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Computing and Global Challenges

Computable data grows 50x Extreme scaling has been the
every ten year! driver!
Clock frequency stuck at 3 GHz Computing constitutes 2-5% of
for more than a decade now! - worldwide energy consumption!
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There is an energy and power
dissipation crisis
at the nanoscale!
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Energy Challenge in Computing
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The Negative Capacitance Approach

Vs ?

®
Gate o l
| ? Vi, Cox
Bg/emiconduct;@

Channel

. /

Subthreshold ¢ _ Vs
Swing d(log,, I,)

_ 9V Y, Drain
dyp, d(log,, 1) m=1+gs <1 if C, is negative
=1m ox

=mx60 mV/decade  Negative capacitance can result

Body  _9Ve 4, C ina $§< 60 mV/decade

Factor 071/}5 C Salahuddin et al. Nano Lett. 8, 405 (2008) Georgia @‘

” Tech




NCFET: What do we expect?

Baseline FET 10*
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NCFET: What do we expect7

NCFET (Basel|ne+FE)

Channel

We expect:

1. Improvement of
subthreshold swing.

2. Boost in on-current. 0 0.2 0.4 0.6 0.8
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What am | going to do today?

f Physics of Negative \ / \

Capacitance in Materials
What do we need to know?

/ Physics of Negative \

Capacitance Transistors
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What am | going to do today?

Physics of Negative / \

Capacitance in Materials
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Capacitance: Positive and Negative

- Q-U Characteristics
Q-V Characteristics (Energy Landscape)

Positive Capacitor

Positive Capacitor
dQ

Capacitance C = —= \ /

dV Voltagé,v (au) Charge Q (au)

oEnergy,l U (au)

Stored Q2 =) Negative Capacitor ’5"
E U=— & T
nergy 2C o =
T S =
c=|4Y| & 5
- sz (-.C) | Lﬁ Negative Capautor
_ - Voltage,V (au) Charge, Q (au)

Cis inverse of radius of curvature of energy landscape Ge(_)rrglﬁ &
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How to get Negative Capacitance Material

___________________

cC —

Landau Theory of Ferroelectrics
Free energy of a ferroelectric

U =aQ+p0" +70%0 <0

According to the Landau
theory of ferroelectric,
ferroelectric oxides could

a, B, y = Anisotropy Constants

0= Charge give an effective negative
capacitance
Landau & Khalatnikov. Dokl. Akad. Nauk 96, 85 -
469472 (1954). Georgia
Tech
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How to get Negative Capacitance Material

Landau Theory of Ferroelectrics
Free energy of a ferroelectric

U =aQ+p0" +70%0 <0

According to the Landau
theory of ferroelectric,
ferroelectric oxides could

a, B, vy = Anisotropy Constants

0= Charge give an effective negative
capacitance
Landau & Khalatnikov. Dokl. Akad. Nauk 96, 85 -
469472 (1954). Georgia
Tech
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Ferroelectric Oxides: Perovskites

Classical Ferroelectric
PbTiO, (Pb**Ti**0,°)

@) 1 @ 0r@
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(OO V =

_Q \ _+_+_-I-_-I-_+_+_+_+_+ +Q F F++++ +FF+ O
Metal Metal Q-

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

. s
Voltage, V
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New CMOS Compatible Ferroelectrics

HfO2 and its doped variants can become ferroelectric under
certain growth and/or processing condition

Orthorhombic (Pbc2,)
(polar)

2 Electrode Width=200.m Frequency= 500Hz
[ I I I
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Non-Ferroelectric

—
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Monoclinic Tetragonal 45 ]
(non-polar) (non-polar) w \ ‘ ‘ | ]
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Boscke et.al., Appl. Phys. Lett., 99, 102903 (2011)

L L— v - Mikolajick et.al., Adv. Sei. Tech., 95, 136 (2014) ¢ eorgia
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Ferroelectric Oxides

Charge Voltage Characteristics

Ferroelectric

Metal
/ B
A
>
+V.
VoItage v
A ferroelectric is an insulator with a
spontaneous polarization, which can be Q=0
switched by an above coercivity voltage . CéieOI't_!ll-':l
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Ferroelectric Oxides

Charge Voltage Characteristics

Negative
Capacitance T
D

Ferroelectric

->

Metal

i I >
0 -+V

VoItage v

—>

A ferroelectric is an insulator with a > \A
spontaneous polarization, which can be

switched by an above coercivity voltage . %iegrreggﬁ &




Why is it difficult to measure?

