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(Hard) X-ray 2D Detectors for XFEL and SR

Observables pixel

* Intensity
Position or %
scattering angle 3 ==

Photon Energy :
(wavelength) -

Arrival Time

SOI Pixel
Technology

3D integration with
micro bump

R
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VLSI circuitry inside

Fast Signal
Readout

* In-pixel
processing

* Periphery or
frontend IC
processing

* Off-sensor
module
processing
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SOI Pixel Detector

Monolithic Si Pixel Sensor with VLSI
Collaboration of KEK, and Lapis Semiconductor, and other institutions

Advantages Summarized by KEK
- Bonded wafer — Thick High Resistivity Sensor + CMOS
« Monolithic Detector — High Density, Low material
« Standard CMOS — Complex functions in a pixel
« No mechanical bump bonding

— High yield, Low cost
« Small input capacitance

— ~10fF, High conversion gain, Low noise
- Based on Industrial standard technology

Control of charge collection
SOPHIAS

— Cost benefit and Scalability | Sample Hold Electronics

« No LatCh Up Low SEE With 20 ENC at close to GHz rate

- Low Power — — —— : ‘”‘”ﬁmag‘mos?ﬁﬁo_x'(suried,gxi"j&é)
« Operate in wide temperature Cne =" T ’ <t LS

(4-570K) range. (5i Senson [ 3 E"* >

‘é@@ BPW (Buried p-Well) -

RIKEN joined SOIPIX collaboration (éee T
from the end of 2007 Xorays A A

p %/ © Rey. Hori |
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SOI Pixel Technology
Process/Device/Simulation

2007 when RIKEN joined
SOIPIX collaboration

Handle wafer resistivity was low

after CMOS process.

e ~400 ohm/cm

Small sensor chip size compared to
other technology

e 20 mm x 20 mm

Devices were for digital, not for
analog circuitry.

X-ray Radiation hardness was not
evaluated.

R
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Critical Achievements in Process Technologies for XFEL applications
Buried well for eliminating back-gate effects

Buried p-Well (BPW) Proposed by KEK, and implemented by Lapis Semiconductor

Substrate Implantation BPW Implantation
s || avos 111 111
Oxide o \ I
(BOX) = I | | LR
P+ BPW
» Cut Top Si and BOX » Keep Top Si not affected
* High Dose * Low Dose

= Back-gate effect

o Bias beneath of BOX layer acts as another gate
o Use for in-pixel circuit will increase the input capacitance

= SOPHIAS Implementation

o Peripheral circuit

BPW is used
o No BPW is used for in-pixel circuit
/}/ - Design circuit taking back-gate effect into account by experiments
P sra\c/ua July 6,2012 X-ray Detectors for Synchrotron Applications T. Hatsui, RIKEN 6



Critical Achievements in Process Technologies for XFEL applications
8 Inch FZ SOI wafer for full depletion of 500 um

Courtesy of Lapis Semiconductor

Ro
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Conventional Process Improved Process tool
vy N 021 /,s‘k’G"“"'ﬁ'" o b o O
= Il@z‘ Y
SOI wafer s | = il KLA Tencor
fabrication [ s SP-1
-‘27?!;:;, (Sl L

Pixel detector X-ray

fabrication Topography
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Critical Achievements in Process Technologies for XFEL applications
Backside processing

Backside Processing

_‘—__*—————ﬁ
o « CMP
o000 ., )
“~— 0000 *  Wet etching
I * Implant
I * Laser annealing
e b AI dePOSition x50.0k TE 11/03/10
Vi
Inverse current
1.0E-04 I I {/
1.0E-05 — wioAl
with Al
1.0E-06
=
= 1.0E-07
1.0E-08
Device Simulation Results 1.0E-09
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 1.0B-10 o 100 200 300 400
Depth from back side (um) Vsub [V]
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¢ Stitching Sequence

& Mask Layout

&Lithography
Layout

Courtesy of Lapis Sefmiconductor
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Device/Process Introduction Critical for SOPHAS

»
Ntroa ad O OPHIA

i .
3 ed VVe

i
M4t
M2 l esistor

orn
Tl ) R

e e

Introduction of I/O Tr

3D view is created by google sketchup 6 Courtesy of A-R-Tec
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1/f Noise Suppression

= Fully Depleted SOI Transister (FD-SOI Tr):
o Body Floating Tr
- Large 1/f noise due to body floating
o Source Tie/Body Tie Tr Pcell has been introduced.

