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1. The XFEL Challenges for Pixel Sensors

. . Comparison of peak brilliances of X-ray sources
- European X-FEL under construction in 25

Hamburg - completion end 2015 107 Ty

- Pulse trains of e.g. 12 keV photons of XFEL
220 ns spacing and <100 fs duration

[
w

FLASH
I (seey AS —
31
107 -

-
o

600 ps
— - 89.4 ms N /FLASH ]
. ‘ m“““““ 29
: " 107 |
‘ - / x 108 B
/l
A l i 102 F i
220 ns I -
10 |- PETRA Il 20m ID -

- Pixel sensors for imaging:

-0, 1 .. >10% 12 keV photons
per 200 x 200 ym? pixel and
~30 000 pulses/sec

U29 SPring-8

Peak Brilliance [Photons/(s mrad® mm> 0.1% BW)]

-~ Radiation damage

-~ Plasma effect/charge explosion 10" 10° 10> 10" 10° 10
> Charge losses Energy [eV]

. g ] Unique XFEL features:
> P |Ie-up from pr'ecedlng pUlSe Intensity x pulse duration x coherence x A resolution

UH
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1. The XFEL Challenges for Pixel Sensors: AGIPD
AGIPD = Adaptive Gain Integrating Pixel Detector (Bonn-DESY-Hamburg-PSI)

AGIPD layout AGIPD readout scheme

: Sensor ASIC per pixel Pixel matrix
chip _ | | single sensor | ;

64x64

—
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Calibration circuitry

Rsntve i it | Asic | Chip
; output
Correlated Double Sampling peri ph ery drivlzzr
e : 352 analog memory cells F

- E, = 3 - 20 keV

- Dynamic range: 1 to >10* (12 keV ¥y's)
- Adaptive gain switching to 3 ranges

- ~ 350 stored images/pulse train

- Trigger + Fast Clear

- Hybrid p*n pixel detector
- 1 Mpixels of 200 x 200 um?
- 500 pym thick Si
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2. Plasma Effect and Charge “"Explosion”

Plasma effect™:
105 12.4 keV y's in (200 pm)2
> ~ 5x10!3 e-h pairs/cm3
» n* doping of O(10!2 cm-3)
- After ~ps a neutral e-h plasma

forms, which erodes by ambi-
polar diffusion

- Once charges are separated, charge
repulsion spreads charge clouds
-~ Delayed charge collection

- Spread of collected charge
(with a strong dependence on E-field)

Experiment strip-sensor: multi-TCT
with sub-ns laser with different A,

+ detailed simulations (WIAS-Berlin)

") e-h annihilation here negligible at XFEL,
not the case for ions !

J.Becker et al., NIMA 615(2009)230,
J.Becker et al., NIMA 624(2009)716
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Current transients for 450 ym p*n sensor - V4., = 140 V

for ~ 3x10° 1 keV photons focused to @ ~10 ym
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2. Plasma Effect and Charge “Explosion”

Comparison simulation (Gértner - WIAS) with measurements (J.Becker):

t=1.8ns

ins

h density

t=5.0ns

t=12.0 ns

log(hole
density
N [em3])

2 -10
4-5 5

t=21.5ns

t=24.0 ns

R

t=30.0 ns

K.Gdrtner

—> 100 ym
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J.Becker et al.,

Simulation:

- 107 eh-pairs

-V, = 200 V

- n-doping: 8.2-10''cm-3

Agreement with

data reasonable
(for proper mobility model)

Big effect (in parti-
cular for high density
of low-energy X-rays)

Program development
supp. by XFEL Project
"Charge explosion”

(at WIAS: K. Gdrtner,
at MP-HLL: R. Richter,
experimental check and
relevance for experiments

at UNI-HH: J. Becker)

Robert Klanner - Univ. of Hamburg - Joint Seminar - 26. Oct.

NIMA 624(2009)716
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2. Plasma Effect and Charge “"Explosion”
Normalized point-spread functions for 12 keV y's focused to @ ~10 ym

J'. Becker normalized point spraad fum:.tlnn at 200V | normalized point spread function at 400V
R L LS B S B L e T J T
0%‘:: 3 —— 1.68x10°12kevy | 0029 —— 1.68x10° 12 keVy -
0.016 |- —=— 1,53 x 10* 12 keV v 0.02 — —— 153 x 10" 12 keV 7 —|
0.014 —— 4650 12 keV y —— 4650 12 keV 7
0.012 0.015 =
0.01 ﬂ\\ 930 12 keV vy \ 930 12 keV v
0.008 1 0.017"=,
0.006
0.004 -1 0.005
0.002 - =
O N - ey g .
0 20 40 EU 80 100 120140160 180200 0 20 40 'BD Bﬂ' 100 120140150 1302'.')'0'
position [im] position [um]
nnrmalmeﬂ pmnt spread I'un ction at 30!]\4' | normalized point spread function at 500V
0.024 T [ Rt Ml 0.03 | T '
0.022 —+— 1,68 x 10° 12 keV v —— 168x10°12 keVy
0.02 0.025 |
0.018 —=— 1.53x10° 12 keV v F —— 1.53x 10* 12 keV y
g'g:i 3 —— 4650 12 keV y = 0.02 e 465012 keV v |
0.012 \‘\ 930 12 keV 0.015 F 930 12 keV v .
0.01 v H\
0.008 |
0.006 +
0.004 - =
0.002
ST, - S Mtnccinmeni ittt taesten 0! ' b J.Becker
0 20 40 ED 80 100120 140 151]130 2DD D 20 40 60 BO 100 120 140 160 180 200

