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EXECUTIVE SUMMARY

This work's objective was the development of processes to double or triple the light output power
from green and deep green (525 - 555 nm) AlGalnN light emitting diode (LED) dies within 3
years in reference to the Lumileds Luxeon II. The project paid particular effort to all aspects of
the internal generation efficiency of light.

LEDs in this spectral region show the highest potential for significant performance boosts and
enable the realization of phosphor-free white LEDs comprised by red-green-blue LED modules.
Such modules will perform at and outperform the efficacy target projections for white-light LED
systems in the Department of Energy's accelerated roadmap of the SSL initiative.

GOALS AND ACCOMPLISHMENTS

This work's objective was the development of processes to double or triple the light output power
from green and deep green (525 - 555 nm) AlGalnN light emitting diode (LED) dies within 3
years in reference to the Lumileds Luxeon II. The project paid particular effort to all aspects of
the internal generation efficiency of light. This implies that no particular effort was paid to
enhance the light extraction efficiency but instead concentrate on bare LED epi processes.

The corresponding target was quantified in terms of achievement of 5 — 7.5 mW at 525 nm bare
epi-up die at 20 mA.

The means for achievements were continued reduction of structural defects and
optimization of the piezoelectric polarization by employing low-dislocation-density bulk GaN
templates of various crystallographic orientations.

By the end of the project, a performance of 3.7 mW at 545 nm in bare epi-up die at 20
mA was achieved. According to the correlation of power with wavelength, such that
performance can be interpolated to an expected 5.2 mW at 525 nm. This demonstrates
accomplishment of the project targets. From the rate of progress, the achievement of further
ambitious goals in the future are extremely likely.

The target performance was achieved in c-plane oriented epitaxial growth on nano-
patterned substrate. While an enhancement of the light output power due to enhanced light
extraction in these structures is likely, evidence strongly suggests that a major contribution in the
enhancement by the nano-patterned substrate is an improvement to the internal quantum
efficiency. That would squarely fall into the objectives of this project.

The approaches of polarization control by means of non-polar substrate orientation
resulted in green and deep green LEDs with highly desirable properties, such as an emission
wavelength that does not vary with drive current. Another promising aspect is evidence of
reduced droop in m-plane growth with higher drive current density. An overall light output and
efficiency advantage over polar material, however cannot be claimed within this project. This is
most likely not a limitation inherent to the studied crystal orientations but rather an indication of
insufficient development of growth technologies for those particular growth planes. Further
improvement by growth of such structures therefore is extremely likely.

Highlights of significant achievements include the following:
- Nano-patterned sapphire substrates, triples the light output power at 537 nm to 6 mW at
12.7 A/em” in scratch diode geometry (November 2008).
- Wavelength-stable cyan LEDs in non-polar m-plane growth (February 2009).
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- Misfit dislocation-free MQW growth on m-plane GaN up to a wavelength of 480 nm
(May 2009).

- Wavelength-stable green LEDs in non-polar m-plane growth (April 2009).

- Wavelength-stable 481 nm, 1-mW blue LEDs in semi-polar (11-22)-plane growth (March
2009).

- Epi growth on nano-patterned sapphire substrate boosts light output power up to 3x by
primarily boosting the internal quantum efficiency (April 2009).

- 481 nm blue-green LED on semipolar GaN with mW class LOP (June 2009).

- 580 nm yellow LED on c-plane bulk GaN with half mW class LOP (July 2009).

- (11-22) semipolar GaN structures on m-plane sapphire (August 2009).

- LEDs on nano-patterned sapphire substrate boosts efficiency 150% at 545 nm
(September 2009).

- LED die mounting on header brings reaches the 5 mW / 525 nm / 20 mA regime
(December 2009).

In the international competition, this project was the first to publish green emitting quantum
wells on any non-polar growth plane of GaN, i.e. m-plane and a- plane. The same record holds
for the first a-plane green LED. The latter record has so far been unbroken. For green m-plane
LED on bulk GaN a close tie was achieved with one other US-based group.
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SUMMARY OF PROJECT ACTIVITIES

This project addressed the challenges in novel and unique ways. The team's prior experience in
the development of high performance green LED die processes provided strong evidence that —
unlike for the development of blue LEDs — structural defects act as an important detriment to the
performance of green LEDs. Consequently this team has proposed
a) to develop bulk GaN substrates with low dislocation density and turn them into epi-ready
substrates;
b) to maintain the substrate's dislocation density throughout the active epi region;
c) to control the piezoelectric polarization by crystallographic orientation of the bulk
substrate;
To achieve these goals, six distinct but interdependent tasks had been identified:

« Performance yield spectroscopy,

« Precursor efficiency optimized MOVPE,

« Polarization controlled low dislocation density GaN substrates,
« Nano-textured nucleation layer growth, and

. Polarization-optimized green and deep green LED dies.

This team is proud of its achievements summarized in the sequence of the above tasks. Listed
also are the primary investigators performing work under the respective topics including its
reporting.

Task 1: Performance yield spectroscopy
Yufeng Li and Christian Wetzel

This task's goal is to separate the electronic and optical processes in green LEDs. The
understanding of the well-known performance droop in GalnN/GaN heterostructure LEDs under
increasing current density in general and the overall lower efficiency in green and deep green
LEDs in particular must hold the critical clues for any performance improvements. The task
seeks answers to these questions: Is the droop a property of the electronic carrier injection, such
as related to carrier transport? Or is the droop an effect in the domain of the generated photons?

To answer those questions we have combined electrical excitation and photo excitation
on the same location of LED devices, i.e. applied a photon bias to LEDs under electrical
operation. We find that the LED light output performance as a function of current when scanned
over several orders of magnitude up to high power operation current densities of LED lamps can
substantially be enhanced by the photon bias, up to a factor of 1.75 (note, this is not intended to
be a method to enhance device performance, it rather is a way of characterizing the material).

Figure 1 shows three microphotographs of an LED sample under 408 nm laser excitation
(photoluminescence, PL) (Fig 1a), under electrical injection only (electroluminescence, EL) (Fig.
1b), and under both excitations simultaneously (Fig Ic). All photographs use the identical
intensity scale. While on this scale, no PL can be seen (Fig 1a), substantial enhancement is seen
to the EL by comparison of Fig. 1c¢ with Fig. 1b. The biggest differences can be seen in the
darker areas of Fig. 1b. Figure 2 shows the same effect presented in the emission spectra. Here, a
quantitative assessment can be made: Under photon bias, EL is enhanced by 75 %.
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Figure 1. Microphotographs under constant exposure conditions of PL (a), EL (b) and combined electrical
and photon excitation of a 100 um diameter green LED. By help of the photon bias that by itself would not
result in significant PL, EL is substantially enhanced.
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The effect has been studied under various photon wavelengths such as 325, 408, and 488
nm and we find the following very general correlation: The higher the internal quantum
efficiency of an LED, as determined from low-temperature PL, the higher the EL enhancement
factors.
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Figure 2: Luminescence spectra under 408 nm photon excitation (PL, green), under electrical injection
(EL, black), and under combination of photon and electrical injection (photon biased EL, red). The latter
shows a 75% intensity enhancement over the EL alone.

