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Development history: SOI Integration type pixel detector
KEK is working on integration-type and counting-type / digital (binary) pixel detectors

2[d] 2(g] 2(g]
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(VDEC) MPW  MPW INTPIX3b 4 INTPIXde@ INTPIX3gw LHDPIX
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PIXEL  Process  Process XRPI1X2b
e XRPIX1 V102 ig:’i(xg\@
INTPIX) INTPIXL INTPIX2
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* Only integration-type detectors are shown
Pixel size
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Wafers

Process Chip name Wafer
HR1(CZn) FZn FZp
700 QQ cm > 2 kQy cm 25 kQ cm
Bulk thickness 260um 260um 500um 500um
MX1350 (INTPIX4 O O O -
MX1413 |INTPIX3e O - O -
DIPIX1&2 O - O O (DIPIX2)
MX1501 |[INTPIX5 O - O -
INTPIX3g O - O O
XRPIX2 O - O -
FPIX1&1P O - O O (FPIX1P)
. KK =K
O available

- Not fabricated or can not be used

Double SOl MX1501(MPW FY11), MX1542(MPW FY12-1), & MX1594(FY12-2)
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Summary of INTPIX specification
pixel : Chip On-chip
size # of pixels Effective area Readout Mode ADC
Area [mm]
[um] [mm] output
14.144 x | 15.3 x (1serial / 13 parallel
INTPIX4 |17 x 17| 832 x 512 8 704 102 output No
3.072 x :
INTPIX3e |16 x 16| 192 x 192 3072 5x 5 |1 serial output No
3.584 X : Yes
DIPIX1&2 |14 x 14| 256 X 256 3584 5x5 [1serial output (10bit)
4.096 x 1serial/8 parallel, or
FPIX1&1P| 8x8 | 512x512 4096 6 X6 rolling shutter mode No
16.896 x | 18.3 x |1 serial / 11 parallel
INTPIX5 | 12x12 | 1408 x 896 10.752 12.2 |output No
1 serial or 4 parallel
4.608 x with storage cap. or
INTPIX3g | 18x18 | 256 x 256 4608 6Xx9 semi rolling shutter No
mode




Performance test results of SOI detectors

1. DIPIX

2. INTPIX3e
3. FPIX

4. INTPIX5
5. INTPIX4

6. Double SOI



DIP1X1&2(dual-mode integration type pixel) mya

Pixel circuit ®mExEK

“dual reset”
V_RSTP READ X
< B VDD
Reset for & SKIP
p-type sensors v) _4 STOREX —
m p— —
. CDS J 4
S capacitor —
9P
I_._ci )
é E—l - p) E O|
wi s ) 5| HD | s
o | T Storage —— @
D:IV : V_CDS
VvV +V S capacitor
p-type  n-type = “dual read out” l
Sensors  Sensors
Reset for Analog buffer
n-type sensors or Column ADC

(10bit)



DIPIX pixel layout _Chip layout

Pixel layout

* N-type wafer

* P-type wafer

—> PN diodes receive electrons
—>requires “p-stop”

T E B
Side view of DIPIX2b (n-in-p)
Pixel(n) Pixel(n+1)
i .
n+ BPW n+
“p-stop”
P- BNW

How to process: p-n implant are reversed each other :

DIPIX1 n-type: “deep” BPW [BPW+BP2]
< —>p-type: “deep” BNW [BNW+BNZ2]
DIPIX2 n-type: BPW only and BPW & BNW][ (256x128) x 2 ]
<2 p-type: BNW only and BNW & BPW 8




Analog output test
Am-241 source test @ Krakow

Am-241 10 mCi (=370 MBq)
Radiation data

Type Energy [keV]
Am-241 X-ray 59.5
Am-241 X-ray 26.3
Am-241 X-ray 13.9
Cu L X-ray 8.01
Np L X-ray 17.7
Np L X-ray 20.7

M. I. AHMED (Krakow)

| Entries 158883
i-| Mean 217.6
[RMS 128.2

' [FWHM: ~1.82 ke"-.f
13 1% @13 le\.r"

Condition

Integration time 100us
back-bias 80 V G
Pedestal run 500 +5000 frames

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

100 200 300 400 500 600 700 800 900
h1MergeCluster[ADU]

