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P. Outline s 7
= Motivation

o X-ray Free-Electron Laser Facility, SACLA
o Multi-port CCD

o Science at SACLA
o Peak signal

= SOPHIAS

o Silicon-on-Insulator (SOI) Pixel technology
o Sensor development

= Toward Ultimate Storage Ring Light Source
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p. SACLA (SPring-8 Angstrom Compact Free Electron Laser)  ~"¢=3 g

SACLA

Operation for users from March 2012
7000 hours/year (3500 hours for users)
24 X-ray Free-Electron Laser Facility after LCLS
Shortest wavelength lasing achieved
Compact XFEL facility with stable operation
T. Ishikawa et.al., Nature Photonics(2012)

T. Hatsui, RIKEN




P. X-ray Free-Electron Lasers sPrins-g o7

SACLA

SACLA in 2014: 4.5 —15(20) keV @ 30 Hz

1035
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= . X-ray Beam: 1E11 photons in < 10 fs pulse
+ 100 T e To Detector: >1000~b=torrlontaivalm 206 \H;
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Photon energy (eV)

/ﬁj""j X-ray Beam: 1E4 photons in 40 ps pulse
777 To Detector: 0 or 1 ph./pulse/pixel @ 500 MHz

10° 10* 10 10

Peter Schmiiser, Martin Dohlus, J6rg Rossbach, Christopher Behrens
“Free-Electron Lasers in the Ultraviolet and X-Ray Regime Physical Principles, E
xperimental Results, Technical Realization” Springer Tracts in Modern Physics, Vol. 258 (2014) 2" Eds.

PCD 10 T. Hatsui, RIKEN



@ Multi-port CCD Detector corvses

RIKEH Kameshima et.al., Rev. Sci. Instrum. 85, 033110 (2014). SACLA

* 50 um pixel
* Phase | sensor: 50 um epi. wafer
* Phase lll sensor: 300 um depletion
Current Deployment
8 detectors (31 sensors)
March 2015
14 detectors (45 sensors)
Increases at about 20 sensors/year

f <

1 8 Sensors
4 Mpixels

PCD 10 T. Hatsui, RIKEN 5



ﬁ Imaging live cell in micro-liquid enclosure by X-ray laser diffraction =""Z3 g

RIMEN

SACLA

T. Kimura et.al., Nature Communications 5, Article number: 3052

See original figure

PCD 10 T. Hatsui, RIKEN 6



ﬁ SACLA applications (2) w1

RIMEN

Y. Takahashi et.al., Nano Letters 13, 6028 (2013).
Au Nanocube

See original figure

Au/Ag Nanobox

See original figure

PCD 10 T. Hatsui, RIKEN 7



p. Slngle-stht th.ree-dlmensmnal structure sriosg /Q/
RIM=EN

Rui Xu et.al., Nature Commun. 5, 4061 (2014)

See original figure

Time-Resolved Dynamics in
a Single Nanowire (VO,)
M. C. Newton, et.al.,

30 nm Nano Letters 5, 2413-2418 (2014).

PCD 10 T. Hatsui, RIKEN 8



XFEL application demands and Multi-port CCD Sensor” =5 /;’/

High Peak signal

. Collection of signal charge generated by
femtosecond intense X-ray pulse

. Single photon detection at the XFEL pulse
frequency (60 Hz)

. X-ray radiation hardness.

PCD 10 T. Hatsui, RIKEN 9



Peak signdl

Maximum Photon Number that You can
detect.

S/N = VNph

Every element in the detector system can be
the bottleneck.

Fundamental limitation:
o Capacitance in pixel

PCD 10



P. Direct-Detection 1

RIKZN
optical light X-ray
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Sensor made of silicon

1 e-/photon 2200 e- /photon for 8 keV X-ray
0.16 aC/photon % 0.36 fC/photon
High Dynamic Range .
Optical CMOS Image Sensor  Peak Signal E> Peak Signal
Pixel size: 5.6 um] ~ 160,000 phs ~ 72 photons @ 8 keV

[1] Akahane, N., et al. (2009).
by the capacitance that
we store the charge.

