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ABSTRACT

Downconverters, primarily inorganic phosphors, are critical components in white solid-state LED-based lighting and liquid crystal display
backlights. Research efforts have led to a fundamental understanding of a downconverter’s absorption, photoluminescence, and efficiency as
a function of composition, structure, and processing conditions. However, considerably less work has focused on the reliability of phosphors
once they are incorporated into LED packages. Solving these issues is often the final step before the commercialization of new materials, but
the significant resources and time required to evaluate and mitigate materials failure are rarely discussed in the literature. In this Perspective,
we discuss the need for conducting downconverter reliability testing and the potential of accelerating, screening, and understanding down-
converter failure modes. Our focus highlights the mechanisms of failure and discusses how this influences materials selection and the
design of different LED packages. We also stress the potential for accelerated reliability testing protocols and note the potential role first-
principles calculations and data-driven models could play in establishing the compositional-processing trends for different aspects of down-
converter reliability. We close with possible research directions that could improve downconverter reliability and emphasize the importance
of assessing a material’s (chemical) stability where multiple manufacturing and processing steps can dictate system performance.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0122735

I. INTRODUCTION LED chip. The choice of phosphor is dictated by the application
with most LED-based light bulbs using a phosphor mixture of
yellow-emitting Y3Al;0;,:Ce®" and a red-emitting phosphor, such
as CaAlSiNs:Eu**. LEDs for liquid crystal display (LCD) backlights
use a similar phosphor-converted approach but incorporate phos-
phors with narrower emission bands, such as green-emitting
B-SiAION:Eu** and red-emitting K,SiFg:Mn**. In an effort to con-
tinually advance the capability of LED-based lighting and displays,
research groups around the world are utilizing exploratory synthe-
sis,” the creation of solid solutions,”” and data-driven methods®’
to identify new, high efficiency phosphors that can be used in phos-

Phosphor-converted light-emitting diodes (LEDs) have
become ubiquitous in lighting and displays due to their form
factor, higher energy efficiency, and longer operating lifetime com-
pared to traditional light sources. The U.S. Department of Energy
estimates that transitioning to LED lighting technology has saved
185 TW h of site energy, avoided 79 x 10° metric tons of carbon
dioxide emissions, and saved consumers ~$20 billion in 2020."
Most of these devices produce an energy-efficient white light by
downconverting the nearly monochromatic emission from a blue-

emitting LED chip to longer wavelengths using transition-metal or
rare-earth substituted inorganic phosphors (Table I). In most LED
packages, phosphors are mixed in an optically transparent silicone
resin and deposited onto the surface of a blue-emitting (InGa)N

phor blends with improved color rendering (for lighting) or a
wider gamut (for displays).

Although the potential for LED applications has reinvigorated
phosphor research across many different materials systems,
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TABLE 1. Phosphors used in typical, commercial LED packages.

Phosphor Emission color FWHM of the emission band Current usage
Y;Al;0;,:Ce** Yellow >100 nm Most general illumination white LEDs
(YAG:Ce*™) Lower-cost LCD backlights
B-SiAION:Eu** Green ~50 nm Higher color quality LCD backlights
(Sr,Ca)AISiN;:Eu** Red to deep-red >75 nm General illumination for indoor applications
(SCASN) Higher color quality LCD backlights
(Ca,Sr,Ba),SisNg:Eu** Orange to red >75nm General illumination for indoor applications
SrLiAl;N:Eu** (SLA:Eu®") Deep-red 50 nm High color rendering general illumination
K,SiFg:Mn** Red Line-emitter, Higher color quality LCD backlights
(KSE:Mn*") 30 nm Gaussian equivalent High color rendering general illumination

meeting the basic application requirements, such as ideal emission
color, strong absorption of LED radiation, and high quantum effi-
ciency (QE), does not automatically lead to phosphor commerciali-
zation. One factor often not considered in early-stage research is
material reliability, defined as the ability of a system (the LED
package) or a component (the phosphor, silicone, LED, etc.) to
perform its function under specific operating conditions for a
required period of time.® Reliability is often quantified as the mean
time to failure, typically defined as either a loss in LED efficacy or
a shift in LED color with various standards, testing protocols, and
requirements based upon different applications.*™'’ In many cases,
failure modes can be from long-term phosphor degradation in LED
packages and systems under operating conditions. Thus, it is
important to uncover the mechanisms of degradation in phosphors
(and the package, in general) and establish methods to mitigate
failure. As with many materials systems, achieving phosphor reli-
ability in LED packages is multifaceted: phosphors must withstand
degradation from high-intensity blue light excitation and heat gen-
erated by the LED (Table 11)."" The phosphors should also resist
degradation from ambient moisture, solvents, and the processing
equipment used in LED package production. Finally, the entire
system must be unaffected by harsh climates, such as high ambient
temperatures, solar radiation, and dirt accumulation.'” The goal of

TABLE II. LED packages and systems.

developing LED packages and systems with desired product life-
spans relies on robustness to relevant stimuli and environments in
different applications.

Unfortunately, material stability with respect to all of these
metrics is often difficult to predict and costly to test, especially at
early stages of materials development. Identifying and mitigating
reliability and stability issues can be a significant part of the devel-
opment cycle for a new material or system design. Even in the rela-
tively mature LED industry, the primary path toward addressing
downconverter reliability is often through extensive iterative testing
and an ad hoc understanding of individual reliability issues for a
specific material. Longer development cycles with associated costs
to address reliability concerns make it more challenging to incorpo-
rate new materials or designs even when they have potential techni-
cal advantages, such as better emission color or higher initial
quantum efficiencies. In this Perspective, we discuss designing
experimental and theoretical frameworks to improve the ability for
screening, quantifying, and developing a fundamental understand-
ing of downconverter reliability. Specifically, we discuss various
paths for downconverter degradation in LED packages and systems
as a function of composition and/or processing, the potential for
accelerated reliability screening and testing, and the development of
first-principles and data-driven trends for different failure modes.

