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LGAD detector >

»Low Gain Avalanche Detectors (LGAD) is a silicon detector technology developed recently, that could
measure the particle time at ps precision (~30ps).

n**-p diode ’_D
 n++
» Compared with PIN, a gain layer between P and N++ is added: ) A
> Work in a linear mode, Gain:10~50 P multplication
> Good Signal/Noise ratio without self triggering
o Thin depleted region to decrease t,;. (fast timing) R ',.é‘o"
":oi_ Signal I/; i G Excess Noise Factor
II" ighot x [ISurface+ (IBulk )GzF]
»Owning to its good performance, Best S/N ratio / shot noise
LGAD technology is chosen as A (E;Zf:?n"éigiﬁem)
detector for ATLAS HGTD and
CMS ETL project. 10 10 1000 " By Nicolo Cartigli

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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E&I!Tﬁé H GTD d Ete Cto r o ~3.6 million 1.3 X1.3 mm? pixels(chann:I.;,z

» At High Luminosity —LHC: > Time resolution target
> |nstantaneous luminosity up to 7.5X 1034 cm2s! > 30-50 ps /track
o Pileup: <u>= 200 interactions per bunch crossing ~1.6 vertex/mm on average > 35-70 ps/hit up to 4000fb

»Timing information can be used to reduce pile-up and improve object

. »Two end-caps
reconstruction

o z= +3.5m, Total radius: 11 cm <r <100 cm
» A High Granularity Timing Detector (HGTD) is proposed in front of the > Active detector region: 2.4 < |n| <4.0
Liquid Argon end-cap calorimeters for pile-up mitigation

o Combining HGTD high-precision time measurement and ITk position information
(vertices longitudinal impact parameter) | | | ‘ B2

o Will improve performance in the forward region

o In addition, will provide a direct measurement on the luminosity

o )
T s ;-*';”,; Active Area
| \ r- L4 \

Moderator/
Outer part

[ co2 cooling J
|_manifolds |
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X BTLAS LGAD sensor for HGTD o

» ~21,000 LGAD sensors for HGTD project

» Requirements:
*Size: 15x15 array, 1.3x1.3 mm? pixel size
*Active thickness: 50 um(Thin: faster rise time, lower impact from radiation)
*LGAD sensor can withstand the lifetime of the HL-LHC running: irradiation requirement
Maximum ngq fluences: 2.5X10%° n./cm?
Total lonizing Dose (TID): 2 MGy at the end of HL-LHC (4000 fb-1)
*Time resolution: 35 ps (start), 70 ps (end) per hit, while 30 ps (start), 50 ps (end) per track
*Collected charge per hit >4 fC (minimum charge needed by the ASIC to hold good time resolution)
*Hit efficiencies of 97% (95%) at the start (end) of their lifetime

Maximum fluence with replacements
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X BTLAS LGAD sensor for HGTD -

e To improve the irradiation hardness of LGAD sensors
* |HEP USTC FBK: optimized the doping concentration
adding the Carbon to gain layer
* Requirement of charge collection and time resolution is determined, and gets better with the increase
of bias voltage
 Carbon enriched sensors show very low acceptor removal coefficient(1-2x10~16 ¢cm?),which would
reduce the required voltage for enough charge collection and avoid the SEB

r N Irradiation Hardness Reinforcement by Carbon
Boron substitutional (Bs) g8 .
| Doping:

X m O @Oo@oo@ v" LGAD forms defects after irradiation, and the

SRR Y € boron in the gain layer moves

v Carbon is more active than boron, carbon fills
the defective area, boron is not easily lost

Single Event Burnout (SEB)
At high working voltage
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YATkAS ATLAS HGTD sensor status -

» LGAD sensors for HGTD project: ~21,000

“IHEP design:90% Vendor | |Percent _

*USTC design:10% IHEP-IME CERN 54%
China in-kind 24%

» In 2023, IHEP design LGAD sensors be selected in the HGTD Spain in-kind 12%
sensor tendering process. USTC-IME China in-kind 10%

» Pre-production started at June 2023.

