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Abstract

Commercial npn transistor (2N 2219A) irradiated with 50 MeV Li3+-ions with fluences ranging from 3.1 · 1013 ions cm�2 to
12.5 · 1013 ions cm�2, is studied for radiation induced gain degradation and minority carrier trap levels or recombination centers.
The properties such as activation energy, trap concentration and capture cross section of induced deep levels are studied by deep level
transient spectroscopy (DLTS) technique. Minority carrier trap levels with energies ranging from 0.237 eV to 0.591 eV were observed in
the base–collector junction of the transistor. In situ I–V measurements were made to study the gain degradation as a function of ion
fluence. Ion induced energy levels result in increase in the base current through Shockley Read Hall (SRH) or multi-phonon recombi-
nation and subsequent transistor gain degradation.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Bipolar junction transistors are being extensively used in
space and other radiation rich environments. It is generally
known that devices operating in radiation rich environ-
ments display changes in the physical properties and electri-
cal characteristics. It is useful to understand the radiation
response of devices to find better design strategies before
employing them for specific applications. Considerable
amount of data are available on the irradiation effects of
c-rays, fast neutrons, electrons and protons on semiconduc-
tor devices [1–9]. In the recent years, npn transistors have
been studied for damage mechanisms by oxygen ion irradi-
ation [10,11]. However, there appears to be rather little
work on heavy ion induced effects and consequent charac-
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terization of defects and traps by DLTS technique. DLTS
is now an established technique for detecting and character-
izing variety of defects in transistors. In the present work,
an effort is made to understand the radiation response of
npn bipolar junction transistor (2N 2219A) designed for
space applications. The results of in situ I–V measurements
as a function of Li-ion fluence as well as DLTS studies are
presented to gain an insight into the mechanism of transis-
tor gain degradation. This device has been thoroughly stud-
ied in our earlier work for 24 MeV proton, 8 MeV electron
and 60Co c-rays induced effects [12–14]. However, irradia-
tion with these radiations has failed to exhibit detectable
and well behaved DLTS signals.
2. Experimental details

Commercial bipolar junction transistor (2N 2219A,
npn) manufactured by a technology from Continental
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Device India Ltd. (CDIL) has been selected for the present
study. This device is a switching transistor with standard
configuration (base thickness is 2.0 lm and oxide thickness
is 1.2 lm) suitable for low and high frequency operation.
Table 1 shows the stopping power and range of ion in mat-
ter (SRIM) and transfer of ion in matter (TRIM) calcula-
tions for 50 MeV Li in silicon target. These calculations
show that at 50 MeV energy, Li-ions have a projected
range in silicon of about 310 lm and the displacement
damage is expected to be maximum in the base region of
the transistor. Decapped transistor is exposed to 50 MeV
Li3+-ions using 15 UD 16 MV pelletron Tandem Van de
Graff accelerator facility at Inter-University Accelerator
Centre, New Delhi. The transistor in the biased condition
(CE mode) is irradiated by Li3+-ions with fluence ranging
from 3.1 · 1013 ions cm�2 to 12.5 · 1013 ions cm�2. The
ion fluences are calculated by measuring the ion current
(pnA) and irradiation time. During irradiation, the target
chamber is maintained at room temperature (300 K) and
low pressure (7.5 · 10�9 Torr). The ion beam current is
fixed at 10 particle nanoampere (pnA). Keithley 236 source
meter together with computer interface is used for in situ
I–V measurements. Output characteristics of the transistor
is studied at a constant base current of 50 lA. The collector
voltage is varied from �0.1 V to 5 V in the steps of 0.01 V.
Gummel plots are acquired by varying base voltage from
0 V to 1 V in the steps of 0.01 V at constant collector volt-
age of 5 V.