Incident light Downconverter

Examples of
phosphor-package

System/package flux temperature  Matrix for phosphor  integration issues Median particle size
Laser excited phosphor for small ~ >100 W/cm? >100°C State of the art are monolithic phosphor ceramic converters
spot sizes

Higher power LED package 50-100 W/cm? >100°C Permeable silicones ~ Metal tarnishing 10-25um

(>0.5W)

Low/medium-power LED 10-80 W/cm? 50-125°C Permeable silicones ~ Metal tarnishing 10-25um

package (0.05-0.5W)

Remote downconverters <1 W/cm?® <75°C Polymer Barrier layers 5-25 um for phosphors;
QD downconverters have
much smaller individual

particle sizes

Micro (<100 um) LED systems <2 W/ecm? <60 °C Not standardized  Integration into inks <3um
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Extending the experimental and theoretical framework toward
other materials systems is also discussed.

Il. THE RELIABILITY REQUIREMENTS OF VARIOUS
LED PACKAGES

LED packages using phosphor/silicone mixtures directly
deposited onto LED chips (Fig. 1) are the dominant platform for
white light production in lighting and displays. The median phos-
phor particle sizes in these devices usually range from 5 to 25um
depending on the phosphor composition and specific packaging
needs. This technology has matured significantly over the past 25
years, and LED packages routinely meet color and light output
stability requirements for greater than 25000 h. The relative stand-
ardization of these packages and their performance means that the
flow-up from LED to system reliability is reasonably understood.

The workhorse yellow phosphor for most of these LEDs,
Y;3Al;0,5:Ce® (YAG:Ce®®) and its compositional variations, has
the advantage of stability under high-intensity blue light excitation
and inherent chemical durability. Improving LED color quality for
LCD backlights and general illumination applications has also led
to extensive phosphor research and development toward new com-
positions and materials.”>~"” These efforts, combined with other
work studying Ce**/Eu** luminescence,'™** have given fundamen-
tal and practical insights toward host/activator interactions that
control phosphor absorption, emission color, and efficiency at rele-
vant operating temperatures. Currently, few phosphor families are
extensively used in commercial LED packages (Table I), and each
of these materials has undergone extensive development to opti-
mize initial brightness and durability. However, apart from emis-
sion color metrics guiding research and development toward
phosphors with narrower emission spectra,”” fundamental guide-
lines toward whether or not a new phosphor can match or surpass
the performance of current state-of-the-art phosphors are
extremely limited. This uncertainty is magnified for reliability
metrics since there are even fewer fundamental guidelines for how
a phosphor will respond to high-intensity blue light, elevated tem-
perature, ambient humidity, and their combinations.

Phosphor,

FIG. 1. Cross-sectional SEM micrograph of a typical medium-power LED
package where a phosphor/silicone mixture is directly deposited onto an
LED chip.
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Beyond typical LED packages, how different downconversion
materials can fit into system reliability metrics becomes murkier.
LED industry maturation with lower LED chip costs has led to
LED-based systems with a variety of designs and form factors
depending upon specific lighting and display requirements
(Table II). LED systems ranging from high-intensity, point source-
like light distributions (such those used for automotive headlights)
to diffuse panel light sources will have different downconverters
and packaging requirements. Diffuse light sources generally have
less stringent downconverter reliability requirements with respect
to temperature and incident light flux. The exact standards for an
LED or phosphor in a specific application are often listed in
reports written by technical organizations. For example, the stan-
dards for LED packages used in automotive applications are
reported by the International Electrotechnical Commission or SAE
International.”®*’ Unfortunately, these reports are difficult for aca-
demics to obtain since they are not open-access. Moreover, the
stability requirements that are listed in these reports are not gener-
alizable across all fields of solid-state lighting and displays, making
it difficult to know which properties and environments to target
during preliminary reliability experimentation.

The reliability for components in LED packages and systems
is also continually evolving. One recent example of how changes in
LED system designs alter potential downconverter selection is the
use of “remote” downconverter parts with relatively low incident
light fluxes and temperatures. The use of remote downconverters
has enabled the use of semiconductor quantum dot (QD) down-
converters that otherwise have difficulty meeting reliability require-
ments in typical LED packages. New form factors, such as remote
downconverters, introduce potential degradation modes through
compatibility and stability concerns between downconverting mate-
rials and the variety of solvents, dispersants, and polymer matrices
used in these downconversion components. In addition, processing
parameters for different form factors may require smaller phos-
phor/downconverter particle sizes, potentially creating new reliabil-
ity concerns for materials that would otherwise be completely
stable when used in typical LED packages.”

