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Executive Summary

The benefits of solid-state lighting (SSL) products that use light-emitting diodes (LEDs) over conventional
lighting products are numerous and include energy savings, longer lifetimes, and a greater ability to adjust the
spectral output of the device. Spectral adjustment is desired in applications in which multiple lighting spectra
are required, and some examples of locations that might use adjustable spectrum lighting include hospitals,
offices, nursing homes, classrooms, and greenhouses. Although LED sources with fixed correlated color
temperatures (CCTs) can provide good optimization in some of these settings, greater control over the spectral
content is often gained by using multi-source LED products. The reliability of LED modules with multiple
LED sources is not well understood; therefore, this report, which is second in a series of reports about multi-
source LED lighting products, focuses on determining the mechanisms of optical change in multi-source LED
products that use different types of mid-power LEDs (MP-LEDs) integrated into the same LED module. The
earlier report (Round 1) in this series provided initial accelerated stress testing (AST) results for the products
studied in this current report, and future reports will benchmark advancements from other devices.

The products studied in this report provide spectral tuning and use different LED primaries consisting of
different types of LEDs in MP-LED packages to provide spectral adjustments. The specific devices under test
(DUTSs) examined in this report include a white-tunable light (WTL) product (referred to as MULTI-TW1) and
two horticulture growth lamps (referred to as MULTI-H1 and MULTI-H2). The Multi-TW1 LED module is
intended for indoor use in offices and classrooms to promote good working and learning environments, and it
consists of 40 warm white and 40 cool white MP-LEDs (both are phosphor-converted LEDs [pcLEDs] with a
blue pump but different phosphors). The two horticulture lamps, MULTI-H1 and MULTI-H2, optimize the
red-to-blue radiant power ratios to assist plant growth, but they do so with two different architectures for the
LED module that capitalize on the advantages of different MP-LED packages. The MULTI-H1 horticulture
lamp contains an LED module consisting of a single type of pcLEDs made with a blue pump and red
phosphor, whereas MULTI-H2 horticulture lamp contains an LED module consisting of two different types of
MP-LED packages: a group of 6 pcLEDs (with a blue pump and broad green phosphor) and a group of 10
direct-emitting red LEDs.

This report summarizes the overall findings from up to 20,000 hrs of AST on the Multi-WT1 LED module
DUTs and up to 8,000 hrs of AST on the horticulture lamp DUTSs. During the ASTs described herein, the
population of MULTI-WT1 DUTSs was subjected to a power cycling test in elevated ambient temperatures of
either 75°C or 95°C, with each temperature population being further subdivided into four testing currents. The
DUT populations of the two horticulture lamp products were subjected to a power cycling test in a temperature
and humidity environment of 65°C and 90% relative humidity (6590). Details are provided regarding the
causes of chromaticity and radiant flux changes and the impacts that these changes have on the ability of the
DUTSs to maintain the application-specific lighting spectrum marketed to the consumer. The key findings of
this report cover the relative impacts of the LEDs, including the LED chip, phosphors, and packages;
secondary device optics (e.g., lenses, reflectors); and device electronics on the long-term reliability of the
multi-source LED products. Because of the characteristics of multi-source LED products, the impacts of these
system components upon product reliability may be different from that of single-source LED products and
may represent new challenges in reliability engineering that must be identified, and then characterized to
obtain an understanding of the lifetime performance of these new lighting technologies.

The reliability of the LEDs in each DUT’s LED modules had a significant impact on the long-term
chromaticity and radiant flux reliability of the multi-source LED products. It was found in this report and an

! Davis, J. L., Rountree, K. J., & Mills, K. C. (2018). Accelerated stress testing of multi-source LED products:
Horticulture lamps and tunable-white modules. Report prepared for the U.S. Department of Energy. Available at
https://www.energy.gov/sites/prod/files/2018/05/f51/ssl_ast-multi-source-led 2018.pdf
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earlier study? that the stability of royal blue and red LEDs is generally good, which is important to overall
product performance because the impact of instability of an LED chip would be significant. Specifically,
minimal peak shifts occurred in direct-light emissions from LEDs, and radiant flux remained high (greater than
90% for the MULTI-WT1 DUTs and MULTI-H2 DUTS). The phosphors in this study were less reliable, with
the warm white phosphors (used in the MULTI-WT1 DUTS) prone to chromaticity shifts in the green
direction, whereas the red phosphors (used in the MULTI-H1 DUTSs) were subject to quenching. Chromaticity
shifts were also highly impacted by the LED package, with higher levels of blue irradiation in the cooler MP-
LEDs promoting photo-oxidation of polymer resins, which in turn reduced the amount of light reflected from
the side walls and out of the package when compared with MP-LEDs with higher phosphor content (e.g., warm
white LEDS).

The secondary optics of the products in this study were also found to have significant impacts on chromaticity
and radiant flux maintenance. The lenses of the MULTI-H1 and MULTI-H2 DUTs discolored during AST to
such a degree that they caused parametric failures for both radiant flux maintenance and chromaticity
maintenance due to excessive absorption of primarily blue light. Lens discoloration was promoted by
temperature, humidity, blue light irradiation, and spatial variability of irradiation that caused selective lens
yellowing in areas of high blue light flux. The secondary reflectors and solder masks also discolored due to
temperature, humidity, and blue light irradiation, but the relative impacts of these components were minimal
on the chromaticity and radiant flux maintenance of the DUTSs.

The electronics of the devices in this study did not exert large impacts on the chromaticity and radiant flux
maintenance, but they did impact the overall reliability of the horticulture lamps. Abrupt failure caused by the
electrical driver was the cause of failure for five out of the six MULTI-H1 DUTSs, but electrical failure only
accounted for one failure for the MULTI-H2 DUTSs. Although these two horticulture lamp products consumed
similar power, the components and/or system design of the MULTI-H2 devices proved to be more reliable than
the MULTI-H1 devices. As such, careful attention should be paid to driver electronics.

At the conclusion of these tests, some MP-LED packages were still operating near full capabilities (the LED
modules had lumen maintenance greater than 90% and chromaticity shift less than five steps on the standard
deviation color matching [SDCM] scale) after 20,000 hrs in 95°C elevated ambient temperatures. This finding
suggests generally robust performance of LED packages under proper conditions. However, inclusion of
secondary optics and humidity testing (6590) for the horticulture lamps studied in this report forced large
chromaticity shifts and low radiant flux maintenances (caused by selective photo-induced lens yellowing,
photo-oxidation effects, and phosphor degradation). These findings are helpful for providing guidance for
future research efforts aimed at reducing chromaticity shift and radiant flux changes for multi-source LED
products.

2 Davis, J. L., Rountree, K., & Mills, K. C. (2018). Luminous flux and chromaticity maintenance for select high-
power color light-emitting diodes. Report prepared for the U.S. Department of Energy. Available at
https://www.energy.govi/sites/prod/files/2019/01/f58/ssl_rti_Im80-color-leds_july2018.pdf
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1 Introduction

Multi-source light-emitting diode (LED) products contain two of more sources (i.e., LED primaries) that emit
light at different wavelengths. The relative light emissions produced by each LED primary in a multi-source
LED product can be fixed to a pre-determined value or adjusted between multiple values depending on the
design of the lighting device. A fixed ratio of LED primary emissions is desirable in some products to achieve
a continuous spectrum optimized for a specific application (e.g., task lighting, horticultural lighting). The
ability to vary or tune the relative light emissions from the LED primaries is desirable for application
flexibility such as providing indoor lighting for educational spaces [1] or circadian lighting in healthcare
facilities [2]. As shown in Figure 1-1, the tuning range of lighting devices with multi-source LEDs is defined
by the chromaticity points of the LED primaries—two LED primaries (e.g., warm white and cool white)
provide for linear tuning between the chromaticity values of the LED primaries, whereas three LED primaries
(e.g., blue, green, and red) provide for non-linear tuning to any chromaticity value within the triangle set by the
chromaticity values of the LED primaries [3].
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Figure 1-1. A 1976 International Commission on lllumination (Commission Internationale de I”Eclairage [CIE]) u'v’
chromaticity diagram demonstrating the tuning range of multi-source LED products with two LED primaries (i.e., warm white
and cool white) and three LED primaries (i.e., blue, green, and red).

Tunable lighting devices for indoor environments provide a variety of potentially beneficial human effects,
including promoting circadian alignment, increasing concentration, and improving relaxation [4]. One form of
tunable lighting products for indoor applications contains an LED module® made from LED packages that
produce white light at different correlated color temperature (CCT) values. Such white-tunable lighting (WTL)
products can adjust their color between warm white (e.g., CCT is approximately 2,700 K) and cool white (e.g.,

3 According to the Illuminating Engineering Society’s (IES’s) definition, an LED module is an assembly of LED
packages (components), or dies on a printed circuit board or substrate, possibly with optical elements and additional
thermal, mechanical, and electrical interfaces that are intended to connect to the load side of an LED driver. The
power source and American National Standard Institute standard base are not incorporated into the device. The
device cannot be connected directly to the branch circuit.
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CCT is approximately 6,500 K). Alternatively, color-tunable lighting (CTL) can be achieved by using three or
more direct-emitting LEDs (e.g., blue, green, red) to provide a broader color gamut for the light source,
including saturated colors and different colors of white for lighting [5].

In an analogous manner, multi-source lighting devices provide benefits in horticultural lighting applications
and have been shown to promote flowering and leaf growth depending on the lighting spectrum [6].
Horticulture lighting products can be made by using a combination of direct-emitting LEDs to provide
emission of blue, red, and deep red wavelengths or phosphor-converted LEDs (pcLEDSs) that rely on different
phosphor mixtures to provide red and deep-red light emissions. In addition to providing a fixed spectrum that
is rich in red and blue, these products can also be designed to provide a tunable lighting spectrum.

The use of multiple LED sources creates new value propositions for LED lighting products that are difficult to
achieve with conventional lighting technologies; however, this flexibility also increases the complexity of the
lighting system, which can negatively impact reliability. For example, because multi-source LED devices can
be operated at different current levels, the luminous flux and chromaticity maintenances of tunable sources will
change depending on how much each LED primary is used. In addition, aging of the LED primaries is
impacted by the materials used to construct the device and the operating environments (e.g., temperature,
humidity, dust particle levels). Clearly, the parameter space required to describe the reliability of multi-source
LED devices is large and difficult to model. The best way to understand the impacts of these parameters on the
long-term performance of multi-source LED devices is to first examine their probability for occurring (i.e.,
likelihood), and then determine their relative impacts.

This report focuses on determining the underlying mechanisms responsible for optical changes in multi-source
LED products during use. These changes can occur anywhere in the lighting device system, including the
LEDs, secondary optics, and electronics. To collect sufficient data to research these failure mechanisms,
accelerated stress testing (AST) was used to investigate the degradation that occurs during simultaneous
exposure to heat, humidity, and light of different wavelengths [7]. The key parameters examined in this report
are luminous flux and chromaticity maintenance of multi-source devices consisting of multiple LEDs.

This document is a follow-up report about multi-source LED products and provides extended data for both
WTL and fixed-CCT products [8]. The report focuses on a WTL lighting product (referred to as MULTI-WT1
throughout) and two horticulture growth lamps (referred to as MULTI-H1 and MULTI-H2 throughout). AST
data of up to 20,000 hrs are provided for the MULTI-WT1 LED module and up to 8,000 hrs for horticulture
lamps (i.e., the fixed-CCT products). Although these data provide detailed information about these lighting
devices, the data also provide information about the behavior of the materials used in these devices, which
greatly extends the impacts of this research. This report is organized by sections and includes appendices,
which are all briefly outlined as follows. Section 2 provides a summary of the devices under test (DUTSs) and
the experimental methods used during this study. Section 3 provides updated findings from AST of MULTI-
WT1 LED modules, and Section 4 provides updated findings regarding horticultural DUTSs. Section 5
discusses the optical failure modes, their probability to occur, and their impacts. Section 5 also provides
insights into how the findings from this study apply broadly across LED devices. Section 6 presents overall
conclusions from this analysis. Appendix 1 of this report discusses the chromaticity shifts observed for all
experiment conditions of the MULTI-WT1 modules.

