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DMAPS - INTRODUCTION
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l. Hybrid detector Il. MAPS detector I1l. Depleted MAPS (DMAPS) detector
4
p-well
n-well ing node)
depletion zone
depletion zone P, | HV bias
particle track / particle track
\o \ J
Passive Pixel Sensor
< CMOS processes offering high
\_ pertle reck J resistivity substrate (HR)

Optimized dedicated sensor
= high radiation tolerance

Labor and cost intensive
bump-bonding

* Reduced material budget
* Lower module cost

e Larger wafers, throughput
* Fast turn-around time

e The sensor volume is not
fully depleted: Limited
radiation tolerance

High voltage biasing (HV)

d~.\p-V
v

Strong drift field

Enhanced charge collection &
radiation tolerance

Faster charge collection
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charge signal

charge signal

PMOS NMOS

A

£

S F/J
o

=

©
v p-substrate \e p-substrate
Electronics outside charge collection well

Small collection electrode
o longer drift distances
o potentially regions with low E field

radiation-hard
= requires modified process for
radiaton hardness

Electronics inside charge collection well

Large collection electrode ’
o short drift distances

o few regions with low E field

o lesstrapping

Large sensor capacitance
compromises noise and speed/power
o

risk of cross-talk (digital — sensor)
o

Small sensor capacitance (< 5 fF)
lower analog power budget (noise, speed)

o
less prone to cross-talk

O
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PMOS NMOS

{f
\

pitaxial layer

Standard process

ALICE ITS type

High-resistivity p-type epi (> 1 kQ cm)

= thickness typ. 25 um

Quadruple well

= deep p-well shields n-well = full CMOS

Reverse bias typ. — 6V

= enhanced, but not full depletion

= some charge collected only by diffusion
= slow

Spacin

PMOS NMOS

depletion boundary

Low dose N implant

Modified process

e Additional planar, low-dose N implant

= depletion from two junction boundaries
= full volume can be depleted
= improved lateral charge collection

* Maintain small capacitance

* No significant circuit/layout changes

W. Snoeys et al. DOI: 10.1016/j.nima.2017.07.046
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10mm 10mm N 4| 10mm
LF-CPIX
£ =
£ (Demon- E LF-Monopix1
> St;am’) 2 P (Monolithic) LF-Monopix2
50 x 250 oM 50 x 250 Hm E LF-Monopix2 . subm. QZ/ZOZO
b *  50x 150 um? pixels
CCPD LF LF-CPIX (DEMO) LF-Monopix1 e Full height matrix
*  Subm.Sep.2014 *  Subm. Mar. 2016 e Subm. Aug. 2016 *  Fast column drain R/O|
. Fast R/O COup/ed to FE-14 . Fast R/O coupled to FE-14 5 Fast Co/umn d!’ain R/O
20 mm Lo 10 mm v
A
TJ-Monopix2
MALTA - Mono s s subm.
- pixt = ® Q4/2020
36.5%36.5 um2| | FEEIEE Y Ve TJ-Monopix2 B33
: miniMALTA = RIS
S <ubin. 2018 b *  Full height
. * measures T
*  8x8pixel fabian *  Fastcolumn
submatrices ¢  subm. 2018 A - | B Zomeererrervsr vernsmeacwer st i drain R/O

*  large matrices
*  fast asynchr & col. drain R/O
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e Derived from ATLAS FE-I13 readout chip

CMOS pixels

Column bus

Sufficient rate capability (~100 MHz/cm?) with affordable in-pixel logic density for

iRVl

<

Addr

Hits in the column are read out
on a shared data bus, arbitrated a
by the token passing scheme o
m

BC ID (40 MHz) distributed
in the column

Addr
LE Pixel Logic
E TE A A
n
3l < | Pixel column
a| 8ol ------t-mpoe e
=l Slol® Chip periphery
o| |
Hits time-stamped in pixel
Column Controller . ToA from LE time stamp

U .

ToT =TE -LE

HIT [ 1
LE N
TE N
Token Out - -
Freeze
Read L

NN N
NN NS
AN N\
27 L

Trigger memory
(omitted for full readout)

[ Jl=>

Data transmission
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LFoundry
150 nm CMOS

process

LAB

Silizium Labor Bonn

‘ |I‘fu CEA Saclay
Institut de recherche

sur les lois fondsmentales

do FUnivers

CPPM

~ 100 pm

2
VA \

AFE  Pixel conf.

