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GaAs based oxide confined vertical-cavity surface-emitting lasers (VCSELs) have
demonstrated record performance in terms of low threshold current, high modulation
speed and high wall-plug efficiency. However, oxide-confined VCSELs have reliability
and non-uniformity problems that limit scaling to small active volumes for single mode
operation or to micro-cavity dimensions for quantum light sources. The optical mode is
also difficult to engineer since aperture geometries are limited. These limitations call for
the development of a new technology that provides full control of modal overlap with
optical gain, and this requires patterning of the VCSEL’s transverse mode- and currentconfinement. A new approach presented in this dissertation demonstrates a very
important attribute in providing lithographically defined and self-aligned mode- and
current-confinement suitable for arbitrary patterning and size scaling, and for high
vi

reliability, is based on an all-epitaxial device. The fabrication process involves epitaxial
regrowth over shallow mesas to incorporate these intra-cavity patterns that have direct
overlap with the optical mode. These intracavity gratings are defined by lithography and
a selective etching process after the first stage of epitaxial growth. In this work, a
VCSEL with an intracavity grating has been realized that shows an increase in the slope
efficiency due to better matching of the gain and optical mode in comparison to a device
that lacks the grating. Using a similar regrowth process, a laser diode incorporating a
buried high index contrast GaAs-air (etched void) photonic pattern within the cavity has
also been demonstrated.
Epitaxial quantum dots (QDs) present new opportunities in semiconductor
light sources due to their charge localization and modified electronic density of states. It
is especially interesting to combine QDs with a microcavity VCSEL, since electronic and
photonic confinement become scalable in a device that can have important commercial
applications. This has been achieved in a buried heterostructure VCSEL that employs an
intracavity mesa to confine the quantum dots and optical mode to the same regions in the
cavity. Cavity quality factors as high as 33000 are measured, and ground state lasing is
demonstrated with a single quantum dot active layer for temperatures up to 110 K.
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CHAPTER 1
INTRODUCTION
1.1 Trends in VCSEL Development
The vertical cavity surface emitting laser (VCSEL) has gone through an
interesting progression of advances. After an extended period of research and
development by Iga [1], a performance breakthrough was achieved by Jewell and
his coworkers by demonstrating current injection VCSELs with epitaxial mirrors
and only a few quantum wells [2]. This all-epitaxial approach led to the VCSEL’s
commercialization. Then, when all-epitaxial VCSELs were seemingly wellestablished and believed to be near optimum performance, another breakthrough,
oxide-confinement [3], showed how proton-implanted or etched-pillar devices
suffer from optical loss created by transverse mode-confinement. This has spurred
further development, and over the past two decades GaAs-based VCSELs have
emerged as one of the most attractive light sources for high speed, short distance
interconnects, printing, optical switching, sensing and other applications. VCSELs
provide many advantages over conventional edge emitting lasers, such as low
divergence circular beam output, low threshold currents, low cost and high volume
manufacturing by allowing wafer scale testing, and has the potential for obtaining
two dimensional arrays and integrated modules on wafer.
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In a VCSEL device, optical gain is provided by stimulated emission via
electrical current injected into the active region. The optical cavity formed by
highly reflective mirrors on either side of the active region provides the necessary
feedback to sustain laser oscillation. In order to obtain lasing, it is important to
effectively confine carriers and the optical mode into a small volume of the active
region. Different electrical and optical confinement schemes have been
implemented for this purpose.
A confinement solution that takes advantage of index guiding is that of
etched mesa VCSELs [4] as shown in figure 1.1 (a). In these devices, deeply etched
pillars provide lateral optical confinement due to the high index contrast between
semiconductor and air, but this occurs at the expense of increased lateral losses due
to optical scattering or surface recombination. Current is confined to the lateral
dimensions of the mesa, however, carriers can diffuse laterally in the active region.
Another popular scheme (figure 1.1 (b)) is gain guiding in planar, proton implanted
VCSELs [5]. Proton implant can be used to selectively produce a buried current
blocking layer to funnel current through a small area of the active layer to provide
the desired current confinement. Optical confinement is achieved because of the
gain-guiding, which gives rise to lateral index guiding due to thermal lensing
effects. A major drawback is that there is no other index guiding mechanism, while
another concern is to prevent implant damage to the active layer. The biggest
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Figure 1.1:

Schematic of various confinement schemes in VCSEL structures. (a)
Etched post VCSEL (b) Proton implanted VCSEL (c) Oxide
confined VCSEL (d) Buried heterostructure VCSEL.
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advantage of this structure, however, is its planar configuration that allows a
straightforward fabrication process. Most commercially available VCSELs are
proton-implanted devices with multi-transverse mode behavior. The third approach
seen in figure 1.1 (c) is an oxide confined VCSEL [3], where high aluminum
content AlGaAs layers are subjected to a wet oxidation process to form an oxide,
which is chemically inert, has high resistivity and a low refractive index [6]. The
oxide layer defines an aperture through which the carriers are funneled and this
provides the current confinement, while the low index provides lateral confinement
through index guiding.

Buried heterostructure VCSEL [7] is another kind of

VCSEL structure which involves regrowth over a deeply etched mesa. This is
shown in figure 1.1 (d). The regrown material surrounding the etched mesa has a
lower bandgap and lower index to confine the carriers and optical mode
respectively. However, it is difficult to obtain current confinement and also good
quality regrowth over deep pillars that contain high aluminum composition mirror
layers. Other approaches to mode- and current-confinement have been to use
shallow mesas with non-epitaxial mirrors, sometimes using implantation or tunnel
junctions for current-confinement [8], [9]. However, the tunnel junction/mesa
approach yields an undesirable mesa step and additional voltage drop when used in
GaAs based devices. In addition, dielectric mirrors can introduce material strain,
complicate device fabrication, and degrade reliability.
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Oxide-confined VCSELs have shown the best performance so far with
respect to low threshold currents [10,11], high modulation speed [12], and high
wall-plug efficiency [13]. These results may lead one to believe that oxide
confinement has now taken the VCSEL to its ultimate performance. Instead,
VCSELs are still limited in ways that are difficult to address with oxide
confinement. Oxide formation process also has several drawbacks. The oxide layer
formed by wet oxidation has a different thermal expansion coefficient than the
semiconductor [3] and causes internal device strain, and can degrade reliability.
Because the wet oxidation is also difficult to laterally control, small or single mode
devices can suffer poor uniformity. The optical mode is also difficult to engineer
since the aperture geometries are limited. While these limitations are not so serious
for moderate speed (< 5 GB/s) large aperture multimode VCSELs, it is highly
desirable to develop a VCSEL technology that provides scaling to small active
volumes, and that allows the mode confinement to be patterned such as needed for
polarization control, improved single mode output by using intracavity twodimensional gratings or photonic crystals.

6

1.2

Motivation and Objectives

1.2.1

Photonic Pattern and Grating Confined Lasers
The surprising steps in VCSEL development have come mainly for two

reasons. First, more so than other semiconductor lasers, the VCSEL’s short gain
path makes its performance very sensitive to cavity loss, and therefore sensitive to
both mirror reflectivity and lateral optical loss caused by scattering or diffraction.
And second, while transverse effects due to gain overlap and modal control scale
with the stripe width in edge-emitting lasers, in the VCSEL they scale with its
radius squared. Oxide-confinement gave a surprising solution to the lateral optical
loss problem, which is to rely on resonance shifts in the otherwise planar
microcavity. However, besides the reliability problems caused by its mechanical
strain and its uniformity problems, oxide-confinement still does not solve the
radius-squared problem of gain overlap. Even if perimeter current crowding is
avoided to obtain uniform current injection, a large oxide aperture injects majority
of its current around the aperture’s perimeter, while the optical mode is ideally
peaked at the aperture center. The result of even uniform current injection is
therefore increased threshold, decreased efficiency, and spatial hole burning, each
stemming from poor transverse modal overlap with the optical gain. Reducing the
oxide aperture size does not solve the problem. Instead carriers diffuse outside the
aperture for several microns, increasing the threshold current and parasitic
capacitance, while optical loss increases.

7

The limitations of oxide-confinement provide motivation for pursuing a
new technology that provides full control of the modal overlap with the VCSEL’s
optical gain. Such a control requires patterning of both the transverse mode- and
current-confinement in the VCSEL. The objective of this research is to develop a
new kind of vertical cavity laser diode with intra-cavity gratings and photonic
crystals that can modify the transverse mode in the device. The ability to have
nano-scale patterning within the optical cavity for photonic devices opens up the
design space to engineer novel kinds of optical mode control. The fabrication
process involves epitaxial regrowth over shallow mesas to incorporate these intracavity patterns in photonic devices. These gratings mesas which are intra-cavity
phase shifting mesas [14] are defined by lithography and a selective etching
process after the first stage of epitaxial growth which comprise of bottom
distributed Bragg reflector (DBR) mirror pairs followed by the cavity spacer, active
region and mesa layers. An epitaxial regrowth of semiconductor mirrors over the
mesa simultaneously confines the mode in vertical and lateral directions. The
placement of grating is designed such that it has direct overlap with the lasing
mode. A schematic of one such laser is shown in figure 1.2. Examples of various
designs of grating mesas are shown in figure 1.3. These are the top views of grating
VCSEL of figure 1.2.
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Figure 1.2:

Schematic of an all-epitaxial current and mode confining VCSEL.

