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ABSTRACT: The Energy Frontier Research Center (EFRC) for R
Solid-State Lighting Science (SSLS) is one of 46 EFRCs initiated in : ! ,
2009 to conduct basic and use-inspired research relevant to energy ' 7 { !! !!v ! fig?
technologies. The overarching theme of the SSLS EFRC is the ’ ¥ !
exploration of energy conversion in tailored photonic structures. In : :
this article we review highlights from the research of the SSLS EFRC. '
Major research themes include: studies of the materials properties and
emission characteristics of IIl-nitride semiconductor nanowires;
development of new phosphors and II-VI quantum dots for use as
wavelength downconverters; fundamental understanding of compet-
ing radiative and nonradiative processes in current-generation, planar
light-emitting diode architectures; understanding of the electrical,
optical, and structural properties of defects in InGaN materials and
heterostructures; exploring ways to enhance spontaneous emission through modification of the environment in which the
emission takes place; and investigating routes such as stimulated emission that might outcompete nonradiative processes.

H INTRODUCTION “exploring energy conversion in tailored photonic structures”,
Artificial light has long been a significant factor contributing to ggién];]};ﬁémde we review highlights from the research of the

the quality and productivity of human life." As a consequence,
human civilization uses huge amounts of energy to produce it.
Today, artificial light consumes an estimated 0.72% of world
GDP and, due to its high energy intensity, an estimated 6.5% of
world primary energy and 16% of world electrical energy."
Solid-state lighting is an emerging technology in which solid-
state devices, like light-emitting diodes (LEDs) or laser diodes
(LDs), are used to produce artificial light for general
illumination. Solid-state lighting (SSL) efficiencies have
increased steadily over the past decade and are now greater
than those of incandescent and fluorescent lamps.” However,

Figure 1 presents a sketch of a common state-of-the-art
commercial white solid-state lamp, along with the spectral
power density of its emission. The lamp consists of a blue LED,
1-square-mm in size, driven with 0.7 A of current, and coated
with green and red phosphors.®> Some of the blue light from the
LED leaks through the phosphors, giving the relatively narrow
blue peak in the spectral power density. However, some blue
light is absorbed by the phosphors and is re-emitted as green
and red light, giving the two relatively wide green and red peaks
in the spectral power density. The combination of blue, green,
commercial SSL is still only ~25% efficient, and there is thus and red light is both pleasing to the human eye and faithfully
much room for further improvement. renders colors of viewed objects. The lamp’s ~25% efliciency is

To help lay the scientific foundations for that improvement, due to the cumulative effect of three subefficiencies,* with the
the Energy Frontier Research Center (EFRC) for Solid-State
Lighting Science (SSLS) was one of 46 EFRCs initiated in 2009 Received: January 31, 2014
to conduct basic and use-inspired research relevant to energy Revised:  April 8, 2014
technologies. The overarching theme of this center is Published: April 22, 2014
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Figure 1. Sketch of a common state-of-the-art commercial white solid-
state lamp, along with its emission spectral power density. (With
permission of John Wiley & Sons, Inc; photo credit http://
bobbymercerbooks.com/).

contribution of each subefficiency identifiable with a particular
SSL technology challenge (A—C in Figure 1).

The first subefficiency is that of the blue LED, which is
currently ~43% at a current density of ~700 mA into a mm*
chip for the illustrated device. This is much lower than the best
thus-far-reported lab result, 81%, for a much lower current
density’ (25 mA/mm?), due to an “efficiency droop”’—a
decrease in efliciency with increased injected-current density,
which is the subject of intense research interest.” We use here
the subefliciency at the higher current density because higher
current densities (at least 700 mA and ideally 2 A into a mm*
chip) are desirable to defray the manufacturing cost of the SSL
chip. So a first SSL technology challenge (A in Figure 1) is to
increase blue LED efficiency, particularly at high current
densities.

The second subefficiency, that of the phosphors and package,
is about 70%. Some of this is because the phosphors do not
have perfect quantum yield; that is, one blue photon in does
not result in one red or green photon out. However, quantum
yields are improving, leaving a more fundamental efficiency
loss, the so-called Stokes deficit, which is the quantum energy
deficit associated with converting a blue into a red or green
photon. One way of eliminating this loss would be to eliminate
phosphors altogether through use of direct electroluminescent
(EL) emitters. However, the current state-of-the-art visible
electroluminescent semiconductors, InGaN and InGaAlP, have
low efficiencies in the red—yellow—green spectral range
necessary for high-color-quality white light. Thus, a second
SSL technology challenge (B in Figure 1) is to fill the red—
yellow—green (RYG) gap in semiconductor electrolumines-
cence.

The third subefhiciency is associated with the match between
the spectrum of emitted white light and the human eye
sensitivity and is of the order ~85%. The red phosphor (dashed
red curve in Figure 1) used in the white lamp is centered at a
wavelength of 615 nm, which is the ideal peak emission
wavelength at the red end of the spectrum to provide good
color rendering. However, current phosphors also emit quite far
into the deep red—so deep that the human eye is not very
sensitive to it, as can be seen from the human eye response
(dashed pink curve in Figure 1). This spillover into the deep
red due to the broad phosphor emission accounts for the loss in
“efficiency” due to the LED emission spectrum.”® So, a third
SSL technology challenge (C in Figure 1) is to find an efficient

narrow-line-width red wavelength downconverter.

13331

Note that there is one subefliciency that does not enter into
the overall ~25% lamp efficiency but that we mention here for
completeness: the subefficiency associated with the intelligent
matching of light to its use. By intelligence we mean control of
the artificial light so that it is on only when it is being used and
is directed only where it is needed.” And, when and where it is
being used, the intensity, chromaticity, and perhaps even the
color rendering quality and luminous efficacy of the artificial
light could all potentially be optimized to how it is being used.
So a fourth SSL technology challenge (D in Figure 1) is
creating light with this kind of intelligence.

B OVERVIEW OF RESEARCH CHALLENGES:
MATERIALS ARCHITECTURES AND
LIGHT-EMISSION PHENOMENA

Although the three subefliciencies may not seem unacceptably
low (43%, 70%, and 85%), due to their serial nature, their
multiplicative effect is a net overall efficiency around 25%.
Overcoming the three SSL technology challenges is thus
extremely important. The goal of the SSLS EFRC is 2-fold: (a)
to gain a deeper understanding of the materials architectures
and light-emission phenomena used in current-day SSL
approaches and (b) to explore new materials architectures
and light-emission phenomena that have the potential for
breakthroughs in energy efficiency. To do this, the SSLS EFRC
is organized around six Research Challenges. As illustrated in
Figure 2, two of the Research Challenges are focused on
materials architectures, and four of the Research Challenges are
focused on light-emission phenomena.
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Figure 2. Schematic of the SSLS EFRC’s six Research Challenges. The
two at the top are focused on materials architectures, and the four at
the bottom are focused on light-emission phenomena.

The two materials architecture Research Challenges are
illustrated at the top of Figure 2, the first of which is the
“Nanowires” Research Challenge. Because of their narrow
diameters, nanowires have the potential to be fabricated
without line defects and can accommodate more strain and
therefore a wider range of compositions, including those that
might enable high-efficiency green, yellow, and red light
emission. The second materials architecture Research Chal-
lenge is “Quantum Dots and Phosphors,” with applications to
wavelength downconversion, particularly for narrow-line-width
red emission.

