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The INFN R&D: new pixel detector for the High
Luminosity Upgrade of the LHC

INFN Pixel R&D: main design features ATLAS results: 3D before irradiation
CMS results: thin-planar before & after irradiation @ Summary and prospects
CMS results: 3D before irradiation
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INFN Pixel R&D: main design features
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High Luminosity upgrade of the
CERN-LHC: operation conditions

Sensor design contraints

Maintain occupancy at % level and
Luminosity 5x1034/(cm?-s), up to 200 |increase the spatial resolution =» pixel
events/25 ns bunch crossing cell size ~25x100 um?2 or 50x50 um?2
(currently 100x150 pm2 CMS, 50x250 um2 ATLAS)

Radiation level for first pixel layer at
3000 fb-1 ~2x1016 negg/cm?2 (~10 years)
=» carriers lifetime ~0.3 ns, mean free
path ~30 um for electrons at saturation
velocity

Reduce electrodes distance to
increase electric field and thus the
signal =» thin planar or 3D columnar
technologies

Joint ATLAS-CMS INFN collaboration, partnership with Fondazione Bruno Kessler-FBK
(Trento, ltaly), for the development of thin planar and 3D columnar n-in-p sensors on
6” FZ wafers with Direct Wafer Bond('):
Planar
@ process options: p-spray and/or p-stop
@ periphery design: standard and active-edge
3D columnar
@ single sided process, optimised by FBK (1) lceMos Technology, Belfast
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I1COCC
Pixel cell Pixel cell
Direct Wafer Bond(") g: ?gg Em

Two wafers, high and low resistivity, bonded together F———————=
: e : Backplane at HV
p-type high resistivity (active layer) > 3 kOhmecm
Active layer thickness: two choices, 100 um and 130 um
Thinning process after fabrication: final total sensor thickness from 285 pum down to 180 um

Doping concentration profile measurement

1,0E+413 T
9,0E+12 — —130 micron : ”
8,08412 | ....100 micron Effective thickness reduced by Boron
— OBl diffusion from wafer carrier: ~10 pum
£ 60E+12 |
5 5,0E+12 ;
C - ;o
S 4,0E+12
£ B0EHI2 | S e o J MIP Most Probable Value expected at:
8 2,0E+12 : ~B6000 e- for 100 um thick sensors
1,06412 | — -
' : : ~8000 e- for 130 um thick sensors
0,0E400 +——————t—————1—y
0 50 100 150
Depth [um]
NIMA 824 (2016) 388 (1) lceMos Technology, Belfast
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INFN Pixel R&D: main design features

Prototypes assembly main features
Hybridisation with chip via bump-bonding: SnAg(') and Indium(2)
Spark protection (only for thin planar sensors): on sensor (periphery) and chip
(periphery or whole area) by BCB (Benzo-Cyclo-Butene) layer ~2 um thick(?)

3D PAE 3D PAE (= Planar and Active Edge device)
e w“‘ ‘ SiSi ) SOl
l I p-spray or p+
p- HR wafer — N B Q& P-HRwafer
p++ LR wafer p++ LR wafer

: To be thinned down

metal | metal
]

Yo be thinned down

“Vyiae “Vhbias
3D single sided process, optimised by FBK (more details in backup slides)
Thin sensors on support wafer: SiSi or SOI
Ohmic columns/trenches depth > active layer depth (for bias)
Junction columns depth < active layer depth (for higher Vireakdown)
Reduction of columns diameter to ~5 um

. , _ _ () IZM Fraunhofer, Berlin
Holes (at least partially) filled with poly-Si

(?) Leonardo Finmeccanica, Rome

Mauro Dinardo, Universita™ degli Studi di Milano Bicocca and INFN
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INFN Pixel R&D: main design features
BICOGCA
50x50 um? 1E 25x100 um? 1E 25x100 pm? 2E
»_:—»_\25 ”mﬁ_« 25 um
k (!‘) —\L\,><— P col.
£ gl /{L~51.5 um
> !
w0
€
§' +<— N col E
5.
o
<+<— Bump -
pad
® e
50x50 um2 with 1 junction electrode (1E) and 25x100 um?2 with 1
junction electrode (1E) enough space for bump pad
25x100 um?2 with 2 junction
electrodes (2E) has bump pad
too close to ohmic columns =
under test bumps on columns
100x150 and 50x250 um?2 cell
sizes made for compatibility
with available readout chip
e Ll ey T L M T
SEM MAG.; 1.99pkx Datc(m/dl);); 02/18/16 : Performance in nanospace SEM MAG.;I.35pkx Date(m/dl);); 02/18/16 - Performance in nanospace
) Mauro Dinardo, Universita™ degli Studi di Milano Bicocca and INFN
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Detectors Under
Test (DUTs)

