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ATLAS INNER TRACKER UPGRADE FOR THE HL-LHC

The ATLAS experiment will upgrade its inner tracker system for the HL-LHC

Max. instantaneous luminosity: of 7.5 x 1034 cm-2 s-1
(~200 interactions per bunch crossing)

T e tyer | outertayer

Occupancy 30 MHz/mm?2 1 MHz/mm?

FastR/0
NIEL 106 n,,/cm? 10" n.,/cm? + architecture with
TID 1Grad 80 Mrad 25 ns precision
= 450 e — e ——
Area 0(1 mz) 0(1 0 mz) E. 400 i ATLiS‘: 1S.:‘m:.mfai'n:'.n 1oz Inclined Duals:
350? ;: / " |'|=3.0§
Zgg:—_—-ﬁ-—nunumt'\ [ T T O T |i é
Radiation-hard hybrid pixel sensors will remain as the baseline (RD-53): 2007 ““::‘\‘\”:“‘\‘: : ll | | J,f--'lt"’l'lﬂl*l II : -
- Significant material budget (3% Xo per layer). :zg‘ Ty I IIFINEEE P ca0
- Complex (and expensive) module production. so_rll,um,,‘,m [I o I L o 3
OOL"‘HTIHSOO 1000 1500 2000 2500 8000 3500

A complementary option for the outer layer? _ 2 mm]
Depleted monolithic sensors in CMOS technology Al e
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THE MONOPIX CHIPS

DMAPS with an integrated column-drain read-out architecture
(fast synchronous read-out architecture)

LF-MONOPIXO01 TJ-MONOPIXO01
(March 2017) (February 2018)

Large fill-factor P Small fill-factor
design in designin
LFoundry 150 nm Towerjazz 180 nm
CMOS technology CMOS technology

with a process
LAB modification
Irfu- CEASacIay
CPPM o= C WY L0 LR VL T w !.'ABB \/y
T. Wang, et al. T. Wang, et al.
DOI: 10.1088/1748-0221/12/01/C01039

DOI: 10.1088/1748-0221/13/03/C03039
K. Moustakas, et al.
DOI: 10.1016/j.nima.2018.09.100

P. Rymaszewski et al.
DOI: http://doi.org/10.22323/1.313.0045
T. Hirono, et al.

DOI:10.1016/j.nima.2018.10.059
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COLUMN-DRAIN R/0 ARCHITECTURE

Why? Sufficient rate capability with affordable in-pixel logic
density for CMOS pixels

Addr

Addr J_

1::2

I Pixel Logic
F 3

LE

TE

il

\

>

BC ID

A

Data Bus
~ Token
Read
Freeze

BC ID (40 MHz2) distributed

Column Controller

in the column /

7

Hits in the column are read out

M Y

on a shared data bus, arbitrated

by the token passing scheme

Trigger Memory

\

Hits time-stamped in pixel

+— Trig.

ToA from LE time stamp
ToT =TE -LE

Column-drain has
already proven to be
capable to handle the
hit rates of the current
inner ATLAS pixel
layers (FE-I3)

7

Simulation studies for
the outmost HL-LHC
pixel layers agree

7
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DEPLETED MONOLITHIC ACTIVE PIXEL SENSORS (DMAPS)

DMAPS in CMOS technology are suitable candidates for the outmost pixel layers

Commercial process, no hybridization (Reduced material budget and costs), considerable depleted
regions in high-resistive substrates, fast charge collection by drift, multiple wells for shielding, scalable.

Two approaches:
“Large electrode design”

“Small electrode design”
Collecting well containing all the electronics Collecting well separate from the electronics
. Electronics Electronics\\ Coll. Electrode Electronics
\
I e £ DEEP P-W t jﬁ DEEP P-W
f: | VERY DEER N- (Coll. Electrode) £ :Nn 1 ’\: """""""'"
g3 g 7] P-EPI LAYER Y ]
ZO P-SUBSTRATE \\\i 2 e |
— fon o - P-SUBSTRATE L
i - & \‘ - - .
_ \
BACKSIDE o Y
= Pixel cell
Pixel cell
PROS: Short drift distances, strong E-field (Rad-hard) PROS: Very small sensor capacitance
CONS: Large sensor capacitance (Compromise on timing and CONS: Long drift distances, compromised rad-hardness
noise), higher analog power.
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LF-MONOPIXO1 : 10mm :

=N
»{ TokenChip =T 20
READ R/O controller % =
m D -
FREEZE a @ |Off chip o 40
17 ‘E _______________________ . g
= Serializer + LVDS Driver 1 On chip X 60
EoC circuit = 36 o .
. RIO logi
2 Decoupling cap. 4:;:gx|c23rray > -
E 120
€ Pixel with R/O logic Binary pixel 35 30 25 20 15 10 5 0
N (7 flavors) (2 flavors) .
o 129 x 28 129 x 8 X [Pixels]
R/0 logic ____In-Pixel ] ou |
Amplifier (CSA) | CMOS )
v Discriminator [ V1 fv2 ] vifv2]vi[v2] W1 v2 |
[ Dig. Buffers & Control Switches DiscriminationDomain A+D Dig &t Dig
| DA(E_er|h|. : ;a. .Bl:ﬁer 8 Requieer | Conf. data Token Current Steering | CMOS ]
S Source Follower | N | P |

* Fully functional synchronous column-drain read-out
architecture. -
Radiation-hardness
* High resistive substrate (>2 kOhm-cm)
i and sensor layout
e Large 50 x 250 pm? pixel array (129 x 36) optimized in
* Bunch-crossing clock frequency (40MHz clock)

Succesful design
efforts for cross-
talk mitigation in

Fast and low-power
CSA and discriminator

revious i i
* 40 MHz (up to 160MHz by design) LVDS serial output pI:ott‘),’:y:es digital lines implementations
* Charge sampling: 8-bit LE/TE time stamps (ToT)
* Power: 55 pW/pixel (~1.7W/cm?)
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BREAKDOWN AND DEPLETION

Leakage current [A]

Most Probable Value for MIPs measured in LF-MONOPIX

25000 : : = . .
f ~
20000 | _ -
P Large collected
_ .| e * | charge (~10%e-) in
| —— 100um, no metal. 5 o a highly resistive
—e— 200um, with metal. , o A ( 2 kOh )
1 —— 725um i 10000 - e g R=7300.00-cm > LRI
i e T N, =(80e—/um)*0.3xVR=V substrate_
10 000 o o
1 5000 |- ,
Breakdown Voltage ~ -280 V , os psao
" AAa [27,100]
%0 20 40 60 80 100 120
3 Bias Voltage(V)
eo-o-s-oo-s et MIP peak-ToT for DiscV1
10-8 - (Note: Slow return to baseline)
] 40
] 140
35
120 0 . .
(Measurements at room 5 200pm thick chip
25
temperature) é Qi P fully depleted at
P F ~60V
10_9 T T T T T : 15
0 50 100 150 200 250 300 o 7
Bias voltage [V] 501 10
40 5

