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Abstract

:

Aiming at the significant needs of flexible DC converter valve applications in high-altitude areas, we investigate the effect of atmospheric neutrons on the failure rate of key core power devices in three kinds of converter valves, namely IGBTs, thyristors, and diodes. The safe working voltage boundary of the devices is obtained, and the failure rate caused by atmospheric neutrons in the real working environment of the power devices is calculated according to the results of the ground-accelerated irradiation test of atmospheric neutrons and the atmospheric neutron environment under the actual working conditions. The test results show that the failure rate of IGBTs, thyristors, and diodes caused by atmospheric neutrons is greatly affected by the blocking voltage, and the larger the blocking voltage is, the higher the failure rate of the device is. The research results can provide a basis for the design of the operating voltage of key core power devices of flexible DC converter valves and guide the evaluation of the failure rate and engineering design of the electronic system of DC ultra-high-voltage power transmission and transformation converter stations in the high-altitude environment of the Qinghai-Tibet Plateau.
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1. Introduction


In alignment with the national dual-carbon strategy, energy consumption in China is set to rapidly transition towards a green, low-carbon model. This shift will involve the large-scale harnessing of clean energy sources such as wind, solar, and hydroelectric power, particularly in the western regions of the country. Flexible direct current (DC) transmission technology is expected to play a crucial role in the efficient transmission of this new energy. However, the western region of China presents unique challenges due to its high altitude. Notably, there are currently no existing flexible DC transmission projects completed at altitudes above 2000 m, either domestically or internationally. Furthermore, there is a lack of data on cosmic ray atmospheric neutron tests conducted on the power devices of flexible DC converter valves [1,2,3,4,5,6,7]. The forthcoming results from these tests will be instrumental in advancing both domestic and international research in this field.



The flexible DC converter valve is the central component of the DC transmission system, utilizing key core power devices such as IGBT, thyristor, and diode valves to achieve AC/DC conversion. However, increasing altitude and latitude result in a rise in neutron flux, posing significant challenges. For instance, China’s western region, which is generally at a higher altitude, experiences an atmospheric neutron flux over 20 times that of Guangzhou. Operating power devices at high altitudes using the same standards as in the plains may exacerbate failure problems due to cosmic rays and atmospheric neutrons.



In areas of high cosmic ray and neutron radiation, the phenomenon of degradation or failure of individual electronic components or material particles due to impact by energetic particles (e.g., neutrons, protons, etc.) is known as single-event burnout (SEB). This phenomenon is particularly important in power electronic equipment at high altitudes, where the neutron flux increases significantly, which can lead to reliability and safety issues, directly impacting the safety and stability of the DC transmission system. To address this issue, accelerated irradiation tests can be conducted in a laboratory setting, where power devices are exposed to neutron flux for periods ranging from a few hours to decades [8,9,10,11]. The results of these tests can directly inform engineering design, making it highly efficient and effective in ensuring the reliability of power devices in high-altitude environments.



In 2013, Merlin et al. used the LiCAF neutron detector for high-latitude atmospheric neutron measurements [12], and in 2022 Akin et al. conducted a study of SiC power device failure due to atmospheric neutron irradiation, and in their results, the devices did not fail significantly at neutron fluxes less than 1010 n/cm2 [13]. This research addresses the critical need for versatile DC converter valve implementation in high-altitude regions by investigating the impact of atmospheric neutrons on the failure frequency of essential power core devices in three types of converter valves: IGBTs, thyristors, and diodes. Using data from atmospheric neutron ground-accelerated irradiation tests and atmospheric neutron environment assessments, this study calculates the failure rate of these devices under actual working conditions. The safe working voltage limit for each device is determined, revealing that the failure rate of IGBTs and thyristors is significantly influenced by the blocking voltage [14,15,16]. Specifically, the failure rate increases proportionately with an increase in blocking voltage. These findings provide a foundation for establishing optimal operating voltages for critical power devices in flexible DC converter valves. Furthermore, they offer valuable insights for assessing failure rates and guiding the engineering design of electronic systems in DC ultra-high-voltage power transmission and transformation converter stations, particularly in the high-altitude environment of the Qinghai-Tibet Plateau.




