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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
»Compared with PIN, a gain layer between P and N++ is added: _

on++
- p avala.nc.he.
> Work in a linear mode, Gain:10~50 3°L4°°“m p ~50um j o
> Good Signal/Noise ratio without self triggering
o Thin depleted region to decrease t,, (fast timing) A .
"g_ Signal T Excess Noise Factor
c:; Sig
i.%hot x [ISurface+ (IBulk )G2F]
»Owning to its good performance, Best $/N ratio —|
LGAD technology is chosen as detector [T/ Hlecironic nolse
for ATLAS HGTD and CMS ETL (gain independent)
roject. — ' : >
p J 10 100 1000 Gain By Nicolo Cartiglia
Noise increases faster than then signal

- the ratio $/N becomes worse at higher gain
https://doi.org/10.1201/9781003131946
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AR HGTD detector o

—=10°¢
; : : . E [ ATLAS Simulati
>At ngh Lum|n03|ty —LHC éﬂ Single p, Tk Il.r:?itf:,lﬁggx 50 um?, analogue clustering
> Instantaneous luminosity up to 7.5X 103 cms1 B gt ..
F =p =1Ge
o Pileup: <u>= 200 interactions per bunch crossing ~1.6 vertex/mm on average - P, = 10GeV "

»Problems of the vertex reconstruction in ATLAS - o e oo Lot

Degradation is more significant in the forward region compared to the central region ' P ek o
> Need z, resolution < 0.6 mm = s patt
> Liquid Argon based electromagnetic calorimeter has coarser granularity D"'*'*Ej;"-"-‘d'; S H‘?LE-“?“-“‘-';!;E“- .|
> New inner tracker (ITk) has poor z resolution in the forward region true track In
. . . . 508 T L T
»Timing information can be used to reduce pile-up and improve object s f ALATSaSS
reconstruction 5T Mo
. . . . - - %04:_ ﬁ* ) ) a;" —:
» A High Granularity Timing Detector (HGTD) is proposed in front of th ol faf ot L B N
Liquid Argon end-cap calorimeters for pile-up mitigation © OE_ & “;*hg;g;,g%;;ﬁ;& ﬁi%’; fe
o Combining HGTD high-precision time measurement and 1Tk position information S Lk *‘;W{*{gﬁfw* %
(vertices longitudinal impact parameter) ~E P L E
> Will improve performance in the forward region >E ) " B
> In addition, will provide a direct measurement on the luminosity . TR ..

THE 2024 INTERNATIONAL WORKSHOP ON CEPC 4



i 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 1.3 X 1.3 mm? pixels(channels)

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

Double sided

» Two end-caps
oz~ x3.5 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

‘ ! i
| Moderator/ -.
Inner part 3 ‘
: <
N
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| | HGTD detector,,,,.. e
» 2 disks, each Disk:

> 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

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

. Sensor Modul
— ASIC odule
Inner Ring: Middle Ring: Outer Ring: s Cooling plate
70% sensor overlap 50% sensor overlap 20% sensor overlap |
2.6 hitsltrack 2.4 hitsltrack 2.0 hitsltrack
20mm
5.5mm ., B4mm 14.5mm
3 1} 1Y
A A I}
120 mm 230 mm 470 mm 660 mm

FLEX tail

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
Boards (PEB) @ 660 <r <920 mm

»8032 modules, each module:
o consists of two hybrids
(2 sensors+ 2 ASICs)
o 2x4 cm?, 15x30 channels

HV wire-bonding

Bump-bonding
TECHNOLOGY & INSTRUMENTATION IN PARTICLE PHYSICS (TIPP2023), MEI ZHAO



e L GAD sensor for HGTD -

» ~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 n, fluences: 2.5 10% n, /cm?
Total lonizing Dose (TID): 2 MGy at the end of HL-LHC (4000 fb1)
*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

MaX|mum fluence with replacements
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S 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 (ltaly), CNM (Spain), IHEP-IME (China), USTC-IME (China),
IHEP-NDL (China) ...

