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Abstract— The effects of high total dose proton irradiation on
silicon NPN rf power transistors were examined using 1 MeV
and 3 MeV protons in the dose range of 100 krad to 100 Mrad.
The SRIM simulation study was conducted to understand the
energy loss and range of 1 MeV and 3 MeV protons in the
transistor structure. The SRIM simulation was used to
calculate ionizing dose (D;) and displacement dose (Dgy) of
protons. The electrical characteristics such as Gummel
characteristics, excess base current (Alg = lgpost - lgpre), dC
current gain (hgg) transconductance (g,) and output
characteristics were systematically studied before and after
irradiation. The damage factor (K) was calculated using
Messenger- Spratt relation. The significant degradation in
current gain and other electrical parameters were observed
after proton irradiation. The proton irradiation results are
compared with ®Co gamma irradiation results in the same
dose range to understand the linear energy transfer (LET)
effects on the electrical characteristics of the NPN transistors.
The recovery in the 1-V characteristics of the irradiated NPN
transistor were studied by isochronal and isothermal
annealing methods. Considerable recovery in the electrical
characteristics of the irradiated transistors was observed after
annealing.

Keywords— BJT, proton irradiation, °Co gamma radiation,
dc current gain, G/R trap centers, isochronal
annealing

I.  INTRODUCTION

he bipolar junction transistors (BJTs) have major role

in modern electronics applications such as BiCMOS
(Bipolar Complementary Metal Oxide Semiconductor)
circuits. The BJTs are the basic elements in the integrated
circuits (ICs) that are being extensively employed in space,
military and other radiation environments like large hadron
colliders (LHCs) [1]. In space and planetary explorations,
BJTs would be exposed to various types of radiations like
gamma, high energy protons and electrons. In nuclear
detonation environment the BJTs would be exposed to burst
of transient radiations where the devices are exposed to
high doses in a fraction of a second. In addition to space
and nuclear detonation environment, BJTs are extensively
used in high energy physics experiments like LHCs, where
these devices are exposure to 100’s of Mrad of total doses
in their 5 year life time [2]-[3]. However, BJTs are sensitive
to radiation and are prone to parametric or even functional
damage on exposure to ionizing radiation. When Si BJTs
are exposed to high energy radiation, trapped oxide charge
and interface states accumulate in the oxides that lie over
the surface of the intrinsic base, leading to an increase in
surface recombination current in the emitter-base diode.

Consequently, there is an increase in the base current of the
device and the bipolar transistor suffers from a loss of dc
current gain [4]-[6]. The high-energy radiation can also
create different trap levels in the band gap of silicon which
reduces the minority carrier lifetime and in turn degrades
the current gain of the transistors [5]. Therefore in order to
overcome this problem, electronic devices need to be
‘radiation hardened’ to use in extreme environment
electronics. Development of hardness assurance test for
these devices requires understanding of the mechanism
which causes functional failure. The study of radiation
effects on semiconductor devices is important to assess the
performance of the devices in radiation rich environments.
The ®Co gamma and proton irradiation tests on BJTs are
the conventional test methods to check the operating life
time of the devices to work in radiation environment. With
the proton irradiation, the irradiation time taken to reach a
particular total dose is less when compared to ®*Co gamma
irradiation facilities. Therefore it is very much essential to
study the effects of different LET protons on the electrical
characteristics of Si BJTs in the same dose levels to
correlate with ®°Co gamma irradiation effects. Here, we
present a comprehensive investigation of the effects of 1
MeV and 3 MeV proton irradiations on the electrical
properties of silicon NPN rf power transistors. The
electrical characteristics such as Gummel characteristics,
excess base current (Alg = lgpost ~lgpre), dC current gain (heg),
transconductance (g.) and output characteristics were
systematically studied before and after irradiation. The
ionizing dose ‘D;’ and displacement dose ‘Dy’ of 1 MeV
and 3 MeV proton were estimated from SRIM 2011
software and the ratio Dy/ (Dy4+D;) is calculated. An attempt
is made to explain the radiation induced degradation based
on these calculations. These results are compared with ®°Co
gamma irradiation results in the same dose range to
quantify the influence of proton irradiation on the various
damage mechanisms in these devices. The recovery in the I-
V characteristics of the irradiated BJTs were studied by
annealing the irradiated transistors at 200°C up to 100 hrs
(isothermal annealing) and by varying temperature from
50°C to 500°C (isochronal annealing).

