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OUTLINE: ° RD50 Collaboration

* Scientific results
= Defect and Material Characterization
= Detector Characterization
= New Detector Structures
= Full Detector Systems

* RD50 key results 2014/2015
* RD50 Work Program 2015/2016
* RD50 achievements



30‘30 Motivation and Challenge @

* LHC upgrade (and beyond.... FCC)
= upgrade of the LHC to the High Luminosity LHC (HL-LHC) after LS3 (~2024)
= expected integrated luminosity: 3000 fb-1 (x6 nominal)

ATLAS Inner Tracker Fluences at the HL-LHC
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Silicon detectors will be exposed to hadron fluences equivalent to more than 10!® n/cm?
=>» detectors used now at LHC cannot operate after such irradiation

RD50 mission: development and characterization of silicon sensors for HL-LHC and beyond,
analyze and understand radiation damage in silicon detectors
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D50

The RD50 Collaboration

* RD50: 49 institutes and 275 members

41 European and Asian institutes
Belarus (Minsk), Belgium (Louvain), Czech Republic (Prague (3x)),
Finland (Helsinki, Lappeenranta ), France (Paris, Orsay),
Germany (Dortmund, Erfurt, Freiburg, Hamburg (2x), Karlsruhe,
Munich(2x)), Italy (Bari, Florence, Perugia, Pisa, Torino), Lithuania
(Vilnius), Netherlands (NIKHEF), Poland (Krakow, Warsaw(2x)),

Romania (Bucharest (2x)), Russia (Moscow, St.Petersburg), Slovenia
(Ljubljana), Spain (Barcelona(2x), Santander, Valencia), Switzerland

(CERN, PSI), Ukraine (Kiev),

United Kingdom (Glasgow, Liverpool)
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Detailed mem

ber list: http://cern.ch/rd50

6 North-American institutes

Canada (Montreal), USA (BNL, Fermilab, New Mexico,

Santa Cruz, Syracuse)
1 Middle East institute
Israel (Tel Aviv)
1 Asian institute
India (Delhi)

* No changes since last LHCC report in June 2014
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30‘30 RD50 Organizational Structure

©

Co-Spokespersons
Gianluigi Casse and Michael Moll

(Liverpool University) (CERN PH-DT)

Defect / Material

Characterization

Mara Bruzzi
(INFN & Uni Florence)

Detector

Characterization

Eckhart Fretwurst
(Hamburg University)

New Structures

Giulio Pellegrini
(CNM Barcelona)

Full Detector

Systems
Gregor Kramberger
(Ljubljana University)

Characterization of
microscopic properties
of standard-, defect
engineered and new
materials pre- and post-
irradiation

eCharacterization of test
structures (IV, CV, CCE, TCT,.)

eDevelopment and testing of
defect engineered silicon
devices

*EPI, MCZ and other materials

¢ 3D detectors

¢ Thin detectors

e Cost effective solutions

e Other new structures

e Detectors with internal gain
(avalanche detectors)

e LHC-like tests

e Links to HEP

¢ Links electronics R&D

¢ Low rho strips

¢ Sensor readout (Alibava)
e Comparison:

DLTS, TSC, ... *NIEL (experimental) » LGAD-Low Gain Avalance Det. - pad-mini-full detectors
SIMS, SR, ... eDevice modeling * Slim Edges - different producers
NIEL (calculations) eOperational conditions ¢ HVYCMOS eRadiation Damage in

WODEAN: Workshop

on Defect Analysis in
Silicon Detectors

(G.Lindstroem & M.Bruzzi)

eCommon irradiations
* Wafer procurement (M.Moll)
* Device Simulations (V.Eremin)

*3D (R.Bates)
¢ GAD (V.Greco)
Slim Edges (V.Fadeyev)

HEP detectors

eTest beams
(M.Bomben & G.Casse)

Collaboration Board Chair & Deputy: G.Kramberger (Ljubljana) & J.Vaitkus (Vilnius), Conference committee: U.Parzefall (Freiburg)
CERN contact: M.Moll (PH-DT), Secretary: V.Wedlake (PH-DT), Budget holder & GLIMOS: M.Glaser (PH-DT)
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Defect & Material Characterization



D50 Defect Characterization @

e Aim of defect studies: . space charge trapping leakage current
= |dentify defects responsible for Trapping, j_ \ / electronsi‘
Leakage Current, Change of N Change of E-Field genor
= Understand if this knowledge can be used to mitigate T / \ &mles
radiation damage (e.g. defect engineering) E, 7

= Deliver input for device simulations to predict detector performance under various conditions

* Method: Defect Analysis performed with various tools inside RD50:

* C-DLTS (Capacitance Deep Level Transient Spectroscopy)

10° 4 ggr 5 | —=—15MeV ;

*TSC (Thermally Stimulated Currents) 1 %ftﬂm o [ g-ﬂ;"? e

] BB 7, é & c

*PITS (Photo Induced Transient Spectroscopy) ~E- 1 HL;E . o | — ;_5’ mex ®
MR o BB L N &

*FTIR (Fourier Transform Infrared Spectroscopy) S 10 f‘"_,"if % g %

*EPR (Electron Paramagnetic Resonance) E 1 fg: f:'qr 3

c 1 :\ 5 oy =

*TCT (Transient Current Technique) 5 1 ﬁ,g,’-’?“} ‘ 2

10 by B N

* CV/IV (Capacitance/Current-Voltage Measurement) 3 103 - §

] ] ~ F o

« PC, RL, I-DLTS, TEM,... and simulation JVW ¢ z

i a A,

_ 10" : i =

= RD50: several hundred samples irradiated R R L G R |

0 20 40 60 80 100 120 140 160 180 200 220 “—

with protons, neutrons, electrons and ¢°Co-y

Temperature [K]

