Surface effects in segmented silicon sensors
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Introduction: Some experimental observations
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strip sensor depends on humidity
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Can we understand these observations + avoid them ?



Introduction: Some experimental observations

S.Jaster-Merz, Characterization of SiPMs a R.Klanner et al., POS(TIPP2014)040
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Simulations and relevant parameters
—m

Example: = Where to put —L
p*n HPK- = symlmetry the boundary -
sensor 8 plane Qos Q conditions ? | 0s = outer surface
N | & ox | *

2 um
—>

450 pm

50 um

I n-Bulk I

| . o : B

- Q,.: outer surface charge distribution > o.s. resistivity Ro > time depend.
- Q,, "oxide” charge density > technology + surf.damage + time dependence
- Qporder+ border trap density > technology + surf.damage + E-field + time
- Q;;* interface trap density > technology + surf.damage + E.,,@interface

> Program of determining the relevant parameters \
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Current [A]

Outer surface charges and resistivity Ro

- Q. bias detector > E -field on o.s. > rearrangement of o.s. charges
surface resistivity R, > time-dependent surface charge distribution:

Biasing scheme for GCD (Gate Controlled Diode)

Measurement of RO | Gl' — |
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Time constants change by factor 50 for RH 46% > 30%
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Outer surface charges and resistivity Ro

Measur'emen‘l' of R with MOSFET FGT (Floating Gate Technique) :
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R shows ohmic behaviour
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FGT biasing scheme for MOSFET

|_\openatt=0
|
. — —
s cl'{mJ? sio, | sio,

‘ | Si0, ‘ ‘ Sio; ‘ | Sioy

[ [P ]

Channel

Drain Gate Source

n-Si

o
Al

Relative humidity RH [%] 30 35 40 46

Discharge time [s] 820 150 120 16
R-(RHVR - (RH=46%) 52 94 75 1
R,s [10" Q] 50 91 73 097
REpiG O] 66 12 97 13

Ro~1017Q @ RH = 30%

(difficult to measure for lower RH! )
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Outer surface charges and resistivity R

Time-dependent charge collection close to Si-SiO, in p*n strip sensor

T.Poehlsen et al., NIM-A731(2013)172
T.Poehlsen DESY-THESIS-2013-025
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Outer surface charges and resistivity R«

Explanation of long-term changes (w.o. radiation damage)™:

Biasing > longitudinal E-field component on o.s. - rearrangement of Q
until E,,, = 0 and V,; = const > time constant depends R,

which changes by many orders of magnitude with humidity (+T)

") already discussed by A.Longoni et al., NIM-A288(1990)35

Simulation: Outer surface layer with high resistivity for t+ dependence
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Summary outer surface resistivity Rc

Outer surface charge distribution influences E-field in Si close to
the Si-SiO, interface
- influences the presence/size of inversion/accumulation layers

- can cause high-field regions > possible breakdowns
- can cause changes in charge collection

After biasing, the o.s. charge distribution is not in equilibrium

- Time constants to reach equilibrium are related to o.s. surface
resistivity and can be many days > high initial currents + long-
term instabilities

Proper boundary conditions and mesh sizes in simulations are essential
> Default TCAD boundary conditions are typically not the ones to
use; make simulations with different boundary conditions

Avoid instabilities by high-resistivity layer on top of passivation ?
(General rule: make sure that the potential is defined everywhere)

UH
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Oxide charges, interface traps and border traps

®Oxide trapped charges (N,,): Mobile ions: not an issue anymore
- Mainly positive oxygen-vacancy defects
(one shallow trap > hole transport, Qos
+ one deep trap E', @~3 eV) saturation:
h-trapping = eh- recombination \ . I
+ + -+
(®Border oxide traps ("add” to N,,): T - -
Positive E', defect can exchange -+ . _ l
charge with Si depending on Fermi- *o- s
level on time scales > 0.01 s to seconds\
+ + + + + + + + + + + + + |~3mm
X NIRRT AR T TS B o
@ Interface traps (D;,"): =
Traps at interface (no barrier !) / T
dangling bond defects (P,) - Si

H* released when A captured:
SiH + H > (Interface Trap) + H,

o. limite no. of dangling bonds Q‘ e? ° P
No. limited by f dangling bond aae; *J_qa . % &/%\g
" o m\w\dﬂ\ .55 488

* from D. M. Fleetwood's book “Defects in Microelectronic Materials and Devices”

Positive charged E,’ center Py, center at <111> interface Ppp center at <100> interface

") Distribution of traps g
in the Si bandgap:
Dy [(eV-em?)™'] A complex many parameter problem

UH
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Oxide charges, interface traps and border traps

Complex many parameter problem - simplifications are needed:

For simulations frequently used:
« Position-independent effective oxide charge density N_ . [cm-2]
* Position-independent surface recombination velocity s[cm/s]
(or J .+ [A/cm?] where Si-SiO, interface is depleted )

Experimental determination of parameters (which depend on technology,
crystal orientation, radiation damage, etc.) using test structures is a
major effort |

Strategy followed (an infinite loop ? - needs excellent + dedicated students ! ):
Measure parameter using test structures

- Simulate impact on sensors

- Verify simulations with measurements on sensors
Use simulations to optimize the sensor design

A

Can such an approach converge?

