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(57) ABSTRACT 

Aphotonic light circuit device is described that comprises a 
semiconductor substrate and tWo or more optical compo 

nents Wherein one or more holloW core optical Waveguides 

are formed in the semiconductor substrate to optically link 

said tWo or more optical components. The PLC may com 

prise a lid portion and a base portion. The PLC can be 

adapted to receive optical components or optical compo 
nents may be formed monolithically therein. Coating With a 
re?ective layer is also described. 
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OPTICAL CIRCUIT FABRICATION METHOD AND 
DEVICE 

[0001] The present invention relates generally to inte 
grated optics devices, and more particularly to improved 
photonic light circuit (PLC) devices. 

[0002] Photonic circuit modules form an integral part of 
many optical communication, sensor and instrumentation 
devices. In such photonic circuit devices a number of optical 
components are rigidly held in place and Waveguides, typi 
cally lengths of optical ?bre, are used to optically connect 
the components as required. The optical components and 
interconnecting ?bres are held in place on a suitable sub 
strate. 

[0003] Silicon optical benches (SiOBs) are one eXample of 
an assembly technology for photonic circuits. As the name 
suggests, SiOBs are optical benches formed from silicon or 
a similar semiconductor material. Grooves and slots are 
etched in the silicon material, using micro-fabrication pro 
cesses, to hold the various optical components. The high 
accuracy of the micro-fabrication process alloWs the optical 
components and optical ?bres to be precisely aligned rela 
tive to one another in the various slots and grooves. This 
provides so called “passive alignment” of the components 
and reduces the need to actively ensure the various compo 
nents of the optical circuit are aligned With one another. 
Light may also be directed betWeen the various optical 
components using free space optics such as lenses etc. 

[0004] It is also knoWn, for eXample see US. Pat. No. 
4,902,086 and EP0856755, that it is possible to deposit 
various layers of material to form Waveguides that are 
integral With the SiOB. Typically a base layer, such as silica, 
is formed on the silicon substrate. A layer of doped silica 
With a high refractive indeX, i.e. the core layer, is then 
deposited on top of the loW refractive indeX base layer. The 
core layer is patterned to form appropriate Waveguides. 
Optionally, an upper cladding layer of loW refractive indeX 
material is also deposited on the patterned core layer. In 
other Words, Waveguides are formed directly on the silicon 
substrate rather than being fabricated as separate optical 
?bres. 

[0005] A disadvantage of knoWn photonic circuit devices, 
including those based on SiOBs, is the high degree of 
accuracy With Which each optical component has to be 
aligned With the associated Waveguides to ensure an ef?cient 
optical connection. In addition to ensuring accurate physical 
alignment of the optical ?bres and optical components, it is 
also necessary to minimise unWanted re?ections from the 
end of each silica Waveguide. This requires refractive indeX 
matching of the Waveguides to the optical components, or 
the use of a gel or antire?ection coating. Lenses may also be 
required to facilitate the free space coupling of light betWeen 
components. These requirements increase the complexity, 
and hence cost, of photonic circuit fabrication. 

[0006] It is an object of the present invention to mitigate 
at least some of the disadvantages described above. 

[0007] According to a ?rst aspect of the invention, a 
photonic light circuit device comprises a semiconductor 
substrate and tWo or more optical components Wherein one 
or more holloW core optical Waveguides are formed in the 
semiconductor substrate to optically link said tWo or more 
optical components. 
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[0008] The present invention is advantageous over prior 
art photonic circuit devices as it removes the requirement to 
provide optical ?bres for interconnects betWeen components 
or to deposit layers of material to form solid core 
Waveguides. This invention provides a photonic light circuit 
(PLC) that is easier to fabricate, and hence loWer cost, than 
prior art devices. 

[0009] Afurther advantage of linking the components With 
holloW optical Waveguides is the increased optical poWer the 
circuit can handle over prior art photonic circuits that use 
solid core (typically Silica or silicon) Waveguides to inter 
connect the optical components. Furthermore, indeX match 
ing gels or epoXies, or antire?ection coatings are not 
required on the faces of the Waveguides. 

[0010] The holloW Waveguides are formed so as to guide 
light betWeen optical components of the PLC. The optical 
components are any devices that Will create, detect or act on 
an optical signal; for eXample beam splitters/recombiners, 
etalon structures, lenses, Waveplates, modulators, lasers, 
photo-detectors, or actuated optical components. The term 
optical component should also be taken to include optical 
structures, such as surface grating pro?les etc, that are 
formed in or from the holloW Waveguides. The holloW core 
Waveguides may be planar or tWo dimensionally guiding as 
described beloW. An optical component may also be an 
optical ?bre cable; for eXample an optical ?bre cable that is 
used to couple light in to, or out from, the PLC. 