We furthermore find, that for all those photon wavelengths, that directly excite the QWs
but not he barriers, the relative EL enhancement follows through a maximum as a function of
drive current that strongly resembles the maximum of the LED efficiency and its characteristic
droop. In fact, results of a proper scaling of both excitation densities to each other indicate, that
in both cases we monitor the identical efficiency maximum. Such a correlation has a priori been
assumed in a study by researchers at Philips Lumileds, whom we regularly keep informed about
our project plans, progress, and developments. In Appl. Phys. Lett. 91, 141101 (2007), Y.C.
Shen et al. achieved such an efficiency droop under purely optical excitation. This would
indicate that the problem of performance droop should not be a result of the electrical injection
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itself, but possibly lie in the level of dynamical carrier densities or later, after recombination, in
the photonic side of the device. In this work the authors argue for an origin of the droop in non-
radiative Auger recombination under high injection levels. An alternate interpretation published
by members of this team is assumed in enhanced carrier overflow into the p-side due to a
piezoelectric field limited recombination in the quantum wells (M.-H. Kim et al. Appl. Phys.
Lett. 91, 183507 (2007)).

In further analysis of our results across different samples and excitation conditions, we
find, that the current density of maximum EL enhancement scales closely with the threshold
current below which the LED reverts to a solar cell with a relevant reverse current (Fig. 3). This
is equivalent with a statement that the better performing LED is also the better performing solar
cell under their respective appropriate bias conditions. From this we conclude that the loss
mechanisms acting in this range of the efficiency maximum of the LED can simply by described
by a shunt current path. Figure 3 gives an interpretation of the respective current voltage
characteristics in terms of a shunt resistance. Values of 100 — 200 k Q are obtained in this way
across different LEDs and different photon bias conditions.
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Figure 3: Shunt resistance of 3 green LEDs: A (high efficacy), C (low efficacy) and Mini (100 pm
diameter) as a function of reverse current as determined under a photon bias of various wavelengths. The
shunt resistance is consistently higher in the better performing LED.

The correlation of photo-enhanced EL and reversion to solar cell operation can be explained in a
simple carrier balance model. Figure 4 (a) shows the sketch of the LED structure: n-GaN; active
region; p-AlGaN; and p-GaN. (b) and (c) show the charges in both the active region and the p-
GaN when the LED is under small and large forward bias, respectively. Arrows indicate the
direction of the carrier movement. By photo generation, electron-hole dipoles are generated that
locally screen the piezoelectric polarization and its associated local potential barriers. This is
evidenced in the reduction of forward voltage and EL blue shift under photo bias. In the
consequence wave functions the overlap in the quantum wells is increased and the radiative
recombination is enhanced improved.
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Figure 4: Sketch of the structure of LED (a); Carrier dynamics under small forward bias (b), and
large (c) forward bias.

Comparing further details of the model with the experiments, we find a delicate balance of
photocarriers being either drawn in reverse direction by the built-in junction field or in forward
direction by the applied external bias. Within this balance there apparently is an ideal situation
where electrons and holes are kept in the balance for an enhanced radiative recombination. This
picture is consistent with models ascribing the efficiency droop to a carrier overflow into the p-
region.

Milestone Discussion

Milestone A - Obtain LED performance enhancing modulation under external modulation.
Planned Date: February 2007

Description & Verification Method: By help of external modulation, create a condition
that enhances device efficacy over 10 Im/W at 525 — 560 nm in bare epi-up die at 36 A/cm”.

Achieved Performance: At 36 A/cm” (26 mA) the unencapsulated, epi-up, bare die sample C
with a peak wavelength of 525 nm has an efficacy of 4.65 /W (LpW). Under standard packaging
and flip chip mounting, this scales to 10.7 I/'W. At 0.5 A/cm’, we find an 11-fold efficacy
enhancement. At 14 A/cmz, we observe an actual decrease to a factor of 0.996. Our current
accuracy cannot yet identify a variation at a current density of 36 A/cm®. The strong increase at
low current and slight decrease at 14 A/cm? are valuable indications nevertheless.

Achievement Date: April 2007

Milestone C - Derive LED design rules from performance yield spectroscopy.

Planned Date: August 2007

Description & Verification Method: Demonstrate that an efficacy enhancement achieved
by external modulation can be translated into an efficacy enhancement in an LED structure. An
example is enhancement from 10 Im/W to 12 Im/W at 525 — 560 nm at 36 A/cm’.
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Achievement: Light output power enhancements was demonstrated in green and blue LEDs at
current densities of up to ~6 A/cm®. This number in principle can be enhanced by better optical
suppression of light emission in unmodulated parts of the LED.

Achievement Date: September 2007

Task 2: Precursor optimized MOVPE
Theeradetch Detchprohm and Christian Wetzel

This task aims to implement our green LED process into improved MOVPE equipment. The
process is characterized by polar c-axis grown LED structures on c-plane sapphire substrate.
Progress of green and deep green LED epi has been good and steady. In our group, some wafers
have been fabricated into dies of variable size including (350 um)2 and (700 um)2 with a mesa
area of (300 pm)* and (600 um)?, respectively. Figure 5 shows the analysis of those deep green
dies under pulsed current of 50 pus length at 1 % duty cycle. Dies have not been separated and all
power measurements were performed at a wafer level through the substrate into the 1 cm orifice
of an integration sphere connected to an intensity-calibrated spectrometer. This is indicated by
the prefix “partial” in the axis labels. Typical; fractions of 30% — 50% of the full value are
measured only in this way. Such measurements are commonly referred to as "wafer-level"
measurement. The pulsed operation conditions are a reasonable approximation to a good thermal
packaging to separated and thinned dies.
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Figure 5: Light output performance of bare, fabricated deep green LED dies on a wafer level under pulsed
current. a) Dominant wavelength; b) partial light flux; c) partial efficacy. Partial refers to the fraction
collected in a 1 cm orifice through the substrate side.
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Apparently, current densities up to 780 A/cm’ could be sustained in a pulsed operation
mode. The typical 1-W high power LED lamp is quoted at 350 mA in a (I mm)? chip,
corresponding to about 35 — 50 A/cm’. In this measurement, we substantially exceed these
values. Even at the highest current density of 780 A/cm?, the dominant wavelength stays above
536 nm (Fig. 5a). The partial light flux in the bare die as measured through the substrate reaches
31 Im in the larger die and 22 Im in the smaller one (Fig. 5b). The partial efficacy still shows the
well-known droop in these polar c-axis structures (Fig. 5¢). A peak efficacy of 40 Im/W is
measured at 6 A/cm” and a minimum of 5 Im/W in the small die and 4 Im/W in the large die,
both at 700 mA. At the standard conditions of the 1-W device, that have also been used in the
milestone definition of 36 A/cm?, we measure a dominant wavelength of 551 nm, a light flux of
12 Im in the larger die, and 3.5 Im in the smaller die. The luminous efficacy of 13.6 Im/W is
achieved in the small die and 18.8 Im/W in the large die. This establishes accomplishment of
Milestone E.

