the Al0.82Ga0.18As layer is 360me/λ =
90.3°. In each case, the phase angle is about 90° (1/4 wavelength). That is, it is a reflector selectively reflecting the
fundamental wave.
[0178] However, the photonic crystal is disposed therebehind, while a backward wave exists at the end, whereby the
incident wave is easily fed into the inside. It acts like an absorption plate instead of a reflector for the incident wave, but
serves as a reflector for the fundamental wave therewithin.
[0179] Attaching such reflectors to both sides of the photonic crystal constructs resonators. This further enhances the
electric field of the fundamental wave in the intermediate layer. The double wave produced by a nonlinear conversion
is also enhanced.
[0180] The crystal of Fig. 9 is constructed by the left resonator comprising 20 cycles (40 layers), the photonic crystal
comprising 40 cycles (80 layers), and the right resonator comprising 20 cycles (40 layers). This raises the reflectance
with respect to the fundamental wave. The following table lists the layer composition, refractive index with respect to the
fundamental wave, thickness, and layer number sequentially from the left.
[0181]

[0182] The layers numbered 1 to 40 constitute the first reflector, 41 to 120 the photonic crystal, 121 to 160 the second

[Table 2]

Mixed crystal Refractive index n Thickness d

Al0.24Ga0.76As 3.19∼3.26 155.3nm

Al0.82Ga0.18As 2.92∼2.98 160.2nm

[Table 3]

Refractive index n Thickness d Layer No.

Al0.24Ga0.76As 3.19 155.3 nm 1

Al0.82Ga0.18As 2.92 160.2 nm 2

. . . . . . . . . . . .

Al0.24Ga0.76As 3.19 155.3 nm 39

Al0.82Ga0.18As 2.92 160.2 nm 40

GaAs 3.37 82 nm 41

Al0.82Ga0.18As 2.92 215.5 nm 42

. . . . . . . . . . . .

GaAs 3.37 82 nm 119

Al0.82Ga0.18As 2.92 215.5 nm 120

Al0.24Ga0.76As 3.19 155.3 nm 1.21

Al0.82Ga0.18As 2.92 160.2 nm 122

. . . . . . . . . . . .

Al0.24Ga0.76As 3.19 155.3 nm 159

Al0.82Ga0.18As 2.92 160.2 nm 160
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reflector. The total thickness is (155.3 + 160.2) � 20 + (82 + 215.5) � 40 + (155.3 + 160.2) � 20 = 24520 nm. In terms
of coordinates, z = 0 to 6310 nm in the left resonator (first reflector), z = 6310 to 18210 nm in the photonic crystal, and
z = 18210 to 24520 nm in the right resonator (second reflector).
[0183] Fig. 10 illustrates the spectrum of transmission of the photonic crystal with resonators and the magnitude of
second harmonic. A photonic bandgap exists at 0.655 eV to 0.72 eV. Another photonic bandgap exists near 1.330 eV,
which is outside of the range of Fig. 10. The fundamental wave at 0.665 eV and the double wave at 1.33 eV coincide
with photonic bandgap ends. The transmission becomes 1 for discrete energies. The transmission is low with respect
to most of energies. The second-harmonic intensity becomes greater at 0.665 eV within the photonic bandgap. It is
about 0.01 (10-2). Otherwise, the second harmonic intensity is substantially 0. The second harmonic is about 106 times
that in the case of the GaAs monolayer film (L = 3280 nm with the second harmonic of 10-8).
[0184] Fig. 11 illustrates the increase in the electric field intensity of the fundamental wave (1864 nm) in the photonic
crystal portion (z = 6310 nm to 18210 nm) in the crystal composed of the resonators and the photonic crystal. The
fundamental wave is enhanced in the same parts as the active layers (GaAs). At z = 12000 nm, the fundamental-wave
intensity is as high as 180 times that of the incident wave.
[0185] While the fundamental-wave intensity increases to 5 times that of the incident wave in the case of the photonic
crystal alone (without resonators) of Fig. 7, the fundamental wave is enhanced to 180 times that of the incident wave in
the present invention constituted by the resonators + photonic crystal (at z = about 12000 nm). That is, the fundamental-
wave multiplication effect is 30 to 40 times that of the photonic crystal alone. When the fundamental-wave intensity is
180 times, the double-wave intensity should be enhanced to about 30000 times. It is local enhancement, but is sufficiently
large and will remain without cancellation even if superposed.

4. GaAs monolayer crystal with resonators (Comparative Example: Figs. 12, 13, and 14)

[0186] While the photonic crystal enhanced the fundamental wave by 5 times, the photonic + resonator crystal of the
present invention enhanced the fundamental wave by 180 times. It is wondered whether their difference of 36 times is
an effect specific to the resonator or not.
[0187] Therefore, a comparative example in which a GaAs monolayer film having the same thickness (3280 nm) as
the total film thickness (82 nm � 40) of GaAs in the photonic crystal with resonators is held between resonators will be
considered. The photonic crystal of Fig. 9 is substituted by GaAs/AlGaAs in which halves (4310 nm each) of the total
thickness (215.5 nm � 40 layers = 8620 nm) of inactive layers Al0.82Ga0.18As are attached to both sides of GaAs. The
same resonators are attached to both sides, so as to form a GaAs monolayer film with resonators.
[0188] Fig. 12 is a view of such a GaAs crystal equipped with resonators on both sides. Each resonator is a multilayer
film formed by alternately laminating 20 cycles (20 + 20 layers) of an Al0.24Ga0.76As layer having a thickness of 155.3
nm and an Al0.82Ga0.18As layer having a thickness of 160.2 nm.
[0189] Fig. 13 illustrates the light energy (eV) vs. transmission (right ordinate) and double-wave intensity (left ordinate)
in the GaAs layer crystal with resonators. The double harmonic appears (by about 1.6 � 10-5) only at 0.665 eV (repre-
sented by the fundamental-wave energy). This is about 1/50 that of the above-mentioned photonic + resonators (about
0.008).
[0190] Fig. 14 is a graph illustrating the magnitude of the fundamental-wave electric field in the thickness direction (z)
of the GaAs/AlGaAs part in the GaAs layer crystal with resonators. The ranges of 6000 to 10500 nm and 14000 to 18100
nm indicated by valleys are the AlGaAs layers. The range of 10500 to 14000 nm indicated by a mountain corresponds
to the GaAs layers. The peak of the fundamental-wave power in the GaAs layer is about 20 times that of the incident
wave. Within the resonators, the fundamental-wave electric field is substantially constant without increasing with z.
[0191] Therefore, the 180-times increase in the fundamental wave, though locally, as in the present invention can be
attributed to the synergic effect of the photonic crystal and resonators.

Example 2

[0192] Example 2 of the first embodiment of the present invention will now be explained.

Example 2: Change in the second harmonic when Increasing the total number of layers (Fig. 15)

[0193] To both sides of a GaAs/AlGaAs basic photonic crystal constituted by 40 cycles, photonic crystals having the
same combination or resonators (reflectors) were added; a fundamental wave was made incident on one end at right
angles, and how the second harmonic occurring on the opposite side increased or decreased was studied.
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1. Basic photonic crystal (GaAs/AlGaAs)

[0194] The active and inactive layers are made of GaAs and Al0.79Ga0.21As, respectively. They are 40 layers each,
thus yielding 40 cycles.
Al0.79Ga0.21As dielectric constant = 0.9 � (light energy) + 8.3.
GaAs film thickness = 140 nm.
Al0.79Ga0.21As film thickness = 147.5 nm.
40-cycle film thickness = 11500 nm.
Second harmonic intensity = 1 � 10-10.

2. When increasing the number of layers of the same photonic crystal (broken curve G1 in the lower part of Fig. 15)

[0195] Al0.79Ga0.21As dielectric constant = 0.9 � (light energy) + 8.3.
GaAs film thickness = 140 nm.
Al0.79Ga0.21As film thickness = 147.5 nm.
150-cycle film thickness = 43125 nm.
[0196] Cycles were increased in the photonic crystal having the same composition as that of the basic photonic crystal.
There were no resonators. The total number of cycles was increased from the basic 40 cycles to 150 cycles. The change
in the second-harmonic electric field in this case was studied. This is represented by broken curve G1 in the lower part
of Fig. 15. The abscissa is the total number of cycles (half the number of layers). It increases up to 73 cycles (4 � 10-8)
and then decreases to 6 � 10-9 at 103 cycles. From there, it increases up to 107 cycles to become about 3 � 10-8.
Thereafter, the second harmonic decreases as the thickness increases. From 122 cycles, it starts to increase gradually.
It is 5 � 10-8 at 150 cycles. The second harmonic does not increase no matter how much the active layer GaAs is
increased. This is because the active layer as a whole becomes so thick that second harmonics cancel each other out.

3. When increasing the number of layers of resonators solid curve G2 in the upper art of Fig. 15

[0197] Resonators each constituted by an Al0.79Ga0.21As/Al0.21Ga0.79As multilayer reflector were disposed on both
sides of a 40-cycle basic photonic crystal, so as to increase the number of cycles of the resonator (in accordance with
the technical idea of the present invention) from 0 to 110 cycles (150 cycles in total).
Al0.21Ga0.79As dielectric constant = 1.7 � (light energy) + 9.1.
Al0.79Ga0.21As dielectric constant = 0.9 � (light energy) + 8.3.
Al0.21Ga0.79As film thickness = 147.6 nm.
Al0.79Ga0.21As film thickness = 161.6 nm.
150-cycle film thickness = 11500 + 33946 = 45446 nm.
[0198] The change in the second-harmonic electric field is represented by solid curve G2 in the upper part of Fig. 15.
The abscissa is the total number of cycles (half the number of layers). It increases up to 54 cycles (6 � 10-9) and then
decreases to 2 � 10-9 at 62 cycles. From there, it increases up to 82 cycles to become about 2 � 10-7. Thereafter, the
second harmonic decreases as the thickness increases up to 89 cycles. Then, it increases to about 1 � 10-5 at 109
cycles. From there, it decreases to 4 � 10-6 at 118 cycles. Then, it increases again. It becomes about 4 � 10-4 at 137
cycles. Since the reflectors are made thicker without widening the active layers, second harmonics are kept from cancelling
each other out, so that the gain by reflection increases. It remarkably exhibits the merit of the present invention having
a structure in which the photonic is held between the reflectors.

Example 3

[0199] Example 3 of the first embodiment of the present invention will now be explained.

Example 3: Change in the second harmonic when increasing the total number of layers (Fig. 16)

[0200] To both sides of a GaAs/AlGaAs basic photonic crystal constituted by 40 cycles, photonic crystals having the
same combination or resonators (reflectors) were added; a fundamental wave was made incident on one end, and how
the second harmonic occurring on the opposite side increased or decreased was studied. The tensor of susceptibility
of GaAs was supposed to be a component which exists in practice. A case where the fundamental wave was obliquely
incident on the GaAs (100) plane at 45° was assumed.
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1. Basic photonic crystal (GaAs/AlGaAs)

[0201] The active and inactive layers are made of GaAs and Al0.79Ga0.21As, respectively. They are 40 layers each,
thus yielding 40 cycles.
Al0.79Ga0.21As dielectric constant = 0.9 � (light energy) + 8.3.
GaAs film thickness = 140 nm.
Al0.79Ga0.21As film thickness = 155 nm.
40-cycle film thickness = 11800 nm.
Second harmonic intensity = 4 � 10-12.

2. When increasing the number of layers of the same photonic crystal (broken curve G3 in the lower part of Fig. 16)

[0202] Al0.79Ga0.21As dielectric constant = 0.9 � (light energy) + 8.3.
GaAs film thickness = 140 nm.
Al0.79Ga0.21As film thickness = 155 nm.
150-cycle film thickness = 44250 nm.
Cycles were increased in the photonic crystal having the same composition as that of the basic photonic crystal. There
were no resonators. The total number of cycles was increased from the basic 40 cycles to 150 cycles. The change in
the second-harmonic electric field in this case was studied. This is represented by broken curve G3 in the lower part of
Fig. 16. The abscissa is the total number of cycles (half the number of layers). It increases up to 50 cycles (6 � 10-11)
and then decreases to 1 � 10-11 at 60 cycles. From there, it increases up to 83 cycles to become about 7 � 10-10. This
is the maximum. Thereafter, the second harmonic decreases when the thickness of film increases. While forming low
mountains at 109 and 137 cycles, it is 1 � 10-10 at 150 cycles. The second harmonic does not increase no matter how
much the active layer GaAs is increased. This is because the active layer as a whole becomes so thick that second
harmonics cancel each other out.

3. When increasing the number of layers of resonators (broken curve G4 in the upper part of Fig. 16)

[0203] Resonators each constituted by an Al0.79Ga0.21As/Al0.21Ga0.79As multilayer reflector were disposed on both
sides of a 40-cycle basic photonic crystal, so as to increase the number of cycles of the resonator (in accordance with
the technical idea of the present invention) from 0 to 110 cycles (150 cycles in total).
Al0.21Ga0.79As dielectric constant = 1.7 � (light energy) + 9.1.
Al0.79Ga0.21As dielectric constant = 0.9 � (light energy) + 8.3.
Al0.21Ga0.79As film thickness = 146 nm.
Al0.79Ga0.21As film thickness = 160 nm.
150-cycle film thickness = 11800 + 33660 = 45460 nm.
[0204] The change in the second-harmonic electric field is represented by solid curve G4 in the upper part of Fig. 16.
The abscissa is the total number of cycles (half the number of layers). It increases up to 58 cycles (6 � 10-10) and then
decreases to 1 � 10-10 at 63 cycles. From there, it increases up to 80 cycles to become about 1 � 10-8. Then, it decreases
up to 84 cycles as the film thickness increases. Thereafter, it increases to about 4 � 10-7 at 106 cycles. Then, it decreases
to 6 � 10-6 at 127 cycles. It becomes the minimum at 137 cycles and then increases. It becomes about 4 � 10-5 at 150
cycles. Since the reflectors are made thicker without widening the active layers, second harmonics are kept from cancelling
each other out, so that the gain by reflection increases. It remarkably exhibits the merit of the present invention having
a structure in which the photonic is held between the reflectors.

