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Abstract: We present the design and numerical analysis of an asymmetric bow-tie vertical-cavity
surface-emitting laser (ABT-VCSEL) that enables PAM-2 direct modulation up to 100 GHz.
The device concept relies on photon-photon resonance (PPR) between laterally coupled modes,
triggered by a structural asymmetry introduced via a hollowed dielectric mirror. This approach
avoids the need for asymmetric pumping and probing while ensuring strong modal coupling
under uniform carrier injection. A dynamical in-house suite, combining field-carrier interaction,
electromagnetic, and thermal problems, is developed and discussed to evaluate device performance
under realistic conditions. The simulation results predict a 3-dB bandwidth up to 70 GHz with
low modulation swing, and open eye diagrams at 100 GHz PAM-2 modulation and 70 GHz
PAM-4 modulation. The proposed ABT-VCSEL concept shows robustness against geometrical
variations and ambient temperature when proper cavity detuning is applied, making it a promising
candidate for next-generation ultra-fast short-reach interconnects.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) are key light sources for short-reach intercon-
nects, as they combine high modulation speed, compactness, and low energy per bit, enabling
cost and power-efficient optical links [1–4].

Traditional bandwidth improvement strategies focus on optimizing photon lifetime, working
on optical and carrier confinement, mitigating self-heating, and minimizing carrier transport
delays [5–8]. Although effective, these approaches face unavoidable trade-offs [9]. At present,
the maximum achievable small-signal bandwidth is around 40 GHz [10,11], which, combined
with advanced modulation schemes, can reach optical transmission rates of 200 Gbps [12–15].
To overcome this limit, unconventional strategies are being explored, such as spin-VCSELs [16],
integrated electro-optic modulators [17] and transverse coupled-cavity (TCC) VCSELs [18–21].

The latter approach leverages the combined resonance of laterally coupled elements to enhance
the bandwidth through the concept of photon-photon resonance (PPR) [22]. Our theoretical study
in [23] describes the physics of these devices using the scalar wave equation. Its predictions
are compared with experiments in [24] to interpret coherent emission in a two-apertures TCC
VCSEL, and in [25] to fit recent observations [20]. The results of [23] show that symmetric
bow-tie (BT) devices, i.e., consisting of two coupled apertures of identical size [26], can provide
PPR only if the symmetry is broken by partial probing of the light and asymmetric carrier
pumping. However, this requires complex double contacting [18] and partial optical probing
[27], which are unattractive for industrial applications.

#578425 https://doi.org/10.1364/OE.578425
Journal © 2026 Received 10 Sep 2025; revised 24 Oct 2025; accepted 26 Oct 2025; published 26 Feb 2026

https://orcid.org/0009-0001-8536-641X
https://orcid.org/0009-0009-4738-5554
https://orcid.org/0000-0003-1570-0328
https://orcid.org/0000-0002-5175-2769
https://orcid.org/0000-0003-0819-640X
https://orcid.org/0000-0002-8579-3382
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.578425&amp;domain=pdf&amp;date_stamp=2026-02-26


Research Article Vol. 34, No. 5 / 9 Mar 2026 / Optics Express 7980

For this reason, this work investigates an alternative approach, which consists of introducing a
structural asymmetry to avoid the complicated pumping and probing scheme. To do so, we firstly
introduced a partial metallization at the outcoupling facet covering one of the two apertures,
which however resulted in a major drop of outcoupling efficiency of the lasing mode, becoming
as low as 1 ÷ 10% for current values that are interesting for high-speed modulation. For this
reason, we opted to break the symmetry by covering one of the two apertures with a dielectric
mirror. This geometry leads to the non-orthogonality of the modes in the active region (AR),
enabling mode coupling under uniform carrier pumping and ultimately enhancing the modulation
bandwidth, as detailed in the following.

The analysis is conducted using a novel framework, which combines thermal simulations [28],
an electromagnetic modal solver [29,30], a distributed rate-equation model [24,31] and an optical
gain model [32]. The presented method accounts for both self-heating and structural variations
of the nominal design, which have a major impact on the investigated device.

The article is structured as follows: in Section 2, we describe the VCSEL designs under
investigation. Section 3 outlines the simulation methodologies. Section 4 presents the results,
and in Section 5 we draw our conclusions.