position [um] position [wm]

ngh bias VOH’Oge (>500 V) desirable to reduce influence of Plasma effect
[not shown: same conclusion if a charge collection time < 60 ns is required]
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3. Radiation Damage

XFEL requirements: 1 66y (SiO,) for 3 years operation (non-uniform !)
Few data on X-ray damage for high-ohmic structures for such high doses
- Work at UHH:

- Irradiate test structures from different vendors to extract “"microscopic”
and “"macroscopic” parameters due to X-ray radiation damage

- "Understand” impact of above parameters on sensor performance, via
measurements on irradiated sensors and detailed TCAD simulations

- Optimize sensor design using TCAD simulations
- Order “optimized” sensors (Aug.2012) and verify performance (early 2013)

Effects of X-ray radiation damage for p*n sensors:
- No bulk damage for E, < 300 keV

- "Surface” damage: Build-up of oxide charges and Si-SiO, interface traps

> Accumulation layers form (or increase)

- High field regions appear reducing the breakdown voltage

-~ Leakage currents increase due to interface states

- Depletion voltage and inter-pixel capacitance increase

> Charge losses close to the Si-SiO, interface occur (increase)
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3. X-ray Induced Defects in Si Sensors

Generation of
eh-pairs in SiO,

l

Prompt recombi-
nation of eh-pairs

v

Transport of
free carriers

l
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for 500 nm SiO,: 4-10'6 eh/cm? for dose of 1 MGy

(compared to 10! cm-2 surface states)

No. eh-pairs depends on ionization density and E-field

I

@ 1991 IEEE
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5
M.R. Shanefield et al.,
IEEE TNS 38(1991)1187

Fig. 10. Fractional yield of holes generated in Si0z as a function of electric

field in the material [14]. [15].
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3. X-ray Induced Defects in Si Sensors
|

Transport of
free carriers

Reectrons ~ 20 cm?/V's > e's mainly escape
solholes” < 105 cm?/V-s > h's trapped in SiO,
or (mainly) at Si-SiO, interface

| [there are O(10!5 cm-2) surface states !]
l i N.: interface trap
. e-h pairs it
— | Trapping | ciaea poe) . formation (P
Tr'appmg at Si-SiOz by ionizing ks N
in Si0, || interface | ™" N, deep hole 4 * =
%"“""’u trapping (') , a* &
near interface +
F.B. McLean,
proton T.R.Oldham
transporf /-7 (1987)
proton ,_‘_/:‘5'2 5
release_=- ._./‘;/
\/ \ L-zzis
hopping transport of
EffCCTS holes through localized © 1994 [EEE
on sensor states in bulk SiO2
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3. Damage of SiO,

(*)Oxide trapped charges (N,,):
- Mainly positive oxygen-vacancy defe
(one shallow trap - hole transport,

and at Si-SiO, Interface

Mobile ions: not an issue anymore
cts

+ one deep trap E', @~3 eV) \ I
saturation: h-trapping = eh- recombinatio . . . - s
(+)Border oxide traps (“add” to N,,): o, + Si0,
Positive E', defect can exchange - . +
charge with Si depending on Fermi- *+r - T
level on time scales 0.01 s to seconds\ L T T
+ + + + + + + + ++++ ~53i(r)lm
&) Interface traps (D,"): —==X
Traps at interface (no barrier 1) / I
dangling bond defects (P,) -

H* released when A captured:
SiH + H* =& (Interface Trap)* + H,
No. limited by no. of dangling bonds

*) Distribution of traps
in the Si bandgap:
D“. [1/(eVCm2)]

Robert Klanner - Un

Si
Positive charged E,’ center P, center at <111> interface Ppo center at <100> interface
s 050 @
| t? @ ¢
i . 2 5 % e

*’b 2 NN 22X 2

* from D. M. Fleetwood'’s book "Defects in Microelectronic Materials and Devices”
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3. Characterization of Microscopic Defects: D;;

Test structures (diff. vendors + crystal orientations, oxide thickness, + ... )
MOS Capacitor "MOS-C" sate controlled diode Gate Controlled Diode “6CD"
dicde 5 pate fngs - aluminium - omide
r (
n bulk H——- H 4 i |\'.

