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What is a Compact Model?
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Compact MOSFET Model

Gate
Compact Cgd=f2(Vgd, Vgs) T Cgs=f3(Vgd, Vgs)
Model -1
Drain @ O @ Source
Jds = f1(Vds,Vgs)
drain gate Sourc e
TCAD ]
Model




Compact Modeling or SPICE Modeling

[

3 g

b

Medium of
Information
exchange

" Good model should be » Excellent Convergence
= Accurate: Trustworthy simulations. Simulation Time _ ~HSGC
= Simple: Parameter extraction is )
e Accuracy requirements

easy.
" Balance  between accuracy and _ ~ 1% RMS error after fitting

simplicity depends on end application
e Example: BSIM-BULK,
BSIM-CMG, BSIM-IMG
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Industry Standard Compact Models

 Standardization Body — Compact Model Coalition

e CMC Members — EDA Vendors, Foundries, IDMSs,
Fabless, Research Institutions/Consortia

http://www.si2.org/cmc/



http://www.si2.org/cmc/

Challenges in Compact Modeling

Materials Physics

(S|’ Ge’ |||-V) (Quantum Mechanics, Transport)

SPICE Model

Maths/
Computer Sc. Electronics

(Circuit considerations —
Digital/Analog/RF/noise)

(Compiler, Function speed,
implementation, algorithms,
smoothing, integration, PDE)
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Some Snapshots from recent work



BSIM Family of Compact Device Models

1990 1995 2000 2005 2010

>
L

Conventional
MOSFET

BSIM4

Silicon on Insulator
BSIM-IMG

Multi-Gate MOSFET

BSIM: Berkeley Short-channel IGFET Model "
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Modeling of TMD transistor
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C. Yadav et. al. “Compact Modeling of Transition Metal Dichalcogenide based Thin body Transistors and

Circuit Validation”, IEEE TED, March 2017.
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Modeling of 111-\V Channel DG-FETSs

Conduction band nonparabolicity ¥ DXI;“L’ 1y
2-D density of states

Quantum capacitance in low DOS materials e
Contribution of multiple subbands l_b
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Fig. 1.  Schematic of HI-Y channel double-zate field effect transistor
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C. Yadav et. al., Compact Modeling of Charge, Capacitance, and
Drain Current in llI-V Channel Double Gate FETs, IEEE TNANO, 2017.
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Modeling of Quasi-ballistic Nanowire FETs
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5 O'O%IO 05 1.0 gate and drain voltages for n-type In.As nanowires, with a circular cross-section (r =
Zz 7.6nm), L, = 100nm and EOT = 0.92nm (Device 5)[44], are shown in (a) and
Gate voltage, V. (V) ). Lig d ce 5)[44] E ) anc

(b) respectively. Device works in the quasi-ballistic regime. Relevant parameter values
are specified in Table II. Short channel effect related parameters have been used as in

[19]. [20].
A. Dasgupta et al., "An Improved Model for Quasi-Ballistic Transport in l\}l(SSIJETS", IEEE TED, Jul. 2017.
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IMT PhaseFET Including Hysteresis
and Multidomain Switching

PhaseFET
Source

Gate G‘{

Semiconductor

(a)

Fig. 1. (a) Graphical representation of a PhaseFET with an insulator—
metal PTM at the source. (b) Schematic of a PhaseFET used for the

simulations in this paper [4], [8], [9].
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Fig. 2. Experimental data (symbols) and the model results (solid black)
showing the variation of the resistance with temperature for a VOo
resistor of 20-um length and 100-um width in log and linear (inset)
scales [17]. The behavior smoothly changes from semiconductorlike to
metallic with increasing temperature. Prediction from a single-domain-
based numerical simulation (dotted blue), which shows sharp switching
and no hysteresis, as suggested by the Landau theory [19], [20]. Our
multidomain model is able to match the measurement, including the
hysteresis, with a good accuracy.

Drain current, | o (nASum)

o Measurement (FInFET+VO,) ]

o Measurement (FinFET)
Model

0.4 0.6 0.8 1.0 1.2 1.4

Gate voltage, V

A. Dasgupta, A. Verma, and Y. S. Chauhan, "Analysis and Compact“’R%odeling of
Insula.t8g/-§\{l)ez- IgTransmon Material based PhaseFQ’o(I;]régkI]u ﬁ%hlé'r}fsﬁq'rﬁsls and Multi-

domain Switching", IEEE TED, Jan. 20109.
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Fig. 3. Effective free energy illustrating the two real solutions to (1) in
the form of the two stable minima (blue symbols) at low temperatures.
With increasing temperature, the system exhibits only one stable minima
(red symbol), giving rise to a switching behavior as shown in Fig. 2.
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Fig. 6. Experimental data along with model prediction for -V character-

istics of 100-.m wide VO, resistors of different lengths, such as L = 20,
16, 12, 8, and 4 um, at T = 60 °C [17]. The self-heating model capturas
the variation of device temperature with applied voltage and current flow,
enabling accurate modeling of the device behavior. Parameter values are

listed in Table 1.
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FINFET Modeling for IC Simulation and Design:
Using the BSIM-CMG Standard

DA E O TQ
ation & Desig Chapters
dard 1. FinFET- from Device Concept to Standard
Compact Model
- e P 2. Analog/RF behavior of FinFET
' . 1 AR, 3. Core Model for FinFETs
Rt YA 4. Channel Current and Real Device Effects

i 5. Leakage Currents
- 6. Charge, Capacitance and Non-Quasi-Static
L Effect

7. Parasitic Resistances and Capacitances

8. Noise
: Ve i 9. Junction Diode Current and Capacitance
St et 10. Benchmark tests for Compact Models

Pablo Duarte 11. BSIM-CMG Model Parameter Extraction
avid Paydavo 12. Temperature Effects
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Industry Standard FDSOI Compact
Model BSIM-IMG for IC Design

WOODHEAD PUEBLISHING SERIES IN ELECTRONIC AND OPTICAL MATERIALS

SOUPC

] : Dhrain
Ultra-Thin Buried oxide

INDUSTRY STANDARD
FDSOI COMPACT MODEL

BSIM-IMG FOR IC DESIGN

CHENMING HU, SOURABH KHANDELWAL
YOGESH SINGH CHAUHAN, THOMAS MCKAY
JOSEF WATTS, JUAN PABLO DUARTE

PRAGYA KUSHWAHA AND

HARSHIT AGARWAL

Chapters

1. Fully Depleted Silicon on Oxide Transistor and
Compact Model

2. Core Model for Independent Multigate MOSFETs
3. Channel Current Model With Real Device Effects
in BSIM-IMG

4. Leakage Current and Thermal Effects

5. Model for Terminal Charges and Capacitances in
BSIM-IMG

6. Parameter Extraction With BSIM-IMG Compact
Model

7. Testing BSIM-IMG Model Quality

8. High-Frequency and Noise Models in BSIM-IMG
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SiN Passivation
'SOURCE N\ GATE_ ‘\g‘/ _~DRAIN

News (March 2018) -

Nucleation

Typically Sapphire or SiC

e Our ASM-GaN-HEMT Model is world’ s Tlrst
Industry standard SPICE Model for GaN HEMTs

e Download - http://iitk.ac.infasm/

Si2 Approves IC Design Simulation Standards for Gallium
Nitride Devices

" March 14, 2 omments ompact Model, Frontpage / “- ._
I re Communication

Compact Models Si2 Approves Two IC Design Wroiess Comms
Simulation Standards for Fast-Growing ‘&
Gallium Nitride Market - aﬂ

Hlﬂaryﬂomms

Compact Model Coalition Models Expected to
Reduce Costs, Speed Time-to-Market

http://www.si2.org/cmc/

http://www.si2.org/2018/03/14/gallium-nitride-models/
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Outline

Motivation
Understanding Negative Capacitance

Experimental realization of Negative
Capacitance

NCFETs: Modeling and Analysis

MFIS vs MFEMIS configurations

— Long Channel
— Short Channel

Performance of NCFET based Circuits
Conclusion



Power challenge
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A.M. lonescu, H. Riel, “Tunnel field-effect transistors as
energy-efficient electronic switches”, Nature 479, 329 (2011) A. M. lonescu, Kathy Boucart, “Tunnel FET or Ferroelectric FET to

achieve a sub-60mV/decade switch”, IEDM 2009.
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Subthreshold Swing
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Capacitance Definition

* Ingeneral, insulator can be a non-linear dielectric whose
capacitance density (per unit volume) can be defined as

-1
%G : :
e 1:Cips = (ﬁ) = inverse curvature of free energy density

oP

Pt slope of the polarization vs electric field curve

e 2. CinS =

P = Polarization in dielectric, G = Free energy density, E = Externally applied electric field

= Two types of non-linear dielectrics:

» Paraelectric : No polarization when electric field is removed.

