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Introduction

Atlas Forward Physics (AFP)

ATLAS
Diffractive physics: protons leave -
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3D pixel tracker and fast timing
detectors (pile-up removal) 210 m

Detectors close to the beam (2-3 mm) for good
acceptance

Status of the proposal

AFP passed ATLAS Physics review (24.01.)

Installation planned for end of 2015
- second use of 3D silicon sensors in HEP experiment!
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Pixel Requirements

= Pixel detector requirements Proton

= ~10 um tracking resolution in one direction

= 2x2 cm? active area pure % 3D pixel/ L
. sensor

= Slim edge of side facing beam: ~100-200 pm side / edge

//Beam side

= Highly non-uniform irradiation
5x1015 p/cm? (7 TeV p!) to several orders of magnitude
lower on one sensor (preliminary, depends on final specs)

# of protons per 100 fb™'/ pixel (50umx250um)

. s % [
— Baseline: £ 4 Preliminary lSensorarea(zoxzomm) ‘ I
3D FE-I4 sensors with slimmed Edge e ’Beam background not considered!'l‘ -

0 : : 3 10"
2h :
.4:— il
= B 10"
-6 3
8B =
-10 :_ Wy -
: ' I I,.'I'I. b 10'0
12 Norgions 2 2mm = 1.37e+14", i fy
1af- Norotons 4> 3mm = 1.18e+14 "' 1",
T P p—— 'ln;m'zls
Olda Kepka, Sasa Kupco (FZU, Prague)
A S 9 27.02.2014, J6rn Lange 3



Sensors and Edge Slimming

FE-I4 3D IBL sensors (CNM and FBK)
= 336x80 pixels of 50x250 pm?
= p-type bulk, 2 n* columns per pixel

= Edge termination:

= CNM: 3D guard ring of n* columns
+ p* ohmic-column fence

= FBK: p* ohmic-column fence
= Left/right already 200 pm slim edge
= Bottom: >1 mm bias tab (not needed!)

= IBL spares (not always best quality)

3D guard ring

\

CNM

FBK

pixels (2 n* columns )

/

/

guard fence (p* columns)
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Sensors and Edge Slimming

= FE-I14 3D IBL sensors (CNM and FBK) CNM FBK

= 336x80 pixels of 50x250 pm? 3D guard ring pixels (2 n* columns )

= p-type bulk, 2 n* columns per pixel .A e :ﬁ ~

= Edge termination: .
= CNM: 3D guard ring of n* columns :
+ p* ohmic-column fence .
= FBK: p* ohmic-column fence —l
= Left/right already 200 pm slim edge ° o
= Bottom: >1 mm bias tab (not needed!) ) . ) . '

= IBL spares (not always best quality)
= Edge slimming:

= Cut IBL sensors’ inactive bottom edge
down to 100-180 pum (FE-14 chip: 80 um dead region)

= Technique here: standard diamond-saw cut

= Previously also investigated: sensors with 200 pm [ s —

SCP slimming with promising results Courtesy. of Gulio Fellegrini
see A. Micelli, 21st RD50 workshop Nov 2012; S. Grinstein, 8t Trento workshop 2013
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Current and Noise

IV of sensors used here (2 FBK, 2 CNM): Previous study on FBK sensors:
normal for used sensor-quality class IV unaffected up to 100 pm cut line
M. Povoli et al., JINST 7 (2012) C01015
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Efficiency of Slim-Edge Sensors
in Test Beam

= DESY II Test beam: 4 or 5 GeV electrons Thants to all test bearm participants,

esp. I. Rubinskiy (DESY), D. Pohl (Bonn),

O. Korchak (P , Sh. Hsu (Washingt
= ACONITE tEIeSCOpe (EUDET type) orchak (Prague) su (Washington)
= Normal incidence

T T 1
300 jlo.g
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Row

250

= 1 reference IBL sensor, i e

200 - {06
4 slimmed-edge AFP sensors : s

4 =04

150 -

= Average efficiency after slimming (97-99%) 100 0
C 0.2
comparable to IBL reference 0F I0.1
— what about edges? 70 20 30 40 50 60 70 80 ©
Column
DUTs
Sample CNM-55 1 -\m_s3 Rrs | FBK S5 _R10 | CNM_S5_R7 FBK_S1 R9
(Refer.)
Edge Regular Slimmed Slimmed Slimmed Slimmed
Bias [V] 30 30 20 30 20
Threshold [ke] 2.8 1.9 2.0 2.0 2.0
Efficiency 98-99% 98.3% 98.6% 96.9% 98.0%
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Edge Efficiency

(Slim Edge Bottom Side)

wire-bond side
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= Efficiency stable up to last pixel

= For FBK even ~80-85 um beyond (efficient edge due to absence of

guard ring)

— same behaviour as for non-slimmed edge!
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Non-Uniform Irradiation

# of protons per 100 b/ pixel (50pmx250um)

¥ 506 [MM]

Non-uniform irradiation:

Can detector be operated to give high efficiency both in
unirradiated region (V<Vpgy needed) and in irradiated region

(V>Vgep irr NEEdeEd)?

