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ATLAS Phase Il Upgrade — Inner Tracker (ITk) " ers'tétb'on;11
univ |

 Anew all-silicon Inner tracker will be installed @ ATLAS for the HL-LHC operation
— Stringent requirements for silicon pixels
=> Rad. level up to 10%° n,,/cm’ & 1 Grad
=> High particle rate: occupancy, bandwidth, ...
 Monolithic CMOS pixels are under evaluation for the outermost pixel layer

— Commercial process
Low cost and simple assembly

— No need for fine pitch bump bonding

Timing [ns] 25 The key is to deplete the sensing
volume for fast charge collection

=> HR/HV add-ons of CMOS tech.

d~.p-V

Part. rate [kHz/mm?2] 1000 | 1000 |>10 000
NIEL [neq/cmz] 2x101°| 10%° 1016
TID [Mrad] 80 80 1000
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DMAPS - Depleted monolithic active pixel sensor o "
universitatbonn

 Two different sensor design approaches pursued in this work

Large fill factor — LFoundry 150nm CMOS Small fill factor — TowerJazz 180nm CMOS

Spacing

P stop Electronics (full CMOS) P stop PMOS NMOS

Depleted \
/

High resistivity -~
P-Substrate P" Epitaxial layer

P+

High res. (> 2 kQ-cm) P-substrate High res. (> 1 kQ-cm) epi. layer (25 um)

Deep nwell as the charge collection node Nwell as the charge collection node

Full CMOS by isolating nw & deep nw Full CMOS by using deep pw

YV V V V
vV V VYV VY

Backside thinning & processing possible O(50 um) thin detector possible

— Fully depleted 100 um sensor available
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DMAPS - Depleted monolithic active pixel sensor o "
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 Two different sensor design approaches pursued in this work

Large fill factor — LFoundry 150nm CMOS Small fill factor — TowerJazz 180nm CMOS

Spacing

P stop Electronics (full CMOS) P stop PMOS NMOS

Depleted \
/

High resistivity -~
P-Substrate P" Epitaxial layer

P+

High res. (> 1 kQ-cm) epi. layer (25 um)
@Rad. hard => in line with ITk L4
- uniform field, short drift distance
Large sensor capacitance (200 - 400fF)
- non-negligible C,,
- noise & speed (power) penalties
- x-talk: dedicated pixel design needed

Nwell as the charge collection node

Full CMOS by using deep pw

vV V V VY

O(50 um) thin detector possible
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DMAPS - Depleted monolithic active pixel sensor o "
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 Two different sensor design approaches pursued in this work

Large fill factor — LFoundry 150nm CMOS Small fill factor — TowerJazz 180nm CMOS

Spacing

P stop Electronics (full CMOS) P stop PMOS NMOS

Depleted \
. o /
High resistivity ~
P-Substrate P" Epitaxial layer
P+
@Rad. hard => in line with ITk L4 @ Very small sensor capacitance (< 10fF)
- uniform field, short drift distance - low noise & power
Large sensor capacitance (200 - 400fF) @ Limited depletion, long sig. travel path
- non-negligible C,, - dedicated efforts to enhance depletion
- noise & speed (power) penalties
- x-talk: dedicated pixel design needed
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DMAPS - Depleted monolithic active pixel sensor o "
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 Two different sensor design approaches pursued in this work

Large fill factor — LFoundry 150nm CMOS Small fill factor — TowerJazz 180nm CMOS

Spacin

P stop Electronics (full CMOS) P stop PMOS NMOS

Low dose N implant
Depleted boundry

High resistivity
P-Substrate P" Epitaxial layer

P+

@Rad. hard => in line with ITk L4 Modified process adding a planar N layer
- uniform field, short drift distance = significantly enhanced lateral depletion
Large sensor capacitance (200 - 400fF) —> maintain small sensor capacitance
- non-negligible C,,, = no significant circuit change required
- noise & speed (power) penalties —> promising irradiation results
- x-talk: dedicated pixel design needed talk by C. Riegel
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Column drain readout architecture - "
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* Similar to the current ATLAS pixel readout chip “FE-13”
— Particle rate @ L4 of ITk is similar to the current inner pixel detector
— Sufficient rate capability with affordable in-pixel logic density for CMOS pixels

/\ | | Addr | Pixel Logic Addr

A A

Pixel column

End of column

Data Bus
Token
Freeze

- \
N
) Read

- BC ID (40 MHz) distributed in - Hit timing stamped in pixel
the column olumn Controller - ToT =TE -LE

- Hits read out sequentially in a T :559'? (delayed)

shared bus <« Trig. Req.

Trigger Memory
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Prototype design

Submitted: August, 2016 Submitted: September, 2017
Received: January, 2017 Received: January, 2018

LF-Monopix

/Y |I‘fu CEA Saclay

H ) I Institut de recher h 1 ° l ‘—EI \”\T
DESIgn by' universitétlmnnl % % Se Pontvars amertales DeS|gn by' universitéthunnl "'”’—/5
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Chip design strategy

univers'tétbonnl

Pixel||Pixel Pixel *
col. || col. col.

