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LGAD and AC-LGAD

»Low gain avalanche detector be demonstrated to have timing resolution <35ps and will be used to

provide precise timing information in ATLAS HGTD and CMS ETL for address pile-up issues.

»AC-LGAD, a 4D detector, provides both timing and position information at the same time.

LGAD (Low-Gain Avalanche Diode)

pad (Cathode) P-stop

Depletion region
(Active layer)

P-type EPI layer
[

Anode

* The read-out electrode is placed and
connected to the N++ layer.

—

AC-LGAD (AC-coupled LGAD)

AC pad
DC cathode _ diele\ctric p_

N+

Depletion region
(Active layer)

P-type EPI layer
e —

Anode

* metal AC readout electrode and a thin dielectric layer (Si;N,, SiO,)
above the N+ layer

* Charge be shared between strips(used for position reconstruction)

* Less dead area and better position resolution

* Research institute: FBK, HPK,INFN, BNL, CNM, USTC, IHEP...
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Timing performance

The timing resolution of an LGAD is determined by the accuracy with which it can measure the time of
arrival of particles.

2 2 2 2
Tt = OTimeW alk + U Landau + T Jitter
B ewalk T:e term "time \r:valk"t rr]eff'rs to tfhe §8 L 2 I TOT correction
enomenon where the time o , L
p. : . . constant fraction discriminator (CFD) method
signal arrival varies depending on the
amplitude of the detected signal.
6 Variations in carrier trajectories due to Landau £P| thick
randay levels can introduce additional timing jitter, thickness
reducing the overall timing resolution.
t ;.o Fising time, Electrical field and EPI thickness
6jitter < t;./(S/N) S/N, Signal to noise ratio,  Signal [EPI thickness and gain] , Noise [capacitance]
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Capacitance

» Capacitance impact

4pF for HGTD - 10pF for CEPC OTK
* Timing resolution worse

Rise time and noise increase, sensor timing performance worsen

* Power consumption increase

To keep the timing performance, ASIC power consumption 20mW/channel




Capacitance impact

» Capacitance impact to timing performance:

“
S/N « (1/Capacitance),  Bjyer X to/(S/N) =—> 6;iter X Capacitance performance
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Capacitance impact

Sensor capacitance impact to power consumption:

Timing performance: _ enCa - C, is capacitance from sensor
litter part of ASIC Vlitter = Om & |4 is the current of amplifier

en = V2kT [ gm:.

gm1 = q X 14/2kT

In order to keep same timing performance (jitter from ASIC):
Cq4increase by 2 times, |d need to increase 4 times, Power consumption: V  xI; 4 times

_ LGAD capacitance FEE power consumption

HGTD (Altiroc) 4.2pF 2.7mW/channel
CEPC OTK (Juloong) 10pF 15mW/channel
Very large!

To keep ASIC timing performance as 30ps
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Capacitance impact @

—=2>Which parameter of AC-LGAD affect the sensor’s capacitance?
—>How to improve?




Capacitance for DC-LGAD

DC-LGAD C=¢,*¢g, *Ald
Isolation structure

C : Capacitance H%

— €, Vacuum permittivity, 575/ 5 £

e, . Relative permittivity, Dielectric constant/- F i £

A: Capacitor area [fjf, d: distance between plates [FF &

T oh » DC-LGAD

ce
} , , , ,
Coui: Bulk capacitance, PN junction capacitance
Depletion region . . . . .
(Active layer) Cinter-pag- Pixel size and isolation structure(<0.5pF testing result)

P-type EPI layer

» Depletion capacitance: C,

Anoce EPI thickness: 50um
5 % Size: 1.3mm x 1.3mm
£ T e Calculation results: FEZRTTHHE. 45 R :
§ LY 8.85e-12 x 11.9 x 1.3x1.3x1e6/ 50e-6 = 4.38pF

200

€ € A d
150

Testing results: HAMIASER: 4.2pF

100

50

I II5 I I1IUI I15I I IEICII I 25 - - B
AP Bias Voltage [V] CERC DAY &
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Capacitance for AC-LGAD

» AC-LGAD capacitance C1: capacitance between AC metal and n+ layer (MIS)
metal length and width, dielectric thickness and material
dielectric J-"q.{:-stl'l;:'.m!.c3 HPK: 1cm long, 50um wide, 600pF/mm?,
cathod 1- : = | — capacitance: 300pF
Ci— — * IHEP: 5.65mm long, 100um wide, 300pF/mm?,
_ﬁ::cz . OX|de.th|ckness:150nm 100pF Magnitude
JTE gain r:p ITE capacitance: 170pF

C2: capacitance PN junction (PN)
Strip length and pitch, strip group(isolated), EPI layer thickness

thick substrate: p** IHEP: EPI 50um thick, 1.3mm x 1.3mm |
anode capacitance: 4.2pF 10pF Magnitude

epitaxial layer: p

C3: capacitance between strips (MIM)
Strip length and pitch, isolation method [1pF Magnitude]

& & :
Capacitance along the signal path: C1 and C2, Series Connect Cl : €2 smaller, decide

Gy the capacitance
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Capacitance for AC-LGAD

1. Reduce capacitor area
Trench

metal , _ metal . _
Dielectric ric
e P-stop T e P-stop
Thickness: 50um T Thickness: 50um
C=¢g. *g * Al/ d Isolation structure: reduce this number of strips to one
0 r

