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Summary

CERN RD39 Collaboration is aiming for development of super-radiation hard cryogenic
silicon detectors for applications of LHC experiments and their future upgrades.
Radiation hardness up to 1x10' neq/cm2 is required in the future HEP experiments. The
most important measure of the detector’s radiation hardness is the Charge Collection
Efficiency (CCE), which is affected by both the detector sensitive volume (depletion
depth) and charge trapping by radiation-induced trapping centers. However, 1x10'°
neq/cm2 fluence is well beyond the radiation tolerance of even the most advanced
semiconductor detectors fabricated by commonly adopted technologies. First, the full
depletion voltage (Vi) will be in the thousands of volts for a 300 um thick Si detector
operated at or near room temperature. Second, the charge carrier trapping will limit the
charge collection depth to an effective range of 20 um to 30 um regardless of depletion
depth. In order to maintain an acceptable CCE under Super LHC radiation environment,
one has to solve both problems simultaneously.

The activities of RD39 Collaboration were focused in 2008 on concept of charge
injected detector (CID). In a CID, the electric field is controlled by injected current,
which is limited by the space charge. This leads to continuous electric field through the
detector at any operating voltage regardless of the radiation fluence. The electric field
distribution in CID is proportional to the square of the distance starting from the charge
injection contact. According to the calculations with known electric field distribution one
could expect more than two times higher CCE in CID compared with similar detector
under reverse bias. Moderately low temperature and high concentration of deep levels are
required in order to establish by charge injection the stable electric favorable for detector
operation.

C-TCT tests on CID pad detectors and muon beam tests (at CERN H2) on CID
micro strip detectors mounted to the CMS APV25 readout chips have shown very good
CCE: for detectors irradiated to 3x10% neq/cmz, a CCE of over 70% (or > 15000
electrons) have been achieved by CID detectors, as compared to only 20% (or 5000
electrons) by detectors operated in the conventional reverse bias mode. Good tracking
efficiency and position resolutions have also be obtained by CID detectors in the beam
test.
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1. Introduction

1. Introduction

For LHC upgrade, the SLHC, the expected radiation level will be 10 times higher, up to
1x10'® neq/crn2 than the current LHC. In this case, in addition to the detector full
depletion problem, the trapping problem is now one of the main limiting factors to CCE.

In our previous estimation for CCE and collected charge, we use the approximation of
short-range particle (such alpha and red laser) generated charge sheet moving across the
detector in the electric field [RD39 Status Report 2007]. While the physics principle
remains true for these estimations, it is not accurate in absolute details of the case of MIP
generated charges, which are the case for LHC/SLHC experiments. For simplicity, we
will make the estimation of charge collection and CCE in a pad detector (non-segmented
detector) in the case of MIP generated charges. For MIP, the generated charge density in
a Si detector is Qo/d. For a detector with a depletion depth of w, the charge that causes an
induced current is Qo*w/d. The induced current by an electron charge sheet of Qo/d Ax
located at X is:
Ait, ) =Q, e X Ly

dr
(1)
where 7/ is trapping time constant of electrons, V°® the drift velocity of electrons, which

we assume is a constant for simplicity in a constant electric filed in the depletion region.
The collected charge due to drift of electrons is:

w g (0 w g (%) 1
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Where t° (X)=(W-X)/V®,and t* =w/V®
Integrations of Eq. (2) give:

Qo =Qy — ==~ (et )] 3)

We define di_ =V°z as the charge collection distance (or trapping distance) for

electrons, and have:
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Similarly, the collected charge due to drift of holes is:

Q,=Q, - fe= - S e ) 5)
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And the total collected charge for a planar Si detector is:
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Expressing Qo in number of electrons Q, =80e's/um-d (in zm), we have:
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Assuming 7° =7" =7, and in very high E-filed (V. =V, =V, t§ =ty =t, =w/V,,
and d° =d" =d__ =V,7):
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In the case of low fluence (<2x10" neq/cmz), the detector depletion depth w is still an
important factor in the collected charge, which depends on the bias voltage:

2ee N
W=
eN

where e is the electronic charge, & the permittivity of Si, & the permittivity of vacuum, V
the bias voltage, and Net the effective space charge density.

