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Abstract: Lateral leakage of light has been identified as a detrimental loss source in many
suggested and experimentally realized GaN-based VCSELs. In the present work we include
thermal effects to realistically account for the substantial Joule heating in these devices. In
contrast to what could be expected from the previous results, the induced thermal lensing does
not make antiguided cavities more positively guided, so that they approach the unguided regime
with extremely high lateral leakage. Rather, thermal lensing strongly suppresses lateral leakage
for both antiguided and guided cavities. This is explained in terms of lowered launch of power
from the central part of the cavity and/or lower total internal reflection in the peripheral part;
the former effect is active in all cavities whereas the latter only contributes to the very strongly
reduced leakage in weakly antiguided cavities. Thermal lensing suppresses lateral leakage both
for the fundamental and the first higher order mode, but a strong modal discrimination is still
achieved for the antiguided cavities. Thus, strongly antiguided cavities could be used to achieve
single-mode devices, but at the cost of slightly higher threshold gain and stronger temperature
dependent performance characteristics.
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Fig. 1. Left: Schematic cross-sectional view of a VCSEL with a step in the layer profile.
Right: Scanning electron microscopy (SEM) image of the layer structure in a fabricated
GaN/AlInN-based VCSEL [1].

1. Introduction

Efficient current injection and lateral current confinement remain as major challenges in nitride-
based vertical-cavity surface-emitting lasers (VCSELs) for blue-green emission [1-11]. Sug-
gested and experimentally realized cavity structures often employ dielectric apertures to confine
the current to the central region. More recently, buried tunnel junctions (BTJ) have been sug-
gested, serving a similar purpose while also potentially improving the current spreading and
simplify contacting to metals, since n-doped nitride material can be used in the upper part
of the cavity instead of highly resistive p-doped material. Naturally, these effects have been
more focused on the electrical rather than the optical properties. To achieve electrically injected
VCSELs, it is however also important to consider how electrical apertures affect the optical
properties of the VCSEL to achieve devices with low threshold gain and thus low threshold
currents. We previously showed that, at least for a cold cavity, extremely small changes in the
cavity design can lead to a dramatic change in the threshold gain [12]. More precisely, we studied
the effects of the step in the layer structure of the cavity that naturally occurs when realizing a
circular current aperture or BTJ. In both cases, the cavity structure is changed near the top mirror,
because of the longitudinal displacement of the central part, near the optical axis, relative to the
peripheral part. This occurs because the realization of the aperture/BTJ in general includes the
formation of a stepped surface profile at the position of the aperture/BTJ onto which the layers of
the top distributed Bragg reflector (DBR) mirror are then deposited. Unless special measures are
taken in the processing, the stepped profile is very nearly preserved throughout the top mirror [1],
see Fig. 1, and will therefore influence the optical behavior. In our previous study we showed
that nanometer-sized changes in the step height in the profile can change a cavity from guided
to antiguided, leading to massive lateral leakage, i.e. resonantly enhanced optical loss caused
by light escaping in the radial direction. The conclusion was then that any suggested cavity
structure should be checked, if not with the more rigorous 3D methods we used, at least with
the computationally much less demanding effective refractive index method. The latter method
gives as result the effective refractive index difference An.g between the central and peripheral
part of the cavity. We showed that the condition An.g=0, i.e. the boundary between antiguided
(Aner < 0) and guided (Aneg > 0) cavity in the effective refractive index sense, very accurately
corresponds to the onset of excessive lateral leakage, which remains high for all antiguided
cavities. To provide some safety margin, we argued that a value for Aneg of roughly +0.02 would
be appropriate in the design, since a too high positive value increases the diffraction loss.

