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Charge multiplication (CM) occuring in highly radiation-damaged Si sensors is currently under
discussion as an option to overcome the strong trapping of charge carriers in the innermost pixel
layers of future Super-LHC detectors. In this work, CM was studied in p+ -n epitaxial silicon pad
diodes of 75, 100 and 150 µm thickness after 24 GeV/c proton irradiation with 1 MeV neutron
equivalent fluences in the order of 1016 cm−2 . Basic properties like the development and location
of the CM region, proportionality between measured and deposited charge, spatial uniformity and
long-term stability, which were studied with charge collection efficiency (CCE) measurements using the Transient Current Technique (TCT), are reviewed. Using 90 Sr β -particles and an amplifier
with 25 ns shaping time the signal in the CM regime for radiation similar to minimum ionising
particles was investigated. Also associated noise, signal-to-noise ratio and effects of CM on the
charge spectrum were studied.
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1. Introduction

2. Investigated material, samples and irradiation
Epitaxial silicon combines defect engineering (high oxygen concentration) and device engineering (thin sensor layers) [10]. In this material, proton irradiation predominantly introduces
donors, so that no space charge sign inversion (SCSI) occurs for n-type bulk silicon [11]. Moreover, the average electric field is higher in thin sensitive layers.
N-type epitaxial layers of 75, 100 and 150 µm thickness and resistivities between 150 and
500 Ωcm were grown on a highly doped ≈500 µm thick Cz substrate by ITME [12]. Both standard
(ST, [O]=(5-9)×1016 cm−3 ) and oxygen-enriched (DO, [O]=(1.4 − 6) × 1017 cm−3 ) materials were
studied. p+ -n pad diodes of 5×5 mm2 (large) and 2.5×2.5 mm2 (small) active area were processed
at CiS [13]. The metallisation of the front side, where the p-n junction is located, has an optical
window for illumination. If not stated otherwise, large diodes were used.
Irradiations with 24 GeV/c protons were performed at the CERN PS irradiation facility [14]
with an average proton flux of several 109 cm−2 s−1 at a temperature between 27 and 29◦ C. Proton
fluences were measured by Al foil activation with a quoted accuracy of 10% and scaled to 1 MeV
neutron equivalent fluences, which will be referred to in the following, using a hardness factor of
κ = 0.62. Prior to the measurements, the investigated samples were annealed for 30 min at 80◦ C.

3. Experimental methods
Charge collection was investigated both with different Transient Current Technique (TCT)
setups at Hamburg, using current-sensitive amplifiers and laser light or α-particles, and with a 90 Sr
β -setup at Ljubljana, using a charge-sensitive preamplifier with 25 ns shaping circuit.
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The proposed upgrade of the LHC to a tenfold luminosity of 1035 cm−2 s−1 (Super-LHC or
SLHC) will lead to a very harsh radiation environment for Si detectors in the tracking region [1].
With an expected 1 MeV neutron equivalent fluence of Φeq = 1.6 × 1016 cm−2 , the pixel sensors
closest to the interaction point will be most affected. Thus silicon detectors as used today will suffer
from severe radiation damage resulting in an increasing depletion voltage (Udep ) at high fluences,
higher leakage currents (Irev ) and trapping of charge carriers, leading to a strong degradation of the
signal-to-noise ratio (SNR).
Trapping reduces the charge collection efficiency (CCE) significantly and is considered to be
the most limiting factor at SLHC fluences. However, recently we observed CCE values larger than
1 in highly proton-irradiated thin epitaxial (EPI) diodes at high voltages [2, 3, 4]. This indicates
that trapping can be overcompensated by charge multiplication (CM) due to impact ionisation at
high electric fields after heavy irradiation. Evidence of CM leading to anomalously high charge
collection has been also found in highly irradiated planar [5, 6, 7, 8] and 3D [9] strip detectors.
Obviously, it would be desirable to use CM effects to overcome trapping in highly damaged Si
sensors at the SLHC. Therefore, it is important to study the development and the properties of such
a radiation-induced CM region in detail.
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3.1 Charge collection
Mobile charge carriers produced by radiation drift in the electric field inside the sensor and
induce a current at the electrodes that is proportional to their number, their drift velocities and the
weighting field (in a pad diode simply the inverse of the sensor thickness 1/d) [15]. The number of
carriers might decrease with time due to trapping, described by an effective trapping time τe f f [16],
or increase due to impact ionisation in high electric fields. Impact ionisation can be parameterised
by ionisation coefficients αn,p for electrons and holes (αn > α p ), which are a strong function of the
electric field [17].

