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DRAM Scaling Limita?ons


Challenges	 Notes	

Structural	 Insufficient	room	to	fit	the	capacitor,	bit-line,	word-line,	two	
contacts,	isolaHon,	etc.		

Capacitor	 ReducHon	in	cell	capacitance	will	cause	reduced	refresh	Hme,	
increased	ECC	and	power,	etc.		

Transistor	 Scaling	of	the	access	transistor	while	achieving	high	drive	
(>10μA)	and	very	low	leakage	(<1fA)		

Speed	 Increased	bit-line	and	word-line	resistance	along	with	
increased	parasiHc	capacitance	between	all	nodes	make	it	
difficult	to	maintain	array	speed		
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NAND Scaling Limita?ons


Challenges	 Notes	

EffecHve	Scaling	 3-D	scaling	will	conHnue	in	the	short	term	with	an	increasing	
number	of	layers	stacked	verHcally	with	limited	horizontal	
scaling.		LimitaHons??		

ECC	 NAND	is	pushing	the	limits	of	ECC	already	correcHng	one	bit	
in	a	100		

Defect	Density	 Un-repairable	defect	density	may	become	a	limitaHon		

Cost	 Scaling	may	be	technically	feasible,	but	the	cost	to	achieve	
scaling	for	a	future	nodes	may	not	result	in	a	decreased	cost	
per	bit		
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Semiconductor Memories
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Emerging	Memories	

Niche	ApplicaHons	

Embedded	



Recent Success of Emerging Memories


Storage	Class	Memories	
3D-Xpoint	based	Optane	Memories	and	Storage	by	Intel	
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You can buy 3D-Xpoint Memory from FRYS!


Overall	System	Performance 	 	28%	
Hard	Drive	Access 	 	 	 	14%	
Task	Responsiveness 	 	 	 	2%	
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Principle of Phase Change Memory (PCM)  
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3D-Xpoint Memory and Storage


Intel® Optane™ Solid State Drives for Consumers Intel® Optane™ Technology Data Center Solutions 
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Recent Success of Emerging Memories contd.


Niche	ApplicaHons	
• EverspinTM	has	used	its	Toggle-MRAM	in	high	cycle,	high	
reliability	applicaKons	and	is	pushing	upwards	in	density	
with	STTRAM		

• AdestoTM	has	used	CBRAM	to	undercut	the	cost	of	
EEPROMs	and	is	pushing	its	technology	into	NOR	densiKes		

• PanasonicTM	has	effecKvely	used	metal-	oxide	RRAM	as	
an	embedded	memory		
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•  Gbit	chip	uses	a	DDR4	interface	and	is	
made	in	Globalfoundries’	28nm	process	

Everspin announced it is sampling a Gbit 
MRAM chip
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Adesto Introduces Ultra Low Power EEPROM 
Mavriq™ DS Memory Family up to 512Kbit density


•  It	is	built	on	Adesto’s	RRAM	
technology,	known	as	ConducHve	
Bridging	RAM	(CBRAM®)		

•  It	performs	read	and	write	
operaHons	with	4x	less	power	
than	compeHHve	soluHons,	and,	
in	ultra-deep	power	down	mode,	
uses	as	much	as	50x	less	power.	

• Provides	over	100,000	write	cycle	
endurance	across	the	full	
temperature	and	voltage	range	
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Panasonic and UMC Partner for 
40nm ReRAM Process PlaZorm 



•  Enable	the	integraHon	of	PSCS’s	
40nm	ReRAM	with	UMC's	CMOS	
process	to	achieve	a	ReRAM	
technology	pladorm	that	
incorporates	embedded	memories	
in	place	of	flash	

•  Expected	to	ship	product	samples	
based	on	UMC's	40nm	process	in	
2018	
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STT-MRAM
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The difference in resistance between Parallel and An?-Parallel  
spin arrangements of MTJ is the key for STT-MRAM 


High	R	 Low	R	

Fixed	Layer	

Free	Layer	

Barrier	Layer	

•  Read operation by probing the resistance of the device at low 
voltage bias  
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Thermal Stability Factor (Δ) is the key metric of an MTJ 



High	thermal	stability	factor	(Δ)	is	required		
to	reduce	the	erroneous	sensing	rate		

Larger	Read	
currents	(IR)	
require	
larger	Δ	
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Write operation consists of transfer of spin-
angular momentum from polarized conduction 
electrons to electrode magnetization  



Current	
DirecKon	

As	electrons	move	through	the	fixed	layer,	
their	spin	is	polarized	to	match	the	fixed	
layer.	When	a	sufficient	density	of	polarized	
electron	flow	is	achieved,	the	free	layer	
changes	state	to	align	with	the	fixed	layer		

