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‘ Introduction ’

Hard X-ray (20-120 keV) imaging

* Conventional medical X-ray Computed Tomography (CT)
— Integrate all transmitted X-ray’s energy and calculate attenuation coefficients
) ) Monochromatic O IS
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‘ Introduction ’

Hard X-ray (20-120 keV) imaging

Conventional medical X-ray Computed Tomography (CT)

— Integrate all transmitted X-ray’s energy and calculate attenuation coefficients

Monoch romatic 140KVP X-ray Spectrum [

Full Spectrum CT image

Energy integration
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* Photon counting Computed Tomography (PCCT) (Morphological feature)

— Discriminate each transmitted X-ray’s energy and provide spectrum information

Pulse counting
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‘ Introduction ’

Hard X-ray (20-120 keV) imaging

Conventional medical X-ray Computed Tomography (CT)

— Integrate all transmitted X-ray’s energy and calculate attenuation coefficients

Monoch romatic 140KVP X-ray Spectrum

Full Spectrum CT image
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Photon counting Computed Tomography (PCCT) (Morphological feature)

— Discriminate each transmitted X-ray’s energy and provide spectrum information

Pulse counting
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Inspection of material composition in the object by spectrum shape analysis

Contrast enhanced image can be achieved at low radiation dose
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Introduction ]

The principle of X-ray photon counting

Sensor
pixel 100000 ! *Katsuyuki T et al, 2013 Med.Phys.
“» 10000
v £ =920 Mcps/mm?2
] «
= 1000
a £ &2 Mcps/mm?2
e b = 100
Wb ] = &o Pileup
o Thresﬂ?old /\ ] > 2 10 " effect decrease
Q
) WWM o § 1 < T T T T . .
Time z

0O 02 04 06 08 1 12

Energy spectra Pixel size (mm)

Pixel size: One factor that greatly affects count rate performance
The smaller pixel size, the less spectra deterioration due to pile up effect
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Introduction ]

The principle of X-ray photon counting
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Introduction ]

The principle of X-ray photon counting
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A small pixel size is not always desirable since the spectra would be degraded due
to the charge sharing, K-escape x-ray, and Compton scattering
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The principle of X-ray photon counting
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A small pixel size is not always desirable since the spectra would be degraded due
to the charge sharing, K-escape x-ray, and Compton scattering

- Target value is 2 Mcps/mm? with pixel size of 0.2-0.5 mm

2017/12/15

HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan




Introduction ]

Indirect conversion detector

e Detector system of clinical X-ray CT : Scintillator + Photo sensor

Scintillator ~ Photo sensor Target
X ray —>\> : Xraff"
Light Signal
Xray
==
||
| f€ |
b, S A
Columnar Csl Gd;Al,Ga;0,,
~ 10um pitch ~250 pum pitch
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Scintillator array

Voltage [V]

Time [s]
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ixelated photo detector
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Introduction ]

Indirect conversion detector

e Detector system of clinical X-ray CT : Scintillator + Photo sensor
* How to achieve X-ray photon counting ?

o T Scintillator array
Scintillator ~ Photo sensor arget
. E
Xra —>—> : Xray ™ B ] i S
| dent || | sienal Yo i, -
Xra?_ - - / Time [s]

Photo sensor Requirements
v" High sensitivity to weak light

v' Fast response (<1 pus)

Columnar Csl Gd;Al,Ga;0,, v' Small pixel availability ( < 0.5 mm)
~ 10um pitch ~250 pum pitch -

/
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Introduction ’

Indirect conversion detector

e Detector system of clinical X-ray CT : Scintillator + Photo sensor
* How to achieve X-ray photon counting ?

o Scintillator array
Scintillator ~ Photo sensor Target
. E
Xra —>—> : Xray ™ B EGS i S
| dent || | sienal Yo i, -
\ Xra?_ - - / Time [s]

Photo sensor Requirements
v" High sensitivity to weak light
v' Fast response (<1 ps)

Columnar Csl Gd;Al,Ga;0,, v' Small pixel availability ( < 0.5 mm)
~ 10um pitch ~250 pum pitch -

/

Small pixel size availability and high detection sensitivity are required for
photo sensor to read light output of sub-mm pitch scintillators

2017/12/15 HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan 12



Introduction ’

Silicon Photomultiplier (SiPM)