» Ferroelectric : Two possible states of polarization when electric field is
removed.



Negative Capacitance Transistor

o What if insulator has a Negative Capacitance!
Cins < 0 and == < 0, then (1+ ) < 1> § < 60mV/decade

. ns
e For a capacitor

2
— Energy G = S—C —> Capacitance C =1 /dz_G = 1/Curvature
dQ?

(@) Charge-Voltage Energy Landscape

Characteristics R :

g Positive Capa.lcitor | '::':: Positive Capacitar ‘ i CFE < 0 |

o =1

3 5 T

© @

e c

o | .- i, :

(b) Voltage,V (au) Charge, Q (au) G

=5 Negative Capacitor | 5

N, L

&) -

@l | =

g S

© o

6 . LE Negative Capacitor .
Voltage.V (au) Charge, Q (au) Energy landscape of ferroelectric
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Capacitance Definition

2

Linear capacitor: Parabolic, G = Q-
. 2C
Charge-Voltage Relation ey
S Energy Landscape
Characteristics
O — dQ ’g Positive Capacitor %‘ Positive Capacitor
dV o =
S >
fC<0—-2>AsVY, QM 2 2
” Voltage,V (au) Charge, Q (au)
More Definitions 3[R
. . . O D
Capacitance of a general dielectric: g 3
] ('_Ct‘; % Negative ‘Capacitor
62 G Voltage,V (au) Charge, Q (au)
C=\|5~0 | | .
Q) Non-linear capacitor: e.g. Ferroelectric
Inverse curvature of
free energy density T
G = Free energy density G

Ref. - A.l. Khan, “Negative Capacitance for Ultra-low Power Computing”.
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Para- and Ferro-electric Materials

*Paraelectric : No polarization when electric field is removed.

°Ferroelectric : Two possible states of polarization when
electric field is removed —Spontaneous/Remnant Polarization.

PJI.

-

—

)

Paraelectric

06/21/2019

E
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Ferroelectric
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emene. FEITOElECEIICILY

e Spontaneous electric polarization: Non-Centrosymmetricity (for crystalline materials)
* Reversible polarization state by the application of electric field

e.g. Lead titanate PbTiO;, HZO

Centrosymmetric:- Paraelectric Non-Centrosymmetric:- Ferroelectric

(a)
Classical Ferroelectric

° @
PbTiO, (Pb>*Ti**0,5 ) 9
o~ o

o=@ 1+ @ 0-@ d) $ 0

P=0 at E=0 +3++4 42+ 4+ +Q

[1] K. M. Rabe, C. H. Ahn, and J.-M. Triscone, Eds., Physics of Ferroelectrics: A Modern Perspective, vol. 105. Berlin, Germany: Springer, 2007.
[2] A.DG<han; ONegative Capacitance for Ultra-low Power CorfijgiitingC./Ridiahesis] Wniversity of California at Berkeley, 2015. 26



Paraelectric to Ferroelectric Phase Transition

e.g. Pb[Zr,Ti, .0, Lead Zirconium Titanate (PZT) ,
_ Ferroelectric phase
Paraelectric phase

Cc \
JPb2+~JOz_.Ti4f Zr4+ l b ” w‘/w )ﬁ\\\d/ ‘ ﬁ
P
A N

u/‘\\&//d/d

T >-TC T. = Curie Temperature T<T,
T Cubic Tetragonal
P
pi =

06/21/2019 Yogesh Chauhan, IIT Kanpur 27
[1] K. M. Rabe, C. H. Ahn, and J.-M. Triscone, Eds., Physics of Ferroelectrics: A Modern Perspective, vol. 105. Berlin, Germany: Springer, 2007.



Landau-Khalatnikov Theory of Non-
Linear Dielectrics

* Free energy of a non-linear dielectric is given as
G = aP?+ fP*+ yP® —EP
* Ingeneral, @ and S can be +ve or —ve but y Is always +ve

for stability reasons.

. ; ] dP 0G 0 = Polarization
e Dynamics of G Is given by é — = " damping factor

In the steady state, % =0->E =2aP + 46P3 + 6yP°>

Fora>0andatE =0,
there exit only one real root

- / 2_ —
P__O _ P=O,iPrwherePr=\/B say—p
A Paraelectric Material 3y

Fora < 0and at E = 0, there exit three real roots

A Ferroelectric Material has a non-zero P at zero E.
06/21/2019 Yogesh Chauhan, IIT Kanpur 28



Assumptions

Free energy of a non-linear dielectric
G = aP?+ fP*+ yP® —EP
 Polarization and Electric field are uniaxial.
(perpendicular to electrodes)

 Polarization and Electric field magnitudes are
uniform throughout the ferroelectric.

e Plezo-electricity is ignored.



L-K explanation of Phase Transition

ForE=0, G =aP?+BP*+~P% and a = ag(T —Tp), o0 >0

Paraelectric Material

E=0 G a>0

P

0 = 2aP + 48P + 6y P?

e a>0ieforT>T;atE =0,
there exists only one real root,
P=0

* i.e. No polarization when

electric field is removed

P=0at E =0

Ferroelectric Material
G

a<0

e Note, P=0hasa
maximum.

Negative * Not possible in an

' ’ isolated ferroelectric.

l P
0 = 2aP + 48P> + 6y P?

a<OieforT<T,atE =0,
there exist three real roots
P =0,4+P, where

p - \/\/;32 - 3ay — 3
3y

Two possible states of polarization
when electric field is removed.

[1] K. M)@Rabe,@C.°H. Ahn, and J.-M. Triscone, Eds., Physics@fcFerroelectrics! AH4odern Perspective, vol. 105. Berlin, Germany: Springéf, 2007.



Positive and Negative Capacitances

_  }
E=0 G o>0

Only one solution T

atE =0 \
P a>0

E=0

G/

a<(

Three possible solutions
atE =0

Negative|Curvature

P = 0is not possible in a

isolated Ferroelectric due
\ to maxima of energy or a

P negative capacitance

Negative Slope

Paraelectric

A Positive Capacitor
06/21/2019

926\ ' aP
Cinsz W =6—E<0

m y

Y

Ferroelectric

A Conditionall
Yogesh Chauhan, IIT
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anpur 31



Application of Electric Field

G =aP?+ 3P +~P% - EP D
E = 2aP + 48P3 4 6yP°

-ve slope

Y

Paraelectric
[A Positive Capacitor]

Isolated Ferroelectric
[A Conditionally Negative Capacitor]

[1] K. M. Rabe, C. H. Ahn, and J.-M. Triscone, Eds., Physics of Ferroelectrics: A Modern Perspective, vol. 105. Berlin, Germany: Springer, 2007.
[2] A.DG<han; ONegative Capacitance for Ultra-low Power CorfijgiitingC./Ridiahesis] Wniversity of California at Berkeley, 2015. 32



How to stabilize a Negative Capacitance?

Add a positive dielectric capacitance in series such that total free energy of system has a
minima in the negative capacitance regime of ferroelectric.
V [}
P-E Curve

e DE '
FE+DE ) '

-ve slope

1 P — —
- v
Total energy of the FE + DE system
_ 2
G Gf +Ga For a stable system 0°G > 0 (minimum)
QIEOEf+Pf:€0Ed—|—Pd 3@2
gsum;gVis;nall s Cl _ Cl n Ci >0 For a stable system
~ 'y = Iyq tot f d
¢ 1ICr| > Cy
32G asz 32Gd C |C
_ — = _ a- fl
002 002 + 002 Cior = —C > 0 Ceor > Cy4
06/21/2019 Yogesh Chauhan, llgﬁ;lnpur d 33




Negative Capacitance in Ferroelectric

A
P-E Curve P, T Cins = Cre
\ : Negative slope region can be
! : stabilized if
' -ve slope | »
-E_+ :E i 1 1
Ca : C CtOtCll — + > O
: : —|Crel  Cs
E or,
! p |Cfe| > CS

S. Salahuddin and S. Datta, “Use of negative capacitance to provide voltage amplification for low
power nanoscale devices,” Nano Letters, vol. 8, no. 2, pp. 405410, 2008.
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How to stabilize a Negative Capacitance?

e Add a positive dielectric
capacitance in series such that total
free energy of system has a minima
In the negative capacitance regime
of ferroelectric.

