WP6: Silicon Detectors R&D for Phase-II
(ALTAS planar pixels)

Giovanni Calderini
(LPNHE Paris)

FTK Assembly, Alexandroupolis, Greece



The roadmap for LHC

Luminosity 30fblby2013  Upto100fb  Up to 300 fb 250 f*/year
(7+8 TeV) by 2017 by 2021 Up to O (1000)fb
e e Upto22x10%cmis

design energy

Up to 5 x 10%*cm2s?
and ~ 200 collisions
per bunch crossing

and ~ 85 collisions
per bunch crossing

(14 TeV)
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2017 2021 ~2030
Phase | Phase ||
Shutdown Shutdown
New Pixel New Inner
detector ? Detector

Fluence: up to 2 x 10*® n_ /cm?

improved radiation hardness
thinner bulk

Pileup

increased granularity
faster electronics

Material budget



Work on pixels has been done in many directions

A) Planar Pixels:
as the one presently used in ATLAS and CMS

n-in-n ;; - ~ -: - - -~ x Micron HPK MPI-HLL
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Pixels (0V)
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ﬁv_ Pixels (0V)
p-bulk

ATLAS productions: both n-in-p and n-in-n
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Option n-in-n
- The same technology used in the installed tracker

- Well known and tested
(to the point that it’ s the
planar candidate for IBL)

N+
n-in-n

Pixels (0V)
ov n-bulk
<«

- More expensive that n-in-p

(double side process) P+

Option n-in-p

- Promising technology a Ky Pixels (0V)
n-in-p p-bulk

- p-type doesn’ t invert with dose
- cheaper (pixel and GR on the same side) P+

Sensor covered

Some unwanted feature with 3 gm of BCB
(for example HV reaches the chip side)

We think n-in-p will become very Wi
important in view of tracker replacement




B) 3D Pixels:

PLANAR
* 4 p+ Readout Readout
P P chip channel
bump-
bondmg

Solder
bump

- passivation

Metal
contact

300 um

3D sensor.

ﬂs

Active edge ~ 4

Here the electrodes are columns passing from one face to
the other

In this way the electric field is parallel to the face of the
sensor and the charge drift evolves in a few tens of um

- They are intrinsically more rad-hard wrt to the planars

and work at a lower bias voltage.
- Dead regions between the columns!



In the ATLAS IBL, being installed during this LS1

Planar
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Phase-II: why planar sensors?

* Planar pixel is a proven technology
* Modules shown to work after 10" n, /cm?
* Possible replacement for some strip layers

» Low-cost large area production possible
* n-on-p sensors: single-sided process

* Project research axes
« Advanced simulation studies
* Active area optimization
(slim/active edges)
« Radiation damage studies
* Low cost module production
(6", 8", interconnections...)
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PPS working tools

* New productions:
— CiS, MPI-HLL, MICRON, HPK, VTT FBK —

« Trradiations
— Reactor neutrons (Ljubljana)
— 26 MeV protons (Karlsruhe)
— 24 GeV protons (CERN)
— 800 MeV protons (Los Alamos)

 Lab characterization & beam test

— Radioactive sources
— 120 GeV 1w (CERN)
— 4 GeV e (DESY)

— EUdet telescope
« TCAD simulations
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Geometry optimization: slim edges

Optimization can be achieved by guard ring design or by
active edge functionality )

Yy < —————
Cjessmmsmnent

Guard ring optimization B A
already done for present |
IBL n-in-n sensors

Approach adopted in the IBL
Smallest possible inactive
edge ~ 200um
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Effective reduction of guard-ring region studied also in
n-in-p productions

strips

| ! Micron/ Liverpool
n-in-p prototypes
down to dipactive =
(250 — 300) um

Alternative approach: active edges

a . d

Planar junctions

Planar junctions

5i02 -

Saw
cut
reglon

Active
OO 200 v Edo.