Second Embodiment

[0205] The second embodiment of the present invention will now be explained. Fig. 17 illustrates a composite photonic
structure in the second embodiment of the present invention.
[0206] The composite photonic structure in the second embodiment illustrated in Fig. 17 comprises a photonic crystal
and reflectors (multilayer films or DBR resonators). The photonic crystal is formed by alternately laminating a plurality
of sets of an active layer with a fixed thickness having a nonlinear effect for converting a fundamental wave into a second
harmonic and an inactive layer with another fixed thickness free of the nonlinear effect, while being constructed such
that the energy of the fundamental wave coincides with a photonic bandgap end. In this embodiment, the active and
inactive layers are constructed by ZnO and SiO2 layers, respectively. The photonic crystal may be constructed such that
the second-harmonic energy coincides with a photonic bandgap end in addition to the fundamental-wave energy. The
reflectors, each of which is made of a multilayer film formed by laminating a plurality of sets of two kinds of thin films
having different refractive indexes and is adapted to reflect the fundamental wave, constitute the resonators. In the
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second embodiment, the multilayer film is constructed as a laminate of Al2O3 and SiO2 layers.
[0207] The film thicknesses, numbers of layers, total film thicknesses, refractive indexes, and numbers of cycles of
the photonic crystal and reflectors and the total crystal length in the second embodiment are as follows:

1. In the active layers (ZnO layers) in the photonic crystal:

Film thickness: 176.7 nm
Number of layers: 30
Total film thickness: 5301.0 nm (176.7 nm � 30 layers = 5301.0 nm)
Refractive index for fundamental wave: 1.93
Refractive index for second harmonic: 2.02

2. In the inactive layers (SiO2 layers) in the photonic crystal:

Film thickness: 101.4 nm
Number of layers: 29
Total film thickness: 2940.6 nm (101.4 nm � 29 layers = 2940.6 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

3. Number of cycles in the photonic crystal: 30
4. In the Al2O3 layers in the reflector:

Film thickness: 153.6 nm
Number of layers: 20
Total film thickness: 3072.0 nm (153.6 nm � 20 layers = 3072.0 nm)
Refractive index for fundamental wave: 1.75
Refractive index for second harmonic: 1.77

4. In the SiO2 layers in the reflector:

Film thickness: 185.7 nm
Number of layers: 20
Total film thickness: 3714.0 nm (185.7 nm � 20 layers = 3714.0 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

5. The number of cycles in the reflectors: 20 cycles each in the front and rear, 40 cycles in total
6. Total crystal length: 21.9 Pm

[0208] As illustrated in Fig. 17, the DBR resonators are connected to both sides of the photonic crystal. A fundamental
wave near a wavelength of 1064 nm enters the photonic crystal with resonators from one end face such that its s-
polarized light is incident on the crystal plane at right angles, and is reciprocally reflected between resonators each
having a multilayer film, whereby the intensity of the fundamental wave is enhanced within the photonic crystal. The
fundamental wave is converted into a second harmonic near a wavelength of 532 nm in an active layer which is a ZnO
layer, and the resulting second harmonic is taken out from the other end face of the photonic crystal.
[0209] Performances of the composite photonic structure in accordance with the second embodiment illustrated in
Fig. 17 will now be explained. The following will explain excellent performances of the composite photonic structure in
accordance with the second embodiment by setting forth results of comparing performances of the composite photonic
structure explained in the foregoing (Fig. 18), a structure made of a ZnO monolayer film (performance comparison A,
Fig. 19), a structure constituted by a photonic crystal of ZnO/SiO2 layers alone without DBR resonators (performance
comparison B, Fig. 20), a structure in which a ZnO monolayer film having the same total thickness as that of the photonic
crystal is held between DBR resonators (performance comparison C, Fig. 21), and a quasi-phase matching ZnO bulk
structure (performance comparison D, Fig. 22) with reference to Figs. 18 to 22.

Performances of the composite photonic structure in accordance with the Second embodiment

[0210] Fig. 18 is a chart illustrating performances of the composite photonic structure in accordance with the second
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embodiment. In Fig. 18, the abscissa and ordinate indicate the conversion efficiency and the fundamental-wave power
(FW Power (kW/cm2)), respectively. For more clearly representing performances of the composite photonic structure in
the second embodiment, Fig. 18 separately shows the cases (a) where neither fluctuation nor absorption exists, (b)
where a 5% fluctuation is added, (c) where an absorption of Im[n] = 0.001 (i.e., absorption in blue) is added, and (d)
where an absorption of Im[n] = 0.001 is further added to the 5% fluctuation. That is, the case (a) is an ideal case where
no decay occurs, whereas the cases (b), (c), and (d) purposely assume states with inferior performances. The fluctuation
in a typical manufacturing process is about 1 to 2% with an absorption factor of 0.001. That is, the fluctuation is assumed
to have a ratio much greater than that in the typical manufacturing process.
[0211] Curve G5 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency reaches as high as 0.65% when the fundamental-wave power is 9 kW/cm2. Curve G6 represents
a performance in the case (b) where the 5% fluctuation is added, in which the conversion efficiency reaches as high as
0.6% when the fundamental-wave power is 9 kW/cm2. Curve G7 represents a performance in the case (c) where the
absorption of Im[n] = 0.001 is added, in which the conversion efficiency reaches as high as 0.4% when the fundamental-
wave power is 9 kW/cm2. Curve G8 represents a performance in the case (d) where the absorption of Im[n] = 0.001 is
further added to the 5% fluctuation, in which the conversion efficiency reaches as high as 0.3% when the fundamental-
wave power is 9 kW/cm2. Thus, the composite photonic structure in accordance with the second embodiment exhibits
such an excellent performance that the conversion efficiency is at least 0.3% when the fundamental-wave power is 9
kW/cm2 not only in the ideal case (a) with no decay but also in the cases (b), (c), and (d) purposely assuming states
with inferior performances. Such excellent performances of the composite photonic structure of the second embodiment
will become clearer with reference to the following performance comparisons A to D.

Performance comparison A: a structure made of a ZnO monolayer alone

[0212] Fig. 19 is a chart illustrating performances of a structure made of a ZnO monolayer alone without DBR resonators.
As a reference for comparison, the performance comparison A employs a performance in a case where the ZnO monolayer
has a thickness of 3 Pm, which is the same as the coherence length, and exhibits the highest efficiency as a unitary
structure. For more clearly comparing performances, Fig. 19 separately shows the cases (a) where neither fluctuation
nor absorption exists and (b) where an absorption of Im[n] = 0.001 is added. That is, the case (a) is an ideal case where
no decay occurs, whereas the case (b) assumes an absorption factor in a typical manufacturing process.
[0213] Curve G9 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency reaches only 1.4 � 10-8 % when the fundamental-wave power is 9 kW/cm2. Curve G10
represents a performance in the case (b) where the absorption of Im[n] = 0.001 is added, in which the conversion
efficiency is further worsened, so as to become only 1.3 � 10-8 % when the fundamental-wave power is 9 kW/cm2.
These performances are much worse than those of the composite photonic structure illustrated in Fig. 18 to such an
extent as not to be compared therewith.

Performance comparison B: a structure made of a photonic crystal of ZnO/SiO2 layers alone without DBR resonators

[0214] Fig. 20 is a chart illustrating performances of a structure made of a photonic crystal of ZnO/SiO2 layers alone
without DBR resonators. As a reference for comparison, the performance comparison B employs a performance in a
case where the photonic crystal structure of ZnO/SiO2 layers is provided by the number of cycles equivalent to that in
the case of the composite photonic structure. That is, since the composite photonic structure uses 20 cycles of a reflector
+ 30 cycles of a photonic crystal + 20 cycles of a reflector (see Fig. 17), the performance comparison B employs a
performance in the case where 70 cycles of the photonic crystal of ZnO/SiO2 layers are provided as a reference for
comparison. For more clearly comparing performances, Fig. 20 separately shows the cases (a) where neither fluctuation
nor absorption exists and (b) where an absorption of Im[n] = 0.001 is added. That is, the case (a) is an ideal case where
no decay occurs, whereas the case (b) assumes the absorption factor in a typical manufacturing process.
[0215] Curve G11 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency reaches only 1.6 � 10-5 % when the fundamental-wave power is 9 kW/cm2. Curve G12
represents a performance in the case (b) where the absorption of Im[n] = 0.001 is added, in which the conversion
efficiency is further worsened, so as to become only 6 � 10-6 % when the fundamental-wave power is 9 kW/cm2. These
exhibit performances better than those of the performance comparison A illustrated in Fig. 19. However, they are still
much worse than those of the composite photonic structure illustrated in Fig. 18 to such an extent as not to be compared
therewith.
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Performance comparison C: a structure in which a ZnO monolayer film having a total film thickness equivalent to that 
of the photonic crystal is held between DBR resonators

[0216] Fig. 21 is a chart illustrating performances of a structure in which a ZnO monolayer film having a total film
thickness equivalent to that of the photonic crystal is held between DBR resonators. As a reference for comparison, this
performance comparison C employs a performance in a case where a ZnO monolayer film having a total film thickness
equivalent to that of the ZnO layers acting as the active layers in the above-mentioned composite photonic structure,
i.e., 5301.0 nm, is held between DBR resonators each made of 20 cycles of a reflector in the front and rear thereof as
in the above-mentioned composite photonic structure. For more clearly comparing performances, Fig. 21 separately
shows the cases (a) where neither fluctuation nor absorption exists and (b) where an absorption of Im[n] = 0.001 is
added. That is, the case (a) is an ideal case where no decay occurs, whereas the case (b) assumes the absorption
factor in a typical manufacturing process.
[0217] Curve G13 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency is 0.00035% when the fundamental-wave power is 9 kW/cm2. Curve G14 represents a per-
formance in the case (b) where the absorption of Im[n]=0.001 is added, in which the conversion efficiency is further
worsened, so as to become 0.00032% when the fundamental-wave power is 9 kW/cm2. These exhibit performances
better than those of the performance comparison A illustrated in Fig. 19 or the performance comparison B illustrated in
Fig. 20. However, they are still much worse than those of the composite photonic structure illustrated in Fig. 18 to such
an extent as not to be compared therewith.

Performance comparison D: a quasi-phase matching ZnO bulk structure

[0218] Fig. 22 is a chart illustrating performances of a quasi-phase matching ZnO bulk structure. As a reference for
comparison, the performance comparison D employs a performance in the case where the crystal length is 30 mm as
a condition under which a quasi-phase matching ZnO bulk structure exhibits the best performances. For more clearly
comparing performances, Fig. 22 separately shows the cases (a) where neither fluctuation nor absorption exists, (b)
where an fluctuation of 0.1% (i.e., 3 nm) is added, and (c) an absorption of Im[n] = 0.00001 is added. That is, a fluctuation
with a ratio much lower than about 1 to 2% which is a fluctuation in a typical manufacturing process and an absorption
with a ratio much lower than 0.001 which is an absorption factor in a typical manufacturing process are assumed. In this
regard, it should be noted that the above-mentioned performances of the composite photonic structure in accordance
with the second embodiment assume a fluctuation with a ratio much greater than that of the fluctuation in a typical
manufacturing process and an absorption factor in a typical manufacturing process.
[0219] Curve G15 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency is nearly 1% when the fundamental-wave power is 9 kW/cm2. At first glance, this result appears
equivalent or superior to that of the composite photonic structure in accordance with the second embodiment of the
present invention. However, it should be noted that a long crystal length of 30 mm in total must be provided in order for
a quasi-phase matching ZnO bulk structure to exhibit such a performance. In the composite photonic structure in ac-
cordance with the second embodiment of the present invention, by contrast, the total crystal length is 21.9 Pm, which
is much shorter than 30 mm mentioned above. Therefore, the composite photonic structure in accordance with the
second embodiment of the present invention can be considered overwhelmingly advantageous in terms of element size
while exhibiting substantially the same performance.
[0220] The case (a) supposing that neither fluctuation nor absorption exists at all assumes only an ideal condition,
whereas fluctuation or absorption inevitably occurs to a certain extent in actual manufacturing processes. Curve G16
exhibits a performance in the case (b) where the 0.1% fluctuation is added, in which the conversion efficiency is drastically
worsened, so as to fail to reach 0.1 % when the fundamental-wave power is 9 kW/cm2. When this result is compared
with curve G6 of the composite photonic structure illustrated in Fig. 18, the composite photonic structure in accordance
with the second embodiment of the present invention is seen to exhibit a much better performance than that of the quasi-
phase matching ZnO bulk structure, notwithstanding the fact that a fluctuation with a ratio much greater than that in a
typical manufacturing process is assumed.
[0221] Curve G17 exhibits a performance in the case (c) where the absorption of Im[n] = 0.00001 is added, in which
the conversion efficiency is drastically worsened, so as to fail to reach 0.01% when the fundamental-wave power is 9
kW/cm2. When this result is compared with curve G7 of the composite photonic structure illustrated in Fig. 18, the
composite photonic structure in accordance with the second embodiment of the present invention is seen to exhibit a
much better performance than that of the quasi-phase matching ZnO bulk structure, which is supposed to incur an
absorption with a ratio much lower than that in a typical manufacturing process, notwithstanding the fact that the absorption
in the typical manufacturing process is assumed.
[0222] In view of the foregoing results, the quasi-phase matching ZnO bulk structure exhibits favorable performances
only when provided with a crystal length of more than 1000 times that of the composite photonic structure in accordance
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with the second embodiment of the present invention under an ideal condition that neither fluctuation nor absorption
exists at all. This is only an ideal condition, whereas the reduction in conversion efficiency becomes a serious problem
in the quasi-phase matching ZnO bulk structure in an actual state where the fluctuation or absorption occurs in practice.
By contrast, the composite photonic structure in accordance with the second embodiment of the present invention is
seen to exhibit an excellent performance even when a fluctuation with a ratio much greater than that in reality or a
practical absorption is assumed.

Third Embodiment

[0223] The third embodiment of the present invention will now be explained. Fig. 23 illustrates the composite photonic
structure in the third embodiment of the present invention.
[0224] The composite photonic structure in the third embodiment illustrated in Fig. 23 comprises a photonic crystal
and reflectors (multilayer films or DBR resonators). The photonic crystal is formed by alternately laminating a plurality
of sets of an active layer with a fixed thickness having a nonlinear effect for converting a fundamental wave into a second
harmonic and an inactive layer with another fixed thickness free of the nonlinear effect, while being constructed such
that the energy of the fundamental wave coincides with a photonic bandgap end. In this embodiment, the active and
inactive layers are constructed by ZnO and SiO2 layers, respectively. The photonic crystal may be constructed such that
the second-harmonic energy coincides with a photonic bandgap end in addition to the fundamental-wave energy. The
reflectors, each of which is made of a multilayer formed by laminating a plurality of sets of two kinds of thin films having
different refractive indexes and is adapted to reflect the fundamental wave, constitute the resonators. In the second
embodiment, the multilayer film is constructed as a laminate of MgO and SiO2 layers.
[0225] The film thicknesses, numbers of layers, total film thicknesses, refractive indexes, and numbers of cycles of
the photonic crystal and reflectors and the total crystal length in the third embodiment are as follows:

1. In the active layers (ZnO layers) in the photonic crystal:

Film thickness: 176.7 nm
Number of layers: 30
Total film thickness: 5301.0 nm (176.7 nm � 30 layers = 5301.0 nm)
Refractive index for fundamental wave: 1.93
Refractive index for second harmonic: 2.02

2. In the inactive layers (SiO2 layers) in the photonic crystal:

Film thickness: 101.4 nm
Number of layers: 29
Total film thickness: 2940.6 nm (101.4 nm � 29 layers = 2940.6 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

3. Number of cycles in the photonic crystal: 30
4. In the MgO layers in the reflector:

Film thickness: 154.8 nm
Number of layers: 20
Total film thickness: 3096.0 nm (154.8 nm � 20 layers = 3096.0 nm)
Refractive index for fundamental wave: 1.72
Refractive index for second harmonic: 1.74

4. In the SiO2 layers in the reflector:

Film thickness: 186.9 nm
Number of layers: 20
Total film thickness: 3738.0 nm (186.9 nm � 20 layers = 3738.0 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

5. The number of cycles in the reflectors: 20 cycles each in the front and rear, 40 cycles in total
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6. Total crystal length: 21.904 Pm

[0226] As illustrated in Fig. 23, the DBR resonators are connected to both sides of the photonic crystal. A fundamental
wave near a wavelength of 1064 nm enters the photonic crystal with resonators from one end face such that its s-
polarized light is incident on the crystal plane at right angles, and is reciprocally reflected between resonators each
having a multilayer film, whereby the intensity of the fundamental wave is enhanced within the photonic crystal. The
fundamental wave is converted into a second harmonic near a wavelength of 532 nm in an active layer which is a ZnO
layer, and the resulting second harmonic is taken out from the other end face of the photonic crystal.