50 =] 00 125 150 175

200
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GAIN AND NOISE

Gain within 10-12 pV/e-
(Depending on the flavour
implementation)

Gain distribution

80

70 A

60 1

50 A1

40 1

Counts

30

204

10 A

1 3: CMOS+V1(A+D)-CMOS tok-
: | 7: CMOS+V1(A+D)-CurrSt tok-
1 8: NMOS+V2(A+D)-CurrSt tok-
1 9: NMOS+V1(A+D)-CurrSt tok-

J— |

jr— g |

Lk

i I
— bRl L]
L | L

IH 1 L
9 10 11 12 13
Gain [uV/e-]

Counts

ENC within 140-210 e-, with a
dispersion between 30 to 70 e-.

ENC [e-]
50 100 150 200 250 300

60

50 4

40 A

30 -~

20

10 A

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

ol = '

0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018

ENC[V]
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TID (X-RAY) EFFECTS

Gain vs TID dose

1.20
—8— 3: CMOS+V1(A+D)-CMOS tok-
> Up to 100 Mrad (~0+2C temperature) | o [ cmos Lvaiaron ot tob-
L1517 —e— 8: NMOS+V2(A+D)-Currst tok-
_ —8— 9: NMOS+V1(A+D)-CurrSt tok-
. T 1.10 1 ,
Leakage current increase of Relative gain _é
(] o o 0 -
~2 orders of magnitude fluctuations g+
Leakage current LF-Monopix [ Temp(NTC): ~0C ] up to 3% & 1001
—-—. 0 Mrad 0.95 -
—o— 0.005 Mrad
——| 001 Mrad 090 0 10 102 107 100 10! 102
- g'gSMMer TID dose [Mrad]
T e == (0.2 Mrad
) —e— 0.5 Mrad L3 ENC vs TID dose
2 —#— 1 Mrad —— 3: CMOS+V1(A+D)-CMOS tok-
o et 2 Mrad 1.25 4 =@— 7: CMOS+V1(A+D)-CurrSt tok-
= peval —8— 8: NMOS+V2(A+D)-CurrSt tok-
8 I iOMI\:IE:Zd _ Relative ENC - 1.20 1 —e— 9: NMOS+V1(A+D)-CurrSt tok-
. 8 1.15 1
oere —*=| 25 Mrad increase up to 25% =
£ =#= 50 Mrad €110+
—*— 80 Mrad Note: 2
=" —d— 100 Mrad 9 1.051
10_3 T T T T | T ENCNMOS < ENCCMOS 1.00 1
0 50 100 150 200 250 300 0.95 -
Voltage [V] '
0.90 T T T T T T T
0 1073 10-2 10-1 100 101! 102
TID dose [Mrad]
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NIEL DAMAGE EFFECTS

Leakage current

10751

Leakage current[A/chip]
=
o

| — proton(s0 Mrad)
{{ — 1E15neq/cm2

F {| — 1El4neg/cm2
f 1| — Oneg/cm?2
10°

Measured @-27.5°C

* Breakdown voltage still > 200V after 1 x 10">n,,/cm2NIEL

50 100 150 200

Bias voltage[V]

170
@) AIDA
* Neutron irradiation in Lubljana (JSI),
samples annealed for 80 mins at 60°C

Performance after NIEL irradiation
to 1x10"n,,/cm?

120 . : .
100 ¢ [ Onegfcm?2
- gg: [ 1E15neg/cm?2 ||
40 |
20 1
D i | i i 1 4 i
4 4] 8 10 12 14 16 18 20
Gain [uV/e]
. Bias: -200V
100 | T @-27.5°C
80 | L -
# 60} L
40 | :
Eg - : . ,.J-I . .-th_.____ . .
0 100 200 300 400 500 600 700 800

ENC[e]
* No loss in gain after NIEL irradiation

* Up to 150 e- noise increase due to TID
background in JSI
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TUNING OF THRESHOLD DISTRIBUTIONS

Injection tuning: Fix global threshold
+ Binary search for optimal local threshold tuning

Number of Pixels

Charg

1717 3433

5150

e [e-]

6866 8583

10300

250

2001

150}

[
(=]
(=]

501

TH before tuning (compv1 )
p=2525e, c=595e

TH after tuning (compwt )
n=2540e, 0=80e

TH before tuning (comp vz)

- u=4291e, 0=1055e

TH after tuning (comp vz )
n=3865e, r=121e

—

Unirradiated

Before tuning:

0, >> 0, (~600e-)

3433

After tuning:
02 ~ 01 ("'1009—)

Charge [e-]

6866 10300 13733 17166

0.4 0.5

Injection voltage [V]

Threshold still tuneable
after neutron irradiation

Number of Pixels
N w N
S =] o
! L !

=
o
1

Threshold after tuning
—— u=0.1253V=2150e
0=0.0078V=133e

Il After tuning

@ 1x10"n,,/cm?
01“1309-

o

0.0

0.2

0.4 0.6 0.8 1.0
Injection voltage [V]

Baseline tuning: Lower global threshold
close to baseline
+ Tune local threshold according to noise hits

Threshold [ke]
mg).ﬂ 05 1.0 15 2.0 25 3.0 35 4.0

1

80+

60

40

# of pixel

20+

[

_L

‘I:I tuned and measured

L

N

0
0.00

Threshold tunable down to ~1400e-

0.05

0.15 0.20 0.25

Threshold[V]

(Noise occ. < 10-7 hits/BX)

Tuned threshold dispersion ~100e-
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TB WITH 2.5 GEV ELECTRONS: HIT EFFICIENCY

