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Abstract.. This work presents a possible structure of a semi-monolithic GaN-based VCSEL with a tunnel junction, emitting at
450 nm and incorporating a nanoporous GaN (NP-GaN)/GaN distributed Bragg reflector (DBR). Self-consistent electrothermal
simulations were performed to examine how the current-aperture radius and cavity length affect current-crowding and self-
heating within the active region. Increasing the cavity length from 1A to 10A was found to markedly improve current uniformity
and heat dissipation, while smaller apertures yielded lower maximum temperatures; a cavity length of SA combined with a 3 um
aperture radius was identified as the optimal design compromise. The influence of NP-GaN porosity on the thermal resistance
of the rear DBR was further analyzed for two refractive-index models, linear and quadratic, while maintaining a target reflectivity
above 99.98%. A porosity of about 30% offered the best trade-off between the number of required DBR pairs and thermal
performance, giving a maximum device temperature of 317.1-317.6 K. Comparison with alternative AlInN/GaN and
AlScN/GaN DBRs showed that the NP-GaN/GaN mirror achieves the lowest maximum temperature and requires fewer layer
pairs, despite the technological challenges of controlling nanoporosity precisely. These findings provide guidance for designing

thermally efficient, high-reflectivity DBRs for future GaN-based VCSELs.

Key words: VCSEL, nanoporous GaN, DBR mirrors, computer simulations

1. INTRODUCTION

The concept of the vertical-cavity surface-emitting laser
(VCSEL) was first proposed in 1977, whereas the first
commercially viable devices did not become available until the
1990s [1]. Today, the vertical-cavity surface-emitting laser
(VCSEL) is one of the key radiation sources in modern
optoelectronics. It is highly valued for its excellent beam
quality, compact dimensions, low threshold current, and
consequently low power consumption. Another important
advantage is the possibility of processing and testing VCSEL
structures directly at the semiconductor wafer level before
device separation and packaging. Despite these advantages,
commercially available VCSELs are currently based
predominantly on GaAs material systems and, to a lesser extent,
on InP, which restricts their operation primarily to the infrared
spectral range. As a consequence, the range of applications of
these devices remains significantly limited.

Currently, the primary applications of VCSELSs include
displays, sensing, illumination, and optical communication.
The development of GaN-based VCSELSs could significantly
expand these application areas by extending the accessible
emission wavelength range into the visible spectrum and, po-
tentially, even into the ultraviolet. Despite many years of inten-
sive research, however, the development of commercially via-
ble GaN-based VCSELs remains a major technological
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challenge, and no significant breakthrough has yet been
achieved. One of the key obstacles is the fabrication of distrib-
uted Bragg reflectors (DBRs) with sufficiently high reflectivity
to sustain laser operation while remaining lattice-matched to the
GaN substrate and compatible with a single epitaxial growth
process together with the laser active region. Such an approach
would enable the realization of fully monolithic, or at least
semi-monolithic, device structures.

In recent years, efforts have been made to achieve this
type of structure using a technique that produces so-called na-
noporous GaN (NP-GaN) [2], which, together with layers of
conventional GaN, could form a high-reflectivity DBR mirror
lattice-matched to the rest of the laser structure. The feasibility
of employing NP-GaN/GaN mirrors in VCSELSs has been con-
firmed experimentally. The first demonstrations involved opti-
cally pumped structures [3,4], while further technological de-
velopment led to the realization of electrically pumped GaN
VCSELs with NP-GaN/GaN mirrors [5]. Researchers at Yale
University have also demonstrated a room-temperature, electri-
cally pumped c-plane GaN VCSEL employing a conductive
NP-GaN/GaN mirror that enables vertical current injection
through the structure [6].

Besides the design of the DBR mitror, current injection
and spreading remain an important issue in the development of
GaN VCSELs. In conventional approaches, the current-spread-
ing function can be performed by a transparent ITO layer, often
combined with a dielectric SiO: current aperture. However, the
presence of ITO within the optical cavity is associated with
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additional absorption losses. An alternative solution is the use
of a tunnel junction, which allows a highly doped n-GaN layer
to be employed for effective current spreading while limiting
the losses related to absorption in ITO [7]. The use of a buried
tunnel junction additionally enables lateral confinement of the
current flow, so that it can also act as a current aperture [8].
Tunnel junctions have already been successfully employed in
electrically pumped GaN VCSELSs, demonstrating the possibil-
ity of reducing the number of additional non-epitaxial layers
and increasing the degree of structural integration [9,10].

