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Motivation:

RDS0  signal degradation for LHC Silicon Sensors

Pixel sensors:
max. cumulated fluence for LHC
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| [1] p/n-FZ, 300um, (-30°C, 25ns), strip [Casse 2008]
[2] n/n-FZ, 285um, (-10°C, 40ns), pixel [Rohe et al. 2005]
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Motivation:

RDS0  signal degradation for LHC Silicon Sensors

Pixel sensors:
max. cumulated fluence for LHC and SLHC
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! ! SLHC will need more radiation tolerant
; ! tracking detector concepts!
Strip sensors: : . ' Boundary conditions & other challenges:

max. cumulated fluence for LHC and SLHC Granularity, Powering, Cooling, Connectivity,

Triggering, Low mass, Low cost !
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RD50

e Material Engineering -- Defect Engineering of Silicon

RD50 approaches to develop

radiation harder tracking detectors

) o

- °

e Oxygen dimer & hydrogen enriched Silicon

Understanding radiation damage <

» Macroscopic effects and Microscopic defects

» Simulation of defect properties & kinetics

 Irradiation with different particles & energies

Oxygen rich Silicon
« DOFZ, Cz, MCZ, EPI

Influence of processing technology

» Radiation Damage to Sensors:

= Bulk damage due to NIEL
® Change of effective doping concentration
® |ncrease of leakage current
® |ncrease of charge carrier trapping
=Surface damage due to IEL

(accumulation of positive charge in oxide
& interface charges)

e Material Engineering-New Materials (work concluded)

e Silicon Carbide (SiC), Gallium Nitride (GaN)

e Device Engineering (New Detector Designs)

22

p-type silicon detectors (n-in-p)

thin detectors

3D detectors

Simulation of highly irradiated detectors
Semi 3D detectors and Stripixels

Cost effective detectors

e Development of test equipment
and measurement recommendations

ooo0o

Available Irradiation Sources in RD50

24 GeV/c protons, PS-CERN

10-50 MeV protons, Jyvaskyla +Helsinki
Fast neutrons, Louvain

26 MeV protons, Karlsruhe

TRIGA reactor neutrons, Ljubljana
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RD50

Silicon Materials under Investigation

sta]rc\dard Material Thickness | Symbol p [O.]
or
m -3
sarticle \m/ [um] (Qcm) (cm3)
detectors| ((Standard FZ (n-3and p-type) 50,100,150, FZ [1-30x103| <5x10%®
300
<’m OX en@ and p-type 300 DOFZ | 1-7x103 |~ 1-2x10Y/
g yg ( p-type) X X
—odor| ((Magnetic Czochralski Si, Okmetic, ) 100,300 | MCz | ~1x103 | ~5x10%"
LHC Finland (n- and p-type)
Pixel Czochralski Si, Sumitomo, Japan 300 Cz ~1x103 | ~8-9x10Y7
detectors| || (n-type)
/ Epitaxial layers on Cz-substrates, ITME, | 25, 50, 75, EPI 50-100 | < 1x10%7
“new” Poland (n- and p-type) 100,150
silicon
e L ~ ~ N .
material \Blffusmn oxyg. Epitaxial layers on CZ/ 75 EPI-DO| 50 -100 7x10
e DOFZ silicon - Enriched with oxygen on wafer level, inhomogeneous distribution of oxygen

CZ/MCZ silicon
Epi silicon

Epi-Do silicon

- formation of shallow Thermal Donors possible

- high Oi (oxygen) and O,, (oxygen dimer) concentration (homogeneous)

- thin layers: high doping possible (low starting resistivity)

- high O, , O,; content due to out-diffusion from the CZ substrate (inhomogeneous)

- as EPI, however additional O, diffused reaching homogeneous O, content
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RD50 Silicon materials for Tracking Sensors

e Signal comparison for various Silicon sensors

Silicon Sensors

25000$ .

p-in-n (EPI), 150 um [7,8]

Note: Measured partly
under different conditions!
Lines to guide the eye
(no modeling)!

i n-in-p-Fz (500V)
. n-in-p-Fz (800V)
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A p-in-n (EPI), 75um [6]

