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A SINGLE-CHIP SERIES CONNECTED VCSEL ARRAY

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims benefit of U.S. Provisional Patent Application No. 62/536,918,
filed July 25, 2017.

TECHNICAL FIELD
[0002] The present disclosure 1s related to vertical-cavity surface-emitting laser (VCSEL) arrays,

and devices, methods, and systems related to series-connected architectures.

BACKGROUND

[0003] Vertical-cavity surface-emitting lasers (VCSELSs) are used 1n a variety of communication
technologies, including short-wavelength multi-mode fiber optic communication systems. VCSELSs
are also effective and robust 1n extreme temperature and radiation environments, making them
useful 1n applications such as illuminators and industrial thermal processing. Single VCSEL devices
generally operate at optical output powers of several milliwatts, especially when designed for data
rates of 10 Gb/s or higher. Larger optical output powers may be attained by building
simultaneously-addressed arrays of VCSELs on common substrates or on multiple substrates.
[0004] However, VCSELSs are limited to modest aperture sizes as a result of current spreading losses
and modal properties. In order to scale VCSELSs to higher power, the usual approach 1s to create an
array of VCSELSs on a common die. The arrayed devices are often combined 1n parallel or series,
and designed for low modulation bandwidth. In parallel arrangements, multiple VCSELSs on a single
substrate are typically commonly connected through the water, and the lasers are electrically
connected 1n parallel with a common cathode connection. Such configurations may be found, for
example, in U.S. Patent 7,949,024 B2, which describes parallel configurations of back-emitting
VCSEL arrays. However, additive bulk capacitance 1s a limiting factor for parallel operation of
VCSELs, and parallel arrangements may not be the 1deal impedance match to high current pulsed
driver circuits. R. Carson, M. Warren, P. Dacha, T. Wilcox, J. Maynard, D. Abell, K. Otis, and J.
Lott, "Progress in high-power high-speed VCSEL arrays," Proc. SPIE 9766, Vertical-Cavity
Surface-Emitting Lasers XX, 97660B (18 March 2016), has shown that much higher optical power

can be attained by connecting multiple die in series. Each of the individual die has multiple
-1 -
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VCSELSs that are connected 1n parallel, but then the sub-mount that the die are tlip-chip bonded to
can connect the die 1n series.

[000S] Series-connected VCSEL arrays have been shown to greatly enhance the output optical
power at a given current relative to a single parallel-connected VCSEL array, especially when
operated from a low duty-cycle pulsed current source. Such high power pulsed light sources are
particularly useful for applications such as flash-LiDAR and short range NIR 1llumination.

[0006] In many current series-connected configurations, each VCSEL array comprises a set of
parallel VCSEL elements arranged on a single chip, or wafer, and a common cathode path, formed
by shorted contacts, that connect to a conduction layer on the chip. Multiple chips are bonded on a
common sub-mount and arranged to form a series connection. In a flip-chip arrangement, each
chip’s anode 1s connected to common electrical connections on the sub-mount, and the common
cathode connection on each chip connects to the next chip’s anode connection on the sub-mount
arrangement. Since such configurations use a common cathode arrangement on each chip, “tiling”
multiple chips on the common sub-mount has been the only way to realize a series connection
configuration.

[0007] The approach of “tiling” has many advantages from the standpoint of design flexibility.
However, there are configurations where using a single chip 1s significantly more advantageous. For
example, 1n laser assemblies where segmented groups of micro-lenses are used, the relative
alignment accuracy between those lenses 1s critical such that relative angular differences between
the tiled chips become problematic. Another example 1s the case where there 1s a low-value current
source that could benefit from the extra optical power associated with series connection, but the
extra semiconductor die area required for tiling multiple die causes cost and packaging 1ssues.
[0008] Tiling also requires extra real estate, and multiple chips can lead to increased costs and
packing 1ssues. Thus, 1n some cases, such size, cost, and manufacturing factors outweigh the
advantages of extra optical power associated with a series connection. Furthermore, since the
matched properties are more likely to come from VCSEL elements mounted on the same chip, tiling
may not be preferable when wavelength control requirements dictate that the VCSEL elements used

1n the series connection have nearly 1dentical emission properties.
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SUMMARY

[0009] Methods, devices, and systems are described for a series-connected, single chip, vertical-
cavity surface-emitting laser (VCSEL) array. A series-connected design enables a higher peak
optical power from a given current source than could be obtained with a single array connected 1n
parallel. The single chip may comprise a semiconductor substrate and a conductive layer. The
conductive layer includes one or more non-conductive regions, formed by etching through the
conductive layer or by 1on implantation, which create a plurality of electrically separate regions on
the conductive layer. Each electrically separate region may have a plurality of VCSEL elements,
including an anode region and a cathode region connected 1n series. The chip also connects to a sub-
mount with a metallization pattern, which enables a series connection between electrically separate
regions on the conductive layer. In one embodiment, the metallization pattern connects the cathode
region of a first electrically separate region to the anode region of a second electrically separate
region. The metallization pattern may also comprise cuts that maintain electrical separation between
the anode and cathode regions on the same electrically separated layer region, and that align with the
etched regions.

[00010] In some embodiments, the chip’s semiconductor substrate may be a semi-insulating
or insulating material. The etched regions can comprise an etch pattern with cleaved or diced edges,
and may further be one or two-dimensional. The sub-mount metallization pattern can also match one
or more etch patterns on the conductive layer’s etched regions. The chip and the sub-mount may
also be connected through flip-chip bonding or similar methods. In another aspect, the cathode
region of each electrically separate region 1s positioned around the anode region in the same
electrically separate region. Moreover, each cathode region comprises a plurality of shorted

contacts. The VCSEL elements may be electrically connectable to external driver circuitry.

BRIEF DESCRIPTION OF THE DRAWINGS

[00011] The drawings are provided to illustrate example embodiments described herein and
are not intended to limit the scope of the disclosure.

[00012] Figure 1 1s sismplified cross-sectional view illustrating a flip-chip bonded, series
VCSEL, paired with a shorted VCSEL structure that provides the current return path, so that the

anode and cathode contacts are on the same side of a chip, in accordance with an embodiment;

_3 -
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[00013] Figure 2 1s a simplified cross-sectional view of two series-connected VCSEL arrays,
further illustrating the shorting mesa devices, heat sinks, bonding layers, and other features in
accordance with an embodiment; wherein electrically separate regions are formed through a trench
1solation or 1on implant region.

