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Introduction

3D sensors first proposed by in 1997 Z‘j‘ﬁi‘\f’3’;§"’(’;g)g7ieg§é
Followed by intensive R&D program
First used in HEP experiment in ATLAS IBL
e 2011: decision to use 3D in 25% of sensors
e 2014: Fast-track IBL installed in ATLAS ahead of plan
« 2015: First collision data with 3D sensors see D. Ferrere talk
Forward detectors
« ATLAS Forward Proton (AFP) detector [ATLAS-TDR-024] J. Lange, et.al,
» Second use of 3D sensors JINST 10 C03031 (2015)
 Qualification with non-uniform irradiations, slim edge studies
 Installation planned for 2016
« CMS-TOTEM PPS: Installation of 3D detectors
planned for 2016 [CMS-TDR-13] See F. Ravera talk
3D sensors being studied for HL-LHC
 ATLAS and CMS

0, 10, 20, 30, 40, 50, 60, 70, E
Column

See technology details: AFP 3D tracking modules
G. Pellegrini and M. Boscardin talks and QA (IFAE)
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3D sensors for HL-LHC

Planar Technology 3D Technology
P me P n we P n*
» Advantages i o’T $ [ THe|oA $
* Decouples thickness from electrode distance bylg " e
» Lower depletion voltage, less power dissipation ! s | | b A
« Smaller drift distance, less trapping ,,1? | ol
» Disadvantage A ‘ he- ;: v
* More complex production process C 00 Vi et o, N 4 694 2012) 21T
* Lower yield, more cost FBK (Trento) CNM (Barcelona)
» Higher capacitance (more noise) . oump

3D is the most radiation hard technology to-day: similar
performance than planar sensors, but less demanding
in terms of bias voltage and cooling. However, need to
address new challenges:

« More radiation hard (innermost layer(s), 1-2E16 neq/cmz)

oxide [l metal M passivation
p'Si M p poly-Si M n’ poly-Si p'Si

A. Zoboli et al,, IFFE TNS 55(5) (2008) 2775 G. Pellegrini et al. NIMA 592(2008) 38
G. Giacomini, et al., IFFE TNS 60(3) (2013) 2357  G. Pellegrini et al. NIMA 699(2013), 27

* Smaller pixels (compatible with new readout chip, 50 ym — 25 ym)

* Thinner (reduce cluster size/merging, 200 ym — 100 ym)

S. Grinstein, 11" Trento Workshop, 2016 3



3D sensors for I-”_-LHC

Device FEI3 FEI4

Pixel (um2) 50x400 50x250

N-columns 3E 2E

Electrode :

distance (um) | 67 35 _ Less trapping, more rad. hard

Three-fold strategy to develop 3D sensors for ATLAS HL-LHC (ITk) detector:

1. Study limits of current IBL 3D generation of sensors (FE-I3/FE-14 ASIC)

2.Develop technology solutions for smaller pixel sizes but using current front- end
electronics (FE-14)

3.New generation of 3D sensors (compatible with new RD53 chip)
* Productions planned for this year

S. Grinstein, 11" Trento Workshop 2016



@ Irradiation Campaigns

* Irradiated IBL-FEI4 devices at IRRAD % >
* IBL “left over” (230um thick) §0-35
* First irradiation non-uniform (no 3 03

scanning), reached max of
1E16neqg/cm2
* Beam test done with two devices

0.15

* Irradiated FEI3 devices at Ljubljana
e 230 um thick

* 60 mm? active area 0.053

* Six devices studied (neg/cm?):
« 5E15 (1), 1E16 (2) 1.5E16 (2), 2E16 (1)
* Laboratory measurements

_ _ FEI4 irradiations
Thanks to |. Mandic, V. Cindro (JSI) and F. up to
Ravotti (CERN) and AIDA support. ~1E16neq/cm?

but non-uniformly

S. Grinstein, 11" Trento Workshop
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- Performance at high fluence

Plots by I. Lopez (RD50 Workshop Dec. 2015)
» Results from highly irradiated IBL-FEI4 samples

