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«w 1he technologies for the future

* PP experiments are highly optimized

* Therefore the configuration of your detectors does depend
— . critically on the accelerator and the physics goals.

i * We will look at few technologies that are critical for the future:

—Ultra-radiation hard detectors
—Ultra-fast detectors
—Ultra-low mass detectors

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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. 3D Sensor History

» First proposed in 1997 by Sherwood Parker
» Decouples sensor thickness from depletion voltage

« Radiation hardness advantage over planar sensors in
the presence of bulk radiation damage

» Enabled by development of high-aspect silicon etch
technology

* The Insertable B-
L
Layer (IBL), the inner \“ f §
\ ﬁ .

most pixel layer in the
ATLAS experiment .
(installed at 3.3 cm ‘
radius from the beam
axis in 2014 to
improve the tracking
performance)
contains 3D sensors

——

eleCtrodes

. tto - FRANCESCO ROMANO school 2023
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w5, 9D sensors compared to planar sensors

* Pros

— De-couple depletion voltage Planar Technology 3D Technology
and electric field from sensor
thickness

— Lower depletion voltage
— Faster read-out
— Radiation hardness

n.

« Cons
— Process complexity and yield
— Test complexity
» Disposable metal layer for test
— More difficult to scale pixel size
— Electrodes are "dead” area
— Higher capacitance

D. Bortoletto - FRANCESCO ROMANO school 2023
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= 3D sensors Characteristics

 Full depletion voltage now is given by the coaxial approximation

P-type electrode

quff (D2 [ln(D —o. 5) 4 0.57‘2> D ...Electrode distance

r...column radii

r

2€0€5;

« Smaller VFD
‘!ITI, :; « Shorter distances to travel for carriers
=== -+ |nput capacitance is higher than planar

gai— Short collection distances, fast collection times
and low depletion voltages

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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... Key fabrication steps
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- BOSCH PROCESS: alternating passivation (C,F3) and etch
cycles (SFg)
— Within the plasma an electric field is applied perpendicular to the
silicon surface.

— The etch cycle consists of fluorine based etchants which react with
silicon surface, removing silicon. The etch rates are ~1-5um/minute.

— To minimize side wall etching, etch cycle is stopped and replaced with
a passivation gas which creates a Teflon-like coating homogenously
around the cavity. Energetic fluorine ions, accelerated by the E-field,
remove the coating from the cavity bottom but NOT the side walls.

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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_® Joint effort for ATLAS IBL

* In June 2009, four processing facilities joined their efforts, produced a
common floor plan and launched a production of 3D sensors.

« SINTEF and SLAC/SNF with full 3D and active edges.
| « FBK and CNM with double side processing and slim edge design.

UBM

0.8 umi | Oxige

Poich pe

»e tum
-

Double sided Double Type column
Partially overlapping electrodes
No Active edge

D. Bortoletto - FRANCESCO ROMANO school 2023
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UUUUUU “ Impact of ATLAS IBL

OXFORD

* |nnovation:
— IBL had smaller pixel size (50 x 250 um?) than ATLAS pixel already installed (50 x 400 um?2)
— IBL used 3D for 25% of area at the first time in HEP experiment.

4 x 3D Sensors 1 2 planar Sensors 4 x 3D Sensors

B 0 B W B S e, e S S, W S, W S S T e S e D
IBL stave

- After 4.3 fb-! corresponding to 1.3 ATLAS Pixel Preliminary NOISE MAP

Mrad and 2.5x1073 ny,/cm?
« Bias voltage
« IBL3D:20V
« |IBL planar: 80 V
« B-layer: 250 V

Stave index in the transverse plane

2 ~ -6 8 o 12 ~lq  “lg
Front End index along the stave

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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* |nnovation:

Impact of ATLAS IBL

— IBL had smaller pixel size (50 x 250 um?2) than ATLAS pixel already installed (50 x 400 um?2)
— IBL used 3D for 25% of area at the first time in HEP experiment.

Resolution improvement

ATLAS Preliminary
0.0<n<0.2

2015/2012

9/22/23
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o Data?2012,\s=8TeV
e Data2015,\s=13TeV

N
o

-h
n

Leakage Current at 0C [mA/cma]

-y
o

3 4 567890 20
p, [GeV]
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Operational experience with 3D sensors

ATLAS Preliminary
"hlrg =13 TeV

Inseriable B-layer, 33.5 mm radius
Run 3 = 80 + 80 + 80 + 80 fb”’

24 cm < |z| < 32 cm (3D sensors)
16cm < |z| <24 cm
Bcm<|z] <16 cm

|z| < 8 cm

Pythia + FLUKA + Hamburg
(scaled)

300 400 500 600
Delivered Integrated Luminosity [fb™]

x1015

1.5 2

5 3 35
Fluence [1 MeV neq/cm ]



.. ITk 3D fabrication improvements

IBL: Double sided ITK: Single sided fabrication

" 50x50 ym?, 1E 25x100 um?, 1E - Aluminum pad

‘“ E B EEEEEEEEEEEEEEEEEEEEEETDNm
Standard FE-14 250x50 um?, 2E

column

n-type poly

HRFZ Si

. p-type
®.p+  p>5KQ*cm
h+

20 pm

-+ All electrodes are etched from the front-side and filled with poly-Si
« The junction (readout) columns stop at a distance of ~25 ym from the handle wafer to avoid breakdown
« The ohmic (bias) columns are etched deeper and penetrate into the handle wafer.
« The sensor bias can be applied from the back-side.
* 150 ym thin and cell size: 50x50 pm? in the rings and 25x100 pm? in barrel

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 10
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Leakage current

ATLAS ITk-Pixels

20 40 60 80 100 120 140 160 180 200
VV]

Before irradiation:

 Good sensors need to have a
breakdown >130V

* Most of the sensors have a
larger breakdown >200V

9/22/23
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1.00€-05

1.00E-06
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1.00E-07

P_4,3 Measured @ FBK

~—— P_4,3 Measured @ UniTN
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1.00E-09

1.00E-10

vanes | Before Irradiation

1.00€-12 1
0 60 70 80 90 100 110 120 130 140 150 160

Reverse bias [V]

Leakage current measured as a function of the reverse bias
voltage (IV) for FBK sensors is within specs:

* Breakdown > 25V

« Leakage current < 2.5 yA/cm?

