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The electrical properties of the neutron irradiated Si were analysed by means of the Hall effect and magnetoresistance tem-
perature dependence. It was demonstrated that the electron mobility decreased with increasing the neutron fluence in a wide 
fluence range, and the microinhomogeneities in samples caused differences between the mobility values from the measured Hall 
and magnetoresistance effects. Exploiting the magnetoresistance mobility temperature dependence, the free carrier concentration 
dependence on temperature was analysed. It was found that the neutron irradiation introduced deep levels in the upper part of 
the bandgap, but their contribution decreased with increasing the neutron fluence – that is explained by more effective generation 
of acceptor type levels in the middle or lower part of the bandgap. The activation energy of the free carrier concentration did not 
follow the homogeneous semiconductor model, so the dark conductivity origin, that is related to the modified cluster model and 
cluster environment, was proposed.
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1. Introduction

The radiation hardness is very important for the  de-
vices that must function under the exposure of intense 
ionizing radiation [1]. The degradation of such devices 
is caused by the changes of detector properties due to 
the defects introduced by the radiation. The change of 
properties with irradiation fluence has been thorough-
ly investigated, but the properties of the detector bulk 
material have not been completely understood. Differ-
ent impurity content, especially oxygen and carbon, in 
the initial Si single crystals can cause different reactions 
between the radiation induced defects and the impuri-
ties, leading to a dependence of radiation hardness on 
the initial Si properties and the device technology, e. g. 
thermal treatment [2], but the nature of these chang-
es is not clear enough. Among the open questions in 
the investigation of radiation defects is the analysis of 
deep levels and details of the conductivity mechanism 
in the irradiated material. It is well known that hadron 
irradiation introduces defects that decrease the  con-
ductivity (an effect of the donor removal [3]), but this 
compensation was not analysed in the bulk of the sam-
ple. Simulation of neutron induced radiation defects 
illustrates a quite complicated inhomogeneous distri-
bution of the defects [4]. Therefore it is important to 
investigate the role of those defects in the carrier trans-

port. The defect size and type, the space charge regions 
around the defect and the concentration are important 
contributors for the free carrier behaviour, their drift 
path and trapping.

Nowadays there are many modelling attempts of 
ionizing radiation detector properties. The independ-
ence of free carrier mobility on the irradiation defects is 
commonly used. This assumption is based on the free 
carrier mobility investigation in the neutron irradiated 
silicon at a rather low fluence (up to 2 · 1014 cm–2) and 
by an indirect way [5]. The Hall effect measurements 
were used to analyse the free carrier concentration in 
irradiated silicon samples [6]. Also, a weak dependence 
of drift mobility on the neutron irradiation fluence was 
found, but the measurements were performed only up 
to the 5 · 1013 cm–2 neutron fluence [7].

Carrier transport phenomena also depend on 
the  material homogeneity, therefore the  peculiarities 
of these phenomena can give information related to 
the material homogeneity [8–9]. It is especially impor-
tant to analyse the limit up to which a random distribu-
tion of defects does not influence the free carrier trans-
port character, and when the overlap of the space charge 
regions causes the  appearance of percolation phe-
nomena [10]. The  investigation of samples irradiated 
to higher fluencies demonstrated the  difference 
in the  temperature dependence of the  Hall and 
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magnetoresistance mobility [11], and this work pre-
sents a more detailed analysis of the properties of ir-
radiated high resistivity silicon, which is commonly 
used for the high energy physics applications (e. g. for 
the Large Hadron Collider and for its upgrade).

2. Samples and methods

The high resistivity (HR) (~1 kΩ cm) MCZ and FZ 
silicon samples were mainly investigated. The HR 
samples were fabricated during the  CERN RD50 
WODEAN project. The  irradiation of samples to 
the 1 MeV neutron equivalent fluence from 1012 n/cm2 

to 3  ·  1016  n/cm2 was performed at the  TRIGA 
research reactor of the  Jozef Stefan Institute in  
Ljubljana. The  samples were irradiated at room 
temperature, but the sample temperature increased 
by 20–30  °C during the  irradiation to the  fluence 
1–3 · 1016 n/cm2.

