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An introduction to efficiency droop in IlI-Nitride LEDs

The rollover in efficiency at high current
is known as efficiency droop:
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Key points about efficiency droop:
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There is significant benefit to be realized if
we can mitigate droop:
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* Mitigating droop has an impact on both high and moderate to low drive current devices

* Reducing high current loss mechanisms improves peak efficiency as well

* Gains in flux per dollar and/or per watt can be realized

e Gains in flux per dollar at constant WPE can be significant!
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The basics of LED efficiency

Dominant recombination mechanisms
| T Different mechanisms affect IQE at different carrier densities
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Nrad : There are a variety of interacting physical processes in the active
: region that must be addressed simultaneously

EQE

{ i |
|

Because of this, it is challenging to address one part of the IQE
curve without affecting another

1
(b
e et

0.1 1 10 100 1000
Jf (mA/mm2)

Carrier Transport

() - m Overlap Barrier
R
Material quality: (-] - — e

The number of defects in the material has a
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Mechanisms of high current efficiency loss

Lumileds supports Auger as the dominant mechanism of high current efficiency droop

o Y.C. Shen, G.O. Mueller, S. Watanabe, N.F. Gardner, A. Munkholm, and M.R. Krames, Applied
Rece nt Work from UCSB Supports thls as We" Physics Letters, 91, 141101 (2007) = PL based IQE measurements

J. lveland, L. Martinelli, J. Peretti, J. S. Speck, C. Weisbuch Phys. Rev. Lett. 110, 177406 (2013) 2>
Auger emission spectroscopy

Electron overflow is also cited as a possible cause of efficiency droop
= The barrier for electrons is quite high using typical EBL

= Auger generates hot electrons, which can escape past the EBL

= Electron overflow should only occur in concert with Auger recombination
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15% of hot Auger electrons generated in QW6

end up escaping over the EBL as they cool
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Factors that control Auger recombination rates
Auger rates are driven by two groups of processes:

Carrier density in the QWs Auger Matrix Element

* Drive current e Fundamental constants
* Influence of QW design

e Carrier transport
* Radiative recombination rate and carrier screening
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Matrix element: transition rate from initial states to final

n2p Auger recombination
states - A
e e e ORI
M = HdSrld 3r2¢1 (r)e, (rzir—lzl¢1 (%), (F,)
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Screened coulomb interaction:
(1/2) is screening length (a few nm)
QW width decreases =» carriers are closer
10 100 1000 )
=> less screening =» larger M

Jf(mA/mm2)
Auger recombination increases as QW width decreases due

to less carrier screening within QWs
- If thick QWs can be grown with good material quality,

the onset of efficiency Droop can be pushed to higher

01 1

Auger recombination increases with increasing carrier density
-> If the carrier density can be reduced in QWs by spreading
carriers more uniformly in the active region, the onset of
efficiency Droop can be pushed to higher drive current )
drive current
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Auger and Carrier Density in QWSs: Carrier Transport
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Standard Active Region designs result in poor hole transport
- Holes have difficulty spreading past first QWSs on p-side
- This can be modeled (below) and shown experimentally (right)

Modeled IQE curve for each QW
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LEDs are almost always tuned to the first or second QW,
indicating a lack of carrier spreading to the n-side QWs

Ag mirror
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Improving carrier distribution by improving hole transport

Standard QW Improved QW
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Region Transport
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Standard Active Region designs result in poor hole transport The Active Region can be designed to improve hole
- Holes have difficulty spreading past first QWSs on p-side transport, resulting in emission from more QWs

Modeled IQE curve for each QW

= Each QW has a different carrier population

——igeqw_QW=3
===iqeqw_Qw=4 = This results in a different efficiency curve when
T leqw_QWSS plotted against the LED drive current

= Spreading the carriers takes advantage of the QWs
with lower carrier density that have “efficiency to

spare”
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Auger and Carrier Density in QWSs: Carrier Transport

Improving carrier distribution by improving hole transport

Standard QW Material Quality challenges for Improved
Active @) C% Hole Transport Active Region Designs
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Design
Active Region can be designed to improve hole transport, 10 100
resulting in emission from more QWs Current density (A/cm2)
- Challenge is resolving material quality issues
associated with changes that improve hole transport

Transport Active Region Designs
- Degradation to material quality is too high to realize
performance improvement at high current

[EEY

Most LED structure changes that improve carrier transport hurt material quality
- This is a key development challenge to improve llI-nitride LED high current efficiency
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Auger and Carrier Density: Radiative Recombination Rate
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Consider a simple ABC model of recombination:
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relative QW thickness

Higher recombination rates result in lower carrier Reducing QW thickness improves overlap, but
density and less Auger recombination greater InN mole fraction is required

Alternative approaches, such as reduced
composition contrast between QW/QB, result in
worse material quality

AGAIN, Most LED structure changes that improve radiative recombination rates hurt material quality
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Auger Matrix Element

Thicker QWs for Auger reduction
Must balance reduction in radiative and Thick QWs also impact material quality

Auger recombination rates
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Reduced polarization in the QWs (or semi-polar GaN) Further improvements are an area of
allows a decoupling of overlap and carrier screening intense R&D effort

AGAIN, Most LED structure changes that reduce Auger recombination rates hurt material quality

Lumileds recently received DOE funding for fundamental epi growth and characterization studies:

LUMILEDS: Lead with epi growth and analysis; MIT: (S)TEM and 3D-APT analysis; Brookhaven National Lab: Advanced
STEM analytical methods; Sandia National Labs: Deep Level Optical Spectroscopy
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Conclusions

1. We generally know what we want to do in the LED to improve droop
> Spread the carriers to more QWs
» Improve radiative recombination rates

» Fundamentally reduce the Auger rate

2. Implementing device designs to achieve these results almost always results
in a penalty in material quality

3. The penalty in material quality is so severe that the high current efficiency
gains are lost, especially when carrier density is reduced due to improved

carrier transport

4. The primary R&D focus for improved droop should be on understanding the
physical origins of the defects generated in such devices, and developing
MOCVD processes and LED structures that eliminate the defect formation
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