Status of pn-CCDs
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advantages of pnCCDs

backside illumination -> 100% QE possible

low leakage current ->low noise (~2 e~ ENC)

large Charge Handling Capacity (up to ~ 10° e~ / 50um?2)

fast transfer ( ~ 100ns/line )

Disadvantages

* transfer = image area -> Out Of Time Events
* charge trapping during transfer possible

 area needed for framestore
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Signal Readout

\l . =
e S
A

annel MOSFET

—
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—_—

——
—— e

Anode+Reset+JFET capacitance
~30fF -> 5.3 uVv/e-

back contaet
A

Radiation entrance window

For 36 um pixelsize, JFETs (large version) need to be staggered
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Readout ASICs

CAMEX

MCDS-filter, 128 channels, S/H, serial output
Processing time: 20 ps/line 5 mW / channel

Veritas | and Il

trapezoidal filter, 128/64 channels, S/H, serial output
Processing time: 2-4 us/line 6 mW / channel

IIl: pnCCD n-JFet, Depfet p-mos source/drain readout

current generators for coarse current

source follower cancellation to V for current readout preamplifier trapezoidal filter
% de—————— ok %k e
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Framestore

The percentage of Out-of-Time events:

without framestore : Readout Spectroscopic reading means:
=1 _-> framestore is necessary
t . . readout integration
mtegratlon
: tTrans er
with framestore : f
t Re a d ou t t_transfer t_readout t_transfer t_readout
Image area i Integrate photons
storage \ \
shield ccCD read charge
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Properties |. speed

readout/line: 20us -> 4us

frame transfer/line: 300ns -> 60ns Charge Transfer Inefficiency

at 120 ns/row is 3 *10°
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Zeit . line
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Floating/resistively biased MOS registers
allow fast clocking also for large CCDs with
narrow lines.
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:

= QE-Measurement, Diode

1 e-h

= Calculation using ,Openfilter* for 16nm SiOxid +38nm SiNitride

Properties Il: QE of photon detection

54 e-h pairs

2800 e-h pairs
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properties lll: noise/leakage current

When does leakage current matter?
Application llcm? [pA]  pixelsize [pm] T tirow [us] #rows  added noise [e-]
l:::Z /v ' LAMP 120 Hz framerate 20 75 RT 16 512 7.6
00000 20 75 -10°C 16 512 14
: Fast pnCCD (Veritas) 20 36 RT 4 512 2.2
i / BELLE SVD 2000 60 RT 0.25 768 259
z eROSITA 20 75 RT 20 384 7.3
J 20 75 -80°C 20 384 0.2
D + all ,long integrating“ CCDs like for Dark Matter search
z B i ”
2g X —n o cmnmen rrmerns | g‘ : . o D
1.5F 2 o I D e
E %% & 7 r 4 . I ) — »— 50°C
't P e e s s — —
o 20 40 60 80 100 g;::s;a::g;g'[‘;] s
Leakage current at RT for 30cm2 CCDs at  RT = 1000 electron /s pixel
-> 20pA/cm? at -50°C ~ 1 electron / s pixel
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200

= C
3 “°F N o
S 1s0) | Limiting energy resolution in silicon:
e e FWHM ,,..=2.35-v(0.12-E/3.69)
o =
o O
T 120—
to— e e 2x2 Pixel, ENC = 3
80 single Pixel, ENC = 3 Tl :
80y + ——  Fano limit, ENC=0 Mn-Kp
401 Calibration resulis 100 singles FWHM=136¢V
207 ALL FWHM= 149V
D_IllllllllllllI|IIII|IIII|IIII|IIII|IIII|IIII|IIII 10k =
0 1 2 3 4 5 6 7 8 9 10 E
Energy [keV]
1 I | B N
Calibration results from X-ray satellite eROSITA ' gy ] '

2.5e” ENC @ 20us/row
3.3e ENC @ 4.2us/row

data from:
Proceedings of IACHE-Conference 2017, Vadim Burwitz, MPE
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MPG,