2 Experimental Methods

The experimental methods and test devices in this report are the same as those described in detail in our
previous report (Round 1), although the test duration has been significantly lengthened [8]. These devices are
shown in Figure 2-1.
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Figure 2-1. The devices examined during this study and discussed in this report include (A) MULTI-WT1 LED modules, (B)
MULTI-H1 PAR38 lamps, and (C) MULTI-H2 PAR38 grow lamps.

The MULTI-WT1 LED modules contained 40 warm white LED packages (nominal CCT value of 2,700 K)
and 40 cool white LED packages (nominal CCT value of 6,500 K) arranged in couplets on the printed circuit
board (PCB) of the module as shown in Figure 2-1A. The LEDs used in this module are mid-power LEDs
(MP-LEDSs), and the molding resin employed in the package is believed to be polycyclohexylenedimethylene
terephthalate (PCT), which is a higher performing molding resin than polyphthalamide (PPA) [9]. Standard
reflow soldering methods are used to attach the LED packages to the PCB. During AST, separate populations
of WTL LED modules were subjected to elevated ambient environments of either 75°C or 95°C. The
populations at each temperature were further subdivided by forward current with two LED modules operated at
350 mA, two LED modules operated at 700 mA, two LED modules operated at 1,000 mA, and two LED
modules operated at 1,500 mA. Each sample was power cycled for 1 hr on-time and 1 hr off-time. In addition,
an identical LED module, which was not exposed to the elevated ambient environment, was kept separate as a
control.

Two different types of horticulture lamps were tested, and each contained MP-LEDs arrayed on metal-core
PCBs. The MP-LED packages used in these products are believed to have been made from PPA resin. The
MULTI-H1 PAR38 lamp shown in Figure 2-1B, consisted of only pcLED packages that provided both blue
and red emissions in a pcLED package architecture. The MULTI-H2 PAR38 grow lamp shown in Figure
2-1C, consisted of a mixture of red direct-emitting MP-LED packages and white-emitting pcLED MP-LED
packages that provide blue and green emissions. During AST, six samples of each horticulture lamp product
were inserted into a temperature and humidity chamber operating at 65°C and 90% relative humidity (6590).
These test conditions were chosen because high humidity and elevated ambient temperatures are often
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encountered in horticulture facilities. During operation, the horticulture lamp DUTs cycled on for 2 hrs and off
for 2 hrs, and no dimming was applied to the devices.

Photometric testing of the samples and their controls was performed in a 65-inch integrating sphere calibrated
with National Institute of Standards and Technology (NIST)—traceable flux standards. All samples were
corrected for self-absorption using a control (i.e., unused) sample and an auxiliary lamp. The method does not
compensate for changes in increases of self-absorption of the DUTS, such as yellowing, that occur during
aging because the control has minimal self-absorption. However, because the interior surface area of the
integrating sphere is much larger than that of samples examined in this study, the impacts of surface
discoloration of the DUTSs is expected to be small and within experimental error. For example, the surface area
of the MULTI-WT1 LED modules used in this study were calculated to be approximately 0.5% of the total
surface area of the sphere. Consequently, compensating for self-absorption by using an unexposed control
samples provides a sufficient method to measure luminous flux changes from the LED packages in the
modules.

The photometric properties of each DUT were measured periodically after each AST experiment. All
photometric testing was performed with the DUT initially equilibrated to room temperature. Each DUT was
then operated for at least 30 minutes prior to measurement to allow for thermal equilibration. During
photometric measurements, all of the MULTI-WT1 LED modules were operated at 700 mA regardless of the
currents used during elevated temperature exposure. The horticulture lamp DUTs were operated from line
mains (120 V alternating current) during all tests. Power consumed, current, voltage, and power factor were
measured for each DUT during photometric testing.

Diffuse reflectance and diffuse transmittance of MULTI-WT1 and MULTI-H2 samples over the visible
wavelength range were acquired by using a Cary 5000 ultraviolet visible absorption (UV-Vis) near infrared
(NIR) spectrophotometer (Agilent Technologies) equipped with an Internal-DRA 2500 diffuse reflectance
accessory (Agilent Technologies). The spectrophotometer and the diffuse reflectance accessory were calibrated
by using NIST-traceable standards Because of this calibration, absolute diffuse reflectance and absolute
diffusion transmittance measurements could be collected of reflective surfaces and lenses used in solid-state
lighting (SSL) devices. Diffuse transmittance of the outer concentric lenses of the MULTI-H1 samples were
also acquired by using the Cary 5000 UV-Vis-NIR spectrophotometer, but the diffuse transmittance of the
concave inner lenses for the MULTI-H1 samples could not be acquired in this manner due to geometrical
limitations of the diffuse reflectance accessory on the Cary 5000 UV-Vis-NIR spectrophotometer. Instead, this
data was acquired using a 10-inch integrating sphere equipped with a spectrometer following the guidelines
from CIE 130-1998 [10].

3 Multi-source LED Products: White-Tunable Modules

In the previous Round 1 report, the luminous flux and chromaticity maintenance of two-chip white-tunable
LED modules were presented [8]; the details presented in this current report extend the previous findings to
20,000 hrs of AST. Section 3 of this report is organized in subsections, which are briefly outlined as follows.
Section 3.1 discusses the visible physical changes in the LED modules. Section 3.2 describes changes in
luminous and radiant fluxes. Section 3.3 discusses spectral changes in the samples. Section 3.4 discusses the
differences in chromaticity shifts.

3.1 Physical Changes in the Samples

The LED modules experienced two visible physical changes during the 20,000 hrs of AST. First, the solder
mask on the LED modules changed from a white appearance to a darker color as shown in Figure 3-1. Second,
even though the warm white and cool white LED packages were side-by-side on the LED module (see Figure
2-1) and experienced the same currents and temperatures during AST, package discoloration and cracking only
occurred on the cool white LED packages.
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The test conditions exerted a significant impact on the absolute reflectance from the LED modules, and the
diffuse reflectance of a typical DUT is presented in Figure 3-2. The change in diffuse reflectance of the PCB
occurred in the solder mask, and the largest changes occurred at low wavelengths (less than 550 nm), where
there was a significance decrease. Above 550 nm, the difference in diffuse reflectance of the control and DUTSs
was minimal, even after 20,000 hrs of AST. The change in reflectance eventually reached a limiting value,
regardless of experimental conditions. However, the rate of change in diffuse reflectance up to these limiting
values was found to depend on temperature and forward current. It took approximately 8,000 hrs for the
diffuse reflectance of the solder mask to reach its limiting value for mild test conditions (e.g., 75°C and 350
mA), whereas these changes were complete much sooner under higher stress conditions (e.g., 95°C and 1,500
mA).
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Figure 3-1. The control MULTI-WT1 LED module (top) and a second module (bottom) after 20,000 hrs
of exposure to the 95°C elevated ambient temperature.
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Figure 3-2. Reflectance of the solder mask of the control MULTI-WT1 LED module (solid red line) and similar modules after
testing for 20,000 hrs in the 75°C elevated ambient environment at different forward currents. For convenience, the back
of the LED module was used for measuring reflectance.
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The change in reflectance of the solder mask had a minimal impact on the luminous flux of the LED modules
when measured in the integrating sphere, as discussed in Section 3.2. The luminous flux was impacted
minimally because the LED modules were measured in a 65-inch integrating sphere (13,273 in? internal
surface area) and the area of the LED module (44 in?) constituted less than 1% of the total internal surface.
This explanation is consistent with our previous finding that the impact of degradation on internal reflective
surfaces is dependent upon the luminaire design and the size of the reflective surface in the luminaire [11, 12].
Based on previously reported models regarding the impact of reflector degradation on the efficiency of
luminaires, the change in average reflectance (R) in the visible range is expected to reduce the efficiency of a
2 x 2 troffer with a 3-inch optical mixing cavity by a factor of

R

R,

where R, is the initial average reflectance in the visible range [11, 12]. This model represents an upper limit for
the change in luminaire efficiency, and the true value is dependent on the area of the reflector surface (e.g., the
solder mask in this case) that is changing and the depth and shape of the optical mixing cavity. Because the
average reflectance of the control solder mask was 72% and the average reflectance of the aged solder mask
(20,000 hrs of operation in an elevated environment) was approximately 60%, the impact of this material
change on luminous flux maintenance+ is expected to be small.

A second physical change that occurred in the MULTI-WT1 DUTSs was the appearance of small cracks at the
interface of the silicone and molding resin around the edges of the cool white LED packages, as shown in
Figure 3-3. These cracks were observed after 20,000 hrs at all combinations of temperature and forward
current examined in this test, but were only found in the cool white LED packages. Therefore, we concluded
that this physical change was caused by the higher blue light content of the cool white LED packages on the
DUTS. This finding is consistent with results that show optical and mechanical properties of the molding
resins for MP-LED packages and reflector materials will degrade under blue light irradiation [13, 14, 15].

Control 95°C & 1000 mA

Figure 3-3. Images of the warm white and cool white MP-LEDs from a MULTI-WT1 control module (left) and a second MULTI-
WT1 module (right) after 20,000 hrs of exposure at 95°C and 1,000 mA.

3.2 Luminous Flux Changes

The changes in luminous flux maintenance for the warm white and cool white LED primaries, at the different
forward currents used in this test, are presented in Figure 3-4 and Figure 3-5, respectively, through 20,000 hrs
of testing. Three main trends can be discerned from the luminous flux maintenance data. First, the luminous
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flux maintenance of the DUTSs remained high (i.e., >0.90), even after 20,000 hrs of testing, except for the 95°C
and 1,500 mA DUTs, which were removed from testing after 9,000 hrs. Second, the luminous flux
maintenance of the DUTSs operated at a forward current of 1,500 mA was consistently lower than that of the
DUTs operated at lower currents regardless of the test temperature. Third, there were three distinct regions of
luminous flux change as shown in the graphs of Figure 3-4 and Figure 3-5.
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Figure 3-4. Luminous flux maintenance of the warm white LED primaries for MULTI-WT1 in the 75°C (left) and 95°C (right)
elevated temperature environments.
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Figure 3-5. Luminous flux maintenance of the cool white LED primaries for MULTI-WT1 in the 75°C (left) and 95°C (right)
elevated temperature environments.

The measured luminous flux maintenance of all DUTS tested to 20,000 hrs ranged from 90% to 98%. This
level of luminous flux maintenance is excellent, given the relatively harsh test conditions (e.g., ambient
temperatures of up to 95°C). For the DUTSs tested at 95°C and 1,500 mA, the luminous flux maintenance
declined faster than the DUTS tested at less severe conditions, and testing was stopped at 9,000 hrs due to
solder interconnect issues. The luminous flux maintenance of these DUTs was approximately 0.91 when
testing was halted. The difference in performance between DUTS tested at 95°C and 1,500 mA and those
tested at other conditions was significant, suggesting that there is a potential difference in failure mechanisms
at 95°C and 1,500 mA. In addition, it is worth noting that the luminous flux of the samples remained high even
though discoloration of the solder mask occurred, as discussed in Section 3.2. When the luminous flux was
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measured in the 65-inch integrating sphere, the impact from yellowing of the solder mask on the LED module
produced no more than 1% loss of total luminous flux due to the relative surface areas of the DUT and the
sphere interior. Therefore, the yellowing of the solder mask is a minor contributor to the loss of luminous flux
in the testing setup used in this report, and the major source of luminous flux loss is believed to be mechanisms
within the package.

For the test conditions examined in this study, the luminous flux maintenances of DUTSs operated at 300 mA
and 700 mA during AST were very similar. The luminous flux maintenance of DUTSs operated at 1,000 mA
during AST was close to (and in some cases overlapped) values from DUTs operated at lower currents in AST.
However, luminous flux maintenance for DUTS operated at 1,500 mA during was distinct from DUTs for the
other three currents at elevated ambient temperatures of both 75°C and 95°C. A current of 1,500 mA for the
LED module corresponds to 150 mA at each LED package, which is near the limits specified by the LED
manufacturer (85°C ambient temperature and 180 mA forward current).