The HR silicon samples for the Hall effect inves-
tigation were fabricated by cutting the  wafer into 
7 × 2 × 0.28 mm bars, and colloidal carbon planar 
contacts were produced. For a test of some general 
tendencies the samples of low resistivity silicon were 
also manufactured. The same size planar Hall type 
samples were fabricated, and the n*-n contacts were 
formed by the  phosphorus diffusion. The  contact 
properties were controlled by measuring the current 
dependence on the  bias voltage and showing it to 
be linear in all samples. The control measurements 
were carried out at room temperature (RT). The tem-
perature dependence of Hall and magnetoresistance 
effects was investigated in a  temperature range of 
100–300 K.

The experimental setup is given in Fig. 1. The Hall 
voltage measurements were performed with a B7-30 
(1  TΩ input resistance) or Keithley  6514 (200  TΩ 
input resistance or higher) multimeter; the current 
through the  sample was measured with a  Keithley 
6430 multimeter, which was simultaneously used as 
the voltage source. All measurements were performed 
in a cryostat in 10–2 to 10–3 Torr vacuum. The mag-
net was calibrated by a  Lake Shore 455DSP gauss-
meter, and Linear Hall Effect sensors P/N CYS166A 
were used for the  current control of the  magnetic 
field.

The Hall mobility mH and the  magnetoresistance 
mobility mM in homogeneous crystals are related to 
the data obtained from the Hall effect and the magne-
toresistance effect measurements by the following rela-
tions [12]:

, (1)

. (2)

Here EH is the Hall field, EX is the bias electric field, 
B is the  applied magnetic induction, ρ0 and ρB are 
the resistivity, and I0 and IB are the electric current 
with the magnetic field absent and applied, respec-
tively. The linearity of the Hall effect and quadratic 
dependence of the magnetoresistance with magnetic 
induction was observed.

The Hall mobility mH in homogeneous crystals 
is related to the conductivity mobility by the factor 
rH, i.  e. mH  =  rHm, where m is the  drift mobility. In 
an early work the value of the Hall factor for high 
resistivity Si was measured and it was found to be 
rH =  1.15 [13]. The  magnetoresistance mobility mM 
is related to the Hall mobility by an additional fac-
tor ζ dependent on the free carrier scattering mech-
anism [14], i.  e. mM  =  rH  ζ  m  =  rMm. The  Hall and 
the  magnetoresistance mobilities were observed to 
be proportional in the samples of the same configu-
ration and irradiated by the high energy electrons. 
Details of this experiment are presented in [15], and 
it was found that the ratio of the magnetoresistance 
and the  Hall mobilities mM/mH  =  1.15. As the  ratio 
of the  magnetoresistance and the  Hall mobility is 
accidentally also equal to 1.15 (with no more than 
5% error) [16] in the measured temperature range, 
the approximation of mM = m was used for the evalu-
ation of the  free carrier concentration dependence 
on temperature.

Fig. 1. Hall effect measurement scheme: sample  (1); 
electrometer Keithley 6514  (2); source meter Keithley 
6430 (3); magnet source (4, brown online); thermo re-
sistance meter Agilent 34401A (5, brown); heater source 
TTi QL564P (6, brown); computer (7); magnet (8); 
cryostat (9).
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3. Results

3.1. Electron mobility dependence on the neutron 
irradiation fluence

The mobility dependence on the  neutron irradia-
tion fluence in the  silicon samples is given in Fig.  2. 
The  measurements were performed in the  samples 
just irradiated by the reactor neutrons and in the same 
samples annealed at 80 °C temperature for 24 hours. It 
is known that the neutron irradiation creates clusters 
and vacancies [4], and annealing at 80 °C temperature 
causes the migration of single vacancies to create their 
complexes, which reduces the defect concentration [2].

