ST

Karlsruhe Institute of Technology

Progress towards understanding
radiation damage in semi-conductors

Wim de Boer, Alexander Dierlamm, Robert Eber,
Moritz Guthoff, Florian Kassel, Andreas Nurnberg

Talk at 2"d ADAMAS Workshop, GSI, 16.12.2013




Karlsruher Institut far Technologie

® Radiation damage in diamond
(Thesis Muller 2011, Guthoff 2014, Kassel 2016)
® Radiation damage in Si
(Thesis Eber 2013, Nurnberg 2014)

Main message:

radiation damage in diamond leads to dynamic (=rate dependent)
charge collection efficiency through change of electric field by
trapped charges (,,polarization®)

Difference to Silicon: also change of electric field by trapped
charges, but leakage current >> ionisation current, so no rate
dependency.
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Radiation damage by nuclear recoils in Siand C .\X‘(IT

Displacement defects calculated with SRIM.COM

W. de Boer et al.: Radiation Hardness of
Diamond and Silicon sensors compared.
Phys. stat. Sol. 204(2007)3004, arXiv:0705.0171

Z lon NIEL CARBON

6 698 0.8

5 869 0.77

4 584 044 OnlyHe
3 1133 0.55 Important
2 10625 2.01 recoilin C
1 30465 0.24

Total 44374 4.81

Z lons NIEL SILICON

14 417 4.2

13 910 9.06

12 1384 12.47 Mg, Al

11 1021 8.86 important
10 1225 8.45 .
9 265 141 recoils in Si
8 493 2.09

7 398 1.31

6 909 2.36

5 270 0.55

4 383 0.66

3 662 0.67

2 11152 4.4

1 46107 0.9

Total 6559 57.38
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NIEL (Non-lonizing Energy Losses) in Si and C S(IT

lecoshar institut far Technologi

E E _ PROTONS on C ¢smm
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euffon """"""" - = (@) :_
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' : C factor 8 bettey
10 4 ................... ...................... ........................ .......... 4
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1 r—r—r 1 bt
10 10° 10° 10° 10 10° 10° 10"
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Moritz Guthoff, Wim de Boer, Steffen Muller,Simulation of beam induced lattice defects of
diamond detectors using FLUKA , NIM 2014, arXiv:1308.5419
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EXPECTED signal vs fluence in Diamond ﬂ(IT
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Diamond damage curves
k=0.7x10""8 em?um™, d = 400 um

AQQ - ........................ —CCD =200 um
. |—cCD =400 um
300 |7 MFP =156.45 um Signal « charge collection
- ~++|=——MFP = 10000 um | . :
é ; Sl distance(CCD), which
decreases with fluence as:
ceD (@)=
0 i . i
0 0.5 1 1.5 2
Fluence [cm™?] x 10"
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Signal as function of 24 GeV proton equivalent ﬂ("'
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BCM signal decrease compared with RD42 irradiation tests

200w - _ —po  Simulate DPA values of the CMS
z 1% ST AEERI N b radiation field at diamond
o |r e g (062 | | locations and scale to

140 | : , ! 1140 .
8 \ ' | ——Fit from BCM2 -Z inner (0.5V/um) eqL“Valent ﬂuence Of 24 Gev
x 1201 % - | — Fit from BCM2 +Z inner (0.5V/um) *120'§'
> .| —Fit from BCM2 -Z outer (0.5V/um =
% 100 | —Fizfrom BCM2+Zou:er§0.:Wum; '1008 prOtonS'
2 gof Fit from BCM1L (0.5V/um) 80 O . . .
e | |, Direct comparison with RD42 test
5 o T e beam data shows huge
n _ _ )

200 cMs Prelimina.ry 2012 1 d Iscrepancy'

% 5 10 15 0

24GeV proton equivalent fluence [cm=2]x 10"

Using a hyperbolic fit (without offset) a k value can be calculated:

-“ BCM1L BCM2l-Z | BCM2I +Z | BCM20 -Z | BCM20
+Z

k-fit [um'cm?] 6.5x10"1 50x10" 23x10"7 57x10" 1.7x10"7 6.8x10"

Discrepancy to test beam between factor 25 and 100.
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Signal of sCVD and pCVD at BCMZ2 inner +7

10 _ ) T

0 pI:"u-’D (2011)
9 .................. : ................... E ................... ;.-... ” S|:'||l.|'|::| {ED11::I-
1Y & S S RS ... * sCVD (2012){
v X TR ................... ................... .................. _

Fit function: 5{L) = 5 1+k"L"5 J+c

Normalized signal [Mfcmzfdﬂﬂyrn]

T Integrated luminosity [fb™']

1 week LHC, less than 1012 hadrons/cm?

