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Comparing Readout Chips

Before irradiation it is simple:

noise characteristics of chips

digital vs. analog readout
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Input Current = 250uA (nominal)

ABCD3TA

groups of bonded channels showing higher noise
as expected, there is a clear slope across the chip.
The observed slope can be explained by the
different length of the tracks from the input pad
to the input FET (Fig. 2). At room temperature
and with the given shaping, a series input
resistance Rseries gives a contribution to the noise
equal to ENCseries=3.5Cd[pF]

ffiffiffiffiffiffiffiffiffiffiffi

RðOÞ
p

: The esti-
mated variation in Rseries from 13 to 70O across
the chip matches well with the measured values of
ENC. The layout of the input tracks has been

improved following this observation and the
second version of the chip will cure this problem
(see Section 4).

The uniformity of the pipeline is of great
concern for this circuit. For every channel and
every location, the pedestal and the gain have been
measured. For every channel, a rms pedestal has
been obtained over all the locations. The distribu-
tions (Fig. 9) of the rms for both the peak and the
deconvolution mode are well confined and centred
around 130 and 160e# rms, respectively. The gain
distribution for a single channel has a standard

Fig. 6. Calibration curve and linearity in peak mode.

Fig. 7. Equivalent noise charge as a function of the input load
capacitance in peak and deconvolution mode. Measurement
done on channel 109 (see Fig. 8).

Fig. 8. Noise as a function of channel number.

Fig. 9. Distribution of the standard deviation of the single
channel pipeline pedestal for one chip. (a) Peak mode, (b)
deconvolution mode.

M.J. French et al. / Nuclear Instruments and Methods in Physics Research A 466 (2001) 359–365 363

APV25



Performance after Irradiation
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Silicon damage is the primary 
concern

Some effects are local and 
impact only part of a strip, 
others impact the entire strip

Some readout chips may receive 
significant radiation doses



Radiation Effects in Silicon

Increased interstrip capacitance

before: 1.2 pf/cm

@2E14 NEQ: 1.6 pf/cm (looking for 1E15)

Trapping decreases charge collection

before: no charge loss

@1E15 NEQ: ~20% loss per 100um drift

Charge loss from underdepletion

before: fully depleted

after: covered in detail in previous talk.
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Several pixel detectors (sensors and electronics)
were irradiated with 24 GeV protons to a fluence
of 1:1! 1015 neq cm"2 and a dose of 600 kGy
(10% more than the ATLAS radiation-hardness
specifications). One detector was annealed to the
minimum in Vfd while other four samples were
kept for 25 h at 60#C to reach the same annealing
level expected at the end of the detectors operation
at the LHC.

The test-beam setup [8,9] included a microstrip
tracking telescope which provided track recon-
struction with a trasversal precision of 6 mm: Data
were taken with a pion beam of 180 GeV=c
momentum.

3. Measurements

For the charge-trapping measurements data
were taken with an angle of 30# between the track
and the normal to the sensor surface. Because of
trapping, the deeper the track segment subtended
by a pixel, the lower the charge it collects (Fig. 1).
In Fig. 2 the charge collected by a pixel is reported
as a function of the average track segment depth
for an unirradiated and two irradiated detectors.
As expected, in the unirradiated detector the signal
does not depend on the depth of the track segment
as long as this is completely within the sensor.
Trapping is evident in the two irradiated detectors,
but it is more severe in the detector annealed to the
minimum in Vfd than in the four detectors
annealed to the end-of-lifetime scenario.

In order to extract the charge carrier lifetimes
from the data, these were compared to the output
of a numerical simulation. The interactions of the
charged particles with silicon were simulated using
the Geant4 package. The drift of holes and
electrons in silicon was described in detail, taking
into account diffusion and trapping, and using
parametrizations of literature data for the charge-
drift properties [10]. The signal on the pixels was
computed using the Ramo theorem [11], and
taking into account the electronics threshold,
noise, and cross-talk.

In Fig. 3 the experimental charge collection
profile discussed in the previous section is com-
pared with the results of the simulation.

The average experimental value of dQ (charge
times depth) in the interval 80 mmodo200 mm is
compared with the value predicted by the simula-
tion as a function of the lifetime.1 The best values
for the lifetimes and the radiation-damage para-
meter b ¼ 1=tF are reported in the Table 1. The
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Fig. 1. Schematic view of a sensor crossed by a track at 30#
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Fig. 2. Pixel charge as a function of track segment depth for an
unirradiated and two irradiated detectors.

1The same lifetime was used for holes and electrons.