B 4 telescope planes 4 telescope planes
downstream upstream

Testbeam carried out at Fermilab MTest area Base requirements for testbeam data analysis

(NIM-A 811 (2016) 162-169) tracks with 8 associated hits (one per plane)
120 GeV protons from Main Injector no more than 5 hits on each plane
8 pixel planes track X2/d.of. <5
based on PSI46 analog chip (100x150 um?2 only one track per event
pixel cell, 80 rows and 52 columns) Other specific requirements might be requested
~8 um resolution on each coordinate depending on the analysis

Sensors bump-bonded to CMS pixel readout chip
PSI146 digital chip (100x150 pmz2 cell size)

6 Mauro Dinardo, Universita’ degli Studi di Milano Bicocca and INFN
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Requirements ,  Pixelcell ;|
single pixel clusters i i
predicted track impact point located 20 um far from cell edges

0® -
8 2 2/ndf 699/ 269 .
£1.8 H Width 763.8 = 6.0 Bla..S. 50V
- 16 wev  s314-80| Ihickness: 130 um
% . Noise 1115 +=10.5 p'StOp
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Fit: Landau ® Gaussian —
0.8 8 -
0.6 g
0.4 fof 9:_
0.2 N l
O T R T R T R R X103 E 8__
0 5 10 15 20 25 30 — B
Charge (electrons) S -
5 7T
x10° % B
g 10:_ )‘;;./ndf 81.01/48 s % i % %
= idth 611.4 =5.2 -
- gl MPV 6142 = 7.2 C —@— 100 um, with p-stop
; - Noise 916.4 = 9.0 5 —#— 100 um, no p-stop
_g i B —¥— 130 um, with p-stop
2 6:_ Data 4:| 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 fl 1|30| ul,'11l’ ?OI p:s‘tlolp 1 1
B Fit: Landau ® Gaussian 40 S0 60 70 80 90 100
ar Bias: 40 V Bias Voltage (V)
L Thickness: 100 pm
- p-stop Averaging over full sample the ratio MPV@130 pum /
L 4 rorgrandre Jdx10° .
O 5 o m=% " MPV@100 um is ~1.38 (expected 1.33)

Charge (electrons)
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CMS results: thin-planar before irradiation

Efficiency scan across cell’s divide (long pitch (row direction) and short pitch
(column direction))

| |
e Efficiency of pointed pixel | .
- yop . P . Pixel cell
m Efficiency of pointed + closer pixel on same row (col)
Divide
. I .
Pixel cell ' Pixel cell | Divide = = .
20um
20um Pixel cell
120um 201uma
& 1= & 1=
e WW Q e e e e o = S e
50.95F + . B sk " -
% g & %0.95:— —— ——
0.9 B
- 0.9
0.85F- . F : e
= 0.851—
08¢ . - Bias: 40 V
0.75F-Bias: 40 V 0.8F Thickness: 130 pm
0.7 Thickness: 100 um - p-stop
- p-stop + 0.751 —+
0.65 N —4—
Coo o b b o b o b o o b o b e e Lot b b b b boa s Lo b g ay
60 40 20 O 20 40 60 50 -40 30 20 -10 0 10 20 30 40 50
long pitch (um) short pitch (um)
The sensors are fully efficient in both views
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Irradiation performed at Los Alamos with 800 MeV protons
Irradiation done after flip-chip assembly
Constraints from radiation tolerance of PSI46 digital chip ~250 Mrad
Non uniform irradiation  «—
Fluence: 1.0 - 1.2x107° neq / cm?2

Radiation level measured by in situ dosimetry and
cross checked with 2D MATLAB simulation predictions

