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Introduction	

q  Af-iliations:	
q  Research	Scientist,	CNRS-LIRMM,	France	

q  Group	leader:	Integration	and	Design	of	Energy	Aware	Integrated	Circuits	
(IDEA)	

q  Visiting	Research	Fellow,	Cambridge	Graphene	Center,	
University	of	Cambridge,	UK	

q  Research	Interest:	
q  Modeling	and	simulation	of	nanoscale	devices	&	

interconnects	
q  Emerging	integrated	circuits	and	system	technologies	

q  Advanced	CMOS	(<10nm)	and	beyond	(graphene,	carbon	nanotubes,	
spintronics,	etc.)	

q  1D	and	2D	materials	
q  TSV-based	3D	and	monolithic	3D	integration		

q  Biomedical	sensors,	wearable	and	implantable	devices	
for	health	

CNRS-LIRMM/	
University	of	Montpellier	
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Making	Headlines	
Imec	and	EVG	have	demonstrated	1.8µm	pitch	overlay	accuracy	for	
wafer-to-wafer	bonding.	
	
	
	
	
	
	
	
	
	
	
	
Wafer-to-wafer	bonding	is	a	promising	technique	for	enabling	
high-density	integration	of	future	ICs	through	3D	integration.	
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Making	Headlines	

ISSCC	2017	(Feb	7th,	2017):	Intels’s	Stratix	X	FPGA	

	
	
55	micron	micro-bumps	and	100+	micron	-lip-chip	bumps	to	support	
up	to	24	transceiver	channels	with	96	I/Os	each.	They	deliver	2	
Gbits/second/pin	at	1.2	pJ/bit/die	using	a	proprietary	protocol.	
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Making	Headlines	

ISSCC	2017:	Toshiba	and	Western	Digital	Hirst-ever	
512	gigabit	64-layer	3D	NAND	Flash	chip	

Bit	Cost	Scalable	
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Making	Headlines	
ISSCC	2017:	Sony	announces	the	-irst	three-layer	
stacked	image	sensor	
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Making	Headlines	
2017	Symposia	on	VLSI	Technology	and	Circuits	
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Recent	Developments	in		
3D	Integration	 IRDS	Report	

March	2017	

Toward	func,onal	
scaling	
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Outline	

§  Introduction	&	Related	Work	
§  Motivation	
§  Proposed	Method	
§  Experimental	Results	
§  Conclusion	

28/06/17	 9	



D43D	Workshop	

Introduction	of	3D	Integration	

Advantages	of	3D	
§  Smaller	global	timing	delay;	
§  Smaller	interconnect	power	

consumptions;	
§  Higher	integration	density	

(smaller	form	factor)	
§  Integration	of	disparate	

technologies	

Challenges	of	3D:	
§  Chip	yield	due	to	novel	

fabrication	process	
§  Thermal	related	issues	
§  Higher	current	density	

threatening	reliability	of	3D	ICs…	
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3D	Integration	

	

§  Physical	design	problems	for	3D	ICs:	
§  Thermal	management,		Power	management,	Power	delivery,	
Noise	control,	Heat	dissipation	

§  Placement,	routing,	-loorplanning,	etc…	
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Electromigration	Effects	

§  High	current	density	
§  Mass	transportation	of	metal	atoms	
§  Void	&	hillock	formation	
§  Interconnect	breakdown	or	short	

Current	flow	

Void	
Hillock	

Metal	atom	
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TSV	Electromigration	

§  Higher	current	density	due	to	higher	power	
consumptions	of	multiple	tiers	

§  Thermal	cycling	
§  Discontinuous	bonding	interface	of	TSV	
§  TSV	defects	

§  Filling	voids	
§  Misalignment	
§  Bonding	interface		
contamination	

TSV	breakdown	due	to	EM	

[T.	Frank	et	al.	IRPS,	2011]	
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Related	Work	

§  TSV	EM	effect	modeling	
§  Pak	et	al.	evaluated	EM	impact	on	TSVs	from	the	layout	perspective	and	
provided	some	guidelines	for	EM-robust	TSV	design	[ECTC’2011]	

§  Chen	et	al.	proposed	a	TSV	EM	model	based	on	-inite	element	method	to	
predict	failure	positions	within	a	single	TSV	[ICEPT-HDP’2010]	

§  Frank	et	al.	explored	EM	impact	on	TSV	resistance	and	derived	an	
analytical	formula	to	describe	the	relationship	[IRPS’2011]	

§  2D	interconnect	EM	effect	investigation	
§  Gonzalez	et	al.	investigated	shape	effect	on	electromigration	for	metal	
interconnects	[Microelectronics	and	reliability,	1997]	

§  J.	Abella	et	al.	proposed	an	EM	mitigation	technique	by	alternating	current	
-lows	within	signal	interconnects	[Micro’	08]	
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Our	Contributions	

§  Investigate	TSV	EM	effects	caused	by	
various	TSV	defects	
§  Filling	void	
§  Misalignment	
§  Contamination	at	bonding	interface	

§  Propose	a	TSV	EM	mitigation	framework	
§  Off-line	defective	TSV	identi-ication	
§  Online	self-healing	circuit		