Finally, a closer examination of the luminous flux graph shows that there are three distinct regions of luminous
flux maintenance, which is consistent with earlier findings for LEDs [16]. These regions are identified as
follows:

e Region 1—The emission efficiency increased during the initial operation of the DUT, and the luminous
flux maintenance exceeded 1.0.

e Region 2—The luminous flux maintenance began to decrease from its maximum value at an
approximately linear rate.

e Region 3—The decrease in luminous flux maintenance changes to a slower rate than in Region 2.

The initial increase in efficiency that happened during Region 1 occurred rapidly and was completed by

1,500 hrs for the DUTSs. A bounded exponential function was the best model to account for this behavior [17].
The DUTSs then entered a region of steady luminous flux decline, which also corresponded to the time when
yellowing of the solder mask occurred. This region of the luminous flux maintenance behavior is classified as
Region 2. By 8,000 hrs, the rate of change in luminous flux maintenance for all DUTs decreased relative to
that observed in Region 2, and the devices exhibited Region 3 behavior, which lasted for the remainder of the
experimental time. Testing to 20,000 hrs confirmed that the decline in luminous flux remained low throughout
the test period for these elevated ambient temperature settings. Long-term luminous flux performance was
projected using the TM-21-11 procedure (i.e., only data acquired between 10,000 and 20,000 hrs were used to
project long-term performance for these DUTS) [18]. As a result, only data measured during Region 3 are used
to calculate the « and B values in this case.

The strengths of the solder joints were measured using a shearing fixture on both warm white and cool white
packages at the end of testing. Inconsistent results were obtained during these tests, and the resin on the MP-
LED packages generally broke before the solder joints. This finding suggests that the solder joints on these
DUTs were as strong as can be measured. However, some intermittent solder joint failures were found after
9,000 hrs of testing on LED modules operated at 95°C and 1,500 mA, as previously described in the Round 1
report, and these DUTs were removed from testing [8]. None of the other DUTs displayed this behavior.
Specifically, through 20,000 hrs of testing, this failure mode did not occur in any other DUTs in the 95°C test
that were operated at forward currents below 1,500 mA. Likewise, the same phenomenon did not occur in the
DUTs operated at 1,500 mA (or any other current) in the 75°C environment through 20,000 hrs of testing.
Solder joint failure generally occurs through a wear-out mechanism that involves a combination of mismatch
expansion between the solder pads on the LED module and the LED package, which creates strain on the
solder joint, and the formation of sufficient quantities of specific copper-tin (Cu-Sn) intermetallics, which
increase the brittleness of the solder joint and contribute to failure [19]. Although it is highly probable that all
samples produced Cu-Sn intermetallics during operation, the fact that no other solder failures were observed to
date suggests that this process proceeded at a significantly slower rate in these samples. There seems to be
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something unique about the 95°C and 1,500 mA test conditions that promotes this failure mode, and its
absence at other test conditions suggests that it is less likely to occur under normal operating conditions of
these LED modules.

3.3 Spectral Changes

During testing, the spectra of the warm white and cool white LED primaries changed in different ways, and the
rate of these changes varied with the forward current and the elevated ambient temperature of the DUTSs. These
findings are suggestive of different chromaticity shift modes (CSMs) occurring in the warm white and cool
white LED primaries due to the combined effects of phosphor and packaging materials. A comparison of the
changes in spectral power distributions (SPDs) from the initial reading of the LED modules to those taken after
2,500; 5,000; 10,000; 15,000; and 20,000 hrs of exposure are presented for the warm white LED primary
(Figure 3-6) and the cool white LED primary (Figure 3-7) of the DUTSs. In these figures, SPDs from separate
DUTs at a relatively benign condition (75°C and 700 mA) and a more aggressive test condition (95°C and
1,000 mA) are shown. In all cases, the major change in the spectra was a continual reduction in light emissions
between the 500 to 800 nm region, which is where phosphor emissions occur. At the higher temperature, the
emission from the phosphor tended to decrease at a faster rate than was observed at lower temperatures, but the
same change occurred.
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Figure 3-6. Comparisons of the changes in the SPDs of the warm white LED primary for MULTI-WT1 DUTs in 75°C (left) and
95°C (right) elevated ambient temperature testing.




Accelerated Stress Testing of Multi-Source LED Products: Round 2

0.05 0.05

z ) 75°C 700 mA z 95°C 1,000 mA

£ 0.04 A \ £ 0.04 - A

3 2

X E I

2 0.03 | 20034 ||

- - |

(= c

.8 8 |

S 0.02 - T 002 |

-3 - - \ N

E E \ /\ \\

S S N

$ 001 - $ 0.01 v S

Q Q. N

wv [} R

0.00 l T T T 1 0.00 T T T T 1
400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

—0 ——2,500 hrs ——5,000 hrs 10,000 hrs ——15,000 hrs —— 20,000 hrs —0 —2,500hrs ——5,000 hrs 10,000 hrs —— 15,000 hrs —— 20,000 hrs

Figure 3-7. Comparisons of the changes in the SPDs of the cool white LED primary for MULTI-WT1 DUTs in 75°C (left) and
95°C (right) elevated ambient temperature testing.

For the warm white LED primary on the DUTS, two additional spectral changes occurred beside the reduction
in radiant flux emissions from the phosphor used in these devices. First, there was a small change in the radiant
flux produced by the blue LED and emitted from the warm white package. Under low stress conditions, the
spectral radiant flux of blue light increased during the first 2,500 hrs, and then began a steady decline that
continued until 10,000 hrs before it stopped. For the DUTS tested at 95°C and 1,000 mA, a small initial drop in
the blue spectral radiant flux occurred and was complete by 2,500 hrs, and the value stabilized after that time.
The second additional spectral change was a consistent shift of the phosphor emission peak to shorter
wavelengths. As previously discussed, this shift is due to oxidation of the warm white phosphor, resulting in
the shift of secondary emissions to shorter wavelengths [20]. This chemical degradation is less significant in
many phosphors used in higher CCT LEDs (e.g., cerium-doped yttrium aluminum garnet [YAG:Ce]) because
of the higher thermal stability and moisture resistance of these materials.

For the cool white LED primary on the DUTS, the light emissions from both the blue LED and the phosphor
decreased, but at different rates. As shown in Figure 3-7, the decrease in spectral radiant flux of blue emissions
tended to occur mainly during the early operation of the device, and only minor changes were observed after
5,000 hrs. In contrast, the spectral radiant flux emissions from the phosphor exhibited a consistent decrease
over time, but with no change in peak shape. Photo-oxidation of the resin-covered walls of MP-LEDs has been
shown to lead to a reduction of phosphor emissions producing a relative enhancement of blue emissions [13].
This finding suggests that blue emissions remain relatively constant after an initial drop, while the change in
phosphor emissions is the primary contributor to the loss of luminous flux.

3.4 Chromaticity Shifts

Significant differences were observed in the chromaticity shift behaviors of the warm white and cool white
LED primaries of the DUTSs, and these differences align with the spectral differences discussed in Section 3.3.
Representative examples of the different behaviors are shown in Figure 3-8 for the warm white and cool white
primaries on DUTSs operated at 1,000 mA and 95°C. The chromaticity shift data for all experimental conditions
examined in this study are provided in Appendix 1.

Although the chromaticity shift direction of an LED package may change during early life, a single, dominant
chromaticity shift usually exists and controls the final direction of chromaticity change and ultimately
determines how long it takes for a chromaticity shift of a pre-determined magnitude or failure criteria (e.g.,
total chromaticity shift (4u /v >0.007) to occur. As previously discussed, the dominant chromaticity shift
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does not immediately occur but may take several thousands of hrs of use to appear [8, 21]. The time at which
the dominant chromaticity shift appears is termed the “emergence time,” and the value of the emergence time
provides a measure of how fast the chromaticity shift is progressing. A closer examination of the data in Figure
3-8 and Appendix 1 shows that the dominant chromaticity shift for the warm white LED primary was in the
green direction, whereas that of the cool white LED primary was in the blue direction. Both types of LEDs
exhibit different chromaticity shifts early in testing, but the green shift (for warm white LEDs) and the blue
shift (for cool white LEDs) were persistent and still occurring after 20,000 hrs of testing.
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Figure 3-8. Chromaticity shifts for warm white primaries (left) and cool white primaries (right) from a MULTI-WT1 DUT
operated at 1,000 mA in the 95°C temperature condition.

For the warm white primary on the DUTs operated at 1,000 mA in the 95°C elevated ambient temperature
environment, the initial chromaticity shift was generally in the yellow direction, and a maximum value was
reached (4u’ = 0.0018 and Av’ = 0.0012) after approximately 2,500 hrs (see Appendix 1). After this time, the
shift began to reverse direction, and the shift mainly involved a change in the -4u’ direction with minimal
change in along the v’ axis. This behavior indicates that the dominant chromaticity shift for the warm white
primary of the DUTSs can be classified as a CSM-2 (i.e., green shift) [22]. This shift has been attributed to
changes in the emission properties of the warm white phosphor [12, 22]. After 20,000 hrs of testing at 95°C
and 1,000 mA, the total chromaticity shift of the warm white primary in Au’ was —0.0042, and the shift in Av’
was only —0.0010. The decrease in the Au ~ chromaticity coordinate exhibits approximately logistic behavior
starting at 2,500 hrs for the 95°C and 1,000 mA conditions, which is in agreement with analytical models for
chromaticity shift [8, 21]. Other test conditions exhibited the same trend, although the emergence time for
CSM-2 shift progressed to longer times as temperature and forward current were reduced. A compilation of the
emergence times for the CSM-2 shifts of the warm white LED primary for the DUTs examined in this study
are listed in Table 3-1.
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Table 3-1. Emergence times for the CSM-2 shift of the warm white LED primary for the MULTI-WT1 DUTSs.

Test Conditions Emergence Time for CSM-2 Shift
75°C and 350 mA >20,000 hrs
75°Cand 700 mA 9,000 hrs
75°Cand 1,000 mA 6,000 hrs
75°Cand 1,500 mA 4,500 hrs
95°C and 350 mA 5,000 hrs
95°C and 700 mA 3,500 hrs
95°C and 1,000 mA 2,500 hrs
95°Cand 1,500 mA 1,500 hrs

For the cool white primary on the DUTSs, the initial chromaticity shift was generally in the blue direction,
which can be observed during the mildest test condition (i.e., 350 mA and 75°C) but was not observed at the
measurement times for other experimental conditions. The chromaticity shift then proceeded generally in the
yellow direction, but eventually changed permanently to the blue direction. For example, up to 2,500 hrs at
1,000 mA and 95°C, the shift was toward the generally yellow direction, and a maximum value was reached
(4u”=0.0011 and 4v’= 0.0038) for these test conditions. After this time, the shift began to reverse direction
and involved mainly a change in the —4v’ direction with minimal change in u’. This behavior indicates that the
dominant chromaticity shift can be classified as a CSM-4 (i.e., blue shift) because there was an initial, short
blue shift, followed by a yellow shift, and culminating with a final blue shift [22]. This shift was attributed to
changes in the MP-LED packaging materials due to heat and blue light irradiation [13, 22]. After 20,000 hrs of
testing at 95°C and 1,000 mA, the total chromaticity shift of the cool white primary in Au” was only —0.0006,
but the shift in A4v”was —0.0037. Other test conditions exhibited the same trend, although the emergence time
for CSM-4 shift became longer as temperature and forward current were reduced. A compilation of the
emergence times for the CSM-4 shifts of the cool white LED primary of the DUTs examined in this study are
listed in Table 3-2.

Table 3-2. Emergence times for the second blue shift for CSM-4 behavior in the cool white LED primary for the MULTIWT1

DUTs.
Test Conditions Emergence Time for CSM-4 Shift
75°C and 350 mA 15,000 hrs
75°Cand 700 mA 15,000 hrs
75°Cand 1,000 mA 14,000 hrs
75°Cand 1,500 mA 5,500 hrs
95°C and 350 mA 2,500 hrs
95°C and 700 mA 2,500 hrs
95°C and 1,000 mA 2,500 hrs
95°C and 1,500 mA 1,500 hrs

4 Multi-source LED Products: Horticulture Lamps

In our previous Round 1 report [8], we discussed the luminous flux and chromaticity maintenance of several
parabolic aluminized reflector (PAR) horticulture lamps, and the details reported here extend the previous
findings to encompass radiant flux (in lieu of luminous flux) and chromaticity maintenance until device failure
(MULTI-H1) or 8,000 hrs of AST (MULTI-H2). Section 4 of this report is organized in subsections, which are
briefly outlined as follows. Section 4.1 briefly summarizes the horticulture test methods and lamp properties.
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Section 4.2 discusses changes in radiant flux. Section 4.3 details spectral changes in the samples. Section 4.4
discusses chromaticity shift differences. Section 4.5 discusses lens changes for these horticulture lamps.
Section 4.6 presents an overview of other lamp component changes and failure modes.