I.LEXPERIMENTAL

The semiconductor devices studied in the present
investigation are silicon NPN overlay rf power transistors
(2N 3866) manufactured by Bharath Electronics Limited
(BEL),
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India. They are extensively used as high power gain drivers
for VHF/UHF applications in military, space and
communication equipments. The cross sectional view of the
NPN transistor is shown in Fig. 1.

075 wm Alwimdndmn
1 um Fimitter

2 um Base

16 um Collector

- 200 uwmn  Substrate

Fig. 1: Cross sectional view of the NPN transistor

This is an epitaxial silicon NPN transistor employing an
advanced version of the RCA developed ‘overlay’ emitter
electrode design. This electrode consists of sixteen isolated
emitters connected together through the use of a diffused
grid structure and a metal overlay which is deposited on a
silicon dioxide (SiO,) insulating layer by means of photo-
etching technique. The device specification details of 2N
3866 NPN transistor are given below;

Device Specification

ULTEMAS

Emitter perimeter = 2432 um

Intrinsic base surface doping = 1 x 10*® atoms/cm?
Insulating oxide thickness = 0.75 um

Emitter (n*) thickness = 1 um

Base (p*) thickness = 2 um

Collector (n"): Silicon <111>2 Q cm, 16 um
Substrate (n*): Silicon <111> 0.01 Q cm, 200 um

The decapped transistors were irradiated by 1 MeV and 3
MeV protons using 3 MV Pelletron accelerator facility
available at Institute of Physics (IOP), Bhubaneshwar,
India. The transistors were mounted on a vertical ladder
enabling direct exposure of transistor to the proton beam.
The proton beam current was maintained at 1 p-nA
(particle-nano ampere). The fluence on the sample kept in
cylindrical secondary electron suppressed geometry was
estimated by integrating the total charge accumulated on the
sample using a current integrator and then counting by a
scalar meter. The proton beam was scanned over the
samples in an area of 10 mm x 10 mm by a magnetic
scanner in order to get a uniform dose. The NPN transistors
are also irradiated by ®°Co gamma radiation using gamma
chamber 1200 at Inter university accelerator centre (IUAC),
New Delhi with the same dose range. The proton and
gamma irradiation was performed at room temperature in
the total dose ranging from 100 krad to 100 Mrad. The
devices were characterized at room temperature before and
after irradiation by using the computer interfaced Keithley
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dual source meter model 2636A. The irradiated transistors
were characterized within 30 min after irradiation following
MIL-STD 883H method 1019.8 to avoid any time
dependent annealing which can potentially change the
electrical effects due to damage formation. The electrical
characteristics such as Gummel characteristics, excess base
current, dc current gain (hgg), transconductance and output
characteristics were systematically studied before and after
irradiation.

The Gummel characteristics is a combined plot of
collector current (Ic) and base current (Ig) on logarithmic
scale versus base emitter voltage (Vgg) in linear scale to
directly measure the integrated base charge at constant
collector emitter voltage [12]-[13]. The forward Gummel
characteristics of unirradiated and irradiated transistors are
obtained by sweeping the base-emitter voltage (Vgg) from 0
to 1V, in step size of 0.01 V at constant Vg = 1 V. The
excess base current (Alg = lgpost - Igpre) @nd current gain (heg)
were extracted from these Gummel characteristics. The
transconductance (g.) of the transistor is obtained by
differentiating the I versus Vge curve and is plotted against
VBE-

The ¢ - Ve characteristics curve of a transistor is a plot
of collector current (I¢), versus collector emitter voltage
(Vce) at constant base current (Ig) The Ic of unirradiated
and irradiated transistors has been measured by varying Vce
from 0 to 5 V (step size of 0.1 V) for different Iz (0.5 mA
and 0.75 mA). From these characteristic curves collector
saturation current (lcsy) is extracted at Ve = 3 V for
different total doses [14].

The recovery in the I-V characteristics of proton
irradiated transistors were studied by isothermal and
isochronal annealing using high temperature oven and
furnace. The BJTs irradiated up to 100 Mrad of total dose
are subjected to isothermal annealing at 200°C for different
time periods up to 100 hr. The BJTs irradiated up to 100
Mrad of total dose are also subjected to isochronal
annealing from 50°C to 500°C at lhr duration for each
temperature. The annealed BJTs were allowed for natural
cooling to attain room temperature before measuring the I-
V characteristics. The recovery in the important electrical
parameters like current gain (hgg) and collector saturation
current (lcsy) Of irradiated NPN transistors after isothermal
and isochronal annealing has been investigated
systematically.