[00014] Figure 3 1s alternative embodiment of two series-connected VCSEL arrays, wherein
electrically separate regions are formed through an 10on implant and a trench 1solation through the
substrate method.

[00015] Figure 4 1s alternative embodiment of two series-connected VCSEL arrays, wherein
electrically separate regions are formed by etching through the conductive layer and removal of the
semiconductor substrate material and replacement with an insulating support substrate.

[00016] Figure 5 1s a top view of an exemplary layout of three VCSEL arrays connected in
series on a single chip or die.

[00017] Figure 6 illustrates the series-connected, single chip array of Figure 5 connected to a
sub-mount with an exemplary metallization pattern.

[00018] Figure 7 1s a top-view of an exemplary layout of four VCSEL arrays connected in
series on a single chip or die.

[00019] Figure 8 illustrates the series-connected, single chip array of Figure 7 connected to a

sub-mount with an exemplary metallization pattern.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[00020] Devices, systems, and methods are described herein for enabling multiple series
connections of vertical-cavity surface-emitting laser (VCSEL) arrays on a single chip. Series-
connected VCSEL arrays greatly enhance the output optical power from a given continuous (CW) or
pulsed current source, relative to a single parallel-connected VCSEL array. The enhanced peak
optical power 1s especially apparent when operated from a low duty-cycle pulsed current source.
Such high power pulsed light sources are particularly useful for a variety of applications, including
flash L1IDAR or near infrared 1llumination.

[00021] The ability to have series connected laser array regions with various sizes and
configurations on a single chip allows drive circuitry, laser configurations, and output micro-optics

to be optimally matched to maximize the per-region output. Further, the flexibility and variety of
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VCSEL array designs enable tailoring of the overall light beam output. Since embodiments are not
limited to a particular “tiling” or other arrangement on a sub-mount, manufacturing and other costs
may be reduced.

[00022] In the embodiments described below, VCSELSs 1n arrays are interconnected such that
both the anode and cathode contacts are made on the active side of the wafer. In this configuration, 1t
1S possible to use a non-conducting (undoped) wafer as the device substrate, so that 1t 1s easier to
electrically 1solate the VCSELSs. The capability to make the cathode and anode contacts to the same
side of the wafer 1s a great advantage for packaging and integration. A single flip-chip bonding step
can be used for assembly on a variety of substrates, including active integrated circuits. The direct
interconnection without wire bonds minimizes parasitic inductance, enabling short, high current
pulse operation

[00023] In accordance with an embodiment, Figure 1 shows a simplified schematic cross-
section of a flip-chip bonded VCSEL array with anode and cathode contacts on the same side of a
die. The figure shows a single laser die or chip 100 with a single laser 103 and a single shorted mesa
105 contacting the sub-mount substrate 200. However, 1n practice, a single chip will have many
laser mesas and shorted mesas. The light-emitting laser 1s the mesa contacting the anode contact pad
on the sub-mount 202. The mesa contacting the cathode contact pad 204 1s fabricated similar to the
laser mesa, but the plated metal layer 124 1s 1n contact with the p and n-doped layers of the laser
structure, creating an electrical short, so no current flows through the junction and no light 1s
emitted. Alternatively, the plated metal layer 124 can be 1solated from the p-doped layers by a
dielectric coating, only contacting the n-doped material and shorting the current directly to the
cathode contact, 204, on the sub-mount, 200. Again, no current flows through the junction 1n this
embodiment and no light 1s emitted.

[00024] It will be understood that the methods disclosed herein can be used to fabricate arrays
of other semiconductor devices, such as light emitting diodes, photodetectors, edge-emitting lasers,
modulators, high electron mobility transistors, resonant tunneling diodes, heterojunction bipolar
transistors, quantum dot lasers and the like. Further, 1t will be understood that the 1llustration of
VCSEL array device 100 in the embodiment 1s for 1llustrative purposes only and 1s in no way meant

to limit the scope of the invention.
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[00025] In the embodiment, VCSEL array device includes a substrate 102 which commonly
includes Gallium Arsenide (GaAs). However, other materials such as Indium Phosphide (InP),
Indium Arsenide (InAs), Silicon (S1), an epitaxially grown material, and the like, could be used to
form the substrate 102. Substrate 102 typically includes a lattice constant chosen to minimize
defects 1n a material layer subsequently grown thereon. It will also be understood that the choice of
at least one of the compositions and the thicknesses of the subsequently grown material layers will
provide a desired wavelength of operation. Subsequent layers are deposited on the substrate 102 via
epitaxial growth using Molecular Beam Epitaxy (MBE), Metal-Organo-Chemical Vapor Deposition
(MOCVD), and the like.

[00026] In some embodiments, the semiconductor substrate 102 1s doped 1n order to provide
additional conductive material for the current return path. This additional conductive material 1s not
necessary and the semiconductor substrate 102 can be an undoped or semi-insulating material that
has very low conductivity may be used. In such a case, the cathode contact layer 104 1s the key
electrical connecting layer between the lasers 1n the array.

[00027] Layer 104 1s a doped layer 1in the semiconductor layer structure of the VCSEL that
allows lateral conduction across the substrate, 102. A metal layer 122 (See Figure 2) makes contact
to layer 104 close to the laser mesa 103 in order to reduce the electrical resistance to the current
return path. The conductive cathode layer 104 connects to the plated metal structure 124 of the
shorted mesas 105. In an embodiment, layer 104 may be a lattice-matched lower Distributed Bragg
Reflector (DBR) epitaxially deposited on substrate 102 to form the first of the raised layers of the
VCSEL mesas 103 and the short-circuiting/shorting/grounding mesa 105. The lower DBR 104 1s
formed from multiple layers of alternating materials with varying (a high and a low) indexes of
refraction, or by periodic variation of some characteristic, such as height, of a dielectric waveguide,
resulting 1n periodic variation in the effective refractive index in the guide. Each layer boundary
causes a partial reflection of an optical wave, with the resulting combination of layers acting as a
high-quality retlector at a desired wavelength of operation. Thus, while the lower DBR 104 includes
more than one matenal layer, 1t 1s 1llustrated in Figure 1 as being comprised of a single layer for
simplicity and ease of discussion herein. A portion of lower DBR 104 can also be made conductive

to allow an electrical contact (not shown) to be made to the VCSEL array device.
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[00028] In an embodiment, an active region may be epitaxially deposited on lower DBR 104,
wherein the active region comprises cladding (and/or waveguiding) layers, barrier layers, and an
active material capable of emitting a substantial amount of light at a desired wavelength of
operation. The wavelength of operation 1s a wavelength within a range approximately given from
about 620 nm to about 1600 nm (for a GaAs substrate). However, 1t will be understood that other
wavelength ranges may be desired and will depend on the application.

