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(37) ABSTRACT

A multilayer optical fiber coupler for coupling optical radia-
tion between an optical device and an optical fiber, including
a first layer that has a fiber socket formed by photolitho-
graphic masking and etching to extend through said first
layer, and a second layer bonded to the first layer. The first
layer may comprise substantially single-crystal silicon. An
optical fiber i1s 1nserted into the fiber socket to align the
optical fiber precisely within the fiber socket. In one embodi-
ment the optical fiber 1s a single mode fiber, and an optical
focusing element formed on the second layer 1s aligned with
the core of the single mode fiber. The second layer may
comprise glass having an index of refraction that approxi-
mately matches the mndex of the optical fiber, and an optical
epoxy 1s used to aflix the optical fiber into the fiber socket
and fill the gaps between the end face of the fiber and the
second layer. Embodiments are disclosed 1n which an optical
device such as a VCSEL or photodetector 1s bonded to the
second layer. Alternative embodiments are disclosed in
which the optical device 1s incorporated into the second
layer. Advantages include reduced cost due to batch fabrica-
tion techniques, and passive alignment of the optical fiber.

16 Claims, 8 Drawing Sheets
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Process first layer (i.e. Silicon wafer)
to create an array of precisely-
dimensioned fiber sockets

Process second layer to
create an array of optical
focusing elements

Align and bond first and
second layers to provide
a composite wafer

Dice composite wafer
(nto separate chips

Provide optical fiber with end face,
and apply suitable adhesive (e.g.

Index-matching epoxy) to optical
fiber and/or fiber socket

Insert optical fiber into fiber socket
and allow adhesive to dry
Complete
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1
MULTILAYER OPTICAL FIBER COUPLER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCE TO RELATED
APPLICATIONS

Priority 1s hereby claimed to U.S. Provisional Application
No. 60/088,374, filed Jun. 8, 1998 entitled LOW COST

OPTICAL FIBER TRANSMITTER AND RECEIVER and
U.S. Provisional Application No. 60/098,932, filed Sep. 3,
1998 entitled LOW COST OPTICAL FIBER COMPO-
NENTS.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention generally relates to couplers for
coupling optical radiation 1nto and out of an optical fiber.

2. Description of Related Art

Optical fibers have by far the greatest transmission band-
width of any conventional transmission medium, and there-
fore optical fibers provide an excellent transmission
medium. An optical fiber 1s a thin filament of drawn or
extruded glass or plastic having a central core and a sur-
rounding cladding of lower index material to promote inter-
nal reflection. Optical radiation (1.e. light) 1s coupled (1.c.
launched) into the end face of an optical fiber by focusing
the light onto the core. For effective coupling, light must be
directed within a cone of acceptance angle and inside the
core of an optical fiber; however, any light incident upon the
surrounding cladding or outside of the acceptance angle will
not be etlectively coupled into the optical fiber.

It 1s a difficult task to couple light into the central core of
an optical fiber due to 1ts small size and acceptance angle,
particularly 11 the optical fiber 1s a single mode optical fiber.
A typical single mode fiber has a core diameter of only 10
microns and an acceptance angle of only 10°. Single-mode
fibers, which are designed to transmit only single-mode opti-
cal radiation, are widely utilized for telecommunications
applications. Multimode optical fibers have a larger cross-
section and a larger acceptance angle than single-mode
fibers. For example, a typical multimode fiber has a core
diameter of 50 microns and an acceptance angle of 23°.
Because any optical radiation outside the core or acceptance
angle will not be effectively coupled into the optical fiber, 1t
1s 1mportant to precisely align the core with an external
source of optical radiation.

One conventional practice for making a fiber-pigtailed
transmitter 1s to assemble an edge-emitting laser diode, an
clectronics circuit, a focusing lens, and a length of optical
fiber and then manually align each individual transmatter. To
align the transmitter, the diode 1s turned on and the optical
fiber 1s manually adjusted until the coupled light 1nside the
fiber reaches a predetermined level. Then, the optical fiber 1s
permanently affixed by procedures such as UV-setting epoxy
or laser welding. This manual assembly procedure 1s time
consuming, labor intensive, and expensive. Up to 80% of the
manufacturing cost of a fiber-pigtailed module can be due to
the fiber alignment step. The high cost of aligning optical
fiber presents a large technological barrier to cost reduction
and widespread deployment of optical fiber modules.

One single-mode fiber has a cylindrical glass core of
about 10 microns 1n diameter surrounded by a glass cladding
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2

with a circular outer diameter of about 125 microns. In some
connections, slight vanations 1n dimensions can drastically
alfect coupling efficiency, and therefore some optical fiber
manufacturers carefully control the fiber’s tolerances. For
example, 1n a splice connection between two optical fibers, a
large loss 1n the transmitted signal can occur 11 the two 1nner
cores fail to align precisely with each other. For example, 1f
the cores of two 10 micron single-mode fibers are offset by
only 1 micron, the loss of transmitted power through a splice
1s about 5%. Theretore, to reduce coupling losses, manufac-
turers maintain cladding diameter tolerances within the
micron to sub-micron range. For example, Corning Inc.
specifies the tolerance of its optical fibers as 125+1 micron.

In order to provide passive alignment of optical fibers,
various alignment techniques have been reported based on
precisely etched holes on a water. For example, in Matsuda
et al. “A Surface-Emitting Laser Array with Backside Guid-
ing Holes for Passive Alignment to Parallel Optical Fibers”,
IEEE Photonics Technology Letters, Vol. 8 No. 4, (1996) pp.
494493, a research group at Matsushita in Japan performed
an experiment 1n which a shallow guiding hole on the back-
side of a back-emitting vertical cavity surface emitting laser
(VCSEL) wafter 1s etched to a depth of 10 to 15 microns and
a diameter of 130 microns. A multi-mode fiber stem 125
microns in diameter 1s mserted 1nto the guiding hole with a
drop of epoxy for passive alignment to the VCSEL. This
group reported an average 35% coupling efficiency at 980
nanometers. The large core diameter of multi-mode fibers
(e.g. 50 microns) allows this approach to be suitable for
coupling light into multi-mode fibers; however the lack of a
light-focusing mechanism prevents use of this method with
single-mode fibers.

