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Electronics components such as bipolar junction transistors, diodes, etc. which are used in
deep space mission are required to be tolerant to extensive exposure to energetic neutrons and
ionizing radiation. This paper examines neutron radiation with pneumatic transfer system of
TRIGA Mark-II reactor at the Malaysian Nuclear Agency. The effects of the gamma radiation
from Co-60 on silicon NPN bipolar junction transistors is also be examined. Analyses on irradiated transistors were performed in terms of the electrical characteristics such as current
gain, collector current and base current. Experimental results showed that the current gain on
the devices degraded significantly after neutron and gamma radiations. Neutron radiation
can cause displacement damage in the bulk layer of the transistor structure and gamma radiation can induce ionizing damage in the oxide layer of emitter-base depletion layer. The current
gain degradation is believed to be governed by the increasing recombination current in the
base-emitter depletion region.
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INTRODUCTION
Electronics circuits have many applications in
rich-radiation environment such as in the space, aircraft system, nuclear reactor, satellite system, and military weapons. Thus, demand for radiation hard semiconductor devices also increases. Radiation can cause
electrical characteristics degradation in electronics devices such as Memristors and MOSFET [1, 2]. It is also
shown that the reliability of semiconductor devices
was degraded with increasing radiation levels [3]. In
particular, electronics components such as bipolar
junction transistors (BJT) operation in radiation-rich
environment encounter degradation due to the atomic
displacement and ionizing along with the incident particle tracks. Radiation affects devices differently, depending on the radiation type; for instance gamma radiation which mostly induces ionizing damage in
oxide layer while massive energetic particles e. g.,
neutron create displacement damage [4, 5].
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Current gain degradation induced by radiation is
one of the important characteristics of occuring BJT.
Many research works investigated the effects of radiation damage on the degradation of current gain for BJT
induced by different particles such as protons, neutrons, electrons and Co-60 gamma rays. However,
there is still a need to research the radiation response of
BJT selection to be more robust in space-radiation application. Investigation on radiation response of BJT is
helpful to understand the damage mechanisms before
using them in the space radiation environment.
This research compares individual radiation effects of pneumatic transfer systems (PTS) neutron radiation and gamma radiation from Co-60 source at
various radiation time and dose. The aim of this study
is to characterize the radiations effects on the NPN
BJT in terms of the degradation of electrical characteristics such as current gain.

EXPERIMENTAL DETAILS

The commercial silicon NPN BJT NTE123
(TO-39 metal casing), 2N2222 (TO-18 metal casing),
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and 2N2219A (TO-39 metal casing), used as samples
in this study, are audio amplifiers and switches. These
devices are manufactured by NTE Electronics,
Multicop and ST Electronics, respectively. The irradiation facility for neutron and gamma radiation used in
this study is the TRIGA Mark-II with PTS and gamma
with Co-60 gamma source located at the Malaysian
Nuclear Agency (ANM). The BJT were prepared and
labeled accordingly before the bombardment. All
samples were inserted in the capped polyethylene vials
before being exposed to radiation. Irradiation was performed on three devices of each transistor model to ensure repeatability of measurement. The neutron irradiation periods were 1, 3, and 5 minutes for all
transistors. In gamma radiation, all transistors were irradiated with different doses: 10 Mrad, 30 Mrad, and
50 Mrad. After radiation, the samples were highly radioactive and nearly two weeks was needed to cool
down the devices to ensure the radioactive level was
safe. During all radiation exposures, all transistors
were unbiased. All measurements of the samples were
carried out in the dark using Keithley 4200 semiconductor characterization system (SCS). The BJT were
placed on a metal test fixture to measure its current-voltage (I-V) characteristics. All measurements
were conducted at a room temperature before and after
irradiation. The chosen commercial BJT are specifically aimed at low cost devices for which may have the
relative uncertainty of the parameter value ranges
from 0.1% to 1%. For more uncertainty of measurement, please refer to references [6, 7] for further
details.
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Figure 1. Plot of current gain b vs. collector current IC
with increasing radiation time for Si NPN BJT 2N2222
using PTS (neutron)