In	this	switching	direcHon,	electrons	with	
spin	opposite	the	fixed	layer	are	reflected	
back	to	the	free	layer	causing	the	free	
layer	to	switch	to	the	state	opposite	to	
the	fixed	layer		
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Trade-offs of STT-MRAM Wri?ng

• Non-DeterminisHc	Write	

•  STT	write	process	is	inherently	
stochasHc	(sigmoidal	distribu/on	with	
very	long	tail)	

•  The	stochasHcity	of	switching	
Hme	is	temporal	(leading	to	varia/on	
in	transi/on	/me	for	a	single	cell)		

STT	stochasHc	switching	behavior	
•  Increasing	the	write	current	value	IWR	or	driver	pulse	

duraKon	are	the	most	efficient	methods	to	avoid	the	
wriKng	failures	

•  But	lead	to	significant	power,	speed,	surface	overhead	
storage,	and	could	drive	the	breakdown	or	damage	of	
oxide	barrier	

•  STT vanishes for parallel alignment 	
•  Switching time inversely proportional 

to angle between the layers 	
•  Thermal fluctuations provide initial 

‘kick’ 	
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Major Challenge for STTRAM




 
MTJ stack is about 20 nm thick, can be easily integrated 
into CMOS backend process: ~3 addi?onal masks  
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STT-MRAM is well suited for Embedded 


• Combines	non-volaKlity,	high	speed,	and	infinite	
endurance	

• Higher	energy	efficiency	(mobile	and	IoT	applicaKons)		
• Opportunity	for	eMRAM	as	Last	Level	Cache		
• Lower	Cost	
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Global Foundries has plans to 
deploy Everspin’s  
p-MTJ STT-MRAM as an 
embedded 22nm memory - as 
part of GF's 22FDX plaZorm.


Claims	for	22FDX-eMRAM:		
	
• 1,000x	faster	write	speeds	
• 1,000x	higher	endurance	
• Scalable	beyond	22nm	
(FinFET	or	FDX)	
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Samsung reaffirms 2018 target 
for STT-MRAM mass 
production 

TSMC to start eMRAM production in 2018 
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Scaling	
F	

Density	
	

Cost	
	

MTJ	
t	&	w		

Access	
Transistor	
WTX	

Δ  α t	w2 
Δ RetenHon	

τ = τ0exp(Δ)
	

ECC	
&	

Refresh	

Cost	
	

STT-RAM	Trade-offs	
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STT-MRAM may not replace DRAM in the near-
future


•  Cost	is	directly	related	to	density	&	cell/chip	size	
		
•  Current	available	scales	with	transistor	size		

•  Standalone	DRAM	:	GB	chips,	cell	size	~4F2		
F	smallest	feature	at	technology	node	(16/14nm,...)		

•  MTJ	<	20	nm	
•  Write	current	<	20	μA		
•  TMR	~	300%		

Kent	&	Worledge,	Nature	Nano	(2015)		
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Filament RRAM
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Filament ReRAM
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Oxy-ReRAM	 CBRAM	



Adesto 512 Kbit EEPROM-compa?ble CBRAM  
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l Single	supply	voltage:	1.65V	-	3.6V		
l 1.6	MHz	maximum	clock	rate	for	normal	read		
l 20	MHz	maximum	clock	rate	for	fast	read		
l Byte	Write	consuming	50	nJ		
l  			0.25	mA	Read	current;	1	mA	Write	current		
l  			Byte	Write	within	25	μs		
l Data	RetenHon:	10	years		
l Endurance:	10,000	Write	Cycles		
l Unlimited	Read	Cycles		
	

Te---Metalloid	Filament!!	



Panasonic ReRAM Technology-TaOx based
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Rela?onships between CF characteris?cs and 
density of Vo and reten?on characteris?cs  
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In addi?on to the process varia?ons, Filament forma?on, rupture 
and regrowth are stochas?c processes!! 
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•  Local	high	fields	can	change	due	to	change	in	nature	of	defects	and	their	
concentraHons	(>	1	MV/cm)	

•  Local	power	dissipaHon	can	alter	the	local	temperatures	(~	1	TW/cm3)	
•  Local	electronic	current	densiHes	can	vary	(>	106	A/cm2)	
•  Significant	local	variaHons	in	ionic	current	densiHes	

Extensive	opHmizaHon	needed	to	engineer	the	tail	bits	

Verify		
&	ECC	



Filamentary ReRAM Distribu?on Example


34	

G.	Atwood	et	al.,	ISSCC	2014		

2.74σ	
2.33σ	
2.05σ	

1.28σ	

0.52σ	
0σ	
-0.52σ	

-1.28σ	

-2.33σ	
-2.74σ	
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  Filamentary read current fluctua?ons


35	
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FeFET
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Ferroelectric Switching in thin HfO2 Films


