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(57) ABSTRACT 

An optical device includes a light emitting region which 
emits light at the Wavelength of operation, the light emitting 
region includes at least one active region. An n-type con 
ductivity contact region is positioned on one surface of the 
active region and a p-type conductivity contact region is 
positioned on an opposite surface. The p surface of a p/n 
tunnel junction is positioned on the opposite surface of the 
p-type conductivity contact region and an n-type conduc 
tivity contact region is positioned on the n surface. The light 
emitting region is positioned Within an optical gain cavity 
Which includes a mirror and an opposed mirror and a 
substrate solder bonded using a bonding layer to at least one 
of the mirror and the opposed mirror. 
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LOW VOLTAGE MULTI-JUNCTION VERTICAL 
CAVITY SURFACE EMITTING LASER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation-in-part applica 
tion of US. patent application Ser. No. 10/299,387, ?led 
Nov. 19, 2002. 

FIELD OF THE INVENTION 

[0002] This invention relates to lasers. 

[0003] More particularly, the present invention relates to 
semiconductor lasers that generate relatively long Wave 
lengths. 

BACKGROUND OF THE INVENTION 

[0004] Vertical cavity surface emitting lasers (hereinafter 
referred to as “VCSEL’s”) have become the dominant light 
source for optical transmitters used in short-reach local area 
netWorks and storage area netWork applications, in Which a 
multi-mode optical ?ber is used for data transmission. 
VCSEL’s are loW cost micro-cavity devices With high 
speed, loW drive current and loW poWer dissipation, With 
desirable beam properties that signi?cantly simplify their 
optical packaging and testing. In order to extend the appli 
cation of VCSEL’s to optical netWorks With a longer reach, 
e.g., in Metropolitan Area Networks that are based on 
single-mode optical ?bers, a long Wavelength VCSEL is 
needed that can emit suf?ciently high single mode output 
poWer in the 1.3 pm to 1.5 pm Wavelength range. 

[0005] The simultaneous requirement of high poWer and 
single mode lasing operation create an inherent contradic 
tion in the VCSEL design. Whereas high poWer requires a 
large effective gain volume, single mode operation mandates 
a smaller active area that is typically less than 5 pm in cross 
section. This contradiction may be resolved by increasing 
the longitudinal extent of the gain volume While restricting 
its lateral area, but in practice this approach is limited by the 
diffusion lengths of the injected electrical carriers, Which 
limit the thickness of the gain volume. This, along With the 
stronger temperature dependence of the lasing mode and the 
gain peak at longer Wavelengths, has effectively limited the 
maximum single mode output poWer of a long Wavelength 
VCSEL to 1 mW or less before the onset of thermal 
roll-over. 

[0006] The use of multiple quantum Well stacks arranged 
in a resonant gain con?guration (With the quantum Wells 
located at the anti-nodes) can greatly increase the gain 
volume and total optical of the VCSEL, but in practice this 
is limited by carrier diffusion to a single MQW stack. One 
approach for circumventing the carrier diffusion limit is to 
electrically cascade successive pn junctions formed by 
embedding individual gain regions (MQW stacks) betWeen 
p-doped and n-doped contact layers. The successive pn 
junctions are electrically “shorted” and thus serially con 
nected by means of Esaki tunnel junctions connecting neigh 
boring p+-doped and n+-doped contact layers. While this 
approach can result in a higher optical output and differential 
slope efficiencies that exceed 100%, its principal draWback 
is the additive nature of the junction voltages, Which require 
the use of high voltage drivers that are not readily available 
at high modulation speeds. 
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[0007] In general, semiconductor lasers are simply a P/N 
junction With an active area betWeen and mirrors to re?ect 
and amplify the light on each side. The major problem With 
a P/N junction is that P-doped material has very loW carrier 
mobility and, therefore, current distribution across the junc 
tion is poor. Since current ?oWing into the active area 
produces the desired light, poor current distribution results 
in poor light production. 

[0008] It Would be highly advantageous, therefore, to 
remedy the foregoing and other de?ciencies inherent in the 
prior art. 

[0009] Accordingly, it is an object of the present invention 
to provide a neW and improved method of fabricating an 
electrically pumped long Wavelength vertical cavity surface 
emitting laser. 

[0010] It is an object of the present invention to provide a 
neW and improved method of fabricating an electrically 
pumped long Wavelength vertical cavity surface emitting 
laser Which operates at loWer poWer. 

[0011] It is another object of the present invention to 
provide a neW and improved method of fabricating an 
electrically pumped long Wavelength vertical cavity surface 
emitting laser Which has improved light emission properties. 

[0012] It is another object of the present invention to 
provide a neW and improved method of fabricating an 
electrically pumped long Wavelength vertical cavity surface 
emitting laser Which generates less heat. 

[0013] It is still another object of the present invention to 
provide a neW method of improving the temperature per 
formance of an electrically pumped long Wavelength vertical 
cavity surface emitting laser Which has reduced temperature 
dependence. 

[0014] It is still another object of the present invention to 
provide a neW method of improving the current distribution 
of an electrically pumped long Wavelength vertical cavity 
surface emitting laser Which has reduced temperature depen 
dence. 

[0015] It is still another object of the present invention to 
provide a neW and improved the electrically pumped long 
Wavelength vertical cavity surface emitting laser Which has 
improved current distribution. 

SUMMARY OF THE INVENTION 

[0016] To achieve the objects and advantages speci?ed 
above and others, a method of fabricating a multi-junction 
vertical cavity surface emitting laser With a Wavelength of 
operation, generally Within a range of approximately from 
1.2 pm to 1.6 pm, is disclosed. The method comprises the 
steps of providing a ?rst substrate onto Which at least one 
light emitting region is epitaxially groWn. In the preferred 
embodiment, the ?rst substrate includes indium phosphide 
(InP). HoWever, it Will be understood that the ?rst substrate 
can include other materials Which can be lattice matched to 
subsequent layers groWn thereon. 