HPK-P2 (2022) FBK-UFSD 4.0 (2022) CNM Run 15973 (2022)

e

oL <roe I

IHEP-IME-v2 run (07/2022) USTC-IME-v2 (14/2021) NDL-v4 (2021)

A\ First full 1515 wafer
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i LGAD Development at IHEP -

IHEP-NDL(2019) IHEP-IMEV1(2020.9) IHEP-IMEV2(2021.6)

Pre-production for ATLAS (2023.7)

.- ‘ Mass production
y #
| . for ATLAS (2024.7)

THE 2024 INTERNATIONAL WORKSHOP ON CEPC 9




A ATLAS HGTD sensor status -

»LGAD sensors for HGTD project: ~21,000 Vendor |  |Percent |
*|HEP design:90% IHEP-IME CERN 54%
*USTC dGSigﬂ:lO% China in-kind 24%

Spain in-kind 12%

> In 2023, IHEP design LGAD sensors be selected in the HGTD USTCIME China in-kind 10%

sensor tendering process. Warer Cond sencors
» Pre-production started at June 2023. --
» Sensor pre-productions finished in 2023 — produced comfortably = o - cg ~1.700
enough sensors for HGTD needs.
> HGTD group testing results show that the sensors properties e e
fulfill HGTD specification.
» PRR passed at July 2024, and final production started after it.

QC_-L\ , _Qain se
A

IHEP-IME USTC-IME
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ATLAS ATLAS HGTD sensor status —>

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

Breakdown voltage deviation for 225 pads is less than 5% : RMS(V g paa)/<Vpg pag™ < 5%

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

Mapping of V,, of sensors on one wafer L eakage current(A)

| | —200 o5 . J IHEP 20WS0000400011@2.5E15 1'1‘?_,.“1./(:11'1E

g lllllllllllllllll ] 180 6 : labprob-Data-IV-IHEPIMEPTre-15x15-2.5E15-20WS0000400011 [Log]
e 0 F g 10 R

: zzzzEz=ss HGTD
= —7 L 5 o e

: —140 10 é, 10

; 120 B % 104 i..‘ grgtep .u_:?

E 10_3 = < a R P Fa o3 o3 e
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% - 60 10_10 ;:— ‘10“

é E 10°°
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g : 10—12 IIIIIIIIIIIIIIIIIIIIIIIIII]III]II]IIIIIIIII BiasVOItage[V]
B L 0

0O 20 40 60 80100120140160180200220
Bias voltage(V

Vep Map
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ATLAR 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
g% g T Z %
o Unirradiated o 14— thoq = 1.5 x 10'°ngqom2 s [ —@— USTC-W7P50
S5l o r —a&— IHEP-B2W16-P52 2 [ —@— IHEP-B3W10-P51
Al o eTeRe B2l g = 2.5 x 10" ngqom 3 70 —&— IHEP-B2W16-P43
- —®— HEP-B3W10-P51 12~ —A— USTC-W15P49 @
o [ —&— IHEP-B2W16-P52
401 —&— IHEP-B2W16-P C —&»— IHEP-B2W16-P49 T
- -B2W16-P43 r % USTCW1SP1 i —A— USTC-W15P49
- 10— —s7— IHEP-B3W10-P49 60— —&— |HEP-B2W16-P49
351 L - —3— USTC-W15P1
C 8 i —— IHEP-B3W10-P49
30 ? C 50—
- 6 i
25— B L
- a- 40
20— - -
- 2l i
L B 30—
| | | I | | | I | | | I | | I | | I | 0 C 1 ‘ L1 11 I 1 1 11 | L1 11 | | I | | L1 11 ‘ 1111 I 1 111 :
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Bais Voltage [V] Bais Voltage [V] L
20 |1(|)0| L1 l20|01 L1 I3(I)0I L1 ]40|0] L1 I5(IJOI 11 I6(|]0| |
unirradiated sensor irradiated sensor Bais Voltage [V]
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ATLAS ATLAS HGTD sensor status —>

Performance of pre-production sensors: Beam test results
Efficiency : 95%~100% for sensors before and after irradiation, fulfills HGTD project requirement

Hit Efficiency - HGTD TB June 2024 Hit Efficiency - HGTD TB June 2024
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ATLAS ATLAS HGTD sensor status

»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
Connected to Peripheral

Module flex ‘Connecte 7
- - | Electronics Boardgggfs

X-ray image of hybrid

00

sensors picked

LI
.......

