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ATLAS project

- Structure of the ATLAS detector
- ATLAS detector upgrade connected with HL-LHC project

Pixel detectors

* Working principle of pixel detectors
e Current and future concepts of pixel detectors

Tests and characterization as an important stage in the pixel
detector development

— Module characterization at test beam facilities

— Characterization in the clean room

— LAL participation in Demonstrator project

Conclusions
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NL The (HL-)LHC Timeline
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LHC
LS1 EYETS LS2 14 TeV LS3 14 TeV
13TeV —— E— energy
. - injector upgrade . :
splice consolidation Crvo RF P4 cryolimit HL-LHC nominal
7 TeV 8 TeV button collimators - 1?‘$dipu coll. |mairual.1¢élun installation luminosity
— R2E project Civil Eng. P1-P5 "39_\‘
N T T R T T T T T N T N N TR T =R
ATLAS - CMS m"
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes _— 2.5 nommal luminesity upgrade phase 2
5% nominal luminosity M ALICE - LHCb P !
noaminal upgracde
Iuminosity
30 fb™ 150 b 300 fb™* 3000 fb [
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ZAZ Motivation for ATLAg InnenDetector upgl:ad
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In order to increase the discovery potential of the LHC and provide more accurate
measurements with increased statistics, the High-Luminosity LHC project is envisaged,

called Phase 2.

LHC startup 2009

2014
Phase- 1 2018
2023

6x1033 cm2st
1x1034 cm2st?

2x103% cm2st

7,5x103% cm2st

Very severe pile-u
conditions expected:

7-8 TeV - : :
Corresponding num. of inelastic

13-14 TeV pp collisions per beam-crossing
14 Tev (25 ns) will increase : 25 -> 200

14 TeV

New Tracking detectors must fulfill the conditions:

* Fast (40MHz), high granularity & good pattern recognition capabilities (10° tracks/25 ns).

11/27/2017
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Zt‘oﬁ Motivation for ATLAS Inner Detector upgradz
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* Increased luminosity also leads to mcreasmg of radlatlon load

-

o
=
IS

ATLAS Inner Tracker Fluences at the HL-LHC . . 1: . .
B —ar @=oom Aim is 3000 fb " integrated luminosity
% 107G PSR Y s {— Zﬁgﬁgf;, pion g 107
= ! ! = — proton: :
{= 16 : : SN SRS, . WSSO | NVRPUOUNIDIGN . SNRDNPURNIRN (|- .| . . . .
£ prop— Ssum— 1" ID (Inner Detector) has limited lifetime:
iz’ 10'® : : : : : : 10"
g Expected:
< P =) 1.7 GRad
=

1.6:10%6 n, cm‘2

o HHHI] IIIHIHI T T TTTI]

P rdirsiveir U NS IS P P Des%ned \ estimated to
Radius from beamline [cm] 014 Il eq Cm Correspond to
Radiation Effects: 400 fb-!

* Creation of lattice defects (loss in the charge collection due to charge capture).
» Change of depletion voltage (due to type inversion).
* Rise of leakage current (additional energy levels are being formed in the band gap region)
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M£ Motivation for ATLAS Inner: Detector u
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detector (blue) surrounding it.

.

Layout for the Phase-II Inner Tracker (Apr 2017)

U

E 1400 —ATLAS Simulation

o " ITk Inclined
1200~ n=1.0
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i _f'/ . n=20 :
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S
The new All Silicon Inner Tracker (ITk), will be operational for more than ten years,
consists of a pixel detector (red) close to the beam line and a large-area strip tracking

" 4

P gradz'

\"

Silicon Area Channels [109]
Pixel ~13 m? 580
Strip 160 m? 50

The target acceptance has been extended to

+ 4 units of pseudorapidity

Pixel system extending to roughly twice the

radius and four times the length

Reduced material budget before calorimeters

Instrumentation session
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N-Type

Hybrid planar pixel detector: -

. »
! oo Donor impurity
‘_\ SI ‘)x contributes
._ . o

frae elecions

Front-End readout

To operate, the semiconductor (silicon) must be depleted:

Full charge collection only for

(Vbias > Vdep)
reverse biased pn-junction

11/27/2017

Pnospnarus SI '.

added as '
Imnpurlty '_ r
P-Type
. -ﬂccaplu
K cmaalasa
6 S| ® toe

.

