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The in situ examination of barrier capacitance charging, of generation and drift currents, and of
carrier lifetime in Si structures during 25 MeV neutrons irradiation has been implemented
to correlate radiation induced changes in carrier recombination, thermal release, and drift
characteristics and to clarify their impact on detector performance. It has been shown that
microwave probed photo-conductivity technique implemented in contact-less and distant manner
can be a powerful tool for examination in wide dynamic range of carrier lifetime modified by
radiation defects and for rather precise prediction of detector performance. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4769370]

The main causes and evolution of radiation damage of
the heavily irradiated particle detectors remain an important
issue in design of the detection systems for high energy
physics,' operational in harsh environment of high luminos-
ity hadrons accelerators. Intensive research of specific char-
acteristics is usually performed on post-irradiated materials
and detectors, which sustain rather long term of stabilization.

In this work, the in situ measurements of barrier capaci-
tance charging, carrier generation, and drift currents in Si
diodes and carrier lifetime in wafer samples of the same Si
material during 25 MeV neutrons irradiation have been
implemented to correlate radiation induced changes in car-
rier recombination, thermal release, and drift characteristics
and to clarify their impact on detector performance. Com-
monly, neutrons damage is examined by employing samples
irradiated by nuclear reactor neutrons.”® A spallator type
source producing neutrons with energy peak at 25 MeV has
been exploited in our experiments (at the Cyclotron UCL
Louvain la Neuve) to perform the on-line measurements at
room temperature by combining several techniques operating
in distant measurement mode.

The CERN standard particle detectors made of MCz
(grown by Czochralski method with applied magnetic field)
Si and having a p"nn™ diode structure were analyzed. The
wafer pieces of 20 x 20 mm?” dimension samples of the same
initial MCz Si material used for fabrication of p'nn™ pad-
detectors were employed for contact-less measurements of
carrier recombination characteristics by using microwave
probed photo-conductivity (MW-PC) technique. The distant
measurements by exploiting the MW-PC technique have
been carried out employing instrumentation described in
Ref. 4, although a sample holder was positioned within neu-
trons beam cone in air, instead of vacuum chamber necessary
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for on-line experiments with protons beam. Junction barrier
capacitance charging and carrier generation current measure-
ments were performed (in parallel with MW-PC experi-
ments) on diode structures, keeping the same irradiation
conditions, when employing barrier evaluation by linearly
increasing voltage (BELIV) technique and instrumentation
described in Ref. 5. The in situ control of carrier drift param-
eters has been implemented keeping again the same irradia-
tion conditions and by using induced charge drift current
(ICDC) pulsed technique and instrumentation for distant in
situ measurements, mentioned in Refs. 6 and 7. The spallator
type neutrons source is based® on cyclotron accelerated deu-
terons beam interacting with Be target, which generates a
cone of neutrons just behind a target. A neutrons flux can be
easily manipulated by varying position of sample (on holder
with necessary probes) relatively to a Be target. The main
advantage of such the in situ experiments is that the electri-
cal noise is very low as compared to those generated in pro-
tons irradiation chamber. This enables one to use very low
excitation densities in MW-PC and ICDC measurements,
while getting the reliably detectable signals. This in turn
purifies the experimental conditions.

The obtained variation of the mentioned characteristics as
a function of neutron irradiation fluence is compared in Fig. 1.

Actually, changes of the pulsed transients (illustrated in
Figs. 1(b) and 1(c)) were controlled through computer (PC)
clocked irradiation exposure time, and the pulsed transients
at every irradiation instant were recorded on the same PC.
A single data point corresponds to about 10 averaged transi-
ents, when a single transient is registered every 10 ms. Neu-
trons were generated in bunches with pulse duration of about
4ns. The exposure time of irradiation then was correlated
with an actual fluence of 25 MeV neutrons. This collected
fluence was additionally calibrated by using EPR spectros-
copy and Bruker alanine etalon tablets. To unambiguously
relate radiation damage obtained for different irradiation
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FIG. 1. Correlated variations of the carrier recombination lifetime obtained
by MW-PC (a), of barrier capacitance charging and generation current,
extracted from BELIV transients (b), and drift current transients, measured
by ICDC technique (c) as a function of 25 MeV neutrons irradiation flu-
ence, evaluated from exposure time of the in situ experiments. (a) Lifetime
values measured in situ are denoted by circles, while star symbols repre-
sent earlier obtained (Ref. 9) lifetime dependence on fluence measured on
the same material for discrete fluence values collected samples, irradiated
by reactor neutrons. (b) BELIV transients at several instants of the on-line
neutron irradiation exposure time are illustrated within inset. (¢) Numbers
denoted on the respective ICDC transients, illustrated in (c), serve for eas-
ier attribution of fluence dependent carrier lifetime, barrier capacitance
charging, and generation current characteristics, shown in (a), (b), and (c)
plots.
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sources, the fluence of 25 MeV neutrons was re-calculated to
values equivalent to 1 MeV neutrons by using the methodol-
ogy of UCL.® The latter 1 MeV eq. fluence values are
exploited in Figs. 1(a)-1(c).

