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(57) ABSTRACT 

An optical channel Waveguide having a re?ection grating 
and a related method for its fabrication. The grating is 
apodiZed to provide a desired re?ection or transmission 
spectral characteristic, by varying the grating Width along 
the length of the grating in the direction of light propagation. 
The grating has multiple parallel elements extending across 
the Waveguide channel Width, and apodiZation is effected by 
appropriate selection of the Width of each element relative to 
the Width of the channel, Without varying the grating duty 
cycle or other parameters. 
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GRATING APODIZATION TECHNIQUE FOR 
DIFFUSED OPTICAL WAVEGUIDES 

[0001] This invention Was made With Government support 
under Contract No. N6600l-02-C-8020 awarded by the 
Department of Defense. The Government has certain rights 
in this invention. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to optical channel 
Waveguides and, more particularly, for techniques for 
obtaining a desired optical re?ection and transmission ?lter 
response in optical channel Waveguides. Optical Waveguides 
have a variety of both military and commercial applications, 
such as in optical signal processing, optical networking and 
related communication systems. In processing optical sig 
nals, there is frequently a need to provide ?ltering function 
and one Well knoWn Way of achieving this is an optical 
grating, such as a Bragg grating, integrated into a 
Waveguide. A grating is a periodic structure either formed in 
the surface of a Waveguide or embedded in the volume of the 
Waveguide as variations in refractive index. Regardless of its 
form, the grating provides periodic perturbation of a propa 
gation constant associated With optical energy propagating 
through the Waveguide. Re?ections from the grating ele 
ments may interfere constructively or destructively, a?‘ect 
ing the re?ection and transmission ?lter response character 
istic of the Waveguide. 

[0003] Optical Waveguides, of course, take various forms, 
such as optical ?bers, planar Waveguides and other 
Waveguides of various cross sectional shapes. The present 
invention is concerned, hoWever, With optical channel 
Waveguides, Which have some practical advantages over 
other types of Waveguides. In particular, optical channel 
Waveguides may be conveniently fabricated using conven 
tional lithographic techniques and may, therefore, be easily 
integrated With electro-optical and electronic components. 
An optical channel Waveguide can be formed by modifying 
a property of a suitable substrate to provide con?nement of 
optical energy to a narroW channel at or near the surface of 
the substrate. For example, a channel Waveguide may be 
formed on a substrate of dielectric material, such as lithium 
niobate (LiNbO3), often referred to by the abbreviation 
LNO. For example, a knoWn channel Waveguide structure 
includes a channel region formed by the diffusion of a metal, 
such as titanium (Ti) into a planar surface of the LNO 
material. The TizLNO channel region has a slightly higher 
refractive index than the surrounding LNO material and 
functions as a channel Waveguide When light is launched 
into it. 

[0004] An optical grating may be formed on or in an 
optical channel Waveguide, either in the form of surface 
relief grating elements extending perpendicular to the direc 
tion of light propagation along the channel Waveguide, or by 
modulating the refractive index Within the channel structure. 
Although the principles of optical channel Waveguides are 
Well knoWn, and the use of optical gratings in conjunction 
With optical channel Waveguides is knoWn, no-one prior to 
the present invention has conceived a technique for selec 
tively controlling the characteristics of optical gratings in a 
convenient manner to achieve desired optical ?lter charac 
teristics. 

[0005] It is knoWn that the physical structure of an optical 
grating may be apodiZed, i.e., selectively Weighted, in some 
manner to achieve a desired ?lter characteristics. A paper by 
D. Wiesmann et al., “ApodiZed Surface-Corrugated Gratings 
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With Varying Duty Cycles,” IEEE Photonics Technology 
Letters, Vol. 12, No. 6, June 2000, pp. 639-641, proposes 
that surface corrugations forming a Bragg grating may be 
apodiZed by varying the duty cycle of the corrugations. That 
is to say, the length of the corrugations as measured in the 
principal direction of propagation (perpendicular to the 
direction in Which the parallel corrugations are oriented) is 
varied While the periodic spacing betWeen corrugations is 
maintained constant. Varying the grating duty cycle requires 
varying the siZe of each grating ridge, from the smallest 
achievable siZe to the largest achievable While still forming 
a grating groove betWeen ridges. This requires a very 
precise, and therefore costly, fabrication technique, Which is 
probably Why the authors of the paper referenced above 
described the proposed structure as best implemented using 
electron beam lithography. 