U.S. Pat. No. 5,346,583 to Basavanhally discloses a sub-
strate having at least one lens formed on a first surface. An
optical fiber guide 1s etched on a second surface of the same
substrate, opposite the first surface. The optical fiber guide 1s
used to mount an optical fiber on the second surface such
that the central axis of the optical fiber 1s substantially coin-
cident with the central axis of the lens, thereby giving the
desired alignment. Fused silica and silicon are two common
substrate materials. If the substrate material 1s fused silica
(or glass), the fiber guide etch rate 1s very slow (typically 0.3
micron per minute or less) and as a result 1t 1s impossible to
obtain fiber guides of sullicient etch depth, which 1s neces-
sary to obtain precise angular alignment to single mode
fibers. According to the method described 1n the patent, etch-
ing 1s to stop before it reaches the final surface where the
lens resides. At the bottom of the etched fiber guide, the
surface 1s typically neither smooth nor flat, which could
causescattering and reflection loss if the refractive index of
the substrate material 1s ditferent than that of the optical fiber
core (approximately 1.5).

U.S. Pat. No. 5,195,150 to Stegmueller et al. discloses an
optoelectronic device that includes a substrate that has a
recess for receiving a plano-convex lens and a recess on the
other surface of the substrate aligned with the lens to recerve
an end of an optical fiber. The device disclosed by Stegmuel-

ler 1s subject to the same problems as the device disclosed 1n
the Basavanhally patent.

SUMMARY OF THE INVENTION

In order to overcome the limitations of prior art optical
fiber couplers, the present invention provides a multilayer
optical fiber coupler for coupling optical radiation between
an optical device and an optical fiber, including a first layer
that has a fiber socket formed by [photolithographic] mask-
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ing and etching to extend through said first layer, and a sec-
ond layer bonded to the first layer. A multilayer optical fiber
coupler 1s described that has a vertical through hole (a “fiber
socket”) 1n a first layer that precisely aligns an optical fiber
with an optical focusing element formed in the second layer.
A method for forming the fiber couplers 1s described herein
that can advantageously utilize semiconductor processing
techniques including photolithography and dry etching to
fabricate the couplers. The precision of the fiber socket
structure allows single mode optical fibers to be passively

aligned, and 1s also useful for aligning multimode optical
fibers.

In one embodiment, a first layer, typically comprising
substantially single-crystal silicon, 1s deep-etched using a
suitable process such as silicon Deep Reactive Ion Etching
(DRIE) to form an array of fiber sockets that extend through
the first layer. A second layer 1s formed to provide a corre-
sponding array of optical focusing elements. The first and
second layers are aligned using alignment fiducials and per-
manently bonded together, so that the fiber socket 1n the first
layer precisely aligns the core of the optical fiber with the
optical focusing element 1n the second layer. The bonded
structure 1s then diced to form a plurality of separate cou-
plers or arrays of couplers. An optical fiber 1s aflixed 1nto
cach fiber socket by any suitable means, such as an optical
CpPOXY.

In order to provide precise, passive alignment of the opti-
cal fiber within the fiber socket, the fiber socket 1s formed to
be only slightly larger than the fiber diameter. Single-crystal
silicon 1s particularly useful to form the fiber sockets
because silicon DRIE techniques have been developed
recently as a result of advances in microelectromechanical
system (MEMS) research, which allow vertical holes to be
ctched at high speeds (up to 10 micron/minute at present)
with less than 1 micron vertical variation in hole diameter
(1.e. £0.5 micron). In one embodiment, the deep-etching pro-
cess uses high defimition photolithography and an appropri-
ate high etch selectivity mask to create precisely-
dimensioned fiber sockets. These fiber sockets then receive
precisely-dimensioned optical fibers, thereby accurately
aligning the optical fibers within the fiber socket. The fibers
are held 1n place by epoxy or another suitable adhesive.

In one embodiment the second layer comprises borosili-
cate glass such as PYREX, which 1s advantageous for sev-
eral reasons. The glass can be strongly and conveniently
bonded to silicon by anodic bonding, which 1s a dry bonding,
process. The thermal expansion coelficient of borosilicate
glass matches well with that of silicon, which provides a
durable and reliable structure. Furthermore, the index of
refraction of borosilicate glass approximately matches the
index of refraction of the core of the optical fiber, which 1s
the light transmitting section of the fiber, and therefore an
optical epoxy can be used that also approximately matches
the index of refraction of the optical fiber. In such an
embodiment, the glass, epoxy, and optical fiber form a natu-
ral index-matched system, eliminating the need for polishing,
and anti-reflection coating the end face of the optical fiber
which are current fiber optical industry practices, and result-
ing in further cost savings. Due to the index matching in
some embodiments, optical radiation advantageously propa-
gates substantially loss-iree through the fiber end face,
epoxy, and the adjacent surface of the second layer.

Due to the fiber sockets formed to extend through the
silicon layer, a large number of single mode optical fiber
couplers can be made on the water level with very low cost.
One cost advantage 1s attributed to the batch microfabrica-
tion process and the elimination of the need to actively align
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the fiber. For example, assuming a 4-inch integrated water
and a 1 mmxl mm die size, about 7800 fully-integrated
chips can be obtained by dicing the watfer. This approach
allows optical couplers as well as other devices disclosed
herein to be manufactured with the same kind of economies
of scale as the silicon electronics industry, since the cost of
the processing steps are shared by all the individual chips.

The optical fiber couplers are rugged and compact, and
can be used 1n a variety of applications. The fiber couplers
can be implemented in a wide variety of embodiments; for

example the optical couplers may be incorporated with other
devices such as VCSELSs.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of this invention, ref-
erence 1s now made to the following detailed description of
the embodiments as illustrated 1n the accompanying
drawing, wherein:

FIG. 1 1s a cross-sectional view of a multilayer optical
fiber coupler constructed 1n one embodiment of the mven-
tion;

FIG. 2 1s a flow chart illustrating operations to create a
plurality of optical fiber couplers;

FIG. 3A 1s a cross section of a first layer silicon wafer that
has a layer of photoresist deposited thereon;

FIG. 3B 1s a cross section of the silicon water of FIG. 3A
alter openings have been patterned on the photoresist using
photolithography;

FIG. 3C 1s a cross section of the silicon water after the

fiber sockets have been etched using photoresist as the etch
mask and the photoresist stripped;

FIG. 3D 1s a cross section of a second layer glass watler
that has a layer of photoresist deposited thereon;

FIG. 3E 1s a cross section of the glass water after 1slands
have been patterned on the photoresist using photolithogra-
phy:;