[0017] The one or more light emitting regions each 
include an active region With a plurality of quantum struc 
ture layers Which substantially emit light at the Wavelength 
of operation. 
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[0018] Further, each light emitting region is separated 
from each adj acent light emitting region by alternate contact 
regions of either n-type or p-type conductivity so that each 
light emitting region can be electrically biased indepen 
dently and in parallel. In the preferred embodiment, each 
light emitting region is sandWiched betWeen contact regions 
of opposite conductivity types (i.e. n-type and p-type regions 
to form a p/n junction). To enhance the uniformity of the 
current distribution across the p/n junction, and to overcome 
the poor lateral current spreading of the p-type conductivity 
contact regions, a p""/n++ tunnel junction is positioned on 
the surface of the light-emiiting region With its p++ surface 
opposite to the p-type conductivity region of the latter. An 
n-type conductivity contact region is positioned on the n++ 
surface of the p""/n++ tunnel junction so that the major 
contact regions at the outer boundaries of the combined light 
emitting region or regions are n-type conductivity contact 
regions. 

[0019] A ?rst stack of alternate layers of a ?rst material 
and a second material is epitaXially groWn on the light 
emitting region Wherein the ?rst stack of alternate layers 
form a distributed Bragg re?ector (hereinafter referred to as 
“DBR”). A second substrate is bonded to the ?rst stack of 
alternate layers and the ?rst substrate is removed by lapping 
or a similar technique to substantially eXpose the light 
emitting region. In the preferred embodiment, the second 
substrate includes indium phosphide (InP). HoWever, it Will 
be understood that the second substrate can include other 
materials With suitable thermally conductive properties such 
as gallium arsenide (GaAs), silicon (Si), or the like. The 
second substrate can be bonded using a bonding layer of a 
solder material, for eXample, or another suitable material 
With the desired properties for adhesion. In some embodi 
ments, the bonding layer can be optically transparent, or it 
can include a WindoW to alloW a substantial light emission 
through the second substrate. 

[0020] A second stack of alternate layers of a third mate 
rial and a fourth material is epitaXially groWn on the at least 
one light emitting region to form a DBR. In the preferred 
embodiment, the third and fourth materials include a high 
indeX of refraction material, such as magnesium ?uoride 
(MgF) and Zinc selenide (ZnSe), respectively, to form a 
dielectric DBR. HoWever, the ?rst, second third, and fourth 
material layers can include other materials, such as alloys of 
AlGaAs, silicon oXide (SiO), titanium oXide (TiO), or the 
like. Further, the ?rst, second, third, and fourth material 
layers each have a thickness approximately equal to one 
quarter of the Wavelength of operation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The foregoing and further and more speci?c 
objects and advantages of the instant invention Will become 
readily apparent to those skilled in the art from the folloWing 
detailed description of a preferred embodiment thereof taken 
in conjunction With the folloWing draWings: 

[0022] FIG. 1 is a sectional vieW of a step in the fabri 
cation of a single junction vertical cavity surface emitting 
laser in accordance With the present invention; 

[0023] FIG. 2 is a sectional vieW of a step in the fabri 
cation of the single junction vertical cavity surface emitting 
laser in accordance With the present invention; 
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[0024] FIG. 3 is a sectional vieW of another step in the 
fabrication of the single junction vertical cavity surface 
emitting laser in accordance With the present invention; 

[0025] FIG. 4 is a sectional vieW of still another step in the 
fabrication of the single junction vertical cavity surface 
emitting laser in accordance With the present invention; 

[0026] FIG. 5 is a sectional vieW of a step in the fabri 
cation of the single junction vertical cavity surface emitting 
laser in accordance With the present invention; 

[0027] FIG. 6 is a circuit schematic of an electro-optic 
circuit of the single junction vertical cavity surface emitting 
laser connected to electronic modulation circuitry in accor 
dance With the present invention. 

[0028] FIG. 7 is a sectional vieW of a step in the fabri 
cation of a multi-junction vertical cavity surface emitting 
laser in accordance With the present invention; 

[0029] FIG. 8 is a circuit schematic of an electrooptic 
circuit of the multi-junction vertical cavity surface emitting 
laser connected to electronic modulation circuitry in accor 
dance With the present invention; 

[0030] FIG. 9 is a sectional vieW of another embodiment 
of a multi-junction VCSEL in accordance With the present 
invention; 
[0031] FIG. 10 is a sectional vieW of yet another embodi 
ment of a multi-junction VCSEL in accordance With the 
present invention; 

[0032] FIG. 11 is a sectional vieW of still another embodi 
ment of a multi-junction VCSEL in accordance With the 
present invention; 

[0033] FIG. 12 is a simpli?ed sectional vieW of the basic 
structure of a single junction vertical cavity surface emitting 
laser including a p/n tunnel junction for current distribution 
in accordance With the present invention; 

[0034] FIG. 13 is a sectional vieW of a single junction 
vertical cavity surface emitting laser including a p/n tunnel 
junction in a reverse position from that illustrated in FIG. 
12; and 

[0035] FIG. 14 is a sectional vieW of a dual junction 
vertical cavity surface emitting laser including p/n tunnel 
junctions for current distribution in accordance With the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0036] Turn noW to FIG. 1 Which illustrates a step in the 
fabrication of a single junction vertical cavity surface emit 
ting laser 5 With a Wavelength of operation in accordance 
With the present invention. It Will be understood that We are 
illustrating a single VCSEL 5 although generally a plurality 
of VCSEL’s are deposited or groWn in blanket layers over 
an entire Wafer so that a large number of VCSEL’s are 
fabricated simultaneously. 

[0037] The method of fabricating single junction VCSEL 
5 includes providing a substrate 26 onto Which at least one 
light emitting region 23 is epitaXially groWn. In this embodi 
ment, We are illustrating a single light emitting region 23 for 
simplicity and ease of discussion. In the preferred embodi 
ment, substrate 26 includes indium phosphide (InP). HoW 
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ever, it Will be understood that substrate 26 can include other 
materials, such as gallium aresenide (GaAs) or the likes 
Which can be lattice matched With subsequent layers groWn 
thereon. 