[00029] As 1s understood by those skilled 1n the art, the wavelength of emission 1s
substantially determined according to the choice of materials used to create the DBR and the active
region. Further, the active region may include various light emitting structures, such as quantum
dots, quantum wells, or the like. An electrically conductive upper DBR region may be positioned on
the active region to allow ohmic electrical connections to be formed (not shown). In some
embodiments, lower DBR 104 1s n-doped and upper DBR 1s p-doped, but this can be reversed,
where lower DBR 104 1s p-doped and upper DBR 1s n-doped. In other embodiments, electrically
insulating DBRs can be employed (not shown), which utilize intra-cavity contacts and layers closer
to the active region. Further, a doped upper mirror contacting layer (not shown) can be positioned on
the upper DBR to facilitate ohmic electrical connection to a metal deposited on the contacting layer,
120.

[00030] Lithography and etching can be used to define each mesa and their structures
described above. This can be achieved by patterning the epitaxially-grown layers through a common
photolithography step, such as coating, exposing, and developing a positive thick resist. The
thickness of the resist can be varied as 1s known 1n the art, depending on etch-selectivity between the
resist and the epitaxial layers, and the desired mesa geometry.

[00031] For GaAs-based materials, etching 1s usually accomplished using a Chlorine (Cl)
based dry etch plasma, such as Cl2:BCls, but any number of gases or mixtures thereof could be used.
Etching can also be accomplished by many wet etchants. Other forms of etching, such as 1on milling
or reactive 1on beam etching and the like can also be used. The depth of the etch 1s chosen to be deep
enough to 1solate the active regions of mesas 1n the array. The etch stops either on the N mirror
(lower DBR 104), an etch stop/contact layer formed in the N mirror (lower DBR 104), or through
the N mirror (lower DBR 104) into the substrate 102. After etching to form the mesas, the remaining
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photoresist 1s removed. This can be achieved using a wet solvent clean or dry Oxygen (O2) etching
or a combination of both.

[00032] In the embodiments shown 1n the Figures, the mesa size, and apertures of the light
producing VCSELSs are the same and have uniform spacing. However, in some embodiments, the
individual VCSEL mesa size for the devices in an array can differ. Furthermore, the VCSEL mesa
spacing 1n the array can differ. In some embodiments, the separation of the light producing VCSELSs
mesas 1n an array 100 1s between approximately 20 um and 200 um. However, larger and smaller
separations are also possible. Both the VCSEL mesas and the cathode mesas are shown as circular 1n
the figures, but may be rectangular, elongated lines or other arbitrary shapes.

[00033] Dielectric deposition can be used and processed to define an opening for a contact
surface. The dielectric layer 114 1nsulates the laser mesa 103 from the plated metal covering and
heat sink 124 so that current flow from the anode contact 202 will flow through the metal layer 126,
124, and 120, and then through the semiconductor junction so that light 1s emitted. Deposition of the
dielectric layer 114 1s usually accomplished by Plasma Enhanced Chemical Vapor Deposition
(PECVD), but other techniques, such as Atomic Layer Deposition (ALD), can be used. In the
embodiment, the dielectric coating 114 1s a conformal coating over the upper surface (including the
mesa sidewalls) and 1s sufficiently thick so as to prevent current leakage through pinholes from
subsequent metal layers.

[00034] Other properties to consider while choosing the thickness of this film 1s the
capacitance created between the plated metal 124 (which operates as a heat sink as further described
below with reference to Figure 2) and the substrate 102 (ground), where the dielectric layer 114
would be more beneficial to be thicker, and the need for the dielectric layer 114 on the sidewalls of
the VCSEL 103 to transfer heat from the active region to the heat sink 124, where a thinner layer
would be beneficial. In some embodiments, multiple depositions using different deposition
techniques can be used to accomplish a layer with both of these properties. An example of this
technique 1s to follow a deposition of PECVD Silicon Nitride (S13N4) with an E-beam deposition of
S13N4, or another dielectric could be deposited that has a more directional deposition rate, thereby
putting thicker dielectric material on the incident surfaces. Once the dielectric layer 114 has been
formed, a photolithographic process 1s then used to define openings in the dielectric over each of the

VCSELSs mesas where contact 1s to be made to the top mirror contact layer 120. The dielectric layer

_] -
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114 1s also removed over the substrate 102 between each of the VCSEL mesas, over the substrate
102 surrounding the ground mesa, and over the top and side of each ground mesa.

[00035] In these exemplary embodiments, a photolithographic process may be used to define
the contacts over the top mirrors where the dielectric 1s opened, so that a p-metal layer 120 can be
formed therein in a subsequent step. In the embodiment, the opened area 1n the photoresist 1s slightly
larger than the opening 1n the dielectric, typically of the order of a few um wider. In other
embodiments, 1ts diameter can be smaller than the diameter of the dielectric opening, or as large as
the diameter of the heat sink material over the shorted mesas, which 1s plated at a later step. This
opening could not be any larger than the mesa diameter 1n an active light producing mesa or the
subsequent metals would short out the p- and n-potentials, unless the dielectric coating 1s conformal
and covering the N mirror portion at the mesa base.

[00036] Once the opened areas 1n the photoresist are defined, metallization can be performed,
typically with a p-type metal, over the opened areas. The p-metal contact layer 120 1s usually a
multilayer deposition that 1s deposited by E-beam, resistive evaporation, sputter, or any other metal
deposition techniques. A thin Titanium (T1) layer 1s first deposited for adhesion of the next layer.
The thickness of this adhesion layer can vary greatly, but 1s generally chosen to be between about
50A and about 400A as the Ti films are stressful and more resistive than the subsequent layers. In an
embodiment, the adhesion layer is approximately 200A thick. Other adhesive metal layers can be
substituted for this layer such as Chromium (Cr), Palladium (Pd), Nickel (N1), and the like. Also this
layer can serve as a reflector layer to increase reflectance of the contacting mirror.