Fig. 1. (a) Schematic of the circular VCSEL. The inset represents the oxide aperture
transverse shape. (b) Schematic of the proposed ABT-VCSEL, with the hollowed dielectric
DBR on top of the PML. Insets show the oxide aperture and the circular hole in the dielectric
DBR. (c) Longitudinal refractive index profile for the circular VCSEL. We highlight the
PML, the AR with the relative QWs and the oxidation layer.
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2. Asymmetric bow-tie VCSEL: concept and design

The considered geometry is the one realized in [33] for an 850 nm circular VCSEL, serving
as a reference device, consisting of a λ–cavity with three GaAs 8 nm quantum wells (QWs)
sandwiched between a bottom and a top distributed Bragg reflector (DBR). The corresponding
longitudinal refractive index is reported in Fig. 1(c).

We design and numerically investigate a BT-VCSEL, intentionally breaking its symmetry.
The simulation results show that this configuration allows for bandwidth enhancement without
asymmetric pumping and probing [23]. As sketched in Fig. 1(b), this is realized by growing on
top of a BT-VCSEL a hollowed dielectric DBR, aligning its hole to the right aperture. Such
DBR features four λ/4 pairs for optimal reflectivity. From a manufacturing standpoint, it can be
realized by sputtering via inductively coupled plasma chemical vapor deposition (ICPCVD) as in
[34]. We will refer to this new concept as the asymmetric bow-tie VCSEL (ABT-VCSEL). The
ABT-VCSEL features the same epitaxial structure as our reference circular VCSEL of Fig. 1(a),
only differing in the number of top DBR pairs, reduced from 20 to 17. In this way the ABT and
circular VCSELs features similar threshold gain, which is useful for performance comparison.

Referring to Fig. 1(c), for the ABT-VCSEL we adopt a bow-tie featuring R1 = R2 = 1.5 µm,
L = 3.9 µm, and w = 1.2 µm, as in [26]. The dielectric DBR hole (RDBR = 2 µm) is aligned such
that the leftmost edge of the circle coincides with the center of the BT, as shown in the insets in
Fig. 1(b). The radius of the circular VCSEL is set to R = 2.2 µm, so that the two apertures have
the same area. Notice how, in Fig. 1, the phase matching layer (PML) is highlighted for both
structures, as its thickness greatly impacts on the dynamical performances.

3. Modeling

In this section we introduce our simulation framework, which we use to evaluate relevant figures
of merit in static and dynamic operation, for the circular and ABT-VCSELs. In its first version
[23], the model consisted of a lumped system of four dynamical equations. Later, it has been
updated to a distributed model accounting for the carrier diffusion equation [24,31].

In this work, we incorporate self-heating and power rollover together with a realistic material
gain, thus avoiding the commonly adopted linearized expression [35]. The QW gain g is computed
using a Fermi golden rule approach [32], which accounts for its dependence on wavelength,
temperature, and carrier density. Fig. 2 reports the gain g as a function of carrier density N, at
varying wavelength and temperature.

Fig. 2. Material gain produced by an 8 nm thick GaAs QW as a function of carrier density,
wavelength and temperature.

Our heat equation solver [28] computes the temperature variations starting from a given
distribution of heat sources, the latter depending on the bias point. The estimation of a realistic
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temperature profile is a crucial aspect in the modeling of high-speed devices, since self-heating
is a major limiting factor for datacom performance [7]. The resulting self-heating profile is
then given as an input to our in-house VCSEL modal solver VELMS [29] together with the
3-dimensional refractive index profile.

VELMS provides modal shape, threshold gain, and emission wavelength for each computed
mode. Finally, for a given bias point, the parameters computed by the optical solver, together
with the QW gain, are provided as inputs to the dynamical solver. The dynamical model [24,31]
consists of a distributed rate equation system that computes the 2-dimensional spatial distribution
of carriers in the AR, self-consistently with the optical problem, ultimately accounting for spatial
hole burning [35].

All of our software is run on a standard PC, and is implemented so that an entire simulation,
from the solution of the heat equation up to the computation of the bandwidth, runs in few
minutes.

3.1. Optical solver

The foundations of our in-house optical solver VELMS are outlined in [29,30]. VELMS
determines the supported transverse modes of the various geometries. It requires as input the
VCSEL 3D refractive index, which defines the optical resonator. The self-heating temperature
profile is converted into a refractive index variation to the cold-cavity index distribution. In this
way, the impact of geometrical variations is explored alongside the effects of temperature on the
modal features. By exploiting the direct relationship between current and temperature, at each
current we are able to calculate all modal features, for each investigated geometry.

