i
i

-

A Signal formation and intrinsic tfime resolutfion

= N )°+ (Landau Shape)’ + TDC

dV/d
S

Usual “Jitter” term

)
[

Time walk: Amplitude variation, corrected in electronics

Here enters everything that o -
Shape variations: non homogeneous energy deposition

is “Noise” and the
steepness of the signal o

25

¥ [um]

Current [A]

total current

/

electron current

& : I hole current

= 05F

O :

|_\ 00: 1 2 3 4 &I'; o
E (yl — Un Time [s]
zZ |f‘_V| : - P

- dt s z 16p

O g . total current

j P /

5 N electron current
U Olﬁ

o ‘ hole current

ol Need large dV/dt g-:

3 _

.2 0% 1 2 é 4 5 o

Time [s]
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Current [uA]

How gain shapes the signal

Initial electron, holes

Totu\finql

“'—_""'---..
Gain Holes

Electrons

/ Gain Electrons

E_ / Holes

UFSD Simulation
50 um thick
MIP Signal
Gain=10

]

1

Time [ns]

Gain electron:
absorbed immediately
Gain holes:

long drift home

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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Nicolo Carti

Gain and slew rate vs thickness

i)

>

Simulated slew rate as measured by a 50 2 Brodband

140 1 amplifier, Cdet = 2 pF
w
E 120 - --Gain = 20
[ Gain =15
o 100 ~-=-Gain =10
g 80 - Gain=5
2 “ \ Gain =1
Y 60 A1 S
\ -
\h-> ‘_'
40 A -
= e
x P
20 %
0 t + +
0 100 200 300

Thickness [um]

For a fixed gain:
« amplitude = constant
* rise time ~ 1/thickness

The slew rate:
* Increases with gain
* Increases ~
1/thickness
= Go thin!!

Significant improvements in time resolution require thin deiectorqs

J
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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 plof)
Gain=10>Q=5fC
The electronics needs to exploit it: needs to follow the rising edge.

Current [A]

o

_10F

|
N
—

x10°°

L

0O 02 04 06 08

1

12 14 16
Time [s]

x107°



lia, INFN, Torino

Nicolo Carti

1[uA]

14

12

10

Currents for different thicknesses

Currents in UFSD - Gain = 15

—35 microns —55 microns —75 microns —95 microns
5 5.5 6 6.5 7 7.5
Time [ns]
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IN f N

UFSD fime resolution summary

Comparison WF2 Simulation - Data

Band bars show variation with temperature (T = -20C - 20C), and gain (G = 20 -30)

180 [
160 [

Resolution [ps]
B

® FBK - PIN (NA62)
® FBK - UFSD

B HPK - UFSD

[ ——WHF2: Jitter+Landau - UFSD
[ <<<<WF2: Jitter - UFSD

==\WF2: Landau - UFSD

Resolution without gain

—
/ UFSDI1

150 200
Thickness [um]

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

6
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Time resolution at 50 micron

N 2
0'% = \g579:] T alz\lon—uniform charge de
dV/dt ge acp.

Jitter: Not so good electronics

=

Constant term ~ 30 ps

Time resolution

Jitter: Very good electronics

5fQ 10fQ Gain (or éhqrge)

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) .
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UFSD: time resolution

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

Value of gain ~ 20

Hamamatsu, 50-micron thick sensor | ¢ Jitterat T=20°C

60 T
@

50 1 &
T, ¢
c A ST
.gao— '@ﬁ re
3 T
(o) N

20 - 0
o 2 "
2 X

10 - T 00

Jitterat T=0°C
O Jitterat T=-20°C
¢ Timeres.atT=20°C
Timeres.atT=0°C
® Timeres.atT=-0°C

Landau noise: ~ constant with gain

*a
* a
»
-
r
= .
n

Jitter term: scales with

........ o gain (dV/dt)

H. Sadrozinski, TREDI 2017

0 10 20 30 40 50

60 70 80
Gain
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Weighttield?2

Available at;