~ Applications I: Astronomy 7t

MPE-XMM-LLD
., [z Version 2.1 gy |,

Al

XMM-Newton: Launch 1999 by ESA

150 pm pixelsize, 280 pm thick

no Framestore

resolution 140eV@5,9keV, degrading by 2,5eV/year

until today > 5800 reviewed papers, still growing
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“out of time” events increase
with source strength if there
IS no framestore

EPIC pn-CCD: ~6 %




F. Schopper

Vertex 2018 , 23.10.2018

Russian/German Satellite, launch 2018

> 7 pn-CCDs with framestore

> 75um pixelsize, 450 um thick
> 2,5e ENC

> Energy resolution at the limit of Si

Folie 16



* Spectral resolution at all 9 measured energies well within specification

* Extremely good uniformity

* Only weak dependence on temperature of CCD and electronics (unlike XMM-EPIC!)
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b e B 50000 /
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Proceedings of IACHE-Conference 2017, Vadim Burwitz, MPE)




N Next generation spectroscopic X-ray
o/ imagers will not be CCDs but DEPFETSs.

BepiColombo,ESA, launched only The MIXS instrument contains an array of

4days ago, on its way to mercury SDDs (300x300 pm?) with DEPFET readout nodes

Wide Field Imager (WFI) DepFet array.
ATHENA, launch 2028 1 MPix with 120x120 pm?2 pixel



Applications Il: X-ray scattering

Pulsed source with known energy -> Read integrated Flux, not spectroscopic
Framerate has to cope with repetition rate.
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MPGy
7L L

LAMP and CAMP chambers
in Stanford-LCLS and DESY-Flash

Rear pnCCD
(z=564 mm)

Interaction Front pnCCD
point (z=68 mm)

Henry Chapman, Nature 470, 73-77 (03 February 2011)
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Application Il: dynamic range matters M

Perpendicular cross section through a register ( top to back)

Normal operation
Vback=—180V

—2[
—at strong barrier
I ~ to transfer depth
— -6 N e
= ¥ 500000
-] —8: B
_10 i ]
—121 o .
0 10 15 20
depth [micron]
Vbock=—180V
8x1018 [ T
6x1015 |
= charge overflow
£ 4x1015 to neighboring pixels u
Q
= 1
2x1015 / |
oL AN ‘
0 10 15 20

Very high charge handling capacity ( 1-2 Mio e-) has been found by using

depth [micron]

/¥4

HDR operation

Yback=—400V
T

barrier lowering
towards the surface

10 15

0 20
depth [micron]
‘5 Vback=—-400V
8x10 ‘
Ex1015 - —
charge overflow
<— to the surface within
4x1015 - the same pixel 5
Ix1015 - —
oL e ‘ ‘
0 5 10 15 20

large negative backside bias and positive MOS bias.

F. Schopper

Vertex 2018 , 23.10.2018

depth [micron]
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(&) Application Il: dynamic range matters

N T
a) standard operation mode for spectroscopy b) high charge handling capacity mode
-30 ; T -30 ; , T
barrier register — . barrier register —

> 25t storage register — | = 25+ storage register — |
© 8
1S ! 1 |
g -20 g -20
e s potential minimum S L1
J J . "
= = potential minimum
B 107 @ 10}
@] @]

-5 o

0 5 10 15 20 0 5 10 15 20
depth from register side [um] depth from register side [um]

200 ke- dynamic range 800 ke- dynamic range

* 2Mio e with 2 e ENC requires 20bit resolution ADC

* Source follower (SSJFET, C360 fF) 5uV/e- -> 10V at output. Gain can't be reduced without
sacrificing noise level.