PCD 10 T. Hatsui, RIKEN 11



2 Peak Signal and its density =37

RIMEN
pNCCD (MPI) CSPAD (Cornel-SLAC) MPCCD (SACLA)
* 3600 phs @ 500 eV e 2700 phs @ 8 keV e 2,700 phs @ 6 keV
/5 uml] 110 umL e 50 um [
* 0.04 phs/um?2@ 8 e 0.22 phs/um2@ 8 * 0.8 phs/um2@ 8 keV
keV keV
Struder, L., et al. (2010). Philipp, H.T., ef al. (2011). Kameshima, T., et al. (2014).
Nucl. Instr. Meth. Ab49, 67. Rev Sci Instrum 85, 033110.

Nucl. Instr. Meth. Aé14, 483.

Herrmann, S., et al. (2013).
Nucl. Instr. Meth., A718, 550-553

Jungfrau (PSI)

ePix10k (LCLS)

e 10,000 phs @ 8 keV e 10,000 phs @ 12 keV
e 100 umL e 75 umQ

e 1.0 phs/um?2@ 8 keV ¢ 2.7 phs/um2@ 8 keV
Dragone, A., ef al. (2014). Mozzanica, A., et al. (2014)
J. Physics: Conf. Ser. 493, 012012 J. Instrum 9, C0O5010

PCD 10 T. Hatsui, RIKEN 12



R Capacitance Density w14

RIMEN

Dielectric Constant: Si 11.8; a-SiOx 3.9; a-SiNx 7.5
Scientific CCDs

~0.25 fF/jum?  ~1 fC/um? @ 4V
Polysilicon ~ ~0.5um
L ~ 3 photons@ 8 keV / um?
Insulator =
Channel ~| / CCD area efficiency
~ 50 %

1.5 photons @ 8 keV / pum?
CMOS
(Hybrid, MAPS)

Metal a tens of nm
T~ ! ~1 fF/um? ~1 fClum2 @ 1V
Insulator = = |

-
Metal ~ 3 photons @ 8 keV / um?

PCD 10 T. Hatsui, RIKEN 13



P. Toward Higher Peak Signal Density =237

RIMEN

Charge Division

inside the photodiode SOPHIAS (SACLA) for 4-7 keV

10,000 phs @ 5 keV"!) Hatsui, T. et.al., Proc. of In.
e 30 um[ Image Sensor Workshop

*Recent work

Basic |dea:
Decrease charge/photon ratio to improve peak signal

PCD 10 T. Hatsui, RIKEN 14



P. Silicon-on-Insulator Pixel Technology =237~

RIMEN SACLA
T — /
CMOS gum __/(‘___( e Z LSI Circuit/é]
—— /
(Low Resistivity) 40nm = et L T
200nm ——= BOX(Buried Oxide) /
' n+(p+) / el
H BPW —
Buried p-Well
S|02 50-500um (Buried p-Well)
(BOX) Si Sensor
(High Resistivity
Substrate)
SOI Wafer Backside Implant,
Laser Annealing, Charged Particle
Sensor Al deposit (X-ray, Electron, Alpha, _..)

(High Resistivity)

Technological feature:

« bonded wafers
low R active wafer for circuit
high R handle wafer for sensor

« commercial process (0.2 um FD-CMQOS) by Lapis Semiconductor

PCD 10 T. Hatsui, RIKEN 15



Regular Mulfi-Project Wafer (MPW) Runs

 KEK
JAXA
RIKEN
AIST
Osaka U.
Tohoku U.
Kyoto U.
U. Tsukuba

= &%
Lawrence B
Fermi Nat'l Accl. Lab. (USA)
U. of Hawaii (USA)
| IFJ
U. Heidelberg
Louvain-la-Neuve Univ.

