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The ITk upgrade for HL-LHC e

Replace the whole ATLAS Inner Detector with a new full-silicon Inner Tracker (ITk)
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* New layout with 5 pixel barrel layers & large n coverage §
o
. . L S
* Sensor technologies under investigation: - S
* Outer pixel layers (large area to cover) o =
. Q ©
* HR/HV-CMOS pixel detectors =» 1.5e15 n_,cm™ =S p
; - . S a2
* n-in-p planar silicon sensors (150 pum thick) > 2
* Inner pixel layers o
. . o e . 3
* Thin n-in-p planar silicon sensors (100 um thick) 2

* 3Dsilicon sensors (baseline for the innermost layer)




The H35 Demonstrator
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24.56 mm

AMS 350 nm High Voltage CMOS: different p: 20—80-200-1000 Qcm

<

19.56 mm

>

Designed by KIT, IFAE and Univ. of Liverpool

Flavour 5 Flavour 6

Standalone |§1MOS matrix

>

alog matrix

Flavour 1 Flavour 2 Flavour 3

A

Flavour 1

alog mat IX
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Flavour 2 Flavour 3

Left i Right
Standalone CMOS matrix

1
Fla\Iour 4

e Standalone nMOS matrix:
* Digital pixels with in-pixel nMOS
comparator
* Two flavors: with and without
Time Walk (TW) compensation
 Analog matrices (2 arrays):
* To be Capacitive Coupled (CC) to
FE-14 readout chips
e Standalone CMOS matrix:
* Analog pixels with off-pixel CMOS
comparator:
e 1 comparator in the Left part
e 2 comparators the Right part

+ test structures without electronics
for TCT studies
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The H35 Demonstrator e @
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AMS 350 nm High Voltage CMOS: different p: 20—80-200-1000 Qcm
< 19.56 mm > Designed by KIT, IFAE and Univ. of Liverpool

Large collaboration
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- _ comparator:

= Sl FMOS matrix * 1 comparatorin the Left part

u FIa\{our4 .

C e 2 comparators the Right part
v | EEEE EENR HEEEN EEEEEN

+ test structures without electronics
for TCT studies




‘The H35 pixel structure
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0.35 ym HV-CMOS

* Pixel size: 50x250 pm?

e Large fill factor: nMOS and pMOS transistors embedded in the same
acting as collecting electrodes

+ 3 separate

to reduce the capacitance

=> less noise, better timing - power consumption
Short charge drift = reduced trapping after irradiation
More uniform electric field

* Bias voltage applied from the top
* Single side processing
Bias voltage > 150 V

*all matrices but monolithic nMOS
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The monolithic CMOS matrix
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Left matrix

Right matrix

AR

118
Bt

150x16 pixel matrix | 150x16 pixel matrix

: ! g

* Analog electronics on pixel

Digital electronics in the periphery

ReadOutCell (ROC)
End Of Column (EOC)
Control Unit (CU)

No discriminator on pixel:

Placed in the ROC

Both sides share the same global
registers, but have different trim DACs
Difficult to optimize both sides at the
same time =» we privilege the left part

- 40 pixels /
- 40 pixels

7.5mm

«250um

150x16 pixels

60x40 ROC cells

ROC

(colA)

60 EOC cells

ROC
(colB)

.-~
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ROC
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Monolithic matrix readout at IFAE
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Trigger board
* Triggerin

* Busyout

* RIJ45

H35demo PCB
Voltage regulators

e Sensor bias input

* Injection pulse input

* Analog signal output

FPGA board
«  Xilinx ZC706

Adapter PCBs

e 1xH35PCB

* 1xtestsignals

* 1xtrigger board

External
* Pulse generator
* Power supplies

ég _ : ; : yl I"rFﬁFf. *Hm ﬂlu I||||| 'n |
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CMOS matrix tuning

SCurve Pixel 0 15

* Threshold tuning: £,
* Global threshold tuned changing the in-pixel ok
amplification b
* Off-pixel discriminator tuned to reduce the noise ob
5
OjHHgJIHH(I)THI) ittt
* Notirradiated chips: S Threshold[V]
* Noise =29+3 mV
* Threshold/noise > 17
* Threshold in the right matrix usually Syl of ¢l el
. . . II|II IIIIIIIII I|
systematically higher thanin the left part £t
Noise distribution
_ noisedist
» 2o Entries 4800
£l e
G Full Matrix - 0.54 V - =
L 500 —
800 — Left Matrix - 0.52 V -
- ) . 400
sl — Right Matrix-0.56 ¥ : Mean noise: 0.03 V
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Threshold [V] Noise[V]
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CMOS matrix tuning (irradiated)
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Irradiated to 5e14:

* Threshold settings: 5 mV
* Threshold/Noise > 10

3 F Left matrix
‘E400EThr =470+40 mV Entries = 2399
LS - Mean = 0.47
350 RMS = 0.040
C Right matrix
300F Entries = 2399
= Mean = 0.48
25 0; | RMS = 0.039
200
150F
100 i
50 ﬂ
O:HMH\‘H\‘L‘\HH\HH .
01 02 03 04 05 06 07
Threshold V1
Noise distribution 5e14
£160kNoise = 4627 mV s 47%8
= 140F- Mean 0.04565
M C Std Dev 0.006846
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Noise[V]

Entries

Irradiated to 1el5:
* Threshold settings: 5 mV
 Threshold/Noise > 7

= Left matrix
800EThr = 400+30 mV Entries = 2398
= Mean = 0.40
700 RMS = 0.029
- Right matrix
600 “Entries = 2390
c Mean = 0.41
500 = RMS = 0.030
400
300F
200(
100E j
O:“l‘”m””\ Lol N B
01 02 03 04 05 06 07
Threshold [V]
Noise_distribution 1e15
140 - . Entries 4789
120E Noise =537 mV Mean 0.0527
- Std Dev  0.006796
100
80}
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401
201
(): PR IR RO I o N .. I B AP B L i o -
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Noise[ V]
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Test beam @ Fermilab
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e Beam test @ Fermilab in April 2017
* 120 GeV protons
* In collaboration with University of Geneva & Argonne Laboratory
e Un-irradiated and very first time irradiated H35 monolithic matrices
* |FAE readout system for the monolithic matrices™
* UniGe FE-I4 telescope** for tracking (6 planes)

*S.Terzo et al., JINST 12 (2017) no.6, CO6009
**M.Benoit et al., JINST11 (2016) no.7, PO7003
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H35Demo integration e @

Telescope — H35 correlations

sensor0-dut0-CorrelationX &
Entries
Mean x
Mean y
RMS x
RMSy

00
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sensor0 cluster Y

Residual for 250 pm pixel pitch Residual for 50 um pixel pitch
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dut0-Match-DeltaV 25000 dut0-Match-DeltaU
C Entries 179909 - Entries 179909
5000 — Mean -1.434 - Mean -0.1898
- RMS 74.01 C RMS 19.09
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Hit efficiency results e
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1 . . I . .
* H35demo CMOS matrix: Left Matrix |  Right Matrix
» Different resistivities: 20 — 80 - 0 — , L
200 Qcm 2 o5 Py i |,
* Efficiency calculated el ! Vo i |
separately for the left and %3 | | : | | | ©
right part of the matrix due to ’ ]:ff o ) 150200 Qm ISZOV i coumn” T
the different off-pixel ietency map tor cm @ .
comparator settings 3
o
Before irradiation El)’
S 100: :HJ
.. — 100~ ® ® &
Efficiency of >99% for sensors | 2 [ . Fl ©w e z
. . S T
with resistivity >=80 Qcm | .2 9o e S
= B o) =
= B @)
H 0__ O _G;
20 Qcm samples need about 80F . o Left Matrix 3
160 V to reach full efficiency - O Right Matrix o
701 Resistivity: m
B ® p=20Qcm 2
- ® p=80Qcm
60 B ® p=200Qcm
50:. v v v e v e ey e e e by
40 60 80 100 120 140 160 180 200

Vbias [V]
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Irradiated detectors

* And at KIT with 23 MeV protons up to

200 Qcm chips have been irradiated
with neutrons in the TRIGA reactor in
Ljubljana up to 2e15 n ,cm™

lel5 n,cm™

We observed a digital pattern in the injection test:

* After proton irradiation >=1e14 n,.cm™

* After neutron irradiation >=1e15 n,,cmat low temperature
The number of pixel misbehaving increases with the fluence and it is particularly
enhanced for proton irradiations

Injection test — protons lel5
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Address crosstalk
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Pixels in the

s
Q wF
©
2.
<.
< |
—— o 250um
The 16x300 analog pixels in the CMOS S———
matrix are connected one-to-one to
40x120 pixels in the digital periphery ~ «/| ==
0.8mm1 60x40 ROC cells il s
The addresses are generated in the | i
periphery with adjacent transistors
. . 1 0 1
Due to strong capacitive couplings
between adjacent lines it is possible to 1->0<-1
have crosstalk between addresses 1 1 1