For each i-th transverse mode, VELMS returns its emission wavelength λi, QW threshold
gain G(i)

th , electric field distribution Ei(x, y, z) with relative transverse profile Ψi(x, y) at the central
QW, longitudinal Poynting vector S(i)z (x, y, z) and longitudinal confinement factor Γz. The latter
in our structure is Γz ≃ 0.042. The emission wavelength is converted into optical pulsation as
ωi = 2πc/λi (c being the speed of light), while the threshold gain is related to photon lifetime by:

τ
(i)
p =

1
G(i)

th vgΓz
, (1)

where vg is the group velocity. By choosing as reference pulsation ω̄ that of the fundamental
mode, we introduce the quantity ∆ωi = ωi − ω̄, which will be needed in the dynamical model.
Let us also recall that the amplitude modal loss αi is related to photon lifetime by αi = (2τ(i)p )−1.

The modal outcoupling efficiency ηi is obtained through the Poynting vector. In Fig. 3, we
report P(z) = ℜ{Sz(z)} for the 1D optical simulation related to the VCSEL longitudinal index
profile of Fig. 1(c). The regions where P(z) is not constant are governed by losses, which enter
the model as the imaginary part of the refractive index. In our structure, the considered losses are
8 · 103 cm−1 in the highly absorbing GaAs PML, and 10 cm−1 and 3 cm−1 in the top and bottom
DBRs, respectively. These values are taken from [32] and account for free-carrier absorption.
Defining ∆P as the QW gain induced power jump of P(z) and Pout as P(z) at the output facet as
reported in Fig. 3, the 1D outcoupling efficiency η is defined as:

η =
Pout
∆P

, (2)

and represents the ratio between the power exiting the device and the power generated by the
QWs. In a 3D case, the definition is identical when defining P(z) as the integral of the Poynting
vector over the transverse plane, which is actually what we do in our model (see Fig. 8).
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Fig. 3. P(z) in the circular case obtained in a 1D simulation, highlighting the needed
quantities to evaluate the outcoupling efficiency, i.e., ∆P and Pout. Notice how Pout<0, as
power exits from the left.

3.2. Dynamical solver

Our dynamical solver uses as input the modal parameters obtained from the thermal, optical and
gain modules, and evaluates the relevant dynamical characteristics, including the light-current
(LI) curves, the intensity-modulation (IM) response and the eye diagrams.

Starting from the scalar wave equation [36] and applying the slowly varying envelope
approximation, the unknown time-varying electric field is expressed as a superposition of the
supported steady-state VCSEL modes, resulting in a set of coupled ordinary differential equations
that describe the time evolution of the complex expansion coefficients [23]. Since the derivation
relies on the scalar wave equation, the optical modes are treated within the linearly polarized
(LP) approximation [29]. Conventionally, we use Ex, Hy, being (x, y) the transverse plane and z
the longitudinal axis, as indicated in Fig. 1. Coupling the field dynamical equations with the
carrier diffusion equation yields a closed system whose input is the injected current distribution
in the AR across the transverse plane, assumed to be constant within the oxide aperture.

Our dynamical system reads:

dei(t)
dt
= (−αi + i∆ωi) ei(t) +

M∑︂
j=1

kij(t)ej(t), i = 1, . . . , M, (3)

∂N(x, y, t)
∂t

= −R(N) − vgℜ{g̃}S(x, y, t) + I(t)
T (N)Pox(x, y)

qVact
+ D∇2N, (4)

where i is the imaginary unit and M is the number of considered transverse modes. After solving
(3)–(4), it is shown in the Supplement 1 that the output optical power in a bimodal case (M = 2)
is obtained as a post-processing of the expansion coefficients ei(t):

P(t) = 2EphLopt

{︄
η1α1 |e1(t)|2 + η2α2 |e2(t)|2 −

√
η1η2ℜ

{︄
d
[︁
e∗1(t)e2(t)

]︁
dt

ξ12

}︄}︄
. (5)

In the following, we define all of the quantities in (3), (4) and (5).