... significant progress on identifying defects

; . Example: TSC measurement on defects produced
responsible for sensor degradation over last 5 years!

by electron irradiation (1.5 to 27 MeV)
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O Summaryon defects with strong impact on @
device performance after irradiation i

ROS

* Some identified defects " "
positive charge positive charge
(higher introduction after (higher introduction after
PhOSphOrUSZ ShalIOW dOpa nt proton than after neutron proton irradiation than after
(positive cha rge) irradiation, oxygen dependent) neutron irradiation)

Comduction Band

Leakage
4| current: v,

E4(=/-)

E205a(-/0)

V,(-/0) oo
leakage current m— V/(-/0)
& neg. charge
current after yirrad, CiOi(0/+ ) s o L Reverse
V,0 (?) H140(-/0) e i
(negative charge)

! Valence Band

Boron: shallow dopant
(negative charge)

A table with levels and cross sections is
given in the spare slides.

* Trapping: Indications that E205a and H152K are important (further work needed)
= Converging on consistent set of defects observed after p, w, n, y and e irradiation.
= Defect introduction rates are depending on particle type and particle energy and (for some) on material!
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D50 Electron Damage: Defects & NIEL @

* Study on defects concentrations and damage after electron irradiation (1.5 to 27 MeV)
= Aim: Understand defect generation as function of electron energy (“silicon recoil energy scan”)
= What is the threshold for defect cluster formation in terms of PKA (Primary Knock-on Atom) energy?

11
0.008 STFZ 6.0x10 (a) o from C-V
| ® E(S0K) 1 e from TSC - calculated with eq.3
® H(116K) »
- 0.006 4 A H(140K+152K) 4.0x10"" 4
‘e |porz
O O E(30K) i
- | - —~ 11
2 a :Eugﬁwzm 7 2:0x1077
© 0.004 5
c / ~ o
S 5 0.0
s 1 < ’
bS] 0.002+ o ..type inversion
g | A== -2.0x10''4  during annealing o
0.0001 & .
T T T T T T T T T T T T _40)(10 — S — S
0 > 10 9 20 2 30 0.1 1 10 100 1000 10000
Electron energy [MeV] Annealing time at 80 °C (min.)

o 14 2
* Electrons above = 3 MeV produce “cluster damage” Example: 15 MeV e (2.2 x10% e/cm”), STFZ

* Reverse annealing (N.¢) observed and matching the observed defect concentrations (H-defects)

* Observation on the NIEL (Non lonizing Energy Loss) for electrons below 30 MeV
= The leakage current damage factor (alpha) does not scale with the “classical NIEL”
= We had to use the “effective NIEL” as calculated by Molecular Dynamics (MD) calculations
to describe the leakage current and the introduction of cluster related defects correctly

[Effective NIEL: Inguimbert et al., IEEE TNS 57 (2010)1915]

[more details: R.Radu et al, JAP 117, 164503, 2015] G.Casse and M.Moll, RD50 Status Report, June 2015 -8-



Device Characterization & Simulation



D50 TCAD simulations

°* Why do we need TCAD simulations ?
= Complexity of the problem
* Coupled differential equations (semiconductor equations)
Impact of defects depending on local charge densities, field-strength, ... (“feedback loop”)
Complex device geometry and complex signal formation in segmented devices ....
Interplay of surface and bulk damage
Example: 3D sensors

Electric field distribution in 3D detector
(Al & oxide layer transparent for clarity)

Doping profiles

N, ,=5el8 cm3 Npuk = 1.7€12 cm-

p

Column depth =
bulk thickness

Example of 3D sensor: T.Peltola (HIP, Helsinki): CMS & RD50

G.Casse and M.Moll, RD50 Status Report, June 2015 -10-



aD50  RD50 Simulation working group @

* Aim: Develop simulations (TCAD input parameters) allowing to simulate performance
of irradiated silicon sensors and performance predictions under various conditions
(sensor design and material, irradiation fluence and particle, annealing,...).
= Close collaboration with CMS Tracker sensor simulation working group (A.Messineo)

= Example of results (simulation vs. measurement):
e Comparison between simulation results (Synopsis TCAD) and CMS test beam data (strip sensors)

» Surface damage included via interface charge layer.

U CCE simulations using 2 trap model + Ty
1.0 B PSP tuned Q b
V=-1kV ' =]
Fluence | Qineutron) | Qqproton) N
0.8 - [em?] [cm2] [em2] g
: _ 1814 6e10 1.4e11 =
~ 0 3e14 - 3et1 -
TH—____ n/p=0.56 200 Y 4e14 9e10 - |
06 B VU, ot P SO . S 8el4 3.25e11 7.1e11 bt
w ' neutrons Tl Tl @ 5615 | Gl — S
- —— 4e - .28

O : Qe T 200 ¥ :
0.4 J. . —A 320P, proton model LT g A Q Test beam measured CCE of FZ320P g
A~—200P, proton model ! n/p=0.63 and MCz/FZ200P samples is reproduced ]
200P, SIBT data . ) g

X FZ320P, SIBT data } Measured mixed : .
0.2 - ' : U Fixed Q; values used to predict CCE ©
Q---320P, neutron model H . —
of non-measured detectors with equal [e)
OQ--- 200P, neutron model . L. . Pt
irradiation type/dose to detectors with =
0.0 . I T I : , experimentally matching CCE o
0.0 5.0x10" 1.0x10"° 1.5x10" =
2 [

