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RESONANT REFLECTOR FOR USE WITH OPTOELECTRONIC DEVICES
Backeround of the Invention

This invention relates to the field of optoelectronic devices, and more
particularly to resonant reflectors for use with optoelectronic devices.

Various forms of optoelectronic devices have been developed and have found
widespread use including, for example, semiconductor photodiodes, semiconductor
photo detectors, etc. Semiconductor lasers have found widespread use in modern
technology as the light source of choice for various devices, e.g., communication
systems, compact disc players, and so on. For many of these applications, a
semiconductor laser is coupled to a semiconductor detector (e.g., photodiode) through
a fiber optic link or even free space. This configuration provides a high-speed
communication path, which, for many applications, can be extremely beneficial.

A typical edge-emitting semiconductor laser is a double heterostructure with a
narrow bandgap, high refractive index layer surrounded on opposed major surfaces by
wide bandgap, low refractive index layers often called cladding layers. The low bandgap
layer is termed the "active layer", and the cladding layers serve to confine both charge
carriers and optical energy in the active layer or region. Opposite ends of the active layer
have mirror facets which form the laser cavity. When current is passed through the
structure, electrons and holes combine in the active layer to generate light.

Another type of semiconductor laser is a surface emitting laser. Several types
of surface emitting lasers have been developed including Vertical Cavity Surface
Emitting Lasers (VCSEL). (See, for example, "Surface-emitting microlasers for

photonic switching and interchip connections", Optical Engineering, 29, pp. 210-214,

March 1990, for a description of this laser). For other examples, note U.S. Patent No.
5,115,442, by Yong H. Lee et al., issued May 19, 1992, and entitled "Top-emitting
Surface Emitting Laser Structures”, which is hereby incorporated by reference, and U.S.
Patent No. 5,475,701, issued on December 12, 1995 to Mary K. Hibbs-Brenner, and
entitled "Integrated Laser Power Monitor", which is hereby incorporated by reference.
Also, see "Top-surface-emitting GaAs four-quantum-well lasers emitting at 0.85 um",

Electronics Letters, 26, pp. 710-711, May 24, 1990.)

Vertical Cavity Surface Emitting Lasers offer numerous performance and
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potential producibility advantages over conventional edge emitting lasers. These include
many benefits associated with their geometry, including their amenability to one- and
two-dimensional arrays, wafer-level qualification, and desirable beam characteristics,
typically circularly symmetric low-divergence beams.

VCSEL: typically have an active region having bulk or one or more quantum
well layers. On opposite sides of the active region are mirror stacks, often formed by
interleaved semiconductor layers each a quarter wavelength thick at the desired
operating wavelength (in the medium). The mirror stacks are typically of opposite
conductivity type on either side of the active region, and the laser is typically turned on
and off by varying the current through the mirror stacks and the active region.

High-yield, high performance VCSELSs have been demonstrated and exploited
in commercialization. Top-surface-emitting AlGaAs-based VCSELSs are producible in
a manner analogous to semiconductor integrated circuits, and are amenable to low-cost
high-volume manufacture and integration with existing electronics technology platforms.
Moreover, VCSEL uniformity and reproducibility have been demonstrated using a
standard, unmodified commercially available metal organic vapor phase epitaxy
(MOVPE) chamber and molecular beam epitaxy (MBE) giving very high device yields.
VCSEL:s are expected to provide a performance and cost advantage in fast (e.g., Gbits/s)
medium distance (e.g., up to approximately 1000 meters) single or multi-channel data
link applications, and numerous gptical and/or imaging applications. This results from
their inherent geometry, which provides potential low-cost high performance
transmitters with flexible and desirable characteristics.

A related photodetector is known as a resonant cavity photo detector (RCPD).
Resonant cavity photodetectors are typically constructed similar to VCSELS, but operate
in a reverse bias mode. A resonant cavity photodetector may be more efficient than a
standard photodiode because the light that enters the optical cavity, through one of the
mirrors, may be effectively reflected through the active region many times. The light
may thus be reflected between the mirror stacks until the light is either absorbed by the
active region or until it escapes through one of the mirror stacks. Because the mirror
stacks are typically highly reflective near resonance, most of the light that enters the

cavity is absorbed by the active region.
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For many optoelectronic devices that have a resonant cavity, the top and/or
bottom mirror stacks are Distributed Bragg Reflector (DBR) mirrors. DBR mirrors
typically include a number of alternating layers of semiconductor material such as
AlGaAs and AlAs. Often, both the top and bottom mirror stacks include a significant
number of DBR mirror periods to achieve the desired reflectance. One way to reduce the
number of DBR mirror periods that are required is to replace some of the DBR mirror
periods with a resonant reflector. Such a configuration is disclosed in U.S. Patent
Application Serial No. , entitled “Resonant Reflector For Improved
Optoelectronic Device Performance And Enhanced Applicability”, which is incorporated
herein by reference. A typical resonant reflector may include, among other things, a
waveguide and a grating.

Despite the advantages of using a resonant reflector in conjunction with a DBR
mirror stack, it has been found that the reflectivity of the resonant reflector can be
limited if it is not properly isolated from adjacent conductive layers. Too much energy
in the guided-mode in the waveguide overlaps into the lossy, conductive DBR films of
the optoelectronic device. What would be desirable, therefore, is an optoelectronic
device that provides isolation between the resonant reflector and adjacent conducting
layers of the optoelectronic device.

