
1  OPTICAL COUPLING STRUCTURE FIELD  The present invention relates generally
to optoelectronic integrated circuits  and more particularly to an optical
coupling structure that includes a silicon-based  prism coupled with a
waveguide. A method of making the structure using a silicon- on-insulator
(SOI) substrate is also disclosed. BACKGROUND  Optoelectronic integrated
circuits (ICs) include both electronic and optical  elements within a single
chip. Typical electronic elements include field effect  transistors,
capacitors, and, resistors; typical optical elements include waveguides,
optical filters, modulators, and photodetectors. Within a given
optoelectronic IC,  some of the electronic elements may be dedicated to
handling tasks such as data  storage and signal processing. Other electronic
elements may be dedicated to  controlling or modulating the optical
elements. Including both types of elements on a  single chip provides
several advantages, which include reduced layout area, cost, and
operational overhead. In addition, such integration yields hybrid devices,
such as an  opto-isolator. The integration of optical and electronic
elements has been greatly facilitated  by the maturation of today's
semiconductor processing techniques. For instance,  conventional processing
techniques may be adapted to create silicon-based prisms,  waveguides, and
other optical devices. One device, however, that has been difficult to
integrate is a silicon based  laser or light source. As a result, most
optoelectronic ICs are adapted to receive an  



externally applied light beam from a laser or an optical fiber.
Unfortunately, 2  introducing a light beam to an IC can often be difficult.
For example, in order for an  optoelectronic IC to accommodate a light beam,
the spot size and the numerical  aperture (NA) of the beam may need to be
appropriately matched to optical elements  within an IC. To overcome these
difficulties, previous methods use a silicon-based prism to  couple a light
beam into and out of a waveguide. To couple light into the waveguide,  the
prism receives an externally applied light beam and refracts it to a
coupling  region. The coupling region then provides the refracted light beam
to the waveguide.  A reverse scenario moves a light beam away from the
waveguide, into a coupling  region, which transfers the light beam into the
prism. The prism then refracts the light  beam out of the prism. To provide
an evanescent coupling, the prism should be  located within close proximity
of the waveguide and should have an index of  refraction that is greater
than or equal to that of the waveguide. Further, the  separation distance
between the prism and waveguide should be small (on the order of  1000's of
Angstroms) and the index of the medium that separates the two must be
smaller than the indexes of both the prism and the waveguide. In many
scenarios, the  index of the prism (ni) is larger than the index of the
separation medium (n2) and  larger than or equal to the index of the
waveguide (n3). In general, optoelectronic ICs are fabricated in SOI based
substrates.  Advantageously, SO] substrates provide a thin device layer
located on top of a buried  oxide (BOX) layer. The device layer is used for
a waveguide and the BOX layer  serves as a cladding layer of the waveguide.
Fig. 1 shows an SOI substrate 10 that  



includes a device layer 12, a BOX layer 14, and a bulk layer 16. The device
layer 12  includes a waveguide 18. Above the waveguide 18 are a coupling
region 20 and a  prism 22 for optically coupling a light beam into the
waveguide 18. The coupling 3  region 20 is an oxide layer that is either
grown or deposited between the  waveguide 18 and the prism 22 The prism 22
is a silicon based prism that is bonded  to the coupling region 20. The BOX
layer 16 and a thick oxide layer 24 serve as  cladding layers of the
waveguide 18, and both layers 16, 24 have a thickness that is on  the order
of 1um for sufficiently confining a light beam to the waveguide 18.
Additionally, Fig. 1 shows a silicon-oxide-silicon modulator 28 located
above  the waveguide 18 (where a portion of the waveguide 18 silicon serves
as a lower plate  in the modulator 28) and a field effect transistor (FET)
30 adjacent to the waveguide  18. An oxide region 32, interposed between the
FET 30 and the waveguide 18,  provides electrical isolation. When the
modulator 28 receives a voltage bias, it may  adapt the optical properties
of a light beam within the waveguide 18. The FET 30  may be included in a
variety of modulator bias controls, signal processing, switching,  or data
storage related circuits, for instance. To effectively couple a light beam
into the waveguide 18, the prism 22  includes a tapered surface 34, which
allows a variety of incident angles to be  achieved. The prism 22 may also
include an anti-reflective coating that reduces  Fresnel losses. Fig. 1
shows a light beam 36 incident on the tapered surface 34.  Typically light
beams used in optoelectronic ICs are in the infrared range of about 1-5  pm,
which is transparent to silicon. The prism 22 refracts the beam 36 and the
coupling region 20 then assists in coupling the beam 36 to the waveguide 18.
The  