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

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

Drift Potential | Weighting Potential | Currents and Oscilloscope | Electronics | | Electronics 11 |

y [um]
3
I

E ] —i250
a0/— 1
C : —200
30 ;
F H —150
C i
20— ;
10
% 50 100

152 3

Plotting at: On Strips| Between Strips| | Draw Field: Ey| Ex

Drift Potential V [V] E Amplitude IEI [kV/cm] - Dashed: breakdown field

= F 100
350E : [
ZawoE o gof
250F :’/‘J
E 60
200 L
150 aof
mof— F
E 2of
sof E
= 1 1 L 1 1
20 0 E 20 0 E
vlumi vlumi
Eff. Doping e(N _f;-N,f,)+rho__ [n/cm**10™] Incremental gain as a function of y
7 s F
toF S12F
z [ s
Sk ;[ooin elecion= toopos
s 5
g [ niype o8F
g R 0.8
£ [Gain_holes = 1
sk o4f
E o.2fF
-1op 1 L ok L 1
20 a0 50 20 20 &
Vi viumi

Done: Current = 0 at Time = 0.9954 ns.

Potentials|  Currents - -

Run

sel

Files in sensors/data && sensors/graph

Save| Load | FBK/W6.dat  Save| graph

— Detector Properties

Type
Precision 5

eh pairs followed (1= Most precise, 100 = Fastest): &2 @ Si ' Diamond © Free

Time Step [ps]:| 0.3 5 Step x,y [micron]: | 0.59 ﬁ 0.05 ﬁ -~ Doping type

— Strips ~ Bulk
[l @] c «

Output files for signals ( o P W ‘

’7 [ ON Name |w|
. Dimensions

Batch Mode # of strips (1,3,5..): 33

( [T ON Number of events 1 j Thickness{um]: ‘ 56 ﬁ
Width[um), Pitch[um)]: [ 502 100 2

—Select Particles

[MIP Landau [ s

#eh/um Range [um] Duration [ns] E [keV] 0 j ‘Nu gain layer implant B

X[um],Angle[D] ¥[um]: 152 4| 10 3{| 27 —|" And g =]

Number of Particles: 1 iﬁ ‘Massey model 7‘

Gain Layer peak doping [10*16/cm*3] ‘ 0 :}

Irradiati " Force Gain 15 =

ir =

iation with:
Fluence [10*14 neq /em*2]: | 30 j ’7 @ neutrons " protons/pions

8- 8
[ Init. dop. removal; Fluence:
N_{Effyo-100): 1
N_A/N_D =
0.5

"' CCE beta electron, holes:
[T Acceptor creation

[T DION | & Linearr Step

—Plot Settings

™ Draw Electric Field
™ Draw Current Absolute Value
" Draw e-h motion

—Current Settings
™ B-Field on. Tesla (Positive = entering the plot) =
" Ditfusion
™ Charge Cloud Dispersion (no Alpha)
Temperature [K]:

Gain recess (um):

o3

~ Voltage

Bias [V], Depletion [V]: [ 300 2] 202

Read-Out
[  Top Strip ¢ Backplane

Electronics

I oN

Detector Cap[pF] Ind [nH]:
Scope (50 [Ohm]) BW[GHz]:

|Generic CSi~|
EEEE
|25
30 {850 |
[0.4 04
[0.9 {03

BB:Imp[Ohm],BW[GHz],Gain o -
) 25 = 0.7 = 320 =
BB:Noise,Vth[mV,CFD if<1]:

14 Jos

CSA:Imp[Ohm], Tr.Imp[mV/fC]:
CSA(Cdet=0)T_r,f(10-80%)[ns]

CSA:Noise,Vih[mV,CFD if<1]



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

Drift Pulential\ Weighting Potentia

WEF2: Currents

Current tabs

Currents and Oscilloscope

Electronics | | Electronics Il |

Done: Current = 0 at Time = 1.2705 ns

Gain e- charges (e): 0
Total e- charges (e):

