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ATLAS Phase2 upgrade

LHC: Pileu ’ HL-LHC: Pileup of 250

44m

—~ Upgrade of silicon detector:

High Granularity Timing Detector
Forward region (2.4 < |n| <4.0)

Precision reconstraction (30 ps) with Low Gain
Avalanche Detector (LGAD)

Maximum fluence 2.5X10'5 n.,/cm?

25m ‘h

Details in zhijun s talk

, b et e New Inner Tracking Detector (ITk)
________________ | L\ foward caonmerer up to || = 4.0
"""""""""" Toroid magnets LAr electromagnetic calorimeters All Silicon (9 layers), 3D sensor, piXCl sensor and Strip sensor
Muon chambers Solenoid magnet | Transition radiation tracker Maximurn ﬂuence 1.2X% 1016 neq/cmz

Semiconductor tracker

Details in xin s talk
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https://indico.ihep.ac.cn/event/26351/contributions/203195/
https://indico.ihep.ac.cn/event/26351/contributions/203392/

Silicon detectors: from planar to 3D

Planar silicon detectors 3D silicon detectors

ﬁ P+ electrode

m N+ electrode

|:| Substrate

Electrode diameter

Electrode distance

Y 7'y o P
Thickness Pixel Length =
1! { B 3RS

Decouple the electrode distance with substrate thickness — Shorten the electrode distance through layout

Pixel Length

Electrode length

The capture probability of carriers decreases due to shorter draft path for carriers - More irradiation
tolerant (> 1x10'® n./cm?, 1 MeV equivalent irradiation fluence)

Lower operation voltage — Lower Power consumption “4D” tracking
at extreme environments

Faster signal response but non-uniform spatial response .
IS Important

Complex processes, such as Deep Reactive Ion Etching (DRIE)
Details in yanqi's talk
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https://indico.ihep.ac.cn/event/26351/contributions/203201/

Recent typical 3D silicon detectors
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Front. Phys. 9:624668 (2021)
L. Diehl and et al. HSTD13, 2023
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JINST 15 (2020)
Front. Phys. 12:1393019(2024)
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https://indico.cern.ch/event/1507215/contributions/6538605/
https://indico.cern.ch/event/1507215/contributions/6537314/
https://doi.org/10.1088/1748-0221/15/09/P09029
https://doi.org/10.3389/fphy.2024.1393019
https://doi.org/10.3389/fphy.2021.624668
https://indico.cern.ch/event/1184921/contributions/5574614

The design and simulation of thin 3D silicon sensors

» 3D structure simulation using Sentaurus TCAD:

le-10 : T
Substrate Thickness = 150 um | ATLAS ITk Substrate Thickness = 150 um
Substrate Thickness = 50 um Substrate Thickness = 50 um
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e Simulated two different thickness of substrate.

* The sensor depletes at few volts. And the leakage current after full depletion is in order of several 10-1 A.
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Transient Current Simulation

» A minimum ionizing particle (MIP) was simulated with Heavylon function with LETf = 1.282 X 10-> pC/um (Linear
Energy Trans function)

Current [A]

4e-06

2e-06

1.000e+19
3.684e+16
1.357e+14
0.000e+00
-1.357e+14
-3.684e+16

-1.000e+19

A

Doping Concentration [cm ~-3]

Readout electrode 1, Position (125 um, 12.5 um), Bias = 40 V
Readout electrode 2, Position (12.5 um, 12.5 um), Bias = 40 V
Readout electrode 1, Position (12.5 um, 25 um), Bias = 40 V.
Readout electrode 2, Position (12.5 um, 25), Bias = 40 V.
Readout electrode 1, Position (22 um, 22 um), Bias = 40 V

Readout electrode 2, Position (22 um, 22 um), Bias = 40 V

Readout electrode 1

2e-09 3e-09 4e-09

Time [s]

Y

b

Charge Collection Effiency = 100%

100
— 90 =
S am—
= G
m
9
~ 80 v
3 =8= Position (22 um, 22 ym)
qC, =S~ Position (12.5 ym, 12.5 ym)
C =&= Position (12.5 pm, 25 pm)
E 70 == Position (0 pm, 25 pm)
g ~= Position (0 um, 12.5 pm)
B —&= Position (0 um, 7 pm)
é’ =8= Position (7 yum, 25 pm)
o 60 :
o !
o |
g 1
< |
< i
O 50 i
—— —©
wp e — | : |
H L L L
10 15 20 25 30 35 40