Two technologies investigated within PPS
- DRIE: deep reactive ion etching
- SCP: scribe, cleave passivate
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VTT/MPP n-in-p active edge pixel sensors

UTrench doped by four-quadrant implantation

Ulypit 0 Sensor thickness 100-200 um
Edge implant

v!v

L B B

B Sidicon made B Socce coping [ Phosphorus doping

® FE-I3 edge S0 pm
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Leakage current (nA)
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b
40 60 80 100 120 140
Bias voltage [V]

d 125 um edge implemented In

FE-I3 and FE-I4 sensors

O 50 um implemented only in FE-I3
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VTT/MPP n-in-p active edge pixel sensors

-4 01T T | IR I ILELEL B T = = —
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'.-§ w—— Only edges é FE-I3
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J Edge pixels show the same charge collection properties as the central ones
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Hit efficiency for edge pixels - FE-I3, 50um edge

[ Edge Tracking Efficiency in Beam Tests at SPS ] Global Efficiency in beam test
Tracky fam] Track y [pm)
ilooi_ : °o53888 053883
2 95F
2 ook
Z e 99-100% hit efficiency
8(’)5_ on the area of the pixel
sé implant of the edge
&3 column
70E-
65E
| 1

bt PR PRRTERTSRTENN B RN SRS U N S
100 200 300 400 500
Distance from last pixel edge [1yn]

Q 84ﬁ4 % efficiency in the last 50 um of
the sensor edge, beyond last pixel implant

5 8 8 3 g
Eficiency [%] Efficiency [%)
% FE-I3, 50 um edge, FE-I3, 125 um edge,
Vbias=20V Vbias=20V
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By-product: study of CCE after irradiation for
different thickness

T I ] T T @5 wm =10
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EJ 10F . - The 100-150 um thick sensors
5 [ . show higher charge collection up
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3 F .
3 o .
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FBK/LPNHE n-in-p active edge pixel sensors

Deep trench diffusion
(to prevent electrical
field on the damaged
cut)

Bondanneal oxide

Substrate wafer « 10um wide
*220um deep
* polysilicon filled

© ndoping polysilicon
[ pdoping M dielectrics

Cut line

G.Calderini

FTK Assembly, Alexandroupolis, Greece
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@® Trench doping by diffusion
@ FE-I3/I4 designs by LPNHE/FBK
@ Thickness 200um n-in-p

@ Different edge/GR configurations | €trench
(typically 100-200um) Yo—

[l ) (O o (20 2 Y- 120
@® Simulations indicate good CCE I afognd 1 T

\!‘

close to edge after 10" n, /cm?
@ Modules expected in Autumn

1060 nm laser
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Current in good agreement with simulations

1.E-07

GR Current (A)

1.E-09

G.Calderini
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These sensors will be the core of the tests done in the TAPP
common ATLAS/CAEN test-bench at Viareggio for the
development of new HV power supply boards, in particular the
new A1541 future card.

(@ CAEN

Tools for Discovery

G.Calderini FTK Assembly, Alexandroupolis, Greece 18



Scribe-Cleave-Passivate (SCP) for slim edges

@ Project by SCIPP (UCSC) and NRL
@ Post-Processing approach
@ SCP: Scribe-Cleave-Passivate

@ For n-in-p: ALD deposition of alumina

@ Relies on:

@ Low damaged sidewall due to cleaving.

e Controlled potential drop along
sidewall due to fixed interface charge
from passivation.

Scribing

Cleaving

- Laser
- XeF, etching

- DRIE etching

- Tweezers
- automated cleaving

Passivation

finished die
with slim edge

- PECVD Oxide
- PECVD Nitride
or ALD oxide, nanostack

G.Calderini FTK Assembly, Alexandroupolis, Greece 19



Scribe-Cleave-Passivate (SCP) for slim edges

XeF, "scribe” with depth ~5 pm

10600 laser-scribing, 100 um from guard ring
<
= 1.0e-07 XeF2, 60 um from guard ring
g
-
3
o
1.0€-08
unprocessed sensors without SCP
1.0e-09
SWpe al X =52 881 men

EHT = 1000 &y Date 20 Sep 2011

0 50 100 150 200
Stage Y= TASOS MM Ssago xR = 1523 WO» 95mm Tew 65858

250
Apsture S+ 3000w Suape st 28T SmpeaTs 00°  Signal A = ikensPhon No « 2304 Bias [V]

XeF, scribe or laser scribe
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Reducing the costs
SLID Process

