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Abstract— We present a novel optical VCSEL model based
on vectorial eigenmode expansion combined with perfectly
matched layer (PML) boundary conditions. It is fully rig-
orous and computationally efficient, as the PML boundaries
eliminate parasitic reflections and allow the metal discretiza-
tion wall to be placed much closer to the device under study.
The model is illustrated with a number of simulation results
on proton-implanted, airpost, oxide-confined and tapered
oxide VCSELs. The trade-off between tight transverse opti-
cal confinement and scattering loss is clearly illustrated, as
is the influence of the gain profile.
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I. INTRODUCTION

N recent years, the characteristics of vertical-cavity

surface-emitting lasers (VCSELs) have improved enor-
mously, especially after the introduction of oxidized aper-
tures to realize electrical and optical confinement. Today’s
VCSELSs show low threshold current densities [1] and high
output powers. Moreover, their circular beam profiles and
the possibility to integrate then into 2D arrays [2] make
them suitable candidates for short-range optical communi-
cation and optical interconnect.

In order to design next generation VCSELs with even
better performance, it is imperative to be able to model the
optical, electrical and thermal effects that come into play in
these devices. Specifically the modeling of the optical field
is quite challenging, since the Helmholtz equation is not
separable in this case. Moreover, these structures can have
large index contrasts, especially so for oxide-confined and
airpost VCSELs. Over the years, a number of approaches
have been proposed to model VCSELs, either scalar or vec-
torial, or approximate or rigorous (see [3] and references
therein).

Although scalar and approximate models can yield ac-
curate approximations, rigorous vectorial models become
preferable for small devices with large index contrasts,
or when studying the polarization properties of VCSELs.
Currently, most vectorial optical VCSEL models are based
on some form of spatial discretization, e.g. finite differ-
ences or finite elements ([4], [5]). However, in order to give
sufficiently accurate results, the discretization grid has to
be very fine, which can lead to a very significant computa-
tional effort.

The authors are with the Department of Information Technology
(INTEC), Ghent University / IMEC, Sint-Pietersnieuwstraat 41, B-
9000 Gent, Belgium, tel +32 9 264 33 16, fax +32 9 264 35 93, E-mail:
Peter.Bienstman@rug.ac.be

! I

metal cylinder PML

Fig. 1. VCSEL enclosed by a metal cylinder clad with PML

The eigenmode expansion method we introduced in [6]
is numerically much more efficient, as it does not rely on
spatial discretization, but rather expands the VCSEL field
in each longitudinally invariant layer in terms of the eigen-
modes of that particular layer. However, in order to get
a discrete set of radiation modes, the VCSEL has be en-
closed by a metal cylinder with perfectly conducting walls.
This means that diffraction or scattering inside the VCSEL
will give rise to radiation that will be totally reflected at
the metal cylinder. These parasitic reflections will come
back to the structure under study and can seriously dis-
turb the simulation results [7]. In theory, we can reduce
the influence of these parasitic reflections by choosing the
radius of the discretization cylinder very large. However,
this leads to an increased computational effort, because
the larger computational volume means we have to include
more modes to achieve convergence.

In this paper, we discuss an improved VCSEL model,
where we alleviate this problem by coating the inside of
the metal wall with a perfectly matched layer (PML) [8]
(fig. 1). In this way parasitic reflections are significantly
reduced, leading to an improved accuracy and shorter run
times, as we can now place the metal wall much closer to
the VCSEL under study.

The remainder of this paper is structured as follows. In
section II, we outline the principles underlying the optical
model. Section III discusses the simulation results obtained
by this model for a large variety of devices, ranging from



proton-implanted VCSELs over airpost devices, to oxide-
confined and tapered oxide VCSELs.