DLTS spectra are recorded for both unirradiated tran-
sistor and three different transistors of the same batch (date
code) exposed to Li-ion for different fluences. The trap con-
centration, activation energy and capture cross section of
different deep levels are determined by DLTS spectra.
The DLTS system (IMS-2000) employed for the present
study consists of a boxcar averager, a pulse generator, a
thousand point digitizer, a voltage generator and a high
speed capacitance meter. The pulse generator is capable
of generating pulses with widths ranging from 100 ns to
10 s. The pulse height could be programmed from �12 V
to +12 V. The boxcar averager is capable of generating
seven rate windows. The time constants can be varied from
1 ms to 2 s. In the present study, DLTS spectra are
recorded with a reverse bias of 4 V and pulse width of
19.2 ms applied to base–collector junction.
Table 1
SRIM and TRIM data for 50 MeV Li-ion in silicon

SRIM data for 50 MeV Li-ion in silicon

Electron energy loss, dE
dX

� �
elec

9.47 eV/Å

Nuclear energy loss, dE
dX

� �
nuc

5.32 · 10�03 eV/Å
Range 310.24 lm

TRIM data for different ion fluences

Ion fluence (· 1013 ions cm�2) 3.1 9.4 12.5
Vacancies (cm�2) 3.4 · 1011 1.0 · 1012 1.4 · 1012

Replacement Collisions (cm�2) 2.7 · 108 8.2 · 1010 1.1 · 1011

Total Displacements (cm�2) 3.7 · 1011 1.1 · 1012 1.5 · 1012
3. Results and discussion

3.1. In situ measurements of electrical characteristics

Fig. 1 exhibits the collector characteristics of the transis-
tor as a function of ion fluence. The plot shows that the
gain degradation does not vary linearly with ion fluence.
For the ion fluence more than 1.2 · 1013 ions cm�2, the
gain saturates. Figs. 2 and 3 exhibit Gummel plots (varia-
tion of IB, IC with base voltage VBE). It is observed that the
base current IB increases with increasing ion fluence while
the collector current decreases with ion fluence. Fig. 4
shows the variation of base and collector currents as a
function of ion fluence.

It is well known that the degradation in gain of the tran-
sistor can occur due to both increased recombination in the
emitter-base region induced mainly by total ionizing dose
(TID) and increased recombination in the neutral base
(induced mainly by displacement damage). Increased
recombination in the base-emitter region does not lead to
decrease in the collector current because the number of car-
riers injected in the base depends on the doping of the base
and the applied voltage only. On the other hand, increased
recombination in the neutral base leads to an increase in
the base current which in turn results in the decrease in
the collector current. When recombination centers are gen-
erated in the base region of the transistor, it leads to an
increase in the base current by decreasing the minority car-
rier lifetime [15,16]. A decrease in the minority carrier life-
time will be reflected in the degradation of the forward
current gain of the transistor. Fig. 5 shows the degradation
of forward current gain as a function of ion fluence. Thus
displacement damage appears to play a major role than
total ionizing dose (TID) induced damage in influencing
the gain degradation upon Li-ion irradiation.

3.2. DLTS measurements

In principle, any ion like lithium can damage transistors
through both ionization and displacement. Ionization is a
surface phenomenon. Displacement damage is a bulk
phenomenon which results in the creation of defects such
as vacancy, interstitial, di-vacancy, Frenkel pair, vacancy
– impurity complexes namely A-center (V–O), E-center
(V–P) and di-interstitial or higher order complexes called
D-center [17]. The deep level defects introduced by irradia-
tion of transistors by Li3+-ions are characterized using
DLTS technique. DLTS is a high frequency capacitance
transient thermal scanning method useful for observing a
wide variety of deep defects in semiconductor devices
[18]. The DLTS spectrum is a plot of difference in capaci-
tance (dC) versus temperature. Fig. 6 exhibits the DLTS
spectra of Li3+ irradiated transistor for different ion flu-
ences. The trap concentration (NT) can be determined by
knowing peak height (dCmax) in the DLTS spectrum. In
the DLTS characterization, the capacitance transients of
collector–base junction at different temperatures are
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Fig. 1. Collector characteristics of Li3+ irradiated transistor for different ion fluences at constant base current IB = 50 lA.
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Fig. 2. Variation of base current IB with VBE in Li3+ irradiated transistor for different ion fluences (VCE = 5 V).
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recorded. The time constant (s) for the given capacitance
transient, activation energy (EC � ET) and capture cross
section (r) of the deep level are related to each other as