C.<0

Q (a.u.)
U (a.u.)

V. (a.u.) = Q (a.u.) >

Ferroelectric Negative Capacitance is unstable and cannot be
accessed in a time independent equilibrium measurement.




Why is it difficult to measure?
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Direct Measurement of Negative Capacitance

V=0
- (<0
A g
Metal :
Ferroelectric
Metal 3
L) i
D :
Q=0
Q (a.u.) >
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Direct Measurement of Negative Capacitance

V< Coercive Voltage
) C<0

Metal

Ferroelectric

Metal

U (a.u.)

Q (a.u.) >
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Direct Measurement of Negative Capacitance

V> Coercive Voltage

Metal

Ferroelectric

Metal

A ferroelectric capacitor
goes through the unstable
negative capacitance states

during switching. Ge?.-rgiﬂ
ec
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Ferroelectric Pb(Zr,,Ti, )04

Courtesy: Pan group, U. Mich.

Excellent epitaxial quality!
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Direct Measurement of Negative Capacitance

o)
iR —> Series resistor R '
W— ‘ °
R , \
ulse
+ +Q

Au top electrode v V
«—Ferroelectric PZT F

SRO bottom
electrode
—~STO Substrate /

A ferroelectric capacitor connected in series with an
external resistor.

function
V. _7Z£ FE eneratgr
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What happens in an R-C Series circuit?

iR—>

_w_
+ +Q

VD V. Q:

Voltage (a.u.)

Voltage: V=V(1-e/FC)
Current: i;=V.eR/R

Charge: Q=CV(1-e "7k

At any time ¢
dQ/dV=C>0.

ir (a.u.)

Q (a.u.)

\J

\

\

Time (a.u.)

>
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Direct Measurement of Negative Capacitance

60 nm Pb(Zr, ,Ti, s)O3) (Coercive voltage="2.5 V)
iR—>

40

During AB & CD,
dQ & dV;has
opposite signs
indicating
dQ/dVv,<O0.

Khan et al. Nature Mater. 14,
182 (2015)
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Direct Measurement of Negative Capacitance

60 nm Pb(Zr, ,Ti, s)O3) (Coercive voltage="2.5 V)
fp—> ThResoka | | | ‘

A negative
dQ/dV,directly
: &
observed in an S
isolated o
ferroelectric.

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




Time Scale of Negative Capacitance

R

Close- f th ti it t ient
@) ose-up O e r?ega Ive capacitance transients /\/\/ -
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2 g 3 . .
S s Negative Capacitance
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Negative Cap. in Doped HfO, Ferroelectrics

Ferroelectric Gd-doped HfO, (27 nm)
15

10y

& [

@)
=
S \v\ .
= 0Ot Nega.tlve
. Capacitance
©
S "Of /
o

-10f £

-15 ,

-20 0 20

Ferroelectric Voltage VF (V)

Hoffmann et al. Direct Observation of Negative
Capacitance in Polycrystalline Ferroelectric HfO,.
Advanced Functional Materials 2016.

Ferroelectric HfZrO, (10 nm)

1 1 1

Polarization (uC/cm?)

1 1

Voltage (V)

432101234

Kobayashi et al. Experimental study on
polarization-limited operation speed of

negative capacitance FET with
ferroelectric HfO,. IEDM 2016

Negative capacitance is a general phenomenon in

ferroelectrics!
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Negative Cap. in Other Ferroelectrics

BiFeO; (300 nm
— 1.05 ‘ — =TT
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Ku et al. JEDS 5, 232 (2017) " e " o —
. ’ o -g'
Tec

a
h

Mh




Negative Capacitance in 1956

Landauer et al. Polarization Merz. Switching time in BaTiO3
reversal in the Barium Titanate and its dependence on its crystal
hysteresis loops. thickness. J. Appl. Phys. 27, 938

J. Appl. Phys. 27, 752 (1956) (1956)

Fic. 1. Plot of
polarization against
field, at room tem-
perature, as given by i
Devonshire’s theory. -
P=polarization, E A
=field. Direction of

field and polarization
= are taken to be the n e by

same, and paralle] to
the “¢” axis of a
single domain crys-
tal. The solid line

GABCDEF gives the e F o - £
theoretical relation- .

ship.