[0038] Light emitting region 23 includes an active region 
21 With a plurality of quantum structure layers 22 With a 
band gap Wavelength Wherein each quantum structure layer 
22 substantially emits light at the Wavelength of operation. 
In the preferred embodiment, the Wavelength of operation is 
in a range given approximately from 1.2 pm to 1.6 pm Which 
is typically used in optical communication applications, 
such as ?ber optical netWorks. HoWever, it Will be under 
stood that other Wavelength ranges may be suitable for a 
given application. 
[0039] In the preferred embodiment, active region 21 is 
sandWiched betWeen a cladding layer 18 and a cladding 
layer 24. It Will be understood that While cladding layers 18 
and 24 are illustrated as including a single material layer, 
layers 18 and 24 can each include more than one layer. 
Further, in the preferred embodiment, cladding layers 18 and 
24 include indium phosphide Wherein cladding layer 18 is 
lightly doped n-type and cladding layer 24 is lightly doped 
p-type. HoWever, it Will be understood that layers 18 and 24 
can include other suitable cladding materials With various 
doping con?gurations. 
[0040] In the preferred embodiment, quantum structure 
layers 22 include quantum Wells. HoWever, it Will be under 
stood that layers 22 can include other device structures, such 
as quantum dots or similar device structures With suitable 
light emission properties. 
[0041] Further, adjacent quantum structure layers 22 are 
separated by a barrier layer 20 as illustrated such that a 
barrier layer 20a is positioned adjacent to cladding layer 24 
and a barrier layer 20b is positioned adjacent to cladding 
layer 18. In the preferred embodiment, an energy gap 
Wavelength of each barrier layer 20 is smaller than the 
energy gap Wavelength of each quantum structure layer 22. 
Further, in the preferred embodiment, quantum structure 
layers 22 and barrier layers 20 include alloys of AlGaInAs 
(i.e. InAlAs, InGaAs, etc.). HoWever, it Will be understood 
that quantum structure layers 22 and barrier layers 20 can 
include other suitable light emitting materials and barrier 
materials, respectively. 
[0042] It Will be understood that in some embodiments, 
barrier layer 20a positioned adjacent to cladding layer 2-4 
can include a suf?ciently loW electron af?nity material in 
order to provide improved electron con?nement for active 
region 21. Further, in some embodiments, barrier layer 20b 
adjacent to cladding layer 18 can include a suf?ciently high 
ioniZation potential material to provide improved hole con 
?nement. The addition of barrier layers 20a and 20b pro 
vides a higher energy barrier against carrier leakage and 
carrier loss, and improves a high temperature performance 
of VCSEL 5. 

[0043] A contact region 19 is positioned on light emitting 
region 23 adjacent to cladding layer 18. In the preferred 
embodiment, contact region 19 includes highly n-type doped 
indium phosphide (InP). HoWever, it Will be understood that 
contact region 19 can include other suitable contact mate 
rials. Further, contact region 19 is illustrated as including a 
single layer for simplicity and illustrative purposes. HoW 
ever, it Will be understood that contact region 19 can include 
multiple conductive layers. 
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[0044] A metamorphic DBR region 16 is epitaXially 
groWn on contact region 19. In the preferred embodiment, 
metamorphic DBR region 16 includes alternate layers of an 
AlAs layer 15 and a GaAs layer 17. HoWever, it Will be 
understood that layers 15 and 17 can include other suitable 
re?ective materials that are stacked alternately betWeen a 
high and a loW indeX of refraction. Further, in the preferred 
embodiment, each layer 15 and 17 has a thickness 74 
approximately equal to one quarter of the Wavelength of 
operation to provide a desired re?ective property. Metamor 
phic DBR region 16 behaves as a heat spreading region. The 
higher thermal conductivity of binary compounds in meta 
morphic DBR region 16 provides a loWer thermal resistance 
and better high temperature performance for single junction 
VCSEL 5. 

[0045] A substrate 10 is bonded to metamorphic DBR 
region 16. In the preferred embodiment, substrate 10 
includes indium phosphide (InP). HoWever, it Will be under 
stood that substrate 10 can include other suitable substrate 
materials, such as gallium arsenide (GaAs), silicon (Si), or 
other suitable supporting materials With a desired property 
for thermal conductivity, such as a heatsink or the like. 
Substrate 10 can be bonded to region 16 using techniques 
Well knoWn to those skilled in the art. In the preferred 
embodiment, substrate 10 is bonded to region 16 using a 
bonding layer 12 Which includes a solder material such as 
gold/silicon (Au/Si), gold/tin (Au/Sn), gold/germanium 
(AuGe), or the like. In the preferred embodiment, bonding 
layer 12 includes a WindoW 14 to alloW light emission from 
light emitting region 23 as Will be discussed separately. 

[0046] Turn noW to FIG. 2 Which illustrates another step 
in the fabrication of single junction VCSEL 5. In FIG. 2, 
substrate 26 is substantially removed to eXpose a surface 46 
of light emitting region 23 by any technique Well knoWn to 
those skilled in the art, such as lapping or the like. Further, 
in the preferred embodiment an implant region 36 and 37 are 
formed Within cladding layer 24 and aligned such that an 
electrically conductive channel is formed Which substan 
tially overlaps the light path channel 49 that eXtends through 
light emitting region 23, metamorphic DBR region 16, and 
substrate 10, as Will be discussed separately. In the preferred 
embodiment, an indeX guide region 30 and 31 are positioned 
Within cladding layer 24 adjacent to surface 46 and aligned 
With WindoW 14 and light path channel 49. IndeX guide 
regions 30 and 31 can include, for eXample, a trench. 

