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Abstract

The changes of the electrical properties induced by hadron irradiation on silicon detectors have been studied by using
the device level simulator HFIELDS. The model of the radiation damage assumes the introduction of radiation-induced
acceptor and donor `deep-levelsa. The electric "eld pro"le and the space charge region extension have been calculated for
di!erently irradiated structures. The simulation has been carried out at di!erent biases in order to study the evolution of
the space charge region of irradiated detectors as a function of the applied voltages, below and above the full depletion.
The time-dependent current responses and the charge collection properties of the structure illuminated by a red LED
light have been calculated. The use of the red light results in a shallow (quasi-surface) generation of e}h pairs in silicon,
which has been properly taken into account by the simulation. The results of the simulations have been compared to
experimental measurements carried out at CERN on samples irradiated with 24 GeV/c protons. The comparison results
in a satisfactory agreement, and supports the physical interpretation of experimental data. � 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The future Large Hadron Collider (LHC) will
produce a high luminosity environment that results

in a unexperienced radiation doses: this will criti-
cally a!ect the electrical properties of solid-state
silicon detectors used in the tracking system. In this
work, the general-purpose device simulator
HFIELDS [1] has been exploited to model at
a physical level the behaviour of progressively irra-
diated structures. In particular, radiation e!ects (i.e.
charge generation due to a ionising particles) are
accounted for by introducing suitable terms into
the semiconductor transport equations, whereas
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Fig. 1. Simulated signal pulse shape for a non-irradiated diode.

the bulk radiation damage is accounted for by
means of two dominant `deep-levela genera-
tion/recombination centres, an acceptor level
at Ec!0.42 eV and donor level at Ev#0.36 eV
[2]. The model is based on generalised Shock-
ley}Read}Hall statistics, and allows for reliable de-
scription of radiation-related phenomena, e.g. the
so-called type-inversion e!ect and charge collection
performance degradation. In order to study the
electrical behaviour of irradiated devices, a general
p�nn� structure has been adopted, with a bulk
concentration of n"1.9�10�� cm�� and im-
plant concentration p�"n�"1.0�10�� cm��.
A 100 �m width and 284 �m depth are assumed,
respectively. The `active behavioura of the device is
predicted by simulating the time-varying current
response to a pulse red LED illumination. To this
purpose, a given amount of electron/hole pairs
have been distributed within the device, accounting
for the e!ect of the LED illumination. Due to the
absorption coe$cient of the red LED light with
a wavelength of 670$50 nm (+3�10� cm��),
more than 90% of photons are absorbed in a few
�m depth. For simulating purpose, the generated
charge has been therefore uniformly distributed in
a shallow (quasi-surface) layer, whereas the time
distribution of the generated charge follows
a Gaussian function.
Simulation results have been compared to ex-

perimental measurements carried out at CERN on
several n-type silicon diodes (with initial resistivity
of 2.2 � cm) irradiated in the 24 GeV/c proton

beam at CERN PS, with #uences ranging from
1�10�� up to 2.9�10�� cm��. The device illu-
mination was performed using a red LED driven by
an external pulse generator. The LED is connected
to a multimode optical "bre of 0.5 mm diameter
which illuminates the detector through a front win-
dow (p�-side) or a rear grid (n�-side). The detector
signal is ampli"ed by two fast current ampli"ers
(Phillips Scienti"c model 6954) with a total gain of
1000. The signal pulse shape and the integral of the
signal with time were recorded with a 300 MHz
LeCroy 9361 oscilloscope.

2. Time-domain response and charge collection
analysis

To begin with, a non-irradiated device has been
considered, illuminated either from the front (p�

side) or the back (n� side) with a pulsed (15 ns
full-width at half-maximum) 660 nm wavelength
red LED light. Fig. 1 shows the simulated pulse
shape (time-domain response) for di!erent bias
voltages in the case of front and back illumination,
respectively, whereas the corresponding measured
responses are reported in Fig. 2. As expected,
sharper current peaks are found with increasing
bias voltages, due to larger transit velocity of the
mobile charge (which depends on the electric "eld).
Consequently, collecting the generated charge will
require a shorter time as well. Di!erences are found
depending on the placement of the light source: by
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Fig. 3. Collected charge for a non-irradiated diode (the vertical line indicates the full depletion voltage (V
�	

) as extracted by the
capacitance}voltage (CV) characteristic).

Fig. 2. Measured signal pulse shape for a non-irradiated diode.

front-illuminating the device, the shallow genera-
tion layer falls within the depleted region even at
very low bias voltages, so that marked current
peaks develop as soon as the device is actually
biased. On the contrary, the back-illuminated de-
vice needs to attain complete depletion to exhibit
similar responses. By integrating current pulses, the
amount of collected charge can be estimated: Fig. 3
shows the collected charge, depending on the kind
of illumination and on the applied bias.
To investigate the in#uence of radiation damage

on the responses discussed above, structures have

been irradiated at di!erent #uences and their re-
sponse has been measured and compared with
simulation. It is customary to introduce the con-
cept of `e!ective dopinga to account for the radi-
ation-induced e!ects on the device behaviour: i.e.
the in#uence of deep-level traps on the carriers
concentration can be, at "rst order, faked by adjust-
ing the substrate doping concentration. With in-
creasing damage the n-type silicon substrate
progressively turns into an `e!ectivea p-type one.
An `inversion #uencea can be de"ned, indicating
the #uence at which such a type-inversion occurs.
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Fig. 4. Measured signal for a diode irradiated at 5.2�10�� p/cm� } front illumination.