Performances of the composite photonic structure in accordance with the third embodiment

[0227] Fig. 24 is a chart illustrating performances of the composite photonic structure in accordance with the third
embodiment. In Fig. 24, the abscissa and ordinate indicate the conversion efficiency and the fundamental-wave power
(FW Power (kW/cm2)), respectively. For more clearly representing performances of the composite photonic structure in
the third embodiment, Fig. 24 separately shows the cases (a) where neither fluctuation nor absorption exists, (b) where
a 5% fluctuation is added, (c) where an absorption of Im[n] = 0.001 (i.e., absorption in blue) is added, and (d) where an
absorption of Im[n] = 0.001 is further added to the 5% fluctuation. That is, the case (a) is an ideal case where no decay
occurs, whereas the cases (b), (c), and (d) purposely assume states with inferior performances. The fluctuation in a
typical manufacturing process is about 1 to 2% with an absorption factor of 0.001. That is, the fluctuation is assumed to
have a ratio much greater than that in the typical manufacturing process.
[0228] Curve G18 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency reaches as high as 0.2% when the fundamental-wave power is 9 kW/cm2. Curve G19 represents
a performance in the case (b) where the 5% fluctuation is added, in which the conversion efficiency reaches as high as
0.19% when the fundamental-wave power is 9 kW/cm2. Curve G20 represents a performance in the case (c) where the
absorption of Im[n] = 0.001 is added, in which the conversion efficiency reaches as high as 0.1 % when the fundamental-
wave power is 9 kW/cm2. Curve G21 represents a performance in the case (d) where the absorption of Im[n] = 0.001
is further added to the 5% fluctuation, in which the conversion efficiency reaches as high as 0.08% when the fundamental-
wave power is 9 kW/cm2. Thus, the composite photonic structure in accordance with the third embodiment exhibits such
an excellent performance that the conversion efficiency is at least 0.08% when the fundamental-wave power is 9 kW/cm2

not only in the ideal case (a) with no decay but also in the cases (b), (c), and (d) purposely assuming states with inferior
performances.
[0229] Excellent performances of the composite photonic structure of the third embodiment in which the DBR resonator
is constructed as a laminate of MgO and SiO2 layers are slightly inferior to those of the composite photonic structure
illustrated in Fig. 18 of the second embodiment. However, they are seen to be much better than the comparison subjects
A, B, C, and D illustrated in Figs. 19 to 22 of the second embodiment.

Fourth Embodiment

[0230] The fourth embodiment of the present invention will now be explained. Fig. 25 illustrates the composite photonic
structure in the fourth embodiment of the present invention.
[0231] The composite photonic structure in the fourth embodiment illustrated in Fig. 25 comprises a photonic crystal
and reflectors (multilayer films or DBR resonators). The photonic crystal is formed by alternately laminating a plurality
of sets of an active layer with a fixed thickness having a nonlinear effect for converting a fundamental wave into a second
harmonic and an inactive layer with another fixed thickness free of the nonlinear effect, while being constructed such
that the energy of the fundamental wave coincides with a photonic bandgap end. In this embodiment, the active and
inactive layers are constructed by ZnO and SiO2 layers, respectively. The photonic crystal may be constructed such that
the second-harmonic energy coincides with a photonic bandgap end in addition to the fundamental-wave energy. The
reflectors, each of which is made of a multilayer formed by laminating a plurality of sets of two kinds of thin films having
different refractive indexes and is adapted to reflect the fundamental wave, constitute the resonators. In the second
embodiment, the multilayer film is constructed as a laminate of Ta2O5 and SiO2 layers.
[0232] The film thicknesses, numbers of layers, total film thicknesses, refractive indexes, and numbers of cycles of
the photonic crystal and reflectors and the total crystal length in the fourth embodiment are as follows:

1. In the active layers (ZnO layers) in the photonic crystal:

Film thickness: 176.7 nm
Number of layers: 30
Total film thickness: 5301.0 nm (176.7 nm � 30 layers = 5301.0 nm)



EP 2 224 284 A1

35

5

10

15

20

25

30

35

40

45

50

55

Refractive index for fundamental wave: 1.93
Refractive index for second harmonic: 2.02

2. In the inactive layers (SiO2 layers) in the photonic crystal:

Film thickness: 101.4 nm
Number of layers: 29
Total film thickness: 2940.6 nm (101.4 nm � 29 layers = 2940.6 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

3. Number of cycles in the photonic crystal: 30
4. In the Ta2O5 layers in the reflector:

Film thickness: 130.2 nm,
Number of layers: 10
Total film thickness: 1302.0 nm (130.2 nm � 10 layers = 1302.0 nm)
Refractive index for fundamental wave: 2.09
Refractive index for second harmonic: 2.21

4. In the SiO2 layers in the reflector:

Film thickness: 186.9 nm
Number of layers: 10
Total film thickness: 1869.0 nm (186.9 nm � 10 layers = 1869.0 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

5. The number of cycles in the reflectors: 10 cycles each in the front and rear, 20 cycles in total
6. Total crystal length: 14.584 Pm

[0233] As illustrated in Fig. 25, the DBR resonators are connected to both sides of the photonic crystal. A fundamental
wave near a wavelength of 1064 nm enters the photonic crystal with resonators from one end face such that its s-
polarized light is incident on the crystal plane at right angles, and is reciprocally reflected between resonators each
having a multilayer film, whereby the intensity of the fundamental wave is enhanced within the photonic crystal. The
fundamental wave is converted into a second harmonic near a wavelength of 532 nm in an active layer which is a ZnO
layer, and the resulting second harmonic is taken out from the other end face of the photonic crystal.

Performances of the composite photonic structure in accordance with the fourth embodiment

[0234] Fig. 26 is a chart illustrating performances of the composite photonic structure in accordance with the fourth
embodiment. In Fig. 26, the abscissa and ordinate indicate the conversion efficiency and the fundamental-wave power
(FW Power (kW/cm2)), respectively. For more clearly representing performances of the composite photonic structure in
the fourth embodiment, Fig. 26 separately shows the cases (a) where neither fluctuation nor absorption exists, (b) where
a 5% fluctuation is added, (c) where an absorption of Im[n] = 0.001 (i.e., absorption in blue) is added, and (d) where an
absorption of Im[n] = 0.001 is further added to the 5% fluctuation. That is, the case (a) is an ideal case where no decay
occurs, whereas the cases (b), (c), and (d) purposely assume states with inferior performances. The fluctuation in a
typical manufacturing process is about 1 to 2% with an absorption factor of 0.001. That is, the fluctuation is assumed to
have a ratio much greater than that in the typical manufacturing process.
[0235] Curve G22 represents a performance in the case (a) where neither fluctuation nor absorption exists, in which
the conversion efficiency reaches as high as 0.22% when the fundamental-wave power is 9 kW/cm2. Curve G23 repre-
sents a performance in the case (b) where the 5% fluctuation is added, in which the conversion efficiency reaches as
high as 0.21% when the fundamental-wave power is 9 kW/cm2. Curve G24 represents a performance in the case (c)
where the absorption of Im[n] = 0.001 is added, in which the conversion efficiency reaches as high as 0.2% when the
fundamental-wave power is 9 kW/cm2, Curve G25 represents a performance in the case (d) where the absorption of Im
[n] = 0.001 is further added to the 5% fluctuation, in which the conversion efficiency reaches as high as 0.17% when the
fundamental-wave power is 9 kW/cm2. Thus, the composite photonic structure in accordance with the fourth embodiment
exhibits such an excellent performance that the conversion efficiency is at least 0.17% when the fundamental-wave
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power is 9 kW/cm2 not only in the ideal case (a) with no decay but also in the cases (b), (c), and (d) purposely assuming
states with inferior performances.
[0236] Excellent performances of the composite photonic structure of the third embodiment in which the DBR resonator
is constructed as a laminate of Ta2O5 and SiO2 layers while the number of cycles in the DBR resonators is only half that
in each of the second and third embodiments are slightly inferior to those of the composite photonic structure illustrated
in Fig. 18 of the second embodiment. However, they are seen to be much better than the comparison subjects A, B, C,
and D illustrated in Figs. 19 to 22 of the second embodiment.

Additional Matters to First to Fourth Embodiments

[0237] The foregoing explanations concerning the first to fourth embodiments represent a case using GaAs/AlGaAs
(Al0.82Ga0.18As in particular) or ZnO/SiO2 as a material for constructing a photonic crystal by way of example. However,
the present invention is not limited to the above-mentioned materials. That is, the composite photonic structure element
of the present invention can be constructed by using any of ZnSe/ZnMgS, Al0.3Ga0.7As/Al2O3, SiO2/AlN, GaAs/AlAs,
GaN/AlN, ZnS/SiO2, ZnS/YF3, and GaP/AlP as a material for constructing the photonic crystal. Though detailed expla-
nations concerning performances are omitted, performances similar to those of the composite photonic structure elements
of the present invention explained in the first to fourth embodiments are exhibited when the composite photonic structure
element of the present invention is constructed by using the materials mentioned above.
[0238] Using the composite photonic structure elements explained in the first to fourth embodiments, surface emitting
lasers, light-emitting diodes, laser diodes, and the like can be made. As an example of them, Fig. 34 illustrates a surface
emitting laser 1 using a composite photonic structure element (13, 14, 15) explained in the first to fourth embodiments.
In this surface emitting laser 1, making light incident at right angles on the composite photonic structure element (13,
14, 15) formed on a substrate 12 can yield an exit beam 17 perpendicular to the substrate 12. In Fig. 34, numbers 11
and 16 indicate electrodes, 13 and 15 DBR resonators, 14 a photonic crystal.

Fifth Embodiment

[0239] In the following, the fifth embodiment of the present invention will be explained in order of its dielectric multilayer
film, bipolar multilayer crystal, and resonators (reflectors).

1. Dielectric multilayer film

[0240] Suppose that N layers having different refractive indexes n and thicknesses d exist between vacuums on both
sides. The layers are sequentially numbered 1, 2, ..., j, ..., N. The j in the jth and that of the imaginary unit must not be
mixed up with each other. The direction in which the layers align is assumed to be the light propagating direction and
referred to as the z direction. The electric field of light is supposed to be a plane wave and have only an x component.
A tangential component of the electric field and a tangential component of the magnetic field are continuous to each
other at a boundary. The tangential component of the magnetic field is the derivative of the electric field x component
with respect to z. Therefore, the boundary condition is that the electric field and its derivative are continuous to each
other at the boundary. Let nj, dj, zj-1, zj, kj, Fj, and Bj be the refractive index, thickness, front boundary, rear boundary,
wave number of light, forward-wave electric field amplitude, and backward-wave electric field amplitude in the jth layer,
respectively. Assuming that the wave number in vacuum is k, the wave number in the jth layer is kj = njk. Arrows indicate
directions of propagation of the forward and backward waves. The electric fields do not orient in these directions. The
electric fields Ej, Ej+i in the jth and (j + 1)th layers are: 

Since the left boundary (start point) and right boundary (end point) of the jth layer are zj-1 and zj, respectively, the forward
and backward waves employ their shifts (z - zj-1), (z - zj) from the start and end points, respectively, as variables, thereby
expressing wave functions.
[0241] It may be a little hard to understand because of different starting points of wave functions but can intuitively be
said that, when the backward wave B and the forward wave F are the same (B = F), the square (power) of the electric
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field is a cos function whose center coordinate is the midpoint (zj-1 + zj)/2 of the jth layer. The square power is large in
this case. When the backward wave B and the forward wave F have opposite polarities (B = -F), the power is a sin
function whose center coordinate is the midpoint. The square power is near 0. When the backward wave B is faster than
the forward wave by 90° (B = -jF), their electric fields enhance each other. When the backward wave B is later than the
forward wave by 90° (B = +jF), their electric fields suppress each other.
[0242] In view of reservations of electric field values and differentials, the boundary condition at the boundary zj
between the jth and (j + 1)th layers is: 

There are (2N + 1) boundaries, so that the number of boundary conditions is 2N + 1. Only the incident wave G is known,
while 2N of Fj and Bj and the transmitted wave T are unknowns. Since the number of unknowns is 2N + 1, all the
unknowns can be determined by solving them. Letting sj = nj/nj+1, the following recurrence formulas are obtained:
[0243]

[0244] These hold true from j = 0, assuming that the amplitudes at j = 0 are F0 = G and B0 = R.
[0245]

[0246] Since there is only the transmitted wave T after the Nth layer, FN+1, = T and BN+1 = 0 when j = N + 1.
[0247]

[0248] In this way, expressions (6-5) and (7-5) are recurrence formulas holding true when j = 0 to N + 1. Since R has
not been known in practice, the condition that, = N + 1 (11) retroacts, so as to determine R.
[0249] Such accurate recurrence formulas are obtained. Since {nj}, {dj}, and G have been known, (2N + 1) amplitudes
should be calculable.
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[0250] Though {nj} and {dj} can be given arbitrarily, this will complicate calculations and yield only numerical solutions.
The numerical solutions cannot easily change the condition. They do not clarify principles. Analytical solutions are
demanded.
[0251] The present invention becomes KHK combining a bipolar multilayer crystal H with reflective layers K, K. Each
of K and H is formed by alternately laminating two kinds of thin films having different refractive indexes and thicknesses.
The layer structures of both of them will be explained.
[0252] A case where two kinds of thin films U, W having different thicknesses are alternately laminated by the respective
same thicknesses will now be considered. When the two kinds of thin films are alternately laminated, accurate calculations
can be performed analytically. Assume that the ith set of thin films is constituted by Ui and Wi, while there are M such
sets. Since each set is constituted by two layers, the number of layers is 2M. The set number i ranges from 1 to M.
[0253] The first kind thin film U has a refractive index n and a thickness d, while Fui and Bui denote its forward- and
backward-wave amplitudes in the ith set, respectively. The second kind thin film W has a refractive index m and a
thickness e, while Fwi and Bwi denote its forward- and backward-wave amplitudes in the ith set, respectively.
[0254] Fig. 28 illustrates this case. U and W are odd-numbered (n, d) and even-numbered (m, e) layers, respectively.
[0255]

