Chapter 1. Introduction

Vertical-cavity surface-emitting lasers (VCSELS) are well-established
devices for applications in optical communications, optical interconnects,
optical neural networks, laser printers, high density optical disks, and
optical signal processing. Their advantages over edge emitting lasers are
longitudina single mode emission, low threshold current, low divergence
circular laser beam, wafer-level testing, and the capability of fabricating
dense two-dimensional arrays. A recent innovation is to exploit the
selective wet oxidation of the high Al-containing layers within a
semiconductor distributed Bragg reflector (DBR) to form one or more

buried oxide aperture(s). The selective wet oxidation as a means of current

congtriction and optical finement has d ically enhanced the
performance of VCSEL s. The benefits of oxide confinement are manifest in
properties ranging from low laser threshold and decreased intensity noiseto

high differential quantum efficiencies and increased modulation bandwidth
as compared to other confinement methods such as proton implantation.
The oxideconfined VCSEL has many attractive features but also
drawbacks stemmin m the vertical cavity geometry. For a very short
cavity with latera n sions on the 1s of wavelengths, a
rich variety of mode dynamics can therefore be expected in oxide-confined
VCSEL such as the whispering gallery modes [1,2], Hermite-Gaussian,
Laguerre-Gaussian modes [3-7], and others [8-10]. Therefore the transverse

modal behaviour of the oxide-confined VCSEL is an interesting subject of



laser physics.

To understand the transverse modal behaviout, we experimentally
Investigate the round aperture oxide-confined VCSEL s with diameter of the
20 pum oxide aperture. Due to the high quality of the processed wafer, the
near- and far-field images and corresponding spectrum are measured for a
wide range of injection currents even well above the thermal roll-over point.
The complex flower-like and y-junction structured transverse mode
patterns are observed in far-field images of broad-area oxide-confined
VCSELs. To identify the influence of the guiding mechanisms on the
transverse modal hehaviour, we compare the experimental data of 20 pm
diameter oxide-confined VCSEL to protonrimplanted VCSEL. We find that
the inhomogeneous carrier distribution which is more pronounced in the
broad-area devices, dominate the properties of transverse mode. At high
pump rates, the influence of thermal gradient inside the cavity becomes
stronger which leads to a further preference of high order modes.
Furthermore, the transverse modal behaviour of VCSELs depends strongly
on the confinement mechanism which is demonstrated on boundary effect
caused by oxide layers. The emission of multi-high-order mode is a
consequence of the combination of these effects, and thus lead the
formation of complex flower-like and y-junction structured transverse

mode patterns.

The dissertation is organized as follows. the manufacturing of the



oxide-confined VCSEL s and experimental setup are presented in chapter 2.
In chapter 3, we show the experimental results of oxide-confined VCSELs
with various aperture diameters. Furthermore, the experimental result of
oxide-confined VCSEL is compared with the proton-implanted VCSEL (20
um in diameter). We present the numerical ssmulation for the formation of
the y-junction structured pattern in chapter 4. The different contributions to
the transverse modal behaviour are then discussed and the results of this

dissertation are summarized in the chapter 5.
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Chapter 2. Experiment

2.1 Introduction

The performance characteristics of VCSELSs are strongly influenced
by the epitaxia structure and fabrication processes that are employed. For
example, one focus of VCSEL development has been toward reduced
threshold current; therefore, processing technology producing laser
structures designed for enhanced transverse confinement have had
sgnificant impact. A recent innovation is to provide lateral materia
variation surrounding a semiconductor laser diode through the selective wet
oxidation of buried AlGaAs layers [1-4]. Exposing AlGaAs dloys to
temperatures from 350 to 500 in a steam environment converts the
semiconductor into a mechanicaly robust, chemically inert, insulating, and
low refractive index oxide [5]. Wet oxidation of AlGaAs has been
successfully employed in the fabrication of edge-emitting lasers [6-8] and
recently been applied to VCSEL fabrication. Oxide layers converted from
AlAs or AlGaAs have been incorporated into hybrid VCSELSs, whichusea
dielectric top DBR mirror [9], and into monolithic VCSELS, which use a
semiconductor top DBR mirror [10]. The oxide layers within selectively
oxidized VCSELSs effectively confine both electrons and photons and thus

serve to define the transverse optical cavity.

The fabrication of oxide-confined VCSEL structure, the requisite



processing technologies and experimental setup used to investigate the
transverse modal behavior of the laser are described in this chapter. The
fabrication of oxide-confined VCSEL is presented in Section 2.2. In
Section 2.3 the structure of the oxide-confined VCSEL under investigation
Is briefly described. The experimental setup used to investigate the

transverse modal behavior of the laser is considered in Section 2.4.

2.2 Fabrication of Oxide-Confined VCSEL

2.2.1 Processing of Oxide-Confined VCSEL

Fabrication of selectively oxidized monolithic VCSELSs is predicated
on designing the layer compositions, and thus the oxidation rate, such that
specific oxide layers near the laser cavity have a greater lateral extent to
define an oxide aperture, as depicted in Fig. 21 [10,11]. The oxidation
selectivity to Al composition is exploited to fabricate the buried oxide
layers within a VCSEL: With minute changes of Ga concentration, one or
more AlGaAs layers are induced to oxidize more rapidly and thus form
buried oxide layers for electrical and optical confinement. The selectively
oxidized VCSELSs described in the following are grown by metal—organic
chemical vapor deposition (MOCVD), which has the advantages of
accessibility of the complete AlGaAs aloy range, and stringent
compositiona uniformity and control. The rapid growth rate, high wafer
throughput, run-to-run stability, wafer uniformity, and broad flexibility of
available materials make MOCVD an appropriate VCSEL manufacturing



platform.

