
lable at ScienceDirect

Nuclear Engineering and Technology 54 (2022) 501e506
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original article
Turn-off time improvement by fast neutron irradiation on pnp Si
Bipolar Junction Transistor

Sung Ho Ahn*, Gwang Min Sun, Hani Baek
HANARO Utilization Division, Korea Atomic Energy Research Institute, 111, Daedeok-daero 989 Beon-gil, Yuseong-gu, Daejeon, 34057, Republic of Korea
a r t i c l e i n f o

Article history:
Received 10 March 2021
Received in revised form
28 October 2021
Accepted 8 November 2021
Available online 13 November 2021

Keywords:
Turn-off time
Fast neutron
Irradiation
BJT
Switching
* Corresponding author.
E-mail address: shahn2@kaeri.re.kr (S.H. Ahn).

https://doi.org/10.1016/j.net.2021.11.009
1738-5733/© 2021 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

Long turn-off time limits high frequency operation of Bipolar Junction Transistors (BJTs). Turn-off time
decreases with increases in the recombination rate of minority carriers at switching transients. Fast
neutron irradiation on a Si BJT incurs lattice damages owing to the displacement of silicon atoms. The
lattice damages increase the recombination rate of injected holes with electrons, and decrease the hole
lifetime in the base region of pnp Si BJT. Fast neutrons generated from a beryllium target with 30 MeV
protons by an MC-50 cyclotron were irradiated onto pnp Si BJTs in experiment. The experimental results
show that the turn-off time, including the storage time and fall time, decreases with increases in fast
neutron fluence. Additionally, it is confirmed that the base current increases, and the collector current
and base-to-collector current amplification ratio decrease due to fast neutron irradiation.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A Bipolar Junction Transistor (BJT) is a device in which emitter
and collector currents are controlled by base voltage. A BJT can be
used as a switch device that drives from an on state to an off state or
vice versa with this control feature. When a BJT is used as a switch
device, it can have a long turn-off time because it takes a long time
to remove theminority carriers by the recombination process in the
turn-off transient [1]. The turn-off time can be decreased by
shortening of the minority carrier lifetime via creation of recom-
bination centers in the lattice.

Two methods are used to control the lifetime of minority car-
riers [2]. The first method involves thermal diffusion of impurities
that exist at deep levels. Platinum and gold are mainly used in this
method. Device characteristics can be easily changed by small
variations of the diffusion temperature in this method. The second
method is based on creation of lattice damages in Si by irradiation
with high energy particles [3,4]. This damage can be created by
bombardment using electrons, gamma rays, protons, and neutrons
[5e8]. When high energy particles are used to irradiate semi-
conductors, the incident energetic particles create ionization and
non-ionizing energy loss [9,10]. When energetic particles collide
by Elsevier Korea LLC. This is an
with atomic electrons, they lose energy and become excited or
ionized. The non-ionizing energy loss caused by interaction with
nuclei creates displacement damage. High energy radiation pro-
duces defect complexes in semiconductor materials that reduce the
minority carrier lifetime and change the majority carrier density
and mobility. The lifetime of minority carriers can be precisely
controlled using high energy particles at room temperature [11,12].
When gamma rays are used to irradiate BJTs, the effects of Total
Ionization Dose (TID) caused by ionization are more common than
the effects of displacement damage. On the other hand, the special
feature of fast neutron irradiation is that it predominantly causes
displacement damages in Si bulk, rather than effects of TID. The
advantage of fast neutron irradiation is that the uniform and pre-
cise damage control is possible in Si bulk of BJT. Therefore, fast
neutron irradiation is an effective method of reducing the lifetime
of minority carriers in Si bulks of BJT.

The effects of fast neutron irradiation on BJT have been studied.
Meng studied the fast neutron irradiation effects on SiGe HBT
(Silicon-Germanium Heterojunction Bipolar Transistor) and Si BJT
[13]. Oo studied the effects of neutron irradiation on a pnp BJT [14],
and Ahn studied the effects of the fast neutron irradiation on a pnp
BJT [15,16]. These studies showed that the collector current and
current amplification ratio decreased, and the base current
increased, with increases in fast neutron fluence.