D. Bortoletto - FRANCESCO ROMANO school 2023
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.. Leakage current

Planar sensors after 5x 10" n,,/cm?

ATLAS ITk—Plers

MICRON and HPK150 M- HL

5e15 n q/cmz

« 3D diodes and bare sensors irradiated to 1 x 1076
and 1.7 x 107 ng,/cm?

« Breakdown shifts towards higher voltage after
annealing and/or stability tests (IT - 48h under bias)

~

S
L

g
-
o
W
-~

UniTN&IFAE

Leakage Upper Limit
RD53B_W09_P4,3_1.7e16_befStability (Vbd: 135V)-UniTN
RDS3B_W09_P4,3_1.7e16_afStability@-30V (Vbd: 136V)-UniTN
RDS3B_WO09_P4,3_1.7e16_afStability@-80V (Vbd: 136V)-UniTN
RDS3B_W09_P4,3_1.7e16_befStability (Vbd: 118V)-IFAE
RDS53B_W13_U4,2_1.7e16_befStability (Vbd: 147V)-UniTN
RD53B_W13_U4,2_1.7e16_befStability (Vbd: 134V)-IFAE
RDS53B_W09_13,4_lel6_befStability (Vbd: 144V)-UniTN
RD53B_W09_13,4_1lel6_afStability@-30V (Vbd: 145V)-UniTN
RD53B_W09_13,4_lel6_afStability@-80V (Vbd: 145V)-UniTN
RD53B_W09_13,4_lel6_befStability (Vbd: 130V)-IFAE
RD53B_W13_52,2_1lel6_befStability (Vbd: 139V)-UniTN
RDS3B_W13_52,2_1lel6_befStability (Vbd: 136V)-IFAE

60 80 100
Reverse bias [V]

D. Bortoletto - FRANCESCO ROMANO school 2023
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RD53B-50x50 Leakage after KEK-Irradiation May2022@ -25°C

50x50 pum?

ATLAS ITk-Pixels

12
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Test beam

Detector Under test
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EUDET Telescope

SPS (~120 GeV
pion beam)
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... 3D sensors for HL-LHC

 Before irradiation

—hit efficiency > 97% with just a
few V

—Inefficiency localised in the full
passing p-columns

(&

o

|
- |
o

n-pixe )
3 ®
TH'\ll'lllll'II'II'II'IIIH'IIIIHIW‘I'I'[THT‘

(&)

n
o

2525 20 <15 <10 -5 O 5 10 15 20 25
in-pixel x__ [um)]

ATLAS |Tk-Pixel

ATLAS Tk-Pixel

N
(&)

N
o

o After irradiation

—Hit efficiency >97% with just 40
V after 1x 10'° n,,/cm?

—Hit efficiency > ~97% with just
100 V after 1x 10'® ny,/cm?

-

-
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in-pixel X ack [m]
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.~ 3D sensors for HL-LHC

100.0

 Before irradiation msl ATLASTRi Loy aD EOYE) m
—hit efficiency > 97% with just a .
few V ; -
—Inefficiency localised in the full i s - 1000
passing p-columns i s )

—+$— SCC4 - SPS (Pions 120 GeV)

"ATLAS ITk-Pixel

o After irradiation

—Hit efficiency >97% with just 40
V after 1x 10'° n,,/cm?

—Hit efficiency > ~97% with just
100 V after 1x 10'® ny,/cm?

- ®O=1- 6=0°
- ®=1- 6=0°
- &= up to 1.9 - 6=0°
- &= up to 1.9 - 6=0°
Efficiency 97%
[©]=10"°n,,

Average efficiency [%]

60 80 100

. - «C
9/22/23 D. Bortoletto - FRANCES



..~ 3D sensors for HL-LHC

e FBK 3D 2
Power dissipation is critical for 53 510’(59“"'§

iInnermost pixel layer

— At Vperation (1-€. efficiency >~ 97%)
the sensor power must be less than
40 mW/cm?

—Sensors can be operated within
these limits after irradiation up to
1.7x 107® ng,/cm?

— The power dissipation at the
operational voltage can be kept R R
below 10 mW/cm2 at -25 C et R

Bias Voltage [V]

—Gl"F{'DS'S'B"”S“éhé’é‘r‘”wg'”P‘CM'1"’1”7' """ 5’05&5(’)"1%' <I>
—— RD53B sensor wi3-PCM117, 50x50 um

—+— RD53B sensor w9-PCM634,..50x50. pm D
—— RDSSSB sensgr w13- PCM63 50><50 um? 'cb

—
£
o
2
E
C
S
2
©
-1
n
8
©
P
<)
2
O
o
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Modules Planar- Quad 3D — Triplets Barrel

OXFORD

Flex PCB
0w Lo f 5
- aau . % WS Al
Sensor o _ - ! il B o

4xFEs

L ’r’.r: i

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 17
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Material

* Reduce of material using
—CO, cooling with thin titanium pipes
—Minimise material in modules using thin Si and FE- chips
—Advanced powering: serial powering for pixels
— Carbon structures for mechanical stability and mounting
— Optimise number of readout cables using data link sharing

I Dy Nitrogen
Patch Panels 0 + 1 ATLAS

Simulation

I Dry Nitrogen
Patch Panel 1
=~ Electrical Cabling
=—=- Titanium Cooling Pipes
Support Structure
| Strip Chips
58525%2  Strip Hybrids
Pixel Chips
=—= Pixel Hybrids
Active Sensors

=== Electrical Cabling

=—=== Titanium Cooling Pipes
B Support Structure ID Run 2
Pixel Chips
Active Sensors

$13438 Beam Pipe

Radiation Lengths [X.-.]
Radiation Lengths [XO]

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023

ATLAS
Simulation
Preliminary

ITk Layout
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TIMING
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| Lummous region
< \/° RMS ~ 180 ps
> R ZRMS iy 46 cm
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< HL-LHC Vertex efficiency

ATLAS Simulation
F Single p, ITk Layout, 50 x 50 pm’, analogue clustering

T
T

~— ; e : > e - : 0.6 mm

!v_:‘\'_..\,}_;., - :r 51;-2:;: P R (V At s e <t -; o Sad, - _ '.'"::.-'j“t:'f;_"_‘;:.‘.‘ la HGTD active area