It was found that the  irradiation starting from 
the  1012  cm–2 neutron fluence reduced the  electron 
mobility. A small increase of the mobility in the sam-
ples irradiated to the neutron fluence 1016 cm–2 range 
is attributed to the  increase of the  sample tempera-

ture during the  irradiation that is mentioned previ-
ously. If the latter point is excluded from the analysis, 
the  decrease of the  mobility is seen with an increase 
of the fluence Φ. The annealing at 80 °C temperature 
increases the  mobility of the  defects therefore it was 
observed that the  electron mobility was restored to 
the values as those of non-irradiated ones in the sam-
ples irradiated to the fluence 1012–1013 cm–2, but the de-
crease of the carrier mobility follows the same linear 
approximation in the samples irradiated to the higher 
fluence than 1014 cm–2, and it is shown in Fig. 2(a, b).

The observed restoration of the carrier mobility in 
the annealed sample to its value near to that in the ini-
tial sample showed that at this fluence the irradiation 
did not generate many scattering centres. A  rather 
evident decrease of the mobility in the annealed sam-
ples irradiated to the  fluence 1014  cm–2 shows that 
a contribution of an additional free carrier scattering 
mechanism becomes important. It can be related to 
the clusters and the point defects that were introduced 
by neutron irradiation and did not anneal. The  ob-
served change of the mobility in the neutron irradiated 
samples was more significant than it was observed in 
the Si samples irradiated by electrons [16] that generate 
the point defects, and this decrease was near to 10% at 
RT in the samples irradiated to 1016 electrons/cm2.

In the case of the semiconductor with scattering of 
the charge carriers by phonons and ionized or neutral 
defects, the mobility of the carriers can be simulated 
by application of the Mattiessen’s rule [17]. In our case 
the  irradiation created different centres, therefore 
the mobility dependence on the fluence could be ex-
pressed as

)(/1/1 phon Φ+= ∑ i
i

i Nδµµ , (3)

where a sum term includes all scattering centres cre-
ated by irradiation, and, if the centres reactions were 
neglected, the  δi characterizes an effective efficiency 
of the scattering by a certain type of defects, and Ni is 
the concentration of this type of the scattering centres. 
A rather abrupt decrease of mobility in the irradiated 
sample allows one to propose that one type of the scat-
tering centres dominates, therefore an approximation 
of one type of the scattering centres can be applied. It 
allowed evaluating an effective scattering cross-section 
of these centres. For this purpose the simplified rela-
tion (3) was used:

1/m = 1/mphon + δN(Φ). (4)

As the scattering by the impurities is usually charac-
terized by scattering the cross-section and concentration 
of the defects, in our case it is possible only to receive 

Fig. 2. Dependence of electron mobility on neutron irra-
diation fluence in the just-irradiated (a) and annealed for 
24 h at 80 °C temperature (b) samples. The full line (red 
online) in (b) illustrates the fitting of the experimental 
data to Eq.  (3). The dash line in (a) and (b) (blue on-
line) is the same approximation of the mobility depend-
ence on the fluence and is given as a guide to the eye. 
The measurement temperature is given in the inset.
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the effective values. By taking into account the results 
from [4], where it was found that the 1014 cm–2 neu-
tron fluence introduces approximately 1014  cm–3 de-
fects, it is possible to extract the effective cross-section 
of the  scattering centres using a modified Conwell–
Weisskopf formula [18] where the  scattering radius 
was taken as the radius of a Coulomb well at the depth 
of kT, and taking into account the  decision [19] 
that this model better corresponds to the cases with 
a  random distribution of the  scattering centres. 
The mobility is approximated by the relation

Inn

c

n NSv
c

m
e

=µ , (5)

where cc is the correction factor, mn is the electron ef-
fective mass, e is the electron charge, vn is the electron 
velocity, Sn and NI are the  scattering cross-section 
and the  concentration of the  ionized defects, respec-
tively. The correction factor cc is of the order of 0.58 in 
our case (T = 200–300 °C), and the concentration of 
the free carriers is 1014–1015 cm–3 [18]. The evaluation 
according to Eq. (5) and the standard values for Si gives 
the scattering cross section 10–14 cm–2 that is in a range 
of scattering by the charged defects. The dependence (5) 
was applied for the case of the annealed samples, and 
the results are presented in Fig. 2(b). A fit to the experi-
mental data was achieved only in the region of fluence 
1012–1014 neutrons/cm2, and it gave the mobility value 
independent of the fluence mphon = 1300 cm2/(sV) and 
the value of δN = 2.5 · 10–18 sV in the annealed samples.