In an actual VCSEL cavity under operation, the generated heat causes an elevated temperature
distribution and an associated additional refractive index gradient because of the thermo-optical
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effect. For the semiconductors we study, the thermo-optic coefficients are positive and thus
lead to thermal lensing. Considering the sensitivity of lateral leakage to changes in refractive
index caused by small changes in structure, it is natural to ask whether the small refractive
index change caused by thermal lensing can further influence the lateral leakage. Therefore, in
this study we have modelled the temperature distribution in the VCSEL cavity and used the
results in the optical simulation. The electrical model is a modification of the fairly sophisticated
APSYS model, which is implemented in the commercial software from Crosslight Software
Inc, including several effects that are uniquely characteristic of nitride materials such as strong
spontaneous and piezoelectric internal polarization fields [13, 14]. However, acknowledging the
uncertainties in parameter values and their dependence on processing conditions that are not yet
fully understood, our target is not to make a very accurate prediction of, say, the threshold gain
for a certain device. Rather, we want to establish the qualitative change in behavior — in threshold
gain, sources of optical loss and modal discrimination — when thermal effects are included, to see
if some conclusions from the cold cavity study need to be revised, including the rules-of-thumb
for the cavity design. Therefore we will use the same temperature simulation for all cavities,
although they differ in their material composition in the aperture region, which constitutes a very
small fraction of the entire simulated cavity. We will also consider only one case of heating,
corresponding to an operating condition of 10 V applied voltage (~100 kA/cm? injection current
density) in the model. This rather arbitrary choice represents a case with significant heating,
the temperature increase over the ambient being ~70°C in the active region of the cavity. It is
however not an unreasonably high temperature increase, since VCSELSs are required to be able
to operate up to temperatures ~70°C [15] and continuous-wave operation of GaN VCSELSs has
been demonstrated up to 95°C [16].

2. Numerical models

Two separate numerical models were used for the simulations, one optical and one cur-
rent/temperature model. Prior to the optical simulation, the electric current distribution was
determined using the APSYS software. This software primarily solves the electrostatic potential
distribution in the cavity, taking into account numerous higher-order effects that are characteristic
for GaN. The calculated potential variation is the driving force for the current through the cavity,
which in turn acts as a distributed heat source through Joule heating. The resulting elevated
temperature distribution in the cavity was obtained from the spatial heat source distribution using
COMSOL Multiphysics software to solve the stationary heat equation; the results were then fed
into the optical model.

The optical model was described in detail in [12, 17], but for the present work it was modified
to also accept a temperature distribution in the cavity as input. The optical model is a true 3D
model based on a scheme very similar to that of the rigorous vectorial 3D method described
in [19,20]. However, because of the strongly paraxial field in a VCSEL cavity, the field is
assumed to have only a transverse component. In this scheme the cavity is divided into segments
in the longitudinal direction, within which there is no longitudinal variation of the cold-cavity
refractive index. Within each segment, the back and forward propagating fields are calculated
with beam propagation methods and are then connected to the adjacent segments by Fresnel
reflections at the segment interfaces, a procedure which is iterated until a self-consistent solution
is found. By suppressing the so obtained field solution, the field with the next lowest threshold
gain can be found, i.e., one can obtain the performance also for the first higher order transverse
mode. In the updated version, the given temperature distribution is converted to a corresponding
change in refractive index, based on the thermo-optic coefficients of the different materials.
Each segment is supposed to have a constant temperature, and thus change in refractive index,
in the longitudinal direction, whereas in the radial direction both temperature and refractive
index fall off. The temperature-induced change in refractive index is thus simply added to the
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two-dimensional cold-cavity index distribution in each segment, and the iterative procedures
follow as before. When a self-consistent update of the segment fields has been obtained, so that
the monitored variables — wavelength (around 420 nm), mode field volume, and threshold gain
in the quantum wells (QWs) — have converged, the cavity field is analyzed to determine the
contributions from the different loss sources. In this post-processing step the values for the lateral
loss, absorption loss and outcoupling loss through the top and bottom mirrors are determined.

In addition, the cold-cavity structure was also analyzed with a considerably simpler and
quicker effective index method [18], which was also used in [19,20]. This method yields as one
of its results the so called effective index difference, Anes, between the central and peripheral
part of the cavity. The purpose of this calculation was only to extract Aneg for each of the studied
VCSEL cavities to get a simple measure for how strongly guided the field is in that cavity; the
higher the value for Aneg, the more strongly guiding is the cavity.

Type A Type B Type C Type D Type E

Fig. 2. Details of the layer structure in the different studied types of current apertures.
For clarity, in the shown layer structures the ITO layer in the central region appears to be
isolated from that in the periphery, but in reality the ITO-layer is continuous across the
step-like structure created by the aperture [21]. Thus, the ITO always provides an electrical
connection between the p-GaN and the metal p-contact. The definition of the step height &
in the topmost part of the layer structure is also indicated. The inset shows the calculated
temperature distribution in the indicated part of the cavity.