[0047] Implant regions 36 and 37 are used to substantially 
con?ne an electrical current to light path channel 49 to 
improve a single mode lasing operation. Hence, ion implan 
tation is used to bombard some of the surrounding cladding 
layer 24 in order to create a region of higher resistivity, and, 
thereby channel a substantial amount of the electrical current 
into the relatively more conductive light path channel 49. 
HoWever, it Will be understood that implant regions 36 and 
37 and indeX guide regions 30 and 31 are optional, but 
included in the preferred embodiment for illustrative pur 
poses. 

[0048] The implanted ions may consist of singly-charged 
protons (H+), singley-charged helium ions (He+), doubly 
charged helium ions (He’'’'), or the like. The higher resis 
tivity substantially results from the deep levels created by 
the implant damage, Whose energy states favor the compen 
sation of cladding region 24. It Will be understood that a 
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similar implant region could be created Within cladding 
layer 18 and adjacent to light path channel 49. 

[0049] Index guide regions 30 and 31 are used to improve 
a single-mode output poWer of single junction VCSEL 5 by 
increasing the lateral cross-section of the gain region While 
preserving single-mode lasing operation by means of mode 
selection measures (mode control) that preferentially 
enhance a modal gain of one mode through index guiding, 
or alternatively suppress the other competing higher order 
modes through higher re?ection loss. By alloWing the 
actively pumped area to increase While suppressing the 
competing modes that emerge through surface relief pat 
terning, higher single-mode output poWer is achieved at a 
reduced current density, Which leads to loWer self-heating 
and reduced gain saturation. 

[0050] Turn noW to FIG. 3 Which illustrates another step 
in the fabrication of single junction VCSEL 5. In FIG. 3 and 
in the preferred embodiment, a dielectric DBR region 28 is 
positioned on light emitting region 23 and adjacent to 
cladding region 24 by using a dielectric lift-off process. 
HoWever, it Will be understood that dielectric DBR region 28 
can be deposited using other deposition techniques Well 
knoW to those skilled in the art. In the preferred embodi 
ment, dielectric DBR region 28 includes alternate layers of 
a silicon oxide (SiO) layer 25 and a titanium oxide (TiO) 
layer 27 Wherein each layer 25 and 27 has thickness 74 
approximately equal to one quarter of the Wavelength of 
operation to obtain a desired re?ective property. 

[0051] However, it Will be understood that layers 25 and 
27 can include other suitable dielectric materials of alternate 
layers of a high dielectric constant material and a loW 
dielectric constant material, such as alternate layers of 
magnesium ?uoride (MgF) and Zinc selenide (ZnSe). Fur 
ther, it Will be understood that the use of a dielectric DBR 
region in this embodiment is for illustrative purposes only. 
For example DBR region 28 could include alternate layers 
of aluminum arsenide and gallium arsenide (GaAs) 
and be similar in structure to metamorphic DBR region 16. 

[0052] Turn noW to FIG. 4 Which illustrates another step 
in the fabrication of single junction VCSEL 5. In FIG. 4, 
light emitting region 23 and dielectric DBR region 28 are 
etched through contact region 19 to form a mesa 47 and 
expose a surface 70 and a surface 71. Further, dielectric 
DBR region 28 is etched through light emitting region 23 to 
form a mesa 48 and expose a surface 72 and 73. 

[0053] Turn noW to FIG. 5 Which illustrates another step 
in the fabrication of single junction VCSEL 5. In FIG. 5, an 
electrical contact 35 and 33 are deposited on surface 70 and 
71, respectively. It Will be understood that electrical contacts 
33 and 35 can include gold (Au), platinum (Pt), silver (Ag), 
or the like. Further, it Will be understood that While contact 
layers 33 and 35 are illustrated as including a single layer, 
layers 33 and 35 could include multiple conductive layers of 
conductive materials. 

[0054] In the preferred embodiment, a contact layer 42 and 
43 are epitaxially deposited on surfaces 72 and 73, respec 
tively. In the preferred embodiment, contact layers 42 and 43 
include highly p-type doped InGaAs. HoWever, it Will be 
understood that layers 42 and 43 can include other suitable 
conductive materials. Further, an electrical contact 34 is 
positioned on contact layer 42 and an electrical contact 32 is 
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positioned on contact layer 43 to form a p/n junction 44 
betWeen electrical contacts 70 and/or 71 and electrical 
contacts 32 and/or 34 as illustrated Wherein p/n junction 44 
emits light 38 and light 39. 

[0055] It Will be understood that electrical contacts 32 and 
34 can include gold (Au), platinum (Pt), silver (Ag), or the 
like. It Will also be understood that in the preferred embodi 
ment, layers 42, 43, and 24 are p-type doped and layers 19 
and 18 are n-type doped for illustrative purposes and that 
other doping con?gurations are possible. For example, lay 
ers 42, 43, and 24 could be n-type doped and layers 19 and 
18 could be p-type doped Wherein a polarity of p/n junction 
44 is reversed. 

[0056] Turn noW to FIG. 6 Which illustrates an electroop 
tic circuit 60 of single junction VCSEL 5 connected to 
electronic modulation circuitry. In circuit 60, electrical con 
tacts 33 and 35 (See FIG. 5) are electrically connected to an 
electrical poWer return 61. Furthers electrical contacts 32 
and 34 (See FIG. 5) are electrically connected to a terminal 
of a resistor 66. An opposed terminal of resistor 66 is 
electrically connected to a terminal of a capacitor 62 and a 
terminal of an inductor 64, as in a “bias tee”. An opposed 
terminal of capacitor 62 is electrically connected to an RF 
poWer source 63. An opposed terminal of inductor 64 is 
electrically connected to a DC poWer source 65. It Will be 
understood that electro-optic circuit 60 could be formed as 
an integrated circuit or could include a combination of 
integrated and discrete electronic components. 

