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Outline

What is Negative Capacitance ?

▪ Ferroelectric Polarization

▪ Landau Theory

Why Negative Capacitance ?

▪ Types of Negative Capacitance

▪ Its importance in industry



❑ A ferroelectric material has a permanent electric dipole and is 

named in analogy to a ferromagnetic material that has a 

permanent magnetic dipole.

The formal definition of a 

dipole moment

❑ Ferroelectricity is a characteristic of certain materials 

that have a spontaneous electric polarization that can be 

reversed by the application of an external electric field.

CH4H2O

symmetricasymmetric

Treated as point charges

Large numbers of molecules with their 

dipoles aligned
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What is Negative Capacitance ?

one-dimensional crystal made up of two atoms of opposite charge

❑ Given that we know the crystal is stable in either of the two 

polarized states, there must be an energy barrier between 

the two states, and we can sketch a curve for the energy as a 

function of the polarization.

❑ In an electric field E ~ the two stable states no 

longer have the same energy because of the 

electric polarization energy - Ԧ𝑃 ∙ 𝐸



Landau theory
❑ Free energy (F) can be expressed as a function of the ten variables (three 

components of polarization, six components of the stress tensor, and 

temperature)

a simple example, a single component of the polarization and ignore the strain 

field, the origin of energy for the free unpolarized, unstrained crystal to be zero, 

E is the electric field, and the unknown coefficients a, b, c, etc. are in general 

temperature-dependent, and may have any sign. The equilibrium configuration is 

determined by finding the minima of F.

ignore the higher order terms

defines the dielectric susceptibility
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Landau theory

a ,b, c > 0 a < 0, while b, c > 0

𝑎 𝑇 = 𝑎′ × 𝑇 − 𝑇0

T0 ≤ TC

a second-order transition

a < 0, while b, c > 0
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Landau theory

➢ If a, b< 0 and c>0

➢ T>T0 the free energy may 

have a subsidiary minimum 

at non-zero P.

➢As the temperature decrease, this 

minimum will drop in energy to 

below that of the unpolarized state,

a first-order transition
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What is Negative Capacitance ?

Positive and Negative Capacitance



Why Negative Capacitance ?

❑ The most difficult problem in nanoelectronics is the management 

of the heat generated during information processing

‘Generate less heat and/or remove it 

more effectively’

Nano Lett., Vol. 8, No. 2, 2008

FE

Replace



Why Negative Capacitance ?

“Boltzmann tyranny”

❑Only electrons with energies greater than the 

barrier height can contribute to the current, 

which can be controlled by applying a voltage 

to an external electrode (called the gate) to 

change the height of the barrier.

❑ The electrons follow a Boltzmann distribution, and 

the current through the channel is proportional to 

exp (qΔVg/kBT).

Nature nanotechnology 3 ,77, (2008)

❑ Vg must be changed by “ kBT ln10/q = 60 mV” 

to change the current by a factor of ten at room 

temperature. 

Schematic diagram of a field-effect transistor (FET)
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VG = VF + φs

If VF<0, VG < φs

Nature Materials,14, 2, 137-139 (2015)

Voltage  Amplifier

CT
-1 = Cs

-1 + Cins
-1

Nature, 565, 464 (2019).

❑ To achieve the same charge density in the channel with a smaller voltage at the gate. This 

in turn translates into a current increase steeper than 60 mV per decade (red line). This 

principle could be exploited to reduce the voltage needed to turn the transistor on.
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Summary 

Thanks for your attention

Nature, 565, 464 (2019)
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