3. Numerical simulations of the thermal lensing effects

The simulated cavity structures were the same as in [12], and represent different suggested,
and partly experimentally tested, ways to realize the current aperture [1-4,22-26]. Since it is
mainly the step height that determines the behavior, as will be shown, similar results can be
expected for BTJ VCSELs with an induced step height in the top DBR. Figure 1 shows the
general features of the studied cavities, while Fig. 2 shows details of the structure in the vicinity
of the current aperture. These details distinguish the different cavities, which were categorized
into Types A-E. The step height is denoted by ¢, and for the cavity types A-B the step height
equals the thickness of the aperture layer, whereas for types C-E it is assumed that additional
processing steps have been performed to reduce ¢. The detailed layer structure and values for
the most important material parameters are given in Table 1. The thermo-optic coefficients for
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Table 1. Layer structure of the simulated VCSEL cavities, with material parameters used in
the simulations.

Repeat| Material Description | Thickness| Refractive | Absorption| Thermo-optic
(nm) index coeffi- coefficient
@420 nm, | cient (K1), [Ref]
[Ref] (ecm™h
T TiO, Top DBR 40.1 2.62,” 0 —5%107%,[29]
SiO, Top DBR 71.4 1477 0 -5x107°,[29]
TiO, Top DBR 25 2.62,7 0 -5%107%,[29]
ITO Current 30 2.10," 1000 1x1074,
spreader
SiN, Peripheral 2.06," —5x107°,7
/Si0; part 147 -5x1079,[29]
JAIN of current 10-50 2.18," 0 5%1073, [30]
/AlInN aperture 2.3, [27] 1.5x10747
GaN Contact 140 249,281 | 10 2.88x107%,[29]
layer
Alg2GaggN | Electron 20 242,028] | O 5.7x107>,[29]
blocking
layer (EBL)
GaN Contact 13 2.49,128] | O 2.88x107%,[29]
layer
Ix Ing 03Gag.o7N| QW barrier | 6 2.68,7 0 2.58x 1074, 129
Ing1Gap9N | QW 5 3,7 0 2.58%x107%,[29]
Ing.03Gag.97N| QW barrier | 6 2.68,7 0 2.58x107%,[29]
GaN Contact 946.6 2.49,[28] | 10 2.88x107%,[29]
layer
GaN Bottom 42.17 2.49,128] | 10 2.88x107%,[29]
42 DBR
Alg gIng N | Bottom 45.65 2.3, [27] 10 1.5x10747
DBR
GaN Substrate 2.49,128] | O 2.88x107%,[29]
* measured values; | assumed values.

the dielectric materials are uncertain, with both positive and negative values appearing in the
literature. However, they have no influence on the simulations since they are roughly two orders
of magnitude smaller than that of GaN. The diameter of the current aperture was set to be 4
pum. The gain in the QWs was assumed to be spatially constant (at a value determined by the
simulation) within this diameter and zero outside.

The material threshold gain in the QWs, required to sustain the cavity energy at a constant
level, is shown in Fig. 3 for the fundamental mode. The threshold gain in cold cavity and cavity
with thermal lensing are reported for all the considered cavity designs. As can be seen, thermal
lensing leads to a significant reduction of the threshold gain for antiguided cavities, i.e., where
Aneg < 0. This is in contrast to what could be intuitively expected: that thermal lensing would
add (positive) guiding so that a strongly negatively guided cavity becomes less (net) guided;
in other words that its An.g is effectively increased towards zero where the cavity experiences
higher loss which results in higher threshold gain. Clearly, this is not the case. Less surprising is
that for cavities with moderate positive guiding, which have a minimum of both lateral leakage
and diffraction loss already as cold cavities, thermal lensing has no appreciable effect. The insets
in Fig. 3 show the total cavity field, and how the thermal lensing confines the central field to a
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Fig. 3. Calculated material threshold gain in the three QWs for the fundamental mode in the
studied cavities, with (large marker) and without (small marker) thermal effects. The number
next to each larger marker denotes the layer step height (§) for each case. The two insets on
the right hand side show the amplitude of the cavity field for the indicated cavity, without
and with thermal lensing included; only the part of the cavity that is above the bottom DBR
is shown. To clearly show the peripheral fields, the central fields are shown saturated to the
same degree in the two cases.
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Fig. 4. Contributions to the total cavity loss for the fundamental mode in the studied cavities,
with thermal effects included. The percentages denote the change in lateral loss compared to
the cold-cavity case.
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Fig. 5. The same as Fig. 3 but for the first-higher order mode. The insets show the cross-
sectional intracavity field near the active region for the indicated cavities.