» Sensor pre-productions finished in 2023 — produced comfortably
enough sensors for HGTD needs.

» HGTD group testing results show that the sensors properties
fulfill HGTD specification.

QC-TS .m0 Main se
4T Y

IHEP-IME USTC-IME
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ATLAS

EXPERIMENT

ATLAS HGTD sensor status

Pre-Production

* Acceptance of sensors has been set up based on pre-production results

e 117 wafers have been fabricated

e About 1000 good sensors are checked in this phase

* Production Readiness Review passed on July 25,2024
* Final production started after the PRR

Table 4: Required electrics properties of produced Sensors at room temperature
(* applies also to irradiated sensors, Qfor irradiated sensors at -30°C)

4680 1404 6084

Pad leakage current (Vyqg condition)

Over one senspr

Break-down voltage (Vbd)
Device total leakage current

Vlpad spread over the Sensor*

1702 208 1910
<500 nA
Vo>V + D 2 Vium
<20 pA/cm? at bias voltage <Viq
RMS(Veipad)/<Vipad> <0.005 789 118 907

Vbdpad spread over the Sensor*:”

RMS(Vbd pad)/<Vid pad™> <0.05

Among sensars

Pad leakage current spread at 0.8- Vg

Peak-to-Peak within a factor of 3x

Variation of the Vi between different
Sensors

Variation of the Vg between different
sensors

+10% from the average Vi

+1% from the average Vg

Variation of the Vg between different
Sensors

8% from the average Vg
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ATLAS ATLAS HGTD sensor status —

EXPERIMENT

» The 15x15 array sensors have good IV performance and uniformity

Breakdown voltage deviation for 225 pads is less than 5% : RMS(Vyq pad)/<Vpd pad™> < 5%

The ratio of the maximum and minimum leakage current is less than 3 (Pad leakage current spread at 0.8V,4) ,peak to
peak within a factor of 3X.
> Yield: pad yield: >99%, sensor yield: ~64%

Mapping of V4 of sensors on one wafer Leakage current(A)
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@AT'-AS ATLAS HGTD sensor status =

Performance of pre-production sensors: Beam test results
* Collected charge: The sensors can collect more than 15 fC charge before irradiation and >4 fC charge after irradiation
at bias voltage <550 V (SEB limit)
* Timing resolution: The timing resolution is better than 35 ps (50 ps) before(after) irradiation(fluence 2.5X10% n.,/cm?)
* The collected charge and timing performance of sensors from pre-production fulfills HGTD requirement.

Collected Charge - HGTD TB June 2024 Collected Charge - HGTD TB June 2024 Time Resolution - HGTD TB June 2024
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@g\ﬂ?ﬁé ATLAS HGTD sensor Beam Test

Performance of pre-production sensors: Beam test results

Efficiency : 95%~100% for sensors before and after irradiation, fulfills HGTD project requirement
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Hit Efficiency - HGTD TB June 2024
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ATLAS  ATLAS HGTD sensor status (Module)

»LGAD sensors are connected with ASIC (Altiroc) chip using bump bonding

»Then two hybrids are placed on module flex(one module ), the module is supported by support unit

Module on support unit
Module flex Connected to Peripheral

~ Electronics Board @3

X-ray image of hybrid

ood sensors picked

50 o 0 T A
EENEE s
N

BB BT
i & & n R

Full Module
Itiroc wafer with ball for bump bondin

A

Cooling plate
CLHCP2024



ATLAS

EXPERIMENT

Pre-production LGAD Sensor + ALTIROC-A (ASIC) hybrids

Tested at SPS

Timing resolution can reach 50 ps for the sensor/ASIC module
The efficiency is larger than 98%
Long term stability is proved

ATLAS HGTD sensor Beam Test
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ATLAS ATLAS HGTD sensor Beam Test —>

EXPERIMENT

b507_r7479:Timing resolution on different pixels (Map)(Best with Res.)