pm 5 30 5 50 5 50 5 S0 5 S0

f — | . - TDRC Spectrum_5 MGy_10min@80°C
. . 100 (E-E, = 0.39 V) I.Pintilie
TDRC: Properties of interface traps v EEi-14en (1,1,1)f4 JT.Zhang
. . . 10 (E.E, = 0.60 &V _
(Thermal Dielectric Relaxation Current) . % =100 |

- Bias MOS-C in e-accumulation
- fill interface traps with electrons

- Cool to 10 K > freeze e in traps

- Bias to inversion and heat up to 290 K
> I;prc due to release of trapped e's o]

> Irppe(T) > Di(E)

TDRC current [pA]

Temperature [K]

Parameterize by 3 states - not unambiguous !

- (Energy levels + widths + densities);
") Temperature T > E_ - E; (T dependence of Fermi level)
Sniversitst Hamburg Robert Klanner - Univ. of Hamburg - Joint Seminar
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3. Characterization of Microscopic Defects: N,
C/G-V curves for CMOS-C:

- D4(E) allows calculation of C/G-V curves

C/G-V measurement on irradiated MOS capacitor

. H 2:10-10 P S T T S S S S H S S S R S S S|
as fUﬂCTIOﬂ Of fr‘equency (.Gssumlng - 5 MGy, 120min@80°C
values for trap cross sections) =
. . . . Q I ; g
- Oxide charge density N,, just shifts ¢ o0, 7/ o 1 KHz
curves along the V-axis > N, 5 / 5 3kHz
» 10 kHz
Model for MOS capacitor § - 30kHz |
— O 0. 100 kHz |
Capacitance and 1 'D_4 i I I I
conductance of - CoxT  § G Si0; 7
isolation layer o — 107+ R T VO TS RVINPVINOTTY V0 TreP oL U 0ot DOVG Sovu SOMG M 1
Si-SiO,interface 1)) e T
: L Lo OO00000ONOBOOD00RDORE0E 0 10%- -
Inversion capacitance,_ [*oFeR e IRRER IO RO % E - R
e SN S 7 : ve r
----- . J ! D Ig;.et?d E 10 3 - M e e i an 4 i v W AL
Depletion capacitance ¢ ) . l N = 10-8__ L
depends on thickness -+ €47 | Ci=F Gi Ci=F Gi CiT Gi e .E
of depletion layer R4 T T ) Interface (@] 10‘9 —:j Dots: measurements
- 4 - e S L O . Lines: calculation
Recombination/generation | 10 T T e T T e e
resistance ' -50 -40 -30 -20 -10 0
Gate voltage [V] J.Zhang
) CounT Gk Un-depleted y/
Capacitance and ) Sirgﬁfsrtlrc;[e ’ H H H
conductance of 4 Fair description of a large amount of data

un-depleted region

For details and (some of) the experimental complications, see: J.Zhang et al., JSR19/3(2012)340,

UH
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3. Characterization of Macroscopic Effects: J,.

Surface current density from GCD:

I-% measurement on irradiated GCD

Jsur‘f[A]: i
- Measure I-V curve ki [Depietion | i
. . E Accumulation
- J,-r dominated by mid-gap traps o100 L { e i M
] '+ i
E-field at ~6.0x107¢ | y ! leurtace
Accumulation Si-Si0, ] % !
e Ey interface: ~8.0x1077 L ! ]
Er 7 F
""""" b P -1.0x107% 1 \‘f .
By Ex shielded 1 Y e T i ]
,,,,,, _1.2%x10-8 | 5 MGy, 10min@80°C
lteat acc = ‘rp Fnbulle T ’rp ba,dif f —10o 80 50 40 20 ©
- ik Bias voltage [V]
) Deple“?ﬂ T-dependence of I,
~F - ~I - T T T T T T T T T T T T T T T T 3
T I};.L P non zero IU_H—: 205 (K ]
. 1 , _ _0605ev
Ey o E IU_A; = IS‘Ll,T‘f X T X e kT !
S 107104 -
. S 10 J
P = ] ]
u - -
. = 12
shielded = 10712 5 4
. 107 4——— Measurement .
2ee Lischer — ” 1 — Fit 203 K ]
Deakim = Tpyn puik + Lai pr + D08 buik 10 L L B
7 Zhan 3.5<107° 4.0<107 4.5%107° 5.0<1073
. a
9 1I/Temperature [1/K]
UH
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3. Summary: Dose Dependence of N, and J ¢