A.l. Khan et al., APL, vol. 99, no. 11, p. 113501, 2011

e 14159

Ctot Cre CpDE
* Cpr < |Crg|land Crg< 0
CpE-|ICFE] >0
|ICFE|=CDE

Ctot —

Polarization (au)

0
06/21/2019 Yogesh Chauhan, IIT Kanpur Voltage (a u)



Ferroelectric-Dielectric Systems

120

—25/20
1—25/30

— 25/50
40 —T

Capaci ance Density (fF/um?)

r vy
-100 -50 O 50 100

Electric Field(kV/cm)

A. I. Khan et al., APL, vol. 99, no. 11, p. 113501, 2011.  D-J- Appleby et al., Nano Letters, vol. 14, no.7,
pp. 3864-3868, 2014.

Total Capacitance of Ferroelectric-dielectric hetro-structure becomes
greater than the dielectric capacitance.
CDE' |CFE|

tot = >0
|CFE| o CDE
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Agilent 811504

Ferroelectric-Resistor System

PZT ferroelectric (PbZr,,Ti, s0;)

a b c
© b
. Series resistor R * ‘[
s o o R |
S SR T
& ~ S e e >
IS e | !
5 —foneierer £33 () ook Lo o S
2y __SRO bottom = £ A . gk
@ electrode u 5
E_ — 5TO substrate _/ T Y
_O _____ _ V[
O aé o
g 2
c 40 : : Time ——»
1.0
s 38¢ —0=R =50kQ
g 16l —0—R=300kQ
= o 051
o =
> =
= 34r o
E
0.0f
32t g
3.0
i N 4] 10 20 30 40 05
-
= 10 19 P
_1.1 _].O 1 1 1 1 1
~6 ~4 -2 0 2 4 6
12 Ve (V)
-13
- g -1  NCis observed only for a small duration (~us)
g 5 . . . . .
3 . during polarization switching.
R e Difficult to stabilize.
0 20 40 60 80 100 B T 80 85

t (us) t(us)

Ashikhan et al., “Negative capacitance in a ferroelectric capaciter,iNature Mater., vol. 14, no. 2, pp. 182-186, 2015.



First ever demonstration of S-curve

t (us) t (us)
0.0 0.4 0.8 0.0 0.4 0.8

Landautheory
16 20} © Experiment

! Discharging

v, (v)

| (mA)
)

"4 nmALQ, -

11.3 nm HZO
Hoffmann et al.

IEDM, Dec 2018

3 2 a0 1 2
E. (MV/cm)

Charge (pClem?)

[ = |LGD theory
TiN - ©  Experiment

LGD theory
O Experiment

P (uC cnr?)

15}

“UTiINHZO/TIN

Hoffingnretal. Nature Lett., Jan 2019 Yé&gesh-Bhauhdh, 1IT Kanpu?
Ec (MV cm™)



Measuring S- Curve

a Experimental set-up

i)
! Pulse geni,

™

oY

0.5
Time (us)

05

0.0 |4

0.0

1.0

2.4

-
=}
T

Charge (nC)

[=]
oo
T

Vmax M

, PC cm2)

[ —— LGD theory 7
o Experiment

& VUrinmizormin

=2 =1 ] 1 2
Eq (MVem™)

LGD theory
o Experiment

-30

-15 0 15 30
P (uC cm?)

Ref. — Thomas Mikolajick et al., “Unveiling the double-well energy landscape in a ferroelectric

layer” Nature Jan. 2019.
06/21/20
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Negative Capacitance FETSs

PbZr, 5,Tiy 4,303 FE with  P(VDF, ;-TrFE, ,:) HfZrO FE
HfO, buffer interlayer Organic Polymer FE CMOS compatible FE

S. Dasgupta et al., IEEE J. Jo et al., Nano Letters, 2015  K.-S. Li et al., in IEEE IEDM, 2015.
JESCDC, 2015.
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NCFET Structures

MFEFMIS Structure MFIS Structure

] Metal

E Ferroelectric Metal ,
H Metal Ferroelectric

({)mr InSUIator InSUIator

 — Semiconductor

Semiconductor

NC-FIinFET
n-well (FE: Hfg4,2r0.550,) 13 mV/decade 52 mV/decade
- Lg =30 nm Lg =10 um t,, = 1.5 nm
46 mV/decade [Lietal IEDM "15] [Dasgupta et al., IEEE JESCDC, ‘15] [Lee eet al., IEDM ‘16]

[Rusu et al. IEDM ’10]
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MFMIS NCFET Modeling

MFMIS Structures

L 0o

Ferroelectric

Internal
Metal

Source

()

Metal internal gate = equipotential surface with a spatially constant V.

Ferroelectric and baseline MOSFET can be considered as two separate
circuit entities connected by a wire - Simplified modeling
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Device Structure

Metal-ferroelectric-Metal-Insulator-Semiconductor (MFMIS)

Metal
Ferroelectric

V
Metal G
High-k l
Cfe
Si Fin Ivi“t
C
O
VS.CII i ICI oV,
Si Substrate SOUICR. —=g Drain

* Metal Internal gate provides an equipotential surface
with a spatially constant V, .

« Simplifies modeling as ferroelectric and baseline
MOSFET can be considered as two separate circuit
entities connected by a wire.
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Experimental Calibration of L-K Model

20} © Experiment
= | andau Curve

—

o
T
5&."'

P (unC/cm?)
=

-10¢

vfe (V)
Calibration of L-K with P-V;, curve for Y-
HfO2 with 3.6 mol% content of YO, c[3]

o =—1.23 x 10° m/F
f = 3.28 x 101 m/F
vy = 0 (2" order phase transition)

[3]J. M~ uller et al., JAP, vol. 110, no. 11, pp. 114113, 2011.
06/21/2019

Gibb’s Energy,
G = aP?+ BP*+yP® —EP

Dynamics of G is given by

O% = "ap

dp
In the steady state, e 0

V

E =1 =2aP + 48P3 + 6yPS
Lre

P =(Q — ¢E = Q (Gate Charge)

[1] Devonshire et al., The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science, vol. 40, no. 309, pp.
1040-1063, 1949.

[2] Landau, L. D. & Khalatnikov, I. M. On the anomalous absorption
of sound near a second order phase transition point. Dokl. Akad.
Nauk 96, 469472 (1954).
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Calibration of Baseline FINFET

Calibration of baseline FinFET with
22 nm node FinFET.

1.4 BSIM-CMG model is used to

1.2 model baseline FinFET.

Ref. FInFET  g#14 .0 £
" Jos3
logE Gate length (L) = 30nm,

_'0_4‘° Fin height (Hfin) = 34nm

oo 0.2 Fin thickness (Tfin) = 8nm
-10 Wt . i
107" st 0
Vs (V)

C. Auth et al., in VLSIT, 2012, pp. 131-132.
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Complete Modeling Flowchart

Ve
f p

V - -
E =% — 2aP + 48P3 + 6yP® Landau-Khalatnikov Model of ferroelectric
tre Verilog-A Code
P = (Q — ¢E = @ (Gate Charge) \ y

Qg

lVint = Ve — er

4 )

BSIM-CMG Model of FINFET
Verilog-A Code

}
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Capacitances and Voltage Amplification

V
E =-1%=2aP + 48P3 + 6yP5
VG tfe
C ‘ er = tfe(ZO(P + 4IBP3 + 6]/P5)
fe
I 9, 1
Vint Cfe = Q =
Cint Vre tre(2a +12BQ? 4 30yQ*)
| Cox i 1 _ 1 1
VS [ I I I I I : ® VD Cint Cox CS + CDrain + CSource
|
! Csource Chprain
|
| CS | .
=== Internal Voltage Gain,
Capacitance matching between 4, = WVine _ |Crel
|C;.| and C,, increases the gain. Vs |Cre| = Cine
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Capacitance Matching

7 35 ————— 5
L Solid: VD=50mV ]
5 N -Dash:VD=0.8V A _4
: ) t._=8nm “\ -
o > 251 e 1 >’
S 4- Q‘a | tettom 5‘ 3 g‘,
(&) i N ::, ] >-E
8%3_ % 15} A 12 §
1} < | A1 0 |, <
_ ' 1
o — 1L | . 5_:@/ -------------
0 2 4 6 8 0.0 0.2 0.4 0.6 o.g

Capacitance (p.FIcmz)

 Capacitance matching increases with t;, which increases the gain.
» Hysteresis appears for |C;| < Cint which is region of instability.

