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A closer look at silicon sensors with internal gain

Can we design a single detector that can concurrently measure 

(a) time with

~ 30 ps resolution  

(b) position with 

~ 30 mm resolution ?

This is an extraordinary challenge in sensor design and ASICs

This is doubly difficult: timing can be measured 

with large pixels, position needs small pixels 
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Simulations performed with Weightfield2

WF2 is a fast simulator, helps understanding the broad key features of silicon detectors.

The “Claude Code” edition is out!

https://www.to.infn.it/~cartigli/Weightfield2/index.html



How timing is set?

3N
. 
C

a
rt

ig
lia

, 
IN

FN
, 
To

ri
n

o
 ,
 E

D
IT

 2
0

2
6

• The sensor produces a current pulse

• The amplifier measures the time of arrival

One single systemWhat should happen: 

• The sensor provides  signals will always the same shape

• This is not good:
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How is the signal shape determined?

The key feature:  in depleted silicon charge 

carriers (e,holes) can drift for quite a long 

time and generate a current

Signal shape is determined by Ramo’s Theorem:

Drift velocity
Weighting field

𝒊 ∝ 𝒒𝒗𝑬𝒘



5N
. 
C

a
rt

ig
lia

, 
IN

FN
, 
To

ri
n

o
 ,
 E

D
IT

 2
0

2
6

Drift Velocity

➔ Highest possible  E field to saturate velocity

➔ Highest possible resistivity for velocity uniformity

We want to operate in this regime

𝒊 ∝ 𝒒𝒗𝑬𝒘
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Weighting Field: coupling the charge  to the electrode 

Strip: 100 mm pitch, 40 mm width Pixel: 300 mm pitch, 290 mm width 

Bad: coupling changes along 

the pixel

Good: coupling almost constant 

along the pixel

𝒊 ∝ 𝒒𝒗𝑬𝒘

The weighting field needs to be as uniform as 

possible, so that the coupling is always the 

same, regardless of the position of the incoming 

particle

Basic rule: 

parallel plate geometry
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Timing capability of silicon sensors

Landau term due to non-uniform 

energy deposition 

𝝈𝒕
𝟐 =

𝑵𝒐𝒊𝒔𝒆

𝒅𝑽/𝒅𝒕

𝟐

+ 𝑳𝒂𝒏𝒅𝒂𝒖 𝒏𝒐𝒊𝒔𝒆 𝟐

Jitter due to electronic noise and 

signal slew rate

In the following, we are going to 

examine both terms
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The Jitter contribution

𝝈𝒕
𝟐 =

𝑵𝒐𝒊𝒔𝒆

𝒅𝑽/𝒅𝒕

𝟐

+ 𝑳𝒂𝒏𝒅𝒂𝒖 𝒏𝒐𝒊𝒔𝒆 𝟐

The “secret” is the signal-to-noise ratio: good timing 

requires large signals and small noise

==> NEED GAIN



Gain in Silicon detectors
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Gain in silicon detectors is commonly achieved in several types of sensors. 

It’s based on the avalanche mechanism in high electric fields: V ~ 300 kV/cm
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Charge multiplication: 𝑮 = 𝒆𝜶𝒍 l = distance

 ~ 0.7/μm for electrons,

 ~ 0.1/um for holes

-

-
-

+
-
-

+

-
-

+

-
-

+

-
-

+

-
-

+

DV ~ 300 kV/cm

-

-
-

+
-
-

+

-
-

+

-
-

+

-
-

+

-
-

+

DV > 300 kV/cm

-

+

+

-

+

+

-

+

+
-

+

+

Lower-field multiplication: 

electron multiplication 

without holes 

multiplication

Higher-field multiplication: 

electrons and holes 

multiplication.

Difficult to control, high 

noise, almost avalanche 

mode

Two multiplication regimes: electrons-only, or electrons-holes

Electrons-only multiplication Electrons-holes multiplication
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Depleted silicon

This slide is a detour, but it is needed…

When you deplete n- and p-doped silicon, you “expose” their dopant charge

n-doped silicon becomes positive

p-doped silicon becomes negative



Gain needs E ~ 300kV/cm. How can we do it?

