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Conceptual parametrisation of TI-LGAD trench response

[ Parameter summary

Oy, Og: edge-transition widths |

n(x) : charge-sharing observable |
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Applicable to both test beam and TCT scans




A From detector signals to normalised total response

‘ o Geometry and track position

B Parametrisation with a double error function

Fitting function

Q Signals from both pads
track at x Pad 0 signal Pad 1 signal The response deficit D(x) is described by a double error function:
‘ integration window integration window
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Normalisation and total response

Each pad is normalised to its own bulk response (far from the trench):

Total (charge-sharing independent)

e Visual meaning of W and o
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Testing the concept for wafer 5 (I)

normalized total response R(x)

charge sharing n(x)

1.2 __Integrated waveform response
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[ normalize the integrated charge of each
pad to its own bulk response. The sum R(x)
tells me whether charge is actually lost,
while n(x) tells me how the charge moves
from one pad to the other.



Standardised TI-LGAD response-loss comparison Common procedure

e  Align each structure to the charge-sharing

O o0.7F transition X
3 = TI-LGAD preliminary [ n(x,)=0 U=X—X
=) 0.6__ ° Same analysis for all structures: 5 pum bins,
o - —+— T § wsv2Twi lul <30 um 6=2 pum
— 0.5 W11 V2 TWa e  The fitted response-loss centres are consistent
1 = I with the charge-sharing centre:
s . W11 V2 TW6 ~
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o 03—
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= | , A W11 TW6: 5.42 + 0.66 um
O— - e
-0 1:_' - |I files s Do g p el mass Dl re e bmsgal The fitted F=AW values are consistent with direct
-30 -20 -10 0 10 20 30 numerical integration, supporting F as a candidate

U=X-x, [um] common response-loss metric for TI-LGAD designs.
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From measured inter-pixel efficiency to pitch impact

1 Measure g(u) 2 Integrate deficit

Use the two-pixel efficiency profile across the
inter-pixel boundary. The local reference
efficiency comes from nearby sidebands.

Convert the efficiency dip into an equivalent
fully inefficient width.

gu)/ g, w_f=[1-¢g(u)e__]du

w " is the width of an ideal zero-efficiency
Interpretation strip that would give the same integrated loss

as the measured inter-pixel profile.

3 Scale to pitch

For one inter-pixel boundary per pitch,
the equivalent 1D average loss is the
effective width divided by the pitch.

L(P) =W,/ P

Quick numerical intuition
Ifw, " =5um: 5%atp=100pum e
2.5%at200 pm e 1% at 500 um



IPD loss [%]

TI-LGAD pitch extrapolation — all validated runs
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W5, V2, TW1-2, 0e14 neq/cmz, angled at 10°
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local y [mm]
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IPD results for wafer 11 V2 and V3/4

Run201 W11 DUT1 CH9/CH10: hit-efficiency profile across inter-pad trench

hit efficiency (fraction of tracks with charge > threshold)

hit efficiency (fraction of tracks with charge > threshold)
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inter-pad efficiency (at trench center):

double-erf: nom=0.665:0.044 low=0.674

charge threshold used to count a hit:
L] nominal (CH9>0.17 or CH10>0.16)
L] lowered (60% of nominal)

double-erf fit (step/edge model)

----------- Gaussian-notch fit (dip model)
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Run201 W11 DUT4 CH13/CH14: hit-efficiency profile across inter-pad trench

charge threshold used to count a hit:
L] nominal (CH13>0.10 or CH14>0.11)
L] lowered (60% of nominal)

double-erf fit (step/edge model)
----------- Gaussian-notch fit (dip model)
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Run201 W11: inter-pad efficiency at trench center, all pairs

— fit model, charge threshold:

- [e] Gaussian-notch, nominal

o Gaussian-notch, lowered (60%)
. double-erf, nominal

L] double-erf, lowered (60%)
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markers near the bottom axis (~-0.03) mean the fit failed for that pair/model - not a real eﬂiciencyt(ven\ngh pair



Wafer 11 V2 and V3/4

Run201 W11 DUT1 CH2/CH1: inter-pad distance vs IPD-definition cutoff Run201 W11 DUT1 CHY/CH10: inter-pad distance vs IPD-definition cutoff
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The lowered-threshold curve (0.6 Q, ) is used to assess the sensitivity of the extracted IPD to the
hit-threshold definition.