In this work radiation with different penetration was used. For epitaxial diodes, only front
illumination (p+ -side) is possible due to the thick Cz substrate at the back side. Red laser light
of 660 or 670 nm wavelength (≈3 µm absorption length) produces charge carriers close to the
illuminated front surface. Thus, holes are collected immediately at the adjacent p+ -electrode and
the current signal is almost entirely due to electrons drifting to the n+ -back side. In contrast,
1060 nm laser light deposits charge almost uniformly over the whole detector thickness similarly
to minimum ionising particles (MIPs) or β -particles. The penetration of 830 nm laser light with an
absorption length of ≈13 µm lies in between. 5.8 MeV α-particles from a 244 Cm source feature
a Bragg peak about 26 µm deep inside the detector for perpendicular incidence. Polyethylene
(PE) absorbers of different thicknesses (12 and 24 µm) can be inserted between the source and the
sample, which shifts the Bragg peak closer to the surface.
3.3 TCT setups
With the TCT setups (see [4] for details), the transient current pulse was directly measured
without shaping. Thus, the collected charge Q could be determined as the integral of the current
pulse and the CCE was obtained by normalising Q to Q0 of an unirradiated diode. The achieved
CCE precision was estimated to be between 2 and 3%.
The signal was read out at the front side using a bias-T, a 1.8 GHz current-sensitive amplifier
with a gain of 100 and an oscilloscope with 1 or 2.5 GHz bandwidth. 512 current pulses were
averaged and measurements were done at -10◦ C in a nitrogen atmosphere.
Short laser light pulses (≈100 ps for 660, 670 and 1060 nm; ≈1 ns for 830 nm) were guided
via an optical fibre to the illumination window without additional focusing and typically a few
106 e-h pairs were produced in the diode. The trigger for the oscilloscope was provided externally
by the laser driver. For the measurements of α-particles self-triggering was used.
For x-y scans another setup with movable x- and y-tables (0.1 µm precision) was used. In this
case, the light was focused to a measured spot size of σspot =20 µm.
3.4 β -setup
In order to investigate the sensor response to MIP-like particles under realistic readout conditions, measurements with β -particles from a 90 Sr source using a charge-sensitive preamplifier and
a shaping amplifier with 25 ns peaking time (LHC bunch crossing time) were performed. The setup
is described in detail in [18]. The diodes were mounted in an Al box, which was placed on an Al
3
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3.2 Types of radiation
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Figure 1: a) Sketch of the diode (top), two different uniform space charge distributions ρel (x), where Ne f f
is the effective doping concentration and w the width of the space charge region (middle) and the resulting
linear electric field distributions E(x) (bottom). b) The CCE as a function of bias voltage measured with
different types of radiation. The CCE of 670 nm laser light increases to values above 7 at 900 V. Low CCE
values in certain voltage ranges for α-particles with absorbers are due to triggering by micro discharges.

support plate that was cooled to ≈-29◦ C by Peltier elements. Small holes in the lid and bottom
of the box and in the plate served as a collimator for the β -particles. A scintillator under the cold
plate provided a trigger with high purity (> 97%), which enabled measurements also at low SNR.
The signal pulse was recorded by a digital oscilloscope and analysed offline. At least 2500 signals
were measured, for low SNR up to 7500. The pulse height-to-charge calibration was performed
with 59.5 keV photons from an 241 Am source using an unirradiated diode.