Create Overflow regions
below the source:

Each Overflow Region
has a different (smaller)
gain.

drain gate source

Replace JFET by non-linear, low-noise DEPFET

F. Schopper Vertex 2018, 23.10.2018

%10

. Charge distr. @Vgs =-3V Vds=-bV
2.5 T T T T T T

—* Internal Gate
2L —= Qverflow non wedge
—— Qwerflow wedge

—y
o
T

charge (electrons)

Internal Gate
05t

0 05 1 15 2 2.5 3 3.5
charge (electrons) <10

Onset of overflow
= onset of signal compression
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Replace JFET by non-linear, low-noise DEPFET

works well for ,true* Depfets, but still needs to be shown to work in pnCCDs.

full, LED, shape (11129, 601), fit points [11, 11, 11, 11]

200 -
E 150 ]
B :
o 100 - : gg = 290 pA/e; 31.7 nA off
| ! T : px04: fit area
E 1 —— px05: gq = 284 pA/e; 0.2 nA off
= J ' px05: fit area
A 505 - px06: gy = 281 pA/e; 27.8 nA off
. px0G: fit area
— px07: gq = 280 pA/e; 7.4 nA off
. px07: fit area
P
] — — — T
0 500 1000 2000 2500
collected charge [10
high gain (300pA/e-h) for the first Low gain (70pA/e-h) up to 2.5
50.000 EIeCtronS. M|O e|ectr0ns_
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amplifier 1 _
Mplifier 2
P+ draj
Cleargate 1 ni B+ dram 5
N+ clear 1
gate 1 transfer cleargate 2
P+ source 9ate  gape 2

N+ clear 2

INtern |
Jate f intemga) 5
gate 3 o ‘:\.‘59"
=wel

transf,
depletey =1 Channe]
n-Si bujk

P+ back Contact

F. Schopper

reduced by 1/n

60

50

40

Counts

30

20

10

Vertex 2018 , 23.10.2018

MPGy

@7

+ By measuring the charge multiple (n) time the "effective noise" can be

» Because the collected charge is stored during readout in the DEPFET-
RNDR, the very same charge can be measured multiple times.

0=0,21 e-

| |

—— Without laser (Noise peak)

Weak laser (poissonian photon distribution)
Gauss fit to noise peak

|
1

N Al

1 2 3 4 5 6
Pulseheight (# Electrons)
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4 side buttable pnCCDs

Current setup is only 1 side buttable

Fluid inlet / Outlet pipeworks High density Module support  Mechanical interface
connector

F. Schopper Vertex 2018 ,23.10.2018 Folie 27



MPGY,
Active Interposer, combines Hybrid and cooling ,’% Y

Pipeinlet /

outlet
ASIC Copper

/ BCB
Metal
/
Top_WFR
Al Fluid_channel BCB
[ — Oxide Top_WFR
~ [ Bottom_WFR \ ‘ Fluid channel
Glue \ ___ Oxide
\ Glue
Sensor . Be8
BCB ensor Bottom_WFR
Active Interposer (Al) approach \

Hole cut w/ laser
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improvements and ideas

 floating MOS-reqgisters (smaller pixels,
nigher speed)

* DEPFET readout node for pnCCDs
* two-phase pn-CCD (smaller pixels)

F. Schopper Vertex 2018 ,23.10.2018 Folie 29



‘ﬁwﬂg/
7L L

F. Schopper Vertex 2018, 23.10.2018 Folie 30



Applications Ib: M

high resolution spectroscopic imaging )7/
A single Frame Events from many frames summed to form an image
.:%50 §50— . °
% 50( § %;"'?ﬁh
s 5 | LN .
£ £ | ubroam LL“""-] +-
200 o 2" -'-':"-"J"ﬁl. fl?- -433"#____ \§
Hits, _ u'l:--:".tﬂ}a w g o i
Events, — W T 'J'?;mﬁ, _.,;; +
| a r i
Photons S . _;J_-t-.ghgsﬁ
A o g
= “-?Lm.% R
BRI TREC LS N
20( o chod 'f-: . :t'l:'i:h
T -."f-ﬁg':‘?; o '1'*:3.';5:
O g, R B
10( - ol
0
-10
20 40 60 80 100 120 20 40 60 80 100 120
Column Column
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For 36 Jum pixelsize, all photon events can
be detected as clusters.