II. DESCRIPTION OF THE MODEL

The model proceeds along a number of steps. First of
all, the structure inside the PML-clad metal cylinder is
divided into a number of layers where the index profile
does not change in the propagation direction. In each of
these layers, we expand the field in the eigenmodes of that
particular layer. As we already explained in [8], PML is
incorporated by allowing the cladding of the waveguide to
assume a complex thickness. The imaginary part of this
complex thickness provides for reflectionless absorption of
the incident field, regardless of wavelength, incidence angle
or polarization, which is a significant advantage compared
to other boundary conditions [9]. We opt for the complex
coordinate formulation of PML [10], rather than for the
anisotropic material formalism [11], as the former allows us
to easily extend all our existing analytic formulas from the
non-PML case, simply by letting all the cladding thickness
assume complex values. The eigenmodes in the presence
of PML are then found by solving a dispersion relation in
the complex plane. Contrary to our previous model [6], we
solve for these eigenmodes directly, rather than indirectly
expanding these eigenmodes in turn on the eigenmodes of
a uniform cross-section. By working directly with the dis-
persion relation for non-uniform cross-sections, we improve
the accuracy and speed of the procedure.

With the knowledge of the propagation constants and
field profiles of the eigenmodes in each layer, we can pro-
ceed to calculate the scattering matrix (i.e. reflection and
transmission matrices) of the interfaces between two lay-
ers using the well-known mode-matching technique. Sub-
sequently, we can calculate the scattering matrix for an
entire stack of layers using the S-scheme formalism. All of
this was presented in more detail in [7].

With this information we can finally start locating
VCSEL modes, which are of course resonant optical field
distributions that can propagate indefinitely back and forth
inside the cavity without the need for any external sources.
To formulate this mathematically, we start by dividing the
cavity at an arbitrary location in a top and a bottom part
(fig. 2). Using the techniques discussed above, we calcu-
late the reflection matrix Rgop of the top part as seen from
the bottom, and similarly the reflection matrix Rpot of
the bottom part as seen from the top. Describing the laser
mode by its (so far unknown) eigenmode expansion coeffi-
cients collected in the vector Ajasing, We can express the
condition of unity round trip gain as

Rtop - Rbot . Alasing = Alasing (1)

Put differently, if the cavity matrix Q = Ryop ' Rbot has
an eigenvector with an eigenvalue v of 1, this eigenvector
describes a lasing mode.

For an arbitrary structure, Q will not have such an eigen-
vector. We will need to vary the wavelength A to get phase
resonance, which is when the eigenvalue v lies on the pos-
itive real axis. In the absence of any gain in the active

Fig. 2. Generic laser cavity consisting of a top and a bottom part.

region, v will be smaller than unity, because of the losses
inside the cavity. This means that we will also have to
tune the material gain g,,.¢ in the active region, in or-
der to achieve amplitude resonance, where the gain exactly
compensates the losses. We do this by simply changing
the imaginary part of the refractive index of the gain area,
which is by definition related to gma: by

2m
A

In summary, locating a laser mode consists of doing a
search in the two-dimensional (X, gmqt) space to find a point
where Q has an eigenvector with an eigenvalue of 1. This
gives the laser mode’s resonance wavelength, threshold ma-
terial gain and field profile. Also note that the exact loca-
tion of the gain region(s) with respect to the cavity cut is
completely arbitrary.

Finally, we want to point out that in practice, we do not
really need to perform a search in a 2D space to achieve
resonance. It turns out that in the vast majority of cases,
we can suffice by doing a sequence of 1D searches. Keeping
the gain fixed at zero, we first vary the wavelength until
we arrive at phase resonance. Subsequently, we keep the
wavelength fixed and increase the material gain until we
locate the laser mode. If we need higher precision, we can
continue to vary wavelength and gain around this point,
but usually, we can get a precision on the order of 10~*
with one wavelength and one gain sweep.

Using 100 modes, the entire process of finding the wave-
length and gain of a laser mode typically takes only about
five minutes on a Sun UltraSparc IT 250 MHz. This VCSEL
model is incorporated in our optical modeling framework
CAMEFR [7], which can o.a. also be used to model photonic
crystal devices.