A set of green and deep green epi wafers was provided to Philips Lumileds for evaluation
with Lumileds’ established methods. Figure 6 shows the results of a determination of the internal
quantum efficiency (IQE) using temperature and laser power dependent photoluminescence (PL)
spectroscopy. Figure 6a) shows the PL intensity of a 530 nm green and a 555 nm deep green
wafer as a function of temperature. As an excitation source, a 405 nm laser with a maximum
power of 800 mW was used for resonant excitation directly in the quantum wells. This avoids the
problem of quantification of the fraction of carrier trapping into the wells. Per common
approach, the maximum of the PL intensity was assigned with the reasonably achievable
theoretical maximum of ~ 100% of internal quantum efficiency. Compared to this value, the 530
nm wafer shows at 40% efficiency at room temperature while the 555 nm wafer shows a 10%
efficiency. These are very good results! Figure 6b) shows the variation of the PL intensity at
room temperature under variation of the excitation laser power. Besides the conditions used in
Figure 6a) (1% excitation power), there are conditions that would produce slightly higher
efficiencies at higher excitation densities. These graphs show a maximum that can reasonably be
assumed to parallel the maximum of EQE as a function of current density.

The electroluminescence data measured at the bare wafer level in scratch diode geometry
as a function of current density shown in Figure 7a) therefore can be scaled to IQE data obtained
from Figures 6 as shown on in Figure 7a) for a larger set of samples. Using this current density
behavior, the IQE performance of the wafers can be estimated also at the typical operation point
of high power LEDs, i.e., 50 A/cm®. This is shown in Figure 7b) for various sample spots of the
wafers as a function of peak emission wavelength. Apparently, under such high power operating
conditions we achieve IQE values of 20% at 530 nm and 9% at 555 nm. Extrapolated to the
lower current densities, quoted in DOE MYPP 2010, we find values of 27% at 530 nm and 11%
at 555 nm. These values are really quiet impressive and received the compliments from the
Philips Lumileds scientists.

This external quantification of our progress provides the relevant important performance
metrics for our in-house wafer progress evaluation.
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Figure 7: Light output power of various green and deep green epi wafers scaled in terms of the internal
guantum efficiency. a) As a function of current density in scratch diode geometry when scaling their LOP
maximum to the IQE maximum as a function of laser power. b) IQE of locations on various wafers as
shown in a) analyzed to typical high power LED operation conditions of 50 A/lcm?’. Values of 20% are
obtained at 530 nm and 9% at 555 nm.

Milestone Discussion

Milestone E - Achievement of 13 Im/W at 525 — 560 nm in bare epi-up die at 36 A/cm® in newly
optimized MOVPE.
Planned Date: February 2008
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Description & Verification Method: Performance of epi material is demonstrated by
achievement of 13 Im/W at 525 — 560 nm in bare epi-up (350 pm)* die at 36 A/cm” after
standard processing..

Achievement: At 36 A/cm” in bare epi-up (350 pm)” die, a dominant emission of 551 nm was
achieved at a luminous efficacy of 13.6 Im/W. Considering the very long wavelength in
comparison to the width of the target from 525 — 560 nm, this achievement by far exceeds the

minimum requirements.
Achievement Date: May 2008

Task 3: Polarization controlled bulk growth
Drew Hanser and Christian Wetzel

A primary tenet for this project is the availability of bulk GaN as an ideal substrate for high
performance AlGalnN-based epitaxially grown devices, in particular green LEDs. Kyma
Technologies Inc. can achieve thick GaN film growth on foreign substrate that, after substrate
removal, can be treated as freestanding bulk GaN with uniformly very low treading dislocation
densities around 5x10° cm™. The availability of such thick c-axis grown material also allows for
the slicing of wafer bars of virtually arbitrary crystal orientation including non-polar m-plane and
a-plane material.

In the course of this project, development for the non-polar (a-plane and m-plane)
substrates has proceeded in three different areas: crystal growth for improved substrates;
orientation control of substrates sliced from bulk crystals; and surface preparation of non-polar
substrates.

Crystal growth development has focused on increasing the thickness of the GaN crystal
grown in the c-direction. The non-polar substrate size is primarily limited by the size of the
crystal grown in this direction, and the number of defects (such as cracks and polycrystalline
regions) encountered in the direction perpendicular to the c-direction. Overcoming these
limitations involves improvements and optimization of the GaN crystal growth initiated on
sapphire seeds. Control of the growth stress that builds up in the crystal over >5 mm thickness
has been the primary challenge.
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A big impact on the roughness of the epilayer seems to stem from the off-cut of the
substrate. Figure 8 shows the AFM roughness vs. off-cut angle as measured by X-ray diffraction
for c-plane substrates. There appears to be a good correlation. There is good reason to assume,
that the same holds for the non-polar surfaces of the a-plane and the m-plane materials.
Consequently, we have focused substantial efforts to improve the off-cut angle control. A major
leap was achieved by the acquisition of a multi-wire saw, the development of alignment
hardware, and procedures that allow for precise X-ray measurement of the crystal alignment, and
the repeatable translation of this alignment to the wire saw for high angular control during
cutting. Process optimization of the cutting procedure on the wire saw, along with the
implementation of the alignment hardware enabled the demonstration of alignment to < +0.1° via
X-ray diffraction, and off-axis control in the c-direction and a-direction of < +0.25° for m-plane
substrates after cutting on the multi-wire saw. Kyma is now implementing these new procedures
in all its non-polar substrate cutting processes.

A big role also must be assigned to the role of the substrate surface preparation. Kyma
and RPI therefore worked on repeated iteration loops to identify the proper surface preparation
and cleaning procedures to allow best possible growth initiation. The crucial parameters include
the residual roughness after chemical mechanical polishing (CMP), polishing scratches and
contamination induced by CMP and contamination resulting from the polishing process.
Furthermore, a high degree of off-cut angle variation (>+0.5°) in the non-polar substrates has
ultimately been identified as a cause for complications in the epitaxial overgrowth as directly
measured as a large surface roughness.

As a result, Kyma has been working on improvements such as the multi-wire saw and
hardware that has shown to improve the crystal alignment and reduce the off-cut angle variation.
Along with these improvements, additional characterization steps have been implemented to
more completely evaluate the surface finish following the CMP processing. Now, additional
optical microscopy and atomic force microscopy imaging are used to characterize the surfaces
and identify known and potentially new issues. Additional characterization via cathodo-
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luminescence imaging has been used to evaluate surface and sub-surface damage in the
substrates.

Over the course of the project, Kyma has prepared and delivered polar c-plane, non-polar
m-plane and a-plane, as well as various semipolar GaN wafers at the area equivalent of 8.3 full
2> wafers (Figure 9). Table 1 lists the details of total and usable area per wafer orientation.