_ 0C
s

44}

§90

= 40(
=

485

44}

£

180 30

~J
(4]

20(

10C

60 65 70 75 80 85 90 95

Column

G\ Applications Ib:
% high resolution spectroscopic imaging

use the n-method as for si-stripdetectors

but with 2-D clusters.

"y

o
o

0.6 —— V-back = 300 V
—— V-back =350 V
0.4 V-back = 400 V

Integral of CoG from 0 (left border of pixel) to xpos
o
[N

TN T N T ST S ST S SN TS S
0.2 0.4

=]

=]

Position within the Pixel (xpos) [Pixelsize]

Drifttime and therefore CoG-distribution
depends on backside voltage.

7.lym < o_ < 7.9um




Applications Ib: mre(z
high resolution spectroscopic imaging 1/ /

CCD pixels hit positions placed on 32x32 Subgrid

—_
=
2 2
3} 3}
] o
= =
k=] k=]
= ES
a70 k)
© A
) @
=] £

[+2]
[}

62 83 64 85
Column Column

= 20
2 .
§ 19 [ ,E%
s 1<
= 18 = 18
I 8 £ 8
13
Goldwire z 17 ;1
16 = 18
24 um g1 )
diameter ) {1 ¢ O=12Mm
‘3‘731748
13 1
12 %
14
1%.-’.“(1:_ i 2 : [ T LR g LT g - W= "R RN RUTN FATEN S _§
0 31 32 33 34 35 36 37 38 30 40 41 42 43 44 45 46 47 48 49 50 R L
Column
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MPG[
spectrum from 2x2 clustes, dependence on interaction position HZ Y

event position within pixel

o ﬂ —— 2x2 Clusters selected
? —— 3x3 Clusters fix

10° ;—

10?

10

_.
IIII|

| | | | |
4000 6000

| | | | | | | | |
2000 B0O0O 10000

T2000 14000 [1\6’]000
[}
Peakshift of 60 eV (~1%) pixel center
25000—
n ~— 2x2 Clusters selected Y
- 4.5
20000 — Sx3 Clusters fix =4 \\ :::EEZ . Eilpﬂ':.e'
- 25 Jum pixel § X
15000 — & 25 A
: ARSI
10000:— . g s N
- 36 um pixel & ‘m
" S o5
5000— 0 H }*‘:‘
» i} 0.1 0.2 0.3 0.4 0.5
B distance from pixel center [pixel]
0_ 1 | 1 1 1 | 1 1 1 1 1 | .
R R expected charge loss for 2-D CDF with 0=7.5um
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Applications Ib:
charge sharing spoils the spectrum if S/N is poor sz

2X2 pixels are summed

Spektrum
30000 — | Entries 1714454
- Mean 5962
r | RMS 262.9
25000 [— | #*/ndf 2561 /144
C Constant 2.888e+04 = 3.023e+01
- M_ean 5802 +0.1 —
20000;_ Sigma 79.86 + 0.05 %; 240 :_
C ) = L
15000 sigma =77 eV L 220
vo0ooF- at a noise level L r
= ) = 200—
- of 7 e ENC. kS -
5000 — % 180_
- FWHM =181 eV 3 oUF
CE -
? 3511)6 — ‘40|t)0| — |45|()0‘ — ‘50|()0| — I55|0-:ZlI — éOL)OI = I650-:)I I[IVI] 160__
_ 140
3x3 pixels are summed B
120}
5000 100 —  3x3Pixel, ENC=7
C - ———  2x2Pixel, ENC =7
4000} 801 ——  2x2Pixel, ENC = 3
3000[- sigma = 92 eV 60 —— single Pixel, ENC = 3
- at a noise level 40 ——  Fano limit, ENC=0
EGDD—_ 0f7e-ENC- IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
B 0 1 2 3 4 5 6 7 8 9 10
100[}:— FWHM :216 eV Energy [keV]
- | | | | J ] MI |

