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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 irra-
diated 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 radia-
tion 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, air-
craft system, nuclear reactor, satellite system, and mil-
itary weapons. Thus, demand for radiation hard semi-
conductor devices also increases. Radiation can cause
electrical characteristics degradation in electronics de-
vices such as Memristors and MOSFET [ 1, 2]. Itis 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 par-
ticle tracks. Radiation affects devices differently, de-
pending on the radiation type; for instance gamma ra-
diation which mostly induces ionizing damage in
oxide layer while massive energetic particles e. g.,
neutron create displacement damage [4, 5].

* Corresponding author; e-mail: nfadzlinh@jiium.edu.my

Current gain degradation induced by radiation is
one of the important characteristics of occuring BJT.
Many research works investigated the effects of radia-
tion damage on the degradation of current gain for BJT
induced by different particles such as protons, neu-
trons, electrons and Co-60 gamma rays. However,
there is still aneed to research the radiation response of
BJT selection to be more robust in space-radiation ap-
plication. Investigation on radiation response of BIT is
helpful to understand the damage mechanisms before
using them in the space radiation environment.

This research compares individual radiation ef-
fects of pneumatic transfer systems (PTS) neutron ra-
diation 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 character-
istics such as current gain.

EXPERIMENTAL DETAILS

The commercial silicon NPN BJT NTEI123
(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 irradi-
ation 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 per-
formed on three devices of each transistor model to en-
sure repeatability of measurement. The neutron irradi-
ation periods were 1, 3, and 5 minutes for all
transistors. In gamma radiation, all transistors were ir-
radiated with different doses: 10 Mrad, 30 Mrad, and
50 Mrad. After radiation, the samples were highly ra-
dioactive 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 semicon-
ductor characterization system (SCS). The BJT were
placed on a metal test fixture to measure its cur-
rent-voltage (I-V) characteristics. All measurements
were conducted at a room temperature before and after
irradiation. The chosen commercial BJT are specifi-
cally 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 measure-
ment, please refer to references [6, 7] for further
details.

EXPERIMENTAL RESULTS
Neutron radiation effects on BJT
Current gain

Degradation of static parameters in bipolar junc-
tion transistors is an effect of displacement damage in-
duced by neutron radiation. The effects of neutron ra-
diation with PTS on the current gain 8 vs. collector
current /- which is described by eq. (1)
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B 7, (1

of an NPN bipolar junction transistor (2N2222,

NTE123 and 2N2219A) are shown in figs. 1, 2, and 3,

respectively. Current gains 3 are plotted as a function

of the collector current for different irradiation time
for 1, 3, and 5 minutes.

Infigs. 1, 2, and 3, the current gain for all transis-

tors dramatically decreased after radiation. After 1

minute radiation, the current gain at I = 1-1072 A for

2N2222 and NTE123 transistors decreased by 94%

approximately. After 3 minutes of radiation, the cur-
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Figure 1. Plot of current gain S vs. collector current /¢

with increasing radiation time for Si NPN BJT 2N2222
using PTS (neutron)
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Figure 2. Plot of current gain 8 vs. collector current Ic

with increasing radiation time for Si NPN BJT NTE123
using PTS (neutron)
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Figure 3. Plot of current gain 8 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 min-
utes of radiation, the current gain for 2N2222 and
NTE123 at the same /. value decreased by 99% and



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

98%, respectively. However, for the 2N22219A tran-
sistor, current gain at same /- value only degraded by
95% after 1 min radiation. Although the subsequent 3
and 5 minutes showed further degradation in the cur-
rent gain, it is less dramatic compared to the first two
transistors as can be seen in fig. 3. At large collector
current of over 1-1072 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 8 and for compar-
ison purposes, we calculated the damage factor d,
which is defined as