: o - _ .- - ﬁww as :. ’—t :.. = : : ' truest'rsack h]?
3T -'— = st vy T ~ S -- = >;; * . = ‘ '“_'- ,

i‘ 'A',".'."T';. > ‘-— '-"":'l ; ZRMS 4 6cm —— ~— ‘ e A g CMS simulation

HL —LHC.:

» Instantaneous luminosity up to 7.5X 1034 cm=2s-"
* Pileup: <u>= 200 interactions/bunch crossing ~1.6 vertex/mm on average

25 -2-15 -1-05 0

D. Bortoletto - FRANCESCO ROMANO school 2023
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Time-Aware Vertexing

Longitudinal view

Transverse view

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023

Timing layer

«
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= 4D Vertex Reconstruction
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ATLAS Simulation

— PU interaction
B HS interaction

= BV CARE Che WG BT el IR A
0 20

ﬁTmm Interaction z [mm]
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« The High Granularity Timing Detector
(HGTD) provides precise timing
information

— ~3.6 million 1.3x1.3 mm? pixels
(channels)

— 6.4 m? active area

— Time resolution target

— 30-50 ps/track

— 35-70 ps/hit up to 4000fb?

* Two end-caps
—z = =3.5 m from the nominal interaction point
—Total radius: 11 cmm<r <100 cm
— Active detector region: 2.4< |n| < 4.0

e Each end-cap

—Two instrumented disks, rotated by 15° for
better coverage

toletto - FRANCESCO ROMANO school 2023
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Each Disk:
* Double-sided layers mounted on a cooling plate
* 3 rings layout because of the different fluence

—— + QOverlap between modules on inner, middle and outer
glgle

* Replacement of inner ring every 1000 fb-'and middle
ring at 2000 fb-! to maintain performance

=
Inner Ring: Middle Ring: Outer Ring:
70% sensor overlap 50% sensor overlap 20% sensor overlap

2.6 hits/track 2.4 hitsltrack 2.0 hits/track

14.5mm

==

D. Bortoletto - FRANCESCO ROMANO school 2023
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. CMS: Mip Timing Detectors

BTL: LYSO bars + SiPM read-out

= TK/ECAL interface ~ 45 mm thick

> |n|<1.45 and pr> 0.7 GeV

= Active area ~ 38 m?2; 332k channels
> Fluence at 3 ab’l: 2x10%* n.,/cm?

ETL: Si with internal gain (LGAD)
= On the HGC nose ~ 65 mm thick

| —

= Active area~ 1 ’» ~ 8.5M channels

> Fluence at 3 ab: up to

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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Cathode

Depletion

Avalanche
Region

<, Low-Gain Avalanche Detectors (LGADSs)

Bulk region “” is moderately doped

Heavily doped “N” (“avalanche” or “gain”)
layer creates high field

Heavily-doped “N*” implant is very thin
(standard for silicon diode detectors)

« With large doping concentrations close to

the implant, the field can get very large

For fields ~3x10° V/cm, energy becomes
large enough to create another electron-
hole pair

Limited avalanche
GAIN typically in the 10-100 range

D. Bortoletto - FRANCESCO ROMANO school 2023
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< Why low gain

. Excess Noise Factor
. xG

/

ii’hot o [ISurface+ (IBulk )GzF]

]
Best S/N ratio — " Shot noise
/

Electronic noise
(gain independent)

| |
o 0 Gain By Nicolo Cartiglia

Noise increases faster than then signal
- the ratio S/N becomes worse at higher gain

https://doi.org/10.1201/9781003131946
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. LGAD Timing Precision

2 . 2 2
Oy = JLandau+0ti77le—vvcz.lk

OXFO

2
+Ojitter

i) |/ C
y

OfC+

Huctuations on
the local density
of e-h pairs (non-uniform
charge deposition)

D. Bortoletto - FRANCESCO ROMANO school 2023
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LGAD Timing Precision: Landau

Use thin detectors

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

* FBK - PIN (NA62) Resolution without gain
® FBK- UFSD /

% HPK - UFSD ’
~=WF2: Jitter+Landau - UFSD UFSDI
+++*WF2: Jitter - UFSD
==WF2: Landau- UFSD

R
-
.
0
)]
U
o

.
.
'
L
.
L
.
.
.
.
B
ot
‘
-
'
o° -~
—
L
-
-
-
—
Cd
- - -
-

-
ot
"
ot
"
vt
.....
.
L -
o -
gett - e - - .-

200
Thickness [um]
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<. LGAD Timing Precision: Jitter

o “Jitter”
Contribution: Vv

voltage noise

o e
fluctuations for faster

timing jitter arising rise-time
Iead tO from voltage noise

premature or
late crossing of

thresho|d Time jitte;: .
—Exacerbated by : 7 &(_V) i (Ov)
slow rise time v e

Tp = pulse risetime

N = samples on pulse risetime

Mitigated by using fast rise-time, low-noise electronics, oy = voltage noise
. . . . V,.ax= pulse height
and if possible, high gain

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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. LGAD Timing Precision: Time Walk

* “Time-Walk” Contribution:

—Arises due to coupling of
charge deposition Edge

Threshold
. Tall " Discriminat
fluctuations to the finite rise o

time of the excitation

Y o
s R Time given by the
Time Walk CFD 50%. no time
walk

If pulse form is available, mitigate by using
“constant fraction discrimination” (CFD)

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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.. Gain Layer Radiation Hardness

« Boron doping in gain layer became less active after
irradiation (acceptor removal)

« Key parameter of the gain degradation is the
acceptor removal coefficient: ¢ factor

Vgl =VglO xexp(_qu)eq )

* Irradiated sensors require higher bias voltage to
maintain performances.

HPK-P1-T3.1
HPK-P2-W25/28

ATLAS HGTD Preliminary FBK-UFSD3.2-W19
FBK-UFSD3.2-W7

CNM-R12916-W1
NDL-V3-B14

IHEP-IMEVL-W1 * Single Event Burnout (SEB):

IHEP-IMEV2-W7Q2

iy v — During beam test, several sensors underwent
destructive breakdown at voltages ~100 V

lower than those at which the sensors were

successfully operated in laboratory tests.

— SEB occurs when the average electric field in
the sensor > 12 V/um.

