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Semiconductors as detector and £+ 0%
electronics material i

1. Semiconductors: Eg,,=1-3 eV

— small leakage currents
— low noise, operation @ r.t.

2. Pair creationenergy: w= 2-5 eV

— large number of signal charges
per energy deposit in detector
3. Density:p=2-10gcm-3 — high energy loss per unit length
— low range of o - electrons
This leads to:

good energy resolution

high spatial resolution

high quantum and detection efficieny

good mechanical regidity and thermal
conductivity

Semiconductors equally offer:

fixed space charges
high mobility of charge carriers




Single photon counting or intensity
measurement (I)

MPI

What does the " " final user”” want to know from the
incident photons ??

energy of the (detected) photon [may be]

position [certainly]

“interaction’’ time, " " dead”” time [may be]

quantum efficiency [certainly]

intensity, if not operated in single photon counting mode [certainly]

What can be done with Silicon detecors (in principle)

energy bandwidth: 1eV < E <50 keV

energy resolution: 119 eV @ 6 keV, 205 eV @ 20 keV (FWHM), ENC< 5 el.
position resolution: 0.4 um (rms ) @ 6 keV (ENC=5e-), 0.1 ym (rms) @ 20 keV
image resolution:  typically 15 ym (@ 500 um thickness)

time resolution: typically 100 ps,  depending on QE. of the system

repetition rate: 1-5 MHz depending on capacitance, FET type, R, etc
quantum efficieny: QE of > 85 % from 300 eV to 20 keV (2 mm Si)
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measururing single and multiple X-rays - Y7

electronic noise

"+ ohmic byl contact (0v)

T
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ENC = \/aZk—TCfﬂA11+2nafoofA2+qILA3T

thermal noise 1/f noise leakage

optimum shaping time

Ak Cot 2
o A || g 1, 3g,

Energy to create 1 e - h pair: 3.65 eV (in Si)

p+ Fectifying Junction (-V)

For

good resolution

@ 10 keV: 2740 e- +18 e-
conf. lim. from Fano noise: 10.000 ph.@ 6 keV
conf. lim. from Fano noise: 20.000 ph.@ 10keV

high count rate capability
the total capacitance must be minimised!!
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Counting of many X-rays e

1.000 X-rays with 10 keV within 100 fs is for the X-ray
detector identical to a Gamma - ray of 10 MeV !

i.,e. 2.7 x 10° electrons according to N = E/w-n,

except: for the charge distribution anlong the X-ray
flash:

I(x) = I, e - #x

for the higher energies, the signal charges created by the
X-rays distribute along a “ " tube” " with a diameters of
less than 3 ym in the first 100 fs.

Electrostatic repulsion and diffusion then widens the
" “charge tube”” to up to 20 ym upon arrival at the electron
potential minimum in a 500 ym thick detector @ r.t.
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Requirements for future XFELs:

Area Detector 1 (integrating detector) el

XFEL LCLS

single photon resolution yes yes

energy range 8 <E <12 (keV) 0.8 < E <8 (keV)

pixel size (ym) 100 (50) 100

sig.rate/pixel/bunch 104 103

quantum efficiency >0.8 >0.8

number of pixels 1024 x 1024 (or 2k x 2k) 512 x 512 (min.)

frame rate/repetition rate up to 5 MHz 120 Hz

single bunch frame rate 120 Hz (10 kHz) 120 Hz

radiation hardness @ 10keV

yes (1015 - 10% per cm?)

yes (how much ?)

vacuum compatibility no (yes) nho (yes)
need for tiling may be (not) no
preprocessing no (yes) ? ho (yes) ?
working distance ? 20 - 200 mm




Requirements for future XFELs:

Area Detector 2 (counting detector) e

XFEL LCLS

single photon resolution yes yes

energy range 8 < E <12 (keV) 6 < E < 24 (keV)

pixel size (ym) 30 25b

sig.rate/pixel/bunch 10% (up to 10°) 10

quantum efficiency >0.8 >05

number of pixels 1024 x 1024 (or 2k x 2k) 104 x 104

frame rate _ 120 Hz

single bunch frame rate 120 Hz (10 kH2) 120 Hz

radiation hardness @ 10keV

yes (1015 - 10% per cm?)

yes (how much ?)

vacuum compatibility no (yes) nho (yes)
need for tiling yes yes
preprocessing no (yes) no (yes)
working distance ? 5.000 mm




Requirements for future XFELs:

Area Detector 1 + 2 (counting detectors) it
XFEL + LCLS pnCCD/DEPFET/CDD
single photon resolution yes v
energy range 0.8 < E < 24 (keV) v
pixel size (ym) 25 up to 100 v
sig.rate/pixel/bunch 104 v
quantum efficiency >0.8 (0.4t00.6 @ 24 keV) v
number of pixels 1024 x 1024 (or 2k x 2Kk) v'(in about 3-5 y from now)

frame rate (Hz) [ presmz | 52 v 27
single bunch frame rate 120 Hz (10 kHz) v
radiation hardness @ 10keV yes (10° - 10% per cm?) v
vacuum compatibility yes v
need for tiling (4 sides) yes v
preprocessing no (yes) v
working distance 20 - 5.000 mm v




How to do ?



with a

and/or
s and/or

S



How many can be
stored in ?

What is limiting ?
What is limiting

What is limiting readout
and ?

What limits the
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The Silicon Drift Detector Family p)

Halblaiteriabor

all based on SDD principle - sideward depletion (CHC > 10° electrons)

SDDs pnCCDs
sensitive area: sensitive area:
from 1 mm? to 55 em? [l £.0m 1 cm2
number of read nodes: to 36 cm?
from 1 to 360 formats: 256x256 up to
400 x 40

sensitive thickness:
d = 450 ym

0.1 keV < E < 30 keV pix.size: 36-150 ym"

read noise: from 5 e- Ne of read nodes: < 76

@ 5 mm2to 12 e- - .
@ 1 cm2and @ -15° ¢ || sensitive thickness:

d = 450 ym
Count rate per node: 1096 0.1 keV < E < 30 ke

Avalanche amplifier: ok || read noise: from 1.8 e-

Imaging if timing is to 13 e- (@+10°C)
available lanch lifier: ok

y-imaging if coupled to Avalanche amplifier: o

scintillators || peadout speed: 1200 fp

Lothar Striider, MPI Halbleiterlabor 14
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High speed frame store pnCCDs for X-rays,
UV light, visible and near infrared light

FS pn-CCD for the ROSITA mission (ESA, DLR, ROSKOSMOS)

format 264 x 264
pixel size 75 ym o image
50 ym o image & frame store
36 ym o image & frame store
out-of -time 0.1 %

insensitive gaps: 500um
—>l

Lothar Striider, MPI Halbleiterlabor 19



51um pnCCD with a double-sided readout, |
mounted onto a ceramic substrate V7

All measurements were performed > detector size = 27x13.5 mm?
@-40°c > 51 ym [] pixel size
> 528x264 pixel in total,
132x264 in each image & storage
area
> readout transfer to both sides
> image transfer time = 30 ys
> OOT probability = 3% @ 1000 fps
» charge transfer loss CTI = 10-°

i.e. total charge loss < 0.15 %

> charge handling capability > 106 e-
» 100% fill factor
> readout noise vs. frame rate:
> 1.8 e- @ 10 .. 400 fps
> 2.3 e @ 400 .. 1,100 fps
> With binning:
> 2.3 e @ 2.200 .. 4.400 fps




Performance of pnCCDs: spectroscopy Fe55

Intensity [cts/bin]

C11_11_61_050422_01, T = -55°C; 54 ms

A

Mn-Ka (5894 eV)

|

FWHM(all events) =133 eV

—> |————

FWHM(single events) = 120 eV

2000 All recombined
B Gauss—Fit
: Singles |
1500 - Doubles [IT]
| Triples 1
B Quadruples
1000 —
500 —
0 .........
3000 4000 5000

6000 7000 8000 9000 10000
Energy [odu]
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Energy resolution @ C_K of a pnCCD g
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Circular DEPMOSFET pixels o

Halblgiteriabor

source clear gate

external internal ‘
gate | gate clear
. . !

| | X N\

drain
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WFI APS setup gy

Halblaiteriabor

CAMEX

XEUS WFI APS:

YIHDLIAS 2iob

Monolithic

1k x 1k pixel cells

100 x 100 um? size
Area: 10.4 x 10.4 cm?
16 Sectors of 128 x 512

\

VVVVYVY

pixels each
Row wise readout to both

clear SWITCHER

Y

sides (basic mode)

