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Roland Jäger, Matthias Golling, Michael Riedl and Infineon Technologies, Munich. Mar-
tin Grabherr, Michael Miller and Christian Jung have spent many hours introducing me
to and aiding me at semiconductor processing technology and measurement techniques.
For numerous measurements carried out on my samples, I am greatly indebted to Safwat
Mahmoud, Max Kicherer, Felix Mederer, and Martin Stach.

On the publication side, I firstly would like to thank all international collaborators who
have shown great interest and helped further my work. For extensive measurements,
fruitful discussions and stimulating joint publications I would like to specifically men-
tion Pierluigi Debernardi, Krassimir Panajotov, Pavel Ivanov, Jan Danckaert, Spilios
Riyopoulos, and Andrea Knigge. Secondly, I am very grateful to Rainer Michalzik
for scrutinizing many a publication draft, and Jürgen Mähnß, Johannes-Michael Oster-
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1 Introduction and Motivation

Controlling optical mode behavior may well be considered the “holy grail” of laser tech-
nology. In any laser type invented so far, uncontrolled oscillation of the multiple so-
lutions of resonance conditions (both in longitudinal as well as transverse direction),
termed modes, exert detrimental influence on various laser parameters. Even though
different modes may actually each offer attractive laser properties, uncontrolled switch-
ing between them is generally undesirable. Stable laser operation or defined changes in
these parameters are thus only obtained through reliable mode control.

One area in which the benefits of single-mode operation have already had tremendous im-
pact is optical fiber technology. Although multi-mode fibers are still in use and even sub-
ject to advanced research today [1], the far superior properties of single-mode fibers make
them the transmission channel of choice for highest-data-rate communications [2, 3]. The
main issue in multi-mode fibers are temporal properties of different transverse modes
– their different propagation times leading to modal dispersion, which far exceeds any
other dispersion mechanism and thus limits maximum data transmission rate severely.

Vertical-cavity surface-emitting lasers (VCSELs) [4, 5], on the other hand, represent the
most recent development in the semiconductor laser branch, one of the fastest growing
areas in laser technology. Their most important advantages over conventional edge-
emitting laser diodes include single longitudinal mode operation, lithographically defined
emission areas and high-speed direct current modulation. In short, they possess a wealth
of properties which make them ideally suited for high-speed, even two-dimensional par-
allel data communication with optical fiber arrays or bundles [6, 7].

Apart from pursuing the “holy grail” with these novel lasers, it thus falls in line naturally
to combine the advantages of VCSELs for fiber communication with those of single-
mode fibers. The anticipated outcome of single-mode VCSELs, preferably matched
directly to single-mode fibers, is not the only benefit, however. As for most other lasers,
single-mode operation also improves modulation speed (by eliminating mode partition
noise), reduces spectral width and far-field divergence angle. The range of possible
applications for single-mode VCSELs may thus be extended to include data storage [8, 9],
spectroscopy [10], printing [11], and many more, provided sufficient single-mode power
can be delivered. In the special case of VCSELs, device lifetime is a major concern of
existing (small-aperture) single-mode devices. The quest to achieve single-mode emission
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1 Introduction and Motivation

in large-area devices is therefore not only pursued with higher output power in view,
but is also motivated by the necessity to improve lifetime and series resistance.

The present thesis, devoted to the investigation of mode control possibilities for se-
lectively oxidized VCSELs, intends to tackle the initial task of characterizing specific
VCSEL peculiarities related to mode behavior and to suggest practical remedies. All
experimental work was carried out at the well-controlled standard wavelength regimes
around 850 and 980 nm. This is thus by no means to be understood as an exhaustive
treatment of the subject; rather as a guideline to fundamental issues and as a stepping-
stone to inspire future work in this field. Specifically adapting the introduced techniques
to newly acquired VCSEL wavelength regimes in the visible [12] and for long-distance
data communication (1300 & 1550 nm) [13, 14] represents a rewarding task.

The arrangement of this work is as follows:
In the opening chapter, a basic theoretical framework is introduced, describing funda-
mental VCSEL properties relevant to the characterization of practical devices. Experi-
mental characteristics of typical state-of-the-art standard VCSELs are provided along-
side for illustration.
In chapter 3, possible mode control techniques are summarized. This is done in a com-
prehensive literature survey, summarizing the numerous publications on the subject over
the last few years (which may serve as an additional motivation for this thesis). Sub-
sequently, the two main mode control techniques chosen for closer investigation in this
work, namely self-aligned shallow surface etching and extended monolithic cavities, are
introduced in more detail. Intuitive relations and simple simulations are included in
order to assess possibilities and limitations of these approaches.
A short overview of device fabrication is then given in chapter 4, with emphasis on
special technology steps developed for the specific approaches. Two main processing
schemes, a quick standard process and an advanced high-speed modulation capable one,
are described in a concise pictogram fashion.
The following two chapters are devoted to experimental results and their interpretation.
Chapter 5 on surface-etched VCSELs compares a large number of samples and parameter
variations, thus laying the groundwork for direct transfer to custom single-mode VCSEL
design including polarization control. In chapter 6, long monolithic cavity VCSELs are
characterized and first photonic crystal surface-emitting laser structures are studied.
The thesis is then concluded by a brief summary of experimentally achieved figures of
merit of the main mode-control techniques implemented. An evaluation and outline of
further possibilities finally provide suggestions for future work.
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2 Fundamental Properties of
Vertical-Cavity Laser Diodes

Many of the superior qualities of vertical-cavity surface-emitting laser (VCSEL) diodes
result directly from the device structure. Before discussing approaches to improve mode
behavior in the following chapter, this first chapter deals with these inherent VCSEL
properties. A schematic view of a top-emitting VCSEL is provided in Fig. 2.1. A more
detailed description of the device structure can be found in [15].

p-Bragg stack

n-Bragg stack

n-substrate

n-contact

p-contact

light output

oxide aperture

active quantum wells

current flow

field profile

Figure 2.1: Schematic cross-section view of a selectively oxidized top-emitting vertical-cavity
surface-emitting laser. Also sketched are current flow and transverse field profile in the active
region.

As opposed to conventional edge-emitting laser diodes, the resonator in VCSELs is
oriented perpendicular to the wafer surface. The main differences in the laser properties
can be deduced directly from this fact:

• The quantum wells are used vertically, which severely limits the available gain per
pass. Thus, mirror reflectivities above 98% are necessary (In edge-emitters, the
33% reflectivity obtained by cleaving is sufficient).
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

• The small active volume and device heating limit the maximum output power to
several tens of milliwatts. (exception: two-dimensional high-power VCSEL arrays:
several watts [16])

• The maximum output power is limited by reversible thermal effects within the
whole resonator. In edge-emitters, it is generally limited by catastrophic optical
mirror damage.

• Despite the complex epitaxial structure, VCSEL production is potentially more
cost effective, since devices can be characterized on wafer. Additionally, mounting
tolerances are much larger, since the facet is located on the device surface.

• The device cross-section can be defined lithographically. This enables circularly
symmetric devices for simple and efficient fiber coupling and focusing (due to the
large waveguide aspect ratio, edge-emitter beams generally display large astigma-
tism).

• The emission wavelength is determined by the resonator. Thus, mismatched struc-
tures (with respect to gain peak) become possible; wavelength shift with temper-
ature is generally much lower than in edge-emitters and occurs without (longitu-
dinal) mode hopping.

• The epitaxially defined resonator length is in the range of a few microns. Therefore,
usually only one longitudinal mode can oscillate.

• Complete transverse and longitudinal single-mode emission can be attained with
appropriate mode control techniques, providing minimum spectral width and low-
divergence Gaussian beam profiles. Introduction to and experimental investigation
of such techniques represent the main focus of this thesis.

2.1 Device Structure and Function

The general laser equation requires optical gain g and constructive feedback (via the
propagation constant β = 2π/λ) as prerequisites for laser action:

r1r2 exp{−j2γL} = 1 . (2.1)

Here, L describes the resonator length, r1 and r2 the amplitude reflection coefficients of
the mirrors, and γ = β + j(g − αi)/2 the complex propagation constant of the active
material including intrinsic losses αi. The practical realization of the individual elements
in vertical-cavity surface-emitting lasers are described in the following sections: for the
high reflectivity required, distributed Bragg mirrors are employed; optical gain in the
active region is provided by direct semiconductors in the form of quantum wells, which
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2.1 Device Structure and Function

are pumped electrically by current injection. In order to control the optical wave
within the device, transverse optical guiding is achieved similarly as in glass fibers.
The epitaxial structures of the devices examined in this work are given in appendix A.

2.1.1 Bragg Mirrors

By using distributed Bragg reflectors (DBRs), the necessary laser mirrors can be realized
very flexibly and highly reflective. A Bragg mirror pair consists of at least two layers
with different refractive indices, whose total thickness amounts to an integer multiple of
half the material wavelength λ of the light to be reflected. Highest reflectivity is achieved
when each layer has λ/4 thickness, which is assumed to be the case in the following. By
repeating the layer sequence, constructive interference is achieved, which increases the
total reflectivity of the structure. The VCSELs under study in this work are based on
the lattice-matched AlGaAs material system, which provides a large difference between
minimum and maximum refractive indices (3.0 and 3.5 at 980 nm), convenient for the
formation of Bragg mirrors. Since the resonator in VCSELs is formed perpendicular
to the wafer surface, the optical gain is limited by the thickness of the quantum wells.
Consequently, very high mirror reflectivities above 98% are necessary to obtain attainable
threshold gain, for which at least 12 AlAs/GaAs DBRs pairs are necessary. If the
refractive index difference is increased, e. g. in the case of oxidized AlxOy and GaAs,
three mirror pairs suffice already, as illustrated in Fig. 2.2. The epitaxially controlled
reflectivity additionally allows to easily realize directed light output for top- or bottom-
emitting devices.

800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

3x AlO/GaAs

12x AlAs/GaAs

R
ef
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ct
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ity

Wavelength (nm)

Figure 2.2: Calculated reflectivity spectra
for a 12-pair AlAs/GaAs Bragg mirror and
an oxidized 3-pair AlxOy/GaAs mirror. The
maximum reflectivities amount to 98.2% and
99.0%, respectively.
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Figure 2.3: Reflectivity versus wavelength
for a full VCSEL structure designed for
emission around 980 nm. The reflectivity dip
in the center signifies the resonance wave-
length.
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

The total maximum reflectivity of a Bragg stack composed of M pairs can be deduced
as [15]

R =

(
1 − n̄s/n̄c (n̄l/n̄h)

2M

1 + n̄2
l /(n̄cn̄s) (n̄l/n̄h)

2M

)2

, (2.2)

with refractive indices n̄c and n̄s of covering and substrate materials, respectively, and
n̄h and n̄l of high and low index Bragg mirror materials. The spectral width of the
high-reflectivity stop band is given by [5]

∆λDBR ≈ 2λB∆n̄

πn̄DBR,eff

(2.3)

with Bragg wavelength λB and effective mirror refractive index

n̄DBR,eff = 2

(
1

n̄h

+
1

n̄l

)−1

. (2.4)

Therefore, the spectral width is proportional to the refractive index difference ∆n̄ =
n̄h − n̄l of the materials employed (termed “mirror contrast”). Figure 2.2 shows re-
flectivity spectra calculated by transfer matrix method [15] (using the one-dimensional
simulation program Reflex, cf. appendix D.2) for two possible mirror compositions.
The significantly higher index contrast of the AlxOy/GaAs-mirror (refractive indices 1.6
and 3.5 at 980 nm) results in a much increased reflectivity of the individual mirror pairs
and thus a larger spectral width of the stop band. It should also be noted that devia-
tions (e. g. in thickness) even in a single layer result in a drastic decrease of total mirror
reflectivity.

The VCSEL resonator is formed by joining two DBRs together, where the distance L
basically determines the resonance wavelength. In a realistic device, the bottom mirror
is terminated by the GaAs substrate, which necessitates an extra low-index λ/4 layer.
The resulting reflectivity spectrum of a structure designed for 980 nm wavelength is
shown in Fig. 2.3. Note the reflectivity dip signifying the resonance wavelength. Due
to the distributed reflectivities, the optical standing wave penetrates into the mirrors,
necessitating the definition of an effective cavity length as

Leff = L + leff,t + leff,b (2.5)

being the sum of the inner resonator L and the penetration depths of the standing wave
pattern into the top and bottom mirrors leff,t and leff,b. The penetration depths are
calculated from [15]:

leff =
λ

4∆n̄
tanh

(
M

2
·
[

n̄l

n̄h

− n̄h

n̄l

])
. (2.6)

Figure 2.4 illustrates the standing wave pattern for a full realistic VCSEL structure,
Fig. 2.5 provides a close-up view of the active region including the vertical refractive
index profile.
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2.1 Device Structure and Function
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Figure 2.4: Standing wave intensity pat-
tern of a full VCSEL structure.
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Figure 2.5: Standing wave intensity pat-
tern close-up of the active region including
the refractive index sequence.

2.1.2 Active Region

Optical gain is achieved in semiconductors by using direct bandgap materials, where
valence band maximum and conduction band minimum k-space positions coincide. The
energy of the emitted light is determined directly by the band gap. In this work, active
regions of unstrained GaAs and compressively strained In0.18Ga0.82As with emission
wavelengths around 850 nm and 980 nm, respectively, are employed. By using quantum
wells, the required threshold current can be drastically reduced. The confinement of
carriers to two spatial dimensions results in a quantization of the energy levels, which in
turn modifies the density of states. The square-root dependence of density of states on
energy in bulk material turns to a step-like function, which reduces the threshold carrier
density drastically, since the gain maximum is now determined already by carriers in
the ground state [17].

The sampling of the quantum wells by the longitudinal standing wave field E(z) is taken
into account by defining a relative confinement factor Γr

Γr =
L

da

·
∫ da/2

−da/2
|E(z)|2 dz∫ L/2

−L/2
|E(z)|2 dz

. (2.7)

When using three da = 8 nm thick quantum wells in the standing wave maximum, a
relative confinement factor of up to 1.8 is attainable. It should be noted that Γr is in
principle independent of the physical cavity length for lossless media.

The actual material gain g is obtained by carrier inversion. Its dependence on carrier
density in the quantum wells nw is approximated in its most simple form to be linear
under the assumption of constant differential gain a = ∂g/∂n

g(nw) = a (nw − nw,t) (2.8)
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

with transparency carrier density nw,t. Gain saturation for high carrier densities can
be included in the model by substituting (nw − nw,t) with the logarithmic dependence
nw,t ln nw

nw,t
. Finally, gain saturation induced by optical effects (e. g. spectral hole burn-

ing) is taken into account by introducing the gain compression factor ε yielding the total
gain

gtot =
g(nw)

1 + εN
(2.9)

with

g(nw) = nw,t ln

{
nw

nw,t

}
(2.10)

and

ε =
λ2cτ 2

intra

2πτsp

. (2.11)

The compression factor ε is composed of material wavelength λ = λ0/n̄, material velocity
of light c = c0/n̄, intraband relaxation time τintra, and spontaneous emission lifetime τsp;
it acts on total photon density N .

Simulated gain spectra for a three 8 nm-quantum well GaAs active region are shown in
Fig. 2.6. Since this only provides a snapshot of the interplay between carriers and gain,
however, the dependence of gain on carrier density is displayed in Fig. 2.7. It should
be noted how the optimum differential gain depends strongly on matching of gain peak
and cavity resonance, which directly affects temperature behavior of these devices (cf.
Sec. 2.4). The necessary carrier density to attain a certain gain is achieved by current
injection, which is discussed in the following section.
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Figure 2.6: Gain curves at various tem-
peratures for constant carrier density. The
included cavity resonance lines illustrate the
sampling of the gain curve with varying tem-
perature (cf. Sec. 2.4).
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Figure 2.7: Gain versus carrier density
for different temperatures at the appropri-
ate cavity resonance wavelength correspond-
ing to Fig. 2.6.
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2.1 Device Structure and Function

2.1.3 Current Injection

Current is injected into the laser structure via metal contacts, which in top-emitting
devices are formed as full contacts on the wafer backside and as ring contacts on the
epitaxial side on top of the mesa structure (for fabrication details, see sec. 4.1). Us-
ing the Bragg mirrors both for current injection and as light reflectors necessitates a
compromise between electrical conductivity and optical transparency, since any doping
results in increased absorption. As a work-around, doping is held low where the opti-
cal field intensity is high and vice versa. Therefore, doping close to the active region
should generally be lower than far away from it and the standing wave nodes can be
exploited for very high but spatially narrow delta-doping. In order to facilitate conduc-
tion across the numerous heterojunctions within the DBRs, graded material interfaces
are introduced. VCSELs therefore generally possess anisotropic electrical conductivities,
since the lateral current flow within homogeneous layers is always better than vertically
across the heterojunctions. Within the central cavity, graded index separate confinement
heterostructures (GRINSCH) are used to funnel carriers into the quantum wells while
maintaining the appropriate refractive index for the standing wave pattern.

Generally, the electrical properties of semiconductor heterostructures can be calculated
in one dimension by the following set of equations [18]:
Poisson’s equation demands charge neutrality

∇·D(x) − ρ(x) = 0 (2.12)

of electrical displacement D and total mobile charge ρ, where D is expressed by the
potential φ using a permittivity constant ε0 and position dependent relative dielectric
constant εr

D(x) = −ε0εr(x)∇φ(x) (2.13)

and ρ is written as the sum of free carriers n and p and ionized donors N+
D and acceptors

N−
A :

ρ(x) = q
(
p(x) − n(x) + N+

D (x) − N−
A (x)

)
. (2.14)

The continuity condition of electron and hole current densities Jn and Jp with an applied
voltage V yields

∇· (Jn,p(x)/q) − V (x) = 0 , (2.15)

which can be expanded by a general drift-diffusion model after

Jn,p = µn,pkBTn,p∇(n, p) + µn,p(n, p)∇EC,V

∓3

2
µn,p(n, p)kBTn,p∇ ln(m∗

n,p) ±
3

2
µn,p(n, p)∇(kBTn,p) (2.16)

with Boltzmann constant kB, electron and hole mobilities µn,p temperatures Tn,p and
effective masses m∗

n,p, and conduction and valence band energies EC,V. Together with

9



2 Fundamental Properties of Vertical-Cavity Laser Diodes

terms for thermionic emission and tunneling, these equations are solved for an arbitrary
multi-layer structure using the semiconductor simulation program SimWindows (cf.
appendix D.3). Resulting band structure diagrams for a typical VCSEL structure are
given in Fig. 2.8, which nicely illustrate the large number of barriers that the charges
have to overcome on their way to the active region.
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Figure 2.8: Band structure diagram for a full, unbiased VCSEL structure (left) and around
active region (right) for unbiased case (dotted) and with 1.5V forward bias (solid lines) along
with quasi-Fermi levels EFn,p (dashed).

In order to define an active cross-section within the emission window of the p-ring con-
tact, a current aperture is formed close above the active region by partially oxidizing
a high aluminum content layer (cf. Sec. 4.1). The transverse optical guiding effects of
the inevitable reduction of the refractive index by the oxidation process is discussed
in the following section. The current flow around this aperture can be simulated by
two-dimensional finite element analysis, for which the commercial simulation package
FlexPDE is used (cf. appendix D.4). To keep the model simple, only the drift compo-
nent of the current is used here. The Bragg mirrors are modeled as blocks with averaged
lateral and vertical conductivities obtained from SimWindows. The actual carrier
distribution n within the active region, which determines the gain profile, is obtained
subsequently by solving the radial diffusion equation with higher-order terms

D
1

r

d

dr

(
r

d

dr
n

)
− Jz

qda

− Cnrn − Cbn
2 − CAn3 = 0 (2.17)

acting on the injected vertical current density component Jz. D represents the diffusion
constant, da thickness of the active region and Cnr, Cb and CA describe nonradiative,
bimolecular and Auger recombination coefficients. Figure 2.9 depicts resulting current
and carrier densities for a 5 and a 10µm oxide aperture diameter device with parameters
after [19]. It is found that especially for top-emitting devices using ring contacts, the
abrupt redirection of the current causes current crowding around the edges of the aper-
ture, resulting in an inhomogeneous carrier profile in the active region. When taking the
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2.1 Device Structure and Function

effects of a lasing mode on carrier population into account, the dip in the center of the
10µm-device is amplified, which is generally detrimental for single-mode operation.
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Figure 2.9: Simulated normalized vertical current density component (solid) and carrier den-
sity (dashed) in the active layer for a 5 and a 10µm-device.

2.1.4 Transverse Optical Guiding and Gaussian Beams

In order to obtain maximum modal gain, the overlap between the pumped part of the
active region and the transverse optical field distribution must be maximized. The
transverse field distribution is determined by optical guiding, which is generally caused
by transverse variations of the complex refractive index

η̄(r) = n̄(r) − jκ̄(r) = n̄(r) + j
λα(r)

4π
(2.18)

composed of the real refractive index n̄ and extinction coefficient κ̄ or loss per unit length
α. In order to obtain valid transverse field distributions, the complex scalar Helmholtz
equation

∆Et(r, ϕ) +
(
η̄2(r)k2 − β2

)
Et(r, ϕ) = 0 (2.19)

has to be solved. In a cylindrical coordinate system with a small abrupt index step
(weak step index guiding) at r = ra, i. e. a step index fiber with core radius ra, solutions
take the form

Et(r, ϕ) =

{
C1Jm(ur

ra
) cos(mϕ + ϕ0) in core with r < ra

C2Km(vr
ra

) cos(mϕ + ϕ0) in cladding with r ≥ ra

(2.20)
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

with Jm and Km being Bessel and Hankel functions and normalized radial propagation
constants for core (index n̄co) and cladding (index n̄cl)

u = ra

√
n̄2

cok
2 − β2

v = ra

√
β2 − n̄2

clk
2 . (2.21)

For continuity, the equations

C1Jm(u) = C2Km(v)

vJm(u)
dKm(v)

dv
= uKm(v)

dJm(u)

du
(2.22)

have to be satisfied yielding the propagation constant β = kn̄eff for each mode with
mode index m. For convenience, a normalized frequency parameter

V̄ =
√

u2 + v2 = kra

√
n̄2

co − n̄2
cl (2.23)

and phase parameter

B̄ =
v2

V̄ 2
=

n̄2
eff − n̄2

cl

n̄2
co − n̄2

cl

(2.24)

are introduced which can be employed to obtain the general mode diagrams shown in
Fig. 2.10. Transverse single-mode operation is maintained if V̄ remains below 2.405,
cut-off frequencies for higher modes can be obtained from the diagram. As can be seen,
V̄ is determined completely by physical device parameters, while B̄ provides insight into
the actual mode distribution via the effective refractive index n̄eff .
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Figure 2.10: B̄V̄ -diagram for the first twenty LP-modes of a weakly guiding step-index fiber.
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2.1 Device Structure and Function

In selectively oxidized VCSELs, the physical refractive index step from AlAs to AlxOy at
the oxidation interface dominates optical guiding. Additional contributions depending
on operation conditions are thermal guiding caused by local heating (the refractive index
increases with increasing temperature) and antiguiding caused by carrier gradients (high
carrier concentrations decrease the refractive index). The influence of the oxide layer can
be adjusted by thickness and vertical position of the layer. The thinner and further away
from the active region, the lower the resulting guiding. Due to the periodic nature of
the standing wave pattern, minimum guiding is obtained when the oxide layer is placed
in a standing wave pattern node. The devices in this work use oxide layers with around
30 nm thickness placed in the second standing wave node above the active region. The
resulting effective refractive index step amounts to 10−3 . . . 10−2. Values for thermal
guiding and carrier induced antiguiding are calculated from the appropriate gradients
by linear approximations

∆n̄(n, T ) =
∂n̄

∂n
∆n +

∂n̄

∂T
∆T. (2.25)

For the AlGaAs VCSELs investigated in this thesis, the refractive index change with
carrier density ∂n̄/∂n amounts to about −10−21cm−3, while the change with temperature
∂n̄/∂T is found to be in the range of 1 . . . 4 · 10−4K−1.

In the most simple case, if only index guiding caused by the oxide aperture is considered,
the refractive index step can be obtained by multiplying the relative resonance wave-
length difference between active (core) and oxidized (cladding) regions ∆λox/λco with
the average refractive index of the core 〈n̄〉 according to [20]

∆n̄ =
∆λox

λco

〈n̄〉 , (2.26)

which is obtained by computing the longitudinally weighted average

〈n̄〉 =

∫
n̄(z)|E(z)|2dz∫ |E(z)|2dz

. (2.27)

In analogy to glass fibers, the condition for single-mode operation in this effective index
model is then V̄ < 2.405. By approximating the Bessel/Hankel intensity distributions
with Gaussian functions, the mode spot size w, i. e. its radial 1/e2 intensity decay, can
be computed as a function of the aperture radius ra [21]:

wstep =
ra√

ln(2πra

√
n̄2

co − n̄2
cl/λ)

, (2.28)

which is obviously only valid for V̄ � 1. For higher device currents, as the influence of
thermal guiding increases, the index profile is increasingly smoothed and is then better
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

approximated by a truncated parabolic profile given by

n̄(r) =

⎧⎨
⎩

√
n̄2

1

(
1 − 2r2∆

r2
a

)
, ∆ =

n̄2
1−n̄2

2

2n̄2
1

≈ n̄1−n̄2

n̄1
for r ≤ ra

n̄2 for r > ra

(2.29)

The spot size is now given by

wparabol. =

√
raλ

πn̄1

√
2∆

(2.30)

and the single-mode condition accordingly evaluates to V̄ < 2.405 · √2 [22]. Figure 2.11
displays both functions for the spot size calculated with an index step of 3 · 10−3 along
with measurement points obtained from scanning near-field analysis. Close to threshold,
the measurements agree very well with the step function, whereas for higher currents
the spot size decreases, approaching the parabolic function. For very small devices,
index guiding is surpassed by scattering losses and thus the measurements deviate from
the calculated curves. For more sophisticated models, e. g. the enhanced effective index
method, see [23, 24].
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Figure 2.11: Spot size for various laser currents as a function of aperture diameter. Addi-
tionally plotted are calculated curves for step and parabolic refractive index profiles.

Properties of Gaussian Beams

For a full parabolic refractive index profile, analytical solutions of the Helmholtz equa-
tion in cylindrical coordinates are found in Laguerre-Gauss functions. However, the
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2.1 Device Structure and Function

deviation for the truncated parabolic profile is very small and we have seen that Gaus-
sian functions can even be used as approximations for the step index profile to a certain
degree. The validity of this approximation is again confirmed by experimentally ob-
served near-field distributions (cf. Sec. 2.2.3). Since paraxial Gauss optics additionally
offer a very convenient way to describe the propagation of optical beams, especially when
formulating mode control approaches in chapter 3, this section provides the necessary
fundamental properties of Gaussian beams.

The Laguerre-Gauss amplitude functions in cylindrical coordinates (r, ϕ) with azimuthal
and radial indices l and p are given as [25]

Ψl,p(r, ϕ) =
(√

2
r

w

)l

L
(l)
p−1

(
2

r2

w2

)
· exp

{
−j

(
P̃ +

kr2

2q̃
+ lϕ

)}
(2.31)

with complex phase shift P̃ and the Laguerre polynomials of order l and degree (p − 1)

L
(l)
p−1(x) =

p−1∑
ν=0

(
p − 1 + l

p − 1 − ν

)
(−x)ν

ν!
. (2.32)

The spot size w is essentially the imaginary part of the complex beam parameter q̃

1

q̃
=

1

R̃
− j

λ

πw2
. (2.33)

which also contains the wavefront radius of curvature R̃. In the active region of the
VCSEL, where the beam is generated we assume plane wavefronts, which renders q̃
purely imaginary. The special (minimum) spot size at this point is then termed the
beam waist w0.

For the fundamental LP01 mode, we therefore obtain the well-known normalized Gaus-
sian intensity distribution

S0,1(r, ϕ) = |Ψ0,1(r, ϕ)|2 = exp

{
−2

r2

w2
0

}
. (2.34)

The three next-higher order modes are

S1,1 = 2
r2

w2
0

{
sin2(ϕ)

cos2(ϕ)

}
· exp

{
−2

r2

w2
0

}

S2,1 = 4
r4

w4
0

{
sin2(2ϕ)

cos2(2ϕ)

}
· exp

{
−2

r2

w2
0

}

S0,2 =

(
1 − 2

r2

w2
0

)2

· exp

{
−2

r2

w2
0

}
(2.35)

Note that LP02 is the first higher-order mode to have significant on-axis intensity. In
a perfectly round device, the sin and cos solutions are degenerate and thus the two
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

intensity distributions should be superimposed. This obviously eliminates the angular
dependence, resulting in (multiple) donut-shapes with radial distributions characteristic
to the order (l, p) of the mode. Sample two-dimensional intensity plots of the first six
modes using a 2µm beam waist and sin solutions are illustrated in Fig. 2.12.
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Figure 2.12: Intensity distribution of the six first LP-modes in order of appearance in a
VCSEL. Beam waist w0 for calculation is 2µm, all axes are in micrometers; black signifies
maximum intensity.

When propagating these mode distributions in space, it is found that spot size and
radius of curvature depend on propagation distance z as

w(z) = w0

√
1 +

(
λz

πw2
0

)2

(2.36)

and

R̃(z) = z

[
1 +

(
πw2

0

λz

)2
]

. (2.37)

The propagation through any optical element is accounted for by relating the beam
parameter of the exiting beam q̃out to the incident one q̃in via a 2×2 transmission matrix

T̃ =

(
A B
C D

)
(2.38)
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2.2 Steady-State Behavior

as

q̃out =
A · q̃in + B

C · q̃in + D
. (2.39)

Matrix values for a few common optical elements are given in Table 2.1 [25].

Table 2.1: ABCD matrix elements for common optical devices.

optical device A B C D
free propagation over length L 1 L 0 1

thin lens of focal length f 1 0 −1/f 1
transition from medium with n̄in to n̄out 1 0 0 n̄in/n̄out

inside of spherical mirror with radius Rm 1 0 −2/Rm 1

The purely imaginary complex beam parameter at the beam waist is used to define the
Rayleigh range zR

zR = −j q̃(0) =
πw2

0

λ
, (2.40)

which thus describes the distance from the beam waist where the radius of curvature is
minimum and the spot size has increased by a factor of

√
2. Finally, to characterize the

practically relevant emission characteristics of a Gaussian beam source, the full-width
at half-maximum (FWHM) far-field angle 2θFWHM is computed from the 1/e2 half-angle
θ1/e2 as

2θFWHM =
√

2 ln 2 · θ1/e2 =
√

2 ln 2
λ

πw0

. (2.41)

Due to the fixed relation of the various Laguerre-Gauss modes which is preserved in the
far-field, the FWHM far-field angle of the first higher-order mode is already about 50%
larger than that of the fundamental one.

2.2 Steady-State Behavior

Now that the individual parts of the VCSEL have been introduced, its fundamental op-
eration characteristics are examined in the following. This first section provides a short
summary of the underlying basic equations for steady-state operation. Since steady-state
characteristics are the primary source of information on overall device performance, typi-
cal measurement results are presented and intuitively related to the equation framework.

2.2.1 Power-Current-Voltage (LIV) Characteristics

The primary interest in a laser is the generation of coherent output power. The linear
relationship of output power versus pump current obtained from rate equations and
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

well known from edge-emitting lasers [26] can be adopted for VCSELs with only few
adjustments. Firstly, since maximum output power is limited by thermal effects, an
empirical reduction of the differential quantum efficiency (DQE) ηd with temperature is
included as

Popt = ηd
h̄ω

q
(I − Ith) ·

(
1 − T

Toff

)
(2.42)

introducing the turn-off temperature Toff , at which lasing stops again.

The threshold current Ith, which marks the minimum current needed for laser action, is
calculated for a circular active region of thickness da and radius ra in analogy to edge-
emitters via carrier lifetime τsp, differential gain a, transparency carrier density nt and
threshold gain gth:

Ith =
πr2

aqda

τsp

(gth

a
+ nt

)
. (2.43)

To compute threshold gain, however, the vertical cavity arrangement has to be taken
into account by separating losses in active αa and passive αi parts of the cavity and
making use of effective cavity length and relative confinement factor defined above:

gth = αa +
1

Γrda

[αi (Leff − da) − ln R] . (2.44)

Note that the total intensity reflection coefficient R used here is composed of top and
bottom mirror reflectivities by R =

√
RtRb. The same modifications lead to a definition

of the differential quantum efficiency as

ηd =
ηi ln R

ln R − Γrαada − αi (Leff − da)
(2.45)

with internal quantum efficiency ηi.

Since series resistance Rs is usually not negligible in VCSELs, the voltage-current be-
havior is split into two regions

V =

{
nkBT

q
ln

(
I
I0

+ 1
)

+ RsI for I < Ith

h̄ω
q

+ RsI for I ≥ Ith ,
(2.46)

where the exponential diode characteristic has been used below threshold and above
threshold, the voltage drop across the active region is assumed to remain constant due to
carrier clamping. For simplicity, many times only the linear relationship above threshold
is used for the whole current range.

The amount of self-heating finally is expressed by a macroscopic thermal resistance Rth

describing temperature rise versus dissipated power PD:

∆T = PD ·Rth = (V · I − Popt) ·Rth . (2.47)
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2.2 Steady-State Behavior

This simple set of equations can be solved iteratively (cf. appendix D.1) in order to
gain insight into internal parameters of measured VCSEL power-current-voltage (LIV)
curves. Although the number of parameters is rather large, some of them such as
R and ηd are obtained from transfer matrix simulations, while all others are directly
connected to measured quantities like threshold current or series resistance; only the
turn-off temperature remains as a layer-structure-dependent fitting parameter which
controls the general curve shape. Toff is thus obtained by fitting one LI-curve and
confirmed e. g. by then varying aperture diameter and comparing to measured curves,
as has been done in Fig. 2.13. It is observed that although the general curve shapes
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Figure 2.13: Comparison of measured (solid) and simulated (dotted) LIV-curves for three
980 nm-devices with aperture diameters given in µm.

are reproduced extremely well by changing only the measured quantities ra and Rs,
thresholds are not reproduced very accurately. Since threshold in practical devices does
not decrease indefinitely with aperture diameter as assumed above, this may be partly
remedied by adding a constant threshold offset.

