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The wide-spread use of semiconductor and gas-filled diodes for non-linear over-voltage
protection results in a variety of possible working conditions. It is therefore essential to
have a thorough insight into their reliability in exploitation environments which imply
exposure to ionizing radiation. The aim of this paper is to investigate the influence of ir-
radiation on over-voltage diode characteristics by exposing the diodes to califor-
nium-252 combined neutron/gamma radiation field. The irradiation of semiconductor
over-voltage diodes causes severe degradation of their protection characteristics. On the
other hand, gas-filled over-voltage diodes exhibit a temporal improvement of perfor-
mance. The results are presented with the accompanying theoretical interpretations of
the observed changes in over-voltage diode behaviour, based on the interaction of radia-
tion with materials constituting the diodes.
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INTRODUCTION

Over-voltage is a rather common occurrence in all
electronic circuits, which makes efficient over-voltage
protection a primary design requirement. The efficient
over-voltage protection has two aspects: the protection
of integrity (no permanent damage of the protected de-
vice) and the maintenance of operational functionality
(operation reliability in the event of an over-voltage).
Both power systems (energy generation, transmission
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and distribution) and low-voltage (electronic) systems
are susceptible to over-voltages. The extent to which an
electronic component can withstand a temporary
over-voltage without damage is reduced significantly
as components are miniaturized [1, 2].

Over-voltage protection components can gener-
ally be divided into linear and non-linear ones. The lin-
ear group includes capacitors, coils, resistors, or their
combinations as filters. Semiconductor over-voltage
diodes (known also as transient voltage suppression
diodes) and gas-filled over-voltage diodes (also called
gas-filled surge arresters) fall into the group of
non-linear over-voltage protection components. In
practice, various hybrid schemes combining the linear
and non-linear components are often used.

Semiconductor over-voltage diodes provide a
way to increase the immunity of a circuit to electro-
magnetic interference (EMI) and electrostatic dis-
charge (ESD). Most integrated circuits (IC) contain in-
ternal surge protection circuits that function well at
preventing ESD failures that occur in the assembly.
However, they are often inadequate for protecting
against surge events that occur in the regular product
usage. The surge ability of an over-voltage diode is di-
rectly related to its size, and external devices are typi-
cally ten times larger than the internal IC over-voltage
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devices. External over-voltage diodes provide a
higher level of surge protection because it is not practi-
cal for an IC to incorporate large protection devices. In
addition, the internal protection circuit of most IC is
designed to handle only a few ESD events, while an
external over-voltage device provides immunity for an
indefinite amount of surges.

Gas-filled over-voltage diodes are largely used
for protecting circuits in telecommunications (where
EMI events can be induced in many ways, including
lightning), as well as in high-voltage engineering
(where switching over-voltages may arise as a conse-
quence of energy redirection within a power system).

Semiconductor and gas-filled over-voltage diodes
are complementary with respect to surge capability and
response time. While semiconductor diodes are effective
at currents up to 50 A, gas-filled diodes can withstand
currents as high as 20 kA. On the other hand, semicon-
ductor over-voltage diodes have a subnanosecond re-
sponse, while the response time of gas-filled diodes can
gouptoSpus[3,4].

The use of modern electronic and electrical de-
vices in conditions which imply exposure to ionizing
radiation, e. g. at nuclear plants, in military industry
and space technology, brings up the issue of over-volt-
age diode radiation hardness. The aim of this paper is
to investigate the influence of radiation exposure on
over-voltage diode characteristics. Only permanent
effects, which are manifested even upon cessation of
irradiation, are considered.

THE EXPERIMENT

The measuring equipment for both semiconduc-
tor and gas-filled over-voltage diodes consisted of a
current source (with a 3000 V maximum voltage), a
digital oscilloscope, a DC high-voltage power supply
and a personal computer. All measuring instruments
were protected from electromagnetic interference by
electromagnetic shielding. The experimental proce-
dure was fully automated. This approach assured very
high accuracy of measurement and good repeatability
of results. The specialized PC-based control software
(HP-IB or IEEE488 protocol) was developed to pro-
vide overall experiment sequencing, measurement,
and data acquisition. A schematic representation of the
measuring system is given in fig. 1.