= n-in-p (FZ), 300um, 500V, 23GeV p [1]
o n-in-p (FZ), 300um, 500V, neutrons [1]

a n-in-p (FZ), 300um, 500V, 26MeV p [1]
» n-in-p (FZ), 300um, 800V, 23GeV p [1]
o n-in-p (FZ), 300um, 800V, neutrons [1]

g n-in-p (FZ), 300um, 800V, 26MeV p [1]
A p-in-n (FZ), 300um, 500V, 23GeV p [1]
p-in-n (FZ), 300um, 500V, neutrons [1]

>

Other materials
SiC, n-type, 55 um, 900V, neutrons [3]

_| References:
4 [2] p/n-FZ, 300um, (-30°C, 25ns), strip [Casse 2008]

p-FZ, SOOpm (40°C 25ns), strip [Mandic 2008]

[3] n-SiC, 55um, (2 s) pad [Moscatelli 2006]
pCVD Dlamon scaled to 500um, 23 GeV p, strip [Adam et al. 2006, RD42]
Note: Fluenze normalized with damage factor for Silicon (0.62)

[5] 3D, double sided, 250um columns, 300um substrate [Pennicard 2007]

[6] n-EPI,75um, (30 C, 25ns), pad [Kramberger 2006]

16 [7] n-EP1,150um, Eso"c 25n3; pad [Kramberger 2006]
5 10 n- EPI,lSOum 30°C, 25ns), strip [Messineo 2007]

M.Moll - 08/2008
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RD50 Silicon materials for Tracking Sensors

e Signal comparison for various Silicon sensors

LFZ (800V)

e |

2] M.Moll - 08/2008
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highest fluence for strip
detectors in LHC: The used

p-in-n technology is sufficient

Silicon Sensors

e p-in-n (EPI), 150 um [7,8]

A p-in-n (EPI), 75um [6]

= n-in-p (FZ), 300um, 500V, 23GeV p [1]
o n-in-p (FZ), 300um, 500V, neutrons [1]
& n-in-p (FZ), 300um, 500V, 26MeV p [1]
» n-in-p (FZ), 300um, 800V, 23GeV p [1]
o n-in-p (FZ), 300um, 800V, neutrons [1]
g n-in-p (FZ), 300um, 800V, 26MeV p [1]
A p-in-n (FZ), 300um, 500V, 23GeV p [1]
A p-in-n (FZ), 300um, 500V, neutrons [1]

Other materials
e SiC, n-type, 55 um, 900V, neutrons [3]

References:

[ ]p/n FZ, 300um, (30 'C, 25ns), strip [Casse 2008]

2] p-FzZ, 300pm (40 C, 25ns) strip [Mandic 2008]

[3] n-SiC, 55um, (2 s) pad [Moscatelli 2006]
pCVD Dlamon scaled to 500um, 23 GeV p, strip [Adam et al. 2006, RD42]
Note: Fluenze normalized with damage factor for Silicon (0.62)

[5] 3D, double sided, 250um columns, 300um substrate [Pennicard 2007]

[6] n-EPI,75um, (30 C, 25ns), pad [Kramberger 2006]

16 [7] n-EP1,150um, ESO C, 25ns; pad [Kramberger 2006]
5 10 n-EPI,150um, (-30°C, 25ns), strip [Messineo 2007]

Note: Measured partly
under different conditions!
Lines to guide the eye
(no modeling)!

n-in-p technology should be sufficient for Super-LHC
at radii presently (LHC) occupied by strip sensors
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RD50 RD50 Test Sensor Production Runs (2005-2008)

e Recent production of Silicon Strip, Pixel and Pad detectors (non exclusive list):

e CIS Erfurt, Germany
¢ 2005/2006/2007 (RD50): Several runs with various epi 4” wafers only pad detectors
CNM Barcelona, Spain
¢ 2006 (RD50): 22 wafers (4”), (20 pad, 26 strip, 12 pixel),(p- and n-type),(MCZ, EPI, FZ) —
¢ 2006 (RD50/RADMON): several wafers (4”), (100 pad), (p- and n-type),(MCZ, EPI, FZ)
HIP, Helsinki, Finland
¢ 2006 (RD50/RADMON): several wafers (4), only pad devices, (n-type),(MCZ, EPI, FZ)
¢ 2006 (RD50) : pad devices, p-type MCz-Si wafers, 5 p-spray doses, Thermal Donor compensation