I have been warned by experienced colleagues !
and now understand why !
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GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 11

DER FORSCHU



Oxide charges N, + interface traps D;

C/G-V+TDRC for MOS-C (from 4 vendors, <100> and <1115, surface
damage by X-rays (0 > 1 66GY), E-field during irradiation, annealing)

How to obtain reproducible results ? MOS-C on n-Si

(1) Annealing at 80°C for 10 min —
(2) Stop voltage scan before strong in-
version 2> no injection of border traps
TDRC: Properties of interface traps | TDRC Spectrum_5 MGy_10min@80°C
(Thermal Dielectric Relaxation Current) [ awe TDRC spectra
- Bias MOS-C in e-accumulation 1 for 5 MGy

- fill interface traps with electrons
- Cool to 10 K > freeze e in traps

- Bias to inversion and heat up to 290 K
> Iiprc due to release of trapped e's

> Irpre(T) » Di(E) »
- (Energy levels + widths + densities);;

TDRC current [pA]

) Temperature T > E_ - E; (T dependence of Fermi level) s .  —— ——————————r—————————
0 50 100 150 200 250 300
Temperature [K]
Parameterize by 4 states - not unambiguous !
J.Zhang et al., JSR 19(2013)340

J.Zhang DESY-THESIS-2013-018
UH
GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 12



Oxide charges N, + interface traps D;
C/G6-V curves vs dose for MOS-C (10 kHz and 100 kHz only)

CiS-<100>-330 nm SiO, + 50 nm Si;N, (10min@80° C)

-60 -50 -40 =30 -20 -10 0
Gate voltage [V]
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Oxide charges N, + interface traps D;

Analysis of TDRC + C/6-V/f data: J.Zhang, DESY-THESIS-2013-018

Model for MOS capacitor C/G-V measurement on irradiated MOS capacitor
Gaie '_.2,:10-10 | I. L .U P R R B S S
1 L 5 MGy, 120min@80°C
Capacitance and o : R s aacizzioaiziiizios ]
conductance of —qe- CouT  § G Si05 E 'y
isolation layer S 4070- 7/ o 1kHz i
Si-Si0 interface E - o 3 kHz
Inversion capacitance 6 i 8 AR A M e S A A St i el g = 10 kHz
i . J : L ' 1. Depleted g 'y = 30 kHz
-"-."“"-,. F - o b . |E‘,'E!' 5 -
Depletion capacitance S | l J_ N 0- 100kHz |
depends on thickness - CaT CoTF Gug Ci G CuT Gigg [ 04—
of depletion layer a —[ | Interface ) o s
P! e . r | | E— _r_ traps Rl '1 O' __ '
Recombination/generation S S g 106
resistance | c 3
L—* -E 10'?—%
% Coun® Gpuss Un-depleted )% 5 10°%-
. - region of y c ] B
Capacitance and pe —‘7 Si substrate 0 107 Dots: measurements £
conductance of _ o 101 Lines: calculation I
un-depleted region : 10 —— —— T

50 40 .30 20 -10 0
Gate voltage [V]
Analysis method:

_ TDRC spectra > N, Good description of a
- Electric model > shape C/G (V,f) large amount of data:
- Shift along voltage axis > N, but is it unique?
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Oxide charges N, + interface traps N,
Results of analysis of TDRC + C/6-V data

12
12 x10
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’ e T ! - ! - 1
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c 15 g ,,g ¥ 3 N S [4)) : e ) S, : P
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=] 1.0F WA VAL ; o 10 PP SR G AR e L R LR A T
®) e | 24 B £ v Ry, P
$-° s I oo i » ;
0,5 o /""C’"’ et . H s . : K 0 0,5 s ".;4”"‘/" fon e P REERT
T . o Lo zT =W : : :
E’Zé{/ 10min@80° C il 5 ; : : 10m|n@80 C
ar ~ : : : : z : : : H
0‘0 Il 1 1 | 1 | 1 0.0 ’ i 1 L 1 1
1 4 R
0 Gy 10° 10 10° 10 10 10°  10° 10" 10 10" 10* 10° 10 10 10

Dose [kGy] Dose [kGy]

- X-ray radiation damage of N, N, saturates at high dose !
- O Gy: N, N, for <111> » than for <100>
higher dose values: difference is getting smaller
- For different “technologies” the values are within a factor ~ 2
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Oxide charges N, + interface traps D;

Problems of Nif analysis: (> J.Schwandt DESY THESIS-2014-029 )
- We are not sure if all border traps have been filled in accumulation
- In mid-gap region current due to empty interface traps contributes
- For the given T range only sensitive to traps above mid-gap
- Dominant electron emission assumed (e, > e,)
- Iipre (T) > Dy (E) transformation assumes o 4. ~1/T2 + linearized

formula

- Acceptor states only have been assumed

-~ Unable to explain J_,.+,.. measured with GCD (Gate-Controlled-Diode)
(However: method used typically gives higher values for N,,)

> Give up, and use N_=ff from C/V(1 kHz) and measured J .c..."