waveguide 18 may then provide the beam 36 to other portions of an IC, or
another  optical coupling structure, which may draw the beam 36 out of the
waveguide 18. For  instance, Fig. 1 shows a prism 38 and an coupling region
40, which together may  draw the beam 36 out of the waveguide 18. 4  One
problem with current optoelectronic coupling structures is that bonding the
prism to the coupling region is difficult. Typically, prisms are fabricated
separately from a substrate and then later aligned to a coupling region and
bonded.  The alignment and bonding can be a labor intensive, time consuming
task, which  reduces throughput and makes larger scale production less
feasible. In addition,  interconnects, which electrically couple together
various electronic elements, must  also accommodate a prism. Often this
leads to an increased number of restrictions in  the layout rules of the
contacts, vias, metal interconnects, and electrical and optical  elements
within a given optoelectronic IC. 5  SUMMARY An optoelectronic coupling
structure, a method of manufacture, and a method  of operation are
described. The optical coupling structure includes a waveguide, a  coupling
region, and a prism. The optical structure is fabricated within an SOI
substrate that includes a device layer, a BOX layer, and a bulk layer. The
waveguide  and the prism are located on opposite sides of the SOI substrate.
The waveguide,  which is located in the device layer, is on the top side of
the SOI substrate. The  prism, on the other hand, is located on the other
side of the SOI substrate.  Advantageously, the BOX layers serves as a
spacer region between the prism and the  



waveguide. In one example, an etch process forms the prism in the bulk
layer. Instead of  the prism being bonded to a coupling region above the
device layer, the bottom side  of the SOI substrate is patterned and etched.
The etch process creates a prism that is  within close proximity to both the
waveguide and the coupling region. Because the  BOX layer is grown from the
bulk layer, an inherent bond naturally exists between  the prism and the
coupling region. Moreover, the BOX layer/prism interface is  relatively
defect free (relative to a prism that may have been bonded to a substrate).
In another example, the prism is separately fabricated and later bonded to
the  bottom side of the SO] substrate. An etch process may first remove a
portion of the  bulk layer in order to provide a bonding surface on an
exposed portion of the BOX  layer. A bonding process may then bond the prism
to the BOX layer. In another example, the BOX layer is about 2500 Angstroms
or less in  thickness. The prism may be adjacent to a cavity that is below
the waveguide and the  BOX layer. Because the BOX layer is less than 2500
Angstroms, the BOX layer may  not be sufficiently thick enough to adequately
confine a light beam to the waveguide. 6  Therefore, the cavity increases
the cladding thickness of the waveguide by using air,  or by being filled
with an oxide, a nitride or other low index material. The cavity may  also
truncate a refracted light beam within the prism to provide a more efficient
coupling. In yet another respect, the prism may be formed at any point of a
manufacturing process. For instance, the prism may be formed before or after
optical  and electronic elements are formed in the SOI substrate. The prism
may also be  



formed after inter-level dielectrics, metal interconnects, and various other
metal layers  are deposited. As a result, layout requirements do not need to
be restricted to  accommodate the prism. A variety of manufacturing
techniques associated with conventional  semiconductor processing may be
used to create the prism. Alternatively, adapted  tooling and processes may
also be used to properly align a prism with a waveguide  and a coupling
region. For instance, a mask aligner (e.g., a stepper) having a camera  for
bottom and top side alignment may ensure that a photoresist mask is aligned
with  a top side waveguide. The mask aligner may include an infrared laser
source that  optically detects desired structures in which a prism is to be
aligned. These as well as other aspects and advantages will become apparent
to those  of ordinary skill in the art by reading the following detailed
description, with  reference where appropriate to the accompanying drawings.
Further, it is understood  that this summary is merely an example and is not
intended to limit the scope of the  invention as claimed. 7  BRIEF
DESCRIPTION OF THE DRAWINGS Certain example embodiments are described below
in conjunction with the  appended drawing figures, wherein like reference
numerals refer to like elements in  the various figures, and wherein: Figure
1 is a cross section of a prior art optical coupling structure, according to
an example; Figure 2 is a cross section of an optical coupling structure,
according to an  example; 