{&——————— One pixel cell

registers

—_—

Al Al
Pixel R/O logic RAM&ROM cells

DNW

'f:f TE
/o \ .\

NISO

«—CElectronics— |

nwell
PSUB

NISO

DNW

m|
S

7
ot

..i:. Charge coll. diode

P-substrate ,P+

- nwell - pwell
deep nwell [PSUB| deep pwell
DNW | very deep nwell

C. AFE PixelRIOlogic | RAM&ROM cells
Pixel conf. registers

* Large electrode

* Resistivity > 2 kQ cm
* Backside processing
* Voltagesupto 350V



v

UNIVERSITAT

Leakage current (A/chip)

Depletion in LF-Monopix1 after NIEL damage (100 um)

10_Jrradia{ted @ 1013 peq/cmz; 50 Mrad

Proton: 10"n.,/cm?* 50Mrad 7000 A 100
-5 Neutron: 10"ny /cm?® 85 um
10 6000 i ————————————————————_—_—_—_—_—_—_—_— —_—_ -
Neutron: 10"n, /ecm?® + +* L 80
g : o
1076 Un-irradiated 5000 A ...oo 4 e
- ';-J' 4 | [ ] r 60
10° $ 4000 *
je2}
©
< 3000 A L
1078 O 40
-9 20001 MPV for 5 GeV e- in LF-Monopix1
10 (100 um thick. Unirradiated.) - 20
1000 A MPV for 5 GeV e- in LF-Monopix1
1010 : i s * (100 um thick. 1 x 10%5n4/cm?.)
0 50 100 150 200 0 y y y ' ' ' T T 0
0 20 40 60 80 100 120 140 160

Bias voltage (V)

Breakdown voltage > 200 V
Increase in leakage current due to
NIEL+TID damage after irradiation

Bias voltage [V]

Full depletion voltage (for 100 um):
unirradiated: ~ 10V
irradiated: ~ 150V

;

= = =8 Sul

=
<

Guard-ring structure essential for high breakdown voltage (up to ~300 V)

Depleted width [um]



Dose rate at 20cm. Al filter (Not-collimated, 5 mA).
0
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N
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Vertical [cm]
Y w N =
1<) o ) 1S

wv
o

0 10

20 30 40
Horizontal [cm]

50

¢ 15 steps up to 100 MRad

Relative % to beam center (%

0.06

0.05

0.04

©

o

w
MRad/h

0.02

0.01

0.00

Sample: 100 um thick LF-Monopix1 (Powered on)
X-ray tube settings: 40 kV, 50 mA ---> 0.6 MRad/h
Temperature: Cooled down with chiller through plate. 0+2 Cin NTC

Current [uA]

Leakage current LF-Monopix [ @ -102 V, ~0C]

Leakage current

10° 10!

TID dose [Mrad]

1072 107!

102

Gain [Normalized]

ENC [Normalized]

Gain vs TID dose

1.20

1.15 1

1.10 A

1.05 1

1.00 A

0.95 A

0.90

—8— 3: CMOS+V1(A+D)-CMOS tok-
=@ 7: CMOS+V1(A+D)-CurrSt tok-
—8— 8: NMOS+V2(A+D)-CurrSt tok-
—8— 9: NMOS+V1(A+D)-CurrSt tok-

‘Gain degradation < 5%

1.30

0 1073 1072 107t 10° 10! 10?

TID dose [Mrad]

Chosen flavor
ENC vs TID dose

1.25 A

—8— 3: CMOS+V1(A+D)-CMOS tok-
~®— 7: CMOS+V1(A+D)-CurrSt tok-

R

g = = =
o = = N
o o u o
L L L L

—0—_8: NMOS+V2(A+D)-CurrSt tok-
—8— 9: NMOS+V1(A+D)-CurrSt tok-

Noise increase ~ 25%

1072 107! 102

TID dose [Mrad]

0 103 10° 10!
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* Hit efficiency: o Unirradiated : 99.6% (100 um, Th: 18854227 &", Bias: 60 V)
o 10315 neq/cm2 - 99 4% (100 pm, Th: 2336%262 e, Bias: 150 V)
e With timing (DESY test beam):

Select only hits :; In-time efficiency: Need V,,. > 100 V
within first 25 ns 96.6% for 95% in-time efficiency

