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AlGaAs Tunnel Junction (TJ)-VCSELs: A
NEGF-Drift-Diffusion Approach

Alberto Gullino Y, Member, IEEE, Valerio Torrelli
Francesco Bertazzi ¥, Michele Goano

Abstract—This work reports a multiscale physics-based ap-
proach aimed at investigating the benefits of introducing a single
tunnel junction (TJ) within conventional AlGaAs Vertical-Cavity
Surface-Emitting Lasers (VCSELSs). Our comprehensive VCSEL
solver VENUS is augmented with a non-equilibrium Green’s func-
tion (NEGF) approach to extract the band-to-band tunneling rate
across the TJ. To showcase the NEGF-VENUS features, we apply
it to the commercial pin oxide confined AlGaAs VCSEL previously
investigated by VENUS, by inserting a TJ with minimal variations
to the optical resonator. Besides finding the optimal position of TJ
and oxide aperture, we can also compare the different hole injection
schemes in the active region. Our results show the potential of
doubling the maximum output power with the same threshold
current, with perspectives of further enhancement by stacking
more tunnel junctions.

Index Terms—Drift-diffusion, NEGF, physics-based, tunnel
junction, VCSEL.

1. INTRODUCTION

EAR-INFRARED  Vertical-Cavity  Surface-Emitting
N Lasers (VCSELs) based on AlGaAs represent the
state-of-the-art of optical sources for short-reach optical
interconnects in intradatacenter communication [1], [2], [3].
The benefits provided by VCSELs compared to edge-emitting
lasers (EELs), including small beam divergence, low threshold
current, high conversion efficiency and modulation speed [4],
[5], are contributing to the startling VCSEL market expansion
also in spectroscopic sensors [6] and atomic clocks [7]. Despite
significant advancements in optimizing VCSELSs for high-speed
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optical communication, ensuring large output power, single
transverse mode, and small-spot size for high-performance
sensing remains a challenging endeavor.

Among other promising applications, a huge interest is
drained by the 3D sensing to resemble the human sight. One par-
ticularly significant and demanding case pertains autonomously
driving vehicles, whose LiIDARSs (Light Detection And Ranging)
need uniform illumination at distances up to 100 m. LiDAR
technology relies on time-of-flight methods employing pulsed
VCSELs as light sources [8], [9], [10]. In this framework,
an ideal light source necessitates single-mode output, narrow
linewidth, and optical power larger than datacom applications.
While enlarging the oxide aperture area is a common strategy
to boost output power and detection range, this approach often
introduces multiple transverse modes and a wider far-field di-
vergence angle, detrimental sensitivity and precision [11], [12].

As first proposed by prof. Ebeling group [13], [14], [15],
hole injection from a tunnel junction (TJ) enables an interesting
solution to enhance the output power density keeping fixed the
oxide aperture size. In that configuration, the internal quantum
efficiency of the device is higher than one hundred percent by
stacking more active stages. Carriers generating photons in each
multi-quantum well (MQW) region are recycled by the TJs,
i.e., the electrons recombined due to the stimulated emission
recombination process, are re-promoted in the conduction band
by the TJ and ready to restart the process [16], [17], [18].

In the recent years, TJs have been widely exploited in VC-
SELs to address issues related to confinement in aluminum free
devices, such as in GaSb and InP-based VCSELSs for 1.55—4 ym
emission [19], [20], [21], and to overcome tricky technological
processes needed to realize an effective acceptor doping in
III-nitride VCSELSs and LEDs for UV emission [22], [23].

TJs are reversely-biased heavily doped pn junctions where
carrier transport is dominated by band-to-band tunneling
(BTBT), requiring a proper quantum treatment [24]. For CAD
purposes, a numerical VCSEL simulator should account for
BTBT in TJ-VCSELSs. In our previous work [25], we demon-
strated the possibility of treating AlGaAs TJ-VCSELs within
our in-house one dimensional drift-diffusion (DD) solver, by
coupling it with a nonequilibrium Green’s function (NEGF)
approach [26], [27], [28], [29], [30]. In this work, the purpose
is moving the NEGF-DD concept to our full VCSEL solver
VENUS [31], [32], [33], capable of dealing with axisymmetric
structures. To explore the potential of our NEGF-VENUS solver,
we analyze two alternative designs of AlGaAs oxide-confined
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TJ-VCSELSs, retrieved from a reference pin device where the
carrier transport across the oppositely doped distributed Bragg’s
reflectors (DBRs) injects the electrons and holes inside the
intrinsic cavity. By exploiting our physics-based multiphysics
and multiscale approach, we extract the static electrical and
optical characteristics of the three designs.