[0057] In circuit 60, DC poWer source 65 biases p/n 
junction 44 With a DC voltage. Inductor 64 provides an 
electrical short for DC signals and a high impedance to RF 
signals. Resistor 66 added in series With diode 44 behaves as 
a current limiter or an impedance matching element, and 
capacitor 62 isolates RF poWer source 63 from a DC current. 
RF poWer source 63 provides an RF voltage Which modu 
lates p/n junction 44. 

[0058] It is highly desirable to form a plurality of light 
emitting regions 23 to enhance light emission. Further, it is 
desirable to increase light emission Without dramatically 
increasing poWer consumption and the generation of heat. 
To accomplish these objects, a multi-junction VCSEL is 
formed in Which light emitting regions are biased in a 
parallel manner in order to achieve loW bias voltage opera 
tion and minimal heat generation. 

[0059] Turn noW to FIG. 7 Which illustrates a multijunc 
tion VCSEL 7‘ With a Wavelength of operation con?gured to 
alloW improved light emission With loWer poWer consump 
tion. It Will be understood that multifunction VCSEL 7‘ is 
fabricated using similar steps in the fabrication sequence for 
single junction VCSEL 5 (ie substrate bonding, substrate 
removal, etc.). HoWever, We are illustrating the ?nal device 
structure in FIG. 7 for simplicity and ease of discussion. 
Further, multijunction VCSEL 7‘ includes tWo active regions 
for simplicity and ease of discussion. HoWever, it Will be 
understood that multijunction VCSEL 7‘ can include more 
than tWo light emitting regions electrically connected in 
parallel. 

[0060] Multijunction VCSEL 7‘ includes a substrate 10‘. In 
the preferred embodiment, substrate 10‘ includes indium 
phosphide (InP). HoWever, it Will be understood that sub 
strate 10‘ can include other suitable substrate materials, such 
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as gallium arsenide (GaAs), silicon (Si), or other suitable 
supporting materials With the desired properties for thermal 
conductivity, such as a heatsink or the like. In the preferred 
embodiment, substrate 10‘ is bonded to region 16‘ using a 
bonding layer 12‘ Which includes solder such as gold/silicon 
(Au/Si), gold/tin (Au/Sn), gold/germanium (Au/Ge), or the 
like. Bonding layer 12‘ includes a WindoW 14‘ to alloW light 
emission from an active regions 21‘ and 29‘ as Will be 
discussed separately. 

[0061] In the preferred embodiment, metamorphic DBR 
region 16‘ includes alternate layers of an AlAs layer 15‘ and 
a GaAs layer 17‘ Wherein each layer 15‘ and 17‘ has a 
thickness 74‘ approximately equal to one quarter of the 
Wavelength of operation to obtain a desired re?ective prop 
erty. HoWever, it Will be understood that layers 15‘ and 17‘ 
can include other suitable re?ective materials that are 
stacked alternately betWeen a high and a loW index of 
refraction. Metamorphic DBR region 16‘ behaves as a heat 
spreading region. The higher thermal conductivity of binary 
compounds in metamorphic DBR region 16‘ provide a loWer 
thermal resistance and better high temperature performance 
for multifunction VCSEL 7‘. 

[0062] A contact region 77‘ is positioned on metamorphic 
DBR region 16‘. In the preferred embodiment, contact 
region 77‘ includes highly p-type doped InP. HoWever, it Will 
be understood that contact region 77‘ can include other 
suitable contact materials. Further, contact region 77‘ is 
illustrated as including a single layer for simplicity and 
illustrative purposes. HoWever, it Will be understood that 
contact region 77‘ can include multiple conductive layers. 

[0063] A light emitting region 53‘ is positioned on contact 
layer 77‘. Light emitting region 53‘ includes active region 29‘ 
With a plurality of quantum structure layers 52‘ With a band 
gap Wavelength Wherein each quantum structure layer 52‘ 
substantially emits light at the Wavelength of operation. In 
the preferred embodiment, the Wavelength of operation is in 
a range given approximately from 1.2 pm to 1.6 pm Which 
is typically used in optical communication applications, 
such as ?ber optical netWorks. HoWever, it Will be under 
stood that other Wavelength ranges may be suitable for a 
given application. 
[0064] In the preferred embodiment, active region 29‘ is 
sandWiched betWeen a cladding layer 55‘ and a cladding 
layer 54‘. It Will be understood that While cladding layers 54‘ 
and 55‘ are illustrated as including a single material layer, 
layers 54‘ and 55‘ can each include more than one layer. 
Further, in the preferred embodiment, cladding layers 54‘ 
and 55‘ include indium phosphide Wherein cladding layer 54‘ 
is lightly doped n-type and cladding layer 55‘ is lightly 
doped p-type. HoWever, it Will be understood that layers 54‘ 
and 55‘ can include other suitable cladding materials With 
various doping con?gurations. 
[0065] In the preferred embodiment, quantum structure 
layers 52‘ include quantum Wells. HoWever, it Will be 
understood that layers 52‘ can include other device struc 
tures, such as quantum dots or similar device structures With 
suitable light emission properties. In the preferred embodi 
ment, each adjacent quantum structure layer 52‘ in active 
region 29‘ is spaced apart by a distance 11‘ chosen such that 
quantum structures layers 52‘ are substantially at an anti 
node of an optical ?eld in VCSEL 5 (i.e. distance 11‘ is 
approximately equal to one half the Wavelength of operation 
or integer multiples thereof). 
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[0066] Further, adjacent quantum structure layers 52‘ are 
separated by a barrier layer 50‘ as illustrated such that a 
barrier layer 50‘a and 50‘b is positioned adjacent to cladding 
layers 55‘ and 54‘, respectively. In the preferred embodi 
ment, an energy gap Wavelength of each barrier layer 50‘ is 
smaller than the energy gap Wavelength of each quantum 
structure layer 52‘. Further, in the preferred embodiment, 
quantum structure layers 52‘ and barrier layers 50‘ include 
alloys of AlGaInAs (i.e. InAlAs, InGaAs, etc.). HoWever, it 
Will be understood that quantum structure layers 52‘ and 
barrier layers 50‘ can include other suitable light emitting 
materials and barrier materials, respectively. 