X-ray spectrum (Single pixel cluster only)
Results

Noise ENC 85 e-
FWHM ~ 1.82keV : 13.1%@13.9keV
Gain 12 uV/e-



Digital output test
Column ADC

P. Kapusta (Krakow)

CZ-DIPIX1

Operational condition
l,c=0.67UA, le-=5.2uA, ADC_CLK=50MHz

Conversion time 30 us for 50MHz clock 1000
@1.8V limit (core supply), i
Ramping capacitance 9.9 pF, and 250
Ramping current 0.67uA Parameters:
Vrstn=750mV
V p1x=1800mV
; ; VDET=50V.
Lmea“ty A red laser image
Input signal 720-1780mV(~1V) : ADC 94-1008(10bit).
DNL:-0.95LSBto1.13LSB INL: -2.6 LSB to 2.8 LSB
1
2
(2 0 ! 1, | ‘ | [ g 0 w

[N

_ FJ#WM

400

Differential Non Linearity (DNL) Integral Non’ Lmearlty (INL)™®
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SOI count/

Full depletion study (CZn)
@KEK-PF BL-14A, 17.48keV X-ray
Back illumination

i S mEs
DIPIX2 p-In-n sensors
60 a 12 g
<2 50 <10
2 40 E2 3
g s § CZn
330 - CZn - '
S o = 50um-thick
.20 . o o 4 - .
S 40 - 260um-thick 2% , (thinned by
S 3 0 T+ 3 NIHON EXCEED CORP.)
100 120 140 160 180 200 220 240 260 280 300 0 20 40 60 R0 100
Vdet[V] Vdet[V]

Full depletion voltage ~260V @ 260um sensor
LEZILER ~20V @ 50um sensor
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Performance test results of SOI detectors

1. DIPIX

2. INTPIX3e
3. FPIX

4. INTPIX5
5. INTPIX4

6. Double SOI



INTPI1X3e

Process MPW FY10-1 MX1413

CZn and FZn wafers chip p 0
(on PGA

5 x 5 mm square chip package)

Pixel size 16 x 16 um

Adopt INTPIX3b-pixel No.6

—> higher gain with smaller BPW size
# of pixels 192 x 192= 36864
Effective area 3072 x 3072 um

used for CERN beam test in 2011

* INTPIX3A/B/C : Pixel size 20 x 20 um,
# of pixels 128 x 128 = 16384,
Effective area 2560 x 2560 um

13



Full depletion study (FZn)

SOl sensor chip : FZn-INTPIX3e Y Erol Depletion depth
- e . Lt
- Resistivity ~8kQ cm ) ~500 um
- Bulk thickness 500 um B 2EH4
- >
- The back side open (3.1 x 3.1 mm) 2 I 290\
wi 1E+04
Vdet = 300 V =
@ 1LE+04
=
= 1.E+04
P>
‘& 8.E+03 -
=
% 6E+03 -
% 4 E+03
=9
QO 2E+03 -
0 20 40 60 80 100 120 140 160 180 \%OE+OO
. . -2 E+03 Y : L x :
Red laser was illuminated s 100 150 200 2% 300 3%
from the back side Vdet - Vgnd=bias [V]

Red laser absorption ~ a few um
1mm¢ Al collimator was used

The sensor is fully depleted > 220V

Front (k@) --- circuit
Back (2 M) --- positive voltages are applied

14



fiz

CERN beam test in 2011 e D

CERN SPS NORTH H4-H6
n+ 55%, p 39%, K 5%

4 layers of INTPIX3e
(pixel size = 16 x 16 um)

From master thesis by Katsurayama
(Tohoku Univ.)
260um-thick CZ INTPIX3e

L2 x residual distribution

2nd layer x
An examp]e of
residual I | S smotssnomn
dlstrlbutlon
"ﬁ’éﬁ%

INWE FEEEE AT T L P P PR TS R
% 2 015 -0 -0.05 o 0.05 01 015 02

Residual 1-4 layers is 2-4um in o

# Event

-

INTPLX3

INTPIX3

SEARAS INTP1 X3

INTPLES

Scintillator2

Scintillatord

]

v
From master thesis by Shinsho e

(Univ. of Tsukuba)

