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operated at cryogenic temperatures
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Abstract

The charge collection e$ciency (CCE) of heavily irradiated silicon diode detectors was investigated at temperatures
between 77 and 200 K. The CCE was found to depend on the radiation dose, bias voltage value and history, temperature,
and bias current generated by light. The detector irradiated to the highest #uence 2]1015 n/cm2 yields a MIP signal of at
least 15000 e~ both at 250 V forward bias voltage, and at 250 V reverse bias voltage in the presence of a light-generated
current. The `Lazarus e!ecta was thus shown to extend to #uences at least ten times higher than was previously
studied. ( 2000 Elsevier Science B.V. All rights reserved.
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5The #uence values given in this paper are always normalized
to these units, denoted as n/cm2.

Table 1
Parameters of the investigated diodes. The resistivity values are
those before irradiation

Diode Fluence
(n/cm2)

Thickness
(lm)

Resistivity
(k) cm)

d1 1]1014 350 1.8
d2 5]1014 400 4.0
d3 1]1015 400 4.0
d4 2]1015 300 2.7

1. Introduction

The so-called Lazarus e!ect, phenomenologi-
cally described as the recovery of the Charge
Collection E$ciency (CCE) of heavily irradiated
silicon detectors when cooled to cryogenic temper-
atures, was observed for the "rst time in 1998 [1]
and has been studied by the CERN RD39 collab-
oration [2]. The present work extends the study of
the CCE over more than an order of magnitude
in #uence, covering the range equivalent to
1]1014}2]1015 cm~2 of 1 MeV neutrons.5 The
normalization to 1 MeV neutrons relies on calcu-
lation [3] using the spectrum measured with ac-
tivation of foils and the published damage factors;
this agrees well with the method based on the
measurement of the leakage current [4] and yields
a damage constant equal to 0.9 for the reactor
neutrons with energy above 100 keV relative to the
monochromatic 1 MeV neutrons.

In this paper we report results on diode detectors
irradiated to #uences above the bulk-type inversion
threshold. The samples and the apparatus are de-
scribed in Section 2, and the I}< characteristics of
the devices after annealing are given in Section 3.
The temperature, voltage and time dependences of
the CCE were measured down to 77 K and are
discussed in Section 4. For three samples in which
the forward current was low enough to allow
a measurement, the CCE at forward bias voltage is
also reported in Section 5, together with the study
of the CCE under illumination by light of di!erent
wavelengths. The in#uence of annealing was also
determined and is shown in Section 5. The results
are "nally discussed in Section 6.

In the accompanying paper [5] results are pre-
sented for an irradiated double-sided silicon micro-
strip detector operated at low temperatures. The
data yield results on the cluster sizes on both
sides, and enable conclusions to be drawn on the
mechanisms of the changes of the CCE. These ex-
tend and strengthen the conclusions reached in this
paper.

2. Samples and experimental set-up

The devices investigated are DC-coupled
Al/p`/n/n`/Al implanted silicon detectors pro-
cessed at BNL (Brookhaven National Laboratory,
USA) on n-type 4A wafers of various thicknesses.
The n` implant covers homogeneously the back
side of the wafer from which the diodes are fab-
ricated. These are test structures with a sensitive
area of 5]5 mm2 surrounded by a guard ring.
Before irradiation, the maximum CCE is achieved
at room temperature with voltages above 50}80 V.
The diodes were irradiated with neutrons in the
TRIGA reactor of Ljubljana. During irradiation
the samples were kept at room temperature.
The properties of the investigated detectors are
summarized in Table 1.

The four samples were irradiated with di!erent
#uences in order to check the dependence of the
Lazarus e!ect on the density of radiation induced
defects. The minimum #uence value of 1014 n/cm2

exceeds the value for bulk-type inversion [6]. The
detectors d1, d2 and d4 were kept at room
temperature after irradiation and were heated to
reach the annealing state corresponding to about
one year of room temperature storage. The sample
d3 was stored at !183C and only after the "rst
series of measurements was heated to reach the
same annealing state as the other samples. This
procedure allowed a measurement in both the an-
nealed and the non-annealed states, in order to
judge how important is the reverse annealing pro-
cess for the CCE at cryogenic temperatures.