Here, sr = 1; g denotes the wave change caused by the phase change of light ωnd/c = 2πnd/λ in the odd-numbered film
(first kind); h denotes the wave change caused by the phase change of light ωme/c = 2πme/λ in the even-numbered film
(second kind).
[0256] Let the respective phase changes in the first and second kind layers U, W be: 

Hence, g and h can be written as: 

Each of the absolute values of phase components g and h is 1.
[0257] By rewriting sj, gj, and gj+1 in expressions (6) and (7) as s (= n/m), g, and h, respectively, the recurrence formulas
determined from the boundary condition between the Ui and Wi layers are: 
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[0258] This means that the relationship of the two is determined by a matrix of 2 � 2. The value of the relational
determinants is gs/h. By rewriting Sj+1, gj+1, gj, and gj+z in expressions (6-5) and (7-5) as r (= m/n), h, g, and g, respectively,
the recurrence formulas determined from the boundary condition between the Wi and Ui+1 layers are:
[0259]

[0260] This also means that the relationship of the two is determined by a matrix of 2 � 2. The value of the relational
determinants is hr/g. The recurrent formulas between the Ui and Uj+1 layers are determined while skipping Wi therebe-
tween. This can be seen from the product of matrixes of expressions (20-5) to (23-5).
[0261] Thus: 

The recurrent formulas between the Ui and Vi+1 layers can simply be expressed by a matrix of 2 � 2, too.
[0262]

[0263] Those marked with * on their shoulders are complex conjugates. This is a unitary matrix, while the value of the
determinant is 1. r + s = (m/n) + (n/m) > 2. Hence, the absolute value of diagonal terms is greater than 1. Therefore, it
can be written by bipolar functions sinh and cosh as in the following. The bipolar functions are function systems such
as sinhx = -jsin(jx) = (1/2)[exp(x)-exp(-x)] and coshx = cos(jx) _ (1/2)[exp(x)-exp(-x)]. cosb2Θ - sinh2Θ = 1 holds.
[0264]
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2. Bypolar multilayer crystal H; Fig. 29

[0265] The present invention enhances the fundamental-wave amplitude within a crystal by utilizing a bipolar functional
increase in a dielectric multilayer film satisfying a specific condition. A crystal which enhances the electric field like a
bipolar function will temporarily be referred to as bipolar multilayer crystal. There are M sets of U and W layers, thus
yielding 2M layers. One of the U and W layers is a nonlinear crystal thin film, while the other is a thin film free of the
nonlinear effect. While either of them may be so, the U layer (d, n) is supposed to be the nonlinear thin film and referred
to as an active layer here. The W layer is assumed to be an inactive thin film (e, m). There are two cases depending on
which layer has a higher refractive index.
[0266] A multilayer film UWUW... = (UW)M having M sets of U and W layers in this order is considered.
By introducing an angle u and writing that cosu = cosqsechΘ and sinu = (1/2)(r-s)sinqsechΘ, it can be rewritten as:

[0267] This is also a unitary matrix, while the value of the determinant is 1. The characteristic equation of expression
(29-5) is: 

[0268] Here, g = exp(jp); r and s are ratios of refractive indexes, r = m/n, s = n/m, where r + s is a positive number
greater than 2; let b be the difference between r + s and 2.
[0269] Let: 

Then, the first-order coefficient of Λ in the characteristic equation is: 
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There are two cases depending on whether the absolute value |cos(p + q) - (b/2)sinpsinq| of cos(p + q) - (b/2)sinpsinq
is greater or smaller than 1.

(a) Where |cos(p + q) (b/2)sinpsinq| < 1

[0270] The characteristic value Λ in this case is: 

[0271] The two solutions each have an absolute value of 1 and are in a complex conjugate relationship, so that their
M conversions are represented by ΛM and Λ-M by appropriate conversions, which simply indicate rotations because the
absolute value is constant. This does not act to enhance the electric field. It fails to yield the bipolar multilayer crystal of
the present invention.

(b) Where |cos(p + q) - (b/2)sinpsinq| > 1

[0272] The characteristic value A in this case is: 

[0273] The greater characteristic value A is larger than 1, while the smaller characteristic value (Λ-1) falls between 0
and 1. Therefore, their N conversions are represented by ΛN and Λ-N by appropriate conversions. However, A is a real
number greater than 1, so that there is no rotation, whereby the amplitude value keeps increasing as N becomes greater.
This may enhance the fundamental-wave amplitude on each stage. It can yield the bipolar multilayer crystal of the
present invention.
[0274] The above-mentioned condition (b) is very hard. This is because the refractive index square fraction b reflecting
the difference between refractive indexes is a small value. The refractive index difference square portion b does not
become greater unless the refractive index difference between the U and W layers is very large.
[0275] By way of caution, the phase angle is represented by both circular measure (radian) and degree. Here, p is
the phase angle (2πnd/λ rad or 360nd/λ°) of the U layer and positive. On the other hand, q is the phase angle (2πme/
λ, rad or 360me/λ°) of the W layer and positive. 0 < p + q always holds. While there are various cases where the condition
(b) holds, some of them will be listed.
[0276] Multilayer film condition A: p + q is near π (180°), while each of p and q is near π/2 (90°). This will be referred
to as multilayer film condition A.
[0277] Multilayer film condition B: p + q is near 2π (360°), while one and the other of p and q are near 3π/2 (270°) and
π/2 (90°), respectively. This will be referred to as multilayer film condition B.
[0278] Multilayer film condition C: p + q is near 3π (540°), while each of p and q is near 3π/2 (270°). This will be referred
to as multilayer film condition C.
[0279] Multilayer film condition D: p + q is near 4π (720°), while one and the other of p and q are near 5π/2 and 3π/2,
respectively, or near 7π/2 and π/2, respectively. This will be referred to as multilayer film condition D.
[0280] There are various other conditions. In general, a condition is such that p + q is near an integer multiple of π,
while each of p and q is near a half-integer multiple of π. Those subsequent to the multilayer condition D will be omitted,
since they are similar. "Near" will be expressed by sign "∼".
[0281] Ideally, in each case, the condition (b) is satisfied as -1 - (b/2) < -1 or 1 + (b/2) > 1. This is achieved when p +
q is an integer multiple of π, while each of p and q is an integer multiple of π/2.
[0282] Depending on the value of b, however, p and q are provided with finite widths. Since cos(p + q) < -1 + (b/2)
sinpsinq in the multilayer condition A, the shift ∆p of p from π/2 and the shift ∆q of q from π/2 are expressed by
[0283]
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in the first approximation.
[0284] That is, 

This holds under any condition. As the refractive index square fraction b increases, ∆p and ∆q can be made greater,
thus yielding a larger margin in designing. When b = 0.02, for example, b1/2 = about 0.14.
[0285] For simplification, "near" will be expressed by "∼". The shifts of p and q from their "near" target values will be
represented by ∆p and ∆q, respectively. 

[0286] In each case, it will be preferred if each of absolute values of differences ∆p and ∆q of p and q from their target
values (π/2, 3π/2, 5π/2, ...) is smaller than b1/2. |∆p| < b1/2. |∆q| < b1/2. However, this is not an absolute requirement. The
condition (a) may be satisfied without it.
[0287] While the U and W layers are active and inactive layers, respectively, the electric field enhancement is the
same whether any of the U and W layers is made thicker. From the viewpoint of nonlinearity, there occurs a difference
in terms of excellence. Since the fundamental wave is converted into the second harmonic by the active layer, it will be
more advantageous for the nonlinear element if the active layer (with the thickness d) and inactive layer (with the thickness
e) are thicker and thinner, respectively. Therefore, when the phase changes per layer p = 2πnd/λ, and q = 2πme/λ can
take different values, it will be preferred if the phase change p of the active layer U is made greater.
[0288]

conforms to the purpose of enhancing the nonlinear effect. When they are identical to each other, e.g., π/2, p = q = π/2
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with no choice. When preferred values differ from each other, e.g., 5π/2 and π/2, it will be preferred if the phase change
p of the active layer is made greater than the phase change q of the inactive layer in order to enhance the nonlinearity.
They can be reversed, however.
[0289] For example, an ideal state in the multilayer film condition B is considered. When p = 3π/2 and q = π/2, g = - j,
cosq = 0, and sinq = 1. The characteristic values of expression (34-5) are 

Both of them are positive, while one and the other of them are greater and smaller than 1, respectively. Of the two
characteristic values, those greater and smaller than 1 are referred to as Γ and ϒ, respectively.
[0290]

[0291] That the fundamental wave passes through the M sets of the multilayer film (UWUW... = (UW)M) means that
such conversion is carried out M times concerning the amplitude. Since the amplitude is a linear combination of ΓM and
ϒM, while Γ is greater than 1, the amplitude increases as M is greater. This will be set forth such as to be understood
more easily. The transformation matrix of amplitude (26-5) becomes a simple form as follows:
[0292]

[0293] The square of the transformation matrix is: 

[0294] The cube of the transformation matrix is: 
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[0295] The transformation matrix in the case of passing through the M sets of UW layers is the Mth power of the
transformation matrix of one (UV) set. (UW)M is: 

[0296] The value of the determinant is still 1 here, whereby this is a unitary matrix. Since the amplitude transformation
matrix is a power of a bipolar function, this crystal is temporarily named a bipolar multilayer crystal. The refractive indexes
r and s satisfy rs = 1, whereby one and the other thereof are greater and smaller than 1, respectively.
[0297] Even when any of r and s is greater than 1 (s = n/m, r = m/n, and rs = 1), the electric-field amplitude is expected
to increase as the value of M is greater. However, it is not so simple in practice. Letting t(G, B) be the input amplitude
(where t is a transposed matrix), the amplitude t(T, 0) of transmitted light is: 

[0298] Since no backward wave exists in the last stage (vacuum 2), expression (51-5) becomes 0. This is seen to be
a strong restriction. For setting expression (51-5) to 0, the ratio of G and B is determined.
[0299] When 

the transmitted wave T = 1. Since r is greater than 1, G becomes a very large value when the number of sets M is large.
It decreases to 1 at the last stage. This means that the incident wave hardly passes therethrough. The present invention
uses a multilayer film exhibiting such a relationship with respect to the fundamental wave. However, it does not increase
but decreases the electric field, thus failing to enhance the fundamental wave. This is unfavorable.
[0300] The light propagation has reciprocity. This is clearly reflected in the above-mentioned matrix (unitary property).
Suppose that an inverse matrix of expression (49-5) is made. This can be obtained by simply changing j in nondiagonal
terms to -j. The inverse matrix is a multilayer film (WUMU... = (WU)M) whose unit is composed of W and U layers. The
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transformation matrix in the case of passing through one set is 

by changing j to -j in expression (46-5). When having passed the M sets, it is 

by changing j to -j in expression (49-5).
[0301] This is an electric field transformation matrix of the (WU)M multilayer film. The (UW)M multilayer film and the
(WU)M multilayer film differ from each other only in that their orders of layers are opposite to each other. They are called
conjugate multilayer films. The incident wave G can be defined, whereas the reflected wave R cannot be defined
beforehand. This is because the latter is determined depending on the state of the end. However, the foregoing knowledge
can determine that the incident wave G = 1 and the reflected wave R = 0.
[0302] Let the electric-field vector on the entrance side be 

and put it into the (WU)M multilayer film. Since expression (55-5) is a transformation matrix, (55-5) � (56-5) is calculated.
Its result is the electric field having passed through the (WU)M multilayer film:
[0303]

It is put into the conjugate (UW)M multilayer film. Its transformation matrix is expression (49-5). The result of the calculation
of (49-5) � (57-5) is the electric field after passing through the (UW)M multilayer film.
[0304] That is 

This satisfies the condition that the backward wave is 0 in vacuum 2.
[0305] That is, if there are conjugate multilayer films of (WU)M(UW)M from the left, when the incident wave G = 1 is
fed therein from the left, the reflected wave R = 0 and increases like a bipolar function in the (WU)M multilayer film,
whereby the vector of the forward and backward waves t(FM, BM) reach such a large electric field value of 
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in the center portion. Thereafter, it decreases like a bipolar function in the conjugate (UW)M multilayer film, thereby
making it possible to yield the state where the transmitted wave T = 1 with no backward wave at the right end.
[0306] That is, putting incident light of 1 into one end of the conjugate multilayer films of (WU)M(UW)M can make the
reflected wave 0 and yield a transmitted wave of 1. The condition that the initial incident wave is 1 with no backward
wave on the exit side always holds. The reflected wave R and transmitted wave T are determined by multilayer films.
The above-mentioned conjugate multilayer films can make the reflected wave R = 0. This makes the incident wave G
and transmitted wave T become equally 1. While the other multilayer films make the transmitted wave T not greater than
1 since the reflected wave R is not 0, G = T = 1 and R = 0 in the conjugate multilayer films of the present invention.
[0307] Since the whole incident wave G with the electric field of 1 enters, the reflected wave R is 0, while the electric
field is enhanced by 20 times or 8 times, for example, depending on the values of r and s and the number of sets M.
After the midpoint, the electric field decreases like a bipolar function, so that the whole power passes, whereby the
transmitted wave T = 1.
[0308] Thus connecting multilayer films conjugate to each other, each combining U and W layers one of which is an
active layer, at the center forms the bipolar multilayer crystal H of the present invention.
[0309]

[0310] Expression (60-5) means that the bipolar multilayer film crystal H is constructed by a multilayer film composed
of M sets of repeated WU, WU, ...and a multilayer film composed of M sets of repeated UW, UW, ... from the left side.
Though this may imply as if there is a limitation on the order of U and W layers, it is untrue. The fact is that any order
can be employed as long as the left and right groups are conjugate to each other.
[0311] It may also be: 

The incident wave G = 1, with the reflected wave R = 0, increases in the crystal, so as to be maximized at the center
portion, and then decreases, whereby the transmitted wave T = 1 finally in this case, too. R = 0 corresponds to the
condition that the backward wave is 0 in vacuum 2 on the exit side. This yields a symmetry between the front and rear
(entrance and exit sides). It differs from expression (57-5) only in that the polarity of the backward wave in the center
portion at the Mth set is reversed. In contrast to expression (59-5), the vector of the forward and backward waves t(FM,
BM) in the center portion becomes 

[0312] That is, the order of layers such as UW or WU, per se, does not act to determine whether to increase or
decrease. The condition that the backward wave = 0 in vacuum 2 after the final set determines whether to increase or
decrease. Combining the multilayer films conjugate to each other on the front and rear sides as in the present invention
can make G = 1, R = 0, and T = 1, whereby the electric field in the middle part inevitably increases at first as a bipolar
function, so as to reach a peak, and then decreases as a bipolar function.
[0313] When G = 1 with R =0, it will be kept from decreasing at first in the middle part so as to be minimized and then
increasing so that T = 1, on the contrary to the above. This is because coshx is a function of 1 or greater. The change
in electric field conforms to a bipolar function, so as to increase initially and then decrease, so as to return to the original
value (T = G). Therefore, the conjugate multilayer films (WU)M(UW)M of the present invention are named the bipolar
multilayer crystal H. The complex conjugate of H = (WU)M(UW)M is H itself. H* = H. That is, the bipolar multilayer crystal
H is Hermitian.
[0314] Since r = m/n, s = n/m, and b = r + s - 2, the electric field similarly increases whether the refractive index n of
the active layer is greater (s > 1 > r) or the refractive index m of the inactive layer W is greater (s < 1 < r). The electric



