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Scientific work:

 Motivation: Radiation hard silicon sensors for the XFEL

« Selected topics in this talk:

- Understanding of X-ray induced radiation damage
- Characterization and determination of damage related parameters

- Influence on electric properties of segmented sensors

« Review on other achievements

General aspects:
* Benefits from MC-PAD framework

e Suggestions
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Motivation

Motivation: Development of radiation hard (0 - 1 GGy!) silicon pixel sensors for experiments with
hard X-rays (3 keV — 25 keV) at the European XFEL - work done within AGIPD collaboration

Method (collaboration with J. Schwandt, PhD student, Hamburg University):
»  Extract microscopic parameters related to X-ray irradiation
*  Understand the influence of X-ray irradiation on electrical properties of segmented sensors

* Implement the extracted parameters in TCAD simulation and verify results with measurements
on segmented sensors

*  Optimize sensor design using TCAD simulation

~sensor

*  Sensor layout design based on optimized parameters

Main effects in silicon sensors @ XFEL:
No bulk damage for E <300 keV

X-rays

*  Surface damage: oxide charges and interface traps build up
— increase leakage current (noise + power dissipation) SRR
— reduce breakdown voltage — | FullAGIPD
— Increase inter-pixel capacitance and full depletion voltage LT
— charge losses below the Si-Si0, interface
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X-ray induced defects in silicon sensors

Formation of defects induced by X-ray ionizing radiation:

1.0

« X-rays produce electron-hole pairs in S10, [~ 18 eV/pair] -

* Fraction of electron-hole pairs recombine: o % :: :
— field dependent yield of e-h pairs é é L B

« Remaining electrons escape from SiO, [[,~ 20 cm’/(V-s)] & g .

« Holes trapped in vacancies near Si-SiO, interface E 00 /1':""2 zev : i 5
[H;, < 107 cm?/(V-s)] Electric field (MV/cm)

e.g, Vo, th "=V~ ——> oxide charges (V,,)

Band diagram
Protons get released and react with passivated dangling _, ... N,: interface trap
sesnkar (o - formation (P,) Si

bonds at the interface: by ionizing —% 0, —
radiation - ++ -
% N, deep hole . E/-_
+ + + trapping (E’) At A
c.g., VOXHZ +h — VOXHZ — VOXH +H [ near interface =+
H+ + SIH — Sl' +H proton
nt 2 gate transyg ﬁ-“() 1
ﬂ proton Hl(/':':}y
release _.Z-
s

L -

interface traps (/V;) hopping transport of

holes through localized
states in bulk Si02

* from J.R. Schwank, 2008
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Defect characterization: I-V, TDRC & C/G-V

Current-Voltage (I-V) measurement on Gate-Controlled Diode (GCD) for J,,, (pA/cm?):

»  Increase of surface current density J,, < D;,"“*% (eV"'cm™)

' . » Ay 0 Lo » ‘ \
n' | Accumulation | —cplction ) | Inversion |
A — e,
.-V measurement on irradiated GCD
20¢10° Accumulation: fp, i gioge t Lair
:‘ Inversion ‘ . .
E--4.0x10'9i Depletlon. ]bulk,diode T [diﬁ” T [surface T Ibulk, gate
E gomror | Inversion: Jpy . giode * Laigr  Lbuik.gate
- 1. Isurface
= 1 Vpias =12V
O _8.0x10°- —
1 ™ Lsurface — |[depleti0n o ]inversi0n|
-1.0:10% = Jsurf = [suﬁace/Agate
oo frm=tooopommees 5 MGy, 10min@80°C |

-100 80 60  -40 220 0
Gate voltage [V]
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Defect characterization: I-V, TDRC & C/G-V

Thermal Dielectric Relaxation Current (TDRC) measurement on MOS capacitor for N,” (cm™):

* Measurement technique: Thermal Dielectric Relaxation Current (TDRC)

. . ) Ec-Eit [eV]