- Non-irradiated - Neutron irradiated (1 x 1015neq/cm2)
* Hit efficiency @ Noise occ. <<10-7, TH~1700e- * Hit efficiency @ Noise occ. <10-8, TH~1700e-
(<107 @ 1400e-) * < 0.2% masked pixels from noise tuning.
* 1% masked pixels from noise tuning (not * Efficiency loss between pixels, as expected.
broken).
Charge [ke] Charge [ke]
1.5 3 45 6 9 12 1.5 3 45 6 9 12
300 : - - - - 150 — T T -
200} 100 | nd 1
. # - —L
100 | =2 . hic
0 . x R ; ; 0_."—._.—-—-—\_|—/,_'_ , . I—u_'—’_‘-'—,"——_r'._,_.
4] 20 40 60 80 100 120 0 20 40 60 80 100 120
ToT [25ns] ToT [25ns]
100.0 100.0
3000 - I 97.5 ezl g i 97.5 9 8 9%
| | ] °
‘= 2000 | 95.0 ‘= 2000 | g 95.0 130\,
= e 1925 — = e | 1925 - (@A-
g 1000 1 lo0.0 = g 1000 - 1 {90.0 &
= | > = g | o
99.6% 3 0 | g7.5 & @ 0 - = g7.5 &
e a o — = | w =1 & | w
@-200V § " [ : s © g -1oo0 [N : ws & (oltage
- — -4 o . LL 1 — - . L . .
& oo : . £ g 5 limited due
> - s 80.0 > —2000 g 80.0 .
- § s & s s to technical
—-3000 i - —-3000 i | - -
75.0 75.0 ISSues
-1000 -500 0 500 1000 -1000 -500 0 500 1000
Honzontal position [pm] Honzontal position [pm]
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TB WITH 180 GEV PIONS: IN-PIXEL EFFICIENCY

. Deep N-well (Collecting electrode...) s,
B r-well (inter-pixel region, isolation of electronics...)
- N-well (R/0 electronics...) )

5 pm*5 pm bins

— |:. 99.8
S ﬁ "E- _-_., 99.5 >
. 1 " > G )
Uniform = 5'-5 f- ;: P LEN - 99.7%
efficiency > -"-;'-__1_ ﬁ':;:!! : g, @ -200V
13I20 1;30 13:0 1350. 13I60 - 1370 98:3 E
X [5 pm] 98.0
. . -5V_SPS_BIN5um_Pix_Efficiency
Efficiency drop a _: - 99.8
99.5 3
only between ;L Lo 99.2 5 98.8%
pixels at VERY '>—_' 15 98.9 E. @ -5V
low bias voltage 1320 1330 1340 1350 1360 1370 Zz:g &
X [5 pm] 98.0
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TJ-MONOPIXO01

Tcm

112 Columns

224 Pixels

<
«

* Small fill-factor design in TJ 180 nm CMOS technology
* Highly resistive p-epitaxial layer(1 kOhm-cm) with a
process modification (additional n-type planar layer)

e Large 36 x 40 pm? pixel array (224 x 448)

* Bunch-crossing clock frequency (40MHz clock)
* 40 MHz CMOS serial output per flavour

* Charge sampling: 6-bit LE/TE time stamps (ToT)
* Power: 3 pW/pixel (~0.18 W/cm?)

Fully integrated
electronicsina
small pixel volume

2cm

Increased
radiation
tolerance with a
modified process

Low-noise and low-
power analog
front-end
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THRESHOLD AND NOISE _ AIDA

* Neutron irradiation in Lubljana (JSI),
samples annealed for 80 mins at 60°C

c00 Threshold (Rem-DPW) ENC (Rem-DPW)
1 Unirradiated -8 200 - 1 Unirradiated
__ 500 - 1 lel5neq _ 1 lel5neq - 10
.g _ lel5neq -EE .ﬂEJ _ lelbneq W E
o« 4001 — Low-TH & & 600 | e PR X
e G © s
* 300 - # # 6
5 4 T 400 -
— L — L
i = I =
E 200 1 > E - 4 T
= -2 9 S 2001 S
100 - -2
- | Wl ii
0 T I ! T f 0 0 ixia ! i k!!-! r ! : 0
0 250 500 750 1000 1250 80 80
Threshold [e-] [e-]
Unirradiated: p= 349e-, 6=34e- ENC increased by ~10e- after 1x10% n,,/cm?
1x10%5 Irradiated: p= 569e-, 6=66e- (Probably due to TID bckg)
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PIXEL LAYOUT AND P-WELL COVERAGE

2x2 pixel array
(Top view)

Electronics\\ Coll. Electrode Electronics
£ . DEEP P-W
=< [ o s o o o s o o g |
| * :
L \ .
Pixel cell - \ D'fferent P-Well ,,
\> coverage on top (
’f and bottom \\
Electronics\\ Coll. Electrode Electronics’” COlumn reg|0ns
y N ; :
r .>‘ vv
E D D
3 r
§_ '23 \:—,) Low Dose N
2 = T — S
P-SUBSTRATE “
\\ - - . 1
i <
L \
9
Pixel cell
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IN-PIXEL EFFICIENCY (UNIRRADIATED)

2x2

Pixel W4_HV PSUB=-16V, PWELL=-0V, HV=30V_
Pix_Efficiency_FDPW (Unirradiated)
0 T T T

Array

Y [6 pm]

Low efficiency "corners” correlated with large active
areas used for decoupling capacitors

250 252 254 256 258

X 18 umi ---> Design layout to be optimized in future designs
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MEAN HIT EFFICIENCY VS DEEP P-WELL COVERAGE

W4 _HV PSUB=-16V, PWELL=-0V, HV=30V_ W4 _HV PSUB=-16V, PWELL=-0V, HV=30V_
Pix_Efficiency RDPW (Unirradiated) Pix_Efficiency FDPW (Unirradiated)
FTHF T ¥ 11 [ FT° | -

198 198
Removed 10 | | 1194 —~ Full 10 104 .
[ 1 T 1 X X
Deep P- = 190 = DeepP- = 190 =
Well 5 20f 1 Hgg O Well 3% 86 O
Coverage 9 g2 .0 Coverage 2 g .0
> 30F g > 30T g
: 78 & 78 &
5 ENEEE AR L L

97.1% ol | W74 93.7% o 74

2;0 255 2;0 265 2?0 275 70 250 255 60 265 70 275 70

X[8 uml X[8 uml

* Lower efficiencies in Full DP-Well regions (Bottom) than in Removed DP-Well (Top) ones.

LAB A

Silizium Labor Bonn



MEAN HIT EFFICIENCY AFTER IRRADIATION

UNIRRADIATED

5400 ——
5100 |: -

R-DPW  us00]

T B T

FDPW_mean: 971 |
RDPW mean: 93.7 |

= - T RN
o Ew s et e

4500 |
4200pEzc-s3 2518 Srizearataiag s
oo FEiE I IR R R LA
= sl I { i
F— D PW 3300 g% ;'%;; %é * i é g%
3000 |- *g 2 ;3 FEIREEIIIGEGE iE
2700 :fgﬁé_ﬁ-,r-w SEEsEE } i—'é 53
1200 1600 2000 2400 2800 3200
X [pm]

3600

1x10"> n,,/cm?