The radiation induced changes of diodes’ char-
acteristics were investigated by exposing them to a
combined neutron/gamma radiation field of the cali-
fornium-252 source. Californium isotope 2°>Cf, en-
capsulated in the form of Cf,05, was used. The mass
of the used 2*>Cf radionuclide was 2.265 ug, its spe-
cific neutron and gamma emission rates 2.34-10°
ug'st and 5.3-10° ug's’!, respectively. Average
neutron energy of the 232Cf source is 2.14 MeV, and
average gamma photon energy is 0.88 MeV.

Um
Sistem voltage | —
HP 3437A
Trigger

fa ;

e = DC high voltage
Y High voltage/current power supply
1 source (pulse) Canberra 3002

9 Uby
)
* |
Ux Uupr
Digital oscilloscope D/A Convertor
.g. | Nicolet 2050 HP 59501A HP-IB
X

| |
| I

RLC meter Persoal computer
HP 4274A HP 500

Cx

Figure 1. Scheme of the measuring system used for the
experiments

Semiconductor over-voltage diodes

Commercially available avalanche silicon di-
odes, with 250 V nominal turn-on voltage, were used
for the experiments. The diodes were all produced by a
single manufacturer, with identical nominal character-
istics, which resulted in low statistical dispersion of
the obtained results. Each series of measurements was
performed on a sample consisting of 50 diodes. Diode
characteristics presented in the paper are based on the
sample mean values.

The influence of ionizing radiation on semicon-
ductor over-voltage diode operation was investigated
by monitoring the volt-ampere characteristic, the
volt-ohm characteristic, breakdown voltage, and the
non-linearity coefficient o, defined as

a=—7>~L (1)

where (U, I}) and (U,, I,) are points taken from the
volt-ampere curve. The experiments consisted in apply-
ing double exponential current pulses (13 A, 8/20 us) to
the diodes and recording voltage response at the trailing
edge of the current pulse, while varying the absorbed
dose. Prior to each series of measurements, the
over-voltage diodes were conditioned with 25 break-
downs. A thirty-second pause between each two suc-
cessive measurements was introduced. The volt-ohm
characteristic was calculated from the volt-ampere
curve.
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Table 1. Values of neutron
absorbed dose (D,) used
for irradiation

The semiconductor di-
odes were exposed to
three different levels of

" Dy [cGy] neutron absorbed dose in
; 2449'875 silicon (D,), given in tab.
3 74.62 1 in ascending order. Each

dose level is marked by a
number (7) shown in the
first column. The pre-irradiation state is designated by
n=0.

Gas-filled over-voltage diodes

A commercially available argon-filled over-volt-
age diode, with 750 V nominal DC breakdown voltage,
was used for the experiment. The radiation induced
changes in the diode were examined by monitoring the
DC breakdown voltage and pulse breakdown voltage
random variables, as well as the pulse (volt-second)
characteristic, as the absorbed dose increased. The mea-
surement of the gas-filled diode volt-second character-
istics was based on the Area law. The method consisted
in applying a series of 50 double exponential voltage
pulses (1.2/50 us) before and immediately after expo-
sure to radiation, with a thirty-second pause between
consecutive pulses.

The gas-filled over-voltage diode was subjected
to three neutron absorbed doses in argon: 3.79 Gy,
6.14 Gy, and 11.17 Gy. The gamma component of the
radiation field influenced the electric properties of the
gas-filled diode only in the course of irradiation.
Moreover, for neutron and gamma ray energies of the
used 232Cf source, according to non-ionizing energy
loss (NIEL) hypothesis, the displacement damage
cross-section of the neutron component is much larger
than for the corresponding gamma ray component
[5-7]. These facts allowed only neutron fluence to be
considered.

The influence on the DC breakdown voltage and
pulse breakdown voltage random variables was tested
measuring 1000 values of each. The discharge energy
(current) was maintained constant during the measure-
ment series. The results obtained in the measurement
series were divided into ten groups of 50 successive
values of the breakdown voltage. Thereafter, each
group of the results was tested statistically. U-test with
5% significance level was used to determine whether
the measurements in a single group belonged to the
same random variable. Applying chi-square and
Kolmogorov tests, the measured values of the break-
down voltage (within one group of measurements)
were tested with respect to the type of statistical distri-
bution (normal, exponential, double-exponential, and
Weibull) [8].