Gain h+ charges (e): 0
-1747 Total h+ charges (e):

-2177

[ CCE beta electron, holes:

Gain e- + h+ charges (e): 0
[ Acceptor creation

Total Charges (e): -3924

Lorentz Drift
’7 e- Lorentz Angle [D]:

-0.00

h+ Lorentz Angle [D]:

[T DJON | & Linear Step

—Run
_ 0 1 0—& 0 Set| Potemialsl Currents| - -
< - 4 =
:' - E. — Precision
g 1 -0.01 ﬂé, eh pairs followed (1= Most precise, 100 = Fastest): 5 ﬁ
o ]
5 -0.5 ] § Time Step [ps]:| 0.3 i Step x,y [micron]: | 0.97 ﬁ 0.05 ﬁ
o — -0.02
. — Output files for signals
-1 e ON Name:
- -0.03 = )
_: 0.04 — Batch Mode
-1.5 4 [T ON Number of events: { 1 j
—{-0-05 Select Particles
-2y ] [MIP Landau [
— —0.06 #eh/um Range [um] Duration [ns] E [keV] { 0 JI
MR 1% [0 X[um],Angle[D] ¥ [um]: 251 ﬁ 20 i‘ 27 jl‘ Rnd
1.2 Number of Particles: ‘ 1 ﬁ
Time [s]
CEIRTHG] Total Irradiation
y nTes o Irradiation with:
. - Oscilloscope [mV] Fluence [10714 neq /cm*2]: 1 ~ || @ neutrons ¢ protons/pions
—Charge Collection
e- charges (e): -1747 h+ charges (e): -2177 e- + h+ charges (e): -3924 ‘ 8 _[ 8 JI

" Init. dop. removal; Fluence:

N_{Efmo-1001:[ 1

N_A/N_D 0.5 41

0.00 ‘

 Plot Settings
" Draw Electric Field

™ Draw Current Absolute Value
[~ Draw e-h motion

Current Settings

" Ditfusion

Temperature [K]:

[ B-Field on. Tesla (Positive = entering the plot) =

[ Charge Cloud Dispersion (no Alpha)

Nicolo Carfiglia, INFN, Torino

Files in sensors/data && sensors/graph

Save| [Load| FeK/PINldat  [S&V8| graph
— Detector Properties
Type
’7 @ Si ¢ Diamond  Free ‘
— Doping type
Strips —Bulk
( @ n “p con @« p ‘
— Dimensions
# of strips (1,3,5..): [ 13
Thickness[um]: 55 g
Width[um), Pitch[um)]: 490 3 500 3|
—Gain
‘Nn gain layer implant L]
'Massey model [=]
Gain Layer peak doping [10*16/cmA3] 0 ﬁ
[" Force Gain 15 j
Gain recess (um): 0 =l
|
—Voltage
Bias [V], Depletion [V]: 250 3 20 %

Read-Out
( (¢ Top Strip  Backplane
— Electronics
¥ ON Generic CS/~|

Detector Cap[pF] Ind [nH]: l_aﬁl_5j
Scope (50 [Ohm]) BW[GHz]: (25 =
- =
CSA:Imp[Ohm], Tr.Imp[mV/fC]: Wﬂ—?ﬂ
CSA(Cdet=0)T_r,f(10-90%)[ns]: a5 260 ﬂ
5 56815

CSA:Noise,Vth[mV,CFD if<1]: 4‘*
= =|
0.9 ~| 0.3 -

BB:Imp[Ohm],BW[GHz],Gain: | all

BBNp[ v: V[CFD]f Sz 123 o«
:Noise,Vth[mV, if<1]: =
' [ tt<1] 1.4 303 Z

o



Nicolo Cartiglia, INFN, Torino

Drift Pulential\ Weighting Patenﬂal| Currents and Oscilloscop)