90 4800

98
FDPW mean:
&
= 4500 -

86 g 4200

— 3900 |
2 > 3600 [
g 3300 :

3000

unl
(@))]
Efficiency

)00 BRGNS e S
74 1200 1600 2000 2400 2800 3200 3600

70 X [um]

Large efficiency drop (30-50%) after 1x10'5 n.,/cmZ2neutron irradiation.

In MALTA

(very similar front-end and
pixel pitch)

UNIRRADIATED

In-Pixel Efficiency for Sector 2, sample W8R&_1120

o
10 20 30 40 50 80 70
pos X [um}

5x10"n,,/cm?

In-Pixel Efficiency for Sector 2, sample WER21_1100

=

10 20 3 40 S0 BB 7D
pos X [}

As discussed in MALTA
related presentations

---> Fixes to the T) modified process in pixel corners to enhance E-Field
(M. Munker, DOI:  10.1088/1748-0221/14/05/C05013)
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CONCLUSIONS

Two fully monolithic CMOS pixel detectors in both small and large fill factor designs with an
operational column-drain read-out architecture were characterized.

] LF-MONOPIXO1 TJ-MONOPIXO01

DMAPS
type

Dimensions

Pixel size

Signal MPV

ENC
Threshold
Mean Effic.

LAB

Silizium Labor Bonn

Large electrode design

(150nm CMQOS | LFoundry)
1x1cm?
250 x 50 pm?

Non-Irrad 10"n.,/cm?

~23.3ke- ~4.6ke-

(@130V) (@130V)
~200£50e ~350+50e

>1400+100e >1700ex130e
99.6% 98.9%

Small electrode design
(180nm CMQOS, mod. |
Towerjazz)

2x1cm?
40 x 36 pm?
10">n,,/cm?

~1.4ke-

Non-Irrad

~1.6ke-

~15%2e
>350ex35e
97.1%

~25%3e
>570ex65e
69.4%
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WHAT'S NEXT?

LF-MONOPIX02 (end 2019)

* Next iteration with CSA and discriminator with the best
performance (noise, timing-wise) and radiation hardness.

* Full-size-like columns (~2cm length) _ outer layer

. . . i i % 2 X 7
---> Requires design effort regarding long column Ee size 2l e B
effects. Analog power 16 - 20 pA/pixel 3 - 4 pA/pixel
Digital power 4 - 5pA/pixel 2- 3 pA/pixel
* Smaller pixel size (~150x50 pm?2) to reduce detector Lol lue 1500 - 2000 e 1500 e
ca pacitance_ Min. detectable charge 1000 - 1500 e- 1000 e-

* Optimization of the read-out logic

TJ-MONOPIX02 (end 2019)

e Details discussed in K. Moustakas (ESR5) presentation.
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MAIN ESR6 OUTPUT

STREAM Deliverables
* "D-3.1 Layouts for event driven pixel sensors as hybrid and monolithic sensor”. July, 2017.
 “M.S.7 Charge collection optimization of radiation hard designs”. December, 2017.
* "D-3.2 Implementation of ITK-relevant readout architecture to CMOS sensor”. December, 2018.

Presentations
* Talks at the annual meeting of the German Physics Society (DPG). 2017, 2018, 2019.

 “Characterization of a Depleted Monolithic Active Pixel Sensor prototype in a 150 nm CMOS process for

operation in harsh radiation environments” Oral presentation at the IEEE NSS-MIC Conference. Atlanta, USA.
October 21-28, 2017.

* “The Monopix chips: Depleted monolithic active pixel sensors with a column-drain read-out architecture for the
ATLAS Inner Tracker upgrade”. Oral presentation at the PIXEL2018 Workshop. Taipei. December 10-14, 2018.

Publications

* (Co-Author in10 publications related to the CMOS monolithic developments.
e Main author of the PIXEL 2018 conference record publication (Details in “Presentations”)

Others

* STREAM trainings (project management, entrepeneurship, etc.)
* Presentations at the ITk-Week and CMOS weekly meetings.
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Thank you to everybody who
made STREAM possible.

Q&A Time!

This research project received funding from the European Union's Horizon 2020 Research and Innovation programme under
Grant Agreement no. 654168.
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Union's Horizon 2020 Research and Innovation Programme under grant agreement 675587-STREAM.



CMOS DEMONSTRATOR PROGRAM

A collaborative R&D effort within ATLAS focused on DMAPS prototypes with fast read-out architectures in
different CMOS processes.

Previous iterations of these prototypes (passive sensors, or active ones with a first stage of the Front-End within the
pixel) allowed to optimize the designs and improve radiation-hardness.

Chip name Technology  Fill factor Pixel size [umZ] R/0 architecture Status
ATLASpix Foundry Large 56 x 56 Asynchronous Measurements
180nm
MALTA Small 36 x 36 Asynchronous
TJ Monopix 180nm Small 36 x 40 Synchronous [
l--------------------------------------J
Coolpix Large 50 x 250 Synchronous
. oundry |
LF Monopix Large 50 x 250 Synchronous Measurements

LF2 Large 50 x50 Synchronous
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FROM LF-CPIX TO LF-MONOPIX

LF-CPIX Demonstrator (50 x 250 um?2) LF-MONOPIX01 (50 x 250 um?2)

Large fill factor design. C,~ 400fF

Electronics

An increase in detector capacitance
has implications on timing and noise

~0(102) um
|

P-SUBSTRATE 5

T — — TCSA X i@ ENC? s kT

thermal DC a

Qm T
BACKSIDE s -

Pixel cell

Electronics are directly coupled to the collecting node through C,,,
- Special efforts on design to minimize cross-talk with digital signals
- Increase of minimum operational threshold

2019 /09 /17 LAB
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PROTOTYPE DEVELOPMENT LINE

/" IT ccpo_Lr Wa)iizeen LE-CPIX (DEMO) A

( LF-MONOPIX01 (Monolithic) )

sur les lois
de I'Univers

Subm. in Aug. 2016
(Back: End of Mar. 2017)
* “Demonstrator size”
* 50 x 250 um?pixels
* 150 nm CMOS
* Fast(Col. Drain) standalone R/0

e Subm.in Sep. 2014 e Subm.in Mar. 2016
e 33 x125 um? pixels  CPIX Demonstratorin LF
LAB * FastR/0 coupled to FE-I4 * 50 x250 um? pixels

