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What this tutorial is NOT about

It is NOT about:

• Inductive artefacts 

• Negative capacitance in Schottky diodes, electrolyte-electrode interfaces  and other non-
equilibrium effects

• High frequency response or dielectric permittivity of metals

• Negative capacitance in correlated electron systems

It IS about:

• Static permittivity of ferroelectrics 

• Transients during ferroelectric switching
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Outline
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• Motivation 

• What we mean by negative capacitance

• Basics of NC in homogeneous ferroelectrics

• NC in multidomain ferroelectrics

• Experimental evidence

• Effect of screening by free carriers

• Transient NC

• NC devices



Motivation
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source drain
gate

𝑆 ≡
𝜕𝑉𝑔

𝜕 log10 𝐼
=
𝜕𝑉𝑔

𝜕𝜙𝑠
⋅

𝜕𝜙𝑠
𝜕 log10 𝐼

Important parameter: subthreshold swing – change in 
gate voltage required for an order of magnitude change in 
current 

Scaling of transistors increases power 
dissipation – huge bottleneck for 
making faster processors!

Vg

φs

Cg

Cs



Boltzmann tyranny
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𝜕𝑉𝑔

𝜕𝜙𝑠
= 1 +

𝐶𝑠
𝐶𝑔

𝑆 ≡
𝜕𝑉𝑔

𝜕 log10 𝐼
=
𝜕𝑉𝑔

𝜕𝜙𝑠
×

𝜕𝜙𝑠
𝜕 log10 𝐼

Body factor

> 1

⇒ S > 60 mV/.decade for conventional transistor

𝐼 ∝ exp 𝑞𝜙𝑠/𝑘𝐵𝑇

𝑘𝐵𝑇

𝑞
ln 10 = 60 mV

Zhirnov & Cavin, Nature Nano. (2008)

Electrons follow Boltzmann 
distribution

@ 300 K



Beating Boltzmann
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Change method of conduction

• e.g. tunnel injection 

Improve body factor

• Salahuddin-Datta transistor: replace gate 
dielectric with negative capacitance

Catalan et al. Nature Mater. 2015



𝐶 > 0

𝐶 < 0

stable

unstable

Energy 

Q

𝐸 =
𝑄2

2𝐶
𝑄 = 𝐶𝑉 𝐶 =

𝜖𝜖0𝐴

𝑑

A negative capacitor is unstable!

Lev Landau
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‘Local’ negative capacitance

Iniguez et al, Nature Rev. Mater. 4, 243 (2019)

Want small negative 𝐶1
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Some definitions

Linear dielectric: 𝐶 =
𝑄

𝑉

Non-linear dielectric: 𝐶 =
𝑑𝑄

𝑑𝑉
𝜖𝑡𝑜𝑡 =

1

𝜖0

𝑑𝐷𝑒𝑥𝑡

𝑑𝐸𝑒𝑥𝑡
> 1

‘Local’ permittivity (∝ ‘local 

capacitance’)

𝜖(𝑟) =
1

𝜖0

𝑑𝐷(𝑟)

𝑑𝐸(𝑟)

𝐶 =
𝜖𝜖0𝐴

𝑑

|𝐷| =
𝑄

𝐴
𝐷 = 𝑃 + 𝜖0𝐸 = 𝜖𝜖0𝐸

𝑃 = 𝜒𝜖0𝐸 𝜖 = 𝜒 + 1

++++++++

–– ––––––– –
++++++

––––– –

𝐸 𝑃 𝐷

+𝑄

−𝑄
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Some definitions

Linear dielectric: 𝐶 =
𝑄

𝑉

Non-linear dielectric: 𝐶 =
𝑑𝑄

𝑑𝑉
𝜖𝑒𝑥𝑡 =

1

𝜖0

𝑑𝐷𝑒𝑥𝑡

𝑑𝐸𝑒𝑥𝑡
> 1

‘Local’ permittivity (∝ ‘local 

capacitance’)

𝜖(𝑟) =
1

𝜖0

𝑑𝐷(𝑟)

𝑑𝐸(𝑟)

