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Abstract

The electric field distribution inside heavily irradiated silicon particle detectors is deduced using observations of
a particle and minimum ionising particle signals. In these detectors a particle signals are observed for both p` and
n` side illumination even when the detector is only partially depleted. The observations indicate that the electric field
distribution within the partially depleted detector has the contribution expected from a uniform space charge, as in
unirradiated detectors, together with a strong, short range, local electric field in the vicinity of the p` electrode and
a non-zero electric field in the remaining part of the detector. ( 1998 Elsevier Science B.V. All rights reserved.

PACS: 07.77-n; 85.30.-z
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1. Introduction

The behaviour of unirradiated silicon particle
detectors is well understood. If they are illuminated
by a particles, signals are observed from the junc-
tion side at all voltages whereas they are only
observed from the ohmic side at voltages starting
from a value which is just below the depletion
voltage when the electric field reaches a depth to
which the a particles penetrate. In contrast, irra-
diated detectors behave differently in a manner
similar to that observed in more complicated ma-
terials such as GaAs [1].

In this paper we describe our observations of
a particle signals for illumination from both sides of
a heavily irradiated detector as well as those of
minimum ionising particles (MIPs) from a b source.
We use the data to show that in such detectors
there is a similar electric field pattern to that in an
unirradiated detector together with an extra local
electric field in the vicinity of the p` electrode. This
extra field is shown to be strong and of short range.
We also show that a small non-zero electric field
exists in what is usually called the non-depleted
region of the detector.

The detector used in all the measurements de-
scribed here was a standard n-type p—i—n diode of
thickness 300 lm irradiated by a fluence of
1.3]1014 cm~2 pions of momentum 300MeV/c.
After irradiation it was left for about a week at
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Fig. 1. (a) Charge collection efficiency for a particles as a func-

tion of d"Jº
"
/º

$
for n` side illumination. The linear fit is

discussed in the text. (b) The same for the p` side illumination
with a smooth curve which is the result of the fit of the model to
the data described in the text (see Section 5). The detector was
irradiated by a fluence of 1.3]1014 cm~2 pions of momentum
300MeV/c and then annealed to a minimum depletion voltage.

room temperature to allow beneficial annealing [2]
to take place. The minimum depletion voltage thus
reached was found to be 209V. The depletion volt-
age was determined from C—V measurements at
10 kHz and 0°C by the standard method of finding
the crossing point of two straight-lines fitting the
logC—logV plot in the vicinity of the “kink” in the
C—V dependence.

After beneficial annealing the detector was stored
at a temperature of &0°C. The measurements de-
scribed below were made at temperatures between
10°C and 20°C taking care that the detector did not
spend more than a few hours at these temperatures
to avoid reverse annealing [2]. This detector is one
of a sample of 11 similar diodes used for a general
study of radiation damage effects in Si. The charge
collection results for the detector which are re-
ported here are similar to those observed in the
other detectors [3] which were irradiated by fluen-
ces of between 1—3]1014 cm~2 pions or neutrons.
Hence the data presented here can be regarded as
typical for a detector which has been subjected to
such irradiation fluences.

2. Signals from a particles in irradiated detectors

As is well known [4] after heavy irradiation the
initial n-type silicon becomes p-type. Therefore, the
junction moves to the n` side of the detector and
the depleted region should develop from this side.
To investigate this, irradiated detectors were tested
with a particles. Surprisingly, signals were observed
for p` side illumination even at voltages well below
the depletion voltage. Fig. 1 shows the a particle
signal measured in terms of the charge collection
efficiency (CCE) for the irradiated detector de-
scribed in the present paper for a particles illumi-
nating the n` and p` sides. The CCE is the ratio of
the charge observed in the detector after irradiation
to that observed in the same detector before ir-
radiation. The x-axis is expressed in terms of the
normalised depletion thickness d discussed in more
detail in the following section.

Even at full depletion (d"1) the CCE does not
reach 100%. This is due to carrier trapping as
discussed in the following sections. The CCE for
short range a particles depends strongly on the field

at the side where the ionisation is deposited. Im-
mediately above depletion the field at the p` side
grows quite quickly with voltage leading to a rapid
rise in the CCE above d"1. In contrast, the rela-
tive change of the field at the n` side is smaller
leading to a smaller increase of the CCE for this
side.