2. Materials and Methods


The irradiation tests were carried out on the Atmospheric Neutron Irradiation Spectrometer (ANIS) test bed based on the China Scattered Neutron Source (CSNS); the altitude of Dongguan, where the platform is located, is about 0–50 m above sea level. The neutron energy range of the atmospheric neutron irradiation spectrometer test platform covers meV~GeV, and the shape of the neutron energy spectrum in its samples is close to that of the natural atmospheric neutron energy spectrum, but the neutron flux is increased by a factor of 1.65 × 108 times compared with that at sea level so that it can accelerate the equivalent simulation of the effect of the natural atmospheric neutrons on the power devices. The comparison of the neutron energy spectrum of the test platform with that of the natural atmosphere is shown in Figure 1. The main parameters of the irradiated test source are shown in Table 1. A list of the main equipment for the experiment can be found in Table 2, and the experimental site plan is shown in Figure 2.



In the process of the atmospheric neutron acceleration and irradiation test, it is necessary to bias the power device in the high-voltage blocking state and monitor its off-state current in real-time, and its test principle is shown in Figure 3. In the figure, from left to right, the scattering neutron source, the sample to be tested and the fixture, the multi-channel test platform, and the high-voltage DC power supply are shown in order. During the irradiation test, the samples and fixtures to be tested are placed in the irradiation room, and the test equipment (including the high-voltage DC power supply, the multi-channel test platform, the computer, etc.) and the testers are in the test room. The high-voltage power supply is connected to the multi-channel test platform and then connected to the sample to be tested through a cable of more than 30 m to supply power to it.



To enhance experimental efficiency, accelerated testing involves irradiating multiple devices simultaneously. During the test, all devices are connected in parallel and powered by a high-voltage source. If a device experiences a single-event burnout, it loses its blocking capability and exhibits a short-circuit characteristic. This failure can prevent the other parallel-connected devices from being properly energized. Therefore, it is necessary to disconnect the failed device branch from the power supply. In order to achieve the above purpose, a multi-channel test platform is used to realize parallel testing of multiple samples. The multi-channel test platform mainly consists of a control circuit board, current sensors, and relays. Each sample to be tested is connected to the same high-voltage power supply through the sensor and relay and then irradiated at the same time [17,18,19]. When a sample fails, the sensor detects a change in the corresponding current and sends a signal to the control circuit, which then controls the relay to disconnect from the high-voltage power supply, thus ensuring that the voltage is only applied to the non-failed sample.



During irradiation, a sample is considered to have failed if there is an instantaneous surge in off-state current and a loss of blocking capability. One failure event is recorded if a sudden surge in off-state current of 100 mA is detected during irradiation. After calculating the neutron flux at 29.79° N, 97.71° E, and 4000 m above sea level, the neutron flux above 10 MeV that may lead to the failure of the power device is 116 n/cm2/h. According to the requirement that the failure rate of the thyristor device is not higher than 50 FIT, i.e., 50 samples are failing in 1 × 109 device hours, 5 chips are selected and irradiated at the same time. Galvanic irradiation, and then the total irradiation of each test chip, is approximately as follows:


116 n/cm2/h × 1 × 109 h/(5 × 50) = 4.64 × 108 n/cm2











Therefore, when the thyristor chip is used to carry out the test, the maximum neutron injection during the test is set at 4.64 × 108 n/cm2, and the irradiation test can be stopped even if there is no device failure when the cumulative neutron injection during the test reaches 4.64 × 108 n/cm2. The atmospheric neutron accelerated irradiation test is carried out under selected temperature and voltage conditions, and the test obtains the failure rate at different voltages and temperatures. Since the average temperature in Tibet is 3–17 °C, we conducted the experiment at a lower temperature of 5 °C to restore the temperature of the real application scenario; the irradiation test is carried out at a minimum of 5 different voltages for each sample, and the neutron irradiation injection and bias voltage chosen for the experiment are the result of a combination of experimental conditions and recommendations from the literature [13].



A matching fixture is designed for the test sample. The fixtures are used to hold the samples to be tested and to ensure that the neutrons are incident vertically on the samples. The fixture is also used to lead out the charging port of each sample. Among them, the IGBT chip and the diode chip share a common set of fixtures. The cross-sectional size of all the samples mounted in the fixture does not exceed the size of the neutron beam spot for the test (20 cm × 15 cm). Through laser positioning, it is ensured that the neutron beam spot can cover all the samples to be tested. Throughout the test, the samples to be tested were placed in a high- and low-temperature chamber, which was set at a constant temperature of 5 °C. The chamber had a 40 cm × 40 cm space for the sample to be tested. A 40 cm × 40 cm glass viewing port is left in the chamber, through which the neutrons irradiate the sample to be tested.