The processing steps for the oxidized VCSEL are presented in Fig. 2-2.
Fabrication of selectively oxidized VCSELSs begins with the deposition of
electrical contacts. A silicon nitride mask is deposited and patterned on the
wafer top to encapsulate the metal contact and to form an etch mask. Dry
etching, such as reactive ion etching, is used to define mesas or holes to
expose the oxidation layers. For mesa structures [11], the oxide aperture is
formed by oxide layer(s) extending from the edge into the center of the
mesa. For etched hole planar structures [12], the aperture is formed by the
overlap of oxides that extend outward from each hole. The lateral oxidation
extent of a layer within the etched mesa or surrounding the etched hole is
controlled by the composition of the layer and the oxidation time. Typicaly,
an oxidation temperature of 440  produces an oxidation rate of
approximately 1 um/min for the AlyosGayooAS layers [10]. After oxidation

the nitride mask is removed to permit laser testing.

For a given oxidation time and thus lateral extent of oxidation,
variation of the oxide aperture area within a sample can be obtained using
different mesa sizes or separation between the etched holes. For
mesaetched oxide structures, planarization can be accomplished using
polyimide as a backfill, or an air bridge technology can be used to allow
deposition of meta interconnects. A planar VCSEL configuration

conductive to the deposition of bonding pads results using the etched-hole



oxide structures, but eectrica isolation between VCSELs must still be

accomplished by some technique such as stacked ion implantation.
2.2.2 Apparatus and Method of Selective Wet Oxidation

The wet oxidation of AlGaAs is arelatively simple procedure: expose
high Al-content layers to water vapor transported in an inert gas within an
elevated temperature (350-500 ) environment [5]. However, establishing
a stable and reproducible oxidation process requires careful control of
severa process parameters [13]. In Fig. 2-3, we show an oxidation system
which incorporates mass flow controllers, a stable water vapor source, and
a three-zone 4 inch diameter tube furnace. The system is supplied by
bubbling N, or other inert gas through deionized water, which in turn is
immersed within a constant-temperature bath maintained at 90 . The gas
passes through the bubbler and into a three-zone furnace through a heated
tube to avoid condensation. The stringent control of gas flow, bubbler water
temperature, and furnace temperature enables a stable and reproducible

oxidation process.

Monolithic selectively oxidized VCSEL typically contains multilayers
of high and low Al-containing AlGaAs aloys [10]. For lateral oxidation of
buried layers, mesas or holes are isotropically etched to expose the layers
immediately before oxidation, although delays (e.g. several days) between
etching and oxidation of AlGaAs do not significantly influence the

oxidation rates. The oxidation system in Fig. 24 is alowed to equilibrate



with carrier gas and steam flowing before each oxidation run. The
oxidation samples are placed on a preheated platen which is inserted into
the furnace. The composition of the epitaxial layers vary such that one or
more buried layers will oxidize laterally within the mesato a greater extent
than the surrounding layers as depicted in Fig. 21. The oxidation extent is
controlled by the time of oxidation. The refractive index difference between
the oxidized and unoxidized region within the sample makes the
oxide/semiconductor interface within the mesa apparent under visible or
infra-red illumination. This allows measurement of the oxidation extent and

rate, and can be used to identify the oxide aperture within the VCSEL.

2.2.3 Oxidation Rate Dependencies

To develop a manufacturable wet oxidation technique, the influences
of process parameters such gas flow, gas composition, temperature, Al
composition and layer thickness on the rate of oxidation have been
characterized [14]. The oxidation dependencies will dictate the degree of
control of these parameters required in an oxidation system, as well as the
compositional control and uniformity required in the epitaxial structures, to

achieve a reproducible oxidation fabrication technology.

The lateral oxidation has a temperature-dependent linear oxidation
rate without an induction time preceding the onset of oxidation [17,18].
Using a ssimple oxidation model [19], the oxidation thickness, d,,, achieve

inatimetis
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d2 +Ad,, = Bt (2-1)

where B is related to the diffusion constant of the reactants moving through
the oxidation and B/A is related to the oxidation reaction rate constant
and/or the rate of reactant supply at the oxide boundary. In the limit of short
oxidation times and/or thin oxide thickness, Equation @-1) yields linear

growth:
dox = (B/ At (2-2)

For greater oxidation lengths or higher temperatures, parabolic growth rate
may arise [20,21]. We observe alack of an induction time before oxidation,
even for samples that are pre-etched and exposed to the atmosphere prior to

oxidation.

A high degree of oxidation selectivity between AlGaAs layers can thus
be obtained with only a small change in Al concentration. It is this
oxidation sdlectivity which can be exploited for the fabrication of buried
oxide layers within a VCSEL: with minute changes of Ga concentration,
specific or multiple AlGaAs layer(s) can be selected out to form buried
oxide layers for electrical and optical confinement (see Fig. 2-1).

The thickness of the semiconductor layer to be oxidized can aso
influence its oxidation rate [22,23]. It is obvious that the oxidation rate

dependence on thickness can compensate for the compositional dependence:

1



thin layers of AlIAs may oxidize dower than thick layers of AlGaAs. Note
that linear oxidation rates are still observed during oxidation of thin layers,
indicating that decreased reactant transport through a thin layer is not
responsible for the reduced oxidation rate. Variations of the surface energy
at the oxide terminus [23] or changes of strain with thickness will influence

the oxidation rate.