Finite element analysisto Potential
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CMS results: thin-planar after irradiation
BICOGCA
x10°
& 10 v2/ndf 81.01/48
8 Width 611.4 = 5.2
£ 8- WPV uz =T Landau distribution before and after irradiation
1 4 * 0.
62 Fluence: ~1x101% ngq / cmM?2
; Bias: 40 V Sensor thickness: 100 pm
4 Fluence: none
2
O_ ! L Lo L oot wa103 103
0 5 10 15 20 25 30 — 8’_<
charge (electrons) = -
T e ¢ 999
. . :
S
§700:_ v2/ndf 464.8/220 E - 0 .
8k { Width  266.3 = 6.1 8 4
£ 600 {H MPV 4929 =8.9 S -
- Noise 519.1 = 10.2 - 3
500 ‘ =
- ' Bias: 280 V 2 —@— Before irradiation
400 ] 1:_ —— After irradiation ~1x10"° n, / cm’
sool- % Fluence: ~1x10'5 neq / cm? -
: T | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
200 = OO 50 100 150 200 250 300
- Bias Voltage (V)
100
R T 15 20 25 30

charge (electrons)
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CMS results: thin-planar after irradiation
BICOCCA
x10°
® 85_ y2/ndf  301.1/48
3 7F Width 733.6 = 6.8
S E e Landau distribution before and after irradiation
o 50 Fluence: ~1.2x1075 neq / cm?
O -
S = . i .
5 4 Bias: 40 V Sensor thickness: 130 ym
3E Fluence: none
2
E ! Lo L e eeeerenirererersroverared] 103
% 5 0 15 20 25 30 . gxl0°
Charge (electrons) g - +
S 8k
5 E ++++
D C
e 7E
z o :
%8001 % ¥2/ ndf 375.1/209 E 5E o "
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£ F ) MPV 5827 = 9.6 S 4
« 600 Noise 687.6 x 9.4 = 3F
5500; . E_ —@— Before irradiation
E - Bias: 300 V 2F o .5
3 400F = —— After irradiation ~1.2x10" n, / cm?
200k Fluence: ~1.2x1015 neq / cm?2 =
- 1— | | | | | | | | | | | | | | | | | | | | | | | | | | ] ] ] | ] ]
20 - O0 50 100 150 200 250 300
05_ Bias Voltage (V)
1001
- T M |-, R R )
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Efficiency affected by punch through structure (some modules affected before
irradiation, all modules affected after irradiation)

4°i

30
20

.......... o R e
.......... S e R
.......... B 57
.......... SRS R Y
.......... S S SIS S S — YR
Bias:4ov .................. ................... ................... .............. 0.94 -10
S R S — R— — 093  -20
F|uence nOne ................... ................... .............. 092  -30

Y. g | s I :. ................... ................... ................... .............. 0.91 —40E

Thickness: 100 pm S N I DU D DS DEDE DS PSR 5 B0 o N
-60 -40 -20 0 20 40 60 '

PU nCh through long pitch (um) long pitch (um)

p-stop

(
)

o
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

short pitch (um)

short pitch (um
N
o

200000000EHo0a0a0000a50000a00daEE0nE0A0B00E0C00ERNOONE0AONOOACEN0AEREANEODE0N0D0aE~~~l  innmanamacooodk - - BOODEOGODO A~ EHEOCOCO0GOAO00

short pitch (um)
(&)
o

—0.85

..........................................................................................................................................

0.75

BIaS ....... 4 OV — .............. .

Fl ue nce nO ne ................... ................... .............. 0.65
. S W— SR S S S S 0.6

Thickness: 100 um N ol D DU DR DU D S e I
—60 —40 —20 0 20 40 60 '
Punch through long pitch (um)

no p-stop Simulation studies ongoing to optimise geometry/process of bias structure
For small pitch pixel design can be critical (i.e. common 4-fold bias dot)
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3D columnar, 130 pm thick sensors, 100x150 pm?2 cell size with 2 (2E) and 3 (3E)

junction electrodes
. Ohmic column .
MT!