Imat = 2 R (nactive) (2)

III. TRANSVERSE CONFINEMENT IN VCSELS

Different types of VCSELs are mainly distinguished by
the way in which they realize transverse optical confine-
ment. Over the past few years, several approaches to
achieve transverse confinement have been tried out ex-
perimentally, some of which now well-established, others
more speculative and research-oriented. We will now com-



d (nm) | Material | Refr. index
air air 1.00
25 pair DBR 69.49 GaAs 3.53
79.63 | AlGaAs 3.08
136.49 GaAs 3.53

lambda cavity 5.0 QW 3.53+..
136.49 GaAs 3.53
29.5 pair DBR | 79.63 | AlGaAs 3.08
69.49 GaAs 3.53
substrate GaAs 3.53
TABLE 1

LAYER STRUCTURE OF THE COST VCSEL.

pare many of these approaches numerically, which will
show among others that designing transverse confinement
in VCSELSs is not a trivial matter, because it involves some
trade-offs and because its design cannot be separated from
that of the rest of the cavity.

A. Proton-implanted VCSELs

Proton implantation achieves confinement by selectively
bombarding areas of the substrate with protons. This de-
stroys the lattice structure of the semiconductor, turning
the exposed regions into an isolator. By leaving circular
apertures free from implantation, conducting regions sur-
rounded by isolators can be created, which funnel the in-
jected current into a small area in the active region [12].

Proton implantation does not change the optical prop-
erties of the exposed regions appreciably, so the only re-
fractive index change in the VCSEL is the localized gain in
the active region below the aperture due to current injec-
tion. Since this is a very small confining effect, thresholds
in these devices tend to be relatively high.

To illustrate this, we calculated the threshold material
gain as a function of aperture size for the VCSEL layer
structure from table I. It is an AlGaAs VCSEL designed
for emission around 980 nm. The cavity is one optical
wavelength long, has 29.5 bottom DBR pairs and 25 top
DBR pairs. It has a single 5 nm thick quantum well (QW)
as an active region. The gain profile is taken to be piecewise
constant. Inside the aperture, there is a constant gain,
with a level to be determined by the laser mode locating
algorithm. Outside the aperture, there is a small constant
loss, indicated by an imaginary refractive index of -0.01.
This structure is not chosen to mimic a realistic VCSEL
design in all of its details, but rather as an illustration of the
fundamental optical processes at work in VCSELs. As it
was used in the COST268 modeling comparison [3], we will
refer to this layer structure as the COST layer structure.
All simulations in this paper were performed retaining 100
modes in the eigenmode expansion and placing the VCSEL
in a metal cylinder with radius 12-0.05j pm, which proved
to be more than enough in order to achieve convergence.

We can see from the results in fig. 3 that the thresh-
old material gain quickly increases for decreasing aperture
sizes. The results are plotted for the fundamental mode,
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Fig. 3. Threshold material gain for the proton-implanted VCSEL.
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Fig. 4. Threshold material gain for the airpost VCSEL.

i.e. the HE{; mode (the lowest order mode with Bessel or-
der 1). The trends from this figure can easily be explained
as follows. As the device size decreases, diffraction effects
will become more prominent and will cause the laser beam
to spread out. After reflecting at the DBRs, the mode will
have a size much larger than the pumped gain region, and
this poor overlap of the optical mode with the gain profile
will lead to a very inefficient amplification process of the
laser beam.

Because the gain-guiding offers only a very weak con-
finement, these diffraction losses will quickly lead to very
high thresholds for small devices. From fig. 3 and also
from experimental evidence, we can therefore conclude that
proton-implanted VCSELs with small diameters are not re-
ally feasible.

B. Airpost VCSELs

A second approach to achieve confinement in VCSELS is
etching away the semiconductor material around the cav-
ity to leave an airpost standing [13]. As this airpost acts
as a waveguide offering strong confinement to the optical
field, we expect the diffraction losses to be lower. This is
illustrated by the simulation results from fig. 4. The ’back-
ground’ VCSEL structure is the same as from table I, to
allow easy comparison between the different forms of op-
tical confinement. The gain diameter is taken to be the
same as the post diameter. Clearly, the airpost VCSEL
has much lower thresholds, making lasing in devices with
a radius down to 3 pum feasible.

C. Thick-ozide-confined VCSELs

The most popular way of achieving lateral confinement
nowadays is the use of aluminum oxidation. This process
was first described in [14] and consists of etching an air-
post to expose a semiconductor layer with high Al content,
like e.g. Al,Gaj_,As with the Al fraction z larger than
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Fig. 5. Threshold material gain for the thick oxide aperture VCSEL.

