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QUANTUM DOT VERTICAL CAVITY
SURFACE EMITTING LASER

RELATED APPLICATIONS

This application claims priority under 35 U.S.C.§ 119(¢)
to the following U.S. Patent Application Nos.: 60/276,186,
entitled “Semiconductor Quantum Dot Laser Active
Regions Based On Quantum Dots in a Optimized Strained
Quantum Well,” filed Mar. 16, 2001; 60/272,307, entitled
“Techniques for Using Quantum Dot Active Regions In
Vertical Cavity Surface Emitting Lasers,” filed Mar. 2, 2001;
60/316,305, entitled “Quantum Dot And Quantum Dash
Active Region Devices,” filed Aug. 31, 2001. The contents
of all of the above applications are hereby each incorporated
by reference in their entirety in the present patent applica-
tion.

This application is also related to U.S. patent application
Ser. No. 09/972,303 “Quantum Dot Lasers,” on Oct. 5,2001,
commonly owned by the assignee of the present patent
application, the contents of which are hereby incorporated
by reference in their entirety.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

The U.S. Government may have certain rights in this
invention pursuant to research conducted under the follow-
ing grants: Grant No. F49620-95-1-0530 awarded by the Air
Force Office Of Science and Research, Grant No. DAALO1-
96-02-0001 awarded by the Army Research Lab, Grant No.
F4920-99-1-330 awarded by the Air Force Office of Science
and Research, and Grant No. MDA972-98-1-0002 awarded
by the Defense Advanced Research Projects Agency.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to self-assembled
semiconductor quantum dot lasers. More particularly, the
present invention is directed towards quantum dot vertical
cavity surface emitting lasers (QD-VCSELSs).

2. Description of Background Art

Vertical cavity surface emitting lasers (VCSELSs) are of
interest for a variety of applications. Some of the advantages
of a conventional VCSEL include surface emission, a nearly
round emission pattern, a low threshold current, and the
potential for high-yield, low cost manufacturing and pack-
aging.

FIG. 1 illustrates some of the features of a conventional
VCSEL 100. A bottom mirror 105 is disposed on a substrate
102. An active region 110 is disposed between the bottom
mirror 105 and a top mirror 120. A conventional VCSEL
typically includes a quantum well active region for provid-
ing optical gain. A quantum well active region typically
includes one or more quantum wells capable of providing a
comparatively high optical gain. Optical feedback is typi-
cally provided by top and bottom distributed bragg reflector
(DBR) mirror structures. In a DBR mirror VCSEL, the
mirrors typically comprise pairs of alternating high index
and low index semiconductor layers, with each layer typi-
cally being approximately a quarter wavelength in optical
thickness. The active region is typically a high index region
approximately an integer number of half wavelengths in
thickness having a gain region disposed in its center.

Quantum dot (QD) VCSELSs are of potential interest for a
variety of applications. Each quantum dot consists of an
island of low bandgap material surrounded on all sides by a
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higher bandgap material. The low bandgap island of each
quantum dot is sufficiently small that each dimension
(length, width, and height) is smaller than the thermal
deBroglie wavelength over operating temperatures of inter-
est. As a consequence, the quantum dot has its energy states
quantum confined in three dimensions, resulting in a delta-
like density of states (e.g., a high density of states in a finite
energy band around each permissible optical transition,
analogous to a density of states for atoms).

Quantum dot active regions have a variety of character-
istics that make them of interest for VCSELs, such as
potential advantages in regards to temperature sensitivity
and high-speed modulation. However, there are several
technical barriers that have hindered the commercial exploi-
tation of QD-VCSELs.

One barrier to the commercial exploitation of
QD-VCSELs is that conventional quantum dot active
regions typically have a peak optical gain that is low
compared with quantum wells due to the small fill factor of
quantum dots. Moreover, the optical gain at the ground state
energy level saturates in quantum dots. The optical gain
available from a layer of quantum dots is typically about an
order of magnitude lower than that which can be achieved
from a quantum well. For example, in edge-emitting lasers,
the maximum ground state gain that can be achieved from a
single layer of quantum dots is typically in the range of
about 5 to 10 cm™.