The experiments were performed in a cryostat
similar to that described in Ref. [7], consisting
of a Dewar vessel and an insert. The insert is a
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Fig. 1. Schematic illustration of the experimental layout.

Fig. 2. A typical charge distribution obtained for detector d3
(#uence 1015 n/cm2) at 77 K and 250 V reverse bias. The most
probable value of the Landau distribution is 356.6$0.2, and
a Gaussian "t to the pedestal gives the mean value of
304.7$0.3, with RMS deviation of 5.4$0.3. The normalized
CCE is 20%.

vacuum-tight stainless-steel tube in which the de-
tector, the trigger diode and the radioactive source
are mounted. The tube was inserted into a trans-
port Dewar containing liquid nitrogen. The tube
walls are in direct contact with the liquid nitrogen
around the sample area and are therefore ther-
malized at 77 K. The sample under investigation
is cooled by means of helium exchange gas
at 100 mbar pressure. The temperature was
monitored using a silicon diode thermometer con-
nected to a copper support structure onto which
the detector and trigger printed circuit boards
(PCBs) are "xed by screws. The experimental con-
"guration is shown schematically in Fig. 1.

The detectors were exposed from the p` side to
electrons with a maximum energy of 2.3 MeV from
a 90Sr b-source. The selection of Minimum Ionizing
Particles (MIPs) was done using a second silicon
detector placed behind the detector under study.
This trigger detector was read out by means of
a fast charge ampli"er (AmpTek A225) at room
temperature, directly connected via a coaxial cable.
The high voltage (HV) was applied to the trigger
detector on the n` side by means of conductive
epoxy. The p` side was grounded via a 50 ) resis-
tor. The guard-ring was connected to ground. The
signal from the detector under study was read out
from the n` side (using a decoupling capacitor) by
means of a GaAs FET mounted on the copper
support structure. This FET acts as the front-end of
a charge ampli"er with subsequent stages (AmpTek
A250) at room temperature and is operational
down to 1 K. The feedback loop includes the long

cables from the FET to the ampli"er. The noise of
this ampli"er is about 1500 electrons FWHM. The
charge signal was then shaped (with 1 ls shaping
time) and sent to a MultiChannel Analyzer (MCA)
for recording and producing the collected charge
distributions.

The absolute calibration of the charge recorded
by the MCA was obtained using two non-irra-
diated detectors of 300 and 400 lm thicknesses
coming from the same wafers as detectors d2, d3
and d4, operated above the full depletion voltage.
The stability of the calibration was also checked
periodically by means of a test pulse injecting 4 fC
to the input of the ampli"er via a 0.6 pF capacitor.
A typical spectrum obtained with detector d3 (ir-
radiated up to 1]1015 n/cm2) is shown in Figs. 2.
The most probable value of the charge collected in
the diode was determined by "tting the charge
spectrum with a Landau distribution function. The
pedestal was "t by a Gaussian function. The CCE
was then obtained by subtracting the pedestal
from the most probable value, and by normalizing
the result using the calibration values from the
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Fig. 3. Current}voltage characteristics measured at 300 K at
both bias voltage polarities, for detectors d1, d2 and d3 which
were irradiated to #uences given in Table 1. In the insert, reverse
current is shown on a blown-up scale.

reference detectors. The statistical error related to
the quality of the "ts was added linearly to the
systematic error due to the uncertainty in the de-
tector thicknesses. These systematical errors are
included in the "gures.

3. Current}voltage characteristics

In order to measure the current}voltage charac-
teristics (I}<) of the detectors we used a Keithley
697 picoammeter connected to the sample under
investigation. For these measurements the samples
were cooled to 77 K by direct immersion into
a liquid nitrogen bath.

The maximum High Voltage (HV) which could
be applied was 250 V, limited by the electric isola-
tion on the sample mount. The sensitivity of the
current measurements was limited to about 1 nA
due to the leakage in the capacitors used for "lter-
ing the HV (needed for the CCE measurements
discussed in the following sections). The I}< char-
acteristics of the detectors d1, d2 and d3 were
measured at room temperature and 77 K; the room

temperature results are plotted in Fig. 3. The
detector d4 behaves similarly to detector d3;
therefore it is not shown in the "gure. The compari-
son of the I}< curves in Fig. 3 shows a regular
increase of the current with #uence at reverse polar-
ization, an observation which is in agreement with
the results of the ROSE collaboration [6]. How-
ever, the forward current characteristic shows some
di!erences. The detector d1 features an exponen-
tial rise of the current, whereas at higher #uences
(detectors d2 and d3) the I}< curves are almost
linear, close to ohmic characteristics.