This has been corrected in the design of
the H18 ATLASPix1 by adding additional
capacitors between the lines

111000 4= 10100

Pixels in the
DIGITAL part

10011
10011
100101
100101
10001
10001
100001
10000

> _ o111

e 01111

01110
01110
01101
01101
01100
011004
01011
01011
010101,
01010
01001
01001
010001,
01000
00111
00111
00110
00110
00101
00101
001001,
00100¢
00011

00011
000101
00010
00001
00001
000001

20 40 60 80 100 120
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Solution et @

e Standard settings of the digital voltage: VDDD = 3.3V

hitmap
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e Increasing VDDD from 3.3V -> 5V +1.7V

hitmap

HE
200 250 300 =

\ Noisy pixels in the first rows

* The digital voltage needs to be increased depending on the irradiation levels:
* Proton irradiated samples require very high VDDD which lead to a noise increase
* Neutron irradiated samples require instead moderate VDDD increase (less than 4V)
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* The performance of these detectors will be studied in a test beam planned in DESY for
next week
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Test beam @ CERN SpS
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Entries

e Beam test @ SpS in September 2017
120 GeV protons
In collaboration with UniGe

* JIrradiated H35 CMOS monolithic

matrices
Sensor are cooled to about -20°C
IFAE readout system for the H35
monolithic matrices

UniGe FE-14 telescope for tracking
(6 tilted planes)

4500
4000
3500
3000
2500
2000
1500
1000

500

Residual for 250 um pixel pitch

- Entries 183822 8

= M Mean 2474 B

= StdDev 7859 [§

T

= N

= 74

= ©

= &

g.I..J_J;...IJ..I..LL...I...I...
-600 -400 =200 0 20 400 600

Cluster - track position v

14000
12000
10000
8000
6000
4000
2000

Residual for 50 pum pixel pitch

Entries 183822
Mean -1.478
Std Dev 2891

|

— —e
-600 -400 -200 0 200 400 600
Cluster - track position u
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Efficiency irradiated 5e14 ra= @
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e 200 Qcm sample irradiated with Left Matrix E Right Matrix
neutrons to 5e14 n,.cm™ o ! IR b T
 Depleted region of =50-60 um at = e : A s £,
120-150 V (from E-TCTs*) ‘E ! L N
» Efficiency in the right matrix is 2 , ] ¥ . L o i
systematically lower (different , i column >
L L . Efficiency map lowest threshold @ 150 V m
discriminator tuning in the digital o
periphery) 5
200 Qcm Sensor E5 - @ = 5E14 n/cm® =
s T 99:5% |7
|_4100:'_ .............................................................. . .............................................................. g ........... :ﬁ
.E) 90:_ .................. & R SR @ O SRR SO S 8
S B 5 5 5 5 : ©
, _ E b Qo T T S\ T o <
Efficiency of >98% with bias | M 80:@ . 2a\e >
voltage of 120-150 V in the 70i ................... — AN AN SO T T g
. B e . @ Left Matrix -
left matrix 5 A\ _ _ o)
60:_ ................... .......... < Jo ..................... ..................... @) nght Matrlx . %
e Thr=5mV
50:_ ................... ..................... ..................... ..................... o Thr _ 10 mV .
AQE e b e
9 100 110 120 130 140 150

*E.Cavallaro et al., JINST 12 (2017) no.01, C01074 Bias Voltage [V] 18
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Efficiency irradiated 1el5 ...

* 200 Qcm sample irradiated with Left Matrix |  Right Matrix
neutrons to 1e15 n,,cm™ s : "
* Depleted region of =60-70 um =oE W vy Wi o7
at 120-150 V (from E-TCTs) e ?” lim r, L' '
 Strange up/down asymmetry goi— ) vl 1;)0' 150, ,,',\H'mi[‘ U T e 0

250 ] 300
H

still to be understood (possible iccolumn
) ) (p Efficiency map lowest threshold @ 150 V
mis-alignment?? Or crosstalk

effect?)
200 Qcm  Sensor E7 - ® = 1E15 n/cm?