L. = L L B B L B L L L T 1
» Good average efficiency £ 300) 6181-07-02 (-30°C L
» Use to study performance at different fluencies 2s0f-8.4€15 neglcm2 e

* Assume Gauss distribution (FWHM ~12 mm) 200
* Probe range of fluencies for the same device

150
100 =
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S 095—gé et d %?8@ . L S STTIY
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o7C |- Lopéz*Paz ¢ ' E Threshold: 1500 e
= o te 3 ToT: 10ToT at 10ke
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0.5 Yo E g Cleavt |
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o RE ® 150V + ] . - : - . . 148V ET .“22
e BT ] 1
0-2 :TI.ISBIB[)I_1|2_{:?I 1 IC)| S:S:_{??_‘I:’zl | T | 111 1 | | T | 111 1 I | T | I_: : _25 %
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Fluence [10" n,,/cm?] B EE
0.2 -2
° I. Lopez Paz 1
« Consistent results between different samples 0570 26 30 40 50 60 70 80 o0
« High efficiency for high fluence at 170V Column
6
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” FEI4 Performance at high fluence

» Closer look at bias voltage dependence
Plots by I. Lopez (RD50 Workshop Dec. 2015)

E; 1T 7 77 -'-T-I —————————————————————
c = 3 T
:8 0-95— --------------- _; > 1' T LB LA B T
o 08F 3 8 L e
075 4 g oes -8
E B 096 - =
0.65 —— 2.0)(1\l)1\"f\neqlcm2 = 5 94ZF ]
05E —o— 0~ 5.0x10"® riJom? 3 3 e
0.4 ;— e 7.0x10" n c/cmz—_ 092: —— ¢eq ~5.0x10 neq/cmz_:
= eq 1 e E ——, - 7.0x10'° n Jem?
0-3§ —e— ¢, ~ 9.0x10" n,gfom? O‘Q?PRELIMI A 4~ 80610%n,Jem? ]
0.2 3 PR E L —e— 5860-12-07 —; . 088 R Y —e— 5860-12-07 —
0.1 | | ”V|"NA R ‘m. CNM34 (5e15) [1] \0-\86; | = G (et [1]
= o L1 Lo | L1 O L1 e 7y I
20080 B0 100 120 140 160 780 10010120130 140 150" 60 470180
Voltage [V] Voltage [V]
Fluence @ [nJem?q | VIV] | Eif[%] « Efficiency >97% at 170V for 1E16
“IBL” fluence [1] 5el5 140 97.6 .
“BL” fluence 5015 150 g75 ° AtSEl5neq/cm2 agreement with IBL
o results
ITk” fluence 9el5 170 97.8

[1] JINST 7 P11010 (2012)
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“ FEI3 Performance at high fluence

» Six FEI3 n-irradiated devices studied (neg/cm?):
« 5E15 (1), 1E16 (2) 1.5E16 (2), 2E16 (1)
* Plus non-irradiated devices for cross checks

1800054 L - —— Unirrad. 3000e thr
3] g::r‘.‘- § 5 Unirrad. 3000e thr
= - D. Vazquez - 1el6n,/cm” 2500e thr
EMGW: q —— 1.5e16 n,/cm” 2500e thr Sample Irradiated to 1E16 neq/cm?
£12000— - | 1.5616 n,Jcm’ 25008 thr =
2 - - 2e16 n,Jem” 25008 thr v 85 = |
Umgm:— . r—— “E = 2500e thr T A
- o) = —— 3500€e thr
2000 o | : | & >° = lowerthreshold ~ # -
= ; : i = E 1 g
0c o L 1y &) E 7l
0 50 100 150 200 250 45 B Scan ek 3
Bias voltage (-V) = il P, =
. 35 rE’."'.T-././.;...\..,i..‘...i.r.ir..;u\i..‘i\.\
» 30% charge collection for 1E16neg/cm2 at 180V 60 80 100120 140 160 180 200 220 240 260
0
« 25% for 2E16neq/cm2 at 200V Bias Voltage (V)

