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DEPLETED MONOLITHIC ACTIVE PIXEL SENSORS (DMAPS)

“Large Electrode” design
Large collecting well containing in-pixel circuitry

[ZY.IEDE?/] - In-pixel Electronics PASSIVATION } &
) METAL LAYERS | 5
e Sensor, front-end and readout e
electronics in a common silicon unit g - [
< High-Q p-type égsJ
CZ substrate o O\C.)‘% .
e Commercial CMOS processes: i | oSte,,
BACK-SIDE .

HV [-]

Multiple wells to shield electronics

Pixel cell

PROS: Short drift distances, strong E-field (Rad-hard)
CONS: Large detector capacitance, high analog power and ENC
1 Cq ; 4 kT CF
TESA B Im Cf ENCth,er'nml X gg_m T
---> Requires design efforts to optimize timing and minimize
coupling of digital activity into the collection node.

* Considerable depleted regions in highly
resistive substrates:
Fast charge collection by drift
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DMAPS FOR HIGH ENERGY COLLIDER EXPERIMENTS

Taking the requirements of future HEP

experiments as benchmark: The Monopix DMAPS developments
| ITkOuterLayer Belle Il VTX
Column-Drain ("FE-I3 like") synchronous R/0
Occupancy 1 MHz/mm 1> MHz/mm ||~ architecture and fast front-end implementations
Time Res. 25 ns 0(100) ns "
NIEL 1075 ng,/cm? 5x10™ ng/cm? "~ Design optimization to preserve charge collection
TID 80 Mrad 100 Mrad gRkSI akion
Area 0(10m?2) 0(3m2) LF-Monopix: TJ-Monopix:
Large electrode DMAPS in Small electrode DMAPS
LFoundry 150 nm CMQOS in Tower 180 nm CMQOS
DMAPS would offer: Y '

* Reduced material budget compared to hybrids.
* (Cheaper and less complex module production.

7, \
2% .
. %,

Later talk by C. Bespin
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THE LF-MONOPIX PROTOTYPES B

Dingfelder et al.

LFoundry

150 nm CMOS
process
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‘ Irfu CEA Saclay
Institut de recherche
sur les lois fondamentales
de I'Univers

LF-Monopix1 LF-Monopix2
(Mar 2017) (Feb 2021)

Full-size (~cm?) large
electrode DMAPS.

Functional column-
drain R/0
architecture.

In-pixel electronics in
>2 kQ-cm resistive

substrates.

DNW
NW

Pixel layouts PW

. I active region
(Top view):
Cc oA P|xel SOt Pixel RO logio RAMEROM cells . AFE  Pixel R/O logic | RAMSROM cells
registers Pixel conf. registers
Design strategies for LF-Monopix2: Next talk by Tianyang Wang
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LF-MONOPIX1: RADIATION HARDNESS

TID up to 100 Mrad NIEL up to 1x10"> N,/ cm?

* Relative Gain variation: <3%
1.20 ° i ici .~ 04 (iNn-ti ‘o~ Y
A ——— Hit efficiency: ~99.4% (in-time: ~96.6%)
| —u— NMOS CSA + V2 Disc. . .
=115 - oS Csh 4 v Disg (100 um thick | Bias: 150 V | Threshold: 2336+262 e- |
Q) .
£ 1.0 Noise Occ. < 10-7)
S
S 1.051
=
'% —— .—égt:-gw LF-Monopix1 Hit Detection Efficiency: 99.41% 100
O] (1x10%5neq/cm?, 100um thick, 2 x 2 Pixels) o
0.95 = LF-Monopix1 Time-Walk (NMOS+V2)
0.90 L | | | . | | g 50 7 5 1x10%%n.q/cm?, In-time hits: 96.73%
0 10 102 10-! 10° 10! 102 T 25 3 6000 {
TID [Mrad] g o ss £ £ 1000 -
: : . ; £ 3
- 0 100 200 300 400 500 84 2000 A
e ENCincrease: NMOS CSA (25%), CMOS CSA (15%) HorizontalLum) . ol
80 _
0.0131 —#— CMOSCSA + Vi Di.sc. LF-Monopix1 In-Time Efficiency: 96.58% 100 ; 100
—#— NMOS CSA + V2 Disc. 220 (1x10%ngq/cm?, 100um thick, 2 x 2 Pixels) o
NMOS CSA + V1 Disc. 9% i S ]
0.012; T | ¢ ]
= 200 — R s e e i Gl PR |
= 9 SO N 5 e S g ‘
g L @) £ oy e T '.'-"E:.'.--:.'-_r_.._- cthpa o,y g £ 0 200000 5000 10000 15000 20000
E 180 5 2o -v_{..__i.  p ". : ‘L"'::-_':.T_-.JI Lﬁ.. - g Counts Charge [e-]
ujones 0 100 200 300 400 500 ”
L 160 Horizontal [um]
0.009 1 80
: . T : . T —+ 140 .
0 1073 1072 107 10° 10' 102 Caicedo et al.