Another barrier to the commercial use of QD-VCSELs is
that many commercial applications have demanding opera-
tional requirements. For example, some applications, such
as ten-gigabit Ethernet (10-GigE) require that the VCSEL
operate in an uncooled transceiver over an extended tem-
perature range (e.g., up to about 85° C.), operate at a nominal
wavelength of about 1310 nanometers (nm), and have suf-
ficient differential gain over all operating conditions to be
modulated at the desired data rate. However, since the
maximum ground state optical gain decreases with increas-
ing operating temperature this requirement further exacer-
bates the difficulty of designing a QD-VCSEL having suf-
ficient optical gain to operate within ambient temperature
ranges of commercial interest.

What is desired is a QD-VCSEL with improved manu-
facturability and desirable performance characteristics.

SUMMARY OF THE INVENTION

A quantum dot vertical cavity surface emitting laser has a
low cavity loss and a correspondingly low threshold gain. To
begin with, at least one of the mirrors of the laser cavity is
an ultrahigh reflectivity distributed bragg reflector (DBR)
mirror with mirror pairs comprised of alternating layers of
high refractive index semiconductor and low refractive
index oxide.

Doped intracavity contact layers between the DBR mir-
rors provide current to a quantum dot active region. In a
preferred embodiment, the contact layers have a thickness of
about a half a wavelength or less to reduce free carrier loss.
In one embodiment, about a quarter of a wavelength or less
of each contact layer is heavily doped. The heavily doped
portions of the contact layer may be positioned to have a low
optical overlap with the longitudinal mode to reduce the free
carrier loss.

In one embodiment, additional mode control layers are
disposed between the DBR mirrors and the active region to
reduce the optical overlap of the mode in doped regions and
increase the optical confinement in the active region. In a
preferred embodiment, the mode control layers are approxi-
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mately quarter wavelength thick regions, have a refractive
index different than adjacent layers, and are positioned to
produce resonant reflections that beneficially increase the
optical confinement of the longitudinal optical mode in the
quantum dot active region and reduce optical confinement in
heavily doped contact regions.

In one embodiment, each ultrahigh reflectivity DBR mir-
ror is formed using a lateral oxidation process to convert
oxidizable semiconductor layers into low refractive index
oxides. In one embodiment, delamination of laterally oxi-
dized mirror layers is inhibited by including intermediate
composition layers to reduce residual stress. In another
embodiment, one or more openings is arranged to permit
lateral oxidation of bottom mirror regions while preserving
lateral support regions to support the bottom mirror layers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art vertical cavity surface emit-
ting laser design.

FIGS. 2A, 2B, and 2b illustrate vertical cavity surface
emitting lasers in accord with embodiments of the present
invention.

FIG. 3. illustrates one embodiment of a mirror pair for a
DBR mirror having laterally oxidizable layers.

FIG. 4A is a top view illustrating a VCSEL having
openings formed through oxidizable bottom DBR mirror
layers which have been used to laterally oxidize a bottom
DBR mirror while retaining regions for laterally supporting
the bottom DBR mirror of the VCSEL.

FIG. 4B is a cross sectional view through line A—A of
FIG. 4A.

FIG. 4C is a cross sectional view through line B—B of
FIG. 4A.

FIGS. 5A and 5B show layer sequences of VCSELs
having an active region including a mode control layer with
different intracavity contact layer implementations.

FIG. 6 Ashows a layer sequence of an embodiment having
two mode control layers.

FIG. 6B illustrates in more detail an embodiment of a
layer sequence for an active region and mode control layers
along with illustrative thicknesses in terms of the optical
wavelength in the laser.

FIG. 7 shows a sequence of epitaxially grown layers for
one embodiment of a VCSEL for producing light with a
wavelength around about 1300 nanometers.

FIG. 8 shows plots of the refractive index of key layers for
the layer sequence VCSEL of FIG. 7 and the calculated
intensity of the longitudinal mode.

FIG. 9 is a plot of quantum dot density versus growth
temperature for self-assembled InAs quantum dots grown by
molecular beam epitaxy on InGaAs layers.

FIG. 10 shows plots of modal gain versus current density
for two different quantum dot densities.

FIG. 11 is a plot illustrating a jump in gain associated with
excited states of the quantum dots at high current densities.