Summary of the Invention

The present invention overcomes many of the disadvantages of the prior art by
providing an optoelectronic device that provides isolation between a resonant reflector
and an adjacent conducting layer of the optoelectronic device. Isolation is preferably
accomplished by providing a dielectric buffer or cladding layer between the resonant
reflector and the adjacent conducting layer of the optoelectronic device. The cladding
or buffer layer is preferably sufficiently thick, and/or has a sufficiently low refractive
index relative to the refractive index of the waveguide of the resonant reflector, to
substantially prevent energy in the evanescent tail of the guided mode in the waveguide
from entering the adjacent conductive layer of the optoelectronic device.

In one illustrative embodiment of the present invention, an optoelectronic device
includes a top mirror and a bottom mirror, with an active region situated therebetween.

The top mirror and bottom mirror are Distributed Bragg Reflector (DBR) mirrors made
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from alternating layers of semiconductor materials that are doped to be at least partially
conductive. Current can be provided through the active region and DBR mirrors to
activate the device.

A resonant reflector is positioned adjacent a selected one of the top or bottom
mirrors of the optoelectronic device. The resonant reflector preferably has a waveguide
and a grating. The waveguide and grating are preferably configured such that a first-
diffraction order wave vector of the grating substantially matches the propagating mode -
of the waveguide. A cladding or buffer layer is positioned between the resonant
reflector and the selected top or bottom mirror. The cladding or buffer layer is
preferably sufficiently thick, and/or has a sufficiently low refractive index relative to the
refractive index of the waveguide, to substantially prevent energy in the evanescent tail
of the guided mode in the waveguide from entering the selected top or bottom mirror.

An illustrative method for forming such an optoelectronic device includes
providing a bottom mirror on a substrate. The bottom mirror is preferably a DBR mirror
stack, and is doped to be at least partially conductive. An active region is then formed
on the bottom mirror, followed by a top mirror. Like the bottom mirror, the top mirror
is preferably a DBR mirror stack, and is doped to be the opposite conductivity type of
the bottom mirror. If desired, the active region may include cladding layers on either
side to help focus the light and current in the active region. Next, a deep H+ ion implant
may be provided to provide a gain guide aperture, as is known in the art. While a deep
H+ implant is provided as an illustration, it is contemplated that any type of
current and field confinement may be used, including for example, gain-guided, oxide-
confinement, or any other means. Finally, contacts may be provided on the top mirror
and on the bottom surface of the substrate to provide electrical contact to the
optoelectronic device.

Next, a cladding or buffer layer is provided above the top mirror. A resonant
reflector is then provided adjacent the cladding or buffer layer. The resonant reflector
preferably includes a waveguide and a grating which are configured such that a first-
diffraction order wave vector of the grating substantially matches a propagating mode
of the waveguide. To isolate the resonant reflector from the optoelectronic device, and

in particular the conductive top mirror, the cladding or buffer layer is preferably
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sufficiently thick to substantially prevent energy in the evanescent tail of the guided
mode in the waveguide from entering the top mirror. Alternatively, or in addition, the
cladding or buffer layer may be formed from a material that has a sufficiently low
refractive index relative to the refractive index of the waveguide to substantially prevent
energy in the evanescent tail of the guided mode in the waveguide from entering the top
mirror. The cladding or buffer layer is preferably non-conductive.

In another illustrative method, a resonant reflector is formed on a first substrate,
and at least part of an optoelectronic device is formed on a second substrate. The first
substrate is then bonded to the second substrate to complete the device. More
specifically, a first substrate having a front side and a backside is provided. A resonant
reflector is formed on the front side of the second substrate. Then, a second substrate
having a front side and a backside is provided. At least part of an optoelectronic device
is formed on the front side of the second substrate. The optoelectronic device may
include, for example, a bottom mirror, an active region and a top mirror, as discussed
above. Thereafter, the front side of the first substrate is bonded to the front side of the
second substrate to complete the optoelectronic device.

The first substrate may be bonded to the second substrate using an optical epoxy
that is sufficiently thick, and/or has a sufficiently low refractive index relative to the
refractive index of the waveguide of the resonant reflector, so that energy from the
evanescent wave vector is substantially prevented from entering the optoelectronic
device on the first substrate. For top emitting devices, a collimating microlens may be
provided on the backside of the first substrate. For back emitting devices, a collimating
microlens may be provided on the backside of the second substrate. In either case, the
collimating microlens is preferably in registration with the output of the optoelectronic
device.

The present invention also contemplates forming a number of optoelectronic
devices on a common substrate. One application for such a configuration is a monolithic
transceiver that includes one or more light emitting devices and one or more light
receiving devices. Both the light emitting and light receiving devices are preferably
formed on a common substrate. In one example, a bottom mirror is first formed on the

common substrate. The bottom mirror may serve as the bottom mirror for more than one
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of the optoelectronic devices, and is preferably a DBR mirror stack that is doped to be
at least partially conductive. An active region is then formed on the bottom mirror,
followed by a top mirror. Like the bottom mirror, the top mirror is preferably a DBR
mirror stack, and is doped to be the opposite conductivity type of the bottom mirror.
Contacts may be provided on the top mirror and on the bottom surface of the substrate
to provide electrical contact to each of the optoelectronic devices.

Next, a cladding or buffer layer may be provided above the top mirror. A
resonant reflector may then be provided on the cladding or buffer layer. The resonant
reflector may include a waveguide and a grating film. For some optoelectronic devices,
such as top emitting devices, the grating film may be etched to form a grating. This may
substantially increase the reflectivity of the resonant reflector in those regions. For other
optoelectronic devices, such as top receiving devices, the grating film may be etched to
include a different grating structure (e.g., wider spectral bandwidth) or remain non-
etched which reduces the reflectivity of the resonant reflector thereby allowing light to
more easily enter the optical cavity. For yet other optoelectronic devices, such as Metal-
Semiconductor-Metal (MSM) receiving devices, the grating film may be removed
altogether, and a metal grid may be provided on the cladding or buffer layer.