FIG. 3F 1s a cross section of the glass wafer after the
photoresist melted 1n an oven;

FIG. 3G 1s a cross section of the glass waler after the glass

waler has been dry etched using the melted photoresist as the
erodable mask:

FIG. 3H 1s a cross section of the silicon wafer and the
glass waler prior to bonding;

FIG. 31 1s a cross section of the silicon water and glass
waler after bonding and formation of an anti-reflection coat-
Ing;

FIG. 3] 1s a cross section of the bonded water stack after
waler dicing and prior to fiber msertion;

FIG. 4 1s a perspective view of a processed first layer and
second layer 1llustrating alignment of the two layers;

FIG. 5 1s a cross-sectional view of a multilayer optical
fiber coupler constructed in another embodiment of the
invention 1 which the optical device 1s connected to the
second layer;

FIG. 6 1s a cross section of a VCSEL transmitter for
single-mode fiber, 1n which the VCSEL 1s integrated in a
third layer; and

FI@G. 7 1s a cross section of a VCSEL transmuitter for multi-

mode fiber., in which the VCSEL 1s integrated with the sec-
ond layer.

DETAILED DESCRIPTION

This invention 1s described in the following description
with reference to the Figures, in which like numbers repre-
sent the same or similar elements.
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Overview

As discussed in the background section, some single-
mode fibers are constructed with very close tolerances. The
highly precise diameter of the optical fiber 1s useful when a
precision etched hole 1s designed to match it, as described
herein.

FIG. 1 1s a cross-sectional view of an optical fiber coupler
constructed in one embodiment of the mvention. An optical
fiber 100 1s affixed by a suitable adhesive 110 such as an
optical epoxy 1nto a fiber socket 120, which 1s a through hole
that has been deep-etched completely through a first layer
130. In this embodiment the first layer 130 comprises silicon
that has a form suitable for etching, such as single-crystal
silicon. The fiber socket 120 extends completely through the
first layer from a top surface 131 to a lower surface 132. The
lower surface 132 of the first layer 1s bonded to a second
layer 140 at its inner surface 141. The second layer 140 also
has an outer surface 142 that, in some embodiments,
includes an optical focusing element 150 such as a microlens
formed thereon that has a focal point 152. An anti-retlective
coating 154 1s formed on the outer surface 142 of the second
layer. The optical focusing element comprises a variety of
optical elements such as refractive, diffractive, gradient-
index lenses, or combinations thereof. In other
embodiments, the outer surface 142 may not include an opti-
cal focusing element. For example the outer surface may be
flat.

The optical fiber 100 1ncludes a core 160 and a cladding,
162, and 1n one embodiment the optical fiber 1s a single
mode fiber. The optical fiber has an approximately flat end
face 163 adjacent to the second layer. A core section 164 on
the end face 163 i1s approximately aligned with the optical
focusing element; for example, 1n one embodiment the core
1s approximately aligned with the focal point 152 of the
microlens. The optical fiber may be a single mode fiber,
which has a small core relative to multimode fibers. It may
be noticed that the epoxy 110 1s deposited throughout the
fiber socket, and fills in the gaps between the end face 163
and adjacent opposing surface 141 of the second layer. In
one embodiment the epoxy has an index of refraction that
approximately matches the optical fiber, and therefore the
end face 163 1s not required to be flat, nor 1s 1t required to be
polished or coated. FIG. 1 illustrates the end face 163 at a
nearly 90° angle with the central axis of the optical fiber, but
not precisely perpendicular.

An optical device 170 1s arranged with respect to the opti-
cal focusing element 150 and the optical fiber 100 to provide
the desired optical coupling with the core of the optical fiber.
The focusing power of the optical element 150 varies depen-
dent upon the utilization of the coupler, the optical device,
and the thickness of the second layer; for example some
optical devices will require collimation, other optical
devices require focusing, others will require no significant
focusing power. The optical device 170 can be a source or
receiver ol optical radiation. An example of a laser source 1s
a laser diode emitter such as a VCSEL (vertical cavity sur-
face emitting laser), and an example of a receiver 1s a photo-
detector. I1 the optical device 1s a laser source, the optical
device 170 1s arranged so that optical radiation emitted by 1t
will be coupled into the optical fiber, or conversely if the
optical device 170 1s a recerver, 1t 1s arranged so that optical
radiation emitted from the optical fiber will be recerved. In
some embodiments such as shown in FIG. 1, the focusing
clement 150 1s arranged 1n direct alignment with the central
axis of the fiber socket and the core of the optical fiber, and
its focal point 152 1s approximately centered at the center of
the end face 164. However, 1in other embodiments, the focus-
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ing element 150 may be arranged offset from the central axis
of the fiber socket to couple an off-axis beam into the optical
fiber. More, generally, the optical focusing element provides
a focal point for optical radiation from the optical device,
and the focal point 1s approximately situated along the cen-
tral axis of said fiber socket so that the optical radiation 1s
coupled 1nto the core of the optical fiber.

In the embodiment of FIG. 1, the optical device 170 15 a
stand-alone device separate from the optical fiber coupler,
and utilizes an anti-retlection coating 154 on the outer sur-
face of the focusing element 150 to increase the transmission
of light. However, 1n other embodiments, such as disclosed
in FIG. 5 and 6, for example, the optical device 170 1s
bonded to the optical fiber coupler by any suitable method to
permanently attach the optical device 170 to the optical fiber
coupler.

Detailed Discussion

Reference 1s now made to FIG. 2, which 1s a flow chart of
a series ol operations to construct the optical fiber coupler
shown 1 FIG. 1. Reference will also be made to FIGS.
3A-3] and FIG. 4, 1n conjunction with FIG. 2 to provide an
example of the method described therein.

In step 210, the first layer 130, comprising a silicon walfer,
1s processed by a dry etchung process to create an array of
fiber sockets 120 that extend completely through the silicon
water. FIG. 4 1llustrates one embodiment of a processed sili-
con water 410 and a plurality of fiber sockets 120 arranged
in a predetermined configuration on the water.