erkeley Lab. (USA) T

Mask: 25 x 30mm
Minimum size: 3x3mm
> D S o




p. Devices under Development s o7

SACLA
RIMEN

17

Integration-type SOI pixel sensors — charge accumulation and analog output

« INTPIX : General Purpose Integration Type (KEK) 8-20 um pixel

« SOPHIAS : Large Area and High Dynamic Range for XFEL (RIKEN) 30 um pixel
« XRPIX : X-ray Astronomy in Satellite (Kyoto U. & KEK) 30 um pixel

« LHDPIX : Nuclear Fusion Plasma X-ray (KEK & NIFS) 24 um pixel

» TDIPIX : Time Delaying Integration for X-ray Inspection (KEK) 12 um pixel

Counting-type (Digital) SOI pixel sensors — signal processing and digital output

* CNTPIX : General Purpose Counting Type (KEK) 64 pum pixel
* PIXOR : Future Belle II Vertex Detector (Tohoku U.) 35x70 pum pixel (16 & 16 super-pixel)

SOI-CMOS Circuits without substrate sensina
» STJPIX : Superconducting Tunnel Junction on SOI (U. Tsukuba) below 1K
« MALPIX : TOF Imaging Mass Spectrometer (KEK & Osaka U.)

And more....

PCD 10 T. Hatsui, RIKEN 17



RIMEN

R RIKEN Contribution s G

= Everythings for X-rays

o |[ntroduction of floating zone SOl wafer
Back-side lllumination
- Implant, laser anneal and aluminum coating
Infroduction of a Stitching Process

Process improvements
* Yield control
- Defect management

TID assessments

O

O

O

O

PCD 10 T. Hatsui, RIKEN 18



SACLA

R Large Chip Production by Stitching ~ =&=37

RINEN

- ~ ﬁ -

65.6 mm x 30 mm chip.
8 chip in 8 inch wafer.
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 Width of the Buffer Region can be less than 10um.
« Accuracy of Overwrap is better than 0.025um.

PCD 10 T. Hatsui, RIKEN 19




RIMZN

~ ] )
Systematic Data

Acquisition
e transistor type

¢ bias condition

\°* dose amount Y

Custom Semi-auto-probe
Station for X-ray Dose

31 conditions/wafer
300 types/wafer

R High Throughput TID measurement =237

SACLA

Kudo et.al., IEEE TNS Vol. 61, 1444 (2014).

Device simulations

e quantitative trade-off

Auto-prober measurement

oty

10 000 transistors/10 days

4 ™)
- Chip design
Radiation-hard

transistors

\ y

device simulation

et | Al
—

Vd=2.0V

Log

-
Cradn currant |Afum)

no-wratodion
10k
100k
Ckrad
Tokrad
15:004krad

0.5 1 12

Gate Vakage V)

Developed in collab. with Kinoshita Lab
of Univ. of Hyogo and Lapis Semiconductor

Data are now available to all the collaborators.

PCD 10

T. Hatsui, RIKEN 20



2

NMOS example w1

Kudo et.al., IEEE TNS Vol. 61, 1444 (2014).

IO transisotr
L=0.5
W=5

Icls (A)

0.0 0.5 1.0 1.5 2.0
Vs (V)

TID weak behavior characteristic to Fully depleted SOI-CMOS transistor.
SOPHIAS:

Target photon energies: 5.5-7 keV

with 500 um silicon, X-ray transmission to transistor < 2.5 x 10~
to be examined at SACLA beamline

PCD 10

T. Hatsui, RIKEN 21



RIMEN

SOPHIAS

Silicon-On-Insulator Photon Imaging Array
Sensor

PCD 10 T. Hatsui, RIKEN 22



@ SOPHIAS Sensor s
66 mim x 30 mim
1.9 Mpixels

500 um depletion

0.2 um Fully-depleted SOI-CMOS
Back-side illumination

24 analog outputs

lithography shot area

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

One column spacing

719 (h.)x 891(v.) pixels [| 719 (h.)x 891(v.) pixels 719 (h.)x 891(v.) pixels

Column Buffer amplifiers

Row & Column regﬁlisters
/ Output Circuit |

| ) ' I ]

