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Fig. 1. Comparative analysis of the microlens designs: (a) Schematic of traditional high refractive index microlens; (b) schematic of

double-concave air-microlens; (c¢) schematic 2D cross-sectional view of the double-concave air-microlens array integrated with a

back-illuminated infrared focal plane array, illustrating its working mechanism of efficiently focusing the incident beam inside the

silicon substrate onto the miniaturized active areas (infrared absorbers) at the bottom.
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Fig. 2. (a) Schematic cross-sectional structure of a double-concave spherical air-microlens, D, ¢, R, and R, denote the diameter,

thickness, front surface radius, and rear surface radius of the air-microlens respectively; (b) simulated focal field strength results for

a biconcave spherical air-microlens with parameters ¢t = 20 pm, R, = 175 pm, and R, = 35 pm under TE and TM polarized incid-

ent light; (c), (d) display the electric field distributions along the z-axis and z-axis cross section of the focal point, respectively.
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Fig. 3. Parametric simulation results for the front-surface radius R, of double-concave spherical air-microlens: (a) Simulation results
of optical focusing on the 0z plane for R; = 100 pm, 125 pm, 150 pm, 175 pm, 200 pm, and when R; is a planar structure, with R,

set to 25 pm and to 20 pm; (b) one-dimensional field intensity distribution along the propagation direction (z-axis); (c¢) one-dimen-

sional field intensity distribution in the lateral direction (z-axis) at the focal point.
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Fig. 4. Parametric simulation results for the front-surface radius R, of a double-concave spherical air-microlens: (a) The simulation
results of optical focusing on the zOz plane for Ry = 25 pm, 30 pm, 35 pm, 40 pm, 45 pm, and 50 pm, where R; is fixed at 200 pm

and t is 10 pm; (b) one-dimensional field intensity distribution along the propagation direction (z-axis); (c) one-dimensional field in-

tensity distribution in the transverse direction (2-axis) at the focal point.
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Fig. 5. Parametric simulation results for the thickness ¢ of a double-concave spherical air-microlens: (a) The simulation results of op-
tical focusing on the zOz plane for ¢t = 5, 10, 15, 20, 25 and 30 pm; (b) one-dimensional field strength distribution along the

propagation direction (z-axis); (¢) one-dimensional field strength distribution in the transverse direction (z-axis) at the focal point.
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Optimization of superfocusing in double-concave
. . . *
spherical air-microlenses

MO Haoran  LIANG Wenyao LI Zhiyuan '

(School of Physics and Optoelectronics, South China University of Technology, Guangzhou 510641, China)

( Received 12 January 2026; revised manuscript received 12 May 2026 )

Abstract

To address the demand for efficient optical coupling in back-illuminated mid-infrared focal plane arrays
(FPAs), this paper numerically investigates a double-concave silicon-based air-microlens operating in the 3—
5 pm wavelength range. Unlike conventional convex lenses, the proposed design embeds a concave air cavity
within a high-refractive-index silicon medium, leveraging the strong refractive index contrast (An=2.42) to
achieve tight beam focusing. Using the finite-difference time-domain (FDTD) method, we analyze the influence
of the front curvature radius, rear curvature radius, and air cavity thickness on key focusing metrics.Physical
mechanism analysis reveals that the double-concave architecture decouples the wavefront phase modulation
process. Specifically, the front surface dominates the preliminary focusing, while the rear surface acts as a near-
field phase corrector to suppress spherical aberrations and optimize the wavevector matching of high-frequency
evanescent waves. For an illumination wavelength of 4 pm, the minimum focal spot size can reach 0.83 pm
(approximately 71% of the effective wavelength A within the silicon medium). Based on these findings, we
extract two typical design criteria to accommodate practical engineering trade-offs: a “minimum focal spot
priority” design tailored for high-resolution arrays, and a “maximum depth of focus priority” design for systems
requiring high thermo-mechanical assembly tolerances. The proposed “in-silicon focusing” architecture naturally
fits the physical configuration of miniaturized infrared detectors, demonstrating significant potential for

enhancing the fill factor of on-chip optoelectronic systems.
Keywords: air-microlenses, mid-infrared, superresolution focusing, back-illuminated detectors
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