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FCC-ee Requirements for LGADs
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Operational Context:

» Lepton Collider: No pile-up & and radiation damage issue compared to the LHC
environment

» Driven by physics performance: Timing significantly improves Particle Identification
Integration Possibilities:
» One option: Replace at least one tracking layer by a precise timing layer

e Requires 100 % fill-factor and granularity comparable to the tracker resolution 30 pm
e Minimum material budget

Performance Requirements vs. Tech Status:

» Target Timing Performance: 20 ps to 40 ps time resolution
e Easily achievable by most standard LGAD designs

» Fill-Factor:

e Standard LGADs: Efficiency <100 %, no gain in gap regions, pitch >500 pm

Constanze Wais (University of Hamburg)
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The MARTHA Concept
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MARTHA - Monolithic Array of Reach THrough Avalanche Diodes
» LGAD design optimized for photon science 10
e Timing behaviour not optimized

Pixel Gap Pixel
: Edge breakdown
|

o

e

|

|

|
e

» Continuous multiplication layer (ML) 5 T
e Enables inter-pixel detection of particles o

» n-doped field drop layer (FDL) "
e Prevents edge breakdown “

p multiplication layer (ML)

» MOS-Structure to separate pixels
e Highly convenient for prototypes

E
e Will be replaced by shallow implant in future g ot rgon
generations —
This design offers 100 % fill-factor s 00000
> -20 -10 0

100pm L X(l.lmLl
MARTHA - Monolithic Array of Reach THrough Avalanche

photo diodes - R.H. Richter et al.
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MARTHA was designed and produced at Semiconductor Laboratory of
the Max Planck Society

. . --F- High Gain Sample
» First structures 450 pm thick 2001 1. Medium Gain Sample {ﬁ
. . . . © --F- Low Gain Sample ﬁﬁ
e Driven by photon science applications 8 150 }}H’}H
£ i
. . . i
» Three different gain options 2 -
. . E 100 S
(Low, Medium, High) g 2
. ® } FFHTE
» Various test structures on the wafer £ %0 e e
. . . © s
e Strips, Diodes, Pixel Sensors e ——
0 50 100 150 .200 250 300 350

This presentation: Reverse Bias [V]

» MIP efficiency studies on strip sensors
e Strip sensors: 100 ym pitch

» MIP timing resolution studies on diodes

e Diodes
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Efficiency Studies with Strip Sensors
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Overview:

>

>
>
>

DESY Il Test beam line 24 @ 5 GeV (electrons)
Tracking: Beam telescope, MIMOSA26 planes (ti,+ = 115 ps)

DESY I
Synchrot

. . . . . Tel Tel
Trigger: TelePix2 (Pitch: 165 pm x 25 pm) down&fﬁ;‘,’,”éip.etom upstream tiplet

DUT: MARTHA strip sensor (Pitch: 100 pm Gap: 3 pm)
e Low gain sample: Bias: —350V, MQOS: —14V
e Three strips are read out
e Neighbouring strips grounded
e Custom readout boards
e Custom EUDAQ2 Producer
o Amplifier: Cividec, 40dB amplification
e CAEN DT5742 digitizer, 500 MHz
5GS/s, 16+1 trigger channels
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» Signal interpretation challenging due to noise Seed Strip 0
g 1500 £
. . . 200 S o R
e 80 MHz low-pass filter on middle strip - s R £
G . 150 ] 3
e Software filtering for edge strips £ d 10008
. . . T 100 2
» Baseline subtraction on first 200 ns = o 500 ¢
. . . . . g. 50 Integration window _g
» Charge estimation via waveform integration < — Waveform kS
07 meessSa - — - ntegral =0 2
200 —— Filtered Data -200 -175 —150 -125 -100 —75 -50 -25 O S
Pedestal Region Time [ns]
= 150 Adjacent Strip i
200 £
€ 100 0 A 2
g B 2 100 =
° Z 20 /\ ~ \ g
2 50 E s
= L ok VALY 'VA\K\/\/\\[[X\/\\\/JO 5
£ 2 N =
< 0 "—;1_20 S ‘|| ’,' [ Integration window | ;4%
_50 < h —— Waveform ©
-40 \\,’ -=-- Integral 200 &
-100 | -200 -175 =150 =125 =100 =75 =50 =25 0 3
0 200 400T_ [ ]600 800 1000 Time [ns]
Ime [ns
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F— Strip Charge
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» Amplifier gain varies between used amplifiers
» Charge normalized to MIP (MPV of the distribution)
» Initial charge cut at 0.5 MIP