EP 2 224 284 A1

47

5

10

15

20

25

30

35

40

45

50

55

field multiplication in the middle part can be made greater as the difference between refractive indexes is larger. In
practice, a material set yielding so large refractive index ratio (s, r) is hard to find. The ratio will be about 1.3 at the largest.
[0315] If r = 1.3 (s = 0.7692, b = 0.0692), for example, the intermediate electric field FM can be raised by about 95
times that of the incident wave when M = 20 sets (80 layers in total).
[0316] If r = 1.25 (s = 0.8, b = 0.05), for example, the intermediate electric field FM can be raised by about 43 times
that of the incident wave when M = 20 sets (80 layers in total).
[0317] If r = 1.2 (s = 0.8333, b = 0.0333), for example, the intermediate electric field FM can be raised by about 19
times that of the incident wave when M = 20 sets (80 layers in total).
[0318] If r = 1.18 (s = 0.8475, b = 0.0274), for example, the intermediate electric field FM can be raised by about 14
times that of the incident wave when M = 20 sets (80 layers in total).
[0319] If r = 1.15 (s = 0.8696, b = 0.0196), for example, the intermediate electric field FM can be raised by about 8
times that of the incident wave when M = 20 sets (80 layers in total).
[0320] If r = 1.12 (s = 0.8929, b = 0.0129), for example, the intermediate electric field FM can be raised by about 5
times that of the incident wave when M = 20 sets (80 layers in total).
[0321] Thus, the fundamental-wave electric field is enhanced by at least 5 up to about 100 times. Since the fundamental
wave generates a second harmonic, the latter is also enhanced. Only the active layers generate the second harmonic.
It increases with the active layer total thickness (Σd). Phase mismatching also occurs only by a length of the active layer
total thickness (Σd). Even when the active layer total thickness (Σd) is small, the electric field is enhanced by 10 or 20
times, for example, so that the second harmonic is as large as 10 or 20 times. The total thickness of the bipolar multilayer
crystal H is 2M(d + e), so that the total of d and e is limited, while leaving room for choosing the ratio between d and e.
The conversion efficiency of the second harmonic is in proportion to 2Md but unrelated to 2Me. Therefore, it will be more
preferred if the active layer thickness d is greater than the inactive layer thickness e. Hence, p > q is preferred from the
viewpoint of conversion efficiency.
[0322] The foregoing explanation is concerned with the multilayer film condition B (p + q ∼ 2π). This also holds in the
multilayer film condition D (p + q ∼ 4π). In general, it holds in all the cases where p + q is near 2π, 4π, 6π, .... The only
difference is that a minus sign "-" is attached to all the elements of the transformation matrix (46-5) in the case of the
multilayer film conditions A, C, ... concerning half-integer multiples of π. The electric-field enhancing expression (59-5)
in the intermediate part yields the same absolute value with only (-1)M attached thereto, whereby its conclusion is
substantially the same. This is also the same as the condition of reflectors which will be explained subsequently. Ex-
pressions for the reflectors will be explained in slightly different forms but are the same as above. Therefore, the multilayer
film conditions A, C, ... are explained doubly in fact. There is no omission in the explanation. Fig. 29 is a graph illustrating
the structure of the bipolar multilayer crystal H and the forward-wave electric field.

3. Explanation of reflectors K at both ends; Fig. 30

[0323] The present invention has attained an idea of maximizing the fundamental-wave electric field at the center by
the conjugate bipolar multilayer crystal H alternately including active and inactive layers. Though dependent on the
refractive index ratios r and s, the center electric field can be increased by 20 or 10 times the incident-wave electric field
G. The second-harmonic electric field converted in proportion to the square can also be increased by 400 to 100 times.
Increasing the electric field can leave room for reducing the active layer total thickness (Σd). The phase mismatching is
determined by the product (∆kΣd) of the active layer total thickness (Σd) and ∆k. The active layer total thickness Σd can
be reduced. ∆kΣd can be made much smaller than π. Therefore, the phase mismatching can be reduced.
[0324] However, increasing the fundamental-wave electric field by 10 to 20 times is still insufficient. Decreasing the
active layer total thickness to 1/10 to 1/20, for example, reduces the second harmonic generation accordingly. The
increase of the fundamental-wave electric field by 20 or 10 times means only the center maximum value but not the
whole part. The second harmonic increases by only about 10 times.
[0325] The fundamental-wave intensity is desired to be enhanced further. It is wondered how such is achieved. The
condition that no backward wave exists in vacuum 2 after the final stage restricts the magnitude of the electric field within
the multilayer film. On the entrance side and within the multilayer film, forward and backward waves exist as a pair. By
contrast, the transmitted wave T exists alone in vacuum 2 after the final stage. The condition that the backward wave
is 0 in vacuum greatly diminishes the electric-field enhancing action of the multilayer film.
[0326] The foregoing knowledge clarifies points to improve. It will be sufficient if a backward wave exists after the final
stage. This just yields an idea of solving the difficulty in enhancing the electric field in the bipolar multilayer crystal H. It
is wondered how the backward wave is caused to exist after the final stage. It will be sufficient if another dielectric
multilayer film K is provided after the final stage. This makes the final stage of the bipolar multilayer crystal H not final,
thereby allowing the backward wave to exist. That is, the final stage is postponed.
[0327] However, this does not mean that any dielectric multilayer film will suffice. There is a condition that the backward
wave is 0 in the vacuum after the additional dielectric multilayer film K. When the characteristic value Λ of a transformation
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matrix yields an absolute value of 1 as in condition (a), the sum of squares of amplitudes of forward and backward waves
in the final stage becomes only 1. Such a dielectric multilayer film in which |Λ| = 1 is meaningless to add. The dielectric
multilayer film to be added, per se, must be a bipolar multilayer crystal K having characteristic values having real numbers
of 1 or greater and 1 or smaller. This will not produce second harmonics. Therefore, it includes no active layers. For
making the additional dielectric multilayer film K, it is necessary to combine two kinds of transparent dielectric layers
which are inactive layers and have a large refractive index difference therebetween.
[0328] The additional dielectric multilayer film K is also required to be a kind of bipolar multilayer crystals. It differs
from the above-mentioned bipolar multilayer crystal H including active layers and producing the second harmonic. It is
an additional multilayer crystal which is introduced in order to produce a backward wave. It reflects the fundamental
wave, so as to produce the backward wave, and thus is referred to as reflector K. The reflector K is also one of bipolar
multilayer crystals and thus is formed by alternately laminating two kinds of layers having different refractive indexes
and thicknesses.
[0329] Two kinds of layers in the multilayer film of the reflector K are referred to as X and Z layers in order to be
distinguished from the U and W layers of the above-mentioned bipolar multilayer crystal H. Each of them is an inactive
layer having no nonlinear effect. Suppose there are N sets of X and Z. A general number of sets is represented by i.
That is, the reflector K has a structure of K = X1Z1X2Z2...XiZj...XNZN. It is abridged as K = (XZ)N.
[0330] Let δ, υ, α = 2πδυ/λ, and ξ = exp(ja) = exp(j2πδυ/λ) be the thickness, refractive index, phase change per layer,
and change in the wave function of the X layer, respectively. The forward and backward waves in the X layer of the ith
set are represented by Fxi and Bxi, respectively.
[0331] Let ε, P, γ = 2πεP/λ, and η = exp(jγ) = exp(j2πεP/λ) be the thickness, refractive index, phase change per layer,
and change in the wave function of the Z layer, respectively. The forward and backward waves in the Z layer of the ith
set are represented by Fzi and Bzi, respectively.
[0332] Let the refractive index ratios be σ = υ/P and ρ = P/υ (σρ = 1). Let the refractive index difference square fraction
be β = σ + ρ - 2 = (P - υ)2/Pυ).
[0333] These also have relationships similar to those of expressions (20-5) to (20-5). By replacing s, r, Fui, Bui, Fwi,
Bwi, g, h, p, q, d, n, e, m, and b with σ, p, Fxi, Bxi, Fzi, Bzi, ξ, η, α, γ, δ, υ, ε, P, and β, respectively, the relational expressions
of X and Z layers can be obtained from those of U and W layers.
[0334]

[0335]

[0336] The recurrent formulas between the Xi and Xi+1 layers are determined while skipping Zi therebetween. They
can be seen from the product of matrixes of expressions (20-5) to (23-5).
[0337] Thus: 
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Bxi+1 = -(1/4)[(η - (1/η)]Fxi + (1/4ξη)(2 + ρ + σ) + (η/4η)(2 - ρ - σ)]Bxi = -(j/2)(ρ - σ)sinγFxi + [(1/ξ)cosγ - j(1/2ξ)(ρ + σ)sinγ]
Bxi (68-5) The recurrent formulas between the Xi and Xi+1 layers can simply be expressed by a matrix of 2 � 2, too.
[0338]

[0339] This is a unitary matrix, while the value of the determinant is 1. ρ + σ = (P/υ) + (υ/P) > 2. Hence, the absolute
value of diagonal terms is greater than 1.
[0340] The present invention places resonators K1, K2, which combine two dielectric multilayer reflectors K, on both
sides of the bipolar multilayer crystal H, so as to form a composite multilayer film having a K1HK2 structure. Therefore,
a condition under which the multilayer films K1, K2 confine an electric field is considered. In brief, a condition under which
reflection occurs is considered. However, it is not simply a conventional λ/4 reflector. This is a case (condition (b)) where
the characteristic value of the matrix of expression (26-5) is greater than 1. When the characteristic value is smaller than
1 (condition (a)), the amplitude simply vibrates without increasing or decreasing. This is totally the same as that explained
in connection with the bipolar multilayer crystal H.
[0341] The (XZ)N multilayer film becomes a reflector when α + γ is an integer multiple of π (π, 2π, 3π, 4π, ...) while
each of α and γ is a half-integer multiple of π (π/2, 3π/2, 5π/2, ...). Any of them is sufficient. The multilayer film conditions
A, B, C, D, ... are set forth in the case of the above-mentioned bipolar multilayer crystal including active layers, since
there is a condition that including active and inactive layers with a higher ratio of the active layers is more favorable.
However, similar expressions are obtained in either case in the reflector K. When α + γ is an even multiple of π, there
occurs a unitary matrix in which the diagonal terms of the transformation matrix are positive. When α + γ is an odd
multiple of π, a minus "-" sign is attached to all the elements in the transformation matrix. Except for this difference, they
are substantially the same. Each yields a transformation matrix with a matrix value of 1. A complex conjugate gives an
inverse matrix.
[0342] Even when α + γ is not strictly an integer multiple of π, the characteristic value can be made 1 or greater. In
order for the characteristic value to become 1 or greater, a tolerable shift (α + γ π � an integer) = ∆α + ∆γ of α+γ from
an integer multiple of π is:

[0343] This is an absolute condition. It will be more preferred if the following are satisfied:
[0344]
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They can accelerate the increase and decrease in the electric field, thereby reducing the number 2N of necessary layers.
They are not absolute conditions.
[0345] There are many optimal conditions. Therefore, calculations of the reflector K will proceed with reference to the
simplest λ/4 layer by way of example. This is when each of the phase changes α and γ of X and Z layers per layer is π/
2, while each of their film thicknesses � refractive indexes δυ, εP corresponds to a 1/4 wavelength. 

Taking account of the X layers alone, the relationship between the Xi+1 and Xi layers is determined. In the matrix of
expression (69), ξ = j, ξ* = -j, sinγ = 1, and cosy = 0.
[0346]

[0347] This is a matrix determining the electric-field relationship between the Xi+1 and Xi layers when ξ = j, h = j, α =
π/2, and γ = π/2 in the (XZ)N layers with the λ/4 thickness. By substituting coshΘ = (ρ + σ)/2 and sinhΘ = (ρ - σ)/2, the
above-mentioned matrix becomes: 

[0348] Since cosh(A + B) = coshAcoshB + sinhAsinhB, and sinh(A + B) = sinhAcoshB + coshAsinhB, the ith power
of the transformation matrix is: 

[0349] This is a matrix for combining Fxi and Bxi of the ith set layer with G and R of the incident light. One set of
reflective layers (XiZi) increases Θ by 1. The inverse matrix of expression (76-5) is a complex conjugate, which substitutes
Θ with -Θ. The first, second, ..., ith, ..., and Nth reflective layer sets simply act to set variables of sinh and cosh in the
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matrix to Θ, 2Θ, ..., iΘ, ..., and NΘ, respectively. It is contrary. Θ increases one by one as the reflective layer advances
rightward, and decreases one by one as the reflective layer goes back leftward. Whether the amplitude increases or
decreases is determined by whether Θ is positive or negative in the reflective layer. The electric-field transformation
matrix of (XZ)N is as follows:
[0350]

[0351] As mentioned above, all the matters are determined from the fact that the transmitted wave T into vacuum is
constituted by the forward wave F alone without the backward wave B. The vector of the transmitted amplitude is t(T,
0), where t is a sign of a transposed matrix. When a hypothetical incident-wave vector is 

there is no transmitted backward wave. Also, 

in this case.
[0352] The incident wave G = coshNΘ, which is a value much greater than 1, while the transmitted light T = 1. This
means that the incident wave is substantially reflected (R/G = 1, T/G = 0). That is, the (XZ)N multilayer film laminating
N sets of XZ as a unit functions as the reflector K. While the incident wave and reflected wave have the vector of 

on the entrance side as in expression (78), the reflector K outputs them as 

on the exit side.
[0353] However, it becomes the reflector under the condition that the transmitted light includes no backward wave.
Without such a condition, the same reflector K can also function as an absorptive film in practice. The absorptive film
means a film which acts to enhance the incident light therewithin. While the 1/4 wavelength multilayer film, 1/2 wave
multilayer film, ... become bipolar multilayer crystals, they do not have a reflecting function as their intrinsic function.
They become either reflective or absorptive films depending on the entrance and exit conditions.
[0354] The absorptive film occurs in the case where G = 1 while the reflected wave R = 0. When they are put into the
matrix of expression (77-5), the forward wave FN and backward wave BN yield such amplitudes as 
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after the final stage. When N is large, each of the amplitudes of the forward and backward waves in the last stage is a
value much greater than 1. That is, the incident wave is completely absorbed and enhanced. While expression (77-5)
per se is as mentioned above and inappropriate, a favorable intermediate output can be obtained by using a conversion
matrix (83-5) of a complex conjugate of expression (77-5).
[0355]