_—,——
0 | |
l—

g g . g ——— P Qg g g g g g g g g SN |

\Vdd. GND and all other PADs

PCD 10 T. Hatsui, RIKEN 23



. Pixel Layout for Dual Gain Pixel ~— =230

RIMEN
Substrate P+ implant
High gain amplifier 30 um pixel
low gain amplifier
through via

A
|

X-ray Photon

PCD 10 T. Hatsui, RIKEN 24


http://www.imagesensors.org/Past Workshops/2013 Workshop/2013 Papers/03-5_058_hatsui_paper.pdf

RIMEN

~ 40 fF

low gain channel

T. Hatsui, et.al., Proceedings of International
Image Sensor Workshop, (2013) Art. Num. 3.05

SPring..8 @/

P. Pixel Circuitry S

Pixel Size
e 30um

Power Dissipation (Vdd =2.5V )

e 0.25 uW/channel

0.5 uW/pixel

* System Noise 186 (spec. 150) e-rms

Responsivity

* 3 uV/e- for High gain
(measurement with x-ray)

* 0.057 uV/e- for low gain
(measurement with optical light)

Gain difference
 52.8(preliminary)

Peak Signal
14 Me- (preliminary)

Signal Swing (measurement)
e ~08V

PCD 10 T. Hatsui, RIKEN 25


http://www.imagesensors.org/Past Workshops/2013 Workshop/2013 Papers/03-5_058_hatsui_paper.pdf

: SPring.-8 ,/
ﬁ.' Full Well Capacity 2254
RIKZN
- @4—1 SOPHIAS goal I_
2000
6 —
LY
. 50 pm[] ci
b 5 - =
% Y~ MPCCD Phase |
g 4 — thin gate thickness
E 000 [~
T 3- MPCCD Phase 11l & IlI-L
2 30 umL] standard gate thickness
o
2 26 um] ®
15 pmi 5 R
T T x
COTS MOS CCDs | s
0= —0

0

I
500

I I [
1000 1500 2000

Pixel Area [um?]

PCD 10
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RIMZN

Output (arb. Unit)

Response to X-rays =14

SACLA

High gain Low gain
| \ GradedX-ray Transmission Image
4(_ I \ through aluminum layers.

|
—
=

% 002 004 006 008 01 012

Exposure time (s)

Next Step
On-the-fly calibration implementation

PCD 10 T. Hatsui, RIKEN 27



P. Buried P-well (BPW) to reduce the electric field23 7~

RIMEN

SACLA

Frequency

Without CDS

SOPHIAS1 design
Exposure Time
--- 10 msec

—— 10 pusec

Impact lonization

0 /I\ 10

20 30 40
Noise (mV r.m.s.)

'l
50

through via

S
a\

High gain amplifier

>

low gain amplifier

o N
|

X-ray Photon

Impact lonization is diminished by

adding BPW

Source Follower Transistor

1/f noise = Now removed below detectable level
by optimized design of the in-pixel transistors

PCD 10

T. Hatsui, RIKEN 28



ﬁ X-ray Transmission Image (Dec. 2013) 1

RIMZN

Source-sample  :1200 mm
Sample-detector :10 mm

X-ray :30 kV, 80 mA
Mo target

X-ray source size :$30um
Exposuretime  :300 msec
Temperature :-15°C

PCD 10 T. Hatsui, RIKEN 29



p. X-ray Transmission Image without Digital CDS =25 7~

SACLA
RINEN

With BPW
Larger transistor for SF

Significant decrease of the noisy pixels
Noisy pixels (> 600 erms) disappeared.

LT TN . g N TR
Without BPW | = ey,

- L > ~ .