The combination of a tunnel junction with an NP-
GaN/GaN mirror has also been realized experimentally. Studies
conducted at the University of California, Santa Barbara
(UCSB) demonstrated electrically pumped GaN VCSELs em-
ploying a bottom NP-GaN/GaN mirror together with a buried
tunnel junction that confines the current-injection area [11].
This concept was subsequently developed further in long-cavity
GaN VCSEL designs [12], confirming the feasibility of effec-
tively integrating both solutions within a single laser structure.

The experimental demonstrations reported to date con-
firm the feasibility of realizing GaN VCSELs employing NP-
GaN/GaN mirrors and tunnel junctions. Their further develop-
ment, however, requires an appropriate choice of design param-
eters that accounts for the interplay between optical, electrical,
and thermal phenomena. For NP-GaN/GaN mirrors, the degree
of nanoporosity is of particular importance, as it affects both the
refractive-index contrast and the number of DBR pairs required
to achieve the target reflectivity, as well as the thermal conduc-
tivity of the layers. Increasing the nanoporosity can therefore
improve the optical properties of the mirror and reduce the re-
quired number of DBR pairs, while at the same time degrading
the heat-dissipation capability of NP-GaN. The optimal degree
of nanoporosity is thus not obvious and requires both effects to
be taken into account.

Equally important is the choice of the device geometry
itself. The cavity length and the size of the current aperture af-
fect current spreading and the thermal conditions of the active
region, and thus the degree of laser self-heating. Designing this
type of VCSEL therefore requires taking into account both the
geometrical parameters of the structure and the properties of the
DBR mirror employed.

For this reason, the present work carries out a two-stage
numerical analysis of a tunnel-junction GaN VCSEL emitting
at a wavelength of 450 nm and incorporating a bottom NP-
GaN/GaN mirror. The analysis was performed in two stages us-
ing computational modeling. First, the influence of the cavity
length and the current-aperture radius on the uniformity of the
current injected into the active region and on the temperature
rise within the structure was investigated. On this basis, the de-
vice geometry was selected and subsequently kept constant in
further calculations. Next, the effect of the degree of nanopo-
rosity of the GaN layers on the thermal properties of the DBR
mirror was analyzed while maintaining a high reflectivity. This
made it possible to determine a mirror design offering a favor-
able trade-off between its optical and thermal properties. The
obtained results were compared with alternative designs em-
ploying AlInN/GaN and AIScN/GaN mirrors [13].

2. STRUCTURE

The proposed semi-monolithic GaN-based VCSEL designed
to emit at a wavelength of 450 nm is shown in Fig. 1. The
device is fabricated on a GaN substrate bonded to a copper
heat sink using a PbSn solder layer. The rear distributed Bragg
reflector (DBR) consists of alternating NP-GaN and GaN lay-
ers, whereas the front DBR comprises eight pairs of dielectric
SiO2/TiO: layers. The active region consists of a single
Ino.18Gao 2N quantum well confined by two Ing osGao.o4N bar-
rier layers. Its design is based on previously reported 450 nm
light-emitting diode (LED) structures [14]. An InGaN tunnel
junction and ion implantation forming the current aperture
were incorporated into the device structure [14]. The electrical
contacts were designed as ring-shaped gold contacts. Detailed
parameters of the individual structure layers, including their
thicknesses and dopant concentrations, are summarized in
Table 1.