CLHCP2025, Xinxiang

Bias Voltage [V]



Schematic diagrams of main fabrication steps

P
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(a) Field oxidation (b) Photolithography - FO (c) P-stop implantation (d) DRIE - P*
(e) LPCVD Polysilicon (f) P* filling and P* cap (g) Thermal oxidation (h) DRIE - N* and N* doping
and P* doping
(1) N* cap, Deposition and Etching Al (j) Passivation (k) Metallization on backside (1) Deposition of temporary metal
Epitaxial layer . Doped polysilicon - P* doping - Oxidation Photoresist
Handle wafer Undoped polysilicon [l N* doping B Passivation Aluminum
8
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The mask and wafer

Contact
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» 5-inch mask with 9 layers

» 6-inch p

type wafer with 50 um epitaxial layer

The sensors are in 4 inch efficient area
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Leakage-Current (I-V) measurements

Sensor

labprob-Data-IV-USTCNRFC3D-W2_double-comparison [Log]
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* The sensors deplete in few volts
* The leakage current of normal sensor after full

depletion is in order of several 101! A

*  The break down voltage is about 114 V
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The set-up of Transient Current Technology (TCT)

1/11/25

Tempareture: room temperature

3D sensor: the central pixel of 5x5 array with cell size of 50X50 pum?
Laser: 1064 nm (infra-red), < 11 um beam spot (FWHM)
Trigger: laser sync. signal
USTC Amplifier board designed for 3D sensor
Oscilloscope
e Sampling rate: 40 Gs/s (two channels)
* Time window: -50 ns ~ 50 ns
* Full bandwidth

CLHCP2025, Xinxiang 11



Averaged Amplitude [V]

The results of TCT measurements
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Collected Charge [fC]
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The set-up of -source measurments

SO Coldbox
] Amplifier board
USTC
Fon.., PEOWE..., . Beta source
(90sr)
Sensor
Trigger DUT

e Temperature: 20 °C
« DUT: USTC 3D pixel sensor, the central pixel of 5X5 array with cell size of 50X50 pm?
» Reference & Trigger: USTC-IME W17 P4 LGAD, 165V (40.23 ps)
e Oscilloscope:
e Multi-stage trigger: 35 mV for 3D, 100 mV for LGAD
e Sample rate: 40 Gs/s
* Full bandwidth
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Amplitude [mV]
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Time resolution

One typical coincident event
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Summary

« The 3D silicon sensors with pixel size of 50X50 pum?, and active thickness of

50 um have been fabricated.
* The 3D silicon sensors with pixel of 50x50 um? have been characterized:
* The IV measurements shows the break down voltage is about 114 V.

* Using TCT measurements, the depletion voltage is around 10 V and the

measured pixel size is about 57.5 um.

* The time resolution 1s 44.86 + 4 ps (20 °C, 110V) tested by the [3-source.
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Thanks for your attention!
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Back up
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Inner detector and the upgrade

\ Barrel semiconductor fracker
gl Pixel detectors

Barrel transition radiation tracker

LHC: Pileup

End-cap fransition radiation fracker

End-cap semiconductor fracker
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HL-LHC: Pileup of 250

With high pile up and hard radiation environment:
* Full inner detector replacement — Full silicon tracker, Inner Tracker (ITk)

* A timing detector at the end-cap will be added — High Granularity Timing Detector (HGTD)
1/11/25 CLHCP2025, Xinxiang



Inner Tracking (ITk)

R ket [ e Challenges of High-Luminosity LHC (HL-
\ B8 | g 7000t
Solenoid \ — :Iolﬂm S AC AT 1PN LHC):

*  Radiation levels: ~ 2 X 101 nyq/cm? for
innermost pixel layers
*  High hit-rate capability (up to 200 events
per bunch-crossing)
* Sensors requirements:
Il 2= =2 *  Small pixels: 50 X 50 and 25 X 125 um?
T Thinner active region (~ 150 um)
e Narrower electrodes (~ 5 pm)
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*  One quadrant of the ITk pixel system * Simulated hits in silicon pixel layers of the [Tk [1]
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https://iopscience.iop.org/article/10.1088/1748-0221/18/02/C02014/pdf

ATLAS High Granularity Timing Detector (HGTD)

» To measure high-precision time of charged particles in the forward region (2.4 < [n| < 4.0)

while with ~1 mm position resolution, complementing the Tk
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3 ring layout

HGTD requirements:

Withstand intense radiation environment

*  Maximum fluence: 2.5E15 n_ /em?