?— --------- &----------® $----- G RLEEERIC S PR @)
e . 2E : — Bump pad e :
3 r U 3 :
o — | o | :
o Junction column o .
A 1 : A " :

: 150 pm : P 150 pm :

& -mnmnnnes @@ ®----- {&)------ (frmmmmm @)

For bias voltage > 20 V 2E and 3E are compatible within calibration uncertainty

At saturation the collected charge is compatible with planar sensors

At low bias voltage (< 15 V) 3E shows greater charge collection efficiency than 2E as
expected 9500

S
8

3

&
8

-0~ 3E

2

-0- 2E

a 3
8 8

Landau MPV (electrons)
3
8

5500

5000
0 20 40 60 80

Bias Voltage (V)
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CMS results: 3D before irradiation
BIGOGGA
Efficiency map on cell for orthogonal tracks : oF !
Bias voltage: 40 V i
%\400 — ¥2/ ndf 218/149 : | @
£ L ' Width 755.7 £14.2
®sso- il
- ! MPV 8452 +16.7 - %
a00l Area  1.8566+06 + 1.453¢+04 g 40
- | Noise 777.3+23.7 g %0 0.9
250:— i 12: 0.985
200:— s BiaSZ 30 V 0 0.98
E -10 0.975
1501 20 0.97
L -30
L | 0.965
1001 ‘ _40 .
- -50 60 .
C : long pitch (um)
50_— -
: } . Overall efficiency: (99.40 + 0.04)%
N AERIREERE NN s .. T AR P x10°
O0 5 10 15 20 25 30 35 40 45 50 "
charge (electrons)
Visible efficiency deterioration on both junction and ohmic columns
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25x100 um2 collects ~700 e~ less than

Bias voltage [Volt]

50x50 pm2 @ same voltage =» probably

sharing with nearby cells not readout
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ATLAS results: 3D before irradiation
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Telescope Planes Module 3 Module2 Module1  Telescope Planes
(Front) (50X250) (25X100)  (50X50) (BTk)
)
( \ ( \
] I I I CA I I I

£

]

O

— Row T
“Aconite” telescope on CERN SPS H6A beam line Noise vs bias voltage for the three DUTs
120 GeV pions S o o ot e B 'm;so'-_
6 pixel planes o L s ]
based on Mimosa26 chip (18.4 um pitch, square pixel o] ]
cells, 576 rows and 1152 columns) E‘”- I y
~2 Jum resolution on each coordinate iwo—' i, A P S
290__'0000...0.-.0...., .__
Three DUTs 50x50 1E, 25x100 1E, and 50x250 2E pm?, ] !
130 um thick + planar module as reference (150 um thick 0 ]
sensor) bump-bonded to ATLAS FE-14 chip A
~HV (V)
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14 ATLAS results: 3D before irradiation S

Efficiency maps vs bias voltage (thr = 1500 e-, ToT =10 BC /10 ke")
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ATLAS results: 3D before irradiation
BICOGCA
E 3 Due to chip-sensor pitch mismatch
S 3 e 50x50 pm2 cells have neighbouring cells on 3 out of 4 sides
%) c . . .
E 3 = 25x100 pm? cells have neighbouring cells on 1 out of 4 sides
o . . .
% 50x250 pm2 cells have neighbouring cells on 4 out of 4 sides
O Masking is necessary to compute unbiased efficiency
% e reemannnn mask for 25x100 um?2 sensor
i = 20 pumm
C d g
— : i 2 % l
% 5 101520 25 30 35 40 45 50 4 5 15 10
(/;) ‘
(o) 10
£ 3 g
- S d Masked 1
o g 3 2 : 0p
e 0 G : > - | T T | ] IR
>3 3 ; 2 o ]
CIC) o - -----E------ -g B [ R LI o e ;:;:;::.‘E:::::;:::T‘ 7
[SIN i o9F 3 T T T
= CINJ = - S 0.99 - 3
w - T - 2 1
@ 0.8 = 0.98 1
- " 097 4 7
- 0.96 — 7
0'7;_ 0o B q0 15 A
. 0 E Y o) . HV [V] 1
S o 2 45 § 0.6~ —& 250x50um?  -m- 100x25um®  -@- 50x50um?
7 40 = N ]
>33 fw = Threshold = 15006 ToT = 10BC/10ke E
S = 3 358 L 0.5 N
® O é 30 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1~
o N T 0 2 4 6 8 10 12 14 16
= N 20l Efficiency vs bias voltage HV [V]
% 15 o B R s . . .
R, 1-":'.!1-. N 50x50 pm?2: almost flat at ~98% efficiency for 2 V < HV bias <15V
5k =y = : (slight increase of ~1%)
0 |
] 0 5 10152025 30 35404550 2. - - mi 2
Bias: 10 V 25x100 pmz2: qualitatively similar trend to 50x50 um

Cell size: 50x50 pm?