[0011] Semiconductor substrates can be etched to a high 
degree of accuracy using micro-fabrication techniques. The 
substrate may advantageously comprise a multiple layer 
Wafer; for eXample SiGe or silicon-on-insulator (SOI) or 
silicon-on-glass. Aperson skilled in the art Would recognise 
that micro-fabrication techniques typically involve a lithog 
raphy step to de?ne a pattern, folloWed by an etch step to 
transform the pattern in to one or more layers on, or in, the 
substrate material. The lithography step may comprise pho 
tolithography, X-ray or e-beam lithography. The etch step 
may be performed using ion beam milling, a chemical etch, 
a dry plasma etch or a deep dry etch (also termed deep 
silicon etch). Micro-fabrication techniques of this type are 
also compatible With various layer deposition techniques 
such as sputtering, CVD and electro-plating. 

[0012] Advantageously, the semiconductor substrate com 
prises one or more alignment slots, each alignment slot 
being adapted to receive in alignment an optical component. 
The alignment slots are formed to the shape required to 
accept the optical components and may thus be deeper/ 
shalloWer and/or Wider/narroWer than the holloW core opti 
cal Waveguides. 

[0013] The alignment slots can thus be fabricated With 
suf?cient accuracy to align the optical component they 
receive. Placing an optical component in such an alignment 
slot inherently aligns the optical component and a compo 
nent alignment or adjustment step is not required. Conven 
tional pick and place techniques of the type used in the 
manufacture of electronic circuits and the like could be used 
to place the optical components in the alignment slots. 

[0014] Alternatively, pick and place techniques may pro 
vide the necessary alignment. For eXample, a component 
could be accurately aligned When placed and then ?Xed (e.g. 
glued) to remain in alignment. 
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[0015] The alignment slots and (especially) the optical 
components are manufactured With a certain siZe tolerance. 
The coupling ef?ciency betWeen a optical component and an 
associated holloW core optical Waveguide Will reduce as the 
angular error of alignment of the optical component With 
respect to the holloW core Waveguide increases. HoWever, 
reduction of the cross-sectional dimensions of the holloW 
core Waveguide Will increase the acceptable angular align 
ment tolerance, albeit at the expense of slightly increased 
losses in the optical Waveguide due to the reduced core 
dimensions and increased (tighter) lateral alignment toler 
ances. Therefore, knoWledge of the alignment tolerances 
that Will be achieved With a certain optical component (eg 
from knoWledge of the manufacturing tolerances of the 
optical component) Will permit the dimensions of the holloW 
core Waveguide to be selected to ensure a high coupling 
ef?ciency. 
[0016] The alignment slots may also be formed so as to 
clamp a solid core optical ?bre in place thereby alloWing 
optical inputs/outputs to be made to the PLC. Stepped 
optical ?bre alignment slots may also be provided to hold 
both the buffer layer and the cladding. The alignment of the 
core of a holloW core optical ?bre With a holloW core 

Waveguide on the PLC, achieved for example by clamping 
the optical ?bre cladding in a alignment slot, Would be 
especially advantageous as the air core to air core connec 
tion Would be free from any unWanted re?ections. 

[0017] To provide ef?cient coupling betWeen the core of 
an optical ?bre and a holloW core Waveguide of the PLC, the 
cross-section of the holloW core Waveguide should be appro 
priate for the cross-section of the optical ?bre core. In the 
case of solid core ?bres, leakage into the cladding means 
that the Width of the mode carried by the ?bre is actually 
greater than the core diameter; for example typically the 10 
pm solid core of a single mode glass ?bre has a total ?eld 
Width of around 14 pm diameter. If the mode Width is 
different to that of the holloW core Waveguide, lenses (e.g. 
ball or GRIN rod etc) can be used to expand or reduce the 
optical ?eld to enable light to be coupled to/from ?bres With 
a different siZe core to that of the holloW core Waveguide of 
the PLC. Fibre ends of solid core ?bres may be anti 
re?ection. 

[0018] Conveniently, one or more of the tWo or more 
optical components are formed from the material of the 
semiconductor substrate; i.e. monolithic components may be 
formed. 

[0019] Alternatively, some or all of the optical compo 
nents that make up the PLC, and Which are interconnected 
via the holloW core Waveguides formed in the semiconduc 
tor substrate, may be attached to the semiconductor substrate 
as described above; in other Words, a hybrid device may be 
formed. 