Finaly, the composition of the surrounding layers will affect the
oxidation rate [24,25] and shape of the oxide terminus [26] through
diffusion and supply of reactants. For example, the thickness of a GaAs
barrier between AlgsGayASs and Aly9.Gay oA S layers has been shown to
influence the oxidation rate of the latter by mediating the vertica diffusion
of reactants [25]. A rapidly oxidizing layer can supply reactants to its
surrounding layers such that significant vertical oxidation into the adjoining
layers occurs. The vertical oxidation can lead to an enhanced effective
lateral oxidation rate as well as a tapered profile at the oxidation terminus.
Finally, by carefully tailoring the Al-content along the epitaxial growth
direction, a vertical oxidation profile from a planar oxidized film has been
demonstrated [27]. Therefore, in order to accurately predict the oxidation
rate and profile of buried layers of AlGaAs, the composition and thickness
of the semiconductor layer intended for oxidation and the surrounding

layers must all be taken into account.

2.3 Structure of Oxide-Confined VCSELSs



The oxide-confined VCSEL s under investigation are grown on a GaAs
substrate using MOCVD to operate at approximately 809 nm. The active
region consists of three AlygsGay 0oAS-Alg 36Gans,AS quantum wells, which
are embedded in the spacer layers to form the cavity with a thickness of
one-wavelength. The Bragg mirrors consist of AlGaAs ?/4 layers with
different adluminum content and graded interfaces in terms of materia
composition. The confinement of both the carriers and the optical field is
achieved by means of a high-Al composition Alyo;GaygzAS layer in the first
top-mirror layer with a central window of unoxidized materia. The wafers
are wet oxidized at 425 and the oxidation time is controlled to fabricate
the oxide aperture with 20 um diameter in a 110 ym in diameter mesa
structure. Then a SN passivation layer is deposited followed by
Ti-AuBe-Au P-metal evaporation. The AuGe-Au N-metal is finaly
evaporated and annedled after thinning the substrate thickness to 200 um.

2.4 Experimental Setup

We record images of the intendity distributions of the lasing near- and
far-field and corresponding spectrum data of the VCSELSs during lasing
operation in order to obtain information about the transverse mode structure.
The experimental setups for the recording of the near- and far-field images
are shown in Fg. 2-4. We couple the near-field image onto the beam
profiler using a collimating objective lens. As for far-field image, we

project the far-field pattern on a screen and then record it with a CCD

13



camera (Coherent, Beam-Code). An optica spectrum anayzer
(ADVANTEST Q8347) is used to monitor the spectral information of the

|aser.
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Fig. 21 Cross-section sketch of a selectively oxidized VCSEL composed
of GaAg/AlGaAs multilayers and buried oxide layers. The highest
Al-containing layers on each side of the optical cavity extend
further into the mesa than the other oxidized layers, forming an
oxide aperture at the mesa center.
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Chapter 3. Experimental Results

3.1 Introduction

We present experimental data characterizing the transverse modes in a
broad-area (20 pm in diameter) oxide-confined vertical-cavity
surface-emitting laser under CW operation a room temperature. The
optical power versus injection current characteristic, near- and far-fields
Images are presented in section 3.2. In section 3.3, we show the dructure
information and experimental results of the proton-implanted VCSEL,
which are compared with the experimental data of the oxide-confined
VCSEL.

3.2 20 pm Aperture Diameter Oxide-Confined VCSEL

The optical power versus injection current characteristic of 20 pum
aperture diameter oxide-confined VCSEL is shown in Fig. 3-1, which
reveds significant thermal roll-over behavior. Its threshold current is ~2.7

mA and its maximum power is ~6.4 mW.

Near-field images of the 20 um diameter oxide-confined VCSEL ae
presented in Fig. 3-2 which contains images for injection currents 10.5 mA
(8, 13.4 mA (b), 20.0 mA (c), 22.3 mA (d), 23.0 mA (e) and 23.3 mA (f). A

noncircular symmetry of the transverse mode can be aready seen from a
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first look at the optica near-field images because of the anisotropic
oxidation speed [1]. The high-intensity distribution can only be observed
around the periphery of the oxide aperture as shown in Fig. 3-2(a) ~ (e).
These results indicate that the multiple high-order transverse modes tend to
gather around the periphery of the oxide aperture due to a strong optical
confinement induced by the oxidized layers. Therefore the detail structure
of transverse mode pattern cannot be observed in the near-field images. At
an even larger injection current of 23.3 mA, the lasng near-field pattern
becomes a pure single high-order mode which has 18 spots as shown in
Figs. 3-2(f). The results reveal that the mode suppression is strongly
influenced by thermal effect, and the inhomogeneous distributions of
gpatia carriers and thermal gradients in the laser cause a strong tendency

towards the emission of high-order transverse modes [2].

We present the far-field intensity distribution in Fig. 3-3, which
contains the 180°-rotation symmetrical images at injection currents of 10.5

mA (a), 13.4 mA (b), 20.0 mA (c), 22.3 mA (d), 23.0 mA (e) and 23.3 mA
(f). The far-filed image shows adoughnut-liked pattern at injection current
of 10.5 mA. At higher injection current of 13.4 mA, some radial structures
appear at the periphery of doughnut-liked pattern, which is illustrated in
Fig. 3-3(b) ~ (c). The y-junction structured pattern is observed in Fig. 3-3(d)
~ (e) and a 9"-order daisy mode is observed in Fig. 3-3(f). Since the lasing
modes of the VCSEL at 22.3 mA are multiple transverse modes and these

high-order transverse modes have similar divergent angles in far-field
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emission as shown in Fig. 3-3(d) ~ (e), we conclude that the interaction
between the adjacent high-order transverse modes induces the formation of

the y-junction structured pattern.