1E+15
Reactor neutrons (I)“Ll [ cm2] ROMANO school 2023 34




. Radiation Hardnes of the Gain layer

« Ways to improve the radiation hardness of LGAD:
—Geometry design, such as changing the doping concentration, depth, width, shape
— Different doping materials: adding the Carbon, Gallium to gain layer

N

el | [ Boron + Carbon ] acceptor removal constant

1 B
/[ Gallium + Carbon j
08 F Lissc.cn y

o o il .5/ Boron (Low Diff) |
0.4 | 1

& _\ \

)

P . | Boron (High Diff

(@)}

NN

carbon enriched
wafers

Gain layer fraction
c[le-16 cm?2]

No

0

1.0E+13 1.0E+14 1.0E+415 1.0E+16 | ™ {Gallium
Fluence n_eq/cm2

\ J

[G.Paternoster, FBK, Trento, Feb.2019]

D. Bortoletto - FRANCESCO ROMANO school 2023
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. State of the art Sensors with gain

« State of the art sensors for HGTD (ATLAS) and CMS endcap MIP Timing Detector (MTD) - Pixel
size 1.3 mm x 1.3 mm

« Time resolution: measured with a time reference device < 50 ps even after 2X107° ne/cm?

* R&D for ALICE TOF
— 25 and 35 pm thick prototypes show time resolution < 25 ps
— Sensors of 10 um in preparation

ATLAS HGTD Test Beam

M FBK-2.5 (-46 to -26°C, DESY 2022)
100 -¢ FBK-2.5 (-20°C, CERN 2021)
% IHEP-2.5 (-20°C, CERN 2021)
USTC-2.5 (-43 to -29°C, DESY 2022)

(0]
o

ALlCE e FBK25

» FBK35
HPKS50

~
o

)
S
C
o
=
=
o
«n
o
S
o
E
|_

(6

©
2
=
RS,
=
o
Q6
O
i
®
E
’_

Peq = 2.5x10"°ngqgcm 2
15 20 25 30 35 40 45
500 600
Bias Voltage[V] Charge (fC)
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Resistive AC LGAD

DC

.. Sensors with gain

JTE + p-stop design (no gain area) contact

Standard segmentation

« Continuous resistive n+ implant

« Readout: AC-coupling through dielectric layer

« Segmentation obtained by position of the AC
pads

RSD2 crosses: spatial and temporal resolutions
when total AC amplitude = 60 mV (gain = 30)

w
o

N
o
T

H Spatial resolution

Spatial resolution [um]
Temporal resolution [ps]

—_
o

o Temporal resolution

Deep Trenches
<1 um

o

600 800 1000 1200 1400
Pitch [um]

D. Bortoletto - FRANCESCO ROMANO school Z0 T
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-~ Timing with 3D Detectors

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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_® Optimized 3D sensor design

OXFORD

» Detector Signal * Trenched 3D
Time Spot
Detector

Fast 3D detectors need uniform E,, and
velocity in saturation regime

pad

SO
2 rench
soly

5 columns 3D trench Weighting field (1/cm)

§2.000e+03
1.667e+03
1.333e+03
1.000e+03
6.667e+02
3.333e+02
0.000e+00

Electric field (V/cm)
. 1.000e+05

Collecting electrode

()

* 55 um x 55 um pixels

* In each pixel a 40 um long n++ trench is placed
between continuous p++ trenches used for the bias

* 150 um-thick active thickness, on a 350 um-thick
support wafer

« The collection electrode is 135 um deep

8.333e+04

6.667e+04

5.000e+04

3.333e+04

TCAD simulations, Vbias =— 150 V

1.667e+04

. 0.000e+00

O ROMANO school 2023
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Optimized 3D sensor design

UNIVERSITY OF

OXFORD

» Detector Signal

-

» Fast 3D detectors need uniform E,, and
velocity in saturation regime

5 columns 3D trench Weighting field (1/cm)

§2.000e+03
1.667e+03
1.333e+03
1.000e+03

=== 6.667+02
3.333e+02
.0.0009+00

Electric field (V/cm)
- 1.000e+05

8.333e+04

6.667e+04

—_—
—

SEM HV: 10.0 kV WD: 11.59 mm || | | | || | | VEGA3 TESCA
View field: 176 pm Det: SE 50 um
SEM MAG: 1.57 kx | Date(m/d/y): 10/29/19 FBK Micro-nano Facility

3.333e+04

TCAD simulations, Vbias =— 150 V

1.667e+04

.00009*’00
D. Bortoletto - O ROMANO school 2023 40
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Single 3D timing performance
- After 2.5 x 10" n,,/cm?

 Non irradiated

Entries
X2 / ndf
Prob

Norm

o
uz—u 4
02/ o,

f, 0.7798 +

const

275.2 1 285

3.246 + 0.062
", -4.819 £ 0.000
1 0.009101+ 0.000374
0.01175 £ 0.00294

2.106 + 0.185

2.712+£0.126

51437

0.6499

0.0526

o=11.5ps
@ 100V

ety tabdah md o Lo ihs e wl
ad J LA A Al L LA L | | ook e} [N T L

T ek

t

—4.65

<t
MCP-PMT
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¥R Cardini Pisa meeting
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140
120
B0/

60|

L indsegtd
L o
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}
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bepos

52

= -150V - 2.5e°neg/cm?

5378 |

158.2 / 199
0.9849
3.711+ 0.058
H, 8.51+ 0.00
0, 0.009233 + 0.000332
H,# 0.007403 + 0.001176
1.982 + 0.094
f, 0.6768 + 0.0452
1.35+0.14 |

Entries
x? I ndf
Prob
Norm

ol/c
2 1

const

o=11ps
@150 V

b o b

854 856

858 86 862 8.64
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Si MC F’> [nS]




UNIVERSITY OF

OXFORD

9/22/23

MONOLITHIC

D. Bortoletto - FRANCESCO ROMANO school 2023

42



AL O
(6780800
N
UUUUUU SITY OF C C
OXFORD

« FCC 91.7 Km tunnel

« Stage 1. FCC-ee (Z, W, H, ) as
Higgs factory, electroweak & top
factory at highest luminosities

« Stage 2: FCC-hh (~100 TeV) as
natural continuation at energy
frontier, pp & AA collisions; e-h
option

N

[

. - E ROMAN hool 202
9/22/23 D. Bortoletto - FRANCESCO RO O school 2023
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«w FCC-ee Vertex Detector Requirements

« Efficient tagging of heavy quarks through

precise determination of displaced Excellent impact parameter
vertices required for many physics goals resolution for c/b-tagging

a2 + b2 - GeV?/(p? sin® 6) 7 \\ !

a~5 um, b~15 um

1 * Good single point resolution: ogp~3 pm

===  —Small pixels <~25x25 uym?, analog readout
= * Low material budget: X £ 0.2% X, / layer

—Corresponds to ~200 um Si, including
supports, cables, cooling

—Low-power ASICs (~50 m\W/cm?)