* Standalone R/0 for test * FastR/0 coupled to FE-14

e Standalone R/0 for test

10mm
< 5

Silizium Labor Bonn

10mm

CENTRE DE PHYSIQUE DES
PARTICULES DE MARSEILLE

CPPM

Diode + Amp
+ Digital

ol > 0

Diode + R/0 chip
preamp

Irradiated without substantial performance loss
Fully integrated Speed and digital R/0
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PIXEL LAYOUT IN LF-MONOPIXO1

: NISO
I

epleted Area
P-Substrate

&4 Fe s S s o st s
ca .. : |

IlllllllllllllI-llllllllllll]|-!
- 'h‘oiid-:'

| 111 |
‘__ _E':-_t'a_‘—q

Jr_"_'-: T E:I-'l"'i‘g'} 1 ;E o
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DESIGN CHALLENGES

Token in

, e (from previous pixel) ~ Column-drain R/0
Preamp + Discriminator R/O Logic '. o gl C
| ! HIT -
! LE __]|
LlE Reatflnt i TE ﬂ
o :oD‘ —;‘.’E -LE i |_ Token out | 1
Ed Bl | e Freee I 1
1*lateh HIT flag ] — Readint [ 1
| ReadInt ’ ( ':
B boomemoc : k‘ ------ 8-bit LE/TE time-stamps
oken out
(to next pixel) iatatars Column bus (TOT) + AddI‘ESS
MINIMIZING CROSS-TALK Freeze Read (8-bit) (24 bit)
I'Emmnn el cels Output ?f CSA
In Token propagation: ' — cvos | I\
1 CS-CMOS
1] - |
i . i (@ A o T .}
“Current steering logic” I -
-> Limit the current to avoid glitches : Ny @ g
I f oKen in
In Data R/0 (LE/TE, address): S :
Differential lines + Source followers } { 5
-> Avoids current injection into the PW when switching *& - jF i s
from high to low e /wo. | il
2019 /09 /17 LAB STREAM Final Conference | caicedo@physik.uni-bonn.de
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PREAMPLIFIERS AND DISCRIMINATORS

VDD
VDDA VDDA
VDDAPRE jb__c’l r“lt NMOS amp, Dis. V1, TH=1500e"
ouT [ { — \
pichse F H< o ke [ o £ M ) A~
.3_| 4 VCASC [ L i, —
IN ouUT IN t R =I-| =t 80 ke- \M 1 | ,‘ .¢1500 e
= ) > ~32
= = —é— — N | P
NMOS input pre-amp. CMOS input pre-amp. Discriminator V1 Discriminator V2 : o won wml wm W@ o
Bias | ~17 pA Bias | ~15 pA Bias | ~ 4.5 pA Self-bias < 4 pA NMOS {amp, Di(s.\_fz,xTHﬂsooe-
Peak time ~20 ns Peak time ~25 ns Two-stage open Self-biased Sl ﬁUJ : \
(4ke- signal) (4ke- signal) loop structure differential Baoke gt 1[50
amplifier + e H
ENC (Simulation) ENC (Simulation)~ CMOS inverter N T 23 ns
~ 170 e_ 135 e_ 1 W7 B0 n-uIT:.:._ e 10051 10062 10471 l00e
Faster T. Wang, Bonn
Faster (Analog power
from periphery)
2019 /09 /17 LAB STREAM Final Conference | caicedo@physik.uni-bonn.de u
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TOT RESPONSE AND INJECTION CAPACITANCE

00Sources LF- MONOPIXOl Pix[26, 10] TH=0. 855V VPrp =4
241-Am, Blas -70V I : :

-> Injecting charge directly to the pre-amplifier. — pmUmosaED
801 b xR, Bias: -70V

+ Low feedback voltage (VPFB): Longer ToT _ AR EEe oy :
(sampling with higher resolution) ol il I e
©=63.256, c =2.685 :

V=0.827V, C,,,j:2.707fF 5

Counts

ToT vs. Inj, LF-MONOPIX01: Pix[26,10], TH = 0.855 V, VPFB=4

— Fit : : : : : :
150 || Data|. i S SO S S S

0 20 40 60 80 100
ToT

100 -

100

Sources, LF MONOPIXOl P|x[26 10] TH= 0 855V, VPFB 4

241- Am Bias: 70V

11=16600e", o =>501. 221 .
goll __ ToXR Bias:-70v | e a ]
1= 12264e ", o = 335. 060 : : :

Tb XR, Bias: -70V
p=14171e~, o0 = 372.318

ToT

50 -

Y(ToT) =ax* (1 — exp(t @)/e) } £

_____________________________ a=153.036. . . . .. ... | S
- : : t=0.445: : :
: : : c=0.717: ' ;
i i i MazxToT = 120. 568 |

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Injection (V) v Yo
80000 10000 12000 14000 16000 18000
electrons

(Assuming 3.6 eV/e-)

241Am:
16539 e-
Tb X-rays:
K, 12353 e-
K 13997 e-
Cini=Q/V~2.7fF

ToT can also be used
for event
differentiation or time-
walk corrections.
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TOT RESPONSE AND CALIBRATION

. MIP spectrum, LF-MONOPIXO01: Pix[25,64], TH = 0.855, VPFB=4 25000 fr T T T T T
' | — o
Data from energy loss by 2.5 2o — 40V |] 20000 - depleted at _ 2" e l
GeV electrons (MIPs) in ol — 100V PR -
silicon for different bias 2 il 60V o 15000 i 7
voltages (without cluster 8 | — Tovj e e
. . o -
size selection) | | | | ‘ T 10000 - R=7300 00
50 fk - gL : : AT (PLING ERRE e e 3 4 T N.=(80e—/um)*0.3%xVRxV
] "yl : : : 009 [25,64]
: : : : 5000 | AAA [26,10] 1
Landau+Gaussian % 50 100 150 200 250 vou 1251201
convolution fit to el . ! | |  [aaa 27200 |
describe every ¢ Applying per-pixel 0 20 4 60 80 100 120
calibrated calibration PEE IR
distribution. ! spectrum, LF-MONOPIXOL: PixI25,64], TH = 0.855, VPFB=4  MIP spectrum, LF-MONOPIXOL: Pix[25,64], TH = 0.855, VPFB=4 R~7.3kOhm-cm
S0 | pqeeossesdoooscesonnosceaoagoscencg ._. :igx s 300 | SR ....... ._. :;gz
50 — a9seazm0Roze f|  asof| | o smeaeissie > 2 kOhm-cm, but also higher
R I e . than previous measurements in
e B R . S other wafers from the same
foundry (3.5 and 5.5 kOhm-cm)
50 |- & gSimmRnaAA S~ B
[TMiliiinmiiseeseees Ii
L0000 TEREY electroﬁ‘l"oo 25000 30000 10000 15000 20000 25000 30000
electrons
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UNTUNED THRESHOLD DISTRIBUTIONS