TID [Mrad]

Number of Hits
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* Smaller pixel pitch than LF-M1: 50 x 150 pm?

— Reduced C,.(~250 fF)

 Larger pixel array (340 rows x 56 cols) _ _
e 40 MHz / 160 MHz CMOS or LVDS serial output. Column-drain R/Qiina
* Timestamping: 6-bit LE/TE (ToT) @ 25 ns

20 mm

1.7 centimeter long

a

10mm

v

Top pads, decoup.
capacitors:

Power pads,
sensor bias.

Pixel array (340 x 56)

EoC circuit:
Sense amplifiers,
digital buffers.

Periphery:
Digital logic, DACs,
analogue buffer.

Bottom pads:
Power & R/W signals.

Improved pixel
layout for cross-

/ Inherited and \

improved a fast

rad-hard front-end
(CSA with NMOS input
transistor
+

fast discriminator)

New features to be
tested:

* Increased tuning
range
* Benefits of smaller

* Analog power: ~28 uW/pixel (370 mW/cm?) col_umn, with f“!l in- CP'_"Pli'_‘g \ C:(1.5fF) /
* New injection & HitOr circuitry: Digital, at  Pixelelectronics mitigation

pixel level
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SENSOR THINNING AND BREAKDOWN

Silizium Labor Bonn

S Succesful wafer What changed from LF-Monopix1 to 2?
2 thinning and back- (1)
qJ L] L]
5 side processing 2l 28
%10_8 P vl RO . Leakage AT wm Guard-rings c &  Pixel Matrix
x ﬂ,/ —— LF-Monopix2, 725 um (PREAMP ON) 2
Q- --- LF-Monopix2, 100 um (PREAMP OFF) <] “A/Cm e e ri i IHI-- |1
10774 —— LF-Monopix2, 100 um (PREAMP ON)
0 50 100 150 200 250 300 350 400 * No early breakdown : (2) v
v T
— 105 Improved breakdown — - - -
- - p-substrate n-implant p-implant poly-Si
S voltage in LF-
= 1079 -
E Monopix2
5 107 (~ 460- 500 V) e Adding Deep N-well on innermost n-ring (1)
Q . . . .
8100 due to guard-ring . PTN comblnathn in guard-rings (2) |
3 ~== LF-Monopix1, 100um U * Reduction of guard-ring number -> Increase in
— 1079/ —— LF-Monopix2, 100 um optimization . ] .
| ‘ . ! . spacing between n-ring and 1st g. ring (3)
0 100 200 300 400 500
Bias voltage [V]
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CALIBRATION OF THE INJECTION CIRCUIT

1200 LF-Monopix2 Cip;
4 1000 XTay Source: v Each pixel's ToT response can be
) (Q ~ 6.04 ke™) .
Z 800 calibrated to charge
IS — gg?nné-zdng;
5 600 A — Charge [e-]
= o 0 3445 6891 10337 13782 17228
. . o} 1 1 1 1 I
Comparing (per pixel) =z ol 504
the mean ToT for a
. . . . . T T T T 1 .
known injection voltage %o 15 20 25 30 35 40 45 >0 10
and well-defined Injection Capacitance [fF] le=15
401
fluorescence peaks: 800 LF-Monopix2 Ciy S 102 4
700 X-ray Source: E 30 ‘g
w Mo-ky, ~ 17.4 keV = 4
Cin ~ 2732024 fF <., A
inj = s = 3500' Mean: 2.72 fF 1 10!
o " Sigma: 0.26 fF
5 4001
g 10 -
€ 300
=]
= 200' 0 - ¢ - - - - 100
100 0.0 0.2 0.4 0.6 0.8 1.0
0 Injection [V]
10 15 20 25 3.0 35 40 45
Injection Capacitance [fF] =i
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ENC & GAIN