2.1. a Particle signal from the n` side

The measured CCE for n` side illumination by
a particles was found to vary linearly with the
square root of the bias voltage, º

"
, up to the

depletion voltage, º
$
. The simplest explanation of

this is as follows.
The depleted region grows proportionally to

Jº
"

as expected for the case of a uniform space
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charge in the depleted region. The holes drifting
from the n` electrode induce their signal directly
on the p` electrode because, for fast electric signals
(characteristic time &10 ns) produced by the hole
drift, the non-depleted part of the detector behaves
like an insulator. (This follows e.g. from the well-
known fact [5] that for frequencies above 100 kHz
the value of the capacitance of irradiated detectors
is almost independent of voltage.) Since the holes
practically stop at the end of the depleted region
their induced signal (from Ramo’s theorem [6]) is
proportional to the ratio d of the depleted region
thickness to the total detector thickness. This ratio
in turn can be expressed as

d"Jº
"
/º

$
. (1)

Fig. 1a shows the measured CCE for n` side
illumination by a particles as a function of d, to-
gether with a linear fit to the data through the
points below d"1. The lowest three points were
omitted from the fit since the drift field in the diode
for these points is so low that the plasma effect [7]
begins to influence the results. It can be seen that
the linear fit gives a good representation of the
data.

However, the CCE does not reach 100% at the
depletion voltage (d"1) and the loss is ascribed to
charge trapping. This loss is expected to be con-
stant with bias below the depletion voltage. This
can be understood from the compensation between

the increasing drift distance (x
$
&Jº

"
) and in-

creasing drift velocity of the carriers with increasing
bias. The characteristic drift time t

$
"x2

$
/k

)
º

"
then remains the same for all values of º

"
, hence

keeping constant the trapping which depends on
the ratio t

$
/q

)
. Here k

)
and q

)
are the hole mobility

and trapping time constant in the material, res-
pectively.

Below depletion the CCE growth is due to the
increase of the drift distance while the collection
time remains almost constant. Above depletion the
drift distance becomes constant but the collection
time decreases with voltage. This leads to a further
increase of the CCE due to a decrease in the trap-
ping probability. The fact that in Fig. 1a for a few
points above depletion the CCE still grows almost
linearly with d is accidental. A detailed analysis of

the CCE dependence on voltage above full de-
pletion is given elsewhere [8].

2.2. a particle signal from the p` side

Fig. 1b shows the measured CCE from a par-
ticles illuminating the p` side of the detector, as
a function of the normalized depletion width, d,
which is related to the bias voltage by Eq. (1). The
signal from the p` side for a particles (Fig. 1b)
appears when less than 50% of the detector is
depleted and then grows smoothly with bias. Such
behaviour is very different from unirradiated de-
tectors in which the signal is completely absent
until the detector becomes almost fully depleted
when the electric field reaches the penetration
depth of the a particles. The smooth curve in
Fig. 1b is a fit to the data based on the model which
is described in Section 5.

The unexpected observation of signals from
short range (&20lm) a particle from the p` side
in irradiated detectors well before the detector is
fully depleted shows that there must be an electric
field present in such detectors at this side even when
the depleted region does not yet reach it. To investi-
gate the strength of this field the time of arrival of
the signals from the p` side was compared with
that from the n` side. If the field on the p` side is
weak the reduced carrier velocity together with the
plasma effect [7] will cause a significant delay in the
arrival of the signal from this side. Conversely, if
the field is strong the delay will be small. Here the
plasma effect [7] plays a major role. This effect
causes a time delay in the separation of hole—elec-
tron pairs because of the neutralisation of the
electric field in the vicinity of the ionisation. The
induced-time delay due to the plasma effect has
been measured to be &27 ns/E with the external
electric field, E, in kV/cm [8].

The overall delay was measured by comparing
the differences of the signal arrival times and the
a particle impact times for p` and n` side a par-
ticle illumination of the detector. The time delay
between the a particle impact and the signal arrival
was measured using a-c coincidences from an
241
95

Am source. The impact time of the a particle
was obtained by detecting the coincident c-ray in
a scintillation counter. The c signal was used to
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Fig. 2. A typical time difference spectrum between the c-ray arrival and the arrival of the ionisation from the a particle. The smooth
curve is the result of the fit described in the text. For this spectrum the detector was biased at 40 V and illuminated by a particles from the
n` side. The time calibration is 2.1 ns per channel and the Gaussian p from the fit is 4.8 ns.

start a Time to Amplitude Converter and the a sig-
nal to stop it, so that the output amplitude gave
a measure of the relative time delay between the
a particle impact time as signalled by the c-ray and
the ionisation arrival time. The time spectra were
measured for both p` and n` side a particle illu-
mination.

Fig. 2 shows a typical time spectrum. The events
at large delay time arise from random coincidences
which populate the whole time range uniformly.
The peak corresponds to the real coincidences. The
exponential rise up to the peak at small times is due
to the fact that the excited 237

93
Np daughter nucleus

from 241
95

Am decay is an isomeric transition with
a mean lifetime of 91 ns [9]. Hence there is an
exponential time distribution of the start times ob-

tained from the c-ray with a sharp fall to the ran-
dom coincidence count level. This sharp fall corres-
ponds to the earliest arrival time of the c start
signal. All the time spectra taken showed similar
shapes to that in Fig. 2. The sharpness of the fall to
the random background shows that there is little
time smearing of the ionisation as it passes through
the detector and this fall time was similar for all the
measurements.