Gray counter + Sense amplifiers + EoC logic

v . .
Serializer |Co|./P|xg config. | | Dégs |
. output driver Config. registers
On chip P | g. reg 4"—"
Off chi Y - _ _
P Output data I R/O controller I Serial Config. data
2/20/2018

Large scale demonstrate chip
— 1~ 2cm?chipsize

Simple periphery logic
— Off-chip r.o. controller by FPGA
— No trigger memory on chip

=> All hits r.o. sequentially in a
serial link
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Pixel design: A functional view N "
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' loken in
_______________________________________________________ (from preyiouspixel) . &
In-pixel R/O logic i
A v ? LE Readllnt E
1 L— 1. :
s>t —s o+ J Q T.E Ll
Bivel | RO <ENT || |
oo _ [paar_rovirf[:
ReadInt - * \ i
Token out
(to next pixel) U
Freeze Read Timestamp Column bus
] [ ] [ """"""""""""""" ] [ Time stamp Y2 OO000000000000OXX
Gray counter + Sense amplifiers + EoC logic I
‘ V4N _ _ TE n
Serialzer ¥ |Co|./P|x§TI config.| | DA{\QS | Token Out A e P,
on chi output driver | Config. registers d Read |—|_|_
nc Ip ReadInt R
Off chi Y - _ _
P Output data I R/O controller I Serial Config. data
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Pixel design: A functional view N "
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Token in
(from previ

| ey (TOmpreyious pixel) e
3/ i Sensor + front-end E In-pixel R/O logic T I “ "E

Different sensor implementation concepts have strong implications
on the pixel design (sensor geometry, FE circuit, pixel size, etc.)

: : mTcauirrt * N J :
__________________________________________________________________________________________________ 1
| Token out || I‘

(to next pixel)

Freeze Read Timestamp Column bus
b e L] ime s DODOO00O0000000CK
Gray counter + Sense amplifiers + EoC logic I
‘ VAN . . TE N
Serialzer ¥ |Co|./P|x§TI config.| | DA{\QS | Token Out A e P,
hi output driver | Config. registers 4 Read [ e
On C Ip 1 ReadInt R
Off chi Y - | |
P Output data I R/O controller I Serial Config. data
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Pixel design: LF-Monopix o "
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Token in
(from previous pixel) OH

A LE Reaollnt i

- !

s Qe——{ —s @ Q TE | |

— s |

R Q R Q Q : | !

| |

1°' latch [HIT flag _ i

ReadInt - |
Token out

Freeze (o next pixeD Read Time stamp Column bus
* Pixel size: 50 X 250 pm? (8-bit) (24 bit)

Deep nwell

* Fill factor ~ 55%
e CSA + Discri. with 4-bit DAC

— Optimized for < 25 ns time walk €
o
Lo

— Static current ~ 20 uA/pixel

* Full-custom dig. Circuit
— Minimized area => reduce C,
— Special low noise design, e.g. current steering circuit
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Pixel design: TJ-Monopix N "
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Spacin

80 pm

PMOS NMOS

Low dos Nimp‘ant I ‘!

| | [Pepleted boundry

P Epitaxial layer

* Pixel size 36 X 40 um?=> smaller than large fill factor design
* 2 um diameter diode + 3 um spacing
* Separate digital & analog region

* Full-custom digital design

— Minimize area

2/20/2018 13th "Trento" Workshop - t.wang@physik.uni-bonn.de 13



Pixel design: TJI-Monopix o "
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80 pum

* Front-end derived from the ALPIDE detector
— Benefit from small C, (~ 5fF)

Threshold 300 e
ENC 7.1e
Thres. dispersion 10.2 e

— Very compact and low power FE circuit

— No need for in-pixel threshold trimming Tin R ik <25ns

e Circuit optimized for fast response

Power <1uw

— Power vs. speed trade-off
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Key measurement results: LF-Monopix

) RO ARl
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Test beam - "
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SPS CERN
— 180 GeV pion
— Sep. 20-28, 2017 DUT,

ELSA Bonn
— 2.5GeV electron
— Nov. 8-10, 2017

DUTs: 1 non-irradiated + 1 neutron-irradiated 10*°n,,/cm?

DUTs FE-14 e MIMOSA X6
Scintillator — Pixel size: 18.2 um X 18.2um
| - 3 1 — 1152 ps/frame (rolling shutter)
Beam . FE-I4 X 1
— Pixel size: 250 pum X 50 um
\Coo_lmg) — Timing resolution: 25ns
Ifrigger logic unit . — Triggered by scintillator + TLU
trigger
ANEMONE telescope

https://indico.desy.de/indico/event/18050/session/9/contribution/17/material/slides/0.pdf
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ELSA test beam: Efficiency o ers'téitblon'nl
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e Non-irradiated

TH tuned by noise
Columns: 16-20
HV: -200V

Temp: dry ice

* 1x10%n,/cm?