3.3 Comparison between Oxidized and Implanted VCSEL

3.3.1 Structure of Proton-Implanted VCSEL

VCSEL fabrication generaly involves establishing electrical contact
to the anode and cathode of the diode and defining the transverse extent of
the optical cavity. For the latter, a means of confinement for photons and/or
electrons must be implemented. A method to achieve electrical confinement
in a planar VCSEL topology is to utilize ion implantation [3-5].
Implantation of ions into the top DBR mirror can be used to render the
material around the laser cavity nonconductive and thus to concentrate the
injected current into the active medium as depicted in Fig. 34. Damage,
primarily crystal vacancies created by the implanted ions, compensate the
free carriers leading to regions of high resistivity. Hence the ion does is

chosen to sufficiently compensate the dopant impuritiesin the DBR.

The ion implantation energy required to achieve current confinement
within a VCSEL depends upon the mass of the ion used and the implant
depth desired. Thus the maximum vacancy concentration can be tailored to
a specific depth within the DBR mirror. Various ion species have been
employed (H", O", N*, F"), although proton implants are the most common.
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The peak implant damage is usually designed to occur somewhat above the

quantum wells to avoid excessive damage to the active medium [6].

Fabrication of implanted VCSELs will usually begin with the
deposition of eectrical contacts. It is advantage to deposit the top contact
as the first processing step to avoid surface damage (such as unintentional
removal of a GaAs cap layer protecting underlying AlGaAs DBR layers)
during subsequent steps, which may degrade the ohmic contact. Next an
implantation mask of photoresist [5] or plated metal can be used to block
the ions and thus define the laser cavity. The smplicity and versatility of
photoresist implant masks usually make them more favorable as compared
to metal masks. It is dso beneficia to have the implant mask extend over
the metal contact as depicted in Fig. 34 to ensure that electrical contact to
an unimplanted region of the VCSEL is maintained [7].

Deep proton implants near the active region are used to define the
transverse extent of the laser cavity. As a generic example, a 300 keV
proton implant with a dose of 4" 10cm™® could be employed for an 850
nm VCSEL with a 20-period AlyGay ,AYAIAS DBR (2.6 pum thick). A 300
keV proton implant would require a photoresist implant mask thicker than
6 um. To avoid ion channeling during implantation, the samples are
typically inclined by 7 from normal. The photoresist mask can be angle
etched to match the trgectory of the ion beam [8] and avoid “ shadowing”

of the ions from the inclined mask, which will produce thin regions of
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highly damaged materia at shalow depths around the cavity perimeter.

To eectricaly isolate the VCSEL from neighboring devices, multiple
stacked implants with successively decreased energy can be used [4].
Surrounding the periphery of the VCSEL contact in Fig. 34 are stacked
implanted regions defined by a larger implant mask to fashion a highly
resistive region extending from the optical cavity up to the wafer surface. A
combination of deep proton and shallow O+ implantation is effective to
laterally isolate the VCSELSs; the latter implant is beneficial for the near
surface region because of the high dopant concentration typically present.
Finally, an interconnect meta layer can be defined to link the VCSEL s with
contact pads. Therefore a completely planar VCSEL structure can be
implemented with a combination of implantation steps, which is amenable

to low cost and high volume manufacture [9].

3.3.2 20 um Aperture Diameter Proton-Implanted VCSEL

The opticdl power versus injection current characteristics of
proton-implanted VCSELSs is shown in Fig. 3-5. The laser has a significant
therma roll-over behavior. The proton-implanted VCSEL has threshold

current of ~2.4 mA and maximum power of ~6.0 mW.

The far-field patterns of proton-implanted VCSELSs are shown in Fig.
3-6 which contains images for injection currents 4 mA (@), 17 mA (b), 24
mA (c), 34 mA (d), 41 mA (e) and 59 mA (f). At current of 40 mA, the
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VCSEL emits in the fundamental transverse mode, which is a
Hermite-Gaussian TEMy, mode. With increased injection current, the
far-field distribution becomes higher order Hermite-Gaussian mode as
shown in Fig. 3-6(b) ~ (e). A pure high order Laguerre-Gassian mode
TEMo,, is present in the far-field image for the injection current of 59.0 mA.
At this injection current, the L-I curve of protornrimplanted VCSEL has
already a negative slope and the optical output power is reduced to only 4.1
mW. Similar to proton-implanted VCSELSs in Fig. 3-3(f), the strong heating
results in local gain suppression in the center of the laser, which
overbalances the confining effect of thermal lensng, and thus favors the

formation of high order modes [10].

At low pumping current, the carrier distribution in large-diameter
implanted VCSEL is more uniform than in oxidized VCSEL. The smooth
and broad pumping profile with a maximum in the center of the implanted
VCSEL emitsin the fundamental transverse mode, but the high order mode
Is emitted by carrier profile with pronounced maxima at the periphery and a
minimum in the center of the oxidized VCSEL. In Fig. 3-3(a) and 3-6(a),
the implanted VCSEL emit in the fundamental transverse mode in contrast
to high order mode emitted by the oxidized VCSEL when the pumping
current near threshold. From the comparison, we conclude that the
inhomogeneous carrier distribution in large diameter oxidized VCSELSs is
enhanced by strong carier confinement. The sSignificant carrier

confinement supported by oxidized VCSEL makes carrier accumulate at
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the periphery, which tends to emit high order mode. With further increasing
pumping current, the influence of therma effect is predominant either in
implanted and oxidized VCSELs. The effect of therma gradients and
thermally induced gain suppression become so strong a high injection

current, and a ring-shaped carrier distribution arises, which leads to the

emission of high order modes.
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Fig. 3-1 Light output vs. current curve of 20 um diameter oxide-confined
VCSEL under CW operation at room temperature.
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Fig. 3-2 Photographs of near-field patterns of 20 pm diameter
oxide-confined VCSEL at injection currents of (a) 10.5 mA, (b)
13.4mA, (c) 20.0 mA, (d) 22.3 mA, (e) 23.0 mA and (f) 23.3 mA.