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 1



..~ Monolithic Silicon Pixel Detectors

Integrate the sensing element and readout chip in a single layer of silicon

« CMOS (Low Voltage)
* Image sensors
* Microprocessors and Microcontrollers
* Memories
« Transceivers for communication
« HV-CMOS = CMOS + High Voltage
substrate biasing & additional wells to
isolate the electronics from the substrate
» Display and motor drivers

———== + Allows very thin sensors to achieve ultimate low mass trackers (0.3% X, in Heavy-lon experiments or <1%

for pp).
g— PP)
» High volume and large wafers (200 mm) reduces detector cost opens possibility for large area pixel
detectors.

« Saves cost and complexity of bump bonding(one of the cost drivers in hybrid silicon detector systems).

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 45



—~ Monolithic Active Pixels

« Commercial CMOS technologies (e.g. AMS 0.35 pm)

Lightly doped p-type epitaxial layer (~14-20 ym)
- MIPs produce ~80 e-/h+ pairs per um (~1000 e- )

No reverse substrate bias:
- Signal charge collection mainly by diffusion (~100 ns)
- Sensitive to displacement damage

N-well implantation used as collecting electrode

.u - A | Only n-MOS transistor in pixel (in p-well)

pt++ substrate - Very simple in-pixel circuit (few transistors)
e at - Complex electronics at the periphery of the matrix

_ Pixel size: 20 x 20 um? or lower = few um resolution
ﬁ

Applications: STAR-detector (RHIC
Brookhaven), Eudet beam-telescope

IPHC Strasbourg (PICSEL group)

. - NCESCO ROMANO school 202
9/22/23 D. Bortoletto - FRA SCO RO school 2023



NWELL TRANSISTORS
DIODE NMOS PMOS

UNIVERSITY OF

OXFORD

DEEP PWELL

’
/
’
’
’
’
s -
z
v
-~ v
-~ >
~ -
N

Diffusion 5 s
Epitaxial Layer P- Np ~ 10" cm

Substrate P++ NA o 1018 CI'I‘I-3

» Pixel pitch: 29 um x 27 um

ALPIDE (ALICE) TJ 180 nm « Small n-well diode (2 pm diameter),
~100 times smaller than pixel => C=5fF
=> large S/N

« Tremendous progress in CMOS pixel designs
— Deep PWELL allows full CMOS within active area
— high-resistivity (> 1kQ cm) p-type epitaxial layer (=25 ym
thick) on p-type substrate

 Power <40 mW/cm?

* Integration time <10 us

47
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s ALPIDE efficiency

» Pixel size: 29 x 27 um? with low power front-end
~40 nW/pixel
Extensive tests before and after irradiation

0.5 x 106 pixels

Test Beam Measurements
—~ 100

6 GeV/c
""" E'fﬁéiér}éy‘"'Féké-hi’t'éa‘té'@'\?'B'=-'3'v'"',"""
Non Irradiated
Non Irradiated

(e}
(0]

(o}
(o)}

TID Irradiated, 206 krad
TID Irradiated, 205 krad
TID Irradiated, 462 krad
TID Irradiated, 509 krad
NIEL, 1.7e+13 1MeV n, / cm’
NIEL, 1.7e+13 1MeV n,_ / cm’

Emrat v i e IO i e O— S HENE
H S v k- 1 P i

Detection Efficiency (%

Threshold (e)

- Efficiency > 99.5% and fake hit rate << 106 over wide threshold range
- Excellent performance also after irradiation to 1.7 x10'® 1MeV n.,/cm?

D. Bortoletto - FRANCESCO ROMANO school 2023
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Resolution (um)

Resolution Cluster Size @ VBB=-3V

— —e— W7-R10 Non Irradiated

"W7-R7 Non Ifradiated’

W7-R17 TID Irradiated, 206 krad
W?7-R5 TID Irradiated, 205 krad
W7-R38 TID Irradiated, 462 krad
W?7-R41 TID Irradiated, 509 krad
W8-R5 NIEL, 1.7e+13 1MeV n,_/ cm’
W8-R7 NIEL, 1.7e+13 1MeV neg_/ cm®

I | | 1]
Average Cluster Size (Pixel)

—

|

o

500
Threshold (e)

Resolution of 5 um at a threshold of 200 electrons

Typ. cluster size 2 at a threshold of 200 electrons (normal incidence)

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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Design choices toward DMAPS

Electronics inside charge collection well Electronics outside collection well
Charge signal Charge signal
_Electronics (full CMOS) Electropics (full CMOS)

Cewa e
P \
p-substrate p-substrate
« Deep nand p wells
« Large collection node deep-p implant
* Shorter drift path

» Larger capacitance (DNW/PW junction!) * Small COIIeCt'O_n node
« X-talk, noise & speed (power) « Smaller capacitance m less

penalties power
« Long drift path

 Full CMOS with additional

4 KT 02
397” T

ENC?

hermal X 5

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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" TowerJazz 180nm MALTA sensor

« Can you make the ALIPIDE process more radiation hard ?

