Lithuanian Journal of Physics, Vol. 61, No. 2, pp. 91-96 (2021)
© Lietuvos moksly akademija, 2021

ELECTRON MOBILITY DEPENDENCE ON NEUTRON
IRRADIATION FLUENCE IN HEAVILY IRRADIATED SILICON

J.V. Vaitkus, A. Mekys, and S. Vaitekonis

Institute of Photonics and Nanotechnology, Vilnius University, Saulétekio 3, 10257 Vilnius, Lithuania

Email: juozas.vaitkus@ff.vu.lt

Received 12 May 2021; accepted 13 May 2021

An increase of neutron irradiation fluence caused a decrease of Si radiation detector efficiency that was excep-
tionally well seen at 10'7 neutron/cm? fluence when the observed I-V characteristic of p-n junction under forward
bias and under reverse bias became similar. Therefore the investigation of free carrier mobility could be a key experi-

ment to understand the change of heavily irradiated silicon.

The electron mobility was investigated by magnetoresistance means in microstrip silicon samples at temperature
range T = 200-276 K. The analysis included the free carrier scattering by phonons, ionized impurities, dipoles and
clusters and a contribution of each process was found by fitting the mobility dependence on temperature.

The analysis of experimental data clearly demonstrated that the applied model did not explain the mobility in
the samples irradiated to the highest fluence. Therefore a new concept of carrier transport is needed, and, as a conclu-
sion, it could be stated that Si irradiated above 10'® cm™ fluence (and up to 10 cm™) is a disordered material with

the clusters.
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1. Introduction

Silicon semiconductor detectors widely used in low-
and high-energy physics, medicineand environmen-
tal applications are quite sensitive to radiation dam-
age. Passage of an ionizing particle through a base
material may cause defects of the crystal lattice: dis-
placements (vacancies and interstitial Si atoms) and
clusters, similar to tens-mm-size disordered struc-
ture inclusions due to knockouts of atoms from lat-
tice sites [Iil]. The vacancies and interstitials lead to
the formation of new trapping and recombination
of carriers centres, as well as to a change in their
effective (donor and acceptor) concentration, and
could cause a transform of the oxygen clusters that
are different in magnetic Czochralski (MCZ) and
floating-zone (FZ) silicon [E, E]. These processes
at high irradiation doses significantly deteriorate
the energy resolution of the radiation detectors and

reduce their signal amplitude, that can be attributed
to a decrease in the carrier lifetime and mobility,
and can cause incomplete charge collection.

It was demonstrated [H] that the detector cur-
rent under forward bias is larger than under reverse
bias at the same voltage but the difference becomes
smaller at higher fluence, and at 10" neutron/cm?
fluence the current equalizes. This result confirms
the change in free carrier transport properties, and
the investigation of mobility could be a key experi-
ment to understand the change of properties in
heavily irradiated silicon.

Main defects introduced by the high energy neu-
trons are clusters [EI], the concentration of which is
proportional to fluence. They are the main recom-
bination centres in Si irradiated with neutrons, pro-
tons and pions [E], also this shows that the contri-
bution of point defects is very small in Si irradiated
by neutrons. As the free carrier reciprocal lifetime
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linearly increases if the hadron fluence increases at
least over six orders of magnitude, it shows the ex-
istence of recombination centres that rapidly cap-
ture electrons and holes. It was proposed [H, ] that
the clusters could have the dipole properties which
could also influence free carrier mobility. This was
supported by imitating the damage created by a high-
energy particle (HEP) after collision. Dipole structure
HEP caused damage was obtained from simulations
with the crystal TRIM (Transport of Ions In Matter)
software [{], and it was shown that vacancy and in-
terstitial enriched regions are spatially separated [E].
It was observed in agreement [@] with expectations
that there was no change (within 5-10% errors) in
mobility or saturation velocity for both electrons and
holes in Si irradiated to 10" cm™ fluence. The indi-
cations were found that in more heavily irradiated
diodes the space charge density is nonuniform, and
this excluded possibility to exploit the Hall effect to
measure the mobility of carriers in more heavily ir-
radiated Si. The investigation of Si samples irradi-
ated to the similar and higher fluence confirmed this
statement and demonstrated possibility to measure
the mobility of carriers by magnetoresistivity effect
that is less dependent on sample inhomogeneity
than the Hall effect [@]. There a decrease of electron
mobility was observed in Si irradiated to higher neu-
tron fluence. In this work, the research has followed
the same methodology to analyse the data in Si ir-
radiated to extreme high fluence.

