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Abstract

We present results on the measurement of the charge collection efficiency of a p+/n/p+ silicon

detector irradiated to 1u1015 n/cm2, operated in the temperature range between 80 K and

200 K. For comparison, measurements obtained with a standard silicon diode (p+/n/n+),

irradiated to the same fluence, are also presented. Both detectors show a dramatic increase of

the CCE when operated at temperatures around 130 K. The double-p detector shows a higher

CCE regardless of the applied bias and temperature, besides being symmetric with respect to

the polarity of the bias voltage. At 130 K and 500 V applied bias the double-p detector shows

a CCE of 80%, an unprecedented result for a silicon detector irradiated to such a high dose.
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1 Introduction

The "Lazarus effect", described as the charge collection efficiency (CCE) recovery of

heavily irradiated silicon detectors at cryogenic temperatures, was observed for the first time

in 1998 [1]. Since then, the CERN RD39 Collaboration [2] has carried out a systematic study

of irradiated silicon pad [3] and microstrip [4] detectors for a deeper understanding of this

phenomenon.

Radiation creates defects in the silicon lattice that appear as deep energy levels in the

forbidden band gap [5]. These defects can trap charge carriers and thus contribute to the

effective doping concentration, Neff. At very high doses, this generates a dramatic increase of

the full depletion voltage (Vfd), and eventually, when Vfd is greater than the highest possible

bias voltage, the detector cannot be reliably operated any longer [6]. Furthermore, charge

carriers generated by a particle traversing the detector may be trapped in the radiation-induced

defects. If the de-trapping process happens on a time scale that is comparable to or larger than

the detector readout time, trapping causes a fraction of the signal to be lost [6,7].

At cryogenic temperatures, the de-trapping process is strongly reduced and carriers stay

at the radiation-induced defects. Under these circumstances, many traps are constantly filled

and thus inactive. The charge carriers created by a particle traversing the detector cannot be

trapped and therefore no signal is lost. Moreover, the effective doping concentration, Neff ,

becomes less negative, which results in a decrease of the depletion voltage [8]. This means

that for the same applied voltage the active thickness of the detector, and therefore the charge

collected at its electrodes, is larger at cryogenic temperatures than at or near room

temperature.

Before this work, the Lazarus effect was investigated only on conventional p+/n/n+ silicon

detectors. In this case, before irradiation the junction depletes from the p+-side. When

irradiated beyond type inversion, such a structure still behaves like a diode, except that the

junction now depletes from the n+-side, as depicted in Figure 1 top. It was found [3] that the

CCE of standard diodes reaches a maximum value around 130 K, for all investigated samples

regardless of the fluence to which they were irradiated. When operated in reverse bias, the

CCE degrades with time till it reaches a stable value. For example, in the case of a sample

irradiated up to 1u1015 n/cm2, a stable CCE of ~20% is achieved with 250 V reverse bias at

T = 130 K.

Due to the high bulk resistivity, which considerably limits the current, reliable forward

bias operation becomes possible at cryogenic temperatures. In this case, the CCE does not
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evolve with time and it stays at its initial maximum value. Thus a CCE, higher by a factor of 2

to 3 compared with the value obtained in reverse bias, can be achieved in forward bias [3].

These effects were predicted in [9] and were already observed in the case of moderate

cooling [10]. It is worth stressing that in the case of silicon detectors, irradiated up to

1u1015 n/cm2 and operated under forward bias at T = �18qC, a current of the order of

~6 PA/mm2 is observed, which is too large and limits the application only to finely segmented

devices [10].

In order to avoid the time dependence, one could think of using a diode in reverse bias

untill the resistivity of the bulk, which increases with the accumulated dose, is large enough to

enable reliable operation under forward bias. Unfortunately this approach has the unpractical

drawback that bipolar electronics must be used for biasing and to read out the detector signal.

An alternative solution would consist of using ohmic devices. Of course, this is only possible

at cryogenic temperatures, where the steady state current of the device is small enough to

make the signal to background ratio acceptable.