[0020] At least one of said tWo or more optical compo 
nents may advantageously comprise a micro-electro-me 
chanical (MEMS) device. The MEMS component may be 
hybrid or monolithic. MEMS is taken to include micro 
machined elements, micro-systems technology, micro-ro 
botics and micro-engineering. Examples of MEMS optical 
components include alignment elements, pop-doWn Fresnel 
lenses, gyroscopes, moveable mirrors, tuneable Fabry-Perot 
cavities, adaptive optics elements, sWitches, variable optical 
attenuators, ?lters etc. 
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[0021] Conveniently, the semiconductor substrate forms a 
base portion of the photonic light circuit device and a lid 
portion is additionally provided in order to form said holloW 
core optical Waveguides. 

[0022] Advantageously, one or more optical components 
are attached to the lid portion. Optical components may be 
mounted on the lid alone, on the base portion alone, or on 
both the lid and the base. 

[0023] The lid portion may be formed from semiconductor 
material, such as silicon, and advantageously one or more 
optical components may be formed thereon. Alternatively, 
the lid portion may be formed from glass. Preferably, the lid 
should have the same thermal expansion properties as the 
substrate; for example, by the lid being formed from the 
same semiconductor material as the substrate. 

[0024] In the case of lid mounted components, the base 
portion is etched to form the holloW Waveguide structures 
and to provide recesses for optical components that are 
formed from, or attached to, the lid portion. Mounting the lid 
portion on the base portion alloWs the optical components to 
be brought into alignment With the optical Waveguides of the 
base portion. Aperson skilled in the art Would recognise that 
various techniques, such as precision alignment mating parts 
or Wafer or chip alignment tools, may be provided to ensure 
accurate alignment of the lid and base. Alternatively, some 
or all of the optical components may be directly mounted in 
alignment slots formed in the base portion. This enables the 
lid portion to be mounted on the base portion Without a 
requirement to precisely align the lid and base portions. 

[0025] Conveniently, the lid portion carries a re?ective 
coating. The re?ective coating may cover all, or just selected 
parts, of the lid portion as required. Advantageously, the 
re?ective coating may comprises a layer of material having 
a refractive index loWer than that of the Waveguide core 
Within the operating Wavelength band; for example, gold, 
silver or copper. Alternatively, one or more layers of dielec 
tric material or a layer of Silicon Carbide may be provided. 

[0026] Aperson skilled in the art Would recognise hoW the 
lid portion and base portion cold be bonded together. For 
example, an intermediate layer such as conductive or non 
conductive epoxy could be used. Alternatively, and in the 
case of a metal layer being used as a loW refractive index 
layer, a metal-semiconductor eutectic bond could be formed. 
Glass frit techniques could be employed to bond the lid to 
the semiconductor base portion or, if the lid portion is 
formed from glass, anodic techniques could be used. 

[0027] Advantageously, the semiconductor substrate com 
prises silicon. This may be provided in a variety of forms, for 
example in Wafer form (eg Si, silicon-on-insulator or 
silicon-on-glass) or as a epitaxial layer (e.g. SiGe or GaAs) 
on a Si substrate. Advantageously, SOI is used. 

[0028] Conveniently, the optical properties of a ?rst inter 
nal surface forming one or more of the holloW core optical 
Waveguides are different to the optical properties of a second 
internal surface forming that holloW core optical Waveguide. 
This enables holloW Waveguides to be formed that more 
ef?ciently guide light of a certain polarisation as described 
in more detail With reference to FIG. 6 beloW. 

[0029] Advantageously, at least some of the internal sur 
faces of said one or more holloW core optical Waveguides 
carry a re?ective coating. 
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[0030] The re?ective coating may advantageously com 
prise a layer of material having a refractive index loWer than 
that of the Waveguide core Within the operating Wavelength 
band. 

[0031] The layer of material having a refractive index 
loWer than the holloW Waveguide core provides total internal 
re?ection (TIR) of light Within the PLC Waveguides, thereby 
decreasing the amount of optical loss. 

[0032] It should be noted that When holloW core optical 
Waveguide structures are produced, the holloW core is likely 
to ?ll With air. Herein the refractive index of the core is thus 
assumed to be that of air at atmospheric pressure and 
temperature (i.e. nzl). HoWever, this should be seen in no 
Way as limiting the scope of this invention. The holloW core 
may contain any ?uid (for example a liquid or an inert gas 
such as nitrogen) or be a vacuum. The term holloW core 
simply means a core Which is absent any solid material. 
Also, the term total internal re?ection (TIR) shall be taken 
herein to include attenuated total internal re?ection (ATIR). 