Boron ." . I'.

added as ’ Sl ,'

impurity " =
-

Depletion p-type
region

n-type
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Energy

Workm rinciple of pixel detectors &

Intrinsic n-type p-type
Conduction Band Conduction Band Conduction Band
‘e 0 00 0 0 o
electrons onoi Lavel Acceptor Level
o o 0 0 0 0 0
© 00 9 0 00
Valence Band Valence Band ValenceBand

holes




their fast charge collection : n-in-n and n-in-p.

Pixels (n+)

n-in-n

Guard ring structure (n+) Type inversion effect

~—

5000;— T

1000;—

3 . lia
500F type inversion €~ =600V 3 10

1004

Backside (p+)

Guard ring structure (n+)

eCollect electrons (3 x faster
than holes)

eGuard rings are not on front-
end side

eDouble-sided processing
eType inversion of the n-doped
silicon bulk

11/27/2017

_ S0+ et 410
Backside (p+) [ ]
10

5_ n-type

| Nege| [10' em™]

eCollect electrons (3 x faster "p - type”
than holes)

eNo type inversion

eCan be operated partially
depleted

eSingle —sided processing
eGuard rings are not on front-
end side

JRJC, Instrumentation session

107! 10° 10 102 103
¢eq [ 10]2 cm-z ] [Data from R. Wunsicef 92]

Depletion voltage [V

The change of the effective doping
concentration due to irradiation



»..'Design parameters.to improve: ,

Sensors: the radiation resistance, reducing of non active
production cost

Electronics: processing speed (dead time), signal-to-noise
consumption (cooling), price

Achievements of the Phase O (Insertable

area (efficiency),

ratio,

Alternatlves for Plglnar pletl te,chnology g ‘ )

thinning,

reducing of power

B-layer) IBL Upgrade: New Front-End readout chip, designed l
for the Phase 0 §
] RD53 A
Pixel size 50x400um? 50x250um? 50x50um? 25x100um? .
Pixel matrix  18x160 80x336 L
- - |CNEEITE ward rings !high voltage pad
Chip size 7,6x10,8 mm2  20,0x18,6mm?  ~20x20 mm? ledge B ngs !
Technology 250 nm 130 nm 65 nm ; ‘ H ‘
Active part 74% 89% more ; 100 : S—
Analog current 16 uA/pixel 10 uA/pixel less i ruard rings
Digital current 10 uA/pixel 10 uA/pixel less . ‘ :
Data rate 40 Mb/s 160 Mbls 2 Gbls | . _ |
1= 200um i edge pixel
11/27/2017 JRIC, Instrumentation session 10



ttlt Alternatives for P1 /znar p.v(el te&hnolog)‘
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* Trenches created with the Deep Reactive lon Etching (DRIE) process allow to extend the backside implantation to
the sensor edges and to create a rectifying junction reducing the defects induced by the cutting. Since the electric
field is extended to the side implantation, the entire edge is fully active in the case that no bias ring is
implemented.

FDF

- Samples: an active and slim edge design 50, 100, 150 um thickness, low threshold

tuning S~
* Irradiated: Irr. = 1x10%° n ,/cm? 500e-600e,
- . 8ToT to 4ke
* Non-irradiated:
. Slim edge
Active edge e * awssmne emsmis o

um I \/

um Guard ng Bias Ring e S
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Tests and characterization

Module characterization at test beam facilities
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Test beam charactemzatlon ol

e S

Test beam measurements allows the pixel modules to be tested in an environment similar to that
which they will be exposed to within the ATLAS detector to determine how well they function.

- Test Beam setup

11/27/2017

Telescope planes

JRIC, Tnstrumentation session

0L Cleegleng) ua 6 swm 9EBE B s z"

EUDET family telescopes provide high
resolution measurement of the track
impact point up to 2 um.

. A
v

13
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.  Test beam characterization |
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LABO
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Our Goal: | ¢ nvestigate the performance of the n-in-p planar pixel sensors with the active
and slim edge design produced by ADVACAM before and after irradiation;
e Study the overall and edge efficiency with normal and inclined tracks.
- Hardware * Normal incidence
= Telescope at CERN — Bias voltage points: 50V, 80V, 100
= 120 GeV pion beam v, 120V
— Cooling box (-40°C to -44°C)
- Software — Dry ice cooling (approx. -40 to -50
* Reconstruction: EUTelescope (Data °C*)
conversion, Cluster finding, Hitmaker, e Inclined tracks
Alignment, Track fitting) — DUT tilted at 45° (around y-axis)
* Analysis: TBmon2 (Efficiency, charge sharing,
] * Only indirect temperature measurements available
residuals, ToT, etc)
11/27/2017 JRIC, Instrumentation session 14
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* Hit efficiency calculated as :
> Efficiency Map DUT 24
g éaao; o éaoo
§ ™ 94,73+0,24%
(@] F 250
=™ 50V
q) 150 150
?E 100 100
w 50
>
@)
Efficiency Pixel Map DUT 24 Geometry O
c }
9
-
bv o
()
T) 220 240
.5 Long Side [um]
C."
=