FIG. 12Aillustrates preferred quantum dot growth param-
eters for InAs quantum dots and FIG. 12B illustrates a
technique for embedding quantum dots in quantum wells.

FIG. 13 illustrates an embodiment in which quantum dot
layers are placed proximate a single antinode.

FIG. 14 illustrates an embodiment in which quantum dot
layers are placed proximate two antinodes.

FIG. 15A is a perspective view illustrating a processed
VCSEL.
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FIG. 15B illustrates a top mirror mesa etch mask step to
etch to a first contact layer and holes for vertical isolation of
the two contact layers using lateral oxidation.

FIG. 15C illustrates a first metal deposition step.

FIG. 15D illustrates an etch step to etch to a second
contact layer.

FIG. 15E illustrates a second metal deposition step.
FIG. 15F illustrates a bottom mirror opening etch step.
FIG. 15G illustrates a top view of a fabricated VCSEL.

FIG. 16A is an illustrative graph of longitudinal mode
intensity in a VCSEL without mode control layers.

FIG. 16B is an illustrative graph of longitudinal mode
intensity in a VCSEL having mode control layers.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention is directed towards quantum dot
vertical cavity surface emitting lasers (QD-VCSELSs) having
a low cavity loss and a correspondingly low threshold gain.
One application of the VCSELSs of the present invention is
for high data rate communication systems with an emission
wavelength greater than about 1290 nanometers (nm) in
which the VCSEL must lase over an extended range of
ambient temperatures (e.g., 0° C. to 85° C.). However, it will
be understood that the VCSELSs of the present invention may
be utilized in a variety of applications.

Referring to FIGS. 2A, 2B, and 2C, a QD-VCSEL 200 of
the present invention has a quantum dot active region 210
disposed between a bottom surface 204 of a top mirror 220
and a top surface 208 of a bottom mirror 205. A so-called
“microcavity,” a laser cavity having an extremely short
effective cavity length, is formed in the region between the
two mirrors 205 and 220. Each mirror 205 and 220 is a
distributed bragg reflector (DBR) mirror with a A/2 refrac-
tive index variation associated with a sequence of mirror
pairs, where A is the emission wavelength of laser light
inside the laser cavity. As used hereinafter, it will be under-
stood that layer thicknesses referred to in reference to “A” or
“wavelength” refers to a desired optical thickness with
respect to the wavelength of the laser light within the laser,
with the wavelength in the laser being A=A,/n,, where A, is
the free space wavelength and n, is the effective refractive
index in the laser. It will also be understood that thicknesses
referred to in terms of fractions of wavelengths (e.g., A/4,
22, )) are desired nominal target thicknesses but that some
variation in actual thicknesses about the target thicknesses is
consistent with the optical physics of operation.

Bottom mirror 205 is disposed on a substrate layer 202. In
the processed VCSEL, each mirror has a corresponding top,
bottom, and side with respect to a longitudinal optical mode
reflected between the two mirrors. As described below in
more detail, in a preferred embodiment at least one of the
mirrors is a high reflectivity oxide/semiconductor DBR
mirror formed by a lateral oxidation process.

Contact layers 240 and 230 have doped regions to permit
electron-hole pairs to be injected to the active region 210
responsive to a current. Contact layers 230 and 240 are also
known as “intracavity” contact layers because in the pro-
cessed device they permit current to be provided from
contact layers disposed within the optical cavity. A current
aperture layer, (e.g., a selectively oxidizable layer that may
be oxidized outside of the VCSEL to reduce deleterious
currents) is preferably included as part of at least one of the
contact layers. In the processed VCSEL, mesa etching may
be used to expose the contact layers and suitable metal
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contact layers deposited to form ohmic contacts to portions
of the contact layers.