[0033] Conveniently, the re?ective material carried on the 
internal surface of the holloW core optical Waveguides is a 
metal such as gold, silver or copper. Metals Will exhibit a 
suitably loW refractive index over a Wavelength range that is 
governed by the physical properties of the metal; standard 
text books such as “the handbook of optical constants” by E. 
D. Palik, Academic Press, London, 1998, provide accurate 
data on the Wavelength dependent refractive indices of 
various materials. In particular, gold has a refractive index 
less than that of air at Wavelengths Within the range of 
around 500 nm to 2.2 pm; this encompasses Wavelengths 
Within the important telecommunications band of 1400 nm 
to 1600 nm. Copper exhibits a refractive index less than 
unity over the Wavelength range of 560 nm to 2200 nm, 
Whilst silver has similar refractive index properties over a 
Wavelength range of 320 nm to 2480 nm. 

[0034] A layer of metal may be deposited using a variety 
of techniques knoWn to those skilled in the art. These 
techniques include sputtering, evaporation, chemical vapour 
deposition (CVD) and (electro or electro-less) plating. CVD 
and plating techniques alloW the metal layers to be deposited 
Without signi?cant direction dependent thickness variations. 
Sputtering using a rotating sample and/or source Would also 
provide even coverage. Plating techniques are especially 
advantageous as they permit batch (i.e. multi-substrate par 
allel) processing to be undertaken. 

[0035] A skilled person Would recognise that adhesion 
layers and/or barrier diffusion layers could be deposited on 
the holloW Waveguide prior to depositing the layer of metal. 
For example, a layer of chrome or titanium could be 
provided as an adhesion layer prior to the deposition of gold. 
A diffusion barrier layer, such as platinum, may also be 
deposited on the adhesion layer prior to gold deposition. 
Alternatively, a combined adhesion and diffusion layer (such 
as titanium nitride, titanium tungsten alloy or an insulating 
layer) could be used. 

[0036] Conveniently, the re?ective coating may be pro 
vided on the internal surfaces of the holloW Waveguides 
(including any lid portion) by an all-dielectric, or a metal 
dielectric, stack. Aperson skilled in the art Would recognise 
that the optical thickness of the dielectric layer(s) provides 
an interference effect that Will determine the re?ective 
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properties of the coating. The dielectric material may be 
deposited by CVD or sputtering or reactive sputtering. 
Alternatively, a dielectric layer could be formed by chemical 
reaction With a deposited metal layer. For example, a layer 
of silver could be chemically reacted With a halide to 
produce a thin surface layer of silver halide. 

[0037] In other Words the re?ective coating may. be pro 
vided by an all-dielectric, or a metal-dielectric, stack. A 
person skilled in the art Would recognise that the optical 
thickness of the dielectric layer(s) gives the required inter 
ference effects and thus determines the re?ective properties 
of the coating. The re?ective properties of the coating may 
also be dependent, to some extent, on the properties of the 
material in Which the holloW core Waveguides are formed. 
Hence, the underlying semiconductor substrate may also 
form a base layer, and be a part of, any such multiple layer 
dielectric stack. 

[0038] Furthermore, the layer of material carried on the 
internal surface of the holloW core Waveguides is conve 
niently Silicon Carbide. 

[0039] As described above, the additional layer of loW 
refractive index material can be selected to provide ef?cient 
operation at any required Wavelength. Silcon Carbide has a 
refractive index of 0.06 at 10.6 pm, making such material 
particularly suited for inclusion in devices operating at such 
a Wavelength. 

[0040] Advantageously, at least one of the one or more 
holloW core optical Waveguides have a substantially rectan 
gular (Which herein shall include square) cross-section. A 
square, or almost square, cross-section holloW core 
Waveguide provides a Waveguide in Which the losses are 
substantially polarisation independent and is preferred When 
the polarisation state of the light is unknoWn or varying. 

[0041] Preferably, the rectangular holloW core optical 
Waveguide has a ?rst cross-sectional dimension parallel to a 
?rst Waveguide Wall and a second cross-sectional dimension 
orthogonal to said ?rst cross-sectional dimension Wherein 
the ?rst cross-section dimension is at least 5% or 10% or 
15% or 25% or 50% greater than the second cross-sectional 
dimension. As described With reference to FIG. 7a' beloW, 
such a Waveguide is preferred for linearly polarised light of 
knoWn polarisation. 

[0042] Advantageously, the refractive indices of the sur 
faces de?ning the at least one rectangular internal cross 
section holloW core optical Waveguide are substantially 
equal. This can reduce polarisation dependent losses in the 
Waveguide. 