Record the number of samples r for which failure occurred during the irradiation test and record the total effective sample injection TSUM (neutron injection with energy above 10 MeV):


    T   S U M   =  ∑    n   i        



(1)




where i is the ith test sample, ni is the neutron injection at the time of failure of the ith sample, or ni is the cumulative neutron injection at the time of stopping the beam if no failure of this sample occurs. Thus, the accelerated test failure rate λACC is as follows:


    λ   A C C   = r /   T   S U M    



(2)







Based on the number of sample failures r recorded in the accelerated irradiation test, the corresponding confidence interval for the failure rate can be calculated as follows:


  ( 2   T   S U M     )   − 1     X   α / 2   2   ( 2 r ) <   λ   A C C   < ( 2   T   S U M     )   − 1     X   1 − α / 2   2   ( 2 r )  



(3)




where X2 is the chi-square function with a degree of freedom of 2r; TSUM is the total neutron injection of the effective sample. The confidence intervals are all calculated in this report according to the 95% confidence level, which corresponds to the 95% confidence level of α = 5%. The actual device failure rate λACC is obtained by multiplying the failure rate λACR obtained in the test by the average neutron flux Φn (energy above 10 MeV) in the actual environment:


    λ   A C R   =   λ   A C C   ×   Φ   n    



(4)







Based on the results of the accelerated irradiation test, the device failure rates corresponding to 4000 m above sea level, 2000 m above sea level, and sea level are calculated in this work. In particular, the natural atmospheric neutron flux (Φn) above 10 MeV varies significantly with altitude. At an altitude of 4000 m, the flux is calculated to be 116 n/cm2/s. This value decreases to 32 n/cm2/s at an altitude of 2000 m. At sea level, the neutron flux further diminishes to 6.2 n/cm2/s. These calculations highlight the inverse relationship between altitude and neutron flux, with higher altitudes experiencing greater neutron activity.




3. Results and Discussions


Figure 3, showing the results for the IGBT chips, depicts the irradiation tests that were carried out under five voltage conditions, 2000 V, 2050 V, 2100 V, 2200 V, and 2300 V, respectively, at 5 °C. When the IGBT chips were operated at 2000 V, no failure was observed in the tests, and the failure rate at 4000 m above sea level was less than 0.96 FIT; when they were operated at 2050 V, the failure rate of a single chip was 1.96 FIT at 4000 m above sea level. The test results of the IGBT chip and the failure rate calculation results are shown in Table 3, and the atmospheric neutron failure rate of the IGBT single chip at different altitudes is shown in Figure 4.



According to the cosmic ray failure rate model for power devices proposed by Zeller et al. [9], the SEB failure rate is exponentially related to the applied voltage. The parameters a and b in the failure model require experimental testing, as they vary across different device models.


  λ ( T ,   V   D C   ) =   a   ( T )     e   −      b   ( T )       V   D C         



(5)







In this context, λ represents the failure rate, and VDC is the applied direct current voltage. The SEB failure caused by cosmic rays is inherently random. For a given voltage, temperature, and altitude, the failure rate remains constant throughout the device’s lifecycle. High-speed proton irradiation tests are used to simulate atmospheric cosmic ray exposure, allowing for a rapid determination of the thyristor SEB failure rate. To prevent unexpected results and enhance the accuracy of the failure rate experiments, 3–5 samples are tested under each set of conditions. The average failure rate is calculated to represent the failure rate of the wafer or device under those conditions. The formula for calculating the average failure rate FR is as follows:


  F R =    r   ( m − r ) × A F +   ∑  i = 1   r    A F i      × 3.6 ×   10   12   F I T  



(6)