Isolated AC-LGAD: one strip

C, area: Strip length, pitch, number of strip The capacitance is proportional to [strip length X pitch]

Two strip One strip

EPI EPI

thickness(50um) | thickness(50um)
HGTD LGAD results:

Bulk capacitance: 4cm 100um ~20pF 4/1.69 x
50um thick, 1.3mm x 1.3mm=1.69mm? 4.2=~10pF
Capacitance: 4.2pF 200um 40pF 20pF
2cm 100um 10pF 5pF
T 200um 20pF 10pF

m



Capacitance for AC-LGAD

2. Increase EPI thickness

Trench

Thickness: 80/100um P-type EPI layer
Isolated AC-LGAD: one strip
EPI EPI EPI

C=¢g*g*Ald 1 thickness Thickness thickness
(50um) (80um) (100um)

HGTD LGAD results: sern 100um - >PF
Bulk capacitance: C, 200um 20pF 12.5pF 10pF
50um thick, 1.3mm x 1.3mm 100um 5pF 3pF 2.5pF
C it : 4.2pF
apacitance: 4.2p 2cm | 590um 10pF 6.25pF 5pF

Before 7cm 100um
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EPI thickness and Timing performance

The timing resolution of an LGAD is determined by the accuracy with which it can measure the time of
arrival of particles.

2 2 2 2
Oy = OTimeWalk + T andau + T Jitter

6 The term "time walk" refers to the

Timewalk ) 18 kb5 BF TOT correction
phenomenon where the time of _ o
signal arrival varies depending on the constant fraction discriminator (CFD) method
amplitude of the detected signal
6L Variations in carrier trajectories due to Landau levels can EP| th:icknessT 6LandauT
aneed introduce additional timing jitter, reducing the overall timing
Landau affect  asolution.
t,. rising time, EElqiglecIRiEsRand EP| thickness @ EPI thicknessT trise T
6jitter tr|se/(S/N)

S/N, Signal to noise ratio, EPI thickness(MIP, 70-80e/um) @ EPI thicknessTNup chargeT

e, C [
Tjitter = 0, dﬁ @ EPI thicknessT Cd ‘ ‘
mn
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EPI thickness and timing performance

During IHEPV3, Sensors with same size, different EPI thickness: 50um(W12), 65um(W24), 80um(W26)
be fabricated. Testing results be got recently.

Sr 90 testing results

D | : T - | : T - | ; 55 ' ~ W12_0E14 '
B Wi2 I « W24 0E14
A o W24 50 - - W12_8E14
- - - W24_8E14 -
28 + A W26 o . - - W26_8E14
'R 45 - ! -
5 :
oot : S0l e e e S
g, 2 :
& = . A 2 35' 80um, 2.6pF
O 14+ . Q=0 it )
£ .
. £ L
¢ 30 b - 65um, 3.2pF
1
7+ ] . - T
. )5 .. 50um, 4.2pF
— I L - —_
1 N 1 N : 1 N
oL 1 . 1 . 1 . 1 . 1 . I . 100 200 300 400

0.0 0.5 1.0 1.5 20 25

Fluence[10"%/cm?]

Voltage[V]

* Timing resolution <40ps
EPI thickness increase, charge increase * EPI thickness 80um, capacitance reduce,
worse resolution. (10ps worse)
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4cm

2cm

Power consumption VS EPI thickness

Trench

Thickness: 80/100um

EPI
thickness
(50um)
100um 4/1.69 x
4.2="10pF
200um 20pF
100um 5pF
200um 10pF

2025/2/20

metal

EPI

Thickness
(80um)

6.25pF

12.5pF
3pF
6.25pF

EPI

Power consumption calculation (per channel)

4cm length, 100um pitch
Clock

LGAD

ASIC total

thickness

(100um)
~5pF

10pF
2.5pF
5pF

CEPC DAY

HGTD
(Altiroc)

CEPC
OTK
(Juloong)

CEPC
OTK
(Juloong)

capacitance system and
other
digital part
4.2pF 2.7mW Static 1mW
11mW
10pF 15mW
(EPI: 50um)
3mW 2mW
5pF 3.8mW
(EPI: 100um)

20mW/channel

8.8 mW/channel

With EPI thickness increasing from 50um to 100um,

readout power consumption decreases from
20mW/channel to 8.8mW/channel.




Trench

metal

Capacitance Optimization
method e

I Thick : 80/100
» Capacitance ickness: 80/100um

Method to improve:
* Change area: Add isolated structure, [ JTE+Pstop, Trench, dielectric layer separate]
* Change EPI thickness: Increase EPI thickness [50um to 80/100um], without changing length

By using these methods, the capacitance can be reduced from 10pF to 5pF, and the readout power consumption
reduce from 20mW/channel to 8.8 mW/channel.

»Timing performance
* Sensor timing performance will be from 25ps to 35ps (when EPI thickness: 50um—>80um)

* How does the total timing resolution impact physical analysis when it varies from 40 ps to 50 ps, or even worse?