_ ﬂ post

ﬁ pre

as a function of neutron fluence as shown in fig. 4. In
this equation, dj, represents damage factor and 8,5 and
Bopre are current gain after radiation and before radia-
tion, respectively. In fig. 4, it can be seen that the dam-
age factor decreases with increasing fluence for all
models. Together in fig. 4, damage factor for Si tran-
sistors [9] and SiGe transistors were plotted for com-
parison. It can be seen that BJT are roughly 10 to 100
times less radiation hard compared to the reported cus-
tom-made BJT by Roldan ez a/. [10]. These results also
show that NTE 123 transistor has the highest damage
factor compared to 2N2222 and 2N2219A.
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Figure 4. Plot of damage factor d,, vs. neutron fluence for
all Si BJT measured at Vg =08V

Base current

Figures 5, 6, and 7 show the plot of base current
(IB) against base-emitter voltage (VBE) for the silicon
NPN2N2222,NTE123, and 2N2219A bipolar transis-
tors irradiated with neutron radiation at different irra-
diation time. The base current for all transistors can be
seen increasing after neutron radiation, especially at
lower Vpgg. This is because the radiation induced ex-
cess current in the base is expected to come from re-
combination phenomena in the space charge region
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Figure 5. Plot of base current I vs. base-emitter voltage
Ve with increasing radiation time for Si NPN BJT
2N2222 using PTS (neutron)
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Figure 6. Plot of base current I vs. base-emitter voltage
Vee with increasing radiation time for Si NPN BJT
NTE123 using PTS (neutron)
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Figure 7. Plot of base current Iy vs. base-emitter voltage
Ve with increasing radiation time for Si NPN BJT
2N2219A using PTS (neutron)

which predominates at small V. We believe the cur-
rent 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 tran-
sistors which is not shown in this paper, but similar to
other references [10, 11].
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Gamma radiation effect on
NPN transistors

The NPN silicon BJT were investigated for the ef-
fect of ionizing radiation (gamma radiation) induced
current gain degradation. Figures 8, 9, and 10 show the
current gain [ vs. base to emitter voltage Vyp for all
transistors (2N2222, NTE123 and 2N2219A) irradi-
ated with variation of doses: 10 Mrad, 30 Mrad, and 50
Mrad.
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Figure 8. Plot of current gain [ vs. base-emitter voltage
Ve with increasing dose for Si NPN BJT 2N2222 using
Co-60
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Figure 9. Plot of current gain § vs. base-emitter voltage
Ve with increasing dose for Si NPN BJT NTE123 using
Co-60

The current gain for all transistors after gamma
radiation degraded significantly. Current gain degra-
dation for all transistors dramatically deteriorated with
increasing dose for a range of base-emitter voltage, es-
pecially at lower Vg For this type of radiation, dam-
age factor equation is also used to quantify the degra-
dation in current gain and compare damage factor of
different transistor types. Figure 9 shows damage fac-
tor d,, vs. dose value for all models measured. It can be
seen that the damage factor decreases with increasing
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Figure 10. Plot of current gain 3 vs. base-emitter Vg with
increasing dose for Si NPN BJT 2N2219A using Co-60

dose for all models. These results show that NTE123
has the highest damage factor which suggests that
NTE123 transistor has the lowest current gain degra-
dation. Together in fig. 11, damage factor for NPN
BC549C by Philips manufacturer [12] was also plot-
ted for comparison. It can be seen that the present mod-
els investigated in this paper are significantly more ro-
bust with respect to gamma radiation than the
transistor reported by Pater et al.
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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 func-
tion of base-emitter voltage for the devices. The base
current increased markedly with increasing dose value
regardless of V' 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 /g and collector current /¢
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radiation for Si NPN BJT 2N2222
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Figure 13. Plot of base current I and collector current Ic
vs. base-emitter voltage Vg irradiated with gamma
radiation for Si NPN BJT NTE123
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Figure 14. Plot of base current I and collector current /¢
vs. base-emitter voltage Vg irradiated with gamma
radiation for Si NPN BJT 2N2219A