This work was dedicated to the investigation of a p+/n/p+ implanted silicon detector,

hereafter named as “double-p”. Such a device can be considered as two diodes in opposite

directions (see Figure 1 bottom). The detector never conducts whatever the polarity of the bias

voltage is because there is always one diode in reverse bias. After type inversion, one would

expect “ohmic-like” behaviour, and thus its CCE should be symmetric for positive and

negative bias and it should not feature any time dependence. In this work, the CCE behaviour

of a double-p detector irradiated to 1u1015 n/cm2 was investigated in detail in the temperature

range between 80 K and 200 K. Results of the measurements on the double-p detector are

compared to the ones obtained with a standard silicon diode (p+/n/n+) irradiated to the same

dose.

2 Samples and experimental set-up

The investigated double-p detector was an Al/p+/n/p+/Al implanted silicon pad detector

fabricated at Brookhaven National Laboratory. The sample thickness was 400 Pm and its

resistivity before irradiation was 4-6 k: cm. For comparison, we have also investigated a

standard Al/p+/n/n+/Al implanted silicon detector, with the same properties. Both samples had

a sensitive area of 7 u 7 mm2, surrounded by a guard ring. The structures were manufactured

using a simple processing technology involving only three mask steps.
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The detectors were irradiated with neutrons at the TRIGA nuclear reactor in Ljubljana.

The fluence was determined by gold activation converted to non-ionising energy loss in

silicon, calculated from the measured neutron energy spectra and using the damage functions

from [11] and [12]. For both samples, the total dose was 1u1015 1 MeV neutrons per cm2

(n/cm2), which exceeds the type inversion threshold. The systematic error on the fluence is

about 10%. During and after irradiation the detectors were kept at room temperature. It is

worth stressing that annealing effects have been shown [3] to have no significant influence on

the CCE of silicon detectors when they are operated at cryogenic temperatures.

The measurements described in this paper were performed in a simple cryostat that was

specially designed and built for easy and quick CCE measurements of silicon detectors. It

consists of an outer vacuum vessel of 100 mm diameter, and an inner vessel, which acts as

liquid nitrogen reservoir. The two vessels are mechanically connected by a top flange that

provides ports with hermetic feed-through for the detector and instrumentation connections.

Figure 2 shows a schematic view of the vacuum chamber in between the two vessels housing

the printed circuit boards (PCBs) with the sample to be investigated, the trigger detector, and

the radioactive source. A thin copper shield surrounds the PCB's and the source, in order to

reduce thermal radiation. The two small interchangeable chip carriers are mounted on a larger

PCB, the "motherboard", which is connected to the liquid nitrogen bath via a thermal bridge.

On the front side of the detector chip carrier are also placed a thermometer and the input

FET of the pre-amplifier, which reads out the detector signal. A 100 : heater is soldered on

the back of the detector chip carrier. With this set-up it was possible to accurately monitor the

temperature of the detector mount while preventing noise pick-up from the heater by the cold

FET. Using a Digital Temperature Controller (SI 9650) it was possible to adjust and stabilise

the temperature in the range between 78 K and 250 K.

For the CCE measurements, the samples were exposed to a 90Sr beta source. A silicon

detector was used as a trigger to select minimum ionising particles (MIPs). The detector

signals were read out by a charge amplifier, which had the cold FET as first front-end stage.

The noise of this amplifier was about 1500 e� FWHM. The signals were then shaped and

recorded by an ADC. A typical charge spectrum is shown in Figure 3.

The recorded spectrum was fitted by a Landau distribution and the most probable value

was determined. The CCE was calculated as the ratio of the pedestal subtracted most probable

value to the one obtained with a non-irradiated sample of the same kind operated above full

depletion. The absolute charge calibration is affected by a systematic error of 1.5% due to the
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uncertainty on the detector thickness. The errors shown in the plots of this paper are the

statistical errors from the fit procedure.

3 Current-voltage characteristics

The current-voltage (I-V) characteristics of the detectors were measured using a Keithley

478 picoammeter. For measurements at 77 K, the samples were cooled by direct immersion

into a liquid nitrogen bath. The maximum bias voltage that could be applied was 500 V,

limited by the isolation of the detector mount. The sensitivity of the current measurement was

about 1 nA, limited by the leakage of the bias voltage filtering capacitor.

