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My expertise: predictive modeling of semiconductors

Density 
functional theory

• Structure
• Thermodynamics
• Alloys
• Defects and 

dopants
• Anharmonic effects

Many-body 
perturbation theory

• Band gap
• Band structure
• Effective masses 

Density functional 
perturbation theory

• Phonons
• Electron-phonon coupling

Quantum processes

• Optical absorption
• Carrier mobility
• Thermal conductivity
• Recombination rates

Modern predictive calculations explain the properties and 
enable the discovery of new semiconductors that can 

surpass the state of the art.

Material composition

Material 
properties



Overview

• Definition of polarization
• Polarization parameters of III nitrides
• Polarization in quantum wells: quantum-confined Stark effect
• Polarization discontinuity and 2D carrier gases at interfaces
• Ferroelectric nitrides



Response of materials to electric fields

Khanbareh, PhD thesis, Delft University of Technology 

Piezoelectric materials: develop polarization 
due to strain.

Pyroelectric materials: permanent electric 
polarization.

Ferroelectric materials: polarization can be 
switched by an electric field.

All made possible by lack of inversion symmetry.



Classical polarization for finite system

For isolated molecule, the electron dipole 
moment is the sum over occupied wave 
functions:

But: position operator is not well defined for an infinite periodic solid, 
polarization is not well defined if we use this formula. 

chem.libretexts.org



Modern theory of polarization: Berry
Based on the geometric Berry phase of the electron wave functions unk integrated over the Brillouin zone:

King-Smith and Vanderbilt, Phys. Rev. B 47, 1651 (1993)

Equivalent: sum of centers of Wannier functions: from continuous electron distribution to sum of point charges.

Ions + electrons

Each electron 
Wannier function Marzari et al, Rev. Mod. Phys. 84, 1419 (1993)



Polarization parameters of III-nitrides

Dreyer, Janotti, Van de Walle, and Vanderbilt, Phys. Rev. X 6, 021038 (2016) 
𝑎

Displacement:

1

2
− 𝑢 𝑐 Ƹ𝑧

−3

Cation charge: +3
Ԧ𝑝 = 3𝑒

1

2
− 𝑢 𝑐 Ƹ𝑧

Ԧ𝑝

Dipole moment:

N charge:



Quantum confined Stark effect

Speck and Chichibu, MRS Bulletin 34, 304 (2009) 

= spatial separation of electron and hole wave 
functions in polar nitride quantum wells due to 
polarization.

- Redshift of the emission compared to nonpolar

- Spatial separation of electrons and holes, reduced 
recombination rates

In polar quantum wells: optical balance between 
quantum-confinement-induced blueshift vs. spatial 
separation of electrons and holes occurs for a well 
width around 2.5-3 nm.

C-axis
C-axis



Carrier recombination in LEDs

n-GaN

p-GaN

InGaN 
QWs

Efficiency:

Defects Radiative Auger-MeitnerEnergy

Conduction 
band

Valence 
band

1.  Defect-mediated Shockley-Read-Hall 
recombination through a mid-gap 
defect state. Rate increases linearly 
with free-carrier density. Important at 
high temperature and near surfaces, 
e.g., microLEDs

2.  Radiative recombination rat: Needs 1 
e + 1 h → quadratic with free-carrier 
density  (assuming n=p)

3.  Auger-Meitner recombination: 3 
carriers scatter through Coulomb 
interaction. Needs 2e + 1h, or 2h + 1e: 
depends on the cube of the carrier 
density.

Overall efficiency: radiative/total 
recombination rate, shows a maximum.

J = ed(An+ Bn2 +Cn3).
Steady-state current J: (d = well width)



Quantum confined Stark effect and radiative recombination

BQW = BBulk Fcv
2

Fcv = y c(z)y v(z)dz,ò

Radiative recombination rate is proportional to electron-hole overlap → 
polarization reduces radiative recombination rate.