11/27/2017
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Mt Test beam characterlza‘gog resultg

"4

\l'

Number of Matched Tracks

Efficiency =

Number of Total Tracks

Efficiency Map DUT 24

97,21+0,05%
50V

20 40 60 80 100 120 140 160 180 ZDD 220 24
Cona Side [nrm

Instrumentation session

Non —irradiated and Irradiated,
lel5 n.,/cm? ADVACAM sensors

Efficiency Pixel Map DUT 24 Geometry O

80 200 220 240
Long Side [m]

Efficiency Pixel Map DUT 24 Geomaetry 0

|
500 ' 520 ' 540
Long Side [um]

Efficiency Pixel Map DUT 24 Geometry O

|
200 ' 220 ' 240
Long Side [Lm]



tzlt Test beam characterization results’
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- Efficiency vs track impact position

/

1,0 A

-:I
1 H e 1 |
0] ! :
. s Q - ]
08l - Hitmap . o | ,
] ) Joi — T.
074 1 0,9 _8 I s f
o6 08 o | ! % Last pixel !
3 ] o[/l £ '
$ 054 1 0,7 2 | _8 column :
‘o . 1 | |
+— q) —
= 04 1 = %] w1 e (250 um) :
| § 05- —>! .
0,3 - § 1 I I Q— :
02- i 041 : I I
- 0,3 4 I 1
0,1 ] . |
J ® 0.2 1 m Active edge 50 um |
0,0 L —i; . Y ; . . ] ! .
0 5000 10000 ‘ 0,14 I m Active edge 150 um
Distance from Pixel Edge (um) ] I
0

T v I ' T T I ' 1
50 100 150 200 250 300
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L Test beam char terrz t-l resul’(‘
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Efﬁczency vs track impact posztlon |

I I . I
I I o I
08 I © I © I
1 O 1 o 1
1,0 4 1 o 1 » | -
1 1 O I = I
0.6 0.9 - 1 < i b
] 1 9 | & a°
> 0.8 ) o
- ] (e 1,
Q0 0.7 |--$ : P
(&] ] i 1
£ 04 LS Last pixel i
gooy | column :
£ 4]
0.2 m (250 um) :
’ 03- 1 1
] I
' 10 20 30 50 02 ! B Slimedge 50 um
= I I
0 | 1 1 1 ! | \ ! \ 1 | 1 1 ! 0,1+ I | i
0 5000 10000 00 ] i m Slimedge 150 um
Distance from Pixel Edge (um) 450 100 -50 O 50 100 150 200 250 300

Distance from Pixel Edge (um)
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Average Efficiency

LAL Test beam charact.erizat-i'o;n results
, <

- S

\"

0,95 [
0,90 -

0,85 [

0,80 |

0,75 -

0,70 b

n " .
u | | | L
| |
= ] L]
| |
B ADV-50-3-1A (right edge), 1x10" neq/cmz, Oct 2017 CERN TB
®  ADV-50-3-1A (left edge), 1x10" n_/cm’, Oct 2017 CERN TB
®  ADV-50-3-1A, 1x10" n_/cm’, 27°, Jul 2017 CERN TB
m  ADV-50-3-1A, 1x10" n_/cm’, 45°, Oct 2017 CERNTB

50 60 70 80 90 100 110 120
Reverse Bias Voltage [V]

At a tilted angle of 45°, the efficiency performance improved, reaching 95% at 80V bias voltage. The
performance is very similar to the performance at 27° case (but with dry ice cooling).

