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Abstract 
The recombination processes for charge carriers have been studied in n-type 
silicon crystals which were irradiated by pico-second duration pulse electrons 
with energy of 3.5 MeV (ultrafast irradiation), and maximum dose of 3.3 × 
1013 el/cm2. In-situ measurements were carried out under artificial conditions 
simulating natural environment (space, semiconductor detectors, etc.). The 
observed phenomena were investigated experimentally in-situ using a high-speed 
oscilloscope equipped with a special preamplifier. Following irradiation to 
particular doses, some peculiarities of the recovery time of the semiconductor 
equilibrium condition (“characteristic time”), were obtained. Thus, it was 
found that the value of the “characteristic time” differs by an order of magni-
tude from the lifetime of the non-equilibrium (minority) charge carrier 
measured in an ex-situ regime. However, their behavior, as a function of ir-
radiation dose, is similar and decreases with dose increase. Investigations of 
the dependencies of electro-physical parameters on irradiation dose, using 
Hall effect measurements, showed that at particular doses the radiation de-
fects thus created, have an insignificant influence on the concentration of the 
charge carriers, but change their scattering properties appreciably, which af-
fects the time parameters for the recombination of the semiconductor charge 
carriers. This investigation uses a novel approach to solid-state radiation 
physics, where in situ measurements were conducted in addition to conven-
tional pre- and post-irradiation.  
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1. Introduction 

The study of recombination processes in irradiated semiconductors as a non- 
equilibrium state, mainly in silicon crystals, is of significance because it deter-
mines the behavior of the electro-physical parameters for these materials: con-
ductivity, concentration and mobility of charge carriers, and a characteristic 
property, which is the lifetime of the minority charge carriers. The main factors 
that prevent the achievement of an equilibrium state under conditions of irradi-
ation are the energetic parameters of impurity redistributions and vacan-
cy-interstitials, both as initially present, and those which are created during ir-
radiation [1] [2] [3] [4] [5]. These radiation defects are often responsible for the 
degradation of devices that contain silicon crystals, and even in the absence of 
degradation, the performance of a device can be impeded by the presence of de-
fects. Those defects which have energy levels within the bandgap can act as re-
combination centers, and affect the carrier collection within a device. These ef-
fects can sometimes be used to advantage, since the frequency characteristics of 
devices may be increased by the presence of a high concentration of defects, and 
thus, the optical generation of THz pulses is possible, in semiconductors with 
sufficiently large defect densities that the carrier lifetimes are as short as a few 
picoseconds [4]. The radiation-induced changes in properties of the silicon used 
in the tracking detectors, that are employed in different areas of science and 
technology, mainly occur as a result of the formation and interaction of radia-
tion defects with impurities, and these fundamentally influence the electrical pa-
rameters of the detectors, their efficiency [6] [7]. 

The formation of a non-equilibrium state in irradiated host crystals is well 
known [7] [8] [9]; however only a few initial investigations have been made us-
ing radiation applied at very short pulse durations [10] [11] [12], whereas such 
investigations are highly demanded both in theory and practice, particularly in 
space applications. The concept of a non-equilibrium state provides a basis for 
reinterpretation of the following radiation effects: formation of stable state of the 
crystal properties; differences in the radiation, thermal and time stability of ma-
terials with different impurity contents; injection of impurity atoms into the po-
sitions where intrinsic interstitial atoms are trapped; and thermal processes that 
occur in irradiated crystals: the latter is not feasible in the current study, because 
the thermal processes are not activated on the short timescale of pico-second 
pulse irradiation [11].  