4. Development and properties of the CM region measured with TCT
The properties of the CM region as measured with the TCT setups with laser light and αparticles are reviewed. For a more detailed elaboration see [4]. If not stated otherwise, measurements were performed with red laser light on an EPI-ST 75 µm diode irradiated to 1016 cm−2 .
4.1 Development and localisation of the CM region
To understand the development of a radiation-induced CM region, a simplified model for the
change of the electric field due to radiation-induced space charge is considered. Fig. 1a shows the
resulting electric fields for two different space charge distributions. For a uniform space charge a
linear electric field distribution with the maximum at the p-n junction is obtained. As mentioned in
Sec. 2, proton irradiation of EPI material introduces predominantly donors (no SCSI), so that the
4
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4.2 Linearity of multiplication
The measured integrated charge Q was found to be proportional to the deposited charge Q0 ,
also in the CM regime. For Geiger mode, which would result in signal saturation, a substantial
multiplication contribution of holes and therefore higher electric fields would be needed.
4.3 Spatial uniformity over the diode area
x-y scans over the illumination window in the front metallisation of the diode were performed
with a laser spot focused to σspot =20 µm and a step width of 200 µm at different voltages in the
CM regime. In all cases, the CCE was found to be uniform over the whole area with deviations on
the sub-percent level.
4.4 Long-term stability
To operate a real detector in the CM regime, its gain and noise have to remain stable over a
long period of time. Repeated measurements at a constant bias voltage of 480 V and 900 V over 7
and 4 days, respectively, show that the collected charge is constant within 10%. However, at 900 V
micro discharges occurred, the frequency of which increased substantially after 2.5 days. Thus, for
operation at such high voltages, micro discharges need to be avoided.

5. Charge collection with a 90 Sr β -setup
From the height of the signal pulses, charge spectra were obtained and fitted with a convolution
of a Landau1 and a Gaussian distribution in order to determine the most probable value (MPV) of
the collected charge. However, due to the strong noise increase, the MPV of the Landau component
could not be determined anymore at high fluences and voltages. But averaging the signal pulses
decreases the noise dramatically, so that the determination of the mean collected charge via the
pulse height of the averaged signal was still reliably possible.
5.1 Collected charge before irradiation
As β -particles traverse the sensor, the deposited charge depends on the thickness. Fig. 2
shows that the MPV and the mean collected charge increase linearly as a function of thickness
1 As

defined in the ROOT [19] library.
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positive space charge density increases. This results in a steeper slope of the electric field, which
leads to a higher maximum field value at the junction. Thus, if a sufficiently high density of donors
is introduced at high fluences, the electric field in a layer around the junction is expected to become
sufficiently large for impact ionisation at high voltages. It should be noted that the actual shape of
the electric field distribution in highly irradiated diodes deviates substantially from linear [20, 21]:
The high level of reverse current modifies the space charge distribution by changing the occupation
of defects, leading to a double junction, and it causes a voltage drop over the neutral bulk region
which becomes highly resistive after irradiation.
Measurements using radiation with different penetration have shown a stronger CM if charge
carriers are produced closer to the front surface (see Fig. 1b), thereby confirming the existence of a
thin CM region near the p+ -implant.
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Figure 3: Mean collected charge for β -particles as a function of voltage for diodes irradiated to 1016 cm−2
for ST (a) and DO (b) material. For easier comparison of ST and DO diodes, the curve for EPI-DO 75 µm
was also included in a). The horizontal lines indicate the collected charge before irradiation, Q0 .

before irradiation. The slope was determined by a linear fit as 80 e-h pairs/µm (MPV) and 97 e-h
pairs/µm (mean), respectively, which is in perfect agreement with measurements of 25 to 75 µm
thick epitaxial diodes [18]. Thus, the ratio between MPV and mean is around 0.8. The noise before
irradiation was measured between 2000 and 3300 e depending on diode size and thickness.
5.2 Collected charge after irradiation
Fig. 3 shows the mean collected charge for β -particles as a function of voltage for diodes irradiated to 1016 cm−2 . From the comparison of different thicknesses it can be seen that similar or
even more charge is collected in thinner diodes compared to thicker ones although less charge is
deposited. This can be explained by the higher values of both electric field (average value U/d)
and weighting field (1/d) in thinner diodes. Higher electric fields lead to stronger CM at high voltages and to a faster drift at low voltages (below the saturation velocity regime), which increases
6
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Figure 2: Mean and most probable collected charge for β -particles as a function of detector thickness before
irradiation. FZ material was used for the 280 and 300 µm thick diodes. For 150 µm, two diodes (small and
large) are compared.
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Figure 4: Noise (a) and mean SNR (b) as a function of applied voltage at a fluence of 1016 cm−2 for all
investigated thicknesses and materials.