ξ12 =

∬
R2
Ψ

∗
1Ψ2 dxdy (6)

is the overlap integral, Eph is the photon energy at the operation wavelength and Lopt = NQWdQW/Γz
represents the optical length. The unknowns ei(t) of (3) are the time-varying expansion coefficients

https://doi.org/10.6084/m9.figshare.30462467
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of the time-varying electric field E in the AR:

E(x, y, t) =
M∑︂
i=1

ei(t)Ψi(x, y). (7)

The coupling coefficients kij

kij(t) =
vgΓz

2

∬
R2
Ψ

∗
i (x, y) g̃(x, y, t)Ψj(x, y) dxdy (8)

introduce the PPR coupling in our model, via the cross projection on the modal profiles of the
total complex gain g̃, which reads:

g̃(x, y, t) =
1 + iαH

1 + ϵnlgS(x, y, t)
g(N(x, y, t)), (9)

where N(x, y, t) is the carrier density in the AR, αH the linewidth enhancement factor, ϵnlg the
spectral hole burning non-linear coefficient, and S(x, y, t) the photon density, defined as

S(x, y, t) =

|︁|︁|︁|︁|︁ M∑︂
i=1

ei(t)Ψi(x, y)

|︁|︁|︁|︁|︁2 . (10)

The carrier diffusion Eq. (4) governs the spatio-temporal evolution of N, where R(N) represents
carrier recombination, I(t) the injected current, q the elementary charge, and D the carrier
diffusion coefficient. The dimensionless carrier-dependent coefficient T(N) mimics the injection
efficiency in the QWs:

T(N) = {1 + exp[(N − N1)/N2]}
−1, (11)

where N1 and N2 represent phenomenological parameters, describing a maximum carrier density
in the QWs. This is fundamental to reproduce reasonable roll-over conditions. The function
Pox(x, y) defines the oxide-shaped port function and, finally, the active volume is given by

Vact = NQWdQWAox, (12)

with NQW the number of QWs, dQW the QW thickness, and Aox the oxide aperture area.
The nominal values for all of the parameters that are not obtained from optical simulations are

reported in Table 1, and are tailored so that the bandwidth of the single-mode circular device is
comparable with the current state of the art [10,11].

3.3. Thermal solver

Self-heating is induced by several phenomena related to the injected current, such as Joule effect,
capture heating from the barriers to the QWs, non-radiative recombination and optical absorption
[32].

Our suite exploits the direct relation between temperature and current derived from our steady-
state electro-thermal-optical VENUS code applied to the circular reference VCSEL [32,37], as
reported in Fig. 7(i). This is used to update, at each current, the modal parameters, which are
influenced by the thermal lensing, and the QW gain. A major effect is the gain deterioration due
to its temperature-induced wavelength shift, which causes a misalignment with respect to the
resonant frequency. For this reason, the threshold carrier density increases, until it approaches
the maximum occupancy level introduced in (11). The combination of these effects give rise to a
power roll-over. Furthermore, an accurate estimation of the spatial temperature distribution is
essential, as it directly impacts the modal characteristics in three distinct ways [24]: the frequency
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Table 1. List of parameters used in the simulations.

Symbol Value Description

κair 0.025 W/m/K Air thermal conductivity

κsubstrate 41.4 W/m/K Substrate thermal conductivity

κp,VCSEL 13.5 W/m/K VCSEL transverse thermal conductivity

κz,VCSEL 9.7 W/m/K VCSEL longitudinal thermal conductivity

κpassivation 0.025 W/m/K Passivation thermal conductivity

vg 8.33 × 107 m/s Group velocity

N1 6 × 1018 cm−3 Parameter for the limited injection efficiency

N2 1 × 1018 cm−3 Parameter for the limited injection efficiency

Ta 300 K Ambient temperature

αH 2 Linewidth enhancement factor

ϵnlg 1.75 × 1023 m3 Spectral hole burning coefficient

τn 1 ns Carrier lifetime

D 0.025 m2/s Carrier diffusivity

spacing and the modal overlap increase, and the modal profile undergo thermally induced lensing
toward the device center. The static heat equation in the VCSEL is solved with a numerically
efficient in-house finite element solver, following the approach described in [28,38], with a spatial
domain that must comprise the entire mesa and passivation volumes, which are much larger than
the heat source volume. Longitudinally, the mesa is assumed to reach 100 nm below the oxide
position; radially, a region up to 10 µm beyond the oxide aperture is embedded in a passivation
material.

The solver takes as inputs the thermal conductivity map κ of the VCSEL (whose values
are summarized in Tab. 1) and the heat sources profile Q, related to the oxide shape. From a
quantitative standpoint, the heat equation computes the inner temperature variation T by solving:

∇ · [κ(x, y, z)∇T(x, y, z)] = −Q(x, y, z), (13)

At the substrate side, a Dirichlet boundary condition T(x, y, 0) = Ta is imposed, where Ta is
the ambient temperature assumed to be 300 K unless otherwise stated.