« Difficult to tune FEI3 to low threshold!
« Testbeam planned for 2016

S. Grinstein, 11" Trento Workshop 8



Power Dissipation of 3D Sensors

Power dissipation critical for inner pixel layers

Important to provide realistic estimate in short timescale

|deal: irradiate modules to 2E716neq/cm?, determine performance

* Obtain operational bias voltage (Vop: efficiency>97%) then power
However:

* No RD53 chip yet

* TID likely to compromise FEI4 at highest [Tk fluences in p-irradiation
* FEI4 Tantalum becomes radioactive with n-irrad

So:

* Use FEI3 devices n-irradiated to ITk fluence

* Determine performance and validate results

* In parallel, push FEI4 studies with available samples

S. Grinstein, 11" Trento Workshop 9



Leakage Fluence Dependence

7d@RT anneal., -25 °C

14{}5 —:— ::2 : Z:E x_;"‘-i o Anneallng tO 7d @ RT
A ‘

—_
r3
=]

—+— fe16n,, cm? 2 <A |+ Dashed lines, model
g « Assumed depleted bulk
g ;.5:5% on R 7 . 1= deq Vo
«— 2el6n, om: L WA S SO S .
...... - Model {a=4.50-17 Alcm) <" &% -, 1|+ Operational voltages
3 -~ indicated w/ circles:
al ; * Measured in beam tests
P st S ......................... (5E1 5 and 1 E16)
5 5 * Charge collection studies
(1.6E16 and 2E16)

m?, 2616 om® nimad., 7d@RT anneal., comrected t0 25 °C

/
4

L« 1.5e18 Mgq CM* e

—
=
=

o0
=

Leakage current (-pLA)

iy
=

5

20

G_llllill||i||||i||||i||||i||||i||l|

0 50 100 150 200 250 300 350
Bias voltage (-V) -

* Consistent results between different samples : pr
- Temp sealing
at same fluence e G 2
* Consistent with model predictions (a=4.7E-17 Alcm) =0 ..

* Confidence in leakage vol dependence
S. Grinstein, 11" Trento Workshop
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Power Dissipation of FE-I3 devices

3D CNM FE-I3, 230 um, 61.3 mm?, n-irrad., 7d@RT anneal., -25 °C

—=—1e16 n,,cm?

80

-=— 1.5e16 Neg sz : i F:
- —a—1.5e16 noq sz """"""""""""""" Ji """"" P """""""""""""
2616 g om? j ; *
S ni— R S— R FEBE . dE S

70

60

50

Power dissipation (mW/cm?)

40

30

IlIiIIIIiIIIIiIJIIiIJIIiIIII

0 50 100 150 200 250 300 350
Bias voltage (-V)

« Operational voltage at 1E16neqg/cm2 obtained from FEI4B samples non-
uniformly irradiated (for L1E16neqg/cm2 estimated from charge collection)

« At 1IE16neg/cm2, Vop=180V: 15mW/cm2 (230um thick sensor)

S. Grinstein, 11" Trento Workshop 11



First Small Pitch CNM Run
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See technology details:
G. Pellegrini
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Projec within RD50, run finished Jan 2016

IBL-like: p-type, 230 um double-sided,
non-fully-passing-through columns
Small pixel size 25x100+ 50x50 pm?
(matching FEI4 and FEI3 geometries)

Also strips and diodes down to 25x25 um?

3D unit cell

Improved aspect ratio 26:1 (column

diameter) 8 ym, but non-optimized
production

£~ Number of 3D electrodes/pixel

25x250 pm? 2E - standard FE-14

25x500 uym? 5E —i.e. 5x "25x100" 1E, with 3DGR

50x50 pm? 1E with the rest connected to GND with 3DGR
25x100 pm? 2E with the rest connected to GND

50x50 um? with the rest connected to GND without 3DGR
: FEI3 device: 50x50 pm? with rest to GND with 3D GR
RQOC4sens 50x50 pm?

