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Fig. 1. Schematic diagrams of the principle of constructing topological photonic crystals on the surface of SiPM: (a) Schematic dia-
gram of the three-dimensional structure of SiPM; (b) close-up top view; (c) schematic diagram of topological insulating photonic
crystal (close-up); (d) two-dimensional cross-sectional schematic diagram of SiPM with topological photonic crystals on the surface;

(e) schematic diagram of TPC two-dimensional lattice; (f) schematic diagram of Floquet periodicity analysis; (g) schematic dia-

gram of photon propagation in TPC.
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Fig. 2. Energy band diagrams of a single lattice structure of topological insulating photonic crystals: (a) R = ao/3; (b) R = a¢/2.9;
(¢) R = ay/3.1; (d) boundary state; (e) Bragg scattering bulk state; (f) electric field mode distribution of pure bulk state (unit: V).
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Fig. 3. Three-dimensional simulation structure diagrams:
(a) Geometric modeling; (b) electric field mode distribution

of photonic crystals (unit: V).
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(a) 450 nm; (b) 550 nm; (c) 621 nm; (d) 650 nm; (e) 700 nm;

(f) 800 nm; (g) 900 nm; (h) 1100 nm; (i) 621 nm K T A% R 5L
Fig. 4. Electric field mode distribution diagrams of TPC constructed in the dead zone (unit: V) at different wavelengths:
(a) 450 nm; (b) 550 nm; (c¢) 621 nm; (d) 650 nm; (e) 700 nm; (f) 800 nm; (g) 900 nm; (h) 1100 nm; (i) boundary state propagation

at 621 nm wavelength.
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Fig. 5. Electric field mode distribution diagrams of TPC constructed in the photosensitive region (unit: V) at different wavelengths:
(a) 460 nm; (b) 550 nm; (c) 650 nm; (d) 700 nm; (e) 900 nm; (f) 1100 nm.
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Fig. 8. Flow chart of the manufacturing process of SiPM with surface-integrated TPC.
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Table 1.  Comparison of methods for improving the PDE of SiPM.
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Abstract

Silicon photomultipliers (SiPMs) have been widely used in the field of weak light detection. However,
SiPMs utilizing small-sized Geiger-mode avalanche photodiode (G-APD) cells face the limitations due to a
restricted effective geometric fill sactor (GFF), which leads to relatively low photon detection efficiency (PDE),
and additionally, constrained by the intrinsic properties of silicon materials, their PDE in the near-infrared
band is also relatively insufficient. To address the above issues, this work proposes a regional optical field
modulation approach based on topological photonic crystals (TPCs), aiming to improve the PDE of SiPMs
without modifying their internal structure. Through COMSOL electromagnetic wave frequency-domain
simulation, the multi-band synergistic mechanism of dead-zone topological edge state guidance, photosensitive

region slow-light effect, and Bragg scattering is revealed. In the 460-700 nm band, the honeycomb lattice in the
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dead zone induces topological edge states via Floquet periodic analysis, while the periodic dielectric distribution
of the lattice excites Bragg scattering to reduce photon reflection loss at the metal surface and precisely couples
photons to the photosensitive region, leading to an increase in effective GFF from 46.4% to 63.1% at 621 nm. In
the 700-1100 nm band, in addition to reducing reflection loss via Bragg scattering, the designed periodic silicon
pillar structure can effectively extend the transverse propagation path of photons through the slow-light effect,
thereby increasing the coupling probability with the photosensitive region, resulting in a significant increase in
absorption efficiency from 41.19% to 55.94% at 900 nm. Simulation results show that this design scheme
increases the average PDE of SiPMs by 50% in the 460-1100 nm band (with a peak value of 81%) and can be
implemented via mainstream etching processes (electron beam lithography + reactive ion etching). Compared
with traditional microlens and plasmonic structures, TPCs exhibit significant advantages in broad-spectrum
response and process simplification. This work provides a new topological photonics approach for photon

recycling and PDE enhancement of SiPMs.
Keywords: silicon photomultiplier, photon detection efficiency, topological photonic crystal, slow-light effect
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CSTR: 32037.14.aps.74.20250892

220702-11


http://doi.org/10.7498/aps.74.20250892
https://cstr.cn/32037.14.aps.74.20250892
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ETHIMECT MR A E SRR M
AN KEAEF KZE Xx LF #HET ANE mF FEZ HIHF FER HR