As Eq.  (4) does not explain the  dependence of 
the  mobility on the  fluence in the  initial (not an-
nealed) samples, and in the  samples irradiated to 
the  higher than 1014  cm–2 neutron fluence, it shows 
that the  simple one type scattering centre model is 
not valid for these cases. The dependence of the mo-
bility on the neutron fluence in these samples mani-
fested a more complicated transform of the free car-
rier transport. It could be proposed that the electron 
transport changes because of the change of the scat-
tering mechanism due to generation of many types 
of additional scattering centres with different charge 
that changes the  classical transport to the  percola-
tion type current in nearly disordered media. A more 
detailed analysis of this dependence is complicated 
because there appears an increase of the defect con-
centration (scattering centres with different scattering 
cross-section) and the increase of the compensation 
by increasing the fluence, and it needs additional in-
vestigations.

These results could be important for the analysis 
of the  irradiated detector properties because the as-
sumption of the independence of the free carrier mo-
bility on the irradiation is used (e. g. [20]).

Fig.  3. Hall mobility and magnetoresistive mobility 
dependence on temperature in the  neutron irradiated 
samples. The fluence and the mobility type are shown in 
the inset. (a) High resistivity Si samples (before anneal-
ing) (lines are linear approximations within the  mea-
surement errors); (b) irradiated high resistivity Si sam-
ples after annealing for 24 h @ 80 °C; (c) low resistivity 
Si samples. The full lines are fits to (6).

Possible electron scattering processes can be clar-
ified by the analysis of the mobility temperature de-
pendence (Fig. 3). The decrease of the Hall mobility 
upon neutron irradiation was observed in an early 
paper [21] and explained by the  model proposing 
the clusters as insulating spheres [22]. Also, a simi-
lar model including the concept of the effective me-
dia was proposed for the inhomogeneities related to 
the  dislocations in GaAs [23], and this model was 
used to explain the difference of the Hall and mag-
netoresistance mobilities in Si [11]. As these mod-
els are sensitive to many parameters, they cannot 
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be used for the  interpretation of the  Hall mobility 
dependences on temperature and fluence, therefore 
the  magnetoresistance measurements have priority 
over them.

The magnetoresistance mobility dependence on 
temperature was similar to that predicted for the scat-
tering on the  macroinhomogeneities (clusters) [24], 
and the mobility dependence on temperature can be 
approximated by the  proposed linear dependence 
on temperature (Fig. 3(a)). In the annealed samples 
the mobility value at room temperature was not far 
away from that limited by the  scattering with pho-
nons in the annealed samples irradiated to the 1012–
1013 cm–2 neutron fluence (Fig. 3(b)), therefore it was 
reasonable to analyse contributions of all possible 
scattering processes using the Matthiessen’s rule and 
to use the approximation of the mobility dependence 
on temperature as m  =  aiT

a, where the  a index de-
pends on the scattering mechanism. This approxima-
tion was possible in a narrow range of the tempera-
ture, and the  results are presented in Fig.  2(b) and 
the Table.

As the simulation [4] showed, the neutron irradi-
ation created a rather compact generation of defects, 
and the remaining material volume is free from de-
fects. Therefore the  simulation of the  mobility de-
pendence on temperature took into account the scat-
tering of the carriers as in a high quality silicon crystal 
that could be approximated by power law m  = aTa 

with a ≅ –2.1 near to the RT, and the experimental 
values of a were found in a range of 1.5–2.42 [25]. 
The latter difference could be a result of additional 
scattering on the  ionized impurities in differently 
doped crystals. The  power index for the  scattering 
on the point defects that can be charged is a = 1.5. 
If the  defects are neutral, their contribution can 
be independent of temperature with a  =  0 [26]. 
The  scattering on clusters is the  most indefinite: it 
could follow the same dependences with a = –1.0 or 
–5/6 [24], or show the contribution of dipole scat-
tering that could appear due to the difference of va-

cancies and interstitials distribution inside the clus-
ter. The  dipole scattering can be approximated by 
m ~ T0.5 [27]. Therefore the fitting was performed by 
the relation

m = 1/(1/mphon + 1/mionized + 1/mclusters + 1/mdipoles)

= 1/[1/(aTa) + 1/(bT1.5) + 1/(cT–1) + 1/(dT0.5)], (6)

and here mphon means the  mobility of electrons in 
the  non-irradiated sample. It was not found during 
the fit because of the necessity to include scattering 
on the neutral impurities.