the traversed distance of charge carriers before being trapped. Moreover, even for the same travelled distance, the measured charge per carrier will be higher in thinner diodes due to the higher
weighting field.
It can be seen that at low voltages (below the CM regime) the collected charge is lower for DO
diodes than for ST material, whereas it is the other way round at high voltages (in the CM regime).
Both effects can be explained by a higher donor introduction rate in DO material [2, 11], resulting
in a higher space charge density. For DO diodes, this leads to a smaller depleted (i.e. sensitive)
region at low voltages, whereas at high voltages the larger maximum field value at the p-n junction
causes a stronger CM.
The dependence of CM on material and thickness observed here for β -particles is consistent
with results for red laser light [4].
To conclude, very high values of collected charge were measured at SLHC fluences of
16
10 cm−2 . For all investigated materials and thicknesses, more than 9000 e were measured2 at
high voltages for β -particles. Thus, for 75 µm diodes the signal clearly exceeds the pre-irradiation
values and for 100 µm diodes, at the maximum voltage measured, about the same charge is collected than before irradiation. Even at 500 V, which is considered the voltage limit for today’s LHC
detectors, in all cases a signal of more than 5000 e could be achieved, which are remarkable values.
5.3 Noise and signal-to-noise-ratio
Due to impact ionisation, not only the signal is multiplied, but also the bulk reverse current:
Irev (M 0 ) = M 0 Irev,M0 =1 ,

(5.1)

where M 0 is a multiplication factor that might differ from M for the signal. Thus, also the shot
noise3 σsh (parallel or current noise) is expected to increase. In the absence of CM, it is given
√
by σsh = 2eIrev As τs , where e is the elementary charge, As a shaper-dependent form factor and τs
the shaping time. It should be noted that the shot noise in the CM regime cannot be obtained by
2 Note

that these are mean values, which can be roughly converted to MPVs by scaling with 0.8.
is given in units of equivalent noise charge (ENC).

3 Noise
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inserting the multiplied reverse current (Eq. 5.1) into this formula, which would give σsh (M 0 ) =
√
p
M 0 σsh,M0 =1 , where σsh,M0 =1 = 2eIrev,M0 =1 As τs is the shot noise without multiplication. Instead,
σsh,M0 =1 is multiplied directly by M 0 and might be further enhanced by statistical fluctuations in the
CM process, described by the excess noise factor F 0 [22]:
√
σsh (M 0 ) = M 0 F 0 σsh,M0 =1 .

(5.2)

The total noise is the sum of this multiplication-dependent shot noise and noise contributions
which are not influenced by CM (e.g. serial or voltage noise). Thus, the SNR is given by

0
σnoise

Q̄
σnoise

M Q̄M=1
.
=q
02
2
M 02 F 0 σsh,M
0 =1 + σnoise

(5.3)