I1l. DOSE CALCULATION USING SRIM

The SRIM-2011 simulation program is used to calculate
the stopping power and range of ions in matter [15]. The
SRIM simulations confirm that 1 MeV and 3 MeV protons
induce uniform ionization in the active region of the
transistor. The electronic energy loss S, (ionization) and
nuclear energy loss S, (displacement) in different layers of
transistors is also estimated from SRIM program. The total
dose accumulated in the device is the sum of electronic
energy loss (Se) and nuclear loss (S,). The electronic energy
loss is caused by the ionization of the atoms in target
material. The nuclear energy loss is the result of
displacement damage in the target material. The effects of
electronic and nuclear energy loss can be separated as
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ionizing dose (D;) and displacement damage dose (Dg). The
D; results in trapping of charges in the spacer oxide which
reduce the surface recombination rate of minority carriers,
where as Dy results in bulk damage. The total ionizing
absorbed dose D; and displacement absorbed dose Dy
produced by the irradiation are separately calculated using
the following equations,

Di=16x10%x S, x ® (1)
Dg=16x10%xS,x ® (2)

where, D; and Dy are expressed in rad (radiation absorbed
dose); @ is the fluence of the protons in particles/cm?. The
D;, Dqg and the ratio Dy/(Dg+D;) are calculated for 1 MeV
and 3 MeV protons and are tabulated in Table I and II.

Table 1. The proton fluence, D;, D4 and Dy/(Dg+D;) for 1MeV proton

Dose 1 MeV Proton
in Fluence Dq D
Mrad x10%° krad Mrad
(p/cm?)
0.1 3.559 0.0079 0.099
0.3 10.68 0.2368 0.2998
0.6 21.36 0.4737 0.5996
1 35.59 0.7896 0.9994
106.7 2.368 2.998
6 2135 4.737 5.996
10 355.9 7.896 9.994
30 1068 23.68 29.98
60 2135 47.37 59.96
100 3559 78.96 99.94
ﬁ 7.894 x10

Table Il. The proton fluence, D;, Dq and Dy/(D4+D;) for 3MeV proton

Dose 3 MeV Proton
in Fluence Dq D
Mrad x10% krad Mrad
(prem’)
0.1 7.403 0.0063 0.099
0.3 22.2 0.1887 0.2998
0.6 44.41 0.3775 0.5994
1 74.03 0.6293 0.9994
222 1.887 2.998
6 444.1 3.775 5.994
10 740.3 6.293 9.994
30 2220 18.87 29.98
60 4441 37.75 59.94
100 7403 62.93 99.94
5l 6.203 x10*

From these calculations we can infer that most of the
proton energy goes into ionization process that is excitation
and pair production. The average ratio Dy/(Dg+D;) in Si
bulk is a critical value in estimating displacement
capabilities of incident particle [16]. The average ratio
D¢/(Dgt+D;) for 1 MeV and 3 MeV protons is 7.894 x 10
and 6.293 x10™ respectively. Thus the displacement
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capability of proton decreases as energy of proton is
increased.

IV. RESULTS AND DISCUSSIONS

The effects of 1 MeV and 3 MeV protons on the electrical
characteristics of NPN transistors were studied for various
doses ranging from 100 krad to 100 Mrad. Fig. 2 illustrates
the effects of 3 MeV protons on Gummel characteristics.
From the figure it can be seen that the base current (Ig) of
the irradiated transistor increases monotonically with
increase in radiation dose. The change in collector current
(Ic) was found to be negligible after proton irradiation and
is shown in Fig. 3. Similar results were also observed for 1
MeV proton and ®Co gamma irradiated transistors. The
increase in lg is the result of increased recombination
current in the emitter—base (E-B) depletion region due to
radiation-induced generation recombination (G-R) centers.
In addition to G-R centers, the incident protons can also
create point defects and their complexes in the transistor
structure and they reduce the minority carrier lifetime and
this in turn increases the lg of the transistor [4]-[8]-[9].
Therefore both ionization and displacement damage effects
are responsible for the observed increase in the Ig of the
proton irradiated transistors [17].
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Fig. 2 Gummel characteristics of 3 MeV proton
irradiated transistor