Figure 1.3:

Schematic of various grating designs that can be incorporated in the
grating confined VCSEL. (a) Circular grating (b) Square photonic
crystal pattern (c) Photonic crystal with defect.
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There has been a lot of effort in combining the cavity of the VCSEL with
two dimensional (2-D) PCs. The 2-D PCs have been formed by etching holes in the
crystal surface to form a periodic array, leaving an opening (defect) in the lateral
PC to define the VCSEL mode [15,16]. So far though, this approach has not led to
an improvement in the VCSEL characteristics. The PC does not have a strong
interaction in modifying the VCSEL’s optical mode, and optical scattering
increases the cavity loss. In addition, single mode operation for these VCSELs
requires an opening in the 2-D PC that is essentially the same size as needed in the
absence of the PC, ~2 µm diameter for an 850 nm VCSEL [16]. Although this
approach follows directly from the studies of 2-D PC lasers that also contain etched
holes and a defect opening [17], it has the problem that low optical loss can only be
achieved by keeping the interaction with the PC small through a relatively large
opening in the 2-D PC. The approach with the intra-cavity PC has the potential to
overcome this drawback by avoiding the use of oxide and provide low-optical loss
as well as lateral mode control.
The main application for VCSELs today is for short distance multimode
fiber interconnects. However, its applications could expand significantly if the
single mode power could easily is increased. These include for spectroscopy, laser
printing, optical storage, and in single mode fiber communication.. Highly multitransverse mode operation, on the other hand, is required for multimode fiber
interconnects in order to eliminate modal noise in the fiber. For this a relatively
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large transverse mode size is needed using present designs, although the larger
mode size reduces the speed and increases the threshold power of the VCSEL over
what is otherwise needed. Increasing the VCSEL speed to 10 GB/sec, for example,
requires a smaller device than for speeds less than 5 GB/sec. The penalty of the
higher VCSEL speed achieved with a smaller transverse mode size is degradation
in its multimode performance.
Although the new approach is fundamentally interesting from a basic
physics standpoint, it can also greatly improve the VCSEL’s performance for
various applications. One of the major problems in extending the VCSEL
technology to longer wavelength fiber optics has been low single mode power
limited to ~1 mW because of the small required active area. This is especially true
for GaAs-based VCSELs that present a low cost solution to 1.3 µm fiber optic
sources, but where the power is limited by the need to achieve single mode
operation. State-of-the-art single mode 1.3 µm GaAs-based VCSELs emit
approximately 1 mW of power at their upper temperature of 80°C required for
uncooled transceivers, while InP-based 1.3 µm distributed feedback lasers can
easily emit 10 times this. Increasing the single mode VCSEL power to 10 mW
would make it the laser of choice for high speed fiber interconnects. Gratings
placed within the VCSEL cavity can expand this single mode area, and we believe
can increase the 1.3 µm GaAs-based VCSEL powers to 5 ~ 10 mW, making them
the 1.3 µm fiber optic laser of choice. Because the VCSEL’s power scales as the
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square of its radius, an increase in power by a factor of 10 in power requires an
increase by a factor of ~3 in lateral size for single mode operation. High speed
multimode VCSELs (for example for 10 GB/sec) can also be created that operate
with small active areas and low threshold current to reduce overall device power,
improved reliability and higher speed.
High index contrast photonic crystal (PC) patterns, which are also a type of
gratings placed in a laser cavity, can also modify lateral mode propagation. Because
the largest refractive index change that can be readily achieved in semiconductors
is due to the semiconductor-void (air) interface, a general fabrication technique is
needed that can be applied to a wide range of device structures to create photonic
patterns based on such interfaces, including edge and surface emitting laser diodes.
The epitaxial regrowth based process has be implemented to fabricate a laser diode
with an etched void photonic crystal pattern within the cavity. In addition, the new
technique allows large area 2-dimensional arrays, and could be important for very
high power laser diodes that can operate at 100’s of watts, with good beam
characteristics and spectral control. These types of lasers are important not only for
high efficiency pumping of solid-state and fiber laser devices, but also for direct
laser applications in free space optical communications, as well as ladar and lidar.

12

1.2.2 Quantum Dot based Microcavity VCSELs
Epitaxial quantum dots (QDs) present new opportunities in semiconductor
lasers and spontaneous light sources due to their charge localization and modified
electronic density of states [18,19]. It is especially interesting to combine QDs with
a microcavity VCSEL since electronic and photonic confinement become scalable
in a device to have full electromagnetic control of light-matter interaction that can
have important commercial applications. These include data communication, ultralow power sensors, high power laser arrays, and quantum light generation.
However, combining the QDs and VCSELs in a scalable fashion has been hindered
by the low maximum optical gain of QD active material that requires a higher
cavity quality factor (Q) than planar quantum well active material.
Planar microcavities were first used to demonstrate the Purcell effect [20]
for self-organized QDs [21], and the QD spontaneous control has since been
increased using etched pillar [22], oxide-apertured [23], photonic crystal defect [24]
and whispering gallery mode microcavities [25]. More recently, strong coupling
has been demonstrated in QD photonic crystal defect [26] and etched pillar
microcavities [27]. Lasing in oxide-apertured, photonic crystal defect, and
microdisk microcavities have also been demonstrated using QD ensemble active
regions [28-30]. Although QD nanophotonics could lead to new technologies based
on spontaneous quantum light sources and ultra-low-power, high-speed QD lasers,
present semiconductor microcavities have serious drawbacks for practical
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applications. Perhaps most daunting is the fragility and poor thermal conductivity
that result from thin-film photonic crystals, whispering gallery microdisks, or
etched pillars. Oxide confinement suffers poor controllability, making it impractical.
Electrical injection in these microcavities is also difficult, if not impossible,
especially because of the thin layers.
A

commercial

semiconductor

device

technology

based

on

QD

nanophotonics requires mechanically robust fabrication, excellent device thermal
conductivity, lithographic control, and preferably operation at least at temperatures
accessible with thermoelectric cooling (150 K). In addition, it is advantageous if
the QD microcavity enables monolithic integration with electronic injection devices
that can provide single-electron control. For QD lasers, a high Q (quality factor) is
required to achieve threshold, while for spontaneous sources the Q needed to
maximize the Purcell effect is moderate and set by the QDs spectral broadening.
This calls for an approach to form a microcavity that could solve the problems that
plague etched pillar, thin-film photonic crystal, and microdisk microcavities to
produce a manufacturable QD microcavity source with potential for real
applications. In this work, a new type of microcavity is presented that overcomes
the above limitations, and it uses intracavity patterning to confine both the quantum
dots and optical mode to the same regions of the cavity to obtain high Q cavities.
Lithographic definition of the photonic patterns for laser diodes and for QD
microcavities provides good uniformity down to the nanometer scale, making it a
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reproducible process and gives great flexibility for various grating designs. Also,
all-epitaxial semiconductor devices give better reliability and thermal impedance.
The fabrication process is fairly robust, and gives good yield. All these factors
make it very appealing from a manufacturing perspective as well.

1.3

Thesis Outline
The work presented in this dissertation focuses on a new fabrication

approach involving epitaxial regrowth over shallow mesas to introduce nanoscale
intra-cavity photonic patterns such as circular gratings, photonic crystals and
quantum dot based micro-cavities within GaAs based lasers.
A theoretic model is developed in chapter 2 that shows how an intra cavity
grating provides mode confinement in a VCSEL. Analysis is done to understand
the effect of gratings on the transverse mode characteristics. A transfer matrix
formulation of Maxwell’s equations for the E and H fields is used to find the eigen
modes of the structure.
In Chapter 3, the fabrication procedure of an epitaxial regrowth based laser
diode is described. Experimental realization of intracavity grating- and currentconfined all-epitaxial VCSEL as well as a buried etched void photonic crystal
based laser diode with an InGaAs/GaAs quantum well active region are explained.
The technique used to obtain current confinement in the VCSEL is discussed. Also,
the function of grating which is designed to match the mode and current into the
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same regions of the active area to provide better overlap as well as lateral mode
control is explained based on results of device characterization. Simulation of the
energy band structure of the buried etched void photonic pattern in the laser cavity
to determine the eigen frequencies of propagation of light is presented and the
effect of photonic pattern on the laser performance is verified experimentally by
comparing lasing characteristics of devices with and without the pattern.
Self-organized QDs can also be incorporated in the mode confining intracavity mesas to create a new type of all-epitaxial microcavity that can form a buried
heterostructure VCSEL. The unique features of these devices, along with their
fabrication and lasing characteristics are described in chapter 4.
Chapter 5 summarizes the work in this dissertation and concludes with
directions for future research.
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CHAPTER 2
THEORY AND DESIGN OF ALL-EPITAXIAL VERTICAL CAVITY
LASERS

2.1

Mode confinement within the grating mesa
All-epitaxial VCSELs with intra-cavity phase shifting mesas that provide

good mode confinement have been demonstrated recently [31,32]. Although oxideconfined VCSELs are often described by an effective index model [33] which
shows that the effective index responsible for wave-guiding is dependent only on
lateral changes in the Fabry–Perot resonance frequency, a more accurate
understanding of the electromagnetic boundary conditions is required to design for
low optical loss using the all-epitaxial approach. The boundary conditions that are
used to model the optical mode in the mesa confined VCSELs are an extension of
those given in references [34,35] as opposed to those of [33]. In this approach, the
grating mesas modify the optical modes of the Fabry-perot microcavity due to the
nature of electromagnetic coupling between the confined mode in the mesa region
and the evanescent modes in the off-mesa regions. The placement of grating is
designed such that it has direct overlap with the lasing mode. The transverse
grating is created by a periodic array of cavity length changes designed to modify
the laterally propagating k-vector modes. Also, the grating mesas are designed to
provide simultaneous mode and current confinement within a VCSEL. It is possible
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Figure 2.1:

(a) A schematic illustration a planar microcavity, (b) an apertured
microcavity, and (c) a mesa confined microcavity. Horizontal
boundaries of the cavities (defined by L) are the reflectors, taken for
argument sake as single interfaces.
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to obtain reliable single mode sources, dense arrays, and also be able to repeatably
control multi-mode operation.
Figure 2.1 shows schematic illustrations of various microcavities that aid in
describing the all epitaxial mode confinement to be used in the grating confined
VCSEL. If the cavity is planar, as shown in figure 2.1 (a), an optical mode is not
confined laterally and spreads continuously due to diffraction. The lateral size of
the optical mode is limited by the vertical loss rate which is set by the cavity spacer
thickness and the contrast ratio (that determines the transmissivity) of the
distributed Bragg reflectors. For a typical VCSEL operating at 980 nm, the lateral
mode size due to this diffraction effect has a diameter of ~10 µm. In contrast, an
aperture in the cavity, as shown in either figure 2.1 (b) or 2.1 (c), can laterally
confine the mode and eliminate diffraction. However, the boundary condition
problem of (a) is converted from a diffraction problem to a scattering problem. In
figure 2.1 (b), which is similar to the now prevalent oxide-apertured VCSEL, a
wave traveling laterally from region “0” in the cavity containing the lasing mode to
a confining region “1” is partially reflected back into the lasing mode region and
partially transmitted. To totally eliminate lateral loss we desire this lateral reflection
coefficient to be unity, which is impossible to achieve perfectly in this type of
cavity. However, when the cavity is very short, the reflection back into the cavity
can be sufficiently close to unity to make lateral loss negligible when compared
with the vertical loss due to transmission through the mirrors.
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The Fabry-Perot microcavity formed by highly reflecting mirrors in figure
2.1 (c) consists of two regions with two different cavity lengths. Regions with the
grating mesas and regions outside the mesas have different step heights. This gives
rise to two cavity lengths that are tuned for two specific resonant wavelengths,
which creates a phase shift for the resonant modes in the two regions. The region
“0” is the mesa region with the longer cavity length and where the lasing
eigenmode exists, while region “1” is the off-mesa region.
The optical field in the VCSEL cavity can be reasonably well described by quasiscalar fields that satisfy the wave equation, which is given by

∇ 2 E (r , φ , z ) + k 0 ε r E (r , φ , z ) = 0
2

(2.1)

where,
k o = ω µε o

(2.2)

Here E represents the z component of the electric field, ω is the frequency of the
field, µ is permeability of the medium, εo and εr are the permittivity of free space
and the medium respectively. For a modal representation, the mth mode can be
described in cylindrical coordinates assuming circular symmetry for the main mode,
as transverse and vertical components,
E m (r , φ , z ) = E m (r , φ ) exp(± jk z z )

(2.3)

while the cavity resonance satisfies the condition
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kz =

mzπ
L

(2.4)

where kz is the vertical wave vector, mz is integer 0,1,2,… and L is the effective
cavity length.
The electromagnetic boundary conditions of the cavities of figures 2.1 (b)
and (c) set the frequency of the field in region “1” equal to the lasing mode of the
field in region “0”. This condition of equal frequency establishes the relationships
between the vertical and transverse wavevector components in the two different
regions. Note that for a high Q cavity, as with a VCSEL, the vertical wavevector
components

km z

and

km' z

are fixed by the cavity length and phase shift from the

mirrors. For a single aperture, the lowest order mode confined in region “0” gives
this relationship between the wavevectors in regions “0” and “1” by

ωo

(4.81) 2
2
=
+ k m2 z = k m'
+ k m'2 z
2
r
c
εrW o

(2.5)

where Wo is the lateral size of the mode confined in region “0”, and k m' r is the
transverse wavevector component of the field in region “1”. When the cavity
conditions are such that

k m'2 z > k m2 z

there is a range of mode sizes Wo for

2
which km' r < 0 , meaning that k m' r is imaginary creating an evanescent wave in

region “1” and the mode is confined in region “0”. The lowest order eigenmode
confined by mesa region “0” takes its field profile as the form of a Bessel function
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of first kind in the mesa regions and the factor of 4.810 comes from this lowest
order Bessel function approximation. Using this approach, the gratings can be
designed such that the mode is confined within the mesas and becomes evanescent
outside the mesa.
However, this is only part of the story of mode confinement based on the
cavities of Fig. 2.1 (b) or (c), and Eq. 2.5 considers only the dominant coupling of
the mode from region “0” to region “1”. Not all of the wave from region “0”
couples into the field of region “1” with the vertical wavevector component km' z
because of non-orthogonality in the optical modes between the two regions. A
small fraction of the field from “0” couples into other longitudinal modes of “1”,
and these other modes cause scattering loss. This scattering is why the effective
index fails as an accurate design model for high performance VCSELs. However, it
was shown recently [1] that this scattering loss can be minimized or made lower
compared to oxide confined VCSELs by using very thin phase shifting layers. In
the grating VCSEL to be discussed in chapter 3, a 65 Å thin layer has been used to
obtain mode confinement by creating a resonant shift of 10 nm. Even thinner layers
may be used to reduce the scattering loss. This has the additional benefit of
improving crystal quality on top of the mesas.
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2.2

Theoretical modeling of transverse modes
Modeling of a 1-D grating placed in a VCSEL cavity has been done to

analyze its transverse modes. A schematic of the top view of the gratings is shown
in figure 2.1 (a), while it’s cross sectional view as shown in figure 2.2 (b). If L1,1 is
the length of the first mesa region and L2,1 is the length of the first gap region, a
transfer matrix of the electric and magnetic fields can be written based on
Maxwell’s equations in each of the regions. It is assumed that the grating is in the
x-direction and a plane wave exists in the y-direction with the z-direction coming
out of the page. The VCSEL cavity is taken in the z-direction for boundary
condition analysis. The vertical cavity sets the vertical wave vector components of
the field in both the mesa and off-mesa regions because of the high reflectivity
mirrors. The transverse wave vector components in the x-direction are real, kx, in
regions “1” inside the mesas and imaginary, iαx, in off-mesa regions “2”. These
wave vector components are related by

ω 2n 2
c2

2
= kx2 + k1,z2 = −α x2 + k 2,z

(2.6)

where n is the average refractive index of the cavity. Considering a transverse
electric field in the y-direction, the eigenmodes of the structure can be found by
solving Maxwell’s equations in the transfer matrix formulation.
Maxwell’s equations can be written as
∇ × Ε = iωµo Η

(2.7)
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∇ × Η = −iωεΕ

(2.8)

where E, H are the electric and magnetic fields respectively.

Figure 2.2:

Schematic of (a) top view (b) cross-sectional view of a 1-D grating

Electric and magnetic fields can be expressed as forward and backward propagating
waves.
Ε = Ε + exp(ik x x) + Ε − exp( −ik x x )

(2.9)

Η = Η + exp(ik x x ) + Η − exp( −ik x x )

(2.10)
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ik x Ε + = iωµ o Η +

(2.11)

− ik x Ε − = iωµ o Η −

(2.12)

Ε( x) = Ε + ( x) + Ε − ( x)

(2.13)

Ε( x ) = Ε + ( xo ) exp(ik x ( x − xo )) + Ε − ( xo ) exp( −ik x ( x − xo ))

(2.14)

Ε( x ) = [Ε + ( xo ) + Ε − ( xo )] cos( k x ( x − xo )) + i[Ε + ( xo ) − Ε − ( xo )] sin( k x ( x − xo ))

(2.15)

Ε( x) = Ε( xo ) cos( k x ( x − xo )) + i

ωµ o
kx

Η ( xo ) sin( k x ( x − xo ))

ωµ
⎡
⎤
i o sin(k x ( x − xo )⎥
cos(k x ( x − xo )
⎢
⎡ Ε( xo ) ⎤
⎡ Ε( x ) ⎤
kx
⎥⎢
⎥
⎢Η ( x)⎥ = ⎢ ωµ
⎣
⎦ ⎢− i o sin(k x ( x − xo )
cos(k x ( x − xo ) ⎥ ⎣Η ( xo )⎦
⎢⎣
⎥⎦
kx

(2.16)

(2.17)

Using the above expression, we can relate the fields within the grating layers as

ωµ
ωµ o
⎡
⎤⎡
⎤
sinh(α x L2 ,1)⎥
i o sin( k x L1,1)⎥ ⎢ cosh(α x L2 ,1 )
⎡ Ey ( Lx ) ⎤ ⎢ cos( k x L1,1 )
αx
kx
⎢
⎥ ⎢
⎥⎢
⎥
⎢
⎥=⎢ k
⎥
⎢
⎥
α
⎢⎣ H z ( Lx )⎥⎦ ⎢ i x sin( k x L1,1)
cos( k x L1,1) ⎥ ⎢ x sinh( k x L2 ,1)
cosh(α x L2 ,1 ) ⎥
⎣ ωµ o
⎦ ⎣ ωµ o
⎦
⎡ E y ( 0) ⎤
⎥
⎢
⋅⋅⋅ ⎢
⎥
⎢⎣ H z (0)⎥⎦

where H z (0) = i

αx
α
E y (0) and H z (L) = −i x E y (L) .
ωµ o
ωµ o
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(a)

(b)
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(c)

Figure 2.3:

Plots of eigenmodes vs. frequency for different 1-D gratings. (a) a
single 10 µm mesa (b) a uniform 10 µm mesa array (c) a chirped 10
µm mesa array.