In Section II, the description of our electrical transport model
is reported, with a focus on the modeling of the TJ characteristics
based on NEGF formalism and its coupling with the DD model.
In Section III, the reference pin VCSEL is described and, from
this, two oxide-confined TJ-VCSELSs are presented. Eventually,
in Section IV, the results are compared and discussed to deter-
mine the best design. We also provide a subset of inner quan-
tities, to help the discussion and grasp the reasons of different
performances.

II. TJ-VCSEL MODELING

A comprehensive modeling of VCSELs needs to account
for the electrical, optical and thermal problems, coupled self-
consistently to determine the performance of these devices. Rate
equation models are powerful tools to interpret experimental re-
sults on a wide set of semiconductor lasers, including VCSELs.
However, they are not capable of predicting performance of new
designs or extract the microscopic quantities of a device during
its operation. VENUS has been developed by our group to attain
this goal.

The purpose of this section is showing how the semiclassical
carrier transport model based on a DD model has been extended
to deal with the quantum tunneling across the TJ.

A. Drift-Diffusion Model for Bulk Transport

Carrier transport in conventional VCSELSs can be assumed to
occur within a local quasi-equilibrium condition, where a DD
model can be employed. In VENUS, the DD model is solved
numerically within a generalized Newton’s scheme on a 2D
spatial grid exploiting the cylindrical symmetry of the VCSELs
under investigation. To ease the discussion, the model in its static
version reported:

_v2¢:%(p—n+Ng—Ng) (la)
1
av I = R?ad + RgRH + RZug + GerBT (1b)
1
—gv ~Jp = Riyq + Rspu + By + Gernr (1e)

The system (1) couples the Poisson (1a) with the carrier continu-
ity (1b)—(1c). All the quantities involved are position-dependent.
The unknowns of the system are the electrostatic potential ¢ and
the electron and hole densities n and p. The elementary charge
and dielectric constant are denoted by q and ¢, respectively. In
(1a), NS and N, account for the ionized donor and acceptor
doping densities [34], [35]. In (1b)—(1c), R™P denote the rates
accounting for radiative, Shockley-Read-Hall and Auger recom-
bination.

In TJ-VCSELS, hole injection into the AR through the TJ is
modeled as an additional generation mechanism Gprpr, since
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the non-local tunneling process can be formulated classically as
electrons vanishing from the valence band on the p-side of the
TJ and reappearing in the conduction band on the other side.
This is further discussed in the next section.

The current densities J,, and J,, are extracted by the usual DD
constitutive relations:

Jn = —qu.,nVo¢ +qD,Vn
Jp = —quppVo —qDpVp

where (1, /,, and D,, /,, denote the electron and hole mobility and
diffusivity, respectively, which are related by Einstein’s relation.

In VENUS, the bulk DD model is extended with a set of
quantum corrections to bridge electrical and optical models [36].
The QW optical response, that provides the gain and the sponta-
neous emission rate depending on carrier densities, temperature
and output wavelength, is extracted by applying the Fermi’s
golden rule on an electronic band structure described with a
4-bands k - p method. Further details are discussed in depth in
our previous work [33].

In this framework, the DD is applied to the whole structure.
Anexample of energy band diagram obtained for a TJ-VCSEL at
3 Visreported in Fig. 1(a). In the indicated TJ region, conduction
and valence band edges (E¢ and Fv/) are close enough to open
a tunneling window (a zoom is provided in Fig. 1(b)), enabling
a relevant tunneling current.

(2a)
(2b)

B. NEGF-DD Approach

The outlined model for the TJ-VCSEL simulations requires
an accurate computation of the tunneling generation rate Gy
entering in (1b)—(1c). The BTBT models derived from Kane’s
work [37], such as the Hurkx’s model that introduces a local
tunneling recombination rate [38], [39], show some limitations
when implemented in a DD approach [40], [41]. In Sentaurus
Device by Synopsis [42], non-local tunneling models are avail-
able, describing real space transport across the TJ. Despite being
more adherent to the physical phenomenon, the large amount of
involved parameters affects their predictivity.