The silicon water 130 has a crystalline structure and thick-
ness suitable for the deep etching process that forms the
sockets; 1n one embodiment the silicon crystalline structure
1s single-crystal although other embodiments may comprise
polycrystalline structures. In one embodiment the silicon
waler has a uniform thickness of about 0.4 mm which 1s
suificient to provide structural support for the optical fiber
and within the limits of current deep-etch technology. In
other embodiments the thickness of the silicon water could
range between 0.1 mm and 3.0 mm, for example. Currently
available silicon waters typically have a thin disk configura-
tion that varies from 2 to 8 in diameter. Preferably the silicon
water 1s double-polished; 1.e. 1t 1s polished on each side.

The first layer 1s etched using any suitable deep-etching
process to create an array of fiber sockets 120 at predeter-
mined locations. A suitable deep etching process for silicon
1s disclosed in U.S. Pat. No. 5,501,893 to Laermer, for
example. Commercial etchers are available from vendors
such as Plasma-Therm 1n St. Petersburg, Fla. Suitable etch
masks include photoresist and silicon dioxide, for example.
A photoresist mask gives about 80-to-1 etch selectivity, and
an etch rate of about 2 micron per minute with smaller mask
undercut. An oxide mask gives a 150-to-1 etch selectivity
with higher etch rate and a greater mask undercut. A photo-
resist thickness of about 6—7 microns provides through
waler etching of a silicon wafer with a thickness of 400
microns.

FIG. 3A shows a photoresist layer 300 spun onto the
upper surface of the silicon wafer 130. Next, via photoli-
thography a precisely-defined pattern 1s formed on the pho-
toresist layer 300 using a photolithographic mask that

defines the desired locations of the fiber sockets, as shown 1n
FIG. 3B. Openings 310a and 310b in the photoresist are

shown in FIG. 3B.

A high selectivity etch mask 1s used to etch gaps 310
(FIG. 3A) on the silicon wafer 130. If desired, linearly
tapered hard mask edges can be defined by a gray scale mask
technology, as described for example by Lee et al., “Low

Cost High Quality Fabrication Methods and CAD for Dii-
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fractive Optics and Computer Holograms Compatible with
Micro-Electronics and Micro-Mechanics Fabrication™ Dii-
fractive Optics and Optical Microsystems, Martellucc: and
Chester, editors, Plenum Press, New York, 1997, pp.
133—-138. For example, a tapered section near the entry to the
fiber socket may extend 1nto the socket a distance such as 15
microns to facilitate insertion of the optical fiber.

Next, as shown in FIG. 3C, precisely-dimensioned fiber
sockets 120a and 120b are etched completely through the
silicon walfer using the patterned photoresist as the etch
mask and the deep silicon etching process, and the remain-
ing photoresist 1s removed to create an array of fiber sockets
on the silicon water, as shown at 410 1n FIG. 4. The resulting
fiber sockets are precision holes etched all the way through
the silicon water. The diameter of the fiber socket should be
slightly larger than the fiber diameter. In one embodiment
the fiber sockets have an inner diameter of 127 microns, the
optical fibers have a 125+1 micron outer diameter, the thick-
ness of the silicon wafer 1s about 0.4 mm (1.e. 400 microns),
and the deep-etch rate 1s about 2 microns per minute. Align-
ment fiducials such as crosses 4135 are also etched into the
silicon waler or otherwise defined therein for purposes of
alignment with the second layer. In some embodiments, ver-
tical grooves may be etched on the walls of the fiber socket
to allow the adhesive epoxy to flow during the fiber insertion
step.

In step 220, a second layer 1s formed to create an array of
optical focusing elements on the outer surface 142. The
array configuration in the second layer corresponds with the
configuration of the fiber socket array 1n the first layer, such
that each optical element will be precisely registered with a
fiber socket when the first and second layers are properly
aligned with each other. For example, FIG. 4 shows a pro-
cessed glass waler 420 that has a plurality of microlenses
150 formed on the upper surface in a configuration that cor-
respond with the fiber sockets 1n the silicon water 410.

The second layer comprises any suitable material, such as
tused silica, silicon, or an optical glass such as borosilicate
glass. The material of the second layer 1s selected to be sub-
stantially transmissive at the wavelengths of interest. In
order to minimize unwanted reflection, 1n some embodi-
ments the second layer has an 1index of refraction approxi-
mately equal to the optical fiber, 1.e. approximately 1.5. In
other embodiments in which the index of the second layer
does not approximately match the optical fiber, an anti-
reflection coating may be formed on the opposing surface of
the second layer to reduce optical losses, such as disclosed
with reference to FIG. 5. In such cases optical loss at the
interface with the second layer 1s almost completely elimi-
nated. In other embodiments, the opposing surface of the
second layer may be coated with another type of coating,
such as a beam splitter coating.

Alignment fiducials, such as crosses 425 shown in FIG. 4,
are etched 1nto the second layer to facilitate alignment with
the first layer. Such fiducials can be included as separate
features on the same photolithographic mask as that of the
focusing element, or the fiducials can be made on the wafer
surface 1n a separate step.

In one embodiment the second layer comprises borosili-
cate glass having a thickness of about 300—-400 microns that
1s etched to provide a refractive microlens array. In other
embodiments the optical focusing elements may comprise a
diffractive microlens array etched onto the surface of the
second layer. In still other embodiments the optical focusing
clements comprise gradient-index microlenses that are
tormed by diffusing 1ons that vary the index of refraction in a
defined manner.
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As 1llustrated 1n FIGS. 3D to 3G, a refractive lens array
can be made using photolithographic masks and etching.
FIG. 3D shows a layer of photoresist 320 spun on the wafer
surface. Then photolithography 1s used to pattern the photo-

resist mto 1slands (disks or other shapes), as shown in FIG.
3E at 330a and 330b. The wafer 1s baked at an elevated

temperature for a predetermined time so that the photoresist
melts during which the surface area 1s mimimized to spheri-
cal shapes before the wafer 1s cooled, as shown 1n FIG. 3F at
340a and 340b. The melted photoresist 1s used to mask the
waler during dry etching. The resist 1s eroded completely
during etching and the retardation of the start of the glass
etch 1s proportional to the glass thickness at that point of the
waler. As a result, the shape of the photoresist 1s transierred

to the wafer, and the resulting refractive microlenses 150a
and 150b are shown 1n FIG. 3G.
In step 230, the first and second layers are aligned using

the alignment fiducials formed thereon, shown at 415 and
425 1n FIG. 4, and then bonded together permanently using
any suitable processes. FIG. 3H shows the second layer 140
aligned with the first layer 130 so that the fiber sockets 120
are aligned with the microlenses 150. Precise alignment 1s
usetul 1n order to improve coupling etficiency of the coupler,
and generally more precise alignment provides more eifi-
cient couplers. Using available technology, alignment to a
tolerance of less than one micron can be achieved, and 1s
desirable. Commercial waler aligners are available from
Karl Suss America in Phoenix, Ariz. and from Electronic
Vision 1n Phoenix, Aniz.