[00037] The next layer 1s deposited directly on top of the adhesion layer without breaking
vacuum during the deposition. In many cases this layer acts as a guard against the Gold (Au) or
other top metals from diffusing too far into the contact (a diffusion barrier) because of excessive
heating at the bonding stage. Metals chosen are generally Pd, Platinum (Pt), N1, Tungsten (W), or
other metals or combinations of these metals chosen for this purpose. The thickness chosen should
depend upon specific bonding temperatures needed 1n the flip chip process. The thickness of this
layer is typically between about 1,000A and about 10,000A. In embodiments where a low
temperature bonding process 1s used, for example, 1n an Indium bonding process, a diffusion barrier

layer can be optional, and not deposited as part of the metal contact stack.
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[00038] The next layer 1s generally Au but can be Pd or Pt or mixtures such as Gold
Beryllium (AuBe) or Gold Zinc (AuZn). In the embodiment described below, the thickness of this
layer is approximately 2,000A. However, it can generally have a wide range of thicknesses
depending on the photo resist properties and heating characteristics of the deposition. In some
embodiments, another metal can also be deposited at this time to increase metal thickness and to
form the metal heat sink at this stage, thereby reducing the number of processing steps, but this
technique 1s not necessary and was not utilized in the demonstration devices described below.
[00039] Generally, a common liftoft technique 1s chosen for this photolithographic process so
that the metal deposited on the surface can easily be separated from the areas of the surface covered
with photoresist, such that any metal on the photoresist 1s removed without sticking to or atfecting
the adhesion of the metal to the semiconductor. As noted above, a photolithographic process 1s then
used to define the openings over various portions of the substrate 102 and the shorted n-contact
mesas 105, where the dielectric was opened 1n a previous step. In an embodiment, the opened area 1n
the photoresist corresponding to the n-metal deposition should be slightly larger than the opening in
the dielectric openings for the n-metal. N-metal layer 122 1s then deposited and can form an
electrical circuit with the substrate 102 either through the lower DBR 104 (if an n-mirror), an etch
stop and contact layer which 1s generally heavily doped within lower DBR 104, or to substrate 102
itself. The process to form the n-metal layer 122 1s similar to that for the p-metal layer 120. The
metal layers can be chosen to include the combinations of Ni1/Ge/Au, Ge/Au/Ni1/Au, or many such
combinations.

[00040] In some embodiments, the first layer or layers are chosen to reduce contact resistance
by diffusion into the n-doped epitaxial material of the substrate 102. In other embodiments, the first
layer of the multi-layer metal stack can also be chosen as a diffusion-limiting layer such as Ni so
that in the annealing process the metals do not “clump” and separate due to the various diffusion
properties of the materials. Evenly distributing diffusion of these metals 1s desired and can be used
to lower the contact resistance which also reduces heating. The thickness of this multi-layer metal
stack can vary greatly. In the embodiment to be described, a N1/Ge/Au metal stack with thicknesses
of 400A/280A/2,000A, respectively, was used.

[00041] A Rapid Thermal Anneal (RTA) step 1s then performed on the wafer 1n order to

lower contact resistance. For the embodiment described, the process temperature 1s rapidly ramped
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up to ~400°C, held for about 30 seconds and ramped down to room temperature. The temperature
and time conditions for the RTA step depend on the metallization, and can be determined using a
Design Of Experiment (DOE), as known to those of ordinary skill in the art.

[00042] In other embodiments, this step can be performed at an earlier or later stage of the
process flow, but 1s generally done before solder 1s deposited so as to reduce oxidation of the solder
or adhesive metal. A photolithographic process (using a thin layer of photoresist, typically around
lum to 3um, 1s used and developed to define the contact openings over the substrate 102 and
shorted N contact mesas 105, and active mesas 103 where the heat sink structures will be plated or
built up. The next step 1s deposition of the metal seed layer and 1s usually a multilayer deposition
and deposited by E-beam, resistive evaporation, sputter or any other metal deposition techniques.
The metal layers can be chosen such as Ti/Au, 20A/600A, or many such combinations where the
first layer or layers 1s deposited for adhesion and ease to etch off, and the second layer for
conductivity and ease to etch off. The seed layer 1s continuous over the surface allowing electrical
connections for plating, 1f this technique 1s used for building up the heat sinks.

[00043] In an embodiment, a thick metal 1s then deposited by plating, to form heat sink 124
However, other methods of deposition can also be used, in which case the metal seed layer 1s not
required. For plating, a photolithographic process 1s used to define the openings over the openings
defined with the previous seed layer resist. The photoresist 1s removed 1n the areas where the
deposition will occur. The thickness of the photoresist must be chosen so that 1t will lift off easily
after the thick metal 1s defined and typically ranges 1n thickness from about 4um to about 12um. A
plasma clean using O2, or water in combination with Ammonium Hydroxide, (NH40OH), 1s
performed to clear any of the resist left on the gold seed layer. The heat sink 124 metal 1s plated next
by means of a standard plating procedure. In the embodiment described, Copper (Cu) was chosen as
the metal for plating due to 1ts thermal conductance properties, but non-oxidizing metals, such as
Au, Pd, Pt, or the like, that provide good thermal conductance and provide an interface that does not
degrade device reliability, could be more appropriate. Plating thicknesses can vary. In the
embodiment described, an approximately 3um thickness was used.

[00044] Next the water or sample 1s placed 1n a solder plating solution such as Indium (In)
plating to form a bonding layer 126. Other metals can be chosen at this step for their bonding

characteristics. The thickness can vary greatly. In the embodiment described, approximately Zum of
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plated In was deposited on the heat sinks. However, other solders such as Gold Tin (AuSn) alloys
can also be used, and alternative deposition techniques such as sputtering can also be used. After
metal deposition 1s complete, the photoresist 1s then removed using solvents, plasma cleaned, or a
combination of both, as previously described, and the seed layer 1s etched with a dry or wet etch that
etches Au, then etched 1n a dry or wet etch that etches Ti1 and/or removes T1O2. The seed layer
photoresist 1s then cleaned off with standard resist cleaning methods. At this point, the VCSEL array
substrate 1s complete and ready for bonding. Alternatively, the solder may be deposited on the sub-
mount contact surfaces for the tlip-chip bonding process instead of the mesas on the laser die.
[00045] The full encasement of the mesas with a thick heat sink material 1s an important
aspect of the embodiment. Since the active regions of the mesas are closest to the edge where the
thick heat sink material 1s formed, there 1s good thermal conductance, thereby enabling the design of
the embodiment to efficiently and effectively remove heat generated by those active regions. As
previously noted, this 1s a significant departure from existing VCSEL array device heat reduction
techniques, which place the heat sink material on top of the mesa. These existing or prior designs
require heat to move through a series of higher thermally conductive materials (mirrors) or
dielectrics, thereby resulting in less efficient and effective heat reduction.