7

# Row

Comparison between ALTIROC-A and ALTIROC-3 hybrid performance

T 62_5 [T T T T T T T T T T T T T T T T T T T T T ]
= o ., & TBAug24; B37; Vi»=6{C ;T=-39°C; Position: Top Right o8
g 60.0— e #———=d TB Sep24; B118; Vy=5fC ; T=-35°C; Position: Center —]
= P —— -& ' TB Sep24; B117; Vyp=4fC ;T=-35°C; Position: Center  _]
57.5 :— . = = TB Sep24; B109; V4,=5{C ;T=-35°C; Position: Center —:
550 :_ ‘\~\\ —: 3 65 7 75 8 85 9
- T = Non=irradiated
52.5 :_ ‘\§ _: ASIC Timing Resolution (1lsb, tw)
50.0 L S8 * ALTIROC-3 hybrids 3 g
4756 —ALIIRQC-A hybrids_ _ . _ _ _ ~ o P T
- \ =
45.01— @S. EI D. Hammoud Best time resolution \+ —
257"g  e0 100 110 120 130
HV V1
* 47.5 ps of timing resolution is achieved ! | | s
* Good homogeneity among modules 2.5E15 Neutron
* No significant change is observed after irradiation irradiation
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G ) And beyond: AC-LGAD as timing detector =

AC-LGAD microstrip sensor is the choice for CEPC OTK baseline to provide both spatial resolution
(bending direction) and timing resolution. ——— ey

The outer silicon tracker (OTK) requirement:

e Spatial resolution: 10 um (with a strip pitch of 100 um)
 Time resolution: 30-50 ps .

AC-LGAD (AC-coupled LGAD)
Continuous gain layer e

- Time residual sigma: 47.1 ps
. Time resolution: 37.5 ps

DC cathode

JTE JTE 20

P R el e N |
1.9 2 2.1 22 2.3 24 25
Time [ns]

Depletion region
(Active layer)

p-type Bulk

Anode

— e Pitch 150um:
7 Best spatial resolution

* metal AC readout electrode and a thin dielectric layer ]
1~8um

(SisNy, SiO,) above the N+ layer
* Less dead area and better position resolution
* Research institute: FBK, HPK,INFN, BNL, CNM, USTC, IHEP...

CLHCP2024 15




Summary

» LGAD is chosen as detection sensors for HGTD project as it has good time resolution
<30ps to improve pile-up.

»Carbon enriched LGAD sensors show good radiation performance. The sensors fill the
HGTD requirement, including charge collection, time resolution and hit efficiency.

»For ATLAS HGTD project, LGAD sensors’ pre-production is finished, and sensors fulfills the
project requirement. Review passed and final production started. Final production is in
progress.

» The beam test of module (sensor + asic) reaches a timing resolution of better than 50 ps.

»Further study of AC-LGAD as well as application on the future colliders is ongoing, to make
it a 4D detector.

CLHCP2024 16
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And beyond: Monolithic LGAD?

»Monolithic LGAD: Fermilab, University of Geneva, CERN, INFN, CNM, FBK...

electrode NMOS PMOS

i piwe” wen ] EPllayer Monolithic silicon sensors with very high time

Electronic circuit resolution will enable making 4D

‘ Gain layer - measurements better and in a single and cost-
LGAD sensor

effective silicon tracker, and will also influence

for charge how future particle-physics experiments will be
multiplication designed and constructed.
and sensing

---G. lacobucci et al 2022 JINST 17 P10040

' Backside p+ layer, metal

MAPS detector timing information: 10ns—> < 50ps

» Researches at IHEP:

* Simulation by using TCAD tools is ongoing.

«  LGAD with MOSFET transistor be fabricated and tested. Amplifier design ongoing.

CLHCP2024 18




Wi LGAD sensor for HGTD -

»LGAD sensors from many vendors have been studied during the R&D phase of the HGTD project.