At 77 K the reverse leakage currents are all com-
patible with zero within the resolution limited by
the leakage of the capacitors. Under forward bias
voltage the currents are also compatible with zero,
except for detector d1 which has a breakdown at
!30 V. In detectors d2 and d3 the bulk material
behaves as a resistor of very high value; this e!ec-
tively limits the current also in the forward direc-
tion of the applied voltage down to !250 V.

4. CCE results for conventional reverse-bias
operation

In order to determine the CCE, the following
experimental procedure was used. The sample was
mounted and the insert was evacuated until the
pressure was reduced to 10~5 bar. The tube was
then immersed into liquid nitrogen. From this mo-
ment the sample starts to cool due to thermal
radiation and to the small amount of residual gas
which create a weak thermal link with the tube wall
at 77 K. The bias voltage setting, chosen for the
temperature scan, was applied and the leakage
current was monitored together with the temper-
ature. As soon as the leakage current was reduced
to such a value that the noise was below 2000
electrons FWHM, the measurements of the CCE
were started. The temperature changed by less
than 1 K during the 20 s interval needed for re-
cording the spectrum from which the CCE was
determined.

Once the temperature reached the value of 77 K,
the voltage scan was started. For each bias voltage
the measurements was preceded by detector condi-
tioning in unbiased state for at least 15 min. This
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Fig. 4. Temperature dependence of CCE for detectors d1, d2
and d3. The three detectors were measured with a reverse bias
voltage of 250 V. The detector d1 was measured also with
a reverse bias voltage of 100 V.

was done to achieve stable conditions for the "lling
of the charge carrier traps, as will be discussed in
Section 6. The desired bias voltage was then ap-
plied, and the corresponding CCE was measured. It
is worth mentioning that in materials rich in deep-
level traps, the history of the bias voltage plays
a crucial role in the time evolution of the amplitude
of the signal at cryogenic temperatures. For
example, reversing the bias polarity generates
a transient condition in the bulk, during which the
radiation-induced electrical pulses are gradually re-
duced in amplitude, and change sign only after
a few minutes. This process was originally observed
in germanium detectors [8] and was called the
`detector polarizationa. It is therefore important to
prepare the detector always into stable conditions
before modifying the applied bias voltage.

Keeping the bias voltage constant, the CCE
measurement was repeated at various time inter-
vals, in order to determine its time dependence. The
last measured value of the temperature scan, ob-
tained after waiting for many hours, was cross-
checked by waiting overnight with the bias voltage
on. The CCE values were in good agreement they
can therefore be considered as the stable value of
the CCE.

4.1. Temperature dependence of the CCE

The temperature dependence of the CCE for
detectors d1, d2 and d3 (Fig. 4) shows some
common features. The detector d4 has a temper-
ature dependence which is very similar to that of
detector d3 and is therefore omitted in the "gure.
The three detectors are biased with a voltage such
that at high temperature they are certainly not fully
depleted (100 V for detector d1 and 250 V for
detectors d2 and d3). All detectors show very low
CCE values in the high temperature range. A sub-
stantial rise of the CCE starts around 180 K, and
the CCE reaches its maximum value at a temper-
ature of around 130 K for all samples. Similar
e!ects have also been observed in Ref. [9]. The
recovery of the CCE is likely to be associated with
an increase in the thickness of the active deple-
ted layer. The temperature of maximum CCE
was found to be universal within the experimental
accuracy.

The decrease of the CCE observed below 130 K
may also be related with a modi"cation in the
thickness of the depleted layer, and will be dis-
cussed below. The heavily irradiated detectors (d2
and d3) do not reach 100% CCE at the maximum
applied bias voltage of 250 V; however, some recov-
ery e!ect is still observable at low temperatures.
A con"rmation that the CCE recovery can be
related to an increase in the depletion depth is
supported by the results of the temperature scan
performed for the detector d1 at 250 V. In this case
the applied voltage is high enough to fully deplete the
device even at intermediate temperatures, and the
CCE is close to 100% at all temperatures at which
the noise level allowed to perform measurements.