[0043] Preferably, opposite surfaces forming the rectan 
gular internal cross-section holloW core optical Waveguide 
have substantially equal effective refractive indices and 
adjacent surfaces forming the rectangular internal cross 
section holloW core optical Waveguide have different effec 
tive refractive indices. As described With reference to FIGS. 
7a to 7c beloW, tailoring the refractive indices of opposing 
pairs of Waveguide Walls enables transmission losses to be 
reduced When guiding light of a knoWn linear polarisation. 

[0044] Advantageously, a pair of opposed surfaces of the 
rectangular internal cross-section holloW core optical 
Waveguide carry a high refractive index coating. This pro 
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vides the high refractive index preferred When s-polarised 
light is to be re?ected as described below. 

[0045] The semiconductor material of the substrate may 
also be doped to modify its optical properties to reduce 
holloW core Waveguide losses. 

[0046] Conveniently, at least one of the one or more 
holloW core optical Waveguides support fundamental mode 
propagation. Also, at least one of the one or more holloW 
core optical Waveguides may advantageously support multi 
mode propagation. Preferably, the multi-mode region is of a 
length such that re-imaging occurs as described in more 
detail beloW. 

[0047] Aperson skilled in the art Would recognise that the 
shape and dimensions of the holloW Waveguide Will affect 
the associated optical guiding properties. For eXample, 
tapered holloW Waveguides could be used to provide a beam 
expansion or compression function. The high resolution 
With Which holloW core Waveguides can be fabricated using 
micro-fabrication techniques alloWs the guiding properties 
to be tailored as required to optimise PLC operation. A 
person skilled in the art Would hoWever recognise that the 
shape of the holloW core optical Waveguides may be dictated 
to some eXtent by the type of micro-fabrication process used. 
For eXample, v-grooves can readily be Wet etched in [100] 
silicon Whilst rectangular Waveguides can be easily provided 
in [110] silicon by Wet etching. HoWever, deep reactive ion 
etching (DRIE) provides the greatest ease of manufacture. 

[0048] Advantageously, the device is provided for opera 
tion With radiation Within the Wavelength ranges of 0.1 pm 
to 20 pm, 0.8 pm to 1.6 pm or more preferably in the range 
of 1.4 pm to 1.6 pm. The optical properties of gold, silver 
and copper coating therefore make these metals particularly 
suited to inclusion in PLC devices for operation in the 
telecommunications Wavelength band (i.e. for use With 
Wavelengths centred around 1.55 pm). Advantageously, the 
device may operate in the thermal infra-red bands of 3-5 pm 
or 8-12 pm. 

[0049] Conveniently, the semiconductor substrate com 
prises at least one alignment slot arranged to receive an 
optical ?bre cable and to optically couple said optical ?bre 
cable With one of said one or more holloW core optical 
Waveguide of the semiconductor substrate. 

[0050] Furthermore, a mode matching means may be 
advantageously provided in the vicinity of the alignment slot 
to alloW coupling betWeen the modes of an optical ?bre and 
the analogous modes of a holloW core optical Waveguide of 
a different core diameter. For eXample, in the case of a 
fundamental mode optical ?bre the mode matching means 
couples the fundamental mode of the ?bre and the funda 
mental mode of the holloW core Waveguide. In the case of 
multi-mode propagation, the mode spectrum of the optical 
?bre is matched to the mode spectrum of the holloW core 
Waveguide. The mode matching means may advantageously 
comprise a GRIN rod, a ball lens, a conventional lens or a 
Fresnel lens. 

[0051] Alternatively, the alignment slot may be arranged 
to received a lensed optical ?bre. 

[0052] Preferably, the alignment slot is arranged to receive 
a holloW core optical ?bre. The optical ?bre may be multi 
mode or single mode. 
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[0053] Advantageously, at least one of said tWo or more 
optical components comprises a mirrored surface that is 
angled to direct light out of the plane of the semiconductor 
substrate. The mirrored surface may be a monolithic (eg an 
angled semiconductor surface as described in FIG. 15) or 
hybrid arrangement. In other Words, the PLC is not restricted 
to guiding light in the plane of the substrate surface. Light 
may be directed out of the plane of the substrate. For 
eXample, stacked or three dimensional PLCs could be fab 
ricated in accordance With this invention. 

[0054] Conveniently, the PLC may further comprise at 
least one micro-Wave component and/or a holloW core 
microWave Waveguide. In other Words, an optical/micro 
Wave hybrid circuit may be provided. 

[0055] According to a second aspect of the invention, a 
base portion for a photonic light circuit comprises a semi 
conductor substrate having one or more holloW channels 
formed therein, Wherein said base portion is arranged such 
that When combined With an appropriate lid portion at least 
one holloW core optical Waveguide is formed. 