Precise heat sources are only available through a self-consistent solution of transport and
optical problems, as in our VENUS suite, which is currently outside our scope. We have therefore
tackled the issue differently, but grounding our approach as much as possible on VENUS. Within
this scope, we use analytical heat source distributions, related to the oxide aperture position
and size, to achieve a best fit with VENUS temperature profiles. This is shown in Fig. 4(a)-(b),
with the heat source dependence in the longitudinal and transverse directions, respectively. The
former consists of piecewise exponential dependence, with the addition of a peak due to the
highly absorbing PML. Transversally, we adopt a Gaussian profile; all parameters are directly
related to the oxide aperture radius and longitudinal position.

Then, we derive the dissipated power Pdiss from the LIV characteristics as

Pdiss(I) = IV − P, (14)

where V and P indicate the bias voltage and the output optical power. Fixing a bias current I,
the corresponding Q(x, y, z) volume integral is set to the dissipated power Pdiss(I). Neglecting
thermal nonlinearities, we compute the thermal profile only once for a given Pdiss and rescale it
according to the VCSEL operation point. In summary, once Pdiss(I) is known, ∆T(I) follows
directly.
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Fig. 4. (a) Longitudinal profile of the heat source employed in the thermal solver. (b-c)
Transverse profiles of the heat source at the AR in the circular and ABT case, respectively.
(d)-(e) comparison of the self-heating temperature profile obtained from our fitted heat
source and with VENUS detailed sources [32].

Fig. 5. Transverse self-heating temperature profiles in °C obtained at a Pdiss = 5 mW in the
circular case (first row) and the BT case (second row) at different longitudinal coordinates.

In Fig. 4(d)–(e), we compare the longitudinal and transverse temperature profile cuts obtained
with the analytically shaped heat sources to the same quantities computed from the detailed
sources of VENUS. Then, we apply it to the ABT-VCSEL, retaining the same longitudinal
dependence. Radially, the profile is adapted to the BT geometry (Fig. 4(c)): at the apertures, two
radially decaying Gaussian functions are centered; at the bridge, another Gaussian –whose peak
is located along the horizontal symmetry axis– decays along |y|.

Figure 5 compares temperature transverse cuts at various longitudinal sections for the two
analyzed oxide aperture shapes: circular and bow-tie. For the ABT-VCSEL, temperature assumes
stadium-like shapes instead of the circularly symmetrical cuts of the standard VCSEL with the
same area.
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4. Results and discussion

We apply our suite for the design of the ABT-VCSEL which minimizes the impact of technological
variations while allowing for bandwidth enhancement. To do so, we consider the nominal structure
described in Section 2 and we vary the applied current and PML thickness. Then, we proceed to
asymmetrize the BT aperture to asses robustness to oxide asymmetries, to change the ambient
temperature and, finally, to vary dynamical parameters such as linewidth enhancement factor
and ϵnlg.

The modal field distributions, i.e., Ψ1(x, y) and Ψ2(x, y), at the AR of the ABT-VCSEL are
crucial to understand its dynamical properties. For PML = 50 nm and current 5.5 mA, the
corresponding mode profiles are shown in Fig. 6(a)–(f). It can be observed that |Ψ1 |

2 resembles
an even mode (mode #1), whereas |Ψ2 |

2 resembles an odd one (mode #2). However, due to the
transversely patterned reflectivity, both modes are intrinsically complex (i.e., they cannot be made
purely real through multiplication by a complex constant) in contrast to the perfectly symmetric
case of [23]. Their product Ψ∗

1Ψ2 is a fundamental ingredient for our ABT-VCSEL operation,
because it enables PPR. Therefore, we report at the bottom of Fig. 6 the corresponding real and
imaginary parts. The former exhibits an even distribution (g), while the latter (h) displays an
odd one. This also indicates that the modes are not orthogonal and that ξ12, defined in (6), is
mostly real. As a consequence, the cross-power term in (5) provides a significant contribution,
underlying the importance of the discussion for a correct evaluation of the output power P(t), as
derived in the Supplement 1.

Fig. 6. Fundamental and first-order modes (Ψ1 and Ψ2) of the ABT-VCSEL at the AR
section, shown as squared modulus (a-d), real part (b-e), and imaginary part (c-f). Panels
(g) and (h) display the real and imaginary parts of the product Ψ∗1 · Ψ2. In this example,
I = 5.5 mA and the PML thickness was fixed at 50 nm. Both Ψ1 and Ψ2 are reported in
arbitrary units, however they are normalized in the same way, so that the color bars are
comparable.