»Spatial resolution
* With EPI thickness increasing, spatial resolution will be better (MIP generate more charge)

2025/2/20 CEPC DAY 16




Strip length impact

Strip length: bad impact @

» Signal transmission loss: signal amplitude reduce which will affect timing performance

2cm to 4cm

» Charge sharing
Strip length increases signal sharing among more strips, the signal-to-noise ratio decreases, leading to worse
timing performance

Strip length: good impact @

» Reduce the readout channels
» Easy for module assembly, enough room to accommodate supporting electronics(DC-DC, etc)

2025/2/20 CEPC DAY 17




Strip length affect

»Signal transmission: signal amplitude reduce? Timing performance worse

Results got by Yunyun (testing of FBK 2cm sensors)

Readout from end, and inject laser from near, middle and far. The signal amplitude decrease, and
the timing performance get worse(from 25ps to 40ps) as increasing the length of readout line.
far middle near

Readout from end

When the signal
transmit along the
strip, some charge
will be lost. >S/N |
Why?

> Method to improve: Readout the signal from middle instead of end

2025/2/20 CEPC DAY 18




Pitch 500 - Metal width 200

ST B
oL
e E 720 H———
Strip length affect e
% 30 : v ] 1
I
T AN
»charge sharing o A
Strip length increases charge sharing, worse timing expected B e
: . : Older 2.5 cm strip sensor S o e b Ko T Ve
signal from primary strip decrease

*jeott@ucsc.edu

Aesena HPK long strip AC-LGAD results
charge charge
extraction / \- J\ﬁ —l\/- S mr;gmon ONLY Length from 0.5cm to 2cm
| | [ |

T
0.95
0.9
0.85
0.5

0.8
0.75 2 2
0.7
0.65
0.6
0.55
0.5

0.5

Signal fraction at primary channel

EGO0 20 pm 2 cm EGO0 S0 um 2cm EGDO 50 wm 0.5 om CEP0 50 wm 0.5 cm

I — Sensor t‘ﬂ'JE‘
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JTE

Thickness: 80/100um

Sensor parameters that can be changed to decrease charge sharing:

1. increase the pitch size, reduce capacitance between strips

Change pitch size larger, sharing reduce. Timing and spatial resolution?

2. increase resistance between strips

By increasing the resistivity of n+ layer. Timing and spatial resolution?

3. Isolation (not mentioned here)

2025/2/20 CEPC DAY 20




FNAL 120 GeV proton beam Strip sensors FNAL 120 GeV proton beam Strip sensors

ol AN AR LA LA RS AN AL LAALS LARRY RARR o RN RS LA AN LARAN LA RARAN RALAN AR
= O Varying active thickness ] E" 60f Varying active thickness -
1. Increasing pitch size 20 4m (SHD) 1 3. 20 (SHN2) 5
. . g E 50 um (SHNZ2) E § 50:_ —— Time resolution === Weighted jitter _:
Capacitance between pixel reduces, charge £ 200 ¢ Exaclyonestip —Twosrp  § g F E
. 2 E =R ]
sharing be reduced 8 sf 1 F E
10 - 3 E
1cm long : 1 :
80um pitch, 60um metal st~ 1 % E
PR PR FTTE PR T N TS S P S :||I-||I|-|1_|_|||||_|_||||II_IJIIJ|I_I_|||||i|||:

-0.25 -0.2 -0.15 -0.1-005 0 005 0.1 015 0.2 025 -0.25 -0.2 -0.15 -0.1-005 0 0.05 0.1 015 0.2 0.25
Track x position [mm] Track x position [mm]

Figure 11: Position (left) and time (right) resolution as functions of the = position for strip sensors of different active thickness.
The sensors presented have 80 pm pitch, 60 pm strip width, 1600 £2/0 sheet resistance, and 240 pF/ mm? coupling capacitance.
Spatial resolution values have a tracker contribution of 5 pm removed in quadrature. Time resolution values have a reference
contribution of 10 ps removed in quadrature.

1cm |Ong .E.zm_':.m.“‘. 10 GeVprotonbeam  Stip 5."'.““.“55: ?160_':?‘".“7 1X0GeVprmtonbeem —  Strip SEERE

. = Varying active thickness ] %140:— Varying active thickness E

500um pitch, 50um metal § o0 20um (SH) 1 20um (340 ]

F 160 ——— 50 um (SH5) 3 % 120~ | — Timeresoluton e Jitter 7

£ 140 # Exactly one strip —— Two strip 1 s 100: ]

. . . . . . .E :_ _: -E a .
Increasing pitch size will worsen both spatial resolution 3% ¢ LR . A L E
I . & 100 E " ]

and timing resolution w0 ER 3 ;
50;_ N e + ¢ + __ 405— —

. i i 40 E - 1

For the mfethod. conglder both charge sharing and o ’brrl i :
tlme-pOSItlon reSOIUtlon B I N R B . I R - E—"
Track x position [mm] Track x position [mm]

Figure 9: Position (left) and time (right) resolution as functions of x position for strip sensors of different active thicknesses.
. . . The sensors presented have 500 pm pitch, 50 pm strip width, 1600 2/0 sheet resistance, and 600 pF/mm? coupling capacitance.
Results for plxel and strip centimeter-scale AC-LGAD sensors Spatial resolution values have a tracker contribution of 5 pm removed in quadrature. Time resolution values have a reference

with a 120 GeV proton beam, Fermilab, BNL, HPK, July 16, 2024 contribution of 10 ps removed in quadrature.