Vendors: CiS, Hamamatsu, Canberra; Crystal orientations: <111>,<100>;
Insulator: SiO, (335-700 nm), with and without additional 50 nm Si;N,

a0 Dose dependence of oxide charge density

40p .
& CiS-<111=-380 nm Si0, + 50 nm S0, : :
a5l M CE<11123880MMSIO, yf.f‘.w:\h. L
—d&  Hamamatsu-=100=-700 nm S0, L * : ﬂ,:
T sof ** Cssteawmso,rs0mmeN, oM7L
E =% CiE-=100=-350 nm 3iC, + 50 nm SN, (201 LT_. & _ ok
(=] .t =T T :
:;:__',"' 25 ‘a’-’) Fa 4 i i
7] . ol A
@ N ¢
T 20 i :
% // .*/’ 1 /’
= /{*’ r l_‘ F
m -
= ry H
5 15 ,;::=/ /:r -k
Lek] - X
=] L
— B -._, ot Y
5 1.0 _J,_’_f-‘:"_r.»"r
== e —
=" after annealing for 10min@80 °C
0.0 . : ;
10" 10" 10 10° 10° 10° 10° 10°
Dose [kGy]

- Results reproducible (after some annealing)

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

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

Dose dependence of surface current density

7 .
& CiS-<111>-380 nm Si0, + 50 nm SLN, . ; ;

B CiS-<111=-335 nm Si0, P i i

— 6 —& Hamamatsu-=100=-700 nm Si0, . “\ : :
E “®  CiS-<100>-330 nm Si0, + 50 nm SyN, _/ L E
= 5 ; : . Mo :
= i ] ‘\Z! :
[ ¥ oy i
%‘; 4 . . i :
= 0 ] J“ L T :
B Scaledto 20°C ./ *7--e .
= I | & A b :
E ;S m ,f‘]\ SR
] ; A7 ~. v
£ e T
o L o
1 T . :
R, g . o o.

.= zz-=-~--Rafter annealing for 10min@80 °C

107" 10° 10/ 10° 10° 10* 10° 10°

Dose [kGy]

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

- Equilibrium h-trapping and eh-recombination ?

- E-field effects due to oxide charges ?
- Understanding needs more studies

X-ray radiation damage saturates !l! (&

UH
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3. E-Field Dependence of N, and J,.¢

Irradiation MOS-C and 6CD with bias applied
- CiS <100> with ~350 nm SiO, + 50 nm Si;N,

13 <10 Field dependence of oxide charge density
-@  CiS-<1002-330 nm S0, + 50 am SLM,-100 kEy
- CiE-c1D0»-360 nm S0, + S0 nm SUM,-100 MGy
1.0 [ |
E ra
L o8
e
£
3 s 100 MGy
& [ ] -
fu]
-E -
0.4 o
E - o
3 . .-~ 100 kGy
02F e
. e
e g - _ .
- , after annealing for 10min@a&0 "C
“230 -20 =10 1] 0 Fut
Bias vollage [V]

Viies > O: Increase of N, and I, .,
Viiee ¢ O Only weak dependence

For p*n sensor: E,, < O > no problem

30

Al gate A
i - .
E-field y SI0 i E-field
vbias >0 vbias <0
8 Field dependence of surface current density
-@  CiS-<100>-330 nm S0, + 50 am SLN,-100 kGy -
7| "B CiS-<1002-360 nm Si0, + 50 nm SLN,- 100 MGy i
5 o 100 MGy -
< g
o
5 4
E . .
= - ™ - -
g 3 e
@ I
N
E 2 . ey PR
u=:| "'-‘___——-'.' 1DDkGy
’
. i after annealing for 10min@&0 °C
=30 =20 =10 0 0 20
Bias voltage [V]

J.Zhang

E-field in oxide is not a problem for N, and J, ¢ o
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3. Annealing of N,

MOS-C and 6CD irradiated to 5 MGy and annealed at 60 and 80°C

- CiS <111> with ~350 nm SiO, + 50 nm Si;N, J.Zhang et al., arXiv:1210.0427(2012)

L1012 Jlﬂ.nnealing behavior of oxide charge density <107 Annealing behavior of oxide charge density
34 : CiS <111> 5 MGy dose - ; '
[T ‘ extrapolation :
= “‘_\:\ £ ;
2 3.0 =
2 Z
b : . @
B T B TR R e R i e _ @
= H - o
2 f b :
© 2E_QMC ..................... \ AU E
- : . =
< tunneling fit 80 " C S o
@ i %
-',,% 2.4 - - - expaonential fit 80 " C =
o - ﬁ.'.l c o]
sk —— tt:mnel'rngﬁt-ﬁﬂ- T S S S <
- - - exponential fit 60 " C
1 U L L 1
20 10 10° 10° 107 107" 10° 10’ 10 10°
Time [min]
J.Zhang

- Described by "tunnel anneal model” [T.R. Oldham et al.. 1988]

A '
N..(t) = N”._ A1 +t/tn) 27 with to(T) = t* - exp (ﬂ_f-ﬂ) 1/A ... width of hole trap distr. in SiO,
““"( ) ox ( T / “) U( ) 0 P\ksT to(T) ... tunneling time constant

b .. related to tunnel-barrier height
AE .. E’rrup - EFermi

UH
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3. Annealing of N,

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

)G

Hole trap distribution:
Nit(x) = A- N2 -exp(—A - x)