TH tuned by noise
Columns: 16-20
HV: -130V

Temp: dry ice

2/20/2018

Vertical position [zm]

Vertical position [zm]

T. Hirono, Bonn

100.0 e
2L ! - Ia?.s
2000 99 6% E 95.0 80
g o= = 192.5 —
1000 N 5 2 : )
5 N 0.0 = eo;]  Noise occupancy <107
] o=
0 . 8 | 875 ¢ o @ TH~1400e-
£ = | {85.0 U 40|
~1000 § i =
i 5 82.5
—2000 g g 80.0 201
~3000 e - 3 7S 0 II I‘l.. . . .
75.0
Y vorummerr . T 0.0 0.2 o.-:]it%ng.ﬁ 0.8 le_%.u

Horizontal position [pm]

100.0 100
3000 § IWS
g 80
2000 | 95.0
i 192.5 — . ]
1000 - - looo £ _ 6ofl Noise occupancy <10
s | ’ == g ~
0 s § 1875 2 % @ TH~1700e-
: : as0 8 |
~1000 g = =
i l 82.5 W
i ] 20
—2000 - i 280.0 | I
~ 5 g 77.5 ollldn, . - -
3000 75 0 0.0 0.2 0.4 0.6 0.8 1.0
-1000 -500 0 500 1000 hit/25ns le—8

Horizontal position [pm]
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Timing performance
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Scintillator ~ Monopix

Beam

TH: ~1700 e-
Columns: 16-20
- HV: -200V (0 n.,/cm?)
5 -130V (1 x 10*°n,/cm?)
I_ DAC setting: default

40MHi
Temp: dry ice

Delay = (Monopix LE) - (Scintillator LE)

100

80}

60 f

[%6]

40 |

20+

T. Hirono, Bonn

— Onegf/cm?2 vl

2bins=98.7*+0.9%

2bins=83.0 *=0.8%, un-tu

_ — 1El5neg/om?2 vl |]

ned!

L

0 5 10 15
Relative delay [25ns]

* Promising timing results from non-irradiated chip for 400 fF C

— More precise measurement needed

 Time walk increased for irradiated chip, but results obtained @ default settings

— Optimization of DAC settings, e.g. CSA/discriminator bias

— Higher bias voltage + back side process
— Time walk correction of “small” hits

2/20/2018 13th "Trento" Workshop - t.wang@physik.uni-bonn.de
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SPS test beam L "
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* Analysis finished on non-irradiated sample for the SPS test beam
— Columns 8-11& 24 -27
— Threshold ~ 2700 e-
— Room temperature

Uniform in-pixel efficiency

99.7%
@ -200V |. Caicedo, Bonn
-200V_SPS_Efficiency
° 99.0
* 97.5
= >
£ " 96.0 2
60 Q
a 94.5 G 99.8
— 80 = 99.5 >
> 100 93.0 W 99.2.5
120 91.5 8.9
: B 98.6 x
0 >0 100 150 90.0 1320 1330 1340 1350 1360 1370 98.3 &
X [50 pm] X [5 pm] 98.0
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Summar "
y universitatbonn

* Two large scale DMAPS demonstrator chips developed for the ATLAS ITk
— Aimed for the outermost pixel layer: cheap module, simple assembly
— Different sensor concepts pursued: large & small fill factor

— Column drain readout for sufficient rate capability with affordable in pixel logic density

* LF-Monopix, at least matrix-wise, is a fully functional LHC pixel chip
— Fully monolithic readout, 40 MHz time stamping, tunable threshold, etc.
— High efficiency ~99% after 1 x 10*°n, /cm? @ very low noise occupancy < 10°®
=> meet the ATLAS spec.
— Good timing performance already @ default setting => will be improved by tuning
— Wafer thinned down to 100 um and backside processed soon available (sent for dicing)

=> better charge collection after irradiation expected
* TJ-Monopix has been wire-bonded last Friday, results will come soon

— Chip samples sent for neutron irradiation @ JSI Ljubljana

— Test beam planned for April/May

2/20/2018 13th "Trento" Workshop - t.wang@physik.uni-bonn.de
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Thank you!
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Back up
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LFoundry prototypes .'l
yp yp universitatbonn

A 3 E E LF-Monopix01
| g (Demonstrator) :l

v i v
CCPD _LF LF-CPIX (DEMO) LF-Monopix01
e Subm. in Sep. 2014 *  Subm. in Mar. 2016 *  Subm. in Aug. 2016
*  33x 125 um? pixels *  50x 250 um? pixels *  50x 250 um? pixels
*  Fast R/O coupled to R/O chip *  Fast R/O coupled to R/O chip *  Faststandalone R/O
»  Standalone R/O for test »  Standalone R/O for test e  Standalone R/0O like LF-CPIX
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Design challenges for LF-Monopix . "
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One pixel cell
] . ]
— Electronics —>

—L 1
- nwell - pwell C
0—| I—lf 4
NISO| deep nwell - deep pwell
- very deep nwell - I\ digital
I/

-.,i.- Charge coll. diode
l:ré

% logic /
ic(@ pr deep p-well

p-substrate

* Large detector capacitance C;=C

sub * Cn * pr

— G, tends to be dominant => depends on electronics area & DNW/PW junction width

— Timing
1 Cq ™
TCSA X g—C—f
- " > More power needed to compensate => g, « |,
— Noise

4 kT C?3
ENCEhermal X 3 d

3 g—m B3 J
— Cross talk => C,, directly couples the substrate noise into the sensor

* The minimum operation threshold may be affected
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Irradiation performance: LFoundry o "
universitatbonn