IHEP AC-LGAD R&D

1. Increasing pitch size

[Pitch size: 250um]

4 T §f I T T | I LI DL 'I rrrrr
0.08— Spatial resolution: 12.8um
: "‘. Gaap 1 180 jim Sigmac 118 pm :
- _ e — l]ﬂ-i:— 2.8 wm LA Gop 2100 jim Sigma: 16.9 u-_:
Spatial resolution il -] - - IR —— SN mimim
= | . " ol 109 p i "
' b e Rl T F 8.3 )!( [Pitch size:150um]
| e T—— [ Y Spatial resolu_t|on: 8.3um
- - N
. 0.01— i ]
Strip length: 5.65mm - - .
Pitch size: 250um, 200um, 150um - .
'} - J. i i & J. ik _d I de i i J B i i ] - J. R - J. A d i i
—40 =30 -0 -10 0 10 20 30 40
Recon-Laser [pim)
Increasing pitch size will worsen spatial resolution For the method:

consider both charge sharing and position resolution
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[ ] L ] [ ] [ ] 1
2. Increasing the n+ resistivity 05 | o
T 08 1
. I 207 ——C600
C darge snaring Can pe aecreasea: Eog | ——C600
205
%04
s 2501 I e E o3
w __PitEI?_SD'D—Metalwlidth_lf:l.ﬂ o % : 1 0.2
80 | E —-50 LU _ D D'é J ' - - .'.'-
— i o |
a i --100um - 0 500 1000 1300 2000 2500 3000 3500 4000 4500 5000
2 %00 . Length across strips (um)
£ =0 i ; i ]
oA N € 095
=& 5= HH § os
NSNS IRIRINIA > 085
0 1000 2000 3000 4000 5000 0' T W0 LW e e E 0.8
. L] 1000 2000 3000 4000 5000 e
Position [um] 2 . » E. 0.75
Older 2.5 cm strip sensor HPK - €m strip sensor Position [m] ® 07
Amplitude normalized 5 e
2o
Before: more charge sharing to Now: less charge sharing to far strips £ °° | 5 2 0.5 0.5
. ™ - . .
far strips =
v EGOOQ 20 pm 2 em EGD0 50 wm 2erd  EGD0 50 pm 0.5 e €600 50 prm 0.5 e
Sensor type
How? What is the difference for E600 and C600?  Interms of signal sharing / nAC i
° signal amplitude: nuclear physics experiments
* Signal sharing is strongly . , , _
e impacted by the n-layer O R Moy Vi Nsarm, T2, 5 Fha,
Increase resistivity of n+ layer! resl?stivity —yalm ot 23 % H.F- W, Sadrozinsk), A. Seider B, Schurmm
more for lower resistivity, November 3, 2023
as well as different long- — RN —
S — CEPC DAY range behavior jeott@ucsc.edu




Emu
8160
2~ Increasing the n+ resistivity &=
.
Z a0
HPK sensors 60
/ 40
20
Higher n+ resistivity, better spatial resolution
Sensors with higher n+ resistivity have large signal amplitude
And signal amplitude change fast as position changing
Higher n+ resistivity, comparable timing resolution

SH2, SH3, less n+ resistivity

SH4, SH5, high n+ resistivity

FI'nIhL 12!] Gn-'ln' pmtnn I:lmm

s
18
;

:_ 'U'arpng rEEE‘II'I.FI.‘j’HI‘Id capacitance . I_:
= 400 £40 240 pFimm (SH2) e
F | ——— 400 40 800 pFimm’ (SH3) :
— | ——— 1600 g 240 pFimnt (SHA) =
F | ———— 1600 /0 600 pFimmt (SHS) |
= higher n+ resistivity
3 R TR (ower nt resistivity
E..u. I ] ||a
1 05 o D5 1
Track = position [mm]
. mFHhLiEl]E-EUpmtmhm —— quﬁlmlmlurs
= - Varying resistivity and [:.HF-EE-I‘I.EH'H'.'E
5 400 Lp 240 pFimm® (SH2)
= B0 ————— 400 /0600 pFimm® (SH3)
g - ———— 1600 40 240 pFimmr* (SH4)
@ ——— 1800 0 600 pFimm’ (SHS)
E 5o
=
45
40 lower n+ resistivity
35 =
30 higher n+ resistivity
25
-1.5 - 0.5 0 0.5 1 1.5

Track x position [mm]
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2~ Increasing the n+ resistivity

4.50 = ——.
I ' TA T
. . 4.00 : :
IHEP simulation less sharing,|Charge increase | — 1e18 padl N
— 3.50 -~ 1e18 pad2
A -+~ 1el18 padl+pad2
wnn +
% 300 r il e 38 adi n .dose decref’;\s.e.
2 = 2¢18 pad2 (Higher n+ resistivity)
d/pitch t=A/B i i 80 R .
pad/pitch percent = A/ cti':glectrlc = Slope enlar 2e18 padl+pad2 Less charge sharmg
ickness 5 2.00 -+ 3el8 padl . )
- 3e18 pad2 Better spatial resolution
cathode cathode 1.50 -+ 3e18 padl+pad2
1.00 —
0.70 .
1e18 pad1/(pad1+pad2)
& 0.60 |oss ~»-1e18 pad2/(pad1l+pad2)
% 0% | ~-2e18 padi/(pad1+pad2)
% |~=-2e18 pad2/(padl+pad2)
& 040 ~-3e18 padl/(padl+pad2)
0.30 ~=-3e18 pad2/(padl+pad2)
835R839333°2RRSRSRERY
TCAD model of AC-LGAD for simulation : Hit Position[um]