9 E 989%
_‘100:2_ ............................................. NN RV = — o
g F L .
§ 90:_ .................. (Y O ..............................................................................
L. o/ ‘-o[ﬁ 80:_ ................... J SRS SRR ............................................................... O R
Efficiency of 99+1% in the E . o
left matrix with bias Voltage 70} ................... e e ..................... = .LeftMatnX ,,,,,,,,,,,
of 150 V and the lower : ¢ ©
threshold cettings 60:_ ................... ..................... ..................... ..................... @) R|ght Matrix -
g E 0 @ Thr=5mV
50: ................... ..................... ..................... ..................... . Thr 10 mV
N : I IR DU DU DUUTE PO

90 100 110 120 130 140 150
Bias Voltage [V]

efficienc
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Conclusion & outlook e -

e

e Characterization of the H35Demo chip at IFAE
* New readout system developed for the H35Demo monolithic matrices
» Tuning and readout at 320 MHz clock (25 ns events)
* Full efficiency measured before irradiation for chips with resistivity >=80 Qcm
with a bias voltage >=50V

* Very first result of irradiated fully monolithic HV-CMOS pixel detectors for
ATLAS ITk
* Measured 200 Qcm samples after neutron irradiation to 1e15 n,.cm™
» Preliminary results show the possibility of reaching an efficiency of about
99% operating the detectors with a bias voltage of 150 V

 What’s next:
* Explore the limits of the H35Demo chip technology while waiting for the new
ATLASPix designs in 180 nm
 Test beam @ DESY at the end of November:
» Neutron irradiated chips up to 2e15 neqcm'2
» Proton irradiated chips up to 1e15 neqcm'2
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H35 — matrix IVs ol

W1:20Qcm, W7: 80-100 Qcm, W13: 200-300 Qcm, W19: 1k-2k Qcm

- 0 ; : ; : e PSSR PSPPI STIRS TSI A
< - B st i b adan : ; xx%"x :
= F | o
5 _s50 Qs X
O i
=) ~ o i+
< —100 3 R RIS
=~ LD
3 ] " X
—150F + I S T Universit¢ de Gengve
- + W1-01_1stMatrix_Chip
- * ¥ WT7-01_IstMatrix_Chip
—-200 T ! W13-01_1stMatrix_Chip
_ + X W19-01_1stMatrix_Chip

180 =160 —140 —120 —100 —80 —60 —40 -20 0
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Z‘ 6 T T ! T T T ! T T T ! T T T ! T T T ! T T T ! T T T 1
S m Seldng,em?at-35°Q : : : LA J
E 5 ............... P o o o A ...... .......... _:
g A lel5n,cm?at-35°C COA .
= : : : : : : .
O

20 40 60 80 100 120 140 160 180 200
Voltage [V]
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Sensor characterization

)
#
%
;

HV vdda gnda gnda vdda vdda

e H35 pixel cell structure o7 Toon] Jwen b
* p-substrate + 3 deep n wells
» Lower capacitance (noise, timing)
» Reduce trapping
* Bias from the top -> single sided T
 Characterization of H35 test structures: \\ /"
* 3x3 pixel structures w/o electronics ‘\\ /"
* External pixels shorted together | . | 3Iﬁ -t

Separate readout of the central pixel
p=80 Qcm —200 Qcm — 1 kQcm

 The Edge-TCT setup:

Readout: DRS4 evaluation board

Infra-red laser (1064 nm) . Edge TCT
Beam spot about 10 pm FWHM  substrate m ansor Polished edge
s~

Pulses of about 500 ps Signals Y N T/r\
700 MHz bandwidth PCB holder

5 GSPS X stage

200 ns sampling depth

Four channels: 1 x trigger, 1 x beam monitor, 2 x readout

Lase; fiber
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Depletion: before irradiation
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Sensor 2 (200 Qcm)

= 00— T T T T T T T
8 B n ]
° - —-140V —-130V 3 §
S 400 —120v —-110V 8 ]
&) [ —-100V  —-90V £ ]
Depletion depth is defined by 300 —-80V  —-70V 3 E
r —-60V —-50V _
the FWHM of the charge 200f. —-40V  —-30V =
collection profile A 1
100 OV —
0 : '_:_” s wam g S Hi
0 20 40 60 80 100 120 140
z [um]

Resistivity obtained fitting the depletion depth as a function of the bias voltages