ENC from LF-Monopix1 to LF-Monopix2

ENC: LF-Monopix1 vs. LF-Monopix2
(NMOS-based CSA & Self-Biased Discriminator)

0.25
LF-Monopix1
— Mean: 8.0 mV (~137 e-)
Sigma: 1.4 mV (~23 e-)
0.20 A LF-Monopix2
w — Mean: 6.5 mV (~112 e-)
g Sigma: 0.9 mV (~14 e-)
=
%5 0.15 -
H#*
o
Q
N
< 0.10 A
£
o)
=2
0.05 A
0.00 T

Decrease of ~20-30% in mean ENC and dispersion

0.002 0.004 0.006 0.008 0.010 0.012

0.014 0.016 0.018
Injection [V]

for the same front-end implementation

(As expected from smaller pixel ~ Cy)

. &
ENC* = Achot T T Gl/f C*'Jtherm

Gain

csa

Cf +

CatCy

csa

860 -

global_TH/ mV
o0}
N
<

—— CSAT1(C=5 fF) ~13 puV/e-
—— CSA2(C=15F) ~23 pv/e-
—— CSA3(C=15fF)~29 pV/e-
—— CSA1(C=5fF) ~13 pv/e-
CSA1(C,=1.5 fF) ~26 pV/e-

780 A

2000 4000 6000 8000 10000 12000
Measured TH / e-

LF-Monopix2 Gain
CSA 1, Cr = 5fF
Mean: 13.2 yV/e™ | Sigma: 0.4 pV/e~
” CSA 1, Cr = 1.5fF

o]
o

Mean: 25.7 uV/e™ | Sigma: 1.5 pV/e~

CSA 2, Cf = 1.5fF
Mean: 22.6 pV/e™ | Sigma: 1.0 pVv/e™

CSA 3, Cf = 1.5fF
Mean: 29.6 uV/e™ | Sigma: 2.1 pV/e™

LN

o I JAXKN
30 35 40 45

@)}
o

Number of pixels
D
o

N
o

5 10 15 20 25
Gain [uV/e™]

* Linear gain response
Both old and new CSAs benefit from a
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LAB

Silizium Labor Bonn

42nd RD-50 Workshop (caicedo@physik.uni-bonn.de)

smaller C;
4




FRONT-END TUNING

- Original threshold dispersions ~600-750 e-

Two threshold tuning circuit schemes:

* (Current source for unidirectional polarization

Tuned threshold dispersion ~100e-

Charge [e-]

* Current source and sink for bidirectional polarization 1722 1895 2067 2239 2411 2534 B 15
(~2 times the tuning range for same LSB) | i — i | 14
Tuned TH 13
— 16000 _ 12
3 TDAC_LSB = 18 wn 6007 Hean: %}35‘5?‘;’_) 11
-E- 14000 ® Unidirectional g Sigma: 5.6 mV - 10
© i ® Bidirectional a (~96 e-) -9
GE) 12000 o P s . Ha 400_ _8 (g)
< 10000 * e, o =
3 o, -g -6
< d o -5
G 8000 . 5 2001 i
£ 6000 S o @ 3
o ([ J
© 4000+ T e . . 2
c ° - - - - '
3 20004 °®°®° 010 011 012 013 014 015 [0
5 Injection [V]
O T T T T T T T T
c 2 4 6 8 10 12 14 e Normally distributed TDAC values
TDAC value . .
* Only 1/3 of the maximum TDAC bias current
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row [um]

HIT & IN-TIME EFFICIENCY

* Unirradiated chip exposed to 5 GeV e-@ DESY
(100 um thick | Bias: 60V | Mean threshold ~2ke- | Noise Occ. < 10-7)