 Increase in V reduces the capacitance matching
— Reduces gain.
— Reduces width of hysteresis window.
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|-V Characteristics —

10°
- 10™
e ASt:, INcreases _10°
. ; ] € 6
— Capacitance matching is 513
better ~ 108
— Cq and C;,, are better 10°
matched 10705
100
; |
S = (1 > ) .60mV/dec 3
|Cins] §80'
§ 70
560-
0
e Ast.1 = SS| o
40-

06/21/2019

Yogesh Chauhan, IIT Kanpur

SS region

10.8
[ fe Vp=50mV
& © 410.6
\ e }‘I(Jn improves| 04
.
0.2
Y
' —t——t 0.0
0.2 0.4 0.6 0.8
Ve (V)
te=0
tf =8nm
[ Vp=50mv fe=110m
[ tre=14nm
te=17nm
[t ir{creasing w;/
[ \ _//
___...--'/
N




|-V Characteristics — ON region

e AS t;, Increases

107

— Capacitance matching is

better 10

AV _ aVint . |Cfe| 3'10""

tre=0
te=8nm
te=11nm
te=14n

Vp=50mV

“Icm improves|

e As gain increases, Iy
Increases.

- V. _‘Cfe‘_cint :gz r%
10'10--'------

Note the significant improvement in |, compared to SS.
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- -
(=]
L

—
=]

—

Drian Current, | _ (A/um)
S

ey
Q

o
' [=] o
b &

|-V Experimental Demonstration

SS

=
o

=
N

=
&

=
(=2}

1.0

Gate Voltage Vv,

s (V)

SS

min

=58mv/dec

M. H. Lee et al., in IEEE JEDS, July 2015.

10°
s 10° LN
Z
] Hysteresis for _:: *‘
=~ 107 b FE device: 40 mV >0y -
= EP
Z 28
= L. =2pm I ,r‘
" e N
7 10°p RTA:450°C > “&; o
E —0—FE HZO Ge pFET ﬁ
= —l—Geconn'ol Wf’o HZO \‘;\‘ﬁ
10°

-1.0 0“ 00 0‘T| 10 1.5

Gate Voltage V. (V)

J. Zhou et al.,

06/21/2019

Drain Current [ (].lf\;"jllll}

~in=55mv/dec

I (1A)

5 -5
10 —|nternal gate 7 10 —— Internal gate 5
10.5 | =—Gate ; 6 10-5 I —Topgate | 4
e 415 —~ _ 7
= 107} s <z 10 I
& 08 1 a0 ]
— 107} y 1>
10"} ly— 10™ 1’
Vp=0.1V 4 17 ooy N 0
11 'l .
10° i . 1. -1. -0. . .
05 00 05 10 1.8 e A0 [(,\?0”) 0.0 0
V_ (Volt) G
K.S. Lietal., in IEEE IEDM, 2015
e 10° (a) ' :
O FE HZO Ge pFET - 7z 30 "0 Vo= DO5Y ®
50 + Ge control without HZO | ~ J(:P 3 O Pps=-05V .o
[ 0000, RTA480°C < 107 Z 5 .
u:?:-: |l o5 ml bl ‘:—:‘. .. ¥ -
40 o 0~ Lov] E 10°® ,,,_.3]0
€] 2 - 1® J
30 foooccs ‘*QJ{*{-J:_I__ prep =02 ‘ 5 10° S T NcGepFETs 1
o -10 t Vs = V- 10V e O
10 s O- ;
20 | .E f U 3.0 L(..=3.5 pm s
i o 10.11 L r W: 50 }Jm" .E .O'.‘
S /" L:50 um 7} 15
10 Q 1026 : a
’_/ V, =50 mV : 20 o
0 e T T e e e e e e e e T T L 10'13 | | i . y ’ .
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 06 08 10 szgk ufgﬂ(m :P.z) S0
Drain Voltage F (V) Gate Voltage [V] G W
D.Kwon et al., in IEEE EDL, 2018 JingLietal., in IEEE EDL, 2018

in IEEE IEDM, 2016.
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L) v L) v L) v L)
O Experiment
= |andau Curve

= N
=)
&

]

P (uC/cm?)
o

-10

Ip (WA/pum)

15-Vp Characteristics

FE material is different.

2500 T T . ————— —
| t,=330nm : [ Symbols: TCAD i
2000 tt:,e =1nm e Model ME Cines: Mo ¥ bt* .
- x_ " ; )
1500 V=06 to 2V in
.steps of 0.2V
1000F X o
500 - : :,__':-:'-: -------- B o e ik
8 0 0.5 1.0

Vp (V)

« NCFET is biased in negative capacitance region.
— Qg or P is positive = Vg, Is negative.

* Vps?t 2 QgorP| 2 |Vg| | 2V,

reduces

int

=Vst+|Vil | 2 A, | = Current

G. Pahwa, ..., Y. S. Chauhan, “Analysis and Compact Modeling of Negative Capacitance Transistor with High
ON-Current and Negative Output Differential Resistance”, IEEE TED, Dec. 2016.
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Experimental Demonstration

200

7 W=20nm o 5nm Hio, FinFET(3)
_g'tem"" gate 6 L=60nm - 5nm HZO NG-FinFE
Sl—Cate 1 V_:0.1Vto 3.4V
45 —~ 150 Step:0.5V
4 § % HZO= 5nm
a3
13- :3100
412
14 50
1360m/ 20um 00 . . 9
0.6 -0.4 -0.2 0.0 02 04 06 ' 0.5 0.0 0.5 1.0 1. 0 > 1 0 -
— Ves (V) Vs (Volt) ) v, (Volt
1.5 nm HZO SS _58mV/dec
N ) K.S. Li et aI 'in IEEE IEDM 2015 K.S.Lietal,in IEEE IEDM, 2018
Compatible with sub-10nm M. H. Lee etal, IEDM, pp.
technology node 1211—1214, 2016 . y 3 ek
10° . : - : .
T e 50 b— — FE Ge pFET J & Hlagrts
_ g —+— Ge conirol 4 ] 80
: ; B o lr-Sl;l l ] i 1 Em- 120} @
£ Hysteresis for & E- 3ok T<Cn | {1 E
': 107" b FE device: 40 mV }, o ._E 2 Cox 1 9 654 100 E:Eb
g o T, A ] o o
5 IG=2um % Uém un*[" 1 4 % g sor Bo
= 0%, 10 = < T R Sy SRR L S SR S, | o NC forward
= Iggﬁgﬂﬁ?ﬁo“i B 1E-10  1E9  1E8  1E7  1E6  1ES 40 | 0 NCreverse
3 oF 0 ) . ) £ 1,.(A) ¢ 20nmALO
10, 05 00 05 10 15 1.0 05 00 05 10 15 - : . 20 ¢ \C <imulation
Gate Voltage ¥ (V) Gate Voltage V_ (V) 14nm nOde NCF'nFET 0 ' " ' : L
. 10" 10" 10" 10 10° 10® 10
J. Zhou et al., IEDM, 2016, pp. 12.2.1-12.2.4 by Global Foundries fo (A g™
-£hou et al., ' PP Le.2. 11204 i i M. Si et al., Nature Nanotechnol
21/201 VooesKHvokapic gtal, M, 2017, pp. 15.1.1- M. o “
U6/2AZ019 O(‘Jjeslse.l.g}.i B awp% vol. 13, pp. 24-28, 2018. 53



10?2 ———— — _

ee=====222223F 40
= e 1 .
13_4 ‘ez : 20l Vp=50mV, 0.8V
1 — 1
— E i —
£ 10° 1 SR E—— o regon
_E. #n — > Negative DIBL 3 £ I
<10° 1 20t
o407 e Solid: Vy=50mV o _
. s Dash: V,=0.8V o .40}
1 0_ : I:’ tfe=8nm ]: [
10°F t,=11nm ] -60}
1 0-10 . L . L . L . i <10 | S S — o
0.0 0.2 0.4 0.6 0.8 0O 2 4 6 8 10 12 14
Vis(V) t. (nm)

* Vp reduces Qg which, in turn reduces Vi, = Vg — Ve
In the negative capacitance region.
— Negative DIBL increases with t, due to increased V., drop.