11l. DOWNCONVERTER DEGRADATION THROUGH
APPLIED EXTERNAL STIMULI

A. Environmental degradation

Lighting and display systems using LEDs are usually not her-
metically encapsulated, leading to ambient humidity exposure
during operation. Hermetic encapsulation is possible, but the addi-
tional materials and processes will increase materials and produc-
tion costs. Therefore, any degradation mode involving oxidation or
hydrolysis should be considered for LED package and system reli-
ability. Exposure to high temperatures can lead to irreversible losses
in light output caused by a combination of heat-induced effects,
including lower crystallinity,”” the formation of impurities or amor-
phous surfaces,”” or oxidation of the activator ion upon contact
with adsorbed oxygen.’' The combination of high temperature
(Table IT) and water in the atmosphere also accelerates oxidation
issues as well as introduction issues for hydrolytic stability.
The impacts are present for a variety of different hosts and activator
ions. For instance, sulfide phosphor hosts can degrade under
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ambient conditions depending upon their synthesis and process-
ing.” Similarly, in the red-emitting Sr,SisNg:Eu** phosphor, there
are various pathways that led to significant emission intensity loss
after exposure to 300 °C in air as an accelerated test. As shown in
Fig. 2(a), the relative intensity of the most intense (122) diffraction
peak of Sr,SisNgEu?* decreases as a function of temperature,
which suggests decreased crystallinity. High resolution transmission
electron microscopy (HRTEM) revealed a crystalline surface prior
to heating [Fig. 2(b)], but an amorphous layer forms after heating
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FIG. 2. (a) The relative intensity of the (122) diffraction peak of SrqgEug o1SisNg
upon heating (black) and cooling (yellow). High resolution transmission electron
micrographs of SrqgEug1SisNg (b) before and (c) after the heat treatment at
300 °C shows the presence of an amorphous phase after heating. (d) The Eu
L;-edge XANES spectra of SrqgEug 1SisNg before (black) and after (yellow) the
heat treatment. The Eu®* reference was commercial BaMgAImOﬂ:Eu2+ (blue,
BAM:Eu?) and the Eu®* reference was Eu,0; (red). (e) Wide scan electron
spectroscopy for chemical analysis of oxygen in Sry gEug 1SisNg before (black)
and after (yellow) heat treatment. Data are taken with permission from Yeh
et al, J. Am. Chem. Soc. 134(34), 14108-14117 (2012). Copyright 2012
American Chemical Society.
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[Fig. 2(c)]. Finally, a combination of x-ray absorption near edge
spectroscopy (XANES) and electron spectroscopy for chemical
analysis (ESCA) measurements, shown in Figs. 2(d) and 2(e),
revealed the oxidation of Eu** to Eu’" and an increase in oxygen
adsorbed onto the surface of the material, respectively. In this
material, there have been efforts in improving Sr,SisNg:Eu*" stabil-
ity by coating phosphor particles with Al,O; using atomic layer
deposition (ALD).”> Improved phosphor stability through particle
coatings supports the basic mechanism of phosphor degradation
through surface reactions and oxidation.

The GE authors of this work also have had a direct experience
in working through oxidative and hydrolysis damage modes in the
K,SiFg:Mn*" phosphor used in LCD backlights and high color ren-
dering lighting.”*"” In many traditional LED phosphors, oxidative
damage often results in reduced phosphor intensity in the LED
system/package through losses in phosphor absorption and scatter-
ing effects, but these effects are comparatively small vs those that
create new absorption centers, such as hydrolysis of the (MnF¢)*~
groups to reduced Mn oxides and hydroxides (Fig. 3). If this phos-
phor “browning” occurred in a LED package/system, there are
rapid and unacceptable lumen losses. Therefore, time and effort
have been spent developing processing methods and particle
coating techniques to reduce the concentration of (MnFg)*~ groups
on the particle surface.”**> Alternately, other groups have deter-
mined that residual impurities in K,SiFg:Mn**, such as KHF,, can
adsorb water leading to additional hydrolysis damage™® vs that of a
purer phosphor. Similar to the work on Sr,SisNg:Eu’*, ALD
methods have also been applied to fluoride phosphors to improve
their chemical stability.”*”*® Given the potential flexibility of these
methods to improve phosphor chemical stability, additional
research in sample purification and particle coating could be
helpful across a wide range of materials. The variety of potential
reaction paths (and solutions) to hydrolysis and oxidation damage
implies that numerous materials and processes may need to be
tested and cycled before an appropriate surface chemistry is identi-
fied, independent of whether sulfide, nitride, or fluoride materials
are being studied.

Initial | ' o ®*» B |
g 0
- “ a
L Improved
s '
. g
Lo s
- ” »
. s "
. T a ® |

FIG. 3. Photograph of silicone disks containing different KoSiFg:Mn* phosphors
after exposure to 85 °C/85%RH for ~100 h. Modifications in phosphor process-
ing lead to significant improvements in hydrolytic stability as noted through the
absence of darkening in the disk.
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Compared to the testing and optimization of phosphor mate-
rials in later stages of development, early-stage materials discovery
often has limited access to equipment, such as accelerated aging
chambers, that can directly correspond to how a phosphor
responds to temperature and humidity. Since chemical stability
cannot be ignored when reporting new materials, researchers have
turned to more accessible methods to test reliability as part of eval-
uating new materials. For example, to understand the hydrolysis
resistance of NazMgPO4F:Eu2+ without using a humidity chamber,
the phosphor was submerged in water and agitated using a stir bar
for 21 days. Every 7 days, the average crystal structure, the emission
spectrum, and QE were measured. This methodology allowed a rudi-
mentary but informative examination of the phosphor’s physical and
optical response upon contact with water. Na,MgPO,F Eu** surpris-
ingly showed no change in the x-ray diffractograms, position and
shape of the emission band, and the QE even after 21 days in water,
indicating that this material is, at this initial testing stage, robust.””
Conversely, applying this same methodology to the NaBaBoO;s:Eu**
phosphor showed that the material begins to decompose after only
15h in water, revealing inherent instabilities.” Some caveats are nec-
essary to draw comparisons between humidity and direct water
exposure, such as dissolution and common-ion effects that are not
likely to occur in humidity tests. However, straightforward experi-
ments, such as these, are still valuable for learning about material
properties and generating data across a broader range of materials.

Materials with smaller particle sizes and a higher surface area
will also have higher probabilities for oxidative damage with an
extreme case for downconverting films containing semiconducting
quantum dots where barrier films are needed for protection from
both water and oxygen. Similar barrier films are not required for
median particle sizes of ~1 um for the phosphors listed in Table I,
but exploring the limits of this assumption even for “stable” phos-
phors, such as YAG:Ce®", is another direction for future work.”®