For high fluences (>2x10" neq/cmz), we found that collected charge only depends on
the charge collection distance that is affected only by trapping. The electric field only has
to be high enough to ensure that the depletion depth w is larger than the charge collection
distance dccg, which is about 20 um at 1x10'® neq/cmz.

The trapping () and de-trapping (7q) time constants for a trap level can be defined by:

(10)
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where o is the capture cross section of the trap, Vi, is the thermal velocity of charge
carriers, Nt is the concentration of traps, N¢ the electric state density in the conduction
band, and E; the trap energy level in the band gap.

The trapping time constant is nearly independent on temperature (or weak dependence on
T). However, it depends strongly on the radiation fluence @. At a fluence of 10'° Neq
Jem?, the trapping time can be as short as 0.2 ns [1-2], which will give a collected charge
of about 3200 e’s for MIP.

The estimation done above again is for a pad detector with no segmentation, and a simple
weighting field. For a real segmented detector with complicated weighting field, the
charges might not be the same, but they should be in the same order of magnitude.

As we mentioned before, for extremely high fluence (10'° n/cm?) in LHC upgrade
environment, the trapping term can be significant and affect the CCE greatly. The
approach of RD39 to overcome the fundamental trapping problem at very high fluencies
is to modify the CCE; by filling the traps so that thy are neutral (or inactive) for further
trapping of free carriers generated by particles. The key of our approach is to use the
charge-injection-detector concept that can achieve a nearly full depletion at any fluence
and in the mean time to partially fill the traps that are responsible for charge trapping. In
doing so, we can improve CCE by simultaneously manipulating the electric field and
partially removing trapping through current injection.

2. Characterization of Charge Injected Detectors (CID) by
Cryogenic Transient Current Technique (C-TCT).

The RD39 Collaboration has constructed Cryogenic Transient Current Technique
(C-TCT) measurement setup, which is capable to operate below liquid nitrogen
temperatures [3]. The C-TCT is an effective research tool to study heavily irradiated
silicon detectors. The TCT measurement is based on the detection of the dominant type
of charge carrier, electron or hole, which drifts across the whole detector thickness after
being excited by a photon. This is achieved by illuminating (i.e. n'/p/p" device) the front
(n" implant) or back (p* implant) side of the detector with a red laser, whose light creates
electron-hole pairs close to the device surface. When the front-side of the detector is
illuminated, the electrons move only a few microns (small signal) and are gathered to the
n'-electrode so fast that the signal is damped by the rise-time of the data acquisition
electronics and therefore the measured signal is mainly coming from the holes that travel
a longer distance through the silicon bulk. By analyzing the transient, it is possible to
extract the full depletion voltage, effective trapping time, electric field distribution and
the sign of the space charge in the silicon bulk [4,5]. Furthermore, the CCE can be
determined if the detector is illuminated by sub band gap infrared light, which provides
homogenous generation of electron hole pairs through the entire bulk of silicon and
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therefore simulate minimum ionizing particles [6]. The CCE can be obtained by
comparing the signal from irradiated detector with signal measured from non-irradiated
sample. An example of such measurement is shown in Figure 1.
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Figure 1. IR signals of 24 GeV/c proton irradiated MCz-Si detectors with respect of non-
irradiated reverse biased reference detector. The detectors are 300um thick p'/n/n"
structures. The reverse bias of detectors is 500V and the measurements have been
performed at -50°C.