Table 1: A Tally of bulk GaN wafer of different orientations in fractions of 2"-wafers delivered by Kyma
Technologies over the course of the project.t

Orientation Total delivered area Total usable area as a
as a fraction to 2” fraction to 2 wafer

wafer (1mm edge exclusion)
C 2.07 1.68
A 1.25 0.97
M 2.69 2.00
(10-11) 0.80 0.63
(10-13) 0.64 0.54
(20-21) 0.64 0.52
(11-22) 0.24 0.17

Figure 9: m-plane wafer as delivered by Kyma. Bars are 4 mm in height.

Fabrication typically follows this procedure: The crystalline directions in the boule were
identified via X-ray diffraction prior to slicing on a fixed-abrasive multi-wire saw. After slicing,
X-ray diffraction was used to measure the crystalline properties of the substrate. From the ® scan
angle offset in rocking curve data, the on-axis accuracy is determined, typically found to lie
within < £ 0.25° in both, the polar and non-polar directions. The data also usually shows no
substantially lattice tilting along the in-plane polar and non-polar axes, indicating a high degree
of crystalline orientation and alignment within the substrate.

Following the slicing, substrates were prepared for an epi-ready growth surface. Where
needed, a 30-um diamond lap was used to planarize and flatten the substrates to a thickness of
475 wm with a variation of = 5 um across each piece. Then a 4-um diamond mechanical
polishing, and a chemical-mechanical polishing (CMP) followed. CMP removal rates were found
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to differ between crystallographic surfaces, and process times had to be adjusted. Atomic force
microscopy of the prepared a- and m-plane surfaces reveal roughness values of ~0.2 nm (RMS),
which are comparable to those obtained on Ga-face (0001) c-plane substrates.

Monochromatic cathodoluminescence maps were used to count dislocation densities
(Figure 10 b) and c) of a prepared m-plane substrate as shown in the optical micrograph (Figure
10 a), different scale). Similar dislocations densities of 8x10° cm™ were determined in both
images within the exited near-surface volume with non-radiative recombination characteristics.
The optical micrograph also shows regions of discoloration along the upper edge (Figurel a) that
correspond to regions near large pitting defects. These defects are common to the growth process
employed here and in part are desired as an effective mechanism of large scale lattice relaxation.
CL in an area near such a defect is shown in Figure 10 b). The dislocation density is found
unaffected by the presence of these defects. The decrease of emission intensity itself is likely
caused by point defects associated with the pits boosting non-radiative recombination.

Figure 10: (a) Optical micrograph of an m-plane substrate sliced from a GaN boule. (b) and (c)
panchromatic CL images taken from spots 2 and 1, respectively, as indicated in (a).

All measurements of dislocation densities via CL imaging on these and other epi-ready
non-polar substrate surfaces met the development target of <5x10° cm™.

Previous work found that for m-plane material, a slight offcut of £0.2° in the [0001]
direction and £0.25° in the [1120] direction can result in improved morphology of epitaxial
layers. Besides, the miscut itself, its maintenance across the size of the substrate needs to be
maintained. This proves a particular challenge in the small sample sizes of the non-polar
substrates, where edge-effects from the polishing process can result in a cushion shaping of the
substrate. Such data cannot be obtained from standard X-ray diffraction since it is a property of
the surface. Therefore, white light interferometry (WLI) was employed to measure the parallel
flatness of the substrate (Figure 11). Software was developed to combine the WLI surface shape
map with the XRD off-cut data to calculate the total off-cut and to identify wafer regions within
the specifications. Analysis of the shown substrate resulted in a crystal lattice off-cut in the
[1120] direction of +0.1° and as large as 0.7° (mean <0.3°) in the [0001] direction as measured
across the substrate.
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Figure 11: White light interferometry map of a region of the surface of an m-plane GaN substrate. The
color scale indicates a beveling of the wafer surface towards the edges. This is the result of the polishing
process on the small sample pieces.

Per our rapid progress with non-polar a-plane and m-plane GaN, Kyma also developed
(10-13), (10-11), (20-21) (110-1) and (11-22) oriented semi-polar GaN substrates of sizes 5 mm
x 50 mm. Growth on such planes will not result in non-polar growth, but polarization will be
somewhere in between polar and non-polar. Unlike non-polar a- and m-plane orientations
studied earlier, growth planes are at an angle between 20 and 40 degrees to the c-axis promising
polarization strengths about half that of the c-plane. By reducing rather than eliminating the
polarization, we hope is to push the sweet spot of LED from the blue to longer wavelengths.

As a first step, GaN layer growth was attempted on all of them with relevant first success
for a subset thereof. Initial growth runs proved suitable for smooth surface morphology as judged
from optical microscope and AFM for a subset of samples. Interestingly, QW growth however
shows a saw tooth structure of regular nm-sized steps. The growth orientation seems to be
particularly suited for green emitters, efficiency, however is not yet up to par.

Milestone discussion

Milestone B - Homoepitaxial LED with <3x10® cm™ V-defect density in the active region.
Planned Date: February 2007

Description & Verification Method: Achievement is demonstrated by homoepitaxial
LED with <3x10® cm™ V-defect density in the active region assessed by plane-view TEM, CL
imaging, and AFM etch pit density.

Achieved Performance: The crystalline quality of homoepitaxial LED dies has been assessed
using plan view TEM micrographs and CL mapping. CL mapping finds values of 7x10" to
3.6x10° cm™ when measured on the p-side. Not all defects show up in CL. From plan view TEM
from the p-side a V-defect density of 1.4x10* cm™ or below is being determined. Values of the
active region should generally be lower than those values of the p-side.

Achievement Date: April 2007.

Milestone H1 - Reduce defect density on epi-ready surface of bulk nitride substrate to < 5x10°

cm™.
Planned Date: August 2008
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Description & Verification Method: Achievement is demonstrated by defect density on
epi-ready surface of bulk nitride substrate of < 5x10° cm™. Dislocation density will be assessed
by plane-view TEM, CL imaging, and AFM etch pit density.

Achievement: Data provided by Kyma reveals that in panchromatic CL images dislocation
densities of about 8x10° cm™ were achieved in non-polar m-plane bulk GaN. This establishes
accomplishment of the milestone.

Achievement Date: August 2008.

Task 4. Nano-textured nucleation layer growth

Wonseok Lee, Jaehee Cho, Kaixuan Chen, Jong Kyu Kim, and E. Fred Schubert; edited by C.
Wetzel

In reference to the proposed task in general support of green LEDs, this sub-team has developed
and investigated the following subtasks:
- Ray-tracing simulations of LED structures for light-extraction efficiency
flat sapphire/GaN interface
micro-patterned sapphire/GaN interface
nano-patterned sapphire/GaN interface
area-scaling of the above.
- Patterning of sapphire substrates
lithographical patterning
nano-imprint patterning

Ray-tracing simulation of LEDs with patterned sapphire substrates

Performance of LEDs can be attributed to the product of the factors of internal quantum
efficiency of the active region and light-extraction efficiency. While the former reflects the
crystal quality of an epitaxially grown structure, the latter strongly depends on the particular
geometric design of an LED. Modeling tools such as the ray-tracing technique can simulate the
light-extraction efficiency and so foresee approaches to enhance light extraction.