It can be seen that it depends on the relative size of the different terms whether CM can improve
the SNR.
For measurements of EPI-ST 75 µm irradiated to 1016 cm−2 with the TCT setup and laser light,
an improvement of SNR in the CM regime up to the maximum measured voltage of 900 V was
observed [4]. As the multiplication-independent intrinsic noise of the setup is large (≈25000 e), it
dominates at moderate voltages over the shot noise which increases due to CM, but starts from a
much lower level. Thus the total noise remains about constant up to ≈700 V. Then the shot noise
begins to dominate, leading to a total noise increase to ≈45000 e at 900 V. But as the shot noise is
still in the transition phase of being at the same order of magnitude as the intrinsic noise, the signal
still increases faster over this range, so that the SNR improves.
Fig. 4 shows that the situation is different for the β -setup as its intrinsic noise is only between
2000 and 3000 e. Therefore, the shot noise begins to dominate already at much lower voltages,
which leads to a fast total noise increase. Thus, after an increase of SNR at low voltages, SNR
reaches a maximum between 300 and 500 V, before decreasing (see Fig. 4b). Apparently, at high
voltages the noise increases faster than the signal. The material and thickness dependence is the
same as for the signal: Due to higher CM, the noise at high voltages is higher for DO compared
to ST material and for thinner diodes compared to thicker ones. For the SNR, it is the other way
round.
The strong noise increase, in certain cases up to 70000 e, leads to SNRs below 1. It is clear
that detectors cannot be operated under such conditions. However, from Eq. 5.3 it follows that
every setup and device has to be considered individually, as demonstrated by comparing the TCT
and β -setups. Due to the smaller cell size, the reverse current in pixel sensors is much lower
than in pad diodes, which reduces the shot noise (with and without CM) while the signal stays the
same (neglecting charge sharing). Decreasing the temperature might be another option to reduce
the noise. Moreover, for the operation of pixel detectors, the signal threshold is usually set much
higher than the noise due to reasons not related to the sensor noise (e.g. cross talk on readout
chips). Therefore, increase of noise due to CM might be tolerable within certain limits.
5.4 Charge spectrum
For an efficient separation of signal and noise, it is not enough to consider the mean SNR,
but the whole charge spectrum and its overlap with the noise spectrum must be taken into account.
8
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Therefore, the charge spectrum must not broaden too much. However, its width is expected to
increase due to multiplication and associated statistical fluctuations in a similar way as the shot
√
noise (but note the different M and F): σsp = M Fσsp,M=1 . Moreover, Landau fluctuations of the
amount of charge deposited in the thin CM region might additionally broaden the charge spectrum.
However, the charge spectrum can only be measured convoluted with theqnoise, so that the

2
2
.
− σnoise
measured width (σsp,meas obtained by a Gaussian fit) must be corrected: σsp = σsp,meas
Thus, large errors are introduced as the noise dominates the spectrum in the CM regime. Nevertheless, it can be seen from Fig. 5 for the example of an EPI-ST 100 µm diode that the relative width4
σsp /Q̄ does not increase significantly at high voltages in the CM regime. It is not much higher than
the relative width before irradiation. To conclude, no significant impact of fluctuations in the CM
process or the deposited charge in the CM region on the spectrum is observed. This suggests that F
is close to 1, which is expected for moderate CM. The same was observed for measurements with
laser light [4].

6. Conclusions
Charge multiplication (CM) in thin epitaxial n-type pad diodes irradiated by protons up to
cm−2 equivalent fluence was investigated by charge collection measurements with different
TCT and β -setups. The CM region could be localised near the p+ -implant at the front side. Observed properties like proportionality between measured and deposited charge, spatial uniformity
over the diode area and long-term stability are promising for the operation of detectors in the CM
regime. Large signals due to CM were also observed for β -particles. Higher fields in thin sensors
and DO material lead to higher collected charges in the CM regime. However, at high voltages
the noise was observed to increase faster than the signal leading to a degradation of the SNR. No
influence of CM fluctuations on the charge spectrum was observed.
It was shown that high signals are possible at SLHC fluences due to CM. However, it must be
investigated whether the noise can be better controlled in segmented devices than in pad diodes due
1016

4 By

normalising σsp to Q̄ the dependence on M cancels, so that the relative width is only sensitive to fluctuations.
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Figure 5: The noise-corrected relative width of the charge spectrum of EPI-ST 100 µm irradiated to
1016 cm−2 . The line indicates the level before irradiation.
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to their smaller reverse current and capacitance. Moreover, for segmented detectors the uniformity
must be studied again as the bending of field lines at the implants could lead to non-uniform CM.
Thus, effects of CM on the position resolution need to be investigated as well.
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