- ¥ — [ T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I ]
(](‘/ ) p— (]0 + vy ‘/ E 140 — ° Sensor 1 (80 Qcm) —
£ 120 - measured p=50 =11 Qcm ]
=4 C _
— P [) C o Sensor 2 (200 Q2cm) n
Wlth (}, 2 80/1 -g 100 r measured p=230 +49 Qcm _T]
'% E e  Sensor 3 (1 kQcm) E
60 - —
Sensor 1 80 Qcm 50 £11 Qcm 40 - o
Sensor2  200Qcm 230 +49 Qcm 20 | =
C 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 a
Sensor3 1000 Qcm 4500 + 300 Qcm % " 20 40 60 80 100 120 140 160 180
blas [V]
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Depletion: before irradiation

EBA=(
N g
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Aly

0o 100

Sensor 1 - Charge Map at V = -150V - external pixels

200 oo

External pixels

Sensor 3 - Charge Map at V = -100V - external pixels

100 200

300

X [um]
When depletion gets larger of 100 um the central pixel starts to
collect charge from the neighboring pixels
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Depletion: after irradiation

ER=0 0
&

a

LA 1=
Institut de Fisica
d’Altes Energies

e

* Acceptor removal effect visible for
lower substrate resistivities which leads
to an increase of the depletion depth
after irradiation up to 2e15 n,,cm™

Irradiation at the TRIGA neutron reactor at

SI, Ljubljana:

* Now: 2el14, 5e14, 10e14, 20el14 neqcm'2
* Next steps: 5el15 and 1e16 n,,cm™

Due to the low initial acceptor

concentration in the 1000 Qcm sample

the creation of stable acceptors

dominates and the depletion depth

decreases after irradiation

depletion depth [um] depletion depth [um]

depletion depth [um]

100
90
80
70
60
50
40
30
20
10

100

a oo N o ©
o O O O o

= N W H
o O O O O

140
120
100

- TTTTTTT T T T T T T T T T T T
= ©[10* n/em?] 80 Qcm =
S 3
= .5 E
= -2 =
0= b b b b b b by by by 1 E
0 20 40 60 80 100 120 140 160 180 200
Vbias[v]
E L L B A L B B I
= @ [10 nvem] 200 Qcm E
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Effective doping concentration ...

d’Altes Energies

* Effective doping concentration obtained from:
d(V) =do+ aypV =dy + \ 2ec0_ Y/

¢ J\',. rr

Nepr = Nepro— Ne- (I —exp(—c-Pey)) + g - Py

Initial doping Acceptor removal Acceptor introduction
5 107 S B B Sensor 1 Sensor 2 Sensor 3
g E ° Sensor 1 (80 Qcm) JVC [10 “em 3] 1.8+04 0.7£0.5 -
- ~ e Sensor2 (200 Qcm) c[10¥em?] [ 0.5+£0.2  0.3+£0.3 -
210 Sensor 3 (1 kacm) gelem™!] | 0.02+0.01 0.07+0.04 0.03 % 0.02
% -
prd -
[ ¢ i

After about 1e15 n,./cm?
<« N_ tends to the similar
values for all resistivities

10"

-2 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l
10 0 5 10 15 20

() [1014 1MeV neq/ cm2]
E.Cavallaro et al., JINST 12 (2017) no.01, C01074
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a ;
Power vs. rise time kel e

d’Altes Energies

110p
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60p —

Power consumption per pixel (W) g

50p

40p T T T T T T T v T T T T
30n 40n 50n 60n 70n 80n 90n

Rise time in SFOut (s)

e Simulation of the power consumption as a function of the rise time for analog
pixels with high gain

* For low gain pixels (-p-tub +extra capacitor) the rise time can go down to 20 ns
with aggressive settings
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Test beam @ SpSin 2016 o e

d’Altes Energies

* Efficiency saturation depends on the threshold
e Higher threshold requires more bias
=» increase the depletion depth

In-pixel efficiency maps
at 120V and Thr: 16 mV

* Higher efficiency in the left matrix
* Mean threshold right > mean threshold left
* Right matrix: efficiency lost close to pixel edges

S.Terzo et al., JINST 12 (2017) no.6, CO6009

In-Pixel Efficiency Left ROI

Y position [um]

S - O LeftROI
3 ' ¢ RightROI Q @ €
@ — Threshold: O
o B
= | 16 mV
- 80_ 20 mV <>
e 30mV
60_ . . .
- Notirradiated CMOS matrix 200 Qcm #L o Ertcioncy FiatRQ
sl Higher trasholds than in 2017 o
N O
20— o
O_III|Il|[l\l{l|lllllllllllll
0 20 40 60 80 100 120

Viias [V] Right matrix
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