In another illustrative embodiment of the present invention, an improved
resonant reflector and method of making the same is provided. In this embodiment, a
waveguide and a grating film are both provided. The grating film is etched to form two
or more spaced grating regions separated by one or more spaced etched regions. Rather
than varying the fill factor of the grating to achieve the desired optical properties of the
resonant reflector, this embodiment contemplates controlling the etch depth of the
spaced etched regions. It has been found that this may increase the producibility and
yield of the resonant reflector.

Brief Description of the Drawings

Other objects of the present invention and many of the attendant advantages of
the present invention will be readily appreciated as the same becomes better understood
by reference to the following detailed description when considered in connection with
the accompanying drawings, in which like reference numerals designate like parts

throughout the figures thereof and wherein:
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Figure 1 is a schematic diagram of a planar, current-guided, GaAs/AlGaAs top
surface emitting vertical cavity laser in accordance with the prior art;

Figure 2 is a schematic cross-sectional side view of a planar, current-guided,
GaAs/AlGaAs top surface emitting vertical cavity laser with an illustrative resonant
reflector;

Figure 3 is a graph showing the reflectivity versus wavelength of the resonant
reflector of Figure 2, both with a non-conductive (k=0) waveguide layer and a slightly
conductive (k=107) waveguide layer;

Figure 4 is a graph showing the reflectance versus wavelength of an all non-
conductive (k=0) resonant reflector placed adjacent a top mirror that is also non-
conductive (k=0);

Figure 5 shows the reflectance versus wavelength of an all non-conductive
resonant reflector placed adjacent a top mirror that is slightly conductive (k=107);

Figure 6 is a schematic cross-sectional side view of a planar, current-guided,
GaAs/AlGaAs top surface emitting vertical cavity laser with a cladding or buffer layer
interposed between the waveguide layer of the resonant reflector and the top DBR
mirror;

Figure 7 is a graph showing the reflectance versus wavelength of the resonant
reflector of Figure 6 when the top layers of the top DBR mirror 86 are non-conductive
(k=0);

Figure 8 is a graph showing the reflectance versus wavelength of the resonant
reflector of Figure 6 when the top layers of the top DBR mirror 86 are slightly
conductive (k=10");

Figure 9 is a schematic cross-sectional side view of a top surface emitting
vertical cavity laser similar to that shown in Figure 6, but with a modified grating fill
factor;

Figure 10 is a schematic cross-sectional side view of a top surface emitting
vertical cavity laser similar to that shown in Figure 6, but with a grating film that has a
controlled etch depth;

Figure 11 is a schematic cross-sectional side view of a vertical cavity surface

emitting laser that is formed by bonding a resonant reflector that was prepared on a first
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substrate to the top mirror of the vertical cavity surface emitting laser that was prepared
on a second substrate;

Figure 12 is a schematic cross-sectional side view of the vertical cavity surface
emitting laser of Figure 11 with a microlens positioned on the backside of the substrate
that has the resonant reflector formed thereon; and

Figure 13 is a schematic cross-sectional side view of an illustrative monolithic
substrate having a RCPD, a VCSEL and a MSM.

Detailed Description of the Preferred Embodiments

Figure 1 is a schematic illustration of a planar, current-guided, GaAs/AlGaAs
top surface emitting vertical cavity laser 10 in accordance with the prior art. Formed on
an n-doped gallium arsenide (GaAs) substrate 14 is a n-contact 12. Substrate 14 is
doped with impurities of a first type (i.e., n type). An n-type mirror stack 16 is formed
on substrate 14. Formed on stack 16 is a spacer 18. Spacer 18 has a bottom
confinement layer 20 and a top confinement layer 24 surrounding active region 22. A
p-type mirror stack 26 is formed on top confinement layer 24. A p-metal layer 28 is
formed on stack 26. The emission region may have a passivation layer 30.

Isolation region 29 restricts the area of the current flow 27 through the active
region. Region 29 may be formed by deep H+ ion implantation. While a deep H+
implant is provided as an illustration, it is contemplated that any type of current and field
confinement may be used, including for example, gain-guided, oxide-confinement, or
any other means. The diameter “g” may be set to provide the desired active area, and
thus the gain aperture of the VCSEL 10. Further, the diameter “g” may be set by the
desired resistance of the p-type mirror stack 26, particularly through the non-conductive
region 29. Thus, non-conductive region 29 performs the gain guiding function. The
diameter “g” is typically limited by fabrication limitations, such as lateral straggle during
the implantation step.

' Spacer 18 may contain a bulk or quantum-well active region disposed between
mirror stacks 16 and 26. Quantum-well active region 22 may have alternating layers of
aluminum gallium arsenide (AlGaAs) barrier layers and GaAs quantum-well layers.

InGaAs quantum wells may also be used in the active region, particularly where an

emission wavelength (e.g., L = 980 nm) is desired where GaAs is transparent. Stacks
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16 and 26 are distributed Bragg reflector (DBR) stacks, and may include periodic layers
of doped AlGaAs and aluminum arsenide (AlAs). The AlGaAs of stack 16 is doped
with the same type of impurity as substrate 14 (e.g., n type), and the AlGaAs of stack 26
is doped with the other kind of impurity (e.g., p type).