Si0,/TiO, DBR —
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Top n-GaN _6‘
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Bottom n-GaN — - S » Active Region
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Fig.1. Schematic of the proposed 450 nm GaN-based VCSEL employing
an NP-GaN/GaN distributed Bragg reflector (DBR). Alternative designs of
the rear DBR are also shown. The figure is not drawn to scale

TABLE 2
Design parameters of the modeled VCSEL laser. B — barrier,
QW — quantum well, EBL — electron blocking layer

Dopant
Layer Material concentration | Thickness [nm]
[em?]
Front 3x TiO, — 445
DBR Si0, — 75.8
1.50n | 111.5
Top n-GaN n-GaN Si: 5.0x10™ | 50 | 6653
101 | 1588.3
n-Ing.0GagosN Si: 5.0x10" 20
Tunnel n-Ing;Gag 70N Si: 2.0x 10% 3
junction p-Ing,; GagN | Mg: 1.6x10%° 3
p- Ing.0,GagosN Mg 1.0x10" 12
EBL p-Alp; GaggyN | Mg: 2.2x10" 20
Active B Ing.06Gag.oaN - 5
region QW ]Il()_ 13Gao_gzN — 10.4
B Ing.06Gag.0sN - 5
1.5\ 80.7
Bottom n-GaN n-GaN Si: 5x10'8 51 173.0
100 | 173.0
GaN — 46
Al().gﬂl’lo, 17N — 50
Rear DBR Algg9Sco.i 1N — 52
NP-GaN — See Fig. 3b.
Substrate GaN - 4x10°
Solder PbSn — 1x10*
Heat sink Cu — 5x10°
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The total cavity length was treated as a variable param-
eter. The preliminary electro-thermal results presented in this
work cover cavity lengths ranging from 1A to 10A. An exam-
ple of a 5\ cavity together with the corresponding standing-
wave distribution is shown in Fig. 2. Varying the cavity length
requires adjusting the thickness of the n-GaN layers. For
shorter cavities, the thicknesses of both the bottom and top n-
GaN layers are reduced, whereas for longer cavities the in-
crease in cavity length is achieved primarily by increasing the
thickness of the top n-GaN layer.
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Fig.2. Standing-wave distribution in the S\ cavity overlaid on the refrac-
tive index profile of the entire VCSEL structure

3. NUMERICAL MODEL

The results presented here were obtained from numerical sim-
ulations performed using in-house models and a computer
program developed by the Photonics Group of the Institute of
Physics, Lodz University of Technology. The numerical mod-
els employed have previously been used to analyze thermal,
electrical, and optical phenomena in various semiconductor
laser structures [15, 16]. Their detailed description, together
with the assumptions and material parameters adopted, is pre-
sented in [17].

In this work, a self-consistent thermal-electrical model
was employed, enabling determination of the temperature and
current-density distributions throughout the entire analyzed
VCSEL structure. The electrical and thermal calculations are
performed self-consistently, taking into account the tempera-
ture dependence of the material parameters. The electrical
properties of the tunnel junction were incorporated into the
model through an equivalent electrical conductivity of this re-
gion, determined on the basis of the assumed contact resistiv-
ity of the junction. A value of p. = 1x10* Q-cm? was used in
the calculations, consistent with the values reported in the lit-
erature [18] for the InGaN tunnel junction employed in our
model.

The optical analysis, in turn, was used at the structure-
design stage. It comprised one-dimensional calculations of the
DBR mirrors, on the basis of which the thicknesses of the in-
dividual layers were determined (see Tab. 1 and Fig. 3b), the
number of DBR pairs required to achieve the target reflectiv-
ity (see Figs. 6 and 9), and the reflectance characteristics (see
Figs. 7 and 8). For the resonant cavity, the analyzed thick-
nesses corresponded to successive multiples of the optical
length for the designed emission wavelength (see Tab. 1).

To ensure comparability among the analyzed design var-
iants, the supply voltage for each structure was adjusted so as
to obtain the same average current density in the active region.
This makes it possible to directly relate the observed differ-
ences in current and temperature distributions to changes in
the device design parameters. The adopted approach thus en-
ables a comparative assessment of the effect of design changes
in the bottom DBR mirror (at a constant reflectivity) on the
temperature rise inside the analyzed VCSEL.

The material parameters of the metals and dielectric ma-
terials used in the calculations were selected based on data
available in the literature. These can be found in [17, 19-21].
Table 2 presents the thermal conductivities that were specifi-
cally estimated for the purposes of this analysis. The perpen-
dicular thermal conductivities of the NP-GaN material were
estimated based on the formulas given in [22], while the par-
allel thermal conductivities were determined as a percentage
of the thermal conductivity of monolithic GaN [23], with the
percentage value resulting from the porosity of the material.

