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VCSEL SYSTEM WITH TRANSVERSE P/N
JUNCTION

BACKGROUND

[0001] The present invention relates generally to multiple
gain region systems, and more specifically to VCSEL sys-
tems with transverse P/N junction.

[0002] Vertical cavity surface emitting lasers (VCSELs)
are revolutionizing the field of telecommunications. They
generally consist of a pair of semiconductor mirrors defining
a resonant cavity containing a gain medium of semiconduc-
tor materials for amplifying light.

[0003] VCSELs are generally characterized by a pair of
mirrors, generally referred to as distributed Bragg reflectors
(DBRs), between which an optical cavity is located. The
entire structure can be formed over a substrate wafer by a
process called organometallic vapor phase epitaxy
(OMVPE), sometinmes referred to as metal organic chemical
vapor deposition (MOCVD). The optical cavity generally
also includes spacer layers and an active region. The active
region typically includes one or more quantum wells. The
quantum wells, which typically include a quantum well
layer sandwiched by a pair of adjacent barrier layers, are the
layers into which carriers, i.e., electrons and holes, are
injected. The electrons and holes recombine in the quantum
well and emit light at a wavelength determined by the
material layers in the quantum well. The quantum well layer
typically comprises a low bandgap semiconductor material,
while the barrier layers typically have a bandgap higher than
the bandgap of the quantum well layers. In this manner,
when the device is subject to forward bias, electrons and
holes are injected into and trapped in the quantum well layer
and recombine to emit coherent light at a particular wave-
length.

[0004] Electrically-pumped VCSELs include a P-I-N
junction structure in which the intrinsic material that forms
a quantum well is sandwiched between layers of p-type and
n-type material. For optimal light emission, the quantum
well should be located at a peak of the standing wave (the
axial or longitudinal mode) generated in the optical cavity.
However, in a VCSEL having multiple quantum well active
regions, each set of the quantum wells is separated by fifty
to several hundred nanometers.

[0005] The number of quantum wells in a VCSEL deter-
mines the optical gain of the VCSEL. Before coherent light
is emitted from a VCSEL, many losses inherent in the
VCSEL must be overcome to reach lasing threshold. Losses
in a VCSEL are created by the mirrors, diffraction, and
distributed losses. Losses in the mirrors are due to the mirror
reflectivity being less than 100%. Indeed, if the mirrors were
100% reflective, light could not be emitted from the VCSEL.
Diffraction losses are caused when the emitted light expands
as it propagates away from a guiding aperture in the VCSEL.
Distributed losses are caused by scattering and by absorption
of light in the VCSEL structure. The QW gain must be
sufficient to overcome these combined losses. Therefore
multiple QW active regions are advantageous, especially for
high temperature operation and for enabling modulation at
high data rates.

[0006] If more QWs are required than can fit under one
maximum of the standing wave that exists in the cavity,
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additional QW active regions may be included in a resonant
periodic gain (RPG) arrangement. An RPG VCSEL structure
includes two or more active regions, with each active region
lying under separate maxima in the standing wave (thus
separated by some multiple of ¥ wavelength). This RPG
structure is used to maximize the optical gain of VCSELs.

[0007] While RPG VCSELs have been demonstrated in
the more common GaAs- and InP-based materials used for
red and near-infrared emitters, GaN-based VCSELs are far
more challenging. This is due to their relatively poor opto-
electronic characteristics, including less efficient carrier
transport, defective structure, etc., which translate into low
gain and high loss. Thus, for GaN-based ultraviolet or
visible VCSELSs exhibiting high efficiency and low threshold
current and voltage, an active region incorporating several
sets of QWs in an RPG arrangement is especially beneficial
for achieving the requisite optical gain.

[0008] However, uniform electrical pumping of multiple
GaN-based active regions has not been demonstrated. More-
over, pumping multiple GaN-based active regions with a
single p-n junction is very challenging, due in part to the
poor hole-transport in GaN.

