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struouiires have been proposed to provide phase matching. Phase matching
has been attempted by The invention relates to a tunable waveguide    both
passive and active means. Passive phase structure for frequency doubling of
electromagnetic  matching has been accomplished by, for example, radiation
comprising:                          5   the addition of a periodic
structure to a frequency a waveguide having first and second layers of
doubling device. However, such devices are in- non-linear optical material,
said first and second  capable of responding to changeable conditions
layers having differing indexes of refraction.     and may lose accuracy
over time. In contrast, the The invention also relates to a system for fre-
parameters of an active structure can be controlled quency doubling of
electromagnetic radiation com-   so  in response to the measured output of
the doubled prising:                                           light.
Accordingly, it is desirable to be able to a semiconductor laser diode and
said frequen-   control the phase matching properties in an active cy
doubling tunable waveguide structure.           manner. However, active
phase matching devices Optical digital data storage devices, such as   have
either been impractical or incapable of con- compact discs, have recently
come into common   15  trolling the phase matching to a sufficient degree.
usage. Typically, such discs are read and written to   Proposals for active
phase matching of the by means of light emitted by a semiconductor laser
waveguide have been made in, for example, U.S. (i.e. a laser diode).
However, the light generated by  Patent No. 4,427,260 (Puech et al) and in
the semiconductor laser diodes generally falls within  article "Electric
Field Tuning of Second-Harmonic the lower end of the electromagnetic
frequency   20   Generation in A Three-Dimensional LiNbO3 Optical spectrum
(i.e. red or infrared). The use of higher  Waveguide", Applied Physics
Letters, 34(1), Janu- frequency light, i.e. at the blue end of the spec-
ary 1, 1979. These proposals achieve phase trum, to read and write to
optical storage medium  matching by means of electro-optic tuning of the
would result in greatly increased storage density.  material forming the
waveguide. However, these Unfortunately, however, there are yet no
practical  25  approaches are constrained by the fact that the blue
semiconductor lasers. To date, the only blue  index of refraction of the
waveguide will undergo lasers are large gas lasers which are obviously
only relatively small changes by means of the unsuitable for use in compact
and inexpensive op-  electro-optic effect. Accordingly, such means are
tical storage read/write devices.                  able to compensate for
only relatively small Accordingly, a device capable of converting the   30
changes in the geometrical or physical properties light emitted by readily
available semiconductor   of the waveguide. laser diodes to blue light is
greatly, desired. Laser  The present invention is directed to overcom-
diodes that emit infrared light are inexpensive and  ing the difficulties
of the prior art by providing an widely available. The frequency of blue
light is   inexpensive active phase-matched frequency dou- twice that of
infrared radiation. Accordingly, a de-  35  bling device and system  to
generate blue light vice capable of doubling the frequency of infrared
suitable for use in reading and writing optical stor- radiation has
considerable commercial potential.   age media. One embodiment of the
tunable The field of the non-linear optics has provided  waveguide
structure according to the invention is a number of devices used as
frequency doublers,    characterized in that generally throught he means of
second harmonic  40     a transparent semiconductor layer is disposed
generation (SHG) of a fundamental frequency.       on one surface of said
waveguide, said transparent Such devices include bulk materials and stacks
of  semiconductor layer having an index of refraction non-linear crystals.
A particularly effective doubling  which varies by the Franz-Keldysh effect
in re- device is a non-linear optical waveguide. As a light  sponse to an
applied electrical field and beam passes through the waveguide the
non-linear  45   means are provided for applying an electrical optical
effect causes the generation of a lightwave  field to said transparent
semiconductor layer to of the second harmonic of the input lightwave.
cary the index of refraction of said semiconductor Such optical waveguides
can be quite efficient in  layer to thereby control the phase matching of
the providing frequency doubling.                      waveguide as a
whole. However, efficient frequency doubling requires  5o   The structure
according to the present invention is accurate phase matching between the
fundamental    capable of achieving phase matching over a rela- and
harmonic waves. If the frequency doubling      tively wider range of
geometric and physical device is not properly phase matched interference
changes to the waveguide. effects will cause attenuation of the second har-
The structure utilizes active control of phase monic. In a waveguide the
tolerance requirements  55   matching by an applied electric field. The
applied for accurate phase matching between the geometri-  electric field
is applied across a semiconductor cal and physical properties of the
waveguide are   material which is disposed along a surface of a very
difficult to achieve. A number of different   frequency doubling non-linear
optical waveguide. 2    
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refraction of the semiconductor ma-   taken in conjunction with the
detailed specification terial is altered by the "Franz-Keldysh effect" in
the  to follow: presence of an applied electric field.                Fig.
