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Current situation at LHC: no real need for timing
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Why 4D tracking?

4D tracking has recently become one of the most interesting area of R&D
for future detectors

Timing-Tracking capability is strongly motivated by high dense environments in
future hadron collider

HL-LHC experiments condition:
e 150-200 events per bunch crossing
* Time RMS between vertices ~ 150ps o
« Average distance between two vertex: 500um ==
* Fraction off overlapping vertices ~10-20%
(due to tracker limit)
» Of those events, a large fraction will have
significant degradation of the quality
of the reconstruction

Bunch crossing simulation

@ HL-LHC Timing is equivalent to additional luminosity
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The effect of timing information

The inclusion of timing-tracking in the events information has the capability to
change radically the experiment design

Timing can be available at different levels of the event reconstruction:

» Track timing in the event reconstruction: —
Timing allows distinguishing overlapping events

» Timing at each point along the track:
Massive simplification in pattern recognition
Use only compatible time

» Timing at the trigger level:
Timing at the trigger decision allows reducinthe trigger rate and rejecting
topologies that look similar
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4D tracking ingredients

Position measurement: fine segmentation of electrodes

Time measurement
Time is set when the signal crossed
the comparator threshold.

Time performances depends by
the characteristic of the signal at
the output of the preamplifier and
by the binning of the TCD

b

E

Sensor

A simple view

Vi gomporotor

Pre-Amplifier

TDC

Time measuring circuit

Strong interplay between sensor and electronic is
necessary
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Time resolution ingredients

2 _ 2
Ot = G]itter

2 2 2 2
+ OTime-Walk + O andau + O Dpistortion + OTpC
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Time resolution ingredients - Jitter

2 _ 2 2 2 2 2
Ot = O-]itter + OTime-Walk + O Landau + O Distortion + OTpc

Jitter: Noise is summed to the
signal, causing amplitude
variations around the
comparator threshold

o O, = M Mostly due to electronic noise
n t — dV
‘ dt Reducible by sensor and
% electronic optimization
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Time resolution ingredients — Time Walk and Landau

2 _ 2 2 2 2 2
Ot = O']itter + OTime-Walk + O Landau + O Distortion + OTDC

Time walk: change in signal amplitude Landau Noise: signal shape variation due to
due to variation in energy deposition non homogeneous energy deposition
Correctible in appropriate electronic Mitigated by optimization of sensor design

total current

electron current

hole current

Current [A]
>

total current

/

electron current

| ' I discriminator signal for A
I | discriminator signal for B

t




Time resolution ingredients — Distortion

2 _ 2 2 2 2 2
Ot = G]itter + OTime—Walk + O Landau + O Distortion + OTpc

Signal Distortion: signal shape formation

Type equation here.

Signal shape is determine by Ramo’s theorem =—» | &« qVE,,

N\

Drift velocity Weighting field

The key to good time
measurement is the uniformity

Carrier velocities vs. electric field
He=1350cm/Vs, P =480CM/VS, Ve sy=1.1E7CMVS, Vi oq=9.5E6cVS

of signal
: |
Drift velocity and Weighting i | @
field need to be as uniform as =

——holes

possible P Parallel plate

Electric field E [V/em]
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Figure: Electron and hole velocities vs. the electric field strength in C a p a C i to r 9
silicon.
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Time resolution ingredients — TDC

2 _ 2 2 2 2 2
Ot = Gjitter + OTime-Walk + O Landau + O Distortion + o7 DC

TDC: Negligible using an appropriate High Precision TCT

Considering 25ps binning of HPTDC o1pc = i\/l%s ~ 7Tps

10
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Signal requirements

A good time resolution requires fast and large signal
(high slew rate)

How can you get fast and large signal in a silicon sensor?

What is controlling the slew rate? - / — A
dv ~75pairs/um -/
oc ? Vg4 ~ 100um/ns Ol g ~30
dt ‘ COf G &
O G
OO |
.

kV/cm

Thin sensor-> fast signal (slew rate in 50um thick sensor less than 1ns )

Gain—> large signal (electric field of 300kV/cm activate charge multiplication)

11
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—

Low Gain Avalanche Diode(LGAD)

N

n-in-p

E field Traditional silicon sensors

nf’

p
p++

n*t

’/ — — | Thin h|gh doped p
P” T10e Njem? layer implanted near
the p-n junction
<«~—p .
n-in-p
‘4: _,p++
E field Low gain avalanche diode

p*implant create an high electric field near the Junction (~*300kV/cm), that accelerates
electrons enough to start avalanche multiplication (same principle of APD but with

much lower gain)