B. Degradation under high-intensity light excitation

Incident light intensities in traditional LED packages (Table IT)
are orders of magnitude higher than most spectrophotometer mea-
surements conducted to initially evaluate downconverter perfor-
mance. High light intensities are known to lead to saturation effects,
a sub-linear response to excitation intensity,"""* and they can also
induce permanent losses in downconverter quantum efficiency (QE)
(Fig. 4). Losses in downconverter quantum efficiency under blue
light excitation from photo-oxidation and other bleaching processes
have been reasonably well documented in quantum dots"’ with some
mitigation of these losses through appropriate composition gradients
and shell designs.”” However, in micrometer-sized inorganic
phosphors, the current understanding of photo-induced damage
mechanisms is more limited. Our observations have been that
photo-damaged phosphors have faster decay times, indicating that
new non-radiative traps have been created under high-intensity
excitation [Fig. 5(a)]. While there is a linear correlation between
decay time and intensity loss, the reduction in decay time does
not have a one-to-one correlation to lumen losses. This could be
due to additional loss mechanisms for this phosphor or experi-
mental artifacts in the decay time measurement. One possible
experimental artifact is that the decay profile is measured from

PERSPECTIVE scitation.org/journalljap
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FIG. 4. Comparison of phosphor stability under 80 Wi/cm? laser irradiation for a
commercial Y3AI5O12:Ce3'+ phosphor and two different KZSiFS:Mn‘“ phosphors
synthesized and processed under different conditions.

the top of the LED package down; therefore, phosphor particles
sampled in the decay time measurement are not at the LED chip
surface where light intensities are the highest. This observation leads
to a notional hypothesis that combining activator redox chemistry
with the formation of thermally activated color centers causes
quantum efficiency (QE) losses [Fig. 5(b)], but these hypotheses have
not been extensively studied experimentally or theoretically. Unlike
environmental damage (where barrier coatings reduce damage),
research and development pathways toward fixing these reliability
issues often do not have clear guidance on modifying composition
and synthesis parameters. This forces iterative cycling between mate-
rials synthesis and processing optimization with reliability testing
giving time, effort, cost, and uncertainty on whether or not these
efforts will yield a successful development cycle.

C. Chemical reactions with water, solvents, inks,
polymers matrices

Phosphors and other downconverters can also have reliability
and handling issues with materials, solvents, and processing equip-
ment used in LED packages/systems and their manufacturing. One
early example in the LED industry was reactions between sulfide
phosphors and package/LED metallization, leading to metal tar-
nishing and lumen losses. In other cases, these reactions can be
classified as hydrolysis reactions, making damage pathways (and
mitigations) related to moisture-induced modes, as discussed in
Sec. III A. Typical silicone LED encapsulants and their curing
agents do not significantly react with the phosphors listed in
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FIG. 5. (a) Correlation between K,SiFg: Mn** relative |ntenS|ty and K,SiFg:Mn**
1/e decay time for LEDs that contain only K,SiFe:Mn*" and were driven under
different operating cond|t|ons for ~2000 h. The data point at the top right of the
figure is from a K,SiF:Mn*" -containing control LED that was stored under dry
N, at ambient room temperature. The drawn line is from a least-squares linear
regression fit. These decay time measurements samgle the top surface of the
LED. (b) Phosphor intensity loss vs time (~80 W/cm® incident laser flux) for a
KoSiFg:Mn** sample at different phosphor temperatures. (c) Phosphor intensity
loss vs time for a K,SiFs:Mn** sample (Tonosphor~85 °C) irradiated at different
incident laser fluxes. The average phosphor temperature in these experiments
using laser excﬂatlon Wwas independently callbrated using the emission peak
position of K,SiFs: Mn** during measurement.*®
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Table 1. Fluoride-based phosphors, such as K,SiFg:Mn**, can
require extra care in processing to minimize and eliminate any
reactive fluoride impurities that may adversely react with the Si-O
siloxane bonds in silicone encapsulants. In addition, our observa-
tions have been that any improvements in phosphor stability from
silicone encapsulation are within experimental errors in either labo-
ratory or LED measurements. Other possible issues are changes in
silicone/encapsulant mechanical properties, either from chemical
reactions/binding with phosphor surfaces and/or the addition of
brittle ceramic particles into a silicone matrix.** Higher elastic
moduli for a phosphor/silicone composite could enhance brittle
fracture due to thermal cycling.

As LED systems are evolving toward smaller LED chip sizes
and micro-LED arrays, there is the potential need for printable
downconverting layers that can be directly deposited on
micro-LED arrays. The requirements to meet downconversion effi-
ciency, reliability, and printability provide multiple challenges for
phosphor development. There are issues with the stability of phos-
phor dispersions in printable and curable inks that depend upon
phosphor particle size distributions and surface chemistry. Some of
these issues are addressable through traditional colloid/dispersion
chemistry, where dispersion stability is maximized when using
small, unagglomerated particles. However, any interactions between
phosphor particle surfaces and inks that could affect curing charac-
teristics are purely speculative at this time. Since most LED phos-
phor dopants (Ce**, Eu**, Mn**) could act as oxidation (Mn**) or
reduction (Ce**/Eu”") agents, higher surface area phosphor parti-
cles could have effects on curing characteristics depending on the
specific polymer curing mechanism. Additionally, optimized ink
formulations are highly specific to the printing method and archi-
tecture of the micro-LED array. Parameters, such as phosphor par-
ticle size and percent loading, dispersion stability/zeta potential,
and rheological properties (surface tension, contact angle, and vis-
cosity), must be optimized to ensure printability. Several methods,
including photolithographic, screen printing, electro-deposition,
and digital ink jet printing, may be employed to deposit the phos-
phor pattern depending on the required resolution/pixel density of
the array, and new printing methods are being developed that will
inevitably allow phosphor converted micro-LED arrays to prolifer-

te.*” Since phosphor printing for micro-LED arrays is a nascent
technology, the potential issues raised here are speculative but are a
potential avenue for future research and analysis.