VCSEL 200 is grown using a suitable epitaxial growth
technique for growing self-assembled III-V semiconductor
quantum dot active regions, such as molecular beam epitaxy
(MBE) or metal-organic vapor phase epitaxy (MOVPE). For
a variety of commercial applications the quantum dots may
be selected to have a ground state transition energy corre-
sponding to a wavelength in the range of about 1290 nm to
1330 nm or 1480 to 1620 nm. In one embodiment the
VCSEL is grown on a GaAs substrate 202 using MBE, the
mirrors 205 and 220 are grown as AlGaAs layers having
aluminum molar fractions selected to form mirror pairs with
a M2 variation in refractive index (e.g., two A/4 layers
having different refractive indices), and the quantum dot
active region 210 comprises one or more quantum dot
layers, with each layer of quantum dots being a layer of
self-assembled InAs quantum dots embedded in an InGaAs
quantum well having GaAs quantum well barriers. More
generally, however, active regions utilizing InAs quantum
dots may be grown to have ground state emission wave-
lengths over a range of wavelengths.

In a quantum dot laser, each layer of quantum dots has
only a limited maximum gain at the ground state transition
energy due to the delta-like density of states function of
quantum dots. For self-assembled quantum dots there is also
typically a limit on the number of quantum dot layers that
can be employed without generating deleterious strain. As a
further consideration, the optical gain decreases with
increasing active region temperature. Thus, to achieve
ground state operation over an extended range of operating
temperatures it is necessary to design the VCSEL to have an
extremely low threshold gain required for lasing.

The saturated ground state gain depends upon several
parameters. Studies by the inventors indicate that a saturated
ground state gain of as high as 25 cm™ may be achieved
using a quantum dot active region having several InAs
quantum dot layers. Thus, it is desirable to have a VCSEL
with a threshold gain below about 25 cm™.

The threshold lasing condition for a quantum dot VCSEL
similar to that shown in FIG. 2 is given by:

1
lo g( ]
Reg

Where T, is the optical confinement of the quantum dot
layers, g, is the gain of a quantum dot layer, I', is the optical
confinement in the contact layers, o, is the free carrier loss
associated with doping the contact layers, L is the effective
cavity length of a longitudinal mode reflected between the
two mirrors, and R_; is the effective mirror reflectivity
associated with the top and bottom mirror layers and is
conventionally the product of the top and bottom mirror
reflectivities. The term

s %)
R
Leg Reg

is also commonly known as the “mirror loss.” The mirror
reflectivity, active layer thickness, and contact layer thick-
nesses will also affect the optical confinement of the quan-
tum dot layers and the optical confinement in contact layers.

The ground state transition energy has a saturable gain
that is temperature dependent. The saturated gain must be

lqagqa =Teac + Eq. 1A
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greater than the threshold gain for lasing to occur at the
ground state energy level. Thus, Eq. 1 can be rewritten as:

1

1 Eq. 1B
T, s > Totte + —logl — 4.
qd 8gd—sat @, Lo og( Rej]']

where g, ., 1s the saturated gain.

It can be understood from Eq. 1B that the operable
temperature range of a QD-VCSEL is improved by design-
ing a vertical optical structure that simultaneously has a high
effective mirror reflectivity, a comparatively high quantum
dot confinement factor, and a comparatively low optical
confinement in lossy contact regions. Note that for the case
of extremely high reflectivity mirrors that the free carrier
loss will dominate in Eq. 1B. For the case of ultra high
reflectivity mirrors, then, the expression may be approxi-
mated as:

T pa8ad—sar>l O Eq. 1C

Low Mirror Loss Design

The magnitude of the reflectivity, R, of a DBR mirror is
commonly approximated by:

R=kNAn/n, where N is the number of mirror pairs, n is the
average index of refraction of the two layers, k is a constant
(or a function of An/n), and An is the difference in index of
refraction for the two layers. For a semiconductor/
semiconductor mirror the refractive index is typically small,
such that a large number of mirror pairs are required to
achieve a high DBR mirror reflectivity. For example, in the
GaAlAs system a GaAs/AlAs mirror pair has a refractive
index step of only about 0.6. Consequently, to form an ultra
high reflectivity DBR mirror (e.g., a mirror reflectivity of
greater than 99.99%) would require growing a large number
of mirror pairs, which would result in extremely thick DBR
mirrors that would be impractical to grow and process.