Fi1c. 1. Pulsing field and pulsing current versus time.
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Effects of Domain Mechanisms on NC

Landau-Khalatnikov Dynamics Domain Mediated Dynamics
Metal } — Metal
-
Metal hﬂetal
-
Metal hﬂetal

_ \ }f/%f »»_/g- u —
Metal Metal

The Negative Capacitance effect is present even
though the ferroelectric does not switch in a single
domain fashion.

Georgia
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Effects of Domain Mechanisms on NC

1-D Landau Simulations

Landau-Khalatnikov dP B dU
Equation: Pat = " ap

B P_Vlnt
~bo 0 20
Voltage (V)

P (uC/cm?)

75

50

25

-25

-50

-5

Experimental Charge-

_

Field Hysteresis

<{"ﬁ
AN

Negative
capacitance
regions

\
A

| -04 | -0.2 | 0.0 | 0.2 | 04 |
E (MV/cm)

Discrepancy between shape of experimental hysteresis
curve and the prediction from 1-D L-K simulations
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Effects of Domain Mechanisms on NC

Domain mediated
Polarization switching

Hoffmann, Khan et al. (under review)
Preprint: https://arxiv.org/abs/1711.07070

Simulation based on Time
dependent Ginzburg-Landau

formalism
_(")'U,i 8PZ

op, "ot

P —P.\?
uj = a; P} + i P +7 PP —EP;+k ) | ( ZA.L_ 9)
j N

80

60

40

20

0

P (uC/cm?)

-20

-40

-60

-80 =

E (MV/cm)

rgia
iech

(——




What’s next?

Now that negative %‘05
capacitance has g0
been detected... o5

How to achieve voltage amplification from negative
capacitance?

How to stabilize negative capacitance?

Tech
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Ferroelectric+Dielectric Capacitor

O+ Channel 1 (V) -0
_|_Q Ferroelectric
Capacitor . . 0+ Channel 2 (V.) -0
—_— Dielectric N
FE JZEQ v ) Capacitor |
v) i
<S +Q + \/S
DE —— VD
— e— Q * Bottom T
- - Electrode P =
Electrode
Substrate
Voltage dv, Cr |CF| F1Co] > C AVp_,
amplification: dve = Cp + Cp  |Cr| — Cp FLombr avg
EqU|va!Ient Coun = 1 N 1 -1 If |Cel > Cp,| Cpir > Cp
Capacitance F+b =1~ "
D F . Georgla
Khan, Hoffmann et al. (under review) Tech||




Ferroelectric+Dielectric Capacitor

-
o

+Q .
FE —Z— j
-Q -
+Q + :Q 0
——— >V’ 5
DE=— v, ~°
1 -Q - )
g 3
>
SN
Khan et al. Appl. n
Phys. Lett. 111, |
253501 (2017) °1o c D c. 44opF’

1‘9 2‘1 23
t (us)
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Ferroelectric+Dielectric Capacitor

+Q 2
FE >Z—
'Q ~~
+Q & \>./
e o 1.5+
DE — Vi ©
1Q ;s ®©
e - 6
>
Khan, Hoffmann et al. (under
review)
0.5F
Change in source voltage AV .=1.4V

Change in dielectric voltage AV,=1.7 V 3
Avp 17V 191 = |Cr| Voltage amplification in a FE-DE
AVe 14V ' |Cz| — Cp series network experimentally
Khan et al. Appl. observed!
Phys. Lett. 111,
253501 (2017) Georgia &
Tech|




Ferroelectric+Dielectric Capacitor

Khan et al. Appl. Voltage amplification in a FE-DE series

Phys. Lett. 111, :
y network experimentally observed!
253501 (2017) Jeorgia &
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Stabilization and capacitance enhancement

Ferroelectric-Dielectric Energy Landscapes
Series Combination
o DE
FE 2= " 2 T
72&-() C - d°U
+Q do*| 1
DE —(—— ) )
= L0 FE+D
U ; .
. 1 1 |
Equwa.lent Cooh = N <0 |
Capacitance C.. C,;
FEQ R

CFE+DE > CDE If CFE < O

Enhancement of capacitance in a FE-DE Series combination!
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Capacitance Enhancement due to Neg. Cap.