Figure 2. Plot of current gain b vs. collector current IC
with increasing radiation time for Si NPN BJT NTE123
using PTS (neutron)

EXPERIMENTAL RESULTS

Neutron radiation effects on BJT
Current gain
Degradation of static parameters in bipolar junction transistors is an effect of displacement damage induced by neutron radiation. The effects of neutron radiation with PTS on the current gain b vs. collector
current IC which is described by eq. (1)
b=

IC
IB

(1)

of an NPN bipolar junction transistor (2N2222,
NTE123 and 2N2219A) are shown in figs. 1, 2, and 3,
respectively. Current gains b are plotted as a function
of the collector current for different irradiation time
for 1, 3, and 5 minutes.
In figs. 1, 2, and 3, the current gain for all transistors dramatically decreased after radiation. After 1
minute radiation, the current gain at IC = 1×10–2 A for
2N2222 and NTE123 transistors decreased by 94%
approximately. After 3 minutes of radiation, the cur-

Figure 3. Plot of current gain b vs. collector current IC
with increasing radiation time for Si NPN BJT 2N2219A
using PTS (neutron)

rent gain for 2N2222 and NTE123 at the same IC value
decreased by 98% and 97%, respectively. After 5 minutes of radiation, the current gain for 2N2222 and
NTE123 at the same IC value decreased by 99% and
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98%, respectively. However, for the 2N22219A transistor, current gain at same IC value only degraded by
95% after 1 min radiation. Although the subsequent 3
and 5 minutes showed further degradation in the current gain, it is less dramatic compared to the first two
transistors as can be seen in fig. 3. At large collector
current of over 1×10–2 A, there is a sudden noticeable
drop in the current gain for all devices. This is due to
the high level injection or series resistance of collector
terminal [8].
To quantify the degradation in b and for comparison purposes, we calculated the damage factor dh
which is defined as
b post
(2)
dh =
b pre

Figure 5. Plot of base current IB vs. base-emitter voltage
VBE with increasing radiation time for Si NPN BJT
2N2222 using PTS (neutron)

as a function of neutron fluence as shown in fig. 4. In
this equation, dh represents damage factor and bpost and
bpre are current gain after radiation and before radiation, respectively. In fig. 4, it can be seen that the damage factor decreases with increasing fluence for all
models. Together in fig. 4, damage factor for Si transistors [9] and SiGe transistors were plotted for comparison. It can be seen that BJT are roughly 10 to 100
times less radiation hard compared to the reported custom-made BJT by Roldan et al. [10]. These results also
show that NTE 123 transistor has the highest damage
factor compared to 2N2222 and 2N2219A.

Figure 6. Plot of base current IB vs. base-emitter voltage
VBE with increasing radiation time for Si NPN BJT
NTE123 using PTS (neutron)

Figure 4. Plot of damage factor dh vs. neutron fluence for
all Si BJT measured at VBE = 0.8 V

Base current
Figures 5, 6, and 7 show the plot of base current
(IB) against base-emitter voltage (VBE) for the silicon
NPN 2N2222, NTE123, and 2N2219A bipolar transistors irradiated with neutron radiation at different irradiation time. The base current for all transistors can be
seen increasing after neutron radiation, especially at
lower VBE. This is because the radiation induced excess current in the base is expected to come from recombination phenomena in the space charge region

Figure 7. Plot of base current IB vs. base-emitter voltage
VBE with increasing radiation time for Si NPN BJT
2N2219A using PTS (neutron)

which predominates at small VBE. We believe the current gain degradation is due to the increase in the base
current. Our results showed no significant changes in
the collector current after radiation for all three transistors which is not shown in this paper, but similar to
other references [10, 11].