Examples of bonding methods include anodic bonding,
epoxy bonding, metal bonding, glass-irit bonding, watfer
direct bonding, and polyimide bonding. If epoxy bonding 1s
utilized, then 1t may be useful to deposit a thin layer of
epoxy, let it begin curing, and then bond the two layers,
which would reduce unwanted upwelling of epoxy into the
fiber sockets.

In embodiments 1n which the second layer is glass, anodic
bonding 1s a useful technology for bonding the silicon layer
to the glass layer. Many manufacturers use anodic bonding,
for example 1 the manufacturing of the ink-jet printer
nozzle. In one embodiment borosilicate glass and silicon are
stacked together and heated to 180-500° C. while a voltage
of 200-1000 Volts 1s applied between the two plates for
about 10 minutes. The thermal expansion coetficients of the
silicon and borosilicate are approximately matched. Boro-
silicate 1s highly transparent from 500 nm to over 2000 nm,
so 1t can be used for all the important telecommunication
wavelength bands (850, 1300, and 1530 nm). The bonding
strength of an anodic bond is so high that for most practical
purposes the bonded wafler can be considered as a single
waler.

FIG. [31] 3/ shows the first and second layer bonded
together. In addition, FIG. [31] 3/ shows the AR coating 154
tormed on the upper surface of the second layer 140 at the air
interface.

In step 240, the composite watler that includes the bonded
first and second layers 1s diced into a plurality of separate
chips, each comprising one or more optical fiber couplers. In
one process, the composite waler 1s attached to a water car-
rier and diced through by a diamond saw. In some processes,
it may be useful to cut partially through the composite wafer,
leaving a narrow section that can be easily broken apart. For
example, 1t may be advantageous to cut through about 90%
to 95% of the thickness of the composite water, then insert
the optical fibers into the fiber sockets, and then break them
into individual chips.

FIG. 3] show the composite chip broken into two chips
cach having one coupler. As brietly discussed above, each of
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the chips comprises one or more optical fiber couplers 1n any
suitable configuration for the end use. For example some
uses may require only a single coupler on each chip, other
uses may require two or more couplers 1n a predetermined
configuration on a single chip, such as a two-dimensional
array or a linear array configuration.

In step 250, an optical fiber 1s provided that has an end
face formed therein. In some embodiments 1t may be useful
to polish the end face; however 1n embodiments in which the
index of refraction of the epoxy matches that of the fiber
core, polishing 1s unnecessary.

A suitable adhesive 1s applied to the end of an optical fiber
and/or into a fiber socket. In one embodiment an 1ndex-
matching epoxy such as Epotech 301, 302, or 353ND, avail-
able from Epoxy Technologies, Inc. of Billerica, Mass. 1s
used 1n order to approximately match the index of the optical
fiber and the second layer. The epoxy 1s selected to be sub-
stantially transparent at the intended wavelength. FIG. 31
shows a first optical fiber 100a and a second optical fiber
100b positioned respectively for insertion into the first fiber
socket 120a and the second fiber socket 120b.

In step 260, the end sections (fiber tips) of the optical
fibers are inserted 1nto the fiber sockets 1 any suitable man-
ner. In one process, the optical fibers are inserted mndividu-
ally by hand, using a stereo microscope to aid 1n positioning.
It has been observed in some embodiments that the optical
fibers can be easily inserted into the fiber sockets with inser-
tion rates of above one fiber per minute. However, 11 diflicul-
ties arise 1n 1sertion, a number of solutions are possible. For
example, the fiber socket can be made slightly larger in
diameter. Grooves can be created on the walls of the fiber
socket to allow the epoxy to tlow. Also, the cladding on the
tip of the fiber can be made to a rounded shape to facilitate
insertion, since only the fiber core 1s important for optical
coupling.

Using the method described herein, optical fiber couplers
can be implemented 1n many different embodiments.

FIG. 5 shows an embodiment of a fiber coupler in which
the second layer 140 comprises a material having an index of
refraction substantially different from the optical fiber, such
as silicon. An epoxy layer 500 1s used to directly couple the
optical device 170 to the second layer 140. One advantage of
utilizing a material other than glass for the second layer 1s
that epoxy can be used to bond other structures such as the
optical device 170 to the outer surface 142 of the second
layer, which reduces cost and complexity over other bonding
techniques such as metal bonding. In comparison, 1n
embodiments 1n which glass 1s used as the second layer 140,
epoxies whose index of refraction matches that of glass can-
not be used to bond the optical device to the second layer
because the refractive microlens surface would be nullified
due to the filling of the air gap by index-matching epoxy.
The silicon refractive lens does not have this problem, and
therefore this structure can be directly bonded to a third layer
using epoxy and still contain a refractive microlens at the
s1licon surface.

In this embodiment, due to the difference 1n refractive
indexes between the second layer and the optical fiber, it 1s
usetul to coat the mner surface 141 of the second layer 140
with an AR coating 510 before bonding 1t to the first layer
130, 1n order to substantially reduce optical loss due to
reflection at the 1nner surface 141.

Until the present ivention, alignment of optical devices
with optical fibers and particularly single mode fibers, has
been a difficult task. Using the techniques set forth herein to
simplity alignment and reduce its cost, many different types
of devices can be integrated with the optical coupler on the
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waler level at significantly reduced per-unit cost. In addition,
integrating an optical device with the optical coupler can
provide the advantages of ruggedness and compactness. One
particular example to be described 1s an mtegrated VCSEL
transmitter. In other embodiments, other optical device
could be utilized; for example the VCSEL could be replaced
with a photodetector to provide an integrated recerver.
Reference 1s now made to FIG. 6, which shows an optical
fiber transmitter that includes a VCSEL 600 integrated with
a fiber coupler 1n a single structure. Multiple VCSELSs
(vertical cavity surface emitting lasers) can be formed 1n
parallel on a wafer using conventional methods 1n a batch
fabrication process using microfabrication techniques such
as photolithography, etching, or 10n implantation processes.
By utilizing the alignment techniques described herein, a
single-mode fiber can be accurately aligned to a VCSEL
without ever turning on the laser. For example, the VCSEL
waler can be formed 1n a predetermined configuration corre-
sponding to the optical coupler on the first and second lay-

ers. The VCSEL water (a third layer) 1s provided with fidu-
cial marks, aligned with the corresponding fiducial marks on
the second and/or first layers, and then bonded with the sec-
ond layer. Such low cost VCSEL laser transmitters have
uses, for example 1n high speed, longer distance local area
network applications, especially when long wavelength
VCSEL technology becomes available.