* In order to minimize photo sensor size ....
 Silicon base sensor has attractive features for small pixel size,
while photo diode has worse sensitivity (no internal gain) toward weak light
e Silicon photomultiplier (SiPM)
—> achieves photo electron multiplication characteristics (avalanche)
by operating photo diode at higher voltage than breakdown voltage

Photo Silicon PIN Silicon A SiPM

Multiplier Tube  Photo Diode Photomultiplier 3

(PMT) (PD) (SiPM) g
Gain 10° 1 10° _ PD
Form factor Bulky Compact Compact S T >
Sensitive to magnetic e o 6 Light intensity
fields? Vo
Noise Low Low High gauench resistance
Rise time Fast Medium Fast N e,

i } Avalanche
. , ¥y

_l
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Introduction ’

Silicon Photomultiplier (SiPM)

* In order to minimize photo sensor size ....
 Silicon base sensor has attractive features for small pixel size,
while photo diode has worse sensitivity (no internal gain) toward weak light
e Silicon photomultiplier (SiPM)
—> achieves photo electron multiplication characteristics (avalanche)
by operating photo diode at higher voltage than breakdown voltage

Photo Silicon PIN Silicon A SiPM

Multiplier Tube  Photo Diode Photomultiplier 3

(PMT) (PD) (SiPM) g
Gain 10° 1 10° _ PD
Form factor Bulky Compact Compact S T >
Sensitive to magnetic e o 6 Light intensity
fields? Vo
Noise Low Low High gauench resistance
Rise time Fast Medium Fast N e,

_ .‘ Avalancheyhi

Geiger avalanche multiplication provides large gain comparable to PMT
Development of sub-mm pixel SiPM took great interests

2017/12/14 HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan 14



Introduction

Objective

» X-ray Photon Counting using indirect detector
- Development of sub-mm pitch Silicon photomultiplier

Requirements

Pulse resolution time <1us

Pixel size <0.5mm

Detectable light output levels | 1000 ~ 2000 photon from scintillator (GAGG:Ce )

Multiplication Gain 105~7

Target .Scmtlllator array

.

Xray -

Voltage [V]

Xray

Time [s]

*Pixelated photo detector

Development of low noise, fast and high sensitivity photo sensor
under 1 us pulse resolution time, sub-mm pixel size
and high sensitivity are needs to be achieved

2017/12/14 HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan
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Device Design

Silicon on Insulator (SOI)-SiPM

For monolithic sensor design including SiPM and processing electronics....

e Silicon on Insulator (SOI)

— Semiconductor wafer technology that separate circuit layer from bulk layer
by buried oxide layer

— By using bulk layer as detector, 3-D integrated system can be achieved

‘-HV i(_ Cell _)‘(_ Cell _)‘ Merits of SOI-SiPM
. = High degree integration and fast response

( 10-20 % faster than bulk CMOS circuit)

- Cl rcu |t [Y.Fukuda,, SOI-CMOS Device Technology]

/O
‘ Circuit

* Control power supply of circuit
( 30 % less power than bulk CMOS circuit)

AW L W — ) — — W S — | S— — W — —

Buried Oxide

uAvaIarTc_hE T{E on | ———=< [S.Baba, Next-generation low-power consumption SOI devices]
E | Detector o I
High Resistive = Back-illumination structure availability
Substrate (n- Depletion Area ( 10-20 % higher detection efficiency

than bulk CMOS wafer)
Light
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Device Design

Silicon on Insulator (SOI)-SiPM

For monolithic sensor design including SiPM and processing electronics....

e Silicon on Insulator (SOI)

— Semiconductor wafer technology that separate circuit layer from bulk layer
by buried oxide layer

— By using bulk layer as detector, 3-D integrated system can be achieved

‘-HV i(_ Cell _)‘(_ Cell _)‘ Merits of SOI-SiPM
. = High degree integration and fast response

( 10-20 % faster than bulk CMOS circuit)

- Cl rcu |t [Y.Fukuda,, SOI-CMOS Device Technology]

/O
‘ Circuit

* Control power supply of circuit
( 30 % less power than bulk CMOS circuit)