¢ 2006 (RD50) : full size strip detectors with 768 channels, n-type MCz-Si wafers /

IRST, Trento, Italy
¢ 2004 (RD50/SMART): 20 wafers 4 (n-type), (MCZ, FZ, EPI), mini-strip, pad 200-500um
e 2004 (RD50/SMART): 23 wafers 4” (p-type), (MCZ, FZ), two p-spray doses 3 and 5 x 102 cm?
¢ 2005 (RD50/SMART): 4” p-type EPI
¢ 2008 (RD50/SMART): new 4 run

Micron Semiconductor L.t.d (UK)
e 2006 (RD50): 4”, microstrip detectors on 140 and 300um thick p-type FZ and DOFZ Si.

¢ 2006/2007 (RD50): 93 wafers, 6 inch wafers, (p- and n-type), (MCZ and FZ), (strip, pixel, pad)

Sintef, Oslo, Norway \e in.
¢ 2005 (RD50/US CMS Pixel) n-type MCZ and FZ Si Wafers

Hamamatsu, Japan [ATLAS ID project — not RD50]

¢ In 2005 Hamamatsu started to work on p-type silicon in collaboration with ATLAS upgrade groups
(surely influenced by RD50 results on this material)

* M.Lozano, 8t RD50 Workshop, Prague, June 2006

. . * A.Pozza, 2" Trento Meet!ng, February 2006
Hundreds of samples (pad/strip/pixel) recently - Bortltto, 6+ RDS0 Workshap,Hlsnki June 2005
produced on various materials (n- and p-type). 1Y Sadrainaki. rdso Workahon, Nov 2001
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RD50 Defect Characterization - WODEAN

e WODEAN project (initiated in 2006, 10 RD50 institutes, guided by G.Lindstroem, Hamburg)
o Aim: Identify defects responsible for Trapping, Leakage Current, Change of N

e Method: Defect Analysis on identical samples performed with the various tools

available inside the RD50 network:
* C-DLTS (Capacitance Deep Level Transient Spectroscopy)
*|-DLTS (Current Deep Level Transient Spectroscopy)
* TSC (Thermally Stimulated Currents)
*PITS (Photo Induced Transient Spectroscopy)
*FTIR (Fourier Transform Infrared Spectroscopy)
* RL (Recombination Lifetime Measurements)
* PC (Photo Conductivity Measurements)
* EPR (Electron Paramagnetic Resonance)
* TCT (Transient Charge Technique)
*CV/IV

TSC signal (pA)

e ~ 240 samples irradiated with
protons and neutrons

o first results presented on 2007 RD50 Workshops,
further analyses in 2008 and publication of most
important results in Applied Physics Letters

... significant impact of RD50 results on
silicon solid state physics — defect identification

EPI-DO irradiated with 1 MeV neutrons, ® = 5x10"°cm™
15
250V Forward injection at 5K I
200V
150V
s 100V o, H&E traps
A 70V H(152K)
10 1 3D-PF, 250 V AT = 6K
—— 3D-PF, 200V ' #
3D-PF, 150V SR
1|— 3D-PF, 100V JRR
—— 3D-PF, 70V
5 N O/++ 0/-
BD H(116K)
AT =25K AT =5.3K
v“:-'t o
0
T T T T T T T

90 | 1(|)0 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | lEliO | 190
Temperature (K)
Example: TSC measurement on

defects (acceptors) responsible for the
reverse annealing
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RD50 Summary - defects with strong impact on the
device properties at operating temperature

Point defects

o EBP=E_-0.225¢eV
e B0 =2.3x101 cm?

e E!=E, -0545eV
e o,'=2.3x10"cm?
e o, =2.3x10" cm?

Cluster related centers

o EMNK=FE +0.33eV
e o pllGK =4x1014 cm?2

o EMOK=E, +0.36eV
o G,140K =2,5x10-15 cm?

o E52K=FE +0.42eV
° cp152'< =2.3x1014 cm?

e EXK=E_-0.1eV
e o, %K =23x101cm?