Figures 2-5 show CID detector signals compared with same device under the
reverse bias. The detectors have been irradiated with 24 GeV/c proton beam up to Super-
LHC fluencies 6x10'® p/ cm? and 1.6x10'® p/cm”. The pad detectors have been processed
on n and p-type MCz-Si wafers at Helsinki University of Technology Microelectronics
Centre (Micronova) [7]. The starting material of the detectors was 100mm diameter
double-side-polished 30012 pum-thick <100> n and p-type Magnetic Czochralski silicon
(MCz-Si) wafers. The nominal resistivity, measured by the four point probe method, of
the wafers is 900-1100 Qcm for n-type wafers and 3kQcm for p-type wafers,
respectively.
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Figure 2. Infrared laser response of detector made on n-type MCz-Si wafer (p /n/n"

structure). The irradiation fluence is 1.6x10'® p/ cm?®. The measurement temperature is
220K.
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Figure 3. Infrared laser response of detector made on p-type MCz-Si (n'/p/p" structure).
The irradiation fluence is 6.0x10"° p/ cm”. The measurement temperature is 220K.
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Figure 4. Infrared laser response of detector made on n-type MCz-Si wafer (p'/n/n"
structure). The irradiation fluence is 1x10'® Neq/ cm?. The measurement temperature is

220K.
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Figure 5. Infrared laser response of detector made on p-type MCz-Si (n'/p/p" structure).
The irradiation fluence is 6.0x10"° p/ cm®. The measurement temperature is 220K. The IR
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laser has been tuned to output higher excitation than during the measurement shown in
Fig 2.

It can be seen in figures 2-5 that the signal in CID mode is higher than under reverse bias
regardless of type of detector or fluence. In n-type sensors, the signal is identical in
1x10'® n.,/ cm® irradiated sample when detector is biased in CID mode with -250V and
when the detector is reverse biased with 500V. With -500V under CID mode, the
collected charge is significantly higher. In n'/p/p" detector, the collected charge is
essentially higher already with 250V CID mode than with -500V reverse bias at both
fluencies.

During the QV measurements the current in detectors bias circuit was also recorded. The
current voltage (IV) characteristics of 1x10'® 1 MeV neutron equivalent / cm? irradiated
pad detector are shown in figure 6.
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Figure 6. 1x10'° 1 MeV Neq/ cm? irradiated pad detector. The detector is the same device,
which CCE has been shown in figure 2. The size of the sample is 0.25 cm’.

It can be seen in figure 6. that the forward current of heavily irradiated detector is order
of few microampers in the temperature range 220-210K. The IV curves have same shape
under current injection and reverse bias both.

The CCE measurements with C-TCT setup are summarized in Figure 7.
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Figure 7. Experimental data points and simulation of CID and reverse biased detectors.
The simulation assumes 220K temperature and 500V operating voltage for reverse biased
and CID detectors both.

The experimental data points in Figure 7 are compared with simulations shown with
dashed lines. The simulation of CCE assumes linear trapping, i.e. at fluencies 1x10"
neq/cmz,IXIO15 neq/cm2 and 1x10'° neq/cm2 the values for t; are 25ns, 2.5ns and 0.25ns,
respectively [1,2]. The simulation and measurements have done with 500V reverse bias
and taking in to the account the carrier mobility temperature dependence. As it can be
seen, the CCE starts to decrease rapidly after about 7x10" neq/cm2 fluence. This is the
fluence where the Vi of 300um thick MCz-Si detectors reaches the 500V and if the
irradiation continues the detector will not be fully depleted anymore.

3. Test beam measurements on CID detectors.

In order to demonstrate that new detector concept, such as the CID, is suitable for
large scale tracker systems, it is necessary to perform extensive tests on full detector
systems, i.e. segmented devices with their readout electronics. The CCE is partly
determined by the electric field distribution in silicon. In irradiated silicon, the electric
field distribution is complicated and contains e.g. so called Double Junction (DJ) [8].
Additionally, the electric field distribution depends on the geometry, i.e. the segmentation

10
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of the sensor. This effect is called weighting field and it means that particle generated
charge induces most charge in the segmented electrode when it is close to it, and not
uniformly through the entire volume like in a diode [9,10]. Thus, higher charge collection
is expected in segmented detectors than in diodes used in most radiation hardness studies
this far. Additionally, the CCE is greatly influenced whether the SCSI has been taken
place in the silicon bulk. Despite of extensive studies during the past years, the SCSI is
poorly understood in potentially radiation hard silicon materials [11]. A degradation of
cluster resolution after assumed type inversion fluence would be an evidence of SCSI.
Because of these reasons, it is mandatory to perform radiation hardness investigations
between CID and standard detector operation mode with a beam telescope providing
reference tracks.