Ray-tracing simulation has been performed with varying pattern sizes and etching depths in
checkerboard shaped nano-patterns. The maximum predicted enhancement in light extraction
efficiency due to patterning of the sapphire substrate was found to be 65%. Effects of pattern
size, etching depth and sidewall angle are shown in Figure 12.
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Figure 12: Ray-tracing simulations of light extraction efficiency of GaN LEDs on patterned sapphire
substrates epoxy encapsulated (left) with varying pattern sizes and etch depth and (right) with varying
sidewall angles. Insets show schematic side views of the patterned substrate assumed.

For circular-shaped pillars in a hexagonal pattern, we find a higher light extraction efficiency
than from square-shaped pillars (Figure 13). The light extraction efficiency increases as the
pattern size decreases and etch depth increases. Therefore, a high aspect ratio of etch depth to
feature size is important.
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Figure 13: Ray-tracing simulations of light extraction efficiency of patterned sapphire substrates
encapsulated with epoxy for varying pattern sizes and etch depths.

Light-extraction efficiency (%)

Based on pattern suggested by C. Wetzel we find in ray-tracing simulation that the nano-size
patterning of the sapphire substrate can significantly increase the light-extraction efficiency in
GalnN LEDs.

In an approach to implement the simulated patterns, conventional lithographical patterning was
utilized to pattern sapphire substrate which has various pattern shapes and sizes. Figure 14 shows
scanning electron microscopy (SEM) and optical microscope (OM) images of various patterned
sapphire substrates.
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Figure 14: (a) SEM image of sapphire etched by CAIBE. The pattern size is 700 nm by 700 nm. (b) An
optical microscope image of a 3 um by 3 um sized patterned in sapphire substrate.

Q

Nano-imprinting usually transfers only a thin polymer onto the target. This layer is insufficient to
withstand the chemically assisted ion-beam etching (CAIBE) conditions due to insufficient
selectivity versus sapphire. Therefore, a reinforcement of the pattern is required. This team
proposed an approach by oblique-angle deposition (Figure 15a). By controlling the deposition
angle the deposition of the SiO, or metal nanorod mask can be limited to the nano-imprinted
polymer pillars (Figure 15b). The nanorod masks proves to withstand the etching process (Figure
15c), leaving the pillar-shape nano-pattern in the sapphire (Figure 15d).

Oblique angle deposition
“ L/

s : pattern size
s s Nanorod

~150 nm Polymer Polymer

Sapphire Sapphire

Etching

N T T T

Polymer

Sapphire

Figure 15: Schematics of the nano-ptterning procedure of sapphire using an oblique-angle-deposited
nanorod mask to enhance the nano-imprinted polymer. (a) Nano-imprinted sapphire substrate (b)
Deposition of mask material using oblique angle deposition (c) CAIBE etching (d) Final pillar-shape nano-

patterns.

We find that under optimized conditions well-defined nano-patterning can be achieved on
sapphire in this approach: SEM (Figure 16) and AFM (Figure 17) reveal the circular shaped

pillars in a uniform hexagonal pattern.
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Figure 17: AFM of the resulting nano-patterned sapphire substrate.

LEDs implemented on nano-imprinted sapphire

In the in-house preparation of patterned substrates, such nano-patterned substrates have been
obtained from a company in Japan. Prepared in a nano-imprint method they contain a hexagonal
arrangement of pillars and holes at periodicities of 200 nm, 300 nm, 400 nm, and 500 nm at a
pattern depth of 150 nm. The size of the features was 50% pillar, 50% hole, respectively. Figure
18 shows the surface morphology of the patterned sapphire in AFM. Four quadrants of the wafer
reveal the different nano-patterns.
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Figure 18: The 4 quadrants of a patterned sapphire surface in AFM of 5 um x 5 pm areas.

Full green LED structures have been grown on both types of prepared sapphire substrates
— the in-house series, as well as the externally prepared ones. The LED growth succeeded on two
patterns of the externally prepared substrates with promising results. Light output power versus
dominant wavelength at the scratch diode level (no mesa etching) in comparison with standard
green LED epi is shown in Figure 19.
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Figure 19: Light output power versus dominant wavelength in green LED epi on in-house and externally
prepared nano-patterned sapphire substrate in comparison with regular un-patterned sapphire substrate.

Apparently, the performance of the in-house prepared substrates is in line with the
wavelength dependence of standard green LED material. This is likely due to the insufficiently
developed uniformity of the etch depths. Yet, the LEDs on the externally prepared substrates
show a 3-fold performance gain over the same reference. This is a significant performance
advantage at this level! Figure 20 shows the wavelength (left) and light output power

C. Wetzel RPI Page 20



performance (right) as a function of current density at the same scratch diode stage. Table 2 lists
the data of several wafer locations. The wafer edge refers to an unpatterned reference part of the
wafer.
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Figure 20: (left) Dominant wavelength and (right) light output power as a function of current density in
scratch diodes on nano-patterned and un-patterned sapphire substrate.

Table 2: Scratch diode performance on nano-patterned substrate

Periodicity Featuresize Current Wavelength Power Luminance
(nm) (nm) (mA) dom. (nm) (uW) (mL)
wafer edge -— 20 535 595 298
200 100 20 545 1574 912
200 100 20 539 1627 871
200 100 20 545 692 394
500 250 20 532 1265 626
wafer edge -— 533 2441 1229
200 100 100 539 6139 3347
200 100 100 535 6596 3436
200 100 100 539 5702 3100
500 250 100 527 6243 3003

This advantage of light output performance might be considered to be an extraction enhancement
only and it could interfere with light extraction efforts at other stages of the LED preparation
process. Yet, it is the epi-grower who has to adopt his processes to such a patterned interface
between substrate and active LED layers. Unless using lift-off processes, this interface would not
be accessible to light extraction post processing.

Figure 21 shows the external quantum efficiency in bare LED epi as a function of current
density under 1-mm” contacts. A maximum is reached in both near 5 A/cm” of 2.5 % in the
standard LED and 8.5 % in the nano-pattern LED, a 3.4-times gain.
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Figure 21: Partial external quantum efficiency (EQE) as a function of current density for nano
patterned(red dots) and unpatterned LED (black square).

Counting dark lines in cathodoluminescence at 77 K reveals only marginal differences (~2x10’
cm™). Photoluminescence (PL) shows a ~3-fold gain in the nano-patterned structure and
significantly better spatial uniformity. From temperature dependent PL, an approximation of the
internal quantum efficiency is obtained at room temperature (Figure 22).
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While the un-patterned structure achieves a value of 13% at room temperature, the nano-
patterned LED reaches 33.5%, an advantage of 2.6x. This factor should not be affected by the
properties of light extraction. Various theory models of light extraction efficiency find a 1.54x
advantage for the nano-patterned structure. The product of both, 3.9x, comes close to the
observed ~3-fold gain. Comparing both contributions, the preeminent advantage seems to lie in
an enhancement of the internal losses raising IQE rather than the intuitive aspects of extraction
enhancement.

