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= |ntroduction

= DSSC Concept overview

Requirements and Design Parameters
Focal Plane overview

Non-linear DEPFET working principle
Readout ASIC

=  Experimental results
= System simulation

= Conclusions
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DSSC & T
22 EUXFEL Bunch Structure =) 559 ¢
XFEL

-
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~2700 pulses/600pus

Using the X-ray flashes of the
1t European XFEL it will be
if I 99 4ms .
i : : possible:
: Time « to reveal the atomic
X-ray photons structure of viruses and
""" H other bio-samples
5 220ns 100fs  to film chemical reactions in
' —| | .
| real time
/" FEL process * to take three-dimensional
e images of the nano-world
T " Particle injection _
« to develop new materials
SN . .
One pulse = one measurement ‘M: _— with revolutionary
Avoid problems with growing of — TR characteristics
large crystals i\jg"'."
Cray laser Pulse Diffraction * to study processes sug:h as
. pattern those occurring deep inside
>10 |mages n0|sy
s : planets
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— 2D detectors for EuXFEL A .
o vees psenser @) | XIFEL

Three Detector Developments at the European XFEL
(coordinator: M. Kuster)

= Adaptive Gain Pixel integrating Pixel Detector Consortium (AGIPD)

(Project Leader: H. Graafsma)
o DESY

o PSI / SLS Villingen

o Universitat Hamburg

o Universitat Bonn

= Large Pixel Detector Consortium (LPD)
(Project Leader: M. French)

o Rutherford Appleton Laboratory / STFC
o University of Glasgow

» DEPFET Sensor with Signal Compression Consortium (DSSC)
(Project Leader: M. Porro)

Max Planck Halbleiterlabor Munich
DESY

Universitat Heidelberg

Politecnico di Milano / INFN
Universita di Bergamo

Universitat Siegen
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1 Mpixel camera with:
Parameter

» Single photon sensitivity

Energy range optimized for 0.5 ... 6 keV event at 0.5 keV
Number of pixels 1024 x 1024 _ _

* high-dynamic range
Sensor Pixel Shape Hexagonal (>10000 ph/pixel)
Sensor Pixel pitch ~ 204 x 236 um?

* Frame rate up to 4.5 MHz
Dynamic range / pixel ~5000 ph @ 0.5 keV (1 image every 220 ns)
/ pulse > 10000 ph @ E>1 keV

: Single photon detection

Resolution also @ 0.5 keV
Frame rate 0.9-4.5 MHz All the properties have to be

Stored frames per achieved simultaneously
P > 640

Macro bunch DSSC will be the first instrument
Operating -20°C optimum, RT to fulfill this requirement
temperature possible
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e DEPFET Active Pixel Sensor

BACKEND:

Post-Processing

Timing Nabmork
Slow-Control :>' Local DAQ E> Data-Storage

Analysis

LT
H

I I
I
| _. ASIC I
(/2] s L s
I a ) : | Drain Readout !
| © (] |
I 4 P o e E- [ : I
8 o E 5 < - I Trapf:zmdal 5
! 'z 53 O e = 1 Filter x| !
1l 8 3 28 m B e ¥ L — S— Y
| E o B 5 - = ) [Bbit-Single Slope E 1
| Y © Ul &= : § : ! ADC I
1l 8 T F° < | 4 & ; 4 : '
1 w = s | 4 : i SRAM Memaory |
" [ > w0 (ot least 640 frames ) |
1 r |
1 |
. I

/~ ~2700 pulses/600us \ 4 )
S ——

99 4ms

Time

e Power cycling
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== DSSC Overview- Focal Plane Overview e
- B wosE pNSens XFEL

» 1024x 1024 pixels
» 16 ladders/hybrid boards

¢ 32 monolithic sensors
128x256 6.3x3 cm?

 DEPFET Sensor bump
bonded to 8 Readout ASICs

(64x64 pixels)

» 2 DEPFET sensors wire
bonded to a hybrid board
connected to regulator
modules

21 cm (1024 pixels)

 Dead area: ~15%

128 x 256 Pixel Sensor ' 9
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DSSC

= DSSC overview — ladder module T d. . .