[0006] It Will be appreciated from the foregoing that there 
is a need for a more convenient, reliable and economical 
technique for forming an apodiZed optical grating on or in an 
optical channel Waveguide. The present invention is directed 
to this end. 

SUMMARY OF THE INVENTION 

[0007] The present invention resides in a technique for 
forming an apodiZed optical grating more easily and con 
veniently than techniques of the prior art. Brie?y, and in 
general terms, the optical channel Waveguide and grating of 
the invention comprises a substrate; a Waveguide channel 
formed in the substrate, the channel having a length dimen 
sion along Which light may be propagated and a Width 
dimension; and a periodic grating formed in close associa 
tion With the Waveguide channel, to provide re?ection of 
light at selected frequencies and transmission through the 
Waveguide at other frequencies. The periodic grating has 
multiple parallel elements extending at least part-Way across 
the Width dimension of the channel. The length of each 
grating element, extending in the Width dimension across the 
channel, is selected to provide an apodiZed grating With a 
desired re?ection spectral characteristic. For example, the 
lengths of the grating elements may be selected to provide 
Gaussian apodiZation. 

[0008] More speci?cally, the substrate is a dielectric mate 
rial and the Waveguide channel is formed in the substrate by 
diffusing a metal into the dielectric material. As further 
disclosed beloW, in a presently preferred embodiment of the 
invention the grating elements are formed as parallel ridges 
of a material overlying the Waveguide channel in a grating 
region, separated by grooves ?lled With a relatively high 
refractive index material. By Way of example, the substrate 
material may be lithium niobate; the metal di?fused into the 
substrate to form the channel may be titanium; the material 
overlying the Waveguide channel in the grating region may 
be silicon dioxide; and the relatively high refractive index 
material may be niobium pentoxide. 

[0009] The invention may also be de?ned in terms of a 
fabrication method, comprising the steps of forming a sur 
face channel having an elevated refractive index, in a 
dielectric substrate, the channel having a length dimension 
along Which light may be propagated and a Width dimension 
perpendicular to the length dimension; and forming a plu 
rality of parallel grating elements over the substrate and 
extending in the channel Width direction at least part-Way 
across the channel. The grating elements are selected in 
length to provide apodiZation of the grating, resulting in a 
desired spectral characteristic of the resulting Waveguide 
?lter. 
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[0010] It Will be appreciated from the foregoing summary 
that the present invention represents a signi?cant advance in 
the ?eld of optical channel Waveguides With Bragg-type 
re?ection gratings. In particular, the invention provides a 
greatly improved technique for forming a grating With a 
desired re?ection or transmission spectral function. Other 
aspects and advantages of the invention Will become appar 
ent from the folloWing more detailed description, considered 
in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWING 

[0011] FIG. 1 is a cross-sectional vieW of an optical 
channel Waveguide and grating structure in accordance With 
the invention, vieWed from one side of the optical channel. 

[0012] FIG. 2 is a cross-sectional vieW of the optical 
channel Waveguide and grating structure shoWn in FIG. 1, 
vieWed along the propagation direction of the channel. 

[0013] FIG. 3 is a top plan vieW of the optical channel 
Waveguide and grating structure of FIGS. 1 and 2, shoWn at 
a reduced scale to depict apodiZation of the grating. 

[0014] FIG. 4 is a top plan vieW similar to FIG. 3, but With 
uniform (not apodiZed) grating elements. 

[0015] FIG. 5 is a diagrammatic plan vieW of an apodiZed 
grating, shoWing the variation of grating Width over its 
length. 
[0016] FIG. 6 is a graph shoWing the variation of coupling 
coe?icient (kappa) With grating Width. 

[0017] FIG. 7 is a pair of graphs shoWing the re?ection 
performance of the Waveguide of the invention, using the 
gratings of FIGS. 3 and 4. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0018] As shoWn in the draWings for purposes of illustra 
tion, the present invention is concerned With a technique for 
forming an apodiZed optical grating on or in an optical 
channel Waveguide. In accordance With the invention, the 
grating is apodiZed by varying the lengths of individual 
elements of the grating disposed across the Width of the 
optical channel. By this means, all other dimensional param 
eters of the grating may be maintained constant, including 
the duty cycle, the grating depth, and the grating elemental 
length in the principal direction of light propagation. 