The four light-emission phenomena Research Challenges are
illustrated at the bottom of Figure 2. To put these four in
context, Figure 2 shows the equation that parses out the various
contributions to power-conversion efficiency of a light-emitting
device. There is a Joule efficiency associated with resistive losses
as carriers are transported from electrical contacts to the active

dx.doi.org/10.1021/jp501136j | J. Phys. Chem. C 2014, 118, 1333013345
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region of the device. Then there is an injection efficiency
associated with whether, once the carriers get to the active
region, they overshoot it or thermalize in it or if they do
thermalize in it they then for whatever reason escape. Then
there is an internal quantum efficiency associated with the
fraction carriers that recombine radiatively (the spontaneous
emission Bn* term, where n is carrier density) rather than
nonradiatively (the defect-mediated An and Auger recombina-
tion Cn’ terms). Finally, there is the extraction efficiency—the
fraction of photons that are created in the device that escape.

The first two light-emission phenomena Research Challenges
(in blue) focus on these various competing processes:
“Competing Radiative and Nonradiative Processes” , examines
the overall competition between the processes; “Defect—
Carrier Interactions” examines one of the most important
and fundamental of the processes, defect-mediated carrier
recombination.

The second two light-emission phenomena Research
Challenges (in green) focus on ways to alter internal quantum
efficiency to better compete with parasitic nonradiative carrier
recombination: “Enhanced Spontaneous Emission” explores
ways of enhancing spontaneous emission through modification
of the environment within which the emission takes place;
“Beyond Spontaneous Emission” explores the possibility of
going beyond spontaneous emission, through the addition of
cavities and coherent processes, such as lasing.

B MATERIALS ARCHITECTURES: NANOWIRES

Our “Nanowires” Research Challenge explores the synthesis
and properties of GaN/InGaN nanowires (NWs) as a new
materials architecture for visible-light emission. Among the
many advantages of GaN/InGaN nanowires over presently
employed planar GaN/InGaN films are the potential for high-
quality material, without detrimental line defects; the ability to
accommodate lattice strain and therefore a wider range of alloy
compositions and bandgaps; manipulability of growth geo-
metries to expose surface orientations with tailored light-
emission properties and reduced piezoelectric fields; the large
sidewall surface area available for active light emission; and the
ability to create novel mesoscale structures such as photonic
crystals. If nanowire light emitters could span the entire visible
spectrum, the RYG-gap technology challenge would be
overcome. In addition, full-spectrum emission would enable
chromaticity tunability for intelligent lighting.g Table 1
summarizes the unique properties of nanowires and their
potential benefit for Iightin%. The advantages of semiconductor
nanowires for photonics'® and GaN-based nanowires for
lighting have been previously reviewed in detail."!

That said, application of GaN/InGaN nanowires for SSL is a
relatively immature area of research. Thus, this Research

Table 1. Summary of Nanowire Properties and Potential

Benefits for Lighting
nanowire property benefit for SSL

strain accommodation high In-content structures

reduced dislocation densities

growth on lattice mismatched substrates

high surface/device area greatly increased areal device density

nonpolar sidewall facets eliminate quantum confined Stark effect

2D arrangements possible photonic crystals for light extraction

freestanding optical cavity compact, low-power nanolasers possible

Challenge is broad in scope, encompassing materials synthesis
and processing of photo- and electroluminescent nanowires,
including both axial and radial types, along with optical,
electrical, mechanical, and structural characterization and
modeling.

Bottom-Up and Top-Down Synthesis Methods. GaN-
based nanowires are typically synthesized through bottom-up
methods, including vapor—liquid—solid (VLS)'>"* and catalyst-
free selective-area growth (SAG).'* Our early work was along
these lines: Ni—cata?fzed metalorganic chemical vapor deposi-
tion (MOCVD)'>'® was used to synthesize verticall?r aligned
GaN nanowires on (1T12) r-plane sapphire wafers.’” Trans-
mission electron microscopy (TEM) studies showed that these
nanowires were single crystalline and oriented along the [1120]
direction, with isosceles triangular cross sections having two
equivalent {1101} facets and one N-polar (0001) c-plane facet.
Promisingly, the nanowires were observed to be free of
threading dislocations, though c-plane stacking faults were seen.

Bottom-up methods, however, particularly for GaN-based
nanowires, require highly specific conditions, such as low V-to-
II ratio, to promote anisotropic one-dimensional crystal
growth. These growth conditions can potentially lead to
lower overall crystal quality, the introduction of higher impurity
and point defect densities, and less flexibility for adjusting
growth conditions to control doping and composition.

Thus, our more recent work has explored complementary
top-down methods. In particular, a new two-step top-down
nanowire fabrication approach was developed that enables the
formation of high-quality nanowire arrays with independently
controlled pitch, height, and diameter,"®"® as shown in Figure
3. The first step of the process is an anisotropic plasma etch of a

Figure 3. Array of GaN nanowires fabricated by a two-step dry plus
wet top-down etching process.

c-plane GaN-based film through a self-assembled mask of
monodisperse silica spheres (lithographically defined etch
masks can also be used) to define tapered c-axis-oriented
GaN pillars. The second step of the process is a facet-selective
wet etch (using AZ400K photoresist developer) that removes
the plasma-etch damage and results in nanowires with straight
and smooth sidewalls and with diameters controlled by the wet
etch time. A general comparison of GaN-based bottom-up and
top-down fabricated nanowires, highlighting relative advantages
and disadvantages of each method, is provided in Table 2.

In the remainder of this section we discuss some of the
highlights of our work on GaN and InGaN nanowire structures

dx.doi.org/10.1021/jp501136j | J. Phys. Chem. C 2014, 118, 1333013345
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Table 2. Comparisons between Bottom-Up and Top-Down Methods for Fabricating GaN-Based Nanowires

bottom-up top-down

length practically limited by growth rate limited by starting material thickness and etch-mask
selectivity

radial architectures? by MOCVD by MOCVD regrowth

axial architectures? by MBE yes

high In-content structures axial, yes; radial, potentially radial, potentially by regrowth

possible?

characterization some properties difficult to measure (e.g., doping) pre-etched starting material measurable by standard
techniques

dislocations few to none depends on film quality; can be largely dislocation free

material quality
conditions

uniformity

point defect density may be high due to anisotropic growth

wire-to-wire variations in size and properties; SAG may help

starting material can be grown under optimal growth
conditions

generally good, especially height

synthesized through various combinations of bottom-up and
top-down methods.

Minority (Hole) Carrier Diffusion Length. Light-emitting
devices often rely on transport of minority carriers in a
background of majority carriers. In the ideal case, the minority
carrier diffusion length is determined by a competition between
the rate at which the minority carriers diffuse and the rate at
which they recombine radiatively. In less ideal cases minority
carriers can recombine nonradiatively at defects or surfaces,
thus shortening the diffusion length. In nanowires, for which
surfaces are nearby, this could be a major issue.

To understand this basic issue, we studied hole minority
carrier diffusion lengths in GaN, GaN/AlGaN, and GaN/
InGaN core—shell NWs grown by a two-step process: Ni-
catalyzed axial MOCVD of a GaN core followed by radial
MOCVD of an AlGaN or InGaN shell. The experiment made
use of scanning electron microscopy to generate charge at a
particular position on the nanowire, combined with near-field
scanning optical microscopy to observe the spatial profile of the
luminescence away from the charge-generation position.

The results were that, for GaN or GaN/InGaN nanowires,
minority carrier diffusion lengths were indeed shorter than what
would be expected for bulk GaN, likely due to surface
recombination. For GaN/AlGaN nanowires, however, minority
carrier diffusion lengths were in the 1 ym range, on the order of
that expected for bulk GaN, consistent with the AlGaN shell
acting as a higher-bandgap carrier confinement layer for holes
in the GaN core.”

Mechanical Resilience. Ideally, solid-state light emitters
are driven “hard” to maximize lumen output per chip and to
minimize chip cost per lumen. Nanowire emitters for solid-state
lighting might also be driven hard and hence be subject to
mechanical stresses due to thermal gradients or thermal
expansion mismatches in complex compositionally tailored
structures. Moreover, new micro-opto-electromechanical
(MOEM) functionalities that make use of strong piezoelectric
effects in GaN-based materials might also lead to significant
mechanical stresses.

