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This paper reports the formation of structural defects in the lattice of silicon
(n-Si) single crystals, as a result of irradiation by different intensities and
pulses of electrons. The samples were studied by means of Hall effect mea-
surements of electro-physical parameters (specifically the concentration of the
main charge carriers) as a function of temperature and radiation dose. The
role of the radiation current density (pulse height) is discussed, which gives
rise to a peculiar behavior in the electrical-physical properties of n-Si. In
particular, thermal processes are found not to develop, due to the ultrafast
(pulse duration in the range 10�12–10�13s) nature of the incident radiation,
which causes an almost ‘‘pure’’ energy interaction to occur between the radi-
ation and the atoms within the crystal, and the formation of cluster defects. A
scheme for the time-scale of the formation of these radiation defects is pre-
sented. From the dose and temperature dependences of the concentration of
main charge carriers, the radiation defects introduction rates were deter-
mined.

Key words: Silicon crystal, irradiation, electro-physical properties, radiation
defects, pulse irradiation

INTRODUCTION

Studying the kinetics of formation and annealing
of defects induced by different types of irradiation,
particularly high density pulse irradiation, in semi-
conductors and semiconductor devices, is of special
interest for solid state radiation physics, because it
furnishes significant information about the temper-
ature stability and time stability of radiation defects
in materials and devices. The effect of high density
pulse irradiation—which involves the intensive
ionization of semiconductors, with the formation of
additional non-equilibrium charge carriers—is
important, since it may give rise to large non-

stationary currents and electrostatic forces in actual
electronic devices.

In this paper, we discuss the formation of radia-
tion defects by electron irradiation, giving special
consideration to the influence of high intensity
pulses of electrons, which are applied over a very
short time interval (10�9 s or less), and how these
affect the properties of a particular material—crys-
talline silicon. The high flux density of this radia-
tion is able to stimulate novel effects which are
practically absent when ‘‘long pulse duration’’
(about 10�6 s) irradiation is employed. Thus, when
short pulses of radiation are applied, those pro-
cesses which are initiated both in the bulk material
and on its surface do not cease when the irradiation
is terminated, but continue for a given time. These
processes result in the formation of radiation
defects, which are stable at a given temperature,
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but cause irreversible changes to occur in the
characteristics of the irradiated materials and,
hence, of devices made from them. The duration of
these processes depends on both the sample tem-
perature and the concentrations of impurity species
in the material, which interact with the radiation
defects.1–4

Conventional pulse sources employ pulses of
electrons with duration in the region of 10�6–10�7

s, which is within the timescale over which thermal
processes occur.5–9 Accordingly, the energy
absorbed within the crystal is consumed by ioniza-
tion processes, i.e., the formation of free electrons in
the conduction band, and holes in the valence band,
and by the creation of heat in the semiconductor
material. If the radiation pulse is applied with a
duration of the order of 10�12 s, from a very high
density electron beam (about 100 Amp.), which is a
unique feature of the present study, it is less
probable that thermal processes will be developed
than is the case when longer pulse durations are
employed10 and Fig. 1. However, it is important to
be aware that such an increase in the radiation flux
density may cause the following effects11,12:

1. A change in the charge carrier concentrations in
the conduction and valence bands, which alters
the charge state of any interacting defects and
accordingly the secondary defect accumulation
rate caused by the irradiation process.

2. An increase in the rate of production of Frenkel
pairs (vacancies—V and interstitial atoms—I).
The defect formation processes may also differ
from those which arise from low density flux
irradiation, since the individual primary defects
begin to interact to form secondary complex
defects, and partial annealing of the sample also
occurs. While irradiation at low density fluxes
results in a linear accumulation of Frenkel pairs
with dose, the relationship becomes non-linear
under conditions of high density flux radiation,
but the form of the dependency can be fitted
empirically.4–6

3. Saturation of the concentration of complex
defects, which occurs as the irradiation dose is
increased, occurs more rapidly at high current
densities than at low current densities.