The normalized Iz of 3 MeV proton irradiated transistor
is shown in Fig. 4 and it can be clearly seen that the Ig of
irradiated transistor increases around three orders of
magnitude at lower Vge.
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Fig. 3 The variation in Ic after 3 MeV proton irradiation
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Fig. 4 Normalized base current (lgpost/ Igere) Of 3MeV proton irradiated
transistor

The increase in excess base current (Alg=lgpost ~1gpre) fOr 3
MeV proton irradiated transistor in the dose range of 100
krad to 100 Mrad is shown in Fig. 5. It can be seen from the
figure that the Alg increases with increase in the proton
dose.

1x10™ 4

3 MeV Proton
1x107 4
< 1x10° 4
?f 1x10™* 4
E 5
L 1x10” 4 prerad
H —8—100k
o 1x10°4 —A— 300k
b —¥— 600k
2 1x107 4 1M
3 3M
2 1x10°+ —»>—6M
L|>j —€—10M
o 1 —H—-30M
1x10 =
1x10™ . . . L
0.3 0.4 0.5 0.6 0.7 0.8

VEE(V)

Fig. 5 The variation in excess base current after 3MeV proton irradiation
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Fig. 6 The variation in Alg at Vge = 0.65 V
after proton and ®°Co gamma irradiation

The change in excess base current (Alg) at Vgg = 0.65 V
for 1 MeV, 3 MeV proton and ®Co gamma irradiated
transistors for various doses is shown in Fig. 6. It is evident
from this figure that the increase in Alg is almost identical
for 1 MeV and 3 MeV protons and increased around two
orders of magnitude after 100 Mrad of total dose. In case of
%9Co gamma irradiated transistor, it can be seen that the
increase in Alg is almost same up to 6 Mrad, beyond this
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degradation is less when compared to protons. Therefore 1
MeV and 3 MeV protons create more trapped charges and
defects when compared to ®°Co gamma irradiation [18].

2.0
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Fig.7 Variation of transconductance (gm) of 3 MeV proton irradiated
transistor

The stability of a transistor is often expressed in terms of
device transconductance (gn,) which is defined as the ratio
of change in output current to the change in input voltage:
ie.,

gmz Ale ;qIEhEE ;Eﬂ
AVgg kT KT

3

where q is elementary charge, k is Boltzmann constant and
T is temperature. The carrier mobility and diffusion length
in BJTs are affected by the high energy radiation and in turn
decreases the minority carrier lifetime [19].

Fig. 7 shows the variation of g, with Vgg for 3 MeV proton
irradiated transistor and it can be seen from the figure that
the g, decreases with increase in total dose. Therefore it is
very clear that the protons degrade the carrier mobility and
diffusion length of charge carriers and hence degrade the g,
of the transistors. The similar kind of behavior was
observed for 1 MeV proton and ®Co gamma irradiated
transistors.
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Fig. 8 Current gain (he) of 3 MeV proton irradiated transistor

Fig. 8 illustrates the variation of dc current gain (hgg)
with respect to Vg in case of 3 MeV proton irradiated
transistor. It can be seen from this figure that the peak hee
decreases drastically after irradiation and hge decreased
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from 120 to almost zero after 100 Mrad of total dose.
Generation of recombination centers in the base region of
the transistor leads to an increase in base current by
decreasing the minority carrier lifetime. Thus the important
parameter of the transistor, the current gain degrades.
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Fig. 9 The normalised hee as a function of total dose and annealing time for
proton and ®Co gamma irradiated transistors

Fig. 9 shows the variation in normalized peak hge as a
function of total dose for 1 MeV, 3 MeV proton and *°Co
gamma irradiated transistor along with the recovery in
normalized hge annealed to 200°C for different cumulative
time. The normalized hge at 100 Mrad is almost zero for
proton irradiated transistors and around 20 for ®®Co gamma
irradiated transistor. It is also evident from the figure that
the hee degrades linearly as the proton dose increases.
Hence the proton irradiation effects follow Messenger-
Spratt equation only at larger fluence [16].