 To ensure full lateral depletion, uniform n-implant in the epi layer
(modified process)

F———— TRANSISTORS — F———— TRANSISTORS —

n-well NMOS PMOS NMOS
r o w— Y Y Y w— %

p-well n-well p-well

PMOS NMOS n-well

p-well n-well

Deep p-well

00000000

Deep p-well

DIFFUSION

Epitaxial layer p-
Substrate p++

Standard Process W. Snoeys et al. DOI 10. 1016/] nima.2017.07.046

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 51



n-well NMOS PMOS NMOS n-well

.~ Radiation Hardness

p-well n-well p-well

« Unirradiated @ 250e- threshold 2x2 pixel at Irradiated 10'°n/cm? @ 350e" threshold
36 um pitch 2x2 pixel at 36 um pitch

pox Y [um]
~
=

(o))
o

+0.0009 / -0.0009

0.89 0!
+0.0008 ' 0.0009 +0.0011/0.0011 +0.0009 /-0.0009

ﬂ_x

40 50 60 70
pos X [um}

10 20 30 40 S

CO ROMANO scho 57



UNIVERSITY OF
(0).4:0)3)) MINIMAL I

» Special layouts for deep p and n wells to optimize field configuration and charge

collection
* Increase lateral field near pixel edge to “focus” charge to collection electrode

NWELL COLLECTION NWELL COLLECTION

ELECTRODE = = NMOS  PMOS ELECTRODE N =

NWELL COLLECTION

NMOS PM-OS ELECTRODE = =

NMOS PMOS
= = =

PWELL NWELL PWELL NWELL PWELL NWELL PWELL NWELL PWELL NWELL PWELL NWELL

DEEP PWELL DEEP PWELL DEEP PWELL DEEP PWELL. DEEP PWELL DEEP PWELL
EXTRAP-TYPE IMPLANT e
OW DOSE N-TYPE IMPLANT LOW DOSE N-TYPE IMPLANT LOWDOSE N-TYPE MPLANT 3e-08 H# 0 e Modified process
_ [ —— Additional p-implant
DEPLETION DEPLETION DEPLETION T Gap in deep n-implant
BOUNDARY BOUNDARY BOUNDARY =
DEPLETED ZONE DEPLETED ZONE DEPLETED ZONE 5 :
5 2e-08f
(8] L
i T
P= EPITAXIAL LAYER P* EPITAXIAL LAYER P* EPITAXIAL LAYER =
| [3)
P* SURSTRATE | P* SUBSTRATE P SUBSTRATE g 1e-08}
7] L
Modified process with Modified process with g .
Modified process: additional p-lmplanr: gap in n-layer: ______________________________

o b e b e b b b
5e-09 1e-08 2e-08 2e-08 2e-08

Time [s]

Electrostatic potential, streamlines and electric field minimum ( *):

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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Modified TJ process to improve radiation hardness
« MALTA 2 (epitaxial and C2)

MALTA2
CZ Irradiated Samples [1 MeV neq/cmz]

Efficiency [%)]

® 1E15, Fiducial Area, Conductive Glue
2E15, Fiducial Area, Conductive Glue
2E15, Full Chip, Backside Metallization
3E15, Full Chip, Backside Metallization
3E15, Fiducial Area, Regular Backside

CERN SPS 2022 3E15, Fiducial Area, Regular Backisde
10 20 30 40 50 60

SUB [V]

Average efficiency of irradiated MALTA2 on Czochralski substrate versus SUB voltage

Efficiency @3E15 ng,/cm? > 95% in 25ns

9/22/23 D. Bortoletto - FRANCESCO ROMAN

Electrode

« TJ-MONOPIX2- large chip (2x 2 cm?2)
column drain readout

* Pixel size 33x33 pm?

« 25 um p-type epitaxial layer (1 k@ cm ) grown
on a low-resistivity substrate C=3-4 fF

Local X residuals for DUT

Entries: 568014
RMS = 10.7 [pum]
Gauss fit:
A=42570,6 97,1
u=0,8=%x0.0[um]
o=8,6+0.0 [um]

-75 -50 —-25 0 25
X residual [um]

OBELIX (Optimized BELIe Il plXel sensor
— Total lonizing Dose (TID) 100 kGy/year
— Non-lonizing 5x10'3 neq/cm?/year
— Hit rates up to 120 MHz/cm? 54



-~ CMOS DMAPS Large Electrode

 State-of-the-art MUPIX11 for the Mu3e Large electrode:

experiment on TSI semiconductor H18 | oW ohrhic substrates {13-400 om)
* High voltages up to 100V

—80x80 pm? pixels 50um thick * More radiation hard
i _ _ Sg(?rftt;iie NMOS PMOS
= —Time resolution<20 ns il [ Rl =
— . deepnwellcollectionelectrode
—0.115% XO/Iayer and efficiency>99% p ‘ —
‘depletion boundary
| - . depleted zone \
== ==
-

0 ROMANO schod
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R&D Series
ATLASPIx Series

MuPix Series

=

1m

2. Amplifier &
Full Integration

[Proof-of-Principle] MuPix4

el 4

Wil o B

MuPix2
HV-MAPS .
Concept MuPix1 |

Digital Readout

ATLASPIiX/MuPix Series

TSI Semiconductors h18
Run2020

Run2021

1. Large-Scale
Prototypes

{ =
- Bt TelePix
MightyPix
1. Full-Scale
S

Prototype 2020 2021 2022
ATLASPIx3
[T —"

ATLASPIx1 ATLASPix2 ATLASPix3.1
I o
2017 2019 MUP|X20
MuPix1 2021

| Mu3e Slow Control |

MuPix9

MuPix7.1

Protot

Final Phase-|

2011/2012

9/22/23
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% °§ Sensing
N —
UNIVERSITY OF gap 0.8V MOS  nMOS ARCADIA pad sensor with gain
OXFORD > " __
17 N
B Tl

* Lfoundry 110 nm CMOS process with 1.2 V
transistors, developed between INFN and
LFoundry

High Resistivity Si

« fully depleted, charge collection by drift

» backside processing (diode+GR) Water splits with gain

* low resistivity epi-layer layer to explore < 100 ps

» Pixel pitch 25 um pitch

Type 1 Type 2 Type 3

» sensor diode about 20% of total area . | N — A=

100 pm| {N-€Ppi 200 wm | fn-epi

* low power <560mW/cm?, to allow air cooling

i n-epil Ehigh resistivity { high resistivity
{n-substrate | n-substrate

* side- buttable’ to accommodate a |
1024x512 silicon active area (2.56x1.28 ~
cm?)

« Demonstrator 512 x 512

23 wafers produced in first 2 production runs, 3 types/thicknesses

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 -



OXFORD

ARCADIA

Lfoundry 110 nm CMQOS process with 1.2 V
transistors, developed between INFN and
LFoundry

fully depleted, charge collection by drift
backside processing (diode+GR)

low resistivity epi-layer

Pixel pitch 25 um pitch

sensor diode about 20% of total area

low power <50mW/cm?, to allow air cooling

side- buttable’ to accommodate a
1024x512 silicon active area (2.56A~1.28
cm?)