Time-walk distribution of seed

Efficiency map of the full matrix bixels in efficient events

Efficiency projected onto a 2x2

S— = 100.0
8000 i .
| 875 p|Xel array LF-Monopix2 Time-Walk (M1-3/4)
6000 - ? = ‘ In-time hits: 99.43%
: : ‘ LF-Monopix2 Hit Detection Efficiency: 99.59% e
4000 4 2 75.0 (Unirradiated, 100um thick, 2 x 2 Pixels) 3000 -
o 2 ﬂ 103
ko) G2l 125 5 2000 A
2000 A = . 96 3
g o 100 - 1000 A
01 g 500 E & 0
S8 5 75 92 g 150 102
A —
~2000 1 ok 375 & 50 g
9 ' B £ =
- 5 25 4 88 & = 100
—4000 - oeln > = 2
; : 0 S = S T 10!
—6000 A : A 84 5
LR R e n T s 12.5 -25 - - ' ' ? =
> : 0 50 100 150 200 250 300 w 04 |
—8000 - 00 Horizontal [um] 80 0
T T T T T . T T 10
-6000 —4000 —2000 0 2000 4000 6000 0 20000 0 20 40 60
column [um] Counts ToT [40 MHz CIk]

* Hit detection efficiency and in-time events >99%
* ~2.5% improvement in in-time efficiency (at the same threshold) with respect to LF-M1

TB data analysis carried out using Bonn's BTA:

Number of Hits
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HIT & IN-TIME EFFICIENCY

e Variation with

100
bias voltage: -
MIP signal dependent =
of the depleted volume < 99
O
S 85
(Y]
[
* Pronounced & 80
drops in pixel 75 |
corners: o
Ch : 0 10
arge sharing
o 7(Unirradiated, 100um thick, 2x2‘Pixe‘|s) M QGLF_Monopixz Time-Walk (M1_3/4 TH @Zke_’ OV)
100 5 - In-time hits: 64.85%
:i :3 aog ” 6000 -
: B - % 4000
i 50 100 150 200 250 300 64 © 2000
e -
g 100 A
% 50 1

o
L

0 25000
Counts

0 20

40 60

ToT [40 MHz CIk]

LE-Scintillator [ns]

150 200 250 300

150

=
o
[S]

vl
o
L

o
:

— 9 100
95
)
S 90
>
c
k5 85
LF-Monopix2 (TH ~ 2 ke™) :__J LF-Monopix2 (HV=60 V)
—e— Hit efficiency io 807 —e— Hit efficiency
—A— In-time efficiency —A— In-time efficiency
LF-Monopix1: 75 1 LF-Monopix1:
In-time efficiency (HV=60V) In-time efficiency (TH ~ 2ke™)
T T T T T 70 1= T T T T T T
20 30 40 50 60 2000 2500 3000 3500 4000 4500 5000
Bias Voltage [V] Threshold [e™]
LF-Monopix2 Hit Detection Efficiency: 99.59% LF-Monopix2 Hit Detection Efficiency: 85.14%
(Unirradiated, 100um thick, 2 x 2 Pixels) [ (Unirradiated, 100um thick, 2 x 2 Pixels)
125 LF-Monopix2 Time-Walk (M1-3/4)
100 ® In-time hits: 99.43%
E 75 92 §
g 5 g 30001
w0 27 "L € 200 10°
84 8
" » 0 50 100 150 200 250 300 1000 4 o0
-‘I: Horizontal [um] 80 0 % Horizontal [um]
1025 150 10°%
£ £ 100 £
2 g 2
10t Y W | S —— 10!
10° : ; 10°
0 20000 0 20 40 60
Counts ToT [40 MHz Clk]

e Variation with
threshold:

Cut on MIP signal

e Timing
dependency:
Front-end away from
its operation point.