[0019] In a preferred embodiment of the invention, and as 
shoWn in FIGS. 1-3, an optical channel Waveguide is formed 
in a dielectric substrate, indicated by reference numeral 10, 
of a material such as lithium niobate (LNO). As best vieWed 
in FIG. 2, the Waveguide is formed by a channel region 12 
into Which a metal, such as titanium (Ti) is diffused. Light 
launched into the Waveguide Will be guided through the 
channel region 12, as indicated by the arroW 14 in FIG. 1. 
As best vieWed in the top plan vieW of FIG. 3, multiple 
parallel grating elements 16 are formed over the channel 12. 
The grating elements 16 are uniformly spaced and oriented 
perpendicular to the principal direction of light propagation 
in the channel 12. The individual lengths of the grating 
elements 16 are varied as required to obtain desired re?ec 
tion and transmission ?lter characteristics in the Waveguide. 
As shoWn in FIG. 3, for example, the grating elements 16 
vary from a minimum length extending over a relatively 
small proportion of the Width of the Waveguide channel 12, 
to a maximum length extending completely across the 
channel, then back to a minimum length again. 
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[0020] The grating elements 16 can be formed in various 
Ways, either as surface irregularities of the channel 12, or as 
refractive index variations in the channel. In the presently 
preferred embodiment of the invention, and as best shoWn in 
FIGS. 1 and 2, the grating elements 16 are formed as surface 
features over the channel 12. Formation of the grating is 
accomplished by selectively etching a layer 18 of silicon 
dioxide (SiO2) overlying the channel 12 and a surrounding 
portion of the substrate 10. The grating elements 16 in this 
embodiment, shoWn enlarged in the cross-section vieW of 
FIG. 1, have a 50% duty cycle; that is, they consist of a 
plurality of ridges 20 separated by etched channels 22 
having a Width the same as the ridge Width. The channels 22 
are ?lled With a suitable high refractive index material 24, 
Which also forms a thin layer across the tops of the ridges 20. 

[0021] The grating elements 16 in FIG. 3 are apodiZed by 
selectively varying the lengths of the elements. Stated 
another Way, the effective Width of the grating elements 16 
is varied, relative to the surface Width of the channel 12, to 
provide a desired re?ection or transmission characteristic. 
By Way of contrast, FIG. 4 is a top plan vieW shoWing 
channel elements 16' of uniform siZe. 

[0022] By varying the Width of the grating region, as 
indicated in FIG. 5, for example, the coupling coe?icient 
(kappa) betWeen counterpropagating optical modes is var 
ied, as plotted in FIG. 6. By varying the coupling coe?icient 
along the propagation direction, the re?ection and transmis 
sion coe?icient of the optical mode ?eld can be controlled at 
every point along the grating length, to yield the desired 
re?ection and transmission spectral characteristic. 

[0023] The graphs in FIG. 7 plot the poWer re?ected from 
the grating over a range of optical frequencies, for the tWo 
different grating con?gurations shoWn in FIGS. 3 and 4. The 
frequency scale is from —50 to +50 GHZ (gigahertZ) With 
respect to the nominal frequency of light transmitted into the 
channel Waveguide. Curve 30 is the re?ection response for 
a Gaussian apodiZation con?guration, similar to that of FIG. 
3. It Will be observed that the re?ection response has a Well 
de?ned passband in the region from approximately —20 to 
+20 GHZ. Many applications of the invention involve modu 
lation of a light beam With multiple bands of microWave 
information signals, such as in Wavelength division multi 
plexing (WDM). Using appropriate ?lter pro?les, optical 
channel Waveguides may be conveniently employed in sys 
tems that perform modulation and demodulation of optical 
signals With radio frequency signals. It Will be understood, 
of course, that the passband shoWn in FIG. 7 is by Way of 
example only. NarroWer passbands may be needed in prac 
tical communication systems. Curve 32 illustrates by Way of 
comparison the re?ection response if the grating is uniform, 
as shoWn in FIG. 4. 

[0024] The principal advantage of the invention over other 
possible Ways to implement an optical channel Waveguide 
having a re?ection grating, is that the invention achieves 
apodiZation by varying a relatively large feature siZe, that is 
the Width of the grating relative to the channel. In the 
presently preferred embodiment of the invention, the chan 
nel 12 is approximately 5 microns (5 pm) Wide. Fabrication 
of the apodiZed grating is, therefore, Well Within the capa 
bilities of conventional optical lithography. Other 
approaches prior to the invention require precise control of 
smaller feature siZes, such as ridge thickness or spacing. 
Control of these much smaller feature siZes is extremely 
di?icult and renders the fabrication process highly suscep 
tible to errors. 
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[0025] Speci?c design of an apodiZed grating to meet 
known performance characteristics may be accomplished 
using available numerical ?lter design techniques analogous 
to those used in the design of optical ?ber gratings. 