LED devices have been fabricated at mesa sizes of 0.3 mm x 0.3 mm and exactly four
times the area of 0.6 mm x 0.6 mm. Light output power as a function of drive current was
measured through the substrate into the 1-cm orifice of power and wavelength calibrated
spectrometer. Figure 23 plots the ratio of the light output powers of the large die with the small
die as a function of current density for various fabricated dies on the nano-patterned substrate.
Dashed lines y = 3.5, 4, 4.6 mark the levels at which the LOP P scales with the mesa area 4, i.e.
according to P = A" withr = 0.9, 1.0, 1.1, respectively. For current densities above 3 A/cmz,
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most approaches reach the direct proportionality, i.e. » = 1 and for higher current even reach a
ratio of 5. This clearly demonstrates achievement of Milestone requiring » > 0.9.

LOP Large Die / Small Die
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Current Density (A/lcm?)
Figure 23: Ratio of LOP from large die to LOP of small die in dies on various nano-patterned sapphire
substrates as a function of current density. For a ratio of 4, LOP scales directly with the mesa area. This
level is surpassed in most nano-patterning approaches for current densities higher than 3 A/cm?

Milestone Discussion

Milestone D - LED demonstration on nano-patterned substrate at standard performance.
Planned Date: August 2007

Description & Verification Method: Achievement is demonstrated by an LED efficacy
of 10 Im/W at 525 — 560 nm in bare epi-up (350 um)* die at 36 A/cm” after standard processing
using a nano-patterned substrate or alternate device structure.

Achievement: LOP improvement by 200 % in patterned substrate devices has been achieved in
scratch diode measurements.

Achievement Date: October 2008

Milestone | - Reach area scalability of emission power according to (area)” with 0.9 <r < 1.0.
Planned Date: August 2008

Description & Verification Method: An area-scalable LED output shall be achieved
using a nano-patterned substrate. Area scalability is demonstrated by scaling of output power P
in relation to die area 4 according to P = A" with 0.9 < » < 1.0 when 4 goes from (350 pm)* to
(1000 um)®. Alternatively, AIN templates on sapphire shall be achieved. Related to Task 4.
Achievement: Achievement of this task is being demonstrated by the above.

Achievement Date: January 2009

Task 5: Conformal buffer layer growth
Theeradetch Detchprohm and Christian Wetzel

This task primarily concerns the replication of the crystalline quality achieved in the bulk GaN

material within the epitaxial layers. For the case of AIN epitaxial growth on bulk AIN this has
proven to be very difficult. During the homoepitaxial overgrowth, a very rough surface
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morphology typically develops that seems to reveal subsurface damage in the AIN template
which was not apparent after chemomechanical polishing. Similar issues might therefore play a
role in the homoepitaxy of GaN and might most directly be assessed by an analysis of the surface
morphology before and after overgrowth.

Nomarski micrographs under the optical microscope for homoepitaxy of undoped GaN
on m-plane GaN is shown in Figure 24. This fast and first step characterization reveals
significant achievements.

947B1-regrowth

E——— —

Figre 24: Optical Nomarski microscope image of the heteroepitaxial undoped GaN on m-plane bulk
substrate. (left) 50x objective, (right) 200x objective. Very smooth surfaces are revealed on both length
scales.

A more detailed analysis of the surface morphology is performed by atomic force
microscopy (AFM). Figure 25 (upper row) gives a roughness analysis of the bare bulk substrate
for m-plane, a-plane, and c-plane GaN over the standard area of 5 um x 5 um. Shown also is the
morphology of the same samples after homoepitaxial growth of an MQW structure (m-plane and
a-plane) or a full LED structure (c-plane). While as prepared, a-plane and c-plane GaN exhibit a
roughness of 0.38 nm and 0.33 nm, respectively, the m-plane GaN shows a value of 2.9 nm (all
RMS). After homoepitaxial growth, values are 1.78 nm (m-plane), 2.77 nm (a-plane), and 2.1 nm
(c-plane, LED). Apparently, the epitaxial process in a-axis and c-axis growth is quiet successful
in keeping the roughness low throughout the structures, including n-GaN, MQW region and in
the case of c-plane material also the p-side. Surface roughness in the m-axis growth not only is
the lowest after growth among the set, but it also demonstrates a decrease in roughness when
compared to the bare bulk template.

We conclude that surface preparation of the m-plane material needs improvement.
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Figure 25: AFM surface morphology of bulk GaN substrates of different orientation before (upper row)
and after homoepitaxy of an MQW or LED structure. On the raw template, roughness is highest on the m-
plane, while after homoepitaxy, roughness is not only smallest on the m-plane GaN, but it also is lower
than prior to homoepitaxy.

Milestone Discussion

Milestone G - Reduce threading dislocation densities in the active region to 10’ cm™.

Planned Date: August 2008

Description & Verification Method: Success is demonstrated by maintaining the
threading dislocation density of the underlying bulk substrate. An increase by not more than one
order of magnitude is also acceptable. Treading dislocation density will be assessed by plane-
view TEM, CL imaging, and AFM etch pit density.

Achievement: Achievement of this a threading dislocation density of 5x10” cm™ in
homoepitaxy on c-plane GaN and of c-axis and 1x10” cm™ in homoepitaxy on a-plane GaN has
been demonstrated in large scale cross sectional TEM micrographs.

Achievement Date: August 2008

Task 6: Polarization-optimized green and deep green LED die
Mingwei Zhu, Theeradetch Detchprohm, and Christian Wetzel

The successful replication of bulk GaN quality in homoepitaxy is best demonstrated when
comparing to alternate approaches used in the literature to achieve e.g. non-polar a-plane GaN by
direct growth on r-plane sapphire. Within a justified approach of growth optimization a direct
comparison for green a-plane LEDs was performed by growth in separately optimized growth
conditions on the a-plane of low-dislocation-density c-axis-grown bulk GaN and a-axis grown
GaN on r-plane sapphire.
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Figure 26. Transmission electron microscope images of LED samples on a-plane bulk GaN (left)
and r-plane sapphire (vight). The threading dislocation density is <10 cm™* in the first and as
high as 2x10"" cm™? in the latter on sapphire. Vectors a indicate the a—axis growth direction.

Cross-sectional transmission electron micrographs (TEM) of both sample types are
shown in Figure 26 (acceleration voltage 120 kV). It can be seen that the sapphire-based LED
(Figure 18, right) suffers a high density (2x10" cm™) of threading dislocations propagating along
the ag-axis growth direction throughout the device structure of n-GaN, QWs and p-layers. Despite
the high defect density, there are no additional epitaxial defects, such as V-defects, induced
during the growth of the QWs. The situation is very different in the bulk-based growth (Figure
27, left). Here, during the process of homoepitaxy layers inherit the high crystalline quality of the
GaN bulk substrate without generation of any additional threading dislocations. Under high-
resolution TEM analysis, the average thickness of the GalInN QW is estimated to be 2.75+/-0.25
nm.

growth
direction

a) b)
Figure 27: A wide range view of a-plane green LED on bulk GaN in TEM. a)

QWs undisturbed by any threading dislocations are observed along 1.4 zm. b)
The same over an extension of 5 ym.