To understand the response of nanowires to mechanical
stress, we studied the deformation, fracture mechanisms, and
fracture strength of individual GaN NWs grown by Ni-
catalyzed MOCVD. The measurements were made in a unique
transmission electron microscope—scanning probe microscope
(TEM—SPM) platform that enabled high-resolution real-time
imaging during deformation by a nanoscale “punch”.*'

One important result was that GaN NWs were resistant to
plastic deformation by dislocation nucleation and propagation
nearly up to the point of fracture, and even near the point of

fracture, the lack of dislocation mobility in GaN caused
dislocations to pile-up in, and plastic deformation to be
localized to, the material just underneath the punch. This
behavior is in strong contrast to that of metal NWs, in which
dislocations propagate easily and enable global, not just local,
plastic deformation.”*~>’

A second important result was that the fracture strength of
the NWs increased sharply with decreasing NW diameter: in
the 0.2 GPa range for 700 nm diameters to the 1.7 GPa range
for 200 nm diameters. This result is curious and would be
interesting to study further but suggests that GaN NWs will be
mechanically resilient in many applications, and the more so
the smaller their diameter.

Nanoscopically Nonuniform InGaN Shell Composi-
tions. In many interesting nanowire configurations InGaN
epitaxy on a nanostructure with anisotropic, faceted features
might be required. The different facets and their intersections
might have differing chemistries and nanoscopic local strains,
differing In-to-Ga incorporation rates, and thus differing
nanoscopic local InGaN alloy compositions.

To explore this possible phenomenon, InGaN coaxial shells
were epitaxially grown on dislocation-free a-axis oriented GaN
NWs, these NWs themselves grown via Ni-catalyzed MOCVD.
The resulting nanoscopic local optical properties, indium
concentrations, defect microstructures, and strain distributions
of the InGaN shells were investigated using a combination of
spatially resolved cathodoluminescence (CL), scanning trans-
mission electron microscopy (STEM), and finite element
computational analysis.”®

The results were that for InGaN epitaxy on the semipolar
{1101} facets 40% or greater indium compositions could be
obtained, with luminescence observed into the near-infrared
wavelengths. Dislocations were observed, in the 10® cm™ range
but at a much lower density than usually associated with the
highly lattice-mismatched epitaxy of similar indium composi-
tions on planar GaN surfaces.”

Indium was found to preferentially incorporate at the edge
intersections (corners) between nanowire facets, where finite
element analysis indicates strain was favorably tensile, rather
than on the nanowire facets themselves, where finite element
analysis indicates strain was unfavorably compressive. This is
consistent with microscopic “lattice latching” or “compositional
pulling”, in which epitaxial growth favors compositions which
minimize local strain energy.30

Note that, in some architectures, such nonuniform and
anisotropic InGaN compositions might be disadvantageous.
However, in some architectures (e.g, where quantum-scale
InGaN features on a larger nanoscale structure are desired®')

dx.doi.org/10.1021/jp501136j | J. Phys. Chem. C 2014, 118, 1333013345
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they might be advantageously utilized to tailor electron or
optical confinement.

Axial NW LEDs. Top-down fabrication provides a route to
axially heterostructured NW LEDs that are etched from a
planar LED structure.>* Such nanostructures might be expected
to differ in performance from their planar parents in both
positive and negative ways.

To explore these differences in performance, photolumines-
cence studies were performed on side-by-side samples of (a)
vertically aligned, axial heterostructured InGaN/GaN nanowire
LED arrays and (b) their parent planar LEDs. The InGaN/
GaN multiple quantum well (MQW) active regions were along
the nanowire axis and were created by “dry plus wet etching”
(as discussed above) from “reasonable” quality planar LED
structures, with peak internal quantum efficiency (IQE) ~
27%."

One first important result was a peak IQE (~24%)
comparable to that (~27%) of the parent planar LED. Of
course, this comparability could be the coincidental cancellation
of a number of competing factors. On the one hand, e.g,
nonradiative carrier recombination at dislocations might be
reduced, as dislocation statistics (based on NW diameters and
known parent material dislocation density and confirmed by
TEM imaging) suggest that 94% of the nanowire LEDs are
dislocation free. On the other hand, e.g,, nonradiative carrier
recombination might be enhanced at nearby surfaces and by
heating due to poorer thermal conduction within the thin NW
to the substrate. It will be of interest to study this more
carefully in axial NWs etched from state-of-the-art (near-100%
IQE) parent LEDs, in NWs with shell passivation, and under
pulsed (no heating) conditions.

A second important result was a reduced quantum-confined
Stark effect due to reduced piezoelectric fields caused by partial
lateral strain relaxation of the quantum wells following etching
of the planar LED into nanowires. This reduced quantum-
confined Stark effect manifests itself as (a) a smaller red shift
relative to the planar parent LED at low photopump intensity
and (b) a much reduced blue shift relative to the planar parent
LED with increasing photopump intensity due to free-carrier
screening.

Our conclusion is that axial multiple-quantum-well NW
LEDs have potential for SSL use and as nanoscale photonic
elements. Even without special device designs to compensate
for obvious disadvantages such as nonradiative carrier
recombination at surfaces, peak IQEs are comparable to their
parent LEDs, and quantum-confined Stark effects are much
reduced.

Core/Shell NW LEDs and Solar Cells. We have also
studied core/shell nanowire structures in which coaxial
quantum-well/quantum-barrier multishells have been grown
around a top-down etched GaN nanowire core. For high-
aspect-ratio, densely spaced NW arrays, the resulting active
region area per unit substrate area can be much larger than the
unity active region areas per unit substrate area associated with
planar structures. For LEDs, this enhanced active region area
per unit substrate area can potentially enable lower active-
region drive current densities for mitigating efficiency droop
while still maintaining the high drive currents per unit substrate
area desired for low cost per lumen. As a side benefit, for solar
cells, this enhanced active region area per unit substrate area
can potentially enable enhanced optical absorption per unit
substrate area.

To explore the potential of such nanostructures, we
fabricated and tested them both in LED and solar cell modes.
The fabrication began with a dense array of nanowires top-
down etched into an n-GaN substrate, then a regrowth of
InGaN/GaN multiple quantum-well/quantum-barrier shells,
followed by growth of a p-type InGaN canopy layer that
connects the nanowires into a continuous film, and then finally
metal contacts both to the p-type canopy as well as to the n-
type substrate.

The final structure®® (sans metal contacts) is shown in Figure
4. In LED mode, electroluminescence (EL) spectra show two

3
“" ‘GaN/InGaN &
MQWs s

Figure 4. Cross-section STEM image of array of radial core—shell
GaN/InGaN MQW nanowires for vertically integrated LEDs and solar
cells.

distinct peaks: one centered at ~620 nm and one that shifts
from ~605 to ~560 nm with increasing injection current.”* In
solar cell mode,*® a photo response was observed out to 2.1 eV,
the lowest energy of any Ill-nitride solar cell so far reported,
with efficiencies of 0.3% that, while low, are the highest thus far
reported for an InGaN NW solar cell.

To help elucidate the spatial variation in indium composition
and to correlate this to the EL spectra, pulsed-laser atom probe
tomography (APT) and cathodoluminescence (CL) measure-
ments were made.>® In contrast to the EL data, the CL data are
dominated by relatively broad blue emission centered around
430—440 nm and originating from the nonpolar sidewalls.
Weaker and longer wavelength emission is observed at the
nonpolar nanowire tips by CL, suggesting that the yellow—red
EL originates from the nanowire tip regions and not the
nonpolar sidewall QWs due to preferential current flow. The
interpretation of the APT measurements made use of our
earlier studies showing that variations in polarity and
differences in evaporation fields can lead to reconstruction
artifacts.>® The measurements revealed composition variations
on several length scales: variation within the nonpolar side facet
QWs (indium composition increasing from bottom to top) and
variation between the nonpolar side and semipolar apex facets
(higher indium content in the nonpolar side compared to the
semipolar-apex facet QWs). It is these composition variations
that give rise to the relatively broad spectra. As mentioned in a
previous subsection, such composition variations can also be
advantageous or disadvantageous depending on intended use.

dx.doi.org/10.1021/jp501136j | J. Phys. Chem. C 2014, 118, 1333013345
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Perhaps most importantly, APT analyses of indium and Mg-
dopant clustering, and of interface morphology, reveal material
microstructural quality comparable to that of planar LED QWs.
This is consistent with the relative brightness of the CL,
particularly from the nonpolar side facet QWs, though absolute
efficiencies have yet to be quantified.