The SiBT measures the tracks of energetic particles hence providing a reference
measurement for a detector under investigation [12]. The telescope was completely
reconstructed in 2007 together with CMS groups from Fermilab, University of Karslruhe
and University of Rochester. The read-out electronics and data acquisition (DAQ) of the
upgraded SiBT is based on the actual CMS hardware and software operating at LHC
compatible rate. The telescope contains 8 reference detector planes in +45 degree
orientation and has two slots for the devices to be tested. The reference sensors are
produced by Hamamatsu K.K. and they are originally designed for the Fermilab DO Run
IIb. The interpolated position resolution of the reconstructed SiBT is 9 pm, it has a signal
to noise ratio (S/N) of 25 and an active area of 4 x 4 cm’. The telescope can be cooled
down to -20°C temperature, which is mandatory when studying highly irradiated sensors.
In order to measure full size CID detector modules at temperatures down to -50°C, an
additional cold box was designed and constructed. The cold box consists of three Peltier
elements having total cooling power 350W and heat removal system. The cold finger and
its schematical layout are shown in Figure 8.

11
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Figure 8. Schematical layout and cold finger that were used for the CID detector beam
tests in summer 2008.

An overview of the experimental setup is shown in Figure 9.

12
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Figure 9. SiBT installed at CERN H2 experimental area.

The MCz-Si detector used in CID study was processed with a simple six mask level
process at the Helsinki University of Technology Centre for Micro and Nanotechnology
(MINFAB) facility. The starting material was 4” n-type wafers with a thickness of
3004+2um and <100> crystal orientation grown with the MCz method by Okmetic Ltd.,
Finland.The large area strip detectors had 768 channels and an area of 4.0x4.0 cm?. In the
detector design the strip pitch was 50 pm, strip width 10 pm and the strip length 3.9 cm.
The detector was irradiated with 26 MeV protons (Universitdt Karlsruhe) to the fluences
of 3x10" 1 MeV neq/crn2 and after cooling bonded to an APV25 read-out hybrid. During
the operation, the SiBT was capable to record about 25000 events in 20 min with
modified CMS DAQ software. The results presented in this content are based on
tracking, i.e. only events that were seen with all reference telescope planes are included
to the analysis. The details of the off-line data analysis are reported in references [12].

The CID detector was measured in intense muon beam at different temperatures
and bias voltages. The minimum temperature reached during the operation was -53°C.
Figure 10 shows the signals of detector irradiated 3x10"° 1 MeV neq/cm2 in CID mode
and under reverse bias.

13
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Figure 10. Collected charge in terms of arbitrary units (ADC counts) as function of
voltage for CID, same detector with reverse bias and for a non-irradiated MCz-Si
reference detector. The measurement of non-irradiated detector has been made at -20°C.

It can be seen in Figure 10 that the signal of a non-irradiated MCz-Si reference detector
saturates at about 330V for about 50 ADC counts value. The 330V full depletion voltage
is very much expected according to earlier studies performed on n-type MCz-Si by
various groups [13]. The CID detector signal reaches values about 35 after 300 volts. The
same sensor under reverse bias at the same temperature -53°C shows about 10 ADC value
for the signal, i.e. more than three time less.

The noise recorded by the read-out and DAQ as function of bias voltage of CID detector
at various temperatures is shownin Figure 11.

14
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Figure 11. Noise of CID detectors between -40°C and -53°C. The closed red symbols are

for non-irradiated reference sensor made of high resistivity Fz-Si. The Vy4 of Fz-Si sensor
1s less than 10V.

The noise of CID detector reaches values 3.5-3.8 at the highest voltages. This would
result in signal-to-noise (S/N) ratio of about 10 after 3x10" 1 MeV neq/cm2 irradiation.
The noise recorded from reference Fz-Si module is less than 1.5 at it’s Vig.
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