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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2~ Increasing the n+ resistivity
IHEP AC-LGAD results

407777 ] = 30 | | T 1
5 C . L I .
E’ 35F o7 Measured results i = ,E 252_ _f
= - K Estimated results . 5 - .
= C - o . -
o C - 7 - -
Eﬂd 30: . ot 20 ]
L - ¥ ]
= C ] = % [ L i
= 251 : = 15 _+ : .
D_. = = - P -
ZI . - :
20— -] 10 -]
2 . . - _ ]
15 X X Laser testing - = . Laser tgstlpg -
- . - Jitter contribution
ot b b ] C .1 I sy s
0 2 4 6 8 10 12 OD 2 4 6 8 10 12
N+ dose [P] N+ dose [P]

When n+ dose decreases(higher n+ resistivity), spatial resolution is improved.
While the corresponding timing resolution is similar
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Strip length impact

Strip length: bad impact

> Signal transmission loss: signal amplitude reduce which will affect timing performance
Method to improve: Readout the signal from middle instead of end

» Charge sharing
Strip length increases signal sharing among more strips, the signal-to-noise ratio decreases, leading to worse
timing performance
Methods to improve:
1. increase the pitch size, while the spatial resolution worsen(10um->15um, 20um).

2. increase the n+ resistivity, spatial resolution is better, and timing resolution is comparable.
[cannot be very high(lower n+ dose change PN junction properties)]

Compromise consideration, trade-off
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New submission

New submission: several optimization methods have been implemented
Strip AC-LGAD with different length and pad-pitch size, [1cm, 2cm, 4cm] [100um, 200um, 500um]
Strip AC-LGAD with EPI layer of different thickness(50um, 65um, 80um) Reduce capacitance, increase signal
Strip AC-LGAD with different isolation structure Reduce both capacitance and charge sharing

Strip AC-LGAD with different process parameters: reduce n+ dose(resistivity) Reduce charge sharing and improve
spatial resolution

4cm \

» Sector, Fan shape AC-LGAD for Endcap
AC-LGAL S s

2cm =
AC-LGAD

2025/2/20 CEPC DAY 28




Yield

»Yield depends on sensor size (not only strip length)

2cm x 2cm, or 4cm x 4cm [ Yield will be too bad for large sensor size: 8cm x 9cm, 14cm x 14cm ]
» Larger sensor size, worse yield!

From the point of yield, 2cm x 2cm is more preferred than 4cm x 4cm.

»But smaller sensor requires more readout channels, results in larger dead area and smaller place for
electronics. More studies are needed to address following issues:

the impact of more readout channels
the impact of small sensor size to module assembly(ASIC, readout board, and so on)
the impact of the dead area to physics

»The advantage of large sensor is obvious.

Let’s focus on improving the performance and yield first!
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Summary

» Capacitance: impact both power consumption and timing resolution
»bulk capacitance

Methods to improve: adding isolation structure, increasing the EPI thickness

Sensor timing performance be a little worse(25ps—>35ps) because of the thick EPI layer

»Strip length:
»Transmission, impact signal amplitude(rise time)
* Method to improve: readout pads placed at the middle of strips

»Charge sharing, impact to signal amplitude and timing performance
* Method to improve: increasing pitch size, reducing the n+ layer dose,

» Let’s do more work

1. Simulation and testing, find methods to improve capacitance \charge sharing \sensor performance
Need manpower and support!
2. Improve the yield

3. A backup design with 2cmx 2cm sensor will be implemented in Ref-Tdr
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Plan

»Simulation: (2025.2-2025.6)
* Simulate sensor performance with long strip
* TCAD software + spice model

 Simulate process and structure parameters to improve sensor capacitance and performance

* N+ resistivity, isolation structure

»Testing: (2025.2-2025.5)
* Radiation performance of available sensors(TID)

* Testing of sensors from FBK
* Timing and spatial resolution(Beam test)

2024 Q4 2025 Q2 2025 Q4 2026 Q2 2026 Q4 2027Q2  2027Q4
»Submission: (2025 .2-2025. 5) i OTKLGAD 1st | Test & OTKLGAD 2nd |[ Test with Asic, ||oTKLGAD3rd || Test |
Sensor: | submission characterization subr‘nis‘sior'\ Test beam , submission(large
* Layout ready, adding new isolated structure ongoing \ tem oo (optimization) || radiation test _ || array) )
H . ASIC: OTKroc ASIC ASIC OTKroc ASIC ASIC OTKroc A.SI(_: ASIC
* Process parameter chosen based on simulation Sut sibadssion | [ Tast 2nd submission | | Test ard submission | | Test
i N
Module: | Module built and test | :’er:tt(‘l’ggp:s?:e';t and
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Plan

Long term plan

2025 -+ Testing the sensors from first submission, clarify the sensors performance
and requirement (include Test beam and radiation test)
* Find out how to optimize the sensor performance(structure and process)
e Submission 2
Based on the results from first version and more simulation
sensors with strip length ~4cm

