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Outline:
- Introduction to radiation induced defects

- Characterization methods with examples
- TSC, DLTS, PL, FTIR, EPR

- Microscopic Defects vs. Macroscopic Effects
« Some results of the RD50 collaboration

- Summary
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Radiation induced defects
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particle —» Si

Displacement Damage

EK>5 ke\V ——» point defects and clusters of defects

/~  [van Lint 1980]
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Can we see the defects?
HRTEM on Si: n-irradiated 10*9 n,,/cm?

High Resolution Transmission Electron Microscopy

[C.Besleaga et al. arXiv 2021]
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- example of point defect reactions:
. . “dopant
V: V+O > VO; V+P VP <— " .
I: 1+C. > C, > C;+ 0 2CO0,

I+B; = B, > B, + O B0,
... many more reactions!



https://arxiv.org/abs/2102.06537

Defect Characterization

« Aim of defect studies:

E \
- Identify defects responsible for Change of N j_ \ / electrons/
Change of E-Field Trapping, Leakage Current donor -
« Understand if knowledge can be used to mitigate I hol
radiation damage (e.g. defect engineering) B “acceptor /& 07es
AV4 7

 Deliver input for device simulations to predict _
detector performance under various conditions space charge trapping  leakage current

- Defect Characterization performed with various tools:

« DLTS (Deep Level Transient Spectroscopy) [ — FZnitrogenated
« TSC (Thermally Stimulated Currents) [ —— FZ-standard
 PITS (Photo Induced Transient Spectroscopy)

« FTIR (Fourier Transform Infrared Spectroscopy)

* EPR (Electron Paramagnetic Resonance)

« TCT (Transient Current Technique)

« CV/IV (Capacitance/Current-Voltage Measurement)
« MW-PC (Microwave Probed Photo Conductivity)

* PC, PL, I-DLTS, TEM,... and simulations

- RD50: several hundred samples irradiated with protons, neutrons, electrons, °Co-y

Neutrons, @, = 1x10'3 cm™
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[E.Fretwurst et al. — RD50 Nov.2018]



Silicon Point Defects: The V-O defect (A center)
- V-O defect (A centre)

o The dominant centres for vacancy capture in high purity silicon is the
- Silicon crystal iIsolated oxygen interstitial O,. Trapping of the vacancy results in the
. diamond lattice structure V-O centre, the so called A-centre. *

« FCC: Face Centered Cubic

Watkins, Corbett: Phys.Rev.,121,4, (1961),1001

Structure:
Electrical activity: - Ec
The A center has an acceptor V-O T
level in the upper half of the E=0.18eV
band gap




Silicon Point Defects: The Divacancy V,

- Point defects can involve more than one vacancy

- V,, V3, V,0, V,0, ....are well characterized defects

Divacancy V,
two missing
silicon atoms

- Electrical activity

- The divacancy has has two acceptor levels
in the upper half of the band gap and a
donor level in the lower half of the band gap.
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Defect Characterization Technigues



- W,
Deep Level Transient Spectroscopy s
ZIRD50
Example: n-type FZ silicon sensor irradiated with MeV neutrons
0-8 ' ' | ' ' ' ' ' ' ' ' ' ' ' ' | ' ' ' ' |
- C.0) 2+ VvV + 9
DLTS spectra 0.6F , -
recorded during annealing !
at room temperature 04+ .
| E(35K)
02| | _

Carbon interstitial (C))
defect kinetics clearly visible:

G _04_ — 170 days Ci(+/o) \/ \\ / V Cioi(+/0) _
@ 00510 150 200

250
Temperature [ K ]

)
)
£
)

DLTS-signal (by) [pF]

H(220K) ]

* Introduction rates of main defects ~ 1 cm-
* Introduction rate of negative space charge ~ 0.05 cm-?