15 / 2) 15 2
(1 x 10% neg/cm (1 x 10%° neg/cm?)
100.0
. + - H .
750 4000 4 100 um, Th: 2336+262 e ’ Bias: 150V 87.5 1000 Hit and In-time efficiency for LF-Monopix1 (1x10%°ne,)
. ’ [ ]
2 500 4 2x2 Pixelarray o ¢
5 10? 1 | 75.0 0.975 A i
250 A 20004 55 [ A
w H 0.050 o mm o - —————————————————
0 % o 62.5
150 - = o 100 o W 400
5 E por— 20.925
E g ; 01 Region Fully: 50.0 g
~ 100 .E 8 e e | £ 0.900 { A
5 10 3 b
= 37.5
= 0.875
E 0 p=—=====1 ~2000 - { .
7 25.0 Hit Eff. NMOS+V1
I i
E 0 A 4= 085079 A In-time Eff. NMOS+V1
i - 95%
T 10° —4000 1 Full chip 125 08251 : - : : - : . - :
0 10000 © 5000 10000 15000 20000 80 90 100 110 120 130 140 150
Counts Charge [e-] r . . . . . . 0.0 Bias [V]
—-6000 —4000 —2000 0 2000 4000 6000

column [um]

10



Submitted: Q2/2020, Received: Q1/2021
UNIVERSITAT 10 mm
< > Top pads,

decoup. capacitors:
Power pads,

) _ sensor bias
* Smaller pixel pitch: 50 x 150 um? _
| Pixel array
o Reduced C (400 fF — 250-300 fF) ||
i EoC circuit:
o Larger array: 340 x 56 pixels z Sense amplifiers,

digital buffers
Periphery:

Digital logic, DACs,
analog buffer.

v * Power: ~ 30 uW/pixel

Bottom pads:
Power & R/W signals

Column-drain readout Radiation-hard Improved pixel layout
in 2 cm long column, Optimized FE for best timing and for further
with full in-pixel performance after NIEL and TID cross-coupling mitigation
electronics irradiation

11
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Correct readout operation and data output Linear CSA response
& 24.00!15_ 1 If.OmV ‘ ) /\1
{HitOl"rl nj] \/ Aﬁ-\%{v./odotns A156.0mV i

! ‘HITORE Sl . E——
| TOKEI\E Vv ! % 300
3|FREEZE , v E 250
4‘:"RE.A[I) H ‘ A R B L A A R : Vv g 200
O—JDATAO:UT ' \'} (Test pattern) g e

:nRST 10010101010T10011000000T111 g 100
| CLKBX | g 50
l_jcmoui Injection of 1V pulse to single pixel, 40 MHz R/O enabled A a E e . TR T

Vinj (e-)
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IV curve, LF-Monopix1 vs LF-Monopix2, unirradiated 725um thick

1073 4

10_6€

]

107 //_//

10_8§

Leakage current [A]

—— LF-M1 725um, PREAMP OFF
—— LF-M2 725um, PREAMP ON

107° :

0 50 100 150 200 250 300
Bias voltage [V]

350

Lab measurement
at room temperature

Increased breakdown voltage from LF-Monopix 1 (280 V) to LF-Monopix 2 (> 320 V)

13
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Observation in LF-Monopix 1: LF-Monopix 2 with improved pixel layout:
Small cross-coupling signal No sign of cross-coupling coincident with R/O digital
coincident with switching of READ inR/O switching while carrying signals from pixels across column
_ - . Inj: Pix:[24:32] Mon. Pix: [24,70] ) N .
51 injection ¥ « 05Vinj :
%05 (Amp.~75mV) i :
;< — ‘ Noise
% 0.00 1 .___J L—@ 7. 4 : :
< oo = : - : ~8 mV
§ — Hit Or ] S INJ :
__5;1 —\f ‘ HITOR
‘212: ‘ TOKEN
%0.5 —— Token %:FREEZE‘ | B | 1 | |
o 4| LR :\‘Hvﬁﬁ‘f_‘\“i L]
. >~7~ou  [NNNARRR AR AT A A A A AR
Time stamp YOOOOOOOOOO0O0000X
004 HT _ 1
1.0 4 LE _n
o — Freeze TE n
gos Token Out -
00 Freeze
2 1 0 12 3 4 5 6 Read 1
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ENC distribution. LF-Monopix2 (M1-3_HV=60V)
H : 500 - . ~ .
Preliminary results with untuned FE, — Soma 0001V 18 &)
calibrated using same C;,; as for LF-Monopix 1 400
ENC: 112 e
2300 1
= 25% smaller
. . . . =2
S-curve distribution LF-Monopix2 (M1-3_HV=60V) 200 A than LE-M1
120 A 2500
100
1001 2000 o
0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
80 A " Injection [V]
" 1500 g
-‘]::‘ 60 4 E UNTUNED Threshold distribution. LF-Monopix2 (M1-3_HV=60V)
= 160 4
:0.168 V (~2890 e-
1000 - ?igfn”a; 0.1(?38VV((~2658 éa-))
40 4 140 A
201 500 120 Untuned
5] thresh. dispersion
0 & 80
0.0 0.1 02 03 0.4 0.5 = 25% smaller
Injection [V] 60
40 - than LF'M].
20 A
0 ; ; : ;
0.0 0.1 0.2 03 0.4 0.5