* V, Increases with V instead of decreasing.
— Higher I, still lower 15!
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£ 10° 4 ,
Zr'—= Negative DIBL
< 10° 1
[~ 1 0-7 Solid: V=50mV
. Dash: V=0.8V 3
1 0- tfe':snm 1
10° te=11nm 1
-10 i 1 ”
10 0.0 0.2 0.4 0.6 0.
Vs(V)

V increases

T
0.5+
0.4+
0.3f
0.zt
0.1t

ok
0.1t

0.2}

0.3f

0.4}

0.5¢

0.6

0.7+

Negatlve DIBL/DIBR Effect

---------
-------------

-
”‘
-

(@]

T T L] L L] L] L

Vp=50mV, 0.8V

'_-'-
Negative DIBL
region

10 12 14
t., (nm)

G. Pahwa et al., IEEE Eur. Solid-State Device Res. Conf. (ESSDERC), Sep. 2016, pp. 41-46.

Vp 1, Qc b Vie 1, Vint 4, Vir!

L
-5 0
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L
15
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I (Aum™)

! 104

— — —— i ]

Whm ‘J 'lll

0B 6 4 20 5 4 6 810
V., (V)

Xu et al., ACS Nano, 2018

[ — Vpg=01V
10°F — v, =05V

107

107

10-11

i ek By Bk B, Bt |

Vi (V)

10—13 N A s s N
-1.0 -05 0.0 05 1.0

Vs (V)
M. Si et al., Nature Nanotechnol.,
vol. 13, pp. 24-28, 2018.

e V,, Increases with V instead of
decreasing. Higher 15, still lower | 5!

| » Negative DIBL increases with t;, due to
s Increased Vs, drop.

95



|-V Characteristics — High V¢

 Hysteresis appears for [C,|
Ci Which Is the region 01‘e

Instability.

Vp=0.8V

o, improves

e AS t;, Increases
— SS reduces, 15y INcreases.
— loee reduces for high Vo,

00 02 04 06
* Width of hysteresis at larger Ve (V)
thicknesses can be controlled
with V.
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Negative Output Differential
Resistance

2500 T . .
t=330nm Symbols: TCAD
2000} tox=1nm Lines: Model 1
%1500 [V=0.6t0 2V in g
1000 _sleps of 0.2V E
500¢ o
1 ' . A -0.5}
%.D 0.5 1.0 1.5 2.0
Vp (V)

(b)

i
=

V=0.6to 2V in
steps of 0.2V

T
t[e:330nm

tox=1nm

Symbols: TCAD
Lines: Model

0.0 0.5 1.0

Vp (V)

2000

tro:
— Onm

| === 160nm
= 330nm
— 340nM
| e 355NM
Vg=0.8V
t,=1nm

1500

1000

Ip (pA/pm)

500

G. Pahwa et al.,” IEEE TED, Dec. 2016

Ips (pA/pm)
=
(=]

30}
£ 20}
<
£ 10}
a (m
o5
-1
06/21/2019

[ 2
5 T VsVt from 0 to -1.0 ¥V, Step = - 0.2 \"
[t = 6.6 nm A

u E 0
Drain Voltage V (V)

-1

J. Zhou et al.,

- 0f
1. =37 nm E'
& -2
2
3|
S
£
Z gl —0—#,=6.6nm |
= —O—1t,=4.5nm
104 —— I =3.7nm o
-1.0 0.8 -0.6 -04 -02 0.0

IEEE, JEDS, 2018
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Gate Overdrive Vg - Vi (V)

0.0

b
Symbols: TCAD
Lines: Model 0.020 ¢
2 0015
£
=
f:,u 0.010 }
..... =
-------- 0.005 |
0.000
Vp (V)
Mengwei Si et al.,
60

Drain Current [ (pA/pm)

(g b L th
=] = =] =]

-
=

-~y 0000
000CCE0,,

e~

34+++H++

22% ~0
%

2 FEHZO Ge pFET
+ Ge control without HZO
RTA: 450 °C

- Step 0.2y
'8 e )_Tl}l-):mi'
o ﬂ: O

RN N W R R R VU aiaia s i i S

VsV gl
0~ 10\

0
-1.0 -0.8 -0.6

Drain Voltage V.

-0.4

0.2 0.0
ns (V)

Drain Current "m' (LA/um)

J. Zhou et al.,

4) prppyypegpy—y

Tt
=

20p

02 04 06

Vs (V)

08 10

Nature Nanotechnology, 2018

——FE GeSn pFET
== (ze5n control w'o HZO

1(_:&;\.1-..-___.(.”1 -
20% A

from 0 to -1.0 'V
“f_\ Step=-0.2V
*\_{l’ﬂf-\ 450 °C

1[' LK
() i §
-1.0 -08 06 -04 -0.2 0.0
Drain Valtage ¥V _(V)
IEDM 2016
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Optimum NC-FINFET

NC-FinFET with

Same |y as 22 nm node FinFET.
Ref. FinFET

V,,=0.8V

Steeper SS of 58.2 mV/decade.

Vp reduction by 0.4 V.

lopr reduction by 83 %.

Vs(V)

G. Pahwa, T. Dutta, A. Agarwal, and Y. S. Chauhan, "Designing Energy Efficient and Hysteresis Free Negative Capacitance
FinFET with Negative DIBL and 3.5X ION using Compact Modeling Approach", IEEE European Solid-State Device Research
Conference (ESSDERC), Lausanne, Switzerland, Sept. 2016. (Invited)
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https://doi.org/10.1109/ESSDERC.2016.7599584

SS (mV/dec)

D.

Ferroelectrlc Parameters Variation

2of 100 ——m—m——m—————————
| & "-\ '
8ol 1035 -I EWlth Hysteresis Vo= 0.5V 3 0' Vo=50mV. 0.5V
o 10} o 137
40 A —A—E; = 1MVicm = =200} ‘ —A—E,=1MV/cm
30k (4 ——E;=0.5Mviem ~ 10°F o . \ —e—E.=0.5MVicm
RSN . § 2 _300 N
20} '.“ :.' With Hysteresis i 105 i '.' With Hysteresis
10‘ A N T S ] -400
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
P, (nClem’) P (uClcm?) P_(uClcm?)
fy =0 :
' = Low P, and high E_
o = 3vV3E, B = 3V3E. o reduce | C.| which leads to
P. P. improved capacitance matching
P. = Remnant Polarization and hence, a high gain.
E. = Coercive Field * Low SS
C. — 1 * increase |y, but reduce |, due to a
e ™ tre(2a + 128Q2) more negative DIBL = high I5/loer
06/21/2019 Yogesh Chauhan, IIT Kanpur 59
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Intrinsic Delay

1 I—Q— ;:inFE:I' dri\.ri.ng FinIFET It')ad l
1 0 3 —4— NCFiIinFET driving NCFIinFET load 3
—#— NCFinFET driving FinFET load
m
210%
e
107"k
0.0 0.2 0.4 0.6 0.8
Vo (V)
) Cha'rge: ) 'Capaci.lance: '
0.20 Vp=0.28V "\‘ FinFET = = = FinFET
LY NC-FinFET = = = NCFIinFET
0.15 '
0.10
0.05
00 [ - N 1 N 1 i 1
%.0 0.2 0.4 0.6 0.8

A
Delay, T = 2%

Ion

| 806 = Qc(Vs = Vi = Vpp) — Qs (Vg = 0,Vp = Vpp)

e NC-FInFET driving NC-FINFET
« For high Vp, high 15, advantage is
limited by large amount of AQ. to be
driven.

e Qutperforms FINFET at low V.

e Minimum at V,, = 0.28 V corresponds

to a sharp transition in Q.

e NC-FInFET driving FINFET load
provides full advantage of NC-FInFET.