PSl46dig

FERMILAB RD ROC 30x100 pym?

Velopix 55x55 pm?

: Strip 50x50 pm?
: Strip 25x100 pm?
Strip 30x100 ym?
Pad diodes 25x25, 25x50, 30x50, 50x50 pm?

TOZEICTIOTMUO®>

12



First Small Pitch CNM Run: Strips

50x50 um? 3D unit cell

25x100 um? 3D unit cell
128 strips, 150 3D columns each

128 strips, 75 3D columns each
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First Small Pitch CNM Run: Strips

Measurements by M. Granado, L. Simon (supervised by J.Lange)

Total charge collected [e-h] |

Y axis [um]
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10V

x10°
160

140

120

100

80
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80 100
X axis [um]

* Transient Current Technique (TCT)
measurements

* 1060 nm IR laser
— similar penetration as MIP

* Surface scan
* 2 readout strips (here: summed Q)

* Still working on reducing laser intensity
variations and monitoring

Total charge collected [e-h] |

Y axis [um]

80
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0

30V

160

140

1
|

120

100

;

100
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* 7781-4-O 30x100 um? strip,
unirradiated

» Verified charge collection on strips
\

p+ ohmic column

——— Aluminum strip (2 read out)

~— n+junction column

S. Grinstein, 11" Trento Workshop 14



First Small Pitch CNM Run: Pixels

C/E: 50x50 ym? 1E
with the rest connected to GND

.
: |
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i p-type hole, 5pm.
Lot

ﬁ-t\rpe hole, 5pm.

D: 25x100 ym? 2E
with the rest connected to GND

pepopefelofoled:isiie| sje]s)

» Electroless UBM on first

wafer (not good quality)

» Electroplating on other
wafers @ CNM
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First Small Pitch CNM Run: Pixels

* Flip-chip and assembly done at IFAE
« X-ray inspection showed large disconnected areas

e v

eeeesccece

. Vs for run 7781 after assembly Vs for run 7781 after assembly
* Vbd: 12-18V . “TEEEEE
T 0= : =i
i, C1 -
g 0E- b o
L= ! “:
. ol
anE= ""
A= —a— Fhil ol | irminiend I':I; S
3 5 & 5 :;:-H'\-Hl-lpf-l'-\'ll.s 5 [ 10 s m hm}&?v
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First Small Pitch CNM Run: Pixels

Noise levels of C and D devices (tuned to 2ke and 10ToT @ 20ke injection)

C: 50x50 um* 1E
with the rest connected to GND

D: 25x100 ym? 2E
with the rest connected to GND

SCURVE_SIGMA: THRESHOLD_SCAN without HV.
Module "7781-4-C1"

‘ SCURVE_SIGMA: THRESHOLD_SCAN without HV.

Module "7781-4-D"

Noise mod 0 chip 0 Noise mod 0 chip 0
z 0 z 0 ——_ =
o o =
-3 -3

i e

)
25000
“Channe ow+336*column+26880*chip

i
20000

600

T R

Sui
15000
"Channel" =

O 1

20000 25000
row+336*column+26880*chip

S bt e b
0 5000 10000

Disconnected areas and lower capacitance of 50x50 um2 apparent
Big enough area of working pixels!

S. Grinstein, 11" Trento Workshop

Column Column
Constant 2603 Constant 2410
= Mean 121.2 2500 Mean 125.6
2500 £ Sigma 21.9 E Sigma 13.22
E 2000
2000 £ E
E 1500 —
1500 = E
1000 i 1000 =
500 £ 500 i— ﬁ
E 1 L L L - -
400 500 600 100 200 300 400 500 600
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First Small Pitch CNM Run: Pixels

 Verified charge collection with Sr-90 source

ClusterToT C1 & D

o
S o2- — D (MPV=2.8)
L—:’J 0.18
0.16 F- — C1 (MPV=5.2)
0.14 —
0.125_
0.1
0.083—
0.06
0.04
0.02
ol 1 e L T e ]
0 10 20 30 40 50
Cluster ToT

« ToT to charge and absolute calibration on-going
» As expected, more charge in 50x50um2 geometry (C1 vs D)
* Very preliminary results, but promising!