Typical sets of measured LIV curves from an 850 and a 980 nm wavelength sample are
displayed in Figs. 2.14 and 2.15. Immediately obvious differences are higher output
power and lower series resistance of the 980 nm devices. The higher output power stems
mainly from the higher gain provided by the strained InGaAs quantum wells compared to
pure GaAs. However, the difference in threshold for devices of comparable size indicates
that the mirror reflectivities are not the same, which also has a significant influence on
power output. Generally, 850 nm samples need a larger number of mirror pairs to achieve
comparable reflectivity, since the minimum aluminum content is limited by fundamental
absorption to about 10%. Therefore, 980 nm samples not only require fewer mirror pairs,
but can also take advantage of pure GaAs in the mirrors, which provides higher electrical
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Figure 2.14: Measured LIV-characteristics
of devices with different aperture diameters
Da from a typical 850 nm-sample.
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Figure 2.15: Measured LIV-characteristics
of devices with different aperture sizes Da

from a typical 980 nm-sample.

and thermal conductivity than aluminum alloys. The larger series resistance of 850 nm
devices is thus attributed to the higher number of heterojunctions and thicker mirror
stack combined with a higher specific resistance.

2.2.2 Emission Spectra

Due to the short resonator length of a few microns and the spectrally limited reflectivity,
VCSELs generally oscillate on a single longitudinal mode. For 1.8µm effective cavity
length, a longitudinal mode spacing of about 60 nm is obtained, whereas the stop band is
usually limited to 70–100 nm. Thus, the emission spectrum of VCSELs is not determined
by the gain peak as in edge-emitters, but rather by the spectral position of the cavity
resonance and by transverse modes. In the effective index model, higher-order transverse
modes can arise as soon as the normalized frequency parameter V̄ exceeds 2.405. For
a given material composition, this directly leads to a maximum aperture diameter for
single-mode operation. For the layer structures used in this work, this value is in the
range of 3–4µm. Due to increased thermal guiding and changes in the gain distribution,
the number of transverse modes increases with increasing device current. As soon as
higher-order transverse modes appear, the spectral width is increased due to their slightly
blue-shifted resonance. The transverse mode spacing between modes l, p and l′, p′ can
be calculated from [22] with the approximation from (2.29)

∆λ = |λl,p − λl′,p′| = |2(p − p′) + l − l′| ·
√

n̄co − n̄cl√
2n̄coπ

λ2
B

n̄cora

≈ |2(p − p′) + l − l′| · λλ2
B

2π2w2
0n̄

2
co

. (2.48)
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2.2 Steady-State Behavior

By extending the resonator length (cf. chapter. 6), longitudinal modes can also be excited
in VCSELs. For large cavity lengths, the longitudinal mode spacing can be approximated
by the Fabry-Perot mode spacing

∆λFP =
λ2

0

2Leff n̄(1 − (λ0/n̄)(dn̄/dλ))
=

λ2
0

2Leff〈n̄gr〉 (2.49)

again employing effective cavity length and a spatially averaged group index 〈n̄gr〉. Ad-
ditionally, arbitrary transverse mode profiles are possible for every longitudinal mode.
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Figure 2.16: Optical spectra of a standard
single-mode InGaAs device with 4µm aper-
ture diameter. Side-mode suppression re-
mains below 30 dB up to 8.5mA.
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Figure 2.17: Typical multi-mode spectra of
a 10µm aperture diameter InGaAs VCSEL.

As transverse modes appear continually, it is widely accepted to term a VCSEL “single-
mode” as long as all higher-order modes are suppressed by at least 30 dB with respect
to the fundamental one. Figure 2.16 displays spectra measurements for a 4µm InGaAs
device, which after this definition is single-mode up to a current of 8.5 mA. If the device
is not too large, such that the gain distribution in the active region is more or less
homogeneous, the transverse modes appear successively according to their resonance
wavelength. Larger devices like the 10µm device in Fig. 2.17 already operate on multiple
transverse modes from threshold on. Due to current crowding at the oxide aperture,
the higher-order modes in this case even possess higher power than the fundamental
one for the whole operating range. As expected, the transverse mode spacing is much
smaller than that of the 4µm-device. For very large devices with weak optical guiding,
however, the 10 pm resolution of the grating spectrum analyzer used here sometimes
does not suffice to resolve individual modes, necessitating more advanced measurement
techniques such as the scanning near-field characterization presented in the following
section.
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

2.2.3 Near- and Far-Field Intensity Distribution

In order to characterize spatial mode distributions and thus identify modes within the
VCSEL rather than relying on resonance wavelengths, scanning near-field measurements
are carried out. The VCSEL under test is operated at constant current and allowed
to reach a steady-state temperature distribution. A single-mode fiber with a rounded
tip is adjusted so that the focal point of the fiber tip lies in the active region of the
VCSEL (some µm distance from the VCSEL surface). A computer-controlled piezo-
driven stage then scans the fiber across the VCSEL area, while a multi-wavelength
meter simultaneously records wavelengths and intensities of the different emission lines
at each fiber position [27]. Since such a measurement can take more than an hour, a
controlled current source should be used, otherwise wavelength and intensity drift may
occur in scan direction. The obtained data can be separated according to wavelength,
which results in several files containing the intensity distribution for each wavelength
interval, i. e. the individual transverse modes. Figures 2.18 to 2.20 display 3D-plots of
the first four modes observed using this technique in a typical 8µm InGaAs VCSEL.
The beam spot size w0 can then be obtained easily by fitting the appropriate Gaussian
functions to the data. According to section 2.1.4, the fitting function

S = Ŝ · (r sin {l(φ + φ0)})2l

· exp

{
−2

[(
(r − r0) cos {φ + φ0}

w1

)2

+

(
(r − r0) sin {φ + φ0}

w2

)2
]}

(2.50)

with fitting parameters Ŝ, r0, φ0, w1 and w2 is employed. This choice allows for different
spot sizes w1 and w2 in two orthogonal directions; their orientation is determined by the
angle φ0. Additionally, different amplitudes Ŝ are allowed for the two different directions
when fitting LP21. By independently fitting the four measured intensity distributions,
four sets of parameters are obtained. Considering the mutual agreement between these
parameter sets, it is confirmed that all modes in a standard oxidized VCSEL possess
comparable spot size. This agreement is even more noteworthy if considered that this
device is by no means ideal, which can be inferred from the difference in w1 and w2 and
the different resonance wavelengths for the two LP11 orientations. These results point to
a slightly elliptic oxide aperture, which may also cause the intensity difference between
the two directions in LP21 and the two LP11 orientations. The slight intensity difference
in the other direction (within one of the LP11 modes) occurs along the scan direction
and is probably caused by current drift.

When using a very stable current source, the plot of mode wavelength versus posi-
tion from the near-field measurement can also be very revealing. Such a plot is shown
in Fig. 2.21 for the fundamental mode of a (multi-mode) 7µm-VCSEL. The observed
wavelength variation is very small (below 10 pm), confirming the high precision of the
wavelength measurement. Also a radial rather than a scan-direction dependence is ob-
served, which could be explained by feedback effects from the fiber tip.
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2.2 Steady-State Behavior
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Figure 2.19: Near-field measurement and
fit function for the LP21 mode.
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Figure 2.21: Wavelength distribution within the fundamental mode of a 7µm-device. Note
the characteristic radial distribution.

The far-field profile of a VCSEL is obtained essentially by Fourier-transforming the near-
field. A simple far-field measurement technique is to record the signal of a photo diode
with respect to angle as it is swept in an arc around the running VCSEL. While this
does not provide very extensive information as no wavelength information is obtained,
the short measurement time and simple alignment proves very useful for preliminary
characterization. Due to the cross-sectional nature of the measurement, a circularly
symmetric emission profile has to be ensured beforehand. The typical behavior of far-
field profile on current is shown in Fig. 2.22 for a typical 9µm-device: around threshold,
the Gaussian shape indicates single-mode behavior, while the profile is distorted more
and more with increasing current due to higher-order modes. At very large currents as
well as for larger devices, strong side lobes are observed due to an increasing number of
transverse modes, which increase the far-field angle drastically.

2.2.4 Spectral Linewidth

The ultimate spectral limitation of a transverse and longitudinal single-mode, linearly
polarized VCSEL is given by the finite linewidth caused by random phase fluctuations
from spontaneous emission [22]. The resulting spectral power density can be approxi-
mated by the Lorentzian lineshape function

|Ẽ(ν)|2 = |Ẽ(νm)|2 (∆νL/2)2

(∆νL/2)2 + (ν − νm)2
(2.51)
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Figure 2.22: Normalized far-field profiles of a 9µm-device for various currents. As higher
modes appear, emission is shifted towards the aperture edges, resulting in strong side lobes.

with center frequency νm and full-width half-maximum linewidth

∆νL =
Rsp

4π〈N〉 (1 + α2
H) , (2.52)

using the linewidth enhancement factor αH. Minimum linewidth is thus obtained for
small spontaneous emission rate Rsp and high average photon densities 〈N〉. This can
also be rewritten to relate to VCSEL design parameters threshold, effective cavity length
and top mirror transmittivity Tt and internal parameters spontaneous emission coeffi-
cient β̄sp and group velocity vgr,

∆νL =
hc0vgrTtβ̄spIth

8πqLeff

(1 + α2
H)

1

Popt

. (2.53)

For practical applications, many times the coherence length lc is of interest (e. g. for
interferometry) which is related to the linewidth by

lc =
c0

∆νL

. (2.54)

2.3 High Frequency Characteristics

2.3.1 Small Signal Approximation of the Rate Equations

Steady-state and dynamic behavior of laser diodes is deduced from rate equations linking
carrier and photon densities. In a quantum-well VCSEL, the relevant carrier reservoir is
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

composed of the carrier density nw in the quantum wells themselves, and of those present
in the larger carrier confinement region, nb. Transitions are described by transport and
emission time constants τs and τe from confinement region to quantum well and vice
versa, respectively. With injection current I and spontaneous emission lifetimes τsp,b

and τsp,w for confinement and well, the total time-dependent number of carriers for both
regions can be expressed as

∂nb,tot

∂t
=

I

qVb

+
nw,tot

τe

− nb,tot

τs

− nb,tot

τsp,b

(2.55)

and
∂nw,tot

∂t
=

nb,tot

τs

− nw,tot

τe

− nw,tot

τsp,w

− Γ g(nw,tot, Ntot) Ntot vgr . (2.56)

The total number of Photons Ntot is linked to the carriers by spontaneous emission into
the laser mode β̄sp and the stimulated emission rate Γ g(nw,tot, Ntot) Ntot vgr:

∂Ntot

∂t
= β̄sp

nw,tot

τsp,w

+ Γ g(nw,tot, Ntot) Ntot vgr − Ntot

τp

, (2.57)

where

τp =
n̄grLeff

c0 (αiLeff − ln R)
(2.58)

describes absorption and mirror photon loss and vgr the group velocity inside the res-
onator. Carrier and photon densities nb, nw and N are obtained by dividing by the
appropriate volumes V calculated from the active area and confinement length, total
quantum well thickness and effective cavity length, respectively. Thus we obtain a set
of coupled non-linear rate equations with added Langevin-forces Fnw(t) and FN(t) [26]:

∂nb

∂t
=

I

qVb

+
nwVw

τeVb

− nb

τs

− nb

τsp,b

, (2.59)

∂nw

∂t
=

nbVb

τsVw

− nw

τe

− nw

τsp,w

− Γ
Vres

Vw

g(nw, N) N vgr + Fnw(t) , (2.60)

∂N

∂t
= β̄sp

nwVw

τsp,wVres

+ Γ g(nw, N) N vgr + FN(t) − N

τp

. (2.61)

For the case of small-signal modulation, these equations can be solved analytically by
linearizing nb, nw, N and I around the bias point. When neglecting spontaneous emis-
sion above threshold, and assuming a linear dependence of gain on carrier density and
1/τs 
 2πν, the Fourier-transformed photon density spectrum

∆Ñ(ν) =
(2πjν + γ∗) F̃N(ν) + Â ∆Ĩ(ν)/q + Â Vw F̃nw(ν)

4π2ν2
r − 4π2ν2 + 2πjγν

(2.62)
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2.3 High Frequency Characteristics

is obtained where the resonance frequency νr can be inferred from

4π2ν2
r =

vgrΓraN0

χτp(1 + εN0)

(
1 +

ε

vgrΓraτsp,w

)
≈ vgrΓraN0

χτp(1 + εN0)
. (2.63)

Dividing photon density spectrum and spectral injection current yields the intrinsic small
signal modulation response (neglecting Langevin-forces)

Mi(ν) =
∆Ñ(ν)

∆Ĩ(ν)/q
=

Â

4π2(ν2
r − ν2) + 2πjγν

(2.64)

i. e. a second-order low-pass transfer characteristic. The characteristic values of impor-
tance are amplitude factor

Â =
ΓvgraN0

χVw(1 + εN0)
(2.65)

including transport factor χ = 1 + τs/τe, 3 dB bandwidth

ν3dB =
√

2
2π

K
, (2.66)

damping constant and modified damping constant

γ = K ν2
r +

1

χ τsp,w

(2.67)

γ∗ =
1

χτsp,w

+
vgrΓraN0

χ(1 + εN0)
(2.68)

and K-factor, describing the shift rate of damping constant with resonance frequency

K = 4π2

(
τp +

ε

vgr Γr a/χ

)
. (2.69)

A comparison of measured and simulated small-signal modulation response for a typical
4µm-VCSEL with various bias currents is shown in Fig. 2.23.

Small-signal transfer functions are measured by biasing a device with a dc current and
adding a small-signal ac voltage via a bias-tee. The frequency of the ac signal is swept
and the output power change recorded by a fast photo diode and amplifier and displayed
with an electrical spectrum analyzer. The influence of bias-tee, amplifier and cables
is eliminated with a calibration measurement so that the resulting curves contain the
total frequency response of VCSEL and photo diode. By changing the bias current and
repeating the measurement, an optimum bias current is found for the desired modulation
frequency.
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Figure 2.23: Measured (solid) and simulated (dotted) small-signal modulation response of a
4µm VCSEL showing increasing resonance frequency and damping with bias current.

2.3.2 Relative Intensity Noise

The light emitted by a laser diode is subject to statistical fluctuations, which represent
the origin of noise. This noise contribution is most conveniently expressed as relative in-
tensity noise (RIN), which can be measured directly and relates to the intrinsic transfer
function, i. e. allows extraction of intrinsic VCSEL parameters. Assuming only sponta-
neous emission processes to be the origin of noise, ∆Ĩ(ν) becomes zero and the photon
density spectrum in small signal approximation (2.62) reduces to

∆Ñ(ν) =
2πiν + γ∗ − 4π2τpν

2
r

4π2(ν2
r − ν2) + 2πiγν

F̃N(ν) ≈ 2πiν + γ∗

4π2(ν2
r − ν2) + 2πiγν

F̃N(ν) , (2.70)

with the approximation valid for γ∗ � 4π2τpν
2
r . According to [22], the relative intensity

noise is defined as

RIN(ν) = 2
〈|∆Ñ(ν)|2〉

〈N〉2 = 2
〈|∆P̃ (ν)|2〉

〈P 〉2 = 2
〈|∆ĩphot(ν)|2〉

〈iphot〉2 , (2.71)

where proportionality between spectral components and mean values of photon density
(∆Ñ(ν) and 〈N〉), output power (∆P̃ (ν) and 〈P 〉) and detector photocurrent (∆ĩphot(ν)
and 〈iphot〉) have been used. Using the Fourier transform of the autocorrelation of the
Langevin force F̃N(ν), this can be rewritten as

RIN(ν) = A∗ 4π2ν2 + γ∗2

16π4(ν2
r − ν2)2 + 4π2γ2ν2

(2.72)
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with

A∗ =
2|F̃N(ν)|2
〈N〉2 =

4Rsp

〈N〉 . (2.73)

Close above threshold and for frequencies ν 
 νr, the RIN therefore depends on output
power as

RIN(ν) ∝ 〈N〉−3 ∝ 〈P 〉−3 , (2.74)

since ν2
r ∝ 〈N〉 and A∗ ∝ 〈N〉−1. Far above threshold, i. e. for large νr, we obtain the

proportionalities
RIN(ν) ∝ 〈N〉−1 ∝ 〈P 〉−1 . (2.75)

Finally, for practical purposes, a modulation current efficiency factor MCEF (GHz/
√

mA)
is defined as the shift of resonance wavelength with injection current from

νr ≈ 1

2π

√
vgrΓra

τp

N0 =
1

2π

√
vgrΓra

qAada

·
√

I − Ith = MCEF ·
√

I − Ith , (2.76)

where χ and ε have been neglected. The MCEF can thus be obtained easily by measuring
small-signal response or RIN for a range of currents; in combination with threshold
current it adequately characterizes high-frequency behavior of VCSELs.

RIN measurements are taken by operating the laser with a low-noise current source using
shielded cables. The optical signal is detected by a high-speed photo diode, amplified,
and can be recorded by an electrical spectrum analyzer ([28], chapter 6).

2.4 Temperature Dependence

Since the lasing wavelength in VCSELs is determined by the cavity resonance, their
temperature behavior is closely related to the thermal shift of the same. Due to the
variation of the refractive index with temperature, the effective optical cavity length
changes and thus the cavity resonance red-shifts with about 70 pm/K depending on the
exact device structure. At the same time, the mirror contrast increases slightly with
increasing temperature [15], which results in a reduction of threshold gain. The gain
spectrum is also temperature dependent, however, exhibiting a peak red-shift of about
0.3 nm/K for GaAs quantum wells caused by the bandgap reduction and a continuous
decrease of magnitude with increasing temperature mainly due to changes in the electron
and hole quasi-Fermi distributions. The resulting relative red-shift between gain peak
and cavity resonance of about 0.23 nm/K therefore samples the gain curve with varying
temperature, which produces a strong temperature dependence of threshold current.
Figure 2.6 in section 2.1.2 illustrates this behavior with matched gain peak and cavity
resonance at about 330 K, i. e. the cavity resonance red-detuned below and blue-detuned
above this temperature with respect to the gain peak. Note that the maximum gain at
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2 Fundamental Properties of Vertical-Cavity Laser Diodes

resonance does not occur at the matching temperature but rather at a significantly lower
value due to the increase of the gain curve with decreasing temperature. Due to carrier
clamping, this simple sketch is actually only valid below threshold, but nonetheless
gives an impression of the strong effect gain curve and cavity resonance mismatch with
temperature.

The time-dependent temperature difference between center of the device and aperture
edge at r = ra can be estimated by assuming a Gaussian heat source infinitely extended
in z-direction with heat generation rate Q per unit length and characteristic width ra [29]

∆T (t) =
4k′Qt

2πσr2
a

(2.77)

with thermal conductivity σ and diffusivity k′. For steady state, this leads to a total
temperature difference of

∆T =
Q

2πσ
, (2.78)

which can be used to obtain the amount of thermal guiding to be expected for given
operating conditions. If the actual temperature distributions within the VCSEL is of
interest, it can easily be modeled by applying finite-element analysis to the heat diffusion
equation

∇· (−σ(r, z)∇T (r, z)) = �J(r, z) · �F (r, z) , (2.79)

where Joule heating is included as the heat source with current density vector �J and
quasi-static electric field vector �F . Conveniently, this equation can be put into Flex-

PDE after having obtained current density distribution (cf. Sec. 2.1.3), thus allowing to
simulate electrical and thermal characteristics in one simple model.
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2.4 Temperature Dependence

For practical devices it is convenient to introduce a macroscopic thermal resistance Rth

describing temperature rise ∆T per dissipated power ∆PD

Rth =
∆T

∆PD

=
∆λ/∆PD

∆λ/∆T
. (2.80)

Figures 2.24 and 2.25 show the acquisition of ∆λ/∆PD for different device sizes of an
850 nm sample by measuring wavelength versus current and plotting versus dissipated
power calculated from LIV-data.
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Figure 2.27: Resulting thermal resistance
versus device size for the two different sam-
ples.

An average cavity temperature can be measured by observing the emission wavelength
shift with dissipated power, ∆λ/∆PD. ∆λ/∆T is obtained by operating a device in
pulsed mode to prevent influences from self-heating and recording the emission wave-
length shift with varying heat sink temperature. Note that this is a layer structure con-
stant and is thus independent of device size. Such measurements are shown in Fig. 2.26
for both a GaAs- and an InGaAs-sample, revealing identical values of 66 pm/K. This
shows that it is the resonator layout (with respect to wavelength) rather than the ac-
tual emission wavelength which determines this value. Figure 2.27 finally compares the
calculated thermal resistance versus device diameter for both samples, where differences
thus originate completely from different electrical resistance and average thermal con-
ductivity. As expected, the thermal resistance generally is inversely proportional to the
square of the aperture diameter.

The dependence of threshold current on temperature of a 5µm-diameter 850 nm device
is given in Fig. 2.28. The clear minimum around 50◦C reveals matching between cavity
resonance and gain peak at this temperature; above and below, matching decreases
continually, causing threshold to increase. However, since the magnitude of the gain
curve increases continually with decreasing temperature, maximum output power at
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roll-over and differential quantum efficiency increase for temperatures below matching
as shown in Fig. 2.29, even though threshold rises again.

2.5 Device Lifetime

In this final section, some fundamentals of VCSEL device lifetime are provided. Since
lifetime testing is a time-consuming task necessitating a large number of devices, de-
termining actual lifetime values is left to professional corporate research. However, by
comparing aging data of the novel VCSELs presented in this thesis with that of regular
ones, some conclusions on the influence of mode control mechanisms on device lifetime
may be drawn.

Since aging of semiconductor devices is generally directly connected to the temperatures
present within the structure, a first estimate of VCSEL lifetime can be obtained from
measuring thermal resistance as introduced in the previous section. The relevant in-
ternal temperature of the device is then obtained by adding ambient temperature and
temperature rise from thermal resistance and operating current. At this point it should
be mentioned that thermal resistance, more specifically ∆λ/∆PD is itself a function of
temperature. If lifetime testing is to be performed at significantly elevated temperatures,
this value should therefore be obtained at the appropriate ambient temperature as well.

The acquisition of lifetime data may be achieved either by observing output power while
supplying a constant current, or by monitoring the current necessary to maintain a
constant output power. As these values in either case change continually rather than
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2.5 Device Lifetime

abruptly, the lifetime of a device is usually set to the time at which the output power
has decreased by a factor of two in constant current lifetime testing. Finally, the failure
of individual devices is based on statistical laws, which necessitates testing of a large
population, preferably under various operating conditions. Expected lifetimes are then
extracted by fitting statistical functions to the obtained data, such as the Arrhenius
model

TTF = ATTF exp

(
Ea

kBT

)
, (2.81)

relating time to failure (TTF) to an activation energy Ea including a scaling factor
ATTF. For accelerated aging, an acceleration factor can be defined which allows to
relate reliability data obtained under various aging conditions on one hand and predicts
behavior of devices operated outside of testing conditions. After [30], a useful notation
of the acceleration factor for VCSELs is

AF =
TTFuse

TTFacc

(
Iacc

Iuse

)2

exp

{
Ea

kB

(1/Tj,use − 1/Tj,acc)

}
, (2.82)

which takes into account reduced lifetime due to increased current (Iacc over use current
Iuse) and ambient temperature (Tacc over Tuse, leading to respective junction tempera-
tures Tj,acc and Tj,use). Most practical applications exhibit an ambient temperature of
about 70 ◦C and operating currents around 7 mA [31]. Typical activation energies for
VCSELs obtained from such analyses lie in the range of 0.6. . . 0.8 eV. When evaluat-
ing reliability data, care has to be taken to distinguish maverick or infant failures from
normal wearout, usually characterized by two regions on the time scale with different
activation energies. Standardized burn-in and screening procedures may prove useful
to eliminate a large amount of infant failures [32]. Detailed lifetime analysis of regular
VCSELs from similar batches as the ones presented in this thesis may be found in [33].

One major concern with the advent of selectively oxidized VCSELs has been the potential
strain introduced by the different thermal expansion coefficients of oxidized versus as-
grown parts of the aperture. Although appropriate placement and material composition
of the aperture is an issue, the dominant wearout failure mechanisms in well-designed
devices concern active region and p-mirror stack. Various device and layer structure
analysis techniques (spectrally filtered electroluminescence imaging, transmission elec-
tron microscopy, variable angle photo current spectroscopy [34]) have shown that apart
from crystal defect propagation in the active region (which is common to other semicon-
ductor lasers), a “current shunting failure mechanism” is responsible for a majority of
device failures. In this mechanism, mirror resistance above the active region increases,
likely due to hydrogen passivation of dopants, diverting the current to lower resistance
paths which do not contribute to lasing [30]. A general rule of thumb states that lifetime
is inversely proportional to active area due to the associated reduction of thermal resis-
tance [32]. Finally, further insight into the suitability of a specific VCSEL structure for
a given application may be found in advanced reliability testing employing electrostatic
discharge (ESD), elevated humidity, or ion bombardment [32, 35, 36].
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3 Single-Mode Emission: Concepts,
Approaches, and Modeling

The present chapter provides an overview of techniques aiming at improved single-mode
operation of VCSELs. First, a summary of publications on the subject is given along
with some general aspects of mode control. Then, the main approaches followed in this
thesis are introduced. Although it is not the scope of this thesis to provide extensive sim-
ulation results, all single-mode enhancement techniques are backed by intuitive relations,
schematic sketches or simple calculations illustrating the underlying mechanisms. The
simulation programs employed are described briefly in appendix D along with sample
simulation scripts.

The various approaches may address quite separate aspects, since the motives for de-
siring single-mode emission differ substantially. A major driving force for requesting
single-mode operation is high-speed data communication, where the main concerns are
improved noise characteristics and modulation bandwidth [37] as well as compatibility
with single-mode fibers. Ideally, these improvements should be obtained while maintain-
ing impedance matching to driver circuits, i. e. a 50 Ω impedance. Other applications
may require low beam divergence with high output power or output power density; high
spatial coherence and a small spectral width can also be of interest. Therefore, the most
useful techniques would allow to maintain single-mode emission while independently ad-
justing the aperture diameter and transverse guiding (governing series resistance, output
power, near- and far-field) to the individual application needs.

In any case, general criteria should be applied to classify the various approaches. Usu-
ally, the main trade-off concerns technological complexity versus strength of the mode
control mechanism. Technological complexity may be further divided into modifications
of the layer structure and their tolerances, reproducibility, compatibility with standard
processing and processing tolerances. Finally, since one main drawback of conventional
(small-aperture) single-mode VCSELs concerns device lifetime, improvement of the same
to industrial levels (>10 000 hours) should be a primary objective of large-area single-
mode VCSELs.
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3.0.1 Literature Survey

Attempts to control the mode spectrum have already been reported very early in research
on VCSELs [38]. Generally, these attempts can be classified into two main categories:
approaches concerning lateral optical guiding, since the existence of transverse modes
is closely related to the same, and approaches employing mode-selective loss or gain to
discriminate against certain transverse modes.

Early approaches concentrated on implementing external cavities, making mode selection
mechanisms available similar to those used on edge-emitting lasers. Increasing the cavity
length, however, can give rise to longitudinal modes, thus sacrificing spectral purity for
spatial coherence. Mode control using external reflectors has been reported as early as
1993 [39], resulting in the utilization of various external optical elements such as a graded-
index lens [40] or a fiber Bragg grating [41]. Soon, the notion of integrating the external
reflector with the VCSEL was put to practice [42]. Using the substrate as a built-
in spacer, integrating a semiconductor micromirror [43] and a Fabry-Perot étalon [44]
have been investigated. A microlens has also been integrated successfully on the top
of a VCSEL structure for this purpose [45]. The fundamental loss mechanism in long
cavities, however, the increased diffraction losses for higher-order modes, can already
be achieved by simply extending the VCSEL cavity monolithically [46]. In the present
thesis, this approach is one of the main topics (introduced in sec. 3.2, measurements in
ch. 6) and has produced single-mode output powers of 5 mW and above.

Much higher single-mode powers above 500 mW have been achieved using optically
pumped semiconductor vertical extended cavity surface emitting lasers (OPS-VEC-
SELs) [47]. However, these devices are much more complex since pump device and
external mirror need to be aligned carefully to the VECSEL. Owing to the open cavity
configuration, intra-cavity frequency doubling is also possible in these devices [48], how-
ever, total conversion efficiencies are very low when taking the pump laser into account.

For the selectively oxidized VCSELs used in this work, a significant amount of built-
in index guiding results directly from the refractive index difference between oxidized
and non-oxidized material. Since from waveguide theory a given index step translates
directly to a maximum aperture diameter for single-mode operation, efforts have been
taken to reduce the built-in guiding. Considering the standing wave pattern within the
VCSEL structure (cf. Fig. 2.5), the effect of the index step can be minimized by placing
the oxide aperture in a field node and making it as thin as technologically reasonable [49].
Ion-implanted VCSELs on the other hand do not have such a built-in guiding and there-
fore allow device diameters to be much larger while maintaining single-mode operation.
Devices of up to 16µm implant aperture diameter have been reported to emit single
mode [50] and up to 4.4 mW of single-mode power has been obtained [51]. However, due
to the much higher losses and since thermal guiding mainly governs transverse mode
structure in these devices, the actual mode behavior depends strongly on the operating
point. This makes it difficult to ensure single-mode behavior under varying operation
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conditions, e. g. under modulation, where even varying bit patterns may result in trans-
verse mode hops. Air-post VCSELs have also been reported to emit single-mode up to
8µm aperture diameter [52]. However, the low power output suggests that in this case,
high mode-selective losses dominate.

The minimum index guiding in selectively oxidized VCSELs resulting from minimum
oxide thickness and optimum position can be decreased further by introducing additional
antiguiding layers. The general idea is to add another layer which shows the opposite
behavior of the AlAs-current confinement layer, i. e. which possesses a radially increasing
refractive index. This can be realized e. g. by including an additional AlGaAs layer
which is oxidized in the center instead of from the outside in [53]. A similar effect can be
obtained by varying the cavity resonance radially, e. g. by growing a radially increasing
cavity spacer [54]. Lateral antiresonant reflecting optical waveguides (ARROWs) have
also been transferred successfully from edge-emitter technology to VCSELs for anti-
guiding [55]. All of these methods require growth interruption, however, adding much
complexity and impairing reproducibility. A simpler approach is to reduce index guiding
by softening the index step, i. e. moving from a step-index condition to a laterally graded
index. When using selective oxidation of AlGaAs layers with high aluminum contents,
this can be realized by using several AlGaAs layers with different aluminum contents such
that the center layer possesses the fastest oxidation rate, therefore producing a tapered
oxide aperture [56]. A third possibility is provided by increasing the length over which
the fixed index step is averaged. This can be achieved e. g. by increasing the total cavity
length significantly as shown in section 3.2. Finally, advanced novel guiding properties
can be obtained by incorporating photonic crystals into VCSEL structures [57, 58], which
is also another approach followed in the present work (cf. Secs. 3.3.1 and 6.7).

Generally, losses selective to higher-order modes can easily be introduced by using donut-
shaped patterning, since the fundamental mode is the only one where the optical field
distribution is completely confined to the center region. Simply decreasing the inner
diameter of the ring contact on top-emitting devices has been used for this purpose as
early as 1993 [38] on ion-implanted devices and using dielectric top mirrors [59]. Applying
this technique to oxide-confined VCSELs [60], up to 3.4 mW single-mode output power
has been reported at 780 nm wavelength [61]. Multi-oxide structures [62] and Zinc
diffusion [63] have been used to integrate distributed losses into the top Bragg mirror.

A very promising technique to achieve such (donut-shaped) spatially varied losses is
found in shallow surface etching, which represents the second main approach followed
in this work (cf. Sec. 3.1 and ch. 5). By creating regions where the optical wave is
reflected out-of-phase at the semiconductor-air interface, lasing can be quenched locally.
A similar effect can also be obtained by using patterned anti-reflection coatings [64].
Although it is also applicable as a post-processing step [65], including the surface etch
in the VCSEL fabrication process [66, 67] or much more self-aligning oxide aperture and
surface etch, as described in this thesis, is very promising for large-scale production. An
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interesting improvement of surface-etching is suggested in [68], using a Gaussian etch
depth distribution to better match the mode profile.

Additionally restricting the gain to a small central region is useful especially in oxide
confined VCSELs. This has been demonstrated by locally interdiffusing [69] and im-
plantation disordering [70] the quantum wells and by additionally implanting the top
mirror [71] also achieving above 5 mW single-mode output power. Similar results can
be achieved by fabricating coupled-resonator VCSELs with three terminals to indepen-
dently control gain in the two active regions [72], of course at the expense of added
complexity. A major drawback of all of these approaches is the crucial alignment of the
two aperture types.

A final development to be mentioned in the search for high single-mode power VCSELs is
the construction of phase-coupled arrays. Early experiments were conducted on proton
implanted structures [73, 74]. Recent developments on selectively oxidized arrays include
coupling over a distance of 20µm [75] and have resulted in up to 3.7 mW single-mode
output power from up to 10×10-arrays in cw operation [76, 77, 78]. However, although
these devices are well suited for applications requiring high power having high spectral
purity, the oscillation in a supermode results in a largely off-axis concentration of the
far-field power.

Naturally, single-mode operation can also be achieved on a higher-order mode [79, 80, 81],
and may even be more effective and simple to attain depending on the device structure.
Since many applications benefit most from a Gaussian intensity distribution, however,
the present work focuses on discriminating against higher-order modes and preferring
the fundamental one.