Figure 4 shows the I-V characteristics at room temperature of the irradiated standard

(left) and double-p (right) detectors. The symmetric characteristic of the double-p device

shows a current of the same order of magnitude as the forward current of the p+/n/n+ detector.

Before irradiation a maximum voltage of 80 V could be applied to the double-p detector due

to back side injection (one junction is forward-biased at full depletion voltage).

Figure 5 shows the I-V characteristic of the irradiated double-p detector measured at

77 K, for both polarities of the applied bias voltage. The steady state current is limited by the

bulk resistivity and is below 1 nA. The same result is obtained in the case of the standard

detector, both in reverse and in forward bias, in agreement with previous observations [3]. At

this temperature, the detectors are characterized by a bulk material, which behaves like a

resistor of a very high resistance value.

4 CCE measurements

For measuring the charge collection efficiency the following procedure was applied.

After having installed the chip carriers in the cryostat, the vacuum chamber was closed and

evacuated by means of a rotary pump. Typically, a pressure of ~10-3 mbar was reached. The

inner tank was then filled with liquid nitrogen, and the cooling down towards the desired

temperature was started. The minimum sample temperature of 78 K could be reached in

approximately one hour.

Before applying the desired bias voltage, the detector was kept at zero bias for at least

fifteen minutes. The reason for this is that the bias voltage history plays a role in the time

evolution of the signal amplitude at cryogenic temperatures for detectors rich in deep levels,

like heavily irradiated silicon. This phenomenon was originally observed in germanium

detectors and was called "detector polarisation" [13]. The charge spectrum was recorded just

after the voltage turn-on, and then after several time intervals, in order to study the time
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evolution of the CCE. All CCE measurements were taken with two different shaping times:

1 Ps and 0.25 Ps. Both shaping times gave the same CCE values within the uncertainties. In

this paper only the results of measurements with a shaping time of 1 Ps are shown.

Figure 6 shows the CCE of the irradiated double-p detector as a function of the bias

voltage, when operated at three different temperatures. At T = 200 K and at bias voltages

larger than +200 V or �300 V, the charge spectrum recorded by the oscilloscope was so noisy

that it was not possible to perform a proper Landau fit. The plot clearly shows the expected

symmetry of the sample for positive and negative applied bias voltage. The CCE increases

with the absolute value of the applied bias voltage, and it does not seem to reach a plateau,

indicating that higher values could be reached at higher voltages. The maximum CCE values

are obtained for a temperature of 130 K, in agreement with previous experimental

observations on standard detectors [3]. This probably corresponds to the situation in which, at

equilibrium, the fraction of filled radiation induced traps is such that the compensation of the

space charge density, Neff , is optimised. Below this temperature too many traps are filled and

Neff , which initially decreased in absolute value with temperature, increases again with a

consequent decrease in the active volume for the same value of the applied bias voltage.

Moreover, at lower temperatures signal is lost due to a strong increase in the trapping cross

section. At the temperature of 130 K and with a 500 V applied bias, the ~27000 electrons

(most probable value) delivered by the sample when traversed by a MIP represents an

unprecedented signal for a silicon detector irradiated to such a high dose.

Figure 7 shows the CCE at T = 130 K as a function of the bias voltage, for measurements

taken after several waiting time periods after voltage turn-on, for the (left) standard and (right)

double-p detectors. The results obtained after 30 minutes are compatible, within the

measurement error, with the ones obtained after 24 hours, and are thus considered as stable

values. The standard detector shows a decay of CCE in time in the reverse bias case, while no

time dependence is observed under forward bias. A similar behaviour was observed for all

p+/n/n+ detectors that have previously been investigated [3].

In our case of the double-p detector, the CCE stable values are only a few percent lower

than the ones obtained soon after voltage turn-on, in particular at higher bias voltages.

Nevertheless they are systematically lower, indicating that there is some evolution in time of

the CCE for both bias voltage polarities. Therefore, the device does not seem to have a

classical “ohmic-like” behaviour. This is consistent with the early findings of double junction

behaviour in highly irradiated p+/n/n+ Si detectors [14,15], with a minor junction (not very
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sensitive to the bias voltage) existing in the p+-side. In our case of a double-p detector, there

could be two minor junctions existing on each side after irradiation. However, the CCE

decrease is clearly less important than for the standard detector. It is worth stressing that the

CCE of the standard detector is considerably lower than that of the double-p detector at all

bias voltages.