The effective reflectivity of the mirrors 205 and 220 is
increased if at least one of the mirrors in the processed
VCSEL has oxide/semiconductor mirror pairs with a high
index step between adjacent mirror layers of each mirror
pairs. In accord with one embodiment of the present
invention, the epitaxially grown layers of at least one of the
mirrors 205 or 220 is grown to have a sequence of mirrors
pairs of oxidizable semiconductor layers and substantially
nonoxidzable semiconductor layers. The oxidizable semi-
conductor layer is laterally oxidized in a post-growth pro-
cess to convert it into a metal oxide having a substantially
lower refractive index than the as-grown layer. In the III-V
compound semiconductor material system, the oxidation
rate increases with increasing aluminum molar fraction. For
example, when an AlGaAs layer with an aluminum molar
fraction greater than about 0.90 is exposed to steam and
nitrogen at a temperature of about 450° C., the arsenic is
converted to arsine leaving behind an amorphous mixture of
aluminum oxides, gallium oxides, and residual hydrogen.
The rate of oxidation is highly dependent upon the alumi-
num molar fraction, with AlAs oxidizing extremely rapidly.
Aly 55Gag o,As oxidizes about three times faster than
Al 56Gag o4As and ten times faster than Al, 5,Gag ggAs.

Metal oxides typically have a low refractive index com-
pared with III-V semiconductors. This permits a post-
growth oxidation step to be used to create a DBR mirror
having a sequence of oxide and semiconductor layers such
that a large refractive index step between mirror pair layers
may be achieved, permitting a high DBR mirror reflectivity
to be achieved. For example, the as-grown DBR mirror may
comprise a sequence of pairs of high/low aluminum com-
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position AlGaAs layers, such as AlAs/AlGaAs or AlAs/
GaAs layers. For this case, the refractive index step is
increased to about 2.0 by selectively oxidizing the AlAs
layer into AlO, (refractive index of about 1.6) in a post-
growth oxidation process. The corresponding reflectivity for
a 1.3 micron wavelength emission laser is calculated to be
99.9341% for five DBR mirror pairs and 99.99922% for
eight mirror pairs.

As indicated in FIG. 2A, the top-mirror 220 may comprise
an oxide/semiconductor DBR mirror whereas the bottom
mirror 205 comprises a semiconductor DBR mirror.
Alternatively, the bottom mirror 205 may comprise an
oxide/semiconductor DBR mirror while the top mirror 220
comprises a semiconductor DBR mirror. Referring to FIG.
2C, it will also be understood that both the top and bottom
mirrors 205 and 220 may comprise oxide/semiconductor
MIITors.

Oxide/semiconductor DBR mirrors formed by laterally
oxidizing high Al composition layers have a tendency to
delaminate, particularly if large unsupported areas are com-
pletely oxidized. One factor likely to cause delamination is
the residual strain at the interface between the oxidized layer
and the unoxidized semiconductor. Consequently, in one
embodiment of the present invention the semiconductor
mirror structure and mirror oxidation process is selected to
inhibit mirror delamination during processing and subse-
quent operation of the VCSEL.

FIG. 3 is a diagram illustrating a sequence of grown DBR
mirror pair layers (prior to lateral oxidation). In one
embodiment, an oxidizable semiconductor layer 305 is
connected to a substantially non-oxidizable semiconductor
layer 315 by an intermediate layer 310. The composition of
the oxidizable semiconductor layer is preferably selected to
have a controllable oxidation rate in a lateral oxidation
process. Intermediate layer 310 preferably has a composi-
tion selected to inhibit delamination of layer 305 from layer
315. The relative thickness of layers 305, 310, and 315 are
selected to form DBR mirror pairs with subsequent lateral
oxidation of the oxidizable layers.

In one embodiment, the non-oxidizable semiconductor
layer 315 comprises a layer of AlGaAs having a first molar
fraction of aluminum while the oxidizable layer 305 com-
prises a layer of AlGaAs having a second, higher molar
fraction of aluminum. AlAs oxidizes extremely rapidly.
AlGaAs with an aluminum molar fraction below about 0.95
oxidizes comparatively slowly. Consequently, in one
embodiment the oxidizable layer has an aluminum molar
fraction of between about 0.97 to 0.99, with 0.98 being
preferred. For this case, intermediate layer 310 may com-
prise a region in which the aluminum molar fraction is
graded between the aluminum composition of layers 305
and 315 (e.g., Alyo,Gag ggAs). The intermediate layer
improves adhesion and is believed to reduce mechanical
instabilities associated with residual strain at the interfaces.