e Prevents noise association during alignment

e Threshold can be lowered for subsequent steps

— Middle Strip Data 3000 —— Edge Strip 1
104 — Fit —— Middle Strip
—— MPV=1207.39 2500 —— Edge Strip 2
. Charge Threshold
10
2 -/ 2 2000
§ 10 E 1500 H’(\
100 1000 /
500 I
10° o
—1000 0 1000 2000 3000 4000 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Normalized Charge [MIP]

Integral [mV-ns]
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» Dominated by cluster size 1 due to perpendicular incidegce

- o — clusterSizeAssociate
Central Strip: £ e 41302
. . E 35 Mean 1,0?5
» Only channel capable of recording cluster size 3 g SidDer 0308,
. . 30—
both direct neighbours are read out g
25—
Quter Strips: g
20—
» Geometrically capped at cluster size 2 s
due to missing adjacent readout channels oF
» Incomplete clusters on outer strips lead to oF
systematically lower reconstructed cluster charge - el T !
955 TS 3 35 4 45
Bond pads Cluster Size
Grounded Strip ] =Strips with readot
Edge Strip N i
Middle Strip
Edge Strip R

Not to scale: 100 pm Pitch, 3 pym Gap, 7.4 mm total lenght
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Efficiency is defined as:
DUT
Ehit = NTrack
NTrack

» Symmetric cut in x to exclude bond pad region

o Efficiency drop is visible only on one
edge due to a global alignment ambiguity

» Symmetric 10 pm cut in y

o Prevents artificial efficiency loss due to
charge sharing with unread strips

Efficiency

Fiducial Cut

0.8

0.2

T

LA L L B L B B

+ Data
--- Cuts

i

R e

i
s

-3

]

0 1

Grounded Strip - ucial cu
Edge Strip N

Middle Strip

Edge Strip

E
Yy
.
S
S

Not to scale: 100 pm Pitch, 3 um Gap, 7.4 mm total lenght

2 3
Track Position x [mm]
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Efficiency Results
» Global efficiency: 99.22(4) %

—350V, —14V MOS, 0.25 MPV Threshold
.. . . .
» No loss of efficiency in the gap regions 5o —
S - ' I .I u I I ¥
E b Lgrefd ? ;
1 L]
08 it
100 g i 4 !
—4— Global Efficiency ; 16 "" -=- Fake Rate i ¥ #t
98 5 14] 08p
= g | . } o0k ITIII;WJIIJ‘J?T%[IT”%*‘
B 1244 - i LT
€ % s ' - i £ 190 O &y
g 2101 0.4 oek- 3114 1
2 o g i 3 ¢ b SR
§ 0.8 3 3 .
b -y 2N L n o il
Settings for this =~ wm == = = £o06 N —+ Al 0. i
92 analysis € M 02 Lef Strg) ¢ % .
T 0.4 e — - |- Middle Strip s
5;5 B - | Right Strip *. N ‘—0'0
9002 03 0a 05 06 07 08 - 02 03 04 05 06 07 08 L - 2o i i
Threshold [MPV1 Bond pads Threshold [MPV1 -8_15 -0.1 -0.05 0.05 0.1 0.15
Grounded Strip S y [mm]
Edge Strip
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Edge Strip

X
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» Low-charge tail for edge strips

[2]
e Adjacent strip information is missing & charge 1D_pixel 0
. . . i Entries 29519
» Slight drop in charge for edge strips Mean  1.095
. . StdDev  0.382
» Charge is homogenous over strips
charge_1D_pixel_1
g Entries 27897
2l g TIRIIT LT L SRR Mean 1.149
g ey ow 0 StdDev  0.414
o LN P —
g C charge_1D_pixel_2
5 oo Entries 20525
s r Mean 1.084
= o6 Std Dev 0.39
04f
02 TS I DU R
r 3 4 5 6
| I S nn Cluster Charge [MPV]

-0.1 -0.05 0 0.05 0.1
Track Position y [mm]
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Timing Resolution Studies on Diodes
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What affects LGAD timing resolution?