•  The stable ferroelectric phase in HfO2, the orthorhombic phase Pca21.  
•  The movement of four active oxygen atoms mainly contributes to the 

ferroelectric switching.  
•  The crystal distortion is driven by symmetry conserving phonon modes	
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Typical FeFET structure
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Trench-based 3D FeFET memory 
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Oxygen vacancies movement during wake-up in 
Ferroelectric Hafnium Oxide 


S.	Starschich,	et	al,	Appl.	Phys.	Le`.	108,	032903	(2016)		

•  The	duraHon	of	the	applied	
electrical	field,	not	the	amount	
of	cycles,	is	essenHal	for	the	
wake-up	

•  A	strong	temperature	
acHvaHon	of	the	wake-up	

•  Atributed	to	ion	
rearrangement	during	cycling		

•  ResisHve	valence	change	
mechanism	switching	can	be	
observed	coincident	with	
ferroelectric	switching	
depending	on	electrodes	
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Challenges and Opportuni?es of EM
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Switching Speed Limita?ons

Emerging	
Memories	

Fundamentals	 Switching	Time	 Tradeoffs	 Bandwidth	

PCM	 Temperature	
ramp	down	for	
crystallizaHon		

100-400nS SeparaHon	of	
states		
	
	

9MB/s 
	

STTRAM	 StochasHc	
switching	

10-50nS 
	

TDDB		
Bit	Error	Rate	
	

2.66GB/s		

Filament	
RRAM	

	Ion	migraHon		 10-100nS 
	

RetenHon	
SeparaHon	of	
states		
	

200MB/s 
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Mul?level Challenges 


EM	 MulHlevel	Capability	
PCM	 Driu	of	the	high	resistance	state		
STTRAM	 Lack	of	voltage	window	

Very	low	difference	between	states	
Filament	
RRAM	

Data	retenHon	of	parHally	formed	filaments	for	intermediate	states	
StochasHc	behavior			
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Endurance Limita?ons


EM	 Endurance	Failure	Mode	
PCM	 Atom	segregaHon	(local	stoichiometry	variaHon)		

Physical	separaHon	of	electrode	due	to	volume	change		
STTRAM	 TDDB		
Filament	
RRAM	

TDDB		
Over-accumulaHon	of	atoms	in	filaments		
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Read and Write Disturb


EM	 Read	Disturb	 Write	Disturb	
PCM	 CrystallizaHon	of	the	

amorphous	state		
Thermal	disturb		

STTRAM	 Increased	probability	of	
stochasHc	switching		

Oxide	Breakdown	

Filament	
RRAM	

	DissoluHon	of	the	filament		
	

Excessive	filament	formaHon	
	



Emerging Memory Opportuni?es 


•  SCM:	3D-Xpoint	
• Niche	ApplicaHons:		CBRAM	for	EEPROMs	and	NOR	
•  Embedded	Memories:	STTRAM	and	Filament	RRAM	

• No	EM	technology,	at	this	point,	that	is	a	serious	contender	against	
NAND:	lack	of	MLC,	3-D,	etc	

• No	EM	technology	that	can	compete	with	the	lower	energy	and	high	
bandwidth	of	DRAM,	which	are	directly	a	result	of	the	DRAM	cells	
low	operaHng	energy	
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Thanks 
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QuesHons	and/or	Comments	





ReRAM Comparison

Filamentary	 Interface	

Switching	
mechanism	

•  Create/eliminate	“atomic”	wire		
•  via	oxygen	vacancy	or	metal	

injecKon)	in	switching	film	
	

•  Bulk	resistance	change	near	oxygen	
donor-electrode	interface	

•  Oxygen	donor-electrode	oxygen	
exchange	

Switching	
locaKon	

Point	based	 Area	based	

Maximum	cell	
current	

•  Compliance	current	dependent	
•  Cell	area	independent	

•  IniKal	(OOF)	
•  Cell	area	dependent	

Resistance	
fluctuaKon	

•  High	probability		
(esp.	10KΩ	<	Rcell	<	100KΩ)	

•  FuncKon	of	compliance	current	
•  Low	=	high	fluctuaKon	
•  High	=	lower	fluctuaKon;	high	

current	density	

•  Low	probability	
•  Area	based	conducKon	

RetenKon	 Diffusion	limited	 Diffusion	limited	

49	
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STT switching current inversely propor?onal to 
pulse width but scales with area


Faster	à	Larger	Current	
Smaller	device	
										à	
Smaller	current	
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Features and Applica?ons of Panasonic ReRAM (0.18 µm)


EMBEDDED MCU (MN101LR05D) 	
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Fujitsu Semiconductor Launches World's Largest 
Density 4 Mbit ReRAM Product for Mass Produc?on 
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