DISCLOSURE OF THE INVENTION

[0009] The present invention provides a VCSEL system
comprising forming a first mirror, forming a vertical cavity
on the first mirror, the vertical cavity including integrated
multiple gain regions and forming a transverse p/n junction
laterally to the integrated multiple gain regions, wherein
forward biasing the transverse p/n junction causes photon
emission in the integrated multiple gain regions.

[0010] Certain embodiments of the invention have other
advantages in addition to or in place of those mentioned or
obvious from the above. The advantages will become appar-
ent to those skilled in the art from a reading of the following
detailed description when taken with reference to the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG.1 is a cross-sectional view of a VCSEL system
in an embodiment of the present invention;

[0012] FIG. 2 is a more detailed cross-sectional view of
the first gain region of the VCSEL system as shown in FIG.
L;

[0013] FIG. 3 is a top view of the VCSEL system as shown
in FIG. 1;

[0014] FIG. 4 is a more detailed cross-sectional view of
the second DBR of the VCSEL system as shown in FIG. 1;

[0015] FIG. 5 is a cross-sectional view of the VCSEL
system, in an alternative embodiment of the present inven-
tion;

[0016] FIG. 6 is a cross-sectional view of the VCSEL
system, in another alternative embodiment of the present
invention; and

[0017] FIG. 7 is a flow chart of a system for VCSEL
system in an embodiment of the present invention.
BEST MODE FOR CARRYING OUT THE
INVENTION

[0018] In the following description, numerous specific
details are given to provide a thorough understanding of the
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invention. However, it will be apparent that the invention
may be practiced without these specific details. In order to
avoid obscuring the present invention, some well-known
structures, configurations, and process steps are not dis-
closed in detail.

[0019] Likewise, the drawings showing embodiments of
the apparatus/device are semi-diagrammatic and not to scale
and, particularly, some of the dimensions are for the clarity
of presentation and are shown greatly exaggerated in the
drawing FIGs. The same numbers will be used in all the
drawing FIGs. to relate to the same or similar elements.

[0020] Similarly, although the sectional views in the draw-
ings for ease of description show the invention with
mounted surfaces as oriented downward, this arrangement in
the FIGs. is arbitrary and is not intended to suggest that the
invention should necessarily be attached in a downward
direction. Generally, the invention can be operated in any
orientation. The same numbers are used in all the drawing
FIGs. to relate to the same elements.

[0021] The term “horizontal” as used herein is defined as
a plane parallel to the conventional plane or surface of the
substrate, regardless of its orientation. The term “vertical”
refers to a direction perpendicular to the horizontal as just
defined. Terms, such as, “above”, “below”, “bottom”, “top”,
“side” (as in “sidewall”), “higher”, “lower”, “upper”,
“over”, and “under”, are defined with respect to the hori-
zontal plane. The term “on” indicates that one element is in
direct contact with another.

[0022] Referring now to FIG. 1, therein is shown a cross-
sectional view of a VCSEL system 100 in an embodiment of
the present invention. The VCSEL system 100 includes a
distributed Bragg reflector including a first mirror 102, a
bulk n-type semiconductor region 104, such as AlGaN, an
intermediate layer 106, such as SiO,, a first gain region 108,
a first n-type semiconductor spacer 110, a second gain region
112, a second n-type semiconductor spacer 114, a third gain
region 116, a third n-type semiconductor spacer 118, an
outer shell 120, of p-GaN, a second mirror 122, a p-type
contact 124 and an n-type contact 126. While this example
shows three active regions, the first gain region 108, the
second gain region 112 and the third gain region 116, in a
resonant periodic gain configuration, different numbers of
active regions could also be used, including a single active
region, or two or more active regions in an RPG arrange-
ment.