3.1 Mode-Profile Specific Surface Etching

As shown in the literature survey above, a very straightforward approach to enhance
single-mode emission is to introduce mode-selective losses or gain to the VCSEL struc-
ture. Since each mode has a distinct spatial distribution, mode-selective losses can easily
be realized by spatially patterning the loss mechanism appropriately. Especially when
stabilization of the fundamental mode LP01 is desired, a simple donut-shaped loss distri-
bution can already suppress the first two higher-order modes LP11 and LP21 effectively,
since their intensity distribution only marginally overlaps with that of LP01. The third
higher-order mode LP02 again has significant on-axis intensity as seen from eqn. (2.35),
which may necessitate additional mode control methods for very large devices. An im-
portant assumption for this reasoning is obviously that all oscillating modes in a VCSEL
possess the same beam spot size parameter w0 which is experimentally confirmed for
standard devices in section 2.2.3.
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Figure 3.1: Schematic view of surface-etched VCSELs. The left figure represents regular
(donut) etching using a standard layer structure, the right figure corresponds to inverted etching
using an additional λ/4 cap layer. Also sketched is a mode distribution which fits the surface
etch.

3.1.1 Loss Mechanism

A very elegant way of introducing such a patterned modal loss is to locally increase mirror
losses, rather than using an absorptive loss mechanism, which would cause additional
device heating. Apart from increasing mode threshold and thus suppressing individual
modes, this method can also raise the total power output if the lasing modes overlap
with the region of reduced reflectivity (cf. Sec. 5.4). Instead of completely removing full
Bragg mirror pairs to reduce the reflectivity, a similar effect can be achieved by patterned
anti-reflection coatings [64, 82] or shallow surface etching. The shallow surface etching
pursued in the present work is shown schematically in Fig. 3.1. It provides the advantage
of enabling simple self-aligned fabrication (cf. Sec. 4.1) in combination with a high loss
contrast. The determination of the optimum etch depth is shown in the transfer-matrix
simulations obtained with Reflex in Fig. 3.2. As semiconductor material is removed
successively from the top of the structure, threshold gain increases until it reaches a
local maximum at about λ/4 depth, i. e. when half a mirror pair has been removed. For
the second half of the first mirror pair, threshold gain decreases again and reaches a
minimum when the structure is one complete mirror pair thinner. Due to the periodic
nature of the Bragg mirror stack, this behavior is now repeated for every mirror pair
with increasing magnitude of minimum and maximum threshold gain, since the total
reflectivity decreases continually. Simultaneously, the resonance wavelength displays a
continuous decrease until just before the point of maximum threshold gain followed by a
sudden increase until just after λ/4 etch depth. Figure 3.3 provides some insight into the
effects of surface etching on the standing wave pattern inside the VCSEL structure: the
solid line corresponds to the standard unmodified structure, where the standing wave

38



3.1 Mode-Profile Specific Surface Etching

0 100 200 300
0

2

4

6

8

10

T
hr

es
ho

ld
 G

ai
n 

(1
00

0/
cm

)

Etch Depth (nm)

849.6

850.4

W
av

el
en

gt
h 

(n
m

)
Figure 3.2: Simulated threshold gain and
resonance wavelength versus surface-etch
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Figure 3.3: Simulated standing wave inten-
sity pattern near the VCSEL surface for a
conventional device (solid line), with 56 nm
of the top layer removed (dashed), and
305 nm removed (dotted).

maxima continually decrease within the Bragg mirror (as seen from the active region) and
end with an intensity antinode at the semiconductor-air interface (transition from high
to low refractive index); the absolute value at this point determines the power output
of the structure. The two etched cases displayed correspond to λ/4 (56 nm) and 5λ/4
(305 nm) etch depth. Since there is no backward wave at the surface, a field antinode
exists at this position. Therefore, the standing wave pattern must adjust accordingly,
producing significant distortion of the field intensity to a depth of about 1µm, before the
original waveform is restored. This strong distortion along with the much higher value
of the field at the surface indicate the large reflectivity decrease and threshold gain
increase. When evaluating the remaining p-mirror reflectivity for the case of etching
into the threshold gain maximum, a value of about 80% is obtained. Conveniently, the
physics of surface etching can also be modeled by an unmodified VCSEL structure with
an external mirror positioned at λ/4 distance. The necessary reflectivity to obtain a
similar standing wave pattern modification as in Fig. 3.3 amounts to about 74%.

In order to specify the total amount of additional loss experienced by each mode, the
mode intensity fraction overlapping with the surface-etched region is calculated numer-
ically. Since this fraction does not depend on absolute values, it may be plotted versus
the ratio of mode spot size w0 over radius of the central unetched region as shown for
the first six modes in Fig. 3.4. Even though the fundamental mode always experiences
the lowest loss, two regions of fundamentally different behavior can be distinguished:
for spot size/etch ratios (SSER) below

√
2, the mode with the next-lowest loss is LP11,

i. e. the first higher-order mode (which in a regular VCSEL turns on first after the fun-
damental one). Above a ratio of

√
2, however, the loss of LP11 surpasses that of LP02,

the third higher-order mode, which is a direct consequence of the mode shapes given in

39



3 Single-Mode Emission: Concepts, Approaches, and Modeling

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

 LP
01

 LP
11

 LP
21

 LP
02

 LP
31

 LP
12In

te
ns

ity
 F

ra
ct

io
n 

in
 E

tc
he

d 
R

eg
io

n

Spot Size/Etch Ratio

Figure 3.4: Portion of intensity in surface-etched region for the first six modes versus spot
size over etch radius ratio. The vertical dotted line marks the transition from where LP02

instead of LP11 appears as the second mode.

eqn. (2.35). Incidentally, this SSER also corresponds to the one with the highest loss
difference of 1/e ≈ 0.37, which stems from the fixed relationship between the Gaussian
mode intensity distributions. The optimum etch size having maximum side-mode sup-
pression for a given operating point should thus be the mode spot size divided by 1.4.
The near-field spot size of a VCSEL is not predefined, however, but depends on operat-
ing conditions and is conversely also influenced by surface etching. In order to extract
useful information from these calculations, the most important additional influence, the
p-mirror reflectivity, is considered in the following section.

3.1.2 Influence of Mirror Reflectivity

Figure 3.4 is only filled with meaning if the actual amount of loss in the etched region is
known. In order to illustrate the most extreme cases, the behavior of a device with rather
low p-mirror reflectivity, i. e. very high additional loss, and a device of high reflectivity
corresponding to a rather low loss contrast between etched and unetched regions are
now examined. A schematic illustration of these two cases is provided in Fig. 3.5: in the
low-reflectivity case, the maximum attainable gain always remains below the threshold
gain in the etched region. Therefore, only those modes can turn on which possess a
sufficient amount of intensity in the central unetched region. Considering Fig. 3.4, this
means that if the SSER is chosen very large, i. e. the spot size caused by built-in guiding
is much larger than the unetched area, the device will not turn on right away (low-gain
sketch in Fig. 3.5 left). Instead, as current is increased, the spot size shrinks due to
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Figure 3.5: Schematic illustration of spatial loss distribution (solid line) in surface-etched
VCSELs for low gain (dotted line) and maximum gain (dashed line) condition. The left-hand
figure represents a low p-mirror reflectivity, i. e. high threshold gain difference, the right figure
high reflectivity. On the bottom, mode distributions corresponding to the two gain conditions
are sketched with the fraction in the etched region shaded in gray.

thermal guiding, until it is small enough so that the surface-etch loss of the fundamental
mode can be surpassed by the provided gain. As thermal guiding increases, we move
to the left on the x-axis of Fig. 3.4. If the SSER is chosen carefully, this can actually
result in an increasing loss difference, therefore suppressing higher-order modes even
more effectively, i. e. completely single-mode VCSELs are feasible with this approach.
Needless to say, if the initial SSER is too large, such that threshold becomes larger than
thermal roll-over, the device will fail to turn on at all.

For high-reflectivity devices, on the other hand, the fundamental mode is already able to
turn on with a relatively large portion in the etched region, i. e. with low threshold (low-
gain sketch in Fig. 3.5 right). As current is increased, however, higher modes appear
almost as easily and without such strong thermal guiding. When the gain surpasses
threshold gain in the etched region (dashed line on right), higher-order modes can even
turn on within the etched region. As has been mentioned before, the reduced mirror
reflectivity where the device has been etched also increases power output in this region.
Therefore, a large total power increase is to be expected in high-reflectivity devices with
large SSERs, while this effect should be negligible in low-reflectivity devices (cf. Sec. 5.4).
For high-reflectivity devices, Fig. 3.4 can therefore also be used conveniently to gauge
the amount of power increase anticipated. Also, for large SSERs, LP02 should appear
as second mode instead of LP11, which has also been observed in measurements (cf.
Sec. 5.2). When current crowding is additionally considered for very large devices (thin
dashed line), the situation may even occur that LP02 is preferred over the fundamental
mode. Note that the transition from low-reflectivity to high-reflectivity behavior is an
abrupt one as the only condition is whether maximum attainable gain surpasses losses
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in the etched region or not. In practical devices, this transition is therefore a matter of
one Bragg pair more or fewer.

3.1.3 Power-Current Characteristics

From the above discussion of the loss mechanism and its current dependence, it is clear
that surface etching must also have its influence on power-current characteristics. More
specifically, since the effective reflectivity of any given mode depends on the overlap with
unetched and etched regions and thus on the operating point, (virtual) threshold current
and differential quantum efficiency (DQE) become functions of operating current. In an
extension to the simple Maple model used to simulate LI-curves of regular devices
in section 2.2.1, two typical surface-etched LI-curves are simulated in the following by
including a spatially varied reflectivity. The extended model (cf. appendix D.1) simply
includes two fixed reflectivities in unetched and etched region and the radius of the
surface etch according to the device simulated. The effective mode reflectivity is then
obtained by computing the overlap of the mode intensity with the two regions, where
the change of mode spot size with current is taken from mode spacing measurements
(cf. Fig. 5.9). Below threshold, a step-index model is assumed having a linear increase
of core refractive index with dissipated power.
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Figure 3.6: Simulated (dotted/dashed) and measured (solid) power-current curves for two
surface-etched VCSELs with 6.8µm aperture diameter. Note the increase in threshold and
(virtual) DQE with decreasing etch size and the extremely good match of the model by varying
only surface-etch radius.

First, the LI-curve of a regular device is simulated, where all parameters except turn-off
temperature can be related to actual measurements. The curves for etched devices shown
in Fig. 3.6 are then obtained using measured differential and thermal resistances and the
current-dependent reflectivity calculated from measured mode spacing versus current
values. Again the turn-off temperature is the only free parameter, which is slightly
reduced compared to the corresponding unetched device. As can be seen, the threshold
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current dependence on surface-etch size is matched very well. Also, the virtual increased
DQE caused by continuing mode shrinkage during lasing is accurately reproduced. Note
also the different characteristic shapes of the LP01 LI-curves, which is caused only by
changing surface-etch size. For the device in the right part of Fig. 3.6, a second simulation
for the first higher-order mode LP11 is also performed using the same parameters. This
results in an LP11 threshold of about 4 mA, however, which is clearly not in agreement
with the measured curve. We can therefore conclude that the increased single-mode
emission of surface-etched VCSELs cannot be explained solely by the lower effective
reflectivity of higher-order modes, but that carrier redirection into the fundamental
mode also plays an important role. To match the total measured LI-curve, the threshold
of LP11 thus needs to be increased to about 14 mA by artificially increasing losses in the
model as shown in the diagram. It remains most remarkable, however, that the simple
relation given in eqn. (2.42) with a current-dependent reflectivity is able to reproduce
all these different curve shapes including regular devices, etched devices of different etch
size and even higher-order modes extremely well.

Naturally, by extending the model to include multiple higher-order modes, the power in-
crease effects of high-reflectivity surface-etched VCSELs may just as well be reproduced.
These simulations as well as the experimental findings are confirmed by various other
publications on VCSELs with mode-selective losses, which all exhibit similar LI-curve
kinks [82, 19, 83].

3.1.4 Far-Field Patterns

Another characteristic inevitably influenced by surface etching is the emitted far-field
pattern. Since surface etching introduces a lateral refractive index profile with an ex-
tent in the order of the emission wavelength, diffraction effects are to be expected. The
amount of diffraction can be easily quantified by equipping the general near-field distri-
bution of the fundamental mode

E(r) = u(r) · Ê · exp

{
−

(
r2

w2
+ i

πn̄r2

λR

)}
, (3.1)

with a phase delay as a function of radius u(r) caused by the difference in optical lengths
between etched and unetched regions as

u(r) = exp

{
i rect

(r

a

) [
2πh

λ0

(n̄0 − n̄)

]}
(3.2)

and performing a radial Hankel transform (cf. appendix D.1). Here, r is the radial
coordinate, a describes etch spot radius, h etch depth, n̄ and n̄0 refractive indices in GaAs
and air, respectively, and λ0 the vacuum wavelength. Note that in this simple model,
the radius of curvature R provides an indispensable fitting parameter, which enables to
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match the radial position of the side lobes independently of their amplitude. Figure 3.7
illustrates these diffraction effects for varying spot size w and radius of curvature R in
a typical device; a successful fit to measured data is given in the logarithmic plot in
Fig. 3.8, which displays excellent agreement over a 20 dB intensity range. Naturally,
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Figure 3.8: Comparison of measurement
and simulation of surface-etch diffracted far-
fields for two operating points.

these diffraction patterns are also obtained when using a full-vectorial model [84]; in
fact, matching the unique far-field characteristics of a given device has proven to be one
of the most convenient measures for adjusting fit parameters in this model as well.

3.1.5 Regular and Inverted Etching

As regards the physical implementation of the surface etching approach, two scenarios
are possible: firstly, a regular VCSEL structure can be used and a donut-shaped region
is etched to maximum threshold gain depth. For self-aligned fabrication (cf. Sec. 4.1),
care should be taken that no aluminum-containing layers are exposed during surface
etching. To this end, an additional λ/2 cap layer proves useful. When considering the
threshold gain dependence on etch depth in Fig. 3.2, however, it is observed that the
maxima are rather narrow, while the minima are very broad. It is therefore technolog-
ically much more reasonable to grow the layer structure to a threshold gain maximum
thickness (i. e. adding a λ/4 layer to a regular structure), exploiting the precise thickness
control of modern epitaxy methods to reach the thickness-sensitive threshold gain peak.
The tolerances for surface etching are then much more relaxed, since a depth variation
of 5–10 nm does not affect minimum threshold gain greatly. Since the etching is then
carried out in the center region (termed “inverted etching” in this thesis) where light
emission occurs, the etching can be exploited to provide an additional loss contrast: if
the top λ/4-layer is heavily doped (improving p-contact resistance), absorption loss can
be added to the high mirror losses in the outside region, while surface etching in the
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center removes this high-loss layer. This technique has already been applied successfully
to achieve cw operation of very loss-sensitive red VCSELs, improving output power by a
factor of two [85]. In surface-etched VCSELs, it provides the possibility to combine high
p-reflectivity (i. e. low threshold) with large loss contrast (large single-mode range). A
drawback of inverted etching lies in the fact that it is not possible to fabricate regular un-
etched devices for reference anymore. Instead, a “regular” device is obtained by etching
the whole p-contact window to threshold minimum depth. If highest reproducibility is
required, etch stop layers may also be introduced during growth. However, this increases
epitaxial complexity and restricts to a predefined etch depth.

3.1.6 Antiguiding
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Figure 3.9: Simulated radial near-field profile for a 6µm aperture diameter, 3µm etch device
with 19 p-mirror pairs. Etch depths are taken close to minimum and maximum resonance
wavelength (45 and 65 nm, respectively), maximum threshold gain (55 nm) as obtained from
Fig. 3.2 and an unetched device for reference.

When considering the results of surface etching displayed in Fig. 3.2, it is noted that apart
from the intended threshold gain change, resonance wavelength also varies periodically
with etch depth. More specifically, while resonance wavelength is about the same for
minimum and maximum threshold gain etch depth, it decreases below that value for
the first λ/4 while increasing above for the second half of a full DBR pair etch. Since a
lateral change in resonance wavelength can be related directly to a change in transverse
guiding using eqn. (3.3), it is therefore concluded that surface etching can also be used to
provide a certain amount of additional guiding or anti-guiding, depending on etch depth.
Full-vectorial simulations after [86] provide the near-field profiles for varying etch depth
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displayed in Fig. 3.9. As predicted, the near-field narrows compared to the unetched
case (i. e. stronger guiding is in effect) for etch depths below λ/4 while it broadens
(corresponding to anti-guiding) for deeper etching. Even though the magnitude of this
effect is rather small compared to the oxide-induced guiding, it seems generally favorable
to aim at etching slightly more than maximum threshold gain depth in order to exploit
both effects, large threshold gain contrast in combination with some anti-guiding.

As regards high-frequency behavior, it has been mentioned before that photon lifetime
decreases with increasing loss, which applies for mirror loss as well. It could therefore
be expected that surface-etched VCSELs tend to have higher modulation bandwidths.
However, especially in large devices having a small surface etch, the increased sponta-
neous emission leads to increased noise, which is detrimental for high-speed modulation.

In summary, the approach of self-aligned surface etching basically relies on mode-selective
losses, which can easily be custom-tailored to specific needs by choosing appropriate spa-
tial etching patterns. Although it is also possible to achieve some anti-guiding as seen
in the last section, its impact is small and available only at the expense of a reduced
loss contrast. Even though in principle no special layer structure is necessary, superior
devices can be obtained by using slightly modified cap layers in crystal growth. An im-
mense flexibility is provided as this technique can be applied on a device-to-device basis,
meaning arrays of VCSELs with individually designed mode behavior are feasible. Since
the employed loss mechanism is not absorbing but rather makes use of increased mirror
losses, an increase in total output power can even be expected for certain conditions.

3.2 Monolithically Extended Cavities

p-Bragg stack

GaAs cavity spacer
(2–8µm)

n-Bragg stack

n-contact

p-contact

oxide aperture

InGaAs quantum wells

Figure 3.10: Schematic view of a long monolithic cavity VCSEL. Sketched are also beam waist
distributions for fundamental and higher-order mode, illustrating the expected loss difference.
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As has been demonstrated repeatedly in literature, extending the cavity length can
result in significant improvement of single-mode emission, especially when introducing
mode-selective elements in the cavity. However, almost all of these approaches require
an external cavity configuration, meaning that at least one external element needs to
be aligned carefully to the VCSEL device. To benefit from long cavity mode control
without the disadvantage of manual alignment and external cavity setups, extending
the cavity length monolithically is investigated as a second main approach in this thesis.
The technologically most reasonable way to implement this approach is to include a
GaAs layer within the layer structure of a 980 nm-VCSEL just below the active region
as shown in Fig. 3.10.

3.2.1 Power-Current Characteristics and Thermal Improvement
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Figure 3.11: Schematic illustration of the
change in power-current characteristics with
cavity length in edge-emitting lasers.
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Figure 3.12: Simulated realistic power-
current curves for 7µm-VCSELs with differ-
ent cavity lengths. Parameters are given in
Table 3.1.

When considering two otherwise identical structures, a long monolithic cavity (LMC)
VCSEL already shows differences in output power vs. current behavior: as opposed
to edge-emitting lasers, where cavity length scales both internal losses and gain in the
same way, in VCSELs only the lossy passive cavity is extended while the vertically used
quantum wells still provide the same gain contribution. In edge-emitters, both thresh-
old and differential quantum efficiency increase therefore as cavity length is increased,
meaning that there is always an operating point where devices of different length emit
the same output power, as illustrated in Fig. 3.11. In VCSELs, a change in physical
cavity length transforms directly to the same change in effective cavity length Leff . How-
ever, as Leff is increased, threshold increases while differential quantum efficiency (DQE)
decreases, as can be seen from eqns. (2.43) to (2.45). Due to improved heat spreading,
thermal resistance decreases in LMC VCSELs at the same time, however. Power-current
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characteristics can thus be predicted by solving equations (2.42) and (2.47) numerically
(cf. appendix D.1) as shown in Fig. 3.12. The parameters used are given in Table 3.1,
where the measured values have been taken from actual devices in chapter 6, while all
other parameters except effective cavity length remained fixed once determined to match
threshold and DQE of the 1.8µm-length reference device. Note that although DQE de-
creases as predicted, the improved thermal resistance counteracts the resulting power
decrease such that the device with 2µm cavity spacer actually emits the maximum total
power.

Table 3.1: Simulation parameters for VCSEL LI-curves with varying cavity length.

device structure parameters (simulated):
λ ra dact Leff R Γr

980 nm 3.5µm 24 nm 1.8–9.8µm 0.97 1.8

measured quantities:
Uk Rd Rth Ith ηd

1.37–1.48 V 75–92 Ω 0.68–1.994 K/W 0.72–3.4 mA 0.51–0.67

internal parameters (matched to Ith and ηd):
ηi αi τs nt a Toff

0.9 50 cm−1 2 ns 1018 cm−3 4.5 · 10−16 cm2 300 K

The reason for this improvement of thermal resistance is twofold: firstly, the increased
physical cavity length directly results in an increased dλ/dT , since the same tempera-
ture change now produces a larger absolute change in optical cavity length, thus shifting
resonance wavelength more. This effect can be easily simulated using Reflex by chang-
ing the temperature parameter; the value of 62 pm/K for the reference device is thus
increased up to 76 pm/K for an 8µm-spacer device. Since thermal resistance is in-
versely proportional to dλ/dT , it is reduced accordingly, although this does not imply
any change in actual device temperature or its distribution.

The second effect reducing thermal resistance is an actual redistribution of temper-
ature within the device due to the additional homolayer. This is most conveniently
simulated using a simple electro-thermal finite element model. From one-dimensional
semiconductor device simulation (cf. appendix D.3), averaged longitudinal and radial
electrical conductivities can be obtained, which together with thermal conductivities
from literature [87, 88] are used to set up a finite-element model using FlexPDE (cf.
appendix D.4). This model numerically solves current continuity and heat diffusion
equations in a self-consistent way in order to obtain current paths and temperature
distribution from Joule heating within the device. Figure 3.13 displays resulting tem-
perature contours in a cross-sectional view for a regular and a 4µm-spacer device of
7µm aperture diameter. Even though the difference in thermal conductivity between
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Figure 3.13: Cross-sectional contour plot of the simulated temperature distribution in a regu-
lar (left) and a 4µm-spacer VCSEL (right). Due to the smaller thermal resistance of the GaAs
spacer layer, the heat crowding around the active region can be relieved.

the GaAs spacer and the AlGaAs/GaAs n-mirror is not very large (40 W/Km over
37 W/Km laterally), the improved lateral heat path avoiding the vertical heat barriers
(9 W/Km vertically) causes a significant redistribution of heat. The maximum tempera-
ture, occurring in the p-mirror close to the active region, is thus reduced by 20 ◦C owing
to this simple modification. Figure 3.14 provides further insight into this matter by
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Figure 3.14: Simulated vertical temperature distribution at r=0 (left) and r=Ra (right) for
different cavity spacer lengths. The interval shaded gray marks active region including oxide
aperture; dotted parts of the curves signify spacer layers.

plotting vertical temperature distribution cross-sections at the center of the device and
at the oxide aperture for different cavity lengths. Here it is observed that while a 2µm
spacer layer already reduces maximum temperature drastically, a doubling of the spacer
length to 4µm does not reduce temperature by the same amount anymore, confirming
a spreading effect which saturates at some spacer length value. Note also that some dis-
tance into the n-region, the temperature of the long cavity devices surpasses that of the
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regular device. This has a slight counteracting effect, since the total cavity length which
affects average device temperature is now longer and includes this region. Finally, the
resulting actual thermal device resistance can be obtained by including these tempera-
ture profiles in Reflex for different currents and calculating the resulting wavelength
change. Thus, the FlexPDE model is validated macroscopically both electrically as
well as thermally by comparing total simulated resistances to measured values, especially
their characteristic dependence on device diameter.

3.2.2 Transverse Optical Guiding

Transverse mode behavior is altered in oxidized LMC VCSELs due to two interdependent
effects: firstly, transverse guiding is decreased due to the reduced longitudinal confine-
ment factor of the oxide layer. Secondly, the increased propagation length within the
structure leads to increased mode-selective loss.

Transverse optical guiding is generally dominated by the refractive index step caused by
the oxide aperture. If the cavity length is increased while keeping the oxide thickness and
position (relative to standing wave pattern) the same, weaker guiding is the result. The
magnitude of transverse guiding can be estimated from one-dimensional transfer-matrix
simulations (cf. appendix D.2) by determining resonance wavelength for oxidized and
unoxidized cases and exploiting the proportionality of wavelength change and refractive
index difference [15]:

∆n̄ = n̄
∆λ

λ
. (3.3)

In the cavity extension range from 2 to 8µm examined in this thesis, index guiding
is found to be reduced to 3.6 · 10−4 . . . 5.1 · 10−5 from originally 1.4 · 10−3 for a regular
device. This has also been confirmed experimentally by observing that thermal guiding
already surpasses built-in index guiding in 8µm-extended devices [27]. Additionally,
even in a hypothetical device without any transverse guiding change, the mode spot size
increases with cavity length as [89]:

w0 ≈
√

πλ0Lcav

8n̄cav

(
1 −√

R1R2

) . (3.4)

Since the lateral gain profile is limited, a larger spot size directly leads to a larger single-
mode operation range, therefore resulting in higher single-mode output power and larger
single-mode devices.

Figures 3.15 and 3.16 finally provide reflectivity spectra and selected standing wave pat-
terns for an 8µm-extended device also obtained from transfer-matrix simulation. As can
be expected, the extension of the cavity length causes the distance between the longi-
tudinal modes (resonance dips) to decrease, therefore making the appearance of several
longitudinal modes possible. The differences between these longitudinal modes can be
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seen from their standing wave patterns in Fig. 3.16: since the longitudinal mode order
is still very small, the standing wave patterns are shifted quite significantly. As seen
from the figure, this affects both the overlap with the quantum wells and the oxide aper-
ture. For the design wavelength, the quantum wells are positioned at a standing wave
antinode to provide maximum gain, while the oxide aperture layer resides in a node to
minimize transverse waveguiding. For the additional longitudinal modes, both of these
positions are shifted, resulting in an increase in threshold gain, i. e. higher threshold
current, and simultaneously in increased waveguiding. In practical devices, these two
conditions may interact such that one of the longitudinal “side” modes actually reaches
threshold before the center one does. While longitudinal multi-mode behavior is not de-
sired in single-mode VCSELs, it provides an excellent possibility to investigate different
guiding conditions in one and the same device (for an extensive investigation of the same
devices fabricated in this thesis, see [27]). By designing the layer structure accordingly,
longitudinal modes can also be suppressed efficiently, e. g. by choosing asymmetric po-
sitions for the resonance dips within the stop band or applying modulation doping in
field nodes of the desired mode, thus increasing the losses of the other modes.

3.2.3 Mode-Selective Losses

Additionally to the increase in spot size, mode-selective losses concerning higher-order
transverse modes increase with cavity length. For a first simple explanation, consider
Fig. 3.17. From the propagation laws of Gaussian beams we know that spot size in-
creases and radius of curvature decreases as the beam propagates. Since the light in the

51



3 Single-Mode Emission: Concepts, Approaches, and Modeling
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Figure 3.17: Schematic of aperture transmission loss in long cavity VCSELs. The Gaussian
beam with waist w0 is propagated for the cavity length L and transmission loss is calculated at
the aperture. The loss difference between LP11 and LP01 is plotted as excess loss in Figs. 3.19
and 3.18 for varying aperture and spot size.

laser cavity has to perform a complete round-trip to reproduce itself, we can separate
active region (with beam waist w0) and oxide aperture by the laser cavity length. As
cavity length is increased, spot size at the aperture increases accordingly, thus leading
to increased losses for all modes. This cavity length-dependent loss has been calculated
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according to the equations given in sec. 2.1.4 and plotted as loss difference between
fundamental and next higher-order mode in Figs. 3.18 and 3.19 (denoted as LP11 excess
loss). Firstly, it is observed that the maximum loss difference is constant and amounts
to 0.37, which we have already encountered in the surface-etch loss calculations in the
previous section. It is thus of interest to design the laser cavity such that this maximum
loss difference is reached. To this end, the LP11 excess loss is plotted as a function of
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cavity length for various aperture diameters in Fig. 3.18 and for varying beam waist in
Fig. 3.19. As can be seen by varying aperture diameter, a given aperture size directly
translates to an optimum cavity length and vice versa. However, for most reasonable
VCSEL aperture sizes, cavity lengths are far beyond what is technologically feasible
monolithically. When spot size is considered, however, it is observed that an increase of
beam waist results in a large increase in excess loss even for very short cavities. Since
it has already been pointed out that extending the cavity length in oxidized VCSELs
directly leads to a spot size increase, we can conclude that this same effect will also
improve mode discrimination by enhanced LP11 excess loss. A more general treatment
of aperture diffraction loss in an actual laser cavity can be found in [25]. The specific
case of the monolithically extended cavity VCSELs in this thesis has been examined in
detail in [90] using paraxial eigenmode analysis.

As a final consideration, the influence of cavity length on high-frequency behavior is
extracted from eqn. (2.58): since photon lifetime increases with increasing cavity length,
lower modulation bandwidth is the result (eqns. (2.66) and (2.69)). For very long cavities
it is convenient to split up central cavity and penetration depths into the Bragg mirrors
as

Leff = Lc + leff,t + leff,b , (3.5)

yielding

τp =
n̄gr (Lc + leff,t + leff,b)

c (αcLc + αeff (leff,t + leff,b) − ln R)
(3.6)

for the photon lifetime with central cavity loss and effective loss in the Bragg stacks
denoted as αc and αeff , respectively. Increased loss after this equation generally leads
to higher modulation bandwidth, of course at the expense of threshold and thus output
power. With these two separate loss regions in long cavity VCSELs, it is therefore tech-
nically possible to increase αc until photon lifetime remains constant or even decreases
slightly for the cavity lengths of interest. Spectral linewidth, on the other hand, should
decrease, i. e. improve with increasing cavity length, as seen from eqn. (2.53).

We can therefore conclude that extending the central cavity length in VCSELs results
in both a reduction of transverse guiding as well as increased mode-selective losses. For
practicable monolithic cavity lengths of below several tens of micrometers, however,
decreased guiding is the dominating effect. An additional benefit of this approach is
the reduced thermal device resistance, while the possibility of longitudinal modes and
decreased modulation bandwidth may limit the practical cavity lengths.

3.3 Other Approaches

Apart from these two main techniques followed in this thesis, several other approaches
have been considered and tested but not examined as extensively. Two promising candi-

53



3 Single-Mode Emission: Concepts, Approaches, and Modeling

dates are presented in the following, which may also provide a convenient starting point
for further work on this subject.

3.3.1 Photonic Crystal Structures

Recently, much attention has been given to the formation of so-called “photonic crys-
tals” by introducing periodic refractive index changes in optical media. In analogy to
charge carriers in semiconductors, a “photonic band gap” is formed: photons of a certain
energy range cannot propagate in the material since they are strongly reflected by the
index profile. Photonic crystals thus provide large flexibility, since the properties are
fully determined by the geometrical arrangement of the refractive index variation, thus
even spatially varying photonic band gaps are possible. A brief overview of modeling
and fabrication techniques is given in [91]. The most straightforward fabrication tech-
nique for two-dimensional photonic crystals is simply etching air holes into the optical
medium, where hole diameter and pitch determine the photonic properties. This can
be exploited to guide optical waves around very tight bends in planar waveguides [92]
simply by leaving out some holes to provide paths where light can travel, also called
“defects”. The same technique can be used to construct photonic crystal fibers (PCF)
e. g. by a regular array of air holes along the fiber axis with a defect in the center [93, 94].
These novel fibers can provide much advanced waveguiding properties, including very
low loss and single-mode behavior with large mode spot size for extended wavelength
ranges. Since the penetration of the optical field into the air holes and thus the effective
refractive index in the cladding depends on wavelength, the arrangement of the holes
can be tailored to maintain single-mode conditions for any desired wavelength/spot size
combination. Since waveguiding properties in VCSELs much resemble those in fibers,
photonic crystals promise a new flexibility in transverse mode control of VCSELs as well.
In order to provide some first experimental data, in this thesis a lithography mask with
photonic crystal structures was developed which spans a technologically feasible param-
eter range (cf. appendix B.3). Fabrication of these “photonic crystal surface emitting
lasers” (PCSELs) is described in section 4.3.1, the corresponding measurement results
in section 6.7. Accompanying simulation is given in [95] and confirmed by subsequent
work of other research groups [57, 58]. A similar approach using a half-VCSEL without
a top DBR stack has shown lateral confinement of emission and narrowed far-field and
spectrum [96].

3.3.2 Carrier Distribution Shaping

Finally, the possibility of influencing the carrier distribution within the VCSEL should
not go unmentioned. Although only preliminary experimental results on this subject
were obtained in the present thesis [97], it is also an area of research to which much
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attention has been given lately. All approaches described above draw at least some of
their effect from mode-selective losses, i. e. the reduction of optical power for the sake
of improved beam quality. It is generally much more favorable, however, to redirect
carriers in such a way that the gain of the fundamental mode is increased at the expense
of higher-order modes, i. e. a mode-selective gain distribution is achieved. The most
straightforward technique to shape carrier distributions is by redirecting current flows
within the device, which is easily achieved by appropriate placement of current apertures.
Since such a current aperture is already used in selectively oxidized VCSELs, the main
question remaining is as to where the most useful placement is. To this end, finite-
element simulations are carried out using a realistic layer structure and current density
cross-sections in the active region are compared in Fig. 3.20.
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Figure 3.20: Simulated current density in active region for a regular VCSEL (a) and three
approaches to improve gain for the fundamental mode.

The regular VCSEL structure in Fig. 3.20 a) shows significant current crowding at the
aperture edges as is usually observed for devices larger than 10µm in diameter with ring-
shaped top contacts. While all three other approaches presented succeed in decreasing
this undesired current crowding, approach d) with a reduced p-contact diameter comes
closest to the ideal Gaussian current distribution. Since the central region of the p-
mirror is then covered with contact metal, however, this approach is only applicable to
bottom-emitting devices. The other two possibilities displayed employ a second aperture,
of which the drawback is increased guiding and series resistance, especially when the
opening is chosen very small as in approach b). A final interesting proposition in this
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field are self-defined current apertures [83], however, no practical devices have been
published in literature to date.