When BJT is used in a switching device for application to high
frequency operation, turn-off switching time is a more important
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http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shahn2@kaeri.re.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2021.11.009&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2021.11.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2021.11.009
https://doi.org/10.1016/j.net.2021.11.009


Fig. 1. Switching characteristics of a pnp BJT: (a) switching circuit and (b) turn-off
transient.
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performance factor than current gain, and gain degradation is
acceptable because it is not critical in switching performance. The
major power loss of the BJT is the on-state loss during low fre-
quency switching, when it is used as a switch device. However, the
power loss of the turn-off switching transient increases rapidly in
high frequency switching. The long turn-off time limits the high
frequency operation of the BJT. Therefore, a short turn-off time is
needed in the BJT for high frequency applications. This study
investigated turn-off switching as well as current characteristics
through fast neutron irradiation on a pnp Si BJT.

2. Characteristics of a pnp BJT

2.1. Current flow

In a pnp BJT, the holes are injected from the emitter to the n-type
base region under the forward-biased emitter junction, and these
holes are collected at the collector under the reverse-biased col-
lector junction. The base current is very small compared to the
emitter current because the emitter and collector currents are
mostly hole current. The base current can be formed by the
following three mechanisms [1]. First, the injected holes from the
emitter region recombine with electrons in the base region. Elec-
trons lost by recombination are resupplied from the base current.
Second, there is electron injection from the base to the emitter
under the forward-biased emitter junction. These injected elec-
trons are also resupplied by the base current. Third, some electrons
are swept into the n-type base region from the p-type collector
region at the reverse-biased collector junction generated by ther-
mal generation. These electrons decrease the base current.
Recombination is the main mechanism of the base current.

BJTs are widely used as amplifiers and switches because emitter
and collector currents can be controlled by the base current (iB).
The emitter current (iE) is composed of hole current (iEp) and
electron current (iEn). The collector current (iC) is created by those
holes injected from the emitter and reached the collector without
recombination at the base, ignoring the saturation current of
collector.

The collector current (iC) is made up entirely of those holes
injected at the emitter that are not lost to recombination at the
base, ignoring the collector saturation current. The collector current
is

iC ¼BiEp; (1)

where B is the base transit factor of holes to the collector [1]. The
base current is

iB ¼ iEn þ ð1�BÞiEp; (2)

if the collector saturation current is ignored. (1�BÞ is the
recombination factor in the base [1]. The base-to-collector current
amplification ratio (b ¼ iC=iB) is given by (3) from (1) and (2).

b¼ BIEp
IEn þ ð1� BÞIEp

: (3)

If the base transit factor is small, the current amplification ratio
is small.

2.2. Turn-off switching

A BJT switch is driven back and forth between the saturation and
cutoff states. Fig. 1 shows the switching characteristics of a pnp BJT
[1]. When the input voltage vB is zero, the BJT is in the cutoff state,
and the collector voltage vC ¼ � VCC , and iC ¼ 0 in the ideal case.
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Thus, BJT acts as a turn-off switch in this case. When the large input
voltage vB is applied by positive bias, the BJT is operated at the
saturation state, and vC ¼ 0, iC ¼ �VCC=RC in the ideal case. Thus,
the BJT acts on the turn-on switch in this case.

Fig. 2 shows the switching delay time in the turn-off transition
[17]. The turn-off time (toff) consists of storage time (ts) and fall time
(tf ). The storage time is the time required for device to exit the
saturation state. The fall time is the time required for the BJT to
make the transition from saturation state to cutoff state. The stored
charge at the beginning of turn-off transient is Qb ¼ IBtp. tp is the
hole lifetime, which is the minority carrier in the base. The stored
charge falls exponentially from this value to zero with the time
constant tp.



Fig. 2. Switching delay times in the turn-off transient.

Table 1
Maximum ratings of pnp BJT at 25 �C.

Characteristic Symbol Rating

Collector-Base Voltage VCBO �100V
Emitter-Collector Voltage VCEO �100V
Emitter-Base Voltage VEBO -5V
Collector Current IC -5A
Base Current IB �0.5A
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If tt is the hole transit time from the emitter to the collector, the
collector current remains at its saturated value IC ðIC ¼�VCC =RCÞ
until Qb falls to the value for the minimum saturation Qs ¼ ICtt .
The storage delay time is given by [1].

ts¼ tpln
bIB
IC

; (4)

where b ¼ tp=tt . The storage delay time is shortened by employing
a small tp and a small b, as shown in (4). Therefore, the storage
delay time is shortened by reducing the hole lifetime.

