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SOI	pixel	detector	

SOI	pixel	detector	

•  Monolithic	pixel	detector	by	SOI	technology	

CMOS circuit Layer	

BOX(buried Oxide)	

Hi-R substrate	
(Sensor)	
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•  SOI	wafer	consists	of	silicon	
substrate,	Si02	layer,	and		top	
Si	layer.	

•  The	circuit	has	lower	stray	
capacitance	due	to	isolaTon	
from	silicon	substrate.	

•  Substrate	layer	can	be	used	
as	depleted	silicon	sensor.	



SOI	pixel	detector	

SOI	detector	advantages	
•  Smaller	pixel		

•  Low	material	thickness		

•  Low	stray	capacitance	

SOI	detector	fulfill	the	requirement	
of	vertex	detector	for	parTcle	physics	experiments.	

SOI	pixel	detector	

•  Monolithic	pixel	detector	by	SOI	technology	

CMOS circuit Layer	

BOX(buried Oxide)	

Hi-R substrate	
(Sensor)	
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Sensor	requirement	
	for	ILC	vertex	detector	

Sensor	posiTon	resoluTon	
•  	ResoluTon	of	the	decay	vertex	:		<	5μm	

Ø Pixel	size:	20x20	μm2		
•  CalculaTng	hit	posiTon	weighted	from	the	charge	
signals	spread	to	mulTple	pixels.	

Ø Sensor	thickness	:	50μm		
•  MulTple-sca]ering	reducTon	

	

Sensor	resoluTon:		<	3μm	

•  We	are	developing	pixel	detector	
opTmized	for	ILC	with	SOI	pixel	sensor	
Ø  Innermost	and	second	layers	of	

vertex	detector	
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Sensor	specificaTon	
	for	ILC	vertex	detector	

High	speed	readout		
•  Signal	readout	between	2	bunch	trains		

	

Analog	buffer	and	Tme	
stamp	circuit	in	each	pixel	

200msec	 Readout	by	column	
parallel		ADC	

Correct	reconstrucTon	of	parTcle	tracks	
•  Detector	occupancy:	<	2%		
•  Occupancy	reducTon	

Ø  SeparaTon	of	the	events	by	hit	Tming	
Ø  DetecTon	of	hit	Tming	by	Tme	stamp	

circuits	within	pixel	

2015/11/3	 LCWS15@Canada,	Whistler	 6	
SOI	detector	enables	to	integrate	these	circuits	on	the	sensor		

AccumulaTon	 Readout	



SOI	sensor	for	ILC:	SOFIST	
•  SOI	sensor	for	Fine	measurement	of	Space	and	Time	

62.5mm	

AcTve	area	
3125(H)×500(V) pixels	

	

10
m
m

	

ADC	×	3125ch		

Controller	
(AccumulaTon/Readout)	 Data	transfer	interface	

Data	output		

20μm	

2~
3m

m
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SOFIST	pixel	architecture		
•  Storage		

•  Charge	signal	generated	by	parTcle	
•  Hit-Tming	informaTon	

•  MulT	buffers	
•  Analog	buffer	×2		
•  Time	stamp	×2	

RST	

STORE1	

STORE2	

Pre-amp	

Vth	
comparator	

Time	stamp	
circuit	
	×	2	

Analog	signal	buffer	×	2	

Time	stamp		
output	

Analog	signal		
output	

Storage	
selector	
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Technical	issues	
(Layout	of	the	pixel	circuit)	

•  Pixel	layout	
–  Size:	20x20μm2	

•  Internal	circuits:	
–  Pre-amplifier,	Analog	buffer	×2,	

Comparator,	Storage	selector,	Time	
stamp	×2		

•  MinimizaTon	of	each	circuit	layout.	
•  Studying	the	3D	integraTon		

technology	(stacking	circuit	layers)		
20μm	
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Technical	issues	
(Signal	readout	speed)	

•  Data	size	
–  The	pixel	data	have	to	be	readout	unTl	next	beam	injecTon.	
–  Total	amount	of	the	pixel	data	in	SOFIST:	~50Mbit/frame	