Wafer 5 analysis DUT2: N, Vs threshold, run013231
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RD53B_115Local Residual Y

RD53B_115Local Residual X
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Pulse-integral distributions for TI-LGAD pixels before and after irradiation

DUT1_0 non-irrad pixel 1
Fixed offset from TREF: 13 bins

DUT1_0 non-irrad pixel 2
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Black distributions contain all events, blue distributions show events passing the pulse-integral threshold



Pedestal Noise Comparison Before and After Irradiation

normalized entries

DUT1_0 non-irrad pixel 1

Pedestal-focused comparison

| Same integral method
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Analysis of tench and off-trench regions with tracks required

Trench region Off-trench reference region
Top metal / SEt?é:ic:I:d Top metal / Top metal / ssfmf_ f;:’r:g:]h Top metal /

contact contact

/

contact contact

reference region

n* implant —2 n* implant —5¢

Gain layer / — % Gain layer | — g%

multiplication multiplication i ‘.
region Pixel 1 Pixel 2 region Pixel 1 : : Pixel 2
) l !
same-width | | same-width
analysis €==%»  analysis
- :

window : | window
I I
I I
I I
p bulk ———e p” bulk —e : :
I I
I i
I I

reduced-gain /
no-gain region
(“dead region”)

. | Red shading: {77 Gray shading: Blue hatched fill:
_____J trench-related region QN Same-width off-trench Si0,filled trench
reference region
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How does the trench-region signal spectrum compare to a nearby non-trench region?

DUT1 non-irradiated, Pixel 1+2 DUT1 non-irradiated, Pixel 3+4
£ 45Cx trench band: 53 um 2 [xtrenchband: 53 um
2 = ; same-width off-trench reference 2 51— : same-width off-trench reference
o afywindow: 150 pum X 2 ry window: 150 um .
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Interpad distance evaluation
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Per-pad centralized efficiency versus charge threshold
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charge threshold (V bin)

W5 TW2/3 2.5e15 neqlcm2 @ 550 V

. CH2: DUT1_WS5_V2TW12-0e15-10 (top), thr=0.50

. CH1: DUT1_WS5_V2TW12-0e15-10 (top), thr=0.50
CH9: DUT1_WS5_V2TW12-0e15-10 (bottom), thr=0.50

v CH10: DUT1_WS5_V2TW12-0e15-10 (bottom), thr=0.50
CH4: DUT2_WS5_V2TW23-25¢14-10 (top), thr=0.05

o CH3: DUT2_WS5_V2TW23-25¢14-10 (top), thr=0.05

A CH11: DUT2_W5_V2TW23-25e14-10 (bottom), thr=0.05
CH12: DUT2_WS5_V2TW23-25¢14-10 (bottom), thr=0.05
CH6: DUT4_W5_V2TWA4-15¢14-10 (top), thr=0.12

. CHS: DUT4_WS5_V2TW4-15e14-10 (top), thr=0.12

N = 383262

tracks
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Detector efficiency at different threshold in units of Pedestal Noise RMS

Run 607 fixed-anchor threshold scan | used events = 61320

—. 100 :
2\_0, -
5 99 : o g i ol i :
k5] =N RE 1 mansansans Ol
e T T A
S Liaant s SSREITY
HE UL
96 -
95
94 -
93; —— DUT1 Pixel 1+2
= —e— DUT1 Pixel 3+4
- : — i . . 2
— dashed lines: nominal working points used in the analysis DUTo Plxelﬂu’:h WC'I'|§lng point DUT1 . W2 V2 TW 2I3 oe1 5 neqlcm
Gl ; === DUYTS Pixel 344 f
- i DUT3 working point | )
go_l 1| 111 BT L 11| [ | | | N - DUT3: W2V2TW1I31.5e15n Icm
4 6 8 10 12 14 16 eq
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Efficiencies