A.T

DNl Nl

e Electrons tunnel and anneal hole traps
> Annealed oxide charges: AN, (t) = [ ® N, ¢()dax

t: effective unneling time constant

Tunne“ng front .’Em(f] = % . 111( %&) to(T) =t§, - exp (a—";) AE ...distance trap level to Epgpmi
- -+« -« <. B parameter related to barrier height

> Noalt) = N (L+1/to)™ 7 with to(T) =t exp (AL

J.Zhang

T | o | o
A R R

AE = Ep¢(Si02) — Epermi(Si) = 0.91 eV Ep(Si09) ~ 6 eV - compatible with existing data

3.6x102 | 0.070 | 5.4 x 10™

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

UH
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TDRC signal [pA]

3. Annealing of N,; - Microscopic View

6CD irradiated to 5 MGy and annealed 80°C

- CiS <111> with ~350 nm SiO, + 50 nm 5i3N4 J.Zhang et al., arXiv:1210.0427(2012)

20

CB0216-5MGy-Annealing@80C

J.Zhang

--------------------------------------------------------------------------

..........................

80 days

La¥ Universitit Hamburg
UNG | DER LEHRE | DER BILDUNG

300

i | |
100 150 200
Temperature [K]
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]

tn

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

-

o

3. Annealing of J¢

MOS-C and 6CD irradiated to 5 MGy and annealed at 60 and 80°C
- CiS <111> with ~350 nm SiO, + 50 nm SisN,

=]

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

o

Annealing behavior of surface current density

- :
extrapolation:

10 °C step

woec
SRV
oo M ohoes
w0 2 \20"§C ""..
\,‘-.

TR TN extrapolation
- [N

I -
:'.\ . ~ -

10
=L
s kix.“"' c E
-, g
v i | °
,._ '-..__._ "E
T g b
& ETE . 2
— :J;‘:r.'-'af-a'.'.'HE{I "G . &
I A RE R H B0 T £
- 7 2
m @-cC @
.J;J'-'-tl aw it 80-°-C
— — - skponental f 80 ° C
i J.Zhang |
10’ 10° 10° 102

Time Iminl

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

— _Iri]

j.‘il.!'.l"_lll.l'lf!ff{?'j sur face

A1 +1/t) T with ¢ (T) = 1] -m-:p(

E"I"-

krT

»100°C f
10° 10’ 107 10°
Time [days] (~3 years)
n-= k1/2k2

Dangl. bonds:  4[Si:| = —k[Si|[H]
HZ formation: %[H] — _2.%‘3[]:1][]:1]
) t,(T) ... characteristic Time constant

E, ... activation energy

- Fast annealing: At 20°C ~50% annealing in 5 days (assuming model is correctl)

Message: N, and J, ¢ anneal with time QJ)

UH
™
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3. Impact of Radiation Damage on Sensors

Sensors irradiated:
- AC coupled from CIS (80 um pitch)

- DC coupled from Hamamatsu (50 ym pitch)

< 80 um >l
ﬁl i =1 A.l
250 ' S10;+5isNy :
<---T----- T P

UH

p * on n Si strip sensor:

* <100> n-substrate

* High resistivity: 2 - 5 kQ-cm

* Thickness: 285 +10 pm

* Active area: 0.62 cm?

* “Oxide™: 300 nm S10,+50 nm Si;N,
* Strip length: 7.8 mm

» Strip pitch: 80 pm

* Strip number: 98

X-ray irradiation environments:

* (@DESY DORIS III beamline F4

*» Typical energy 1s 12 keV

* Dose rate i S10,: 200 kGy/s

* Doses: 1 MGy

* Irradiated sensors:
sensor 1. irradiated without bias
sensor 2: irradiated with 35 V bias
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#

3. Impact of Radiation Damage on Sensors: I,

AC-coupled CIS sensor:

surface depleted area

accumulated electrons

= | Total Leakage Current | E s
__‘_I__ B - WMeasurament Tor 0 MGy c =
E H - Messurement for 1 MGy o
2 o4 Y Simalation for b MGy | % depleted region
S E »  Simulation for 1 MGy i g
O B = Simulation for 10 MGy w*"..:*"": =
U.B:— ..M.ﬂ-': i % “ Bijsl.:l[i-'lrE[fT:'-z]
B - < EAE+11
L & mE. et = e e e e 4.6E+11
02— = SNt = B e e e B BOE+11
. Simulation 50 .
0.1 ::‘ 0 GY
. | P Horizontal position (um)
- o R cieaon [ Simulated Si-Si0, Interface Deplotod Aroa |
. %‘ EIIJ:I“'l"'.l-l =0 cm2
Interface current (D,;) dominates £ Inic2xa0Rem?
- Current from depleted interface (E-field) @ 003 U
- Interface area changes with V,,. T
> seen by X-ray users ! .
v
- minimize depleted interface area :
(> minimize gap between implants/Al) | _ _
SYNOPSYS-TCAD Simulation
. . : | (Ajay Srivastava)
Important for sensor optimization A
Bias voltage (V)