noticeably smaller diameter and reduces the peripheral field. The peripheral field consists of two
counterpropagating and slightly diverging waves, which give rise to the dotted appearance of
the total field in the radial direction. The denser dot pattern for the case without thermal lensing
indicates a larger divergence angle, while thermal lensing has a rectifying effect on the peripheral
field as will be described in Section 4.

The contributions to the cavity loss, with thermal effects included, are shown in Fig. 4. The
percentages indicate the change of lateral loss relative to the cold-cavity case. The absorption
loss and outcoupling loss (mirror loss) are virtually unaffected by thermal lensing so no numbers
are given for these losses. The figure clearly shows the strong reduction of the lateral loss,
typically by 50-60% and even more for the cavities closest to Aneg = 0, for which the lateral
loss disappears almost completely. Clearly, it is the reduction of the lateral loss that causes the
strong reduction in the threshold gain of the antiguided cavities, the causes of which will be
analyzed in the next paragraph. These results should be compared to those for the first higher
order mode, shown in Figs. 5 and 6; notice the difference in scales compared to the previous
figures for the fundamental mode. First one can observe that thermal lensing makes lasing in
the first higher order mode possible in all cavities, including the two closest to Aneg = 0 in
which no higher-order mode exists in the cold cavity case. In the antiguided cavities, a similar
significant reduction of the threshold gain occurs for the fundamental mode and for the first
higher-order mode. However, the loss analysis reveals that the lateral loss reduction for antiguided
cavities is slightly lower than for the fundamental mode, being typically 30-40%. This means the
strong discrimination against higher-order modes that was observed for cold antiguided cavities
remains also when thermal lensing is included. This is shown in Fig. 7 which shows the relative
modal discrimination, i.e. the difference in threshold gain between the first-higher order and
fundamental modes, divided by the threshold gain for the fundamental mode. For the antiguided
cavities it is clear that the thermal effects lead to similar or even higher mode discrimination
than for the cold cavity, with at least 40% higher threshold gain for the first higher order mode
compared to the fundamental mode.

The simulations did not include carrier antiguiding, an effect which reduces the refractive
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Fig. 6. The same as Fig. 4 but for the first-higher order mode.

index in the pumped part of the QW's due to the high concentration of carriers there. The value
for the reduction of the refractive index as a function of the carrier density is not well known for
gallium nitride materials [31,32]. However, as a safety measure we recalculated the results for a
few of the antiguided cavities using a quite large reduction of An=-0.5 of the material refractive
index in the QWs within the diameter of the aperture, and none outside. In spite of this, there was
no significant change in the results, indicating that under the studied conditions thermal lensing
should be a far stronger effect than carrier antiguiding.

4. Explaining the effect of thermal lensing on lateral loss

For the cold cavity case a number of different viewpoints have been used to gain an intuitive
understanding of the strong variation in lateral loss, and the associated variation in threshold gain,
with the profile step. We previously found that the description by Hadley [18] was particularly
simple, and allowed for a verification of the description based on the position of the side lobes
in the far field [12]. Hadley’s view is that the dramatic increase in lateral loss — the lateral
leakage — that occurs when the cavity becomes antiguiding occurs because the peripheral cavity
becomes resonant for an obliquely propagating wave at a certain angle to the optical axis. In the
outcoupled field this preferential oblique propagation shows as the aforementioned distinct side
lobe in the far field. The observation that the leakage shows a distinct decrease further into the
antiguided region was explained from the fact that the propagation angle of the resonant wave
increases. The field in the central part, which feeds the peripheral resonant field, has a lower
angular field content at these more oblique angles and thus less light is being launched into the
open resonant channel. Consequently, with this picture there are two possible explanations for
the strong and robust reduction of the lateral leakage in the antiguided cavities when thermal
effects are accounted for, as illustrated in Fig. 8:

(1) A less efficient launch of light from the central part of the cavity into the peripheral
resonant wave. Presumably, this could happen if thermal lensing in the central part helps reduce
the field components with an oblique propagation angle.
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Fig. 7. The difference between threshold gain for the first-higher order mode and the
fundamental mode, as a percentage of the threshold gain for the fundamental mode. To
clearly show the details the two largest values for the relative modal discrimination, at 121%
and 165%, are out of range on the vertical axis as indicated. The insets show the cross
section of field distribution in the far-field, with the large-angle side lobe typical for strongly
antiguided cavities, for the indicated cavity for both the fundamental and the first-higher
order modes.