4.1 Horticulture Lamp Test Methods

An overview of the MULTI-H1 and MULTI-H2 horticulture lamp products investigated in the current study
was provided in the previous Round 1 report [8]. These products were investigated because they were
commercially available and generated the horticulture spectrum in different ways. The LED modules in the
MULTI-H1 DUTSs contained pcLEDs with blue LEDs and red phosphors, whereas the MULTI-H2 DUTs
contained LED modules comprised of pcLEDs (with direct-emitting blue LEDs and broad-emitting green-
yellow phosphors) and direct-emitting red LEDs. The pre-operation electrical properties, chromaticity
coordinates, and a description of the LED packages outlined in the earlier report are summarized for
convenience in Table 4-1 of this current report. Although many of the properties of the MULTI-H1 and
MULTI-H2 horticulture DUTSs are similar (i.e., the LEDs are powered in series, similar radiant power,
polycarbonate [PC] lenses, and similar electrical efficiency), there are some unique differences that were noted
in our previous report. For instance, the pcLEDs in the MULTI-H1 lamp are comprised of blue LEDs and red
phosphor material, whereas the pcLEDs in the MULTI-H2 lamp are comprised of blue LEDs and a green-
yellow phosphor material, in addition to red LEDs. Furthermore, although both pcLED packages have two
blue LEDs in parallel, the current across the blue LEDs in the MULTI-H1 lamp is approximately 70% that of
the MULTI-H2 DUTs. It is also important to note that the red LEDs of the MULTI-H2 DUTS run at a current
twice that of the blue LEDs in the MULTI-H2 lamp (because they are in series). Finally, although similar
power and efficiency are delivered by the drivers of these two DUTS, the overall size and operating capacity of
the PCB and its electrical components of the MULTI-H1 driver are approximately twice as small as the
MULTI-H2 driver as shown in Figure 4-1.

Table 4-1. Horticulture lamp properties prior to AST.

Properties MULTI-H1 PAR38 Grow Lamp MULTI-H2 PAR38 LED Grow Lamp
Output voltage (V) 60.1 41.6
Output current (mA) 230 323
Electrical efficiency (%) 86.8 87.5

Chromaticity coordinates

u’=0.3819 + 0.0008
v'=0.3842 + 0.0021

u’=0.2594 1+ 0.0031
v'=0.4548 1+ 0.0004

Lens material

PC

PC

LED package configuration

In series

In series

Number of LED packages and
type

20 pcLEDs (all MP-LEDs with a
blue LED and red phosphor)

16 MP-LEDs (6 pcLEDs
and 10 red LEDs)

Radiant power (W)

4.17 £ 0.05

4.60 + 0.03
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Figure 4-1. The electrical drivers used to power the MULTI-H1 (left) and MULTI-H2 (right) PAR38 horticulture DUTs.

4.2 Radiant Flux Changes

The radiant flux maintenance for all DUTs decreased with exposure time, and the average temporal radiant
flux maintenances for the DUTs are shown in Figure 4-2. The average radiant flux and error bars were
calculated from the six test DUTSs for each product unless otherwise noted in the remainder of this section.

110

100 4

Vo)
o
1

¢

%33#3;;;“
. +

60 4

4
:
H§

Radiant Flux Maintenance (%)

50 L] T T T
0 2000 4000 6000 8000 10000

Time (Hrs)

¢ MULTI-H1 & MULTI-H2

Figure 4-2. Average radiant flux maintenance of MULTI-H1 and MULTI-H2 PAR38 DUTs after aging in 6590.
Notes: Radiant flux maintenance was corrected for variation observed in the control lamp to account for spectrometer and
experimental variations. Error bars represent one standard deviation.
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The average radiant flux for the MULTI-H1 DUTSs was only recorded through 6,000 hrs because these DUTs
experienced complete “lights-out” failure by 6,500 hrs of exposure to the 6590 environment. As noted in our
previous report [8], the radiant flux of the six MULTI-H1 DUTSs decreased quickly at the onset of stress
testing. The rapid decrease in radiant flux was followed by a slower period of decrease through 3,500 hrs, and
then a sharp, linear decrease in radiant flux was observed from 4,000 to 6,000 hrs. The standard deviation also
rapidly increased between 4,000 and 6,000 hrs, which indicates aging in a stress environment. In addition, the
larger standard deviations could have resulted from lower population sizes as testing continued: at 5,274 hrs,
one of the MULTI-H1 DUTs failed; therefore, the average radiant flux at 5,500 hrs was taken for the five
remaining operational DUTSs, and then between 5,500 and 6,000 hrs, two more MULTI-H1 DUTSs failed so the
average radiant flux recorded at 6,000 hrs was the average of the three operational DUTS. Prior to failure at
6,000 hrs, the average radiant flux recorded was 63.3% for the MULTI-H1 devices. The exact times to failure
for these devices and the MULTI-H2 DUTSs are provided in Table 4-2. Section 4.6 of this report discusses the
failure analysis for the DUTS.

All MULTI-H2 DUTS remained in good operating condition through 7,500 hrs, with the first “lights-out”
failure occurring at 7,949 hrs. Although many horticulture lamp manufacturers report luminous flux rated
lifetime values (e.g., the time at which the light output from the lamp is 70% of the initial luminous flux [Lzo]),
parametric failure will be defined as radiant flux at 70% of its initial value (R7o) in this report. This metric is
used instead of L7 because luminous flux is a measure of the perceived light by humans (and not plants). This
distinction is important because four out of the six MULTI-H2 DUTs experienced parametric failure defined
by L7o by 6,500 hrs, but parametric failure defined by Rso was not reached until 8,000 hrs for two out of the six
DUTs, and testing was stopped before parametric failure occurred on the other three DUTSs (right censored).
Due to the lights-out failure prior to 8,000 hrs, the temporal average radiant flux maintenance of 70.5% at
8,000 hrs reported in Figure 4-2 is the average of five MULTI-H2 DUTs.

The depreciation of radiant flux of the MULTI-H2 DUTSs followed a similar trend as the MULTI-H1 DUTs
(fast initial decay; slower decay through 3,500 hrs; faster decay after 4,000 hrs), albeit the depreciation for the
MULTI-H2 DUTs was slower than that of the MULTI-H1 DUTs. The MULTI-H2 DUTs maintained
acceptable radiant flux through 7,500 hrs for all six test DUTS, but the average radiant flux for the MULTI-H1
DUTs dropped below Rz by 5,500 hrs. In addition, the standard deviation of the radiant flux for the MULTI-
H2 DUTs remained small throughout testing, suggesting better uniformity of these samples compared with the
MULTI-H1 devices. The lenses of the devices for both products showed continued signs of aging (yellowing
and cracking), and it was hypothesized that the difference in these lens shapes may be responsible for the
larger reduction and variation in radiant flux observed in the MULTI-H1 DUTs compared with the MULTI-H2
DUTs. Section 4.5 of this report discusses the effects of the lenses.
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Table 4-2. Time to failure or suspension time for the MULTI-H1 and MULTI-H2 DUTSs.

Time to Failure Lights out, Parametric,
DUT Number DUT Description or Time to Suspension (Hrs) or Right Censored
387 MULTI-H1 5,274 Lights out
413 MULTI-H1 5,867 Lights out
412 MULTI-H1 6,000 Lights out
386 MULTI-H1 6,040 Lights out
410 MULTI-H1 6,041 Lights out
411 MULTI-H1 6,124 Lights out
401 MULTI-H2 7,949 Lights out
377 MULTI-H2 8,000 Parametric
400 MULTI-H2 8,000 Parametric
376 MULTI-H2 8,000 Right censored
402 MULTI-H2 8,000 Right censored
403 MULTI-H2 8,000 Right censored

4.3 Spectral Changes

As mentioned above, the average radiant flux maintenance for the MULTI-H1 devices prior to failure at 6,000
hrs was 63.3%. Representative SPDs are shown in Figure 4-3 of a DUT prior to 6590 exposure and post-6,000
hrs of 6590 exposure (i.e., directly before the device failed). Both direct-emitting blue LED and red phosphor
peaks experienced a substantial decrease in spectral radiant flux at the end of aging. To better understand these
decreases, the radiant power of each component was calculated and plotted temporally as shown in Figure 4-3.
As previously reported, the red phosphor experienced a large drop in radiant power during the initial 500 hrs of
testing in 6590. Subsequently, the radiant power attributed to the red phosphor decreased minimally through
3,000 hrs, and then started to decrease at a higher rate from 3,500 hrs to 6,000 hrs. The radiant power attributed
to the direct-emitting blue LED declined at a steady rate throughout the AST. From this analysis, it is clear that
the shape of the radiant flux maintenance curve previously described (i.e., the rapid, initial decrease in radiant
flux, followed by a slower period of decrease through 3,500 hrs, and then a sharp, linear decrease in radiant
flux between 4,000 and 6,000 hrs, Figure 4-2) was predominantly influenced by the changes occurring in the
red phosphor.

Further analysis of the average spectral peak location of each emitter for the MULTI-H1 DUTS, represented
herein as the centroid wavelength, revealed a significant shift in peak location (approximately +2.5 nm) for the
blue LED as shown in Figure 4-4. The peak position remained stable through 3,000 hrs of aging, and then an
exponential increase in peak position occurred. The red phosphor did not experience the same shift in its
average centroid wavelength, as shown in Figure 4-4, but rather fluctuated (x 1 nm, with similar behavior as
the control sample). The shift in the centroid wavelength of the blue LED suggests that the chromaticity shift
of this device may be due to an outside process (i.e., something other than LED or phosphor decomposition).
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Figure 4-3. Spectral radiant flux of a MULTI-H1 lamp (DUT-386) after aging in 6590 (left) and changes in the radiant power
of the direct-emitting blue LED and red phosphor (right).
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Figure 4-4. Temporal average centroid wavelength of the blue LEDs (left) and red LEDs (right) for the MULTI-H1 DUTs
compared with the temporal centroid wavelength of the control device. Findings show a statistically significant increase in
blue LED centroid wavelength with aging, but stable red LED centroid wavelength with aging.

As mentioned above, the average radiant flux maintenance for the MULTI-H2 DUTs was 70.5% post-8,000
hrs of exposure to the 6590 environment. Representative SPDs are shown in Figure 4-5 of a DUT prior to
6590 exposure and post-8,000 hrs of 6590 exposure. A calculation of the temporal radiant power from the
SPDs indicated that the individual rates of decay for the direct-emitting blue LED and green-yellow phosphor
were higher than the rate of decay for the direct-emitting red LED (Figure 4-5). Two regions of decay were
observed for the blue LED (slower decay from 04,000 hrs and a faster decay from 4,000-8,000 hrs). Three
regions of decay were observed for the green-yellow phosphor (fast initial decay to 1,000 hrs, slower decay
from 1,000-4,000 hrs, and faster decay from 4,000-8,000 hrs). The radiant power attributed to the red LED
was the most stable, and the rate of decay remained constant through AST.

Further analysis of the average spectral peak location for the direct blue emitter revealed a significant increase
in peak position (approximately +2.9 nm) by 8,000 hrs of 6590 exposure. Similar to the MULTI-H1 DUTSs, the
peak position for the MULTI-H2 DUTSs remained stable for a period of time before an increase in peak
position was observed (the peak position remained stable for 3,000 hrs for the MULTI-H1 DUTs and 4,000 hrs
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for the MULTI-H2 DUTSs) (Figure 4-6). Also, similar to the MULTI-H1 DUTSs, the peak position of the direct-
emitting red LEDs of the MULTI-H2 DUTSs fluctuated with the control sample, albeit the fluctuations were
slightly smaller (£0.5 nm) than the MULTI-H1 devices (1 nm). The peak position of the phosphor green-
yellow emitter was not considered here due to its broad nature and the difficulty associated with accurately
representing its peak position as radiant flux decreased.