This matrix formulation allows to determine the eigenmodes of a 1-D PC or grating
formed from the intra-cavity mesas. Figure 2.3 shows plots for three different cases,
comparing a 10 µm long single mesa in (a) with a 10 µm long, uniformly spaced 1D grating in (b) and a chirped 1-D grating in (c). These calculations represent the
mode structures of actual 1-D mesa designs for a 0.98 µm VCSEL. The optical
modes are the spectral positions where the amplitudes go to infinity due to
resonance. While the 10 µm long mesa of figure 2.3 (a) is multimode with a nearly
uniform mode distribution, the uniform 1-D PC of figure 2.3 (b) shows mode
grouping around a narrow range of frequencies. The chirped grating in figure 2.3
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(c) shows the possibility of achieving single mode operation even with a 10 µm
long active region. A 34.8 Å separation is obtained between the lowest order and
next higher order transverse modes. As expected, the internal grating or PC can be
designed to gain control of the transverse mode pattern. These 1-D lateral PCs and
gratings can also readily be implemented into the VCSEL cavity and these can
exhibit interesting modal behaviors. This calculation can be extended to two
dimensional gratings or any other pattern. It is possible to obtain high single mode
output by using a larger active area confined by a grating. A different design may
be used to obtain multi-mode emission even with smaller device dimensions for
high speed operation. Optical gain can also be included in the transverse matrix to
predict the lasing spectra of the actual lasers.
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CHAPTER 3
EPITAXIAL REGROWTH PROCESS AND DEVICE FABRICATION
3.1

Crystal Growth and Device Fabrication

This section gives an overview of the fabrication process of GaAs based
laser diodes which incorporate epitaxial regrowth over shallow mesas. The steps
that have been developed to implement the process are versatile and can be
extended to fabricate different kinds of novel lasers. For all the devices, fabrication
starts with crystal growth of the first part of the laser structure. This is followed by
lithography and etching to create the intra-cavity gratings. The third step is the
second stage of epitaxial growth to complete the laser structure. Once the growth is
complete, rest of the fabrication involves metallization of contacts and isolation of
devices. All the devices discussed in this dissertation were grown by molecular
beam epitaxy (MBE) crystal growth technique on GaAs substrates using the Veeco
GEN III system. The first stage of crystal growth includes either bottom DBR
AlAs/GaAs mirror pairs or AlGaAs cladding layers, cavity with active region, mesa
forming layers followed by sacrificial layers of Al0.7Ga0.3As and GaAs. These
sacrificial layers which are also etch-stop layers are used to obtain a clean interface
for regrowth. All the layers in the first stage of growth are grown at normal growth
temperature of 590 oC which is ten degrees higher than the GaAs desorption
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temperature except for InGaAs/GaAs quantum well active region that is grown at
520 oC to prevent indium evaporation.
After the first growth is complete, e-beam lithography was used to create
the intra-cavity grating patterns. The exposures were done using JEOL 6000 FSEE-beam lithography system. To create mesas, negative e-beam resist NEB 31A is
spun at 3000 rpm for 30 sec to obtain a thickness of 2000 Å. The resist is prebaked
at 110 oC for 2 min and the pattern is written with an e-beam current of 75 pA at 50
kV. The sample is then developed using MIF 300 solution for 40 sec and rinsed
with DI water. Alternately, openings can also be made in the top layers and a
positive photoresist was used for this purpose. Positive tone e-beam resist ZEP
520A was spin coated at 3200 rpm for 30 sec to obtain a thickness of 3000 Å. The
resist was prebaked at 180 deg C for 2 min. The patterns were exposed using a 50
kV e-beam at 100 pA. It is then developed in ZED-N50 for 2 min, and rinsed with
isopropyl alcohol for 30 sec.
The top GaAs layer is then etched using a 5:1 solution of citric acid solution
(which is a 1:1 solution by weight of citric acid monohydrate and water) and
hydrogen peroxide solution. This etchant has a 200 to1 selectivity ratio with respect
to etching GaAs and Al0.7Ga0.3As respectively [36]. The photoresist is stripped
using acetone and the sample is placed in oxygen plasma for 5 min to remove any
organic residue. The sample is then placed in a solution of 1:20 HF:H2O to etch the
underlying Al0.7Ga0.3As layer. This solution etches only high Al composition
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AlGaAs and does not etch GaAs. So, the top GaAs layer acts as a mask for etching
the grating mesas into the top two sacrificial layers. This is followed by another
etching sequence of GaAs and AlGaAs layers. In this fashion, the sacrificial layers
act as etch masks to transfer the photonic pattern to the actual mesa layer. A
schematic representation of this selective etching process is shown in figure 3.1.
Another variation for the process just described is used with low composition
AlGaAs layers (Al: 30-40%) for obtaining current confinement. This is discussed
further in section 3.2 for the fabrication of grating confined VCSEL. The selective
etchant for this material is a solution of 3:1 citric acid: H2O2, and this has good
selectivity to high Al-composition AlGaAs.
By using selective etching process, the mesa layer that has the grating
patterns does not come into direct contact with photoresist and other processing; so
contamination of the mesas is minimized. This is important to have a good quality
crystal for regrowth. The selective etch process also has the advantage that it gives
a good control over layer thicknesses. Since wet etching is used there is always
some undercut, but that was taken into account while determining the feature sizes
for the patterns. This will not be an issue if reactive ion etching is used, the only
requirement would be to have the same selectivity that is possible with the wet
etching. After the final etch step, we have a pristine surface that is ready to be
placed back in the MBE chamber for regrowth.
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Figure 3.1:

3.2

Schematic of selective etching process for regrowth

Optimization of Epitaxial regrowth Process

It is very important to have a high crystal quality after the processing to be
able to grow defect -free single crystal material on top of the mesas. Any scattering
due to interface roughness increases internal loss in the device and degrades device
performance. Epitaxial regrowth on non-planar substrates is complex compared to
that on planar substrates. Crystal growth on patterned surfaces depends on various
factors. During the course of this study, it was found that this depends on the type
of atoms that are being incorporated, the underlying layer, and also on the feature
sizes of patterns. While studying quantum dot microcavities of different dimensions,
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it was observed that the nature of overgrowth depends on cavity sizes. This is
covered in more detail in section 4.2.
In MBE growth, constituent elements of a semiconductor in the form of
molecular beams are obtained by thermal evaporation of elemental sources [37].
These are deposited in an ultra-high vacuum environment onto a heated crystalline
substrate to form thin epitaxial layers. The growth process involves four steps [38];
absorption of impinging molecules on the heated substrate, surface migration of the
impinging molecules and dissociation of the absorbed molecules, incorporation of
molecules into stoichiometric crystal lattice site, and desorption of excess
molecules from the crystal surface.
For growth of GaAs based materials, migration of group III elements is the
rate limiting step since group V atoms are very volatile. Mobility of group III atoms
depends on the crystallographic orientation of the planes on which they are being
incorporated. Group III atoms tend to migrate from less reactive facets to more
reactive neighboring ones. This gives rise to different sticking coefficients on
different planes, and could lead to preferential growth on certain planes. So, it is
very important to control the kinetics of the growth process to maintain the surface
morphology. Another factor that affects growth is the nature of the surface on
which the atoms are being deposited. It was experimentally observed that Ga atoms
have a strong tendency to bond to GaAs compared to AlGaAs surface. This could
lead to over-growth at an AlGaAs-GaAs interface and this gives rise to scattering
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losses due to discontinuity of E-field at the boundaries. Using a lower temperature
growth or a higher arsenic flux can reduce the mobility of ad-atoms due to a
decrease of the migration length of adatoms, and prevent preferential growth. In a
previous attempt, regrowth was performed at 600 oC [39], and roughness along the
aperture edge resulted along one crystal direction mainly due to the difference in
the migration length and sticking coefficient of adatoms on different crystal planes
[40]-[42]. In order to obtain a smooth profile and good crystal quality over the
grating mesas, regrowth is performed at 470 oC, lower than the normal growth
temperature. The difference in regrowth quality at various temperatures can be
easily observed using an optical microscope and it was found that a reduced
regrowth temperature is important for eliminating crystal discontinuity at the mesa
perimeters.

3.3

Intra-cavity Grating Confined VCSEL

Figure 3.2 (a) shows a schematic illustration of the grating-confined allepitaxial VCSEL, while (b) shows a scanning electron microscope image of the
epitaxial intracavity grating prior to regrowth [43]. Crystal growth is performed on
an n+ GaAs substrate. The epitaxial layers that make up the device from the initial
growth consist of a lower 26.5 pair n-type AlAs/GaAs quarter wave mirror stack,
an Al0.05Ga0.95As one–wavelength cavity spacer with three InGaAs/GaAs quantum
wells emitting at 980 nm placed at its center, an upper p-type Al0.7Ga0.3As
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confining layer, an upper p-type Al0.3Ga0.7As layer, and a 65 Å thick p-type GaAs
phase shifting mesa layer. The n- layers were doped with silicon, and the p-layers
were doped with carbon using a carbon tetrabromide source. After the initial
growth, e-beam lithography is used to form circular gratings in the p-type GaAs
phase shifting mesa layer. The wafer is then returned to the MBE system for
regrowth, with the surface consisting of the p-type GaAs phase shifting mesa layers
and outside these mesa regions the p-type Al0.3Ga0.7As layer. An epitaxial regrowth
then completes the upper mirror by depositing an additional 16.5 pairs of p-type
AlAs/GaAs mirror pairs. The fabrication procedure is completed by depositing
AuGe/Ni/Au n-contact on the back side of the wafer which is annealed at 400 oC
for 30 sec and a 60 µm/30 µm ring p-contact of Ti/Au on the top surface that is
concentric with the grating. Metal deposition was done using e-beam evaporation.
Individual devices are then isolated by etching down through the active region by
an isotropic etch solution of 1:8:80 H2SO4: H2O2: H2O. The grating confined
VCSEL has a 15 µm diameter with the inner mesa being 4 µm and three 1.25 µm
outer rings that are spaced 0.6 µm apart. On the same wafer and adjacent to the
grating confined VCSELs, 10 um single mesa VCSELs are also fabricated for
comparison.
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Figure 3.2:

(a) Schematic of an all-epitaxial VCSEL with a circular grating
phase-shifting mesa. (b) Scanning electron micrograph image of a
circular grating fabricated by electron-beam lithography.
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3.3.1

Current confinement within gratings

Electrical confinement is obtained to the intracavity GaAs phase-shifting
mesas through selective Fermi-level pinning at the Al0.7Ga0.3As/GaAs regrown
heterointerface. After patterning the grating mesas, there is always native oxide on
the surface before it is removed in the MBE chamber by thermal desorption for the
second step of crystal growth. This process is normally done at 580 oC in As
overpressure to remove the native oxide. The native oxide is removed easily on
GaAs, however, it is not completely removed on AlGaAs surface because
aluminum forms a strong bond with oxygen which is hard to remove by thermal
desorption. Therefore when GaAs is grown on top of it, there are many missing
bonds, and this forms interface states in the band gap. So Fermi level of this
interface is pinned in the mid gap regardless of doping. A schematic of the
regrowth surfaces can be seen in figure 3.3 while the equilibrium band diagram in
the off-mesa regions is shown in figure 3.4. This interface Fermi-level pinning
depletes the crystal region around the interface, and combined with the large
valence band offset between Al0.3Ga0.7As and GaAs leads to a large forward
voltage for easy current flow. The turn on voltage is determined by doping level
and thickness in p -AlGaAs layer and the Al composition. Al composition around
20% - 40% was found to be an optimum value by taking into consideration the
crystal quality as well.
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Figure 3.3:

Schematic of regrowth interfaces (a) GaAs in the mesa region and
(b) Al0.3Ga0.7As in the off-mesa regions

Figure 3.4:

Schematic of equilibrium energy band diagram outside the mesa
regions where Fermi-level is pinned.
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Test structures show that the forward voltage for easy current flow in the
region of the Al0.7Ga0.3As/GaAs regrown interface exceeds 4.5 V, while for the
GaAs phase-shifting mesa it is ~1.2 V. The individual VCSELs are isolated using
100 µm pillars etched through the active region, and no other current confinement
is used. Figure 3.5 shows the current-voltage characteristic measured either in the
actual device (on the mesa grating) or through a current-blocking test region
electrically isolated from the mesa grating. The test structure consists of a 60 µm
diameter etched post with a 30 µm diameter metal contact, and passes little current
for bias voltages less than 5 V. The test structure therefore includes an area outside
the mesa that is 16 times larger than the 15 µm grating confined VCSEL, and
demonstrates that the current injection is effectively confined to the mesas to enable
tailoring of the injected current with this intracavity grating technique. It is to be
noted that a deep proton implant can be used to isolate the devices and produce a
fully planar wafer that would be attractive to minimize parasitic capacitance.
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Figure 3.5:

3.3.2

Current vs. voltage characteristics measured for the 15 µm mesa
grating VCSEL (on the mesa grating) and a 60 µm diameter etched
post formed outside and electrically isolated from the mesa grating.

Device Characterization

Numerous devices are tested and good uniformity is found both for the 15
µm grating confined and 10 µm simple mesa confined VCSELs. Figure 3.6 shows
the continuous wave light versus current curves for both devices. The threshold
current of the 15 µm diameter grating confined VCSEL is 1.74 mA, which
corresponds to a threshold current density of 985 A/cm2, while the 10 µm diameter
simple mesa confined VCSEL has a threshold current of 0.7 mA that corresponds
to 891 A/cm2. The threshold voltage of the 15 µm diameter grating-confined
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VCSEL of figure 3.2 is 1.4 V with a differential resistance of 148 V, although there
is some variability in electrical resistance across the wafer. The threshold voltage of
the 10 µm diameter simple mesa VCSEL is 1.6 V with a differential resistance of
450 V. The higher output power and threshold current of the 15 µm diameter
grating confined VCSEL versus the 10 µm diameter simple mesa confined VCSEL
simply track approximately the factor of 2.2 increase in active area. On the other
hand, the increase in slope efficiency for the grating confined VCSEL, which is

Figure 3.6:

Light vs. current characteristics measured for all-epitaxial VCSELs
with a 15 mm grating (solid curve) and 10 mm single mesa (dashed
curve).
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consistently found for side-by-side devices, does not. This increase in slope
efficiency appears to come from the smaller feature sizes of the grating confined
VCSEL that lead to an improved mode control and more efficient pumping of the
grating confined VCSEL’s lasing modes.
Figure 3.7 shows the spectral output of the grating-confined VCSEL, while
figure 3.8 shows far-field radiation patterns at the same drive currents for either
VCSEL. Both the grating-confined and simple mesa VCSELs are multimode with
similar lasing spectra, while the far-fields are indicative of the coherent spot sizes
of the multiple transverse modes. The narrower far-field pattern of the grating
confined VCSEL indicates larger near-field coherent spot sizes. For a Gaussian
fundamental mode, the size of the near field mode is given by D =

4λ

πθ

, where D is

the diameter of the near field modal intensity measured at the 1/e2 angular width, λ
is the wavelength of the emitted light, and θ is the angular width of the far field
intensity in radians measured at 1/e2. The far-field of the 10 µm simple mesa
corresponds to a spot size of ~3 µm, while that of the 15 µm grating confined
VCSEL corresponds to ~8 µm. We note that the 4 µm diameter of the inner area of
the grating confined VCSEL (figure 3.2 (b)) is close to the value of the 3 µm
coherent spot size of the simple mesa, while the 1.5 µm rings are less than this
value. This shows that optical coupling exists between the rings in the grating
confined VCSEL. The increase in efficiency of the grating confined VCSEL is
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therefore consistent with reduced spatial hole burning and greater mode overlap in
the grating confined device, despite its larger area and multimode operation. This is
perhaps not too surprising, given that introducing the grating provides additional
boundary conditions for the transverse modes and current injection.

Figure 3.7:

Spectral data measured for the 15 µm grating confined VCSEL at
the current levels of 2, 4, 7, and 11 mA.
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We also note that despite the higher efficiency of the grating confined VCSEL, we
measure a consistent slight increase in its threshold current density. Recently, we
compared the theoretical scattering loss in this type of an all-epitaxial, mesa
confined VCSEL with that of oxide-confinement [31]. The analysis shows why in
the ideal case the all-epitaxial approach will exhibit lower optical loss. To further
characterize the optical loss due to the regrowth, which may be mostly due to
optical scattering from a roughened interface, we have also performed additional
experiments on edge-emitting lasers using a similar regrowth. The edge-emitters
allow us to accurately extract the optical loss, at least for those devices. Those
experiments show that a similar, though not identical, regrowth increases the
internal waveguide loss of the edge-emitters from ~3 cm-1 to ~8 cm-1. The likely
source of additional waveguide loss is a slightly increased optical scattering loss, to
which the VCSEL would be extremely sensitive. This is consistent with the present
results of slightly higher threshold current density on the grating confined VCSEL
if the optical scattering is further increased by the inclusion of the grating.
Therefore, the present results may be substantially improved once the epitaxial
regrowth is optimized for ideally smooth interfaces. Finally, we point out that we
have not made an attempt to optimize the grating design for high efficiency or low
threshold, and in fact the present design does neither. Instead it is used to
demonstrate the potential of a new fabrication approach to open the design space in
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Figure 3.8:

Far-field radiation patterns measured at different current levels.
Similar patterns are measured for the orthogonal direction. (a) shows
the profile for a 10 µm simple mesa, while (b) is for the device with
a 15 µm grating.
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engineering high performance VCSELs through simultaneous control of their mode
and gain profiles. The present design still has the same radius-squared problems
discussed in chapter 1, and even finer chirped gratings must be developed to
optimize the VCSEL performance. For example, in the present 15 µm diameter
grating confined VCSEL that includes the 4 µm diameter center region and three
1.25 µm diameter outer rings with 0.6 µm spacings, a uniform threshold current
density for the 1.74 mA current leads to 124 µA injected into the 4 µm center
region, 296 µA in the third ring, 393 µA in the next ring, and 536 µA in the outer
most ring. The resulting gain profile, with most of the current and therefore the
optical gain in the outer most ring, clearly is unfavorable for a lowest order optical
mode confined in the grating. This can be avoided by use of a chirped grating with
decreasing outer ring sizes. This type of VCSEL can lead to improvements in the
transverse overlap between the optical mode and gain to provide increased single
mode selectivity, lower threshold, and improve the device efficiency.