Let’s discuss the optical simulations results at varying PML thickness and current (i.e.,
temperature profile correspondingly) for both the ABT-VCSEL and of its reference circular

https://doi.org/10.6084/m9.figshare.30462467
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counterpart. The relevant modal parameters are reported in Fig. 7, comparing the fundamental
mode features of the circular case (Fig. 7(a-b-c)) with those of the ABT-VCSEL (Fig. 7(d-e-f)).
Frequency splitting ∆f and threshold gain relative difference ∆g reported in Fig. 7(g–h) are
defined as:

∆f = c
(︃

1
λ2

−
1
λ1

)︃
, ∆g = 100 ·

G(2)
th − G(1)

th

G(1)
th

. (15)

In the case of the circular VCSEL, threshold gain and outcoupling efficiency are current-
independent, while extremely sensitive to PML thickness (Fig. 7(b–c)). In fact, at around 100 nm
the reflection is nearly in antiphase and the threshold strongly increases [39].

Fig. 7. Summary of the optical results for both structures, shown as a function of the PML
thickness and current. Inset (i) shows how the current is linearly linked to the self-heating
temperature ∆T . The first column represents (a) the emission wavelength, (b) threshold gain
and (c) outcoupling efficiency of the fundamental mode in the circular case. Similarly, the
second column (d-e-f) shows the same quantities for the ABT case. Solid and dashed lines
refer to the fundamental and to the first-order mode, respectively. Finally, the last column
shows the frequency spacing ∆f (g) and the relative threshold gain difference ∆g (h) between
the two modes.

The interpretation of Fig. 7(e) in the ABT case is more involved. The threshold gain of mode
#2 with PML up to 60 nm is comparable to the circular case, despite the reduced number of
semiconductor top DBR pairs (from 20 to 17). This is due to the additional reflectivity provided
by the hollowed dielectric DBR. To explain why G(2)

th increases with thicker PMLs, let us consider
the distribution of |ℜ{Sz(x, y = 0, z)}| within the ABT-VCSEL for both modes and for three
PML values of Fig. 8. For z>0 (z = 0 corresponds to the outcoupling facet) the power exits only
through the dielectric DBR hole. For PML = 20 and 50 nm (Fig. 8(a-b-c-d)), the optical power
inside the VCSEL is nearly even in the two apertures, resulting in a relatively small ∆g and low
values of G(1)

th and G(2)
th , since both modes benefit from the increased reflectivity of the dielectric

DBR. For a PML of 80 nm, (Fig. 8(e)), the mode #1 remains distributed across both apertures,
leaving its threshold gain nearly unaffected. In contrast, the mode #2 becomes strongly localized
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to the right aperture (note the logarithmic colour scale in Fig. 8(f)), directly beneath the DBR
hole. Additionally, the reflectivity of the top semiconductor DBR is significantly reduced for
PML = 80 nm, leading to a larger G(2)

th , as also occurs with the circular VCSEL. Consequently, the
odd mode features a comparable outcoupling efficiency, while that of the even mode drastically
drops, as shown in Fig. 7(f). Concerning the oscillations shown in Fig. 8, they arise from the
sign change of the Poynting vector and are further accentuated by the logarithmic representation.

Fig. 8. Normalized logarithmic distribution of Sz in the (x, z) plane for PML thicknesses of
20 nm (a-b), 50 nm (c-d), and 80 nm (e-f), for fundamental mode (a-c-e) and the first-order
mode (b-d-f) of the ABT-VCSEL. The corresponding threshold gain Gth is also reported,
expressed in cm−1.

We apply now our dynamical model (4)–(3), for which we choose a linearized carrier
recombination model: R(N) = N/τn, with the carrier lifetime τn in Table 1. By applying a
current pulse on top of the steady-state bias current, via a post-processing of the corresponding
P(t) computed through (5) [23], we obtain an IM response for each current and for each PML
value. For each IM response, we define its bandwidth f3dB as the first intersection between the
IM response and the −3 dB level, and its modulation swing as its maximum range in dB for
frequencies from 0 to f3dB. A high modulation swing is detrimental for large-signal modulation,
and, according to our definition, its lower bound is set to 3 dB.

These quantities are reported in Fig. 9 for the circular case, showcasing a maximum bandwidth
of 38 GHz. Both f3dB and the modulation swing have the expected dependency on applied current
[35].