Demonstrator 512 x 512

SPM25 Vpack=-20/-25V, 100kHz
TCAD: (3.0+0.4)fF —4— layoutlA: (4.5+1.0)fF
TCAD: (1.6+0.2)fF layout2C: (2.7+1.0)fF
TCAD: (10.0£0.6)fF  —— layout3A: (10.9+2.1)fF

layout 1A layout 2C layout 3A

0.6 0.8 1.0 1.2 1.4 1.6 1.8
[Vptop| [V]

stable operation at full depletion, and
good agreement with TCAD simulations

D. Bortoletto - FRANCESCO ROMANO school 2023
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-~ DMAPS for CEPC

JadePix-1 “JadePix-2/MIC4 JadePix-3 JadePix-4/MIC!

180nm CIS process

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 60



-~ Material reduction

* ALICE MAPS-CMOS Tracker
— 7-layers, 12.5 Giga pixels, 10m?

e

—
-— p— _—
N ———— —c

— R coverage: 23 — 400 mm
'+ Material/layer:
—0.3% X, (IB)
—1.0% X, (OB)

-

Flexible PCB™

—
-
/ iy

Largest CMOS MAPS detector
ever built (= 10 m?)

9/22/23 D. Bortoletto - FRANCESCO ROMANO schooi zuzs Slide 65



.. CMOS Pixel Chips & Material

. Flex Printed CerUItm

-
—

—

ALPIDE (ALICE)

9/22/23 Slide 66
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.. Depleted CMOS Sensors

Minimize the material budget Overall Material Budget

Other

Water

Carbon
Aluminum
Kapton

Glue

Silicon

mean = 0.35 %

O
o

O
u

o
o

0.3

X/Xo [%] for tracks in |n| <1

o o
= N

o
o

20 30 40
Azimuthal angle [ °]

uciano Musa, Bergen, August 2019: https://indico.cern.ch/event/836343/

Li
9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 Slide 67



.. Depleted CMOS Sensors

L . Reduce Power (<20 mW/cm? ) and
Minimize the material budget Remove Cooling

Other

Carbon
Aluminum
Kapton

Glue

Silicon

mean = 0.31 %

X/Xo [%] for tracks in |n| <1

o
N

o
=

Azimuthal angle [°]

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 Slide 68



Minimize the material budget

.. Depleted CMOS Sensors

Remove PCB and integrate components
on chip

I Carbon
El Glue
Silicon
— mean =0.14 %

X/Xo [%] for tracks in |n| <1
o o© o o
w BN (O (e)]

o
N

o
=

Azimuthal angle [°]

D. Bortoletto - FRANCESCO ROMANO school 2023
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.. Depleted CMOS Sensors

Remove mechanical support and use

Minimize the material budget stiffness provided by rolling Si wafers

Silicon
—— mean = 0.05 %

Factor 7 Reduction in Mass !

X/Xo [%] for tracks in |n| <1
o o
W IN

o
N

o
=

30 40
Azimuthal angle [°]

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 Slide 70



Technology advances:

« 300 mm wafer-scale chips fabricated with stitching
» thinned down to 20-40 pm bent to the target radii

* held in place by carbon foam ribs

Key benefits:

« extremely low material budget: 0.02-0.04% X,
(beampipe: 500 um Be: 0.14% X,)

— : homogeneous material distribution leading to

ooskg/am : smaller systematic error

0.033 W/m-K

71



Fl‘Om concept to prototypin! « First submission

OXFORD in 65 nm CMOS

« Beam tests with bent ALPIDE Imaging

* Integration

Bl APTS

4 4x4 pixel matrix
10, 15, 20, 25 um
32 X 32 pixels Direct analogue
15 um pitch ~ readout

i Asynchronous
digital readout ER1 Submission
FR———— ToT information
A T p— | CE65 Two large
. i | 64x32 .pixels stitched sensor
Working of bent sensors ‘ { 15 um pitch chips
| Rolling shutter analog (MOSS, MOST)

demonstrated with ALPIDE . Bor] g ANO schog) 2043
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Test beams
June 2020 test beam data shows that bent MAPS work perfectly

Inefficiency

[
+
©
v
o
0
]
©
o
=)
=

200
Threshold (e ™)

Collaboration investigating TowerJazz 65 nm

Magnus Mager (CERN) | ALICE ITS3
| TIPP 2021 | 26.05.2021 |

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023
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From concept to prototyping

» Two submissions to check stitching so far

—Multi Layer Reticule MLR1 (2020)
sensor 10-25 um pitch, 10 um epi

Checking process modifications
—Engineering run (ER1) to check

stitching

9/22/23
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(O]
R
©
=
e
(@)
=
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2
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—
c
L

. Bortoletto - FR

ALICE ITS3-WP3 beam test preliminary
@CERN-PS May 2022, 10 GeV/c ©

Plotted on 21 Jun 2022

MPV of cluster charge

1500

wafer
(=300 mm)

MOST (10f6)

Chip : CE65 (MLR1)
Process : std/mod_gap (split 4)
Vo= Vouer =0V

lnat=5MA, 1| =100 A,V =04V

ACamp..HV =10V, IWU =1pA

DC amp. Lnos = TR

SF : linos = 11 reset
Cluster window: 3x3

Seed charge > 100 e, SNR > 3

Fitting by Landau-Gaussian function
mod_gap AC amp.
mod_gap DC amp.
mod_gap SF
std AC amp.
std DC amp.

200 2500 3000
Seed charge (e
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.~ Proton Collider Parameters

First tracking layer:

_—

N

=Y

* 10 GHz/cm?
charged particles

Charged particle fluence rate [cm'2 i

500 1000 1500 2000 2500 3000 3500 4000

» 1018 hadrons/cm?
for 30 ab-1
(100 x HL-LHC)

9/22/23 L iva ROUVIANGD school 2023 Slide 75

1 MeV neutron equivalent fluence [cm'2]

500 1000 1500 2000 2500 3000 3500 4000
z [cm]
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<. Extreme Radiation Damage

« HL-LHC: fluence at the innermost layers of the tracker ~2 E16 n/cm?
- Test have been conducted up to over E17 ng,/cm?

G. Kramberger et al., JINST
8 P08004 (2013).

o0
o

o0
o

<<
=
-
c
V]
-
[
3
[S]
v
-7+]
L]
£
°
v
|

B
o

100 150
®,, [10*5 cm?]