90%. The sample is subsequently introduced in a furnace
at a temperature of around 400 degrees, through which a
steady flow of water vapor is maintained. This hydrogen-
rich environment will laterally oxidize the exposed AlGaAs
layer. This creates a current aperture, that can be used
to restrict current injection to a small region in the ac-
tive layer. Also, AlOx has a refractive index of around
1.55, which means that the oxide aperture will also act as
a waveguide counteracting the diffraction losses.

Fig. 5 plots the threshold material gain of the reference
VCSEL from table I, but this time with the bottom layer
of the top DBR replaced by a partially oxidized A/4 thick
AlGaAs layer. The gain diameter is taken to be the same
as the oxide diameter. We make abstraction of the airpost
that was etched to expose this layer, because this post typ-
ically has a diameter much larger than that of the oxide
aperture itself. It will therefore not affect the optical field
appreciably.

From fig. 5 it is apparent that this oxide aperture per-
forms even better than the airpost VCSEL. At first sight
this might seem surprising, because the oxide clearly has a
much smaller confining effect than the airpost: the confin-
ing effect is only present in a single layer and the refractive
index contrast is lower.

This discrepancy can easily be explained by the increased
scattering losses that occur in the airpost VCSEL as com-
pared to the oxide VCSEL. To illustrate this, we plot the
field profiles in an oxide-confined and an airpost VCSEL
with a radius of 1 ym. These figures show the magnitude
of the 4 component of the optical field on a logarithmic
scale. The left-hand edge of the figures is the symmetry
axis p = 0, meaning that only the right half of the cavity
is shown. Although the airpost achieves much better con-
finement in the top DBR, a lot of the light is lost at the
corner interface between the unetched region, the etched
airpost and the surrounding air layer. There, the light ra-
diates out of the cavity in a wave traveling to the top right
of the picture. For the oxide aperture, the weaker index
contrast results in reduced scattering losses. At the same
time however, the confinement is not as good, leading to
higher diffraction losses. In this case, the balance between
these two effects is such that the oxide-confined VCSEL has
a lower threshold material gain than the airpost VCSEL.

In general, we can say that introducing any confining
structure into a VCSEL will have two effects, one positive
and one negative. On one hand, it will keep the optical field

—
N

airpost VCSEL

E—
E——
W
E—

thick oxide VCSEL

Fig. 6. Field profiles in an airpost VCSEL and a thick oxide VCSEL
(the left edge of the figure is the rotational symmetry axis).
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Fig. 7. VCSEL with a thin oxide aperture at an antinode or a node
position.
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Fig. 8. Threshold material gain for the thin oxide VCSEL.

together when it is inside the confining structure, leading
to reduced diffraction losses. On the other hand, coupling
light into and out of this confining element disturbs the
field and can lead to scattering losses at the edges of the
structure. These effects tend to oppose each other in the
sense that structures providing tight confinement also ex-
hibit rather high scattering, so there is a fine balance to be
struck.

D. Thin oxide-confined VCSELs
D.1 Aperture position dependent effects

This trade-off between diffraction and scattering losses
leads to the reasoning behind the use of oxide apertures
that are thinner than a quarter-wavelength layer. We can
sacrifice some optical confinement by reducing the thick-
ness of the oxide layer, which is compensated by a reduc-
tion in scattering loss since the thinner oxide will disturb
the optical field less.

By reducing the thickness of the oxide layer, we also
gain an additional degree of freedom, namely the position
of the aperture with respect to the optical field. Fig. 7
illustrates how the aperture can be placed at either a max-
imum (antinode) or a minimum (node) of the optical field.
In fig. 8, we show the threshold material gain for a node and
an antinode aperture VCSEL with a thickness of A/20, i.e
one-fifth of the quarter-wavelength layer. Once again, the
background VCSEL structure is the same. For the antin-
ode oxide, the thresholds are the lowest of the devices we
studied so far, clearly showing that the reduction in scat-

node oxide d (nm) Material Refr. index

air air 1.00
28 pair DBR 69.8 GaAs 3.51
81.4 A1,87Ga,13As 3.01
349.0 GaAs 3.51

s W — node oxide 30.0 | AlOx/AlAs | 1.55/2.93
30.0 Al_27Ga_73As 3.36

 — QW 8.0 InGaAs 3.51+..j
30.0 Al_27Ga_73As 3.36
120.0 Al_50Ga_50As 3.22
etch stop layer | 558.4 GaAs 3.51
31.5 pair DBR 83.6 AlAs 2.93
69.8 GaAs 3.51
substrate GaAs 3.51