To obtain the delay time of the ionisation arrival
in the detector a fit of a functional form was per-
formed to each spectrum. This function consisted of
a flat (random) background together with an ex-
ponential rise up to a fixed time, which was a free
parameter, with a Gaussian fall at times greater
than this fixed time. The half-maximum point on
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Fig. 3. Difference in the arrival times (in ns) of the a particle
signals from the p` and n` sides as a function of the normalised

depletion width d"Jº
"
/º

$
.

Fig. 4. Measured CCE for MIPs as a function of the bias
voltage. The straight line is the linear fit to the data discussed in
the text.

this fall was used to measure the average relative
delay of the ionisation arrival time in the detector.
Time slewing in the discriminator connected to the
detector (which had a fixed threshold) occurred
because of the finite risetime (&60 ns) of the de-
tector’s amplifier. Corrections (up to 15 ns) for this
time slewing were made to each spectrum. The
correction was obtained by measuring separately
the time slewing for large a particle pulses from an
unirradiated detector. The ionisation arrival time
was measured for different levels of attenuation of
these pulses, i.e. for different triggering times in the
discriminator. For each spectrum from the irra-
diated detector the amplitude above threshold was
determined and the ionisation arrival time then
corrected to a fixed amplitude. The corrected
arrival times were measured for both p` and n`

illumination and the difference was taken. Since at
the n` side the field exists at all bias voltages and is
about 2 times higher than the average field in the
depleted region, this difference describes the delay

of the signal related to the low field near the
p` side.

Fig. 3 shows the difference between the signal
arrival times for a particles impinging on the
p` and the n` sides as a function of the normalised
depletion layer width, d (which is related to the bias
voltage by Eq. (1)) . The delay time is short (&7ns)
and independent of the bias voltage (or depletion
layer thickness) within the errors. As mentioned
above the plasma delay has been measured to be
&27 ns/E with E in kV/cm [8]. For the measured
delay time to be as short as &7 ns the electric field
in the vicinity of the p` electrode must be of the
order of several kV/cm i.e. similar in strength to the
field in the bulk of the detector. Hence, there must
be a rather strong electric field in the vicinity of the
p` electrode of the detector.

3. Signals from MIPs in irradiated detectors

Signals from MIPs in the irradiated detectors
were measured using a collimated b source and
a system of scintillation counters to define particles
which traverse the whole detector as described in
Ref. [10]. Fig. 4 shows the MIP CCE as a function
of the detector bias voltage together with a linear fit
to the data up to the depletion voltage. This fit
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Fig. 5. A schematic diagram of the electric field pattern inside
an irradiated silicon detector deduced from this work.

gives a good representation of the data showing
that the CCE increases linearly with bias.

Such a behaviour can be understood as follows.
The deposited ionisation in the active (depleted)
region varies linearly with the depletion width. The
induced signal per unit ionisation also varies lin-
early with the depletion width from Ramo’s
theorem [6], as discussed in Section 2.1. Hence the
signal from MIPs which traverse the whole de-
tector will vary as the product of the two effects, i.e.
as the square of the depletion width. The behaviour
of the detector for n` illumination by a particles
shows that this depletion width varies as the square
root of the bias voltage (see Fig. 1a), hence the
signal from MIPs will vary linearly with bias volt-
age, as observed.

4. The electric field pattern in irradiated detectors

A picture emerges of the electric field distribution
in the partially depleted irradiated detectors from
all the above information. This field is similar to
that for a uniform space charge in the depleted
region falling to near zero at the edge of the de-
pleted region. This is necessary to explain the linear

behaviour of the MIP CCE with bias and the linear
behaviour of the n` a particle CCE with the square
root of the bias voltage. However, in order to ex-
plain the observation of a signals from the p` side
which are not significantly delayed there must be
a strong local field in the vicinity of the electrode on
this side. To explain the smooth variation with
voltage of the alpha particle CCE from the p` side
one needs also a non-zero electric field in the area
between the high field region near the p` electrode
and the depleted region.

Fig. 5 shows a schematic diagram of the electric
field pattern in the detector which we deduce from
these observations. The width of the high electric
field region adjacent to the p` side may be quite
small.

5. A model for the a particle CCE from the p` side

Assuming that the electric field pattern follows
the form described in the previous section and
shown in Fig. 5, we can develop a model to describe
the observed a particle CCEs for illumination from
the p` side for voltages below the depletion volt-
age. We should stress that at this stage it is a min-
imal phenomenological modification of the field
structure in a standard semiconductor detector. An
analysis of the possible physical origins of such
modifications or the development of a more elabor-
ate model will be the subject of future studies.