(Signal ~6ke-, TH
~1.5ke-)

9 LF-Monopix2 Time-Walk (M1-3/4 TH @5.5ke-)
In-time hits: 84.64%

Bﬁg
Boé ” 6000
5 E 4000
7E é 103
2000 A
64
0
102
_____________ 10!
T 10°
50000 0 20 40 60
Counts ToT [40 MHz Clk]

Number of Hits
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TIMING VS FEEDBACK CAPACITANCE

In-time Ratio in LF-Monopix2

1.000 T4 -
0.995 A @
D
= 0.990 A
(O]
=
£ 0.985 -
The increase in gain S
: . s = 0.980
results in all efficient 2
events detected 0.975
within 25 ns -—- Best In-time Ratio in LF-Monopix1
_ 0.970 : ;
( Bias: 60V | CSA1 CSA1 CSA3
Mean threshold ~2ke) (C=1.5fF) (C;=5 fF) (C;=1.5fF)
LF-Monopix2 Time-Walk (M1-1) LF-Monopix2 Time-Walk (M1-3/4) LF-Monopix2 Time-Walk (M3)
In-time hits: 99.82% In-time hits: 99.43% In-time hits: 99.94%
» 200 " 3000 4 " 6001
£ 107 £ 2000 100 5 4001
8 1004 S 000 8 200 102
150 o . - - u;; 150 o . - . 102;;; 150 o u;;
% 100 -I 10! g % 100 g % 100 A o g
| ——— | — RN TN DR | E——
g ] F::;H‘]]]IFZ g ] _Im g ] ::I:*Iq
T , 1 T T 10° T L, 10° T T T T 10°
0 2000 0 20 40 60 0 20000 0 20 40 60 0 5000 0 20 40 60
Counts ToT [40 MHz CIk] Counts ToT [40 MHz CIk] Counts ToT [40 MHz CIk]
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NIEL DAMAGE: LEAKAGE CURRENT & ENC

NIEL - Generation/Recombination levels in band gap - Higher leakage current - Higher ENC

* Samples irradiated with protons up to fluences of 1x10" n,,/cm?(Bonn) and 2x10% n,,/cm2(MC40 Birmingham)

Leakage current after NIEL fluence of 15-20% increase in ENC due to higher bulk
2x10% n.,/cm? ~30 pA/cm? (@400V) leakage current
Charge [e-]
86 172 258 344 430
] vy 1400 Unirradiated
1075 Y =100 e-
E . o=12e"
i ﬁ | —
— ] q’ : lel5 neqg/cm?
§ 104 Y 1000 A —-H#=120e
< ] . oc=12e"
. -¥- WO02-07 (unirradiated @ room T) i 0
g ~¥- W02-09 (1e15 neg/cm?) | 2 800 -
5 1077 -¢- WO02-07 (1el5 neg/cm?) @= : o
by | W02-10 (2e15 neg/cm2) 20°C ] 2 600
qJ B
3 10-° 400 -
200 -
1079 5 ﬁ
5 0
0 100 200 300 400 0.005 0.010 0.015 0.020 0.025
Bias Voltage [V] Injection/V
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NIEL DAMAGE (1X10'5 Ngo/CM?2): DEPLETION

NIEL - Change of effective doping concentration - Larger voltage required for full depletion

85 pm thick Si: Fully depleted from ~150 V

Calibrated Charge MPV for Different Bias Voltages

Efficiencies before & after irradiation

Comparison of bias voltage runs for unirr. and

irradiated (1el5 neg/cm?) LF-Monopix2

110 100 —3
o i — e ‘::__g_u_‘\__,_.. .......... . ..... . ........... g ............ ﬁ
------ 85um depletion depth ‘ﬁ .‘,.--' e
100 - { W02-07 @ lel5 neg/cm? E
¥ WO02-09 @ 1el5 neg/cm? [ 7000
W02-01 unirr. 95 1 .
90 ~
g .................................. *. ....*. ................ *.........*. ........ .*.....¥..._ 6000 | 0\.9
< 80 - o =
= * ~ > 90 T
= 9]
o > c
] = @
o 70 * - 5000 = ©
c <) =
2 = @
de [{] c 85 1
g_ 60 - 5 5 Efficiency
) * - 4000 = —k— Unirradiated
50 --§- lel5 neqg/cm?
80 -
+ L 3000 In-time Efficiency
40 1 Unirradiated
lel5 neg/cm?
30 T T T T T T 75 T T T T T T T T
0 50 100 150 200 250 0 25 50 75 100 125 150 175
Bias Voltage / V Bias Voltage / V
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NIEL DAMAGE (1X10'5 Ngo/CM?2): HIT & IN-TIME EFFICIENCY