In this work, NEGF offers a pure quantum approach, capable
of extracting the interband spectral current density Jxggr [27],
that is a position- and energy-resolved current across the TJ.
This can be though as the tunneling component of the current,
with the intraband component modeled by the DD, resulting in
a NEGF-DD scheme [25], [43].

The advantage of our approach comes from the calculation
of the Green’s functions limited to the TJ region, as reported in
Fig. 1(b). In fact, the highly-doped layers impose the pinning
of the quasi-Fermi levels, defining a well defined quantum
region. The bands of the TJ computed with (1) serve as the
Hartree potential for NEGF to solve the steady-state Keldysh
and the Dyson equations within a finite element discretization
of the space [44]. The nanostructure Hamiltonian derives from
a multiband 8 x 8 k - p model of the electronic band structure
including the first conduction band and heavy-hole, light-hole,
and split-off valence bands to account for the tail states within
the band gap of the material [45], [46]. The k - p parameters are
taken from the semiempirical Luttinger coefficients in [47].
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(a) TJ-VCSEL band diagram from the DD, at

the center of the device. diagram at 0.5 V.

Fig. 1.

(b) NEGF spectral density current and TJ band

(c) TJ electrical characteristics

(a) TI-VCSEL energy band diagram at 3V (red: VB, blue: CB) in the AR proximity, together with the quasi-Fermi levels (magenta: electrons; green:

holes). The TJ position is indicated. (b) NEGF electron spectral current density (in black) as a function of position across the TJ, superimposed to the band diagram.
The color bar expresses its magnitude in terms of A/(eV - cm?). (c) TJ characteristics from NEGF (yellow stars) and corresponding power fit (purple line).

The low aluminum fraction of the involved AlGaAs TJ yields
a direct band gap in the symmetric I'-valley, so that phonon-
assisted tunneling connecting valleys with different wave vectors
does not play a significant role [48], [49], [50]. In [25], a com-
parison between the electrical characteristics obtained from fully
scattered Green’s functions and coherent limit demonstrates that
a ballistic assumption is acceptable for the investigated TJ.

Although the computational effort is reduced by employing
the ballistic assumption, NEGF is not executed in the DD scheme
to prevent prolonged simulations. Instead, NEGF simulations
are conducted in across a voltage range from O to 1 V, in
order to extract Jxggr. In Fig. 1(b), JNggF is superimposed
to the TJ band diagram at 0.5 V. The negative values of JxggF
correspond to positive carrier velocity, therefore injecting holes
at the p-side. Then, Jnxggr is integrated in energy (as it is
position independent, following the ballistic assumption), and
the resulting current density Jrj is reported as yellow stars in
Fig. 1(c).

The successive coupling between NEGF and DD is realized by
computing a proper GgrpT, starting from Jr;. The TJ voltage
drop Vj is introduced:

VTJ = EFp (p-SidC) — EF" (n-side) (3)

where Er and Ef, denote the quasi-Fermi levels (green and
magenta curves in Fig. 1(a)), computed within the DD simula-
tion. Then, Jj is fitted by a power fit:

10
Jry(Vry) = 10%A/em?, wherea = ZﬁiVirJ
i=0

“

with (3; being the fit coefficients. The purple line in Fig. 1(c) is
obtained from (4), superimposed to the integrated NEGF spectral
current. The storage of Jpj (V) in alook-up table avoids to run
heavy NEGF simulations at every DD iteration. V15 extrapolates
Jry using (4), and it is finally plugged in:

if z€T]
elsewhere

®)

1 Jry(Vrg)
Gerer(2,Vry) = {8 )

to retrieve a uniform BTBT generation term Gprpr in the
TJ region, with Lt; = 18 nm TJ thickness. Ggrpr(VTs) is
inserted in (1b)—(1c), to bridge NEGF and DD in VENUS.

A similar procedure was validated in [25], where experimental
data on a test structure designed and characterized by Chalmers
University have been reproduced by our NEGF-DD approach,
within a one-dimensional electrical solver.

