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For the last 10 years great progress in the quality of silicon detectors has been achieved
using the planar process and low energy ion implantation [lj. These techniques lead to
very low reverse current compared with surface barrier detectors. However, the proper-
ties of detectors such as energy resolution, noise and charge deficit depends on defects
induced by radiation. Radiation degradation of silicon ion implanted p^n junction
detectors was traditionally discussed concerning the influence of charged short-range
particles (alpha, heavy ions) from low energy accelerators[2j. Recently the problem
of degradation of p + n junction ion-implanted detectors under fast neutron irradiation
arises in connection with their possible application in high energy physics in the newly
proposed large hadron collider (LHC) at CERN.

The influence of fast neutron exposure on silicon led to resistivity changes due to
induced radiation defects and degradation of charge carrier lifetime. The theoretical
and experimental study of the degradation of the ion-implanted silicon p-i-n diode
under fast neutron irradiation takes into account the reduction of r and increasing
resistivity for a diode with high resistivity n-Si base (p > 1 kilcm) has been examined
theoretically [5j and experimentally [6] for application in fast neutron dosimetry. The
result of recent investigations of irradiation of the silicon ion-implanted detectors with
fast neutrons showed changes in conductivity type of silicon, from n to p and increase
in leakage current by several orders of magnitude under the condition of full depletion
[7-9]. The ion-implanted p-i-n diodes were investigated at CERN and were suitable for
fast neutron fluence measurements up to 1013 n/cm2 [10].

The most important effect of neutron radiation on charge transport in silicon detectors
is the charge deficit and current pulse rise time degradation [8]. Under the condition
of uniform fast neutron irradiation the charge deficit was about 12% and a similar
increasing in time response for a fast neutron fluence of 10H n/cm2. The induced
detector pulse current depends on the electrical field distribution in the detector base.
As mentioned above, the induced defects by neutrons will lead to compensation and
as a result changing of the electrical field in the depletion layer, as well as mobility
degradation and charge trapping. An interpretation of the pulse shapes of current
in silicon detector provides information on a wide range of parameters, viz, effective
charge concentration Neff, mobility for electrons and holes, types of silicon, an effective
recombination time for electrons and holes, and their dependance on neutron fluence.

Several groups developed models of pulse formation and transit time of charge carriers
in silicon detectors with p-n junctions [11-13]. Lemeilleur et.al. [14] presented the
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model for the current pulse response induced by alpha particles ami electrons .:i i
fully depleted detector. Fitting the theoretical current response to the experimental
one the NeS,/jLe,hi and r — e,h have been obtained. The laser beam and alpha particie
techniques were used to study the charge collection in silicon strip detectors (16.18).
Similar laser beam techniques were used for charge collection study in detectors by Li
and Ermin [15]. This method was applied to extract Neff and mobility as a function of
neutron fluence. The degradation of mobility with neutron fluence was explained by
a cluster model and was in good agreement with their experimental results. However,
the mobility degradation was much much more than reported in [14].

The above mentioned investigations and models of charge collection are related to uni-
form charge distribution Neff in the depletion layer of the detector. Such a situation
is possibly only under uniform fast neutron irradiation and result in uniform compen-
sation. In practice the silicon detectors in the future LHC will be irradiated in non
uniform fast neutron fields e.g., detectors in the radial plane, perpendicular to the
beam in the ATLAS experiment). Non-uniform irradiation will lead to non-uniform
defect distribution in the active volume of the detector and as a result, non-uniform
compensation. Under such conditions different parts of the active volume can even get
a different type of conductivity. Such a situation can lead to large scale traps due to
strong potential gradients near the internal p-n junction. Such traps will effectively
change the mobility and increase the charge deficit if particle tracks occuring nearby.
The discrepency in the mobility, degradation in papers [14] and [15] could be as a result
of different inhomogenity of high resistivity silicon used for detector fabrication, which
will be amplified by uniform compensation.

The aim of this project is to study the time and amplitude characteristics of silicon
ion-implanted detectors non-uniformly irradiated with fast neutrons in order to predict
their radiation behaviour in the LHC and space. It is expected in such detectors
increases of the charge deficit due to trapping by large scale traps and transient time
increases due to the reduction of the mobility. The theoretical model will be modified
to describe the charge kinetics in the electrical field of the detector created by a non
uniform space charge distribution. Experimental confirmation techniques are needed to
develop non uniform predictable damage of silicon detectors using fast neutron sources
(accelerators, reactors) and to study peculiarities of the charge transport in different
parts of the detector.

The study of the charge transport will be done on ion implanted silicon p-i-n diodes
with different active areas(0.5-4 cm2) based on high purity n-Si. The basic facilities for
irradiation will be used at ANSTO (Van de Graaff accelerator). For irradiation with
high flux of fast neutrons more than 2*1013 n/cm2 will be used on the collaboration
base of overseas facilities CERN(PSAIF) and reactors.