T MITPTSpectrum T
120;* ;((:onnstant 74392615;;732 *; CZ-INTPIXSe
100[- Soma  mori04s] & HOum-thick
80 ] _—
) The chip was thinged S/N ~15
- by Nihon Exceed -
40f ]
20? R 3
0550900 150 200 250 ;05 o000 450500
# ADC[ADU]
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Performance test results of SOI detectors

1. DIPIX
2. INTPIX3e
3. FPIX
4. INTPIX5
5. INTPIX4

6. Double SOI



FPIX1&1P

Pixel size 8um, 512x512, effective area 4.096 x 4.096 mm
No STORE, no storage capacitor

(VDD COL OUT

B READ X —

1 [
AL b
VRS-

—L— GND

Sense
node

(sensor)

N4
N

<
+
<

We achieved 8 um pixel circuit/layout

17



Spatial resolution study

Experimental Setup

- Test chart (Kyokko)
Pb 30 um
<20 LP/mm
- Micro chart (JIMA)
Aulpum
3-50 um slits -
- X-ray Imaging demonstration 18



Micro chart X-ray |mage (FPIXl) X-ray image

250
5 30000
JIMA RT RC-05 (1um-Au absorber) o
3 slits/group 200
20000
A " _.1 E— _E s s .
[ I i -
100 _
TR
= ™ 8u padne G
N 50 i
B [
! 0 ! "'__._. T '_...:"_'- I peh '_.Z:
0 .
0 50 100 150 200 250
X105 ines (RAL41-151) profil CA
! 0o ines ( -151) profile

Floor plan from catalog 100l [ 10 9 8

2000 event accumulation o
Cr target 30kV-60mA(1.8kW MAX)

FPIX1 (CZn-260um)
Vdet=70V (partially depleted) =00H T cTR20%
Temperature 15deg. O T T TR

8um lines can be Seen CA =



Performance test results of SOI detectors

1. DIPIX
2. INTPIX3e
3. FPIX
4. INTPIX5
5. INTPIX4

6. Double SOI



INTP

| X5

o

T Vdd

"OAD_q STORE Ve
[ READ
Vsense Csiore_ B :./:
Z | J1201F
AVA T eofF _ o
........... e / 7 7% Pixel circuit COL_ouT
_____________________________________________________ i Vet
18.3mm e VRST
> MX1501-NCZ(29deg)/NFZ(24deg)-INTPIX5 bare chip
Sen I-V Curve 2012
ENS€ 1 e0a oy I
: | | | |
node . NCz e
1.E-05 " E——
e - L " =100006-/200usfpixel o
ne: ' i < | NFZ
< 1.E-07 : M*"Q
1.6-08 s s | o 45(51A-24degC) |
¢ ~10e-/200us/pixel
1.E-09 - #11(3JA-29degC) [
1.E-10 § | | |

 Pixe ayout |

-50

0

50

100 150
Vdet-Vio[V]

No breakdown up to 400V
Leakage current is higher for CZn-INTPIX5 =

200 250 300 350 400



Spatial resolution study

Focus — sensor distance ~500 mm
Sensor — chart distance <3mm

X-ray test chart for mammography

20 lp/mm, 5 lines, Pb 30um

Line & space every 25um

it 8 keV-X-ray transmission in Pb 30um <1%

Condition

X-ray generator Cu target
Ka ~ 8 keV

Power 20kV-60mA

SOI back bias (Vdet) 160V
VIO=GND

Integration time 250us
Readout: 256x256 pixel only
# of frame 1000

-2 net 1rradiation 250ms
Front illumination

22



800

700

600

500

400

300

200

100

RRRRRRER AR AR REHA R AR AR RGN EAREN RN R

el ey L Ty b e el e : pefpas LR o TSI 2 .
. A X 3 . . i, . 2 o
R B 1 R {30 ek S 4B A : 1 ] : 3
R g el L - A - 2 :
ERREEC e - | B |1 ERCEe, iyl - it s LK B 5
H S B i = [ e ; i ;
! afle s HRE Rt A ) S ; ;
y B ey S - B 6 . H TR 4 . - :
e | ] A R e Ay f LE- My E
bt 1] | s 55 1 6 R § s CEERRE ; ; :
i B S n o & GRRER - k.
5 R 4 00 B B d 3
Tt k3 ke e Vi AL Gt <Gy e B T B
g : e e A e % o e o L
R i T R L P e ey S £y o