28/06/17	 15	



D43D	Workshop	

EM	-	Mean	Time	to	Failure	

§  MTTF	calculation	

§  Current	density	calculation	

kT
Q

n eJAMTTF ⋅⋅= −

A,	n:	technology	and	material	dependent	constant	
J:	TSV	current	density	
k:	Boltzman’s	constant	
T:	temperature	

pf
S
VCJ dd ⋅⋅
⋅

=
C:	TSV	capacitance	
Vdd:	Power	supply	voltage	
S:	TSV	cross-secYonal	area	
f:	operaYon	frequency	
p:	signal	switching	acYvity	within	TSV	
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Motivation	

§  TSV	defects	
§  -illing	void	
§  misalignment	
§  bonding	interface	
contamination	
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EM	Occurrence	due	to	TSV	-illing		

§  TSV	-illing	void		

[Fraunhofer]	

Filling	void	
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EM	Occurrence	

§  EM	effect	due	to	TSV	-illing	void	

Observation:	It	shows	that	when	void	size	exceeds	3.5μm,	the	MTTF	
value	reduces	over	50%.	As	void	size	increases	further,	MTTF	value	
falls	down	quickly.	
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EM	Occurrence	due	to	Misalignment		

§  Bonding	pad	misalignment		

[Ziptronix	]	
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EM	Occurrence	due	to	Misalignment		

§  EM	effect	due	to	misalignment	

Observation:	As	shown	in	the	-igure,	TSV	EM	MTTF	decreases	rapidly	
as	the	misalignment	error	increases.	
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EM	Occurrence	due	to	Contamination		

§  Bonding	interface	contamination	
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EM	Occurrence	due	to	Contamination		

§  EM	effect	due	to	bonding	interface	contamination	

Observation:	It	shows	that	TSV	EM	MTTF	reduces	quickly	with	increasing	of	
dust	size.	When	it	exceeds	4.5μm	in	our	case,	MTTF	reduces	over	50%.	
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Outline	

§  Introduction	&	Related	Work	
§  Motivation	
§  Proposed	Method	
§  Experimental	Results	
§  Conclusion	
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Our	Proposed	Framework	

Off-line	defecYve	
TSV	detecYon	

Switch	network	

Fault	map	

Online	self-healing	circuit	

DefecYve	TSV	
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Off-line	defective	TSV	identi-ication	

§  TSV	-illing	void		
[pre-bonding]	
§  Using	sensing	circuit	to		
detect	defective	TSVs		
by	capacitance	
	variation	[ATS’09]	
	

§  Misalignment	and		
	bonding	interface		
	contamination		

				detection	
	[post-bonding]	

[ICCAD’10]	
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Self-healing	Principles	

§  Current	direction	and	data	pattern	

Original bus state Data Transmission Current flow 

0 1, A → B 
1, A ← B 
0 

A → B 
A ← B 
-- 

1 0, A → B 
0, A ← B 
1 

A ← B 
A → B 
-- 
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Current	direction	&	data	pattern	

0	A	 B	

current	flow	

A→B	:	1	

1	

B→A	:	0	

current	flow	

1. Original TSV state ‘0’; 

2.	A	sends	‘1’	to	B.	Current	flows	from	A	to	B	to	charge	TSV	signal	line;	

3.	B	sends	‘0’	to	A.	Current	flows	from	A	to	B	to	discharge	TSV	signal	line.	

Current	flows	from	A	to	B	conYnuously	and	causes	EM	effect.	
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Self-healing	circuit	

Judge	the	current	direcYon	 Depending	on	the	current	direcYon,	
control	whether	to	change	the	current	
flow	or	not.	

Synchronous	with	the	top	Yer	and	recover	the	reversed		
signal	at	the	receive	end.	
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Outline	

§  Introduction	&	Related	Work	
§  Motivation	
§  Proposed	Method	
§  Experimental	Results	
§  Conclusion	
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Experimental	Setup	

ConfiguraYon	
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Experimental	Strategy	
Architecture	level	simulaYon	

Cache	access	trace	

Analyze	data	pacern	and	derive	current	direcYon	

read	

write	

0	

1	

Calculate	current	density	through	current	waveform	within	TSV	

Calculate	TSV	MTTF	due	to	EM	effect	

28/06/17	 32	



D43D	Workshop	

Current	direction	diff.	&	current	density	

•  SPECINT	

•  SPECFP	
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MTTF	comparisons	

•  SPECINT	

•  SPECFP	

1.8×104	

5×104	
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Overhead	estimation	

•  Assume	5%	defective	TSVs,	chip	size	
1.6mm×1.6mm,	ST	90nm	technology	
– Area	overhead:	40858um2	(less	than	2%	chip	
area)	

– Power	consumption:	11.8mW	
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Overhead	Vs.	Protect	fraction	

2.	The	current	flow	balance		
Property	of	parser	is	becer	than	
those	of	twolf	and	sixtrack	

1.	As	protect	fracYon	increases,	
hardware	overhead	increases.	
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Conclusions	

§  TSV	defects	can	incur	severe	EM	effect	and	
threaten	reliability	of	3D	ICs	

§  Investigate	relationship	between	TSV	
defects	and	TSV	MTTF	due	to	EM	effect	

§  Propose	a	framework	consists	of	off-line	
defective	TSV	detection	and	on-line	self-
healing	circuit	to	mitigate	TSV	EM	effect	
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