More work + different techniques required
for reliable separation of N, and N, !

I\ aufgeben

AR

* Ec o s ol
) Surface recombination rate: Rours :f ‘ i Dii(Eir)dE;;.
' Ey (ng +”l)/f;).‘.‘ + (ps + Pl)/('rm

. . . b4
Surface recombination velocity and current density for const. Diyi 5o = 5 0sVrh DitkgT  Jsurr = qniso.
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Surface-generation current density: J .

Surface current density from GCD:

- measurem_ent on ir_ra_di_at_eq C_—iC._D_

Jsurf[A]- P
- Measure I-V curve ook, N o |
. . | on] | % | Accumulation |
- Jsrf dominated by mid-gap traps R o] i i i
! ) !
H R —-6.0x107# . ! surfEce
: Si-Sio, G e L 7 e
Accumulation , i 1 . {
interface: ~8.0x10 L f
Ki ﬁ -
\ =1.0%107% 1 \j
1_ electrons : SENE, ° SO S L
€L Ny -0 —1.9%108 _ . . 5 MGy, 10min@80°Cc
surf —100 -80 —60 —40 —-20 ]
Bias voltage [V]
- T ! T T T T I T T T T I T T T T —
Depletion T pl EallS | N
Er ) B 3 ' _0.605 eV .
iis i I (A Ey depleted = 1004 Isyrg < T? X|e™ KT ]
________ E —_— 3 ]
> Isurf #0 e i ]
Ey & S 1071 3 E
Ifd'i-‘i'.l.lll"_l'J = F;Jlrl.mn’.i | *‘rﬂ',l"j' | -".Wl’).‘;'_h:rfﬁ' | f,‘r.lr).\'..\frr'_i'm'{' E IU—“—; _;
< ] ]
= 10712 5 3
Inversion holes = ] ]
Movace Er S1.=0 T 1t 4—— Measurement =
mezsecensssssnsasnsans EF surf ] Fit 7
------- £ W1 | 203K
][._ T T T T T T T T T T T T T T T
?}_—ﬁ Ey - T 2 T 2 T £ ’ .
858 | her 3.5%107 4.0%107 4.5%107 5.0%107
leakime = Do m btk + Laifr + D08 puik I/Temperature |1/K]
Same exponent as for I, !
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Surface-generation current density: J .
Examples of measurement results (2 out of ~» > 7.zhang DESY THESIS-2013-018):

Diode
I-V vs. X-ray dose for CIS <100>
and HPK <100> Gate-Controlled Diode Diode
Diodes on n-Si
Finger-like gate
5 gaterings Gate
(a) CiS and Hamamatsu (b) Canberra (c) Sintef

<
= | g i
"E j : q o B )
5 § * A i &t' ;
: (&) 1 L% b'# i el 10 kGy
' 100 kGy /Y . "W T ,X:»;"‘%W; ,,,,,,,,,,,,, <m: 100 kGy. |
. §oo kGy 5 P L “R‘im Pl e+ 500 kGy
MGy A N e 1% 1 MGy
- 5 MGy A, *,:"b.—v’-'i das 5 MGy
R N NS N S S AL L oMy [ I T L T i S Se O MGy
| | | | | | 100 MGy s Nt = 100 MGy
8 CiS-<100>-330 am SiO, + 50 nm Si;N, (10mMin@80° C) =+ 1 CCy Hamamatsu-<100>-700 nm: SiO, (10min@80° C) <4 1GOy
-80 -70 -60 -50 -40 -30 -20 -10 O 250 ~80 ~60 —20 -0 0
Gate voltage [V] Gate voltage [V]

UH
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Vendors: CiS, Hamamatsu, Canberra, Sintef; Crystal orientations: <111>,<100>

Summary: Dose Dependence of N *ff and J, ¢

Insulator: SiO, (335-700 nm), with and without additional 50 nm Si:N,

- J.rf peaks at 1-10 MGy, then decreases

UH

12
x10
4.0 T T :
—& CisS-<111>-360 nm SiO, + 50 nm Si;N,
4 Cis-<111>-335 nm SiO, / a 5
3.5} —A- Hamamatsu-<100>-700 nm SiO, P “\‘ “m i
7’ ~
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~ ’
| 3.0 |- CiS=<1002-350.nm SiQ, * S0.nM.SLN, (JSR)...L .. :‘,‘ . i
g ¥ Canberra-<111>-250 nm SiO, ,’/ 2
: —&  Sintef-<100>-750 nm SiO, e SRR
' 2.5 <@ sintei-1005-250 i $10; Tor AGIPD T g
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2 0 7 \7“ i ’ /,
% i o P TR -4 P £
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c 15 LA : 3 =%
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[} ” ’,// i/ ; »
2 1.0f ol g A
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) gy g >
‘ T P PR 4
2
0.5F s L D TS 5 A S S S S e R e S S
£Z . o
% z 7% 10min@80° C
0 0 e | 1 I 1 1 L 1
. -1 0 1 2 3 4 B 6
10 10 10 10 10 10 10 10

Dose [kGy]

Results reproducible (after some annealing)

Spread of about a factor 2
N,ff saturates for ~1 - 10 MGy

X-ray radiation damage saturates (decreases) at high dose !l!