Radiation tolerance evaluated with previous prototypes => in line with ITk L4

— Total ionizing dose — NIEL
_ o I. Hirono, Bomn E 300[ ! Mandi¢,RDsOworkshop 2017 |11 |
& o0 . = - Preliminary! ‘ d=0
0o} i b = 1e13
E o0.98| \ %_ 250 d :
T 0.96| @ f P=1614
E 0.94f Orad © o0p! b = 5e14
< .92} E j d=1e15
0.90 L L T [ = 2215
1.6 . : E_ 150;
& NMOS [
w L5} D |
n & PMOS |
2 14 |es cvos 100: o [
g3 | 1X10* n,,/cm?
512t Orad S50 . -
£ 11l ¢ i = o Empty: no BP, not thinned
S - b A= Full: BP, thinned _
= 1.0} U ...................
0.9 N — —~ — — . 0 50 100 150 200 250 300 350 400
10 10 10 10 10 10 Bias (V)
TID [rad]
No significant performance loss after 50 Mrad > 100 pm depletion after 10*> n_,/cm?
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Improvement after back-side processing N "
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25000 -3 Not thinned, not

irradiated
-t Not thinned, 1e13

MPV (el)

-o-Not thinned, 5e13

20000
43 Not thinned, 1e14

-»-Thinned, not

irradiated

15000 =+Thinned, 1e13

“#-Thinned, 5e13

#-Thinned, 1el14
10000

-Thinned, 5e14

=Thinned, 1el15

5000

-+Thinned, 2e15

0 100 200 300 400 500
Bias (V)

E-TCT measurement on LF test structures thinned and Backside-processsed to 200um
l. Mandi¢, RD50 workshop 2017
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Irradiation performance: TowerJazz o "
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* Modified process (CERN TowerJazz collabration) to improve depletion under pwell
— Adding a planar N-type layer
— Beam test showed 98.5% efficiency after 10*°n,,./cm?

=> not possible with standard process

NWELL TRANSISTORS
DIODE NMOS  PMOS 1
- E | T T T T I T T T T T T ]
PWELL I NWELLJ J | | { lPWELL | | 3 [ 25um Pitch ]
| DEEP PWELL | > 20— | "Hoe
M- : : :;:_TD.E
of 18
- 1 8807
20 I1Mos
: i _Beam test @ CERN SPS, 1
-40 -20 0 20 4 :
A [um]

H. Pernegger, et al., DOI: 10.1088/1748-0221/12/06/P06008
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I-V curve: LF-Monopix N "
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e Breakdown @ ~-280V

10° IV curve, LF-MONOPIX01, unirradiated, PREAMP_OFF
| § ﬁ ' .~ [+— IvDatal]
|. Caicedo, Bonn vl
!
<
‘2‘ : ' : : ’ .
gy ] o pdl] SRR TR PR e i N MAS e Oy IR Y i
v f : f : : t 2
= t
O : J»
1072 |

1 | | 1 |
0 50 100 150 200 250 300
Voltage [V]
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ToT

Laboratory results

unive rsitétbonnl

 Breakdown @ -280 V => up to ~ 300 um depletion
* ToT calibrated with sources: 24*Am, terbium

* Gain 10-12 uV/e

 Typical ENC~ 200 e

* Tunable threshold down to 1400 e

— dispersion ~ 100e"

ToT vs. Injection Response to sources

ToT vs. Inj, LF-MONOPIX01: Pix[26,10], TH = 0.855 V, VPFB=4 100 S0Urces, LF-MONOPIXO1: Pix(26, 10] TH =0. 855V, VPyy =4

+
— Fit 241-Am, Bias - 10V
: : : : : : — B THATS, 0~ 2,870
5o Data | i V= 0,966V, Ciy, = 2, TISFF
: : 80 To XR, Bias: -70V
Ji= AR, 308, 0= 2,811
: : : ‘ D R V=0.717V, Oy, = 2. T57/F
1200k e R e, e T ] so b To XR, Blas: -70V
: : : - - : ! e Juow ) 256, o 2688
3 Ve 1. 827V, O, =~ 2. W7 JF
8
: 2 i 40
W(TOT) = * (1 — explt~9/°) 20
ob  —A La=183.036 o i ,,
t=0.445!
c=0.71T: :
| i MazxToT's=120. 568 | 0
02 04 06 08 1.0 12 14 16 1.8 ° 20 40 60 B0 100
TaY

Injection (V)

Y [Pixels]

Y [Pixels]

35

30

|. Caicedo, Bonn

Gain in LF-MONOPIX01

25 20 15 10

X [Pixels]

ENC at TH 0.795

25 20 15 10

X [Pixels]
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0

14.69
13.06
11.43
9.80
8.16
6.53
4.90
3.27
1.63
0.00

0.027
0.024
0.021
0.018
0.015
0.012
0.009
0.006
0.003
0.000



ToT calibration: LF-Monopix
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Injection vs. ToT

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

— Fit :
1sof{ L Data| oo 7
L s
— : : :
o * H x
= : r :
50 - i f =
oF —F ; ; =0, 445" : ‘
: : : c=0.7T1T: :
i A . MazToT + 120. 068| i
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Injection (V)