T. Lari / Nuclear Instruments and Methods in Physics Research A 518 (2004) 349–351350
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Radiation Effects in Readout Chip

ABCD (0.8 um DMILL)

Increase in noise:

before: 600+65C e- ENC

@2E14: 1100+65 e- ENC

Increase in pedestal fluctuations 
(can be periodically trimmed out)

before: ~700 e-

>5E13: ~1500 e-

APV25 (0.25 um CMOS)

no significant degradation
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about 10MeV [15]. From the measured flux the
NIEL equivalent flux of 1MeV neutrons was
determined [16] using the neutron damage func-
tion for silicon from [17]. The equivalent fluence of
2! 1014 n/cm2, was delivered to the chips within
440 s. During this time chips received also about
the same fluence of thermal neutrons and about
400 krad of ionisation dose from gamma back-
ground. Temperature of the chips during irradia-
tion was about 3 1C.

Fig. 16 shows evolution of noise with fluence of
1MeV equivalent neutrons measured during irra-
diation in the reactor. One can note a slightly
larger noise increase at the same NIEL fluence
(note that the proton fluence in Fig. 14 should be
multiplied by 0.6 to get the fluence in units of
1MeV neutrons) in chips irradiated with neutrons
as compared to protons. This effect was seen also
in other irradiation tests of SCT readout chips [8]
including the irradiation of basic DMILL bipolar
test structures.

Recent irradiation results indicate that this
effect can be explained by additional damage in
bipolar transistors caused by thermal neutrons,
which are present in the reactor channel [18].
These are not present in the PS and also do not
contribute to the 1MeV equivalent fluence, how-
ever, they will be present in the SCT detector.
Displacement damage is enhanced in this case by
the energetic products of the nuclear reactions of
thermal neutrons and boron atoms used as doping

in the base of the bipolar transistors. The thermal
neutrons are captured by boron isotope 10B
resulting in a reaction 10B+n- 7Li+a. Although
doping concentration of boron in the base is
relatively low, of the order of 1018 cm"3, and
abundance of 10B in natural boron is only about
10% the fluence of a-particles and lithium ions
becomes significant due to the particularly high
cross-section of boron to capture thermal neutrons
which reaches 3840 barns. The total energy of
2.3MeV released in this reaction is divided
between the a-particle and the lithium ion and
deposited in a very short range of a few microns
from the interaction point. In addition, there are
heavily doped p+ regions below the base contacts
and energetic a-particles and Li ions originating
from boron capture reactions in these regions can
contribute to the damage in the transistor base.

6.1.3. X-ray irradiation results
Comparison of the results from proton and

neutron irradiation does not provide a definitive
answer whether ionisation effects present in
proton irradiation contribute significantly to
degradation of the current gain factor b in bipolar
transistors. In order make an estimate of ionisa-
tion effect on bipolar transistors the ABCD3TA
chips were irradiated with X-rays of 10 keV
energy. The irradiation was performed at a dose
rate of 36 krad/min up to a total dose of 10Mrad.
The measurements were taken immediately after
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Fig. 15. Evolution of the rms value of threshold spread at 1 fC
input charge with proton fluence. No threshold trimming was
performed for these measurements.

Fig. 16. Evolution of noise with 1MeV equivalent fluence of
reactor neutrons for 6 chips irradiated on a hybrid. Noise is
expressed in the number of electrons of ENC.
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Simulation

Changes to org.lcsim

New readout chip BasicReadoutChip

thresholds as multiples of RMS noise: easy to simulate optimized readout

simulates generic ADC via two settable parameters:

nbits (number of bits resolution)

dynamic_range (in fC)

binary readout (1 bit) is handled as a special case

Change to CDFSiSim to simulate charge trapping

Can set fraction of charge loss per 100 microns drift

Depth dependent trapping is fully simulated
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Suggested Test Points
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Before irradiation

Silicon: 1.2 pf/cm, full charge collection

ABCD3TA: 600+65*C e- ENC

APV25: 400+60*C e- ENC (deconvolution mode)

Irradiated silicon @1E15 NEQ, fully depleted

Silicon: 1.6 pf/cm, 20% / 100um drift charge trapping

ABCD3TA: 600+65*C e- ENC

APV25: 400+60*C e- ENC (deconvolution mode)

Irradiated silicon @1E15 NEQ, fully depleted, irradiated chip @2E14

Silicon: 1.6 pf/cm, 20% / 100um drift charge trapping

ABCD3TA: 1100+65*C e- ENC

APV25: 400+60*C e- ENC (deconvolution mode)



Summary

By testing a few cases we can get an idea where we stand.

The code is there.  The amount of new code is very small so I don’t 
believe there will be a long debugging cycle.

Once we have checked these scenarios, we can decide how hard we 
need to look at these issues.

Beyond these, we should probably look at what happens with thinner 
silicon.

I will be in touch with Matt to get him up and running.
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