In this context, r represents the number of failures observed under a specific irradiation condition in the experiment, while m denotes the total number of device samples under the same condition; both r and m are measured in units. AF is the equivalent experimental time, calculated as the ratio of the total fluence of non-failed devices to the atmospheric neutron flux in the actual application environment. AFi is the ratio of the total fluence for the ith device during the experiment to the atmospheric neutron flux in the actual application environment, measured in seconds. The neutron irradiation test results were processed using the formula for calculating the average failure rate of devices, yielding the failure rate of the IGBT chip under neutron irradiation, as shown in Table 4. In the experimental process, due to the device failure at a lower bias voltage, a single experiment time is too long; with regard to the device residual radiation hazards, taking into account the safety of experimental personnel and the reliability of the experimental equipment, when the bias voltage of the device does not fail, we will consider increasing the bias span for the experiment, making it easy to find the voltage value of the failed device. At the same time, in the vicinity of the voltage in which failure of the device occurred, we will then carry out an adjustment of the voltage up and down. At the same time, in the vicinity of the device failure voltage value, we will then conduct the experiment within the time interval, that is, consider increasing the bias span for the experiment, which is the reason why our test voltage is not exact according to the same step [20].



For the built-in diode chip of 4500 V/3000 IGBT, ten voltage conditions of 2100 V, 2150 V, 2200 V, 2250 V, 2300 V, 2700 V, 2800 V, 2900 V, 3000 V, and 3100 V were selected at 5 °C for the irradiation test. No failure was observed when the diode chip was operated below 2150 V. The failure rate of a single chip at 2200 V, corresponding to an altitude of 4000 m, was 8.58 FIT. At the same voltage of 2200 V, the failure rate of the diode chip was half that of the IGBT chip. The test results of the diode chip are recorded, and the failure rate is calculated as shown in Table 5. The calculated results of atmospheric neutron failure rates of built-in diode chips at different voltages are shown in Table 6. The curves of the atmospheric neutron failure rate of the diode single chip with different voltages at different altitudes are shown in Figure 5.



For the thyristor chip, six voltage conditions, 2000 V, 2100 V, 2150 V, 2250 V, 2300 V, and 2400 V, were selected at 5 °C for the irradiation test. No failure was observed when the thyristor chip was operated at 2000 V. The failure rate of a single chip at 2100 V, corresponding to an altitude of 4000 m above sea level, was 76.4 FIT. The test results of the thyristor chip and the calculation of the failure rate are shown in Table 7, and the calculated results of atmospheric neutron failure rates of bypass thyristor chips at different voltages are shown in Table 8. The atmospheric neutron failure rate of the thyristor chip at different altitudes is shown in Figure 6.



When high-energy neutrons (≥10 MeV) strike power devices such as IGBTs, diodes, and thyristors, they cause ionizing recoils with silicon atoms in the substrate material. This interaction generates a large number of electrons and holes locally within the device, disrupting the electric field in the space charge region and leading to single-event burnout (SEB). This SEB, induced by high-energy neutrons, is a primary cause of device failure [21,22,23]. We conducted a failure analysis on IGBTs that experienced SEB, and the results are shown in Figure 7. Figure 7a presents the OBIRCH analysis of the damaged area, while Figure 7b shows the SEM morphology of the damaged region.



Based on the results of the accelerated irradiation test and the atmospheric neutron environment under the actual working conditions, the failure rate caused by atmospheric neutrons under the real working environment of the power devices is calculated. The test results show that the failure rate of IGBTs and thyristors caused by atmospheric neutrons is greatly affected by the blocking voltage [24]. The larger the blocking voltage, the higher the failure rate. For IGBT chips, when working at 2000 V, the failure rate at 4000 m above sea level is less than 0.96 FIT; when working at 2050 V, the failure rate of a single chip at 4000 m above sea level is 1.96 FIT; for a diode chip, when working at 2150 V, the failure rate at 4000 m above sea level is less than 1.96 FIT; when working at 2200 V, the failure rate at 2200 V is less than 1.96 FIT. For thyristor chips, the failure rate at 2000 V is less than 11.5 FIT at 4000 m. At 2100 V, the failure rate at 4000 m is 76.4 FIT.




4. Conclusions


This study simulates the single-event burnout (SEB) effects on power devices such as IGBTs, diodes, and thyristors in flexible DC converter valves caused by high-energy neutrons in the atmospheric environment using a neutron irradiation spectrometer. Accelerated tests were conducted using an equivalent total particle injection method, confirming the presence of SEB under neutron irradiation. The failure was characterized by a significant increase in off-state current, leading to the loss of the device’s blocking capability. Additionally, a method for calculating the average SEB failure rate of power devices like IGBTs, diodes, and thyristors was proposed. Results showed that the failure rate of these devices increases with applied voltage and is positively correlated with altitude, due to the increase in neutron flux at higher altitudes. These findings provide a reference for designing the operating voltage of thyristors in flexible DC converter valves, avoiding excessive redundancy and enhancing the reliability and cost-effectiveness of DC transmission projects.