(i1) An inhibited propagation of the resonant wave in the peripheral cavity. Presumably, this
could happen if thermal lensing in the peripheral part is strong enough and the propagation angle
for the resonant peripheral wave is not too high. Then, as the wave propagates outwards in the
peripheral region, the decreasing refractive index gradually rectifies the propagation so that it
eventually becomes parallel with the optical axis and no further power escapes in the outwards
radial direction; thus the field is being totally internally reflected and the peripheral structure
works as a lossless circular waveguide.

To determine which explanation is correct the simulations for the fundamental mode were
repeated again for all cavities. For each cavity two simulations were performed, each with a
different, manipulated temperature distribution, see the insets in Fig. 8. One distribution had the
correct temperature variation in the central part, whereas in the periphery there was no variation.
The idea with this distribution, which gives thermal lensing in the central part but not in the
periphery, is to test whether (i) is the primary effective mechanism in the reduced threshold gain
when thermal effects are included. If so, the simulation with this temperature distribution and the
actual one should give similar results. Likewise, the other manipulated temperature distribution,
correct in the periphery but artificially held constant in the central part, should give thermal
lensing in periphery but not in center. So if (ii) is the only effective mechanism, this distribution
and the actual one should give similar results.

The results of the simulations are shown in Fig. 9, and compared with the previously shown
cold cavity case and the case for the full thermal model with thermal lensing in both center and
periphery. The results are striking in the clear distinction between the effects (i) and (ii): except
for the region with very weak antiguiding, thermal lensing only in the periphery gives the same
high threshold gain as for the cold cavity, whereas thermal lensing only in the center gives the
same lower threshold as the full thermal lensing. In fact, with the single exception of the cavity
with =10 nm, thermal lensing only in the central cavity gives the same low threshold as full
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cavity.

thermal lensing in all cavities. Thus one can draw the conclusion that it is (i), the inhibition of
light being launched from the central region, that is mainly responsible for the reduced lateral
leakage — once the light is out in the peripheral part the thermal lensing in this part has no
influence on the lateral loss. Only for weakly antiguiding cavities the situation may be different.
For these cases the propagation angle of the resonant wave in the (cold) external cavity is small.
This means that the radial decrease of the refractive index can straighten up the externally
propagating field to the point where it becomes parallel with the optical axis and thus the lateral
transport of energy stops, see Fig. 8. In other words, the peripheral cavity manages to confine
the field laterally by total internal reflection because the launch angle of the resonant lightwave
into the peripheral cavity is so small for weakly antiguided cavities. We can roughly estimate
for which cavities this should happen by using the simple hard-mirror model depicted in Fig. 8.
The model was previously used to verify the relation between launch angle and the strength of
antiguiding, the latter given by the difference d.,y in cavity length between the peripheral and
central cavities, i.e. the height of the step in the profile of the top mirror [12]. Assuming that the
central cavity is resonant for a field along the optical axis, the roundtrip condition for the phase
is

2k, Lo = 2koneLe = me - 2m, @)
where k is the component of the wave vector in the z-direction, which is here the full k-vector
since the propagation is along the optical axis, n. is the refractive index in the central region
and m, is an integer. Likewise, in the peripheral cavity, the resonance condition for an obliquely
travelling wave with propagation angle 6.5 (r) becomes

2k (L + Ocav) = 2konp (r) cos(Ores(r))(Le + Ocay) = myp - 27, 2

where n,(r) is the local refractive index. Since Ocay is small, it is natural to assume that the
integer m, = m.. Because of thermal lensing, n,(r) decreases with the radial distance and
therefore the angle that is needed for the resonance reduces. Assuming that for large enough
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Fig. 9. Threshold gain for the fundamental mode for the manipulated temperature dis-
tributions. The values shown in Fig. 3 for the cold-cavity and for the actual temperature
distribution are indicated for comparison. In this figure the onset of total internal reflection
in the peripheral cavity according to the simplified hard-mirror model is also indicated. The
inset shows the refractive index profile in the radial direction near the active region for the
manipulated cases (same color code as in the main figure).