AT

ut far Technologie

CCD(D)=

CCD,

1+k-@-CCD,

Reason for fast
decrease in signal:

»polarisation“ by
trapping of charges
reduces electric field
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Radiation damage

Radiation damage induces
neutral mid-gap defects,
which can become either
positively or negatively

charged by trapping from

electrons or holes.

This induces polarization,
with an internal electric

field opposite to the bias

voltage
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Polarization by trapped space charge AT
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Eo
(Po!arization Model J T
= i3
Radiation damage - uniformly produced traps - ot ==
MIP signal - uniformly produced e-h pairs i ",‘""" -

+Electric field -% NONUNIFORM space charge

/

Change of the eleciric field

+

e-h Recombination if the field is low

Release of lrapped charges (decay time)
Change of the space charge distribulion

+ +
Steady state POLARIZATION
Dependent on trap density, applied voltage and signal rate ' Epol

Schuwalow, DESY-Zeuthen, 2008
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Efield after strong irradiation QAT
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Leakage current +
lonizing particle Charge trapped

Bt
TE 4

Bl Epularizatiun

I 5858

Induced electrostatic charge

(a)

Es\h
c |t

HUN/

0

0 d
(b)
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Time dependence of TCT signal in sCVD

AT
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sCVD diamond, 200V, hole drift, with Sr-90 source for polarizing

140

120

100

80}t

signal [mV]
o))
o

Minutes since start

of measurement

- *****

— 1.2
|— 8.9 |

[—30.1

|—a44.4

—15.9
22.9}

37.3]

|=—51.1]

First pumping of the diamond without HV.

Weak Am-243 source used to probe the electric field.

0 5 0
time [nsx

Signal o<v o< Efield

Curve changes with time
Sr-90 source used for filling traps. Trigger threshold above B-signal

Decrease in signal height and longer drift time. -> reduced electric field.
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Polarization quickly established during LHC fill Q(IT
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DD T oo g g
: : : : [+ BCM2-Z

2 e b |7 BCM242]

— — —
N ()] 00

BCM relative efficiency
o

D'Sﬂ 1000 2000 3000 4000 5000 6000 7000

Instantaneous Luminosity [1030 cm_25_1]

Efficiency changes factor of two during fill
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Can ,,polarization free‘“ contacts avoid polarization? &(IT

Karlsruher Institut far Technologie

S«F. KQILOV

CONTACTE USED ON FOLARIZATION FEEE DIAMOND DETECTORS

INJECTING OLOCEING
HOLEE ELECTREON S

- painting, followed b vacuwr deposition by eva-
A heating in air to S500-— A poration socmetimes the
o Too=sC for 2-=3 hours. Ao surface ic graphtized by
e - electroless, Followed - hEﬁtiﬂﬁlfﬂ 1000—1300°C
FL by heating in air S00- Pt urnd. reduced alr pressure

700°C For 10 min. (0.1 torr).

heating in vacuum o
SO0=700%C for 2=3 h.
= heating toc 1006-
1300°C under 0.1 Torr
gir pressure for 30
J min. {(graphitizaticn)

) - aquadayg, followsd by
M

(e a= For hole injection

3 ion dmplamtaticn @ P

Nl dose below 10E15om E-2,

t annealing in vacuum Lip ion implantation

B BOO— 120092, energy -
) impl. 20=100 kev. -

IEEE Taansactions on Nuclean Scdience, Vol.NS-2Z, February 1975

Answer: highly irradiated sCVD diamond with DLC (Diamond-Like-Carbon) contacts
(made by Pomorski. Saclay) still showed rate dependent signal effiiency, i.e. polarization
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midgap defects, which can

become pos. or neg. charged

(acceptors or donors)
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ize with simp

Parametr

two- trap model with following

constraints

1)Leakage current determines

energy levels
2) TCT determines trapping

probability.

Amazing resulit
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Radiation damage in Silicon compared with Diamond _\“(IT

"Damage leads also to deep level traps leading to polarisation

®Same double peak Efield.

®Simulation with effective deep level two trap model extremely successful
using commercial TCAD software. Most important: tune energies of two
traps to reproducec leakage current and depletion voltage. (Leakage
current determines trap filling (= ionization current from beam for diamond))

®Similar model being developed for diamond

"Main difference to diamond: leakage current large compared with ionisation
current, so little sensitivity to beam rate.