Positive permittivity: 𝐷 > 𝑃

|𝐷| =
𝑄

𝐴

𝐶 =
𝜖𝜖0𝐴

𝑑

𝐷 = 𝑃 + 𝜖0𝐸 = 𝜖𝜖0𝐸

𝑃 = 𝜒𝜖0𝐸 𝜖 = 𝜒 + 1

++++++++

–– ––––––– –
++++++

––––– –

𝐸 𝑃 𝐷
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Some definitions

𝐷 = 𝑃 + 𝜖0𝐸 = 𝜖𝜖0𝐸

𝑃 = 𝜒𝜖0𝐸 𝜖 = 𝜒 + 1

Linear dielectric: 𝐶 =
𝑄

𝑉

Non-linear dielectric: 𝐶 =
𝑑𝑄

𝑑𝑉
𝜖𝑒𝑥𝑡 =

1

𝜖0

𝑑𝐷𝑒𝑥𝑡

𝑑𝐸𝑒𝑥𝑡
> 1

‘Local’ permittivity (∝ ‘local 

capacitance’)

𝜖(𝑟) =
1

𝜖0

𝑑𝐷(𝑟)

𝑑𝐸(𝑟)

Positive permittivity: 𝐷 > 𝑃
Negative permittivity: 𝑷 > 𝑫
(‘overscreening’)

𝐶 =
𝜖𝜖0𝐴

𝑑

𝐸 𝑃 𝐷

++++++++
––––– –

–– ––––––– –
++++++
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|𝐷| =
𝑄

𝐴
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Ferroelectrics: the ‘forbidden’ region
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𝑇 > 𝑇0

𝑇 < 𝑇0

unstable

Inaccessible 
polarisation 
values

𝑃
𝑃

𝐸 𝐸

𝐹

𝑃

𝐹

𝑃
𝐹 =

𝛼

2
𝑃2 +

𝛽

4
𝑃4 − 𝐸𝑃

𝛼𝑃 + 𝛽𝑃3 = 𝐸

𝛼 =
𝑇 − 𝑇0
𝐶



Controlling charge vs voltage

𝐶 =
𝑑𝑄

𝑑𝑉

Iniguez et al, Nature Rev. Mater. 4, 243 (2019)

Key point: 

Need to control charge



Ferroelectric + series capacitance
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𝑄𝑠 = 𝑄𝑓 = 𝑄

Vg

ΔVCf

Cs
Vg – ΔV

𝑄𝑓 = 𝑄𝑓(Δ𝑉)

𝑄𝑠 = 𝐶 (𝑉𝑔 − Δ𝑉)

𝑇 > 𝑇𝐶 →
Δ𝑄

Δ𝑉
> 0 𝑇 ≪ 𝑇𝐶 large 𝐶𝑆 →

Δ𝑄

Δ𝑉
> 0𝑇 < 𝑇𝐶 small 𝐶𝑆 →

Δ𝑄

Δ𝑉
< 0

• FeFET

• Sawyer-Tower circuit



Ferroelectric + series capacitance

16

Vg

φs

ΔVCf

Cs
Vg – ΔV

𝑇 < 𝑇𝐶 small 𝐶𝑆 →
Δ𝑄

Δ𝑉
< 0

Note: 
𝑑𝑄

𝑑𝑉𝑔
> 0 – overall system capacitance 

positive → system is stable

BUT 𝜙𝑠 > 𝑉𝑔 - voltage amplification at the 

interface!

When added in series, the negative capacitance 
increases the overall capacitance

Vary 𝑉𝑔 but effectively control charge

1

𝐶𝑡𝑜𝑡
=

1

𝐶𝑓
+
1

𝐶𝑠
<

1

𝐶𝑠

Signature of NC!



Phase transition in a screened ferroelectric
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T0

𝝐−𝟏

𝐹 =
𝛼𝑓

2
𝑃2 +

𝛽𝑓

4
𝑃4 − 𝐸𝑃

𝛼𝑓 =
𝑇 − 𝑇0
𝐶

1

𝜖
≈
1

𝜒
= 𝛼𝑓 + 3𝛽𝑓𝑃

2

𝐹

𝑃



Unscreened ferroelectric – depolarizing field

+ + + + + + + + + + + 

– – – – – – – – – – –

𝐸𝑑
𝐸 = 0

Perfect screening No screening

(assuming no domain formation…for 

now)
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Phase transition in a poorly screened FE
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𝐹 ≈ 𝑙𝑓
𝛼𝑓