Counts

Response to

source

100

Sources, LF-MOMNOPIX01: Pix[26, 10] TH=0. 855V, VPrp =41

80

60 H

241-Am, Bias: -70V
u=T79.07V8, o=12.87Y

V=0, 966V, O, =2, T38fF
Th XR, Bias: -70V

p=48 3, o=2,811
V=0.7T17V, C,; = 2. 75T fF

Tb ¥R, Bias: -70V

B= G4, 256, =12, GE5

V=0.827V, C,,; =

B 241Am, Bias -70V
B Th X-rays, Bias -70

2. T07fF

20 40

* Low feedback current for CSA to have wider analog pulse

a0 B0
ToT

=> Larger ToT range to have better analog resolution for sensor characterization

* |Injection capacitance is measured to be ~ 2.75 fF Cinj

2/20/2018

Q/Vm]
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Gain: LF-Monopix
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|. Caicedo, Bonn

2
60

4 6

Gain in LF-MONOPIX01

50—

40

30

Number of Pixels

20

10

1: logO+csaC+dis2+domD+tokC+sfP
Gain=11.29,V/e-, 0=0.44,V/e-

2: logO+csaC+dis2+domD+tokC+sfN
Gain=11.17uV/e-, 0=0.55uV/e-

3: logl+csaC+disl+domAD+tokC
Gain=9.74uV/e-, ¢=0.56,V/e-

4: logl+csaC+dis2+domD+tokS
Gain=10.83uV/e-, 0=0.74V/e-

5: logl+csaC+disl+domD+tokS
Gain=10.09uV/e-, 0=0.56uV/e-

6: logl+csaC+dis2+domAD+tokS
Gain=11.51uV/e-, 0=0.71uV/e-

7: logl+csaC+disl+domAD+tokS
Gain=9.89uV/e-, c=0.55uV/e-

8: logl+csaN+dis2+domAD+tokS
Gain=10.45.V/e-, 0=0.47,V/e-

9: logl+csaN+dis1+domAD+tokS
Gain=9.42pV/e-, 0=0.39V/e-

&
o

Y [Pixels]

X [Pixels]

Gain 10-12 pvV / e
in flavours with the V2

8 10 12 14 0
r T T .
? 5 5 0
; I A 100
‘ 120
| | ii 33 30 25 20 15 10 5 0
“ ." |
| ||
AR
I

e 10 14 discriminator ~10% larger

Gain [uV / e-] than those with V1

2/20/2018

14.69
13.06
11.43
9.80
8.16
6.53
4.90
3.27
1.63
0.00
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Noise: LF-Monopix
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ENC at TH 0.795

Y [Pixels]

50

0=0.0026V=45e-

we 1=0.0120V=205e
0=0.0028V=48e-

6: logl+csaC+dis2+domAD+tokS
#=0.0129V=221e
0=0.0038V=65e-

30

wen 1=0.0116V=198e

Number of Pixels

20

. 1=0.0099V=169e

0=0.0037V=64e-

9: logl+csaN+disl+domAD+tokS
we 1=0.0076V=129e

10

0 - 22 | | p I ‘ Yl .l .
0. OOO 0.005 0 010 0.015 0.020 0.025 O. 030 0. 035 0.04C (plus 20-40 e-

Injection voltage [V] discriminator)
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|. Ca|CEdO, Bonn Charge [e-] 0 e
0 86 172 257 343 429 515 601 687 20 0.024
80 T T T T T T - T 0.021
! ‘ ! ! : 1: logO+csaC+dis2+domD-+tokC+sfP 40
' . . . ' w— 1=0.0069V=119e 0.018
! ! X ! : 0=0.0019V=32e- 60
70 : ' . . ' 2: logO+csaC+dis2+domD+tokC+sfN [ - .
i ; i ] |- =0.0098V=167e 20 0.012
! . ¢ : : 0=0.0018V=30e- 0.009
. ! . . . 3: logl+csaC+dis1+domAD+tokC ’
60 : | : ' | e 1=0.0118V=202e 1 100 0.006
g . : . =0.0019V=33e- 0.003
; i X i 4: logl+csaC+dis2+domD+tokS 120 '
;=0 0154V 52238 1 3 30 25 20 15 10 5 0 .

for

5: logl+csaC+dis1+domD+tokS X [PierS]

7: logl+csaC+disl +domAD+toks [l ENC 120-170 e- for flavours with external
& luolecsanssiez s dbridbris: | R/O logic or NMOS CSA

T000SIV=ge ' ENC ~200 e- for flavours with in-pixel
' ! logic, CMOS CSA and V1 discriminator
those with V2
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Threshold tuning: LF-Monopix . "
universitatbonn

|. Caicedo, Bonn
S-edge values at TH 0.795

0.826
0.734
0.642
0.551
0.459
0.367
0.275
0.183
0.091
5 30 2 20 15 10 5 0 B

=0.0291V=500e- H 3 5

‘ ;
§ 6: logl C+dis2+domAD+tokS .
| ‘ : 10318537518 X [Pixels]
\ .
it

Charge [e-] 0
600 1717 3433 5150 6866 8583

1: logO+csaC+dis2+domD+tokC+sfP
we =0.2183V=3747e

0=0.0226V=388e-

2: logO+csaC+dis2+domD+tokC+sfN
we 1=0.2485V=4266e H

0=0.0503V=863e-

3: logl+csaC+dis1+domAD+tokC
wee 1=0,1893V=3249¢

0=0.0327V=561e-

4: logl+csaC+dis2+domD+tokS H 100
w— 1=0.2464V=4229e
H ' 0=0.0571V=979e-
i ‘ : 5: logl+csaC+dis1+domD+tokS 120

