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Signal formation and intrinsic time resolution

s
t
= (

N

dV/dt
)2 + (Landau Shape)2  + TDC 

Usual “Jitter” term

Here enters everything that 

is “Noise” and the 

steepness of the signal

Time walk: Amplitude variation, corrected in electronics

Shape variations: non homogeneous energy deposition

total current

electron current

hole current

total current

electron current

hole current
Need large dV/dt



How gain shapes the signal 

2N
ic

o
lo

 C
a

rt
ig

lia
, 
IN

F
N

, 
To

ri
n

o
 

+ -
+

+
-

-
Gain electron: 

absorbed immediately

Gain holes: 

long drift home

Initial electron, holes

Electrons multiply and produce 

additional  electrons and holes. 

• Gain electrons have almost no effect

• Gain holes dominate the signal

 No holes multiplications 
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Significant improvements in time resolution require thin detectors

and thermal diffusion and finally (vi) theoscilloscope and front-75

end electronics response. Theprogram hasbeen validated com-76

paring its predictions for minimum ionizing and alpha particles77

with measured signals and TCAD simulations, finding excel-78

lent agreement in both cases. All the subsequent simulation79

plots and field maps shown in this paper have been obtained80

with WF2.81

5. Optimization of UFSD Sensors82

5.1. The effect of charge multiplication on the UFSD output83

signal84

Using WF2 we can simulate the output signal of UFSD sen-85

sors as a function of many parameters, such as the gain value,86

sensor thickness, electrode segmentation, and external electric87

field. Figure5 showsthesimulated current, and itscomponents,88

for a50-micron thick detector. The initial electrons (red), drift-89

ing toward the n++ electrode, go through the gain layer and90

generate additional e/h pairs. The gain electrons (violet) are91

readily absorbed by thecathodewhile thegain holes(light blue)92

drift toward the anode and they generate a large current.93

Figure 5: UFSD simulated current signal for a 50-micron thick detector.

The gain dramatically increases the signal amplitude, gener-

ating a much higher slew rate. The value of the current gener-

ated by a gain G can be estimated in the following way: (i) in

a given time interval dt, the number of electrons entering the

gain region is 75vdt (assuming 75 e/h pairs per micron); and

(ii) these electrons generate dNGain ∝ 75vdtG new e/h pairs.

Using againRamo’s theorem, thecurrent induced by these new

charges is given by:

diGain = dNGainqvsat

k

d
∝

G

d
dt, (5)

which leads to the expression:

diGain

dt
∼

dV

dt
∝

G

d
dt. (6)

Equation (6) demonstrates avery important featureof UFSD:94

the current increase due to the gain mechanism is proportional95

to the ratio of the gain value over the sensor thickness (G/ d),96

therefore thin detectors with high gain provide the best time97

resolution. Specifically, the maximum signal amplitude is con-98

trolled only by thegain value, while thesignal rise timeonly by99

the sensor thickness, Figure 6.100

Figure 6: In UFSD the maximum signal amplitude depends only on the gain

value, while the signal rise time only on the sensor thickness: sensors of 3

different thicknesses (thin, medium, thick) with thesamegain havesignalswith

thesameamplitude but with different rise time.

Using WF2 we have cross-checked this prediction simulat-101

ing the slew rate for different sensors thicknesses and gains,102

Figure 7: the slew rate in thick sensors, 200- and 300-micron,103

is a factor of ∼ 2 steeper than that of traditional sensors, while104

in thin detectors, 50- and 100-micron thick, the slew rate is 5-6105

timessteeper. For gain = 1 (i.e. traditional silicon sensors) WF2106

confirms the predictions of equation (3): the slew rate does not107

change as a function of thickness.108
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Figure7: Simulated UFSD slew rateasafunction of gain and sensor thickness.

Thin sensors with even moderate gain (10-20) achieve amuch higher slew rate

than traditional sensors (gain = 1).

5.2. Segmented read-out and gain layer position109

As stated above, excellent timing capability requires very110

uniform fields and gain values however this fact might be in111

contradiction with the request of having finely segmented elec-112

trodes.113

There are 4 possible relative positions of the gain layer with114

respect of the segmented read-out electrodes, depending on the115

type of the silicon bulk and strip, Figure 8. For n − in − p de-116

tectors (top left), the gain layer is underneath the read-out elec-117

trodes, while it ison theoppositesideof theread-out electrodes118

in the p − in − p design (bottom left). Likewise, for p − in − n119

sensors thegain layer isat theread-out electrodes, while it ison120

the opposite side for n− in − n sensors (bottom right). The use121

of n-bulk sensorspresentshowever avery challenging problem:122

for this geometry, the multiplication mechanism is initiated by123

the drifting holes, and therefore is much harder to control as it124
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For a fixed gain: 

• amplitude = constant 

• rise time ~ 1/thickness

 Go thin!!

The slew rate: 

• Increases with gain 

• Increases ~ 

1/thickness
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Evolution of LGAD signal shape in ETL

The signal from an LGAD is short and reaches ~ 10 uA

(gain = 13 in the plot)

Gain = 10  Q = 5 fC

The electronics needs to exploit it: needs to follow the rising edge. 
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Currents for different thicknesses
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UFSD time resolution summary

Message: the time resolution is limited by charge non uniformity

 Be aware: this is not time walk, it is the variability of the current pulse

Resolution without gain

UFSD1

UFSD2
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Time resolution at 50 micron

Two components determine the time resolution:

• Non uniform charge deposition  ~ constant term 25 – 30 ps

• Jitter contribution = N/(dV/dt) ~1/Gain  (controlled by electronics)

Gain (or charge)

Ti
m

e
 r

e
so

lu
ti
o

n

Constant term ~ 30 ps

Jitter: Not so good electronics

Jitter: Very good electronics

5 fQ 10fQ  

𝝈𝒕
𝟐 =

𝑵

𝒅𝑽/𝒅𝒕

𝟐

+ 𝝈𝑵𝒐𝒏−𝒖𝒏𝒊𝒇𝒐𝒓𝒎 𝒄𝒉𝒂𝒓𝒈𝒆 𝒅𝒆𝒑.
𝟐
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UFSD: time resolution

UFSD from Hamamatsu confirm our simulation: 30 ps time resolution, 

Value of gain ~ 20

Jitter term: scales with 

gain (dV/dt) 

Jitter at T = 20 oC 

Jitter at T = 0 oC 

Jitter at T = - 20 oC 

Time res. at T = 20 oC 

Time res. at T = 0 oC 

Time res. at T = -0 oC 

 
Landau noise: ~ constant with gain 

Hamamatsu, 50-micron thick sensor  
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H. Sadrozinski, TREDI 2017 



9N
ic

o
lo

C
a

rt
ig

lia
, 
IN

F
N

, 
To

ri
n

o
 
Weightfield2

Available at:

http://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html

It requires Root build from source, it is for Linux and Mac.

It will not replace TCAD, but it helps in understanding the sensors response

http://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html
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WF2: Currents

Current tabs
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WF2: Electronics

Electronics tabs
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WF2: Radiation damage
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Evolution of the signal with fluence

The UFSD signal 

becomes  

• Faster

• Shorter

• Smaller

Q: 10 fC  2 fC

Rise time: 400 ps  200 ps

Be aware of ToT: the signal tail 

changes dramatically with 

irradiation, 

ToT might not work without constant 

calibration

 Use CFD
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Summary

• The signal of UFSD for gain = 10 is 5 fC

 The range we need  to consider is about  3 – 15 fC

• With 50-micron thick sensors we have ~ 30 ps intrinsic resolution 

• Smaller intrinsic terms require thinner sensors 