« Total Ionising Dose (TID): 2 MGy

* Collected charge per hit >4 {fC

*  Timing resolution: 35 ps (start), 70 ps (end) per hit
/ 30 ps (start), 50 ps (end) per track

* Hit efficiency of 97% (95%) at the start (end)
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Main Milestone: ATLAS IBL 3D pixels sensors

* Double-sided 3D sensors supplied by CNM and FBK
* Excellent performance up to > 5 x 10!° n,, cm2

Cell efficiency maps (120 GeV pions, CERN — SPS)

p-type Bias Electrodes n-type read-out Electrodes

. ¢ 1 10 [» Aaa l I I I I I l
o
S 0.98 9‘; .
SCC-81, n-irradiated to 5 x 10%° ne,cm™ 7 °F o *’
100 ;- 5 _ 7T o ® -
| gg 2 | .- E 6 ° .’0 'l
40°F E 5F . [ ]
20F P a4l ‘e o* =
0, *
0 3 FBK13 - un-irradiated A
100 2} | el
60 [ g omn e S 8
40 B 0 b
208 0 25 50 75 100 125 150 175 200 225 250 275 300
00 Bias voltage (V)
SCC-81, normal incident, HV = 160 V, Threshold = 1500 e: Eff = The ToT-collection charge corrention
97.46% is not shown in this plot.
SCC-34, 15° incident, HV = 160 V, Threshold = 1500 e-: Eff = 98.85%
ATLAS IBL, JINST 7 (2012) S. Grinstein. A.
P11010 Micelli.
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The key technology: Deep Silicon Etching

* Deep Reactive Ion Etching (DRIE): Bosch, alternating etch cycles (SF¢) and passivation cycles (C4Fyg)

i% %Radicals
J i‘: ::3".:: ﬂ% M:

Si Si

USTC-NRFC 3.0kV 9.4mm x450 LM(UL)

¢ Metal-Assisted Chemical Etching ~ A. Nur’aini. et al. ACS 7 (2022)
[siFc? ] [w]

IE B R *  Fairly high aspect ratio (15:1)

* obvious defect in the side walls
, { *  The irregular bottoms
» ‘ ‘ ’ , * The thickness/kind of noble metal and
l ’ ! ’ \ l ! ‘ | | ! ‘ | the solution ratio should be selected
very carefully

- Noble metal - Sisubstrate @ Siatom

[;g U Diffusion of reagent and byproduct

......

{111 Diffusion of Si atom-I: Oxidation of Si USTC-NRFC 3.0kV 10

X250 LM(UL)

......

e Laser Etching X Shi, SiC high timing resolution detector, 2023

I

Entrance 103

*  More defects can cause high
leakage current in silicon detectors

Exit 81
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https://doi.org/10.1021/acsomega.2c01113
http://cicpi.ustc.edu.cn/indico/getFile.py/access?contribId=89&sessionId=2&resId=0&materialId=slides&confId=5064

Experimental conditions

FERZRAXZHNARRSHSERC |

USTC Center for Micro- and Nanoscale Research and Fabrication L
NANO - USTC USTC Nanoscale Research and Fabrication Center and

%F@g%g %%ﬁ%} W {5 g@ @%ﬁ ﬁg m Suzhou Institute of Nano-Tech and Nane-Bionics

SINANO
SuzhoulinstitutelofiNanogiechiandiNancBionicsI(SINANO)EnineseycademyJIofiSciences] ( )

Plasma System100 ICP180 - PlasmaPro NGP 80 -
Dry etching Al Dry etching SiO,
. A »

The 6-inch experimental fabrication line is available in

SKT6, etc - Wet etching
> E
=

Tystar mini-tytan 3600 -
Deposition/Diffusion
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Capacitance and Fill Factor
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Hexagonal pixel
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Pixel Length
Capacitance is the main noise source. The smaller diameter and shorter length of electrode is benefit for

small pixel cell.
The larger fill factor means less insensitive area. The smaller diameter of electrode can also make the

fill factor larger and the square pixel has larger fill factor compared with other common shape.
Also considering the experimental conditions, we focus the development of 3D silicon sensors with

square pixel of 50 pm X 50 pwm, electrode diameter of 5 pm and length of 50 pm in the first batch
25
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