Injection [V]
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LF-Monopix 1 LF-Monopix 2 LF-Monopix 2
Expected Measured

Chip size 1x1cm? 2x1cm?
Pixel size 50 x 250 um? 50 x 150 um?
Noise 150-200 e 100-150 e 112 e
V limi
Threshold disp. ~ 100 e 80 e untuned ety prefiminary
(15t meas.)
Min. threshold ~ 1500 e 1000 e ~ 1000 e (TBC)
In-time threshold ~ 2000 e 1500 e to be measured
Efficiency 97% >97% to be measured

(irrad., in-time) (irrad., in-time)
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Towerlazz

180 nm CMOS
process

LAB

Silizium Labor Bonn

&)

X/

TJ-Monopix 1 (2018)

Derived from ALICE PMOS NMOS
development (led by CERN) _
Low dosé N imp|ant l

| | [Pepleteld boundry

P Epitaxial layer|

| |2 um B pm |

TJ-Monopix 2 (2021)

Small electrode

Small capacitance = low power and noise
High-resistivity epi layer: 1-8 kQ cm

(epi thickness: 18-40 um)

Modified process to improve lateral depletion

17



UN,VERS|TAT5A TJ-MONOPIX 1: THRESHOLD AND NOISE

350 [ Unirradiated single
[ lelSneq single
300
250 1 S5Fe
200 1
150 4
100
50
0 10 20 30 40 50 60

ToT units

e Good noise performance:
16 e (unirrad.) — 23 e (10% n,,/cm?)

* Threshold dispersion:
33 e (unirrad.) — 66 e (10*> ny,/cm?)

Need better noise and threshold tuning

ENC (RDPW)
800 = h:‘o:iigr:iated
o=2 e-
© 600 1x10"nyg/cm’
2 =23 e-
a o=3e-
s 4004 .
g Long tail likely due to
200 RTS noise in
0 4
ENC [e-]
Threshold (RDPW)
600
Non-irradiated
] ] p=348e-
500 o=33 e-
wn 4 1x10"%nagfem?
g 400 u=569 e-
E 300 0=66 e-
5]
2 200+
100 1
0 |

0 200 400 600 800 1000 1200
Threshold [e-]

I. Caicedo et al., DOI: 10.1088/1748-0221/14/06/C06006

18
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* Efficiency of T)-Monopix 1 after irradiation to 10%° n.,/cm?found to be only ~ 70%

* Options for improvements: 1. Lateral field enhancement — n-gap or extra deep p-well
2. Higher input signal — thick Czochralski (Cz) substrate

100.0

COLLECTION N-WELL -
. . ] Y ) PWELL |SNER PwELL PWELL PWELL
30 um epitaxial layer with “n-gap DEEP PWELL DEEP PWELL

LOW DOSE N-TYPE IMPLANT

95.0
92,5

90.0

* Increase of efficiency after
irradiation to 101> neq/cmz: 87.1% P" EPITAXIAL LAYER

P+ SUBSTRATE

87.5

85.0

82.5

80.0

100.0

COLLECTION N-WELL 97.5

PWELL |SWWER PwELL PWELL |SMWERE PwE
DEEP PWELL DEEP PWELL

~ LOW DOSE N-TYPE IMPLANT —>
EXTRA DEEP PWELL EXTRA DEEP PWEL

99.20% 99.12% 95.0

92.5

300 um Cz substrate with “extra dpw”