XFEL

= 1-2 mW/pixel peak power (SENSOR+FRONT-END) - 1-2 kW peak power

= Power cycling about 1/100

= <400 W mean power inside vacuum

= A careful thermal design is needed

» Voltage regulators have to deliver a
lot of power in a short time

Clock Copper Frame w/
Driver Block Grooves

Regulator Board ====

|/O Board

/ Alignment Pins
' -| i ik

Main Board
r Heat Spreader
W e LLROIC I _

Photons §
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DSSC DEPFET = 7 /5 European
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Every DEPFET pixel provides detection and amplification with:

Intrinsic low noise due to the small anode capacitance - single photon

sensitivity even at 0.5 keV

Signal compression at the sensor level thanks to the special internal

gate topology - high dynamic range

Charge collection time — 60 ns

. 4.5 MHz frame rate
Cu layer for bump-bonding allowing

full parallel readout
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=5=r DSSC DEPFET Principle ' = | European
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Standard DEPFET principle drain gate source R7 %
O p-FET on depleted n-bulk
& All signal charge collected in potential =
minimum below FET channel E)@@e@e
“internal gate" internal gate
& all signal charges cause an
equal effect on the FET current Q g
sig
> linear 41/Qg,
characteristics
O reset via ClearFET
O low capacitance & noise AL +
drain gate source
DSSC adaptation
b  signal charges at high levels also ® %0 99.
stored under source .
internal gate  overflow
less/no effect on FET current Q ”
sig

non-linear 41/Qgq vV
characteristics

b gain curve engineering by dose &
geometry of implantations
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DEPFET

7\

Source

Driftring
Overflow 3

N Overflow 1 Overflow 2

Color coded Potential: positive N M negative X
; Gate k ‘
Drain Source
e — Drift rings

Internal Gate

.\ \ outer source region

gate region . . (overflow 3)
inner source region  (gyerflow 2)

(overflow 1) Bulk

BCB insulator underbump metalisation PbSh
TiW layer + Cu pad bump

2 metal layers

160—————————————————————————;———
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F===l-== —|———+———|————

120 —--
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I
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1
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1
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] e i | :
""""" + hexagonal shape « technology
400 : AR : :
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= = I |
L R [ Y I
: | | | | A=48144 pm?
v Ll el ( Hm®) - 2 + 1 metal layers
0 1 1 | 1
0 2000000 4000000 6000000 8000000 ; ;
Dynamicrange for Number of electrons - compatible with C4 - 12 implantations
1keVph - 8 bits  Dynamicrange for . o
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DSSC

- DSSC overview - ASIC

ASIC final format : 64 x 64 pixels Single slope ADC
130 nm CMOS Process C4 Bumps I

Cascode Filter S&H Ramp  Discriminator
o Generate

mvé

1
. g’]j—éﬁé
s

Drain
DEPFET

Stamps Latch / RX

Every ASIC pixel comprises in 206 x 236 um:

* A trapezoidal analog filter (optimum filter for white series noise)
* A single slope 8 bit ADC (9 bit for f<2.2 MHz)

« An SRAM able to store 2640 frames

Gain and offset can be adjusted pixel-wise

= Ll 1 1
J]:vl\ N N
1 — V|
DEPFET
Bias
Subtract r Time Fast Latch RAM
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MAIN ACHIEVEMENTS

(on sensor and readout ASIC)
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Prototype

drain gate source source field plate

(overflow region) (contact area)

