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Elec tron ics com po nents such as bi po lar junc tion tran sis tors, di odes, etc. which are used in
deep space mis sion are re quired to be tol er ant to ex ten sive ex po sure to en er getic neu trons and
ion iz ing ra di a tion. This pa per ex am ines neu tron ra di a tion with pneu matic trans fer sys tem of
TRIGA Mark-II re ac tor at the Ma lay sian Nu clear Agency. The ef fects of the gamma ra di a tion 
from Co-60 on sil i con NPN bi po lar junc tion tran sis tors is also be ex am ined. Anal y ses on ir ra -
di ated tran sis tors were per formed in terms of the elec tri cal char ac ter is tics such as cur rent
gain, col lec tor cur rent and base cur rent. Ex per i men tal re sults showed that the cur rent gain on 
the de vices de graded sig nif i cantly af ter neu tron and gamma ra di a tions. Neu tron ra di a tion
can cause dis place ment dam age in the bulk layer of the tran sis tor struc ture and gamma ra di a -
tion can in duce ion iz ing dam age in the ox ide layer of emit ter-base de ple tion layer. The cur rent 
gain deg ra da tion is be lieved to be gov erned by the in creas ing re com bi na tion cur rent in the
base-emit ter de ple tion re gion.
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IN TRO DUC TION

Elec tron ics cir cuits have many ap pli ca tions in
rich-ra di a tion en vi ron ment such as in the space, air -
craft sys tem, nu clear re ac tor, sat el lite sys tem, and mil -
i tary weap ons. Thus, de mand for ra di a tion hard semi -
con duc tor de vices also in creases. Ra di a tion can cause
elec tri cal char ac ter is tics deg ra da tion in elec tron ics de -
vices such as Memristors and MOSFET [1, 2]. It is also 
shown that the re li abil ity of semi con duc tor de vices
was de graded with in creas ing ra di a tion lev els [3]. In
par tic u lar, elec tron ics com po nents such as bi po lar
junc tion tran sis tors (BJT) op er a tion in ra di a tion-rich
en vi ron ment encounter deg ra da tion due to the atomic
dis place ment and ion iz ing along with the in ci dent par -
ti cle tracks. Ra di a tion af fects de vices dif fer ently, de -
pend ing on the ra di a tion type; for in stance gamma ra -
di a tion which mostly in duces ion iz ing dam age in
ox ide layer while mas sive en er getic par ti cles e. g.,
neu tron cre ate dis place ment dam age [4, 5].

Cur rent gain deg ra da tion in duced by ra di a tion is
one of the im por tant char ac ter is tics of occuring BJT.
Many re search works in ves ti gated the ef fects of ra di a -
tion dam age on the deg ra da tion of cur rent gain for BJT 
in duced by dif fer ent par ti cles such as pro tons, neu -
trons, elec trons and Co-60 gamma rays. How ever,
there is still a need to re search the ra di a tion re sponse of 
BJT se lec tion to be more ro bust in space-ra di a tion ap -
pli ca tion. In ves ti ga tion on ra di a tion re sponse of BJT is 
help ful to un der stand the dam age mech a nisms be fore
us ing them in the space ra di a tion en vi ron ment.

This re search com pares in di vid ual ra di a tion ef -
fects of pneu matic trans fer sys tems (PTS) neu tron ra -
di a tion and gamma ra di a tion from Co-60 source at
var i ous ra di a tion time and dose. The aim of this study
is to char ac ter ize the ra di a tions ef fects on the NPN
BJT in terms of the deg ra da tion of elec tri cal char ac ter -
is tics such as cur rent gain.

