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We are developing

Silicon-On-Insulator Pixel (SOIPIX) Detectors
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e Monolithic device. No mechanical bonding. Small pixel size.

e Fabricated with semiconductor process only and based on Industry
Standard Technology. > High reliability and Low Cost.

e High Resistive fully depleted sensor (50um~700um thick) with Low
sense node capacitance. > High S/N.

e |In-pixel processing with CMOS circuits.
 No Latch up and very low Single Event cross section.

e Can be operated in wide temperature range (1K-570K).



SOIPIX MPW (Multi-Project Wafer) run
Lapis Semiconductor 0.2 um FD-SOI Pixel Process
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Tracking Resolution of FPIX2 —

Proton Beam (120 GeV/c) test @FNAL

Two kinds of SOIPIX-DSOI detectors are used:
e FPIX2x4 8 uwm square pixel detector
* SOFIST1x2 20 um square pixel detector

Constant 6233+ 0.1
700 Mean  -0.06829 + 0.00747
500 Sigma 0.6834 + 0.0068
500 DUT=

400 2nd FPIX?2 o = 0.683

300
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100
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Achieved Less than 1 um Position Resolution for
high-energy charged particle first in the world .

(K. Hara et al., Development of Silicon-on-Insulator Pixel Detectors, Proceedings of Science, to be published)



X-ray Imaging System 6
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X-ray CCDs as Standard Imaging Spectrometers at 0.3-10keV.



X-ray Photon Counting -

O O O

® ® ® °
Expos. 1| [Expos.d|[Expos.3 [Expos.4

-Detect an X-ray photon as one-by-one event.

- Measure position, energy and time of each
X-ray event.
- Make exposures of ~10%4 times.

Map of the number of X-ray events_~

Hlstogram of energy (electron number) of X-ray events
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Limitation due to low time resolution of CCD (~Isec) |8

e Unable to make good use of the performance of large collecting

area and high angular resolution of the latest mirrors.

* Event pileup occurs. Photon counting is impossible.

e Una

vlac

e Una

D

K

D

———— focal plane

E detector
* itical axis \ I o

e to resolve fast variability of compact objects such as

noles and neutron stars.

e to apply anti-coincidence technique

e Unable to make use of the excellent performance of Si in the band

above |0keV due to the high particle background

High Frame Rate and High Time Resolution are Key Issues for

Next Generation of X-ray Astronomical Imagers




“XRPIX” = SO pixel sensor for X-ray Astronomg

X- ray Particle

CMOS - .~ Field of View

I & / " _N CMOS Circuit
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Each pixel has its own trigger logic Anti-coincidence Shield
and analogue readout CMOS circuit. by Scintillators
Rate ~|0kHz

* realize very low non-Xray BGD by anti-coincidence with
surrounding scintillators

* event rate from the scintillators is about ~10kHz
* XRPIX is required to have time resolution much faster than ~10kHz.




Target Specification of the Device

Imaging

10

area ~ | 5x45mm?

pixel ~ 30-60pumo (I” @ F=10m)

Energy Band

Req. 1-40 keV, Goal 0.5-40 keV
Backside lllumination Req.<l|pum, Goal 0.l pm

Full Depletion Req. >250um

Spectroscopy

Time Resolution

AE : Req.< 300eV, Goal < 140eV @ 6keV
ENC: Req.<l0e-, Goal < 3e- «— Most Difficult

< |Ousec for the anti-coincidence with the rate of ~|10kHz

Max Count Rate

> 2kHz / detector
for observation of bright X-ray sources

new features with X-ray SOIPIX




Power Consumption in FEE |

e Counting rate is ~ kHz even in the case of the brightest X-ray star.

* In the case of CCD
* The pixel rate of CCD is ~MHz (~Mpixel / sec).
* Most of the pixels have no X-ray information.

* The power consumption in FEE is proportional to the pixel rate
of ~MHz.

* In the case of the Event Driven type
* Only pixels having X-ray information are read out.

* The power consumption in FEE is proportional to the counting
rate of ~kHz.

* The Event Driven type of detector has advantages in terms of
power consumption in FEE.



Event Driven Readout 12
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Takeda et al., IEEE
Accepted (2012)



Pixel and Peropheral Circuits (smce XRPIX5_)_

Pixel Circuit
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Results from the recent developments

Two Readout Modes:

* Frame Readout Mode
Read out all pixels serially without using the trigger

function.

* Event Driven Readout Mode
Read out 8x8 pixels with a triggered pixel in the center

using the trigger function.
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Data Set # 77550

header = 43605 , evhum = 77551 , time
int_time = 8.36[us)

hit_info_row : @, hit_addr_row_high :

hit_info_col : @, hit_addr_col_high :

median = 397.5

center_pixel PH = 238.5

Data Set # 77551

header = 43605 , evhum = 77552 , time
int_time = 8.24[us)

hit_info_row : @, hit_addr_row_high :

hit_info_col : @, hit_addr_col_high :

median = 411

center_pixel _PH = 254

Data Set # 77552

header = 43605 , evnum = 77553 , time
int_time = 10.04[us)

hit_info_row : @, hit_addr_row_high :

hit_info_col : @, hit_addr_col_high :

median = 411.5

center_pixel _PH = 223.5

Data Set # 77553

header = 43605 , evhum = 77554 , time
int_time = 9.36[us)

hit_info_row : @, hit_addr_row_high :
hit_info_col : @, hit_addr_col_high :

median = 415.5

center_pixel _PH = 253.5

Data Set # 77554

Capability of event rate > 500Hz is Confirmed

maging in Event-Driven Mode (XRPIX5b) '
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(movie inl0 times speed)




Improvement of Spectral Performance in Frame Mode M
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Kamehama, Kawahito+17



Comparison of Frame and Event-Driven Modes'?

