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Energy Challenge in Computing
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The Negative Capacitance Approach
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Capacitance: Positive and Negative
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How to get Negative Capacitance Material

___________________
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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, v = 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
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Ferroelectric Oxides

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

+++++++++

+++++++++
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Ferroelectric Oxides

A ferroelectric is an insulator with a spontaneous polarization,
which can be switched by an above coercivity voltage .
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Classical Ferroelectric Hysteresis Energy Landscape
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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. &
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Why is it difficult to measure?
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Direct Measurement of Negative Capacitance
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Direct Measurement of Negative Capacitance

V < Coercive Voltage
) C<0

Metal

Ferroelectric

Metal
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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?rrgiﬁ
ec
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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

ORI

Voltage: V =V, (1-eRC)
Current: i,=V.eR¢/R

Charge: Q=CV,(1-e k)

Voltage (a.u.)

At any time ¢
dQ/dV,=C>0.

ir (a.u.)

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

60 nm Pb(Zr,,Tij 5)O3) (Coercive voltage=~2.5 V)
iR—>

40

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

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

60 nm Pb(Zr,,Tij 5)O3) (Coercive voltage=~2.5 V)
I‘R_> 1 ‘ ‘ ‘ ‘ ‘

A negative
dQ/dVdirectly
observed in an

isolated
ferroelectric.

Khan et al. Nature Mater. 14, 182 (2015) G‘BCI“RCIC‘Y




Negative Cap. in Doped HfO, Ferroelectrics

Ferroelectric Gd-doped HfO, (27 nm)  Ferroelectric HfZrO, (10 nm)
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Ferroelectric Voltage V_ (V) Kobayashi et al. Experimental study on
Hoffmann et al. Direct Observation of Negative polari.zation-linjited operatif)n speed of
Capacitance in Polycrystalline Ferroelectric Hf0,. ~ Negative capacitance FET with
Advanced Functional Materials 2016. ferroelectric HfO,. IEDM 2016

Negative capacitance is a general phenomenon in

ferroelectrics! Georgia
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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 nox )y

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

GABCDEF gives the [ 7 ] - ¢
theoretical relation- .

ship.

Fi1c. 1. Pulsing field and pulsing current versus time.
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What’s next?

Now that negative &E‘O'S
capacitance has S0
been detected... 5]

How to achieve voltage amplification from negative
capacitance?

How to stabilize negative capacitance?
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Ferroelectric+Dielectric Capacitor

O+ Channel 1 (V) -0

+Q Ferroelectric
Capacitor O+ Channel 2 (V) -0O-

—_ (C.) Dielectric
FE _7/f v Capacitor

DE ——— VD I !
p— ____Q + Bottom To
= - Electrode P ~
Electrode
Substrate
Voltage vy Cr |Cx|
amplification: qv. = ¢ + Cp ~ |Cx| — Cp
dVD
If Cr <0 [Cr| > Cph, >1
P <O 1G> Co, gy
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Ferroelectric+Dielectric Capacitor
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Change in source voltage AV.=1.4
Change in dielectric voltage AV,=1.7V

AVp L7V |CF| t (us)

Voltage amplification in a FE-DE

series network experimentally

Khan et al. Appl. Phys. Lett. 111, observed!

253501 (2017) &
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Ferroelectric+Dielectric Capacitor

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

Phys. Lett. 111, i
y network experimentally observed!
253501 (2017) Jeorgia &
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Capacitance Enhancement due to Neg. Cap

Ferroelectric-Dielectric Energy Landscapes
Series Combination
+0 DE
FE 22— PR
72&-() C - d°U
+Q do*| 1
DE —/— ] )
= = FE+D
U . .
i 11 '
Equwz?lent Cooh = N FC<0
Capacitance C.. C,e

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,Tip )O3 -O- FE(28 nm)+DE(48 nm) -O- DE(48 nm)

(28 nm) o
e

-

DE: SrTiO,
(48 nm)