[0067] It Will be understood that in some embodiments, 
barrier layer 50‘a positioned adjacent to cladding layer 55‘ 
can include a suf?ciently loW electron af?nity material in 
order to provide improved electron con?nement for active 
region 29‘. Further, in some embodiments, barrier layer 50‘b 
adjacent to cladding layer 54‘ can include a suf?ciently high 
ioniZation potential material to provide improved hole con 
?nement. The addition of barrier layers 5041 and 50‘b 
provides a higher energy barrier against carrier leakage and 
carrier loss, and improves a high temperature performance 
of VCSEL 5. 

[0068] A contact region 19‘ is positioned on light emitting 
region 53‘. Contact region 19‘ includes a current spreading 
and etch-stop layer 40‘ positioned on cladding layer 54‘ and 
a contact layer 41‘ positioned on current spreading and 
etch-stop layer 40‘. HoWever, it Will be understood that 
contact region 19‘ can include a number of layers greater 
than one With various doping con?gurations. In the preferred 
embodiment, current spreading layer 40‘ includes n-type 
doped indium phosphide (InP) and contact layer 41‘ includes 
n-type doped aluminum gallium indium arsenide 
(AlGaInAs) Wherein the doping concentration of contact 
layer 41‘ is substantially greater than the doping concentra 
tion of current spreading and etch-stop layer 40‘. (Layer 40 
(InP) is an etch-stop layer as Well as a current spreading 
layer, While electrical contact 33, 35 is made to contact layer 
41 (GaAlInAs).) 
[0069] A light emitting region 23‘ is positioned on contact 
region 19‘. Light emitting region 23‘ includes active region 
21‘ With a plurality of quantum structure layers 22‘ With a 
band gap Wavelength Wherein each quantum structure layer 
22‘ substantially emits light at the Wavelength of operation. 

[0070] In the preferred embodiment, active region 21‘ is 
sandWiched betWeen a cladding layer 18‘ and a cladding 
layer 24‘. It Will be understood that While cladding layers 18‘ 
and 24‘ are illustrated as including a single material layer, 
layers 18‘ and 24‘ can each include more than one layer. 
Further, in the preferred embodiment, cladding layers 18‘ 
and 24‘ include indium phosphide Wherein cladding layer 18‘ 
is lightly doped n-type and cladding layer 24‘ is lightly 
doped p-type. HoWever, it Will be understood that layers 18‘ 
and 24‘ can include other suitable cladding materials With 
various doping con?gurations. 

[0071] In the preferred embodiment, quantum structure 
layers 22‘ include quantum Wells. HoWever, it Will be 
understood that layers 22‘ can include other device struc 
tures, such as quantum dots or similar device structures With 
suitable light emission properties. In the preferred embodi 
ment, each adjacent quantum structure layer 22‘ in active 
region 21‘ is spaced apart by distance 11‘ chosen such that 
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quantum structure layers 22‘ are substantially at an anti-node 
of an optical ?eld in VCSEL 7‘ (i.e. distance 11‘ is approxi 
mately equal to one half the Wavelength of operation or 
integer multiples thereof). 

[0072] Further, adjacent quantum structure layers 22‘ are 
separated by a barrier layer 20‘ as illustrated such that a 
barrier layer 20a is positioned adjacent to cladding layer 24‘ 
and a barrier layer 20b is positioned adjacent to cladding 
layer 18‘. In the preferred embodiment, an energy gap 
Wavelength of each barrier layer 20‘ is smaller than the 
energy gap Wavelength of each quantum structure layer 22‘. 
Further, in the preferred embodiment, quantum structure 
layers 22‘ and barrier layers 20‘ include AlGaInAs. HoWever, 
it Will be understood that quantum structure layers 22‘ and 
barrier layers 20‘ can include alloys of AlGaInAs or other 
suitable light emitting materials and barrier materials, 
respectively. 

[0073] It Will be understood that in some embodiments, 
barrier layer 20‘a positioned adjacent to cladding layer 24‘ 
can include a su?iciently loW electron a?inity material in 
order to provide improved electron con?nement for active 
region 21‘. Further, in some embodiments, barrier layer 20‘b 
adjacent to cladding layer 18‘ can include a su?iciently high 
ioniZation potential material to provide improved hole con 
?nement. The addition of barrier layers 20‘a and 20‘b 
provides a higher energy barrier against carrier leakage and 
carrier loss, and improves a high temperature performance 
of VCSEL 7‘. 

[0074] In the preferred embodiment, a dielectric DBR 
region 28‘ is positioned on light emitting region 23‘ and 
adjacent to cladding region 24‘ by using a dielectric lift-off 
process. HoWever, it Will be understood that dielectric DBR 
region 28‘ can be deposited using other deposition tech 
niques Well knoWn to those skilled in the art. In the preferred 
embodiment, dielectric DBR region 28‘ includes alternate 
layers of a silicon oxide (SiO) layer 25‘ and a titanium oxide 
(TiO) layer 27‘ Wherein each layer 25‘ and 27‘ has thickness 
74‘ approximately equal to one quarter of the Wavelength of 
operation to obtain a desired re?ective property. 

[0075] HoWever, it Will be understood that layers 25‘ and 
27‘ can include other suitable dielectric materials Which 
alternate betWeen a high dielectric constant material and a 
loW dielectric constant material, such as alternate layers of 
magnesium ?uoride (MgF) and Zinc selenide (ZnSe). Fur 
ther, it Will be understood that the use of a dielectric DBR 
region in this embodiment is for illustrative purposes only. 
For example DBR region 28‘ could include alternate layers 
of aluminum arsenide and gallium arsenide (GaAs) 
and be similar in structure to metamorphic DBR region 16‘. 