11

1) Use external bias: 

assuming a 50-micron thick silicon detector, 

we need Vbias = ~ 1500 V
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6 2) Use doping:

In depleted silicon, the doping charges are 

“exposed” and can create a strong field:

• p-doped silicon: negative  

• n-doped silicon: positive

Difficult to achieve

Easy to achieve

- - - - - - - - - - - -

+ + + + + + + + 

Strong field

Depleted doping provides the necessary charge: 

➔ Implant appropriate doping in order to achieve high field

tp-inplant

n-silicon



12N
. 
C

a
rt

ig
lia

, 
IN

FN
, 
To

ri
n

o
 ,
 E

D
IT

 2
0

2
6

Design innovation: low gain avalanche diode (LGAD)

In LGAD, a  moderately p-doped implant creates a volume 

of high field, where charge multiplication happens. 

This is a very good solution: a low bias voltage (~100 V) can 

generate a very high field thanks to the implanted doping

The gain layer: 
a parallel plate capacitor 
with high field

zoom
Drift area with gain

0.5 – 2 mm long

Traditional Silicon Detector Low-gain avalanche diode

p+ gain 
implant 

~1 mm
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Two possible schemes: n-in-p vs p-in-n
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+ -

++

n-doped electrodes in p-doped bulk

- Electrons drift into the gain layer

- Gain initiated by electrons 

- Holes do not multiply

- Stable gain

p

- +

--

p-doped electrodes in n-doped bulk

- Holes drift into the gain layer

- Gain initiated by holes

- Electrons also multiply

- Not Stable gain

n-in-p is a better configuration, with a 

lower noise and more controllable gain

+ +

n-in-p p-in-n

p n



How gain shapes the signal 
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+ -
+

+
-

-

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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Why do LGADs allow developing 4D tracking? 

Signal path

Gain layer

n++ electrode

p++ electrode

Caveat: noise is a boring subject, but you have 

to endure this slide to reach a brighter future.

First concept: gain (G) increases the signal (I):

𝑆𝑖𝑔𝑛𝑎𝑙 = 𝐺 ∗ 𝐼𝑠𝑖𝑔𝑛𝑎𝑙

𝐹 = 𝐺𝑘 + 2 −
1

𝐺
∗ (1 − 𝑘)Excess noise factor: noise of the 

multiplication process

k = h/e ionization rate

G = gain

Second concept: gain increases noise more than 

increases the signal

𝜎𝑆𝑖𝑔𝑛𝑎𝑙 = 𝐺 ∗ 𝐼𝑠𝑖𝑔𝑛𝑎𝑙 𝐹

Use ‘electron-initiated avalanche’

==> lower noise than holes-initiated 

avalanche 

Conclusion:

internal gain decreases the 

signal-to-noise ratio of the signal

(not good so far..)
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Signal, noise in LGAD & Electronics

“Low gain” needs to be understood in 

connection with the noise of the electronics:

it is the range of gain with an improved 

signal-to-noise ratio.
Noise floor, gain independent

Signal (gain)

A
m

p
lit

u
d

e

10                              100       

Noise floor
1) The electronics has a noise floor

2) The signal increases with gain

3) The noise increases with gain 

with steeper characteristics

4) The total noise is flat at low gain, 

and then it increases fast

Low gain

The success of LGADs rests on the 

fact that the multiplication noise is 

hidden by the electronic noise

Why do LGADs work then?

Best S/N ratio

Total Noise

Shot/multiplication Noise

Signal
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The Ionization process and the 

Landau Noise contribution
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Ionization in silicon sensors 

A  silicon sensor can be imagined as a sequence  of thin 

silicon sensors, and the energy deposition as a sequence 

of clusters of charges.

Note: 𝛿-rays introduce long range correlations: if the 

energy is above a few keV, they travel > 1 micron

n++ electrode

n++ electrode

n++ electrode

Each local 

deposition follows a  

“seed” distribution

The total deposition 

follows a

Landau distribution

𝑳𝒂𝒏𝒅𝒂𝒖 𝟓𝟎 𝝁𝒎 = 𝒅𝒊𝒔𝒕 ෍

𝒊=𝟏

𝒓𝒏𝒅(𝑺𝒆𝒆𝒅)𝒊

The ionization in an arbitrarily thick sensor is 

obtained by drawing a sequence of random 

number from a “seed” distribution.
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Ionization model of the seed distribution

Ionization model:

• The  ionization in each micron i is the sum of  a soft component 𝑬𝒔𝒐𝒇𝒕,𝒊 and a hard 

component σ𝒋
𝒏𝑻𝒊,𝒋

𝑬𝒕𝒐𝒕 = ෍

𝒊

𝒅

𝑬𝒔𝒐𝒇𝒕,𝒊 +෍

𝒋

𝒏

𝑻𝒊,𝒋

• Soft component: 

• Represents the sum of the soft ionization processes

• It follows a Log-normal distribution (so that is positively defined)