We start with the assumption of the simplest (i.e.
uniform) electric field E

0
in the non-depleted re-

gion. We assume further that the strength of this
field is linearly related to the thickness of the de-
pleted region (e.g. through the current generated in
it, but there may also be other reasons). Therefore,
we express the field through the normalised de-
pletion width d (from Eq. (1)), so that E

0
"dE

.!9
.

Here E
.!9

is the nominal value of E
0

when the
detector is fully depleted (d"1). (The word nom-
inal denotes the fact that when E

0
reaches E

.!9
the

non-depleted area where E
0

should exist vanishes.)
Finally, we introduce the normalised maximum
“absorption length”, i.e. the carrier mean free path
in the electric field E

.!9
. This is given by

j"k
%
E

.!9
q
%
/w, (2)
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where k
%
and q

%
are the electron mobility and trap-

ping time constant and w is the detector thickness.
The CCE has three contributions. The first is from
the charge movement in the high field region at the
p` electrode; the second arises from the charge
drifting through the non-depleted region; the third
comes from the drift of the charge through the
depleted region. The total CCE is then given by
adding these three contributions allowing for
the attenuation of the charge due to trapping.
Neglecting the width of the high field region at
the p` electrode, it can be shown that this model
gives

CCE"C
0
#e

1
jd(1!exp(!(1!d)/jd))

#de
2
e
1
exp(!(1!d)/jd). (3)

Here the parameter C
0

represents the first contri-
bution. Making the simplest assumption, it was
taken to be a constant independent of d. The para-
meter e

1
represents the fraction of the total charge

which enters the non-depleted region. In a general
way, it describes the overall attenuation of the
initial ionisation during the plasma time (see
above). The parameter e

2
represents the ratio of the

mean charge drifting through to the charge enter-
ing into the depleted region. Thus, it describes the
trapping during the charge collection in the de-
pleted region. As discussed in Section 2.1 this trap-
ping can be considered constant independent of d.
The exponential factors in Eq. (3) arise from the
loss of charge caused by trapping in the non-de-
pleted region.

The smooth curve in Fig. 1b shows a fit of this
simple model with C

0
,e
1
,e
2

and j as free para-
meters. The model fits the data well (mean devi-
ation of the points from the curve is 0.45%) sugges-
ting that the assumptions made in deriving it are
probably reasonable. The best-fit parameters are
C

0
"0.4$2.1%, e

1
"0.85$0.31, e

2
"0.59

$0.19 and j"0.23$0.03 where the errors are
derived from the deviations of the points from the
curve. The fits made for the other irradiated de-
tectors (see Section 1) gave similar results.

The optimal value for C
0

is compatible with zero
within the error and its 95% confidence level upper
limit is 4.4%. Neglecting trapping along the a par-
ticle track in the high field region near the p` elec-

trode we can write C
0
&fx2

)&
/Rw, where x

)&
is the

thickness of the high field region. Here f is a calcu-
lable factor (&0.8) which accounts for the non-
uniform ionisation deposition along the a particle
track and R is the range of the a particles (20lm in
our case). This gives a rough estimate of the thick-
ness of the high field region x

)&
&5.5$7.9lm in-

dicating that it is much smaller than the detector
thickness.

The physical origin of this strong field could be
the existence of a thin n-type layer adjacent to the
p` electrode. Such a possibility was already pro-
posed some time ago [11,12]. Recent current pulse
shape measurements in heavily irradiated diodes
[13] also indicate the presence of a high field region
near the p` electrode.

To reproduce the smooth growth of the CCE
from the p` side with º

"
the model described by

Eq. (3) requires the existence of a non-zero electric
field in the part of the bulk between the depleted
area and the high field layer near the p` electrode
(see Fig. 5). This should allow electrons released
near the p` surface to drift in a finite time to the
depleted area from where they are quickly trans-
ported to the n` electrode. The high mobility of the
electrons drifting from the p` electrode helps to
make this penetration fast enough for detection of
the charge within the 70 ns integration time used in
our electronics.

6. Conclusions

Signals from a particles and MIPs have been
investigated in heavily irradiated silicon detectors.
The data indicate that in a partially depleted de-
tector the electric field falls to near zero from the
n` side just as it should for a uniform space charge
in the depleted region. However, the effect of the
irradiation is to create a strong, short-range, local
field, in the vicinity of the p` electrode so that fast
a particle signals from this side are observed even
when the detectors are far from being fully depleted.
A small but non-zero electric field in the “non-
depleted” part of the detector is also necessary to
explain the data. A simple parameterisation of the
CCE for this case based on this electric field pattern
has been developed.
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