Optimization of detection efficiency in silicon photomultipliers via topological photonic crystals

GUO Chaogian  ZHANG Guoqing ZHANG Haotong WU Yun WANG Jun  YANG Yanfei LIULu
LIU Lina Ll Lianbi  HAN Xiaoxiang LI Zebin  HAN Chao

5] Fi{i5 &, Citation: Acta Physica Sinica, 74, 220702 (2025) DOI: 10.7498/aps.74.20250892
CSTR: 32037.14.aps.74.20250892

TELERE View online: https://doi.org/10.7498/aps.74.20250892

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

PR AE SR 5 X HRATLA FURE T~ S0 A RATIN T R0 2%

Time of flight detector for charged particle identification based on circular electron—positron collider

YrH2E4R. 2023, 72(12): 122901  https://doi.org/10.7498/aps.72.20222271

D HLAHE A a1 F R R e X T R R
Effect of pile—up of electron flow pulse from photomultiplier tube on ranging by photon counting
YrHE2EAR. 2022, 71(21): 214206  hitps://doi.org/10.7498/aps.71.20220537

T FRYEREA L T iR h BRI LA

Topological light transport in low—symmetry valley photonic crystals
YFR2EHR. 2024, 73(10): 104205  https:/doi.org/10.7498/aps.73.20240040

T PRI RN, ) A5 1 TR B B BT O S O

Synergy—based plasmon—induced transparency and optical switch and slow light applications

Y27, 2025, 74(9): 097801 https://doi.org/10.7498/aps.74.20250078

FT RIIRIIOE T A% oA 1O TR MBI

Simulation and detection of the topological properties of phonon—photon in frequency—tunable optomechanical lattice

YIBR2FA. 2022, 71(22): 224202  https://doi.org/10.7498/aps.71.20221286

2RO RGO 7 B W5 A 18Ok
Slow light effect caused by optomechanically induced transparency in multimode optomechanical system

PPz, 2023, 72(15): 154203 https:/doi.org/10.7498/aps.72.20230663

IR AE SR 5 X HREATLA R~ S0 A RATIN TR R0 %

Time of flight detector for charged particle identification based on circular electron—positron collider

YrE2E 4. 2023, 72(12): 122901  https://doi.org/10.7498/aps.72.20222271

DGR A ) F T R e X ' B A


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250892
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222271
https://doi.org/10.7498/aps.72.20222271
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220537
https://doi.org/10.7498/aps.71.20220537
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240040
https://doi.org/10.7498/aps.73.20240040
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250078
https://doi.org/10.7498/aps.74.20250078
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221286
https://doi.org/10.7498/aps.71.20221286
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230663
https://doi.org/10.7498/aps.72.20230663
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222271
https://doi.org/10.7498/aps.72.20222271
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220537

Effect of pile—up of electron flow pulse from photomultiplier tube on ranging by photon counting

YrE2E 4. 2022, 71(21): 214206  https://doi.org/10.7498/aps.71.20220537

X FRIEREA G T b AR D2k
Topological light transport in low—symmetry valley photonic crystals
YrE2E 4. 2024, 73(10): 104205  https://doi.org/10.7498/aps.73.20240040

LT DRIV Y A5 88 PR 5 T i B KOO S 18060
Synergy—based plasmon—induced transparency and optical switch and slow light applications

YIBR2AHR. 2025, 74(9): 097801  https://doi.org/10.7498/aps.74.20250078

FET TR 7 i oA =T M AL AR
Simulation and detection of the topological properties of phonon—photon in frequency—tunable optomechanical lattice

WIFRZEAR. 2022, 71(22): 224202 https://doi.org/10.7498/aps.71.20221286

RO RGO B W5 DRI 18 ek
Slow light effect caused by optomechanically induced transparency in multimode optomechanical system

WIBAEAR. 2023, 72(15): 154203 https://doi.org/10.7498/aps.72.20230663


https://doi.org/10.7498/aps.71.20220537
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240040
https://doi.org/10.7498/aps.73.20240040
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250078
https://doi.org/10.7498/aps.74.20250078
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221286
https://doi.org/10.7498/aps.71.20221286
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230663
https://doi.org/10.7498/aps.72.20230663

	1 引　言
	2 基本原理
	3 理论建模
	4 仿真方法
	5 仿真结果与分析
	6 讨　论
	7 结　论
	参考文献