Metal contact layers 12 and 28 are ohmic contacts that allow appropriate
electrical biasing of laser diode 10. When laser diode 10 is forward biased with a more
positive voltage on contact 28 than on contact 12, active region 22 emits light 31 which
passes through stack 26.

A typical near IR VCSEL requires high reflectivity (>99%). Thus, an all-
semiconductor DBR typically requires 20 - 40 mirror periods with a thickness of 2 - 4
um. As such, the epi-structure required for a complete VCSEL, including both top and
bottom DBR mirrors surrounding an active spacer region typically includes over 200
layers having a thickness in excess of 7 - 8 um.

As discussed in U.S. Patent Application Serial No. , entitled
“Resonant Reflector For Improved Optoelectronic Device Performance And Enhanced
Applicability”, a hybrid mirror structure may be used to reduce the overall mirror
thickness. Figure 2 is a schematic cross-sectional side view of a planar, current-guided,
GaAs/AlGaAs top surface emitting vertical cavity laser with a hybrid top mirror
including a resonant reflector 52 and a distributed Bragg reflector 56. This device
combines the anomalous filtering properties of guided mode resonance in a dielectric
waveguide grating with the reflective properties of a conventional DBR mirror.

The hybrid mirror structure includes, for example, a resonant reflector 52 and a
DBR mirror 56. Although not explicitly shown, it is contemplated that the bottom
mirror may also include a resonant reflector structure, if desired. It is known that a
dielectric resonant reflector 52 is highly reflective on resonance, and may be more
reflective than a corresponding DBR type mirror at the same wavelength. Thus, by
using a hybrid approach, it is contemplated that the number of DBR mirror periods
needed for a given reflectance may be reduced.

It is known that lateral straggle effects during ion implantation of the gain
guiding region 62 through the DBR mirrors often limits the lateral dimension 64 of the

active region to > 10 pm. This directly impacts the minimum achievable threshold
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current, single mode operation, and indirectly impacts the speed of the VCSEL. By
incorporating a resonant reflector into the top mirror, equivalent or superior reflectance
properties in a structure five to ten times thinner may be achieved. This may translate
into an ion implant that is more controllable, which may reduce the volume of the active
region. A smaller active region may reduce the operating current and power of the
device, improve planarity and thus the monolithic integrability of the VCSEL with
electronics and smart pixels, and may provide a controllable single mode and single
polarization emission with increased modal control.

It is recognized that the hybrid approach of Figure 2 is compatible with alternate
existing gain-guiding techniques including etched pillars (with or without planarization
and/or regrowth), lateral oxidation, selective growth, etc. By decreasing the overall
thickness of the VCSEL mirrors, the resonant reflector may improve the processiblility
and performance of the alternate current guiding approaches. While ion implantation
is provided as an illustration, it is contemplated that any type of current and field
confinement may be used, including for example, gain-guided, oxide-confinement, or
any other means.

The resonant reflector 52 of Figure 2 includes a three layer waveguide-grating .
structure suitable for use in a near IR VCSEL. The three-layer stack may be designed -
to function both as an anti-reflection (AR) coating near the emission wavelength for the
VCSEL-structure substrate and independently as a guided-mode resonant reflector
waveguide-grating. The three layers of resonant reflector 52 may form an anti-reflective
region, which provides little reflectance for at least a predetermined range of
wavelengths including a resonant wavelength. The grating multilayer waveguide
structure shown at 52 causes the structure to become substantially more reflective, at
least at the resonant wavelength.

Alternatively, the three-layer stack 52 may be designed to function both as a
high-reflectivity coating for the VCSEL-structure substrate and independently as a
guided-mode resonant reflector waveguide-grating. In this embodiment, the three-layer
structure 52 forms a highly-reflective mirror region which provides reflectance for at
least a predetermined range of wavelengths including a resonant wavelength (e.g., near

980 nm). The overall reflectance of the top mirror, including layers 66 and 68, may be

10
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less than that required for lasing. This may be accomplished by, for example, reducing
the number of mirror periods in the top DBR mirror 56. Grating layer 58 causes the
guided mode resonant reflector structure 52 to become substantially more reflective at
least near the resonant wavelength. In either case, the number of DBR mirror layers
beneath the resonant reflector 52 may be reduced relative to the conventional VCSEL
construction shown in Figure 1.

Resonance is achieved in the resonance reflector 52 by matching the first-
diffraction order wave vector of the grating 58 to the propagating mode of the waveguide
66. Since the latter depends on polarization, the reflectance is inherently polarization-
selective. The resonant wavelength is determined primarily by the grating period 60, and
the bandwidth is determined primarily by the modulation of the refractive index and fill
factor of the grating 58.

Figure 3 is a graph showing reflectance curves for a resonant reflector assuming
two values for the imaginary component of the refractive index (k = 0 and 10) in any
one layer of the waveguide-grating structure, and k = 0 in the other two layers. In this
example, the top layer, middle layer and bottom layer are formed from IndiumTinOxide
(ITO), GaAs, and AlGaAs, respectively. The refraction indices for the top, middle and
bottom layers are 1.96, 3.5 and 3.24, respectively, and the thicknesses of the top, middle
and bottom layers are preferably A/4, 31/4 and M/4, respectively. For this measurement,
the layers are placed on a substrate with an effective reflective index of 3.2. This
structure is simulated to exhibit one transverse Electric (TE) mode resonance (with a
polarization parallel to the grating), no perpendicular resonance and a low out of
resonant reflectance near 10,

The imaginary component "k" of the refractive index is related to optical
absorption and electrical conductivity of the resonant reflector. The case k=10, which
roughly corresponds to the minimum conductivity required to inject current through the
resonant reflector, produces about 5 percent absorption. The same three layers, all with
k=0, indicating a dielectric resonant reflector, produces theoretically 100 percent
reflectance.