[0056] Conveniently, at least one slot is formed in the 
semiconductor substrate of the base portion to receive in 
alignment an optical component. 

[0057] According to a third aspect of the invention, a base 
portion for a photonic light circuit comprises a semiconduc 
tor substrate in Which one or more holloW Waveguide 
channels and at least one slot to receive in alignment an 
optical component are formed. 

[0058] According to a fourth aspect of the invention, a 
method of fabricating a photonic light circuit comprising the 
steps of taking a base portion according to the second or 
third aspects of the invention and attaching a lid thereto. 

[0059] According to a ?fth aspect of the invention a 
method of fabricating a photonic light circuit device com 
prises the step of micro-fabricating one or more holloW 
channels in a semiconductor substrate that are suitable, in 
use, for acting as holloW core Waveguides. 

[0060] Conveniently, the additional step of fabricating 
slots in the semiconductor substrate for the appropriate 
passive alignment of optical components therein is per 
formed. The slots may be fabricated using micro-fabrication 
techniques, or by precision engineering techniques such as 
laser machining. 

[0061] Advantageously, the method comprises the addi 
tional step of coating the internal surfaces of the holloW 
channel(s) With a layer of material having a refractive indeX 
loWer than that of the Waveguide core Within the operating 
Wavelength band. 

[0062] According to a siXth aspect of the invention, a 
method of forming a photonic light circuit comprising the 
steps of (a) taking a semiconductor substrate in Which at 
least one holloW core optical Waveguide and at least one slot 
to receive an optical component are formed, and (b) intro 
ducing an optical component into the at least one slot, 
Whereby the step of introducing the optical component into 
the at least one slot also acts so as to align said optical 
component. 

[0063] According to a seventh aspect of the invention, a 
master suitable for forming a pattern in a layer of deformable 
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material is provided wherein the master comprises semicon 
ductor material appropriately patterned to form in said 
deformable material at least one holloW Waveguide channel 
and at least one alignment slot Wherein said at least one 
alignment slot is arranged to receive in alignment an optical 
component. 

[0064] Alternatively, a master could be formed in semi 
conductor material that alloWs production of a sub-master. 
The sub-master may then be used to form the required 
pattern in a deformable material to de?ne a PLC. A master 
or sub-master may also be used as a mould to form the 
required pattern in a ?xable layer. 

[0065] According to an eighth aspect of the invention a 
method of forming a photonic light circuit comprising the 
steps of; (a) using a master according to the seventh aspect 
of the invention to permanently form a pattern in a layer of 
deformable material and (b) introducing at least one optical 
component into the, at least one alignment slot formed in the 
deformable material. 

[0066] A photonic light circuit device is thus described 
that comprises a semiconductor substrate Wherein one or 
more holloW core optical Waveguides are formed in the 
semiconductor substrate. 

[0067] The invention Will noW be described, by Way of 
example only, With reference to the accompanying draWings 
in Which; 

[0068] FIG. 1 shoWs a typical prior art SiOB comprising 
a plurality of optical components; 

[0069] FIG. 2 shoWs a integrated solid core Waveguide as 
used in certain prior art SiOB devices; 

[0070] FIG. 3 shoWs a portion of a PLC according to the 
present invention; 

[0071] FIG. 4 shoWs a number of holloW core Waveguides 
according to the present invention; 

[0072] FIG. 5 gives cross-sectional vieWs of various hol 
loW core Waveguides; 

[0073] FIG. 6 shoWs the Fresnel re?ectance coef?cient of 
a copper coated surface for s-polarised and p-polarised light; 

[0074] FIG. 7 provides a cross sectional vieW of four 
additional holloW core Waveguides; 

[0075] FIG. 8a shoWs a holloW core beamsplitter, FIG. 8b 
shoWs a BreWster plate and FIG. 8c shoWs the re?ectivity of 
silicon as a function of the angle of incidence of s-polarised 
and p-polarised light; 

[0076] FIG. 9 illustrates a monolithic lens (FIG. 9a) and 
focussing mirror (FIG. 9b) fabricated in a Silicon substrate; 

[0077] FIG. 10 illustrates a PLC in Which light is coupled 
into and out of optical ?bre cables; 

[0078] FIG. 11 shoWs a tapered Waveguide formed in a 
silicon substrate; 

[0079] FIG. 12 shoWs a holloW core Wavelength de 
multiplexer formed in a silicon substrate; 

[0080] FIG. 13 shoWs a holloW core proximity coupler; 

[0081] FIG. 14 shoW a PLC having both holloW core and 
solid core Waveguides; 
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[0082] FIG. 15 shoWs a PLC having a mirrored surface 
angled to couple light out of the plane of the substrate; 

[0083] FIG. 16 shoW the optical loss of holloW core 
Waveguides uses in PLCs of the present invention; 

[0084] 
ment; 

[0085] FIG. 18 illustrates the effect of lateral misalign 
ment; and 

[0086] FIG. 19 shoWs a means of holding a component in 
alignment in an alignment slot. 