Radiative recombination rate

Experimental data: 
David and Grundmann, APL 2010



Electron 

energy

Position

GaN InGaN GaN

Electron 

wave function

Hole

wave function

Defect state

For a fixed defect:
Recombination rate 
proportional to: 

y c(z)y d (z)dzò ´ y d (z)y v(z)dzò
2

For a random distribution 
of defects:

AQW = ABulk Fcv
2

Quantum confined Stark effect and Shockley-Read-Hall

Shockley-Read-Hall recombination rate is also proportional to electron-hole 
overlap → polarization reduces non-radiative recombination rate as well.

Experimental data: 
David and Grundmann, APL 2010



Quantum confined Stark effect and Auger-Meitner recombination

Position

Fccv = y c(z)y c(z)y v(z)dz,ò

CQW =CBulk Fccv
2

Electron 

energy

Conduction 

band

Valence 

band

Recombination

GaN InGaN GaN

Electron 

wave function

Hole

wave function

Extended state

Auger-Meitner recombination rate is proportional to triple 
e-e-h or h-h-e overlap.

Appl. Phys. Lett. 101, 231107 (2012)

But: triple overlaps are very similar to e-h overlap. Reason: third 
carrier already overlaps with one of the recombining ones

Experimental data: 
David and Grundmann, APL 2010



Combined effects of QCSE on efficiency:

BQW = BBulk Fcv
2

AQW = ABulk Fcv
2

CQW =CBulk Fcv
2

Quantum confined Stark effect reduces all the 
recombination rates by a similar factor.

Question: is polarization good or bad for LED 
efficiency?

A) Good
B) Bad
C) No effect
D) It depends 



BQW = BBulk Fcv
2

AQW = ABulk Fcv
2

CQW =CBulk Fcv
2

IQE versus carrier density is the same:

…but IQE versus current density is different:

J = ed(An+ Bn2 +Cn3).

Effect of polarization on efficiency

Increasing 
QCSE

Increasing 
QCSE

Polarization fields slow down all recombination rates similarly, 
increase steady-state n for a given j.
• At high n: polarization favors Auger (Cn3) compared to 

radiative (Bn2) → reduces efficiency for given j.
• At low n: polarization favors radiative (Bn2) over Shockley-

Read-Hall (An) → increases efficiency for given j.

Experimental data: David and Grundmann, APL 2010



Does localization lead to defect-insensitive emission?

Idea originally developed for dislocations; does it apply for point defects? 

Veffective(r)
defects

Chichibu et al. Nature Mat. 5, 810 (2006)

Later work on InGaN underlayers has shown that emission in InGaN is 
very sensitive to point defects.

Armstrong et al. J. Appl. Phys. 117, 134501 (2015)
Chen et al. Appl. Phys. Lett. 118, 111102 (2021)
Roccato et al. J. Phys. D: Appl. Phys. 54 505108 (2021)
Weatherly et al. Nano Lett. 21, 5217-5224 (2021)
Nicolas Grandjean plenary, ICSN-13

https://compoundsemiconductor.net/article/113729/Point_Defects_The_Ultimate_Blue_LED_Efficiency_Killers/feature 

How does localization affect defect-mediated 
non-radiative recombination in InGaN?



Localization: correlated reduction of recombination rates

Increasing 
localization

Increasing 
localization

Increasing 
localization

Increasing 
localization

Localization slows down all recombination rates similarly, increase steady-state 
n for a given j.
• At high n: polarization favors Auger (Cn3) compared to radiative (Bn2) → 

reduces efficiency for given j.
• At low n: polarization favors radiative (Bn2) over Shockley-Read-Hall (An) (but 

B/A ratio decreases) → increases efficiency for given j.



Polarization discontinuity and 2D carrier gases

Speck and Chichibu, MRS Bulletin 34, 304 (2009) 

GaN High Electron Mobility Transistor (HEMT)

Electronics 2018, 7(12), 377

𝜎 = ∆𝑷 ∙ ො𝑛Bound surface charge density
(here: positive charge)

→ Attracts negative charges from defects, forms two-dimensional electron gas



Two-dimensional hole gas

The opposite stacking sequence creates an opposite polarization sign, forms a 2D hole gas.
Hole concentration is independent of temperature → not acceptors, evidence of 2DHG.

D. Jena and team, Science 365, 1454 (2019)



Ferroelectric nitrides
The electrical polarization of group-III nitrides can be reversed 
with the application of an electric field.