This model, however, does not satisfactorily ex-
plain the actual behaviour illustrated by Fig. 4.
From the above discussion, one should expect that,
beyond the inversion #uence, the e!ective diode
junction should move from the p� side to the
n� side and that, consequently, heavily irradiated
devices should exhibit a complementary behaviour
with respect to the non-irradiated ones. In particu-
lar, front-illumination should not induce appreci-
able response in the irradiated device, unless a large
enough bias were applied. However, this is contra-
dicted by the experimental plots shown in Fig. 4. In
the low-bias range (Fig. 4a), complete depletion is
not actually reached (a depletion voltage of 25 V is
extracted for the measured device, irradiated at
5.2�10�� p/cm�). Nevertheless, a sharp peak shows
up in this case too, the position of which (on the
time-axis) is relatively independent of the applied
bias; if therefore cannot be ascribed to di!usion of
charge through the non-depleted bulk, but should
instead be interpreted as a charge generated within
a `depleted layera still located close to the p� con-
tact. By increasing the applied bias (Fig. 4b), a sec-
ond peak appears, the amplitude and position of
which varies with the bias, which could be inter-
preted as the charge generated at the depleted layer
developing from the opposite contact and reaching
the p�-side electrode. As soon as complete de-
pletion is attained, the two peaks tend to merge
together, eventually recovering a single-peaked cur-
rent response. Simulations of a similar structure
(depletion voltage is in the order of 50 V in this

case) reproduce the same behaviour, as shown in
Fig. 5. The same results have been found at higher
radiation #uences, with the second peak appearing
at higher voltages, as illustrated by Figs. 6 and 7.
This behaviour has been explained by supposing
the existence of two depletion regions, simulta-
neously developing from both sides of the device
[3}5]. Numerical simulation provides a mean for
validating such an interpretation: Fig. 8 shows the
computed majority carrier concentration pro"le
within the device, and makes it evident by the
actual development of such a twofold depletion
layer.
Charge collection properties of irradiated devices

have been investigated as well, correlating them to
the applied bias. Comparison between simulation
predictions and actual measurements show a good
overall agreement in this case too (Figs. 9}11):
a detailed interpretation of such plots is given else-
where [6], based on a peculiar distribution of the
electric "eld within the device, characterised by
a `softa switching of the type inversion mechanism.
In an intermediate #uence range, the structure can-
not be modelled simply as an uniformly-doped sili-
con substrate, being the occupation probability of
deep-level traps non uniform in space; this results in
the formation of n�-side e!ective junction while the
p�-side junction is still present, and should be
witnessed by steep potential barriers (i.e. electric
"eld peaks) at both sided of the device. Again,
simulation can be used to validate such an inter-
pretation: the computed electric "eld pro"les are
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Fig. 5. Simulated signal for a diode irradiated at 6.0�10�� n/cm� } front illumination.

Fig. 6. Measured signal for a diode irradiated at 1.7�10�� p/cm� } front illumination.

Fig. 7. Simulated signal for a diode irradiated at 1.5�10�� n/cm� } front illumination.

reported in Figs. 12 and 13, referring to progress-
ively irradiated structures. The triangular "eld pro-
"le at both ends of the structure stand for the

depleted regions, and, as expected, a #uence range
exists, in which the two layers have comparable
extensions.
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Fig. 10. Charge collection e$ciency for a diode irradiated at 1.0�10�� p/cm�.

Fig. 9. Simulated collected charge for a diode irradiated at 6.0�10�� n/cm�.

Fig. 8. Majority carrier concentration pro"le within the device
irradiated at 6.0�10�� n/cm�.

3. Conclusions

An analysis of the behaviour of silicon irradiated
diodes has been carried out, focusing on the re-
sponse to the illumination by a red-light LED. The
resulting charge generation in a shallow layer
allows to investigate some details on the actual
formation of the depletion layer within radiation-
damaged devices. Such a study is of clear relevance
for the operation of silicon detectors to be imple-
mented in next generation of particle colliders. An
extensive comparison between experimental and
numerical simulation results has been carried
out, allowing for the validation of physical inter-
pretations based on the existence of a dual-sided
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Fig. 11. Collected charge for a diode irradiated 1.5�10�� n/cm� } front illumination.

Fig. 12. Electric "eld evolution for a non-irradiated diode (a) and a diode irradiated at 6.0�10�� n/cm� (b).

Fig. 13. Electric "eld evolution for a diode irradiated at 1.5�10�� (a) and 2.4�10�� n/cm� (b) respectively.
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depletion layer. It is worth emphasizing how nu-
merical simulation, apart from predicting charge
collection and pulse responses fairly in agreement
with experimental data, provides a means for
deeper investigations which can hardly be evalu-
ated experimentally. For instance, charge carrier
concentration and electric "eld could be inspected
thus providing a signi"cant help in the understand-
ing of many physical details.
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