When the transistors were exposed to 1 MeV and 3 MeV
protons, the protons deposit their energy in the device via S,
and S,. The S, and S, will produce ionization damage and
displacement of atoms along their path during proton
irradiation. The S, is generally realized by inelastic
interaction of the protons with the target electrons,
producing large number of electron-hole pairs (e-h) along
their path. Some of the ionized e-h pairs in the oxide
recombine and the remaining e-h pairs move in the oxide
due to electric field. The electrons are rapidly swept out of
the oxide and the holes are trapped in the oxide and at the
interface, resulting in the oxide positive charges and the
interface charges near the oxide/Si interface. The S, is
mainly due to elastic scattering by the target nuclei. When
the energy of incident proton is high enough to displace the
lattice atoms, then the primary knock-on atoms (PKA) are
created. Simultaneously, the PKAs can displace other
atoms, creating secondary knock-on atoms, etc. and thus a
cascade of atomic collision is created in the target material.
The formation of atomic collision leads to the distribution
of vacancies, interstitial atoms and other types of lattice
disorder [23]. Hence S, and S, degrade the hge of an
irradiated transistor.

The hge degradation in proton irradiated transistor is due
to the production of primary knock-on-atoms (PKAS) in
addition to ionization. But in case of ®®Co gamma irradiated
transistor very few displacement damages are created by the
photon induced secondary electrons [20]. Hence we can
observe more degradation in hgz for proton irradiated
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transistors when compare to °°Co gamma irradiated
transistor.

Fig. 9 also shows that the hge recovers with increase in
annealing time (isothermal annealing), it can be observed
that there is about 15% recovery in the hge for 1 MeV and 3
MeV proton irradiated transistors but around 85% recovery
in the hee of ®°Co gamma irradiated transistors. In
isothermal annealing, the recovery of hge is significant of
%9Co gamma irradiated transistor when compared to that of
proton irradiated transistors. The ®°Co gamma radiation
mainly creates interface and oxide trapped charges and
these trapped charges are annealed at 200°C. The proton
irradiation creates defects and their complexes in addition
to the trapped charges, these defects and their complexes
will not be annealed during isothermal annealing even after
annealing for 100 hrs.

120

Isochronal annealing
up to 500°C

—=— 1 MgV proton

—e— 3 MgV proton

80+ —a—C gamma

After irradiation

100

60+

40

Normalized peak current gain
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T
2

T T ? T T T T T
10 10° 10* 10° 100 200 300 400 500
Total dose (Mrad(Si))

Fig. 10 The normalised hee as a function of total dose and annealing
temperature for proton and ®°Co gamma irradiated transistors

Annealing temperature (°C)

Fig. 10 shows the recovery of normalized hge as a
function of annealing temperature (isochronal annealing)
for 1 MeV, 3 MeV proton and ®Co gamma irradiated
transistors. It can be seen from the figure that the hge
recovers with increase in annealing temperature and the
recovery in hge is due to annealing of point defects in
addition to oxide and interface trapped charges in EB spacer
oxide [4]. The H, molecules get requisite thermal energy to
passivate more Si dangling bonds during isochronal
annealing at higher temperature [21]. Hence more recovery
in hgg was observed above 200°C for both proton and
gamma irradiated transistors.

For a large range of displacement damage, the reciprocal
of hee increases linearly with the dose and therefore damage
constant can be estimated from the Messenger-Spratt
equation [22],

1/hFE (@) = 1/hFE (0) + K® (4)

where 1/hee o) is the initial reciprocal gain, K is the
composite displacement damage factor and @ is the incident
particle fluence. Figure 11 shows the variation of 1/heg () -
1/heg (o) versus total dose for proton and gamma irradiated
transistors. The displacement damage factors (K) for proton
and gamma irradiated transistors are estimated from the
slope and the damage constants are summarized in Table
I1l. The K for gamma irradiated transistor is less when
compared to that of the proton irradiated transistor. This
implies that high energy protons create more displacement
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damage in transistors when compared to °°Co gamma
radiation.

16
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Fig. 11 Variation of 1/hge@) -1/heg(o) With total dose after proton and *Co
gamma irradiation

Type of radiation Damage factor
(10 krad™)
Co gamma 0.29 +0.003
1 MeV proton 10.8+0.011
3 MeV proton 9.02 + 0.004

Table 111. Comparison of damage factor of proton and ®*Co Gamma
radiation
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Fig. 12 Output characteristics of 3 MeV proton irradiated transistor

The 1c-Ve characteristics at Ig= 0.75 mA for 3 MeV
proton irradiated transistor is shown in Fig. 12. It can be
seen that the Ic at saturation and active region decreases
with increase in radiation total dose. The radiation induced
defects are responsible for the increase in the collector
series resistance and in turn reduces Ic in saturation region
[24].