In the first stage (Jan-July, 1996) fast current transient techniques at the University
of Wollongong will be developed. These techniques will be used to measure current
pulses from detectors (charge kinetics) using a laser beam probe, the low activity
electron source Ru-106 and the alpha source Am-241. The parameters of the original
ion-implanted p-i-n diodes will be studied using the above mentioned techniques as well



a capacitance-voltage (C-V) and deep level transient spectrometry (DLTS) at ANSTO.
All transport parameters will be extracted using the theoretical approach.

In parallel to experimental research starting from 1996, will be started the theoretical
development of the charge transport model for non-uniform distribution of space charge
in the depletion layer (Neff). The model will include the linear distribution of Neff(y)
along the detector as well as the change of sign of Neff (conversion from n to p type of
silicon) inside the detector.

Theoretical modeling of fast neutron moderation is required to generate neutron dose-
(Si) gradient along the detector axis of up to 1:10. This work has already started
and preliminary, promising results are available. This calculation will be done for two
conditions of irradiation with a 1 MeV neutron beam as narrow as 1 cm diameter as
well as for reactor fields. The spectrum of moderated neutrons behind the moderator
using the Los-Alamos neutron transport code and Monte Carlo calculations will be
obtained. This spectrum is covoluted with the silicon damage KERMA to obtain the
distribution of dose(Si) in the detector. Such experience of modeling radiation hardness
of silicon in different neutron spectra was gained in 1994-95.

Small p-i-n diodes will be used as dosimeters [6] and placed behind the moderator
for comparison with theoretical calculations. These experiments will be carried out in
Feb-Mar 1997. Using the experimental data of neutron dose(Si) mapping, the uniform
and non uniform irradiation of silicon p+n detectors will be done on the Van de Graaff
using the Li(p.n)Be reaction and moderators.

Irradiated p-i-n detectors with successive fast neutron fluence up to 1014 n/cnr will be
studied using C-V, transient time detectors irradiated with laser beams, alpha parti-
cles and 2 MeV electrons. The laser beam and alpha particles will be used to scan the
detector on p+ and n~ sides to seperate charge transport of holes and electrons. The
electrons from Ru-106 produce uniform generation of e-h pairs and allow the study
of charge collection of minimun ionizing particles that correspond to the experimental
condition at CERN. For the study of the depletion layer profile of non-uniformly ir-
radiated detectors we will use the proton probe at the University of Melbourne. The
profile of the depletion layer will be correlated with features of the charge collection and
charge deficit. From these measurements and theoretical modeling of current pulses we
will extract mobility degradation, charge deficit and life time in different parts of the
non-uniformly urradiated detector. It will allow us to understand the role of large scale
traps on charge collection in ion-implanted detectors. The comparison with uniformily
irradiated detectors will be done.

References

[1] J.Kemmer et al., NIM, 169, (1980), 499
[2] E. Verbitskaya, V.Eremin et al., Sov.Phys.Semicond.
V25m,(1991), 852-858.
[3] M.G.Buhler Proc.IEEE 56(10) 1741-1743,(1968)
[4] J.M.Swartz, M.O.Thurston J.Appl.Phys. 37(2), 745-755, (1961)



-Co -

[5\ I.E.Aaokhint A.B.Rosenfeid et ai., Preprint of the Institute tor Nuciear ilcswart:::.
Ukraine, (1989), 20 pages.
[6} A.b.Rosenfeid, I.E.Anokbin, L.LBarabash ec al..
Radia.Protec.Dsim., 33, 1/4, 175-178 (1990).
[7] F.Lemeilleur, M.Glaser, E.H.iVI.Heijne et al., IEEE NS-39. 551. (1992)
[8] F.Anghonolfi, R.Bardos et al., NIM., A326, 365, (1993).
[91 S.J.Bates, D.J.Munday, J.Taylor, et al., NIM A344, 228 (1994)
[10] A.Rosenfeld, V.Khivrich, M.Tavlet et al., IEEE NS-41, 1009-1014. (1994)
[11] G.Cavallery et al., NIM, 21, 177, (1963)
[12] P.A.Tove, K.Falk, NIM, 35, 93, (1965)
[13] A.Albergi Quaranta et al., NIM. 35, 93, (1965)
[14] F.Lemeilleur et al., "charge transport in silicon detectors", "large scale application
and radiation hardness of semiconductor detectors"', edited by A.Baldini and E.Focadi.,
Firenze, 7-9, July 1993, 167
[15] Z.Li. V.Eremin, IEEE NS-40, 367, (1993)
[16] A.B.Rosenfeld, P.G.Litovchenko, V.M.Pugatch.
NucLTraclcs.Radiat.Meas., 19, Nl-4, 947, (1991).
[17] A.B.Rosenfeld. V.M.Pugatch, O.S.Zinets. IEEE NS-39, 645. (1992)
[18] G.Messenger, IEEE NS-39, 468, (1992)


