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Source: IDC  Digital Universe Study by EMC
 www.emc.com/leadership/digital-universe/index.htm

Computing and Global Challenges
Extreme scaling has been the 

driver!

0.7 x per generation

Source: www.intel.com

Adapted from: Danowitz et al. Comm. of ACM 55.1 (2012). 

Clock frequency stuck at 3 GHz 
for more than a decade now!

Computing constitutes 2-5% of 
worldwide energy consumption!

Adapted from: McKinsey Report: Revolutionizing data center & 
http://www.alliancetrustinvestments.com/sri-hub/posts/Energy-
efficient-data-centres

Computable data grows 50x 
every ten year!

There is an energy and power 
dissipation crisis 
at the nanoscale!



Novel FET

Energy	Challenge	in	Computing

We	are	in	search	of	an	Ultra-low	
Power	MOSFET!	
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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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The Negative Capacitance	Approach
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Capacitance: Positive and Negative
Q-V Characteristics

Q-U Characteristics 
(Energy Landscape)
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C	is	inverse	of	radius	of	curvature	of	energy	landscape



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

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

capacitance
Landau & Khalatnikov. Dokl. Akad. Nauk 96, 85
469472 (1954).



Ferroelectric Oxides
P PClassical Ferroelectric 
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6-

 )

Pb2+ Ti4+ O2-

-   -   -   -   -   -   -   -   -   -

-   -   -   -   -   -   -   -   -   -

+  +  +  +  +   +  +  +  +   +
-   -   -   -   -    -   -   -   -   -

Metal

Metal
+  +  +  +  +   +  +  +  +   +-   -   -   -   -   -   -   -   -   -

+Q

-Q

V

P

-   -   -   -   -    -   -   -   -   -`
+  +  +  +  +   +  +  +  +   +

+  +  +  +  +   +  +   +   +

+

E

-   -   -   -   -   -   -   -   -   -

+  +  +  +  +   +  +  +  +   +

-   -   -   -   -   -   -   -   -   -

+  +  +  +  +   +  +  +  +   +

-   -   -   -   -   -   -   -   -   -

+  +  +  +  +   +  +  +  +   +

Metal

Metal

+  +  +  +  +   +  +  +  +   +

-   -   -   -   -   -   -   -   -   --Q

+Q

V

+
E

P

A	ferroelectric	is	an	insulator	with	a	
spontaneous	polarization,	which	can	be	
switched	by	an	above	coercivity	voltage	.	
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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.



Ferroelectric

Why is it difficult to measure?



V = 0

V Ferroelectric
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Direct Measurement of Negative Capacitance 



A	ferroelectric	capacitor	
goes	through	the	unstable	
negative	capacitance	states	

during	switching.	

V Ferroelectric

Metal

Metal

Substrate              

V > Coercive Voltage

Direct Measurement of Negative Capacitance 



Pulsed laser deposition technique

Growth of Ferroelectric Oxides

Viewport
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λ = 248 nm

Ferroelectric 
Pb(Zr0.2Ti0.8)O3

Metallic SrRuO3

Substrate SrTiO3     

Experimental 
Heterostructure

SrRuO3: 720°C, 100 mTorr, 1.2 J/cm2, 5-15 Hz
Pb(Zr0.2Ti0.8)O3: 630 °C, 100 mTorr, 1-1.5 J/cm2, 5-15 Hz

Typical Growth Conditions:

aPZT=0.393 nm

aSRO=0.394 nm
aSTO=0.3905 nm

In-plane lattice
parameter

Ceramic
Target

Substrate



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.



A	ferroelectric	capacitor	connected	in	series	with	an	
external	resistor.

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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During	AB	&	CD,	
dQ	&	dVF	has	
opposite	signs	
indicating	
dQ/dVF	<0.	

60 nm Pb(Zr0.2Ti0.8)O3) (Coercive voltage=~2.5 V) 

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 



A	negative	
dQ/dVF	directly	
observed	in	an	

isolated	
ferroelectric.