[0356] This is a transformation matrix of a multilayer film corresponding to a bipolar multilayer crystal
(Z1X1...ZiXi...ZNXN) = (ZX)N in which the order of XZ is reversed.
[0357] Under the condition (t(1, 0)) where G = 1 and R = 0 (all is absorbed without reflection), the electric field keeps
increasing in the (ZX)N multilayer film and grows to amplitudes of the forward wave FM and backward wave BM of 

after the N sets. They are the same as the hypothetical vector of expression (80-5).
[0358] Hence, once a composite multilayer film (ZX)N(XZ)N is made, t(1, 0) on the entrance side increases like a
bipolar function in the initial (ZX)N multilayer film, so as to become t((-1)NcoshNΘ, -(-1)NjsinhNΘ), which then decreases
like a bipolar function in the (XZ)N multilayer film, so as to return to t(1, 0).
[0359] The initial and subsequent multilayer films will be referred to first and second reflectors K1 and K2, respectively,
so as to be distinguished from each other. They have a conversion matrix of a complex conjugate. This is a sole condition.
The foregoing has been explained as a multilayer film in which K1 = (ZX)N and K2 = (XZ)N. Fig. 30 illustrates the structure
of reflectors K and a graph of the forward-wave electric field.
[0360] While Z and X are thin films which differ from each other in terms of refractive index, it does not matter in
practice, whereby they may also be constructed such that K1 = (XZ)N and K2 = (ZX)N. Though the electric field in the
middle becomes t((-1)NcoshNΘ, +(-1)NjsinhNΘ) in this case, the rest is the same.
[0361] XZ and ZX are complex conjugate to each other. (XZ)N and (ZX)N are also complex conjugate to each other.
Their products (ZX)N(XZ)N and (XZ)N(ZX)N equal to their complex conjugates. That is, they are Hermitian.
[0362] As emphasized repeatedly, all the intermediate electric fields are determined by the sole condition that the
incident wave exists while the backward wave is 0 in the last vacuum. The electric fields are inevitably enhanced in any
of the (ZX)N(XZ)N and (XZ)N(ZX)N. That is, a bipolar multilayer crystal of KK* or K*K (where * is a complex conjugate)
has an electric-field enhancing effect in the middle. This makes the forward-wave electric field become 1 at both ends
(G, T). There is no backward wave at the beginning and end (R = 0). That it can make R = 0 is important.
[0363] The electric-field enhancement in the middle of the K1K2 multilayer film is more remarkable as the refractive
index ratios ρ = P/υ, σ = υ/P, and β = (P - υ)2/Pυ are farther from 1 and the number of sets N is greater. This is the same
as with the above-mentioned bipolar multilayer crystal H including the active layers.
[0364] If ρ = 1.3 (σ = 0,7692, β = 0.0692), for example, the intermediate electric field FN can be raised by about 95
times that of the incident wave when N = 20 sets (80 layers in total).
[0365] If ρ = 1.25 (σ = 0.8, β = 0.05), for example, the intermediate electric field FN can be raised by about 43 times
that of the incident wave when N = 20 sets (80 layers in total).
[0366] If ρ = 1.2 (σ = 0.8333, β = 0.0333), for example, the intermediate electric field FN can be raised by about 19
times that of the incident wave when N = 20 sets (80 layers in total).
[0367] If ρ = 1.18 (σ = 0.8475, β = 0.0274), for example, the intermediate electric field FN can be raised by about 14
times that of the incident wave when N = 20 sets (80 layers in total).
[0368] If ρ = 1.15 (σ = 0.8696, β = 0.0196), for example, the intermediate electric field FN can be raised by about 8
times that of the incident wave when N = 20 sets (80 layers in total).
[0369] If ρ = 1.12 (σ = 0.8929, β = 0.0129), for example, the intermediate electric field FN can be raised by about 5
times that of the incident wave when N = 20 sets (80 layers in total). Thus, the fundamental-wave electric field is enhanced
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by at least 5 up to about 100 times.

4. Explanation of a K*HK structure holding a bipolar multilayer crystal including active layers between reflectors; Fig. 31

[0370] The bipolar multilayer crystal H including active layers employed in the present invention combines conjugate
multilayer films such that H = (WU)M(UW)M as in expression (60-5). U and W are active and inactive layers, respectively,
which may be arranged in any order ((UW)M(WU)M is also employable).
[0371] Letting the incident wave G = 1 and the reflected wave R = 0, the electric field increases in the first half (WU)M

of H and becomes 

in the middle as with expression (59-5). It decreases in the second half (UW)M of H, so that the transmitted T = 1. The
forward wave multiplication at the center is (1/2)(rM + sM), which is about 5 to 100 times.
[0372] The present invention holds the bipolar multilayer crystal H between conjugate reflectors K1, K2 (K1* = K2), so
as to form K1HK2. K1 = (ZX)N, H = (WU)M(UW)M, and K2 = (XZ)N. Hence, the composite multilayer film K1HK2 of the
present invention has the following structure: 

[0373] H is Hermetian, so is K1K2. K1HK2 is also Hermetian. It should be noted that the action of the matrix and the
structural order of the multilayer film are opposite to each other. The crystal is read from the left to right, whereas the
matrix proceeds from the right to left. They must not be mixed up with each other. A transformation matrix of (UW)M is
given by expression (54-5).
[0374] Let 

here. Expressions (49-5) and (54-5) can be written with Φ. Actions of the layer structure of expression (86-5) will be
explained. (ZX)N is represented by expression (88-5). 

[0375] (WU)M can be represented by a matrix rewriting expression (55) with Φ.
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[0376] Then, the transformation matrix of the (ZX)N(WU)M portion in the first half of the multilayer film K1HK2 of the
present invention is given by expression (88-5) � expression (89-5), whereby: 

It is wondered what this means. The forward-wave electric field is enhanced by about coshNΘ times with the first reflector
K1 ((ZX)N) alone. The forward-wave electric field is enhanced by about coshMΦ times with the first half of the bipolar
multilayer crystal H ((WU)M) alone.
[0377] However, K1HK2 as in the present invention enhances the forward-wave electric field to cosh(NΘ + MΦ). This
does not simply add multiplications together. The increase is much greater than that. It differs a little from multiplying
them. The multiplied product is coshNΘcoshMΦ. However, cosh(NΘ + MΦ) = coshNΘcoshMΦ + sinhNΘsinhMΦ and
thus is further greater than the product. It is about two times the product. That is, it increases like a bipolar function.
[0378] In order for K1 and the first half of H to enhance the electric field, the condition that Φ and Θ have the same
polarity is necessary. It will be sufficient if the order of magnitude of refractive indexes is the same in K1 and the first
half of H, the order of magnitude of refractive indexes is the same in the second half of H and K2, and the order in K1
and the first half of H and the order in the second half of H and K2 are opposite to each other.
[0379] When two kinds of refractive indexes are arranged higher, lower, higher, lower, ... in K1, they are also arranged
higher, lower, higher, lower, ... in the first half of H. By contrast, the two kinds of refractive indexes are arranged lower,
higher, lower, higher, ... in the second half of H and in K2.
[0380] When two kinds of refractive indexes are arranged lower, higher, lower, higher, ... in K1, they are also arranged
lower, higher, lower, higher, ... in the first half of H. By contrast, the two kinds of refractive indexes are arranged higher,
lower, higher, lower, ... in the second half of H and in K2. This forms a bilaterally symmetrical layer structure as if its left
and right sides are turned around at the center. Fig. 31 illustrates the K1HK2 structure of the present invention and a
graph of the forward-wave electric field.
[0381] The electric field enhanced in the first half accurately decreases in the second half until T = 1. This will be
represented. The (UW)M in the second half of K1HK2 can be represented by a matrix (91-5) in which expression (49-5)
is rewritten with Φ:
[0382]
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[0383] The (XZ)N in the second half is represented by expression (92-5): 

[0384] Then, by expression (91-5) � expression (92-5), the transformation matrix of the (UW)M(XZ)N portion in the
second half of the multilayer film K1HK2 of the present invention is: 

[0385] Expression (90-5) � expression (93-5) is a unit matrix. Therefore, when G = 1 and R =0 in the input, the
transmitted wave T = 0, whereby no backward wave exists on the transmission side.
[0386] This is seen clearly from expressions. It still does not clarify how the front and rear reflectors K1, K2 work. It
will be easier to understand when studied from the opposite side. There is an absolute condition that T = 1 and the
backward wave is 0 on the vacuum side.
[0387] Since K2 = (XZ)N, for yielding t(1, 0) by multiplying with (92-5), the vector of the forward and backward waves
must be 

immediately in front of K2. This forms a backward wave between H and K1. For producing this in the second half (UW)M

of the bipolar multilayer crystal H, it must be 

by multiplying with conjugate expression (91-5).
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[0388] This is the electric field in the middle of K1HK2 and yields the maximum value of the electric field. This is a very
large value. In order for the vector of the forward and backward waves to be made in the first half (WU)M of the bipolar
multilayer crystal H in front thereof, it must be 

in the middle of K1 and H by multiplying with the conjugate matrix of expression (89-5).
[0389] When the forward and backward waves take such a value in the middle of K1 and H, the beginning of K1 = (ZX)N is 

by multiplying with the inverse matrix (92-5) of expression (88-5). This means that, when the incident wave G = 1 is put
into the beginning of K1, it is wholly absorbed into K1 and vigorously enters therein, so that the reflection R = 0 in K1.
[0390] That is, the dielectric multilayer film K1HK2 of the present invention inputs G = 1 and R = 0, enhances the
electric field to cosh(MΦ + NO) in the middle, and then lowers the electric field, so that the transmitted wave T = 1 at
the end. By placing conjugate multilayer films of K*HK (H* = H) in the front and rear, the incident wave of G = 1 is wholly
absorbed (R = 0) and then enhanced by several ten to several hundred times in the middle, so as to finally yield the
transmitted wave T = 1. The front and rear layers are completely complex conjugate to each other with respect to the
middle. H is Hermitian, so is K*HK.
[0391] The intermediate bipolar multilayer crystal H ((WU)M(UW)M) by itself can enhance the electric field only up to
coshMΦ. When the reflectors K1, K2 are placed on both sides thereof, however, the electric field can be enhanced up
to cosh(MΦ + NΘ). This is not simply the product of coshMΦ and coshNΘ, but about two times the product. When each
of coshMΦ and coshNΘ is 20 times, for example, the electric field can be enhanced by about 800 times in the middle
of the multilayer film. In this case, it is necessary that the order of magnitude of refractive indexes be the same in K1
and the first half of the bipolar multilayer crystal H, the order of magnitude of refractive indexes be the same in the second
half of bipolar multilayer crystal H and K2, and the former and latter orders be opposite to each other so that Φ and Θ
have the same polarity.
[0392] Meanwhile, the fundamental-wave power is converted into the second harmonic in proportion to the nonlinear
optical coefficient χ(2). How the second harmonic is produced from the fundamental wave will now be explained. A
Maxwell’s equation is written in the cgs system of units and formed into a wave equation. The electric flux density is 

Since the wave is assumed to be a plane wave propagating in the z direction, x- and y-directional differentials are 0,
whereby it can be written as
[0393]

The differentiation sign δ and the thickness δ of the X layer must be distinguished from each other. This is an equation
for determining a second harmonic, while its left side represents the electric field of the second harmonic.
[0394] While the electric field of the fundamental wave has been studied so far, the second-wave electric field will now
be taken into consideration. Since the fundamental-wave electric field has been expressed by E so far, the second-
harmonic electric field will be denoted by D so as not to be mixed up with the former. D is for double. This D differs from
the electric flux density mentioned above. Since the number of signs is limited, the electric field of the double harmonic
will be denoted by D but must not be mixed up with the electric flux density. Since the second-harmonic electric field
has only the x-directional component, x will be omitted. The time derivative is -2jω. Since the wave number of the
fundamental wave is k, the wave number of the second harmonic will be denoted by w in order to distinguish it from the
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former. The second-order differential with respect to time gives -4ω2. The wave number of the second harmonic is w =
2nω/c. Here, n is the refractive index with respect to the double wave B. However, the right side of expression (99) is
the dielectric polarization P(2ω) of the double harmonic produced by the fundamental wave. The dielectric polarization
P(2ω) of the double frequency produces the double-harmonic electric field by radiation.
[0395] The right side is a source term of the light propagation expression on the left side. It is concerned with a steady-
state solution. The time derivative is determined. Expression (99) becomes 

[0396] One whose left side = 0 has special solutions of exp(jwz) and exp(-jwz). Green’s function G(z, ξ) is defined as 

[0397] The right side is a δ function. Since both sides should equal each other when integrated, the first-order derivative
of G must have a certain discontinuity. Under the condition that the integral of δG/δz is 1, Green’s function G(z, ξ) becomes 

[0398] The second harmonic E(z) is calculated by integrating source 4π/c2(2δP/δt2) multiplied with Green’s function. 

[0399] P is the second-order dielectric polarization caused by the nonlinear effect and thus yields only a multiplier (-
2jω) upon second-order differentiation with respect to time. The coefficient in the integral becomes -4π(2ω)2P/c2. The
second-order dielectric polarization can be written as 

E(z) is the fundamental-wave electric field calculated so far. The second harmonic D(z) at z is given by superposing
electric fields caused by the springing of the second-order dielectric polarization from all the active layers.
[0400] The contribution of the jth layer will be considered. The electric field Ej of the jth layer is constituted by a forward
wave Fj and a backward wave Bj. It looks like expression (1-5), but the subscript j in Ej, Fj, Bj, and kj is omitted in order
to reduce complexity. When calculating the second harmonic within the jth layer, both of the cases where z - ξ is positive
and negative must be considered.
[0401]

[0402] However, the second harmonic by the forward wave on the outside (z > L, where L is the crystal length) is
important. Therefore, only the square of the forward wave Fj is taken into account. While the square of the backward
wave B generates a second harmonic on the incident-wave side, it is represented by substantially the same expression
as that of the second harmonic caused by the forward wave F on the emission side (exit side) in which F is replaced
with B. Also, the second harmonic wave by the backward wave B is erased by superposition and thus is meaningless.
Hence, the second harmonic caused by the forward wave is calculated. The dielectric polarization of the jth layer by the
forward wave is given by 
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[0403] Its resulting second harmonic Dj(z) at z point (z > zj) is calculated by 

[0404] Substituting Green’s function G(z, ξ) into the above yields 

[0405] The integration range is from zj-1 to zj. Since the second harmonic is determined where z is greater than z j (on
the outside of the exit), z - ξ > 0 in the integration range. 