[0023] The first mirror 102 comprises multiple layers of
complementary refractive dielectric materials such as TiO,
and Si0,. Each of the layers has an optical thickness of
about ¥ of a wavelength and the layers are combined until
the first mirror 102 has an overall reflectance of almost
100%. For illustrative purposes the first mirror 102 is shown
having six layer pairs, but it is understood that the first
mirror 102 may have any number of layer pairs. Other
combinations of complementary dielectric materials are also
possible. The bulk n-type semiconductor region 104 is
grown epitaxially by organometallic vapor phase epitaxy
(OMVPE) on a sapphire or SiC substrate to form the base of
the n-type vertical cavity. The entire vertical cavity is grown
of n-type semiconductor material including integrated mul-
tiple gain regions and n-type semiconductor spacers.

[0024] The first gain region 108, the second gain region
112 and the third gain region 116 are formed of InGaN and
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are spaced multiples of % wavelength (M) between each
other. The spacing allows for resonant periodic gain (RPG),
which maximizes the optical gain of the VCSEL. The
intermediate layer 106 forms a dielectric ELOG (Epitaxial
Layer Over Growth) mask for the p-GaN of the outer shell
120. The outer shell 120, formed of p-GaN, and the InGaN
quantum wells of the first gain region 108, the second gain
region 112 and the third gain region 116, further include a
transverse p/n junction.

[0025] The transverse p-n junction is formed by selective
epitaxial deposition of the p-type GaN outer shell 120
around an etched pillar. In the first epitaxial growth the
entire VCSEL cavity including spacer layers 104, 110, 114,
and 118, along with the active regions 108, 112, and 116 are
deposited in a planar fashion. Subsequently, a dielectric
mask (SiO, or Si;N,) is deposited and patterned over the
surface, and used to define and etch the VCSEL pillar. The
pillar may be of circular, hexagonal, or some other shape,
and of a dimension that would favor single-spatial mode
operation. The etching may be performed by RIE (reactive
ion etching) or CAIBE (chemically-assisted ion beam etch-
ing). The etching terminates in the lower spacer 104, and is
followed by deposition and patterning of the intermediate
masking layer 106 on the etched surface around the base of
the pillar. With the etch mask over the top of pillar still
intact, the wafer is returned to the OMVPE reactor for
selective overgrowth of the p-type GaN outer shell 120.
Following the selective overgrowth, the etch mask over the
top of pillar is removed by etching. Then the top dielectric
mirror 122 is deposited by, for example, sputtering, and
defined over the top of the pillar. Finally, the metal p-elec-
trodes 124 and n-electrodes 126 are established.

[0026] The p-type contact 124 and the n-type contact 126
are used to forward bias the transverse p/n junction. When
forward biased, the quantum wells of the first gain region
108, the second gain region 112 and the third gain region
116, form a lower bandgap with the outer shell 120 than the
first n-type semiconductor spacer 110, the second n-type
semiconductor spacer 114 or the third n-type semiconductor
spacer 118. The forward biased junction between the outer
shell 120 and the InGaN quantum wells pass current at a
lower threshold voltage than the junction between the outer
shell 120 and the first n-type semiconductor spacer 110, the
second n-type semiconductor spacer 114 or the third n-type
semiconductor spacer 118.

[0027] For illustrative purposes, the first mirror 102 and
the second mirror 122 are shown as being constructed of
dielectric materials, configured as distributed Bragg reflector
(DBR), although it is understood that other reflector mate-
rials, processes or construction may be used, as well. The
spacing of the first mirror 102 and the second mirror 122 is
such that they are integer multiples of Y2 wavelength from
each other, forming a Fabry-Perot resonant cavity.

[0028] Referring now to FIG. 2, therein is shown a more
detailed cross-sectional view 200 of the first gain region 108
of the VCSEL system 100 as shown in FIG. 1. The first gain
region 108 is formed of InGaN in barrier layers 202 and
quantum well layers 204. The quantum well layers 204 are
of a lower bandgap material than the barrier layers 202, the
first n-type semiconductor spacer 110, the second n-type
semiconductor spacer 114, and the third n-type semiconduc-
tor spacer 118. When forward biased, electrons and holes are
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injected into the quantum well layers 204, where the ensuing
radiative recombination produces photon emission. The
turn-on voltage of the p-n junctions associated with the
adjacent first n-type semiconductor spacer 110, the second
n-type semiconductor spacer 114, and the third n-type semi-
conductor spacer 118 is elevated relative to the active region
p-n junction by typically a few tenths of a volt. Because of
this lower turn-on voltage, the active regions are efficiently
injected in a parallel configuration, and injection across the
spacer layers’ p-n junctions is suppressed. Thus, the reduced
turn-on voltage prevents the other n-type layers from con-
ducting current.