•  Data	compression	(0-suppression)	
–  Pixel	data	are	discriminated	by	hit	detecTon	afer	ADC.	
–  Only	hit	pixels	are	transferred	to	the	backend.	
–  Readout	speed:	40Mbps	
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LCWS15@Canada,	Whistler	

Pixel	data	stream	
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0-suppuraTon	
circuit		

Column	ADC	

PIXEL	

Memory	0	 Memory	1	 Memory	M	
Line	

Memory	

Output	circuit	(Output	buffer,	Serializer)		

Data	output	(LVDS)	2015/11/3	 11	



Development	plan		

•  Development	plan	of	SOFIST	prototype	sensor		
– Ver.1:		Pixel	with	analog	signal	readout,	Column-
ADC	circuit	

– Ver.2:		Pixel	with	Tme	stamp、0-suppression	logic	
circuit	

– Ver.3:	Pixel	integrated	both	analog	signal	readout	
and	Tme	stamp.	

2015/11/3	 LCWS15@Canada,	Whistler	 12	



Current	status	of	the	sensor	
development	

SOFIST	Ver.1	chip	
•  2014.10~ 	:	Start	of	the	design		
•  2015.5 	 	:	CompleTon	of	the	chip	design	and	layout	
•  2015.11~ 	:	The	first	prototype	chip	is	planned	to	be	 	

	 	 			 			delivered. 		
																											Start	of	the	sensor	evaluaTon		
	
SOFIST	Ver.2	chip	
•  2015.10~ 	:	Start	of	the	design	
•  2016.3 	 	:	CompleTon	of	the	chip	design	and	layout 		
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SOFIST	Prototype	chip	(Ver.1)	

Pixel	(50x50)	

Column	ADC			

1mm	

3mm	

Prototype	chip	layout	
	

Pixel	&	column	ADC	schemaTc			

8b
it	

AD
C	

Column	address	selector	

50		

50		

Analog		
Signal	

Digital	data	(8bit)	

Pixel	

8b
it	

AD
C	

8b
it	

AD
C	
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Pixel	layout		
•  Pixel	circuit	schemaTc	and	layout	

PD	
STORE1	

STORE2	

PIXEL_OUT	

20μm	

Pixel	layout	(Lower	layer)	

Pre-amplifier	
Output	amplifier	

Pre-amplifier	 Output	amplifier	Analog	buffer	
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Pixel	layout		
•  Pixel	circuit	schemaTc	and	layout	

PD	
STORE1	

STORE2	

PIXEL_OUT	

Pixel	layout	(Upper	layer)	

Analog	buffer	(100fF)	

Pre-amplifier	 Output	amplifier	Analog	buffer	

Analog	buffer	(100fF)	

Two	capacitors	are	located	on	
the	upper	layer	of	the	circuits	
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Pixel	simulaTon	
•  Stored-signal	simulaTon	by	charge	input	

–  Input	charge:		0~5	MIP	(0~19,000e-　1MIP	=	3777e-)	

Reset	
(low	acTve)	

Charge	input	

Signal	voltage	
in	analog	buffer	

reset	 signal	

No	input	

1	MIP	

2	MIP	

5	MIP	

0	

0.1	

0.2	

0.3	

0.4	

0.5	

0.6	

0.7	

0.8	

0	 2	 4	 6	

Input	charge	[MIP]	
St
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	si
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al
	[V

]	

Input	charge	VS.	Stored	signal	
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Column	parallel	ADC	

Comparator	
PIXEL_OUT	

Latch	 Digital		
data	

8bit	
counter	

Ramp	
generator	

Column	ADC	circuit	

•  Input	range:	1V,	Output:	8bit,	ResoluTon:	1LSB=3.9mV	
•  Clock:	100MHz	

Comparator	IN	

Clock	counter	

Ramp	signal	Pixel	signal	

Comparator	OUT	
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ADC	simulaTon	
•  Digital	conversion	result　	

–  Analog	signal	:	500mV	→　Digital	output	:	136counts	

ADC	input	

Comparator	

8-bit	
Counter	

Digital	out	

Pixel	signal	 Ramp	signal	

0	 136	
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Next	development	
•   The	development	of	Ver.2	chip		