X £ C
R ETTE W “ 5 ¥
-‘Inﬁuuw = M nnaey 1

Itiroc wafer with aII for bump bondin

Full Module

A

Cooling plate
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ATLAS

EXPERIMENT

ATLAS HGTD sensor status

Pre-production sensors with ASIC: Beam test results
Timing resolution can reach 50 ps for the sensor/ASIC module

The efficiency is larger than 98%o

- I I [
7? Entries 20
6:— . Mean 49.35
E Mean: 49 pPs Std Dev  2.521
5 —]
4 = <
- 558 482 49.3 449 0
3 506 49.1 473 522 -
25 50.8 49.0 482 E
- 491 511 489 458
1= =
0: [ | P R T T T N SR WA SR N T T T R
100 120 140

1N
o
(2]
o

80

batch 1107, B27, thres=6fC, 149V, -30°C

N EE
| +
i B
) TQC .c..glib. gppl(ed AL

~45 ps after calibration
and time walk correction
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» CEPC--huge measurement potential for precision tests of SM: Higgs,

Future collider: CEPC

Muon

Magnet

HCAL

ECAL

Outer Silicon Tracker (OTK)
Time Projection Chamber (TPC)

Inner Silicon Tracker (ITK)
Vertex Detector

electroweak physics, flavor physics, QCD/Top
» Produce 10% Z boson at Z pole: Rich flavor physics program
» The LGAD based OTK (+TOF) detector will be placed between TPC and

ECAL

» Timing detector is complementary to gas detector:

Improves the separation ability: 0 - 4 GeV for K/pi separation, 0 — 8 GeV for

K/p separation
> Barrel : 70 m? , Endcap 20 m?

1750 A

1500 -

1250 A

1000 -
£
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Cer ) AC-LGAD as timing detector

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

The outer silicon tracker (OTK) requirement :
«  Spatial resolution: 10 um (with a strip pitch of 100 um) 5cm-9cm length
 Time resolution: 30-50 ps

LGAD (Low-Gain Avalanche Diode) AC-LGAD (AC-COUIOIed LGAD)

Segmented gain layer N R
1 diele\::tric I )
ITE ITE
|
| e
.Th ‘ Deplet g
(Active layer)
E(\eg::ti?rl're)gion p-type Bulk
ptype Bk L
Anade » metal AC readout electrode and a thin dielectric layer (Si;N,, SiO,)
» The read-out electrode is placed and above the N+ layer
connected to the N++ layer.  Less dead area and better position resolution

e Research institute: FBK, HPK,INFN, BNL, CNM, USTC, IHEP...
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NG~ 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

4.50 —
T | .
. i e - 1e18 pad1
pad/pitch percent = A/B dielectric o 550 ~1el8 padz
2 ~ 1e18 padl+pad2
thickness % 3.00 T | [ [TTTres 2018 Sadl N
e ~=- 2e18 pad2
9 2,50 [pamrr e
o - padl+pad2
cathode cathode & 200 ~3e18 padl
~=- 3el8 pad2
1.50 -+ 3e18 padl+pad2
1.00 I"— |

e
N
=)

~+-1el8 padl/(padl+pad2)
c 0.60 ~»-1e18 pad2/(padl+pad2)
= 0.50 | ~+-2e18 padl/(padl+pad2)
E T ~=-2e18 pad2/(padl+pad2)
& 040 ~+-3e18 padl/(padl+pad2)

0.30 -=-3el8 pad2/(padl+pad2)
823R839R283°388838R888

Hit Position[um]

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

AC-LGAD R&Dv1:

Pixeled AC-LGAD

With different pad-pitch size
1000-2000um
100-500um
100-200um

50-100um

wafers: with different n+ dose: 10P to 0.2P

Process parameters be studied.

The performance of large-pitch AC-LGAD with different
Trans. Nucl. Sci. , 2023.6

N+ dose,

AC-LGAD R&Dv2:

Pixeled and strip AC-LGAD

« With different pad-pitch size
1000-2000um pixel -
100-250um strip
100-150um strip
50-100um strip

» wafers: with different n+ dose:0.2P to 0.01P

The performance of AC-coupled Strip LGAD developed by
IHEP, NIMA, Volume 1062, May 2024, 169203
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NG AC-LGAD R&D =