UH
idi
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3. Impact of Radiation Damage on Sensors: V.,

AC-coupled CIS sensor:

£&gA
For pad sensor C = —>—
Wdepletion
‘E 200p:10" [ Measured Total Capan:tannall |
S =100 khe P
= 1500 “' H
[ 0 MGy ol
1 1
i AV
1000 e
- 1 & 10 MGy
SI]llll"'rmerge‘;;;' +  Before irradiation
[ 1 st
[ . Dosacioo May
% T2 o e 800
7 ,Zhang Bias voltage (V)

surface depleted area

Vertical position (pm)

accumulated electrons

*“”h‘nﬂu e
20 deple_ted region
40
B0

0 20 40 (=10

Horizontal position (um)
Effects of N, 2 increase of electrons in accumulation layer

- Step in 1/C? when undepleted regions below SiO, separate
- Voltage required to deplete entire sensor depends on N,

No significant impact - however, good to know @

UH
™
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> éfvv up to depletion, then C = constant

eDenEity [crm*-3]

= T.EE+11

E.1E+11
4, 6E+11
EOE+11

. 1.5E+11
0.CE+DD
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3. Impact of Radiation Damage on Sensors: V4

Simulations 2-dim [x,z and r,z] and 3-dim
N_, = accumulation layer 2> changes curvature p*-depletion > changes E-field

N, = 2x10'2 cm-?

= 1 -2
N, = 1x10" cm 5 MGy

0 Gy

N,,=2E12 cm2
45E-05 ¢ -~ Em“:45E5 YWiem

~ N, =1E11 cm?

- \ Ea=5E4 Viem
v

L T Y

X [um]

e a0 95 BOE 04 A BE a1 95

X [um] e E-field 100 nm below the interface X [um]

Breakdown (V) depends on N,,,1,,,p’-implant, Al-overhang, "™

potential on top of sensor (passivation layer), technology, etc.

Major challenge to reach V.4 > 500 V after irradition A\

UH
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4. Charge Losses close to Si-SiO, Interface

Wor'r'y: Do chqrges Tpapped at Experiment: TCT (Transient Current Technique)
interface cause pile-up ? L 600umlaser G~ Sum)

Positive Charges (N, D;;)

- e-accumulation + potential minimum
> Charges stored (“lost")

p*n strip sensor: 50um pitch, N ¢=1012cm-2

R

u ooV humi-sméy  J.Schwandt transients for strip R at x=20 um
- 14210°
0 < 14
E 2 no losses
E 10 Signal of R ~~- electron losses
10 ~ hole losses
E 6
= &
= . 4" hole losses (mainly e-signal)
2 B no losses (e+h signal) ~
0 == <
50 2! ; :
4 ]'! / electron losses T.Pihlsen
0 10 20 30 40 50 - "‘_{ (mainly h-signal) G
X lumi %2 24 26 28 30 32 34 36 3. 40 42
.« _epe time [ns
- Significant charge losses observed [ns]
UH
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4. Charge Losses close to Si-SiO, interface

- Losses limited to few ym below SiO,
- Charges spread in ps over acc. layer
- Time to reach equilibrium after losses 10-100 ps » 220 ns

Charge losses no problem | Q

. . Hole losses vs. time after changing bias voltage from
Side remark: 500 V to 200 V: p*n strip sensor, 50 ym pitch, O Gy.
600 nm laser, 100k eh-pairs injected

TCT with focused light and few um time [min)
. 0 10 20 30 40 50 G0 70 0
penetrat|on . g BOODO B S e e s
-]
- An excellent tool to study the < 70000 — humid air [min]
S
depgnqence of accum.layer's.on = 60000 . dry air [h]
radiation damage and the (time/ % 50000
humidity dependent) boundary E £ _
conditions on the sensor surface 40000 ~ 40 min
- It is observed that charge losses 30000 ‘
depend on time, with constants 20000, AV
strongly correlated with humidity 10000
(= surface conductivity ???) 6
- Time constants differ by factor 120 T.Péhlsen ¥V
1000020 40 60 80 100 120 140 160
T.Pohisen et al., arXiv:1207.6538(2012), (subm. to NIM-A) Sme [l

UH
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Current [A]

4'. Surface Conductivity and Steady-State

Another way to measure the time dependence of surface potentials:

i diode

-12v

| L
61 | sv.mq@!