0 charged
at RT

P2

vo 70

..........................

2%

Point defects

+/

- charged at RT

/2222

=TT £30K O/*
BD 0/++
1,0
R ?-/Il4OK o
— H11eK ¥/
g 0"
70070272/

extended defects

|.Pintilie, NSS, 21 October 2008, Dresden
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RD50

Point defects 0 charged
at RT
e EBD=E_-0.225eV 0
e 5,80 =2.3x1014 cm?
vo /0

Cluster related centers

E'!=E,-0.545eV
e o,'=2.3x10"cm?
e o, =2.3x10" cm?

E K = E +0.33eV
G, 1K =4x1014 cm?

E,10K = E_ + 0.36eV
0, 140K =2,5x10-15 cm?

E152K = E +0.42eV
cp152'< =2.3x1014 cm?

2%

EK = E_-0.1eV
0,30 =2.3x10-1 cm?

+/- charged at RT

2/

I'd

p O
BD 0/++

Summary - defects with strong impact on the
device properties at operating temperature

positive charge

(higher introduction after
proton irradiation than after
neutron irradiation)

positive charge

(high concentration in oxygen

BY"

Point defects

Q7007700772727

extended defects

|.Pintilie, NSS, 21 October 2008, Dresden

rich material)

leakage current

| —— +neg. charge

(current after y irradiation)

Reverse

annealing
(neg. charge)
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RD50

* LHC Experiments radiation field
IS a mix of different particles

(in particular: charged hadrons <> neutrons)

* MCZ silicon has shown T
- - - (&)
an interesting behavior: -
S/

* Dbuild up of net negative space charge

after neutron irradiation
* Dbuild up of net positive space charge
after proton irradiation

* Question:

“Mixed Irradiations”

SUPER - LHC (5 years, 2500 fb*)

Plxel (’?) Mlnlstrlp (’?)l
10"} \] | ~ Macropixel (?)
5k ]
total fluence @,
1015 |
St |
{ neutrons
10%] 1 pions Oy,
5p | =
. | — other charged
| ATLAS Pixel © ATLASSCT-barrel | | hadrons dgq
1013 i ; ‘ ‘ L ‘(mlgrostr‘lp de‘ztect‘ors)‘i |
0 10 20 30 40 50 60
[M.Moll, simplified, scaled from ATLAS TDR]
r [cm]

* What happens when (MCZ) detectors are exposed to a

‘mixed’ radiation field?
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RD50 Mixed irradiations: 23 GeV protons+neutrons

Micron diodes irradiated with protons first and then with 2x10% n cm-2 (control samples p-only, open marker)

1I|u"rftl M

a00 /;ﬂ —*—Egg;g m%ﬁ% 800
800 /g SN Sl 700 — & MCz-p (mixed)
/ iy B Fz-n(mixed
700 O Fzn(p-only GO0
*/ Ve s —— MCz-p (p only)
600 - ~ S 500
500 /@ - > 00 %f;
400 M > 200 X ‘—j//f
o — 200 b -
So0 L M e e
/L 80min@60°C 100 .
mg - 0 80min@60°C
0 2 4 ; 6 , & 10 0 3 u 10
(I)eq [107 cm™] (Deq ZKp(Dp-I—KnCDn (Deq [10 cm ]
NC ‘T gc, px‘q)eq, P + gc,n(Deq,n
/ T \
g, can be + or -
always +

*FZ-p,n: increase of V, proportional to @&,

MCz-n: decrease of Vi, , due to different signs of g, , and g ,

*MCz-p at larger fluences the increase of V4 is not proportional to the added fluence

—as if material becomes more “n-like” with fluence — same as observed in annealing plots
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RDS50 Mixed Irradiations (Neutrons+Protons)

24
e Both FZ and MCz show 22 |
“predicted” behaviour with 20
mixed irradiation U
o 16
e FZ doses add S
* [Ny increases .5:5
e MCz doses compensate 55
e |N,g] decreases hit
8