1 is a perspective view of the waveguide The Franz-Keldysh effect is
capable of modifying      structure utilizing active phase matching; and
the index of refraction of the semiconductor layer   5  Fig. 2 is a section
taken along line 2-2 of Fig. 1 -    to a relatively large degree.
Accordingly, the phase  with the indexes of refraction (n) of the various
matching of the waveguide structure as a whole is    layers depicted
alongside. controllable to a greater degree than that of the      Figs. 1
and 2 illustrate an embodiment of the prior art utilizing the electro-optic
effect to control  inventive actively phased matched waveguide 10. the
index of refraction of the waveguide itself.  lo  The main body of the
waveguide comprises a slab A preferred embodiment of the tunable waveguide
of non-linear optical material 12 such as by way of structure according to
the invention is character-  example  only, potassium  titanate  phosphate
ized in that said means for applying a voltage     (KTiOPO4) known as
"KTP". In a second layer 14, comprise a transparent electrode disposed on
each  Thallium (TI) is incorporated into the KTP by diffu- side of said
semiconductor layer, said electrode   is  sion or other techniques. The
incorporation of thal- being connected to a variable voltage source. A
lium  into  KTP  forms a frequency  doubling voltage applied to the
semiconductor layer by      waveguide since the thallium causes an increase
in means of the electrode controls the index of refrac-  the index of
refraction of the KTP (see the refrac- tion of the semiconductor layer and
thus controls  tive index profile at Fig. 2), thus forming a non- the phase
matching of the waveguide as a whole.    20  linear optical waveguide
capable of second har- A further preferred embodiment of the tunable
monic generation. waveguide structure according to the invention is
Disposed on top of layer 14 is buffer layer 16 characterized in that said
first layer comprises   of insulating material such as silicon dioxide
(SiO2) KTP.                                               which serves to
separate the waveguide of layers The main body of the waveguide comprises a
slab   25  12 and 14 from the electrode and semiconductor of non-linear
material, for example KTP.           layers disposed above. Disposed on top
of buffer A further preferred embodiment of the tunable      layer 16 is a
first electrode layer 18 of a transpar- waveguide structure according to
the invention is  ent conductor. Disposed on a layer 18 is a layer 20
characterized in that said second layer comprises  of transparent
semiconductor material whose index thallium doped KTP.
30  of refraction varies by the Franz-Keldysh effect in By incorporating
thallium into KTP the index of    accordance with an applied electrical
field. The refraction of KTP is increased. Consequently, the  Franz-Keldysh
effect is known per se from, for first and second layer have a differing
index of   example, Engineering Optics by K. lizuka, Second refraction and
thus form a waveguide capable of    Edition, Springer Verlag, p. 404-405.
second harmonic generation.                   35   Disposed above layer 20
is a second transparent A further preferred embodiment of the tunable
conductive electrode 22, which with electrode 18 is waveguide structure
according to the invention is  used to apply an electrical field to
semiconductor characterized in that said semiconductor layer     layer 20
to vary its index of refraction. Suitable comprises ZnSe.
material for the transparent electrodes 18, 22 is ZnSe is a suitable
semiconductor material which   40  indium tin oxide (InSnO). Suitable
semiconductor has a refractive index varying in accordance with  materials
which have an index of refraction which an applied electric field.
varies in accordance with an applied electric field A further preferred
embodiment of the tunable      are Il-VI materials such as Zinc Selenide
(ZnSe) waveguide according to the invention is character-  Glasses doped
with Il-VI particles are a possibility ized in that said electrodes
comprise InSnO.  45  as well. For the same reason as mentioned in the
previous      The structure of device 10 is such that a embodiment InSnO is
a suitable material for trans-  change in the index of refraction of
semiconductor parent electrodes.                                 layer 20
effects the propagation of light through the A further preferred embodiment
of the tunable      waveguide as a whole. Thus, changes to the index
waveguide structure according to the invention is  so  of refraction of
layer 20 by means of the field characterized in that the waveguide
structure fur-  applied to layers 18, 22 controls the phase match- ther
includes a buffer layer disposed between said  ing of the waveguide. Since
the voltage applied electrode and said waveguide. By the buffer layer,
between electrodes 18, 22 controls the index of consisting of insulating
material, the waveguide is  refraction of layer 20 which in turn controls
the separated from the electrode and semiconductor  55  phase matching of
the entire device 10, control layers.
