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Structural Origin of Ferroelectricity
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HfO2: a superior ferroelectric for nanoscale applications
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Material Pb(Zr, Ti)O3 SrBi2Ta2O9 BiFeO3 HfO2-based

Pr (μC/cm2) 10-40 5-10 90-95 10-40

Ec (kV/cm) 50-70 30-50 100-1500 2000-5000

Ɛ0 ~400 ~200 ~50 ~25

Minimum film 

thickness (nm)
>50 >25 >10 ~1 

CMOS compatibility? No No No Yes

Conventional Perovskite Ferroelectrics
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Ferroelectricity is generally 

unstable at small thickness 

for perovskites
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Enhanced polarization in 

FE-HfO2 at the nanoscale
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Challenges with integrating ferroelectric HfO2
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Dopants1, oxygen vacancies2, strain3, surface energy4
, …
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• Generally nonpolar monoclinic 

phase needs to be kinetically 

suppressed  during crystallization

• Many other factors can 

contribute to stability of 

polar orthorhombic phase

Monoclinic
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How does ferroelectric polarization influence surface stability?
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Kinetic energy cutoff: 800 eV

k-points: 4x4x1

Atomic forces < 0.01 eV/Å

Total energy <1 meV

It is necessary to decouple the influence of surface composition & ferroelectric 

polarization on the surface stability

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2021. Phys. Rev. Mater., 5(12), p.124417.
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How does ferroelectric polarization influence surface stability?

It is necessary to decouple the influence of surface composition & ferroelectric 

polarization on the surface stability
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Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2021. Phys. Rev. Mater., 5(12), p.124417.
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Surface Energy of Nonpolar Tetragonal HfO2

𝛾𝑎𝑣𝑔 =
1

2𝐴

𝐺𝑠𝑙𝑎𝑏 𝑇, 𝑃, 𝑁𝐻𝑓, 𝑁𝑂

−𝑁𝐻𝑓𝑔𝐻𝑓𝑂2

𝑏𝑢𝑙𝑘 𝑇, 𝑃

+ 2𝑁𝐻𝑓 − 𝑁𝑂 𝜇𝑂 𝑇, 𝑃

Calculating average surface 

free energy:

𝜇𝑂 𝑇, 𝑝 =  𝜇𝑂 𝑇, 𝑝° +
1

2
𝑘𝑇𝑙𝑛

𝑝

𝑝°

Most thermodynamically stable surface composition for a nonpolar slab is 1.0-O/1.0-O, 

which corresponds to a stoichiometric slab

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2021. Phys. Rev. Mater., 5(12), p.124417.
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Most thermodynamically stable surface composition for a polar slab at high temperature 

is P+:1.5-O/P-:1.0-O
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Surface Energy of Polar Orthorhombic HfO2

The 1.0-O/1.0-O surface composition 

is destabilized when ferroelectric 

polarization is introduced

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2021. Phys. Rev. Mater., 5(12), p.124417.
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Electrostatic potential profiles provide insights into surface stability

9

Nonpolar Tetragonal

1.0-O/1.0-O

Polar Orthorhombic

P+:1.0-O/P-:1.0-O 

Polar Orthorhombic

P+:1.5-O/P-: 1.0-O 

Addition of O to P+ surface 

sufficient to screen electrostatic 

potential

P-

P+

P-

P+

Ferroelectric polarization in the bulk 

induces electrostatic potential ramp across 

the slab → asymmetric work function

F
ix

ed

Hf O

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2021. Phys. Rev. Mater., 5(12), p.124417.

plane(xy)-averaged

running(z)-averaged (±2.52 Å)
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Ionic screening of electrostatic potential alleviates band bending
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Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2021. Phys. Rev. Mater., 5(12), p.124417.
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Effect of Surf. Comp. on HfO2 Ferroelectric Stability

How does the surface composition 

influence the ferroelectric stability 

of HfO2?

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2023. Phys. Rev. Mater., 7(11)

Stoichiometric
O-rich 

P+ Surface
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Controlling surface composition can be used to 

stabilize ferroelectricity in HfO2

Effect of Surf. Comp. on HfO2 Ferroelectric Stability

Stable polarization, 

retains orthorhombic 

phase 

After 

structural 

relaxation

Depolarizes to monoclinic-like phase

Polar displacement 

= 0.55 Å

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2023. Phys. Rev. Mater., 7(11)

O-rich 
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Stoichiometric

O-rich 

P+ Surface
Stoichiometric



Chang Lab  13

1. No size limit to ferroelectric stability

2. Increased polarization with decreasing thickness

➢ Large band gap enables stable, increasing polarization at small thicknesses

Effect of thickness on polarization of HfO2 

Nature 580.7804 (2020): 478-482.

~0.8 nm ~1.8 nm ~2.8 nm

Acosta, A., Martirez, J.M.P., Lim, N., Chang, J.P. and Carter, E.A., 2023. Phys. Rev. Mater., 7(11)

Stoichiometric

O-rich P+ Surface
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