Charge [e-]
600 1717 3433 5150 6866 8583
! I I 1: IogO+csa(£+di52+domD+tokC+sfP
] 0 0 mmm ,=0.2183V=3747e . .
; . D |mem00220VE3880 Untuned threshold dispersion for
: : : 2: logO+csaC+dis2+domD+tokC+sfN . . . .
50 | : : | it 2aesy—dacee I flavours with the V1 discriminator
' ' T gt B ~400-600 e- (plus 350-400 e- for
) - : : | =Q0327V=56de o e e o ! ith i i
< 40| ; | ; || A S tho;e with mtegra'ted.pl).(el R/0
X ' | B ey ey ) logic and the V2 discriminator)
=5 |~ 5 g TcsaC rdisTTdomBTtoks |
‘lc—) wem 1=0.1628V=2794e S-edge values at TH 0.795
30 | | . 0=0.0291V=500e- ! 0
GL) 6: IogI+csaC-;disZ+domAD+tokS i 2 0.826
=0.2185V=3751 .
2s! _ om00s10vosTae_ _ — o
g 20 oI ot T s T oA+ TakE ‘W o
- mem 1=0.1528V=2622 :
= Z=0.0255V=437e-e S<J 60 0.459
o AN TR T Ao AD TS & oo
=0.2742V=4707 — 80 :
\ - £=0._055_6Vi95iefa _____ > 0.275
10 | = =0 TogMFcsaN-FdisT+domAD+TokS 100 0.183
wem 11=0.1732V=2973
/;=0.0296V=508e? 120 0.091
TR [ 15 ;” 35 30 25 20 15 10 5 0 0.000
0 . ' - =S aa— X [Pixels]
0.0 0.4 0.5
Injection voltage [V]
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NOISE OCCUPANCY AT LOW THRESHOLD

Threshold [ke] 100
9[:{.).0 05 10 15 2.0 2.5 3.0 35 4.0
80! = 1 tuned | 80
- Non-irradiated ol 1 measured '
* Threshold: 1400 e- _ 60} 60 | Noise occupancy <10-7
. . . . . Q
* Dispersion due to noise baseline tuning % so é @ TH~1400e-
e BiasV:-200V S 40y 40 |
e Cooled with dry ice. il
20} 20
10 |
4] [ ‘LL_'—'_'_" W 0 II I‘I " |
0.00 0.05 0.10 0.15 0.20 0.25 0.0 0.2 0.4 0.6 0.8 1.0
Threshold[V] hit/25ns le-7
Threshold [ke] 100
10[?.0 0.5 1.0 l 5 2.0 2.5 3. O 3.5 4.0
‘I:I tuned and measured a0l
. . 80 | i -8
- Neutron irradiated (1x10%n,,/cm?) Noise ?I'CHCU‘IIJ;SSV <10
> VlGESEes Uit - s (After irradiation)
. . . ;:L i1
e Bias V:-130V (due to technical issues) s " W * 40|
. . H# I
* (Cooled with dry ice.
20f | 207
0 i [ i l-L|1_._.—._—- i D | III | I I
0.00 0.05 0.10 0.15 0.20 0.25 0.0 0.2 0.4 0.6 0.8 1.0
Thresheld[V] hit/25ns le—38
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TEST BEAM CAMPAIGNS

LF-MONOPIX (unirradiated and
neutron-irradiated samples) exposed
B L X to MIPs at ELSA (2.5 GeV e-) and the H8

line of CERN's SPS (180 GeV pions)
I Sample of event correlation (@SPS)
Scintillator MONOPIX <-> MIM26 (6)

Correlation of rows: Tel6 vs. Monol Correlation of columns: Tel6 vs. Monol

Y
& L :,’v A a} & |
> ‘ j | - 500 1000 -
. - Beam 200 . - .
600
- MIMOSA26 x 6
* Pixelsize:18.2 ym x18.2pm 200 10! 400 1
* 1152 ps/frame (rolling shutter) o i 107
- FE-l4x1
* Pixel size: 250 pm x 50 pm 0 " - 10° o

0 20

* Timing resolution: 25ns (trig. by scintillator + TLU) Row Monol Ll

Row Tel6
w
o
o
Column Tel6
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TEST BEAM CAMPAIGNS

o O w . ER I | | o Max of 1000 frames|
MONOPIX planes (unirradiated § m —— Avg of 1000 frammes |
and neutron-irradiated .ﬂ j: M | e Avg: 2.2
samples) exposed to MIPs at 210 | | .l IVS;(: ~20
ELSA (2.5 GeV e-) and the H8 * f)o SRR Vo S S Sy e clust/frame
line of CERN's SPS (180 GeV Time []
pions): : | ELSA Bt
52| [« Avg:0.8
Measurements for different 2 ol - AHW"HM - Mﬁ -l N’:.-;}(: ~6
bias and threshold settings. * 30 M e ﬂ;o" L1 ] E’If‘"’ I clust/Trame
Time [x]
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TB @ ELSA: IN-PIXEL EFFICIENCY

. Deep N-well (Collecting electrode...)
. P-well (Inter-pixel region, isolation of electronics...)
. N-well (R/0 electronics...)

Position [pm]

100.00
99.75
99.50
99.25
99.00
98.75
98.50
98.25
98.00

Efficiency[%)]

—50 0 50 100 150
Position [zm]

Non-irradiated
@ -200V:
Uniform efficiency

Position [pm]

100.00
1 99.75
| 99.50
' 99.25
| 99.00
98.75

98.50
98.25

Efficiency[%)]

- : - 98.00
=50 0 50 100 150

Position [zm]

Neutron irradiated (1 x10%n.,/cm?)
@-130V

Observed efficiency loss between
pixels

2019 /09 /17
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E-TCT MEASUREMENTS

Fult BF’ thmned

...J_L_l._l_J._Z_.l L1

f'é'\ 3004__| T T T '|' r 1 11 -| 1 1 1 | T T 1 1 T T 1T 1 'I T f 17T I T 1T 1 1 ] L L I | |_£
= - Preliminary! ®=0 | -
= [ ®=1e13
= 250: d =5e13
% . d=1el14

2, T P =5e14
© OO: d =1el15
o) -
= -
8 iy

100 /

50/

% 50

E-TCT measurement on LF test structures thinned to 200pm

I. Mandié, RD50 workshop 2017

e
100 150 200 250 300 350 400

Signal (v)

©) AIDA

* Neutron irradiation in Lubljana (JSI),
samples annealed for 80 mins at 60°C

e
w

I&g; I| T IT-II [ |II P !I [ |I [ |I
A e — _

0.25

0.2

0.15

-210V

0.1

0.05

L1 1 | L1 1 1 I L1 1 1 | I | | I I I- ] | -'. | VIVI .7- -7 I J -- | - 1 I I | ] |
g 50 100 150 200 250 300 350 400 450
X position / microns

E-TCT measurement on LF-MONOPIX (775um thick)
L. Vigani. University of Oxford.

