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Abstract:

This paper presents a comprehensive investigation into the radiation-induced effects on bipolar power transistors,
focusing on indigenously manufactured n-p-n BJTs of type 2N 3866, 2N 3055, and 2N 6688 by BEL, Bangalore, India.
The research underscores the imperative of assessing radiation response before integrating domestically produced
devices into circuits intended for operation in radiation-intensive environments, especially considering the escalating
demand for indigenous components in space and radiation-rich applications. The selected transistors, recognized for
their roles in amplification and switching, are subjected to irradiation with various ion species, including 50 MeV
lithium, 60 MeV boron, 108 MeV oxygen, 110 MeV silicon, and 120 MeV nickel ions, conducted at the Inter
University Accelerator Centre (IUAC), New Delhi. Notably, experiments involving oxygen and silicon ions are
conducted at 77K to simulate low-temperature irradiation conditions, facilitated by the MS beam line. In-situ
measurements, performed to monitor ion fluence effects, utilize a fabricated target ladder capable of accommodating
multiple samples simultaneously. An experimental setup within the GPSC beam line enables the generation of low ion
fluence through direct beam scattering from a gold foil. The research evaluates forward current gain, Gummel
characteristics, capacitance, and conductance variations induced by ion irradiation. Furthermore, deep level transient
spectroscopy (DLTS) characterization of lithium-ion irradiated transistors elucidates the generation of deep level
defects. Computational simulations using SRIM and TRIM software facilitate Total lonizing Dose (TID) and Non-
lonizing Energy Loss (NIEL) calculations, establishing correlations with observed electrical phenomena. In summary,
this study contributes significant insights into radiation-induced effects on bipolar power transistors, crucial for
advancing reliability and performance in radiation-rich environments.

Keywords: Radiation effects, Bipolar power transistors, Radiation response testing, Forward current gain, Gummel
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1. Introduction:

With the growing reliance on electronic systems in critical applications such as space missions and nuclear facilities, the
robustness and reliability of electronic components in radiation-rich environments have become paramount [1].
Transistors are fundamental components in microelectronic circuits, serving as switches or amplifiers. They are integral
to the operation of processors, memory devices, and various analog and digital circuits that control spacecraft, satellites,
military systems, and nuclear power plants. In radiation environments, signal degradation is common. Transistors help
in conditioning and stabilizing signals to ensure reliable communication and data processing [1-2].

Microelectronic devices, especially transistors, are susceptible to radiation-induced damage, such as total ionizing dose
(TID) displacement damage, and single event effects (SEEs). These can alter the electrical characteristics of transistors,
leading to failure. In response to this challenge, the present study focuses on investigating the radiation-induced effects
on bipolar power transistors, with a specific emphasis on indigenously manufactured n-p-n BJTs (Bipolar Junction
Transistors) produced by Bharat Electronics Limited (BEL), Bangalore, India. These transistors, including the 2N 3866,
2N 3055, and 2N 6688 models, are chosen for their relevance to space and radiation-intensive applications and
represent a critical component in electronic systems deployed in such environments [1-3].

The motivation behind this research stems from the necessity to evaluate the radiation response of domestically
produced devices before their integration into circuits designed for operation in harsh radiation environments. Advances
in technology have led to the development of radiation-hardened microelectronics, specifically designed to withstand
such challenging conditions. This hardening process involves the use of special materials, innovative circuit designs,
and manufacturing techniques that minimize the impact of radiation. The increasing demand for indigenous components
in space missions and other radiation-rich applications further highlights the importance of this investigation. By
systematically studying the radiation effects on these transistors, we aim to provide insights that can guide the design,
selection, and deployment of electronic components in radiation-sensitive environments [4].
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In this paper, we outline the experimental setup and methodologies employed to assess the radiation response of the
selected transistors. We discuss the irradiation experiments conducted using various ion species, including lithium,
boron, oxygen, silicon, and nickel ions, and describe the in-situ measurement techniques utilized to monitor ion fluence
effects [5-6]. Furthermore, we present the characterization results obtained through electrical measurements, including
forward current gain, Gummel characteristics, capacitance, and conductance variations induced by ion irradiation[7-14].
Additionally, we investigate the generation of deep level defects in lithium-ion irradiated transistors through deep level
transient spectroscopy (DLTS) characterization[4]. Computational simulations using SRIM (Stopping and Range of
lons in Matter) and TRIM (Transport of lons in Matter) [7-8] software are employed to correlate observed electrical
phenomena with Total lonizing Dose (TID) and Non-lonizing Energy Loss (NIEL) calculations [9].

By elucidating the radiation-induced effects on bipolar power transistors, this study aims to contribute valuable insights
into the design and reliability of electronic systems operating in radiation-rich environments.