11/27/2017 JRIC, Instrumentation session 13
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Mt Test beam characterlza‘gog resultg

[
1

4 '

P slim edge 50V
. - T N e Ty oy e
e Comparison of edge efficiency s ] o, ooty % mm o ey w2
. 3 . = il slim edge 120V ".-.-l o .-. = " -
for active and slim edge designs »Lﬂ B il " 1 .
before and after irradiation ol (rac SOIA g :
0,6 - [ =2 .
0,5 - .
0,4-. n
0.3
0.2 )
The near-edge and edge efficiencies T .-
- - - - - ’0 ¥ I v I I v 1 v I s I ¥ I v I ¥
before and after irradiation are higher in 400 -300  -200 _10' 0 0 100 200 300 400 500
active edge design sample than slim edge. Distance from Pixel Edge (um)
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Tests and characterization

Characterization in clean room

Laser test bench setup

JRJC, Instrumentation session
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{ Laser test bench setup &

D 4

A =
Laglh N E AR r . S
Purpose: To have a cheap setup for the module characterization in clean room

- To study efficiency; charge sharing between adjacent pixels; performance with inclined tracks;

* 1060 nm -1.17 eV; penetration depth ~ 890 pum Puise P
- MIP like charge generation (ionizing JULUT <
o o o mn
density is uniform along the beam path). Tmlw
» No secondary ionization. d
) ) ) ) ) Laser TIl Opt-Elect
« The interaction point can be determined without A Converter
reconstruction. A
» Precise spatial and time resolution. 2504
v 5
: : L splitter g
- The photon mechanism of interaction is differ from —= C 75 % | é
charged particles; Refraction, reflection effects; -
(Schematics)

21
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KZ‘K Laser test bench setup. &

.....

\

B 000c0000 - &
g eeeeeete 25

sJ91|ddns Jamod
pu3-luoi4 s|NpoAN

Function
generator

S Bias HV for the

module
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Laser testbench setup -

4

Openings on a backsside /

JRJC, Instrumentation session

FE_ST_SOURCE_SCAN 28.
Module "SC1"

Occupancy mod 0 bin 0 chip 0

o L e by b b Lo T e

[=]

10 20 30 40 50 60 70
Column

4

100

0

Hit map with the visible laser spot.

Detector support
with rotating stage
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Tests and characterization

Characterization in clean room

Sensor characterization with a probe station

JRJC, Instrumentation session
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I'Tk Demonstrator project 2z

racciicaror - The key goal is the demonstration of the system aspect of the complete
and functional ITK pixel barrel stave.

This is the element
which we propose to
build as “Stave-0”

fibre composites and
CO, evaporative cooling

in titanium pipes.

Module Cells are built with quad M4 (flat) and
double-chip M2 (inclined)

Mockup heaters (minimum 48xM4 & 109xM2)
- Silicon heaters with embedded thermal sensors for thermal and thermo-mechanical testing
- Flexes to power the heaters & read the thermal sensors (similar to the actual electrical)

11/27/2017 JRIC, Instrumentation session 25



Vo4V 4 Demonstrator project &
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“ Four-terminal (Kelvin sensing) e

Histogram of Resistance at 20°C
(28 samples from the batch1l) a7s0

3740

Average = 3,797kOhm
RMS = 0,043kOhm

(excl. outliers) 3710 R=R,[1+0oT-T.,e]

3690 o= Temperature coefficient of resistance for the

5 3680 conductor material.
3670 v v T v T v v v v T
0 - T T T T -10 0 10 20 30 a0 50
3,65 3,70 3,75 3,80 3,85 3,90 3,95 4,00 4,05 4,10 4,15 4,20 4,25 4,30 Temperature

R(kOhm)
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Nl LAL clean room - N

?Iﬁz%gflfR?TguiR }v \ ® 7
/ s

Semi-automatic probe station

allows performing of IV and CV

measurements.

* Cooling (-10°-50°C)

* Allows measuring of the big

wafers up to 30 cm in diameter

Heater samples for the /

Demonstrator project

11/27/2017 JRIC, Instrumentation session 27



* In view of the fact that in the framework of HL-LHC project it is planned to increase the integrated
luminosity by a factor of 10, we will face the problem of extremely high pile-up and radiation-harsh
environment. Therefore we have to build new tracker (ITk) that is expected to perform at least as

well as the current one (and often better) despite the much harsher conditions.

* The various designs of sensor candidates for the 1Tk upgrade have been tested at test beam. The

efficiency performance has been estimated.

« A new setup for laser tests in a clean room has been developed in a preliminary form. The system

was adjusted, and first results were obtained, but the laser test system has to be improved.

+ Demonstrator project is an important step towards building of the ITk. Considering a short timeline of

the project we have to do an intensive work on thermal tests with heater modules.

Thank you for your attention!
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Test beam characterlzauon result g‘
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e Residuals comparison at different orlentatlon angle to the beam
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