——
Metallization SLID (Solid Liquid Interdiffusion) 24 Fraunho!ﬂ

\

Cu-
o e i o
PNsn pbE A AR sn

b :.,..,i?ii?vé Ilql‘"d
TR SOOIt SorReeere —— . %
Contact under Pressure Formation of
1ér|1rotughIMt§sk and Heat Eutectic Alloy;
eCHopating ~ 5 bar, 260 — 300 °C (Sn-melt) Tmeit > 600 °C

0O Alternative to bump bonding (less process steps “lower cost” (EMFT)).
O Small pitch possible (~ 20 um, depending on pick & place precision).

0 Stacking possible (next bonding process does not affect previous bond).
O Wafer to wafer and chip to wafer possible.

O For the analysis of the interconnection efficiency:

FE-I4 SLID based modules expected at the end of the year
Investigation of ‘low cost’ bump-bondings (C4NP etc)

G.Calderini FTK Assembly, Alexandroupolis, Greece 21



New productions: multi-chip modules and cards

first production at CiS HPK
on 6" wafers n-in-p with n

sifz2 single and quad-modules

FE-I3 1-chip pixels
FE-14 2-chip pixels

FE-14 1-chip pixels

oopopoooo [ FE-I3 4-chip pixels

4" wafers opopooDoo )
FZ 200/300 6" wafers

liverpool / glasgow ¥
quad module

3 KEK 4chip modules in the testbeam
in Aug. 2013 at DESY FTK Assembly, Alexandroupolis, Greece 22



N-on-n sensors: material studies

11 Dortmund ratio
Physik E IV 3 cm

4 Magnetic Czochralski bulk e e
Z  sensors . B
= The medium layers of ATLAS 03§
upgrade phase Il will be exposed 5
“ to a mixed radiation of ionising S — b2 S
o . . . . el iy - =
2 and non-ionising particles w 2
: =  MCz material is expected to have P P— B

3 a better performance for this o e e e e e

scenario than standard DOFZ
[G.Kramberger et al. NIMA 609 (2009) p.142—148]

plana e ne=in

= first (proton) irradiation done
|0.8E15 || 1.6E15|[3.0E15 |n_/em®> Lt CERN PS

— = 3 fluences

* successfully operated in last
test beam at CERN

systematic measurements
done in lab with SR source

currently in Ljubljana for
neutron irradiation

onh hardness &S| iimedgarstudiasion

1 | | | | | | | FE_'41 ‘hreSh?Id
100 200 300 400 500 600 700 800 900 1000 “Ar
bias voltage V] :
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One highlight from test-beams: high-n analysis

» FE-14 150 um thick, irradiated to 4x10'°n,,/cm” in Los Alamos
» threshold: 1.6 ke (MPV~7 ke at L incidence)

.3140(”_ eta=0.0 ete_- 1.0
Mean -0.8133

RMS 1121

Skewness -0 05096

500771000500 0 500 1000 1500
X Residual [um]

Residual along the tilted
direction (pitch: 250 pm)

50

100

» 99.8% hit efficiency £ o E
at 9=85° (p ~3.1) i o §
(500 V) : o

0 50 100

N
D
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Conclusions

The High Luminosity phase of LHC requires a new ATLAS
pixel detector

@® New sensors for the inner layers must be radiation hard,
thin and with reduced geometrical inefficiency

@ The Atlas PPS R&D group is investigating different
solutions of n-on-n and n-on-p pixel sensors with reduced
inactive edges and thickness

@ Radiation hardness proven for n-in-p pixels up to 1x10%6
h.,/cmé and n-in-n pixels up to 2x10% n, /cm?