AW L W — ) — — W S — | S— — W — —

Buried Oxide

uAvaIarTc_hE T{E on | ———=< [S.Baba, Next-generation low-power consumption SOI devices]
E | Detector o I
High Resistive = Back-illumination structure availability
Substrate (n- Depletion Area ( 10-20 % higher detection efficiency

than bulk CMOS wafer)
Light
SOI provides 3-D monolithic integrated SiPM with readout circuit
Smaller pixel size and fast electronics will be achieved
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Device Design

Sub-mm pitch SOI-SiPM prototype

36 CH SiPM Array was designed and fabricated by 0.2 um SOI process (LAPIS)
e Total Size: 1500 x 1500 pm?

e Single channel (Pixel)
e Num. of microcells: 81 (9 x 9)
e Channel pitch: 250 x 250 pm?

e Single microcell
e microcell size: 27.52 x27.52 um?
e Active area: 15 x 13 um?
e Quench : 200 kohm

Signal OUT
200 kQ
-HV 200 kQ
Insulator
[ N+ | [ + |
P+ P-well P+ B {_P-well J i
( Deep P-well 7.52 um Deep P-well
= € =3 “ - — = —
4dum 3 ym - 6um
Guard ring Wafer Concentration [/cm?®]
Pl e T e P P e e e e -> N t 6.9 X 10"
Cell size 27.52 um ype
2017/12/14 HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan 18



Device Design

Anode 2-5 Anode 2-3 Anode 2-1

Anode 2-6 Anode 2-4 Anode 2-2

N—

2 Positive signal

N—
Anode 1-1 .. 7

200 kohm

1 Negative signal =~ b

(_____[/_ Anode

Anode 1-2

Anode 1-3

Anode 1-4 |

Anode 1-5

|
Anode 1-6 :
|

Cathode 1~6

Cathode 7~12

Cathode 13~18

Cathode 19~24

Cathode 25~30

Cathode 31~36

For feasibility study of signal readout, two read out methods selectable design was applied

Cathode :36 CH discrete negative signal readout (36 line)
Anode : X-Y strip line readout (12 line)

- Applicable to various fields (Not only PCCT, but also PET or LIDER...)

2017/12/15 HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan 19



Measurement Results

Current-Voltage characteristics (Position dependency)

 Measured breakdown voltage and leak current distribution among 36 CH
e 50 mV step, Temperature: 25 °C
 Breakdown voltages were extracted by using relative derivative methods

d dIl 1 (V. :biasvoltage)
—log(l) = — x — R
dVg dVg I (1  :leakcurrent)
5 ' ' ' 20¢
10 | Avalanche 18E x* / ndf 23.96/7
ltiplicati - | Prob 0.001156
- multiplication 16F-| Constant 10.9 +1.408
C | Mean 45.66 +0.01664
2 10 current 141 | Sigma _ 0.1064+0.01421
::/ -9 - 12:_
= 10 5 100
£ ©  gE
= 10 -
© Diffusion current 6f
10’13- from wafer 4
2
10—15 1 1 1 1 1 0: e .
0 10 20 30 40 50 60 4 45.2 45.4 45.6 45.8 46

Breakdown Voltage (V)
Reverse voltage (V)
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Measurement Results

Current-Voltage characteristics (Position dependency)

 Measured breakdown voltage and leak current distribution among 36 CH
e 50 mV step, Temperature: 25 °C
 Breakdown voltages were extracted by using relative derivative methods

d df 1 (V. :biasvoltage)
—log(l) = — x — R
dVg dVe I (| :leakcurrent)
. . ; 20F
10— Avalanche 18:_ xz/ndf 23.96/7
| . | . - | Prob 0.001156
. multiplication 16F-| Constant 109 +1.408
C | Mean 45.66 +0.01664
2 10 current 141 | Sigma _ 0.1064+0.01421
::/ -9 - 12:_
= 10 5 100
=R ©  gE
=10 ¢ -
& Diffusion current 6F
10’13- from wafer 4
2
10—15 1 1 1 1 1 0 - e o -
4 45.2 45.4 45.6 45.8 46 46.2
0 10 20 30 40 S0 60 Breakdown Voltage (V)

Reverse voltage (V)

Average breakdown voltage of 45.66 V (100 mV) was measured among 36 CH
Dark current was 8 nA (£3 nA) at breakdown voltage
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Measurement Results

Current-Voltage characteristics (Temperature dependency)

Current (A)