B MATERIALS ARCHITECTURES: QUANTUM DOTS
AND PHOSPHORS

Our “Quantum Dots and Phosphors” Research Challenge
explores the synthesis and photoluminescence physics of
efficient down-conversion materials, particularly those that
absorb in the blue and emit in a narrow line width in the red. If
such materials could be developed, the narrow-line-width
phosphor technology challenge could be overcome. Two
classes of down converters have been investigated: Eu®'-
doped tantalate phosphors and II—VI semiconductor quantum
dots (QDs).

Eu3*-Doped Tantalate Phosphors. As mentioned in the
Introduction, the red phosphors currently utilized for SSL have
a very broad emission, extending into the deep red where the
human eye is not very sensitive—farther than is necessary for
high color rendering. The requirements of such an improved
red phosphor are several: broad absorption in the blue (~460
nm), narrow line width, high-quantum-yield emission in the red
(~620 nm), and robustness to temperature.

In our work, we have developed a class of pyrochlore-type
rare-earth tantalate nanoparticle phosphors of the form
KLnTa,O:RE, where Ln = (Y, Gd, Lu) and RE = a rare
earth dopant. The small (nano) particle size of these phosphors
reduces scattering losses, and the flexibility of the pyrochlore
lattice enables tailoring optical properties, such as broadening
the blue excitation line width. Most importantly, these
phosphors can accommodate the Eu®* rare-earth dopant in
noncentrosymmetric sites, which can be directly excited by blue
light and then emit narrow-band red emission.”” Other Eu-
doped phosphors being explored for blue LED excitation
include lanthanum niobates*® and molybdates/tungstates.>

Not unsurprisingly, the detailed properties of the Eu**-doped
tantalate phosphors do depend on the lanthanide. When Ln =
Lu or Y, the pyrochlore structure was obtained, and quantum
yields (QYs) of 63 and 67%, respectively, were obtained. When
Ln = Gd, a distorted pyrochlore containing oxygen vacancies,
with the composition K;,,GdTa,0,,:Eu (x = 1/3) and a QY of
78%, was obtained. The higher quantum yield is likely due to
the larger ionic radius of Gd than that of Y or Lu, which leads
to lattice distortion and a relaxation of the parity selection rule
for the 4f—4f transitions in the red (~610—61S5 nm). Indeed,
along with the higher quantum yield comes, for the same
reasons, a desirable broader blue absorption line width (~9
nm).

To explore the influence of RE ionic radius rgg on the
luminescence and structure of tantalates further, we replaced
Gd with La (ry, > rgq). The resulting LaTaO,:Eu*" phosphors
are structurally unrelated to the pyrochlores and have even
higher QYs (up to 88%).* These QYs are maintained up to
Eu** concentrations of 25%, at which point additional tantalate
phases with lower QYs form.*' Moreover, these Eu**-doped
rare-earth tantalates have low thermal quenching (only 3% at
130 °C) and excellent thermal and chemical stability due to
their refractory nature.

For both the pyrochlores and La tantalates, though, their
main limitation for SSL is low blue absorbance. In powder

form, where scattering competes with absorption, this is a real
limitation. However, it might be possible to fabricate the
phosphors as transparent (nonscattering) wafers to increase the
optical path length of blue light to the ~1 mm thicknesses
needed for optimal absorption.

lI-VI Quantum Dot Synthesis and Properties. As an
alternative to phosphors, we have also been exploring
semiconductor quantum dots (QDs). QDs have many
attractive properties as wavelength down converters, including
tunable narrow band emission, broad absorption, and high QYs.

In our work, we have explored core—multishell semi-
conductor QDs designed to emit in the red. For the cores,
we nucleate then grow CdTe using standard high-temperature
solution synthesis. For the multishells, selective ion layer
absorption and reaction (SILAR)*** is then used to coat these
cores with successive shells of CdSe, CdS, and finally ZnS
because ZnS is stable to oxidation. The initial shell of CdSe is
only two monolayers, but this is sufficient to increase QY from
~50% to as high as 95% while simultaneously red-shifting the
emission from 594 to 618 nm. Starting with yellow-emitting
cores, the final CdTe/2CdSe/CdS/5ZnS core/shell/shell/shell
QDs have peak emission at 613 nm with a reasonably narrow
FWHM of 42 nm.

Two key and fundamental problems associated with these
QDs (and similar QDs being explored in industry) are thermal
and photoquenching: the tendency of QYs to decrease,
sometimes permanently, when exposed to high temperatures
and photon fluxes. The fundamental mechanisms of both of
these phenomena are not understood; in our work we have
been seeking to understand the first of these phenomena,
thermal quenching. In particular, we have been seeking to
understand reversible thermal quenching, as we have found that
the addition of the final ZnS shell eliminates the irreversible
part of the thermal quenching.**

To understand reversible thermal quenching, CdSe/ZnSe
and CdTe/CdSe QDs were synthesized and functionalized with
octadecylamine (ODA) or tributylphosphine (TBP). The
temperature dependence of the QYs and time-resolved
luminescence decays, along with room-temperature transient
absorption spectroscopy, were then used to elucidate the
thermal quenching mechanisms.

Two types of thermal quenching were identified. The first
type is dynamic quenching, characterized by a reduction in the
lifetime of the emission, and has been attributed to thermally
activated carrier trapping and/or trap creation.*> This
mechanism operates when a parallel decay channel becomes
increasingly significant at elevated temperatures. The second
type is static quenching, characterized by a decrease in the
initial amplitude of the decay curve, indicating an increase in
the fraction of “dark” particles with increasing temperature.
Both types can apply, but in our work thus far we have focused
attention on the static quenching, which is predominant in our
QDs.

We found that the mechanism for the static quenching is
thermal promotion of valence band electrons to empty
chalcogenide p orbitals on the particle surfaces (Figure Sa).
This thermal promotion leaves a hole in the valence band, so
that subsequent photoexcitation produces a positive trion. The
trion undergoes relatively rapid nonradiative Auger recombi-
nation, rendering the particle dark (Figure Sb).* Ligands that
bind to empty p orbitals on the particle surfaces minimize static
thermal quenching up to temperatures of ~80 °C, but at higher
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Figure 5. Mechanism for QD static thermal quenching. (a) Thermal
equilibrium resulting in a surface charge state, leaving behind a hole in
the valence band. (b) Subsequent photoexcitation produces an
additional electron—hole pair, which relaxes via a nonradiative Auger
process.

temperatures an excess of ligands in solution is required to
prevent irreversible ligand loss.

This insight has enabled the design of quantum dot
heterostructures with little to no thermal quenching. We now
have developed CdTe/CdSe/ZnSe QDs with graded shells and
that are surface rich in Zn. These QDs emit at 620 nm (nearly
optimal for lighting), have a room temperature QY of about
75%, and show only 14% thermal quenching at 80 °C.