» Active vendors include: HPK (Japan), FBK (Italy), CNM (Spain), IHEP-IME (China), USTC-IME (China), IHEP-NDL

(China) ... HPK-P2 (2022) FBK-UFSD 4.0 (2022) CNM Run 15973 (2022)
AILAS gt s

caLiay e B

USTC-IME-v2 (14/2021) NDL-v4 (2021)

First full 15x15 wafer

THE 2024 INTERNATIONAL WORKSHOP ON CEPC



ATLAS HGTD detector

»The High Granularity Timing Detector (HGTD) is designed to provide
precise timing information to mitigate pile-up in HL-LHC.

o ~3.6 million 1.3X 1.3 mm? pixels(channels)
> 6.4 m? active area
° Time resolution target
> 30-50 ps /track
> 35-70 ps/hit up to 4000fb?
° Luminosity measurement
o Count number of hits at 40 MHz (bunch by bunch)
o Goal for HL-LHC: 1% luminosity uncertainty

»Two end-caps
o z= +3.5 m from the nominal interaction point
o Total radius: 11 cm <r< 100 cm

o Active detector region: 2.4< |n| <4.0

» Each end-cap

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

CLHCP2024

Double sided
layers

Front cover

Peripheral
Electronics

C02 cooling
‘manifolds_

Moderator/

| Inner part

1 [ ==
L osckcone




HGTD detector .

> 2 disks, each Disk: Modules

° Double-sided layers mounted on a cooling plate
° 3 rings layout regarding to the fluence received
Overlap between modules on inner, middle and outer ring

o Replacement of inner ring every 1000 fb! and middle ring at 2000 fb! to
maintain performance

B Sensor } Module
Inner Ring: Middle Ring: Outer Ring: I ASIC
70% sensor overlap 50% sensor overlap 20% sensor overlap s Cooling plate
2.6 hits/track 2.4 hitsltrack 2.0 hits/track

20mm

- >

120 mm 230 mm 470 mm 660 mm

FLEX tail

Connector

o Two bare modules be connected with one
module FLEX

o Module Flex be connected via flex tails,
arranged in rows, to the Peripheral Electronics
2teaps@xaemd — Boards (PEB) @ 660 < r <920 mm

» 8032 modules, each module: Components
° consists of two hybrids AR

(2 sensors+ 2 ASICs)
o 2x4 cm?, 15x30 channels Wire-bonding

HV connector

HV wire-bonding

Bump-bonding

CLHCP2024




N Future collider: CEPC o

mg(g)zet . SRS m*’“
HCAL 1500 °°"\ 9
ECAL == ...gaa'\a%ié“%’\w
Outer Silicon Tracker (OTK) SURR [
Time Projection Chamber (TPC) € | 7 7 T
Inner Silicon Tracker (ITK) =™ 7 0 e
Vertex Detector @ oo e e éaé(iﬁé@--,@;jz
........ éas-(iﬁég;-,\';_'o'.
» CEPC--huge measurement potential for precision tests of SM: Higgs, K/pi separation K/p separation
electroweak physics, flavor phy5|c.s, QCD/Top | lzé R e—— I:E o \ ....... —_
» Produce 1012 Z boson at Z pole: Rich flavor physics program |- kmor I e
» The LGAD based OTK (+TOF) detector will be placed between TPC and ECAL Z I \\ -1 :g :\\ — Kip dE/dkeTOF
» Timing detector is complementary to gas detector: = 5 L] me 22 |
improves the separation ability: 0 - 4 GeV for K/pi separation, 0 — 8 GeV for 2 emmmm 2
K/p separation TR TR
. 2 2 N 1 10 10 . 1 10 10
» Barrel : 70 m?, Endcap 20 m . 3
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Q/é AC-LGAD as timing detector =

AC-LGAD microstrip sensor is the choice for CEPC OTK baseline to provide both spatial resolution
(bending direction) and timing resolution.

The outer silicon tracker (OTK) requirement:

e Spatial resolution: 10 um (with a strip pitch of 100 um)

. _ 5cm-9cm length
e Time resolution: 30-50 ps

LGAD (Low-Gain Avalanche Diode) AC-LGAD (AC-coupled LGAD)
Segmented gain layer o CO”t"9.999-5--33-}-2549}{?r
et
!
e .?h
e.oh ‘ Deplet g
(Active layer)
e ey prype Bulk
ptype Bulk e —
e~ "
Ao * metal AC readout electrode and a thin dielectric layer (SisN,,
* The read-out electrode is placed and Si0,) above the N+ layer
connected to the N++ layer. .