–  Time	stamp	circuit	in	pixel	
•  Analog	Tme-stamp	(Time-to-Voltage	conversion)	
•  Those	circuit	have	to	be	layout	within	20x20um2	pixel	

–  0-suppression	logic	circuit	
•  Digital	data	processing	circuit	afer	AD	conversion	
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Time	stamp	pixel	

HV	

RST	

STORE1	

STORE2	

Pre-amp	

Vth	
comparator	

Analog	buffer	×	2	

Analog	Tme	stamp		
output	

Storage	
selector	

Time	stamp	
Ramp	

generator	

Outside	pixel		

Common	to	all	pixels	

Hit	flag	
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Summary	
•  SOFIST:	SOI	sensor	opTmized	for	ILC	vertex	detector	

–  Sensor	stores	both	posiTon	and	Tming	of	the	hits	in	20x20um	pixel.	
–  MulT-buffers	in	a	pixel.	
–  Readout	by	column-parallel	ADC	and	0-surppression	logic.		

•  Development	of	first	prototype	sensor	
–  Design	of	pixel	with	analog	signal	readout	and	column-ADC.	
–  We	are	going	to	start	sensor	evaluaTon	from	December	2015.	

•  Next	development			
–  Design	of	pixel	Tme	stamp	and	0-surppression	logic.	
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backup	
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Target	of	our	group	

•  Development	of	SOI	pixel	sensor	for	next	accelerator	experiments.	
–  higher	luminosity	accelerator	experiment	in	order	to	capture	the	

extremely	rare	interacTons.	
–  For	the	idenTficaTon	of	the	parTcle	by	rare	interacTon,	more	accurate	

measurement	is	criTcal.	

–  The	semiconductor	vertex	detector	is	required	for	measuring	posiTon	
of	the	generated	parTcle	with	high	efficiency	and	precision.	
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ピクセル検出器の現状	

•  検出器と読出しエレクトロニクスを別々に作り、

金属バンプにより接合する	
•  位置分解能に制限	
•  余分な物質が大量にある	
•  寄生容量によるスピ-ドの低下	
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Monolithic	detector	based	on		
SOI	technology	

Silicon-On-Insulator	

•  SOI	wafer	consists	of	silicon	substrate,	Si02	layer	called	buried	
oxide	(BOX),	and		top	silicon	layer	(CMOS	circuit	layer)	

•  Lower	parasiTc	capacitance	due	to	isolaTon	from	bulk	silicon,		
•  The	substrate	layer	can	be	used	as	a	depleted	silicon	sensor	

BOX(buried Oxide)	

Top Si (SOI Layer)	

Silicon substrate	
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Proposal	of	SOI	sensor	
•  ImplementaTon	plan	for	ILC	sensor	

–  Pixel	size	:	20	×	20μm	
–  Maintaining	following	informaTon	in	each	pixel	

•  Analog	signal	of	parTcle	hit	posiTon		
•  Time	informaTon	at	parTcle	passing	

–  More	than	one	storage	buffer	in	each	pixel	
•  To	accumulate	mulT-hit	events	in	bunch	train	

–  Digital	output	by	column	parallel	ADC	on	sensor	chip	

•  SOI	pixel	sensor	is	good	soluTon	for	those	requirement	
–  Monolithic	detector	of	sensor	and	circuit	layers.	
–  Analog	and	digital	control	circuits	can	be	implemented	on	pixel	sensor	
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∼650 µm	

通常の半導体ウエハー 
(Bulk Wafer) 

SOI Wafer 

BOX(buried Oxide)	

Top Si (SOI Layer)	

20-200 nm 50-400 nm 

circuit 

Bulk and SOI (Silicon On 
Insulator) Wafer 

Silicon substrate	
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SOIピクセル検出器 	

• 高抵抗率Si基板と低抵抗率Si基板を絶縁層を介して張合わせ	
• 高抵抗率部にp-n	junctionを生成し、センサーとする	
• 絶縁層(BOX)に穴を開けセンサーと回路を接続	