DUT1_0 Pixel 1+2 V2 TW2 DUT1_0 Pixel 3+4 V2 TW3

” 0.9 . [t 0.9
3.1 22f;
I 0.8 I 0.8
3.05— 215/ 07
J . @165V
- - 05
2.95— 2,05
L - 0.4
- - I I Temperature of -23.72 °C
29— 2— 0.3
B 0.2
2'85; e Ii] e  Pad-only ROIs exclude the trench
B - 0.1
28,5 o4 23 -22 T Ifl1l.él ’71I4'8I I7‘1.7 -1.6 1'9245 24 -23 72.2‘ Kiz‘.i‘ I I7I2 I :1‘4‘9’ I;1|.l e

825 24 -23 -22 -21 -2 Left and right pad efficiencies

V2 TW 1 V2 TW3 quoted separately

DUT3 1.5x10'® n./cm? Pixel 1+2 DUT3 1.5x10'® n./cm? Pixel 3+4 1 e  Pairinefficiency is partly driven by
0.9 135 0.4 P the trench region
0.8 13 0.8
0.7 - 0.7
’ 1.250—
I N z T @495V
C 05 12g 05
295[ G 1157[ 0.4
29/ I b 1":3 vs 276,813 waveform events
c - I . - H 02 01,311 used (after track matching +
285 1.05—
. 01 E »s  TREF anchor)
2,

N
1o
n
o
|
o
»H
1
N
w
|
n
()
|
n
la

-2 -19 -18 -17 -16 0 .5 24 -23 -22 -21 —2‘ -19 -18 17 -16 0

X X Binning: 17.5 ym x 37.5 ym o4



y (mm)

3.1

3.05

2.95

2.85

28,

DUT1_0 Pixel 1+2 track statistics

DUT3 1.5x10'® n,/cm? Pixel 1+2 track statistics

y (mm)

3.1

Tracks / bin

3.05

oy Y | L]
5 -24 23 22 214 -2 19 -18 -1.7 -16 2'§2.5 -24 23 22 21 -2 -19 -18 -1.7 -16
X (mm) X (mm)

e Track-statistics map shown to indicate local entries per bin-> Typical local statistics: about 17 tracks/bin

Tracks / bin
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Tracking-Gated' Timing Results Explanation

We measure three time °h\3 For each event, the track is
differences per event, * '"te’PO’atZ‘: Joross Z’_; three
W2 VA1 | 'sensors, an e time differences
gatediy tthe ;elescoP € cht / Vi1 }T w5 | -~ between their signals are
iEE —L. = calculated.
ch0 V1 TW5 0E15 - /
\ V2 1.5E15
\ — - e A={(ch1)-1{ch0) (non-irradiated DUT - REF)
_ || | wov1 e B=1{(ch3)—tch0) (irradiated DUT - REF)
- e C=1{ch1)-t(ch3) (DUT - DUT, REF-independent)
Time reference
LGAD | N -
Triplet system equations:
Signal split
338885688 65655 A=oltck, B=ol+oh, CP=oltdl
C[C[C)
R v 9 0 ; CCEEE R Q
i " Track gating is the process of keeping only data associated with valid
Same trigger group particle tracks and rejecting unrelated or noisy events
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Opyr (PS)

Batch2 / run509
DUT1 DUT2 - DUT3

—e— V2TR1 TW2 1.5¢15 (0,0) 500V

3
2
-

—=&— V2 TR1 TW4 Non-irrad (0,0) 120V —e— V2TR1TW4 1.5e15 (0,0) 480V

Timing
tracking-anchored
results

80— —=— V2 TR1 TW4 Non-irrad (1,0) 120V 80— —=&— V2TR1 TW2 1.5¢15 (1,0) 500V 80— = V2TR1TW4 1.5e15 (1,0) 480V