sT 2 ¼ exp½ðEC � ETÞ=kT �
cr

; ð1Þ

where c is the material coefficient and all other symbols
have usual meaning [19]. A plot of ln(sT2) versus (1000/
T) is known as Arrhenius plot, the slope of which yields
the activation energy of the trap. The intercept ln [1/(rs)]
gives the capture cross section (r). In the present work,
the activation energy and capture cross section for different
deep levels are determined as a function of ion fluence.
Fig. 7 exhibits the Arrhenius plots of irradiated transistor
for three different ion fluences. Three minority carrier deep
level defects labeled ED1, ED2 and ED3 are observed in
the DLTS spectra of the lithium irradiated transistor with
an ion fluence of 3.1 · 1013 ions cm�2. Defects labeled
EC1, EC2 and EC3 are observed with an ion fluence of
9.4 · 1013 ions cm�2. Defects labeled EF1, EF2 and EF3
are observed with an ion fluence of 12.5 · 1013 ions cm�2.
The letter E in the defect label symbolizes an electron trap.
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Fig. 3. Variation of collector current IC with VBE in Li3+ irradiated transistor for different ion fluences (VCE = 5 V).
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The defect energy level EF2 with an energy of 0.37 eV
could be attributed to E-center [10,11]. The defect levels
ED1 and EC1 with activation energies 0.292 eV and
0.312 eV, respectively are attributed to A-centers. The
levels EF1, ED2, ED3 and EC2 with energies 0.237 eV,
0.417 eV, 0.458 eV and 0.451 eV, respectively are attributed
to di-vacancies [10,20–22]. The levels EC3 and EF3 with
energies 0.591 eV and 0.551 eV are identified as D-centers
[23,24].

The type and nature of the defects generated by ionizing
radiation depend on energy and fluence. The defects are
identified and characterized on the basis of activation
energy of the defect levels. The activation energies in eV
are determined to an accuracy of third decimal place.
The defects identified and named in Table 2 are well char-
acterized in the literature [10,11,20–24]. As can be seen
from Table 2, the activation energies of few defect types
do not change while the activation energies of few other
defects increase as the ion fluence increases. This is clearly
demonstrated in the shape of the DLTS spectra for differ-
ent ion fluences.

In DLTS spectrum, the peak height represents the trap
concentration. The concentration of the defects is found
to increase as the ion fluence is increased (the values are tab-
ulated in Table 2). The activation energy and capture cross
section of the different defects are calculated by using
Arrhenius plots (Fig. 7) and tabulated in Table 2. Introduc-
tion rate of defects in the semiconductor devices depends on
carrier concentration, Fermi-level, recombination, impuri-
ties and electrical biasing [25]. Trap concentration NT and
capture cross section are used to calculate the carrier life
time corresponding to that defect level [5,26].
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Table 1 also shows the atomic displacements estimated
from TRIM. It is seen that as the ion fluence increases from
3.1 · 1013 ion cm�2 to 12.5 · 1013 ion cm�2, the number of
atomic displacements increases nearly by about five times.
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Table 2
Data obtained from DLTS analysis of irradiated transistor

Ion fluence
(1013 cm�2)

Defect
label

Defect
name

Activation energy
(EC � ET) (eV)

NT

(1013 cm�3)
Capture cross
section (cm2)

Introduction
rate g (cm�1)

Carrier life
time (s)

