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Abstract

Silicon diodes processed by CNM on standard and oxygenated silicon substrates have been irradiated by 58MeV

lithium ions. The radiation-induced effects are very similar to the one observed after proton irradiation: substrate space

charge sign inversion (SCSI), lower increase of the effective substrate doping concentration after SCSI for the

oxygenated devices. The experimental radiation hardness factor has been determined to be 45.01, within 8.2% with the

expected value. These results suggest that 58MeV Li ions are a suitable radiation source for radiation hardness studies

by ions heavier than protons for the future very high luminosity hadron colliders.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The next generation silicon detectors for future
very high luminosity colliders or a possible LHC
upgrade scenario will require radiation-hard de-
tectors for fluences up to 1016 1-MeV neutrons/cm2

[1]. These high fluences present strong constraints
because long irradiation times are required at the
currently available proton irradiation facilities.
Energetic (58MeV) lithium ions present a hard-
ness factor that is about 27.3 (84.7) times higher
than 27MeV (24GeV) protons, and consequently
are a new promising radiation source for investi-
gating radiation hard silicon detectors up to very
high particle fluences. In this study, in the frame-
work of the CERN RD-50 Collaboration, we
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present for the first time the characteristics of the
degradation (leakage current density and depletion
voltage variations) induced in silicon diodes
processed on standard and oxygenated silicon
substrates by 58MeV Li ions.
2. Experimental procedures

Tested devices are p+-n silicon diodes processed
by CNM on n-type high resistivity (r ¼ 4 kO� cm)
280mm thick standard and oxygenated (by diffu-
sion at 1150�C for 12h) substrates. Devices have
been irradiated by 58MeV Li ions, whose range in
silicon is 400mm, at the SIRAD irradiation facility
of the INFNNational Laboratory of Legnaro, with
an ion flux of E2.5� 109Li/cm2. The particle
fluence inaccuracy is within 10%. After irradiation
devices were electrically characterized before and
after the annealing at 80�C for 4min by 10kHz
d.
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Fig. 1. Absolute value of the effective substrate doping

concentration Neff (a) and diode current density at full

depletion JD scaled to 20�C (b) as a function of the Li ion

fluence for standard (close symbols) and oxygenated (open

symbols) diodes. The slope of each linear fit, i.e. the acceptor

introduction rate b for Neff and the current density increase rate

a for JD; is also reported. The a and b errors refer to the fit

inaccuracy.
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capacitance–voltage (C–V) and current–voltage
(I–V) measurements, in order to determine the
depletion voltage (Vdep) and the reverse current
density at full depletion (JD) [2].
3. Experimental results

The effective substrate doping concentration
(Neff ¼ 2eVdep=qW 2 where e is the Si dielectric
constant, q is the electron charge and W is the
diode thickness) as a function of the Li ion fluence
is shown in Fig. 1a. Similarly to proton irradiation
effects [2]: (1) jNeff j initially decreases and then
increases as a function of the particle fluence, i.e.,
space charge sign inversion (SCSI) occurs; (2) after
SCSI, jNeff j has a linear dependence on the Li ion
fluence and both the slope in the linear region, i.e.
the b parameter, and jNeff j are lower for the
oxygenated devices.

After the annealing at 80�C for 4min, the results
are similar to the ones in Fig. 1a, but the b
parameter decreases to 0.37370.031 cm�1 and
0.33770.036 cm�1 for the standard and oxyge-
nated devices, respectively.

The diode current density at full depletion
(JD) scaled to 20�C as a function of the Li
ion fluence after the annealing at 80�C for 4min
is reported in Fig. 1b. Similarly to proton
irradiated devices [2], JD does not present any
dependence on the substrate oxygenation and it
linearly increases as a function of the particle
fluence. The slope of the linear fit of all the
experimental data, a ¼ ð205:172:8Þ � 10�17 A/cm,
allows to determine the radiation hard-
ness factor (H) of 58MeV Li ions in the NIEL
scaling hypothesis, i.e., H ¼ a(58MeV Li)/
a(1MeV neutrons)=45.01, where a(1MeV
neutrons)=4.56� 10�17 A/cm [3]. This value is
agreement within 8.2% with the value (49.1)
expected from SRIM simulation.
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