EX PER I MEN TAL DE TAILS

The com mer cial sil i con NPN BJT NTE123
(TO-39 metal cas ing), 2N2222 (TO-18 metal cas ing),
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and 2N2219A (TO-39 metal cas ing), used as sam ples
in this study, are au dio am pli fi ers and switches. These
de vices are man u fac tured by NTE Elec tron ics,
Multicop and ST Elec tron ics, re spec tively. The ir ra di -
a tion fa cil ity for neu tron and gamma ra di a tion used in
this study is the TRIGA Mark-II with PTS and gamma
with Co-60 gamma source lo cated at the Ma lay sian
Nu clear Agency (ANM). The BJT were pre pared and
la beled ac cord ingly be fore the bom bard ment. All
sam ples were in serted in the capped poly eth yl ene vi als 
be fore be ing ex posed to ra di a tion. Ir ra di a tion was per -
formed on three de vices of each tran sis tor model to en -
sure re peat abil ity of mea sure ment. The neu tron ir ra di -
a tion pe ri ods were 1, 3, and 5 min utes for all
tran sis tors. In gamma ra di a tion, all tran sis tors were ir -
ra di ated with dif fer ent doses: 10 Mrad, 30 Mrad, and
50 Mrad. Af ter ra di a tion, the sam ples were highly ra -
dio ac tive and nearly two weeks was needed to cool
down the de vices to en sure the ra dio ac tive level was
safe. Dur ing all ra di a tion ex po sures, all tran sis tors
were un bi ased. All mea sure ments of the sam ples were
car ried out in the dark us ing Keithley 4200 semi con -
duc tor char ac ter iza tion sys tem (SCS). The BJT were
placed on a metal test fix ture to mea sure its cur -
rent-volt age (I-V) char ac ter is tics. All mea sure ments
were con ducted at a room tem per a ture be fore and af ter 
ir ra di a tion. The cho sen com mer cial BJT are spe cif i -
cally aimed at low cost de vices for which may have the 
rel a tive un cer tainty of the pa ram e ter value ranges
from 0.1% to 1%. For more un cer tainty of mea sure -
ment, please re fer to ref er ences [6, 7] for fur ther
details.

EX PER I MEN TAL RE SULTS

Neu tron ra di a tion ef fects on BJT

Cur rent gain

Deg ra da tion of static pa ram e ters in bi po lar junc -
tion tran sis tors is an ef fect of dis place ment dam age in -
duced by neu tron ra di a tion. The ef fects of neu tron ra -
di a tion with PTS on the cur rent gain b vs. col lec tor
cur rent IC which is de scribed by eq. (1)

b =
I

I
C

B

(1)

of an NPN bi po lar junc tion tran sis tor (2N2222,
NTE123 and 2N2219A) are shown in figs. 1, 2, and 3,
re spec tively. Cur rent gains b are plot ted as a func tion
of the col lec tor cur rent for dif fer ent ir ra di a tion time
for 1, 3, and 5 min utes.

In figs. 1, 2, and 3, the cur rent gain for all tran sis -
tors dra mat i cally de creased af ter ra di a tion. Af ter 1
min ute ra di a tion, the cur rent gain at IC = 1×10–2 A for
2N2222 and NTE123 tran sis tors de creased by 94%
ap prox i mately. Af ter 3 min utes of ra di a tion, the cur -

rent gain for 2N2222 and NTE123 at the same IC value 
de creased by 98% and 97%, re spec tively. Af ter 5 min -
utes of ra di a tion, the cur rent gain for 2N2222 and
NTE123 at the same IC value de creased by 99% and
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Fig ure 1. Plot of cur rent gain b vs. col lec tor cur rent IC

with in creas ing ra di a tion time for Si NPN BJT 2N2222
us ing PTS (neu tron)

Fig ure 2. Plot of cur rent gain b vs. col lec tor cur rent IC

with in creas ing ra di a tion time for Si NPN BJT NTE123
us ing PTS (neu tron)

Fig ure 3. Plot of cur rent gain b vs. col lec tor cur rent IC

with in creas ing ra di a tion time for Si NPN BJT 2N2219A
us ing PTS (neu tron)



98%, re spec tively. How ever, for the 2N22219A tran -
sis tor, cur rent gain at same IC value only de graded by
95% af ter 1 min ra di a tion. Al though the sub se quent 3
and 5 min utes showed fur ther deg ra da tion in the cur -
rent gain, it is less dra matic com pared to the first two
tran sis tors as can be seen in fig. 3.  At large col lec tor
cur rent of over 1×10–2 A, there is a sud den no tice able
drop in the cur rent gain for all de vices. This is due to
the high level in jec tion or se ries re sis tance of col lec tor
ter mi nal [8].