> More flexible readout
/ modes feasible by changing

|~ pixel intferconnections

CAMEX

Lothar Striider, MPI Halbleiterlabor




Energy resolution of DEPMOSFET: - . *
arrays @ - 40° C | o

10000 MhKo. . .
: Energy resolution:
o 131 eV FWHM @ Mn-Ka Line
| corresponding to 6.9 e ENC
% 100—:»\“.' N\.:Kx Sta Eswpem j/
o 3 n
: W g W “Backside" illumination:
ol MWWWWMWW Source on fop of entrance window
MK
1 T T T T T T T T T T T T 7 \ VKB
oper‘a‘re d 0 1 2 zer e4 5 6 7100
@ 300 fps Enery (keV) o] |
“Frontside” illumination: 5 | |
Source illuminates electronic side | Boxerek
104 ‘
Energy resolution: 5 [t mm
127 eV FWHM @ Mn-Ka Line
corresponding to 6.4 e- ENC R T

Energy (keV)
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all data were taken

Performance

Readout noise (e- ENC)

PG, Jin
800 ms

@ J, = 160 fA/cm?

T | |
| | | P
60 —e— Normal cycles (t,_, =3 ms) /
—u— Reference cycles (t_ =5 ps) /
S 50 /
e /
[0]
@ /
o 40
5
S
@ 30
e
©
X 20
o /0 ]
———
10
-60 -40 -20 20
Temperature (°C)
— Ir]i _ q d Iﬂli
7T = — =

19.44

16.67

13.89

11.11

8.33

5.56

Pixel readout noise (e- ENC)

2.78
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eV FHWM @ Mn- Ka

@ 300 fps Results from *>Mn-Ka peak fits

MPI

Halblgiteriabor

240
|

|

|

—e&— Peak fit frontside
220 —e— Peak fit backside

200

180

160

140

S

Spectroscopic resolution (FWHM @ *°Mn Ka)

>

-60

-40

-20 0
Temperature (°C)

Measured values:

=> 188 eV
= 127 eV

@ 20°C
@ -50°C

20
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Controlled-Drift Detector - simulatioﬁL;f

Halblgiteriabor

Signal electrons are
fully confined in 3-D
potential wells

Integration phase

Drift phase
@z=12um

The X-ray position along the drift is
obtained from the electrons’ drift time O 900

Co
T4i~200 ns / 4 mm of%%

Lothar Striider, MPI Halbleiterlabor 20
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X-ray spectroscopy/imaging tests * + .+
With CDDS \_\{%'_'. Haﬁi{rahw

RS
Radiographic image of a lizard*... pixel size: 120um, 10° frames/s, T=300 K

Lothar Striider, MPI Halbleiterlabor 30



Time-resolved X-ray imaging of
repetitive processes

Controlled
Drift Detector

N
N

loudspeaker

20 us
time slice

X-ray source
(Mo anode)

~
pinholes
50 um

3

X-rays

= Applications in astrophysics, in the
biomedical and the industrial fields
(e.qg. pump-and-probe techniques)

Lothar Striider, MPI Halbleiterlabor 31






Small and Large Area SDDs

Classic Round SDDs with sensitive area
of 5, 10 and 20 and 30 mm2 up to 1cm?

SDD 5 mm?
chip 5 x 5 x 0.45 mm?

SDD 100 mm*
chip 14 x 14 x 0.45 mm?

—

SDD 30 mm?
chip 9 x 9 x 0.45 mm?

sdd 20 mm?

chip 8 x 8 x 0.45 mm >
Lothar Striider, MPI Halbleiterlabor 33



19x5 mm? =__95 mm?

61x5 mm? = 305 mm3.

Multichannel SDDs P +

Halbleiteriabor
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Multichannel SDDs

"ROCOCO 2"

4 x SD* 15 mm?
monolithic array with center hole

11000
10000
8000

8000

7000 71400

5000 11200

5000 71000

4000

3000

2000

1000

2000 4000 BO00 5000
¥ [um)

mapping of detection efficiency
lab test, T=-20°C, 1= 1.0 usec

SD3 4 x 15 mm?