@® Cost reduction can be investigated with, among other
solutions, the use of cheaper interconnection
techniques and multi-sensor modules

25



Additional material



The original ATLAS Pixel detector

Composition
@ 3 barrel layers
® 2 x 3 endcap discs
@ 1744 modules ~ 80 million channels
@ Range: ||y|| < 2.5
Requirements were met
@ Transverse impact resolution < 15 ym

@ Minimal material to reduce multiple
scattering and conversions

@ High hit efficiency
@ Radiation hardness:
500 kGy=10"> neq/cm?
Module Concept

@ Planar silicon nT-in-n sensors
® Read-out chip: FE-I3
@ Flex hybrid



= integrated luminosity: 3000 fb™

* including a safety factor of 2 to account %"
for all uncertainties this yields for ATLAS: s
= at 5 cm radius: 2
= ~2¢10"®n_ cm?
* ~1500 MRad
= at 25 cm radius
= up to 10" n_, cm™
* ~100 MRad
= several m? of silicon
= strip region
= some 10 n_ cm?

Dose (Gy)

* up to ~100 m? of silicon

r(m) eln =00 em=10
I
e 1 |
| Strip Detector
I -
L
o |
! _ -
RO | | l l | |-~ Outer Pixels
Q | r—— Inner Pixels
(S

T T 1 T T T
0.0 05 1.0 15 20 25



SCP: physics performance

J Two aspects of physics performance are under investigation:

= Charge collection near the edge. We do not see any problem:

Sensor Origin | Edge-Active area Signal Beam Ref

Type Distance [um] Read out
P-type PPS ~200 Binary 0Sr V. Fadeyev et al
strips (CI1S) (PTSM) Pixel 2012, submitted

to NIM A

N-type GLAST | ~200 Analog 0Sr R. Mori et al. 2012
strips (HPK (ALiBaVa) JINST 7 P05002
P-type PPS 150 Analog Focused R. Bates ef al., 2013
strips (CIS) (ALiBaVa) X-ray JINST 8 P0O1018
P-type IBL 50 FE-I3 & CERN Test S. Grinstein et al.,,
3D pixels | (CNM) FE-14 Beam RESMDD12

= |rradiation hardness:

Results with p-type sensors irradiated at Los Alamos were

promising at = 10> n,,/cm?. They were ambiguous at < 10"

n

G.Calderini

2
eq/cm

HSTD9 - Hiroshima, 1-5 September 2013
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technische universitat
dortmund

Fakultat Physik
Experimentelle Physik 4

Planar n*-in-n MCz sensors at TU Dortmund

G.Calderini

FE-I3 and FE-I4 single chip sized
sensors were produced by CIS
together with various test structures
(e.g. diodes) on DOFZ (various
thicknesses) and MCz bulk material
(285 um thickness) in planar n*-in-n
technology

12 FE-14A based SingleChip-
Assemblies (SCA) were made (6 MCz
and 6 DOFZ for direct comparison)

All assemblies lab characterized
after flipchipping:

= IV-curve

= Tuning (calibration)

= Charge collection measurement with

*Sr source

- all unirradiated samples
demonstrated excellent behaviour
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&
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Currant (u{\]
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One highlight from test-beams: high-n analysis

» FE-14 150 um thick, irradiated to 4x10'°n_,/cm” in Los Alamos
» threshold: 1.6 ke (MPV~7 ke at L incidence)
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One highlight from test-beams: high-n analysis

» FE-14 150 pm thick, irradiated to 4x10'°n,,/cm? in Los Alamos

» threshold: 1.6 ke (MPV~7 ke at L incidence)
n
T l'l 113

4 11

0 T
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(e
o

O
O
n

\O

0 o |
N \O

- - -

Hit efficiency [%]

O
~ o
N OO
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96.5—F

—e— Inner pixel cell region

96100 10 20 30 40 50 60 70 80 90

Beam incidence [deg]

50

» 98.4% hit efficiency % 40 50
at ¥=30° (n ~0.55) i % .
(500 V) ‘20 " — 1,

N
D
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One highlight from test-beams: high-n analysis

