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Abstract: As a core means for high-fidelity detection of extremely weak optical signals, single-photon detection
technology is a key support for cutting-edge fields including quantum communication, quantum computing,
quantum radar, and biomedical imaging. Its performance directly determines the depth of fundamental optical
quantum research and the breadth of industrial applications. This paper systematically reviews the physical
mechanisms of single-photon detection: external photoelectric effect with multi-stage multiplied electron
emission, internal photoelectric effect with carrier avalanche multiplication effect, and the photon-induced hot
electron effect, which correspond to typical devices such as photomultiplier tubes (PMTs), single-photon
avalanche diodes (SPADs), and superconducting nanowire single-photon detectors (SNSPDs). The physical
implications and engineering values of key performance parameters of single-photon detectors are analyzed in
detail. Focus is placed on elaborating the circuit designs of these devices: high-voltage voltage-dividing power
supply, low-noise preamplification and filtering circuits for PMTs; passive, active, hybrid, and gated quenching
circuits for SPADs; and readout circuit solutions for SNSPDs (including traditional 50 © room-temperature
architecture, latch-up effect suppression, and optimized double-ended readout). Finally, the core challenges
facing single-photon detection technology are summarized, such as dark count suppression, after-pulse effect
control, the trade-off between detection efficiency and response speed, and cost and engineering adaptability,
providing a reference for technological breakthroughs and application expansion in this field.

Key words: single-photon detector; photoelectric effect; avalanche multiplication effect; circuit design
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Tab.2 Dead time of different types of detectors and their influencing factors

[20,22]
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PMT 100~1 000 TR B A T AR 22 57 5 29 52 6 JESR 5 ARV LB S A

APD AN (A=) {58 APD TAEEMAES, TEHABRSERTH] 5 (H 3 25 N2 20 fa 4%
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3 NIRIZSRIEI AR A ) BB EE  RELE R e B

Tab.3 Time jitter range, physical mechanisms, and optimization methods of different types of detectors

[19,21]
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Tab.4 Afterpulse probability, generation mechanisms, and suppression methods of different types of detectors
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Tab.5 Core performance parameters of single-photon detectors!#1%:21-%2]
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Fig. 6 Resistor voltage divider bias circuit
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Fig.7 Closed-loop transimpedance amplifier'?’
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Fig.8 RC low-pass filter!
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Fig.9  Quenching circuit'®
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Fig. 10 Schematic diagram of active passive hybrid quenching circuit
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Fig. 11  Gate controlled quenching circuit"?*’
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Fig. 12 Traditional 50 Q room temperature readout circuit 2"}
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Fig. 13  SNSPD readout circuit for suppressing latch up effect'™"’
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