50

T

Y [Pixels]

T

40

S
:;ii'l

e 1=0.1628V=2794e

0=0.0510V=874e-

7: logl+csaC+dis1+domAD+tokS
' w— =0.1528V=2622e

\ ] L 0=0.0255V=437e-

NG peomvearore S Untuned threshold dispersion for
N — st | flavours with the V1 discriminator
)y . ~400-600 e- (plus 350-400 e- for

0.3 0.4 0.5 those with integrated pixel R/O

Injection voltage [V] logic and the V2 discriminator)

20

T

Number of Pixels

10

T

» Larger dispersion for discriminator V2 mainly due to smaller input transistors
» Threshold dispersion after tuning is ~ 100 e
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NIEL: LF-Monopix

univers'téitbonnl

200

120

100

104
T. Hirono, Bonn
= 107 -
= . _—
[
% 1E15neq/cm2 | ;
E SEl4nag/cm?2
= 1E14neqfom2 |
L=
e Oneg/cm2
n
1]
=
[
g
'1'} 1 1 1
10 50 100 150
Bias voltage[V]
* No breakdown after 200V
* Noise increase => 1 Mrad back ground?
2/20/2018

0
0

1 Oneg/cm2
[ 1E15neq/cm?2 ||

¥ 8 10 12 14 16 18 20
Gain [uV/e]

D 1. Wi SO
100 200 300 400 500 600 700 800
ENC[e]
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Test beam

universitéitbonnl

SPS CERN
— 180 GeV pion

Time structure of Beam

Plane: most upper stream MIMOSA plane

5]
[y}

— Sep 20-28, 2017 DUT

e
[
[ =)

20

=
=]

# of cluster/fram
=
(]

[=

ERN

Analysis: noisy pixel removed, cauterized

— Ave. of 1000 frames ||
—  Max. of 1000 frames

I u ) 11n [L IR nmul 1 m m IM

40 60 100 120
Time [x]

ELSA Bonn
2.5GeV electron
— Nov 8-10, 2017

# of cluster/frame

| ELSA

—  Ave. of 1000 frames ||
—  Max. of 1000 frames

e

0 20

40 60 80 100 120
Time [x]
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Charge spectrum

 ToT values of seed pixel

Charge [ke]
1.5 3 4.5 5} 9 12

300 - — - :
nhon-irradiated

univers'téitbonnl
Threshold: 1500 e

Bias: -200V (0 n,/cm?)
-130V (1 x 10%*n,,/cm?)

Flavor: CMOS V1

DAC setting: Default

2001 Source: 2.5GeV electron
#* .
100 Temperature: cooled by dry ice
Dﬂ EID 4ID EID EID l[;D 120 D |nJect|0n VS ToT
ToT [25n5]
Charge [ke]
Charge [ke] BDG 2 4 6 B 10 12
1.5 3 4.5 6 9 12 ' ' ' ' ' '
150 — : : : . . 80}
- 1x10%n__/cm? |
100 | A 0neq/c 7 60/
+ r - 5 50 |
30 | N - 40 |
_._,_.—-._I'F_ - 2 30 J-" = Onegfcm2
0 L= - - : i 20 - 1E15neqjcm2 | -
0 20 40 60 20 100 120 10 | Ny
ToT [25ns] ol . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
. . . . Injection [V]
 Un-irradiated ~20ke at -100V, irradiated ~4.5ke at -130V
* The MPV is decreased after neutron irradiation.
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ELSA test beam: Noise occupancy

univers'téitbonnl

2/20/2018

Threshold [kel

0.0 05 ll’.] 15 20 25 30 35 40

Non-irradiated %0
80 | a I:I tuned |
1 measured
TH: tuned by noise + 4mV 70|
60|
Columns: 16-20 g 5o B
[= N
HV: -200V 5 40, #
. 30}
Temp: dry ice ol 11
10
&ﬂﬁ 0.05 010 Olsirﬂ ng 0.25
Threshold[V]
Threshold [ke]
15 ) mgﬂ 05 lﬂ 15 2.0 25 30 35 40
1 X 10 neq/cm |I:I tuned and measured
_ 8O |
TH: tuned by noise
Columns: 16-20 2 %0 W p
[T (=R
HV: -130V & 0f y
Temp: dry ice S0l L
D N i L| —— N
0.00 0.05 0.10 0.15 0.20 0.25
Threshold[V]

13th "Trento" Workshop - t.wang@physik.uni-bonn.de

100
80}
6ol Noise occupancy <107
@ TH~1400e-
40 |
20}
II I‘l T. Hirono, Bonn
%.ﬂ 0.2 0.4 0.6 0.8 1.0
hit/25ns le—7
100
80t
6of] Noise occupancy <108
@ TH~1700e-
40 |
20}
0 | Ill | I I I
0.0 0.2 0.4 0.6 0.8 1.0
hit/25ns le—8
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ELSA test beam: In-pixel Efficiency un'versitétb'onﬂ
I

B N-well (collection wet) TS | S
o Prwell I e

100.00
99.75
99.50
99.25
99.00
98.75
98.50
98.25
98.00

* Non-irradiated

Position [pm]
Efficiency[%]

-150 -100 —50 0 50 100 150

100.00
99.75
99.50
99.25
99.00
98.75
98.50
98.25
98.00

1 x10%n,,/cm?

