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SAMPLES:

Si pad-diodes
(200 pm thick, A= 0.25 cm?)

FTH, MCz, FZ
n- & p-types

CNSUP-DIDDE-P
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SAMPLES: BULK DAMAGE.

Si pad-diodes Proton energies:

(200 um thick, A= 0.25 cm?) 23 MeV, 188 MeV, 23 GeV
HF = 2.0, 1.0, 0.62

FTH, MCz, FZ (KIT, KVI, CERN PS)

n- & p-types
Proton fluences:
1-10"3-3-10" neg/cm?

Measurements:
IV, CVf, TSC

Annealing:
up to 60min@80°C

CNSUP-DIDDE-P
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Radiation damage

SAMPLES:

Si pad-diodes
(200 pm thick, A= 0.25 cm?)

FTH, MCz, FZ
n- & p-types

CNSUP-DIDDE-P

BULK DAMAGE.

Proton energies:

23 MeV, 188 MeV, 23 GeV
HF = 2.0, 1.0, 0.62

(KIT, KVI, CERN PS)

Proton fluences:
1-10"3-3-10" neg/cm?

Measurements:
IV, CVf, TSC

Annealing:
up to 60min@80°C

BULK DEFECTS:

- Point-like & “clusters”
— sensor properties
— sensor performance

- Deep levels
— |leakage current

+ Acceptors/Donors
— space charge

To characterize:
1) defects
2) their effects
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- Knowledge of defects/effects especially in p-type Si sensors
- Models are based on "effective" states — unable to describe data

T 1 1 T
: CONDUCTION BAND :
0.6_......................;................‘; ................. : ................. : ................. : ....................
: ' ' : E(30K)
: ! ! : —
Gq__.; ................. ................. ................. ....................
> é é : é BiOi
g : : : —
o : f f : f
{ 0.2_._._._._.._._._._.._._: ................. el e . ]
0] : : : : V2 o
A I - : e —
= : L : ]
g _5 —— —— V3 :
2 0.0_._._._._.._._._._.._.,:._._.._._._._.._,; ................. : ................. : ................. : ....................
] : ' ' : :
(] : : H(152K)
[ _ _ ; ; E———
E B o T _— ---------- ----------------- ;-ei{}i- _H( TAOKY
2 § H(116K)
@ _ ; |
_G.q__......................E ................................................... . .....................................
DONORS : :
ACCEPTORS g
_05_ _________________ Rttt ______________________________________
iVALENCE BP.ND | |

|
Perugia (N) Perugia (Y) Eremin Dehli TSC



UH
Universitat Hamburg DefeCts & effeCtS

DER FORSCHUNG | DER LEHRE | DER BILDUNG

- Knowledge of defects/effects especially in p-type Si sensors

- Models are based on "effective" states — unable to describe data
- e.g. Leakage current

MCz p-type (IV@T=253K, 15min@80° C)

oal .. ®,,51.0E14cm *, 23 MeV protons
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| 1 1 1 1 1
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® .: NIEL scaling leakage current
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- Knowledge of defects/effects in p-type Si sensors
- Models are based on "effective" states — unable to describe data
- e.g. Leakage current

MCz ptype (IV@T—253K 15m|n@80 C)

Current [pA]
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Reverse voltage [V]

@ .: NIEL scaling leakage current

Ep : no influence on LC within 18%
I\VV) no info regarding actual bulk defects
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- Knowledge of defects/effects in p-type Si sensors
- Models are based on "effective" states — limited predictive power
- e.g. Leakage current