III. INVESTIGATED STRUCTURES

The AlGaAs pin VCSEL investigated in [32] serves as a
reference device. It is a commercial VCSEL emitting at 850 nm,
with measurements provided by Ulm University. It features a
1A-optical cavity embedding three 8§ nm GaAs QWs. The top out-
coupling DBR is made of 21 pairs of p-doped Alg.17-0.90GaAs
layers, with N, varying between 7-10'® and 3 - 10 cm™3.
The 36 pairs of the bottom DBR are n-doped with Np from 2
to 9- 10 cm~3. The oxide aperture, for optical and electrical
confinement, has a diameter of 4.35 pum and provides both
current and optical confinements. It is 30 nm thick to keep at
minimum the scattering losses [51], [52]. After thinning, the
structure lies on a 110 pm thick n-type GaAs substrate. The top
metallic contact consists of a metal ring (inner radius 6 pm)
deposited on the topmost GaAs layer, where an ohmic contact
is realized with a heavily p-doped GaAs layer with thickness
140 nm. After the metallic contact definition, the GaAs layer is
etched down by 60 nm in the inner section of the metal ring.

The p-doping in the top DBR limits the pin VCSELSs per-
formance, as it worsens free-carrier absorption (FCA) losses
and electrical conductivity inducing an earlier thermal rollover
that limits the peak optical power. In this work, the TJ is used to
convert the top DBR doping into n-type. To prove the potential of
NEGF-VENUS, two oxide-confined TJ-VCSEL configurations
are analyzed.

A. Oxide-Confined TJ-VCSEL Design

The impact of the reciprocal position of oxide and TJ on
confinement is addressed by maintaining the designs as close
as possible to the reference pin device. This allows a direct
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comparison of the two hole injection schemes (from p-DBR
or from TJ). The refractive index profiles n,. of pin and one of
the two TJ-VCSEL configurations are reported as blue lines in
Fig. 2, showing a difference in the TJ region.

An immediate advantage is the technological compatibility
with the standard VCSEL growing techniques. The relevant dif-
ferences are the dopant species (Te instead of Si) needed to attain
high doping levels (Np = 3 - 10" cm~3) in the TJ n-side [53],
[54], [55] and the top DBR n-doping, equal to the bottom one.
The TJ p-side is C-doped, with density Ny = 2 - 10?° cm 3.

The low Te diffusion allows to assume an abrupt doping profile
across the TJ [56]. From this assumption, an absorption apy ~
2500cm ! is computed for the TJ using the formula reported
in [57, p. 175]:

n

a=fa (an 1018 cm—3 o 101822111*3) ©
with coefficients o, , and fitting factor f,, extracted in [32] and
equal to 3, 7 and 2.9 respectively. From (6), the longitudinal
absorption coefficients are extracted for pin and a TJ-VCSEL,
and reported in Fig. 3. The purple line refers to the TJ-VCSEL,
showing the aforementioned strong absorption peak in the TJ
(z = 115.3 um). The yellow curve refers to the pin VCSEL.
In the bottom DBR, that extends on the left before 115 um,
Otpin 18 superimposed to the TJ-VCSEL profile, as the devices
are identical. At the outcoupling side, the top DBR begins at
~ 115.4 pm and the TJ-VCSEL displays a relevant absorption
coefficient reduction, dropping from 40-60 cm ~! of the p-DBR
to 520 cm~! of the n-DBR, identical to the bottom DBR.
Between 115 and 115.1 pm, very similar « values are predicted
by our model for the ARs.

The benefit of introducing a TJ within a conventional pin
VCSEL is the switch of the outcoupling mirror doping type.
The consequent reduction of the FCA in n-doped materials
allows to reduce by two the number of top DBR pairs. As
a result, our optical solver VELM [58], [59], [60] predicts a
matched threshold gain Gy, for the two structures, namely,
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Fig. 3. Longitudinal absorption coefficient profiles «(z) of pin and TJ-
VCSELs. In the TI-VCSEL (purple line) there is a peak in the TJ, whereas in
the top DBR (right mirror) it is greatly reduced compared to pin device (orange
dashed line). In the bottom DBR, « are superimposed.

ps pm
(b) B-TJ-VCSEL

ps pm
(a) A-TJ-VCSEL

Fig. 4. Refractive index profiles of the TJ-VCSELSs, in the AR proximity. The
oxide aperture is surrounded by the oxidized region (light blue). Oxide aperture
and TJ position is switched, to place both elements in the SW nodes.