The collector current is exponentially decreased from IC to zero
with the time constant tp after getting out of the stored delay time,
and it is given by (5) [1].

icðtÞ¼ ICe
�ðt�tsÞ=tp (5)

The fall time is given by (6) from (5)

tf ¼ tpln
IC90%

IC10%
(6)

The fall time is shortened by employing a small tp, as shown in
(6). Therefore, the fall time can be decreased by shortening the hole
lifetime.

3. Fast neutron irradiation effects

The special feature of fast neutron irradiation is that it pre-
dominantly causes atomic displacement damages in Si bulk of BJT,
rather than effects of TID. Therefore, fast neutron irradiation is an
effective method of reducing the lifetime of minority carriers
because uniform and precise damage control is possible in Si bulk
of BJT. Cluster defects are produced by displacement of Si atoms
from their lattice sites due to fast neutron irradiation [10]. Atomic
displacement is the dislodging of an atom from its lattice site.
Displacement creates vacancies and interstitial positioning of Si
atoms and changes the periodicity of the lattice. The disruption of
lattice periodicity in Si creates energy levels in the band gap. These
energy levels serve as generation and recombination centers of
carriers [2,10]. Recombination-generation centers caused by fast
neutrons decreases the minority carrier lifetime in BJTs. The
decreased minority carrier lifetime affects the electrical and
switching properties of BJTs. The damages caused by fast neutron
irradiation can be restored through annealing [18]. Unnecessary
energy levels within the band gap can be removed by appropriate
annealingmethods. However, annealing can increase the lifetime of
minority carriers. If restoration from the damages is required, an
appropriate annealing method should be considered.
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4. Experimental results

In the experiment, packaged pnp Si BJTs were irradiated with
fast neutrons. The pnp Si BJTs were used in a general purpose
application such as switching or amplification. The maximum rat-
ings and electrical characteristics of the BJTs are given in Tables 1
and 2. An MC-50 cyclotron at the Korea Institute of Radiological
& Medical Sciences was used for fast neutron irradiation. The fast
neutrons were generated from a beryllium target with 30 MeV
protons. The BJTs were irradiated at 5� 108 and
5� 109 neutrons=cm2.

4.1. Current flow

The recombination rate of the minor carriers in the base region
increases with increases in the displacement damages by fast
neutron irradiation. Thus, tp decreases with increase in the
recombination rate. Fig. 3 shows the measurement results of the
base current before and after fast neutron irradiation. The base
currents increased with increases in fast neutron fluence, as shown
in Fig. 3. The experimental results indicate that the recombination
of injected holes from the emitter with electrons in the base
increased and the base transit factor decreased. Thus, the electrons
lost by recombination were supplemented from the base terminal,
and the base current increased by fast neutron irradiation.

Fig. 4 shows the measurement results of the collector current
before and after fast neutron irradiation. The collector currents
decreased with increases in fast neutron fluence, as shown in Fig. 4.
The experimental results indicate that the recombination of injec-
ted holes from the emitter with electrons in the base increased, and
the collected holes to the collector decreased because the base
transit factor decreased. As a result, the collector currents
decreased.

Fig. 5 shows the measurement results of the base-to-collector
current amplification ratio before and after fast neutron irradia-
tion. b decreasedwith increases in fast neutron fluence, as shown in
Fig. 5. b0 is the base-to-collector current amplification ratio before
irradiation. The b=b0 ratios were 94.54% (for 5� 108) and 71.95%
(for 5� 109) at vCE ¼ � 6V . These results indicate that displace-
ment damage caused by fast neutron irradiation increases the
recombination rate of injected holes with electrons in the base.
Thus, the hole lifetime decreased and the collector current
decreased because the base transit factor decreased. The base
current increased because the electrons lost to recombination in
the base were supplemented through the base terminal. As a result,
b decreased.

4.2. Turn-off time

In the experiment, the switching circuit was configured as
shown in Fig. 1. While maintaining the on-state, 0 V was applied to
the base voltage to turn-off at 0 s. Fig. 6 shows the measurement
results of the collector voltage (vC) and the collector current (iC) at
the turn-off switching transient before and after fast neutron
irradiation. The experimental results indicate that the turn-off time
decreased with increases in fast neutron fluence.



Table 2
Electrical characteristics of pnp BJT.