B LIGHT-EMISSION PHENOMENA: COMPETING
RADIATIVE AND NONRADIATIVE
RECOMBINATION PROCESSES

Our “Competing Radiative and Nonradiative Recombination
Processes” Research Challenge aims to develop a microscopic
understanding of the competing physical processes that
determine light-emission efficiency of InGaN materials and
heterostructures. The radiative efficiency of a material is defined
by the competition between radiative pathways and highly
undesirable nonradiative pathways that produce heat instead of
light. For InGaN materials, we find an array of potential
nonradiative processes that may limit the radiative efficiency
but are not well understood. With such understanding, new
routes to ultrahigh light-emission efficiency at all current
densities and all across the visible spectrum might be realized,
thus overcoming the efficiency droop and RYG-gap technology
challenges to high-efficiency solid-state lighting.

Our study of these competing physical processes involves
both theory and experiment, with a particular focus on
understanding the mechanisms behind the efficiency droop
phenomenon. Notably, a range of nonradiative mechanisms
have been proposed to explain efficiency droop in InGaN
LEDs. Recent models*”** and experiments**~>" lend increasing
support for Auger recombination as the dominant nonradiative
loss in the high-current regime. However, alternative
mechanisms, including inefficient carrier injection into the
active region,52’53 carrier delocalization and recombination at
defects,>*>> and nonlinear recombination at multilevel
defects,*® have also been proposed. In our EFRC studies
described below, we examine some of these alternative
mechanisms while also evaluating and advancing carrier
recombination models to better elucidate the factors limiting
the efficiency of InGaN LEDs.

Models of Radiative Recombination Processes. As
presented in Figure 2, the internal quantum efficiency (IQE) of

an LED can be described by the expression: IQE = Bn*/(An +
Bn® + Cn® + Dn™ +...). Although strictly speaking an empirical
expression, the individual terms correspond to different
(physical) carrier recombination mechanisms that have
corresponding functional dependences on carrier density n:
An is ascribed to Shockley—Read—Hall nonradiative recombi-
nation, Bn? to bimolecular radiative recombination, Cr® to
Auger nonradiative recombination, and Dn™ to other higher-
order processes. To date, this “ABC model” has been the
primary method to interpret experimental InGaN LED
efficiency-versus-current data to gain insight into competing
recombination mechanisms.® Our work in this Research
Challenge has yielded new insights into the implications and
limitations of the ABC model, as well as an advanced
microscopic model that overcomes many of the ABC model
deficiencies.

As one implication, we showed that the commonly applied
ABC model predicts IQE versus carrier density curves with
even symmetry, while experimental curves are typically
asymmetric.”” This departure from symmetry indicates that a
nonradiative recombination term to the fourth power in carrier
density (~Dn*) or higher must be added to match experiment,
shedding light on characteristics of nonradiative mechanisms
not considered in the simple ABC model.

Using the ABC model for describing the recombination of
carriers in InGaN QWs, we showed that the theoretical width
of the radiative efliciency versus carrier concentration curve is
related to the peak radiative efficiency.”® Since the normalized
external quantum efficiency EQE,,, is proportional to the
radiative efficiency, and the square root of the light-output
power is proportional to the carrier density n, the
experimentally determined width of the EQE, ., vs n curve
can be used to determine the radiative efficiency. These
observations are significant in that they define a simplified
experimental approach to determine the radiative efficiency of
QWs. In contrast to typical approaches where the efficiency at
room temperature is calibrated by the efficiency at 4 K (where
peak efficiency is assumed to be 100%), the new approach relies
solely on room-temperature measurements. We found that
experimental excitation-dependent photoluminescence meas-
urements on a blue-emitting InGaN QW sample yielded 91%
peak efficiency, comparable to the value obtained using more
labor-intensive temperature-dependent photoluminescence
measurements (Figure 6).

A limitation of the ABC model is that it assumes constant
recombination coefficients for radiative and nonradiative
processes, an assumption that may not hold for InGaN
materials at high carrier densities. In collaboration with our
“Defect—Carrier Interactions” Research Challenge, we explored
the potential for multilevel defects to yield carrier-density-
dependent nonradiative recombination rates, thereby contribu-
ting to efficiency loss at high currents.’® Details of these studies
are included in the following section.

While insight can be attained via application of the ABC
model, LED operation at high current densities involves a
complex combination of carrier—carrier and carrier—phonon
interactions and carrier-concentration-dependent recombina-
tion processes that cannot be fully captured by this simple
model. To overcome some of the ABC model deficiencies, we
developed a new microscopic model for investigating
recombination processes in InGaN QWs and LEDs.’ Key
advances beyond the ABC model include direct inclusion of
bandstructure, a microscopic description of spontaneous
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Figure 6. (a) Relative efficiency (RE) versus excitation-laser power at
4 K and 300 K for an n-type-GaN/SQW/n-type-GaN sample; the
efficiency is normalized to the peak efﬁciency at 4 K. By assuming
100% efficiency at 4 K, one obtains a RE, . of 91% at 300 K. (b)
Normalized external quantum efficiency (EQE) obtained from the
data shown in (a). The half-width can be used to determine RE gl (c)

RE,, determined from the half-width shown in (b). At T = 4 K, the
sample shows a RE,, ;. of 99%, while at T' = 300 K it shows a RE,; of
91%, in agreement with the temperature-dependent PL results. (With
permission from AIP Publishing, LLC.)

emission, and consistent treatment of carrier capture and
escape at the level of carrier—carrier and carrier—phonon
collisions.

We applied this model to the study of performance
differences between violet and green InGaN LEDs, with a
goal of gaining insight into contributions to the RYG gap. The
simulations identified performance differences that arise at
different current densities and temperatures due to variations in
spontaneous emission rates and heat loss rates in the two LED
structures. By tracking momentum-resolved carrier populations,
rather than only total carrier density, these rate changes can, in
turn, be traced to intrinsic contributions from bandstructure
and plasma heating that lead to reduced efficiency for longer-
wavelength LEDs.

We further applied our microscopic model to study the
temperature dependence of IQE versus current density trends
for InGaN LEDs.%* The experimentally reported change in the
shape of the IQE vs current density curve with changing
temperature was relatively well described by our model
However, the distinct high-current-density trends for blue vs
green LEDs could not be reproduced using a single set of fitting
parameters, and efforts are ongoing to resolve this discrepancy.

Finally, as another modeling effort, we explored the potential
of using genetic algorithms (GAs), in concert with a device
51mulat0r, to optimize InGaN LED heterostructures for high
efficiency.®" In this GA modeling, the fitness function governing
design selection is the IQE multiplied by a weight function to
favor designs that have high IQE at high current densities. We
applied this modeling approach to identify QW active region

and electron blocking layer (EBL) designs that yield improved
efficiency droop behavior. Our model successfully predicted
reduced efficiency droop with doping of fewer barriers, in
agreement with our experimental results, described below. In
addition, our model identified AllnGaN EBL designs with
complex compositional grading to mitigate polarlzatlon field
effects as another approach to reduce efficiency droop.®!

Carrier Transport Contributions to Efficiency Droop.
In addition to IQE, carrier injection efficiency into the InGaN
quantum well active layers of an LED is a factor that can limit
the overall power conversion efficiency (Figure 2). However,
the complexities of how carrier transport impacts efficiency of
InGaN LEDs, particularly at high currents relevant to efficiency
droop, are not well understood. A major focus of our studies
has therefore been to gain insight into carrier transport effects
and to further determine if such effects could play a dominant
role in the efficiency droop phenomenon. As a first study, we
employed bandstructure and carrier transport modeling to
understand how internal polarization ﬁelds 1mpact carrier
capture and efficiency droop of InGaN LEDs.®> We combined
these models with experimental efficiency-versus-current data
of blue-emitting LEDs in which we employed tailored Si doping
of GaN barriers to modify the effects of polarization fields on
carrier transport through the multiple quantum well (MQW)
active region.