In a lateral oxidation process, side portions of the mirror
layers must be exposed for oxidation. For a lateral oxidation
process for a top mirror, the same mesa etch used to form the
top mirror mesa is sufficient to expose side portions of
mirror layers for oxidation. However, lateral oxidation of
bottom mirror layers is more difficult. A laterally oxidized
bottom DBR mirror tends to have significant residual strain
energy due to the fact that it may be larger in area than the
top mirror and because the bottom mirror, which supports
other portions of the VCSEL, cannot relieve strain from
exposed surfaces as readily as the top mirror. Thus, a
laterally oxidized bottom DBR mirror is of particular con-
cern in regards to delamination.
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In one embodiment of a bottom DBR mirror oxidation
process, the lateral oxidation process is performed through
one or more openings (e.g., etched trenches) formed in the
bottom mirror layers. As illustrated in the top view of FIG.
4A, the openings 410 are spaced far enough apart that the
VCSEL’s bottom DBR mirror 420 is laterally supported.
The oxidation conditions are adjusted such that the lateral
oxidation 440 spreads throughout the desired bottom DBR
mirror region. The spacing between the openings 410 and
their location relative to the intended lasing region of the
bottom mirror may be selected to retain connection portions
430 of the DBR mirror layers that connect the oxidized DBR
mirror to unoxidized mirror layers 450.

Referring to FIG. 4A, in one embodiment of the present
invention a process for laterally oxidizing a bottom mirror
includes opening oxidation windows 410 proximate a side
portion of the VCSEL’s bottom DBR mirror 420. As one
example, one or more trench openings may be formed that
expose a portion of at least one side of oxidizable DBR
mirror layers for the bottom DBR mirror. For example, two
parallel trenches may be formed near the sides of the bottom
VCSEL mirror 420. During the oxidation process, the oxi-
dizable mirror layers are oxidized laterally about the open-
ings 410. The composition of the oxidixable layer and the
oxidation conditions (e.g., nitrogen/steam temperature and
time) are selected such that the oxidizable layers in the
bottom DBR mirror are oxidized substantially throughout
the area 420 of the bottom mirror of the VCSEL which will
reflect laser light.

FIG. 4B is a cross sectional view through line A—A of
FIG. 4A. Proximate trenches 410 the bottom mirror 205 is
laterally oxidized. In a VCSEL process, a top mirror 220
may be defined by a mesa etch and suitable p contact 490
and n-contact layers 480 deposited on the contact layers 230
and 240. In one embodiment, top mirror 220 is laterally
oxidized in the same oxidation step. Additionally, a current
aperture layer 495 may also be oxidixed to limit current flow
to VCSEL lasing regions.

FIG. 4C is a cross-sectional view through line B—B of
FIG. 4A. Note that lateral support to the bottom DBR mirror
layer is provided in regions where the oxidized bottom
mirror (outside of the VCSEL) is connected to unoxidized
mirror material, thereby supporting the oxidized mirror and
inhibiting delamination. Referring to FIG. 4A, it will be
understood that it is desirable to select process conditions
that oxidize the bottom DBR mirror in VSCEL areas that
will emit light while also minimizing the total oxidized area
440 consistent with oxidizing bottom VCSEL mirror 420.

Contact Layer Design

In a VCSEL with at least one ultrahigh reflectivity oxide/
semiconductor DBR mirror, the longitudinal optical mode
will be tightly confined between the DBR mirrors 205 and
220. The contact layers 230 and 240 require a sufficient
doping-thickness product to achieve an acceptable ohmic
resistance. However, if the contact layers 230 and 240 are
heavily doped, this can result in substantial optical losses
due to free-carrier losses in the contact layers unless the
thickness and doping profile of the contact layers is appro-
priately selected. Consequently, in one embodiment of the
present invention the contact layers have a thickness and
doping profile selected to permit a reasonable ohmic resis-
tance to be achieved with a comparatively low optical loss.

The electrical contact layers 230 and 240 are designed to
provide electron hole pairs into the quantum dot active
region layers. The contact layers form a p-n diode junction
for injecting electron hole pairs into quantum dot active
region 210. For example, contact layer 240 may include a