IV. PROTOCOLS FOR RELIABILITY TESTING
AND RELIABILITY EVALUATION

A. Accelerated and higher throughput testing
protocols

It is straightforward to envision how higher temperature
[Fig. 5(b)], light intensity [Fig. 5(c)], or relative humidity can accel-
erate downconverter damage and degradation. However, the mag-
nitude of these acceleration factors is experimentally derived, and
the analysis is often phenomenological without a deeper under-
standing of the underlying physics. In our example of the K,SiFq:
Mn*" phosphor, the super-linear behavior of the QE loss vs inci-
dent flux [Fig. 5(c)] gives an indication that a two-photon process
is part of the damage mechanism, and the QE loss vs temperature
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at a fixed incident flux gives an apparent activation energy of
~0.2 eV [Fig. 5(b)]. However, we can only speculate about the rele-
vant electronic states participating in this two-photon process and
the transport/kinetics causing the creation of quenching centers,
making paths toward improvement less clear.

When downconverter reliability issues occur, it is necessary to
screen through composition and processing iterations in accelerated
testing. Understanding acceleration factors is one step in reducing
development cycle times, but higher throughput screening methods
also can aid in this regard. Prior high-throughput efforts in phos-
phor development were usually focused on identifying new composi-
tions that could meet brightness or color metrics”’ (Fig. 6); therefore,
switching high-throughput screening goals toward reliability will
involve changing how these materials are synthesized, processed, and
measured. Improvements in automation and computing power can
help reduce standard errors in measurements, but generally, total
sample and measurement variability is high, making statistically sig-
nificant assessments of some aspects of downconverter reliability dif-
ficult (Fig. 5). Nevertheless, as LED form factors evolve with the
variety of binders and solvents that interact with downconverting
materials, high-throughput screening methods could become helpful
to test chemical stability and durability at different temperatures and
conditions, as in prior work for polymer coating weatherability.**

B. Extension of laboratory tests toward LED package
and system performance

The description for degradation modes given above is simpli-
fied in that each way is discussed independently. In actual LED
packages and systems, it is evident that various combinations of
these modes can occur, and the impact of different damage modes
can be time-consuming even before taking appropriate mitigation
steps. Even with maps of damage kinetics vs temperature, humidity,
light fluxes, etc., reliability in actual packages and systems can be
considerably worse than what might be predicted from laboratory
tests for a single damage mode. One example from our testing is
that any QE losses from hydrolysis-based phosphor darkening at

FIG. 6. Image of a combinational phosphor well-plate.
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figure denotes 1 MacAdam step, and the total test time was ~4000 h.

any stage of LED packaging or operation will give higher phosphor
temperatures. Higher phosphor temperatures accelerate hydrolysis
reactions and light-induced phosphor QE losses (Fig. 5), leading to
a feedback loop between phosphor QE and temperature with even-
tual catastrophic materials failure.

Our experience with the commercialization of the K,SiFg:Mn**
phosphor had initial reliability issues: accelerated testing of pack-
ages for general lighting applications had a color shift over time,
extrapolating to >4 MacAdam step color shifts in <10000h of
typical operation (Fig. 7) but without significant lumen losses
(<2% under test duration). Since the K,SiFgMn** phosphor can
undergo both hydrolysis (Fig. 3) and light-based damage (Fig. 5),
assigning root causes and relative weights to this color shift was
not initially clear. However, combining spectroscopic assessments
of phosphors damaged by light (Fig. 5) vs those damaged by
hydrolysis along with LED reliability metrics allowed us to appro-
priately assign a stronger weight to light-based damage for these
specific reliability issues. These damage modes have been mini-
mized by implementing improvements in phosphor composition,
synthesis, and processing (Fig. 7).">”"

C. Materials evaluation and data for understanding
and predicting reliability in LED packages

The development of phosphors with improved reliability
requires a variety of phosphor and materials characterization tech-
niques to measure and understand reliability under different condi-
tions (Tables III and IV). Phosphor evaluation starts with accurate
measurements of powder quantum efficiencies; we suggest that
internal quantum efficiencies (IQEs) greater than 70% (at a
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TABLE Ill. Powder-level laboratory measurements to aid in phosphor reliability assessment.

Measurement

Phosphor damage mode

Possible parameters for testing

Water immersion

manufacturing
Phosphor stability in air and controlled
humidity environments hydrolysis
Irradiation of phosphor powders or
phosphor/encapsulant composites at high
incident fluxes formation
Mechanical properties of phosphor/
encapsulant composites

Hydrolysis during LED
packaging and cutting in

Phosphor oxidation and/or

Light-induced damage,
photobleaching, color-center

Cracking of phosphor/
encapsulant composites

Immersion in DI H,O for >24 h at room temperature;
sufficient volume of H,O to reduce likelihood of
common-ion effects in dissolution
Testing from 60 to 200 °C in ambient humidity for 500 h;
testing at 60 °C/90%RH or 85 °C/85%RH for greater than
500 h
Irradiation by blue (435-465 nm) or near-UV (395-415
nm) radiation at incident intensities 1-100 W/cm?>
for 24-1000 h depending upon whether testing is
accelerated or to match LED package intensities
Loading of phosphor particles from 1 to 20 vol. %; thermal
expansion using dilatometry, elastic modulus
measurements from 25 to 250 °C

minimum) are required to start evaluating or understanding inher-
ent reliability issues. If IQEs are much lower than this value, there
are too many mitigating factors due to sub-optimal synthesis
methods that can obscure “inherent” reliability issues.’® After this,
there are measurements that can be made in LED packages vs materi-
als characterization analysis of LED powders (Tables III and IV).
While measurements in LED packages are directly relevant to reliabil-
ity issues, a mechanistic understanding of degradation modes may
require a correlation between these characterization measurements
(Table IV), suitable laboratory proxies for damage modes in LED
packages (Table III), and LED package data.