(1) Bias the MOS capacitor to accumulation o0 o1 02 03 04 05 08 o7 o8

— fill interface traps with electrons 1 = TDRC spectrum
1294 —o— Dy (E-Ey' =0.39 eV) e
(2) Cool down to 10 K — freeze traps ‘ Dy (EEf = 0.48 eV) 1597 g
_ . 109 —v— Dy (E.-E;' = 0.60 eV) <
(3) Bias to deep depletion and heat up Z 5] {6.0x10" 2
R a
to. 2?0 K — trapped charges at the g N Lo ?,
Si-S10, interface get released 3 °
z 7 2
{ Temperature [K] — E_-E;, [eV] = g . 7 20x10 %
o 2t v - o
TDRC Signal [pA] — Dlt [eV-lcm-Z] [0F™ \VVFIVIIIWY N \\\ -. = 51 FHFFTHTHIHIIIIIIIIIVIVIVI Tﬁﬁ '...__, 0.0 :g
. . - 5 MGy (after 10min@80°C)- =
(1) _ Ee y(3) P Bt AR i S
Nit _ fEU Dz’t (E’tt)dE’Lt 0 50 100 150 200 250 300

Temperature [K]
» Properties of 3 dominant interface traps in silicon band gap after X-ray irradiation:

E.-Eit [eV] 0.39 0.48 0.60
FWHM [eV] 0.26 0.13 0.071
Ot [cM?] 1.2x107" 5.0x10™" 1.0x10°"
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Defect characterization: I-V, TDRC & C/G-V

Capacitance/Conductance-Voltage (C/G-V) measurement on MOS capacitor + model calculation
for N, (cm™):

«  Frequency shift of C/G-V curves < N,
Shift in gate voltage < N, .+ N,

TDRC spectra + model — reproduce measured C/G-V curves — N,

Model for MOS capacitor C/G-V measurement on irradiated MOS capacitor
T '_I2x10-10 P T T S S S U R S
1 5 MGy, 120min@80°
L Y
R
Capacitance and [ T B e R W . - - - -~ i =
conductance of - Co T Gleat Sio, E
isolation layer © 10_10_ o 1 kHz
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv H-H H :'5 . 3 kHZ
Inversion capacitance‘ AT AT e AT A AT AT e A e A \:]mn,vnmnvxvnm:\ Si-SiO;, interface © - 10 kHz
o
|| Deplted @ 30 kHz
i ] i layer ) O -
Depletion capacitance ¢ 3 7 l " l ] g Capacitance and 0- 100 kHz L
depends on thickness «-{- C47" CitT Girt CieT G}ré Cit Gt | ,.,..,.,.,.,....,CﬂfjduGtﬁnce due to )
1 ; . . i interface traps 10 i ‘ '
of depletion layer : | i P
. R, (frequency dependent) 3 s
- — 107+ =
Recombination/generation | i Qo 5
resistance Q 1074 3
S
5 10 3 =
Couc T Gpuik Un-depleted b -] 8
// : region of ;/ © 10 3 LA T I, :_
Capacitance and e Si substrate c 9
conductance of | 8 107 Dots: measurements
un-depleted region 1010 Lines: calculation
e

40 30 20  -10 0
Gate voltage [V]

O
S
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Results: N,, & J,,,rVsS. dose

Investigations:
*  Orientation: <111> and <100> * Insulator: Si0, and S10, + S13Ny
*  Vendor: CiS and Hamamatsu *  Unbiased during irradiation
4010 Dose dependence of oxrde charge densny Dose dependence of surface current denS|ty
—.— Cis- <111> 360 nm SiO, + 50 nm Sl,N : —.— Cis- <111> 360 nm SiO, + 50 nm S|‘N
35| . _CiS:< <A112-3350m IO, ._.,.42‘.\#\3. ] B Cis-<111>-335 nm Sio, ; ; A
e Hamamatsu <100> 700 nm 8'0’ /’/J/ ) \\‘: — _" Hamamatsu <100> 700 nm SIO) r'f . *\ . .
< 30 —' CiS-<100>-330 nm SI0, + 50 nm SiN, | ,:,'./ , - E ~#  CiS-<100>-330 nm Si0, + 50 nm Si;N, : /! I
‘E | =>  cis- <1oo> 350nm8|0)+50nm Si;N (2()11)(! . - -~k § SR ,‘ AT
S 5 . . A T 3 : r n v
— : : : : ’ _ : > — : : LN »
25_ i )‘/ ... T - ; / ; :
g o aF 1 Z - R N S
ol ] § | Scaledto20°C /,*--« .
E 2.0 : : : /‘{i'r'/ /’ ° . . . ! f. K Sa \\
S | | | Ry 0 53l TP
P L L e AT T A E : : Lom S '
% 15 . = j;" \*____‘ 8 ",; // A *\\ *\ \\\\
g | | Lo 8 Ll B A4 SRR AN
o400k P SN | @ B A A Tl VT
o I PSS = ' A RN
: ,‘/:‘ - /}’ 3 : : ,’; /‘/ : \“l
g-° 7 0 i ;,f,’,: ‘e
LA : . " ) : ,'_’_-.///
ol= after annealing for 10min@80 °C __.zz=---Bafter anneallng for 10m/n@80 °C
1 1 1 1 1 L 1 L e = = = 1
10 10° 10 10° 10° 10* 10° 10° 107" 10° 101 102 10° 104 10° 106
Dose [kGy] Dose [kGy]
Conclusions:

* N, andJ,saturate with dose: typically N, ~ (1.5 - 4.0) x 10" em”, Jy,,~~ (3 - 7) pA/cm’

«  Differences observed for orientations, Si0, vs. S10,+S1;N,, vendors

e  Saturation mechanism of N, : equilibrium between hole trapping and electron recombination
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Results: N, & J,rVS. E,,

Investigations:
*  CiS <100> MOS capacitor and Gate-Controlled Diode (~ 350 nm S10, + 50 nm Si;N,)

*  Electric field in the oxide E ,: ~ (0 - 0.7) MV/cm [oxide breakdown: ~ 10 MV/cm]

x10%5 F|eld dependence of oxide charge den5|ty Fleld dependence of surface current denS|ty

1.2 8
-& Cis- <100> 330 nm SlO + 50 nm Sl N,-100 kGy : -& Cis- <100> 330 nm SlO + 50 nm Sl N,-100 kGyr E -
-l CiS-<100>-360 nm SlO + 50 nm SI;N -100 MGy 7L -l Cis- <100> -360 nm SlO + 50 nm Sle -100 MGy / o
op o — | | :
‘E 5 5 i § i : 5100 MGy .7
5 | | ? VA = |
S el A00MGY. ] S, .
5 | | | - . 5 - -
® ’ L = - ------ s |
% D4+ . 8 ___,.-d""
) ; *_ _
S . /,J ) 100 kGy g R -H,_,__-J' 100kGy
02k l"—*‘“‘"—'—.’ e T wn : : :
00 after annealmg for 1 Om/n@80 °C o after annealing forj 10min@80 °C
=30 -20 -10 0 10 20 30 =30 -20 -10 0 10 20 30
Bias voltage [V] Bias voltage [V]
Conclusions:
Al gate
* N, andJ,increase for £, >0 : J A
Eox>0 v SiO, i Eox<0
 No strong E,, dependence for £, <0 S E

e pmnsensor: E,. <0 — not a problem!
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Results of annealing: N, vs. time

Annealing of NV, :

- Exponential decay: N,,(t) = A - exp(—%) -H yp| — description inadequate

x10? Annealing behavior of oxide charge density

sal>>~_ ... CiS<111>5 MGy dose - /—8102 S1 - \
— 327 A Hole trap distribution:
| N,

3 — 0
E- 301 ht jvht (.T?) =A- AT(’J.‘]’.‘ ’ C}Cp(—)\ ) (IT)
2 1/A: characteristic length (~ nm); N,,”: N, att=0
a ax 0X
o 28
=)
S ‘ N Annealed oxide charges:
E — tunneling fit80 ° C ) ® AN,.(t) = 0 ® Npi(x)dz
2 24| -~ - exponential it 80 °C ]
S A N X
m 60°C , .
0o vinneling ££60.°G : Tunneling front:
2 —— tunneling fit60.* G-+ BN ] iy
- - - exponential fit 60 ° C ‘TTTL (t) — ﬂ . ].I].( %”U_
20 10 102 10° B: parameter related to barrier height; 7,: effective tunneling time constant
Time [min]

*  “Tunnel anneal” model [T. R. Oldham et al., 1986]:
Now(t) = NOp - (L 1/t0) ™ with 19(T) =15 - exp (25) 1o neling time constnt

AE: energy difference between trap

AE = E{(SiO,) - EE(Si)— E(SiO,) ~ 6.0 eV, compatible with existing data
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Results of annealing: J¢ .+ Vs. time

Annealing of J,,,.- Ly, fuce)*

*  Exponential decay: [, race(t) = A_. exp(—f) +
. “Two-reaction model”’:

yo| — description inadequate

Lsur face(t) = I? (1 +t/t1)”" with ,(T) =t} - exp (kg%) and 7 = J1

sur face

Annealing behavior of surface current density

10’

