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Fig. 1. Cross-sectional structure of the DPSA NPN transistor.
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Fig. 2. Transient voltage pulse of base and collector vs. time, induced by protons at different incidence angles: (a)—(c) Transient

pulse images of the base and collector after 0° proton incidence; (d)—(f) transient pulse images of the base and collector after 45°

proton incidence.
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Fig. 3. Changes of collector and base transient voltage pulse amplitude with time caused by protons at different incident angles:

(a)—(c) Collector voltage variation over time under proton irradiation at different angles; (d)—(f) base voltage variation over time

under proton irradiation at different angles.
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Fig. 4. PE BJT device model and electrical characteristics:
(a) Cross-sectional view of the PE BJT simulation model;
(b) Gummel characteristics comparison between simulated

and experimental devices.
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Fig. 6. TCAD Simulation of collector current and charge
collection under heavy-ion strikes at different positions:
(a) Transient collector current vs. time for ion strikes at
different locations; (b) collected charge as a function of ion

strike position.
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Fig. 7. Simulated sensitive volume distribution of the PE
BJT device under single-event effects: (a) Top view; (b) side

view.
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Table 1.  Charge collection efficiency in different sensiti-

vity regions.
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Fig. 8. Geant4 simulation schematic of the sensitive volume

in a PE BJT under proton irradiation at different angles:
(a) 0° incidence; (b) 30° incidence; (c) 45° incidence; (d) 60°

incidence.
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Table 2.  Information on secondary particles generated by 60 MeV proton incidence at multiple angles.

KA T FIIE(0°/30°/45°/60°) s figt /MeV(0°/30°/45°/60°) LET/(MeV-cm2mg 1)(0°/30°/45°/60°) 5172 /um(0°/30°45°/60°)

Si 8.1/5.9/6.5/6.6
P 6.1/3.2/3.3/3.2
11.1/8.3/2.2/6.7
Ne 11.3/7.0/9.9/10.2
Na 11.9/9.5/8.9/7.6
Mg 11.5/9.3/8.5/9.0
Al 8.2/8.3/7.1/7.3
F({¥30° A1) 1.2

12.4/11.6/11.9/11.9
11.3/9.2/9.3/9.2
6.8/7.0/6.5/7.1
8.9/8.6/8.8/8.9

10.3/10.2/10.8/10.0

11.4/11.2/11.0/11.1 6.2/5.4/5.1/5.3

11.3/11.4/11.0/11.1 4.8/4.9/4.4/4.5

5.2 1.6

4.2/3.4/3.6/3.7
3.5/2.3/2.4/2.3
7.8/6.1/2.4/5.1
6.9/4.8/6.2/6.4
6.7/5.7/5.5/4.9
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Fig. 9. Integrated cross sections of proton induced at differ-
ent angles vs ionizing energy deposition in the sensitive

volume.
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2) (National Key Laboratory of Analog Intergrated Circuits, Chongging 400060, China)
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Abstract

Deep-trench isolation (DTT) bipolar transistors have been increasingly adopted in high-performance, highly
integrated advanced semiconductor devices due to their superior electrical characteristics and isolation
capabilities. However, existing research has shown that DTI bipolar transistors exhibit a lower linear energy
transfer (LET) threshold for single-event effects (SEEs) and a larger saturated cross-section than traditional
structures, making the traditional rectangular parallelepiped (RPP) model unsuitable for such devices.

In this study, we investigate the influence of proton incidence angle on single-event effects in high-speed
DTT bipolar transistors. Proton multi-angle irradiation experiments reveal that the incidence angle significantly
changes the amplitude characteristics of single-event transient voltage pulses at the collector. By introducing a
nested sensitive volume in TCAD numerical simulations, the sensitive region of the DTI device is accurately
defined. Geant4 simulations further demonstrate that with the increase of proton incidence angle, the integral
cross-section of secondary ions in the sensitive volume significantly increases, which is determined to be the
primary reason for the voltage amplitudes at the collector and base increasing with augment of tilt angle. This

work provides theoretical support for radiation hardening of DTI bipolar transistors against single-event effects.

Keywords: deep trench isolation, proton single event effects, TCAD numerical simulation, Geant4 particle

simulation
PACS: 85.30.Pq, 94.05.Dd, 61.80.-x, 07.05.Tp DOI: 10.7498/aps.74.20250276
CSTR: 32037.14.aps.74.20250276
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