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Abstract: Insulated gate bipolar transistors (IGBTs) employed in high-altitude voltage-source-converter high-voltage
direct-current (VSC-HVDC) transmission systems are continuously subjected to high blocking voltages and are therefore
particularly vulnerable to atmospheric-neutron-induced single-event burnout (SEB). Accurate evaluation of the
corresponding radiation-induced failure rate is essential for device selection, voltage derating, reliability assessment, and

safety-margin design of converter valves. However, most existing failure-rate models are based on empirical fitting,
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manufacturer-specific correction factors, or simplified single-variable scaling relations, and consequently have limited
capability to simultaneously describe the coupled effects of altitude-dependent atmospheric neutron exposure and bias-
voltage-dependent device response. To address this limitation, accelerated atmospheric-neutron irradiation experiments
were carried out on two types of 4.5 kV IGBTs using the Atmospheric Neutron Irradiation Spectrometer (ANIS) at the
China Spallation Neutron Source (CSNS). The devices were tested under multiple blocking-voltage and equivalent-altitude
conditions, with a leakage current of 10 mA adopted as the failure criterion. According to JEDEC JESD89A and GB/T
4937.44-2025/IEC 60749-44.2016, the accumulated neutron fluence and number of failed samples were converted into
failure rates under the natural atmospheric environment, and 95% confidence intervals were further calculated to quantify
the statistical uncertainty of the experimental results. Based on the irradiation data and the underlying radiation-response
physics, a physics-based atmospheric-neutron-induced failure-rate model was established. First, the relationship among
altitude, atmospheric density, and neutron flux was derived from the International Standard Atmosphere, thereby
representing the variation in the external neutron environment caused by the reduction in atmospheric shielding with
increasing altitude. Second, the voltage-dependent device response was formulated by considering the physical sequence
following the generation of neutron-induced secondary charged particles under high-voltage blocking conditions, including
localized charge deposition, carrier drift, electric-field reconstruction, impact ionization, avalanche multiplication, and
electrothermal feedback. Because the probability of SEB is predominantly governed by localized high-field regions rather
than by the relatively weak field in the central region of the device, a local-electric-field-dependent failure probability was
introduced to describe the contribution of the sensitive high-field region. In addition, the nonlinear enhancement of the
reconstructed peak electric field with increasing bias voltage was represented using a second-order Taylor expansion, from
which a voltage-dependent device failure cross section was derived. Finally, the altitude-dependent neutron-flux term was
coupled with the voltage-dependent device-response term to construct a unified altitude voltage-dependent failure-rate
model, and the key model parameters were extracted from the experimental data. This formulation explicitly separates the
external radiation exposure from the intrinsic susceptibility of the device while retaining their coupled contribution to the
overall failure rate, thereby establishing a direct physical correspondence among altitude-induced neutron-flux
enhancement, voltage-induced electric-field intensification, and the resulting increase in SEB probability. The experimental
results show that the atmospheric-neutron-induced failure rates of both IGBT types increase markedly with increasing
altitude and blocking voltage, while the two devices exhibit clear structure-dependent radiation sensitivities. Model
validation shows excellent agreement between the predicted and measured failure rates over the investigated operating
range. For IGBT-A, the absolute prediction error is below 0.01 FIT and the relative error does not exceed 0.90%; for IGBT-
B, the absolute prediction error is also below 0.01 FIT and the relative error does not exceed 0.51%. On the basis of the
validated model, failure-rate distributions under the combined effects of altitude and bias voltage were further obtained, and
the corresponding 1-FIT safe-operating boundaries were determined. The proposed model provides a physically
interpretable and quantitatively accurate framework for extrapolating accelerated irradiation results to practical high-altitude
operating conditions and offers a theoretical basis for reliability assessment, voltage derating, and operational safety-margin
design of 4.5 kV IGBTs in VSC-HVDC converter valves.
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Energy spectrum of the irradiation source (data from Refs. [22, 25]) and schematic diagram of the experimental setup for the atmospheric neu-
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Table I  Atmospheric neutron irradiation—induced failure rates of two types of IGBTs
fEw | AP | R RAR I B A B R 95% H B A IX Al /FIT
IGBT #&14 R e N
JEIV (x10"n/em’) | Hrik @4 000 m @2 000 m @3-
2500 1.170 0 <0.99 [0.000, 3.650] <0.273[0.000, 1.010] <0.053 80.000, 0.198]
2650 1.160 2 2.00 [0.242, 7.220] 0.551[0.067, 1.990] 0.109 [0.013, 0.394]
IGBT-A 2700 30 1.060 4 4.39[1.200, 11.200] 1.21[0.330, 3.100] 0.238[0.065, 0.609]
2800 0.511 9 20.40 [9.330, 38.700] 5.64[2.580, 10.700] 1.11 [0.508, 2.110]
2900 0.415 17 47.60 [27.700, 76.200] 13.1[7.630, 21.000] 2.58[1.500, 4.130]
2000 1.210 0 <0.96 [0.000, 3.540] <0.265[0.000, 0.978] <0.051 3[0.000, 0.189]
2050 1.180 2 1.96 [0.237, 7.080] 0.541[0.066, 1.950] 0.105[0.013, 0.379]
IGBT-B 2100 30 1.130 3 3.08 [0.635, 9.00] 0.849 [0.175, 2.480] 0.164 [0.034, 0.479]
2200 0.783 11 16.3 [8.140, 29.200] 4.49 [2.240, 8.030] 0.871[0.435, 1.560]
2300 0.354 23 75.40 [47.800, 113.000] 20.8 [13.200, 31.200] 4.03[2.550, 6.050]
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Figure 2 Evolution of electric field in IGBT after irradiation
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Table 2 Air density, and natural neutron flux at different altitudes

(V) =d(0)exp

WEEh/m | p(h)(kg/m®) | Ap(h)(kg/m®) | D(h)(n-cm2+h) | In( D(h)/D(0))

0 1.2250 0 6.2 0
2 000 1.006 5 0.218 5 32 1.641
4 000 0.8192 0.405 8 116 2.929
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Table 3 Extracted parameters of the IGBT radiation failure rate model

under different bias voltages

e IGBT-A IGBT-B
A -230.56 13.81
B 0.15 -0.03
C —-2.53%x107° 9.94x10™°
R 0.998 4 0.996 3

I, 25 L B AR S 50 3 gt 0, v LA 3
IGBT-A FlIGBT-B #% {4 KA F 56 5 R ARG -
JE ARG 557 43 531 kg

h 4255
ro0x|1-(1- 4] |

iA(h,V) —e 0.137
Xe—230.56+0.15V—2,53><]0’5V2 (18)
h 4.255
7.60x{1—(1—m)
/IB(h,V) —e 0.137
XelS.Sl—0.03V+9.94><10’5V1 (19>
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Figure 3 Comparison of tested and model-predicted atmospheric neutron irradiation-induced failure rates for two IGBTs at different altitudes
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Figure 4 Comparison of tested and model-predicted atmospheric neutron irradiation-induced failure rates for two IGBTs at different bias voltages
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