90.0

* Almost fully efficient after irradiation
to 10> n.,/cm?: 98.6%

87.5

P-TYPE CZ SILICON

99.25% 99.19% 85.0

82.5

80.0

10 20 30 40 50 60

AS3Q 1B weaq uoJ1da|d A3D S ul uidsag ) Aq painsean



UNIVERSITAT Submitted: Q4/2020, Received: Q1/2021

224 Colums 224 Columns

° Fu”_scale Chlp- 2 X 2 sz , Active Ma rixArea:512x512pix:éls

Cascode FE

#
g

* Smaller pixel pitch: 33 x 33 um? 1 Normal

+ 512 x 512 pixels { Fﬁ
* Power: ~ 1 uW/pixel |I=—

1
I
1
|
t
I
I
1
1
t
I
I
|
1
i
L
I
I
1
i
1
I
I
1
i
L}
I
1

. Digital End of Column (SenseAmp, drivers & birffers)
Digital Chip Bottom |
/0 aiid Periphéry PowerPas 1 1 |1

Larger signal More efficient charge collection Improved FE = lower noise & threshold
(e.g. Cz silicon) (n-gap, extra dpw) o Gain increased
or o Modified sensor geometry o RTS noise reduced
o Optimum (smaller) cell size for o Less threshold dispersion
lower threshold o Threshold trimming

given electronics

20
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Lab measurement with Fe55 source

Occupancy Charge spectrum

(two FE flavors activated, right one
has lower threshold)

& 100
200000 1

400 80
150000 1 I

300 60
100000 1

200 40

100 20 50000 1 i

0 0 0 JIIIIIIIIIIII|II|L : ! !
0 100 200 300 400 500 0 20 40 60 80 100 120

ToT Code

Chip works and detects radiation
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5007  p=223DU
0=0.86 DU
400 A
300 Very preliminary
5200_ Tuning not yet optimized for minimal
threshold (not optimized FE settings)
100 A
O 4
0 1I0 2'0 3'0 4'0 5'0
AVCAL
ENC Threshold Threshold
before local tuning after local tuning
1200
_ k=223=17e u=19.66 ~ 153e 2500 _ k=20.00=156e
3000 1 0=0.10=1e 1000 T o0=1l42=1le 0=0.62 =~ 5e
2500 % 200 | “ 2000 -
<2 20001 X _g
g : 600 o 1007
o 1500 A **
* 1000
1000 A 401
500 j 2001 2001
0 T y y T T 0 y y 0 : : -
1.0 1.5 2.0 is 3.0 a5 4.0 4.5 5.0 10 15 20 25 30 35 10 15 20 o5 30 35

Injected charge / DAC units Injected charge / DAC units

Injected charge / DAC units

22
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TJ-Monopix 1 TJ-Monopix 2 TJ-Monopix 2
Expectated Measured

Chip size 1x 2 cm? 2 x2cm?

Pixel size 36 x 40 um? 33 x 33 um?

Noise ~20e <10e 17 e Very preliminary
Threshold disp. ~30e <20e S5e (1%t meas., settings
Min. threshold ~300e <150 e ~ 150 e not optimized)
In-time threshold ~400e 250-300 e to be measured

Efficiency ~ 70% (irrad.) >95% (irrad.) to be measured

23
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VTX = 5-layer pixel detector with CMOS sensors [Sensor | TIMonopix2 | LiMonopix-2 | Bellell |
Techno TJ-180 nm LF-150 nm
* Layers 1-2 : Self-supporting all-silicon ladders, air-cooled ;g pitch (um?) 33x33 150x50 30 to 40
Layers 3-5: Carbon-fiber support-frame, ALICE-like staves, #Columns x #Rows 512x512 56x340
water-cooled Sensitive area (cm?) 16.9x16.9 8.4x17 ~30x20
* Low material budget (sensor thickness ~ 50 um): VLIS 25 25 0(100)
0.1 X, (L1+2), 0.3 X, (L3+4), 0.8 X, (L5) Trigger latency (s) Global shutter| Continuous | 5— 10
* Chip size = 2 x 3 cm?, same chips in all layers Quipitcharss (i) 4 £
Bandwidth (Mbits/s) 320 0(320)
Power (mW/cm?) 0(200) <200
Hit rate (Mhz/cm?) >100 >100 <150
Layers 1+2
TID kGy 1000 1000
Fluence (x 10**n,,.cm?) 100 100 10

TJ-Monopix2 chosen as
“workhorse” for development of
new pixel sensor:

OBELIX 24
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Next-generation Monopix 2 chips arrived in early 2021 and are currently being intensively

tested and characterized.

LF-Monopix 2 and TJ-Monopix 2 are both functioning and (so far) show the wanted

improvements.

Fully monolithic column-drain readout works well.