2 2 2 2
O“LceAD = | O“Landau +|0 “Jitter| +|O “Timewalk

/ = trise/SNR

—— lonizing Particles
— Photons

Time

Counts

Amplitude
Amplitude

Deposited Charge

ma Time
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G- % TEST &)
x:iﬁziiﬁ?;:r:::.::zﬁ Test Beam Setup A BEAM. BN

Goal: Trig. DUT Ref. 70
» Determine MIP timing resolution e §§§
Readout: g
» Amplifier: Cividec, 40 dB amplification ’ S5 0 35 S0 95 100135
Time [ns]
» CAEN DT5742 digitizer - 5GS/s , u [

Beam energy: 3 GeV

Data taking:

» Fixed threshold on trigger

» Fixed bias on trigger and reference

» Bias scan —200V to —350V on DUT
in 25V steps

Data selection: Coincidence of three

Constanze Wais (University of Hamburg) September 2, 2026
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Waveform Analysis Overview

» Pedestal region to subtract offset
» Amplitude cut at 50 % MPV

» Threshold crossings estimated by Low Gain, -300 V:
0 —— Waveform
software constant fraction discrimination @ 10 A; o Amplitude
Maximum Search Region
| Pedestal Region
6000 —T 40 ---- Baseline
= T S 2 TR
— Signal F e Q >
50001 o401t my wov= 4ou+é§325m¥ £ 301
--7 Cut — [
3 3
0 4000 %_ 20 Threshold fol
..E € this analysis
3 3000 <
o f 10+
2000 \
': 0+ Adefin i A A A
10001 | 1 YY) V R R
0 /fk -50 0 50 100 150
0 20 80 100 Time [ns]

Constanze Wais (University of Hambu
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#....... Determining Timing Resolution
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Considering a system of three LGADs:
» The time residual of one set of LGADs is given by:

s = o3+ o}

» By analysing a system of three LGADs this can be separated:

1
2 2 2 2
03 = 5(02,3 +051 —031)

out

— chour

H a - CFD Threshold 700 [ Raw Data
Trig. DUT Ref s pas s
’ ’ £ 1 = -0.378 % 0.009 ns
i= 600 — 0=0.400 +0.012 ns
Eo X*/ndof=1.18
° W\/\/“ 500 --- Fit Range
e e "
£ 400
“ Trigger z
50 - CFD Threshold 300
B Ton- 1699 s
50
) 200
S
< 100
1 2 3 10
.
0

B By o EY
Time [ns)
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MIP Timing Results:

> Both samples reach ~325 ps Timing resolution for 450 ym thick sensors

700 1
e Within expectations for 450 pm thick z MIP Timing
| ¥ Low Gain MIP
sensors 600 ¥ High Gain MIP
e Limited by Landau fluctuations % === MIP Timing Limit - 325 ps
5001 5 Laser Timing
.. 1 Low Gain Laser
Laser (1060 nm) Timing Results: _ 400 i;x ¥ High Gain Laser
» Both samples reach ~60 ps %300 -----I;f;;----------------_:::_Iff?_r_-r_'?l'_n?_I_"_Tlt___fs_off_.
1 X
e Absence of Landau fluctuations isolates
L . 2001 T
the limits set by jitter and sensor 5 =
geometry 100 5, X o
_______:___-___{E_ZI:‘EELEJ¥_¥___I_____} ______ F S N %-
0 Preliminary

0 100 200 300 400 500 600 700 800
Amplitude [mV]
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» MARTHA is a new LGAD concept featuring a T | eTimng
Low Gain MIP
continuos gain layer ::: . AP iming k- 325 5
.. . EY Laser Timing
» Current samples are optimized for photon science on . T LowGein Laser
- 400 - k3 nghGa}lr\}Lase.r.
450 um Substrate :300 x;‘x -~ Laser Timing Limit - 60 ps
> Global efficiency of 99.22(4) % has been achieved IR
o No loss of efficiency was observed in gap region 100 Prel_m::%ﬁu%zz F P "
1
» MIP timing resolutions of ~ 325 ps have been achieved O 200 20 300 Ho0 ey o0 700 s00