TABLE II

LAYER STRUCTURE OF THE NODE OXIDE USC VCSEL.
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Fig. 9. USC VCSEL structure.

tering losses outweighs the small loss of confinement. For
the node oxide, the situation is very different. Because it
is placed at a field minimum, it will hardly have any effect
on the optical mode, meaning low scattering but also very
poor optical confinement, leading to an optical field profile
that is spread out considerably. The latter effect is much
stronger in this case, so the thresholds of this device are
quite high.

D.2 Influence of carrier diffusion

In the VCSEL structures we modeled so far, the antin-
ode oxide always outperformed the node oxide in terms
of threshold material gain. However, in some reports in
literature, we can find devices where exactly the opposite
behavior is seen experimentally. One example of this is a
study performed at the University of Southern California
at Los Angeles (USC) [15]. In this section, we will try
to elucidate these apparent differences between theory and
experiment.

The USC device has a very different structure than the
COST VCSEL, so it is not advisable to extrapolate its
behavior from that of the COST device, at least not intu-
itively without rigorous simulations. The USC layer struc-
ture is given in table II, and the main differences with the
COST structure are illustrated in fig. 9.
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Fig. 10. Threshold material gain the the USC thin oxide VCSELs.
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Fig. 11. Influence of lateral carrier diffusion on the overlap of the
gain profile with the optical mode.

The device has a cavity length of 4\, rather than the
short 1\ devices we considered so far. Diffraction losses
will therefore play a larger role in these longer cavities.
Additionally, the USC node oxide is placed at the first field
minimum, whereas the COST node aperture is placed at
the second field minimum (fig. 7).

Fig. 10 shows the simulated thresholds for the USC de-
vices. The relative threshold difference between the node
and the antinode devices is smaller than in fig. 8, but still,
the antinode device has a lower threshold, contrary to the
experimental evidence. The difference in cavity design is
therefore not sufficient to explain the observed experimen-
tal trends.

Clearly, another effect is important here, which is carrier
diffusion as already suggested in [15]. Once carriers get
injected through the oxide aperture inside the quantum
wells, they tend to diffuse laterally. This means that the
effective gain region will have a diameter larger than the
oxide aperture diameter (fig. 11). We know that the lower
optical confinement in the node oxide will cause the laser
mode to spread. This larger modal cross-section is very
well matched to the larger gain diameter caused by carrier
diffusion (fig. 11). For the antinode oxide, the opposite
is true. The mode profile is rather narrow, meaning that
a significant fraction of the gain in the QW only sees the
tail regions of the optical mode. Because of the low field
intensity in these tails, pumping is very inefficient there
and this fraction of the gain is effectively wasted.

We can quite easily simulate the effects of carrier dif-
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Fig. 12. Threshold material gain for the USC VCSELs with a 2 um
oxide aperture radius.

fundamental mode higher order mode

Fig. 13. VCSEL combining both a proton-implantation and an oxide
aperture to increase the modal stability.

fusion by choosing the gain diameter larger than the ox-
ide aperture diameter. The precise size of the gain region
should follow from other non-optical models (carrier diffu-
sion models), so we will just treat the gain diameter as a
phenomenological parameter here and simulate the device
for a number of values of the gain diameter. Fig. 12 shows
the results of such simulations for devices with a 2 um ra-
dius oxide aperture. We can clearly see that the node oxide
starts to outperform the antinode oxide from a gain radius
of 3 um, i.e. a diffusion length of about 1 ym. These val-
ues are in the same range as those reported in [15], which
indicates that lateral carrier diffusion is indeed the relevant
effect explaining the experimental trends.