over phase matching is accomplished by varying For a better understanding
of the invention,    the potential applied between electrodes 18 and
references is made to the following drawings, to be  22. Accordingly,
electrodes 18, 22 are connected 3    



5                 EP 0 431 698 B1                    6 to a variable
voltage supply 30 the potential of      the Franz-Keldysh effect in
response to an which controls phase matching. Power supply 30
applied electrical field and that has a control input which in turn is
connected to         means (18, 22) are provided for applying control
circuitry 32 which has an input connected      an electrical field to said
transparent semicon- to a device 34 for detecting the intensity of light of
6  ductor layer (20) to vary the index of refraction the second harmonic of
the input light. Depending      of said semiconductor layer (20) to thereby
on the intensity of the output light device 34         control the phase
matching of the waveguide causes control circuit 32 to correct the output
volt-  (1.1) as a whole. age of voltage supply 30 thus ensuring phase
matching. The actual circuitry used in voltage sup-  lo  2. The waveguide
structure (10) as claimed in ply 30, control 32 and light intensity meter
34 are    Claim 1, characterized in that said means for well known to those
skilled in the art and need not    applying a voltage comprise a
transparent be described further.
electrode (18, 22) disposed on each side of The materials used in the
above-described          said semiconductor layer (20), said electrode
structure are not to be construed as limiting but  15  (18, 22) being
connected to a variable voltage merely exemplary. The above-described
materials        source (30). namely, a KTP and thallium doped KTP
waveguide _v  utilizing a zinc selenide semiconductor layer for   3. The
waveguide structure (10) as claimed in phase matching control is suitable
for use in the      Claim 2, characterized in that the waveguide frequency
doubling of infrared to blue light, which   20  structure (10) further
includes a buffer layer as described above, is important in the field of
(16) disposed between said electrode (18) and optical storage devices.
However, other materials      said waveguide (11). may be used for doubling
in other frequency ranges. For example, the substrate could be com-   4.
The waveguide structure (10) as claimed in prised of lithium niobiate
(UNbOO) and the semi-  25   Claim 1, characterized in that said first layer
conductor layer could be constructed from Ill-V       (12) comprises KTP.
materials. Furthermore, electrodes 18 and 22 and semiconductor 20 could be
replaced by a P-I-N      5. The waveguide structure (10) as claimed in
multi-quantum well structure which would provide       Claim 1,
characterized in that said second lay- enhanced changes in the index of
refraction. Fi-  30   er (14) comprises thallium doped KTP. nally, the
thallium doped KTP layer could be re- placed by a second ZnSe layer
(inactive in fre-    S. The waveguide structure (10) as claimed in quency
doubling) which eliminates the need for         Claim 1, characterized in
that said semicon- KTP diffusion. However, overall efficiency is likely
ductor layer (20) comprises ZnSe. to be reduced.
35 Although the present invention has been de-     7. The vtaveguide
structure (10) as claimed in _   scribed in conjunction with preferred
embodiments,     Claim 1, characterized in that said electrodes it is to be
understood that modifications and var-     (18, 22) comprise InSnO. ations
may be resorted to without departing from the scope of the invention, as
those skilled in the   4o  8. Frequency doubling device comprising: art
will readily understand. Such modifications and    a semiconductor laser
diode and a frequency variations are considered to be within the purview
doubling tunable waveguide structure (10), ac- and scope of the invention
and the appended            cording to one of the claims 1-7. claims. 45
Patentansprfche Claims 1. Durchstimmbare optische Wellenleiterstruktur 1. A
tunable waveguide structure (10) for fre-         (10) zur Verdopplung der
Frequenz elektroma- quency doubling of electromagnetic radiation
gnetischer Strahlung mit: comprising:                                50
einem Wellenleiter (11) mit einer ersten a waveguide (11) having first (12)
and sec-     Schicht (12) und einer zweiten Schicht (14) aus ond (14)
layers of non-linear optical material,    nichtlinearem optischem Material,
wobei die er- said first (12) and second (14) layers having      ste (12)
und die Zweite Schicht (14) unter- differing indexes of refraction,
characterized in  schiedliche Brechzahlen haben, dadurch ge- that a
transparent semiconductor layer (20) is  55  kennzeichnet, daB eine
transparente Halbleiter- disposed on one surface of said waveguide
schicht (20) sich auf einer der Oberfl~chen (11), said transparent
semiconductor layer (20)    dieses Wellenleiters (11) befindet, wobei die
having an index of refraction which varies by      transparente
Halbleiterschicht (20) eine Brech- 4    
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lis 111l! to a variable voltage supply 30 the potential of        the
Franz-Keldysh effect in response to an which controls phase matching. Power
supply 30          applied electrical field and that has a control input
which in turn is connected to          means (18, 22) are provided for
applying control circuitry 32 which has an input connected       an
electrical field to said transparent semicon- to a device 34 for detecting
the intensity of light of   5  ductor layer (20) to vary the index of
refraction the second harmonic of the input light. Depending       of said
semiconductor layer (20) to thereby on the intensity of the output light
device 34          control the phase matching of the waveguide causes
control circuit 32 to correct the output volt-  (11) as a whole. age of
voltage supply 30 thus ensuring phase matching. The actual circuitry used
in voltage sup-  io  2. The waveguide structure (10) as claimed in ply 30,
control 32 and light intensity meter 34 are     Claim 1, characterized in
that said means for well known to those skilled in the art and need not
applying a voltage comprise a transparent be described further.