M. M. Oo, et al.: Electrical Characterization of Commercial NPN Bipolar ...
Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, No. 1, pp. 46-52

49

Gamma radiation effect on
NPN transistors
The NPN silicon BJT were investigated for the effect of ionizing radiation (gamma radiation) induced
current gain degradation. Figures 8, 9, and 10 show the
current gain b vs. base to emitter voltage VBE for all
transistors (2N2222, NTE123 and 2N2219A) irradiated with variation of doses: 10 Mrad, 30 Mrad, and 50
Mrad.

Figure 10. Plot of current gain b vs. base-emitter VBE with
increasing dose for Si NPN BJT 2N2219A using Co-60

Figure 8. Plot of current gain b vs. base-emitter voltage
VBE with increasing dose for Si NPN BJT 2N2222 using
Co-60

Figure 9. Plot of current gain b vs. base-emitter voltage
VBE with increasing dose for Si NPN BJT NTE123 using
Co-60

The current gain for all transistors after gamma
radiation degraded significantly. Current gain degradation for all transistors dramatically deteriorated with
increasing dose for a range of base-emitter voltage, especially at lower VBE. For this type of radiation, damage factor equation is also used to quantify the degradation in current gain and compare damage factor of
different transistor types. Figure 9 shows damage factor dh vs. dose value for all models measured. It can be
seen that the damage factor decreases with increasing

dose for all models. These results show that NTE123
has the highest damage factor which suggests that
NTE123 transistor has the lowest current gain degradation. Together in fig. 11, damage factor for NPN
BC549C by Philips manufacturer [12] was also plotted for comparison. It can be seen that the present models investigated in this paper are significantly more robust with respect to gamma radiation than the
transistor reported by Pater et al.

Figure 11. Plot of damage factor dh vs. dose for all Si BJT
at VBE = 0.8 V
*

1 rad = 10–2 Gy

Base current
Figures 12-14 show effect of gamma radiation
on current gain which is reflected by the base current.
The base and collector current is shown here as a function of base-emitter voltage for the devices. The base
current increased markedly with increasing dose value
regardless of VBE value. However, it can be seen in all
of the figures that changes in collector currents due to
radiation exposure were negligible for all transistors.
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Figure 12. Plot of base current IB and collector current IC
vs. base-emitter voltage VBE irradiated with gamma
radiation for Si NPN BJT 2N2222

Figure 13. Plot of base current IB and collector current IC
vs. base-emitter voltage VBE irradiated with gamma
radiation for Si NPN BJT NTE123

Figure 14. Plot of base current IB and collector current IC
vs. base-emitter voltage VBE irradiated with gamma
radiation for Si NPN BJT 2N2219A

DISCUSSION

The susceptibility of NPN BJT to radiation damage can be examined by current gain degradation.
Neutron radiation can induce displacement damage in

