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Tracking particles in space and time

Particle physics experiments have 

developed formidable tracker systems:

• Many millions of channels

• Extremely good spatial resolution

However,  

silicon sensors were never considered as accurate timing devices

the R&D of the  last 5-10 years have changed completely the 

landscape

At present, silicon sensors are the ONLY detector able to provide 

excellent timing capability  (~ 30 ps) , good radiation hardness 

(fluence ~ 1E15 n/cm2), good pixilation (10um – 1 mm), and large 

area coverage (many m2)

2



M
.C

o
s

ta
–

C
E

P
C

 W
o
rk

s
h
o
p
 I

H
E

P
 –

1
9

 N
o
v
 2

0
1

9
Face the challenge by adding Timing information

The inclusion of track-timing in the event information has the capability of 

changing radically how we design experiments. 

Timing can be available at different levels of the event reconstruction, in 

increasing order of complexity:

1) Timing in the event reconstruction  Timing layers                            

• this is the easiest implementation  CMS, ATLAS

2) Timing at each point along the track  4D tracking                     

• tracking-timing

3) Timing at each point along the track at high rate  4D+ tracking 

• Very high rate  represents an additional step in complication, very 

different read-out chip and data output organization

3
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Ultra Fast Silicon Detectors (UFSDs) are Low Gain Avalanche Diodes (LGADs) optimized for timing employing a 

thin multiplication layer to increase the output signal at the passage of a particle of a factor ~10 - 20

Ultra Fast Silicon Detectors

The low-gain mechanism, obtained with a moderately doped p-implant, is the defining feature of the design.

The low gain allows segmenting and keeping the shot noise below the electronic noise, since the leakage current is low.

4
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The timing capabilities are determined by the characteristics of  the signal at the 

output of the pre-Amplifier and by the TDC binning.

Silicon time-tagging detector

Time is set when the signal crosses the comparator threshold

(a simplified view)

Strong interplay between sensor and electronics

5
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Good time resolution needs very uniform signals

Signal shape is determined by Ramo’s Theorem:

i µqvE
w

Drift velocity Weighting field

The key to good timing is the uniformity of signals:

Drift velocity and Weighting field need to be as uniform as possible

Basic rule: parallel plate geometry

6
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Gain layer: a parallel plate capacitor with high field

Gain: exp(field * distance)

• The doping of the gain layer is equivalent to 

the charge on the plates of the capacitor. 

• Bias adds additional E field 

E1

d1

E2d2

𝑮 ∝ 𝒆𝜶∗𝒅

Shallow 

GL

Deep 

GL

Shallow gain layers work at higher E field. 

𝑬𝟏 > 𝑬𝟐

n implant 

Gain layer 

p implant 

1,0E+16

3,0E+16

5,0E+16

7,0E+16

9,0E+16

1,1E+17
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Doping  distribution n++ electrode and Gain layer

n implant 

Gain layer 

p implant High Efield Drift space

• Examples of gain layer shapes from a few of our samples. 

• GL differs for depth and width: both parameters are 

important. 
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Mean free paths in different situations

1. Multiplication in the Bulk: ~ 170-200 kV/cm

2. Deep Gain Layer: ~ 290 – 300 kV/cm

3. Shallow Gain Layer: ~ 380 – 400 kV/cm

Bulk

Deep Gain Layer (DGL)

Shallow Gain Layer (SGL)

𝑮 ∝ 𝒆𝜶(𝑬,𝑻)∗𝒅

𝜶 ∝ 𝒆− 𝒂+𝒃∗𝑻 /𝑬

𝒃 = ~𝟓𝟎𝟎 𝑽/𝑲Massey model:

The position of the GL determines the 

field working point: the deeper it is, the 

lower the field is

8
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How gain shapes the signal 

+ -
+

+
-

-
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 

9
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Gain current vs Initial current

dt
d

G

kqv

d

k
Gqvdtv

kqv

d

k
qvdN

i

di

sat

satsat

sat

satGain
gain



)(75 !!!
 Go thin!!

(Real life is a bit more complicated, but 

the conclusions are the same)

300 micron:

~ 2-3 improvement with 

gain = 20

Full simulation
(assuming 2 pF detector 

capacitance)

Significant improvements in time resolution require thin detectors
10
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Gain and Signal current

i
Max

µGain

i(t)

The rise time depends only on the sensor 

thickness ~ 1/d

thin

medium

dV

dt
µ

G

d

tt1 t2 t3

thick
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σ2
t= σ2

Jitter + σ2
Time Walk + σ2

Landau Noise + σ2
Distortion + σ2

TDC

Negligible

Optimize FE electronics

IRamo≈ q vdrift Ew

Requires uniform vdrift and Ew



parallel plate geometry

strip implant ~  pitch
GOOD BAD

σJitter≈N/(dV/dt)≈trise/(S/N)

needs Gain to increase S/N

needs thin detector to decrease trise
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 again Ramo’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