[00046] Although some existing designs encompass the mesa with a thin layer of heat sink
material, for the purpose of reducing heat, these designs do not take into the consideration the height
of the resulting heat sink. By using a thick heat sink layer and adding to the distance between the n-
substrate ground potential and the p-contact plane on the heat sink substrate, present embodiments
decrease parasitic capacitance of the system as the height of the heat sink layer 1s increased. Further,
1n addition to reducing heat, the build-up of additional material increases frequency response.
[00047] In another embodiment, the dielectric layer 114 covers the entire n-mirror or
substrate around the mesas and 1s not opened so that the heat sink material can completely
encompass all mesas and form one large heat sink structure, instead of individual mesas of heat
sinks. In this case, the n-contacts would only be needed to extend from the short circuited mesas to
the substrate. The heat sinks of the embodiment also improve the operation of the VCSEL array by
reducing the amount of heat generated by neighboring mesas. A reduction 1n thermal resistance
within most electrical devices will increase the frequency response of each device. By improving the

thermal performance of the VCSEL array device of the present device, a significant increase in the
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high speed performance of the VCSEL array device 1s made possible. Furthermore, 1n this
embodiment 1t 1s also evident that the extra height given the mesas, because of the thickened heat
sinking build up compared to the existing array circuits, reduces capacitance by increasing the
distance between the substrate ground plane and the positive contact plate connecting all active
mesas 1n parallel. The resultant effect 1s a reduction 1n parasitic impedance of the circuit which also
increases the frequency response of the entire array.

[00048] Also, the short circuited mesa design, which forms a sub-array surrounding the active
regions, allows current flow directly from the fabricated VCSEL substrate to the ground plane on the
heat spreader without the use of forming multiple wire bonds. This aspect of the embodiment
reduces the complexity of fabrication, and also reduces parasitic inductance from the multiple wire
bonds exhibited 1n the existing arrays. The short circuited mesa design, when flipped chipped to the
heat spreader substrate, forms a coplanar waveguide which 1s beneficial to the frequency response of
the array. This design feature also enables simpler packaging designs that do not require raised wire
bonds, which also impact reliability and positioning.

[00049] Layer 126 1s a solder or other conductive bonding layer that provides adhesion to the
sub-mount substrate, 200. Layer 126 can be deposited on top of the plated metal, layer 124, on
anode and cathode mesas directly by a variety of methods. Layer 126 can also be applied to the
anode and cathode contact pads 202 and 204 on the sub-mount instead. Layer 120 1s the contact to
the highly-doped surface of the VCSEL semiconductor layers. The current flow from the laser mesa
to the shorted mesa, to make the path to ground at the cathode contact, 204, 1s through the cathode
contact layer 104,

[00050] A preferred layout of such a series-connected arrangement 1s shown 1n the cross-
section of Figure 2. Here, the anodes 103 and shorted cathodes 105 of the laser array are constructed
as previously shown 1n Figure 1. One difference 1s that semiconductor substrate 102 1s at least a
semi-insulating material (1.e., semi-insulating or insulating), rather than commonly used highly
doped conductive semiconductor material. This semi-insulating material 1s a low-doped version of
the GaAs substrates that form the basis for most VCSEL designs. Also, the common conductive

cathode layer 104 1s separated using an etched region 128 to create electrically separate cathode

regions on the chip.
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[00051] An alternative embodiment uses an 1solation implant 1n region 128 instead of the
etched trench. The implant would be performed after the mesas in the figure are etched, so that the
implant energy would not need to be extremely high, as would be needed to implant through the
entire laser structure. The 1solation implant typically uses protons to disorder the semiconductor
crystal structure and make 1t non-conducting. There are many approaches to implant species and
energies to do such an electrical 1solation that are known to those skilled in the art. A combination of
a shallow-etched trench 1n region 128 combined with an 1solation implant may also be used.

[00052] Figure 3 depicts a similar series-connected arrangement as Figure 2, but the 1solation
between the VCSEL arrays are realized through a trench 1solation method. In this embodiment, the
substrate 1s etched from the back, in order to create electrically separated conductive regions on the
common conductive cathode layer. The trench 1n region 128 does not go through the entire substrate
102, but 1s deep enough to allow use of 10n implantation to make the remaining material 1n region
128 non-conductive. The trench will weaken the wafer mechanically, so a support substrate of some
type may be needed.

[00053] The trench may be formed using the lithographic techniques, as described above, to
etch the substrate 102. Common 1solation techniques, such as filling the trench with a dielectric
material such as polymer or spin-on glass to create structures similar to local oxidation of silicon
(LOCOS) or shallow trench 1solation, may be implemented to create a trench with the desired sizing
properties, 1n accordance with the materials used for the VCSEL device and substrate 102, and
various embodiments described herein.

[00054] Once a trench region 128 1s established, 1on implantation techniques may be used to
ensure the region 128 1s non-conductive. In 1on implantation, high-energy 1ons (~10-200 KeV) may
be accelerated into the substrate to displace atoms 1n the target material, cause a structural change,
and result 1n the target material having altered physical, chemical, and/or electrical properties.
Dopant 1ons such as boron, nitrogen, or phosphorous may be utilized 1n such methods, although
other 1ons may be used, depending on the substrate properties desired and substrate material.
[00055] In one technique, as known to those commonly skilled 1n the art, 10n implantation
may be implemented through formation of an 1onized beam comprising the desired element and 1nert
gases. The 1onized beam 1s accelerated 1n a vacuum at high energies towards the target materal,

where the 1onized atoms may displace atoms 1n the target material. To accomplish this process, high
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energy accelerators and other techniques common to those skilled 1n the art may be utilized. A
Rapid Thermal Anneal (RTA) step may also be performed on the chip to eliminate defects or
damage caused by dopants and impurities during the implantation process.

[00056] Ion implantation techniques may be preferable for creating the non-conductive trench
regions 128 since the electric properties of the region may be precisely controlled through the depth
and dosage of the implants. Implantation also contributes to hardening of the surface target material
and corrosion resistance, which makes the device more resistant to wear and other damage.