Fig. 9. f3dB and modulation swing in the circular case as a function of current, shown for
some of the PML thicknesses.
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Fixing the current at 6.8 mA, the corresponding f3dB is plotted against PML in Fig. 10(a) and
against the photon lifetime τp in Fig. 10(b). The latter is obtained from Fig. 7(b) and (1). The
non-monotonic trend is confirmed by experimental data published in [6] and reported in the inset
7(c), showing how our simulation workflow describes the VCSEL dynamical behaviour starting
only from the VCSEL structure. It should be noted that our model addresses only the intrinsic
modulation bandwidth of the laser, without accounting for additional parasitic effects, as these
lie beyond the scope of this work. The parasitic contributions affecting the investigated device
are expected to be comparable to those of conventional VCSELs.

Fig. 10. f3dB at I = 6.8 mA in the circular case, as a function of the PML thickness (a)
and the photon lifetime (b). The inset (c) reports the experimental data in [6] for a circular
VCSEL, showing a trend similar to simulations.

Similarly, bandwidth and modulation swing as functions of current and PML in the ABT-
VCSEL are reported in Fig. 11, showing a staggering improvement of its bandwidth. For each
PML we select the current that provides the largest f3dB and plot such best cases in Fig. 12(a),
which shows that f3dB reaches 70 GHz with a very low modulation swing at PML = 50 nm. For
each data point of Fig. 12(a), the corresponding IM responses are reported in Fig. 12(b). One
can see how the bandwidth enhancement up of 70 GHz is due to the PPR peak being above the
−3 dB line; however, even when it is below such high value, f3dB remains significantly higher
than in the circular case. The PPR peak occurs approximately at the frequency separation ∆f
[23]. Since this quantity is strongly dependent on the thermal lensing and therefore on current,
as shown in Fig. 7(g), an accurate evaluation of temperature is crucial. Moreover, a further
correction originates from the imaginary part of the optical gain associated with a nonzero
linewidth enhancement factor α, as given in (9).

Fig. 11. (a) f3dB and (b) modulation swing in the ABT case as a function of current, for
several PML thicknesses.

The comparison between circular and ABT-VCSELs performance is reported in Fig. 13. Panel
13(a) displays the best bandwidth across all currents as a function of the PML thickness in the two
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Fig. 12. (a) Maximum f3dB across all considered currents as a function of the PML thickness
and corresponding modulation swing in the ABT case. (b) IM responses associated to all
points of panel (a). The horizontal black dashed line represents the −3 dB level. At PML
thicknesses of 40, 50 and 60 nm the PPR peak rises above −3 dB.

cases, while panels 13(b)–(e) show the eye diagrams obtained via pulse-amplitude modulation
with a random bit sequence employing two current levels (PAM-2), set to 2 and 9 mA. When
the modulation frequency is set to 70 GHz, both structures still feature an open eye, although at
100 GHz only the eye associated with the ABT-VCSEL remains open. Aiming at a higher bit rate,
Fig. 14 shows the comparison of a 70 GHz PAM-4 modulation for the circular (a) and ABT (b)
device with four current levels equally spaced between 2 and 9 mA. It can be seen that in the
ABT case the eyes are still opened, further confirming the advantages of the ABT-VCSEL with
respect to the circular one, making our device a good candidate for the next generation high-speed
VCSELs. However, the PAM-4 ABT eye diagram features detrimental distortion effects, which
prevents going to higher modulation frequencies in the PAM-4 scheme. These latter, however,
might be mitigated by predistortion techniques [15], which is beyond the scope of this work.

Fig. 13. Comparison of the dynamic performance between circular and ABT-VCSEL. (a)
Maximum f3dB for both designs. For the PAM-2 eye-diagram analysis, the PML thickness
is fixed at 70 nm for the circular case and 50 nm for the ABT case, with two current levels
set to 2 and 9 mA, respectively. Panels (b) and (c) show the circular VCSEL PAM-2 eye
diagrams under direct modulation at 70 GHz, where the eye remains open, and at 100 GHz,
where it closes. Panels (d) and (e) display the PAM-2 ABT-VCSEL eye diagrams at the same
frequencies, with the eye remaining open even at 100 GHz.
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Fig. 14. PAM-4 eye diagrams for both the circular (a) and the ABT (b) VCSELs with four
current levels equally spaced between 2 and 9 mA, with a frequency of 70 GHz.