X-ray test chart X-ray image (INTP1X5)

o

200 400 600 800 1000 1200 1400

N CA
Condition

Normal focus (1mm) Cu target X-ray tube

Distance between sensor and target 500 mm

Integration time 200us x 100 shots (net 20 ms exposure)
Sensor voltage (back bias) 150V (partial depletion)

800
600
400
200

-200
-400
-600
-800
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1-dimentional profile

1R T

X-ray test chart X ray |mage (Zoom In & profile)

g hi

600

500

400

i RS R B Bt e O S e L R l

300E2 i

EEEEEEE

5000

4000

000 20lp/mm

2000
1000

0

o EF
il

-3000 E:-
H

H
-4000 ©

16lp/mm

T

2.51p/mm
a!u

)

-5000, 55 i

o s s o s e

20Ip/mm slits are clearly seen
CTF ~ 80%

1d profile
@RA=500-504
(5 RA combined)
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X-ray Imaging demonstration

BOURNS 3005

Rectangular Trimpot "Lt FE e e 4
Trimming Potentiometer :HEEEHR

800

700

600

500

400

300

200

100

Wiper

Adjustment screw
" ~17mm

6000
5000

4000

— 3000

—2000

— 1000

| .

1 1 1 1 1 1 1 1 1 1 1 1 1 1 ® | 1
\d
.

o

ADJUSTMENT SCREW

’
--------

RESISTIVE ELEMENT

Schematic diagram Internal structure can be seen clearly

from catalog

1400
! CA
INTPIX5 Back illumination  Resistive element
150V (partially depleted)

W: X-ray 60kV-10mA (L lines+continuous)
normal focus (1mm)

Distance 500mm

Integration time 200us x 100 shots

200 400 600 800 1000 * 1200
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Performance test results of SOI detectors

1. DIPIX
2. INTPIX3e
3. FPIX
4. INTPIX5
5. INTPIX4

6. Double SOI



INTPIX4

Pixel Layout

- Pixel size 17 x 17 um ; - B

- Circuit i1s based on PMOS
- Single BPW inside

Pixel circuit with CDS
/I/' STORE

ON/OFF

1L A

MIM
— I
CE: -\.:1.-;«.“'\.1' C1 m

— STORE_X T
v : ; v
RSTY o
Back bizs RSTV cds

[

Single BPW |




Energy Spectrum @ Room Temperature

X-ray Spectrum @ 20 °C X-ray Energy Calibration
wv 70 40
= 5 Red: 241Am S Gain=12.61 pV/e-
8 50“8 04 kEV Blue: Cu+Mo X-ray Target % 0 _> Sense-node Capacitor = 10 fF
O .- ;.: T (Circuit Gain: ~0.8) A
" B 13.95 keV @ p
& 2 S0 A1
40~ > I
; 17.74 key | O = .
30:'_ FWHM 150
f = keV 17.5 keV ¥
20| . 100 g
.- ' 20‘.}7 keV » ¢
ﬂ'. HY: f.,: Ll I “ fﬂ.h inhin ’ nl 5 10 15 20 25
0 50 100 150 200 250 300 350 E |( V]
Pulse Height nergy [ke

Energy resolution ~ 13% (FWHM) is large for precise X-ray energy measurement
(* For MIP detection, the resolution might be OK)
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Energy resolution after cooling

Current [uA]

Leakage current CZ-INTPIX4
1.00E+03 . 70
' 22.2 keV '%°Cd
1.00E+02 60
300K (276)
1.00E4+01 ~ 200K (17¢)
280K (7€) 5'0_"
1.00E+00 # 270K (-3¢ - FWHM 1
; lzem{ilsc: 40 —0.7 keV |
L00E01 +=——— A 250K (-230] 3
< 240 (-33¢) a0
L.D0E-02 f 230€ {-43¢]
r S @ 220K (-530) _ '!
L.00E-03 e S 200 24.9 keV
L00E-04 1 . T - ' T 10
0 50 100 150 200 250 300
Applied Voltage [V] n
27degC—>-23degC
A factor of 102