3.1 ED1 A-center
(V–O)

0.292 ± 0.003 2.240 2.07 · 10�19 0.72 3.47 · 10�02

ED2 Di-vacancy 0.417 ± 0.012 0.472 6.14 · 10�14 0.15 4.71 · 10�07

ED3 Di-vacancy 0.458 ± 0.018 0.546 2.26 · 10�14 0.17 8.35 · 10�07

9.4 EC1 A-center
(V–O)

0.312 ± 0.005 3.850 1.07 · 10�18 0.39 3.91 · 10�03

EC2 Di-vacancy 0.451 ± 0.017 1.240 9.11 · 10�12 0.13 1.21 · 10�09

EC3 D-center 0.591 ± 0.023 1.340 4.11 · 10�14 0.14 1.87 · 10�07

12.5 EF1 Di-vacancy 0.237 ± 0.002 0.605 4.24 · 10�18 0.05 5.67 · 10�03

EF2 E-center
(V–P)

0.37 ± 0.013 6.820 1.44 · 10�16 0.55 1.10 · 10�05

EF3 D-center 0.551 ± 0.033 39.00 3.5 · 10�13 3.12 6.46 · 10�10
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devices: (i) Shockley Read Hall or multi-phonon recombi-
nation [27–30], (ii) radiative recombination, (iii) Auger
recombination and (iv) non-radiative recombination [19].
Radiative recombination is important in direct band
gap semiconductors like GaAs. Auger recombination is
observed in either direct or indirect band gap semiconduc-
tors when the carrier concentration is high. The radiative
and Auger recombination lifetimes are defined as [19]
srad ¼ ½Bðp0 þ n0 þ DnÞ��1
; ð2Þ

sAuger ¼ ½Cpðp2
0 þ 2p0Dnþ Dn2Þ þ Cnðn2

0 þ 2n0Dnþ Dn2Þ��1
;

ð3Þ
where B is the radiative recombination coefficient, Cp and
Cn are Auger recombination coefficients. The above equa-
tions suggest that both radiative and Auger recombinations
are independent of impurity concentrations (NT).
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Shockley Read Hall (SRH) or multi-phonon recombina-
tion takes place when impurities or deep level defects are
present in the semiconductor devices. SRH recombination
is particularly important for indirect band gap semiconduc-
tors such as Si. SRH recombination life time depends inver-
sely on the defect concentration as

sSRH ¼
spðn0 þ n1 þ DnÞ þ snðp0 þ p1 þ DnÞ

ðp0 þ n0 þ DnÞ ; ð4Þ

where n1, p1, sp and sn are defined as

n1 ¼ ni exp
EC � ET

kT

� �
; ð5Þ

p1 ¼ ni exp
ET � EV

kT

� �
; ð6Þ

sp ¼
1

rpV thNT

� �
; ð7Þ

sn ¼
1

rnV thNT

� �
; ð8Þ

where Vth is the thermal velocity of the electron given by

V th ¼

ffiffiffiffiffiffiffiffi
3kT
mn

s
: ð9Þ

The values of minority carrier lifetimes calculated using
above equations and DLTS data are tabulated in Table 2.

4. Conclusions

Commercial npn Bipolar Junction Transistor (2N
2219A) undergoes gain degradation upon irradiation
by Li3+-ions. Gain degradation does not vary linearly
with ion fluence and saturates for fluences above 1.2 ·
1013 ions cm�2. The gain degradation can be attributed to
displacement damage in the bulk of the transistor. Deep
level defects introduced in the collector–base junction of
the transistor are identified as electron traps whose activa-
tion energies range from 0.237 eV to 0.591 eV. The activa-
tion energy, capture cross section and concentration of
observed deep level defects are measured using DLTS tech-
nique. Comparison of in situ I–V and DLTS measurements
reveals that the generation of deep level defects (traps) is
responsible for an increase in the base current through
Shockley Read Hall (SRH) or multi-phonon recombina-
tion and subsequent gain degradation.
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