Gn = 1440 cm ~! for the pin VCSEL, and Gy, = 1480 cm™!
for the TJ-VCSELSs.

B. TJ and Oxide Aperture Placement

Great attention must be devoted to the position of the oxide
aperture. In fact, if inserted in a node of the optical standing
wave (SW) in the outcoupling DBR and in the AR proximity, it
guarantees weak transverse mode guiding [61], [62]. Similarly,
the TJ should be placed in a SW node above the AR, to reduce
its strong impact on the FCA. The position of both elements can
be appreciated from the SW reported as red curves in Fig. 2.

In Fig. 4, the TJ-VCSELs are sketched in terms of two-
dimensional refractive index profiles. Substrate and DBRs (rep-
resented in shades of orange and red) are not shown in full,
as they are identical. The radially graded oxide aperture is
surrounded by the oxidized region (light blue); three dark stripes
in the AR denote the QWs; the TJ has an Al molar fraction
close to the DBR, and is indicated in the figure. The relevant
difference lies in the reciprocal position of oxide aperture and
TJ, keeping fixed their 1A distance. When the oxide aperture is
placed above the TJ, the latter lies in the first node and the oxide
is grown in the very next one (see Fig. 4(a)), hereinafter referred
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to as A-TJ-VCSEL. Conversely, in case of oxide aperture below
the TJ (between the latter and the AR), the position of the two
elements is switched (see Fig. 4(b)), hereinafter referred to as
B-TJ-VCSEL.

IV. RESULTS

This section will focus on macroscopic and microscopic
VENUS quantities to compare the reference pin and the pro-
posed TJ-VCSELs. The comparison between static electrical
and optical characteristics at room temperature is supported by
an analysis of the confinement in the structures, to get insights
about a proper placement of the TJ.

A. Electrical Characteristics

To determine the impact of introducing a TJ, the section begins
with a comparison of the current-voltage IV characteristics, as
presented in Fig. 5(a).

The results for the pin device computed by VENUS (red solid
line) are in good accordance with the experimental data, marked
with dots [32]. Moving the focus on the TJ-VCSELs — yellow
line: A-TJ; blue line: B-TJ-VCSEL - the IV curves are affected
by the TJ. In fact, the exponential characteristics reported in
Fig. 1(c) makes the TJ working as a diode in series with the
pin junction. In this view, the TJ enables a significant current
flow inside the TJ-VCSEL when Virj sustains a relevant BTBT
current. At equal bias current is applied to the three devices,
the overall voltage drop is larger in the A-TJ-VCSEL, and even
more in the B-TJ-VCSEL, compared to the reference device.
Our physics-based in-house solver allows to go deep into the
details of each device operation, to explain such an electrical
penalty.

In Fig. 5(b), V1 computed according to (3) is reported as a
function of VCSEL radius p, at two bias points (1 and 8 mA)
for both the TJ-VCSELs. In the A-TJ-VCSEL, Vrj is lower
for p < pox: according to (4), B-TJ-VCSEL sustains a stronger
tunneling current within the confined region. Conversely, Vi
decreases less steeply for pox < p < Pmesa» yielding a greater
tunneling current that worsens the confinement.

To understand the reasons leading to different Vry, and thus
the IV, we report the arrow plots of Fig. 6, superimposed to the
2D VCSEL scheme, at 8 mA. The colored blocks highlight AR
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Fig. 6. Arrow plots of electron (blue) and hole (orange) current densities, in
(a) pin, (b) A-TJ- and (c) B-TJ-VCSEL, at bias current 8 mA. Green regions:
AR; yellow: TJ; red: oxide.

(green), oxide (red) and TJ (yellow). The normalized length of
arrows is proportional to the current intensity in that mesh point
(blue: J,,; orange: J,).