Fluence (1 MeV nm) [em™]

Simulations of irradiated devices in TCAD are getting predictive power!
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Segmented Sensors with
read-out at the n* contact

(n-in-p or n-in-n)



RDSO Reminder: Segmented sensors: n* vs. p* readout @

* p-type strip sensors with n* readout (brougnt forward by RD50)
= are now the sensor choice for ATLAS and CMS Tracker upgrades

iy 25 —— _— ———y
C L T T L —_— . T
S ol % _ninprFzaroov) | FZ Silicon Strip Sensors 500V
3 S . ® n-in-p (FZ), 300um, 500V, 23GeV p [1] & 20 .
— F® - ) 1 o n-in-p (FZ), 300um, 500V, neutrons [1,2] ~ ~
D 20 ks : . n-in-p-Fz (800V) " — ® n-in-p (FZ), 300pm, 500V, 26MeV p [1] P4 . ATLAS
S r 1 e n-in-p (FZ), 300um, 800V, 23GeV p [1] > , ™ allmin
— - s & n-in-p (FZ), 300um, 800V, neutrons [1,2] 5 15 ~A- A7 Neutrons (500 V) v preiiminary -
— 15¢ 1 & n-in-p (FZ), 300um, 800V, 26MeV p [1] 5 i_ﬁ; 7’”3'5 “\‘/e;"ons (5033/& 55
<) - 1 o n-in-p (FZ), 300um, 1700V, neutrons [2] = eV:Frotons (500,V)
(@] - 1 . kel —&— A7 26 MeV Protons (500 V)
E 5 1 4 p-in-n (FZ), 300um, 500V, 23GeV p [1] 2 10l A— A7 Pions (500 V) |
P 10 1 & p-in-n (FZ), 300um, 500V, neutrons [1] 8 E- A12A Neutrons (500 V)
O r = - M- A12A 70 MeV Protons (500 V)
L References: 8 - H- A12A B'ham 26 MeV Protons (500 V)
2 5L 5 ~® A12AKIT 26 MeV Protons (500 V) i
"G r B 7] [1] G.Casse, VERTEX 2008 - B~ A12A Pions (500 V)
- . ; (p/n-FZ, 300um, (-30°C, 25ns) B A12A 800 MeV Protons (500 V)
[<3] -in-n-FZ (500V : n-in-p-Fz (500V)
= rP ( ) ) | | | E [2] I.Mandic et al., NIMA 603 (2009) 263 ® - A12M 70 MeV Protons (500 V)
o : — E— : — E— (p-FZ, 300um, -20°C to -40°C, 25ns) ey i S s . o s s reamiony
14 15 16 0
O 10 5 10 5 10 1 10 100
_2 M.Moll - 09/2009 14 2
Dgq [cm™] Fluence (10" n__ cm™)

* n*-electrode readout (“natural in p-type silicon”): BRI R LIRRE0 VW arksnop Nov. 2014

» favorable combination of weighting and electric field in heavily irradiated detector
* electron collection, multiplication at segmented electrode
= Situation after high level of irradiation:

p* readout n* readout

small (EW- E) large (Ewo E)

[G. Kramberger, Vertex 2012]

I:)+
readout

n+
readout
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©

Thin p-type pixel sensors

D50

* Thin FZ p-type pixel sensors: 75 to 300 um with 450 um edge (MPI/CIS/VTT)
° ATLAS FEI4, 25 MeV protons, 800 MeV protons, neutrons, data obtained with beta source

_? 12 | . E 7_ T T T T T T T T T T T .
v P =, L ]
e L] i - -
5 10 || 26 :
= P - ] L 4
S 8 e ] S F .
B . . ] E S_ —]
g 6f IR .
= L [ =75 pm. &=5 = 4 a
S 4ab [% ] d=100 pm, =5 O ]
- =200 um. d=6 3k 7 .
2r [®] d=285 pm. ®=5 - - . ]
0 B . S o [®]=10" n./em’ 2F : i
0 200 400 600 800 _ 1000 L S O SR e
Bias voltage [V] 200 400 600 /800 1000
Bias voltage [V]
* Detectors irradiated with 5 10" n_ /cm? * Detectors irradiated T o metomL
* 100um thick sensors give more charge than up to 1.4 10% no/em? | o om0
75um thick sensors, both saturate with voltage * Sensor modules 42285 . B=10. Cis

* 200 um thick sensors give more charge still functional (even [ W | =200 um. @14, Cis-BI

than 300 um thick sensors at moderate voltage if in homogeneously [ W] d=200 um, =14, Cis-B2

* Beam tests show 97-99% hit efficiency irradiated) | W | d=300 um. @=14. Cis-C

(thickness tested 100 -200 um, 500V) [@1=107 ney/em”

B. Paschen, 25" RD50 Workshop Nov. 2014

S. Terzo, 24t RD50 Workshop June 2014 G.Casse and M.Moll, RD50 Status Report, June 2015 -14-



rD50 Slim Edges @

Minimize “dead” area of sensors: several techniques pri (v Eremin) & CERN (G. Ruggiero, NIM A604, 2009, 242-245)

SCP slim edges VTT/MPI active edges project =i
 Exploits scribe and cleave technique on planar < Pixel sensors with slim edges, trenches
and 3D devices, passivated ed\gle doped by four-quadrant implantation
[