Si bulk and ionization damage in the oxide layer. However, the ionization damage can be negligible in
neutron radiation as reported by Barnaby et al., [13].
For neutron radiation, the displacement damage is initiated by collision of neutron particles with atoms in
the semiconductor lattice causing the atoms to displace from their primary positions [14, 15]. Results in
figs. 1, 2, and 3 showed that current gain after neutron
radiation significantly degraded with exposure time.
We believe this is because of displacement damage in
bulk Si induced by neutron particles. The damage
could produce stable vacancy defect that are effective
centers of recombination and trapping, leading to a decrease of minority carrier lifetime [16]. This degradation of minority carrier lifetime can increase the base
current and thus, decrease the current gain [17, 18].
It is worth noted that gamma radiation from
Co-60 can give rise to ionizing damage. Our results in
figs. 7 to 9 show that current gain for all transistors decreased after gamma radiation. The latter may be due
to the ionizing damage induced by gamma radiation in
the oxide layer. The ionization damage could create
the interface traps and net positive charge in the oxide
overlying the emitter-base junction. Then it leads to an
increase in the recombination base current [19] as can
be seen in figs. 10 to 12. The recombination base current increases because of increased surface recombination velocity vsr as reported by Kosier et al., [20]
which is proportional to the formation of the generation-recombination centers at silicon-silicon dioxide
(Si/SiO2) interface covering emitter-base junction [21,
22] and increased emitter-base depletion region. The
surface recombination velocity increases because of
the increase in the interface traps at the Si/SiO2 interface. The increase in the emitter-base depletion region
is due to the build-up of the positive charge in the oxide layer [23]. Consequently, there is a relation between the positive oxide charge and the interface traps.
As the positive charge increases, the depletion region
increases in which more recombination centers are exposed due to interface traps. Therefore, as long as the
oxide charge and interface traps increase, recombination base current also increases [24]. Hence, the current gain degrades when the base current increases.
In both type of radiations, the damage factors for
all models were calculated to compare the current gain
degradation. From figs. 4 and 11, damage factors decreased with increasing neutron fluence and gamma
dose value for all models. The results indicate that
NTE 123 transistor by NTE Electronics has the highest damage factor while 2N2219A transistor by ST
Electronics has the lowest damage factor after both
neutron and gamma radiations. These results suggest
that from all models measured, NTE123 is the most radiation hard when compared to 2N2222 and
2N2219A.
In 2010 Vuki} and Osmokrovi} [25] experimented on PNP power transistor with Co-60 gamma
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source. They found serial transistor's emitter current
gain to degrade significantly with dose levels. They
suggested that the degradation is due to quiescent current; however, overall performance was not affected.
Our experiment gave similar results in which the current gain degraded with increasing dose due to increasing base current.

[5]
[6]

[7]

CONCLUSIONS

Exposures of neutron and gamma radiations
were performed to study the radiation response of
commercial NPN bipolar junction transistors. The results in this paper suggested that all silicon transistors
measured show a significant degradation in the current
gain after neutron and gamma radiations. The base
current of all transistors after neutron and gamma exposure were found to increase with increasing neutron
fluence and gamma dose values. This is due to the increase in the recombination current as the result of the
displacement damage in the bulk layer for neutron radiation and ionization damage in oxide layer for
gamma radiation. Our results show that among the
transistors investigated, NTE 123 is the most robust
transistor to neutron and gamma radiations while the
2N2219A is the least robust.
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OPIS ELEKTRI^NIH SVOJSTAVA KOMERCIJALNIH NPN BIPOLARNIH
TRANZISTORA IZLO@ENIH NEUTRONSKOM I GAMA ZRA^EWU
Elektronske komponente, kao {to su bipolarni tranzistori, diode i druge, koje se
koriste u misijama u delakom svemiru, moraju dobro podnositi {iroku izlo`enost neutronima
visokih energija i drugom jonizuju}em zra~ewu. U ovom radu prikazuju se neutronsko ozra~ivawe
pomo}u pneumatskog transfer sistema TRIGA Mark-II reaktora Malezijske nuklearne agencije.
Pored ovog, ispitivan je i uticaj gama zra~ewa iz 60Co izvora na silikonske NPN bipolarne
tranzistore. Analize ozra~enih tranzistora obuhvatile su elektri~ne karakteristike kao {to su
strujno poja~awe, struja kolektora i struja baze. Eksperimentlani rezultati pokazuju zna~ajno
smawewe strujnog poja~awa posle izlagawa neutronima i gama zra~ewu. Neutronsko zra~ewe mo`e
o{tetiti osnovni sloj tranzistorske strukture, dok gama zra~ewe o{te}uje oksidni sloj u oblasti
osiroma{ewa baza-emitor. Smatra se da smawewe strujnog poja~awa nastaje usled porasta struje
rekombinacije u oblasti osiroma{ewa baza-emitor.
Kqu~ne re~i: bipolarni tranzistor, radijaciono o{te}ewe, struja rekombinacije