———— V2 TR1 TW6 Non-irrad (1,1) 120V V2 TR1 TW3 1.5e15 (1,1) 500V

F V2 TR1 TW6 2.5e15 (1,1) 480V
701

70— —*— V2 TR1 TW6 Non-irrad (0,1) 120V VR TR TWS 15615 0:1) 500V

—»— V2TR1TW6 1.5e15 (0,1) 480V

g sof—
4oi— ‘\L

1 I 1 1 1 I I 1 Py | I I 1 P e B I I i N
" 01 02 03 04 05 06 07 08 09 - 01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
K, Kern

CFD CFD

"";‘ 0,1 1,1

DUT]1 Time resolution (from o) [ps]

DUT2 Time resolution (from o) [ps]
O SN e
DUT3 Time resolution (from o) [ps]

k-

Run 607 | S

rep} = 47.1 ps subtracted

—— DUT1_0_nonirrad

70

Time resolution [ps]

Cuts: ,
—e— DUT3_15E14 /. NPeaks=1 ooF- 0,0 1,0

RiseTime>0.6 sof-
------ # (to get rid of digitizer fast noise) E

_Z*'/:l‘;ﬁ SN, s o Comparison with
g Marcos’ results 33

60

50

40

..
s
s
oL
>
s

k,

CFD

30

20
Batch 2 run509 Batch 3 run607

FITTTTTI T[T I I T T T I T I T [ TTTT 77T

25 24 23 22 24 2 49 18 A7 A6 DUT1 non-irrad ~47 ps @120V 43 ps @165V
X (mm)

DUT31.5x10** ~38 ps @ 500V 38 ps @495V

TREF 180V ~49 ps 47ps v

Batch 3: o= 47.1 ps (triplet method) =4



Threshold and CFD scans with track-based TREF-anchor selection

Detector-averaged timing shown as a function of CFD

Spyr (PS)

Per-pad timing vs CFD | o, = 47.1 ps B fraction

= § % ~ 1 | |
>4 — - g B —e— DUT1 avg

— P — b -
5ol A ]~butipt  —=butipz | _ 50— —e— DUT3 avg

— /‘//'/ - DUT1 p3 -5 DUTH p4 - /
50 : \\ A —= DUT3 p1 = DUT3p2 |- 48— | 2
AN DS Nome o NN

- ></ ; / l 46 \i»—o//f
46 - S // L / / : \T\
44— ] r

- T R y -
42F ‘ oS /) 42 X

- N \\.// N \
40 : \ x\ g 40 | |
- - Per-pad curves use the N S / _____ i C W

T trigger-group-matched TREF reference e T S 852 0.3 0.4 05 0.6 0.7 0.8
361 ; krp

C I | I | | | | 1 | | | 1 | | 1 I I I I | | I | | |

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Kerp

DUT 1: W2 V2 TW2/3 pixel 1/2 (p1/2) @ 165V

DUT3: W2 V2 TW1/3 pixel 1/2 (p1/2) @ 550 V 25



Spur (PS)

Spur (PS)