DLTS (Deep Level Transient Spectroscopy): Operation principle

- Assumption: Defect is an electron trap in n-type silicon, i.e. a majority carrier trap

Measurement cycle at fixed T 1] Quiescent reverse bias (Vg)

[1] reverse bias Vg = sy Ec
« junction under reverse bias p n. Et
- defect states are not occupied ’ .
: \%
' 2 Majority carrier pulse (Vp)

.Y..;[...z.............i Ec

L ”.’l.......‘tEt

[2] injection pulse Vp
- reduction of reverse bias
« injection of majority carriers

: n 1
« occupation of defect levels |
J EV
[3] reverse bias Vi '3 | Thermal emission of carriers (VR)
« junction under reverse bias T /’ /’ /’ asapsam Ec
« thermal emission of carriers i +olaetasslsonnnbney E
- expansion of depletion zone E_
- decrease of capacitance ' Ev
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DLTS (Deep Level Transient Spectroscopy): Operation principle

Measurement cycle at fixed T

[1] reverse bias Vg
« junction under reverse bias
- defect states are not occupied

[2] injection pulse V;
« (@) reduction of reverse bias
- injection of majority carriers
or

 (b) forward bias
- injection of
minority &majority carriers

[3] reverse bias Vi
« junction under reverse bias

« thermal emission of carriers
- expansion of depletion zone
- change of capacitance

(a) majority carrier injection
(electrons in n-type silicon)

electron trap

Quiescent reverse bias (VR)

.  Ec
,,,,,,, oé.u...-uo.‘n‘l‘n,.; Et
B i EV

2 |Majority carrier pulse (Vp)

o.j.nzoa.].n:-n,nmu EC

“ 0000 99000000009 00 Et

n

Ey

m Thermal emission of carriers (VR)

e8| & & ..‘.‘.....‘ Et

(b) high injection (n = p)
(electrons and holes injected)
hole trap with ¢, >>c,

I Quiescent reverse bias (VR)

é....‘.‘.f... EC
o0

(R NN .!..l.él_l..l._l.l_.l._l..l Et

= B

' 2 |Injection pulse (Vp, forward bias)

TTTTT T Y I TTYRIITIYY EC

H_z__z_--z-z--..f--z. By

Z Thermal emission of carriers (VR)

-..o .u-.--u-a-.' EC
n

....l_l.l_j_....gl. : Et

..................... EV

M.Moll - Defect Characterization - 10 June 2021 - IP2I Lyon 10



DLTS (Deep Level Transient Spectroscopy): Operation principle

[3] reverse bias Vg

. junction under reverse bias (a) majority carrier injection (b) high injection (n = p)
- thermal emission of carriers (electrons in n-type silicon) (electrons and holes injected)
electron trap hole trap with ¢, >>c,

- expansion of depletion zone

. Change Of CapaCIta? /VO/V /V aon.n,-;,n, EC E noo sesssssn e EC
oL antasslse tnt s .00 E i : n
@ t 1

n

Change of capacitance: ..
. \%
 trapped carriers change space charge (N.x)
« space charge determines depletion depth w . Bias  y, f
- depletion depth determines the capacitance Vet o T T T pulse ”V_ﬂ _______
Vegs =
A €0€siqo|Nesr
C(w) = €p€gi ——= = A\/ A Capacitance 4
w(V) 20V + V) AC transient  AC k
C(t=0) < Cg : trapping of majority carriers Cr Cr
C(t=0) > Cy : trapping of minority carriers /
: : : [ —He—3] - A3 -
sign of AC allows to differentiate 2] — 2 —
time time

between electron and hole traps
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. L
DLTS (Deep Level Transient Spectroscopy): Spectrum sl

/RD50

- DLTS spectrum is obtained from transients measured at different temperatures

()
temperaturetT temperature T 3 Jc"‘\]’
high T £ [ highT g s

RS ’ - RS
N 2 o ©
RS 5 S
- 5 2 )0 E
_LE—, i " o lo GEJ
] R -
N I i T T 1
low T vt E _ < low T S j&%
oo timé  Ac,,= C(t)- C(t) (s1|un qm) leuBis
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1RD50

- DLTS spectrum emission time constant
at peak maximum temperature

can be extracted from time
window parameters

DLTS (Deep Level Transient Spectroscopy): Transient Analyses

temperaturetT temperature T o
. A l—W 5, A 2 U
highT _Ifr high T Te(Tmax) = @
1 %)
b
—l:/ ; max
1
:llﬁ: i perform several measurements
. : with different time windows to
ow T ![1 {2 time> ) low T gain a set of t(T,), T, pairs and
AC,, = C() - C(t,) use them to construct an