To quan tify the deg ra da tion in b and for com par -
i son pur poses, we cal cu lated the dam age fac tor dh

which is de fined as 

d h
post

pre

=
b

b
(2)

as a func tion of neu tron fluence as shown in fig. 4. In
this equa tion, dh rep re sents dam age fac tor and bpost and 
bpre are cur rent gain af ter ra di a tion and be fore ra di a -
tion, re spec tively. In fig. 4, it can be seen that the dam -
age fac tor de creases with in creas ing fluence for all
mod els. To gether in fig. 4, dam age fac tor for Si tran -
sis tors [9] and SiGe tran sis tors were plot ted for com -
par i son. It can be seen that BJT are roughly 10 to 100
times less ra di a tion hard com pared to the re ported cus -
tom-made BJT by Roldan et al. [10]. These re sults also 
show that NTE 123 tran sis tor has the high est dam age
fac tor com pared to 2N2222 and 2N2219A.

Base cur rent

Fig ures 5, 6, and 7 show the plot of base cur rent
(IB) against base-emit ter volt age (VBE) for the sil i con 
NPN 2N2222, NTE123, and 2N2219A bi po lar tran sis -
tors ir ra di ated with neu tron ra di a tion at dif fer ent ir ra -
di a tion time. The base cur rent for all tran sis tors can be
seen in creas ing af ter neu tron ra di a tion, es pe cially at
lower VBE. This is be cause the ra di a tion in duced ex -
cess cur rent in the base is ex pected to come from re -
com bi na tion phe nom ena in the space charge re gion

which pre dom i nates at small VBE. We be lieve the cur -
rent gain deg ra da tion is due to the in crease in the base
cur rent. Our re sults showed no sig nif i cant changes in
the col lec tor cur rent af ter ra di a tion for all three tran -
sis tors which is not shown in this pa per, but sim i lar to
other ref er ences [10, 11].
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Fig ure 4. Plot of dam age fac tor dh vs. neu tron fluence for
all Si BJT mea sured at VBE = 0.8 V

Fig ure 5. Plot of base cur rent IB vs. base-emit ter volt age
VBE with in creas ing ra di a tion time for Si NPN BJT
2N2222 us ing PTS (neu tron)

Fig ure 6. Plot of base cur rent IB vs. base-emit ter volt age
VBE with in creas ing ra di a tion time for Si NPN BJT
NTE123 us ing PTS (neu tron)

Fig ure 7. Plot of base cur rent IB vs.  base-emit ter volt age
VBE with in creas ing ra di a tion time for Si NPN BJT
2N2219A us ing PTS (neu tron)



Gamma ra di a tion ef fect on
NPN tran sis tors

The NPN sil i con BJT were in ves ti gated for the ef -
fect of ion iz ing ra di a tion (gamma ra di a tion) in duced
cur rent gain deg ra da tion. Fig ures 8, 9, and 10 show the
cur rent gain  b vs. base to emit ter volt age VBE for all
tran sis tors (2N2222, NTE123 and 2N2219A) ir ra di -
ated with vari a tion of doses: 10 Mrad, 30 Mrad, and 50
Mrad.

