Surface emitting QCL with topological states

I** Oliver Jan Hejtman
Faculty of Materials Science and Technology
VSB-Technical University of Ostrava
Ostrava-Poruba, Czech Republic
oliver.jan.hejtman @vsb.cz

Abstract—Achieving surface emission is a fundamental chal-
lenge for Quantum Cascade Lasers (QCLs) due to the TM
polarization required by selection rules. While this orientation
naturally favors edge-emitting configurations, they suffer from
high divergence and heating. In this work, we propose a second-
order photonic lattice to vertically outcouple the TM mode.
Using the Plane-Wave Admittance Method (PWAM), we engi-
neer a grating to operate at the Gamma-point, exploiting flat-
band dispersion for spectral locking and phase coherence. By
leveraging symmetry-protected Bound States in the Continuum
(BIC) and their topological phase transitions, we demonstrate a
scalable pathway for surface emission that remains robust against
fabrication perturbations.

Index Terms—quantum cascade lasers, surface emitting, pho-
tonic gap, flat bands, bound states in the continuum

I. INTRODUCTION

Quantum Cascade Lasers (QCLs) are unipolar devices based
on a periodic stack of multiple quantum wells (MQWs),
which facilitate light emission through intersubband transi-
tions. However, due to strict quantum mechanical selection
rules, intersubband transitions occur only when the electric
field is polarized perpendicular to the epitaxial layers (that
is, for TM polarization) [1]. This naturally favors in-plane
propagation, forcing most QCLs to edge-emitting configura-
tions, which suffer from highly divergent, elliptical beams
and are prone to facet heating. For applications requiring
circular, narrow-divergence beams, a mechanism to efficiently
outcouple the TM mode vertically is required.

Unlike conventional diode lasers, the unipolar nature of
QCLs allows for a cascading process where a single charge
carrier produces multiple photons, enabling high-power oper-
ation in the mid-infrared (MIR) spectrum. This makes them
ideal sources for high-sensitivity trace gas sensing or even
infrared countermeasures.

II. PHOTONIC LATTICE DESIGN AND SYMMETRY

To address the difficulty of surface emission, we propose the
integration of a second-order photonic lattice. By introducing a
periodic modulation at the scale of the guided wavelength, we
provide the necessary momentum to scatter the horizontally
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Fig. 1: Calculated flat band size Aq for every possible
combination of etching depth d and fill factor f. Parameter
optimization can influence Aq by orders of magnitude.

guided TM mode into vertical radiation. This significantly
increases the effective emission area compared to a sub-
wavelength edge facet, resulting in a high-brightness, low-
divergence beam suitable for long-range applications.

We analyze the modal dispersion curves, focusing on the
I'-point where the second-order Bragg condition is satisfied.
Operating at this high-symmetry point creates flat bands char-
acterized by vanishing normalized group velocity 9, — 0 [2].
This stationary Bloch wave behavior provides advantages in
stability during operation; a) the massive discontinuity in
Density of Optical States (DOS) locks the laser to a single
frequency, providing spectral robustness and b) the zero-group-
velocity mode ensured synchronous phase across the entire
lattice area, preventing destructive interference that degrades
beam quality in large-area emitters.

A central novelty of this design lies in the exploitation of
topological Bound State in the Continuum (BIC) modes at the
edges of the photonic gap. At I'-point, two modes with distinct
symmetries emerge. While the symmetric mode is "leaky",
the asymmetric mode manifests as symmetry-protected BIC.
The field components from opposing sides of the unit cell are
exactly 180° out of phase, leading to destructive interference
in the far field and theoretical infinite @@ factor [3]. In finite
devices with imperfect geometry, this transforms into a Quasi-
BIC, retaining exceptionally high @) factor while allowing a
leakage, which is fully compatible with surface emission.
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Fig. 2: Calculated TM dispersion curves near the I'-point for waveguide with etched grating. The mode with highest ) factor
is the easiest to excite and resides precisely at ky., = 0, where the vertical emission is centered. As fill factor f is tuned from
0.08 to 0.20, the photonic stopband closes and reopens, and the symmetry-protected BIC state flips from the higher to the

lower band while keeping the high @ factor.
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Fig. 3: Calculated photonic stopband size represented by the
gap-to-midgap ratio for every possible combination of etching
depth d and fill factor f. The reopening process occurs for a
wide range of combinations in the parameter space.

III. RESULTS AND DISCUSSION

We analyzed the modal dispersion of an InGaAs QCL
with doped InP cladding, targetting the second-order I'-point
for surface emission. A grating period of 1.68 pm was se-
lected for expected emission wavelength \g = 5.4 um. This
configuration opens a photonic stopband where the m = 1
diffraction order provides vertical outcoupling, while higher
orders remain evanescent [2].

To quantify the flat band region resulting from the photonic
lattice, we defined the flat band size Aqg where normalized
group velocity 9, < 1072 [2] and mapped this parameter in
Fig. 1. Our results indicate that increased etching depth d and
central fill factors f maximize Agq, enhancing spectral stability.

A key feature of this architecture is the topological pro-
tection of the BIC mode by C5T symmetry of the grating.
We show that, as the fill factor f is tuned, the photonic
stopband undergoes a "band flip" - a topological phase transi-
tion where the bands momentarily close and reopen. While

previously demonstrated for TE modes with low dielectric
contrast Ae [3], we confirm this behavior for TM-polarized
QCLs with significantly higher contrast. This high Ae expands
the accessible parameter space for the band flip, occuring for
both low and high f. Specific regions of topological transition
are mapped as the gap-to-midgap ratio in Fig. 3.

This topological invariance ensures the mode remains
pinned at ky,, = 0, providing remarkable robustness against
fabrication imperfections. Even with a 12% variation in f,
the BIC-based mode maintains its high ) factor and stable
vertical emission (Fig. 2). Furthemore, our simulations reveal
the emergence of accidental BICs at off-normal wavevectors,
which are to be further explored.

IV. CONCLUSION

In this work, we have simulated a QCL waveguide with
a second-order photonic lattice for surface emission. By en-
gineering the structure to operate at the I'-point, we lever-
age vertical outcoupling and flat-band dispersion. Our results
demonstrate that the TM-polarized BIC mode remains topo-
logically protected through a band-flip transition, providing
remarkable modal stability against fabrication inaccuracies.
These grating geometries offer a scalable pathway for single-
mode MIR sources that overcome the constraints of traditional
edge-emitting architectures.
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