Observed in alloys of ScAlN, ScGaN, BAlN, but also MgZnO

AlN, GaN, InN: wurtzite (polar)
ScN, YN, LaN: rocksalt (nonpolar)

Non-polar element (e.g., Sc) weakens bonds in, e.g., AlN and 
distorts structure.

Much larger polarization than typical ferroelectrics, e.g., PZT, 
but also high coercive fields needed (~5 MV/cm, close to 
dielectric breakdown).

Promise: can nitrides retain their permanent dipole moment 
even at low dimensions? 

J. Appl. Phys. 114, 133510 (2013)

J. Appl. Phys. 125, 114103 (2019)



Domain walls in nitride ferroelectrics (I)

2 | Nature | www.nature.com

Ar t icle

enables a precise lat t ice alignment , atomically sharp interfaces and 

uniform elemental dist r ibut ion (Extended Data Fig. 1), ensuring robust  

ferroelect r icit y (Extended Data Fig. 2) and permit t ing atomic-level 

invest igat ions of the interface and electr ic-f ield-induced domain-wall 

structures29–31 (Extended Data Fig. 3). Illustrated in Fig. 1a, the switch-

able wur tzite fer roelect r ic and the unswitchable semiconductor 

electrode underpin a region of interest  near the interface potent ially 

rich in domain walls, which, however, remains largely unexplored. We 

performed high-resolut ion high-angle annular dark f ield (HAADF) and 

integrated dif ferent ial phase contrast  (iDPC) imaging to visualize the 

metal and nit rogen atomic posit ions and determine crystallographic 

orientat ion. After elect r ical poling, different  regions can be def ined 

by their polarizat ion orientat ions, shown in Fig. 1b,c. Illust rated in the 

r ight  panel of Fig. 1d, the arrangements of atoms are clearly discern-

ible, with Sc or  Ga metal (M) and nit rogen (N) atoms posit ioned on 

opposing ends o f the dumbbell-shaped at omic pairs. The polarity o f 

the layer stack is subsequent ly ascertained from the stacking order of 

the M and N atoms within these dumbbells. Figure 1d demonstrates the 

coexistence of elect r ic-f ield-induced nit rogen-polar (N-polar) regions, 

an intermediary realm marked by mixed polarity and unswitched metal- 

polar (M-polar ) regions close to the M-polar GaN substrate (Fig. 1g).  

The presence of N-polar  in switched ScGaN f ilms extends from the 

t ransit ion region up t o the t op elect rode (Fig. 1d–f ). By contrast , the 

as-grown ScGaN/GaN heterost ructure shows exclusively M-polar 

(Extended Data Fig. 1d). These results indicate that  the N-polar domains 

result  from a comprehensive polarity reversal, rather than from local-

ized defects or specif ic domain st ructures generated during growth, 

providing unambiguous evidence of ferroelect ric switching in epitaxial 

Sc-III-nit r ides. We note that  the existence of an unswitched layer at  the 

ferroelect ric/elect rode interface has also been observed in ScAlN and 

other ferroelect ric systems23,32. Here this unswitched region is used 

to promote the format ion of in-plane domain walls. Nonetheless, in 

pract ical applicat ions, this unswitched layer needs to be tailored to 

enable device scale-down.

Charge-neutral VDWs

Domains and domain walls are not  only fundamental to polar ity- 

switching dynamics but  also represent  energet ically favourable con-

f igurat ions among substant ial depolar izat ion f ields33. In ferroelec-

t rics with out -of-plane polarizat ion, charge-neutral VDWs typically 

form to minimize the energy and area of the domain walls34. Figure 2a 
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Fig. 1 | Atomic-scale evidence of polarity switching in ScGaN. a, Schemat ic of 

polar it y switching in a metal/ ferroelect r ic/semiconductor capacitor. b,c, Cross- 

sect ional STEM image (b) and schemat ic illust rat ion (c) of the metal/ScGaN/GaN 

capacitor. d, High-resolut ion HAADF (lef t) and iDPC (r ight) images captured 

near the ScGaN/GaN inter face. The atomic arrangement is represented by 

spheres (red for met al, blue for nit rogen). e–g, Magnif ied images f rom dif ferent 

regions in b. N-polar regions are clearly observed from above the t ransit ion 

region to the top sur face of ScGaN. The blurred region in e is the inter face 

bet ween ScGaN and the top elect rode. Scale bars, 20 nm (b); 1nm (d–g).