2026 * Test of sensors from submission 2(basic properties and together with ASIC
and BEE?)
e Submission 3
large area sensor design and fabrication
2027 + Submission 4 if needed

* module: sensor + ASIC module built and test

2025/2/20
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Backup

LGAD performance with operation temperature changing(before radiation)

———————— —— Sr90 testing results
..., [ T +4O’C N o a8 » » ]
lL l E' ) +300C “" ?; /. :l '..' ",‘ﬁ“.’f’x '! ? TRES
b —— 4207 e REY ] < =
1Eo ¥ : | 'F+%0 ) 1 c
¥ —— 10T | | / | ©
S s U | | K f 4 5 ”°
5 : — =10C ik . S
S » —— =20C | | . B 60 —e—a
E: 1E ( .E | L 15 e o130
: ) : b0 :
S ey i : < 50 —8=-20
& E -10
c'.f L X '|: 0 ——a—5
Jé lE_gE ! —e—10
— : ] 30 ——20
IE-10 F 3
3 3 ——30
1E-11 : : 20 —e—40
HE Vbd: 1.1v/°C 1 - .
E . ; , . - 10 Best timing resolution change worse
1E-12 - ‘ ' ; -
0 50 100 150 200 250 0 _ . _ |
Bias Voltage (V) ° >0 10 10 2o 20
. Bias Voltage(V)
Need to change operation voltage g
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| appiatorm .
oy, lesting setup

Pre-amplifier

) Long AC-LGAD Stri
Signal ﬁ Hong P

Readout board

‘7 Second Amplifier

t = -l p— e
Oscilloscope  — Data analysis Lo Vo <
t,, trigger g | ¥ 3D platform

(a)

905,- Beta source

Pre-amplifier _ ;
ﬂ Trlgﬁer ' LGAD
;' Readout board
ﬂ Lonﬁ:AC-LGAD Strip
Signal
Y7 ‘7 Second amplifier Picosecond laser scanning
t.t, t, t system
1, %2, '3 44 .
» Displacement accuracy 1 bm
~— Oscilloscope — Data analysis * Automated scanning
tWiggT * Picosecond laser 1064nm
0 * Spot size 25 um
] b
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ALTIROC power consumption

Channel number
Hit Flag_1 bit This 19 s H
S ! me DAL 0 Seri
— o ; By Xiongbo Yan
= mTzo TOT_timdl9 bits )+ > » DATA
9 X 23 =20ms | ] bits i -
murs |33 rr R W - A ARG ; >
Tnput Ctest (FIFO) AR F—> H transimpedance preamplifiers. Beam test measurements with a pion beam at CERN were also
npul es : 5 bits its e .
T'*["os generator 7 bits) Ll —" o undertaken to evaluate the performance of the module. The best time resolution obtained using
only ALTIROC TDC data was 46.3 £0.7 ps for a restricted time of arrival range where the coupling
. .oMEc,\uEswx — issue is minimized. The residual time-walk contribution is equal to 23 ps and is the dominant
interasl jpulscr Write @} electronic noise contribution to the time resolution at 15 fC.
T 40 MHz Clock
: : SLAC DESIGN
Vih_10b DAC | D Kevyworns: Front-end electronics for detector readout; Timing detectors
Phase Clack
S fien tinipabhdl I:l SMU DESIGN
A A -
- oe— The TDC power consumption is dependent on the time-interval being measured. For the TOA
20 Mz ADE
TDC using 2.5 ns (full dynamic range), the average power consumpltion over the 25 ns measurement
Both p[eamp]iﬁe[s are built around a cascoded common source NMOS amp]lﬁer to ensure perlOd iS abOUI 5.2 Il’lW. It IS Ol’]ly 3.5 mW fOI' d tlIl’le-ltl[eI’va] equal to half the dynamiC I'ange
high bandwidth (see figure 2). The drain current (/q) of the input transistor is adjustable between Thanks to the reverse START-STOP operation, the power consumption of the TDC is much lower
200 pA and 1 mA. The transistor size is optimized to operate close to weak inversion while keeping . . . . . .
its capacitance small compared to that of the sensor. [T in the absence of a hit over threshold. This resulls in an average power consumption per channel
the series noise while not dissipating too much power |< 2.25mW/ch for the analog part). A of 1.1 mW for both TDCs, assuming a time interval uniformly distributed (1.25 ns average) and a
PMOS follower is added to isolate the load from the discriminator. The total preamplifier power maximal channel occupancy of 10%.
consumption is 0.85 mW using a nominal current /4 = 600 pA in the input transistor. A bank of
seven capacitors (from 0 to 3.5 pF) can be connected by slow control to the preamplifier input to TDC for TOT measurement () mega TOA TDC Architecture (Simplified): Vernier Delay Line ( )mega
fﬂmulate the sensor capacitance when measuring the ASIC alone. They are not used when the ASIC TDG Power consumption 0,4 mA 1.2V = 0.5 mW @ 10% acupancy TDC Power consumption 0.4 mA *1.2V = 0.5 mW @ 10% occupancy
is connected to the LGAD sensor array. Tﬁ:ﬁ,ﬁumm 20ps simplified Block Diagram:
TOT TDC * Range:2.5ns @ Bojan Markovic, SLAC Time-to-Digital Converter (TDC)
* Resolution: 40ps * 7hits