Chlp 14 x 14 x 0.45 mm? # _«5.’ A7

Lothar Striider, MPI Halbleiterlabor

compact XRF spectrometer
for investigation of works of

art and archeometry

polycapillary X-ray fiber

SDD chip with center
hole

custom electronics

A. Longoni
Politecnico di Milano

Intferesting
option for SEM




How many charges can be stored in one pixel ?

pixel volume:
20x50x50 pm3=5x10%ym3

Doping: 102 per ym3

CHC = 5 x 106 per pixel

can be increased by
external voltages

can be increased by doping



- +‘
+
* Ty

What is limiting the quantum efficieny ? D

The thickness of Silicon |

T

1= 60 % @ 24 keV

= =
g |
:5 0.6 Detector Thickness
“ 1 300 um
E
3 L
S 04| 500 um
c’ =
L 1000 pum
0.2
| 2000 pm
n'n i i L L i i i I i i i '] L i L i I
0.2 1 10 50

Energy [keV]
Lothar Striider, MPI Halbleiterlabor K




What limits the pixel size ?
The charge spread function (CSF)

[041213_02chrg.pxrmp |

| Charge collection function i

[041213_02chrg.pxrmp |

T
0.8:—
0.6:—
0.4:—

0.2~

| I S S T |

o 2

| Mean profile along x from y = 1.33 o y = 1.66 h

= N oW s B N D i

[L041213_02chrg.pxrmp |

1

1

2

| Mean profile along y from x = 1.33 to X = 1.66 i

[L041213_02chrg.pxrmp |

08t

0.67"

04"

0.2}

| Charge collection function i

Mesh measurement
with 4.5 keV X-rays:
Pixel size: 51 ym

Edge blur (CSF):
(i) ~8 um (rms)
(ii)) ~ 20 ym (rms)

@: (i) 500 ym thickness

Vback = =90 V
(ii) 1.500 ym thickness
Vback - '500 V

Lothar Striider, MPI Halbleiterlabor 38



What limits the " " detection time” "’ o
PHOTON INTERACTION = to v

electrons focusing

/in the potential minimum
04
A holes collection
3 4
E 0.04 &
E - electrons and
oo s /holes induction
L 5 0007 P R
0 20 40 60 80 100 E
I,(t) "
out\*. =2

20 40 60 80 100
t[ns]

depth [um]

electron s collection

e

1 1 1 1 |
40 80 120 160 200
t[rs]
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Count rate and timing properties

Variance sT2 [ns]

C 4
_ D
- Pulser
leak a)T
AZ
-
0 A
4
o | [Fitngwith Y = AX + B,
6 4
14
4 - A =19.7 ns*1000e-
‘ B = 0.546 ns
2 s
| A ..,
0 [ B S B S

0

20000 40000 60000 80000
Charge [e7]

Counts

Tz
Start
TAC
Shaper I 1
SDD + Stop
Zero C.
\ /
Va%avi 4 /
Va%a% e /
100000 — =
N —[l< .
10000 — 0.80 ns FWHM E
1000 — -
100 — -
10 — -
1 ‘ \ \
1240 1250 1260 1270
time [ns]
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What limits the total size of a detector chip ?

I'r|__. |1 I'I 2 I|'

Availability of large high resistivity ( p> 10 kf2cm) FZ - Silicon ?

2inch: 5%
3inch: 15 %
4 inch: 35 %
5inch: 15 %
) 6 inch: 30 %
8 inch: -  commercially available in good quality ? 2007/8

(bulk material, double sided polishing, QA + 2 y)

4 inch wafer (@ = 100 mm) 6 inch wafer (@ = 150 mm)
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Bunch structure @ the DESY X-FEL -

Halblaiteriabor

Pulse duration: 150 fs

At = 800 s

At=200 ns to
At=12.5 us

Within 800 ps between 64 and 4096 bunches may occur

Minimum time between bunches: 200 ns

Maximum time between bunches: 12.5 ps I S (262 EIEREN 1) Uk PRt I

Lothar Striider, MPI Halbleiterlabor 42



200 ns

200 ns

i.e. 4.000 um

T

YYYYYYYYYYYYY

V™ 100 pm/ns, V., =20 um/ns  That means: At=3ns, Ax = 60 pm

total area,,,: 80 x n*8 mm?2, CHC: unlimited (almost)

Lothar Striider, MPI Halbleiterlabor 43



+*

Basic mechanical structure for the CDD /.