[00057] A combination of trench etching through the conductive region of the VCSEL
structure (as shown 1n Figure 2) and partially through the substrate (as shown 1n Figure 3), combined
with 1solation implants into the remaining material 1n region 128 would also allow use of doped (1.e.
conductive) substrates to make series connection of VCSELSs on the same die.

[00058] Figure 4 illustrates a third approach to electrically 1solating the VCSELSs on the same
die for a series connection. In this approach, the doping of the substrate 102 1s irrelevant, since the
substrate 1s removed and the VCSEL array structures are supported by an insulating substrate that 1s
bonded to the exposed surface of the VCSEL arrays after the original gallium arsenide substrate has
been removed by a combination of abrasive action, selective chemical etching, and/or lithographic
methods, as described above. The chip 1s mechanically supported by a temporary backing or handle
wafer bonded to the etched mesa side of the chip during the substrate removal. Once the 1insulating
substrate 1s bonded 1n place (using adhesive or other chip bonding processes) the temporary backing
chip 1s removed. The VCSEL arrays are then electrically 1solated from each other.

[00059] Figure 5 1llustrates an exemplary top-view layout of multiple VCSEL arrays
connected 1n series on a single chip or die. The chip 1s represented by the solid rectangular outline
500. In this embodiment, two regions 128 extend across the chip to form three consecutive
electrically separated conductive regions, 502a, 502b, and 502¢, on the chip’s common conductive
cathode layer. The 1solated regions 128 may be etched or 1on implanted, through any of the methods
described above, to make the regions non-conductive. Each electrically separated conductive region
502 further comprises an anode region and a cathode region. The anode region comprises a plurality
of anode contacts 504, represented by the smaller dashed circles. The cathode region also comprises

a plurality of cathode contacts 506, represented by the larger dashed circles.
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[00060] In this embodiment, the anodes are grouped together 1n the center of each chip region
502. The cathode contacts 504 form a C-shape around the plurality of anode contacts 504 and
substantially surround three sides of the anode contacts. However, other cathode and anode
configurations are possible and are not limited to the current exemplary layout. The anode contacts
504 are electrically connected with the cathode contacts 506 within a same electrically separated
conductive region. When the chip 1s connected to a sub-mount, the cathodes contacts connect to
anode contacts of an adjacent region through the sub-mount’s metallization pattern (not shown) on
the bottom side of the chip, as further described 1n Figure 6.

[00061] The etched regions 128, which extend across the width of the chip 500, electrically
separates the cathode sub-mount layer on each region from cathode layers on adjacent regions by the
etched region 128. The etched region may be achieved and defined by photolithographic processes
similar to those described above, 1n order to create one or more separate, non-connected metal layers
on the chip 500. The etched regions may comprise one or two-dimensional patterns, or any
variations of the patterns described herein and may be 1on-implanted regions or a combination of
etched trench and 1on-1implanted regions.

[00062] Furthermore, the chip 500 may be any shape or size consistent with enabling the
disclosed features, and 1s not limited to the depicted rectangular embodiment in Figure 5. Chips may
be formed by cleaving, dicing, laser singulation, or any combination of those or similar processes.
Likewise, the shape, size and number of regions created on each chip can be varied, depending on
design needs and similar considerations.

[00063] The arrangement of cathodes and anodes on each region may be varied to achieve the
described connection patterns. The plurality of cathode solder bumps 506 are on a layer separated
from the anode plurality on the same region. Cathode layers between regions are electrically
separated such that the inter-region connections occur between the anode plurality on one region,
and the cathode plurality on the adjacent region. Anodes 504 within each region are connected to the
common cathode connection 506 within 1ts same region through the common cathode contact layer,
layer 124 1n Figure 1, so that current flows through the Anode 504 and the laser diode junctions
(emitting light 1n the process) and then through the common cathode layer, 124 to the cathode

contact.
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[00064] The series-connected VCSEL array design 1s further illustrated in Figure 6, which
depicts a bottom view of the exemplary layout in Figure 5. In this embodiment, a patterned sub-
mount 1S used to implement the series connection of each electrically separate region 502.
Specifically, the sub-mount’s metallization pattern provides a conductive electrical path between the
anodes and cathodes of different chip regions, while maintaining electrical separation between
cathodes 1n separate chip regions, and cathodes and anodes on the same chip region 500.

[00065] The connection may be realized through flip-chip bonding, wherein the laser die, as
described 1n Figure 2, 1s placed face-down onto a sub-mount substrate. The sub-mount and laser die
are precisely aligned to enable desired electrical connection paths, and maintain proper electrical
separation between regions. Flip-chip bonding provides numerous advantages compared to wire-
bonded devices. The main advantage 1s design flexibility, as there 1s a greater potential for
connections. Compared to wire bonding, since more connections can be made per chip region,
smaller and more varied configurations may be realized. There are also significantly less
electromagnetic emissions compared to wire bonding. Shortened signal paths, and reduced
inductance and capacitance of connections leads to improved electrical performance of the device,
including higher speeds. Further, since heat sinks are directly attached to the chip (or die) in flip-
chip bonding, improved heat transfer characteristics can be realized. These improvements can lead
to economic advantages, and reductions 1n material, manufacturing, and production costs.

[00066] In the flip-chip process, chips may be bonded using a thermally cured epoxy layer for
adhesion. The adhesive may be any number of materials, depending on design, spacing, or thermal
considerations. For example, anisotropic conductive materials or non-conductive materials may be
used for the adhesive bonding process. As the chip 1s attached to the sub-mount, and the
metallization pattern 1s precisely aligned, electrical connections may be realized through gold
contacts.

[00067] In the depicted embodiments, the anodes 504 and cathodes 506 are laid out
1dentically to the chip arrangement in Figure 5. The shaded patterned region 600 represents the sub-
mount metallization pattern. The chip 500, outlined by dashed lines, 1s mounted onto the sub-mount
600. Thus, the cathode and anode solder bumps on each region contact the sub-mount, through

which they may be electrically connected. The sub-mount 600 functions to assist in connecting the
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cathodes and anodes within each region, while providing connections to electrical elements in
consecutive regions.

[00068] As 1llustrated, the anodes 504a of region 1 connect to the cathodes 506b 1n region 2,
through the common sub-mount layer. Likewise, the anodes 504b 1n region 2 connect to the
cathodes 504c¢ 1n region 3. As described above, the cathodes and anodes on the same region are
connected as well by the cathode common contact layer, 124, but the current must flow through the
laser diode junction 1n the anode mesas, as described earlier.