MCz p-type (IV@T=253K, 15min@80° C) 200 MCZ p-type (@,,=1.0E14cm ™, 15min@80C, V;;=-300V)
| | o, f-rl OE14cm*'2 23 MeV protons j = 23 MeV
= 0.4+ . - — 188 MeV
e 5, Z0ELdem 2, 23 MV protons wl M0 =
o~ ~ %,,=0.3E14cm™?, 23 MeV protons = : : : :
0.0 8 _ SO RAUE RO PO SYOTOURUU OO ST + ; ; : ;
5 | H(150K)
©) :
,E. 0.4r |t£
= &, =1.0El4cm? ;
= : | mm 23 MeV
3 o1 | m= 188 MeV [
0.0 . : : | m— 23 GeV N = s T
(I) SIO 1{|)0 15|0 260 25|0 360 350 0 30 100 150 200
Reverse voltage [V] Temperature [K]
@ .: NIEL scaling leakage current ® .= 1E14 cm™, “limit for TSC”
Ep : no influence on LC within 18% Ep : no influence on “clusters”
I\VV) no info regarding actual bulk defects TSC) info regarding N,, 0_ S =
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- Based on the Shockley — Read — Hall statistics
- Modified to account for charged clusters

1) Occupation of states:
T

1 ! ’
Nenp(T) =n10np(1L) X exp (—E / en.p(1)dT )

To

2) Emission rate:

Eq
enlT) = i (TN (Deap (2 )

3) Activation energy:

E*(f ) o Eg - fn : 6EO for acceptors,
armpl E2+ (1—f,) -0Ey for donors.

- Uniformely spaced in the cluster region
- f,,(T) fraction of filled traps

- OE, in the order of 10 meV for cluster-related defects
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- Based on the Shockley — Read — Hall statistics

- Modified to account for charged clusters Adqo
ITSC’,n,p(T) = 5 en,p(T)ntanaP(T)
1) Occupation of states:
1 T , , . . 60min@80°c .
nt,n,p(T) - nt,D,n,p(T) X exrp (—E jro en,p(T )dT ) Sl : I;Eis;;e\:i
— $E,=-0.002 eV § A
2) Emission rate: of| — sm=o000sev| .
— 0E,=-0.010 eV : k
Ea < || — E=0015ev
en,p(T) = OnpVthm,p(T)Ne,v(T)exp | — R Y |
kpT 2
3) Activation energy:
EX(fo.) = E? — f.-0E for acceptors, | | . -\
ar Pl E2+ (1—f,) -0Ey for donors. - = = S T =8
Temperature [K]
- Uniformely spaced in the cluster region - N, = 0.66E12cm™

] : . 23 MeV protons  _ ; ~ 10E-16 cm=
fn’p(T) fraction of filled traps ® = 03E14cm? o, cm

ol ] neq -E,=0.23eV
OE, in the order of 10 meV for cluster-related defects 60Min@80°C - 5E, ~ 2 meV
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Leakage current

IV & TSC measurements

- IV vs. weighted TSC concentrations w = (

€En

Ileakage X (wl ) NV2 + wa - NE5 + ws - NH(ZZOK))

Measured IV@ 253K, @ 300V
I/Vol [u Alem?®]
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Calculated from TSC
(Vheating = 300V)
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After annealing of 30min@80°C,

(1E13<o , <3E14):
- Leakage current < clusters

- No material dependence
- No proton-energy dependence

TBD) Check remaining samples
TBD) “Annealing” evolution
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Effective doping

CV & TSC measurements

CV) Measured @253K, =455 Hz

5 A ~ Neff = 4.29E12 cm3 ]

Neff from fit to initial 1/C? rise

2
A2ecqqy LI

Nefrov = —

1e21 MCZ p-type (tﬁ@=1.0E14cm‘?, 15min@80° C)

(TSC 4. 26E12 o 3)

Reverse voltage [V]

1 | | | | I I
0 50 100 150 200 250 300 350 400

After 23 MeV protons

CV) Measured @253K, =455 Hz
Neff from depletion voltage

0
Viep + Vi = %%INeffl d?

MCZ p-type (tbm=1.0E14cm‘2. 15min@80° C)

~ Neff = 2 82E12 cm3

i i i i
0 100 200 300 400
Voltage (V)
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CV) Measured @253K, =455 Hz
Neff from fit to initial 1/C? rise

2

Negfov = —
’ d 2
A ecogy T

TSC) Concentrations of
Neo * E(30K) + BiOi

- H(116K) — H(140K) - H(152K)