C-V Characteristics

FE: Pb(Zry,Tig )05 -O- FE(28 nm)+DE(48 nm) -O- DE(48 nm)

(28 nm) .
g

-

DE: SrTiO,
(48 nm)

Metal:
rRUOs

| 2/
s

300 °C

"3 2001 5 A 6
V (V) V (V)
Capacitance Enhancement in a FE-DE
heterostructure experimentally observed!

Khan et al. Appl. Phys. Lett. 100, 113501 (2011)

(cover article, most downloaded Aug/Sep 2011). Georgia
Gao, Khan et al. Nano Lett. 14, 5814 (2014) Tech




Negative Capacitance in (Ba, ¢Sr, ,)TiO,

Superlattice: LAO(6 monolayer (ML))/

. : . 0
(Bag gSry,)TiO5 bulk Curie Temperature: <110 °C BSTO(18 ML) repeated 11 times on GSO.

L * 1 M L

Room Superlattice

0.72t temperature

:-Ba, Sr Ti0::: Y 0.66

0.8 02

LAO
BSTO =

o 0.60}
BSTO

- _’_—"_'——-'-"-_.‘_-
BSTO -
00 . 0.54 T
Substrate :: Ba, . Sr, ;TiO, . -10 -5 0 5 10

i Voltage (V)
W. Gao, A. Khan et al. Nano
Lett. 14, 5814 (2014).

Capacitance enhancement at room temperature
40

C (uF
/
—

—eorgia
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Negative Capacitance in BaTiO,

Metal Electrode

FE BaTiO, 20-50 nm

Metal SrRu03

substrate

Capacitance Density (fF/um)

Room temperature Negative
Capacitance observed in
BaTiO; owing to its low 100 50 0 50 10C
Curie temperature. Electric Field(kV/cm)

Tech

Appleby et al. Nano Letters 14, 3864 (2014) Georgia&




What am | going to do today?

f Physics of Negative \

Capacitance in Materials

-~

What do we need to know?

Capacitance Transistors

/ Physics of Negative \

P~

~
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Physics of Negative Capacitance FET

Baseline FET NCFET
Gate
Ferroele. dy Crg |CrEl

Amplification Factor

High-K dVs  Crg + Cymos  1Crel — Cuos
miconduct Modified
Channel eaitie m’ = dVs —1- Cos
Body Factor dy IC,, |

mos Subthreshold GNC _ goriginal (1- Cyos

------------------------ ; Swing 1C. |
: FE
Vs
Ideal Switch: ~0 mV/decade <
i [Crel= Cuos | Ceel > Cipos

Condition Characteristics Mode Khan et al. IEDM 2011
CFE<OI ICFE|>CMOS O<m°<1, GNC«Goriginal Logic
Cee<0, | Ceel <Cppos m°<0, SN¢<0 Memory Georgia &
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Sub 60mV/dec Negative Capacitance
FET: Capacitance Tuning Perspective

Negative Capacitance
FET

| a .
i
electric ;

|
Ovcrél —

source

P Silicon
N A=5E17cm'3

Ideal Switch: ~0 mV/decade < |Cig|=Cyos |Crg|>Chos
[s it possible to match Cg; and C,,,s over a large range of
charge densities and voltages ?




Capacitance Matching in an NCFET

' Intr|n5|c Accumulation Strong Inversi

: MOSFET _ |
" N s
.%I C, . | |

/

SOUI’CE

Depletion
0 1
[t may not be possible to match V_1(V)

Cpg and Cyg within the Khan et al. IEDM 2011.
operational charge densities. 45




Capacitance Matching in a NCFET

Strong Inversion

Case C: -CFE




Capacitance Matching in a NCFET

Strong Inversion

Case C: -C /

e

Acumulation
——

v (V)




Physics of Negative Capacitance FET

High-K
Bg/emiconduct
Channel
Ferroelectric P
_ 1C,p =~
Capacitance E. . t..