2.508 Measurement Window 2508 I[ T

| D—
(Delay of one cell = 120 ps)

;
F1 2/ F4 F1zs
PP
=
- e 1 n—
A st e £ 21 }—b Hemiiopsh g

STOP signsl propagates
i the Fast Delay Line

* Range: 20 ns
* 9 bits

TOA measurement. Each discriminator output is sent to a sampling cell to generate a “Hit Flag”
bit, that is equal to 1 in case of a hit or to 0 in case of no hit. The discriminator’s power consumption

* Ateach tap of the Delay Line the STOP signal catches up to the START signal by the deference of the propagation delays of cells in Slow and Fast branches of
the delay line: i.e. 140ps ~ 120ps = 20ps that represents the LSB of time measurement

. . . | Jeps  iates  teips  Mose g, (Delay of one cell = 140 ps)
is slightly less than 0.4 mW. TOT: coarse delay line (160 ps) + TOATOC (i - e trasanay emi T
=
€nl g o
ALTIROC Cd: 4pF A N | ey y
J lrter d ’ @ Bojan Markovic, SLAG « The START pulse comes first and initializes the TDC operation. Differential shunt capacitor voltage-controlled delay cells
Q i *  The STOP pulse follows the START with a delay that represents the time interval to be digitalized.
OTK Cd: 10pF m
L]

.o v of cells n v n ignal represents thy TDC conversi
SBits 2MsBs he number of cells necessary for STOP signal to surpass the START signal represents the result of TDC conversion

FEE power consumptign: en = \2KT [ gm1. TDC part: 3mW-=- . R ;

15mW Not include Clock system and other digital part
8m1 = q X 1q/2kT
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X=Xg+ k.m
Y=Y[)—|—kyﬂ

m = q1+qz2—q3—q4
q1+q2+q3+qga

_ 91+4a—g2—q3
g1 +q2+g3+qa

Fig. 6. The discretized positioning circuit representation of an AC-
LGAD [14].
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Strip AC-LGAD R&D

Strip AC-LGAD: Strip length:5.65mm
pad-pitch size: 100-250um, 100-200um, 100-150um

2 _ 2 2 2
O = OTimeWalk T O Landau T O Jitter
constant fraction —"
discriminator (CFD) method AL AL AL
700 -
20 ¢ - Beta test :
£19 E - (Sr90) g
18 ¢ 50/ -
217 ¢ E:
7] - E 40— —
L 16 R
g 10 F = = = 30 ]
=14 F » o]
13k 200 Jitter and Landau
3 . contribution
12 ok i
11 E Laser test :
I AT B A A A S B A A AP AT Lol oo sl NI IR A 1 W R .
10 0 1.9 2 2.1 2.2 2.3 2.4 25

130 150 170 190 210 230 250 270 Time [ns]
Jitter contribution Pitch [um] Time residual sigma: 47.1ps

The timing resolution: 15”1795 Time resolution: 37'SES
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Strip AC-LGAD R&D

Strip AC-LGAD: Spatial resolution( Laser testing)

Amplitude information of two electrodes = position reconstruction = Spatial resolution

Amplitude information

. B ——— 0.6 = T T ¥ v T , . = b * = * T -
: : B ——— oss- : =
. Spatial resolution 0.5 - o Amp 2(Amp 1+ Amp 2) 3
: 0.54 — O
0.525— _E
- . :E: == _E
' ! ! —— 2 ouspE =
—V s » 0.46 E— —
_— T —— wu - Pl i 3
- u.ui— —g
S " R T T0a
Position Tuml
Position reconstruction O LR RRST AR ' T
E-E Gaap 1 130 jim Sigmac 128 jim E
o 8 88 288 AR RE R AR AR A e s — 1.:154;':\1::;-"."-_:
0 g 0o =
-0.4 » z .
06 Haser Position 2 o 1 Best result: 8.3um
o8 ® Reconstruction z . [PitCh size:150um]
=1 Lo a1 o o o 1 3 o 0 3 o o b o 3 o b 3 a3 3 1 4 4 31 0.01 —
40 60 80 100 120 140 160 180 .
reconstructed positions T T T T e

Recon-Laser [Lm]
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LGAD types

pixel 1 pixel 2
. metal
Multiplication region p%p
n-gain layer
Episilcon p) e
% Deep trench
p-type active layer
*  Supportwafer(p‘) -
Thick low resistivity p-type substrate Galn layer
Ti-LGAD » inverse-LGADo increase fill factor

DJ-LGAD
» isolation structures (p-stop and JTE) > A deep']unctlon be made I_Jy.a large Ul LS W'Pdow LG%\DS
area of uniform n+ and p+ gain implants. For soft X-rays with energies as
low as 250 eV

are replaced by a deep trench, less
) i 4 and n+ DC coupled electrodes are placed a

than a um wide ¢ . f h .
» Increasing the fill factor ot (S e Xray backside
» To increase fill factor and "’"’“’"\__ g Eeren e

improve radiation hardness

opside

Monolithic LGAD




Considerations regarding future colliders

* Standalone timing layers or integration into 4D (5D)
Trackers? I

* Integration of gain layer in CMOS sensors...