Metal:
rRuos

| 2/
s

300 °C

"3 29 0 1 5 - 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




Physics of Negative Capacitance FET

Baseline FET NCFET
Gate

Ferroele. dy CrE B |CrEl

High-K dVe  Crg + Cymos  |Crel — Cyos

Amplification Factor
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U Lﬂ?emiconduct Modified dv, C
Channel Channel Bodv Factor M = =1-—4=
oay ractor dl/) |CFE |
CFECMOS Subthreshold ¢ origina Coros
................ T SWIng S = S X (1 -
V; 1C.. |
|-
g - Ideal Switch: ~0 mV/decade <
i [Crel/~ Cuos | Crel > Cios
Condition Characteristics Mode Khan et al. IEDM 2011
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Physics of Negative Capacitance FET

High-K

EJSJemiconduct
Channel
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Ferroelectric C,, | o

—¥a g

- E
Capacitance E  tr;

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!
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Externally Connected NC-FET

Drain

Bottom Ferroelectric

Gate
Electrode

Electrode
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Externally Connected NC-FET

Gate
Drain  Internal Voltage, V; Probe,
Probe




Externally Connected NC-FET

P-FINFET
Lg=1OO 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

NC-FinFET tr=600 nm
:Lnn Y ((%
AADDL DAL DO SO gy
65 _
A mV/dec 12-24
18 mV/dec
mV/dec Baseline ¢I
FinFET
‘Lg:1 00nm
-6 -4 -2 2
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Negative Capacitance Transistors: Experiment

- >1 only if C<0
AV CrpostCre

Sharp switching occurs due to ferroelectric negative
capacitance! Liia




Externally Connected NC-FET

(a) \:G
Vg
source ext| | CFE;i[—/| |Cdram,ext
| T T ou
Drain
| — |
S T
1 == | =
— cT— i 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
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Why is NCFET realistic now?
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HfO, and ZrO, base

d Ferroelectrics
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. APL 99, 102903 (2011)
Orthorhombic | @ APL 101,082905 (2012) >
; A APL 102, 242905 (2013)
Ferroelectric 40 L v JAP 118, 072006 (2015) i
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\V (V) A very wide range of negatlve

capacitance possible in HfO, and
Zr0, based ferroelectrics!
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Physics of Negative Capacitance FET
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What determines NCFET behavior?

FE (Remnant Polarization,
Coercwe field, Thlckness)

lllllllll

Interface defects,
Fixed charge...
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There are many NCFET device
design parameters!
Unless designed properly, the
NCFET can get screwed up! &
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Ferroelectric Negative Capacitance
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There are plenty of materials

to try out!
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Ferroelectric Negative Capacitance
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NCFET Expectation

Baseline FET
(Intel 45 nm)

| __Gate |
‘ High-K ‘

Channel

NCFET
(Baseline+FE)
‘ Ferroele

High-K

Channel

10*

MIT MVS Model Vp=0.6 V
10°
NCFET
(41 mV/dec)
. 1. Improvement of
10 subthreshold swing
2. sub-60 mV/decade
1072 00 mV/dec) switching
3. Boost in on-current
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/00 of NCFET behavior (from best to worst)

base_ - base . NC
base
base
base base NC =

P_(uClcm?)

" F

""""" A:SS 1! (<60 mV/dec) [, TT
B B: SS | | (<<60 mV/dec), I,, 711
p A - C: SS L (~60 mV/dec) L1
CF E D:SS 1! (<<60 mV/dec) [
E:SSTT (>>60 mV/dec) e & 4
F: SS T (>60 mV/dec) [, T1T
E. (MV/cm)
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Summary of NCFET

The physics of negative capacitance has been demonstrated
consistently in multiple material systems and in different
experimental configurations.

Steep switching characteristics and boost in on-current due to
negative capacitance has been demonstration!

It is high time that industry and academia joined forces to
make NCFET a technological reality!

Georgia ﬁ,
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THANKS

Negative Capacitance:
What do we know and
What do we need to know?
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