Higher operating temperatures and changes to the current amplitude and/or waveform delivered to the LED
modules are known to cause peak shifts in LEDs. Although peak shifts resulting from temperature or current
changes between LED primaries of different color (e.g., blue versus red LEDs) do not have the same
magnitude, temperature and/or current changes that are large enough to produce a peak shift ranging from 2.5
to 2.9 nm in one LED primary (such as those observed in the blue LED primary for the horticulture lamps
studied in this report) are likely to produce a measurable peak shift in the other LED primary because similar
temperature and current changes are experienced by the LEDs across the module. Because the red LED
primary of the MULTI-H2 DUT did not experience a peak shift, it is unlikely (but still possible) that the shift
in centroid wavelength for the blue LED was caused by temperature and/or current changes. Other possible
causes of centroid wavelength shift are the formation of a new emitting compound (though this is unlikely in
LEDSs) and changes in optical components (e.g., reflectors, lenses). The impact of the peak wavelength shift on
chromaticity and the cause of the peak shift are discussed later in this section.
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Figure 4-5. Spectral radiant flux of a MULTI-H2 lamp (DUT-376) after aging in 6590 AST (left) and changes in the radiant
power of the LED module containing blue and red LEDs and phosphor (right).
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Figure 4-6. Temporal average centroid wavelength of the blue LEDs (left) and red LEDs (right) for the MULTI-H2 DUTs
compared with the temporal centroid wavelength of the control device show a statistically significant increase in blue LED
centroid wavelength with aging, but stable red LED centroid wavelength with aging.

4.4 Chromaticity Shift and Modeling

The chromaticity shifts experienced by the horticulture lamp DUTSs in this current study terminated in the red-
yellow direction as shown in Figure 4-7. In a previous report, it was noted that the MULTI-H1 DUTs
experienced a quick, initial chromaticity shift in the —4u’, —4v’ (green-blue) direction before a secondary
process became dominant at 750 hrs. During the secondary process, the chromaticity shift proceeded in the
yellow-red direction until DUT failure, wherein both u’and v’ shifted in the positive direction. In contrast,
within the first 250 hrs, the MULTI-H2 DUTs experienced a large chromaticity shift in the +4u’, —4v’ (red-
blue) direction. Then the chromaticity shift proceeded along the +4u’ axis until approximately 4,000 hrs, after
which both chromaticity coordinates shifted in the positive direction (Figure 4-7).

Prior to 4,000 hrs, neither product displayed much variation in chromaticity shift across all six samples,
suggesting strong sample uniformity. As the products aged to 6,000 hrs, the chromaticity shift for the DUTs
began to vary, with variation increasing more in the u’ coordinate relative to the v’ coordinate. A smaller
magnitude of chromaticity change (4u’v’) was observed for the MULTI-H2 DUTSs relative to the MULTI-H1
DUTSs throughout the lifetime of the MULTI-H1 DUTSs (6,000 hrs).

19



Accelerated Stress Testing of Multi-Source LED Products: Round 2

+v’ (yellow) 0.05 -
-u’ (green) 4—;—} +u’ (red) /Gk hrs
8k hrs
v’ (blue) 0.03 4 h
2k hrs 4k hrs

e
001\ ;
- 500 hrs \3& 9 6k hrs
>
q 1 1 1 1 1

-0.05 -0.03 -0.01 01 0.03 0.05
7 4k hrs
500 hrs 2k hrs
-0.03 -
-0.05 -
Au’
& MULTI-H1 & MULTI-H2

Figure 4-7. Average chromaticity diagram for the DUTs aged in 6590. Note: The variation in average Au’and Av’ is
represented with one standard deviation.

The temporal behaviors of the Au’ and Av’ coordinates (through 3,000 hrs) were modeled in a previous report,
and the models are updated in this current report. The previous models were optimized by summing one
logistic function and one bounded exponential function for each chromaticity coordinate, and it was found that
these models continued to represent the data. Optimization was performed with the sum of squared errors
(SSE) and least squares methods.

Further inspection of the temporal behavior of the Au”and Av’ coordinates supports a two-shift process for the
MULTI-H1 DUTSs, as shown in Figure 4-8. As described in a previous report, there was a rapid initial shift in
the Au’ component within the first 250 to 500 hrs, wherein the Au’ component of chromaticity shift dropped to
its lowest value. The negative trajectory of the Au’ component of chromaticity shift was short lived, and at
approximately 750 hrs, the Au’ coordinate began to shift toward positive values. The Av’ component also
experienced a rapid chromaticity shift in the first 250 to 500 hrs, wherein it too experienced its lowest value.
The initial —Au’ and -Av’ components of chromaticity shift were each fit with a bounded exponential model,
and lower asymptotic limits ([L], —0.0038 and —0.0040, respectively) were found. Due to the timescale of the
reaction, the initial chromaticity shift in the —u”and —v’ direction was caused by the initial loss of emission
attributed to the red phosphor (Figure 4-3) whereas the shift in the yellow-red direction is due to the loss of
blue emissions

After the rapid initial chromaticity shifting process, the dominant chromaticity shift occurred at an emergence
time of 500 hrs and continued through the end of MULTI-H1 DUT life. The dominant chromaticity shift was a
slower process than the initial chromaticity shift, and Au’and Av’ components of chromaticity shift increased
until the end of device life (Figure 4-8). The dominant process was best fit with a logistic model and, although
device failure occurred before an exact termination point for the second chromaticity shift could be
determined, the model suggests a termination point of Au’= 0.0602. Because the overall model is the sum of
the two processes, the overall termination point for the Au’ component of chromaticity shift was determined to
be Au’=0.0564. The Av’ component of chromaticity shift also increased during the second, slower process, and
it was fit with a logistic model. The termination point for the second process of chromaticity shift for the v’
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coordinate was also unable to be determined before device failure, but the model suggests a termination point
for the second chromaticity shift to be Av’= 0.111, making the overall termination point for the Av’ component

of chromaticity shift to be Av’ = 0.107.

One logistic function and one bounded exponential function were added together to optimize the Au’and Av’
chromaticity shift models. The optimization was performed with the SSE and least squares methods, and the
resulting correlation coefficient (R?) was high. The statistical parameters are presented in Table 4-3. The
Durbin—Watson (DW) statistic was calculated for the fits and no autocorrelation was found: for 15
chromaticity coordinates (i.e., 15 observations) and 1 regressor, DW>1.07 implies no autocorrelation [23].
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Figure 4-8. Chromaticity shift modeling for the average change in Au’(left) and Av’ (right) for the MULTI-H1 DUTs.

Table 4-3. Statistic parameters of models for Au’and Av’for the Multi-H1 DUTSs.

Au’ Model
Bounded exponential process M = (-3.76 X 10—3)(1 - e (703x 10_3)t)
L —
Logistic process At = —954 x 10-% + (1 - 263(2)262522 10)_4)@)
SSE 414 x 1077
R2 0.999
DW statistic 2.26
Av’ Model
Bounded exponential process Av' = (-3.99 x 10—3)(1 — e(793x 10‘2)t)
icti -1
Logistic process Av' = -1.02 x 10-2 + o 9(;;el_;;.zlsox 13_4)@)
SSE 1.54 x 107°
R? 0.999
DW statistic 1.39

In a previous report [8], the chromaticity shift of the six MULTI-H2 samples was detailed through 3,000 hrs.
In summary, Au’ shifted in the positive direction, and Av’ shifted in the negative direction within the first 250
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hrs. Subsequently, a period of minimal chromaticity shift was observed, particularly in the Av’ coordinate. At
an emergence time of 4,000 hrs, the dominant chromaticity shift started, wherein both Au’and Av’ coordinates
shifted in the positive direction, as shown in Figure 4-7. The positive chromaticity shift continued until either
the DUT failed (parametrically or “lights out”) or until the DUTS were removed from testing at 8,000 hrs.

The temporal behaviors of the Au”and Av’ coordinates for the MULTI-H2 DUTSs are shown in Figure 4-9. The
Au’ component of chromaticity shifted quickly (<1,000 hrs) in a positive direction, and then plateaued. The
bounded exponential model of the initial process involved in the Au’ component of chromaticity shift was
updated to reflect a higher asymptotic limit of Au’= +0.0066 (Figure 4-9, see image on left). After the initial
bounded exponential process, the Au’ component of chromaticity experienced an induction period (until
approximately 3,500 hrs) before continuing to shift in a positive direction through the end of testing (8,000 hrs
or device failure). A logistic model was used to fit the incubated process that shifted the Au’ component in a
positive direction starting at approximately 3,500 hrs. Testing was terminated at 8,000 hrs (to allow for
additional testing after three out of the six of the devices failed); therefore, an exact termination point for the
second chromaticity shift modeled by the logistic function could not be determined, although the current model
suggests Au’ = 0.0582. Therefore, the overall chromaticity shift, which is modeled as the sum of the bounded
exponential process and the logistic process, has an estimated terminal chromaticity shift of Au’= +0.0648.
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Figure 4-9. Chromaticity shift modeling for the average change in Au’ (left) and Av’ (right) for the MULTI-H2 DUTs.

A big, initial shift was also observed for the Av’ component of chromaticity shift for the MULTI-H2 DUTSs.
The negative shift was complete within the first 250 hrs of exposure, wherein Av’ dropped to a lower
asymptotic limit (L) of Av’=-0.0040. After the initial chromaticity shift, the Av’ component of chromaticity
shift remained at the lower asymptotic limit until approximately 3,500 hrs. Upon completion of the incubation
period, the Av’ component of chromaticity shifted to positive values. The positive shift was fit with a logistic
function and, although testing was terminated before an upper asymptote could be detected, the model suggests
Av’ = 0.0361, yielding an overall approximate termination point of Av’ = +0.0321.

The chromaticity shift models of Au’and Av’ were optimized by summing one logistic function and one
bounded exponential function. The statistical parameters are presented in Table 4-4. The correlation
coefficient (R?) was high for the fits, and the DW statistic confirmed minimal autocorrelation of the residuals.
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Table 4-4. Statistic parameters of models for Au’and Av’for the MULTI-H2 DUTs.

Au’ Model
Bounded exponential component Au' = (6.57 x 10—3)(1 — e (139% 10—3)t)
Logistic component . (5.82x1072)
u = (1 + 7.31e-(799% 10—4)(t—4900))
SSE 5.94 x 107°
R? 0.999
DW statistic 2.02
Av’ Model
Bounded exponential component Au' = (—4.01 x 10—3)(1 — e (139x 10—1)t)
Logistic component 3.61 x 1072
& P Av' = —4.15 x 1075 + ( _3)
(1 + 10.74¢-(1.02x 10 )(t—4524.9))
SSE 6.97 x 1076
R? 0.997
DW statistic 1.70

4.5 Changes in Lenses

Thorough descriptions of the lenses used in the products examined in this current study were provided in the
previous Round 1 report [8]. For completeness, a summary of the shape and function of the lenses is provided
here. The lenses of the two horticulture products examined in this study are significantly different, with the
light from individual LEDs being directed to individual lenses in the MULTI-H2 product and to multiple
concentric lenses in the MULTI-H1 product. Specifically, the MULTI-H1 PAR38 grow lamp uses one large
lens that consists of multiple concentric, concave lenses, with the innermost lens being a centrally located
dome-like structure approximately 1.7 inches in diameter that diverges the light produced by the LED module.
The outer concentric lenses of this structure are faceted to provide additional light divergent capability.
Together, the structure of concentric lenses that form the lens in MULTI-H1 devices helps to diverge the LED
light produced by a cluster of 20 LED packages away from the center of the LED module. The MULTI-H2
PAR38 grow lamps use a single lens consisting of 16 separate concave lenses to shape light above each of the
16 LED packages. Each of the 16 concave lenses is placed over one MP-LED package and receives light only
from that LED. The diameter of each of the 16 concave lenses is approximately 0.56 inches on the top surface.
The lenses of both the MULTI-H1 and MULTI-H2 products are molded from PC resin.