TABLE 2
Material parameters of the rear distributed Bragg reflectors (DBRs):
k1 — cross-plane thermal conductivity, kj— in-plane thermal
conductivity, and ng — refractive index

Material ki ky Data ] Data
[W/(m-K)] | [W/(m-K)] | sources sources
Al s3In917N 4.87 4.87 [19] 2.252263 [24]
Algs9Sco. N 8.00 8.00 [20,21] | 2.154338 [13]
GaN 130.00 130.00 [23] 2.448112 [23]
10% 25.00 117.00
20% 21.25 104.00
Z | 30% 17.50 91.00
9 [ao | 1335 78.00 [22] Fisgeza ga
z | 50% 10.00 65.00 '
60% 6.25 52.00
70% 2.50 39.00

In addition, the design of the optical cavity and the
estimation of the reflectivity of the investigated DBRs required
the refractive indices of the constituent materials to be
determined. For all rear DBRs considered in this study, the
refractive indices were adopted from the literature: AlInN from
Ref. [24], AIScN from Ref. [13], GaN from Ref. [23], and NP-
GaN from Refs. [25, 26]. For nanoporous GaN (NP-GaN), the
refractive index can be described by two relationships that
account for the material porosity, ¢. The first relationship is
given by the quadratic expression [25, 26]:

2 2 \Y?
MR NP—GaN = ((1 — @)Njgan T ¢nR,air) (D

whereas the second relationship is given by the linear expres-
sion [13]:
ng Np—GaN = (1 — @)Nrgan + PNRAr,  (2)
where nrcan and nrair denote the refractive indices of GaN
and air, respectively.
Figure 3a shows the refractive index of NP-GaN calcu-

lated using both expressions as a function of the material po-
rosity over the range from 10% to 70%. For both models, the
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refractive index of NP-GaN decreases with increasing poros-
ity. Moreover, the discrepancy between the values predicted
by the quadratic and linear models becomes more pronounced
as the porosity increases.

The change in the NP-GaN refractive index with poros-
ity directly affects the required thickness of this layer in the
DBR mirror. For each analyzed porosity value, the thickness
of the NP-GaN layer was determined individually according
to the quarter-wave condition

d=—, 3)

with the calculations carried out for both refractive-index
models considered. As shown in Figure 3b, the decrease in
refractive index with increasing porosity leads to an increase
in the required NP-GaN layer thickness. The differences be-
tween the thicknesses determined for the two models likewise
increase with increasing porosity. The NP-GaN layer thick-
nesses thus determined were subsequently taken into account
in the further analysis of the DBR mirror properties.
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Fig.3. Dependence of the refractive index, ng and (b) the NP-GaN layer
thickness d on the GaN porosity for the quadratic (Eq. (1)) and linear
(Eq. (2)) models

4. RESULTS

An important aspect of VCSEL design is the proper selection
of the device geometry to minimize the current-crowding ef-
fect. This phenomenon results from the non-uniform distribu-
tion of the injected current, leading to its concentration in lo-
calized regions of the device, typically near the edge of the
current aperture. Consequently, the local current density in-
creases, giving rise to excessive self-heating, non-uniform
carrier injection, excitation of higher-order transverse modes,
and, ultimately, degradation of the device performance.

Proper selection of the device dimensions, such as the
diameter of the current aperture and the thicknesses of the
spacer layers, which determine the cavity length while simul-
taneously providing current transport toward the active re-
gion, promotes a more uniform current distribution within the
active region. As a result, thermal losses can be reduced, the
emission characteristics improved, and the reliability and ef-
ficiency of the device enhanced. Therefore, minimizing the
current-crowding effect is one of the key objectives in the op-
timization of the proposed VCSEL structure.