CONDITIONS AND CIRCUMSTANCES
FOR THE INFLUENCE OF RADIATION

PULSE DENSITY

It is possible to make a preliminary estimate of
the effect of the radiation current density on the
silicon crystal in terms of the abovementioned
factors. For example, at an irradiation current
density of J � 3 mA/cm2 per s (pulse duration about
one microsecond, with an energy in the range of 3–
5 MeV), assuming an intrinsic concentration of
silicon atoms (NSi) = 5 9 1022 cm�3, a cross-section
for Frenkel pair production (R) = 5 9 10�24 cm2,
and the lifetime of vacancy capture by the impurity
of s = 3 9 10�6 s, we obtain for a stationary concen-
tration of vacancies: Nv = NSi 9 J 9 R 9 s = 1.6 9
1010 cm�3, which is significantly lower than the

impurity concentration usually present in silicon
crystals.11,12 Hence, the average distance between
vacancies is much larger than that between vacancy
and impurity atoms, and the dominant process is
the formation of vacancy—impurity atom com-
plexes, such as A—center (oxygen concentration
about 1018 cm�3) or E—center (impurity concentra-
tion about 1017 cm�3).3,4,11–14 Clearly, this result is
not compatible with the condition 2 above, and it is
therefore necessary to apply a current density (J) of
greater than 1 Ampere, which was achieved in the
present study by means of pico-second pulse
irradiation.

In the case of a very short irradiation pulse, the
average time for the charge carriers to be collected
from the bulk and from the peripheral areas of the
surface is usually different, because the recombina-
tion rates of minority carriers in the bulk volume
and on the surface are different. As a result of this
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Fig. 1. Schematic diagram of the time—scales occupied by the dif-
ferent processes involved in the formation of radiation defects.
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phenomenon, radiation-generated electrons and
holes move to the traps and provide a normal
ionization current, which contains two components:
immediate and delayed. Accordingly, it is necessary
to consider such factors as the charge redistribution
time, the rates of different carrier recombination
processes (in the volume and on the surface),
specific aspects of the sample geometry and other
aspects, most of which cannot be anticipated in
advance.

For those samples that are exposed to radiation at
a high flux density—for example, c-quanta with
intensities of uc> 107–108 Rad/s., or electrons with
an energy of 3–5 MeV and an intensity of greater
than 100 pico-Coulomb/pico-sec = 100 Ampere—it is
possible that the large current that is generated,
might create an accelerating electrical field that is
able to influence the nature of the radiation—in-
duced process.12,15 The latter, in turn, will increase
both the current and the electrical field tension.
Such mechanism of current multiplication, rather
like a positive feedback effect, can lead to instability
and an exponential increase in the current over
time. A stable condition is restored when, as a result
of their recombination, the concentration of the non-
equilibrium charge carriers decreases to a level at
which the current from them is no longer supported
by the electrical field.11

Interesting properties have been observed in
silicon crystals following their irradiation by high
energy particles, which create disordered regions in
the crystal lattice.16 In particular, there are high
sensitivity to light and long relaxation time for the
photocurrent observed which demonstrate a ‘‘mem-
ory effect’’, and potential technical applications.

We note that those recombination processes,
which occur over longer timescales, are not related
to low cross-section recombination at the trapping
centers, but are determined by the maximum
lifetime, as is expressed by16:

smax ¼ v � Smin � Dnð Þ�1; ð1Þ

where v is the thermal velocity of charge carriers (at
room temperature), Dn the concentration of non-
equilibrium carriers, Smin the lowest value of cross-
section of those carriers that are captured by the
trapping centers (which is defined as 10�23 cm2).
Relaxation processes that occur over a timescale
greater than smax, may be related to the longer
timescale events, which are caused by the non-
uniform distribution of carriers as a result of radia-
tion defect formation.12,17–21 In such cases, the
following values apply: v = 107 cm/s, Dn � 1013–
1014 cm�3, Smin � 10�23 cm2, and, hence, from (1)
we can obtain smax � 102—103 s., which is a time-
scale of sufficient length for non-equilibrium carriers
to recombine.9,16 In regard to immediate processes
and respective carrier lifetimes, we can determine
that the timescale for atoms to be moved to their
appropriate inter-atomic distances, (see Fig. 1) is:

srem � 10�8cm=106 cm/sð Þ � 10�14 s: ð2Þ

Although this is difficult to set constant during
the experiment, it is necessary to adopt this value in
all cases in order to make the measurements
reliable. The nature of long—term processes is
characterized by an electrostatic potential barrier,
U, which surrounds the radiation-induced defect
regions and causes a spatial separation of minority
and majority carriers. Minority carriers are
attracted to the disordered regions where they
recombine, while abundant majority carriers must
penetrate to the interior of the disordered regions,
surmounting the potential barrier, in order to
return the system to a condition of equilibrium.12

RESULTS AND DISCUSSION

Electron irradiation was performed at ambient
temperatures with a linear accelerator which deliv-
ered a pico-second pulsed electron beam, with an
energy of 3.5 MeV, at the « CANDLE » (Center for
the Advancement of Natural Discoveries Using
Light Emission) Synchrotron Research Institute
(Armenia). The pulse frequency was 25 Hz, and
the beam current was measured by charge accumu-
lation in a Faraday cup; the beam intensity was
3 9 109 el/cm2 9 s. Other electron irradiations were
performed using a pulse duration in the region of
one microsecond from the linear accelerators housed
in the Yerevan Physics Institute, with energies of
3.5 MeV and 50 MeV and a pulse frequency of
200 Hz.

Czochralski grown n-type silicon was chosen, with
an oxygen concentration of 1.25 9 1018 cm�3 (de-
fined by IR absorption) and a principal impurity
(phosphorus) of less than 1016 cm�3. Hall effect
measurements were made on silicon samples with
the following parameters: 0.5 mm thickness, 3 mm
width, 10 mm length, 5 mm distance between con-
ductivity contacts, which had a double-cross shape.
The measurements were carried out, both before
and after receiving defined radiation doses, over the
temperature interval 80–300 K, with each temper-
ature point being accurate to within 0.5 K. The
electrical parameters of the samples were deter-
mined from Hall effect measurements with the
following values: magnetic field induction 0.5 Tesla,
direct current through sample from 100 lA to 2 mA,
and an input resistance of the voltmeter of 1012 X.
The determination of the irradiation doses and the
calculation of the electro-physical parameters of the
samples were carried out as we have described
previously.10

From the known temperature dependence of the
concentration of the charge carriers (n), the position
of the radiation defect center energy level in the
forbidden gap of the semiconductor zone structure
was calculated, taking into account the location of
the Fermi-level.
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The results of the measurements are presented in
Figs. 2, 3, 4, and 5, which show the variation of the
major electrical parameters for silicon, each deter-
mined as a function of temperature and irradiation
dose. Strikingly, the values and trends in the
parameters are the same as those previously mea-
sured for radiation defect clusters, i.e., a cluster of
oxygen containing centers, when pico-second pulse
irradiation was used (Fig. 2).10 In Fig. 3 are pre-
sented the temperature dependences of the concen-
trations of the main charge carriers in n-Si
irradiated with 3.5 MeV electrons (pulse duration
about 5 microseconds) which show the formation of
different radiation defects at different intensities
even for the same dose. In addition, comparison of
Figs. 2 and 3 shows that a large difference between
the saturation levels of carrier concentrations before
and after irradiation exists. In the case of pico-
second pulse irradiation, this difference is almost an
order of magnitude, while in the case of microsecond
pulse irradiation this difference is much smaller.
Note, that the slopes of the curves indicate the
energy levels.