 Temperature dependency of leak current was measured at 1 CH

* 50 mV step
5
10 | Avalanche
multiplication
10-7 i current ‘
. ——_20¢"
——_10¢"
——0 C
——10¢C
——20 ¢
——30C
1 1 1 1 +40 Co
0 10 20 30 40 50 60

Voltage (V)

2017/12/14

Breakdown Voltage (V)

o
oo

i
~J

o
(=)}

o
n

o
o

20 40

Temperature (C o)
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Measurement Results

Current-Voltage characteristics (Temperature dependency)

 Temperature dependency of leak current was measured at 1 CH
* 50 mV step

s ' ' ' 48
T Avalanche
10 multiplication / €
-7 current : @ 47t
~10 _ 00
= | s
= ——20¢" | S
= >
u ——_10¢C’ § 46 & £
5 —oc’ S LET
Q —wc | B _| -
——20c¢" | § 3 ) |
——30c¢ | A ol
, , . | —+—40C 44— , , ,
10 20 30 40 50 60 -20 0 20 40
Voltage (V) Temperature (C )

Leak current and breakdown voltage increase with temperature
Temperature dependency of breakdown voltage was 35 mV/°C
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Measurement Results

Capacitance-Voltage characteristics

 To estimate achievable gain from cell capacitance

 CV were measured three times, and average value was plotted
e 1CH:81cell

 Measured by using Keithley 4200SCS

« 25°C Parasitic capacitance
(X107 between adjacent wires : 1.3 pF @ CH1
0.9l R l;i?ﬁﬁﬁﬁﬁﬁﬁﬁﬁ

~ 0.8} 3pF @47V .
' Breakdown : 45.98 V : 1

| R R T TR0

0 5§ 10 15 20 25 30 35 40 45 50
Reverse voltage (V)
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Measurement Results

Capacitance-Voltage characteristics

 To estimate achievable gain from cell capacitance

 CV were measured three times, and average value was plotted
e 1CH:81cell

* Measured by using Keithley 4200SCS

e 25°C Parasitic capacitance

x10 between adjacent wires : 1.3 pF @ CH1
' = S5 S |EN S ES AN ER N EN

o8l 3pF@47v | ]
' Breakdown : 45.98 V : 1

T P T TR P L
0 S 10 15 20 25 30 35 40 45 S0
Reverse voltage (V)

Cell capacitance of 20 fF was measured
— Achievable gain at 47 V: 20fF x 1.02 V /1.6e-19 = 127,500= 10°
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Measurement Results

Gain evaluation

e  Output Charge per cell Q = [ [Waveform V / Oscillo input Z] dt / 81 cell
e Gain=Q/1.6e-19, 510 nm wavelength laser (1 kHz, intensity 15)
* Oscilloscope: LeCroy waverunner (10GS/sec, bandwidth 1GHz)

e HV:Keithley 6517A
Oscilloscope input : DC 50 ohm // SiPM load resistance 1k ohm

—46V
S0—u46.25v Wavelength : 510 nm
; —46.5V Pulse width : 130 ps
i 40 —46.75V
= 30— 47V
2 —— 4725V
E_ 20—475V
—47.75V
< 10
0 o
-10 10
Time [ns]
2017/12/14

20

Room Temp. = 25 degC

n

Ga

250000

2000001

150000

Breakdown 45.98V

100000

50000

140

130

120

110

0
43.5

46 465 47 475
Reverse Voltage (V)

HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan

Single cell discharge (fC)

26



Measurement Results

Gain evaluation

e  Output Charge per cell Q = [ [Waveform V / Oscillo input Z] dt / 81 cell
e Gain=Q/1.6e-19, 510 nm wavelength laser (1 kHz, intensity 15)

* Oscilloscope: LeCroy waverunner (10GS/sec, bandwidth 1GHz)

e HV:Keithley 6517A Room Temp. = 25 degC

Oscilloscope input : DC 50 ohm // SiPM load resistance 1k ohm

=
=

Single cell discharge (fC)

130

120

110

S0 —::ZS v Wavelength : 510 nm 250000 Br?akdown 4598V
E s0l :::isvv Pulse width : 130 ps | 200000}
§ 30-::; ;”sv s 150000/
Z 20(—a75v < 100000/
5 Lol =475 <0000|
0 — | 0 " . . .
10 10 20 455 46 465 47 475
Time [ns] Reverse Voltage (V)
Multiplication gain of 10° with fast recovery time under 20 ns
was measured at over voltage=1V
- Matches to expected gain from cell capacitance
2017/12/15 HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan
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Measurement Results

*  Number of dark count pulse was recorded for 300 us x 3 times

Dark count rate (DCR)

« Temperature was controlled by temperature control box (ESPEC)

 Waveforms were acquired by oscilloscope (Lecroy 10GS/s, Bandwidth 200MHz)

 Preamplifier (KETEK Evaluation Kit, Gain=13) was connected to anode of SOI-SiPM
* QOver voltage = Bias voltage - breakdown voltage

""""
.....