Arrhenius Plot
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Transient Analyses: Defect parameters from Arrhenius Plot

Emission rate Arrhenius Plot

! : _
en,p = — = O-n,p . vth,n,p' NC,V . exp <— kB_aT> ln(Tevth’n,p chv) — —ln ’ + kBT

1 ——f— [;,‘,,‘"S__T_a — e Name = @A_001_min ATA
.. = —1I- e Comm = small pad, electr
€, emission rate electrons ?E ol f —3 ittt St “"‘ on irradiation, 5e14
t, emission time constant : N T R T T oo e
c, capture coefficient electrons (c, = o, Vi, ) £ ?aie = Dﬁéﬂﬂﬂmg
_ ! ' 1[Type = p-Si
o, capture cross section for electrons Area = 625E-02 cmz3
vy, thermal velocity sal | ::5 C b e
Nc density of states in conduction band 3 3.; - 1;-55 3
ks Boltzmann constant ’ |
54- =
Defect parameters extracted from Arrhenius plot
* slope: activation energy E,
* intercept. capture cross section o R
8 12 16 20
1000/T [1/K] —

M.Moll - Defect Characterization - 10 June 2021 - IP2I Lyon 14



- Various signal processing techniques

- Analog signal processing

- double boxcar integrator

- lock-in amplifier, analog correlator, ....
« Digital signal processing

- Fast-Fourier Transformation FFT

- Laplace Transformation

- Various correlator functions

Example used at CERN:
» Folding transient with 28 different correlator

functions

 maxima analysis of a single DLTS scan (one
time window) leads to 28 value pairs (t,,T)
which can be used for an Arrhenius plot

DLTS (Deep Level Transient Spectroscopy): Transient Analyses

by ag
by(Tw/2) ya ay(Tw/2)
by (Tw/4) /1 ay(Tw/4)
/\\/ by(T./8) \U/l a,(T/16) I
) ot .. correlator
nU (T3 | N ] aM functions
b,H yd aN
7
byM M 1 ToR
1 il L
b,N NI} DR (Tw/4)
1 1 1. u U I
0 Time Tw 0 Time Tw
03 T T T T
I 4158
S02| by (Twi8) ~
R by (Tw/16) 157 <
(@) r =
01F . =
| 156
: DR
0 vf."f'ljv: . . | . [ R R 55
180 200 220 240 44 46 48 5

temperature [K]

1000/T [KY]
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DLTS: Determination of Defect Concentration

- Band bending diagrams for deep acceptor:

[2] during filling pulse
[3] during transient phase

2e€y(Ep — E¢)
s Np

« Transition region A: A =\/

- Defect concentration N,
« Amplitude of the C-transient AC, ~ N,

2 -1
. CR _Z/ICR 1_CR
Cp ggoA Cp

« For A << Wy simplifies to:

AC,
N, =—2Np,
Cr

Filling pulse: Vp =0V ([2])
p |

Wp 1 aoVbi

|

| Peeloo ceo-o E;
N
' |
|

|
i
E

Ep ™ ¢

I

| ,
| )
| |

Ey

Transient: Reverse bias Vi ([3])

Lp=Wp-4 | W(1)
LO=W(t) - A
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TSC: Thermally Stimulated Current

- Measurement cycle
I

(1) Cooling steady State generation current
- under bias or without 100 YRS E

(2) Filling (charge injection)
- Forward bias, zero bias, optical filling
(3) Current measurement

- Measure current while ramping up the
temperature, discharging of traps results in
current peaks

i emission
- injection of trapped charge

TSC-signal [ pA ]

- Analyses

- Peak heights or integral over peak
- - Defect concentration I cooling down

- Peak position gives indication for O-lg‘ E

!Eaand Cross section o —— '50 — 160 — léO — 2(')0 :

more precise: fit to spectrum and/or delayed heating
measurement (see next slide . -
Current ( ) T [ K ] [M.Moll - PhD thesis 1999]