With these considerations in mind, the influence of the
current-aperture radius and cavity length on the radial current
density distribution in the active region of the proposed
VCSEL structure was investigated. To facilitate comparison
of the simulation results, the average current density in the ac-
tive region was kept constant at 15 kA/cm?. The simulation
results obtained for three current-aperture radii (ra = 2 um,
3 um, and 5 pm) and three cavity lengths (1.5A, 5.0A, and
10.0A) are presented in Fig. 4.
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Fig.4. Radial distribution of the current density, jA(r), injected into the ac-
tive region of the VCSEL for three cavity lengths: (a) 1.5A, (b) 5.0A, and
(c) 10.0A. In each case, the results are shown for current-aperture radii of

ra=2pm, 3 um, and 5 pm
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For the shortest cavity (1.5A, Fig. 4a), the current density
distribution is markedly non-uniform, with a pronounced in-
crease in current density near the edge of the current aperture.
As the cavity length increases (Figs. 4b and 4c), the current
distribution becomes progressively more uniform. For the
5.0 cavity, the current-crowding effect is still present but is
significantly reduced: the current density profile becomes flat-
ter in the central part of the aperture, while the peak near the
aperture edge becomes less pronounced. For the longest cav-
ity (10.0A, Fig. 4c), the current density, ja, is nearly uniform
across the entire aperture, with only a slight increase near the
aperture edge, confined to a narrow peripheral region.

The current-aperture radius primarily affects the posi-
tion at which the current density drops to zero; however, for
short cavities (1.54), it also has a noticeable influence on the
shape of the current density profile. In particular, larger aper-
tures (ra = 5 um) lead to greater current non-uniformity and
a more pronounced increase in current density near the aper-
ture edge. As the cavity length increases, the influence of the
aperture radius gradually diminishes, and the current distribu-
tion becomes increasingly uniform. These results indicate that
the cavity length is the primary factor governing the degree of
current non-uniformity, whereas the aperture radius plays
a significant role mainly in short-cavity VCSELSs.

Having established the characteristics of the current den-
sity distribution and identified the factors governing the cur-
rent-crowding effect, the analysis was extended to investigate
the influence of the current-aperture radius and cavity length
on the maximum temperature of the VCSEL structure. To this
end, the maximum device temperature was evaluated as
a function of cavity length over the range from 1A to 10X for
the three current-aperture radii considered previously. The re-
sults are presented in Fig. 5.

The results shown in Fig. 5 reveal a clear dependence of
the maximum device temperature on the cavity length. For all
current-aperture radii considered, the maximum temperature
decreases with increasing cavity length, owing to improved
heat spreading within the cavity and, consequently, more effi-
cient heat dissipation toward the heat sink. The temperature
reduction is most pronounced for short cavities (from 1A to
approximately 41), beyond which the temperature gradually
approaches a plateau. A comparison of the different current-
aperture radii further shows that the lowest maximum temper-
ature is obtained for the smallest aperture (2 um), whereas the
highest temperature is observed for the largest aperture
(5 pm). Thus, increasing the current-aperture radius leads to
an increase in the maximum device temperature, which can be
attributed to the larger active-region volume and the corre-
sponding increase in heat generation.

In summary, increasing the cavity length reduces the
maximum device temperature, whereas smaller current aper-
tures provide more favorable thermal conditions over the en-
tire range investigated. However, beyond a certain cavity
length, further extension yields only a marginal reduction in
temperature, indicating diminishing thermal benefits.
It should also be noted that longer cavities are associated with
increased diffraction losses and facilitate the excitation of
multiple longitudinal modes. Based on the analysis per-
formed, it was found that, for the purposes of this analysis,
a good solution for the considered structure is an aperture with

a radius of 3 um and a cavity length of 5A. This combination
represents a compromise between mitigating the current-
crowding effect and maintaining favorable thermal conditions
within the device.

400 —
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Fig.5. Maximum temperature of the VCSEL structure as a function of cav-
ity length for three current-aperture radii

In addition to the parameters discussed above, the design
of the DBR also has a significant influence on the maximum
temperature within the VCSEL, as the heat generated in the
active region is conducted through the rear DBR toward the
heat sink. In the case of NP-GaN/GaN DBRs, the thermal
properties are strongly dependent on the porosity of the na-
noporous GaN layers (see Table 2). Two design strategies are
commonly considered. The first aims to achieve high DBR re-
flectivity with the smallest possible number of layer pairs.
This can be accomplished by employing materials with a large
refractive-index contrast, which, in the case of NP-GaN/GaN
DBRs, corresponds to highly porous NP-GaN layers. How-
ever, such structures exhibit relatively low thermal conductiv-
ity. The second strategy focuses on improving the thermal
conductivity of the DBR by reducing the porosity of the NP-
GaN layers and, consequently, the refractive-index contrast.
The trade-off is that a larger number of DBR pairs is then re-
quired to maintain the same reflectivity, which may ultimately
increase the overall thermal resistance of the reflector.