. - §
o N B

o N B OO o0

T E/i -
é‘ 1 E/‘LF L1
/5/# I

—A— MCz n-in-n (neutron only) -

—&— FZ n-in-n (neutron only)
--&-- MCz n-in-n (mixed)

FZ n-in-n (mixed)

200

400 600

Bias (V)

800 1000

Needs further study with both nMCz and
PMCz substrates and differing mixed doses
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RD50 Response of 140um and 300pum thick
strip detectors after 0.7 and 1 x 10® n cm-2

18 ] Both n-in-n and n-in-p behave
16 & FZn-in-p, 300um, 7E15 n *
14l & FZn-in-p, 140um, 7E15n e ] the same.
—~ f R
£ 12F . .
2 oL X * )
&t §§
(8] 8+ T -
e =
e A4
8 6 SR i .
© i $ g 14 | |
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RD50

Collected charge (ke)

12

10

Response of 140pum and 300pum thick
strip detectors after 1.5 and 2 x 10 n cm-2

—— The benefit of higher electric

I T T T T T T
FZ n-in-p, 300um, 1.5E16 n

FZ reincp, 1400, 1.5E46 _' field in thinner detectors is
A n-in-p, 300um, 1.5E16 n i
® R n-mp 0k oE e n ; 8 - only apparent after heavy
Ld st irradiations.
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! o
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RD50
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RD30  Development of 3D detectors

e “3D” electrodes: - narrow columns along detector
thickness,
- diameter: 10um,
distance: 50 - 100pm

e Lateral depletion:- lower depletion voltage needed
- thicker detectors possible
- fast signal
- radiation hard

FrOm STC tO DTC = DDTC: “double-sided double type columns”

= Columnar electrodes of both doping types are etched into
low-field region the detector from both wafer sides

= Columns are not etched through the entire detector

DDTC » Charge collection expected to be similar to “full 3D”
detectors, but the fabrication process is much simpler

n-type substrate

STC

columns for
readout

columns for
bulk contact
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RD50 2008 test beam with 3D sensors

e Two microstrip 3D DDTC detectors tested in beam (setup CMS SIBT)
* One produced by CNM (Barcelona), studied by Glasgow
* One produced by FBK-IRST (Trento), studied by Freiburg

= Readout: APV25, as used in CMS tracker
» Analogue readout (40 MHz), 50 ns shaping time

« Trigger accepted during the entire 25 ns clock window (no
TDC), but sampling of the signal always at the same time

— Average detected signal expected to be = 10% lower Esm?
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Result: Landau MP =
33.32 + 0.02 ADC counts

[M.Koehler 13t RD50 Workshop, Nov.2008]
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RD50 Conclusions

e n-in-p technology should be sufficient for the SLHC in the radii
currently occupied by strip detectors

e For inner layers, advances in technology are still needed (3D etc.)

e Magnetic Czochralski silicon shows promising performance after
mixed irradiations. Needs further studies

e CCE of planar detectors could yield ~4ke after the final fluence at
the innermost pixel layer radius, with a bias voltage of 900V.

e Thin and thick devices do not appear to have a significant difference
In CCE. The choice of thickness can be left to other considerations,
like material budget...

Esa Tuovinen on behalf of the RD50 CERN Collaboration — TIPPQ9, Tsukuba, Japan, March 13th, 2009

-21-



	
	Motivation:�Signal degradation for LHC Silicon Sensors
	Motivation:�Signal degradation for LHC Silicon Sensors
	RD50 approaches to develop �radiation harder tracking detectors
	Silicon materials for Tracking Sensors
	Silicon materials for Tracking Sensors
	RD50 Test Sensor Production Runs (2005-2008)
	Defect Characterization - WODEAN
	Summary – defects with strong impact on the device properties at operating temperature
	Summary – defects with strong impact on the device properties at operating temperature
	Mixed Irradiations (Neutrons+Protons)
	Response of 140µm and 300µm thick�strip detectors after 0.7 and 1  1016 n cm-2 
	Response of 140µm and 300µm thick�strip detectors after 1.5 and 2  1016 n cm-2 
	Test beam results from full-size n-type MCz-Si �and FZ-Si detectors
	2008 test beam with 3D sensors
	Conclusions