1 1 (T Note: hole and electron traps give same polarity signal
Irsc(T) = 5 GAW(TIN, - ex(T) - exp (=3 [ en(1)dT ) P29 PR S
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TSC: Delayed heating method

- “Delayed heating” or “Thermal cleaning” O
Decay time 1. (105K) =476 s |
-+  60s L ]

« Measuring the TSC peak several times with i N éig: -
different delay times between the end of filling at — 4805 i 5
T, and the start of heating < or = 90s 3

& s
— 4| Decay at 1r .y

* Increasing delay time: more charge carriers 105K ff £t =
already emitted at T, > TSC peak decreases Al l A =

 Plot logarithm of the peak amplitude against 0 bt '1-*18"7" TE BT (; S
delay time - slope: emission time constant T (T,) temperature [ K ] “ time [s]

 Repeat the delay measurements at different T,
—> Arrhenius-plot to determine E, and o
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Photoluminescence (PL) [1/2] A

Z1RD50
Excitation of the sample with light (‘photo’) and re-emission of part
of the absorbed energy as light (‘luminescence’)
- Excitation is usually by a laser, for convenience of Scan f Ar Laser
directed beam, with beam power of 100’s of mW. Mirror
| Sample in

Dewar

- Green laser light is absorbed by the crystal, exciting Monochromator |0
an electron from the valence band to the conduction | ggft‘;frfi’cs
band, with a penetration depth of 1/e = 1 um.

Excited state
- Electron-hole pairs (excitons) are created with a

lifetime of 10’s of ms in pure Si. S
« Excitons are captured by impurities, exiting the impurity.

Luminescence
emitted

Ground state
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Photoluminescence (PL) [2/2]

-What is observed?
« Only (usually) neutral centres (not charged)
- Required concentrations for detection are over 10! cm3; best 104 to 1015 cm3
 Very sharp lines with typical energy resolution of 0.1 meV
« PL is not a quantitative method: PL not necessarily proportional to the concentration of defect

. ~ | | | 1
- Example: E C clw
« Standard FZ silicon (No O) > _
« Oxygenated FZ silicon (+O) & 10000 T G-line: CC,
- irradiated with 23 GeV protons & o O K\ W-line: Si; related
O
- fluence 10 cm2 Y + 0 : I
% D - Phosphorus
O e N o~ ; ..
; OrPre | | | | Ph Ph] (before irradiation)
3 600 700 800 900 1000 1100 12

Photon energy {meV)
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Infrared Spectroscopy (FTIR) [1/3]

- Measurement of the light transmitted through a sample thickness d with
polished parallel surfaces PD

Stationary Mirror
S 111
(&}
Q
Split Beam "q"_’
©
L (1 — R)?exp(—ad) 2 iy
= 0 . 2 . -8 1_0—(.-!({i{|fflnl,l!J‘im-m«wmwnl\w«mwﬂpnnﬂmmﬂ)l . ‘ w #,l‘{\Vl\l*’A\J|\Vm\‘d{MM'(Mm.wm'ﬂw\|m,\““\|\1imh-,\
1 — R°exp(—2ad) S, >
@
£
I, light intensity incident on the sample Naavig kTR 2 0.91
d thickness of the sample 3 4 5 6
a frequency dependent absorption coefficient Sangle - Mirror position (mm)
R reflectivity %
n—1]°
~ ln m 1] ~ 0.3 in the mid infrared el Interferogram
Michelson
Interferometer
21

M.Moll - Defect Characterization - 10 June 2021 - IP2I Lyon




Signal

Infrared Spectroscopy (FTIR) [2/3]

- FTIR — Fourier Transform Infrared Spectroscopy

0.010
T =300 K (Bruker IFS 113v)
FZ-Si, d=3 mm

0.005

0.000 \N U
-0.005 |-
-0.010 ' - ' - L . .