= 1/f noise simulation environment has been
successfully introduced.

A - - - B I 4

BodyFloating SourceTie SourceTie BodyTie
(Type1) (Type2)

BOX Courtesy of A-R-Tec
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1/f Noise:

Simulation and Measurement by Test Chip

64.8mm

w
S
10 5
N
am
~ :
@\ 103 —
<
> SOPHIAS
-
10° |
l“."
1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 r 11
0.001 0.01 0.1
Hz
e [‘j ly 6,2012 icati
July 6, X-ray Detectors for Synchrotron Applications
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Test Chip

15.4mm

MIVAPIX2
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SOI Pixel Technology
Process /Device/Simulation

2007 when RIKEN joined
. Current Status
SOIPIX collaboration = Buried P-well proposed by KEK, and
now extensively used.

= New Developments

Nested well proposed by
Fermilab

Double SOI proposed by KEK
=  FZ with > 3 kohm/cm
=  Stitching
= 66 mm x 30 mm achieved
o 130 mm x 130 mm is possible

= 4Mto 5M, MIM Cap onto 3M

= 1/f noise suppression by Source-tie
and body-tie Tr.

* 20 mm x 20 mm = Simulation environment
iImprovement.

Devices were for digital, not for . Curl:glgll}llILRDSto 11:50 kr;dkf(\)/r Tr. )
. . - is for < eV wit
analog circuitry. back-illumination

= Systematic study of the radiation

Handle wafer resistivity was low

after CMOS process.

e ~400 ohm/cm

Small sensor chip size compared to
other technology

X-ray Radiation hardness was not damage has been started
evaluated. ° hew process,
o prediction by radiation
p /7 damaged device models
o N/ T. Hatsui, RIKEN 14
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SOPHIAS Pixel Layout
by Multi-Via Concept

I Low Gain Via : 4 I

I High gain I I High Gain Via : 24 I Via

30 um[lpixel

Via I Low gain I

~
- A

X-ray

L
p‘ 0 T. Hatsui, RIKEN
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SOPHIAS
In-pixel Schematics

I High gain I

24

I Low gain I l
| I > oot

1
——C
¥ * * * ngrﬁ’: Col Amp. & Aout Amp.

v
v
Gain Csens [fF] | Via# | Gain [uV/e]
High 16 24 7.2
Low 240 4 0.15

‘ / T. Hatsui, RIKEN
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SOIPHIAS Sensor

All the Periphery Circuit incl. row registers

A =
J
“ e — > &

e 64mm e
W23 Tl *; ‘ T M 3-side buttable ;
PPt 2 ad ad MM T ' SRR 4-side buttable with steped geometry

¢ 9 PP P Q9 QR 0. e
TR I IR RN B R N O R
eectevarrenncns B
29 ¢ 0 d0 % e 2R A0 AAn




,v Raw Data
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X-ray Image
400 300

ke sl July 6,2012 X-ray Detectors for Synchrotron Applications T. Hatsui, RIKEN



1st Submission of Full Sensor Chip
Cosmetic Quality Evaluation by Optical Light

~1000

B ~i00
£
™~ -e00 2
I.Q 3
3 ~400 %
5 —zon
X
o -0
o
- ~-200

High Gain Image

He-Ne Laser Spot / 719 x 3 = 2157 pixel (64.77 mm)

Ro
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1st Submission of Full Sensor Chip