2. Experimental Methods and Methodology:

2.1 Experimental Setup: The experimental setup utilized in this study aimed to assess the radiation response of
indigenously manufactured bipolar power transistors. The transistors under investigation included the 2N 3866, 2N
3055, and 2N 6688 models. The irradiation experiments were conducted at the Inter University Accelerator Centre
(IUAC), New Delhi, utilizing various ion species, including lithium, boron, oxygen, silicon, and nickel ions. Notably,
experiments involving oxygen and silicon ions were conducted at 77K to simulate low-temperature irradiation
conditions, facilitated by the MS beam line[5-7].

2.2 In-situ Measurements: In-situ measurements were performed to monitor the effects of ion fluence on the electrical
characteristics of the transistors. A fabricated target ladder capable of accommodating multiple samples simultaneously
was utilized for this purpose. The in-situ measurements enabled real-time monitoring of changes in forward current
gain, base and collector currents, capacitance, and conductance as a function of ion fluence.

2.3 DLTS Characterization: Deep level transient spectroscopy (DLTS) characterization was conducted to investigate
the generation of deep level defects in lithium-ion irradiated transistors. DLTS measurements provided insights into the
properties and distribution of defects induced by ionizing radiation, contributing to a comprehensive understanding of
radiation-induced effects[5].

2.4 Computational Simulations: Computational simulations using SRIM) and TRIM software were employed to
correlate observed electrical phenomena with Total lonizing Dose (TID) and Non-lonizing Energy Loss (NIEL)
calculations. These simulations facilitated the prediction and analysis of radiation-induced effects, enhancing the
interpretation of experimental results[1].

Data obtained from experimental measurements, DLTS characterization, and computational simulations were analysed
to elucidate the radiation-induced effects on bipolar power transistors. Statistical methods and modelling techniques
were employed to interpret the data and establish correlations between ion fluence, device characteristics, and radiation
response.

3. Results and Discussion

The structured presentation highlights the key findings and discussions related to the effects of different ion irradiations
on bipolar junction transistors, providing insights into the mechanisms underlying radiation-induced degradation in
electrical characteristics.

3.1 50 MeV Lithium lon Irradiation:
Commercial bipolar junction transistors (BJTs), including the 2N 3866, 2N 3055, and 2N 6688 models, exhibit gain
degradation upon irradiation with high-energy lithium ions.

Table 1 Details of lon-Irradiation and beam characteristic.
Device code and lonand g, Sn

Range Temperature. Fluence

Irrad. Chamber Ener: . Current (pnA

e (Mevemimg) (M) (K) (ionslcm?) P

2N 3055 Lie* e o3

& 2N 6688 & 0.408 2.29E-4 310. 24 300 1E12 o 30

Material Science 50 1E13 ] 30
Lo+ 1E11 - 1.0

2N 3866 GPSC & 0.408 2.29E-4 310.24 300 6E11 i L0
50 1.2E12 - 1.0

1.8E12 - 1.0

The degradation primarily stems from displacement damage in the base region of the transistor. For the 2N 3866
transistor[18], a shift in collector saturation current and collector-emitter voltage occurs within a fluence range of
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1x10711 ions/cm”2 to 1.8x10"12 ions/cm”2, mainly attributed to total ionizing dose effects. Additionally, lithium-ion
irradiation leads to an increase in forward resistance of the collector-emitter region and a decrease in diffusion
capacitance, with the decrease being more pronounced in comparison to depletion capacitance.
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Figure 1 Variation of doping concentration and carrier removal rate with fluence. Np = 2.52x 10 m and 3.95x 10%
m-3 for 2N 3055 and 2N 6688 respectively

The observed increase in built-in potential and decrease in doping density suggest the production of new defects in the
emitter-base region[14-16].
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Figure 2 Variation forward current gain of the transistors as a function of Li-ion fluence.

3.2 Effect of 60 MeV Boron lon Irradiation:

Exposure of commercial silicon npn power transistors, such as the 2N 3055 and 2N 6688 models, to 60 MeV boron ions
results in considerable degradation of electrical characteristics, leading to a reduction in forward current gain[19].
Notably, transistors with larger base width (e.g., 2N 6688) exhibit lower sensitivity compared to those with smaller base
width (e.g., 2N 3055), highlighting the significance of base width in radiation response. The degradation in forward
current gain is attributed to increased base current through multi-phonon recombination. Identification of defect types is
based on characteristics such as activation energy, annealing temperature, and capture cross-section, with different
defect levels observed for transistors with varying base widths.