g alimsemam
r

cxade

Saopen at+ =0

-70 vV

I;/Ve1 curve for gate controlled diode

0.0l2=3 CE2250-1GGy-I(V)-scan
: N
o i raceumulation
; * ' i
_1ql inversion f_’? ¥
L I
P
: ] (. : : :
1 ' i o
. T=20°C
ao 2
2 5k E : i} ..... + -4 RH = 46% H
depletion B8 RH= 40%
: : : |+ RH=30%
—B0O —IT"U —;iU —! —:10 —I3EI —:20 —IJU a

UH
™
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0
Voltage [V] Vg,

Current [A]

I.5(t) for different relative humidities

J.Zhang
V;1(1) for different relative humidities

o.ole=2 CE2250-1GGy-I(f)-scan a5 : ICE2250-1|GGy—\zf(t .
: 3 ] ! ! 46% | i
: s . o
I —— ~ & oy 40
v H H H H
' bl 1 i 5 i i i i
NN 2 30% |
15k SR OSSN . WA g —sof .
Vo Vo i H = H : H
) ‘ 3 ‘ o : :
Vi H ‘ : =
! ] : 30% T O - I
o = ; i f
U :\ ' ? i i : : :
li : : - —&0 . i J< <« RH=26% RC =165 |
] I 40% b4 RH = 46% B m RH = 40%, RC = 1205
46% : s P :::;g;ﬁ H : 4 a4 RH = 30%, RC = 820s
H H H H A A = o _E H h I I
i i i i : 55 200 400 600 8O0 1000 1200
0 8 64 216 512 1000

time after opening switch [s]

time after opening switch [s]

Time constant changes by factor ~50 between ~30% and ~45% RH

Robert Klanner - Univ. of Hamburg - Joint Seminar - 26. Oct. 2012
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Y [um]

¥ [um]

4. Charge Losses and Surface Boundary Conditions

Do we care what happens on the surface (passivation) of the sensor?

ATLAS test sensor: Vi, ...down depends on humidity! F.6. Hartjes NIMA 552(2005)168
p* at OV u 2300V humia- oGy | SiO; || p* at OV . ) 1-2x10% ary
TCAD Simulation 1 o10° ] T T e
(non-irradiated strip sensor) MP! i
800.0x10°1  \ . >
reans - UMId” Er = O on surface _ }‘;&;**)”/ wet
30 . ~ -9 4 o
¥ . - No accumulation layer  5%0-0x10” /
. ° - Potential low below SiO, 0.0x10°-
§° > moderate E-fields at .
0 . ® 200.0x10~
corners of p* implants
0.0 T T ‘ .
0 100 200 300 400 500
" ” VDiaS(V]
dry” Q = O on surface | -
. Fig. 3. Example of the breakdown behaviour in a wet
- ACCUH‘\U'O“'IOH Iayer' (45% <RH <50%) and in a dry (RH < 5%)atmosphere.
 slectostac potontal - Potential high below SiO,
= edatov-0Qy | - High E-fields at

corners of p* implants

Potential [V] 9 LOW br‘eakdown VOItage '

10

m» NB: Vacuum = very dry Il

15 1

= Has to be understood for sensor design
Work with producers to solve this (well
known by experts) problem ?

Univ. of Hamburg - Joint Seminar - 26. Oct. 2012
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5. AGIPD Sensor: Specifications

Sensor specifications (based on science and feasibility)

Parameter Value Comments
mechanical thickness 500+20 pm mounting tolerances, X-ray conv. efficiency
o flatness (sensors after cutting) < 20 pm bump bonding,:value to be discussed (v.t.b.d.)
— distance pixel edges to cut edges 1200 pm dead space for science
e o n doping 3-8 kQ)-am depletion voltage, sideway depletion at edges
—- dead layer n*-side <05 pmAl,< | pym n* Si minimize, but no compromise on breakdown
doping non-uniformity < 10% distortions in charge collection

pixel dimensions

200 pm x 200 pm

see sensors design

nominal operating voltage 500V

Sensor should operate stably at > 900V, high

o breakdown voltage > 900V voltage options for high photon density: mounting,
pulse shape, dead space at edges
coupling type DC
inter-pixel capacitance@500V 500 fF noise, cross-talk
total dark current sensor@500V 50 pA power
max. dark current/pixel@500V 50 nA noise, operation of read-out ASIC
max. dark current CCR@500V 20 pA
Sniversitst Hamburg Robert Klanner - Univ. of Hamburg - Joint Seminar - 26. Oct. 2012 30
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5. AGIPD Sensor: Optimization

J.Schwandt et al., arXiv:1210.0430(2012)

Optimization using TCAD

with radiation damage parameters
Al Al L
Performance parameters optimized f
- Breakdown voltage
- Dark current
- Inter-pixel capacitance nBulk thickness
- Dead space
. Pixel: - "
- Gap —_‘L
- Al overhang

- Radius of implant and Al at corners
2. Guard-ring structure + sensor edge

- Number of rings ,./"'”
- Implantation width .
- Spacing
- Al overhangs VIAS
- Radii
- Scribe line