UFSD is a thin LGAD with an active width of ~50um:
Thin to maximize the slew rate

LGAD sensors proposed

Parallel plate geometry for more uniform weighting field and produced for the first

High electric field to maximize the drift velocity
Highest possible resistivity to have uniform electric field
Small size to keep the capacitance low

tine by CNM (2015)
(National Center for
Micro-electronics,
Barcelona)

Small volume to keep the leakage current low (shot noise) 12
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How gain shape the signal

n++

p+
Initial electron/hole: Gain electron:
e Electron act/ivates the %% Immediately collected by n++
avalanche multiplication eIe.ctrode
mechanism in p+ layer Gain hqle:
* Hole drift to the p++ Long drift to the p++
electrode p bulk electrode

Current [uA]

w
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UFSD Simulation
50 um thick
MIP Signal
Gain=10

Tota\?ignal

\
Gain Holes

Electrons

/ Gain Electrons

S

Time [ns]

Electrons multiply and produce
additional electrons and holes

e Gain electrons negligible

* Gain holes dominate the signal

Holes do not multiply

13



Marco Ferrero, INFN, IV Streaming Readout workshop, Camogli 22-24 May 2019

Simulator Weightfield2

Waightfiel2 useful tool for simulation of UFSD and parallel plate silicon sensors

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

45e5 ] ] Charge distribution

Typical 50 um, gain 15 UFSD MIP signal
charge~ 8 fC
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Ultra Fast Silicon Detector (UFSD)

UFSD design based on the Low Gain Avalanche Diode (LGAD)
technologies

UFSDs are sensors suitable for 4D tracking

O Tracking

» Segmentable electrodes

» Position resolution ~ 10 um

» Fast signal (rise time ~ 500 ps) and large signal (~ 10-20 higher than traditional

silicon sensors)
» Time resolution ~ 30 ps

(] Radiation resistance:

5 Neq

» Performances maintained at fluences @ > 10! cm2

» Suitable for future experiments at HL-LHC

15
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UFSD group: FBK-Trento Uni- INFN-Torino

Torino has a privileged relationship with FBK in sensors development

FBK productions:
» UFSD1 (2016): 300um thick. First LGAD production at FBK. Gain layer study, edges
» UFSD2 (2017): 55um thick. First UFSD production by FBK. Excellent time resolution

and radiation hardness study

» UFSD3 (2018): 55um thick. Produced with the stepper. Radiation harness and
segmentation study

» UFSD4: 45um thick. Available next years

33300

16

UFSD2 UFSD3
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UFSD development process flow

Production Work Flow SYNoPSYs'
TCAD Sentaurus™

R Cwnine Crmtnn.

et e Stmrn Vs e €

A Prns S,
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UFSD development process flow

Production Work Flow SYNoPSYs'
TCAD Sentaurus™

R Cwnine Crmtnn.

et e Stmrn Vs e €

St Voo )

Manufacturing
* Wafers supplying
* Hundreds stage of manufacturing

17
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~1year

UFSD development process flow

Production Work Flow SYNoPsys'
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Manufacturing
* Wafers supplying
* Hundreds stage of manufacturing
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Resolution [ps]

UFSD performances
time resolution summary

UFSD project progress through a series of productions.

The goal is to obtain the intrinsic time resolution for each sensor thickness:
» 20 ps for 25um

» 30 ps for 50um

200

Comparison WF2 Simulation - Data
Band bars show variation with temperature (T = -20C - 20C), and gain (G = 20 -30)

Traditional sensor

® FBK - PIN (NA62) (without gain)
" ® FBK-UFSD
I ./

® HPK - UFSD

—=\WF2: Jitter+Landau - UFSD

«+++\WF2: Jitter - UFSD
- = \WF2: Landau - UFSD UFSD 2, 3

.
«*
.
-
«*
"

0 50 100 150 200 250 300
Thickness [um]

18
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Irradiation effect on UFSD

3 main effects by irradiation:

» Decrease of charge collection efficiency due to trapping
» Doping creation and removal

» Increasing leakage current and shot noise

UFSDs maintain their performance at a fluence 10*> n.q/cm?
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Acceptor removal

__n++
Irra.dlatlon de-activate p—gloplng removing N, ~ 101 Boron/cm? P
active boron from the reticle High E field &
Multiplication region - P
N(®) = N(0)e™° "