This graph illustrates the extreme sensitivity of the resonant reflector 52 to

absorption, or more generally, to loss of any kind. Thus, to maximize the reflectance
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provided by the resonant reflector, the absorption (e.g. k=0) for each of the layers 58, 66
and 68 should be near zero. This means that the conductivity of the resonant reflector
should also be zero (e.g., non-conductive).

Despite the advantages of using a resonant reflector in conjunction with a DBR
mirror stack, it has been found that the reflectivity of the resonant reflector can be
limited if not properly isolated from the DBR mirror stack. Figure 4 is a graph showing
the reflectance versus wavelength of an all non-conductive (k=0) resonant reflector
placed adjacent a top mirror that is also non-conductive (k=0). The reflectance curve
has a narrow bandwidth, and reaches about 100% reflectivity at the resonant wavelength.
IIn contrast, Figure 5 shows the reflectance versus wavelength of an all non-conductive
resonant reflector placed adjacent a top mirror that is slightly conductive (k=107). As
can be seen, having an adjacent top mirror that is slightly conductive significantly
degrades the performance of the resonant reflector. Too much energy in the guided-
mode in the waveguide overlaps into the lossy, conductive DBR films of the
optoelectronic device.

To overcome this and other difficulties, the present invention contemplates
isolating the resonant reflector from adjacent conducting layers. Isolation is preferably
accomplished by providing a non-conductive (e.g. dielectric) buffer or cladding layer
between the resonant reflector and the adjacent conducting layer of the optoelectronic
device. The non-conductive cladding or buffer layer is preferably sufficiently thick,
and/or has a sufficiently low refractive index relative to the refractive index of the
waveguide of the resonant reflector, to substantially prevent energy in the evanescent tail
of the guided mode in the waveguide from entering the adjacent conductive layer of the
optoelectronic device. In a preferred embodiment, the waveguide is formed from a
dielectric that has a higher refractive index than the refractive index of the buffer or
cladding layer, and also higher than the average refractive index of the grating. The
thickness of the waveguide preferably depends on the refractive index difference
between the waveguide and the buffer or cladding layer.

Figure 6 is a schematic cross-sectional side view of a planar, current-guided,
GaAs/AlGaAs top surface emitting vertical cavity laser with a cladding or buffer layer
80 interposed between the waveguide layer 82 of the resonant reflector 84 and the top

12
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DBR mirror 86. As indicated above, the cladding or buffer layer 80 is preferably
sufficiently thick, and/or has a sufficiently low refractive index relative to the refractive
index of the waveguide of the resonant reflector, to substantially prevent energy in the
evanescent tail of the guided mode in the waveguide from entering an adjacent
conductive layer of the optoelectronic device.

In the illustrative embodiment, the grating layer 90 is SiO, with an index of
refraction of about 1.484 and a thickness of 0.340 pm. The waveguide layer 82 may be
GaAs with an index of refraction of 3.523 and a thickness of 0.280 um. Alternatively,
the waveguide may be a ternary compound such as AlyGa; xAs, with x close to one, or
a high refractive index dielectric such as TiO2, ZrO2, HfO2, or Si3N4. The thickness
of the waveguide preferably depends on the refractive index difference between the
waveguide and the buffer or cladding layer. The cladding or buffer layer 80 in the
illustrative embodiment is AlO, with an index of refraction of 1.6 and a thickness of
0.766 pm. Finally, the top DBR mirror layer 92 may be AlGaAs with an index of
refraction of 3.418 and a thickness of 0.072 um. In this embodiment, the cladding or
buffer layer 80 has an increased thickness and a reduced index of refraction relative to
the embodiment shown in Figure 2, both of which help prevent energy in the evanescent
tail of the guided mode in the waveguide layer 82 from entering the top DBR mirror
layer 92. It is contemplated however, that similar results may be achieved by either
increasing the thickness or reducing the index of refraction of the cladding or buffer
layer 80, if desired.

As indicated above, the cladding or buffer layer 80 may be AlO, which has a
relatively low refractive index. In one method, this can be accomplished by initially
forming the cladding or buffer layer 80 with AlGaAs, with a relatively high
concentration of aluminum (e.g. > 95%). AlGaAs has a relatively high index of
refraction. Then, the waveguide layer 82 and grating layer 90 are provided. The
cladding or buffer layer 80, waveguide layer 82 and grating 90 may then be removed
around the periphery of the desired optical cavity. Contacts 93 may then be deposited
on the exposed top mirror 86 to provide electrical contact to the top mirror. Then, the
device may be subject to an oxidizing environment, which oxidizes the AlGaAs material

of the cladding or buffer layer 80, resulting in AlO which has a relatively low refractive
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index. The AlGaAs material is preferably oxidized laterally in from the exposed edges
of the cladding or buffer layer 80.

Figure 7 is a graph showing the reflectance versus wavelength of the resonant

" reflector of Figure 6 when the top layers of the top DBR mirror 86 are non-conductive

(k=0). The reflectance curve has a narrow bandwidth (0.00975 nm), and theoretically
reaches 100% reflectivity at the resonant wavelength. Figure 8 is a graph showing the
reflectance versus wavelength of the resonant reflector of Figure 6 when the top layers
of the top DBR mirror 86 are slightly conductive (k=107). As can be seen, the
reflectance curve still has a narrow bandwidth (0.0097 nm), and theoretically reaches
100% reflectivity at the resonant wavelength. Therefore, and unlike Figure 5, there is
little or no degradation in the observed reflectance of the resonant reflector, even when
placed adjacent a conductive layer.