®"Furthermore: signal can be enhanced by charge multiplication, but only for

rather special design of sensor. Not used for default upgrade for
High-Luminosity LHC project.
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ST
Electric Field FZ320N
- 'zooc F 1015neqlcm2 (p)

|["— a00v
8.0 10%]{ — 600V

0 50 100 150 200 250 300
Depth (pm)
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TCT Signal, FZ320N
F=1lel5n¢qcm™2, T= -20°C

1- 400\!
— 1 —e— Measurement
0.8- — Simulation
© ]
0.6
© 0.4-
o ]
»n 0.2-

0-— . —— ——

0 2 4 6 8 10
Time (ns)

Prof. W. de Boer, KIT 2nd ADAMAS Workshop, GSI, Darmstadt, 16.12.2013 17



Charge Collection Efficiency

0.8-

P-Bulk

B Measurement
— Simulation

N-Bulk

CCE

0.6-

B Measurement
= Simulation

il

0.4-

0.2-

0
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5e+14 1e+15 1.5e+15 2e+15
Fluence (n¢q/cm?)
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Expected Signal degradation for LHC Silicon Sensors

Plxel Sensors:

max. cumulated ﬂuence for LHC | ':-11::1'{1' - SLHC

2&000

15000 o
p-m-nll-lz-"Z (500V)

10000 ST

. 11|111-11 Ff|6i]i]‘»j |
"~ | pixel sensors

S1 gnal [eleCtrons]

-
-
-

AT
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Note: Measured partly
under different
conditions! Lines to
guide the eye

(no modeling)!

101% 10t 107

: 1016
__®eq Ecm'-z]““““ |
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KT

Depletion Voltage from CV-
Measurement, FZ320 n-bulk

~ 700- - |
% 600 - $
] -+
& 500- =
© 400
> : Neutrons
g 300 - ® Measurement
= . Simulation
E 200 ] Protons
% 100 B Measurement
0 0 . = SimulatiQn

0 5e+14 1e+15
Fluence (neq/cm?)
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Difference between protons and neutrons ,ﬂ("'
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10MeV Protonen 1MeV Neutronen
"36824 vacancies

8870 vacancies
— S .
= A " [
= j ~ ﬁ
- |
] J
. . E
- A :
e Y
ii P g
=~ >
. _ \"T\.f_’ 1
0.5 1

X (Jum)
Protons have in addition Rutherford scattering with small momentum transfer

producing pointlike defects (displacement energy 20 eV for Si, 40 eV for diamond)

Neutrons have to hit nucleus centrally, producing clusterlike defects
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Lorentz angle shift in magnetic field .ﬂ(".
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Angle «< B/E, good indicator for internal electric field.

Measured simply by laser pulse and checking on what electrode
the pulse arrives on the other side as function of magnetic field

n-Saite
— S

-_— .

- n=-dobeart
(mmch st
= p-dotert)

Lawgiib 2 shift ¢ wim

H)

ot

H)

L

= s p-bulk (electrons)
.. s Simulation p-buls

. *‘ il .I.l.'-:hllun
; ‘-. nninn e adiaded
y --i ek werwr thdipe

J W) XTI 4N AN+
Bias vl © Y
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Measurement and first simulation in diamond

<IT
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(two trap model, like Si, but different parameters)

sCVD_2011, 00V, electron drift

0.25

— Simulation

-5 0 5 10 15 20 25
Time [ns]

(c) TCT pulse, electron drift
(a) Electron drift

Prof. W. de Boer, KIT

sCVD_2011, 600V, hole drift

0.25

Measurernent (18. 5 min.)

[ [mme Simulation

Signal [V]

-5 0 5 10 15 20 25
Time [ns]

(d) TCT pulse, hole drift
(b) Hole drift
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X-polarized
pictures of
sCVD (E6)
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Conclusions ﬂ(".

" Diamond detectors viable alternative to
silicon, if
® Cooling presents a problem

" Fast signals for timing needed

® Main problem: reduced electric fields from trapped charge. This
polarisation leads to STRONGLY rate dependent charge collection
efficiency

® HV switching to avoid signal decrease by polarisation?
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Comparison Si and Diamond for DPA and NIEL
P N4d11]
. arXiv:1308.5419 Korkrue st fr Technologie
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w | -=== Neutron o 2l -.;' ! _|===- Neutron||
2 1l N Pion+ | a ; I Pion+
102 10" 10° 10* 10> 102 10" 10° 10° 102
Particle momentum [GeV/c] Particle momentum [GeV/c]
(c) NIEL ratio: Silicon/Diamond (f) DPA ratio: Silicon/Diamond

DPA (NIEL) suggests diamond 12-14 (5-7) x more radiation hard than Si.
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Shockley-Read-Hall Statistics

—
s 'y
+ Donor ‘: /

________________________ Band Gap

— Acceptor 7\
[ Y EU

Generation / Space Charge Trapping
Recombination

Ec
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Plot #3

‘Charged Hadrons Z=1.8m ——
Charged Hadtrons £=14.4m -===-=--

' Hadrons below 100 MeV.
non-negligible, even
| atLHC A

18+06 |

Edn/dEdA

100000 |

0.m 0.1 1 10

Energy [Gev]
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