A wide range TEM of the a-axis grown green LED on a-plane bulk GaN is shown in
Figure 27. Figure 27 a) shows a 1.4 um wide section and Figure 27 b) covers a large range of 5
um. From the fact that no dislocation can be observed along this stretch we conclude a maximum
linear defect density 0.2x10" cm™, and, under the assumption that a similar value holds in the
not-observed direction of depth, a maximum area density of 1x10’ cm™.
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Figure 28: 22- 20 XRD scan around the GaN 112 0 diffraction in nonpolar LED structures of’
type-A grown on bulk GaN and type-B grown on r-sapphire substrates.

X-ray diffraction (XRD) using the Cu Ka line in a /20 scan around the (1120)
diffraction of GaN provides fine details (Figure 28): In the bulk GaN-based samples, satellite
peaks appear with well-resolved intermediate fringes. These result from the interference of the
individual QWs with the p-side layers. Their appearance indicates abrupt interfaces in all layers
and uniform composition. In contrast, the absence of such fringes in the sapphire-based LED
structures suggests poor interface quality and/or composition inhomogeneity. These XRD results
are in good agreement with the results from surface morphology and TEM analysis.

In order to determine the InN-fraction of the QWs, we adopt the model of Tsuda et al.
(Jpn. J. Appl. Phys. 45, 2509 (2006).) for determination of the AIN-fraction in AlIGaN grown on
a-plane GaN: Within the ternary layer, an anisotropic in-plane strain is assumed and shear forces
are reasonably neglected. Therefore, the growth a-axis remains stress-free. Under these
assumptions the alloy composition can be determined. Applying the model to the coherently
grown GalnN/GaN MQW, we distinguish lattice periods parallel and perpendicular to the in-
plane c-axis. They can be expressed in terms of the constants cg,n (along c-axis) and agan (along

a-axis) of the underlying GaN layer as cga.n and \/5 acan/2, respectively. The lattice constant of

the (1120) plane separation d in the QW can then be expressed as 2 d Its

(1120)GalnN (1120)GalnN *
value can be determined from the 0"™-order superlattice peak of the MQW structure. In this
model, the elastic stiffness constants of the Ga,_.In,N alloys are linearly interpolated from those
of GaN and InN. Using an average QW thickness as obtained from the high-resolution TEM
analysis, the InN-fraction was determined to be 14% in the 3.7 nm thick QWs of type-A and
type-B MQW samples that achieve light emission near 500 nm (Table 3). In comparison, our 3.0
nm compressively strained QWs grown along the c-axis of GaN require an InN-fraction of
merely 7.7 % to reach the same wavelength range. Apparently, the InN-fraction needed for a
green LED in non-polar growth geometry is roughly twice as high. This can, in part, be
explained by the disappearance of the QCSE. According to our previous findings, the
disappearing dipole across the QW should alleviate the large Stokes-like redshift in the emission
spectrum.
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Similar results were obtained in electroluminescence (EL) spectra. Dominant emission
wavelengths of 525 nm or larger are achieved in polar LED structures grown along the c-axis for
InN-fractions of ~9%. In non-polar type-A, and type-B LED structures, the same wavelengths
can be achieved for x = 18.8% and 18.0%, respectively. The correlation of alloy fractions as
derived from the XRD analysis and the emission wavelength in PL and EL is summarized in
Table 3.

Table 3: InN-fractions of the Ga; 4In,N QW layers for type-A and type-B samples and their reference
samples grown along the c-axis of GaN. Zw is the QW thickness.

Wavelength (nm), Zw InN-fractions (%)
Sample peak type (nm) Fully  pojaxed
strained

ngv?/e(-léL) 503, peak 3.7 13.5 20.2
ngv?/e('gu 517, peak 37 143 23.6
MS;/?/XEEL) 501, peak 3.0 7.7 21.7
LTE%"?'E’I*_) 527, dominant 2.8 188 311
L-ll-Epr?I-E?_) 539, dominant 3.7 18.1 30.7
C'a’(‘:ESL'iED 524, dominant 3.0 9.0 239

It should be noted that in the literature there is wide disagreement as to what alloy compositions
are required to achieve a certain emission wavelength. To the best of our understanding, this is
mostly due to different interpretation of widely similar structures.
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Figure 29: EL characteristics of type-A LED structure grown on bulk GaN and of type-B LED structure
grown on r-sapphire LEDs as a function of current density: (a) dominant wavelength, (b) partial light
output power (EQE), and (c) partial external quantum efficiency. Partial refers to the fraction that can be
measured through the substrate of the epi wafers. Solid lines are guides to the eye.
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Both, types of LEDs show a single narrow EL emission line in the green range: Dominant
wavelength of 520 — 540 nm (Figure 31a) and linewidth of 38 — 48 nm. The partial optical output
power measured through the substrate of the epi wafers reaches 60 uW at a current density of
12.7 A/em? in the structures on r-sapphire, while a threefold higher value of 160 uW is reached
in the structures on bulk GaN (Figure 31b). The (partial) EQE of the latter shows a monotonic
decrease as a function of drive current (Figure 31c). Within this current range, the values are
consistently several times higher than those of the first. As the drive current increases, there is a
red shift (< 10 nm) in the dominant wavelength for both LED types (Figure 31c¢). This is unusual
since in all polar c-plane material, particularly in the green spectral region a shift towards shorter
wavelength is observed. We attribute the better device performance of the bulk GaN-based LEDs
to the higher crystalline quality when compared to the sapphire-based type. However, the
(partial) EQE of these particular non-polar devices is still an order of magnitude lower than that
obtained from polar (0001) green GalnN/GaN LEDs. Most likely, this is due to the early
development stage of these devices and could possibly be improved with better junction
placement. At the current low efficiency level, we cannot precisely distinguish possible thermal
effects from the system-inherent effects in the drop of EQE with increasing current density. The
observed redshift of the emission wavelength suggests a dominance of the thermal effects.

In conclusion, the crystalline quality and the electro-optical performance of green LEDs
grown along the non-polar a-axis of GaN has been improved significantly by employing low-

dislocation-density a-plane (1120) GaN bulk substrates. We observed a threefold increase in
light output power when compared to those on high-dislocation-density a-plane GaN grown on
r-plane sapphire, although the overall power still is lower than that obtained in conventional c-
plane device structures. We found that the InN-fractions in the QW have to be twice as high as in
polar (0001) c-axis growth to reach the 500 — 540 nm green emission region. We attribute this to
the elimination of the piezoelectric dipole across the QWs.

Equivalent analysis of the achieved m-plane material shows the following: A micrograph
of the sample under laser excitation (Figure 30, left) and the PL spectrum in reference to a
standard sample (Figure 30, right) (black) reveals very strong photoluminescence intensity s at
488 nm and quiet uniformly peak wavelengths across the wafer piece.
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Figure 30: Photoluminescence of m-axis GalnN/GaN MQW sample on m-plane bulk GaN: (left) Optical

micrograph under diffuse (upper) and focused (lower) 325 nm laser excitation; (rigth) PL on a log intensity
scale spectrum of the same peaking uniformly at 488 nm. The black spectrum is that of a c-plane
reference sample.