[0406] Since zj-zj-1 is the thickness dj of the jth layer (zj-1-zj =-dj), 

[0407] In practice, F has the subscript j attached thereto. Summing with respect to j can yield the intensity D(z) of the
second harmonic at z.
[0408] Letting 

[0409] The denominator of κ includes (2k - w). If 2k-w=0, the denominator will be 0. In this case, the inside of [...] will
also be 0, thereby yielding no divergence. Expression (112-5) is a strict equation. κ exists only in the active layers. It
will be sufficient if κ is integrated in the active layers alone. Fj and zj become Fui and zi, respectively, in the ith set of
active layers. Assuming that z = 0 at the midpoint of the bipolar multilayer crystal H, zi = -M(e + d) + i(e + d), zj - zj-1 =
d, and dj = d in the left half of H. The forward-wave electric field is Fj = Fui = cosh(NΘ + iΦ). Fui

2 is approximated by (1/4)
exp(2NΘ + 2iΦ). 
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[0410] The contribution of the left half of H (z < 0) alone is calculated by 

[0411] Since k (e + d) is an integer multiple of π, w(e + d) is substantially an integer multiple of 2π. exp[-jw(e + d)] =
1. The right half is substantially the same conjugate expression. By adding them: 

[0412] When the value of κ is introduced, 

[0413] This is an expression representing a substantially strict second-harmonic electric field. It is enhanced by exp
(2NΘ)[exp(2(M + 1)Φ- 1)/[exp(2Φ)-1] times that of a simple single layer having the thickness d.
[0414] While a term of sin2[(w - 2k)dM]/(2k - w)2 appears in the case of the active layer thickness dM, the present
invention has sin2[(w - 2k)d]/(2k-w)2, thereby yielding less phase mismatching. This results from the condition that exp
[-jw(e + d)] = 1. In addition, the second harmonic is enhanced by exp(2NΘ)[exp(2(M + 1)Φ-1)]/[exp(2Φ) - 1]M as compared
with the case where the thickness is dM. The present invention is seen to be excellent.

Example 1

[0415] Example 1 of the fifth embodiment of the present invention will now be explained.
[0416] For making the bipolar multilayer crystal H in which materials having a nonlinear effect and not are combined
to form a laminate structure, a material having a nonlinear effect must be selected. Each of the two kinds of materials
is required to be transparent to the fundamental wave and second harmonic. As materials having a nonlinear effect,
KH2PO4, KTiOPO4, KNbO3, LiB3O3, β-BaB2O4, CsLiB6O10, LiNbO3, and the like have been proposed. They have been
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proposed as those making the second harmonic by using the relationship between refractive indexes in directions in
which extraordinary and ordinary beams exist as explained as prior art.
[0417] The present invention can use thin films made of these materials in combination with thin films made of other
materials. For combining them as a multilayer film, not only the refractive indexes and transparency but crystal systems
and lattice matching also matter.
[0418] Here, using a GaAs-AlGaAs system which can be manufactured as a multilayer film, the bipolar multilayer
crystal H and reflectors K1, K2 are provided. GaAs has a nonlinear effect. GaAs is used as active layers. AlGaAs has
no nonlinear effect. AlGaAs is used as inactive layers. The fundamental wave and second harmonic are set at 1864 nm
and 932 nm, respectively. GaAs exhibits refractive indexes of 3.37 and 3.44 for the fundamental wave and second
harmonic, respectively. The refractive index difference is 0.07. The wave number difference ∆k = 2π∆n/λ = 2 � 105 m-1.
π/∆k = 1.57 � 10-5 = 15700 nm.

(1) About the bipolar multilayer crystal H

[0419] The bipolar multilayer crystal H is made of an alternate multilayer film of GaAs and Al0.82Ga0.18As. Their
refractive indexes for the fundamental wave are n = 3.37 in GaAs and m = 2.92 in Al0.82Ga0.18As. s=n/m=1.154.
r=m/n=0.866. b=0.0205. Let the phase difference per layer of GaAs be p = 2πnd/λ, and the phase difference per layer
of Al0.82Gao.18As be q = 2πme/λ.
[0420] (a) Let p + q in the bipolar multilayer crystal H (Al0.82Ga0.18As/GaAs) be 2π. The thickness of GaAs is made
greater, so that p = 3π/2 and q = π/2. The thickness per layer of GaAs is d = 414.8 nm, and the thickness per layer of
Al0.82Ga0.18As/GaAs is e = 159.6 nm. The thickness of one set (d + e) = 574.4 nm. Letting the total thickness be 2M =
40 cycles including conjugate portions, the thickness 2Md = 22976 nm. The thickness of active layers alone is 2Md=16592
nm. It is slightly greater than π/∆k (15700 nm). Phase mismatching appears a little.
[0421] sinhΦ = (s-r)/2 = 0.144. Φ = 0.1432. coshΦ = 1.0103. Letting M = 20 cycles, MΦ =2.864, whereby coshMΦ =
8.794. The electric field is enhanced by about 8 times. This may be either (GaAs·AlGaAs)20(AlGaAs·GaAs)20 or (Al-
GaAs·GaAs)20(GaAs·AlGaAs)20.
[0422] (b) Let p + q in the bipolar multilayer crystal H (GaAs/Al0.82Ga0.18As) be π. Let the respective per layer phase
differences of GaAs and Al0.82Ga0.18As be p = π/2 and q = π/2. The thickness per layer of GaAs is d = 138.2 nm, and
the thickness per layer of Al0.82Ga0.18As is e = 159.6 nm. The thickness of one set (d + e) = 297.8 nm. Letting the total
thickness be 2M = 40 cycles including conjugate portions, the thickness 2Md = 11912 nm. The thickness of active layers
alone is 2Md = 5528 nm. It is smaller than π/∆k (15700 nm). Phase mismatching does not appear strongly.
[0423] sinhΦ=(s - r)/2 = 0.144. Φ = 0.1432. coshΦ = 1.0103. Letting M = 20 cycles, MΦ = 2.864, whereby coshMΦ =
8.794. The electric field is enhanced by about 8 times. This may be either (GaAs·AlGaAs)20(AlGaAs·GaAs)20 or (Al-
GaAs·GaAs)20(GaAs·AlGaAs)20.
[0424] (c) Let p + q in the bipolar multilayer crystal H (GaAs/Al0.82Ga0.18As) be π. Let the respective per layer phase
differences of GaAs and Al0.82Ga0.18As be p = π/2 and q = π/2. The thickness per layer of GaAs is d = 138.2 nm. The
thickness per layer of Al0.82Ga0.18As is e = 159.6 nm, while the thickness of one set (d + e) = 297.9 nm. Letting the total
thickness be 2M = 80 cycles including conjugate portions, the thickness 2Md = 23832 nm. The thickness of active layers
alone is 2Md = 11056 nm. It is smaller than π/∆k (15700 nm). Phase mismatching does not appear strongly.
[0425] sinhΦ = (r-s)/2 = 0.144. Φ = 0.1432. coshΦ = 1.0103. Letting M = 40 cycles, MΦ = 5.728, whereby coshMΦ =
153.6. The electric field is enhanced by about 150 times. This may be either (GaAs·AlGaAs)40(AlGaAs·GaAs)40 or
(AlGaAs·GaAs)40(GaAs·AlGaAs)40.

(2) About reflectors K1, K2

[0426] The reflectors K1, K2 are assumed to be alternate multilayer films (XZ)N, (ZX)N, each constituted by
Al0.21Ga0.79As and Al0.82Ga0.18As. Their refractive indexes for the fundamental wave are υ = 3.19 in Al0.21Ga0.79As and
P = 2.92 in Al0.82Ga0.18As. p = P/υ = 0.915. σ = υ/P = 1.092. β = 0.0373. Let the phase difference per layer of Al0.21Ga0.79As
be α = 2πυδ/λ, and the phase difference per layer of Al0.82Ga0.18As be γ = 2πPε/λ.
[0427] (d) Let α + γ in the reflectors K1, K2 (Al0.82Ga0.18As) be 2π. Let α = 3π/2, and γ = π/2. The thickness per layer
of Al0.21Ga0.79As is 6 = 438.2 nm, and the thickness per layer of Al0.82Ga0.18As is ε = 159.6 nm. The thickness of one
set (δ+ ε) = 597.8 nm. Letting the total thickness be 2N = 40 cycles including conjugate portions, the thickness 2Nδ =
23912 nm.
[0428] sinhΘ = (σ-ρ)/2 = 0.0885. Θ = 0.0883. coshΘ = 1.0039. Letting N = 20 cycles, NΘ = 1.766, whereby coshNΘ
= 3.00. The electric field is enhanced by about 3 times. This may be either (Al0.21Ga0.79As·Al0.82Ga0.18As)20

(Al0.82Ga0.18As·Al0.21Ga0.79As)20 or (Al0.82Ga0.18As·Al0.21Ga0.79As)20(Al0.21Ga0.79As·Al0.82Ga0.18As)20.
[0429] (e) Let α + γ in the reflectors K1, K2 (Al0.82Ga0.18As) be π. Let α = π/2, and γ = π/2. The thickness per layer of
Al0.21Ga0.79As is δ = 146.1 nm, and the thickness per layer of Al0.82Ga0.18As is ε = 159.6 nm. The thickness of one set
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(δ+ε) = 305.7 nm. Letting the total thickness be 2N = 40 cycles including conjugate portions, the thickness 2Nδ = 12228 nm.
[0430] sinhΘ = (σ-ρ)/2 = 0.0885. Θ = 0.0883. coshΘ = 1.0039. Letting N = 20 cycles, NΘ = 1.766, whereby coshNΘ
= 3.00. The electric field is enhanced by about 3 times. This may be either (Al0.21Ga0.79As·Al0.82Ga0.18As)20

(Al0.82Ga0.18As·Al0.21Ga0.79As)20 or (Al0.82Ga0.18As·Al0.21Ga0.79AS)20(Al0.21Ga0.79As-Al0.82Ga0.18As)20.
[0431] (f) Let α + γ in the reflectors K1, K2 (Al0.82Ga0.18As) be π. Let α = π/2, and γ = π/2. The thickness per layer of
Al0.21Ga0.79As is δ = 146.1 nm, and the thickness per layer of Al0.82Ga0.18As is ε = 159.6 nm. The thickness of one set
(δ + ε) = 305.7 nm. Letting the total thickness be 2N = 40 cycles including conjugate portions, the thickness 2Nδ = 12228 nm.
[0432] sinhΘ = (σ-ρ)/2 = 0.0885. Θ = 0.0883. coshΘ = 1.0039. Letting N = 40 cycles, NΘ = 3.532, whereby coshNΘ
= 17.1. The electric field is enhanced by about 17 times. This may be either (Al0.21Ga0.79As·Al0.82Ga0.18As)40

(Al0.82Ga0.18As·Al0.21Ga0.79As)40 or (Al0.82Ga0.18As·Al0.21Ga0.79As)40(Al0.21 Ga0.79As·Al0.82Ga0.18As)40.

(3) About the K1HK2 structure

[0433] As to H, the electric field is enhanced by 8 times in (a) and (b), and 150 times in (c). As to K1K2, the electric
field is enhanced by 3 times in (d) and (e), and 17 times in (f). The electric field is enhanced by about 51 times in the
combination of (a) � (d). The electric field is enhanced by about 300 times in the combination of (a) � (f). The electric
field is enhanced by about 900 times in the combination of (c) � (d). The electric field is enhanced by about 5000 times
in the combination of (c) � (f).

Example 2

[0434] Example 2 of the fifth embodiment of the present invention will now be explained. Fig. 32 illustrates a mirror-
symmetric composite photonic structure in Example 2 of the fifth embodiment of the present invention.
[0435] The mirror-symmetric composite photonic structure in the fifth embodiment illustrated in Fig. 32 comprises the
bipolar multilayer crystal H and the first and second reflector multilayer films K1, K2. The bipolar multilayer crystal H is
formed by alternately laminating a plurality of sets of an active layer with a fixed thickness having a nonlinear effect for
converting a fundamental wave into a second harmonic or generating a third-order nonlinear signal and an inactive layer
with another fixed thickness free of the nonlinear effect. In this embodiment, the active and inactive layers are constructed
as ZnO and SiO2 layers, respectively. The first and second reflector multilayer films K1, K2, each made of a multilayer
film which is constituted by laminating a plurality of sets of two kinds of thin films having different refractive indexes and
reflects the fundamental wave, constitute resonators. In the second embodiment, the multilayer film is constructed as a
laminate of Al2O3 and SiO2 layers.
[0436] The film thicknesses, numbers of layers, total film thicknesses, refractive indexes, and numbers of cycles of
the photonic crystal and reflectors and the total crystal length in the fifth embodiment are as follows:

1. In the active layers (ZnO layers) in the photonic crystal:

Film thickness: 176.7 nm
Number of layers: 30
Total film thickness: 5301.0 nm (176.7 nm � 30 layers = 5301.0 nm)
Refractive index for fundamental wave: 1.93
Refractive index for second harmonic: 2.02

2. In the inactive layers (SiO2 layers) in the photonic crystal:

Film thickness: 101.4 nm
Number of layers: 29
Total film thickness: 2940.6 nm (101.4 nm � 29 layers = 2940.6 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

3. Number of cycles in the photonic crystal: 30
4. In the Al2O3 layers in the reflector:

Film thickness: 153.6 nm
Number of layers: 20
Total film thickness: 3072.0 nm (153.6 nm � 20 layers = 3072.0 nm)
Refractive index for fundamental wave: 1.75
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Refractive index for second harmonic: 1.77

4. In the SiO2 layers in the reflector:

Film thickness: 185.7nm
Number of layers: 20
Total film thickness: 3714.0 nm (185.7 nm � 20 layers = 3714.0 nm)
Refractive index for fundamental wave: 1.45
Refractive index for second harmonic: 1.46

5. The number of cycles in the reflectors: 20 cycles each in the front and rear, 40 cycles in total
6. Total crystal length: 21.9 Pm

[0437] As illustrated in Fig. 32, the first and second reflector multilayer films K1, K2 are connected to both sides of the
bipolar multilayer crystal H. The bipolar multilayer crystal H is constructed such that a plurality of alternately laminated
sets of active and inactive layers invert them in the inside. The "inside" means an intermediate portion LC which is near
the center in the length LH of the bipolar multilayer crystal H. As illustrated in Fig. 32, the order of ZnO, SiO2, ZnO, and
SiO2 layers is inverted to the order of ZnO, SiO2, SiO2, and ZnO layers in the intermediate portion LC.
[0438] A fundamental wave near a wavelength of 1064 nm enters the mirror-symmetric photonic structure from one
end face such that its s-polarized light is incident on the crystal plane at right angles, and is reciprocally reflected between
resonators each having a multilayer film, whereby the intensity of the fundamental wave is enhanced within the photonic
crystal. More specifically, since the bipolar multilayer crystal H and first and second reflector multilayer films K1, K2 have
the structure illustrated in Fig. 32, (1) when the fundamental wave enters the mirror-symmetric composite photonic
structure from one end face thereof (the end face on the first reflector multilayer film K1 side), (2) the electric field is
enhanced by the first reflector multilayer film K1, (3) the electric field is enhanced on the first reflector multilayer film K1
side of the bipolar multilayer crystal H, (4) the electric field is maximized in the intermediate portion LC of the bipolar
multilayer crystal H, (4) the electric field is reduced on the second reflector multilayer film K2 side of the bipolar multilayer
crystal H, (5) the electric field is reduced by the second reflector multilayer film K2, and (6) the transmitted wave having
substantially the same intensity as that of the incident fundamental wave is emitted from the other end face (the end
face on the second reflector multilayer film K2 side). This is as has already been explained with reference to Fig. 31.
[0439] The fundamental wave is converted into a second harmonic near a wavelength of 532 nm in an active layer
which is a ZnO layer, and the resulting second harmonic is taken out from the other end face of the photonic crystal.
[0440] Since the wavelength conversion element having the mirror-symmetric composite photonic structure explained
in the foregoing outputs a third-order nonlinear signal in proportion to the cube of the electric field as a response, elements
such as optical switches can be made by using it. For example, as illustrated in Fig. 33, from beams having wave number
vectors of k1, k2 (signal and control beams), respectively, a nonlinear signal having a wave-number vector of 2k2 - k1 is
generated. The mirror-symmetric composite photonic structure generates a large electric field at the center of the structure
(see Fig. 31) and thus is extremely advantageous to the third-order nonlinear effect illustrated in Fig. 33. Conventionally,
the third-order nonlinear effect has been so small that it has been necessary to use a frequency near an electronic band
end. Also, the absorption has become so large that the number of cycles has been hard to increase in the photonic
crystal per se. The present invention has solved these problems by adding absorption-free DBR resonators (first and
second reflector multilayer films K1, K2) to both ends, so as to form a mirror-symmetric composite photonic structure.