Boron

Radiation creates Si interstitial that
inactivate the Boron:

Si i+B s=>»Si s+B_i

Use Gallium
Gallium is substitutional
From literature, Gallium has a lower
possibility to become interstitial

Co-implant Carbon
Interstitial Si interact with Carbon instead
of with Boron and Gallium 20
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Fraction of gain layer

Effect of acceptor removal

Acceptor removal curves

1,2 -
Neutron irradiation u
1 —T 8 y = e#66E16x o+ UFSD2_B LD (W1)
Q - o-540E-16x 4 UFSD2_B HD (W8) oo
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S Q| y= eI UrSDI BLD+C_B (W) hardness than boron
02 L =« | y=e276E16x, YESP3_B LD + C_C (W9)
’ I . . : = @-3,51E-16x
- Steeper curves = less radiation hard y = e351615 4 UFSD3_B LD + C_D (W11)
L y = 74516 | UpK_Exx28995_B 3.1 (WS8)
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Time Resolution [ps]
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Irradiated UFSD, performances

FBK UFSD2 - W6 (B+C) Irradiated

Operation at
E E constant bias
i i ¢ W6 (B+C) 4E14 -20C
1 1 <
. 1 N < P
Operation at v © W6 (B+C) 8E14-20C
. ' | <
| constant resolution | | ¢
___________________ o mmmm b b o g i mmm e e * W6 (B+C) 1.5E15-20C
_______________________ P S S
1 & ¢ W6 (B+C) 3E15-20C
: - * W6 (B+C) 6E15-20C
0 100 200 300 400 500 600 700 800

Reverse Bias [V]

Time resolution of 30-35 ps @ 1.5E15 n,,/cm?
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From single pad to a 4D tracker

A large variety of of single pads and small array with many geometries, thickness and
gain have been successfully produced

To produce a full large tracker we should develop sensors with large uniformity area
and high fill factor (fraction of active area)

Multi-pad sensor building block

oxide W n contact ‘—|> charged tra‘PS/p-n junction ‘_|>
N N | - +++ ++K+++'-
Guard-rings: Gain layer p-stop I I
Floating or/and at \/ floating
ground

n-deep
termination P bulk

Transversal cut of a generic multi pad UFSD sensor

23
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25 Bias =150 V, Q ~ 5.5 fC at GL doping =1

Fraction of collected charge

o
(%]
T

Gain uniformity

The gain uniformity is a critical point

Relative collected charge vs fractional GL doping

- --HPK32 B+C

——UFSD3_45 B+C ] _ _ ]
Gain uniformity requires a

very accurate
manufacturing capability

o 1 1 1 1 1 1 1 1 J

095 0.96 097 0.98 0.99 1 1.01 1.02 1.03 1.04
Fraction of gain layer doping Bias vs fractional GL doping
to collectQ ~ 5.5 fC

250 r
L - --HPK32 B+C
200 ——UFSD3_45 B+C
The bias can adjust the gain s ™0
variation keeping a constant @ 100 T
collected charge 50 |
0 1 L 1 1 'l 1 'l 1 J

095 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 244
Fraction of gain layer doping
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Segmentation-fill factor TCAD simulation

In Multi-pad sensors adjacent pads
need to be isolated by termination

structure (n-deep and p-stop)

termination structures between
readout pads (n-deep, p-stop)
represent a no-gain area, where the
collected charges determine a lower
signal

In a very aggressive design:

nominal inactive area per
side < 10 um

99% of full gain @20um
from p-stop

e —— —
e e e e e e e o o — —
I R I I R e e e I e R e ]

w

-
——aw

@20pm: 99% @15um: 90%

of the full gain of the full gain I
L B B B By B B B R B B B e L
0 = 6 SANE ]
AR o R e (RN B |

=)

1 1
6 -15 -14 -13 -12 -11 -10 -
position, pm

o=

TCAD simulation

uonejnwis

uonenWIS pjal4

D

ueds uje

Yo13)s 921AaQg



Marco Ferrero, INFN, IV Streaming Readout workshop, Camogli 22-24 May 2019

fill factor improvement:
trenches

Trenches (same techniques used in SiPM)
No excess inactive area due to p-stop and n-deep implants

Current version R&D goal

V3

Ao gain area /

-

JTE + p-stop design Trench design

Trench isolation technology

N/

* Typical trench width <1 um

* Max Aspect ratio: 1:20

* Trench filling with: SiO,,
Si;N,, PolySi

CMM

CENTRE FOR MATERIALS AND MICROSYSTEMS

FBK project (High Density LGAD) funded by RD50 CERN Collaboration'/ R[D5()2¢
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capa(ntlve
oxide