• Hard component: 

• Represents the contributions from the Ruthford hard scattering 

• It follows the hard scattering cross section Τ~1 𝑇2

• The number of hard collisions n in each micron  i follows a Poisson distribution

• The range of  the hard scattered 𝛿-rays is computed as 𝑅 𝑇 ~ 0.04 ∗ 𝑇1.75 𝜇𝑚

• The energy deposition of 𝛿-rays is 𝐸 𝑥 = 𝑇 ∗ 1 −
𝑥

𝑅(𝑇)

1/1.75
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Landau noise - I 

The  variability of the ionization process is such that each event produces a 

slightly different signal. This variability determines an instrinsic temporal resolution
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Landau noise - II

Data from:

F. Siviero et al,  "Optimization of the gain layer design of Ultra-Fast Silicon Detectors", NIMA 1033 (2022) 166739

How large is the Landau noise contribution?

Clearly, function of thickness
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Landau noise - III

Why is it a function of sensor thickness [1]?

Suppose there is a single e/h pair in a sensor of 

thickness d. 

The temporal resolution is:

𝝈𝟏 𝒅 =
𝒅

𝒗 𝟏𝟐

[1] Explanation adapted from W. Riegler, https://arxiv.org/abs/2504.02570

n  

+ -

p

d

This is the “total ignorance” of a uniform distribution, it is maximum resolution as a function of thickness. 

n  

+ -

p

d

+ -
+ -
+ -
+ -

+ -

If N (n*d) e/h pairs are deposited, the resolution becomes

𝝈𝑵 𝒅 =
𝒅

𝒗 𝟏𝟐𝑵
=

𝒅

𝒗 𝟏𝟐𝒏

For a MIP, the deposition is not regular and there are important correction factors [1], but the 

dependence on 𝒅 (almost) remains
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Landau noise - IV

Data from:

F. Siviero et al,  "Optimization of the gain layer design of Ultra-Fast Silicon Detectors", NIMA 1033 (2022) 166739
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Why the idea of LGAD has been so successful? 

• There is a real need for 4D tracking in future experiments.

o 4D tracking is not simply “better”, it is an enabling technology

• It is technologically easy. 

o Large knowledge base in silicon sensors, SiPM. 

o Fully compatible with standard testing tools

o Availability of high resistivity thin p-bulk to use electron-initiated avalanche 

(much easier to control than hole-initiated avalanche)

• Complementary to non-HEP needs. 

o LGADs are used in medicine, space application, x-rays.

• Modularity: no need for a full 4D tracker

o one layer is enough to have an impact 
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Can we add timing to a “standard” pixel detector?

Standard Pixel Tracker

Silicon bulk

Contacts

Electronics

~ 150 

mm 
--

---
- --
+

++
+++

Pixel size 

~ 25 x 25 mm2

Sensor

ASIC

In a standard pixel tracker, the area of 

the pixel is equal to the area available 

to the electronics

Add timing: each pixel should have a 

fast amplifier, TDC, etc…

The difficult part to this task is 

space and powerWe need to reduce the number of pixels 

while maintaining the same spatial precision
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Second design innovation: resistive silicon detector (RSD)

• In RSD, instead of many p-n diodes, there is a single diode. 

• The n-doped implant is resistive (less doped) and acts as a signal divider

• Very uniform electric and weighing fields, perfect geometry for timing 

p-bulk

n++

p++

n+

Signal sharing is the key ingredient to excellent spatial 

resolution using large pixels

𝝈 ~ 𝒑𝒊𝒕𝒄𝒉/√𝟏𝟐

Silicon detector with standard read-out Silicon detector with resistive read-out
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RSD in motion
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Signal shape: square pixel, 500-micron pitch

Let’s look at the signal shape:

• A particle hits the detector

• The signal is shared among the 4 

electrodes 
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Signal shape: square pixel, 500-micron pitch

• The picture shows the amplitude recorded by 

4 electrodes, 

• The signal is fast, same shape of a standard 

LGAD.