Characteristic Test condition Rating

Collector cut-off current VCB ¼ �100V, IE ¼ 0 Max. �100 mA
Emitter cut-off current VEB ¼ �5V, IC ¼ 0 Max. -1 mA
Collector-emitter Breakdown voltage IC ¼ �50mA, IB ¼ 0 Min. �100V
DC current gain VCE ¼ �5V, IC ¼ �1A 40e240
Collector-emitter saturation voltage IC ¼ �4A, IB ¼ �0.4A Max. �2.0V

Fig. 3. Base currents on fast neutron fluence.

Fig. 4. Collector currents on fast neutron fluence.

Fig. 5. Base-to-collector current amplification ratios on fast neutron fluence.

Fig. 6. Turn-off transient on fast neutron fluence: (a) collector voltages and (b) col-
lector currents.
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Fig. 7 shows the measurement results of the storage time before
and after fast neutron irradiation. Themeasured storage times were
13.80 ms (before irradiation), 6.80 ms (for 5� 108), and 1.18 ms (for
5� 109). ts0 is the measured storage time before irradiation. The ts=
ts0 ratios were 49.28% (for 5� 108) and 8.58% (for 5� 109). The
storage time decreased by reducing of tp and b, as shown in (4). The
experimental results indicate that the recombination rate of minor
carriers in the base region increased with increases in displacement
damages by fast neutron irradiation, and tp and b decreased with
increase in the recombination rate. As a result, the storage time
decreased with increases in fast neutron fluence.

Fig. 8 shows the measurement results of the fall time before and
after fast neutron irradiation. The measured fall times were 3.84 ms
(before irradiation), 3.54 ms (for 5� 108), and 2.34 ms (for 5� 109).
tf0 is the measured fall time before irradiation. The tf = tf0 ratios
were 92.16% (for 5� 108) and 61.06% (for 5� 109). The fall time
504



Fig. 7. Variation of storage time on fast neutron fluence.

Fig. 8. Variation of fall time on fast neutron fluence.

Fig. 9. Variation of turn-off time on fast neutron fluence.
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decreased with decreasing tp as shown in (6). The experimental
results indicate that tp decreased with increases in fast neutron
fluence. As a result, the fall time decreased with increases in fast
neutron fluence.

Fig. 9 shows themeasurement results of the turn-off time before
and after fast neutron irradiation. The turn-off time consists of
storage time and fall time. The measured turn-off times were 17.64
ms (before irradiation), 10.34 ms (for 5� 108), and 3.53 ms (for 5�
505
109). toff0 is the measured turn-off time before irradiation. The toff =
toff0 ratios were 58.60% (for 5� 108), and 20.00% (for 5� 109). The
turn-off time decreased by reducing of tp and b, as shown in (4) and
(6). The experimental results indicate that tp and b decreased with
increases in fast neutron fluence. As a result, the turn-off time
decreased with increases in fast neutron fluence.

5. Conclusions

BJTs have a long turn-off time due to the long time required for
the removal of minority carriers by recombination process in the
turn-off transient. The long turn-off time of BJTs limits their
application to high frequency switches. When BJT is used in a high
frequency switching device, shortening of the turn-off time is an
important performance factor, and gain degradation is acceptable
because it is not critical in switching performance. Fast neutron
irradiation on the Si BJT incurs lattice damage owing to the
displacement of silicon atoms. Fast neutron irradiation is an effec-
tive method of reducing the lifetime of minority carriers because
uniform and precise damage control is possible in Si bulk of BJTs.
The turn-off time of Si BJTs can be decreased by reducing the life-
time of the minority carriers with the introduction of lattice dam-
ages by fast neutron irradiation. In a pnp Si BJT, the lattice damage
increases the recombination rate of injected holes with electrons in
the base region and decreases the hole lifetime. The storage time
and fall time at the turn-off transient decrease with increasing
recombination rate. This study investigated the variations of cur-
rent characteristics and turn-off time on a pnp Si BJT by irradiation
with fast neutrons. The experimental results show that the turn-off
time, including the storage time and fall time, decreased with in-
creases in fast neutron fluence. Also, it is shown that the collector
current and base-to-collector current amplification ratio decreased,
and the base current increased, with increases in fast neutron flu-
ence. Fast neutron irradiation can be utilized to improve the
switching time of BJTs for application to high frequency switches.
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