4-QB-doped
doped " (a)|[doped

1-QB-doped

Energy (eV)

1015

0 25 50 0 25 50
Distance (nm)

Figure 7. Simulated band profiles and illustration of the distribution of
radiative recombination (arrows) within the MQW of InGaN/GaN
LEDs with (a) 4-QB-doped (ND = 3 X 10'® cm™) and (b) 1-QB-
doped structures at a forward current of 1 A (current density ~1.1 kA
cm™?). Corresponding electron and hole concentration in the MQW
active region for the (c) 4-QB-doped and (d) 1-QB-doped structures.
(With permission from AIP Publishing, LLC.)

The LEDs in this study each had five InGaN QWs but
differing number of Si-doped GaN barriers. Modeling using
APSYS software*® predicted that typical LED designs employ-
ing Si-doping in all GaN barriers have dominant carrier capture
in the last (p-side) QW (Figure 7a, 7c; the right-most QW is
closest to the p-type region) effectively increasing carrier
density and non-radiative losses, e.g, Auger recombination.
Doping only the first (n-side) barrier modifies the barrier
potential profiles, shifting the recombination away from this
problematic p-side QW (Figure 7b, 7d). Our experiments
confirmed the benefit of this design, showing reduced efficiency
droop in devices with fewer doped barriers, with ~38%
electroluminescence enhancement and reduced efliciency
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droop in the design with one doped barrier vs four doped
barriers.

In addition to strong polarization fields, III-N alloys are
known to have a relatively strong asymmetry in electron and
hole concentrations and mobilities. For InGaN LEDs under
high injection conditions, this asymmetry leads to strong
electron drift into the p-type layer, reducing overall quantum
efficiency. Experimental efficiency versus current curves can
then be well described by the inclusion of a drift-induced
leakage term in the ABC recombination model. We showed
that this term has a third- and fourth-order power dependence
on carrier concentration in the active region, where the third-
order term, Cp, is estimated to be about 107%° cm%/s.%*

While the efficiency droop phenomenon is largely associated
with InGaN LEDs, we extended our studies to alternative [II-V
alloys where carrier transport asymmetry may also play a role.%®
Our studies confirmed that efficiency droop is not seen in
AlInGaP red LEDs at room temperature. Quite notably,
however, we found that efficiency droop is present in these
LEDs at lower temperatures, a trend not predicted for Auger
recombination. This observation was shown to be consistent
with a drift-leakage contribution to efficiency droop, mediated
by asymmetric carrier transport properties. In the case of
AlInGaP, lower temperatures, where this asymmetry is
enhanced due to stronger freeze-out of holes compared to
electrons, are required to observe the droop behavior.

B LIGHT-EMISSION PHENOMENA: DEFECT—CARRIER
INTERACTIONS

Among the nonradiative recombination processes just dis-
cussed, defect-mediated recombination (associated with the A
coefficient) is one believed to be particularly important, as it is
present at all InGaN compositions and hence is a key issue for
the RYG gap. Our “Defect—Carrier Interactions” Research
Challenge thus aims to understand the electrical, optical, and
structural properties of defects in InGaN materials and
heterostructures. With such understanding, routes to circum-
venting defect contributions to nonradiative carrier recombi-
nation might be realized, helping to overcome the blue-
efficiency and RYG-gap technology challenges.

Our studies have made use of two capabilities, both
continuing to be developed.

The first capability is density functional theory, in which we
are attempting to treat atomic configuration changes during
carrier capture events, and not just with simplified one-
dimensional coordinate models but with realistic multidimen-
sional configurations.

The second capability is deep level optical spectroscopy
(DLOS).% DLOS is a photocapacitance technique that uses
sub-bandgap, monochromatic light to stimulate photoemission
from deep-level defects located in the depletion region of the
LED. The time derivative of the photocapacitance response at
the instant illumination begins is proportional to the deep level
optical cross-section (6°), which is the fundamental optical
identifier of a defect state and can be thought of as the optical
absorbance per unit defect. The optical deep-level energy in the
bandgap (E°) is determined by fitting the dependence of 6° on
photoexcitation energy to a theoretical model.”” The defect
density (N,) within an individual QW is determined using the
Poisson equation and the change in applied voltage (AV)
required to maintain a fixed depletion depth at the QW upon
defect photoemission.

Defects in InGaN QWs. In an initial study, we used DLOS
to investigate the potential contribution of defects to the RYG
efficiency gap.®® Defects are a likely contributor to this gap
because achieving longer-wavelength light emission requires
increased indium incorporation, which in turn often requires
lowered QW growth temperature (T,). The lowered T, can
increase impurity (extrinsic defect) incorporation, and the
increased strain associated with the higher indium content can
drive excess intrinsic defect formation.

DLOS of blue- (~450 nm) and green-emitting (~530 nm)
LEDs identified two deep level defects, one near-midbandgap
and one near the valence band maximum. Both are believed to
be associated with the InGaN QW deep levels because their
density is much higher in the green-emitting than in the blue-
emitting LED,®® as illustrated in Figure 8a. The near-
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Figure 8. (a) Comparison between the average densities of states in
the bandgap of InGaN QWs for blue- and green-emitting LEDs.
Significantly enhanced defect density was observed in the green-
emitting (higher indium content) LEDs. (b) Distribution of InGaN
defect density among the multi QWs in the blue-emitting LED,
showing higher defect densities in the first one or two QWs that were
grown.

midbandgap QW deep level can be expected to reduce IQE
by acting as a site for facile nonradiative recombination, while
the defect state near the valence band maximum (E,) can be
expected to reduce EQE by acting as a hole trap that reduces
injection efficiency. For the near-E, QW defect states, carbon
and Mg impurities are candidates because they are known to
form near-E, levels in GaN.®>”° For the near-midgap InGaN
QW defect, carbon and group-IIl vacancies are possible
candidates because they have been established as deep-level
centers in GaN.”"

Defect Profiling in InGaN MQWs. In subsequent work,
we adapted DLOS to measure the distribution of deep levels in
MQW blue-light-emitting InGaN/GaN LEDs with nanoscale
depth resolution.”> The depth distribution of N; in the MQW
region was measured from the excess applied voltage (AV)
required to maintain a constant capacitance and therefore a
constant depletion depth (x;) upon emptying a deep level upon
illumination. N,(x;) was then calculated from AV(x;) data
using the Poisson equation.

Figure 8b shows N, of the near-midgap and near-E, deep
levels for each of five QWs in such an LED. The QWs were 2.5
nm thick and were spaced at a 10 nm period, demonstrating
that DLOS is useful as a nondestructive defect spectroscopy
with nanoscale resolution comparable to transmission electron
microscopy. The cause of the defect “pile up” observed in the
first few QWs is under further investigation, but hetero-
interfaces’> or indium incorporation itself’* have been
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suggested to sequester (or getter) defects to the benefit of
subsequently grown QWs.

Multilevel Defects. As mentioned in the previous section
on Competing Radiative and Nonradiative Recombination
Processes, nonradiative recombination by defects is described
by Shockley—Read—Hall (SRH) theory.”>”®

A common limiting (and vastly simplified) case of SRH is the
case of defects with only a single electronic level. In this case,
the defect-mediated nonradiative recombination rate is linear in
carrier density (n), and because other radiative and nonradiative
recombination rates scale as n to higher powers, the relative
impact of defects on LED efficiency becomes increasingly small
with increasingly high drive currents and carrier densities.

However, in other cases, defects can have multiple electronic
levels.”” Defect-mediated nonradiative recombination in such
cases can be superlinear in current and carrier densities and can
thus be a contributor to droop-like behavior in LEDs.*® In
other words, it is possible for defects to influence LED
performance even at high drive currents, despite the common
assumption otherwise.