Offset Variation

Data taken by Test Camera

104 . * Dead pixel: 0
* Readout port: 6
* Readout Speed: 25 MHz/pixel
1 03 — equivalent to
60 frame/sec with off-chip Digital CDS
9 120 frame/sec without off-chip digital CDS
100 —
1
100 —
100 — . L i
I I I I I
~400 200 0 200 400

o N/
RIKEN SACLA

Dead Pixel: None

Defect Pixel defined as offset > 200 meV
ratio 2.7 x 107-5
53 pixels /1.9 Mpixel

X-ray Detectors for Synchrotron Applications T. Hatsui, RIKEN
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1st Submission of Full Sensor Chip
Gain Responsively

= Design guideline of SOPHIAS pixel

= Calibration easy pixel
- Identical behavior against pulse and cont. X-ray

SOurces

= |inearity of raw signal is not mandatory

2400

:

mV]
N
=
o
=)

2300 -
2200 -
2000
1900 -
1800 -
1700 -

1600 -
1500

Signal Voltage [

==¢==H gain

=—m=| gain

1400

Ro

RIKEH SACLA

500 1000 1500 2000
Exposure Time [us]

2500

IIII|'»' :

2400

2300 -
2200 -
£ 2100 -
'@ 2000 -

0 100 200 300 400

Exposure Time [us]

Qualitatively consistent with physical model
Calibration algorithm is now under progress

July 6,2012 X-ray Detectors for Synchrotron Applications
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Data Processing and Detector Release

Vacuum 400 Mbps x 12

3 Gbps
2 \J» CL HS

—[ Dual-Sensor Detector | Dlglta| CDS
) Calibration
* Released to user operation in 2014 FPGA
* 30 frame/sec

* 4 Mpixel

—[ Multi-Sensor Detector

S

* Release target TBD

* 60 frame/sec

* max 80 Mpixel

» with E/O, calibration FPGA, and CLHS

L
po 0 T. Hatsui, RIKEN 23
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Current Status of SACLA

Multiport CCDs

Pixel
Peak signal

Noise

Pixel Number
Array

Rad. Hardness

Dead Area at Edges
Sensitive Layer

50 um0J | 2k x 2k pixels
Wl 2 gk

>4.4 Me- \S'\

2700 ph.@ 6 keV

< 300 e-rms

0.18 ph.@ 6 keV
typ. 130-240 e-rms

1k x 512 pixels/sensor
Currently max 8 sensor
array with 4 Mpixels

>1.6 x1014 photons/mm2@ 12 keV
> 1 estimated annual dose

< 300 um

50 um
to be upgraded to 300 um in Phase III

User Operation

Ro

RlkzN sacLa  July 62012

" 2012A proposal
25 proposal selected
More than half will use MPCCD detector
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User Experiment Example
Coherent X-ray Imaging

| um focused beam

50000

7 45000
E 40000
g 35000
‘g 30000
S 25000
20000
15000
10000
5000

0

25000

Peak signal [P

CCD MPCCD SOPHIAS

p /,/ Coutesy of Prof.Takahashi (Osaka Univ.) Dr.Yamamoto (RIKEN), and Prof. Nakasako (Keio Univ)
o N/
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Future Applications

Coherent Flux

- SPI"Ing-S II 10" T
= Coherent flux of source D
- x 1000 in 10 keV region el
More flux increase
at sample position

o A Target Candidate

x 1000 |

1013 |

10" -

1011 |

Coherent flux (photons/s/0.1% B.W.)

- X-ray Photon Correlation Sl
Spectroscopy (XPCS) in 0’
nanosecond regime LR AL z
o Provisional Demands for Detectors Photon energy (¢V)

- Data frame acquisition at 23.6 nsec
interval, (or 1.966 nsec interval at best)

= Medical Applications
o In collab. with Lapis Semiconductor and Rohm group.