' S S

PCD 10 T. Hatsui, RIKEN 30



2 Thick Depleted Photodiode 3.7

RIMEN

Floating Zone N-type Wafer under stable production

: | I | I | I 1 I |
14 |-
12 E
=~ 10F —o— FWHM
% oF
u_& n FWHM : 33 um (preliminary)
» 6 Depletion of 500 um around 120 V
= Resistivity : ~7 kohm=cm
2 ) -
o) S R N B -
40 80 120 160 200
Bias Voltage (V)
1 pixel =30 um

Cu Ka irradiation 40 kV 300 uA

PCD 10 T. Hatsui, RIKEN 31



2

Device Simulation of LSF 1A

RIKZN
3 ke- injection
0.12 -
X-ray
d @
0.10 - n-

~
<
5 0.08 -
((b]
o
8
S 0.06-
©
Q
N
©
£
[) 0.04 -
=
0.02 —
0.00 —

500 um depletion with ~120V bias
resistivity 7 kohm cm

Silvaco Atlas (3D)

Position [um] PCD 10 T. Hatsui, RIKEN 32



2 Production Workflow 1A

RIMEN

Wafer production
backside processing
‘— Probe test I
‘ I Yield: > 50% for recent batch
dicing
Wire-bonding to LTCC
PGA package

Full assembly

PCD 10 T. Hatsui, RIKEN 33



ﬁ Camera Development w1

vacuum chamber

Dual-Sensor Detector
in-house Experiment in Fall 2014
3.8 Mpixel, 50 mm x 65 mm @ 6 keV

* Response to X-ray Pulses
* Radiation hardness

readout electronics Custom PGA socket

(24 ch 14 bit ZOMSPSA.CS )H. Peltier Cooling unit clock & trigger generator

All electronics and mechanics are produced and functioning.

PCD 10 T. Hatsui, RIKEN 34



2

RIMZN

Peak brightness (photons / s / mrad*/ mm#/ 0.1%-BW)

1 035

1 033

1031

10°°

27

10

10°°

1 023

21

10

10"°

Ultimate Storage Ring Light Sources =37~

SACLA

Coherent Light Source

European -
-

XEEL .=-2% SACLA
- -%S
ASH
FERMI@ Elettra

In-coherent Light Source

FETRHA I
ESHE

SPring-8

AFPS

SLS

BESSY \

* SPring-8 Il

I Coherent flux ~ 0.1 %

8 GeV - 6 GeV

L xaanad ORI |
10° 10° 10*

S oton energy (eVv)

 Natural emittance:
3400 - < 100 pm.rad

Peter Schmiuser, Martin Do . < ristopher Behrens
“Free-Electron Lasers in the UItraonet and X-Ray Regime Physical Principles, E
xperimental Results, Technical Realization” Springer Tracts in Modern Physics, Vol. 258 (2014) 2" Eds.

PCD 10 T. Hatsui, RIKEN 35



P. Upgrade of SPring-8: Ultimate Storage Ring ~ *25:7

SACLA
RIMEN

Major Requirements Options 0o RIS 2 G VaEmistg

Si with 2 mm

4-20 (-30) keV photons

high-Z sensor

1.0 -
5 | e ]
P
= | | = so00um - 2 mm thick sensor
e Q.E. 85% @ 20 keV
= I Q.E. 45% @ 30 keV
C‘_:; i ]

0- ' ' ' .

PCD 10 T. Hatsui, RIKEN 36



P. Upgrade of SPring-8: Ultimate Storage Ring

RIMEN

SPring

s 7

SACLA

Options

Major Requirements

3 layer
stacking

Hybrid

4-20 (-30) keV photons Detector

T. Hatsui & N. Teranishi

|

high-Z sensor

_

650 um

\

Depleted zone i

One of the proposed schemes

|

Inter-sensor connection by TSVs

_

Doping to inner silicon of TSVs.