2
𝑃2 +

𝛽𝑓

4
𝑃4 + 𝑙𝑑𝛼𝑑𝑃

2

𝐹 = 𝑙𝑓
𝛼𝑓

2
𝑃𝑓
2 +

𝛽𝑓

4
𝑃𝑓
4 − 𝐸𝑓𝑃𝑓 + 𝑙𝑑 𝛼𝑑𝑃𝑑

2 − 𝐸𝑑𝑃𝑑

𝐷 = 𝑃𝑓 + 𝜖0𝐸𝑓 = 𝑃𝑑 + 𝜖0𝐸𝑑

𝑙𝑓𝐸𝑓 = −𝑙𝑑𝐸𝑑

𝐹 = 𝑙𝑓
𝛼𝑓

2
𝑃𝑓
2 +

𝛽𝑓

4
𝑃𝑓
4 + 𝑙𝑑𝛼𝑑𝑃𝑑

2 +
𝑙𝑓𝑙𝑑

𝜖0 𝑙𝑓 + 𝑙𝑑
𝑃𝑓 − 𝑃𝑑

2

Very large unless 𝑃𝑓 ≈ 𝑃𝑑

FE

DE

Layers electrostatically coupled! 
(~ constant P throughout)



Negative capacitance – homogeneous case

20

T0TC

𝒍𝝐𝒕𝒐𝒕
−𝟏

𝝐−𝟏

𝒍𝒇𝝐𝒇
−𝟏

𝒍𝒅𝝐𝒅
−𝟏

𝐹 = 𝑙𝑓
𝛼𝑓

2
𝑃2 +

𝛽𝑓

4
𝑃4 + 𝑙𝑑𝛼𝑑𝑃

2

𝛼𝑓 =
𝑇 − 𝑇0
𝐶

𝑙

𝜒
= 𝑙𝑑𝛼𝑑 + 𝑙𝑓 𝛼𝑓 + 3𝛽𝑓𝑃

2

=
𝑙𝑑
𝜒𝑑

+
𝑙𝑓

𝜒𝑓

0

0
 

 

U

P



Negative capacitance – homogeneous case
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T0TC

𝝐𝒇
−𝟏

Incipient ferroelectric NC

• Main idea – destabilise ferroelectricity (electrostatically)

• Will happen in any system with imperfect screening

• Two temperature regimes – incipient ferroelectric & ferroelectric

• Overall capacitance positive

• Experimental signature – capacitance boost when added in series

Ferroelectric NC

𝑃

𝐸

𝑃

𝐸



Experimental evidence
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Khan et al. APL 99, 113501 (2011)

Capacitance smaller in Au/STO (48 nm)/SRO than in Au/PZT/STO (48 nm) /SRO

Capacitance enhancement



Experimental evidence
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BaTiO3/SrTiO3 bilayers  with Pt/SrRuO3 electrodes
Appleby et al. Nano Letters  2014

BST/LaAlO3 superlattices
Gao et al. Nano Letters  2014

Capacitance enhancement reported by a number of 
groups – generally in the ferroelectric (i.e. hysteretic) 
phase

Al2O3/BaTiO3

Kim et al. Nano Letters 2016

Capacitance enhancement



Domain formation
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Usually ferroelectric will try to reduce the depolarising field via 
domain formation



Negative capacitance with domains?
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𝑻𝑪
𝒉 𝑻𝑪

𝒊𝒉

𝑻𝟎

𝝐𝒇
−𝟏

𝑻𝟎

Sene (PhD thesis) & Luk’yanchuk

Cano & Jimenez, APL 97, 133509 (2010)

single-domain

multidomain

𝑻↑↓𝑻↑↑

Static DW case

2 W

- - - +   +   +

+   +   + - - -

E ~ e–z/W



Domain wall motion contribution

𝑄 = 0, 𝐷 = 0

𝑃𝑓 = 0

𝑄 > 0, 𝐷 > 0

𝑃𝑓 = 𝐷, 𝐸𝑓 = 0

‘perfect screening’

𝑄 > 0, 𝐷 > 0

𝑃𝑓 > 𝐷, 𝐸𝑓 < 0

‘overscreening’

Ideal case
(no stray fields, 

ideal DWs)

Real case
(stray fields, real 

DWs)

(infinite permittivity) (negative permittivity)