3

Decreases with detector thickness 

Intrinsic Limit σLandau Noise ≈ 25ps

Negligible

Optimize RO electronics

NB: signal amplitude DOES NOT

depend on detector thickness

ttrack

threshold

time

S

Time resolution
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UFSD  time resolution

UFSD from Hamamatsu: 30 ps time resolution, 

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 
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A. Apresyan | Americas Workshop on Linear Colliders 2017

~x5 pileup (@ PU=200) reduction in terms of 

associated tracks

Add 30ps timing information

UFSD technology for CMS and ATLAS Endcap Timing Layers 

At HL-LHC precise timing detectors will be used for

Particle Identification and for pile-up suppression

14
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UFSDs for CMS ETL

Sensor specifications:

• Intrinsic Gain: 10-20

• Pad size: 1.3 x 1.3 mm2

• High fill factor (>85% per layer)

• 2-disk x-y layout

• Number of sensors: ~18000 (~ 16 m2, ~2k 6-inch wafers)

• Sensors of 2x4 cm2

• Radiation hardness

Up to 2x1015 neq/cm2

for 15% of sensors

Less than 4x1014 neq/cm2

for 50% of sensors

Using UFSDs for a “CMS size” detector poses many challenging 

R=1.27 m

15



M
.C

o
s

ta
–

C
E

P
C

 W
o
rk

s
h
o
p
 I

H
E

P
 –

1
9

 N
o
v
 2

0
1

9

Using LGADs for a “CMS size” detector poses many challenging: 3 sensor producers considered so far 

Foundries Producing LGADs for the CMS MTD

HPK productionCNM productionFBK production

Producers have different approaches for radiation damage mitigation, but all vendors can fulfil the CMS requirements, including a factor of 2 safety margin

CMS1 production is due to arrive in Q1 

2020

Next production: Q1 2020CMS1 delivered in Q3 2018 

Next production: Q1 2020

• Q3 2021: Sensor vendor qualification and final geometry selection

• Q3 2022: Sensor vendor selection and pre-production start

Up coming vendors:

Brookhaven National Lab,  USA

NDL China  see Zhijun talk

Micron, England 16
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UFSD time resolution summary

The UFSD advances via a series of productions. 

For each thickness, the goal is to obtain the intrinsic time resolution 

Achieved:

• 20 ps for 35 micron

• 30 ps for 50 micron

Resolution without gain

UFSD1

UFSD2, 3

17
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Rad-Hard: vendors performances…so far

• All vendors successful in delivering G = 10 till 

the end of HL-LHC (>1015 neq/cm2)
• CNM HPK similar behavior, while

• FBK, can reach G = 10 at lower Bias

Refs: 

https://arxiv.org/abs/1804.05449v2, 

https://arxiv.org/abs/1707.04961, 

https://doi.org/10.1016/j.nima.2018.08.040 18

https://arxiv.org/abs/1804.05449v2
https://arxiv.org/abs/1707.04961
https://doi.org/10.1016/j.nima.2018.08.040
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LGADs were tested at FNAL using an MCP-PMT as time reference and a silicon tracker to measure 

efficiency and uniformity

FNAL Test Beam

Cold box 

(5 boards)

High Voltage

High BW 

multiplexer

40 Gsa/s

100k events 

per spill
(possibility of using 

Sampic with 32/64 ch)
Permanent mechanical structure: ETL cold box can slide in and out of 

beamline as needed

120 GeV 

protons

19
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Uniformity has been studied on 16 pads arrays using a 16ch readout board

FNAL Test Beam: from single pad to arrays

Efficiency >99%       (except gaps)

Hit Efficiency

Time Resolution Most Probable Amplitude

Interpad distance investigated:

Fill Factor >85% per layer

20
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It is impossible to test several m2 of sensors using a particle beam: uniformity checks using 

automated systems

Uniformity checks: IV sensor characterization

Fully automated visual checks and IV characterization of the 5-

10% wafer under development

Using a probe card it is possible to 

measure automatically 25 pads

All pads have a similar current @300V

Very few channels have a leakage current away from the mode:

Leakage current > 10x the mode

Leakage current too high: sensor failure

Same test performed on 

sensors in different position 

on the wafer

21
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Status of interpad no-gain area

Our goal is to have a fill factor of 85% per layer, 

• 5% comes from the sensors placement

• 2-3 % dead area comes from the butting of sensors in 

the module

• 7-8% comes from the no-gain area 

V.Sola/G. Paternoster TREDI 2019 talks 

23
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New: TI-LGAD replace p-stops with trenches?