Fig. 3-3 Photographs of far-field patterns of 20 um diameter oxide-confined VCSEL at injection currents of (a)
10.5mA, (b) 13.4mA, (c) 20.0 mA, (d) 22.3 mA, (e) 23.0 mA and (f) 23.3 mA.



l implanted

region

n-DBR

substrate

n-metal

Fig. 3-4 Cross-section sketch of a planar proton-implanted VCSEL with
stacked implantation used for electrical isolation.
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Fig. 3-5 Light output vs. current curve of 20 um diameter proton-implanted
VCSEL under CW operation at room temperature.



Fig. 3-6 Photographs of far-field patterns of 20 um diameter proton-implanted VCSEL at injection currents of (a)
4mA, (b) 17 mA, (c) 24 mA, (d) 34 mA, (€) 41 mA and (f) 59 mA.
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Chapter 4. Numerical Simulation of

Y-Junction Structured Pattern

4.1 Introduction

In order to provide a quantitative understanding of these emission
characteristics, we present a numerical ssimulation to model and fit the
experimental results. The numerical simulation adopts the high-order
Laguerre-Gaussian mode due to the assumptions of a parabolic
refractive-index profile and ring-shaped carrier distribution in the laser.
From the numerica simulation results, the formation of y-junction
structures is inferred to be caused by the superposition of two high-order
Laguerre-Gaussian modes. The results of this numerical smulation are in
good agreement with the experimental findings.

We aso solve the guiding modes of cylindrical cavity with parabolic
refractive-index profile. The results are consistent with the numerical
smulation using LG mode.

The theory of LG mode is presented in section 4.2. In section 4.3, we
present the results of the guiding modes of cylindrical cavity with parabolic

refractive-index profile. The numerica interpretation of the formation of
y-junction structures is then discussed in section 4.4.

4.2 Numerical M ode using Laguerre-Gaussan Mode

4.2.1 Theory of Laguerre-Gaussan Mode



We present a numerical smulation for the formation of y-junction
structures in a broad-area oxide-confined VCSEL by using the high-order
LG mode. The guiding of the mode in oxide-confined VCSELSs is generally
due to a combination of index guiding, therma index guiding, and
carrier-induced index anti-guiding. Therefore we assume that the refractive
index profile in the oxide-confined VCSEL is parabolic and the carriers
distribute in a ring shape at the border of the laser. Based on the
assumptions, the preferred laser modes in this case are the LG, modes.
Each degenerate pair () of LG modes gives rise to a par of daisy modes
with 2 lobes. The normalized intensity distribution of the LG mode is [1]

%1 ae2r2(_)I 2 2r’ d‘g& Y
I(rq,z)—gl—lwz(z) vvz(z)E,eXp Wz(z)%&) cosz(IQ)H, (4-1)
with
é el z U
we) = e @2)
e 0

where w(2) is the Gaussian beam waist parameter, wy is the beam waist
a z=0,and r and ? are the radial and azimuthal coordinate respectively.



From the experimental observations, we adopt the LGy, modes with | =9
and | = 13 to fit the experimental results. Considering the strong optical
confinement provided by the oxidized layer, we aso assume the beam
waist of the LGy and LG, 13 mode are similar in near-field.

4.2.2 Numerical Results

Experimental near-field images of the 20 pum diameter oxide-confined
VCSEL are presented in Fig. 4-1, and corresponding spectrum is shown in
Fig. 4-2. While the injection current is 22.3 mA, which is larger than the
thermal roll-over point, the high-intensity distribution can only be observed
around the periphery of the oxide aperture as shown in Fig. 4-1(a). The
laser is operated in multi transverse modes according to the corresponding
gpectrum in Fig. 4-2(a). These two results indicate that the multiple
high-order transverse modes tend to gather around the periphery of the
oxide aperture due to a strong optical confinement induced by the oxidized
layers. Therefore the yjunction structured pattern cannot be observed in
the near-field images. At an even larger injection current of 23.3 mA, the
lasing near-field pattern becomes a pure single high-order mode which has
18 spots as shown in Figs. 4-1(b) and 4-2(b).

We present the far-field intensity distribution in Fig. 4-3, which
contains the 180°-rotation symmetrical images at injection currents of 22.3
mA (@ and 23.3 mA (b). The yjunction structured pattern is observed in
Fig. 43(a) and a 9"-order daisy mode is observed in Fig. 43(b). Since the

lasing modes of the VCSEL at 22.3 mA are multiple transverse modes



according to Fig. 4-2(a) and these high-order transverse modes have similar
divergent angles in far-field emission as shown in Fig. 43(a), we conclude
that the interaction between the adjacent high-order transverse modes

Induces the formation of the y-junction structured pattern.

The numerical results of near-field intensity distribution are shown in
Fig. 44, which contains the superposition of two high-order LG modes
(LGpo and LGgy13 mode) in Fig. 4-4(a), and the single high-order mode
(LGpo mode) in Fig. 4-3(b). The result in Fig. 4-4(b) implies that the LGg 13
mode is suppressed due to thermal detuning between the cavity resonance
and the QW spectral gain maximum [2]. The corresponding far-field
Images are presented in Fig. 45. Fig. 4-5(a) is the calculated result of the
intensity distribution of the superposition of 9"-order and 13"-order LG
mode, and Fig. 45(b) is the intensity distribution of a 9"-order LG mode.
In far-field, the beam waist w(z) increases with the distance z then the
superposition of two high-order LG modes turns to a different pattern
comparing to the near-field pattern, as can be seen in Fig. 4-5(a). This
numerical simulation result demonstrates that the formation of y-junction
structures is induced by the superposition of two high-order LG mode with
smilar divergent angles.