800 1000 1200 1400 1600
Wavenumber, cm™
Interferogram

T =300 K (Bruker IFS 113v)
05F

Background (without sample)

0.4r

03

Signal

Raw spectrum, FZ-Si, d =3 mm

0.2

Raw spectrum
Cz-3-J4, 24 GeV p-irr 1E16, d =3 mm

0.1

400 600 800 1000 1200 1400 1600 1800 2000
25000 nm 1 5000 nm
Wavenumber, cm
Spectrum
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Infrared Spectroscopy (FTIR) [3/3]

- Measurements at low temperature (20K)

Absorption coefficient, cm™

Low temperarure measurements

0.8+

0.6 -

VO

1 - Cz1-14 ([C, = 5x10" em®) RT irr 1x10" cm? p" 26 GeV
2 - Cz3-34 ([C < 1x10™ cm®) RT irr 1x10"° cm™ p* 26 GeV
3-C2z3-33 ([C, < 1x10% ecm™) DAC: RT irr 1x10™° cm™ p* 26 GeV - hot irr

ICO,

800

1
850

1 L L 1
950 1000 1050 1100

-1
Wavenumber, cm

1.0

V, generation

T=20K

0.8

o
o

Absorption coefficient, cm™
o o
N N

RT irr 1x10"° cm? p* 24 GeV

4 1 - Fz1-13 (O,C-lean, as-grown)

4.7x10" cm® 2 - Cz3-J4 (C-lean, as-grown)
3 - Cz3-J3 (C-lean, hot irr)
4 - Cz1-14 (C-reach, as-grown)
[ g\

2700

2720 2740 2760 2780 2800 2820 2840

-1
Wavenumber, cm

« Detection limits depend on

measurement temperature (LT or RT)
Sharpness of the lines
Wavenumber position

« Detection limits normally in the range

5x1013 to 10> cm?3
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EPR:Electron Paramagnetic Resonance [1/3]

- EPR is the best experimental technique for determining the structure of irradiation induced

paramagnetic point defects in semiconductors.

- EPR spectroscopy deals with the interaction of the electron spins with external magnetic fields
- EPR = Zeeman spectroscopy: The effect of splitting a spectral line into several components in the presence of a static

magnetic field (B # 0) of defects with unpaired electron states (S = 1/2, 1, ...).

AE = hv

. NN\ resonance

>

A

mS=+1/2 Energy /m§=+1/2
- AE = gelupBy )
E — AE=E+ 1/2_E_ 1/2 Microwave field, frequency v
- splitting of :

energy levels s secron
mg=—1/2 -
m.=-1/2
Bp=0 Bp#0  Magnetic field Static magnetic field

« The condition of resonance: hv = AE =g.uzB, 9. = 2.0023 for free electron
e v—> 95-34 GHz, 95 GHz, ...
» Sensitivity: 2 x 1019 spins/Gauss (~ 1 ppb)

ge electron’s g-factor
0. = 2.0023 (free electron)

ug Bohr magneton el

Up =
1 Gauss = 104 Tesla 2mce
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EPR:Electron Paramagnetic Resonance [2/3]

- An unpaired electron can gain or lose angular momentum Microwave(uW) bridge
(source +detector)
. : : pWiin
« change the g-factor value through spin-orbit coupling —
- information about the nature of the atomic/molecular orbital containing the 'L’W}éﬂ
unpaired electron - defect ‘s electronic structure o
cavity with
sample
« The magnetic moment of a nucleus (I#0) affects any unpaired electrons associated \
with that atom. to interfac?s and |
- hyperfine splitting of the EPR resonance signal into doublets, triplets ..... computer U
- further surrounding nuclei lead to super hyperfine splitting
Direct signal detection =
« Also the nuclear quadrupole moment impacts on the measured signal B
- The g-factor and hyperfine coupling in an atom/ molecule may not J
be the same for all orientations of the unpaired electron in external
magnetic fied =
 spectra anisotropy depending on the electronic structure of the atom/molecule = |

- > reflects the local structure
EPR spectrum of CHj, radical
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EPR:Electron Paramagnetic Resonance [3/3]

- Example: EPR results after irrad. with 3.5 MeV electrons, ®=101"cm-?

Variation of ESR spectra with measuring temperature (120K) and (50 K).