3.4 Laser diode with buried etched void photonic crystal pattern

The epitaxial regrowth process with intra cavity gratings or photonic crystals
can also be extended to broad area distributed feedback (DFB) lasers, even without
a vertical cavity. DFB lasers typically generate output with increased stability and
at more precisely controlled wavelengths than regular diode lasers. The lasers
incorporate a grating in the design such that feedback from the grating causes
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interference that promotes gain at a wavelength related to the period of the grating.
Usually, however, the grating (and the feedback) occurs in only one dimension.
Two dimensional photonic pattern controls not only the longitudinal mode, like in
linear DFB lasers, but also the lateral mode. So they can be used to make
multidirectional DFB lasers, which could provide high-power surface-emitting
lasers with narrow wavelength bandwidths [44]. Broad area surface emitting lasers
are important for high power output, low beam divergence and also for shortdistance high-speed links using multimode fibers. However, the photonic crystal
based devices made so far have been either optically pumped [45,46] or involved
wafer fusion for current injection [44],[47],[48]. The all-epitaxial regrowth
approach provides an elegant alternative for electrical injection with fairly simple
processing. The photonic pattern can be placed close to the active region, where the
electric field is strongest, and enhance its interaction with the optical mode.
The epitaxial growth is performed on an n+ GaAs substrate. The first stage
of growth consists of a 2 µm cladding layer of n-type Al0.35Ga0.65As, followed by a
wavelength cavity spacer of GaAs with three 80 Å In0.2Ga0.8As/ 100 A GaAs
quantum placed at its centre, and an upper p-type confining layer of Al0.35Ga0.65As
of thickness 740 Å, a thin p-type layer of GaAs of thickness 100 Å, and an
Al0.7Ga0.3As layer of thickness 500 Å. A p-type GaAs layer of thickness 100 Å
completes the first growth. All the layers were grown at 590 oC. After this initial
growth, circular openings are defined on the top GaAs layer using electron-beam
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lithography. The patterns consist of areas of 50 µm x 2 mm regions of 100 nm
diameter holes on a square lattice with a lattice constant of 300 nm. Following
patterning of the resist, the upper GaAs and Al0.7Ga0.3As layers in the patterned
regions are removed by selective wet etch process. The sample is then placed back
in the MBE system for epitaxial regrowth of p-type GaAs and Al0.35Ga0.65As
cladding layers to complete the laser structure. After thermal desorption of the
native oxide at 580 oC, the substrate temperature is reduced to 470 oC to grow the
first 400 Å of GaAs. This reduces the mobility of Ga ad-atoms to form a smooth
surface morphology that preserves the growth front parallel to the photonic pattern.
After this, the growth temperature was increased back to 590 oC. This is done to
activate carbon atoms for p-doping and also to obtain a better crystal quality. The
top layer that completes the growth is heavily doped p+ GaAs for forming electrical
contact. The fabrication process begins with deposition of an n-contact Au-Ge 400
Å /Ni 100 Å /Au 1000 Å on the back side of the wafer. A 30 µm wide Cr 300 Å
/Ag 2000 Å /Au 1000 Å stripe centered on the 50 µm wide grating region is then
deposited on the top surface which serves as a p-contact by using lift-off technique.
After this, photolithography is done to create 30 µm stripe openings along the
length of each side of the 50 µm wide patterned regions. The sample is now etched
using an isotropic wet etch consisting of 1:8:80 H2SO4:H2O2:H2O. This etch
exposes the underlying Al0.7Ga0.3As layer for further processing. The sample is
then placed in HF solution for selectively removing the Al0.7Ga0.3As layer. This
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selective etching of the Al0.7Ga0.3As layer is a lateral etch that creates buried etched
voids in the square lattice pattern, as shown in Fig. 3.9. These void regions are
supported by GaAs posts formed by epitaxial regrowth, and this combination
creates a mechanically stable etched void- semiconductor grating [51]. No special
precautions, such as critical point drying, are needed to prevent collapse of the
structure.
The finished laser diode is illustrated in figure 3.9. Ridge waveguide edge
emitters of similar dimensions without any pattern are also fabricated from the
same material in regions without the grating. These devices are used for direct
comparison to determine the influence of the optical grating on the laser diode
characteristics.
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Figure 3.9:

Schematic illustration of edge-emitting laser diode that includes
buried etched-void photonic pattern
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3.4.1

Effect of photonic pattern within the device

A 1-D or 2-D photonic crystal (PC) does not create a true energy gap, but
modifies the E-k diagram of selected photon modes of interest. Although analogy is
often made between a PC and an electronic crystal, there is a fundamental
difference between Bosons and Fermions that occupy the modes. An electronic
crystal mode can hold at most one electron, while a PC mode can be heavily
populated by photons through stimulated emission. Therefore even a 1-D confined
PC can channel nearly all of a system’s energy into a single mode, while a 1-D
confined electronic crystal (a superlattice with two degrees of freedom) cannot
prevent electrons from occupying a large range of k-vector modes due to the inplane motion perpendicular to it periodic structure. 2-D PCs have been studied by
several groups, and the feedback from the lattice can support novel lasing [46]-[50].
The device structure was simulated using a plane wave expansion method
[52,53] for the TE polarized modes. The computational domain consists of a unit
cell with periodic boundary conditions. The cell has dimensions of a by a by 16*a,
where a is the periodicity of the square lattice. The simulation assumes a supercell
approximation, meaning that periodicity is enforced in all dimensions even though
the structure isn’t periodic in the vertical direction. This is not a problem as long as
the mode is well-confined, and the supercell is sufficiently large so that there is
negligible coupling between modes in adjacent cells. The calculated bands in the
structure are shown in figure 3.10 (a). The calculation is performed over the
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standard irreducible Brillouin zone of a square lattice. In the band diagram of figure
3.10 there are 18 calculated bands. They are spaced very tightly together, indicating
that the structure has relatively low index contrast and supports many different
modes. The points of low group velocity (in turn, maximized feedback) are the X
and M K-points. The modes at the X point are mostly leaky (guided in the low
index regions and the cladding) so it is of no interest. Several of the modes at the M
point are well guided in the InGaAs QW [band 9 (shown as blue) to 16 (shown as
green)]. These modes are shown in figure 3.10 (b),(c), where the electric field
density is plotted at two cross-sections. Not all bands in this range are shown
because several of them are degenerate. The top view is a plot of the mode sliced in
the center of the InGaAs QW region (the outline of the holes is only shown as a
reference). The side view is at the center of the rods. It is to be noted that there is a
significant portion of the field in the substrate. This is believed to be an artifact of
having a finite substrate size (1 µm) and would be reduced for even larger
computational cells. Band 13 in figure 3.10 (b) is of interest because the amount of
field concentrated around the InGaAs region is significantly higher than all of the
others (all are plotted on the same scale). This may indicate that it is the point of
maximized distributed feedback. Figure 3.10 (c) is a leaky mode where the field is
concentrated in the low index air regions.
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(a)

(b)

Figure 3.10:

(c)

(a) Dispersion diagram for the laser structure with the photonic
pattern (b) Electric field profile for a guided mode and (c) Electric
field profile for a leaky mode.
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Also, the mode in the InGaAs region of band 13 is centered on the rods. This band
has a group velocity of 10-6 c. The other bands are on the order of 10-5 c, where c is
the velocity of light in vacuum. When the quantum wells emit, all modes will be
excited; the one with the highest interaction with the active region, i.e., the lower
group velocity will lase. The frequency range for this criterion is dependent on the
sizes of the photonic crystal and so the patterns can be designed to obtain desired
modal characteristics.

3.4.2

Device Characterization

The light against current output characteristics for the devices are measured
from the as-cleaved facets under pulsed conditions and are shown in figure 3.11.
The threshold current density for a 1.6 mm-long device with the buried photonic
pattern is 330 A/cm2, and for a similar length device without any pattern it is 500
A/cm2. Although the laser diodes fabricated from regions without the grating are
quite uniform, we find that the variation in device performance for laser diodes
with the grating is larger. The larger variation is likely due to process variation,
which influences the actual grating dimensions. However, the experimental results
demonstrate that there can be a significant reduction in threshold current for the
laser diodes that incorporate additional cavity feedback due to the buried photonic
pattern. We also find that the grating slightly improves the slope efficiency, which
could be a result of the lower threshold and higher internal efficiency. The current–
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voltage characteristics shown in figure 3.12 demonstrate that the electric resistance
values of the etched pattern devices are similar to those of the unpatterned devices.
This confirms that the etched void regions are firmly supported by the conductive
GaAs posts and provide efficient current injection.

Figure 3.11:

Light against current characteristics comparing laser diode that
includes photonic pattern with another diode from same fabricated
wafer but from a region without pattern.
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The lasing spectrum of the device with the etched void pattern has fewer FabryPerot modes compared to the devices without the pattern as seen from figure 3.13,
and shows that the etched-void photonic pattern indeed improves the modal
selectivity through Bragg reflection. Although detailed design is required to
improve coherence over a large area and to determine the area over which
coherence can be obtained, these measurements show that the fabrication approach

Figure 3.12:

Current vs. voltage characteristics for laser diodes of figure 3.11.
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Figure 3.13:

Spectral characteristics measured at threshold for laser diodes of
figure 3.11.
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could become important in introducing two-dimensional high contrast gratings in
GaAs based devices. This technique also provides the means to obtain coherent
surface light emission in a single mode by enabling uniform large area current
injection. For certain designs of the photonic crystal, for example in a square lattice,
light is also coupled out of the plane of the lattice normal to the substrate through
upward diffraction since Bragg condition is also satisfied for this direction. This
makes surface emission possible in these kinds of devices. This was examined by
using upper DBR pairs in the device; however, surface emission was not obtained.
This may be due to poor reflectivity of the top layers because of rough interfaces
from high temperature regrowth. Use of low temperature through out the regrowth
and not just the initial layers might create a smooth morphology for surface
emission.
An important feature of the fabrication process is its mechanical robustness
and ease of electrical injection, which creates the potential for transfer to a
manufacturing environment. Similar fabrication techniques should also be possible
in InP-based materials, which also offer high etch selectivity. This technique is also
compatible with the fabrication of GaAs-based vertical-cavity surface-emitting
lasers, by introducing upper and lower semiconductor mirrors. The only
requirement is that the upper mirror be formed from the AlGaAs materials that
satisfy the needed selectivity in etching.
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CHAPTER 4
QUANTUM DOT BASED VCSELS WITH EPITAXIAL REGROWTH
PROCESS

4.1

Introduction

Epitaxial InGaAs/GaAs quantum dots are attractive as single photon
emitters due to their ease of fabrication and inclusion with monolithic microcavities,
short spontaneous emission lifetimes, and the possibility of electrical injection. For
example, it is possible to have fully isolated quantum dots that can be
monolithically integrated with single electron transistors to create electronically
controlled single photon sources. The efficiency of light output can be improved by
placing the dots within a microcavity. This not only enhances the spontaneous
emission properties through the Purcell effect but also allows photon emission into
a single cavity mode. A key feature of these structures is the quality factor Q of the
cavities which is given by the ratio between the mode wavelength λ and its
linewidth ∆λ. By using the epitaxial regrowth process, it is possible to create
semiconductor microcavities by isolating one or more self-organized QDs in a
shallow mesa, and covering this mesa with epitaxial mirrors to form a buried
heterostructure VCSEL. This new type of QD microcavity has a high Q and the
desirable features needed for commercial applications of being lithographically
defined, all epitaxial and strain free, mechanically robust, and providing high
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thermal conductivity for heat dissipation. The high Q cavity enables VCSEL
operation even with a single QD active layer. The cavity takes advantage of the
QDs’ feature of forming self-buried heterostructures to eliminate optical absorption
outside the active region, and simultaneously enables lithographic scaling of the
QD active material to control QD number in the active region itself.