Figure 9 is a schematic cross-sectional side view of a top surface emitting
vertical cavity laser similar to that shown in Figure 6, but with a modified grating fill
factor. The grating fill factor is defined as the grating spacing 102 divided by the grating
period 100. The resonant wavelength of a resonant reflector is often determined by the
grating period 100, and the spectral bandwidth is often determined by the modulation
of the refractive index and fill factor of the grating.

When the grating is formed from an oxide such as SiO,, the modulation of the
refractive index is related to the difference between the dielectric constants of the grating
material and the material that fills the spaces between the grating elements, divided by
the average dielectric constant across the grating. The average dielectric constant across
the grating can be changed by varying the fill factor of the grating. For example, and
assuming a constant grating period, the grating fill factor can be increased by reducing
the width of each grating element. A limitation of achieving a desired spectral
bandwidth of a resonant reflector by altering the grating fill factor is that the design rules
of many manufacturing processes limit the minimum width of the grating elements.
Thus, to achieve some spectral bandwidths, the design rules may have to be pushed,
which may reduce the manufacturing yield for the devices. |

Figure 10 is a schematic cross-sectional side view of a top surface emitting

vertical cavity laser similar to that shown in Figure 6, but with a grating film that has a
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controlled etch depth to control the spectral bandwidth of the resonant reflector. Like
above, a grating film 120 is provided and subsequently etched to form two or more
spaced grating regions 122a-122c separated by one or more spaced etched regions 124a-
124b. However, rather than etching all the way through the grating film 120 to achieve
a desired grating fill factor, and thus a desired spectral bandwidth, the depth of the etch
is controlled. By controlling the depth of the etch, a desired average dielectric constant
across the grating can be achieved. A benefit of this approach is that the grating width
and grating spacing may be optimized to the design rules of the manufacturing process,
and the etch depth can be controlled to achieve the desired spectral bandwidth. For
example, a fill factor of about 50% is preferred. This may increase the producibility and
yield of the resonant reflector.

Figure 11 is a schematic cross-sectional side view of a vertical cavity surface
emitting laser that is formed by bonding a resonant reflector 132 that is prepared on a
first substrate 130 to a top mirror 134 of a vertical cavity surface emitting laser that is
prepared on a second substrate. In accordance with this embodiment, a resonant
reflector is formed on a front side 131 of a first substrate 130. This includes forming at
least a waveguide 136 and a grating 138, as shown. Then, at least a portion of an
optoelectronic device, such as a vertical cavity surface emitting laser or resonant cavity
photodetector, is prepared on a front side of a second substrate. In Figure 11, this
includes a bottom DBR mirror, an active region, a top DBR mirror 134, and one or more
contacts 140.

Thereafter, the front side of the first substrate 130 is bonded to the front side of
the second substrate to complete the optoelectronic device. The first substrate 130 may
be bonded to the second substrate using an optical epoxy 144, and preferably a non-
conductive optical epoxy. The optical epoxy is preferably sufficiently thick, or has a
sufficiently low refractive index relative to the refractive index of the waveguide 136 of
the resonant reflector 132, so that the energy from the evanescent wave vector in the
waveguide 136 is substantially prevented from entering the optoelectronic device on the
first substrate. A anti-reflective coating 148 may be applied to the backside of the first
substrate 130 as shown.

It is recognized that the relative position of the waveguide 136 and grating 138
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may be changed. For example, and as shown in Figure 11, the grating may be positioned
more toward the front side of the first substrate than the waveguide. Alternatively,
however, the waveguide may be positioned more toward the front side of the first
substrate than the grating, if desired.

Figure 12 is a schematic cross-sectional side view of the vertical cavity surface-
emitting laser of Figure 11 with a microlens 150 positioned on the backside of the first
substrate 130. For top emitting devices, a microlens such as a collimating microlens
may be formed on the backside of the first substrate 130. For back emitting devices, a
collimating microlens may be formed on the backside of the substrate that carries the
bottom mirror, the active region and the top mirror of the optoelectronic device. In
either case, the collimating microlens 150 is preferably placed in registration with the
output of the optoelectronic device as shown.

It is contemplated that a number of optoelectronic devices may be formed on a
common substrate, as shown in Figure 13. One application for such a configuration is
a monolithic transceiver that includes one or more light emitting devices 190 and one
or more light receiving devices 192 and 194. In this illustrative embodiment, both the
light emitting and light receiving devices are formed on a common substrate (not
shown). In one example, a bottom mirror is first formed on the common substrate. The
bottom mirror may serve as the bottom mirror for more than one of the optoelectronic
devices 190, 192 and 194, and is preferably a DBR mirror stack that is doped to be at
least partially conductive. An active region 200 is then formed on the bottom mirror,
followed by a top mirror 202. Like the bottom mirror, the top mirror 202 is preferably
a DBR mirror stack, and is doped to be the opposite conductivity type of the bottom
mirror. The active region 200 may include cladding layers 204 on either side of the
active region 200 to help focus the light energy and current in the active region.

A deep H+ ion implant, as shown at 206a-206c, may provide gain guide
apertures for selected optoelectronic devices, and may further electrically isolate
adjacent devices from one another. While a deep H+ implant is provided as an
illustration, it is contemplated that aﬁy type of current and field confinement may be
used, including for example, gain-guided, oxide-confinement, or any other means.