The weak dependence of the  magnetoresistance 
mobility on temperature (Fig. 3(a)) necessitated the 
inclusion of the  scattering processes with positive 
and negative a, i.  e. the  scattering on the  ionizing 
impurities or (and) the dipoles took place. The same, 
only stronger, dependence of the mobility on tem-
perature was observed in the  irradiated low resis-
tivity samples (Fig. 3(c)) in which the defect space 
charge was screened better than in the  high resis-
tivity silicon. As significant changes of the electron 
mobility dependence appear in the  samples irradi-
ated to the higher fluence than 1014 cm–2, the fitting 
of the  experimental results to any combination of 
different scattering centres contributed by the Mat-
thiessen’s rule was performed in the  less irradiated 
samples. The  fitting results can be used only on 
the  qualitative level due to a  necessity to include 
many parameters in the analysis and the scattering 
of the experimental data. Therefore it was possible to 
model the dependences as shown in the figures, and 
the main result was evaluation of the contributions 
of the  dependences with low positive and negative 
a values to obtain a fit. A similar compliance with 
the data can be achieved with several combinations 
of the dependences with positive and negative a val-
ues, and only for the demonstration the fitting pa-
rameters are given in the Table, so it requires more 
precise experiments later.

Table. The parameters used for a fit of the experimental data to Eq. (6). The mobility values in (6) are given in units 
cm2/(sV), and the temperature is given in K.

Fluence, cm–2 Sample
Phonons Ionized point 

defects α = 1.5, b
Clusters 

α = – 1.0, c
Dipoles 

α = – 0.5, dα a
1 1 · 1012 HR –1.4 4.6 · 106 1 1 · 107 4 · 103

2 1 · 1013 HR –1.4 4.6 · 106 0.8 2 · 106 1.5 · 103

3 Nonirradiated KEF2 –2 1.1 · 108 4 0 0
4 1 · 1014 KEF2 –2 1.1 · 108 3.3 1.2 · 108 3.4 · 103

5 1 · 1015 KEF2 –2 1.15 · 108 8 4 · 107 5 · 103
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3.2. Electron concentration dependence on the neutron 
irradiation fluence

The measured values of mobility permitted the analy-
sis of the temperature dependence of the free electron 
concentration which is presented in Fig. 4.

ated with the  neutron fluence 1012  cm–3. In the  case 
of a higher irradiation sample, the Fermi level was at 
the value of the activation energy, but if Eq. (8) would 
be used, the  deep centre thermal activation energy 
would be more than 0.8 eV, and that is impossible in 
silicon. Therefore Eq.  (7) is used, and the  model of 
the  cluster explaining a  possibility to apply this rela-
tion is proposed, and it is given below. It is necessary 
to point out that in our samples the Fermi level did not 
reach the middle of the bandgap, therefore the intrinsic 
conductivity and the change of the conductivity type 
were not observed.

Employing the above approximations, the results 
of fitting are presented in Fig.  6, and the  following 
details are pointed out: 1)  in the  sample irradiated 
to 1012 cm–2 fluence, a very weak free carrier concen-
tration dependence on temperature (at low tempera-
ture) reveals the concentration of fully ionized shal-
low levels that are not compensated by deep levels of 
approximately 5  ·  1010  cm–3. At higher temperature 
the  activation energy was comparable to the  Fermi 
level distance from the conductivity band. The activa-
tion energy of 220 meV was determined from Eq. (8), 
but for the fit to the experimental data it was necessary 
to add a contribution of a deeper level with the activa-
tion energy according to Eq. (7) equal to 360 meV.