Additional Matters to Fifth Embodiment

[0441] The foregoing explanation concerning the fifth embodiment represents a case using GaAs/AlGaAs or ZnO/SiO2
as a material for constructing the bipolar multilayer crystal H by way of example. However, the present invention is not
limited to the above-mentioned materials. That is, the mirror-symmetric composite photonic structure element of the
present invention can be constructed by using any of ZnSe/ZnMgS, Al0.3Ga0.7As/Al2O3, SiO2/AlN, GaAs/AlAs, GaN/AIN,
ZnS/SiO2, ZnS/YF3, and GaP/AlP as a material for constructing the bipolar multilayer crystal H. Though detailed expla-
nations concerning performances are omitted, performances similar to those of the mirror-symmetric composite photonic
structure of the present invention explained in the fifth embodiment are exhibited when the composite photonic structure
element of the present invention is constructed by using the materials mentioned above.
[0442] Using the wavelength conversion element having the mirror-symmetric composite photonic structure explained
in the fifth embodiment, a laser processing device can be made. In this case, the laser processing device can be made
by providing a laser for generating a fundamental wave having a wavelength λ, the wavelength conversion element
having the mirror-symmetric composite photonic structure explained in the fifth embodiment, and an optical system for
converging the second harmonic and irradiating an object therewith. Fig. 35 illustrates a laser processing device 2
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equipped with a wavelength conversion element 23 having the mirror-symmetric composite photonic structure explained
in the fifth embodiment. The laser processing device 2 irradiates a composite photonic structure element 23 with a beam
from a high output light source (e.g., a laser oscillator 21) such as a YAG laser, converges the resulting second harmonic,
and irradiates a processing object 27 therewith, so as to achieve processing. In Fig. 35, numbers 22, 24, and 26 denote
lenses, 25 a mirror.

Industrial Applicability

[0443] One aspect of the present invention uses an optical crystal in which a photonic crystal formed by laminating
two kinds of thin films made of active and inactive layers having different refractive indexes and thicknesses is set such
that a photonic bandgap end coincides with the fundamental-wave energy or two photonic bandgap ends coincide with
the fundamental-wave energy and second-harmonic energy, while resonators, each of which is constituted by a dielectric
multilayer film and reflects the fundamental wave, are disposed on both sides of the photonic crystal, and thus can
remarkably enhance the electric field of the fundamental wave.
[0444] From the enhanced fundamental wave, the second harmonic is produced under action of the active layer having
the nonlinear effect. Since the electric field of the fundamental wave is strong, a considerably large second harmonic
can be obtained even when there is a decrease due to phase mismatching.
[0445] Another aspect of the present invention holds the bipolar multilayer crystal H, formed by laminating a plurality
of thin films made of two kinds of active and inactive layers having different refractive indexes and thicknesses such that
the sum of phase differences is near an integer multiple of π while each phase difference is near a half-integer multiple
of π and such that the front and rear sides are conjugate to each other (the relationship between the two layers is reversed
between the front and rear), between the reflectors K1, K2 each of which is formed by laminating two kinds of inactive
thin films having different refractive indexes and thicknesses such that the sum of phase differences is near an integer
multiple of π while each phase difference is near a half-integer multiple of π, so as to yield a K1HK2 structure, absorb
the whole incident wave G, enhance the electric field in the first half part, maximize the electric field in the center portion,
reduce the electric field in the second half part, and output the transmitted wave T having the same intensity as that of
the incident wave.
[0446] The nonlinear conversion active layer in the middle outputs a double wave. Since the fundamental wave is
large, the double harmonic increases. Since the active-layer total thickness (Σd) is small, the product ∆k(Σd) of the wave-
number difference ∆k = w - 2k and the active-layer total thickness can be made smaller than π. Since the phase mis-
matching ∆k(Σd) can be reduced, a strong second harmonic can be taken out.
[0447] When a wavelength conversion element having a mirror-symmetric composite photonic structure is made, it
outputs a third-order nonlinear signal in proportion to the cube of the electric field, whereby elements such as optical
switches can be produced.

Claims

1. A composite photonic structure element comprising:

a photonic crystal formed by alternately laminating a plurality of sets of an active layer having a nonlinear effect
for converting a fundamental wave into a second harmonic and an inactive layer free of the nonlinear effect,
the photonic crystal being constructed such that an energy of the fundamental wave coincides with a photonic
bandgap end; and
multilayer films, each formed by laminating a plurality of sets of two kinds of thin films having different refractive
indexes, for reflecting the fundamental wave;
wherein the multilayer films are connected to both sides of the photonic crystal;
wherein the fundamental wave enters from one of end faces and is reciprocally reflected between resonators
equipped with the multilayer films so as to enhance an intensity within the photonic crystal; and
wherein the fundamental wave is converted into the second harmonic in the active layer, and the second
harmonic is taken out from the other end face.

2. A composite photonic structure element according to claim 1, wherein the photonic crystal is constructed such that
an energy of the second harmonic, in addition to the energy of the fundamental wave, coincides with a photonic
bandgap end.

3. A composite photonic structure element according to claim 1 or 2, wherein the active layer is a GaAs layer, while
the inactive layer is an AlxGa1-xAs layer.
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4. A composite photonic structure element according to one of claims 1 to 3, wherein the inactive layer is an
Al0.82Ga0.18As layer.

5. A composite photonic structure element according to one of claims 1 to 4, wherein the multilayer film is a laminate
of AlyGa1-yAs and AlzGa1-zAs layers.

6. A composite photonic structure element according to one of claims 1 to 5, wherein the multilayer film is a laminate
of Al0.82Ga0.18As and Al0,24Ga0.76As layers.

7. A composite photonic structure element according to one of claims 1 to 6, wherein the fundamental wave has a
wavelength near 1864 nm, while the second harmonic has a wavelength near 932 nm.

8. A composite photonic structure element according to claim 1 or 2, wherein the active layer is a ZnO layer, while the
inactive layer is an SiO2 layer.

9. A composite photonic structure element according to one of claims 1, 2, and 8, wherein the multilayer film is a
laminate of Al2O3 and SiO2 layers.

10. A composite photonic structure element according to one of claims 1, 2, and 8, wherein the multilayer film is a
laminate ofMgO and SiO2 layers.

11. A composite photonic structure element according to one of claims 1, 2, and 8, wherein the multilayer film is a
laminate of Ta2O5 and SiO2 layers.

12. A surface emitting laser using the composite photonic structure element according to one of claims 1 to 11.

13. A wavelength conversion element comprising:

a bipolar multilayer crystal H formed by alternately laminating a plurality of sets of an active layer having a
nonlinear effect for converting a fundamental wave into a second harmonic and an inactive layer free of the
nonlinear effect; and
first and second reflector multilayer films K1, K2, each formed by laminating a plurality of sets of two kinds of
thin films having different refractive indexes, for reflecting the fundamental wave;
wherein the first and second reflector multilayer films K1, K2 are connected to both sides of the bipolar multilayer
crystal H;
wherein the bipolar multilayer crystal H is constructed such that the alternately laminated plurality of sets of the
active and inactive layers invert layers therewithin;
wherein the fundamental wave enters from one of end faces and is reciprocally reflected between resonators
equipped with the first and second reflector multilayer films K1, K2 so as to enhance an intensity within the
bipolar multilayer crystal H; and
wherein the fundamental wave is converted into the second harmonic in the active layer, and the second
harmonic is taken out from the other end face.

14. A wavelength conversion element according to claim 13, wherein the bipolar multilayer crystal H is constructed such
that the alternately laminated plurality of sets of the active and inactive layers invert layers in an intermediate portion
located near a center in the length of the bipolar multilayer crystal H.

15. A wavelength conversion element according to claim 13 or 14, wherein the bipolar multilayer crystal H and the first
and second reflector multilayer films K1, K2 are constructed such that,
when the fundamental wave enters from the one end face,
an electric field is increased in the first reflector multilayer film K1,
the electric field is increased on the first reflector multilayer film K1 side of the bipolar multilayer crystal H,
the electric field is maximized in an intermediate portion of the bipolar multilayer crystal H,
the electric field is decreased on the second reflector multilayer film K2 side of the bipolar multilayer crystal H,
the electric field is decreased in the second reflector multilayer film K2, and
a transmitted wave having substantially the same intensity as that of the fundamental wave having entered therein
is emitted from the other end face.



EP 2 224 284 A1

65

5

10

15

20

25

30

35

40

45

50

55

16. A laser processing device comprising:

a laser for generating a fundamental wave having a wavelength λ;
the wavelength conversion element according to one of claims 13 to 15; and
an optical system for converging the second harmonic and irradiating an object therewith.

17. A wave conversion element comprising:

a bipolar multilayer crystal H formed by alternately laminating a plurality of sets of an active layer having a
nonlinear effect for converting a fundamental wave at a wavelength λ into a second harmonic at a wavelength
λ/2, a refractive index n with respect to the fundamental wave, and a thickness d and an inactive layer, free of
the nonlinear effect, having a refractive index m with respect to the fundamental wave and a thickness e, the
plurality of laminated sets being joined together such as to invert layers in an intermediate portion located near
a center; and
first and second reflector multilayer films K1, K2, each formed by laminating a plurality of sets of two kinds of
thin films having different refractive indexes and being free of the nonlinear effect, for reflecting the fundamental
wave;
wherein the first and second reflector multilayer films K1, K2 are connected to both sides of the bipolar multilayer
crystal H, so as to constitute a K1HK2 structure;
wherein the bipolar multilayer crystal H and the first and second reflector multilayer films K1, K2 are constructed
such that, when the fundamental wave enters from one of end faces, an electric field is increased in the first
reflector multilayer film K1, the electric field is increased on the first reflector multilayer film K1 side of the bipolar
multilayer crystal H, the electric field is maximized in the intermediate portion of the bipolar multilayer crystal
H, the electric field is decreased on the second reflector multilayer film K2 side of the bipolar multilayer crystal
H, the electric field is decreased in the second reflector multilayer film K2, and a transmitted wave having
substantially the same intensity as that of the fundamental wave having entered therein is emitted from the
other end face; and
wherein the fundamental wave enhanced in the active layer in the bipolar multilayer crystal H is caused to
generate the second harmonic, and the second harmonic is taken out from the other end face.

18. A wave conversion element according to claim 17, wherein the phase change of the fundamental wave per active
layer p = 2πnd/λ, the phase change of the fundamental wave per inactive layer q = 2πme/λ, and the refractive index
difference square fraction b = (m - n)2/mn obtained by dividing the square of the refractive index difference by the
product of the refractive indexes satisfy cos(p + q) > 1 + (b/2)sinpsinq or cos(p + q) < -1 + (b/2)sinpsinq.

19. A wave conversion element according to claim 18, wherein the sum (p + q) of the phase changes p and q is near
an integer multiple of 2π (2πv where v is a positive integer); and
wherein the absolute value of the difference (p + q) - 2πv)| between the sum (p + q) and 2πv is smaller than the
square root b1/2 of the refractive index difference square fraction b.

20. A wave conversion element according to claim 19, wherein the sum (p + q) of the phase changes p and q is near 2π;
wherein the phase change p is near 3π/2;
wherein the phase change q is near π/2;
wherein the absolute value of the difference between the phase change p and 3π/2 satisfies |p - 3π/2 < b1/2; and
wherein the absolute value of the difference between the phase change q and π/2 satisfies |q-π/2|< b1/2.

21. A wave conversion element according to claim 19, wherein the sum (p + q) of the phase changes p and q is near 4π;
wherein the phase change p is near 7π/2 or 5π/2;
wherein the phase change q is near π/2 or 3π/2;
wherein the absolute value of the difference between the phase change p and 7π/2 or 5π/2 is less than the square
root b1/2; and
wherein the absolute value of the difference between the phase change q and π/2 or 3π/2 is less than the square
root b1/2.

22. A wave conversion element according to claim 18, wherein the sum (p + q) of the phase changes p and q is near
a half-integer multiple of 2π ((2v + 1)π where v is 0 or a positive integer); and
wherein the absolute value of the difference |(p + q) - (2v + 1)π| between the sum (p + q) and (2v + 1)π is less than
the square root b1/2 of the refractive index difference square fraction b.
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23. A wave conversion element according to claim 22, wherein the sum (p + q) of the phase changes p and q is near π;
wherein the phase change p is near π/2;
wherein the phase change q is near π/2;
wherein the absolute value of the difference between the phase change p and π/2 satisfies |p - π/2| < b1/2; and
wherein the absolute value of the difference between the phase change q and π/2 satisfies |q - π/2| < b1/2.

24. A wave conversion element according to claim 22, wherein the sum (p + q) of the phase changes p and q is near 3π;
wherein the phase change p is near 3π/2 or 5π/2;
wherein the phase change q is near 3π/2 or π/2;
wherein the absolute value of the difference between the phase change p and 3π/2 or 5π/2 is less than the square
root b1/2; and
wherein the absolute value of the difference between the phase change q and 3π/2 or π/2 is less than the square
root b1/2.

25. A wave conversion element according to one of claims 17 to 24, wherein combinations of two kinds of thin films in
the first and second reflector multilayer films K1, K2 are in reverse to each other;
wherein the combination of two kinds of thin films is reversed in the intermediate portion of the bipolar multilayer
crystal;
wherein the first reflector multilayer film K1 and the bipolar multilayer crystal have a common order of higher and
lower refractive indexes in a front portion located closer to the first reflector multilayer K1 than the intermediate portion;
wherein the second reflector multilayer film K2 and the bipolar multilayer crystal have a common order of higher and
lower refractive indexes in a rear portion located closer to the second reflector multilayer K2 than the intermediate
portion; and
wherein the relationship between the higher and lower refractive indexes is reversed between the front and rear
portions.

26. A laser processing device comprising:

a laser for generating a fundamental wave having a wavelength λ;
the wavelength conversion element according to one of claims 17 to 25; and
an optical system for converging the second harmonic and irradiating an object therewith.
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