[0076] An implant region 36‘ and 37‘ are formed Within 
cladding layer 24‘ and an implant region 56‘ and 57‘ are 
formed Within cladding layer 55‘ and aligned such that a 
light path channel 49‘ extends through dielectric DBR region 
28‘, light emitting region 23‘, light emitting region 53‘, 
metamorphic DBR region 16‘, and substrate 10‘, as Will be 
discussed separately. An index guide region 30‘ and 31‘ are 
positioned Within cladding layer 24‘ adjacent to a surface 46‘ 
and aligned With WindoW 14‘ and light path channel 49‘. 
Index guide regions 30‘ and 31‘ can include, for example, a 
trench. Further, it Will be understood that implant regions 
similar to regions 36‘, 37‘, 56‘, and 57‘ can be formed Within 
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cladding layers 54‘ and/or 18‘. HoWever, the formation of 
implant regions Within cladding layers 24‘ and 55‘ is for 
illustrative purposes only. 

[0077] Implant regions 36‘, 37‘, 56‘, and 57‘ are used to 
con?ne an electrical current to light path channel 49‘ to 
improve a single mode lasing operation. Hence, ion implan 
tation is used to bombard some of the surrounding cladding 
layers 24‘ and 55‘ in order to create a region of higher 
resistivity, and, thereby channel most of the electrical cur 
rent into the relatively more conductive light path channel 
49‘. The implanted ions may consist of singly-charged 
protons (H+), singly-charged or doubly-charged helium ions 
(He+ or He“), or the like. The higher resistivity substan 
tially results from the deep levels created by the implant 
damage, Whose energy states favor the compensation of 
cladding layers 24‘ and 55‘. 

[0078] Index guide regions 30‘ and 31‘ are used to improve 
a single-mode output poWer of single junction VCSEL 7‘ by 
increasing the lateral cross-section of the gain region While 
preserving single-mode lasing operation by means of mode 
selection measures (mode control) that preferentially 
enhance the modal gain of one mode through index guiding, 
or alternatively suppress the other competing higher order 
modes through a higher re?ection loss. 

[0079] By alloWing the actively pumped area to increase 
While suppressing the competing modes that emerge through 
surface relief patterning, higher single-mode output poWer is 
achieved at a reduced current density, Which leads to loWer 
self-heating and reduced gain saturation. 

[0080] In the preferred embodiment, dielectric DBR 
region 28‘ is etched through light emitting region 23‘ to form 
a mesa 48‘ and expose a surface 72‘ and 73‘. Further, in the 
preferred embodiment, light emitting region 23‘ is etched 
through contact region 19‘ emitting region 53‘ to form a 
mesa 47‘ and expose a surface 70‘ and 71‘. In the preferred 
embodiment, light emitting region 53‘ is etched through 
contact region 77‘ to form a mesa 51‘ and expose a surface 
75‘ and 76‘. 

[0081] In the preferred embodiment, an electrical contact 
58‘ and 59‘ are positioned on surfaces 76‘ and 75‘, respec 
tively. It Will be understood that electrical contacts 58‘ and 
59‘ can include gold (Au), platinum (Pt), silver (Ag), or the 
like. Further, it Will be understood that contact layers 58‘ and 
59‘ are illustrated as including a single layer, but layers 58‘ 
and 59‘ could include multiple conductive layers of a con 
ductive material. 

[0082] In the preferred embodiment, an electrical contact 
35‘ and 33‘ are positioned on surfaces 70‘ and 71‘, respec 
tively. It Will be understood that electrical contacts 33‘ and 
35‘ can include gold (Au), platinum (Pt), silver (Ag), or the 
like. Further, it Will be understood that contact layers 33‘ and 
35‘ are illustrated as including a single layer, but layers 33‘ 
and 35‘ could include multiple conductive layers of a con 
ductive material. 

[0083] In the preferred embodiment, contact layers 42‘ and 
43‘ are epitaxially deposited on surfaces 72‘ and 73‘, respec 
tively. In the preferred embodiment, contact layers 42‘ and 
43‘ include highly p-type doped InGaAs. HoWever, it Will be 
understood that layers 42‘ and 43‘ can include other suitable 
conductive materials. Further, an electrical contact 34‘ is 
positioned on contact layer 42‘ and an electrical contact 32‘ 
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is positioned on contact layer 43‘ to form a p/n junction 44‘ 
between electrical contacts 33‘ and/or 35‘ and electrical 
contacts 32‘ and/or 34‘ as illustrated. Further, a pn junction 
45‘ is formed betWeen electrical contacts 33‘ and/or 35‘ and 
electrical contacts 58‘ and/or 59‘. 

[0084] It Will be understood that electrical contacts 32‘ and 
34‘ can include gold (Au), platinum (Pt), silver (Ag), or the 
like. Further, it Will be understood that in the preferred 
embodiment, layers 42‘ and 43‘ are p-type doped, region 19‘ 
is n-type doped, and layer 77‘ is p-type doped for illustrative 
purposes and that other doping con?gurations are possible. 
For eXample, layers 42‘ and 43‘ could be n-type doped, layer 
19‘ could be p-type doped, and layer 49‘ could be p-type 
doped Wherein a polarity of pn junctions 44‘ and 45‘ is 
reversed. In the latter con?guration (not shoWn in FIG. 7), 
the ion-implanted regions 36‘ and 37‘, and also 56‘ and 57‘, 
Will be positioned Within cladding layers 18‘ and 54‘, respec 
tively. 

[0085] In the preferred embodiment, active regions 21‘ and 
29‘ are optically cascaded in a resonant con?guration to 
increase the overall optical-gain and to achieve high optical 
output poWer. HoWever, p/n junctions 44‘ and 45‘ are elec 
trically biased in parallel to minimiZe the voltage required to 
operate multijunction VCSEL 7‘, as Will be discussed pres 
ently. Further, in the preferred embodiment, the gain regions 
can be biased independently. The light path channel 49‘ is 
de?ned such that a current path through active region 53‘ can 
be, but is not necessarily equal to a current path through 
active region 23‘ such that each active region 23‘ and 53‘ 
emits a substantial, but not necessarily equal amount of 
light. It Will be understood that a current path can be adjusted 
by changing the properties and positioning of implant 
regions 36‘, 37‘, 56‘, or 57‘, as Well as indeX guides 30 and 
31. 