V. THE FUTURE OF MATERIALS STABILITY TESTING

A. Using experimental data for machine learning
models

Iterative testing of reliability, while successful, is time-intensive
and requires continual monitoring with no guarantee of a successful

development cycle. Instead, the extensive amount of data collected
from these experiments can be used to train machine learning
models to extrapolate trends in degradation, guide optimization, and
rapidly identify appropriate robust materials. We are not aware of
any examples of these methods in the phosphor literature. However,
some techniques have been applied in other functional inorganic
materials systems.”' For example, this approach has successfully pre-
dicted the capacity and remaining useful life of Li-ion batteries. In
the work by Lee and co-workers, electrochemical impedance spectro-
scopy (EIS) was utilized to obtain the impedance over a range of fre-
quencies by measuring the resulting current upon an applied voltage
perturbation.” EIS was chosen since the spectra contain information
on materials properties, interfacial phenomena, and electrochemical
reactions that directly relate to batteries’ potential degradation mech-
anisms.” An experimental dataset was constructed by applying a
continuous charge-discharge cycle on commercial coin cells in
climate chambers where EIS and loss in capacity were measured at
alternating charging/discharging cycles. Over 20 000 EIS spectra were

TABLE IV. Potential powder phosphor measurements after laboratory tests, possible correlation to damage modes, and potential for measurement in LED packages.

Phosphor measurement

Potential correlation to LED reliability issues

Possible measurement in LED packages?

Quantum efficiency

General loss in either lumens or color shift No

Diffuse reflectance

Decay profile under
pulsed excitation

IR absorption/reflectance
XPS of phosphor surfaces
X-ray diffraction

X-ray absorption spectra

Transmission electron
microscopy

Phosphor photobleaching, creation of new
absorption centers
Creation of new quenching centers within the
interior of phosphor particles
Detection of hydrolysis products, changes in
dopant oxidation states
Measurement of surface species related to
hydrolytic/oxidative stability
Detection of crystalline hydrolysis products, new
phase formation
Changes in dopant oxidation states
Measurement of surface species/morphology
related to hydrolytic/oxidative stability

Indirectly through measurement of relative color
differences after packaging and/or testing
Yes, possibly limited to the top surface of phosphor
further away from the LED emitting surface
Perhaps, would need to subtract the encapsulant matrix

No
Yes, limited by sensitivity

No
No
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FIG. 8. (a) Measured (yellow square) and predicted (blue circle) of the capacity of a commercial Li-ion battery as a function of cycle number. The cycling temperature was
held constant at 25 °C. The predicted remaining useful life (RUL) of a commercial battery was also plotted against the actual RUL. The end of life of two different commer-
cial batteries was determined to be cycle (b) 150 and (c) 30. Even though both batteries perform differently, the model was able to model the RUL with moderate to excel-
lent accuracy. The shaded blue regions indicate +1 standard deviation. Data taken with permission from Zhang et al., Nat. Commun. 11(1), 1706 (2020). Copyright 2020

Springer Nature.

collected and used as training data in a Gaussian process regression
model that can predict capacity and remaining useful life. The trend
in the loss of capacity upon cycling was accurately modeled by train-
ing the regression model on four cells cycled at room temperature
and testing it on an unknown dataset of cells cycled at the same tem-
perature [Fig. 8(a)]. In addition, the regression model could predict
the remaining useful life and end of life (the cycle number in which
the capacity drops below 80% of its initial value) of two commercial
batteries based solely on the EIS measurement at the current cycle.
Even though the two batteries can endure a significantly different
number of cycles before their end-of-life, 150 cycles [Fig. 8(b)] and
30 cycles [Fig. 8(c)], the model was still able to predict the end-of-life
within +1 standard deviation (shaded blue region).

Applying data science to reliability testing requires access to
large datasets. These are necessary to provide the machine learning
model with enough data to extrapolate trends, which are not
obvious to humans. Unfortunately, collecting enough experimental
reliability data can take months, if not years. However, there are
creative ways in which this problem can be alleviated. Olivetti and
co-workers explored compositional landscapes through the auto-
mated extraction of literature-reported calcium aluminosilicates to
examine useful precursors for the synthesis of cementitious materi-
als. This approach collected and classified over 23000 materials
from 7000 journal articles. These text-mined data were then used
to develop a machine learning model to predict the dissolution
rates of materials as a function of chemical, physical, and experi-
mental features. Decision tree regression models also identified pH,
inverse absolute temperature, and non-bridging oxygen per tetrahe-
dron as the most essential features in predicting dissolution rate.”*
Alternatively, Sun et al. constructed a machine learning regression

model that uses color change as a descriptor for the degradation of
coated methylammonium lead iodide thin films. An image of the
material was taken at different time points during aging, and the
red, green, and blue color values were extracted to monitor degra-
dation rates as a function of time. These data and additional
descriptors for the potential coating materials and their processing
conditions, such as the concentration of the capping layer, were
used to train a machine learning model to predict the degradation
onset time. Upon model optimization, the machine learning model
was able to identify that the most important features of a robust
capping layer are a low number of hydrogen-bonding donors and a
small topological polar surface area.”” Considering that the main
evidence of K,SiF:Mn*" undergoing hydrolysis is a change in body
color, this methodology could also be applied to body color changes
observed in phosphors. However, there are no reports of using these
approaches to improve our understanding of materials degradation to
date, making this an outstanding research opportunity.

B. Turning to high-throughput computational
modeling in the absence of experimental data

Applying data science to guide research has remained limited in
many fields because large experimental datasets are not available since
some properties are difficult (or expensive) to measure for many
materials. An alternative approach is to use computation to model a
material’s response to external stimuli and use the results to train
machine learning models. For example, semiconductors are used in
several fields, including photovoltaics,”® transistors,”” and light-
emitting diodes.”® The most common method to tune a semiconduc-
tor’s properties is by introducing dopants or impurities. This is similar
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to rare-earth substituted phosphor chemistry. Unfortunately, even
dilute concentrations of these impurities can change a material’s elec-
tronic structure and act as a failure mode that shuts down physical
properties. For example, a substitutional dopant in a semiconductor
with energy levels inside the bandgap can reduce photovoltaic effi-
ciency through non-radiative recombination of charge carriers or
enable sub-gap absorption if the energy levels are partially filled.””
To better understand the formation likelihood and electronic levels
of point defects in binary group IV, III-V, and II-V1 cubic zinc
blende semiconductors, Chan and co-workers calculated the defect
formation energy as a function of charge, chemical potential, and
Fermi level using density functional theory (DFT).”” The total
number of possible impurities based on the considered chemical
space was approximately 12 474. Obviously, it is not feasible to calcu-
late the defect formation energies of every possible composition.
However, a training set can still be constructed by performing DFT
calculations on only 10% of the entire composition space as long as
every compound, element, and defect site (substitutional or intersti-
tial) is nearly equally represented. A machine learning model can
then be built to predict the neutral state formation energy and six
types of charge transition levels for any possible impurity. This can
allow for the rapid identification of certain impurities, which can
impede the physical properties of a semiconductor. Similar ideas
could be applied to phosphor development.