As expected, in the pin VCSEL (Fig. 6(a)), p-current dom-
inates the overall current density above the oxide and the AR,
as injection is demanded to hole transport across the p-DBR.
On the other hand, the TJ injects holes into the cavity through
tunneling: when the oxide is placed below the TJ (Fig. 6(c)),
the VCSEL has a configuration similar to its pin counterpart.
Electrons from the top contact reach the planar TJ and are
“converted” into holes, that undergo the current crowding effect.
As a consequence, the electrical penalty in the /V is almost
equal to the voltage drop across the TJ itself. The confinement is
effective, as the lower mobility of holes prevent their spreading
before reaching the AR. When oxide and TJ position is switched
in the A-TJ-VCSEL (Fig. 6(b)), the aperture confines .J,, (see
the blue arrows pointing toward left). Then, electrons reach the
TJ, where the strong doping level induces a relevant diffusion
current that makes the blue arrows change their orientation.
Current spreading increases below the oxide, counteracting the
electrical confinement, and thus reducing the voltage penalty of
the device.

B. Optical Characteristics

As demonstrated, the designs yield different electrical con-
finement features. To assess the impact of a modified confine-
ment, in Fig. 7 (top) the output optical power is reported as a
function of current (LI). The LP notation is used to denote the
modes, whose shape is reported at the bottom of Fig. 7: LPy; for
the Gaussian-like mode; LPg> for the second radial mode with
no azimuthal variations; LPy; for the first-order mode. They are
denoted as o, * and V, respectively.

VENUS predicts a threshold current Iy, ~ 500 pA for the
reference VCSEL (in red). Fundamental LP ¢; mode is the first
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to reach lasing condition due to negligible thermal guiding and
spatial hole burning (SHB). At 2 mA, the internal self-heating
is still not relevant, but LPy; turns on due to the SHB and
becomes dominant at 4 mA. Entering the roll-over condition,
LPy, starts lasing at 9 mA and reaches its peak at 12 mA. Such
modal separation is ensured by the oxide position, in the first SW
node after the AR [61], [62]. The overall output optical power
is in good accordance with experimental result (red dots). The
maximum total output power P.x = 3.3 mW is reached at a
bias current I ~ 10 mA.

Similar considerations apply to the B-TJ-VCSEL LI curve, in
blue. Oxide confinement is introduced in a similar position than
in the pin VCSEL, inducing a comparable modal separation,
with similar threshold currents for all the modes. The thinner
outcoupling mirror enhances the optical slope dL/dI of the
emitted modes, almost doubling P,.x (6 mW) at a similar
current of the pin device.

In pin and B-TJ-VCSELSs, I}, is related to the LP o7 threshold.
For the A-TJ-VCSEL, I;;, ~ 1.7 mA refers to LPy; (yellow V).
The poor electrical confinement affects the carrier distribution
inside the QWs and the gain shape (see discussion in the next
paragraph), hindering the fundamental mode emission. Conse-
quently, the gain-field product of LP1; favors it against LPgq, that
delivers a power lower than 0.5 mW. At 5.5 mA, LPy, reaches
its threshold, diminished from 10 mA of the B-TJ-VCSEL.
Even though it never becomes dominant, it increases the overall
dL/dI and provides a robust contribution to the L/, also beyond
roll-over, suggesting that thermal guiding favors LPyy for a
wide current range. Due to the same mirror losses, the total
dL/dI slope remains similar to the B-TJ-VCSEL, but Py, is
reduced to 4.7 mA at 10.5 mA. The assessment of the optical
characteristics indicates that the oxide aperture should not be
placed above the TJ.
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The reasons of a different optical behavior are strictly related
to the previously discussed electrical properties. SHB governs
the modal competition, as a lower hole mobility determines the
radial gain profile inside the QWs. The role of SHB and ther-
mal effects as fundamental mechanisms selecting the dominant
lasing mode is discussed starting from Fig. 8, a set of VENUS
inner quantities taken in the central QW.

The radial shape of the considered modes intensity is dis-
played in Fig. 8(a). The interaction of the optical fields with the
carrier reservoir causes a local depletion induced by stimulated
recombination. The radial distribution of the carriers in the QW
at 1 and 10 mA is displayed in Fig. 8(b).