[0086] Turn noW to FIG. 8 Which illustrates an electro 
optic circuit 80‘ of multijunction VCSEL 7‘ connected to 
electronic modulation circuitry. A DC poWer input 94‘ is 
electrically connected to a terminal of an inductor 92‘. An 
opposed terminal of inductor 92‘ is electrically connected to 
a terminal of a capacitor 96‘ and a terminal of a resistor 93‘. 
An opposed terminal of capacitor 96‘ is electrically con 
nected to an RF poWer source 98‘. An opposed terminal of 
resistor 93‘ is electrically connected to electrical contacts 32‘ 
and/or 34‘ (See FIG. 7) of multijunction VCSEL 7‘. Further, 
a DC poWer return 88‘ is electrically connected to electrical 
contact 33‘ and/or 35‘ (See FIG. 7). 

[0087] Electrical contacts 58‘ and/or 59‘ (See FIG. 7) of 
multijunction VCSEL 7‘ are electrically connected to a 
terminal of a resistor 85‘. An opposed terminal of resistor 85‘ 
is electrically connected to a terminal of an inductor 84‘ and 
a terminal of a capacitor 90‘. An opposed terminal of 
inductor 84‘ is electrically connected to a DC poWer input 
86‘ and an opposed terminal of capacitor 90‘ is electrically 
connected to an RF poWer return 82‘. 

[0088] In electro-optic circuit 80‘, DC poWer source 86‘ 
biases p/n junction 45‘ With a DC voltage and DC poWer 
source 94‘ biases p/n junction 44‘ With a DC voltage. 
Inductors 84‘ and 92‘ provide an electrical short for DC 
signals and a high impedance for RF signals, While capaci 
tors 90‘ and 96‘ isolate RF poWer return 82‘ and RF poWer 
source 98‘, respectively, from a DC current. Resistors 93‘ and 
85‘ are added as current limiters and also for impedance 
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matching When needed. RF poWer source 98‘ provides an RF 
voltage Which modulates p/n junction 44‘. 

[0089] Turning back to FIG. 7, active regions 21‘ and 29‘ 
are positioned Within a resonance cavity 81‘ de?ned by 
metamorphic DBR mirror 16‘ and dielectric DBR mirror 28‘. 
Active regions 21‘ and 29‘ are located at the antinodes of the 
optical ?eld Within resonance cavity 81‘ and emit light 
coherently, Wherein each active region 21‘ and 29‘ contrib 
utes substantially to the overall optical gain of VCSEL 7‘. 
P/N junctions 44‘ and 45‘ are connected serially but are 
biased in parallel. Each p/n junction 44‘ and 45‘ is biased by 
DC bias 94‘ and 86‘, respectively, to produce an optical gain 
that combines coherently to bias VCSEL 7‘ in close proX 
imity to a lasing threshold. RF signal 98‘ supplies a modu 
lation signal to junction 44‘, Which functions as a “gain 
lever” that modulates the gain of VCSEL 7‘ above threshold 
and produces a modulated optical output. 

[0090] In order to increase the poWer output of multijunc 
tion VCSEL 7‘, p/n junctions 44‘ and 45‘ are optically 
cascaded Within common optical resonance cavity 81‘ 
de?ned by metamorphic DBR region 16‘ and dielectric DBR 
region 28‘. Placing quantum structure layers 22‘ and 52‘ at 
the peaks (anti-nodes) of the optical ?eld causes the optical 
gains of active regions 21‘ and 29‘ to be coherently coupled, 
thereby increasing the overall gain of the cavity and increas 
ing the poWer output. 

[0091] In the preferred embodiment, active regions 21‘ and 
29‘ are placed at different antinodes Within the same reso 
nance cavity, and each gain section is electrically biased 
individually Within p/n junction 44‘ and 45‘, respectively. In 
the preferred embodiment, p/n junctions 44‘ and 45‘ are 
biased not in serial, but in parallel by sharing a common n+ 
electrode (i.e. contact region 19‘). 

[0092] In this three-terminal con?guration, both p/n junc 
tions 44‘ and 45‘ are independently forWard-biased by dif 
ferent currents through separate current paths, Whose sum 
constitutes the total drive current. The forWard-biased volt 
ages of p/n junctions 44‘ and 45‘ are each comparable to that 
of a single p/n junction. Each current contributes a loWer 
optical gain to the shared resonance cavity, While the col 
lective optical gain determines the threshold lasing condition 
of the cavity. 

[0093] In the preferred embodiment of multijunction 
VCSEL 7‘, p/n junction 45‘ is subjected only to a DC bias, 
While p/n junction 44‘ (Which is substantially similar in area) 
is subjected to both a DC bias and a RF modulation current 
for high-speed operation. In this manner both p/n junctions 
44‘ and 45‘ are subjected to loWer voltage biases and loWer 
current injection levels, and are, thus, less prone to gain 
saturation. It should also be understood that alternatively, 
both p/n junctions 45‘ and 44‘ can be subjected to both a DC 
bias and a RF modulation current for high speed modulation. 

[0094] Turn noW to FIG. 9 Which illustrates another 
embodiment of a multijunction VCSEL 8‘. It Will be under 
stood that multijunction VCSEL 8‘ is fabricated using simi 
lar steps in the fabrication sequence for multijunction 
VCSEL 7‘ (i.e. substrate bonding, substrate removal, etc.) 
and includes similar layers. HoWever, We are illustrating the 
?nal device structure in FIG. 9 for simplicity and ease of 
discussion. Further, multijunction VCSEL 8‘ includes tWo 
active regions for simplicity and ease of discussion. HoW 