Highest single-mode output powers from very large VCSELs therefore are only to be
expected when carrier distribution shaping is employed along with mode control mech-
anisms. Although the very high single-mode powers reported from such approaches
open up completely new operating fields for VCSELs [47], usually external cavity con-
figurations are needed which in turn limit manufacturability and possibility for array
integration. Since such high powers are not immediately necessary for the standard
VCSEL applications targeted in this thesis, the main experimental part in chapters 5
and 6 is limited to the technologically very robust monolithic approaches of extending
the cavity length and self-aligned surface etching.

3.4 Stabilizing Polarization

Once the fundamental transverse mode is stabilized, polarization control remains the last
obstacle to obtain a truly single-mode VCSEL. Due to the circular device structure and
vertical use of the quantum wells, VCSELs generally do not have an intrinsic polariza-
tion preference. It is generally observed, however, that the emitted light in single-mode
operation is linearly polarized along one of the major crystal axes. Since the two po-
larization modes possess identical intensity distributions, they are fueled by the same
carriers. Therefore, it is clear that mode competition will cause almost exclusive os-
cillation of only one of the polarizations. Which polarization dominates is selected by
small anisotropies, which result in birefringence and dichroism and are usually caused by
crystal-structure dependent effects in fabrication or operation. Since these anisotropies
are rather small, changes in operation parameters such as current, ambient temperature
or modulation can cause polarization switches, where the dominant polarization changes
abruptly from one crystal axis orientation to the one rotated by 90◦. The necessity for
polarization-stable VCSELs in polarization-sensitive setups is obvious. Additionally,
even though the two polarization modes in a single-mode VCSEL are nearly degenerate,
sudden polarization switches are also very detrimental to high-speed operation [98, 99].

As for transverse mode behavior, the investigation of VCSEL polarization properties
and their control have also been the subject of numerous scientific publications. All
polarization control attempts proposed so far generally try to introduce anisotropic loss
or gain in order to increase dichroism. If this intended dichroism is larger than unin-
tentional dichroism changes due to changing operating conditions, the VCSEL can be
called polarization stable.

Anisotropic gain can be introduced directly by growing on misoriented substrates, which
can have additional benefits such as improved quantum well crystal quality [100] and
increased gain magnitude in one crystal direction [101]. Comparison with devices grown
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on (100)-substrates shows polarization stability even under dynamic operation condi-
tions [102]. Anisotropic losses can be realized directly by employing asymmetric aper-
tures [103], or by providing anisotropic transverse boundary conditions, e. g. using elliptic
oxide apertures [49, 104] or slanted mesa structures [105]. A combination of mismatched
substrate and elliptical mesa approaches can be found in [106]. In-plane strain was dis-
covered as early as 1993 to be a mechanism to control polarization [107] via the elasto-
optic effect. Subsequent work has put this effect to use employing deep line etching on
finished VCSELs [108], incorporating strain into the mesa structure by exploiting oxide
shrinkage [109], or by applying variable strain to packaged VCSELs [110]. Naturally, as
for transverse mode control, external elements such as metal gratings [111, 112] or struc-
tured mirrors [113] may also be used to control polarization properties; using polarized
optical injection, the polarization of free-running VCSELs has also been influenced [114].
For applications where the polarization needs to be selected during operation, approaches
that provide reconfigurable polarization selection mechanisms are useful. This can be
obtained by applying a separate control voltage exploiting the electro-optic effect [115]
or by simply injecting the pump current asymmetrically [116].

A large amount of work has also been devoted to characterize and understand polar-
ization behavior, especially the sudden polarization switching. A detailed near-field
investigation of polarization in multi-mode VCSELs is given in [117]. An examination
of the polarization switching characteristics especially from low to high frequency po-
larization can be found in [118]. The frequency response [119] as well as the stochastic
dynamics of polarization switching [120] have also been investigated. Finally, a concise
overview of various models developed to explain polarization switching along with exper-
imental data can be found in [121]. The polarization-resolved measurements of VCSELs
fabricated for this thesis have been analyzed using a fully vectorial three-dimensional
model [122]. Using this model, intensity distributions of all three spatial components of
a polarization mode can be predicted, the two transverse components having actually
been measured [123].

The approach to control polarization chosen in this work is quite straightforward: build-
ing on the success of self-aligned surface etching, an elliptical etch shape is used in
order to provide anisotropic loss. The advantages of this method over the ones listed
above are no intentionally increased strain (which may influence device lifetime), single-
mode behavior is enhanced with the same mechanism, and the polarization is controlled
lithographically, i. e. can be defined during fabrication on a device-to-device basis.

Figures 3.21 and 3.22 provide a simple model to explain the mechanism of polarization
stabilization in elliptically surface-etched VCSELs. The general dependence of TE and
TM reflection coefficients versus transverse k-vector are given in Fig. 3.21. Considering
an etch ellipse (providing part of the transverse boundary conditions) having minor
diameter a and major diameter b, the transverse k-vector along the two ellipse axes is
related to ka and kb, with kb ≤ ka due to the inverse relationship. Figure 3.22 shows the
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Figure 3.21: General dependence of TE and TM reflectivity with transverse k-vector compo-
nent. Circles mark reflectivity for horizontal polarization (Fig. 3.22 left), squares correspond
to vertical polarization (Fig. 3.22 right). The total reflectivity is therefore always higher for
vertical polarization.

Figure 3.22: Schematic side views along minor and major ellipse axis for horizontal (left)
and vertical (right) polarization. TE and TM fields are given with their respective components;
the appropriate transverse parts are marked in Fig. 3.21 according to their orientation with
respect to minor and major ellipse axis.

two side views along minor and major ellipse axis along with schematic E-field vectors for
polarization along minor (horizontal) and major (vertical) axis, respectively (indicated
by arrows in the ellipses). For horizontal polarization (left sketch), the TE component of
the E-field is along the minor axis as well. The transverse k-component is therefore along
the major axis, i. e. kt equals kb for the TE component. The transverse k-component
for TM accordingly is found to be ka. These two points are marked in Fig. 3.21 as
circles; the analysis is repeated for vertical polarization and marked as squares in the
reflectivity plot. As a result we see that the reflection coefficients of vertical polarization
both for TE and TM components are larger than those for horizontal polarization,
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3.4 Stabilizing Polarization

respectively. Therefore, independent of the actual TE/TM-composition of the mode,
vertical polarization experiences higher reflectivity and therefore lower threshold gain or
positive dichroism. This polarization is thus stabilized as long as other effects do not
surpass the amount of dichroism introduced by the ellipse.

Considering Fig. 3.21 again, the universal origin of this polarization stabilization mech-
anism in accordance with [124] is the simple fact that the slope of TE reflectivity is
positive while that of TM is negative (below the kt corresponding to the Brewster an-
gle). It is therefore applicable for any device where kt remains smaller than the Brewster
kt; needless to say, the larger the ellipse aspect ratio, the further ka and kb move apart
and the larger the dichroism, i. e. the stronger the polarization selection. An increase of
the effect can also be obtained by increasing kt altogether, e. g. by increasing transverse
guiding.

The extremely flexible self-aligned surface-etching technique is therefore extended to
provide polarization control as well as enhanced single-mode emission simply by choosing
an elliptical etch shape. Thus, all advantages listed for surface etching apply here as
well. Further investigations of the elliptical surface-etching concept may be found in [84],
employing a vectorial 3D-model, and in [125], making use of a loss ellipsoid to explain
polarization behavior.
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4 Semiconductor Technology

After having provided some fundamental background on mode control in VCSELs in
the previous chapter, adequate fabrication techniques are now presented. However, it is
outside the scope of this thesis to provide in-depth information on layer structure design
and semiconductor growth. For general resonator design issues, the reader is referred
to [15], while VCSEL wafer growth as performed at the University of Ulm can be found
in [126] and [127]. The processing techniques used in this thesis have been inherited
mainly from [128] and [129]. Layer structure listings including the most important pa-
rameters of all samples investigated in this thesis may be found in appendix A. For most
samples grown by solid-source molecular beam epitaxy (SS-MBE), layer thickness varies
radially over the wafer due to the emission profile of the MBE effusion cells. Since reso-
nance wavelength is directly determined by layer thickness, varying gain peak vs. cavity
resonance detuning is obtained depending on radial position. Such samples are thus
very valuable for investigating mismatching effects; e. g. comparing devices optimized
for different operation temperatures of one and the same layer structure. In section 6.3,
varying mismatch is also shown to have strong influence on longitudinal modes of long
monolithic cavity VCSELs. Some samples (the ones labeled ’E’ in appendix A), have
been grown by metal-organic vapor phase deposition (MOVPE) and thus possess high
thickness uniformity; this is useful to obtain a large number of nominally identical de-
vices, e. g. for statistical polarization investigations (cf. Sec. 5.8).

4.1 Standard Process and Self-Aligned Surface Etching

This first section presents an outline of the self-aligned surface etching process devel-
oped in the course of this thesis [130]. The fabrication process for regular VCSELs is
introduced alongside, since they are easily made compatible. The great versatility in the
self-aligned process is that it is not confined to surface etching, but almost any kind of
emission window structuring may be employed in its place in a self-aligned manner, such
as the photonic crystal process described in section 4.3.1. The full process flow protocol
is given in appendix C with full information on resist types and chemicals used.

Figure 4.1 schematically illustrates the main stages in the fabrication of a self-aligned
surface-etched VCSEL (on the left side of the depicted wafer piece) and a regular device
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Figure 4.1: Schematic processing sequence for a self-aligned surface-etched (left device on
wafer piece) and a smaller diameter regular top-emitting selectively oxidized VCSEL (right
side). Details are explained in the text using the circled numbers.
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of smaller aperture diameter (right side). The circled numbers are used to refer to the
individual steps in the following text. Note that only cross-sectional views are shown,
which do not provide information on two-dimensional shapes (e. g. elliptical surface-etch
patterns). Specifically the large variety of surface-etch shapes and sizes may be found
in appendix B.1.

4.1.1 Self-Aligned Surface Etch

Processing commences by applying the self-aligned surface etching mask to the flat
wafer 1©. This first mask defines both mesa edge and surface-etching shape, thus pro-
viding a fixed relationship between the two. The regular unetched device on the right
side is defined by a simple circular shape defining the mesa size. In the second step 2©,
this resist is heated in order to render it insoluble to the solvents contained in photo re-
sists. This is necessary, since a second resist layer will be deposited, while the first needs
to remain unchanged. Also, surface-etching to the desired depth is carried out, usually
using a slow wet chemical process for best depth control. 3© shows the sample after de-
positing the second resist, which simply covers up the surface-etched region. To illustrate
the self-alignment, this resist is sketched slightly misaligned. Since this cover-up resist
is smaller than the mesa edge but larger than the surface-etched region, a misalignment
of up to 7µm can be tolerated in the present mask set. Top-view photographs of these
first three steps are also shown in Fig. 4.2. Note the characteristic rounding of the resist
edges after the heating step; since the resist position of the wafer remains unchanged,
this does not compromise the desired device shape. Incidentally, the rounding of the
edges actually slightly improves sidewall roughness. For special layer structures grown
to anti-resonance thickness, inverted surface etching is carried out in much the same way
by using an appropriate first mask (cf. Sec. 3.1.5). Note that “regular” devices are then
obtained by making the surface-etched region the same size as the emission window, i. e.
the inner p-contact ring.

4.1.2 Mesa Etching and Selective Oxidation

After covering the surface-etched region, mesa etching is carried out 4©. Again, for
simplicity and speed, a wet chemical process is employed. Depth control is not very
critical, as long as the aperture layer for oxidation is well exposed; therefore, target
etch depth is usually up to the active region. The characteristic undercut due to the
isotropic nature of wet etching can be tolerated up to 7µm in diameter (about 3.5–
4µm etch depth) in the present mask set. After removing all resists, selective oxidation
is carried out in a pressure- and temperature-controlled furnace with H2O-saturated N2

atmosphere [129]. Since oxidation width is constant, devices with smaller mesa diameters
result in correspondingly smaller active diameters as illustrated in the unetched device on
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4.1 Standard Process and Self-Aligned Surface Etching

1 32

Figure 4.2: Top-view photographs of steps 1©– 3© from Fig. 4.1 for an elliptically etched device.
Note the characteristic rounding of the resist edges in step 2©; The second resist in step 3© is
slightly misaligned, which is easily tolerated by the self-aligned manner of the process.

the right in 5©. Figure 4.3 provides some insight into oxidation shapes in realistic devices:
although oxidation is nearly perfectly isotropic, its slight crystal direction dependence
adds to that of the wet etching process. As a result, oxide apertures generally display
a slightly oblong diamond shape, which is more pronounced the smaller the device.
Although this does not affect transverse mode properties strongly, it has been found to
be the origin of additional birefringence [86]. Finally, a confirmation of the automatic
alignment of oxide aperture and surface-etch is provided in Fig. 4.4.

Figure 4.3: Oxide aperture images for three different mesa sizes on one sample. The outer
circle represents the ring contact opening (diameters: 14 (left), 16 (center), and 18µm (right)),
the darker region in the center is the oxide opening. Note the characteristic oblong diamond
shape due to etching and oxidation anisotropies, which is most pronounced for the smallest
device.
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15µm

ring contact

oxide aperture

surface etch

bond pad

Figure 4.4: Top-view image of a finished self-aligned surface-etched VCSEL showing align-
ment of oxide aperture and surface etch.

4.1.3 Electrical Contacts

The n-contacts to a top-emitting VCSEL is most easily formed by a full Ge-Au-Ni-Au
layer on the back of the substrate 6©. Hence, no lithography is necessary, but additional
doping is necessary in order to obtain an ohmic contact. To this end, Germanium is
deposited as a first layer, which is subsequently annealed at 400◦C to provide local
doping of the substrate. If thinning of the sample is required, e. g. to be able to cleave
individual devices, this must therefore be carried out before depositing the n-contact.
For this, the sample is glued p-side down to a glass substrate and thinned mechano-
chemically in a Brome-Methanol solution. The Ti-Pt-Au p-contact must be realized in
a ring shape to allow light emission; a lift-off technique is used employing a negative
photoresist as shown in 7©, where both resist and p-metal layers just after deposition
are depicted. In 8©, the resist has been lifted off, leaving only the desired ring-shaped
contacts on top of the mesas. Technically, the p-contact can also be deposited before
the n-contact meaning it is subject to annealing as well; even though this does not
affect contact resistance noticeably, the quality of its metal layers is preserved better if
annealing is avoided.

4.1.4 Passivation and Bondpads

To facilitate connection to the p-side, a Polyimide (7505) passivation layer is applied 9©,
which is structured as a regular negative photoresist and then cured at 300◦C. The pas-
sivation mask is chosen slightly smaller than the outer p-contact diameter to allow for
some misalignment. For convenience, cleaving trenches are included around each single
device; also, device numbers are imprinted into the passivation layer for identification.
As for the p-contact before, the Ni-Au bondpads are constructed by lift-off 10©. Due to
the positive and negative slope at the mesa top over the passivation edge, the bond-
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4.2 Fabrication of High-Speed VCSELs

pad metallization needs to be deposited while rotating the sample in the evaporation
chamber.

A top-view photograph of a finished elliptically surface-etched device is shown in Fig. 4.5
along with a close-up view of the surface etch itself, taken by atomic force microscopy.

bondpad

ring contact

surface etch

unetched region

mesa edge

Figure 4.5: Top-view photograph of a finished elliptically surface-etched VCSEL with atomic
force microscope close-up of the surface etched region (right side).

4.2 Fabrication of High-Speed VCSELs

For high-speed modulation-capable VCSELs, a special fabrication process is used, de-
signed to minimize device parasitics. The main advantages are smaller mesa diameters,
leading to smaller oxide areas and thus smaller parasitic oxide capacitance; also, a larger
distance between bondpad and n-semiconductor is achieved, reducing parasitic bondpad
capacitance. Additionally, the layout of the contacts is arranged such that direct connec-
tion using ground-signal-ground (GSG) microwave test equipment is enabled. Processing
protocols can again be found in appendix C, while mask set with complete list of dimen-
sions is given in appendix B.2. Since this process is significantly more time-consuming
than the regular process described in the previous section, it is only used when high-
speed modulation is actually to be performed. Figure 4.6 schematically depicts selected
stages in this high-speed process (using boxed numbers to distinguish from the standard
process), a top view of a finished device is shown in Fig. 4.7. Even though not included
in the sketch, self-aligned surface etching can be carried out identically as described in
section 4.1 simply by replacing step 1 with steps 1© – 3© from Fig. 4.1. For brevity, all
process steps common to the regular VCSEL process are not described in detail anymore.
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Figure 4.6: Schematic processing sequence for high-speed capable VCSEL including n-via.
Details referring to the boxed numbers are given in the text.
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4.2 Fabrication of High-Speed VCSELs

4.2.1 p-Mesa and Oxidation

In order to allow smallest possible mesa sizes (and thus lowest oxide capacitances), a
chemically assisted ion beam etching (CAIBE) process is used for fabricating the p-
mesa [128]. Thanks to the (adjustable) mechanical etching component, vertical mesa
sidewalls can be obtained 2 . Therefore, top and bottom mesa diameters are identical,
i. e. the outer oxide diameter is not significantly larger than the outer ring contact
diameter anymore. The mesa size can thus be chosen such that the oxide width just
traverses the inner ring contact diameter, ensuring minimum oxide capacitance 3 . As
far as the resist thickness is concerned, care has to be taken that a sufficient amount
of resist remains until the end of the etching process to protect the mesa top. Since
selectivity for the employed CAIBE process (50◦C, 2 sccm Cl2, 4 sccm Ar) is around
5–10, regular resist thicknesses above 1µm suffice for common mesa heights of 3–4µm.
Deposition of the ring contact is performed by lift-off as before 4 , this time before the
n-contact, however, since the subsequently increased topography would impair precise
alignment.

4.2.2 n-Mesa and n-Contact

For making the n-contact available at the wafer topside, the p-mesa is now protected by
a thick resist 5 and etched wet chemically to substrate depth 6 . Wet chemical etching
is advantageous for this process, since the n-contact can then be deposited onto the same
resist 7 ; the etching undercut enables lift-off with that same resist. The necessary etch
depth may be significantly reduced by including an n-doped GaAs layer of sufficient
thickness directly underneath the active region and using it to receive the n-contact.
Since in long monolithic cavity VCSELs, this layer is already included for mode control,
it has been used for this purpose when fabricating high-speed devices. It should also be
noted that a sufficiently large area (several hundred µm2) for the n-contact needs to be
provided, since its specific contact resistance is rather large.

4.2.3 n-Vias and Bondpads

In order to overcome the large topography (7–9µm), a planarization layer of thick Poly-
imide (7520) is now deposited and cured before passivation 8 . Both planarization as
well as passivation layer contain cleaving trenches as well as circular holes for the n-vias
9 , while device numbers are only imprinted into the thinner passivation layer. The Au
n-vias are then electroplated to reach the top of the polyimide stack after protecting
mesa and cleaving trenches with an additional lithography step 10 . Finally, bondpads
are connected to both p-ring contact and n-vias by lift-off as described before 11 . Since
the wafer back side is unprocessed, thinning can be carried out at any later time if
cleaving of small sample parts is necessary 12 .
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Figure 4.7: Finished high-speed capable VCSEL (in center) with two n-vias left and right at
125µm pitch for GSG-connection. For details on the individual components, refer to the mask
description in Fig. B.2.1.

4.3 Special Technology Steps

4.3.1 Photonic Crystal Structures

A straightforward way to include a photonic crystal structure in a VCSEL is to simply
etch an appropriate array of holes into the semiconductor. The large index contrast
between semiconductor and air guarantees a strong photonic crystal effect while keeping
the structure simple and monolithic. Care should be taken not to etch into the active
layers as this would increase losses due to non-radiative recombination drastically. The
photonic crystals may be incorporated into the regular VCSEL process in two different
ways: If self-alignment is desired, the process flow in Fig. 4.1 remains unchanged, except
that the surface etching step itself is replaced by the fabrication of the photonic crystal
structure. If the etch depth traverses high aluminum-content layers, however, this causes
oxidation of these layers when the aperture layer is oxidized subsequently, which increases
series resistance unnecessarily. To avoid this, the formation of the photonic crystal can
be carried out at any later stage in the process, at the expense of forfeiting self-alignment.
The photonic crystal structure itself is realized by applying the appropriate mask (cf.
appendix B.3) to a regular photoresist. Care should be taken that the resist is thin
enough to accurately reproduce the small holes while being thick enough for CAIBE
etching. Such a CAIBE-etched structure is shown in Fig. 4.8, confirming the feasibility
of such small holes with great accuracy. Adjusting resist parameters (essentially not
completely developing down to the bottom of the holes) and using appropriate CAIBE
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4.3 Special Technology Steps

settings, tapered holes for a more smooth transition may also be obtained as shown in
Fig. 4.9. A completed photonic crystal surface-emitting laser (PCSEL) finally is shown
in Fig. 4.10.

Figure 4.8: Longitudinal cross-sectional
view of an array of cylindrical holes
for photonic crystal structures in an
Al0.93Ga0.07As/GaAs Bragg mirror obtained
by chemically assisted ion beam etching.

Figure 4.9: Tapered photonic crystal holes.
Note that the right hole is not cleaved through
the center, making it appear less deep.

etched hole

oxidized mirror portion

Figure 4.10: Completed self-aligned photonic crystal surface-emitting laser. The lighter rings
around the holes stem from partial oxidation of the exposed high aluminum-content mirror
layers.
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4.3.2 Quasi-Planar Oxidized VCSELs

A significant improvement in surface topology can be achieved if selective oxidation is
carried out through well-placed holes rather than etching a full mesa structure. Fig-
ure 4.11 a) confirms the feasibility of this approach: even though the CAIBE-etched
holes are only 2µm in diameter, oxidation is very reproducible and the displayed ring
of six holes provides a nearly circular current aperture in the center. However, in order
to electrically isolate individual devices, additional measures have to be taken; either by
implanting the region around each VCSEL [131] or by etching narrow trenches. LED
operation of such a quasi-planar VCSEL with an etched trench is shown in Fig. 4.11 b),
where the current is injected with a probe needle at the bottom of the image. Emission
is only observed vertically from the oxide aperture in the top region of the image where
one oxidation hole has been left out and sideways through the trench sidewalls. A fin-
ished quasi-planar VCSEL is depicted in Fig. 4.11 c). The lithography edges of the ring
contact and device numbers are much better than for regular VCSELs thanks to the
improved topology. In this case, the usual passivation layer was still used underneath
the bondpads since it contains the device numbering. In principle, this is not necessary
if the holes are kept small enough. Then, the bondpad metal can be deposited at an
angle so it does not penetrate too deeply into the holes, where it would cause shorts
across the oxide.

a) b) c)

oxide opening

etched hole

oxidized region hole array

etch trench

Figure 4.11: Fabrication of a quasi-planar VCSEL: a) demonstration of isotropic oxidation
through 2µm-diameter holes, b) current confinement (revealed by spontaneous emission) by
appropriate arrangement of oxidation holes within a full VCSEL cell, and c) finished quasi-
planar VCSEL.
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5 Experimental Results:
Self-Aligned Surface Etching

In the experimental part of this thesis, a large variety of self-aligned surface-etched
samples has been fabricated according to section 4.1 and characterized extensively. The
present chapter displays an overview of these experiments in order to characterize the
nature of surface etching (or any spatially patterned mirror loss mechanism, for that
matter) and its interdependence with other VCSEL design parameters. The various
layer structures are labeled according to wafer growth position (’H’ for homogeneous),
design wavelength (three digits), p-mirror reflectivity (’R’ + number of mirror pairs)
and whether regular or inverted etching (’I’) is applied (cf. Sec. 3.1.5). On each wafer, a
lithography mask set with up to six different device sizes and 24 surface etching variations
is applied (cf. appendix B). On inhomogeneously grown wafers, the wavelength variation
caused by the layer-thickness variation can be exploited additionally to investigate the
influence of detuning. Since the mode control mechanism is applied during processing,
standard (unetched) devices for direct comparison are easily obtained simply by leaving
out the surface-etching step on some devices.

For simplicity, in this chapter the term “surface-etch size” or “surface-etch diameter”
shall refer to the central region where threshold gain is low. It therefore signifies the
unetched region in regular samples and the etched region in inverted samples. Unless
otherwise noted, all etch and aperture specifications refer to diameters.

5.1 Power-Current-Voltage Characteristics

Figures 5.1 to 5.4 provide a first impression of the impact of surface etching on the
output power-current-voltage (LIV) characteristics, using two different layer structures.
Sample 980r20 is a standard low-reflectivity structure with 20 p-mirror pairs designed
for 980 nm emission wavelength, but grown in an inhomogeneous position, which allows
for selection of devices having different emission wavelength. Sample h850r27i is grown
homogeneously, emitting at 850 nm and with 27 p-mirror pairs; the cap layer termination
is such that a threshold gain maximum is obtained, therefore inverted etching is applied.
As expected, the impact of surface etching is larger the lower the p-mirror reflectivity. In
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Figure 5.1: Surface-etched 980 nm devices
with low p-reflectivity of various aperture
diameters from sample 980r20; maximum
single-mode output power is indicated by the
marked data points.
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Figure 5.2: 6.8µm-devices with different
surface-etch diameters from sample 980r20.
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Figure 5.3: Surface-etched 850 nm devices
with high p-reflectivity of various aperture di-
ameters from sample h850r27i.
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Figure 5.4: 7.7µm-devices with dif-
ferent surface-etch diameters from sample
h850r27i.

the LIV-characteristics, this is derived e. g. from the threshold current variation with etch
size for a fixed oxide aperture diameter (compare Figs. 5.2 and 5.4). On the positive side,
the stronger influence of the surface etch in 980r20 results in larger single-mode ranges
(which are indicated by marked data points) and thus higher single-mode output powers;
all of the devices in Fig. 5.1 are completely single-mode! An increase of the differential
quantum efficiency with increasing aperture size is observed in this plot as well, which
in extreme cases can even reach instantaneous turn-on including hysteresis behavior (cf.
Sec. 5.6). The size of the surface etch also plays a much greater role in low-reflectivity
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5.2 Spectra and Mode Behavior

samples, as can be seen from the strong shape change of the LI-curves in Fig. 5.2. It is
also noteworthy that in low-reflectivity samples an improvement in single-mode behavior
is observed even when aperture and etch diameter have comparable dimensions.

Typical for any surface-etched device are kinks in the LI-curves, whenever higher-order
modes appear. This is easily explained by considering the change in intensity distribution
when higher-order modes arise: the amount of light in the etched region, where the
effective reflectivity is reduced, increases significantly, therefore augmenting total power
output. The fact that this effect can even cause the absolute power output of an etched
device to surpass that of a regular device (Fig. 5.4!) is discussed in section 5.4. For
a well-designed layer structure (i. e. a highly doped current-spreading layer below the
surface etch), the influence of surface etching on IV-behavior is negligible.

We can note therefore that with low enough reflectivity, it is possible by surface etching
to force virtually any size VCSEL to emit on the fundamental transverse mode alone.
However, a trade-off between single-mode current range (implying single-mode power)
and threshold (heating!) needs to be observed.

5.2 Spectra and Mode Behavior
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Figure 5.5: Spectra measurements on
a 3.2µm-etched 6.6µm-device from sam-
ple 980r20 confirming single-mode behavior
from threshold to roll-over.
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Figure 5.6: Efficient suppression of a
large number of transverse modes in a
low-reflectivity 4.6µm-etched 15.3µm-device
from sample 980r20.

Opposed to long monolithic cavity VCSELs, transverse mode spacing is large enough
for most surface-etched devices to use spectral analysis for determining single-mode
operation ranges. Figures 5.5 and 5.6 provide a good impression of the strong mode
suppression possible with surface etching. Both devices stem from sample 980r20, i. e.
an inhomogeneous low-reflectivity 980 nm sample. As predicted in section 3.1, devices
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5 Experimental Results: Self-Aligned Surface Etching

of virtually any aperture size can be forced to operate completely single-mode by choos-
ing a sufficiently small surface etch. The spectra in Fig. 5.5 correspond to the device
with highest single-mode output power in Figs. 5.1 and 5.2, confirming well-behaved
single-mode emission with only a few strongly suppressed side-modes. Spectra of the
largest device in Fig. 5.1 are displayed in Fig. 5.6 and confirm that a large number of
modes can in fact be suppressed effectively over a large current range. Considering the
difference in detuning between these two devices, we can also conclude that detuning
is not a critical parameter for this mode-control method. A characteristic difference
of surface-etch spectra compared to regular devices is the large spontaneous emission
plateau observed. Two mechanisms contribute to enhanced externally available sponta-
neous emission: firstly, the mirror reflectivity is reduced in the etched outer region, thus
increasing the extraction efficiency. Secondly, lasing is suppressed simultaneously in the
etched region, which gives rise to a larger amount of spontaneous emission. While the
first effect does not have any negative influences, an increase in spontaneous emission
inside the laser cavity can increase noise (cf. Sec. 5.5). Optimum performance, both
for output power as well as for high-speed modulation, is therefore obtained when the
radius difference between aperture and surface etch is in the range of the carrier diffusion
length (a few µm).
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Figure 5.7: Spectra of a 4.3µm-etched,
6.6µm-device of low reflectivity; mode evo-
lution is similar to regular devices.
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Figure 5.8: Spectra of a 2.8µm-etched,
8µm-device with high reflectivity showing
preference for specific higher-order modes.

Figures 5.7 and 5.8 again compare a low-reflectivity 980 nm-sample (980r20) with a
high-reflectivity one emitting at 850 nm (h850r27). Here, the underlying mechanisms
leading to different single-mode behavior are easily seen: the smaller loss contrast be-
tween etched and unetched region in h850r27 is evident from the large number of modes
seen already at threshold. Even though they are suppressed sufficiently, the suppression
in 980r20 is much larger, where only one additional mode can be observed at threshold.
As current is increased, fundamental differences become evident: 980r20 behaves like a
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5.2 Spectra and Mode Behavior

regular VCSEL, whereas the higher-order modes increase in intensity in order of decreas-
ing wavelength. In h850r27, however, the first higher-order mode to obtain significant
intensity is LP02, and the “skipped” LP11 and LP21 actually remain significantly sup-
pressed up to the maximum current. Naturally, this effect only occurs when the device
is large enough to support all of these modes.

For explanation, consider Figs. 3.4 and 3.5 in section 3.1: for large mode spot sizes
compared to surface-etch size, the loss of LP02 can actually be smaller than that of
LP11. If the spot size does not decrease too much with increasing current, this situation
is preserved and LP02 will begin to oscillate as soon as sufficient gain is available as
observed in sample h850r27. In 980r20, however, the extremely high threshold gain in
the etched region makes laser emission impossible there, necessitating significant mode
shrinkage before higher-order modes are able to oscillate. With decreasing mode size,
i. e. moving to the left in Fig. 3.4, the loss difference between LP01 and LP02 increases
and at some point LP11 experiences lower losses than LP02.

Further insight into this matter is gained by measuring wavelength shift and mode spac-
ing versus operating current, since these provide information on thermal and guiding
conditions within the VCSEL. Figure 5.9 displays these measurements for three devices
of 6.6µm aperture diameter with varied surface etching from sample 980r20. It is easily
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Figure 5.9: Transverse mode spacing (circles), wavelength shift (triangles) and output power
(solid line) versus current for three 6.6µm-devices of sample 980r20 with varied surface etch-
ing.

seen that the average temperature within the cavity (revealed by wavelength shift) is not
significantly affected by surface etching. The lateral heat distribution is altered drasti-
cally, however, leading to a stronger increase in thermal guiding (indicated by transverse
mode spacing) the smaller the surface etch. It should be noted that all three devices
possess about the same mode spacing at threshold, regardless of the actual current
value. In regular (multi-mode) VCSELs, thermal guiding increases monotonously with
current, indicating a more or less fixed (parabolic) shape of the transverse temperature
profile which only changes in magnitude depending on current. The device with 4.3µm
surface etching therefore shows very unusual behavior in that the transverse mode spac-
ing remains constant as soon as the second mode appears. Since the wavelength shift
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5 Experimental Results: Self-Aligned Surface Etching

continues to increase normally, this simply signifies a change in the lateral temperature
distribution which remains constant for the rest of the curve. The appearance of the sec-
ond mode thus drastically alters the temperature profile. It may be concluded that the
lateral temperature profile does not necessarily need to be parabolic and is in fact also
influenced chiefly by the light intensity distribution. For this device, guiding therefore
remains constant as soon as both modes contain significant intensity.
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Figure 5.10: Pulsed spectra of a 6.6µm-
device with high reflectivity for various ap-
proximate peak pulse currents; the spectral
shapes are as for a regular device, however
the second mode to come up is LP02.
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Figure 5.11: Same measurement for a
4.4µm-device with low reflectivity. The ob-
served heating within the 8 ns pulse is caused
by mode shrinkage due to thermal guiding.

In order to verify the presence of thermal effects, pulsed spectra measurements have
been taken. For regular VCSELs, the emission spectra can be prevented from shifting
with input current (i. e. thermal effects can be suppressed) if a pulse source is used with
below about 50 ns pulse width and duty cycles below 1%. Figure 5.10 confirms that
high-reflectivity surface-etched samples behave as expected, the position of the spectral
peaks does not change with input current. However, the preference for LP02 as second
mode is even larger than in cw operation. In contrast to the cw discussion above, the
mode spot size now remains constant, meaning that if we are dealing with a large spot
size (large device) with a small surface etch, the low loss of LP02 (cf. Fig. 3.4) will be
preserved for all currents. For the low-reflectivity sample in Fig. 5.11, however, very
unusual behavior is observed. Even though the shortest pulse width possible with the
test equipment is chosen, the spectral shape changes drastically even with small current
variations. Since no individual peaks can be discerned, the VCSEL is still operating
single-mode. It should be noted that although this device is slightly smaller than the
high-reflectivity one shown in Fig. 5.10, the difference in thermal resistance does not play
a role for the observations reported here. The most intriguing observation is that at first,
a blue shift of the leading edge is observed with increasing current. This means the device
turns on in an increasingly colder state, only to shift back to about the same emission
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5.2 Spectra and Mode Behavior

wavelength within the pulse duration. In the device presented, a spectral shift of up to
1.5 nm is observed within an 8 ns pulse. Again, we summon Fig. 3.5 for explanation:
such low-reflectivity small-etch devices already need a certain amount of thermal guiding
in order to reach threshold. Since heating is now suppressed strongly, threshold is raised
to a higher value in pulsed mode. The threshold wavelength, however, is observed to be
about the same since it is coupled directly to the threshold spot size. With increasing
pulse current, the higher gain available is able to overcome a higher amount of loss.
As a consequence, the device can turn on with a slightly larger spot size and earlier
within the pulse, i. e. with lower emission wavelength. While the current pulse lasts,
heating shifts the emission wavelength back to approximately the same value as before,
where the matching etch and spot size provide much lower loss, resulting in increased
emission intensity. It should be noted that the position of this long-wavelength peak
remains constant for a large current range. At about 16 mA peak pulse current, a shift
to longer wavelength is observed, indicating the onset of multi-mode emission. The fast
thermal effects in these measurements therefore confirm the origin of the exceptionally
high differential quantum efficiencies in cw operation to be thermal mode shrinkage
during operation. If the etch/aperture ratio is decreased, such a device may not turn
on at all anymore in pulsed mode, since the small amount of pulse heating does not
suffice to attain threshold spot size. Using longer pulses can remedy this, as is shown in
sec. 5.6 for the most extreme etch/aperture ratios employed, which even cause hysteresis
behavior in cw operation.
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Figure 5.13: Same measurement for
9.1µm-devices of sample h850r27 showing
much weaker dependence on surface-etch
size.