Figures 3A and 3B are cross sections showing a light beam being evanescently
coupled into and out of a waveguide, according to an example; Figure 4 is a
cross section of an SOI substrate, according to an example;  Figure 5 is
another cross section of an SOI substrate with a cavity located in  the bulk
layer, according to an example; Figure 6 is a cross section of an SOI
substrate with a cavity and a groove  located in the bulk layer, according
to an example; Figure 7 is a cross section of another optical coupling
structure, according to  an example; Figures 8A and 8B are cross sections
showing a light beam being evanescently  coupled into and out of a
waveguide, according to an example; Figure 9 is a cross section of an SOI
substrate with a cavity located in the bulk  layer for mounting a prism,
according. to an example; Figure 10 is a cross section of a prism mounted in
the cavity of Fig. 9; and  Figure 11 is a flow diagram of a method of
forming an optical coupling  structure, according to an example. 8  DETAILED
DESCRIPTION In one form or another, the various embodiments describe an
optical coupling  structure that receives a light beam and couples the beam
into a waveguide. In a  reverse manner, the optical coupling structure may
also move light away from the  waveguide and out of an optoelectronic IC.
The methods of fabricating such an  optical structure described below
implement a variety of conventional semiconductor  processes and
combinations thereof, which include: lithography, etching, thin-film  



deposition, and anti-reflective coatings. Moreover, some of the embodiments
also  include methods that may employ conventional wafer to wafer
attachment/bonding  processes. For simplicity, the description below and
related figures describe an optical  coupling structure that includes a
silicon-based waveguide that consists of single  crystalline silicon layer.
In alternative embodiments the waveguide may be  polycrystalline silicon and
it may also comprise multiple layers with specific  characteristics for each
individual layer (i.e., doping, thickness, resistivity, etc.). The
thickness of the waveguide may be tailored to accommodate one or more modes
of a  propagating light beam. In addition, although the described
embodiments below use  silicon-based optical elements, other types of high
index materials (i.e., gallium  arsenide, lithium niobate, indium phosphide,
etc.) may replace silicon-based elements.  Further, the waveguide, prism,
and coupling regions may take on a variety of shapes  and sizes. In general,
the term prism refers to any device that may receive a light  beam and
produce a desired refraction. Turning now to the figures, Fig. 2 is a
cross-section of an optical coupling  structure. The optical coupling
structure is formed in an SOI substrate 100 that  includes a device layer
102, a BOX layer 104, and a bulk layer 106. The device layer 9  102 is
located on the top side of the SOI substrate 100 and the bulk layer 106 is
located on the bottom side of the SOI substrate 100. The BOX layer 104 is
located  substantially between the device layer 102 and the BOX layer 104.
The device layer  102 includes a waveguide 108, which may be tailored to a
variety of thickness in  order to achieve desired optical characteristics of
the waveguide (e.g., mode  



selection). To introduce a light beam into the waveguide 108 or draw light
out of the  waveguide 108, the BOX layer 104 serves as a spacer in order to
accurately set  distance between a prism and the 108 waveguide and as a
result, enable efficient and  repeatable coupling of light into and out of
the waveguide 108. Thus, BOX layer 104  should be thin enough (about 2500
Angstroms or less) to provide an adequate  coupling between the prism 109
and the waveguide 108. To efficiently guide the light beam, the waveguide
108 should be surrounded  by cladding layers that have a low index and
sufficient thickness. To clad the  waveguide 108, an oxide layer 110 is
grown or thermally deposited above the  waveguide 108. In one example, the
thickness of the cladding layers should be about  lum or more. The BOX layer
104 may also serve as a partial cladding layer below  the waveguide 108. A
cavity 111, which increases the thickness of the bottom  cladding, is
described with reference to Fig. 3. Fig. 2 also shows a FET 112 and a
modulator 113 located within a vicinity of  the waveguide 108. It should be
noted that a variety of other optical elements may  exist within or above
the SOI substrate 100. In alternative examples, the waveguide  108 may be
formed after the prism 109 is formed in the bottom side of the SOI
substrate 100. 10  Figs. 3A and 3B show at least two operating scenarios of
the optical coupling structure of Fig. 2. To bring light into the waveguide
108, Fig. 3A shows a light beam  114 that enters the prism 109 and refracts.
BOX layer 104 assists in coupling beam  114 to the waveguide 108 To bring
light out of the waveguide 108, Fig. 3B shows a  