First test beam study in 2012 with focussed CERN-PS

23 GeV irradiation promising: 98% efficiency

see A. Micelli, 215t RD50 workshop Nov 2012; S. Grinstein, 8t Trento workshop 2013

But fluence spread was large

- focus of following slides

\’

Another irradiation with more localised fluence:
23 MeV protons (KIT) through hole in Al plate (5 mm thick)

12f- &mmd>2mm 1.37
14

[ Sensor area (20 x 20mm) \

Beam background not considered!

e d>3mm=1.18e+14

Olda Kepka, Sast p( o (FZU, Prague)

Fluence map of CERN-PS irradiation:

. o N e
SUuaaNOwWO A

Fluence [10'5 ngy/cm?]

Non-Uniform PS23GeVp |KIT23 MeVp KIT 23 MeV p
Irradiation Focussed beam | Hole (circle) Hole (slit)
@ [10%° ng,/cm?] 4.0 (max) 1.8 3.3 3.6
Sample CNM FBK CNM CNM
P 57 12 0208 S5-R7 S3-R5
Edge Regular Regular Slimmed Slimmed
= FHE 9 57 02.201 4, 36 Lange Thanks to Petr Sicho (CERN)/Felix Bogelspacher (KIT) for irradiation 9
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Efficiency of Irradiated Devices

= Test beam: DESY (KIT irr. devices), CERN (PS irr. device), normal incidence, T < -20 °C
= Different runs at different bias voltages of irradiated sample (V limited by high I.,,)

= Challenging to tune threshold in such non-uniformly irradiated sensors
= Noisy and dead pixels masked

= Irradiated hole (centre) almost as efficient as unirradiated region

= Ring of lower efficiency at edge of hole

= Probably due to scattering of p at edge of Al shield
-> |loose energy -> much more damaging

Efficiency Sensor Maps
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Efficiency

for unirradiated and irradiated (centre) area

1 CNM-57 unirr .
3> L T £ Irradiated part (centre) almost
E} : FBK-08 irr CNM-R5 unirr CNM-57 irr as efflClent as unlrrad. part
= 0.95 - . O % e b g ®g g gTTET ©
L - CNM-R7unirr -« R S - P Irradiation through hole (KIT):
~ o . )
0.9~ ~ ONMLRT i offset for CNM devices
- . Both unirr. and irr. area
- _ «\\0 Note different fluence, irr. area,
0.8— . ot e\ threshold, edge
- Threshold of 2 ke gives 1% more
A5— . .
0 5: Problem with tuning? Non-
0 7: N I uniform eff. even in unirr. area
"0 20 40 60 80 100 120
bias [V]
Non-Uniform Unirr. PS KIT KIT
Irradiation Reference | Focussed | Hole (circ.) Hole (slit)
® [10%5 ny,/cm?] Unirr. 4.0 (max) 1.8 3.3 3.6
Sample CNM CNM FBK CNM CNM
P 55 57 1202 08 | S5-R7 S3-R5
Edge Regular Regular Regular Slimmed Slimmed
Threshold [ke] 3 1.7 2 3 3
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Efficiency

for unirradiated and irradiated (centre) area

CNM-57 unirr

2y 1:-unm-referenc-e ----------------------------- SO G +-| = Irradiated part (centre) almost
E} : FBK-08 irr CNM-R5 unirr CNM-57 irr as efﬁCIent as unlrrad. part
2 0.95— - @ e W @ . e O ©
= - e . * e e -0 . ]
L -, CNM-R7 unirr e T ONMRS i = TIrradiation through hole (KIT):
— : . - -
0.9~ - ONMR7 i offset for CNM devices
- : = Both unirr. and irr. area
CNMLS3.RS 130 V Efficiency Map = Note different fluence, irr. area,
. threshold, edge
S 140 e = Threshold of 2 ke gives 1% more
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Efficiency