Figure 6 shows the influence of the NP-GaN layer po-
rosity on the maximum device temperature and on the number
of DBR pairs required to achieve a high reflectivity
(R>99.98%) for the linear and quadratic refractive-index
models. In both cases, increasing the porosity reduces the
number of DBR pairs required to achieve the target reflectiv-
ity because of the increasing refractive-index contrast between
the DBR layers. However, the quadratic model requires
a larger number of DBR pairs than the linear model, particu-
larly at low porosities. For example, according to the quadratic
model, increasing the porosity from 20% to 30% increases the
maximum device temperature by only approximately 0.30 K,
while reducing the required number of DBR pairs from 53.5
to 33.5. For the linear model, the corresponding increase in
temperature is approximately 0.35 K, whereas the required
number of DBR pairs decreases from 39.5 to 25.5. In contrast,
increasing the porosity from 50% to 60% increases the maxi-
mum device temperature by approximately 2.9 K for the quad-
ratic model and by approximately 2.6 K for the linear model,
whereas the required number of DBR pairs is reduced only
from 17.5 to 13.5 and from 14.5 to 11.5, respectively. These
results indicate that the linear model enables high reflectivity

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



to be achieved with fewer DBR pairs, particularly at low and
moderate porosities. Regardless of the refractive-index model,
increasing the porosity degrades the thermal properties of the
DBR, resulting in an increase in the maximum device temper-
ature. For porosities up to approximately 40%, the tempera-
ture changes only slightly, whereas above 50% it increases
rapidly. These results indicate that the optimal porosity range
represents a compromise between minimizing the number of
DBR pairs required to achieve high reflectivity and maintain-
ing favorable thermal performance of the VCSEL.
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Fig.6. Maximum device temperature, Ty, and the number of DBR pairs
required to achieve a reflectivity of (R > 99.98%) as a function of the NP-
GaN layer porosity for the linear and quadratic refractive-index models.
The simulations were performed for a current density of 15 kA/cm?

In addition to reducing the number of required DBR
pairs, increasing porosity also affects the shape of the mirrors'
reflectance characteristics. Figure 7 shows the reflection spec-
tra of GaN/NP-GaN structures for layer porosities of 20% and
30%. With increasing porosity, a marked broadening of the
reflection band (stopband) is observed, while the maximum
reflectance remains close to unity and the central wavelength
remains unchanged at 450 nm. These results indicate that in-
creasing porosity improves the spectral properties of the mir-
ror, although, as shown by the analysis presented in Fig. 6,
this comes at the cost of degraded thermal properties of the
structure.

10— — . :
[ ( } NP-GaN
0] — a0
] 30%
06
Lol
“o04f i
02
400 420 440 460 480 500

A [nm
Fig.7. Reflectance spectra of GaN/NP[-Ga]N DBRs with NP-GaN layer po-
rosities of 20% and 30%

The above analysis, however, does not account for addi-
tional optical losses that may occur in rear NP-GaN layers,
arising, among other things, from light scattering at pores and
structural inhomogeneities. To assess whether the presence of
such losses could affect the determined trade-off between the
optical and thermal properties of the mirror, additional calcu-
lations were performed incorporating an absorption

coefficient in the NP-GaN layers. In this case, the introduction
of absorption represents a simplified way of accounting for
additional optical losses, without detailed modeling of the
scattering mechanism.