light beam 115 that transfers out of the waveguide 108 through the BOX layer
104 to  the prism 124. It should be noted that at least a portion of the
waveguide 108 and the  prism 109 may be used to couple light into and out of
the waveguide 108. Fig. 4 shows a cross-section of the SO] substrate 100
before the cavity 111  and the prism 109 are formed. Advantageously the SOI
substrate 100 may be  provided at any point during a semiconductor process,
such as after microelectronic  devices are formed. Fig. 4 shows this
example. Fig. 5 shows a cross-section of the SOI substrate 100 that includes
the cavity  111, which, for instance, may have been created by a lithography
process in  combination with an etching step (i.e., a wet or dry etch).
Cavity 111 should be  aligned underneath the waveguide 108. In order to
align the cavity 111, a mask  aligner (e.g. a stepper) may include a camera
for aligning a mask to features on the  top side of the SOI substrate 100.
Other methods of alignment include using an IR  laser to detect and align
front side features with a bottom side mask. In such  examples, alignment
marks, which can be recognized by the mask aligner, may be  patterned into
an appropriate layer of the SO] substrate 100 to enable registration of a
backside pattern to a front side (or vice versa). The purpose of the cavity
111 may be at least two fold. Because the BOX  layer 104 is thinner than a
conventional oxide cladding layer (typically, about lum or  more), the
cavity 111 compensates for a lesser thickness of the BOX layer 104. The
combination of the BOX layer 104 and the cavity 111 serve as the bottom
cladding of 11  the waveguide 108. The cavity 111 may also be filled with a
material, such as an  oxide or a nitride, as long as the index of the filled
cavity remains less than that of the  



waveguide 108. The cavity 111 may also truncate light that propagates
through the prism 109.  A cavity edge 118 provides a transition between a
low index medium (the cavity 111)  and a high index medium (the bulk layer
106), which provides a truncation of light at  the BOX layer 104/prism 109
interface. The sharper the truncation, the better the  coupling efficiency
may be between the prism 109 and waveguide 108. To form the prism 109, an
additional lithography step and etch step define a  tapered surface for
receiving or outputting a light beam. Fig. 6 shows an upside down  "V"
shaped groove 120 formed in the bulk layer 106. An isotropic or an
anisotropic  etch may create the groove 120, according to a variety of
orientations, such as a  preferred crystallographic orientation, for
instance. The etch may create a tapered  surface 122 for receiving or
outputting a beam of light. In general, a crystollagraphic  etch using
tetramethylammonium hydroxide (TMAH) or potassium hydroxide  (KOH), for
example, may be used to create a controlled and repeatable angle of the
tapered surface 122 with respect to the SOI substrate 100. (Typically, the
angle is  about 54 degrees, but other etches could create a variety of other
angles.). Although the groove is shown as an upside down "V-shaped groove,"
other  types of grooves and tapered surfaces are also possible. The cavity
etch and the  groove etch create the prism 109 that includes the groove 120
and is defined by the  cavity edge 118. In some examples the groove 120 may
be formed before the cavity  edge 118. Because the prism 109 is formed in
bulk layer 106, the prism 109 is inherently  bonded to a portion of the BOX
layer 104. Consequently, a relatively defect free 12  