S. Grinstein, 11" Trento Workshop



First Small Pitch CNM Run: Pixels

 Verified charge collection with Sr-90 source

ClusterToT C1 & D

o
S o2- — D (MPV=2.8)
L—:’J 0.18
0.16 F- — C1 (MPV=5.2)
0.14 —
0.125_
0.1
0.083—
0.06
0.04
0.02
ol 1 e L T e ]
0 10 20 30 40 50
Cluster ToT

« ToT to charge and absolute calibration on-going
» As expected, more charge in 50x50um2 geometry (C1 vs D)
* Very preliminary results, but promising!
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First Small Pitch CNM Run: Pixel lrradiation

Measurements by J. Lange,

E. Cavallaro and D. Vazquez Thanks a lot to JSI (I. Mandic, V. Cindro), AIDA2020

strips & 3D-FEI3 n-irrad., -25 °C, anneal. 7d@RT

breakdown for smaller 3D
sizes 100
« Non-optimized run, further  sofF- a2

studies needed ||t1||

< SO0 —— Sirip 50x50; Teibn, Jom’

S 4500 —*— Strip 50x50; 5915n ."cm

<7 —=— Strip 25x100; 1e16M, /cm’

T 400 —=— Strip 25x100; 5e15n° /cm?

€ __ H = FEI350x133; 1e16n oJ/om’

£ 3504~ FEI350x133, 5e15nmlcm2

B e =

mSOU__ .......................................................................................... ‘f ...... s i

& = &

x 250
* Results scaled by area i 2005_ (TR, N—
* Higher lleak and lower 1A

0
« Largely satisfies limit of 0 I
10nA/pixel (RD53) EE N )
» Vop will be much smaller in
small pixels - » Less power dissipation

* Need beam tests!

S. Grinstein, 11" Trento Workshop 20



Conclusions

e Studied IBL-type 3D pixel detectors up to HL-LHC fluences
« FEI4 >97% efficiency at 170 V at 9e15 n_ /cm?

« Low power dissipation: 15 mW/cm? at 1e16 n_/cm? and 180 V for 230 ym

* First 3D double-sided production run with small ITk pixel size finished
* Pixels with 50x50 and 25x100 pm? geometries
* FEI4 assembled — works well (for electroless UBM)

* Irradiation of diodes/strips with n
— higher |, after 116 n_/cm? than for IBL-type

— still under investigation, but will need less V_, (might compensate for power)
* New productions in preparation at CNM (RD53-chip geometry)
* Optimised 200 um double-sided and 100-150 ym single-sided

* 50 um thin (SOI) pixel devices to be done soon
o0u

S. Grinstein, 11" Trento Workshop 21
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3D Power Dissipation Summary

Compilation by
At -25C J. Lange

» Leakage agreement with model at Vop at 7 day RT annealing (-25C)
» Scale result to 150um thickness (see also next slide)
* Indication of Vop~200V for 2E16neg/cm2, 250V given for comparison

Confident of results at 1TE16neq/cmZ2 (supported by charge collection, beam tests, and
other measurements — next slide)

S. Grinstein, AUW Nov 2015 23



Power Dissipation Compilation

Comparison between different 3D devices (FEI3/4 pixels, strips), irradiations (p, n), thicknesses (230, 285 ym)
All values scaled to -25°C, 7d@RT annealing and 230 ym thickness
Very good agreement: max. 39% deviation per fluence (usually better)