* Occupancy:
* Challenging for resistive layers

* AC-coupling may not be ideal or necessary: DC-coupled
resistive detectors? (in production at FBK)

* Radiation hardness: similar problems related to gain
layer radiation hardness as other LGADs, potentially
additional features

* Partially compensated boron doping

* Segmentation

* AC-LGADs can achieve better position resolution through
charge sharing — may come at expense of timing
performance

* Deep-junction LGAD or deep gain layer




RSD, resistance sensitive LGAD

Adding a small capacitance

DC
DC
metal metal metal metal metal
metal
- . . .
n+ layer P-stop
JTE

Thickness: 80um/100um
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AC-LGAD development

2022 2023

Pixelated AC-LGAD e

+ With different pad-pitch size
1000-2000um

AC-LGAD R&Dv2: One wafer

Pixelated and strip AC-LGAD
« With different pad-pitch size
1000-2000um pixel

igg'ggg“m 100-250um strip
S0 um 100-150um strip
Jfers: with diff dose: 10P to 0.2P 20-100um strip
VoA LTS WECE CTere L nf e te L. » wafers: with different n+ dose:0.2P to 0.01P
Process parameters be studied.
The performance of large-pitch AC-LGAD with different The performance of AC-coupled Strip LGAD developed by
. N+ dose, Trans. Nucl. Sci. , 2023.6 IHEP, NIMA, Volume 1062, May 2024, 169203

2025/2/20 CEPC DAY 45




C. The time resolution

The arrival time of particle or laser (,iveq) 18 defined as
the mean value of the cross-threshold time of four AC pad
signals:

tarrived - (tl + t2 + t3 + t4)/4 (4)

where ¢4, to, t3, t4 are the cross-threshold time of four AC
pads obtained according to the constant fraction discriminator
(CFD) method. In this experimental setup, the spread of arrival
time is mainly composed of the time resolution of AC-LGAD
(o actime) and the jitter of the trigger ty (o, ):

)

To avoid the jitter of to, (t; +t2 —t3 —t4)/4 is used to
calculate the time resolution of AC-LGAD sensors:

2 2 2
O(t)+tattztts) /a4 — TACtime T Ot

(6)

Figure 10 shows the distribution of (f; + {2 — {3 — t4)/4,
with a time resolution of 15.6 ps. The time resolution here is
based on laser tests and includes only the jitter component [1],
[2], which is evaluated by the mean value of the jitter compo-
nent of 36 test positions. Figure 11 shows the jitter component
of the time resolution of AC-LGAD with different N+ doses.
The jitter component of the time resolution varies slightly,
about 15-17 ps with different N+ doses.

TACtime = O(t)4to—tg—ty)/4-
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Given the large length of these sensors, a position-dependent delay is introduced in the mean arrival
times of the signal based on the impinging location of the proton. To correct for this, the first strategy uses
the external tracker to determine the proton hit position as a function of z and y, and creates a reference
map of correction values depending on the location of the hit. The second correction strategy utilizes the
signals from the leading and sub-leading channels on the sensor and re-defines the multi-channel timestamp
as defined in [I3], is given by:

- a%tl =+ a%tg
aj + a3

: (1)

where subscript 1 (2) refers to the leading (subleading) channel: t,(9) is the time of arrival and a;(9) is the
amplitude of the leading (subleading) channel respectively.

The jitter from one channel is given by gjiter = N/ %, where N is the baseline noise and % is the signal
slew rate, for events throughout the sensor. However, since the aim is to calculate the contribution of the
jitter to the time resolution arising from multiple channels, a “weighted jitter” method is implemented as

follows:
4 .2 4 .2
o . \/alatl,jitter + a20-t2,jitter (2)
t jitter — 2 272
(af + a3)

where oy jitter is the weighted jitter from the AC-LGAD signal, and oy, jitter and oy, jitter are the jitter from
the leading and subleading channels, respectively.

All time resolution numbers quoted in this paper remove the MCP reference contribution of 10ps in
quadrature.



The design used now

Thickness: 50um




In terms of signal sharing /
signal amplitude:

* Signal sharing is strongly
impacted by the n-layer
resistivity — almost 20 %
more for lower resistivity,
as well as different long-
range behavior

 Strip length increases signal
sharing, but signal from
primary channel decreases
down to ~10% at the next
neighbor

* Roles of sensor bulk
thickness, strip width,
dielectric capacitance are
less significant

Ry 3L 5 i E S B2 A 2R e n+ 2 K

Signal (norm.

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5

Signal fraction at primary channel

~-@--- EB00 20 purn 2 cm
==#==-EG00 50 pm 2em
—e—EG00 50 pum 0.5 cm
—&— C600 50 pm 0.5 cm

500 1000 1500 2000 2500
Distance from primary channel

EGOO 20 pm 2 em EGOD 50 pm 2o EBOO 50 pm 0.5 cm €600 50 pm 0.5 em

Sensor type
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FI'ML 120 GeV proton beam Strip sensors. FHA.L 120 E-E'U' p{un:m bnar'l Strip sensors. FHA.L 120 GeV proton beam Strip sensors
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Figure 7: MPV amplitudg as a function of = position (left), position reconstruction fit results (center), and time resolution as
a function of x position (right) for HPK strip sensors of different coupling capacitance and sheet resistance values. The sensors
presented here have a 50 m active thickness and a 50 pm strip width.
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