STFZ,e 3.5 MeV, T = 120K, 18dB, 34.1609 GHz

&7[v2)" tri " A16[v3-03]  pyy V5] v 100
<110>-~"’/\ o \/’\ -

A N AN AR
SN
AN/ s\ o I

% \Q’&V}Q" st s
S
SRS &

UACTIRANNTK XL
ARSI i
SRS ST SIS
<1005\’ ,f ‘4"’ 0
1214 v 1216 1218 1220 1222
Magnetic field (mT)

<110>

Magnetic field (mT)

STFZ, 3.5MeV, T = 50K, 33dB, 34.1609 GHz 100
HO[v2]' A16[V3-03] 4./ " PK1 VS
o
80
- \ vy o
\ 3 g
<111> Ne™ Py " v oo s 60 3
ovf://»l I} g
e ANAT i
\
440 2
o
(1]
Q
120
o i i \
<100> AWy 0
1 A L " 1 " 1 A 1 "
1212 1214 1216 1218 1220 1222

_ G7[V2] (trig.)

seen at 120K.
- A16[V3-03] (ortorh.)

- PK1 [V5]* (triclinic) vacancy aggregate

- G7[V2] is not observed (ESR signal
saturates) at T = 50K.

- H9 [V2]+ (monocl.) observed at T =50 K.

-AT6[V3-O3]" | -observed at low pW

- PK1[V5]* power (33 dB).
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Radiation Damage

Microscopic Defects
VS.
Macroscopic Device Properties

Some selected examples with clear correlations between defects and device degradation:

« Leakage current after hadron irradiation (short term annealing)

» Space charge changes during reverse annealing (long term annealing)
* Oxygen enriched silicon: proton vs. neutron damage

» Acceptor removal effect in LGAD sensors
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Radiation induced defects with
impact on device performance

RD50 map of most relevant defects for device performance near room temperature:

BD: positive charge E30: positive charge
Phosphorus: shallow dopant higher introduction after proton than after higher introduction after
(positive charge) neutron irradiation, oxygen dependent proton irradiation than after

neutron irradiation

BiOi

(acceptor removal) Leakage

/ current: V,

205a(-/0)

— G
leakage current Vi(10) s — V/,(10)
& neg. charge
current after y irrad, CIOi(4/0) Reverse

V,0 (?) I B [P S—— annealing

H152(0/-)

(negative charge)
Boron: shallow dopant
(negative charge) alence Ban o

« 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 energy, and some on material!
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Example: Defects with impact on leakage current

- Macroscopic observation: Leakage current build-up following NIEL (for hadrons)

« Leakage current scaling (almost) with NIEL and independent of silicon material (not for gammas!)
- Leakage current is annealing in time and with temperature.

- Example: Annealing study on a FZ sample (6x10 n/cm?)

100

80

60

(nA)

|dup
=~
=]

20

Fz 6x10" ncm™®

L /

LC decrease

60T annealing 60%

o
_

P 30%
SOmlﬁ_at 2007 annealing
| ]

T T T T T
500 1000 1500 2000 2500 3000
Annealing time (min)

(b,-) concentration (1 0" cm?)

w

4]
1

—
1

(=]
1

as irr
---- 100C

cluster related

50

160 150 EIOO
Temperature (K)

Microscopic observation:

Leakage Current

DLTS spectra

The defects E4/E5 (annealing at 60°C)
and E205a (annealing at 200°C) are contributing to
the leakage current with 60% and 30 % respectively.

[A.Junkes, PhD thesis 2011 & Vertex 2011 Proceedings]
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Defects: Impact on N« (reverse annealing)

2x10** n/cm?, Epi-St 75um

- Macroscopic observation.

. . « . ” 50 TSC-spectra after annealing
- Irradiated silicon sensor show “reverse annealing | To2mmatso
. . : : : & . H(152K)
S a=s 480 t 80°C Vy+?