[00069] The metallization pattern 600 comprises gaps 602 which separate anode and cathodes
on each region, and closely align with the etched regions 128 on the laser die, 500. Stmilar to the
etched regions 128, the metallization pattern gaps 602 serve to keep cathode regions electrically
separate. As such, 1in the current embodiment, the combination of etched regions 128 and gaps 602
create three electrically separate regions on the chip 500. The described connections between anodes
and cathodes on each region result in a series-connection of the three parallel arrays of diodes. This
1s depicted as a series connection of three diodes 1n Figure 6.

[00070] While one chip 1s depicted 1n the present exemplary embodiment, multiple chips, or
dies, may be connected 1n series. For example, several chips similar to those described 1n Figures 5-
6 may be connected. Anodes on a separate chip may be connected, through the common sub-mount
metallization pattern 600 to the cathodes 506a, depicted on present chip 500. Likewise, anodes 504c
on the present chip may be connected to a separate chip’s cathode. Moreover, individual or groups
of the plurality of VCSELSs may be electrically connected to external driver circuitry.

[00071] Figure 7 illustrates an alternate embodiment for a series-connected VCSEL array. In
this example, four electrically separated regions are placed on a die such that two sides are adjacent
to an electrically separate conductive region. The chip 700 may be comprised of GaAs or any
similar material, as discussed above.

[00072] Similar to the arrangement 1n Figures 5-6, the anodes 702 are represented by the
smaller dashed circles and are grouped together and placed in the interior portion of each square
region. The cathodes 704, represented by the larger dashed circles, are positioned around the
plurality of anodes 702 1n each region. Again, the cathodes form a C-shape around the anode
plurality, and substantially surround the anodes on three sides. In this four-in-series arrangement, the

C-shaped cathode orientation in regions 1 and 2 1s reversed from the orientation 1n regions 3 and 4.
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Specifically, the open portion of the cathode plurality faces the opposite side of the chip. This
orientation 1s beneficial for flip-chip placement on the exemplary sub-mount metallization pattern
described 1n Figure 8.

[00073] Further, the cathode and anode connection pattern 1s stmilar to Figure 5. For
example, the cathodes 704 on regionl are connected to anodes 702 on the same region through the
laser diode junctions 1n the laser die, 700. Through the sub-mount (not shown), the cathodes 704 of
region 1 connect to the anodes 702 on the electrically separate region 2. Likewise, the cathode and
anodes on region 2 are connected through the laser diode junctions, and the anodes on region 3 are
connected to the cathodes on region 2 through the sub-mount. A similar connection pattern 1s
realized on regions 3 and 4 so that each region on the chip 700 1s connected in series, thus creating
the four-in-series VCSEL arrangement.

[00074] In this embodiment, the etched area 128, which electrically separates each region, 1s
patterned in two dimensions. The etched area extends along the length and width of the chip, as well
as the perimeter, so that each side of the four regions 1s electrically separate from any adjacent or
other regions on the chip 700. Such two-dimensional etching patterns allow regions on the die to be
placed 1n arbitrary arrangements with respect to each other. Thus, various region shapes, size,
numbers, and positions may be realized to create many alternative series connection patterns.
Theretore, 1t will be understood that while the 1llustrative embodiments 1llustrate a three-in-series
and four-in-series arrangements of VCSEL arrays, the present invention 1s not limited to such
examples.

[00075] Additionally, the arrangement of cathodes and anodes on each region are not limited
to the depicted exemplary arrangement. Their positions and grouping may be varied according to
region and/or chip size, position, the sub-mount metallization pattern, design purpose, or other
similar considerations.

[00076] Figure 8 depicts a bottom-view of the connection pattern and flip-chip bonding of the
chip 700 to a sub-mount 800 to accomplish the four VCSEL series arrangement described in Figure
7. The metallization pattern on the sub-mount 800 1s depicted as the shaded region, and connects the
cathode plurality 1n each region to the anode plurality 1in the next region, sitmilar to the metallization

sub-mount described 1n Figure 6 for the three-in-series arrangement.
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[00077] The metallization pattern comprises gaps 802 between anode 702 and cathode 704
pluralities on each of the four laser regions. Moreover, the gaps align with the etched region 128 so
that each region’s cathode layer remains electrically separated from other regions’ cathode layer.
The metallization pattern 1s not limited to the present design and may be varied, according to chip
size, shape, or design, real estate, or other considerations.

[00078] The present embodiment and described connection patterns can also be extended to
multiple other arrangements. They may include additional laser junctions connected 1n series to
match with various pulsed drive circuits, and maintain the alignment and real estate advantages of a
single chip approach. Solder 126, for electrical and mechanical connections can either be on the
laser mesas as in Figures 2-4, or on the sub-mounts metal patterns.

[00079] While the present disclosure has been 1llustrated and described herein 1n terms of
several alternatives, 1t 1s to be understood that the techniques described herein can have a multitude
of additional uses and applications. Accordingly, the disclosure should not be limited to just the
particular description, embodiments and various drawing figures contained 1n this specification that
merely 1llustrate one or more embodiments, alternatives and application of the principles of the

disclosure.
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What 1s Claimed:

1. A series-connected vertical-cavity surface-emitting laser (VCSEL) array, comprising:
a die, including:

a semiconductor substrate and a conductive cathode layer, the conductive cathode
layer including one or more non-conductive regions that form a plurality of electrically
separate conductive regions; and

a plurality of VCSEL elements on each electrically separate conductive region, the
plurality of VCSEL elements including an anode region connected 1n series with a cathode
region; and
a sub-mount including a metallization pattern configured to connect the anode region on a

first electrically separate conductive region to the cathode region on a second electrically separate
conductive region, to maintain electrical separation between the electrically separate conductive
regions on the conductive cathode layer, and to electrically separate the anode region and the

cathode region on each electrically separate conductive region on the conductive cathode layer.

2. The VCSEL array of claim 1, wherein the semiconductor substrate 1s at least a semi-

insulating materal.

3. The VCSEL array of claim 1, wherein the one or more non-conductive regions are formed by

one or more of etching and 1on implants on the conductive layer.

4. The VCSEL array of claim 1, wherein the one or more non-conductive regions comprise a

one or two-dimensional etch pattern with cleaved or diced edges.