Contacts 208a-208d may be provided on the top mirror 202 and on the bottom surface
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of the common substrate to provide electrical contact to each of the optoelectronic
devices.

Next, a cladding or buffer layer 210 may be provided above the top mirror 202.
A resonant reflector may then be provided on top of the cladding or buffer layer 210.
The resonant reflector may include a waveguide 212 and a grating film 214. For some
optoelectronic devices, such as top emitting devices 190, the grating film 214 may be
etched to form a grating, as shown. The grating may substantially increase the
reflectivity of the resonant reflector in those regions. For other optoelectronic devices,
such as top receiving devices 192, the grating film may either include a different grating
structure (e.g., wider spectral bandwidth), or remain non-etched as shown. This may
reduce the reflectivity of the resonant reflector, thereby allowing light to more easily
enter the optical cavity. For yet other optoelectronic devices, such as Metal-
Semiconductor-Metal (MSM) receiving devices 194, the grating film may be removed
altogether, and a metal grid 214a-214c may be formed on the waveguide layer 212 or
cladding or buffer layer 210, as desired.

To isolate the resonant reflector from the optoelectronic devices, and in
particular the conductive top mirror 202, the cladding or buffer layer 210 may be
sufficiently thick to substantially prevent energy in the evanescent tail of the guided
mode in the waveguide 212 from entering the top mirror 202. Alternatively, or in
addition, the cladding or buffer layer 210 may be formed from a material that has a
sufficiently low refractive index relative to the refractive index of the waveguide 212 to
substantially prevent energy in the evanescent tail of the guided mode in the waveguide
212 from entering the top mirror 202.

Implementation of the described resonant reflector optoelectronic structures will
permit polarization, emission wavelength and mode control. These structures and
properties can be designed and fabricated using techniques such as lithography or
holography, and may not be subject to growth thickness variations alone. The above
techniques can be applied to produce, for example, VCSELs with high power single-
mode/polarization emission from apertures exceeding a few microns in diameter.
Furthermore, wavelength and/or polarization variation across a chip, array or wafer can

be used for spatially varied wavelength/polarization division multiplexing, multi-
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wavelength spectroscopy, etc.
Having thus described the preferred embodiments of the present invention, those
of skill in the art will readily appreciate that the teachings found herein may be applied

to yet other embodiments within the scope of the claims hereto attached.
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WHAT IS CLAIMED IS:

1. An optoelectronic device having a top mirror and a bottom mirror, the
top mirror and bottom mirror being at least partially conductive, the improvement
comprising:

a resonant reflector positioned adjacent a selected one of the top or bottom
mirrors, the resonant reflector having a waveguide and a grating configured such that a
first-diffraction order wave vector of the grating substantially matches a propagating
mode of the waveguide; and

a cladding or buffer layer positioned between the resonant reflector and the
selected top or bottom mirror, the cladding or buffer layer being sufficiently thick, or
having a sufficiently low refractive index relative to the refractive index of the
waveguide, to substantially prevent energy in the evanescent tail of the gnided mode in

the waveguide from entering the selected top or bottom mirror.

2. An optoelectronic device according to claim 1, wherein cladding or

buffer layer is non-conductive.

3. An optoelectronic device according to claim 1, wherein the cladding or
buffer layer and the waveguide each have a refractive index, the refractive index of the
cladding or buffer layer being substantially less than the refractive index of the

waveguide.

4. An optoelectronic device according to claim 3, wherein the selected top
or bottom mirror includes an adjacent layer that is positioned adjacent the cladding or
buffer layer, the refractive index of the cladding or buffer layer being less than the

refractive index of the adjacent layer.

5. An optoelectronic device according to claim 4, wherein the thickness of

the cladding or buffer layer is thicker than the adjacent layer.
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6. An optoelectronic device according to claim 5, wherein the thickness of
the cladding or buffer layer depends on the refractive index difference between the

cladding or buffer layer and the waveguide.

7. An optoelectronic device according to claim 2, wherein the cladding or

buffer layer is a dielectric film.

8. An optoelectronic device according to claim 7, wherein the cladding or

buffer layer is an aluminum oxide film.

9. An optoelectronic device according to claim 7, wherein the waveguide

region includes AlGaAs.

10.  An optoelectronic device according to claim 7, wherein the waveguide

region includes a high refractive index dielectric.

11.  An optoelectronic device according to claim 7, wherein the grating is a

dielectric film.

12.  An optoelectronic device according to claim 7, wherein the grating is a

silicon oxide film.

13.  An optoelectronic device according to claim 7, wherein the cladding or

buffer layer functions as part of the resonant reflector.

14. A resonant reflector for an optoelectronic device comprising:

a waveguide; and

a grating film having two or more spaced grating regions separated by one or
more spaced regions, the spaced regions of the grating film having a grating film

thickness that is less than the grating film thickness of the grating regions, but greater
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than the zero.

15. A resonant reflector according to claim 14, wherein selected optical
properties of the resonant reflector are controlled by the grating film thickness of the

spaced regions and grating regions.

16. A resonant reflector according to claim 15, wherein the spectral
bandwidth of the resonant reflector is determined by the grating film thickness of the

spaced regions and grating regions.

17.  Aresonant reflector according to claim 15, wherein each grating region
has a lateral width, with the grating regions collectively having a grating period, the
grating period minus the grating width defining a grating spacing between adjacent
grating regions, the grating spacing divided by the grating period defining a grating fill
factor, the grating fill factor being about 50%.