Position [pzm]
o
Efficiency[%]

-150 -100 -=50 0 50 100 150
Position [pm]
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Efficiency @ SPS test beam: LF-Monopix N "
universitatbonn

-200V_SPS_Efficiency

20

E 40
= 60
o
.LQ. 80
>
100
120
0 50 100
X [50 pm]
0
20
E 40
;‘ 60
.LE. 80
>_

100

120

2/20/2018

150

150

-100V_SPS_Efficiency

99.0 0
97.5 20
96.0 *
60
94.5
[ 80
93.0 L
100
91.5 s
0 50 100 150

90.0
X [50 um]

iciency
iciency

ff
ff

Y [50 um]

99.0
97.5
96.0
94.5
93.0 i
91.5

90.0

99.0
97 5 Lower efficiency due to less signal @ low bias
> => Efficiency drop between pixels
96.0 £
94.5 g -5V_SPS_BIN5um_Pix_Efficiency
i 9 |{99.8
03.0 h 99.5 >
' 99.2 &
91.5 85E
' 98.6 x'
1320 1330 1340 1350 1360 1370 98.3 o
90.0 X [5 pm] 98.0
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Rate capability of T)-Monopix — the matrix . "
universitatbonn

* |tisassumed that in the final prototype

— 2 double columns per r.o. unit => 512 X 4 pixels
— 20 MHz column bandwidth: 50 ns (2 BC) per hit readout
=> a simple math: max. allowed hit rate = 1/column bandwidth = 0.5 hit/r.0.unit/BC

* |nefficiency caused by trig. memory pileup not included here => pure matrix performance
« Data loss increases steeply beyond 600 MHz/cm? => ~ 0.44 hits/r.o.unit/BC

Data loss Data loss
100 4/ Analog pileup 0.6 Analog pileup
—&— Digital pileup —&— Digital pileup
== Data loss due to late copy o5 | — Data loss due to late copy
80 4 Trig memory pileup Trig memory pileup
—— Total data loss —— Total data loss
60

20+

2 4 [+ 8 10 2 4 6 B 10
Hit rate (100 MHz/cm2) Hit rate (100 MHz/cm2)
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Pixel design: LF-Monopix o "
universitatbonn

Token in
(from previous pixel)

A LE Readllntl i
i - = I
s Qfe——1 —s Q N 1= ' i
R Q R Q Q — [ i
17 latch [HIT flag fraar ror——||
ReadInt - !
Token out
(to next pixel) 4 v
Time stamp Column bus
Freeze Read (8-bit) (24 bit)
Pre-amplifier (CSA)
VDDA VDDA VDD VDD
VDDAPRE o
ouT l:
VCASC
|:>—| P_G I: l;gASC 'IF}:-I lﬂ ouT D‘EEE l:'_c;:fn
IN oUT IN I: TH IN
IComp
— .
= = = L
NMOS input pre-amp. CMOS input pre-amp. Discriminator V1 Discriminator V2
Optimized for peaking time < 25ns - 2-stage amplifier - Complementary struct.
_Bias ~ 17 A - Bias ~ 15 pA - Bias ~ 4.5 pA - Self bias ~ 4 pA
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Pixel design: LF-Monopix o "
universitatbonn

Token in
o TIpTEVIoUSIDIXE ) B N (I ..
A v LE ReadInt
| = -
s Qfe—>— —s o—# J 0 TE '
R 6 - 6 —OEN 6 —T I_
1% latch [HIT flag _
. ReadInt - »
U () (S (s, S (S| |
Token qut
Freeze (to next pixel) Read Time sFamp Colun'fr;_ bus
* Full-custom digital circuit Cadl) e,
common to all cells
— Minimized area => for less C, | )O ol
] T g
— Low noise circuit design for critical dig. blocks | § 2
s e | at
o o | Whgpn A oy T
Token propagates while pixels are sensitive | B ]
B —d
=> Current Steering (CS) logic Q
AL B
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Pixel design: LF-Monopix

univers'téitbonnl

Token in

(from previous pixel)

A
s Qle—>—1—fs o S
R Q R Q Q
1% latch [HIT flag
ReadInt -
Tokeln out l
. . . . Freeze o nextpixel Read Timg Eyamp Co';?é, Ras
* Full-custom digital circuit (8-bit) (24 bit)
LE/TE LE/TE
i n =
Minimized area => for less C,
Low noise circuit design for critical dig. blocks
-~7~- Readint Readint- ¢ -

RAM cell R/O by source follower

=> Avoids high current injection into PW

2/20/2018

Pixel RAM

Column End
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Pixel design: LF-Monopix o "
universitatbonn