DISCUSSION

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

crease of minority carrier lifetime [16]. This degrada-
tion 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 de-
creased 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 cur-
rent increases because of increased surface recombi-
nation velocity v, as reported by Kosier et al., [20]
which is proportional to the formation of the genera-
tion-recombination centers at silicon-silicon dioxide
(Si/S10,) 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/SiO, inter-
face. The increase in the emitter-base depletion region
is due to the build-up of the positive charge in the ox-
ide layer [23]. Consequently, there is a relation be-
tween the positive oxide charge and the interface traps.
As the positive charge increases, the depletion region
increases in which more recombination centers are ex-
posed due to interface traps. Therefore, as long as the
oxide charge and interface traps increase, recombina-
tion base current also increases [24]. Hence, the cur-
rent 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 de-
creased with increasing neutron fluence and gamma
dose value for all models. The results indicate that
NTE 123 transistor by NTE Electronics has the high-
est 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 ra-
diation hard when compared to 2N2222 and
2N2219A.

In 2010 Vuki¢ and Osmokrovi¢ [25] experi-
mented 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 cur-
rent; however, overall performance was not affected.
Our experiment gave similar results in which the cur-
rent gain degraded with increasing dose due to in-
creasing base current.

CONCLUSIONS

Exposures of neutron and gamma radiations
were performed to study the radiation response of
commercial NPN bipolar junction transistors. The re-
sults 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 ex-
posure were found to increase with increasing neutron
fluence and gamma dose values. This is due to the in-
crease in the recombination current as the result of the
displacement damage in the bulk layer for neutron ra-
diation 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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Muo Mun OO0, Haxpya Kaup bun Ananr PAIINU, Jynuja bun Aopyn KAPUM,
Myxaman Pasu bun. MOXAME] 3UH, Pocmunasyun br. A6. PAXUM, Amenuja Boar ASBMAH,
Hypyn ®amznun XA3BYJITAX

OonucC EJEKTPUYHUX CBOJCTABA KOMEPIMJATHUX HITH BUITOJTAPHUX
TPAH3UCTOPA MN3JIO0XKEHUX HEYTPOHCKOM U I'AMA 3PAYEILY

EnexTpoHcKe KOMIOHEHTE, Kao IITO Cy OUMOJapHU TPaH3UCTOPH, NUOAE U ApYyre, Koje ce
KOpHUCTE Yy MUCHjaMa y JIeJITaKOM CBEMHUPY, MOPajy K0OpO MOJHOCHTH IIUPOKY U3IIOXKEHOCT HEYTPOHUMA
BHCOKWX €HEpIHja M IPYroM joHn3yjyheM 3paderpy. Y OBOM pajly IpHKa3yjy ce HEYTPOHCKO 03padnBame
noMmohy nHeymaTtckor Tpancdep cucrema TRIGA Mark-1I peakropa Mane3ujcke HykjeapHe areHIyje.
IMopen OBOT, UCIIUTHBAH je W yTHIaj rama 3padera u3 °°Co u3zsopa Ha cunmukoncke HITH Gunonaphe
TpaH3uCTOpe. AHANM3E 03paveHUX TPAH3UCTOPA O0YXBAaTHIIE Cy EJICKTPUYHE KapaKTEPUCTUKE KAO IITO Cy
CTPYjHO IOjavyame, CTpyja KOJIEeKTopa U cTpyja 0a3e. EkciepuMeHTIaHu pe3ylTaTi 0Ka3yjy 3HauyajHO
CMambeHhe CTPYJHOT T0javuarka MOoCie H3JIaramha HeyTPOHUMA U raMa 3padeky. HeyTpoHCKO 3padethe MoKe
OIITETHTH OCHOBHH CII0j TPAH3UCTOPCKE CTPYKTYPE, IOK raMa 3pauee omrehyje okcugHu cinoj y obiaactu
ocupomartiema 6aza-emutop. CmMaTpa ce ia cMambehe CTPYJHOT Mojavama HacTaje ycies mopacTa cTpyje
peKoMOMHaIje y 00JIaCTH OCHpOMaIIeha 0a3a-eMATOP.

Kmwyune peuu: butionapru wpar3uciiop, paoujayuoro owitehierse, clupyja pexomounavuje