+++ +++ −−−−− −

−−−−−− +++ +++

−−

++

−−

++

++++

−−−−

++++

−−−−

+ + + +

− − − −

−

+

−

+

++++ +

−−−−−

+++++

−−−−−

+ + + +

− − − −

𝐸𝑓
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Negative capacitance with domains
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2 W

- - - +   +   +

+   +   + - - -

E ~ e–z/W

Kopal et al. Ferroelectrics 223, 127 (1999)

Bratkovsky & Levanyuk, PRB 63, 132104 (2001)

Luk’yanchuk et al. PRB 98, 024107 (2018)

Iniguez et al. Nature Rev. Mater. 4, 243 (2019)

𝜖𝑓 = 𝜖∥ −
𝜋

4 ln 2

𝜖⊥
𝜖∥

𝑙𝑓

𝑤
𝜖∥

Zubko et al. Nature 534, 524 (2016)



Mono- vs multidomain NC

Monodomain NC:

• Large magnitude effect

Multidomain NC

• Hysteresis-free

• Temperature stability

• Fast response time

• Ideally, want system with high DW 

energy
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Experimental evidence

• Measure capacitance of the whole structure

𝑑

𝜖
=
𝑑𝑓

𝜖𝑓
+
𝑑𝑑
𝜖𝑑

𝐶𝑚𝑒𝑎𝑠 =
𝜖𝜖0𝐴

𝑑

• If consider as separate capacitors in series

• Generally 𝜖𝑓 & 𝜖𝑑 depend on 𝑑𝑓 and 𝑑𝑑 due to 

long range electrostatic interaction…

• …except if FE layers are electrostatically decoupled – can 
apply series capacitor formula
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(Pb,Sr)TiO3-SrTiO3 superlattices
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Nature 534, 524 (2016)

𝑑

𝜖
=
𝑑𝑓
𝜖𝑓

+
𝑑𝑑
𝜖𝑑



PST-SrTiO3 superlattices
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Nature 534, 524 (2016)
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Atomistic modelling
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Jacek Wojdeł & Jorge Íñiguez Nature 534, 524 (2016)

Perform experiment on the PC



Local response
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𝜒𝑖 ≡
1

𝜖0

Δ𝑃𝑖
𝐸𝑒𝑥𝑡

𝜖𝑖 =
Δ𝐷

𝜖0Δ𝐸𝑖
=

Δ𝑃 + 𝜖0𝐸𝑒𝑥𝑡
𝜖0 Δ𝑃 − Δ𝑃𝑖 + 𝜖0𝐸𝑒𝑥𝑡

=
𝜒 + 1

𝜒 −
Δ𝑃𝑖

𝜖0𝐸𝑒𝑥𝑡
+ 1

0

Externally applied field

(measure of how responsive that 
layer is to the applied field) 

𝜖𝑖 =
Δ𝐷𝑖
𝜖0Δ𝐸𝑖

Macroscopic quantities:

𝜖 =
1

𝜖0

Δ𝐷

𝐸𝑒𝑥𝑡
𝜒 =

1

𝜖0

Δ𝑃

𝐸𝑒𝑥𝑡

Define a local dielectric constant and local ‘susceptibility’ of a layer

𝐷 is continuous across the structure , i.e.  𝐷 = 𝑃 + 𝜖0𝐸𝑒𝑥𝑡 = 𝑃𝑖 + 𝜖0𝐸𝑖 and Δ𝐷𝑖 = Δ𝐷

Layer permittivity will be negative if 𝝐𝟎෦𝝌𝒊 > 𝝐, i.e. if locally it is (sufficiently) 
more responsive than the system as a whole 

𝜖𝑖 = 𝜖0
𝜖

𝜖 − 𝜖0 𝜒𝑖
where

Nature 534, 524 (2016)



Local response
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𝜒𝑖

More responsive regions are near domain walls and ferro-para interface

Nature 534, 524 (2016)



“Direct” measurement

Yadav et al. Nature 565, 468 (2019)

𝐺 = ∫ 𝐸𝑧𝑑𝐷𝑧

𝜖 =
1

𝜖0

𝑑𝐷

𝑑𝐸

P

E
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NC in hafnia: pulsed measurements

Hoffmann et al. Nature 

(2019)

No low-frequency capacitance enhancement but…
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Antiferroelectric NC

Hoffmann et al. Nature Comms (2022)

See also: Karda et al. APL 106, 163501 (2015)
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Voltage amplification from ‘incipient states’
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𝜂 = 1%