Surface-radiation damage data available for simulations
Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015.
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Surface-current density
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o 2t o el ceest Sl N i
Q W AR I ' ; ‘\ =N Ny
= £ g = P T RS |
oo @ - ~
: / rd - 7 ~ < \.
w 1r 1/:?7,1'/,,’ ; B e of
B PO 4
e & | 10min@80° C
0 B, & = = = I I ! 1 1 I
-1 0 1 2 3 4 5 6
10 10 10 10 10 10 10 10
Dose [kGy]

J.Zhang et al., arXiv:1210.0427(2012) + add. data

- Equilibrium h-trapping and eh-recombination ?

- E-field effects due to oxide charges ?
- Understanding needs more studies
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More on N_.*f and J
So far: Irradiation without bias + measurements after some annealing

Needed for understanding of sensor performance:
- Irradiation under bias (i.e. different E-fields at Si-SiO, inteface)
- Parameters during and shortly after irradiations under bias

- Annealing
Relevant E-field from simulation of p*n and n*p strip sensors 3 nm from SiO,

- local transverse fields up to ~300 kV/cm with both directions

E-fields@Si-SiO ,interface S=3N 4 5i02-passivation
SINTEF Al HPK -
p*n-pixel Hﬂl ------------- n*p-strip A
sensor n-Si sensor & Rates 2 A TIZERIER R IR
at 1000 V — N,, =1-101 ¢cm=2 S - Al — N, =1-1010cm-2
i - ) :
310 - NOX - 2'1012 cm 2 ]"5_105 //\l _ NOX e 5.1011 cm -2
o 1 125-10° / l
: VL e W [
- 10° :'_?5 7.5-10° \
[}
i \ = sa0t \
0 N‘_ 25-10* ! S
E E; @ B nm from SiO2 ’
T nm from Sl -25-10* E+ @ 3 nm from SiO2
-5.10°

-2.10°

UH
GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015.
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N, cff with E-field during irradiation

Irradiation MOS-C and G6CD with bias applied
- CiS <100> with ~350 nm SiO, + 50 nm Si;N,

N Al gate El—f‘iheld
E-field § Si0
vbias >0 vbias <0

E-field dependence:
V,i.s>0: increase of N,
V,i.-<0: weak dependence

- Significant effect not
considered in simulations |

UH
iti
{28 Universitit Hamburg
R LEHRE | DER BILDUNG
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Robert Klanner -

1.2

LOf

= =
(a1 faa}

Cixide charge density [em 7]
=
F 1

0.2
1012

0.0

_i
100 MGy
+ 100 kV/cm M . -
(in Si02) e
. o100 kGy
e i !
T ‘ k=i " ] r E
0 R Tt b R : .
aiter annealing for 10min@&0 "C
=3 =20 =101 b 10 20
Bias vollage [\
Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 21

x10%  Fiald dependence of oxide charge den sity

-@  CE-<100-330 nm Se0, + 50 nm S4N,-100 Sy
B CS-c1005-360 nm 360, + 50 nm SUN,-100 MGy
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Field-enhanced oxide charges N_cff before/after irr.

Border traps charged/discharged by h/e in E;-field at Si-SiO, interface
- position-dependent N, =ff
-> time dependence + saturation values

Circular MOS-C from CIS (350 nm SiO, + 50 nm SizN,)
on <100> and <111> n-Si for O and 1 66y X-ray dose

D.Briiske, BSC Thesis 2014 [ !

1.5mm

10
1.75-10

Biasing cycle C-V,.:
1. Vg in accumulation
2. Vg, to inversion i
on = (vinv'vFB)/ dox
(=forw. C-V curve)
3. vinv for t = tbias
4. V4. to accumulation
(=rev. C-V curve)

> Vg for 2. and 4.
- Calculate N,

10 SeoSE Rk ‘ Lyt doi b
s = 0.39 MVicm; 0°; forw.
& 0.39 MViem; 0°; rev.
=2 0.39 MViem; 120°; forw.
A7 0.39 MVicm;120%; rev.
=5 0.68 MViem: 0'; forw.
oo 0.68 MVicm; 0'; rev.
& 0.68 MViem; 120'; forw.
& 0.68 MViem; 120" rev.
= 1.13 MViem:; 0" forw._
<& 1.13 MVicm; 0'; rev. -
&2 1.13 MViem; 120°; forw.
A% 1.13 MVicm; 120" rev,
Flatband capacitance

1.5:10

110

Capacitance [F]

30 =25 —20 ~15 ~10

3.: AN, > O > Field-enhanced injection (charging of border traps by h-inv. layer)
4.: AN, < 0 > Discharging of border traps by e-accumulation layer

UH
GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 22
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Field-enhanced oxide charges N_2ff before/after irr.