Less dead area and better position resolution

* Research institute: FBK, HPK,INFN, BNL, CNM, USTC, IHEP...
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&6 AC-LGAD R&D

® AC-LGAD sensor simulation: Optimization of process and structure parameters

Process parameter: n+ layer dose, AC dielectric material and thickness

Structure parameter: pad shape, pad-pitch size

>
&

e T L T T T T T T T e

=
8

pad/pitch percent = A/B

dielectric
thickness

g

e T T T
IO

8

8

cathode

Charge[e-15C]
N
8

8

It

3

e
N
(=]

Fractio
o o
8 8

—————

°
g

8332333383 °SRR338888
" Hit Position[um]

~+- 1el8 padl
~=- 1e18 pad2
-+ 1el8 padl+pad2
~+-2e18 padl
~=-2e18 pad2
-+ 2e18 padl+pad2
-+ 3el8 padl
-=- 3el8 pad2
-+ 3e18 padl+pad2

~+-1el8 padl/(padl+pad2)
~=-1e18 pad2/(padl+pad2)
~+-2e18 padl/(padl+pad2)
~=-2e18 pad2/(padl+pad2)
-+-3el8 padl/(padl+pad2)
-=-3el18 pad2/(padl+pad2)

Lower n+ dose—> Large resistivity —good spatial resolution

TCAD model of AC-LGAD for simulation

Design of AC-coupled low gain avalanche diodes (AC-LGADs):
a 2D TCAD simulation study, JINST, 2022.9,

DOI:10.1088/1748-0221/17/09/C09014
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http://dx.doi.org/10.1088/1748-0221/17/09/C09014

&L AC-LGAD development at IHEP -

AC-LGAD R&Dv1: — AC-LGAD R&Dv2:

P|xele.d A(?'LGAD . . Pixeled and strip AC-LGAD

* With different pad-pitch size  With different pad-pitch size
1000-2000um 1000-2000um pixel -
100-500um , 100-250um strip
100-200um 100-150um strip

>0-100um 50-100um strip

* waters: with different n+ dose: 10P to 0.2P * wafers: with different n+ dose:0.2P to 0.01P
Process parameters be studied.

The performance of large-pitch AC-LGAD with different N+ The performance of AC-coupled Strip LGAD developed by
dose, Trans. Nucl. Sci., 2023.6 IHEP, NIMA, Volume 1062, May 2024, 169203
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NG AC-LGAD R&D =

Spatial resolution: Laser testing Amplitude information

0.6
0.58
— — 0.56
Spatial resolution “— 0l 0.54
s 0.52

0.5
0.48
0.46
0.44
0.42
04

T T T T T T T T T T T T T

¢ Amp 2/(Amp 1+Amp 2)

Ratio R

Strip 1 Strip 2

lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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30 120 160
Position [um]

]
E
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T 'I""I""I""|IT'+'"I"“l""l""#— r—-|16:
L. . 0.05_— Ta — E 14 i
Position reconstruction x | ot o 125 e % g
02 :_ 0.04 = Gap 2100 jim Sigma: 10.9 ym__| 8 12 é
= [~ Gap 350 pm Sigma: 8.3 ym o= § r
o:— © 0 00 00 0 00000 00 OGO OGS OO OO OO g1 : ] —'810 - /X
= S oo -4 & s /*
-0.2E = x 1 = 8 %
04— g = N 1 8 3
i Laser Position § 0.02]— — o 6 é —=— Measured
_0‘85_ @ Reconstruction = E E 4 g S
E : " : : : y . 0.01— : — 2 E Spatial Resolution vs. Pitch
= 40I l60I I IBO ‘ I100‘ . .120I ‘ l140l I 1(‘30I l 180 - o 7] 0 E..Erpnm.s.tl:ip._l.‘c.;Anq...n....n....l....
reconstructed positions ! ewrenie T T P TR Pois v ww 130 150 170 190 210 230 250 270
—40 -30 -20 -10 0 10 20 30 40 .
Recon-Laser [1m] Pitch [pm)]
Pitch 150um: Best spatial resolution~8um The performance of AC-coupled Strip LGAD developed by