[0029] The first gain region 108 has several of the quan-
tum well layers 204. The bulk n-type semiconductor region
104 and the first n-type semiconductor spacer 110, form
barrier layers adjacent to the quantum well layers 204 on the
bottom and top of the first gain region 108. The addition of
the outer shell 120 creates multiple transverse p/n junctions
that form a gain region in the n-type vertical cavity. By
stacking transverse p/n junctions, having lower bandgap
than the n-type semiconductor spacers, an efficient VCSEL
can be manufactured. Each transverse p/n junction is formed
laterally to the integrated multiple gain regions to recombine
electrons and holes, once the junctions are forward biased,
for photon emission.

[0030] For illustrative purposes, the first gain region 108
is shown with n-type InGaN, although it is understood that
other materials, processes or construction may be used, as
well. It is further understood that the second gain region 112
and the third gain region 116 are constructed in the same
manner as the first gain region 108.

[0031] Referring now to FIG. 3, therein is a top view 300
of the VCSEL system 100 as shown in FIG. 1. The top view
300 includes the bulk n-type semiconductor region 104, the
intermediate layer 106, the third n-type semiconductor
spacer 118, the outer shell 120, the second mirror 122, the
p-type contact 124 and the n-type contact 126. The shape of
the second mirror 122 is shown as a hexagon, but it is
understood that it can be any geometric shape that will fit
over the third n-type semiconductor spacer 118. The p-type
contact 124 and the n-type contact 126 allow electrical
connection to the device.

[0032] Above the lasing threshold, majority or all photon
emission occurs through the second mirror 122 if the reflec-
tivity of the second mirror 122 is less than the reflectivity of
the first mirror 102. For illustrative purpose, the first mirror
102 and the second mirror 122 are shown as DBR structures
of similar construction where the second mirror 122 struc-
ture possesses a lower reflectivity with fewer layer pairs than
the number of layer pairs of the first mirror 102, or fabricated
from a different set of dielectric or semiconducting materi-
als.

[0033] Referring now to FIG. 4, therein is shown a more
detailed cross-sectional view 400 of the second mirror 122
of the VCSELsystem 100 as shown in FIG. 1. The second
mirror 122 is formed of multiple layer pairs of complemen-
tary refractive dielectric material. Such a complementary
layer pair can be made from a number of different combi-
nations of materials including semiconductor layers, dielec-
tric materials such as TiO, (titanium dioxide) and SiO,
(silicon dioxide), or hybrid combinations of semiconductor,
dielectric and metal layers. Materials and construction deter-
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mine the type of reflector such as a “dielectric” DBR or a
semiconductor DBR or a metal DBR. The present invention
discloses the dielectric DBR, but it is understood that the
present invention can be implemented with semiconductor
or metal DBR as well.

[0034] The second mirror 122 is formed using alternating
layers of a first dielectric layer 402 and a second dielectric
layer 404 which are materials that have complementary
refractive indices. The second mirror 122 is formed on top
of the first gain region 108, the second gain region 112 and
the third gain region 116 for photon reflection. The reflec-
tivity of the reflector is determined by the refractive index
and thickness of the materials of the layers constituting the
layer pairs, with the second mirror 122 being slightly less
reflective than the first mirror 102.