Author Contributions


Conceptualization, W.F.; Methodology, Y.Z.; Formal analysis, D.W.; Data curation, C.P. and Z.Z. (Zhangang Zhang); Writing—original draft, L.Y.; Writing—review & editing, T.M.; Visualization, H.Z.; Project administration, Z.Z. (Zezhao Zhang) and Z.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the State Key Laboratory of HVDC (No. SKLHVDC-2022-KF-08).




Data Availability Statement


All data are available from the corresponding authors.




Conflicts of Interest


There are no conflicts of interest in this article.




References


	



Liu, Q.; Tai, S.; Lu, W.; Sun, J.; Lv, T.; Liu, C.; Sun, Y.; Lv, J.; Liu, W.; Sun, T.; et al. Design of pure silica-based photonic crystal fiber for supporting 114 OAM modes transmission. J. Opt. 2021, 23, 095701. [Google Scholar] [CrossRef]

	



Lu, F.; Wright, R.; Lu, P.; Cvetic, P.C.; Ohodnicki, P.R. Distributed fiber optic pH sensors using sol-gel silica based sensitive materials. Sens. Actuators B Chem. 2021, 340, 129853. [Google Scholar] [CrossRef]

	



Saiding, Q.; Cui, W. Functional nanoparticles in electrospun fibers for biomedical applications. Nano Sel. 2022, 3, 999–1011. [Google Scholar] [CrossRef]

	



Girard, S.; Morana, A.; Ladaci, A.; Robin, T.; Mescia, L.; Bonnefois, J.-J.; Boutillier, M.; Mekki, J.; Paveau, A.; Cadier, B.; et al. Recent advances in radiation-hardened fiber-based technologies for space applications. J. Opt. 2018, 20, 093001. [Google Scholar] [CrossRef]

	



Girard, S.; Kuhnhenn, J.; Gusarov, A.; Brichard, B.; Uffelen, M.V.; Ouerdane, Y.; Boukenter, A.; Marcandella, C. Radiation Effects on Silica-Based Optical Fibers: Recent Advances and Future Challenges. IEEE Trans. Nucl. Sci. 2013, 60, 2015–2036. [Google Scholar] [CrossRef]

	



Barrera, D.; Madrigal, J.; Delepine-Lesoille, S.; Sales, S. Multicore optical fiber shape sensors suitable for use under gamma radiation. Opt. Express 2019, 27, 29026–29033. [Google Scholar] [CrossRef] [PubMed]

	



Girard, S.; Alessi, A.; Richard, N.; Martin-Samos, L.; De Michele, V.; Giacomazzi, L.; Agnello, S.; Francesca, D.D.; Morana, A.; Winkler, B.; et al. Overview of radiation induced point defects in silica-based optical fibers. Rev. Phys. 2019, 4, 100032. [Google Scholar] [CrossRef]

	



Zeller, H.R. Cosmic ray induced breakdown in high voltage semiconductor devices, microscopic model and phenomenological lifetime prediction. In Proceedings of the 6th International Symposium on Power Semiconductor Devices and ICs, Davos, Switzerland, 31 May–2 June 1994; pp. 339–340. [Google Scholar]

	



Zeller, H.R. Cosmic ray induced failures in high power semiconductor devices. Solid-State Electron. 1995, 38, 2041–2046. [Google Scholar] [CrossRef]

	



Prado, R.A.; Gajo, C.N.L. Power semiconductor failures due to cosmic rays. In Proceedings of the 2017 Brazilian Power Electronics Conference (COBEP), Juiz de Fora, Brazil, 19–22 November 2017; pp. 1–6. [Google Scholar]

	



Matsuda, H.; Fujiwara, T.; Hiyoshi, M.; Nishitani, K.; Kuwako, A.; Ikehara, T. Analysis of GTO failure mode during DC voltage blocking. In Proceedings of the 6th International Symposium on Power Semiconductor Devices and ICs, Davos, Switzerland, 31 May–2 June 1994; pp. 221–225. [Google Scholar]

	