2. Experimental details

Two sets of microstrip silicon samples (43 ym width
between strips, 10 mm length and 0.375 mm thick-
ness) having an electron (phosphorus-doped) con-
ductivity type were used in our experiments. More
technical details may be found in our previous
work [@] since this is the extension of investiga-
tion of the Si samples irradiated to higher neutron
fluence. Magnetoresistance mobility y , in homo-
geneous crystals is related to the data obtained
from the magnetoresistance effect measurements
by the following relation []:

thy =B (p /p,~1)"* =B (I /1, - 1)~ (1)
Here B is the applied magnetic induction, p, and

p, are the resistivity, and I and I, are the electric
current with the magnetic field absent (0) and ap-

plied (B), respectively. The quadratic dependence
of the magnetoresistance with magnetic induction
was observed (Fig. EI).
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Fig. 1. The magnetoresistance dependence on squared
magnetic induction. Squares represent experiment,
a solid line (red online) shows linear fit. Magnetore-
sistant mobility is calculated from the slope of the fit.

Also, the relation of free carrier drift and mag-
netoresistance mobility given in [B] was taken
into account: the factor for low magnetic field in
bulk silicon irradiated to high fluence, i.e. Coulomb
scattering, is equal to 2.43. Therefore the fitting of
electron mobility data was performed by the rela-
tion according to the Matthiessen’s rule

[/l = (l/luphon t 1/Mionized + 1/luclusters + l/ludipoles)7l

=(1/aT>** + 1/bT" + 1/cT" + 1/dT*)",  (2)
and here y, means the mobility of electrons in
the undoped sample. The electron mobility limited

by ionized impurity scattering was evaluated by
the Conwell-Weisskopf formula []
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The electron mobility limited by dipole scatter-
ing was evaluated by the formula [[15]

2
ﬂz§(ij(é}[&] [&j’ (4)
3\ kT ) \m d, N,

the density of dipoles n, dipole length d ;, the effec-
tive Bohrradiusa =47me /m*e*=30 A= 0.53(e/m ) A,
where m* = m m_ is the electron effective mass (m,
being the electron rest mass), static dielectric con-
stante =¢ ¢ =11.9.

The electron mobility limited by cluster scat-
tering without the dipole feature was evaluated by

the relation []
1p=m*levS, , (5)

where vis the thermal velocity of electron, the cross-
section of cluster scattering S, =10"'cm’and N
is the cluster concentration. This term depends on
temperature as T'. For the electron mobility lim-
ited by phonon scattering the data from [[17] was

used: pu=1/aT*?and u = 1400 cm?/Vsat300 K
3. Results

The magnetoresistance mobility was investigated in
the silicon samples irradiated by neutrons to 1-10"*-
1-10" neutron/cm? fluence at the Triga reactor (Lju-
bljana). The data was corrected to get the drift mo-
bility values that were compared with a simulation
which included all the above-presented scattering
processes (Fig. ﬁ). A choice of the contribution
of different scattering processes started by fitting
the mobility dependence on temperature that was
very sensitive to contributions of different scatter-
ing processes, and the data corresponding to 300 K
temperature was found and presented in Fig. E
The following set of parameters was obtained:

1. The measured electron mobility in the non-
irradiated sample with its value equal to 1200 cm?*/
Vs that was lower than given in [] could be
caused by scattering on ionized impurities, be-
cause Si was compensated. The ionized impurity
concentration was found by Eq. (3), and its value
was found to be 8-10"* cm™.

2. As the interaction and transform of the de-
fects were neglected, the proposed concentration
of radiation-induced defects was proportional to
the neutron fluence. As the neutron irradiation

p (cm?/Vs)

Fluence (neutron n/cm?)

Fig. 2. The electron mobility measurement data
(squares) and the result of simulation (solid line, red
online) using the contribution of different scattering
processes obtained by fitting of mobility temperature
dependence shown in Fig. 3.

p (cm?/Vs)

T =(K)

Fig. 3. The electron mobility dependence on tempera-
ture measurement data and a result of the best fit sim-
ulation using the dependence of different scattering
processes on temperature (coloured online).

created mostly clusters [H], it was proposed that
at least 1% of neutrons created the ionized point
defects.

3. The cross-section of cluster scattering was
obtained equal to S, =1.1-10"" cm®.

4. The proposal of proportionality to the neu-
tron fluence resulted in only one third of clusters
having dipole properties.

These results are illustrated in Table 1.
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Table 1. The partial contribution in the dependence of electron mobility on the fluence by the defects.