CIC)
internal gate internal gate
(central region) (overflow)
Drain o
Source Driftring
.L Gate —
Qverflow

current

DSS_C Sensor - Measured Non-linear 7-cell DEPFET (=~
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non-linear gain of DEPFET prototype S European
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3000 [ T T T T T T T T l
pxd7.2 w33 k.20 sg
= = o ;
spectroscopy | 009 — N3
— cell4
w || Y = -
0o Febb5 source 2 — cell7
; . . g 1500
b linear region of the gain curve £
> noise peak - ~ 10 el. ENC Ra08
> Mn-K, line = —~ 150 eV FWHM @ 5.9 500
keV
0
0 1 2 3 4 5 6 7
energy [keV]
Response to a pulsed laser
1000
b increasing number of identical pulses
- . ; 800
> peaks are equidistant in terms of signal 3
charge 5 600
- signal compression @ large charge E
amount 400
> "energy" calibration using Fe55 spectrum o U
0 1 1 1 1 1 1 1 d JJuI
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

adu
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non-linear gain DEPFET (pxd-7) . ‘ European
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9000 T T T T T T T T
signal compression ey
8000 |- e 4
- o i o
o seven cells of a cluster i o ad
7000 T E
o0 standard variant (W/L = 25/3) —_— o
0 sensitivity in the linear region 5000 F ]
600 pA/el 3 %
~ el. o
Y P 4000 - ; .
. xd7.2 w33 k.20 s
0 compression factor i °
3000} o —e— celll —
—e— cell 2
~ 17.5 o o —e— cell 3
2000 |- eoo —o— cell4 b
o current dispersion (s) i
1000 4
—e— cell 7
Al/1 = 10 %
0 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 45C
energy [keV]
10000 T T T T
non-linear vs. spectroscopy type DEPFET =000 1= N — ]
8000 - -r-tum lu internal gate ]
o equal gate dimensions 7000 - v v .
W/L = 25/3 co00 - - —— |
o performance at small energy § S000F 1
. . . . 4000 .
equal within sample-to-sample variation
3000 ——  pxd7.2 w33 k.20 sg )
. non-linear gain
0 spectroscopy-type DEPFET stays linear 2000 | ——  pxd7.1 w30 0.06 s .
spectroscopy type
1000
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Full size sensor production

" YNIVERSITAT PNISenser

e wafer partition

o 3 sensors in final 128 x 256 format
o 7 prototypes in 128 x 64 format
o small test structures

- 8 x 8, bump-bonded
> MM3 ASIC prototype

- 16 x 16, wire-bonded, row-wise
readout

> source follower

b spectroscopy readout system

- 7-cell cluster
b  single-pixel setup

- single pixel

= 2 polysilicon layers deposited and
patterned,

= all implantations done,

= vias to polysilicon structures and
implantations etched,

= 1st metal layer (Al) deposited and
patterned,

* interdielectric between 1st and 2nd
metal layers (both Al) deposited,

= via etching of interdielectricin
progress

» production started in may 2011

» scheduled end: spring 2013
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DSSC ASIC: test on individual

SIEGEN

‘ European
bIOCkS Wl g PNSenser ‘ 1y XFPEL

° Individual test structures have been tested with dedicated setups

° Measurements on the analog front-end connected to a standard DEPFET have been performed

T E—
FPGA board:
Programming of on-chip
sequencer, global timing
and synchronization.

FWHM Nolse = 110.3eV
Noise = 13.0el

10° n 13.0 el FWHM MnKa = 178.3eV

FWHM MnKb = 106.4eV

. ' 1 MHz

Main board:
Amplifiers, MUXs, bias
voltages and currents,
Level translation.

Carrier board:
Hold ASIC + DEPFETs

Providing local filtering. 10°

1.2

=—=f = 1MHz, flat top = 100ns
= f = 2.5MHz, flat top = 100ns
= f = 5MHz, flat top = 50ns

——f = 4.5MHz, flat top = 50ns 2,0E-10 1
c
2 1.5E-10 -
o —
5 »
z =
9 = 1,0E-10
£ =

i
% 5,0E-11 4
2 —— Jitter
0,0E+00 , : . . ;
=01 0 0.1 03 05 B,T\
Input Amplitude (V) X 21
0.2 I i i I I I i i SI m U | a te d
) 200 400 600 300 1000 1200 1400 1600 Workshop
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DSSC 8 x 8 Matrix ASIC

y: 3 European
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» Measurements obtained connecting a standard DEPFET with the full readout
channel within the 8x8 matrix

