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Abstract: A PCSEL structure featuring a square lattice of “C-shaped” air holes with a lattice constant of 294 nm is
designed, and numerical simulations are conducted using the finite element method. The plane wave expansion meth-
od verifies that the four band-edge resonant modes split at the high-symmetry point I'; in the photonic crystal band
structure lie within the light cone, making them leaky modes suitable for out-of-plane lasing. Furthermore, it is con-
firmed that the in-plane asymmetry of the optical field distribution is the core mechanism governing the vertical dif-
fracted outcoupling of light. Among the four split band-edge modes at I'2, point A, which has the lowest frequency,
exhibits the weakest optical field asymmetry and the highest Q-factor (7. 1x10°) , making it the lasing mode with a
wavelength of 980. 6 nm. The effects of duty cycle and lattice period on device performance are further investigated :
increasing the duty cycle leads to a blueshift in the lasing wavelength, an exponential decrease in the Q-factor, an in-
crease in the active layer confinement factor, and a linear decrease in the photonic crystal layer confinement factor;

increasing the lattice period results in a nearly linear redshift of the lasing wavelength, with weaker effects on the Q-
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factor and confinement factors. Based on these findings, a multi-parameter collaborative optimization strategy is pro-

posed: using the lattice period to primarily set the target emission wavelength, and the duty cycle to optimize the Q-

factor and optical confinement. This study reveals the underlying principles of vertical optical confinement in PC-

SEL, providing theoretical support and an efficient optimization pathway for the design of high-performance, single-

mode, high-power PCSEL devices.

Keywords: PCSEL; C-shaped hole; fill factor; lattice period; light field confinement factor
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Fig.1 Schematic diagram of the three-dimensional structure
of PCSEL and the unit of photonic crystal (a) Verti-
cal epitaxial layer structure of the device; (b) Period-
ic array structure of the photonic crystal layer; (c)
Enlarged view of the unit cell of the photonic crystal

layer
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Fig.3 Schematic diagram of optical field distribution and vertical coherence of band-edge resonance modes near the I';, point.

(a)-(d) Simulation results of optical field distribution in a unit cell at four band-edge resonance wavelengths near the T,

point; (e) Schematic diagram of vertical optical field coherence for circular and C-shaped hole PCSEL
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Fig.4 Longitudinal magnetic field intensity distribution of
the PCSEL device; (a), (b) Magnetic field intensity
distributions of the PCSEL in the longitudinal yz
plane; (c¢) Refractive index profile along the z direc-
tion (red curve) and the normalized magnetic field in-

tensity distribution graph (black curve)
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Fig.5 Variation patterns of key performance parameters of PCSEL with the fill factor of photonic crystals (a) Relationship be-

tween peak wavelength (black curve) and quality factor Q (red curve) as the fill factor of photonic crystals changes; (b)

Relationship between active layer confinement factor (black curve) and photonic crystal layer confinement factor (red

curve) as the fill factor of photonic crystals changes
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