• Accurate position reconstruction requires a 

good amplitude measurement.
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Position reconstruction method: 

sharing template

Electrode 1

Electrode 2 Electrode 4

Electrode 3
Step 1:

Produce look-up tables  (2D 

histrograms) with the signal-sharing 

pattern among the 4 electrodes 

(done with test beam data)

Step 2: 

For each event, compare the 

measured signal sharing with the 

look-up table to find the location 

that best reproduces the measured 

sharing

60%

15%

15% 10%
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Temporal reconstruction method

Step 1: 

• For each electrode, estimate the time of the hit 𝒕𝒊
𝒉𝒊𝒕

• Measure the time of arrival 𝒕𝒊
𝒎𝒆𝒂𝒔

(constant fraction discriminator at 30%)

• Correct for signal delay 𝒕𝒊
𝒅𝒆𝒍𝒂𝒚

= 𝒗 ∗ 𝒅𝒊

• Correct for set-up offset 𝒕𝒊
𝒐𝒇𝒇𝒔𝒆𝒕

𝒕𝒉𝒊𝒕 =
σ𝟏
𝟒 𝒕𝒊

𝒉𝒊𝒕𝑨𝒊
𝟐

σ𝟏
𝟒𝑨𝒊

𝟐

Step 2:

• Combine the estimators

3 4

1 2

t1
meas

t1
delay  = v * di

t1
offset 

𝒕𝒊
𝒉𝒊𝒕 = 𝒕𝒊

𝒎𝒆𝒂𝒔 + 𝒕𝒊
𝒅𝒆𝒍𝒂𝒚

+ 𝒕𝒊
𝒐𝒇𝒇𝒔𝒆𝒕

The delay is calculated assuming a given signal 

propagation velocity  v on the n+ layer 

𝒕𝒊
𝒅𝒆𝒍𝒂𝒚

= 𝒗 ∗ 𝒅𝒊
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Resolution of a 500 mm pitch RSD

RSDs achieve a precision of about 5% of the 

pitch, and 30-40 ps temporal resolution
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4D-tracking: a completely new tracker

The design of a tracker based on RSD is truly innovative:

• It delivers ~ 20 -30 ps temporal resolution 

• For the same spatial resolution, the number of pixel is reduced by 50-100

• The electronic circuitry can be easily accomodated

• The power consumption is much lower, it might even be air cooled (~ 0.1-0.2 W/cm2)

• The sensors can be really thin

Standard Tracker LGAD-RSD-based tracker

Resistive implant

~ 50 

mm 

---
- --
++

+++

Pixel size 

~ 250 x 250 mm2

Silicon bulk

Contacts

Electronics

~ 150 

mm 

Gain implant

--
---

- --
+

++
+++

Pixel size 

~ 25 x 25 mm2
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Additional material

• Electronics for LGADs

• Radiation damage

• Compensated LGAD

• Space charge effect durng drift 

• Gain saturation
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Electronics: What is the best pre-amp choice?
N

. 
C

a
rt

ig
lia

, 
IN

FN
, 
To

ri
n

o
 ,
 E

D
IT

 2
0

2
6

Current Amplifier

Charge Sensitive Amplifier

Current signal in a 

50 mm sensor

Energy deposition 

in a 50 mm sensor • Fast slew rate

• Higher noise

• Sensitive to Landau 

bumps

• Slower slew rate

• Quieter

• Integration helps the 

signal smoothing

WF2 simulation

WF2 simulation



36N
. 
C

a
rt

ig
lia

, 
IN

FN
, 
To

ri
n

o
 ,
 E

D
IT

 2
0

2
6

Irradiation effects

Irradiation causes 3 main effects:

• Decrease of  charge collection efficiency due to trapping

• Doping creation/removal

• Increased leakage current, shot noise

The main effect in LGAD is “acceptor removal”, i.e., the reduction of the gain implant doping

The electric field due to the gain implant decreases ➔ Compensated with higher bias

Main technique to decrease acceptor removal: carbon 

implantation in the gain layer

Carbon spoils the properties of silicon sensors.

However, in the right amount and only on the gain 

implant, it increases the sensor rad. resistance by a 

factor of 3

carbon implantation 
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Irradiation effects: summary of results

Executive summary: 

unchanged temporal resolution up to 1-2E15 neq/cm2
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Compensated LGADs

Gain layer engineering for a longer life 
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Multiplication fields in LGAD

Let’s assume an LGAD with a doping layer positioned  at 0.5-1 um  from the junction. 

In this design, charge multiplication happens when the field is about 400kV/cm (ballpark number):

- < 400kV/cm: low gain

- ~ 400kV/cm: gain 10-20 (optimum field)

- > 400kV/cm: breakdown

The field is due to the combination of 3 components: 

• V bias

• gain implant doping

• bulk doping. 

• Gain layer field = Bias field + gain implant doping field + bulk doping field

The goal is to maintain a field of about 400kV/cm for the widest irradiation range

In a new 50-micron sensor (assuming Vbias = 200V)

• Bias: ~ 40 kV/cm 

• Bulk doping:  ~0 kV/cm 

• Gain layer doping: 360 kV/cm 
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E field evolution in standard LGAD

In a standard LGAD, Vbias can change by 

about 350V. 