Kole, M.; Fukazawa, Y.; Fukuda, K.; Ishizu, S.; Jackson, M.; Kamae, T.; Kawaguchi, N.; Kawano, T.; Kiss, M.; Moretti, E.; et al. A balloon-borne measurement of high latitude atmospheric neutrons using a licaf neutron detector. In Proceedings of the 2013 IEEE Nuclear Science Symposium and Medical Imaging Conference (2013 NSS/MIC), Seoul, Republic of Korea, 27 October–2 November 2013; pp. 1–8. [Google Scholar] [CrossRef]

	



Akturk, A.; Wilkins, R.; Gunthoti, K.; Wender, S.A.; Goldsman, N. Energy Dependence of Atmospheric Neutron-Induced Failures in Silicon Carbide Power Devices. IEEE Trans. Nucl. Sci. 2022, 69, 900–907. [Google Scholar] [CrossRef]

	



Zhang, Z.; Lei, Z.; Shi, Q.; Yue, L.; Huang, Y.; En, Y. Neutron Radiation Environment and Result Single Event Effects Prediction in Near Space. J. Space Sci. 2018, 38, 502–507. (In Chinese) [Google Scholar]

	



Cai, M.; Zhang, Z.; Feng, G.; Zhu, L.; Han, J. Study of Near Space Neutron Environment and Its Effects on Electronic Device. Equip. Environ. Eng. 2007, 4, 23–29. (In Chinese) [Google Scholar]

	



Wang, X.; Zhang, F.; Chen, W.; Guo, X.; Ding, L.; Luo, Y. Application and evaluation of Chinese spallation neutron source in single-event effects testing. Acta Phys. Sin. 2019, 68, 38–47. (In Chinese) [Google Scholar] [CrossRef]

	



Regnier, E.; Flammer, I.; Girard, S.; Gooijer, F.; Achten, F.; Kuyt, G. Low-Dose Radiation-Induced Attenuation at InfraRed Wavelengths for P-Doped, Ge-Doped and Pure Silica-Core Optical Fibres. IEEE Trans. Nucl. Sci. 2007, 54, 1115–1119. [Google Scholar] [CrossRef]

	



Girard, S.; Keurinck, J.; Boukenter, A.; Meunier, J.P.; Ouerdane, Y.; Azaıs, B.; Charre, P.; Vié, M. Gamma-rays and pulsed X-ray radiation responses of nitrogen-, germanium-doped and pure silica core optical fibers. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2004, 215, 187–195. [Google Scholar] [CrossRef]

	



Girard, S.; Marcandella, C.; Alessi, A.; Boukenter, A.; Ouerdane, Y.; Richard, N.; Paillet, P.; Gaillardin, M.; Raine, M. Transient Radiation Responses of Optical Fibers: Influence of MCVD Process Parameters. IEEE Trans. Nucl. Sci. 2012, 59, 2894–2901. [Google Scholar] [CrossRef]

	



Peng, C.; Lei, Z.; Zhang, Z.; Yang, S.; Lai, P.; Lu, G. Measurement and Simulation of Ground-level Atmospheric Neutron Energy Spectra in Typical Regions of China. High Power Laser Part. Beams 2023, 35, 153–158. (In Chinese) [Google Scholar] [CrossRef]

	



Li Vecchi, G.; Di Francesca, D.; Sabatier, C.; Girard, S.; Alessi, A.; Guttilla, A.; Robin, T.; Kadi, Y.; Brugger, M. Infrared radiation Induced attenuation of radiation sensitive optical fibers: Influence of temperature and modal propagation. Opt. Fiber Technol. 2020, 55, 102166. [Google Scholar] [CrossRef]

	



Faustov, A.V.; Gusarov, A.; Wuilpart, M.; Fotiadi, A.A.; Liokumovich, L.B.; Zolotovskiy, I.O.; Tomashuk, A.L.; Schoutheete, T.d.; Mégret, P. Comparison of Gamma-Radiation Induced Attenuation in Al-Doped, P-Doped and Ge-Doped Fibres for Dosimetry. IEEE Trans. Nucl. Sci. 2013, 60, 2511–2517. [Google Scholar] [CrossRef]

	



Francesca, D.D.; Boukenter, A.; Agnello, S.; Girard, S.; Alessi, A.; Paillet, P.; Marcandella, C.; Richard, N.; Gelardi, F.M.; Ouerdane, Y. X-ray irradiation effects on fluorine-doped germanosilicate optical fibers. Opt. Mater. Express 2014, 4, 1683–1695. [Google Scholar] [CrossRef]