Amplitude [mV]

e Laser timing resolutions ~ 60 ps

S T~
Towards FCC-ee Requirements: ,i?
> Tracking ready: High fill factor possible @ 100 pm pitch s
» Next step: Thinning the substrate to ~ 50 pm ot 2 L}fﬁ s
to reach target timing performance ~ 30 ps [Ty i ¥
TEL L el
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Data Acquisition
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Online data acquisition Offline event matching

From raw waveforms to TriggerIDs:

Telescope | -

K ‘M"+ Wv"‘-*“‘ o 2000

5 s o= s = /. / / /
) 1‘ - -

Te I e P iX2 : T L U P C D“W - ’ ! Lw o ’ o 10000 ’D“‘:?(?m“:f‘“l: “““““““

186 ns .

ry

nnnnn

ooooo

A A ...

D . .. 2000
I g Itl Z e r ¢ o 10600 20000 30600 30600 50000
h

A

—_ 10000 Waveforms
e Data analysis
~ Data DUT performed with

~Trigger Corryvreckan
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125 —— Middle strip
—— Edgestrip 1
100 —— Edge strip 2

n field drop layer (FDL)
p* multiplication layer|

Amplitude [mV]

p*light entrance window

0
-200 -180 -160 =140 -120 -100 -80
Time [ns] e
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Goal: Determine homogeneity of the

» Multiple diodes over different wafers

» Gain is determined from IV-Curves

Photocurrents: lppoto = ILight — Ipark

Gain: Gain = Iphoto//Photo, [20-00 V]

» MARTHA LGADs show substantially
higher gain than other LGADs

» 20 - 100 @200V

Constanze Wais (University of Hamburg)

Gain Measurements

-4- Medium Gain Sample ]
200 4 -3~ High Gain Sample ﬂ
-4- Low Gain Sample I]:
g II
2 H,ﬁ
)
S 150
a
£
e
E 100 4
Q
@
®
£
8 50 1
0
0 50 100 150 200 250 300

September 2, 2026
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... In-Beam Fake Rate (Upper Limit)

In-Beam Fake Rate (Upper Limit):

= ' --=- Fake Rate
f16f |
Strip A %‘ 14l |
P _ ""Track B+Hit A+Hit B = i
Fake = NStrip B g15] |
Track B+Hit B = ' |
| - . 10 |
» Active-beam conditions: secondaries, J-electrons, 5 ]
. . 08] |
beam background + electronic noise < "
[ \
» True electronic fake rate under beam conditions is €961 %
. . 9] N
below this estimate ® 0.41 .
- it SEETTE T O, -
0.2 0.4 0.6 0.8
. . Threshold [MIP]
Grounded Strip
Edge Strip A S ekl Y|
Middle Strip B
Edge Strip C

Not to scale
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. . Telescope Telescope
» Track reconstruction: General Broken Lines downstream triplet 'put_ upstream triplet

> 4/6 telescope planes + TelePix2 (timing ref) ’/T HI
I
| e
I
I

o]

o Best compromise (track yield vs. resolution)

A

I
I
» DUT associated in additional analysis step |
I
I

5 ®  3/6 Mimosa Planes A LA B |
=
£ 10| ®  4/6Mimosa Planes Detectors used Ref. TeIePIXZ
2 s 5/6 Mimosa Planes in tracking  Plane
o
2 8 6/6 Mimosa Planes
8 = 100.0%
& |- DUT Position &
= 3
o 61— &
e - s
s L m
2 C 2
B o4— :
= &
L e
- o
3
2 s
= o]
g
= =
I A EN R A E R B .
%

4 5
DUT Distance to Ref. Plane [mm] Number of MIMOSA Planes
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Amplitudes and Noise

» Medium gain sample excluded based on unstable amplitude behaviour
» SNR = 13-26 for low gain sample - SNR > 20 for high gain sample

Onoise [MV]

3.0
-—- nghGa.ln 120
-x- Low Gain »
254
100
S
2.0 E
¢ 80
3
154 z
= 60
v
°
2
1.04 =
E a0
0.5 4
20
0.0 T T T T T T T T 0
200 220 240 260 280 300 320 340

Reverse Bias [V]
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