Defect Cross Sections for Carrier Capture. Computa-
tional studies of defects have typically focused on defect levels,
which determine the relative rates of carrier capture and
emission at a defect. However, at high carrier concentrations,
carrier capture tends to overwhelm carrier emission, and the
position of the defect level within the bandgap becomes less
important than the carrier capture cross sections. We have
developed procedures to calculate the activation energies that
control carrier capture’®”® both for simplified one-dimensional
coordinate models and for realistic multidimensional config-
urations. Initial application of these models to the gallium
vacancy gave results that agree well with experiments.
Furthermore, the highest carrier densities and thus the majority
of defect-induced recombination occur in the LED quantum
wells.

B LIGHT-EMISSION PHENOMENA: ENHANCED
SPONTANEOUS EMISSION

In traditional 2D planar quantum-well architectures, sponta-
neous emission rates are largely determined by the materials
themselves. In nanostructured architectures, however, sponta-
neous rates can be enhanced. Our “Enhanced Spontaneous
Emission” Research Challenge explores ways in which
spontaneous emission can be enhanced through modification
of the environment within which the emission takes place (the
Purcell effect®™) and therefore ways in which spontaneous
emission can better compete with parasitic nonradiative carrier
recombination. If significant enough enhancements can be
realized, routes might be developed to overcome the blue-
efficiency and RYG-gap technology challenges. In addition, we
are investigating routes to enhance quantum dot emission by
coupling to metallic nanoparticles that could also impact the
narrow-line-width red phosphor technology challenge.

Our current explorations focus on two nanophotonic
approaches for modifying the emission environment: control
of photonic density of states®®* (photonic crystals) and
introduction of intense localized electromagnetic fields®**°
(through plasmonics). Both approaches require integration of
emitters with dielectric, plasmonic, or photonic crystal cavities,
which we accomplish through nanofabrication and epitaxial
growth (photonic crystals, fabricated metallic structures),
chemical synthetic routes (core—shell dielectric/metallic
spheres), or a combination of nanofabricated dielectric

structures and assemblies of emitters (2D photonic crystals
and QDs).

Fully 3D Semiconductor Photonic Crystals. Most
previous work on visible photonic crystals (PCs) has focused:
(a) on materials like titanium dioxide that are transparent in the
visible but with relatively low (n ~ 2.5) refractive indices that
restrict the magnitude of photonic crystal effects and (b) on 2D
geometries that are easier to fabricate but do not offer full 3D
light control.

To overcome these limitations, we have explored a fully 3D
photonic crystal fabricated in Si semiconductor material.*” Si
has the two advantages of: (a) the maturity of the techniques
with which it can be processing and (b) its high (n ~ 3.5)
refractive index, which enables a large photonic strength (wide
photonic bandgap, large photonic density of states).

Of course, because Si absorbs in the visible, it would not
normally be considered applicable for SSL. However, we have
experimentally demonstrated that the practical operational
frequency range of a silicon-based 3D photonic crystal can be
extended nearly into the visible (to about 700 nm), ~400 nm
above the absorption edge of silicon, due to the slow increase in
the imaginary part of the refractive index (k) with decreasing
wavelength. Moreover, we demonstrated that embedded defect
structures in such Si logpile PCs can be used to create cavity
modes within the photonic bandgap, thus paving the way to
studying interactions between emitters in such cavities with
artificially tailored photonic densities of states.

In subsequent work, we explored a fully 3D photonic crystal
fabricated in GaN semiconductor material,*® as illustrated in
Figure 9. This tour-deforce nine-layer logpile 3D photonic

Figure 9. Cross-section SEM image of a nine-layer GaN logpile with a
300 nm lattice constant and rod height of 100 nm at lower pressure
optimal growth conditions to enable nucleation on the GaN epilayer
resulting in a 2D growth mode. The top right-hand side image shows
an enlarged top view, and the bottom image shows an enlarged section
of the perspective view of regions indicated by a dotted black box. The
width of the rod is approximately 135 nm.

crystal (3DPC) was composed of single-crystalline GaN
nanorods ~100 nm in size grown epitaxially using sequential
lithography and selective-area MOCVD. Optical measurements
along the stacking direction showed a wide photonic bandgap
in the visible (between 380 and 500 nm). The realization of
III—N-based 3DPCs (and ultimately cavities) opens the door to
the possibility of full 3D control of the spontaneous emission
rate of nitride emitters.””*®

Plasmonic Dipole Nanoantennas. The use of plasmonic
antennas in light-emitting semiconductor devices has been
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extensively explored in recent years. Such antennas enhance
both radiative recombination within the device as well as the
out-coupling of that radiation into free space. In this research,
we are exploring the potential of plasmonic antennas for
enhancing spontaneous emission from emitters with lower-
than-ideal internal quantum efficiency. We are using computa-
tional finite-difference time-domain (FDTD) simulations to
study idealized nanophotonic emitters that are embedded in
materials with various refractive indices; are coupled to half-
dipole Ag antennas with optimized geometries; and emit light
at the four (red, yellow, green, blue) wavelengths of greatest
interest to SSL. The work is in progress, but preliminary results
indicate that plasmonic antennas have some promise in the red
(where Joule losses are lower) but less so in the yellow, green,
and blue (where Joule losses are higher).

Core—Shell Plasmonic Antennas. An alternative use of
plasmonics is not in electroluminescent structures, as studied
above, but in photoluminescent structures useful for wave-
length downconversion. We have done some exploratory work
in core—shell plasmonic geometries, in which the emitter is the
core and the metal is the shell (rather than the more usual
opposite configuration). This geometry has many advantages,
such as uniformity of the enhanced optical field inside, lack of
polarization sensitivity, and environmental protection of the
emitter. In addition, this core—shell structure is ideal for
decoupling the enhancements of the absorption and emission
processes.

For a 633 nm dye core surrounded by a Au shell, we find that
the optimal ratio between the shell thickness and the inner
radius is approximately 0.3 when the excitation wavelength is
632 nm. When this ratio is fixed at the optimal value, larger
core radius and shell thickness produce greater intensity
enhancement, with total fluorescence enhancements of ~25
possible. The geometry discussed here is well-suited to red rare-
earth phosphors used in SSL today, as it promises to greatly
enhance their effective absorption cross section.

B LIGHT-EMISSION PHENOMENA: BEYOND
SPONTANEOUS EMISSION

Because of nonradiative processes, such as Auger recombina-
tion, which become more pronounced at high carrier densities,
it is of interest to explore radiative recombination processes
that can outcompete these nonradiative processes. Enhanced
spontaneous emission, as discussed in the previous section, is
one possibility. Stimulated emission is yet another. Our
“Beyond Spontaneous Emission” Research Challenge is focused
on exactly this: exploring the possibility that lasers, based on
stimulated emission, can provide a route to high efficiency.
Indeed, beyond potentially high efficiency, lasers have other
possible benefits, including ease of mixing and directing and
focusing of the light. If these benefits could be realized across
the visible spectrum, they could provide new routes to
overcoming the blue-efficiency, RYG-gap, and enhanced
functionality SSL technology challenges.

However, laser light sources for SSL are in their infancy, and
much work needs to be done to understand both their potential
and their limitations. In this Research Challenge several
different aspects of light generation have been investigated
where the common theme is that the light generation
mechanism is not the standard spontaneous emission used in
commercially available white light LEDs. First, we investigated
the quality of the white light produced by mixing four different

laser wavelengths to determine its suitability for general

illumination. Second, we investigated the limits of efficiency
improvements that are possible using lasers for solid-state
lighting. Third, lasing from nanowire structures was inves-
tigated since nanowire lasers hold the promise for low-
threshold, high-efficiency operation at wavelengths extending
from the blue to the red.

Four-Color Laser Illuminant. One of the first issues we
addressed in this Research Challenge was the quality of white
light produced by mixing four laser beams composed of red,
yellow, green, and blue wavelengths. One might anticipate that
white light composed of very narrow line width (~1 nm) lasers
would not render colors as well as white light with a broader
spectrum. Thus, even if lasers all across the visible spectrum
were much more efficient and economical than LEDs, they
might not be useful for solid-state lighting.

