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Tracking in 4 dimensions
an overview

High accuracy both in space tracking and timing:

Ultra Fast Silicon Detectors

Huge enhancements to the event reconstruction process in
HEP (reduction of pile-up effects) and medical imaging.

σ2t =

(
N

dV /dt

)2

+ σ2timewalk + σ2Landau + σ2TDC (1)

A good timing
detector should grant
a N

dV /dt ratio as low
as possible!

I high signal to noise ratio
(moderate gain)

I linear response (no breakdown)

I a steep signal (small charge
collecting time)
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LGAD as candidate for UFSD

Multiplication layer: creates a locally high electric field (
E & 300kV /cm ) so that the drifting electrons will induce a
controlled avalanche.
External bias voltage: high enough ( Ebias > 30kV /cm )
to saturate the charge drifting velocities → fast charge
collection → steep signal.

N(x) = N0 · eαx = N0 · G (2)

G = eαx is the gain as function of α, impact ionisation rate
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LGAD response vs Temperature
Effects on timing performance due to the gain increase for
low temperatures

3 uncertainties are independent of temperature:

σtimewalk : systematic, independent of temperature

σLandau : statistic, independent of temperature

σTDC = 1√
12

∆tTDCbin : can be minimised

N
dV /dt : noise is constant, independent of

temperature or voltage. However the steepness
of the signal is affected by a change of gain.

Low temperatures cause:

I increase in carriers saturated velocities

I increase in the mean free path of the
carriers → impact ionisation rate α

INCREASE
IN

GAIN
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Gain implementation in Weightfield21

Electric field and temperature dependent models

Chynoweth law for the impact ionisation rate:

αe,h(E ) = γ αe,h,∞ exp

(
−
γ βe,h
|E |

)
(3)

Electric field dependence: 2 doping profiles implemented:

A shallow doping profile
best describes the CNM
production, deep doping
profile for FBK sensors.

1open source avalaible at http:
//personalpages.to.infn.it/~cartigli/Weightfield2/Main.html

http://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html
http://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html
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Gain implementation in Weightfield2
Electric field and temperature dependence in the impact
ionisation rate

Temperature dependence: 4 models implemented:

Two based on the Chynoweth law (eq. 3):
van Overstraeten Model

γ(T ) =
tanh

(
~ω

2kT0

)
tanh

( ~ω
2kT

) (4)

Massey Model
γ = 1

βe,h(T ) = Ae,h +Be,h ·T (5)

Two proposed their own law for αe,h:
Bologna Model

parameters with linear,
quadratic or exponential
temperature dependence

Okuto Model
impact ionisation rate directly

shows the temperature
dependence

All but the Massey model are also implemented in Synopsys
Sentaurus
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Setup description
Instrumentation

Climatic chamber with automatic data acquisition
(LabVIEW based).
1064ns non collimated picosecond laser (intensity set to
replicate 1 MIP)

See Marco Ferrero’s talk for more details about the boards
and the instruments.
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Setup description
Measured characteristics

Total current: internal current through the sensor plus the
surface current through the border of the active area.

Gain as the ratio between the normalised signal area of the
LGAD and the one of the twin diode.

Time resolution: standard deviation of the distribution of
the time of a constant fraction of the signal peak.

Model calibration: the models were normalised to a
common value of gain and their prediction about the trend
was analysed.
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FBK and CNM sensors

Fondazione Bruno Kessler (FBK):
Thickness 300µm (March 2016);

I 13 Wafers → 5 Splits of gain in 2% steps;

I structures: single /multi pad, array, strip;

I n-side segmentation, p-side segmentation;

50µm thick production expected in early 2017.

Centro Nacional de Microelectronica (CNM):
Silicon-on-Insulator wafers – thickness 50µm (2016)
3 dopant doses for gain layer:

I 1.8 · 1013cm−2

I 1.9 · 1013cm−2

I 2.0 · 1013cm−2
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Total current versus Temperature
300µm FBK – moderate gain (wafer 3)

Decrease of total current for low temperatures as immediate
and predictable effect.
→ IV curve for T = 10◦C shows an early breakdown
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Gain versus Temperature
300µm FBK – moderate gain (wafer 3) and high gain (wafer
10)

Increase of gain for lower temperature → high gain sensors
see a bigger increase.
→ Decrease of Breakdown bias voltage values.
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Time resolution versus Temperature
300µm FBK – moderate gain (wafer 3)

Increase in gain causes sensibly improved timing performance
for low temperatures.
(Time resolution defined in Slide 9)
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Simulation of gain vs voltage
300µm FBK – moderate gain (wafer 3)

Simulation must correctly predict the voltage of the sensor
breakdown as the gain increases drastically when close to it.
Massey and Okuto models succeed in it.
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Simulation of gain vs temperature
300µm FBK – moderate gain (wafer 3)

Very different predictions and measurements taken in Turin
and Ljubljana → Further experimental study is necessary
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Simulation of gain vs temperature
50µm CNM – measurements taken at UCSC

Measurements show a 50% increase in gain from RT to
−20◦C , in agreement with the Massey and Okuto model.
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Conclusions and outlook

I The measurements show a strong dependence of the
performance of UFSD on temperature.
Low temperatures cause the gain to increase and
therefore the timing performance to improve. An
excessively high gain can although cause an early
breakdown.

I Both the voltage dependence of the gain and the
temperature dependence of the gain favour the Massey
and Okuto models of the gain, showing a much more
gently voltage or temperature dependence than e.g. von
Overstraeten or Bologna models.

I Weightfield2 proved itself to be a valuable assist in this
study and offered a good description of the performance
of the thin sensors.
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Back up
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FAST Analyzer
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UCSC measurements
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UCSC measurements
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