1253



Impact Of lon Irradiation On Bipolar Junction Transistors: Mechanisms Of Degradation And Implications For
Radiation-Resilient Electronic Systems

Table 2 Detail of boron ion beam irradiation, electronic energy loss (Se), nuclear energy loss (Sy), fluence of irradiation,
and beam current on the devices.

Device code lon  Emergy Se Sn Range Temperature. Fluence Current
(MeV) " (MeVem?/mg) (um) (K) (ions/em?)  (ppA)
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1x101 0.5
1x1012 0.5
102 —=— D, for 60 MeV B*" ion /, daoe
] —e— D, for 50 MeV Li* ion . '/ 3 =
10" - /,’ > - 10" DU
— E a+ . - < E -
2 .] ¢ TIDfore60 MeVv B" ion g / i .8
5 10749 -~ < TID for 50 MeV Li*" ion & J1°° g
= ] ] b
g 10915 15 10" %
2 ] ] S
5§ 10° o 107 g
= 3 E| D
2 ] ] 3
] o ] =
10° — < B - 10" £
10° T T T T T T — 10"
10° 10° 107 10° 10° 10"° 10" 10"?

fluence,® (ions/cm?)
Figure 3 Variation of total ionizing dose (TID) and total displacement damage dose (Dg) as a function of ion fluence of
60 MeV boron and 50 MeV lithium ion fluence (®) in silicon target material.
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Figure 4 Variation of gain as a function of TID and D4 of 60 MeV boron ion irradiated for the transistor 2N 3055 (has
a base thickness of 14.96 um) and the transistor 2N 6688 (has a base thickness of 32.37 um.)

3.3108 MeV Oxygen lon Irradiation:

Exposure of 2N 3055 transistors to 108 MeV oxygen ions results in degradation of forward current gain, with the
induced displacement damage enhancing the normalized excess base current as a function of ion fluence at different
irradiation temperatures. The observed degradation is attributed to total ionizing dose and displacement damage dose
effects, with trapping centers induced by swift oxygen ions contributing to carrier removal from the conduction process.
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Variations in built-in potential and doping density further highlight the impact of irradiation on transistor
characteristics.
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Figure 5. Variation of carrier removal rate as a function of applied voltage for different ion fluences.

Table 3 Variation of built in potential (Vyi), doping density (Np) for different swift oxygen ion fluence irradiated at 77

& 300 K.
Fluence OB jon irradiated at 77 K O® jon irradiated at 300 K
(ions/cm?) Vi (V) Nb Vi (V) Nb
Pristine 0.79 3.95x10%7 0.91 3.96x10%7
1x101 0.92 4.70%x1018 0.90 4.72x1018
1x1012 0.95 4.92x1018 1.08 5.75x1018
1x1013 1.19 1.21x1019 1.06 2.08x10%°

3.4 110 MeV Silicon lon Irradiation:

Irradiation of silicon NPN transistor devices with 110 MeV silicon ions induces shifts in collector saturation current and
collector-emitter voltage due to total displacement damage dose effects. Additionally, silicon-ion irradiation leads to an
increase in forward resistance of the collector-emitter region and a decrease in current gain, attributed to the production
of defects reducing minority carrier lifetime. The observed decrease in collector-emitter saturation voltage and increase
in series resistance further underscore the impact of ion-induced defects on transistor performance.

3.5 120 MeV Nickel lon Irradiation:

Study of the effects of 120 MeV nickel ion beam radiation on commercial BJT devices, such as the 2N 3055 and 2N
6688 models, reveals an increase in excess base current with ion fluence, indicative of bulk displacement damage
effects. For both transistor types, irradiation leads to shifts in output characteristics, including changes in collector
saturation current and collector-emitter saturation voltage, attributed to increased base spreading resistance and the
generation of deep defects in the semiconductor material. Variations in capacitance and doping concentration further
highlight the impact of nickel-ion irradiation on transistor properties.

Comparative Study:

Impact of Different lon Irradiations on Bipolar Junction Transistors (BJTs):

1. Effect on Gain Degradation:

Lithium lon Irradiation: High-energy lithium ion irradiation results in gain degradation in all studied transistor
models due to displacement damage in the base region.

Boron lon Irradiation: Boron ion irradiation also leads to gain degradation, with transistors exhibiting different
sensitivities based on base width, emphasizing its importance in radiation response.

Oxygen lon Irradiation: Oxygen ion irradiation induces gain degradation, with excess base current enhancement
attributed to trapping centers in the base region.
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Table 4 Relative effects on the BJT devices (2N 3866, 2N 3055 and 2N 6688) due to variations in ion species, their
mass, energy, energy loss mechanisms, range, damage produced by each ion and the implantation of each ion in the
respective devices.
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Figure. 6 Variation of Icesa for 2N 6688 and 2N 3055 transistors at a fluence of 1x 10! ions/cm? as a function of
mass number of irradiating ion
2. Total lonizing Dose (TID) Effects:

Lithium and Boron lon Irradiations: Shifts in collector saturation current and collector-emitter voltage are mainly
due to TID effects, affecting transistor performance.