● 2x1 TI-LGAD (by FBK) with 

optical window for laser 

testing (TCT technique)

● Shoot with laser on one pad 

to prove it is isolated from 

the neighbouring one

● Both pads read-out, 

connected to an oscilloscope

-1030 nm  laser

- spot is 10-15 μm with a 

gaussian shape

24



Siviero F.  “35th RD50 Workshop” , CERN, November 2019

Trench Isolated vs standard LGAD

Comparison of FBK productions: UFSD3 vs 

Trench-Isolated

TI*: 7 µmUFSD3: 38 µm

Trenches significantly 

reduce the inactive 

area width!

25

Fill factor > 95% !
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Electronics

Pads with gain

Current due to  gain holes creates a longer 

and higher signal2 sensors

Pads with no gain

Charges generated uniquely by the 

incident particle

Simulated Weightfield2 

Oscilloscope

Gain

50 micron

Much easier life!

To fully exploit UFSDs, dedicated 

electronics needs to be designed.

The signal from UFSDs is different 

from that of  traditional sensors 

No Gain, 

300 micron

No Gain

300 micron

WF2 simulation

26
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ETROC, currently under design at FNAL CMOS 65 nm technology, will be able to read out 16 m2 of 

UFSDs, measuring the time of arrival with a precision better than 50 ps per hit (<30 ps per track)

ETROC: CMS read-out ASIC for ETL

Requirements:

• < 50 ps per hit: ASIC contribution <40 ps

• Pad Size: 1.3x1.3 mm2 , 50 micron thick

• Input capacitance: 3.4 pF

• MPV for MIP: ~6 fC for UFSD @ 1015 neq/cm2

• Buffer latency :12.5 μs

• Trigger rate: Up to 1 MHz

• Time Of Arrival: ~ 5 ns windows

• Time Over Threshold: ~ 10 ns windows

• Power consumption: <4 mW/ch (80 kW total)

DAC

Waveform 

sampling
Charge Injection

Bump pad

PreAmp

Discriminator

Pulse 

Injection

PLL
Phase 

Shifter
I2C

Fast 

Control

Digital

Buffer and 

Read-out

TOA

TOT

Post layout simulations being validated with lab tests of ETROC v0 (preamp+ discrim)   

27
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Federico Fausti
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Electronic dominates                    balanced                         Sensor dominates

𝜎𝑡
2 = 𝜎𝑠𝑒𝑛𝑠𝑜𝑟

2 +𝜎𝑗𝑖𝑡𝑡𝑒𝑟
2 +𝜎𝑑𝑖𝑔𝑖𝑡

2 +𝜎𝑐𝑙𝑜𝑐𝑘
2 +𝜎𝑤𝑎𝑙𝑘

2

Post layout 

simulation.

Exp results by Q1 

2020

30



A

Square Matrix Sensors:

2×2, 3×3, 5×5, 8×8, 10×10 pads
50×50 to 300×300 µm2 pitch

different pad size
pin diodes

B

3×3, 4×4 pads with 500×500 µm2 pitch
5×5 pads prototype for ATLAS/CMS

75 µm pitch strip module for PSI

C 64×64 pixel with 50×50 µm2

pitch sensor for RD53A ROC

180 µm pitch strip

module for particle therapy

31
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Conclusions

• LGAD  is a mature technology

• Ultra Fast Silicon Detector design optimized for HL- LHC is progressing  well:

• Common ATLAS and CMS R&D 

• <40 ps time resolution at  > 1015 neq/cm2 is achievable

• Test of large arrays proved 

• Gain uniformity  proved 

• Trenched Isolation LGAD reduce inter-pad region to less than 10 micron 

• Test of “very large” number of sensors under development

• CMOS 65nm chip designs are on going:

• ATLAS ALTIROC0 bonded to LGAD sensors performing as expected

• CMS ETIROC0 being tested (test beam planned in Q1 2020)

• < 50 ps per hit achievable with  50 micron thin LGAD sensor  

CMS and ATLAS Timing Layers will be a benchmark for LGAD’s application 

in future experiments 

33
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Irradiation effects

Irradiation causes 3 main effects:

• Decrease of  charge collection efficiency due to trapping

• Doping creation/removal (the Gain fades)

• Increased leakage current, shot noise

But…

Carbon addition works 

really well, increasing by

a factor of 2-3 the 

radiation hardness

more radiation 

resistance: B+C 

less radiation 

resistance 

UFSD3

37
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On the detector sensor biasing scheme

• Strong Bias increase needed to maintain G = 10 as a function of 

the irradiation level (FBK lower Bias than CNM,HPK)

• Detectors at different rapidity (radius) work at different Bias

38
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Vendors performance … so far

Both HPK and FBK sensors achieve 30-35 ps up to 

1.5x1015 neq/cm2

and 40-45 ps for 2x max fluence

Twice maximum 

expected fluence

Non uniform irradiation problem mitigated: 

50V “undervolt” (we expect <30V) is not 

significantly affecting timing performance

Time resolution
Refs: 

https://arxiv.org/abs/1804.05449v2, 

https://arxiv.org/abs/1707.04961, 

https://doi.org/10.1016/j.nima.2018.08.040
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