1011

AN, from 10 kHz C-V <111> 0Gy

AN, from 10 kHz C-V <100> 1GGy

1012
g-10" 121 MV'/Cm 8-10"! .47 MV/em-—
‘E —0.64 MV/cm ;E, 6-10" diSChaI’ge
E 5 "f . a 08MViem | e i
i e 0.26 MV/cm; forw. 'ZQ ____________________ 0.41 MV/cm; forw.
e ammanions | § /:JO,,,. e I L
o 1.21 Mram forw. 5D o 147 WViom; forw
-6 1.21 MViem; rev. f-a-8eo1 D & 1.47 MVicm: rev.
0 50 100 150 200 250 Tl 0 100 200 300 400 500 600 700 800
Biasing time [min] Biasing time [min]
- Field-enhanced charge injection (FeCT) +
discharge in accumulation observed o AN,y from 10 kHz C-V <100> 1GGy
- Saturation reached after ~ 2 h 2102 : —
-0 6y: FeCI < 20% N0 s 100 /* 13 Mo | dscharge
L] ox <
£ Lol B S L ittt W ©
. o 0 § 8-10 ’;9
- 1 6Gy: FeCI up to 50% N, S | | |
FeCI(<111>) > FiCI(<100>) ER— }r‘ 0.68 MV/cm v Tol.
. . . . a ol _a 0.68 MV/cm; forw.
->Simulation for irradiated sensors U185 039 My/ ARt .
. :ﬂ"ﬁ'"ﬂ * cm - 1.13 MV/cm; forw.
to be done to see if relevant for © 113 Myom: rev.
200 400 600 800 1000
surface-damaged sensors R
Biasing time [min]
ibuasiibE Harabairg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 23



Field-enhanced N, 2ff befor'e/dur'mg/aﬁer' irradiation

Idea: MOSFET characteristics A : __—17
W H' . _.uﬂJ—m! u_“f = ] T
l4s(V . -V V=V, i so___— w6 "0, W,
\ as( )} \ Agate - Vm) o Vs ( th) 1500 pm D:. | e
Y ‘ ' r::ds m_ Drain Source
measure geometry moblllty fix Vary Vgae - n-Si
1 —»=45 ym Al
. Soiioe L
1. Calibrate Ipg(V ) for const. Vg y : '

2. Fix V4. and measure I;¢(t) and
calculate V(1)

18 :
3. Calculate N_ (1) from V., (1) 00y,
. . 16_ . RO
Difficulty: po(N,,) and V,5(N,,) ===
(> several callbr-q'rlons befor'e/after' irr.) . T
._._._\:::::::::: 1= 19kSy
0 |
T = :
i S o AD = 10 KGy |
P+ Inversion '
: 6l
X
) at o
_ = MOSFET
30 '3 | 2 calibration for
= : % : _ £/ different AD
B N T =N A N LR — 950 5 10 15 20 25 30 35 40
f ‘ f v, V]
of g Me.as‘. Wlth= el <«—1— Accumulation
Calib. before {  irrad. §  Calib. after urg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 24
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Field-enhanced N_,¢ff before/during/after irradiation

[ ] [ ] [ d ° ‘
X-ray irradiations:
- ADose = 10, 100, 500 6y, 1, 5, 10 kGy 1500 pm
. Drain
- MOSFET Canberra 250 nm SiO,, <111>, n-type 6-10!'cm-3 S
Example: ADose=10 kGy irradiation for E ¥ 500 kV/cm ' e
L
1.75-10 ° Joielz
- 10 Gy
B 1510 1.8 100 Gy | .
< ~
g 12510 Lol
110 ° 14l
TS0t <€— irradiation \E:: 12 l, —E =T
510 ° ~ Discharge border traps
001 23 45 67 8 9 194 1213 1415 e i sl NS . 2 T
77510 ° / =
- 0.8f
7710 ° I
0.6£
% %472 4 6 _8 10 12 14 16
o Time [h]

Significant reduction of
Qborder traps iN accumulation

E-field does not cause anomalous short-term effects
during or after X-ray irradiation
GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015.
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Vth [V]

mu0 [em”2/(Vs)

X-ray damage and hole mobility at interface
p-MOSFET allows to determine N_cff + H,(Dose, E-field, time,..)

1. (V) = Cox W Lo Vi (V= Vi) o ... mobility at interface for E;=0
ds Agate L 1+(V=Vp)/V1/ ds th Vy,> ... reduction of y by factor 2
25 15-10"
225
Vi A 125107 &
20 C". ‘(; 1102 A\NOX ///7_.
1?1-2 j:f:‘/f % 75-10" f/ﬁ/-‘/
;T
125 ?’r E’ o /,.A;/
10 /_/ 8 ///
75 —=up || 25.10" rﬁ// gup 1
\ﬁ_—‘-rdown down
5 n
0 2 4 6 8 10 12 14 o Con* (= Vin + 2y + drms) 2 4 6 3 10 12 14 16 18
Dose [kGvl ox =~ qO . Agate Dose [kGy]
260 I I I I .
25p 2 — up hﬁ__
\\ Ho | [po(Si) = 460 5] ) B Vip eee—
240 S 100 7 S —
230 \\ s 9% = ‘\‘*"---.‘
220 \“\ § 80
210 \\ Y %
200 \'**---_.____ 50(
190 --—-_‘-'_""-—-::.— = |
30 de=—dr dOwn
1% 2 4 6 8 10 12 14 16 18 9 2 4 6 8 10 12 14 16 18
Dose [kGy] Dose [KGyY]

N, and AN,, values compatible with previous determinations with E-field
Values of y (E;, Dose) now available for simulations

E GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 26
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3.4

I2

3.0

26

Oxide charge density [cm*]

2.2+

2.0

24F 7"

Annealing of N, eff

MOS-C and GCD irradiated to 5 MGy and annealed at 60 and 80°C
- CiS <111> with ~350 nm SiO, + 50 nm Si;N,

«10' Annealing behavior of oxide charge density

| e .. BQ'C..
—— unneling it80 C

exponential fit 80 " C
m &®'C

- exponential fit 60 "' C

—-t@lnmlrngﬁi—ﬁu--ﬁ‘.