electrode (18, 22) disposed on each side of The materials used in the
above-described           said semiconductor layer (20), said electrode
structure are not to be construed as limiting but  1a  (18, 22) being
connected to a variable voltage merely exemplary. The above-described
materials         source (30). namely, a KTP and thallium doped KTP
waveguide utilizing a zinc selenide semiconductor layer for   3  The
waveguide structure (10) as claimed in phase matching control is suitable
for use in the       Claim 2, characterized in that the waveguide frequency
doubling of infrared to blue light, which   20  structure (10) further
includes a buffer layer as described above, is important in the field of
(16) disposed between said electrode (18) and optical storage devices.
However, other materials       said waveguide (11). may be used for
doubling in other frequency ranges. For example, the substrate could be
com-    4. The waveguide structure (10) as claimed in prised of lithium
niobiate (LiNbOJ) and the semi-  25   Claim 1, characterized in that said
first layer conductor layer could be constructed from Ill-V        (12)
comprises KTP. materials. Furthermore, electrodes 18 and 22 and
semiconductor 20 could be replaced by a P-I-N       5. The waveguide
structure (10) as claimed in multi-quantum well structure which would
provide        Claim 1, characterized in that said second lay- enhanced
changes in the index of refraction. Fi-  30    er (14) comprises thallium
doped KTP. nally, the thallium doped KTP layer could be re- placed by a
second ZnSe layer (inactive in fre-     6. The waveguide structure (10) as
claimed in quency doubling) which eliminates the need for          Claim 1,
characterized in that said semicon- KTP diffusion. However, overall
efficiency is likely    ductor layer (20) comprises ZnSe. to be reduced.
35 Although the present invention has been de-     7. The waveguide
structure (10) as claimed in scribed in conjunction with preferred
embodiments,      Claim 1, characterized in that said electrodes it is to
be understood that modifications and vari-    (18, 22) comprise InSnO.
ations may be resorted to without departing from the scope of the
invention, as those skilled in the   40   8  Frequency doubling device
comprising: art will readily understand. Such modifications and     a
semiconductor laser diode and a frequency variations are considered to be
within the purview      doubling tunable waveguide structure (10), ac- and
scope of the invention and the appended             cording to one of the
claims 1-7. claims. 45 PatentansprUche Claims 1. Durchstimmbare optische
Wellenleiterstruktur 1. A tunable waveguide structure (10) for fre-
(10) zur Verdopplung der Frequenz elektroma- quency doubling of
electromagnetic radiation        gnetischer Strahlung mit: comprising:
50          einem Wellenleiter (11) mit einer ersten a waveguide (11)
having first (12) and sec-     Schicht (12) und einer zweiten Schicht (14)
aus ond (14) layers of non-linear optical material,     nichtlinearem
optischem Material, wobei die er- said first (12) and second (14) layers
having       ste (12) und die Zweite Schicht (14) unter- differing indexes
of refraction, characterized in   schiedliche Brechzahlen haben, dadurch
ge- that a transparent semiconductor layer (20) is  5s  kennzeichnet, daB
eine transparente Halbleiter- disposed on one surface of said waveguide
schicht (20) sich auf einer der Oberflachen (11), said transparent
semiconductor layer (20)     dieses Wellenleiters (11) befindet, wobei die
having an index of refraction which varies by      transparente
Halbleiterschicht (20) eine Brech- 4    
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111111 I zahl hat, die sich durch den Franz-Keldysh-        (20) est
disposee sur une surface dudit guide Effekt in Reaktion auf ein angelegtes
elektri-     d'onde (11), ladite couche semi-conductrice sches Feld andert