	



Smietana, M.; Bock, W.J.; Mikulic, P.; Chen, J. Tuned Pressure Sensitivity of Dual Resonant Long-Period Gratings Written in Boron Co-Doped Optical Fiber. J. Light. Technol. 2012, 30, 1080–1084. [Google Scholar] [CrossRef]








[image: Electronics 13 04790 g001] 





Figure 1. Comparison of the neutron energy spectrum of the irradiated test platform with the neutron energy spectrum of the natural atmosphere. 
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Figure 2. Three devices’ experimental field diagram: (a) IGBT chip; (b) diode chip; (c) thyristor chip. 
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Figure 3. Diagram of the experimental setup for the atmospheric neutron irradiation test, where the irradiation room is on the left and the test room is on the right. 
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Figure 4. Curve of IGBT chips’ failure rate versus bias voltage due to atmospheric neutron irradiation at different altitudes (temperature = 5 °C). 
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Figure 5. Curve of diode chips’ failure rate versus bias voltage due to atmospheric neutron irradiation at different altitudes (temperature = 5 °C). 
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Figure 6. Curve of thyristor chips’ failure rate versus bias voltage due to atmospheric neutron irradiation at different altitudes (temperature = 5 °C). 
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Figure 7. Failure analysis of the IGBT with SEB. (a) OBIRCH analysis of IGBT. The “bright spot” area represents the damaged region. (b) SEM diagram of the damaged region after stripping the metal layer. 
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Table 1. Atmospheric neutron irradiation test platform main parameter.
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	Parameter Name
	Parameter Index





	Energy range
	meV~GeV



	Neutron irradiation spot area
	20 cm × 15 cm



	Neutron flux at sample (Energy above 10 MeV)
	4.7 × 105/n/cm2/s










 





Table 2. List of major equipment and its model.
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	Equipment Name
	Equipment Model





	Atmospheric Neutron Irradiation Spectrometer
	ANIS



	High-voltage DC power supplies
	DSP



	High- and low-temperature box
	NT125-55AS










 





Table 3. Statistics of IGBT chip failure due to atmospheric neutron irradiation at different bias voltages.
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	No.
	Voltage (V)
	Number of Samples
	Number of Failures
	Total Effective Neutron Injection (n/cm2)





	1
	2000
	30
	0
	1.21 × 1011



	2
	2050
	30
	2
	1.18 × 1011



	3
	2100
	30
	3
	1.13 × 1011



	4
	2200
	30
	11
	7.83 × 1010



	5
	2300
	37
	23
	3.54 × 1010










 





Table 4. Statistical results of chip failure rate of IGBT chips due to atmospheric neutron irradiation with altitude at different bias voltages.
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	Voltage

(V)
	Failure Rate at 4000 m (FIT)
	4000 m Failure Rate Confidence Interval (FIT, 95% Confidence)
	Failure Rate at 2000 m (FIT)
	2000 m Failure Rate Confidence Interval (FIT, 95% Confidence)
	Failure Rate at Sea Level (FIT)
	Sea Level Failure Rate Confidence Interval (FIT, 95% Confidence)





	1
	2000
	<9.60 × 10−1
	/
	<2.65 × 10−1
	/
	<5.13 × 10−2
	/



	2
	2050
	1.96
	2.38 × 10−1, 5.46
	5.41 × 10−1
	6.55 × 10−2, 1.51
	1.05 × 10−1
	1.27 × 10−2, 2.92 × 10−1



	3
	2100
	3.08
	6.35 × 10−1, 7.41
	8.49 × 10−1
	1.75 × 10−1, 2.04
	1.64 × 10−1
	3.39 × 10−2, 3.96 × 10−1



	4
	2200
	16.3
	8.13, 27.2
	4.49
	2.24, 7.51
	8.71 × 10−1
	4.35 × 10−1, 1.46



	5
	2300
	75.4
	47.8, 109
	20.8
	13.2, 30.1
	4.03
	2.56, 5.84










 





Table 5. Statistics of diode chips’ failure due to atmospheric neutron irradiation at different bias voltages.






Table 5. Statistics of diode chips’ failure due to atmospheric neutron irradiation at different bias voltages.