[0026] It Will be appreciated from the foregoing that the 
present invention represents a signi?cant improvement in 
the art of optical channel Waveguides. In particular, the 
invention provides an optical channel Waveguide structure 
having Bragg-type re?ection grating that can be conve 
niently and reliably tailored to provide a desired re?ection or 
transmission spectral characteristic. 

[0027] It Will also be appreciated that, although speci?c 
embodiments of the invention have been described in detail, 
various modi?cations may be made that are Within the spirit 
and scope of the invention. For example, although the 
invention has been described as including a surface-relief 
grating, the principle of the invention also applies to index 
modulated gratings, Where the refractive index of the chan 
nel material is selectively altered to form grating elements of 
varying length relative to the channel surface Width. In 
general, each grating element can be of either index modu 
lation or surface corrugation. The grating element introduces 
a perturbation on the Waveguide such that the effective index 
of refraction is different from that of an unperturbed 
Waveguide. The magnitude of perturbation introduced can 
be varied by controlling the grating element length. This 
approach can similarly be applied to other forms of 
Waveguides Accordingly, the invention should not be limited 
except as by the appended claims. 

1. An optical channel Waveguide and grating, comprising: 

a substrate; 

a Waveguide channel formed in the substrate, the channel 
having a length dimension along Which light may be 
propagated and a Width dimension; and 

a periodic grating formed in close association With the 
Waveguide channel, to provide re?ection of light at 
selected frequencies and transmission through the 
Waveguide at other frequencies; 

Wherein the periodic grating has multiple parallel ele 
ments extending at least part-Way across the Width 
dimension of the channel, at least tWo of the multiple 
parallel elements having different lengths; 

and Wherein the length of each grating element, extending 
in the Width dimension across the channel, is selected 
to provide an apodiZed grating With a desired re?ection 
spectral characteristic. 

2. An optical channel Waveguide as de?ned in claim 1, 
Wherein: 

the lengths of the grating elements are selected to provide 
Gaussian apodiZation. 

3. An optical channel Waveguide as de?ned in claim 1, 
Wherein: 

the substrate is a dielectric material; 

the Waveguide channel is formed in the substrate by 
diffusing a metal into the dielectric material. 

4. An optical channel Waveguide as de?ned in claim 3, 
Wherein: 
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the grating elements are formed as parallel ridges of a 
material overlying the Waveguide channel in a grating 
region, separated by grooves ?lled With a material With 
a refractive index that is high relative to the material 
overlying the Waveguide channel in the grating region. 

5. An optical channel Waveguide as de?ned in claim 4, 
Wherein: 

the substrate material is lithium niobate; 

the metal diffused into the substrate to form the channel 
is titanium; 

the material overlying the Waveguide channel in the 
grating region is silicon dioxide; and 

the material ?lling the grooves is niobium pentoxide. 
6. A method for fabrication of an optical channel 

Waveguide and grating, comprising the steps of: 

forming a surface channel having an elevated refractive 
index, in a dielectric substrate, the channel having a 
length dimension along Which light may be propagated 
and a Width dimension perpendicular to the length 
dimension; and 

forming a plurality of parallel grating elements over the 
substrate and extending in the channel Width direction 
at least part-Way across the channel; 

Wherein the grating elements are selected in length such 
that at least tWo of the grating elements have different 
lengths to provide apodiZation of the grating, resulting 
in a desired spectral characteristic of the Waveguide. 

7. A method as de?ned in claim 6, Wherein: 

the lengths of the grating elements are selected to provide 
Gaussian apodiZation. 

8. A method as de?ned in claim 6, Wherein: 

the step of forming the surface channel comprises di?‘us 
ing a metal into the substrate, Which is of a dielectric 
material. 

9. A method as de?ned in claim 8, Wherein the step of 
forming the grating elements comprises: 

overlaying the Waveguide channel, in a grating region, 
With a layer of silicon dioxide; 

etching aWay parallel grooves of the silicon dioxide to 
leave a set of parallel ridges separated by grooves; and 

?lling the grooves With a material having a refractive 
index that is high relative to the layer of silicon dioxide. 

10. A method as de?ned in claim 9, Wherein the step of 
forming the grating further comprises: 

forming an overlying layer of material With a refractive 
index that is high relative to the layer of silicon dioxide 
over the grating ridges and ?lled grooves. 

11. A method as de?ned in claim 10, Wherein: 

the substrate material is lithium niobate; and 

the diffusing step comprises diffusing titanium into the 
substrate. 