for unirradiated and irradiated (centre) area

CNM-57 unirr

2y 1:-unm-referenc-e ----------------------------- SO G +-| = Irradiated part (centre) almost
§ - FBK-08 irr CNM-RS unirr~ CNM-57 irr as efficient as unirrad. part
50.95j e W g W g o el ©
L _." _ : T S o D) H H .
L -, CNM-R7 unirr e T ONMRS i = TIrradiation through hole (KIT):
0.9— A NMRT e offset for CNM devices
- : = Both unirr. and irr. area
0.85— * o<
- 0 = Note different fluence, irr. area,
= We threshold, edge
- = Threshold of 2 ke gives 1% more
075? = Problem with tuning? Non-
0 7? T uniform eff. even in unirr. area
0 20 40 60 80 100 120 .
..[v] = Foralldevices: eff. 2 93%
(= 94% for 2 ke threshold)
Non-Uniform Unirr. PS KIT KIT .
Irradiation Reference | Focussed | Hole (circ.) Hole (slit) . ngheSt eff. for focussed-beam
®[105n,/cm?] | unir. | 40max) | 18 3.3 3.6 irradiation with CNM-57:
o/ i
Sample CNM CNM FBK CNM CNM 98% in irr. area
> L R S_S'm S_’s'RS = Possibly improvable by tilting
Edge Regular Regular Regular Slimmed Slimmed sensor (150 under StUdY)
Threshold [ke] 3 1.7 2 3 3
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Conclusions

Slim-edge and non-uniformly irradiated 3D AFP sensors studied

Good performance despite low sensor quality

Slim edge:

= IV, noise and efficiency in test beam unaffected
by edge-cutting with diamond saw (FBK: efficient edge)

200 pm B8

H

= Inactive pixel-sensor region highly reduced
(from >1 mm to 100-180 pym)

Non-uniform irradiation:
= High efficiency of 94-98% achievable in irradiated part (for thr < 2 ke)

Outlook:

= CNM AFP production run with 12 wafers expected to end in April
= Module production by IZM (UBM, flip-chip), IFAE (wirebonding) and Oslo (flex design)
= Test beams at the end of the year with a first system of tracking and timing detectors

= AFP planned to be installed end of 2015
- second use of 3D silicon sensors in HEP experiment!

A S 9 27.02.2014, J6rn Lange 14
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DESY Test Beam

= Check performance in test beam
= DESY II 4 or 5 GeV electrons

=  ACONITE telescope (EUDET type)

= 6 planes of MIMOSA-26:
660k Si pixels (18.4 um pitch)
= Trigger: 4 scintillators

= Special study of edge efficiency of first rows
(slim-edge side)

Thanks to all test beam participants,
esp. I. Rubinskiy (DESY), D. Pohl (Bonn),
O. Korchak (Prague), Sh. Hsu (Washington)

wire-bond side

telescope planes

rows
335 =
slim-edge side  columns
A9 27.02.2014, 36m Lange B



Regular Unslimmed Edge

wire-bond side

Y Edge Efficiency Sensor Map Top
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Efficiency stable up to last pixel

Smearing due to beam telescope resolution

For FBK even ~100 um beyond (active edge due to absence of
guard ring); a bit noisy/hot pixels — masked
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00 79
. . . L. slim-edge side columns
Efficiency projection
= T ' - T =
= & . ' next-to-edge =
= 3 .~ edge pixel | ixel =
= & - =
= no K Edge Fit —=
= pixels ‘ 50% at 44%03pm =
= Sigma 129+03um | 3
= . Plateaueff.  97.0:02% —=
S e "o L =
~100 50 0 50 100
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Efficiency projection
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Slim Edge (Bottom Side)
Other devices

Efficiency projection CNM_S3_R5

0

0 79

slim-edge side columns

> = | ; ; ; ; I " PPN s i o [ =
g SE edgpixel gl =
£ o7E- S A (ow0) ' (row1) 3
L = Q8 4 : —
0sE- &S no + Edge Fit =
0.5 = > . r ge Fi —=
s ¥ pixels A 50% at 5606um =
0.3=— H Sigma 20.5+0.7 pm —
02— e Plateaueff.  98.6+0.3% —=
01 ;_ . ) _ __;_4— E —;
0150 e T 4 100
Distance from Pixel Edge [um ]
Efficiency projection = FBK_S5_R10
> 1= T = = == T =]
2 09= e . next-to-edge =
§ 08— _{_.74 edge pixel . pixel =
Pue (w0 qown =
05— '\\&\ ,ﬁb Edge Fit —
04E— @ : 50% at 79603 um =
03— < S+ pixels Sigm: 12.2+0.4 um =
0.2E— i Plateaueff.  98.7 +0.1 % —=
01— i : =
Oy~ ""T0 —— ®0 ~ 0 &0 100
Distance from Pixel Edge [um ]
= Efficiency stable up to last pixel
= For FBK even ~85 um beyond (active edge due to absence of guard
ring); a bit noisy/hot pixels — masked
— same behaviour as for non-slimmed edge!
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Development of Efficient Edge in
FBK Sensor with Voltage