Figure 8 shows the reflectivity of the DBR mirrors as
a function of the number of pairs for NP-GaN porosities of
30% and 50% and various values of the absorption coefficient.
For small absorption-coefficient values, on the order of a few
cm™’, the resulting dependences remain very close to the loss-
less case. As the absorption increases, however, the maximum
achievable DBR reflectivity becomes limited, an effect that is
particularly pronounced for the lower NP-GaN porosity
(30%). For large absorption values (100 cm™), the mirror re-
flectivity decreases, and increasing the number of pairs no
longer leads to a significant increase in reflectivity. It is worth
noting that at this order of absorption in the DBR, the VCSEL
laser is unlikely to have any chance of operating.
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Fig.8. Reflectivity of GaN/NP-GaN DBR mirrors as a function of the num-
ber of DBR pairs for NP-GaN porosities of 30% and 50% and absorption
coefficients a =0, 1, 10, and 100 cm™

Based on the obtained results, an absorption coefficient
of 10 cm™ was adopted for further analysis, corresponding to
relatively large additional optical losses for which a high DBR
reflectivity can still be achieved and the VCSEL laser could
theoretically still operate. At the same time, the assumed re-
flectivity target was lowered, on account of absorption,
to R > 99.94%. This made it possible to assess whether the
conclusions drawn from the lossless analysis remain valid un-
der less favorable optical conditions.

Figure 9 shows the maximum laser temperature and the
number of DBR pairs required to achieve R > 99.94% as
a function of NP-GaN porosity, for an absorption coefficient
of 10 cm™. After accounting for the losses, the minimum of
the considered optical-thermal trade-off shifts slightly toward
a porosity of about 30%. This result indicates that the main
conclusion of the analysis remains valid even after taking into
account relatively large optical losses, i.e., a moderate NP-
GaN porosity still provides a favorable trade-off between the
number of required DBR pairs and the maximum device tem-
perature. In cases where the priority is to obtain the highest
possible mirror reflectivity (with optical losses taken into ac-
count), higher porosities, on the order of 40-50%, may also
be advantageous, as they provide a greater refractive-index
contrast. It should be noted, however, that the actual magni-
tude of the optical losses may depend on the porosity and mor-
phology of the NP-GaN layer, including the size, distribution,
and uniformity of the pores, which can become problematic at
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high porosities. The final choice of porosity therefore requires
appropriate technological control and optimization of the na-
noporous GaN layer fabrication process. Nevertheless, the
analysis performed indicates that accounting for additional
optical losses does not change the fundamental conclusion re-
garding the favorable trade-off between the optical and ther-
mal properties.

At the same time, it should be emphasized that the pre-
sented results are of a modeling nature. Both the assumed de-
pendence of the refractive index on porosity and the actual
level of optical losses in the NP-GaN layers may affect the
achievable reflectivity and the number of DBR pairs required.
The differences between the linear and quadratic models show
that the way in which the optical properties of NP-GaN are
described has a direct bearing on the design of very-high-re-
flectivity mirrors, and in particular on the number of pairs
needed. For this reason, experimental verification of the ob-
tained results is essential, including an assessment of the qual-
ity of the fabricated structures, the actual optical losses, and
measurement of the mirror reflectivity for a specific number
of DBR pairs. Only such a comparison will make it possible
to determine which of the adopted models best describes the
properties of the material under study and how many DBR
periods are actually sufficient to achieve the required reflec-
tivity.
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Fig.9. Dependence of the maximum temperature Tinaxand the number of re-
quired DBR mirror pairs (for a reflectivity of R > 99.94%) on the porosity

of the NP-GaN layer. Calculations performed for a current density of
15 kA/cm?, a quadratic dependence of the refractive index on porosity, and
taking into account absorption in the DBR equal to 10 cm™

The results indicate that the porosity of the NP-GaN lay-
ers should be selected as a compromise between achieving fa-
vorable optical properties and maintaining good thermal per-
formance of the VCSEL. In both refractive-index models, in-
creasing the porosity reduces the number of DBR pairs re-
quired to achieve high reflectivity and broadens the stopband.
However, it also increases the maximum device temperature.
A porosity of approximately 30% appears to provide the best
compromise. For the quadratic model, this porosity results in
a maximum device temperature of 317.6 K while reducing the
required number of DBR pairs to 33.5. For the linear model,
the corresponding values are 317.1 K and 25.5 DBR pairs, re-
spectively. It should be noted, however, that fabricating NP-
GaN layers with a well-controlled porosity and producing
high-quality DBRs may be technologically challenging.
Therefore, an additional analysis was performed for VCSEL
structures employing AlInN/GaN and AIScN/GaN DBRs,

10 20

which currently represent the principal alternatives to NP-
GaN/GaN reflectors.