» The spectrum is acquired with the on-chip ADC

Fe55 spectrum, full readout chain, 250ns, 1 filter cap, Ch 63

250ns filtering

Noise fully compatible with
expectations

—
QU
T TTTI T 1T

—
o
)
T TTTI T T T

| | |
60 80 100 120 140 160 180 .
ADC bin ' e
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DSSC 8 x 8 Matrix ASIC

European

- measurements ) sz ensene @) | XFEL

» The pixel-wise trimming capability has been verified

» The pxd-7 characteristic has been acquired with the on-chip ADC

Trim 4, Delay O

= 240
Fooo 8 —
— 4 —F

s000 < 220 e
£O00 - ______--—+"__ —+
200 = -
coee 180 |—
160 =

=20 30 40 50 [=1s] O ADCE Bin 140 —_

Prim 4, Delay 7 —

- 4+ -
Fooo qsn_J 120 —
500 b —
3000 O 106:_
2:300 g Qo 80:_
500 § E —
aoo L E 60__
soof _3 £ | | 40

=2 Q_Hnb 4”. se “® Abe bin 2O:|||||||||||||||||||||||||||||||||||||||II|II

Tfim 4, Delay 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

gooo #|S-pulses
2000 v
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System Simulation

24

SRI Workshop
Zurich, 06.07.12




DSSC @ LHER@ [

System Simulation . =% | European
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DSSC simulation: T4 virus diffraction pattern
= 1 keV photons S. Kassemeyer, “Femtosecond free-electron laser x-ray
» 1 keV calibration: one bin per photon diffraction data sets for algorithm development,” Opt.
* noise as estimated for 4.5 MHz operation Express, vol. 20, no. 4, pp. 4149-4158, Feb 2012.
u Spllt eventS | frame 1 data in column 192 I Frame2ColDat |
= ASIC measured parameters e ]
S10°E
I =
5 1 I2000 g
. %50 -1 2 [
Input I 1800 E
_ oL
photon 300/ o 1600 — C1UE
. . . ] E
distribution  .so R+ AR 1400 3 C
" 1200 £ - False detection
=200 1000 E 105_
o — .
150} - C : 1
100 B 1 ‘
1
’_Illllllltlll|ll|Illllllllnlllllllltllll
0 50 100 150 200 250 300 350
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> ]
3 T 2
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DSSC increased single photon resolution with

limited dynamic range

At 1 keV with 2 bins/photon it is possible to achieve a dynamic range
of about 500 ph. and a P(1|0)=4x10-14

Gain settings can be switched on the fly during the experiment

1 keV photons
Number of Frame Rate
bins attributed 0.9 MHz 2.2 MHz 4.5 MHz
to the first 8 bits 9 bits 8 bits 9 bits 8 bits 9 bits Dynamic
photon range in
1 2370 12080 2370 NA Photons
2 453 2360 453 2360 NA NA
3 162 905 NA NA
1 keV photons
Number of Frame Rate
bins attributed 0.9 MHz 2.2 MHz 4.5 MHz
to the first i i i i i i
i 8 bits 9 bits 8 bits 9 bits 8 bits 9 bits P(1]0)
1 2 2 3.3x10° 2.1x1072 2.7x103 NA
2 3.8x1014 3.3x10° 1.4x1010 3.3x10° NA NA
3 .5x10 .0x 8.9x1011 1.0x108 NA NA
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We are developing a Pixel Detector system for the European XFEL based
on innovative non-linear DEPFET devices

In our fully parallel readout scheme, the signals coming from the pixels
are filtered, digitized and stored in the focal plane

The DEPFET signal compression principle has been experimentally
verified

An 8x8 readout ASIC comprising the whole pixel readout chain has been
produced and tested. The noise measured coupling the ASIC with a
standard DEPFET is of 15 el. rm.s. With an integration time of 250 ns.
This value is fully compatible with the expected performance of the
DSSC.

Estimations based on the first experimental result show that it will be
possible to achieve single photon detection and high dynamic range also
for low energies.

The first DSSC Sensor production comprising full-size sensors has
started. One working quadrant (512 x 512 ) will be available in 2015

The full camera will be available in the middle of 2017 ——
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Thank You
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