4.3 Guiding Mode of Cylindrical Cavity

4.3.1 Theory

Assuming that our waves have harmonic time dependence, we use the
reduced wave equation in the form

a4



Ny +n*k}y =0 (4-3)

with the free space propagation constant

(4-4)

The quiding of the mode in oxide-confined VCSELs is generadly due to a
combination of index guiding, thermal index guiding, and carrier-induced
index anti guiding. Therefore we assume that the refractive-index profile in
the oxide-confined VCSEL is parabolic

r,2
n®=n/- nlnz(x2 +y2):nfaf‘l- a OfrEr,

Q' I-I-O

n=n, rs3r, (4-5)

where r, is the diameter of the oxidized aperture. In polar coordinates, the
wave equation can be expressed as
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+n*(r)igy =0 (4-6)

Since the refractive index is a function of r only, we can separate the

solution into a product of r-dependent, f -dependent and zdependent
solutions:

y (f.2)=u )y )u,@) @7
Then eg. (4-6) can be transformed to
et MUY TR @9

where b isthe propagation constant in zdirection, and the f dependence

of the solution will be of the form  exp[+ imf].

A proper trial function isthe following form [3]



u,(r)= g " F(r) (4-9)

where

(4-10)

where F(r) is a yet unknown function of r. With this trial function, after
tedious manipulation, a different equation for F(t), where also a change of
vaiabler to t=Cr? isdone, is obtained:

tF &+ [(m] +2)- tF ¢ g—Qm|+1) ECF 0 (4-11)

where

E=nk?- b? (4-12)



Note that the variable t is not time.

This eq. (4-11) is of the type of the so-called Kummer’s equation (also
known as a confluent hypergeometric equation) [4]

xy((x)+ (c- x)y(x)- ay(x)=0 (4-13)

él Eu
gEQm|+1)- EH

equation has a regular singularity at x=0 and an irregular singularity in

where one now has x° t,c® (m+1) and ao Kummer's

x =¥, which means that the solution F is not square integrable in genera

I.e. it cannot be normalized.

One solution of Kummer’s equation is Kummer’s function :

_ g2, A+l al+ifa+2x
V()= Fiacx)=1 cd clc+1)2 cdc+1)c+23a (4-14)

From this solution one notices that, if a is any of the values a=0-1-2,...,
the series stops at some term. Hence it is possible to truncate the Kummer’s
function series and normalize it. One should notice that this requires also
that ct 0-1-2,..., Snce then some of the divisors would be zero. But this
condition is automatically fulfilled by c° (m+1)2 1. Now, in order for the



solutions y to be square integrable, one must write the following

condition for a:
o él - El}l:_
a° & (m( +2) ol (4-15)
where n=0,12,.... The eigenfunctions of eg. (4-6) are

C, .
Y m(r.f.2)=B, e FE nm +%?Cr293i“* > OErE£r, (4-16)
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1;Cr29 Is the confluent hypergeometric function of the

where FE n|m+=
é 2

first kind and B, isthe normalizing factor.

The refractive index of the buried oxide layer changes from ~3.0 for
the original AlGaAs layer to ~1.6 for the oxidized layer, which induces a
significant index difference between the laser cavity and the region
surrounding the cavity. This boundary effect strongly confine the optical
field with the cavity, therefore we assume that the optical field iszero at r
= 5. With this boundary condition, the corresponding eigenvalues derived
fromeg. (4-16) ae n=0,1,2,... and m=0,+1+2, ...



4.3.2 Numerical Results

We present the first three eigen-values and corresponding
eigen-functions in Fig. 46. The results are similar to the 2D harmonic
oscillator in quantum mechanism. The numerica results of near-field
intensity distribution are shown in Fig. 4-7, which contains the

superposition of two high-order modes (y,, and y ,,, mode) in Fig.
4-7(a), and the single high-order mode (y ,, mode) in Fig. 4-7(b). The

corresponding far-field images are presented in Fig. 48. Fig. 4-8(a) is the
calculated result of the intensity distribution of the superposition of
9"order and 13"-order y,, mode, and Fig. 4-8(b) is the intensity

distribution of a 9"-order y ,, mode.

4.4 Discussons

In previous studies, high-order LG modes usually show up in
board-area VCSELSs at large injection currents [5]. Moreover, the tendency
to emit multi-high-order modes in board-area VCSELs appears to be
stronger than in the small-area ones because the inhomogeneous carrier
distribution and thermal gradient become more pronounced at the perimeter
In larger devices [2,56]. Based on the previous studies and our
experimental observations in Fig. 4-1(b) and 4-2(b), we adopt the
high-order LG mode in our simulations with assumptions of the parabolic
refractive index profile and the ring-shaped carrier distribution.

The ideal VCSEL structure (plano-planar resonator configuration and

flat gain, and refractive index distribution in the active zone surrounded by
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an index step due to the oxide aperture) should support so-called linearly
polarized modes (LP modes), analogous to the ones known from step-index
fibers. However, the radia variation of the carrier distribution and the
creation of an inhomogeneous temperature profile by ohmic heating will
result in some amount of self-focusing in the laser via the dependence of
the refractive index on carrier density and temperature. This sdf-focusing
effect can be approximated by parabolic refractive index profile.
Additiondlly, a strong carrier confinement provided by the oxidized layers,
the current spreading, and the therma gradients are the dominant
mechanisms governing the carrier distribution in the active region of the
oxide-confined VCSELs. The combination of these effects causes the
carriers distribute within a ring-shaped area in the perimeter of the active
region. Therefore the parabolic refractive index profile and the ring-shaped
carier  distribution ae the reasonable assumption, and the
Laguerre-Gaussian mode is the appropriate eigen-function to explain the
experiment observations.