In Fig. 1(a), the bulk carrier lifetime (tg) in n-Si wafer
sample as a function of collected fluence (from non-irradiated
state to 4 x 10'*n/em? 1 MeV eq.) during irradiation is illus-
trated (circles) for a full exposure time scale (~8h) of the
in situ measurements. This curve contains over 3 x 10* data
points obtained from collecting of >10° MW-PC transients.
The star symbols represent lifetime dependence on fluence
obtained earlier on the same material, irradiated with discrete
fluence values by reactor neutrons.” Within the initial range of
small fluence, carrier lifetime decreases slowly with enhance-
ment of fluence, as lifetime values are determined by simulta-
neous action of grown-in and, the radiation-induced defects.
Starting from fluence @ > 10" cm ™2, the radiation defects
become dominating. Further carrier lifetime decrease is nearly
linear (in log-log scale, while it is hyperbolic in the linear
scale). This linear lifetime reduction proceeds further for the
larger fluence of reactor neutrons (points marked by stars),
and it can be implied for 25 MeV neutrons, since in the range
of ®>10""-10""cm 2 an excellent agreement between val-
ues for the on-line and post-irradiation measurements was
obtained.

An evolution of BELIV transients (in the inset, a few of
them are shown for several instants of the on-line exposure
time) is illustrated within inset of Fig. 1(b). Two main com-
ponents in these transients represent barrier capacitance
charging current (ic), the initial one, and generation current
(iy), when observable increase in the rearward range of the
BELIV pulses. These components® can be expressed as

(1) = ic(1) + ig (1)

_ou OCy, Ow(r) emo yuSw(U(t))
o (Cb+UWaU(t>> D

where the barrier capacitance is Cj, = ego/w(f) (of a unite sur-
face area (S)). The barrier capacitance charging current
decreases with time for a reverse bias LIV voltage U(f) = At
pulse of a ramp A, due to an increase of the depletion width
w(U(?)). The generation current (i,) is a sum over all types of
traps M, distributed over w(f), which represents thermally
released carriers of density my, with a specific generation
lifetime, commonly assumed as T, =Ncsrvr eXp(AEA/KT),
and it (7,) increases with w(t). The symbols represent: N is
an effective density of band states, sy is an effective cross-
section, v is thermal velocity, AE, is trap activation energy,
and T is thermal energy. These current components compete
and determine the observed changes of the shape of a BELIV
pulse. The extracted values of barrier capacitance and
of generation current as a function of fluence are shown in
Fig. 1(b). The clearly noticeable decrease of C, and the
enhancement of i, correlate well mutually and with that of
recombination lifetime decrease observed in the same range
of neutron irradiation fluence (Fig. 1(a)). The obtained
reduction of C, NNdef” 2 (Nger=Np-Nap is an effective den-
sity of doping for donors N doped material containing N4y,
acceptor-type trap density) and the prevailing increase of
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ig~mop~M (with M, as a density of specific type traps)
indicate that radiation induced traps are the efficient recom-
bination/generation centers that compensate N,y dopants
leading to the degradation and further destruction of a
junction.