Cleaving ||

Passi - M Silicon oxide |l Boron doping M Phosphorus doping
assivation Edge implantation

Seribing

" " 50 pm 50 pm
E—H
—5
Laser, XeF, etch, Tweezers, new: Native Oxide + ‘
DRIE etch, saw cut Dynatex machine Radiation or Support wafer
; t PECVD (n-type), e e S
Y Fadeyevior e, M A 101 03 20 ALD (p-type) o . 'FE-I3 FZ silicon, 100 um thick, 125 um

V. Fad 23" RD50 Workshop Nov. 2013 :
aceyey. ey slim edge, threshold: 1500 e-

CIS n-in-p, 285 ym Sr90, Alibava, single cluster plot BE v 3
thick, 150 ym slim 3 ¢ .s = 450 pm -
edge, 800 V bias, ¢ - + = - ; T
* 15 2 5 » 3 SE s
4"10" neg/em — L7 ;
: - p— 3 ,E ‘|'=0.allpixels
i ; 3 [(E] ¥=1. all pixels
. - 50 fa1n ;E d=1, edge pixels
s - — E o] 10’
. %50 ""To0 150 200 250 300
% Bias voltage [V]
} Hit efficiency (98.9+-3)% at 300 V after
' e T TR 5*10"° neq/cm’® S. Terzo, 23" RD50 Workshop Nov. 2013
- s Channel Nurmber
Similar median charge as for other strips Overall efficiency, |__ and noise unaffected
Also under development at HPK by edge‘CUttinQ
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New structures

Charge Multiplication
(Sensors with intrinsic gain)

HVCMOS
(towards monolithic sensors)



30‘30 Reminder: Charge Multiplication @

* Charge Multiplication observed and characterized after high levels of irradiation
with different techniques and in several different types of devices

Comparison of | and CCE for different sources ‘ .
T 8 [nEPIST 75um, @ =1x10"cm? A 140 nwm thick
S 4 CCE (670nm laser) N | 4 5x10"n_ om®, 300um, -25°C i ]
2t x  CCE (830nm laser) . 24 L © 510" n,_ cm®, 140um, -25°C A e deV|Ce
o 6 = CCE (1060nm laser) g L & 5x10n, cm®, 140um, -50°C A
8 5i CCE (a-particles) s 21 | & 510" n_cm? 300pm, -50°C é i
= v CCE (a-part. + 12um PE abs.) R . A ] g
4|+ CCE(wpart+24umPEabs) 2 8l ' 3 3 v 300 um thICk
F % ey (arb. normalised) & o L = s ¢ .
sE S S ..l 3% g 1o i device
B g ég i 2z ¢ A7
2- i T 12| Total ionised charge 23 . ¢z &7 i
1? _ AT f_ﬁ r R @ : ¢ i i
= L ‘ I R S 9r 3 $ 2 .
200 400 600 800 1000 S 3 % 3 ; =
U [V] 6 § £ = .
Diodes (®,,=10% cm?) N i —
. B stimated maximum signa -
Leakage Current & Charge Collection S S S S

i 1 i 1 i
0 200 400 600 800 1000 1200 1400 1600 1800
S000———————————— T 7 Bias (V)

o Strip sensors (P.,=5 X 10> cm# 26 MeV p)

40000
35000 Charge Collection (Beta source, Alibava)

30000

—— unirradiated

—a— |x10"°
—e— 210"
25000
20000
15000
10000}

B

° Can we simulate and predict charge multiplication ?

* Can we better exploit charge multiplication?

Collected Charge (electrons)

5000
0|\\|\\|\|\\|\|\\||\|\|\\|\|
0 50 100 150 200 250
Bias Voltage (V)
3D sensors (®,,=1-2 X 1015 Cm-Z) Ref: Diode: J.Lange et al, 16t RD50 Workshop, Barcelona
eq. Strip: G. Casse et al., NIMA 624, 2010, Pages 401-404
Charge Collection (test beam) 3D: M.Koehler et al., 16"RD50 Workshop, Barcelona
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3050 Low Gain Avalanche Detectors (LGAD) @

. . _ I . . [G.Pellegrini, 9t Hiroshima, 9/2013]
* Diodes with implemented multiplication layer (deep p+ implant)

= APD concept [ n**-p*-p-p* structure] with JET (Junction Edge Termination)

N* cathode

Y {um]

P-type multiplication layer

P-type (=)substrate —

\

P anode Simulation of E-Field [V/cm]
= Gain of approx. 10-20 before irradiation : linear mode : spectra are Landau spectra (°°Sr)

* Gain reduces with irradiation

800 1000 1400

120
X [um]

= Dropping to about 1.5 after 2e15 n/cm? 9
* Why? Boron removal in p-type layer? Mo=M, §
* Soon: Test of Gallium implants 7 e nappmg"'néfls';';o.v,mu e E
= Charge (Sr-90) Multiplication s, -~ ¢ S
versus Current Multiplication (Sr-90) ——, ) %
* Further work ongoing (strip, pixel, ...) 3 7 Ce g"
* Test of timing capabilities (thin sensors) L s §
= “Ultrafast sensors project” 1 3 '\?1. 7 9 =

[G.Kramberger, 22" RD50 Workshop, Albuquerque, June 2013] G.Casse and M.Moll, RD50 Status Report, June 2015 -18-



3050 HVCMOS & monolithic devices @

* RD50 started to work on HVCMOS device characterization in 2014

= close collaboration with ATLAS HVCMOS group Pixa Poce 41
= RD50 focus on characterizing radiation damage. Bias resistor