» FE-14 150 um thick, irradiated to 4x10"°n,,/cm? in Los Alamos

» threshold: 1.6 ke (MPV~7 ke at L incidence)
n

i 11
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s
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» 99.5% hit efficiency =
at 9=45° (n ~0.88) ¥ .
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Radiation composition

z=0cm L_.=3000fb! @14 TeV

int

1e+16 4 1\| Pion damage —e— Charged had.
- dominant —e— Neutral had. >100keV
- — SmM
N
5
gs 1e+15- Neut.ron damage
S ] dominant
=
©
=
D
e
o 1e+14 -
= ;
(1
Pixels Strips
1e+13-
0 20 40 60 80 100 120

Radius (cm)

TTOT ‘LM ‘s1sayl Qyd “49||NIAl °S

G.Calderini
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ATLAS Tracker Layouts

.H\\s :Z:tqa;vrlz 2.1 O-IT|\"| Lioo bionsloe | oo 1o
) ;\ﬁFL -——;;_,\@ “ %@ =0. eta=1.
0.8l . O - = o T = eta=20
eos T T §Z§:f TR P N ‘Aj
r99 Loxiq /9/0/1 i ~~:”8H§0FHB o.vee ﬁli\(ﬂf?\{%ﬁ\ej\:r%a‘\\\D‘\ H\ | I I I masse
(mm)s g.08v8 2028 <.3fte BISYE Y-éeg;eesra-r‘eorm‘:;aaghoagsaaef.oah 0
 Current inner tracker * Phase-Il upgrade (LOI)
— Pixels: 5-12 cm — Pixels: 4-25 cm
* Siarea:2.7m? .
« IBL(2015): 3.3 cm * Siarea:8.2m?
— Strips: 30-51 (B)/28-56 (EC) cm — Strips: 40.-100 (B) cm
* Siarea: 62 m? * Siarea: 122 (B)+71(EC)=193 m?
— Transition Radiation Tracker (TRT): .
56-107 cm  Major changes from LHC
y ngijgﬁnc%.izssicceptable for — All silicon tracker
* Phase-Il at HL-LHC: 5x103* cm2s-! — Large increase of Si area

* both in Pixels and Strips
e« ~3xLHCATLAS



/

N

\ r(m] etn =00 em=10
The layout proposed in the Lol =7 Serlp Dedoctor 20
provides 14 points/track to |n| < 2.7 | ' I l
o ] =27
Pixel: 4 layers + 6 disks, 25 x 150 (in) / ° EREEE : o
2 PRI '7 -~ Outer Pixels
50 x 150 (out) um o | EEm= stunlbess
o
/ T T T \ T T T T
0.0 05 1.0 15 20 25 3.0 35
z(m)
1 MeV neutron equivalent fluence Detector: Silicon area | Channels
120
[m?] [10°]
10 le+17 Pixel barrel 5.1 445
8 . Pixel end-cap 3.1 193
T A Pixel total 8.2 638
O, 60 -
o 3 Strip barrel 122 47
40 1 15:% Strip end-cap 71 27
2 Strip total 193 74
% 20 10 10 20 20 30 80 40 Table 6.6: Inner tracker active area and channel count.

Z [cm]



FBK/LPNHE active edge

peak value (em™)  reference walue (em™)  rolloff (um)

Doped regica  impurity  function

Pixd and CR
Back

Trench

Bias tab
P-spray
P-stop

D

- > > >

gAaussian
gAussian
erf
gAaussian
gAussian

gAaussian

2 x 10'® 10'e 1.0
2 x 10'° 1p'e 1.0
2 x 10 102 20
2x 10'® 2 x 100 0.5
o x 108 7 x 102 0.5
5 x 107 7 x 10%8 0.5

Table & Implart parumetors for semlated detactons A (1))  for acceptor (doner) mmpurnitae.

sl
Multiphcity Number of QRs oo o-rench

Type Encrgy (V) oufam?)  oafem?)  nlom-t)
A Eqo 042 05 x 107 95 x10~M 1.613

A Eg -0.46 50x 107"  p0x10~™ 09
D E, +036 32 x10-12 38 x 10~ 09

distance (um)

1
1
1
4
1
1

©“ W N - 0O

SEEEEEE

Table & Ralowt parumetors for acceptons (A) snd donor (1)) deep lowels i the beadeee,

Qox = 10711 cm2, 3x10712 cm2