4.2

All-Epitaxial Quantum Dot Microcavities

Molecular beam epitaxy is used to grow the QD microcavity illustrated in
figure 4.1(a). An initial growth includes a lower 30-pair AlAs/GaAs quarter-wave
mirror followed by the first half of a cavity spacer containing a single QD layer
active region. The first half of the cavity spacer includes a 1418 Å thick GaAs
cavity spacer layer, a 150 Å thick Al0.25Ga0.75As etch stop layer, a 100 Å thick
GaAs layer, a single QD layer of density ~3 x 1010 cm−2 formed from deposition of
2.4 monolayers of InAs, and covered with 350 Å of additional GaAs. The initial
growth is finished with a 200 Å sacrificial Al0.7Ga0.3As layer, and finally a 200 Å
sacrificial GaAs layer. The sacrificial layers are used as etch masks to define
relatively dense arrays of mesas ranging (due to masking and undercutting) from 9
µm down to 0.5 µm diameter. The microcavities contain InAs QDs that range in
number from ~ 20,000 for the larger 9 µm mesas to ~50 QDs for the smallest 0.5
µm diameter. An optical photograph looking down on such a QD microcavity array
with moderate mesa sizes of ~ 4 µm is shown in figure 4.1 (b). After defining the
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QD-containing mesas and removing the GaAs and Al0.7Ga0.3As sacrificial layers,
an epitaxial overgrowth that includes the upper part of the cavity spacer of 1312 Å
thick GaAs and two upper AlAs/GaAs distributed Bragg reflector pairs complete
the QD microcavities. The total thickness of this second growth corresponds to a
deposition of 0.35 µm. The two-pair upper mirror forms a relatively low-Q
microcavity that can provide high-efficiency surface emission, and enables study of
the overgrowth and its impact on the QD microcavity and emission efficiency
through the Purcell effect.
Figure 4.1 (c) shows atomic force microscope images of completed
individual ~ 4 µm diameter (left) and ~0.5 µm diameter (right) QD mesa
microcavities. The overgrowth exhibits a relatively strong crystallographic
dependence that becomes pronounced for the smaller mesa, but which retains a
smooth crystal surface to create the elliptical “lens” shape, especially clear in the
smaller cavity. The shorter lateral dimension of the cavity formed by overgrowth of
the 0.5 µm mesa (on the right) is ~ 0.8 µm, while the longer dimension corresponds
to ~ 3 µm. The height of the microcavity is 440 Å and is close to the height of the
starting mesa. Photoluminescence (PL) is studied from the arrays for various
temperatures to determine the cavity influence on QD emission. The larger
diameter cavities are designed for resonance between the QDs and the cavity at a
temperature of ~100 K,
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Figure 4.1:

(a) Schematic illustration of the QD microcavity based on epitaxial
overgrowth of the QD containing mesa. (b) Optical photograph of
the 4 µm QD mesa array. (c) Atomic force microscope image of the
4 µm diameter mesa (left) and 0.5 µm mesa (right) following
overgrowth.
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but cavity wavelength also depends on the lateral mode confinement. Therefore, the
difference in temperature dependence of approximately a factor of 10 between the
spectral shift in cavity resonance and the spectral shift of the QD transition (set by
the material energy gap) is used to determine the precise resonance temperature.
Figure 4.2 shows the emission spectra measured for different temperatures for the 4
µm mesa array. Starting from the lowest temperature of 77 K, the emission
intensity increases with increasing temperature up to 100 K due to spectral tuning
between the cavity resonance and QD transition. At ~100 K the intensity peaks,
and then decreases for increasing temperatures. Similar spectral measurements are
performed for 9, 8, 7, 6, 5, 4, and 0.5 µm mesa diameter microcavity arrays to
determine both the cavity resonance wavelength and the relative emission
intensities versus the QD mesa size. The emission data for the different
microcavities as set by the QD mesa size are plotted in figure 4.3. The data show a
consistent trend of the cavity resonance wavelength blue shifting with decreasing
mesa size, a well-known effect due to the lateral optical boundary condition in the
microcavity. This trend continues even for the smallest submicron QD mesa
diameter of 0.5 µm for the microcavity shown in figure 4.1 (b), demonstrating
significant optical confinement even for small microcavity sizes. For these cavities,
the lifetime change is given approximately by τ sp−1,cav
spontaneous
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is the cavity-enhanced

emission rate, τ sp−1,bulk is the emitter’s spontaneous emission rate in bulk
semiconductor, c is the speed of light in vacuum, n is the semiconductor refractive
index, γd is the Lorentzian spectral width due to dipole dephasing, ωc/Q is the
cavity loss rate with ωc the cavity resonant frequency, w is the lateral optical mode
diameter for a lowest-order Bessel function, L is the effective confinement length
of the mode, and f(rd) is a normalized field strength in the microcavity at the
emitter’s position, which takes a maximum value of unity as assumed in the last
expression on the right in Eq. (4.1).

(4.1)
The cavity frequency ωc tracks the lateral mode size w approximately as

[

ω c (w) = 4.81c 2 / (nw)2 + ω c2 ( w → ∞)

]

1/ 2

(4.2)

where n is the refractive index of the semiconductor (assuming a Bessel function),
so that a blue-shift in the cavity frequency occurs with a decrease in mode size.
Inserting the mode size dependence on frequency of Eq. (4.2) into Eq. (4.1), we can
relate the cavity enhancement to the lateral mode size through the spectral shift it
induces, given by τ sp−1,cav / τ sp−1,bulk = 0.26[Qλo /(nL)][1 − ω c2 ( w → ∞) / ω c2 ( w)]
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Figure 4.2:

Spectral emission of the 4 µm QD mesa microcavity for various
temperatures. Resonance is obtained at 100 K.

Figure 4.3:

Plots of relative efficiency and resonant wavelength of the
microcavity versus different sizes of the QD containing mesa.
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The Purcell effect ideally produces an increase in integrated intensity with
reduction of cavity size when the cavity mode coupling strength exceeds the
collective coupling due to all other weakly confined optical modes that may interact
with the QDs [23].
In oxide-apertured microcavities this occurs when the lateral cavity size is
less than ~ 1 µm [22]. In the present study the relative integrated intensity is found
using a similar spot size to excite each mesa array, and then normalizing the
integrated intensity by the QD mesa fill factor in the array as excited by the pump
spot. The upper data in figure 4.3 show that the integrated QD emission is constant
from the 9 µm down to the 4 µm mesa size, but increases for the smallest 0.5 µm
mesa. The increase in efficiency observed for the array of 0.5 µm mesa QD
microcavities compared with the larger sizes is ~ 50%. The Q values of the cavities
are measured to be ~50, while the effective cavity length can be estimated from the
field penetration into the semiconductor mirrors as L = 1.5λo /n. Therefore the
emission into the 0.5 µm QD mesa cavity can also be estimated from the
blueshifted frequency as also increasing by τ sp−1,cav / τ sp−1,bulk ≈ 0.5.
This increase in intensity for the smallest cavity, taken with the continued
blue shift of the emission wavelength with reducing microcavity size, is a clear
indication of the Purcell effect and a major benefit of the microcavity even for low
Q values. Therefore both the blue shift in the resonance wavelength and the
integrated intensity dependence track the lateral size dependence expected due to
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microcavity confinement. Considering the cavity shape formed by the epitaxial
overgrowth over the smallest 0.5 µm mesa sizes, it is significant that cavity
confinement is still achieved. The smooth growth is important for low optical
scattering, while the curved shape can lead to increased collection angle of the
spontaneous emission and lateral reduction of the mode volume. It is reasonable to
expect that the actual cavity shape can be controlled by mesa height (which is ~
450 Å in the present experiment), and can therefore ultimately be engineered to
control the cavity characteristics. Shallower mesas will produce less curvature in
the overgrowth, and may be more useful for very high-Q microcavities. Taller
mesas such as used here that can give a substantial lens shape may be more useful
for lower-Q microcavities, but stronger lateral confinement.
Finally, we consider what cavity Q is required to maximize the Purcell
effect for a single QD spontaneous light source that can operate with maximum
thermoelectric cooling for an operating temperature of ~150 K. The needed Q is set
by the QD’s homogeneous linewidth, which from experimental measurements is on
the order of ~ 3 meV at 150 K [54]. The needed cavity Q at 1.1 µm is therefore
moderate (~350), and can be achieved by engineering the mesa height and
increasing the upper mirror pair number. The Qs measured in the present
microcavities are ~ 50, set by the two-pair upper mirror, and can be increased with
a few additional upper mirror pairs.
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4.3

Buried Heterostructure QD VCSEL

Based on the results of section 4.2, another crystal was grown which is
similar to the microcavity structure, but with 30 pairs of upper DBR to increase the
cavity Q. Optical confinement is provided vertically by the mirrors pairs. Lateral
optical confinement is through the mismatched cavity height at the mesa edge.