Figure 31: Cross-sectional TEM micrograph of 480 nm m-plane MQW LED. Avoidance of generation of
any misfit dislocations is seen corresponding to a density not higher than 10 cm™. Due to a wedge
shaped sample preparation, the darker QWs appear as thinner lines in the regions of smaller sample
thickness near the p-side.

The cross-sectional TEM micrograph of the 480 nm m-plane MQW sample on bulk GaN is
shown in Figure 31. Over a stretch of 0.6 um no indication of any treading dislocations or other
line or structural defects can be observed.

For the further discussion it is critical to distinguish the facts that, like in the a-plane
growth on bulk GaN, no interface between the bulk material and the overgrown epitaxial
material can be identified in TEM. In both cases, such an interface cannot be concluded from any
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increase in defect densities or the starting point of any additional defects. Furthermore it is
important to distinguish that this m-plane material represents a 480 nm blue emitting structure
and that structural defects as typically observable in TEM cannot be observed in neither, the n-
GaN part, the active QW region, nor the p-layer side.

LED performance in the cyan spectral region below 500 nm is shown in Figure 32and

Figure 33. We compare two m-plane grown non-polar LEDs to a c-plane grown LED all of
which have been grown in homoepitaxy on bulk GaN substrates.
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Figure 32: Spectra of cyan LEDs under variable current injection. a) LED on sapphire grown along the
polar c-axis shows a strong spectral shift with current density. b) LEDs on bulk GaN substrate grown
along the non-polar m-axis shows little relative spectral variation with increasing current density.
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Figure 33: Light output power (LOP) (a) and dominant wavelength (b) of cyan LEDs on as a function of
current injection. a) LOP in the non-polar structures on bulk GaN starts out at lower levels but rapidly
reaches or surpasses that of the polar structure on sapphire. b) Shift of the dominant wavelength in
significantly smaller in the non-polar structures than the in the polar c-plane one. At high current density,
a high serial resistance saturates LOP, which can also been in the reversal of wavelength shift.

In the m-plane LED on bulk GaN at high power 1-W lamp standard of 35 A/cm® we obtain a
light output power of 4.5 mW (scratch diode geometry, on-wafer testing) (luminous flux 0.96 L,
external quantum efficiency 0.6%, wall plug efficiency 0.1 %).

After reporting on cyan LEDs we achieved LED performance in the green spectral region
above 500 nm as shown in Figure 34 and Figure 35. We compare an m-plane grown non-polar
LEDs to a c-plane grown LED, all of which have been grown in homoepitaxy on bulk GaN
substrates.
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Figure 34: Spectra of green LEDs under variable current injection. a) LED on sapphire grown along the
polar c-axis shows a strong spectral shift with current density. b) LEDs on bulk GaN substrate grown
along the non-polar m-axis shows little relative spectral variation with increasing current density.
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Figure 35: Light output power (LOP) (a) and dominant wavelength (b) of cyan and green LEDs on m-
plane GaN as a function of current injection. The shift of the dominant wavelength in the green and cyan
non-polar structures is similarly small and much smaller than in polar c-plane structures.

In the m-plane LED on bulk GaN at 13 A/cm?, we obtain a light output power of 0.18 mW
(scratch diode geometry, on wafer testing) (luminous flux 0.069 L, external quantum efficiency
0.08%, wall plug efficiency 0.02 %).

The current status of LOP versus dominant wavelength is shown in Figure 36b).
Apparently there is a significant drop in performance once the wavelength is pushed beyond 500
nm.
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Figure 36: Electroluminescence (EL) properties of m-plane cyan and green GalnN/GaN LEDs at 12.6
Alcm?: a) emission spectra and b) light output power.
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One of the major hurdles so far in our non-polar a- and m-plane LEDs has been a high
forward voltage reaching some 10-15 V at 100 mA. We found this to be a combination of
insufficient conductivity of n- and p-layers. In a series of growth optimization runs in a-plane
non-polar growth we have now succeeded in n-type conductivity at resistance values comparable
to those of regular c-plane material. This is a very important step in raising the overall device
efficiencies in non-polar LEDs. As a next step we concentrate on growth optimization of the p-
layers. Consequently, the achievement of the efficiency mark for green emitting non-polar LEDs
on m-plane material seems within reach.

Deep green LEDs in polar c-axis growth
T. Detchprohm, C. Wetzel

A likely reason for the precipitous performance drop for longer wavelengths is the high density
of misfit dislocations generated within the QWs. By successive process optimization, avoidance
of misfit dislocation generation has now become possible at wavelengths as long as 480 nm.

sapphire

Figure 37: Cross-sectional TEM of 553 nm deep green LED structure on c-plane sapphire revealing the
absence of V-defects and misfit dislocations generated in the active region.

In newly refined epitaxy approaches, the generation of V-defects and misfit dislocations
can now be suppressed in sapphire based green LEDs with a wavelength as long as 553 nm.
Figure 37 shows the cross-sectional image of the structure in lower resolution (left) and higher
resolution (right). The density of treading dislocations, all originating from the n-GaN layers is ~
5x10® cm™. Scratch diode data promises new records in electroluminescence performance. Such
epi wafers are now being processed to full LED structures.

After many development cycles, our green and deep green epi material has reached a level of
performance that is likely to reach and exceed our program goals. Figure 38 presents L-I data on
dies from the same 550 nm (peak) deep green LED wafer on sapphire in different stages of die
mounting.

At the wafer level, LED performance can only be measured through the substrate side
into the 1 cm orifice of a integration sphere coupled to a detector. Corresponding data is labeled
"wafer level". Further traces correspond to the same epi material separated into dies and mounted
"epi-up" on a copper header. For measurement, those headers now were held inside the
integrating sphere (red and green data traces). In this arrangement, the previous light extraction
through the substrate side is now obscured by the header. We therefore implemented a sputter
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deposited silver mirror onto the substrate before mounting on the header. In this case, as
measured inside the integration sphere, the blue data traces labeled "Ag mirror, bonded, inside
sphere" were obtained. This sequence results in a roughly twofold power enhancement over the
bare epi wafer as measured in this arrangement.

Furthermore, under pulsed drive operation, the light output as measured in dies without
Ag mirror show another 50% increase in LOP. The details of this enhancement are subject to
ongoing investigation. It is not obvious that this must be due to the better thermal management
under low duty cycle. Overall, a power as high as 4.6 mW at 27 mA can be measured in the (350
um)2 LED dies-on-header at 545 nm.
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Figure 38: EL LOP measurements of deep green fabricated (350 pm)? LED on nano-patterned substrate.
Compared are wafer level measurement through the substrate, mounted dies measured inside the
integration sphere and dies under pulsed measurement. Measured LOP varies by 230% and reaches as
high as 4.6 mW at 27 mA.

Figure 39 shows the dominant wavelength of some of the sa