When discussing mode evolution in cw operation, a very useful plot can be obtained
by measuring the side-mode suppression ratio (SMSR) for various operating currents as
shown in Figs. 5.12 and 5.13. Typical for this measurement is a sharp transition from
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5 Experimental Results: Self-Aligned Surface Etching

high SMSR to low SMSR (i. e. single-mode to multi-mode operation) usually occurring
around 30 dB value. However, since it can also occur at somewhat lower values such as
about 25 dB in Fig. 5.13, this transition may be used as an even better criteria for single-
mode operation than simply adhering to the 30 dB value. SMSR measurements can also
be conveniently used to extract design rules when comparing devices of different etch
and aperture diameters. Figure 5.12 clearly demonstrates that for the low-reflectivity
sample examined, there is no point in using a surface etch smaller than 4.3µm for a
6.6µm aperture, since the SMSR behavior is not altered significantly anymore. The
region between 4.3µm and 5.4µm surface-etch diameter, however, is found to be rather
sensitive. When reversing this observation, it can be concluded that although it is pos-
sible to design surface-etched VCSELs with stable single-mode emission having a large
aperture tolerance (convenient for fabrication), in order to obtain maximum single-mode
power at minimum current, the ratio of etch and aperture diameter has to be controlled
very precisely. For the high-reflectivity sample in Fig. 5.13, however, in agreement with
the discussion in the previous paragraphs and sec. 3.1, only a very weak dependence on
etch size is observed, which results in a generally small single-mode range.
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Figure 5.14: Single-mode (30 dB criterion) current range (left) and maximum single-mode
power (right) versus unetched central area for three samples with 20, 22 and 24 p-mirror pairs.
Labels specify the aperture diameter in µm for each group of four differently etched devices.

Finally, in Fig. 5.14, single-mode current range and corresponding output power are
plotted for devices of various aperture and etch size processed from three samples with
different p-reflectivity. Although these devices are actually etched using an elliptical
shape relief (cf. Sec. 5.8), the general single-mode behavior is found to be the same for
regular round etched ones. The single-mode current range is taken as the difference of
maximum single-mode current and threshold current, which allows direct comparison of
the useful single-mode operation range. The two graphs therefore also contain implicit
information about the differential quantum efficiency, e. g. when two devices exhibit
similar single-mode current ranges but different output power. It is easily seen that the
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5.3 Near- and Far-Field

devices from sample 980r20 with the lowest reflectivity always provide the largest single-
mode current ranges and output power, as already observed in LI-curves in the previous
section. For these devices, single-mode power decreases continually the larger the surface
etch, regardless of aperture size. Therefore, the highest single-mode power is obtained
from the smallest device with the smallest surface etch. It is also noteworthy that while
single-mode power decreases almost linearly with increasing reflectivity for the devices
of about 7µm diameter, the difference between 980r22 and 980r24 is much smaller than
between 980r20 and 980r22 for larger devices. Also, the continuous decrease of single-
mode power with etch size is not so pronounced for the two high-reflectivity samples;
instead, a stronger dependence on device size is observed. From this comparison we see
that reliable high single-mode output power can be achieved by using low p-reflectivity
devices with aperture diameters of 6–8µm and a surface-etch area of about 5–10µm2

(i. e. etch diameters of 2.5–3.6µm). Large single-mode current ranges in combination
with low threshold and moderate output power (e. g. for data transmission) are achieved
again for about 5–10µm2 etch area but with smaller devices and higher reflectivity
(4–7µm aperture for 980r22, 3–5µm aperture for 980r24).

At this point we can already conclude that mode shrinkage due to the distributed mirror
loss and device heating is a fundamental mechanism in surface-etched VCSELs. However,
a limited spot size directly translates to a power limitation. Therefore, as opposed to
long monolithic cavity VCSELs, it is unlikely that extending the surface-etch concept
will yield much higher single-mode power unless additional measures, e. g. for carrier
distribution shaping, are taken.

5.3 Near- and Far-Field

Near-field measurements on surface-etched VCSELs have shown to be quite tedious in
alignment. The main reason for this is the fact that they are more sensitive to optical
feedback from the scanning fiber in the etched regions where the mirror reflectivity is
strongly reduced. When interpreting these near-field measurements, additional care has
to be taken, since the focal plane of the fiber within the VCSEL is slightly different
in etched and unetched regions. Still, Fig. 5.15 generally confirms the Gaussian shape
of the fundamental mode also in surface-etched VCSELs even across the surface-etch
boundary.

In order to determine the actual emission profile, far-field measurements are indispens-
able. Figure 5.16 shows that as expected (cf. Sec. 3.1.4), the surface etch introduces a
small amount of diffraction, since the light travels different optical lengths in etched and
unetched regions. Naturally, the amount of diffraction depends on the near-field inten-
sity distribution and thus changes with operating current. In fact it first decreases, since
mode shrinkage reduces the overlap of the fundamental mode with the etched region.
Only when higher-order modes appear the amount of diffraction increases again.
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Figure 5.15: Near-field measurement on a surface-etched VCSEL with Gaussian fit. Open
squares represent data points in the etched region.
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Figure 5.16: Far-field measurements on a
16.5µm-device with 5.2µm surface etch of
sample h850r27 for various currents. The
side lobes are caused by diffraction at the sur-
face etch.
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field angles for various devices versus current
from sample h850r27.
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5.4 Power Increase

Figure 5.17 provides a convenient summary of far-field measurements showing full-width
half-maximum (FWHM) angles versus current for various high-reflectivity devices. As
expected, large single-mode devices generally exhibit smaller far-field angles. When a
device turns multi-mode, however, the angle increases drastically as observed for the
6.5µm-device. This plot is therefore especially useful when devices are to be designed
according to far-field requirements. Typical requirements, such as below 6◦ for optical
backplanes [132] or below 7◦ for free-space intra-chip communication [133], are easily
met with these devices, e. g. by using the 11.5µm-device below 6 mA current, providing
up to 2.3 mW single-mode output power with below 6◦ FWHM far-field angle. For low-
reflectivity samples, far-field diffraction from surface-etching is generally comparable.
The strong angle increase induced by the transition to multi-mode is somewhat reduced,
however, since the intensity distribution is generally more confined to the unetched
region due to the larger threshold gain contrast.

5.4 Power Increase

As already mentioned earlier, the increased mirror losses in surface-etched VCSELs
which are used for mode discrimination, at the same time provide an increase of total
output power under certain conditions. Figure 5.18 illustrates this effect in detail for
6.0µm-devices from a high-reflectivity sample with various etch sizes. The connection
between surface-etch size, single-mode range and power increase is obvious: the smaller
the surface etch, the larger the single-mode range due to the increase in mirror loss,
which in turn causes an increasingly stronger power increase from higher-order modes.
Due to the high reflectivity, for sufficiently high current higher-order modes can actually
turn on in the etched region, which greatly enhances output power. Note that the
curves are very similar up to the point where the one with the smallest surface etch
turns multi-mode.

In low-reflectivity samples, this effect is usually not observed, since the loss in the etched
region is too large for higher-order modes to turn on there. Generally, mode intensity in
the etched region is too small in these devices for the enhanced emission to compensate
increased non-radiative losses stemming e. g. from increased heating. However, for spe-
cific etch and aperture dimensions, the single-mode power output of an etched device can
surpass the multi-mode output of an unetched one by up to 20%, as shown in Fig. 5.19.
This can only be explained by considering aperture edge losses and spatial hole burning:
in the multi-mode device, the higher-order modes are already large enough to experience
considerable scattering losses at the oxide aperture. Since these modes are suppressed
in the etched device, their gain can be used more efficiently by the fundamental mode,
provided the diffusion lengths are long enough for the carriers to reach the center re-
gion, thus reducing spatial hole burning. It is obvious that this effect is very sensitive
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Figure 5.18: Influence of surface-etch di-
ameter on power enhancement for a 6.0µm-
device from sample h850r27.
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Figure 5.19: Single-mode output power en-
hancement in a 5.8µm-device from sample
980r20 indicating reduced spatial hole burn-
ing.

to absolute aperture and etch dimensions as well as layer structure parameters such as
doping profiles and oxide layer position and thickness.
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Figure 5.20: Ratio of maximum output power of etched devices over that of unetched devices
of same size versus etch to aperture area ratio.

Figure 5.20 finally displays a power enhancement comparison of three samples having
different p-reflectivity but otherwise identical layer structure (as in Fig. 5.14, these are
actually elliptically etched). For the x-axis, the ratio of unetched area over aperture
area is chosen in order to have a general measure of etching impact independent of
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5.5 Modulation Characteristics

device size. The y-axis displays the amount by which the maximum output power is
increased compared to an unetched device of corresponding size (i. e. the point (1/1)
in the plot). It is observed that very large power enhancement above 500% is possible
with sample 980r24. As mirror reflectivity is decreased, power enhancement decreases
until it is generally below 1 for sample 980r20. Since the modes can either turn on or
not turn on in the etched region, there is an abrupt transition from power enhancement
above 1 to below (i. e. power decrease) with decreasing number of p-mirror pairs. The
dependence of power enhancement on etch/aperture ratio observed here again confirms
the previous discussion: for high-reflectivity samples, a smaller unetched area results
in more modes oscillating in the etched region (i. e. stronger power enhancement with
reduced etch/aperture ratio). For 980r20, however, a smaller surface etch increases
mode thresholds and thus reduces output power, since any mode to turn on has to fit
the smaller unetched area (i. e. power decreases with decreasing etch/aperture ratio).

If intrinsic losses (caused mainly by doping profiles) are adjusted accordingly, it is there-
fore possible to design high-reflectivity surface-etched VCSELs with threshold and out-
put power comparable to low-reflectivity unetched ones, with the benefit of increased
single-mode emission. However, highest absolute single-mode powers are obtained only
for low p-reflectivity and carefully chosen absolute etch and oxide sizes.

5.5 Modulation Characteristics

In order to judge the high-speed modulation capability of surface-etched single-mode
VCSELs, several measurements need to be taken. All devices presented in this section
were fabricated using a high-speed capable process (cf. Sec. 4.2) in order to reduce
parasitics. A first impression of modulation capabilities is gained by taking relative
intensity noise (RIN) measurements.

Figures 5.21 and 5.22 compare RIN curves of an unetched and a 3.4µm-etched 8µm-
device of sample h850r27. The strongly multi-mode emission of the reference device is
evident from the high-frequency resonance peaks which appear around 8 GHz for higher
currents. Naturally, such increased noise is detrimental for data transmission, especially
in this frequency range. The RIN measurements of the surface-etched device confirm
single-mode operation by the complete absence of these additional resonance peaks. The
total noise level is very similar to the regular device, which confirms the applicability for
high-speed modulation. This improvement is expressed numerically by extracting the
modulation current efficiency, which rises from 3.3 GHz/

√
mA for the reference device to

4.5 GHz/
√

mA for the surface-etched one. It should be noted that although the surface-
etched device requires higher currents due to the increased threshold, the shown current
spans are comparable.
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Figure 5.21: Relative intensity noise mea-
surements on a standard 8µm-device from
sample h850r27; MCEF is 3.3GHz/

√
mA.

0 2 4 6 8 10

-140

-130

-120

-110

-100

1.7 to 3.5mA

R
el

at
iv

e 
In

te
ns

ity
 N

oi
se

 (
dB

/H
z)

Frequency (GHz)

Figure 5.22: RIN measurements on a de-
vice of same size but with a 3.4µm surface
etch. Note the complete suppression of the
resonance peaks from higher-order modes;
MCEF is 4.5GHz/
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Figure 5.23: Small-signal response of a reg-
ular 4µm-device of sample h850r27i. Maxi-
mum 3 dB frequency is 8.7GHz for a current
of 2mA.
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Figure 5.24: Small-signal response of
an elliptically surface-etched 4µm-device of
sample h850r27i. Maximum 3 dB frequency
is 7.8GHz for a current of 7mA.

Small-signal current modulation response measurements of a regular 4µm-VCSEL from
sample h850r27i are given in Fig. 5.23 (due to the inverted structure, this device actu-
ally possesses a 6µm surface etch, which is equivalent to a regular device on a standard
sample). A maximum 3 dB corner frequency of 8.7 GHz is observed for a bias current of
2 mA, which is sufficient for error-free 10 GBit/s digital modulation. The same measure-
ment on an elliptically surface-etched device of same size in Fig. 5.24 shows that again,
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5.5 Modulation Characteristics

due to the higher threshold, higher bias currents are needed but 10 Gbit/s modulation
is still feasible by using 7 mA bias.
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Figure 5.25: Eye diagram of the regular
4µm-device from sample h850r27i at 4mA
bias and 0.7V modulation voltage.
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Figure 5.26: Eye diagram of the ellipti-
cally surface-etched device at 7mA bias and
0.8V modulation voltage. Note the slightly
increased relaxation oscillations.

Once the optimum bias has been determined by small-signal analysis, the actual data
transmission experiment can be performed. A 10 Gbit/s pseudo-random bit sequence of
length 27 − 1 is fed to the VCSEL, transmitted over 4 km step-index multi-mode fiber,
filtered by a 7 GHz Bessel filter and analyzed with a bit-error detector. Figures 5.25
and 5.26 display eye diagrams of the regular and elliptically etched device for error-free
transmission (BER < 10−12) with peak-to-peak modulation voltages of 0.7 V and 0.8 V,
respectively. The only apparent difference in the eye diagrams is the slight increase in
relaxation oscillations for the etched device, which can be explained by the reduced mode
area: since not all carriers are directly coupled to the lasing mode as in the regular device,
an additional time delay is introduced to carrier dynamics, which enhances oscillations.
Even though this effect is not directly detrimental to the eye opening, the oscillations
may also extend below the logical 1 line, especially for larger devices with small surface
etch.

Finally, by varying the power at the detector using a variable attenuator, bit error rate
versus received optical power curves are recorded as shown in Fig. 5.27. It is easily
seen that the two devices behave very similarly, confirming that although significantly
different modulation parameters are necessary, the etched device supports 10 Gbit/s
modulation just as well as the regular one. The advantage of the etched device is seen
from the LI-curve in Fig. 5.38: the single-mode power available at 10 Gbit/s modulation
amounts to 4.1 mW for this device, while the regular device only delivers 2.4 mW multi-
mode.
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Figure 5.27: Comparison of bit error rate (at 10Gbit/s back-to-back data transmission) versus
received optical power at the photo diode for circularly and elliptically etched 6µm-devices from
sample h850r27i.

5.6 Power-Current Hysteresis

In section 5.1 it was already observed that the differential quantum efficiency of low-
reflectivity surface-etched VCSELs increases with decreasing etch size. The present
section examines devices where this effect has been taken to its most extreme manifes-
tation: the occurrence of switching behavior including hysteresis. Figure 5.28 provides
temperature-dependent LI-characteristics of such a device from sample 980r20 with
9.1µm etch and 12.6µm aperture diameter. For each temperature, the curves for up-
ward and downward current sweep are plotted on top of each other to reveal differences,
which are shaded in gray. A considerable amount of threshold hysteresis is observed
at room temperature, which decreases for both higher and lower ambient temperatures.
For very low temperatures, a new hysteresis region within the LI-curve is observed. The
extremely large threshold is typical for large-aperture, low-reflectivity surface-etched de-
vices, since the fundamental mode needs a large amount of thermal guiding before it
has shrunk enough to fit the surface etch and turn on. As soon as the device is lasing,
however, two effects alter the LI-behavior: firstly, additional heating due to local reab-
sorption changes the transverse thermal profile and therefore increases optical guiding
(cf. Sec. 5.2), causing the mode distribution to overlap even better with the surface
etch. Secondly, the stimulated emission causes a carrier gradient which redirects more
carriers into the fundamental mode by enhanced diffusion (cf. Sec. 5.4). Both of these
mechanisms thus have a self-sustaining effect on the fundamental mode. Since loss de-
pends strongly on spot size, the LI-curve itself is changed such that it possesses a lower
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Figure 5.28: LI-curves of a hysteresis device as a function of heat sink temperature. Aperture
and surface-etch diameters are 12.6µm and 9.1µm, respectively.

(virtual) threshold current for the new mode spot size. As long as this spot size can be
sustained, pumping current can therefore be decreased again while lasing continues with
almost constant intensity. As soon as the decreasing current has cooled the laser enough,
however, lasing breaks down almost instantaneously, since an increasing spot size results
in rapidly increasing mirror loss. The fact that this hysteresis is strongly temperature
dependent reveals a connection to gain peak vs. cavity resonance detuning. The largest
amount of hysteresis is obtained when the resonance is slightly blue-detuned, since local
heating then shifts the central area into the gain peak, adding a third self-sustaining
mechanism. As threshold hysteresis is naturally connected to threshold temperature de-
pendence, hysteresis decreases for both higher and lower ambient temperatures, where
threshold current increases. However, since for low temperatures all three self-sustaining
mechanisms are still available, hysteresis behavior of higher-order modes can be observed
as in Fig. 5.28 for −10◦C. This detuning-dependent behavior has also been confirmed by
measuring differently detuned devices from different radial positions on the inhomoge-
neously grown sample 980r20 at room temperature, which may be used e. g. to increase
the hysteresis range for higher-order modes.

The necessity of a thermal profile in these devices is confirmed by the pulsed measure-
ments in Figs. 5.29 and 5.30. Firstly, it is observed that a significant pulse length of
about 2µs is needed for the hysteresis device in Fig. 5.29 to turn on at all. When it
does, it exhibits a significant time delay, even though the pulse current is well above cw
threshold. An increase of pulse current while keeping pulse length constant results in a
continual decrease of the turn-on delay. Due to heat diffusion, the turn-on delay does
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Figure 5.29: Electrical pulse (top) and
optical response (bottom) of a hysteresis
VCSEL illustrating the amount of heating
(dissipated power × time) the device needs
in order to turn on.
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Figure 5.30: Pulse response of a large aper-
ture, small surface-etch VCSEL which does
not turn on in cw operation.

not depend linearly on current, however. Also, at a certain maximum current value, a
minimum (threshold) time delay is observed. Additionally to the total amount of heat
energy (electrical power × time delay) needed to turn on, the thermal response of such a
device is thus characterized by two time constants: a threshold time revealing the min-
imum time needed for the thermal profile to build up, and a thermal diffusion constant
characterizing the heat energy loss over time. The kinks appearing in the 60 mA optical
response are attributed to thermal guiding changes similar to the ones observed in cw
curves, which are thus found to occur on rather small timescales.

Figure 5.30 displays a device of same size but with a smaller surface etch which does not
turn on in cw operation at all, because threshold is already increased beyond thermal
roll-over by the large amount of mirror loss. When operating this device in pulsed mode,
it can be forced to turn on, but only with extremely high currents well beyond cw roll-
over which provide enough gain to overcome the high losses. If the pulse lasts long
enough, however, the device turns off again within the pulse, since the strong heating
decreases the available gain regardless of the high current.

In addition to the greatly improved single-mode behavior, surface-etched VCSELs may
thus also be designed to provide well-behaved power-current hysteresis. The presented
devices provide up to 6 mA hysteresis with about 2 mW optical power contrast. Since
fabrication is just as simple as that of single-mode surface-etched VCSELs (including
the possibility of using standard layer structures), these devices present an attractive
alternative to concepts involving additional quantum wells or external elements. Pos-
sible applications include optical switches, optical memory, and complex optical signal
processing chips [134, 135].
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Figure 5.31: Threshold current and that re-
quired for 1mW of output power versus heat
sink temperature for a regular 6.2µm-device.

20 30 40 50 60 70 80

5

6

7

8  threshold
 1mW

C
ur

re
nt

 (
m

A
)

Heat Sink Temperature (°C)

Figure 5.32: Same plot for a device with
3.2µm surface etch. Note the much im-
proved current stability for 1mW light out-
put.

Taking temperature-dependent LI-characteristics reveals a hidden advantage of the in-
creased threshold of surface-etched devices: since threshold is now determined by the
losses introduced by etching rather than the matching between gain peak and resonance
wavelength, it is less dependent on temperature. Figures 5.31 and 5.32 illustrate this ef-
fect for 6.2µm-devices of sample 980r20. It should be noted that although the absolute
values on the vertical axes on the two plots are different, the scaling span is the same.
In essence, this means that although threshold of the etched device is larger by a factor
of about 6, the absolute threshold variation in the temperature range shown amounts
to only 0.18 mA for the etched device, while the unetched one displays a continuous
increase of 0.59 mA total. Also plotted is the current needed to obtain 1 mW of output
power, where the difference is even more drastic: due to the extremely high DQE, the
etched device only requires about 1 mA more than threshold and is just as stable versus
temperature, making temperature control obsolete even for applications with stringent
power stability requirements. The regular device requires up to 5 times threshold for
1 mW of output and the change in absolute current for 20 to 80◦C amounts to 1.7 mA.
It should also be stressed again that the increased threshold of the etched device does
not necessarily transform into a much higher dissipated power as DQE increases simul-
taneously.

For preliminary lifetime testing, one unit cell of surface-etched devices of sample 980r20
was submitted to a setup with 70◦C ambient temperature and operated at a constant
current of 8 mA. Figure 5.34 again shows a 3.2µm-etched and an unetched 6µm-device
as a reference to the output power change from room temperature to 70◦C. The up
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Figure 5.33: Lifetime testing at 70 ◦C ambient temperature and 8mA constant current. Device
aperture diameters are (a) 4, (b) 6, (c) 8 and (d) 10 µm; etched devices emit single-mode,
unetched devices (solid lines) above 4µm aperture multi-mode.

to 50% higher power output at 8 mA for room temperature should be kept in mind
when considering the following lifetime plots where all measurements are taken at 70◦C
ambient temperature. It is also noteworthy that these are strongly blue-detuned devices
which are actually optimized for low operating temperatures as opposed to the devices
presented in the previous paragraph. Figure 5.33 shows the recorded output power versus
time for about 11 000 hours, grouped by device size. Obviously such an insignificant
number of devices is not sufficient to deliver valid lifetime estimations. However, even
from this simple setup, some conclusions may be drawn on the dependence of lifetime
on surface etching and device size.

As expected, all of the 4µm-aperture devices, which represent regular single-mode de-
vices (i. e. even the unetched reference devices emit single-mode), cease to operate within
the first 2 000 hours. Clearly, such devices are not suitable for commercial applications,
where mean time to failure values in excess of 10 000 hours are required. A few stages in
the failure of such a device are shown in Fig. 5.35: likely due to hydrogen passivation of
dopants in the p-DBR, currents paths change, causing leakage currents which increase
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Figure 5.34: LI-characteristics at room
temperature and 70 ◦C for an unetched
and a 3.2µm-etched 6µm-device of sample
980r20. Highlighted is also the operation
current of 8mA during lifetime testing.
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Figure 5.35: Typical LI-curve change dur-
ing the degradation of a 4µm-VCSEL at 70◦

C over about 1 000 hours (measured at room
temperature).

threshold and decrease output power. However, the voltage characteristics remain al-
most unchanged until the device is completely unfunctional; only then dislocations in the
active region cause a decrease in kink voltage and a large resistance increase [30]. The
great improvement of lifetime with device size due to reduced thermal resistance can al-
ready be observed with the 6µm-devices. Additionally, the 6µm-devices in Fig. 5.33(b)
display a clear dependence of lifetime on surface-etch size: the unetched (multi-mode)
devices operate steadily for more than 10 000 hours, while the etched devices stop lasing
the earlier the smaller the central unetched region. This cannot be explained simply by
the total thermal budget: the devices with smaller etch size actually emit more optical
power than the unetched ones (although they possess higher threshold as well), thus they
experience less total heating. The reduction in lifetime must therefore be attributed to
the rearrangement of local heating because of the smaller mode area (cf. Sec. 5.4) and
higher local carrier density. This means that in these devices aging is dependent on light
output as opposed to regular devices [30]. The 8 and 10µm diameter devices finally
seem useful for applications requiring lower output power but extremely long lifetimes.
Some of these devices are actually operated very close to threshold in this experiment,
which can cause power variations as for the 5.8µm-etched device in Fig. 5.33(d). Al-
though they all emit single-mode for the aging conditions, some of these large devices
turn multi-mode at room temperature.

It can thus be concluded that surface-etched single-mode VCSELs provide great po-
tential for increased lifetime as well as increased power output compared to standard
single-mode devices. Although lifetime is generally reduced in comparison with regular
multi-mode devices of same size, it is much improved over standard (small-aperture)
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single-mode VCSELs. This first examination thus provides a starting point for optimiz-
ing output characteristics versus lifetime. Naturally, extensive statistical investigations
need to be undertaken in order to be able to specify actual mean time to failure values
as performed in [33] for devices from similar batches without surface etching. Addition-
ally, carefully designing device and etch size along with resonance detuning can provide
enhanced output power stability versus temperature.

5.8 Elliptic Surface Etching

As introduced in section 3.4, an elliptical shape of the shallow surface relief may be
used to control the polarization of the emitted light in combination with an increased
single-mode operation range. This section summarizes measurement results from several
elliptically surface-etched samples. The first observation made was that 980 nm-devices
with InGaAs quantum wells showed only a very weak influence on polarization behavior,
which may be due to the strain inherent in the active region. Since all the 980 nm-samples
were grown in the same batch, however, this may need to be confirmed with samples
from different machines or batches. Therefore, this section presents measurement results
of two homogeneously grown 850 nm samples, namely h850r27 and h850r27i, are pre-
sented. The homogeneous growth provides the advantage that statistic investigations
can be made since a large number of nominally identical devices is available. Sample
h850r27 was processed using the SASR mask set “Elliptical 1” with ellipse aspect ratios
between 1:2 and 1:4 and various orientation angles (cf. appendix B.1). Sample h850r27i
was processed using the high-speed inverted elliptical mask set (appendix B.2) for mod-
ulation experiments, which contains aspect ratios 1:2 and 3:4 all with the major axis
along [011] crystal direction.

A second piece of h850r27, processed with mask “Elliptical SASR 2” did not show
conclusive polarization control due to a surface-etch depth of 62 nm (as opposed to 50 nm
for the first piece, cf. Fig. 3.2), which for this sample is rather close to the threshold
gain minimum. It is therefore concluded that polarization selection is more sensitive
to threshold gain contrast than single-mode behavior, since these devices still showed
increased single-mode ranges.

In order to remain within the scope of this thesis, extensive polarization investigations
are only presented on the selected 5 and 7µm-devices whose fabrication parameters are
given in Table 5.1. Reproducible polarization control in accordance with these results
has been obtained for all devices sizes on sample h850r27 with aperture diameters
ranging from 2 to 12.5µm, as well as for h850r27i.
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Table 5.1: Fabrication parameters for the elliptically etched devices from sample h850r27.

device aperture
diameter
(µm)

short
axis
(µm)

long
axis
(µm)

angle
to
[011]

5 90 5 2.25 4.5 90◦

5 45 5 1.95 5.9 45◦

5 0 5 1.8 7.2 0◦

5 U 5 unetched
7 90 7 2.3 6.9 90◦

7 0 7 3.8 7.6 0◦

5.8.1 Polarization-Resolved LI-Curves

The first and simplest way to characterize polarization behavior is to take polarization-
resolved power-current measurements as shown for the selected 5µm-devices in Fig. 5.36.
Two LI-curves are taken along minimum and maximum polarization of the fundamental
mode, which are usually along or very close to the two major crystal axes, and one
without the polarizer. Within the single-mode range, VCSELs generally emit linearly
polarized light, since the two competing polarization modes possess identical transverse
field profiles, i. e. one will dominate at the cost of the other. Since the differences in modal
gain are very small, slight changes in operating conditions (such as current, temperature
or modulation conditions) can reverse this preference, leading to a polarization switch.
In such a switch, as observed for device 5 45, the power of the dominant polarization
abruptly turns to zero while the suppressed polarization takes over, so that in the total
power curve no change is observed. Due to the random nature of this process, polariza-
tion switching is detrimental for noise-sensitive applications such as data transmission,
not to mention setups with polarization-selective optical elements. As soon as a second
mode appears with a different field profile, the two modes usually possess different po-
larization, which leads to a significant amount of intensity in both measured polarization
directions. Thus, a first estimate of the single-polarization range (and thus the single-
mode range) is obtained from the current values where the suppressed polarization first
exhibits significant power.

The most apparent effect of surface etching in Fig. 5.36 is the extended single-mode
range observed from the delayed onset of the suppressed polarization. Since the aperture
diameter is close to the maximum single-mode diameter, the unetched device 5 U only
displays an insignificant single-mode range, while the etched devices all remain single-
mode up to 3–4 mA. It is further observed that for devices where the etched ellipse
is oriented along one of the major crystal axes (devices 5 0 and 5 90), polarization is
stable for the whole single-mode range and aligned along the major ellipse axis. Device
5 45, however, exhibits the aforementioned switch, since the ellipse does not provide
a clear preference for either polarization. Although there is no switch observed for
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Figure 5.36: Polarization-resolved LI-characteristics of the four differently etched 5µm aper-
ture diameter devices. The insets illustrate orientation and aspect ratio of the etched ellipses.

the unetched device either, the small single-mode range is not sufficient to conclude
polarization stability. Figure 5.38 demonstrates the potential of elliptical surface etching
with above 4.5 mW single-mode, single-polarization power output from a 4µm-device
with a 2.0×4.0µm surface etch. Note that curiously, the polarization stabilization occurs
along the minor ellipse axis for this special case, which is attributed to the rather unusual
etch to aperture size ratios and the special layer structure [84]. As this device is processed
using the inverted structure h850r27i, the reference device for comparison in Fig. 5.37
is actually also surface etched, however with a 6.0µm-diameter round etch being much
larger than the aperture diameter. Since this sample was fabricated using the high-speed
process, modulation experiments were also taken which are shown in section 5.5.

5.8.2 Polarization Angle Statistics

Generally, individual LI-characteristics are not sufficient to obtain well-founded evidence
for polarization stability, since small variations in device geometry or layer structure may
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Figure 5.37: Polarization-resolved LI-
curves of a high-speed processed 4µm refer-
ence device with an inverted circular 6.0µm
surface etch.
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Figure 5.38: Above 4.5mW single-mode,
single-polarization power output observed
from a high-speed processed 4µm-device with
an inverted 2.0×4.0µm elliptical surface
etch.
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Figure 5.39: Polarization angle histograms
of dominant polarization for 62 5 0 and 58
5 90 devices demonstrating complete polar-
ization control.
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Figure 5.40: Polarization angle histograms
of dominant polarization for 60 7 0 and 7 90
devices each.

cause completely different polarization behavior just as changes in operating conditions
have shown to do before. To confirm the strength of the polarization selection, about 60
devices each of the 0 and 90◦-oriented 5 and 7µm-aperture devices have been measured
and plotted as histograms of measured angle of dominant and suppressed polarization in
Figs. 5.39 and 5.40. These plots demonstrate extraordinary strength of the polarization
selection mechanism, since all devices turn on with the dominant polarization aligned
to the major ellipse axis. Except for one 5 90 device, all of these devices remained
polarization stable for the whole single-mode range. Corresponding measurements on
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unetched 5 U-devices (not shown here) have revealed that 59 of 60 devices turn on along
[011], but 55 of these devices exhibit a polarization switch within the single-mode range.

5.8.3 Spectra and Temperature-Dependent Behavior
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Figure 5.41: Polarization-resolved spectra
of device 5 90 for a current of 3mA.
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Figure 5.42: Polarization-resolved spectra
of device 5 90 for a current of 10mA.

In order to investigate polarization stability in the elliptically etched devices even further,
polarization-resolved spectra have been taken at the same polarizer settings as the LI-
curves above. Figure 5.41 shows such a measurement for a 5 90 device at 3 mA, i. e.
within the single-mode range. It is seen that the suppressed polarization along [011]
is about 25 dB below the dominant one within the fundamental mode, while in the
higher-order modes already emerging, both polarizations are of about equal intensity.
As current is increased, the higher-order modes begin to oscillate, i. e. a significant
amount of power is observed along [011]-direction as well. When looking at spectra at
such a high current, e. g. at 10 mA in Fig. 5.42, it is observed that the fundamental mode
still possesses the same polarization orientation with similar polarization suppression. In
regular devices (without surface etching), such a measurement usually reveals a hidden
polarization switch within the fundamental mode but outside the single-mode range
where it cannot be observed by simple LI-measurements.

Further evidence for the strength of the polarization selection effect may be obtained
by applying in-plane strain [125, 136] or by observing polarization characteristics as a
function of heat sink temperature as shown in Figs. 5.43 and 5.44. The 5 0-device shows
remarkable polarization stability over the −10 to 90◦C temperature range. For the
unetched device in Fig. 5.44, however, it is observed that while the [011̄]-polarization is
generally the dominant one, for 50◦C and above, a polarization switch appears at around
1 mA. Naturally, such a behavior renders a device unusable for practical applications
which require predictable polarization.
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Figure 5.43: Temperature-dependent LI-characteristics along [011]-direction (left) and [011̄ ]-
direction (right) for a 5 0 device.
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Figure 5.44: Temperature-dependent LI-characteristics along [011]-direction (left) and [011̄ ]-
direction (right) for a regular unetched 5 U device.

