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Timing and 4D Tracking

Goal for the future:

Increase the time resolution
– Pile-up discrimination for hadron colliders
– Time-of-Flight measurements for improved particle ID at lepton colliders.
4D Tracking
– Reduce track finding combinatorics.
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Resistive Silicon Detector (RSD)
RSDs exploit the time and amplitude differences of the signals detected by individual electrodes.

50 𝜇m active thickness.
bla

Signal shared between the readout electrodes.

}︃
Multiply the signal to improve signal to noise ratio.

bla
The signal splits and propagates through the resistive layer,
reaching the adjacent readout electrodes

blabla

bla
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Resistive Silicon Detector (RSD)

Reconstructing hit positions using the charge shared
between AC-pads.

These sensors provide

precise spatial and temporal resolution,
an intrinsic 100% fill factor,
a low density of readout channels.

Many of its properties under annealing remain
unstudied.
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Annealing: Hamburg Model

The hamburg model, born to describe p-in-n sensors, parametrizes the space charge change due to donor re-
moval plus acceptor creation with fluence and latter annealing.

Changing in effective donor doping concentration can be described
by:

𝛥Neff (𝛷eq , t , T ) = NC.0(𝛷eq) + NA(𝛷eq , t , T ) + NY (𝛷eq , t , T ) (1)

𝛷eq stands for 1MeV neutron equivalent fluence;
Stable term NC,0 , most relevant in a high-radiation environment;
The short-tern annealing NA , reducing the damage;
The long-term annealing NY , degrading macroscopic sensor properties.

bla
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Annealing: Hamburg Model

The hamburg model, born to describe p-in-n sensors, parametrizes the space charge change due to donor re-
moval plus acceptor creation with fluence and latter annealing.

Changing in effective donor doping concentration can be described
by:

𝛥Neff (𝛷eq , t , T ) = NC.0(𝛷eq) + NA(𝛷eq , t , T ) + NY (𝛷eq , t , T ) (1)

𝛷eq stands for 1MeV neutron equivalent fluence;
Stable term NC,0 , most relevant in a high-radiation environment;
The short-tern annealing NA , reducing the damage;
The long-term annealing NY , degrading macroscopic sensor properties.

1. Sensor bulk → Thin layer

2. Moderate doping → High doping concentration
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Test Structure

Since our goal is to study the annealing in the resistive layer of the RSD, we used dedicated test structures.
Van der Pauw structures are characterized by a cross-shaped geometry with four contacts placed at the edges
of the layer under study.

The donor doping is monitored with sheet resistivity measurements.

There are two types of structures:

n+
Propagates the signal over the
sensor.

→ Arsenic doping

n deep
JTE structure of the device.

→ Phosphorus doping
Figure: Sheet conductance in the n+ layer during
the room temperature annealing.

Figure: Van de Pauw
cross section
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Doping concentration and Irradiation campaign
Different doping concentration:

n+: Wlow < Wmedium < Whigh

ndeep : Wmedium Wlow < bil <

Irradiation campaign at JSI TRIGA reactor and ZAG cyclotron located on the KIT campus.

neutron fluence proton fluence
[1015cm−2] [1015cm−2]

1.0 0.6
2.0 1.0
3.5 1.8
5.0 2.8
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Studies on Irradiated Test Structure

Perform four point sheet resistance measurement via the four
contacts to monitor the changes of the effective doping con-
centration.

The voltage was measured while the input current was varied:

n+ -0.2 mA to 0.2 mA in step 5 𝜇A
ndeep -1.0 mA to 1.0 mA in step 50 𝜇A

This sweeping method minimizes the influence of the contact res-
istance.

The sheet resistance was extracted by performing a fit of current
versus voltage.

bla
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Figure: Sheet resistance measurement
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Isothermal Annealing in n+ and ndeep layer

Sheet resistance of the test structure at
regular intervals:

– Hourly on the first day,
– then daily,
– and later every few days.

For three temperature values, taken in
subsequent intervals:

– first days at room temperature (20°C),
– after 40°C,
– finally 60°C.

The orange line refers to the approximate
limit of beneficial annealing for the bulk.

bla
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Isothermal Annealing in n+ and ndeep layer

Sheet resistance of the test structure at
regular intervals:

– Hourly on the first day,
– then daily,
– and later every few days.

For three temperature values, taken in
subsequent intervals:

– first days at room temperature (20°C),
– after 40°C,
– finally 60°C.

The orange vertical line refers to the approx-
imate limit of beneficial annealing for the
bulk in Hamburg Model.