Amplitude information

0.6 = -
0.58 —
0.56 E_ Amp 2/(Amp 1+Amp 2) _E
s =
0.52 = —
= osE- 3
Y= =
0.46 E— —=
044 E— Strip 1 Strip 2 =
0.42 —
04 0 30 B ST T 00
Position [um]
T | | T T T T = 16 ¢
. ) 0.05— ‘-': = g 14 F
Position reconstruction - R Gap11%0 ymsigme: 28 ym |
0.2 ;_ 0.04 :_ Gap 2100 jim s:gmn.-z 109 pm_— % ]_2 =
of— CRORCE O OO O N N N I ) = C p'"m'w-“m: —'81() - /X
02F- S 003 4 B g F /X
- 2 - _ < C X
04— Laser Positi = : 1 g 6 E
—O.GE— aser Position g 0.02— - U%' : —8— Measured
osb @ Reconstruction Z E E 4 g v Estimated
- 1 | l 1 1 ] | 0.01/— — 2 E Spatial Resolution vs. Pitch
0 e 80 10 120 140 160 180 - . 0 . FrO.m Strip_LGAID . . .
reconstructed positions L e T T T T T 130 150 170 190 210 230 250 270
—40 =30 =20 -10 0 10 20 30 40 .
Recon-Laser [um] Pitch [pum]
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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@ AC-LGAD R&D -

e Strip length 5.6mm

Timing resolution i o . pad-pitch size:
mrprrr1 T T T L L L L L T T T ] . : 100-250 um
o E 100-200 um
E Sigma: 47.1 E 100-150 um
60_— _
- Beta test .
50— = Timing resolution:
§ b E 20 ¢
A . &19 E
301~ - g18 F
- § :g 17 E
20 - 516 |
E E gls E [ ] | ™
101~ - E 14 £
N i 13 E
0_| [ R NI BN RN BN mi1 ] 12 E
1.9 2 Z'Inmez[,ﬁ] 23 24 25 OE Laser test
[ S O S I B U SIS R
Time residua| Sigma: 47.1 ps 130 150 170 190 210 230 250 270
Time resolution: 37.5 ps piteh lpn]

The time resolution does not change significantly, ~15-17 ps.
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& AC-LGAD R&D

»Beam testing for spatial resolution: low noise board design ongoing

Slope of vol. Size of signal

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:

« Pitch as 50 um, 100 um, 200 um, to 500um, and the strip length as 1cm, 2cm, and 4cm.

« Optimized design for reduction of the sensor capacitance

* Process design for better spatial resolution

Pitch: 0.05 mm-0.5mm

ondtn: 40 mm

THE 2024 INTERNATIONAL WORKSHOP ON CEPC



For future collider: Monolithic LGAD?

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

electrode NMOS PMOS
T-'—m_f EPI layer Monolithic silicon sensors with very high time
- Electronic circuit resolution will enable making 4D
‘ Gain layer t measurements better and in a single and cost-
LGAD sensor effective silicon tracker, and will also influence
for C_har_ge _ how future particle-physics experiments will be
multiplication designed and constructed.
and sensing
---G. lacobucci et al 2022 JINST 17 P10040
ey, 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 desigxn ongoing.
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Summary

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

»Things learned from HGTD: LGAD sensor design/fabrication, module assembly,
Backend electronic design and so on.

»AC-LGAD R&D chip has been designed and studied. Process and structure parameters
affect the sensors performance.

» Strip type AC-LGAD with long electrode needs more study for CEPC OTK(TOF)
application.

»Monolithic LGAD as new 4D tracking detector has application prospect for future
collider.

»DRD3 project be proposed: more radiation hard LGAD, AC-LGAD.
Collaboration are welcome.
zhaomei@ihep.ac.cn
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Backup

ASIC: TWEPP 2024 Topical Workshop on Electronics for Particle Physics (30 September 2024 - 4
October 2024): An ASIC for ToF-PET application with MCP-PMTs - Indico
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https://indico.cern.ch/event/1381495/contributions/5988554/

CEPC OTK Barrel Design (AC-LGAD Strips)

Module (2x2 sensors) Ladder (16 sensors) e

8” wafer [

__JH! ) L 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
9.00 cm 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 mm =——»

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

« 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.
The long sensor contains 2 sets of short-strip sensors. 4.




Backup

Pico-second laser testing system forAC LGAD

¥ AC-LGAD sensor testing system
Pico-second {4‘ I platiarts

Laser

Synchronous pulse i Eociiser
Pre-amplifier
_ DUT LGAD
Signal

Readout board

§7 Amplifier

t
Oscilloscope — Data analysis

ty, trigger

Position reconstruction,
spatial resolution and
timing performance of AC-
LGAD be calculated based
on the results from 4 pads.

Picosecond laser testing system
« Automated scanning

* Displacement accuracy: 1 um

* Picosecond laser: 1064nm

* Laser spot size: 2~5 um
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reconstructed 6x6 positions Spatial resolution: reconstruction - laser
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spatial reconstruction—laser
Discretized Positioning Circuit model
Machine learning method ongoing
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IHEP AC-LGAD
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