E. Proton-implanted oxide-confined VCSELs

The effects of the gain diameter size relative to the ox-
ide diameter size are exploited to increase modal stability
in VCSELs which combine both a proton-implant and an
oxide aperture [16]. The diameter of the proton-implant
aperture is chosen to be smaller than that of the oxide aper-
ture, such that the effective gain diameter is also smaller
than the oxide diameter (fig. 13). Such a device layout
will significantly increase the threshold of the higher order
modes (e.g. the TEy; mode, the lowest order mode with
Bessel order 0 and TE polarization) with respect to the
fundamental mode. This is immediately clear from fig. 13,
because for the higher order mode, almost all the gain is
concentrated in regions where the optical field is very low.
This high modal stability can lead to high-power devices
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which lase only in the fundamental mode, a desirable prop-
erty for imaging or high-speed modulation.

Fig. 14 shows the simulated behavior of such a device,
starting from the USC VCSEL structure with a 2 pym ra-
dius antinode oxide. The dashed line corresponds to a gain
diameter equal to the oxide diameter, so to the right of this
line we have situations where carrier diffusion increases the
effective gain diameter. To the left of the line, the gain di-
ameter is smaller than the oxide aperture, e.g. due to the
presence of a proton-implantation with a smaller diameter.
Obviously, decreasing the gain area leads to higher thresh-
olds, both for the fundamental and the higher order mode.
However, the relative threshold difference between these
modes also becomes higher, leading to increased modal sta-
bility. Clearly, for practical applications there is a trade-off
to be made between this increased modal stability and the
higher threshold for the fundamental mode.

F. Tapered-oxide VCSELs

By incorporating several layers with different Al contents
and by exploiting the strong dependence of oxidation rate
on Al content, one can fabricate oxide apertures which are
tapered rather than abrupt [17] (fig. 15). Compared to
an abrupt oxide with equal thickness, a tapered oxide will
provide lower confinement, but because the index change
is much more gradual, scattering losses will be lower.

We illustrate this by replacing the abrupt thin oxides in
the USC VCSEL with linearly tapered oxides. The inner
taper radius is kept fixed at 2 pum, the outer radius is in-
creased from 2 pym (no taper - abrupt oxide) to 3 ym. The
linear profile is approximated by a staircase profile consist-
ing of 7 steps (fig. 15). For the gain radius 3 pum is assumed.
The simulation results are shown in fig. 16. For the node
oxide, which already had a low confinement to start with,
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Fig. 16. Threshold material gain for a tapered VCSEL.

the even lower confinement caused by the tapering is so
detrimental that the threshold goes up. Things are dif-
ferent for the antinode oxide, where the lower scattering
outweighs the increased diffraction losses. Thresholds for
the tapered antinode oxide are even lower than those of the
abrupt oxide.

Clearly, this is only the tip of the iceberg, because careful
control of the growth techniques and the oxidation process
can provide much more sophisticated taper profiles than
linear ones, like parabolic or asymmetric profiles. It is even
hoped that the ’perfect’ taper structure can be designed,
which will act as a perfect lens that will focus the beam on a
narrow spot inside the active region, without any scattering
or diffraction losses [18]. Such devices could potentially
have extremely low threshold currents. This is a promising
area for further research. However, engineering the perfect
VCSEL cavity will not be trivial because at this level of
sophistication, the precise carrier diffusion profiles will have
to be taken into account, in addition to other effects like
thermally induced refractive index changes.

IV. CONCLUSION

We presented a novel optical VCSEL model based on
vectorial eigenmode expansion and perfectly matched lay-
ers. Diffraction and scattering losses of VCSELs can be
modeled accurately because of the presence of absorbing
boundary conditions. Despite being fully rigorous and vec-
torial, the computational requirements of the model are
still relatively modest, with run times expressed in the or-
der of a few minutes.

This model can be used to study the threshold material
gain, field profiles and modal stability of a large variety
of different VCSEL designs. We illustrated that design-
ing a confinement structure in VCSELs involves a delicate
balance between diffraction and scattering losses, between
the conflicting demands of high confinement inside the con-
fining structure and small refractive index steps to reduce
scattering for light entering the confining structure. More-
over, these issues cannot be considered in isolation from the
rest of the VCSEL design: other aspects like cavity length
or carrier diffusion have to be taken into account.
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