In the Round 1 report, evidence of photo-oxidation (lens yellowing) and thermomechanical stress (hairline
cracking) was seen in the lenses from MULTI-H1 DUTS, but only photo-oxidation was observed in the
MULTI-H2 lenses [8]. The secondary lenses on the MULTI-H1 DUTs did not appear to experience additional
hairline cracks after 3,000 hrs of testing. However, as the DUTSs continued to age, the PC lenses became
increasingly more yellow for both products. This behavior also agrees with findings in the scientific literature
[24]. The aged lenses are shown in Figure 4-10 and Figure 4-11 after 6,500 hrs (directly after abrupt device
failure) for the MULTI-H1 DUTSs and after 8,000 hrs (after testing suspension) for the MULTI-H2 DUTSs.
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Figure 4-10. Aged lenses of the MULTI-H1 DUTSs are yellowed (right), especially in the center region, compared to the control
(left).

Figure 4-11. A comparison of a control lens (left) and an aged lens (right) for the MULTI-H2 DUTs. The aged lens shows that
pcLEDs accelerate lens yellowing relative to the red LEDs in the MULTI-H2 DUTSs.

The MULTI-H1 DUTs visibly showed more lens yellowing in the concave lens of the central dome region
(directly above the location of the pcLEDs used in this device) relative to the outer region of concentric lenses.
The diffuse transmittances of these two regions were recorded for two samples that abruptly failed at
approximately the same time (approximately 6,100 hrs) and compared with the control sample as shown in
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Figure 4-12. The diffuse transmittances of both regions decreased in the aged samples, with the diffuse
transmittance of the concave inner lens region decreasing more than the outer region. Because it is known that
blue light accelerates photo-oxidation of PC materials [24], increased yellowing in the central region of the
lens where radiant energy is highest supports the idea that photo-oxidation accelerated by the heat and
humidity of the 6590 environment is likely the primary cause of yellowing in these lenses. It should be noted
that the reported diffuse transmittances in both regions are subject to experimental constraints, given the size
and curved surfaces of the lenses, and may not reflect the absolute magnitude of the diffuse transmittances of
the lens because the entire lens can only be sampled with the UV-Vis spectrometer in a few regions and angles
of incidence. As a result, the transmittance of outer region of the lens could be readily measured with the UV-
Vis spectrometer, whereas the transmittance of the inner region of the lens could only be measured in a
modified setup (see Section 2). Finally, it should be noted that the magnitude of lens yellowing was different
between the two aged samples even though they started with similar radiant fluxes (4.201 W versus 4.14 W),
and aging time was approximately the same (approximately 6,100 hrs). The difference in magnitude of lens
yellowing could be caused by variations in light-focusing capability between lenses and reflectors, differences
in pcLED degradation rates between the two samples, or other factors that might cause the sample with lower
lens transmittance (DUT 411) to operate at a higher temperature. Variability in operating temperature and
increasing operating temperature with aging were described in our previous report [8].
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Figure 4-12. Diffuse transmittance spectra of the MULTI-H1 lenses show different rates of aging based upon whether
transmittance is measured for the outer region of the lens (left) or the inner central concave lens region (right).

The lenses of the MULTI-H2 DUTs also continued to yellow with time, and no signs of cracking were
observed. The individual concave lens responsible for shaping light above the individual LED packages
yellowed at two different rates, with the lens on top of the pcLEDs turning a deeper yellow than the lens on top
of the red-emitting LEDs (Figure 4-11). The diffuse transmittances of the lenses in these two regions were
recorded for two DUTS using the UV-Vis spectrometer after 8,000 hrs of exposure and compared with the
control as shown in Figure 4-13. Unlike the MULTI-H1 DUTSs, the diffuse transmittances of the lenses on top
of the pcLEDs were similar for the two aged MULTI-H2 DUTs: DUT 376 and DUT 377. Similarly, the diffuse
transmittances of the lenses on top of the red LEDs were similar for the two aged MULTI-H2 DUTSs. The
uniformity in aging among red lenses and blue lenses suggests that each lens aged consistently and extracted
light efficiently, minimizing breaches of blue-enriched light into the areas of red-light emission. In this way,
wavelength-dependent photo-oxidation effects of the PC resin were isolated in the MULTI-H2 DUTS but not
in the MULTI-H1 DUTSs.
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Figure 4-13. Diffuse transmittance spectra of the dome-like structures of the MULTI-H2 lenses show different rates of aging
based upon whether the dome is spatially located to focus blue-enriched light from the pcLED or red-enriched light from the
red LED. The transmittance spectra of two DUTs are shown and compared with a control sample, which was not operated.

To better understand the effects of the yellowed lenses on radiant flux maintenance and chromaticity shift, the
SPDs of a representative lamp are shown prior to operation (0 hrs) and at the end of testing (see Figure 4-14
for MULTI-H1 and Figure 4-15 for MULTI-H2). Because all MULTI-H1 DUTSs experienced abrupt failure, a
representative SPD was obtained by replacing the LED module of the control lamp with the LED module of
DUT-410. In this way, the electrical driver of the control lamp supplied power to the LED module of DUT-
410, and the lens of DUT-410 was placed over the LED module of DUT-410 to understand lens effects on
radiant flux and chromaticity shift. Prior to device failure, radiant power in the blue region (400-500 nm) for
DUT 410 was approximately half (52%) of its original value, whereas radiant power in the red region only
decreased to approximately 71% of its original value. After the lens was removed, most of the radiant flux in
the blue region was regained (radiant power was 78% of its original value). In contrast, only a small portion of
the radiant flux was regained in the red region (radiant power was 72—73% of its original value, see Figure
4-14). It should be noted that these radiant power data are approximations because the original driver and lamp
configuration could not be tested for the MULTI-H1 DUTS. The power consumed by the control lamp with
DUT-410’s LED module was similar to the power consumed directly by the DUT before device failure, and
therefore a good approximation for the true SPD if device failure had not occurred. These data support lens
yellowing and filtering of blue light as the major contributor to the proportionately greater loss of blue light.
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Figure 4-14. Measured SPDs of a MULTI-H1 lamp (DUT-410) prior to AST exposure and post-6,500 hrs* of exposure to
6590 before and after the lens was removed demonstrate the impact of lens yellowing on blue emissions.
(* The LED module of DUT-410 was attached to the driver of the control lamp to accommodate this test.)

The SPDs of the MULTI-H2 DUTSs were spectrally deconvoluted into individual emitter components and the
radiant power for each emitter is summarized in Table 4-5. To perform the spectral deconvolution for the
phosphor and direct LED emissions, each emitter was modeled with a separate function to estimate individual
emitter contributions (radiant power) to the overall SPD. The blue LED was modeled with a logistic power
peak function. The green phosphor was modeled with two skewed Gaussian distributions because its broad
emission wavelength was consistent with YAG:Ce, which experiences two 4f - 5d electronic transitions. The
red LED was modeled with a split function (logistic power peak when the wavelength (p) was less than the
peak wavelength (po) and a second order Lorentzian when p > p,). The radiant powers calculated in Table 4-5
are the average radiant power derived from the SPDs of the operational MULTI-H2 DUTSs at the respective
time point. The total lamp system attenuation (Equation 1) describes the total radiant power lost for the lamp
system, which includes lens losses, LED degradation losses, and LED module/package effects. The spectral
deconvolution after 8,000 hrs of exposure to 6590 shows that the total lamp system attenuation was greatest at
blue and green wavelengths, and minimum radiant power attenuation was observed at the longer, red
wavelengths.

To separate the LED degradation and LED module/package radiant power attenuation from the lens
attenuation, the original aged lens was replaced with a control lens and the SPD was measured. The SPDs of
the unaged sample (0 hrs [with lens]), aged sample (8,000 hrs [with original aged lens]), and aged sample with
control lens (8,000 hrs [control lens]) were then compared and used to calculate the radiant power attenuation
of the lens relative to the radiant power attenuation attributed to the total lamp system (represented as the Lens
Contribution Attenuation, Equation 2). The SPDs and associated spectral modeling indicate that when the
lenses of the MULTI-H2 devices were removed and replaced with a control lens, the blue emission peak
shifted back toward its original peak position and the measured amplitude was similar to the original amplitude
of a lamp with the lens in place (Figure 4-15). The lens significantly impacted the blue-emitter attenuation,
accounting for 83.2% of the total blue-emitter attenuation. The green and red emission peaks also recovered
some of their initial amplitude, albeit at lower magnitudes. The radiant fluxes from phosphor and red LED
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emissions were not as affected by lens yellowing (30.1% and 40.0% loss of the total radiant flux attenuation,
respectively, compared to their initial values). Equations 1 and 2 are presented as follows:

Total Lamp System Attenuation = Radiant POWer prs (with lens) — Radiant Powerg oo nrs (aged tens)

Radiant Powersg oo hrs (control lens)_Radia—nt Powerg goo hrs (aged lens)

Lens Contribution Attenuation =

Radiant Powerg prs (with lens)_Radiant Powerg ooo hrs (aged lens)

X 100

(Eq. 1)

(Eq. 2)

From these data, it is clear that the phosphor was the least stable light-emitting component on the MULTI-H2
DUTs, and the lens was primarily responsible for approximately 83% of the blue emission loss through

filtering.
Table 4-5. Average radiant power attenuation attributed to the MULTI-H2 lenses.
Radiant Power (W) Lens
Contribution
Attenuation (%
O Hrs 8,000 Hrs 8,000 Hrs Total Lamp o;tgri ;iig? 0%
(Aged Lens) (Control Lens) | System value)
Attenuation
Blue-emitting LED | 0.785 + 0.001 | 0.322 + 0.030 | 0.708 £ 0.017 0.463 + 0.030 | 83.2+4.7
Phosphor 1.601 +0.017 | 0.919 + 0.053 | 1.123 + 0.057 0.682 £+ 0.053 | 30.1+3.0
Red-emitting LED | 2.140 + 0.017 | 1.950 + 0.041 | 2.030 + 0.016 0.189 £ 0.046 | 40.0 £+ 19.4
0.12
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Figure 4-15. Measured SPDs of a MULTI-H2 DUT post-8,000 exposure to 6590 before and after the lens was removed
demonstrate the impact of lens yellowing on blue emissions.
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The impacts of these spectral changes on chromaticity of the devices were significant. For the MULTI-H1
DUT, the chromaticity coordinates of both u’and v’ shifted in a positive direction over device operation while
the lens was attached. However, after the lens of DUT 410 was removed, the u”and v’ values were less than the
pre-exposure chromaticity coordinates as shown in Figure 4-16. The shift to lower u’and v’ chromaticity
coordinates is likely the consequence of a faster rate of red phosphor degradation relative to blue LED
degradation observed for the MULTI-H1DUTSs (Figure 4-3). For the MULTI-H2 DUT, the u’ component of
chromaticity shift was increased with the aged lenses and after replacing the aged lens with the control lens,
whereas the v’ component of chromaticity shift was increased with the aged lenses and decreased when the
aged lens was replaced with the control lens (Figure 4-17). The positive shift in u’ was a combination of lens
filtering of blue and green wavelengths and increased stability of the red LED relative to the phosphor. In
general, changes in the u’ direction are strongly influenced by changes in the ratio of green to red emissions in
the emitted light, whereas changes in the v’ direction are more affected by the ratio of blue to yellow emissions.
Specifically, u’ shifted to a larger value when the aged lens was attached because the lens filtered out a larger
portion of green light relative to red; however, when the aged lens was removed and replaced with the control
lens, a smaller shift in the positive direction for the u’” value was observed due to a restoration of the green
emissions filtered by the lens. Similarly, the shift in v’ was a combination of lens filtering of blue emissions
and increased stability of the blue LED relative to the phosphor which is the source of yellow emissions. The
increase in v’ (for aged lenses) was due to the lens filtering out blue emissions at a higher proportion than
filtering of green and yellow emissions. The decrease in v’ (after the aged lens is replaced with the control lens)
resulted from proportionately more blue than yellow emissions passing unfiltered through the lens due to the
greater stability of the blue LED relative to the phosphor.
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Figure 4-16. Chromaticity coordinates of the MULTI-H1 control and chromaticity coordinates of DUT-410 post-6,500 hrs of
exposure to a 6590 environment with and without the lens attached. The chromaticity coordinates of DUT-410 prior to
exposure were within experimental error of the control chromaticity coordinates (not shown), and the control chromaticity
coordinates with and without the lens attached overlap.
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Figure 4-17. Chromaticity coordinates of the MULTI-H2 control and average chromaticity coordinates of the MULTI-H2 DUTs

post-8,000 hrs of exposure to a 6590 environment with aged lenses and a control lens attached. The average chromaticity

coordinates of the MULTI-H2 DUTs prior to exposure were within experimental error of the control chromaticity coordinates
(not shown).