LAB

Silizium Labor Bonn
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IMPROVEMENT AFTER BACKSIDE-PROCESS

25000

MPV (el)

20000

15000

10000

5000

©) AIDA

* Neutron irradiation in Lubljana (JSI),
samples annealed for 80 mins at 60°C

-& Not thinned, not
irradiated
- Not thinned, 1e13
--Not thinned, 5e13
_ 50
g" -2 Not thinned, 1e14
@."@ --Thinned, not
2 Improvement in irradiated
. i . P - +Thinned, 1e13
z . charge collection
-+-Thinned, 5e13
. after BS-process
C ®-Thinned, 1e14
> I o= -4 Thinned, 5e14
i * ,;El/"ﬂ’/ <#-Thinned, 1e15
- 'el - ’B
: 2 g ,\1’/ ~+Thinned, 2e15
0 100 200 300 400 500
Bias (V)

E-TCT measurement on LF test structures thinned and Backside-

processsed to 200um

I. Mandi¢, RD50 workshop 2017

Leakage current [A]

10°°

0 50

—  F25um
—e  200um

100 150 200 250 300

Bias voltage [V]
Reduction in leakage current after
thinning and BS-process
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LAB

Silizium Labor Bonn

STREAM Final Conference | caicedo@physik.uni-bonn.de

vV

38



TIMING OPTIMIZATION AND OVERDRIVE

To measure timing performance:
Overdrive and in-time hits

* Injection delay (Difference between INJ and LE) optimized to
measure all data from a 20ke- signal at the start of a single

40MHz clock cycle.
* DACs optimized from default values for good timing.
[
120 e le=14 LN
100 e |e=15 ﬁ
S
80
!_
o 9 — Thrieshaold - 400
_8H 1350 e th
40 g 7t | —> Default value 1300 ®—e in-time th
20 = g ) 1250 E
0 " PR | " ;o- 4i . 200 (@]
0 2 4 » 6 8 10 12 14 16 wn ] 150 = 0 5 10 15 20 25
Injection delay [1.56ns] o 3 L
c 2L 1100 Signal Charge [ke]
Faf 150 \ 2 s
00 1'6 50 30 40 50 60 700 In-time threshold (ToA in 1clk)

VPLoad [DAC]
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IN-TIME THRESHOLD IN LF-MONOPIXO01

In_time thresholds Overdl‘ive diStI"ibution
(1 pixel per flavour) before/after irradiation
(Full flavour)
5.0 Threshold 300 40
4.5} 35 | P-irradiated (50Mrad)

1250

_ 4.0+ 30 | @ -35°C

g 35| »\/ﬁ\\\/ 200 _ | Ave. = 406e, o=72e
to) (O]

S — i

© 3.0 1150 o T 20|

0 = b

_GEJ 5| m 100 o T |

. 2.0} Non-irradiated

101 RT
15 6—e o oo *—¢o , o 20 oo Th. Ave 4?3(2 o =686
e—e@ |[n-time th. 5} . » O =
1.0 I ] I | ] I 0
0 5 10 15 20 25 30 35 o l—oa . ) ng o .
col 0 20 400 800 1000 1200

Overdrive [e]
 Overdrive variations in different implementations

 Timing performance not affected after irradiation
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COUPLING IN NON-INJECTED PIXELS (EVEN VS ODD ROWS)

Inj. Pix:[24,70] Mon. Pix: [24,70]

Inj. Pix:[24,70] Mon. Pix: [24,65]

Silizium Labor Bonn

> o
o 1.0 Injection o
E 0 1.01 Injection
3 0.51 g
& | | . , . , , | Sos
2 h e Odd pixel <
% 0.01 A " E : T
%_ 0.00 - i 1:_ [24,65] % 0.01 ;_ AmpOut
<Et -0.01 | | ; . If I é— 0.007 -—-——_‘—WN 1 :
S 2 e < —0.01 : : ; . ; : !
R ——\I — Tokent Freezet Freeze!l
Injected pixel ¢ Readt:
[24,70] o4 — Tokent
2 os _ Inj. Pix:[24,701 Mon. Pix: [24,66]
9 %- 10 Injection
0.0 + E
1.0 1 —— go.s-
o & Even pixel =< -
c13:"’05 ';‘ T T
) [24,66] E 0.01 A — AmpOut
0.0 = b
101 5 000 T — T
o —— Freeze <E( e | | | | .: | !
205
Mo ] : — * Token coupling inverted every double column
Time[us]
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COUPLING ACROSS THE COLUMN

Injecting 1 pixel every 10 rows (0,10,20...120) and monitoring rows 65 and 66
(Remember our READ priority goes from largest to lowest row number!)

Eoc . g n n
(row 0) 6: CMOS+V1(A+D) What does a pixel "see"?:
0.020 A —— Mon:[24,65]
—— Mon:[24,66] "Read" coupling:
Token
X > 007 oken 4 = Aslong as "Read" is high.
g e ” Q = Amplitude dependent on the
= & distance in rows to the hit pixel
& S .005-
O ::F - "Token" coupling:
05 0.000 - : .. :
O u b U » |nverse polarity of rising and falling
X ~0.005 - M edge.
»= QObservation of the falling edge from
0 l= 100 125 150 175 20 the closest hit pixel with higher
X /,Tlme[us] \ priority (higher row number)
Read Read+Token switch Read
[24,120] [24,70] [24,0]

42
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"CMOS" VS "CURRENT STEERING" TOKEN

6: CMOS+V1(A+D)

2: CMOS+V1(A+D) -CMOS token-
0.020 - —_— Mon:[8'65] 0.020 A —— Mon:[24,65]
—— Mon:[8,66] —— Mon:[24,66]
S 0.015 - > oL 5
[} ©
S 0.0101 S 0.010
= =
g' 0.005 - ? DY
< <
$ 0.000 - % 0.000
O O
—0.005 - —0.005
0.0 2.5 5.0 7.5 100 125 150 175  20.0 0.0 2.5 5.0 7.5 100 125 150 175  20.0
Time[us]

Time[us]

In the flavour with CMOS token:
* The amplitude of "Read" coupling is smaller
* Thereis not a noticeable coupling from "Token"
(unexpected!---> To be simulated and understood)
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EFFECT OF VSF