[0035] Referring now to FIG. 5, therein is a cross-sec-
tional view of the VCSEL system 100, in an alternative
embodiment 500 of the present invention. Similar to the
VCSEL structure in FIG. 1, the difference in this embodi-
ment of the present invention utilizes a substrate 502, of a
material such as sapphire, with the bulk n-type semiconduc-
tor region 104 formed around the edge of the first mirror
102. This embodiment represents another manufacturing
approach for the present invention.

[0036] Referring now to FIG. 6, therein is shown a cross-
sectional view of the VCSEL system 100, in another alter-
native embodiment 600 of the present invention. Similar to
the VCSEL structure in FIG. 1, the difference in this
embodiment being that the bulk n-type semiconductor
region 104 is grown on a substrate 602 of a material such as
sapphire (Al,O;), silicon carbide (SiC) or gallium nitride
(GaN). Another solution to the manufacture of the present
invention is to start the device growth on the substrate 602,
which is removed prior to depositing or wafer bonding the
first mirror 102 onto the device. Yet another solution to the
manufacture of the present invention is to start the device
growth on the substrate 602 and attach the first mirror 102
to the bottom of the substrate 602 by wafer bonding or
dielectric deposition techniques.

[0037] Referring now to FIG. 7, therein is shown a flow
chart of a system 700 for the VCSEL system 100 with
transverse p/n junction in an embodiment of the present
invention. The system 700 includes forming a first mirror in
a block 702; forming a vertical cavity on the first mirror, the
vertical cavity including integrated multiple gain regions, in
a block 704; and forming a transverse p/n junction, wherein
forward biasing the transverse p/n junction causes photon
emission in the integrated multiple gain regions, in a block
706.

[0038] Tt will be understood that the flow chart of the
system 700 is merely exemplary and many other steps may
be added and some removed as would be evident to those
having ordinary skill in the art from a reading of the above
disclosure.

[0039] In greater detail, a method to fabricate the VCSEL
system 100, in an embodiment of the present invention, is
performed as follows:

[0040] 1. The first gain region 108, the second gain
region 112 and the third gain region 116 are formed in
a vertical cavity for photon emission. (FIG. 1)
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[0041] 2. The outer shell 120 is formed creating a
transverse p/n junction. (FIG. 1)

[0042] 3. The first mirror 102 is applied by deposition or
wafer bonding to the bulk n-type semiconductor region
104. (FIG. 1)

[0043] Tt has been discovered that the present invention
thus has numerous beneficial aspects.

[0044] An aspect is that the present invention provides a
stack of multiple gain regions, spaced by %> wavelength from
each other, allowing resonant periodic gain to provide higher
device gain. This would allow significant improvement over
vertical cavity surface emitting lasers with low gain active
regions. It has been discovered that the disclosed structure
provides improved performance of vertical cavity surface
emitting lasers. The performance improvement provides
additional application or system opportunities as well as
improved manufacturing margins and yields.

[0045] These and other valuable aspects of the present
invention consequently further the state of the technology.

[0046] Thus, it has been discovered that the VCSEL
system method and apparatus of the present invention fur-
nish important and heretofore unknown and unavailable
solutions, capabilities, and functional aspects for display
systems and optical data storage. The resulting processes
and configurations are straightforward, cost-effective,
uncomplicated, highly versatile and effective, can be imple-
mented by adapting known technologies, and are thus
readily suited for efficiently and economically manufactur-
ing vertical cavity surface emitting lasers.

[0047] While the invention has been described in conjunc-
tion with a specific best mode, it is 1o be understood that
many alternatives, modifications, and variations will be
apparent to those skilled in the art in light of the aforegoing
description. Accordingly, it is intended to embrace all such
alternatives, modifications, and variations that fall within the
spirit of the included claims. All matters hither-to-fore set
forth herein or shown in the accompanying drawings are to
be interpreted in an illustrative and non-limiting sense.

The invention claimed is:
1. A VCSEL system comprising:

forming a first mirror;

forming a vertical cavity on the first mirror, the vertical
cavity including integrated multiple gain regions; and

forming a transverse p/n junction laterally to the inte-
grated multiple gain regions, wherein forward biasing
the transverse p/n junction causes photon emission in
the multiple gain regions.