FIG. 6 1s a cross section of an integrated optical fiber
transmitter, including a back-emitting VCSEL laser 600 that
1s formed on a VCSEL wafer 603. On the back of the
VCSEL watler 603, a microlens 605 1s etched thereon,
arranged 1n a position to focus light emitted from the
VCSEL. In this embodiment, the outer surface 142 of the
borosilicate glass wafer 140, which 1n this embodiment does
not have a microlens, 1s bonded to a back surface 610 on the
VCSEL water, and on 1ts mnner surface 141 the glass layer
140 1s bonded to the first layer 130 that includes fiber socket
120. The back surface 610 of the VCSEL water has an anti-
reflection coating 612 formed thereon optimized for trans-
mission nto borosilicate glass 140. In one embodiment, the
VCSEL water comprises InGaAs and the VCSEL has a las-
ing wavelength of 980 nanometers. In some embodiments
such as illustrated 1n FIG. 6, the VCSEL electrical contacts
include a p-contact 630 and an n-contact 640) on the same
side of the VCSEL wafter. The light from the VCSEL 600 1s
focused by the microlens 605, which 1s a convex lens etched
on the backside of the VCSEL wafer. The light beam 1s
focused to the core 160 of optical fiber 100, which 1s affixed
by optical epoxy 110.

The embodiment of FIG. 6 illustrates that the focusing
clement can be placed on the optical device 170 instead of on
the second layer 140. More generally, the focusing element
can be placed on one or both of the opposing surfaces 142
and 610.

In one embodiment the layer 130 1s bonded to layer 140
using anodic bonding, and the second layer 140 1s bonded to
VCSEL layer 603 using optical epoxy 650. The large index
difference between a typical VCSEL wafter (refractive index
about 3.6) and an optical epoxy (refractive index about 1.5)
ensures that the microlens functions properly although the
microlens space 1s filled with an optical epoxy 650 whose
index matches that of the glass layer 140. One advantage of
this design 1s that the electrical contacts 630 and 640 are
exposed, thereby allowing easy electrical signal connection.

Any reflection from the microlens or any other surface 1n
the optical path back to the VCSEL 600 can be a problem,
since such reflection could stop the VCSEL from lasing.
Therefore 1t 1s usetul to form a high quality AR coating 612
with 0.1% residual reflectivity on the microlens surface.
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In one embodiment the thickness of the integrated chip
shown 1n FIG. 6 1s about 700 microns assuming thicknesses
of 400, 200 and 100 microns for the silicon, borosilicate
glass, and VCSEL walfers, respectively. The size each chip
can be about 1 mm or smaller. This thickness 1s easily within
current industrial range for dicing.

Thermal expansion mismatch among the three layers can
be reduced by the choice of borosilicate glass, and by the

epoxy bonding process, which can be done at room tempera-
ture.

Reference 1s now made to FIG. 7, which 1illustrates an
embodiment 1n which a fiber socket waler 1s directly inte-

grated to an optical device without a focusing element. One
embodiment of FIG. 7 can be formed 1n a similar manner to

that described with reference to the flow chart of FIG. 2, with
the optical device being incorporated into the second layer
and aligned with the fiber socket. This type of structure 1s
usetul, for example, for aligning multi-mode fiber to VCSEL
lasers for low cost multi-mode fiber transmaitter applications.
It could also be useful for making integrated recetver by
replacing the VCSEL water 703 with a photodetector wafer.
A single-mode or a multi-mode integrated detector can be
made this way.

FIG. 7 1s a cross section of an integrated optical fiber
transmitter that integrates the fiber socket 120 with a VCSEL
700 1n a two-layer structure. In FIG. 7, a back-emitting
VCSEL 700 1s formed on a VCSEL water 703, which 1s
bonded to the fiber socket water 130 that includes the fiber
socket 120. The VCSEL water 703 has a back surface 705,
and an anti-reflection coating 710 1s formed thereon that 1s
optimized for transmission nto the optical fiber 100. In one
embodiment, the VCSEL water 703 comprises InGaAs, and
the lasing wavelength of the VCSEL 700 1s about 980
nanometers. In the embodiment illustrated in FIG. 7, the
VCSEL electrical contacts include a p-contact 730 and an
n-contact 740 on the outer surface of the VCSEL water. The
light from the VCSEL 700 diverges slowly inside the
VCSEL water 703 belore being coupled into the core 160 of
the optical fiber, which 1s a multi-mode fiber that has a wider
core than a single-mode fiber. The optical fiber 100 1s atfixed
within the fiber socket by optical epoxy 110.

This structure will now be compared with that disclosed in
Matsuda et al. “A Surface-Emitting Laser Array with Back-
side Guiding Holes for Passive Alignment to Parallel Optical
Fibers”, IEEE Photonics Technology Letters, Vol. 8 No. 4,
(1996) pp. 494-495. Matsuda discloses a shallow hole
ctched on the back of a back-emitting VCSEL water. The
shallow hole 1s coated with an anti-reflection coating before
a multi-mode fiber 1s imserted and aflixed using optical
epoxy. An average of 35% coupling efficiency 1s achieved 1n
the prior art. According to Matsuda, the main reason for the
high optical loss 1s attributed to the rough surface on the
bottom of the shallow hole despite the anti-retlection coat-
ing. Matsuda concluded by saying that by improving the
surface quality of the bottom, coupling efficiency near unity
can be achieved. Compared to the prior art, the bottom of the
fiber socket 1s supported by the AR coated back surface 708
of the VCSEL water which should be optically smooth by
suitable polishing before wafer bonding. Therefore, 1t 1s
believed that nearly 100% coupling elfficiency can be
obtained for the embodiment shown 1n FIG. 7.