Nl

pt gain

p-Si

resistive
Sesis

fill factor improvement:
Resistive AC-Couple Silicon Detectors (RSD)

The new readout paradigm to have a 100% fill-factor

AC pad DC pad

n

—~————————

3

RSD Figures of merit:

» Continuous gain layer (LGAD
technology);

> Resistive n++ electrode: tens to
hundreds of (2

» Dielectric coupling: few 100s of nm

(7]

ncM
nov

ensors are designed to have a read
nand lon

S
for the signal to be se

nd

out characteristic time short enough
ng enough to minimize pile-up

TCAD Simulation of signal induced by charge particle

Charged particle

low gain
=== high gain

= Shallow n+

=== deep n+

Signal expected:

bipolar signal

27
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Resistive AC-Couple Silicon Detectors (RSD)

Simulation

First RSD production by FBK (RSD1) has
been completed two week ago.

Goals of first RSD production:
* AC couple technology exploration
* Feasibility of manufacturing process

A wide variety of devices: matrix modules,
strip and RD53A sensor;

Most aggressive device with a pitch of
50um

A second RSD production will be available
in 2020

RSD is a INFN project of Mandurrino Marco in collaboration with FBK

28




Marco Ferrero, INFN, IV Streaming Readout workshop, Camogli 22-24 May 2019

Current (A)

Electronic: best pre-amp choice for UFSD readout

* Faster slew rate
Current Amplifier * Higher noise

e Sensitive to landau

_E fluctuation
Current Signal in /-Eé % ] CSA (green) and Current Amplifier (red)
055 N

.- 50um thick sensors
x1
14_— 5
12; ..... ﬁ o.45§.
C ) 3 04%
C i, *, = >
10 o, 3 035
8l AN = o3
o Y 4 025
°c 3 o2
a4 ‘:{. ' "-‘ —i 0.15 2| 1 .41 . 5| ] , .71 10
- - " E "-. _E 0.1 Time (s)
ol L E
k:: G,
o T et L T M0 Charge Sensitive Amplifier

Weightfield2 simulation

* Slower slew rate
* Less noise
— | * Integration help the

signal smoothing

Bl
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Readout electronic for timing: TOFFEE

TOFFEE is the first read out electronic Technology | CMOS 110 nm

chip designed and produced in Channels | 8
2016/17 for UFSD readout Sensor capacitance | 5-10 pF
Input dynamic range | 3 fC—60 fC
[ Analog gain | 7 mV/fC
o | LVDS GBW | 14 GHz
INPUTS ~ OUTPUTS :
|j\> 5 Ij\> RMS noise (C=6pF) [ 800 pVv
Discriminator output | 2 —-14 ns
l Power consumption | < 20 mW/ch

AVDD/DVDD | 1.2 V/2.5V

Measured lJitter

The channel architecture
DISCRIMINATOR

Y front-end side + STRETCHER g Cdet = 3 pF
a Back-end side. External $ Expected jitter
External threshold adjustment B ~ 45ps for 8fC

- T—— + ] I.VDS 10 HPTOC . \
"""""""" >—(Stretcher . 5 » S==Samads:
- driver i l T T

charge (fC)
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Readout electronic for timing:

6 bit DAC
(SECTOR)

channel block diagram

P

Peaking Time Reg

Pulse Inj
E 1 bit +
! 4bit DAC
INPUT -I— \
E TIA

v

E Global Threshold

Local register (11 bit)

[of1].15 |s] .. [10]11]

Vth (6bit)  Speed (4bit) TP (1bit)

TH
DISC 1 DISC 2 | |

PWR

>_

Pulse Width
Regulator

LvVDS
driver

8 Xg

FAST

Technology CMOS 110 nm
Channels 20
Sensor capacitance 6 pF
Input dynamic range 3fC-60 fC
S/N 60
RMS noise (C=6pF) 700 pv
Power budget <2 mW/ch
AVDD/DVDD 1.2V/2.5V
Jitter (MPV) 25 ps

Resistive feedback preamplifier stage
ToA vs ToT based TW correction

ASIC submission date 22nd

April, 2019

ASIC designers: Federico Fausti fausti@to.infn.it Jonhatan Olave olave@to.infn.it
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Timing in the event reconstruction