* Typical HVCMOS device = e
= Depleted active pixel detectors implemented o] ks

in CMOS process |

. . Deep n-well

= Sensor element is deep n-well in (usually) low
resistivity (~¥10 Qcm) p-type substrate
= Depletion with 60 V ~ 10 um -> charge e g
collection via drift of ~1000 electrons

Depleted
= Pixel and strip detectors possible Not depited
P-asbstrate
° Edge-TCT measurements - ‘ 5 : 5 ‘ |
= — __ < 0.6 | —— z=5,0760 mm ™ s e
Fo L — - i i DNwell @ :
i Deep n-well | P - — 2=5.0920 mm (az=1% um) | |
RN Y 2 05F 1 25.1160 mm =2t i R ﬂ
Prignary signal. T n : ; #
Collection by drift ti; = i T '
> L - +- * Y o
HVCMOSV3 s T ot 03k
Edge-TCT == % £ =
by diffusion+drift = e
_."' += - 5 Side view
laser light - iy ‘
' & E . ‘ M
Rﬂﬂmm a 0 4‘1‘6=F:H 1 ﬁb 111 85 11 I-I (i)ol 1 11 2[01 1 11 Aol 1 I-I 6‘[0‘ 1 \1 8[0\
scaniny #-‘-- /,l ?2- 20140813165529_HVCMOSv3_unirrad Time [ns]
+-

fast readout amplifier Side view of HVCMOS Drift and Diffusion component visible

M. Fernandez, 25th RD50 Workshop, Nov. 2014 G.Casse and M.Moll, RD50 Status Report, June 2015 -19-




050 HVCMOS <)

* Several HVYCMOS devices tested after neutron irradiation up to 2x106cm
= Example: HVCMOSV3; investigating 100 um test structure
= Edge-TCT measurements

Signal: 3ns integration ; integration: 3-25ns Total collected charge in 25ns
td unirradiated b3 unirradiated 5 OF
um um 1 s /
30 2 E _17 e
5] 30 g‘ E /
o o ot:’.. '2_ //
@ -32 // — /
) 120 » um o 120 \ um %’ _4; :—-:___"’__}_____——-‘/ |
gl 1x10" Neqcm™ 4 1 x10%5 Neqcm? % 57 :JXT;:?dIatEd
K . Bm : B -5¢ —— 7.5x10"
3 F 2x10"®
30 30 0_67|||\||||\\\|\||\\||\\|\\|i|\\\\\||\\\\\
o o 9 -80 -70 -60 -50 -40 -30 -20 -10 O
Bias Voltage [V]

= For >80V the 10!> cm2 irradiated sample

o 120 xUm o 120 x pm
gives more charge than non irradiated
Dr|ftlcorr?ponent t<3ns Diffusion component = After 2x1016 n, /cmz still =50% CCE !
contributing before and 3ns <t <25ns q
after irradiation contributing before and

after irradiation

M. Fernandez and C.Weisser, 25th RD50 Workshop, Nov. 2014 G.Casse and M.Moll, RD50 Status Report, June 2015 -20-



D50

TPA — Two Photon Absorption

* Investigation on a new technique
for sensor characterization (TPA — TCT)

= Deposition of charge at specific position in detector
= Laser: A ~ 1300 nm; P ~ 50-100 pJ; AT ~ 240 fs
= Proof of principle achieved:

Diode
Displacement

' o Confocal
P(r) 0.00(~— o
e - - (1-Photon)
8 5 \
o -0.
\
s s
P 0.20 I"\
\
".‘ ‘f — Measurement
W Simulation 0,010 Total Volume Pair Deposition along 2 (depth into the detector)
: : *rime [ns]6 ¢ 0 %‘ ," — w,=0.947 pm
i Il
: Eo.nﬂs |
1 0.05 E | ‘I
. . ~ | 1
Carga calculada del Scan vertical-Diodo WOF9-TPA-V=500 - o fons |
OF T T T T - B | = ;‘70‘05 \ A é
I : 1 E—uw \ / g
i | 3 / 0004
I 1 = -0.15] \ /‘ g
B ¥ -l / E
‘ y g
i \ A Teasurem 5 0.002
1 g Simulati ? /
14 ; ] 4 .
I Time [ns] 0 - ~—
I ' 50 100 150 200 250 300
I z position (m)
|
'
!
Ij

=200
0

_— Dl -
o

+ r spot size — 10~0.8 Hm & 20~3.4 pm
* Z spot size - 10~13 pm & 20~60 pm

40 60 80 100 120
Displacement, um 1
1

[1.Vila, 25t RD50 Workshop, CERN, November 2014]
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RDSO Workplan for 2015/2016 (1/2) @

* Defect and Material Characterization (Convener: M.Bruzzi, INFN and University of Florence, Italy)

= Consolidate list of defects and their impact on sensor properties (Input to simulation group) including
introduction rates & annealing for different type of irradiations and materials

= Extend work on p-type silicon including low resistivity material

* Understand boron removal in lower resistivity p-type silicon:
Performance of MAPS, CMOS sensors, LGAD

= Review NIEL approach; Modeling and understanding role of clusters;
» Study of electron damage: Implement results into simulations
= Characterization of Nitrogen enriched silicon

* Detector Characterization (Convener: E.Fretwurst, University of Hamburg, Germany)
= TCAD sensor simulations

* Cross-calibration of different simulation tools (ongoing)

* Refine defect parameters used for modeling (from effective to measured defects)

* Extend modeling on charge multiplication processes

Extend experimental capacities on edge-TCT (implement set-up at more RD50 institutions)
* Parameterization of electric field (fluence, annealing time, etc.)

