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Quantum Efficiency Achieved

the green gap
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Data: W. Goetz, Lumileds, www.lumileds.com
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Performance Green LED on Sapphire
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project objectives

Emphasis on internal generation efficiency of light

High output green and deep green (525 -- 555 nm) LED chips

- to double or triple the light
output power

- from green and deep green
AlGaInN LEDs dies

- within 3 years

- in reference to the Lumileds
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Morphology of MQW

avoid non-uniformity / avoid V-defects

growth growth

with V-defects virtually without V-defects

well width
+ 60 %

barrier width
+ 37 %

all
uniform

c

P

c-plane
M. Zhu, et al

in print
.

phys. stat. sol. (2008 )

Roughness (RMS)
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Y. Xia .
unpublished (2007)

et al
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Reducing Defects in Green LEDs

Before After

M. Zhu, et al
in print

.
phys. stat. sol. (2008 )

T. Detchprohm .
phys. stat. sol. (2008 )

et al
in print
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scratch diodes

Green Performance without V-Defects

50 W Halogen
lamp reflection

on wafer

LED
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Green c-Axis LED Epi on Sapphire

current status, scratch diode

c

P

c-plane

50 mm 0/

Current Dens. Pos. CIE-X CIE-Y Wavel. FWHM Sat. Vf LOP Lum. Efficacy

(A/cm^2) (nm) (nm) (%) (V) (mW) (L) (L/W)

2 1 0.458 0.533 572.4 52 98 8.80 0.62 0.35 2.01

2 2 0.412 0.573 566 50 96 6.86 0.73 0.43 3.13

2 3 0.282 0.666 546.1 46 87 6.41 1.34 0.76 5.95

2 4 0.339 0.633 555.2 47 93 6.33 1.26 0.75 5.91

2 5 0.346 0.628 556.4 48 93 5.91 1.03 0.61 5.20

Median 556.4 47 93 6.41 1.03 0.61 4.80

0.00 0.00

5 1 0.421 0.565 567.2 54 96 11.74 1.94 1.13 0.96

5 2 0.364 0.61 559.1 51 93 9.65 3.01 1.78 1.85

5 3 0.248 0.675 539.7 47 81 9.73 5.18 2.81 2.89

5 4 0.296 0.657 548.6 48 88 8.06 4.69 2.70 3.35

5 5 0.304 0.653 549.7 48 89 8.49 3.80 2.20 2.59

Median 549.7 48 89 9.65 3.80 2.20 2.28
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SiH4

NH3

HCl

Wafer

Ga

Sapphire Thick n-GaN
defect reduction

HVPE Bulk GaN Polishing MOVPE LED
active region

MOVPE LED
active region

cheap expensive

Time

HVPE MOVPE

1hr 2hr 3hr 4hr 5hr 6hr

fast

cheap

105 $ 106 $

Cost Advantage of Homoepitaxy

tool time to fight defects?

cheap
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QW luminescence Barrier luminescence

LED
on

GaN

LED
on

Sapphire

5

Sapphire and GaN Substrates in Comparison

counting defects

T. Detchprohm . J. Crystal Growth , 272-275 (2007).et al 298

1 m�

GaN before QWs
(AFM) (Electron Microscope) (CL @79K)

Full LED epiFull LED epi

0.21 nm ���

0.16 nm ��� 0.27 nm ���

0.37 nm ���

Roughness
Pits

10 m�

3x10 cm5 -2

2x10 cm6 -2 2.6x10 cm7 -2

2x10 cm6 -2

1.4x10 cm7 -2

5x10 cm6 -2

Roughness Pits Dark spots Dark spots

1 m� 10 m� 10 m�

Surface roughness Surface Luminescence Mapping
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Green c-Axis LED Epi on GaN

current status, scratch diode

1x1 cm2
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c-plane

High resolution TEM

growth
direction

well

barrier

growth
direction

GaN substrate

n-epi GaN

MQWs

p-layers

Transmission electron microscopy (TEM)
cross-sectional views M. Zhu, et al

in print

.
Mater. Res. Soc. Symp. Proc. 1040E (2008)
J. Electron. Mater. (2008 )
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2 0.225 0.635 531.5 55 65 6.06 3.79 1.86 15.38

5 0.19 0.611 520.1 58 56 8.92 11.01 4.90 5.49

��������through substrate
Future Chips Constellation

Rensselaer
P011507a.c

C.Wetzel



Band-
structure
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Polarization only in-plane

m-planec-plane a Pa-plane

Prospect of Non-Polar Growth

control polarization

Takeuchi .
Jpn. J. Appl. Phys. , 413 (2000)

et al
39

C. Wetzel .
5th Int Workshop Bulk Nitride Semicond. 2007

et al
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Non-Polar m-Plane Homoepitaxial LED

control polarization
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M. Zhu, S. You, Y. Wang, et al.
unpublished (2007)

T. Detchprohm, J. Senawiratne .et al
5th Int Workshop Bulk Nitride Semicond. 2007
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Non-Polar a-Plane Homoepitaxial LED

control polarization

TEM MQWPLLED

a Pa-plane

T. Detchprohm .
5th Int Workshop Bulk
Nitride Semicond. 2007

et al,
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M. Zhu, S. You, Y. Wang, et al.
unpublished (2007)
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Performance yield spectroscopy

Summary

V-defect avoidance in MOVPE

Low-dislocation density bulk GaN substrate

direction for higher EQE

lateral uniformity throughout yellow

Conformal epitaxy

Polarization control

replicate substrate quality throughout active region

polar c-axis, non-polar a- and m-axis growth

Stabilze LED performance eliminate wavelength shift in non-polar axis growth

< 5x10 cm6 -2

540 - 560 nm

(not shown)

solving the “green gap” in LED technology

fill-in
the

Green Gap
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