Cooling is required for better energy resolution
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INTPIX4 Readout SEABAS

aaaaaaaaaa

nnnnnnnnnnnnn

<
;;;;;;;;; SOIPIX~-5i

E -_d saky r.ﬂmi!uul S 3 3:—-.-. p
S A R DAGE -
By v S of et e - = ;" - F
<

Sub Board for INTPIX4 300 mm_

- # of pixels: 512 x 832 pixels
- 13 Analog Out (13x512x64)

However... S —
- SEABASI --- 1 ADC v ==
Pixel scan time 440 ns/pixel x 512 x 832 ~ 200 ms = ~ 5 fps (slow!)

30



Readout board upgrade : SEABAS2

- Gbit Ethernet
- FPGA Virtex5
- Clock 50 MHz
- ADC 16 ch
-+/-3.3V

o
>
-t
>
o
-
=

SEABAS 2 SOIPIX-SiTCP
. BASE BOARD
ar o | KEK JAPAN [T

Pixel scan time 440 ns/pixel x 512 x 64 (x 13 parallel) ~ 14 ms - ~ 70 fps
Can be used for movie measurement

Measurement result:
60 fps for readout only

20 fps with Data save & readout
31



X-ray movie (Cz-INTPI1X4) Mo Target 30kV - 40 mA

Integration 200 us / frame
Back bias 150 V

Thickness 260 um

Optical chopper

INTPIX4 Movie |




Issue 1

Breakdown

double SOI INTPIX3g bare chip I-V
Curve(T=23deg)

at lower voltage

1.E-05

1.E-04 v
E -2

1.E-06

I[A]

1.E-07
1.E-08
1.E-09

1.£-10 i |

-10 10 30 50 70
Vdet-Vio_bpw[V]
Issue 2
Charge collection efficiency reduction
between pixels

Improvement

— — The 2" process

6| Double SOI sensor tests (2012.10 ~)

Vdet ring(+HV)

Remove SOI2 between them

Bias ring(0V)

(MX1501,MX1542)

X-ray image (0.4x0.4 mm beam spot)
12keV monochromatic X-ray
@KEK-PF BL 14A

3?10

200

180

- BNW between pixels (INTPIX3g, PIXOR) 1w

i |

170

160

150

140

Pixel(n) '\ BNW /7Pixe|(n+1)

BPW ™ 145v(Vdet)

—>or, remove DSOI between pixels

25000

20000

—{10000

15000

—15000

7‘||\||\||\‘||\||\||\| |||||||||||||||| ok

h | | |
40 45 50 55 60 65 70 75 80
CA

DSOI-INTPIX3g
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Current 1ssues
z@sE

* The back-gate effect --- BPW/BNW/Double SOI

* Sensor crosstalk --- double SOl/vertical integration (T-Micro)
/nested-well structure

* Noise / leak current  --- cooling system / electronics development
/system integration/wafer quality improvement

* Uniformity --- void (noisy points / regions )

* Wafer characteristics --- find the best wafer

* Dynamic range --- Transistor, switchable gain

* Radiation hardness  --- double SOI, wafer quality improvement

* Area size --- stitching



Summary

SOl Integration type pixel detectors work very well

We have performed:

- Digital and analog output study (DIPIX1&2...)

- High energy charged particle beam test (INTP1X3a,b, e...)

- Spatial resolution study (FPIX1&1P, INTPIX5...)

- Energy spectrum measurement (DIPIX1&2, INTPIX4, XRPIX(1...)...)
- Full depletion study in Cz- and FZ SOI sensors (INTPIX, DIPIX...)

- Double SOI Study (INTPIX3g, FPIX1P, PIXOR...)

Development of intelligent sensors (including counting-type)
—> add more functions in a pixel (depends on application)

Application & H
Visible light, IR, X-ray, charged particle detection --- direct detection
Gamma/neutron : SOI with converter --- Indirect detection



Supplements

HEEH



KEK Photon Factory (PF and PF-AR)

NW-hall _= |

2 ‘ W EXREBRRTF— 3
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