Universitait Hamburg EffeCtive dopi ng

CV & TSC measurements

DER FORSCHUNG | DER LEHRE | DER BILDUNG

CV) Measured @253K, f=455 Hz 40
Neff from fit to initial 1/C? rise 25l
N 9 301

eff,CV. = = a(t/c? L N
AZEEOQO (d/v ) a2.5

I P N T N S

1ok ......................... %{ATSC_HMOK)W\”CL ________

0.5 e | Nygef Negp o from Vdep
TSC) COncentratIOHS Of = NTscjf\j,”m,-from initial rise
Neff,O + E(3OK) + BiOi o 152 163 1(|}" 10°

Proton Energy [MeV]

- H(116K) — H(140K) - H(152K)

® = 1E14 cm?, “limit for TSC”

Ep : influence on point-like defects
950% agreement
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CV) Measured @253K, =455 Hz 40
Neff from fit to initial 1/C? rise Ll
N 2 3.0

ef f,CV = — —17C3
A2€€0q0 % B 2.5

1.0F . :
| [ (NaseHUOK)) /N,y v
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ne

Ep : influence on point-like defects
50% agreement

b 0= 1E14 cm™2, “limit for TSC”
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1) (Forward) Filling current @ 10 K

2) Filling temperatures > 10 K




UH mgge
e 19SUEH#T: Filling current @ 10K

DER FORSCHUNG | DER LEHRE | DER BILDUNG

FORWARD IV @ 10K

10° !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

FORWARD Current [A]
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| A R ~|ee ®,=05E14cm? ]
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FORWARD Voltage [V]

FTH200Y (1E14, 188 MeV, 8@80, Vheating=-300V)

: : — 10V — 1E-15A
700§ T —e- e — 25V — 880E-6 A ||
' ' — 40V — 10E-6 A

50 100 150 200
Temperature [K]

Vfilling=25V

Vfilling=40V Ratio

E(30K) 2.23E12 cm*®

2.48E12 cm® 0.90

H(40K) 3.54E12 cm?

3.78E12 cm*® 0.94
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=1E13/cm?, PS protons, 60min@80°C)

MCZ200Y (2,,, | | | | | |
60 ____________________ — T=10K| __________________________ ______ - 70 T B e .
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- Black line: “standard” TSC spectra, with Tfilling = 10K

- Dominant hole trap if Tfilling > 10K : CiQOi (not seen if Tfilling = 10K)
- Enhanced peaks for E(30K), H(40K) and VOQi, as well.

- TSC @ low temperatures < ? — room temperature simulations



Thank you for your attention!
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Defect(s) classification(s)

DER FORSCHUNG | DER LEHRE | DER BILDUNG

E N LY B
1L "
POINT-LIKE SR T CLUSTER
after 10 MeV 2 A R after 23 GeV
protons . qE & protons
SN RS L
0 0.5 10 0.5 10 0.5 1
X (um) X (um) X (wm)
- - - - — Agglomeration of defects, Vol ~ (15 — 20 nm)?
- Single vacancies or single interstitials 105 — 10¢ atoms
- Di-vacancies or di-interstitials
- Combined with impurities - E4, E5, E205a only after hadron irradiation
- Practically: higher leakage current
\ 5 Ec  Fig. 3.24 Classification of levels in
. T+ the forbidden gap.
electron 0 =
]
trap 5 A: shallow acceptor, e.g. B,
E B: deep donor, e.g.C,0,
hol t 0 C: deep acceptor, e.g. V 0,
¥ + D: shallow d
traps 0 : shallow donor, e.g. P,
V5 + E: amphoteric level, e.g. V'V
Ey

| A B C D E
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FTH200N/Y
188 MeV protons
) = 1.0E14cm

n

IV measurements (T=253K)

100

TSC measurements (FTH200Y, V,_..,,=-300V)
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Sample holder S | Helium compressor -
+ T sensor [ and cryogenerator (CKWZ‘ J

L - Sumitomo
ety nbusines

Temperature controller

340 Temperature Controller

front and back
side illumination

Amperometer + Vsource

—
+00 097

S an .

> ) Gue o) (o 2| G Vacuum pump

) o ) | Light shield | ONO=zO FO |y

90000 e

POWER

Proton-energy dependent damage
elena.donegani@desy.de to thin silicon pad-diodes
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