020 Co :
010 Co 1

o ¢

OverVoltage (V)

8
10 . o 10
— Temperature=20 C E
81~ Temperature=10 C ’ Q
9 — Temperature=0 c’ E
S 67 T Temperature=-10 C ’ ;/
- ]
o > 7 .
- - T
~—
= = '
= 2} S v
£ QO
< =t
0 s
Over voltage = 1.3 V - 106
- 1 1 1 0.5
-100 0 100
Time (ns)
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Measurement Results

Dark count rate (DCR)

*  Number of dark count pulse was recorded for 300 us x 3 times

« Temperature was controlled by temperature control box (ESPEC)

 Waveforms were acquired by oscilloscope (Lecroy 10GS/s, Bandwidth 200MHz)
 Preamplifier (KETEK Evaluation Kit, Gain=13) was connected to anode of SOI-SiPM
* QOver voltage = Bias voltage - breakdown voltage

10 . o
— Temperature=20 C
8-"‘”Tanpanﬂue=ﬂ]€o
___Tanpﬂnuueﬂlco

6"__”Tﬂnpaauu6110(3°

Amplitude (mV)
i

Over voltage =1.3V

-100

Time (ns)
DCR increases with temperature
4-10 MHz/CH was observed at -10 °C

HSTD11 & SOIPIX2017 @ OIST, Okinawa, Japan
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0.5 1 1.5
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Measurement Results

Photon spectrum (Preliminary)

* Measured by oscilloscope (Lecroy 10GS/s, Bandwidth 200MHz, 50 ohm DC)
 Preamplifier (KETEK Evaluation Kit, Gain=13) was connected
 QOver voltage = Bias voltage - breakdown voltage

Light incident timing

10 t — : 1000 - - -
: —-10 C ,Over Voltage = 1V Bl 10 C° Over Voltage = 1V

8 3pe. . 1_ .. Wavelength: 510 | 800
z 1pe. 2pe 3pe.?
s 6 = 600
&
E 5
~— =
= 4 © 400}
=
< 2| 2007

0 e, 0 oy POk Ao s At he £ bt e 0

0 20 40 60 80 100 0 5 10 15
Time (ns) Amplitude (mV)
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Measurement Results

Photon spectrum (Preliminary)

* Measured by oscilloscope (Lecroy 10GS/s, Bandwidth 200MHz, 50 ohm DC)
 Preamplifier (KETEK Evaluation Kit, Gain=13) was connected
 QOver voltage = Bias voltage - breakdown voltage

Light incident timing

10 t — : 1000 - - -
: — -10 C ,Over Voltage =1V -—10 C ,Over Voltage =1V

8r3pe. 1 .. Wavelength: 510 l 800
z Lpe 2pe 3pe.?
o 6f ;
=
=
= I
= 4
S
- 2!

() il

0 0 5 10 15

Time (ns) Amplitude (mV)

Single photon level was roughly discriminated
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Conclusion

* In order to develop Photon Counting CT (PCCT),
Sub-mm silicon photo-multiplier was designed by using SOl wafer

* Fast recovery time of less than 20 ns and
avalanche multiplication gain of 10> was acquired
by operating over breakdown voltage of 1~2 V

- Sufficient levels to use for PCCT

Future works

e High dark count rate (>1 Mcps) needs to be reduced

- Optimization of sensor structure or changing wafer profile
Threshold adjustable readout circuit design is desirable
for dark count elimination
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Device simulation

* Guard ring structure contributed to enlarge high electric field area,
and increase breakdown voltage
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Current [A]

Comparison between simulation and measurement results

Guard ring effect was inspected using test chip

Measurement results also showed high break down voltage
at guard ring type
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