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@ Defects must be carefully managed in InGaN/GaN LEDs

Mis-matched epitaxy and strain
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» Defects depress peak IQE

» Defect incorporation increases with increasing indium content
» Defects likely to contribute to “green gap”
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@ Deep level spectroscopy of InGaN LEDs is difficult

» Thermal emission techniques limited to ~ 1 eV of band edge

» Luminescence insensitive to non-radiative centers and not quantitative
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Solution: Deep Level Optical Spectroscopy (DLOS)
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Deep Level Optical Spectroscopy

Deep Level Optical Spectroscopy (DLOS)*

» Photocapacitance technique

» Sub-band gap light photoionizes defect levels

» DLOS only senses deep level defects in the depletion region
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Deep Level Optical Spectroscopy

Deep Level Optical Spectroscopy (DLOS)*

» Fundamental physics from optical cross-section: c°(hv) = e°(hv)/¢ (hv) = a/N,
» Determine deep level energy E, from spectral line shape of 6°(hv)

» Discuss defect density later...

Optical analog of Arrhenius plot
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@ Compare MQW deep levels in blue vs. green LEDs

440 nm InGaN/GaN LED
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» Sandia-grown MOCVD c-plane LEDs on sapphire
» What is the impact of increased In and reduced T, 0n QW deep levels?
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@ DLOS provides depth resolution in LEDs

LED MQW 1D-SP calculations*
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ldentify QW-related defects in LEDs

DLOS of In, ;;Ga, ;N LED QWs
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» 2.9 eV InGaN band edge confirms sensitivity to QWs
» QW-related deep levelsat E,.— 1.6 eV and E.—2.76 eV
» How to know these are QW- and not QB-related deep levels?
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@ LED QW deep levels evolve with Indium content

DLOS of In, ,,Ga, 7sN LED QWs
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» Red shift in QW band edge with increased indium
» Corresponding red shift of deep level spectra with indium alloying
» Confirms QW-related defects
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M) Possible origin of QW defects — V,, and/or carbon

V,, density increases with indium [C] increases with lower T,
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» V,,and carbon are well know non-radiative recombination centers in GaN
» PAS/PL studies* show that [V,,] increases indium and likely contributes to green gap

» Reasonable that carbon incorporation also increases with reduced QW T,
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@ Lighted-CV quantifies QW defect density

Lighted Capacitance-Voltage
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Lighted-CV quantifies QW defect density

Lighted Capacitance-Voltage
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@ QW deep level defect density vs. Indium content

Defect Level N,
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» Substantial increase in mid-band gap and near-E, deep levels
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» Expect QW defects contribute to green gap problem by:
» Increasing non-radiative recombination

» Reducing hole injection efficiency
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Lighted-CV quantifies QW defect density

Lighted Capacitance-Voltage
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@ LCV reveals strong depth dependence of QW deep levels

Depth profile of QW defects in 440 nm LED
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» Non-destructive, TEM-like spatial resolution of point defect distribution in LEDs
» First QWSs grown are more defective than subsequently grown QWs
» InGaN/GaN may act as gettering?® or conditioning layer that sequesters defects

Andrew Armstrong - aarmstr@sandia.gov

1. Petroff et al. APL 44 217 (1984)




@ LCV reveals strong depth dependence of QW deep levels

MQW PL intensity vs # of QWs Depth profile of QW defects
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» Explains rapid, super-linear in MQW PL intensity vs. # of QWs
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@ Deep levels can become important to reducing droop

InGaN LED efficiency droop Qw
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Improved hole transport design:
carriers distributed more evenly

David and Grundmann, APL 96 106504 (2010)

» Efficiency droop attributed to Auger recombination®? at large carrier density
» Reduce droop by improving carrier transport

» DLOS of Lumileds LEDs to understand impact of defects on active region design
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@ Deep levels can become important to reducing droop
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» Initial active region designs improve droop but at the cost of peak efficiency

» Maximum reduction in droop requires reducing n while maintaining low N,

DLOS provides quantitative feedback for rational design and growth optimization

Andrew Armstrong - aarmstr@sandia.gov




@ DLOS of low droop LEDs

Representative LED IQE DLOS of Lumileds 450 nm LEDs
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» Examined low droop LEDs LL10 vs. LL11 with improved design and growth
» Same types of deep level defects in both low droop LEDs
» Differences EQE likely due to differences in N,
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@ Deep level reduction correlated with improved EQE

DLOS of Lumileds 450 nm LEDs
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» >2x reduction of N, for QB-A and QW-A in LL11
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@ Deep level reduction correlated with improved EQE

Relative EQE gain vs. J @ 85 °C
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» >2x reduction of N, for QB-A and QW-A in LL11
» Correlated with significant EQE gains throughout LED operational range
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DLOS gquantifies deep level defect energy in LED QWs
LCV provides nanoscale depth-dependence of QW deep level density

Increase in QW N, with increasing indium that likely contributes to green gap
Depth-dependence of QW deep levels suggests InGaN/GaN defect gettering
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Controlling deep levels can be important to maximizing droop reduction
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