4.2. Voltage dependence

The voltage dependence of the CCE for the three
detectors measured at 77 K is shown in Fig. 5.
Detector d4 shows results very similar to detector
d3 and will be discussed in Section 5 in the context
of forward bias operation.

The three detectors show some common features
also in this case. The CCE measured immediately
after applying the HV sharply increases with the
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Fig. 5. Voltage dependence of the CCE of detectors d1, d2 and
d3 at 77 K, measured at di!erent time intervals after HV
turn-on.

applied bias voltage and eventually reaches 100%
below 250 V for detectors d1 and d2, while for
detector d3 a maximum value of 65% is obtained
in 250 V. Another common striking feature is that
the CCE decreases with time, i.e. the measurements
repeated some time after turn-on of the HV yield
a monotonically decreasing CCE, which converges
towards a stable value; this will be discussed in the
next subsection.

For measurements taken at a given non-zero
time after the HV is turned on, the slope of the CCE
with the applied bias voltage is smaller. The stable
CCE values match the poor results obtained for the
CCE in the temperature scans for samples d2 and
d3. The maximum CCE obtained for detector d3
immediately after applying the HV, shows a linear
increase with the applied voltage up to around 70%
at 200 V.

4.3. Time dependence

In order to understand better the time dependence
of the CCE, the data of Fig. 5 are plotted in Fig. 6 as
a function of time. The lines represent "ts to ex-
ponential time dependence, and the time constants
are given in Table 2. The CCE of detector d1 has
a slower decrease with time, the characteristic time
being shorter for lower bias voltages. For detectors
d2 and d3 the decrease becomes faster and it can
be seen that, as a general trend, the larger the applied
bias voltage, the higher is the initial CCE value, and
the slower it decreases. In these cases, most of the
CCE loss takes place in the "rst 5 min after the HV
is applied. It is also important to note that in the
case of detector d1 it is possible to completely
suppress the time dependence of the CCE by means
of a fairly large bias voltage which corresponds to
a strong overdepletion. A con"rmation that this
situation is stable comes from the data of Fig. 4,
where the CCE measured at 250 V stays constant at
100% during the temperature scan.

5. CCE results for operation with forward bias
voltage and with light

Special experiments were performed with the de-
tectors operating in non-conventional modes. In
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Fig. 6. Time dependence of the CCE at 77 K for detectors d1,
d2 and d3, at di!erent reverse bias voltages.

Table 2
Time constants of the CCE exponential decay, obtained from
"tting the data of Fig. 6. Only statistical errors are given in this
table

Detector Bias voltage (V) Time constant (min)

d1 50 6.1$2.0
d2 50 3.6$0.4
d2 150 3.5$0.6
d2 250 4.8$0.8
d3 50 2.9$0.4
d3 150 4.6$0.5
d3 250 4.9$0.6

the "rst set of such measurements the diodes d2,
d3 and d4 were operated under forward bias over
an extended voltage range; this was possible due
to their symmetric I}< curves, as discussed in
Section 3.

The second set of experiments consisted of il-
luminating the detector using light sources of vari-
ous wavelengths in order to enhance the steady
state current by means of optically generated non-
equilibrium carriers. This was done in order to "ll
the radiation-induced traps and to achieve a better
penetration of the electric "eld in bulk material of
the detector, as suggested in Ref. [9].

5.1. Forward bias operation

Forward bias operation has been considered
very interesting for heavily irradiated silicon de-
tectors, and promising results have already been
obtained in the case of moderate cooling [10]. It is
worth stressing, however, that in the case of
cryogenic operation, due to very high bulk resistiv-
ity, one cannot distinguish this mode from the
conventional reverse bias operation, judging from
the current passing through the detector.

This mode of operation was possible over an
extended bias range only for the detectors d2, d3
and d4; the I}< characteristic of detector d1
shows a large current increase at voltages below
!30 V, as was indicated in Section 3.