Mean hit detection efficiency of 99.5% for a fully

depleted sensor

Hit detection efficiency >99% in all
front-ends and timing performance

( Bias: 150 V | Mean threshold ~2ke) preserved
Comparison of different CSA Architectures of LF-Monopix2
100.000 100.0 *
Region 1 (Matrix 1 (3+4)): In-pixel efficiency ek 99.5 - + t
for LF-Monopix2
125 : : : 98.750 +
100 {= =l = o o o N Ll k-4 skl
! | 98.125 M 33
— . i 99.58% 99,59% 99.49% ! = =
2 s504=&l= == — 0030k — — — 99HR% — — — 00~ — —— = | — - 97.500 32 Z =
2 | I < =
= 25 -1 l 9*@& 99 % 99.43% I — L Efflclency
I I 96.875 X 98.0 - p— =
el T e T e +_ Unirradiated [2ke~, 60V]
0 I I ® 1lel5 neg/cm? [2ke-, 150V]
_25 ! T T ! T T ! 96250
0 50 100 150 200 250 300 97.5 A In-time Efficiency
column [I..Em] Unit’radiated [Zke_, GOV]
95.625 A 1el5 neg/cm? [2ke-, 150V]
97.0 T T T T T
95.000 CSA1 CSA1 CSA1 CSA 2 CSA3
(C=1.5fF) (C=5 fF) (C=5fF) || (C=1.5fF) || (C;=1.5fF)
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PERFORMANCE OVERVIEW
= S A = S,

LFoundry 150 nm

CMOS process
DMAPS type
P-type substrate
Signal MPV [ke-]
Pixel pitch [pm?2]
Column length [mm]
Analog power [pW/pixel (mW/cm?) ]
ENC [e’]
TH. Dispersion [e’]
Max. Bias Voltage [V]

Irrad Level

Hit (in-time) Efficiency [%]

Large collection electrode

250 x50
6.5
~45 (360)
150-200
~1000 - (Tuned) 100
260 - 300

NIEL, 1x10"5 N,,/cm? (neutrons)
[TH~2.3 ke]
99.4 (in-time ~97)

CZ (>2kQ-cm)
6 (85 um)

150 x 50
17
~28(370)
90-130
~600-750- (Tuned) 100
460 - 500

NIEL, 1x10" N.,/cm?(protons)
[TH~2 ke-]
99.5 (in-time >99)
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CONCLUSIONS & OUTLOOK

* Fully functional DMAPS in 150 nm CMOS process and large electrode pixel design
* Column-drain readout architecture in a 1.7 centimer-long column

= Allsignal processing and R/0 electronics placed within a 150 x 50 um? pixel
(without signs of digital coupling)

= Detection and in-time (25 ns.) efficiency > 99% after proton fluence of 1105 N.,/cm?

= Current outlook:
* Next week: Test beam (DESY) for samples exposed to higher NIEL fluence (2x10% N,,/cm?)

* Second half of 2023: X-ray irradiation to assess TID tolerance of new front-ends
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Thank you for your attention.

Questions?

This project has received funding from the Deutsche Forschungsgemeinschaft DFG (grant WE 976/4-1), the German Federal
Ministry of Education and Research BMBF (grant 05H15PDCA9) and the European Union's Horizon 2020 Research and
Innovation programme under grant agreements No. 675587 (STREAM), 654168 (AIDA-2020) and 101004761 (AIDA-Innova).

The measurements leading to these results have partially been performed at the Test Beam Facility in DESY Hamburg

(Germany), a member of the Helmholtz Association (HGF) and the E3 beam-line of the electron accelerator ELSA operated
by the university of Bonn.

This project has received funding from the European
Union's Horizon Europe Research and [nnovation EUR®-LABS
programme under Grant Agreement No 107057571. wms MU A

T mad NS