According to the experimental and simulation results, the transverse
modes with y-junction structures can be observed in far-field images at
22.3mA, which is higher than thermal roll-over point, and they are formed
by two superposed high-order LG modes, LGq¢ and LGy 15, emitting with
similar divergent angels. These multi-high-order modes are confined within
the oxide aperture due to the strong optical confinement so that the details
of the transverse modes and the y-junction structured pattern cannot be
observed in near-field images. At an even larger injection current of
23.3mA, only LGyg can be seen because LGy 45 iS suppressed. The large

divergence of the LGq3 in far-field corresponds to a larger transverse



component of the k vector compared to LGyo. The preference of LGqg IS
basically determined by the thermal detuning between the cavity resonance
and the QW spectral gain maximum: the high-order modes with longer
wavelength (LGg ) more efficiency exploit the optical gain and high-order
modes with shorter wavelength (LG, 13) are suppressed at large injection
current. The therma shift of the emisson wavelength at large injection
current is determined by the therma expansion of the cavity and the
thermal increase of the optical index. From the ssmulation results, we also
conclude that the laser supports extremely high-order modes of LGy and
LGo13. The emission of such high-order modes, even in an electrically
pumped VCSEL, can be only possble if the processed wafer is
extraordinarily homogeneous.
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Fig. 4-1 Photographs of experimental near-field patterns of 20 pm
diameter oxidized VCSEL at injection currents of (a) 22.3 mA, (b)
23.3 mA.
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Fig. 4-2 Spectral data of 20 um diameter oxide-confined VCSEL at
injection currents of (a) 22.3 mA and (b) 23.3 mA.
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Fig. 4-3 Photographs of experimental far-field patterns of 20 um diameter
oxidized VCSEL at injection currents of (@) 22.3 mA, (b) 23.3
mA.



Fig. 4-4 Computer calculated near-field patterns corresponding to Fig. 4-1
for 20 um diameter oxidized VCSEL.



Fig. 4-5 Computer calculated far-field patterns corresponding to Fig. 4-2
for 20 um diameter oxidized VCSEL.



Fig. 4-6 First three eigen-values and corresponding eigen-functionswith (@ n=0,m=0; (b)) n=0,m=1; (c) n=
Om=-L(dn=0m=2,&n=0,m=-2,(f)n=1, m=0.



Fig. 47 Computer calculated near-field patterns corresponding to Fig. 4-1
for 20 um diameter oxidized VCSEL.
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Fig. 48 Computer calculated far-field patterns corresponding to Fig. 4-2
for 20 um diameter oxidized VCSEL.



Chapter 5. Conclusions

5.1 Introduction

In this chapter, our am is to distinguish between the influences that
different effects such as inhomogeneous carrier distribution, nonuniform
thermal gradients and boundary effect induced by oxidized layers have on
the transverse modal behaviour of broad area oxide-confined VCSELS. The
combination of these complex effects then results in the preference of
multi-high-order transverse modes in the lasers.

The contribution of inhomogeneous carrier distribution to the
transverse mode of broad area oxide-confined VCSEL is presented in
section 5.2. In section 5.3, we discuss the influence of thermal effects to the
transverse mode. The boundary effects are then described in section 5.4.
The contribution to the formation of y-junction structures are shown in
section 5.5 and our interpretation is compared with numerical simulation
presented in chapter 4. The last section summarizes the results of this
chapter.

5.2 Inhomogeneous Carrier Distribution

From the results of our experimental investigations, we conclude that
the observed emission characteristics are determined by inhomogeneous
carrier distribution, nonuniform thermal gradients and boundary effect
induced by oxidized layers. In the VCSELSs of larger active regions, the
current is only practically flowing within a narrow annular area close to the
perimeter of the confinement region, and current of such a distribution does
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reach the active region. This inhomogeneous carrier distribution arises
purely from the current flow through the confinement area and not from an
interactionwith optical fields in the cavity. This conclusion is supported by
the results of theoretical smulations by Nakwaski [1] and experimental
measurements by Degen et a. [2]. Nakwaski performed numerica
caculations on the transverse spreading of the injection current in
proton-implanted VCSELSs independently from the influence of optical
fidds insidethe cavity. The modeling resulted in distributions of the current
density inside the carrier confinement region that showed distinct maxima
a the borders of the VCSEL and a deep dip in the center. These
distributions are in good agreement with the experimental results [2], which
show at all injection currents for VCSELSs a corresponding shape with
maxima at the periphery and a broad minimum in the center. This
distribution causes obvioudy a strong tendency towards the emission of
high order modes, which efficiently benefit from the inhomogeneous
gpatial gain distribution which produces more optical gain at the periphery
of the active region than in the centre. The good agreement of the
theoretical results for the proton-implanted VCSEL and experimental
results obtained from oxide-confined devices are quite remarkable since
one of the major differences between these structures is the stronger carrier
confinement by the oxidized layers.