Ro

RlkzN saca  July 6,2012 X-ray Detectors for Synchrotron Applications T. Hatsui, RIKEN 27



SOI Pixel Detector

Monolithic Si Pixel Sensor with VLSI
Collaboration of KEK, and Lapis Semiconductor, and other institutions

Advantages Summarized by KEK
- Bonded wafer — Thick High Resistivity Sensor + CMOS
« Monolithic Detector — High Density, Low material
« Standard CMOS — Complex functions in a pixel
« No mechanical bump bonding

— High yield, Low cost
« Small input capacitance

— ~10fF, High conversion gain, Low noise
- Based on Industrial standard technology

Control of charge collection
SOPHIAS

— Cost benefit and Scalability | Sample Hold Electronics
. No Latch Up, Low SEE With 20 ENC at close to GHz rate

—r—

- Low Power cr . Jd |'1:' = o
. Operate in Wlde temperature E‘ arge tranS|mpe ance amp ITler IS not needead.

(4-570K) range Speed and noise is not in trade-off relationship

in conventional way.
A —

RIKEN joined SOIPIX collaboration 65 J
from the end of 2007 Xorays A
p %/ © Rey. Hori |
L A4 T. Hatsui, RIKEN 28
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SOI pixel sensor for future X-ray astronomical satellites

XRPIX

Noise Performance Demonstration

Ro

RIKEH SACLA

60

40

20

Cu-Ka

|20|

40 60

80
1ADU= 240 ev PH [ADU]

hi
8.04keV Entries 399115
; | Mean 0.3669 |
RMS 2,137
¥2/ ndf 0.4078/2
~| Constant 116.8+x8.3 |~
Mean 33.41:0.03
Sigma  0.5014 + 0.0305
|| T FWHM=280ev
i Readout Noise=23 electrons rms
________ i___Fano Noise= |5 electrons rms
Sk . Cu-Kb f
Escape? : 8.90 keV Mo-Ka
‘\ S 1 P / ....................... , ................. 17.44 kaV
e

100

4T type Pixel, -50°C, Single Pixel CDS Readout

~20 ENC is achieved with

July 6,2012

1400; T TTT [ [ T [ [ T
- Al-Ka (1.49 keV)
12001 -
1000?— =
g 800H -
J mi 188 eV (FWHM)
L noise=18 e- rms
400H -
200H | -
ok
[ ‘ TTT ‘ TTTT | ‘ ‘ |\ T I‘ T | |
2000 Fe-Ka (6.40 keV)
2000H -
N Si ]
4 15001 Absorption -
§ r Edge 1

Courtesy of Kyoto Univ.

Ryu et al. IEEE TNS Submitted (2012)
T. Hatsui, RIKEN
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Assumed Parameter:
120 um[] pixel, 10 bit ADC, Analog: noise 50 e- Peak 100 ke-

RIKEH SACLA

Preliminary Functional

Blocks

Global Timing Track from upper and lower pads
— timing delay < Insc

Design optimization should be carried out.

1 €
ﬂ% Control logic (%

? ™~
o

Analog Memory i?/

Fo S
o

(= Q
V V v “\

Technology for 1 nsec framing will be in our hand.
Readout remain in 10-100 kframe/sec.
Exposure/readout ratio is low.
» Optimized operation,
* In-pixel processing
» Custom sensor for each application
» Off-pixel processing
» Integrate new technology, such as 3D integration

J

»40 pixel (=64.8 mm)

T. Hatsui, RIKEN
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Summary

SOI Pixel Technology

* Ramping up to real scientific applications.

SOPHIAS

* Peak Signal 7 Me-, Noise 100 e-, Dual gain pixel, 30 um[] pixel, 1.9 M pixel/chip

SOPHIAS status

* Just after |I* run,Testing is underway
* Major tasks
* Pixel-by-pixel Calibration
Release

* 2014 for Dual-Sensor Detector
* Multi-Sensor Detector is envisaged. Release date is under discussion.

After SOPHIAS

* Low input capacitance
* Fast shutter in the nanosecond regime

R
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