4.6 Component Analysis

This section of the report discusses the components that led to failure for the MULTI-H1 and MULTI-H2
DUTs. For the DUTSs that did not fail, a component analysis was performed to check functionality compared
with a control device. Because Section 4.5 discussed lens yellowing, the lenses of the devices are not
discussed in this section.

By the end of 6,500 hrs of 6590 exposure, all six MULTI-H1 DUTSs failed, and by the end of 8,000 hrs of 6590
exposure, three out of the six MULTI-H2 DUTs failed (Table 4-2). When the devices were disassembled,
signs of aging were immediately observed on the LED modules: the MULTI-H1 modules were ashy and
cracked, and the MULTI-H2 modules were a brownish color, with darker shades of brown surrounding the red
LEDs (Figure 4-18).

The ashy color and cracking of the LED modules from the MULTI-H1 DUTSs were centered around the LEDs
in a circular shape, and the diameter of the circle was consistent with the diameter of the hole in the reflector
that was situated over the center of the LEDs. The reflector was discolored in the direction of the primary lens,
but it was not discolored as much on the opposite side. The one-sided discoloration of the reflector was
previously observed in AST studies on other LED products and is likely an indication of a photo-activated
process of degradation [25]. For the MULTI-H2 modules, the circular area around the pcLEDs was whiter (but
not light blue) than the remainder of the LED module, suggestive of an influence from the lens. The LED
packages showed signs of aging (e.g., discoloration of the package molding resin) that was especially prevalent
for the red LEDs.
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Figure 4-18. The aged LED modules of the MULTI-H1 devices post-6,500 hrs (left) and MULTI-H2 devices post-8,000 hrs
(right) of aging in the 6590 environment show various levels of discoloration, cracking, and photo-oxidation compared to
their controls.

Visual inspections of the electrical drivers of the MULTI-H1 DUTS revealed apparent fuse failures: the fuses
were either blackened, brittle, or both, and they often snapped in half during disassembly. An electrical
analysis revealed that abrupt failure of the drivers was the root cause of failure for five out of the six DUTS.
Those five DUTS experienced a cascade of failures involving the fuse, diode bridge, isolation transformer, and
MOSFET components. In the sixth device, two LED packages failed (they appeared carbonized [Figure
4-19]), the fuse blew, and a capacitor in the electromagnetic interference (EMI) filtering stage was blown (but
the capacitor still functioned [Figure 4-20]). Although it cannot be completely determined whether the LED
packages failed before or after the capacitor, because the capacitor still had functionality, the LED module was
listed as the cause of the abrupt failure of this DUT.

Figure 4-19. DUT-411, a MULTI-H1 device, experienced abrupt failure on the LED module.
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Figure 4-20. The bottom of the driver for DUT-411, a MULTI-H1 device, showed evidence of solder failure, heat surge and
fuse failure (left) and the top of the driver housed the blown, but functioning, capacitor (right)

The electrical drivers of the MULTI-H2 DUTSs were also darker than the control sample, with a localized dark
patch on part of the board beneath the transformer. Some of the conductive tracks between electronic
components were also dark, particularly near the alternating current mains input and between the diode bridge
and transformer pins. The dark areas on the PCB indicate high-stress areas where temperature is high. These
areas can be used to identify areas subject to copper delamination from the PCB due to excessive humidity
and/or heat. The two MULTI-H2 parametric failures were caused by lens yellowing and subsequent blue light
filtering by the lenses as described in Section 4.5. The drivers of the MULTI-H2 DUTS that experienced
parametric failure and the drivers of the DUTS that were right censored experienced minimal change relative to
the control driver at the end of testing. The sixth MULTI-H2 DUT experienced an abrupt failure on the LED
driver because of multiple failures: the diode bridge failed, capacitor C2 erupted (C2 was part of the EMI
filter), the conductive track near the erupted C2 capacitor delaminated from the PCB and cracked in half, three
resistors and one capacitor near the transformer experienced solder failure, and the fuse was open. These
failures are shown in Figure 4-21.

Blown Capacitor

Figure 4-21. DUT 401, an MULTI-H2 driver, post-8,000 hrs of aging in 6590 underwent solder failures of three
components, delamination and discoloration of the PCB and its conductive track (left), and an EMI capacitor blew (right).

5 Discussion

The relatively small size and high luminance of LEDs provide the flexibility to produce SSL devices that
incorporate many LED packages of varying size, luminous flux emissions, chromaticity, and other properties.
The ability to integrate multiple LEDs with different characteristics into a single device to create multi-source
LED products provides an enhanced functionality in SSL devices that is difficult—if not impossible—to
achieve with conventional lighting technologies. These multi-source LED devices can have a fixed
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chromaticity or, if appropriate driver electronics are included, the light emissions can be tuned by adjusting the
current supplied to each LED primary. Although multi-source LEDs are creating new markets for SSL
technologies, this current study demonstrates that the aging properties of such devices can vary widely,
depending on the device architecture and the properties of the LED primaries. These aging differences can
have significant impacts on the quality of light, including changes of the luminous flux levels, chromaticity,
and tuning range beyond what occurs for fixed-CCT devices. Consequently, careful consideration must be
given to potential aging differences in the LED primaries and their long-term impacts on all components of an
SSL device. As shown in Figure 5-1, the impacts of using multiple LED sources must be approached at the
system level. The three main system components (i.e., LED packages; device optics, including secondary
lenses, reflectors, and housings; and device electronics and controls) impact the long-term performance and
reliability of the multi-source LED device to varying degrees.

Multi-Source LED Phosphor

Device Reliability Stability

Figure 5-1. Major system components and sub-components affecting the long-term reliability of multi-source LED devices.

Impacts of the LED

The LED component of an SSL device consists of three major sub-components: the LED chip or die, the
phosphor (for pcLED devices), and the package. The stability of the LED chip is the foundation of luminous
flux and chromaticity performance in any SSL device. An evaluation of LM-80-15 data for some direct
emitting high-power LEDs (HP-LEDSs) showed that both royal blue (peak wavelength near 450 nm) and red
LEDs (peak wavelengths near 620 nm) have excellent stability for both parameters [26]. This analysis
examined the HP-LED package because it is generally more stable than the MP-LED package, as judged by
the range of decay rate constants for luminous flux [9].

Even though all products in the current study used blue LEDs in a pcLED architecture, the behavior of blue
emissions from the pcLEDSs provides insights into the performance of the blue LED chip in the DUTSs. For
example, this study found that there was some reduction in the intensity of blue emissions from the MULTI-
WT1 LED primaries; however, these changes were completed by 2,500 hrs for both warm white and cool
white LED primaries operating at 95°C (see Figure 3-6 and Figure 3-7). Also, the peak shape of the blue LED
emissions did not change. For the horticulture lighting products examined during this study, the red direct-

33



Accelerated Stress Testing of Multi-Source LED Products: Round 2

emitting LEDs in the MULTI-H2 DUTSs exhibited only a slight change in radiant flux and no significant
change in peak location through 8,000 hrs of 6590. However, blue emissions from both horticulture products
exhibited some changes in both luminous flux and peak wavelength. For the MULTI-H2 DUTSs, the blue
radiant flux exhibited a higher rate of decline after 4,000 hrs of 6590 exposure than before, and an increase in
the centroid wavelength of the blue peak, which corresponds to a shift in emission wavelength, occurred after
4,000 hrs. For the MULTI-H1 product, there was an increase in the centroid wavelength of blue emissions
starting at 2,500 hrs of 6590 exposure that proceeded at an exponential rate for the remainder of the test (6,000
hrs). As will be discussed in the subsection titled The Impact of the Secondary Lens, these changes in blue
emissions are not due to changes in the LED chip but rather to the impact of blue radiation on other optical
components of the SSL device. Consequently, the current study demonstrates that LED chips housed in MP-
LED packages can be relatively stable and unlikely to cause parametric failures through changes in peak
position or radiant flux levels, analogous to previous findings for HP-LED packages.

The Impact of the Phosphors

Several different phosphor mixes were included in this study to examine the impacts of this sub-component on
the reliability of multi-source LED devices. Changes in the relative emission intensities and peak shapes from
the phosphors impacted the luminous flux and chromaticity maintenance behavior of the different pcLED
products. Changes in phosphor emission peak shapes are often manifested by changes along the u’ axis of the
1976 CIE chromaticity diagram, with changes to lower u’ (i.e., Au’<0) values indicating a shift toward the
green direction, whereas changes to a higher u’ (i.e., Au’>0) values indicate a shift toward the red direction.
The MULTI-WT1 LED modules examined during this study consisted of both warm white and cool white
LED primaries in MP-LED packages, and each LED primary used a different phosphor. The strong shift in the
green direction that was observed for the warm white LED primary (see Figure 3-8) can be attributed to a shift
of light emissions from the phosphor to lower wavelengths. This shift was previously observed in warm white
phosphors and has been attributed to the oxidation of the doped oxynitride phosphors that are typically found
in warm white products [8, 12, 20, 21, 22]. In contrast, the chromaticity shift for the cool white LED primary
was mainly along the v’ axis, suggesting a minimal change in the shape of the emission spectrum for the
phosphors and more of a change in the relative amounts of blue and phosphor radiation produced by the
package.

The MULTI-H1 product uses a unique phosphor mix to provide red emissions centered near 664 nm. As
shown in Figure 4-4, the centroid wavelength of this phosphor did not shift significantly relative to the control.
However, the radiant flux exhibited three different regions of decline. Initially, the radiant flux of the red
phosphor in the 6590 environment decreased at a near linear rate during the first 500 hrs of testing, and then
decreased slowly from 500 hrs to 3,000 hrs. After this time, there was a sharp drop in radiant flux that
appeared to be accelerating (see Figure 4-3). Thus, while the phosphor exhibited minimal change in the
emission wavelength, there was a quenching mechanism, likely caused by the combination of moisture and
heat in the 6590 environment, that significantly impacted the radiant flux maintenance of the device.

Based on the findings from this work, the phosphors can significantly impact the parametric stability of multi-
source LEDs, and the probably of parametric failure caused by the phosphor is low for some phosphors (e.g.,
YAG:Ce) and higher for other phosphors that are less stable (e.g., some red and warm white phosphors).

The Impact of the LED Package

In general, the packaging materials used in MP-LEDs are known to produce higher decay rate constants for
luminous flux than HP-LED packages [9]. The package structure of MP-LEDs can also cause complex
chromaticity shift behaviors [12, 13, 14, 22] because the molding resin forms the sidewalls of the LED optical
cavity and can become more absorptive with aging, as shown in Figure 5-2. Increased absorption by the
polymer resin in the MP-LED package reduces the amount of light that reflects from the side walls and out of
the package. Because only photons that are emitted from the LED chip at oblique angles strike the sidewall,
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the optical pathway of these photons through the phosphor layer is generally longer than the direct emission
path (see Figure 5-2), resulting in more photon conversion by the phosphor. In contrast, photons that do not
strike the sidewalls of a MP-LED package but are emitted from the package generally travel through a thinner
section of the phosphor layer, resulting in lower photon conversion and higher blue light emission [13, 14].
During initial operation of MP-LED packages light traveling directly through the phosphor combines with
light that reflects from the package sidewalls to produce the initial lighting spectrum from the LED; however,
as the reflectance of the sidewalls decreases (i.e., absorbance increases), the pathway involving oblique
emission of blue photons contributes proportionately less to the total light output and the light emissions
become progressively enriched in blue. This analysis suggests that the decrease in reflectance of the sidewalls
is responsible for the large blue shift observed in the cool white LED primary on the MULTI-WT1 LED
modules (see Figure 3-8). This finding is also supported by the discoloration and cracking of the MP-LED
packages for the cool white LED primaries (see Figure 3-3). Ironically, neither this CSM nor evidence of
package cracking was found for the warm white LED primaries, even though they were located beside the cool
white primaries and underwent the same test conditions. We attribute this difference to the higher phosphor
loading of the warm white package, which converted a greater percentage of blue photons as they are emitted
from the LED chip and reduced the severity of the sidewall aging process.