The influence of high-density pulse irradiation in current study—which re-
sults in an intensive ionization of semiconductors, with the generation of addi-
tional non-equilibrium charge carriers—is significant, since it may give rise to 
large non-stationary currents and electrostatic forces in electronic devices, and 
hence, damage them. 
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In the present paper we report the results from some experiments in which 
silicon crystals were irradiated using pico-second duration pulse electrons, to 
create a non-equilibrium state. This state is characterized by recombination 
processes, which take place in semiconductor materials and act as trapping cen-
ters for charge carriers, and are determined by the carrier lifetimes (often those 
of minority carriers) at the centers. In silicon, which is an indirect-bandgap 
semiconductor, the recombination centers are efficient when the radiation defect 
level is close to the middle of the bandgap, since it has a large capture cross-section 
for holes and electrons [13] [14]. Hence, it can be concluded that the lifetime of 
the minority charge carriers (τ) is the most useful parameter for the characteri-
zation of non-equilibrium processes in irradiated semiconductors, in particular, 
crystalline silicon. Indeed, τ is very sensitive to the effect of irradiation, and 
changes by an order of magnitude at low radiation doses, although the specific 
resistivity shows practically no change. Below the results of measurements and 
discussion are given.  

2. Experimental Procedure and Results 

Although many energy levels are created in the forbidden gap of crystalline sili-
con when it is irradiated, the behavior of minority charge carriers’ lifetime (τ) is 
determined by just one or two such levels. For example, the A-centre (Oxygen 
atom with a complex vacancy) is the dominant radiation defect formed in silicon 
crystals that have been grown using the Czochralski method, which is located in 
the upper half (Ec-0.17 eV) of the bandgap and acts as an acceptor level in n-Si. 
The E-centre (Phosphorus atom with a complex vacancy) is the most dominant 
recombination centre in silicon that has been grown using the floating-zone 
method (doping with Phosphorus), which is located at the Ec-0.41 eV level of the 
bandgap and also acts as an acceptor level in n-Si [1]. 

In previous studies, we have shown that the application of pico-second dura-
tion pulse irradiation mainly generates A-centre type defects (in the form of 
clusters) in n-Si crystals [12], and in the following, we describe measurements of 
this center specifically. In the current paper a determination is made of the con-
ductivity, concentration of charge carriers, their mobility, the lifetime of the 
minority charge carriers, in irradiated samples, and a detailed analysis of the re-
sults was made in order to elucidate the nature of the recombination centers. A 
standard Hall effect method [15] and a lifetime of the minority charge carriers’ 
recombination method, based on HF (high-frequency) light-absorption [16] are 
used. All measurements were carried out both before and after irradiation at 
room temperatures.  

The irradiation was performed using the linear electron accelerator AREAL at 
the CANDLE organization [11]. Time dependent measurements of the resistivity 
of the silicon crystals were made, in-situ, during irradiation, and the occurrence 
of recombination was observed on oscilloscope. The use of a stabilized current 
source and a high-speed oscilloscope, fitted with a preamplifier, enabled the ob-
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servation of the dynamics of changes in the resistivity of the sample, with an ac-
curacy of ±0.5 µs on the distance of 20 m. The parameters of the electron beam 
were: electron energy 3.5 MeV, pulse duration 4 × 10−13 s, charge 50 pi-
co-Coulomb and the frequency was 12 Hz, which corresponds to an intensity of 
109 el/cm2∙s. The n-type silicon single crystal samples were of dimension, 10 mm 
× 4 mm × 1 mm, and had a dual-cross form and a specific resistance of 120 
Ω∙сm. The irradiation scheme is presented in Figure 1. Following the irradia-
tion, the main parameters of n-Si were again measured.  

The lifetime of the minority charge carriers (τ) in Si was determined non- 
destructive by measuring the decay time of the signal of the recombination 
process of nonequilibrium charge carriers in a semiconductor. Non-equilibrium 
charge carriers are generated by illumination of a sample with a radiation 
wavelength of 1.05 µm, the decay process of which is detected by microwave 
absorption at a frequency of 10 GHz, which is recorded on an oscilloscope. The 
accuracy of the measurement is ±10% [16]. A significant aspect of these experi-
ments is that all parameters were measured on the same sample, for both in-situ 
and ex-situ regimes.  