CiS <111= 5 MGy dose

107

10°
Time [min]

10°

Oxide charge density [cm ?]

- Described by modified “"tunnel anneal model” [T.R

Noo(t) = NJ. - (1+ t/t{,)_f:q with to(T) =t} - exp

. b

J.Zhang et al., arXiv:1210.0427(2012)

5 <10 Annealing behavior of oxide charge density
‘ extrapolation
107 10° 10

0
107

. Oldham et al., 1988]

(

AE
kpd

1/A ... width of hole trap distr. in SiO,
to(T) ... tunneling time constant
b .. related to tunnel-barrier height

AE .. E‘rrap - EFer‘mi

Slow N, annealing: at 20°C <50% annealing in 3 years (assuming model correct!)

UH
.
{28 Universitit Hamburg
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Model for annealing of N_,eff

"Tunnel anneal” model: How to obtain a non-exponential t-dependence?
T.R.Oldham et al., IEEE Trans.NS-33/6(1986)1203 - (with some modification by J.Zhang/R.Klanner)

sio, N;. A si
Hole trap distribution:
Nut(x) = A- N2 -exp(—\ - x)

Electrons tunnel and anneal hole traps
-> Annealed oxide charges: AN, (t)= ['™ (t)

0

x g N},,f(:]‘.:ld.’f'

t: effective tunneling time constant

1 {41 _ i
Tunne"ng front Tm (t] = 28 111( _i_—:u) to(T) =tf - exp (ﬁg—?) AE ...distance trap level to Epgpmi
- -« « - .« .. B parameter related to barrier height

> Noalt) = N - (L+t/t) " with to(T) =t5 - exp ( A%)

| fols] | 48 | 200 | 21710

AE = Ep;(Si09) — Epermi(Si) = 0.91 eV E;,:(Si0») ~ 6 eV - compatible with existing data
2 2 P g

> Slow N_, annedling: At 20°C <50% annealing in 3 years (assuming model is correct!)

UH
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DER FORSCHU



Annealing of N;; and J ¢
MOS-C + 6CD irradiated to 5 MGy and annealed 80°C

- CiS <111> with ~350 nm SiO, + 50 nm Si;N, J.Zhang, DESY-THESIS-2012-018

TDRC spectrum from MOS-C vs annealing time at 80°C I, from GCD vs. annealing time at 80°C
20 CBO%16-5MGy-;I'-\nneaIing@80C .
5 MGY | | | |
80°C. éannealind

e A T AR A VUL i

TDRC signal [pA]
i

: - 120 min

; =14 |-~ 240 min

. | | 80 days |\ 480 min

0 50 100 150 200 250 30 00 ~80 ~60 ~40 50 0
Temperature [K] Gate Voltage [V]

UH
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Annealing of J,.¢

MOS-C and GCD irradiated to 5 MGy and annealed at 60 and 80°C
- CiS <111> with ~350 nm SiO, + 50 nm Si;N,

]

tn

Surface-current density [uAlem®]
P o o~

-

o

J.Zhang, DESY-THESIS-2012-018

o

Annealing behavior of surface current density
. |
extrapolation |

:ﬂ"n ‘*{‘ 10 °C step

A P
oW 2 0RC
. . i Y

: 5
% % g

. s
- ‘\, .\'.\ Y 0 »
‘&20 ‘Q s

o =

e

i :é'}tfl‘ apolation]
-

10
7l B
h e — I
& l"“'u.,_h & 8 :'E:
e § %
SO 3
~m g
L B | ©
,-_ '-..__._ E
. ~ o ab
& ETE . 2
— :én-.-;a*—awfi&ﬂ "C . o
IR REN R H B0 T £
m &@°C @ 2
.J;J'-‘-tl e Tt 80-°-C
— — - okponantal f 80 ° C
i J.Zhang
10! 10° 10° 1072

Time Iminl

- Described by "two reaction model” [M.L. Reed 1987]

j_lm.l'lj"u .--.-:{.'.r':'] - _.['“

> Fast annealing:

sur face

UH
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(1 4+t/t) " with .flfT]z.";-f::q:(

e

At 20°C ~50% annealing in 5 day

kT

10

107

10° 10°
Time [days] (~3 years)
n-= kl/Zk 2

Dangl. bonds:  4[Si;] = —k[Si:][H]

H2 formation: %[HJ — 2k [H][H]

) t,(T) ... characteristic Time constant
E, .. activation energy

s (assuming model is correct!)