Khan et al. Nature Mater. 14, 182 (2015)

Direct Measurement of Nega>ve Capacitance 
60 nm Pb(Zr0.2Ti0.8)O3) (Coercive voltage=~2.5 V) 



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 ^me in BaTiO3 
and its dependence on its crystal 
thickness. J. Appl. Phys. 27, 938 
(1956)  



VFE (V)

Q
 (C

/m
2 )Now that negative 

capacitance has 
been detected…

1. Can we see capacitance enhancement?

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

What’s next?



Breaking the Circuit Laws using Neg. Cap. 
Ferroelectric-Dielectric

Series Combination

Enhancement	of	capacitance	in	a	FE-DE	Series	combination!

If

Equivalent 
Capacitance



Substrate: 
SrTiO3              

DE: SrTiO3
(48 nm)

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

Metal

Metal:
 SrRuO3

Breaking the Circuit Laws using Neg. Cap. 

FE(28 nm)+DE(48 nm) DE(48 nm)

Capacitance	Enhancement	in	a	FE-DE	
heterostructure	experimentally	observed!

300 0C

Khan et al. Appl. Phys. LeX. 100, 113501 (2011) 
(cover arZcle, most downloaded Aug/Sep 2011).
Gao, Khan et al. Nano LeX. 14, 5814 (2014)

C-V Characteristics

250 0C
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Externally Connected NCFET



Internal Voltage, ViDrain
Probe

 VD

Externally Connected NCFET
Gate 

Probe,
VG



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

18 
mV/dec

12-24
mV/dec

65 
mV/dec

tFE=600 nm

Externally Connected NCFET

FE
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Nega^ve Capacitance 
Regions: PQ and RS
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Sharp	switching	occurs	
due	to	ferroelectric	
negative	capacitance!

Externally Connected NC-FET

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



25.4 
mV/dec

23.5 
mV/dec
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LG=100 nm
VD=1 V 

Hysteresis=~0.86 V

NCFET

Baseline FET
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65 
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s=~0.1 V

Baseline 
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Negative	capacitance	can	reduce	subthreshold	
swing	below	60	mV/dec!

tFE=110 nm tFE=50 nm
Externally Connected NC-FET

Khan, Jo et al. 
(unpublished)



Performance Projec>on of NCFETs
Compact Model14 nm FinFET Node

Inverter Energy-Delay Curve
Significant	
reduction	of	
energy-delay	
product	is	

possible	with	
negative	

capacitance

Experiments: Li et al. IEDM 2015



• Advanced EncrypWon 
Core (AES) Engine: 
~120,000 gates, ~800,000 
devices 

• Iso-performance analysis 
(2 GHz)

• Steps: 
• 14 nm NCFET BSIM 

models based on 
experimental results 
(Li et al. IEDM 2015)

• NCFET-based 
standard-cell library 
characterizaWon

• Full-chip NCFET-
based GDSII-level 
design 
implementaWons

Full Chip Power Benefits of NCFETs

Collaboration with Lim group at Georgia Tech



Why am I excited 
And

Why everyone can/should 
be excited? 



New CMOS Compatible Ferroelectrics

Controlled annealing in HfO2 doped 
with Zr, Al, Si, Sr, Ti, La etc. induces a 

ferroelectric orthorhombic phase!

New class of ferroelectric materials have emerged 
which can be introduced in commercial fabs!

Commercial Fabs!



Advanced CMOS with Negative Capacitance

Current CMOS 
Technology

Beyond CMOS 
with Negative Capacitance

Negative	capacitance	technology	could	continue	the	performance	
enhancement	after	scaling	ends!
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Physics of Nega=ve Capacitance FET
14 nm FinFET Node

Modified 
Body Factor <1

Subthreshold 
Swing

Input gate 
capacitance 𝐶! =

𝐶!,#$%&'()&
𝑚

< 𝑆#$%&'()&

> 𝐶!,#$%&'()&

Power 𝑃 = 𝛼𝐶'𝑉(() 𝑓

Where	does	the	power	
benefits	come	from?	

CL	↑	VDD↓↓	P	↓↓


