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Abstract—This invited talk provides an overview of numerical
modeling frameworks for structural disorder in InGaN LEDs.
We focus on random alloy fluctuations (RAF), V-defects, and
dislocation-induced tail states, integrating Poisson—drift-diffusion
solvers, Localization Landscape (LL) theory, and Gaussian
density-of-states (DOS) models for tail states. By combining these
approaches, we reproduce experimental I-V, IQE, and WPE
trends across blue, green, and red LEDs. Cylindrical-coordinate
simulations of V-defect geometry provide quantitative accuracy
for low-bias leakage, while drift-diffusion charge control (DDCC)
modeling captures spectral balance in dual-wavelength struc-
tures. Together, these studies highlight disorder not as a limitation
but as a tunable design parameter for next-generation nitride-
based emitters.

Index Terms—Nitride LEDs, random alloy fluctuations, V-
defects, tail states, Localization Landscape, drift—diffusion mod-
eling

I. INTRODUCTION

InGaN-based LEDs have revolutionized solid-state light-
ing, yet their extension to longer-wavelength green and red
emitters remains hindered by the “green gap.” Efficiency
droop, high forward voltage, and reduced IQE are linked to
intrinsic disorder such as RAF, V-defects, and tail states. This
invited talk reviews recent advances in numerical modeling
frameworks that capture disorder-assisted transport in InGaN
LEDs, emphasizing Poisson—drift-diffusion solvers, LL theory,
cylindrical-coordinate simulations, and DDCC approaches.

II. NUMERICAL FRAMEWORK
A. Poisson—Drift-Diffusion and LL Theory

Carrier transport is modeled by solving the Poisson equation
for electrostatic potential:
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where P,,; accounts for polarization charges. The LL equa-
tion replaces the Schrodinger equation to capture localization
effects:
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providing an effective quantum potential for carrier percola-
tion.

B. Carrier Continuity and Recombination

Drift—diffusion equations are solved with continuity:

V- Jn,p = 7Q(R - G)7

where recombination R includes SRH, radiative, and Auger
terms:

R = Rsr + Bonp + Co(n’p + np?).
IQE is defined as:
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and WPE is obtained by including photon energy and light
extraction efficiency.
C. Random Alloy Fluctuations

Indium distribution in QWs is modeled using random num-
ber generators with Gaussian weighting, producing spatially
varying bandgap and polarization. This captures localized In-
rich sites that dominate emission spectra.

D. Tail-State Gaussian DOS
Tail states are incorporated via a Gaussian DOS:
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modifying the total DOS:
Ntotal(E) — N(E) + Ntail(E)-

The tail states are typically set in the V-defect region especially
near TD cernter. This provides percolation pathways at low
bias, reducing forward voltage but enhancing nonradiative
recombination near dislocations.

E. Cylindrical V-Defect Modeling

We also developed Cylindrical coordinate to simulate Cone-
like V-defects, where trap influence scales as r2 / R2. The result
is compared with 2D model. This geometry produces stronger
leakage at low bias compared to planar 2D models, aligning
better with experimental J-V curves.



III. RESULTS AND DISCUSSION

Our integrated simulations and experiments provide a multi-
faceted view of disorder-assisted transport in InGaN LEDs.
Several key findings are summarized below.

A. Impact of Random Alloy Fluctuations

Random alloy fluctuations (RAF) in InGaN QWs create
localized In-rich regions that act as carrier traps and radiative
centers. Simulations show that RAF lowers effective barrier
heights, enabling percolative transport at reduced bias. How-
ever, RAF also increases carrier density in localized regions,
enhancing Auger-Meitner recombination more strongly than
radiative recombination. This imbalance leads to stronger
droop effect at high current densities. Spectral analysis con-
firms that emission peaks are dominated by localized In-rich
sites, consistent with TEM and PL measurements.

B. Role of V-Defects

V-defects provide semipolar sidewall QWs that facilitate
lateral hole injection. In green LEDs, this mechanism reduces
forward voltage by ~0.3-0.5 V compared to structures without
V-defects. Cylindrical-coordinate simulations reveal stronger
leakage at low bias due to enhanced field screening, but also
show improved agreement with experimental J-V curves. At
high current densities, the effective defect area ratio (r?/R?)
governs the balance between leakage and injection efficiency.
Parametric sweeps of V-defect density indicate that moderate
densities (108-10° cm~2) optimize WPE by balancing voltage
reduction against nonradiative recombination.

C. Tail-State Assisted Transport

Dislocation-induced tail states provide leakage pathways
below turn-on voltage (V' < 2.0 V). Gaussian DOS modeling
shows that tail states screen polarization barriers, lowering
effective injection voltage by ~0.2 V. This mechanism ex-
plains the discrepancy between computed and measured for-
ward voltages in red LEDs. However, tail states also enhance
nonradiative recombination near dislocation cores, reducing
IQE. Sensitivity analysis indicates that increasing tail-state
density from 10'° to 107 cm~ improves voltage reduction
but decreases peak IQE by 10-15%.

D. Spectral Evolution and Efficiency Droop

Simulated electroluminescence spectra reproduce experi-
mental trends[4]: at low bias, green emission dominates due
to hole capture in semipolar QWs; at higher bias, carriers fill
c-plane QWs, shifting emission toward blue. Efficiency droop
is mitigated in GB-LED configurations, where balanced car-
rier injection reduces current crowding. WPE measurements
confirm simulation predictions, with GB-LED chips achieving
46% efficiency at 20 mA and packaged modules reaching
107% NTSC coverage.

E. Numerical Sensitivity and Parameter Studies

Extensive parameter sweeps highlight the interplay between
disorder mechanisms:

o Increasing RAF amplitude enhances percolation but ac-
celerates Auger recombination.

o Larger V-defect radii reduce voltage but increase leakage
currents.

o Tail-state Gaussian width (o) controls leakage onset;
narrower distributions (¢ = 0.3 eV) yield better voltage
reduction but higher nonradiative loss.

These results emphasize that disorder must be engineered as
a design parameter, with optimal trade-offs between voltage
reduction, IQE, and spectral quality.

FE. Comparison with Experimental Data

The combined framework reproduces measured I-V charac-
teristics, EL spectra, and WPE trends across blue, green, and
red LEDs. In particular, the inclusion of tail states is essential
to match low-bias leakage observed experimentally. Cylin-
drical modeling improves quantitative accuracy of leakage
analysis, while RAF and V-defect modeling explain spectral
shifts and efficiency droop. Together, these results validate the
numerical framework and demonstrate its predictive capability
for device design.

IV. CONCLUSION

Numerical modeling of structural disorder in InGaN LEDs
reveals a dual role: disorder can degrade IQE through leakage
yet simultaneously enable voltage reduction and improved car-
rier injection. By integrating LL theory, drift—diffusion solvers,
cylindrical modeling, and Gaussian DOS for tail states, we
provide a comprehensive framework for understanding and
engineering disorder. This invited talk emphasizes that dis-
order is not merely detrimental but a design parameter for
optimizing efficiency, voltage, and spectral quality in next-
generation nitride-based emitters.
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