FIG. 17 illustrates the effect of angular misalign 

[0087] Referring to FIG. 1, typical prior art silicon optical 
bench apparatus is shoWn. 

[0088] FIG. 1a shoWs a silicon optical bench 2 having a 
micro-fabricated holloW channel 4 and a pair of solder 
connectors 6. The silicon optical bench 2 is con?gured to 
hold a laser 8 and a silica optical ?bre cable 10. 

[0089] FIG. 1b shoWs the silica optical ?bre 10 and the 
laser diode 8 mounted on the silicon optical bench 2. The 
holloW channel 4 is formed With high enough precision so 
that the optical output from the laser 8 is precisely aligned 
With the end of the silica optical ?bre 10. The solder 
connectors 6 provide an electrical connection and attach the 
laser diode 8 to the substrate. 

[0090] To minimise unWanted re?ections from the end of 
each silica Waveguide an antire?ection coating (not shoWn) 
is provided. Alternatively, the silica Waveguides can be 
refractive index matched (eg using an index matching gel) 
and connected directly to each of the optical components. 
The requirement for anti-re?ection coatings and/or index 
matching adds to the cost of the overall device, and makes 
fabrication more complex and time consuming. 

[0091] Although, for simplicity, a single optical ?bre cable 
(i.e. silica optical ?bre cable 10) and a optical component 
(i.e. the laser 8) are shoWn in FIG. 1, a person skilled in the 
art Would recognise that complex multi-component photonic 
circuits can be fabricated using the same principle. Many 
optical components can be located on the silicon optical 
bench, and optical links can be established betWeen the 
components using various lengths of silica optical ?bre 
Waveguides. The optical components may include, for 
example, optical modulators, beam splitters, beam recom 
biners, detectors etc. 

[0092] Referring to FIG. 2, a prior art integrated optical 
Waveguide for use as part of a silicon optical bench is shoWn. 

[0093] A loW refractive index silica layer 20 is deposited 
on the silicon optical bench substrate 22. A high refractive 
index layer of doped silica is formed on the silica layer 20, 
and a high refractive index Waveguide core 24 is formed by 
etching aWay portions of the high index layer of doped 
silica. A capping layer 26 of loW refractive index silica 
covers the high refractive index Waveguide core 24. 

[0094] The high refractive index Waveguide core 24 acts 
as an optical Waveguide, and the high refractive index of the 
core compared to the cladding provides light guiding by 
total internal re?ection. This provides a optical Waveguide 
that is integral With, and not merely held in connection With, 
the silicon optical bench. Solid core integral optical 
Waveguides are thus a knoWn alternative to optical ?bres 
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mounted in grooves on a silicon optical bench. HoWever the 
use of integrated optical Waveguide does not lessen the 
requirement to index match the Waveguides to the optical 
components, or provide anti-re?ection coatings. Depositing 
additional layers of material on the silicon substrate also 
increases the fabrication complexity of the photonic circuit. 

[0095] Referring to FIG. 3, a holloW core Waveguide 
photonic light circuit (PLC) 40 that forms part of a device of 
the present invention is shoWn; FIG. 3a giving a perspective 
vieW of the PLC and FIG. 3b shoWing a cross-section of the 
PLC along the dashed line marked “A” in FIG. 3a. 

[0096] The holloW core Waveguide PLC 40 comprises a 
silicon base 42 and a silicon lid 44. A laser 8 is attached to 
and aligned in the silicon base 42. Light emitted by the laser 
8 is coupled in to the single mode holloW core Waveguide 46 
that is formed by the silicon base and the silicon lid 44. In 
other Words, holloW core Waveguides are formed directly in 
the silicon from Which the PLC base and lid are fabricated. 
For simplicity, electrical connections to the laser 8 are not 
shoWn as a person skilled in the art Would recognise the 
various Ways in electrical connections could be made; for 
example, track implantation using diode isolation in the base 
42. 

[0097] The holloW core Waveguide 46 of FIG. 3 can be 
seen to have a rectangular cross section. The use of rectan 

gular Waveguides (herein the term rectangular shall include 
square) having a substantially equal depth and Width reduces 
polarisation dependent losses Which can provide advanta 
geous in many telecommunication applications. 