Intel 45 nm node, MIT MVS Model
Collaboration with
Dimitri Antoniadis, MIT

Below a critical FE thickness,
NCFET is a steep logic device!
Above that it's a memory
device!

4
10 trr=22 nm
N
102}
§ 100+
<
<
=
<107} t..=15 nm Baseline
(25 mV/dec) FET
\ (110 mV/dec)
10 i
te=5nm
(82 mV/dec) v 0.6V
A . . .
10-0.2 0 0.2 0.4 0.
Vs (V)
Georgia

Tech
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Externally Connected NC-FET

Drain

Bottom Ferroelectric

Gate
Electrode

Electrode

~ .
Drain

Georgia

Substrate

Top

Tech

Electrode
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Externally Connected NC-FET

Drain  Internal Voltage, V;
Probe

Gate
Probe,

R%e

Georgla &
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Externally Connected NC-FET

P-FINFET
Lg=100 nm

,,,,,,

FinFET L;=100 nm

Fin width=35 nm
Fin height=25 nm
EOT=1.4 nm

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

~o— |V, |=950 mV — |V, |=200 mV —- |V, |=50 mV

4| NC-FinFET tr=600 nm |
10 J ]]]]]]]]]]]]] T
WA LI
10°°
— 108 65 :
'T‘ mV/dec 12-24
ST _ 18 mV/dec
10 mV/dec Baseline i/
FinFET
10712
;
10714 ‘Lg:100nm
-6 -4 -2 2
V_ (V)
Georgia
Tech
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Negative Capacitance Transistors: Experiment

10%}
CFE | | TID 101 i E
\h\ | B 10?’ |
R (UL SN J I R J
2107} ]
- = = 107} EVi
Avi 10'5, VG """"""" T
AV > 1075} X
-7 Lol ; . .
AV, _ Cre >1 only if C.;<0 10 3 5 5 : :
AV CrostCre Vi, (V)

Sharp switching occurs due to ferroelectric negative

capacitance! ia
Tech

(——




Externally Connected NC-FET

(a) 74

V
C C g
source,ext FE7Z_£/| |Cdrain,ext
L

H IR
Drain

o I

| - |

N T

| |

T =01 =

— C C ' Baseline
Source | source S drain | FinFET

_________________

Sharp switching occurs
due to ferroelectric
negative capacitance!

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

Ferroelectric Charge (pC)

Vie (V)

Negative Capacitance
Regions: PQ and RS

Georgia
Tech
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Externally Connected NC-FET

5 t~=110 nm 102 ~ te=50nm
10 I Baseline FET Baseline Lz=300 nm
]‘ Lz=100 nm . FET Vp=-2.8V
; NCFET V=1V T
10 4 B D | 10
= 25.4 <
s 6 A mV/dec ‘51 0 ol
—10 /23-5 | = 29.6
mV/dec - V/d
8 y 107 65 faee +
10 mV/dec
10'10 . Hysteresi
i 0-1 0 | Hysteresis=~0.86 V | s="0.1V . .
D 0 2 -1 0 1
V. (V) Vs (V)
Khan, Jo et al.
Negative capacitance can reduce subthreshold (unpublished)
swing below 60 mV /dec!

Georgia &
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Ferroelectric Negative Capacitance

50

5

40 -

30

20 |

y T y T y T y T y T
W APL 99, 102903 (2011) A
@ APL 101,082905 (2012)  [> ] +Q,,+P,
A APL 102, 242905 (2013) ]
W JAP 118, 072006 (2015) i
APL 99, 112904 (2011)
O APL 99, 112901 (2011) |
A JAP 110, 114113 (2011) v O
v ECS J. Solid State Sci. Technol., 1 N123 (2012)
O Adv. Funct. Mater. 22, 2412 (2012)
Nano Lett. 12, 4318 (2012) v
[> IEDM, p. 280 (2013)
% Adv. Funct. Mater. A P