5. The VCSEL array of claim 4, wherein the metallization pattern matches the one or two-

dimensional etch pattern.

6. The VCSEL array of claim 1, wherein contacts for the anode region and the cathode region
are formed on a same side of the die to facilitate making all electrical connections through a single

flip-chip bond step.
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7. The VCSEL array of claim 1, wherein the sub-mount and the die are connected through flip-
chip bonding.
8. The VCSEL array of claim 1, wherein the cathode region of each conductive cathode region

1n a first conductive region 1s positioned around the anode region 1n the first conductive region.

9. The VCSEL array of claim 1, wherein individual VCSELS among the plurality of VCSELS
or groups of VCSELSs among the plurality of VCSELSs are electrically connectable to external driver

circuitry, including through a direct bond to a driver integrated circuit substrate.

10. The VCSEL array of claim 1, wherein each anode region and each cathode region comprise a

plurality of shorted contacts.

11. The VCSEL array of claim 1, wherein the sub-mount 1s a printed wiring board or patterned
circuit.
12. The VCSEL array of claim 1, wherein the sub-mount 1s an active integrated circuit that

provides power, temperature control or other electronic functions for the die.

13. A method for manufacturing vertical-cavity surface-emitting laser (VCSEL) arrays 1n series,
comprising:
forming on a die, including;
forming on a semiconductor substrate a conductive cathode layer including one or
more non-conductive regions, the one or more non-conductive regions forming a plurality of
electrically separate conductive regions; and
forming a plurality of VCSEL elements within each electrically separate conductive
region, the plurality of VCSEL elements comprising an anode region and a cathode region;

and
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forming a sub-mount including a metallization pattern configured to connect the anode
region on a first electrically separate conductive region to the cathode region of a second electrically
separate conductive region, to maintain electrical separation between the electrically separate
conductive regions on the conductive cathode layer, and to electrically separate the anode region and

the cathode region within each electrically separate conductive region on the conductive cathode

layer.
14, The method of 13, wherein the semiconductor substrate 1s at least a semi-insulating material.
15. The method of 13, wherein the one or more non-conductive regions are formed by 10n

implants or etching a one-dimensional or two-dimensional pattern with cleaved or diced edges on

the conductive cathode layer.

16. The method of 15, wherein the metallization pattern matches one or more etch patterns on

the conductive cathode layer.

17. The method of claim 13, further comprising forming contacts for the anode region and the
cathode region on a same side of the die to facilitate making all electrical connections through a

single flip-chip bond step.

18. The method of 13, further comprising tlip-chip bonding the sub-mount to the semiconductor

substrate.

19. A system for connecting vertical-cavity surface-emitting laser (VCSEL) arrays 1n series, the
system comprising:
a die, including:
one or more non-conductive regions creating a plurality of electrically separate

conductive regions within a conductive layer on a semiconductor substrate; and

_23 -



CA 03071264 2020-01-27

WO 2019/023401 PCT/US2018/043786

a plurality of series-connected VCSEL elements within each electrically separate
conductive region, wherein the plural of series-connected VCSEL elements comprise an
anode region and a cathode region; and
a sub-mount connected to the semiconductor substrate, the sub-mount comprises a

metallization pattern which connects the anode region on a first electrically separate conductive
region to the cathode region of a second electrically separate conductive region, maintains electrical
separation between electrically separate conductive regions on the conductive layer, and electrically
separates the anode region and the cathode region within each electrically separate conductive

region on the conductive cathode layer.

20. The system of claim 19, wherein the semiconductor substrate 1s at least s semi-1nsulating
material.
21. The system of claim 19, wherein the one or more non-conductive regions are formed by one

or more of 1on implants, and one-dimensional or two-dimensional etch patterns with cleaved or

diced edges on the conductive cathode layer.

22, The system of claim 21, wherein the metallization pattern matches the one or more of the

one-dimensional or two-dimensional etch patterns on the conductive cathode layer.

23. The system of claim 19, wherein contacts for the anode region and the cathode region are
formed on a same side of the die to facilitate making all electrical connections through a single flip-

chip bond step.

24. The system of claim 19, wherein the sub-mount and semiconductor substrate are connected

through flip-chip bonding.

25. A series-connected vertical-cavity surface-emitting laser (VCSEL) array, comprising:

a die, including:
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a semiconductor substrate and a conductive anode layer, the conductive anode layer
including one or more non-conductive regions that form a plurality of electrically separate
conductive regions; and

a plurality of VCSEL elements on each electrically separate conductive region, the
plurality of VCSEL elements including a cathode region connected in series with an anode
region; and
a sub-mount including a metallization pattern configured to connect the anode region on a

first electrically separate conductive region to the cathode region on a second electrically separate
conductive region, to maintain electrical separation between the electrically separate conductive
regions on the conductive cathode layer, and to electrically separate the anode region and the

cathode region on each electrically separate conductive region on the conductive cathode layer.

26. The VCSEL array of claim 25, wherein the semiconductor substrate 1s at least a semi-

insulating materal.

27. The VCSEL array of claim 25, wherein the one or more non-conductive regions are formed

by one or more of etching and 1on implants on the conductive layer.

28. The VCSEL array of claim 25, wherein the one or more non-conductive regions comprise a

one or two-dimensional etch pattern with cleaved or diced edges.

29. The VCSEL array of claim 28, wherein the metallization pattern matches the one or two-

dimensional etch pattern.

30. The VCSEL array of claim 25, wherein contacts for the anode region and the cathode region
are formed on a same side of the die to facilitate making all electrical connections through a single

flip-chip bond step.

31. The VCSEL array of claim 25, wherein the sub-mount and the die are connected through
flip-chip bonding.

_95 -
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32. The VCSEL array of claim 25, wherein the cathode region of each conductive cathode
region 1n a first conductive region 1s positioned around the anode region 1n the first conductive

region.

33. The VCSEL array of claim 25, wherein individual VCSELS among the plurality of VCSELS
or groups of VCSELs among the plurality of VCSELSs are electrically connectable to external driver

circuitry, including by direct bond to a driver integrated circuit substrate.

34, The VCSEL array of claim 25, wherein each anode region and each cathode region comprise

a plurality of shorted contacts.

35. The VCSEL array of claim 25, wherein the sub-mount 1s a printed wiring board or patterned
circuit.
36. The VCSEL array of claim 25, wherein the sub-mount 1s an active integrated circuit that

provides power, temperature control or other electronic functions for the die.
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