5.3 Thermal Effects

The tendency to high order mode emission is further enhanced by
strong thermal gradients in the cavity. These gradients have also been

modeled and temperature differences larger than 30K have been predicted



between the center and the border region of the VCSEL [3]. The
temperature differences origin  from Joule-heating and heating by
non-radiating recombination processes. Thus, the temperature differences
will be highest for injection currents larger than the thermal roll-over point,
because then the injection current is already high and non-radiating
recombination strongly increases. As a consequence of this thermal
gradient, carriers will be thermally excited and re-distributed towards
higher energies. This dfect of spectra carrier re-distribution is of course
stronger in the hot center of the VCSEL and weaker at the cooler periphery.
In a small energy interval, as it is selected by the interference filters at the
wavelength of spontaneous emisson but as wel by the VCSELS
Braggreflector at the lasing wavelength, the strong re-distribution of
carriers in the center of the VCSEL will obvioudly lead to abroad dip in the
carrier distribution. This behaviour is interpreted as a direct consequence of
the strong therma gradients. Only with this additional mechanism, a
particularly tailored gain distribution can occur, that is very smilar to the
“ doughnut’ shaped optically pumped setup by Pereira [4]. Consequently,
very similar daisy-modes can be observed in this electrically pumped setup,
with the order of the modes even exceeding the ones observed in the
opticaly pumped VCSEL.

In principle, thermal effects in a VCSEL can show up in atwo fold
manner: besides local gain suppression, which favors higher order modes,
thermal lensing has been identified to confine the optical field in small
aperture VCSEL s and, therefore, favors single mode emission [5]. Thermal
lensing is the dominant thermal effect for low to intermediate-injection

currents, while local gain suppression determines the emission
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characteristics a high injection currents, even in comparably small devices.
At high injection currents, pump-induced heating leads to locad gan
suppression in the center of VCSELSs [6]. This effect overbalances thermal
lensing, thus, a strong tendency towards the emission of high order modes
has been found, because those mode profiles better match the modified
spatid gain profile.

5.4 Boundary Effects

Selectively oxidized VCSELs are strongly index-guided, which
profoundly influences the optical characteristics such as transverse mode
behaviour. The lateral boundary conditions in the oxide-confined VCSELSs
are determined by buried native-oxide layer to provide the transverse mode
confinement along the circular perimeter. The refractive index of the buried
oxide layer changes from ~3.0 for the original AlGaAs layer to ~1.6 for the
oxidized layer [7,8], which induces a significant index difference between
the laser cavity and the region surrounding the cavity [9,10]. Thus, the
reflectivity of the upper mirror is locally increased due to the enhanced
contrast between the optical indexes of the adjacent layers. This locd
higher reflectivity is more efficient on the higher-order modes that exhibit
complex flower-like structures. Moreover, high contrast ratio of refractive
index causes VCSEL s tend to emit multiple optical transverse modes.

The boundary effects supported by oxidized layers strongly confine
the carrier and multiple high order optical transverse modes within the laser
cavity. The improved electrical confinement afforded by buried oxide
apertures is evident in the lower threshold voltage of selectively oxidized
VCSELSs as compared to other device structures [11,12]. The index-guiding
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optical confinement is obtained as evident from the low threshold current
[13,14] and the VCSEL emission characteristics [9,10]. A strong optical
confinement introduced by the oxidized layers causes the multiple
high-order transverse modes to gather around the periphery of the oxide
aperture so that the detail structures of transverse modes cannot be
observed in near-field.

5.5 Y-Junction Structured Pattern

The y-junction structured pattern is extensively observed in studies of
pattern formation [15-17]. One of the complex dynamics that govern these
patterns is perhaps the occurrence of instabilities and symmetry breaking.
In lasers, the y-junction structured pattern observed so far was in the
interferogram of optical vortices [18,19]. The interference fringe with
y-junction structured pattern is caled “edge phase disocation” [18] or
“forks” [19]. For the broad-area oxide-confined VCSEL, the y-junction
structured pattern can only be observed in the far-field emission. The
adjacent high-order transverse modes with smilar divergent angles induce
an interaction which causes the formation of the y-junction structures.

For the numerical simulation, we assumed a parabolic refractive-index
profile and ring-shaped carrier distribution in the laser. Therefore, we
adopted the highrorder LG modes to modd and fit the experimental
observations. The formation of the transverse mode with y-junction
structures is the result of the superposition of LGyg and LGg3 modes,
according to the numerical calculation. We concluded, on the basis of the
numerical ssmulation results, that the inhomogeneous carrier distribution

and temperature profile are particularly attractive for building cavities that



preferentially operate with multiple high-order modes, leading to the
formation of y-junction structures. The results of our ssimulations provide a

theoretical explanation of the experimenta behavior.
5.6 Summary

We have presented experimental and numerical investigations of the
emission behavior of the 20 um in diameter, oxide-confined VCSEL while
the operation current is from near threshold current to well above the
thermal roll-over point. The near-field images shows that the strong optical
confinement introduced by the oxidized layers causes the high-order modes
tend to crowd around the periphery of the oxide aperture so that the
y-junction structured pattern cannot be observed. The transverse mode with
y-junction structures can only be observed in far-field images. To
distinguish the influence of different guiding mechanisms on the transverse
modal behavior, we compare the experimental results of a20 pm diameter
gperture oxide-confined VCSEL to a protonrimplanted VCSEL. We
conclude that the emission behavior of large-sized oxide-confined VCSEL
Is determined by the combined effect of the inhomogeneous carrier
distribution, nonuniform therma gradient and the oxidelayer-specific
optical confinement.

For the numerical smulation, we assume the parabolic refractive
index profile and ring-shaped carrier distribution in the laser. Therefore we
adopt the highrorder LG modes to fit the experimental observations. The
formation of the transverse mode with y-junction structures is the result of
the superposition of LGq9 and LGgy;3 mode according to the numerical

calculation. We conclude from the numerical smulation results that the



iInhomogeneous carrier distribution and temperature profile can be
especialy attractive to build cavities that preferentialy select
multi-high-order mode operation leading to the formation of y-junction
structures. The results of our simulations provide theoretical interpretation

of the experimenta behavior.
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