The influence of radiation on the pulse charac-
teristic was probed in the same manner, using the Area
law. According to this law, there has to be a constant

geometrical area formed in the voltage-time plane be-
tween the pulse-voltage time-shape and the DC
breakdown voltage level, for pulse (dynamic) break-
down to occur. Since the area delimited by pulse and
DC breakdown voltages is a specific property of a par-
ticular gas, and doesn’t depend on the applied voltage,
knowing the size of this area suffices for the calcula-
tion of pulse (volt-second) characteristic.

RESULTS AND DISCUSSION
Semiconductor over-voltage diodes

Figure 2 shows the experimentally observed
changes in volt-ampere characteristic, volt-ohm char-
acteristic, breakdown voltage, and the non-linearity
coefficient of semiconductor over-voltage diodes, as
the absorbed dose increases. According to these plots,
the over-voltage diodes exhibit breakdown voltage
drop, reflected in the increase of the volt-ampere plot
slope, and consequently the decrease of the non-lin-
earity coefficient.

Permanent changes noticed during post-irradia-
tion inspection of semiconductor diodes’ characteristics
can be attributed to the so called displacement damage
caused by neutron and gamma radiation. The basic radi-
ation defect of this kind is the Frenkel pair, consisting of
a displaced interstitial atom and a vacancy. The energy
levels of these defects, as well as of the stable com-
plexes which they form with atoms of impurities and
dopants present in the semiconductor, are located
within the energy gap. Some of these defects represent
very efficient recombination centers. The recombina-
tion rate of minority carriers depends on the concentra-
tion of recombination centers, becoming higher in an ir-
radiated semiconductor material. This further decreases
minority carrier lifetime, causing an increase in diode
leaking current and a decrease of the breakdown volt-
age. The rise of charge carrier recombination rate pro-
duces a drop in their concentration and mobility, which
causes an increase of semiconductor material specific
resistance. Consequently, the non-linear coefficient de-
creases [9, 10].

The influence of the neutron field component on
the increase of bulk carrier recombination is much
larger than the influence of the gamma component,
since at energies characteristic of the californium-252
source neutrons cause significantly more (approxi-
mately hundredfold more) displacements of atoms from
the crystal lattice than gamma rays do [11].

Lattice discontinuities at the boundary surface
of diode semiconductor material introduce surface
states, with energy levels within the forbidden gap.
These states act as recombination centers for charge
carriers reaching the surface, in the same way as bulk
defects and impurities. The areal density of such
states for oxide-passivated diodes used in this paper
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Figure 2. Post-irradiation characteristics of semiconductor over-voltage diodes
(a) volt-ampere characteristic, (b) volt-ohm characteristic, (c) breakdown voltage; (d) nonlinearity coefficient. Each dose level
is marked by a number (n), as shown in tab. 1. The pre-irradiation state is designated by n = (.

is~10"" cm 2. When semiconductor material is irradi-
ated with gamma photons, both the surface recombi-
nation rate and the density of surface states increase
[12, 13]. The increase of the surface recombination
rate, as well as transient radiation effects (also called
dose-rate effects, such as photocurrents produced by
gamma ray ionization in the semiconductor), is mani-
fested only during the irradiation process, and there-
fore causes no permanent damage to the diodes which
could have been observed in the experiments. For this
reason, gamma absorbed doses, measured during the
experiments, have not been stated in the paper
[14-16].

Gas-filled over-voltage diodes

Figure 3 shows the DC breakdown voltage U,P¢
of the gas-filled over-voltage diode vs. the absorbed
dose. In fig. 4(a) and (b) the 99.99% and 0.01%
quantiles of the gas-filled diode volt-second character-
istic before and after irradiation are presented. The ex-
perimental results show that by irradiating the
gas-filled over-voltage diode the standard deviation of
its DC breakdown voltage significantly decreases
(quantile curves move closer to each other). The irra-
diated gas-filled diode exhibited a more rapid re-
sponse and had a narrower volt-second characteristic
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Figure 3. Gas-filled over-voltage diode DC breakdown
voltage vs. neutron absorbed dose in argon
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Figure 4. Quantiles (99.99% and 0.01%) of the gas-filled
over-voltage diode volt-second characteristic
(a) before and (b) after irradiation

(i. e. a smaller value of pulse breakdown voltage U,P).
This means that its protective characteristics were im-
proved.