DFT calculations yield a static picture of the effects of external
stimuli. Instead, we can turn to ab initio molecular dynamics
(AIMD) simulations, which generate finite-temperature dynamical
trajectories using forces obtained from electronic structure calcula-
tions and allow researchers to monitor chemical bonds breaking

PERSPECTIVE scitation.org/journalljap

and forming over a specific time frame.”” Within the simulations,

different ensembles can be applied, such as the microcanonical
(NVE) or canonical (NVT) ensembles where total energy or simu-
lation temperature is held constant, respectively. With the current
focus on reliability, these simulations can model the effects of dif-
ferent applied stimuli, such as water and oxygen adsorption on a
phosphor surface,”' light exposure,”” and pressure’’ at a constant
temperature. For example, the evolution of interatomic distances
was monitored upon water adsorption on the (100) surface of
CH;NH;l-terminated CH;NH;PbI;. It was found that the Pb-I dis-
tance increases as a function of simulation time, which corresponds
to the bonds breaking upon water adsorption and confirms surface
degradation upon contact with moisture [Figs. 9(a) and 9(b)].
Conversely, as shown in Figs. 9(c) and 9(d), the Cs-I bond lengths
on a Csl-terminated y-CsPbl; (220) surface remain relatively
unchanged by the end of the simulation time, indicating that there
is no visible surface distortion caused by water adsorption.”* This
methodology can be applied to phosphors where the simulation
time passed until bonds are broken (large interatomic distances),
and the adsorption energy of a water molecule of a variety of phos-
phor surfaces can be collected to predict hydrolysis resistance.
Similarly, the oxygen adsorption energies and the distances
between adsorbed oxygen and the rare-earth can be used to quan-
tify oxygen resistance in phosphors. It is also possible that the com-
patibility of a coating material with respect to the phosphor surface
and the stability of the coating material with respect to hydrolysis
and oxidation can also be modeled using AIMD simulations and
the failure modes identified. Ultimately, AIMD simulations can be
used to understand degradation mechanisms of a particular
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FIG. 9. (a) The distance between Pb(1)-I(1) (red) and Pb(2)-I(2) (blue) upon the surface adsorption of a water molecule over the course of 8000 fs. (b) The crystal struc-
ture of a (100) surface of CH3NH;l-terminated CH3NH3Pbl; after 0fs (left), 4537 fs (middle), and 7998 fs (right) illustrate the Pb—| bond lengths increasing to the point of
bonds breaking. (c) Conversely, the bond distances between Cs(1)-I(1) (red), Cs(1)-1(2) (yellow), and Cs(2)-(2) (blue) show a slight increase over the course of the simu-
lation and end at distances similar to the initial distances, indicating relatively little effect on the bonds from water adsorption. (d) The crystal structure of the Csl-terminated
v-CsPbl; (220) surface shows that the Cs—I distances show little change after 0fs (left), 3851 fs (middle), and 7998 fs (right). Reproduced with permission from Busipalli
et al., Phys. Chem. Chem. Phys. 22(10), 5693-5701 (2020). Copyright 2020 Royal Society of Chemistry.
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phosphor with respect to external stimuli. The collection of these
data can be used to supplement experimental data and create large
datasets quantifying the reliability of phosphors, which can be used
as training data for machine learning.

There are additional challenges toward adapting high-
throughput computational modeling toward a light-based damage
mechanism. Perhaps the largest initial challenge is that light-based
degradation of inorganic LED phosphors has not been extensively
discussed in the open literature, unlike semiconductor quantum
dots, and is often kept as proprietary corporate information.
However, we give a notional mechanism for how phosphors can
degrade under high-intensity blue light:

1. The population of high-energy states under high-intensity blue
excitation, either through excited-state absorption or energy
transfer between two excited ions. This process is similar to
upconversion processes.

2. Interactions between excited ions in higher-energy states and
extended host-lattice states (e.g., host-lattice conduction and
valence bands) lead to a mobile charge in the valence or con-
duction band.

3. Trapping of the mobile charge by defects or impurities in the
host lattice, as in afterglow or persistent phosphors. Charge
trapping results in color centers that quench luminescence
either by resonant energy transfer or electron transfer.

Assessing and quantifying each step in this process can be
experimentally difficult, even for well-equipped laboratories. In
addition, since typical phosphor quantum efficiencies are greater
than 80% and often greater than 90%, the relative probabilities for
the processes for light-induced damage are relatively low vs a radia-
tive transition. However, each step in the notional mechanism(s)
listed above is amenable to computational methods. Understanding
how high-energy states are populated under blue light excitation
requires insight into rare-earth electronic structures and transition
probabilities in a given host, where there has been significant pro-
gress in developing phenomenological and calculation tools to
understand level structure vs ion coordination and bonding.'*~***
Investigating interactions that can lead to a mobile charge can
build upon recent work toward understanding ionization-based
quenching®® to determine the relative position of excited states
within host-lattice bandgaps. Finally, trapped mobile charges could
be addressed through calculations of defect formation energies and
the positions of defects within host bandgaps to understand the
potential for charge trapping as has been done in persistent phos-
phor systems.” There are inherent challenges to incorporating
three separate calculations into a usable metric, but even an initial
assessment of light-induced degradation could provide early infor-
mation to researchers on potential risks and benefits in the devel-
opment cycle of a new material. As a starting point, it could be
useful to understand defect formation energies in known phosphor
hosts with their charge trapping capability and apply that informa-
tion toward the potential for light-based damage.