Oxygen and Silicon lon Irradiations: Total displacement damage dose effects contribute to shifts in collector
saturation current and voltage, highlighting the importance of understanding TID effects in transistor behavior.

3. Changes in Electrical Characteristics:

Forward Resistance: All ion irradiations lead to an increase in forward resistance of the collector-emitter region,
impacting device conductivity.

Capacitance Variations: Capacitance decreases with irradiation due to displacement damage-induced defect
formation, affecting device performance.

4, Identification of Defects:

Deep Level Defects: Different defect types are observed based on ion irradiation and transistor model, influencing
transistor behaviour and performance.

Defect Impact on Device Operation: Defect-induced changes in built-in potential, doping density, and carrier removal
rates affect transistor characteristics, such as current gain and collector-emitter saturation voltage.
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Figure. 7 Leakage current of 2N 3055 transistor corresponds to reverse breakdown voltage versus the total induced
defects equivalent to the fluence of 1 x 10! ions/cm? for each irradiated ion (Total induced defects = fluence x defects
produced in silicon per ion).
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Inference:

lon Sensitivity: Transistor sensitivity to ion irradiation varies based on ion species and transistor model, with factors
such as base width influencing radiation response.

Mechanisms of Degradation: Gain degradation and changes in electrical characteristics result from a combination of
displacement damage, total ionizing dose effects, and defect formation induced by ion irradiation.

Importance of Understanding TID Effects: Total ionizing dose effects play a significant role in transistor behaviour,
necessitating careful consideration in radiation-sensitive applications.
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Figure. 8 Normalized current gain  versus atomic mass of irradiated ions for 2N 3055 and 2N 6688 transistors for
irradiation fluence of 1 x 10 ions/cm?

Implications for Device Reliability: Understanding the impact of ion irradiation on bipolar junction transistors is
crucial for ensuring device reliability and performance in radiation-rich environments, such as space missions and
nuclear facilities.
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Figure 9 Variation of carrier removal rate as a function of irradiating ion fluence of 50 MeV lithium and 120 MeV
nickel ion irradiated 2N 3055 and 2N 6688 transistors

1257



Impact Of lon Irradiation On Bipolar Junction Transistors: Mechanisms Of Degradation And Implications For
Radiation-Resilient Electronic Systems

This comparative study and inference highlight the varying effects of different ion irradiations on bipolar junction
transistors, emphasizing the importance of understanding radiation-induced degradation mechanisms for device
reliability and performance assessment.

Conclusion:

In conclusion, the study comprehensively investigates the effects of ion irradiation on commercial bipolar junction
transistors (BJTs), shedding light on their performance and reliability in radiation-rich environments. The findings
reveal significant degradation in electrical characteristics, including gain, forward resistance, and capacitance, across
different transistor models exposed to various ion species.

Lithium ion irradiation induces gain degradation due to displacement damage in the base region, with observed shifts in
collector saturation current and voltage primarily attributed to total ionizing dose effects. Boron ion irradiation
exacerbates gain degradation, with transistor sensitivity varying based on base width. Oxygen ion irradiation enhances
excess base current, emphasizing the impact of trapping centers on transistor behaviour.

Total ionizing dose effects emerge as a critical factor affecting transistor performance, with shifts in electrical
characteristics attributed to displacement damage and defect formation induced by ion irradiation. Identification of deep
level defects provides insights into the mechanisms underlying radiation-induced degradation, highlighting the
importance of defect characterization for understanding transistor behaviour.

The comparative analysis underscores the need for a nuanced understanding of ion irradiation effects on BJTs,
particularly in radiation-sensitive applications such as space missions and nuclear facilities. By elucidating the
mechanisms of degradation and identifying key factors influencing transistor performance, this study contributes to the
development of robust electronic systems capable of withstanding radiation-induced challenges.

Moving forward, further research is warranted to explore mitigation strategies and design considerations aimed at
enhancing the radiation tolerance of bipolar junction transistors. Additionally, continued investigation into the effects of
ion irradiation on semiconductor devices will be essential for advancing the reliability and resilience of electronic
systems operating in radiation-rich environments.

In summary, this study advances our understanding of ion irradiation effects on bipolar junction transistors, providing
valuable insights for the design, evaluation, and deployment of electronic components in radiation-sensitive
applications.
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