und daB                          transparente (20) ayant un indice de
r6fraction Mittel (18, 22) zum Anlegen eines elektri-     qui varie en
reaction & l'application d'un schen Feldes an die genannte transparente   5
champ electrique, par effet de Franz-Keldysh, Halbleiterschicht (20)
vorgesehen sind, um die     et Brechzahl der Halbleiterschicht (20) zu
andern,       des moyens (18, 22) sont prevus pour um dadurch die
Phasenanpassung des Wellen-         appliquer un champ electrique a ladite
couche leiters (11) als Ganzes zu steuern.                semi-conductrice
transparente (20) pour modi- 10     fier l'indice de r6fraction de ladite
couche 2. Wellenleiterstruktur (10) nach Anspruch 1, da-
semi-conductrice (20) afin de commander ainsi durch gekennzeichnet, daB die
genannten Mit-       I'accord de phase du guide d'onde (11) dans tel zum
Anlegen einer Spannung eine zu bei-        son ensemble. den Seiten der
genannten Halbleiterschicht (20) liegende transparente Elektrode (18, 22)
is  2. Structure de guide d'onde (10) selon la reven- umfassen, wobel die
Elektrode (18, 22) mit         dication 1, caracterisee en ce que lesdits
einer anderbaren Spannungsquelle (30) ver-         moyens pour appliquer
une tension compren- bunden ist.
nent une electrode transparente (18, 22) dispo- see sur chaque cote de
ladite couche semi- 3. Wellenleiterstruktur (10) nach Anspruch 2, da-  20
conductrice (20), ladite electrode (18, 22) etant durch gekennzeichnet, daB
die Wellenleiter-        connect6e a une source de tension variable
struktur (10) weiterhin eine zwischen der ge-      (30). nannten Elektrode
(18) und dem genannten Wellenleiter (11) befindliche Pufferschicht (16)  3.
Structure de guide d'onde (10) selon la reven- umfaBt.
25       dication 2, caracterisde en ce que la structure de guide d'onde
(10) comprend, en outre, une 4. Wellenleiterstruktur (10) nach Anspruch 1,
da-      couche tampon (16) disposee entre ladite elec- durch
gekennzeichnet, daB die genannte erste       trode (18) et ledit guide
d'onde (11). Schicht (12) KTP umfaBt. 30  4. Structure de guide d'onde (10)
selon la reven- 5. Wellenleiterstruktur (10) nach Anspruch 1, da-
dication 1, caracteris6e en ce que ladite pre- durch gekennzeichnet, daB
die genannte zwei-       miere couche (12) comprend du KTP. te Schicht (14)
thallium-dotiertes KTP umfaft. 5. Structure de guide d'onde (10) selon la
reven- 6. Wellenleiterstruktur (10) nach Anspruch 1, da-  36  dication 1,
caract6risee en ce que ladite durch gekennzeichnet, daB die genannte Halb-
deuxieme couche (14) comprend du KTP dop6 leiterschicht (20) ZnSe umfaBt.
au thallium. 7. Wellenleiterstruktur (10) nach Anspruch 1, da-  6.
Structure de guide d'onde (10) selon la reven- durch gekennzeichnet, daB
die genannten   40      dication 1, caract6risee en ce que ladite cou-
Elektroden (18, 22) InSnO umfassen.                che semi-conductrice
(20) comprend du ZnSe. 8. Frequenzverdopplungsanordnung mit:
7. Structure de guide d'onde (10) selon la reven- einer
Halbleiterlaserdiode und einer frequenz-     dication 1, caracterisee en ce
que lesdites verdoppelnden durchstimmbaren Wellenleiter-  45    4lectrodes
(18, 22) comprennent du InSnO. struktur (10) nach einem der AnsprUche 1-7.
8. Dispositif doubleur de frequence comprenant: Revendlcations
une diode laser A semi-conducteur et une structure de guide d'onde
accordable doubleu- 1. Structure de guide d'onde accordable (10)  so
se de frequence (10) selon l'une quelconque pour le doublage de frequence
de rayonne-          des revendications 1 a 7. ments electromagnetiques,
comprenant: un guide d'onde (11) comportant une pre- mibre (12) et une
deuxieme (14) couches de matibre optique non lineaire, lesdites premibre
55 (12) et deuxieme (14) couches ayant des indi- ces de r6fraction
diff6rents, caracteris6e en ce qu'une couche semi-conductrice transparente
5    