The polarization of a ScGaN film on GaN is 
reversed by applying an electric field, and 
the resulting structures are imaged with 
electron microscopy.

Resulting images can be analyzed to 
investigate domain walls between domains 
of opposite polarity.  

Nature 641, 76–82 (2025)



Domain walls in nitride ferroelectrics (II)

Nature 641, 76–82 (2025)

Two types of domain walls:

Vertical domain walls (planes 
parallel to c-axis). Common in III-
nitride growth. All atoms at the 
interface are bonded, no dangling 
bonds. Low formation energy. 

4  | Nature | www.nature.com
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Fig. 2 | Electric-f ield-induced VDWs in ScGaN. a,b, Schemat ic (a) and atomic 

model (b) of the VDW, with atoms represented by spheres (red for metal, blue 

for nit rogen). c,d, High-resolut ion HAADF-STEM image (c) and corresponding 

in-plane distance map (d) of a VDW in ScGaN. e,f, High-resolut ion iDPC-STEM 

image (e) and corresponding dumbbell angle map (f ) for the same region shown 

in c and d. g, High-resolut ion dDPC-STEM image of the VDW st ructure. h, Intensity 

prof ile of the selected region in g. i, Measured average atomic distances in the 

character ist ic eight fold/ four fold r ing arrangement in the VDW st ructure.  

j, Projected polar izat ion vector dist r ibut ion across the VDW, calculated from 

the relat ive posit ions of the cat ions and anions ext racted f rom e. k, Charge map 

ext racted f rom DPC-STEM images. l, Elect ronic densit y of st ates of the VDW 

st ructure, which is almost ident ical to bulk ScGaN. The inset shows the tot al 

charge densit y of the VDW st ructure. Scale bars, 1nm (c,e). a.u., arbit rary unit s.
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Fig. 2 | Electric-f ield-induced VDWs in ScGaN. a,b, Schemat ic (a) and atomic 

model (b) of the VDW, with atoms represented by spheres (red for metal, blue 

for nit rogen). c,d, High-resolut ion HAADF-STEM image (c) and corresponding 

in-plane distance map (d) of a VDW in ScGaN. e,f, High-resolut ion iDPC-STEM 

image (e) and corresponding dumbbell angle map (f ) for the same region shown 

in c and d. g, High-resolut ion dDPC-STEM image of the VDW st ructure. h, Intensity 

prof ile of the selected region in g. i, Measured average atomic distances in the 

character ist ic eight fold/ four fold r ing arrangement in the VDW st ructure.  

j, Projected polar izat ion vector dist r ibut ion across the VDW, calculated f rom 

the relat ive posit ions of the cat ions and anions ext racted f rom e. k, Charge map 

ext racted f rom DPC-STEM images. l, Elect ronic densit y of st ates of the VDW 

st ructure, which is almost ident ical to bulk ScGaN. The inset shows the tot al 

charge densit y of the VDW st ructure. Scale bars, 1nm (c,e). a.u., arbit rary unit s.

Horizontal domain walls (planes 
perpendicular to c-axis). Polarization 
inversion through a thin horizontal 
region of only a few atomic layers. 
Dangling bond at the interface give 
rise to midgap defect states and 
strong polarization discontinuity. Why 
are they stable?



Domain walls in nitride ferroelectrics (III)

Nature 641, 76–82 (2025)

Universal cancellation of polarization discontinuity by dangling bonds.

Dipole moment per cation:

Polarization:

Surface bound charge:

Dangling bond charge:

→ Negative charge of dangling bonds cancels out the charge 
from polarization discontinuity.
→ A universal mechanism for all tetrahedral ferroelectrics that 
explains the unusual stability of antipolar domain walls.

≈ 1.6 × 1015 cm–2!!
Record high, but not mobile.
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