6: CMOS+V1(A+D)

2: CMOS+V1(A+D) -CMOS token-
0.020 1 — Vsf=32 0.020 -
— Vsf=15
< 0.015 — Vsf=0 E 0.015 -
w o
S 0010 :'é 0.010 -
= =
g 00054 € 0.005 -
< <
< <
0.000
8 1 8 0.000 -
~0.005 | e
0.0 25 5.0 7’5 100 125 150 175  20.0 0.0 2.5 5.0 75 100 125 150 175  20.0
Time[us] Time[us]
By reducing the Vsf: Enabling the data bus is

linked to the "Read”

* The amplitude of "Read" coupling is reduced (gone for Vsf=0) —
digital coupling

* Only the signal coupling from "Token" remains noticeable in CS flavours
(We can still optimize the "Read" coupling in Lf-Monopix01)
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PROCESS MODIFICATION IN TOWERIJAZZ180NM

NWELL COLLECTION
NMOS PMOS ELECTRODE - -
i 5 [ T = ! W O 1J
PWELL J NWELL J == { PWELL l NWELL
DEEP PWELL DEEP PWELL
Standard
Process DEPLETED ZONE
1 ' DEPLETION
P-EPITAXIAL LAYER BOUNDARY
NWELL COLLECTION
NMOS PMOS ELECTRODE -
g e ‘ ™ W I_'I_I:IT
PWELL J NWELL PWELL l NWELL
_____ DEEP_PWELL _____DEEPPWELL ___
LOW DOSE N-TYPE IMPLANT
Modified e
BOUNDARY

Process

DEPLETED ZONE

P- EPITAXIAL LAYER

W. Snoeys et al.
DOI: 10.1016/j.nima.2017.07.046

— — T T T T T
E 40 1e15 n,Jom? 30um Pitch ]
> [ n _

20 n ]
o E
—20f- .
Ty —
Rad-hard 020 0 20 40
. rons X [um]
m o d Ifl Ed § ’ UE Unirradiated MPV = 18937 +/- 0122 mV
2 ook Iel4 neq MPV = 19.499 +/- 0147 mV
p rocess -g . E fdj neqg MPV = 15004 +/- 0.124 mV
£ o025 ]
tested on an g
“ . " r
|I1VEStlgat0I‘ 0.015
Ch | p 0.01
0.005[]

OO

signal ImV1

97% efficiency after 1105 n.,/cm?
(100e- threshold, 30 um square pixel)

H. Pernegger, et al.
DOI: 10.1088/1748-0221/12/06/P06008

LAB
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CALIBRATION OF THE INJECTION CIRCUIT

55Fe Spectra. FLAV:HV. Rem Deep P-Well (Top [37, 147]) ToT vs Injection Rem DPW (Top) single-pixel.
Peak Oneq: 32 / Peak lelbneq: 23 / Peak lel5neq lowTH: 31 =
b Unirradiated [37, 147]
e a0{ |t 1lelSneq[37, 147] TN
lel5neq LowTH [37, 147] b H HH
| [ lel5neq, Low-THs lJf“[Hl
300 \ % Wll I
v 2507 = ; m”
a ] = pr ”
> 200 E 20 +‘|””
# 150 ,-;,;hl
| f,;il’p'
100 1 101 l&“ ||l
50 1 -! +*EE}I'H
is
% 0 ¢¢¢-+¢a¢+¢¢i:--“
79 10 20 30 40 50 60 70 0 10 20 30 40 50 60
ToT [clk] Injection [DAC]

* (alibration values are similar in "Top" and "Bottom", but different for unirradiated and irradiated samples:
Unirradiated: ~33e-/DAC Ix10% Irradiated: ~42e-/DAC
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IN-PIXEL EFFICIENCY (UNIRRADIATED PMOQS VS HV)

PMOS

W4_PMOS PSUB=-20V, PWELL=-5V, HV=0V_
Pix_%fficiency_RDPW (Unirradiated)
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W4_PMOS PSUB=-20V, PWELL=-5V, HV=0V_
Pix_%fficiency_FDPW (Unirradiated)
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W4_HV PSUB=-16V, PWELL=-0V, HV=30V_
Pix_%fficiency_RDPW (Unirradiated)

W4_HV PSUB=-16V, PWELL=-0V, HV=30V_
Pix_%fficiency_FDPW (Unirradiated)

98

97.1%

93.7%

2019 /09 /17

LAB

Silizium Labor Bonn

STREAM Final Conference | caicedo@physik.uni-bonn.de

vV

47



DIFFERENCES DUE TO N-LAYER DOPING

W4 _HV PSUB=-16V, PWELL=-0V, HV=30V_ W12 _HV PSUB=-16V, PWELL=-0V, HV=30V_
Efficiency Efficiency
o] 98 o8
1000 ' . 94 94
E‘ . 90 ? 90
< 86 @ 86
= 82 2 82
400 1 78 W /8
200 |§ 74 74
00 100200300400500 7 0 00 100200300400500 70
X [8 um] ( Noise occupancy < 10 Hz/pixel ) X [8 um]
\WO04 (HV): UNIRRADIATED W12 (HV): UNIRRADIATED

* Mean efficiency larger for unirradiated W4 than for W12

Efficiency
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CLUSTER SIZE FROM TEST BEAM (TJ-MONOPIX)
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Cluster size of dut_ev_clustered7.h5

(14949400 hits in 10943810 clusters)
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WO04 (HV): UNIRRADIATED
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(954874 hits in 901645 clusters)
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W04 (HV): 1x10%5 ngy/cm?

* The cluster size decreases after irradiation ---> Less charge sharing.
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55-FE SPECTRA BEFORE AND AFTER IRRADIATION

55Fe Spectra. FLAV:HV. Rem Deep P-Well (Top [37, 147]) 55Fe Spectra. FLAV:HV. Rem Deep P-Well (Top [37, 147])
Peak Oneq: 32 Peak lel5neq: 23
400 - 0] 2221 Unirradiated all B {2271 1lel5neq, all
1 Unirradiated seed 400 1 1 lelSneq, seed
T 1 Unirradiated single 1 1=215neq, single
v 300 " 9 300 |
- -
g i [l
g 200 4 Lﬁ 200 -
* *
100 | :L:LL 100 -
O d—r T T - - T - 01— - - -
0 10 20 30 40 50 60 0 20 30 40
ToT [clk] ToT [clk]

* \We observe charge sharing in the unirradiated sample, but not after irradiation
(This observation agrees with the cluster size measurement during test beam)
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