The temperature dependence of the CCE for
detectors d2, d3 and d4 is shown in Fig. 7 for
forward bias operation. The CCE starts increasing

K. Borer et al. / Nuclear Instruments and Methods in Physics Research A 440 (2000) 5}16 11



Fig. 7. Temperature dependence of the CCE for detectors d2,
d3 and d4. All three detectors were operated at a forward bias
voltage of 250 V. Note that the zero of the vertical axis is o!set in
this plot.

Fig. 8. Voltage dependence of the CCE of detector d4 in the
extended voltage range allowed by the forward bias operation.
Measurements at di!erent time intervals after HV turn-on are
shown.

around 180 K and saturates below 130 K, for all
detectors. Measured values are about three times
higher than those observed under reverse bias.
Moreover, good values of CCE start being re-
corded as soon as the temperature is low enough to
allow performing the measurements. The observa-
tion of good CCE values for these relatively high
temperatures is in good agreement with previous
observations [10,11].

The CCE of detector d4, which was irradiated
to the highest #uence, was measured at 77 K over
the full range of available bias voltages, the results
being shown in Fig. 8. The CCE is about three
times higher with forward bias than with reverse
bias in stable conditions. Besides, under forward
bias operation the detector shows a time-indepen-
dent CCE. In fact, the large values obtained are
similar to those observed under reverse bias im-
mediately after switching on the HV. This also
correlates with the good improvement observed
above in the case of temperature dependence of the
CCE. The maximum value, however, does not
reach 100% at 250 V. Similar improvements were
observed for detectors d2 and d3.

5.2. Light illumination

In order to illuminate the front side (p`) of the
detector, various LEDs were placed on the detector
PCB. The colours of the four light-emitting sources
were: near Infra-Red 850 nm (IR), Red (R), Yellow
(Y) and Green (G). These LEDs are commercial
devices which were checked for their functionality
at 77 K by visual inspection of the diode immersed
into a liquid nitrogen bath. A precise determination
of the wavelength and its possible shift with the
temperature was beyond the scope of this work.
The intensity of the emitted light could be adjusted
by controlling the current in the LED and by ob-
serving the corresponding detector bias current.
The illumination was maintained on a constant
level during the CCE measurements.

The intensity of the applied light was adjusted
so that the leakage current was about 5 nA, not
adding a signi"cant contribution to the overall
noise of our measurement system. The CCE of
detector d4 (the one with highest radiation #u-
ence) was measured over the full bias range and
is shown in Fig. 9. The main e!ect of the light
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Fig. 9. E!ect of light illumination on the voltage dependence of
the CCE over the entire allowed voltage range for detector d4.

Fig. 10. E!ect of reverse annealing on the voltage dependence of
the CCE for detector d3. The measurements cover the full
allowed voltage range including forward biasing. At reverse bias
the stable saturated values are plotted.

illumination is that no time dependence of CCE is
observed. The measured CCE, however, depends
on the wavelength and on the applied bias polarity.

In the case of reverse bias operation and illu-
mination with short wavelength light (Y, G), the
good values of CCE were obtained immediately
after switching on the HV and were maintained
without temporal decay. The IR light also has the
e!ect of stabilizing the CCE, but yields values on
the level of the saturated CCE in the absence of
light. Red light produced an intermediate e!ect.
Despite good noise performance in reverse bias
operation, the quality of the "ts to the Landau
distribution was slightly deteriorated, as re#ected
in the error bars in Fig. 9. This e!ect could be due
to the non-uniformity of the illumination of the
sensitive area of the diode.

Under forward bias, the CCE in the presence of
light is compatible, within experimental errors,
with the CCE without light.

5.3. Annealing ewects

The possible e!ects of the reverse annealing pro-
cess on the CCE recovery were investigated on
sample d3 (#uence 1]1015 n/cm2), as discussed in

Section 2. The CCE was measured before and after
annealing over the full allowed bias range, as
shown in Fig. 10. No signi"cant di!erence is found
between these two sets of measurements. This
suggests that the deep defects, which can be deac-
tivated by means of operation at cryogenic temper-
atures, are formed during (or soon after) irradiation
at room temperature, and are not seriously a!ected
by the reverse annealing process.