Large-electrode design (LFoundry):
o High breakdown voltage
o Llarge signal
o High efficiency after irradiation

Small-electrode design (Towerlazz):
o Low capacitance, low noise
o Low power
o Can be made radiation-hard

Research and Technology Center Detector Physics

UNIVERSITAT

g‘ Tl

started operation in August 2021

TJ-Monopix 2 workhorse for Belle Il VTX upgrade = OBELIX chip

25
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* Many thanks to Christian Bespin (Bonn) und Ivan Caicedo (Bonn) for the latest
TJ-/LF-Monopix 2 measurements and help with the preparation of this talk.

 The measurements leading to these results have partially been performed at the
Test Beam Facility at DESY Hamburg (Germany), a member of the Helmholtz

Association (HGF)".

26
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BACKUP SLIDES

27
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Test beam setup and data acquisition at DESY

Telescope setup:
* 1LF-Monopix1DUT REETE T LT :
(200/100 um thickness), MIMOSA feleswpe Y
* 5MIMOSA26 tracking planes b S

* 1FE-14 timing reference plane.

* Triggered by a plastic scintillator
through a TLU.

DUT DAQ
(MI03+
FPGA)

Beam: 5 GeV e- at DESY TB21

Scintillator, TLU and DUT (Token) timestamps sampled
with a 640 MHz clock in the MIO3 FPGA.

TB data analysis carried out using:

From |. Caicedo (Bonn)
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TESTBEAM MEASUREMENTS: DATA QUALITY

Residual distribution. Direction: X.

10* 4

10° 4

Events

1024

L%

-600 -400 -200 0 200

Bck_Amp=8.72E+01

Bck_Mean=-1.83E+01

Bck_sigma=101.08

Bck_cnt=5.57

Box_Amp=1.88E+04

Box_Mean=-2.04E+01

~ Box_Width=248.82
Box_Sigma=6.74

== Cut sug. from fit

== Cutin analysis

'

ha

Al i ol
I

00 6

i

i

I

Residuals [um]
Residual distribution. Direction: Y.

800

10% 4

103 4

Events

102 4

10] 4

100 J

ik
T

=150

Box_Amp=1.97E+04

Box_Mean=-2.19E+00
Box_Width=47.22
| Box_Sigma=6.42

== Cut sug. from fit

Bck_Amp=9.51E+01
‘“HHH“ -~ Cutin analysis

Bck_Mean=-1.00E+00
',l“" || NG

T Bck_sigma=37.93
Bck_cnt=3.43
=100 =50 0 50 100 150
Residuals [um]

Residuals

row [um]

100

50

Region 2 (NMOS+V2 Full): In-pixel mean residuals 86.2
for LF-Monopix1

0 100

200 300
column [um]

115.0

100.6

575

43.1

400 500
28.8

14.4

0.0

From I. Caicedo (Bonn)
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Cluster size

0.9955
Region 2 (NMOS+V2 Full): Cluster shape distribution 0.8711
for LF-Monopix1 Region 2 (NMOS+V2 Full): In-pixel density for cluster shapes
(254 Pixels) for LF-Monopix1 0.7467
400000 (254 Pixels)
_ 100 — —A~~——+- — e ] 0.6222
i g
350000 cS1 g Y I - ———+~- — - e o 0.4978
300000 g S ""'_*'{'_”"" et i - 03733
0 100 200 300 400 500
250000 A column [um]) 0.2489
0.1244
# 200000 -
0.0000
0.1521
150000 A
0.1331
100000 A Region 2 (NMOS+V2 Full): In-pixel density for cluster shapes
for LF-Monopix1 0.1141
(254 Pixels)
50000 A ' ' TR
E
0- T T T T T T T T T T T T T cs2 ] 0.0761
TR T ¢ % &k Jd F % ssr & wx wxs s wanothers 3
L] . " mEn - T -
[] [T Y] 4 0.0570
Cluster shape 200 300
column [um] 0.0380
0.0190

From I. Caicedo (Bonn)

0.0000



UN,VERS|TAT5A GUARD-RING DESIGN OF LF-MONOPIX 2

Periphery\% %

Figure 28: Guardring design of LF-Monopix2. Red is nwell and blue is pwell. The
dark green ring surrounding the matriz and periphery is a combination of nwell, niso
1d dnwell.
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TJ-MONOPIX 1: ENC - RELATIVE AND ABSOLUTE

* Relative ENC increase: NMOS (25%) > CMOS (15%)

ENC vs TID dose

1.30 T T
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