bond may exist been the prism 109 and the bulk layer 106. As another
example,  however, Fig. 7 shows a prism 200 that is bonded to the bottom
side of an SOI  substrate 201, which includes a device layer 202 located on
top of a BOX layer 204.  The device layer 202 also includes a waveguide 208.
The BOX layer 204 is located  on top of a bulk layer 206. Instead of forming
the prism 201 out of the bulk layer  206, a portion of the bulk layer 206
may be removed, exposing a portion of the BOX  layer 204. The prism 200,
which may be selected from a variety of pre-fabricated  prisms, may then be
bonded to the BOX layer 204. The prism 201 and the waveguide 208 may be
operated in a similar manner to  the optical coupling structure of Fig. 2.
Fig. 8A shows a light beam 210 entering  prism 200 and being coupled to the
waveguide 208 via a coupling through a portion  of the BOX layer 204. Fig.
8B, on the other hand, shows a light beam 211, leaving  the waveguide 208
and being coupled to the prism 201 via a coupling through the  BOX layer
204. As described above, the BOX layer 104 should be thin enough  (about
2500 Angstroms or less) to provide an adequate coupling between the prism
200 and the waveguide 208. Fig. 9 shows a cross section of the SOI substrate
201 that includes a cavity  212. The cavity 212 defines a location for the
prism 200 to be bonded to and it also  serves a similar function as the
cavity 111, which includes promoting the truncation of  light and
confinement to the waveguide 108. The cavity 212 may also be formed in a
similar manner as the cavity 111 using a variety of etching and lithography
techniques. Fig. 10 shows the prism 200 bonded to the BOX layer 204. The
prism 200  may be bonded to the BOX layer 204 using a variety of
conventional bonding  



techniques. When bonding the prism 200, processing parameters (such as 13
temperature, pressure, etc.,) should be compatible with the materials and
structures  present in the optical coupling structure or within the SOI
substrate 200. The  configuration shown in Fig. 10 may be advantageous
because the prism 200 does not  interfere with top side optical and
electronic elements, and metal and dielectric layers.  Moreover, a variety
of different types of prisms, even those that are made of a  different
material than silicon, may be incorporated into an optical coupling
structure. As an overview, Fig. 10 show a flow diagram that illustrates in a
simplified  manner a method 230 for fabricating an optical coupling
structure that comprises a  waveguide optically coupled through a BOX layer
with a prism. Method 230 may be  carried out on a substrate at a variety of
points of a semiconductor process. For  instance, method 230 may be applied
before front-end optical and electrical elements  are formed, during
front-end processing, during back-end processing, or after back- end
processing has been completed. At block 232, an SOI substrate is provided.
The SOI substrate includes at  least a BOX layer that is sufficiently thin
to provide an adequate coupling. In one  example this thickness is 2500
Angstroms or less. The SOI substrate may also have a  specific bulk layer
background doping so that if the prism is formed out of the bulk  layer, the
background doping may establish the index of the prism. At block 234, a
waveguide is formed on a top side of the SOI substrate. The  device layer
may be thinned (via an etch or a planarization process) and doped to
provide desired waveguide thickness and index. As described above, a
waveguide  may include multiple layers. 



The prism may be formed in the bulk layer at block 236 or bonded to the
bottom side of the SOI substrate at block 238. As described above, a cavity
may be  formed that acts as a cladding layer and also promotes truncation at
the BOX 14  layer/prism interface. In order to accommodate the prism, the
bottom side of the SOI  substrate may be treated in a variety of ways, which
includes chemically etching and  cleaning and/or polishing the bottom side
to facilitate patterning/and or bonding (a  double side polished wafer may
also be provided). At block 236, such treatment may  provide a suitable
bonding area for the prism. On the other hand, at block 238, the  bulk layer
may be thinned or planarized in order to provide a desired thickness of the
prism. Although not shown, to reduce Fresnel losses, a prism may be coated
with an  anti-reflective coating. It is important to note that the formation
of the waveguide and the prism is not  necessarily consecutive. The
waveguide, for instance, may be formed early in the  front-end of a
semiconductor process and the prism may be formed later in a back-end
process. Alternatively, the prism may be formed first, before front-end
processing,  and the waveguide may be formed at some later point. A variety
of other formation  scenarios exist. A variety of other processing scenarios
may create an optical coupling  structure that uses a portion of the BOX
layer of an SOI substrate to evanescently  couple light between a prism
located on the bottom of an SOI substrate with a  waveguide located on top
of the SOI substrate. In general, the optical structure may  either provide
light to an optoelectronic IC or transfer light out of the IC. It should  be
understood, however, that the BOX layer may be used to couple other optical