18. A monolithic transceiver having a light emitting device and a light
receiving device, comprising:

providing a bottom mirror on a substrate, the bottom mirror being at least
partially conductive;

providing an active region on the bottom mirror;

providing a top mirror on the active region, the top mirror being at least partially
conductive;

providing a cladding or buffer layer on the top mirror, the cladding or buffer
layer being non-conductive;

providing a waveguide on the cladding or buffer layer;

providing a grating layer above the waveguide, the waveguide and grating being
configured such that a first-diffraction order wave vector of the grating substantially
matches a propagating mode of the waveguide;

the cladding or buffer layer being sufficiently thick, or having a sufficiently low

refractive index relative to the refractive index of the waveguide, such that energy in the
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evanescent tail of the guided mode in the waveguide is substantially prevented from
entering the top mirror; and
the grating layer having a first etched grating structure above the light emitting

device.

19. A monolithic transceiver according to claim 18, further comprising a

second etched grating structure above the light receiving device.

20. A monolithic transceiver according to claim 18, wherein the grating

layer does not have an etched grating structure above the light receiving device.

21. A monolithic transceiver according to claim 18, wherein the grating layer

is removed above the light receiving device.

22. A device comprising:

a first substrate having a front side and a back side with at least part of an
optoelectronic device formed on the front side;

a second substrate having a front side and a back side with a resonant reflector
formed on the front side; and

the front side of the first substrate bonded to the front side of the second

substrate.

23. A device according to claim 22, wherein the resonant reflector includes

a waveguide and a grating.

24. A device according to claim 23, wherein the grating is positioned more

toward the front side of the second substrate than is the waveguide.

25. A device according to claim 23, wherein the waveguide is positioned

more toward the front side of the second substrate than is the grating.

22



WO 02/060024 PCT/US01/49089

26. A device according to claim 22, wherein the front side of the first

substrate is bonded to the front side of the second substrate via an optical epoxy.

27. A device according to claim 26, wherein the optical epoxy is non-

conductive.

28. A device according to claim 27, wherein the waveguide and grating are
configured such that a first-diffraction order wave vector of the grating substantially

matches a propagating mode of the waveguide.

29. A device according to claim 28, wherein the optical epoxy is sufficiently
thick, or has a sufficiently low refractive index relative to the refractive index of the
waveguide, to substantially prevent energy in the evanescent tail of the guided mode in

the waveguide from entering the first substrate.

30. A device according to claim 22, further comprising a collimating

microlens positioned on the back side of the second substrate.

31. A device according to claim 30, wherein the collimating microlens is in

registration with the resonant reflector and the optoelectronic device.

32. A method for forming an optoelectronic device, comprising:

providing a bottom mirror on a substrate, the bottom mirror being at least
partially conductive;

providing an active region above the bottom mirror;

providing a top mirror above the active region, the top mirror being at least
partially conductive;

providing a cladding or buffer layer above the top mirror, the cladding or buffer
layer being non-conductive; and

providing a waveguide and a grating above the cladding or buffer layer, the

waveguide and grating configured such that a first-diffraction order wave vector of the

23



WO 02/060024 PCT/US01/49089

grating substantially matches a propagating mode of the waveguide; and

the cladding or buffer layer being sufficiently thick, or having a sufficiently low
refractive index relative to the refractive index of the waveguide, to suBstantially prevent
energy in the evanescent tail of the guided mode in the waveguide from entering the top

mirror.

33. A method according to claim 32, wherein the refractive index of the

waveguide is higher than the average refractive index of the grating.
34. A method according to claim 33 wherein the waveguide includes a first
dielectric and the cladding or buffer layer includes a second dielectric layer, wherein the

first dielectric has a higher refractive index than the second dielectric.

35. A method according to claim 32, wherein the cladding or buffer layer is

initially AlGaAs, which is then oxidized to AlO.

36. A method according to claim 35, wherein the cladding or buffer layer is

laterally oxidized.

37. A method according to claim 32, wherein the waveguide is formed from
GaAs.

38. A method according to claim 32, wherein the grating is formed by

etching an SiO, film into a grating.

39, A method according to claim 32, wherein the top mirror and bottom

mirror are Distributed Bragg Reflector mirrors.

40. A method according to claim 39, wherein the Distributed Bragg Reflector
mirrors include alternating layers of AlGaAs and AlAs.
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41. A method according to claim 40, wherein a top layer of the top mirror is
AlGaAs.

42. A method for forming a resonant reflector for an optoelectronic device
comprising:

providing a waveguide;

providing a grating film adjacent the waveguide; and

etching the grating film to form two or more spaced grating regions separated by .
one or more spaced etched regions, the etched regions extending to a depth that produces
a desired optical property for the resonant reflector but not extending all the way through
the grating film.

43. A method according to claim 42, wherein the depth of the etched regions

is selected to produce a desired bandwidth for the resonant reflector.
44. A method according to claim 42, wherein the two or more spaced grating

regions have a grating period, the grating period selected to produce a desired resonant

wavelength for the resonant reflector.
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Predicted Resonant Filter Reflectance for 980 nm VCSFEL
Detail of Resonance

Normal Incidence; TE polarization

1.0
0.9
0.8
< 0.011 nm
0.7

0.6

05T 1

Reflectance

04rF ’ y
037t .

0z2r ;

01r -

1 1 % 1 d

0.0 :
981.5 981.52 981.54 981.56 981.58 981.6 981.62 981.64
Wavelength (nm)

G, 4




WO 02/060024 PCT/US01/49089
5/13

Predicted Resonant Filter Reflectance for 980 nm VCSEL
Detail of Resonance with Conducting DBR Mirror
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