Column Side [um]

50x250 pm2: efficiency > 99% above ~10 V (ramping up to ~10 V)
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ATLAS results: 3D before irradiation
BIGOCCA
Charge collection at bias voltage =10 V
Peak at ~8750 e~ (150 um thick) Peak at ~7000 e-
® 40000FF T T T T T T T T T T T = 2 5 L L B BN o
2. F ] 2 E 8 6000 o E
5 35000 - > - .
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10000 ! = - . .
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5000~ ! Reference Planar — = - 50umx50pum 1
0_ ,|,,:, el T S S = 0....|....: ] DS el e [
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Collected charge MPV of 3D modules ~ as expected from sensor thickness
20 Mauro Dinardo, Universita™ degli Studi di Milano Bicocca and INFN




DEGLI STUDI
=}

©9 UNIVERSITA

Summary and prospects
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First prototype sensors, both thin planar and 3D columnar, developed within INFN
Pixel R&D collaboration with partnership FBK, show good data quality and behave
as expected

Further studies, especially at higher radiation dose, are ongoing

CMS 3D and thin planar modules will be irradiated ~summer 2017:

with 24 GeV protons at CERN up to 5x10'5 neq / cm?2
with neutrons at Lubiana up to 1076 negq / cm?

CMS testbeam campaign foreseen ~fall 2017

ATLAS 3D modules are being irradiated up to ~1016 neq / cm2:

6 modules with 24 GeV protons at CERN
3 modules with 23 MeV protons at KIT

New wafers made with Direct Wafer Bonding (DWB) with SOI are being processed
and will be tested in comparison with SiSi DWB

As soon as RDS53 chip (joint ATLAS-CMS collaboration to develop high radiation
tolerant readout chip in 65 nm CMOS technology) will be available the plan is to
bump-bond new sensors with RD53 chip (higher radiation resistance, capability to
readout both 50x50 um?2 and 25x100 um?2 cells)
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INFN Pixel R&D: main design features
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Devices single sided processed: it can be thinned

Pixel Unit Cell design with variety of collecting electrodes
Location of pad for bump-bonding optimised

metal bump

passivation

P

Column Diameter

oxide

~ 5 um d EEEE CEEEd CEEE EEEEEEEEE R e T T A
S w 7

p* column

Gap p-spray Active thickness
~ 20 um 100 - 130 pm
——— p~- high Qcm sensor wafer
A A
Handle wafer  J
Thickness \ NN
~ 500 um Metal to be deposited after thinning  p.ciqual Handle
) Handle wafer to be thinned  Wafer Thickness
50 — 100 um
Standard pixel prototype Small pitch pixel prototype
100x150 pum2 pitch 50x50 um?2 and 25x100 um= cell size

Readout by PSI46dig chip (phase-1) Readout cell adapted for PSI46dig chip (phase-1)
130 um active thickness
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INFN Pixel R&D: main design features

After column filling with poly-Silicon, residual remains outside
the columns (on the surface)
Two possibilities for removal
@ with mask: a poly-cap remains on the columns
@ without mask: entirely removal of the poly-cap =» some
consequences in damaging the aperture of the columns
(i.e. higher leakage current)