650 um

Depleted zone

il

é

ﬁ X-ray

PCD 10

T. Hatsui, RIKEN



P. Upgrade of SPring-8: Ultimate Storage Ring =237

SACLA
RIMEN

T. Hatsui & N. Teranishi

Monolithic
CMOS sensor

Major Requirements Options

high-Z sensor

3 layer
stacking

Hybrid

4-20 (-30) keV photons Detector

DRAFT SPECIFICATIONS
« 70 um[] 0.3 Mpixel
e Chip size 54.76 mm x 27.88 mm
* 60 e-rms noise
Bulk CMOS using FZ wafer
Global Shutter
Integration Pixel
Readout mode: low and high and ...
» peak signal > 17 Me- & k kfps @low
» peak signal > 140 ke- & 52 kfps @ high
Bit depth 12 bit; Data rate 185 Gbps
Revolution frequency: 208 kHz

* In pixel storage > 2

PCD 10 T. Hatsui, RIKEN 38



P. Draft Architecture: High-speed mode =37

RIMEN

T. Hatsui & N. Teranishi

Single Column structure
—

70 um square pixel

1
(\

i_L o8
N v

20 ADCs/column

Foundry Selection: Dec. 2014
Feasibility study for the process modification: Dec. 2014-March 2015.
15t Prototype Detector system: 2018

PCD 10 T. Hatsui, RIKEN 39



2 Outline o230

SACLA
RIMEN

= Motivation
o X-ray Free-Electron Laser Facility, SACLA
o Multi-port CCD
o Science at SACLA
o Peak signal

= SOPHIAS

o Silicon-on-Insulator (SOI) Pixel technology
o Sensor development

= Charge division to detect higher peak signal
* Test campaign with SACLA scheduled in Fall 2014

= Toward Ultimate Storage Ring Light Source

PCD 10 T. Hatsui, RIKEN 40



@ Collaborators 1

RIMEN

= RIKEN, JASRI
All members of SACLA members, especially,

o Takashi Kameshima, Togo Kudo, Yoichi Kirihara, Shun Ono, Kazuo
Kobayashi, Masahiko Omodani

= Univ. of Hyogo
o Takeo Watanabe, Nobukazu Teranishi
=  SOIPIX collaboration

esp. Yasuo Arai (KEK), Ikuo Kurachi (KEK), Jiro Ida (Kanazawa Inst. of
Technology), Takeshi Tsuru (Kyoto Univ.), Kazuhiko Hara (Unv. of
Tsukuba)

= Private Sector
o Lapis Semiconductor, A-R-Tec Corp.
= Detector Advisory Committee

o Peter Denes (chair, LBNL), Andrew Holland (The Open Univ.),
Grzegorz Deputch (Fermilab), Yasuo Arai (KEK)

Thank you for your attention.

PCD 10 T. Hatsui, RIKEN 41



2

X-ray Imaging Detectors at SACLA

SACLA

RIKZN
Description Phase | Phase lll | Phase Ill-L SOPHIAS Unit
Pixel Size | 50 x 50 30 x30 Lm?
Pixel Number '024 (v.) x 512 (h.) 891 (v.) x 2159 (h.) -
Readout Port | | 8 12 -
Readout Speed | 3.30r5.4 20 MHz
Sensor Material Epi. Silicon p-type FZ silicon 2|I|tc¥opr$ FZ -
Illumination side front back back -
Architecture ‘ ull-Frame Transfer Multi-via -
Process ;
Technology Two-phase CCD SOI Pixel -
Sensitive Layer
ehsixive -ay 50 300 300 500 um
Noise 100-250 300 60 150 e-rms
Responsivity | 0.5-0.7 0.5 2.0 3 uV/e-
4.1-5.0 34 1.6 7.0 Me-/pixel
Peak Signal — -
16.4-20 13.6 6.4 77.8 110008
Frame Rate 30 30 30 60 Hz
X-ray Radiation VIGy Tor 12
Ha|Y dness 11 1 1 ] keV X-rays
Nominal 78 99 99 99 % for 6 keV
Quantum Efficiency 19 73 73 i % for 12 keV
under deployment deploymentcstarted T. Hatsui, RIKEN 42