The radiation dose dependences of charge carrier
concentrations for samples irradiated by picosec-
ond pulses of energy 3.5 MeV and microsecond
pulses of energy 50 MeV, presented in Fig. 4a, b
are shown on a large scale because the behavior of
the concentration of charge carriers, and; hence,
the radiation defects introduced in samples with a
lower specific resistance, is more precisely
expressed at large radiation doses. The behavior
of both temperature and dose dependences show a
cluster character of radiation defects at a picosec-
ond pulse of energy 3.5 MeV and a microsecond
pulse of an energy and 50 MeV irradiation, despite
the irradiation energy being much lower in the
first case.

In Fig. 5 is presented the concentration of radia-
tion defects produced by DNdef (D) = n0 � n(D),
where n0 is the concentration of main charge carriers
before irradiation, n(D) is the concentration of main
charge carriers after irradiation to a given dose,
which shows the ‘‘sensitivity to defect formation’’ of
the irradiated material according to the irradiation
dose and the specific resistance of the sample.

To interpret the results in more detail, we may
consider the influence of the charge state of the
reacting defects in regard to the barrier (U) for the
formation of defect complexes (for example A- or E-
centers) as a function of irradiation intensity (J).
When two defects, with charges Z1e and Z2e,
interact, the barrier U abruptly changes to Z1Z2e

2/
r (Coulomb energy, r—distance between defects,
e—electron charge), but the charge on the defect is
defined by the difference between the energy level
on the defect and the Fermi level (quasi-level) in the
forbidden gap.17 Due to the ionization changes in
the crystal, the proportion of defects for a given
charge state changes quasi-continuously, so altering
the accumulation rate of complexes, similarly to
showing how the interaction of two individual
defects is altered when their charge is changed.
Hence, in the dependency of defect formation on
irradiation intensity (J), it may be assumed that U
is a linear function of J,12,18 i.e.:

U ¼ U0 þ kxJ; ð3Þ

where U0 is the potential barrier at J = 0, and k is
the proportionality coefficient (number of electron–
hole pairs produced by one irradiating particle). In
this treatment, temperature dependencies are not
considered because the relevant radiation processes
have a low probability on the picosecond timescale.
Thus, (given that the accumulation rate of A- or E-
centers depends linearly on radiation intensity) the
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number of vacancies increases with the irradiation
dose (Fermi quasi-level is located below the defect
level). At a sufficiently high rate of generation of
non-equilibrium carriers, which is easily attained
by irradiation with high density pulses of electrons,
the energy of the Fermi quasi- level will be located
above the energy level of the defect.9,17–19 Accord-
ingly, the filling of a given level, which to a first
approximation is determined by the electron–hole
recombination rate, will not change as J increases.
The latter explains the saturation behavior for the
rate of production of complex radiation defects
observed as J increases (Fig. 2).

CONCLUSION

In summary, the above results show that the
application of high density pulse irradiation intro-
duces structural defects in semiconductor crystals,
which cause transition processes that are able to

essentially change the electro-physical properties of
materials, and result in serious damage to the
efficiency of semiconductor devices fabricated from
them. However, the relevant transition processes
have a dual character: namely, there is a redistri-
bution of radiation-induced structural defects
within the material, but also the occurrence of
relaxation of the excitation of electronic centers.
These redistribution processes can influence the
working power of devices over a timescale of per-
haps hundreds of seconds. The rates for the intro-
duction of radiation defects for different irradiation
pulse durations were determined according to par-
ticular irradiation doses and specific resistances for
the samples.

Since ultrafast irradiation is applied with a pulse
duration of the order of picoseconds, while thermal
effects occur on a micro-econd timescale, then the
latter will not be observed in experiments that
operate on the far shorter timescale. This is in sharp
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contrast to the effect of radiation as applied from
conventional radiation sources (pulse duration
10�6–10�7 s), where thermal effects occur signifi-
cantly (Fig. 1).

We suggest that the uniquely high level of detail
that has proved possible in determining the influ-
ence of irradiation on the crystal may be described
as ‘‘fine structure of radiation defects creation in
materials’’.
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