To experimentally investigate this question, we constructed a
four-color laser illuminant,® composed of commercial lab-grade
lasers with wavelengths of 635, 589, 532, and 457 nm. Color
mixing optics were then used to create a laser-based white light
source as illustrated in Figure 10. Side-by-side viewing booths
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Figure 10. Schematic of a four-color laser-based white illuminant.
Light from four lasers is combined using chromatic bean splitters, then
passes through multiple ground glass diffusers to eliminate laser
speckle before illuminating test objects. (With permission of The
Optical Society.)

mirror

were set up such that observers could compare scenes
illuminated either with commercial white light LEDs,
incandescent lamps, or the laser illuminant.

The results were that the four-color laser white illuminant
was virtually indistinguishable from state-of-the-art white
reference illuminants. This result can be understood in terms
of the broadband nature of the reflectance spectra from most
everyday objects, as well as the broad wavelength response of
the cones in the human eye. This study thus showed that white
light produced using lasers was of high enough quality to be
considered for solid-state lighting.

Blue Laser Diode versus Blue LED Trade-Offs. As just
discussed, the ultimate illuminant might be very efficient color-
mixed RYGB lasers. However, even without lasers in the red,
yellow, and green, a blue laser diode (LD) might also have
advantages over a blue LED as the pump source in the current
wavelength-downconversion paradigm for SSL. To understand
these advantages, as well as limitations, we performed a detailed
and self-consistent analysis of the current states of the art for
blue LEDs and LDs, along with the potential of both for future
improvement.

This investigation, together with a detailed economic
analysis, indicates that blue lasers have some compelling
advantages over blue LEDs for SSL.”° Compared to
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spontaneous emission, stimulated emission is an ultrafast
recombination process—so fast that it clamps carrier densities
above the lasing threshold, clamps the rates of nonradiative
recombination processes (such as Auger) that depend on
carrier density, and, well above the threshold, easily out-
competes these nonradiative recombination processes. Thus,
lasers can circumvent efficiency droop associated with parasitic
nonradiative recombination. This enables LDs to operate in the
regime of much higher input power densities than LEDs, in
which much higher areal chip costs can be tolerated.

However, LDs do have other sources of efficiency loss.
Among these are parasitic resistance loss associated with very
high current densities and loss associated with small residual
optical absorption within the laser cavity. There thus appear to
be opportunities for novel (perhaps nanophotonic) laser
designs that decrease current densities and optical losses via
carrier, mode, and gain engineering.

Nanowire Lasers. Nanowires (NWs) also show promise as
a future platform for efficient lasers and light generation.”"
As described in the “Nanowires” Research Challenge, NWs can
be dislocation free and can have enhanced In incorporation,
making them suitable for emission at wavelengths from the blue
to the red. Semiconductor nanowires have recently seen
application as plasmonic nanolasers.”*** In addition, NWs are
attractive candidates for efficiency and compactness, being able
to simultaneously function as a standalone optical cavity and
gain medium. Furthermore, with the appropriate geometry and
lattice spacing, an array of nanowires can behave as a photonic
crystal.”®”” For particular designs, lasers can be realized.

In our work, we have explored lasing of single NWs as well as
arrays of NWs, thus far all via optical pumping.

For our single-NW lasers, the GaN NW forms the optical
cavity with facets on each end of the wire, as well as providing
the gain medium. Although not obviously of central importance
for SSL, single-mode behavior is of interest for many other
applications, and so we have explored some of the conditions
for such single-mode behavior. We find that, for smaller NWs,
single-mode operation is preserved far above the lasing
threshold.*® For larger nanowires, multimode operation occurs,
so alternate methods for achieving single-mode lasing are
needed.

One method for achieving single-mode operation is to place
(using nanoprobe manipulation) two NWs of different lengths,
which individually exhibit multimode behavior, side-by-side in
close proximity to form a coupled cavity.”® The coupling
between the nanowire pair provides a mode selection
mechanism through the Vernier effect and generates stable
single-mode operation. Another method for achieving single-
mode operation was to simply place the NW onto a gold film.”
Due to the mode-dependent losses induced by the gold
substrate, only a single transverse mode has a loss low enough
to be overcome by the laser gain, thus enabling single-mode
behavior. The observed increase in lasing threshold of only
~13% after placement onto gold indicates that the impact of
metal contacts on the optoelectronic properties is modest.

For arrays of NWs, we have explored the use of 2D NW
photonic crystals (2DPCs) to provide lateral feedback for
lasing. Because the wavelength at which lateral feedback occurs
is determined by the photonic crystal geometry, lasers of
different wavelengths can be fabricated on a single chip.
Moreover, due to the relatively broad gain bandwidth of III—
nitride quantum wells and the lateral nature of the feedback, the
wavelength tuning range of the lasers can be quite large: a
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remarkable 60 nm of wavelength tuning was demonstrated on a
single chip from a single epitaxial growth.w0

B SUMMARY

Solid-state lighting is an emerging technology that has made
enormous progress this past decade and that has much room
for further progress. The Energy Frontier Research Center for
Solid-State Lighting Science aims (a) to help advance the
scientific understanding of materials architectures and light-
emission phenomena used in the current state-of-the-art solid-
state lighting and (b) to explore new materials architectures and
light-emission phenomena with the potential for dramatic
improvements in electricity-to-light conversion efficiency. To
do this, the SSLS EFRC is organized around six Research
Challenges, two focused on materials architectures and four
focused on light-emission phenomena.

In the EFRC’s two materials architecture Research
Challenges, among the most significant advances have been
the following.

First, methods have been developed for combined bottom-
up, top-down nanofabrication of large-area, uniform arrays of
straight and smooth III-N nanowires into which axial
heterostructures can be embedded and onto which coaxial
structures can also be grown. These methods, particularly when
aided by atomic-scale nanocharacterization and computational
simulation of synthesis and optoelectronic properties, have
much potential to enable 3D tailored nano- and mesomaterials
architectures that can fill the RYG gap.

Second, a new class of Eu’* phosphor with absorption in the
blue and narrow emission in the red has been developed, and
the dominant mechanism for the well-known but previously
poorly understood thermal quenching in II-VI quantum dots
has been elucidated. Both of these advances may help enable
new generations of wavelength downconversion materials that
can solve the deep-red spillover wavelength-downconversion
challenge.

In the EFRC’s four light-emission phenomena Research
Challenges, among the most significant advances have been the
following.

First, “beyond ABC” microscopic models of carrier
recombination have been developed that include many-body
carrier interactions, carrier transport, strain and polarization
fields, Auger recombination, and defects in both quantum wells
and quantum barriers. These models complicate but also
provide a more nuanced view of the physical processes that can
compete with each other for carrier recombination.

Second, deep-level optical spectroscopy techniques were
developed that can quantify defect densities in individual
InGaN quantum wells, and models were developed that
indicate that point defects with multiple charge levels can
lead to recombination rates that are highly nonlinear with
carrier concentration and that can be a contributor to efliciency
droop.

Third, a fully 3D photonic crystal was fabricated in GaN
semiconductor material, opening the door to the possibility of
full 3D enhancement and control of the spontaneous emission
rate of nitride emitters, perhaps enabling spontaneous emission
to outcompete parasitic nonradiative recombination processes.

Fourth, through detailed simulations and human factors
studies, lasers have been identified as a promising alternative to
LEDs for solid-state lighting, both as a blue or UV pump for
wavelength downconversion, as well as for RYGB color mixing.
This paves the way for more serious efforts to understand the

dx.doi.org/10.1021/jp501136j | J. Phys. Chem. C 2014, 118, 1333013345



The Journal of Physical Chemistry C

Feature Article

limits to efhiciency of both LEDs and lasers as well as
architectures at the boundary between LEDs and lasers.
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