Fast J,.¢ annealing (D;;)

Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015.
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Summary on N, and D;; vs ionizing dose

N, and D, influences E-field in Si close to Si-SiO, interface

- influences the presence/size of inversion/accumulation layers
- can cause high-field regions 2> possible breakdowns
- can cause changes in charge collection

Separate determination of N, and D;; not achieved > N, J_ .

- values of N and J, .- for O to 1 GGy for <100>,<111> determined
- saturation at ~ (2-4)-102cm-2 and (3-6)- yA/cm?
- increase in the presence of E-field
- parameters for annealing (T,t) determined

Observe field-enhanced charging and discharging of border traps

> for E-field + holes @ Si-SiO, interface (inversion for nMOS-C):

- charging of border traps saturates in ~120 min
- for <111> and high X-ray doses increase in N, 2ff by up to 50 %
- no bad surprises during and shortly after X-ray irradiation

> for electrons @ Si-SiO, interface (accumulation for nMOS-C)
- prompt discharging of a fraction of the border traps

Dependence of hole mobility at the Si-SiO, interface determined

Measurement and analysis methods + parameters for simulations

-
GitvardliE Hambiurg Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 31



Comparisons of simulations and measurements

1. AGIPD pixel sensor - optimization for X-ray hardness:
Pixel sensor for X-ray doses O - 1 66y and V,4 > 900 V
> J. Schwandt, PhD thesis

2. Breakdown in p*n strip sensors after irradiation with ionizing
radiation
-> J. Schwandt, PhD thesis

3. Observation of low dose effects in an HPK n*p strip sensor
- next (detailed paper under discussion in CMS Tracker Group)

UH
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Sensors + irradiation

"Baby add. from HPKCampaign”
« FZ p-doping: 3.7-10'2 cm-3
« [0]: ~5-1016 cm-3
> p-spray: ~5-1010 cm-2
>p-stop: ~2-10!! cm-2
« 64 AC-coupled strips
« Strip length: 25 mm
Pitch: 80 ym

Details of sensor layout (p-stop):

- =1e) -
51 .
.- = == A +
18 A \ n implant

RrEtoR
p bulk

Strip pulse heights for single event

« Implant width: 19 um g -

Al overhang: 5 ym g w0

 dg;: 200 pm 0

* dgipp: 650 nm + 130 nm

* dsizngt 90 nm »|
Measurement+irradiations:

« 905r electrons 50 6y/day, 2mm 9 “—'_Ll_r

* Tr‘igger': 2 SCiﬂti"OTOI"S "'"51!“}_ s e s we 1es i

» Readout: ALiBaVa 40 MHz channel number hanne! §

» Vbias=600 V; T = -20°C

Analysis:
4-cluster = ZPH(L-1,L,R,R+1)
n=R/(R +1L)
UHm Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 33

{28 Universitit Hamburg
RSCHUNG | DER LEHRE | DER BILDUNG



Observations for V., = 600 V (p-stop sensor)

E = heginning — 0 Gy _- ! L
*F :?;2323:2 — 410Gy [ | charge sharing
af — 9.1 days — 756y |2 WW
- £ [ o
2.5F — 500 Gy g
c - [ )
2l 2f 9 N
A g A 45 %
L T e L e R o [ s 4
r o
r (-] L
1F S
- N 20
0.5 T B Iy L S s
D: T - L L T L 0\l\\|\\l\‘l\\llllll‘llll'\||\||\|||||||||\|||||\|
0 0.2 0.4 0.6 0.8 1 R R T L T R A )
n 0 Gy time [days] 500 cy
Significant increase in charge sharing@low dose Increase in charge sharing
30: = heginning 19i:
rof — 0.2 days Mg, dcluster  q00MBq
C == 1.5 days L
soF = 9.1 days // -
r 17 :
T sof l/;/ - E 38 MBq
< E y g N dch 100MB
.E 40F i 5 h : 3515‘;?99'100“:
g 305 = % 15— \ * :e:edcharge, g;hl\:gq
o - 7 E . iy cluster, q
20F %/ e T g M.,
- / s Seed ity inanico . WO
10F - T Radl
o= o o0z 04 08 08 1 120_' — '130' — ‘2(}10' - ':n}m‘ - ‘4(1"]‘ - '560' —
n dose [Gy]
Change of n vs. position relation Change depends on dose - not on dose rate

UH
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Synopsys TCAD simulation of p-spray sensor vs. N,

Results of simulations depend also on boundary conditions:
1. "Dirichlet”: SiO, surface on potential of readout strips (0O V)
2. “Air": 500 pm above strips Dirichlet with potential of readout strips

Nyspray ~ 2.5-1011cm2 <§n
N_.=101%cm-2 N,,=101%cm2 N_.=5-101""cm2 N,,=5-10""cm2 )
| air N V=0 | Iir o v=0 @
T 2
)
d T &
\ ?
I g
<
) : ) S
;olt.entlal vi P.o:antlal vl I.'oltfentlal vl Potential [V] 8
# Wi @
149. -149. -149. - ;
BRILA" I -300. - -300. ’ E
) ' ° ElEEEREEnEEE il i i :I'SOO' 1 o T wl-soo_ >
G - -
L e REEERER RN il 4\‘ & il ..-601. mNEEEANIEEANERE ,.-601. %
0 Gy <100> ~1 kGy <100> 5
%
[ % 50 100 o x 50 100 o % 50 100 o - 50
Nox<N,_spray: E-field lines end at readout strips > no charge sharing
Nox>N,_spray: E-field lines end at Si-SiO, interface - charge sharing