10
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Power and Energy Delay Products

100 1 —@— FinFET drivin g FinFET load
—QO— FIinFET driving FinFET load 10 f—<&— NCFinFET driving NCFinFET load
—&— NCFinFET driving NCFinFET load +NCF nFET driving FinFET load

® NCFInFET driving FinFET load

—
Q
—
<
N
YT T

EN
=
&
EN
o
&
rr—

Power Delay Product (fJ)
o

-
1
S

Energy-Delay Product (fJ-ps)

-
o
A

02 04 06 08 02 04 06 08

O 1

0.0
Voo (V) Voo (V)
2
PDP = AQg. V), — (AQ¢)*Vpp

lon

 NC-FInFET driving NC-FInFET shows advantage only for
low V.

 NC-FInFET driving FINFET load is the optimum choice.
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Modeling of MFIS NCFET

Contrast with MFIMS structure:

e Pand V;, vary spatially in longitudinal

direction
» Better stability w.r.t. Leaky ferroelectric

and domain formation

Issues with Existing Modelstt2!:
Implicit equations — tedious
Iterative numerical solutions

[1] H.-P. Chen, V. C. Lee, A. Ohoka, J. Xiang, and Y. Taur, “Modeling and design of ferroelectric MOSFETSs,” IEEE Trans. Electron Devices,

vol. 58, no. 8, pp. 2401-2405, Aug. 2011.
[2] D. Jiménez, E. Miranda, and A. Godoy, “Analytic model for the surface potential and drain current in negative capacitance field-effect

transistors,” IEEE Trans. Electron Devices, vol. 57, no 10, J%PC% %a%4?% %gtn p2u0r10 62
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Explicit Modeling of Charge

3.5 —
Ve = Etfe = aQ6 +b0¢” o} S VT
t
— 2.5p = Onm
Voltage Balance: § 200 — m
QG 3 %1.5-P=3L?3:21m’
Ve — Vi = Vie + + ws = aett QG + bQc™ +ws— © 1'0'E;=1:v1wcm [
Qe — Vs relation! 980 o5 V1TFV) 15 20
. / —ah V. G
QG - Slgn(fl,f/’s)’)/cox |:rd"S + I/;f(e vs/Ve _ ]-) sof 'ﬁymléms:lmblichijngo?m_
t - p Line: ompact Mode
251 _° ¥ P, = 3uClem? 4
—(205 _|_V’ )/‘V ’QLT /V / 1f2 a [ ?:m E. = 1MV/cm |
+ e RTICNT (Ve —hg = Vi) e—d 5%
ic 15}
3
—> Implicit equation in , 1o
G
5-
- Goal: Explicit Model with good initial guesses 0
0.

for each region of NCFET operation

Both the Q; and its derivatives match
well with implicit model

G. Pahwa, T. Dutta, A. Agarwal and Y. S. Chauhan, "Compact Model for Ferroelectric Negative
Capacitance Transistor With MFIS Structure,” in IEEE Transactions on Electron Devices, March 2017.
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Drain Current Model Validation

Against Full Implicit Calculations

750
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Against Experimental Data
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Ve (V)

G. Pahwa, T. Dutta, A. Agarwal and Y. S. Chauhan, "Compact
Model for Ferroelectric Negative Capacitance Transistor With

MFIS Structure,"” IEEE Transactions on Electron Devices,
March 2017.

[1] M. H. Lee et al., in IEDM Tech. Dig., Dec. 2016, pp. 12.1.1-12.1.4. [2] M. H. Lee et al., in IEDM Tech. Dig., Dec. 2015, pp. 22.5.1-22.5.4.
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MFIS Vs MFEMIS
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e MFIS excels MFMIS for low P, ferroelectrics only.
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* A smooth hysteresis behavior in MFIS compared to MFMIS.
 MFIS is more prone to hysteresis — exhibits hysteresis at lower thicknesses
compared to MFMIS.

G. Pahwa, T. Dutta, A. Agarwal, and Y. S. Chauhan, "Physical Insights on Negative Capacitance Transistors
in Non-Hysteresis and Hysteresis Regimes: MFMIS vs MFIS Structures”, accepted in IEEE Transactions on

Electron Devices, 2018.
06/21/2019

Yogesh Chauhan, IIT Kanpur
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Compact Modeling of MFIS GAA-
NCFET

Vie = aoQ + boQ” | *

Radial Dependence in Ferroelectric Parameter
(Ignored in others work)

ag = 2aR 111[1 + tfe/{R -+ tins)] v,
bo = 2bR*[1/(R + tins)?> — 1/(R + tins + te)?]

L CFerroelectric

Mobile Charge Density: — i
_ (v eV AY Implicit Equation in B: |
Q‘“(dp)p:g_(R)(q)(l—ﬁZ) PHCLEY B 3
— 2 2
Voltage Balance: In(f) —In(1 — p%) +m (1 fﬁz) +n (1 fﬁz) —G=0
Ve = Agp — g = (ag + 1/ Cins) @ + by Q°

- Goal: Explicit Model for g with good initial guess valid in all region of NCFET
operation which will be used for further calculation of drain current and terminal
charges.
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Drain Current Model Validation

Against Full Implicit Calculations

_ (v,
102 —— SAANCFET Bassline GAAFET .. P POV . §0 ———GAA-NCFET Baseline GAA-FET
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. . M“"’"‘" 0 (U ) oy ¥, = 1V Symbols : Implicit Model et
10°F -:”._,‘,”;-:-:‘.".';:. 50 | Lines : Compact Madel E
10°F PP SR IIRORS ey 60 s Ygs= 10V
e ds. g 3
i 10-1 E 5:;". G [:I L
FSymbols : Implicit Model | {4000 02 04 06 08 1.0
Zaptt - —_ VgsiV)

4" Lines : Compact Models™

10° 2 o0
20 E 4o
10"
P T 20 et :
10 5 e e R R it R e T e ! L .
0.0 0.2 0.4 0.6 0.8 1.8 %.U 0.2 0.4 0.6 0.8 1.0 %.O 0.2 0.4 0.6 0.8 1.0

Vgs(V) Vgs(V) Vgs(V)

* In contrast to bulk-NCFETSs

» Multi-gate NCFETs with an undoped body exhibit same |, and V, due
to absence of bulk charges.

» GAA-NCFET characteristics show different bias dependence due to the
absence of bulk charge.

A. D. Gaidhane, G. Pahwa, A. Verma, and Y. S. Chauhan, "Compact Modeling of Drain Current,

Charges and Capacitances in Long Channel Gate-All-Around Negative Capacitance MFIS Transistor",
accepted in IEEE Transactions on Electron Devices, 2018.
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Terminal Charges in GAA-NCFET

—— GAANCFET

Basaline GAA-FET —— GAA-NCFET
Symbals © Implicit Modal

Basaline GAA-FET

— GAA-NCFET
Syimbols @ Implict Madel LD

Basalina GAA-FET

o
=
T

_ N = ‘f _ soe Symbols | Implicit Modal
2 3 Hinas Compact Modal ‘{.,nﬂﬂ?- = || Lines : Compacl Made! 9 3L ﬁ“ﬂﬂvgwﬂwﬂ:wm o
E | gy \ § L_ vdsz w g QGT-------- T OOHOOROOH
52| Vds= Wﬁ(ﬁ Qg §20 I 5 Vgs=1V\ T o
& Qp=-Qs [ oo & | Cee G ‘ [\
E I .'F' Pt -l‘..- o |-||-'A ',I i G
4 el P v 7l | ! = ik,

Z 41 foeoo v S 10} e £
E | 0 oo ‘E E 1F
O A W ; 5

D RSO0 I L L 1 N

0.0 0.2 04 06 08 1.0

Vgs

Peak In the gate capacitance is observed where the best capacitance matching
occurs between the internal FET and the ferroelectric layer.
For high Vg, the Qg for GAA-NCFET is saturates to (4/5)" of the maximum

value (at VVds = 0) in contrast to conventional devices for which it saturates to
(2/3) of the maximum value.

Yogesh Chauhan, IIT Kanpur 68
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MFMIS Vs MFIS

(a) G ® G
T V1 7

M R M

FE X FE

% OX

S D S D
x=0 x=L
B B
(©) v, @ Ey
FE L FE L L FE L

FE
FE 1 2 3 N
V Vinu Vi %Vint}. ____________ %VintN
ot N units
rrl T LA TL AT T,
Vs —OVD

Vg V,
G. Pahwa, T. Dutta, A. Agarwal, and Y. S. Chauhan, "Physical Insights on Negative Capacitance Transistors in Non-

Hysteresis and Hysteresis Regimes: MFMIS vs MFIS Structures”, IEEE Transactions on Electron Devices, Vol. 65, Issue 3,
Mar. 2018.