3. Process parameter:
- Junction depth
- Oxide thickness bump bond
- Overall passivation

p* implant

UH
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5. AGIPD Sensor: Optimization Strategy

* Performance to be optimized:
- Pixel: |. Breakdown
2. Surface current
3. Inter-pixel capacitance
- Guard-rings: |.Vyis (1000V?) over 1.2 mm for doses between 0 and | GGy ( nonuniform )
2. Bulk not depleted at scribe line ( no leakage current from the edge )

» Strategy of guard-ring (GR) optimization ( 2D simulations in (xy) and (r,z) coordinates ):
- 0 GR: Study breakdown behavior of 0 GR ( CCR only ) for different oxide charges as
function of oxide thickness and Al overhang

- Estimate number of floating GRs for 000V
- Vary spacing between rings, implant width and overhang to achieve maximum Vpd

=~ equal electric field
- Minimize space required

» Strategy of pixel optimization ( 2D ,,strip sensor" calculation used ):

- Optimize oxide thickness, Al overhang, gap and implantation depth with respect to

breakdown voltage, dark current and capacitance
- Extrapolation of dark current and capacitances to ,,3D values*
= Check breakdown voltage + dark current with 3D simulation ( only 1/4 pixel used
due to grid size ) T.Schwandt et al., arXiv:1210.0430(2012)

Discuss only guard ring optimization due to lack of time

UH
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5. 6uard Ring Optimization: 0 6R V4 vs. d,, and d,,
2-D (x,y) simulations (for O guard ring - GR):

Breakdown voltage vs. oxide thickness

§ ; (~ 10 kGY)NGx |:':|I'.'.|'“’cm2 I @I overhang = SU@
L ] s AECLCEEL :
B
-T_ YT EE ""':1""5'-"'-‘"—"“" """""" bkl I""""'""""""""‘;""_
v i
o ;
S e
E 5
c : : “‘
= :
2 Nox = Bx10'Zcm (~ 100 MGy)* €
kv - :
S A SEEETTES :
@ . | -
. — N =1 10" e z,rfr!p_l.ipm = N =1 %10 g2 Jdep=2.4pm
Strong dose dependerlli:e._2 Lot || Nom2x etz a4 N2 107 deptun |
(Vbd ~4OOV fOf‘ NOX < 10 cm ) ll—l Nuzﬁxlﬂumln'x,depzl.ﬂpm | =a N =3 xllﬂncm'zidepzﬂ.#fm J.Schwandt
. 200 400 600 800 1000
Sudden decrease inV,: Oxide thickness [nm]

- Si below Al overhang gets depleted - voltage drop over larger region > E smaller
for a given (high) N: V,4 increases with | d ... and 1 p*-implant depth

For high radiation damage optimization is very different than
for unirradiated sensor - V.4 ~ 70 V (O GR) can be reached

Robert Klanner - Univ. of Hamburg - Joint Seminar - 26. Oct. 2012 33
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5. 6uard Ring Optimization: 15 Guard Rings vs. V4

Optimize GR layout

1 gap (O GR) - Vbd ~70 V
> for Vpqy ~ 1000 V need 16 gaps (15 GR)

Optimize spacing, width implant, Al overhang
for equal max. E-field and minimal space

+ Assure that depletion region does not
touch cut edge (critical for low N, !)

Result:

- Gap pixel to CCR: 20 pm

- Width implantation window CCR: 90 pm
- Al overhang CCR:5 pm

- Gap CCR to Ist guard ring (GR): 12 pm
- Width of implantation window GR 25 pm

® Al overhang left (towards pixel) of GR 1,2, ... 15:2,3, ...

|6 pm

® Al overhang right (away from pixel) of GR | — 15:5 pm
® Gap between GR [-2,2-3, ... 14-15:12,13.5,... 33 pm
- Distance pixel to cut edge: 1.2 mm

GRI5

v

GRI CCR  Pixel

b

. Destarion fram the ast pixed bothe ¢dge of the sensor 1200 gm |

‘ { 1040, 30}
3

4
(0,00 -~

(15570

n* scribe line implant

6DS printout: J.Schwandt and J.Zhang

J.Schwandt et al.,

arXiv:1210.0430(2012)

Optimized pixel and guard ring layout meets all specifications

UH
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6. Summary

Challenges for pixel sensors at E-XFEL have been studied at UHH:

Plasma effect

Charge losses close to Si-SiO, interface - surface effects
Pile-up

Radiation damage

Sensor optimized using TCAD with radiation damage implemented
« Design optimization depends on dose
« 15 guard rings needed for V 4 O(1000 V)
* Layout + technological parameters found which meet specifications
Sensor ordered - delivery early 2013

Comment: Compared to bulk damage little efforts in the detector
community on the study of X-ray damage for sensors (and
there have been surprises in the past !)

Many thanks to UNI-Hamburg- + AGIPD-colleagues + sponsors
\ \—’
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The End
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