The variation in the lgg; measured at Veg = 3 V as a
function of total dose for 1 MeV, 3 MeV proton *Co
gamma irradiation radiation is shown Fig. 13. The decrease
in lcsy Was found to be more for proton irradiated transistor
when compared to ®®Co gamma irradiated transistor. The
high energy radiations are capable of producing different
defects like vacancies, interstitials and devaccancies in
collector series resistance and thereby reducing lcsy [25].
Fig. 13 also shows the recovery in lcsy as a function of
annealing time at 200°C for proton and gamma irradiated
transistors. It can be seen from the figure that the recovery
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is around 90% for ®°Co gamma irradiated transistor and
only 20% for proton irradiated transistors.
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Fig. 13 The variation in lcsy as a function of total dose and annealing time
for proton and ®°Co gamma irradiated transistors
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Fig. 14 The variation in Ics, @s a function of radiation total dose and
annealing temperature for proton and ®°Co gamma irradiated transistors

The variation in lgcsy as a function of annealing
temperature for proton and %“Co gamma irradiated
transistors is shown in Fig. 14. From the figure it can be
seen that the lcsy recovers with increase in annealing
temperature and the lcsy is significantly recovered after
annealing at 500°C.

The degradation in the electrical characteristics of
irradiated transistors is mainly due to ionization and
displacement damage in surface and bulk region of the
devices. The incident radiation creates oxide trapped
charges and interface state in EB spacer region and in turn
increases lg and decreases hge. The displacement damages
reduce the minority carrier lifetime in the transistor. The
base transport factor and emitter efficiency decrease as the
minority carrier lifetime decreases, which also contribute to
the hge degradation. The protons ionize the transistor
structure and create very few displacement damages [26].
Therefore, more degradation is observed for proton
irradiated transistor when compared to gamma irradiated
transistor. The important electrical parameters of the
transistors can be recovered from the high temperature
annealing. In case of isothermal annealing, the electrical
characteristics of ®°Co gamma irradiated transistors recover
completely. Whereas for proton irradiated transistors the
recovery in the electrical characteristics is incomplete after
isothermal annealing. In isochronal annealing, around 90%
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to 100% recovery is observed in the electrical
characteristics of °°Co gamma and proton irradiated
transistors.

The time required to reach high total doses using gamma
facility is higher when compared to the proton irradiation
facilities. The comparison of irradiation time for 3 MeV
protons and ®Co gamma radiations is calculated. From
these calculations we can infer that the proton irradiation
time is substantially less when compared to the gamma
irradiation time. That is for 100 Mrad of total dose, the
gamma irradiation time is 166 hours 40 minutes where as 1
MeV proton irradiation time is 1 hour 35 minutes. The
above comparison shows that we can use proton irradiation
test facility to study total dose effects on semiconductor
devices such as BJTs.

CONCLUSION

The total dose effects of 1 MeV and 3 MeV protons on the
electrical characteristics of Si NPN rf power transistors
were studied systematically in the dose range of 100 krad to
100 Mrad. The proton irradiation results were compared
with ®Co gamma irradiated results in the same total dose
range. The Ig of the irradiated transistors is found to
increase with increase in total dose. The g, and hge of the
transistors were found to degrade drastically after
irradiation. The damage factor calculated from peak current
gain is of the order of 10 krad™ and is found to be higher
for 1 MeV proton irradiated transistors when compared to 3
MeV proton and ®Co gamma irradiated transistors. The
effect of proton irradiation on I -V characteristics showed
a significant decrease in the lcsy after irradiation. The
degradation in the electrical characteristics of the transistors
is mainly due to G/R centers created in the EB spacer oxide
and displacement damage in the bulk of the transistor
structure. The recovery in the important electrical
parameters of the proton irradiated transistor during
isothermal annealing is incomplete when compared to that
of the ®Co gamma irradiated transistor. lIsochronal
annealing up to 500°C is found to be more effective than
isothermal annealing in order to completely recover the
electrical characteristics of irradiated transistors.
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