102 AAAAARARN AR MMM ; 10% g rrrrrrrT rrrrrrrT MMM
X RD53#3 100:m . -
Temporary Metal Strips | i
5 1L _ 5 1
mE 107 ﬁﬂ cV’E 10 ¢
) 2 ;
<3. <i i ]
e ] 0 /v -
c = 10 mly-cap E
o o : :
S o107 E
RD53#3 130um
Temporary Metal Strips
10 p A TR TR TN 1 =2 L ITETEEEE TR ITETETEE
0 20 40 60 80 0 0 20 40 60 80
Reverse Bias Voltage [V] Reverse Bias Voltage [V]
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INFN Pixel R&D: main design features
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1C0CE
Full depletion voltages
Viul dep ~16V for 100 pum thick
Viul dep ~20V for 130 pm thick
1,0E-01
9,0E-02 + 100 micron
8 0E-02 —130 micron
Vrev [V]
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We performed a simulation of the charge transport with MATLAB:
2D simulation
velocity dependence from electric field taken into account
space charge corresponding to nominal/un-irradiated resistivity
e-h pairs per micron: 60
radiation damage effects simulated with finite carrier lifetimes =» from carrier lifetimes we
evaluate irradiation fluence: 1/Ten = Bem*® (2016 JINST 11 P04023) (in the following the errors
on fluence are derived only from propagation of error on Besm)

Geopetry ‘ ‘ N ‘ Dslaunay mesh Potential Potennal and its gradient
/W‘ /ﬁ "\\ /f T 17 TY TR 200 5
VAN ‘ [ \ /N
\ ’\‘ / \ | \ \ / JAIBN \
AV / \ “ \ \ 4
VI NP YT Electrodes .., ,
f,/"\ /’\\\ | M / \‘f o / : \
‘ \/\/7(/‘0/\/‘/ H\// ] 160
wlf\Y \Mw, LN
J}\‘ ‘w H /’/0\ W sl .
I TV \/W/ / VTV 140
| \ \
Emmﬁ%?%ﬁ:im 50 'é% 525354 i{ 56 é? 58 g 60 ;mmm E‘OO M\A /ﬂ 4\/ | l\ I \‘\‘ I \
> > “”‘W_‘(/W il M “‘ I\ 120
%”W/ (n T E
\/’ \\ T \
H‘< U\/ \/\ T\;‘ I~ =100 =
\IIVIA f > >
\‘/‘ \ \\iﬂ/‘/\\/ A
W‘\l/'/“ | | 80
"IN MU\/\’ '
/| \\‘;’( V! ‘H/ / N 60
Y | /. Sensor bulk
o ‘ ‘ ot LIV L) INERER ¢ 40
% [S - 200 400 600 -150 -100 -50 A 100
. . . . 20 .
Finite element analysis to solve Poisson equation v

500 0 500
X [jt m]

Weighting potential

The irradiation was not uniform =» we concentrate our
modelling on a small region in the highly irradiated zone
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CMS results: 3D before irradiation

©9 UNIVERSITA

== ONVTIN I

| 6
[ yCharged particle

4

Column w

Sensor bulk

w=130 um

\4
L=L1+ L2+ Lc
L cos(0) =w
Lc sin(B) =d
Lc /L < Threshold / MIP

v

tan(0) > (d*MIP) / (w+Threshold)
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CMS results: 3D before irradiation
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Efficiency map on cell for orthogonal tracks
Bias voltage: 40 V

% - X2/ ndf 186.3/ 145
o T
24900 Width 7033 +13.8
400 MPV 8206 + 15.7 _ ]
~ £
— =]
N Area 2.118e+06 + 1.554e+04 £ 0.995
350 -1
- Noise 895.8 +22.6 5 0.99
300 0.985
E 0.98
250
C 0.975
2001 0.97
E 0.965
150~ !
- '= 0.96
100 1 1 60
C !l long pitch (um)
50__ it . .
- i\l L] O
: J Overall efficiency: (99.19 £ 0.05)%
N RN RN A LI x10°

0 Bilkis Lo T R SN Y
0 5 10 15 20 25 30 35 40 45 50

charge (electrons)

Visible efficiency deterioration on both junction and ohmic columns
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CMS results: 3D before irradiation
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1IG0GC
Efficiency map on cell :
Bias voltage: 30 V :
@9 "Wy @ @l)
Orthogonal tracks 5 degrees tilt 10 degrees tilt
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Simulated signal efficiency
Simplified simulation domain (2D slice), no pixel edge effects
Very high average signal efficiency
Significant variations of signal efficiency with hit position
Possible impact ionisation effects at high field
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