In order to better understand the CCE dependence on time, the same data as in Figure 7

are plotted again in Figure 8, where the CCE at T = 130 K is shown as a function of time after

voltage turn-on. The data of the standard detector (left) refers to reverse bias operation. It is

clear that the CCE decrease in time is stronger at lower bias voltages, and it takes place in the

first few minutes. A similar trend can be seen for the double-p detector (right), although the

amount of decay in time is smaller. Moreover, while for a bias voltage below or equal to

200 V the CCE shows a decay of the order of 10 %, it is basically constant in time at 500 V.

Another important feature can be extracted from Figure 9, which shows the CCE of the

irradiated double-p detector as a function of time after voltage turn-on at three different

temperatures. The bias voltage was always set at 200 V. It is clear from this plot that the

operating temperature has an influence on the time evolution of the CCE. In particular, the

decay in time is higher at lower temperatures. At T = 200 K the CCE is practically constant in

time. This is probably due to the fact that the higher steady state current provides a larger

number of carriers, which makes the equilibrium being reached in a shorter time interval.

5 Conclusions

We have found that a double-p silicon detector irradiated to 1u1015 n/cm2 shows the

unprecedented CCE of ~80% when operated at 130 K and at a 500 V applied bias. For a

400 Pm thick detector traversed by a minimum ionising particle, this corresponds to a signal

of about 27000 electrons. The sample shows the expected symmetry with respect to the

applied bias voltage, before and after irradiation and at any temperature used in this study.

The CCE of the sample follows the trend already studied for standard irradiated silicon

detectors, showing a dramatic recovery of the CCE at cryogenic temperatures, which peaks at

130 K.

The double-p detector also features a small but undesired time dependence of the CCE,

which decreases with increasing bias voltage and increasing temperature. Apparently the

device does not have a completely “ohmic-like” behaviour as expected after irradiation and

type inversion due to the double junction effect. Nevertheless, the CCE decay is considerably

smaller than for standard detectors operated in reverse bias. Symmetric detectors can thus be
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considered as a solution to the problem of the time evolution of the CCE. The only drawback

of such a detector consists of the fact that, before irradiation, particular care must be given to

the applied bias, because there is no protection against backside injection.
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Figure 1. Schematic representation of the type inversion after irradiation for standard (top) and

double-p (bottom) silicon detectors.
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Figure 2. Close view of the vacuum chamber of the cryostat. The PCB’s have a hole at the position of

the detector and trigger in order to minimise the amount of material traversed by the electrons emitted

by the source.
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Figure 3. Example of a recorded charge spectrum. It refers to the irradiated double-p sample

operated at 130 K, �100 V bias, soon after voltage turn-on. The shaping time was 1 • s.
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Figure 4. I-V characteristic at room temperature of the irradiated standard (left) and double-p (right)

silicon detectors. The steady state current of the double-p device is of the same order of magnitude as

the forward current of the standard detector.
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Figure 5. I-V characteristic of the irradiated double-p detector at T = 77 K. At this temperature, the

steady state current is below 1 nA also in the case of the standard detector, whatever the polarity of

the bias voltage is.
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Figure 6. CCE of the double-p detector as a function of the bias voltage, at three different operating

temperatures. The data points were measured 30 minutes after voltage turn-on.
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Figure 7. CCE as a function of the bias voltage at several time intervals after voltage turn-on for the

standard (left) and the double-p (right) detectors. In both cases the temperature was 130 K.
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Figure 8. CCE as a function of the time elapsed after voltage turn-on for the standard (left) and the

double-p (right) detectors. The measurements were taken at 130 K. The CCE decay in time is stronger

at lower bias voltages.
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Figure 9. CCE of the double-p detector as a function of the time elapsed after voltage turn-on. The

bias voltage was set to 200 V. The CCE decrease in time is stronger at lower temperatures.