Figure 4.4:

(a) Schematic of the microcavity VCSEL structure. (b) AFM image
of the buried structure.

Because vertical reflectors exist both inside and outside the mesa (figure 4.4 a),
lateral mode confinement comes from the vertical resonance shift of the cavity
mode due to the mesa as discussed in chapter 2. Atomic force microscope images,
such as shown in figure. 4.4 (b) for an array of 6.1 µm mesas, reveal that the
overgrown structure is actually highly asymmetric due to preferential growth along
one direction, and results in lens-like shapes.
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Figure 4.5:

Modal characteristics of the cavities at T=35 K. The spatially
(position along slit) and spectrally resolved PL from individual
cavities is displayed for various mesa diameters.

The emissions from individual cavities are studied using a pulsed
Ti:sapphire laser (pulsewidth ~ 5 ps) that excite the QDs through electron-hole
generation above the GaAs band edge. The sample is maintained at low
temperature in a helium flow cryostat during measurement. The PL signal is
collected with a 0.5 numerical aperture (NA) objective, dispersed by a 0.5 m
spectrograph, and imaged onto a two-dimensional charge coupled device array
detector [55]. Figure 4.5 shows the spectral images, i.e., PL intensity as a function
of wavelength and position along the slit, of individual cavities based on mesas
with diameter, D, ranging from 6.1 to 0.5 µm. The images reveal a rich mode
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structure, with mode spacing between transverse modes clearly increasing strongly
with decreasing mesa size. The latter, together with the blue shift of the cavity
resonances, reflects the lateral optical confinement even for small mesa sizes
[56,57]. The individual modes are spectrally well resolved and can also be
visualized by performing spectrally resolved mode mapping [58]. They closely
resemble the LPn,m modes of a cylindrical stepped-index dielectric cavity with a
(weak) effective index step at the mesa edge. Each mode is further split into
linearly polarized doublets due to the asymmetric overgrowth. The Q values,
obtained from the Lorentzian linewidth of the PL peaks, are further studied for
mesas of various sizes. Plotted in figure 4.6 are the Qs of individual cavities with
decreasing size, measured at sufficiently low excitation intensity so as to exclude
linewidth narrowing effects due to lasing [58]. The values range from Q ~ 33,000
for the largest cavities with ~ 6 µm mesas down to Q ~ 10,000 for cavities based
on 0.5 µm diameter mesas. Both the raw and deconvoluted values are shown. The
deconvoluted value takes into account resolution of the system while calculating
the Q. The highest Q values exceed those of a recent report based on three halves
wavelength cavity spacers [58]. The high Q combined with high quality QDs are
key to obtaining QD VCSELs with a single active layer. Although the Q decreases
with mesa size similar to reports for other microcavity systems [58-60], the present
measurements indicate that for the smallest mesas that contain only a single QD
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[56,57] entering the strong coupling regime [26,27] may be feasible with this allepitaxial lithographically defined QD microcavity.

Figure 4.6:

Quality factor for different cavity sizes measured at T=35 K. Both
the raw data and the deconvoluted data are shown.

The lasing characteristics are studied under experimental conditions similar
to the ones described above with the temperature typically maintained at 35 K.
Previous studies of etched-pillar [58,59] or oxide-apertured microcavities [61] have
not demonstrated lasing, even with multiple QD active layers. The VCSEL
operation with a single QD active layer suggests that either the passive Q in the
present microcavities is higher, or the QD quality is better, or possibly both. In
figure 4.7 (a) the light out versus pump intensity curves for 6.1- and 5.1- µm-diam
cavities are shown on linear and log-log plots (inset). The largest powers incident
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on the sample are on the order of ~10 mW corresponding to ~5 x 108 W peak
power, 80 MHz repetition rate, 6 ps pulse width, 780 nm wavelength), while the
laser spot is focused to a ~20- µm-diam spot. However, a meaningful value for the
actual intensity at the QD location is difficult to estimate due to pump absorption in
the large number of overgrown layers, and the intensity scale is therefore left in
arbitrary units. As threshold is approached, a pronounced linewidth narrowing is
also observed as shown for the D = 6.1 µm cavity in figure 4.7 (b). The linewidth
decreases to values close to the spectrometer resolution (~50 µeV) and a weak
increase is observed at the highest pump powers, most likely due to heating effects.
The spectral features below and above threshold are shown in figure 4.7 (c). The
laser emission, which is highly linearly polarized, generally occurs at the
fundamental mode only. However, some cavities in the array also lase on higher
order modes, and multimode lasing has been observed at temperatures exceeding
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Figure 4.8:

(a) Emission vs excitation (L-L) curves for a D=6.1 µm and D=5.1
µm mesa measured at T=35 K. The inset shows a log-log plot of the
same data. (b) Linewidth of the lasing resonance as a function of
pump intensity, extracted using a Lorentzian fit, for the D =6.1 µm
cavity in (a). (c) Emission spectrum below and above threshold for
the same cavity.

200 K. The modal characteristics of VCSELs are generally set by spectral tuning
between the gain peak and cavity resonances, and multimode lasing at higher
temperatures may be due to the higher gain excited state lasing in the QD active
region. The threshold and lasing characteristics change with temperature is
expected due to the spectral overlap between the inhomogeneously broadened gain
profile of the QDs and the cavity resonances. In agreement with the targeted
spectral match around ~ 100 K, the lasing threshold first decreases in the
temperature range from 5 to 100 K and then increases for temperatures greater than
100 K.
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In summary, a new type of all-epitaxial microcavity is demonstrated that
forms a buried heterostructure QD VCSEL. Quality factors as large as 33000 have
been measured, with ground state laser operation achieved using only a single QD
active layer. As an all-epitaxial structure, the device is mechanically robust,
provides high thermal conductivity and with a modified approach provides a
potential for electrical injection. Its lithographic definition is an important step in
manufacturing, and makes it highly attractive for single QD cavity quantum
electrodynamics experiments where both high-Q and small mode volumes are
desirable.
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CHAPTER 5
SUMMARY

The focus of this dissertation has been to implement an epitaxial regrowth
based fabrication process for vertical cavity lasers. Using this approach it is
possible to incorporate photonic patterns within the optical cavity of laser diodes to
provide full control of the modal overlap with the optical gain. Patterns of interest
are two dimensional circular gratings, photonic crystal, or any other random
patterns to engineer the transverse mode profile. Lithographic patterning allows
excellent uniformity and flexibility of pattern design, and the all-epitaxial devices
have better reliability and thermal impedance.
The design of a GaAs based all-epitaxial grating confined VCSEL has been
studied and realized experimentally. Lateral mode confinement in the VCSEL is
obtained due to the epitaxial crystal step formed by shallow circular grating mesas
that creates a resonant shift for the vertical component of the optical mode. An
epitaxial regrowth of semiconductor mirrors over the gratings simultaneously
confines the mode in the vertical and lateral directions. The grating uses selective
Fermi-level pinning at a hetero-interface to confine the current to the same regions
as the optical mode. An increase of efficiency is obtained in side-by-side
comparison with devices that lack the grating. The far-field radiation pattern which
is indicative of the coherent near-field spot size is larger compared to a device
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without grating. This proves that there is coupling of gain and optical mode around
the grating rings and also that the mode is confined within the rings of the circular
grating. The present design demonstrates the potential to engineer high
performance VCSELs through simultaneous control of mode and gain profiles.
However, this device could be improved by optimizing the ring sizes and spacing
by matching the rings to the peaks of the first order Bessel function. Current
injection efficiency can be increased by making the outer rings smaller compared to
the inner rings by using a chirped grating, since the mode intensity is peaked at the
center. There could also be variations in current confinement schemes and
improvements in epitaxial regrowth that would reduce scattering loss at the
interface and improve device performance significantly.
Using a similar regrowth technique, a laser diode incorporating a buried
etched void photonic pattern consisting of air-GaAs has also been demonstrated in
this work. High index contrast 2-D photonic crystal patterns that are placed close to
the active region have a significant impact on the propagation characteristics of the
optical mode. Side-by-side comparison with devices without any photonic pattern
shows lower threshold current densities and higher slope efficiencies in the devices
with the etched-void photonic pattern. The spectral characteristics indicates that it
has fewer Fabry-Perot modes compared to the devices without the pattern, and
shows that the etched-void photonic pattern improves modal selectivity through
Bragg reflection. This fabrication process can be extended to obtain coherent large
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area surface emission since certain designs of photonic patterns can diffract light in
the vertical direction. Photonic crystal based VCSELs can also be fabricated with
this approach.
The new technology has also been applied to QD devices to obtain allepitaxial microcavities and high Q microcavity VCSELs which can be useful as
single photon sources. A new type of VCSEL has been demonstrated that uses a
lithographically defined intracavity mesa to confine the optical mode as well as
isolate the QDs to the same region of the microcavity. Very high Q cavities were
obtained, and ground state lasing was demonstrated with only a single quantum dot
active layer. A significant improvement of the Purcell effect has been observed for
spontaneous light sources. Even though these devices were optically pumped, the
design of these structures allows electrical injection very easily due to relatively
thick epitaxial layers on top of the microcavities. For example, Fermi-level pinning
that was discussed to provide current confinement in the grating VCSEL can be
easily implemented. This can provide monolithic integration for applications such
as quantum computing and quantum cryptography.
In conclusion, this research demonstrates that epitaxial regrowth based
process for vertical cavity laser diodes is a promising approach to engineer high
performance lasers that can lead to improvement in the transverse overlap between
the optical mode and gain to provide increased single-mode selectivity, lower
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threshold, and improve the device efficiency. It is also highly attractive for
fabricating manufacturable quantum light sources.
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