* Studies on charge multiplication processes

Understand potential of Two Photon Absorption for sensor characterization

Continue study on “mixed” irradiations

Explore fluence range to10cm2 (to prepare for future needs in forward physics)
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RDSO Workplan for 2015/2016 (2/2) @

* New structures (convener: Giulio Pellegrini, CNM Barcelona, Spain)
= Continue work on thin and 3D sensors (especially in combination with high fluence)
= Continue characterization of dedicated avalanche test structures (LGAD)

* Understand impact of implant shape and other geometrical parameters on avalanche processes
= Evaluate ‘low resistance strip’ sensors
= HVCMOS

* Continue characterization of existing devices (close collaboration with ATLAS HVCMOS working group)

* End of year: submission of first RD50 devise in an engineering run on AMS 35 process

* Full detector systems (Convener: G.Kramberger, Ljubljana University, Slovenia)

Further studies of thin (low mass) segmented silicon devices

Study performance of thin and avalanche sensors in the time domain (Fast sensors!)

Long term annealing of segmented sensors (parameterize temperature scaling)

Continue study on “mixed” irradiations (segmented detectors)

Continue RD50 program on slim edges, edge passivation and active edges

* Links with LHC experiments and their upgrade working groups
= Continue collaboration on evaluation of radiation damage in LHC detectors
= Continue common projects with LHC experiments on detector developments
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RDSO RD50 main achievements & links to LHC Experiments @

“Some important contributions of RD50 towards the LHC upgrade detectors:

p-type silicon (brought forward by RD50 community) is the base line option for the ATLAS and CMS Strip
Tracker upgrades

n- MCZ (introduced by RD50 community) might improve performance in mixed fields due to
compensation of neutron and proton damage: MCZ is under investigation in ATLAS, CMS and LHCb

Double column 3D detectors developed within RD50 with CNM and FBK. Development was picked up by
ATLAS and further developed for ATLAS IBL needs.

RD50 results on very highly irradiated planar segmented sensors have shown that these devices are a
feasible option for the LHC upgrade

RD50 data are essential input parameters for planning the running scenarios for LHC experiments and
their upgrades (evolution of leakage current, CCE, power consumption, noise,....).

Charge multiplication effect observed for heavily irradiated sensors (diodes, 3D, pixels and strips).
Dedicated R&D launched in RD50 to understand underlying multiplication mechanisms, simulate them and
optimize the CCE performances. Evaluating possibility to produce fast segmented sensors?

Close links to the LHC Experiments:
= Many RD50 groups are involved in ATLAS, CMS and LHCb upgrade activities (natural close contact).

= Common projects with Experiments:
Irradiation campaigns, test beams, wafer procurement and common sensor projects.

= Close collaboration with LHC Experiments on radiation damage issues of present detectors.
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rD50 Recent key results @

4

* Progress in understanding microscopic defects

= Defects responsible for positive space charge in DOFZ, MCZ and EPI and defects provoking reverse annealing are characterized!

=  Consistent list of defects produced covering electron, gamma, neutron and proton/pion damage

TCAD simulations : Good progress on simulations [Note: RD50 profiting from strong CMS simulation group]

=  Commercial TCAD packages well understood and proved to be well adopted to our needs (defect description)

= Simulations can reproduce pulse shapes, depletion voltage, charge collection and leakage current. Getting predictive capabilities!

* Systematic analysis of the Charge multiplication mechanism

=  Noise issue particularly important for exploitation of this feature in Experiments

= New dedicated sensors produced to test avalanche effects, sensors working after irradiation

Consolidation of data obtained on p-type and thin segmented sensors

=  Further results on radiation tolerance and further results on long term annealing

= Thin sensors seem to extend fluence reach of silicon detectors; Optimization: Optimum thickness depends on many parameters !

Slim and active edges
=  Further progresses towards reduction of insensitive area (edges) of detectors
* New structures based on mixed technologies

= Exploitation of DRIE etching: 3D-trench electrode, semi-3D sensors; planar strip with trenched electrodes, active
edge planar pixel, ........ ; Use of deep implantation for controlling avalanches.

Use of tools developed in framework of RD50: ALIBAVA & Edge-TCT & Beam telescope

=  Edge-TCT and TCT systems are now produced centrally and can be procured by interested groups

= Use of the ALIBAVA readout system in many RD50 institutions
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rD50 Spare Slides

°*Some spare slides

* More details on
http://www.cern.ch/rd50

= Most results presented here have been shown on the last RD50 Workshop

G.Casse and M.Moll, RD50 Status Report, June 2015 -26


http://www.cern.ch/rd50/

ROS

O Summaryon defects with strong impact on

device performance after irradiation

* Most important defects [for details and references see JAP 117, 164503, 2015]