Photons emitted Photons reflected
directly from chip off sidewall of
through phosphor package
cavity
[ Phosphor :
— NN Em g
\ / Plastic Resin
; LED chips :

Figure 5-2. Simplified cross-section of a MP-LED package [13].

Likewise, package effects could have impacted the horticulture lamps examined in this study if the reflectance
of the MP-LED sidewalls degraded over time. The MP-LEDs used in the MULTI-H1 product contain pcLEDs
that use a blue die (approximately 453-nm peak wavelength) and a phosphor with a peak emission near 664
nm. If the reflectance from the package sidewall was reduced due to increased light absorption by the sidewalls
of the LED package, then the chromaticity shift of the device would be expected to move toward the blue
direction (i.e., Au’and Av’ would both be negative). Instead, the chromaticity of the MULTI-H1 device shifted
toward the red direction (i.e., Au’and Av’ would both be positive) as shown in Figure 4-7, due to blue light
absorption from the lens. Because lens absorbance was so dominant, the impact of polymer degradation in the
LED package could not be determined by the time the experiment was terminated. The LEDs used in this
device had a high level of phosphor loading, so it is likely that phosphor conversion reduced the amount of
blue photons hitting the sidewalls of this package and lessened interior degradation of the polymer in the LED
package, which would enable the lens yellowing mechanism to dominate the chromaticity and luminous flux
maintenance.
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Based on these findings, the package effects in MP-LEDs can significantly affect the parametric reliability of
multi-source LEDs. The probability of this failure mode occurring is higher for LEDs with cooler CCTs (due
to the higher blue light content) and lower for LEDs with a higher percentage of phosphor conversion.

The Impact of the Secondary Lens

The secondary lenses used in SSL devices are lenses external to the LED package that provide protection of
the interior components (e.g., LEDs, electronics) from environmental elements (e.g., temperature, humidity).
Good protection is especially important in horticulture and outdoor lighting applications because SSL devices
can encounter a wide range of environmental stressors and other adverse conditions (e.g., dust, chemicals). A
variety of polymer resins, including polymethyl methacrylate (PMMA), silicones, PC, and glasses, are used as
secondary lenses for SSL devices [11, 24]. Of the common materials used for lenses, PC lenses are the most
likely to discolor; this discoloration occurs with exposure to elevated temperatures, humidity, and blue photon
flux [24]. The discoloration of PC generally proceeds as increased absorption of light, and this effect is
especially pronounced at wavelengths below 500 nm, producing a yellow color in the lens [10, 24, 25].

During this study, both of the horticulture products contained PC lenses, but they represent two different ways
in which lenses are used in SSL products. For the MULTI-H2 product, each LED has a separate lens molded
into the overall lens assembly, and blue light and red light passed through individual lenses, thereby enabling a
comparison of the degradation of lens irradiated by the two different LEDs. For the MULTI-H1 product, most
of the light passed through the central concave lens, which is slightly larger than the LED array, thereby
allowing a comparison of light emissions at different flux levels across the lens.

As shown in Figure 4-5, the initial radiant flux of blue light in the MULTI-H2 DUTs was 0.8 W, whereas the
initial radiant flux of the red emissions was 2.1 W. Despite the lower radiant flux, the lenses over the LEDs
with blue emissions discolored to a much greater extent than that observed over the red LEDs (see Figure
4-11), and the transmittance of the lenses over the blue LEDs was significantly lower after 8,000 hrs of 6590
exposure than the transmittance of lenses over the red LEDs (see Figure 4-13). The net result of the
discoloration of the lens was an attenuation of blue emissions and a significant shift in the peak wavelength for
blue emissions.

For the MULTI-H1 DUTs, the initial radiant flux of the blue emissions was also 0.8 W, whereas the initial
radiant flux from the far-red phosphor produced 3.4 W of radiation (see Figure 4-3). The LED modules used in
these DUTs were in the center of the lamp, directly underneath the central concave lens. Although blue light
emissions were observed across this lens, the photon flux was significantly higher for the central concave lens
than in the periphery of the combined lens. As a result, the central portion of the lens is strongly discolored,
whereas the periphery is much less discolored (see Figure 4-10). Therefore, although the lens experienced the
same temperature and humidity levels across its surface, the difference in photon flux between the center and
periphery of the lens resulted in significant discoloration. The net result of the attenuation of the blue
emissions by the lens was a chromaticity shift toward the red direction.

Because every photon produced by an SSL device passes through a secondary lens (if present) before
illuminating a space, lens discoloration can have significant implications for outdoor, horticulture, and other
specialty applications, as shown by this study. The impact of high blue photon flux must be considered when
designing a lighting product to ensure high reliability against parametric failure (e.g., luminous flux,
chromaticity). This reliability against a parametric failure is especially true if there is a significant spectral
difference for different sections of the lens, if there is a significant radiant flux distribution across the lens, or if
there is a variation in thickness across the lens [27].

For horticulture and outdoor lighting, the probability of lens discoloration is high if the lens is made with PC,
but it is much lower if other resins such as PMMA or silicone are used. The probability for PC discoloration is
especially high if heat, humidity, and blue light are present. For indoor lighting, the impact of lens
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discoloration is expected to be low because temperature and humidity levels are generally controlled in
buildings.

The Impact of Secondary Reflectors and Housings

In a similar manner, discoloration of reflective surfaces within an SSL device (e.g., optical mixing cavities,
solder mask over LED modules, housings) can impact the luminous flux and chromaticity maintenance in SSL
devices. The solder mask on all of the devices examined in this study discolored during testing, and as shown
in Figure 3-2, this discoloration had a disproportional impact on wavelengths less than 550 nm. A similar
effect was observed for the PC reflector in the MULTI-H1 DUTSs in this study, as well as on paints used in
SSL device housings in another study [25]. Therefore, the probability of reflector discoloration is high for
some polymers (i.e., PC) especially if a photo-catalyst such as titanium dioxide is used as a pigment [25].
Fortunately, the impact of reflector discoloration on the optical performance of an SSL device is often much
less than the impact of lens discoloration [10, 25]. As a result, reflector discoloration, including reflective
assemblies and solder masks, is usually a minor contributor to the optical performance of a multi-source LED
device.

The Impact of the Electronics and Controls

The architecture of a multi-source LED device can have a significant impact of the role of the electronics in
device reliability, and the devices included in this report represent two different architectures for operating
devices with multi-source LEDs. WTL and CTL require separate electrical control channels in the driver for
each LED primary, and the reliability of select multi-channel drivers is reported in another publication [28]. If
there is a failure in one of the independent driver channels powering WTL and CTL devices, then there will be
significant impact on the chromaticity of the device and possibly the luminous flux maintenance [8]. However,
the device will still produce light, but the quality of the light may be low. Both horticulture lamps examined in
this study contain multi-source LED modules that are fed by a single direct current input. Consequently, if
there is a failure in the driver circuit, then the device will go dark and experience an abrupt failure. In this
architecture, there will be no period of low quality light as would occur with WTL and CTL systems.

6 Conclusions

The components and sub-components comprising SSL systems can degrade over time to change the parametric
qualities of the device to the point where parametric failures occur. The occurrence of these parametric failure
modes is especially critical in multi-source LED systems where differential changes in LED primaries and
other system components can have a significant effect on light quality as summarized in Table 6-1. Because of
their relatively complex architecture, multi-source LED devices present greater challenges in assessing the
reliability and long-term device performance than do fixed-CCT products. Out of the parametric failure modes
listed in Table 6-1, changes in phosphors, LED packages, and secondary optics are the most probable for
multi-source LED devices and will likely have the largest impact on reliability. Understanding the impacts of
multiple LED sources on an entire lighting system—especially the impacts of LED primaries that emit light at
different wavelengths and respond to stressors encountered during use (e.g., heat, humidity) in vastly different
ways—is critical to understanding the long-term reliability of such devices. This information is also critical to
developing multi-source LED products with the lifetime and reliability needed to meet future lighting
application needs.
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Table 6-1. Sub-components of multi-source LED devices and the level of impact on device reliability.

Sub-component Probability of Impact Type of Failure Comments
Failure of Failure
LED chip Low High Predominantly | Royal blue and red LEDs are
parametric generally stable, but other colors
may show more drift with
temperature and current.

Phosphors High for warm High Predominantly | Warm white phosphors can be
white; low for parametric prone to chromaticity shifts in the
cool white green direction, and other

phosphors can be more
susceptible to quenching
processes over time. Cool white
phosphors (e.g., YAG:Ce) are
generally more stable.

LED package High for cool High Predominantly | The level of blue irradiation in the
white, and low parametric package impacts photo-oxidation
for LEDs with of polymer resins used in its
high phosphor construction. MP-LEDs operating
loadings (e.g., at cool CCT values are more
warm white, red) susceptible to package-induced

chromaticity and luminous flux
effects due to the higher blue light
content. MP-LEDs with more
phosphor conversion of the blue
light have lower package effects to
adversely impact luminous flux
and chromaticity.

Secondary lenses High for PC, High Predominantly | Discoloration of secondary optics
especially in the parametric can have a significant impact on
presence of parametric failure. The lens tend
heat and to increase in blue-light absorption
humidity; low for over time, and the effect is
PMMA, silicone, promoted by temperature,
and glass humidity, and blue irradiation.

Spatial variability in blue
irradiation will cause selective
yellowing in areas of the lens with
high radiant flux.

Secondary High for some Low Predominantly | Secondary reflectors, solder

reflectors polymers (e.g., parametric masks, and housings made with

PC), but lower
for some paints
and expanded
foam diffuse
reflectors [25]

polymers can also undergo
discoloration whenever
temperature, humidity, and blue
light irradiation are present. The
relative impact is dependent on
the design of the SSL device with
deeper optical mixing cavities,
leading to a greater negative
impact for discolored reflector
surfaces.
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or parametric
failure

Sub-component Probability of Impact Type of Failure Comments
Failure of Failure
Electronics Moderate Moderate Abrupt failure Impacts vary widely depending on

system design. For WTL devices, a
failure of the electronics driving
one LED primary can affect light
quality, but the device still
produces light even when it is in a
partially failed state. For multi-
source LEDs containing a single
input voltage to the LED module,
driver failure results in a complete
“lights out” failure.
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Appendix 1—Chromaticity Shifts of MULTI-TW1 Light-
Emitting Diode (LED) Modules
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Figure A1-1. Chromaticity shifts for warm white (WW) primaries operated at 350 mA in 75°C temperature conditions (left)
and 350 mA in 95°C temperature conditions (right).
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Figure A1-2. Chromaticity shifts for warm white (WW) primaries operated at 700 mA in 75°C temperature conditions (left)
and 700 mA in 95°C temperature conditions (right).
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Figure A1-3. Chromaticity shifts for warm white (WW) primaries operated at 1,000 mA in 75°C temperature conditions (left)
and 1,000 mA in 95°C temperature conditions (right).
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Figure A1-4. Chromaticity shifts for warm white (WW) primaries operated at 1,500 mA in 75°C temperature conditions (left)
and 1,500 mA in 95°C temperature conditions (right).
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Figure A1-5. Chromaticity shifts for cool white (CW) primaries operated at 350 mA in 75°C temperature conditions (left)
and 350 mA in 95°C temperature conditions (right).
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Figure A1-6. Chromaticity shifts for cool white (CW) primaries operated at 700 mA in 75°C temperature conditions (left)
and 700 mA in 95°C temperature conditions (right).
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Figure A1-7. Chromaticity shifts for cool white (CW) primaries operated at 1,000 mA in 75°C temperature conditions (left)
and 1,000 mA in 95°C temperature conditions (right).
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Figure A1-8. Chromaticity shifts for cool white (CW) primaries operated at 1,500 mA in 75°C temperature conditions (left)
and 1,500 mA in 95°C temperature conditions (right).
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