A comparison with these alternative DBR structures
showed that the lowest maximum device temperature was ob-
tained for the NP-GaN/GaN DBR, reaching 317.6 K with 33.5
DBR pairs (see the left-hand side of Fig. 10). For the
AlScN/GaN DBR (38.5 pairs, right-hand side of Fig. 10) and
the AlInN/GaN DBR (58.5 pairs), the maximum temperatures
increased to 325.1 K and 332.7 K, respectively. These results
demonstrate that NP-GaN/GaN DBRs make it possible to re-
duce both the number of DBR pairs required to achieve high
reflectivity and the maximum device temperature compared
with the currently available alternative DBR designs.

30% NP-GaN/GaN DBR
Tmax=317.6 K

AlScN/GaN DBR
Tmax=325.1 K

T T r
0 5 10 [pum] 301 304 307 310 313 316 319 K

Fig.10. Temperature distribution in the central (zr) cross-section of the
VCSEL employing an NP-GaN/GaN DBR (left) and an AIScN/GaN DBR
(right). Calculations performed for a current density of 15 kA/cm?

It should be noted, however, that the DBR structures
considered in this study differ substantially in terms of tech-
nological complexity. In particular, AlInN/GaN enables the
fabrication of structures that are nearly lattice-matched to
GaN, which promotes high epitaxial quality and reduces the
formation of crystalline defects. In contrast, AIScN/GaN pro-
vides a high refractive-index contrast, but its implementation
is associated with significant technological challenges, in-
cluding difficulties in epitaxial growth, limited phase stability,
and challenges in controlling the alloy composition and strain.
In the case of NP-GaN/GaN DBRs, additional processing
steps are required to produce the nanoporous layers. Moreo-
ver, precise control of the porosity and its uniformity remains
challenging, and the porous structure may introduce signifi-
cant optical scattering losses in the laser cavity.

5. CONCLUSIONS

The analysis performed showed that the device geometry sig-
nificantly affects the current-density distribution and the ther-
mal conditions in the semi-monolithic GaN VCSEL. In par-
ticular, for short cavities a pronounced current-crowding ef-
fect is observed at the edge of the aperture, leading to in-
creased non-uniformity of the current distribution. As the cav-
ity length increases and the size of the active-region aperture
is appropriately selected, this effect is weakened, and the cur-
rent distribution becomes more uniform over the entire aper-
ture area. At the same time, increasing the laser cavity length
translates into improved thermal conditions and a lower max-
imum structure temperature. As a result, the optimal solution
for the analyzed structure is a cavity length of about 5\ (fur-
ther lengthening of the cavity leads only to a marginal im-
provement in the laser's operating parameters) combined with
an aperture radius of up to 3 um.

The material properties, in particular the parameters of
the DBR mirrors, in turn mainly determine the thermal condi-
tions of the structure. The analysis performed showed that an
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NP-GaN porosity of about 30% represents the most favorable
trade-off between the optical and thermal requirements. At
this porosity, a DBR mirror reflectivity exceeding 99.98% can
be achieved with a relatively small number of required pairs,
depending on the adopted refractive-index model and amount-
ing to about 33.5 for the quadratic model and 25.5 for the lin-
ear model. Taking into account additional optical losses in the
NP-GaN layers does not fundamentally change this conclu-
sion. For an absorption coefficient of 0=10 cm™ and a re-
quired reflectivity of R > 99.94%, a favorable optical-thermal
trade-off is still obtained for a porosity of about 30%. For
comparison, structures with AIScN/GaN and AlInN/GaN
DBRs require about 38.5 and 58.5 pairs, respectively, while at
the same time exhibiting a higher laser operating temperature.
AlScN/GaN mirrors may therefore represent an alternative so-
lution; however, their implementation is associated with tech-
nological challenges arising from the specific properties of
AlScN.
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