. . Token in
Pixel matrix Column end (from previous pixel) ~
5 | | RIOLlodic i
| 8 L !
om : :
3 ! .
' P A e Readin]
L1 41!
E L e ) . |
8 S Qr¢——1 —|S @ TE |k
. T 3 = L TERAM ]!
| 1’ i ! LE R Q R Q - : :
P2 T 1% latch HIT flag __ i
i i : A ReadInt - i
Token out
el _ ‘
Freeze (to next pixel) Read Time stamp Column bus
(8-bit) (24 bit)

* We can move the in-pixel r.o. logic to the periphery
— Discriminator output r.o. by source follower
— Less area needed for in-pixel electronic => less C,
— Almost no in-pixel digital transient _
=> |less noise/cross talk
— Almost no signal distributed in the column

— One-to-one connection from pixel to R/O logic => Complex routing
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Pixel array: LF-Monopix

univers'téitbonnl

[ [ Y Y Y Y
* Pixel array: 129 X 36
* 9 pixel designs |
— 7 with in-pixel logic Pixel with r.o. logic Pixel VY/O
r.0. logic

— 2 w/o in-pixel logic

e 4 columns/design

Amplifier (CSA)
Discriminator | V1

Discrimination Domain

Token Current Steering

Source Follower
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Pixel design: TJ-Monopix N "
universitatbonn

VRESET

PMOS reset

- Used in previous TJ chips

- lpeser Should be larger than max. leakage

Vdda

Adaptive PMOS reset
- Reset PMOS adaptively biased by a feedback loop

- Less sensitive to leakage increase after irradiation

z0 = Diode reset with HV bias

- Front-side HV to further enhance the depletion

PIX_IN - Diode reset for HV compatibility

- Sensor AC coupled to the FE

pwell
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Pixel array: TJ-Monopix

univers'téitbonnl

* Pixel array 224 X 448, composed of equally divided 4 sub arrays

- PMOS reset
- In-pixel RAM r/o by
gated source follower

VReseT

RAM cells

- PMOS reset
- In-pixel RAM r/o by
source follower

VReseT

- Adaptive PMOS reset

Vdda
Veas PIX_IN
< —0
T
L ;I
= o
RAM cells

o

- HV + diode reset
- AC coupled to FE

PIX_IN

pwell

RAM cells

=

HO - {----T4

f
/f
?

e T

2/20/2018

13th "Trento" Workshop - t.wang@physik.uni-bonn.de 47



LF-Monopix: timing univers'tétbon'ﬂl

* Pre-amplifiers => aimed at peaking time < 25 ns with 400 fF C,
— NMOS input: modified from LF-CPIX in order to deal with the increased C,

vdda

C' : NMOS input pre-amp.
pVease U Bias current ~ 17 pA '
_||: >0 peaking time ~ 20 ns (4 ke signal) 8000 e-
= QENC~170 e | /
N ./
— CMOS input: same as LF-CPIX 500e
vdda _ <>
vddaPRE 60 ns
1 o . CMOS input pre-amp.
I: O Bias current ~ 15 pA 3-
in I_VC&SC .
' U peaking time ~ 25 ns (4 ke signal) 8000 e
II O ENC~135e /
= | J

500 e

2/20/2018 13th "Trento" Workshop - t.wang@physik.uni-bonn.de 48



LF-Monopix — timing univers'tétm

 Time walk also depends on discriminator design

ddB

— Discriminator V1: same as LF-CPIX z
VDD HTTE TE
O 2-stage amplifier as comparator -

J bias current: 4.5 pA NMOS pre-amp. + Dis. V1, TH=1500e"
ey ki $o0UT O slow at threshold edge

: JJU A
IComp—} :
|_1 ' 80 ke y‘ zlSOOe

=
Ni34|hs |

055 LT LR v I 11 Mo e | ee | O | R el T el 0 I 1 1 P | iy | mr

Injecti

HI

LE

— Discriminator V2:

VDD

e NMOS pre-amp. + Dis. V2, TH=1500e"
O Two amplifiers load each other . .

]
O self biased: < 4pA - [ l( ~
ot CMOS inverter as 2" stage iy | ;"I 5
1 80 ke[ | p1500e
-.‘u 23 ns

rrrrrrr

IT

LE

1=
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Charge threshold Q, 300 e
Equivalent Noise Charge 7.1 e | threshold/noise > 10
Channel-to-channel RMS 10.2 e | good threshold uniformity, no need for in-pixel tuning
Time-Walk
— 44,0 -
HT 42.0 1
. 38.0 Panalog = 0.9 KW
5 34.0 4
GJ 4
X 30.0
Q’ -
(eT0] 26,0
£
2 =220
= ]
o 18.0 1
> i
O
E 14.0 ~
-c -
10.0 ~
6.0 :
2.0 - |
O L IR L L L B I L O L B L L L L L O L L O L L B B L IR L B L B O B L B B I L IR B I L L L L LR R R
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Qin (K

input charge (ke-)
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LF-Monopix vs. TJ-Monopix . "
universitatbonn

_ LF-Monopix TJ-Monopix

Tech. LFoundry 150 nm CMOS TowerJazz 180 nm CMOS
Sensor concept Large fill factor Small fill factor
Chip size ~1 X 1cm? ~1 X 2cm?
Pixel array 129 X 36 224 X 448
Pixel size 50 X 250 pum? 36 X 40 um?
Ana. current/pixel ~ 20 pA/pixel <1 pA/pixel
Pixel variants 9 4
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