New: 200V --> Irradiated: 550V

V bias is adjusted so that the total gain layer 

field stays below the breakdown field

The picture shows how the fields change 

with irradiation:

- Gain layer: constant up to about 2E15

- Gain implant: decreases as 𝑁𝐴(0)𝑒
−𝐶𝐴 𝑁𝑎 ∅

- Bias: increases up  about 100 kV/cm

- Bulk doping: increases linearly 

Up to a fluence ~ 2E15 n/cm2, the increase in V bias keeps the field in the gain layer constant. 

Gain layer field

Gain implant field

V bias field

Bulk doping field

V bias

Breakdown
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Compensated LGAD

Initial doping:

• Obtain the gain layer as a sum of p-doping and n-doping, so that 

the initial doping is the same of a standard LGAD

Doping evolution with fluence

• Doping(F) = 𝑁𝐴(0)𝑒
−𝐶𝐴 𝑁𝑎 ∅ − 𝑁𝐷 0 𝑒

−𝐶𝐷 𝑁𝐷 ∅

It has been measured that the removal of acceptor, driven by 𝑪𝑨 𝑵𝒂 ,

is slower than the removal of donor, driven by 𝑪𝑫 𝑵𝑫

How this will impact the LGAD behaviour with irradiation?
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Compensated LGAD, general trend

• Since CD decreases faster than CA, the gain layer doping increases first, and then decreases. 

• The amount of increase is controlled by Na

For given CD , CA the increase is 

controlled by Na
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E field evolution in compensated LGAD

Key points: 

• On the beginning: as the field due to the gain layer doping increases,  the field due to the bias voltage 

decreases

• The LGAD should be built to work at 500V when new

• With irradiation the bias will decrease and then increase again

• A 2-3x radiation resistance might be achievable 

The picture shows how the fields change with 

irradiation in a compensated LGAD

(the general trend):

- Gain layer field always below breakdown field

- Gain layer field: constant up to about xE15

- Gain implant field: increasing and then 

decreasing

- Bias field: decreasing and then increasing

- Bulk doping field: linearly increasing

Gain layer field

Gain implant field

V bias field

Bulk doping field

V bias

Breakdown

At least 30-40 kV/cm

At least 20kV/cm
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Space charge effects

During the drift, the initial charge deposition becomes smoother as high 

charge-density clusters expands more than low charge-density clusters 

Electron 

cluster drift

After the drift, the 

electron cluster is 

longer, has a lower 

density

WF2 simulation of a charge cloud drifting 

toward the electrode

y
[u

m
]

y
[u

m
]

x [um]x [um]

During the e/h drift, the charge density granularity of the initial ionization 

becomes smoother due to space charge effects 
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Gain saturation

n++ electrode

p+ gain implant

LGAD 

Efield

- - - - - - -

+ + + + + + +

Carriers 

Efield

The charge carriers in the gain layer produce a field 

that is opposite to the LGAD field, lowering the gain.  

The LGAD gain is not constant, it is smaller for large charge clusters
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WF2 simulation of Gain saturation

Gain saturation increases:

• When the gain increases

• When the number of incoming electrons increases

Increasing cluster charge

n++ electrode

p+ gain implant

LGAD 

Efield

- - - - - - -

+ + + + + + +

Charge 

Efield

Increasing gain
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Gain saturation transforms the initial Landau distribution into a Gaussian distribution

200V 300V 350V

400V 450V 500V

510V 520V 530V

Landau

GaussianAlbeit the initial energy deposition is the same, the 

measured energy  deposition changes dramatically as a 

function of bias due to gain saturation

Evolution of the measured energy distribution with gain
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Gain saturation

Due to gain saturation, the gain is lower for 

large charge depositions 

Gain saturation acts as a dumper, smoothing 

the LGAD current signal

The LGAD gain is not constant, it is smaller for large charge clusters

Including space charge effects and gain saturation, the 

temporal resolution in simulation reproduces well  the 

measured resolution 
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Why (how)LGADs work: pictorial rappresentation

n++ electrode

p+ gain implant

Space Charge effects

n++ electrode

p+ gain implant

Initial energy deposition

Electrons drift

Gain Quenching

n++ electrode

p+ gain implant

Holes drift

The LGAD intrisic temporal resolution is controlled by three mechanisms:

- An initial non-uniform energy deposition

- Space Charge effects during the e/h drift.

- Gain Quench during multiplication.