At 1 mA, pin and B-TJ-VCSELs QW filling is similar, drop-
ping after poy; in the A-TJ-VCSEL, only halved values are
reached. Electrons (solid lines) and holes (squares) are super-
imposed. The corresponding gain profile (continuous lines in
Fig. 8(c)) depends on carrier densities and temperature. For the
A-TJ-VCSEL, gain is negative, meaning that the QWs are still
in the absorbing region. This reflects in the already discussed
static LI curves: at 1 mA, the A-TJ-VCSEL has not reached the
optical threshold yet, while pin and B-TJ-VCSELSs are already
lasing. At 10 mA, electrons (dashed lines) and holes (diamonds)
of pin and B-TJ-VCSELSs split due to the SHB (Fig. 8(b)). Gain
profile changes, favoring the emission of higher order modes
(dashed lines in Fig. 8(c)). In the A-TJ-VCSEL, carriers density
remains high also outside p,,.. This indicates poor confinement
and explains the delayed threshold and the reduced modal
powers.

C. Efficiency and Output Emission Wavelength

As discussed, the B-TJ-VCSEL features an almost doubled
maximum output power compared to the pin device, as the LI
slope is enhanced due the top DBR doping conversion. However,
the electrical characteristics highlights a penalty due to the
presence of the TJ. In Fig. 9, the wall-plug efficiency (nwp)
curves demonstrate the overall enhancement resulting from the
TJ hole injection scheme and the top DBR doping conversion.
For the B-TJ-VCSEL the maximum nwp rises from ~ 23%
(pin) to ~ 31%. In the whole operation range, pin efficiency lies
below the B-TJ-VCSEL. Furthermore, a number of applications
prioritize output power density and efficiency over higher bias
voltage [10]. In contrast, nwp in the A-TJ-VCSEL increases less
steeply, after the delayed threshold, and outperforms pin VCSEL
efficiency at 7 mA. No improvement comes from A-TJ-VCSEL
compared to the alternative design.

The static characteristics analysis is closed by the comparison
of the emission wavelength A, as a function of the bias current,
reported in Fig. 10. This figure of merit represents the easiest
way to determine the inner temperature rise during VCSELs
operation, due to the wavelength red-shift phenomenon. At
low bias currents (close to the cold cavity condition), A of
the three investigated devices is similar (~ 848 nm). The A(7)
curve for the pin VCSEL well reproduces the experimental
data (open circles), for currents larger than 6 mA. The thermal
shift with temperature remains below 0.05nm/K. Top DBR
doping conversion limits the self-heating induced by FCA in the
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Fig.9. Wall-plug efficiency as a function of bias current of the VCSELSs under
investigation. Red dots: experimental data on the pin VCSEL. Continuous lines:
VENUS results.

TJ-VCSELSs. They show improved thermal stability, as proven
by the smaller A at equal bias currents. The difference between
A-and B-TJ-VCSEL is related to smaller optical powers reached
by the first, that further limits self-heating.

V. CONCLUSION

The demand of VCSELs for large distance 3D sensing re-
quires solutions to reach higher output powers. A convenient
path involves the modification of widespread AlGaAs VCSELs
by introducing a TJ inside their structures, to enhance their
performance.

Having validated our NEGF-DDin a 1D electrical solver [25],
we present for the first time the results of our NEGF-DD
approach applied in VENUS, allowing full physics-based TJ-
VCSEL simulations. We extract from NEGF the TJ electrical
characteristics, used to compute a BTBT generation rate that
couples NEGF with the DD model.

To showcase the capabilities of the augmented VENUS,
two test oxide-confined TJ-VCSELSs are investigated. Starting
from a conventional pin VCSEL, a comparison of the static
characteristics shows that the oxide in a TJI-VCSEL must be

852 w
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Fig. 10. Emission wavelength as a function of bias current of the VCSELSs un-
der investigation. Red circles: experimental data on the pin VCSEL. Continuous
lines: VENUS results.

placed in the node closest to the AR, with the TJ above it. This
mimics the pin operation: despite higher voltages, the thresh-
old current remains equal, and the maximum output power is
doubled.

The presented results are the initial steps towards more com-
plex structures involving TJs, including the multijunction VC-
SELs. VENUS could be a powerful tool to determine the proper
positioning of the oxide apertures between each stacked AR. An
even more interesting design could involve the photolithographic
definition of buried TJs, to get rid of the wet oxidation process
that limits the effectiveness of confinement when going to small
oxide diameters [63], [64]. At the same time, the definition of
a mesa would not be necessary any more, resulting in denser
VCSEL arrays [65], [66].
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