Leakage current saturates

9/22/23

']

; \ W. Adam et al 2016
nane T sal  JINST 11 Poa023

[0.01 ns

B Swartz et al

pping rate

0O R.Eber

tron tra

® this study

elec

10 20
fluence [10™ cm“ neq]

Trapping slows down

L. Bortoletto - FRANCESCO ROMANO school 2023
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« CIGS(Cu,In,Ga,Se) was developed for solar cell

« Higher photon efficiency compared with Si and promising thin-film
sensor

« Defects due to radiation degrades performance of sensor

 In the CIGS crystal, ions compensates defects with heat
annealing and structural characteristics is recovered

« High radiation tolerance is expected

WG3.6 on new materials:

— Power-efficient transistors in power
supplies

— Photovoltaic inverters

— Electric car drive train

— SiC-CMQOS at Frauenhofer |IHS offers
two MPW submissions per year

« Diamond and 2 D Materials (graphene)

9/22/23

« SiC Higher quality material available: o

R&D on silicon at Extreme fluences

Manabu Toawa KeK and QPI

- Heat anneahng
130 C 5 hours

O
=
@©
>
©
=
S
&
©)
| -
Y—
®)
-
©
o

100 200 300 400 500 600 700 800 900

# Xe ion irradiated (mm?2)

GaN :

— Communications: cell phone chips, 5G
base stations, LEO satellites, VSAT,

— Automotive —LIiDAR, power switches,
power distribution

— Aerospace —power amplifiers, radiation-
hardened RF electronics

— Military and defense —radar, military

D. Bortoletto - FRANCESCO ROMANO school 2023C0mmunlcat|0ns, eleCtrOnIC Warfare
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= R&D on silicon at Extreme fluences

Manabu Togawa (KeK and QUP)
* CIGS(Cu,In,Ga,Se) was developed for solar cell - ]

Heat ahnealing

0.65

)
=)
e Hi ici ith Si isi in-film [P L N N S
I;Ielgr;]r;g: photon efficiency compared with Si and promising thin-film > 130 °C 5 hours
_g; ........................................................... s e S S
« Defects due to radiation degrades performance of sensor E ................................
 In the CIGS crystal, ions compensates defects with heat annealing g ””””””””””””””””
and structural characteristics is recovered = U SN SO S N N N S N
° ngh radlatIOn tolerance |S eXpeCted % ........................................................................................................................................................
o

300 400 500 600 700 800

# Xe ion irradiated (mm?2)

SiC LGADS

» Technological challenges:
—Only n-type substrates available
—Deep gain layer implant needs very high energy

» Progress at Nanjing University (NJU): gain <5 but early
breakdown

* New RD50 common project for SiC-LGAD

D. Bortoletto - FRANCESCO ROMANO school 2023
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“Ultimate goal remains a massless,
cheap, infinite granularity, 100%
— hermetic and efficient, infinite
! bandwidth, long ifetime detector’

“Ultimate goal remains an ultra-fast,
massless, cheap, infinite granularlty,
100% hermetic and efficient, infinite
bandwidth, long lifetime detector”

9/22/23 D. Bortoletto - FRANCESCO ROMANO school 2023 Slide 80
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CMOS

« The CMOS stays for the complementary metal oxide semiconductor transistor (a type of field
effect transistor, F. Wanlass 1963)

« First MOSFET was realized in 1959 Dawon Kahng and Martin M. Atalla.

p-substrate

9/22/23
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Radiation effects in 65 nm CMOS

After irradiation and/or annealing

Which defect? Which charge trapped? Where?

Radiation Induced Narrow Channel Effect (RINCE)

L=moderate size L=min size

D. Bortoletto - FRANCESCO ROMANO school 2023
CYPYYVEM [cderico Faccio, TWEPP 2015
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Radiation effects in 65 nm CMOS

NMOS are working without
large damage up to 1Grad
(damage < 20%)

PMOS transistors do not
work above 500Mrad
Further studies ongoing
including DRAD chip to
investigate different
transistors (size and
shape)

65nm Narrow Transistors
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_ LFOUNDRY

.

LAS P s hypsstyeNeiomesdr d s ot nets
e ) & ey . - j-y = 1B | el -y l.dt .

[N SRR

i N ; 0N ‘T RIE i

Pixel with R/O logic VTSV i ATLASP|)( - 36.5 x36.5 um2
50 um x250 um
I m ?]HI'!qulllH -
PR | ll}l”””m ll”l"‘l’!”"l” Mono||th|c
LF-MONOPIX L pixel sensor
— | from ALICE
R SR PURCR ISt re s el L S . L to ATLAS

DMAPS development important for LHCb upgrade I,
CepC, CLIC, ILC, FCCee and FCChh
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Radiation hardness to a fluence of 2x10" 1 MeV n,,/cm?

LFOUNDRY ams

before irrad

. . ' = ‘
Preliminary! 2. Geneva FE-I4 telescope
¢=1el13 Work in progress

99.7%
ATLASpix

Depleted depth (um)

50 100 150 200 250 300 350 400 O 0% 0% o5 1m 1 10w O

Track in-pixel column position
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TOWERJAZZ

very good timing response after 1x10* n,/cm?’

Relative frequency

0.22|

0.2!
0.18|
0.16.

0.14|
0.12|

0.1|
0.085
0.06;
o.o4f

0.02|

o = 1.96 ns pre-rad,
2.78 ns after 1e15 n_,

50 60 70 80 90
Charge collection time [ns]
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sin MATERIAL REDUCTION  Srucive win conporapton co-
cured tape and embedded CO2
SEEE==ooling (1.4 m Long)

* Non conventional use of Carbon Fibre
Reinforced Plastic (CFRP) materials for Vertex
Detectors to match the requirement of
minimum material budget, high rigidity,

thermal management.

il

« 50 ym DMAPS

« 25 um Kapton
Flexprint

* 50 ym Kapton support

frame

< 1%o0 Radiation length

Carbon Nanotubes
Allotrope of carbon with a cylindrical nanostructure

Very high Therma Conduct|V|ty gTC =3500 W/mK)

T :%:,:"
-,:f:g:&«—‘

4¥ — — 2%
Graphene e

One atomic-layer thin film of carbon atoms in honeycomb lattice.
Graphene shows outstanding thermal performance, the intrinsic

TC of a single layer is 3000-5000 W/mK
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