Mono-IP

𝜂 = −1%

Multi-OOP

𝜂 = 0.1% 𝜂 = 0.4%

Mixed

Graf et al. Nature 

Materials (2022)

For BaTiO3/SrTiO3 SLs, see: 

Walter et al. npj Comp. Mat. 2020

PbTiO3/SrTiO3 SLs



Reduce dimensions of device to match critical nucleus 

size → large depolarization field & enhanced NC effect

Sluka et al. APL 111, 152902 (2017)

NC in nanocapacitors
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NC in nanocapacitors

Luk’yanchuk et al. Comm. Phys. 2, 22 (2019)

Change in DW length during switching provides 

additional energy lowering that leads to NC
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Screening at metal-ferroelectric interfaces
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+ + + + + + + + + 

– – – – – – – – –

P

φ

+ + + + + + + 

– – – – – – –

Real electrodes  
(imperfect screening)

Perfect electrodes + 
dead layer

+ + + + + + + + + 

– – – – – – – – –

P

+ + + + + + + 

– – – – – – –
𝑙/2

𝑑

𝑙/2

𝜆eff =
𝑙

𝜖𝑟
11 u.c. of SrTiO3 (𝜖 = 300)

→ 𝜆eff = 14 pm

𝜆eff,SRO ≈ 15 pm

Domains form just as readily in capacitors with metallic SrRuO3 as in superlattices with 
insulating SrTiO3!

What is the effect of free carriers?



NC in presence of free carriers

42

Bratkovsky & Levanyuk

• Model as imperfectly screened 
ferroelectric capacitor

• Estimate screening length 𝜆eff
theoretically → interface 
capacitance 𝐶𝑖

• Calculate voltage drop across 𝐶𝑖
and thus actual field in 
ferroelectric 𝐸𝐹

→ Hysteresis loops have negative slope



‘Transient’ negative capacitance

43Khan et al. Nature Mater 2015

Ferroelectric switching



‘Transient’ negative capacitance
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V decreases while Q 
increases

V increases while Q 
decreases

Khan et al. Nature Mater 2015

Slow down delivery of screening charge 
during switching via series resistance  



𝑷 > 𝑫

Depolarizing field will slow down the actual 

switching process; 𝑃 only slightly exceeds 𝐷 at 

any time

‘Transient’ negative capacitance

Ng et al. Solis State Commun. 265, 12 (2017) 

Chang et al. Phys Rev Appl. 9,014010 (2018) 
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Homogenous vs domain mediated switching
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Song et al. Sci. Rep . 2016

Are we really traversing the Landau energy maximum?

Homogeneous switching is very unlikely

See also Saha et al. JAP 123, 105102 (2018)



‘Transient’ NC with domains

In practice, switching is not homogeneous, but can still observe ‘transient’ NC

Hoffmann et al. JAP 123, 184101 (2018)
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‘Transient’ negative capacitance

• Another method of achieving ‘charge control’

• Manifested in opposite signs of 
𝑑𝑄

𝑑𝑡
and 

𝑑𝑉𝑓

𝑑𝑡

• Should be present in any activated system

• Not (yet?) useful for applications

48



FeFET vs NCFET

FeFET

• Memory device (requires polarization stability (hysteresis)

• Typically MFIS

• Insulator layer reduces interface traps but destabilizes polarisation

NCFET

• Logic device

• Should be

• Hysteresis free

• Unstable polarization

• Small, negative ferroelectric capacitance

source drain
gate
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Early NCFET structures
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Rusu et al. IEEE 2010

McGuire et al. APL 2016

Sharp Id-Vg characteristics observed but always accompanied 
by hysteresis and/or large Vg required



Hafnia-based devices

Si et al. Nature Nano. 13, 24 (2018)  
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Industry turning to hafnia based ferroelectrics

52

IEDM17-357 (2017)



Current state

Alam et al. APL (2019) Cao et al. Nature (2023)
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Summary

• Aim: voltage amplification (want a small negative capacitance/permittivity)

• Negative permittivity is a ‘local’ effect (possible in only part of the system 

that has positive permittivity overall)

• NC corresponds to “overscreening”

• Occurs when the ferroelectric polarization is suppressed electrostatically

• The key is to control the charge

• Devices development focused on hafnia – we need to better understand 

ferroelectricity in hafnia
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