C. Applying machine learning to reliability testing

The data sets used to train machine learning models are often
composed of compositional information (atomic number, atomic
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weight, group number, etc.), atomic size information (atomic
radius, ionic radius, etc.), materials properties (melting point,
bandgap, space group number, etc.), and electronic information
(Pauling electronegativity, valence electron count, etc.).”® Local
structure information can also be included. The most essential
descriptors for each of these datasets would be related to the reli-
ability of information gathered from experiments, DFT calculations,
or AIMD simulations. These data sets can then be trained using
various algorithms and tested by predicting the properties of
unseen data.

Machine learning has already been successfully used to iden-
tify new phosphors. For example, it has been established that a
host structure’s bandgap (E,) and the Debye temperature (©p)
loosely correlate with a phosphor’s optical properties. However,
there are a few publications that report the experimentally mea-
sured Op. To supplement this, the Op ppr of 2610 compounds,
calculated by the Materials Project, served as training data to
predict the Debye temperature using a support vector regression
analysis (Opgyr). The resulting machine learning model pre-
dicted the ©p of over 100000 compounds extracted from
Pearson’s Crystal database. Plotting the Opgyr against the
bandgap produced a sorting diagram that revealed NaBaByOs:
Eu®" as a promising host crystal structure. The subsequent synthe-
sis and excellent optical properties of this phosphor [QE =95(1)%
and zero thermal quenching] were attributed to these structural
properties and highlight the success of using machine learning for
phosphor discovery.”” Similarly, a machine learning model was
constructed to predict a material’s centroid shift (ec) as an initial
proxy for emission wavelength. This required first determining
the host structure’s relative permittivity, €,. Calculating &, using
DFT is computationally expensive; however, it is possible to
predict this property using machine learning with descriptors,
including average cation electronegativity, average anion polariz-
ability, ionic radius, and average bond length, among others
[Fig. 10(a)]. The resulting support vector machine predicted &,
svr was then used as one of the descriptors to predict €c. The
resulting model, provided in Fig. 10(b), showed excellent agree-
ment between the experimental, £C,exp> and extreme gradient
boosted (XGB), €cxgp, machine learning values of the centroid
shift. The feature importance in this model was also analyzed in
Fig. 10(c) to understand the dominating factors guiding centroid
shift. The average anion polarizability (o.,,) yields the greatest
improvement, or gain, to the machine learning model, making it
the most important feature for predicting e xgp.”’ These findings
highlight the potential of using machine learning to predict a
phosphor’s basic optical properties. Applying machine learning
starting from DFT-based training data is clearly a viable method
for accessing difficult-to-predict properties.

Most examples using computational data to feed machine
learning models use DFT outputs, which may not be particularly
useful for understanding a material’s environmentally induced
failure. AIMD simulations may be more informative, but these cal-
culations are far more computationally expensive than routine first-
principles calculations. It has been proposed that advancements in
software design and parallel algorithms will be integral in making
these calculations more accessible.”” While waiting for these
improvements, an active learning approach can also be
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FIG. 10. (a) The DFT calculated values of relative permittivity, €, per, vs the
support vector machine learning predicted relative permittivity €. svr for a 10%
holdout test. The ideal line is shown as the dashed gray line. (b) The experi-
mental values of the centroid shift, £c e, Vs the extreme gradient boosted
machine learning predicted values of the centroid shift, ec xgg. The data repre-
sent 10% of the training set, and the ideal line is shown as the dashed gray
line. (c) A feature importance test can be carried out in terms of gain in the
model performance. It is clear that the average anion polarizability, oy, is more
important than relative permittivity (€, svg), average cation electronegativity (xay),
ionic radius (Ry), difference in radius (AR), average bond length (R,,), coordina-
tion number (N), and condensation (cond.) in determining the centroid shift.
Reproduced with permission from Zhuo et al., J. Appl. Phys. 128(1), 013104
(2020). Copyright 2020 AIP Publishing LLC.

considered.”’ A small data set collected from AIMD simulations
can first be used to train a machine learning model. The areas in
which the model has high uncertainty can then direct further com-
putational investigations until the accuracy of the model has
improved. Similarly, the model’s predictions can be experimentally
investigated, and the results can also be fed back into the model in
an iterative process.
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VI. CONCLUSIONS

The focus on downconverters for energy-efficient solid-state
lighting and display applications has led to the identification of
numerous new phosphors with excellent optical properties;
however, the reliability of nearly every material reported in the lit-
erature is not discussed. A phosphor must be able to withstand
degradation from high-intensity light excitation, ambient moisture,
and high operating temperatures to be considered for commercial
implementation since these degradation pathways can cause irre-
versible and unacceptable losses in lumen output or shifts in emis-
sion color. Current insights into these degradation mechanisms
stem from exhaustive iterative testing, such as monitoring phosphor
intensity as a function of temperature or incident light flux.
Unfortunately, it is difficult to identify concrete methods to miti-
gate this response since different combinations of these failure
modes can coincide. Alternatively, one of the most promising
opportunities for understanding and preventing failure modes in
phosphors is to use data-driven techniques. The data gathered from
iterative testing can be used for training a machine learning model
to predict the mean time to failure or the features contributing to a
robust material. If experimental datasets are not available or feasi-
ble, first-principles calculations and simulations will play an essen-
tial role in modeling reliability. The recent advances in ab initio
molecular dynamics simulations make it possible to monitor chem-
ical bonds breaking and forming upon applied stimuli, such as
adsorbed water and oxygen molecules, pressure, and light. The data
collected from these computational investigations can also be used
to train machine learning models to identify unforeseen trends in
data. Continual improvements to software design and algorithms
will be instrumental in transitioning to high-throughput reliability
screening and will transform how these materials are synthesized,
processed, and measured.
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