Increase of oxide charge density N, > Change of charge sharing

UH
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Relevance for sensor design

Impact depends on S/N, readout scheme, track angle, dose, etc.
Here only qualitative discussion - needs quantitative estimation for a specific design

o ‘ ‘ ‘ m——— beginning, Median = 15338 80: = heginning

] 12 mpv - 0.2 days, Median = 15603 [ ok 0.2 days
i C — 1.5 days, Median = 14444 E = 1.5 days
'E 250 I | " T—— 9.1 days, Median = 13210 60: = 9.1 days
3 C \1, { I - y
e F . _ T sof 7~
P P =
s 15: ; S 4ofF v
IE. . - g E %
] C ] o 30F 7
P 7
S o 20 4
» ~- /4

0.5: L 10F /
= r v by v vy by TR 0: L "I L Lo L L
DU 5000 10000 15000 20000 25000 30000 35000 40000 0 0.2 04 0.6 0.8 1
charge [e n
Good S/N (e.g.>10) ge [e]

- analog readout: Charge Sharing improves the position resolution (8 ~ 1/(dx/dn))
- binary readout: CS improves the resolution and worsens the track separation
Poor S/N (e.g.<10)

- analog readout: as long as low signal pulses are red out, CS improves
the position resolution

- binary readout: unless low threshold, loss in efficiency: threshold < 0.4-mpv
> for 30 noise cut S(cluster)/N > 7.5 required

Charge Sharing important for design of efficient sensor
of similar importance as Charge Collection Efficiency

UH
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Summary and conclusions

Surface effects influence stability and performance of sensors

Methods established to measure relevant parameters R, N, ., J .
(D;;), charging/discharging of border traps on test structures

Parameter values have been determined (technology dependence Il),
which are available for simulations

Special care with respect to boundary conditions and mesh has to
be taken when implementing surface effects in TCAD simulations

Several puzzling observations could be explained

Your comments and suggestions are welcome

Can we understand these observations + avoid them ?

Yes we can - if we work hard !

Robert Klanner - Univ. of Hamburg -- Trento 2015 Workshop - 17 - 19 Feb. 2015. 37



References to work from UHH-Group

If you did not like this talk, you will also
not like the following publications (free
translation from V. von Bulow “Loriot”)

Wenn Sie das vorliegende Buch un-
gern gelesen haben, werden Ihnen
diese auch nicht so recht gefallen.

V. von Biilow "Loriot"

Low-dose effects in segmented Si sensors:

C. Henkel, Impact of low dose-rate electron irradiation on the charge
collection of n*p silicon strip sensors, BSC thesis, University of Hamburg,
March 2014, unpublished

J. Erfle, Irradiation study of different silicon materials for the CMS tracker
upgrade, PhD thesis, University of Hamburg, DESY-THESIS-2014-010
R. Klanner et al ., Impact of low-dose electron irradiation on n+p silicon
strip sensors, POS (TIPP 2014) , detailed paper in preparation

Surface resistivity and border traps:

J. Schwandt et al., Investigation of the insulator layers for segmented
silicon sensors before and after X-ray irradiation, Talk presented at the
IEEE Nuclear Science Symposium, Seattle 8-15. Nov, 2014

D. Brueske , Investigation of the field dependence of the injection of

positive charges into the SiO2 at the Si-SiO2 interface, BSC thesis,
University of Hamburg, 2014, unpublished
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Charge trapping at the Si-SiO, interface - humidity:
T. Poehlsen et al., Study of the accumulation layer and charge losses at

the Si—SiO2 interface in p+n-silicon strip sensors, NIM-A 721 (2013)
26; doi: 10.1016/j.nima.2013.04.026

T. Poehlsen et al.,, Time dependence of charge losses at the Si-SiO2
interface in p+n-silicon strip sensors, NIM-A 731 (2013) 172;
doi: 10.1016/j.nima.2013.03.035

T. Poehlsen, Charge Losses in Silicon Sensors and Electric-Field
Studies at the Si-SiO2 Interface, PhD thesis, University of Hamburg,
DESY-THESIS-2013-025

X-ray radiation damage:

J. Zhang et al., Study of radiation damage induced by 12 keV X-rays in
MOS structures built on high-resistivity n-type silicon, J. Synchrotron
Rad. 19 (2012) 340; doi: 10.1107/S0909049512002384

R. Klanner et al., Study of high-dose X-ray radiation damage of silicon
sensors, NIM-A; 732 (2013) 117, doi: 10.1016/j.numa.2013.05.131

J. Zhang et al., X-ray induced radiation damage in segmented p+n
silicon sensors, PoS (Vertex 2012) 019

J. Zhang, X-ray Radiation Damage Studies and Design of a Silicon Pixel
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