26, 7486 (2016) \ 4
o @ we
gl AV

)
2
v ] (S
c
O

h |
Vo0 +V

05 10 15 20 25 Voltage, V
E. (MV/cm) dQ Qo

There are plenty of materials
to try out!
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Ferroelectric Negative Capacitance

A A C
+QO__
o
Q, l
i : >
-V Vv V. 0 +V_
Vdltage, V Voltage, V Voltage V
|CFE,A| |CFE,B|<|CFE,A| |CFE,c|>|CFE,A|
dQ Qo
Crg = 75 = — 4
dV V. Georgia

Tech
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NCFET Expectation

Baseline FET
(Intel 45 nm)

“
High-K

)

Channel

NCFET
(Baseline+FE)
‘ Ferroele.

High-K

Channel

|5 (WA/pm)

10*

'MIT MVS Model Vp=0.6 V |
102
~ NCFET
(41 mV/dec)
of 1. Improvement of
107 subthreshold swing
. 2. sub-60 mV/decade
Baseline o
i 00 mV/dec) switching
10
3. Boost in on-current
0 0.2 0.4 0.6 0.8
Ve V)
Georgia
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P (uC/cm?)

Zoo of NCFET behavior (from best to worst)

10% T T T 104 — ; ; ; 10 - : 104 T T T 10% ;
]l NC

A'SB C

base

L L L L L L L L
-3 . . -3 UL L I I 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 103 L L L 103 L L L
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

A:SS 1! (<60 mV/dec) [,,T7T
B - B: SS | | (<<60 mV/dec), [ 111
p A -. C: SS | (~60 mV/dec) [ 1
¢E - D:SSLL(<<60mV/dec) I 1
E:SSTT (>>60 mV/dec) [, 11
F: SS T (>60 mV/dec) [, T7T
E. (MV/cm)
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Zoo of NCFET behavior (from best to worst)

10* £

A B

P (uC/cm?)

E. (MV/cm)

10 - : 104 T ; T 3 10% g

10%

3 C |

IE L Ne

NC

base

I I I I | I I I
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

If designed properly, great
performance can be obtained!

Otherwise, very poor performance
can also be obtained from NCFETSs!

Experiments need to go hand-in-
hand with simulations and also

structural characterization! gia &
Tech




What am | going to do today?

f Physics of Negative \ / \

Capacitance in Materials

What do we need to know?

/ Physics of Negative
Capacitance Transistors

Georgia
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Design of NCFETs

How to design an NCFET?
~0 mV/decade swing?

High K FE

Thickness Gate (Remnant

rroele Polarization
Coercive field

- Thickness)

S D
u Channe )
Ideal Switch: ~0 mV/decade

[Cre/= Cyos | Crgl > Chyos Ove rlapé
Khan et al. IEDM 2011
Yeung, Khan et al. VLSI-TSA 2013

Hu, Khan et al. DRC 2015 Georgia
Cheng-l, Khan et al. IEEE T-ED 2016 Tech|/

Subthreshold -
SWin SNC — Sorlgmal X (1 _ CMOS
g IC,, |




Reverse DIBL in NCFETs

Baseline FET 1 04

(Intel 45 nm)

“
High-K

Channel

g
&

Baseline FET \3~

(Intel 45 nm <L

+9 nm FE) s :

)
‘ Ferroele.

High-K

Channel

cpun: DR

02}

J 10'42

V,=0.6 V

Intel 45 nm
(DIBL=0.22 V/V);

-
3
3

E

MIT MVS Model

1
° 0.2

0

02 04 06 038

Vg (V)
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Reverse DIBL in NCFETs

Baseline FET
(Intel 45 nm)

“
High-K

)

Channel

Baseline FET
(Intel 45 nm
+9 nm FE)

Ferroele.