L1 11 11 111 1 | | L.l 1 1 11 1111
G(] 1000 2000 3000 4000 5000 6000 7000 8000
[eV]
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we hope to do better

disappointing moments
in evolution

© John Atkinson, Wronq Hands

Dist. by Universal Udlick
-
m
2
w

180

@ John Atkinson, Wrong Hands + qocomics.com/wrong-hands « wrorghandsZ.com

thanks for your attention
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Radiation damage due to 10MeVprotons

< XXMM —>

1.000OF" Attt
-}5,.&" b R s +lﬁ'ﬁd‘ﬁ
B h
@%EXX}{DDDDDD DEX y x)k:éilé}é |
X X !
0.998 - %, Xy XX X : » : —
: ¥ | |
[ * [ |
| |
W * " l }
X %) A : Op,/cm?
|
" . : 0 4.:1E8p/crr'2 -
0.994 | x BME8p/cm’ B
i » » i
* | « 1.9E9p/cm? i
Rexx . .
i | | i
0.992 1 1 1 I 1 1 1 J I 1 1 1 I I
100 150 200

Temperatur [K]
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MPG,

Channel gain variation due to varying length of input lines /% /

gooot
m;_i|||||||||||!|llllll||I|||II||I||i|||I|I||ii!I|||I||II||||||I|| C:Cﬁx'l'CL‘L
3000§1||||I|||I||||I|||||I|III||||||||||||||I||II|I||II|||||I|II|I|- C ]

: 1__ _ fix L 2
ot —1=0.625=

: U, Cfix"'CL'Ll

3Um

L Eeetpete e J -
odd channels 21um  69fF 13.9fF 20.8fF l I 550 nm, £r=3,9

even channels 59 um 194fF 13.9fF 333 fF

From [,,The design and Analysis of

VLSI Circuits“ by L. Glaser]

We calculate the same Values for C from the ASIC Gain (51) on the 14 Bit/ 2V ADC. CL= 0,33 fF/Mm

F. Schopper NDIP 4.7.2017



Applications Ib: “\«
igh resolution imaging needs good S/N, no limit by Fano-statistics =77,

position resolution

FWHM [micrometer]

42 Micron Pixelsize

12 Micron Pixelsize
18 Micron Pixelsize
24 Micron Pixelsize
30 Micron Pixelsize
36 Micron Pixelsize

1 1 1 1
0 0.1
Position within pixel [pixelsize]

1 1 1 1 1 1 1
0.4 0.5

pixel
center

pixel
end

F. Schopper Vertex 2018, 23.10.2018

average position resolution

]

pa
tn

Average Resolution FWHM [micrometer]
— tn [uh]
_III|IIII|IIII|IIII|IIII|IIII|

=
in

measured valu

[N A A
35 40

|
45
Pixelsize [micrometer]
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Thickness of Silicon [Micron]

Abhédngigkeit der Breite von was ? HZ:Z

Driftzeit <= Feldstdrke <= Riickseitenspannung (only here, the drifttime matters !)
Tiefe der Wechselwirkung -> Sensor sollte dick sein gegeniiber der Eindringtiefe

Photonenenergie ( elektrostatische AbstofSung ) kann -wenn nétig- beriicksichtigt
werden, weil spektroskopisch ausgelesen wird.

1000 -

100

10

/1 | AN N AY4 | | -ﬁ'ﬁ
95% derPhotonen
hi .| . 2
absorbiert sind / BrelteDiffusion ~\Dt
-'1 o X 3
3 / Br elteAbsto]Sung ~ \/M N signalt
7l KeV.
u’fl JO 11

1000 10000

Energy [eV]
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X-Projection of CoG

1
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