r the wave has become completely parallel with the optical axis, i.e., s (7)=0, so that lateral
transport completely ceases (total internal reflection). Equations. 1 and 2 give

5o Lol = np ) )
np (r)

From the inset in Fig. 9, which shows the radial variation of the refractive index in a
longitudinal position near the active region, it can be seen that the maximum value for the
refractive index difference in parenthesis in Eq. 3 is roughly 0.01. Using the same value as in [12]
for the effective cavity length L.=2 um, to account for field penetration into the bottom DBR, we
thus obtain the maximum value of d.,y for which total internal reflection occurs in the peripheral
cavity, Ocav,max=8 nm. To compare this with our simulation of real cavities one should note that
the totally unguided case, d¢y=0, corresponds to Aneg = 0 which occurs not for §=0 but for §
approximately 4-5 nm, because the aperture contributes to some (positive) guiding. Therefore,
adding this offset in 0 to dcay,max and allowing for some uncertainty stemming from our crude
model, we might conclude that total internal reflection in the periphery should occur for values
of ¢ smaller than 10-15 nm. This has been indicated in Fig. 9. Evidently, this estimation works
remarkably well: the cavities with 6= 4, 5, and 10 nm are the only ones where thermal lensing in
the periphery is effective in reducing the threshold gain compared to the cold cavity. The fact
that for these cavities inclusion of thermal lensing also in the center reduces the threshold gain
even more is mainly because this further narrows the intracavity field so that the lateral overlap
with the gain region in the QWs is improved. For ¢ smaller than 4 nm the cavities are guided
and therefore no lateral leakage occurs even in the absence of thermal effects, and so peripheral



Research Article Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 9568

Optics EXPRESS NN

=

thermal lensing is again ineffective in reducing lateral loss.

5. Conclusions

The present work answers the speculations that concluded our previous investigation of cold-
cavity nitride-based VCSELs. First, thermal lensing does not simply "add positive guiding"
in the sense that an antiguided cavity would shift closer to the unguided region of operation
(i.e. the transition region between the antiguided and guided regions) when thermal effects are
included. This would result in an increase in the threshold gain, which is not observed. Rather,
thermal lensing always robustly lowers the threshold gain for all antiguided cavities. By using
manipulated spatial temperature distributions, the reason for this was found to be the thermal
lensing in the narrow central part of the cavity, which reduces the injection of optical power into
the peripheral part of the cavity. Remarkably, in general the thermal lensing in the peripheral part
— which even undergoes a higher temperature-induced change in refractive index than the central
part — has no effect at all on lateral leakage loss and threshold gain. Thus it can be anticipated that
these results are quite invariant to different heat sinking schemes, since the latter might influence
the peripheral temperature distribution but only very slightly the central one.

Second, we previously noted that although the moderately positively guided (Aneg~0.2)
cavity would be preferred for its low threshold gain, the strongly antiguided regime was also
of interest because it offered discrimination towards higher-order modes, something which the
Aneg > 0 cavities inherently do not. The present inclusion of thermal effects should strengthen
this interest, because thermal lensing lowers the threshold gain for the fundamental mode in
the strongly antiguided cavity. At the same time the same strong discrimination against the
first-higher order mode as for the cold cavity is maintained.

In this context it can be noted that the nitride VCSELSs that have been experimentally realized
so far generally suffer from a low beam quality. This can be attributed to a tendency for the
intracavity field to filament, i.e. to have a strongly and irregularly varying lateral distribution of
the optical intensity, often concentrated in a few hot spots (a tendency which is further enhanced
because these lasers so far needed a quite large aperture diameter to lase at all). Such intracavity
field could be thought of as a higher-order mode stabilized by slight spatial fluctuations in
the refractive index and gain. Therefore operating in the positively guided or in the strongly
antiguided regime with its significant mode discrimination, may be a practical and efficient way
to suppress filamentation and obtain a high-quality output beam.
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