We now assess the robustness of the obtained results to variations in both modal and material
parameters. The modal parameters are not independent variables, as they are determined by
the device geometry; consequently, their variation must be introduced through corresponding
modifications of the structural design. Previous studies [24] have demonstrated that oxide
asymmetries can strongly affect the modal properties, motivating a detailed investigation of this
effect in the present analysis. For instance, we fix PML = 50 nm and R2 = 1.5 µm, and vary
the radius of the left aperture R1 around the nominal value of 1.5 µm. The resulting maximum
bandwidth as a function of R1 is shown in Fig. 15(a), with the corresponding IM responses
reported in panel 15(b). The analysis shows that variations of several hundred nanometers
relative to the symmetric case R1 = R2 = 1.5 µm are acceptable while still ensuring high-speed
performance. When exiting the stability range, it can be observed from panel 15(b) that as R1
decreases, the PPR peak drops below −3 dB, whereas increasing R1 drives the system towards a
beating regime. In more mature edge-emitter PPR implementations, additional tuning elements
are often incorporated to compensate for unavoidable fabrication-induced variations [40]. A
similar concept could be applied here to mitigate the detrimental effects of oxide asymmetries
by employing a lateral heating approach, which has been previously implemented in [41] and
could be investigated in future work. We also investigated the effect of an isotropic scaling of the
symmetrical BT aperture, finding that the proposed ABT-VCSEL can tolerate oxides deviating of
±200 nm from the nominal dimensions.

Fig. 15. (a) Maximum f3dB across all currents, together with the corresponding modulation
swing, as a function of R1 and (b) associated IM responses.

Finally, we test the robustness of our ABT-VCSEL with respect to other model parameters,
such as ambient temperature, the Henry α-factor, and the non-linear gain coefficient, which may
vary depending on the QW design.
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Up to this point, the ambient temperature Ta has been kept at 300 K. We now test our device for
Ta = 300 K, which is a more realistic scenario in a datacenter environment. Results are reported
in Fig. 16 as blue curves, where the LI characteristics (a) and best IM responses (b) are compared
to the room temperature case (black curves). As expected, rising the ambient temperature is
detrimental to both the maximum optical power and f3dB, as the PPR peak drops well below −3
dB. However, it is possible to retrieve PPR-enhanced performance by properly engineering the
cavity detuning ∆λ [32]. For increasing values of ∆λ we observe that the LI characteristics reach
values comparable to the room temperature case. Similarly, the PPR peak gets closer to −3 dB,
leaving room for possible optimization. In fact, all curves appear to be equalizable [15,42], except
for the blue one in Fig. 16(b) (∆λ = 0, I = 4.2 mA), which shows an excessively steep roll-off
after ∼ 30 GHz. The other responses, despite notches of about 3-5 dB and mild resonances,
remain suitable for compensation through standard electronic post- or pre-equalization techniques
such as feed-forward equalizers (FFE), which can flatten the frequency response and mitigate
intersymbol interference. We will not enter this field, because it is out of our scope, but it is worth
underlining the further potential of our ABT-VCSEL design when applying such methodologies.

Fig. 16. (a) Effect of ambient temperature on the LI characteristics of the ABT-VCSEL and
(b) on the best IM responses, for different values of cavity detuning ∆λ.

As a final verification, we varied the dynamical parameters αH and ϵnlg around their typical
values reported in Table 1. The corresponding IM responses, shown in Fig. 17, exhibit a smooth
dependence on both parameters. This demonstrates that uncertainties about their exact values
affect in a limited way the performance of our device. Again, post- or pre-equalization techniques
might compensate for such variations.

Fig. 17. Impact of αH (a) and ϵnlg (b) on the best IM responses.

5. Conclusions

In this paper, we focus on the PPR as an enabler of next-generation ultra-fast optical sources
to meet the growing demand from datacenters. We have developed a VCSEL dynamical suite
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and successfully tested it on experimental results. Supported by this, we have deployed it to
introduce the concept and design of ABT-VCSELs, aiming to overcome the limitations of standard
BT-VCSELs evidenced by our previous works.

Our proposal eliminates the need for asymmetric pumping and/or selective probing, which has
made the symmetric bow-tie concept unattractive for mass application. It is based on a hollowed
dielectric DBR applied above one of the two bow-tie apertures, which enables strong modal
coupling under uniform carrier injection. The results of combined electromagnetic, thermal and
dynamical simulations suggest that ABT-VCSELs can achieve small-signal bandwidths up to
70 GHz at significant output power, and sustain open PAM-2 eyes at 100 GHz. Compared to
standard circular VCSELs, this represents a significant advance, almost doubling its performance.
Robustness analysis supports tolerance to geometric variations of the oxide aperture, as well as the
possibility of mitigating ambient temperature degradation through cavity detuning. These results
highlight ABT-VCSELs as a promising device for next-generation short-reach interconnects,
combining ultrafast direct modulation with fabrication-friendly design.
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