Comparing I5-Vg and 15-Vg
Characteristics (long channel)

: : — 600 . . . . 1.6 ' - T
10%} PR = R eference FET ——Ref. FET t,=5nm
j2i7 {600 ——MFMIS — e v
1 / Solid: P =12.13,C/cm] —MFIS et 12} TMES v =075y /]
E 10% Dotted: P,:2,qucr:1f.' E 400} e ] ,
= [@ Reference FET e 400 = _,—'__- """"""" Solid: P =12.13uClem
< 102F —mi'l‘;'s 'Qi Lenet” ] ~EO.E} - Dotted: P,=2uClcm’
= _— g N M
=2 Le:snm L 200 E 200 B ".’ T UE‘ n: Ly
10 ’_,-:@' - t,=5nm Solid: P=12.13uClem’ 0.4} A’ SLSV SO
ot V=1V Dotted: P=2uClcm® 1 "‘
. P V__=-0.75V ]
10-{: Cd] N 1 .FB 1 . 1 N 1 N 0 2 ‘ = 1 = .
10° ——— T 1.0
. 4 1-5 25 - c-@-- MFMIS '.-
102 _ - MFIS 0.8}
3 E20r v, =1v e
< 4 1.0 5 I___=1nA/um A = 0.6
£ 10 < 1.5 OFF ./ i
£ g °[ P=1213uClem’ o A E
2] -6 — o ' .
10 L o x 1l =04
0.5 g 1.0 -z:z,t = ;* IOFF=1nA‘IJ‘1m
10—8 - _.:.:’- _o O 2 "r'l _
fSolid: P=12.13uCRS 0.5[ 4.a-n-8° 1 [ te=5nm
107 Dotted: P =2uC/om’ - - 0.0 o ‘ E=1MV/cm
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10 12 14 16 0 4 8 12 16 20 24 28
Vv, (V) t, (nm) P, (nClem?)

e MFIS excels MFMIS for low P, ferroelectrics only, in long channel NCFETS.
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Understanding different trends with P,
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« Total current in ON regime = drift current = inversion charge * horizontal

electric field
« For high P,, charge is higher for MFIS, but electric field in channel is low due

to a decreasing V;,, profile from source to drain, which results in lower current

than MFMIS.
e Forlow P, charge is lower for MFIS, but electric field in channel is high due

to a increasing V.. profile from source to drain, which results in higher current
than MFMIS.

G. Pahwa, T. Dutta, A. Agarwal, and Y. S. Chauhan, "Physical Insights on Negative Capacitance Transistors in Non-
Hysteresis and Hysteresis Regimes: MFMIS vs MFIS Structures™, IEEE Transactions on Electron Devices, Vol. 65, Issue 3,
Mar. 2018.
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Hystere3|s Behavior
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Continuous switching of dipoles from source to drain results in a smooth hysteresis
behavior in MFIS compared to MFMIS where dipoles behave in unison.

Source end dipole switches, first, owing to its least hysteresis threshold.

Non-zero drain bias disturbs capacitance matching in MFMIS resulting in a
delayed onset of hysteresis.

MFIS is more prone to hysteresis — exhibits hysteresis at lower thicknesses
compared to MFMIS.

G. Pahwa, T. Dutta, A. Agarwal, and Y. S. Chauhan, "Physical Insights on Negative Capacitance Transistors in Non-
Hysteresis and Hysteresis Regimes: MFMIS vs MFIS Structures™, IEEE Transactions on Electron Devices, Vol. 65, Issue 3,
Mar. 2018.
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MFMIS vs MFIS: Short Channel
Effects



OFF Regime (low V)

2D Numerical Simulation Results in COMSOL
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G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short Channel Effects in Negative Capacitance

Transistors: MFMIS Versus MFIS Structures", IEEE Transactions on Electron Devices.
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Reverse V, Shift with Scaling
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» Coupling of inner fringing electric field to the ferroelectric increases with scaling, which
increases the voltage drop across ferroelectric and hence, the conduction barrier height.

* In MFIS, fringing effect remains localized to channel edges only = Halo Like barriers.

e In MFMIS, internal metal extends this effect to the entire channel = larger V, than MFIS.

G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short Channel Effects in Negative Capacitance Transistors: MFMIS

Versus MFIS Structures”, IEEE Transactions on Electron Devices.
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SS (mV/decade)

Reverse SS trends with Scaling
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l }fel G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short Channel Effects in Negative
m domlnates). Capacitance Transistors: MEMIS Versus MFIS Structures”, IEEE Transactions on Electron Devices.
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Impact of Spacer Permittivity
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Increasing the spacer permittivity enhances the outer fringing electric field,
which leads to a rise in Vt and reduction in SS and DIBL.

G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short-Channel Effects in Negative Capacitance MFIS and MFMIS
Transistors: Subthreshold Behavior"”, in IEEE Transactions on Electron Devices, vol. 65, no. 11, pp. 5130-5136, Nov. 2018.
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OFF Regime (high V¢): Negative DIBL
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* Negative DIBL effect increases with Scaling.
* More pronounced in MFMIS than MFIS.

G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short Channel Effects in Negative Capacitance Transistors:
MFMIS Versus MFIS Structures”, IEEE Transactions on Electron Devices.
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Impact of S/D doping
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G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short-Channel Effects in Negative Capacitance MFIS and MFMIS
Transistors: Subthreshold Behavior”, in IEEE Transactions on Electron Devices, vol. 65, no. 11, pp. 5130-5136, Nov. 2018.
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ON Regime: Potential and field distribution

MFIS
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e The internal floating metal gate maintains a uniform electrical field distribution
throughout the ferroelectric and a uniform potential (Vint) at ferroelectric-oxide interface.
* |nthe MFIS, however, electric field distribution and Vint at the interface are non-uniform.

G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short-Channel Effects in Negative Capacitance MFIS and MFMIS
Trafsistors? Above Threshold Behavior"”, accepted in IERECTransactions Orl Elécish Devices, 2019. 80



- | . |
ON Regime: Electrical Characteristics
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* Drain side charge pinches-off earlier in MFIS than MFMIS due to strong localized drain
to channel coupling = lower V. of MFIS results in lower .

* However, internal metal in MFMIS helps Vs impact to easily reach source side=> Qs !
— Larger NDR effect in MFMIS than MFIS.

* Inlong channel, MFMIS excels MFIS, however, for short channels vice-versa is true due

to substantial NDR effect in former for iso-V,; case only.
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ON Regime: Impact of Spacers
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G. Pahwa et al., IEEE Transactions on Electron
Devices, 2019.

M Spacer

Si Body

Without Spacers: Inner Fringing Only
With Spacers: Inner + Outer Fringing

_ 3‘/23% _ |Cfe|
6VG ‘Cfe| - Cint

Ay

e C,,increases with scaling in NCFETs with spacers due to outer fringing capacitances—increases

gain.

* For W/O spacers, V., decreases due to absence of outer fringing, uncompensated drain side

daney fringing, and increased drain o channel coupling.
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Impact of Quantum Mechanical Effects
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e The QME results in an increase in the effective oxide thickness of the internal
FET which eventually diminishes the benefits achievable from NC effect for
the particular value of ferroelectric thickness.

A. D. Gaidhane, G. Pahwa, A. Verma, and Y. S. Chauhan, "Compact Modeling of Drain Current, Charges and Capacitances in Long
Channel Gate-All-Around Negative Capacitance MFIS Transistor”, accepted in IEEE Transactions on Electron Devices, 2018.

G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Numerical Investigation of Short-Channel Effects in Negative Capacitance MFIS and MFMIS
Transistors? Above Threshold Behavior", accepted in IEEESTrdnsactions on Eléctreh Devices, 2019.



Impact of Ferroelectric Thickness
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Does polarization damping really limit operating
frequency of NC-FINnFET based circuits?