Self-aligned surface-etching is thus proven to be a simple and effective means not only
to enhance single-mode emission but also to control polarization by using elliptical etch
shapes. In essence, this makes this technique an extremely versatile tool allowing the
most complex monolithic VCSEL array configurations with single-mode and polarization
properties defined on a device-to-device basis.
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6 Experimental Results:
Monolithically Extended Cavities
and Photonic Crystal VCSELs

In this second experimental chapter, measurements on long monolithic cavity and pho-
tonic crystal VCSELs are presented. The influence of an elongated cavity is investigated
using three samples containing an additional lightly n-doped GaAs spacer layer of thick-
ness 2, 4 and 8µm just below the active region. In the following, these are referred
to accordingly as lmc2, lmc4 and lmc8; the exact layer structures are given in ap-
pendix A. The brief experimental results on photonic crystal structures provided in the
final section should be understood as preliminary work; as the parameter range for this
approach is immense, these first results may be regarded a starting point for promising
future work.

6.1 Power-Current-Voltage Characteristics

In Fig. 6.1, LIV-characteristics for 7µm-devices of the three long monolithic cavity sam-
ples are presented along with a comparable standard sample. The marked data points
signify the maximum current and output power up to which single-mode operation is
maintained. The reference sample shows multi-mode emission already at threshold for
7µm aperture diameter. As expected, the single-mode range increases with increas-
ing cavity length. However, sample lmc8 already shows saturation behavior, i. e. the
single-mode range increase between samples lmc8 and lmc4 is significantly smaller than
between lmc4 and lmc2. As far as threshold is concerned, lmc2 and lmc4 actually
show less threshold increase than expected from Fig. 3.12, while lmc8 fits the prediction
extremely well. It should be noted that for different lmc8 device sizes, threshold does
not vary significantly (cf. Fig. 6.2), indicating that losses from the cavity extension al-
ready dominate threshold scaling with active area. The other three samples show strong
similarities in the general LIV-characteristics, confirming that the approach is applicable
for practical use. More specifically, the very similar differential resistances show that
the additional layer does not introduce substantial additional resistance.
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6.2 Transverse Mode Structure and Optical Guiding
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Figure 6.1: Comparison of a standard sam-
ple and the three samples with cavity elon-
gated by 2, 4 and 8µm for 7µm aperture di-
ameter. The marked data points indicate the
end of the transverse single-mode regime.
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Figure 6.2: Comparison of devices with dif-
ferent aperture diameters and an 8µm cavity
spacer.

The smaller kinks observed in Fig. 6.2 indicate that differences in modal gain for different
transverse modes already become significant for sample lmc8. When the mode pattern
changes, optical output power and differential quantum efficiency change accordingly,
as can also be observed for surface-etched devices (cf. Sec. 5.1) or proton-implanted
VCSELs [51]. The more pronounced kink around 6.5 mA in Fig. 6.1 is caused by a
longitudinal mode switch described in section 6.3.

Finally, Fig. 6.2 illustrates that by using appropriate cavity lengths, very large devices
can be forced to operate on a single transverse mode. Even though the single-mode
range e. g. for a 12µm-device is rather small, up to 2 mW single-mode power can be
obtained at a series resistance of only 42 Ω.

6.2 Transverse Mode Structure and Optical Guiding

Transverse single-mode operation regimes are determined from spectra measurements.
Figure 6.3 shows a series of spectra measurements on a 7µm-device from sample lmc2,
revealing single-mode operation up to 9 mA. The effect of reduced guiding in extended
cavity VCSELs is observed in the measurements on a 7µm-device from sample lmc8
in Fig. 6.4, where transverse mode spacing is strongly reduced. This means, however,
that single-mode ranges for larger devices of this sample cannot be determined by simple
spectra measurements anymore, since transverse mode spacing also decreases with device
size. A remedy is presented in section 6.4, where changes in the far-field angle are used
to estimate the single-mode range.
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6 Experimental Results: Monolithically Extended Cavities
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Figure 6.3: Transverse mode spectra for a 7µm-device from sample lmc4. Up to a current
of 9mA, no higher-order transverse modes are observed.
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Figure 6.4: Transverse mode spectra for a 7µm-device from sample lmc8 showing much
decreased transverse mode spacing (around 0.3 nm) pointing to reduced guiding.

6.3 Longitudinal Modes

Due to the increased cavity length, longitudinal modes become possible for the first
time in these VCSELs. The possibility of longitudinal modes can already be observed
in the reflectivity spectra in the form of additional resonance dips (cf. Sec. 3.2.2). When
operating the lasers, however, only those longitudinal modes will operate which receive
sufficient gain, which in turn depends on the overlap of standing wave pattern and
quantum wells. Generally, the longitudinal mode in the center of the stop band is
preferred since the Bragg mirror reflectivities are highest there. Depending on detuning
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6.3 Longitudinal Modes

and device temperature (e. g. during cw operation), different longitudinal modes can be
excited and even mode switching can be observed. From the three investigated samples,
lmc8 shows longitudinal mode switches depending on operating current especially for
small devices. lmc2 displays different modes depending on detuning, i. e. position on the
wafer. In a small transition region, the devices also switch modes depending on current.
For convenience, the term ’modes’ shall signify longitudinal modes for the course of this
section, unless otherwise noted.
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Figure 6.5: Longitudinal spectra of sample
lmc2 close to the wafer center.
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Figure 6.6: Longitudinal spectra of sample
lmc2 at the wafer edge.

Figures 6.5 and 6.6 document the transition from one longitudinal mode to the next
shorter wavelength one depending on wafer position on sample lmc2. Due to the ra-
dial layer thickness gradient on the wafer, devices with varying detuning from the long
wavelength side of the gain peak to the short side are obtained. By measuring devices
at different radial positions, it is found that the short wavelength mode takes over as
soon as its resonance wavelength is close to the gain peak at 980 nm, even though it
suffers from a much poorer longitudinal confinement factor. Mode switching depending
on operating current can be observed for devices below about 8µm aperture diameter
on sample lmc8 as shown in Fig. 6.9. The lasers on this sample generally operate on
the first short wavelength mode, before they switch to the central mode with higher
currents. This behavior can be understood if the different transverse guiding of the
different modes is considered: the short wavelength mode possesses stronger guiding (cf.
Fig. 3.16), which helps to reduce aperture losses especially for smaller devices. As soon
as the laser has heated up sufficiently, thermal lensing can provide enough additional
guiding for the central mode to take over, as it experiences higher (spectral and longitu-
dinal) gain. Since different longitudinal modes possess different near-field spot sizes and
thus differ in the transverse confinement, a longitudinal mode switch causes the output
power to decrease temporarily, as seen in Fig. 6.1. The threshold for the central mode
can be estimated by linearly extending the part of the power curve after the switch takes
place.
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6 Experimental Results: Monolithically Extended Cavities
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Figure 6.7: Longitudinal spectra of sample
lmc8 close to the wafer center.
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Figure 6.8: Longitudinal spectra of sample
lmc8 at the wafer edge.

Sample lmc4 does not exhibit any longitudinal mode switching, because a resonator
length was chosen which leads to an even number of resonance dips, i. e. there exists no
center mode. Due to the large distance to the reflectivity maximum at the stopband
center, the gain for the next shorter wavelength mode is too low for laser action even
for high currents or strong detuning. This behavior confirms that by using a proper
design, not only higher-order transverse modes can be suppressed but also longitudinal
mode switches can be eliminated. Considering the large number of possible modes,
sample lmc8 also shows a small tendency to switch. This again points to additional
losses introduced during growth, which affect individual modes due to the longitudinal
sampling. These in turn can be exploited in order to suppress certain modes e. g. by
modulation doping.

6.4 Near- and Far-Field

Near- and far-field measurements provide detailed insight into spectrally resolved mode
intensity distribution and optical guiding. This is especially useful for the long cav-
ity VCSELs with their extremely small spectral mode separation, where conventional
grating spectrometers already reach their resolution limit. Furthermore, the specifica-
tion of the far-field beam width provides a useful measure to characterize devices for
applications which require efficient fiber coupling.

When longitudinal mode switching takes place, the sudden shift in the standing wave
pattern results in a strong change in transverse optical guiding. Using these devices, it
is possible for the first time to investigate the influence of different guiding conditions
on the same device. Figure 6.10 illustrates this guiding transition via the near-field spot
size. Since stronger guiding results in a smaller spot size, the transition from a higher
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6.4 Near- and Far-Field

980975970965960

-80

-60

-40

-20

5.6
5.8

6.0
6.2

6.4
6.6
6.8

S
pe

ct
ra

l P
ow

er
 (

dB
)

C
ur

re
nt

 (m
A)

Wavelength (nm)

Figure 6.9: Longitudinal mode switch from the short wavelength to the center mode caused
by varying the operating current in sample lmc8.

0 2 4 6 8 10 12
2

3

4

spacer length
 2 µm
 4 µm
 8 µm

N
ea

r 
F

ie
ld

 S
po

t 
S

iz
e 

(µ
m

)

Current (mA)

Figure 6.10: Near-field spot size versus
current for the three long cavity samples.
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ples.
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6 Experimental Results: Monolithically Extended Cavities

longitudinal mode to the central one causes a switch to a larger spot size. The device
from sample lmc8 shows the expected behavior, that is a sudden spot size increase
as current is raised above the switch current. The device from lmc4 again confirms
that no switching takes place, the monotone near-field spot size decrease being due to
increasing thermal lensing. For comparison, a device in the transition region from central
to short-wavelength longitudinal mode on the wafer is chosen from sample lmc2 which
also switches from the short-wavelength to the central mode with increasing current.
The much larger guiding step compared to lmc8 observed in the near-field indicates a
larger shift in the standing wave pattern, which is due to the larger longitudinal mode
spacing corresponding to the shorter cavity spacer. Thermal lensing can be observed
for all devices in all the different index guiding regions. The same mechanisms can
also be observed in the far-field measurements given in Fig. 6.11. Due to the reciprocal
connection between near- and far-field, a longitudinal mode switch manifests as a sudden
decrease of the far-field angle and thermal lensing causes a monotone increase.
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Figure 6.12: Full-width half-maximum far-
field angle of 12µm-devices from the three
long cavity and a reference sample.
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Figure 6.13: Measured far-field cross-
sections of lmc8 for selected currents. Note
the very good agreement with Gaussian func-
tions.

Figure 6.12 compares far-field half-maximum widths of 12µm-devices without longitu-
dinal mode switches. For a certain current range above threshold, the far-field angle
only increases very little until it reaches a point where the slope increases drastically.
Spectra measurements on smaller devices suggest that this current range corresponds to
single-mode emission with a side-mode suppression ratio of about 15 dB. Therefore, this
far-field measurement can be employed to specify an estimate of the single-mode range
even for large long-cavity devices, where transverse mode spacing is too small to be
resolved by conventional spectrometers. For the plotted 12µm-devices, the large initial
angle shows that the reference sample already emits on multiple transverse modes at
threshold, whereas the single-mode range is increased to up to about 10 mA for lmc8.
Figure 6.13 displays the measured far-field cross-sections for currents where firstly the
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6.5 Thermal Behavior

fundamental mode dominates, secondly LP11 delivers most power, and thirdly a mix-
ture of different modes exists. The good agreement of the measured data with Gaussian
functions simultaneously confirms the validity of the cross-sectional measurements.

It may be concluded that by extending the cavity length, a significant reduction in trans-
verse optical guiding can be achieved, which in turn leads to greatly reduced far-field
emission angles. With sample lmc8 FWHM values below 4◦ were achieved. These
exceptionally low values can greatly improve performance in coupling and focusing ap-
plications.

6.5 Thermal Behavior

Another important aspect of long cavity VCSELs is thermal behavior. By introducing a
thick monolithic GaAs layer directly underneath the active region, especially the lateral
heat flow is improved significantly. By moving the heat barriers presented by the n-DBR
heterostructures away from the active region, its operation temperature can be reduced
significantly (cf. Fig. 3.14). This causes the emission wavelength shift with current to
decrease, as can be observed e. g. from Fig. 6.4, which provides an additional advantage
of long monolithic cavity VCSELs for wavelength-sensitive applications. Together with
the increase of wavelength shift with temperature (cf. Sec. 3.2.1), these effects combine
to produce a strongly reduced thermal resistance in long cavity VCSELs.
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Figure 6.14: Comparison of thermal resistance as a function of active diameter for all four
samples. The lines represent the best fit to the respective set of data points.

Figure 6.14 illustrates the reduction of thermal resistance by comparing values for all
available device sizes from the three long cavities and the reference sample. The mea-
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6 Experimental Results: Monolithically Extended Cavities

sured data is fitted using the function

Rth =
1

σ · ra

+ Rth,0 , (6.1)

yielding an average thermal conductivity of the layer structure σ as well as allowing for
an empirical constant offset Rth,0. The reciprocal dependence of thermal resistance on
active radius ra can be clearly observed for all samples; however, the layer structure
conductivity is increased from 0.14 to 0.87 mW/Kµm when comparing reference sample
and lmc8. The implications are especially important for devices with about 4 to 7µm
active diameter, which provide optimum single-mode operation. For these device sizes,
the thermal resistance is improved by a factor of 2–4, which directly improves device
lifetime.

6.6 Modulation Characteristics
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Figure 6.15: Relative intensity noise
measurements on a 3µm-device with 2µm
spacer from sample lmc2; MCEF is
2.5GHz/
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Figure 6.16: RIN measurements on a
5µm-device from sample lmc2; MCEF is
2.1GHz/

√
mA.

In order to completely characterize the influence of extending the cavity length on
VCSEL performance, high speed measurements were also carried out on samples lmc2
and lmc4. Figures 6.15 and 6.16 display relative intensity noise measurements on a 3
and a 5µm-device from sample lmc2. It is observed that while the characteristics are
generally suitable for high-speed modulation in both cases, the larger device already
shows a slight reduction in modulation current efficiency.

Figure 6.17 compares the small signal modulation response of sample lmc2 and lmc4.
As expected from the modulation equations (2.66),(2.69), the 3 dB corner frequency de-
creases with increasing cavity length. The experiments display a change from 4.1 GHz at
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Figure 6.17: Small-signal modulation response for long cavity VCSELs: (a) 2µm-aperture
lmc2, (b) 7µm-aperture lmc4 and (c) 7µm-aperture lmc4 with high-speed device layout.

4 mA for a 2µm-aperture lmc2-device to 2.1 GHz at 6 mA for lmc4 with 7µm aperture
diameter. These standard processed devices still contain significant parasitics, however,
which is documented by the measurements in Fig. 6.17(c) carried out on a high-speed
processed lmc4-device of same aperture size. The corner frequency is increased again
to 3.8 GHz at 4–6 mA, which promises high-speed modulation with improved series re-
sistance and device lifetime due to the large oxide aperture. More detailed data trans-
mission experiments using these devices can be found in [137].
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6 Experimental Results: Photonic Crystal VCSELs

6.7 Photonic Crystal VCSELs

Section 3.3.1 has already shown that incorporating a photonic crystal structure into
a VCSEL can provide unusual novel optical guiding effects which may be exploited
to provide enhanced single-mode emission. The present section provides measurement
results obtained from first Photonic Crystal VCSELs (PCSELs) where a hexagonal array
of air holes was etched into the p-DBR as described in section 4.3.1. In the following,
the characteristics of four selected devices will be presented, the relevant fabrication
parameters of which are given in Table 6.1. The devices are labeled according to the
photonic crystal (PC) hole size (Small or Large) and the aperture radius (9 and 12µm)
for convenient reference. The air/semiconductor ratio is calculated as the fraction of
the hole area in an infinite hexagonal hole arrangement without defect, thus giving
a general measure of the physical impact of etching on the device. The full PCSEL
parameter variations examined may be found in Fig. B.3.1 in the appendix. It should
also be noted that there already exists some follow-up work both in fabrication [57] and
simulation [58] with very similar photonic crystal parameters, which not only helps to
confirm these experimental findings but also highlights the significance of these novel
devices.

Table 6.1: Fabrication parameters for the presented PCSEL devices.

device aperture
radius
(µm)

hole Ø
(µm)

pitch
(µm)

air/s.c.
ratio

S9 9 0.75 3.4 0.04
L9 9 2.0 4.5 0.18
S12 12 1.0 4.3 0.05
L12 12 2.0 3.5 0.30

A first simple confirmation that electrical and optical confinement are indeed applied
separately in these devices is obtained by operation below threshold in LED mode.
Figure 6.18 shows such an image, where it is easily seen that the bright active area
is larger than the photonic crystal core area (the missing center hole). Even though
spontaneous emission is approximately constant within the oxide aperture area, the
strongly reduced mirror reflectivity in the holes leads to enhanced emission, making the
holes appear brighter. Due to scattering, some LED emission can even be observed from
the ring of holes outside the active area and from the mesa boundary. In lasing mode,
however, the highest intensity for the fundamental mode is found in the center of the
device.
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Figure 6.18: Image of a photonic crystal
VCSEL in LED mode, showing that the ox-
ide aperture diameter is larger than the pho-
tonic crystal core region.
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Figure 6.19: LIV-curves of the four se-
lected PCSEL structures. Marked data
points signify maximum single-mode output
power.

Figure 6.19 presents LIV measurements of the four selected devices. The most prominent
observation is the combination of high threshold and low output power of these devices,
which points to a large amount of additional loss introduced by etching the photonic
crystal structure. However, comparisons among the devices of the same aperture radius
or similar PC structure can still provide important insights into the nature and capa-
bilities of photonic crystal mode control in VCSELs. The fact that such large devices
emit single-mode at all (as indicated by the marked data points) already confirms the
existence of a photonic crystal effect. When comparing two devices of the same aperture
size, e. g. S9 and L9, it is observed that the PC fabrication parameters have a signifi-
cant impact on the LI-characteristics. While the IV-curve does not change drastically,
threshold is much lower for L9 – even though the air/semiconductor ratio of this de-
vice is about four times larger than that of S9, i. e. much more semiconductor material
has been etched away. The 12µm devices confirm this independence of LI-curve and
etched area, since no significant LI-difference is observed, even though PC fabrication
parameters have been varied strongly.

When single-mode operation ranges are considered, however, especially the 12µm-devices
show striking differences: even though the LI-curves are virtually the same (i. e. similar
loss is introduced by etching), S12 possesses a considerable single-mode range, whereas
L12 turns multi-mode right after threshold. The 9µm-devices in principle show the same
behavior, even though L9 also shows single-mode emission; S9 is completely single-mode
from threshold to turn-off (as confirmed in Fig. 6.20). L9 has only a comparatively small
single-mode range, although the reduced threshold thanks to lower losses, produces even
slightly higher single-mode power.
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Figure 6.20: Spectra of device S9 for var-
ious currents showing single-mode behavior
from threshold to turn-off.
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Figure 6.21: High-order photonic crys-
tal modes observed in the spectra of device
S12 while low-order LP modes are still sup-
pressed.

Figures 6.20 and 6.21 document the mode behavior of S9 and S12, respectively. With
device S9, a completely single-mode device of 9µm aperture radius has been successfully
fabricated, which promises stable single-mode emission under any circumstances. Device
S12 shows possible higher-order modes already for low currents, although they are still
suppressed more than 30 dB at 18 mA current. It is most notable that when S12 turns
multi-mode for higher current, it is not the regular LP modes that begin to oscillate but
very complex high-order photonic crystal modes at much shorter wavelength. This shows
that the higher-order LP modes have been eliminated successfully from this device. It
is thus only a question of optimizing the PC structure to suppress the photonic crystal
modes as well.

In order to further investigate the guiding conditions of PCSELs, measurements of trans-
verse mode spacing versus current have been performed, as shown in Fig. 6.22. Regular
VCSELs usually simply show a monotonous increase in mode spacing (i. e. guiding) with
increasing current due to thermal lensing. In surface-etched VCSELs, a pinning of guid-
ing has been observed when higher-order modes start to oscillate, which points to a
dependence of guiding on the transverse intensity distribution as well (cf. Sec. 5.2). The
most prominent feature of the PCSEL guiding measurements shown here are the large
absolute mode spacing values, which point to a large built-in index guiding caused by
the refractive index difference between semiconductor and air holes. This is generally
not desirable, since stronger guiding reduces the mode spot size, thus limiting maximum
output power. However, the comparison among the various devices can provide deeper
insight into the underlying guiding mechanisms. While L12 behaves as expected from
a regular VCSEL, all other three devices exhibit a guiding maximum around thermal
roll-over – regardless of single- or multi-mode operation. While the exact mechanisms
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Figure 6.22: Transverse mode spacing signifying guiding conditions versus current for the
four selected PCSEL structures.

of this behavior are as of yet unclear, these measurements provide a clear indication
that Photonic Crystal VCSELs offer novel guiding properties which may be exploited to
tailor mode shapes and their current dependence to specific requirements.

We can therefore conclude that even though introducing the photonic crystal structures
resulted in a significant increase of losses, it also produced a clear photonic crystal effect.
Consequently, as the photonic crystal modes take over, devices with similar LI-curves
can be designed with the ability to suppresses LP modes effectively. Design parameters
for various operation requirements can thus be formulated, ranging from threshold and
single-mode power optimized devices (L9) over tailored mode behavior with identical
LI-characteristics (S12 and L12) to completely single-mode devices (S9).
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7 Conclusion and Future Prospects

The thesis presented provides an overview of mode control possibilities in vertical-cavity
surface-emitting lasers (VCSELs). Since these semiconductor lasers are rapidly becom-
ing the devices of choice in many applications, investigation of their characteristics and
constructive proposals for improvement are a must. Optical mode behavior represents
one of their most fundamental properties, directly influencing beam quality, spectral
purity and high-frequency behavior. The scope of this work is therefore centered around
the investigation and improvement of mode behavior, both theoretically as well as ex-
perimentally.

As a starting point, a short introduction to basic properties of selectively oxidized
VCSELs is provided along with typical measurement data. Several mode control tech-
niques are presented, related to approaches found in literature, and underlying mecha-
nisms are introduced in an intuitive manner.

Based on an existing conventional VCSEL fabrication process, advanced processing tech-
niques have been developed in the course of this thesis in order to implement the proposed
mode control approaches. To obtain reproducible results, a self-alignment scheme was
developed which requires only one additional photolithography step. It is included easily
both in the standard as well as in an advanced high-speed modulation capable process
with reduced parasitics. While proving to be indispensable for surface-etched VCSELs,
especially for statistical examination of polarization behavior, this process also allows for
more advanced device structuring. The technologically most demanding process demon-
strated in this self-aligned manner is represented by the incorporation of photonic crystal
structures into a VCSEL with hole sizes and pitches in the µm-range with several µm
depth (using chemically assisted ion beam etching). The state-of-the-art epitaxial layer
structures have been reviewed and optimized for single-mode performance, including
special spacer layers, various modifications for surface-etching, and reduced guiding.

The provided extensive experimental data confirms that using these comparatively sim-
ple techniques, it has been demonstrated successfully that even devices of large aperture
size can be forced to operate reliably on the fundamental mode. In the following, the
most successful of the mode control approaches practically investigated in this thesis are
summarized along with experimentally achieved benchmarks of their capabilities:
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Self-aligned shallow surface etching, based on out-of-phase reflections at the topmost
layer in order to increase modal loss locally, has proven to be a very efficient, extremely
versatile technique. The possibility of self-alignment makes this approach very attractive
for commercial fabrication, since only one additional lithography and etching step is
required. Strong polarization control has been demonstrated with the same technique
simply by using elliptical etch shapes. Custom-tailored mode and polarization properties
can thus be obtained on a device-to-device basis.

Experimental highlights include:

• 5.7 mW single-mode output power from a 5.8µm-diameter 980 nm-device

• completely single-mode devices up to 16µm aperture diameter at 980 nm

• below 6◦ far-field angle with up to 2.3 mW single-mode output power at 850 nm
from a 11.5µm-device

• reproducible polarization control independent of temperature and mechanical strain
for 850 nm devices

• demonstration of 10 Gbit/s data transmission with a 4.4 mW single-mode, single-
polarization device at 850 nm

• up to 6 mA power-current hysteresis with 2 mW amplitude from a specially etched
12.6µm 980 nm-device

• device lifetimes above 10’000 hours at 70◦ ambient temperature

Long monolithic cavity VCSELs make use of increased diffraction losses in combination
with reduced transverse guiding to enhance single-mode emission. Main advantages
include the absence of additional fabrication steps (existing tolerances may even be
increased due to the thicker inner cavity), as well as greatly reduced emission wavelength
shift with current due to the reduced thermal resistance.

Achieved experimental data:

• 5.4 mW single-mode output power from a 6.5µm-diameter 980 nm-device

• below 4◦ far-field angle with up to 1.7 mW single-mode output power at 980 nm
from a 16µm-device

• demonstration of different longitudinal modes with completely different guiding
properties within a single device

• reduction of thermal resistance up to a factor of 4 using an 8µm cavity spacer

Photonic crystal surface-emitting lasers (PCSELs) represent a novel device type
formed by combining photonic crystal structures with VCSELs. The advanced guid-
ing properties of photonic crystals are used to tailor transverse mode behavior, allowing
to adjust optical confinement independently of the electrical confinement given by the
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7 Conclusion and Future Prospects

oxide aperture. Although technologically more demanding, these devices offer a wealth
of novel properties, obviously being suited ideally for use with photonic crystal fibers.

Results obtained to date:

• 0.5 mW single-mode output power from a 12µm-radius 980 nm-device

• completely single-mode devices up to 9µm aperture radius at 980 nm

• clear influence of photonic crystal structure on guiding properties

In the course of this thesis, several approaches have thus been proposed, examined,
and implemented successfully and record single-mode performance has been obtained.
The fabrication techniques developed are all easily implemented in standard production
processes. Especially the unique self-aligned surface-etching process combines high yield
and reproducibility with minimum effort. It should be stressed again that none of
these approaches is fundamentally restricted to the laser wavelength at which it was
demonstrated, i. e. the presented techniques can be transferred easily to other wavelength
regimes with only minor adjustments.

Other approaches, such as phase-coupled VCSEL arrays or separate apertures for electri-
cal and optical confinement, have been closely observed in literature. However, to date
none of the numerous monolithic attempts published has provided single-mode output
power even close to 10 mW. It is therefore concluded that while these simple mode-
control techniques suffice for (and bring great advantage to) low-power applications like
data transmission or low-power spectroscopy, completely new paths have to be opened
for high-power single-mode VCSELs well above 10 mW. A main point to be addressed
in this respect is seen in the non-uniform pumping profile of oxidized VCSELs. This
could be remedied by using (optically pumped) vertical external-cavity surface emitting
lasers (VECSELs, a. k. a. semiconductor disk lasers), albeit at the expense of increased
fabrication complexity due to the necessary external cavity alignment.

This thesis is thus concluded by presenting these results to the community, hoping
they may be beneficial for further work on this subject. Specifically the collaboration
during this work with several modeling and characterization groups all over the world
has already led to an increased insight into VCSEL modal properties which paves the
way for next-generation mode control techniques.
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Appendix

A Epitaxial Structures

This appendix provides brief layer structure summaries of all samples of which mea-
surements are presented in the thesis. Layers are specified with thickness and material
composition (gradings signified by ‘→’) along with their function within the device.
Sample labels beginning with ‘M’ or ‘H’ have been grown by MBE, while the ones la-
beled with ‘E’ are MOVPE-samples. Sample labels used in the text are also given where
appropriate.

M69/98

Standard 980 nm top-emitter, 18/40.5 mirror pairs

function material thickness (nm)
p-contact GaAs 22

layer GaAs 8
GaAs 30

p-DBR Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
17 × Al 0.47Ga 0.53As → Al 0.89Ga 0.11As 20

Al 0.93Ga 0.07As 51
Al 0.84Ga 0.16As 4

Al 0.84Ga 0.16As → Al 0.47Ga 0.53As 12
Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11

GaAs 49
aperture Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
mirror Al 0.47Ga 0.53As → Al 0.60Ga 0.40As 24
pair Al 0.60Ga 0.40As 120
oxide AlAs 27

aperture
p-GRINSCH Al 0.60Ga 0.40As → Al 0.47Ga 0.53As 28

Al 0.47Ga 0.53As 38
Al 0.37Ga 0.63As 75

GaAs 50
active In 0.18Ga 0.82As 8
region GaAs 10
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3 ×
n-GRINSCH GaAs 40

Al 0.37Ga 0.63As 75
Al 0.47Ga 0.53As 79

Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11
n-DBR GaAs 49
40 × Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11

Al 0.47Ga 0.53As → Al 0.84Ga 0.16As 12
Al 0.93Ga 0.07As 51

Al 0.89Ga 0.11As → Al 0.47Ga 0.53As 20
Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11

buffer GaAs 197
substrate GaAs

M17/99 (LMC2)

980 nm top-emitter with 2 µm cavity spacer, 18/40.5 mirror pairs

function material thickness (nm)
p-contact GaAs 24

layer GaAs 8
GaAs 30

p-DBR Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
17 × Al 0.47Ga 0.53As → Al 0.89Ga 0.11As 20

Al 0.93Ga 0.07As 52
Al 0.84Ga 0.16As → Al 0.47Ga 0.53As 12
Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11

GaAs 51
aperture Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
mirror Al 0.47Ga 0.53As → Al 0.60Ga 0.30As 25
pair Al 0.60Ga 0.40As 123
oxide AlAs 27

aperture
p-GRINSCH Al 0.60Ga 0.30As → Al 0.47Ga 0.53As 28

Al 0.47Ga 0.53As 39
Al 0.37Ga 0.63As 77

GaAs 45
active In 0.19Ga 0.81As 8
region GaAs 10
3 ×

n-GRINSCH GaAs 35
Al 0.37Ga 0.63As 77
Al 0.47Ga 0.53As 79

Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11
cavity GaAs 2036
spacer
n-DBR GaAs 51
40 × Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
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A Epitaxial Structures

Al 0.47Ga 0.53As → Al 0.84Ga 0.16As 12
Al 0.93Ga 0.07As 52

Al 0.89Ga 0.11As → Al 0.47Ga 0.53As 20
Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11

buffer GaAs 197
substrate GaAs

M67/99 (LMC4)

980 nm top-emitter with 4 µm cavity spacer, 18/40.5 mirror pairs

function material thickness (nm)
p-contact GaAs 35

layer GaAs 11
GaAs 14

p-DBR Al 0.11Ga 0.89As 1
17 × Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12

Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 12
Al 0.93Ga 0.07As 60

Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12

Al 0.09Ga 0.91As 1
GaAs 48

aperture Al 0.11Ga 0.89As 1
mirror Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12
pair Al 0.50Ga 0.50As 79

Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12
Al 0.20Ga 0.80As 35

Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
Al 0.37Ga 0.63As → Al 0.77Ga 0.23As 5
Al 0.77Ga 0.23As → Al 0.96Ga 0.04As 3

oxide AlAs 25
aperture

p-GRINSCH Al 0.96Ga 0.04As → Al 0.77Ga 0.23As 3
Al 0.77Ga 0.23As → Al 0.37Ga 0.63As 5
Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11

Al 0.20Ga 0.80As 35
Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12

Al 0.50Ga 0.50As 36
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 42

GaAs 51
active In 0.19Ga 0.81As 8
region GaAs 10
3 ×

n-GRINSCH GaAs 41
Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 42

Al 0.50Ga 0.50As 114
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12
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Al 0.11Ga 0.89As 1
cavity GaAs 4002
spacer
n-DBR GaAs 48
40 × Al 0.09Ga 0.91As 1

Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 12

Al 0.93Ga 0.07As 60
Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12

Al 0.11Ga 0.89As 1
buffer GaAs 159

substrate GaAs

M80/99 (LMC8)

980 nm top-emitter with 8 µm cavity spacer for surface etching, 18/40.5 mirror
pairs

function material thickness (nm)
p-contact GaAs 35

layer GaAs 11
GaAs 14
GaAs 145

p-DBR Al 0.11Ga 0.89As 1
17 × Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12

Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 12
Al 0.93Ga 0.07As 60

Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12

Al 0.09Ga 0.91As 1
GaAs 48

aperture Al 0.11Ga 0.89As 1
mirror Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12
pair Al 0.50Ga 0.50As 79

Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12
Al 0.20Ga 0.80As 35

Al 0.20Ga 0.80As → Al 0.37Ga 0.63As 11
Al 0.37Ga 0.63As → Al 0.77Ga 0.23As 5
Al 0.77Ga 0.23As → Al 0.96Ga 0.04As 1

oxide AlAs 20
aperture

p-GRINSCH Al 0.96Ga 0.04As → Al 0.77Ga 0.23As 1
Al 0.77Ga 0.23As → Al 0.37Ga 0.63As 5
Al 0.37Ga 0.63As → Al 0.20Ga 0.80As 11

Al 0.20Ga 0.80As 35
Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12

Al 0.50Ga 0.50As 36
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Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 42
GaAs 51

active In 0.19Ga 0.81As 8
region GaAs 10
3 ×

n-GRINSCH GaAs 41
Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 42

Al 0.50Ga 0.50As 114
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12

Al 0.11Ga 0.89As 1
cavity GaAs 8100
spacer
n-DBR GaAs 48
40 × Al 0.09Ga 0.91As 1

Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 12

Al 0.93Ga 0.07As 60
Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 12

Al 0.11Ga 0.89As 1
buffer GaAs 159

substrate GaAs

M10,M11,M12,M13/00 (850R21,23,25,27)

Standard 850 nm top-emitters for surface etching,
21,23,25,27/37.5 mirror pairs

function material thickness (nm)
p-contact GaAs 30

layer Al 0.11Ga 0.89As 15
Al 0.11Ga 0.89As 122

p-DBR Al 0.20Ga 0.80As 1
M10: 15 × Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 17
M11: 17 × Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 16
M12: 19 × Al 0.93Ga 0.07As 39
M13: 21 × Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 16

Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 17
Al 0.20Ga 0.80As 1
Al 0.11Ga 0.89As 27

p-DBR Al 0.20Ga 0.80As 1
5 × Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 17

Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 16
Al 0.93Ga 0.07As 39

Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 16
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 17

Al 0.20Ga 0.80As 1
Al 0.11Ga 0.89As 27
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aperture Al 0.20Ga 0.80As 1
mirror Al 0.33Ga 0.67As → Al 0.50Ga 0.50As 17
pair Al 0.50Ga 0.50As 30

Al 0.50Ga 0.50As → Al 0.23Ga 0.77As 24
Al 0.23Ga 0.77As 21

Al 0.23Ga 0.77As → Al 0.37Ga 0.63As 19
Al 0.37Ga 0.63As → Al 0.87Ga 0.13As 21
Al 0.87Ga 0.13As → Al 0.98Ga 0.02As 2

oxide AlAs 30
aperture

p-GRINSCH Al 0.98Ga 0.02As → Al 0.87Ga 0.13As 2
Al 0.87Ga 0.13As → Al 0.37Ga 0.63As 21
Al 0.37Ga 0.63As → Al 0.31Ga 0.69As 20
Al 0.31Ga 0.69As → Al 0.42Ga 0.58As 21
Al 0.42Ga 0.58As → Al 0.49Ga 0.51As 20
Al 0.49Ga 0.51As → Al 0.36Ga 0.64As 33

Al 0.28Ga 0.72As 41
active GaAs 8
region Al 0.28Ga 0.72As 10
3 ×

n-GRINSCH Al 0.28Ga 0.72As 31
Al 0.36Ga 0.64As → Al 0.49Ga 0.51As 33

Al 0.49Ga 0.51As 78
Al 0.49Ga 0.51As → Al 0.33Ga 0.67As 37

Al 0.20Ga 0.80As 1
n-DBR Al 0.11Ga 0.89As 27
37 × Al 0.20Ga 0.80As 1

Al 0.20Ga 0.80As → Al 0.50Ga 0.50As 17
Al 0.50Ga 0.50As → Al 0.93Ga 0.07As 16

Al 0.93Ga 0.07As 39
Al 0.93Ga 0.07As → Al 0.50Ga 0.50As 16
Al 0.50Ga 0.50As → Al 0.20Ga 0.80As 17

Al 0.20Ga 0.80As 1
buffer Al 0.11Ga 0.89As → Al 0.08Ga 0.92As 2

GaAs 133
substrate GaAs

H135,H143/00 (980R20)

980 nm top-emitter for surface etching, 20/29.5 mirror pairs

function material thickness (nm)
p-contact GaAs 53

layer GaAs 95
p-DBR GaAs 49
19 × Al 0.19Ga 0.81As 1

Al 0.31Ga 0.69As → Al 0.72Ga 0.28As 10
Al 0.72Ga 0.28As → Al 0.94Ga 0.06As 12
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Al 0.95Ga 0.05As 65
Al 0.94Ga 0.06As → Al 0.72Ga 0.28As 12
Al 0.72Ga 0.28As → Al 0.31Ga 0.69As 10

Al 0.16Ga 0.84As 1
aperture GaAs 176
mirror Al 0.19Ga 0.81As 1
pair Al 0.31Ga 0.69As → Al 0.72Ga 0.28As 10

Al 0.72Ga 0.28As → Al 0.94Ga 0.06As 12
oxide AlAs 31

aperture
p-GRINSCH Al 0.88Ga 0.12As → Al 0.48Ga 0.52As 15

Al 0.48Ga 0.52As 111
Al 0.48Ga 0.52As → Al 0.19Ga 0.81As 15

GaAs 46
active In0.19Ga0.81As 8
region GaAs 8
3 ×

n-GRINSCH GaAs 29
Al 0.11Ga 0.89As 1

Al 0.19Ga 0.81As → Al 0.51Ga 0.49As 15
Al 0.51Ga 0.49As 100

Al 0.51Ga 0.49As → Al 0.88Ga 0.12As 15
Al 0.95Ga 0.05As 70

Al 0.94Ga 0.06As → Al 0.72Ga 0.28As 12
Al 0.72Ga 0.28As → Al 0.31Ga 0.69As 10

Al 0.16Ga 0.84As 1
n-DBR GaAs 49
28 × Al 0.19Ga 0.81As 1

Al 0.31Ga 0.69As → Al 0.72Ga 0.28As 10
Al 0.72Ga 0.28As → Al 0.94Ga 0.06As 12

Al 0.95Ga 0.05As 65
Al 0.94Ga 0.06As → Al 0.72Ga 0.28As 12
Al 0.72Ga 0.28As → Al 0.31Ga 0.69As 10

Al 0.16Ga 0.84As 1
buffer GaAs 59

substrate GaAs

H16,H17,H18/02 (980R20,22,24)

980 nm top-emitter for surface etching, 20,22,24/33.5 mirror pairs

function material thickness (nm)
p-contact GaAs 48

layer GaAs 101
p-DBR GaAs 52

H16: 19 × Al 0.22Ga 0.78As 1
H17: 21 × Al 0.34Ga 0.66As → Al 0.75Ga 0.25As 10
H18: 23 × Al 0.75Ga 0.25As → Al 0.94Ga 0.06As 12
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Al 0.91Ga 0.09As 59
Al 0.94Ga 0.06As → Al 0.75Ga 0.25As 12
Al 0.72Ga 0.28As → Al 0.34Ga 0.66As 10

aperture GaAs 26
mirror Al 0.31Ga 0.69As → Al 0.72Ga 0.28As 10
pair Al 0.72Ga 0.28As → Al 0.94Ga 0.06As 17
oxide AlAs 26

aperture
p-GRINSCH Al 0.88Ga 0.12As → Al 0.48Ga 0.52As 17

Al 0.50Ga 0.50As 126
Al 0.50Ga 0.50As → Al 0.19Ga 0.81As 15

GaAs 39
active In0.18Ga0.82As 8
region GaAs 7
3 ×

n-GRINSCH GaAs 54
Al 0.19Ga 0.81As → Al 0.50Ga 0.50As 15

Al 0.50Ga 0.50As 40
Al 0.50Ga 0.50As → Al 0.87Ga 0.13As 17

Al 0.91Ga 0.09As 69
Al 0.94Ga 0.06As → Al 0.75Ga 0.25As 12
Al 0.75Ga 0.25As → Al 0.34Ga 0.66As 10

n-DBR GaAs 52
32 × Al 0.22Ga 0.78As 1

Al 0.34Ga 0.66As → Al 0.75Ga 0.25As 10
Al 0.75Ga 0.25As → Al 0.94Ga 0.06As 12

Al 0.91Ga 0.09As 59
Al 0.94Ga 0.06As → Al 0.75Ga 0.25As 12
Al 0.75Ga 0.25As → Al 0.34Ga 0.66As 10

buffer GaAs 59
substrate GaAs

E2735 (H850R27)

850 nm top-emitter for surface etching (homogeneous), 27/34.5 mirror pairs

function material thickness (nm)
p-contact GaAs 30

layer Al 0.10Ga 0.90As 127
Al 0.10Ga 0.90As → Al 0.90Ga 0.10As 18

Al 0.90Ga 0.10As 42
p-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
19 × Al 0.15Ga 0.85As 49

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

p-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 25

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
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Al 0.90Ga 0.10As 6
Al 0.96Ga 0.04As 15
Al 0.90Ga 0.10As 6

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 88

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
p-DBR Al 0.15Ga 0.85As 50

4 × Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 25

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 12
Al 0.90Ga 0.10As 6

oxide aperture Al 0.96Ga 0.04As 25
Al 0.90Ga 0.10As 6

Al 0.90Ga 0.10As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As 94
Al 0.35Ga 0.65As 40
Al 0.25Ga 0.75As 8

active GaAs 7
region Al 0.25Ga 0.75As 8
3 ×

n-GRINSCH Al 0.35Ga 0.65As 40
Al 0.50Ga 0.50As 60

Al 0.50Ga 0.50As → Al 0.90Ga 0.10As 12
Al 0.90Ga 0.10As 42

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 51

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

n-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
33 × Al 0.15Ga 0.85As 49

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 44

buffer Al 0.90Ga 0.10As → GaAs 18
GaAs 133

substrate GaAs

E2874 (H850R27I)

850 nm top-emitter for inverse surface etching (homogeneous),
27/34.5 mirror pairs

function material thickness (nm)
p-contact GaAs 90

layer Al 0.10Ga 0.90As 28
Al 0.10Ga 0.90As → Al 0.90Ga 0.10As 18

Al 0.90Ga 0.10As 42
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p-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
23 × Al 0.15Ga 0.85As 50

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

p-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 25

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 6
Al 0.96Ga 0.04As 11
Al 0.90Ga 0.10As 6

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 92

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
p-DBR Al 0.15Ga 0.85As 23

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 6

oxide aperture Al 0.96Ga 0.04As 15
Al 0.90Ga 0.10As 6

Al 0.90Ga 0.10As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As 99
Al 0.35Ga 0.65As 41
Al 0.25Ga 0.75As 8

active GaAs 7
region 3 × Al 0.25Ga 0.75As 8

n-GRINSCH Al 0.35Ga 0.65As 41
Al 0.50Ga 0.50As 60

Al 0.50Ga 0.50As → Al 0.90Ga 0.10As 12
Al 0.90Ga 0.10As 42

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 51

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 44

n-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
33 × Al 0.15Ga 0.85As 49

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 44

buffer Al 0.90Ga 0.10As → GaAs 18
GaAs 133

substrate GaAs
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E3394 (H850R27I)

850 nm top-emitter for inverse surface etching with etch stop (homogeneous),
27/34.5 mirror pairs

function material thickness (nm)
p-contact GaAs 49

layer
etch stop Al 0.90Ga 0.10As 10

Al 0.10Ga 0.90As 55
Al 0.10Ga 0.90As → Al 0.90Ga 0.10As 18

Al 0.90Ga 0.10As 42
p-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
23 × Al 0.15Ga 0.85As 51

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

p-DBR Al 0.15Ga 0.85As 25
Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18

Al 0.90Ga 0.10As 6
Al 0.96Ga 0.04As 15
Al 0.90Ga 0.10As 6

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 87

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
Al 0.15Ga 0.85As 23

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 6

oxide aperture Al 0.98Ga 0.02As 20
Al 0.90Ga 0.10As 6

Al 0.90Ga 0.10As → Al 0.50Ga 0.50As 12
Al 0.50Ga 0.50As 92
Al 0.35Ga 0.65As 41
Al 0.25Ga 0.75As 8

active GaAs 7
region Al 0.25Ga 0.75As 8
3 ×

n-GRINSCH Al 0.35Ga 0.65As 41
Al 0.50Ga 0.50As 54

Al 0.50Ga 0.50As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

n-DBR Al 0.90Ga 0.10As → Al 0.15Ga 0.85As 18
34 × Al 0.15Ga 0.85As 51

Al 0.15Ga 0.85As → Al 0.90Ga 0.10As 18
Al 0.90Ga 0.10As 42

buffer Al 0.90Ga 0.10As → GaAs 18
GaAs 133

substrate GaAs
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B Mask Layouts

The following provides a complete list of dimensions for the three main mask sets used
to fabricate VCSELs for this thesis. For each mask set, a figure illustrating how the
individual masks align is also given.

B.1 Self-Aligned Surface Relief (SASR) Mask Set

Self-Aligned Surface Relief Mask Set
Size 1 2 3 4 5 6
Ømesa 44 46 48 50 52 55
Øoxide 2–4 4–6 6–8 8–10 10–12 13–15
Øring,inner 12 14 16 18 20 23
Øring,outer 32 34 36 38 40 43
Øpassivation 30 32 34 36 38 41
Bondpad 150×150 150×150 150×150 150×150 150×150 150×150
SASR
Øetch,small 3.86 5.30 6.72 8.10 9.64 11.60
Øetch,large 5.04 6.16 7.52 8.96 10.42 12.60
SASR 4 Variations
Øetch,tiny 2.8 2.8 3.2 3.7 4.1 4.6
Øetch,small 3.3 3.6 4.3 5.1 5.8 6.6
Øetch,med. 3.8 4.4 5.4 6.5 7.5 8.6
Øetch,large 4.3 5.2 6.5 7.9 9.1 10.6
SASR 4 Variations Small
Øetch,tiny 1.0 2.8 3.2 3.8 4.4 5.2
Øetch,small 2.6 3.0 3.4 4.0 4.6 5.4
Øetch,med. 2.9 3.2 3.6 4.2 4.8 5.6
Øetch,large 3.2 3.4 3.8 4.4 5.0 5.8
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Elliptical SASR 1
Øetch,tiny 1.6/3.2/90◦ 2.0/4.0/45◦ 2.25/4.5/0◦ 2.7/5.4/135◦3.1/6.2/90◦ 3.7/7.4/90◦

Øetch,small 1.5/4.5/45◦ 1.7/5.1/0◦ 1.9/5.9/135◦2.3/6.9/90◦ 2.65/8.0/45◦3.1/9.3/60◦

Øetch,med. 1.45/5.8/0◦ 1.6/6.4/135◦1.8/7.2/90◦ 2.1/8.4/45◦ 2.4/9.6/0◦ 2.8/11.2/30◦

Øetch,large 2.3/4.6/135◦2.8/5.6/90◦ 3.2/6.4/45◦ 3.8/7.6/0◦ 4.4/8.8/135◦5.2/10.4/0◦

Elliptical SASR 2
Øetch,tiny 1.6/3.2/90◦ 1.9/3.7/0◦ 2.2/4.3/90◦ 2.6/5.1/0◦ 3.0/5.9/90◦ 3.5/6.9/45◦

Øetch,small 2.0/3.2/0◦ 2.3/3.7/90◦ 2.7/4.3/0◦ 3.2/5.1/90◦ 3.7/5.9/0◦ 4.3/6.9/0◦

Øetch,med. 2.4/3.2/90◦ 2.8/3.7/0◦ 3.2/4.3/90◦ 3.8/5.1/0◦ 4.4/5.9/90◦ 5.2/6.9/135◦

Øetch,large 2.8/3.2/0◦ 3.2/3.7/90◦ 3.8/4.3/0◦ 4.5/5.1/90◦ 5.2/5.9/0◦ 6.0/6.9/90◦

Table B.1.1: Complete list of dimensions for SASR mask set. Five different etch shape
masks are available (SASR, SASR4V, SASR4VS, SASR Ell and SASR Ell2). Listed are etch
spot diameters for the circular etches and the two ellipse axes with angle of the major axis
to horizontal for the elliptical etches. All dimensions are given in micrometers. Etch mask
“SASR 4 Variations Small” is also available in inverted form for etching the center region (cf.
Sec. 3.1.5).

00 L3
UNI ULM

mesa

bondpad

ring contact

passivation

cleaving trench

surface etch

Figure B.1.1: All necessary masks for a self-aligned surface-etched VCSEL superimposed.
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Figure B.1.2: View of a complete unit cell of the self-aligned surface etching mask set.
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B.2 High-Speed Array Mask Set

High Speed Array Mask Set
Size 1 2 3 4
Ømesa 20 22 24 26
Øoxide 2–4 4–6 6–8 8–10
Øring,inner 5 7 8 10
Øring,outer 17 19 21 23
Øn−mesa 50 52 54 56
Øplanarization 30 32 34 36
Øpassivation 15 17 19 21
Øvia 30 30 30 30
Bondpad 95×95 95×95 95×95 95×95
Relief-Mesa / Inverted
Øetch – 2.8 3.4 4.0
Relief Inverted Array
Øetch,small 2.4 2.8 3.2 3.8
Øetch.large 3.0 3.4 3.8 4.4
Øetch,reference 5.0 7.0 8.0 10.0
Relief Inverted Elliptical Array
Øetch,small 1.6/3.2 1.8/3.6 2.0/4.0 2.2/4.4
Øetch,large 2.4/3.2 2.7/3.6 3.0/4.0 3.3/4.4
Øetch,reference 3.0 4.0 6.0 7.0

Table B.2.1: Complete list of dimensions for High-Speed Array mask set. Three different
etch shape masks are available (Relief-Mesa, Inverted Array and Inverted Elliptical Array), of
which two are inverted and suitable for linear array fabrication. Listed are etch spot diameters
for the circular etches and the two ellipse axes with angle of the major axis to horizontal for
the elliptical etches. All dimensions are given in micrometers.
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planarization

n-mesa

bondpad

surface etch

passivation

p-mesa

cleaving trench

ring contact

n-via

Figure B.2.1: All masks for a self-aligned surface-etched high-speed VCSEL with an n-via in
125µm pitch.

B.3 Photonic Crystal VCSEL Mask

The photonic crystal VCSEL mask is in fact a mesa mask for the SASR mask set.
Therefore, in can be employed in a self-aligned manner as intended in SASR processing,
but may as well be used in a manually aligned manner to etch the photonic crystal
structure after mesa etching and oxidation. Figure B.3.1 shows a schematic view of
the 24 PC variations, with mesa diameter, PC hole diameter d and pitch L given in
micrometers.
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Figure B.3.1: Schematic view of the Photonic Crystal VCSEL etch mask.
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C Processing Protocols

For brevity, only two general processing protocols are displayed here describing a regular
and a high-speed capable self-aligned surface-etched selectively oxidized VCSEL process.
In both cases, regular VCSELs may be obtained by leaving out step 2 and using a
regular mesa mask in step 3. The surface-etch mask may be substituted for any other
modification of the output window, such as a photonic crystal mask with appropriate
etching. If self-alignment is not desired, this step can be carried out at any later time in
the process. Since it is much less complex, most VCSELs in this thesis were fabricated
with the regular process, except when high-speed modulation was to be performed.
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Processing SASR
wafer:___________________ geometry:

date:____________________

1. Cleaning

2. Etching of Relief

clean in acetone(hot)-methanol(hot)-isopropanol

dry 120 C, 10 min

spin on AZ 1512 9000 U/min, 40 s __________________________

soft bake AZ 90 C, 10 min

expose AZ mask "Mesa 4V Small" 13 s ____________________

develop AZ with AZ400K:H O 1:4, 18 s ____________________

etch relief wet chemically H SO :H O :H O 1:4:160 (leave idle for 10’)

time: ____________________depth:__________________________

_______________________________________________________

_______________________________________________________

o

o

2

2 4 2 2 2

heat AZ 7 min 120°C, 7 min 140°C, 15 min 170°C

remove AZ-leftovers O -plasma 10% O , 0.1 Torr, 33% RF, 1 min2 2

3. Mesa Etching and Oxidation

4. n-Contact

spin on AZ 1512 6000 U/min, 40 s __________________________

soft bake AZ 90 C, 10 min

expose AZ mask "Passivation" 15 s __________________________

develop AZ with AZ400K:H O 1:4, 20 s ____________________

heat AZ 120 C, 2 min

etch mesa wet chemically H SO :H O :H O 1:6:40

time:_ ___________________ depth:_________________________

_______________________________________________________

remove AZ MP(hot & airbrush)-A-M-I

HF-dip 0.1% 5s

oxidation, time: _________________ width:_ ___________________

_______________________________________________________

_______________________________________________________

_______________________________________________________

evaporate Ge(17nm)-Au(50nm)-Ni(10nm)-Au(50nm)

_______________________________________________________

_______________________________________________________

_______________________________________________________

anneal with program CJ4 (400°, 10 s)

o

o

2

2 4 2 2 2
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5. p-Ring Contact
clean A-M-I, dry 120 °C, 10 min

spin on ma-N 440 6000 U/min, 30s __________________________

soft bake ma-N 440 90 C, 5 min __________________________

expose ma-N 440 mask "P-Contact", 45 s ______________________

develop ma-N 440 with ma-D 332 S, 50 s ____________________

remove ma-D leftovers O -plasma 10% O , 0.1 Torr, 33.3% RF, 1 min

HF-dip 0.1 %, 5s or HCl:H O 1:1 30s

evaporate Ti(20nm)-Pt(50nm)-Au(150nm)

______________________________________________________

______________________________________________________

lift-off in MP-A-M-I, airbrush

o

2 2

2

6. Passivation

7. Bondpads

dry well (15 min. 120 °C)

spin on Polyimide 7505 9000 U/min, 30 s ____________________

pre-bake 100 C, 2 min

expose mask "SASR NumPass" 13 s ____________________

post-bake 100 C, 1 min

develop Polyimide with HTRD2 70 s, rinse in Isopropanol

curing ramp 100 C - 300 C in 15 C-steps, 1 h at 300 C,

cool slowly

spin on ma-N 440 6000 U/min, 30s __________________________

soft bake ma-N 440 90 C, 5 min __________________________

expose ma-N 440 mask "Bondpads", 45 s ______________________

develop ma-N 440 with ma-D 332 S, 70 s ____________________

evaporate Ni(20nm)-Au(150nm), rotating or in 2 steps

_______________________________________________________

_______________________________________________________

_______________________________________________________

lift-off MP(airbrush)-A-M-I

o

o

o o o o

o
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develop AZ with AZ400K:H 0 1:4, 60 s ____________________

remove AZ-leftovers O -plasma 10% O , 0.2 Torr, 50% RF, 2 min

remove surface oxide HF 2% 15 s

etch n-mesa wet chemically H SO :H O :H O 1:6:40

evaporate Ge(17nm)-Au(50nm)-Ni(10nm)-Au(50nm)

lift-off MP(hot)-A-M-I

anneal n-contact with program CJ4 (400°, 10 s)

clean in A-M-I

dry well (15 min. 120 °C)

spin on Polyimide 7520 8000 U/min, 30 s ____________________

soft bake Polyimide 100 C, 5 min

expose Polyimide mask "P10 Planarisierung" 11 s
leave corner for electroplating!

post bake Polyimide 100 C, 1 min

develop Polyimide with HTRD2 90 s, rinse in Isopropanol

curing ramp 100 C - 300 C in 20 C-steps, 1 h at 300 C,

cool slowly

spin on Polyimide 7510 9000 U/min, 30 s ____________________

soft bake Polyimide 100 C, 2 min

expose Polyimide mask "P10 Passivierung" 11 s,
leave corner for electroplating!

post bake Polyimide 100 C, 1 min

2

2 2

2 4 2 2 2

time: ______________________ depth: _______________________

6. Polyimide-Planarization

7. Polyimide-Passivation

o

o

o o o o

o

o

develop Polyimide with HTRD2 70 s, rinse in Isopropanol

curing ramp 100 C - 300 C in 20 C-steps, 1 h at 300 C,

cool slowly

cover back side with Blue Tape

electroplate gold

current: ____________ time: ____________ height: _____________

remove Blue Tape, remove resist MP-A-M-I

evaporate Ni(100nm)-Au(150nm), rotating or in 2 steps
(+gold-reinforcement 300nm if needed)

lift-off MP(hot)-A-M-I

glue to carrier with Crystal Bond

thin with 2% Br -CH OH

time:___________________________________________________

thickness before: _________________________________________

after:___________________________________________________

o o o o

8. n-Contact Electroplating

9. Bondpads

10. Thinning

spin on ma-N 440 6000 U/min, 30 s __________________________

soft bake ma-N 440 90 C, 5 min __________________________

expose ma-N 440 mask "P10 Galvanik" 40 s,
leave corner for electroplating!

develop ma-N 440 with ma-D 332 S, 70 s ____________________

o

clean with O -plasma 10% O , 0.2 Torr, 50% RF, 2 min2 2

spin on ma-N 440 6000 U/min, 30 s __________________________

soft bake ma-N 440 90 C, 5 min __________________________

expose ma-N 440 mask "P10 Bondpad", 45 s ___________________

develop ma-N 440 with ma-D 332 S, 60 s ____________________

o

2 3
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D Simulation Scripts

In the following, sample script files for the most important simulation programs used in
this thesis are provided. Maple is a commercial GUI mathematics program which is
used to solve simple equation systems, such as recursive equation sets for LI-curves or
numerical integration for far-field diffraction patterns. Reflex computes optical prop-
erties of one-dimensional multi-layer structures using the transfer-matrix method and
also includes a threshold search algorithm. It was developed at the University of Ulm by
Rainer Michalzik and Wolfgang Schmid. It is used mainly to design and analyze VCSEL
structures, specifically concerning optimum surface-etch depth and longitudinal modes.
SimWindows is a one-dimensional optoelectronic semiconductor device simulator. It
was developed by David W. Winston as a PhD. project and is available as freeware from
http://www-ocs.colorado.edu/SimWindows/simwin.html. In this thesis, it is used
mainly to obtain average conductivities of the complex heterostructures in VCSELs for
use with FlexPDE. FlexPDE finally is a commercial finite-element numerical solver.
Geometries, boundary conditions and a partial differential equation system to solve can
be specified freely; FlexPDE takes care of gridding and solving for the specified vari-
ables. In this thesis, it was used to compute current and temperature distribution in
selectively oxidized VCSELs as well as actual carrier distributions in the active layer
resulting from diffusion.

D.1 Maple

Power-Current Characteristics

Long Cavity VCSELs

> # numerical power-current-calculation for long cavity VCSELs
> # (units mA & mW)
> restart:
> # equations:
> # ==========
> P_opt:=P->h*c/(q*lambda)*eta_d(L_eff)*(i-i_th(L_eff))*(1-T/T_off):
> T:=(i*U_k+i^2*R_d/1000-P)*R_th:
> eta_d:=proc(L_eff):
> eta_i*ln(R)/(ln(R)-alpha_i*(L_eff-d)):
> # (loss in active neglected)
> end proc:
> i_th:=proc(L_eff):
> g_th:=1/(Gamma_r*d)*(alpha_i*(L_eff-d)-ln(R)):
> # (see above)
> n_th:=g_th/a+n_t:
> evalf(Pi*r_a^2*q*d/tau_s*n_th)*1000:
> end proc:
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>
> # parameters:
> # ===========
>
> # (1) constants:
> h:=6.63E-34: c:=3.00E8: q:=1.60E-19:
> lambda:=980E-9:
>
> # (2) simulated & measured:
> r_a:=3.5E-6: d:=24E-9: R:=0.97: Gamma_r:=1.8:
>
> # (3) free to match measured (i_th, eta_d):
> eta_i:=0.9: alpha_i:=5000:
> tau_s:=2E-9: n_t:=1E24: a:=4.5E-20:
> T_off:=300:

> # device LMC0 (standard device, aka 0m cavity spacer):
> # =====================================================
> # device-specific parameters (measured):
> L_eff:=1.8E-6: U_k:=1.48: R_d:=92: R_th:=1.994:
> # measured: i_th:=1.5E-3: eta_d:=0.67:
> # (cross-check i_th & eta_d)
> i_th(L_eff); eta_d(L_eff);
> # define numerical LI-curve:
> LMC0:=piecewise(i<i_th(L_eff),0,solve(P_opt(P)=P,P)):
> # read measured LI-curve:
> LMC0_meas:=readdata("D:/Simulation/Maple/LI/M6998G3.IP",2):
> # plot comparison:
> plot({LMC0,LMC0_meas},i=0..30);

> # device LMC2 (2m cavity spacer):
> # ================================
> # device-specific parameters (measured):
> L_eff:=3.8E-6: U_k:=1.44: R_d:=75: R_th:=1.422:
> # measured: i_th:=0.72: eta_d:=0.51:
> LMC2:=piecewise(i<i_th(L_eff),0,solve(P_opt(P)=P,P)):
> LMC2_meas:=readdata("D:/Simulation/Maple/LI/M1799G5.IP",2):
> i_th(L_eff); eta_d(L_eff);
> plot({LMC2,LMC2_meas},i=0..40);

> # device LMC4 (4m cavity spacer):
> # ================================
> # device-specific parameters (measured):
> L_eff:=5.8E-6: U_k:=1.37: R_d:=92: R_th:=0.982:
> # measured: i_th:=0.91: eta_d:=0.54:
> i_th(L_eff); eta_d(L_eff);
> LMC4:=piecewise(i<i_th(L_eff),0,solve(P_opt(P)=P,P)):
> LMC4_meas:=readdata("D:/Simulation/Maple/LI/M6799G1.IP",2):
> plot({LMC4,LMC4_meas},i=0..40);
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> # device LMC8 (8m cavity spacer):
> # ================================
> # device-specific parameters (measured):
> L_eff:=9.8E-6: U_k:=1.43: R_d:=83: R_th:=0.680:
> # measured: i_th:=3.4: eta_d:=0.60:
> i_th(L_eff); eta_d(L_eff);
> LMC8:=piecewise(i<i_th(L_eff),0,solve(P_opt(P)=P,P)):
> LMC8_meas:=readdata("D:/Simulation/Maple/LI/M8099G1.IP",2):
> plot({LMC8,LMC8_meas},i=0..50);

> # plot numerical comparison:
> plot({LMC0,LMC2,LMC4,LMC8},i=0..70,0..11);

> # discretize & write to file:
> LMC_LI:=array(1..701,1..5):
> for j from 0 to 700 do
> i:=j/10:
> LMC_LI[j+1,1]:=evalf(i):
> LMC_LI[j+1,2]:=evalf(LMC0):
> LMC_LI[j+1,3]:=evalf(LMC2):
> LMC_LI[j+1,4]:=evalf(LMC4):
> LMC_LI[j+1,5]:=evalf(LMC8):
> end do:
> datei:=fopen("LMC_LI.dat",WRITE,TEXT):
> writedata(datei,LMC_LI):
> fclose(datei):

Surface-Etched VCSELs

> # numerical power-current-calculation for surface-etched (SASR) VCSELs
> restart:
> # equations:
> # ==========
> P_opt:=(i,P)->h*c/(q*lambda)*eta_d(i,r_sasr)*(i-i_th(i,r_sasr))*(1-T(i,P)/T_off);
> T:=(i,P)->(i*U_k+i^2*R_d/1000-P)*R_th;
> eta_d:=(i,r_sasr)->eta_i*ln(R(i,r_sasr))/(ln(R(i,r_sasr))-alpha_i*L_eff);

# neglecting d -> same loss in act & pass
> i_th:=(i,r_sasr)->Pi*r_a^2*q*d/tau_s*((1/(Gamma_r*d)

*(alpha_i*L_eff-ln(R(i,r_sasr))))/a+n_t)*1000;

> # parameters:
> # ===========
>
> # (1) constants:
> h:=6.63E-34: c:=3.00E8: q:=1.60E-19:
> lambda:=980E-9:
>
> # (2) simulated & measured:
> d:=24E-9: L_eff:=2.28E-6: R:=0.985: Gamma_r:=1.8:
> U_k:=1.4: r_a:=3.4E-6: R_d:=75: R_th:=1.738:
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>
> # (3) free to match measured:
> eta_i:=0.82: alpha_i:=5000:
> tau_s:=0.8E-9: n_t:=1E24: a:=7E-20:
> T_off:=240:
>
> # surface etching:
> n_co0:=3.3: dn:=1E-3: n_cl:=n_co0-dn: R_a:=0.992: R_etch:=0.6:

> # cross-check with unetched device U3:
> # ====================================
> # device-specific parameters (measured):
>
> # measured: i_th:=0.94: eta_d:=0.42:
> evalf(i_th(R)); eta_d(R);
> R3:=i->piecewise(i<i_th(R),0,solve(P_opt(i,P)=P,P)):
> R3_meas:=readdata("D:/Simulation/Maple/LI/PO149R3.IP",2):
> plot({R3,R3_meas},0..30);

> # variable R(i) from surface etching:
> # ===================================
> # total reflectivity of LP01 as sum of unetched and etched regions, function of w!
> # -> i_th & eta_d are now function of i!
> R:=(i,r_sasr)->R_a*(int(r*exp(-2*r^2/w(i)^2),r=0..r_sasr)

/int(r*exp(-2*r^2/w(i)^2),r=0..infinity))
+R_etch*(1-(int(r*exp(-2*r^2/w(i)^2),r=0..r_sasr)
/int(r*exp(-2*r^2/w(i)^2),r=0..infinity)));

> # below threshold: assume linear core refr. index change with diss. power:
> n_co:=i->n_co0+d_dn*(i*U_k+i^2*R_d/1000);
> d_dn:=0.27:
> # (virtual) spot size below threshold (step index model):
> wsth:=i->r_a/sqrt(ln(2*Pi*r_a*sqrt(n_co(i)^2-n_cl^2)/lambda));
> w:=wsth:
> # Ith from recursive solution
> ith_01:=r_sasr->fsolve(i=i_th(i,r_sasr),i):
> # compare measured & simulated threshold vs. surface-etch size:
> # measured device data array: r_sasr, i_th, eta_d
> ith_meas:=readdata("D:/Simulation/Maple/LI/ith_o149_3.dat",2):
> plot({ith_01,ith_meas},1.6E-6..r_a);
> # find thresholds for measured etched devices
> ithT3:=ith_01(1.6E-6);
> ithS3:=ith_01(2.15E-6);
> T_off:=225: # reduced T_off to match etched devices

> # etched device T3:
> # =================
> # device-specific parameters (measured):
> r_sasr:=1.6E-6:
> dl_0:=0.256E-9: d_dl:=0.052E-9: # for i<=22mA, then constant delta lambda
> U_k:=1.55: R_d:=93:
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> # for comparison: i_th:=4.24: eta_d:=0.83:
> # spot size below (as above) & above threshold (from measured mode spacing,

full parabolic index model):
> w:=proc(i):
> dl_0:=lambda^3/(2*Pi^2*n_co(ithT3)^2*wsth(ithT3)^2):

# continuity rather than measurement
> dl:=dl_0+d_dl*(i-ithT3):
> piecewise(i<ithT3,wsth(i),evalf(sqrt(lambda^3/(2*Pi^2*dl*n_co(ithT3)^2)))):
> end proc:
> # compare calculated & measured w at threshold:
> evalf(w(ithT3)); # calculated
> evalf(sqrt(lambda^3/(2*Pi^2*dl_0*n_co(ithT3)^2))); # measured
> plot({w,wsth},0..20);
> R_plt:=i->R(i,r_sasr):
> plot(R_plt,0..20);
> # plot threshold current dependence incl. graphic solution:
> ith_plt:=i->i_th(i,r_sasr):
> iith:=i->i:
> plot({ith_plt,iith},0..20,0..5);
> T3:=i->piecewise(i<ithT3,0,solve(P_opt(i,P)=P,P)):
> T3_meas:=readdata("D:/Simulation/Maple/LI/PO149T3.IP",2):
> plot({T3,T3_meas},0..30,0..6);