Figure: Sheet conductance in the n+ layer during first weeks room temperature annealing.
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Isothermal Annealing in n+ and ndeep layer

The accumulated donor recovery can be monitored by observing the effective donor removal as a function of
annealing.

ndeep with phosphorus doping n+ with arsenic doping
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Figure: Fits to monitor the effective donor removal before and after the low temperature annealing
campaign (20 + 40 + 60 °C). ndeep layer (left) and n+ layer (right).

f (𝛷) = Be−ceff 𝛷 (2)

𝛷 is the fluence, f (𝛷) is the sheet conductance, and ceff is
the effective donor removal.
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Figure: Fits to monitor the effective donor removal before and after the low temperature annealing
campaign (20 + 40 + 60 °C). ndeep layer (left) and n+ layer (right).

f (𝛷) = Be−ceff 𝛷 (2)

𝛷 is the fluence, f (𝛷) is the sheet conductance, and ceff is
the effective donor removal.

→Decreasing of sheet conductance
with irradiation.

→Small difference between before
and after low-temperature anneal-
ing.
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Isochronal annealing in n+ and ndeep layer
The defects have temperature dependence. ⇒ Increasing the temperature we can understand which de-
fects

are inside the sensor.

bla

Investigate annealing at higher temperature.

Steps of 20 minutes

were used at temperatures of

80, 100, 120, 150, and 170°C.

Both the n+ and ndeep layers saw 5% increase in
sheet conductivity.

bla
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Figure: Sheet conductance during isochronal annealing in steps of 20 minutes. Both
the n+ and ndeep layers are displayed (with different y-axes) for a Whigh structure
irradiated to 2.8 · 1015cm2 with proton.

Investigate annealing at higher temperature.

Steps of 20 minutes

were used at temperatures of

80, 100, 120, 150, and 170°C.

Both the n+ and ndeep layers saw ≈ 5% increase in
sheet conductance.

bla
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170°C Annealing in n+ and ndeep layer

Above 150 °C it is possible to break the defects which trap phosphorus/arsenic in the interstitial position and
potentially add phosphorus/arsenic back to the lattice, thus recovering donor states.

→ two isothermal steps of 1 hour at 170 °C

bla

The effective donor removal decreases considerably with the annealing at 170°C
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170°C Annealing in n+ and ndeep layer

Above 150 °C it is possible to break the defects which trap phosphorus/arsenic in the interstitial position and
potentially add phosphorus/arsenic back to the lattice, thus recovering donor states.

→ two isothermal steps of 1 hour at 170 °C

Arsenic doping
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n+

Neutron Irradiated

t (h) ceff (×10−16 cm2)

2 0.24 ± 0.06

1 0.28 ± 0.07

0 0.62 ± 0.10

Proton Irradiated

t (h) ceff (×10−16 cm2)

2 0.6 ± 0.2

1 0.7 ± 0.2

0 1.6 ± 0.2

Phosporus doping
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Neutron Irradiated

t (h) ceff (×10−16 cm2)

2 0.32 ± 0.01

1 0.37 ± 0.02

0 0.64 ± 0.05

Proton Irradiated

t (h) ceff (×10−16 cm2)

2 0.8 ± 0.1

1 0.9 ± 0.1

0 1.6 ± 0.1

The effective donor removal decreases considerably with the annealing at 170°C
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170°C Annealing in n+ and ndeep layer

Above 150 °C it is possible to break the defects which trap phosphorus/arsenic in the interstitial position and
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Conclusions

The evolution of the effective doping concentration was investigated as a function of annealing and
fluence.

XA small difference was observed between before and after low-temperature annealing (below
60°C),

⇒ High doped n+ layer will be stable during shutdown of experiment;

XHigh temperature isochronal annealing (70-150°C) shows a ≈ 5% increase in sheet conductance
for n+ and ndeep layers;

XRelevant donor recovery was observed with the annealing at 170°C,

⇒ In line with recombination of Arsenic-Silicon vacancy and Phosphorus-Silicon vacancy;
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Backup

12/11/25 Aurora Losana – Annealing effects on highly n-doped layers in RSD 25



How the PCBs change its temperature

Figure: PCBs warm up into the oven
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Sheet resistance at 60°C
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Sheet conductance at 40°C and 60°C

Figure: On left sheet conductance at 40°C. On the right measurements at 60°C
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Effective donor removal coefficient values

Figure: Effective donor removal for low temperature annealing (below 60°C
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Sheet conductance over time
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