Defect Assignment and particularities Configuration | Energy levels (¢V) | Impact on electrical characteristics of
cross section (em’) | Sj diodes at room temperature (RT)
E(30K) -Mot identified extended defect E(30K)" E-0.1 - Contributes in foll concentration with
-Donor in tupper part of the bandgap. strongly oa = 2.3x10°4 positive space charge to Nef
generated by irradiation with charged particles 102°
-Linear fluence dependence. &5 work
BD Thermal double donor (TDD2) - point defect BDA" Ec-0.125 - It contributes twice with its finll
- Bi..»table donor existing in two configurations (A, B) op=23x 1074 concentration with positive space charge
in the upper part of the baudgaﬁ strongly generated g+ Ec-0.15 to Wt | in both of the configurations
in Oxygen rich material. 22517 og=2.7 x 10°12
- Not identified point defect I Ev+ 023 - No impact
I - Suggestions: V20 or a C related center. 21 ap=1(0.5-9) x10°1f
- Amphoteric defect generated via a second order  T7qr Ec- 0.545 ~ Contributes to both Nag and LC
process (quadratic flnence dependence), strongly 4 - 15
senerated in Oxygen lean materia] 2> 12 work o=1.7x10
= s ” op=9x 1014
Ens Tri-vacancy (13) - small cluster ]-T( Ec-0.075eV - No impact
- -Bistable defect existing in two configurations (FFC | Vi = 1.7510°F
Ed and PHR) with acceptor energy levels i the upper PFPHE E:-0.359 - Noumpact
part of the bandgap. 0.2 3035 Vi=- on = 2.15x10°1F
ES -Linear fluence dependence. ™= wo PHR Ec-0.458 - Contributes to Leakage Current
) Vil on = 2.4x10°%
op=2.15x10-13
H(116K) | Not identified extended defect H{116K)" Ev+0.33
- Acceptor in lower part of the bandgap. 102 op=4 x 1074
- Linear fluence dependence S wok
H(I40K) |~ WNot identified extended defect H{140K)" Ev+0.36 Contribute in fioll concentration with
- Acceptor in the lower part of the bandgap. 102 op=2.5x 10-1% negative space charge to Neff
- Linear fluence dependence, Hiswok
H(52K) |- Not identified extended defect H{152K)" Ey +10.42 Reverse annealing!
o - Acceptor in lower part of the bandgap. 102 op=2.3x 104
- Linear fluence dependence His wok

o
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0 Reminder: NIEL — Non lonizing Energy Loss @
Displacement damage functions i

ROS

1045------"1 B I A B B B SO AL B "1 L B B L
: 4 B | | | A :
103 3 | \\ 4 \\\
F neutrons % pl’OtOﬂS N~
102 2 -
= b
£ 10'F 3 :
> F osl) 1 MeV neutron
L 100L T PIONS 7 MR TN SRR IO -1 :
> E o4l ; S equivalent
B 101] damage
~~
1 102}
= neutrons : B
103L gelectrons ] CI)eq =K, D,
10 Kk, =0.62 (24 GeV/c protons)
3 E K, = 1.85(26 MeV protons)
05l ) k; = 1.14 (300 MeV pions)
10910 10° 107 10° 10° 10 107 10 10" 1¢° 10* 10° 10°® 10* | K, =0.92 (reactor neutrons
particle energy [MeV] 1 mev >100 keV)

* Hypothesis: Damage parameters scale with the NIEL
= Be careful, does not hold for all particles & damage parameters (see later)
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D50 NIEL for electron damage

45 10* e
* Non lonizing Energy Loss (NIEL) ol - \
. neutrons . protons S
* Used to calculate effective damage _wf 1
. . . . Q N t
for different particles with different E w0} o} R
2 .0l 08 pions ~__/
energy. = 10F o]
. 0 5_, 10" T T TE
" Normalization usually to 1 MeV neutron | = .
LLl
equivalent damage 8 nedtrons electrons
= Study on the validity of NIEL for electrons| w07
in the range of 1.5 MeV to 27 MeV 0, 63 165 107 107 107 107 107 107 107 100 107 107 107 10"
particle energy [MeV]

= Two approaches:
* a) Classical NIEL (our standard; based on two body elastic collisions between PKAs, OK)
* b) Effective NIEL (Molecular Dynamics calculations taking into account many body interactions)

7 5
. —a—NIEL{Jun) (a) . ] —a— NIEL {Inguimbert) (b)
6+ ._.ur'"".?
] - = 4 e
£ e E A
£ 54 - 30 MeV: NIEL = 6.34 = 1 _a—t
= (@ A
g 44 = 3 AAATT 31 MeV: NIEL = 3.94
< 7] = e
- L A
w 31 . =4 21 "“
=z ] A
= 2 X g
e | ;'\ S 1
w g (<]
g 14 3 1.5 MeV: NIEL = 1.77 E ]
& 1 = 1.5 MeV: NIEL = 0.18
(&) o 04
T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Electron energy (MeV) Electron energy (MeV)

[Effective NIEL: Inguimbert et al., IEEE TNS 57 (2010)1915]
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D50 Ratio of cluster to point defects @

E 10 o E@30K)WO

5 -—70 (@)

? gl

£ 8 9.6 at 27 MeV
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= &4 O3 18.4 keV

= — /

o w
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< 2- _8 1——1.5MeV

[= normalized: 1 at 1.5 MeV E 3.5 MeV 58.0 keV
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FIG. 17. Normalized ratio of introduction rates for E(30K) (8 min/80°C) - .
and VO(as irradiated) for DOFZ silicon as function of electron energy. Silicon recoil energy E {kEV)
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30‘30 Edge-TCT to Study Fields @

[Edge-TCT, G. Kramberger, IEEE TNS, VOL. 57, NO. 4, AUGUST 2010, 2294]

* Study of Electric field inside silicon sensor very challenging problem

°* New tool (2010): Edge-TCT (Transient Charge Technique)

® [lluminate segmented
sensor from the side with
sub-ns infrared laser pulses

To analog, time resolved, readout

= Scan across the detector

thickness

IR Laser Cooling plate

= Record current pulses
as function of depth

. . Z positioning
= Extract rise time and e (detector)
collected total charge \ XY positioning
. g (laser)
= Reconstruct the electric field [N.Pacifico, 20t RD50 Workshop, Bari, 2012]