	No.
	Voltage (V)
	Number of Samples
	Number of Failures
	Total Effective Neutron Injection (n/cm2)





	1
	2100
	15
	0
	5.94 × 1010



	2
	2150
	15
	0
	5.92 × 1010



	3
	2200
	15
	3
	4.05 × 1010



	4
	2250
	15
	4
	1.44 × 1010



	5
	2300
	15
	10
	2.78 × 1010



	6
	2700
	15
	12
	5.46 × 109



	7
	2800
	15
	13
	1.99 × 109



	8
	2900
	15
	14
	8.32 × 108



	9
	3000
	15
	14
	3.17 × 108



	10
	3100
	15
	13
	1.33 × 108










 





Table 6. Statistical results of chip failure rate of diode chips due to atmospheric neutron irradiation with altitude at different bias voltages.
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	Voltage

(V)
	Failure Rate at 4000 m (FIT)
	4000 m Failure Rate Confidence Interval (FIT, 95% Confidence)
	Failure Rate at 2000 m (FIT)
	2000 m Failure Rate Confidence Interval (FIT, 95% Confidence)
	Failure Rate at Sea Level (FIT)
	Sea Level Failure Rate Confidence Interval (FIT, 95% Confidence)





	1
	2100
	<1.95
	/
	<5.39 × 10−1
	/
	<1.04 × 10−1
	/



	2
	2150
	<1.96
	/
	<5.40 × 10−1
	/
	<1.05 × 10−1
	/



	3
	2200
	8.58
	1.77, 20.7
	2.37
	4.88 × 10−1, 5.70
	4.59 × 10−1
	9.46 × 10−2, 1.10



	4
	2250
	32.3
	8.79, 70.7
	8.90
	2.43, 19.5
	1.72
	4.70 × 10−1, 3.78



	5
	2300
	41.7
	20, 71.2
	11.5
	5.51, 19.6
	2.23
	1.07, 3.81



	6
	2700
	255
	132, 418
	70.3
	36.3, 115
	13.6
	7.04, 22.3



	7
	2800
	759
	404, 1220
	2.09 × 102
	1.12 × 102, 3.38 × 102
	40.6
	21.6, 65.4



	8
	2900
	1.95 × 103
	1.07 × 103, 3.10 × 103
	5.38 × 102
	2.94 × 102, 8.55 × 102
	1.04 × 102
	57.0, 1.66 × 102



	9
	3000
	5.12 × 103
	3.90 × 103, 8.14 × 103
	1.41 × 103
	1.08 × 103, 2.24 × 103
	2.74 × 102
	2.09 × 102, 4.35 × 102



	10
	3100
	1.14 × 104
	6.05 × 103, 1.83 × 104
	3.14 × 103
	1.67 × 103, 5.06 × 103
	6.07 × 102
	3.23 × 102, 9.80 × 102










 





Table 7. Statistics of thyristor chips’ failure due to atmospheric neutron irradiation at different bias voltages.
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	No.
	Voltage (V)
	Number of Samples
	Number of Failures
	Total Effective Neutron Injection (n/cm2)





	1
	2000
	5
	0
	1.01 × 1010



	2
	2100
	5
	3
	4.56 × 109



	3
	2150
	5
	5
	3.71 × 109



	4
	2250
	5
	4
	2.27 × 109



	5
	2300
	5
	5
	1.96 × 107



	6
	2400
	5
	3
	1.81 × 106










 





Table 8. Statistical results of chip failure rate of diode chips due to atmospheric neutron irradiation with altitude at different bias voltages.
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	Voltage

(V)
	Failure Rate at 4000 m (FIT)
	4000 m Failure Rate Confidence Interval (FIT, 95% Confidence)
	Failure Rate at 2000 m (FIT)
	2000 m Failure Rate Confidence Interval (FIT, 95% Confidence)
	Failure Rate at Sea Level (FIT)
	Sea Level Failure Rate Confidence Interval (FIT, 95% Confidence)





	1
	2000
	<11.5
	/
	<3.18
	/
	<6.16 × 10−1
	/



	2
	2100
	76.4
	15.7, 1.84 × 102
	21.1
	4.34, 50.7
	4.08
	8.42 × 10−1, 9.83



	3
	2150
	1.56 × 102
	50.8, 3.20 × 102
	43.2
	14.0, 88.4
	8.36
	2.72, 17.1



	4
	2250
	2.04 × 102
	55.7, 4.48 × 102
	56.4
	15.4, 1.24 × 102
	10.9
	2.98, 23.9
