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Disclaimer:
1. The	physics	of	negative	capacitance	devices!
2. The	talk	is	material	agnostic!	No	discussion	of	growth	and	

fabrication!
3. Focuses	on	”new-yet-easy-and-simple”	measurements	

techniques	only!
4. Focuses	on	what	and	how	we	can	learn	more!
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Negative	capacitance	can	result	
in	a	S <	60	mV/decade

Salahuddin	et	al.	Nano	Lett.	8,	405	(2008)
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Capacitance:	Positive	and	Negative
Q-V	Characteristics

Q-U	Characteristics	
(Energy	Landscape)
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How	to	get	Negative	Capacitance	Material

CFE <	0

Q

U

α, β, γ = Anisotropy Constants
Q = Charge

Landau Theory of Ferroelectrics
Free energy of a ferroelectric

U =αQ2 +βQ4 +γQ6;α < 0

According	to	the	Landau	
theory	of	ferroelectric,	
ferroelectric	oxides	could	
give	an	effective	negative	

capacitance
Landau	&	Khalatnikov.	Dokl.	Akad.	Nauk 96,	85
469472	(1954).
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Why	is	it	difficult	to	measure?

Ferroelectric	Negative	Capacitance	is	unstable	and	cannot	be	
accessed	in	a	time	independent	equilibrium	measurement.
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R
A	ferroelectric	capacitor	
goes	through	the	unstable	
negative	capacitance	states	

during	switching.	
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Ferroelectric	Pb(Zr0.2Ti0.8)O3

Ferroelectric	Pb(Zr0.2Ti0.8)O3

Metallic	SrRuO3

Metal

Substrate													.	

1	nm

1	nm

SRO

Excellent	epitaxial	quality!

Courtesy:	Pan	group,	U.	Mich.
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Direct	Measurement	of	Negative	Capacitance	



What	happens	in	an	R-C	Series	circuit?	

Vs

Voltage:	VC=VS(1-e-t/RC)
Current:	iR=VSe-t/RC/R
Charge:	Q=CVS(1-e-t/RC)
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Khan	et	al.	Nature	Mater.	14,	
182	(2015)

Vs:	-5.4	V	à +5.4	V	à -5.4	V

Direct	Measurement	of	Negative	Capacitance	
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Khan	et	al.	Nature	Mater.	14,	182	(2015)
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Negative	Capacitance	is	a	general	phenomenon	in	ferroelectrics!

Negative	Capacitance	in	Ferroelectrics

BiFeO3 (300	nm)
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Doped	HfO2:
• Hoffmann	et	al.	Direct	Observation	of	Negative	Capacitance	in	Polycrystalline	

Ferroelectric	HfO2.	Advanced	Functional	Materials	2016.	
• Kobayashi	et	al.	Experimental	study	on	polarization-limited	operation	speed	of	

negative	capacitance	FET	with	ferroelectric	HfO2. IEDM	2016



Nature Nanotech. 3, 77 (2008) 

Nature Materials 14, 137 (2015) 

Perspective



Negative	Capacitance	in	1956!
Landauer et	al.	Polarization	
reversal	in	the	Barium	Titanate
hysteresis	loops.	
J.	Appl.	Phys.	27,	752	(1956)		

Merz.	Switching	time	in	BaTiO3	
and	its	dependence	on	its	crystal	
thickness.	 J.	Appl.	Phys. 27,	938	
(1956)		
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1.	Can	we	see	capacitance	enhancement?

2.	Can	we	see	sub-60	mV/decade	of	subthreshold	swing?

What’s	next?
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Substrate:	
SrTiO3

DE:	SrTiO3
(48	nm)

FE:	Pb(Zr0.2Ti0.8)O3
(28	nm)

Metal

Metal:
SrRuO3

Breaking	the	Circuit	Laws	using	Neg.	Cap.	

0.9

PZT(28	nm)+STO(48	nm) STO(48	nm)

Capacitance	Enhancement	in	a	FE-DE	
heterostructure experimentally	observed!

450	0C

Khan	et	al.	Appl.	Phys.	Lett.	100,	113501	(2011)	
Gao,	Khan	et	al.	Nano	Lett.	14,	5814	(2014)
Appleby	et	al.	Nano	Lett.	(2014)

C-V	Characteristics

225	0C
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P-FinFET
Lg=100	nm

Khan	et	al.	IEEE	EDL	37,	111	(2016)

FinFET LG=100	nm	
Fin	width=35	nm	
Fin	height=25	nm
EOT=1.4	nm
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Physics	of	Negative	Capacitance	FET
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Where	does	the	power	
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CL ↑	VDD↓↓	P	↓↓
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Experiments:	Li	et	al.	IEDM	2015



What	do	we	need	to	know?

1. Domains:	What	role	do	domain	mechanisms	play	for	negative	
capacitance?

• We	do	not	have	a	good	model	for	negative	capacitance	in	
the	presence	of	domain	mechanisms.

2.	Speed:	What	the	fundamental	time	scale		for	negative			
capacitance	mechanisms?
• Sub-ps?

3.	NCFET	Designs:	How	to	design	an	NCFET?	~0	mV/decade	
swing?
• Internal	metal	gate:	no!
• Make	|CFE|=CMOS, Parasitic	capacitances	help!	
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