Timing allows distinguishing overlapping events

y
\é I;"
s X
t
y t,+At
L2,

Longitudinal view

Timing layer

\

Transverse view

34
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Timing at each point along the track

» Massive simplification in pattern recognition, new tracking algorithms will
be faster even in high dense environments

» Use only compatible time

1l <
++ + O T

+ 4+ (e kA

+ + N

35
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Timing at the trigger level

» Timing at the trigger decision allows reducing the trigger rate and rejecting
topologies that look similar

b)

Missing

Jet
3-Jet event? 2-Jet and Missing Et event
p R p P N P
Forward jet? Overlap of uncorrelated tracks

36
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Signal formation in silicon sensors

A good time resolution requires fast and large signal (high slew
rate)

How can you get fast and large signal in a silicon sensor?

What is controlling the slew rate? - / - A
dv ~75pairs/um -/
oc ? Vg4 ~ 100um/ns SICY o |30 kv/em
dt ‘ COf G =
O G
O !
.

Signal formation in silicon sensor:

Particle creates couple electrons/holes

The charges star moving under the effect of an external bias
The motion of the charge induce a current on the electrode
Signal ends when the last charge is collected by the electrodes 37
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Signal of one e’/h* pair

Single electron and hole pair . . _
The integral of their current is equal to the electric charge, q f[lel (t)+1h (t)]dt=q

Therefore the signal shape depends to the sensors thickness d

i(t)

A

Thin sensor d I C-IXD

Thick sensor
-— D %

One e-/h* pair generate faster Weighting

e I x i
signal in thin sensors 1 f|e3lg
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Signal in thick sensors

Thick sensors have higher number of charge:

Qiot~75+q +d

Each charge contributes to the initial current as:

1

l OCq*‘U*E

The initial current for a sensor does not depend to
the thickness of the sensor

/

Number of e-/h*
(75/micron)

d

I

Weighting
field

Drift velocity

k k
i=Nq*—v=(75*d*q)Ev=75kqv

Initial current
is constant y
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Signal in thin and thick sensors

Thin sensor

<_'

dv

Signal

dt

~

- . ~ const Thick sensors have larger signal not higher signal
Rise time

To have a higher signal we need to add gain

40
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Shot Noise

I (Gain)+x
Ze ’ tlnt

Shot noise increases faster than the signal
The ratio S/N becomes worse at high gain

To minimize the shot noise:
» Low gain (G = 10-20)
» & Cool the detector

» ® Use small pads to have less leakage iurrent

Output

Best S/N ratio —

Signal: ]LM

Noise floor, gain independent

| |

T
10 100 1000 .
Gain
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Gain in silicon detectors

It’s based on the avalanche mechanism that starts in high electric fields: V ~ 300 kV/cm

Gain definition: G = ea I
o = it is the inverse of a distance, aeh(E)=aeh(°0)*eXp£—be’hJ
strong function of E ’ |E]
AV ~ 300 kV/cm

Concurrent multiplication of electrons and

holes generate very high gain

Silicon devices with gain:
 APD: gain 50-500
* SiPM: gain ~ 10*

C00C00C0 0L

D
N
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Concentration [a.u.]

What happened to the boron

—a— MB80 Irradiated

Samples
—*= M83 Not irrad.

SIMS measurement of
Boron concentration
into the gain layer on

irradiated and not
irradiated sensor

Depth [a.u.]

The Boron is still into the gain layer but is not active, instead of
being substitutional (in the place of silicon atoms, electrically
active) become interstitial (in the middle of the lattice, not

electrically active)



Marco Ferrero, INFN, IV Streaming Readout workshop, Camogli 22-24 May 2019

Capacitance [F]

Acceptor removal, methodology of
measurement

Evolution of active acceptor density with fluence N4(®) = geff D+ N4(0)e <?

\ ] |\ )

@ = fluence Accepto'r creation Acceptor'removal
N,4(®), N4(0) = active acceptor density at fluence @ or initial

geff = empirical constant (~0,02 cm-?)