(negative space charge increasing with time) sw0| 8 | - 480mnat8OC

« Example: Neutron irradiated epitaxial silicon z | |
op . . = 304 I H(140K)

- Identification of hole traps that grow with g A\ /7
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[A.Junkes PoS(Vertex 2011) 035; I.Pintilie, APL 92,024101 (2008); Junkes PhD thesis]



Defects: Impact on N4 (particle type)

- Macroscopic observation: Dependence on particle type (protons vs. neutrons)

« In several oxygen rich silicon materials neutron irradiation leads to build-up of net negative space charge
(“type inversion”) while charged hadron irradiation leads to build up of net positive space charge.

« Note: Violation of NIEL (Non lonizing Energy Loss) Hypothesis!
- Example: Epi silicon (EPI-DO, 72um,170Qcm) irradiated with 23 GeV protons or reactor neutrons
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» Microscopic observation
« The Donor E(30K) is introducing the additional positive space charge after proton irradiation

» Defects related to build-up of negative space charge not influenced (follow the NIEL scaling)

[I.Pintilie et al., NIMA 611 (2009)52-68] M.Moll - Defect Characterization - 10 June 2021 - IP2I Lyon 31



RD50: Dedicated acceptor removal studies

- Acceptor removal: Radiation induced de-activation of acceptors (p-type doping, Boron)
« Change of silicon conductivity; Change of sensor depletion voltage and/or active volume

- Impact:
« Loss of gain in LGAD sensors, sets radiation harness limits for timing detectors (ETL, HGTD)
- Macroscopic studies: St e rzenewonimdae ]
: * M D?ode-lVlCz-23 GeV protgn iradiated | S\
Example: 23 GeV proton irradiated epi diodes 10 o © B Diodo - £P1 25 e proton neadisted. 4 g
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= ex D)+ g - L L
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- Parameterization of acceptor removal established within RD50
- covering the range [B]=10*? to 1018 cm= (10 kQQcm to 5 mQcm) i.e. damage predictions can be done
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Defect studies: Acceptor Removal

- Microscopic origin: 30
- Formation of defects containing Boron that no longer acts as shallow dopant

H(40) EPI p-type Si, 250 Q-:cm
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— protons, 3.3E+14
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- Status
- Large amount of data (Wafers, Detectors, CMOS, LGAD)

« Acceptor removal is parametrized over 6 orders of magnitude in resistivity .
- Damage predictions are possible
=

« Defect engineering (with Carbon) works
but microscopic understanding needs more work! |

- Measured defect concentrations do not fully explain the macroscopic observations. ! l ! | —==
-100 0 100 200 300 400

temperature [°C]
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Summary

Technique Based on Defect parameters Limitations

C-DLTS Charge capture/emission E Onpr Ny low density of bulk or interface defects (<N/3)

Deep Level Transient Spectroscopy -Capacitance transients Chemical nature (indirect)

TSC Charge capture/emission E Onpr Ny high density of bulk defects (up to 1000 N)

Thermally Stimulated Current Current —free charged carriers Chemical nature (indirect)

TDRC Charge capture/emission E Onpr Ny high density of interface states

Thermally Dielectric Relaxation Current Displacement Current Chemical nature (indirect)

PL —Photoluminescence Photon Absorption followed by PL bands; (E;, 1) Only for radiative bulk recombination centers
Photon Emission Chemical nature (indirect)

FTIR - Infrared Spectroscopy Absorption of IR energy on N, (acc. 20-30%), -Large density of defects
molecules vibrational modes Defect structure (> 10% cm'd)

EPR Electron Paramagnetic Resonance Zeeman effect and Spins Chemical nature and vicinity Large density of defects (> 106 cm-3)
resonance N, Only paramagnetic centers

High Resolution Transmission Electron  Electron microscopy structure and chemical Large density of defects - clusters

Microscopy composition electron beam damage of the sample during the

observations
...there are many more methods (see references).

« Most powerful is the combination of various methods in combination with annealing experiments and variation
of materials (e.g. doping levels, impurities, isotope doping; exposure to gammas, electrons, protons, neutrons.

 RD50 has successfully identified several radiation induced defects responsible for device degradation effects
(e.g. leakage current and effective doping of silicon sensors, impact of oxygen).

« Hot topic today: Acceptor removal .... ongoing work
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