2. The system as claimed in claim 1 further comprising
forming a second mirror above the multiple gain regions,
wherein the photons emitted in the integrated multiple gain
regions reflect between the first mirror and the second
mirror.

3. The system as claimed in claim 1 wherein forming the
vertical cavity with the integrated multiple gain regions
further comprises stacking transverse p/n junctions having
lower bandgap energies than the n-type semiconductor spac-
ers that are formed in the vertical cavity between the
multiple gain regions.
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4. The system as claimed in claim 1 wherein forming the
first mirror further comprises forming alternating layers of
complementary refractive-index materials.

5. The system as claimed in claim 1 further comprising
forming a bulk n-type semiconductor region on a substrate,
wherein the first mirror is deposited on or wafer bonded to
the substrate, or the substrate is removed prior to wafer
bonding or depositing the first mirror to the bulk n-type
semiconductor region.

6. A VCSEL system conprising:

forming a first mirror for reflection of photons;

forming a vertical cavity on the first mirror, the vertical
cavity including integrated multiple gain regions,
spaced multiples of 1/2 wavelength between each
other;

forming a transverse p/n junction laterally to the inte-
grated multiple gain regions, wherein forward biasing
the transverse p/n junction causes recombining of elec-
trons and holes within the integrated multiple gain
regions for photon emission; and

forming a second mirror above the integrated multiple
gain regions, wherein the photons emitted from the
integrated multiple gain regions reflect between the first
mirror and the second mirror.

7. The system as claimed in claim 6 wherein forming the
integrated multiple gain regions comprises stacking trans-
verse p/n junctions with lower bandgap energies than an
n-type semiconductor spacer that is formed in the vertical
cavity between the integrated multiple gain regions.

8. The system as claimed in claim 6 wherein forming the
first mirror comprises forming alternate layers of comple-
mentary refractive-index materials.

9. The system as claimed in claim 6 wherein forming the
second mirror comprises forming a Fabry-Perot resonant
cavity between the first mirror and the second mirror.

10. The system as claimed in claim 6 further comprising
forming a bulk n-type semiconductor region on a substrate,
wherein first mirror is deposited on or wafer bonded to the
substrate, or the substrate is removed prior to wafer bonding
or depositing the first mirror to the bulk n-type semicon-
ductor region.

11. A VCSEL system comprising:

a first mirror;

an n-type vertical cavity above the first mirror, the n-type
vertical cavity including integrated multiple gain
regions; and

a transverse p/n junction formed laterally to the multiple
gain regions, wherein a forward bias on the transverse
p/n junction will cause the recombination of electrons
and holes within the integrated multiple gain regions,
for photon emission.

12. The system as claimed in claim 11 further comprising
a second mirror on the n-type vertical cavity positioned
above the integrated multiple gain regions and the first
mirror.

13. The system as claimed in claim 11 wherein the
integrated multiple gain regions comprise the integrated
multiple gain regions spaced multiples of 2 wavelength
between each other.

14. The system as claimed in claim 11 further comprising
quantum well layers with lower bandgap energies than an
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n-type semiconductor spacer formed in the vertical cavity
between the integrated multiple gain regions.

15. The system as claimed in claim 11 further comprising
a dielectric ELOG mask over the bulk n-type semiconductor
region.

16. The system as claimed in claim 11 further comprising
a p-type contact and a n-type contact for the application of
the forward bias the transverse p/n junctions.

17. The system as claimed in claim 11 further comprising
a substrate of sapphire for epitaxial growth of the bulk
n-type semiconductor region thereon.
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18. The system as claimed in claim 11 further comprising
a bulk n-type semiconductor region around the first mirror.

19. The system as claimed in claim 11 further comprising
a sapphire substrate wafer bonded to the first mirror.

20. The system as claimed in claim 11 further comprising
a sapphire substrate for epitaxial growth of the bulk n-type
semiconductor region prior to wafer bonding or depositing
the first mirror.