Halbleiteriabor

= ASIC, signal processor

PCB
Bond connections

On-chip electronics

Drift of the signal electrons o
incoming monolithic detector

radiation wafer, incl. first
amplifying device

Lothar Striider, MPI Halbleiterlabor 44



Top view of CDD detector

Drift velocity : V, = p, E

Vs = 107 cm/s in Si at 300 K
8 mm

at 15 x 103 V/cm
V. = 8 x 105 cm/s

we plan to operate at
E=1x10V/cm

Breakdown at E = 40 V/um
or 400 kV/cm

detector: 1024x1024 pixels
100 x 100 ym?
120 ASICs needed

up to 200 subsequent time
slices of 200 ns each should
be recorded before pause

Lothar Striider, MPI Halbleiterlabor 4



Functions of front end ASIC

Analog and digital electronics per channel:

e.g. for Analog and digital
128 electronics per channel:
channels 20 x 11 bit if data valid
+ timing information (256 bit)
. . be handled before the next pause.

FH |

| | |
|1
"\ .* At=200 ns

This would allow the detection for =2.000 valid subsequent
“X-ray”” events from 128 channels depending on occupancy

of a 1.2 x 0.4 cm? large area (e.g. 2 %). This

could mean, that e.g. 150 X-ray flashes with 200 ns spacing could

99.2 ms
pause

Up to 150 bunches may be digested with 200 ns spacing

Lothar Striider, MPI Halbleiterlabor 46



4 - side buttable devices

Scintillator

77 element detector

Peltier

Biasing structures and |
front-end readout electronics

Dissipator

Lothar Striider, MPI Halbleiterlabor
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What is different from hybrid pixels

With an imaging pixel size of 100x100 ym? we cover a real
area of 100 x 4.000 ym?2.

this leads to:

reduced problems for interconnections

extremely low event thresholds

more ASIC area for signal processing

no common mode (baseline) fluctuation

reduced power dissipation

principle allows for further reduction of pixel size without

going to technological limits

shaping at 10 ns, ENC,,, = 50 e- (rms), At =3 ns
Threshold: at 5 o, i.e. 260 e-, i.e. 910 eV (1)



Summary (I)

> q large variety of pixellized detector systems in various
sizes and formats is already available:

3 side buttable pnCCDs
2 side buttable DEPFETSs

3 side buttable CDDs

single channel SDDs and SDD arrays in
many sizes and degrees of pixellization

> special fast, large area detectors and low power, high speed

analog and digital electronics must be developed to face
the special needs of the DESY XFEL.

The detectors and electronics for the LCLS at SLAC are
already available (in principle, not in size, ...)

Lothar Striider, MPI Halbleiterlabor 0



Summary (II) e

P> To be done: LCLS case (up to 120 frames per second)

mechanical design studies
electrical design studies
system and software, DAQ, quick look analysis

detector and front end electronics fabrication s 4
- ears
start with larger formats (4 - side buttable) Y

P> To be done: DESY XFEL case
see LCLS case + +

+ development of prototypes of uhs - . g
- ears
detector system in the 1 -5 MHz range Y




1. FFpnCCD:

FSpnCCDs:

in 2006/7:

+ 4
4t
+
e -.:.- e
b :

Summary (III) MPI

400 x 400 pixel, size 150x150pm?
l.e. A= 6x6 cm?,d = 280 um,
up to 40 frames per second, ENC=5 e

264x264 pixel, sizes: 75, 51, 36 pm«o
2x2 cm?2,1.4x1.4 cm?, 0.9x1.4 cm2, ENC=b5 e
up 5.000 frames per second, 450 ym thick

formats of 512x512 with 75 ymo and
51 ymo will be fabricated on 450 tm in
frame store configuration

Lothar Striider, MPI Halbleiterlabor 2
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Summary (IV) M

2. DEPFETs: 64 x 64 and 128 x 128 matrix
performs wonderful on 450 ym Si
with frame rates of 1000 fps

actual pixel sizes: 25 x 25 ymo,
75 x 75 imo and 1.000 x 1.000 im o

ih 2006/7: formats of 256x256 and 512x512
with 75 ymo and 25 ymeco.

in addition: Macropixel with 300 pymo
and 500 pymo pixel in a 64x64 format
will be made.

Lothar Striider, MPI Halbleiterlabor K



3. CDDs:

in 2006/7:

Summary (V) |

2.9 x 1.1 cm? is operational
with pixel sizes of 120x80 um -
They are under test. ASIC electronics

is submitted. 100 k frames have been
performed. Developed as an electronic

collimator for Compton imaging

focus on ASIC development .

If interest is sufficient, redisign of CDD
with XFEL parameters. (e.g. size: 6x1.6cm?

Test of interconnection, thermo-mecha-
nical concept,...)



The location

or, Munich, germany

Device tests and operation
Lothar Striider, MPI Halbleiterlabor
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