Fluence, Con;entration .Mc.>bi1ity c.leﬁned by | Mobility defined Mobility defined Triell el
om2 of point defects, | ionized point defects, by clusters, by dipoles, cm?/Vs
cm” cm?/Vs cm?*/Vs cm?/Vs

1.00E+14 8.01E+14 7980 268323 38509 1150
3.00E+14 8.03E+14 7979 89441 12836 1077
6.00E+14 8.06E+14 7978 44721 6418 982
1.00E+15 8.10E+14 7976 26832 3851 880
3.00E+15 8.30E+14 7966 8944 1284 578
5.00E+15 8.50E+14 7956 5366 770 430
1.00E+16 9.00E+14 7933 2683 385 262
3.00E+16 1.10E+15 7842 894 128 102
1.00E+17 1.80E+15 7565 268 39 33

4. Discussion

The good correspondence of data obtained in
the analysis of the dependence of different scatter-
ing processes on temperature, simulation of mo-
bility dependence on neutron fluence and the ex-
perimental data showed that at least up to neutron
fluence of 10'® cm?” the defects did not interact. It
was confirmed by the linear dependence of contri-
bution of scattering by clusters and dipoles, which
was dominating in defining the mobility value.
As proposed in [ﬁ], the dipoles could be
the main recombination centres that provided
the linear relation of fluence and lifetime [E].
The determined concentration of dipoles in
the samples irradiated up to 1-10'¢ neutrons/cm?
permits evaluation of the free carrier recombina-
tion centre capture cross-section. As the lifetime

follows the relation [, @]

lt=v oM, (6)

thermal
where v, is the electron thermal velocity, at
300 K equal to 107 cm/s [@], o is the capture of
free carrier cross-section and M is the concentra-
tion of recombination centres. Here and above we
follow an approximation that 10 neutron/cm? flu-
ence creates 10 cluster/cm? [EI]. The experiment of
slow neutron scattering obtained 2.5 times greater
value [H]. The lifetime in Si irradiated to 10'® neu-
tron/cm? fluence is equal to 0.42 ns [@], the con-
centration of recombination centres, i.e. dipoles,
M =3.3-10" cm™, then the capture of free carrier
cross-section is equal to 0 =7.2 107" cm. It could be
recognized being as a weak attractive centre.

The analysis of experimental data clearly shows
that the applied model did not explain the mobil-
ity in the samples irradiated to the highest fluence.
Therefore a new concept of carrier transport is
needed. The measurement data was approximated
by polynomial regression that is shown in Fig. H,
and the approximation was statistically correct
(p = 0.0048).

p (cm?/Vs)

Fluence (neutron n/cm?)

Fig. 4. The measurement data (squares) and approxi-
mation (solid line, red online) by polynomial regres-
sion.

The approximation curve demonstrated a ten-
dency to change the Si conductivity nature.
The Mott density [@] for excitons obtained n,, =
3.6 - 10" cm™ that could be comparable for our
case if a random distribution of the clusters is
taken into account. As a conclusion could be

the statement that Si irradiated above 10 cm™
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fluence (and up to 10*° cm™ [E]) is a disordered ma-
terial with the clusters.
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STIPRIAI APSVITINTO NEUTRONATIS SILICIO ELEKTRONUY JUDRIO
PRIKLAUSOMYBE NUO NEUTRONU ITEKIO

J.V. Vaitkus, A. Mekys, S. Vaitekonis

Vilniaus universiteto Fotonikos ir nanotechnologijy institutas, Vilnius, Lietuva

Santrauka

Didinant greityjy neutrony jtékj, krinta Si radiaciniy
detektoriy naudingumas. Tai aiSkiausiai matosi jtékj pa-
didinus iki 10" n/cm?, kai p-n jungties voltamperiné cha-
rakteristika tiesiogine ir priesinga kryptimis susivienodi-
na. Tokios medziagos laisvyjy krvininky judrio tyrimai
galéty atskleisti apsvitinto Si savybiy pasikeitimus.

Darbe kravininky judris buvo nustatomas i§ magne-
tovarzos reiskinio mikrostripeliy pavidalo Si bandiniuo-
se T'=200-276 K temperataros intervale. Perna$os reis-
kiniams analizuoti buvo jskaitoma laisvyjy kravininky
sklaida fononais, jonizuotomis priemai$omis, dipoliais

ir defekty klasteriais. Kiekvieno i$ jy indélis buvo nu-
statomas atskirai pritaikant judrio temperattriniam ki-
timui matematines israiskas.

Eksperimentiniy duomeny analizé aiskiai parodé,
kad didziausio paminéto jtékio bandiniuose naudoja-
mas pernasos modelis netinka judrio temperatiriniam
désningumui paaiskinti. Reikalingas naujas modelis
$iems pernasos reiskiniams aiskinti, o i§ gauty rezultaty
galima daryti i$vadg, kad Si $vitintas jtékiu per 10" cm™
(ir iki 10*° cm™) yra netvarki medziaga su defektiniais
klasteriais.
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