Bonding the VCSEL water 703 to the fiber socket waler
130 may be accomplished using epoxy bonding or metal
bonding. The fiber socket structure described herein pro-
vides a much stronger support to the fiber than the shallow
hole disclosed by Matsuda as discussed above, and 1t 1s
believed that this support will significantly improve the reli-
ability of the device.
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One advantage of the top contact, bottom-emitting
VCSEL embodiment shown in FIG. 7 1s that the electrical
contacts 730 and 740 are on the outside of the device,
thereby allowing easy access to the exposed electrical signal
connections.

In the embodiment of FIG. 7, the reflections back to the
VCSEL 700 may be less of a concern than the embodiment
of FIG. 6 due to the divergent nature of the optical beam
from the VCSEL. Therefore, although 1t will be usetul to
provide an AR coating 710, many embodiments of FIG. 7
will not require a high-quality AR coating.

The thickness of the integrated chip 1s about 500 um
assuming thicknesses of 400 micron and 100 micron for the
silicon and VCSEL walfters, respectively. The size of each
chip can be about 1 mm or smaller.

It 1s advantageous for the wavelength of the VCSEL to be
matched with other optical devices 1n the system. For
example, silicon detectors are common, low-cost photode-

tectors. However, the lasing wavelength of an InGaAs
VCSEL 1s typically 950-980 nanometers, which 1s beyond

the detection range of low-cost silicon detectors. Currently,
850-nanometer VCSELSs are available 1n GaAs, which can
be used with silicon detector; however such VCSELs are
available only 1n a top-emitting configuration. To integrate

such a top-emitting VCSEL with the fiber socket wafer, the
VCSEL laser must be situated on the VCSEL water surface

adjacent to the fiber socket water 130. In such a case, the
clectrical contact pads are sandwiched between the VCSEL
waler and fiber socket water. In order to provide electrical
connections to the accessible, outward-facing surfaces of
such top-emitting VCSEL, through wafer via holes filled
with metal can be formed 1n the VCSEL water to connect the
contact pads to the outer surface, using the teachings dis-
closed 1n “Future Manufacturing Techniques for Stacked
MCM Interconnections™ by Carson et al., Journal of Metal,
June 1994, pages 51-53, for example.

It will be appreciated by those skilled in the art, 1n view of
these teachings, that alternative embodiments may be imple-
mented without deviating from the spirit or scope of the
invention. This invention 1s to be limited only by the follow-
ing claims, which include all such embodiments and modifi-
cations when viewed in conjunction with the above specifi-
cation and accompanying drawings.

What 1s claimed 1s:

[1. A multilayer optical fiber coupler for coupling optical
radiation between an optical device and an optical fiber,
comprising:

a first layer, said first layer defimng a fiber socket formed
by photolithographic masking and etching to extend
through said first layer, said fiber socket sized to receive
and align said optical fiber therein;

a second layer bonded to said first layer;

said optical fiber having an end section that extends
through the fiber socket, said optical fiber terminating
at an end face situated approximately adjacent to the
second layer, said fiber socket aligning and positioning,
said optical fiber therein; and

wherein said second layer has an index of refraction sub-
stantially equal to the index of refraction of the core of
said optical fiber.]
[2. The optical fiber coupler of claim 1 wherein said opti-
cal fiber comprises a single mode optical fiber.]
[3. The optical fiber coupler of claim 1 wherein said first
layer comprises substantially single-crystal silicon.]
[4. The optical fiber coupler of claim 1 wherein said sec-
ond layer comprises silicon.]
[5. The optical fiber coupler of claim 1 wherein said sec-
ond layer comprises glass.]
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[6. A multilayer optical fiber coupler for coupling optical
radiation between an optical device and an optical fiber,
comprising:

a first layer, said first layer defining a fiber socket formed
by photolithographic masking and etching to extend
through said first layer, said fiber socket sized to receive
and align said optical fiber therein;

a second layer bonded to said first layer;

said optical fiber having an end section that extends
through the fiber socket, said optical fiber terminating
at an end face situated approximately adjacent to the
second layer, said fiber socket aligning and positioning
said optical fiber therein; and

an epoxy that fills the gap between the end face of the
optical fiber and the adjacent portion of the second

layer, said epoxy having an index of refraction that
approximately matches the index of the optical fiber so
that optical losses are reduced.]

[7. A multilayer optical fiber coupler for coupling optical
radiation between an optical device and an optical fiber,
comprising:

a first layer, said first layer defining a fiber socket formed

by photolithographic masking and etching to extend

through said first layer, said fiber socket sized to receive
and align said optical fiber therein;

a second layer bonded to said first layer;

said optical fiber having an end section that extends
through the fiber socket, said optical fiber terminating
at an end face situated approximately adjacent to the
second layer, said fiber socket aligning and positioning
said optical fiber therein; and

an optical device integrated into said second layer.]

[8. The optical fiber coupler of claim 7 wherein said opti-
cal device comprises a VCSEL to provide an integrated fiber
optic transmitter.}

[9. The optical fiber coupler of claim 7 wherein said opti-
cal device comprises a photodetector to provide an inte-
grated fiber optic receiver.]

[10. A multilayer optical fiber coupler for coupling optical
radiation between an optical device and an optical fiber,
comprising;

a first layer, said first layer defining a fiber socket formed
by photolithographic masking and etching to extend
through said first layer, said fiber socket sized to receive
and align said optical fiber therein;

a second layer bonded to said first layer, wherein said
second layer comprises an optical focusing element
arranged to couple optical radiation with said optical

fiber:

said optical fiber having an end section that extends
through the fiber socket, said optical fiber terminating
at an end face situated approximately adjacent to the
second layer, said fiber socket aligning and positioning,
said optical fiber therein; and

wherein said optical focusing element comprises a

gradient-index lens.]

[11. The optical fiber coupler of claim 10 wherein said
optical focusing element has a focal point for optical radia-
tion from the optical device, said optical fiber includes a core
and a cladding surrounding said core, and said focal point 1s
approximately situated along the central axis of said fiber
socket, so that the optical radiation 1s coupled 1nto said core
of said optical fiber.]