Monolithic Radiation Sensor　
として理想的な構造	

•  余分な物質が少なく、多重散乱を

おさえられる	

•  電極容量が小さく、少ない電荷で

大きなS/Nが得られる	

•  複雑な信号処理回路を各ピクセル

に持たせられる	

•  高レート、高速読み出しが可能	

•  機械的接合がなく、高分解能化、

低価格化が望める	

•  産業界の標準プロセスを基本に 

開発	
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Detector	requirement	1	

•  PosiTon	resoluTon	of	the	decay	vertex	:	<	5μm	
–  sensor	resoluTon	:	<	3μm	
–  sensor	thickness	:	<	100	μm	/	layer	

•  Correct	reconstrucTon	of	parTcle	tracks	
–  Detector	occupancy:	<	2%		

•  Bunch	train	structure	of	ILC	
–  SeparaTon	of	hit	signals	for	each	bunch	event	
–  Signal	readout	between	2	trains	

Bunch	train	structure:	

1300	bunches	(every	337ns)	

Pixel	size	is	decided	as	20	
μm2	with	ADC	readout.	
Thickness	of	sensor	:	50	μm	

Timing	informaTon	is	
necessary	
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Readout	Tming	chart	
reset	

store1	

signal1	

store2	

signal2	

read1	

read2	

ramp	reset	

ramp	signal	

Comparator	Input	

Comparator	output	

0	ADC	output	 0	data	 data	

Pixel	

ADC	Pixel	
•  Pixel	reset	with	366nsec	

interval	
•  Switching	to	STORE2	from	

STORE1	
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SOFIST	specificaTon	

Description	 Spec.	 Unit	

Pixel size	 20	 μm□	

Active area size	 62.5(H) × 10(V)	 mm	

Total pixel number	 3125(H)  ×　500(V)	 -	

Sensor thickness	 50	 μm	

Readout	 Column parallel ADC	 -	

Readaout channel	 3125	 ch	

Data buffers in pixel	 2 (analog signal) + 2 (time stamp)	 -	

Noise level	 < 237	 e-	

Staturation level	 20,000	 e-	

Time stamp	
Analog time stamp circuit	

（1msec/volt）	 -	
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	Ramp	generator	
•  The	design	of	Ramp	generator	

–  Afer	the	charge	is	stored	to	the	capacitor	by	reset,	the	capactor	is	discharged	by	
constant	current	source	

–  The	voltage	of	capacitance	changes	linear	to	Tme.	

RAMP_OUT	

Output	buffer	

RST	

Current	source	

Capacitor	

Constant	Current	

VDD	

RST	

RAMP_OUT	
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Ramp	generator	accuracy	

•  The	linearity	of	ramp	wave	output	

time [us]
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0.003
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Ramp	output	simulaTon	result	
・upper:	Ramp	output	voltage	

	Red	:	fivng	line		
	
・lower:	Residual		

	~	3.2mV	(=0.8LSB)	
	

ADC	operaTon	point	
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Comparator	circuits.	
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reset	reset	

•  2	stage	of	chopper-inverter	comparator	
•  OperaTon	

–  With	turning	on	2	reset	switches,	threshold	voltage	(V_th)	is	input.		
–  V_th	is	stored	to	capacitor	by	turning	off	2	switches	in	series.		
–  Reset	voltage	(V_rst)	is	input.		The	difference	voltage	(V_th	–	V_rst)	is	stored	

to	inverter.	
–  If	the	signal	(V_sig)	is	input	and	is	over	V_th	–	V_rst,	the	comparator	output	

are	inverted.	



8bit	counter	

D	 Q	

Q	

D	 Q	

Q	

D	 Q	

Q	CLK	

D0	 D1	 D7	

D-FF0	 D-FF1	 D-FF7	

CLK	

D0	

D	 Q	

Q	

D2	

D-FF2	

D1	

D2	

0	 1	 2	 3	 4	COUNT	
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Prototype	pixel	
•  Pixel	architecture	of	prototype	chip	

PD	

RESET	

STORE1	

STORE2	

PIXEL_OUT	

•  Time	stamp	and	trigger	circuits	
are	omi]ed.	

