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Sublinear increase in LED optical
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Thermal Droop Mechanism (Blue)
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BACKGROUND & MOTIVATION

Principle of the Experiment

Filling of localized states leads 
to activation of non-radiative 
defect recombination

Analysis of experimental EQE curve vs. injected current density
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HOLES DISTRIBUTION

Energy Distribution Curves
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COMPOSITIONAL 
FLUCTUATIONS

RECENT & FUTURE WORK
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at  Indium/alloy
fluctuations
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𝜂𝐼𝑄𝐸 =
𝐵𝑛2

𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3𝐽 = 𝑒𝑑𝑎𝑐𝑡𝑖𝑣𝑒 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3

Uncertainty in
assumed parameters

Large variations in
fitted parameters

Number of injected QWs
of 3 nm thickness

Inhomogeneity of the system not taken into account in the ABC model:
There are several well known phenomena which make defining an 

active region volume difficult.

Drop in external quantum efficiency

𝜂𝐸𝑄𝐸 =
# 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

# 𝑜𝑓 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑒 − ℎ 𝑝𝑎𝑖𝑟𝑠 Carriers are concentrated 
in potential minima

Injection of carriers is 
stronger near the electrodes

Holes are concentrated in MQWs 
near the p-contact layer

Droop Mechanism in Green

Low Energy Electron Analyzer Spherical SectorCylindrical

PMC UCSB

Experimental Apparatus

Hot Electron Escape & K-Conservation

Exploration of electronic energy populations in 
“droop free” devices

Measurement of vacuum emitted electrons from
semi-polar LEDs could confirm if improvements
in droop are related to reduced Auger
recombination.
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Auger-generated electrons:

▪ 1 Hot carriers accumulated in the 
side L-valley.

▪ 2 L→Γ electrons transferred near 

the p-surface.

▪ 3 and 4 are low energy photo-
generated electrons from metal p-
contact by LED light.

The Auger current and 
droop current scale 
linearly indicating that 
the two processes 
have the same 
dependence on carrier 
density.  No other 
droop mechanism 
scales as Auger.

UCSB Measured Blue LED EDC

An increase in forward current (and EL intensity) in forward biased LEDs
is observed.

The only photo-excitable carrier escape mechanism out of the QW active
region which can explain this is Auger-generated hot carrier escape.

Photocurrent Measurements

In order to be emitted the electron must be able to satisfy both conservation 
laws. 

𝐸 + 𝐸𝑉 − 𝐸𝐴 = 𝐸′, 𝒌⊥ + Λ⊥ = 𝒌′⊥

In other words, emission in vacuum requires that the emitted electron must 
have a non negative wavevector in the longitudinal direction in vacuum. 

The longitudinal component of the vacuum wave vector can be written as

𝒌′∥ =
2𝑚𝑒(𝐸 − 𝐸𝐴 + 𝐸𝑉)

ℏ2
− (𝒌⊥ + Λ⊥)

2

If 𝒌′∥ ≥ 0, the electron can be emitted.

If the valley from which the electron is being emitted, is in the direction of the 

surface normal, then Λ⊥= 0.  Otherwise, typically 

Λ⊥
2 ≫

2𝑚𝑒(𝐸 − 𝐸𝐴 + 𝐸𝑉)

ℏ2

making 𝒌′∥ imaginary and thus restricting emission from such valleys.

For GaN, an electron in the L-valley [
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] at a (100) surface.   In this case, 

Λ⊥
2 = 0.5

2𝜋2

3𝑎2
+
𝜋2

𝑐2
= 0.508 Å−2

Where ‘a’ and ‘c’ are the lattice constants of GaN. (𝑎 = 3.189 Å, 𝑐 = 5.178 Å)

For 𝐸𝑉 = 0. 9𝑒𝑉 and a typical value of 𝐸𝐴 = −1.1 𝑒𝑉 we can calculate
2𝑚𝑒(𝐸 − 𝐸𝐴 + 𝐸𝑉)

ℏ2
= 0.074 Å−2 ≪ Λ⊥

2

𝒌′∥ = 0.074 Å−2 − (𝒌⊥ + 0.508 Å−2⊥)
2

𝒌′∥ is imaginary and forbidding emission from this valley.

Recently work at UCSB, published in Applied Physics Letters

Why do blue LEDs experience efficiency losses at high current density?

Determination of A and C coefficients requires assumption of active 
region volume as well as B coefficient.

Small changes in active region volume result in very different A and C.

How to accurately determine recombination mechanisms?
Direct measurement of the electrons energies.

UHV Electron Emission Spectroscopy chamber at UCSB.

In-situ deposition of cesium monolayer to the surface of devices to 
allow electrons to be emitted from the p-GaN surface into vacuum.

Band diagram of an LED showing the different 
recombination mechanisms as well as the associated 

electron energy distribution at the p-GaN surface.

How to measure the energy of the emitted electrons?

1. Openings in the p-contact provide an unobstructed path for electron emission.
2. UHV environment increases electron mean free path in vacuum.
3. Electrostatic energy analyzer.

Improvements to the analyzer geometry.

Temperature dependent electron energy distributions.

Large increase in peak 2 at temperatures above 75°C.

1. Peak 2 increases due to leakage and overshoot from thermal 
excitation.

2. Peak 1 decreases due to increased inter-valley scattering at 
elevated temperatures.

1. Peak 2 increases due to carriers tunneling through the barrier.
2. Peak 1 initially decreases, but increases at temperatures 

above 130°C from SRH + Auger process in the EBL. At high 
temperatures significant number of electrons are interacting 
with the EBL.

Comparison of spectra between a p-n junction and a p-n junction 
with a 10 nm AlGaN EBL.
Hot electrons are measured in the sample with EBL.

The addition of an electron blocking layer in a simple p-n junction 
provides pathway for hot electron generation.

Peak 2 shows large increase at temperatures above 75°C.
Peak 1 shows increase in intensity at temperatures above 
105°C.

Ongoing efficiency problems in long wavelength nitride 
based LEDs.

Applying electron emission spectroscopy technique to try 
to understand loss mechanisms in green LEDs.

Presence of large peak 2 at very low injection currents is 
very different to spectra from blue LEDs.

Electron spectroscopy from new industry partner.
Shows similar large peak 2 emission from green LED.

However, this material does not show any peak 1 (Auger).
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