[0098] Although rectangular Waveguides are shoWn, the 
Waveguide cross-section could be shaped as required. For 
example, circular or parabolic cross-section or V-shaped 
Waveguides could be formed in the silicon base using 
appropriate etching techniques. HolloW Waveguide struc 
tures could also be formed in the silicon lid 44. HoWever, 
this requires both the base and the lid to be patterned and 
also means the lid and base have to be precisely aligned. The 
dimensions of the holloW core Waveguide can be selected to 
support fundamental mode or multi-mode propagation as 
required and are described in more detail beloW. 

[0099] In the example described With reference to FIG. 3, 
Silicon is used to form the PLC as it can be etched to a very 
high degree of accuracy using micro-fabrication techniques 
of the type knoWn to those skilled in the art. HoWever, a 
person skilled in the art Would also recognise that any 
micro-fabricated semiconductor material could be employed 
to form a PLC of the present invention. 

[0100] The laser 8 is a separate component that is bonded 
to the silicon base 42; in other Words it is a hybrid arrange 
ment. A person skilled in the art Would also recognise that 
it Would be possible to bond the laser 8 to a lid, or to 
fabricate optical components in the silicon itself. Although 
only a laser 8 is described With reference to FIG. 3, many 
optical components could be located or formed and/or 
aligned on the silicon base or lid. Alignment slots formed in 
the lid may also be used to receive in alignment optical 
components. This technique thus alloWs complex multi 
component PLCs to be fabricated. The optical components 
may include, for example, optical modulators, beam split 
ters, beam recombiners, detectors, gratings, mirrors, GRIN 
(graded refractive index) lenses etc. Examples of some of 
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the types of optical components that could be formed in a 
PLC of the present invention are described in more detailed 
beloW. 

[0101] To maximise optical transmission through the hol 
loW core Waveguide 46, a layer of gold 48 is provided on the 
internal surface of the holloW core Waveguides 46. The 
deposition of a layer of gold onto the silicon base and lid can 
be readily achieved, for example using appropriate metal 
deposition techniques such as sputtering or plating. 

[0102] The lid may be bonded to the base in a variety of 
Ways knoWn to those skilled in the art. Areas of silicon that 
do not form part of the holloW optical Waveguides may be 
left exposed on the lid portion and/or the base portion, and 
the lid and base may be bonded via a gold-silicon eutectic 
bond. Silver loaded epoxy, solder or polymer adhesive may 
also be used to bond the lid and base. The lid may only cover 
a part of the base as required. 

[0103] The presence of the layer of gold 48 provides ATIR 
Within the holloW core device for light With a Wavelength 
Within the telecommunications Wavelength band (i.e. for 
Wavelengths around 1.55 pm). At these telecommunication 
Wavelengths, gold has the required refractive index proper 
ties of n<1. 

[0104] Although a gold layer 48 is described, a person 
skilled in the art Would recognise that any material having a 
refractive index less than air (or Whatever is contained 
Within the cavity) at the Wavelengths at Which the 
Waveguide is to be operated could be deposited on the 
surfaces de?ning the holloW core Waveguide. The refractive 
indices of different materials can be found in various pub 
lications, such as “the handbook of optical constants” by E. 
D. Palik, Academic Press, London, 1998. Metals typically 
posses a refractive index less than air over a given Wave 
length range; the particular Wavelength range depending on 
the physical properties of the metal. 

[0105] It should be noted that although the layer of gold 48 
provides ATIR, coating the holloW core Waveguide 46 With 
an additional layer of loW refractive index material is not 
essential. The refractive index of silicon is around 3.4 at 
Wavelengths betWeen 0.5 pm and 300 pm, and hence holloW 
core (i.e. air ?lled) Waveguides formed from uncoated 
silicon Will not provide ATIR of light Within such a Wave 
length range. HoWever, uncoated silicon Will still provide 
light guiding by Way of Fresnel re?ection. HolloW core 
Waveguides that use Fresnel re?ections to guide light Will 
introduce more optical loss than Waveguides that provide 
TIR, but in certain situations this increased level of optical 
loss is acceptable. 

[0106] If a re?ective coating is provided, the substrate 
may be formed from a micro-fabricated material other than 
a semiconductor. For example, plastic Waveguide devices 
may be fabricated by techniques including hot embossing or 
injection moulding. The technique involves forming a mas 
ter. The master may be formed in semiconductor material, 
such as silicon, using a deep dry etch. Alternatively, the 
master may be formed by electro deposition of layers using 
the LIGA or UV LIGA technique. Once the master is 
formed, the holloW core Waveguides may be formed in a 
plastic substrate by stamping (i.e. pressing) or hot stamping. 
A master may also be fabricated Which is suitable for 
forming a sub-master that can be used to form the holloW 