The cur rent gain for all tran sis tors af ter gamma
ra di a tion de graded sig nif i cantly. Cur rent gain deg ra -
da tion for all tran sis tors dra mat i cally de te ri o rated with 
in creas ing dose for a range of base-emit ter volt age, es -
pe cially at lower VBE. For this type of ra di a tion, dam -
age fac tor equa tion is also used to quan tify the deg ra -
da tion in cur rent gain and com pare dam age fac tor of
dif fer ent tran sis tor types. Fig ure 9 shows dam age fac -
tor dh vs. dose value for all mod els mea sured. It can be
seen that the dam age fac tor de creases with in creas ing

dose for all mod els. These re sults show that NTE123
has the high est dam age fac tor which sug gests that
NTE123 tran sis tor has the low est cur rent gain deg ra -
da tion. To gether in fig. 11, dam age fac tor for NPN
BC549C by Philips man u fac turer [12] was also plot -
ted for com par i son. It can be seen that the pres ent mod -
els in ves ti gated in this pa per are sig nif i cantly more ro -
bust with re spect to gamma ra di a tion than the
tran sis tor re ported by Pa ter et al.

Base cur rent

Fig ures 12-14 show ef fect of gamma ra di a tion
on cur rent gain which is re flected by the base cur rent.
The base and col lec tor cur rent is shown here as a func -
tion of base-emit ter volt age for the de vices.  The base
cur rent in creased mark edly with in creas ing dose value 
re gard less of VBE value. How ever, it can be seen in all
of the fig ures that changes in col lec tor cur rents due to
ra di a tion ex po sure were neg li gi ble for all tran sis tors.
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Fig ure 8. Plot of cur rent gain  b vs. base-emit ter volt age
VBE with in creas ing dose for Si NPN BJT 2N2222 us ing
Co-60

Fig ure 9. Plot of cur rent gain b vs. base-emit ter volt age
VBE with in creas ing dose for Si NPN BJT NTE123 us ing
Co-60

Fig ure 10. Plot of cur rent gain b vs. base-emit ter VBE with 
in creas ing dose for Si NPN BJT 2N2219A us ing Co-60

Fig ure 11. Plot of dam age fac tor dh vs. dose for all Si BJT
at VBE = 0.8 V
*1 rad = 10–2 Gy



DIS CUS SION

The sus cep ti bil ity of NPN BJT to ra di a tion dam -
age can be ex am ined by cur rent gain deg ra da tion.
Neu tron ra di a tion can in duce dis place ment dam age in

Si bulk and ion iza tion dam age in the ox ide layer. How -
ever, the ion iza tion dam age can be neg li gi ble in
neu tron ra di a tion as re ported by Barnaby et al., [13].
For neu tron ra di a tion, the dis place ment dam age is ini -
ti ated by col li sion of neu tron par ti cles with at oms in
the semi con duc tor lat tice caus ing the at oms to dis -
place from their pri mary po si tions [14, 15]. Re sults in
figs. 1, 2, and 3 showed that cur rent gain af ter neu tron
ra di a tion sig nif i cantly de graded with ex po sure time.
We be lieve this is be cause of dis place ment dam age in
bulk Si in duced by neu tron par ti cles. The dam age
could pro duce sta ble va cancy de fect that are ef fec tive
cen ters of re com bi na tion and trap ping, lead ing to a de -
crease of mi nor ity car rier life time [16]. This deg ra da -
tion of mi nor ity car rier life time can in crease the base
cur rent and thus, de crease the cur rent gain [17, 18].