High-K

Channel

4
10°¢ PR
. Intel 45 nm Vo=0.6V V,=0.6 V
of +9nmFE
10
%. 10° Intel 45 nm
“f(; (DIBL=0.22 V/V%
A 10
1074} |
MIT MVS Model’
107° | | | ' ‘
-0.2 0 02 04 06 0.8
V,, (V)
NCFET might show reverse DIBL effects! Georgia
Tech
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Reverse DIBL in NCFETs: NDR

Baseline FET
(Intel 45 nm
+9 nm FE)

Ferroele. ‘

High-K

Channel

Reverse DIBL
effects may lead to
Output Negative
Differential
Resistance (NDR)

1000
800 |
g 600 |

g

~ 400

_ 0O

200 |

0
0

MIT MVS Model
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Reverse DIBL in NCFETs

Baseline FET 1 04 ' ! ! ! ! ﬂ
(Intel 45 nm) ]
F Channel g :
0} :
Baseline FET \3‘ 10 I(r[m)tIeBILéf) gn\]//v) ]
(Intel 45 nm < o :
+9 nm FE) S 1072 .
_0 :
Ferroele. ]
‘ High-K 10-4 i ]
Channel J :
1 0-6 l . l MIT MVS Model ]

-02 O 02 04 06 038

V. (V
- (V)
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Reverse DIBL in NCFETs

Baseline FET 1 04 | .
(Intel 45 nm) . Intel 45 nm Vo=06V V=06 V |
=== of +9nmFE f
g - 10 \ Vo e Vp=0.1V
€ | of Q
Baseline FET 3 10 Intel {5 nm
(Intel 45 nm < (DIBL=0.5V/V)
+9 nm FE) e 1 0-2 - .
‘ o) 5
Ferroele. -
High-K A f
10 4
Channel
6 : MIT MVS Model :
10 | | | | |
-0.2 0 02 04 06 0.8
. . V. (V
[f the baseline device has worse G (V)
. .. '
DIBL, it is beneficial for NCFET! Georgia

Tech
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Engineering DIBL in NCFETs

700

600 r

500 r

Intel 45 nm

700

0 0.5 1

Vs (V)

G
Well designed NCFET can show flat I,-V, saturation!
Great for Analog applications!

| 600t

1 500 ¢

1 400

1300¢

12007

= 100 1

Intel 45 nm
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Vy=0.5V

)

Ve V)

Intel 45 nm
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Overlap Capacitance

Ferroele.

High-K

NCFET

Intel 45 nm

V,=0.6 V
C, 0 y 06’
_________________________ = g V)

MIT MVS Model €0Orgia

Tech
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Overlap Capacitance

10"
Ferroele. .
2
: 10
ngh_K g Intel 45 nm
= 10O
<
g Channel 3 (02
_D
_ e 10_4
iIncreases! V206V
CMOS -6 : 1 C ‘
comes 10 0 0.5 |
closer to V_(V
C. g V)
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Overlap Capacitance

10
Ferroele. A
. 102} _
ngh_K — Intel 45 nm
E ]
<C
L Channel y 3 2
_0
107 |
Vp=0.6V
10707 |
Overlap capacitance helps to 0 0.5
improve NCFET performance due V. (V)

G

Georgia &
MIT MVS Model Tech ||
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Short L, Negative Capacitance Transistors

External
Metal Gate

Si Fin

_3 T - T : :
10} V, =086V L =20 nm 4
a0 e [ R

gy, -5E '.......:000..?
<10°}
T .
=107 |
- |
Q
'%1 0'9 Symbols: TCAD 14nm FinFET
o NC-FinFET Simulations

with experimental FE parameters

10'11 N 1 2 1 N 1 X 1
0.0 0.2 0.4 0.6 0.8
Gate Voltage (V)

-1 BSIM

_________________________________________________________

Improvement of Subthreshold Swing is higher in

Tech

short channel transistors! Georgia &




Design of NCFETs

How to design an NCFET?
~0 mV/decade swing?

1. A baseline device with large DIBL can result in good DIBL
characteristics of NCFETs!

2. Don’t reduce high-K dielectric thickness to zero! You need
it to reduce non-linearity of MOS capacitance!

3. You may see NDR in ID-VD characteristics! In short channel
NCFET that will allow you to get flat saturation
characteristics!

4. NCFET becomes better at short channel lengths!

The effects that tend to degrade MOSFET

performance improve the performance of NCFETS!