6. Discussion and conclusions

The experimental results presented in this paper
can be summarized as follows:

(1) The CCE of heavily irradiated silicon diodes
is recovered at temperatures below 130 K. This
temperature corresponds to the maximum achiev-
able CCE for all the detectors studied, and is inde-
pendent of the irradiation #uence, of the detector
structure, and of the polarity of the bias voltage. At
temperatures below 130 K, the CCE saturates in
the case of forward bias operation, while it slightly
decreases under reverse bias.

K. Borer et al. / Nuclear Instruments and Methods in Physics Research A 440 (2000) 5}16 13



(2) In the case of reverse bias operation at 77 K,
the CCE shows a time evolution after HV turn-on,
decreasing from a high value to a reduced saturated
value. The time constant depends on the #uence
and on the bias voltage, and it is of the order of
3 to 6 minutes. For the most irradiated sample
(2]1015 n/cm2), the saturated value at 250 V and
130 K corresponds to a most probable signal of
about 5000 electrons from a MIP. However, in
forward bias or with light illumination the most
probable MIP signal is 15 000 electrons.

(3) Detectors irradiated to a #uence of
5]1014 n/cm2 or higher show a negligible bias
current for both polarities of the applied bias volt-
age when operated at cryogenic temperatures. This
allows operation under forward bias voltage. In
this case, the CCE show no time dependence for all
samples. In fact, the measured CCE values do not
di!er from those observed in reverse bias mode just
after turning the HV on. Similar results can also be
obtained by increasing the steady-state current in
reverse bias by illumination with short wavelength
light. In the case of the sample irradiated with
2]1015 n/cm2, a most probable signal of about
15 000 electrons can be collected using non-conven-
tional operation.

(4) In the case of operation at cryogenic temper-
atures, no e!ect of reverse annealing process was
observed.

These results can be qualitatively interpreted in
the framework of the present understanding of the
"lling of deep-level radiation-induced traps. These
traps play an important role for the CCE at
cryogenic temperatures, as was already suggested
in Ref. [9].

It is well known [12] that the conductivity of
heavily irradiated silicon detectors is related to the
deep-level defects, rather than to the shallow-level
dopants as in the non-irradiated material. As a re-
sult, already at room temperature the non-depleted
region of a diode has a resistivity close to that of an
insulator, after the material has undergone type
inversion. In this case, the non-sensitive layer of the
detector acts as a capacitive divider, which reduces
the signal collected at the electrodes. The signal
measured in a detector of total thickness D is then
proportional to Qd/D, were Q is the total charge
generated in the active layer of thickness d. In the

case of a MIP, where Q is proportional d/D, one
expects a charge collection e$ciency which behaves
as (d/D)2.

The CCE also depends on charge trapping
[7,13]. If the electrons and holes generated by ion-
ization are trapped during their drift, some fraction
of the signal is lost, and the CCE is less than 100%
even for a fully depleted detector. Consequently,
the CCE can be qualitatively expressed as

CCEJA
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is the drift time of the excited carriers,
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beyond space charge sing inversion, and the N
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room temperature is therefore negative. When the
temperature decreases, the emission process is
drastically suppressed due to the exponential
dependence of the emission time constant q
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where E
5

is the trap energy and k the Boltzmann
constant. It is worth reminding that this e!ect is
important only for deep traps in the silicon band
gap, for which E

5
is of the order of &0.5 eV, while

it is less pronounced for very shallow defects.
The very long emission time, caused by the re-

duced lattice thermal energy, has in fact a double
e!ect. The trapping/emission process is strongly
unbalanced, leading to "lling of a signi"cant frac-
tion of deep levels which reduced DN

%&&
D until it

"nally reaches a value near zero. This reduction of
DN

%&&
D leads to an increase of d and consequently of

the CCE for a given bias voltage below full de-
pletion. Moreover, the "lled traps do not capture
any more the radiation-induced carriers, thus
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contributing an additional bene"cial e!ect in the
trapping term. In such a way, improvements in the
CCE can be achieved due to both factors in Eq. (1).