IHEP, NIMA, Volume 1062, May 2024, 169203
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&l AC-LGADR&D =

e Strip length 5.6mm
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The time resolution does not change significantly, ~15-17 ps.
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N AC-LGAD R&D

% r
> Beam testing for spatial resolution: low noise board design ongoing 7

Slope of vol. Size of signal

=S
O-TL

Ramping time

»Timing performance of LGAD with long strip:

Large capacitance: effect to the timing resolution and power consumption

Long transmission lines: signal delay, impedance, capacitance between strips

Process control and yield

» Prototype design for the CEPC application:

v'Pitch as 50 um, 75 um, 100 um, 200 um, and the strip length as 1cm, 2cm, and 4cm..

v optimized design for reduction of the sensor capacitance

v'Process design for better spatial resolution

Pitch: 0.05 mm-0.5mm

CLHCP2024



CEPC OTK Barrel Design (AC-LGAD Strips)

8" wafer Module (2X2 sensors) Ladder (16 sensors)

! I !Optical module

15t Data aggregation Data Link 2nd Data aggregation

FPC

CEPC outer silicon tracker (OTK) utilizes AC-LGAD (Low
Gain Avalanche Detector) developed by IHEP-IME:

* Sensor size: 8.75cm X 5.22 cm
9.00cm X 5.22 cm
Strip number per sensor: 512

* Strip pitch size: 100 um
* Spatial resolution: 10 um
* Time resolution: 50 ps

* Power consumption: ~300 mW/cm?
Maximum usage of silicon wafers for OTK barrel: a total 3,520 wafers,

with 15% higher efficiency compared to a conventional single-piece



CEPC OTK Endcap Design (AC-LGAD Strips)

Endcap (16 sectors, 10 m?): 1/16 Sector: Sensor: 8" wafer (group C sensors)

Group D: 1400 mm-1816 mm

Group C: 1008 mm-1400 mm ——» '

Group B: 662 mm- 1008 mm

Group A: 406 mm- 662 mMm =—p

* OTK endcap consists of 14 rings, arranged into 4 groups.

e Each group contains 2-4 types of trapezoid sensors, which
can be fitted to one 8" silicon wafer.

* Each group of sensors is aligned to a 1/16 sector.



Backup

9 AC-LGAD sensor testing system Pico-second laser testing system for AC-LGAD
Pico-second ke
Laser il ' —

Synchronous pulse
¥ P Focuser " T amh

Pre-amplifier i Sensgr S Boaiey

_ DUT LGAD
Signal —
. ““Ricosecond lasekn

Readout board P e R 5 & adls 7 1064nm

Y7 Amplifier

t
Oscilloscope — Data analysis

ty, trigger channels readout board with fast amplifiers

Picosecond laser testing system
* Automated scanning
 Displacement accuracy: 1 pum

* Picosecond laser: 1064nm

* Laser spot size: 2~5 um

Position reconstruction,
spatial resolution and
timing performance of AC-
LGAD be calculated based

on the results from 4 pads.
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reconstructed 6x6 positions Spatial resolution: reconstruction - laser

interpad
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Good consistency
X=X0+kx(QA+QB—QC—QD)=X0+kxm
qatqst+qctap S ial luti
Y = Yo + ky(qA + dp — 4 — qC) - YO i kyn Discretized patla reso ut|0n . .
qa+dp+ac+ap Positioning * the sigma of the difference between the laser
Correction factor: &, k, Circuit model and the reconstructed pOSition
ky =L 2(miyq — mi)z ky =L XNy — ni)z (DPC)
XMy —my) 2(niy1 — 1) 0] . — .
spatial reconstruction—laser
Discretized Positioning Circuit model
Machine learning method ongoing
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IHEP AC-LGAD
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Position resolution as n+ dose changing Timing resolution(laser testing): 15ps
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