FBK_S5_ R10 20V

s e g I -
Boae & . S = <—> o | @
0.4 = Q'}\& </ 50% at 796503 = ¢ Left ¢ ¢
i < S oo ss1s01% | = * Edge :,']: « s
Dgf_ HTEUF’ 50 5‘ %U ®* (IBL) °
° Distance from Pixel Edge [um ] ® ( ® )' Bottom , ® ® @
90 o s Edge o «
L] ¢ ® § (AFP) i L] & L]
80 ’ @ * ® @ & B & & -]
¢ 2
=70 * ) -
= . = Width of efficient edge
%60 * - increases with voltage
[ | .
ol ¢ = (depletion zone
c ’ n = .
g, Preliminary increases)
0 m = Saturation between first
2 % : and second guard line
.-é 20 - ¢ Bottom Edge (AFP) beyond Iast p|Xe|
HLeft Edge (IBL)
o LT = Bottom edge has larger
width of efficient edge
0
o . 0 " 20 than left edge
V[V]
A S 9 27.02.2014, J6rn Lange 19



Electrical Characteristics

= Not optimal sensors from beginning (IBL spares)

= Merged/disconnected bump bonds, partly low Vg,

FBK_12_02_08 CNM_S5_R7 CNM_S3_R5
= Vg~ 40V before and after irrad. = Soft BD = Shift of Vg; to higher V
- Able to bias up to 58 V . Lower I after irr. at high V . Lower I after irr. at high V
1000 - 3 400.0 400.0
900 7, 350.0 350.0 -200C unirr.
800 - 3000 3000 == -200C irr.
700 1 1
250.0 250.0
.—.600 10 '<—E' T
~ 400 - ~ 150.0 150.0 )
300 - =#*—unirradiated (10 °C) 100.0 100.0 r
200 7 e iradiated (-20 °C) 50.0 50.0
100
0.0 0.0
0 0 20 20 oo 0 50 100 150 0 50 100 150
V[V] VI[V] VIVl
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Efficiency

Efficiency vs. Threshold

= Improvement of 1% per 1000e reduction of threshold for unirr. and irr.
(centre) area

= Even more for higher irradiated ring

1
0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

Preliminary

®- CNM-R7 Unirr. ®

@ CNM-R7 Irr. (Centre)

I\‘II\‘II\||II|IH|IH|?\ITI:OI|\II‘\II

@ CNM-R7 Irr. (Ring)

| | 1 | |
3500 4000
Threshold [e]

T | | | ‘ |
08000 2500
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Noise of irradiated sensor

= Noise outside irradiated region ~ 130 e
= Noise inside irradiated region slightly higher (by about 10-20e)

FBK-12-02-08, 50 V
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Efficiency

—Unirr reference
3 1 Unirrreference R * CNM-57 unirr
c - ::l:=:=7k=:=;.= FBK-08 unirr + CNM-57 irr
) B FBK-08 irr CNM-RS5 unirr
% 0.95; . * T e et . ? . @Z
~ o CNM-R7 unirr S R CNM-R5 irr
0.9 CNM-R7 i
- -R7 irr .
: | Q
0.85 ° Y
- ; N
0.8° S Q{b
0.75] -
0 7: 1 | ‘ | - ‘ | | ‘ 1 | ‘ | 1 | | | | ‘ | 1
0 20 40 60 80 100 120
Vbias [V]
Non-Uniform Unirr. PS KIT KIT
Irradiation Reference | Focussed | Hole (circ.) Hole (slit)
@ [10° ng,/em?] Unirr. 4.0 (max) 1.8 3.3 3.6
Samble CNM CNM FBK CNM CNM
P 55 57 12 02 08 | S5-R7 S3-R5
Edge Regular Regular Regular Slimmed Slimmed
Threshold [ke] 3 1.7 2 3(2) 3
Eff . (unirr) [%] 99 99 98 94 (95) 94
Effa(irr) [%0] 98 97 93 (94) 93

Irradiated area (centre) almost
as efficient as unirrad. area

Irradiation through hole (KIT):
offset for CNM devices

Both unirr. and irr. area

Note different fluence, irr. area,
threshold, edge

Threshold of 2 ke gives 1% more

Problem with tuning? Non-
uniform eff. even in unirr. Area

For all devices: eff. = 93%

Highest eff. for focussed-beam
irradiation with CNM-57:
98% in irr. area

Possibly improvable by tilting
sensor (15° under study)
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