. . @165V .
DUT1_0 non-irrad Pixel 1 DUT1_0 non-irrad Pixel 2 DUT1_0 non-irrad Pixel 3 DUT1_0 non-irrad Pixel 4
%0 T : — 8 T T —~ & T 7 —~ & T :
o gedge edbe 31’_ . ;edge edpe 31'_ . jedge _edje 3-‘._ & jedge _edpe
' : 2 ' ' - ' ' 2 ' :
60[— © s O sof- © s0f-
50— 50 50 50—
40— 40| 40— 40 %
30 30| 30 30— .
20f- 2} 2l 2k
W2 V2 TW2 W2 V2 TW2 W2 V2 TW3 i W2:V2 TW3
10— 3 i % 10| ¥ 3 i L 3 10;— E 3 5 3 10 E $ 2 3
0 P i P l;‘i 1 aal ol 1. i lA. 1. 1 1 xl:A 1 E‘ 1 | o 1 ;i 1 .‘l;‘ 1
28 29 3 31 3.2 28 29 3 31 3.2 19 2 21 22 23 19 2 21 22 23
y (mm) y (mm) y (mm) y (mm)
. . : @495V .
puT3 1.5e14 Pixel 1 DUT3 1.5¢14 Pixel 2 puT31.5e14 Pixel 3 puT3 1.5¢14 Pixel 4
80, T 0 a— T q P T 3 —~ 80, T -
H H /2] H H [72] H H /2] H H
b ;edge _ed;ge i 9; o éedge :ed;ge H 8-',_ b ;edge : ed?e_ % F éedge Ved;ge_
i ' 2 ' ' 2 ' : 3 i :
60f— t oot © 60 j t © e © eof-
W . ——— P N . sof- sof-
o W2 V2 TW1 " W2 V2 TW1 = - W2V2TW3 k- - W2V2TW3
0 1 i 1 : 1 1 0 1 i 1 . 1 1 1 i 1 : 1 1 0 1 i 1 . 1 1
28 29 3 31 32 28 29 3 31 3.2 0.9 1 11 1.2 13 14 0.9 1 11 1.2 1.3 1.4
y (mm) y (mm) y (mm) y (mm)
Time resolution as a function of position across the pixel width for DUT1_0 (black) and DUT3 at 1.5%x10" n_eq/cm? (red). Blue

dashed lines indicate pixel boundaries. Resolution is uniform within the active area with no degradation at the LGAD edges —
direct evidence of the TI-LGAD full fill factor

Note: ~30-50 events per y-bin

Error bars represent the statistical uncertainty on the measured time-difference

RMS, oAt/2N; horizontal bars indicate half the position-bin width.
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Non irradiated W5 V2TW12 angle 10

Single-tralk v B PT (DUT gad-hit events)
After CROC ROl filter: 127574

Used (with TREF anchor): 96775
DUT pad-hit events (any userPixCigs bpx): 15435
CROC ROI: x=[1.10,3.40], y=[-0.80,1.00] rm

08 Qpeak mean g0 [fC

y (mm)

06

4

0.4

0.2

R R III|III TTT

ol TTT IIIIIII

-04 -03 -0.2 -0.1 0 0.1 0.2 03 04 05
X {(mm)

_15IIIIIIIIllIIIIII|IIIIIIIIIIIII

T2 22 24 26 28 3 32 34 36 38 4
X (mm)




DUT2 CH11 (generic), integral

DUT2 CH11 (generic), peak height

Track position correlation (post- x? cut)
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Iat | sowmansars mosscser | ——
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g gl LI, e e Ao
oo ——
DUT2 CH12 (generic), integral DUT2 CH12 (generic), peak height Charge vs local y
— T ————— T wE T ——
i i e e e E : | ==
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b+ | 4T Y. o
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CMS Readout Chip: 6,=17.3 ym, ¢ =17.0 ym

events

events

RD53B_115Local Residual X

LocalResidualsX

77594
-0.0001208

1000 — 0.01735
800
600 —
: — | CROC -
wol- / .
» residuals
200/
Lo e i by 1y el P W/ H
85 -0.1 -0.05 0 0.05 0.1 0.15 <]
XXyraesc [MM]
500
RD53B_115Local Residual Y
LocalResidualsY 400
r Entries 77594
Mean -2.879e-05
1000 - Std Dev 0.01699
C 300
w0l
L 200
00— g
400 —
200/—
P ) o L A | il T PO l
835 -0.1 -0.05 0 0.05 0.1 0.15
YY o (MM

E

hitmap
Entries 180474
Mean x 241.9
Mean y 203
=l ¥ StdDevx  9.531
StdDevy 8.884

CROC hitmap; (50 x 50) /‘Jm pixel size

T Ll P |
230 240 260 270

220 250
column
hitmap
Entries 768639

Mean x 481
Meany 305.7
StdDevx 232.6

135.2

Std Dev y
CaS

Triggering on CROC,
after having defined a
fiducial area with the
shadowing procedure

column

Triggering on CROC
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