Faster response of the gas-filled diode after irra-
diation is a consequence of a higher concentration of
free electrons in the inter-electrode gap created by gas
ionization. lonization is induced through the neutron
activation of diode construction materials. The short-
ening of gas-filled diode response time can be attrib-
uted to higher availability of potentially initializing

free electrons. Figure 5 presents the gas-filled diode
activation analysis diagrams (a) immediately after ex-
posure to the radioactive source, and (b) six hours after
irradiation, obtained by a gamma spectrometer. The
activity of radioactive isotopes consists of both ¢ and
S components. Due to the induced radioactivity, gas
ionization is intensified and the statistical time of a
pulse breakdown voltage is reduced. Neutron radia-
tion effects improve the pulse shape characteristic for
a short period of time. This effect of neutron radiation
disappears quickly, since the half-life time of induced
activity varies from several minutes to several hours.
This fact is confirmed clearly by the activation analy-
sis plotrecorded six hours after irradiation, fig. 5 (b). It
can be noticed from these plots that neutron activation
products have decayed almost completely and that the
gas-filled diode has recovered back to the pre-irradia-
tion state [17-20].
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Figure 5. Activation analysis diagrams for the gas-filled
over-voltage diode

(a) immediately after irradiation, and (b) six hours after ir-
radiation

CONCLUSIONS

The experimental results showed that irradiation of
semiconductor over-voltage diodes by a combined neu-
tron/gamma field causes a permanent degradation of
their protection characteristics. On the other hand,
gas-filled over-voltage diodes exhibit a temporal im-
provement of performance. As was discussed in the pa-
per, radiation induced changes in semiconductor
over-voltage diode operation is attributed to the rise of
bulk and surface carrier recombination rates, caused by
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both neutrons and gamma rays. In the case of gas-filled
over-voltage diodes, radiation induced changes are
mainly due to the effects of neutron field component,
producing a higher concentration of potentially
initializing free electrons in the diode inter-electrode gap.
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Kosmibka CTAHKOBHW R, Munom BYJUCUh, Eqgnan 1OJINHhAHWH

NOY3OJAHOCT INOAYITPOBOJHUYKUX U TACHUX TUOIOA
3A MMPEHAINIOHCKY 3AMNTUTY U3J/IOXEHUX JOHU3YJYREM 3PAYEY

Illmpoka mpuMeHa MONYMPOBOTHAIKAX U TACHUX INOJA 33 HEIMHEAPHY MPEHAIIOHCKY 3alITUTY
JIOBOJIX JIO pa3fIMINTHX MOTYhUX yciioBa pajia. 360r TOra je HEONXOHO UMATH YBU Y BbBUXOBY MOY3/]aHOCT Y
pajHOM OKpY:KeHY Koje MojjpadyMeBa u3iarame joHunsyjyhem 3pauewy. Ll oBOr paja je ga mcnmura
yTHUIAj 3padela Ha KapaKTepHUCTHKE MPEHAIlOHCKE [HOfAe, W3JIarameM [Anofa KOMOMHOBAaHOM
HEYTPOHCKOM M Trama pajljalliOHOM MOJbY KanugopHHujyma-252. O3paunBame MOTYIPOBOTHUYKUX
MPEHANOHCKUX JIMOfla M3a3uBa BEJINMKY Jerpajjalidjy BUXOBHUX 3alITHUTHUX Kapakrepuctuka. C gpyre
cTpaHe, racHe MPEeHaNoHCKe AMOJe UCIO0JbaBajy MPUBPEMEHO MOOOIbIIaKkE KapakTepucTuka. [1ooujeHn
pe3yNTaTH Cy NMpHKa3aHW 3ajeHO ca TCOPHUjCKOM HWHTEPIPETANHjOM YOUCHHX IPOMEHA y MOHAIIAHY
NPEHAMOHCKUX TNO07Ia, HA OCHOBY MHTEpaKIMje 3paucha ca KOHCTUTYTHBHAM MaTepHjainMa Jrofa.

Kmwyune peuu: 0uooe, Hykaeapru paoujayuonu egexitiu, UpeHauoHCcKa 3Quiiuiia