The observed levels at 0.36 and 0.22–0.23  eV are 
known in irradiated Si, and are caused by tri- and bi-
vacancies, respectively [30]. In some higher irradia-
tion fluence samples, a  contribution of an additional 
shallow level was found with an activation energy of 
70 meV, and it can also be related to tri- and bi-vacan-
cies [30]. Within the range of the experimental error, 
the  temperature dependence of the  free carrier con-
centration could be approximated also by other sets 
of levels, but we required the same set of the levels for 

Fig. 5. The temperature dependence of the Fermi level in 
the irradiated samples. The fluence value in neutrons/cm2 

is given in the  insets. The  dash lines correspond to 
the levels used for the fits of the experimental data.

The analysis of different local level contribution 
was performed following the classical expressions [28], 
and it requires a  model to choose [29] according to 
the  position of the  Fermi level which is relevant to 
the proposed level activation energy. The Fermi level 
dependence on temperature (Fig. 5) was used for this 
purpose (F  =  EC  –  kT  ln(n/NC)). Therefore a  partly 
compensated semiconductor approximation was used 
if the Fermi level was below the corresponding level. 
Then the carrier density is

n = (NM – NK)/[1 + (βNK/NC) exp (ΔEM/kT)],  (7)

where NM is the deep level concentration, NC is the den-
sity of states in the conduction band, β is the deep level 
degeneration factor, ΔEM is the deep level activation en-
ergy, k is the Boltzmann constant and NK is the concen-
tration of the compensating deep levels. When the Fermi 
level was at or above the  deep level energy, the  non-
compensated semiconductor case was used [29]:

. (8)

The latter case was possible to be used only for 
the  level at EC  –  EM  =  0.22  eV in the  sample irradi-

Fig. 4. The temperature dependence of the electron con-
centration in the irradiated samples. The fluence value 
in neutrons/cm2 is given in the insets. The lines corre-
spond to the results of fitting to the experimental data, 
and the parameters are given in Fig. 6. The experimen-
tal data errors are within the symbol size; an example is 
shown for the case of 1013 cm–2 in which the error bars 
are presented.
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all samples irradiated to the fluences in the range 1012–
1014 cm–2. A more complicated situation was found in 
the case of the samples irradiated to the higher fluence. 
Here it was found that the  free carrier concentration 
activation energy depended on the fluence, indicating 
the existence of an indirect interaction between the ra-
diation defects. The  absence of the  direct interaction 
in this range of the fluence was demonstrated in [31] 
by the linear dependence of the generation current on 
the fluence in the irradiated diode structures.

The fitting parameters for all samples are given in 
Fig. 6. The accuracy of the fitting parameters was bet-
ter than 5%, therefore the scattered values of the effec-
tive concentration of NK or NM levels could be inter-
preted in terms of an inhomogeneous environment of 
the deep levels in the semiconductor. The same situa-
tion was observed in the higher doping samples.

The important feature is related to the  impact of 
the  fluence on the  deep level concentration. The  de-
crease of the deep level contribution to the conductiv-
ity, i. e. the concentration of the deep levels that are ob-

tained by fitting of the experimental results to Eqs. (7) 
and (8) with the fluence, indicates a more effective si-
multaneous increase of the acceptor like deep levels in 
the lower part of the bandgap. The increased concen-
tration of the deep levels in the lower part of the band-
gap was previously shown in the  neutron irradiated 
silicon by the  measurement of photoconductivity in 
the extrinsic region [32].

The necessity to apply a partly compensated semi-
conductor model in the case of deep levels that are be-
low or at the Fermi level can be explained by the cluster 
model presented in Fig. 7.

This experimental fact suggests that this type of 
a deep level is associated with defect clusters, and leads 
to the proposed modification of known cluster models 
[24, 33–34]. The proposed model includes the neces-
sity of the contribution of multiphonon-assisted tun-
neling from the  levels in the  cluster to the  states in 
the conduction band (a dot arrow in Fig. 7), similar to 
the  model analysed in [34]. The  tunneling efficiency 
depends on the  tunnelling barrier thickness that is 
related to the Debye radius around the cluster. The ir-
radiation reduced the  bulk conductivity therefore 
the  Debye length increased, and then the  carriers in 
the deep level had to achieve higher thermal energy to 
participate in the tunnelling to the conduction band. It 
explains the result that activation energy of the deepest 
level is greater in the samples irradiated to the higher 
fluence (Fig. 6).