Recent Demonstration by Global Foundries on 14nm NC-FINFET

_ 300 q | 90
%_ 950 @ = 3nmFE W!m nWFM 1/1.5 nm DE trendline : 3.2 PWI/GHz
> : 3;’“ F%:'”" PWFM 80+ |NCFET trendline : 1.8 yW/GHz 2
0 2 Nm —_ i p
-] ) p
,“.' 200 % 8 nm FE with nWFM | i 70 4 . -
3 g A
> n
@ 150 g 60 - . :' -
$ 1004 2 50- at gnm FEnWFM |
3 " o = L =14 nm
e Vien ® < A W, =W_=360nm ||
; : - . 2 5 o : X 40+ n o NCFET FO3
Fig. 3: TEM picture of minimum gate length RMG S * ol ] V. =105V
with 8nm FE. The inset shows the crystallinity of the < 0 30 ! | ! '_“ T :
FE film. 30 33 36 39 42 45 15 20 25 30 35 40 45
1![1."SSn+1:'SSp][deec} RO Frequency (GHz)
Fig. 14: Active power of NCFET FO3

[1] Krivokapic, Z. et al.,
IEDM 2017

Fig. 13: Active power of FO3 inverter
RO vs. effective SS for Vy4=1.05V.

* Ring Oscillators with NC-FINFET can operate at frequencies similar to FINFET
but at a lower active powerltl,

» Another theoretical study predicted intrinsic delay due to polarization damping in
NCFET to be very small (270 fs)[2l,

[2] Chatterjee, K., Rosner, A. J. & Salahuddin, IEEE Electron Device Letters 38, 1328-1330 (2017).
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NC-FINFET based inverters
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« Although the transistor characteristics show no Hysteresis,

the VTCs of NC-FINFET inverters can still exhibit it due to
the NDR region in the output characteristics.

T. Dutta, G. Pahwa, A. R. Trivedi, S. Sinha, A. Agarwal, and Y. S. Chauhan, "Performance Evaluation of 7
nm Node Negative Capacitance FInFET based SRAM", IEEE Electron Device Letters, Aug. 2017.
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NC-FINFET based SRAM
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» Read time: reduced due to the increased drive current

« Write time: slower due to the gate capacitance
enhancement

* Pug- NC-SRAM performs better with lower standby
leakage only at small t;,, taking advantage of the lower

subthreshold currents

T. Dutta, G. Pahwa, A. R. Trivedi, S. Sinha, A. Agarwal, and Y. S. Chauhan, "Performance Evaluation of 7

nm Node Negative Capacitance FINFET based SRAM", IEEE Electron Device Letters, Aug. 2017.
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Effects of NCFET on standard cells:
7nm FINFET standard cell Ilbrary
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 Increasing t,, — larger A, in transistors (i.e., steeper slope and higher ON
current) = Delay of cells become smaller.
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Occurrence [#]

Effects of NCFET on standard cells:
/nm FINFET standard cell library
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Using a ferroelectnc with 1nm,

2nm, 3nm and 4nm thickness
provides a speedup of around
15%, 30%, 40% and 45%

respectively, in the delay of gates
at the operating voltage of 0.7V.

06/21/2019

15 30 45 60 75 90

TFE2== |

Gate delay [ps]

Occurrence [#]

3500
3000
2500
2000
1500
1000
500
0

TFE3 == |

T T T T T

g

0O 15 30 45 60 75 90

Gate delay [ps]

Occurrence [#]

3500
3000
2500
2000
1500
1000
500
0

'"TFE4—

T T T T T

-

1 1 1 1 1 1

0 15 30 45 60 75 90
Gate delay [ps]

Quantifying the relative delay decrease/improvement
of cells within the 7nm FInFET standard cell library
due to NCFET at Vpp = 0.7V.

Yogesh Chauhan, IIT Kanpur
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Effects of NCFET on standard cells:
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 Increase in t;, leads to an increase in the total cells’ capacitance which further
Increases internal power of the cells.

e Same baseline performance (i.e., frequency) can be achieved at a lower
voltage, which leads to quadratic saving in dynamic power and exponential
saving in stand-by power, thus, compensating the side effect of NCFET with
respect to power.
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Effects of NCFET on future processor
design

b (c)
80% 25% ®)
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S a0 £ 15% B 0%
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TFE1: 1nm ferroelectric, TFE2: 2nm ferroelectric, TFE3: 3nm ferroelectric, TFE4: 4nm ferroelectric

(a) What is the frequency increase due to NCFET under the same voltage
constraint?

(b) What is the frequency increase under the same (i.e., baseline) power density
constraint?

(c) What is the minimum operating voltage along with the achieved power
reduction under the same (i.e., baseline) performance (i.e., frequency)

constraint?
H. Amrouch, G. Pahwa, A. D. Gaidhane, J. Henkel, and Y. S. Chauhan, "Negative Capacitance

Transistor to Address the Fundamental Limitations in Technology Scaling: Processor
06/21/2019 Yogesh Chauhan, IIT Kanpur 91

Performance", IEEE Access, 2018.



NC-FINFET based Processor Performance
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* NCFET with ferroelectric thickness more than 1nm leads to a noticeable
temperature reduction, due to the decrease in the on-chip power density.
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NC-FINFET based Processor Performance
Energy harvesting and 10T
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» Under very small power budgets harvested from body heat, NCFET
technology enables the processor to operate at around 42-127% higher
frequency compared to the conventional FINFET technology.
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NC-FINFET RF Performance

Baseline Technology: 10 nm node RF FInFET
RF Parameters extraction using BSIM-CMG model
BSIM CMG coupled with L-K for NC-FInFET analysis
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R. Singh, K. Aditya, S. S. Parihar, Y. S. Chauhan, R. Vega, T. B. Hook, and A. Dixit, "Evaluation of

10nm Bulk FinFET RF Performance - Conventional vs. NC-FinFET", IEEE Electron Device Letters,
Yogesh Chauhan, IIT Kanpur

Aug. P10

94



NC-FINFET RF Performance
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e Current gain (« gm/cgg) Is almost independent of ¢, as both the g,, and C;,

Increase with t¢, almost at a constant rate.
« Cut-off frequency (f7) remains identical for both the Baseline and NC-

FinFET.
 Temperature rise and Power consumption due to self-heating increase with t¢,

as I; increases. Reduce V4 to achieve energy efficient performance.
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NC- FlnFET RF Performance

" ae=Vgq = 1.0V, FInFET
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gas and self heating (AGsyg < g45(f) — gas(dc)) both increase with t¢, due to
Increased capacitance matching between Cr, and Ciy;.

ol ) ov; —CGDI
ds __ ds % int int *AD where AD —

Yas Vs Vint 9Vgs — Im |Cfe|_Cint

Voltage gain (Ay = gm/9gas = Cre/Cqpy) decreases with t¢, due to decrease in

Cro.

fe
Maximum oscillation frequency (f,4,) also reduces with t¢, which can be
compensated by reducing V4.
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Impact of Process Variations
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Variability in 1oy, logs and V, due to combined impact
of variability in L, Tg,, Hgp, EOT, te, E, and P,

|on: IMmprovement is non-monotonic with t;,

|oer: Decreases monotonically with t.,

V,: Decreases monotonically with tq,

T. Dutta, G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Impact of Process Variations on Negative Capacitance
FINFET Devices and Circuits”, IEEE Electron Device Letters, 2018.
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Process Variation in Ring Oscillator

-e-.iﬁ-=ﬂlﬁ11
te=1
e The overall average delay ~ | i om
variability in NC-FinFET based RO '[ ¢~
IS lesser compared to the reference
RO. 0 10 20 30
e The improvement is non-monotonic 3a(%)
with nominal FE thickness scallng. 11-stage Ring-Oscillator: Variation
in 7 due to combined variation

T. Dutta, G. Pahwa, A. Agarwal, and Y. S. Chauhan, "Impact of Process Variations on Negative Capacitance
FinFET Devices and Circuits”, IEEE Electron Device Letters, 2018.
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Open Questions

Is NC a static or transient phenomenon?
Physical explanation of NC effect

Second order effects

— Impact of grain boundaries and their sizes
— Impact of multi-domain effects

— Impact of traps

— Impact of FE thickness

— Reliability

Impact of NDR/NDIBL on circuits




Conclusion

* Maintaining I/l IS the biggest challenge in
new technology nodes

* Negative capacitance FET is one of the best
choice
— Need to find sweet material (HfZrO,?)

— Integration in conventional CMQOS process
remains a challenge (lot of progress)

e Compact (SPICE) Models are ready for circuit
evaluation
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