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Fig.1. Comparative analysis of the microlens designs. (a) The schematic of

traditional high refractive index microlens. (b) The schematic of double-concave air-
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microlens. (¢) 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, t, Ri1, and Rz 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 um, R: =175 um, and R2
=35 um under TE and TM polarized incident light. (c) and (d) display the electric field

distributions along the x-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 Ri of double-
concave spherical air-microlens. (a) The simulation results of optical focusing on the
x0z plane for R: = 100 pm, 125 pum, 150 pm, 175 pum, 200 pm, and when R is a planar
structure, with Rz set to 25 um and t to 20 pm. (b) One-dimensional field intensity
distribution along the propagation direction (z-axis). (¢) One-dimensional field intensity
distribution in the lateral direction (x-axis) at the focal point.

JEERTH AR Ro @ A 2 S - T S i) kT g A2, WHER RS S he &
SrAn B CREARIAE A . IR, e RTBRIEEAS Ri A 200 pm FIZS RS R B ¢
910 um RN E &5 M2 45, M BRAAR RAE (737009 25 pmy 30 pm. 35
pum. 40 pm. 45 pm A 50 pm) A TROEBLFAT 7 FDTD i 5. {5 504

g (WK 4) 7 1R A BRI £ 42 Ro AN 25 pm B9ANE 50 pm, A ERA N3

10



M 3132 pm JEfHIZE 54.76 pmo X — AR F G LA o OG T BRTEE B BR T
PREEERRWTAIYI G, B RATAG 5 R R AP, 00
Jatmts, MMREK TAERE . (RN AETR M 4.34 um VHEIE KA 12.16 um, X2 H

T KRN, REEHUBMEILE (NA) M FE. RIEETES NA 17
Jil R AR (DoF o MNA2) , NA HJJ/ ML IR S BURIRI B E Y, XS5

RGUEHERFIRM N A st RS 7). SR, BEE NA BN, R
H—A £ SO 3 (Imax/10) A 28.31 F#{R % 19.70, HiFH 4 FWHM M 0.87 um

WIKE 1.31 pmo FAENUBILE T, LRI 5 2T i SR 90 55 7 FE A 1 I8 i ke A
PHIGE ). W EISORA, KM G A6 (KB AR SCTE TSI T R TARAL I “fi
REH]” - BURIE R FEATTHREERBUE IS T IR A, 51 Sl
RIRIC SR s 1M 5 2R T Ry W78 2430 AR A e 1E ST, 3l R 440 VA 0 Hh S 9 T 1)
FRHIR, A RAME T IR N R EEBRZE . HAERIE,
SWOBEBE 2 T ARETERE S PO S A O K B R R, RO TR 7
SFHAE CAn=2.42) KSR R ZE. FRIMERTIN, AMUERERE
St TR AL AT A AL R A, SEAEOUL R EE Bk — ARk 1 X e S 2 A1 Adb
WOR (R AR A B (RHENED R I A4, fEHAR S S 5ins T
W o TE SR T 1 AR AR 7 U 1) 5 3 4 o e e B R P, T T Bt T
R A AR R R R R, AR A O R AR R R, TSRS TR T

FGeiE G 7> HE R FE R 21,

11



(a) R,=25um R,=30um R,=35um R,=40um R,=45um R,=50um
0

-20
. e
—_
g 20
S
n 40
60
80
100
-25 2525 0 25-25 0 25-25 0 25-25
x (um)
(©) 30
—
= —_R,=45ym
\ 320 R2=50:m
2
@
o
\ L10-
=)
L]
L - ¥ u’\D\é\é 0 /_\[f/:\‘”
0 10 20 30 40 50 60 70 80 5 0
z (um) x (pum)

B 4 5k 00T R Bk 2= GRS AT ER T 2R 42 Ro IS EET K4 R (a)
R>=25um+ 30pum. 35pm. 40um. 45um F1 50um B}, xOz G587 40, HH Ry
MIZHN 200um, t 2y 10um.. (b)#T&FE 7 7 (z f)— 435 o A, (c)FE m AL R 7]
(x iy — 437558 70 A

Fig.4. Parametric simulation results for the front-surface radius Rz of a double-
concave spherical air-microlens. (a) The simulation results of optical focusing on the
xOz plane for R> =25 um, 30 pm, 35 um, 40 pm, 45 pum, and 50 um, where R is fixed
at 200 um and t is 10 pm. (b) One-dimensional field intensity distribution along the

propagation direction (z-axis). (¢) One-dimensional field intensity distribution in the
transverse direction (x-axis) at the focal point.
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Fig.5. Parametric simulation results for the thickness t of a double-concave
spherical air-microlens. (a) The simulation results of optical focusing on the xOz plane
fort =5 pm, 10 pm, 15 pm, 20 pm, 25 pm, and 30 pm. (b) One-dimensional field
strength distribution along the propagation direction (z-axis). (c) One-dimensional field
strength distribution in the transverse direction (x-axis) at the focal point.
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focus, and (d) normalised focal intensity Imax/I0 with R; and R> for a biconcave air-
microlens with thickness t = 10 pm.
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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 ( A n=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 um, the minimum focal spot size can reach
0.83 um (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 eénhancing the fill

factor of on-chip optoelectronic systems.

Keywords: air-microlenses, mid-infrared, superresolution focusing, back-illuminated

detectors
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