Frame readout mode Event-Driven readout mode
ﬂ B LI L LI B L B |v """""" | T T ﬂ O0F ¢
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© 160 o -
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140:— 35 e (rms) —: 1000
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* in-pixel circuit consists of analog and digital circuits

* operation of digital circuit influences the analog signal in the event-
driven readout mode

Takeda+2015 JINST, Takeda+2013 IEEE/NSS, Takeda Ph.D Thesis, 20140814 _takeda_vO0.pdf



Double SOI Structure 18

Two causes making the spectral performance worse in the Event Driven mode

|) analog and digital circuits have a common power supply line (common
impedance coupling) = modified the power lines

2) crosstalk between digital circuit and BPWV (electrically connecting to the
sense-node) = “Double SOI”

Single SO Double SOI
1M layer IM layer
Circuit capacitive | | Circuit Mlddle
coupling || Si Layer
Insulator Insulator $ % _,l/
- (Si02)
Sensor >ensor

Ohmura+2016 NIM A



Double SOI Structure to increase the Gain

* We found that the gain of the in-pixel CSA was lower than the

designed value.

* This is probably because there is parasitic capacitance around the in-

pixel CSA.

* We increased the gain about a factor of two by cutting the parasitic
capacitance with the DSOI structure.

2017

VDD18 —¢ 4

VB_SF

VB_CSA

s

Protection Diode
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po-|<\ .

BPW
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19

Double SOI
1M layer

Circuit —= Middle
1 1 Si Layer

| . |
Insulator \:,2;

/

(Si02)
\Uﬁ BPW

Sensor

Miyoshi+2017 JINST




Event-Driven Mode with DSOI

20

Frame readout mode

3500

Event-Driven readout mode
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Single-pixel events collected from 8x8 Pixels

No correction of inter-

pixel gain variations

* The spectral performance in the frame mode was successfully improved.

* The performance in the event-driven mode is now close to the one in

the frame mode.

20171129_XR6D_ed_fr_spectrum_v0.pdf, Hayashi,Takeda+2017



Readout Noise [e (rms)]
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Summary

* We are developing scientific SOIPIX detectors for particle
physics, astrophysics, photon science etc.

* We introduced the status of the development of Event
Driven X-ray astronomy SOIPIX (XRPIX).

* Introduction of the DSOI structure (and PDD structure =

Kawahito-sensei’s talk) successfully suppress the interference
between the circuit layer and sensor layer.

* We reached ENC of ~30-35e (rms) and AE of ~300eV
(FWHM) at 6keV in the Event Driven readout mode.
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Lapis Semiconductor 0.2 um FD-SOI Pixel Process

Process |0.2 um Low-Leakage Fully-Depleted SOI CMOS
1 Poly, 5 Metal layers.
MIM Capacitor (1.5 fF/umz2), DMOS
Core (I/O) Voltage =1.8 (3.3) V
SOl wafer |Diameter: 200 mm¢@, 720 um thick
(single)  |Top Si: Cz, ~10 Q-cm, p-type, ~40 nm thick
Buried Oxide: 200 nm thick
Handle wafer: Cz (n) ~700 €2-cm,
FZ(n) > 2k Q2-cm, FZ(p) ~25 k €2-cm etc.
Backside [Mechanical Grind, Chemical Etching, Back side
process |Implant, Laser Annealing and Al plating




History of XRPIX Series

40 n = - > 10mm
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First Model
Trigger Output < > <
(Event-driven readout) 6.0 mm 6.0 mm Amplifier

Middle Size
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2014 2015
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608 x 384 pixels
36 um sq. pixel
6.0 mm

New Readout Circuit 24.6 mm
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Pixel Structure
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Peripheral Readout (since XRPIX5)
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Pinned Depleted Diode,
a hew device structure



New Device Structures : Pinned Depleted Diode (PDD}[Z_7

BPW remains neutral and is

Zq’ o el A pinned to a certain potential
IXe :
= " (Ver2). It acts as a shield.
22’ GND
/ 7
BOX !SOI Pixel Circuits /4 VBBZJ_ Y 0 -Veg2 -Vgg
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< i p+ 7 > —D—
1 2 X9-X2' 1 FU”)’ depleted
-VBB2

Kamehama+2018



Event-Driven Mode with PDD

28

Frame readout mode

Event-Driven readout mode

2017 Nov
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400

— FWHM ~230eV
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2400 =
Co-57 |  200F-2017 Nov. Co-57
2000~ Fe-Ka
1600 -
cC u
Q 1400
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0 50 100 150 200 250 300 350 400
Pulse Height Channel[ADU] Pulse Height

* The spectral performance is similar to the one of DSOI version.

* The tail component with PDD is smaller than the one with DSOI.
XR6E_spectrum_harada_171127_vl.pdf, Harada, Kamehama, Hayashi+2017



Dark Current
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What makes the difference ? 20

oS SE

.S|gnafl cha 83 touch t?e Electrons are generated from
||;]tel‘ ace and some o the interface and collected by
them are jost. e- the sense node.

Electrons generated fr¢m the

interface are immediatgly
interface.  €- recombined with holes,

Signal charge do not
touch th¢