° Expectations
= Significant electric field only in depleted volume
= Charge generated in ‘undepleted’ part of detector is lost
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30‘30 Charge Multiplication @

Long term behaviour of multiplication effect: Production of sensors with trenches:
« HPK strip sensor, mixed irradiated to 2.1*10" n./cm? 5,10, 50 um deep, 5 ym wide in center on n+
and annealed 4200min@RT electrode
Polysilicon trench
& 18000 s,  Tlemte Al G. Casse, NIMA 669
= C . i ¥ A (2013) 9-13,
& 17000 — || *MPV P. Fernandez-Martinez,
e : % 32pm NIM A 658 (2011) 98-102
16000 l%
. '% P-type bulk
15000 %, _
C trench depth
18 T T T T T T T T T
MOOG: e — — i 16 [ | ; . S
13000 +Hv off 1h 60°C 1 HV off ™ 3 g ::“ g ! : } 44— 50um trench
[ ! o q O : W2 i I e -1
1200075500 400 600 800 ':il:r)T']UEU' [si " § of W ; f ; g‘?,i/“f"m,um trench
3 8l . :v‘:s ; ; ; - ¢.——standard
S. Kuehn, 10" Trento Workshop, 2015 T 6 . WIB : g .
§ ab i S B B I
» Charge multiplication observed 2t -
« After long term biasing and subsequent CCE e = e = L o s
measurements drop in charge seen Bias Voltage (V)
(observed by several groups) " ,
. . . &« M
- Partial recovery after 1 day without bias or After 5*10™ neg/cm® neutrons, n-in-p
temperature treatment (1h at 60°C) sensor 300 uym thick
« No full recovery of charge — CCE higher for sensors 5 and 50 pm
trenches compared to standard sensors
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RDSO New structures: slim and active edges @

°* RD50 sI|m edges project (reduce dead space around the active sensor)

1

Pixels/Strips

P

5 Evolutlon of Slim Edge SCP Treatment
active -

Scribing Cleaving Passivation
nnlﬂled die
- nm hed die ﬁ ished die T ,d!

= Scribe XeF, etch, diamond scribe, DRIE
= Cleave automated, manual

guard I’iﬂgS = Passivate nitride, oxide (n-type)
alumina ALD (p-type)

ol
Fita

i
:.-:'

[V. Fadeyev, 22" RD50 Workshop, Albuquerque, June 2013]

.. development picked up by HPK (see Hiroshima Symposium 9/2013)

* Active edges (VTT & MPI Munich)
= Thin wafers with active edges produced at VTT [ A.Macchiolo, 227 RD50, Albuquerque, June 2013]

= 8 ‘ T -
UTrench doped by four-quadrant implantation 2 F YT ] 1015 p/sz
8, Tgee D=1-e713 =
= L ] 7
Upbyzit 0 Sensor thickness 100-200 um £ e T e A
—_— - - ® E .
f'dscimnlantuli\s: stums; o g5 . 1 nodifference between
2 L F A 7 2 |
RN FEETr ‘sl IsoIsc;um GRS s 0. all pivels edge and other pixel!
3 . .
Uide = é e @=1,all pixels 4 FE-I13 .1 00 wm thick sensor with 125
(—lum) 2F ] um slim edge, threshold 1500 e- =
B A ®=1,edge pixels 87% CCE at 300 V for both all and
. m- S 1 edge pixels after irradiation at KIT
g [@]=10"/cm? gep
% 50 100 150 200 250 300
‘ . Silicon oxide B Boron doping [T Fhosphorus doping Bias Voltage vl
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D50 3D

3D sensors: s 2o

« Doped columns double-sided vertical =~ “°™t == DL
to surface N .

» Decoupling of depletion voltage and g |5 N
detector thickness (collected charge) but s ﬁ,-hi’i\"zgg“"
have low-field region (2008) 38-43

* Allows slim edge .

« Intensively studied in RD50 Collaboratiol

and others

S. Parker et al. NIMA 395 (1997) 328
A. Zoboli et al., IEEE TNS 55(5) (2008) 2775
G. Giacomini, et al., IEEE TNS 60(3) (2013) 2357

sketch of CNM sensor with filled columns

Efficiency in test beam of CNM sensors: mean 97.5%

p-type Bias Electrodes n-type read-out Electrodes

Signal efficiency vs. fluence

=

Lo~ 100' T T - “oll. 2019 ‘ . . .
g- \ ?;02:06\’ FE-14 c_lxel readout %‘]} %ﬁ? glﬂé‘ll(' ?Vl.f'vi‘znﬁssf“ll,' 5(?11 1z .
x Wi e, 200 umior230 um [3] Da Via et al., NIMA 604, 2009.
g 80 | 9 ‘ /  column overiap (1] - L )
b RN ¥ —8—-FBK ‘ R.RI!VIOI‘I,
= L = GNM 237 RD50 B
1 o Workshop p
® 60} o 160V ¥-Stanford  Nov. 2013
5 10.60v] -2 30 &
0 2C ‘t’;‘\;"\:\\ 200V NS

40 | b / ‘;\: -~ 400

b S s g ATLAS Collab. JINST 2012, 7 P11010
20 + CNM 215 pm column 1 2",3:;:
overlap - microstrip readout [2] . .
ey — Well performing and detectors from CNM and
0 I = i | 1 1 i
B T T T il FBK installed in ATLAS IBL

Fluence neg/cm?
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