A set of ICDC transients are shown at several instants of
the on-line exposure time in Fig. 1(c), when green light laser
pulse injects surface charge domain gy = eK/S of K electrons
within area of laser beam spot, nearby the metallurgic junc-
tion boundary. Here, more complicated changes of the pulse
shape are obtained. These changes can be again understood
by the competition of several current components in the
overall current pulse shape. In the non-irradiated diode, a
drift current of density j, = q(dy/dt) prevails leading to an
invariable value j = ¢o/t,., as a drift time 7, ~ ‘cd,,:dz/,uU
< 1p is the shortest one among characteristic times. Here,
() = (Xo(#)/d) is a dimensionless position of drifting surface
charge domain within inter-electrode space, d is a width of
active layer or inter-electrode gap, and p is carrier mobility.
For non-irradiated detector, a rising with time current shape
of the ICDC pulse might appear due to RC of the measure-
ment circuit, which can be included by a convolution integral
J©=(/RC) [06(qo/ta)exp(—{/RC)AL resulting in j() = (qo/ta)
[1 —exp(—t/RC)] for 0<t<t,. In the irradiated detector,
drift current is modified by specific times of dielectric relaxation
of the space charge Tyypr= ceo/euNgyr and t,,(t) = 2ee/epmg
(1 — exp(—1/1,)) (due to change of NA1) by thermal emission
of m(t) = mp (1 — exp(—1t/t,) trapped carriers with initial density
m(t=0)=mgp). As usually, e and &, &, represent elementary
charge and permittivities, respectively. The drifting charge do-
main of surface density g(f) =qo exp(—#/tg) is also varied in
time due to carrier capture (tz) and dielectric relaxation with
T,(0) = eeo/ulgo exp(—t/tr)/d], respectively, when density of
traps and carrier lifetime is modified by neutron irradiation. Car-
rier capture (recombination) current i, /= ¢/tg prevails when
trapping lifetime, ~tg, becomes shorter than drift time z,,.
Then, the generalized ICDC current density j(f) is represented as

dy  q(1)

Ly +

eddm

J(t) =q(1) I

2

Time dependent position y(#) changes are evaluated by solu-
tion of a drift velocity (v(y) = [dy/dt]d) field equation dy/dt
[t O+7 O = tvagr T ¥~ [t =T (O]=0,
being the first order ordinary differential equation with time
dependent coefficients and boundary conditions y(t = 0) =y,
and y(t=t,) = 1. Assuming that 7, Tnsr and 1 are rather
short, in comparison with other characteristic times, Eq. (2)
for 0 <y(f) < 1 can be approximated as j(t) = [qo exp(—t/tg)/
Tar) + (g0 exp(—t/tg)/tr] + [emod exp(—t/ty)/21,]. Increase
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of fluence leads to a decrease of ICDC pulse amplitude, due
to carrier trapping and reduction of ¢, with enhancement of
fluence (as a fixed excitation density was kept). Pulse dura-
tion, measured between kink points on pulse vertex, indicat-
ing start of domain drift and its arrival to the rear electrode,
is in good agreement with t,, value estimated using parame-
ters of the experiment. The current density exponentially
decreases j(f) ~exp(—t/tg) within pulse vertex when 1z
approaches to 7, and 7,. The generation current component
can be ignored within ICDC pulse when t,> 1> 4.
Finally, the recombination current becomes dominating (the
8-th transient, in Fig. 1(c)), when 1z < 1,4, and the relaxing
() = qo exp(—t/tg)/tg) current decay hides a charge drift
current.

In summary, the observed changes of MW-PC, BELIV,
and ICDC transients well correlate mutually when consid-
ered relatively to an increasing fluence value. Thus, MW-PC
correlated lifetime changes, measured in contact-less and
distant manner, calibrated with other parameters is a power-
ful tool for examination in a wide dynamic range of carrier
lifetimes, modified by radiation defects. Approach of carrier
lifetime values to those of charge drift specific time scale
leads to the non-operational junction. The observed increase
of generation current within BELIV transients will cause a
considerable increase of detector noise level. Thus, carrier
recombination lifetime values, measured by MW-PC tech-
nique, can be employed in prediction of detector perform-
ance. The detectors studied in this work are nearly destructed
(non-operational junction) after irradiation with 4 x 10'*n/
cm? 1 MeV eq. fluence.

Development of the employed measurement techniques
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Council of Lithuania, grant MIP-054/2011, and neutron irradi-
ations were performed within frame of FP-7 “AIDA” project.
E. Tuominen, J. Harkonen, and J. Raisanen are appreciated
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