80 °C

_______ \_

CiS <111> 5 MGy dose (Two-reaction model (M. L. Reed 1987):

— Dangling bonds: % [Si-] = —k1[Si-|[H]
60 °C d
777777777 — Hydrogen: 27 [H] = =2k, [H][H]

k;& k: reaction rate

~N

v

e 8°C
—— power law fit 80 °C

Surface current density [qu‘ch]

m 60°C
—_— ﬁower law fit 60 “C
-—- éxponential fit 60 °C

100 | I
10" 102 10°
Time [min]

eo w00

«  Data described by power law predicted by “two-reaction model”

«  Data show that same function with different parameters for the different traps N,/ describes data
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Long term behavior of N, & J

Results based on calculation for S MGy dose (results scalable to other doses):

*  Slow annealing for N,: e.g., at 20 °C, AN,,/N . by less than 50% 1n 3 years (but...)
*  Reduction of J,,.1n days: e.g., at 20 °C, AJ,,/J,,+by 50% just in 5 days!

«102 Annealing behavior of oxide charge density Annealing behavior of surface current density

5 10
A 5 A 5
: extrapolation: : : : extrapolation
™ EE : : g : - = I B : : ;
: : : : o . (&) ~ e Y ~ - : 0
g hassssEzzzzzzz-..__ 0°C . 3 SN TN TN T 10 Cstgp
3 : = . :.°.. 3‘ : \\ ‘\‘ ‘,\ f,°°. !
: D . M ; :
5 g N NN
o o N SO > haN
o E \'\ \\J.. \\ "\
= AN S N208C e
£ 5 e \\:“;- ‘u u?‘(‘trapolatlon
ﬁ 8 - . .{;'"‘l""' ......... ] =
X ]
) =
3 2
0-2 i-1 i0 i1 i2 3 0-2 -1 0 1 2 3
10 10 10 10 10 10 10 10 10 10 10 10
Time [days] (~3 years) Time [days] (~3 years)
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C-V curves of p'n strip sensor

et V4ep Increases ~10 V after irradiation due to
1U,+5131Ny
62 um the presence of surface charges (not due to
. change of doping concentration
55 285 ym n-substrate /4 g ping )
: <100> » Strong frequency dependence of total
\ = capacitance observed for Vi, <300 V
S RLLIECTELILLCC LI ELCCEILEO R ELEL e EED 80 5] 1 >
Total Capacitance (in series) Total Capacitance after 10 MGy (in series)
2e+21 47— L S R S e R S B A 2e+21
| - Before irradiation Pt ' | - 1kHz 100 kHz
= 1MGy ' 1= 3kHz
1.5e+21] + 10 MGy 4 15es21] * 10kHz
| Before AV yep j 1 -+ 30kHz
T | irradiation | & ¥ 100 kHz
= tes21] 1 = tes1-
CR v
_ 1 & 10 MGy "
5e+20 ] 5e+201
] f =100 kHz | :
ol (after 6(OMIn@8OC), i (after 60MIn@80°C)
0 20 40 60 80 100 0_o " 20 40 60 8 100

Voltage [V] Voltage [V]
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I-V curves of p'n strip sensor

* Leakage current: [j,xq00 = Ly + 1

4e-07

Leakage Current (A . = 0.62 cm?)

| = Before irradiation
1 = 1 MGy
3e-074 * 10 MQy

1 MGy

Current [A]
()
®
o
=~
L |

(after 60min@80°

Vdep

eeeeeeeeeeeee

H

H 4
H

H

B teos J
H * Before irradiation

s geos 1
H

H

LI, ]
o Zeeos

HE B f

Pobwl S erore

ol Gaeos ] f 7

: -/ irradiation |

% 100

urface -

0 20 40

60 80 100

Voltage [V]

where Isurface - Jsurf . Adep

Y [um]

0

10

Electron
Accumulation layer

: Agep; (Efiela =0 Viem) 4

dep;

Ensity [cm*-3]
1.0E+18

1.0E+132

lectrons O

1.0E+07

20 40 B '\ 1.9E+04
X [um] 1.0E+01

* Increase of [, after irradiation «— surface current density J,,. < Ny
* “Linear” increase of /;,,,0, With bias voltage «— depleted area 4, at S1-S10, interface
* Decrease of [}, With irradiation dose «— result of competition between N;, and 4,4,

* For 1rradiation under bias, ;.0 larger by ~ 100 nA
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Review on other achievements

Other work done and experiences:

Dose calibration and operation of irradiation setup at the DESY DORIS III
synchrotron light source

Helped colleagues from other labs with irradiation set-up

Model development for irradiated MOS capacitors

SPICE simulation for non-irradiated p* on n microstrip sensors

Test beam experiment at CERN SPS with T. Rohe, J. Sibille, et al.
Response of PMOSFET and NMOSFET to irradiation dose
Characterization of electrical properties of n” on n pixel sensors with X-ray
irradiation

Mask design of the AGIPD sensor for the European XFEL

Supervision of a summer student from National Technical University of Athens
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Review on other achievements

Talks given:

* “Investigation of X-ray induced radiation damage at the S1-S10, interface of
silicon pixel sensors for the European XFEL” at 14™ iWoRID, July 2012,
Figueira da Foz, Coimbra, Portugal

« “Status report: Radiation damage and sensors” at 10" XDAC Meeting, October
2011, XFEL GmbH-Hamburg

 “Study of X-ray radiation damage in silicon sensors” at 13" iWoRID, July 2011,
ETH-Zurich and PSI-Villingen

« “Study of surface radiation damage in silicon sensors” at 18" RD50 Workshop,
May 2011, Liverpool
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Review on other achievements

Work results in:

* J.Zhang, et al., “Investigation of X-ray induced radiation damage at the Si-S10,
interface of silicon pixel sensors for the European XFEL”, to be published by
Journal of Instrumentation.

* T. Poehlsen, et al., “Charge losses in segmented silicon sensors at the S1-S10,
interface”, to be published by Nuclear of Instruments and Methods A.

» J.Zhang, et al., “Study of radiation damage induced by 12 keV X-rays in MOS
structures built on high resistivity n-type silicon”, Journal of Synchrotron
Radiation, Vol.19, Issue 3, 340-346 (2012).

» J. Schwandt, et al., “Optimization of the radiation hardness of silicon pixel
sensors for high X-ray doses using TCAD simulations”, Journal of Instrumentation,
Vol.7, CO1006 (2012).

« J.Zhang, et al., “Study of X-ray radiation damage 1n silicon sensors”, Journal of
Instrumentation, Vol.6, C11013 (2011).
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Benefits from MC-PAD framework
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Currently, I am in
Hamburg writing
and finalizing the

~ PhD thesis.

Future: Postdoc

Jimnyt
& / \

-m.m&': MC-PAD training

¢ K

Conferences,
meetings and
workshops

Suggestion:

Exchange between

researchers from

different institutes
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Special thanks go to:

« MC-PAD program
e Christian Joram
o All fellows within the MC-PAD

* Prof. Robert Klanner
» All those I worked with: Eckhart Fretwurst, Ioana Pintilie, Tilman Rohe,

Joern Schwandt, Monica Turcato, Thomas Poehlsen, Jennifer Sibille,
Thorben Theedt, Hanno Perrey;, ...

Thanks for your attention,

and good luck for your future!
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Results: N vs. E_,

TDRC spectra and N;:

TDRC spectra of 100 kGy dose

8 T T
— 25V after anneal/ng for 10m/n@80 °C
s 7| —— 10V —
Dependence on E,, similar to J,,.c — oy B=0.183Ks
B m—— 10V ‘
TDRC spectra: = | — BV |
100 kGy — change of amplitude gl
. O]
100 MGy — change of shape and amplitude 59
ol
7 x10%2 Fleld dependence of mterface trap denS|ty al
-®- C|S~<1D[)> 330 nm SiO, + 50 nm Si;N,- 1[)[) kGy _
6 | - W - CiSi<100>-360 nm SiO, + 50 nm _SI_;;N;-__1_DD_M_G)_'_____i____,_f_!_______ 0 50 100 150 200 250 300
// Temperature [K]
E 5// . _TDRG specira of 100 MGy dose
; , -~ 100 MGy — 25V affer anneallng for 1 Om/n@80 °C
&= ; ; L : — -0V
S - — v
@ 3 //, ] %207_725\/
@ | - 3
g _ _ - ' E} 15 F- PO
E 2t _..._..__,____“_ﬁ.—.’._..... : : i S
: : 100 kGy . "
* - - ____ o----- y '. : °
_ : after anneal/ng for 1 0m1n@80 °C ol
0 ' ' ‘ ‘ ‘ ,
=30 -20 -10 0 10 20 30 0 50 100 150 200 250 300
Bias voltage [V] Temperature [K]
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