Fig. 7. A model of the cluster. The dotted ellipse shows 
the  central part of the  cluster, composed of a  random 
distribution of defects [3], which introduce structural 
changes inside the cluster and form a series of levels that 
are shown as full black dots. F is the Fermi level. The small 
grey dots present the deep levels in the bulk of the crys-
tal. The arrows show the  initial and the final states that 
participate in the  multiphonon assisted tunneling from 
the cluster levels to the conduction band states.

Fig. 6. The concentration of local levels obtained by fit-
ting the experimental data to Eqs. (7) and (8) in the sam-
ples irradiated to 1012–3 · 1016 cm–2 fluence. The local lev-
el energies are given in the insets and near the triangular 
dots (coloured online) if the energy of the level changes.
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4. Conclusions

The electron mobility dependence on the neutron ir-
radiation with fluencies of 1012–3  · 1016 cm–2 was ob-
served in the dark conductivity in silicon.

The annealing of the  irradiated silicon for 24  h 
at 80  °C restored the  mobility to the  initial values if 
the samples were irradiated to the fluence 1012–1013 cm–2, 
but in the higher fluence samples the electron mobility 
remained less than in the initial crystals. It was proposed 
that the decrease of the mobility in the  just irradiated 
silicon and in the  silicon irradiated to the  fluence of 
1014–1016 cm–2 and annealed for 24 h at 80 °C was caused 
by the additional scattering centers and by the percola-
tion character of the conductivity (at least at low bias).

The main contribution to the  conductivity at 
the  temperature near to room temperature was from 
the carriers thermally excited from the local levels in-
side the cluster leading to the dependence of the ther-
mal activation energy on the irradiation fluence.

Neutron irradiation created deep levels in the up-
per half of the bandgap, as well as increased the con-
centration of the acceptor like levels that caused the de-
crease of the effective concentration of the deep levels 
responsible for the dark conductivity.

A modified cluster model was proposed.
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APšVITOS NEUTRONAIS įTAKA ELEKTRONų JUDRIUI IR TAMSINIO 
LAIDUMO KOMPENSACIJAI SILICIO KRISTALUOSE

J.V. Vaitkus, A. Mekys, V. Rumbauskas, J. Storasta

Vilniaus universiteto Taikomųjų mokslų institutas ir Fizikos fakulteto Puslaidininkių fizikos katedra, Vilnius, Lietuva

Santrauka
Tirti elektronų pernašos reiškiniai silicio kristaluo-

se, apšvitintuose reaktoriaus neutronais, panaudojant 
Holo efekto ir magnetovaržos metodikas. Analizuotos 
elektronų judrio ir krūvininkų koncentracijos prieklau-
sos nuo neutronų įtėkio ir temperatūros. Parodyta, kad 
elektronų judris mažėja didinant neutronų įtėkį plačia-
me įtėkių intervale, ir bandiniuose sukuriami mikrone-
vienalytiškumai, lemiantys elektronų judrio, nustatomo 
iš Holo efekto ir magnetovaržos, skirtumus. Panaudo-
jant magnetovaržinio judrio vertes nustatyta elektronų 
koncentracijos prieklausa nuo temperatūros, o ją anali-

zuojant gautos lokalinių lygmenų aktyvacijos energijos 
ir jų koncentracijos. Gauta, kad apšvita neutronais suku-
ria lygmenis viršutinėje draustinės juostos pusėje, tačiau 
jų įtaka tamsiniam kristalų elektriniam laidumui didė-
jant neutronų įtėkiui mažėja, nes sukuriama didesnė 
akceptorių koncentracija draustinės juostos viduryje ar 
jos apatinėje dalyje. Nustatyta, kad laisvųjų krūvininkų 
koncentracijos aktyvacijos energija netenkina vienaly-
čio puslaidininkio modelio, todėl sukurtas modifikuotas 
defektų klasterio modelis ir paaiškinta puslaidininkio 
tamsinio laidumo prigimtis, nusakanti klasterio ir jo ap-
supties savybes.
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