The trap-"lling process seems to reach a max-
imum e!ectiveness at a temperature of about
130 K, while the CCE decreases at lower temper-
atures for all detectors. Similar results have been
obtained with the technique of laser-"lling, dis-
cussed in Ref. [9]. The decrease below 130 K might
be explained by a possible overcompensation,
which brings N

%&&
to a positive value. It is interest-

ing to note that, in the case of detector d1 mea-
sured at 250 V, no temperature dependence of the
CCE was found. Again, this is in good agreement
with the previous discussion, assuming that 250 V
corresponds to full depletion, with no trapping
losses due to reduced temperature. This interpreta-
tion is also compatible with the results obtained
with a double-sided microstrip detector irradiated
to a #uence similar to that of sample d1 [5].

The time dependence of the CCE at 77 K, shown
in Figs. 5 and 6, is a most striking phenomenon.
The procedure described in Section 4 allowed to
perform each measurement with the same initial
"lling status of the deep traps, and eliminated by
accumulated charge in the detector bulk, possibly
remaining from the previous measurement. The
CCE degradation rate is a function of the #uence
and of the (reverse) bias voltage applied to the
detector. In the case of detector d1 (Fig. 6), the
CCE degradation takes place in less than 10 min at
50 V, while at 150 V the decrease of CCE starts
after a delay t

$
&4}6 min. At the bias voltage of

200 V, the decrease is less important, the saturated
CCE value being &90%, and the delay time is
longer, approximately t

$
&15}20 min. For higher

#uences (detectors d2 and d3) the CCE degrada-
tion takes place in the "rst 5 min, and its absolute
value does not depend on the applied bias voltage.
Moreover, the initial value does not reach 100%.
The data seem to indicate that just after HV turn-
on, the detector behaves as if it were fully depleted.
The CCE degradation could be related with the
change in time of N

%&&
and consequently of the

geometrical factor due to the d/D ratio. The quant-
itative explanation of the data, however, requires
accurate knowledge of the leakage currents and of
deep trap concentrations for each detector. The

determination of these was beyond the scope of the
present study.

Silicon detectors, irradiated to #uences
'1014 n/cm2, can be operated under forward bias,
because of the high resistivity of the bulk at 77 K.
Forward biased detectors can be considered as
resistors rather than depleted diodes. The CCE
values, obtained in such a mode of operation, co-
incide with those reached in reverse bias mode just
after HV turn-on. The CCE as a function of tem-
perature under forward bias increases when the
temperature decreases to 130 K, and then stays
constant.

We have also shown (Fig. 9) that it is possible to
stabilize the CCE at the maximum value obtained
soon after applying the HV, by operating the de-
tectors at 77 K in presence of light. In this way it is
possible to increase and adjust the steady state
current #owing through the detector bulk. It is
important to note the striking di!erences between
the IR and the visible light, presumably related
with the di!erence in the absorption lengths, lead-
ing to injection of both types of carriers (IR light) or
only electrons (visible light) in the detector bulk.
The bene"cial e!ect, observed in the case of the
visible light, could again be related to reduction of
DN

%&&
D due to additional "lling of the traps. These

results are compatible with those obtained with
microstrip detectors, in the case of current injected
in the detector bulk [5].

Finally, in order to compare the investigated
devices having di!erent thicknesses, the collected
charge per micron of thickness is plotted in Fig. 11
as a function of the applied electric "eld, in the case
of forward bias mode. As was already mentioned,
similar results can be obtained under reverse bias if
a suitable technique, such as light illumination,
is applied in order to stabilize the CCE at its
maximum value.

The results presented in this paper demonstrate
that silicon detectors, irradiated to high doses, re-
store most of their operating performance when
cooled to cryogenic temperatures. At 77 K it has
been observed that the CCE value for the most
heavily irradiated detector (2]1015 n/cm2) reaches
60%, corresponding to a most probable MIP sig-
nal of 15 000 electrons. This remarkable result relies
on bias voltages below 250 V. Moreover, operation
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Fig. 11. Applied average electric "eld dependence of the charge
collected per unit thickness at 77 K, for detectors d2}4 in
forward bias mode.

at cryogenic temperatures eliminates the leakage
current and permits forward bias operation. The
Lazarus e!ect thus leads to higher radiation hard-
ness, obtained by cooling standard silicon detectors
with liquid nitrogen. A systematic study of the
properties of silicon at cryogenic temperatures un-
der di!erent experimental conditions is currently in
progress.
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