> # etched device S3:
> # =================
> # device-specific parameters (measured):
> r_sasr:=2.15E-6:
> dl_0:=0.445E-9: d_dl:=0.049E-9: # for i<=16mA, then constant
> U_k:=1.5: R_d:=72:
> # for comparison: i_th:=2.38: eta_d:=0.66:
> # spot size below (as above) & above threshold

(from measured mode spacing, parabolic index model):
> w:=proc(i):
> dl_0:=lambda^3/(2*Pi^2*n_co(ithS3)^2*wsth(ithS3)^2):

# continuity rather than measurement
> dl:=dl_0+d_dl*(i-ithS3):
> piecewise(i<ithS3,wsth(i),evalf(sqrt(lambda^3/(2*Pi^2*dl*n_co(ithS3)^2)))):
> end proc:
> S3:=i->piecewise(i<ithS3,0,solve(P_opt(i,P)=P,P)):
> S3_meas:=readdata("D:/Simulation/Maple/LI/PO149S3.IP",2):
> plot({S3,S3_meas},0..30,0..7.1);

> # add LP11
> # ========
> Popt_11:=(i,P)->h*c/(q*lambda)*etad_11i(i,r_sasr)*(i-ith_11i(i,r_sasr))

*(1-T_11(i,P)/T_off);
> T_11:=(i,P)->(i*U_k+i^2*R_d/1000-P)*R_th;
> etad_11i:=(i,r_sasr)->eta_i*ln(R11(i,r_sasr))/(ln(R11(i,r_sasr))-alpha_i*L_eff);

# neglecting d -> same loss in act & pass
> ith_11i:=(i,r_sasr)->evalf(Pi*r_a^2*q*d/taus_11*((1/(Gamma_r*d)
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*(alpha_i*L_eff-ln(R11(i,r_sasr))))/a+n_t))*1000;
> R11:=(i,r_sasr)->R_a*(int(r^3*exp(-2*r^2/w11(i)^2),r=0..r_sasr)

/int(r^3*exp(-2*r^2/w11(i)^2),r=0..infinity))
+R_etch*(1-(int(r^3*exp(-2*r^2/w11(i)^2),r=0..r_sasr)
/int(r^3*exp(-2*r^2/w11(i)^2),r=0..infinity)));

> taus_11:=tau_s:
> # define w only with high-i part above; otherwise not solvable!
> w11sth:=proc(i):
> dl0_11:=lambda^3/(2*Pi^2*n_co(ithS3)^2*wsth(ithS3)^2):

# continuity rather than measurement
> dl:=dl0_11+d_dl*(i-ithS3):
> evalf(sqrt(lambda^3/(2*Pi^2*dl*n_co(ithS3)^2))):
> end proc:
> w11:=w11sth:
> ith_11:=r_sasr->fsolve(i=ith_11i((i,r_sasr)),i);
> # single-mode current range to be expected as fct. of r_sasr:
> plot(ith_11,1.6E-6..r_a);
> ith11S3:=ith_11(r_sasr);
> # adjusted parameters:
> taus_11:=0.11E-9: # artificial loss; adjusted to fit LP11 threshold
> ith11S3_adj:=ith_11(r_sasr);
> w11:=proc(i):
> dl0_11:=lambda^3/(2*Pi^2*n_co(ith11S3_adj)^2*w11sth(ith11S3_adj)^2):

# continuity rather than measurement
> dl:=dl0_11: #+d_dl*(i-ith11S3): # constant according to measurement
> piecewise(i<ith11S3_adj,w11sth(i),

evalf(sqrt(lambda^3/(2*Pi^2*dl*n_co(ith11S3_adj)^2)))):
> end proc:
> plot({w11},0..20);
> R11_plt:=i->R11(i,r_sasr):
> plot({R_plt,R11_plt},0..20);
> S3_11:=i->piecewise(i<ith11S3_adj,0,solve(Popt_11(i,P)=P,P)):
> S3_total:=i->piecewise((S3(i)>0 and S3_11(i)>0),S3(i)+S3_11(i),

S3(i)<=0,S3_11(i),S3_11(i)<=0,S3(i),0);
> plot({S3,S3_11,S3_total,S3_meas},0..30,0..7.1);

Surface-Etch Far-Field Diffraction

> # radial far-field calculation for Gauss diffracted at surface etch (Hankel trafo)
> restart:
> # NF phase as etch step + curvature:
> NF_phase:=r->((Heaviside(r+a_SASR)-Heaviside(r-a_SASR)-1)*2*Pi*h*(1-n)/lambda)

+(-Pi*n*r^2/(lambda*R));
> NF:=r->exp((-r^2/w^2)+I*NF_phase(r));
> NF_int:=r->abs(NF(r))^2;
> FF_int:=theta->abs(int(NF(r)*BesselJ(0,2*Pi/lambda*theta*r)*r,r=0..infinity))^2;

> # parameters (all length units in m):
> # ====================================
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> lambda:=0.850:
> w:=5:
> R:=300:
> a_SASR:=3:
> h:=0.1:
> n:=3.7:

> plot({NF_int(r),NF_phase(r)/(2*Pi)},r=-10..10);
> # works but takes forever...:
> meas:=readdata("D:/Simulation/Maple/FH143B5.040.LOG.DAT",2):
> plot({log(FF_int(theta/180*Pi)/FF0),meas},theta=-18..18,adaptive=false);
> # discretize for file output in degrees:
> FF_d:=array(1..11,1..2):
> FF0:=evalf(FF_int(0)): # for normalization
> for i from 0 to 10 do
> phi:=i/1:
> FF_d[i+1,1]:=evalf(phi):
> FF_d[i+1,2]:=evalf(FF_int(phi/180*Pi)/FF0):
> end do:
> datei:=fopen("FFFit.dat",WRITE,TEXT):
> writedata(datei,FF_d):
> fclose(datei):

D.2 Reflex

Versionsnummer: 2.0 %zwingend erforderlich
ID: M10_00
%Kommentare mit %-Zeichen beginnen
GaAs 20.00
1x %Anzahl der Perioden

66.67 GaAs 9352
66.67 GaAs 9352
28.38 AlGaAs 0.0847 to 0.1098 2

37x %Anzahl der Perioden
1.04 AlGaAs 0.1979 1
16.85 AlGaAs 0.1979 to 0.5000 1
15.55 AlGaAs 0.5000 to 0.9317 1
39.36 AlGaAs 0.9317 2
15.55 AlGaAs 0.9317 to 0.5000 1
16.85 AlGaAs 0.5000 to 0.1979 1
1.04 AlGaAs 0.1979 1
26.96 AlGaAs 0.1098 2

1x %Anzahl der Perioden
1.04 AlGaAs 0.1979 1
37.33 AlGaAs 0.3304 to 0.4868 1
78.31 AlGaAs 0.4868 0
32.54 AlGaAs 0.4868 to 0.3623 0
0.15 AlGaAs 0.2756 0
31.29 AlGaAs 0.2756 0
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9.98 AlGaAs 0.2756 0
2x %Anzahl der Perioden

7.88 GaAs 0
9.98 AlGaAs 0.2756 0

1x %Anzahl der Perioden
7.88 GaAs 0
9.98 AlGaAs 0.2756 0
31.29 AlGaAs 0.2756 1
0.15 AlGaAs 0.2756 1
32.54 AlGaAs 0.3623 to 0.4868 2
19.62 AlGaAs 0.4868 to 0.4279 3
21.31 AlGaAs 0.4279 to 0.3094 4
0.20 AlGaAs 0.3094 4
20.61 AlGaAs 0.3094 to 0.3700 6
21.38 AlGaAs 0.3700 to 0.8706 7
0.02 AlGaAs 0.8736 17
1.66 AlGaAs 0.8736 to 0.9781 16
15.02 AlAs/AlO 1.0000 17
15.02 AlAs/AlO 1.0000 17
1.66 AlGaAs 0.9781 to 0.8736 16
0.05 AlGaAs 0.8706 7
21.38 AlGaAs 0.8706 to 0.3700 7
19.21 AlGaAs 0.3700 to 0.2284 6
21.06 AlGaAs 0.2284 6
23.92 AlGaAs 0.2284 to 0.5000 5
29.50 AlGaAs 0.5000 4
17.03 AlGaAs 0.5000 to 0.3304 5
1.04 AlGaAs 0.1979 5

5x %Anzahl der Perioden
26.96 AlGaAs 0.1098 5
1.04 AlGaAs 0.1979 4
16.85 AlGaAs 0.1979 to 0.5000 4
15.55 AlGaAs 0.5000 to 0.9317 3
39.36 AlGaAs 0.9317 2
15.55 AlGaAs 0.9317 to 0.5000 4
16.85 AlGaAs 0.5000 to 0.1979 5
1.04 AlGaAs 0.1979 5
0.21 AlGaAs 0.1979 12

15x %Anzahl der Perioden
26.96 AlGaAs 0.1098 13
1.04 AlGaAs 0.1979 10
16.85 AlGaAs 0.1979 to 0.5000 12
15.55 AlGaAs 0.5000 to 0.9317 9
39.36 AlGaAs 0.9317 6
15.55 AlGaAs 0.9317 to 0.5000 11
16.85 AlGaAs 0.5000 to 0.1979 14
1.04 AlGaAs 0.1979 12

1x %Anzahl der Perioden
122.26 AlGaAs 0.1098 42
14.60 AlGaAs 0.1098 70
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30.00 GaAs 11078
0x %Ende der Zwischenschichten
%Deckschicht:
Luft

Versionsnummer: 6.0 %passend zur Version des Programmes
%------------- Dateien
Eingabedatei: m10_00.ref % Schichtdatei
Ausgabedatei: m10_00.dat % Ausgabe blanker Daten
Textdatei: m10_00.erg % Ausgabe von Zusatzinformationen
%
%------------- Reflektivittsspektrum
x-Achse: WE % We / Wi / -
Bereich: 820 to 880 in .1 %
y-Achse: RT % RT / RP / TP / RTT / RTB / .....
Resonanzeinbruch: + % notwendig fr Gewinn !
%
%------------- Gewinnberechnung
Gewinnsuche: + % + / -
Gewinnbereich: 200 to 20000 in 50 %
%
%------------- Stehwellenfeld
Stehwellenfeld: AZ % AZ / EZ / IZ / -
Schichtbereich: -20 to 10 %
%
%------------- Filmwellen
Filmwellen: - % + / -
%
%------------ Parameter, die je nach Programmablauf notwendig sein knnen
Einfallswinkel: 0 % (default 0)
Wellenlaenge: 849 % bei Winkel, Filmwellen, u.U. Gewinn
TE-Welle: - % bei Winkel, Filmwellen
%
%------------------ optionale Parameter
Temperatur: 300 % (=300) Substrattemperatur
%%%Temperaturdatei: % Temperaturverteilung ueber z
%%%Temperaturfaktor: % (=1) Dehnung der Temperaturverteilung
%
Schichtdickenfaktor: .968 % (=1) Dehnung der Schichtdicken
Schritte fuer Rampe: 10 % (=10)
Oxid: - % + / -
Schichtgrenzen anzeigen: + % + / - bei Stehwellenfeld
Graphik: + % + / -
Postscript: - % + / - PS-Datei automatisch generieren
Abfrage: - % + / -
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D.3 SimWindows

M10/00 n-DBR

repeat start

structure material=GaAs alloy=Al length=0.00104 conc=0.19790
doping length=0.00104 Nd=4.79565E+17 Nd_deg=0 Nd_level=0.02381
grid length=0.00104 points=2

structure material=GaAs alloy=Al length=0.01685 conc=0.19790+(17.92878)*d
doping length=0.01685 Nd=4.79565E+17+(-6.30172E+18)*d Nd_deg=0 Nd_level=0.02381
grid length=0.01685 points=17

structure material=GaAs alloy=Al length=0.01555 conc=0.50000+(27.76206)*d
doping length=0.01555 Nd=3.73381E+17+(1.56527E+19)*d Nd_deg=0 Nd_level=0.03600
grid length=0.01555 points=16

structure material=GaAs alloy=Al length=0.03936 conc=0.93170
doping length=0.03936 Nd=6.16780E+17 Nd_deg=0 Nd_level=0.03600
grid length=0.03936 points=40

structure material=GaAs alloy=Al length=0.01555 conc=0.93170+(-27.76206)*d
doping length=0.01555 Nd=6.16780E+17+(-1.56527E+19)*d Nd_deg=0 Nd_level=0.03600
grid length=0.01555 points=16

structure material=GaAs alloy=Al length=0.01685 conc=0.50000+(-17.92878)*d
doping length=0.01685 Nd=3.73381E+17+(6.30172E+18)*d Nd_deg=0 Nd_level=0.03600
grid length=0.01685 points=17

structure material=GaAs alloy=Al length=0.00104 conc=0.19790
doping length=0.00104 Nd=4.79565E+17 Nd_deg=0 Nd_level=0.02381
grid length=0.00104 points=2

structure material=GaAs alloy=Al length=0.02696 conc=0.10980
doping length=0.02696 Nd=7.22764E+17 Nd_deg=0 Nd_level=0.01588
grid length=0.02696 points=27

repeat=37
# loop thickness=0.13320

ELECTRON_MOBILITY Segments=2 length=8.47992
Start_x=0.0 end_x=0.45
value=((8000-22000*x+10000*x^2)*(300/C)^2.3)/(1+5.51e-17*(N+A))^0.233
Start_x=0.45 end_x=1.0
value=((-255+1160*x-720*x^2)*(300/C)^2.3)/(1+5.51e-17*(N+A))^0.233
HOLE_MOBILITY length=8.47992
value=((370-970*x+740*x^2)*(300/C)^2.7)/(1+3.17e-17*(N+A))^0.266

region length=8.47992 bulk
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REFRACTIVE_INDEX length=8.47992 model=oscillator_refractive_index

M10/00 p-DBR

repeat start

structure material=GaAs alloy=Al length=0.02696 conc=0.10980
doping length=0.02696 Na=8.56453E+17+(-5.50769E+18)*d Na_deg=0 Na_level=0.02664
grid length=0.02696 points=27

structure material=GaAs alloy=Al length=0.00104 conc=0.19790
doping length=0.00104 Na=5.88245E+17 Na_deg=0 Na_level=0.02874
grid length=0.00104 points=2

structure material=GaAs alloy=Al length=0.01685 conc=0.19790+(17.92878)*d
doping length=0.01685 Na=5.88245E+17+(3.20227E+18)*d Na_deg=0 Na_level=0.02874
grid length=0.01685 points=17

structure material=GaAs alloy=Al length=0.01555 conc=0.50000+(27.76206)*d
doping length=0.01555 Na=6.42204E+17+(-3.01695E+19)*d Na_deg=0 Na_level=0.04125
grid length=0.01555 points=16

structure material=GaAs alloy=Al length=0.03936 conc=0.93170
doping length=0.03936 Na=1.73068E+17+(3.24848E+18)*d Na_deg=0 Na_level=0.07338
grid length=0.03936 points=40

structure material=GaAs alloy=Al length=0.01555 conc=0.93170+(-27.76206)*d
doping length=0.01555 Na=3.00928E+17+(2.80493E+19)*d Na_deg=0 Na_level=0.07338
grid length=0.01555 points=16

structure material=GaAs alloy=Al length=0.01685 conc=0.50000+(-17.92878)*d
doping length=0.01685 Na=7.37094E+17+(-1.51165E+18)*d Na_deg=0 Na_level=0.04125
grid length=0.01685 points=17

structure material=GaAs alloy=Al length=0.00104 conc=0.19790
doping length=0.00104 Na=7.11623E+17 Na_deg=0 Na_level=0.02874
grid length=0.00104 points=2

structure material=GaAs alloy=Al length=0.00021 conc=0.19790
doping length=0.00021 Na=1.69864E+18 Na_deg=0 Na_level=0.02874
grid length=0.00021 points=1

repeat=5
# loop thickness=0.13341

repeat start

structure material=GaAs alloy=Al length=0.02696 conc=0.10980
doping length=0.02696 Na=2.04435E+18+(-1.10154E+19)*d Na_deg=0 Na_level=0.02664
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grid length=0.02696 points=27

structure material=GaAs alloy=Al length=0.00104 conc=0.19790
doping length=0.00104 Na=1.45189E+18 Na_deg=0 Na_level=0.02874
grid length=0.00104 points=2

structure material=GaAs alloy=Al length=0.01685 conc=0.19790+(17.92878)*d
doping length=0.01685 Na=1.45189E+18+(3.64196E+19)*d Na_deg=0 Na_level=0.02874
grid length=0.01685 points=17

structure material=GaAs alloy=Al length=0.01555 conc=0.50000+(27.76206)*d
doping length=0.01555 Na=2.06556E+18+(-9.70360E+19)*d Na_deg=0 Na_level=0.04125
grid length=0.01555 points=16

structure material=GaAs alloy=Al length=0.03936 conc=0.93170
doping length=0.03936 Na=5.56648E+17+(1.16945E+19)*d Na_deg=0 Na_level=0.07338
grid length=0.03936 points=40

structure material=GaAs alloy=Al length=0.01555 conc=0.93170+(-27.76206)*d
doping length=0.01555 Na=1.01694E+18+(7.96395E+19)*d Na_deg=0 Na_level=0.07338
grid length=0.01555 points=16

structure material=GaAs alloy=Al length=0.01685 conc=0.50000+(-17.92878)*d
doping length=0.01685 Na=2.25534E+18+(-3.30384E+19)*d Na_deg=0 Na_level=0.04125
grid length=0.01685 points=17

structure material=GaAs alloy=Al length=0.00104 conc=0.19790
doping length=0.00104 Na=1.69864E+18 Na_deg=0 Na_level=0.02874
grid length=0.00104 points=2

repeat=15
# loop thickness=0.13320

ELECTRON_MOBILITY Segments=2 length=8.47992
Start_x=0.0 end_x=0.45
value=((8000-22000*x+10000*x^2)*(300/C)^2.3)/(1+5.51e-17*(N+A))^0.233
Start_x=0.45 end_x=1.0
value=((-255+1160*x-720*x^2)*(300/C)^2.3)/(1+5.51e-17*(N+A))^0.233
HOLE_MOBILITY length=8.47992
value=((370-970*x+740*x^2)*(300/C)^2.7)/(1+3.17e-17*(N+A))^0.266

region length=8.47992 bulk
REFRACTIVE_INDEX length=8.47992 model=oscillator_refractive_index

148



D Simulation Scripts

D.4 FlexPDE

2D 850.pde

TITLE ’2D VCSEL structure’ ! new coordinates, cap layer at z=0

COORDINATES
ycylinder (’r’,’z’)

SELECT
errlim=1e-5

! ngrid=10
! elevationgrid=1001

VARIABLES
U
Temp

DEFINITIONS {alles SI-Einheiten!}

Utop=0.5
Ubot=0

! geometry
#include "geometry.def"

! constants
q=1.6E-19

! material parameters
#include "850SimWin.mat"

sigma=vector(sigr,sigz)

Er=-dr(U)
Ez=-dz(U)
E=vector(Er,Ez)
Em=magnitude(E)

Jr=sigr*Er
Jz=sigz*Ez
J=vector(Jr,Jz)
Jm=magnitude(J)

dQTr=-Kr*dr(Temp) ! heat flux in r-direction
dQTz=-Kz*dz(Temp)
dQT=vector(dQTr,dQTz)
dQTm=magnitude(dQT)

INITIAL VALUES
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U=0
Temp=RT

EQUATIONS
div(J)=0
div(dQT)=Jm*Em

CONSTRAINTS

BOUNDARIES

REGION ’outer’
start (0,-depi-dsub-dncon) line to (Rsub,-depi-dsub-dncon) to (Rsub,-depi)
to (Rm,-depi) to (Rm,0) to (Rka,0) to (Rka,dpcon) to (Rki,dpcon)
to (Rki,0) to (0,0) to finish

REGION ’p-contact’ mat=12 sigr=sigr_pcon sigz=sigz_pcon Kr=Kr_pcon Kz=Kz_pcon
start (Rki,0)
natural(U)=0
line to (Rka,0)
to (Rka,dpcon)
value(U)=Utop
line to (Rki,dpcon)
natural(U)=0
line to finish

REGION ’cap’ mat=11 sigr=sigr_cap sigz=sigz_cap Kr=Kr_cap Kz=Kz_cap
start (0,-dcap)
line to (Rm,-dcap)
to (Rm,0)
to (0,0) to finish

REGION ’upper p-DBR’ mat=10 sigr=sigr_puDBR sigz=sigz_puDBR Kr=Kr_puDBR Kz=Kz_puDBR
start (0,-dcap-dupDBR)
line to (Rm,-dcap-dupDBR)
to (Rm,-dcap)
to (0,-dcap) to finish

REGION ’lower p-DBR’ mat=9 sigr=sigr_plDBR sigz=sigz_plDBR Kr=Kr_plDBR Kz=Kz_plDBR
start (0,-dcap-dupDBR-dlpDBR)
line to (Rm,-dcap-dupDBR-dlpDBR)
to (Rm,-dcap-dupDBR)
to (0,-dcap-dupDBR) to finish

REGION ’aperture’ mat=8 sigr=sigr_AlAs sigz=sigz_AlAs Kr=Kr_AlAs Kz=Kz_AlAs
start (0,-dcap-dupDBR-dlpDBR-dap)
line to (Ra,-dcap-dupDBR-dlpDBR-dap)
to (Ra,-dcap-dupDBR-dlpDBR)
to (0,-dcap-dupDBR-dlpDBR) to finish
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REGION ’AlO’ mat=7 sigr=sigr_AlO sigz=sigz_AlO Kr=Kr_AlO Kz=Kz_AlO
start (Ra,-dcap-dupDBR-dlpDBR-dap)
line to (Rm,-dcap-dupDBR-dlpDBR-dap)
to (Rm,-dcap-dupDBR-dlpDBR)
to (Ra,-dcap-dupDBR-dlpDBR) to finish

REGION ’p-GRINSCH’ mat=6 sigr=sigr_pGRIN sigz=sigz_pGRIN Kr=Kr_pGRIN Kz=Kz_pGRIN
start (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN) line
to (Rm,-dcap-dupDBR-dlpDBR-dap-dpGRIN) to (Rm,-dcap-dupDBR-dlpDBR-dap)
to (0,-dcap-dupDBR-dlpDBR-dap) to finish

REGION ’active’ mat=5 sigr=sigr_act sigz=sigz_act Kr=Kr_act Kz=Kz_act
start (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact)
line to (Rm,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact)
to (Rm,-dcap-dupDBR-dlpDBR-dap-dpGRIN) to (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN)
to finish

REGION ’n-GRINSCH’ mat=4 sigr=sigr_nGRIN sigz=sigz_nGRIN Kr=Kr_nGRIN Kz=Kz_nGRIN
start (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN)
line to (Rsub,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN)
to (Rsub,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact)
to (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact) to finish

REGION ’spacer’ mat=13 sigr=sigr_spac sigz=sigz_spac Kr=Kr_spac Kz=Kz_spac
start (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN-dspac)
line to (Rsub,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN-dspac)
to (Rsub,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN)
to (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN) to finish

REGION ’n-DBR’ mat=3 sigr=sigr_nDBR sigz=sigz_nDBR Kr=Kr_nDBR Kz=Kz_nDBR
start (0,-depi)
line to (Rsub,-depi)
to (Rsub,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN-dspac)
to (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact-dnGRIN-dspac) to finish

REGION ’substrate’ mat=2 sigr=sigr_sub sigz=sigz_sub Kr=Kr_sub Kz=Kz_sub
start (0,-depi-dsub) line to (Rsub,-depi-dsub) to (Rsub,-depi) to (0,-depi)
to finish

REGION ’n-contact’ mat=1 sigr=sigr_ncon sigz=sigz_ncon Kr=Kr_ncon Kz=Kz_ncon
start (0,-depi-dsub-dncon)
value(U)=Ubot ! value(Temp)=RT
line to (Rsub,-depi-dsub-dncon)
natural(U)=0 ! natural[Temp)=0
line to (Rsub,-depi-dsub)
natural(U)=0
line to (0,-depi-dsub) to finish

FEATURE
start ’top’ (0,dpcon) line to (Rsub,dpcon)
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start ’active’ (0,zact) line to (Rsub,zact)
start ’bottom’ (0,-depi-dsub-dncon) line to (Rsub,-depi-dsub-dncon)
start ’axis’ (0,dpcon) line to (0,-depi-dsub-dncon)
start ’r=Ra’ (Ra,dpcon) line to (Ra,-depi-dsub-dncon)

MONITORS

PLOTS
grid(r,z) ZOOM(0,-depi,2*Rm+2E-6,depi+1E-6)
contour(mat) PAINTED as "Materials" ZOOM(0,-depi,2*Rm+2E-6,depi+1E-6)
contour(U) painted ZOOM(0,-depi,2*Rm+2E-6,depi+1E-6)
surface(U)
elevation(U) on ’axis’
elevation(U) from (Ra,dpcon) to (Ra,-depi-dsub-dncon)
vector(J) ZOOM(0,-depi,2*Rm+2E-6,depi+1E-6)
elevation(U) from (0,zact) to (Rm,zact)
elevation(Jz) on ’top’
elevation(Jz) on ’active’ export format "#x#b#1" file="Jact.dat"
elevation(Jz) on ’bottom’
elevation(Jz) from (0,dpcon) to (Rm,-depi-dsub-dncon)
elevation(Jz) from (0,-depi-dsub-dncon) to (Rm,-depi-dsub-dncon)

contour(Temp) painted
contour(Temp) painted ZOOM(0,-depi,2*Rm+2E-6,depi+1E-6)
elevation(Temp) on ’axis’ export format "#y#b#1" file="Tvert0.dat"
elevation(Temp) from (0,dpcon) to (0,-depi) export format "#y#b#1"

file="Tvert0_epie.dat"
elevation(Temp) on ’r=Ra’
elevation(Temp) from (Ra,dpcon) to (Ra,-depi) export format "#y#b#1"

file="TvertRa.dat"

! transfer(Jm,Em) file="El2Temp.dat"
! transfer(Jz) from (0,zact) to (0,zact+dact) file="Jzact.dat"

END

geometry.def

Ra=2E-6 ! active radius -> defines all other radii according to SASR mask set
Rm=Ra+20E-6
Rki=Ra+4E-6
Rka=Ra+14E-6
Rsub=250E-6

dncon=120E-9
dsub=50E-6
dnDBR=4.9642E-6
dspac=2E-6
dnGRIN=149.1E-9
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dact=126.7E-9
dpGRIN=115.6E-9
dap=33.4E-9
dlpDBR=800.1E-9
dupDBR=2.004E-6
dcap=166.9E-9
dpcon=210E-9
depi=dnDBR+dspac+dnGRIN+dact+dpGRIN+dap+dlpDBR+dupDBR+dcap
dtotal=dncon+dsub+depi+dpcon
zap=-dcap-dupDBR-dlpDBR
zact=-dcap-dupDBR-dlpDBR-dap-dpGRIN

850SimWin.mat

! Material parameters for 850nm VCSEL
! electrical as simulated in SimWindows
! thermal for two main 850 Al-contents from Yao_APL87
! approximated by series & parallel connection

mat=0
sigr_air=1E-6
sigz_air=1E-6
sigr_ncon=1E7
sigz_ncon=1E7
sigr_sub=1E3
sigz_sub=1E3
sigr_nDBR=6.7E3
sigz_nDBR=2.3E2
sigr_spac=1E3
sigz_spac=1E3
sigr_nGRIN=6.7E3
sigz_nGRIN=2.3E2
sigr_act=5.9E2
sigz_act=1.2E2
sigr_pGRIN=5.9E2
sigz_pGRIN=1.2E2
sigr_AlAs=1.8E3
sigz_AlAs=1.2E2
sigr_AlO=1E-5
sigz_AlO=1E-5
sigr_plDBR=5.9E2
sigz_plDBR=1.2E2
sigr_puDBR=1.2E3
sigz_puDBR=5.9E2
sigr_cap=2.9E4
sigz_cap=4.3E3
sigr_pcon=1E7
sigz_pcon=1E7
sigr=sigr_air
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sigz=sigz_air

RT=300

Kr_air=1E-6
Kz_air=1E-6
Kr_ncon=1E2
Kz_ncon=1E2
Kr_sub=4E1
Kz_sub=4E1
Kr_nDBR=3.7E1
Kz_nDBR=9
Kr_spac=4E1
Kz_spac=4E1
Kr_nGRIN=3.7E1
Kz_nGRIN=9
Kr_act=3.7E1
Kz_act=9
Kr_pGRIN=3.7E1
Kz_pGRIN=9
Kr_AlAs=3.7E1
Kz_AlAs=9
Kr_AlO=3.5E-5
Kz_AlO=3.5E-5
Kr_plDBR=3.7E1
Kz_plDBR=9
Kr_puDBR=3.7E1
Kz_puDBR=9
Kr_cap=3.7E1
Kz_cap=9
Kr_pcon=1E2
Kz_pcon=1E2
Kr=Kr_air
Kz=Kz_air

diff act.pde

TITLE ’2D diffusion in active region’ ! Jz from 2D_850.pde

COORDINATES
ycylinder (’r’,’z’)

SELECT
errlim=1e-3

VARIABLES
n

DEFINITIONS {alles SI-Einheiten!}
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transfer(’Jzact.dat’,Jz)

! geometry
#include "geometry.def"

! constants
q=1.6E-19

! values from Vukusic:
D=1E-3 ! m^2/s
A=2E8 ! 1/s
B=1E-16 ! m^3/s
C=3.5E-42 ! m^6/s

! material parameters
#include "850SimWin.mat"

INITIAL VALUES

EQUATIONS
D*1/r*dr(r*dr(n))-Jz/(q*dact)-A*n-B*n^2-C*n^3=0

CONSTRAINTS

BOUNDARIES

REGION ’active’
start (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact)
line to (Rm,-dcap-dupDBR-dlpDBR-dap-dpGRIN-dact)
to (Rm,-dcap-dupDBR-dlpDBR-dap-dpGRIN) to (0,-dcap-dupDBR-dlpDBR-dap-dpGRIN)
natural(n)=0 line to finish

FEATURE
start ’active’ (0,zact-dact/2) line to (Rm,zact-dact/2)

MONITORS

PLOTS
elevation(-Jz) on ’active’
elevation(n) on ’active’ export format "#x#b#1" file="nact.dat"

END
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E List of Symbols and Acronyms

Aa aperture area
ATTF lifetime scaling factor
a differential gain coefficient
B̄ normalized phase parameter
CA Auger recombination coefficient
Cb bimolecular recombination coefficient
Cnr nonradiative recombination coefficient
c0 speed of light in vacuum
D diffusion constant
D electrical displacement
da active layer thickness
E electric field amplitude
Ea activation energy
EC,V conduction/valence band energy
g material gain
h, h̄ (normalized) Planck’s constant
I current
Ith threshold current
J current density
j imaginary unit
K K-factor
k wave number
k′ thermal diffusion constant
kB Boltzmann constant
Leff effective cavity length
lc coherence length
leff mirror penetration length
M number of Bragg mirror pairs
Mi small signal modulation response
m mode index
m∗

n,p electron/hole effective mass
N photon density
N−

A ionized acceptor density
N+

D ionized donor density
n electron density
n̄, ∆n̄ refractive index resp. refractive index difference
nt transparency carrier density

P̃ complex phase shift
PD dissipated power
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Popt optical output power
p hole density
Q heat generation rate per unit length
q absolute value of electron charge
q̃ complex beam parameter
R, r intensity resp. amplitude reflection coefficient

R̃ radius of curvature
Rd differential resistance
Rsp spontaneous emission rate
Rth thermal resistance
ra aperture radius
S optical field intensity
T temperature

T̃ ABCD transmission matrix
Tb,t bottom/top mirror transmittivity
Toff turn-off temperature
V voltage
Vb, Vres, Vw volumes of barrier region, resonator and quantum well
vgr group velocity
V̄ normalized frequency parameter
w mode spot radius
w0 beam waist
zR Rayleigh range

α loss per unit length
αH linewidth enhancement factor
β propagation constant
β̄sp spontaneous emission coefficient
ε gain compression factor
ε0 permittivity constant
εr relative dielectric constant
Γ, (Γr) (relative) longitudinal confinement factor
γ, (γ∗) (modified) damping constant
η̄ complex refractive index
ηd,i differential/internal quantum efficiency
κ extinction coefficient
λ material wavelength
µn,p electron/hole mobility
ν frequency of light
∆νL frequency linewidth
ω angular frequency of light
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φ electric potential
Ψ optical field amplitude
ρ electric charge
σ thermal conductivity
τintra intraband relaxation time
τp photon lifetime
τs, τe transport/emission time constant
τsp spontaneous emission carrier lifetime
χ transport factor

AF acceleration factor
ARROW anti-resonant reflecting optical waveguide
BER bit error rate
CAIBE chemically assisted ion beam etching
DBR distributed Bragg reflector
DQE differential quantum efficiency
FWHM full width at half maximum
LED light emitting diode
LIV (LI, IV) light-current-voltage (light-current, current-voltage) characteristics
LMC long monolithic cavity
LP linear polarized
(SS-)MBE (solid source) molecular beam epitaxy
MCEF modulation current efficiency
MOVPE metal-organic vapor phase epitaxy
OPS-VECSEL optically pumped semiconductor external-cavity surface-emitting laser
PC photonic crystal
PCF photonic crystal fiber
PCSEL photonic crystal surface-emitting laser
QW quantum well
RIN relative intensity noise
SASR self-aligned surface relief
SMSR side-mode suppression ratio
SSER spot-size etch ratio
TE transverse electric
TM transverse magnetic
TTF time to failure
VCSEL vertical-cavity surface-emitting laser
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M. Kicherer, R. King, P. Schnitzer, H. Unold, D. Wiedenmann, and K.J. Ebeling,
“High performance selectively oxidized VCSELs and arrays for parallel high-speed
optical interconnects”, Advances in Solid State Physics, Vieweg, Braunschweig,
vol. 40, pp. 611–625, 2000.

161



Publications
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