Thickness scaling works between 285 and 230 ym

Fluence Thickness Power Max. deviation
[ng/em?] |V op [V] Irradiation Sample [um] [mW/em?] per fluence
5e15 160 n (Ljubljana) CNM FEI3 Pixel [1] 230 7.4 0.27
23 MeV p (KIT) [CNM34 FEI4 Pixel [2] 230 54
23 MeV p (KIT) |CNM97 FEI4 Pixel [2] 230 6.3
23 MeV p (KIT) [FBK11/87 FEI4 Pixel [2] 230 59
n (Ljubljana) CNM81 FEI4 Pixel [2] 230 7.3
23 MeV p (KIT) [CNM strip 1 [3] 285 6.5
23 MeV p (KIT) |CNM strip 2 [4] 285 7.0
23 MeV p (KIT) [FBK strip [5] 230 6.1
1e16 180 n (Ljubljana) CNM FEI3 Pixel [1] 230 14.9 0.04
23 MeV p (KIT) [CNM strip 1 [3] 285 15.5
2e16 200 n (Ljubljana) CNM FEI3 Pixel [1] 230 32.0 0.39
23 MeV p (KIT) |CNM strip 2 [4] 285 19.6
23 MeV p (KIT) [FBK strip [5] 230 31.6
[1] Measured by IFAE 2015 at -25°C, 7d@RT annealing (see talk ITk Week Sep 2015 by D. Vazquez)
[2] ATLAS IBL Coll., JINST 7 (2012) P11010, remeasured by IFAE 2015 at -25°C, 120min@60C annealing

[3] C. Fleta, RD50 Workshop June 2010, measured at -10°C, 1d@RT or 4min@80°C annealing

[4] M. Kohler, PhD thesis Uni Freiburg, 2011, presented at 20°C, few days@RT annealing (not corrected for)

Compilation
by J. Lange

[5] G.F. Dalla Betta et al., NIMA 765 (2014) 155, presented at -20°C, as irradiated (assumed 1d@RT annealing)

24
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Leakage Current of Irradiated Strips

Measurements by D. Vazquez, E. Cavallaro, J. Lange

= JFAE climate chamber on TCT PCBs
= Standard: set to -25°C
= T monitoring
= (Climate chamber internal: -25°C
= T meter near door: -23.8°C
=  Pt100 on sensor M2: -24.2°C
IV 7781-4-M2 stnp anneal 2670@RT tetén,, Jom? ~ variation up to 1.2°C
- 10% difference in leakage current
e 7781-4-M2 -20 C
e 7781-4-M2 -25°C - values presented here are upper limits for
. 7781-4-M2 -26°C -25°C
e 7781-4-M2 -30°C =  Self-heating during IV (1s/point) max.

0.2°C
= Annealing study up to 7d@RT (22-25°C)

0|||||||||||||||||||i||||i||||i||||i||||

0 50 100 150 200 250 300 350 400
Bias voltage (-V)

|
= FA& 9 15 Feb 2016, Jorn Lange: 3D Detectors 25



High Incidence Angle Studies

« RD52 pixel geometry will be 50x50um?2 and thinner sensors being considered
« Important to study efficiency for thin sensor and at high-eta

« Use available FEI4 samples: IBL-high-phi = ITk-high-eta

» Calculate efficiency of each pixel (as opposed a hit efficiency)

7 28 x 50 pm 80 deg incidence testbeam topology
B == >
|| DX ﬁ‘ ) "#ﬁ:@-—m_m \
N Y - - - — >
10 x 50 pm 15 x 50 pm
BCNMSS Un-irradiated ; % o rokosers rradiated
§F8K13 + + " Cp— CNMS7-5¢15
2902 4 - £ FBK11-5e15
80 (""
_ % " r__..»-—--'"
TuNniNg:  ges - L/
1000e 80
08.6 1
threshold "
98.4 75
a8.2 T0 ‘
a8 B5
0 5 10 15 20 25 30 35 40 60 B0 100 120 140 160 180 200
Effective Voltage [V]
Woltage [V]

« Good efficiency (>85% at 180V) for 5E15neq/cm? with non-optimized IBL geometry!
» Details: l.Lopez, September ITk week talk 26
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