[12. The optical fiber coupler of claim 11 wherein said
optical fiber comprises a single mode fiber.}
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[13. A multilayer optical fiber coupler for coupling optical
radiation between an optical device and an optical fiber,
comprising;

a first layer, said first layer defining a fiber socket formed

by photolithographic masking and etching to extend

through said first layer, said fiber socket sized to receive
and align said optical fiber therein;

a second layer bonded to said first layer, wherein said

second layer comprises an optical focusing element
arranged to couple optical radiation with said optical

fiber:;

said optical fiber having an end section that extends
through the fiber socket, said optical fiber terminating
at an end face situated approximately adjacent to the
second layer, said fiber socket aligning and positioning,
said optical fiber therein; and

wherein said optical focusing element comprises a dii-

fractive lens.}

[14. A multilayer optical fiber coupler for coupling optical
radiation between an optical device and an optical fiber,
comprising;

a first layer, said first layer defimng a fiber socket formed

by photolithographic masking and etching to extend
through said first layer, said fiber socket sized to receive

and align said optical fiber therein;
a second layer bonded to said first layer;

said optical fiber having an end section that extends
through the fiber socket, said optical fiber terminating
at an end face situated approximately adjacent to the
second layer, said fiber socket aligning and positioning,
said optical fiber therein; and

a third layer bonded to said second layer, said third layer
comprising an optical device.]

[15. The optical fiber coupler of claim 14 wherein said

optical device comprises a VCSEL ]

[16. The optical fiber coupler of claim 14 wherein said
second layer comprises an optical focusing element.}

[17. The optical fiber coupler of claim 14 wherein said
third layer comprises an optical focusing element.]

18. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;

[photolithographically] masking and deep reactive ion
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

aifixing optical fibers into said fiber sockets;

forming a plurality of VCSELs 1n said second layer 1n a
predetermined configuration corresponding to the con-
figuration of said fiber sockets; and

aligning said first layer with said second layer so that said
VCSELs are aligned with said fiber sockets, and then
performing said step of bonding said first and second
layers together to provide said composite water.

19. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;

[photolithographically] masking and deep reactive ion

etching a first layer to form a plurality of through holes
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through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

allixing optical fibers mnto said fiber sockets;

forming a plurality of photodetectors 1n said second layer
in a predetermined configuration corresponding to the
configuration of said fiber sockets; and

aligning said first layer with said second layer so that said
photodetectors are aligned with said fiber sockets, and
then performing said step of bonding said first and sec-
ond layers together to provide said composite wafer.

20. A method for making a plurality of monolithic optical

fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;:

[photolithographically] masking and deep reactive ion
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite water;

dicing said composite wafer into a plurality of chips, each
chip including one or more fiber sockets;

allixing optical fibers mnto said fiber sockets;

forming a plurality of optical focusing elements in said
second layer in a predetermined configuration corre-
sponding to the configuration of said fiber sockets; and

aligning said first layer with said second layer so that said
optical focusing elements are aligned with said fiber
sockets, and then performing said step of bonding said
first and second layers together to provide said compos-
ite wafer.

21. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;:

[photolithographically] masking and deep reactive ior
ctchung a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

alfixing optical fibers mto said fiber sockets; and

wherein said step of forming said plurality of optical
focusing elements comprises forming refractive lenses.

22. A method for making a plurality of monolithic optical

fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;:

[photolithographically] masking and deep reactive ion
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite water;
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dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

aifixing optical fibers 1into said fiber sockets; and

wherein said step of forming said plurality of optical
focusing elements comprises forming diffractive
lenses.
23. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;

[photolithographically] masking and deep reactive ior
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite water;

dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

aifixing optical fibers into said fiber sockets; and

wherein said step of forming said plurality of optical
focusing elements comprises forming gradient-index
lenses.

24. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;

[photolithographically] masking and deep reactive ion
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined

configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

aifixing optical fibers into said fiber sockets; and

wherein said second layer comprises an optical material
that has an index of refraction substantially equal to the
index of refraction of said optical fiber, and said step of
alfixing said optical fibers into said fiber sockets
includes applying an epoxy that approximately matches
the index of refraction of said optical fiber 1nto the fiber
sockets to 1ill the gap between adjacent sections of said
second layer and said optical fiber.
25. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;

[photolithographically] masking and deep reactive ion
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

allixing optical fibers into said fiber sockets; and

wherein said step of bonding said first and second layers
comprises anodic bonding.
26. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;
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[photolithographically] masking and deep reactive ion
ctchung a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite wafer into a plurality of chips, each
chip including one or more fiber sockets;
aflixing optical fibers mnto said fiber sockets; and

wherein said step of bonding said first and second layers
comprises epoxy bonding.

27. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;:

[photolithographically] masking and deep reactive ion
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite water;

dicing said composite wafer into a plurality of chips, each
chip including one or more fiber sockets;

allixing optical fibers mnto said fiber sockets; and

wherein said step of bonding said first and second layers
comprises metal solder bonding.

28. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;:

[photolithographically] masking and deep reactive ior
etchuing a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cvlindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;

bonding said first layer to a second layer together to pro-
vide a composite waler;

dicing said composite water into a plurality of chips, each
chip including one or more fiber sockets;

18

aifixing optical fibers into said fiber sockets; and

wherein said dicing step comprises cutting partially
through said composite wafer, then performing said
alfixing step to ailix optical fibers to said fiber sockets,
and then physically separating said composite wafer
into chips, each of which comprises one or more optical
couplers.
29. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a predeter-
mined diameter, comprising;

10

[photolithographically] masking and deep reactive ior
etching a first layer to form a plurality of through holes
through the first layer, thereby forming a plurality of
[cylindrical] fiber sockets in a predetermined
configuration, said fiber sockets having a diameter
approximately equal to the diameter of the optical fiber;
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bonding said first layer to a second layer together to pro-
vide a composite waler;

20  dicing said composite waler into a plurality of chips, each
chip including one or more fiber sockets;

ailixing optical fibers into said fiber sockets; and

bonding a third layer that comprises an optical device to
said second layer.
30. A method for making a plurality of monolithic optical
fiber couplers that align an optical fiber that have a prede-
termined diameter, comprising:

25

masking and deep reactive ion etching a first layer to form
a plurality of through holes through the first layer,

0 thereby forming a plurality of fiber sockets in a prede-
termined configuration, said fiber sockets having a
diameter approximately equal to the diameter of the
optical fiber.

.5 31. The method of claim 30, further comprising affixing

optical fibers into said fiber sockets.

32. The method of claim 30, further comprising dicing
said first layer into a plurality of chips, said chip including
one or move fiber sockets.

33. The method of claim 32 further comprising affixing

40
optical fibers into said fiber sockets.
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