elements. The illustrated embodiments and related description are examples
only and  should not be taken as limiting the scope of the present
invention. The term  "tapered," for example, when referring to the surface
of a prism should not be viewed  as limiting. A variety of similar terms,
such as angled, faceted, or sloped could be 15  substituted. Moreover,
although the disclosure uses a silicon based substrate and  prism as an
example, a variety of other semiconductor substrates and films may be  used
instead of silicon and silicon dioxide, such as GaAs, GaN, or InP, for
example.  In addition, the indexes of any of the above films may be tailored
in order to  effectively couple light into and out of a waveguide. For
example, the index of the  prism (n1) may be larger than the indexes of both
the waveguide (n3) and the BOX  layer (n2). The claims should not be read as
limited to the described order or  elements unless stated to that effect.
Therefore, all embodiments that come within the  scope and spirit of the
following claims and equivalents thereto are claimed as the  invention. 16
We Claim: 1. An optical coupling structure, comprising: a
silicon-on-insulator substrate comprising a top side and a bottom side,
wherein  a buried oxide layer is interposed between the top side and the
bottom side; a wave guide formed on the top side; a prism formed on the
bottom side, wherein a portion of the buried oxide layer  serves as a spacer
between the prism and the waveguide; and 



a cladding region that is located in the substrate adjacent to the prism and
aligned below the waveguide and the buried oxide layer. 2. The optical
coupling structure as in claim 1, wherein the portion of the buried  oxide
layer promotes an optical coupling between the prism and the waveguide. 3.
The optical coupling structure as in claim 1, wherein the waveguide is
formed  in a device layer and the prism is formed in a bulk layer. 4. The
optical coupling structure as in claim 3, wherein the bulk layer has a first
refractive index (ni), the buried oxide layer has a second refractive index
(n2), and the  device layer has third refractive index (n3), and wherein
n1>_n3>n2. 5. The optical coupling structure as in claim 1, wherein a
thickness of the buried  oxide layer is less than about 2500 Angstroms. 6.
The optical coupling structure as in claim 1, wherein the cladding layer is
selected from the group consisting of an oxide, a nitride, and air. 7. The
structure of claim 1, wherein the cladding region is a cavity in the
substrate. 17  8. A method for making an optical coupling structure, the
method comprising: providing a silicon-on-insulator substrate that includes
a top side and a bottom  side, wherein a buried oxide layer is interposed
between the top side and the bottom  side; forming a waveguide on the top
side; and forming a prism on the bottom side, wherein a portion of the
buried oxide  layer establishes a spacing between the prism and the
waveguide; and forming a cladding region in the substrate adjacent to the
prism and aligned  below the waveguide and the buried oxide layer. 



9. The method as in claim 8, wherein the portion of the buried oxide layer
promotes an optical coupling between the prism and the waveguide. 10. The
method as in claim 8, wherein the buried oxide layer is less than about
2500 Angstroms. 11. The method as in claim 8, wherein forming the prism on
the bottom side  comprises bonding the prism to the buried oxide layer. 12.
The method as in claim 8, wherein the top side includes a device layer and
the  bottom side includes a bulk layer. 13. The method as in claim 12,
further comprising: performing a first etch on the bulk layer that
determines a location of the  prism; and performing a second etch on the
bulk layer that provides a tapered surface of  the prism. 14. The method as
in claim 13, wherein the first etch forms a cavity that is  adjacent to the
prism and located below the waveguide. 18  15. The method as in claim 14,
further comprising: depositing a cladding layer in the cavity. 16. The
method as in claim 12, further comprising forming a waveguide in the  device
layer. 17. The method of claim 8, wherein the cladding region is a cavity in
the substrate.  18. An optical coupling structure, comprising: a
silicon-on-insulator substrate including a top side and a bottom side,
wherein  a buried oxide layer is interposed between the top side and the
bottom side of the  



silicon-on-insulator substrate; a first device located on the bottom side of
the silicon-on-insulator substrate,  wherein a portion of the buried oxide
layer promotes an optical coupling of the first  device to at least one
device located on the top side of the silicon-on-insulator  substrate; and a
cladding region that is located in the substrate adjacent to the device and
aligned below the at least one device on the top side of the
silicon-on-insulator  substrate and the buried oxide layer. 19. The optical
coupling structure as in claim 18, further comprising: a second device
located on the top side of the silicon-on-insulator substrate,  wherein the
second device is configured to receive an electronic signal. 20. The optical
coupling structure as in claim 19, wherein the first device is  configured
to receive an optical signal. 




