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Ferroelectricity

 permanent dipole 
 polar phase

 double-well potential

 can be switched by 
electric field

Classic Ferroelectrics

 PZT: Pb(Zr,Ti)O3

 BTO: BaTiO3

 BFO: BiFeO3
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Relevant Phases in HfO2
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high T phases, higher k (> 30)bulk phase, lower k (≈ 20)

FE orth. phase

“doping” with
e.g. Si

perovskite phase (tetra.)
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What determines the macroscopically effective Polarization?

 volume density of dipoles:

 phase composition
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What determines the macroscopically effective Polarization?

 volume density of dipoles:

 phase composition

 length of the dipoles: vs. 

 doping/stress

 orientation of the dipoles:

 texture
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Si:HfO2 vs. La:HfO2  “Original vs. Rockstar” 
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U. Schroeder et al., Jpn. J. Appl. Phys. 2014, DOI: 10.7567/JJAP.53.08LE02
J. Müller et al., IEDM 2013, DOI: 10.1109/IEDM.2013.6724605
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GIXRD: Rietveld Refinement

 high fraction of FE phase

 but similar values have been 

shown for other dopants

Electrical Measurements

 wide range of ferroelectricity

 high remanent polarization Pr
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U. Schroeder et al. Inorg. Chem. 2018, DOI: 10.1021/acs.inorgchem.7b03149

almost 90%Pr = 25…30 µC/cm²
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Density Functional Theory

 La is a very suitable stabilizer of the FE phase (bulk stability possible?)

 So, what about the induced
spontaneous polarization?

 62 vs. 52 – 60 µC/cm²
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R. Materlik et al. J. Appl. Phys., DOI: 10.1063/1.5021746

R. Batra et al. Chem. Mater. 2017,
DOI: 10.1021/acs.chemmater.7b02835

T. Schenk et al. (in review)
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Texture

 preferential
orientation
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Texture  Peak Intensity

 number of correctly oriented grains
toward scattering vector
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( )2 sinn dλ θ⋅ = ⋅

Strain  Peak Position

 Bragg equation:
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T. Schenk, PhD thesis, TU Dresden 

Standard Lab XRD with Eulerian Cradle
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2Theta 2Θ/ theta θ / omega ω

 define conditions for constructive interference in Bragg equation

 occurence of peaks
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2Theta 2Θ/ theta θ / omega ω
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Phi Φ

 rotation around film plane vector

 no change of angle 
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and film plane vector
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2Theta 2Θ/ theta θ / omega ω

 define conditions for constructive interference in Bragg equation

 occurence of peaks

Phi Φ

 rotation around film plane vector

 no change of angle 

between scattering vector
and film plane vector

Psi Ψ

 rotation around in-plane projection
of X-ray beam

 angle between plane vector

and scattering vector
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T. Schenk, PhD thesis, TU Dresden 
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Basic Formula for sin2(Ψ)-Method

 The following assumptions allow simplification:

 no shear components

 symmetric in-plane strain

(Check for rotation-invariant XRD patterns!)
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I. C. Noyan et al., Crit. Rev. Solid State Mater. Sci. 1995, DOI: 10.1080/10408439508243733
J. C. Nino et al., Thin Solid Films, DOI: 0.1016/j.tsf.2008.12.01

Ψ
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Simplified Formula for sin2(Ψ)-Method

 εΨ vs. sin²(Ψ) plot allows extraction of in-plane ε11 and out-of-plane ε33 strain 

 Problem: Knowledge of d0 is essential!

 not the case for novel ferroelectrics such as HfO2/ZrO2.

 generally, an issue for thin films compared to bulk materials

 Solution: Analysis via knowledge of elastic properties (or sufficient estimates)
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I. C. Noyan et al., Crit. Rev. Solid State Mater. Sci. 1995, DOI: 10.1080/10408439508243733
J. C. Nino et al., Thin Solid Films, DOI: 0.1016/j.tsf.2008.12.01
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Simplified Formula for sin2(Ψ)-Method

 Equibiaxial stress links ε11 and ε33 via Poisson ratio:



 Solutions for ε11 and d0 are:

 Stress can be calculated as:
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T. Schenk et al. (in review)

slope m y-intercept m

= 0
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20 nm La:HfO2
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T. Schenk et al. (in review)

shift in 2Θ

Indeed, in-plane 
rotational symmetry!
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Calculated Stress and Strain

 literature values from diff. phases for 
uncertainty assessment

 stress still depends directly on Y

 strain only weakly dependent on ν

 self-consistent, more reliable approach 

compared to calc. based on ref. LPs
(LP accuracy of less than 0.1 % required)

 tensile in-plane and compressive 
plane-normal strain ≈ ±0.5 %

 tensile in-plane stress of ≈ 2 GPa

 extrinsic parameters; rather large values

 similar to HfO2 with other dopants
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T. Schenk et al. (in review)

S. L. Dole et al., J. Am. Cer. Soc. 1977, 
DOI: 10.1111/j.1151-
2916.1977.tb14088.;

values for mono. phase:

Y = 284 GPa    ν = 0.3
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Preferential Orientation

 longest axis favorably in-plane

 polar axis tends to favor the plane-
normal direction
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Relation of Texture and Pr

 Already in GIXRD, La:HfO2 is indeed a bit special.

 Watch our for such features!

 random orientation  max. Pr = 50 % of Ps

 integrated pole figure  max. Pr = 58 % of PS
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“Rockstar” La:HfO2

 reports on large Pr and wide dopant conc. window
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“Rockstar” La:HfO2

 reports on large Pr and wide dopant conc. window

Intrinsic Factors from DFT

 La is a strong stabilizer of the polar phase

 La leads to 62 µC/cm², others: 50 - 60 µC/cm²

Extrinsic Factors from XRD

 in-plane tensile stress (≈ 2 GPa) leads to strains of ±0.5 %

 due to thermal strain; similar for other dopants!

 stronger 002 texture (polar) compared to other dopants

 correlation of texture and Pr!

Future work: Why does texture develop differently in La:HfO2? 

 Interplay of large FE phase fraction and stress?; Kinetic effect during anneal?
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Rietveld Refinement

 low-index peaks (100, 110 and so on) distinguish orth. from tetra. phase
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3 MV/cm

 tetragonal phase 
refined 

orthorhombic 

phase refined 

sin²(Ψ)-

approach 

a in Å 3.5914(3) 5.207(1) 5.20 

b in Å 3.5914(3) 5.073(1) 5.07 

c in Å 5.2038(11) 5.086(1) 5.08 

σ11 = σ22 in GPa 2.24(4) 2.17(4) 2.43/2.56 