•  Test	input	to	charge	sensiTve	
amp.	

TEST_INPUT	

V_TEST	

2015/11/3	 LCWS15@Canada,	Whistler	 37	



SOFIST	Prototype	chip	(Ver.1)	

Pixel	(50x50)	

Column	ADC			

1mm	

3mm	

Prototype	chip	layout	
	

Pixel	&	column	ADC			

Pixel	(20x20um2)	

ADC	circuit	
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Pixel	simulaTon	
•  Stored-signal	simulaTon	by	charge	input	

–  Input	charge:		0~5	MIP	(0~19,000e-　1MIP	=	3777e-)	

Reset	
(low	acTve)	

Charge	input	

Stored	signal	
in	analog	buffer	

reset	 signal	

No	input	

1	MIP	

2	MIP	

5	MIP	

0	

0.1	

0.2	

0.3	

0.4	

0.5	

0.6	

0.7	

0.8	

0	 2	 4	 6	

Input	charge	[MIP]	
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Input	charge	VS.	Stored	signal	
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Pixel	simulaTon	2	
•  Switching	performance	between	analog	buffers	

•  Input	charge:		0,	1	MIP	(1MIP	=	3777e-)	
•  Switching	interval:	337ns	

Reset	

Charge	input	

STORE1	switch	

STORE1	buffer		

STORE2	switch		

STORE2	buffer		

No	input	

1	MIP	

337ns	
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　Development	of	pixel	circuit	

PD	

RST	

STORE1	

STORE2	

Pre-amp	

Vth	
comparator	

Time	stamp	
circuit	
	×	2	

Analog	signal	buffer	×	2	

Time	stamp		
output	

Analog	signal		
output	

Storage	
selector	

Ver.1	chip	
Analog	signal	readout	

Ver.2	chip	
Time	stamp	circuit	
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Line[n]	

Sample	&	Hold	 AD	conversion	 Sample	&	hold	 AD	conversion	

Line[n+1]	

Line[n-1]	 Line[n]	

Scan	&	DiscriminaTon	

Line[n-1]	 Line[n]	

Data	transfer	:	Line[n-1]	 Data	transfer	:	Line[n]	

Column	out	
(Analog)	

ADC	

ADC	output	

0-suppresion	
circuit	

Memory	

Output	

Data	processing	Tme	

Readout	Tming	chart	

A	 B	

C	

D
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•  Some	operaTons	can	be	overlapped	to	next	data	
processing	in	order	to	shorten	the	readout	Tme.	

•  Total	readout	Tme	of	1	line	(from	A	to	D):	<	100usec	



0-suppression	logic	

a	 b	 c	 d	 e	 f	 g	 h	

Comparator		

Hit	pixel	

Non-hit	pixel	
ADC	data	

data	 hit	

Arbiter	

a	 c	 d	 g	Addr.	

Memory	

data	&	address	

• Hit	detecTon	of	each	
column	

•  ExtracTon	of	hit	data	by		
arbiter	block	

• Output	of	hit	data	with	
column	address	

Addr.	Addr.	 Addr.	
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3D	technology	
•  ImplementaTon	of	pixel	circuit	

–  Pixel	area:	20x20μm2	
–  High	density	integraTon	by	3D	stacked	layer	technology	

Sensor	layer	

Circuit	layer	2	

Circuit	layer	1	

SOFIST	ver.1	pixel	
Arai,	Yasuo,	and	Makoto	Motoyoshi,	IEEE	EDAPS.	2013	
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RadiaTon	tolerance	of	SOI	wafer	
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Total	ionizing	dose	due	to	buried	oxide	layer	



Double-SOI	wafer	
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Middle	Si	layer	(SOI2)								

FET	

compensate	effect	of	box	charge	
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CMOS 
(Low R) 

Sensor 
(High R) 

microbubbles 

hydrophilic 
bonding 

~500oC 

UNIBONDTM	Process	(1995,	France	LETI)	->	SOITEC	
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