¢ = initial acceptor removal coefficient

UFSD3W5 (BLD+C_A) Depletion voltage of the gain
wo0e09 - CV measurements on irradiated UFSD layer is proportional to the

amount of the active doping

qNA 2
* W
2&g;

8,00E-10 |

Depletion Voltage of the
gain layer (V) decrease m— » Ve =
with the fluence

I
6,00E-10

—A4E14 neq/cm”"2

——8E14 neq/cm”2
1,5E15 neq/cm”2

—3E15 neq/cm”2

4,00E-10 |

2,006-10 |

N,(9) _ Ve (0) o
N4(0) Vg (0)

0,00E+00 N T ST

Bias [V] 44
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Acceptor removal: comparison between
neutron and proton irradiation

Low Energy proton (E, < 100 MeV)

UFSD3 W4(B LD + C_A)_Acceptor removal-comparison between neutron and proton

irragiation
1,2 i
' ® Neutron
\\\u\‘ Lower proton
oF . Proton ¢ Energy

70 MeV /

/
0,6 / y = e L45E16x ¢ Neutron
.; / y = e611E-16x A Proton 23 MeV
§ V4 y = e’146-16x - @ Proton 70 MeV
0,4 >
i Proton
I . 23 MeV
o2 - Gain layer type:
BLD+C_A
0 1 L L 1 L Ll
1,00E+13 1,00E+14 1,00E+15 1,00E+16

Fluence [particles/cm”2]

Fluence on the x axes expressed in Particle/cm?

> Effect of proton
energy: low energy
protons deactivate the
gain layer faster than
high energy protons

» The acceptor removal
from protons of tens
MeV is faster than that
neutrons

» At a fluence of 1,5E15
particle/cm?2: the
fraction of gain layer
for proton at 23MeV is
half than Neutron




Acceptor removal: comparison between
neutron and proton irradiation

High Energy proton (E, > GeV)

UFSD2 W6(B HD + C_A)_Acceptor removal-comparison between neutron and proton
irragiation

1,2 ¢

» Acceptor removal by
24 GeV/c protons and
1 MeV neutrons is very
similar

[y

e
o

Neutron

y = e235E16x ¢ Neutron
e6,93E-16x A Proton 23 MeV

» The damage induces

Proton

Fraction of gain layer
o
(<)}

6x M Proton 24 GeV

04 23 Mev into the gain layer by
i i high ener roton
o2 [ Gain layer type: ';;°é°:‘/ Eg GeV gy(;)
[ e
BHD +C_A ( I[,>.e.)an neutron
I are similar.
1,00E+13 1,00E+14 1,00E+15 1,00E+16

Fluence [particles/cm”2]
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Fluence on the x axes expressed in Particle/cm?

46
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Noise [mV]

3.5

3.0

2.5

2.0

15

1.0

0.5

0.0

Noise of irradiated sensors

Jitter term contain electronic noise and
Current noise

Current Noise due to the combination
of high leakage current (shot noise)
and randomness of multiplication
mechanism (excess noise factor)

B Noise
ot i
dt

Goal: the noise from silicon current should stay below the noise of electronic

/ + W6 4R 4E14 -20C -
/ c
i . 5
/ * W6 4R 8E14 -20C 5
o! o
i J + W6 4R 3E15 -20C
* [0
L R 4
I 0 W8 4R NEU 4E14 -20C
e — D0%Se e R o 4 .
- Noise Floor / W8 4R NEU 8E14 -20C
/
L / O WS 4R NEU 3E15 -20C
/.
1 10 100

Gain

Data and model look similar

Best S/N ratio

Total noise

/ Noise floor, gain independent

] L ] ]

1 1 1
0 00 000 Gain
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Empirical acceptor removal and creation

1E+17

1E+16

1E+15

1E+14

1E+13

Acceptor Concentration [N/cmA3]

1E+12

Na(,7) = gesr ¢ + Na(0,z) e=Na (0.9

CMS ETL fluence

LI R I I

¢ e o o

1E+12 1E+13 1E+14 1E+15 1E+16

Fluence [n/cm2]

1E+17

¢ (Na(0,2)) = a Na(0,z) "

high removal

1E-13
> < ~8~ \
\~\\
5.2E+16 114 Seo
R T
1.3E+16 S
1E-15 RN
1.6E+15 < =
%) S el L)
» 4,1E+14 S
1E-16 # Boron - neutron y = 9E-07x 0574 =
1.0E+14 M Gallium - neutron  y = 0.5722x0-888 \ °‘~.
. 6.4E+12 1E-17 Boron - proton
low removal
1E-18
1E+12 1E+13 1E+14 1E+15 1E+16 1E+17 1E+18 1E+19
Initial Acceptor Concentration N [1/cm~3]
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Laser measurement of inactive area in

charge [a.u.]

more aggressive UFSD design

Intermediate Interpad Distance

A
2
3
o

14000
12000
Measured width
10000

8000

s Inactive area

of 17um

4000

2000
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