Experimental results are given in Figures 2-4, in the form of oscilloscope pic-
tures and dose dependences of the electro-physical parameters of the n-Si crystal 
samples. The change of resistivity of the silicon sample under in-situ irradiation 
to different doses ( )R R t=  is presented in Figure 2 by the oscilloscope pic-
tures (OP). The behavior of ( )R R t=  during pico-second pulse irradiation was 
characterized by a particular time, t∆ , which represents the recovery time of the 
sample’s resistivity following the irradiation pulse (see Figure 2(a)). It is impor-
tant to note that this OP corresponds to the starting point of the irradiation 
process, which is about 10 seconds. It is obvious from the OP-s presented that 

t∆  characterizes the dynamics of the crystal resistivity, and primarily depends 
on the initial stages of the irradiation (see ( )t D∆  in Figure 3), and the form of 
the OPs can be seen to vary, along with changes in the resistivity of the crystal.  

As the irradiation dose accumulates, the form and parameters of the OPs are 
substantially changed. It is known that the recombination processes of holes and 
electrons in silicon crystals are well described by an exponential function. At low 
irradiation doses, the initial regions of the ( )R R t=  curves are non-linear (see 
Figure 2(a) and Figure 2(b)), but as the dose increases, they become nearly li-
near (Figure 2(c) and Figure 2(d)), which may be due to an increase in the 
density of radiation defects. From Figure 2 it is clear that exponential relation-
ship applies at the final region of the diagram, and thus it is reasonable to sup-
pose that there is a different mechanism operating here, for the recovery of the 
resistivity, than exists at the initial stage.   

It is apparent from Figure 3 that both the characteristic time t∆ , and the 
lifetime of the minority charge carriers, 𝜏𝜏, decrease as the irradiation dose accu-
mulates, and the ( )t D∆  curve has some peculiarity. The value of t∆  was 
found to decrease following each irradiation dose, and as a result of being stored  
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Figure 1. Schematic diagram of the sample irradiation and 
observation of resistivity change at in-situ process.  

 

 

Figure 2. Oscilloscope pictures showing the dynamics of changes in the resistivity of a 
crystalline silicon sample, measured in-situ under the influence of picoseconds electron 
pulse irradiation: (а) at the initial stage of irradiation, (b) after irradiation to a dose of 3.6 
× 1012 el/cm2, (c) after irradiation to a dose of 1.1 × 1013 el/cm2, (d) after irradiation to a 
dose of 3.3 × 1013 el/cm2. In all cases the sample temperature was T = 300 K.  

 

 

Figure 3. Pico-second electron pulse irradiation dose dependences of the 
characteristic time ( )t D∆  and the lifetime of the minority charge carriers ( )Dτ  in 

crystalline Si. On the ( )t D∆  curve the values of t∆  are presented in terms of de-

fined stages of irradiation doses, and above the curve the number of stages is shown. 
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Figure 4. Pico-second electron pulse irradiation dose dependences of: (a) main 
charge carriers’ concentration— ( )n D , (b) mobility— ( )Dµ  and (c) specific 

resistivity— ( )Dρ  of n-Si with initial specific resistivity 120 Ω∙cm.  

 
for one month (stage duration) it increased significantly above the initial value. 
As a result of further irradiation and storage the peak decreases, and finally al-
most disappears as the degree of irradiation increases.  

The dose dependencies of the electro-physical parameters of samples meas-
ured at room temperatures both before and after irradiation are presented in 
Figure 4. It can be seen that the concentration of the main charge carriers, n, at 
initial irradiation doses are practically unchanged after two stags, while the mo-
bility ( )Dµ  and specific resistivity ( )Dρ  are changed significantly. Hence, at 
low irradiation doses, the mobility of the main charge carriers is more sensitive 
to the ultrafast irradiation.  