Georgia &
Tech|




Performance Projection of NCFETs
14 nm NC-FinFET Model 06 S
3 : ; ; — —Baseline 14
e O vesy latn 0 nm FinFET |
SiFin S e
<107} | —~ 04] _
= | = — 14 nm NC-
£107 { 5% FInFET |
= o
Q { > o2
-%1 0° Symbols: TCAD 14nm FinFET
— NC-FinFET Simulations
Q with experimental FE patrameters 3 0.17
10_11 L 1 L 1 1 1 1 1 . .
0.0 02 04 06 08 0
Gate Voltage (V) 0 . . 3 04 05 06
Experiments: Li et al. [IEDM 2015
™ | —ml— Baseline 14.nm FinFET Energy
Q —®— 14 nm NC-FinFET . . .
10} e \ dissipation due
[y >10 | .
i o i ] to
='° & —8—C__: Base FinFET 8 [V, =0.2V V=08V 1 h . .
" —Q—C:z: NC-FinFET § \ ~_ short circuit
O .l = ©
6 s 1.t e A | currentalso
] = arfFrergygain | S —e_g | decreases!
0.2 0.4 0.6 0.8 1.0 for iso-delay ;
Supply Voltage (V) :..... . . o . | |
Khandelwal VLSI Symp 2016 10" 107 10" Georgia
Energy (J) TJech




Full Chip Power Benefits of NCFETs

e Advanced Encryption Core (AES)
Engine: ~120,000 cells, ~800,000
devices

* [so-performance analysis (2 GHz)

* Steps:

14 nm NCFET BSIM models
based on experimental
results (Li et al. IEDM 2015)

 NCFET-based standard-cell
library characterization

* Full-chip NCFET-based GDSII-
level design implementations

L e

5

baseline FET @ 0.8V

Samal, Khandelwal, Khan, Hu,
Salahuddin, Lim. ISLPED 2017

NCFET @ 0.4V

. Cell Area | Wirelength Total Ca WN Power (mW)
Device VDD | # Cells (mm?) (m) (pF) (p Switching | Internal | Leakage Total
baseline FET | 0.8V | 127,757 0.043 1.02 686.8 ¥ /53 57.3 014 6.2 1549
0.5V | 128,438 0.043 1.03 992.3 (+44%) |/19.2 33.6 40.4 0.9 74.9 (-52%)
NCFET 0.4V | 135,235 0.047 1.01 033.6 (+36%)% 0.9 20.1 23.9 0.9 44.9 (-71%)’
0.3V | 152,328 0.053 1.02 927.4 (+35%) | -77.5 10.5 12.9 0.8 24.2 (-84%)

-+

LEVELS.

ISO-PERFORMANCE (2GHZ) AES DESIGNS USING NCFET AT VARIOUS VDD Georgia &
Tech




Speed

What is the speed of negative capacitance
mechanisms?

~220 ps in micron size PNZT capacitors: << Don’t get confused!
Li et al. Ultrafast polarization switching in thin-film ferroelectrics. Applied Physics
Letters 84, 1175 (2004).

The PNZT capacitor was 5 um x 5 um x thickness=200 nm. Switching speed scales
with area when limited by domain wall velocity.

With relevant FinFET dimensions (<~20 nm x ~100 nm x <4 nm=Lg x (2*fin
height+fin width) x FE thickness), you would get a switching speed of 16 fs.

With extracted damping and mass terms from spectroscopic measurements for
HfO2, the characteristics time scale for ferroelectric switching in the domain
nucleation limit should be around 220 fs.

Chatterjee et al. Intrinsic Speed Limit of Negative Capacitance Transistors EDL
2017http://ieeexplore.ieee.org/abstract/document/7990241/.

Georgia &
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http://ieeexplore.ieee.org/abstract/document/7990241/

Speed

Filled symbols: nWFM  Open symbols: pWFM

1.4 . . . . . . .
{v, =055V vV, =08V V, =105V
> 1.2 u | |
S 10 o, ﬁ d
g
~ 0.8 o
g 6 '
E 0.6 %.
— ' :;l O
© ¥ "
E 0.4 Symbols : -
ju B 3nmFE Wi e
> 0.2] e 15nmDE * o ol
 8nmFE
0.0+ : T
0.0 0.4 0.8 12 1.6 2.0

NMOS + PMOS Gate Overdrive (V)
Krivokapic et al. IEDM 2017
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Negative Capacitance:
What do we know and
What do we need to know?
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