WF2: Electronics

Electronics tabs

b Electronics |

Electronics |

Amplitude [mV]

. CSA (blue) and BB Ar

T TT

nplifier (red)

_2 N
-3 :
4
-5
T I I S BRI I I I P PSP S S s [
0 2 4 6 8 10 12 14 16 20 22
Time [s]
Rising edge derivative Charge
0 —
Q
%
5 0.6
£
[&]
0.5+
0.4+
0.3}
0.2+
0.1p
1 I I 1 107°
0 .5 1 0 0.5
Amplitude fraction Time [s]

Done: Current = 0 at Time = 1.2705 ns
—Run

Set | Potentials I Currents |

e

— Precision

eh pairs followed (1= Most precise, 100 = Fastest):

5%

Time Step [ps]:| 0.3 5 Step x,y [micron]: | 0.97 ﬁ 0.05 ﬁ

— Output files for signals
T ON Name:[wf

— Batch Mode
[T ON Number of events: { 1 j
Select Particles
[MIP Landau [
#eh/um Range [um] Duration [ns] E [keV] { 0 JI

X([um],Angle[D] ¥ [um]: 251 ﬁ 20 i‘ 27 jl_ Rnd
[ 13

Number of Particles:
|

Irradiation

Irradiation with:
(= neutrons ¢ protons/pions

e e

" Init. dop. removal; Fluence:

N_{Effjfo-100]: 1 =}
[" DJON | & Linearc Step LEMH0:00] -

Fluence [10714 neq /cm*2]: 1 j

[ CCE beta electron, holes:

[ Acceptor creation

N_A/N_D [0.5 41
 Plot Settings

" Draw Electric Field
™ Draw Current Absolute Value
[~ Draw e-h motion

Current Settings
[ B-Field on. Tesla (Positive = entering the plot) =
" Ditfusion
[ Charge Cloud Dispersion (no Alpha)
Temperature [K]:

Files in sensors/data && sensors/graph

Save|[Load| FBK/PIN.dat  [S&V8| graph
— Detector Properties
Type
’7 = Si ¢ Diamond  Free ‘
— Doping type
Strips —Bulk
( @ n “p con @« p ‘
— Dimensions
# of strips (1,3,5..): [ 13
Thickness[um]: 55 3|
Width[um), Pitch[um)]: 490 3 500 3|
— Gain
‘Nn gain layer implant L]
'Massey model [=]
Gain Layer peak doping [10*16/cmA3] 0 ﬁ
[" Force Gain 15 j
Gain recess (um): 0 =l
=
—Voltage
Bias [V], Depletion [V]: 250 3 20 %

Read-Out
( (¢ Top Strip  Backplane
— Electronics
¥ ON Generic CS/~|
Detector Cap[pF] Ind [nH]: ,—a ill_s |
Scope (50 [Ohm]) BW[GHz]: Jij
CSA:Imp[Ohm], Tr.Imp[mV/fC]: mi‘—Tﬂ
CSA(Cdet=0)T_r,f(10-90%)[ns]: ﬂiﬂ
' ) 35 3613
CSA:Noise,Vth[mV,CFD if<1]: /ﬁi‘ﬁi‘
BB:Imp[Ohm],BW[GHz],Gain: — = =
e ' T [0 2 123 ea 2

|

Al

BB:Noise,Vth[mV,CFD if<1]:

o
&

—
—



Drift Potential

WF2: Radiation damage

Weighting Potential | Currents and Oscilloscope | Electronics | | Electronics Il

y [um]

50

30

20

Plotting at: On Strips‘ Between Strips|

150

Gain = 11.5955 100

500 0

X [um]

251 & J Draw

Weightfield2 Build 4.64

—Run

ﬂ Potentials Currents - -

— Precision

eh pairs followed (1= Most precise, 100 = Fastest):

o2

Time Step [ps]:| 0.1 | Step xy [micron]: [ 0.48 2 0.05 3|

— Output files for signals
I ON Name:|wf

— Batch Mode

[T ON Number of events:

—Select Particles

[MIP Landau [+]
#eh/um Range [um] Duration [ns] E [keV] 0 j

X[um],Angle[D] Y[urm]: 251 2[ 10 2/[ 27 | And

Number of Particles: [_li‘

Field: Ey| Ex|

In|t|al # of e/h in each 5 micron interval

1~

Entries

Enhist

Entries 1"

Mean 3225

Std Dev  97.95

0

0....I...‘I....I P

50 100 150 200 250 300 350 400 450 500
# of e/h in each 5 micron interval

- Irradiation

— Irradiation with:
Fluence [10*14 neq /cm*2]: 0 = ( & neutrons ¢ protons/pions
= =l
&l 85
[~ Init. dop. removal; Fluence:

N_{Eff}[0-1ool;/_1j

[ CCE beta electron, holes:
" Acceptor creation

— Files in sensors/data && sensors/graph

Save) L6 Foxwe dor  Save) crepn
— Detector Properties
Type
’7 & Si ¢ Diamond  Free ‘
— Doping type
Strips Bulk
’7 & n Cp M Con * p ‘
— Dimensions
# of strips (1,3,5..): 1 ﬂ
Thickness[um]: 55 3
Width{um), Pitchum)]: 430 2| 500 2|
—Gain
|Boron + Carbon B
|Deep doping: a square @ 0.6 -1.6 micron z‘
|Massey model E]
Gain Layer peak doping [10416/cm*3] 2.19 ﬁ
" Force Gain 15 :I‘
Gail E
ain recess (um) /—0 é‘
— Voltage
Bias [V], Depletion [V]: 300 2| 20 2|

Nicolo Carfiglia, INFN, Torino

[T DJON | @& Linear™ Step Read-Out
NEA/ND: 0.5 = ’7 @ Top Strip © Backplane
—Plot Settings [F s
I™ Draw Electric Field I owN Generic CS/ v
[ Draw Current Absolute Value PRI TR el ) s 54
[ Draw e-h motion Scope (50 [Ohm]) BW[GHZz]: o j
CSA:Imp[Ohm],Tr.Imp[mV/fC]: = j B j
— Current Settings CSA(Cdet=0)T_r,f(10-80%)[ns]:
i - A — 0.4 [o04
[ B-Field on. Tesla (Positive = entering the plot) = 0 = CSA:Noise,Vth[mV,CFD if<1]:
™ Diffusion . o e 0.9 _J g J
[~ Charge Cloud Dispersion (no Alpha) LRI R S 25 J 0.7 J 320 j
Temperature [K]: 250 iﬁ BB:Noise,Vth[mV,CFD if<1]: 1 j 3 j

12
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Evolution of the signal with fluence

Comparison measured - WF2 pulse of HPK 50-micron thick sensors

The UFSD signal

becomes 0 pre-rad —WF2 pre-rad
120 r O 6eld neqfem2 ——WF2 6e14 neq/cm2
. FCISTGI’ i 4 6el5neqfem2 ——WHF2 6e15 neq/cm?2
100 }
 Shorter
80 |
« Smaller

60

40 }

Amplitude [mV]

Q:10fC=> 2fC

20

. . . ki (! ,-— i , . b T i
Rise time: 400 Ps = 200 ps ’ 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [ns]

Comparison measured - WF2 pulse of HPK 50D 50-micron thick sensors

Be aware of ToT: the signal tail

O pre-rad ~—WF2: pre-rad

changes dramatically with o o e
irradiation, ; 3t

ToT might not work without constant ‘E

calibration 2

= Use CFD
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Summary

« The signal of UFSD for gain=10is 5 fC
= The range we need to consideris about 3-15fC

«  With 50-micron thick sensors we have ~ 30 ps infrinsic resolution

« Smaller intrinsic terms require thinner sensors

14