It is worth noted that gamma ra di a tion from
Co-60 can give rise to ion iz ing dam age. Our re sults in
figs. 7 to 9 show that cur rent gain for all tran sis tors de -
creased af ter gamma ra di a tion. The lat ter may be due
to the ion iz ing dam age in duced by gamma ra di a tion in
the ox ide layer. The ion iza tion dam age could cre ate
the in ter face traps and net pos i tive charge in the ox ide
over ly ing the emit ter-base junc tion. Then it leads to an
in crease in the re com bi na tion base cur rent [19] as can
be seen in figs. 10 to 12. The re com bi na tion base cur -
rent in creases be cause of in creased sur face re com bi -
na tion ve loc ity vsr as re ported by Kosier et al., [20]
which is pro por tional to the for ma tion of the gen er a -
tion-re com bi na tion cen ters at sil i con-sil i con di ox ide
(Si/SiO2) in ter face cov er ing emit ter-base junc tion [21, 
22] and in creased emit ter-base de ple tion re gion. The
sur face re com bi na tion ve loc ity in creases be cause of
the in crease in the in ter face traps at the Si/SiO2 in ter -
face. The in crease in the emit ter-base de ple tion re gion
is due to the build-up of the pos i tive charge in the ox -
ide layer [23]. Con se quently, there is a re la tion be -
tween the pos i tive ox ide charge and the in ter face traps. 
As the pos i tive charge in creases, the de ple tion re gion
in creases in which more re com bi na tion cen ters are ex -
posed due to in ter face traps. There fore, as long as the
ox ide charge and in ter face traps in crease, re com bi na -
tion base cur rent also in creases [24]. Hence, the cur -
rent gain de grades when the base cur rent in creases.

In both type of ra di a tions, the dam age fac tors for
all mod els were cal cu lated to com pare the cur rent gain
deg ra da tion. From figs. 4 and 11, dam age fac tors de -
creased with in creas ing neu tron fluence and gamma
dose value for all mod els. The re sults in di cate that
NTE 123 tran sis tor by NTE Elec tron ics has the high -
est dam age fac tor while 2N2219A tran sis tor by ST
Elec tron ics has the low est dam age fac tor af ter both
neu tron and gamma ra di a tions. These re sults sug gest
that from all mod els mea sured, NTE123 is the most ra -
di a tion hard when com pared to 2N2222 and
2N2219A. 

In 2010 Vuki} and Osmokrovi} [25] ex per i -
mented on PNP power tran sis tor with Co-60 gamma
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Fig ure 12. Plot of base cur rent IB and col lec tor cur rent IC

vs. base-emit ter volt age VBE ir ra di ated with gamma
ra di a tion for Si NPN BJT 2N2222

Fig ure 13. Plot of base cur rent IB and col lec tor cur rent IC

vs. base-emit ter volt age VBE ir ra di ated with gamma
ra di a tion for Si NPN BJT NTE123

Fig ure 14. Plot of base cur rent IB and col lec tor cur rent IC

vs. base-emit ter volt age VBE ir ra di ated with gamma
ra di a tion for Si NPN BJT 2N2219A



source. They found se rial tran sis tor's emit ter cur rent
gain to de grade sig nif i cantly with dose lev els. They
sug gested that the deg ra da tion is due to qui es cent cur -
rent; how ever, over all per for mance was not af fected.
Our ex per i ment gave sim i lar re sults in which the cur -
rent gain de graded with in creas ing dose due to in -
creas ing base cur rent.

CON CLU SIONS

Ex po sures of neu tron and gamma ra di a tions
were per formed to study the ra di a tion re sponse of
com mer cial NPN bi po lar junc tion tran sis tors. The re -
sults in this pa per sug gested that all sil i con tran sis tors
mea sured show a sig nif i cant deg ra da tion in the cur rent 
gain af ter neu tron and gamma ra di a tions. The base
cur rent of all tran sis tors af ter neu tron and gamma ex -
po sure were found to in crease with in creas ing neu tron
fluence and gamma dose val ues. This is due to the in -
crease in the re com bi na tion cur rent as the re sult of the
dis place ment dam age in the bulk layer for neu tron ra -
di a tion and ion iza tion dam age in ox ide layer for
gamma ra di a tion. Our re sults show that among the
tran sis tors in ves ti gated, NTE 123 is the most ro bust
tran sis tor to neu tron and gamma ra di a tions while the
2N2219A is the least ro bust.
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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, di ode 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 trans fer 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