3. Discussion 

The transformations of defect complexes may occur by direct interaction with 
vacancies, interstitials or impurities. Since the impurity concentrations often are 
higher than the saturation limit, a redistribution of the concentrations of the 
impurities may occur in sites and interstitial positions, and interact with point 
crystal defects to form defect complexes such as A- or E-centers, or other defects 
that involve the participation of the impurity atoms. Hence, the displacement of 
impurity atoms from the lattice sites in interstitial positions will occur in any 
crystal with impurity concentrations higher than at the non-equilibrium state 
and this process will become more important for higher concentrations of im-
purities and will be dependent on the conditions (e.g. dose) of the irradiation.  
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We offer an explanation of the observed phenomena, which relate to the 
time-scales of the recombination processes, in terms of an annealing of me-
ta-stable radiation defects at room temperatures, and the establishment of an 
equilibrium condition of the crystal with stable defects, i.e. “steady state” of the 
silicon crystal. The behavior of lifetime ( )Dτ  in Figure 3 corresponds with 
results reported in the literature (without any peculiarity) and is explained by a 
decrease in 𝜏𝜏 as the concentration of radiation defects increases, which are 
created by irradiation, as a result of a more effective trapping of minority charge 
carriers [10] [13]. The analogous dependences of both ( )t D∆ and ( )Dτ  em-
phasize that a process occurs involving the recombination of charge carriers, in 
result of irradiation, which achieves “steady state” after defined irradiation dose 
(in this case, 3.3 × 1013 el/cm2). It is possible that different factors may influence 
the outcome of illumination of a sample with radiation of a 1.05 μm wavelength, 
in the case of τ measurements, while it is the t∆  parameter which is being de-
termined in-situ during irradiation by electrons with energy of 3.5 MeV, i.e. 
there are different crystal excitation mechanisms in operation. It is possible that 
the pico-second duration pulse irradiation may create some plasma effects in the 
crystals, and thus influence their properties as a result of a significantly high 
density of radiation defects, a subject which we intend to explore in additional 
investigations.  

It has been mentioned in the literature [17] [18] [19] that a divacancy type 
radiation defect is the main trap for free charge carriers, and its formation in ir-
radiated Si crystals leads to an increase in the resistivity of the material which is 
an amphoteric center and has three energy levels in the Si bandgap. However, in 
our experiments, despite the fact that the resistivity increases during irradiation, 
three energy levels were not observed and we consider that A-centers are the 
main recombination centers for minority charge carriers. In any case, it is more 
likely that divacancy type radiation defects will be created in silicon, by irradia-
tion with very high energy electrons (higher than 10 MeV), neutrons or protons 
[18] [19] [20].  

4. Conclusions  

Thus, the in-situ observation of the behavior of the electro-conductivity for sili-
con crystals under conditions of pico-second duration pulse electron irradiation 
with an energy of 3.5 MeV, suggests that the transition of the crystal from a 
non-equilibrium state to a “steady state”, takes place by a process involving the 
recombination of charge carriers, and has some particular characteristic which is 
a consequence of their interaction times.  

1) The value of the “characteristic time”, ( )t D∆ , observed under in-situ con-
dition is 10 times higher than the lifetime of the minority charge carriers ( )Dτ , 
measured at ex-situ, despite the fact that both decrease with increasing irradia-
tion dose.  

2) Meta-stable defects were observed, which can be annealed at room temper-
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ature, and the irradiation dose at which this phenomenon disappeared (3.3 × 
1013 el/cm2), i.e. when a “steady state” occurs, was determined.  

3) It was shown that at low doses of pico-second pulse irradiation, the specific 
resistivity change of silicon is determined by the mobility of the charge carriers, 
rather than by their concentration.  

4) Detailed analysis of the OPs demonstrated that there is additional process 
that influences the relaxation during the recovery of the equilibrium state under 
irradiation of crystalline silicon.  

5) Future investigations are planned with theoretical interpretation to eluci-
date the physical nature of the t∆  parameter because it may reveal behavior of 
semiconductor materials and devices operating in the real processes. 
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